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Recombinant bispecific antibodies for cancer therapy
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Abstract
Bispecific antibodies can serve as mediators to retarget effector mechanisms

to disease-associated sites. Studies over the past two decades have revealed the
potentials but also the limitations of conventional bispecific antibodies. The de-
velopment of recombinant antibody formats has opened up the possibility of
generating bispecific molecules with improved properties. This review summa-
rizes recent developments in the field of recombinant bispecific antibodies and
discusses further requirements for clinical development.
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technology results in cell lines (quadroma)  that produce
bispecific IgG molecules.  However, the production and ran-
dom association of two different heavy chains and two dif-
ferent light chains within one cell leads to the assembly of a
substantial proportion of non-functional molecules.  Thus,
the hybrid-hybridoma technology and also chemical meth-
ods produce poorly defined products and require elaborate
purification steps to obtain defined and clinically useful
material.  Nevertheless, several clinical studies have been
performed to analyze the therapeutic potentials of bispecific
antibodies.  Most of these studies were focused on the re-
targeting of  effector cells (cytotoxic T lymphocytes, NK
cells) of the immune system to tumor cells.  Mostly disap-
pointing findings were obtained from these studies[1,2].  The
main reasons were the induction of neutralizing antibodies
against the murine bispecific antibodies and Fc-mediated
side effects, including cytokine-release syndrome, thrombo-
cytopenia and leukopenia, which limited the maximal appli-
cable dose.  Further studies indicate that the induction of
inflammation within the tumor, for example, the co-applica-
tion of inflammatory cytokines, is essential to achieve an
effective treatment.  It was concluded that besides strong
and selective binding to a disease-related antigen clinically
useful bispecific antibodies should fulfill several require-
ments[2]: They should be non-immunogenic to avoid a neu-
tralizing immune response.  They should have a defined struc-

Introduction
The concept of using bispecific molecules in therapy is

based on the selective recruitment of an effector mechanism
to a defined disease-related target structure.  Thus, bispecific
molecules serve as mediators (adaptors) between an effec-
tor and a target.  A plethora of effector mechanisms can be
envisaged for therapeutic applications and a large number
have already been evaluated.  These include the recruitment
of effector molecules (e.g. toxins, drugs, prodrugs, cytokines,
radionuclides), the retargeting of effector cells (e.g. cyto-
toxic T lymphocytes, NK cells, macrophages, granulocytes)
and the retargeting of carrier systems (e.g. viral vectors for
gene therapy)[1].

Antibodies are ideally suited as starting material for the
construction of bispecific molecules as they normally bind
specifically and with high affinity to antigens.  Using differ-
ent technologies, for instance hybridoma or phage display
technology, antibodies can be generated against virtually
any given antigen.  Smaller portions of an antibody retaining
antigen-binding activity can be produced by proteolytic
cleavage or in recombinant form.  Several methods have been
developed for the generation of bispecific antibodies.  Be-
sides chemical cross-linking of two IgG molecules or two
Fab or Fab’ fragments, bispecific antibodies can also be pro-
duced by fusion of two hybridomas.  This hybrid-hybridoma
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ture and should bind monovalently to the effector cells to
induce activation of the effector cells only after binding to
the target cells.  They should not contain an Fc-region to
avoid Fc-mediated side effects.  They should have a size
which allows penetration into the tumor tissue but should
circulate sufficiently long to induce therapeutic effects.

Recombinant bispecific antibodies
Recombinant bispecific antibodies offer several advan-

tages over conventional bispecific antibodies made by chemi-
cal cross-linking or fusion of two hybridoma clones and can
be designed to meet the requirements described above.  By
using only the variable domains as building blocks, recom-
binant antibodies lack the Fc-region of an antibody, and
thus do not induce Fc-mediated effects.  Recombinant anti-
bodies are constructed by genetic means allowing for the
generation of  human molecules in order to reduce or even
avoid the induction of a neutralizing antibody response.
Human antibody molecules used as starting blocks can be
isolated, for instance, from human antibody libraries by
means of phage display[3] or by using transgenic mice ex-
pressing human antibodies[4].  Recent studies have shown,

however, that even fully human antibodies can be immuno-
genic leading to the generation of human anti-human anti-
bodies (HAHA)[5].  By identification and removal of the re-
sponsible T cell epitopes (“deimmunization”) the immuno-
genicity risk associated with human antibodies can be fur-
ther reduced[6].  These developments in the generation of
recombinant antibody molecules have led to a revival in the
use of bispecific antibodies for therapeutic applications[7].

A wide variety of different recombinant bispecific anti-
body formats have been developed over the past years[8].
Amongst them tandem single-chain Fv molecules and
diabodies and various derivatives there of are the most widely
used formats for the construction of recombinant bispecific
antibodies (Figure 1).  Routinely, construction of these mol-
ecules starts from two single-chain Fv (scFv) fragments that
recognize different antigens[9].

Tandem scFv molecules (taFv) represent a straightfor-
ward format simply connecting the two scFv molecules with
an additional peptide linker (Figure 1).  The two scFv frag-
ments present in these tandem scFv molecules form sepa-
rate folding entities.  Thus various linkers can be used to
connect the two scFv fragments and linkers with a length of
up to 63 residues have been reported[10].  Although the pa-

Figure 1.  A) Structures of various recombinant bispecific antibody formats derived from single-chain Fv (scFv) fragments.  B) Domain and
linker arrangements in single-chain Fv fragments (scFv), diabodies (Db), single-chain diabodies (scDb), and tandem scFv molecules (taFv).
Linker L in scFv consists of approximately 15 amino acid residues.  In Db and scDb linkers A and B have a length of approximately 5 amino
acids.  Linker M in scDb is approximately 15 amino acids long.  In taFv linkers A and B have a length of approximately 15 amino acids and
linker M can be of varying length (e.g.  from 0 to >25 amino acids).  SP=signal peptide.
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obstacles towards the use as therapeutic molecules as it
necessitates the implementation of additional purification
steps in order to obtain homogenous preparations of
bispecific diabodies.

One approach to force the generation of bispecific
diabodies is the production of knob-into-hole diabodies[18].
This was demonstrated for a bispecific diabody directed
against HER2 and CD3.  A large knob was introduced in the
VH domain by exchanging Val37 with Phe and Leu45 with Trp
and a complementary hole was produced in the VL domain
by mutating Phe98 to Met and Tyr87 to Ala, either in the anti-
HER2 or the anti-CD3 variable domains.  By using this ap-
proach the production of bispecific diabodies could be in-
creased from 72% by the parental diabody to over 90% by
the knob-into-hole diabody.  Importantly, production yields
did only slightly decrease by these mutations.  However, a
reduction in antigen-binding activity was observed for sev-
eral analyzed constructs.  Thus, this rather elaborate ap-
proach requires the analysis of various constructs in order
to identify those mutations which produce heterodimeric
molecule with unaltered binding activity.

Single-chain diabodies (scDb) represent an alternative
strategy to improve the formation of bispecific diabody-like
molecules[19,20].  Bispecific single-chain diabodies are pro-
duced by connecting the two diabody-forming polypeptide
chains with an additional middle linker with a length of  ap-
proximately 15 amino acid residues (Figure 1).  Consequently,
all molecules with a molecular weight corresponding to mo-
nomeric single-chain diabodies (50-60 kDa) are bispecific.
Several studies have demonstrated that bispecific single-
chain diabodies are expressed in bacteria in soluble and ac-
tive form (Table 1) with the majority of purified molecules
present as monomers[19–22].  Thus, single-chain diabodies
combine the advantages of tandem scFvs (all monomers are
bispecific) and diabodies (soluble expression in bacteria).

Stability improvements
Stability of the recombinant bispecific antibodies under

storage conditions as well as after in vivo application is a
critical parameter with strong impact for clinical application.
The antibody has to be sufficiently stable to allow the mol-
ecules to induce a therapeutic benefit before being degrad-
ed[23].  Unfortunately, several studies showed that tandem
scFv molecules as well as diabodies were inactivated under
physiological conditions, with varying half-lives depending
on the antibody construct tested[15,20].

One approach to improve the stability of antibody mol-
ecules is the generation of disulfide-stabilized molecules

rental scFv fragments can normally be expressed in soluble
form in bacteria, it is, however, often observed that tandem
scFv molecules form insoluble aggregates in bacteria.  Hence,
refolding protocols or the use of mammalian expression sys-
tems are routinely applied to produce soluble tandem scFv
molecules.  In a recent study, in vivo expression by transgenic
rabbits and cattle of a tandem scFv directed against CD28
and a melanoma-assocated proteoglycan was reported[11].  In
this construct the two scFv molecules were connected by a
CH1 linker and serum concentrations of up to 100 mg/L of
the bispecific antibody were found.  Various strategies in-
cluding variations of  the domain order or using middle link-
ers with varying length or flexibility were employed to al-
low soluble expression in bacteria.  A few studies have now
reported expression of soluble tandem scFv molecules in
bacteria[12–14] using either a very short Ala3 linker or long
glycine/serine-rich linkers.  In a recent study, we employed
phage display of a tandem scFv repertoire containing ran-
domized middle linkers with a length of 3 or 6 residues to
enrich for those molecules which are produced in soluble
and active form in bacteria.  This approach resulted in the
isolation of a preferred tandem scFv molecule with a 6 amino
acid residue linker[15].  At present it is unclear if this linker
sequence represents a general solution to the soluble ex-
pression of tandem scFv molecules.  Nevertheless, this study
demonstrate that phage display of tandem scFv molecules
in combination with directed mutagenesis is a powerful tool
to enrich for those molecules which can be expressed in bac-
teria in active form.

Bispecific diabodies (Db) utilize the diabody format for
expression.  Diabodies are produced from scFv fragments
by reducing the length of the linker connecting the VH and
VL domain to approximately 5 residues[16].  This reduction
forces dimerization of two polypeptide chains by crossover
pairing of the VH and VL domains (Figure 1).  Bispecific
diabodies are produced by expressing two polypeptide chains
with either the structure VHA-VLB and VHB-VLA (VH-VL

configuration) or  VLA-VHB and VLB-VHA (VL-VH

configuration) within the same cell.  A large variety of dif-
ferent bispecific diabodies have been produced in the past
and most of them could be expressed in soluble form in bac-
teria (Table 1).  A recent comparative study demonstrate,
however, that the orientation of the variable domains can
influence expression and formation of active binding sites[17].
Nevertheless, the soluble expression in bacteria represents
an important advantage over tandem scFv molecules.
However, since two different polypeptide chains are ex-
pressed within a single cell inactive homodimers can be pro-
duced together with active heterodimers.  This puts some
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Table 1.   Applications of recombinant bispecific antibodies for cancer therapy.

     Format             Antibody             Target             Effector                     Expression        Reference

taFv CD19 x CD3 CD19 CTL mammalian cells [45,47,48,51,52]

CD19 x CD3 CD19 CTL E. coli [53]

EpCAM x CD3 EpCAM CTL mammalian cells [10,54-56]

HER2 x CD3 ErbB2 CTL mammalian cells [55]

LeY x CD3 Lewis Y CTL mammalian cells [55]

BCL-1 x CD3 IgG idiotpye CTL mammalian cells [43]

FAP x CD3 FAP CTL mammalian cells [41]

OKT9 x CD3 TR CTL mammalian cells [57]

E.  coli (refolding)
L6 x CD3 tumor Ag CTL mammalian cells [58]

Wue x CD3 Wue CTL mammalian cells [59]

M x CD28 melanoma proteoglycan CTL rabbits, cattle [11]

HLA-II x CD16 MHC complex NK cells mammalian cells [60]

HER2 x CD16 ErbB2 NK cells E. coli [12,61]

EGFR x Ad EGFR adenovirus mammalian cells [62-67]

EpCAM x Ad EpCAM adenovirus mammalian cells [67]

CD40 x Ad CD40 adenovirus E. coli [13]

CEA x Ad CEA adenovirus E. coli [15]

3E10 x p53 cell penetration apoptosis mammalian cells [38]

Db BCL-1 x CD3 IgG idiotype CTL E. coli [68]

CEA x CD3 CEA CTL E. coli, Pichia [24,46]

HER2 x CD3 ErbB2 CTL E. coli [69]

EpCAM x CD3 EpCAM CTL E. coli [70]

IL-6 x CD3 IL-6 CTL E. coli [71]

CD19 x CD3 CD19 CTL E. coli [44,49]

CD20 x CD3 CD20 CTL E. coli [72]

EGFR x CD3 EGFR CTL E. coli (refolding) [73]

MUC-1 x CD3 MUC-1 CTL E. coli (refolding) [74]

Pgp x CD3 P glycoprotein CTL E. coli [75]

CD19 x CD16 CD19 NK cells E. coli [50]

CD30 x CD16 CD30 NK cells E. coli [76]

Lys x C1q lysozyme complement E. coli [77]

Lym-1 x DOTA HLA-DR 90Y E coli [78,79]

scDb CEA x CD3 CEA CTL E. coli unpublished
CD19 x CD3 CD19 CTL E. coli [14]

EDG x CD3 endoglin CTL E. coli [22]

EDG x Ad endoglin adenovirus E. coli [40]

HMW-MAA x Ad HMW-MAA adenovirus E. coli [80]

CEA x Ad CEA adenovirus E. coli [15]

CEA x b-Gal CEA prodrug E. coli [19]

tanDb CD19 x CD3 CD19 CTL E. coli [20,81]

scFv-CH3 HER2 x CD16 ErbB2 CTL mammalian cells [29]

Abbreviations: Ad, adenovirus knob domain; β-Gal, β-galactosidase; CEA, carcinoembryonic antigen; CTL, cytotoxic T lymphocytes; Db,
diabody; DOTA, 1,4,7,10-tetraazacyclododecane-N,N',N'',N'''-tetraacetic acid; EGFR, epidermal growth factor receptor; EpCAM, epithelial
cell adhesion molecule; FAP, fibroblast activation protein; HMW-MAA, high molecular weight melanoma-associated antigen; NK cells,
natural killer cells; scDb, single-chain diabody; taFv, tandem scFv; tanDb, tandem diabody; TR, transferrin receptor.
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introducing cysteine bridges between the VH-VL interfaces
to inhibit dissociation of the VH and VL domains.  That this
results in an increased thermal stability has been shown for
a bivalent anti-CEA diabody[24].  A subsequent study with a
disulfide-stabilized bispecific diabody demonstrated that this
approach also resulted in an increase in the formation of
heterodimers similar to the knob-into-hole approach[18].
However, a marked reduction in production yield was re-
ported for this disulfide-stabilized bispecific diabody in E
coli.  Principally, this approach to improve stability by intro-
ducing disulfide-bonds between the VH and VL domains is
applicable for any recombinant bispecific format including
tandem scFv molecules.

Several comparative studies have revealed that single-
chain diabodies are more stable than diabodies and tandem
scFv molecules[14,15,19,20].  This is probably a result of the
physical linkage of the four variable domains, similar to the
improved stability of single-chain Fv fragments compared to
Fv fragments[25].  A recent study demonstrated that the length
and composition of the three linkers present in a single-chain
diabody molecule and its dimeric tandem form had a strong
influence on stability and functional activity[26].  In this study
tandem diabodies composed of 10 residue long flanking link-
ers and a long middle linker (27 residues) showed highest
stability and activity.  These results emphasize the fact that
modest variations in the composition of recombinant
bispecific antibodies have strong impacts on their biological
properties.

Improvement of pharmacokinetics
One of the drawbacks of small recombinant bispecific

antibodies for therapeutic applications is the short circula-
tion time in the body.  Diabodies, single-chain diabodies and
tandem-scFv molecules have a molecular weight of 50-60
kDa.  This causes rapid clearance from circulation by ex-
travasation and renal elimination with an initial half-life (t1/2α)
below 30 min[20].  This is much shorter than the half-life of
whole antibody molecules, which can be in the range of sev-
eral weeks, due to its larger size and Fn receptor mediated
recycling.

Several approaches have been undertaken to improve the
pharmacokinetics of recombinant antibodies.  One approach
is to increase the size of these molecules.  For example, this
was achieved by fusion of a bispecific single-chain diabody
to the IgG CH3 or Fc region via an IgG hinge[27].  A similar
approach was also applied for bispecific diabodies fusing
one of the two diabody chains to a CH3 domain (di-
diabody)[28].  These fusions result in the formation of dimeric

molecules with molecular weights of 150-180 kDa containing
four functional antigen-binding sites, two for each antigen.
The advantage of using single-chain diabodies for this ap-
proach is that a single polypeptide chain is expressed result-
ing in the assembly of defined molecules with identical size
and binding activity.  In contrast, the usage of two different
polypeptide chains for the expression of di-diabody may
cause formation of a mixture of non-functional diabody
molecules produced by homodimeric assembly of two iden-
tical polypeptide chains and functional diabody-CH3 fusion
proteins.  Interestingly, Lu and co-workers[28] could not de-
tect such non-functional diabody molecules in their prepa-
rations indicating that heterodimeric assembly of the two
polypeptide chains is favored, at least for the described
construct.  Heterodimer-forming CH3 domains containing
knob-into-hole structures were also used to generate
bispecific antibodies by fusion of two different scFv frag-
ments directed against HER2 and CD16 to these domains[29].
Although not tested in vivo this bispecific minibody was
stable in mouse and human serum at 37 °C for several days
and biologically active.

Dimeric single-chain diabody molecules with a molecu-
lar weight of 100-115 kDa can also be generated by varying
the length of the linkers connecting the variable domain.
Reducing the middle linker of a single-chain diabody to less
than 13 amino acid residues results in the formation of dimeric
single-chain diabody (tandem diabodies, tanDb) most likely
with a linear arrangement of the two polypeptide chains
(Figure 1)[20,21].  Similarly, reduction of the flanking linkers to
0-1 amino acid residue results also in dimeric molecules, pre-
sumably in a tetrabody-like arrangement[21].  For tandem
diabodies it has been shown that this dimerization results in
a four- to eight fold increase in circulation time compared to
diabodies and an improved therapeutic efficacy[20,30].

The covalent attachment of polyethylene glycol (PEG)
chains may represent another possibility to improve the phar-
macokinetics of recombinant bispecific antibodies.  Several
PEGylated protein therapeutics which exhibit increased half-
lives and improved therapeutic efficacy compared to their
non-PEGylated forms have been clinically approved[31].  Al-
though as yet not applied for recombinant bispecific
antibodies, it was shown for single-chain Fv fragments that
PEGylation could prolong serum half-life up to 200-fold[32].
In this study single reactive cysteine residues were intro-
duced into the scFv molecules at defined positions, e.g. at
the C-terminus or in the linker region.  This additional cys-
teine residue allowed for a site-specific coupling of a single
PE.G. chain without impairing binding activity of the scFv
fragment.
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A rather new approach is the combination of recombi-
nant bispecific antibodies with gene-therapeutic protocols
aiming at a direct in vivo expression of the antibody mol-
ecules[33].  This should result in high and constant levels of
antibody molecules over an extended period of time.
Furthermore, this approach obviates the need for extensive
purification and characterization of the therapeutic proteins.
However, one has to keep in mind that for therapeutic appli-
cations it is essential that expression is tightly controlled in
order to stall expression in the event of severe side effects.
In 1999 we postulated that this approach should be appli-
cable for the in vivo production of recombinant bispecific
antibody molecules[19].  In this study we show that bispecific
single-chain diabodies are secreted in an active form from
mammalian producer cells in vitro and are able to selectively
recruit a prodrug-converting enzyme to tumor cells.
Subsequently, we developed an adenoviral system contain-
ing the gene for an anti-CD3 x anti-CEA bispecific single-
chain diabody.  Injection of these recombinant adenoviruses
into mice resulted in high-level expression of the antibody
molecule over a period of several weeks[34].  The therapeutic
effects of in vivo produced proteins were recently demon-
strated with an anti-CEA x anti-CD3 bispecific diabody in
combination with a B7-anti-CEA scFv fusion protein[35].  In
vivo expression was achieved by implanting near the tumor
site 293 producer cells stably transfected with the DNA en-
coding these proteins.  After injection of human T cells, anti-
tumor effects were observed in a colon carcinoma tumor model
demonstrating the feasibility of this approach.  Further stud-
ies are, however, needed to establish the most effective and
safe protocol, including an evaluation of in vivo and ex vivo
gene transfer, a comparison of local versus systemic
production, identification of suitable transcriptional control
elements and safe gene transfer vehicles.

Therapeutic applications
Recombinant bispecific antibodies have already been

developed for a variety of different applications with poten-
tial use in cancer therapy.  These applications include the
retargeting of effector molecules (prodrug-converting
enzymes, radio-isotopes, complement components), effec-
tor cells (CTLs, NK cells) and adenoviral vectors (Table 1),
covering various therapeutic strategies, e.g.  radiotherapy,
chemotherapy, immunotherapy and gene therapy.  In
addition, recent work explored their use as intracellular
bispecific antibodies (intrabodies)[36].  In one study an intra-
cellularly expressed diabody was used to induce a functional
knockout of two cell surface receptors[37].  In another study

a bispecific tandem scFv with cell-penetrating abilities was
applied to restore p53 wild-type function by intracellular bind-
ing to p53[38].

Most applications of recombinant bispecific antibodies
for cancer therapy focus on the retargeting of effector cells
of the immune system to tumor cells (Table 1).  Extensive
work has been done on the retargeting of cytotoxic T lym-
phocytes (CTLs) through binding to the T cell co-receptor
molecule CD3.  In addition, natural killer cells (NK)  were
retargeted with recombinant bispecific antibodies directed
against Fcγ receptor III (CD16).  A large variety of different
target antigens have been evaluated.  Most of them repre-
sent tumor-associated antigens (TAA) over-expressed by
tumor cells, including CD19, CD20, epithelial cell adhesion
molecule (EpCAM), epidermal growth factor receptor (EGFR),
HER2, MUC-1, and carcinoembryonic antigen (CEA) (Table
1).  In addition, recent focus has switched to tumor vascula-
ture as a target structure.  Targeting tumor vasculature of
solid tumors has several advantages compared to direct tar-
geting of  tumor cells[39].  Tumor endothelial cells are directly
accessible for circulating agents, ie extravasation of effector
molecules and cells is not necessary.  All solid tumors de-
pend on neovascularization to grow beyond a few millime-
ters in diameter.  Thus, this approach is broadly applicable.
Endothelial cells are genetically stable and do not become
resistant to therapy.  A few studies have demonstrated that
recombinant bispecific antibodies can be employed to retar-
get effector cells (CTLs) or adenoviral vectors to endothelial
cells in vitro.  These studies used endoglin (CD105) or fibro-
blast activation protein (FAP) as vascular targeting struc-
tures[22,40,41].  Other suitable antigens are described, e.g. vas-
cular endothelial growth factor (VEGF) receptor, αv-integrins
and the ED-B domain of a tumor-associated fibronectin splice
variant[42], which allows these studies to be extended to other
targets but also to other effector mechanisms.

Several animal studies have been performed with recom-
binant bispecific antibodies and curative effects have been
demonstrated[10,30,35,43-45].  Most studies with anti-CD3
bispecific antibody molecules have shown that T cells need
a second stimulus to efficiently lyse target cells.  This sec-
ond stimulus can be provided by pre-activation of isolated T
lymphocytes, e g  with IL-2 and anti-CD28 antibodies.  Sev-
eral studies developed approaches to provide this co-stimu-
lus in vivo by co-administering anti-CD28 antibodies or B7-
scFv fusion proteins[30,46].  Interestingly, one anti-CD3 anti-
body used for the construction of bispecific tandem scFv
molecules was shown to induce a co-stimulation indepen-
dent T cell response[47,48].

Other studies evaluated various combinations of recom-
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binant bispecific antibodies with other compounds to fur-
ther improve anti-tumor responses.  These approaches in-
clude the co-application of anti-CD19 x anti-CD3 diabodies,
anti-CD28 antibodies and anti-CD19 x anti-CD16 bispecific
diabodies targeting and activating two different effector cell
types and the co-application of an anti-CD19 x anti-CD16
bispecific diabody together with thalidomide as chemothera-
peutic drug[49,50].  Interestingly, these studies described syn-
ergistic effects between the different compounds indicating
that further dramatic improvements of the systems are
possible.

Currently there is one bispecific tandem scFv molecule
(MT103) directed against CD19 and CD3 in a clinical phase
I safety trial for the treatment of Non-Hodgkin’s Lymphoma
(NHL).  This antibody was shown to be very potent in de-
stroying CD19-expressing tumor cells in vitro and in vivo in
a T cell costimulation-independent way[48].  A final report of
the outcome is currently not available.

Conclusions
The past decade has led to enormous improvements in

the generation and application of recombinant bispecific
antibodies.  These molecules combine the potentials of
bispecific molecules for therapeutic applications with the ad-
vantages provided by antibody engineering technologies.
Although further improvements are necessary, recent stud-
ies have shown that recombinant bispecific antibodies can
find their way into the clinic.
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Tonic activation of presynaptic GABAB receptors on rat pallidosubthalamic
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Abstract
Aim:  The subthalamic nucleus plays a critical role in the regulation of movement,
and abnormal activity of its neurons is associated with some basal ganglia motor
symptoms.  We examined the presence of functional presynaptic GABAB recep-
tors on pallidosubthalamic terminals and tested whether they were tonically ac-
tive in the in vitro subthalamic slices.  Methods: Whole-cell patch-clamp record-
ings were applied to acutely prepared rat subthalamic nucleus slices.  The effects
of specific GABAB agonist and antagonist on action potential-independent in-
hibitory postsynaptic currents (IPSCs), as well as holding current, were examined.
Results: Superfusion of baclofen, a GABAB receptor agonist, significantly re-
duced the frequency of GABAA receptor-mediated miniature IPSCs (mIPSCs), in
a Cd2+-sensitive manner, with no effect on the amplitude, indicating presynaptic
inhibition on GABA release.  In addition, baclofen induced a weak outward cur-
rent only in a minority of subthalamic neurons.  Both the pre- and post-synaptic
effects of baclofen were prevented by the specific GABAB receptor antagonist,
CGP55845.  Furthermore, CGP55845 alone increased the frequency of mIPSCs,
but had no effect on the holding current.  Conclusion: These findings suggest the
functional dominance of presynaptic GABAB receptors on the pallidosubthalamic
terminals over the postsynaptic GABAB receptors on subthalamic neurons.
Furthermore, the presynaptic, but not the postsynaptic, GABAB receptors are toni-
cally active, suggesting that the presynaptic GABAB receptors in the subthalamic
nucleus are potential therapeutic target for the treatment of Parkinson disease.
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Introduction
Being the only nucleus in the basal ganglia containing

glutamatergic neurons, the subthalamic nucleus occupies a
critical position in the ‘indirect’ pathway by providing an
excitatory drive to the output nuclei of this motor circuit.
Anatomical studies have shown that the subthalamic nucleus
receives GABAergic innervation from the globus pallidus
and glutamatergic innervation from the cortex as well as the
thalamus.  The subthalamic nucleus then sends glutamatergic
projection back to the globus pallidus, and to the substantia
nigra pars reticulata and entopeduncular nucleus[1-7].

By influencing the output of the basal ganglia, the sub-
thalamic nucleus plays a significant role in mediating move-

ment in health and in diseased state.  It has been demon-
strated that the modification of the activity of subthalamic
nucleus neurons constitutes the central origin of parkinso-
nian symptoms.  For example, in Parkinson disease and its
animal models, it is widely believed that depletion of dopa-
mine in the basal ganglia leads to overactivity of the subtha-
lamic nucleus.  The resulting increased glutamatergic out-
put of the subthalamic nucleus contributes to excessive in-
hibition of basal ganglia targets leading to akinesia and
hypokinetic symptoms[8].  Recent studies on the firing prop-
erties of neurons from organotypic culture of the globus
pallidus-subthalamic nucleus network[9], and from the in vivo
brain[10,11] suggest that the reciprocally connected
glutamatergic subthalamic and GABAergic pallidal neurons
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are involved in the generation of low-frequency oscillatory
activity in Parkinson disease, which is associated with tremor
in parkinsonian subjects[12].  Indeed, disruption of the activ-
ity of the subthalamic nucleus could alleviate both the patho-
logical neuronal activity and motor symptoms observed in
Parkinson disease[13-15].  Thus, deep brain stimulation of the
subthalamic nucleus has been introduced as a surgical pro-
cedure for the treatment of Parkinson disease[16].

GABAergic innervation from the globus pallidus is the
major inhibitory factor affecting the activity of the subtha-
lamic nucleus.  GABAergic input from the globus pallidus
affects the oscillation frequency of burst firing cells in the
subthalamic nucleus[17].  There are two types of GABA re-
ceptors in the central nervous system: the ionotropic,
bicuculline-sensitive GABAA receptors and the metabotropic,
G-protein coupled GABAB receptors which are activated by
baclofen.  By inhibiting calcium influx and facilitating po-
tassium conductance, activation of GABAB receptors pro-
duces pre- and postsynaptic inhibitory effects, respectively.
A previous report [18] showed the presence of presynaptic
GABAB receptors in the subthalamic nucleus based on the
changes of the paired-pulse ratio of evoked IPSCs.  In the
current study, the presence of presynaptic GABAB receptors
is studied by examining the direct effect of a GABAB ago-
nist on the constitutive release of GABA from the presynap-
tic terminals, with the aid of a more specific GABAB

antagonist.  Because the differential activation of pre- and
postsynaptic GABAB receptors is a potential therapeutic strat-
egy in the treatment of basal ganglia motor disorders, we
also compared the degree of activation of the pre- and
postsynaptic GABAB receptors and tested whether they were
tonically active.

Materials and methods
Brain slice preparation  Sprague-Dawley rats aged 13–

15 d were used for the preparation of acutely prepared brain
slices.  The animals were killed by decapitation.  The brains
were then immediately removed and placed in ice-cold arti-
ficial cerebrospinal fluid (ACSF) of the following composi-
tion (in mmol/L): NaCl 125, KCl 2.0, MgSO4 1.2, CaCl2 2.5,
KH2PO4 1.2, glucose 11, and NaHCO3 26, which was con-
tinuously bubbled with 95% O2 and 5% CO2.  Thin hemi-
coronal slices (250 µm) containing the subthalamic nucleus
were sectioned using a vibrating microtome (Camden
Instrument).  After equilibration in a holding chamber for at
least 30 min, the slices were transferred to a small volume
chamber mounted on an upright microscope (Zeiss
Axioskop), and superfused with ACSF at a rate of 1.5–2.0

mL/min maintained at a temperature of 34±1 ºC.  Neuronal
soma and proximal dendrities of neurons were directly visu-
alized by a combination of differential interference contrast
(DIC) optics and contrast-enhanced infrared (IR) video
microscopy.

Whole-cell patch-clamp recordings  Whole-cell patch-
clamp recordings from the subthalamic nucleus neurons were
obtained using a patch-clamp amplifier (LM/PCA, List
Medical).  Whole-cell pipettes had a resistance of 3-4 MΩ¸
when filled with an internal solution of the following com-
position (in mmol/L): KCl 140, HEPES 10, EGTA 1, MgCl2

2, Na2ATP 2, and Tris GTP 0.4.  The inclusion of 140
mmol/L of KCl in the recording pipettes reversed the polar-
ity of the inhibitory postsynaptic currents (IPSCs) from out-
ward to inward and enhanced their detection.  Capturing of
data and subsequent analysis followed the procedure of our
previous report[19].  Monitoring through a television con-
nected to the camera, a pipette was placed on the soma of a
subthalamic nucleus neuron and conventional whole-cell re-
cording was made.  Normally no series resistance compen-
sation was applied but the cell was rejected if the series re-
sistance increased significantly (>20%) during recording.
The voltage and current signals were filtered at 3 kHz and
were taped using a DAT recorder (Sony) modified for re-
cording AC and DC signals at a sampling rate of 32 kHz.
On- or off-line digitization (10 kHz) was made via the
Digidata-pClamp system (Axon Instruments).  Synaptic cur-
rents were analyzed by a program developed in our labora-
tory[19].  Once a synaptic current is detected, information on
the time of occurrence, peak amplitude and kinetics are gen-
erated automatically.  The program also performed statisti-
cal comparison of two cumulative probabilities using the
Kolmogorov-Smirnov test.

Drugs and statistics  (±)-Baclofen used in the present
study will be referred to as baclofen and was obtained from
RBI.  CGP55845 was purchased from Tocris.  (±)-2-Amino-
5-phosphonopentanoic acid (AP5), 6-cyano-7-nitroquinoxa-
line-2,3-dione (CNQX), bicuculline and tetrodotoxin (TTX)
were also obtained from RBI.

The data were expressed as mean±SEM.  Paired Student’s
t-test was used.  The level of significance was presented by
using a P value of 0.05.

Results
Pre- and postsynaptic GABAB receptors activated by

baclofen  The GABAA receptor-mediated miniature IPSCs
(mIPSCs) were isolated by the addition of  AP5 50 µmol/L
and CNQX 20 µmol/L to eliminate glutamate receptor-
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mediated synaptic currents and TTX 0.5 µmol/L to block
action potential-dependent transmitter release.  These cur-
rents were sensitive to 10 µmol/L GABAA receptor antago-
nist bicuculline, confirming their GABAergic nature.  Spon-
taneous synaptic currents were found in most subthalamic
nucleus neurons.  Superfusion of baclofen, a specific GABAB

receptor agonist, at 30 µmol/L significantly reduced the fre-
quency of mIPSCs.  This effect was reversible when baclofen
was removed (Figure 1A, 1B).  The inhibitory effect of
baclofen was selective to the frequency (control: 1.69±0.27
Hz; baclofen: 0.64±0.09 Hz; wash: 1.08±0.16 Hz, n=12, P<
0.01) but not the amplitude of the mIPSCs (control: 31.4±
1.9 pA; baclofen: 32.5±2.3 pA, n=12, P>0.05), indicating
that the effect was presynaptic (Figure 1C).  Furthermore, in
five cells, application of 200 µmol/L of CdCl2 reduced the
mIPSC frequency (control: 1.58±0.22 Hz; Cd2+: 0.86±0.38
Hz; P<0.01).  In this case, the effect of balcofen was largely
abolished (0.82±0.38 Hz; P>0.05 vs Cd2+ alone).

To study whether baclofen directly inhibits the subtha-
lamic nucleus neurons through activation of postsynaptic
GABAB receptors, we also quantified the effect of baclofen
in inducing an outward current in subthalamic nucleus neu-
rons in the brain slice.  In contrast to its presynaptic effect,
which was observed in all neurons tested, baclofen at 30
µmol/L induced a weak outward current in only six out of 23
neurons (21.7 %), with a mean of 20.1±3.1 pA.

Receptor specificity and tonic activity revealed by
CGP55845  To confirm that baclofen acts on GABAB re-
ceptors and to test whether the receptors are tonically active
in the subthalamic nucleus, the effects of a recently intro-
duced potent and specific GABAB receptor antagonist,
CGP55845, were studied.  When CGP55845 2 µmol/L was
applied into the superfusion solution, there was no changes
in the holding current in all six cells tested.  In contrast,
CGP55845 caused a clear increase in the frequency of the
mIPSC, from 1.22±0.29 Hz to 2.14±0.56 Hz (n=6, P<0.05).
These data suggest that the pre- but not the postsynaptic
GABAB receptors are tonically active (The results from a
typical cell were shown in Figure 2A, 2B).  Consistent with
a presynaptic site of action, the increase in the mIPSC fre-
quency induced by CGP55845 was not accompanied by a
change in the amplitudes (control: 38.3±3.7 pA; CGP55845:
39.2±3.7 pA; CGP55845+baclofen: 36.7±3.5 pA, n=6, P>
0.05).  Furthermore, in the presence of CGP55845, baclofen
did not decrease the frequency of mIPSCs in these neurons
(CGP55845+baclofen: 2.26±0.48 Hz, P>0.05 vs CGP55845
alone, Figure 2).  These data indicate that the presynaptic
inhibitory effect observed when baclofen was applied alone
was mediated by GABAB receptors (Figure 2).

In the presence of CGP55845, baclofen did not activate
any outward current (n=6), suggesting that CGP55845 pre-
vented the activation of postsynaptic GABAB receptors.  The
receptor specificity of the postsynaptic effect of baclofen
was also tested in those neurons that responded to baclofen.
Addition of CGP55845 in the presence of baclofen com-
pletely reversed the effect of baclofen (n=3).  A typical re-
sult was shown in Figure 3.

Discussion
In the present study, we provide evidence for the exist-

ence of functional presynaptic GABAB receptors in the
pallidosubthalamic pathway.  This conclusion is based on
the effect of balcofen on mIPSCs recorded from subthalamic
neurons.  This effect of balcofen is sensitive to specific
GABAB receptors antagonist CGP55845, and also the broad-
spectrum calcium channel blocker Cd2+, which presumably
blocks the influx of calcium into nerve terminals necessary
for the release of GABA.  Thus, Ca2+-influx is likely to be
involved in the presynaptic effect of baclofen.

The pallidosubthalamic GABAergic pathway is the ma-
jor inhibitory pathway controlling the activity of the subtha-
lamic nucleus neurons.  The present study revealed that acti-
vation of GABAB receptors in this pathway could, in
principle, exert two opposite effects on subthalamic nucleus
neurons.  On the one hand, by activating presynaptic GABAB

receptor, baclofen reduces the release of GABA from
pallidosubthalamic GABAergic terminals and then disinhibits
the subthalamic nucleus neurons.  On the other hand, by ac-
tivating postsynaptic GABAB receptors, baclofen directly
inhibits the subthalamic neurons.  These electrophysiologi-
cal results corresponded with anatomical observations in
primates, which revealed the existence of pre- and postsyn-
aptic GABAB receptor type 1 subunits in the subthalamic
nucleus[20].  Since only a minority of subthalamic neurons
responded to baclofen by exhibiting an outward current,
which were nevertheless small in the amplitude, this implies
that either there is a smaller number, or a less efficient cou-
pling and signaling mechanism, of the postsynaptic GABAB

receptors compared with their presynaptic counterpart.
However, subcellular immunolabelling under an electron
microscope showed a dense postsynaptic GABAB receptor
labeling in the monkey subthalamic nucleus[20].  Also, our
recent pre-embedding immunolabelling in the adult rat glo-
bus pallidus showed a similar level of GABAB1 and GABAB2

subunits at pre- and postsynaptic sites of GABAergic syn-
apses[21] although the pharmacological data in young rats re-
vealed a stronger presynaptic effects in this nucleus[22,23].
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Figure 1.  Presynaptic inhibition of GABA release by baclofen.  (A) Typical traces showing that 30 µmol/L baclofen significantly and reversibly
reduced the frequency of bicuculline-sensitive mIPSCs in the rat subthalamic nucleus neurons.  (B) Cumulative probability distributions of the inter-
event intervals and amplitudes of the mIPSCs from the experiment shown in panel A.  Significant reduction was found in the distribution of the inter-
event intervals.  (C) Means values obtained from 12 neurons showing that the inhibitory effect of baclofen was selective to the frequency but not the
amplitude.  Mean±SEM.  cP<0.01 vs control.
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Figure 2.  Presynaptic effect of baclofen was sensitive to CGP55845.  (A) Typical traces showing that CGP55845 2 µmol/L increased the frequency and
prevented the inhibitory effect of baclofen on the mIPSCs.  (B) Cumulative probability distribution of the inter-event intervals and amplitudes of the
mIPSCs from panel A.  cP<0.01 vs control.  (C) Pooled data obtained from 6 cells showing that CGP55845 significantly increased the frequency of
mIPSCs and blocked the presynaptic inhibition of baclofen.  Mean±SEM.  bP<0.05 compared with control.
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Therefore, other factors like species variation and age might
affect the outcome of the electrophysiological studies.

The presence of presynaptic GABAB receptors in the rat
subthalamic nucleus has been reported by Shen and Johnson[18],
based on a study of evoked IPSCs and their paired-pulse
ratio.  Our present study confirmed their work by showing
that baclofen directly decreased the probability of action
potential-independent release of GABA from presynaptic
terminals.  The conclusion was also enhanced by the use of a
more specific and potent GABAB receptor antagonist,
CGP55845.  One surprising and intriguing finding of the
present study is that CGP55845 increased the frequency of
the mIPSCs but had no effect on the holding current, indi-
cating that there is tonic activation of the pre- but not postsyn-
aptic GABAB receptors.  These data therefore suggest that
the tonic release of GABA from pallidosubthalamic terminals,
either from tonic firing of pallidal neurons, or from action
potential-independent activities, may play a significant role
in controlling the activity of subthalamic neurons.  This find-
ing has interesting implications in the therapeutic manage-
ment of Parkinson disease.  It is known that, in parkinsonian
subjects, decreased activity of the GABAergic projection
from the globus pallidus disinhibits the activity of subtha-
lamic nucleus neurons, which results in enhanced inhibition
on the basal ganglia targets.  Since the tonic activity of pr-

esynaptic GABAB receptor on GABA release is expected to
maintain the excitability of subthalamic nucleus, selective
blockade of this tonic inhibition would help suppressing the
subthalamic nucleus hyperactivity and therefore beneficial
to parkinsonian subjects.  This reasoning is supported by
recent morphological evidence that parkinsonism is associ-
ated with an increased GABAB receptor immuno-reactivity,
especially in the neurophil, of the subthalamic nucleus, re-
flecting an upregulation of presynaptic GABAB receptors[24].

In addition to the involvement in Parkinson’s disease,
the subthalamic nucleus has been reported to be involved in
the genesis of epilepsy.  Focal inhibition of the activity of
the subthalamic nucleus by GABAA receptor agonist or high
frequency deep brain stimulation exerted anticonvulsant ef-
fect in animal model and epilepsy patients[25-28].  Therefore,
the results of the present study also provide a rationale for
exploring the role of subthalamic GABAB receptor systems
in the etiology and the treatment of epilepsy.
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Abstract
Aim: To study the role of dopamine (DA) in rotenone-induced neurotoxicity in
PC12 cells.  Methods: Cell viability was assessed by detecting the leakage of
lactate dehydrogenase (LDH) into the medium.  Apoptosis rate was measured by
flow cytometry.  Caspase-3-like activity was measured by fluorescence assay us-
ing the probe Ac-DEVD-AMC.  The level of intracellular hydrogen peroxide and
other peroxides in PC12 cells were quantified by loading cells with 2’-7’-
Dichlorodihydrofluorescein diacetate (DCFH-DA) in fluorescence assay. Lactic
acid was measured spectrophotometrically.  The DA levels in PC12 cells were
determined by HPLC-ECD.  Results: A 48-h incubation of PC12 cells with roten-
one caused an apoptotic cell death and elevated intracellular reactive oxygen spe-
cies (ROS) and lactic acid accumulation.  Intracellular DA depletion with reser-
pine significantly attenuated rotenone-induced ROS accumulation and apoptotic
cell death.  No change was found in rotenone-induced ROS accumulation when
cells were co-treated with deprenyl.  Brief treatment with reserpine at the end of
rotenone treatment had no effect on rotenone-induced neurotoxicity.  However,
when cells were first incubated with deprenyl, a monoamine oxidase-B inhibitor
for 30 min then co-incubated with rotenone plus deprenyl, a brief treatment with
reserpine enhanced cell injury.  Conclusion:  Rotenone-induced apoptosis in PC12
cells was mediated by intracellular dopamine oxidation.
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Introduction
Parkinson disease (PD) is a chronic neurodegenerative

disorder characterized by the loss of dopamine (DA) neu-
rons in the substantia nigra, decreased striatal DA levels,
and consequent extrapyramidal motor dysfunction.  Although
the genes responsible for a few rare familial cases of PD
have been discovered[1-3], the causes of more prevalent idio-
pathic PD are still unknown.  Substances that are toxic to
dopaminergic cells have been proposed as contributors to
this neurological disease[4,5].  MPTP (1-Methyl-4-phenyl-1,
2,3,6-tetrahydropyridine) is one of the best described neuro-
toxins.  Evidence has shown that the neurotoxicity of MPTP
depends on its active metabolite, 1-methyl-4-phenyl-pyri-
dinium (MPP+), which inhibits mitochondrial complex I and
depletes cellular ATP levels, resulting in cell death[6].  Thus,

one hypothesis has focused on mitochondrial dysfunction[7].
Rotenone, a naturally occurring, lipophilic compound

from the roots of certain plants (Derris species), is a spe-
cific inhibitor of mitochondrial complex I and is used as the
main component of many insecticides.  Based on the mito-
chondrial dysfunction hypothesis of PD, a number of stud-
ies have evaluated the effects of rotenone on dopaminergic
neurons both in vitro and in vivo[8-15].  Treatment of mesen-
cephalic cultures and striatal synaptosomes with rotenone
caused neurotoxicity which was measured by a decreased
uptake of neurotransmitters[8,9].  Studies in vivo have shown
that rotenone was capable of causing degeneration of dopam-
inergic neurons and induction of parkinsonian symptoms in
animals[10-15].  An important morphological finding in roten-
one-treated rats was that the nigrostriatal DA neurons had
accumulated fibrillar cytoplasmic inclusions containing
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ubiquitin and alpha-synuclein, similar to Lewy bodies in id-
iopathic PD[13,16].  This finding is interesting, because recent
discoveries of the two causative gene products of familial
PD, Parkin[1,17,18] and alpha-synuclein[3] indicate that failure
of the ubiquitin-proteasome system might be common in both
familial PD and idiopathic PD[19].  Another reason is that
rotenone is widely used as insecticide, and therefore is a real
threat as an environmental substance to cause PD.  Thus,
elucidation of its mode of action is of high importance in
understanding and potentially treating this disorder.  The
present study was designed to assess the neurotoxicity of
rotenone on DA-producing PC12 cells and explore the pos-
sible mechanism.

Materials and methods
Reagents  Dulbecco’s modified Eagle’s medium

(DMEM) was purchased from GibcoBRL (Gaithersburg,
MD, USA).  Horse serum and fetal calf serum were obtained
from Hyclone (Logan, UT, USA).  Rotenone, reserpine,
deprenyl, N-acetyl-L-cysteine (NAC), propidium iodide (PI),
dihydroxybenzylamine (DHBA) and 2 ,́7 -́dichlorofluo-
rescein-diacetate (DCFH-DA) were purchased from Sigma
(St Louis, MO, USA).  Caspase-3 substrate AC-L-aspartic-
L-glutamic-L-alyl-L-aspartic acid-7-amino-4-methylcou-
marin (Ac-DEVD-AMC) was obtained from Calbiochem (La
Jolla, CA, USA).

Cell culture  The rat pheochromocytoma cell line PC12
cells (American Type Culture Collection, Rockville, MD,
USA) were propagated in DMEM, supplemented with heat-
inactivated horse serum (10%, v/v) and fetal calf serum (5%,
v/v), 100 g/L streptomycin and 100 kU/L penicillin.  The
cultures were maintained in an incubator at 37 oC in a high
humidity atmosphere of 5% CO2.  The medium was changed
every 2 d and cells were passaged once a week.  Twenty-
four hours before addition of various reagents, the cells were
seeded on 60-mm-dishes (Falcon), covered with collagen
(Sigma), at a density of 1×105/cm2 in normal medium.  Ro-
tenone and reserpine were first dissolved in dimethyl sul-
foxide (Me2SO) and then diluted in medium to a final con-
centration of Me2SO less than 0.1%.  Controls for each drug
condition consisted of sister cultures treated with the vehicle
used to dissolve that drug.  Stock solutions of deprenyl and
NAC were prepared in Hanks’ balanced salt solution con-
taining 2 mmol/L HEPES.

Assessment of cell viability  Cell viability was assessed
by detecting the leakage of lactate dehydrogenase (LDH)
into the medium.  Cells were treated with rotenone or other
reagents, then an aliquot of medium was taken and centri-

fuged at 250×g for 5 min.  Supernatant (10 mL) was added
into phosphate buffer  0.1 mol/L (pH 7.0) containing  so-
dium pyruvate 2.3 mmol/L and NADH 5 mmol/L to a total
volume of 200 mL.  The decrease in absorbance over time at
340 nm was monitored at 25 ºC.  Then the activity of LDH
in medium was calculated.  Cell total LDH was obtained
after exposure of culture to 0.2% TritonX-100 at 37 ºC for
30 min.  LDH leakage was expressed as percentage of LDH
in medium to total LDH.

Analysis of apoptosis by flow cytometry Apoptosis rate
was measured by flow cytometry as reported previously[19].
Briefly, PC12 cells were washed with PBS (pH 7.4), fixed
in cold 70% (v/v) ethanol, and incubated under -20 oC for at
least 2 h.  The fixed cells were harvested by centrifugation at
250×g for 5 min.  The cell pellets were resuspended in 1 mL
PBS at room temperature for 10 min.  After another
centrifugation, the cell pellets were resuspended in 500 mL
PBS containing 0.2 g/L RNase A and incubated at 37 ºC for
30 min.  After incubation, the cells were stained with 20 g/L
PI at 4 ºC for 30 min.  The fluorescence of cells was mea-
sured with FACSCalibur flow cytometer (BD Immunocyto-
metry Systems, San Jose, CA, USA).  The relative content
of DNA indicated the distribution of a population of cells
throughout the cell cycle.  Apoptotic cells caused the ap-
pearance of a sub-diploid peak in the cell-cycle profile.  The
percentage of apoptotic cells was determined by using BD
CellQuest software.

Assay for caspase-3 activity  Caspase-3-like activity was
measured as described in a previous study with modifica-
tion[20].  In brief, the PC12 cells were collected and washed
with PBS (pH 7.4).  After centrifugation at 250×g for 5 min,
cell pellets were lysed with  NP-40 (0.5%)/HEPES (10
mmol/L) (pH 7.4), containing EDTA 2 mmol/L, PMSF 0.5
mmol/L  and leupeptin 5 mg/L.  The lysates were centri-
fuged at 7500×g for 10 min.  The protein concentration in
the supernatant was determined with Lowry method.  Then
50 µg of protein was incubated with caspase-3 substrate Ac-
DEVD-AMC 50 µmol/L.  The increase of fluorescence was
measured every 1 min in a 30 min period using a PolarStar
plate reader (BMG labtechnologies, Australia) with an exci-
tation wavelength of 380 nm and an emission wavelength of
450 nm.  The enzyme activity was expressed as fluorescent
units per min per mg protein.

Measurement of reactive oxygen species production
The level of intracellular hydrogen peroxide and other per-
oxides in PC12 cells were quantified by loading cells with
2 -́7 -́dichlorodihydrofluorescein diacetate (DCFH-DA) as
described previously[19].  In brief, the PC12 cells were washed
with PBS (pH 7.4), resuspended in Krebs-Ringer buffer
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(HEPES 20 mmol/L, dextrose 10 mmol/L, NaCl 127 mmol/L,
CaCl2 1 mmol/L, KCl 5.5 mmol/L, MgSO4 2 mmol/L, pH
7.4), and then loaded with DCFH-DA 5 mmol/L for 60 min.
The cells were again washed with Krebs-Ringer buffer to
remove the extracellular dye and lysed in Tris-HCl 10 mmol/L
(pH 7.4) containing 0.5% Triton X-100.  The fluorescence
in lysates was detected using a PolarStar plate reader (BMG
labtechnologies, Australia) with an excitation wavelength of
485 nm and an emission wavelength of 520 nm.  The fluo-
rescence intensity was normalized based on the protein con-
centration of individual extract.  The ROS production was
expressed as percentage compared with cells without
treatment.

Determination of lactic acid accumulation  Lactic acid
accumulation was measured as described previously[21].  In
brief, PC12 cells were homogenized with  sodium phosphate
50 mmol/L (pH 6.5) and boiled for 15 min.  Lactic acid con-
tent was measured spectrophotometrically at 340 nm in a
buffer containing LDH and hydrazine (0.4 mol/L)/glycine
(0.5 mol/L) (pH 9.0).  Lactic acid accumulation was nor-
malized based on the protein concentration of individual
extract, and expressed as percentage compared with cells
without treatment.  Protein concentration was detected by
the Lowry method.

Measurement of dopamine in PC12 cells  The DA lev-
els in PC12 cells were determined by a modification of the
methods described previously[22-24].  In brief, cells were ly-
sed in 1% metaphosphoric acid containing EDTA 1 mmol/L.
Each sample added with 20 mL of DHBA was regarded as
an internal standard.  After centrifugation (17 500×g for 10
min at 4 ºC), the supernatant was filtered, and a 20 mL ali-
quot was immediately injected into the HPLC system for
DHBA and DA determination.  The assay was done with a
BAS PM80 pump, a Waters Nova-Pak C18 column, and an
electrochemical detector (BAS LC-4C).  The mobile phase
was citric acid 0.1 mol/L,  K2HPO4 0.1 mol/L, EDTA 0.1
mmol/L, 5% methanol, and sodium octylsulfate 70 mg/L (pH
3.0); the flow rate was 1.0 mL/min.  The potential of the
electrode was set at +0.7 V.  DA level in each sample was
quantified by comparing DA and DHBA peak areas with
those of standard solutions containing DA and DHBA, and
then normalized based on the protein concentration of each
individual sample.  The DA level was expressed as percent-
age compared with control cells without reserpine treatment.

Statistics  Data for cell viability, caspase-3 activity, ROS
production and lactic acid accumulation were presented as
mean±SD of four independent experiments.  Data for dopam-
ine levels in cells are means±SD of three experiments per-
formed in triplicate.  Statistical analysis was performed by

applying the Student’s t-test and one-way ANOVA.

Results
Oxidative stress is involved in rotenone-induced neu-

rotoxicity  When PC12 cells were treated with 12.5 and 25
nmol/L rotenone for 48 h, LDH leakage increased from
7.8%±1.1% to 19.7%±1.1% and 30.1%±3.6% (P<0.01 vs
control), respectively (Figure 1A).  The rotenone-induced
cell injury was associated with caspase-3 activation (Figure
1B), supporting the notion that an apoptotic cell death mecha-
nism was involved in rotenone-induced neurotoxicity.  Ro-
tenone treatment induced a concentration-dependent increase
of ROS levels within PC12 cells (Figure 1C).  Rotenone treat-
ment also induced an increase in lactic acid accumulation in
PC12 cells (Figure 1D), suggesting that both oxidative stress
and mitochondrial dysfunction were responsible for cell
injury.  The effects of rotenone were attenuated by 2.5 and 5
mmol/L NAC co-treatment (Figure 2A-2C), further support-
ing the notion that oxidative stress was involved in rotenone
neurotoxicity.  In addition, 2.5 and 5 mmol/L NAC also at-
tenuated rotenone-induced increase in lactic acid accumula-
tion (Figure 2D).

Rotenone-induced ROS accumulation is mediated by
DA oxidation  To test whether manipulation of DA levels
would attenuate rotenone-induced cell death, PC12 cells were
first depleted of intracellular DA using reserpine and then
treated with rotenone.  Reserpine (1 and 5 µmol/L) treat-
ment for 3 h induced 66% and 87% depletions of DA re-
spectively as compared with the control (Figure 3).  The ro-
tenone-induced elevation of LDH leakage and caspase-3 ac-
tivation were attenuated in reserpine-pretreated PC12 cells
(Figure 4A–4B), suggesting that DA played an important role
in rotenone-induced cell injury.  The rotenone-induced in-
tracellular accumulation of ROS was also attenuated by this
manipulation (Figure 4C).  The results suggest that DA oxi-
dation is involved in the production of ROS.  In addition,
lactic acid accumulation assay indicated that the rotenone-
induced energy crisis was partially alleviated if PC12 cells
were pretreated with reserpine (Figure 4D).

Analyzed quantitatively by flow cytometry, the apoptotic
rates increased significantly in PC12 cells treated with ro-
tenone (12.5 and 25 nmol/L) for 48 h (Figure 5A).  The co-
treatment with NAC 2.5 and 5 mmol/L or pre-treatment with
reserpine 1 and 5 mmol/L for 3 h also decreased the roten-
one-induced apoptotic rate (Figure 5B and 5C).

DA auto-oxidation is responsible for rotenone-induced
neurotoxicity  To test whether DA deamination or auto-oxi-
dation was more responsible for rotenone-induced neuro-
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Figure 2.  Effect of N-acetyl-L-cysteine on rotenone-induced PC12 cell injury.  Cell viability (A), caspase-3-like activity (B), ROS production (C), and
lactic acid accumulation (D) were assessed respectively as described in Figure 1.  n=4.  Mean±SD.  cP<0.01 vs control. fP<0.01 vs 25 nmol/L rotenone
treatment in the absence of NAC.

Figure 1.  Effects of rotenone on PC12 cells.  The leakage of LDH was expressed as percentage of LDH in medium to total LDH (A).  Caspase-3-like
activity was expressed as fluorescence units per min per mg protein (B).  ROS production was expressed as percentage compared with control group (C).
Lactic acid content expressed as percentage compared with control group (D).  n=4.  Mean±SD.  bP<0.05, cP<0.01 vs control.
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toxicity in PC12 cells, deprenyl, a monoamine oxidase-B
(MAO-B) inhibitor, was used.  The treatment with deprenyl
at concentration between 25 to 200 µmol/L for 48 h had no
significant effects on the LDH leakage in PC12 cells (Figure
6).  When PC12 cells were first treated with 100 µmol/L
deprenyl for 30 min and then co-treated with deprenyl 100
µmol/L  plus rotenone 25 nmol/L for 48 h, no significant
difference was found in the LDH leakage, caspase-3 activa-

tion or ROS production if compared with PC12 cells treated
with rotenone  25 nmol/L alone (Table 1).  The results sug-
gest that the oxidative deamination of DA catalyzed by MAO-
B was not a major source of ROS in the present studies.

Vesicular monoamine transporter is crucial for cell
survival when there is mitochondrial dysfunction plus
enchanced DA auto-oxidation  To examine whether vesicu-
lar monoamine transporter (VMAT) was involved in roten-

Figure 3.  Reserpine-induced intracellular dopamine depeletion in PC12 cells.  Representative of HPLC-EC of lysate from control cells (A) and cells
treated with reserpine  5 mmol/L for 30 min (B), 1 h (C), 2 h (D), and 3 h (E).  (F): Mean±SD of three experiments performed in triplicate.  cP<0.01 vs
control.
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Figure 4.  Effect of reserpine on rotenone-induced PC12 cell injury.  LDH leakage (A), caspase-3-like activity (B), ROS production (C), and lactic acid
accumulation (D) were measured respectively as described in Figure 1.  n=4.  Mean±SD.  bP<0.05, cP<0.01 vs control.  fP<0.01 vs 25 nmol/L rotenone
treatment in the absence of reserpine.

Table 1.  Effects of brief reserpine treatment before the completion of 48 h deprenyl plus rotenone treatment on LDH leakage, caspase-3-like activity,
and ROS production.  Mean±SD from four independent experiments.  cP<0.01 vs control.  fP<0.01 vs 100 µmol/L deprenyl plus 25 nmol/L rotenone
treatment.

                                                                                                                                      LDH leakage/             Caspase-3-like                  DCF-H
                                                                                                                                         % of cell                        activity/                  fluorescence/
                                                                                                                                         total LDH                fluorescence unit            % of control
                                                                                                                                                                     ·min-1·mg-1 protein

Control   7.83±1.10 18.60±3.41 100.00±5.09
Rotenone (25 nmol/L)1 30.12±0.34c 33.87±4.70c 351.77±4.27c

Reserpine (1 mmol/L)2   7.54±2.01 19.56±1.08 122.78±13.98
Reserpine (5 mmol/L)3   9.08±0.59 20.12±3.10 125.92±8.54
Rotenone (25 nmol/L)+Reserpine (1 mmol/L)4 32.47±2.01c 34.46±2.31c 360.23±5.87c

Rotenone (25 nmol/L)+Reserpine (5 mmol/L)5 33.01±1.79c 34.89±0.79c 369.49±7.81c

Deprenyl (100 µmol/L)+Rotenone (25 nmol/L)6 31.27±2.22c 34.02±1.14c 357.39±7.83c

Deprenyl (100 µmol/L)+Rotenone (25 nmol/L)+Reserine (1 mmol/L)7 44.68±3.49f 38.78±2.02f 378.45±2.08f

Deprenyl (100 µmol/L)+Rotenone (25 nmol/L)+Reserpine (5 mmol/L)8 51.37±2.62f 42.54±1.84f 435.72±5.47f

1 PC12 cells were treated with 25 nmol/L rotenone for 48 h.
2 PC12 cells were treated with 1 mmol/L reserpine for 30 min.
3 PC12 cells were treated with 5 mmol/L reserpine for 30 min.
4 PC12 cells were treated with 25 nmol/L rotenone for 48 h and then with 1 mmol/L reserpine before the end of 48 h rotenone treatment.
5 PC12 cells were treated with 25 nmol/L rotenone for 48 h and then with 5 mmol/L reserpine before the end of 48 h rotenone treatment.
6 PC12 cells were pretreated with 100 µmol/L deprenyl for 30 min and then with 100 µmol/L deprenyl plus 25 nmol/L rotenone for 48 h.
7 PC12 cells were pretreated with 100 µmol/L deprenyl for 30 min and then with 100 µmol/L deprenyl plus 25 nmol/L rotenone for 48 h.   Reserpine (1
mmol/L) was added 30 min before the end of 48 h deprenyl plus rotenone treatment.
8 PC12 cells were pretreated with 100 µmol/L deprenyl for 30 min and then with 100 µmol/L deprenyl plus 25 nmol/L rotenone for 48 h.  Reserpine (5
mmol/L) was added 30 min before the end of 48 h deprenyl plus rotenone treatment.
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one-induced neurotoxicity in PC12 cells, 1 or 5 µmol/L re-
serpine was added 30 min before the end of 48 h-rotenone
treatment.  No change was found in rotenone-induced neu-
rotoxicity with the brief reserpine treatment.  However, when
PC12 cells were pretreated with deprenyl 100 µmol/L for 30

min and then with deprenyl  100 µmol/L plus rotenone 25
nmol/L for 48 h, the 30-min incubation with reserpine 1 or 5
µmol/L before the end of 48-h treatment with deprenyl plus
rotenone induced significant increases in LDH leakage,
caspase-3 activation, and ROS (Table 1).

Figure 5.  Rotenone-induced increased apoptotic rate in PC12 cells.  Representative of flow cytometry of control cells (A), and cells treated with 12.5
nmol/L rotenone (B) or 25 nmol/L rotenone for 48 h (C).  (D): Representative of flow cytometry of PC12 cells were incubated with 25 nmol/L rotenone
plus 2.5 mmol/L NAC, or 25 nmol/L rotenone plus 5 mmol/L NAC (E); cells were treated with 1 mmol/L reserpine for 3 h and then with 25 nmol/L
rotenone for 48 h (F), or 5 mmol/L reserpine for 3 h and then with 25 nmol/L rotenone for 48 h (G).  Mean±SD of four independent experiments for each
treatment group.  bP<0.05, cP<0.01 vs control.  eP<0.05, f P<0.01 vs 25 nmol/L rotenone treatment in the absence of NAC.  iP<0.01 vs 25 nmol/L
rotenone treatment in the absence of reserpine.
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We found that the rotenone-induced ROS accumulation and
cell death were attenuated by an antioxidant, NAC.  This
result supports the notion that an oxidative stress mecha-
nism is involved in rotenone-induced neurotoxicity in PC12
cells.

If toxic agents were involved in the pathogenesis of PD,
this should likely reflects a multifactorial etiology in which
the effects of environmental insults are compounded by
predisposing genetic traits, age-related changes and interac-
tions with endogenous elements (i.e. factors inherent to the
nigrostriatal tissue).  The presence of dopamine within nigro-
striatal neurons may itself constitute a risk factor that en-
hances their vulnerability to toxic events, such as increased
production of oxidizing species.  To test whether manipula-
tion of DA levels would attenuate rotenone-induced cell
death, cells were depleted of intracellular DA using reser-
pine prior to rotenone treatment.  In the present studies, we
demonstrated that reserpine induced a concentration- and
time-dependent DA depletion in PC12 cells.  When PC12
cells were treated with 1 and 5 mmol/L reserpine for 3 h,
66% and 87% decreases in DA levels were found respec-
tively, as compared with the control (Figure 3).  Our results
were similar to those reported by Brautigam et al[36] who
reported more that 50% depletion of intracellular DA in PC12
cells after reserpine incubation.  Our finding that DA deple-
tion significantly attenuated rotenone-induced ROS produc-
tion and cell death suggests that DA plays an important role
in rotenone-induced ROS production and cell death.  Since
DA in the cytoplasm can be readily autoxidized[37] or deami-
nated[38] by MAO-B to produce ROS[39], deprenyl, a MAO-
B inhibitor, was used to test whether MAO-B inhibition could
protect PC12 cells from rotenone-induced ROS accumula-
tion and cell death.  Although it has been shown that MAO-
B inhibition by pretreatment with deprenyl significantly re-
duces cellular DOPAC formation in PC12 cells[40], it had no
effect on the rotenone-induced ROS accumulation and cell
death in our studies, suggesting that the oxidative deamina-
tion of DA catalyzed by MAO-B was not the main source of
ROS in rotenone-treated PC12 cells and that DA auto-oxi-
dation is responsible for rotenone-induced oxidative stress.

The presence of dopamine within nigrostriatal neurons
can itself constitute a risk factor that enhances their vulner-
ability to toxic agents.  For example, rotenone-induced den-
drite loss was severe in the substantia nigra, whereas nonca-
techolamine neurons, such as those in the perifornical
nucleus, were more resistant[41].  Other factors might also
play roles in the vulnerability to toxic agents since some
dopamine neurons in hypothalamic A11 and the ventral teg-
mental area were spared when treated with rotenone.  By in

Figure 6.  Effects of deprenyl on PC12 cells.  Mean±SD values of four
independent experiments for each treatment group.  cP<0.01 vs control.

Discussion
In the present study, the mechanisms of rotenone-induced

neurotoxicity in DA-producing PC12 cells was invesigated.
We found that rotenone induced an apoptotic type of cell
death.  This result is similar to the results reported by Bal-
Price and Brown[25].  They found that a 24-h incubation of
PC12 cells with nitric oxide donors or rotenone, in the pres-
ence of glucose, induced apoptosis of PC12 cells as deter-
mined by nuclear morphology and caspase-3 activation.  We
found that rotenone induced apoptosis in PC12 cells accom-
panied with an elevated ROS production.  Given that mito-
chondria is a major cellular source of ROS[26] and that roten-
one is a kind of complex I inhibitor, it could be hypothesized
that rotenone-induced ROS might be originated from
mitochondria.  Indeed, high concentrations of rotenone have
been reported to induce superoxide production in vitro and
in vivo[27-30].  In isolated nerve terminals, Sipos et al[31] found
that inactivation of complex I to a small extent (16%) re-
sulted in a significant increase in ROS formation.  However,
other studies have suggested converse results[32-34].   Lotharius
and O’Malley[35] found that low doses (5-50 nmol/L) of ro-
tenone killed dopaminergic neurons with a similar time course
and morphology to MPP+.  However, no increase was found
in intracellular superoxide levels after the dopaminergic neu-
rons were treated with rotenone for 0.5, 1, 3, and 6 h.  Be-
cause the classic complex I inhibitor rotenone did not in-
duce ROS, they concluded that MPP+-induced superoxide
did not arise from blockade of electron transport.  In the
present study, however, we found a significant increase of
ROS production from PC12 cells after rotenone treatment
for 48 h.  While DCFH-DA was used as a probe to measure
the redox state of a cell, the resluts were validated carefully.
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situ hybridization, a weaker expression of VMAT was found
in the rat substantia nigra than in the ventral tegmental
area[42].  If VMAT effectively protects the cell against oxida-
tive stress induced by dopamine, the weak expression of
VMAT in substantia nigra might account for its particular
vulnerability to toxic agents.

No change was found in the rotenone-induced neurotoxi-
city.  However, when PC12 cells were pretreated with
deprenyl and then with deprenyl plus rotenone for 48 h, sig-
nificant increases in LDH leakage, caspase-3 activation, and
ROS production were found.  The results suggest that VMAT
activity might be important for cell survival if there is mito-
chondrial dysfunction.  In other words, disruption in dopam-
ine disposition and/or metabolism could underlie the pro-
gressive degeneration of dopaminergic neurons in PD.

As a specific inhibitor of mitochondrial complex I, the
metabolic consequence of mitochondrial electron flow block-
age induced by rotenone would be the incomplete oxidation
of glucose and consequent lactic acid accumulation.  Indeed,
we showed that rotenone treatment also induced an increase
in lactic-acid accumulation.  The results support the notion
that mitochondrial dysfunction is responsible for rotenone-
induced cell death in PC12 cells.  Mitochondria in PC12
cells can become more vulnerable to hydrogen peroxide-in-
duced oxidative stress when complex I is inhibited.

Taken together, our results demonstrated that both oxi-
dative stress and mitochondrial dysfunction were responsible
for rotenone-induced apoptotic cell death in PC12 cells, and
that rotenone-induced ROS accumulation was mainly DA
auto-oxidation mediated.
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Abstract
Aim: To construct an HEK293 cell line stably expressing human dopamine D1

receptor (D1R).  Methods: cDNA was amplified by RT-PCR using total RNA
from human embryo brain tissue as the template.  The PCR products were subcloned
into the plasmid pcDNA3 and cloned into the plasmid pcDNA3.1.  The cloned
D1R cDNA was sequenced and stably expressed in HEK293 cells.  Expression of
D1R in HEK293 cells was monitored by the [3H]SCH23390 binding assay.  The
function of D1R was studied by the cAMP accumulation assay, CRE-SEAP re-
porter gene activity assay, and intracellular calcium assay.  Results: An HEK293
cell line stably expressing human D1R was obtained.  A saturation radioligand
binding experiment with [3H]SCH23390 demonstrated that the Kd and Bmax values
were 1.5±0.2 nmol/L and 2.94±0.15 nmol/g of protein, respectively.  In the
[3H]SCH23390 competition assay, D1R agonist SKF38393 displaced
[3H]SCH23390 with an IC50 value of 2.0 (1.5–2.8) µmol/L.  SKF38393 increased
the intracellular cAMP level and CRE-SEAP activity through D1R expressed in
HEK293 cells in a concentration-dependent manner with an EC50 value of 0.25
(0.12–0.53) µmol/L and 0.39 (0.27–0.57) µmol/L at 6 h/0.59 (0.22–1.58) µmol/L
at 12 h, respectively.  SKF38393 also increased the intracellular calcium level in
a concentration-dependent manner with EC50 value of 27 (8.6–70) nmol/L.
Conclusion: An HEK293 cell line stably expressing human D1R was obtained
successfuly.  The study also demonstrated that the CRE-SEAP activity assay could
be substituted for the cAMP accumulation assay for measuring increase in cAMP
levels.  Thus, both intracellular calcium measurements and the CRE-SEAP acti-
vity assay are suitable for high-throughput screening in drug research.
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Introduction
The neurotransmitter dopamine (DA) plays a prominent

role in a variety of vital brain functions including motor
control, short-term memory, attention and reward[1–3].  In the
CNS, DA modulates neuronal excitability by regulating
ligand- and voltage-gated ion channels[4].  The actions of
DA are mediated by a family of seven-transmembrane G
protein-coupled receptors (GPCRs), i.e., D1, D2, D3, D4, and
D5, encoded by five distinct genes[5].  These five subtypes
have been grouped into two different classes based on phar-

macology and biochemistry: the D1-like and D2-like
receptors.  The D1-like receptors, D1 and D5, mediate dopam-
ine stimulation of adenylyl cyclase, whereas D2-like
receptors, D2, D3 and D4, mediate dopamine inhibition of
adenylyl cyclase[5,6].

Assays capable of detecting and quantifying GPCR-ligand
interactions are valuable tools for both fundamental studies
of cell siganaling and drug development.  Drug screening
has mainly relied upon binding assays on membrane prepa-
rations using radioligands or assays measuring second mes-
sengers or enzymes modulated by these receptors.  The abil-
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ity to conduct high-throughput screening based upon func-
tional activity of a given GPCR in a cell-based assay offers a
more direct way of identifying lead agonists or antagonists[7– 9].

In the present study, by using HEK293 cell lines stably
expressing human D1R, we developed a series of method
check character for analyzing GPCR activities in cell lines
including CRE-SEAP activity assay and the intracellular cal-
cium assay.

Materials  and  methods
Materials  High glucose Dulbecco’s modified Eagle’s

medium (DMEM), fetal calf serum, G418, penicillin and
streptomycin were obtained from Gibco.  Restricted enzyme
(HindIII, EcoRI, XhoI, BamHI), T4 DNA ligase, reverse tran-
scriptase and buffer were purchased from Promega (USA).
Pyrobest DNA polymerase and buffer for PCR were obtained
from TaKaRa (Dalian, China).  (±)-SKF-38393 hydrochlo-
ride (SKF38393) and (+)-Butaclamol hydrochloride
(Butaclamol) were obtained from RBI (Natick, MA, USA).
Forskolin, Fluo-3/AM, p-(dipropylsulfamoyl)benzoic acid,
3-isobutyl-1-methyl-2,6(1H,3H)-purine-dione (IBMX),
pluronic F-127, 4-methyl-umbelliferyl phosphate (4-MUP),
HEPES, Triton X-100 , bovine serum albumin leupeptin,
pepstatin A, aprotinin and PMSF were purchased from Sigma
(USA).  [3H]SCH23390 was purchased from Amersham
(USA).  Plasmids pcDNA3, pcDNA3.1(+) and Lipofecta-
mine2000 were purchased from Invitrogen (USA), and pCRE-
SEAP was from BD Biosciences Clontech (USA).  cAMP
assay kit was purchased from Shanghai Second Medical Uni-
versity (Shanghai, China).  Human embryo brain tissue was
donated by Huashan Hospital (Shanghai, China).  PCR prim-
ers were synthesized by Shenyou (Shanghai, China).

Cloning of the human dopamine D1R cDNA  Human
brain total RNA was obtained from human embryo brain
tissue.  The total RNA was reverse-transcribed using oligo-
dT18 as a primer.  With the cDNA, PCR was carried out
using the primers D1R-1SE and D1R-1AS (Table 1).  Gel-
purified PCR product was treated with BamHI/XhoI and
subcloned into the BamHI/XhoI site of the mammalian ex-
pression vector pcDNA3.  With the subcloned D1R-pcDNA3
plasmid as a template, PCR was carried out using the prim-
ers D1R-2SE and D1R-2AS (Table 1), which resulted in full
length codon sequence of cDNA.  Gel-purified PCR prod-
uct was treated with BamHI/EcoRI and cloned into the
BamHI/EcoRI site of the mammalian expression vector
pcDNA3.1(+).

Production of HEK293 cell lines stably expressing
human dopamine D1R  HEK293 Cells were transfected with

the D1R-pcDNA3.1(+) expression vector, using the
Lipofectamine reagent.  Cells were treated with selection
medium containing G418 (1 g/L) for 3 weeks to select sta-
bly transfected cells displaying neomycin resistance.  Be-
tween 2 and 3 weeks into the selection process, resistant cells
began to appear.  They were separated out by serial dilution
and allowed to grow from single cells.  Receptor expression
of single cell-derived colonies was tested by the radioligand
binding assay.

Cell culture  Human embryonic kidney (HEK293) cell
lines were cultured in DMEM containing streptomycin (100
µg/mL), penicillin G (1000 kU/L) and fetal bovine serum
(10%).  Cells were incubated at 37 ºC in 5% CO2.  Stably
transfected HEK293 cell lines were cultured in DMEM high
glucose medium containing streptomycin (100 mg/L), ben-
zylpenicillin (1000 kU/L), G-418 (200 mg/L) and fetal bo-
vine serum (10%).  Cells were incubated at 37 ºC in 5%
CO2.  For passaging, the cells were detached from the cell
culture flask by washing with phosphate-buffered saline
(PBS) and brief incubation with trypsine (0.5 g/L)/EDTA
(0.2 g/L).  The cells were passaged every 3 d.

Membrane preparation  The D1 cells were lifted from
Petri dishes with a cell scraper.  Harvested cells were washed
twice with ice-cold PBS and centrifuged at 420×g for 5 min
at 4 ºC.  The cell pellet was resuspended with hypotonic
buffer (5 mmol/L Tris-Cl, 2 mmol/L EDTA, pH7.4, leupeptin
1 mg/L, pepstatin A 1 mg/L, aprotinin 1 mg/L, PMSF 1 mmol/
L) and sonicated (18 s) three times on ice.  The homogenate
was centrifuged at 960×g for 10 min at 4 ºC.  The precipi-
tated nucleic fraction was discarded and the supernatant was
centrifuged at 40 000×g for 30 min at 4 ºC.  The pellet was
washed with 50 mmol/L Tris-Cl buffer (pH 7.4) and centri-
fuged again with the same conditions.  Finally, the pellet
was resuspended in the same buffer, and protein concentra-
tion was determined by the BCA Kit (Pierce) as described
previously[10].

[3H]SCH23390 binding assay  Membranes (30–50 µg
protein) from D1 cells were resuspended in 50 mmol/L Tris-
Cl (pH 7.4, 120 mmol/L NaCl, 5 mmol/L KCl, 2 mmol/L
CaCl2 and 1 mmol/L MgCl2).  Saturation assays were per-
formed at different concentrations of [3H]SCH23390 (0.05–
6 nmol/L), using butaclamol (10 µmol/ L) to obtain nonspe-
cific binding.  Competition curves were obtained by using
0.5 nmol/L [3H]SCH23390 and different concentrations of
dopamine D1R agonist SKF38393.  The incubation was car-
ried out at 37 ºC for 30 min.

Binding assays were stopped by rapid filtration through
Whatman GF/B filters, which were immediately washed three
times with ice-cold buffer.  Filters were then transferred to
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Eppendoff tubes, and scintillation liquid was added to mea-
sure the radioactivity.

cAMP accumulation experiment  After scraping the
cells off the culture plates, they were washed twice with PBS
and resuspended in PBS at a concentration of 0.5×106–
1.0×106 cells/mL.  Aliquots of 0.2 mL were transferred to
test tubes along with the phsophodiesterase inhibitor IBMX
(100 µmol/L) and different concentrations of dopamine D1R
agonist SKF38393 added to a final volume of 0.3 mL.  The
reaction was terminated with 1 mol/L perchloric acid to a
final concentration of 0.5 mol/L after a 15 min incubation at
37 ºC.  Samples were neutralized with 75 µL 2 mol/L KOH,
and the cAMP content in the supernatants were determined
with a protein binding assay[11].  cAMP concentrations were
calculated using a standard curve according to the protocol
of the assay kit.

CRE-SEAP activity assay  Using the secreted form of
human placental alkaline phosphatase (SEAP) as the reporter
enzyme transcriptionally regulated by cAMP response ele-
ments (CREs)[12,15], CRE-SEAP activity was measured.  The
pCRE-SEAP plasmid was transfected into D1 cells using the
calcium phosphate precipitation method (Promega).  Cells
were seeded in 100 m2 plates, and transfection was performed
when cells were 50% confluent.  DNA 25 µg and 60 µL
CaCl2 2 mol/L were mixed in H2O in a total volume of 500
µL and then slowly mixed with HEPES buffered saline
(HBS).  The reaction mixture was incubated at room tem-
perature for 30 min and then evenly added to the cell culture
dish containing 10 mL of fresh media.  After 12 h, the trans-
fection media was replaced with fresh media, and the trans-
fected D1 cells were seeded into 24-well plates (1.5×105 cells
per well) and cultured overnight before experiment[12].  The
medium was then replaced with 500 µL of free serum DMEM
containing 100 µmol/ L IBMX and the different concentra-
tions of SKF38393 then cells were incubated for 6 h and
12 h, respectively.  The SEAP assay was subsequently per-
formed (see below).

Following the incubation period of transiently transfected
cells, the culture medium was inactivated for 30 min at 65 ºC
and centrifuged at 15 000×g at 4 ºC.  The supernatant (80 µL),
was transferred to a new 96-well plate and mixed with 100
µL SEAP assay buffer (50 mmol/L Tris/0.1% BSA buffer,
pH 8.0) containing 36 µmol/L 4-methylumbelliferyl phos-
phate (4-MUP).  The mixture was incubated for 1 h at 37 ºC,
and the fluorescence intensity was measured at 460 nm us-
ing FLUOstar plate reader.  Excitation wavelength was 355 nm.

Intracellular Ca2+ concentration ([Ca2+]i) measure-
ment  Ca2+ fluorescence measurements were performed us-
ing a NOVOstar plate reader with a pipettor system (BMG

Labtechnologies, Offenburg, Germany).  D1 cells were har-
vested with 0.05% trypsin/0.02% EDTA and rinsed with high
glucose DMEM containing 10% fetal bovine serum, 100 mg/
L streptomycin, 1000 U/mL penicillin G.  Pelleted cells were
resuspended in fresh medium and kept under 5% CO2 at 37 ºC
for 1h and vortexed every 15 min.  After twice washes with
Krebs-HEPES buffer, cells were loaded with 5 µmol/ L Fluo-
3/AM containing 1% pluronic F-127 and 2.5 mmol/L
p-(Dipropylsulfamoyl)benzoic acid for 30 min.  Then cells
were rinsed three times with Krebs-HEPES buffer contain-
ing 0.5% bovine serum albumin, diluted, and evenly plated
into 96-well plates at a density of 1×104 cells/well.  Microplates
were kept at 37 ºC for 15 min[13].  Buffer alone or different
concentrations of SKF38393 were then injected sequentially
into separate wells, and fluorescence intensity was measured
at 520 nm for 50 s at 0.2 s intervals.  The excitation wave-
length was 485 nm.

 [Ca2+]i was calculated as follows: [Ca2+]i=Kd (F-Fmin)/
(Fmax-F).  Fmax refers to the fluorescence intensity measured
after permeabilization of the cells with 1% Triton X-100.
Ten mmol/L EDTA was added to chelate Ca2+ and minimum
fluorescence intensity was obtained (Fmin).  A Kd value of
324 nmol/L was used for Fluo-3.

Data analysis  Experiments were performed in triplicate.
All data were expressed as mean±SD and analyzed with the
GraphPad Prism 4.0 program (GraphPad Software, San
Diego, CA, USA).  Student’s t-test was used for statistical
analysis.

Results
Cloning of the human dopamine D1RcDNA  To obtain

the cDNA with full length codon sequence of D1R, a reverse
transcription reaction was carried out using the total RNA
extracted from embryo brain tissue.  Using cDNA with the
full length codon sequence of D1R, a PCR product (1707
bp) was obtained using primers described previously.  The
PCR product was subcloned into pcDNA3 plasmid and a
cDNA (1341 bp) containing the full D1R codon sequence
was obtained using this subcloned vector as a template.  The
cDNA was then cloned into the mammalian expression vector
pcDNA3.1.  Sequence analysis demonstrated that the se-
quence of the constructed D1-pcDNA3.1 expression vector
was identical to that of human D1R cDNA in the gene bank.

Selection of cell clones Colonies of the selected stable
integrants were initially analyzed for human D1R expression
by receptor binding assay using [3H]SCH23390.  From the
transfected HEK293 cell clones, one cell line was obtained
with specific [3H]SCH23390 binding.
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Binding assays with the D1R antagonist [3H]SCH-
23390 Scatchard analysis revealed a Kd value of 1.5±0.2
nmol/L) and Bmax value of 2.95±1.53 nmol/g of protein
(Figure 1).  Figure 2 shows a competition of a D1R agonist
SKF38393 for [3H]SCH23390 with an IC50 value of 2.0 (1.5–
2.8) µmol/L (means, 95% confidence intervals, n=3).

D1R agonist SKF38393 induced accumulation of
cAMP  D1R agonist SKF38393 induced a concentration-
dependent accumulation of cAMP with a EC50 value of 0.25
µmol/L (0.12–0.53) (means, 95% confidence intervals, n=3,
Figure 3).

D1R agonist SKF38393 induced CRE-SEAP activity
In D1 cells transiently transfected with pCRE-SEAP reporter
vector, SKF38393 induced a concentration-dependent in-
crease in the CRE-SAEP activity.  EC50 values at 6 h and
12 h were 0.39 (0.27–0.57) and 0.59 (0.22–1.58) µmol/L
(means, 95% confidence intervals, n=3), respectively.  No
significant difference was found between these two values
(Figure 4).

D1R agonist SKF38393 induced elevated intracellu-
lar calcium level  D1R agonist SKF38393 induced a con-
centration-dependent increase in the intracellular calcium
level.  The EC50 value was 27 (8.5–70) nmol/L (means, 95%
confidence intervals, n=3).  The SKF38393-induced increase
of the intracellular calcium level was completely blocked by
butaclamol (100 µmol/ L), a DA receptor antagonist (Figure 5).

Discussion

In the present study, a HEK293 cell line stably express-
ing human D1R was constructed.  Functional analysis with
cAMP accumulation assay, the CRE-SEAP activity assay,
and intracellular calcium assay demonstrated that their EC50

values were 0.25 (0.12–0.53) µmol/L, 0.39 (0.27–0.57)
µmol/L for 6 h and 0.59 (0.22–1.58) µmol/L for 12 h and 27
(8.6–70) nmol/ L, respectively.  No significant difference in
the EC50 values was found between SKF38393-induced
cAMP accumulation and CRE-SEAP activation.

D1R can activate adenylyl cyclase, which then results in
cAMP production.  At present, radioimmunoassay is one of
the most widely used methods for the measurement of cAMP
accumulation[14].  Cell based assays relying on transcription-
ally controlled reporter gene have been  developed and are
suited to monitoring the cellular responses induced by

Figure 2.  Representative competitive inhibition curve of the dopamine
D1 receptor agonist SKF38393 versus the D1 receptor antagonist
[3H]SCH23390 in membrane preparations from D1 cells.  IC50 values were
expressed as means (95% confidence intervals) obtained from three inde-
pendent experiments performed in triplicate.

Figure 3.  The cAMP accumulation induced by the  D1 receptor agonist
SKF38393 in D1 cells.  The EC50 value was expressed as a mean (95%
confidence intervals) obtained from three independent experiments per-
formed in triplicate.

Figure 1.  Saturation curve of [3H]SCH23390 binding to dopamine D1

receptors in plasma membrane isolated from D1 cells.  Inset: Scatchard
plot of the data and analysis gave the Kd and Bmax values indicated in
RESULTS.  Mean±SD from three independent experiments  performed
in triplicate.
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GPCRs.  Since CRE is a pivotal target in GPCR signaling
pathways, it has become one of the most widely used
response elements in reporter gene assays.  The cAMP re-
sponse element binding protein (CREB), a transcription
factor, is the major regulator of CREs.  It can be activated
(phosphoryl-ated) by protein kinase A (PKA) and members
of calcium/calmodulin kinase (CaMK) family in vitro.  Both
Gαs- and Gαq-coupled receptors are signaled through CREs
[12,15,16].  Since the transcription of CRE-SEAP reporter genes
is controlled by CRE-containing promoters, CRE-SEAP ac-
tivity can be used to monitor the activation of receptors.  In
the present study, the EC50 value obtained using CRE-SEAP
activity assay is similar to that obtained from cAMP accu-
mulation assay.  These results suggest that CRE-SEAP ac-
tivity assay can be used to estimate the Gαs-coupled receptor
function.

Gαs-coupled receptors activate adenylyl cyclase, leading
to an increase in cAMP level.  cAMP activates PKA, which
subsequently phosphorylates different targets.  This pathway
can lead to an increase in intracellular [Ca2+] either from
intracellular Ca2+ stores or from the extracellular matrix[13,17].

Figure 4.  CRE-SEAP activity induced by dopamine D1 receptor agonist
SKF38393.  (A) incubation with SKF38393 for 6 h; (B) incubation with
SKF38393 for 12 h.  EC50 values were expressed as mean (95% confi-
dence intervals) obtained from three independent experiments performed
in triplicate.

Figure 5.  Concentration-response curves for the effect of SKF38393 on
intracellular [Ca2+]i in D1 cells.  n=3.  Mean±SD.  EC50 value was mean
(95% confidence intervals) obtained from three independent experiments
performed in triplicate.

Direct activation of Ca2+ ion channels by Gαs is also possible[13,18].
We found that a significant difference was observed in the
EC50 value of the intracellular calcium assay and cAMP ac-
cumulation assay.  While the EC50 value to induce the cAMP
accumulation was 0.25 (0.12–0.53) µmol/L, the EC50 value
to induce an increase in the intracellular calcium was 27
(8.6–70) nmol/L.  This is likely to reflect the difference in
signaling between intracellular calcium increase and cAMP
accumulation.  Intracellular calcium signals may be directly
transduced, bypassing the adenylyl cyclase pathway and rep-
resenting transient binding with ligand.  Therefore, combi-
nation CRE-SEAP activity assay or a cAMP accumulation
assay with an intracellular calcium assay will obtain more
information on the effect of ligands.  Our study demonstrates
that the CRE-SEAP activity assay and intracellular calcium
assay are suitable for high-throughput screening in drug
research.
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Antiapoptotic effect both in vivo and in vitro of A20 gene when transfected
into rat hippocampal neurons1
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Abstract
Aim: To evaluate the antiapoptotic effect of the A20 gene in primary hippocam-
pal neurons both in vivo and in vitro.  Methods: Primary hippocampal neurons in
embryonic day 18 (E18) rats were transfected with the A20 gene by using the new
Nucleofector electroporation transfection method.  We then examined, whether
A20 -neurons possessed anti-apoptotic abilities after TNF-α stimulation in vitro.
A20-neurons and pcDNA3 -neurons were transplanted into the penumbra of the
brains of rats that had been subjected to 90-min of ischemia induced by left middle
cerebral artery occlusion (MCAO).  Results: A20-neurons resisted TNF-α in-
duced apoptosis in vitro.  The apoptosis rate of neurons overexpressing A20
(28.46%±3.87%) was lower than that in neurons transfected with pcDNA3
(53.06%±5.36%).  More A20-neurons survived in the penumbra both 3-d and 7-
d after transplantation than did sham pcDNA3 neurons.  Conclusion: The novel
function of A20 may make it a potential targets for the gene therapy for neurologi-
cal diseases.
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Introduction
Uncontrolled gene expression and apoptosis result in the

development of various diseases.  Excessive apoptosis plays
a role in the pathogenesis of AIDS and neurological diseases
such as Alzheimer disease and stroke[1].

The zinc finger protein A20 is a novel protein type in
that it seems to have a dual activity, both as an inhibitor of
NF-κB activation and as an antiapoptotic molecule in some
cell systems, but not in the case of human cervix carcinoma
HeLa cells, lung epithelial A549 cell, or human hepatoma
HepG2 cells[2–6].  The reason why some cell lines are pro-
tected by A20 and others not are still unclear.

Little research work has been done on the functions of
A20 in primary cultured neurons, although cell apoptosis is
involved in many neurological diseases.  The poor transfec-
tion efficiency resulting from the extreme resistance of cul-
tured neurons to chemical transfection vectors has limited
further research[7].

In this study, we overexpressed A20 by means of electro-
poration gene transfer into neurons to investigate whether

A20 can inhibit TNF-induced apoptosis in primary cultured
neurons both in vivo and in vitro.

Materials and methods
Cloning of the A20 gene  Human umbilical vein endot-

helial cells were treated with TNF-α 1000 kU/L and cyclo-
heximide 10 µg/L for 4 h.  Poly(A)+-mRNA was extracted
with Trizol Reagents (Gibco) and identified by electrophore-
sis on a 1.2% agarose gel.  cDNA was obtained by using
reverse transcription-polymerase chain reaction (PCR).  The
PCR was performed with a sense primer (5 -́AAC GAGCG-
GTTCCGATGCC-CTGAG-3’) and an anti-sense primer (5 -́
TGTCGCCTTCACCGTTC-CAGTT-3´) using 30 cycles of
95 ºC for 1 min, 62 ºC for 1.5 min, 72 ºC for 2.5 min.  The
pcDNA3 expression vector containing the CMV immediate
early promoter was used for this study.

Analysis of A20 mRNA contents  Isolation of total
mRNA from the transfected neurons cultured in vitro or in
the penumbra tissue was performed using Trizol reagent
(Promega, Charbonnieres, France), followed by RT-PCR
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using the following primers: forward 5 -́CGGTACCGCACA-
ATGGCTGAACAAGTCCTTCCT-3  ́and reverse 5 -́CGTC-
TAGAGTTAGCCATACATC-TGCTTGAACTG-3 .́ The
PCR was run at 95 ºC for 5 min, followed by 30 cycles of
95 ºC for 1 min, 62 ºC for 1.5 min, and 72 ºC for 2.5 min,
with a 10 min final extension period at 72 ºC.  The house-
keeping gene β-actin was used as a control.

Western blotting  Protein was isolated from the trans-
fected neurons and the penumbra of the MCAO rats using
RIPA reagent 10 d after transfection.  The samples were then
resolved on a 15% SDS-PAGE gel and electrophoretically
transferred onto poly-vinylidene difluoride membranes.  The
membranes were probed overnight at 4 ºC with mouse mono-
clonal anti-human A20 antibody (1/2000, Oncogene).  After
being incubated with goat anti-mouse-HRP (1/5000) for 1 h
at room temperature, antigens were revealed by enhanced
chemilumincescence reaction buffer.

Cell culture  Hippocampal neurons from embryonic day
18 were freshly prepared by hippocampal dissection.  The
C-shaped hippocampus was cut off and trypsinized for 20
min at 37 ºC in a 5% CO2 incubator.  The cells were broken
apart by pipetting with complete media and were then plated
with a density of 3×108 cells/L in neurobasal medium supple-
mented with B27 (all materials from Gibco Invitrogen, Grand
Island, NY).

Rat neuron Nucleofector transfection  Transfection was
accomplished using a Rat Neuron Nucleofector kit and the
device from Amaxa.  For each example, the prepared neu-
rons were resuspended in Rat Neuron Nucleofector Solu-
tion to a final concentration of 1×106–6×106 cells/L.  Then,
100 µL of cell suspension was mixed with 1–3 µg DNA (in
1–5 µL H2O or TE).  Each nucleofection sample was trans-
ferred into an Amaxa certified cuvette.  Insert the cuvette
into the cuvette holder (Amaxa, Germany) and rotate the turn-
ing wheel clockwise to the final position.  And tranfection
program G-13 was initiated.  The transfections efficiencies
were evaluated and cell transplantation was carried out 3 d
later.

Immunocytochemistry  Three days after transfection,
the wells were fixed with 4% paraformaldehyde for 15 min.
Then the wells were incubated for 12 h at 4 ºC with mouse
anti-rat NF antibody (1:100, DAKO) and mouse anti-human
A20 antibody (1:200, Oncogene), diluted in blocking buffer.
The wells were incubated with rhodamine-labeled second-
ary antibodies (1/500, Kirkegaard Perry Laboratories, MD,
USA) and FITC-labeled secondary antibodies (1/200,
DAKO) in blocking buffer for 60 min at room temperature.
Fluorescence staining was evaluated using a Leica fluores-
cent microscope.

Cell counting  Neurons stained positively for A20 were
counted on coded slides using an Olympus CAST Grid sys-
tem (Denmark).  The area of each culture well was delin-
eated and a counting frame was randomly placed to mark
the first area to be sampled.  The frame was then systemati-
cally moved through the delineated area.  The total number
of neurons and A20-immunoreactive neurons was extrapo-
lated from the data, and the transfection efficiency was
evaluated.

For the experiments in vivo, 3 d and 7 d after transplanta-
tion, rats were anesthetized and perfused intracardially with
phosphate buffered saline (PBS, pH 7.4) followed by 4%
paraformaldehyde dissolved in PBS (pH 7.4).  Then, serial
coronal brain cryostat sections were cut at 20 µm thickness
and every third section was used to count the surviving cells.
To assess the survival of grafted Hoechst-stained neurons, a
similar method was employed[8].

Neurons cultured with TNF-α  Three days after trans-
fection, TNF-α was added to A20-neurons and pcDNA3-
neurons to a final concentration of 2000 kU/L, and the cells
were incubated at 37 ºC in 5% CO2 for 8 h.  Then, the
apoptosis rates were accessed by flow cytometry using a
FACStar (Becton Dickinson) with excitation wavelength set
at 585 nm.

Labeling of neurons for transplantation  Seventy-two
hours after transfection, Hoechst 33258 (Sigma) was added
to each well to achieve a final concentration of 10 mg/L.
One hour later, cells were rinsed 3 times with PBS to com-
pletely flush out excess fluorescence and the cells were then
collected for transplantation.

Surgical procedure  All animal experimental procedures
were approved by the local animal protection authority.
Twenty-four male Sprague-Dawley rats (250–300 g) were
randomly allocated to four groups of equal size (group A-
D).  Rats in groups C and D were anesthetized with 10%
chloralhydrate, a midline neck incision was made and a 30-
mm long piece of 4–0 monofilament nylon suture was ad-
vanced from the external carotid artery (ECA) through the
common carotid artery (CCA) and into the lumen of the in-
ternal carotid artery (ICA) until it blocked the origin of the
middle cerebral artery (MCA).  One and a half hours after
the occlusion, the filament was withdrawn[9].  The rats were
allowed to recover and were monitored daily for behavioral
and neurological deficits (motor weakness of extremities).
The rats that did not show neurological deficits were ex-
cluded [10].

Transplantation surgery  Immediately after MCAO, the
rats’ heads were immobilized in a stereotaxic frame.  Either
A20 or pcDNA3 neurons (3×105 cells) 2 µL were injected
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into the penumbra at the following coordinates: 1.00 mm
rostral to bregma, 3.0 mm right of the midline, and 1.2 mm
ventral from the dural surface, with the incisor bar set at
zero.  Another 12 normal rats serving as controls received
identical grafts[11].  Rats were divided into 4 groups: normal
rats with A20-neurons (group A), normal rats with pcDNA3-
neurons (group b), MCAO rats with A20-neurons (group C),
MCAO rats with pcDNA3-neurons (group D).

Statistical analysis  Data are expressed as mean±SD.
Statistical analysis was performed by one-way ANOVA and
the t-test, using statistical software package SPSS 10.0.  Sta-
tistical significance was set at a level of P<0.05.

Results
Identification of primary cultured cells and evalua-

tion of transfection efficiency  The fact that most cells were
immunoreactive for NF indicates that most cells were neu-
rons (Figure 1).  Seventy-two hours after gene delivery, neu-
rons immunoreactive for A20 were counted as described
above for quantitative determination of transfection effi-

ciency (Figure 2).  The percentage of neurons successfully
transfected with A20 was 52.46%±5.26%.

Expression of A20 in neurons in vitro and after
transplantion into MCAO brains  Activation of A20 was
detected 10 d after transfection by both RT-PCR (Figure 3A)
and Western blot analysis (Figure 3B).

Induction of apoptosis by TNF-α in vitro  The results
of FACS analysis showed that after the proapoptotic insult
with TNF-α, the apoptosis rate of neurons overexpressing

A20 (28.46%±3.87%) was lower than that in neurons trans-
fected with pcDNA3 (53.06%±5.36%) (P<0.05, Figure 4A,
4B).

A20 protected the transplanted neurons from apo-
ptosis in the penumbra of the MCAO brain  Cells de-
rived from the hippocampus of E18 Sprague-Dawley rats
were transfected with A20 or pcDNA3 and grafted into the
apoptotic zone (penumbra) of MCAO rats, and at an identi-
cal position in normal rats.  Grafts were identified in vivo 3
d and 7 d after transplantation by staining using the Hoechst
33258 stain.  A large number of cells implanted into the nor-

Figure 1.  E18 hippocampal neurons tagged with anti-NF antibody on
day 3 after plating (×100).

Figure 2.  The immunocytochemical staining for protein A20 of the rat
E18 primary hippocampal neurons 3 d after transfection (×100).

Figure 3.  A) RT-PCR showed the expression of A20 in neurons 10 d
after transfection both in vivo (lane 2) and in vitro (lane 4).  Neurons
transfected with pcDNA3 were chosen as the negative control both in
vivo (lane 7) and in vitro (lane 9).  The β-actin was selected as intrinsic
standard (lanes 1, 3, 6, 8).  B) Western blot analysis showed the expres-
sion of protein A20 in neurons 10 d after transfection both in vivo (lane
1) and in vitro (lane 3).  Neurons transfeced with pcDNA3 were chosen
as the negative control both in vivo (lane 2) and in vitro (lane 4).
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mal rat brain survived, with no significant difference in the
cell survival rate between the A20 group and the pcDNA3
group on d 3 or d 7 (P>0.05).  On the other hand, a great
deal of grafted cells died when transplanted into the apoptotic
zone of the ischemic brain.  In this case, neurons with A20
that were grafted into MCAO rats had a greater survival rate
compared to pcDNA3 cells both on d 3 and d 7 (P<0.05,
Figure 5A-5H, 6).

Discussion
A20 is encoded by a primary response gene which was

originally identified as a TNF-inducible gene in human um-
bilical vein endothelial cells[12].  It seems to have a dual
activities, serving not only as an inhibitor of NF-κB
activation, but also as an antiapoptotic gene in some cell
systems.  Primary cells that are taken directly from the body
are morphologically and physiologically similar to the par-
ent tissue.  Gene transfer using primary cells is a much bet-
ter way to mimic the in vivo situation.  This method permits
much more precise medical and scientific conclusions than
when genes are transferred into degenerated cell lines[14].

In our research, we used rat primary hippocampal
neurons, which form an important in vitro model for the re-
search of many central nervous system diseases (such as brain
ischemia and Parkinson disease) and for studying routine
events in most parts of the brain.  And a newly developed
electroporation method known as Nucleofector technology
was employed in the study of the rat primary hippocampal
neurons.  It is a physical method  that is suitable for the trans-
fection of nonphagocytic and nonproliferating cells, such as

peripheral leukocytes and stem cells, which are usually re-
fractory to chemical transfection vectors.  In addition, it is
free of biocontaminants and does not induce immune reac-
tions[15].  The results of immunocytochemical analysis indi-
cated that Nucleofector technology obtained a 52.46%±
5.26% transfection efficiency for the A20 gene, which is the
highest transfection efficiency reported so far involving
nonviral gene transfer of primary cell cultures.  This high
rate of efficiency is important for advanced functional
experiments.  RT-PCR and Western bloting analysis further
proved the continuous expression of A20 proteins both in
vitro and in vivo 10 d after transfection.

FACS analysis demonstrated that the A20 could protect
the primary culture neurons from TNF-induced apoptosis in
vitro.  The mechanism of action has not yet been completely
clarified.  Some researchers speculate that A20 might inter-
fere with TNF-R-associated death domain (TRADD) bind-
ing to TNF-R1 and might, thus, negatively regulate TNF in-
duced cytotoxicity[6].

Most of the evidence supporting the role of apoptosis in
neuronal cell death comes from studies using animal models
of global or focal cerebral ischemia.  In the focal ischemia
models, which create a condition emulating human strokes,
transient ischemia followed by reperfusion is often associ-
ated with massive induction of apoptosis-like cell death[16].
After reversible middle cerebral artery occlusion in adult rats,
both TNF and TRAIL proteins are expressed in the apoptotic
areas of the post-ischemic brain (the penumbra), thus pro-
viding conditions for inducing apoptosis.  TRAIL mRNA
levels increase in response to ischemia and reperfusion,
reaching a maximum after 3 d.  In contrast to TRAIL, TNF-
α mRNA is not consistently upregulated in the ischemic
hemisphere.  TNF-α mRNA exhibits a first peak after 24 h,
followed by a decline after 3 d, and a second rise after 5 d[17].
Furthermore, in focal cerebral ischemia, NF-κB is activated
and promotes cell death[17,18].  So when cultured neurons are
injected into this zone, apoptosis is expected to occur.  Cell
counting of surviving neurons in the present study confirmed
this speculation.  Higher levels of cell death were observed
in the case of both A20-neurons and pcDNA3-neurons when
grafted into MCAO rats than when grafted into normal rats.
This result proves that apoptosis-inducing circumstances
definitely exist in the penumbra following transient cerebral
ischemia.  On the other hand, among the two groups of
MCAO rats, more A20-neurons survived than the sham group
pcDNA3-neurons.  This result indicates that A20 protein can
protect the neurons from the cytotoxicity associated with the
ischemic zone.  Some further points should be made.  First,
the transfection efficiency was approximately 50%, and neu-

Figure 4.  The apoptosis rate of the cultured neurons at 3 d after trans-
fected with A20 under TNF-α stimulus (B).  The neurons transfected
with native pcDNA3 was as the control group (A).
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Figure 5.  Immunostained 20-µm cryosections of surviving neurons from Sprague-Dawley rats subjected to MCAO and subsequently reperfused for
different lengths of time (×200).  Hoechst reactive neurons which had been transfected with A20 and pCDNA3 were seen scattered throughout the
penumbra at 3 d after A20-neurons (E) and pcDNA3-neurons (F) transplanted to the penumbra of MCAO rats, and 7 d after A20-neurons (G) and
pcDNA3-neurons  (H) transplanted to the penumbra of MCAO rats.  There were corresponding controls to normal rats at 3 d after A20-neurons (5A) and
pcDNA3-neurons (B)  transplanted to the normal rats, and 7 d after A20-neurons (C) and pcDNA3-neurons (D) transplanted to the normal rats.
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rons that did not express the A20 protein would likely be
induced to undergo apoptosis.  Second, the transplanted neu-
rons were influenced not only by TNF and TRAIL, but also
by multiple other toxic factors, such as the CD95-ligand,
starvation, etc.  Thus 7 d after transplantation into the is-
chemic zone, the fact that large number of A20-neurons nev-
ertheless died indicates that the function of A20 protein can
only partly and not completely protect the neurons in vivo.

In conclusion, our study showed that the zinc finger pro-
tein A20 was an effective neuroprotective agent that improved
the survival of both cultured and grafted embryonic hippoc-
ampal neurons, which suggests that the  A20 may have thera-
peutic potential in gene therapy  for diseases of the central
nervous system.
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Validation of a simple automated movement detection system for formalin
test in rats1

Yu-feng XIE, Jing WANG, Fu-quan HUO, Hong JIA, Jing-shi TANG2

Department of Physiology, School of Medicine, Xi’an Jiaotong University, Key Laboratory of Environment and Genes Related to Diseases, Ministry of
Education, Xi’an 710061, China

Abstract
Aim: To investigate the validity and sensitivity of an automatic movement detec-
tion system developed by our laboratory for the formalin test in rats.  Methods:
The effects of systemic morphine and local anesthetic lidocaine on the nocicep-
tive behaviors induced by formalin subcutaneously injected into the hindpaw were
examined by using an automated movement detection system and manual mea-
suring methods.  Results: Formalin subcutaneously injected into the hindpaw
produced typical biphasic nociceptive behaviors (agitation).  The mean agitation
event rate during a 60-min observation period increased linearly following in-
creases in the formalin concentration (0.0%, 0.5%, 1.5%, 2.5%, and 5%, 50 µL).
Systemic application of morphine of different doses (1, 2, and 5 mg/kg) 10-min
prior to formalin injection depressed the agitation responses induced by formalin
injection in a dose-dependent manner, and the antinociceptive effect induced by
the largest dose (5 mg/kg) of morphine was significantly antagonized by systemic
application of the opioid receptor antagonist naloxone (1.25 mg/kg).  Local anes-
thetic lidocaine (20 mg/kg) injected into the ipsilateral ankle subskin 5-min prior
to formalin completely blocked the agitation response to formalin injection.  These
results were comparable to those obtained from manual measure of the incidence
of flinching or the duration time of licking/biting of the injected paw.  Conclusion:
These data suggest that this automated movement detection system for formalin
test is a simple, validated measure with good pharmacological sensitivity suitable
for discovering novel analgesics or investigating central pain mechanisms.
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Introduction
The formalin test, first established by Dubuisson and

Dennis[1], is a model of acute and tonic pain that is com-
monly used in studies of nociception in rodents and in the
discovery of novel analgesics.  The test has been character-
ized most extensively in rats, cats, and mice[1–3].  The injection
of diluted formalin into the hindpaw of rats elicits a biphasic
nociceptive behavioral response.  This response is complex
and includes such behavior as rearing, turning, jumping,
crossings, flinching, shaking, elevating, clutching, and lick-
ing the affected paw and dysphoria.  These responses have
been most frequently monitored either by assessing a single,

presumably representative, behavior (eg, the incidence of
flinching, the duration of licking/biting)[4–7], or by using a
weighted-scored measure[1] to evaluate the global response.
However, these measurements, based on a subjective inter-
pretation of the behaviors, are labor-intensive, time-
consuming, tedious, and dependent on human judgement.
The need to automate behavioral pain tests is obvious not
only to facilitate their use but also to allow researchers from
academic institutes and pharmaceutical companies to easily
use more sophisticated and perhaps more predictive tests
than the usual acute pain test.  Therefore, different automated
detection systems have been established for nociceptive be-
havior in the formalin test[8–10].  However, the computer-
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driven, dynamic-force automatic system[8] or the automated
method of pain scoring[9–11] were difficult to purchase.
Recently, a simple automated movement detection system
has been described primarily by our laboratory to quantify
the agitation responses elicited by subcutaneous (sc) forma-
lin injection into the rats’ hindpaw[12].  The purpose of the
present study was to further investigate the pharmacological
sensitivity and validity of this system.  The agitation responses
elicited by different concentrations of formalin (50 µL) sc
injected into the rat hindpaw were determined with this au-
tomated system, and then the effects of systemic morphine
of different doses and local anesthetic lidocaine on the
agtitation responses induced by the largest concentration of
formalin (5%) were examined in the rat.  As comparable
control, manual measurement of the duration of licking/bit-
ing and the incidence of flinching of the injected paw were
also simultaneously monitored in each test.

Materials and methods
Subjects  Sixty adult male Sprague-Dawley rats weigh-

ing 260–280 g were provided by the Experimental Medical
Animal Center of Shaanxi Province, China.  Animals were
housed in cages in groups of six with food and water avail-
able ad libitum on a 12 h light/dark schedule (lights on at 8:
00 AM).  The experiment was performed according to the
Guidelines of the International Association for the Study of
Pain[13] and approved by the Institutional Animal Care Com-
mittee of Xi’an Jiaotong University.

Formalin test
Automated movement detection system  The trans-

formed part of the automated movement detection system
consisted only of a spring balance (0–2.0 kg) and an electro-
magnetic transducer, a permanent magnet (1.5 cm×1.5 cm×
1.0 cm) with an intensity of 0.5 T connected to the plane of
the balance, which placed both the N and S poles of the
magnet in a horizontal plane.  One thousand five-hundred
turns were wound on an E6 electric core and then installed
in the magnetic field.  Such an electromagnetic transducer
was able to pick up and transform the mechanical movement
of the spring balance plane into the induced current in the
winding in the magnetic field, as shown in Figure 1.  On the
day of testing, each rat was moved to the laboratory and
placed in a hexagonal polycarbonate chamber (L:16 cm; H:
8 cm) for about 15–20 min to acclimate it to the experimen-
tal environment.  The criterion for adequate acclimation was
that rats did not freeze or defecate in the test chamber[14] and
rarely exhibited spontaneous activities.  Then, the rat was
talen from this chamber and formalin (50 µL) was adminis-

tered sc into the hindpaw pad. The rat was immediately re-
placed in the chamber, which was placed on the spring bal-
ance with the electromagnetic transducer.  Nociceptive be-
havior (agitation) elicited by the formalin injection such as
flinching shaking, elevating, clutching, and favoring the af-
fected paw, and dysphoria activities-induced movements of
the balance, which was picked up and transformed into elec-
trical signals via the electromagnetic transducer.  The elec-
trical signals were amplified, filtered (100 Hz), and displayed
on an oscilloscope, and fed into a window discriminator to
minimize the non-specific signals induced by spontaneous
movement of the animal. A computer system that allowed
quantitative recording of the number of agitation events and
construction of time histograms over a 60-min observation
period.  To examine the different concentrations of forma-
lin-induced agitation responses, rats were restrained lightly
and received a single sc injection of saline (50 µL) or forma-
lin (0.5, 1.5, 2.5, 5.0%, 50 µL, respectively) into the plantar
surface of right hindpaw.  Each rat was used only once and
was killed by a lethal dose of pentobarbital at the end of the
experiment.

Manual detection method  To evaluate the validity of
the automated movement detection system for formalin test,
the classical manual detection methods were also used
synchronously.  A mirror was positioned below the chamber
at a 45º angle for unobstructed observation of the rats’ paws.
The response to formalin injection was monitored by mea-
suring the total duration(s) of licking/biting and the incidence
(times) of flinching of the injected hindpaw over 5-min in
the 60-min observation period, respectively, by two

Figure 1.  Schematic diagram of the automated movement detection sys-
tem for recording the agitation response induced by formalin.
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experimenters, as reported previously[4–6].
Pharmacological experiment  To determine the phar-

macological validity of the automated movement detection
system, the effects of sc injection of morphine hydrochlo-
ride of different doses (1, 2, and 5 mg/kg, dissolved in 0.9%
saline) 10 min before formalin injection on the formalin-
induced agitation responses were observed.  In the subse-
quent experiments, the blocking effects of opioid receptor
antagonist naloxone on morphine-induced inhibition of the
agitation responses were further  examined, ie, after
administertion of the largest dose (5.0 mg/kg) morphine,
which produced a maximal antinociceptive effect, naloxone
hydrochloride (1.25 mg/kg, dissolved in 0.9% saline, Sigma,
MO, USA) was administered sc just before formalin injection.
The doses of morphine and naloxone were selected accord-
ing to previous studies by using the weighted-scores method
for behavioral measurement of nociception in the formalin
test[8,15].  In another experimental group rats received an in-
jection of lidocaine (2%, 20 mg/kg) into the ipsilateral ankle
subskin of the rat 5 min prior to formalin (5%, 50 µL) injec-
tion to observe the effects of the local anesthetic on the for-
malin-induced agitation responses.  The same volume of sa-
line was injected before formalin injection in the control
experiment.  In all these experiments, after formalin injection,
the nociceptive agitation responses were monitored for 60-
min by using both the automated movement detection sys-
tem and the manual detection method.

Data analysis  Data were expressed as the agitation event
rate (Hz), the duration(s) of licking/biting and the incidence
(times) of flinching of the injected paw per 5-min observa-
tion period.  The correlation coefficient between the con-
centration or dose of drug and effect on nociceptive behav-
ior was calculated with linear regression.  Differences in drugs
effects among groups were tested statistically by two-way
repeated measures of analysis of variance (two-way RM
ANOVA) with a post hoc multiple comparison (Bonferroni
t-test) for analysis of the differences over the entire observa-
tion time or at each time point among different groups.
P<0.05 was considered to indicate statistical significance.

Results
Nociceptive behavior induced by formalin injection

to the hindpaw  Injection of formalin into the rat hindpaws
elicited a characteristic biphasic nociceptive agitation re-
sponse when the response was monitored with the automatic
system.  The first phase (early phase) began immediately
after formalin injection and lasted for approximately 5-6 min.
After the first phase, there was one 6–10 min interphase,

during which the rat was relative quiet in the chamber and
rarely exhibited  nociceptive agitation activities.  The sec-
ond phase (late phase) began approximately 10–15 min af-
ter formalin injection and lasted for approximately 40-50
min.  In the second phase, the response peak appeared at
about 35 min after formalin injection.  The time histograms
of the mean agitation events induced by formalin of differ-
ent concentration (saline, 0.5, 1.5, 2.5, and 5.0%, 50 µL,
n=6 for each treated group) was shown in Figure 2A–2E.
The agitation event rate induced by 5.0% formalin during a
60-min observation period was significant larger than that
of the saline, 0.5% or 1.5% formalin group (P<0.01, n=6)
and that induced by 2.5% formalin was significantly larger
than that of the saline group (P<0.05).  Although there was
no significant difference between the 5.0% and 2.5% forma-
lin groups in overall effects, there were significant differ-
ences at three of 12 time points (P<0.05, Figure 2E).  Linear
regression analyses indicated that the nociceptive agitation
response to formalin increased following the formalin con-
centration increase with a correlation coefficient (r) of 0.
781 (P<0.01).

Similarly, the formalin-elicited biphasic response mea-
sured manually was comparable to that obtained with the auto-
matic detection system (Figure 2G, 2H).  These results were
similar to previous reports using either automatic or manual
methods[8,10,15].

Effect of morphine on formalin-elicited nociceptive
behavior Injection of morphine (0, 1, 2, and 5 mg/kg) de-
pressed the nociceptive agitation response to the largest dose
(5%, 50 µL) of formalin injection in a dose-dependent man-
ner with a correlation coefficient (r) of 0.876 as monitored
by the automatic detection system (Figure 3A–3D).  The in-
hibitory effect induced in both the 2 and 5 mg/kg morphine
group during the 60-min observation period was significantly
larger than that of the saline group (P<0.01, n=6).  Although
there was no significant difference between the 1.0 mg/kg
morphine and saline groups (P>0.05, n=6) in the overall
effect, the differences were significant at two of 12 time points
(P<0.05).  The inhibitory effect of the 1 mg/kg morphine
group was significantly smaller than that of 2 mg/kg and 5
mg/kg morphine groups (P<0.05) at the 35 min time point
after formalin injection (Figure 3E).

The inhibitory effect of morphine to the formalin-evoked
nociceptive behavior was also measured  manually.  The
decreases in the licking/biting duration induced in the 2 and
5 mg/kg morphine groups were significantly different from
that of the saline group (P<0.05, P<0.01, n=6) during the
60-min observation period.  At two time points the effect in
1 mg/kg morphine group was different from saline group



42

 Acta Pharmacologica Sinica ISSN 1671-4083Xie YF et al

(P<0.05).  The inhibitory effect of 5 mg/kg morphine was
significantly different from those of the 1 and 2 mg/kg mor-
phine in overall effects (P<0.01, n=6).  Similarly, the de-
creases in the flinching incidence in the 1, 2, or 5 mg/kg
morphine group were all different from the saline group
(P<0.01, n=6).  However, no-significant differences were
found among the three morphine groups either in the entire
effects or at any time point, as shown in Figure 3F, 3G.

Effect of naloxone on morphine-induced inhibition of
nociceptive behavior in the formalin test  Injection of the
opioid receptor antagonist naloxone 1.25 mg/kg after mor-
phine (5.0 mg/kg) application completely antagonized the
morphine-evoked inhibition of agitation responses induced
by formalin injection (Figure 4A–4C).  There was statisti-

cally significant difference (P<0.01, n=6) between the
effects induced by naloxone plus morphine and those by mor-
phine alone, but no significant difference (P>0.05) was de-
tected between effects in the naloxone plus morphine group
and the saline group (Figure 4E).

When manual detection methods were used, naloxone
significantly blocked the decrease in the licking/biting dura-
tion (P<0.01) and flinching incidence (P<0.01) elicited by
morphine (Figure 4F, 4G).

Effect of lidocaine on the nociceptive behavior induced
by formalin  Injection of lidocaine 20 mg/kg into the ipsi-
lateral ankle subskin completely blocked the agitation
response to formalin injection as measured by the automatic
system.  There was a statistically significant difference

Figure 2.  Left side (A-E): Mean time histograms showing the nociceptive agitation responses induced by different concentrations of formalin injected
into the hindpaw detected using the automatic detection system.  Bin=2 s.  Right side: Time course curves showing the nociceptive behavior induced by
different concentrations of  formalin injected into rat hindpaw per 5-min observation period.  (F) Agitation event rate (Hz) recorded using automated
system; (G) duration time (s) of licking/biting the injected paw; (H) incidence (times) of flinching the injected paw.  Mean±SEM.  n=6.  bP<0.05,
cP<0.01 vs saline.  eP<0.05, fP<0.01 vs 0.5 % formalin.  hP<0.05, iP<0.01 vs 1.5 % formalin.  kP<0.05 vs 2.5 % formalin.
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(P<0.01) between the effects in saline group and the lidocaine
group (Figure 4A, 4D).

When manual detection methods were used, there were
also significant differences in the duration of licking/biting
(P<0.01) and flinching incidence (P<0.01) between the sa-
line and the lidocaine groups (Figure 4F, 4G).

Discussion
The present study found that a typical biphasic nocicep-

tive behavior (agitation) induced by formalin injection into
the rat hindpaw could be detected by the automated move-
ment detection system developed by our laboratory[12], and
that this response was proportional to those obtained from
manual scoring method both in the time course and the mag-

nitude of change.  It is identical to previously reports about
the formalin test in rats[1,9,10], either using a weighted-scores
measurement or a single nociceptive behavior measurement
such as licking/biting or flinching the injected paw.  This
indicates that the simple automated movement detection sys-
tem for quantifying the nociceptive behavior elicited in the
formalin test is a validated measure and produces results that
are comparable to those found using a computer-driven, dy-
namic-force automatic detection system[7] or a new automated
method of pain scoring[9,11].

The first phase of response elicited in the formalin test
was believed to be a result of direct activation of peripheral
nociceptors, whereas the second was mediated by a combi-
nation of low ongoing activity in primary afferents and in-
creased sensitivity of spinal cord neurons (inflammatory

Figure 3.  Lift side (A-D): Mean time histograms showing the inhibitory effects of different doses of morphine on the agitation responses induced by
5.0 % formalin injection using the automatic detection system.  Bin=2 s.  Right side: Time course curves showing the effects of different doses of
morphine (0, 1, 2, 5 mg/kg) on 5.0 % formalin-evoked nociceptive behavior per 5 min observation period.  (E) Agitation event rate (Hz), (F) duration
time (s) of licking/biting the injected paw, (G) incidence (times) of flinching the injected paw.  Mean±SEM.  bP<0.05, cP<0.01 vs saline.  eP<0.05,
fP<0.01 vs 1.0 mg/kg morphine.  iP<0.01 vs 2.0 mg/kg morphine.
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hyperalgesia)[16,17].  Therefore, the intensity of the agitation
response to formalin recorded by using the automatic sys-
tem should be of a stimulation-response relationship.  The
results of this study demonstrated that the nociceptive agita-
tion response increased linearly following the increase of
stimulation intensity with a greater correlation coefficient
which is similar to the results that obtained from manual
detection methods.  These results were also consistent with
those obtained by using a weighted-scores method of be-
havioral pain rating[4] and using a computer-driven, dynamic-
force automatic detection system[7].  Therefore, the results
reinforced the validity of the new automatic detection sys-
tem for monitoring the nociceptive response to formalin
injection.

The validity of the automatic system was further con-

firmed by the results obtained from systemic morphine-
evoked analgesia.  The nociceptive agitation response to
formalin as monitored by the automatic detection system was
inhibited by sc injection of morphine in a dose-dependent
manner which was similar to that described in other studies[8,9,15].
The  antinociceptive effect of the largest dose (5.0 mg/kg) of
morphine could be effectively antagonized by opioid recep-
tor antagonist naloxone.  These results were also compa-
rable to those obtained using manual methods suggesting
that the automatic system has a good sensitivity to analge-
sics and therefore provides a good measurement to evaluate
the effect of analgesics.

In the present study, the data obtained with both the au-
tomatic detection system and manual methods indicated that
the nociceptive response could be completely blocked by

Figure 4.  Left side (A–D): Mean time histograms showing the blocking effects of naloxone on 5 mg/kg morphine-evoked inhibition of agitation
responses and of lidocaine on agitation responses induced by 5% formalin applied to rat hindpaw using the automatic detection system.  Bin=2 s.  Right
side: Time course curves indicating the blocking effects of naloxone on morphine-evoked inhibition of nociceptive behavior and of lidocaine on
nociceptive behavior induced by 5% formalin applied to rat hindpaws per 5-min observation period.  (E) Agitation event rate (Hz) recorded by using the
automatic detection system; (F) duration time (s) of licking/biting the injected paw; (G) incidence (times) of flinching the injected paw.  Mean±SEM.
bP<0.05, cP<0.01 vs saline.  eP<0.05, fP<0.01 vs morphine.
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pre-administration of the local anesthetic lidocaine.  The
results are identical to those reported previously[18,19].  It has
been demonstrated that intraperitoneal injection of lidocaine
(10–30 mg/kg) induced significant antinociceptive effect in
both phases of the formalin test using the paw-licking mea-
surement[18].  A pre-injection of lidocaine (sc) into the ankle
before formalin could markedly decrease the formalin-
evoked Fos-immunoreactivity in the dorsal horn neurons[19].
These studies showed that the automated movement detec-
tion system provided a good pain measurement and a phar-
macological validation for the system. The results correlate
well with the licking duration and incidence of flinching mea-
sures for invention and detection of new analgesic drugs.

In summary, the data from the present study show the
validity of an automatic detection system with following
advantages: (1) it is an objective measure; (2)  global analy-
sis of pain-induced behaviors superior to the recording of a
single parameter such as licking duration or flinching
incidence; (3) the system is less time consuming spent by
the experimenter; (4) that the new automatic detection sys-
tem could be used in pharmacological studies in inflamma-
tory pain; and (5) the transducer equipment in the automatic
system is very simple and cheap.  In a general electrophysi-
ological laboratory, this system can be easily made and used
in studies of nociception and antinociception.  Although the
automatic system cannot clearly distinguish the agitation re-
sponse and the spontaneous activities, the latter can be re-
duced to smallest if the animal adequately habituated to the
experimental arena and were kept quiet in the chamber be-
fore formalin administration.
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Intrathecal administration of roscovitine inhibits Cdk5 activity and attenu-
ates formalin-induced nociceptive response in rats1
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Abstract
Aim: To investigate effects of the cyclin-dependent kinase5 (Cdk5) inhibitor
roscovitine on formalin-induced nociceptive responses in rats.  Methods: The
flinch response as a methood of pain threshold measurement and intrathecal in-
jection techniques were used.  Cdk5 and phosphorylation of its downstream target,
DARPP-32 (dopamine- and cAMP-regulated phosphoprotein of Mr 32 kDa), were
investigated by Western blot analysis.  Results: Rats demonstrated a typical flinch
response after formalin injection.  Intrathecal roscovitine injections significantly
suppressed the flinch response in a dose-dependent manner.  Western blot analy-
sis showed that phosphorylated DARPP-32 at Thr75 increased in concentration
after formalin hyperalgesia, with this effect reduced by roscovitine administration.
This antinociception was partially attenuated by administration of naloxone be-
fore the formalin test.  Conclusion: DARPP-32 phosphorylation is involved in
acute inflammatory pain response.  Intrathecal roscovitine administration attenu-
ates formalin-induced nociceptive responses and there is potential for further
application.
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Introduction
Tissue injury is associated with sensitization of

nociceptors and subsequent changes in the excitability of
central neurons, known as central sensitization.  Nociceptor
sensitization and central sensitization are believed to under-
lie the development of primary and secondary hyperalgesia[1].
Glutamate, acting at the spinal N-methyl-D-asparate
(NMDA) receptor, has been implicated in the development
of secondary hyperalgesia[2,3].  Downstream of NMDA re-
ceptor activation, spinal nitric oxide (NO), protein kinase C,
and other mediators have been implicated in maintaining such
hyperalgesia[4].  Among these mediators, cyclin-dependent
kinase-5 (Cdk5) has been found to be involved in modula-
tion of the NMDA and metabotropic glutamate receptors[5].

DARPP-32 (dopamine- and cAMP-regulated phosphop-
rotein of Mr 32 kDa) is a cytosolic protein that is selectively
enriched in medium spiny neurons in the neostria-

tum[6].  When DARPP-32 is phosphorylated by cAMP-de-
pendent protein kinase (PKA) on Thr34, it is converted into
a potent inhibitor of protein phosphatase-1 (PP-1)[7].  This
leads to an increase in the phosphorylation of downstream
PP-1 substrates, including various neurotransmitter recep-
tors and voltage-gated ion channels[6].  If DARPP-32 is phos-
phorylated at Thr75 by Cdk5, it inhibits PKA activity and
thereby reduces the efficacy of dopamine signaling[8].  Thus,
DARPP-32 is a bi-functional signal transduction molecule
that controls the activity of PP-1 and PKA by phosphoryla-
tion at different sites.

Roscovitine is a potent selective inhibitor of Cdk5, and
competes for the ATP-binding site of the kinase (ED50=0.16
µmol/L)[9].  Injection of roscovitine inhibits Cdk5 activity in
the hippocampus and reduce the NMDA-evoked currents[10].
Recently, we demonstrated roscovitine mediated antinocicep-
tion and attenuated morphine tolerance in rats[11].  Therefore,
in the present study, the effect of roscovitine on the nocice-
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ptive flinch response, evoked by subcutaneous formalin
injection, and its possible molecular mechanism, was
investigated.

Materials  and  methods
 Drug  Roscovitine was obtained from LC Laboratories

(Woburn, MA, US) and Me2SO was purchased from Sigma-
Aldrich (St Louis, MO, USA).

Animal care and intrathecal catherterization  Male
Sprague-Dawley rats (250–300 g) were provided by the “Na-
tional” Science Council, Taiwan, China.  The rats were
housed in a room with a 12:12 h dark-light cycle, and a tem-
perature of 22±0.5 ºC, with food and water ad libitum.  The
ethical guidelines specified by the Chang-Gung Memorial
Hospital Animal Ethics Committee were followed through-
out the study.  Chronic intrathecal catheters were implanted
under isoflurane anesthesia.  Through an incision in the
atlanto-occipital membrane, a polyethylene (PE-5) catheter,
filled with 0.9% saline, was advanced 8.5 cm caudally to
position its tips at the level of the lumbar enlargement.  The
rostral tip of the catheter was passed subcutaneously, exter-
nalized on top of the skull, and sealed with a stainless-steel
plug.  Rats showing neurological deficits after implantation
were excluded from the study.  Rats were used for experi-
mentation three days after implantation.

Behavioral testing and animal grouping  For formalin
injection, 50 µL of a 5 % formalin solution was injected sub-
cutaneously into the dorsal surface of the right hind paw us-
ing a 27-gauge needle.  Animals were then placed in a clear
Plexiglas cylinder (30 cm×30 cm) for observation.  A mirror
was placed below the floor (Plexiglas) at a 45º angle, to en-
able unencumbered observation during the test.  Within 1
min of the injection, the rats displayed the typical behavior
of this model,  holding the paw just off the floor.  During this
period, spontaneous flinching of the injected paw was also
observed.  Flinching was readily discriminated, and was char-
acterized as a rapid and brief withdrawing or flexing of the
injected paw.  Pain-related behavior was quantified by count-
ing the number of flinches over 1 min intervals during the
first 5 min, and then at 5 min intervals 10–60 min after for-
malin injection.  Two phases of spontaneous flinching re-
sponses were observed.  An initial acute pain response (phase
I, during the first 1–5 min after formalin injection) was fol-
lowed by a relatively short quiescent period and then by a
prolonged tonic phase (phase II, beginning approximately
10–60 min after formalin injection).  Criteria for exclusion
from the study included incomplete formalin injection, or
excessive bleeding from the injection site.  Time-response

data was presented as the mean±SD per minute for the pe-
riod of 1–9 min, and then at 5 min intervals up to 60 min.
For the dose-response analysis, data from phase I and phase
II observations were considered separately.  In each case,
the observation interval was calculated for each rat.  The
cumulative flinching response was calculated for each animal,
and the dose-response curve represents the mean±SD.  To
determine the dose dependency and time course of the
antinociceptive action of an intrathecal injection of
roscovitine, animals were randomly assigned to five groups
receiving different doses of roscovitine: 0, 10, 50, 100, 200
µg (n=6 in each group), injected intrathecally 30 min before
formalin administration.  For exploring possible µ-opioid
involvement in the effect of intrathecal roscovitine, nalox-
one (1 mg/kg) was given intraperitoneally 1 h before the
formalin test in the 200 µg roscovitine group (n=6).
Roscovitine was dissolved in dimethyl sulfoxide (Me2SO)
and delivered with a microsyringe in a total volume of 10
µL, followed immediately by 5 µL of Me2SO to flush out the
catheter.

Western blot analysis  One hour after formalin injection,
the rats were killed under deep isoflurane anesthesia, then
decollated and spinal cord was removed.  The lumbar spinal
cords were homogenized in a lysis buffer (20 mmol/L Tris
pH 7.6, 150 mmol/L NaCl, 1 mmol/L EGTA, 5 mmol/L NaF
and 1 mmol/L dTT, supplemented with protease inhibitor
cocktail tablets (Roche, Mannheim, Germany) and complete
phosphatase inhibitors.  For analysis of Cdk5 and DARPP-
32 protein expression after the formalin test, 25 µg protein
extracts were electrophoresed on a 12% acrylamide SDS
polyacrylamide gel electrophoresis and immunoblotted onto
polyvinylidene fluoride membranes.  The membranes were
blocked for 1 h at room temperature and incubated over-
night with Cdk5 (C-8) (1:1000) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), DARPP-32 (1:1000) (Cell Signal-
ing Technology, Beverly, MA, USA), phospho-DARPP-32
(Thr-75) antibody (1:500) (Cell Signaling Technology), and
α-tubulin antibody (1:1000) (Santa Cruz Biotechnology) was
used as an internal control.  Antibody binding was detected
using a goat anti-rabbit horseradish peroxidase-linked IgG.
The bands were visualized by an ECL detection system
(Amersham-Pharmacia Biotech, Little Chalfont, England).
Band intensities were quantified by using an image analyzer
(Densitograph AE-6900M, Atto, Tokyo, Japan).

Statistical analysis  All the data in this study are pre-
sented as means±SD and analyzed by one-way ANOVA fol-
lowed by Dunnett’s test for post-hoc analysis.  P<0.05 was
considered significant.
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Results
Roscovitine attenuated the formalin-induced flinch

response  Formalin (5%, 50 µL) injected into the dorsal sur-
face of a rat hind paw produced characteristic behaviors.
The intrathecal administration of 0, 10, 50, 100, and 200 µg
roscovitine produced a dose-dependent decrease in the flinch
response to formalin (Figure 1).  The cumulative phase I
flinch counts were 79±6, 81±4, 60±7, 60±6, and 23±2,
respectively.  There was a statistically significant difference
between the 200 µg group and the 0 µg group (P<0.01).
The cumulative phase II flinch counts were 117±6, 112±7,
65±25, 46±11, and 16±2.  The 50, 100, and 200 µg groups
all showed significant inhibition of the phase II flinch re-
sponse compared to the 0 µg group (P<0.01).

Naloxone reversed the roscovitine mediated anti-
nociception  Another six rats were given naloxone (1 mg/
kg) 1 h before the formalin test in the 200 µg roscovitine
group.  The cumulative phase I flinch count was 48±5 and
the phase II flinch counting was 92±10.  The difference in
phases I and II were statistically significant compared to the
200 µg group (P<0.01) (Figure 1).

Roscovitine attenuated the phosphorylated DARPP-
32 upregulation after formalin hyperalgesia  Western blot
analysis showed that the Cdk5 expression did not change
significantly in any groups, and neither did the total DARPP-
32, the downstream target of Cdk5 (Figure 2).  However, the
phosphorylated-DARPP-32 at Thr-75 was upregulated sig-
nificantly after formalin hyperalgesia compared to the sham

group, which did not receive formalin injection on the paw.
Intrathecal roscovitine attenuated the increase in the propor-
tion of  phosphorylated DARPP-32 proportion significantly
as compared to the 0 µg group [25±6, 10±5, 15±6, 20±7,
and 10±4 (arbitrary percentage calculated by phosphorylated-
DARPP-32 Thr-75/DARPP-32) in 10 µg , 50 µg, 100 µg,
200 µg, and sham groups respectively after three separate
experiments, P<0.01] (Figure 3).

Discussion
The formalin test is a model that is believed to underlie

abnormal pain perception in humans following injury[12,13].
Following subcutaneous injection of formalin into the hind
paw of a rat, the animal displays spontaneous pain behavior,

Figure 2.  Western blot analysis of the effect of intrathecal roscovitine
administration on Cdk5, total DARPP-32, and α-tubulin after the forma-
lin test.  α-Tubulin was used as an internal control.  There was no signifi-
cant change in Cdk5 and total DARPP-32 between groups.

Figure 1.  Number of flinches per minute in the formalin test over time, assessed after intrathecal administration of the Cdk5 inhibitor roscovitine.
Mean±SEM.  n=6.
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that is, increased hind paw flinching and licking[14].  Two
distinct phases were observed, an early acute phase (phase
I) followed by a later tonic phase (phase II).  The response
to formalin during the acute phase is attributed to the pain
intensity itself.  The response during tonic phase is believed
to be mediated through increased spontaneous activity of
the spinal cord dorsal horn neurons[15].

Cdk5 is a member of the Cdk family of serine/threonine
kinases.  Recently, both NMDA and metabotropic glutamate
receptors have been shown to be modulated by Cdk5[5].  Pre-
vious experiments have shown that inhibition of Cdk5 activ-
ity in hippocampal CA1 neurons by roscovitine injection
results in a reduction of long-term potentiation and NMDA-
evoked currents[10].  Cdk5 may be one of the most important
kinases in the regulation of neurotransmitter release.  The
induction of neurotransmitter release by Cdk5 inhibitors is
caused by the regulation of P/Q-type voltage-dependent cal-

Figure 3.  A) Immunobloting of phosphorylated DARPP-32 at Thr-75.
B) Quantitative analysis of the proportion of phosphorylated DARPP-32
at Thr-75 after formalin hyperalgesia.  Intrathecal roscovitine attenuated
the increase of phosphorylated form with statistical significances as com-
pared to the 0 µg group (P<0.01vs  0 µg group.  Three separate
experiments).  Arbitrary unit (100 %) was defined as percentage of phos-
phorylated DARPP-32 in the formalin+roscovitine 0 µg group.

cium channel activity[16].  Therefore, Cdk5 might play an im-
portant role in nociception by controlling neurotransmitter
release.

In this study, intrathecal roscovitine reduced the flinch
response after formalin hyperalgesia in a dose-dependen
manner.  Western blot analysis revealed that the levels of
phosphorylated DARPP-32 at Thr-75 were increased after
formalin hyperalgesia, and this upregulation was blocked by
intrathecal roscovitine administration.  Hence, Cdk5 may
affect this inflammatory pain model through the DARPP-32
pathway.

Interestingly, naloxone markedly decreased intrathecal
roscovitine-induced antinociception, suggesting the involve-
ment of µ-opioid receptors.  It is noteworthy that naloxone
did not completely block roscovitine-induced antinocicep-
tion.  The exact underlying mechanism is not clear.  However,
it might suggest that the µ-opioid receptor and Cdk5 are in-
tegrated in the DARPP-32 pathway as reported by Green-
gard[6].

This is the first study exploring the antinociceptive ef-
fect of intrathecal roscovitine on formalin-induced pain.  Our
findings suggest an induction of phosphorylated-DARPP-
32 at Thr-75 after formalin hyperalgesia.  Intrathecal roscovi-
tine administration attenuated these flinch responses, at least
in part, through inhibition of Cdk5 activity.  Taken together,
these data suggest that spinal Cdk5 activity might play an
important role in nociception, and that its inhibitor, roscovi-
tine, could be applied in the management of acute inflam-
matory pain.
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Construction of phospholamban antisense RNA recombinant adeno-
associated virus vector and its effects in rat cardiomyocytes1
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Abstract
Aim: To construct a recombinant adeno-associated virus (rAAV) vector contain-
ing gene encoding phospholamban antisense RNA (asPLB), and analyse its effect
on expression of PLB, expression and activity of sarco-endoplasmic reticulum
Ca2+-ATPase (SERCA), and the change of intracellular free Ca2+ concentration
([Ca2+]i) in rat cardiomyocytes.  Methods: The target gene encoding PLB antisense
RNA was inserted inversely into the adeno-associated virus plasmid pAAV-MCS
digested by corresponding restricted endonuclease enzyme.  The recombinant plas-
mid and pAAV-RC and pHelper were co-transfected into 293 cell.  At the same
time, a viral production positive control (rAAV-LacZ) and negative control were
performed.  The recombinant viruses were used to transfect the cultured rat
cardiomyocytes.  Site β-Galactosidase staining were performed to observe the
transfer efficiency.  Reverse transcription-PCR and Western blot were used to
determine the mRNA and protein expression of PLB and SERCA.  The activity of
SERCA and the [Ca2+]i were measured.  Results: The rAAV vectors were con-
structed successfully and were transfected into rat cardiomyocytes effectively.
The PLB mRNA and protein expression were reduced in rat cardiomyocytes trans-
fected by rAAV-asPLB compared with controls.  The activity of SERCA was
increased.  In rest state, the level of [Ca2+]i in the rAAV-asPLB transfected group
decreased.  The level of [Ca2+]i increased when induced by isoproterenol.
Conclusion: AAV-asPLB vector was constructed successfully, which disrupted
the expression of PLB, enhanced the activity of SERCA, reduced the resting
[Ca2+]i, and improved the cardiac function.
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Introduction
Alterations in intracellular calcium signaling has played

a key role in the pathophysiology of heart failure, and gene
therapy has been identified as an important tool to help un-
derstand the relative contribution of specific calcium-hand-
ing proteins in heart failure[1].

Phospholamban (PLB) was a critical regulator of the Ca2+

affinity of the cardiac sarcoplasmic reticulum Ca2+ ATPase
(SERCA2a) and of cardiac contractility[2].  Studies on PLB-
knockout and PLB-over expression mice have indicated that
the expression ratio of PLB to SERCA2a was a potential
target for improvement of diastolic function of the failing

heart[3].  The ablation of PLB in mice resulted in stimulated
SR Ca2+ uptake and enhanced contractile performance,
whereas PLB over expression resulted in opposite effects[4,5].
Thus, PLB is an attractive target for treatment of cardiovas-
cular diseases, and decreasing the level of PLB through the
use of PLB antisense RNA (asPLB ) would be a novel strat-
egy for gene therapy of heart failure[6,7].

The ideal vector for myocardial gene delivery would al-
low the efficient and stable transduction of cardiomyocytes.
The method of injection of plasmid DNA vectors directly
into the left ventricular myocardium has been limited by the
lower efficiency of cardiomyocyte transduction, while, the
adenovirus-mediated gene transfer had been limited by
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immue responses to viral and foreign transgene protein.  In
the present study, adeno-associated viruses (AAV) were cho-
sen as the gene transfer vector because AAV featured versa-
tility in the host rang, long-term gene transfer potential, and
minimum immune response.  Recombinant adeno-associated
viruses (rAAV) of rAAV-asPLB and rAAV-LacZ were con-
structed by AAV Helper-Free system, and the effect on ex-
pression of PLB in cultured rat cardiomyocytes was analyzed.
This was to make arrangements for future PLB gene therapy
in animal models.

Materials  and  methods

Plasmids and reagents  The AAV Helper-Free System
was obtained from Stratagene.  The system includes: pAAV-
MCS containing inverted terminal repeat (ITR) of adeno-
associated virus, multiple clone site (MCS), and cytomega-
lovirus enhance/promotor and SV 40 poly-adenylation;
pAAV-RC containing AAV replication and capsid genes;
pHelper contains adenovirus-derived genes (i.e. E2A, E4,
and VA RNA gene); pAAV-LacZ containing ITR and report
gene lacZ.  AAV-293 cells and XL10-Gold ultracompetent
E coli cells, were also obtained from Stratagene, too.  Re-
striction enzymes were obtained from Promega.  Mouse
monoclonal antibody and IgG were from ABR.  Fluo 3-AM
was from Molecular Probes, Eugene, OR, USA.

Cloning of rat PLB cDNA and construction of PLB
antisense RNA plasmid vector (pAAV-asPLB)  Rat PLB
cDNA fragment (695 bp ) was synthesized by reverse tran-
scription-polymerase chain reaction (RT-PCR) from total
RNA isolated from the heart of Wistar rats.  The primers
used for PCR contained a BamH I (5´) and EcoR I (3´) linker
(in lower-case letters): 5 -́cgggatccCGCAGCTGAGCTGA-
GCTCCAGACTTCA-3 ,́ and 5 -́cggaattcTTTAAATTTCA-
TTTATTCCCCAA-3 .́  PCR was carried out as follows:
94 ºC for 5 min followed by 30 cycles at 94 ºC for 30 s, 55 ºC
for 60 s, and 72 ºC for 60 s, followed by the final step at
72 ºC for 10 min.

The synthesized PLB cDNA was subsequently digested
by BamH I and EcoR I simultaneously, while the adeno-
associated virus plasmid pAAV-MCS digested by corre-
sponding restricted endonuclease enzyme.  The ligation re-
action was conducted with DNA ligase at 4 ºC  for 16 h.  The
pAAV-asPLB was generated by cloning the PLB cDNA into
EcoR I/BamH I sites of pAAV-MCS reversed orientation
relative to the promoter.  Identification of the gene was con-
firmed by restriction enzymes digestion and sequencing.

Construction of recombinant adeno-associated virus
To construct the rAAV, AAV-293 cells were co-transfected

with three AAV Helper-Free System plasmids: an ITR-con-
taining plasmid (pAAV-asPLB or pAAV-LacZ), pAAV-RC,
and pHelper.  AAV-293 cells maintained in DMEM me-
dium supplemented with 10% fetal calf serum, in a 37 ºC
incubator at 5% CO2.  When 293 cells reached 70%–80%
confluence in 100-mm culture plate, the concentration of
each plasmid was adjusted to 1 g/L in TE buffer, pH 7.5.
The three plasmids (10 µL of each) and CaCl2/HBS were
mixed gently, and the mixture were co-transfected into 293
cells immediately.  After 6 h, the medium was replaced with
10 mL of fresh DMEM medium, and 293 cells were cultured
for an additional 66–72 h.

To monitor the progress of AAV particle production, 293
cells were divided into four groups according to the differ-
ence of mixture: (1) AAV-asPLB group: pAAV-asPLB,
pAAV-RC, pHelper, and CaCl2/HBS;  (2)AAV- LacZ group:
pAAV-LacZ, pAAV-RC, pHelper, and CaCl2/HBS, which
served as a positive control; (3)  pAAV-RC, pHelper, and
CaCl2/HBS ,which served as a negative control; (4) only
CaCl2/HBS served as a blank control.

The 293 transfected cells were subject to four rounds of
freeze/thaw and centrifugation at 10 000×g for 10 min.  The
supernatant (primary rAAV) was purified by CsCl gradient
centrifugation.  rAAV was verified by PCR.  The genome
titer and infectious titer of rAAV were measured by PCR
and in site β-galactosidase staining according to instruction
[8,9].

Rat cardiomyocytes culture and infection  Rat neona-
tal cardiomyocytes were isolated, cultured conventionally,
and infected with the rAAV at a multiplicity of infection
(MOI) of 100 for 48 h[10].  Cardiomyocytes were divided
into three groups: (1) infected with rAAV-asPLB; (2) infected
with rAAV- LacZ; (3) normal control.

X-gal staining to detect the infection efficiency  Cardio-
myocytes were fixed with glutaraldehyde-formaldehyde so-
lution for 10 min at room temperature, stained overnight with
staining solution that contains X-gal.  In infected cells, β-
galactosidase cleaves X-gal to produce a blue stain.  The
infection efficiency was the percentage of stained cells in
the total population.

Semi-quantitative RT-PCR analysis of PLB and
SERCA gene expression  Total cellular RNA was isolated
from cells using TRIzol.  Semiquantitative RT-PCR was per-
formed to analyse PLB and SERCA gene expression.  β-
actin ( 332 bp ) served as endogenous control.  The primers
of β-actin used for PCR were: 5 -́GAGACCTTCAACACC-
CCAGCC-3 ,́ and 5 -́GGCCATCTCTTGCTCGAAGTC-3 .́
The primers of PLB gene were described in previous text.
The primers of SERCA (134 bp) gene were: 5 -́AAGCAGT-
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TCATCCGCTACCT-3 ,́ and 5 -́AGACCATCCGTCACCA-
GATT-3 .́  PCR products were resolved on a 2% agarose gel
and the bands could be seen using ethidium bromide staining.
Each band was analyzed on Kodak Digital Science Image
Analysis System.  The gene expression level was determined
semi-quantitatively by calculating the ratio of density met-
ric value from the PLB gene in relation to internal standards.

Western blot analysis of PLB and SERCA  protein ex-
pression  Cells were lysed in lysis solution at 4 ºC.  The con-
centration of the protein in each lysate was determined with
Coomassie Brilliant Blue G-250.  Protein was fractionated
on sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred onto nitrocellulose
membranes.  The membrane was incubated with monoclonal
antibody (1:1000) and IgG (1:500).  The immune complexes
were visualized by the ECL chemiluminescence method.
Each protein band was analyzed on Kodak Digital Science
Image Analysis System.  The protein expression level was
determined by calculating the ratio of density metric value
from rAAV infected group in relation to normal control.

SERCA activity  The activity of SERCA was determined
following the methods of Larsen[11].  Assays for complete
quantification of Ca2+-ATPase in homogenates of rat ven-
tricular myocardium by determination of Ca2+-dependent p-
nitrophenyl phosphatase (pNPPase) activities were evalu-
ated and optimized.

Measurement of [Ca2+]i
[12]  After Fluo 3-AM (5 µmol/L)

loading, the coverslip was mounted in the cell chamber with
200 µL Hanks’ solution.  The fluorescence intensity (FI) was
detected by confocal microscope (Leica, Mannheim,
Germany) and inverted microscope with 40×objective and
488 nm blue laser for excitation and 530 nm for emission at
room temperature.  Stimulating agent (isoproterenol, 50
µmol/L) 10 µL was added to the preparation and the data
were stored in disk.  The fluorescence signals were normal-
ized as ∆F/F0 (%), where F0 was the resting fluorescence and
∆F was Ca2+ change relatively the resting fluorescence.

Statistical analysis  Data were expressed as mean±SD
and statistically compared by one-way ANOVA with
Dunnett’s test.  P<0.05 was taken as statistically significant.

Results
Construction and infection efficiency of recombinant

adeno-associated virus  The results of pAAV-asPLB restric-
tion enzymes digestion and sequencing demonstrated that
the sequence and direction of PLB cDNA fragment (695 bp)
were precise (Figure 1).  The rAAV-asPLB and rAAV-LacZ
were harvested in rAAV-asPLB group and rAAV-LacZ group,

respectively.  However, the negative control and blank con-
trol showed nothing.  The genome titer and infectious titer
of rAAV were 1×1015 particles/L and 3×1013 infectious units/
L, respectively.  Cardiomyocytes were infected with rAAV-
LacZ and stained with X-gal, the percentage of blue stained
cells is approximately 80% (Figure 2).

PLB mRNA expression in infected cardiomyocytes
Total RNA was extracted from rAAV-asPLB infected
cardiomyocytes, rAAV-LacZ infected cardiomyocytes, and
normal control cardiomyocytes, respectively.  The result of
RT-PCR showed that the level of PLB mRNA expression
was decreased in rAAV-asPLB infected cardiomyocytes com-
pared with rAAV-LacZ infected cardiomyocytes and normal

Figure 1.  Identification of the pAAV-asPLB by restriction enzymes
digestion.  Lane 1: pUC Mix Marker; Lane 2: PCR production of PLB
cDNA fragment (695 bp); Lane 3: pAAV-asPLB digested by EcoR I and
BamH I; Lane 4: λDNA/EcoR I+HindIII Marker.

Figure 2.  Infection efficiency of rAAV were detected by X-Gal staining
(×200).  A blue stain was produced in infected cardiomyocytes.
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control cardiomyocytes (P<0.05, Figure 3).

PLB protein expression in infected cardiomyocytes
The level of PLB protein expression was decreased in rAAV-
asPLB infected cardiomyocytes compared with rAAV-LacZ
infected cardiomyocytes and normal control cardiomyocytes
(P<0.05, Figure 4).

SERCA mRNA and protein expression and activity
The level of SERCA mRNA and protein expression was
not changed in rAAV-asPLB infected cardiomyocytes.
However, the PLB/SERCA ratio was decreased because
of a decrease of PLB expression.  While the activity of

SERCA was higher in rAAV-asPLB group than that in
rAAV-LacZ group (2.04±0.09 vs 1.83±0.22 µmol·g-1

protein·min-1) and normal control (2.04±0.09 vs 1.84±0.03
µmol·g-1 protein·min-1) (P<0.05).

Effect of rAAV-asPLB on [Ca2+]i  Resting state, fluo-
rescent intensity of [Ca2+]i in rAAV-asPLB group (9.13±0.80)
was lower than that in rAAV-LacZ group (13.82±0.80) and
normal control (14.98±1.08) (P<0.05).  Isoproterenol induced
[Ca2+]i increase in cultured cardiomyocytes.  The ∆F/F0 of
[Ca2+]i in rAAV-LacZ group and normal control was 354%
and 324%, respectively.  However, the level of ∆F/F0 in
rAAV-asPLB group was 459%.

Discussion
Heart failure represents an enormous clinical challenge

in need of effective therapeutic approaches.  The possibility
of gene therapy for heart failure merits considerations at this
time because of improvements in vector technology, cardiac
gene delivery, and most importantly, our understanding of
the molecular pathogenesis of heart failure.  PLB is an en-
dogenous muscle-specific inhibitor of SERCA2, cardiac-
specific disruption of PLB in mice results in a marked in-
crease in myocardial contractility[13].  In this study, PLB
cDNA fragment was cloned and inserted inversely into
pAAV-MCS, which constructed the plasmid vector of pAAV-
asPLB.

Previous gene transfer approaches that used direct injec-
tion of plasmid DNA or replication-defective adenovirus
vectors have been limited by low transduction frequencies
and transient transgene expression due to immune response,
respectively[14].  In this study, adeno-associated virus (AAV)
was chosen as the gene transfer vector.  In traditional AAV
recombinant systems, the requirement for wild-type aden-
ovirus co-infection, the contamination of adenovirus and the
regeneration of wild-type AAV are major problems.
However, the AAV Helper-Free system allows the produc-
tion of infective recombinant AAV-2 virus without the use of
a helper virus.  Most of the adenovirus gene products re-
quired for the production of infective AAV particles are sup-
plied on the plasmid pHelper that is co-transfected into 293
cells.

We constructed the rAAV vectors containing target gene
(PLB) and reporter gene (lacZ) with AAV Helper-Free
system.  The rAAV vectors were identified and measured by
PCR and in site β-galactosidase staining.  Cardiomyocytes
was infected with rAV-LacZ and stained with X-gal.  The
result shows that the rAAV is able to infect the cardiomyo-
cytes effectively.

Figure 3.  PLB mRNA expression in normal control, rAAV-LacZ infected,
and rAAV-asPLB infected cardiomyocytes.  β-Actin (332 bp) served as
an endogenous control.  Data from three independent experiments were
expressed as % vs endogenous control.  bP<0.05 vs normal control.

Figure 4.  Analysis of PLB protein expression in normal control, rAAV-
LacZ infected, and rAAV-asPLB, infected cardiomyocytes.  Data were
expressed as % of control.  n=3.  Mean±SD.  bP<0.05 vs control.



Http://www.chinaphar.com Li J et al

55

The antisense RNA can bind to its target RNA (sense
RNA) thereby controlling expression of the target gene.  In
comparison to the ribozyme technique, antisense RNA tech-
nique has the advantages of simple designing, strong
specialty, easy operating, and being economic and time sav-
ing[15].  In the present study , rat neonatal cardiomyocytes
were cultured and infected by rAAV vectors.  RT-PCR and
Western blot results showed that the expression of PLB was
decreased as compared with normal group and the rAAV-
LacZ infected group.  This indicated that the as PLB had
partly blocked the transcription of PLB mRNA and inhib-
ited the translation of PLB protein.

The PLB/SERCA ratio was decreased in rAAV-asPLB
infected cardiomyocytes because the SERCA mRNA and
protein expression had no change.  While, the activity of
SERCA was enhanced.  Our results demonstrated that re-
ducing PLB inhibition to SERCA enhanced the SERCA
activity.  Further study on [Ca2+]i showed the concentration of
resting [Ca2+]i  was decreased in rAAV-asPLB-infected
cardiomyocytes.  The [Ca2+]i was elevated after isoproter-
enol was induced.  However, a higher [Ca2+]i was observed
in rAAV-asPLB infected cardiomyocytes.  These data sug-
gested that asPLB enhanced the affinity of SERCA for Ca2+

and therefore improved diastolic/contractile function in
rAAV-asPLB-infected cardiomyocytes.
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Ginsenoside Rg1 reduces MPTP-induced substantia nigra neuron loss by
suppressing oxidative stress1
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Abstract
Aim: To investigate the effect of ginsenoside Rg1, an effective ingredient from
ginsenoside, on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
substantia nigra neuron lesion.  Methods: C57-BL mice were given MPTP to
prepare Parkinson disease mice model.  Different doses of Rg1 (5, 10, and 20
mg·kg-1·d-1) or N-acetylcystein (NAC) (300 mg·kg-1·d-1) were given 3 d prior to
MPTP in the pretreatment groups.  Glutathione (GSH) level and total superoxide
dismutase (T-SOD) activity in substantia nigra were determined by spectrophoto-
metry.  Nissl staining, tyrosine hydroxylase immunostaining, and TUNEL label-
ing were used to observe the damage and apoptosis of nigral neurons.  Western
blot analysis was used to detect the phospho-JNK and phospho-c-Jun levels in
midbrain homogenates.  Results: Pretreatments of C57-BL mice with different
doses of Rg1 or NAC were found to protect against MPTP-induced substantia
nigra neurons loss.  Rg1 or NAC prevented GSH reduction and T-SOD activation
in substantia nigra, and attenuated the phosphorylations of JNK and c-Jun follow-
ing MPTP treatment.  Conclusion: The antioxidant property of Rg1 along with
the blocking of JNK signaling cascade might contribute to the neuroprotective
effect of ginsenoside Rg1 against MPTP.
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Introduction
The pathological hallmark of Parkinson disease (PD) is

the loss of dopaminergic neurons in the substantia nigra (SN),
which leads to the major clinical and pharmacological ab-
normalities that characterize the disease.  Although the ex-
act cause of neuronal loss is still unknown, current evidence
points to the presence of ongoing oxidative stress and the
generation of radical oxygen species (ROS) selectively in
the pars compacta of substantia nigra (SNPC) of parkinso-
nian brains[1, 2].  Human postmortem studies also suggested
that oxidative damage to lipids, proteins, and DNA occurred
in the SNPC of PD patients[3–5].  The neurotoxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) is metabolized in
the brain by monoamine oxidase-B to its toxic metabolite,
1-methyl-4-phenylpyridinium ion (MPP+), which is then se-
lectively taken up into the dopaminergic neurons.  MPP+

exerts its toxic effect in the dopaminergic neurons by inhib-

iting mitochondrial NADH dehydrogenase (NADH-DH)[6].
MPTP could induce PD-like symptoms in humans and pri-
mates and causes degeneration of dopaminergic neurons in
several animal species.  The MPTP animal model is the ideal
PD model for studying the pathogenesis of the disease.

The c-Jun NH2-terminal kinase (JNK) signaling cascade
has been implicated as a mediator of MPTP-induced
apoptotic neuronal death[7,8].  Oxidative stress is an impor-
tant activator of the JNK signaling cascade.  In differenti-
ated PC12 cells and cultured sympathetic neurons, increases
in oxidative stress induced by antisense inactivation of su-
peroxide dismutase led to increased JNK activity[9].

Current treatments of PD are symptomatic and lack
neuroprotective effect.  Antioxidants have been focused on
as candidates for the future treatment of PD.  Ginsenoside
Rg1, one of the active ingredients of ginseng, has potential
neurotrophic and neuroprotective effects[10].  In our previ-
ous study, we found Rg1 could protect substantia nigra neu-

Acta Pharmacologica Sinica   2005 Jan; 26 (1): 56–62



Http://www.chinaphar.com Chen XC  et al

57

rons against MPTP-induced apoptosis[11], and in a in vitro
study we revealed that Rg1 could suppress intracellular oxi-
dative stress to prevent PC12 cells from dopamine-induced
apoptosis[12].  The aim of the current study is to further in-
vestigate whether Rg1 could suppress oxidative stress and
block the activation of the JNK signaling cascade, and there-
fore protects dopaminergic neurons from apoptosis in an
MPTP animal model.  One antioxidant N-acetylcystein, which
has been proved to protect against MPTP-induced substan-
tia nigra neurons loss[13], was used as a positive contrast in
this study.

Materials and methods
Animals and treatment  Male C57-BL mice weighing

18-22 g were divided into six groups (n=8).  MPTP (Sigma,
St Louis, MO, USA) was dissolved in saline at concentra-
tions of 4 g/L.  Ginsenoside Rg1 (purity >98 %), obtained
from the Department of Organic Chemistry of Norman
Bethune Medical University (Changchun, Jilin, China), was
also dissolved in saline at concentrations of 1 g/L.  Model
animals were injected subcutaneously with saline for 3 d,
followed by injection (subcutaneously) of MPTP (30
mg·kg-1·d-1) for 5 consecutive days.  Three preventive groups
were injected (ip) with Rg1 (5 mg·kg-1·d-1, 10 mg·kg-1·d-1, 20
mg·kg-1·d-1).  Positive contrast group was injected (sc) with
NAC (Jingke, Beijing, China, 300.0 mg·kg-1·d-1) for 8 days,
and from the fourth day both Rg1 preventive groups and the
positive contrast group were received injection (sc) of MPTP
(30 mg·kg-1·d-1, 2 h after Rg1 or NAC injection) for 5 con-
secutive days.  The control group received saline only.  The
animals were killed 24 h after the last injection.  The mice
were anaesthetized with euthanal and perfused transcardially
with ice-cold saline prior to decapitation. The midbrain con-
taining the substantia nigra was dissected, and quickly fro-
zen at -80 ºC until ready for later analysis.  For immunohis-
tochemistry analysis, the midbrain was fixated in 4 % for-
mal-dehydum polymerisatum-PB and imbedded in paraffin.
Serial 5-µm-thick sections were cut transversely from the
middle of the midbrain.

Spectrophotometry  Substantia nigra were homogenized
with 0.01 mol/L Tris-HCl (pH 7.4) consisting of 0.01 mol/L
sucrose and 0.1 mmol/L EDTA, followed by centrifugation
at 4000×g for 15 min.  The supernatant was saved and
analyzed.  The dithio-binitrobenzoic acid method and xan-
thine/xanthine oxidase method were used to test glutathione
(GSH) level and total superoxide dismutase (T-SOD) activity.
Reaction product was determined by spectrophotometry.  Test
Kits were purchased from Jian Cheng Bioengineering Insti-

tute (Nanjing, China).
TUNEL   Deparaffinized and hydrated sections were

incubated with proteinase K (20 mg/L in 10 mmol/L Tris/
HCl, pH=7.4-8.0) for 30 min at 37 ºC, then incubated with
TdT reaction mixture and AP-conjugated anti-fluorescein
antibody (TUNEL detection kit, BM, Germany) for 1 h at 37 ºC.
Finally sections were visualized with NBT-BCIP.  The nu-
clei of positive cells were stained blue-black.

Nissl staining Paraffin sections were deparaffinized and
hydrated, stained with methylene blue buffer for 10 min and
then immersed into acetic acid buffer for 2 min.

Immunohistochemistry  Paraffin sections were
deparaffinized and hydrated, then incubated with a goat anti-
mouse TH polyclonal antibody (1:40 dilution in 0.01 mmol/L
phosphate buffer saline, pH 7.4) at 4 ºC overnight.  Slides
were then incubated with a biotinylated rabbit anti-goat IgG
and SABC-reagent (SABC kit, BOSTER, Wuhan, Hubei,
China), respectively for 30 min at 37 ºC.  At last, sections
were stained with diaminobenzidine (DAB).  Hemotoxylin
was used to counterstain nuclei for one minute.

Western blot analysis  Substantia nigra was homog-
enized (50 g/L) in lysis buffer (10 mmol/L Tris, 50 mmol/L
NaCl, 0.03 µmol/L sodium pyrophosphate, 50 mmol/L so-
dium fluoride, and 1% Triton X-100) containing 1 mmol/L
phenylmethylsulfonyl fluoride, 20 mg/L aprotinin, and 1
mmol/L sodium vanadate[14].  After homogenization, samples
were centrifuged at 15 000×g for 15 min.  The supernatants
were taken for further analysis.  Protein concentration was
determined by the Bradford method[15].  Approxiamately 10
µg of total protein was separated by 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membranes.  The membranes
were probed with polyclonal anti-p-JNK1/2 or anti-p-c-Jun
rabbit antibody (Cell Signaling, Beverly, MA, USA).  Im-
munoreactive bands were visualized by the addition of horse-
radish peroxidase-conjugated antibodies against rabbit Fab
and chemiluminescent substrates (Pierce, Rockford, IL,
USA), according to the manufacturer’s instruction.

Image analysis  The numbers of Nissl, TH, TUNEL-
positive neurons in full microscopic fields of SN were
counted with a digital medical image analysis system (Motic,
Beijing, China).  Three tissue sections per animal were
counted for each index.

Data analysis  Data were expressed as means±SEM.
TUNEL-positive cells were calculated as: [TUNEL-positive
cells/(TUNEL-positive cells+Nissl staining cells)]×100%.
For statistical evaluation one-way analysis of variance
(ANOVA) was employed.  Student Newman Keuls test was
performed when variance was equal, and Games-Howell test
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was performed when variance was not equal.  Pearson cor-
relation analysis was also carried out to some indices.  Sta-
tistical difference was considered to be significant only if P
<0.05.

Results
Effect of ginsenoside Rg1 on MPTP-induced apoptosis

of substantia nigra neurons  MPTP clearly had a detri-
mental effect on dopaminergic neurons.  Treatment with
MPTP decreased the numbers of TH-positive and Nissl-
positive neurons and increased the percent of TUNEL-
positive neurons in SN.  Pretreatment with ginsenoside
Rg1 or NAC significantly ameliorated the neuronal loss
and apoptosis induced by MPTP (P<0.01) (Figure 1–3).
Rg1 at 10 mg/kg showed the best protective effect among
all the doses but made no significant difference (P>
0.05) at 5 mg/kg and 20 mg/kg, which suggested that the
effect of ginsenoside Rg1 might have an optimal dose
range.  There was no significant difference between NAC
and Rg1 (10 mg/kg) treatment group.

Effect of ginsenoside Rg1 on GSH level and T-SOD
activity in SN  Decreased GSH level and increased T-SOD
activity were detected in the substantia nigra of MPTP-treated
mice.  Both changes were attenuated by pre-administration
with ginsenoside Rg1 or NAC (Table 1, P<0.01).  Better
preventive effects were observed at doses of 10 and 20
mg/kg than at 5 mg/kg among Rg1 treated groups, but there
was no significant difference among 10 mg/kg, 20 mg/kg of
Rg1, and NAC (300.0 mg/kg).  Correlation analysis showed
a positive correlation between the positive neuron ratio of
TH and the GSH level (r=0.885, P<0.01), and negative cor-
relation between the positive neuron ratio of TH and the T-
SOD activity (r=-0.882, P<0.01).  These results indicate that

enhanced oxidative stress was involved in the neurotoxicity
of MPTP; and suitable doses of Rg1 could attenuate the oxi-
dative stress induced by MPTP, while overdoses of Rg1 did
not show better preventive effect.

Influence of MPTP-induced JNK and c-Jun phospho-
rylation by ginsenoside Rg1  MPTP treatment increased
the levels of p46 and p54 phospho-JNK protein, as com-
pared with the control.  Preadministration of Rg1 or NAC
partially attenuated the MPTP-mediated elevation in
phospho-JNK and phospho-c-Jun levels in midbrain
homogenates.  A 10 mg/kg dose of Rg1 showed the greatest
inhibition as did NAC, but the weak inhibition was observed
at the dose of 20 mg/kg.  These results suggested that Rg1
attenuated MPTP-induced phosphorylation of JNK and
c-Jun, but a higher dosage was detrimental.

Discussion
Ginseng has been used in traditional Chinese medicine

to enhance stamina and capacity to deal with fatigue and
physical stress for thousands of years.  Ginsenoside Rg1 is
one of the active ingredients of ginseng.  Previous in vitro
studies showed that Rg1 could save cell from oxidative stress
induced-apoptosis[16].  In the current study, we observed that
TH-positive neurons loss in SN caused by MPTP could be
attenuated by Rg1 or NAC pretreatment; the result showed
the neuronal protective effect of ginsenoside Rg1 against
MPTP.  Our study also revealed the neuroprotective mecha-
nisms of Rg1 in preventing MPTP-induced loss of dopam-
inergic neurons in SN.  The neurotoxin of MPTP is depen-
dent on the inhibition of Complex I in the mitochondrial res-
piratory chain by MPP+, subsequently followed by ATP deple-
tion and increased production of ROS[17], eventually leads
to the cell death.  As one of the most important antioxidant
molecule, GSH could clear H2O2 and prevent its reaction
with iron to form the highly reactive OH- radical in the Fenton
reaction.  Following MPTP treatment, GSH was consumed
and its level dropped[18,19].  We also observed the activity of
T-SOD (including Cu/Zn-SOD and Mn-SOD), another im-
portant radical scavenger, was elevated in SN of MPTP
treated mice; this change corresponded with those observed
in PD patients[20–22].  NAC is a free radical oxygen scavenger.
Furthermore, it can be converted into cysteine after entering
cells, and is an important substrate for GSH production.  In
our current study, pretreatment with NAC could attenuate
the loss of GSH and the increased activity of T-SOD follow-
ing MPTP treatment, same changes were observed among
Rg1 pretreatment groups.  We found that the antioxidative
effect of Rg1 had an optimal dose of 10 mg/kg, this dosage

Table 1.  Effect of ginsenoside Rg1 on GSH level and T-SOD activity.
Mean±SEM.  n=8.  cP<0.01 vs control group.  fP<0.01 vs MPTP group.
iP<0.01 vs MPTP+Rg1 5 mg/kg group.

      Group                                        GSH level/              SOD activity/
                                                     mg·mg-1 protein       NU·mg-1 protein

MPTP 35.30±0.81c 142.42±1.0c

Control 56.96±0.41 116.53±1.03
MPTP+NAC(300 mg/kg) 56.18±0.74fc 118.38±0.85fi

MPTP+Rg1(5 mg/kg) 40.36±0.53f 131.85±0.79f

MPTP+Rg1(10 mg/kg) 50.09±0.48fi 120.90±0.89fi

MPTP+Rg1 (20 mg/kg ) 50.44±0.36fi 122.84±0.73fi
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of Rg1 showed the similar effect as NAC, but there was no
improvement beyond this dose.  The results demonstrated
that Rg1 possessed the same antioxidant property as NAC.

There has been no direct evidence indicating that Rg1
could scavenge radical by itself, therefore we tried to inves-
tigate whether Rg1 act as an antioxidant through mediator.
In our previous study, we found the protective effect of Rg1
against MPTP-induced nigral neurons apoptosis was related
to enhancing Bcl-2 expression and reducing iNOS expres-
sion[11].  Bcl-2 is an anti-apoptotic protein located in the outer
mitochondrial membrane, nuclear membrane and endoplas-
mic reticulum membrane.  Bcl-2 participates in the regula-
tion of cell death through multiple mechanisms, one of which

regulates the steady state of cellular ROS levels.  This can
be achieved either by modulating their production, usually
by the mitochondria, or by affecting the antioxidant capac-
ity of the cells.  In vitro and in vivo studies provided evi-
dences that Bcl-2 could attenuate cell injuries caused by
oxidative stress.  Bcl-2 could protect against the increased
level of ROS caused by dopamine metabolism in PC12
cells[23].  Transfection with Bcl-2 provided the PC12 cells
with marked protection against dopamine-induced apoptosis
and inhibited dopamine oxidation to dopamine-melanin[24].
Further studies demonstrated enhanced oxidative stress and
susceptibility to oxidants in the brains of Bcl-2-deficient
mice[25].  Our previous study showed that Rg1 could prevent

Figure 1.  TH immunostaining (1), Nissl staining (2), and TUNEL staining (3) of mouse substantia nigra neurons.  A: model group; B: control group;
C: pretreatment with NAC group at 300.0 mg/kg; D: pretreatment with Rg1 group at 10.0 mg/kg; 1: ×40.  2, 3: ×400.



60

 Acta Pharmacologica Sinica ISSN 1671-4083Chen XC  et al

the decrease of Bcl-2-positive cell numbers following MPTP
treatment, so this might contribute to the antioxidant prop-
erty of Rg1.

Another important protein involved in oxidative stress is
nitric oxide synthase (NOS), of which three isoforms have
been described: neuronal NOS (nNOS) and endothelial NOS

are calcium-calmodulin-dependent enzymes, while inducible
NOS (iNOS) activity is independent of intracellular calcium
levels.  Nitric oxide (NO), an important free radical gener-
ated by NOS, can react with superoxide radicals to form the
oxidizing agents peroxynitrite (ONOO-) and OH– [26], and
eventually induce DNA strand breakage and apoptosis[27].

Figure 4.  Western blot detection of phospho-JNK and phospho-c-Jun levels respectively.  The histogram showed the comparisons of OD odds among
different groups.  1: NAC; 2: model; 3: control; 4: 5 mg/kg Rg1+MPTP; 5: 10 mg/kg Rg1+MPTP; 6: 20 mg/kg Rg1+MPTP.  n=3.  Mean±SEM.
cP<0.01 vs the MPTP group.

Figure 2.  Number of Nissl (black) and TH (white) staining-positive neu-
rons in SN.  Pretreatment with Rg1 significantly increased the number of
survival neurons and TH-positive neurons, as determined by one-way
ANOVA.  A 10 mg/kg dose of Rg1 showed the best protective effect
among all the doses, and showed no significant difference with NAC.
n=8.  Mean±SEM.  cP<0.01 vs the model group.

Figure 3.  Percentage of TUNEL-positive neuron numbers in SN.  The
percentage of TUNEL-positive neurons in the model group increased sig-
nificantly compared with other groups.  Pretreatment with Rg1 signifi-
cantly decreased the percentage of TUNEL-positive neurons. A 10 mg/kg
dose of Rg1 showed the best preventive effect  of all the doses, and showed
no significant difference with NAC.  n=8.  Mean±SEM.  cP<0.01 vs the
model group.
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Numerous experimental studies have shown that iNOS play
an important role in MPTP-induced dopaminergic neuron
injury or in PD patients[28,29], it is in agreement with our pre-
vious observation that MPTP increased the numbers of iNOS-
positive cells.  Therefore, changes of Bcl-2 and iNOS ex-
pressions could play important roles in the antioxidative ef-
fect of Rg1, this could explain the antioxidant property of
Rg1.  However, the exact pathway leading to the changes of
Bcl-2 and iNOS expression in SN is still unclear.

The JNK signaling cascade is a main pathway that medi-
ates the neurotoxicity of MPTP[14], CEP-1347/KT-7515, an
inhibitor of JNK activation, can attenuate MPTP-induced
nigrostriatal dopaminergic degeneration[7].  Transgenic mice
expressing the JNK binding domain (JBD) of JNK interact-
ing protein 1 could resist the neurotoxicity of MPTP[8].
Oxidative stress is an important activator of the JNK signal-
ing cascade.  In differentiated PC12 cells and cultured sym-
pathetic neurons, oxidative stress induced by antisence in-
activation of superoxide dismutase increased JNK activity[9].
In our previous study, we observed that JNK pathway was
activated after the exposure of SHSY5Y cells to the mito-
chondrial complex I inhibitor MPP+, Rg1 could attenuate
the elevation of ROS and reduce the JNK activation after
MPP+ treatment[30].  In the present in vivo study, we also
found that pretreatment with Rg1 or NAC could attenuate
the elevated phosphorylation of JNK and c-Jun induced by
MPTP in SN.  The dose of 10 mg/kg of Rg1 showed better
effect than dose of 5 mg/kg and 20 mg/kg.  There was no
significant difference between NAC and 10 mg/kg Rg1, but
it is a puzzle why 20 mg/kg Rg1 had weaker inhibition than
10 mg/kg Rg1.  The toxicity of higher doses of Rg1 could
compromise its ability as a radical scavenger.  However, this
change is associated with the loss of dopaminergic neurons
at different Rg1 doses.  This results confirms previous stud-
ies that JNK signaling cascade play an important role in
dopaminergic neuron apoptosis induced by MPTP, and ap-
propriate dose of Rg1 could attenuate the MTPT induced
activation of JNK signaling cascade.  It requires further study
to find out whether Rg1 influences JNK pathway through
mechanisms other than antioxidation.

In conclusion, the present study indicates that pretreat-
ment with certain doses of Rg1 could reduce the loss of
dopaminergic neurons caused by MPTP in SN.  The
neuroprotective effects of Rg1 are potentially due to its anti-
oxidant property that involves Bcl-2 and iNOS, and its in-
hibitory effect on JNK signaling cascade activation.  Further
studies will be carried out to evaluate whether ginsenoside
Rg1, an important ingredient of ginsenoside, could benefit
as a future preventive and therapeutic drug of PD.
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Neuropeptide Y expression in mouse hippocampus and its role in neuronal
excitotoxicity1
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Abstract
Aim: To investigate neuropeptide Y (NPY) expression in mouse hippocampus
within early stages of kainic acid (KA) treatment and to understand its role in
neuronal excitotoxicity.  Methods: NPY expression in the hippocampus within
early stages of KA intraperitoneal (ip) treatment was detected by immunohis-
tochemistry (IHC) and in situ hybridization (ISH) methods.  The role of NPY and
Y5, Y2 receptors in excitotoxicity was analyzed by terminal deoxynucleotidyl
transferase-mediated UTP nick end-labeling (TUNEL) assay.  Results: Using
IHC assay, in granule cell layer of the dentate gyrus (DG), NPY positive signals
appeared 4 h after KA injection, reached the peak at 8 h and leveled off at 16 and
24 h.  In CA3, no positive signal was found within the first 4 h after KA injection,
but strong signal appeared at 16 and 24 h.  No noticeable signal was detected in
CA1 at all time points after KA injection.  Using the ISH method, positive signals
were detected at 4, 8, and 16 h in CA3, CA1, and hilus.  In DG, much stronger
ISH signals were detected at 4 h, but leveled off at 8 and 16 h.  TUNEL analysis
showed that intracerebroventricularly (icv) infusion of NPY and Y5, Y2 receptor
agonists within 8 h after KA insult with proper dose could remarkably rescue
pyramidal neurons in CA3 and CA1 from apoptosis.  Conclusion: NPY is an
important anti-epileptic agent.  The preceding elevated expression of NPY in gran-
ule cell layer of DG after KA injection might partially explain its different
excitotoxicity-induced apoptotic responses in comparison with the pyramidal neu-
rons from CA3 and CA1 regions.  NPY can not only reduce neuronal excitability
but also prevent excitotoxicity-induced neuronal apoptosis in a time- and dose-
related way by activation of Y5 and Y2 receptors.
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Introduction
Excitotoxicity is a process by which glutamate or other

excitatory amino acids induce neuronal cell death in the cen-
tral nervous system[1,2].  It is thought that excitotoxicity might
contribute to the pathogenesis of human neuronal cell loss
by sustained epilepsy, trauma, ischemia, and hypoglycemia,
and might also underlie certain neurodegenerative diseases[3–5].
Excessive stimulation of the three types of ionotropic
glutamate receptors, including the N-methyl-D-aspartate
(NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazole propi-
onic acid (AMPA), and KA receptors, produces neuronal cell
death by increasing intracellular Ca2+ and Na+, and therefore

drastically changing normal cellular physiology[1,2].
KA is an analog for glutamate and is also an excitotoxin

in the hippocampus[6–8] that induces ongoing convulsions by
directly stimulating KA receptors and indirectly increasing
the release of excitatory amino acids from nerve terminals,
degeneration of cornu ammonis (CA) pyramidal neurons in
the hippocampus, and hyper-excitability of surviving CA
neurons[9–11].  Thus, KA-induced seizures have been widely
used as an epilepsy model for studying mechanisms under-
lying both seizure susceptibility and neuronal cell loss[12–14].

Increasing evidence suggests that NPY is a powerful en-
dogenous anticonvulsant in the hippocampus[12,15–17].  NPY
knockout mice exhibit uncontrollable seizures and enhanced
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fatality in response to KA administration[12].  Moreover,
intracerebroventricular infusion of NPY reduces epileptiform
after discharges and inhibits KA-induced seizures[18].  The
possible mechanism for the anticonvulsant properties of NPY
is the inhibition of calcium influx and glutamate release[12,15,17].
However, the exact role of NPY in vivo in excitotoxicity is
unknown.  Although excitotoxicity induced an ongoing neu-
ronal apoptosis, it was mainly determined at early stages af-
ter excitatory amino acids treatment[7,8,14].  Thus, to investi-
gate the sequential and spatial expression of NPY in the hip-
pocampus within early stage of KA injection, and to under-
stand its role in excitotoxicity, could be of unique importance.

Materials  and  methods
Animals and drugs  Mice of 8 to 9 weeks age were used

for analysis.  All mice were housed with food and water ad
libitum in a 12-h light cycle room.  Our protocol was ap-
proved by the Institutional Animal Care and Use Committee
of Xi’an Jiaotong University, and we strictly followed NIH
guidelines for the care and use of laboratory animals.  All
efforts were taken to minimize both animal suffering and the
number of mice used.  KA (Sigma Chemical, St Louis, MO,
USA) was dissolved in ddH2O, neutralized by NaOH and
injected (ip) in a dose of 20 mg/kg of body weight to the
mice.  Human NPY, NPY13-36 (Y2 agonist), or human pan-
creatic polypeptide (hPP) (Y5 agonist) were purchased from
Bachem (Torrance, CA, USA).

IHC analysis of NPY expression  At 0 (normal control
treated with saline), 2, 4, 8, 16, or 24 h (8 each group) after
KA injection, surviving mice were deeply anesthetized with
sodium pentobarbital (60 mg/kg of body weight, ip), and
then transcardially perfused with phosphate buffered saline
(PBS), pH 7.4, and 4% paraformaldehyde in PBS for 15 min.
After perfusion, their brains were removed, postfixed overnight
with 4% paraformaldehyde in PBS at 4 ºC, submerged in
20% sucrose at 4 ºC for 48 h, and then sections were cut
coronally at 40 µm to encompass the entire hippocampus
using a freezing microtome.  Every eighth of serial coronary
brain sections through the rostral-caudal extent of the hip-
pocampus in 40-µm thickness were selected for immunohis-
tochemistry (IHC) detection of NPY expression in the hip-
pocampus using rabbit anti-NPY antibody (1:1,000,
Chemicon, CA, USA) as previously described[14,19].

Probe preparation for in situ hybridization (ISH)
analysis  The plasmid construct pT7T3D-Pac, containing
561 bp mouse NPY gene, was from the University of Cin-
cinnati Microarray Center.  The construct was first linear-
ized by EcoR I or Hind III respectively.  The EcoR I linear-

ized template containing T3 promoter was used for anti-sense
probe transcription.  The Hind III linearized template con-
taining T7 promoter was used for sense probe transcription
(negative control).  Transcription reaction mixture 20 µL in
a RNase free eppendorf tube [4 µL 5×transcription buffer
(Promega, USA), 1 µL linearized DNA (1 µg), 2 µL NTP
mix (Dig-UTP) (Roche, Germany), 2 µL 0.1 mol/L DTT, 9
µL H2O, 1 µL RNase inhibitor (Invitrogen, USA), 1 µL RNA
polymerase (T3 or T7) (Promega, USA)] was incubated at
37 ºC for 2 h, then 2U DNase I (RNase free) (Promega) was
added, incubated at 37 ºC for 15 min to digest DNA template.
Reaction was stopped with 2 µL of 0.2 mol/L EDTA, pH
8.0.  Then 2.5 µL LiCl 4 mol/L and 75 µL prechilled (-20
ºC) 100% EtOH was added and mixed well.  It was placed at
-20 ºC for 2 h and centrifuged at 2–8 ºC, 44 500×g, for 15
min.  The supernatant was discarded carefully.  Samples were
dried under a vacuum and then dissolved for 30 min at 37 ºC
in 100 µL diethyl-pyrocarbonate (DEPC) H2O.  RNA probe
was quantified by spectrophotometric analysis (OD260/OD280)
and stored at -80 ºC, or stored in aliquots at -20 ºC.

ISH detection of NPY expression  For ISH analysis, 0
(normal control), 4, 8, or 16 h (8 each group) after KA
injection, mice were killed by cervical dislocation, brains
were removed quickly and kept in dry ice powder for 5 min
and then stored at -80 ºC for at least 48 h before sectioning.
Brain sections of 12 µm, containing hippocampal formation,
were cut and placed on Superfrost Plus slides (pretreated
with 0.1% DEPC H2O for 2 h at 37 ºC) and air dried at room
temperature for 30 min and then stored at -80 ºC before use.
Every fifteenth of serial coronary brain sections through the
rostral-caudal extent of the hippocampus were analyzed by
ISH as described previously[20].

Cannula implantation and infusion of NPY and its
agonists  Mice were anesthetized with an injection of
Equithesin (34 mg/kg of body weight, ip) and atropine (0.35
mg/kg of bodyweight, ip).  Animals were placed in a stereo-
tactic device (Kopf Instruments), and cannulas were im-
planted into the lateral ventricle (0.6 mm posterior; 1.9 mm
lateral; and 2.0 mm ventral to bregma).  Mice were allowed
to recover from surgery for 2 d.  First, to determine the tim-
ing of NPY infusion after KA injection, icv injection of hu-
man NPY (5.0 µg in 1 µL of neutral buffered solution) or
saline was performed 2, 8, or 24 h after KA injection (8 to
10 each group) using an infusion pump (KD Scientific) at a
constant rate of 1 µL/min as described[12].  Then, to deter-
mine the dose of NPY infusion, 8 h after KA injection, the
effect of icv infusion of NPY at a dose of 2.5, 5.0, and 10.0
µg was compared.  Finally, to investigate the receptors that
mediate its role in excitotoxicity, icv infusion of 3.0 µg
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NPY13-36 or 5.0 µg hPP was carried out 8 h after KA
injection.  The dose of NPY and its agonists were based on
previous studies[12,16].  Cannula placement was verified post-
hoc in all animals by injection of 1% cresyl violet solution
before brain dissection.  Three days after KA injection, brain
sections were made as IHC assay above for TUNEL staining.

TUNEL assays  Every eighth of serial coronary brain
sections through the rostral-caudal extent of the hippocam-
pus in 40-µm thickness were used for TUNEL staining using
the in situ Cell Death Detection Kit (TUNEL POD) (Roche
Applied Science, Germany) as described[14].

Statistical analysis  IHC and ISH signal is in every of
sub-region of each section was obtained with densitometric
scanning, and data were analyzed by one–way ANOVA.  All
TUNEL positive cells in every sub-region of each section
were counted regardless of sizes and shapes.  The mean num-
ber of cells per section was used for comparison.  Data were
analyzed by one-way ANOVA and post-hoc Student-
Newman-Keuls (SNK) test.  Statistical significance was set
as P<0.05.

Results
NPY expression in the hippocampus by IHC method

In the granule cell layer of DG, no NPY positive cell was
detected at basal condition (0 h) and 2 h after KA injection
(Figure 1A, 1B).  NPY positive cells appeared at 4 h (Figure
1C), reached the peak at 8 h (Figure 1D), and were reduced
remarkably at 16 and 24 h (Figure 1E, 1F).  In the CA3 sub-
region, no positive signal was found within the first 4 h after
KA injection (Figure 1A,1C), NPY positive signals appeared
at 8 h (Figure 1D), strong signals appeared at 16 and 24 h
(Figure 1E, 1F).  No noticeable signal was detected in the
CA1 sub-region at all time points within the first 24 h after
KA injection.  In the hilus, NPY positive signals were no-
ticeably intensified at 8 h (Figure 1D), and reached the peak
at 16 and 24 h (Figure 1E, 1F).  One-way ANOVA results
showed a significant time-dependent effect (P<0.05) in both
DG and CA3 regions (Figure 2).

NPY expression in the hippocampus by ISH analysis
Under physiological condition, NPY expression in the gran-
ule cell layer of DG, CA3, and CA1 was less noticeable
(Figure 3A).  Positive ISH signals were detected in DG, CA3,
and CA1 sub-regions at each time point after KA treatment
(Figure 3B–3D).  Four hours after KA injection, ISH signals
in the DG sub-region were stronger than those in CA3 and
CA1 (Figure 3B).  Eight and sixteen hours after KA injection,
ISH signals were significantly reduced in DG sub-region but
remarkably elevated in CA3, CA1, and hilus sub-regions
(Figure 3C, 3D, P<0.05).  One-way ANOVA result showed

Figure 1.  Expression of NPY in the hippocampus by IHC method.  In
the granule cell layer of DG region, no positive signals were detected at 0
(control) and 2 h (A, B), positive signals appeared at 4 h (C), reached the
peak at 8 h (D), were remarkably reduced at 16 and 24 h (E, F).  In CA3
regions, no positive signals were detected at 0, 2, and 4 h (A–C), positive
signal appeared at 8 h (D), reached the maximum at 16 h (E), and became
less stronger at 24 h (F).  No obvious signal was detected at all time
points in CA1.  Arrow denotes positive signal.  Scale bar: 100 µm.  ×40.

Figure 2.  Quantitative analysis of NPY expression from IHC results.
NPY expression in the hippocampus was detected by IHC and followed
by analysis with densitometric scanning.  Data represent the ratio of mean
signal density relative to background±SEM.  NPY expression was in a
time-dependent manner in DG and CA3 regions (P<0.05).

a significant time-dependent effect (P<0.05) in all regions
(Figure 4).
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6A).  Post hoc SNK test showed a more noticeable effect at
2 h than that at 8 h of NPY infusion (P<0.05) though they
both significantly reduced apoptosis in comparison with con-
trol mice (P<0.05) (Figure 6A).  Figure 6B shows the quan-
titative results of TUNEL staining in CA3 and CA1 sub-re-
gions 3 d after KA treatment with icv infusions of 2.5, 5.0,
or 10.0 µg human NPY or saline (8 to 10 mice each group)
at 8 h after KA injection.  One-way ANOVA showed signifi-
cant dose-dependent effect in both CA3 and CA1 among

NPY prevents neuronal cells from apoptosis in a time-
and dose-related manner  In CA3 and CA1, less massive
apoptotic pyramidal cells were detected in mice with NPY
infusion at 2 and 8 h after KA treatment (Figure 5A-5D)
compared with control mice (Figure 5G, H).  Similar TUNEL
signals were detected in CA3 and CA1 between mice in-
fused with NPY at 24 h after KA injection and control mice
(Figure 5E-H).  One-way ANOVA showed significant time-
dependent effects in both CA3 and CA1 (P<0.05, Figure

Figure 3.  ISH analysis of NPY expression in the hippocampus.  Weak
signal was detected under physiological condition (A).  Positive signals
were elevated in DG, CA3, and CA1 4 h after KA injection (B), but sig-
nals in DG were much stronger than that in other regions.  At 8 and 16 h
(C, D), NPY positive signals in DG were remarkably leveled off, but in
CA3 and CA1, signals were more intensified in comparison with the 4 h-
group.  Scale bar: 100 µm.  ×40.

Figure 4.  Quantitative analysis of NPY expression from ISH results.
NPY expression in the hippocampus was detected by ISH and followed
by analysis with densitometric scanning.  Data represent the ratio of mean
signal density relative to background±SEM.  NPY expression was time-
dependent in DG, CA3, and CA1 regions (P<0.05).

Figure 5.  NPY prevents neuronal cells from excitotoxic-induced apoptosis
in a time related manner.  In CA3 and CA1, less massive apoptotic pyra-
midal cells were detected in NPY treated mice at 2 and 8 h after KA
injection (A, C, and B, D) than in control mice (G, H).  But NPY infusion
at 24 h after KA treatment (E, F) had no noticeable effect in comparison
with control mice (G, H).  Scale bar: 100 µm.  ×200.
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Figure 6.  Quantitative analysis of neuronal apoptosis from TUNEL
results.  (A) The time-related effect of NPY on neuronal apoptosis.   (B)
The dose-related effect of NPY on neuronal apoptosis.  A significant anti-
apoptotic effect with infusion of 10.0 and 5.0 µg NPY at 8 h after KA
injection was shown (P<0.05).  (C) Neuronal protective role of Y5 and
Y2 receptors.  Y5 and Y2 agonists could both prevent neuronal cells from
death in comparison with control (P<0.05), but there was no additive
effect between them (P>0.05).  Data represent means±SEM/each section.
bP<0.05 vs control.  eP<0.05 vs 8 h.

four groups (P<0.05).  Post hoc SNK test showed a signifi-
cant effect with infusion of 10.0 and 5.0 µg NPY at 8 h in
comparison with control (P<0.05).

NPY prevents neuronal cells from apoptosis by acti-
vating both Y5 and Y2 receptors  Y5 and Y2 agonists icv
could both prevent neuronal cells from death 8 h after KA

injection, but there was no additive effect between them.
One-way ANOVA showed significant effects in both CA3
and CA1 (P<0.05).  Post hoc SNK test showed no signifi-
cant difference among Y5, Y2, and Y5/Y2 agonists treated
three groups, but significant difference was detected between
these three groups and control mice, respectively (Figure 6C,
P<0.05).

Discussion
Increasing evidence suggests that NPY is a powerful en-

dogenous anticonvulsant in the hippocampus[12,15–17].  Its ex-
pression can be elevated by experimentally induced seizures
initiated by electrical kindling, kainic acid, and pentylene-
tetrazol[21-25].  Excitotoxicity induced an ongoing neuronal
apoptosis, which was mainly determined at early stage after
excitatory amino acid treatment[7,8,14].  According to these
findings, we for the first time focused on NPY expression
pattern in the hippocampus within early stages after KA in-
jection using both IHC and ISH methods, and tried to under-
stand its implication in excitotoxicity.  From our IHC and
ISH results (Figure 1–4), we concluded that NPY expres-
sion in the granule cell layer of DG sub-region was prior to
CA3 and CA1 after KA-treatment, seizure-induced increase
of NPY in the hippocampus was the result of transcriptional
activation, and might be a compensatory mechanism to re-
duce excitatory neurotransmission.  ICV infusion of NPY
and its Y5, Y2 receptor agonists at 2 and 8 h after KA insult
could rescue pyramidal neurons in CA3 and CA1 regions
from apoptosis (Figure 3-6).  It is also well established that
the pyramidal cells in CA3 and CA1 are more susceptible to
KA-induced apoptosis than the granule cells in DG[7,8,14].
Taken together, we presume that the preceded elevation of
NPY expression in the granule cell layer of DG after KA
injection might partially explain its different excitotoxicity-
induced apoptotic responses in comparison with the pyra-
midal neurons from CA3 and CA1 regions.

Activation of NPY receptors is neuroprotective against
excitotoxicity in rat hippocampal slice cultures[26].  For den-
tate granule cells and CA3 pyramidal cells, selective activa-
tion of Y1, Y2, or Y5 receptors, respectively had a neuro-
protective effect against AMPA and KA, whereas only the
activation of Y2 receptors was effective for CA1 pyramidal
cells in the rat.  Some physiological and pharmacological
work showed intracerebroventricular administration of NPY
reduced epileptiform afterdischarges and inhibited KA-in-
duced seizures in rats; and Y5 and/or Y2 receptors were re-
sponsible for modulation of seizure activity in mouse hip-
pocampal slices[18,27].  But, to date, whether NPY can pre-
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vent neuronal cells from excitotoxicity-induced apoptosis in
vivo, what receptors are responsible for this function, what
is the effective time and dose of NPY and its agonists infusion,
are not known.  We found icv infusion of NPY and its Y5,
Y2 agonists within 8 h of a proper dose, after excitatory amino
acid injection, could rescue neuronal cells from apoptosis in
mice (Figure 5, 6).  These data are quite useful for the poten-
tial clinical application of NPY in anti-epilepsy.  The pro-
tective signal transduction pathway of its different receptors
should be included in our future research.

With IHC detection, NPY positive or negative signal does
not mean that NPY is synthesized or is not synthesized. As a
neurotransmitter[28], NPY can be released from one cell where
it is synthesized and be taken up by other cells through syn-
aptic formation.  Comparing the IHC result (Figure 1) with
the ISH result (Figure 3), we found although NPY mRNA
transcripts were synthesized in all regions of the hippocam-
pus at 4, 8, and 16 h after KA treatment, no noticeable sig-
nals were detected in the CA1 region by IHC assay at any
point.  Probably, NPY in this region was transmitted to other
places as a neurotransmitter after translation.  Or the sensi-
tivity of IHC is not high enough to detect NPY expression in
this region.

In conclusion, the preceding elevated expression  of NPY
in granule cell layer of DG after KA injection may explain
partially its different excitotoxicity-induced apoptotic re-
sponses in comparison with the pyramidal neurons from CA3
and CA1 regions.  NPY can not only reduce neuronal excit-
ability but also prevent excitotoxicity-induced neuronal
apoptosis by activation of Y5 and Y2 receptors.
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Alteration of binding sites for [3H]P1075 and [3H]glibenclamide in reno-
vascular hypertensive rat aorta1
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Abstract
Aim: The alterations of the binding sites for ATP-sensitive K+ channel (KATP)
openers and blockers in aortic strips were investigated in hypertensive rats.
Methods: Radioligand binding techniques were used to compare the specific bind-
ing properties of [3H]P1075 and [3H]glibenclamide (Gli) in normotensive (NWR)
and reno-vascular hypertensive rat (RVHR) aortic strips.  Results: The KD values
of [3H]P1075 binding were increased by 1.5-fold, while the Bmax values were un-
changed in RVHR.  The IC50 values of P1075 and pinacidil (Pin) for displacing
the [3H]P1075 binding in RVHR were increased by 1.8- and 1.7-fold, respectively.
The kinetic processes of association and dissociation of [3H]P1075 binding were
slower in RVHR. Glibenclamide pretreatment slowed down the kinetic processes
of the association and dissociation of [3H]P1075 binding in NWR, but failed to
alter the kinetic processes of [3H]P1075 binding in RVHR. The IC50 values of Gli
for displacing the [3H]Gli binding at high-affinity sites were increased by 3-fold,
while those at low-affinity sites remained to be unchanged in RVHR. The kinetic
processes of association of [3H]Gli binding were decreased and those of the dis-
sociation were accelerated in RVHR. The treatment with Pin slowed down the
association kinetic processes but accelerated the process of the dissociation of
[3H]Gli binding in NWR, but did not alter the kinetics of [3H]Gli binding in RVHR.
Conclusion: The affinity of binding sites for [3H]P1075 and of high-affinity binding
sites for [3H]Gli are decreased, and the negative allosteric interactions between
the two binding sites are impaired in RVHR aorta.
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Introduction
ATP-sensitive K+ channels(KATP) have been identified in

multiple cells[1,2].  In vascular smooth muscles, KATP can regu-
late vascular tone[3].  The functions of vascular KATP can be
modulated by nucleotides, potassium channel blockers,
sulfonylureas, such as glibenclamide (Gli), and KATP openers,
such as pinacidil (Pin)[4].  Recent molecular biological and
electrophysiological studies on recombinant KATP have iden-
tified that KATP is a hetero-octameric complex composed of
an inwardly rectifying K+ channel (Kir6.x) serving as a pore-
forming subunit and regulatory sulfonylurea receptors
(SURs) belonging to the ATP-binding cassette protein su-
perfamily[5]. The binding sites for nucleotides, sulfonylureas,

and potassium channel openers are localized in the SURs,
which explains the complex sensitivity to these drugs[6].
Furthermore, it has been found that binding experiments have
been carried out in vascular smooth muscles, using [3H]Gli
and [3H]P1075, that the binding sites of KATP openers are
different from those of blockers, and negatively allosteric
interaction exists between these two binding sites[7,8].  The
functional alterations of KATP in vascular smooth muscles
from hypertensive animals have been investigated by using
patch-clamp techniques; the dose-response curves of the KATP

openers pinacidil and aprikalim, for inducing relaxation of
isolated aorta and basilar arteries, were shifted rightward[9],
and the effects of levcromakalim on KATP currents in mesen-
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teric arteries were decreased in SHR[10].  But the mechanisms
underlying the hypertensive changes of KATP remain to be
investigated.

In the present study, the characteristics of [3H]P1075 and
[3H]Gli binding in aortic strips, derived from normotensive
and hypertensive rats, were compared for investigation of
the hypertensive changes of KATP in vascular smooth muscles.

Materials  and  methods
Drugs  [3H]Gli (specific activity 1850 GBq/mmol=50 Ci/

mmol ) was purchased from Dupont/ New England Nuclear
(Boston, MA, USA).  [3H]P1075 (specific activity 121 Ci/
mmol) from Amersham International (Buckinghamshire,
United Kingdom).  The radiolabels were stored in ethanol at
-20 ºC.  Gli, Pin, and Tris from Sigma Chemical Co (St Louis,
MO, USA).  HEPES from Boehringer Mannheim (Baden-
Wurttemberg, Germany).  Dimehylsulphoxide (Me2SO) from
Merck Company (West point, USA).  P1075 was kindly do-
nated by Leo Pharmaceuticals (Ballerup. Denmark).  All other
chemicals and reagents were of analytical grade.  Both P1075
and Pin were dissolved in Me2SO (25 g/L) and were diluted
as appropriate so that the final concentration of Me2SO was
less than 0.1%.

Animals  Wistar rats (NWR, male, weighing 235±21 g,
n=106), were provided by the Laboratory Animal Center of
Institute of Pharmacology and Toxicology, Academy of Mili-
tary Medical Sciences, Beijing, China.

Reno-vascular hypertension Reno-vascular hyperten-
sion was produced by coarctation of the abdominal aorta
between the origin of the renal arteries, under ether
anesthesia, as described by Liu et al[11].  The rats were used
30 d after the surgery.  One day before the experiment, a
polyethylene catheter was inserted into the carotid artery for
blood pressure measurements with a two-channel physiologi-
cal recorder (LMS-LB).  Mean arterial pressure was 202±25
mmHg in RVHR and 140±11 mmHg in NWR.  All animals
were kept in a temperature-controlled room on a 14 h/10 h
light/dark cycle and had free access to a standard rat chow
diet and tap water.

Aorta strips  All rats (NWR, n=55; RVHR, n=51) were
decapitated and exsanguinated.  Aorta strips were prepared
as described in a previous study[12].  The preparations were
then weighed and assigned into tissue holders and immersed
in ice-cold HEPES-buffered physiological salt solution (PSS)
containing (in mmol/L): NaCl 139, KCl 5, CaCl2 25, MgCl2

1.2, glucose 11, HEPES 5, gassed with 95% O2/5% CO2 and
titrated to pH 7.40 with NaOH at 37 ºC.

Equilibrium binding experiments

Saturation assay  Binding assays of [3H]P1075 or
[3H]Gli were routinely performed in duplicate in 0.50 mL PSS
containing 3–5 mg wet weight of aorta strips at 25 ºC or
37 ºC.  Nonspecific binding, determined in the presence of
50 µmol/L unlabeled P1075 or 30 µmol/L Gli, accounted for
48.6%±6.4% or 44%±6% of total bound ligand under the
conditions employed.  Specific binding was obtained by sub-
tracting the nonspecific binding from the total binding.

For saturation experiments, aorta strips were incubated
with different concentrations of label (0.25-30 nmol/L) for
90 min.  They were then washed by adding 9 mL of ice-cold
quench solution (NaCl 154 mmol/L, Tris 50 mmol/L, pH
7.40) for 1 min, blotted, and dissolved hermetically over 2 h
in 50 µL of 60% perchloric acid and 100 µL of 30% H2O2 at
80 ºC. The samples were supplemented with 2.5 mL of eth-
ylene glycol ethyl ether and 5 mL of dimethylbenzene
containing 1% 2-(4-tert-butylphenyl)-5-(4-biphenylyl)-
1,3,4-oxadiazole for 8 h. Radioactivity was determined with
liquid scintillation spectrometry (at an efficiency of 42%-
55%).  The equilibrium dissociation (KD) and the maximum
number of binding sites (Bmax) of label were determined by
Scatchard analysis, and Hill coefficient (nH) was calculated
from Hill equation.

Displacement assay  Aorta strips were incubated with
5 nmol/L [3H]P1075 or 3 nmol/L [3H]Gli and unlabeled in-
hibitors of interest, then washed and determined as described
above.  Specific binding of [3H]P1075 or [3H]Gli in the pres-
ence of unlabeled drugs was normalized to percentage of
specific binding in the absence of these drugs.  The concen-
tration of drug inhibiting 50% of specific labeled-ligand bind-
ing (IC50) was analyzed using the weighted non-linear least-
squares regression program.  This program fits data assum-
ing the presence of one or more binding sites and allows
comparison of the relative goodness-of-fit using F-test.  A
two-site fit was accepted as superior to one-site fit only if
significance exceeded P<0.05.

Kinetic assay To determine the association kinetics, the
aorta strips were incubated with 3 nmol/L [3H]Gli or 5 nmol/L
[3H]P1075 and aliquots were withdrawn at various time
points for separation of bound and free ligand as described
above.  To measure the dissociation kinetics, the labels were
equilibrated with aorta strips for 90 min.  Dissociation was
initiated by addition of a large excess of unlabeled ligands
(Gli 30 µmol/L, P1075 50 µmol/L) and bound-label was de-
termined at various time intervals ranging from 1 to 90 min.
The constants of association and dissociation were calcu-
lated according to equations (1) LN[Beq·(B·B)-1]=Kapp·t, (2)
Kapp=K1·[L]+K2, and (3) LN(B·Beq

-1)=-K2·t where B represents
the amount of specific [3H]Gli or [3H]P1075 binding at dif-
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ferent time points, Beq denotes the amount of the receptor-
label complex at equilibrium and Kapp the apparent rate con-
stant of association, which depends on the rate constants of
the association and dissociation (K1, K2), and on the concen-
tration of labeled ligand employed ([L]).

Statistical analysis  Results are expressed as mean±SD.
Statistical significance of differences between groups of
means was assessed by ANOVA followed by Dunnet’s test
using the Instat Programme (Graphpad SAS Software, San
Diego, USA) and was accepted at the P<0.05 level.

Results
[3H]P1075 bindings  [3H]P1075 bound in a saturated

manner to aorta preparations in NWR and RVHR within the
concentration range employed.  Scatchard analysis of the
data suggested that in NWR aorta strips [3H]P1075 bound
to a single class of sites with a KD value of 7.7±2.0 nmol/L,
and Bmax value of 26±8 pmol/g wet weight.  In RVHR,
[3H]P1075 also bound to a single class of sites.  The KD value,
however, increased ~1.5-fold and the Bmax value showed no
change compared with those in NWR (Figure 1, Table 1).

KATP opener P1075 and Pin, as well as blocker Gli, con-
centration-dependently inhibited  specific [3H]P1075
binding.  However, only KATP opener P1075 and Pin were
able to inhibit the specific [3H]P1075 binding completely,
whereas inhibition at saturation by Gli was incomplete only
by up to 72% of maximal specific binding in NWR and RVHR

aorta preparations.  Compared with those in NWR, inhibi-
tion curves of [3H]P1075 binding to aorta strips in RVHR by
these modulators were shifted to the right along the concen-
tration axis (Figure 2).  Statistical analysis with the F-test
showed that the fit of inhibition curves by P1075 and Pin to
the one-site model was significantly superior to two-site
model, which corresponded to their nH being close to unity.
IC50 for the inhibition of [3H]P1075 binding to RVHR aorta
preparations by P1075 and Pin were increased by approxi-
mately 1.8- and 1.7-fold, respectively, compared with those
in NWR.  The change in IC50 value for  inhibition of
[3H]P1075 binding by P1075 in RVHR aorta strips was in
fair agreement with that in the KD value obtained in the satu-
ration equilibrium experiments in Figure 1.

Inhibition of [3H]P1075 binding by Gli exhibited a
biphasic plot (Figure 2) with nH significantly different from
unity (Table 3).  In addition, statistical analysis with the F-
test showed the fit of inhibition curve by Gli to the two-site

Figure 1.  Equilibrium binding of [3H]P1075 to aorta strips in normoten-
sive Wistar rats (NWR, open circle) and reno-vascular hypertensive rats
(RVHR, solid circle).  Strips were incubated with varying concentrations
(0.01–25.00 nmol/L) of [3H]P1075 in a 0.50 mL assay volume at pH 7.40
and 37 ºC.  Inset: Scatchard analysis of the specific binding data.  The
data are summarized in Table 1.

Table 1.  Scatchard analysis of [3H]P1075 binding in normotensive Wistar
rats (NWR) and reno-vascular hypertensive rats (RVHR).  Mean±SD.
bP<0.05 vs NWR.

  Animals          n                  KD/                   Bmax/               nH

                                            nmol·L-1        pmol·g-1 wet weight

NWR 5  7.7±2.0 26±8 1.2±0.4
RVHR 4 11.2±4.0b 25±4 1.1±0.2

Figure 2.  Inhibition of [3H]P1075 binding to aorta strips by P1075, Pin,
or Gli in NWR and RVHR.  Aorta strips were incubated with 5 nmol/L
[3H]P1075 and increasing concentrations of these compounds for 90 min
at 37 ºC.  Specific binding (Bs) was 10.5±1.5 fmol·mg-1 wet weight, cor-
responding to 51.4%±6.4% of total binding.  Data (as Bs) were fitted with
one-site and two-site model; the fitting parameters were listed in Table 2.
Depicted were representative plots of 4–5 separate experiments performed
in duplicate.
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model was significantly superior to one-site model (Table
2).  These results suggested that two binding sites for Gli
were present.  The IC50 values for the high- and low-affinity
binding sites of Gli were shown in Table 2. Their respective
nH values were found to be close to unity (not shown).  IC50

value for inhibition of [3H]P1075 binding in RVHR aorta
strips by Gli at high affinity site increased by more than 2-
fold compared with that in NWR aorta preparation, but there
was no significant difference between IC50 values at the low

affinity site in RVHR and in NWR (Table 2).
The kinetics of association and dissociation of [3H]

P1075, measured at large excess of label over binding sites,
are illustrated in Figure 3.  In NWR, association kinetics of
[3H]P1075 at 5 nmol/L followed a pseudo first-order kinetics,
and the fit of this kinetics to equation 1 yielded a Kapp value
of 0.044±0.004 min-1.  After equilibrium was reached, dis-
sociation of the receptor-label complex was initiated by ad-
dition of 50 µmol/L unlabeled P1075.  The dissociation also
followed a pseudo first-order kinetics with a K 2 value
of 0.029±0.005 min-1.   Using equation 2, these values of
Kapp and K2 allowed calculation of the second order rate con-
stant of association, K1 to 0.009±0.001 nmol·L-1·min-1.  From
these rate constants, KD value of 3.3±1.0 nmol/L, where the
large error in this value is explained by the propagation of
errors, was calculated.

After NWR aorta strips were pretreated with Gli 100
µmol/L for 10 min, association and dissociation kinetics of
[3H]P1075 still followed the pseudo first-order kinetics.
However, association and dissociation were slowed down
with the reduced Kapp and K2 value, but with increased KD

value compared to those in vehicle (Table 3).
In RVHR, the association and dissociation of [3H]

P1075 with aorta strips were also fitted the pseudo first-
order kinetics, but slower association and dissociation ki-
netics were observed with increased KD value compared to
those in NWR.  Gli at 100 µmol/L preincubated with aorta
strips for 10 min, did not alter the association and dissocia-
tion of [3H]P1075 with RVHR aorta strips (Figure 3, Table 3).

[3H]Gli binding experiments  The competitive inhibi-
tion curve of 3 nmol/L [3H]Gli binding to aorta strips in NWR
and RVHR by unlabeled Gli exhibited biphasic plots with

Table 2.  Analysis of inhibition curves in Fig 2 of [3H]P1075 binding to aorta strips by KATP channel modulators.  For experiment details see Figure 2.
n=4-5 experiments. Mean±SD.  cP<0.01 vs NWR.

                                                        One-site fit                                      Two-site fit                F-test for hypothesis:
     Groups           Modulators                                                                                                                                                one-site model is correct
                                                                  IC50/nmol·L-1

                   nH                   IC50,H/nmol·L-1          IC50,L/µmol·L-1        F value               P1)

NWR P1075    9.1±1.3 1.14±0.10   8.2±0.9 0.03±0.007 0.42   0.6651
Pinacidil   200±44 1.16±0.14  181±42   1.0±0.2 0.76   0.4798
Glibenclamide   589±46 0.79±0.08  204±22   3.0±0.5 164 <0.0001

RVHR P1075  16.5±0.8c 1.13±0.11 15.7±1.1   2.1±0.3 0.85   0.4429
Pinacidil   337±36c 1.10±0.13  258±34   1.4±0.2 1.65   0.2165
Glibenclamide 1478±81c 0.74±0.10  443±109c   3.4±0.7 46.6 <0.0001

1)  If P>0.05, the hypothesis will be accepted; If P<0.05, the hypothesis is rejected, and the fit of the two-site model is significantly superior, statistically,
to the one-site model.

Figure 3.  Modulation of association (A) and dissociation (B) kinetics of
[3H]P1075 (5 nmol/L) with aorta strips in NWR and RVHR by vehicle or
Gli 100 µmol/L preincubated for 10 min.  Data fitted equation 1 and 3,
respectively.  The traces were representative of 4-7 experiments.
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nH significantly different from unity (Figure 4, Table 4).  In-
hibition curves were fitted with the one-site and two-site
model, respectively.  Statistical analysis with the F-test
showed that the fit of curves of the two-site model was sig-
nificantly superior to the one-site model (Table 4).  Thus,

two distinct binding sites for [3H]Gli were present in NWR
and RVHR aorta preparations.  In NWR aorta strips, the IC50

value for the inhibition of [3H]Gli binding at the high- and
low-affinity sites by unlabeled Gli was 18±2 nmol/L and 21±4
µmol/L, respectively.  The fit of one-site model gave nH equal
to 0.80±0.09; a value in favor of heterogeneous class of bind-
ing sites with a negative cooperativity.  In RVHR aorta strips,
the IC50 value for inhibition of [3H]Gli binding at low-affin-
ity sites by unlabeled Gli showed no difference from that in
NWR aorta preparations, but IC50 at high-affinity sites in-
creased approximately 4 fold.  Pin, at concentrations up to
500 µmol/L neither inhibited the [3H]Gli binding to aorta
strips in NWR nor in RVHR (Figure 4).

[3H]Gli binding to NWR aorta strips was rapid and ap-
proached equilibrium after a 40-50 min incubation period at
25 ºC (data not shown).  After equilibrium was reached, the
dissociation of [3H]Gli-receptor complex was initiated by
the addition of 30 µmol/L unlabeled Gli.  Association and
dissociation of [3H]Gli followed pseudo first-order kinetics.
The fit of the association and dissociation to equation 1 and
3 yielded Kapp and K2 of 0.046±0.004 and 0.007±0.001 min-1,
respectively.  After NWR aorta strips were pretreated with
Pin (100 µmol/L) for 10 min, association and dissociation

Table 3.  Modulation by vehicle or Gli 100 µmol/L, preincubated for 10 min, of the association and dissociation kinetics of [3H]P1075 with aorta strips
in NWR and RVHR.  n=4–7 separate determinations performed in duplicate. Mean±SD.  bP<0.05, cP<0.01 vs NWR, eP<0.05, fP<0.01 vs vehicle.  For
experiment details see Figure 3.

      Animal              Pretreated                                        Association kinetics                                          Dissociation kinetics
       groups                 factors                                     Kapp/min-1                         K1/nmol·L-1·min-1                      K2/min-1                    KD/nmol·L-1

NWR Vehicle 0.044±0.004 0.009±0.001 0.029±0.005 3.3±1.0
Glibenclamide 0.031±0.002f 0.002±0.001f 0.020±0.005e 8.3±2.1f

RVHR Vehicle 0.034±0.004b 0.003±0.001b 0.021±0.003b 8.1±1.0c

Glibenclamide 0.035±0.004 0.003±0.001 0.022±0.004 8.5±1.2

Figure 4.  Inhibition of [3H]glibenclamide (Gli) binding to aorta strips in
NWR and RVHR by unlabeled Gli and Pin.  Aorta strips were incubated
with [3H]Gli 3 nmol/L in the presence of various concentrations of unla-
beled Gli or pinacidil for 90 min at 25 ºC.  Depicted are representative
plots. Btot was 30.5±2.5 pmol·g-1 wet weight.  The Data are summarized
in Table 4.

Table 4.  Displacement of [3H]Gli binding to aorta strips in NWR and RVHR by unlabeled Gli.  For experiment details see Fig 4.  Analysis with one-site
model showed nH was significantly different from unity.  n=4-5 experiments performed in duplicate.  Mean±SD.   bP<0.05, cP<0.01 vs NWR.

                                               One-site fit                                                Two-site fit                                    F-test for hypothesis:
      Group                                                                                                                                                                      one-site model is correct
                                      IC50/nmol·L-1                                nH                          IC50,H/nmol·L-1           IC50,L/µmol·L-1               F value                         P1)

NWR 35±7 0.80±0.09 18±2 21±4 171 <0.0001
SHR 54±9b 0.82±0.12 59±4c 22±6 142 <0.0001

1)  If P>0.05, the hypothesis will be accepted; If P<0.05, the hypothesis is rejected, and the fit of the two-site model is significantly superior, statistically,
to the one-site model.
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of [3H]Gli still followed pseudo first-order kinetics.
However, when the association was retarded, Kapp was re-
duced by 45.6%, but when the dissociation was accelerated,
K2 was increased approximately 2 fold  (Table 5).

In RVHR aorta strips, association and dissociation of
[3H]Gli were also fitted pseudo first-order kinetics, but when
association became slower, Kapp was reduced by 39%, but
when dissociation was faster, K2 was increased 1.5-fold.
From these kinetics, the KD value calculated was increased
3.3-fold compared with those in NWR aorta strips.  After
RVHR aorta strips were pretreated with Pin 100 µmol/L for
10 min, the association and dissociation of [3H]Gli were not
altered.  From these kinetics, the KD value calculated was
also unchanged (Table 5).

Discussion
Comparison of [3H]P1075 binding in NWR with that

in RVHR  In the present study, saturation experiments in
NWR showed that aorta strips [3H]P1075 bound to a single
class of sites with high affinity (KD=7.7±2.0 nmol/L) and
relatively low density (Bmax=26±4 nmol·g-1 wet weight).
These results are similar to those reported by Quast et al[13].
The KD value determined here corresponded well to the po-
tency of P1075 as a vasorelaxant agent[14].  The KATP opener
P1075 and Pin, as well as blocker Gli, inhibited [3H]P1075
binding according to the Law of Mass Action.  The IC50 value
(9.1±1.3 nmol/L) for inhibition of [3H]P1075 binding by
P1075 was in fair agreement with the KD value obtained in
the saturation experiments.  The association and dissocia-
tion of [3H]P1075 with NWR aorta strips were time-depen-
dent and monoexponential, these kinetic experiments allow
a calculation of KD value of 3.3±1.0 nmol/L in reasonable
agreement with the result of the saturation experiments (Table
1) and of competitive inhibition experiments (Table 2).

Table 5.  Modulation by Pin(100 µmol/L) preincubated for 10 min, of the association and dissociation kinetics of [3H]Gli binding to aorta strips in
NWR and RVHR.  n=4–7 separate determinations performed in duplicate. Mean±SD.  bP<0.05, cP<0.01 vs NWR; eP<0.05, fP<0.01 vs Vehicle.  For
experiment details see Figure 3.

     Animal             Pretreated                                      Association kinetics                                          Dissociation kinetics
     groups                   factors                                 Kapp/min-1                        K1/nmol·L-1·min-1                      K2/min-1                        KD/nmol·L-1

NWR Vehicle 0.046±0.004 0.013±0.001 0.007±0.001 0.55±0.14
Pinacidil 0.025±0.007e 0.004±0.002f 0.014±0.003e 3.50±0.87f

SHR Vehicle 0.028±0.009c 0.006±0.003c 0.011±0.002b 1.83±0.67c

Pinacidil 0.026±0.005 0.005±0.002f 0.012±0.004 2.00±0.42

Kapp denote apparent rate constant of association, K1: rate constant of association, K2: rate constant of dissociation.

In the present study, [3H]P1075 binding in RVHR aorta
strips was reported.  The binding data showed that [3H]P1075
binding sites in RVHR aorta strips had  similar qualities to
those in NWR aorta preparations.  However, some differ-
ences in [3H]P1075 binding in RVHR aorta str ips were
found: (1) KD value of [3H]P1075 binding increased ap-
proximately 1.5-fold; (2) IC50 value for the inhibition of [3H]
P1075 binding by P1075 and Pin increased by 1.8- and 1.7-
fold, respectively; (3) association and dissociation became
slower.  These results suggest that the affinity of [3H]P1075
binding sites to KATP openers is reduced in RVHR aorta strips.
Therefore, we suggest that chronic hypertension might re-
duce the affinity of binding sites for KATP openers in aorta.
Furthermore, the Bmax value of [3H]P1075 binding to aorta
strips and the maximum inhibition of [3H]P1075 binding by
P1075 and Pin showed no difference between RVHR and
NWR.  It is suggested that the number of [3H]P1075 binding
sites is not altered in RVHR aorta strips.  The present find-
ings might explain why the dilatation of isolated aorta
precontracted with norepinephrine or KCl in response to
activation of KATP channels by Pin was impaired in SHR, why
dilatation of the basilar artery by aprikalim was impaired in
stroke-prone SHR in vivo[9]; and why the action of levcro-
makalim on KATP channels in mesenteric artery muscle cells
of SHR was decreased compared to normotensive rat cells[10].
The present findings also exclude the possibility that differ-
ences in response to Pin, aprikalim and levcromakalim are
related to genetic differences between normotensive rats and
SHR that are unrelated to hypertension.

Comparison of [3H]Gli binding in NWR with RVHR
In the present study, the binding of [3H]Gli in NWR aorta
strips was specific and reversible.  Using a wide range of
concentrations for Gli, we obtained evidence for the pres-
ence of both high and low affinity Gli-binding sites in aorta
preparations: the former ranging from 1×10-11 to 1×10-7 mol/L
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with nanomolar affinity constant, and the latter from 1×10-7 to
1×10-3.5 mol/L with micromolar affinity constant.  Our re-
sults are consistent with those reported previously in retard-
ing vascular smooth muscle[12].

[3H]Gli binding in these preparations had similar quali-
ties to those in NWR.  However, [3H]Gli exhibited slower
association and faster dissociation with an increased KD value
in RVHR than in NWR (Table 5).  The IC50 value for the
inhibition of [3H]Gli binding by Gli at the high affinity com-
ponent was increased, but was unchanged at the low affinity
component.  This indicates that the affinity of high affinity
sulfonylurea sites is decreased in RVHR aorta strips.

Interaction of binding sites for KATP openers and
blockers in NWR  In the present study, [3H]P1075 bound
to a single site in NWR aorta strips, whereas [3H]Gli bound
to both high and low affinity sites in NWR aorta strips.
[3H]P1075 binding can be inhibited by opener P1075 and
Pin, but not completely by blocker Gli, whereas [3H]Gli bind-
ing could be inhibited by Gli, but not by Pin.  Furthermore,
[3H]P1075 and [3H]Gli binding present a similar association
rate (0.044 and 0.046 nmol·L-1·min-1) but different dissocia-
tion rate(0.029 and 0.007 nmol·L-1·min-1, respectively).  The
most plausible explanation for these results is that KATP open-
ers and blockers bind to different binding sites.  In addition,
Pin, preincubated with NWR aorta strips, slowed down the
association of [3H]Gli and sped up the dissociation of
[3H]Gli-receptor complex.  It is suggested that the binding
sites for KATP channel opener Pin negatively allosterically
couple to the binding sites for KATP channel blocker Gli.  The
plausible mechanism is that the binding of Pin to its sites in
SURs brings about configuration alteration in the Gli-sites,
which hinders the binding of [3H]Gli to its sites and facili-
tates faster release of the radiolabel from receptor-label
complex.  Likewise, Gli, preincubated with NWR aorta strips,
also slowed down the association of [3H]P1075 and sped up
the dissociation of [3H]P1075-receptor complex.  It was in-
dicated that the sites for KATP channel blocker Gli also nega-
tively allosterically coupled to the sites for KATP channel
opener P1075.  Alternatively, Gli down-regulates the affin-
ity of the P1075 binding sites through inducing its configu-
ration alteration.  The evidence for a negative allosteric cou-
pling between the sites for P1075 and Gli has been previ-
ously obtained for the rat aorta[8].  In the experiments,
however, rat aorta preparations were only labeled with
[3H]P1075, and the dissociation of [3H]P1075-receptor com-
plex was initiated by addition of an excess of Gli rather than
P1075 after [3H]P1075 binding reached equilibrium.  In the
present study, aorta strips were pretreated with Gli, and dis-
sociation was initiated by addition of an excess of P1075

rather than Gli.  A negative allosterism between the sites for
openers and blockers was identified in a different experi-
mental protocol in this study.

Interaction of binding sites for KATP openers and
blockers in RVHR  In the present paper, we studied the
interaction between the binding sites for KATP openers and
blockers in RVHR aorta strips.  The evidence that KATP open-
ers and blockers bound to different binding sites was also
obtained in RVHR.  In contrast to NWR, pretreatment with
Gli failed to alter the association and dissociation kinetics
of [3H]P1075 with aorta strips in RVHR.  It is suggested that
the negative allosteric action of sulfonylurea Gli on the bind-
ing sites for the opener P1075 was damaged in RVHR aorta
strips.  Similarly, pretreatment of Pin did not alter the asso-
ciation and dissociation kinetics of [3H]Gli with RVHR aorta
strips.  It is indicated that the negative allosteric action of
opener Pin on the binding sites for sulfonylurea Gli is also
damaged in SHR aorta strips.

 In conclusion, the affinity of P1075 binding sites and
high-affinity sulfonylurea binding sites are reduced, and the
negative allosteric interactions between the two binding sites
are impaired in RVHR aorta strips.
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Ca2+ participates in α1B-adrenoceptor-mediated cAMP response in HEK293
cells1
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Abstract
Aim: To investigate the α1B-adrenoceptor (α1B-AR)-mediated cAMP response and
underlying mechanisms in HEK293 cells.  Methods: Full-length cDNA encoding
α1B-AR was transfected into HEK293 cells using the calcium phosphate precipi-
tation method, and α1B-AR expression and cAMP accumulation were determined
by using the saturation radioligand binding assay and ion-exchange chromato-
graphy, respectively.  Results: Under agonist stimulation, α1B-AR mediated cAMP
synthesis in HEK293 cells, and blockade by PLC-PKC or tyrosine kinase did not
reduce cAMP accumulation induced by NE.  Pretreatment with pertussis toxin
(PTX) had little effect on basal cAMP accumulation as well as norepinephrine
(NE)-stimulated cAMP accumulation.  In addition, pretreatment with cholera toxin
(CTX) neither mimicked nor blocked the effect induced by NE.  The extracellular
Ca2+ chelator egtazic acid (EGTA), nonselective Ca2+ channel blocker CdCl2 and
calmodulin (CaM) inhibitor W-7 significantly reduced NE-induced cAMP accu-
mulation from 1.59%±0.47% to 1.00%±0.31%, 0.78%±0.23%, and 0.90%±0.40%,
respectively.  Conclusion: By coupling with a PTX-insensitive G protein, α1B-
AR promotes Ca2+ influx via receptor-dependent Ca2+ channels, then Ca2+ is linked
to CaM to form a Ca2+-CaM complex, which stimulates adenylyl cyclase (AC),
thereby increasing the cAMP production in HEK293 cell lines.
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Introduction
 It is well known that the classic signaling pathway of α1-

adrenoceptor (AR) is to couple with the Gq/11 protein and
then stimulate phosphatidylinositol turnover[1,2].  However,
it has been recently discovered that α1-AR can also stimu-
late adenosine 3':5'-cyclic monophosphate (cAMP) accumu-
lation in several cell lines, tissues and organs[3–12].  Our pre-
vious study showed that each of the three α1-AR subtypes
was able to mediate cAMP generation in human embryonic
kidney 293 (HEK293) cells.  As for the signal transduction
pathway by which α1-AR mediates cAMP production, sev-
eral studies have shown that cAMP production is secondary
to the α1-AR-induced phospholipase C (PLC)-phosphoki-
nase C (PKC) stimulation[10–12], which cross-talked with AC[13].
Horie et al[14] found that in a Chinese hamster ovary (CHO)
cell line transfected with α1B-AR, none of the PKC inhibitor,
the Ca2+ ionophore, or the pertussis toxin (PTX) was able to

inhibit NE-induced cAMP accumulation, whereas anti-Gsα

antiserum inhibited the response, which suggests that α1B-
AR activates AC and increases intracellular cAMP by di-
rectly coupling with Gsα.  In fact the signal transduction path-
way involved in α1B-AR-mediated cAMP generation remains
unclear.  Therefore, we transfected HEK293 cells (human
embryonic kidney 293 cell line, which does not express any
other adrenoceptors except native β2-AR) with full-length
cDNA encoding α1B-AR and selected for subcloning cell lines
stably expressing α1B-AR. This was a good model to investi-
gate the regulating effects of the PLC-PKC pathway, the ty-
rosine kinase pathway, the Ca2+ signal system, and G pro-
teins on cAMP production.

Materials  and  methods
Norepinephrine (NE), phenylephrine (PE), methoxam-

ine (ME), prazosin (PRZ), propranolol (Prop), Triton X-100,
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cAMP, 3-isobutyl-1-methyl-xanthine (IBMX), pyruvic acid,
hygromycin B, cyclopiazonic acid (CPA), phorbol 12-
myristate 13-acetate (PMA), genistein, tyrphostin A25,
egtazic acid (EGTA), nifedipine (Nif), CdCl2, PTX, and chol-
era toxin (CTX) were from Sigma Chemical Co (St Louis,
USA); BAPTA/AM, Ro-31-8220, calphostin C, and W-7
were products of Calbiochem-Novabiochem International
(San Diego, USA).  BE2254 {[2-β(4-hydroxyphenyl)-
ethylaminomethyl]-tetralone} was from Beiersdorf Co (Ham-
burg, Germany); [3H]adenine was from Amersham Bio-
sciences (Piscataway, United States); 2,5-diphenyl-oxazole
(PPO) was bought from Farco-Pharma (Koln, Germany);
fetal bovine serum (FBS) and Dulbecco’s Modified Eagle’s
Medium (DMEM) were from Hyclone China (Beijing,
China); HEK293 (human embryonic kidney 293) cells and
full-length cDNA of hamster α1B-AR (pREP4) were kindly
provided by Prof Kenneth P  MINNEMAN (Emory Univer-
sity, USA).

Transfection of HEK293 cells with cDNA encoding
α1B-AR using the calcium phosphate precipitation method
HEK293 cells were cultured in DMEM containing 10% FBS
at 5% CO2 at 37 ºC. The cells were transfected with pREP4/
α1B-AR by calcium phosphate precipitation at 70%
confluence and selected with hygromycin B (0.05 g/L).  Three
days later the cells were diluted and planted in a 96-well
dish, with 0-5 cells in each well.  After 2 to 3 cloning sessions,
a cell line stably expressing α1B-AR was obtained.  The cells
were continuously cultured and kept in DMEM containing
selective antibiotics.

Determination of α1B-AR expression by a saturation
radioligand binding assay  The cells were grown in 75-mL
flasks and harvested in PBS.  After  centrifugation at 3000×g,
4ºC for 10 min then at 21 000×g, 4ºC, for 20 min, the pellet
was resuspended with 30 mL PBS and kept on ice.  The
ligand-binding properties of the receptors were determined
in a series of radioligand binding studies using the α1-AR
antagonist radioligand [125I]BE2254, which was radioio-
dinated to theoretical specific activity as described by Engel
and Hoyer[19].  Saturation reactions (total volume 250 µL)
containing 100 µL or 50 µL PBS with 1% bovine serum al-
bumin (BSA), 50 µL of [125I] BE2254 at different concentra-
tions (15 000-500 000), and 100 µL cell membranes.  Nonspe-
cific binding was determined in the presence of 50 µmol/L
phentolamine.  Reactions were allowed to proceed for 20
min at 37 ºC.  Reactions were terminated by adding 7 mL
ice-cold Tris-HCl buffer (pH 7.4) and the mixture was fil-
tered onto glass fiber filters.  Filters were washed twice
with 7 mL ice-cold Tris-HCl buffer and then dried.  Bound
radioactivity was measured using an auto-gamma counter.

Binding data were analyzed by using nonlinear regression
and Scatchard analysis (GraphPad Prizm Software) on a com-
puter and thus the dissociation constant (KD) between the
receptor and antagonist and maximal bound capacity (Bmax)
could be obtained.  Protein content was determined by using
the Coomassie protein quantitation method.

 cAMP determination in intact cells using ion-ex-
change chromatography  HEK293 cells expressing α1B-
AR were cultured in 24-well dishes at 37 ºC, 5% CO2, with
2.5×105 cells per mL medium.  When the cells were fully
confluent, the medium was changed, and [3H]adenine 18.5
MBq (0.5 mCi) was added into  each well.  After incorpora-
tion for 4 h at 37 ºC in 5% CO2 , the medium was discarded
and the cells were washed twice with pre-warmed Krebs’
solution.  After addition of antagonists in 1 mL Krebs’ solu-
tion containing 200 µmol/L IBMX and incubation for 30 min,
the cells were incubated for a further 20 min with different
concentrations of agonists.  The reaction was terminated by
adding 100 µL of 77% trichloracetic acid, followed by a
centrifugation at 3000×g, 4 ºC, for 20 min.  Then 50 µL
supernatant was transferred into 3 mL scintillation liquid to
measure radioactivity as total activity (cpm).  The remain-
ing supernatant was applied to Dowex columns and aluminal
columns.  After being washed with distilled water, the
aluminal columns were eluted with 2 mL Tris-HCl (pH 8.0),
and the radioactivities of the eluates were measured as newly-
produced cAMP.  cAMP accumulation is equal to  propor-
tion of total radioactivity represented by newly-produced
cAMP as a percentage.  The formula is as follows:

Twenty-two is the volume constant.
Statistical analysis  Results are expressed as mean±SD.

To compare mean values between two groups, Student’s t-
test was used; ANOVA was used for comparison among three
or more groups.  P<0.05 was considered statistically
significant.

Results
Density of α1B-AR  HEK293 cells transfected with α1B-

AR were cultured under selective pressure from hygromycin
B for several passages, thus we obtained a cell line stably
expressing α1B-AR.  The density of α1B-AR was 2004±138
pmol/g as determined by a radioligand binding assay (n=5,
data not shown).

cAMP accumulation induced by stimulation of α1B-
AR  In blank HEK293 cells , NE (100 nmol/L–30 µmol/L),

cAMP accumulation =
    Radioactivity of newly-produced cAMP (cpm) ×100 %
            Total radioactivity (cpm)×22
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PE (100 nmol/L–300 µmol/L), or ME (1 µmol/L–1 mmol/L)
did not cause cAMP accumulation in the presence of
propranolol, an antagonist of β-AR (data not shown).

However, NE, PE, and ME all increased cAMP accumu-
lation in HEK293 cells transfected with α1B-AR in a dose-
dependent manner, with Rmax/pD2 of (3.32%± 0.34%)/
(6.15±0.33) (n=7), (2.43%±0.46%)/(5.37±0.55) (n=8), and
(0.66%±0.17%)/(3.79±0.39) (n=6), respectively (Figure 1),
all of which were antagonized by prazosin (100 nmol/L)
(Data not shown).

PLC-PKC pathway  In the presence of propranolol (10
µmol/L) to block β2-AR in HEK293 cells, NE (10 µmol/L)
increased cAMP accumulation from a basal level of 0.28%±
0.07% to 4.93%±1.13% (n=11, P<0.01).  The PLC inhibitor,
U73122, had no effect on the NE-induced cAMP accumula-
tion at 1 µmol/L (4.91%±1.43%, n=11) or 10 µmol/L
(4.97%±1.15%, n=11, Fig 2A) for 1 h incubation.  Neither
U73122 itself (0.26%±0.09%, n=5) nor the vehicle alone
(Me2SO, 0.1% v/v final, 0.26%±0.05%, n=3) affected the
basal level of cAMP (0.28%±0.07%, n=11).  Similarly, when
PKC inhibitors were added, neither Ro31-8220 (5.37%±
1.33%) and (4.99%±1.56%, n=8) nor calphostin C (5.14%±
1.09%) and 4.70%±1.28%, n=8) at 10 nmol/L and 100
nmol/L affected NE-induced cAMP production (4.93%±
1.13%, n=11, Figure 2B).  The two inhibitors had no effect
on the basal cAMP level (0.24%±0.07%, n=5, and 0.22%±
0.09%, n=5, respectively, vs 0.28%±0.07%, n=11).  To fur-
ther clarify the role of PKC in this response, we examined
whether PKC activator had any effect on cAMP synthesis.
Without any AR agonist or antagonist, pretreatment with 1,
10, and 100 nmol/L PMA did not increase cAMP synthesis,

the levels of which were (0.23%±0.03%, n=7), (0.22%±
0.08%, n=7), and (0.24%±0.08%, n=7), respectively, show-
ing no significant difference compared with the basal level
(0.28%±0.07%, n=11).

Tyrosine kinase signaling pathway  The effects of two
kinds of tyrosine kinase inhibitors, tyrphostin A25 and
genistein, on NE-induced cAMP synthesis were examined.
Tyrphostin A25 and genistein (0.30%±0.07% and 0.30%±
0.04%, n=5, respectively) or the vehicle alone (Me2SO,
0.1% v/v final, 0.26%±0.03%, n=3) had no effect on the basal
cAMP level (0.28%± 0.07%, n=11).  After pretreating cells
with tyrphostin A25 or genistein at 1 µmol/L and 10 µmol/L
for 1 h, neither tyrphostin A25 (4.98%±1.33% and 4.75%±
1.07% at the two concentrations, respectively, n=7) nor
genistein (4.97%±1.30% and 4.69%±0.62%, respectively,

Figure 1.  NE (■, n=7), PE (◆, n=8) and ME (●, n=6) induced cAMP
synthesis in a dose-dependent manner in the presence of propranolol (1
µmol/L) in HEK293 cells transfected with α1B-AR.

Figure 2.  (A) NE-induced cAMP accumulation and the effect of U73122
(n=11) in the presence of 10 µmol/L propranolol in HEK293 cells ex-
pressing α1B-AR.  (B) NE-induced cAMP accumulation and the effects
of Ro31 and calphostin C (n=8) in the presence of 10 µmol/L propranolol
and cAMP accumulation in the presence of PMA at 1–100 nmol/L (n=7),
respectively.  Mean±SD.  bP<0.05 vs basal accumulation.
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n=7) influenced NE-induced cAMP synthesis (4.93%±
1.13%, n=11  in the presence of  propranolol 10 µmol/L)
(Figure 3).

Regulation of cAMP response by G proteins After in-
cubating cells with PTX 500 µg/L for 16 h, the effects of
PTX on basal or NE-induced cAMP accumulation were
examined.  The results showed that PTX neither had any
effect on basal cAMP (0.31%±0.07% vs 0.23%±0.07%, n=8)
nor affected the NE-induced cAMP response (1.76%±0.50%
vs 1.52%±0.44%, n=8, Figure 4).  In order to examine
whether α1-AR mediates cAMP response by directly cou-
pling with the Gs protein, we compared cAMP accumulation
upon stimulation of the Gs protein after incubation with 500
µg/L CTX for 3 h with NE-induced cAMP accumulation.
The results showed that cAMP accumulation induced by CTX
alone was significantly higher than that induced by 10 µmol/L
NE (2.50%±0.60% vs 1.52%±0.44%, n=8, P<0.05), and
when CTX and NE were used simultaneously, cAMP accu-
mulation (5.24%±1.37%, n=8) was significantly higher than
their combined effect when used alone (P<0.05, Figure 4).

Regulating effects of Ca2+ signaling system  Because
α1-AR can induce the release of the IP3-sensitive Ca2+ store,
CPA, a Ca2+-ATPase inhibitor, was used to block Ca2+ being
taken in sarcoplasmic reticulum again so as to increase [Ca2+]i

and deplete the Ca2+ store.  The results showed that CPA 10
µmol/L  alone did not increase cAMP accumulation
(0.20%±0.03% vs 0.22%±0.12%, n=8), neither did it have
any effect on NE-induced cAMP production (1.63%±0.56%,

n=8 vs 1.59%±0.47%, n=9, Figure 5A).
 In addition, the influence of the Ca2+ influx on  cAMP

synthesis was studied.  It was found that NE-induced cAMP
accumulation under Ca2+-free condition was equal to that
when Ca2+ was present (1.63%± 0.40% vs 1.59%±0.47%,
n=9).  However, when an extracellular Ca2+ chelator, EGTA
(50 µmol/L), was added in Ca2+-free Krebs buffer to pretreat
the cells for 1 h, the NE-induced cAMP synthesis was obvi-
ously reduced (1.00%±0.31%, n=9, P<0.05, Figure 5B),
whereas 10 µmol/L intracellular Ca2+ chelator, BAPTA/AM,
had no effect on the NE-induced cAMP response under Ca2+-
free conditions (1.62%±0.58% vs 1.59±0.47%, n=9).  There
was no further inhibition on cAMP synthesis when BAPTA
was used in combination with EGTA (1.03%±0.28% vs
1.00%±0.31%, n=9, Figure 5B).

To find out what type of Ca2+ channel admitted Ca2+, we
examined the effects of two kinds of Ca2+ channel blockers
on cAMP response and found that nifedipine 10 µmol/L  (L-
type Ca2+ channel blocker) did not affect the NE-induced
cAMP synthesis (1.47%±0.38% vs 1.59%±0.47%,n=9),
whereas CdCl2 1 mmol/L 

 (nonselective Ca2+ channel blocker)
obviously reduced NE-induced cAMP accumulation (from
1.59%±0.47% to 0.78%±0.23%, n=9, P<0.05, Figure 5C).
Moreover, when pretreating cells with W-7, a calmodulin
(CaM) inhibitor, NE-induced cAMP synthesis decreased
markedly (0.90%± 0.40%, n=8, P<0.05, Figure 5C), and the
extent of decrease was similar to that induced by EGTA or
CdCl2 (P>0.05), while neither of them had any effect on the
basal cAMP level.

Figure 3.  The effects of tyrphostin A25 and genistein (n=7) on NE-
induced cAMP accumulation in the presence of 10 µmol/L propranolol in
HEK293 cells transfected with α1B-AR.  Mean±SD.  bP<0.05 vs basal
accumulation.

Figure 4.  The effects of PTX 500 µg/L and CTX on basal and NE-
induced cAMP accumulation (n=8) in the presence of  propranolol 10
µmol/L in HEK293 cells transfected with α1B-AR.  Mean±SD.  bP<0.05
vs basal accumulation.  eP<0.05 vs NE-induced cAMP accumulation.
hP<0.05 vs CTX-induced cAMP accumulation.
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Discussion
Several studies have demonstrated that α1B-AR mediates

the cAMP response in HEK293 cells.  However, the signal-
ing pathway through which α1-AR mediates the cAMP re-
sponse is unknown.  Many studies have indicated that be-
sides its classical signaling pathway, α1-AR can stimulate
many other signal transduction pathways as well, such as the
tyrosine kinase pathway[15-18], the phospholipase A2-arachi-
donic acid (PLA2-AA) signaling system[20], etc.  Moreover,
α1-AR also associates with other signaling pathways through
its classical signal transduction pathway and consequently
produces cross-talk.  cAMP is a second messenger, a prod-
uct of ATP catalyzed by adenylyl cyclase (AC), and a sub-
strate of phosphodiesterase (PDE).  There are at least 10
isozymes of AC.  Besides the Gs and Gi  proteins, many fac-
tors have been found to regulate their activities[21,22].  In the
present study, we investigated the underlying mechanism
involved in α1-AR-mediated cAMP synthesis using HEK293
cells transfected with α1B-AR.

PLC-PKC pathway  α1-AR preferentially activates its
classical signaling pathway.  It stimulates PLC by coupling
with the Gq/11 protein, then PLC hydrolyzes PIP2 to produce
IP3 and DAG, which induces Ca2+ release and stimulates
PKC, thereby producing biological effects.  It has been re-
ported that in some cell lines transfected with α1-AR
subtypes, α1-AR first stimulates PI turnover to activate PKC,
and then stimulates AC.  This means that α1-AR-mediated
cAMP response is secondary to the PLC-PKC pathway[10-12].
However, our results indicated that neither the PLC
antagonist, U73122, nor the PKC antagonists, Ro31 and
calphostin C, inhibited α1-AR-mediated cAMP synthesis, and
the PKC activator , PMA, did not increase cAMP
accumulation.  Furthermore, there was no influence on cAMP
synthesis when using the Ca2+-ATPase inhibitor, CPA, to
block Ca2+ restoration and thus deplete the Ca2+ pool.  All of
the above suggests the taches lying in downstream of PLC in
the classical pathway are not connected with α1-AR-medi-
ated cAMP response.

Tyrosine kinase signal transduction pathway   The
tyrosine kinase signal transduction pathway relates closely
to the classical signaling pathway of α1-AR.  Some studies
have shown that tyrosine kinase probably participates in α1-
AR-mediated biological effects[15-18].  In our previous study,
we found that the major functional α1-AR subtype of the
vascular bed in rat hind legs was α1A-AR, and that tyrosine
kinase antagonists could dose-dependently reduce the vas-
cular contractive response to NE.  Moreover, tyrosine ki-
nase antagonists can inhibit α1-AR-mediated increase in in-
tracellular Ca2+ in HEK293 cells[23], showing that α1-AR can

Figure 5.  (A) NE-induced cAMP accumulation (n=9) and the effect of
CPA 10 µmol/L (n=8) in the presence of propranolol 10 µmol/L  in HEK293
cells transfected with α1B-AR.  (B) NE-induced cAMP response in Krebs’
buffer and in Ca2+-free Krebs’ buffer, and the effects of EGTA 50 µmol/L,
BAPTA 10 µmol/L , and EGTA plus BAPTA (n=9) on NE-induced cAMP
response under Ca2+-free conditions in the presence of  propranolol 10
µmol/L.  (C) NE-induced cAMP response and the effects of nifedipine 10
µmol/L (n=9), CdCl2 1 mmol/L  (n=9), and  W-7 500 µmol/L (n=8) in the
presence of  propranolol 10 µmol/L in HEK293 cells transfected with
α1B-AR.  Mean±SD.  bP<0.05 vs basal accumulation.  eP<0.05 vs NE-
induced cAMP accumulation.
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activate tyrosine kinase.  It is also known that tyrosine
kinase can indirectly stimulate AC through the PLC-γ-IP3/
DAG pathway, which results in intracellular Ca2+ mobiliza-
tion and stimulation of PKC[22].  Since we have confirmed
that α1-AR does not mediate cAMP synthesis through the
PLC-PKC pathway in HEK293 cells, the possibility men-
tioned above can be excluded.  Although it is known that
tyrosine kinase can indirectly stimulate AC through the PLC-
γ-IP3/DAG pathway[21], this would not happen in HEK293
cells because our study indicated that the PLC-PKC path-
way was not involved in α1-AR-mediated cAMP accumula-
tion.  However, whether tyorsine kinase plays a role through
other pathways or taches is unclear.  In our present study,
two kinds of tyrosine kinase inhibitors, different in structure
and mechanism, exerted no influence on NE-induced cAMP
synthesis, suggesting that tyrosine kinase is not involved in
α1B-AR-mediated cAMP response in HEK293 cells.

Regulation of cAMP response by G proteins   α1-AR
is a typical G protein coupled receptor, whose classical sig-
naling pathway is to couple with the Gq/11 protein.  But it has
been found that α1-AR also couples with Gs and Gi pro-
teins[14,24].  Overexpressed α1-AR in the heart of transgenic
mice can couple with the Gi protein and inhibit AC[24].  Horie
et al[14] found that stimulation of transfected α1-AR
directly activated Gs and increased cAMP accumulation.
These phenomena occur when the density of α1-AR is much
higher than normal.  Some researchers[14,25] consider that
receptor-G promiscuity happens when receptors are
overexpressed, ie, receptors not only couple with their tradi-
tional G proteins, but also couple with irrelevant G proteins
under normal conditions, and then produce new biological
effects.  This phenomenon is called receptor-G protein
promiscuity, which would occur when receptors are
overexpressed[14,25].  Since our experiments were performed
under similar conditions, this leads to the following question:
did promiscuity occur between α1-AR and other G proteins?
Firstly, the results showed α1B-AR-mediated cAMP response
was not affected by PTX, thereby excluding the possibility
that Gi protein or Gβγ, which is sensitive to PTX[27] and acti-
vates ACII and IV[21,22,28], which is involved in the response.
Secondly, cAMP accumulation induced by CTX alone was
markedly higher than that induced by NE, and when CTX
and NE worked together cAMP accumulation was far higher
than the sum of cAMP accumulation when each of them
worked alone.  The response induced by NE 10 µmol/L
almost reached a maximum, and since there is no receptor
reserve in cloned HEK293 cells[25], if α1B-AR directly coupled
with the Gs protein while the  number of Gs were relatively
insufficient or equally by the number of α1B-AR, cAMP

accumulation induced by NE should equal that induced by
CTX, and should not increase further when NE was added
together with CTX.  However, it did not occur.  Thus there
are two possibilities, one is that α1B-AR directly couples with
the Gs protein but that the amount of Gs protein far exceeds
what α1B-AR requires; another is that α1B-AR itself does not
couple with the Gs protein, which is more likely, because in
our study, stimulation of α1B-AR and the Gs protein at the
same time induced a synergistic effect.  In addition, the Gα,
Gβγ subunit should not be ignored, because it has been shown
to activate ACII and IV[21,22,28].  However, because Gβγ is PTX-
sensitive[27], and PTX did not inhibit NE-induced cAMP
sythesis in our study, we conclude that Gβγ does not partici-
pate in the response.

Regulating effects of Ca2+ signaling system  α1-AR can
induce the mobilization of intracellular Ca2+ as well as the
influx of extracellular Ca2+.  As the most ubiquitous and most
active second messenger in cells, Ca2+ not only mediates many
physiological effects directly, but also regulates many sig-
naling pathways and molecules.  It has been shown that the
Ca2+-CaM complex can stimulate ACI, III, and VIII[21,22].  For
this reason the effect of Ca2+ on α1B-AR-mediated cAMP re-
sponse was investigated.  Our results showed that the Ca2+-
ATPase inhibitor, CPA, had no effect on NE-induced cAMP
accumulation, indicating that mobilization of intracellular
Ca2+ was not involved in the response.  NE-induced cAMP
accumulation was not reduced under Ca2+-free condition, but
reduced after addition of the extracellular Ca2+ chelator,
EGTA.  We speculate that it is because even under Ca2+-free
conditions, there inevitably existed a little Ca2+ in the buffer,
which is enough to meet with the needs of the α1B-AR-medi-
ated cAMP response.  When extracellular Ca2+ is chelated
by EGTA, Ca2+ cannot flow into cells, thereby reducing
cAMP production.  So cAMP production was reduced.  All
of the above shows that extracellular Ca2+ influx plays a role
in the α1B-AR-mediated cAMP response.  It is well known
that extracellular Ca2+ enters cells mainly via voltage-depen-
dent Ca2+ channels (VDCC) or voltage-independent Ca2+

channels, which includes Ca2+ store depletion-dependent Ca2+

channels (SDDCC), receptor-dependent Ca2+ channels, and
so on.  Then arises the new question of what kind of channel
is involved in this response.  It has been proving that  there
is no VDCC in HEK293 cells[29], and in our study, the L-
type Ca2+ channel inhibitor nifedipine did not affect NE-
induced cAMP sythesis.  The nonselective Ca2+ channel in-
hibitor CdCl2 obviously reduced NE-induced cAMP accumu-
lation, and the extent of reduction was the same as that with
EGTA. If these facts are taken together with the fact that
CPA-induced Ca2+ store depletion did not increase cAMP
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accumulation, it seems that it was via receptor-dependent
Ca2+ channels that extracellular Ca2+ entered the cells.  CaM
inhibitor W-7 significantly reduced NE-induced cAMP
accumulation, with the extent of reduction almost equal to
that induced by EGTA and CdCl2, which indicates that it is
Ca2+-CaM that activates AC.  Intracellular Ca2+ chelator
BAPTA can chelate Ca2+ released from the Ca2+ store as well
as Ca2+ entering cells from the outside, so theoretically it
should have an effect similar to EGTA.  In fact, it neither
inhibited NE-induced cAMP synthesis nor enhanced the in-
hibitory effect of EGTA.  As for the reason why intracellular
Ca2+ chelator BAPTA could not inhibit NE-induced cAMP
synthesis, we suppose either that the penetrability of BAPTA/
AM into HEK293 cells was rather weak, or that the activity
of esterase in HEK293 cells is so low that BAPTA/AM can-
not be degraded to active BAPTA.  Furthermore, our previ-
ous study showed that [Ca2+]i increased to 4-5 times the basal
level  8 s after activation of α1-AR. Active BAPTA was per-
haps not enough to chelate all intracellular Ca2+ completely
and rapidly, so BAPTA/AM had little effect.  However, the
exact mechanism by which the system functions remains to
be studied.  In summary, the results suggest that stimulation
of α1B-AR triggers the receptor-dependent Ca2+ channel via
an unknown pathway and lets extracellular Ca2+ in, then Ca2+

links CaM  into a Ca2+-CaM complex, which activates AC to
increase cAMP synthesis.  However none of EGTA, CdCl2,
and W-7 are able to completely inhibit NE-induced cAMP
accumulation, suggesting that the Ca2+ influx is only partly
involved in the response.

In conclusion, by coupling with a PTX-insensitive G
protein, α1B-AR promotes Ca2+ influx via receptor-dependent
Ca2+ channels, then Ca2+ links to CaM to form a Ca2+-CaM
complex, which stimulates adenylyl cyclase (AC) and thereby
increases the cAMP production in HEK293 cell lines.  But
Ca2+ only partly contributes to α1B-AR-mediated cAMP
accumulation.  The other  mechanisms remain to be
investigated.
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Abstract
Aim: To elucidate the mechanisms underlying homocysteine (Hcy)-induced
chemokine production.  Methods: Human whole blood was pretreated with in-
hibitors of calmodulin (CaM), protein kinase C (PKC), protein tyrosine kinase
(PTK),  mitogen-activated protein kinase (MAPK), and NF-κB  and activators of
PPARγ for 60 min followed by incubation with Hcy 100 µmol/L for 32 h. The
levels of mitogen chemokine protein (MCP)-1 and interleukin-8 (IL-8) were de-
termined by enzyme-linked immunosorbant assay (ELISA). Results: Inhibitors
of PKC (calphostin C, 50-500 nmol/L and RO-31-8220, 10–100 nmol/L), CaM
(W7, 28–280 µmol/L), ERK1/2 MAPK (PD 98059, 2–20 µmol/L), p38 MAPK
(SB 203580, 0.6–6 µmol/L), JNK MAPK (curcumin, 2–10 µmol/L), and NF-κB
(PDTC, 10-100 nmol/L) markedly reduced Hcy 100 µmol/L-induced production
of MCP-1 and IL-8 in human cultured whole blood, but the inhibitors of PTK
(genistein, 2.6–26 µmol/L and tyrphostin, 0.5-5 µmol/L) had no obvious effect on
MCP-1 and IL-8 production. PPARγ activators (ciglitazone 30 µmol/L and
troglitazone 10 µmol/L) depressed the Hcy-induced MCP-1 production but not
IL-8 production in the cultured whole blood.  Conclusion:  Hcy-induced MCP-1
and IL-8 production is mediated by activated signaling pathways such as PKC,
CaM, MAPK, and NF-κB. Our results not only provide clues for the signal trans-
duction pathways mediating Hcy-induced chemokine production, but also offer a
plausible explanation for a pathogenic role of hyperhomocysteinemia in these
diseases.
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Introduction
Hyperhomocysteinemia is an independent risk factor for

atherosclerosis and venous thrombosis.  We have found that
an increased homocysteine (Hcy) levels in cultured whole
blood can promote the production of monocyte chemo-
attractant protein-1 (MCP-1) and interleukin-8 (IL-8)[1].  As po-
tent proatherosclerotic factors, MCP-1 and IL-8 are consid-
ered to be vital contributing factors in the pathogenesis of
atherosclerosis and venous thrombosis[2–6].  Therefore, increased
MCP-1 and IL-8 levels in plasma may be an important mecha-
nism by which hyperhomocysteinemia promotes the progres-
sion of atherosclerosis.

In addition, the relationship between hyperhomocy-

steinemia and the cardiovascular disease and thrombosis has
been well established.  Recent clinical investigations have
found that hyperhomocysteinemia is also associated with
many different diseases such as inflammation, autoimmune
diseases, and cognitive diseases[7–13].  These new findings
imply that Hcy may also mediate the development of these
medical conditions by presently-unknown mechanism(s).

Previous studies have found that the signaling pathways
involving protein kinase C (PKC), protein tyrosine kinase
(PTK), or mitogen-activated protein kinase (MAPK) play a
vital role in the mediation of MCP-1 and IL-8 production in
response to other stimuli[14–18].  Thus, these signaling path-
ways are examined in the present study to explore which
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signaling pathways are involved in the Hcy-induced produc-
tion of MCP-1 and IL-8.  Our results presented here demon-
strate that inhibitors of PKC, CaM, MAPK and NF-κB in-
hibit Hcy-induced MCP-1 and IL-8 production in cultured
whole blood.  Our results suggest that activation of these
signaling pathways is involved in Hcy-induced chemokine
production.  Considering the fact that abnormally activated
PKC, CaM, MAPK, and NF-κB play important roles in the
initiation and progression of autoimmune and cognitive dis-
eases[19-22], our study provides useful clues as to why Hcy
may be involved in these diseases.

Materials  and  methods
Human whole blood culture  The investigation conforms

to the principles outlined in the Declaration of Helsinki.  The
human whole blood cultures were slightly modified from our
previous studies[23,24].  Briefly, blood from healthy donors
was drawn into heparinized syringes.  Whole blood was then
placed on a rotator and incubated at 37 ºC in an atmosphere
containing 5% CO2.  Cell viability was evaluated by Trypan
blue exclusion.  Only cell preparations with a 95% or greater
viability were used.

Measurement of MCP-1 and IL-8 protein secretion
Human whole blood was treated with Hcy for indicated times
and/or preincubated for 60 min with genistein, tyrphostin,
calphostin C, RO-31-8220, W7, SB 203580, PD 98059, and
curcumin or other pharmacological reagents.  The plasma
was harvested and transferred to other polypropylene tubes
and stored at -30 ºC for not more than 1 week before mea-
surement of chemokines MCP-1 and IL-8 protein concen-
trations in the plasma, which were determined by ELISA
(R&D Systems Inc, Minneapolis, MN).

Chemicals  L-homocysteine (L–Hcy), L-cysteine,

L-methione, genistein, tyrphostin, and pyrrolidine dithiocar-
bamate (PDTC) were purchased from Sigma Co (St Louis,
MO).  Calphostin C, RO-31-8220, W7, SB 203580, PD
98059, and curcumin were purchased from Calbiochem Co
(La Jolla, CA).  2 -́7 -́DCFH-DA was obtained from Molecu-
lar Probes (Eugene, OR).  RPMI-1640 was purchased from
Gibco Laboratories (Grand Island, NY).  Other chemicals
were purchased from the Chinese Chemical Co (Beijing,
China).

Statistical analysis  Results are expressed as mean±SEM.
The number of samples used for each group is presented in
the figure legends.  The data were analyzed using one-way
ANOVA and further analyzed using the Student-Newmen-
Keuls test for multiple comparisons within treatment groups
or the t-test (unpaired test with Welch’s correction) for com-
parison between two groups with non-normal distribution.
P<0.05 was considered a significant difference between treat-
ment groups. 

Results
Effect of L-methionine and L-cysteine on MCP-1 and

IL-8 production from human whole blood   To understand
the role of thiol residues in Hcy-induced chemokine
production, human whole blood was treated with sulfur-
containing amino acids, L-methionine and L-cysteine 100
µmol/L for 32 h.  Neither L-methionine nor L-cysteine el-
evated the production of MCP-1 and IL-8 in cultured human
whole blood (Figure 1A, 1B).  These data suggest that the
thiol residues do not play an important role in the Hcy
mechanisms.

PKC, PTK, and CaM in Hcy-induced secretion of
MCP-1 and IL-8  A substantial body of evidence indicates
that activation of PKC, CaM, PTK, MAPK, and NF-κB may

Figure 1.  Effects of L-methionine (Met) and L-cysteine (Cys) on the secretion of MCP-1 and IL-8 in cultured human whole blood.  The levels of
MCP-1 (A) and IL-8 (B) in cultured human whole blood were measured by ELISA assays after incubation with  Met or Cys 100 µmol/L for 32 h.  n=6.
Mean±SEM.  bP<0.05 vs corresponding untreated control (con) group.



Http://www.chinaphar.com Zeng XK et al

87

be involved in chemokine production.  Therefore, we hy-
pothesize that such signaling pathways might contribute to
Hcy-induced chemokine expression and secretion in cultured
whole blood.  Human whole blood was pretreated with in-
hibitors of CaM (W7, 28–280 µmol/L), PKC (calphostin C,
50–500 nmol/L and RO-31-8220, 10–100 nmol/L), PTK
(genistein, 2.6-26 µmol/L and tyrphostin, 0.5-5 µmol/L).
CaM and PKC inhibitors significantly inhibited Hcy-induced
MCP-1 and IL-8 production in cultured human whole blood
(Figure 2). However, the inhibitors of PTK had no obvious
effect on chemokine production (Figure 3).  These data show
that the activated signaling pathways of PKC and CaM are
involved in the Hcy-induced production of MCP-1 and IL-8
in cultured whole blood.

MAPK and NF-κB in Hcy-induced MCP-1 and IL-8
production To further study the role of the downstream sig-
naling molecules of PKC and CaM, such as MAPK and NF-
κB, in the Hcy-induced MCP-1 and IL-8 production, the in-
hibitors of ERK1/2 MAPK (PD 98059, 2–20 µmol/L), p38
MAPK (SB 203580, 0.6-6 µmol/L), JNK MAPK (curcumin,
2–10 µmol/L), and NF-κB (PDTC, 10–100 nmol/L) were
added to cultured whole blood for 60 min, respectively.  This
was followed by stimulation with Hcy 100 µmol/L for 32 h.
As shown in Figure 4, MAPK (p38, ERK1/2, and JNK) in-
hibitors significantly inhibited Hcy-induced MCP-1 and
IL-8 production in cultured human whole blood.  In addition,
the NF-κB inhibitor PDTC also prevented Hcy-induced

Figure 2.  Effects of CaM and PKC inhibitors on Hcy-induced MCP-1
(A) and IL-8 (B) production in cultured human whole blood.  Cultured
whole blood was pretreated with the CaM inhibitor W7 or the PKC in-
hibitors calphostin C (Cal) and RO 31-8220 (RO) for 60 min and then
stimulated by Hcy 100 µmol/L for 32 h.  n=4.  Mean±SEM.  bP<0.05 vs
the Hcy only group.

Figure 3.  Effects of PTK blockers on Hcy-induced MCP-1 (A) and IL-8
(B) in cultured human whole blood.  Cultured whole blood was pretreated
with the the PKC inhibitors tyrphostin and genistein for 60 min and then
stimulated by Hcy 100 µmol/L for 32 h.  n=4.  Mean±SEM.  bP<0.05 vs
the Hcy-treated only group.
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MCP-1 and IL-8 production in the cultured whole blood
(Figure 5A, 5B).  These data show that the activation path-
ways of MAPK and NF-κB are involved in the regulation of
the Hcy-induced secretion of MCP-1 and IL-8.  In the range
of inhibitors examined, Hcy (10–1000 µmol/L) did not sig-
nificantly increase LDH release as compared with the con-
trol (data not shown), indicating that Hcy plus the inhibitors
did not have an obvious toxic effect on human whole blood.

Influence of PPARγ activators on Hcy-induced MCP-
1 and IL-8 production  Cultured whole blood was pretreated
with the activators of PPARγ (ciglitazone 30 µmol/L and
troglitazone 10 µmol/L) for 60 min, respectively.  It is fol-
lowed by stimulation with Hcy 100 µmol/L for 32 h.  The

data showed that PPARγ activators depressed the Hcy-in-
duced MCP-1 production but not IL-8 production in the cul-
tured whole blood (Figure 6A, 6B).

Discussion
Our previous work showed that an increased Hcy level

promoted the production of MCP-1 and IL-8 in cultured
whole blood.  This suggests that hyperhomocysteinemia may
upregulate MCP-1 and IL-8 levels in plasma and conse-
quently promote the initiation and progression of atheroscle-
rosis and venous thrombosis.  Our present study demonstrated
that  activated signaling pathways such as PKC, CaM,

Figure 4.  Effects of MAPK blockers on Hcy-induced MCP-1 (A) and
IL-8 (B) in cultured human whole blood.  Cultured whole blood was pre-
treated with the p38 MAPK inhibitor SB 203580 (SB), or the ERK1/2
inhibitor PD 98059 (PD) or the JNK inhibitor curcumin (CU) for 60 min
and then stimulated by Hcy 100 µmol/L for 32 h.  n=3.  Mean±SEM.
bP<0.05 vs the Hcy-treated only group.

Figure 5.  Effects of NF-κB on Hcy-induced MCP-1 (A) and IL-8 (B) in
cultured human whole blood.  Cultured whole blood was pretreated with
the NF-κB inhibitor, PDTC (10–100 nmol/L) for 60 min and then stimu-
lated with Hcy 100 µmol/L for 32 h.  n=3 independent experiments.  Mean±
SEM.  bP<0.05 vs the Hcy-treated only group.
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MAPK, and NF-κB were involved in the mediation of Hcy-
induced MCP-1 and IL-8 production.  These data indicate
that Hcy promotes MCP-1 and IL-8 production in cultured
whole blood by activating these signaling pathways.  It fur-
ther suggested that abnormally activated signaling pathways,
which were caused by Hcy, might play roles as vital mecha-
nisms underlying Hcy-mediated inflammatory, autoimmune,
and cognitive diseases.

PKC is thought to play an important role in Hcy-induced
MCP-1 production in cultured vascular smooth muscle cell
lines, but not in endothelial lines[25,26].  Our present results shows
that the activation of PKC is necessary for both IL-8 and
MCP-1 production induced by Hcy, since calphostin C and
RO31-8220, inhibitors of PKC, significantly reduced MCP-

Figure 6.  Effects of PPARγ agonists on Hcy-induced MCP-1 (A) and IL-
8 (B) in cultured human whole blood.  Cultured whole blood was pre-
treated with PPARγ activators, ciglitazone (30 µmol/L) and troglitazone
(10 µmol/L) for 60 min and then stimulated by Hcy 100 µmol/L for 32 h,
respectively.  n=3 independent experiments.  Mean±SEM.  bP<0.05 vs
the Hcy-treated only group.

1 and IL-8 synthesis.  No inhibitory effect was observed with
the PTK inhibitors, genistein and tyrphostin, which indicates
that protein tyrosine kinase might not be involved in Hcy-
mediated MCP-1 and IL-8 synthesis.  Previous studies have
also shown that calcium/CaM plays an important role in the
mediation of IL-8 production in several other cell systems[27,28].
To test whether calcium/CaM is involved in the Hcy-induced
chemokine synthesis, we used W7, a potent inhibitor of CaM,
to study its influence on Hcy-induced chemokine synthesis
in cultured whole blood.  Our data demonstrated that W7
significantly decreased both MCP-1 and IL-8 production.
Taken together, these results reveal that both activated PKC
and CaM are involved in Hcy-induced MCP-1 and IL-8 pro-
duction in cultured whole blood.  PTK, however, had no
significant effect on Hcy action.

MAPKs represent a family of eukaryotic protein kinases
involved in various cellular processes.  Three parallel cas-
cades are now commonly described, each of which is named
after its end-moiety: p38, the extracellular signal regulated
protein kinases (ERK), and stress activated protein kinase/c-
Jun N-terminal kinases (JNK)[29].  As the upstream signaling
molecules of MAPK, the activated PKC and CaM may me-
diate the activation of MAPK, such as MEK, p38MAPK,
and JNK.  For example, as the intermediate signaling path-
way molecules, MAPK is indispensable in the PKC-medi-
ated signaling transduction system[30,31].  Thus, we investi-
gated specific downstream signaling molecules that could
be potentially important as the targets of activated PKC and
CaM.  We demonstrated that PD98059, SB 203580, and
curcumin, the selective inhibitors of MEK1, p38 MAPK, and
JNK respectively, significantly decreased IL-8 and MCP-1
production.  This data is consistent with other reports that
MAPK is required for IL-8 and MCP-1 production in sev-
eral other cell systems in response to various stimuli[30].

NF-κB is an important transcription factor in the initia-
tion of cell growth and secretion.  Consistent with its role as
a primer in synthesis, NF-κB binds to the IκB site of various
gene promoter regions[32].  Our data demonstrate that Hcy-
induced chemokine production is almost competently
blocked by PDTC, a specific inhibitor of NF-κB.  These
results agree with those obtained in other studies[33], sug-
gesting that NF-κB has a role in the regulation of IL-8 and
MCP-1 production.

Another interesting finding is that PPAR-γ activation can
lead to a decrease in Hcy-induced MCP-1 production in cul-
tured whole blood.  PPAR-γ is a ligand-activated transcrip-
tion factor belonging to the nuclear receptor family.  PPAR-
γ is expressed in differentiated human mono/macrophages
and functions as a regulator of cellular proliferation, differen-
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tiation, and apoptosis[34].  Although PPAR-γ seems to be ab-
sent from isolated monocytes, PPAR-γ can regulate mono/
macrophage physiology[34,35].  Furthermore, Jiang et al[36]

reported that incubation of human monocytes with the natu-
ral PPAR-γ ligand, or with synthetic agonists, inhibited the
production of proinflammtory cytokines.  Other studies
showed that PPAR-γ inhibited the transcriptional activity of
genes by interfering with transcription factors such as
NF-κB[37].  Our data showed that Hcy-mediated MCP-1 and
IL-8 production was NF-κB-dependent, thereby the influ-
ence of activated PPAR-γ in the Hcy-induced chemokine pro-
duction was detected.  The activators of PPAR-γ significantly
depressed the production of MCP-1 but not IL-8.  It sug-
gests that this is an important pathway for attenuating the
damage of Hcy or other inflammatory mediators.  The dif-
ferent inhibitory effects on MCP-1 and IL-8 production im-
ply that the regulation of Hcy-induced MCP-1 and IL-8 pro-
duction is slightly different, at least in the cultured whole
blood system.

Our previous studies and other work showed that Hcy
potentiated lymphocyte proliferation. Also the thiol-contain-
ing compounds, such as cysteine had similar effects on lym-
phocyte proliferation[17,18].  The other compounds without
thiol have no such effect.  This suggests that thiol residue
plays a key role in Hcy-induced lymphocyte proliferation.
Our current studies found that thiol-containing compounds,
such as cysteine and methionine, failed to promote MCP-1
and IL-8 production in the cultured whole blood.  These re-
sults are consistent with previous work[38], suggesting that
thiol may play a less important role in Hcy-induced chemo-
kine production.  Thus, there is the possibility that different
sites of Hcy are responsible for different Hcy action.

Our current research has three implications; first, Hcy-
induced MCP-1 and IL-8 production is mediated by acti-
vated signaling pathways such as PKC, CaM, MAPK, and
NF-κB.  Second, although the exact mechanism is unclear,
current studies suggest that Hcy is able to activate the PKC,
CaM, MAPK, and NF-κB signaling pathways.  When we
take the consideration that these activated signaling path-
ways are involved in many pathological and physiological
functions, especially, in the initiation and progression of many
immune and cognitive diseases, our findings shed light on a
possible answer to why hyperhomocysteinemia has been
found to be linked with not only cardiovascular diseases,
but also so many inflammatory, autoimmune and cognitive
diseases.  Finally, activated PPAR-γ inhibited Hcy-induced
MCP-1 production.  This study provides a novel approach
to partly attenuate the proatherogenic effect of hyperhomo-
cysteinemia.
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Effect of pravastatin on impaired endothelium-dependent relaxation induced
by lysophosphatidylcholine in rat aorta1
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Abstract
Aim: To investigate the effects of pravastatin, a potent 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitor, on impaired endothelium-depen-
dent relaxation induced by lysophosphatidylcholine (LPC), the major component
of oxidized low-density lipoprotein, in rat thoracic aorta.  Methods: Both the
endothelium-dependent relaxation response to acetylcholine and the endothelium-
independent relaxation response to sodium nitroprusside of aortic rings were
measured by recording isometric tension after the rings were exposed to LPC in
the absence or presence of pravastatin to estimate the injury effect of LPC and the
protective effect of pravastatin on the aortic endothelium, respectively.  Results:
Exposure of aortic rings to LPC (1–10 µmol/L) for 30 min induced a significant
concentration-dependent inhibition of endothelium-dependent relaxation to
acetylcholine, but did not affect endothelium-independent relaxation in response
to sodium nitroprusside.  Pre-incubation of aortic rings with pravastatin (0.3-3
mmol/L) for 15 min and then co-incubation of the rings with LPC (3 µmol/L) for
another 30 min significantly attenuated the inhibition of endothelium-dependent
relaxation induced by LPC.  This protective effect of pravastatin (1 mmol/L) was
abolished by NG-nitro-L-arginine methyl ester (30 µmol/L), an inhibitor of nitric
oxide synthase, but not by indomethacin (10 µmol/L), an inhibitor of cyclo-
oxygenase.  Moreover, protein kinase C inhibitor chelerythrine (1 µmol/L) the
superoxide anion scavenger superoxide dismutase (200 kU/L), and the nitric ox-
ide precursor L-arginine (3 mmol/L) also improved the impaired endothelium-
dependent relaxation induced by LPC, similar to the effects of pravastatin.
Conclusion: Pravastatin can protect the endothelium against functional injury
induced by LPC in rat aorta, a fact which is related to increasing nitric oxide
bioavailability.
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Introduction
Endothelial dysfunction is an early step in the pathogen-

esis of atherosclerosis and is characterized by an impaired
endothelium function associated with a decreased produc-
tion of nitric oxide (NO), reduced vasodilatation or abnor-
mal vasoconstriction in response to acetylcholine.  Oxidized
low-density lipoprotein (ox-LDL) is an oxidative product of
native LDL in vivo.  It has been well established that ox-
LDL plays an important role in the development of athero-
sclerosis[1].  Lysophosphatidylcholine (LPC) is the major

component of ox-LDL[2–3].  LPC has been shown to increase
the production of superoxide anions by activation of protein
kinase C (PKC)[4] and has been implicated in impaired en-
dothelium-dependent relaxation[2,3].  Exposure of normal
blood vessels to LPC in vitro also mimicked the inhibitory
effects of ox-LDL on endothelium-dependent relaxation[2,3].
Therefore, preventing the deleterious effects of LPC on en-
dothelium is an effective approach for preventing the devel-
opment of atherosclerosis.

Statins, 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
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CoA) reductase inhibitors, are cholesterol-lowering drugs
and widely used in the treatment of hypercholesterolemia to
prevent the development of atherosclerosis[5,6].  However,
many studies have shown that statins have some beneficial
effects on the cardiovascular system-independent of their cho-
lesterol-lowering effect, such as restoring the endothelium-
dependent relaxation function[7,8], preventing the adhesion
of monocytes to endothelial cells[8], inhibiting the aggrega-
tion of platelets[9], suppressing the proliferation of vascular
smooth muscle cells[10], and regulating angiogenesis[11] and
blood pressure[12], which may be related to the up-regulation
of nitric oxide synthase (NOS) expression.  In addition, statins
have been demonstrated to have anti-oxidative properties,
as shown by their ability to reduce LDL oxidation[13] and
scavenge oxygen-derived free radicals[14].  Pravastatin is a
potent inhibitor of HMG-CoA reductase.  Recently, a num-
ber of studies have demonstrated that pravastatin significantly
inhibits the production of superoxide anions stimulated by
phorbol ester in vascular endothelial cells[14], suppresses the
increase in oxidative stress induced by LPC in vascular
smooth muscle cells[15], and improves the impairment of en-
dothelium-dependent relaxation in humans and animals with
atherosclerosis and diabetes[16–18].  Therefore, it is important
to determine whether pravastatin protects the vascular en-
dothelium against damage due to LPC.  In the present study,
we sought to investigate the effects of pravastatin and its
mechanisms on impaired endothelium-dependent relaxation
induced by LPC in isolated rat aortic rings.

Materials and methods
Chemicals  All chemicals were of the highest purity

available.  LPC, phenylephrine, acetylcholine, sodium
nitroprusside, L-arginine, NG-nitro-L-arginine methyl ester
(L-NAME), indomethacin, and chelerythrine were purchased
from Sigma Chemical Co (St Louis, MO, USA).  Superox-
ide dismutase (SOD) was the product of Changsha Biologi-
cal Pharmaceutical Factory (Hu-nan, China).  Pravastatin was
kindly presented by Blue Treasure Pharmaceutical Factory
(Guangdong, China).  They were dissolved in distilled water
and diluted with Krebs’ buffer before use.

Organ chamber experiments  The study protocol was
approved by the Animal Care and Use Committee of Central
South University.  Male Sprague-Dawley rats weighing 200-
220 g were used.  Rats were anaesthetized by intraperitoneal
injection of sodium pentobarbital (30 mg/kg).  The thoracic
aorta was immediately isolated and placed in 4 ºC Krebs’
bicarbonate buffer of the following composition (in mmol/L):
118.3 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgSO4, 1.2 KH2PO4,

25.0 NaHCO3 , 11.0 glucose.  The thoracic aorta was then
dissected free of adherent connective tissue.  The aortic seg-
ment was cut into rings of 3–4 mm in length, taking special
care to avoid stretching or touching the luminal surface of
the rings.  The rings were suspended horizontally between
two stirrups in organ chambers filled with 5 mL Krebs’ solu-
tion at 37 ºC and aerated continuously with 95 % O2 and 5 %
CO2.  One stirrup was connected to an anchor and the other
was connected to a force transducer for recording isometric
tension.  The solution in the chambers was changed every
15-20 min.  Rings were equilibrated for 60 min under 2 g
resting tension and then challenged with 60 mmol/L KCl
at least three times until a reproducible maximal contractile
response was obtained.  After repeated washing and a fur-
ther equilibration period of 30 min, rings were contracted
with a submaximal concentration of phenylephrine (1 µmol/L)
and relaxed with cumulative concentrations of acetylcho-
line (0.03–3 µmol/L) at the plateau phase of the phenyle-
phrine contraction to assess the integrity of the endothelium.
The rings with the maximal relaxation (Emax) to 3 µmol/L
acetylcholine of more than 80 % were considered to be en-
dothelium-intact and used in the study.

Experimental protocol  After each ring was serially
washed and re-equilibrated, the rings of the control group
were incubated for 45 min with Krebs’ buffer.  The rings of
LPC group were incubated with Krebs’ buffer for 15 min and
then exposed to LPC (1–10 µmol/L) for 30 min.  In the
pravastatin group, the rings were pre-incubated with various
concentrations of pravastatin (0.3–3 mmol/L) for 15 min be-
fore exposure to 3 µmol/L LPC for 30 min, respectively.  To
determine whether increasing prostacyclin or NO produc-
tion is involved in the protective effect of pravastatin on
impaired endothelium-dependent relaxation induced by LPC,
aortic rings were pretreated with indomethacin 10 µmol/L,
an inhibitor of cyclooxygenase or L-NAME 30 µmol/L, an
inhibitor of NOS in the presence of pravastatin (1 mmol/L) for
15 min and then exposed to 3 µmol/L LPC for 30 min.

To determine whether the activation of PKC, increased
production of superoxide anions, and decreased NO synthe-
sis contribute to the detrimental effects of LPC, rings were
pre-incubated with chelerythrine (1 µmol/L), an inhibi-
tor of PKC, SOD (200 kU/L), a scavenger of superoxide
anions, or L-arginine (3 µmol/L), a precursor of NO for 15
min and then exposed to LPC (3 µmol/L) for another 30
min.

After the above incubations, all rings were re-contracted
with 1 µmol/L phenylephrine and concentration responses
to acetylcholine (0.03–3 µmol/L) were repeated.  Before fin-
ishing the experiment, the relaxation response to sodium ni-
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troprusside (10 µmol/L) at the plateau phase of the phenyle-
phrine contraction was also tested in isolated aortic rings.

Statistical analysis  Results are expressed as Mean±
SEM.  Relaxation and the maximal relaxation (Emax) pro-
duced by acetylcholine was calculated and expressed as the
percentage of contraction elicited by phenylephrine.  The
half-maximal relaxation (EC50) response to acetylcholine was
estimated by linear regression from log concentration-effect
curves.  Differences between groups were tested for statisti-
cal significance by analysis of variance followed by the
Newman-Keuls test.  P<0.05 was considered significant.

Results
Effects of LPC on endothelium-dependent relaxation

There was no difference in the relaxation response to acetyl-
choline in rat aortic rings during the initial examination be-
tween groups (data not shown).  After incubation with Krebs’
solution for 45 min, acetylcholine (0.03–3 µmol/L) still
evoked a significant concentration-dependent relaxation in
aortic rings in the control group during the later repeat ex-
amination (Figure 1), in which the Emax value reached
90.4%±4.3%, and the EC50 value was 74.9±9.6 nmol/L (Table
1).  Exposure of aortic rings to LPC (1–10 µmol/L) for 30
min significantly inhibited the endothelium-dependent re-
laxation response to acetylcholine in a dose-dependent
manner; there were lower Emax and higher EC50 values in aortic
rings of the LPC groups compared with the control rings

(Figure 1, Table 1).  These results indicated that LPC im-
paired the endothelium-dependent relaxation response to ace-
tylcholine in rat aortic rings.

Effects of pravastatin on the inhibition by LPC  Pre-
incubation of rat aortic rings with pravastatin (0.3-3 mmol/L)
for 15 min and then co-incubation of rat aortic rings with
LPC 3 µmol/L for 30 min attenuated the inhibitory effect of
LPC on endothelium-dependent relaxation.  The Emax value
increased and the EC50 value was reduced in aortic rings of
pravastatin groups compared with the LPC 3 µmol/L group
(Figure 2, Table 1).

Incubation of aortic rings with L-NAME (30 µmol/L) in
the presence of pravastatin (1 mmol/L) for 15 min abolished
the protective effect of pravastatin on the impairment of en-
dothelium-dependent relaxation induced by LPC, whereas
indomethacin did not change the beneficial effects of
pravastatin.  Significant differences were obtained when the
Emax and EC50 values of the L-NAME group, but not of the
indomethacin group were compared with those of pravastatin
group (Figure 3, Table 1).  In addition, pravastatin per se did
not affect the endothelium-dependent relaxation of aortic

Table 1.  Effects of drugs on the Emax and EC50 values for acetylcholine-
induced relaxation of rat aortic rings.  n=5.  Mean±SEM.  cP<0.01 vs
control group.  eP<0.05, fP<0.01 vs LPC 3  µmol/L group.  iP<0.01 vs PT
1 mmol/L+LPC 3 µmol/L group (Newman-Keuls test).

        Treatment                                ACh Emax/%      ACh EC50/
                       nmol·L-1

Control 90.4±4.3   74.9±9.6
LPC 1 µmol/L 80.2±3.0 160.9±13.7
LPC 3 µmol/L 63.8±3.1c 268.8±31.1c

LPC 10 µmol/L 46.8±6.0c 273.6±49.7c

PT 0.3 mmol/L+LPC 3 µmol/L 87.4±2.2f 159.0±23.0e

PT 1 mmol/L+LPC 3 µmol/L 86.2±3.4f   99.2±19.1f

PT 3 mmol/L+LPC 3 µmol/L 86.4±4.0f   75.9±11.1f

Indo 10 µmol/L+PT 1 mmol/L 86.0±3.2   93.0±9.1
  +LPC 3 µmol/L
L-NAME 30 µmol/L 63.0±5.0i 203.1±36.7i

  +PT 1 mol/L+LPC 3 µmol/L
Che 1 µmol/L+LPC 3 µmol/L 87.0±6.0f 151.3±9.4e

L-Arg 3 mmol/L+LPC 3 µmol/L 94.2±2.9f   87.0±10.1f

SOD 200 kU/L+LPC 3 µmol/L 91.8±3.5f   87.6±13.3f

The maximal relaxation (Emax) response to  acetylcholine (ACh) 3 µmol/L
of rat aortic rings was expressed as percentage of contraction elicited by
phenylephrine 1 µmol/L.  The half-maximum effective concentration
(EC50) response to ACh was calculated by linear regression from lg con-
centration-effect curves of ACh. Pravastatin: PT; lysophosphatidylcholine:
LPC; indomethacin: Indo; chelerythrine: Che; L-arginine: L-Arg.

Figure 1.  Effect of lysophosphatidylcholine on the endothelium-
dependent relaxation in isolated rat aortas. n=5.  Mean±SEM.  bP<0.05,
cP<0.01 vs control group.
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rings in the absence of LPC or endothelium-independent re-
laxation of aortic rings in the presence of LPC (data not
shown).

Effects of chelerythrine, L-arginine, and SOD on the
inhibition by LPC  In an analogous manner, pre-incuba-

tion of aortic rings with chelerythrine (1 µmol/L), L-
arginine (3 mmol/L), or SOD (200 kU/L) also decreased the
inhibition of endothelium-depedent relaxation by LPC.  Sig-
nificant differences were observed when the Emax and EC50

values of chelerythrine, L-arginine, or SOD group were com-
pared with those of LPC group (Figure 4, Table 1).

Discussion
The present study confirmed previous reports that LPC

inhibited endothelium-dependent relaxation of isolated rat
aortas in a concentration-dependent manner[2], and demon-
strated that pravastatin, an inhibitor of HMG-CoA reductase,
reduced the inhibition by LPC on endothelium-dependent
relaxation.  The protective effect of pravastatin on the im-
pairment of endothelium-dependent relaxation induced by
LPC is very similar to that of chelerythrine, SOD, and
L-arginine.  These results suggest that pravastatin protects
endothelium against injury from LPC and this may be re-
lated to enhancing the bioavailability of NO through increas-
ing NO synthesis and decreasing NO oxidative inactivation
in endothelial cells.

NO-mediated and endothelium-dependent relaxation is
inhibited early in the atherosclerotic process, even before
histological evidence of plaque formation is evident.
Ox-LDL, an oxidative product of native LDL in endothelial

Figure 2.  Effect of pravastatin (PT)  on the impaired endothelium-de-
pendent relaxation of rat aortas induced by lysophosphatidylcholine (LPC).
n=5.  Mean±SEM.  cP<0.01 vs control group.  fP<0.01 vs LPC 3  µmol/L
group.

Figure 3.  Effects of L-NAME and indomethacin (Indo) )on the protec-
tion by pravastatin (PT)  against impairment of endothelium-dependent
relaxation induced by lysophosphatidylcholine (LPC).   n=5.  Mean±SEM.
cP<0.01 vs control group.  fP<0.01 vs LPC 3  µmol/L group.

Figure 4.  Effects of chelerythrine (Che), superoxide dismutase (SOD),
and L-arginine (L-Arg) on the impaired endothelium-dependent relax-
ation of rat aortas induced by lysophosphatidylcholine (LPC).  n=5.
Mean±SEM.  cP<0.01 vs control group.  eP<0.05, fP<0.01 vs LPC 3  µmol/L
group.
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cells and/or macrophages which presents in atherosclerotic
lesions, is primarily responsible for this inhibition[1–3].  The
inhibitory action of ox-LDL has generally been attributed to
LPC, which is abundant in oxidized LDL and also accumu-
lates in atherosclerotic lesions[1–3].  Removal of LPC from
ox-LDL with phospholipase B[3] or albumin[19] has been
shown to render ox-LDL inactive, and conversely, direct
treatment of arterial rings with LPC can mimic the inhibi-
tory effects of ox-LDL on endothelium-dependent relaxa-
tion[2,3].  In the present study, we also confirmed that expo-
sure of rat aortic rings to LPC (1–10 µmol/L) did inhibit the
endothelium-dependent relaxation response to acetylcholine,
but did not affect the endothelium-independent relaxation
response to sodium nitroprusside.  These results are consis-
tent with other studies[2,3], and suggest that the concentra-
tions of LPC used in the current study had endothelium-spe-
cific effects that were not due to its cytotoxicity.

Although the precise mechanisms responsible for the in-
hibition of endothelium-dependent relaxation induced by
LPC have not been elucidated, increasing oxidative degra-
dation of NO and decreasing production of NO in endothe-
lial cells could be implicated in this inhibition.  A number of
studies[4,20] have suggested that LPC stimulates superoxide
anion production by activating PKC in vascular cells, which
can inactivate NO by oxidation.  In addition, LPC has been
shown to inhibit the high-affinity arginine transporter in en-
dothelial cells, decrease the availability of arginine, and sub-
sequently reduce the synthesis of NO; supplementation with
exogenous L-arginine reversed the inhibition by LPC[21].  In
the present study, we found that chelerythrine, an inhibitor
of PKC, improved the impairment of endothelium-depen-
dent relaxation by LPC.  Furthermore, the current study also
demonstrated that the inhibition of endothelium-dependent
relaxation induced by LPC was completely reversed by SOD,
a scavenger of superoxide anions and by L-arginine, a pre-
cursor of NO.  Taken together, these findings strongly sup-
port the proposal that LPC-induced inhibition of endothe-
lium-dependent relaxation may be due to decreasing the
bioavailability of NO via increasing the oxidative degrada-
tion of NO and reducing the synthesis of NO.

Evidence has accumulated that ox-LDL plays a critical
role in atherogenesis, and LPC, the major lipid constituent
of ox-LDL, has been recognized as an important factor that
triggers disturbed endothelium-dependent vasodilatation of
atherosclerosis.  Therefore, finding effective drugs to reverse
endothelial dysfunction induced by LPC may prevent the
development of atherosclerosis.  Pravastatin, like the other
statins, is a competitive inhibitor of HMG-CoA reductase,
which markedly reduces hepatic cholesterol in vivo by in-

hibiting the rate-limiting step in cholesterol synthesis cata-
lyzed by HMG-CoA reductase[5].   A number of studies have
demonstrated that pravastatin can reduce adverse cardiovas-
cular events in patients suffering from coronary artery disease
with or without hypercholesterolemia[5,22].  Recently, some
authors have reported that pravastatin improved the defec-
tive endothelium-dependent vasodilatation of atherosclerotic
vessels before the reduction of plasma cholesterol levels in
humans and animals[16–18].  However, it is still unknown that
whether pravastatin acts directly against the adverse effect
of LPC on endothelium-dependent relaxation in addition to
its cholesterol-lowering  action.  This study provides the first
evidence that pravastatin protects endothelium against in-
jury induced by LPC in isolated rat aortas.  Although experi-
ments in vitro can not completely mimic the conditions in
vivo and are not good for studying the chronic effects of
drugs, they are useful because they can exclude the effects
of many factors in vivo and directly investigate the effects of
drugs in some (pathological) conditions.  Therefore, the en-
dothelium-dependent relaxation of isolated aortic rings is
extensively used to measure the function of endothelium in
physiological conditions and some pathological conditions,
such as atherosclerosis, or mimic intervention with ox-LDL
or LPC.

The mechanisms by which pravastatin improves endot-
helial function are not completely understood.  Results from
the present study indicate that the protective effect of
pravastatin on vascular endothelium is related to increasing
the synthesis of endothelial NO.  We found that the protec-
tive effect of pravastatin on the inhibition of endothelium-
dependent relaxation induced by LPC was similar to that of
L-arginine.  Furthermore, the beneficial effect of pravastatin
was reversed by L-NAME, but not by indomethacin.  An-
other study has reported that pravastatin can up-regulate the
expression of NOS and enhance the production of NO in
endothelial cells[23].  Treatment with statins including
pravastatin of patients and rabbits with atherosclerosis re-
sults in up-regulated eNOS expression, increased NO
synthesis, and simultaneously improved endothelium-
dependent relaxation, which was reversed by Nω-nitro-
L-arginine[24,25].  These findings suggested that pravastatin
enhanced the production and release of NO from endothe-
lium to improve endothelial function.  However, Parker et al[26]

reported that treatment of normal rats with simvastatin, but
not with pravastatin, impaired the endothelium-dependent
relaxation of their isolated aortic rings although it was able
to enhance eNOS expression in endothelial cells.  Chen et al[27]

reported that pravastatin did not influence IL-1β-induced NO
synthesis in vascular smooth muscle cells.  The discrepan-
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cies between our findings and theirs could be attributed to
the different functional states of vascular endothelium, in
different cells and under treatment with different stimulated
factors or different drugs.  In fact, many studies have shown
that pravastatin did increase NO production and restore en-
dothelium-dependent relaxation in atherosclerotic animals
and humans[16–18,25].  Another potential mechanism by which
pravastatin improved endothelial function is by reducing the
oxidative inactivation of NO.  Recent investigations have
demonstrated that statins can decrease lipid peroxidation pro-
duction[7], suppress NADPH oxidase activity[28], and increase
the activity of catalase[29], and superoxide dismutase[7], which
decreases the generation of oxygen free radicals resulting in
reduction of NO activation.  Moreover, a number of studies
have shown that pravastatin can also reduce superoxide an-
ion production by suppressing PKC activity in vascular
cells[14,15].  In the present study, we demonstrated that
chelerythrine, an inhibitor of PKC and SOD, a scavenger of
superoxide anions, reversed the inhibition of endothelium-
dependent relaxation induced by LPC, which was similar to
effects of pravastatin.  These results indirectly suggest that
the protective effect of pravastatin against the damage to en-
dothelium induced by LPC is related to decreasing NO oxi-
dative inactivation via suppressing PKC activity and reduc-
ing superoxide anion production.

In conclusion, the present study demonstrates for the first
time that pravastatin has a protective effect on endothelium
against injury elicited by LPC, and that this protective effect
is related to enhancing the bioavailability of NO through
increasing NO synthesis and decreasing NO oxidative inac-
tivation in endothelial cells.
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Enzymatic activity characterization of SARS coronavirus 3C-like protease
by fluorescence resonance energy transfer technique1
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Abstract
Aim: To characterize enzymatic activity of severe acute respiratory syndrome
(SARS) coronavirus (CoV) 3C-like protease (3CLpro) and its four site-directed
mutants.  Methods: Based on the fluorescence resonance energy transfer (FRET)
principle using 5-[(2 -́aminoethyl)-amino] naphthelenesulfonic acid (EDANS) and
4-[[4-(dimethylamino) phenyl] azo] benzoic acid (Dabcyl) as the energy transfer
pair, one fluorogenic substrate was designed for the evaluation of SARS-CoV
3CLpro proteolytic activity.  Results: The kinetic parameters of the fluorogenic
substrate have been determined as Km=404 µmol·L-1, kcat=1.08 min-1, and kcat/Km=2.7
mmol-1·L·min-1.  SARS-CoV 3CLpro showed substantial pH and temperature-trig-
gered activity switches, and site-directed mutagenesis analysis of SARS-CoV
3CLpro revealed that substitutions of His41, Cys145, and His163 resulted in complete
loss of enzymatic activity, while replacement of Met162 with Ala caused strongly
increased activity.  Conclusion: This present work has provided valuable infor-
mation for understanding the catalytic mechanism of SARS-CoV 3CLpro.  This
FRET-based assay might supply an ideal approach for the exploration SARS-
CoV 3CLpro putative inhibitors.
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Introduction
Between the end of 2002 and June 2003, a severe epi-

demic disease called severe acute respiratory syndrome
(SARS) broke out in China and quickly spread to more than
30 other countries.  A novel coronavirus, SARS-CoV, was
identified as the etiological agent of SARS infection by us-
ing biophysical and biochemical techniques[1–3].  Coronavirus
(CoV) is a positive-stranded RNA virus and involves the larg-
est viral RNA genome known to date.  Phylogenetic studies
have shown that SARS-CoV is a previously unknown
coronavirus, which is neither a member nor a mutant of any
known coronavirus group, and is believed to be a novel human

coronavirus, possibly originating from a non-human host[4].
Proteolytic processing of viral polyproteins is a vital step

in the replication cycle of many positive-strand RNA viruses
and such processing is commonly performed by virus-
genome encoded protease[5,6].  The open reading frame (ORF)
of the  coronavirus replicase gene for encoding the proteins
which is required for virus replication and transcription, en-
compasses more than 20 000 nucleotides[7,8] and encodes two
overlapping polyproteins, pp1a (replicase1a, around 450
kDa) and pp1ab (replicase1ab, approximately 750 kDa).  It
is known that the replicase gene features the sequence mo-
tifs of both papain-like protease and 3-chymotrypsin like pro-
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tease (3CLpro)[9,10].  3CLpro, which is also called main protease,
functions as a key protease to control the activities of
coronavirus replication complexes.

It has been concluded from previous research data that
3CLpro-mediated processing pathways are conserved in
coronaviruses.  Coronavirus main proteases employ cysteine
and histidine residues as the catalytic dyad in the catalytic
site but lack a corresponding third catalytic site[5,11–13], which
is an acidic residue in chymotrypsin.  Previous research has
also confirmed that substrate specificities for the coronavirus
main proteases are well defined, with the known proteolytic
sites involving bulky hydrophobic residues (mainly leucine/
isoleucine) at the P2 position, conserved glutamine at the P1
position, and small aliphatic residues at the P1’ posi-
tion[14,15].  In addition, secondary structural studies for sub-
strates of SARS-CoV 3CLpro have revealed that substrates
with more beta-sheet like structures tend to be cleaved
quickly[16].  The determination of the crystal structures for
human coronavirus (strain 229E) 3CLpro and the inhibitor
complex of porcine coronavirus (transmissible gastroenteri-
tis virus, TGEV) 3CLpro also confirmed a remarkable degree
of conservation of the substrate binding sites for coronavirus
3CLpro [17].  The recently reported crystal structures of SARS-
CoV 3CLpro and its complex with an inhibitor revealed sub-
stantial pH-dependant conformational changes that correlate
well with the varying activity of 3CLpro at different pH levels,
and an unexpected model of inhibitor binding[18].  In fact, it
has already been shown that 3CLpro is an ideal target for
screening anti-virus agents[15,19,20].  Like other 3CLpro, SARS-
CoV 3CLpro might become an attractive target in discover-
ing new agents for the treatment of SARS[17].

In our previous work, we reported a 3D model of SARS-
CoV 3CLpro with its inhibitors, designed by virtual screen-
ing[21], and the molecular cloning, expression and purifica-
tion of SARS-CoV 3CLpro, with a preliminary study on its
mass spectral characterization[22].

To date, the proteolytic activity of SARS-CoV 3CLpro

has been almost determined by substrate-analog peptide
cleavage assays using conventional RP-HPLC techniques[16].
In fact, the fluorescence-based assay is another method for
quantitative protease activity assay, eg fluorescence reso-
nance energy transfer (FRET) has been successfully used to
develop spectrophotometric assays for many proteases[23–25].
The FRET-based method is more sensitive and less time-
consuming compared with the RP-HPLC technique.
Recently, a fluorogenic 14-amino acid peptide has been re-
ported to measure SARS-CoV 3CLpro enzymatic activity[26].
In the present report, we describe how this methodology can
be used to design a 12-amino acid fluorogenic peptide with

EDANS/ Dabcyl as the fluorescence quenching pair.  This
fluorogenic substrate has been successfully used to charac-
terize the proteolytic activities of wild type SARS-CoV
3CLpro at different pH levels and temperatures, and its four
site-directed mutants including two catalytic residues and
two substrate-binding sites as well.  To our knowledge, such
a fluorescence-based assay is the first to be used for site-
directed mutation analysis of SARS-CoV 3CLpro.  We hope
that this present FRET-based assay will supply an ideal plat-
form for the exploration of SARS-CoV 3CLpro putative
inhibitors.

Materials  and  methods
Materials  All chemicals were of HPLC grade and pur-

chased from Sigma (St Louis, MO).  The Ni-NTA chelating
affinity column, protease for tag-cleavage and low molecu-
lar weight marker for SDS-PAGE were from Amersham
Pharmacia Biotech (Uppsala, Sweden).

Cloning, expression and purification of SARS-CoV
3CLpro  SARS-CoV 3CLpro was cloned, expressed, and
purified, as described by Sun et al[22].  The purified His-tagged
SARS-CoV 3CLpro was analyzed by SDS-PAGE, concen-
trated by centriprep (Milipore), and stored in sodium phos-
phate 20 mmol·L-1 pH 7.5/NaCl 100 mmol·L-1/dithiothreitol
(DTT) 5 mmol·L-1/ethylene diaminetetraacetic acid (EDTA)
1 mmol·L-1 at 4 ºC.  The structural integrity was analyzed by
circular dichroism (CD).

Site-directed mutagenesis of SARS-CoV 3CLpro  Site-
directed mutagenesis was effected by using a modified re-
combinant PCR method.  Four mutant SARS-CoV 3CLpro

(SARS-CoV 3CLpro His41Ala, Cys145 Ala, His163Ala, and
Met162Ala) were prepared with the QuickChange site-directed
mutagenesis kit (Stratagene) using pQE30-SARS-CoV
3CLpro as a template.  The nucleotide sequences of the prim-
ers used for site-directed mutagenesis were given in Table 1.
The pQE30-SARS-CoV 3CLpro plasmids encoding mutant
forms of SARS-CoV 3CLpro were verified by sequencing and
then transformed into E coli M15 cells, and the mutant pro-
teins were expressed and purified in a similar procedure to
that for the wild type protease.  The purity and structural
integrity of the mutant proteins were analyzed by SDS-PAGE.
The circular dichroism (CD) spectra of four site-directed
mutants were compared with those of wild type SARS-CoV
3CLpro to exclude the possibility of structural misfolding
caused by site-directed mutation (data not shown).

Synthesis of fluorogenic substrate  The 12-amino acid
fluorogenic substrate EDANS-Val-Asn-Ser-Thr-Leu-Gln-
Ser-Gly-Leu-Arg-Lys(Dabcyl)-Met was synthesized and
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characterized using a modified procedure described by
Garcia-Echeverria and Rich[27].  Nα-tert-butyloxycarbonyl
(Boc)-protected amino acids were used in all coupling steps.
The base liable-protecting group, 9-fluorenylmethyloxycar-
bonyl (Fmoc), was used for the protection of the side chain
of lysine, while the benzyl (Bzl) group was employed for the
protection of C-terminal carboxyl group of the peptide.  The
Boc protecting group was removed before coupling by us-
ing HCl 4 mol/L in dioxane.  Peptide couplings were achieved
by overnight reaction with 1,3-dicyclohexylcarbodiimide
(DCC) or 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hy-
drochloride and 1-hydroxybenzotriazole (HOBt) in N,N-
dimethylformamide (DMF).  After completion of synthesis,
the benzyl group was removed by hydrogenolysis in
methanol.  The commercially available 5-[(2 -́aminoethyl)-
amino] naphthelenesulfonic acid (EDANS) and 4-[[4-
(dimethylamino) phenyl] azo] benzoic acid (Dabcyl) groups
were attached to the peptides with conventional condensa-
tion reactions[28], and the Fmoc group was removed from the
lysine ε-amine group by treatment with piperidine-N,N-
dimethylformamide (1:1 v/v) to give the final fluorogenic
substrate.  The crude products were purified by means of
HPLC on a Kromasil 7-µm C8 column (25 mm×250 mm).
The purity of the final products was evaluated by reversed-
phase HPLC on a Kromasil 5-µm C8 column (4.6 mm×250
mm).  The integrity of the purified peptides was determined
by LCQ-DECA mass spectrometry (Thermofinnigan, San
Jose, CA), and the observed molecular mass was found to
agree with the calculated value.

Enzymatic activity assay  Stock solution for the fluoro-
genic substrate was prepared in Me2SO and stored at 4 ºC.
Subsequent dilutions were performed using the assay buffer
(sodium phosphate 20 mmol/L, pH 7.5, NaCl 100 mmol/L,

DTT 5 mmol/L, EDTA 1 mmol/L) with the final concentra-
tion of Me2SO less than 1 % (v/v).

Initial fluorimetric assays were performed in a 1 mL
quartz cuvette with a 1 cm path length at 25 ºC.  During the
assay, SARS-CoV 3CLpro (final concentration 1 µmol/L) was
preincubated at 25 ºC for 30 min in the cuvette containing
the assay buffer, followed by the addition of the fluorogenic
substrate stock solutions to a final concentration of 10 µmol/L.
The increase in emission fluorescence intensity was recorded
at 10 min intervals on a Hitachi F-2500 fluorescence spec-
trophotometer connected to a thermostat.  When fluorescence
was being measured, the instrument was first set to zero with
the fluorogenic substrate itself in the assay buffer.  Cleavage
of the peptide as a function of time was followed by moni-
toring the emission fluorescence intensity at a wavelength
of 490 nm upon excitation at 340 nm (slit width 10 nm), and
the initial reaction velocity (v0) was determined from the lin-
ear portion of the progress curve.  The final emission fluo-
rescence intensity of the totally hydrolyzed substrate was
determined by adding excess SARS-CoV 3CLpro until no
emission fluorescence intensity change at a wavelength of
490 nm was recorded.

Kinetic parameters (Km and kcat) of SARS-CoV 3CLpro

for the fluorogenic substrate were determined by incubation
of the substrate at different concentrations ranging from 1
mmol/L to 5 µmol/L with SARS-CoV 3CLpro 1 µmol/L at
25 ºC in the assay buffer.  The reaction velocity (v0) for each
substrate concentration was averaged from three  assay
results.  Km and kcat values were calculated by using a
Lineweaver-Burk plot.

The relative enzymatic activity at varying pH levels was
investigated at 25 ºC in citric acid/phosphate buffer (pH =5,
6, 7, and 8) and glycine/NaOH buffer (pH=9, 10) containing

Table 1.  Nucleotide sequences of the primers used for site-directed mutagenesis of SARS-CoV 3CLpro*.

                  Oligonucleotide sequence (5´→3´)                                                                  Polarity                          Mutation introduced

CAGTATACTGTCCAAGAGCTGTCATTTGCACAGCAG Forward SARS-CoV 3CLpro His41Ala
CTGCTGTGCAAATGACAGCTCTTGGACAGTATACTG Reverse SARS-CoV 3CLpro His41Ala
GGTTCTTTCCTTAATGGATCAGCTGGTAGTGTTGGTTTTAAC Forward SARS-CoV 3CLpro Cys145Ala
GTTAAAACCAACACTACCAGCTGATCCATTAAGGAAAGAACC Reverse SARS-CoV 3CLpro Cys145Ala
GTGTCTTTCTGCTATATGGCTCATATGGAGCTTCCAACAGG Forward SARS-CoV 3CLproHis163Ala
CCTGTTGGAAGCTCCATATGAGCCATATAGCAGAAAGACAC Reverse SARS-CoV 3CLpro His163Ala
GCGTGTCTTTCTGCTATGCGCATCATATGGAGCTTCC Forward SARS-CoV 3CLproMet162Ala
GGAAGCTCCATATGATGCGCATAGCAGAAAGACACGC Reverse SARS-CoV 3CLproMet162Ala

* The mutant codons in the oligonucleotide sequences are highlighted in boldface.  SARS-CoV 3CLpro amino acids are numbered continuously from the
N-terminal residue, Ser1, to the C-terminal residue, Gln303.
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DTT 5 mmol/L, EDTA 1 mmol/L, SARS-CoV 3CLpro 1 µmol/
L and fluorogenic substrate 10 µmol/L.  The reaction veloc-
ity (v0) at each pH value was measured in triplicate and
averaged.

The enzymatic activity at different temperatures (10, 20,
30, 40, and 50 ºC) was measured in an assay buffer contain-
ing SARS-CoV 3CLpro 1 µmol·L-1and substrate 10 µmol/L.
The enzyme was equilibrated at the same temperature as that
for the assay buffer and substrate solution before mixing.
During the assay, the cuvette temperature was stabilized by a
thermostat connected to a Hitachi F-2500 fluorescence
spectrophotometer.  The reaction velocity (v0) at each tem-
perature was the average of the three parallel assays and the
reaction velocity at 40 ºC was taken as 1.0.

The enzymatic activity of four site-directed mutants of
SARS-CoV 3CLpro (SARS-CoV 3CLpro His41Ala, Cys145 Ala,
His163Ala, and Met162Ala) was the average of three parallel
assays performed in an identical way as described above for
wild type SARS-CoV 3CLpro.

Results  and  discussion
Fluorogenic substrate design and initial fluorimetric

assay  It is well estabished that the specificities of CoV 3CLpro

for the substrate involves bulky hydrophobic residues (mainly
leucine/isoleucine) at the P2 position, conserved glutamine
at the P1 position, and small aliphatic residues at the P1’
position.  A 12-amino acid peptide representing the NH2-
terminal autoprocessing site of TGEV 3CLpro with the se-
quence of substrate-analog chloromethyl ketone inhibitor
Cbz-Val-Asn-Ser-Thr-Leu-Gln-CMK was devised to sepa-
rate the quencher from the fluorescent donor chromophore
for designing the fluorogenic substrate in this study (Figure
1A), considering that a published cleavage experiment found
that a 15-amino acid substrate involving these sequences
could be efficiently cleaved by SARS-CoV 3CLpro[17].  To
ensure efficient internal quenching, a commercially avail-
able donor/quencher pair was chosen for this study: 5-[(2 -́
aminoethyl)-amino] naphthelenesulfonic acid (EDANS) and
4-[[4-(dimethylamino) phenyl] azo] benzoic acid (Dabcyl)
(Figure 1B).  These dyes had already been used  in FRET-
based procedures[25,29,30].  Most importantly, the EDANS/
Dabcyl pair possessed adequate spectral overlap which al-
lowed almost complete quenching of EDANS’s fluorescence.
The detailed experimental procedure for characterzing the
enzymatic activity of SARS-CoV 3CLpro was illustrated in
Figure 2.

 To evaluate the availability of the synthesized peptide
as a potential substrate of SARS-CoV 3CLpro, an initial fluo-

rimetric assay was performed.  Comparison of the fluores-
cence emission spectrum of only the fluorogenic substrate
(data not shown) with those spectra incubated with SARS-
CoV 3CLpro (Figure 3A) clearly showed that the Dabcyl group
almost exclusively quenched the donor emission of the
EDANS fluorophore in the fluorogenic substrate and the
fluorogenic substrate was efficiently hydrolyzed by SARS-
CoV 3CLpro.  The obvious emission fluorescence intensity
enhancement over time implies that the fluorogenic substrate
is ideal for subsequent enzymatic activity assays against
SARS-CoV 3CLpro.

Enzymatic activity assays  Considering the data ob-
tained from the initial fluorimetric assay, SARS-CoV 3CLpro

proteolysis against the fluorogenic substrate resulted in an
appreciable increase in emission fluorescence intensity at a
wavelength of 490 nm as a function of time, and a typical
fluorescence profile following hydrolysis of the substrate is
shown in Figure 3B.  As a control, incubation of the sub-
strate in assay buffer in the absence of SARS-CoV 3CLpro

showed no fluorescence intensity change over time (data not
shown).

Measurement of the kinetic parameters (Km and kcat) was
accomplished by conducting hydrolysis of the fluorogenic
substrate at various concentrations.  A typical Lineweaver-
Burk plot is shown in Figure 4, which  plots the reciprocal of
the initial velocity (v0) versus the reciprocal of the substrate
concentration.  The data for each concentration were ob-

Figure 1.  (A) Proposed design of fluorogenic substrate.  Cleavage site is
highlighted in boldface; D, the fluorescent donor chromophore; Q,
quencher.  (B) Structures and fluorescent properties of the donor/quencher
pair EDANS/Dabcyl.



Http://www.chinaphar.com Chen S  et al

103

tained in triplicate.  The calculated Km and kcat values were

404±9 µmol/L and 1.08±0.14 min-1, respectively.  Obviously,
the relatively small kcat/Km value (2.7±0.3 mmol-1·L·min-1)
indicated that the in vitro activity of SARS-CoV 3CLpro was
low, in common with other reported coronavirus 3CLpro[5].
Such a low activity for SARS-CoV 3CLpro may be due to the
fact that only the dimer of 3CLpro was the active form, and
efficient active dimeric form was often at relatively low con-
centrations during the enzyme assay[16,26].

Figure 5 showed the results concerning the relative en-
zymatic activity at various pH values for SARS-CoV 3CLpro.
The protease exhibited a stable proteolytic activity at pH 7.0–
x9.0, and displayed only 50% activity at pH 6.0 and 10.0.

Figure 3.  Initial fluorimetric assay and representative fluorescence pro-
file of hydrolysis of the substrate by SARS-CoV 3CLpro.  (A) Emission
spectra of the synthesized substrate incubated with SARS-CoV 3CLpro

recorded at 10 min intervals; λEX= 340 nm; λpeak EM=490 nm.  (B) The
initial reaction velocity (v0) was determined from the linear portion of the
progress curve, which corresponded to between 2% and 10% hydrolysis
of the substrate.

Figure 2.  The experimental procedure of enzymatic activity characterization of SARS-CoV 3CLpro using the fluorogenic substrate.

Figure 4.  Determination of the kinetic parameters (Km and kcat) by
Lineweaver-Burk plot.  Enzymatic activity at different substrate concen-
trations varying from 1 mmol/L to 5 µmol/L was measured.  The Km and
kcat values were calculated by linear fitting method using ORIGIN 7.0.
V: µmol·L-1·min-1; S: µmol·L-1.



104

 Acta Pharmacologica Sinica ISSN 1671-4083Chen S  et al

However, when pH decreased to 5.0, it almost lost its activity
completely.  These results were strongly supported by a re-
cent study, which discussed the pH dependence and the cata-
lytic mechanism of SARS-CoV 3CLpro [31].  The pH profile
shown in Figure 5 can be fitted by the following equation[32]:

Where v is the measured reaction velocity that is plotted
on the y axis, vmax is the observed maximum value of the
reaction velocity, and pKa1 and pKa2 refer to the pKa values
for the two relevant acid-base catalytic groups being titrated.
A fit of the curve in Fig 5 to the equation yielded values of
pKa1 and pKa2 of 6.31±0.12 and 9.95±0.11, respectivexxxand
Cys145 formed a catalytic dyad in the active site of SARS-
CoV 3CLpro, and ionization of sulfhydryl group of Cys145

and imidazole group of His41 played an important role in
catalytic processing of substrate hydrolysis[18].

The relative enzymatic activity of SARS-CoV 3CLpro at
different temperatures was depicted in Figure 6; the activity
of SARS-CoV 3CLpro nearly doubled with every 10 ºC in-
crease from 10 to 40 ºC, and such a result accorded well
with the thermodynamics of a typical chemical reaction.  Like
all proteins, SARS-CoV 3CLpro undergoes thermal denatur-
ation at elevated temperatures, hence the increases in the
catalytic efficiency of the protease with increasing tempera-
ture might be compromised by the competing effects of the
enzyme denaturation at high temperature.  As indicated in
Figure 6, the enzymatic activity diminished significantly at

50 ºC which was consistent with thermal denaturation of
SARS-CoV 3CLpro as monitored by circular dichroism[16].

Mutation analysis of the catalytic dyad and two sub-
strate-binding residues  Based on the sequence alignments,
previous mutagenesis studies with other CoV 3CLpro [7,9,33,34]

and the recently reported crystal structure of SARS-CoV
3CLpro [18], the two residues His41 and Cys145 are fully con-
served and considered to be the principal catalytic residues
of CoV 3CLpro.  Therefore, to confirm these two residues’
functions in the enzymatic activity of SARS-CoV 3CLpro,
both residues were mutated into Ala.  As indicated in Table
2, the proteolytic activity in SARS-CoV 3CLpro His41Ala and
Cys145 Ala mutants were below the detection limit of the en-
zyme assay, which suggested a complete loss of enzymatic
activities for these two mutants.  Furthermore, these data
strongly supported an indispensable catalytic function for
His41 and Cys145, and were fully consistent with the mutagen-
esis data analysis published previously on the HCoV, IBV,
MHV, and FIPV 3CLpro [5,11,35,36].

Additionally, it has been proposed that coronavirus 3CLpro

might employ the characteristic sequence signature Tyr161-
Met162-His163 for substrate binding[33].  However, to date, this
theoretical functional character has not been tested experi-
mentally for SARS-CoV 3CLpro.  The need for experimental
data becomes more evident considering the relatively low
sequence identity between SARS-CoV 3CLpro and 3CLpro of
other coronavirus groups.  With these facts in mind, we fo-
cused on the Met162 and His163 residues of SARS-CoV 3CLpro

by site-directed mutagenesis analysis.
First of all, we exchanged Ala for the conserved His163.

Figure 5.  Enzymatic activity of SARS-CoV 3CLpro at different pH.  The
reaction velocity (v0) was determined in citric acid/phosphate buffer
(pH=5, 6, 7, 8) or glycine/NaOH buffer (pH=9, 10).  The curve was fitted
by an equation described by Copeland[32] using ORIGIN 7.0.

Figure 6 .  Enzymatic activity of SARS-CoV 3CLpro a t varying
temperatures.  The reaction velocity (v0) was determined at 10, 20, 30, 40
and 50 ºC respectively.  The reaction velocity (v0) at 40 ºC was taken as
1.0.
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As shown in Table 2, the proteolytic activity of this mutant
dropped below the detection limit of the enzyme assay.  Such
an obvious indispensability of His163 for proteolytic activity
supported the conclusion that His163 remained uncharged at
physiological pH to facilitate optimal interaction with the
Gln-P1 of the substrate in substrate-binding subsite S1 as
determined by the recently reported crystal structure of SARS-
CoV 3CLpro [18]. This was also consistent with the mutagen-
esis data obtained previously for the same His residue in
other CoV 3CLpro[36].  Secondly, when Met162 residue was
substituted with Ala, it was found that such a mutation did
not decrease the proteolytic activity.  On the contrary, it ex-
hibited strongly increased activity: almost double compared
with the wild type SARS-CoV 3CLpro.  This result was con-
sistent with the corresponding research for FIBV 3CLpro [36],
and indicated that Met162 was not indispensable for pro-
teolytic activity even though it was conserved among CoV
3CLpro.  It was tentatively suggested that such an increase of
proteolytic activity for SARS-CoV 3CLpro caused by Met162

mutation might be due to the fact that the substitution changed
the spatial properties of the substrate-binding subsite S1 and
facilitated substrate binding.

In summary, in this report, based on FRET theory, a
fluorogenic substrate for detection of proteolytic activity of
SARS-CoV 3CLpro was successfully synthesized and
evaluated.  The kinetic parameters showed that the in vitro
activity of SARS 3CLpro was relatively low, perhaps due to
the low concentration of the active dimeric form under the
enzyme assay conditions.  The pH profile of enzymatic ac-
tivity yielded pKa1 and pKa2 values of 6.2 and 10.0,
respectively, which correlated well with the finding that ion-
ization of the catalytic dyad of His41 and Cys145 was perhaps
vital during the catalytic processing of substrate hydrolysis.
In addition, SARS-CoV 3CLpro displayed nearly a twofold

increase in activity with every 10 ºC increase at 10–40 ºC,
and diminished its activity significantly at 50 ºC owing to
thermal denaturation.  Mutation analysis revealed that sub-
stitution of either His41 and Cys145 residues resulted in com-
plete loss of proteolytic activity, which was also observed
for the residue His163 in the substrate-binding subsite S1.
Replacement of Met162 with Ala caused  increased activity,
although the detailed mechanism was still unknown.  The
present FRET-based assay might supply an ideal platform
for the exploration of SARS-CoV and other CoV 3CLpro

putative inhibitors, given the conserved substrate specifici-
ties of CoV 3CLpro.
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Abstract
Aim: To discriminate between fentanyl derivatives with high and low activities.
Methods: The support vector classification (SVC) method, a novel approach,
was employed to investigate structure-activity relationship (SAR) of fentanyl de-
rivatives based on the molecular descriptors, which were quantum parameters
including ∆E [energy difference between highest occupied molecular orbital en-
ergy (HOMO) and lowest empty molecular orbital energy (LUMO)], MR
(molecular refractivity) and Mr (molecular weight).  Results: By using leave-one-
out cross-validation test, the accuracies of prediction for activities of fentanyl
derivatives in SVC, principal component analysis (PCA), artificial neural net-
work (ANN) and K-nearest neighbor (KNN) models were 93%, 86%, 57%, and
71%, respectively.  The results indicated that the performance of the SVC model
was better than those of PCA, ANN, and KNN models for this data.  Conclusion:
SVC can be used to investigate SAR of fentanyl derivatives and could be a prom-
ising tool in the field of SAR research.
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Introduction
Fentanyl, a synthetic opioid commonly used during

anesthesia, is also used to relieve pain in terminally ill pa-
tients[1].  Fentanyl is lipophilic and has high potency as an
analgesic or anesthetic, which can rapidly penetrate the cen-
tral nervous system once taken by patients[2].

Support vector classification (SVC) is a machine learn-
ing method based on the support vector machine (SVM) pro-
posed by Vladimir N Vapnik[3].  It has been recently pro-
posed as a very effective method for pattern recognition.  It
has also been successfully used in such research fields as
vowel recognition[4], drug design[5], combinatorial chemis-
try[6], prediction of beta-turn and alpha-turn types of pro-
teins etc[7,8].  In the present work, the qualitative model was
built based on SVC, with structural descriptors calculated
by using the software Hyperchem, to explore the structure-
activity relationship of fentanyl derivatives.  The outstand-
ing performance of the SVC model proved the significance
of this method.

Methodology
Computational theory The SVC method was used in

this work.  The geometrical interpretation of SVC is that it
chooses the optimal separating surface, ie the hyperplane
equidistant from two classes.  This optimal separating hy-
perplane has many nice statistical properties, which are de-
tailed by Vapnik[3,9].

Consider the problem of separating the set of training
vectors belonging to two separate classes, (y1, x1), ..., (yn,
xn), x∈Rm, y∈-1, +1, with a hyperplane

                                wTx+b=0
 If the training data are linearly separable, then there ex-

ists a pair (w, b) such that:
                 yi(wTxi+b)-1≥0, i=1, 2, ..., l
                 wTx+b≥+1, for all x∈T;
                 wTx+b≥-1, for all x∈F;
The decision rule is:
                     fw,b(x)=sgn(wTx+b)

where w is termed the weight vector and b the bias.  Without
loss of generality the pair (w, b) can be rescaled such that:
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The learning problem is hence reformulated as: minimize
||w||2 subject to the constraints of linear separability.  This is
equivalent to maximizing the distance, normal to the
hyperplane, between the convex hulls of two classes.  The
optimization is now a quadratic programming (QP) problem:

subject to  yi(wTxi+b)≥1, i=1, 2, ..., l.
This problem has a global optimum.  The Lagrangian for

this problem is:

where Λ={λ1,K,…, λl} are the Lagrange multipliers, one for
each data point.

Hence we can write:

note that the Lagrange multipliers are only non-zero when
yi(wTxi+b)=1, vectors for these cases are called support vec-
tors since they lie closest to the separating hyperplane.  Then
the optimal separating hyperplane is given by:

and the bias is given by:

where xr and xs are any support vector from each class satis-
fying

                               yr=1, ys=-1
The hard classifier is then,
                       f(x)=sgn[(w*)Tx+b*]
In the case where a linear boundary is inappropriate the

SVC can map the input vector, x, into a high dimensional
feature space, F.  By choosing a non-linear mapping Φ, the
SVC constructs an optimal separating hyperplane in this
higher dimensional space.  Among the acceptable mappings
are polynomials, radial basis functions and certain sigmoid
functions.  Then the optimization problem becomes,

In this case, the decision function in SVC is as follows:

where xi is the support vectors and K(x, xi) is called kernel
function.

Implementation of SVC  The SVM software package
including SVC was programmed according to the literature[3].
The software was tested in some applications in chemistry
and chemical engineering[9,10].  All computations were car-
ried out on a Pentium IV computer with a 1.3G Hz processor.

Results
Data set  The data set consists of 14 fentanyl derivatives

available[11].  The molecular formula investigated in this work
is shown in Figure 1.  The substituents of the compounds
include R1, R2, and R3.  The data set can be divided into two
classes according to the analgesic bioactivities ED50 (hot plate
method in mice)[11] of samples.  Here Class 1 contains the
compounds with high activities, ie the molecules with ED50

<1.0×10-6 (mol/kg).  Class 2 contains the compounds with
low activities, ie the molecules with ED50>1.0×10-6 (mol/kg).

Computation of descriptors  The three-dimensional
structures of the molecules were drawn, and optimized with
the software Hyperchem3 (Release 7.0 for Windows Mo-
lecular Modeling System, Hypercube Inc. 2002), which was
utilized for the computation of MM+ and PM3 later.  Prior
to the semi-empirical computation of quantum chemistry,
all structures of the compounds were submitted to MM+ com-
putation of molecular mechanics for energy optimization.
The computations were carried out at a restricted Hartree-
Fock level with no configuration interaction.  The molecular
structures were optimized using the Polak-Ribiere algorithm
until the root-mean-square gradient was 0.001.  Only the most
stable conformation of molecule has been used to obtain the
structural descriptors via the computational results of semi-
empirical method PM3.  Using the software Hyperchem3,
the descriptors obtained were as follows: HOMO (highest
occupied molecular orbital energy), LUMO (lowest empty
molecular orbital energy), ∆E (energy difference between
HOMO and LUMO), TE (total energy), HF (heat of
formation), EE (electronic energy), SA (surface area), MV
(molecular volume), lgP (partition coefficient),  MR
(molecular refractivity), MP (molecular polarizability), Mr

(molecular weight), N1 (charge density of the atom N con-
necting with R1), C2 (charge density of the atom C connect-
ing with R2), N3 (charge density of the atom N connecting

Figure 1.  Structure of fentanyl derivatives.

Minimize φ(w)=  1 ||w||2           w,b                          2

  min  | wTxi+b | =1
i=1,2, ..., l

b*= - 1 (w*)T (xs+xr)    2
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with R3).
Selection of descriptors  The selection of descriptors is

a relatively tough job due to the redundancy of some
parameters.  The result used to depend on the experience of
the researcher.  Recently, some of promising results have
been reported on the problem of feature selection[12,13].  In
this work, the entropy method was applied to the selection
of descriptors[14].  Through the computation of entropy for
the data set available, the three descriptors (∆E, MR, Mr) are
determined to be more important than the others.  Table 1
lists the samples with bioactivity ED50 and selected

descriptors, including ∆E, MR, and Mr.  It should be men-
tioned that there possibly exist other combinations of de-
scriptors useful for the classification of data set used here,
but the three descriptors above are enough to be used as the
determining factors for the prediction of activities of the
compounds (refer to the good results described in the fol-
lowing sections).

Selection of the kernel function and the capacity of
parameter C used in the SVC model  Similar to other mul-
tivariate statistical models, the performance of SVC is re-
lated to dependent and independent variables as well as the

Table 1.  The descriptors of structures and bioactivities of the samples.
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combination of parameters used in a model.  In the compu-
tation of SVC, we have to deal with the capacity parameter
C (also called the regularization parameter) and the kernel
type used in modeling.

In this work, the cross validation test, using the leaving-
one-out (LOO) method was undertaken to find a suitable
capacity parameter C and the appropriate kernel function
for the SVC model.  Suppose that Pw is the number of samples
misclassified using the LOO method;  it can then be em-
ployed as a criterion to obtain the appropriate kernel func-
tion and the optimal capacity parameter C.  Figure 2 illus-
trated Pw (concerned with different kernel functions includ-
ing linear, radial, polynomial and sigmoid functions) versus
the capacity parameter C from 0.1 to 250.  It was found that
the SVC model with the best performance could be ascer-
tained by using the radial kernel function with capacity pa-
rameter C from 50 to 100.

Modeling of SVC  According to the results we abtained,
the optimal model of SVC for discriminating between high
and low activities of compounds could be built as follows,
using the radial  kernel function with capacity parameter
C=100:

where σ=1, b=0.68, αi=36.1 (i=2), 21.8 (i=3), 55.1 (i=5),
19.3 (i=7), 0 (i=10), 30.5 (i=11), 100 (i=13), 1.84 (i=14),
correspond to the Lagrange multipliers of support vectors,
while all the others. αi=0. yi=1 for the samples of class 1;
yi=-1 for the samples of class 2.  xi is a vector (pattern of
sample) with unknown activity to be discriminated, xi is one

of the support vectors.  Based on this SVC model, the samples
were discriminated as those of high bioactivities (ED50<
1.0×10-6 mol/kg), if g(x)≥0.  Using SVC model for the clas-
sification of activities of fentanyl derivatives, the accuracy
of classification was 93% by using radial basis kernel func-
tions with the capacity parameter C=100.  Table 2 lists the
trained results from SVC model obtained above.  Figure 3
illustrated the effect of classification with trained SVC model.
It was found that only one sample (compound No 13) was
misclassified.

Results of cross validation tests  Figure 4 illustrated
the effect of the cross validation test using LOO method of
SVC.  It is obvious that the quality of prediction results
(Figure 4) is as good as that of trained results (Figure 3),
also with only one sample (compound No 13) discriminated
wrong.  Table 2 lists the predicted results obtained by using
LOO method of SVC model.

For comparisons with other data mining methods, three
commonly used chemometric methods including principal

Figure 2.  Pw (the number of samples misclassified using LOO method)
versus the C (capacity parameter) using LOO method with different ker-
nel functions.

Figure 3.  Effect of classification with trained SVC model.

Figure 4.  Predicted effect of classification with LOO (leaving-one-out)
test of SVC.
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component analysis (PCA), K-nearest neighbor (KNN) and
artificial neural network (ANN) were utilized to investigate
SAR of fentanyl derivatives, with special consideration of
their predictive ability (generalization ability) from cross vali-
dation tests using LOO method.

Figure 5 illustrated the trained results of classification
for the same data set using PCA method.  It could be seen
from Figure 5 that the quality of classification results was as
good as thoses from the SVC model, with only one sample
misclassified.  However, there were two samples predicted

Table 2.  Data set available and results of computation using the LOO test.

     Sample No            1             2  3   4    5     6      7        8        9        10         11          12          13         14

Actual Class 1 1 1 1 1 1 1 1 2 2 2 2 2 2
TSVCa Class 1 1 1 1 1 1 1 1 2 2 2 2 1 2
PSVCb Class 1 1 1 1 1 1 1 1 2 2 2 2 1 2
TPCAc Class 1 1 1 1 1 1 1 1 2 2 2 2 1 2
PPCAd Class 1 1 2 1 1 1 1 1 2 2 2 2 1 2
TANNe Class 2 1 2 1 2 1 1 1 2 2 2 2 2 2
PANNf Class 1 2 2 1 1 1 2 1 2 2 1 2 1 1
PKNNg Class 1 1 1 1 1 1 1 1 1 2 1 1 1 2

a: TSVC Class means trained class by using SVC method;  b: PSVC Class means predicted class by using leaving-one-out (LOO) test of SVC method;
c: TPCA Class means trained class by using PCA method;  d: PPCA Class means predicted class by using leaving-one-out (LOO) test of PCA method;
e: TANN Class means trained Class by using ANN method;  f: PANN Class means predicted class by using leaving-one-out (LOO) test of ANN method;
g: PKNN Class means predicted class by using K-nearest neighbor (KNN) method.

Table 3.  The number of samples predicted wrongly using the LOO test of different models.

                  Algorithm                             SVC                           PCA                              ANN                                      KNN

Nw (No in Table 2) 1 (13) 2 (3,13) 6 (2,3,7,11,13,14) 4 (9,11,12,13)

Figure 5.  Classification diagram using PCA method.

Figure 6.  Location of No 3 sample predicted using PCA

wrong from the results of cross validation test using LOO
method of PCA.  Figure 6 and Figure 7 illustrated the loca-
tions of samples marked No 3 and No 13, whose predicted
classes did not agree with the actual ones determined using
the LOO test of PCA method.

KNN method, as a helpful pattern recognition tool, was
utilized to discriminate between high and low activities of
compounds for the same data set, with the accuracy of pre-
diction being 71% (K=5).  Obviously, the predictive ability
of KNN model was poor compared to that of SVC model in
this situation.

So far as BP ANN model is concerned, ANN with three
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Figure 7.  Location of No 13 sample predicted using PCA method.

layers was used to build the relationship between the fea-
tures and activities of compounds.  The number of hidden
nodes was three; the transformation function used was
Sigmoid; the number of training steps was 250 000.  Table 2
lists both trained results and predicted results using LOO
method, based on the ANN model built.  It was found from
Table 2 that the trained results of classification were not as
good as the predicted ones.  There were only three (No 1,
No 3, and No 5) samples misclassified for the trained set,
with the accuracy of classification being 79%.  However,
there were six samples that were wrongly classified  from
the results of the cross validation test using LOO method of
ANN model.  Table 3 lists Nw (the number of samples to be
predicted wrong) using LOO test of different models.  It could
be concluded that the predictive ability of SVC model was
superior to that of PCA, KNN, and ANN models for the data
set available.

Discussion
The SVC has been introduced as a robust and highly ac-

curate intelligent classification technique, likely to be a use-
ful chemometrics tool.  On a simple but real chemometric
problem the predictive ability of SVC for the data set avail-
able here outperforms that of PCA, KNN and ANN methods,
which are the most frequently used chemometric techniques.
The SVC exhibits better overall performance because it
embodies the structural risk minimization principle.  It has
an advantage over the other techniques because it converges
to the global optimum, and not to a local optimum that de-
pends on the initialization and parameters affecting the rate
of convergence.  It can be concluded that (1) the selected
descriptors can account for the features of the fentanyl
derivatives; (2) the SVC is a very promising tool for the ap-
proximation of qualitative classification and (3) the SVC is
especially suitable for finding the regularities of the small
data set, ie, data set with fewer samples, giving modeling

results with good generalization ability.
Training and optimization using SVC are easier and faster

compared with other machine learning techniques, because
there are fewer free parameters and only support vectors (only
a fraction of all data) are used in the generalization process.
The results show that the SVC is a good approach for pre-
dicting the classes of fentanyl derivatives.  At the same time,
the models proposed could identify and provide some in-
sight into what features are related to the classification of
these compounds and afford some instruction for further rec-
ognizing new fentanyl derivatives.  It should be noted that
no single method or paradigm is uniformly superior, although
the preliminary evidence presented in this work suggests that
the SVC is a data-mining tool with great potential in
chemometric application.
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Abstract
Aim: To study if cell membrane chromatography (CMC) could reflect drug-re-
ceptor interaction and evaluate the affinity and competitive binding to muscarinic
acetylcholine receptor (mAChR).  Methods: The cell membrane stationary phase
(CMSP) was prepared by immobilizing guinea pig jejunum cell membrane on the
surface of a silica carrier, and was used for the rapid on-line chromatographic
evaluation of ligand binding affinities to mAChR.  The affinity to mAChR was
also evaluated from radioligand binding assays (RBA) using the same jejunum
membrane preparation.  Results: The capacity factor (k’) profiles in guinea pig
jejunum CMSP were: (-)QNB (15.4)>(+)QNB (11.5)>atropine (5.35)>pirenzepine
(5.26)>4-DAMP (4.45)>AF-DX116 (4.18)>pilocarpine (3.93)>acetylcholine
(1.31). These results compared with the affinity rank orders obtained from
radioligand binding assays indicated that there was a positive correlation (r2=
0.8525, P<0.0001) between both data sets.  Conclusion: The CMC method can
be used to evaluate drug-receptor affinities for drug candidates.
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ter of Xi-an Jiaotong University, China.  Atropine, pirenze-
pine, nicotine, pilocarpine, 4-diphenylacetoxy-N-methyl-
piperidine (4-DAMP), 11-2{[2-[(diethylamino) methyl]-1-
piperidinyl]acetyl}-5,11-dihydro-6H-pyrido-(2,3-b) (1,4)
benzodiazepine-6-one (AF-DX116) were purchased from
Sigma Co.  Acetylcholine (ACh) was purchased from Shang-
hai Medical Co.  (-)QNB and (+)QNB was provided by RBI
Co.  Tritiated quinuclidinyl benzilate ([3H]QNB) was pur-
chased from Amersham Radio-Chemical Center with a ra-
dioactivity of 1813 TBq/mol.

Membrane preparation of jejunum vertical muscle
Guinea pigs were killed and the jejunum was removed
immediately.  The intestine was washed thoroughly in nor-
mal saline and the canal was rubbed vertically using a
tampon; then the vertical muscle was cut into small pieces
and added to ice-cold PBS buffer.  The tissue suspension was
homogenized under a cradle at 4 ºC (twice, for 1 min each).
The crude homogenate was centrifuged at 600×g for 10 min
to remove cellular debris.  The supernatant was filtered
through cheesecloth and then centrifuged for 40 min at
20 000×g.  The buff-colored layer around the pellet was gen-

Introduction
Radioligand binding assay (RBA) is a traditional method

in studying drug-receptor interactions.  Although radioligand
binding assay has some advantages, such as high sensitivity,
it results in radioactive pollution and needs special separa-
tion methods.  Cell membrane chromatography (CMC), a
new bio-affinity chromatography technique originated by Dr
He in 1999[1], can be used to observe the binding of a drug
and target (including receptor), simply and conveniently.

Previous experiments have indicated that the receptors
immobilizing on the cell membrane stationary phase (CMSP)
remain bio-active[2,3].  However, it is necessary to study
whether this approach can be adopted to evaluate drug-re-
ceptor interaction and reflect affinity and competitive
binding, although CMC has previously been used to screen
for drug and herb candidates[4,5].

Materials and methods
Animals and drugs Adult guinea pigs (350–400 g) of

either sex were provided by the Experimental Animal Cen-
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tly resuspended in the above buffer and centrifuged as pre-
viously explained[6,7].

Radioligand-receptor binding assay  [3H]QNB with a
radioactivity of 37 PBq/L, was used as a ligand to label mus-
carinic binding sites in membrane prepared from guinea pig
jejunum.  Aliquots (200 µL) of the membrane suspensions
were incubated with 0.5 nmol/L [3H]QNB in 50 mmol/L
PBS buffer for 40 min at 37 ºC.  Non-specific binding was
estimated from the duplicate tube containing 0.01 mmol/L
atropine.  The drug-receptor affinities were estimated by pKD.

pKD= - lg KD

Chromatography experiment  With a known concen-
tration-competitive ligand added in the mobile phase, the
combination between ligand and receptor protein was satu-
rated on the CMSP.  At the key time, the solute eluted from
CMSP was increased drastically, thus forming a characteris-
tic curve breakage.  Conceptually, there are mean breakage
sites in the curve, which only relate to the equilibrium disso-
ciation constant or relationship between drug concentration
and the number of receptors on the CMSP column.  Moreover,
in the solute disassociation process, the result can be ana-
lyzed by Scatchard-Plot method:

where MLapp is the mole number of drug at mean breakage
site, [D] is drug concentration, Ka is association constant of
the drug, and ML is the total number of combination site of
receptor protein on the column.  If non-specific combina-
tion can not be neglected, the following formula is obtained:
where V is the retention volume of drug, [P] is the concen-
tration of receptor combination site, Vmin is retention volume

of drug when the specific interaction is completely inhibited,
and Vmax is obtained from the formula.  [X] is the concentra-
tion of additive, which completes the same site of D.  Vmax is
the retention volume of [D] at low concentration ([D]<<1/Ka,
V=Vmax) and Vx is the retention volume of D when competi-
tive interaction exists.  The value of Vmin can be determined
by regressing 1/(Vmax-V)versus 1/[D] extrapolating to infi-
nite (VI=Vmin).

In the chromatographic system, the capacity factor (k´)
can reflect the mole fraction ratio of stationary and mobile
phase at equilibrium.  The silica surface is completely coated

by the cell membrane in CMSP, so k´ is characteristic of the
action between the drug and the cell membrane, which means,
the larger k  ́showes a stronger affinity for the same chro-
matographic condition.

CMSP was prepared by immobilizing above guinea pig
jejunum cell membrane on the surface of a silica carrier,
provided by the Pharmacy Center of Xi’an Jiaotong Univer-
sity[4], China.  CMSP was packed in the chromatography
column (50 mm×2 mm, id, 7 µm) and equilibrated with at
least 15 mL PBS buffer 50 mmol/L   before runing different
ligands.  The mobile phase was pumped through the column
at a flow rate of 0.5 mL/min at 37 ºC.  Before different ligands
were injected, the column was equilibrated with at least 15
mL PBS mobile phase 50 mmol/L.  When 0.01 mmol/L atro-
pine was added to the PBS buffer, the column was equili-
brated again with this mobile phase before injection.  Ca-
pacity factors were calculated from:

k´=(tR-t0)/t0

where tR is retention time of ligands, and t0 is retention time
of solvent.  Ligand retention time was detected by ultravio-
let on-line in 190-230 nm wavelength.

Statistical analysis  Values were presented as mean±SD.
Correlation between both data sets were analyzed by linear
regression using GraphPad Prism 2.01.

Results
Radioligand-receptor binding experiment  Competi-

tion for [3H]QNB binding by unlabelled ligands showed dif-
ferent affinity in guinea pig jejunum membrane.  None of
the Hill coefficient was significantly different from unity.
The rank orders of potency (pKd) were (-)QNB>(+)QNB>
atropine>4-DAMP>AF-DX116>pirenzepine>pilocarpine>
ACh.  Nicotine had little affinity with muscarinic receptor
(Table 1).

 Cell membrane chromatography experiment In the
CMC experiment, capacity factors (k´) were used to describe
the ligand-CMSP affinity.  The bigger the capacity factor,
the stronger the affinity will be.  The sequence of the rela-
tive affinities of selected ligands were (-)QNB >(+)QNB>
atropine>pirenzepine>4-DAMP>AF-DX116>pilocarpine>
ACh, which were consistent with results calculated from
radioligand binding assays, except for pirenzepine.  Yet and
nicotine had some capacity factor.  When atropine was added
in the  mobile phase the capacity factor of (-)QNB, (+)QNB,
atropine, pirenzepine, 4-DAM, AF-DX116, pilocarpine and
ACh could be reduced, while the capacity factor of nicotine
could not be reduced (Table 2).

   1   =        1      +   1
MLapp     KaML[D]     ML

    1      
=

   1+[D]Ka    +
(1+[D]Ka)2 

·
   1

Vmax-Vi     Vmin[P]KaX     Vmin[P]KaX     [X]

   1     
=

       1         +
    1           
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pine, 4-DAMP, AF-DX116, pilocarpine, and ACh decreased.
This indicated that those ligands could bind to mACh recep-
tor on CMSP and the affinity could be inhibited in competi-
tive displacement by atropine.  The capacity factor of nico-
tine could not be decreased in competitive displace-ment,
so the ligands have no competitive site with atropine.
Therefore, we can infer that capacity factor can evaluate the
affinity of ligand-mACh receptor and reflect the selectivity
and specificity of drug-receptor interaction.  While at present
the equilibrium dissociation constant can not be calculated
by CMC method directly, linear regression analysis showed
that both the data sets correlated with r2=0.8525 (n=24),
P<0.0001 in PBS mobile phase, or with r2=0.8461 (n=24),
P<0.0001 in PBS mobile phase with 0.01 mmol/L atropine
(Figure 1).

It was demonstrated that the CMC model could be used
to observe binding of the drug and receptor on a dynamic
condition, and the characters of drug-receptor interactions
can be shown by chromatographic parameters of drugs on
the CMC model.  However, we noticed that affinity rank
orders from different methods were not entirely consistent.
In the CMC model, affinity of pirenzepine according to the
k  ́value was relatively higher than the corresponding affin-
ity determined using radioligand binding assay.  Similar re-
sults about pirenzepine were observed in other study[8].  When
atropine was added in the mobile phase, the affinity discrep-
ancy was not eliminated.  The source of the different affinity
orders is not readily elucidatory.  It would be likely to blame
low sensitivity of the CMC model for the ligands, because
most ligands of mACh receptor are at the margin of ultra-
violet on-line in 190–230 nm wavelength, or outward of the
range.  It is necessary for us to improve the sensitivity of the

Discussion
The results of the present study demonstrated that  mem-

brane preparation including mACh receptor could be immo-
bilized on the stationary phase with retention of their bind-
ing activities.  Different ligands had different capacity fac-
tors and the rank orders were consistent with results from
radioligand binding assay except for pirenzepine.  During
the experiment, when atropine was added to the mobile phase
the capacity factor of (-)QNB, (+)QNB, atropine, pirenze-

Table 1.  Binding parameters of different ligands in muscarinic receptor
of guinea pig jejunum membrane detected by using [3H]QNB displace-
ment experiment.

    Ligand                                           pKD

                            x1                    x2                    x3           Mean±SD

(-)QNB 8.72 8.66 8.84   8.74±0.09
(+)QNB 7.23 7.12 7.21   7.19±0.06
Atropine 7.05 6.60 6.75   6.80±0.23
4-DAMP 6.38 6.18 6.30   6.29±0.10
AF-DX116 6.21 6.40 6.23   6.28±0.10
Pirenzepine 5.67 6.05 6.03   5.92±0.21
Pilocarpine 5.33 5.28 5.40   5.34±0.06
Ach 5.07 4.70 4.86   5.25±0.17
Nicotine 2.97 3.05 3.04   3.02±0.04

QNB: quinuclidinyl benzilate; 4-DAMP: 4-diphenylacetoxy-N-methyl-
piperidine; AF-DX116: 11-2{[2-[(diethylamino)methyl]-1-piperidinyl]
acetyl}-5,11–dihydro-6H-pyrido-(2,3-b)(1,4) benzodiazepine-6-one; ACh:
acetylcholine.  The guinea pig jejunum homogenates were incubated with
0.5 nmol/L [3H]QNB for 40 min at 37 ºC in the presence of tested ligands.

Table 2.  Capacity factor (k´) of different ligands measured using cell membrane stationary phase in mobile phase of PBS and PBS with 0.01 mmol/L
atropine.

    Ligand                                                                                                     k´
                                                               PBS                                                                   PBS with 0.01 mmol/L atropine
                                x1                   x2                   x3                  Mean±SD               x1                   x2                            x3         Mean±SD

(-)QNB 14.9 15.6 15.7 15.4±0.44 11.7 12.2 10.7 11.5±0.76
(+)QNB 11.6 12.0 10.9 11.5±0.56 8.24 8.89 8.11 8.41±0.42
Atropine 5.19 5.93 4.94 5.35±0.51 4.03 4.47 4.13 4.21±0.23
Pirenzepine 5.12 5.40 5.25 5.25±0.14 4.38 4.86 4.67 4.64±0.24
4-DAMP 4.12 4.94 4.29 4.45±0.43 3.85 3.29 3.36 3.50±0.31
AF-DX116 4.44 3.97 4.12 4.18±0.24 2.99 3.31 3.11 3.14±0.16
Pilocarpine 3.54 4.13 4.13 3.93±0.34 3.02 3.30 3.08 3.13±0.15
ACh 1.14 1.43 1.37 1.31±0.15 1.13 0.97 0.97 1.02±0.09
Nicotine 1.14 0.99 1.08 1.07±0.08 1.03 1.20 1.08 1.10±0.09
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CMC model by using other detectors, like a fluorescence
detector or laser detector.  Before further study, CMC can

Figure 1.  Relationship between capacity factor (k´) and negative loga-
rithm of equilibrium dissociation constant (pKD).  PBS: Y=3.754X-
16.55, r2=0 .8525, n=24, P <0.0001; PBS with 0.01 mmol/L atropine:
Y=2.607X-11.81, r2=0.8461, P<0.0001.

be used to screen for drug candidates and accuracy can be
validated by traditional radioligand binding assay.  The
development of CMC could offer a number of unique advant-
ages.  The receptors can be placed in a stabilized format and
could therefore be reused over a long period of time.  Thus,
it might be possible to perform multiple experiments with
hard-to-obtain receptors using an immobilized format.
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Abstract
Aim: To explore the effect of melatonin on PC12 cell death induced by 1-methyl-
4-phenylpyridinium (MPP+).  Methods: MTT assay, lactate dehydrogenase (LDH)
efflux assay, and immunohistochemistry methods were used to measure neuro-
toxicity of PC12 cells treated acutely with MPP+ in low glucose and high glucose
conditions, and to assess the neuroprotective effect of melatonin on PC12 cell
death induced by MPP+.  Results: In a low glucose condition, MPP+ significantly
induced PC12 cell death, which showed time and concentration dependence.  In a
serum-free low glucose condition, the percentages of viability of cells treated
with MPP+ for 12, 24, 48, 72, and 96 h were 85.1%, 75.4%, 64.9%, 28.15%, and
9%, respectively.  The level of LDH in the culture medium increased and tyrosine
hydroxylase positive (TH+) cell count decreased.  However, in a serum-free high
glucose condition, MPP+ did not significantly induce PC12 cell death compared
with control at various concentrations and time regimens.  When the cells were
preincubated with melatonin 250 µmol/L for 48, 72, and 96 h in a serum-free low
glucose condition, cell survival rate significantly increased to 78.1%, 58.8%, and
31.6%, respectively. Melatonin abolished the LDH leakage of cells treated with
MPP+ and increased TH+ cells count.  Conclusion: MPP+ caused concentration-
dependent PC12 cell death.  The level of glucose was an important factor to MPP+

induced dopaminergic PC12 cell death.  Low glucose level could potentiate MPP+

toxicity, while high glucose level could reduce the toxicity.  In addition, melato-
nin attenuated PC12 cell death induced by MPP+.
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Introduction

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
mediated selective damage to dopaminergic neurons of the
nigrostriatal pathway has been widely used as a model of
Parkinson’s disease (PD)[1–3].  MPTP is a lipophilic molecule
that is able to cross the blood-brain barrier.  This cytotoxin
has provided important information on the potential mecha-
nisms of PD.  It induces toxicity through its conversion of
astrocytes to  1-methyl-4-phenylpyridinium (MPP+) in the
reaction catalyzed by monoamine oxidase type B (MAO-B)[4].
MPP+ is selectively transported into the dopaminergic neu-
rons through a high-affinity dopamine (DA) transporter and
accumulates in the neuronal mitochondria, where it disrupts

cellular respiration inhibiting complex I of the electron trans-
port chain, depletes adenosine triphosphate (ATP) in the
mitochondria[5,6], increases sensitivity to oxidative attack, and
eventually causes apoptotic or necrotic neuronal cell death.
It is reported that the deleterious effects of MPTP are results
of the generation of oxygen free radicals either during oxi-
dation of MPTP to MPP+, or during electron transport chain
disruption by MPP+.  In addition, MPP+ might induce the
release of DA, which in turn could generate free radicals
from auto-oxidation[7,8].  Although it has been found that the
accumulation of MPP+ in dopaminergic neurons is a critical
step for DA neurotoxicity, the exact molecular mechanisms
underlying MPP+-induced neuronal death have not been clear.
Thus, elucidating the molecular basis of the cell death trig-
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gered by MPP+ could provide valuable insight into the patho-
genesis of PD.

Melatonin is an indole hormone produced primarily in
the pineal gland and the retina. It is classically known to be
involved in the regulation of circadian and seasonal rhythms
and sleep-inducing properties.  In 1993, it was first reported
by Tan et al as an efficient endogenous antioxidant[9].  Since
then, evidence is shown that this molecule is one of the best
physiological antioxidants.  Different from other potent
antioxidants, melatonin is soluble in both lipids and water,
allowing itself to easily enter cells or pass the blood-brain
barrier.  So melatonin is available to all nerve cell compart-
ments and shows high levels, especially in the nucleus and
mitochondria.  Recently, it has been proposed that the most
important function of this hormone is scavenging harmful
free radicals, especially hydroxyl radicals.  Tan et al[9] made
the unexpected observation that melatonin was much more
efficient than the important intracellular antioxidant glu-
tathione (GSH) in scavenging ·OH.  Mayo et al[10] also re-
ported that melatonin regulated the mRNA of antioxidant
enzymes in dopaminergic cells after addition of the neuro-
toxin 6-OHDA, which might indicate a neuroprotective
mechanism.  However, intracellular effects of melatonin are
largely unknown at present, in contrast to well-studied anti-
oxidant activity.

PC12 cell is a clonal cell line of rat pheochromocytoma
cells that respond to nerve growth factor by extending neuri-
tis and acquiring the appearance of neurons.  Cells with and
without nerve growth factor treatment synthesize, store,
secrete, and take up dopamine by similar processes to those
of dopaminergic neurons[11], and express DA transporter[12].
Although they are not true brain DA neurons, PC12 cells
have been used extensively as an experimental system for
the study of various aspects of dopaminergic neurons and
neurotoxins[13–15].  In this study, we used PC12 cells as a model
cell line of DA-containing neurons and investigated the ef-
fects of melatonin on MPP+-induced cell death.

Materials  and  methods
Materials  Dulbecco’s modified Eagle’s medium

(DMEM), fetal calf-serum and benzylpenicillin/streptomy-
cin were pruchased from GIBCO (Langley, OK, USA ).  Poly-
L- lysi ne ,  t r ypsi n ,  d im et hylsul foxi de  (Me 2SO) ,
diaminobenzidine (DAB), 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from
Sigma (St Louis, MO, USA).  MPP+-iodine was purchased
from Sigma-Aldrich.  Rabbit polyclonal anti-tyrosine hy-
droxylase (TH) antiserum was purchased from Chemicon

(Tenecula, CA, USA).  Biotinylated goat anti-rabbit IgG,
horseradish peroxidase-conjugated secondary antibodies,
ABC kit were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).  Melatonin was purchased from
Sigma and dissolved in absolute ethanol before being di-
luted with saline.  All other chemicals were of analytical grade
and commercially available.

PC12 cells culture and treatment  PC12 cells were
obtained from the Shanghai Cell Research Institute and cul-
tured at a density of 1×104 cells/cm2 on poly-L-lysine-coated
plates.  Cells were cultured in high-glucose DMEM supple-
mented with heat-inactivated 10% fetal bovine serum, 5%
horse serum, benzylpenicillin 100 kU/L, and streptomycin
100 mg/L.  They were grown at 37 ºC in a humidified atmo-
sphere containing 5% CO2 and subcultured every 2–3 d at
approximately 70%–80% confluence.  Cells were subse-
quently switched to 5% fetal calf serum low glucose, serum-
free high glucose, and serum-free low glucose DMEM
medium, containing various experimental reagents, and fur-
ther incubated for the indicated intervals.  Drugs and other
agents were dissolved in Me2SO, which was added at a maxi-
mum ratio of 1:1000 to the culture media.  Cultures were
used for no more than 20 passages.  Cell viability experi-
ments were performed in 96-well plates, 8 times, using 2–3
replicates per treatment.  In dose-response studies, cells were
treated with MPP+ (0–500 µmol/L) for 48 h with or without
melatonin (0.1–1000 µmol/L).  In time course studies, cells
were exposed to MPP+ (200 µmol/L) for 0, 24, 48, 72, and
96 h with or without melatonin 250 µmol/L.  The cells were
preincubated with melatonin for 1 h before treatment with
MPP+.  The final concentration of ethanol per well did not
exceed 0.01% for all melatonin concentrations used.  The
vehicle-treated control cultures received an equal amount of
ethanol (0.01%).  For cytotoxicity, cells were seeded on plates
previously coated with poly-L-lysine.  Untreated cells were
used as control.  For TH immunocytochemistry, the cells
were subcultured for 48 h before use of 22-mm coverslips
(Fisher Scientific, Pittsburgh, PA, USA), coated with poly-
L-lysine in 35-mm culture dishes (Fisher Scientific).

MTT assay  Cell viability was measured by MTT assay[16],
which was based on the conversion of MTT to formazan
crystals by mitochondrial dehydrogenase.  Cells were plated
at a density of 2×104 cells in 96-well dishes in 10% serum
high-glucose DMEM medium for 2 d, and switched to 5%
fetal calf serum low glucose, serum-free high glucose, and
serum-free low glucose DMEM medium containing the ex-
perimental reagents.  Four hours before the desired end point,
MTT (5 g/L in PBS, final concentration 0.5 g/L) was added
at 1/10 culture volume and cells were returned to the
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incubator.   After the end point, culture medium was removed,
and 100 µL of Me2SO was added to each well to dissolve
formazan.  Absorbance (OD value) was measured at 570 nm
in a microplate reader (Bio-Rad model 550).  Cell viability
was expressed by OD value.

LDH release assay[15]  Cytotoxicity of MPP+ was evalu-
ated by colorimetric assay based on the measurement of LDH
activity.  Briefly, after cells were treated with MPP+, an ali-
quot of medium was taken and centrifuged at 250×g for 5
min.  Supernatant (10 µL) was added to the LDH buffer [lactic
acid 50 mmol/L/Tris (pH 8.9) 0.1 mol/L and NAD+ (the oxi-
dized form of nicotinamide-adenine dinucleotide) 4.6 g/L]
to a total volume of 200 µL.  Intracellular LDH content was
determined by lysing the cells with Triton X-100 detergent.
Spectrophotometric analysis was performed at room tempera-
ture (20–24 ºC) using a Bio-Rad microplate reader measur-
ing optical density at 340 nm in both the medium and lysis
buffer.  LDH release values were calculated by subtracting
the background reading (media only) from the observed
reading.  LDH leakage was expressed as a percentage of the
total LDH release (extracellular LDH extracellular+
intracellular LDH).

Tyrosine hydroxylase (TH) immunocytochemistry  TH
activity was identified using the streptavidin-biotin-peroxi-
dase complex.  Cultured in poly-L-lysine coated coverslips,
PC12 cells (2×104) were treated with MPP+ 200 µmol/L with
or without melatonin in serum-free low glucose medium.
Melatonin was added 1 h before MPP+ treatment.  Cultures
were incubated at 37 ºC, 5% CO2 for a further 48 h, PC12
cells were washed with phosphate-buffered saline 0.1 mol/L
(PBS, pH 7.4) and then fixed in 4% paraformaldehyde (pH
7.4) in PBS for at least 1 h.  PC12 cells were incubated with
1% H2O2 and 30% methanol in 0.3 mol/L PBS to block en-
dogenous peroxidases.  The sections were rinsed three times
in PBS and incubated successively with  1) normal sheep
serum (20% in PBS) to reduce nonspecific binding for 30
min in a moisture -saturated chamber at 37 ºC;  2) antityrosine
hydroxylase rabbit antiserum at 1/300 overnight in a mois-
ture-saturated chamber at 4 ºC for 48 h;  3) biotinylated anti-
rabbit IgG at 1:200 for 30 min in a moisture saturated-cham-
ber at room temperature (20–24 ºC);  and 4) streptavidin-
peroxidase complex at 1:100 for 30 min in a moisture-satu-
rated chamber at room temperature (20–24 ºC).  Sections
were rinsed with PBS after each step (3×5 min).  In step 2,
control sections were incubated with an equal volume of PBS,
rather than antiserum, as negative controls.  The streptavidin-
biotin-peroxidase activity was revealed using 3,3 -́diamino-
benzidine tetrachloride (DAB, 0.5 g/L), in the presence of
0.03% H2O2 in PBS for 5 min.  Coverslips were washed with

PBS and dehydrated through ethanol.  Finally, sections were
mounted on gelatin-coated slides, air-dried, dehydrated, and
coverslipped with permount.  Immunocytochemical stain-
ing was analyzed at 400×magnification on an Olympus in-
verted phase-contrast microscope.  Micrographs were taken
with a camera mounted on the phototube using a Kodak film.

Statistical analysis  Statistical analysis was performed
using t-test for paired data.  Data were expressed as the
mean±SD.  P<0.05 was considered to be statistically
significant.

Results
Effect of MPP+ on PC12 cells viability  The reduction

was markedly decreased after PC12 cultures were exposed
to MPP+ (200 µmol/L) in low glucose condition.  MTT
reduction was significantly decreased after MPP+ treatment
in serum low glucose condition. The percentage of cell vi-
ability was approximately 50%, 44%, and 30% at 48, 72,
and 96 h, respectively.  In serum-free low glucose condition,
the percentages of cell viability were 85.1%, 75.4%, 64.9%,
28.1%, and 9% at 12, 24, 48, 72, and 96 h after MPP+

treatment, respectively.  However, when cells were exposed
to MPP+ 200 µmol/L in high glucose condition, no signifi-
cant cell death appeared compared to control.  MPP+ induced
a slight decrease in cell viability at 25 and 50 µmol/L, and
more significantly at 100 µmol/L in the serum-free low glu-
cose condition.  In the 5% serum low glucose condition, the
cell viabilities after MPP+ (25, 50, and 100 µmol/L) treat-
ment had no obvious changes compared with control, and
significant cell death was observed at MPP+ 200 µmol/L.
Therefore, MPP+ induced dose-dependent cell death in the
low glucose condition.  However, in the high glucose
condition, no cell death was seen for all concentrations of
MPP+.  We found that supplementing glucose increased the
number of surviving cells for all concentrations of MPP+.

Melatonin promotes PC12 survial after MPP+  treat-
ment  The percentage of viable cells in serum-free low
glucose condition with low dose melatonin (0.1, 1, and 10
µmol/L) did not change after treatment with MPP+.  However,
when the cells were preincubated with melatonin (100, 250,
500, 1000 µmol/L), MPP+-induced cell toxicity was signifi-
cantly attenuated.  Surviving PC12 cells were significantly
increased from 53% in MPP+ to 80% when melatonin was
added.  Melatonin was protective against MPP+ toxicity in
PC12 cells.  Melatonin at 500 and 1000 µmol/L showed simi-
lar protection as 250 µmol/L melatonin, although a tendency
to increase effects with higher doses was observed, indicat-
ing that the dose of 250 µmol/L might be close to the maxi-
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mal effect (Figure 1).
The cultures were preincubated with melatonin (250

µmol/L) for 1 h and then exposed to MPP+ (200 µmol/L) for
0, 12, 24, 48, 72, and 96 h in serum or serum-free low glu-
cose condition.  At the end of each time period, cell viability
was assessed by MTT reduction.  In serum-free low glucose
condition, cell viability was decreased at 24, 48, 72, and
96 h to 75.4%, 64.9%, 28.1%, and 9% respectively, after
MPP+ treatment (200 µmol/L).  Melatonin (250 µmol/L) sig-
nificantly increased survival of cells exposed to MPP+ (200
µmol/L), cell viability was 78.1%, 58.8%, and 31.6% at 48,
72, and 96 h, respectively.  In 5% serum low glucose
condition, melatonin also significantly enhanced survival of
cells exposed to MPP+ (P<0.05) (Figure 2).

LDH release  MPP+ caused membrane damage, which
was determined by the release of the 24 kDa cytosolic en-
zyme LDH into the culture medium.  The level of LDH into
the culture medium was found to be 2-fold lower after MPP+

treatment in 5% serum condition than after treatment with
MPP+ in serum-free medium for 48 h (16.3%±1.3%, and
29.4%±1.4%, respectively).  MPP+ treatment for 12 h at 200
µmol/L did not affect cell viability as revealed by lactate
LDH (data not shown).  However, after PC12 cells were in-
cubated for 48 h with MPP+, in either serum or serum-free
condition, there was a significant increase in LDH leakage
into the medium.  LDH levels were further increased after
MPP+ treatment for 72 and 96 h.  Melatonin 250 µmol/L
significantly abolished the increment in LDH leakage pro-

Figure 1.  Melatonin protected PC12 from MPP+-induced cytotoxicity.
Cell viability monitored by MTT assay following 48-h exposure to vari-
ous concentrations of melatonin in MPP+ (200 µmol/L) in serum-free low
glucose condition.  Cell viability was expressed by optical density (OD)
value and represented by mean±SD.  n=8.  cP<0.01 vs control.  fP<0.01
vs MPP+-treated cells.

Figure 3.  Effect of melatonin on MPP+-induced LDH release in PC12
cells.   Efflux of LDH from the cells was expressed as a percentage of
total LDH (extracellular plus intracellular).  The bars are mean±SD of
eight experiments.  cP<0.01 vs serum+MPP+.  fP<0.01 vs serum free+MPP+.

Figure 2.   Melatonin protected PC12 from MPP+-induced cytotoxicity.
Cell viability was monitored by the MTT reduction assay and expressed
as OD value.  n=8. Mean±SD.  bP<0.05, cP<0.01 vs cells treated with
MPP+ 200 µmol/L.  (A) serum-free low glucose condition.  (B) 5% serum
low glucose condition.

duced by MPP+ (Figure 3).
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TH immunocytochemistry  Tyrosine hydroxylase im-
munocytochemistry studies showed loss of the TH immu-
noreactivity in the PC12 cells after MPP+ treatment.  Addi-
tion of melatonin 250 µmol/L significantly increased the sur-
vival of TH+ cells.  The number of TH-immunoreactive cells
after melatonin treatment was greater than that in MPP+-
treated only cells, but less than that in control cells (Figure 4).

Discussion
An increasing body of evidence suggests that the cell

energy path is an important target in the pathogenesis of
neurodegenerative diseases.  MPTP induces direct inhibi-
tion of complex I of the mitochondrial respiratory chain,
which produces a large number of free radicals and energy
crisis in the mitochondria.  An excess of free radicals leads
to mitochondrial damage, causing a failure of cellular en-
ergy metabolism followed by a secondary excitotoxicity.
During our research, on the effect of melatonin on PC12 cell
death induced by MPP+, we noticed that melatonin at low
glucose condition had a neuroprotective effect.  The neuro-
toxicity of MPP+ is widely acknowledged.  In addition, we
discovered that this neurotoxicity was dependent on the glu-
cose level.  MPP+ had obvious toxicity in low glucose condi-
tion but not in high glucose condition.  Our results suggested
that PC12 cells might be vulnerable to MPP+ in a low glu-
cose condition but resistant to the injury induced by MPP+ in

a high glucose condition.  Basma et al[17] demonstrated that
the toxicity of an MPTP derivative to PC12 cells was exac-
erbated by inhibiting glycolysis.  This was consistent with
our results.  Indeed, increasing the concentration of glucose
reduced MPP+-induced cytotoxicity at all MPP+ concentra-
tions accordingly.  Depletion of glucose in the medium lim-
ited the ability of the cells to drive energy from glycolysis
and, furthermore, rapid depletion of limited ATP supply
through inhibition of mitochondrial function by MPP+ re-
sulted in cell death.  At lower glucose concentrations, the
depletion would occur more rapidly, which resulted in higher
toxicities.  At higher glucose concentrations, glycolysis was
able to compensate longer for loss of ATP as a result of  the
MPP+-induced inhibition of mitochondrial respiration and
hence attenuated cell death.  Kutty et al[18] reported similar
findings using the neuroblastomax glioma hybrid NG 108-
15 neuronal cell culture system.  Using leakage of LDH and
release of adenine as indices of toxicity, they found that the
death of cells exposed to MPTP, MPP+, or 2’Et-MPP+, and
the depletion of ATP caused by the neurotoxins, was mark-
edly reduced owing to high glucose concentration (25 µmol/L)
in the medium.  The enhanced susceptibility of the cells grown
in low glucose medium to the toxic effects of the neurotox-
ins was, most likely, caused by the action of the toxins on
the glucose-depleted cells rather than directly because of the
depletion of glucose.

The conversion of dye MTT to formazan crystals in cells

Figure 4.  The effect of melatonin on TH immunoreaction on PC12 cells.  Representative photomicrographs of TH-immunostained PC12 cells following
MPP+ and/or melatonin treatments (×400).  Cells were cultured for 2 d and then treated for 48 h with A: Negative control; B: vehicle; C: MPP+ 200 µmol/L;
D: MPP+ and melatonin 250 µmol/L.
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has been shown to be related to mitochondrial redox state
and respiratory chain activity[19]. In the present study, the
result of MTT reduction could indicate a great role for mito-
chondrial dysfunction and cellular energy in these models of
cell death.  The reason seems to be that energy compromise
plays a large role in the progression of PD.  It is well known
that the brain consumes large quantities of oxygen relative
to total body mass.  MPP+ could induce PC12 cell death by
depleting cellular levels of ATP through inhibition of com-
plex I.  Low glucose levels or the inhibition of glycolysis
potentiates MPP+ toxicity, while supplementation with fruc-
tose reduces the toxicity[17,20].  The data in this study pro-
vided additional support for the hypothesis that MPP+ kill
cells by inhibiting mitochondrial respiration, and that cell
energy status was an important factor for MPP+ induced cell
death.  These observations could prove useful in both the
formulation of an accurate cell culture model of PD-like
neuro-degeneration and the elucidation of the molecular ba-
sis of MPP+ toxicity.

In the present study on the efficacy of melatonin to MPP+-
treated PC12 cells in low glucose culture, melatonin increased
cell viability according to the MTT and LDH release assay.
Single dose treatment of PC12 cells with melatonin (250
µmol/L) induced a significant decrease in LDH release after
48 h compared with vehicle-treated cultures.  TH immuno-
cytochemistry was used to visualize catecholaminergic neu-
rons and monitor MPP+-induced changes at the cellular level.
As shown here, melatonin also protected PC12 cells against
MPP+-induced morphological changes.  These results indi-
cate that melatonin possesses the remarkable ability to res-
cue PC12 cells from cell death in our experimental para-
digms associated with MPP+.  The present findings indicate
that the protective effects of melatonin against MPP+ toxic-
ity may be a result of, at least partially, its antioxidant ability
and mitochondria protection.  Therefore, supplemental me-
latonin could ameliorate the severity of neurodegenerative
changes caused by free radicals and mitochondrial dysfunc-
tion.  However, this remains to be confirmed with further
investigation.

Our study also showed indications for susceptible neu-
ronal populations.  As nerve cells exclusively use glucose as
an energy source, increasing glucose concentration in sus-
ceptible neuronal populations might be an alternative ap-
proach to treat patients with neurodegenerative diseases.
Further studies of the actions of melatonin on neurons might
also provide a basis for the development of new therapeutic
approach to overcome neurodegenerative diseases, such as
PD.
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Introduction
Endostatin, which contains 178 amino acid residues, is a

20 kDa COOH-terminal fragment of collagen XVIII[1].  It
was firstly identified as an angiogenesis inhibitor in 1997.
Endostatin specifically inhibits endothelial proliferation and
potently inhibits angiogenesis and tumor growth[2].
Subsequently, Escherichia coli-derived recombinant
endostatin was shown to induce regression and prevent
growth of experimental tumors in mice when administered
in daily doses as high as 20 mg/kg[2,3].  A novel Escherichia
coli derived rh-endostatin was developed by MedGen Ltd
(Yantai City, China).  Compared with the rh-endostatin re-
ported in the literature, an additional nine-amino acid-se-
quence (MGGSHHHHH) was added at the N-terminal of

the protein, which resulted in the formation of a six-histi-
dine tag (His-tag).  The His-tag can be chelated with  metal
ions such as Ni2+ with a relatively high affinity, so it was
utilized to simplify purification and to improve stability of
the protein.  The present study attempted to reveal the phar-
macokinetics and the possibility of accumulation after single
or multiple doses of this novel rh-endostatin in Rhesus
monkeys.

Materials and methods
Drugs and reagents  The rh-endostatin used in this study

was provided by MedGen (lot YH0502, purity >98%).  The
drug was dissolved in 5 mmol/L Tris·HCl (pH 7.2) and stored
at 4 ºC before use.

Abstract
Aim: To study the pharmacokinetics and accumulation of an Escherichia coli-
expressed His-tag fused recombinant human endostatin (rh-endostatin) in Rhesus
monkeys.  Methods: Rh-endostatin was iv or sc injected in Rhesus monkeys, and
the rh-endostatin concentration in serum samples was determined by an enzyme
immunoassay (EIA) method.  The serum drug concentration-time data were ana-
lyzed by compartmental analysis using the practical pharmacokinetic program 3p97.
Results: Following iv administration at a dose rate of 1.5, 4.5, and 13.5 mg/kg in
rhesus monkeys, the concentration-time curves of rh-endostatin were best fitted
to a three-compartment open model.  AUC(0-∞) linearly increased with dose, while
Cls exhibited no significant difference among different dose groups.  The terminal
half-lives (λ3) were 8±8, 3.1±1.4, and 20±14 h, respectively.  After sc administra-
tion at a dose rate of 1.5 mg/kg, the concentration-time curve was best fitted to a
two-compartment open model, with a terminal half-life (T1/2β) of 8±3 h.
Bioavailability following sc injection was approximately 70%±3%.  After con-
secutive iv injection of rh-endostatin at a dose rate of 1.5 mg·kg-1·d-1 for 7 d, the
AUC(0-24 h) substantially increased from 22±13 mg·h·L-1 (d 1) to 50±29 mg·h·L-1 (d
7), with an accumulation factor of 2.3±0.6 (P<0.05).  Conclusion: The pharma-
cokinetic behavior of rh-endostatin in Rhesus monkeys complies with linear ki-
netics within the examined dose range.  It tends to be accumulated in bodies after
repeated administration at a dose level of 1.5 mg·kg-1·d-1 for more than 7 consecu-
tive days.
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The ACCUCYTE® Human EndostatinTM enzyme immu-
noassay (EIA) kit was purchased from CytImmune Sciences
Inc (lot 5AE002-SA, Maryland, USA).  All other reagents
were purchased from commercial sources and were of ana-
lytical grade.

Animals  Rhesus monkeys (weighing 5.3 kg±0.8 kg, Grade
I, Certificate BDW95002) were provided by the Animal
Raising Center of the Academy of Military Medical Sciences,
China.  The animals were individually housed in stainless-
steel cages and fed with a standard monkey diet.  Fresh fruit
was provided twice per day and water was available ad
libitum.

Experimental design  Three iv groups (at a dose rate of
1.5, 4.5, and 13.5 mg/kg body weight, respectively) were
assigned to a 3×3 crossover design to perform an auto-con-
trol experiment, in which each animal received the three doses
mentioned above, with an interval of 7 d between doses
(washing out period).  Three animals in the sc group were
administered rh-endostatin at the dose rate of 1.5 mg/kg.
Finally, a multiple-dose group comprising three animals was
also designed, in which the monkeys received seven con-
secutive iv injections of rh-endostatin at the dose rate of 1.5
mg/kg, once per day.

Sample collection and assay  Whole blood samples were
drawn from the femoral veins of the animals using a punc-
ture needle immediately before administration and at 2, 10
min in the iv group and 20, 40 min, 1, 1.5 h in the sc group,
then at 2, 4, 8, 12, 24, 36, 48, and 72 h in all groups after a
single dose and the 1st and the 7th dose in the multiple-dose
group.  In the multiple-dose group, samples were also col-
lected at 2 min and 24 h after the 4th dose.  The blood was
kept undisturbed at room temperature, then centrifuged at
3000×g for 10 min.  The serum was separated and stored at
-20 ºC untill the assay.

The EIA kit was utilized to determine the rh-endostatin
levels in the serum samples.  The assay was performed ac-
cording to the guidance of the procedure specified by the
manufacturer.  A series of calibration standards provided by
Medgen was set up in each microplate.  The rh-endostatin
levels in the unknown samples were obtained by being cal-
culated from the Medgen calibration standard curves on the
same microplate.

Data analysis  The concentration-absorbance curves
were drawn with the MicroCal Origin software (ver 5.0),
and then the experimental data were fitted by Logistic func-
tion according to the following formula:

In which, “X” represents rh-endostatin concentration in
samples, “Y” represents the absorbance at 492 nm.  The Emax

and Emin were the maximal and the minimal absorbance,
respectively.

The pharmacokinetic parameters were obtained by the
computer program 3p97.  Statistical inference was obtained
by means of Student’s t test or Chi-square test.

Results
Validity of the method for determination of rh-

endostatin in monkey serum  The ACCUCYTE® Human
EndostatinTM kit has been developed using rh-endostatin as
the antigen for polyclonal antibody production, and is used
in the kit as the assay standard.  Studies have demonstrated
that it has no cross-reactivity against a variety of cytokines
and growth factors, including heat inactivated rh-endostatin
and mouse endostatin.

Within the concentration range of 7.8–8000 µg/L, the
concentration-absorbance behavior of the rh-endostatin stan-
dard provided by Medgen is presented as an inhibitory sig-
moid curve that could be described by 4 parameter logistic
fitting.  Maximal coefficients of variation (CV%) of intra-
assay and inter-assay were 13.7% and 20.8%, respectively.
The limit of quantitation (LOQ) was 125 µg/L (with CV%
of 6.1%).  The average endogenous endostatin level observed
in the rhesus monkey was 375±175 µg/L (n=12).

The results of the blank serum samples fortified with
2000, 500, and 125 µg/L tested rh-endostatin showed that
the recovery rates were 87%±5% (81%–91%), 93%±18%
(79%–114%), and 94%±4% (90%–99%), respectively (n=5
parallel experiments).  The CV% of the intra-assay was less
than 11.5%, and the CV% of the inter-assay was higher (as
high as 19.7%), so it is important to calculate the rh-
endostatin concentration in samples by the parameters ob-
tained from the standard curve of the same microplate.

The validity studies demonstrated that the ACCUCYTE®

Human EndostatinTM kit was reliable for the determination
of serum endostatin levels.  The specificity, sensitivity,
accuracy, and precision all met the requirements for phar-
macokinetics (PK) study.

Concentration-time curves and PK following single
dose of rh-endostatin  Serum concentration-time profiles
of rh-endostatin following iv bolus injections at doses of
1.5, 4.5, and 13.5 mg/kg were best fitted to a three-compart-
ment open model (Figure 1).  Rh-endostatin concentration
in serum dramatically decreased after iv injection, with the
initial half lives (λ1) of 0.027±0.016 h, 0.04±0.03 h, and
0.10±0.04 h (P<0.05 vs the other two groups) following iv

Y=
      (Emax–Emin)         + Emin       (1+(X/EC50)Slope)
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injection of 1.5, 4.5, and 13.5 mg/kg, respectively.  The half-
lives of the terminal elimination phase (λ3) were 8±8 h, 3.1±1.4
h, and 20±14 h, respectively.  At a high dose rate of 13.5 mg/kg,

the value of λ3 was obviously prolonged but without any
statistically significant differences.  Increased with dose, the
mean areas under the serum concentration-time curve
[AUC(0-∞)] of the three iv groups were 15±5 mg·h·L-1, 33±7
mg·h·L-1 and 93±25 mg·h·L-1, respectively.  With a dose ratio
of 1:3:9, the ratio of AUC(0-∞) in the groups was 1:2.2:6.1.

Despite the increase in AUC(0-∞), the systemic clearances
(Cls) among the iv groups were not significantly different
(Table 1), indicating that the pharmacokinetic behavior of
endostatin within the examined dose range is of linear profile.

The concentration-time profiles following sc administra-
tion at a dose rate of 1.5 mg/kg can be described approxi-
mately by a two-compartment model (Figure 1).  After
injection, rh-endostatin was absorbed rapidly, with the time
to peak (Tmax) of 1.1±0.8 h.  The mean peak serum concen-
tration (Cmax) and AUC(0-∞) were 1.3±0.4 mg/L and 11±4
mg·h·L-1, respectively.  The terminal half-life (T1/2β) was 8±3
h.  Compared with the iv group at the same dose, rh-endostatin
had a relatively high bioavailability (F) of 70% after sc admin-
istration (Table 1).

PK after multiple dosing  Following repeated iv ad-
ministration of rh-endostatin for a 7-d period (once daily) at
a dose rate of 1.5 mg/kg, most of the rh-endostatin concen-
trations at the same time points following injection at d 1
and d 7 were with statistically significant difference (Figure
2).  The trough level increased from 388±61 µg/L (d 1) to
623±261 µg/L (d 4) and 1008±892 µg/L (d 7), and the
AUC(0-24 h) also increased from 22±13 mg·h·L-1 (d 1) to 50±29
mg·h·L-1 (d 7), but the difference was not significant  (P=
0.053).  The calculated accumulation factor (AUCd 7/AUCd 1)

Table 1.  Pharmacokinetic parameters of the rh-endostatin after iv and sc injection in rhesus monkeys.  n=3.  Mean±SD.  bP<0.05, fP<0.001 vs the iv
1.5 mg/kg group.

      Parameters                                                                          iv                                                                              sc
                                                    1.5 mg/kg                       4.5 mg/kg                          13.5 mg/kg                  1.5 mg/kg

VC/L·kg-1  0.030±0.019   0.08±0.04  0.078±0.019f   1.3±0.4f

T1/2 ka/h            -          -            - 0.34±0.14
T1/2 λ1/h  0.027±0.016   0.04±0.03    0.10±0.04b        -
T1/2 λ2/h    0.80±0.28     0.5±0.4      0.8±0.5   1.9±2.0
T1/2 λ3/h         8±8     3.1±1.4       20±14      8±3
Tmax /h            -          -            -   1.1±0.8
Cmax /mg·L-1            -          -            -   1.3±0.4
AUC0-∞ /mg·h·L-1       15±5      33±7b       93±25b    11±4
MRT0-∞ /h      3.6±0.9     2.7±1.5      9.2±2.3b   9.3±1.7
CLS/L·h-1·kg-1    0.11±0.03 0.046±0.010  0.017±0.004 0.15±0.05
VSS/L·kg-1    0.39±0.22   0.12±0.04  0.148±0.013   1.4±0.6
F %            -          -            -    70±3

Figure 1.  Concentration-time curves of rh-endostatin after a single iv
and sc injection in rhesus monkeys.  ○, iv 1.5 mg/kg; ●, iv 4.5 mg/kg;
×, iv 13.5 mg/kg; □, sc 1.5 mg/kg.  The endogenous endostatin level set
at 375±175 µg/L.
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was 2.3±0.6 (P=0.012), indicating that the rh-endostatin had
a tendency to accumulate in the body after successive iv ad-
ministrations over 7 d with an interval of 24 h between  doses.

Discussion
Folkman et al firstly descrbied the angiogenesis inhibi-

tor endostatin in January 1997[2].  Although the molecular
mechanisms behind the inhibition of angiogenesis have not
yet been elucidated, endostatin seemed to inhibit endothe-
lial cell migration in vitro and appeared to be highly effec-
tive in murine in vivo studies[4].  Endostatin thought to be an
ideal anticancer weapon, was quickly pushed into clinical
trials[5-8].  Thus far, however, recombinant endostatin pre-
pared from Escherichia coli is insoluble after purification
and therefore inappropriate for clinical settings.  A soluble
form of endostatin is available from a yeast system that has
a relatively low yield and high cost, which has made it diffi-
cult to produce endostatin in quantities sufficient for exten-
sive clinical evaluation[9].

Researches attempted to solve the problems mentioned
above, including using the His-tag technique[10–12].  The rh-
endostatin used in this study was His-tagged ,  containing a
six-histidine residue sequence and an affinity tag at its N-
terminal, so it could be effectively extracted by affinity chro-
matography based on immobilized metal ions such as Ni2+.
In this capture step, we were able to purify  100% of the
recombinant protein with more than 99% purity just as reported
previously[13].  The in vivo antiangiogenic and anticancer ac-
tivities of this His-tag recombinant endostatin are as potent
as those of the previously reported soluble form.  Further,
His-tag endostatin is also more convenient for analysis.  In

our study, we utilized a rapid and sensitive approach, Ma-
trix-Assisted Laser Desorption Ionization-Time of Flight-
Mass Spectrometry (MALDI-TOF-MS), to analyze the
proteins, which provided highly accurate the molecular
weight information about the protein (data not shown).

There was a relatively high basic endostatin level in
monkeys (375±175 µg/L), and it was consistent with  endo-
statin being an endogenous protein.  Moreover, to obtain an
effect on tumors, the dose of endostatin in precilinical ex-
periments and the recommended dose used in clinical trials
are much higher than the dose required of most other thera-
peutical proteins, which reached the level of mg/kg (or mg/
m2).  Our PK studies showed that, although statistically not
significant, λ3 of the high dose group was obviously
prolonged, suggesting that an exorbitant dose might affect
the clearance of endostatin in the body.  The results of the
multiple dose study for 7 d continuously at the dose level of
1.5 mg/kg  also suggested that rh-endostatin tended to accu-
mulate in the body with a statistically significant accumula-
tion factor of 2.3.  Some clinical trials have shown that
endostatin may cause side effects in the cardiovascular
system, especially a dose-dependent toxicity in the heart.  So
it is best to avoid over accumulation of endostatin in the
body by regulating the intervals between each administration.
Furthermore, the PK study shows that differences between
individuals are great, so individual monitoring during the
course of treatment is also recommended in clinical trials.
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Introduction
Huntington’s disease (HD) is a devastating neurological

disorder without effective treatment.  It is characterized by
involuntary movement, cognition impairment, and psycho-
logical disturbance.  The disease affects 5–10 out of 10 000
people in western countries.  HD is a fatal neurological dis-
order and death usually occurs approximately 20 years after
the onset of symptoms.  Therefore, there is an urgent need
for developing effective therapies for HD.  The genetic cause
of HD was uncovered in 1993[1].  The disease is linked to an
expansion of polyglutamine in the novel protein, huntingtin.
Since 1993, extensive research efforts have been made to
understand pathogenic mechanisms of mutant huntingtin.
Multiple molecular mechanisms seem to be involved in HD
pathogenesis[2].  Researchers are actively investigating pos-
sible effective therapies based on our current understand-
ing of the molecular pathology of HD.  One approach that
has been explored is high-throughput screening for small
molecules affecting specific molecular targets.  Potential tar-
gets for high-throughput chemical screenings include mo-
lecular chaperones, caspases, the ubiquitin/proteasome
proteases, transcription factors, and the offending

polyglutamine-containing proteins themselves.  Much at-
tention has been focused on screening for drugs that pre-
vent aggregation of huntingtin with expanded polyglutamine
tract.  In vivo screenings are also being planned or are un-
der-way using transgenic HD mice and Drosophila[3].  The
other approach is to use recent advances in molecular biol-
ogy of neurotrophic factors, neuronal tissue transplantation
and cell engineering in HD therapeutic developments with
the aim of retarding or reversing HD pathology, but without
complete understanding of the molecular pathogenic
mechanisms. Both approaches are moving at a fast pace and
we expect new therapies will be available clinically soon.
This paper reviews current treatments for clinical symptoms
of HD and the development of novel therapies targeted at
the molecular pathogenic mechanisms of mutant huntingtin.

Developing novel therapies aimed at mutant
huntingtin

The expansion of the polyglutamine tract in huntingtin
causes the “gain-of-function” mutation.  Gained functions
include misfolding and aggregation, abnormal protein
interactions, and dysregulation of transcription conferred
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Table 1.    Some published small compounds inhibiting aggregation of mutant huntingtin.

         Compounds                                             IC50  (µmol/L)                      Assay system                                           Reference

Congo Red 0.3 In vitro , exon 1 fragment with 51Q [8]
Y-27632 ~5 Cell based FRET [9]
Benzothiazoles derivatives, including riluzole 1.2–100 In vitro , exon 1 fragment with 51Q [10,11]
Trehalose Not determined In vitro , a mutant myoglobin with 35Q [12]
Celastrol and its derivatives 3.6 In vitro , N-terminal first 171aa with 58Q [13]

on mutant huntingtin.  The ideal therapy should correct these
acquired properties in mutant huntingtin.

Compounds inhibit mutant huntingtin aggregation  The
in vitro aggregation of huntingtin involves a conformational
change of the polyglutamine segment from a random coil to
an amyloid structure, and is in some ways paralleled in cell
culture by the formation of cytoplasmic aggregates and
nuclear inclusions[4–6].  Neuronal inclusions containing amino-
terminal fragments have also been detected in HD brains
and have become a hallmark of HD pathology.  The role of
huntingtin aggregates and inclusions in pathogenesis is still
being debated, as they may or may not correlate to cell death[7].
Whether the formation of huntingtin aggregates in the brain
is the cause or merely the consequence of the disease is
unclear.  However, aggregation of mutant huntingtin has
been shown to be related to HD progress.  Keeping mutant
huntingtin from aggregation would provide a way to pre-
vent the progression of the disease.

Several laboratories have screened the NIH (National
Institutes of Health) Small Compounds Library with in vitro
aggregation assay using purified bacterial-expressed N-ter-
minal huntingtin fragments or in vivo cell-based aggregation
assay.  Table 1 shows some published small compounds
that directly inhibit aggregation of mutant huntingtin.

These direct aggregation inhibitors have been tested in
various HD models such as cell culture, HD Drosophila and
transgenic HD mice.  Congo Red showed protective effects
on survival, weight loss, and motor function even after the
onset of symptoms of HD in R6/2 transgenic mice.  The un-
derlying mechanisms of Congo red include keeping mutant
huntingtin fragments from aggregating and increasing the
accessibility of huntingtin by proteasome[14].  Y-27632, an
inhibitor of the Rho-associated kinase p160ROCK, prevents
polyglutamine protein aggregation in cultured cells and re-
duces neurodegeneration in an HD Drosophila model[9].
Among benzothiazoles, the strongest inhibitors of mutant
huntingtin aggregation, with IC50 ranging from 1.2–11.0 µmol/L
in the in vitro assay, are very toxic to the cells.  But two weak
inhibitors with lower IC50 are nontoxic and effective in reduc-

ing the aggregation of mutant huntingtin fragments in a cell-
based assay. Riluzole, a glutamate release inhibitor, showed
neuroprotective effects in R6/2 transgenic HD mice by pro-
longing their survival and delaying progressive weight loss,
but had no effect on motor coordination, locomotor activity,
and the formation of neuronal intranuclear inclusions
(NII)[11].  Trehalose, a disaccharide, reduced aggregation of
mutant huntingtin fragments in cells and NII in R6/2 HD
transgenic mice. It was proposed that trehalose binds to
expanded polyglutamines to prevent aggregation. R6/2 HD
mice treated with trehalose showed improved motor func-
tion and extended lifespan[12].  Celastrol, a natural bioactive
compound, was effective in reversing the abnormal cellular
localization of full-length mutant huntingtin observed in stri-
atal cells derived from HdhQ111/Q111 knock in mice [13].

Compounds identified by cell-free aggregation assay are
usually either non-effective in the cell-based aggregation
assay or toxic to cells.  For example, many active benzo-
thiazoles[10], compounds identified by cell-based assay usu-
ally reduce aggregation of mutant huntingtin fragments by
indirect mechanisms, such as Y-27632[9].  Combining both
cell-free and cell-based assays would make a more reliable
prediction of potential small molecules for further drug
development.  Most experiments used for screening and test-
ing compounds, including in vitro aggregation assays, cell-
based aggregation assays, HD Drosophila and HD transgenic
mice, are based on small N-terminal huntingtin fragments
with an expanded ployglutamine tract.  Still uncertain is the
effectiveness of these compounds in transgenic HD mice,
particularly when full-length mutant huntingtin is expressed.
As more and more laboratories are conducting screening
and developing aggregation inhibitors, it is expected that
more and more effective compounds will be identified.

In addition to direct aggregation inhibitors, inhibitors of
cell toxicity caused by over-expression of N-terminal frag-
ments with expanded ployglutamine tract were also screened
from bioactive compounds[15].  Caspase inhibitors and can-
nabinoids showed protective effects with EC50 of 10 µmol/L
and 30 µmol/L, respectively. Induction of expression of heat
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shock proteins with geldanamycin also inhibited huntingtin
aggregation and huntingtin induced cellular toxicity[16].

Transglutaminase inhibitor  It has been shown in vitro
that transglutaminase (TGase) can use huntingtin as a sub-
strate to cross-link huntingtin molecules[17], and gives prefer-
ence to huntingtin with polyglutamine more than 36 repeat[18].
TGase activity was found to have increased in HD postmor-
tem brains, and aggregated huntingtin catalyzed by TGase
were found in NII[18].  TGase provides an additional mecha-
nism for the formation of aggregation of mutant huntingtin.
This suggests that TGase might play a role in HD pathogen-
esis and, therefore, is a potential therapeutic target. Cysta-
mine is an inhibtor of TGase[19].  Treatment of R6/2 transgenic
HD mice with cystamine showed a small but significant
neuroprotective effect with improvement of motor function,
survival and loss of bodyweight.  However, whether it can
reduce mutant huntingtin aggregates is not clear as contra-
dictory results were reported[20].  The underlying mecha-
nism(s) is complicated as cystamine is also an antioxidant
and increases transcription of certain neuroprotective chaper-
ones, HDJ1/Hsp40[21].

Protease inhibitors  Recent findings showed that
huntingtin can be cleaved by proteases, including cas-
pases[22,23], calpain[24,25], and aspartyl protease[26].  N-termi-
nal huntingtin fragments were found in postmortem HD pa-
tients’ brains[27], and YAC transgenic mice that expressed
full-length human huntingtin with expanded polyglutamine
tract[28].  Because caspase and calpain-mediated partial cleav-
age of mutant huntingtin promotes huntingtin aggregation
and cellular toxicity, inhibitors of huntingtin partial cleavage
might have therapeutic values.

The potential capases cleavage sites are located within
amino acids 513–586 and only capases 2, 3, and 6 were found
to be effective[23].  Calpain cleaves huntingtin at amino acids
469 and 536[25].  Aspartic endopeptidases release two dis-
tinct mHtt fragments, cp-A and cp-B, by cleaving huntingtin
between amino acids 104–114. Cp-A is the major fragment
that aggregates in the nucleus[26].  In the cell based assays,
caspase-resistant and calpain-resistant htts with expanded
polyglutamine tract were reported to decrease aggregate for-
mation and reduce cytotoxicity[23,25].  Caspase inhibitors,
z-VAD-fmk and z-DEVD-fmk, can prevent cleavage of hun-
tingtin by caspases and reduce cytotoxicity caused by ex-
panded polyglutamine tract[23,29].  As N-terminal huntingtin
fragments produced by caspase and calpain mediated cleav-
age are localized in the nucleus and prone to aggregate, this
might contribute to HD pathogenesis.  Protease inhibitors
could reduce N-htt fragments and, in turn, prevent or delay
disease progression.  A few studies demonstrate that the

caspase inhibitor minocycline was able to inhibit huntingtin
aggregation, retard disease progress and prolong the lifespan
of HD mice[30,31].  So far, there is no good inhibitor for calpain
and aspartic endopeptidases that have been developed and
tested against mutant huntingtin.

Apoptosis or programmed cell death is implicated in HD
pathogenesis by the observations of the elevation of cyto-
chrome c in the cytoplasm[32] and activation of caspases 1, 3,
8, and 9[32–34].  Thus, the apoptosis pathway is a reasonable
target for HD therapy.  In one study, intracerebroventricular
administration of z-VAD-fmk, as an inhibitor of apoptosis,
for 4 weeks starting at the age of 7 weeks improved survival
of R6/2 mice by 24.8%[34].  However, in another study, admin-
istration of other apoptosis inhibitors, YVAD-fmk and DEVD-
fmk individually, showed no effects at all, though they can
extend the lifespan of R6/2 mice by 17.2%[30,31].  As therapeu-
tic agents, caspase inhibitors might act on two targets: mu-
tant huntingtin to prevent the release of toxic N-terminal
fragments and apoptosis to prevent neurons from death
caused by mutant huntingtin.

Histon deacetylase (HDAC) inhibitors   Huntingtin in-
teracts with several important transcription factors, includ-
ing cAMP-response element binding protein (CBP), TATA
box binding protein (TBP), specificity protein-1 (SP1), nuclear
factor-κB (NF-κB)[35–37].  Some of these are reportedly found
in huntingtin aggregates.  Altered gene expression was found
in the R6/2 transgenic HD mice at the ages of 6 and 12
months[38], and in full-length huntingtin transgenic mice[39].
Abnormal transcription might be caused by direct interac-
tions between mutant full-length huntingtin or its fragments
and transcription factors, which in turn change the normal
transcription mediated by these transcription factors.  Mu-
tant huntingtin can affect transcription by altered binding to
transcription factors not recruiting them into aggregates. This
means that altered transcription is an early event in HD patho-
genesis caused by soluble mutant huntingtin, either full-
length or fragmented before forming aggregates.  This no-
tion is supported by several lines of evidence: (1) no CBP,
TBP, or SP1 could be found in huntingtin inclusions in sev-
eral HD mouse models and they maintained normal cellular
levels in these mice[40]; (2) less SP1 was found to bind to
DNA in the presence of mutant huntingtin in vitro[36] and in
vivo[41].

Reversal of the altered transcription might be a way to
retard HD progression. Inhibitors of histone deacetylase
(HDAC) can increase gene transcription and have been ex-
amined as a potential therapy in both HD Drosophila and
transgenic R6/2 HD mice.  Suberoylanilide hydroxamic acid
(SAHA), a selective HDAC inhibitor, reduced neurodegener-
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ation in HD Drosophila[42].  In R6/2 mice, SAHA increased
histone acetylation and ameliorated motor deficits. However,
it did not affect the aggregation and loss of brain weight[43].
Another HDAC inhibitor, sodium butyrate, improved sur-
vival of R6/2 mice in a dose-dependent manner by up to
21.7% when administered intraperitoneally at a dose of 200–
10 000 mg·kg-1·d-1.  This treatment increased acetylation of
histon 3, histon 4, and SP1, improved motor performance
and bodyweight loss, and decreased atrophy of the brain
and striatum. But sodium butyrate had no effect on the for-
mation of immunoreactive huntingtin aggregates[44].

Gene therapy  Gene therapy is another potential thera-
peutic method for HD in addition to the small compounds
described above. Intracellular antibodies (intrabodies) and
RNA interference (RNAi) are 2 potential methods that could
be used for gene therapy of HD.  Intrabodies are a powerful
tool to study protein functions in vivo and also a potential
therapeutic approach delivered by gene therapy[45].  This is
achieved by expressing single-chain variable region frag-
ments (svFv or sFv) of the antibody intracellularly to bind
an intracellular target[46].  One intrabody selected from a hu-
man sFv phage display library, which is specific for the first
17 amino acids of human huntingtin, dramatically reduced
the aggregates formation when cotransfected with
huntingtin, with expanded polyglutamine tract and a GFP
tag[47].  A recent study reported that an intrabody consisting
of only a single light chain variable domain selected from a
non-immune human antibody library against the first 20
N-terminal amino acids of human huntingtin and affinity ma-
tured with yeast surface display method, inhibited mutant
huntingtin aggregation in both cell-free and cell-based as-
says[48].  The small size of this single-domain intrabody en-
ables it to diffuse into the nucleus readily. Given its small
size and human origin, it should be a more practical approach
in gene therapy.  The recognition site of the intrabody deter-
mines whether the intrabody has beneficial effects.  In addi-
tion to intrabodies recognizing the first 17 or 20 amino acids
of huntingtin, the intrabody recognizes the polyproline do-
mains of huntingtin inhibited aggregation and reduces the
cell death caused by mutant huntingtin.  However, an
intrabody recognizing polyglutamine region actually pro-
moted aggregation and apoptosis[49].

Recently developed RNAi technology provides a power-
ful way to reduce target gene expression in cell cultures and
in brains[50].  To explore its potential therapeutic effects in
polyglutamine diseases, double-stranded RNA (dsRNA),
which induces RNA interference, was used to test against
polyglutamine induced cell toxicity[51].  dsRNA can cause se-
quence-specific, not allele-specific inhibition of huntingtin

translation.  In mammalian cells, dsRNA reduced the toxicity
and caspase-3 activation caused by expression of expanded
polyglutamine tract.  The outcome of a recent breakthrough
in studying spinocerebella ataxia 1 (SCA1) demonstrated a
bright future in using RNAi in HD[52].  Both SCA1 and HD
belong to a group of severe neurodegenerative diseases
caused by expansion of the polyglutamine tract in proteins.
In the study, after recombinant adeno-associate virus (AAV)
vectors expressing short-hairpin RNA (shRNA) were injected
into the cerebellar region of the brain of transgenic SCA1
mice expressing transgenic human disease allele (ataxin-1-
Q82), the cerelellar morphology was significantly improved
and ataxin-1 inclusions were reduced in Purkinje cells, while
there was no effect of the RNAi vectors in wild-type mice[52].
RNAi targets both the mutant and wild-type allele, however,
it does not completely eliminate the mRNA and protein
synthesis.  Huntingtin plays a critical role during develop-
ment as shown by the fact that huntingtin knock-out mice
are embryonic lethal.  However, reducing huntingtin after
birth and before the onset of the disease could have minor
effects on its normal function.  Also, reduction of mutant
huntingtin should delay the onset of disease or disease
progression. Taken together, RNAi is a potential therapy for
HD and will be tested in transgenic mice soon. RNAi target-
ing mutant huntingtin allele is also currently under develop-
ment.

Neuron protection and replacement therapy

The goal of neuroprotective therapy is to preserve vul-
nerable neurons, restore neuronal function or replace lost
neurons.  These therapies do not require a full understand-
ing of the molecular mechanisms of HD.  Thus, they could be
useful strategies for the present treatment of HD.

Neurotrophic factors  Neurotrophic factors interact with
three types of membrane receptors, named TrKA, TrKB, and
TrKC. These receptors have tyrosine kinase activity.  Nerve
growth factor (NGF) binds to TrKA receptors, and brain de-
rived neurotrophic factor (BDNF) and neurotrophin-4/5 (NT-
4/5) bind to TrkB, whereas neurotrophin-3 (NT-3) binds pref-
erentially to TrkC[53].  Neurotrophic factors play critical roles
in neurodevelopment and support neuronal survival and
plasticity of mature neurons. In a variety of neuronal injury
models, neurotrophic factors have been shown to protect
neurons from death and to promote functional recovery.
Thus, neurotrophic factors have long been suggested as
therapeutic candidates for neurodegenerative disorders in-
cluding Parkinson disease and HD.

Beneficial effects of neurotrophic factors in HD have been
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demonstrated in animal models of HD.  Excitotoxins and mi-
tochondrial toxins have been used for producing animal mod-
els of HD because they induce degeneration of striatal neu-
rons mimicking pathological features of HD.  In these HD
animal models, administration of neurotrophic factors re-
duced neuronal damage and behavioral deficits.  Neuro-
trophins are introduced into brains by direct injection, im-
plantation of engineered cells producing neurotrophins, or
using viral expression vectors.  Direct injection of neuro-
trophins into brains would not be clinically practical, but
transplantation of neurotrophin producing cells into brains
is feasible to achieve long lasting delivery of neurotrophins[54].
To minimize immunoresponse to implanted cells, different
methods of encapsulation of cells have been developed.
These technologies have greatly reduced host immune re-
sponse and prolonged survival of implanted cells.  In a re-
ported study, polymer-encapsulated cells secreting human
NGF survived as long as one year after transplantation into
rat ventricles[55].

Instriatal administration of quinolinic acid (QA), a selec-
tive NMDA receptor agonist, causes apoptotic death of stri-
atal projection neurons, but striatal interneurons are mostly
spared[56].  This pathology is similar to that found in HD
brains.  In QA-induced rodent models of HD, intrastriatal
injection of adenovirus encoding BDNF protected neurons
from QA-induced striatal lesions as revealed by histological
examinations.  Immunocytochemistry revealed that viral ex-
pression of BDNF increased survival of striatal GABAergic
projection neurons[57].  In another study, cell lines express-
ing BDNF, NT-3, or NT-4/5 were grafted in the adult rat stria-
tum before QA injection.  Seven days after QA injection,
immunohistological examination confirmed protection of stri-
atal projection neurons by neurotrophins. QA injection alone
or in combination with the control cell line induced a selec-
tive loss of striatal projection neurons.  Grafting of a BDNF-
secreting cell line prevented the loss of all types of striatal
projection neurons analyzed[58].  Neuroprotective effects of
transplantation of CTNF producing cells were also demon-
strated in non-human primate HD models.  Emerich et al gave
Cynomolgus monkeys intrastriatal implants of polymer-
encapsulated kidney fibroblasts from baby hamsters that
had been genetically modified to secrete human CNTF[59].
Human CNTF was found to exert a neuroprotective effect on
striatal neurons, including GABAergic, cholinergic and dia-
phorase-positive neurons.  Human CNTF also prevented the
retrograde atrophy of layer V neurons in the motor cortex
and exerted a significant protective effect on the GABAergic
innervation of the two important target fields of the striatum[59].

Another useful method for delivery of neurotrophins is

to use a viral expression vector.  Introduction of viral vector
into brains can achieve local production of exogenous neu-
rotrophic factors.  In 3-nitropropionic acid (3-NP)-induced
rodent HD model, Jodi et al investigated the neuroprotective
effects of glial-derived neurotrophic factor (GDNF) deliv-
ered by an AAV.  Lewis rats received bilateral injections of
either AAV-GDNF or AAV-green fluorescence protein into
the striatum followed by chronic subcutaneous infusions of
the mitochondrial toxin, 3-NP (38 mg/kg).  All rats underwent
4 weeks of behavioral testing and were then killed. Follow-
ing 3-NP, the motor performance of AAV-GFP-treated rats on
a raised platform deteriorated, while the performance by AAV-
GDNF-treated rats was near normal.  Histological analysis
found that 3-NP-treated rats receiving AAV-GDNF displayed
70% more NeuN-immunoreactive neurons compared to 3-
NP-treated rats receiving AAV-GFP[60].  Other studies on QA-
induced rodent HD models also found that enhanced ex-
pression of BDNF or GDNF, achieved by AAV vector-medi-
ated gene delivery, protected striatal neurons.  Both AAV-
BDNF and AAV-GDNF significantly reduced the loss of  NeuN
and calbindin-immunopositive striatal neurons 2 weeks af-
ter lesion compared to controls[61].

Neurotrophins not only reduced neuronal loss in chemi-
cal models of HD, but also improved behavioral deficits.  In
rats, bilateral infusion of QA produced a significant loss of
bodyweight and mortality, which was prevented by prior
implantation of hCNTF-secreting cells. QA produced impair-
ments in motor function and cognitive function.  The behav-
ioral deficits induced by QA were abolished by implantation
of hCNTF-secreting cells prior to QA infusion.  Consistent
with behavioral improvements after implantation of hCTNF
secreting cells, neurochemical examination revealed that
CNTF-treated animals did not exhibit any decrease in ChAT
levels and only a 10% decrease in GAD levels in the striatum,
whereas in control animals QA decreased striatal ChAT lev-
els by 35% and striatal GAD levels by 45%[59].  Further stud-
ies in primates also showed that intracerebral delivery of low
doses of CNTF at the onset of HD symptoms not only pro-
tects neurons from degeneration but also restores neostriatal
functions[62].  These results support the hypothesis that
CNTF infusion into the striatum of HD patients could not
only block the degeneration of neurons but also alleviate
motor and cognitive symptoms associated with persistent
neuronal dysfunction.

The elucidation of the genetic defect in patients with HD
has allowed for the detection of individuals at risk for HD
prior to the onset of symptoms.  Thus “neuroprotection strat-
egies” aimed at preventing the neuropathological and be-
havioral sequelae of this disease might be powerful therapeu-
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tically, as they could be introduced to healthy patients be-
fore the initiation of a massive degenerative cascade princi-
pally localized to the striatum.  After some issues, such as
immunoresponse and long-term survival of transplanted cells,
are resolved this type of therapeutic strategy could be ready
for clinical testing in HD patients.

Neural cell transplantation  For many years investiga-
tors have proposed the replacement of lost neurons and the
restoration of functions by grafting new cells into specific
brain regions.  HD pathology affects multiple brain regions,
but the striatum is most affected in the early stages.  Now
many studies have been conducted in animal models and
HD patients, giving HD patients new hope for a potential
novel therapy.

In early studies on a rodent HD model, intrastriatal injec-
tion of striatal neurons obtained from 14 to 15-day-old rat
fetuses re-established a new striatum-like structure at the
site of the ibotenic acid-induced lesions. This reduced stri-
atal atrophy on average to approximately 50%–70% of nor-
mal control in the rats with lesions and to approximately
30%–40% in the animals with grafts.  In the rats with grafts,
there was a significant recovery of striatal neuronal markers
after excitotoxic lesions[63].  Both cell suspensions and tis-
sue chunks can be implanted into the striatum. But grafts
derived from cell suspensions triturated in the presence of
trypsin contained larger quantities of striatal tissue within
the graft and more DARPP-32-positive medium spiny neu-
rons than grafts implanted as fragments of tissue.  Afferent
and efferent connectivity was also better in the trypsinized
suspension graft group[64].

The rationale for neuronal replacement as a possible
therapy for HD is strengthened by showing functional re-
covery after cell transplantation in a primate HD model.  A
complete and persistent recovery was demonstrated in a fron-
tal-type cognitive task 2 to 5 months after intrastriatal
allografting.  The striatal allografts also reduced the occur-
rence of dystonia, a major abnormal movement associated
with HD[65].  These results further support the use of neural
transplantation as a potential therapy for HD.  Grafted cells
must establish connection with target neurons to have their
functions.  The establishment of a neuronal network was
revealed in the experiments with transplantation of neural
precursor cells into a rat model of HD.  Neural precursors
survived transplantation and large numbers differentiated
to express neuronal markers, including DARPP-32, indicat-
ing a mature striatal phenotype had been adopted.  Neuronal
fibers from the grafts projected diffusely throughout the host
brain, although there was no evidence that outgrowth was
specifically target directed[66].  The thalamostriatal projec-

tions to rat neostriatal grafts were studied using the Phaseolus
vulgaris-leucoagglutinin (PHA-L) axonal tracing technique.
Two to six months after implantation of striatal primordia
into adult neostriata, PHA-L was injected into two different
portions of the intralaminar nuclear complex of the thalamus
and examined with an electron microscope.  Some of the la-
beled fibers in the grafts formed dense, focal arborizations.
However, the synaptic connections in grafts were different
from the normal striatum.  The shift of postsynaptic elements
in the grafts suggests a loss of pathway specificity in the
induction of dendritic spines on neostriatal neurons in grafts
[67].  In a QA-induced experimental HD model, DA-mediated
electrophysiological depression was studied after fetal stri-
atal tissue transplants were grafted.  QA lesioning reduced
responses to DA in the striatal neurons.  The dose of DA
required to inhibit striatal neuron activity in the lesioned rats
was significantly increased compared to that in the non-
lesioned rats.  Transplantation of the fetal striatal tissue re-
stored electrophysiological sensitivity to DA in the lesioned
striatum.  Tyrosine hydroxylase-positive terminals were found
innervating the striatal grafts[68].  The survival of grafts and
the effects of the grafts on the development of neurological
deficits in HD transgenic mice have also been examined.
Hemizygote transgenic and wild-type littermate female mice
received striatal grafts at the 10 weeks of age and were al-
lowed to survive for 6 weeks. Normal healthy grafts were
seen to survive and differentiate within the striatum of
transgenic mice in a manner comparable to that seen in con-
trol mice.  The transgenic mice exhibited a progressive de-
cline in bodyweight from 9 weeks of age and a progressive
hypoactivity in an open field test of general locomotor
behavior.  Although striatal grafts exerted a statistically sig-
nificant influence on several indices of this impairment, all
behavioral effects were small and did not exert any clinically
relevant effect on the profound neurological deficiency of
the transgenic mice[69].  This could be a result of the rapid
development of neurological deficits in this HD model.

The safety and therapeutic effects of neural transplanta-
tion have been tested in HD patients.  The first clinical trial in
HD patients was reported in 1995 by Madrazo et al[70].  In
their trial, homotopic fetal striatal homotransplantations were
performed on two HD patients.  Each patient was implanted
in the ventricular wall of the right caudate nucleus with striata
from a 13 week-old and a 12 week-old human fetus.  After
surgery both patients were kept on cyclosporine A for
immunosuppression.  The two patients were observed for
16–33 months post-transplantation for neurological progres-
sion of their disease.  The results showed that the disease in
both patients had progressed slower in relation to their pre-
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operative state.  The effects of fetal tissue transplantation
on HD symptoms were carefully evaluated in three patients
who had received surgery.  Four to six months after surgery,
all patients demonstrated increased scores on some mea-
sures of cognitive functions. These findings suggest that
fetal striatal transplantation could improve some of the cog-
nitive symptoms associated with HD[71].

In a safety evaluation of three HD patients who received
fetal striatal tissue transplantation for one year, MRI revealed
that the grafts survived and grew within the striatum with-
out displacing the surrounding tissue. No patients demon-
strated adverse effects from the surgery or the associated
cyclosporin immunosuppression, nor did any patient exhibit
deterioration following the procedure[72].  In a post-mortem
examination of an HD patient, who died from cardiovascular
disease 18 months after transplantation, histological analy-
sis demonstrated surviving transplanted cells with typical
morphology of the developing striatum.  Selective markers
of both striatal projection and interneurons showed positive
transplant regions clearly innervated by host tyrosine hy-
droxylase fibers.  Neuronal protein aggregates of mutant htt,
a biohallmark of HD neuropathology, were not found within
the transplanted fetal tissue[73].  These results suggest that
grafts derived from human fetal striatal tissue can survive
for a relatively long time after transplantation into a patient
with HD[73].  Functional improvements were demonstrated in
the Gaura et al report with three HD patients[74].  They
showed that the clinical changes in these three patients were
associated with a reduction of the striatal and cortical
hypometabolism, demonstrating that grafts were able to re-
store the function of striato-cortical loops.  Conversely, in
the two patients not improved by the grafts, striatal and
cortical hypometabolism progressed over the 2-year follow-
up.  Finally, detailed anatomical/functional analysis of the
grafted striata, enabled by the 3D fusion of MRI and meta-
bolic images, revealed considerable heterogeneity in the
anatomic and metabolic profiles of grafted tissue, both within
and between HD patients.

The safety of fetal striatal tissue transplantation was
demonstrated in a few clinical trials[75–78].  All these studies
reported that surgical procedures were safe and patients tol-
erated grafts well.  The major adverse events related to the
procedure were associated with immunotherapy.  However,
a report from Hauser et al raised big concerns on the safety
of fetal tissue transplantation[79].  In their clinical trial of 7
patients undergoing bilateral engraftment, there were 4 sub-
dural haematomas (in 3 subjects), 2 requiring neurosurgical
drainage.  One subject died 18 months after surgery from
probable cardiac arrhythmia secondary to severe atheroscle-

rotic cardiac disease.  Autopsy demonstrated clearly demar-
cated grafts of typical developing striatal morphology, with
host-derived dopaminergic fibers extending into the grafts
and no evidence of immune rejection.  These latter subjects
might have had more advanced HD with a greater degree of
brain atrophy, and this could be a contraindication to
engraftment.

Other neuroprotective approaches  Mitochondria dys-
function has been implicated in HD pathogenesis.  The sup-
porting evidence includes deficiency in mitochondria com-
plex I, II and IV in HD brains and HD transgenic mice.  Toxins
inhibiting mitochondria complex produce striatal HD
pathology. Therefore, compounds enhancing energy metabo-
lism have been evaluated for treatment of HD.  In HD patients,
lactate was increased in cerebrospinal fluid and cerebral cortex.
Treatment with coenzyme Q10 (CoQ10), an essential cofac-
tor of the electron transport chain and an important
antioxidant, resulted in significant decreases in cortical lac-
tate concentrations in 18 patients.  These findings provide
evidence for a generalized energy defect in HD, and suggest
a possible therapy[54].  Thus, its neuroprotective effects have
been investigated in a variety of animal models. These stud-
ies have demonstrated that CoQ10 can protect against stri-
atal lesions produced by the mitochondrial toxins malonate
and 3-nitropropionic acid. Oral administration of CoQ10 sig-
nificantly decreased elevated lactate levels in patients with
HD[80].  CoQ10 in combination with the NMDA antagonist
remacemide was examined to determine the efficacy in ame-
liorating the motor dysfunction and premature death of HD
transgenic mice.  Motor performance was specifically but
transiently improved beginning 3 weeks after drug adminis-
tration.  Survival, however, was not prolonged[81].  In an-
other study in HD transgenic mice with CoQ10 and remace-
mide, Ferrante et al found that oral administration of either
CoQ10 or remacemide significantly extended survival and
delayed the development of motor deficits, weight loss, ce-
rebral atrophy, and neuronal intranuclear inclusions in the
R6/2 transgenic mouse model of HD.  The combined treatment,
using CoQ10 and remacemide, was more efficacious than
either compound alone, resulting in a 32% and 17% increase
in survival in the R6/2 and N171-82Q mice, respectively[82].

Huntington et al completed a multicenter, parallel group,
double-blind, 2×2 factorial, randomized clinical trial with
CoQ10 in 2001[83].  Research participants with early HD
(n=347) were randomized to receive CoQ10 300 mg bid,
remacemide hydrochloride 200 mg three times daily, both, or
neither treatment, and were evaluated every 4 to 5 months
for a total of 30 months on assigned treatment.  The pres-
pecified primary measure of efficacy was the change in total
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functional capacity (TFC) between baseline and 30 months.
This study, however, yielded limited beneficial results. Nei-
ther intervention significantly altered the decline in TFC.
Patients treated with CoQ10 showed a trend toward slowing
in TFC decline (13%) over 30 months as well as beneficial
trends in some secondary measures. There were increased
frequency of nausea, vomiting, and dizziness with remace-
mide, and an increased frequency of stomach upset with
CoQ10.

Another compound having an effect on bioenergy me-
tabolism is creatine.  In HD-transgeneic mice, dietary supple-
mentation of 2% creatine significantly improved survival,
slowed the development of motor symptoms, and delayed
the onset of weight loss. Creatine lessened brain atrophy
and the formation of intranuclear inclusions[84].  Later stud-
ies suggested that creatine treatment started after onset of
clinical symptoms in HD mice was able to significantly ex-
tend survival and improve motor performance.  There was
reduced brain levels in both creatine and ATP in R6/2 mice,
consistent with a bioenergetic defect.  Oral creatine supple-
mentation significantly increased brain concentrations of
creatine and ATP to wild-type control levels [85].  These stud-
ies suggest that creatine might be useful in the treatment of
HD.  A preliminary clinical trial with creatine has been per-
formed in 41 patients for 1 year.  Creatine 5 g/d was admini-
stered.  At baseline and after 6 and 12 months, the functional,
neuromuscular, and cognitive status of the patients was as-
sessed by a test battery that consisted of: (1) the Unified
Huntington’s Disease Rating Scale (UHDRS); (2) an exercise
test on an isokinetic dynamometer to assess strength of the
elbow flexor muscles; (3) a maximal exercise test on a bicycle
ergometer to evaluate cardiorespiratory fitness; and (4) a
test to assess bimanual coordination ability.  One year of
creatine intake, at a rate that can improve muscle functional
capacity in healthy subjects and patients with neuromuscu-
lar disease (5 g/d), did not improve functional, neuro-
muscular, and cognitive status in patients with stage I to III
HD[86].

It has been suggested that excitotoxicity contributes to
the pathogenesis of HD.  Riluzole is a substance with
glutamate antagonistic properties that is used for neuropro-
tective treatment in amyotrophic lateral sclerosis, and which
is currently being tested in clinical trials for treatment of HD.
R6/2 transgenic mice were treated with riluzole orally begin-
ning at a presymptomatic stage until death to investigate its
potential neuroprotective effects in the mouse model and it
was found that survival time in the riluzole group was sig-
nificantly increased in comparison to placebo-treated trans-
genic controls.  Additionally, the progressive weight loss

was delayed and significantly reduced by riluzole treatment;
behavioral testing of motor coordination and spontaneous
locomotor activity, however, showed no statistically signifi-
cant differences.  These data suggest that riluzole is a promis-
ing candidate for neuroprotective treatment in human HD[11].

Recently a few studies have produced interesting results
on the beneficial effects of environment enrichment on HD.
van Dellen et al housed HD mice in large standard cages
that contained cardboard, paper and plastic objects, which
were changed every two days, from the age of 4 weeks[87].
They showed that exposure of these mice to a stimulating,
enriched environment from an early age helps to prevent the
loss of cerebral volume and delays the onset of motor
disorders.  In the brains of humans diagnosed with HD can-
nabinoid CB1 receptors are selectively lost from the basal
ganglia output nuclei prior to the development of other iden-
tifiable neuropathology.  In animal studies, they further
showed that HD mice housed in a normal environment show
a loss of cannabinoid CB1 and dopamine D1 and D2 recep-
tors in the striatum and the corresponding output nuclei of
the basal ganglia.  HD mice exposed to an enriched environ-
ment showed equivalent loss of D1 and D2 receptors as their
“non-enriched” counterparts; in contrast, the “enriched”
mice show significantly less depletion of CB1 receptors.
These results therefore show that an enhanced environment
slows the rate of loss of one of the first identifiable neuro-
chemical deficits of HD[88].  Environment enrichment slowed
a decline in RotaRod performance in R6/2 mice.  Enrichment
also delayed the loss of peristriatal cerebral volume in R6/2
brains[89].  Improvement of motor functions and prevention
of loss of bodyweight in HD mice were found. HD patients
and transgenic mice expressing mutant human huntingtin
exhibit reduced levels of BDNF, hyperglycemia, and tissue
wasting.  Enrichment entirely corrected these changes.
BDNF levels are unaltered in HD in the anterior cortex, sug-
gesting that enrichment might prevent HD-induced impair-
ment of anterograde transport of this neurotrophin to the
striatum[90].

It has been shown that dietary restriction (DR) slows
down the aging process and increases life expectancy.
Further, the progression of neuropathological (formation of
huntingtin inclusions and apoptotic protease activation),
behavioral (motor dysfunction), and metabolic (glucose in-
tolerance and tissue wasting) abnormalities in HD mice were
shown to be retarded when the mice were maintained on a
DR feeding regimen, which resulted in an extension of their
lifespan.  DR increases levels of brain-derived neurotrophic
factor and the protein chaperone heat-shock protein-70 in
the striatum and cortex, which are depleted in HD mice fed a
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normal diet.  These results suggest a dietary intervention
that could suppress the disease process and increase the
lifespan of humans that carry the mutant huntingtin gene[91].
These results could provide a molecular basis for ameliorat-
ing the effects of HD by some simple yet effective appro-
aches.

Symptomatic treatment

Movement disorder is a prominent feature of HD.  The
motor component of HD consists of involuntary choreiform
movements and increasing difficulties with voluntary
movement.  Behavioral and psychological problems are the
first manifested symptoms in nearly 50% of HD patients.
The most common symptoms are loss of energy and initiative,
poor perseverance and quality of work, impaired judgment,
poor self-care, and emotional blunting.  Affective symptoms
such as depression, anxiety, irritability, dementia, and schizo-
phrenia-like psychosis occur with a relatively high frequency
in HD [92,93].  At present, in the absence of a cure for HD, it is
desirable to treat HD symptoms aimed at enhancing the qual-
ity of life of patients and improving overall functioning.
These types of treatments should include medication, social
service, and physical/occupational therapy.

Management of motor dysfunction   In general, treatment
of chorea is not recommended unless symptoms are
disabling.  Degeneration of striatal GABAergic neurons can
cause hyperactivity of dopaminergic systems.  Reducing
dopaminergic activity might help restore the balance of neu-
rotransmitter functions.  Neuroleptics are dopamine recep-
tor antagonists used for the treatment of psychosis.  These
drugs have been tried for treatment of choreiform movement
in HD patients.  Haloperidol is a protoform neuroleptic for
the treatment of schizophrenia. Haloperidol is a dopamine
D2 receptor antagonist.  This drug has been tested in HD for
reducing abnormal movements. Eighteen patients with
Huntington’s chorea were examined before and after treat-
ment with haloperidol, pimozide and tiapride to study the
effect of such treatment on hyperkinesia and motor perfor-
mance.  Pimozide and haloperidol improved hyperkinesia;
none of the drugs significantly affected motor performance[94].
The relationship between serum haloperidol concentration
and improvement in abnormal movements was investigated
in 20 adult HD patients.  Serum samples and assessments of
the severity of chorea were simultaneously obtained from
each patient.  Results showed that significant improvement
of abnormal movements, greater than 30% from baseline,
occurred at serum concentrations between 2 and 5 µg/L,
which corresponded to doses of 1.5 to 10 mg/d[95].  The main

adverse effect of haloperidol is the high frequency of
dyskinesia.  Clinically the most problematic of these are
sedation, cognitive slowing, increased mobility problems,
and hypotension. The inability of traditional dopamine an-
tagonists to improve functional capacity, despite ameliorat-
ing chorea, is possibly a result of the suppression of volun-
tary motor activity.  The antipsychotic drug risperidone was
reported to be effective in the treatment of chorea and psy-
chosis in HD patients. After initiating the treatment, the pa-
tient experienced improvement in maintaining gait and in-
creased hand skills.  It was noticed that the patient had de-
creased choreiform movements in the second week of the
treatment[96].

Chorea in HD and in the levodopa-induced dyskinesias
of PD can be clinically indistinguishable. In PD, hyperphos-
phorylation of NMDA receptors expressed on striatal me-
dium spiny neurons contributes to peak-dose dyskinesias,
and drugs that block these receptors can diminish chorea
severity.  Because these spiny neurons are the primary tar-
get of the neurodegenerative process in HD, sensitization of
NMDA receptors on residual striatal neurons might also
participate in the generation of motor dysfunction in HD.
Movement disorder is also treated with the NMDA receptor
antagonists riluzole and amantadine. In a 6-week open-label
trial of riluzole (50 mg twice a day) in eight subjects with HD,
subjects were evaluated before riluzole treatment, on
treatment, and off treatment, with the chorea, dystonia, and
total functional capacity (TFC) scores from the Unified
Huntington’s Disease Rating Scale, and magnetic resonance
spectroscopy measurements of occipital cortex and basal
ganglia lactate levels.  The chorea rating score improved by
35% on treatment and worsened after discontinuation of
treatment.  There was no significant effect on the dystonia
or TFC score[97].  In another open label study, riluzole was
given (50 mg twice a day) to nine HD patients (clinical stages
1–3; mean age 46.4 years; mean disease duration 8 years).
Patients were evaluated at baseline and after 3 and 12 months
of riluzole therapy.  Results demonstrated that riluzole was
well tolerated.  At 3 months, mean total motor scale (TMS),
mean TMS chorea subscore, and mean total functional ca-
pacity scale were significantly improved compared with pre-
drug baseline.  At 12 months, however, this beneficial effect
on motor status and overall function was not sustained.  In
contrast, severity and frequency of behavioral dysfunction
as well as psychomotor speed assessed by the symbol digit
modalities test were improved compared with baseline.  These
data suggest that there are transient antichoreatic effects
and more sustained effects of riluzole on psychomotor speed
and behavior in patients with HD[98].  In a case report pre-
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sented by Bonelli et al, two HD patients with severe motor
dysfunction were initially treated with olanzapine (20 mg
daily)[99].  Improvement of motor performance was obtained
with olanzapine in both patients.  After 2 weeks of treatment
with olanzapine, riluzole (50 mg twice a day) was added.  A
further slight improvement of motor function (especially in
the fine motor tasks) was seen in the next 2 weeks without
additional side-effects.

Another NMDA receptor antagonist tested for use in
HD patients is amantadine.  In a clinical study conducted by
Verhagen et al, 24 patients with HD entered a double-blind
placebo-controlled crossover study of amantadine with two
2-week arms[100].  Chorea scores were lower with amantadine
(usually 400 mg/d) than placebo, with a median reduction in
extremity chorea at rest of 36% for all 22 patients evaluated
and of 56% in the 10 individuals with the highest plasma
drug levels.  Improvement correlated with plasma amanta-
dine concentrations but not CAG repeat length.  The acute
antidyskinetic effects of IV amantadine in HD were evaluated.
A 2-h IV infusion of amantadine or placebo was given to 9
patients with HD on two different days in a double-blind,
randomized crossover fashion.  All patients subsequently
received oral amantadine unblinded for a 1-year period. A
reduction of dyskinesia scores was reported during both IV
and oral amantadine treatment (P<0.05)[101].

Management of psychological disturbance  There are
not many studies on the treatment of the psychopathology
of HD although psychological disturbance is common in HD
patients.  Episodic aggressive behavior in HD that responded
poorly to neuroleptics was reduced by a carefully titrated
dose of propranolol in 3 patients with advanced HD.  The
optimal doses were 180 and 30 mg/d, respectively[102]. Lithium
is a mood stabilizer used for bipolar disorder.  It has been
reported that 6 patients with a family history of HD chorea
participated in a double blind crossover trial involving four
treatments: lithium carbonate, haloperidol, lithium carbonate
and haloperidol, and placebo.  None of the treatments sig-
nificantly affected chorea measurements.  With regard to the
psychological variables, the levels of irritability, the fre-
quency of angry outbursts and depression did appear to be
affected by the treatment in some patients.  Three patients
improved on a combination of lithium carbonate and halo-
peridol while the remaining three did not.  It is suggested
that lithium carbonate and haloperidol together should be
seriously considered in the treatment of HD when patients
are excessively irritable and impulsive[103].

Atypical antipsychotic drugs have recently been found
to be useful in the treatment of HD symptoms including motor
dysfunction.  Risperidone is a novel antipsychotic drug with

a balanced serotonin 5-HT2 and dopamine D2 receptor
antagonism.  In a case report, risperidone was introduced in
combination with clozapine therapy.  Risperidone was started
at 0.5 mg/d and gradually increased to 6 mg/d over a 6-week
period.  This coincided with marked improvement in abnor-
mal involuntary movements (AIMS score of 7) and further
improvement in psychosis (BPRS score of 7).  Choreiform
movements of the limbs ceased almost completely, gait im-
proved significantly, and dysarthria and facial grimacing
decreased[104].  Olanzapine is a new atypical antipsychotic
drug.  It is a thienodibenzodiazepine and is structurally very
similar to clozapine. Olanzapine has been shown to have a
high affinity for a large number of receptors including D1,
D2, D4, 5HT2A, 5HT2C, 5HT3, α1-adrenergic, histamine H1,
and five muscarinic receptors.  Unlike clozapine it is not as-
sociated with the potentially serious side effect of agranulo-
cytosis and therefore frequent blood monitoring is not
necessary.  Dipple reported the first case of using olanzapine
in HD[105].  An HD patient who had shown no improvement
after using other typical anti-psychotic drugs showed a posi-
tive response in improving motor function with olanzapine.
As a result, more HD patients were treated with olazapine.  In
a clinical study with 11 HD patients, 9 patients were treated
with olanzapine for 9.8±5.9 months. Assessment of the drug’s
effects was carried out using the Clinical Global Impression
of Change Scale (CGIC) and the United Huntington’s Dis-
ease Rating Scale behavioral (UHDRS-b) and motor (UHDRS-
m) at 6-month intervals. The Mean CGIC was 2.1±0.8. UHDRS-
b improved significantly and UHDRS-m did not change.  It
was concluded that olanzapine is a good alternative treat-
ment in HD, mainly for psychiatric symptoms and is moder-
ately effective for motor symptoms, possibly because of its
effect on chorea[106].

Symptomatic treatment of HD like symptoms with Chi-
nese medicine  HD diagnosis is difficult in China as autopsy
and genetic testing are usually not performed.  However,
there are many reports describing successful treatment of
choreiform movement disorders (named chorea minor) with
Chinese medicine.  Among these reported cases, most in-
volve HD-like symptoms caused by other diseases.  But these
treatments might also be effective in relief of HD symptoms.
Recent studies reported that a natural product derived from
six herbs, including Ginsheng and Shouwu, protected 3-
nitropropionic acid induced striatal lesions and reduced be-
havioral deficits.  This herbal product increased expression
of BDNF and GDNF in the brain[107–109].

Summary and conclusion
The therapeutic benefits of current symptomatic treat-
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ments remain to be determined.  The effectiveness of drug
treatment usually has been evaluated only in a small number
of patients, and varies in patients with different stages of
HD.  In order to confirm the value of these treatments in the
management of symptoms of HD, more clinical trials involv-
ing a larger number of patients and better design are needed.
It should be noted that improvement of chorea by typical
neuroleptics might be at the expense of worsening volun-
tary movement.  Extensive studies have greatly advanced
our understanding of the molecular mechanisms of HD
pathogenesis.  The main challenge in finding a cure for HD is
the selection of molecular targets.  Multiple parallel and se-
quential signaling pathways are involved in cultivating ulti-
mate neuronal dysfunction and death induced by mutant
huntingtin. Identifying upstream and core molecular events
could be crucial for therapeutic development.  Thus far, these
key issues have not been resolved.  Another big challenge is
an effective read-out for the assay of therapeutic effects.
Many novel therapies targeting molecular pathogenesis are
awaiting safe and clinical studies.  With regards to fetal tis-
sue transplantation, the resources are limited and there is
still debate on the ethical issues of using this technology.
The safety and rationale of tissue transplantation have also
now been questioned[110].  Compounds improving energy
production are safe but their effectiveness needs to be fur-
ther evaluated.  At present, NMDA receptor antagonists,
riluzole and amantadine, and energy production boosters,
CoQ10 and creatine, might be worth testing. The use of Chi-
nese medicine for HD treatment also needs further investiga-
tion.  We have made great progress, but we still have long
way to go in developing a cure for HD.
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Abstract
In the present paper, we overview the discovery of new biological activities

induced by ginsenoside Rg1 and Rb1 and discuss possible mechanisms of action.
Both compounds could increase neural plasticity in efficacy and structure; espe-
cially Rg1, as one small molecular drug, can increase proliferation and differentia-
tion of neural progenitor cells in dentate gyrus of hippocampus of normal adult
mice and global ischemia model in gerbils.  This finding has great value for treat-
ment of Alzheimer’s disease and other neurodegenerative disorders which is char-
acterized by neurons loss.  Increase of expression of brain derived neurotrophic
factor, Bcl-2 and antioxidant enzyme, enhanced new synapse formation, inhibition
of apoptosis and calcium overload are also important neuron protective factors.
Rg1 and Rb1 have common effects, but there are some differences in pharmacol-
ogy and mechanism.  These differences may attribute to their different chemical
structure.  Rg1 is panaxtriol with two sugars, while Rb1 is panaxtriol with four
sugars.
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Introduction
Ginseng, the root and rhizome of Panax ginseng C A

Meyer, has been used as a tonic remedy in Chinese tradi-
tional medicine for over 2000 years.  The word panax is de-
rived from panacea, which means cure-all and longevity.  In
200 AD when this herb was described in the oldest Chinese
materia medica book: Shen Nong Ben Cao Jing, the author
depicted many pharmacological functions of ginseng, in-
cluding both nootropic and anti-aging effects.  Since then,
ginseng has been widely used as a supplemental medicine.
However, it is neither a tonic nor a remedy for a certain
disease.

With the development of modern technology, more and
more active principles have been isolated and purified from
this herb, and the field of ginseng research has drawn in-
tense attention in Asia, Europe, and the United States.  Ev-
ery year, there are hundreds of papers published and new
uses for ginseng discoveried. More than 40 ginsenosides
have been isolated  from several species of ginseng.  Among
all the active ingredients isolated from ginseng, we selected
Rg1 and Rb1 for study because Rg1 and Rb1 are the repre-

sentative constituents of panax ginseng and American
ginseng, respectively.  Rg1 and Rb1 have different chemical
structure: Rg1 is panaxtriol with 2 sugars, while Rb1 is
panaxtriol with 4 sugars.  The chemical structure of Rg1 and
Rb1 are shown in Figure 1 and 2.  Many researchers believe
that they share many beneficial effects of ginseng, including
alleviating learning and memory impairment, reversing patho-
logical and physiological changes induced by stress and
aging, etc.  In the review, we take an overview of the proven
anti-amnestic and anti-aging effects of both compounds and
discuss their possible mechanisms in detail.

Anti-amnestic effects
Various memory-impairment models have been used to

evaluate how ginseng and its active ingredients affect learn-
ing and memory.  In a passive avoidance test, ginsenoside
Rg1, (25–100 mg/kg) improved learning and memory’s
acquisition, consolidation and retrieval, which were impaired
by anisodine, cycloheximide, and alcohol respectively, indi-
cating that Rg1 can improve all stages of memory.  To study
the effect of Rg1 on the learning and memory induced by β-
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amyloid (25–35), passive avoidance and performance in
Morris water maze were assayed after final treatment, and we
found that Rg1 at 5–10 mg/kg significantly decreased la-
tency and swimming distance, and improved corresponding
changes in search strategies in the Morris water maze and
increased step-through latency also.  Rg1 significantly im-
proved memory deficits in aged rats, ovariectomizde rats,
and cerebral ischemia-reperfesion rats.  Results of the present
study showed that ginseng extract and ginsenoside Rg1,
Rb1 (25–100 mg/kg) facilitated acquisition and retrieval of
memory.  Moreover, they also antagonized memory loss and
cognitive deficit under various pathological conditions such
as cerebral ischemia and dementia.  However, the nootropic
effect of Rg1 was generally stronger than that of Rb1.  All the
beneficial effects of ginsenosides observed in the memory-
impairment models have been repeated many times in differ-
ent labs[1–7].

Long-term potentiation (LTP) was first observed in 1973.
Since then, it has been thoroughly investigated.  Many sci-
entists believe that LTP in the hippocampus is the key form
of long-lasting synaptic plasticity and it connects the be-
havior of learning and memory with the plasticity of neurons.
Therefore, LTP has been considered as an important index of

cognitive activities in cellular and synaptic levels.  In Zhang’s
lab[8,9], both total ginsenosides (25–100 mg/kg, ip) and
ginsenoside Rg1 (10 and 100 nmol/L, icv) were found to im-
prove the basic synaptic transmission and increased the
amplitude of LTP induced by high-frequency-stimulation
(HFS) in anesthetized rats.  In contrast, although ginsenoside
Rb1 (10 and 100 nmol/L, icv) administered 30 min after teta-
nic stimulation was found to increase population spike (PS)
amplitude[10], it exerted an inhibitory effect on LTP induced
by HFS when given at the same time of stimulation and
showed no influence on basic synaptic transmission.  Fur-
ther research suggests that nitric oxide (NO) synthesized by
nitric oxide synthase (NOS), especially by nNOS, was in-
volved in synaptic transmission improving the effect of Rg1[11].
In order to eliminate the influence of anesthetics on synaptic
transmission, rats were chronically implanted with a stimula-
tion electrode in the perforated path and a recording elec-
trode in the granule cell of dentate gyrus.  After Rg1 was
administrated  (10 and 30 mg/kg, ip) for 12 d, an extracellular
recording technique was used to record PS.  The results
demonstrated that Rg1 significantly increased the sensitiv-
ity of evoking PS and the amplitude of PS in freely moving
rats[11].

Mechanisms underlying the nootropic effect of ginseng
First, ginsenoside might potentiate the cholinergic system
in the central nervous system (CNS).  Acetylcholine (ACh)
is a very important neurotransmitter in the brain and its scar-
city often leads to learning and memory impairment.  In
Zhang’s lab, Rg1 and Rb1 were found to enhance cholin-
ergic system’s function through two different pathways: first,
both ginsenosides showed the ability to increase the den-
sity of central M-cholinergic receptors, although they
showed no specific binding to the receptors.  Second, Rg1
and Rb1 increased the level of ACh in the CNS, which might
be the result of ginsenoside-induced enhancement on cho-
line acetyltransferase activity and inhibition on acetylcho-
line esterase activity[2,12].  Meanwhile, Banishin et al reported
that both ginsenosides facilitated cholinergic neurotrans-
mission by increasing cholinergic metabolism in the CNS[13].

It is very interesting to point out that according to exist-
ing theory, receptor density is directly dependent on trans-
mitter activity in the brain.  For instance, muscarinic recep-
tor level falls in response to the administration of its agonists,
while there is a rise in response to chronic administration of
muscarinic antagonists.  However, findings in Zhang’s lab
show simultaneous increases in M receptor density and Ach
level, which is not in line with previous observations[14].  So,
maybe a new theory should be provided to elucidate the
effects of ginseng on the cholinergic system.

Figure 2.  The structure of ginsenoside Rb1.  R1=OGlc(2-1)Glc;
R2=OGlc(6-1)Glc

Figure 1.  The structure of ginsenoside Rg1.  R1=OH; R2=OGlc;
R3=OGlc
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First, both Rg1 and Rb1 were found to increase protein
biosynthesis in the mouse brain[12].  This finding could also
explain ginseng’s function on memory consolidation.  In
addition, the increment of M-receptor density could be one
of the secondary effects of the enhancement of protein
synthesis.

Second, ginsenoside may interfere with immediate early
genes.  The c-fos proto-oncogene is the prototype of the early-
response class of genes and its expression can be considered
as a marker of neuronal activity.  Rg1 was found to signifi-
cantly increase the expression of c-fos gene  in both young
and old rats[15].  Furthermore, it had the ability to increase
cyclic adenosine monophosphophate (cAMP) level in rat
hippocampus.  This might provide another explanation for
the nootropic effect of Rg1.

Third, apoptosis or programmed cell death is a process
by which a cell actively commits suicide under tightly con-
trolled circumstances.  Apoptosis is required for maintenance
of the homeostasis and is essential in physiological pro-
cesses such as development, differentiation and aging.
However, defective regulation of apoptosis might play a role
in the etiology of cancer, acquired immunodeficiency
syndrome, autoimmune diseases and neural degenerative
disorders.  Therefore, pharmacological manipulation of this
process may offer new possibilities for the prevention and
treatment of many illnesses.  In 1997, Zhang’s lab reported
firstly that Rg1 at concentration of 1 µmol/L and 10 µmol/L
inhibited apoptosis induced by withdrawing serum from the
culture system of primary cortical neurons[16].  In vivo study,
an anti-apoptotic effect of Rg1 was seen in aged rats (24–27
month).  Further study showed that mechanisms underlying
Rg1’s effect on apoptosis involved decreasing NO content
and NOS activity, reducing intracellular calcium concentra-
tion and enhancing superoxide dismutase (SOD) activity.
Researchers from the same lab also found that both NOS
expression and the activity of NOS enhanced significantly
in aged rats (27 months old), which leads to the increment of
NO concentration in rat’s cortex.  This change was reversed
by Rg1 administration (20 and 40 mg/kg daily for 5 d)[17].
Taken together with previous in vitro results, they confirmed
that NO played a role in the acceleration of senescence and
that the inhibitory effect of Rg1 on NOS activity might pro-
vide an explanation for its anti-aging function.

Recently, the anti-apoptotic effect of Rg1 on neurons
was further proved by both in vivo and in vitro experiments
done in other labs[18,19].  The authors of these studies sug-
gested that this effect of Rg1 might attribute to enhancing
the ratio of Bcl-2 to Bax protein and inhibiting activation of
caspase-3.

Fourth, ginsenoside may modulate synaptic plasticity.
Synapses are the essential structure in the CNS through
which signals are transmitted, processed and integrated
among neurons.  The plasticity of synaptic function is also
regarded as one of the most important mechanisms underly-
ing the process of learning and memory.  Interestingly, in
weaning mice administered with Rg1 and Rb1 for 14 d, the
thickness of cortex and density of synapses in the hippoc-
ampal CA3 region were significantly increased (Table 1)[20].
Meanwhile, Rg1 was found to induce the sprouting of mossy
fiber and the expression of the growth-associate protein
(GAP-43) dose-dependently in hippocampus in adult rats
(Figure 3)[9].  Furthermore, both Rg1 and Rb1 were found to
increase hippocampal synaptic density[21].  These experiment
proofs provided morphological and physiological evidence
to support nootropic effect of ginseng.

Finally, ginsenoside, especially Rg1 might regulate the
proliferation and/or surviving ability of neural progenitor
cells.  A  neural progenitor cell (NPC) or Neural stem cell
(NSC) is a special kind of neural cell.  Previous studies have
shown that NPC existed in certain areas in the adult brain as
well as in developing brain[22].  Recently, several rodent stud-

Table 1.  Effects of ginsenoside Rb1 and Rg1 on the number of
synapses in the hippocampus CA3 region in mice.  n=5.  Mean±SD.
cP<0.01 vs control group [Ref 20].

       Group                   Dose/mg·kg-1          Number/µm2

Control    – 0.1718±0.07128
Rb1  28.6 0.2557±0.1382c

Rb1  56.1 0.2134±0.07327c

Rg1  27.4 0.2023±0.08330c

Rg1  53.9 0.2340±0.07447c

Figure 3.  Effect of ginsenoside Rg1 on the mossy fiber sprouting in
CA3 field of hippocampus.  A: Control group.  B: Rg1 10 mg/kg.  C:
Rg1 30 mg/kg.  n=6.  Mean±SD.  bP<0.05, cP< 0.01 vs control [Ref
9].
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ies have suggested that the proliferation ability of NPC was
reduced in association with age or diseases related cognitive
decline[23–25].  Hence, many scientists hypothesize that dam-
age of neurogenesis may be one of the elementary reasons
for function-declines in aging and neurodegenerative
diseases.  Recently, Shen et al[26] reported that Rg1 enhanced
proliferation ability of rodent hippocampal progenitor cells
both in vitro and in vivo.  Incubation of neural progenitor
cells with Rg1 resulted in significant increase in absorbency
value, [3H]thymidine incorporation and the number of prolif-
erating progenitor cell spheres.  In addition, Rg1 adminis-
trated for 2 weeks (ip) led to marked enhancement of the
number of dividing cells in hippocampus of adult mice.
Meanwhile, the same authors found that Rg1 systemically
administered  not only promoted cell proliferation, but also
enhanced the surviving rate of newborn cells in the dentate
gyrus of adult gerbils suffered from transient global ischemia
(Figure 4)[27].  The authors suggested that influencing the
NPC function might serve as one of the elementary mecha-
nisms underlying pharmacological effects of Rg1 and gin-
seng on the CNS.

To summarize, the nootropic effect of ginseng and
ginsenosides has been proved in both behavioral and elec-
trophysiological studies, which is unique among existing
nootropic drugs.

Anti-aging effects
Anti-stress effects  Various kinds of stress, especially

chronic stress, cause many diseases and accelerate aging,
so anti-stress drugs are in high demand.  Ginseng has long
been considered to act as an adaptogen, but the mecha-
nisms underlying its effect are still unclear.  Recently, acute,
chronic, and repeated stress models were used to observe
the effects of ginsenosides on stress.

Repeated hanging stress was used to observe the effect
of stress on the reproduction-endocrine system.  The results
indicated that repeated stress reduced sexual behavior
(licking, mounting, and mating), decreased plasma androgen
or estrogen levels and increased corticorsterone level in male
and female mice.  Treatment with ginsenoside Rb1 at dosage
of 2.5, 5, and 10 mg/kg prior to stress prevented the decrease
of sexual behavior and the increase of corticorsterone.  Rb1
brought the concentration of plasma sexual hormones back
to normal level [28].  Further study proved that Rb1 (2.5, 5 and
10 mg/kg, ip for 14 d) significantly improved sexual function
in mice.  The mechanism underlying its “zhuang yang” ef-
fects might be the activation of NO/cyclic guanosine
monophosphophate (cGMP) pathway in mice corpus
cavernosum[29].

Dysfunction of reproductive-endocrine system is often
accompanied by the degeneration of cognitive processes in
middle and late age.  Therefore, the influence of chronic stress
on cognitive abilities in mice was observed.  The result show-
ed that 60 consecutive days of stress caused a neuronal
damage as well as cognitive impairment.  Further study sug-
gested that chronic stress decreased brain-derived neu-
rotrophic factor and neurotrophin-3 (NT-3) protein expres-
sion throughout the brain area especially in the hippocampus.
In addition, stress also induced the release of noradrenaline
in the homogenates of the hippocampus and the hypo-
thalamus.  Similarly, ginsenoside Rb1 showed the ability to
reverse all the pathological changes induced by stress[30].
However, ginsenoside Rg1 had no effect on both repeated
and chronic stress-related changes.  Instead, it accelerated
stress-induced pathological changes in mice, showing an-
other difference between Rg1 and Rb1.  Based on these
results, Rb1 is believed to be the main anti-stress principle in
ginseng and it might be a promising candidate for preven-
tion and treatment of stress-related diseases.

Immunoregulatory effects  It has been well documented
that aging leads to a substantial decline of T cell function.
The possible reasons for the decline include the inability of
lymphocytes to proliferation in response to mitogenic stimu-
lation and the decrease of interleukin-2 (IL-2) production.
Rg1 given at the concentration of 20 mg/kg in vivo and 10
µmol/L in vitro enhanced the proliferation of lymphocytes
and the production of IL-2 in aged rats[31].  However, it had

Figure 4.  Increase of ischemia-induced proliferation of cells by
ginsenoside Rg1 in the dentate gyrus of adult gerbils.  The number of
bromodeoxyuridine-positive nuclei in the subgranular zone (SGZ) of
animals killed 3 d (n=4), 7 d (n=4), 11 d (n=6), and 21 d (n=4) after
6 min of global ischemia.  Bromodeoxyuridine (BrdU) was injected
every 4 h for 12 h on the day prior to sacrifice.  A: Ischemia; B:
Ischemia+Rg1 (5 mg/kg); C: Ischemia+Rg1 (10 mg/kg).  Each bar
shows mean±SEM.  bP<0.05 vs ischemic group[27].
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no influence on the immune function in young and adult
rats.  Thus, it is reasonable to consider Rg1 as an “immuno-
regulator” rather than an “immunopotentiating agent”.  Fur-
ther investigation suggested that the mechanism underly-
ing Rg1’s effect on immune function in aged rats might be
involved in increasing cAMP and cGMP levels in lympho-
cytes[32].

In contrast, Rb1 had no effect on the decline of immune
function in aged rats, which was the third difference found
between Rg1 and Rb1.

Other effects  In the previous paragraphs, we summa-
rized the pharmacological effects of ginseng, especially
ginsenoside Rg1 and Rb1,  and the possible mechanisms of
these actions.  Recent studies have shown that ginseng sa-
ponins are a diverse group of steroidal saponins that dem-
onstrates the ability to target a myriad of tissues and pro-
duce an array of pharmacological responses, such as anti-
osteoporosis, anti-platelet aggregation, anti-arrhythmia, and
anti-cancer[7,33–39].  Furthermore, besides ginsenosides, there
are also other constituents existing in ginseng, including
glucoside, protein, poly-peptides, amino acids, vitamins, etc.
Their pharmacological functions have been investigated
too[40,41].

Senescence is a physiological process and cannot be
reversed.  Many factors act together in this process (Figure
5).  As discussed above, ginseng, especially ginsenoside
Rg1 and Rb1, have the ability to interfere almost all of the
pathways that accelerate aging process.  Besides the effects
we mentioned above, some researchers also found that both
ginsenosides to some extent inhibited lipid peroxidation in-
duced by VitC-reduced nicotinamide adenine dinucleotide
phosphate and Fe2+-cysteine in rat liver and brain micro-
some; reduced the concentration of intercelluar calcium; and
prevented hippocampal neurons from the damage induced
by excitatory amino acids[42–46].   All those findings may prove

the anti-aging and nootropic effects of this ancient herb.

Concluding remarks
Rg1 and Rb1 are believed to be the main active principles

in ginseng.  As we discussed above, both Rg1 and Rb1
showed similar effects in improving learning and memory,
increasing Bmax of M-cholinergic receptors, and accelerating
cerebral protein and ACh biosynthesis.  However, they do
behave differently in some areas.  For example, Rg1, but not
Rb1, enhanced basic synaptic transmission and magnitude
of LTP induced by HFS, and showed immunoregulatory ac-
tion in aged rats as well as an anti-osteoporosis effect in
ovariectomized rats. However, Rb1 showed anti-stress ef-
fect in acute, chronic, and repeated stress models, whereas
Rg1 aggravated stress-induced damage; in addition, Rb1 pro-
tected mice against low temperature damage, and Rg1
showed no such effect at the same dose.  For the reason of
the function differences between the two ginsenosides, some
researchers hypothesize it may be due to the difference be-
tween their chemical structures (Rb1 has two more glucose
as compared to Rg1).

With the application of modern scientific technology, the
research of ginseng has made big progress.  Ginseng is be-
lieved to be the most unique traditional medical herb be-
cause it contains the maximum numbers of active constitu-
ents, has the most extensive pharmacological effects and
specific mechanism of actions in Chinese materia medica.

Chemists have already acquired nearly 40 kinds of
ginsenosides from various parts of this plant and new struc-
tures continue to identified[47–52].  Becuase ginsenosides and
other constituents of ginseng produce different effects and
a single ginsenoside initiates multiple actions in the same
tissue, the overall pharmacology of ginseng is complicated.
Therefore, we must investigate the effects of individual sa-

Figure 5.  Sketch map of the pathophysiology of aging.
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ponin and its mechanisms of actions one by one.  But we still
cannot synthesize any ginsenosides because of the com-
plexity of their structures.  Currently, the only way to pre-
pare active principles from ginseng is to separate and purify
them from various parts of the plant.  But with the applica-
tion of modern technology, the yield of some ginsenosides
such as Rb1, Rg1, Rg3, and Re has reached up to 1 kg in a
number of Chinese corporations.  Hence, we can predict that
the preparation of active constituents in ginseng has reached
the level of industrial production, which makes it possible to
further investigate this mysterious herb.

 Ginseng and ginsenoside can increase immune function,
enhance central cholinergic system function, inhibit free radi-
cal and NO generation, and promote proliferation of rodent
progenitor cells in vitro and in vivo (Figure 5).  These effects
benefit aged people and aging-ralated diseases.
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Introduction
Excitotoxin-induced degeneration of striatal neurons in

amimals has been used as an animal model of Huntington’s
disease (HD).  Recent studies in transgenic animal models of
HD demonstrated increased response of striatal neurons to
excitotoxin, supporting a role of glutamate receptors in HD[1].
Excitotoxins acting on N-methyl-D-aspartate (NMDA) and
kainic acid (KA) receptors will induce destruction of striatal
GABAergic neurons by apoptotic mechanisms[2–4]. Caspases
and tumor suppresser p53 play essential roles in apoptosis
in a variety of cells including neurons[5–8].  Previous studies
have reported that excitotoxin induces the activation of
caspases and induces p53 expression[ 9–11].  Excitotoxin also
reportedly activates nuclear factor-kappaB (NF-κB), but the
mechanism by which this occurs remains unknown[12,13].

Recent studies have demonstrated that quinolinic acid
(QA) induced significant increases in NF-κB binding activ-
ity in the nucleus[14].  NF-κB nuclear translocation mediates
the upregulation of p53 and c-Myc in striatal neurons ex-
posed to excitotoxic injury[15–17].  NMDA receptors activate
NF-κB by selective degradation of an inhibitor protein, IκB-α.

Excitotoxin-induced degradation of IκB-α involves a
caspase-3-dependent mechanism in rat striatum and can be
blunted by a caspase-3 inhibitor and a free radical scaven-
ger[18,19].  In the present study we evaluated the role of
caspase-1 inhibitor Ac-YVAD-CHO in QA-induced NF-κB
activation, p53 induction, and apoptosis.

Materials and methods
Stereotaxic drug administration  Sprague-Dawley rats

(300–350 g) were obtained from the Experimental Animal Cen-
ter of Soochow University (Certificate No 20020008, Grade
II).  Rats were anesthetized with pentobarbital sodium (50
mg/kg).  Stereotaxic drug administration was performed us-
ing a Kopf stereotaxic apparatus as described by Qin et al[3].
To study the effects of a caspase-1 inhibitor on QA-induced
internucleosomal DNA fragmentation, rats were either pre-
treated with an intrastriatal infusion of Ac-YVAD-CHO (2–8
µg) or Me2SO (2 µL) 10 min before instrastriatal injection of
QA (60 nmol) and then killed 24 h after QA administration, or
pre-treated with intrastriatal infusion of Ac-YVAD-CHO (4
µg) 10 min before instrastriatal injection of QA (60 nmol) and

Abstract
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killed 12, 24, or 48 h after QA administration.  Striatal genomic
DNA was isolated and electrophoresed on a 2% agarose gel.
To study the effect of a caspase-1 inhibitor on QA-induced
increases in caspase-1 activity, rats were pre-treated with an
intrastriatal infusion of Ac-YVAD-CHO (4 µg) or Me2SO (2
µL ) 10 min before intrastriatal injection of QA (60 nmol) and
then killed 12 h after QA treatment.  Striatal homogenates
were used for assay of caspase-1 activity.  To study the
effect of a caspase-1 inhibitor on QA-induced increases in
p53 proteins and NF-κB and AP-1 binding activities, rats
were pre-treated with intrastriatal infusion of Ac-YVAD-CHO
(4 µg) or Me2SO (2 µL) 10 min before intrastriatal injection of
QA (60 nmol) and then killed 24 h after QA treatment.  Total
striatal proteins were extracted for Western blot analysis.
Other animals were killed 12 h after QA treatment and nuclear
proteins were isolated from the striatum for an electrophore-
sis mobility shift assay.

Isolation of genomic DNA and electrophoresis Stri-
atal genomic DNA was prepared as described by Qin et al[3].
Briefly, striatal tissues were homogenized in a buffer con-
taining NaCl 100 mmol/L, edetic acid 25 mmol/L, Tris-HCl 10
mmol/L (pH 8.0), 0.5% SDS, and RNase A 0.5 mg/L.
Homogenates were incubated at 55 ºC for 2 h.  Incubation
was continued overnight after  0.6 mg protease K  was added
to the hoogenates.  DNA was extracted with phenol:
chlorform:isoamyl alcohol (24:25:1).  DNA fragments were
separated on 2% agarose gel and detected with a UV
trasmilluminator after being stained with ethidium bromide.

Caspase-1 activity assay  The caspase-1 activity assay
was performed with an enzyme activity assay kit (Caspase-I/
ICE Colorimetric Assay Kit, BioVision) according to the
manufacturer’s instructions.  Each striatal tissue was homog-
enized in 500 µL cell lysis buffer and centrifuged for 10 min at
10 000×g.  The supernatant was transferred to a fresh tube
and kept on ice.  Protein concentration was determined us-
ing BCA kit (Pierce, Rockford, IL).  For each 100 mg protein
was diluted  to 50 µL with cell lysis buffer and  50 µL
2×reaction buffer (containing DTT 10 mmol/L) was added,
then 5 µL of the 4 µmol/L YVAD-pNA substrate (200 µmol/L)
and the mixture was inculated at 37 ºC for 1 h.  Read samples
at 405 nm in a spectrophotometer (Bio-Rad Smart Spec 3000).

Western blot analysis  Western blot analysis was per-
formed as described previously[16].  Striatal tissues were ho-
mogenized in a buffer containing Tris-HCl 10 mmol/L (pH
7.4), NaCl 150 mmol/L, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, edetic acid 5 mmol/L, PMSF 1 mmol/L,
aprotinin 0.28 kU/L, leupeptin 50 mg/L, benzamidine 1 mmol/L,
pepstain A 7 mg/L.  Protein concentration was determined
using the BCA kit.  Thirty micrograms of protein from each

sample was subjected to electrophoresis on a 12% SDS-PAGE
gel using a constant current.  Proteins were transferred to
nitrocellulose membranes and incubated with anti-p53 anti-
body (p53, p240, Santa Cruz, CA) in Tris buffered saline con-
taining 0.2% Tween-20 (TBST) and 3% nonfat dry milk for 3 h.
Membranes were washed and incubated with horseradish
peroxidase-conjugated second antibody in TBST contain-
ing 3% nonfat dry milk for 1 h.  Immunoreactivity was mea-
sured with enhanced chemoluminescent autoradiography
(ECL kit, Amersham, Arlington Heights, IL) according to the
manufacturer's instructions.

Electrophoresis mobility shift assay  Striatal nuclear pro-
teins were prepared as described by Qin et al[14].  Protein
concentration was determined with the BCA kit (Pierce,
Rockford, IL).  Synthetic double-stranded NF-κB and AP-1
oligonucleotidyl probes were purchased from Promega
(Madison, WI) and labeled with [32P]ATP using T4 poly-
nucleotide kinase (Promega).  Nuclear proteins (6–14 µg)
were incubated with [32P]labeled probes (40 000 c/min) for 15
min at room temperature in the binding buffer (Promega).
Reaction mixtures were electrophoresed on a 4.5% non-de-
naturing polyacrymide gel, then dried and exposed to x-ray
film at –80 ºC with intensifying screens for 24 to 48 h.  The
results were quantitatively analyzed using an image ana-
lyzer (SigmaPlot Pro 4).

Results
Effects of Ac-YVAD-CHO on QA-induced inter-nucleo-

somal DNA fragmentation   To evaluate the consequences
of caspase-1 inhibition on apoptosis, we studied the effect
of Ac-YVAD-CHO on QA-induced internucleosomal DNA
fragmentation.  The results showed that QA (60 nmol) in-
duced intense internucleo-somal DNA fragmentation 24 h
after drug administration.  The DNA fragments were gener-
ally multimers of 180–200 base pairs, indicating internucleo-
somal DNA digestion by an endonuclease.  QA-induced
DNA fragmentation was strongly attenuated by Ac-YVAD-
CHO in a dose-dependent manner (Figure 1A).  The results
also showed that Ac-YVAD-CHO (4 µg) inhibited QA-induced
DNA fragmentation at all time points examined (12, 24, and
48 h after QA administration; Figure 1B).

Effects of Ac-YVAD-CHO on a QA-induced increase in
caspase-1 activity  QA injection significantly activated
caspase-1 activity in comparison with saline injected ani-
mals (P<0.05, n=6).  The increase in caspase-1 activity in-
duced by QA was significantly inhibited by Ac-YVAD-CHO
(P<0.05, n=6); however, pre-treatment with Me2SO had no
effect on the QA-induced activation of caspase-1 (Figure 2).
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Effect of Ac-YVAD-CHO on QA-induced p53 induction
QA induced significant increases in p53 protein levels by
approximately 100%, which was significantly inhibited by
Ac-YVAD-CHO (P<0.05, n=6, Figure 3).

Effects of Ac-YVAD-CHO on QA-induced degradation of
IκB-α  QA treatment significantly reduced protein levels of
IκB-α, indicating that IκB-α was degraded after QA treatment.
Pre-treatment with various doses of Ac-YVAD-CHO (2–8 mg)
had no significant effect on QA-induced degradation of
IκB-α (Figure 4).

Effect of Ac-YVAD-CHO on the QA-induced activation of
NF-κB and AP-1  Changes in NF-κB and AP-1 binding in
nuclear extracts were measured by using an electrophoresis
mobility shift assay.  QA induced dramatic increases in NF-
κB binding activity in nuclei.  However, Ac-YVAD-CHO (4
mg) had no significant effect on QA-induced NF-κB activa-
tion (Figure 5A).  Similarly, AP-1 binding activity was in-
creased  markedly after QA administration and Ac-YVAD-
CHO failed to inhibit the QA-induced activation of AP-1
(Figure 5B).

Discussion
Apoptotic mechanisms are involved in the degeneration

of strial neurons induced by the glutamate receptor agonist
QA.  In the present study, the role of caspase-1 in QA-
induced p53 upregulation and NF-κB activation was investi-
gated using the selective cell-permeable caspase-1 inhibitor

Figure 3.  Effects of Ac-YVAD-CHO on QA-induced increase in
p53 proteins expression.  The results from 4 animals in each group
were analyzed with an image analyzer and were expressed as percent
of control (untreated animals).  Statistical comparisons were carried
out with ANOVA followed by Dunnett t-test.  n=4.  Mean±SD.  bP<0.05
vs QA+Me2SO group.

Figure 1.  Effects of Ac-YVAD-CHO on QA-induced internucleosomal
DNA fragmentation.  (A): Rats were pre-treated with intrastriatal
injection of Ac-YVAD-CHO (2–8 µg) or Me2SO (2 µL) 10 min before
intrastriatal injection of QA (60 nmol) and then killed 24 h after QA
treatment.  Genomic DNA from the injected striatum was isolated and
electrophoresed on a 2% agarose gel.  Lane 1:100-base pair DNA
ladder; 2: QA+Vehicle; 3: QA+Ac-YVAD-CHO (2 µg); 4: QA+Ac-
YVAD-CHO (4 µg); 5: QA+Ac-YVAD-CHO (8 µg).  (B): Rats were
pre-treated with Ac-YVAD-CHO (4 µg) and QA (60 nmol) as described
above.  Lane 1: 100-base pair DNA ladder; 2: QA+Vehicle, 12 h; 3:
QA+Ac-YVAD-CHO, 12 h; 4: QA+Vehicle, 24 h; 5: QA+Ac-YVAD-
CHO, 24 h; 6: QA+Vehicle, 48 h; 7: QA+Ac-YVAD-CHO, 48 h.

Figure 2.  Effects of Ac-YVAD-CHO on the QA-induced increase in
caspase-1 activity.  The results were expressed as a percentage of
control (saline injection) after using statistical analysis.  Statistical
analysis was carried out with Student’s t-test.  n=6.  Mean±SD.  bP<0.05
vs NS; eP<0.05 vs QA-treated group.
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Figure 4.  Effect of Ac-YVAD-CHO on the QA-induced degradation
of IκB-α.  The results from 5-6 animals in each group were analyzed
with an image analyzer and expressed as percentage of control
(untreated animals).  Statistical comparisons were carried out using
ANOVA analysis.  Mean±SD.

Figure 5 .   E ffect of Ac-Y VAD-CHO on QA-induced N F-κB
activation.  Vertical bars represent mean±SD.  n=6.  Statistical com-
parisons were carried out with ANOVA analysis.  A: Effect of
Ac-YVAD-CHO on the QA-induced NF-κB activation.  B: Effect of
Ac-YVAD-CHO on AP-1 activation.

Ac-YVAD-CHO.  The results of the study showed that pre-
treatment with Ac-YVAD-CHO dose-dependently inhibited
QA-induced internucleosomal DNA fragmentation.  Ac-
YVAD-CHO had no significant effect on the QA-induced
IκB-α degradation and NF-κB activation.  However, Ac-
YVAD-CHO partially inhibited QA-induced increase in p53
protein levels.  These results suggest that caspase-1 plays a
role in QA-induced p53 upregulation but not QA-induced
IκB-α degradation.

It has been reported that glutamate receptor agonists ac-
tivate NF-κB via the degradation of IκB-α[15,16].  Previous
studies have further suggested that caspase-3 , like protease,
is involved in NMDA receptor-stimulated degradation of
IκB-α[18,19].  Activation of NF-κB upregulates c-Myc and p53,
indicating that NF-κB contributes to excitotoxin-induced
apoptosis via the  induction of cell cycle regulators[16,17,20].
p53 plays a critical role in cell death and survival.  Its level is
usually regulated by the rate of its degradation[21].  Now
studies show that the levels of p53 can be regulated by
NF-κB[16,17,22].  In the present study, caspase-1 inhibitor Ac-
YVAD-CHO had no effect on either QA-induced IkB-α deg-
radation or NF-κB activation.  In contrast, Ac-YVAD-CHO
significantly attenuated QA-induced increases in p53 pro-

tein levels and apoptosis.  This study indicated that both
NF-κB dependent and independent mechanisms are involved



154

 Acta Pharmacologica Sinica ISSN 1671-4083Cao Y  et al

in the QA-induced upregulation of p53 and apoptosis.
In conclusion, we found that the caspase-1 inhibitor Ac-

YVAD-CHO inhibited the QA-induced increase in p53 pro-
tein levels and internucleosomal DNA fragmentation, but
had no effect on QA-induced IκB-α degradation and NF-κB
activation.  These results suggest that caspase-1 plays an
important role in QA-induced p53 induction and apoptosis,
but caspase-1 does not contribute to the QA-induced deg-
radation of IκB-α or NF-κB activation.
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Abstract
Aim: To investigate the effects of orexin A on release of  histamine, norepinephrine,
and serotonin in the frontal cortex of mice.  Methods: Samples for measuring
histamine, norepinephrine, and serotonin contents were collected by in vivo
microdialysis of the frontal cortex of anesthetized mice.  The histamine,
noradrenaline, and serotonin content in dialysates were measured by HPLC
techniques.  Results: Intracrebroventricular injection of orexin A at doses of 12.5,
50, and 200 pmol per mouse promoted histamine release from the frontal cortex in
a dose-dependent manner.  At the highest dose given, 200 pmol, orexin A signifi-
cantly induced  histamine release, with the maximal magnitude being 230% over
the mean basal release.  The enhanced histamine release was sustained for 140
min, and then gradually returned to the basal level.  However, no change in nore-
pinephrine or serotonin release was observed under application of the same dose
of orexin A.  Conclusion: These results suggest that the arousal effect of orexin A
is mainly mediated by histamine, not by norepinephrine or serotonin.
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Introduction
       The neuropeptides orexin A and B (also called hypocretins
1 and 2) have recently been isolated from rat hypothalamic
extracts, and have been reported to be involved in sleep-
wake regulation[1–3].  Intracerebroventricular (icv) applica-
tion of orexin A strongly enhances arousal in rats and mice[4–6].
Furthermore, c-fos expression in orexin neurons and prepro-
orexin mRNA levels show a diurnal variation, with the stron-
gest expression being observed during waking[7,8].  Mice lack-
ing either the orexin gene (preproorexin knock-out mice) or
orexin neurons (orexin/ataxin-3 transgenic mice) have phe-
notypes remarkably similar to the human sleep disorder nar-
colepsy[9–11], a disabling neurological disorder characterized
by symptoms including excessive daytime sleepiness, sleep
attacks, sleep fragmentation, cataplexy, and sleep-onset peri-
ods of rapid eye movement[12].  Lesions of the lateral hypo-
thalamus by orexin-2-saporin produce narcoleptic-like sleep
behavior in rats[13].  Consistent with these findings, recent
reports suggest that human narcolepsy is accompanied by a

loss of orexin neuropeptide production and specific destruc-
tion of orexin neurons[14–17].  These results suggest that the
orexinergic system is involved in sleep-wake regulation and
mainly contributes to arousal.
      Orexin neurons are located specifically in the lateral hy-
pothalamic area and project to almost all parts of the brain
except the cerebellum[2,10,18].  Particularly dense projections
of these neurons are observed in monoaminergic nuclei, such
as the noradrenergic locus ceruleus (LC), serotonergic raphe
nuclei (DRN), and histaminergic tuberomammillary nucleus
(TMN).  These monoaminergic nuclei expressing orexin re-
ceptors (OX1R and/or OX2R)[19] play important roles in the
promotion of wakefulness.  Electro-physiological studies
have revealed that orexins had mainly excitatory effects on
all monoaminergic neurons in vitro[20–24], suggesting that
the arousal effect of orexins is mediated by these monoamin-
ergic systems.  However, which type(s) of these monoamin-
ergic systems is involved in orexin-induced arousal remains
to be elucidated.
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In the present study, we investigated the effects of orexin
A on the release of the monoaminergic neurotransmitters
histamine, norepinephrine (NE), and serotonin (5-HT) in the
frontal cortex (FrCx) of mice by using in vivo microdialysis to
further clarify the mechanism underlying the arousal effects
of orexin A.

Materials and methods
Animals  Male C57BL/6 mice (Shizuoka Laboratory Ani-

mal Center, Shizuoka, Japan) weighing 24–28 g (11–13 weeks
old) were housed at a constant temperature (24±0.5 ºC) and
relative humidity (60%±2%),  an automatically controlled
12:12 h light/dark cycle (light on at 8 AM), and  ad libitum
access to food and water.  All animal experiments used in
this study were approved by the Animal Care Committee of
Osaka Bioscience Institute.

Microdialysis procedure  The microdialysis was per-
formed as previously described[5].  As shown in Figure 1,
under urethane anesthesia (1.8 g/kg, ip), a micro-dialysis
probe (CUP7, membrane length of 2-mm; Carnegie Medicin,
Stockholm, Sweden) was inserted in the FrCx of mice at a
position 1.8 mm anterior and 0.8 mm lateral to the bregma and
2.3 mm depth from the dura.  One stainless steel cannula
(outer diameter, 0.2 mm) was stereotaxically placed at the site
of 2.0 mm lateral to the bregma and inserted to a depth of
2.2 mm from the surface of the cortex at an angle of 25° from
the midsagittal plane according to the atlas of Franklin and
Paxinos[25].  The microdialysis probe was perfused with
Ringer’s solution (NaCl 147 mmol/L, KCl 4.0 mmol/L , and
CaCl2 2.3 mmol/L; pH 7.3) at a flow rate of 2 µL/min to stabi-

lize the release of histamine, NE, and 5-HT.  Two hours after
insertion of the microdialysis probe, dialysates were con-
tinuously collected from the FrCx at 20-min interval (40 µL
each) for 1 h as the basal value before the orexin A injection,
and until 4 h after administration of the peptide.

Determination of histamine, NE, and 5-HT levels by
HPLC  The histamine levels in the dialysates were measured
by using a fluorometric HPLC system[26], and NE and 5-HT
levels were determined by using HPLC with electrochemical
detection[27].  Since the absolute basal release of histamine,
NE, and 5-HT varied between subjects, the mean of the first
3 fractions before administration of orexin A was defined as
the mean basal release, and subsequent fractions were ex-
pressed as a percentage of the mean basal release.

Drugs  Orexin A (Peptide Institute, Osaka, Japan) was
diluted in saline to the concentrations needed and was in-
jected into the lateral ventricle of mice from the cannula at
doses of 200, 50, or 12.5 pmol per mouse in 2 µL of saline at
a speed of 2 µL/min.  Fluoxetine (Sigma-Aldrich, St Louis,
MO, USA), a 5-HT reuptake inhibitor which has been re-
ported to also increase NE release through activation of
postsynaptic 5-HT1A receptors by increased 5-HT[28,29], was
dissolved in saline and injected ip (20 mg/kg).

Statistical analysis Data were expressed as mean±SD.
Differences between groups were analyzed by analysis of
variance (ANOVA) followed by the post-hoc Newman-Keuls
test.  The significant level of difference was set at P<0.05.

Results
Effect of orexin A on histamine release  The mean basal

release of histamine was 0.06±0.01 pmol per 20 min.  Com-
pared with the control, orexin A at doses of 12.5 and 50 pmol
produced a rapid and significant elevation of histamine
release, with the maximal magnitude being 150% and 175%
over the mean basal release, respectively; and these higher
levels  maintained for approximately 1 and 2 h (Figure 2A),
respectively.  At the highest dose (200 pmol) tested, orexin A
markedly promoted histamine release, and the release reached
its maximal level of 230% over the mean basal level.  The
significant increase lasted 140 min.

For comparison of the differences between different dos-
age groups, we calculated the total amount of histamine re-
leased over a 3-h period after the administration of orexin A.
The total amounts of histamine released were 0.55±0.08,
0.74±0.09, and 0.79±0.11 pmol per 3 h in the groups treated
with orexin A at doses of 12.5, 50, and 200 pmol, respectively.
In the latter 2 groups the release was significantly higher
than that of the control (0.43±0.05 pmol per 3 h, P<0.05) (Figure

Figure 1.  Schematic representation of the implantation sites for the
microdialysis probe in the FrCx and the stainless steel cannula in the
lateral ventricle of mice.  Orexin A was infused into the lateral ventricle
through the stainless steel cannula; and dialysate samples for monitoring
histamine, NE, or 5-HT levels were collected from the microdialysis probe.
FrCx, frontal cortex.
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2B).  These results indicated that orexin A induced histamine
release in a dose-dependent manner.

Effects of orexin A on NE and 5-HT release  The mean
basal release of NE and 5-HT was 1.75±0.21 and 16.9±2.33 pg
per 20 min, respectively.  No difference was observed in NE
or 5-HT release between the group treated with orexin A (200
pmol) and the control.  As the positive control, fluoxetine,
significantly elevated the extracellular levels of NE and 5-
HT, with the maximal magnitude being approximately 200%
over the mean basal release at approximately 1.5 h and 1 h
after administration (20 mg/kg, ip), respectively.  Compared
with the control, the increase in NE and 5-HT lasted about
180 and 160 min, respectively (Figure 3).

Discussion
In the present study we found that orexin A activated a

histaminergic system in mice.  An increasing body of evi-
dence indicates the interaction between the orexinergic and
histaminergic systems.  For example, with respect to neuro-

anatomy, orexin cells densely innervate the histaminergic
TMN[18,30], a nucleus enriched in orexin 2 receptors[19].  Most
human narcolepsy is caused by a loss of orexin neurons[16]

and a consequent reduction in orexin levels[15,31].  Gliosis
accompanies this loss of orexin neurons and is most intense
in the posterior hypothalamus where the histaminergic TMN
is located[16,17], suggesting that the orexinergic terminals are
lost in this region and that the consequent loss of orexinergic
innervation of histaminergic cells is an important compo-
nent of the pathology of narcolepsy.  Based on neurochemi-
cal studies, Nishino et al[31] reported that the histamine con-
tent was markedly decreased in the cortex of orexin-2 recep-
tor-mutated narcoleptic Dobermans and that the decrease
was due to a lack of excitatory input of orexin neurons caused
by a loss of function of orexin-2 receptors in histaminergic
TMN cell groups.  Furthermore, Lin et al[32] found that orexin
A and B contents were significantly lower in histamine H1

receptor knockout mice.  These results indicate that there
exist functional connections between histaminergic and
orexinergic systems.

Figure 2.  Effect of orexin A on histamine release in the FrCx of
anesthetized mice.  Time-courses of histamine release (A) and the
total amounts of histamine released over 3 h after the administra-
tion of orexin A (B) in the FrCx are shown.  n=5–6 mice.  Mean±SD.
bP<0.05, cP<0.01 vs the control.

Figure 3.  Effects of orexin A on 5-HT and NE release in the FxCr
of anesthetized mice.  Time-courses of 5-HT and NE release in the
FrCx are shown.  The arrow stands for the time point of administration.
n=5–6 mice.  Mean±SD.  bP<0.05, cP<0.01 vs the control.
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The FrCx is a brain region that has higher EEG frequency
during waking[33], and which receives projections of monoam-
inergic neurons such as the noradrenergic, serotonergic, and
histaminergic neurons that originate from the LC, DRN, and
TMN, respectively.  Microdialysis studies have revealed that
extracellular levels of histamine and 5-HT in the FrCx showed
typical changes across the sleep-wake cycle, with their high-
est levels during the waking period[34–37].  Thus, orexin-acti-
vated release of these neurotransmitters in the FrCx reflects
their contributions to the arousal effect of orexin.  In the
present study, we found that orexin A significantly promoted
histamine release in the FrCx in a dose-dependent manner,
but not release of NE or 5-HT, although orexin A excites
noradrenergic and serotonergic neurons in vitro[20–22].  We
previously reported that a prostaglandin E2 receptor sub-
type EP4 agonist enhanced histaminergic neuron activity with
an increase in histamine release in the FrCx to produce
arousal[38].  Together with our previous observations that
orexin induced wakefulness in wild-type mice but not all in
histamine H1 receptor knockout mice[5], these findings sug-
gest that the arousal effect of orexin is largely mediated by
histaminergic systems and activation of H1 receptors.  In
contrast to the histaminergic activity linked to the mainte-
nance of wakefulness, John et al[39] found that noradrener-
gic and serotonergic neurons were more tightly coupled to
the maintenance of muscle tone during wakefulness and its
loss during rapid eye movement sleep and cataplexy.

Taken these findings together, we conclude that the
arousal effect of orexin A is mainly mediated by the activa-
tion of histaminergic systems.

Acknowledgment
We sincerely thank Dr Yoshihiro URADE and Dr Larry

FYRE for their critical readings of the manuscript and valu-
able comments.

References
1 Gautvik KM, de Lecea L, Gautvik VT, Danielson PE, Tranque P,

Dopazo A, et al.  Overview of the most prevalent hypothalamus-
specific mRNAs, as identified by directional tag PCR subtraction.
Proc Natl Acad Sci USA 1996; 93: 8733–8.

2 Sakurai T, Amemiya A, Ishii M, Matsuzaki I, Chemelli RM, Tanaka
H, et al.  Orexins and orexin receptors: a family of hypothalamic
neuropeptides and G protein-coupled receptors that regulate feeding
behavior.  Cell 1998; 92: 573–85.

3 Hayaishi O, Huang ZL.  Role of orexin and prostaglandin E2 in acti-
vating histaminergic neurotransmission.  Drug News Perspect
2004; 17: 1–5.

4 Piper DC, Upton N, Smith MI, Hunter AJ.  The novel brain
neuropeptide, orexin-A, modulates the sleep-wake cycle of rats.  Eur

J Neurosci 2000; 12: 726–30.
5 Huang ZL, Qu WM, Li WD, Mochizuki T, Eguchi N, Watanabe T, et

al.  Arousal effect of orexin A depends on activation of the histamin-
ergic system.  Proc Natl Acad Sci USA  2001; 98: 9965–70.

6 Mieda M, Willie JT, Hara J, Sinton CM, Sakurai T, Yanagisawa M.
Orexin peptides prevent cataplexy and improve wakefulness in an
orexin neuron-ablated model of narcolepsy in mice.  Proc Natl
Acad Sci USA 2004; 101: 4649–54.

7 Taheri S, Sunter D, Dakin C, Moyes S, Seal L, Gardiner J, et al.
Diurnal variation in orexin A immunoreactivity and prepro-orexin
mRNA in the rat central nervous system.  Neurosci Lett 2000;
279: 109–12.

8 Estabrooke IV, McCarthy MT, Ko E, Chou TC, Chemelli RM,
Yanagisawa M, et al.  Fos expression in orexin neurons varies with
behavioral state.  J Neurosci 2001; 21: 1656–62.

9 Hara J, Beuckmann CT, Nambu T, Willie JT, Chemelli RM, Sinton
CM, et al.  Genetic ablation of orexin neurons in mice results in
narcolepsy, hypophagia, and obesity.  Neuron 2001; 30: 345–54.

1 0 Chemelli RM, Willie JT, Sinton CM, Elmquist JK, Scammell T,
Lee C, et al.  Narcolepsy in orexin knockout mice: molecular
genetics of sleep regulation.  Cell 1999; 98: 437–51.

11 Mochizuki T, Crocker A, McCormack S, Yanagisawa M, Sakurai T,
Scammell TE.  Behavioral state instability in orexin knock-out mice.
J Neurosci 2004; 24: 6291–300.

1 2 Aldrich MS.  Narcolepsy.  N Engl J Med 1990; 323: 389–94.
13 Gerashchenko D, Kohls MD, Greco M, Waleh NS, Salin-Pascual R,

Kilduff TS, et al.  Hypocretin-2-saporin lesions of the lateral hypo-
thalamus produce narcoleptic-like sleep behavior in the rat.  J Neurosci
2001; 21: 7273–83.

14 Nishino S, Ripley B, Overeem S, Lammers GJ, Mignot E.  Hypocretin
(orexin) deficiency in human narcolepsy.  Lancet 2000; 355:
39–40.

15 Peyron C, Faraco J, Rogers W, Ripley B, Overeem S, Charnay Y, et
al.  A mutation in a case of early onset narcolepsy and a generalized
absence of hypocretin peptides in human narcoleptic brains.  Nat Med
2000; 6: 991–7.

16 Thannickal TC, Moore RY, Nienhuis R, Ramanathan L, Gulyani S,
Aldrich M, et al.  Reduced number of hypocretin neurons in human
narcolepsy.  Neuron 2000; 27: 469–74.

17 Thannickal TC, Siegel JM, Nienhuis R, Moore RY.  Pattern of
hypocretin (orexin) soma and axon loss, and gliosis, in human
narcolepsy.  Brain Pathol 2003; 13: 340–51.

18 Peyron C, Tighe DK, van den Pol AN, de Lecea L, Heller HC, Sutcliffe
JG, et al.  Neurons containing hypocretin (orexin) project to multiple
neuronal systems.  J Neurosci 1998; 18: 9996–10015.

19 Marcus JN, Aschkenasi CJ, Lee CE, Chemelli RM, Saper CB,
Yanagisawa M, et al.  Differential expression of orexin receptors 1
and 2 in the rat brain.  J Comp Neurol 2001; 435: 6–25.

20 Brown RE, Sergeeva OA, Eriksson KS, Haas HL.  Convergent exci-
tation of dorsal raphe serotonin neurons by multiple arousal systems
(orexin/hypocretin, histamine and noradrenaline).  J Neurosci 2002;
22: 8850–9.

21 Hagan JJ, Leslie RA, Patel S, Evans ML, Wattam TA, Holmes S, et
al.  Orexin A activates locus coeruleus cell firing and increases arousal
in the rat.  Proc Natl Acad Sci USA 1999; 96: 10911–6.

2 2 Liu RJ, van den Pol AN, Aghajanian GK.  Hypocretins (orexins)
regulate serotonin neurons in the dorsal raphe nucleus by excita-
tory direct and inhibitory indirect actions.  J Neurosci 2002; 22:



Http://www.chinaphar.com Hong ZY  et al

159

9453–64.
2 3 Yamanaka A, Tsujino N, Funahashi H, Honda K, Guan JL, Wang

QP, et al.  Orexins activate histaminergic neurons via the orexin
2 receptor.  Biochem Biophys Res Commun 2002; 290: 1237–
45.

2 4 Nakamura T, Uramura K, Nambu T, Yada T, Goto K, Yanagisawa
M, et al.  Orexin-induced hyperlocomotion and stereotypy are
mediated by the dopaminergic system.  Brain Res 2000; 873: 181–7.

2 5 Franklin KBJ, Paxinos G.  The mouse brain in stereotaxic
Coordinates.  San Diego (CA): Academic Press; 1997.

26 Yamatodani A, Fukuda H, Wada H, Iwaeda T, Watanabe T.  High-
performance liquid chromatographic determination of plasma and
brain histamine without previous purification of biological samples:
cation-exchange chromatography coupled with post-column
derivatization fluorometry.  J Chromatogr 1985; 344: 115–23.

27 Ago Y, Sakaue M, Baba A, Matsuda T.  Selective reduction by isola-
tion rearing of 5-HT1A receptor-mediated dopamine release in
vivo in the frontal cortex of mice.  J Neurochem 2002; 83: 353–9.

2 8 Suzuki M, Matsuda T, Asano S, Somboonthum P, Takuma K,
Baba A.  Increase of noradrenaline release in the hypothalamus
of freely moving rat by postsynaptic 5-hydroxytryptamine1A
receptor activation.  Br J Pharmacol 1995; 115: 703–11.

29 Gobert A, Rivet JM, Cistarelli L, Melon C, Millan MJ.  Buspirone
modulates basal and fluoxetine-stimulated dialysate levels of
dopamine, noradrenaline and serotonin in the frontal cortex of freely
moving rats: activation of serotonin1A receptors and blockade of al-
pha2-adrenergic receptors underlie its actions.  Neuroscience 1999;
93: 1251–62.

3 0 Eriksson KS, Sergeeva O, Brown RE, Haas HL.  Orexin/hypocretin
excites the histaminergic neurons of the tuberomammillary
nucleus.  J Neurosci 2001; 21: 9273–9.

3 1 Nishino S, Fujiki N, Ripley B, Sakurai E, Kato M, Watanabe T, et

al.  Decreased brain histamine content in hypocretin/orexin re-
ceptor-2 mutated narcoleptic dogs.  Neurosci Lett 2001; 313:
125–8.

32 Lin L, Wisor J, Shiba T, Taheri S, Yanai K, Wurts S, et al.  Measure-
ment of hypocretin/orexin content in the mouse brain using an en-
zyme immunoassay: the effect of circadian time, age and genetic
background.  Peptides 2002; 23: 2203–11.

33 Buchsbaum MS, Mendelson WB, Duncan WC, Coppola R, Kelsoe J,
Gillin JC.  Topographic cortical mapping of EEG sleep stages during
daytime naps in normal subjects.  Sleep 1982; 5: 248–55.

34 Chu M, Huang ZL, Qu WM, Eguchi N, Yao MH, Urade Y.  Extracel-
lular histamine level in the frontal cortex is positively correlated with
the amount of wakefulness in rats.  Neurosci Res 2004; 49: 417–
20.

35 Cespuglio R, Sarda N, Gharib A, Chastrette N, Houdouin F, Rampin
C, et al.  Voltammetric detection of the release of 5-hydroxyindole
compounds throughout the sleep-waking cycle of the rat.  Exp Brain
Res 1990; 80: 121–8.

36 Portas CM, Bjorvatn B, Fagerland S, Gronli J, Mundal V, Sorensen
E, et al.  On-line detection of extracellular levels of serotonin in dor-
sal raphe nucleus and frontal cortex over the sleep/wake cycle in the
freely moving rat.  Neuroscience 1998; 83: 807–14.

37 de Saint Hilaire Z, Orosco M, Rouch C, Python A, Nicolaidis S.
Neuromodulation of the prefrontal cortex during sleep: a microdialysis
study in rats.  Neuroreport 2000; 11: 1619–24.

38 Huang ZL, Sato Y, Mochizuki T, Okada T, Qu WM, Yamatodani A,
et al.  Prostaglandin E2 activates the histaminergic system via the
EP4 receptor to induce wakefulness in rats.  J Neurosci 2003; 23:
5975–83.

39 John J, Wu MF, Boehmer LN, Siegel JM.  Cataplexy-active neurons
in the hypothalamus: implications for the role of histamine in sleep
and waking behavior.  Neuron 2004; 42: 619–34.



160

 Acta Pharmacologica Sinica ISSN 1671-4083Sun WC et al

Full-length article

Modulating effect of adenosine deaminase on function of adenosine A1
receptors1

Wan-chun SUN, Yan CAO, Lei JIN, Li-zhen WANG, Fan MENG2, Xing-zu ZHU3

Department of Pharmacology, Shanghai Institute of Materia Medica, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences,
Shanghai 201203, China; 2Department of Psychiatry, University of Michigan, The Psychiatry/MHRI Microarray Laboratory, 205 Zina Pitcher Place,
Ann Arbor, MI 48109-0720, USA

©2005 CPS and SIMM

Introduction
Adenosine is a ubiquitous physiological regulator and

neuromodulator capable of ultiple physiological actions in
various systems[1].  Adenosine receptors are members of the
G-protein-coupled receptor superfamily, and comprise A1,

A2a, A2b, and A3 adenosine receptors, identified by conver-
gent data from molecular, biochemical, and pharmacological
studies[2].  A1R is widely expressed in the brain, adipose tissue,
the testis, and the spinal cord[3].  Via A1R, adenosine reduces
heart rate[4], glomerular filtration rate, and renin release in the
kidney[5], induces bronchoconstriction[6,7] and inhibits

Abstract
Aim: To study the modulating effect of adenosine deaminase (ADA) on yhe
adenosine A1 receptor (A1R) in HEK293 cells stably expressing the human A1R.
Methods: cDNA was amplified by RT-PCR using total RNA from human embryo
brain tissue as the template.  The PCR products were subcloned into the plasmid
pcDNA3 and cloned into the plasmid pcDNA3.1.  The cloned A1R cDNA was
sequenced and stably expressed in HEK293 cells.  The modulating effect of ad-
enosine deaminase on A1R was studied by using [3H]DPCPX binding assay and
an intracellular calcium assay.  Results: HEK293 cells stably expressing human
A1R were obtained.  Saturation studies showed that the KD value and Bmax value
of [3H]DPCPX were 1.6±0.2 nmol/L and 1.819±0.215 nmol/g of protein respectively,
in the absence of ecto-ADA respectively, and 1.3±0.2 nmol/L and 1.992±0.130
nmol/g of protein in the presence of ecto-ADA respectively, suggesting that the
KD value and Bmax value of [3H]DPCPX were unaffected by ecto-ADA.  In the case
of [3H]DPCPX competition curves obtained  from intact cells or membranes, A1R
agonist CCPA/[3H]DPCPX competition curve could be fitted well to a one-site
model in the absence of ecto-ADA and a two-site model in the presence of ecto-
ADA with a KH value of 0.74 (0.11–4.8) nmol/L (intact cells) or 1.8 (0.25–10) nmol/L
(membrane) and a KL value of 0.94 (0.62–1.41) µmol/L (intact cells) or 0.77 (0.29–
0.99) µmol/L (membrane). The KL value is not significantly different from the IC50

value of 0.84(0.57–1.23) µmol/L (intact cells) or 0.84 (0.63–1.12) µmol/L (membrane)
obtained in the absence of ecto-ADA.  Similar results were obtained from the
CPA/[3H]DPCPX competition curve in the absence or presence of ecto-ADA on
intact cells or membranes.  Intracellular calcium assay demonstrated that the EC50

value of CPA were 10 (5–29) nmol/L and 94 (38–229) nmol/L in the presence or
absence of ecto-ADA, respectively.  Conclusion: A1R stably expressed in the
HEK293 cells display a low affinity for agonists in the absence of ADA and high
and low affinities for agonists in the presence of ADA. The presence of ADA may
promote the signaling through the adenosine A1 receptor in HEK293 cells.
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lipolysis.  A1R can be coupled to different pertussis toxin-
sensitive G proteins[8–10], which mediate the inhibition of
adenylyl cyclase[11 ] and regulate Ca2+ and K+ channels and
inositol phosphate metabolism[12].  A1R present two different
affinities for agonists, which have classically been attributed
to a different coupling to heterotrimeric G proteins[13], coupled
receptor-G protein complexes display high affinity for A1R
agonists, whereas uncoupled receptors display low affinity[13,14].

Adenosine deaminase (ADA, E.C.3.5.4.4) is an enzyme
which catalyzes the hydrolytic deamination of adenosine to
inosine.  ADA is located both in the cytosol and on the cell
membrane.  Recent evidence suggest that ecto-ADA had
extra-enzymatic and co-stimulatory functional roles.  ADA
modulates ligand binding and signaling through A1R on
DDT1MF-2 cells, a smooth muscle cell line[15].  ADA seems
to be necessary for the high affinity binding of agonists to
A1R[16,17].  In the present study, the effect of ADA on the
ligand-mediated regulation of A1R in HEK293 cells stably
expressing human A1R has been studied.

Materials and methods
Materials  High glucose Dulbecco’s modified Eagle’s

medium (DMEM), fetal calf serum, G418, benzylpenicillin and
streptomycin were obtained from Gibco.  Restricted enzyme
(HindIII, EcoRI, XhoI), T4 DNA ligase, reverse transcriptase
enzyme and buffer were purchased from Promega (USA).
Pyrobest DNA polymerase and PCR  buffer were obtained
from TaKaRa (Dalian, China).  N6-cyclopentyladenosine
(CPA), 8-cyclopentyl-1,3-dipropylxanthine (DPCPX), and 2-
Chloro-N6-cyclopentyladenosine (CCPA) were obtained from
RBI (Natick, MA, USA).  Adenosine deaminase was obtained
from Roche Biochemicals (Mannheim, Germany).  Fluo-3/AM,
p-(dipropylsulfamoyl)benzoic acid, pluronic F-127, HEPES,
Triton X-100, bovine serum albumin, leupeptin, pepstatin A,
aprotinin and PMSF were purchased from Sigma (USA).
[3H]DPCPX was purchased from Amersham (USA).  Plas-

mids pcDNA3, pcDNA3.1(+), and Lipofectamine2000 were pur-
chased from Invitrogen (USA).  Human embryo brain tissue
was donated by Huashan Hospital (Shanghai, China).  PCR
primers were synthesized by Shenyou (Shanghai, China).

Cloning of the human A1R cDNA   Human brain total
RNA was obtained from human embryo brain tissue.  The
total RNA was reverse-transcribed using oligo-dT18 as a
primer.  With the cDNA, PCR was carried out using the prim-
ers A1R-1SE and A1R-1AS (Table 1).  Gel-purified PCR prod-
uct was treated with EcoRI/XhoI and subcloned into the
EcoRI/XhoI site of the mammalian expression vector
pcDNA3.  With the subcloned A1R-pcDNA3 plasmid as
template, PCR was carried out using the primers A1R-2SE
and A1R-2AS (Table 2), which resulted in full length codon
sequence cDNA.  Gel-purified PCR product was treated with
HindIII/EcoRI and cloned into the HindIII/EcoRI site of the
mammalian expression vector pcDNA3.1(+).

Production of HEK293 cell lines stably expressing hu-
man A1R  HEK293 Cells were transfected with the A1R-
pcDNA3.1(+) expression vector, using the Lipofectamine2000
reagent.  Cells were treated with selection medium contain-
ing G418 (1 g/L) for 3 weeks to select stably transfected cells
displaying neomycin resistance.  Between 2 and 3 weeks in
the selection process, resistant cells began to appear.  They
were sought out by serial dilutions and allowed to grow from
single cells.  Receptor expression of single cell-derived colo-
nies was tested by radioligand binding assay.

Table 2.   Representative competition inhibition experiments of CCPA and CPA versus the A1R antagonist [3H]DPCPX in intact cells and membrane
preparations from A1R cells.  RH is expressed as a mean.  KH, and KL/IC50 are expressed as a mean with 95% confidence intervals.

                                                                       ADA                    RH (%)                          KH (nmol/L)                   KL/IC50 (µmol/L)

CCPA Intact cells –   0                                              0.84 (0.57–1.23)
+ 18 (3) 0.74 (0.11–4.8) 0.94 (0.62–1.41)

Membranes –   0 0.84 (0.63–1.12)
+ 25 (5.0) 1.8   (0.25–10) 0.77 (0.29–0.99)

CPA Intact cells –   0 1.3     (0.9–1.7)
+ 18 (3) 0.62   (0.1–4.9) 2.1     (1.3–3.3)

Membranes –   0 2.0     (1.5–2.5)
+ 32 (3) 0.47 (0.16–1.3) 2.7     (1.6–4.6)

Table 1.  Human A1 receptor PCR primers.

A1R-1SE GCGCGAATTCTTGGTGACCTTGGGTGCTTG
A1R-1AS GCGCCTCGAGGCTCAGAACACTGTTGCCTCTA
A1R-2SE GCGCAAGCTTGCCGCCACCATGGCCCCGCCCT-

CCATCTCAGCTTTCC
A1R-2AS   GCGCGAATTCCTAGTCATCAGGCCTCTCTTCTGGG
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Cell culture  Human embryonic kidney (HEK293) cells
were cultured in DMEM containing streptomycin (100 mg/L),
benzylpenicillin (1000 kU/L) and fetal bovine serum (10%).
Cells were incubated at 37 °C in 5% CO2.  Stably transfected
HEK293 cell lines were cultured in DMEM high glucose me-
dium containing streptomycin (100 mg/L), benzylpenicillin
(1000 kU/L), G-418 (200 mg/L), and fetal bovine serum (10%).
Cells were incubated at 37 °C in 5% CO2.  For passaging, the
cells were detached from the cell culture flask by washing
with phosphate-buffered saline (PBS) and brief incubation
with trypsin (0.5 g/L)/EDTA (0.2 g/L).  The cells were pas-
saged every 3 d.

Membrane preparation  The A1R cells (HEK293 cells
stably expressing human A1R) were lifted from Petri dishes
with a cell scraper.  Harvested cells were washed twice with
ice-cold PBS and centrifuged at 420×g for 5 min at 4 °C.  The
cell pellet was resuspended with hyponic buffer (Tris-HCl 5
mmol/L, EDTA 2 mmol/L, pH 7.4, leupeptin 1 mg/ L, pepstatin
A 1 mg/L, aprotinin 1 mg/L, PMSF 1 mmol/ L) and sonicated
(18 s) three times on ice.  The homogenate was centrifuged
at 960×g for 10 min at 4 °C.  The precipitated nucleic fraction
was discarded and the supernatant was centrifuged at
40 000×g for 30 min at 4 °C.  The pellet was washed with 50
mmol/L Tris-HCl buffer (pH 7.4) and centrifuged again under
the same conditions.  Finally, the pellet was resuspended in
the same buffer, and protein concentration was determined
by using the BCA Kit (Pierce) as described previously[18].

[3H]DPCPX binding assays in intact cells and mem-
branes  Binding assays in intact cells were performed in a
reaction tube at a density of 2.0×105 cells per tube, using
[3H]DPCPX as a radioligand.  Cells were resuspended in 50
mmol/L Tris-HCl (pH 7.4) and treated with  ADA 65 nmol/L at
4 °C for 30 min[17].  After this treatment, cells were incubated
for 1 h at 37 °C with [3H]DPCPX 0.5 nmol/L for competition
assays.  Different concentrations of the A1R agonist CCPA
or CPA were used in the competition curves.

 Membranes (30–50 µg proteins) from A1R cells were re-
suspended in Tris-Cl 50 mmol/L (pH 7.4) and treated with
ADA 65 nmol/L at 4 °C for 30 min.  Saturation assays were
performed at different concentrations of [3H]DPCPX (0.05–
10 nmol/L) using unlabeled DPCPX (20 µmol/L) to obtain
nonspecific binding.  Competition curves were carried out
by using [3H]DPCPX 0.5 nmol/L and different concentra-
tions of A1R agonists CCPA or CPA.

After incubation for 1 h, the binding assays were stopped
by rapid filtration through Whatman GF/B filters, and the
filters were immediately washed three times with ice-cold
buffer.  Filters were then transferred to Eppendoff tubes, and
scintillation liquid was added to measure the radioactivity.

Intracellular Ca2+ measurements  Ca2+ fluorescence
measurements were performed using a NOVOstar plate
reader with a pipettor system (BMG labtechnologies,
Offenburg, Germany).  A1 cells were harvested with 0.05%
trypsin/0.02% EDTA and rinsed with high glucose DMEM
containing 10% fetal bovine serum, streptomycin 100 mg/L,
and benzylpenicillin 1000 kU/L.  Pelleted cells were resus-
pended in fresh medium and kept under 5% CO2 at 37 °C for
1 h and vortexed every 15 min.  After two washes with Krebs-
HEPES buffer, cells were loaded with Fluo-3/AM 5 µmol/L
for 30 min containing 1% pluronic F-127 and p-(dipropyl-
sulfamoyl)benzoic acid 2.5 mmol/L.  Then cells were rinsed 3
times with Krebs-HEPES buffer containing 0.5% bovine se-
rum albumin, the diluted, and evenly plated into 96-well
plates at a density of 1×104 cells/well.  Microplates were kept
at 37 °C for 15 min[19, 20].  Buffer alone or different concentra-
tions of CPA were then injected sequentially into separate
wells, and fluorescence intensity was measured at 520 nm
for 50 s at 0.2 s intervals.  The excitation wavelength was
485 nm.
      [Ca2+]i was calculated as follows: [Ca2+]i=Kd (F-Fmin)/(Fmax-
F).  Fmax refers to fluorescence intensity measured after
permeabilization of the cells with 1% Triton X-100.  Ten mmol/L
EDTA was added to chelate Ca2+ and minimum fluorescence
intensity was obtained (Fmin).  A Kd value of 324 nmol/L was
used for Fluo-3.

Data analysis  Experiments were performed in triplicate.
All data were expressed as mean±SD and data were analyzed
with the GraphPad Prism 4.0 program (GraphPad Software,
San Diego, CA, USA).  Student’s t-test was used for statisti-
cal analysis.

Results

Cloning of the human adenosine A1R cDNA  To obtain
the cDNA with the full length codon sequence of human
A1R, a reverse transcription reaction was carried out using
the total RNA extracted from human embryo brain tissue.
Using cDNA with full length codon sequence of A1R, a PCR
product (1332 bp) was obtained using primers described
previously.  The PCR product  subcloned into a pcDNA3
plasmid and cDNA (981 bp) containing the  full A1R codon
sequence was obtained using this subcloned vector as a
template.  The cDNA was then cloned into the mammalian
expression vector pcDNA3.1.  Sequence analysis demon-
strated that the sequence of the constructed A1R-pcDNA3.1
expression vector was identical to that of human A1R cDNA
in the gene bank.

Selection of cell clones  Colonies of the selected stable
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integrants were initially analyzed for human A1R expression
by using a receptor binding assay using [3H]DPCPX.  From
the transfected HEK293 cell clones, one cell line was ob-
tained with specific [3H]DPCPX binding.

Saturation experiments with the adenosine A1 recep-
tor antagonist [3H]DPCPX  As Figure 1 shown, no signifi-
cant difference was found between the A1R cells in the ab-
sence and presence of ADA with respect to the Bmax and KD

values for the A1R binding sites labeled with [3H]DPCPX.
The Bmax values for the A1R cells were 1.819±0.215 and
1.992±0.130 nmol/g of protein (n=3) in the absence and
presence of ADA, respectively.  The KD values for the
A1R cells were 1.6±0.2 and 1.3±0.2 nmol/L (n=3) in the
absence and presence of ADA, respectively.  The non-
specific binding was <5% of the total binding.

Competition experiments of A1R agonist CCPA or CPA
versus the A1R antagonist [3H]DPCPX  Competition experi-
ments with CCPA versus the A1R antagonist [3H]DPCPX in
intact A1R cells or membrane preparations from A1R cells
incubated previously with ADA showed a significantly bet-
ter fit with the 2 binding sites model than that with the 1
binding site model (F test, P<0.05).  Similar KH and KL values
were obtained in intact cells or membrane preparations from
A1R cells incubated previously with ADA, and the propor-
tions of the A1R in the high affinity state (RH values) were

18%±3% and 20%±5% , respectively (Figure 2 and Table 2).
In intact A1R cells or membrane preparations from A1R cells
in the absence of ADA, a significant better fit for one bind-
ing site (RH =0) was obtained, with the IC50 values very simi-
lar to the KL value obtained in intact cells or membrane prepa-
rations previously treated with ADA.  Similar results were
obtained from competition experiments with CPA versus the
adenosine A1R antagonist [3H]DPCPX in intact A1R cells or
membrane preparations from A1 cells in the absence of ADA
(Figure 3, Table 2).

Effects of A1R agonist CPA on intracellular calcium level
in the presence or absence of ADA  An increase in intracellu-
lar Ca2+ appears to be a universal second messenger signal
for a majority of recombinant GPCRs[20].  A1R agonists evoked
a concentration-dependent and reproducible Ca2+ signal at
A1R[22].  To assess the effect of the presence of ADA on A1R
signal transduction, we performed an intracellular calcium
assay.  A significant difference was found between the A1R
cells in the absence and presence of ADA  with respect to
the EC50 values of A1R agonist CPA.  A1R agonist CPA in-
duced an intracellular [Ca2+] increase.  The EC50 values for
the A1R cells in the absence and presence of ADA were 94
(38–229) and 10 (5–29) nmol/L, respectively.  CPA appears
more potent at the A1 cells in the presence of ADA compared
with the A1R cells in the absence of ADA (Figure 4).

Figure 1.  Saturation curve of [3H]DPCPX binding to adenosine A1R in plasma membrane isolated from A1R cells untreated (A, B) and treated
(C, D) with ADA.  Binding assays were performed as described in Methods, using A1R antagonist [3H]DPCPX as radioligand in a concentration
range from 0.05 to 10 nmol/L.  A and C: Saturation curve of [3H]DPCPX binding to adenosine A1 receptors.  B and D: Scatchard plot of these
data and analysis gave the KD and Bmax values indicated in Results.  Data are mean±SD and were obtained from three independent experiments
performed in triplicate.
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Discussion
Recently, several evidences demonstrated that cell-sur-

face ADA interacted with A1 receptors in brain cortex and
DDT1MF-2 cells and that the enzyme was able to modulate
ligand binding and signaling through A1R[16,21–23].  By immu-
noprecipitation and affinity chromatography, it was found
that ADA and A1R interacted in pig brain cortical membranes.
By means of this interaction ADA led to the appearance of
the high-affinity site of the receptor.  Thus, it seems that
ADA is necessary for coupling A1R to heterotrimeric G pro-
teins[16].  In Chinese hamster ovary (CHO) cells, stably trans-
fected with the human adenosine A1R, it was found that in
the presence of ADA, the [3H]DPCPX/cyclohexyladenoine
competition curve could be analysed by a two-site model
with 93% of the sites having high affinity and the remainder
having low affinity.  In the absence of ADA, the [3H]DPCPX/
cyclohexyladenosine competition curve was well described
by a two-site model.  Under these conditions, 70% of the

binding of [3H]DPCPX was associated with a high-affinity
site with the remaining sites having low affinity.  Thus there
is a clear difference in the potency of cyclohexyladenosine

Figure 2.  Representative competitive inhibition curve of A1R ago-
nist CCPA versus the A1R antagonist [3H]DPCPX in intact cells (A)
and membrane preparations (B) from A1R cells untreated and treated
with ADA.  Competition assays were done at 0.5 nmol/L [3H]DPCPX
and increasing concentrations of CCPA.  IC50 values are means (95%
confidence intervals) obtained from three independent experiments
performed in triplicate.

Figure 3.  Representative competitive inhibition curve of A1R ago-
nist CPA versus the A1R antagonist [3H]DPCPX in intact cells (A)
and membrane preparations (B) from A1R cells untreated and treated
with ADA.  Competition assays were done at 0.5 nmol/L [3H]DPCPX
and increasing concentrations of CPA.  IC50 values are means (95%
confidence intervals) obtained from three independent experiments
performed in triplicate.

Figure 4 .  Concentra tion-response curves for the effect of A1R
agonist CPA on intracellular [Ca2+] in A1R cells untreated and treated
with ADA.  Mean±SD.  n=3.  EC50 values is mean (95% confidence
intervals) obtained from three independent experiments performed
in triplicate.
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at the high-affinity state[24].  In the present study, human
adenosine A1R were cloned and stably expressed in the
HEK293 cells and the effects of ecto-ADA on adenosine
A1R were studied.  By using competitive inhibition assay of
adenosine A1R agonists CCPA or CPA against [3H]DPCPX,
we found that A1R displayed two different affinities for ago-
nists in the presence of ADA.  However, A1R only displayed
a low affinity for agonists in the absence of ADA, suggest-
ing that most of the binding of [3H]DPCPX was associated
with the low-affinity site under these conditions and that the
interaction of ADA with A1 adenosine receptors led to the
appearance of the high-affinity site of the receptor.

To further demonstrate possible interaction between A1R
and ADA, intracellular calcium assay was carried out in the
present studies.  The results demonstrated that the EC50 value
of CPA for inducing increase of intracellular calcium level
was lower in the presence of ADA than that in the absence of
ADA, suggesting that the presence of ADA may promote
signaling through A1 receptors in the stably transfected
HEK293 cells.  Our results further support the notion that
ADA may promote the signaling through A1 receptors.
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Introduction
The treatment of cancer with chemotherapeutic drugs is

frequently impaired or ineffective as a result of acquired re-
sistance of tumor cells.  This phenomenon is termed as multi-
drug resistance (MDR) and characterized by the over-ex-
pression of P-glycoprotein (P-gp) at the surface of cancer
cells.  As a 170 kDa protein, P-gp is encoded by MDR gene
and belongs to a membrane transporter of the ABC
superfamily.  It acts as an energy-dependent drug efflux pump
preventing adequate intracellular accumulation of a broad
range of cytotoxic drugs including anthracyclines, Vinca
alkaloids, epipodophyllotoxins, and taxanes[1–3].  P-gp is also
expressed in normal tissues such as the endothelial cells of
the blood brain barrier (BBB) capillaries[4].  The capillary
endothelial cells protect the brain against many exogenous
toxin injuries and sudden fluctuation in the levels of sys-
temic substances.  The hydrophobic agents, such as vinblas-
tine and doxorubicin and lipid-soluble compounds, such as
cyclosporin A, cannot accumulate in the brain[5-7].  P-gp ex-
pression in the  BBB capillaries is responsible for the extru-

sion of these compounds from the endothelial cells, and
thereby attenuates the accumulation of the drugs in the brain
leading to the failure of therapy for the brain disease.  There
are a variety of agents, such as verapamil (Ver) and cyclospo-
rine A for overcoming MDR[8,9].   However, vera-pamil and
cyclosporine A, are used as anti-arrhythmic agents and
immunosuppressants, respectively.  Therefore, they will
cause side effects when used as MDR-reversing agents.  In
light of these findings, the development of compounds spe-
cially inhibiting P-gp function in cancer cells or BBB may
contribute to the treatment of cancers and central nervous
system diseases.  Amlodipine, a calcium channel antagonist,
belongs to dihydropyridines family and is currently applied
in the treatment of hypertension[10].  A previous report has
revealed that amlodipine has an inhibitory effect on P-gp-
mediated transport of dauxorubicin and digoxin[11].  CJX1
and CJX2, the amlodipine derivatives, were synthesized by
substituting the hydrogen of the amino group on amlodipine
with 4,5-dihydro-imidazole and 4,5-dihydro-thiazole,
respectively. The aim of this study was to investigate the

Abstract
Aim:  To investigate whether  the amlodipine derivatives, CJX1 and CJX2, have
a modulative effect on P-glycoprotein (P-gp) function in rat brain microvessel
endothelial cells (RBMEC).  Methods: Isolated RBMEC were cultured in DMEM/
F12 (1:1) medium. The amount of intracellular rhodamine (Rh123) was determined,
using a fluorescence spectrophotometer, to evaluate the function of P-gp.  Results:
The accumulation of Rh123 in RBMEC was potentiated in a concentration-
dependent manner after incubation with CJX1 and CJX2 at 1, 2.5, 5, and 10
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effects of CJX1 and CJX2 on the P-gp function in rat brain
microvessel endothelial cells (RBMEC).

Materials and methods
Materials  The cell line of human umbilical vein endot-

helial cells (HUVEC) was a gift from Prof Zhuang ZHANG
(Beijing University of Chinese Medicine); CJX1 (Mr 471)
and CJX2 (Mr 488) were obtained from Dr Yun-gen XU
(Novel Drug Research Centre, China Pharmaceutical
University). Rhodamine123 (Rh123) and verapamil were
purchased from Sigma Co (St Louis, USA).  Fetal calf se-
rum and DMEM/F12 (1:1) medium were purchased from
GIBCO (USA).  All other chemicals used in the experiments
were commercial products of reagent grade.

Culture of RBMEC  RBMEC were isolated according
to the method of Abbott et al[12] with minor modification.
Isolated cortex from ten rats was placed in ice-cold phos-
phate-buffered saline (PBS).  After removal of surface ves-

sels and meninges, cortex gray matter was minced and incu-
bated at 37 ºC for 25 min in D-Hanks’ solution containing
0.05% trypsin. The samples were filtered through a 150-µm
nylon mesh.  After centrifugation at 800×g for 5 min, the
pellet was re-suspended in PBS containing 20% bovine
serum albumin (BSA) and centrifuged at 2000×g at 37 ºC
for 5 min.  After removal of fat, cell debris, and myelin float-
ing on BSA, the pellet containing microvessels was resus-
pended and incubated in PBS containing 0.1% collagenase
II at 37 ºC for 30 min.  The microvessels were finally col-
lected by centrifugation at 800×g for 5 min, then the pellet
was washed twice with PBS and cultured in DMEM/F12
(1:1) medium supplemented with 20% fetal bovine serum at
37 ºC in a 5% CO2 humidified atmosphere.

Intracellular Rh123 accumulation assay  RBMEC were
seeded at a density of 5×107/L in 24-well plates.  After reach-
ing confluence, cell monolayers were exposed to Rh123 5
µmol/L in serum-free DMEM/F12 medium containing CJX1
and CJX2 at 1, 2.5, 5, and 10 µmol/L at 37 ºC for 90 min,
respectively.  Verapamil was used as a positive control for
an P-gp inhibitor.  After incubation, the medium was
removed, and all monolayers were washed three times with
ice-cold PBS and then dissolved in 1% Triton X-100.  Fluo-
rescence of Rh123 was measured using fluorescence spec-
trophotometer and concentration of Rh123 was calculated
from the fluorescence value on the Rh123 standard curve.
The amount of Rh123 in cell samples was normalized with
the amount of protein in each sample as described previ-
ously[13,14].

Rh123 uptake assay  RBMEC were seeded at a density
of 5×107/L in 24-well plates, and then incubated in DMEM/
F12 (1:1) medium containing Rh123 at 5 µmol/L in the pres-
ence or absence of CJX1 or CJX2 10 µmol/L at 37 ºC in a
humidified atmosphere of 5% CO2 for 10, 25, 45, 60, and 90
min, respectively.  After removal of the medium, the cell
monolayers were washed three times in ice-cold PBS and
dissolved in 1% Triton X-100.  The amount of Rh123 was
determined as described in the accumulation assay.  The
uptake constant (kup) was obtained by fitting the data to Ft=Fss

(1-e-kt), where Ft is the amount of Rh123 at time t, Fss is the
amount of Rh123 at 90 min.  The amount of intracellular
Rh123 was plotted  against time.

Rh123 efflux assay  The RBMEC were incubated in the
medium containing Rh123 5 µmol/L at 37 ºC in a humidi-
fied atmosphere of 5% CO2 for 90 min. After washing three
times in ice-cold PBS, RBMEC were  incubated in the  pres-
ence or absence of CJX1 and CJX2 1-10 µmol/L or verapamil
10 µmol/L at 37 ºC for 5, 10, 25, 30, 60, and 90 min, respec-
tively.  The amount of intracellular Rh123 was determined

Figure 1.  The chemical structure of amlodipine, CJX1, and CJX2.
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as described in the accumulation assay.  The efflux constant
(ke) of CJX1 and CJX2 10 µmol/L was obtained by fitting
the data to Ft=Fo e-kt, where Ft is the amount of Rh123 at
time t.  The amount of intracellular Rh123 was plotted against
time.

Persistence of CJX1 and CJX2 activity  The RBMEC
were incubated in the medium containing Rh123 5 µmol/L
in the presence or absence of CJX1 and CJX2 2.5 µmol/L or
verapamil 2.5 µmol/L in the humidified atmosphere of 5%
CO2 for 90 min at 37 ºC, respectively.  After washing three
times in rhodamine-free and drug-free medium, the amount
of intracellular Rh123 was measured after 10, 30, 60, 90,
and 120 min, respectively. The amount of Rh123 in cell
samples at different time points was determined as described
in the accumulation assay.  T0 represents the amount of Rh123
which was monitored immediately after incubation with
CJX1, CJX2 or verapamil.

Data analysis  All data were expressed as mean±SD and
analyzed by t-test.

Results
Effect of CJX1 and CJX2 on intracellular accumula-

tion of Rh123 After RBMEC were incubated with Rh123
for 90 min in the presence of CJX1 and CJX2 1-10 µmol/L,
the amount of intracellular Rh123 was greatly increased in a
concentration-dependent manner compared with the control
group (P<0.01).  Accumulation of Rh123 was not increased
in HUVEC.  The amount of intracellular Rh123 in CJX1 10
µmol/L-treated group was comparable to that of the
verapamil 10 µmol/L-treated group (Table 1).

Effect  of CJX1 and CJX2 on uptake of Rh123  After
the RBMEC were incubated in the presence of CJX1 and
CJX2 10 µmol/L, Rh123 was accumulated in a time-depen-
dent manner from 0-100 min.  The rate constants (kup) of the
uptake in CJX1 and CJX2-treated group was 0.0508 and
0.0495 respectively, and higher than those of control group
(0.0264) and verepamil-treated group (0.044) (Figure 2).

Effect of CJX1 and CJX2 on Rh123 efflux CJX1 and
CJX2 1-10 µmol/L inhibited the efflux of Rh123 from
RBMEC from 0 to 100 min (Figure 3). The inhibitory ef-
fects remained even at 120 min after removal of CJX1 or
CJX2 2.5 µmol/L from the medium (Figure 4).  This amount
suggested that the inhibitory effects of CJX1 and CJX2 on
P-gp function was reversible and that the inhibitory effects
of CJX1 on P-gp persisted longer compared with verapamil.
The efflux constants in CJX1 and CJX2 10 µmol/L-treated
groups was 0.0097 and 0.0127, respectively, and was lower
than those in control group (0.0312) and verapamil-treated
group (0.0131).

Discussion
Beaulieu et al showed that P-gp was localized in the lu-

minal membranes of RBMEC[15].  RBMEC was a valuable
tool for the study of BBB permeability in vitro[13]; however,
HUVEC was often used as a negative control and had no
detectable P-gp expressions[16,17].  The  efflux of fluorescent
dye Rh123 was known to be P-gp-dependent and conse-
quently was used extensively to determine the efflux rate
from the cells expressing P-gp and to screen novel effective
P-gp reversal agents[18].

The present study showed that before the RBMEC and
HUVEC were exposed to Rh123, the amount of intracellu-
lar Rh123 in RBMEC was lower than that in HUVEC.  After
CJX1 and CJX2 treatment,  intracellular accumulation of
Rh123 was elevated greatly in RBMEC in a concentration-

Table 1.  Effect of CJX1 and CJX2 on the accumulation of Rh123 in rat
brain microvessel endothelial cells (RBMEC) and human umbilical vein
endothelial cells (HUVEC).  n=3 experiments (each 4 wells).  Mean±SD.
cP<0.01 vs control group.  eP<0.05 vs verapamil group.

    Group/µmol·L-1                                Rh123/nmol·g-1 protein
                                                   RBMEC        HUVEC       Increasing
                                                                                                rate/%

Control   68±10 315±39
CJX1   1   91±6c   34.1

  2.5 197±30c 191.4
  5 282±44c 316.5
10 323±11ce 310±28 377.1

CJX2   1   85±12c   25.9
  2.5 161±31c 137.8
  5 220±28c 224.9
10 282±44c 320±19 317.2

Ver 10 269±50c 320±53 297.3

Figure 2.  Effect of CJX1 and CJX2 on the uptake of Rh123 in rat brain
microvessel endothelial cells.  n=3 experiments (each 4 wells).  Mean±SD.
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time points. This suggested that P-gp function recovered and
the inhibitory effect of CJX1 and CJX2 on P-gp was
reversible. The amount of Rh123 was less than 40% of base-
ment at 60 min after washout of verapamil and CJX2.  But in
the CJX1-treated group, there was about 40% Rh123 in
RBMEC at 90 min after washout of CJX1. This result showed
that the inhibitory effect of CJX1 persisted longer than that
of verapamil.

The inhibitory effect of CJX1 and CJX2 on P-gp func-
tion in RBMEC indicated that the two compounds may be
able to reverse MDR mediated by P-gp.  This study has been
performed on doxorubicin-resistant human myelogenous leu-
kemia (K562/DOX) cells in our laboratory and the results
will be published.  The effect of CJX1 and CJX2 on P-gp
function in vivo will be observed in our laboratory in the
near future.

In conclusion, CJX1 and CJX2 exhibited a potent effect
on the inhibition of P-gp function in vitro.  They may be-
come candidates of the effective P-gp reversal agents.
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Estrogen stimulates release of secreted amyloid precursor protein from
primary rat cortical neurons via protein kinase C pathway1
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Abstract
Aim: To investigate the mechanism of the action of estrogen, which stimulates the
release of secreted amyloid precursor protein α (sAPPα) and decreases the gen-
eration of amyloid-β protein (Aβ), a dominant component in senile plaques in the
brains of Alzheimer’s disease patients.  Methods: Experiments were carried out in
primary rat cortical neurons, and Western blot was used to detect sAPPα in a
culture medium and the total amount of cellular amyloid precursor protein (APP) in
neurons.  Results: 17β-Estradiol (but not 17α-estradiol) and β-estradiol 6-(O-
carboxymethyl) oxime: BSA increased the secretion of sAPPα and this effect was
blocked by protein kinase C (PKC) inhibitor calphostin C, but not by the classical
estrogen receptor antagonist ICI 182,780.  Meanwhile, 17β-estradiol did not alter
the synthesis of cellular APP.  Conclusion: The effect of 17β-estradiol on sAPPα
secretion is likely mediated through the membrane binding sites, and needs mo-
lecular configuration specificity of the ligand.  Furthermore, the action of the PKC-
dependent pathway might be involved in estrogen-induced sAPPα secretion.
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Introduction
Alzheimer’s disease (AD) is characterized by two major

pathological lesions in the brain: intracellular neurofibrillary
tangles and extracellular deposition of senile plaques  com-
posed mainly of amyloid-β protein (Aβ)[1].  Efforts have been
made to explore the relative contribution of plaques and
tangles to the pathogenesis of AD.  In recent years, the
amyloid hypothesis has been accepted by many researchers,
who regard accumulation of Aβ in the brain as the primary
factor driving AD pathogenesis[2,3].  Aβ is derived from a
larger ubiquitous transmembrane protein, amyloid precursor
protein (APP).  APP is cleaved through at least two different
pathways: α-secretase pathway and β-secretase pathway.
Through the β-secretase pathway, which involves β-
secretase and γ-secretase, APP is cleaved into two fragments:
sAPPβ and Aβ.  Alternatively, through the α-secretase
pathway, which involves α-secretase and γ-secretase, APP
is cleaved within the domain of amyloidogenic Aβ, thus pre-
cluding the generation of Aβ  and producing non-
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amyloidogenic secreted APP (sAPPα) and p3 (Aβ 17-40/42).
Several studies demonstrated that the increased activity of
the α-secretase pathway led to a decrease in the activity of
the β-secretase pathway[4].

Estrogen is considered as a neurotropic and neuro-pro-
tective agent[5].  Estrogen replacement therapy (ERT) in post-
menopausal women is related with a reduced risk and de-
layed onset of AD[6].  It is therefore worthwhile investigating
whether estrogen produces its neuroprotective effect
through the regulation of APP processing[7].

There are several lines of evidence supporting this
hypothesis.  In cell culture, the addition of estrogen resulted
in increase in the production of sAPPα and a decrease in Aβ[8,9].
In animal models, estrogen treatment prevented the accumu-
lation of Aβ in the brain of guinea pigs and transgenic mu-
tant APP/PS1-expressing mice[10,11].  It was suggested that
the increased release of sAPPα by estrogen was mediated
through the phosphorylation of extracellular-regulated ki-
nase 1 and 2 (ERK1/2)[12].  However, the precise mechanism
of the neuroprotective effects of estrogen remains to be fur-
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ther investigated.  The purposes of the present study are to
explore: (1) whether the effect of estrogen on sAPPα release
is mediated through the membrane sites or the nuclear
receptors; (2) whether the effect of estrogen depends on its
molecular configuration specificity; (3) whether protein ki-
nase C (PKC) is involved in the regulation of APP processing;
and (4) whether classical estrogen receptor antagonist ICI
182 780 blocks the sAPPα secretion induced by estrogen.

Materials and methods
Cells and cell culture procedures  Cortical neurons  from

1-d postnatal Sprague-Dawley female or male rats were pre-
pared as described previously[13].  Cells were plated in DMEM
(Life Technologies, Gaithersburg, Germany) containing 10%
fetal bovine serum (GIBCO) in poly-L-lysine-coated (0.1 g/L;
Sigma, St Louis, USA) 100-mm dishes (approximately 1.8×107

cells per dish) under standard conditions (37 ºC, 5% CO2).
On the following day, the medium was replaced with phenol
red-free Neurobasal Medium (GIBCO), supplemented with
B27 (GIBCO), which produced cultures with >99% neuronal
composition[14].  The medium was replaced every 3 d.  On the
ninth day, the medium was replaced with phenol red-free
Neurobasal Medium, supplemented with N2 (10% volume as
described  in guideline, GIBCO, Rockville, USA).  Estrogen
and/or other chemicals were added to the dishes.  The chemi-
cals used were 17β-estradiol (Sigma) dissolved in dimethyl
sulfoxide (Me2SO), 17β-estradiol (Sigma) dissolved in Me2SO;
β-estradiol 6-(O-carboxymethyl) oxime: BSA (Sigma) dis-
solved in PBS, β-estradiol 17-hemisuccinate: BSA (Sigma, St
Louis, USA) dissolved  in PBS, ICI 182, 780 (TOCRIS) dis-
solved  in Me2SO, and PKC inhibitor calphostin C
(Calbiochem, La Jolla, USA) dissolved in Me2SO.  After a 12-h
incubation, the medium was collected for measurement of
sAPPα.  The medium was then centrifuged at 4000×g for 10
min to remove the cellular debris.  The cleared supernatant
was concentrated with 30 kDa pore size Amicon Ultra
(Millipore Co, Billerica,USA) for analysis.  Cell monolayers
were washed three times with ice-cold PBS and lysed in 1×SDS
loading buffer with protease inhibitors for 10 min on ice.  The
cell lysates were boiled for 5 min and then centrifuged for 10
min at 14 000×g.  The proteins were stored at -20 ºC.

Western blot analysis  The protein concentrations were
determined by BCA protein quantitative analysis kit
(Shenergy Biocolor BioScience & Technology Company).
An equal amount of protein from the medium was subjected
to 7%–10% gradient SDS-poly-acrylamide gel electrophore-
sis (PAGE) (Amresco).  After electrophoretic separation, pro-
teins were transferred onto a PVDF membrane and the
polyclonal antibody Rat A Beta (1:1000, Signet), which is

specific for Ab 3-16, was used to detect sAPPα.  The effi-
ciency of transfer was confirmed by staining the membrane
with Ponceau S.  The Ponceau S stain was then removed
from the membrane by washing in PBST.  Cellular APP was
detected using monoclonal antibody 22C11 (1:200, Roche),
which is specific for the amino terminus of APP.  The amount
of β-actin on the same membrane, which was determined by
polyclonal antibody β-actin (1:1000, Santa Cruz), was taken
as control.  Antibody binding was detected by counter-stain-
ing with horseradish peroxidase-conjugated antibodies
(1:1000, Calbiochem) and visualized using an ECL-detection
kit (Pierce).  The relative intensity of immunoreactive bands
on the exposed film was quantified by a computer-assisted
densitometry program (Smart view, Life Science Research
Products and System Engineering).

Statistics  Data from sAPPα measurement were analyzed
by one-way ANOVA followed by Tukey post hoc test (SPSS
software). Student’s t-test was used to analyze the data of
cellular APP content.  P<0.05 was considered to be statisti-
cally significant.  Each experiment was repeated three to four
times to verify the reproducibility of the results.

Results
Effect of 17β-estradiol on sAPPα secretion and cellular

APP content  Primary cortical neurons were treated with 10,
100, and 1000 nmol/L 17β-estradiol.  Figure 1 shows that a 12-h
treatment with increasing concentrations of 17β-estradiol

Figure 1.  Effect of 17β-estradiol on sAPPα secretion from the rat
cor t i ca l  neu rons.   (A)  Effect  of 1 7 β -est r a diol of va r iou s
concentrations.  n=3.  Mean±SD.  bP<0.05, cP<0.01 vs control.  (B)
Electrophoresis results from a representative experiment.  (1)
Control; (2) 10 nmol/L 17β-estradiol; (3) 100 nmol/L 17β-estradiol;
(4) 1000 nmol/L 17β-estradiol.
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resulted in a significant dose-dependent increase in sAPPα
release into the medium as compared with the sAPPα level in
the control.  17β-Estradiol (100 nmol/L) did not alter the total
cellular APP content in cultured cortical neurons (Figure 2).

Effect of β-estradiol 6-(O-carboxymethyl) oxime: BSA
on the release of sAPPα  To investigate whether the mem-
brane-impermeable estradiol-BSA conjugates, β-estradiol 6-
(O-carboxymethyl) oxime: BSA and β-estradiol 17-hemi-
succinate: BSA, exerted similar actions on sAPPα secretion
as 17β-estradiol, neurons were incubated with these two
agents.  After a 12-h incubation, the supernatant was col-
lected for measurement of sAPPα.  β-Estradiol 6-(O-
carboxymethyl) oxime:BSA (1000 nmol/L) increased  sAPPα
secretion, although the magnitude of the effect was smaller
than that of 1000 nmol/L 17β-estradiol.  Estradiol 17-
hemisuccinate: BSA (1000 nmol/L) also stimulated sAPPα
secretion, but the difference was not statistically significant
(Figure 3).

Effect of 17α-estradiol on the release of sAPPα  In order
to investigate whether estradiol stimulates sAPPα secretion
depending on its configuration specificity, we treated the
neurons with 100 nmol/L, 1000 nmol/L 17α-estradiol and 100
nmol/L 17β-estradiol.  Twelve hours later, the supernatant
was collected and concentrated for Western blot analysis.

The results showed that, in contrast to 17β-estradiol, 17α-
estradiol did not alter sAPPα secretion (Figure 4).

Effect of PKC inhibitor on 17β-estradiol-induced sAPPα
secretion Calphostin C, a PKC inhibitor, was used to inves-
tigate the role of PKC on 17β-estradiol-induced secretion of

Figure 2.  Effect of 17β-estradiol on total cellular APP content in
the cultured rat cortical neurons.  (A) Cellular APP content with or
without 17β-estradiol administration.  n=3.  Mean±SD. (B) Results
from a representative experiment for total cellular APP.  (C) β-
actin on the same film as (B).

Figure 3 .  (A) Effects of 17β-estradiol(E2), β-estradiol 6-(O-
ca rboxymethyl)  oxime:BSA(E2-6 :BSA), and β-estr adiol 1 7-
hemisuccinate:BSA (E2-17:BSA), respectively, on the release of
sAPPα.  n=4.  Mean±SD.  bP<0.05, cP<0.01 vs control.  (B) Electro-
phoresis results from a representative experiment.  (1) Control; (2)
17β-estradiol; (3) β-estradiol 6-(O-carboxymethyl) oxime:BSA; (4)
β-estradiol 17-hemisuccinate:BSA.

Figure 4.  Effect of 17α-estradiol on sAPPα release from rat cor-
tical neurons.  (A) Effects of 100, 1000 nmol/L 17α-estradiol and
100 nmol/L 17β-estradiol on the release of sAPPα.  n=3.  Mean±SD.
bP<0.05, cP<0.01 vs control.
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sAPPα.   Incubation with calphostin C (250 nmol/L) alone for
12 h did not change the sAPPα secretion.  However, when
the neurons were co-treated with calphostin C (250 nmol/L)
and 17β-estradiol (100 nmol/L) for 12 h, the stimulatory

effect of 17β-estradiol on sAPPα secretion disappeared
(Figure 5).

 Effect of estrogen receptor antagonist on the 17β-
estradiol-induced sAPPα secretion  To explore whether ac-
tivation of the classical estrogen receptors is involved in
17β-estradiol stimulating sAPPα secretion, rat cortical neu-
rons were treated with 17β-estradiol (100 nmol/L), estrogen
receptor antagonist ICI 182 780 (1 µmol/L ) alone, and 17β-
estradiol (100 nmol/L) together with ICI 182 780 (1 µmol/L).
The results showed that ICI 182 780 alone produced no alter-
ation in sAPPa secretion, while simultaneous administration
of ICI 182 780 and 17β-estradiol resulted in a significant in-
crease in sAPPα secretion, similar to the effect of 17β-estra-
diol (Figure 6).

Discussion
It appears that ERT prevents the onset of AD, but is not

an effective treatment for AD[6].  However, recent clinical
studies revealed that ERT brought beneficial as well as ad-
verse effects[15].  Therefore, it is important to elucidate the
mechanisms of the neuronal action of estrogen and to de-
velop new drugs that retain the beneficial effects, but do not
have the side effects of estrogen[16].  It is generally accepted

that the effect of estrogen in preventing AD is mediated
through regulating APP processing[2,7].  Our study provides
evidence that estrogen increases sAPPα release without
changing the total cellular APP content in cultured rat corti-
cal neurons.  Because the up-regulation of the α-secretase
pathway mediating sAPPα production occurs within the same
time course as down-regulation of the β-secretase pathway[4],
it is reasonable to suggest that estrogen could  reduce the
generation of Aβ secondary to increases in sAPPα secre-
tion and, in turn, exert its neuroprotective functions.

In addition to classical intracellular estrogen receptor,
estrogen binding sites are also present on the cell membrane[5].
The actions of estrogen on its target tissues include a long-
term “genomic” action mediated by intracellular estrogen
receptors, and a rapid action through membrane binding sites
that modulate a diversity of intracellular signal transduction
pathways[17].  Therefore, it is interesting to know whether
the estradiol-induced release of sAPPα is brought about
through the mediation of nuclear or membrane binding sites.
Our data clearly demonstrated that β-estradiol 6-(O-carboxy-
methyl) oxime: BSA, a membrane-impermeable estradiol con-
jugate[18,19], produced a similar effect like estrogen to increase
the release of sAPPα, suggesting the involvement of the
membrane binding sites.  Furthermore, the estrogen receptor
antagonist ICI 182 780 did not affect the effect of estrogen,
suggesting that the classical estrogen receptors ERα or ERβ

Figure 5.  Involvement of PKC in 17β-estradiol effect on sAPPα
secretion.  (A) Effects of 17β-estradiol,  calphostin C, and 17β-
estradiol+calphostin C on the release of sAPPα, respectively.  n=3.
Mean±SD.  cP<0.01 vs control.  eP<0.05 vs E2.  (B) Results from a
representative experiment.  (1) control; (2) 17β-estradiol;  (3)
calphostin C; (4) 17β-estradiol+calphostin C.

Figure 6.  No antagonism by ICI 182 780 against the 17β-estradiol-
induced sAPPα secretion.  (A) Effects of 100 nmol/L 17β-estradiol,
1 µmol/L ICI 182 780 alone, and 100 nmol/L 17β-estradiol+1 µmol/L
ICI 182 780 on the release of sAPPα.  n=3.  Mean±SD. cP<0.01
compared with the control.  (B) Results from a representative
experiment.  (1) control; (2) 17β-estradiol; (3) ICI 182 780; (4)
17β-estradiol+ICI 182 780.
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were not involved in the above-mentioned estradiol effect.
The role of classical estrogen receptors in the neuronal ef-
fect of estrogen is controversial.  Some studies showed that
the estrogen-induced rapid intracellular signal transduction
cascades were unaffected by the classical estrogen receptor
antagonists[18,20,21], such as tamoxifen and ICI 182 780, in cell
lines that did or did not express estrogen receptors ERα and
ERβ; while other studies showed that the rapid intracellular
signal transduction was blocked by the classical estrogen
receptor antagonists[13,22–24].  The reason for the difference in
these studies is unknown, but it is probably a result of  the
different cells the researchers used and different parameters
chosen for study, which appear through different membrane
binding sites.  The results of the present study suggest that
the structure of the membrane binding sites responsible for
the estradiol-induced sAPPα secretion is probably different
from that of the classical estrogen receptors.

In present study, 17β-estradiol and its two BSA conju-
gates produced effects with different potencies.  One of the
possible explanations is that the combination of BSA alters
the dimensional configuration of estradiol and thus changes
its affinity for the membrane binding sites.  In β-estradiol
6-(O-carboxymethyl) oxime: BSA, BSA attaches to estradiol
at position 6, that is, on the “bottom” of the structure of
estradiol, making the “top” (the C and D rings) of estradiol
accessible.  In contrast, in β-estradiol 17-hemisuccinate: BSA,
BSA attaches to position 17 on the “top” of estradiol, mak-
ing the “bottom” (the A and B rings) of the estradiol
accessible.  The difference in the configuration between the
two conjugates can change the binding ability to the mem-
brane sites and therefore change the effect in regulating
sAPPα secretion.  It is possible that a small amount of estra-
diol might dissociate from the conjugates, however, some
studies reported that a very small amount of estradiol that
dissociated from the conjugates did not exert effects on es-
trogen receptors[25].

Behl et al indicated that both 17β-estradiol and its isomer
17α-estradiol exhibited neuroprotective actions against oxi-
dative stress[26].  17α-estradiol does not bind to the nuclear
ER, but 17α-estradiol was reported to stimulate phosphory-
lation of ERK1/2 in immature rat neurons[27].  Our present
study showed that 17α-estradiol was unable to regulate the
APP processing.  Therefore, the mechanism for anti-oxida-
tion effects of estrogens might be different from those of
regulating APP metabolism.

Estrogen stimulates a rapid Ca2+ release from the intracel-
lular calcium stores[28].  Yeon et al indicated that PKCε played
an important role in modulating APP and that overexpression
of the PKCεV1 region, which specifically binds  to the recep-

tor for activated C-kinase (RACK), blocked the phorbol es-
ter-induced enhancement of sAPPα secretion[29].  Recently,
Beyer et al reported that estrogen activated G-protein-
coupled phospholipase C, leading to the release of Ca2+ from
intracellular stores and the activation of PKC[30].  In the
present study, we demonstrated that calphostin C prevented
the increase of sAPPα secretion induced by 17β-estradiol,
indicating the involvement of PKC.

In summary, our data indicate that, in cultured rat cortical
neurons, estrogen stimulates sAPPα secretion through
mechanisms involving membrane binding sites and the acti-
vation of PKC.  The effects of estradiol are not mediated by
classical ER.  The details of the estrogen membrane binding
sites and the related signaling pathways remain to be further
studied.
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Visual recognition memory is related to basic expression level of NMDA
receptor NR1/NR2B subtype in hippocampus and striatum of rats1
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Abstract
Aim: To examine the basic expression levels of N-methyl-D-aspartate (NMDA)
receptor NR1 and NR2B subunits in six brain regions of Sprague-Dawley (SD) rats
with different visual recognition memory.  Methods: Rats were tested by a novel-
object-recognition model and grouped into the high and the low visual recogni-
tion memory groups.  The expression levels of NR1 and NR2B subunits in the
cortex, hippocampus, striatum, amygdala, diencephalon, and olfactory bulb were
measured by semiquantitative immunoblotting.  Results: The NR1 and NR2B
subunit protein levels in the hippocampus of the high visual recognition memory
group were 35.9% (P<0.01) and 53.4% (P<0.05) higher respectively than those in
the low group.  In addition, the NR2B level in the striatum in the high visual
recognition memory group was 25.0% (P<0.05) higher than that in the low one.
However, no significant difference was found in the levels of the subunits be-
tween the two groups in other brain regions.  Conclusion: The visual recognition
memory in rats is related to the basic expression level of NMDA receptor NR1/
NR2B subtype in the hippocampus and striatum.
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Introduction
N-Methyl-D-aspartate (NMDA) receptors, the major

ionotropic glutamate receptors in the central nervous system,
play key roles in excitatory synaptic transmission and
plasticity, and are involved in many physiological and patho-
logical processes[1,2].  NMDA receptors are mainly composed
of NR1 subunit and NR2A, NR2B, NR2C, or NR2D subunit,
respectively, and the different subunit combinations form
different NMDA receptor subtypes with distinct functional
properties[3,4].

It has been demonstrated that NMDA receptors are in-
volved in long-term synaptic plasticity and certain forms of
learning and memory[5–8].  For example, numerous data indi-
cate that NMDA receptor activity and NMDA receptor-de-
pendent synaptic plasticity in the hippocampus are crucial
for spatial recognition memory[7,8].  However, there have been
a few reports about the role of NMDA receptors in visual
recognition memory[9–12], and there are some discrepant or
even contradictory results in the visual recognition memory
with regard to different doses of NMDA receptors antagonist,

and animal species.  Furthermore, most of those findings
were mainly obtained from animals with specific brain region
injuries, pharmacological manipulated animals or transgenic
mice with one of NMDA receptor subunits abnormally
expressed.  Little is known whether the basic expression lev-
els of NMDA receptors is related to different visual recogni-
tion memory in normal adult rats.

Therefore, the objective of our studies was to examine
the relationship between the basic expression levels of NR1
and NR2B subunits in six specific regions (cortex,
hippocampus, striatum, amygdala, diencephalons, and olfac-
tory bulb) and visual recognition memory in rats.

Materials and methods
Animals  All experiments were carried out in accordance

with the National Institutes of Health Guide for the Care and
Use of Laboratory Animal.  The animals used in this study
were 6-week old male Sprague-Dawley (SD) rats, weighing
175–190 g (Grade II, Certificate No 22-9601018, Experimental
Animal Center, Zhejiang University, China), maintained in
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an air-conditioned room with controlled temperature (22–
26 ºC) and humidity (40%–70%), housed in cages with a 12-
h light/dark cycle (lights on from 8:00 AM–20:00 PM) with
food and water available.  Experiments were carried out each
day between 10:00 AM–17:00 PM.

Novel object recognition task  Rat was individually ha-
bituated to an open-field box (50 cm×50 cm×30 cm high)
for 3 d.  During training sessions, two novel objects were
placed into the open field and the animal was allowed to
explore for 5 min.  The time spent for exploring each object
was recorded.  During retention tests, the animal was placed
back into the same box after a 24-h delay, in which one of the
objects used during training was replaced by a novel object,
and allowed to explore freely for 5 min.  Behaviour was con-
sidered exploratory when an animal was touching or directed
towards the object at a distance ≤2 cm with its nose; while
behaviour was not considered exploratory when an animal
was turning around or sitting on the object.  To avoid inter-
ference effect of the olfactory cue due to scent traces left,
after each experiment, both the objects and the arena were
scraped by 10% ethanol.  The preference index, a ratio of the
amount of time spent exploring any one of the two objects
(training session) or the novel one (retention session) over
the total time spent exploring both objects, was used to mea-
sure recognition memory.  All 40 male SD rats were ranked by
the preference index.  From these, eight superior and eight
inferior rats were used as high visual recognition memory
group and low visual recognition memory group,
respectively, in the present study.

Preparation of tissue  The rats were killed by decapita-
tion and the brains were quickly removed.  The brains were
dissected on ice into six specific regions (cortex,hippo-
campus, striatum, amygdala, diencephalon, and olfactory
bulb), and homogenized twice in 100 volumes (100×wet
weight) of ice-cold 10 mmol/L Tris-HCl (pH 7.4) containing
320 mmol/L sucrose with a Tissuemizer (Heidolth DIA×900)
at speed 5 for 10 s with a 20 s interval between bursts.  The
tissue homogenate was centrifuged at 700×g for 10 min at 4 ºC.
The supernatant was collected and centrifuged at 37 000×g
for 40 min at 4 ºC.  This high-speed pellet was resuspended
in 10 mmol/L Tris-HCl (pH 7.4).  Protein concentrations were
determined using Folin phenol reagent with bovine serum
albumin as a standard.

Semiquantitative Western blot  Sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transfer of proteins to nitrocellulose membranes were per-
formed according to conventional methods.  The denatured
membrane proteins were separated on 7.5% polyacrylamide
gels and transferred to nitrocellulose membranes in transfer

buffer (Tris 25 mmol/L, glycine 192 mmol/L, 20% methanol
and 0.05 % SDS, pH 8.3).  The membranes were incubated
with a blocking buffer of 5% non-fat dry milk in TBST (Tris-
HCl 20  mmol/L, NaCl 140 mmol/L, 0.1% Tween-20, pH 7.4) at
room temperature for 1 h.  The membranes were then incu-
bated with anti-NR1, and anti-NR2B antibodies (1 g/L) in
blocking buffer overnight at 4 ºC.  After several washes with
TBST, the membranes were incubated with horseradish per-
oxidase-conjugated secondary antibody in blocking buffer
for 1 h at room temperature.  Following washes for 20 min
with four intermediate changes with TBST, proteins were
visualized with enhanced chemiluminescence.  The result-
ing film was scanned and analyzed using a laser densitom-
eter and GelScan XL software (Pharmacia LKB).  In order to
make different gel samples evaluable, every gel was run with
three lanes of the same cortex proteins as a standard[13,14].

Statistical analysis  All results were expressed as mean±
SD.  Differences were analyzed by group comparisons t-test
with Mann-Whitney Test by  SPSS 11.0 software.  P<0.05
was considered statistically significant.

Results
Novel object recognition task  The preference indexes

for the high visual recognition memory group and the low
visual recognition memory group were summarized in Fig-
ure 1.  During the training sessions, no significant difference
was found in the exploratory preference between the two
groups (0.43±0.12 vs 0.49±0.11, P>0.05).  During the reten-
tion sessions, the exploratory preference of the high visual
recognition memory group was significantly higher than that
of the low one (P<0.01).

Figure 1.  Exploratory preference of rats with different visual rec-
ognition memory during the training session and the retention ses-
sion in the novel-object-recognition task.  n=8.  Mean±SD.  aP>0.05
vs the training session of the group with low visual recognition
memory.  fP<0.01 vs  the retention session of the group with low
visual recognition memory.



Http://www.chinaphar.com Xu SJ et al

179

Relationship between basic expression level of NR2B
subunit and visual recognition memory in rats  As shown in
Figure  3, the protein level of NR2B subunit in the hippocam-
pus in the high visual recognition memory group was 53.3%
higher than that in the low group (2.04±0.22 vs 1.33±0.57,
P<0.05).  In addition, the NR2B level in the high one was
25.0% higher than that in the low group in the striatum (P<
0.05).  While, no significant difference was found in the pro-
tein levels of NR2B subunit in other brain regions between
the two groups (P>0.05).

Discussion

In the present study, we observed that both NR1 and
NR2B subunits in the hippocampus in the high visual recog-
nition memory group were remarkably higher than those in
the low group.  So the NMDA receptor NR1/NR2B subtype
is higher in the high visual recognition memory group, al-
though it is unclear whether there is any difference in the
basic expression levels of the other subtypes of NMDA

receptors.  The result is consistent with the previous studies,
which found that the transgenic mice overexpressing NR2B
subunit in the forebrains exhibited an enhancement of novel
-object-recognition memory[10], and the CA1-specific NR1
subunit knockout mice exhibited impairment in object recog-
nition[15].  Therefore, our data provided more evidence in
vivo to support the concept that NMDA receptors in the
hippocampus are involved in visual recognition memory.

Previous studies showed that lesions to the perirhinal,
postrhinal cortex and associated structures induced deficits
in the ability to recognize single objects[16,17], and that NMDA
receptor blockade in the perirhinal cortex impaired object
discrimination in rats[18].  It seems that NMDA receptors in
the cortex are related to visual recognition memory.  However,
in our study, no change in the basic expression levels of
NR1 and NR2B subunits in the cortex was found between
the groups with different visual recognition memory.  Quinlan
et al also reported that the NR2B subunit level in the visual
cortex remained unchanged by visual experience[19].  The
explanation for these converse results might be that the cor-
tical coding of object recognition decays quickly and is not
sufficient for maintaining information about objects across
longer retention intervals (eg 24 h)[20].  It is also possible that
the NMDA receptor NR2B subunit in some sub-regions of
the cortex is related to visual memory.  So our results at least
suggest that the basic expression levels of NR1 and NR2B
subunits in the cortex  correlated less with visual recogni-
tion memory when a 24 h retention interval was imposed.

The striatum is a brain region involved in procedural

Relationship between the basic expression level of NR1
subunit and visual recognition memory in rats  The protein
level of NR1 subunit in the hippocampus in the high visual
recognition memory group was 35.9% higher than that in the
low group (1.89±0.18 vs 1.39±0.39, P<0.01).  However, no sig-
nificant difference was found in the protein levels of NR1
subunit in the cortex, striatum, amygdala, diencephalon and
olfactory bulb of rats between the two groups (Figure 2).

Figure 2.  Relative expression levels of NR1 subunits in six brain
regions in ra ts with different visual recognition memory.  n=8.
Mean±SD.  aP>0.05, cP<0.01 vs the group with low visual recogni-
tion memory.

Figure 3.  Relative expression levels of NR2B subunits in six brain
regions in ra ts with different visual recognition memory.  n=8.
Mean±SD.  aP>0.05, bP<0.05 vs the group with low visual recogni-
tion memory.
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memory and diverse forms of implicit memory[21,22].  It is well
known that glutamatergic input from the cortex to the stria-
tum is critical for striatal learning[23] and NR2B subunit in the
striatum is correlated with water maze performance in the
inferior group of the aged rats[24].  Our results here provided
more evidences that the basic expression level of NR2B sub-
unit in the striatum was also correlated with visual recogni-
tion memory.

The novel-object-recognition task was used in this study,
which is based on the spontaneous preference that animals
display for novel objects.  This task is considered to need
only “familiarity judgment” as to whether the objects pre-
sented in the choice phase are novel or familiar to the ani-
mals[25].  The advantage of this method is that performance
does not depend on the retention of a rule, and it is not
influenced by changes in response to reward, which can
provide a relatively pure measure of  “working memory”[26].

In conclusion, the main finding of the present study is
that the basic expression level of the NMDA receptor NR1/
NR2B subtype in the hippocampus and striatum is related to
visual recognition memory.
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Abstract
Aim: To investigate the antinociceptive effect of adenosine agonist R-
phenylisopropyl-adenosine (R-PIA) given to conscious rats by intracerebro-
ventricular (ICV) and intrathecal (IT), and identify the effect of R-PIA on minimum
alveolar concentration (MAC) of halothane with pretreatment of A1 receptor an-
tagonist 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) or K+ channel blocker
4-aminopyridine (4-AP).  Methods: Sprague-Dawley rats were implanted with 24-
gauge stainless steel guide cannula using stereotaxic apparatus and ICV method,
and an IT catheter (PE-10, 8.5 cm) was inserted into the lumbar subarachnoid
space, while the rats were under pentobarbital anesthesia.  After one week of
recovery from surgery, rats were randomly assigned to one of the following
protocols: MAC of halothane, or tail-flick latency.  All measurements were per-
formed after R-PIA (0.8–2.0 µg) microinjection into ICV and IT with or without
pretreatment of DPCPX or 4-AP.  Results: Microinjection of adenosine agonist R-
PIA in doses of 0.8–2.0 µg into ICV and IT produced a significant dose- and time-
dependent antinociceptive action as reflected by increasing latency times and
ICV administration of adenosine agonist R-PIA (0.8 µg) reducing halothane anes-
thetic requirements (by 29%).  The antinociception and reducing halothane re-
quirements effected by adenosine agonist R-PIA was abolished by DPCPX and
4-AP.  Conclusion: ICV and IT administration of adenosine agonist R-PIA pro-
duced an antinociceptive effect in a dose-dependent manner and decreased hal-
othane MAC with painful stimulation through activation of A1 receptor subtype,
and the underlying mechanism involves K+ channel activation.
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Introduction
Adenosine, a purine nucleotide, is present in the brain in

concentrations sufficient to be important in the regulation of
central nervous system (CNS) function[1].  The compound
adenosine has various modulatory effects in the peripheral
and central nervous system, mediated through specific cell-
surface associated receptors[2].  For example, in addition to
the antinociceptive action of adenosine in animal models[3],
adenosine is used to treat the symptoms of paroxysmal su-
praventricular tachycardias, and to produce controlled hy-
potension during some surgical procedures, and in the diag-

nosis of coronary artery disease[4].  The current view is that
adenosine receptors of the A1 subtype are associated with a
modulatory effect on pain transmission at brain and spinal
cord level.  Animal studies have repeatedly demonstrated
that adenosine-mediated inhibitory influences presumed
nociceptive reflex responses[5].  These examinations on ro-
dents have tested acute pain models involving tactile, pres-
sure and heat stimulations.  More recently, animal lesion
models, presumably reflecting chronic pain, have shown that
adenosine analogue can suppress nociceptive behavior both
by systemic and intrathecal administration[6].  Consequently,
there are substantial evidence that adenosine can modulate
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nociceptive input.  The general thinking about the mecha-
nism of analgesic-anesthetic action of adenosine is that ad-
enosine interacts with G-protein-coupled adenosine recep-
tor and activates K+ channel in CNS.  However the roles of
K+ channel activation by adenosine in the antinociceptive
action of adenosine in CNS and spinal cord has not been
well demonstrated.  Thus, in the present study we investi-
gated whether adenosine agonist R-phenylisopropyl-ad-
enosine (R-PIA) administered through in tracere-
broventricular (ICV) or intrathecal (IT) methods will produce
an antinociceptive effect and enhance the halothane-anes-
thetized state.

Materials and methods

Animal preparation  With approval of the Animal Care
and Use Committee of our institution, studies were performed
on 70 male Sprague-Dawley rats weighing 300±20 g (9 weeks
old).  Rats were housed individually in a temperature-con-
trolled (21±1 ºC) room with a 12-h light/dark cycle, and they
were given free access to water and food.  All experimental
measurements were performed between 10:00 AM and 5:00
PM.  Each rat was assigned to only one of the following
protocols: minimum alveolar concentration (MAC) of hal-
othane (n=30), or tail-flick latency (IT injection, n=20; ICV
injection, n=20).  Each animal was studied two to four times
in an experimental series with an interval of at least 5 d.

Surgical preparation  For the ICV cannular placement,
as previously described by Ma et al[7], animals were anes-
thetized with pentobarbital (50 mg/kg), and positioned in a
stereotaxic apparatus (Narishige, Tokyo, Japan).  A 24-gauge
stainless steel guide cannula was unilaterally implanted 1
mm above the lateral ventricle using the following stereo-
taxic coordinates: 1.5 mm lateral to the midline, 1.0 mm poste-
rior to bregma, 2.5 mm ventral to dura.  The guide cannula
was then fixed to the skull with two steel screws and dental
cement.  The IT catheter was implanted as previously de-
scribed by Zeng et al[8], and animals were placed in a stereo-
taxic head holder with the head fixed forward.  At the site of
occipital a midline incision was made till the escape of cere-
brospinal fluid.  Intrathecal catheter was inserted at a length
of 8.5 cm to the lumbar intrathecal level.  The catheter’s ex-
ternal arm was tunneled subcutaneously to emerge at the
neck.  After the surgery the rats were allowed to recover for
one week before the experiments began.  Only animals exhib-
iting no motor deficits as a result of surgery were used.

Minimum alveolar concentration measurement  Anes-
thesia was induced through inhalation of halothane in a trans-
parent container.  The rat’s trachea was intubated with a 16-

gauge cannula, and the lungs were mechanically ventilated
with 1.0% halothane in oxygen and air (FIO2 0.3–0.5).  End-
tidal carbon dioxide pressure was maintained at 35 to 40
mmHg.  Rectal temperature was continuously monitored and
maintained at 37.5 ºC with a heating pad.  Fifteen minutes
after the initiation of halothane anesthesia, saline or 4-
aminopyridine (4-AP) 2 mg/kg was injected intraperitoneally,
then a 30-gauge stainless steel internal cannula connected
to polyethylene tubing was inserted into the guide cannula
and positioned 1.0 mm beyond the tip.  R-PIA at the dose of
0.8 µg, 1.0 µg, and 2.0 µg, or combined with A1 antagonist 8-
cyclopentyl-1,3-dipropylxanthine (DPCPX) 5.0 µg was in-
jected into the lateral cerebral ventricle at a volume of 5.0 µL
over 90 s using a microinjection pump.  Five minutes after
the drug or vehicle injection, MAC was determined using
the up and down technique[9].  Briefly, the administration of
halothane was adjusted in steps of 0.1%, and a stable end-
tidal concentration for  15 min was obtained before
stimulation.  Noxious stimulation was applied with a 6-inch
hemostat to the middle third of the tail for 60 s at the first
ratchet position.  The criteria for positive movements in-
cluded purposeful movements of either the head or the four
extremities.  When animal had a positive response, the hal-
othane concentration was increased; when there was no
response, the concentration was decreased until movement
was observed.  When the interval was bracketed by positive
and negative responses, the midpoint of the interval was
then the MAC of halothane.  End-tidal gas samples were
obtained with an airtight glass syringe through a 26-gauge
needle inserted to a tracheal tube during 15 expirations.  Ha-
lothane concentrations were analyzed using an infrared ana-
lyzer (M1025B; Hewlett Packard).  Calibration with the stan-
dard gas was performed before study.  All chemicals were
purchased from Sigma Chemical  (St Louis, MO, USA).

Measurements of antinociception  The antinociceptive
effect was measured by the tail-flick (TF) latency response.
A high-intensity light was focused on the dorsal surface of
the rat tail; the time for the rat to move its tail out of the light
beam was automatically recorded (Thermal Analgesimeter
KN-205E, Natume, Tokyo, Japan).  A different patch of the
middle one-third portion of the tail was exposed to the light
beam on each trial to minimize the risk of tissue damage
during the experiment.  A cut-off time of 10 s was predeter-
mined, at which time the trial was terminated if no response
occurred.  TF latency was determined 5, 10, 15, 20, 30, 40, 50,
and 60 min after ICV or IT administration of R-PIA (0.8 µg,
1.0 µg, and 2.0 µg), with or without pretreatment of DPCPX
5.0 µg or 4-AP 2 mg/kg.  Each TF latency data point con-
sisted of a mean of three trials on an individual animal.
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Histology examination  At the end of the experiments,
bromophenol blue (5.0 µL) was microinjected to label the site
of ICV injection.  The rat was then killed with an overdose of
pentobarbital.  The brain was removed and fixed in 10% neu-
tral buffered formalin.  Dye spots were localized from 0.3–0.5
mm serial coronal sections and identified on diagrams from
the atlas of Paxinos and Watson[10].  Bromophenol blue (10
µL) was used to confirm the position of the intrathecal cath-
eter and likely spread of the injectate.

Statistical analysis  All data were presented as mean±
SEM.  In MAC measurements statistical testing were per-
formed with a Student’s t-test.  Because a cut-off value was
used in the TF latency test, data were converted to the per-
centages of the maximum possible effect (% MPE).  Where
% MPE=(postdrug TF latency-baseline TF latency)/(cut-off
time-baseline TF latency)×100.  The cut-off time was defined
as a stimulus time of 10 s.  For the effect of drugs on TF
latency, statistical differences were analyzed using a two-
way analysis of variance (ANOVA), followed by Fisher’s
test for post hoc analysis of means.  P<0.05 was considered
to be statistically significant.

Results
Effect of ICV R-PIA injection  on the MAC of halothane

with pretreatment 4-AP or DPCPX  The MAC of halothane
was significantly reduced by direct application of adenosine
agonist R-PIA in  doses of 0.8 µg, 1.0 µg, and 2.0 µg.  The
MAC of halothane in the control group (saline injection)
was 0.95%±0.05% (Figure 1), which corresponds with our
previously reported MAC values[9].  R-PIA 0.8 µg decreased
MAC of halothane by 29%.  Pretreatment of 4-AP 2 mg/kg
intraperitoneal injection or ICV injection DPCPX 5 µg inhib-
ited the effect of R-PIA 0.8 µg, whereas the dose of 4-AP or
DPCPX itself did not affect the MAC of halothane (Figure 2).

ICV and IT administration of R-PIA on antinocicep-tion
Time courses were determined for adenosine agonists R-
PIA in the TF latency test.  IT administration of R-PIA in
doses of 0.8–2.0 µg induced antinociception as reflected by
the increase in latency times compared with the control
animals.  The antinociceptive action reached maximal effect
within 10 min and lasted over 60 min, and showed a dose-
dependent manner (Figure 3).  The ICV administration of
adenosine agonist R-PIA (0.8–2.0 µg) produced the
antinociceptive effect as reflected by increasing the TF la-
tency (Figure 4).  The peak effect of antinociception of R-
PIA was within 5 min and showed a dose-dependent manner.
The intraperitoneal injection of 4-AP or ICV injection of
DPCPX had no effect on the baseline of TF latency, but its
pretreatment produced a significant reverse effect elicited

by the ICV or IT administration of R-PIA (Figure 3, 4).  The
experiment dose of R-PIA did not show any detectable effect
on motor function or general behavior during the observa-
tion period (60 min).

Discussion
The present data demonstrated that adenosine agonist

R-PIA injection by ICV and IT, produced antinociceptive
effect in a dose-related manner and enhanced halothane
anesthesia.  Because such effects of R-PIA were attenuated
with pretreatment of DPCPX, an A1 receptor antagonist, and
4-AP, a voltage-gated K+ channel blocker, the action of R-
PIA is mediated via A1 receptor subtype activation and its

Figure 1.  Effect of adenosine analogue R-PIA 0.8 µg, 1.0 µg, and
2.0  µg administra ted by ICV methods on MAC of halothane.
bP<0.05 vs saline.

Figure 2.  Effect of adenosine analogue R-PIA 0.8 µg administrated
by ICV methods  with pretreatment of K+ channel antagonist 4-AP
or A1 receptor blocker DPCPX on MAC of halothane.  Mean±SEM
from 5 or 7 rats.  bP<0.05 vs saline.
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mechanisms are likely to be involved in, at least in part, K+

channel activation.
Adenosine and its analogues were shown to produce

antinociception in the tail flick and hot plate tests following
both IT and central administration[5,6].  Such antinociception
has been diminished by methylxanthines, such as caffeine
and theophylline, suggesting the involvement of specific ad-
enosine receptor[11].  In the present study, we administered
R-PIA through IT method to induce dose-dependent

antinociception.  Pretreatment A1 antagonist DPCPX reversed
this effect.  The results indicate that R-PIA inhibits nocicep-
tive responses by acting on A1 receptors.  By using selec-
tive adenosine agonist on the evoked potential record of the
rat spinal cord, the adenosine A1 receptor agonist obviously
inhibited the slow ventral root potential, which is the
C-fiber-evoked excitatory response associated with nocice-
ptive information[2].  In the present study, ICV administra-
tion of R-PIA produced a very short period (15 min) of
antinocicep-tion.  Systemically administered adenosine ana-
logue R-PIA did not affect synaptic neurotransmission in
the hippo-campus, which are enriched in A1-type adenosine
receptors, because they failed to reach the appropriate re-
ceptors[11].  Thus, it is likely  with the tail flick test that the
site of action of R-PIA is probably at the spinal cord, be-
cause ICV injection of R-PIA only produced fewer
responsesin the tail flick test, although it has previously
been reported that activity in the hot-plate test was observed
[12].  In the hot-plate test, the potential for an additional su-
praspinal action would need to be considered.

Adenosine modulation of anesthesia has been exten-
sively studied in the past[13].  The standard for determining
anesthetic requirements is the MAC of an inhaled agent that
prevents gross purposeful movement in response to a
supramaximal painful stimulus.  Because of its simplicity and
reproducibility, the MAC concept has remained an impor-
tant tool for studying anesthetic action.  Previous studies
have shown that on a halothane anesthetized rat the effect
of adenosine in decreasing the halothane MAC was prob-
ably related to an adenosine-induced decrease in CNS nora-
drenergic transmission because noradrenergic neurotrans-
mission was decreased following R-PIA administration in all
brain regions[13].  The present results provided evidence that
into R-PIA injection significantly reduced MAC of halothane
by 29%, and this reduction in MAC of halothane was inhib-
ited with pretreatment of A1 antagonist DPCPX suggests
that R-PIA increased the effects of anesthetic suppression
was directly mediated A1 receptor.  However, ICV injection of
R-PIA also exhibited antinociceptive action, and the rela-
tionships between neurotransmitter and adenosine decrease
MAC of halothane are not very clear.  It is important that the
behavioral responses consist of nociception,  motor re-
sponses and central processing were measured with MAC.
We are still unable to dissect which element(s) are affected
by the central action of R-PIA.

Agonists of adenosine A1 receptors (including R-PIA)
have activation action on K+ channels in neurons of the
CNS.  ATP-sensitive K+ channel blocker could inhibit the
antinociception of adenosine in mice[14].  Other responses

Figure 4.  Time course of the antinociceptive effect (%MPE) of
adenosine analogue R-PIA 0.8-2.0 µg via ICV, of rats with or without
pretreatment of A1 receptor antagonist DPCPX and K+ channel blocker
4-AP in tail flick tests.  n=5–8.  Mean±SEM.  bP<0.05 vs saline.  eP<0.05
vs R-PIA 2.0 µg.

Figure 3.  Time course of the antinociceptive effect (%MPE) of
adenosine analogue R-PIA via IT method with or without pretreat-
ment of A1 receptor antagonist DPCPX and K+ channel  blocker
4-AP in tail flick tests.  Mean±SEM.  bP<0.05 vs  saline.  eP<0.05
vs R-PIA (1.0 µg).  iP<0.05 vs  R-PIA 2.0 (µg).
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induced by adenosine A1 receptor agonist also appear to be
linked to the opening of K+ channels.  Adenosine A1 recep-
tors in cardiac and vascular muscle cells are coupled to ATP-
sensitive K+ channels[4].  In the present study, the effect of
R-PIA on reducing the MAC of halothane and antinociception
were antagonized by pretreatment with voltage-gated K+

channel blocker 4-AP.  The apparent involvement of volt-
age-gated K+ channels in R-PIA-induced effect, as our re-
sults suggest, was not unexpected because 4-AP, as a po-
tent voltage-gated K+ channel blocker, blocks outward con-
ducting potassium channels, thereby lowering the thresh-
old for initiation of action potentials as well as prolonging
action potential duration in excitable membrane.  In addition,
the antinociceptive effect of GABAB receptor agonist
baclofen and [D-ala2]-deltorphin II was also antagonized by
4-AP[15].  K+ channel opener could potentiate the analgesic
effect of morphine[16], and the spinal antinociceptive action
of morphine was caused by the release of adenosine and
subsequent activation of adenosine receptors within the
spinal cord[6].  Taken together, it is possible that adenosine
affected the A1 receptor, resulted in increased K+ conduc-
tance preventing pain signal transmission to produce spinal
antinociception and ICV methods reducing the requirement
of halothane.  Thus voltage-gated K+ channels play a key
role in the R-PIA-induced effect both by IT and ICV
administration.

In summary, the results provide implications for the use
of adenosine analog in anesthetic settings and pain
management.  As evidenced from our data, the use of an
adenosine analog during painful stimuli and halothane an-
esthesia profoundly decreased the response to nociception
and increased the anesthetic depression through  the A1

receptor subtype, and its mechanisms involves K+ channel
activation.  This observation pertains during other forms of
volatile anesthesia and other types of pain treatment al-
though definitive conclusions require further investigation.
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Introduction
Propofol (2,6-diisopropylphenol, Diprivan) is widely

used in the clinical setting as an iv anesthetic.  Its
antinociceptive effect results from an excitation of spinal
GABAA receptors[1] and an inhibition of spinal NMDA,
AMPA receptors[2], etc.  A study by Antognini et al also sug-
gested that propofol has a direct depressant effect on dorsal
horn neuronal responses to noxious stimulation[3].  Therefore,
these studies suggested a spinal mediation of propofol-
induced antinociception.  However there was also a study
that concluded that propofol could control pain and this
action might be centrally modulated through the opioid sys-
tem rather than at the level of the spinal cord[4].  Therefore
the contribution of supraspinal sites versus spinal sites to
the antinociception of propofol is still unclear.

The mechanism whereby stimulation of opiate receptors

in supraspinal regions produced analgesia has been exten-
sively investigated and appeared, in part, to involve a de-
scending noradrenergic pathway[5,6].  Norepinephrine (NE)
is a major neurotransmitter in the descending inhibition of
nociceptive transmission.  Available evidence suggests that
at the level of the spinal cord, there appear to be at least two
neuronal systems that are involved.  The first is the direct
presynaptic inhibition of the nociception of the primary
afferent neurons or postsynaptic inhibition of the second
order neurons through activation of α2  adrenergic receptor
(α2Rs)[7,8].  The second is the indirect activation of the
inhibitory interneurons through α1Rs located on these
neurons[8,9].

Based on these observations, in the present study, we
injected propofol systemically, intrathecally, or intracere-
broventricularly to  further examine the role of spinal and
supraspinal sites in mediating the antinociception of propofol.

Abstract
Aim:  To investigate the relationship between spinal cord norepinephrine, α1  and
α2 adrenergic receptors and  antinociception of propofol in mice.  Methods:
Kunming mice were used. Antinociceptive tests were investigated with the tail-
immersion test and the acetic acid-induced writhing test. The effects of subcuta-
neous (sc), intrathecal (ith) and intracerebroventricular (icv) injection propofol
on pain threshold were observed.  The influences of pretreatment with ith 6-
hydroxydopamine, α1R antagonist prazosin, or α2R antagonist yohimbine on the
antinociception of propofol were studied.  Results: Significant antinociception
was produced by propofol (25, 50 mg/kg, sc) and propofol (20, 40 µg, ith) in tail-
immersion test and acetic the acid-induced writhing test (P<0.05 or  P<0.01). Icv
propofol (10, 20, and 40 µg) did not produce any effect on pain threshold in mice
(P>0.05).  The 6-hydroxydopamine (5 and 10 µg), prazosin (5 and 10 µg), or
yohimbine (5 and 10 µg) ith alone did not affect basal tai-flick latency (TFL) in
conscious mice, but significantly reduced the TFL as measured by tail-immersion
test in propofol (50 mg/kg, sc)-treated mice, compared with basal TFL and ve-
hicle groups (P<0.05 or P<0.01).  Conclusion: The spinal cord is a target of
propofol antinociception.  In mice propofol antinociception is partly mediated by
spinal norepinephrine, α1R and α2R.
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We sought evidences of the involvement of spinal NE, α1R,
and α2R in the antinociception induced by sc propofol in
mice.

Materials and methods
Animals  With the approve of the Committee of Animal

Research of Xuzhou Medical College, we conducted experi-
ments on Kunming mice (22±3 g, Grade II, Certificate No
SCXK-SU-2002-0022) of both sexes, obtained from the
Laboratory Animal Center of Xuzhou Medical College,
housed individually in a temperature-controlled 22±2 ºC
room with a 12-h light-dark cycle and given free access to
food and water.  Each animal was used in only one
experiment.

Chemicals  Propofol and vehicle (10% intralipid) were
supplied by the AstraZeneca Company.  Prazosin, yohim-
bine and 6-hydroxydopamine (6-OHDA) were purchased
from Sigma-Alexis (USA).  Ice acetic acid was produced by
Beijing Chemical Factory.  All drugs were all freshly
prepared.  Prazosin was first dissolved in 50% dimethyl sul-
foxide (Me2SO) in normal saline (NS) and the solution was
diluted with NS.  Yohimbine was dissolved in NS.  6-OHDA
was dissolved in a saline vehicle (0.02% ascorbic acid in
0.9% saline).  Systemic drug administration was sc performed
in a single volume of 0.01 L/kg.

Intracerebroventricular injection in conscious mice[10]

A 25-gauge needle was inserted in the left lateral ventricle
of the brain with the following coordinates: left 2 mm of
sagittal suture on the linking line of ears, and 2 mm down
the skull surface.  Volume of icv injections was 5 µL.  The
proper position of the icv localization was verified at the
end of each protocol by injection of methylene blue staining
with the same coordinates.

Intrathecal  injection in conscious mice[2]  A 25-gauge
needle was inserted at L5–L6 intrathecal space.  Ith place-
ment was confirmed by a sudden lateral movement of the
tail.  All mice were injected with a 5-µL volume of drugs or
vehicles and, after allowing 5 s for the injectant to disperse,
the needle was slowly withdrawn.  While developing this
technique we injected 5 µL of 2% lidocaine ith in 10 mice,
which consistently caused a transient hind-paw paralysis.

Tail-immersion test[11]  The caudal 1/3 of tails of mice
were immersed in 48±0.5 ºC water.  The time for the mice to
remove their tails from the water was expressed as the tail-
flick latency (TFL).  All mice were tested twice at a 5-min
interval and the mean value was considered as the basal pain
threshold.  A cut-off time of 60 s was used to minimize dam-
age to the skin of the tail.  The influences of sc propofol
(12.5, 25, and 50 mg/kg, n=10) alone on the TFL and the

effects of pretreatment with ith prazosin and yohimbine 10
min before propofol (50 mg/kg, sc, n=10) injection on the
TFL were investigated, respectively.  To demonstrate the sc
propofol-induced prolongation of TFL was not caused by its
hypnotic effect, the time courses for the development of
propofol-induced hypnosis were established.  The loss of
righting reflex was assessed by placing the mice on their
backs and determining if the animals could right themselves
within 30 s.

In a separate study, groups of mice were pretreated
intrathecally with 6-OHDA (5, 10, and 20 µg) for 3 d (one
injection in all).  The dosing scheme of 6-OHDA was cho-
sen according to the study by Hung et al[12] with minor
modification.  The tail-immersion test was performed on d 4
and the effect of propofol (50 mg/kg, sc, n=10) on TFL was
observed.

Acetic acid-induced writhing test[2]  Mice were admin-
istered NS, intralipid or propofol 30 min before ip injection
of 0.9% ice acetic acid in a volume of 10 mL/kg.  The number,
latency and times of writhing mice were recorded within 15
min after the last injection.

Statistical analysis  All data were present as mean±SD.
Statistical comparisons in each group were performed by
one-way analysis of variance (ANOVA) followed by t-test.
Difference was considered to be significant at P<0.05.

Results
Hypnotic and antinociceptive effects of propofol were

temporarily uncoupled  Propofol 12.5, 25 mg/kg sc had no
appreciable effect on the general behavior in mice.  After
2–5 min treatment of propofol (50 mg/kg, sc), mice showed
slight sedation.  The sedative effect reached maximum after
5 min of propofol injection, and 20% mice (2/10) developed
a loss of righting reflex; however, after this time there was
no significant increase in TFL.  In contrast, sc propofol re-
sulted in a significant increase in TFL 10–30 min after its
injection with the peak effect at 10 min (P<0.01, Table 1),
but after 30 min, all mice remained righting reflex and there
was no appreciable effect on general behavior.  Neither
propofol ith nor icv resulted in any appreciable abnormal
behavior.

Effects of propofol on pain threshold in tail-immer-
sion test and acetic acid-induced writhing test in mice
There was no significant change of TFL before and after sc,
ith, or icv injection of 10% intralipid compared with the NS
(sc, ith, or icv) group, respectively in tail-immersion test (P>
0.05, Table 1).  Propofol (12.5 mg/kg, sc) and propofol (5
µg, ith) showed no effect on TFL.  However, propofol (25
and 50 mg/kg, sc) and propofol (10, 20 µg, ith) increased
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the TFL in a dose- and time-dependent manner 10–30 min
after its injection(P<0.05 or P<0.01 vs NS, Table 1).

No significant difference existed in the number of writh-
ing mice, writhing latency writhing times before and after
sc, ith, or icv injection of 10% intralipid.  Propofol (12.5
mg/kg, sc) and propofol (5 µg, ith) showed no anti-nocicep-
tive effect in acetic acid-induced writhing test.  But propofol
(25 and 50 mg/kg, sc) and propofol (10 and 20 µg, ith) sig-
nificant reduced the writhing times in a dose-dependent way
(sc or ith ) group (P<0.05 or P<0.01 vs NS, Table 2).  Icv
propofol (10, 20, and 40 µg) did not produce any antinocicep-
tive effects in the tail-immersion test and acetic acid-induced
writhing test (P>0.05, Table 1, 2).

Effects of intrathecal prazosin and yohimbine on TFL
in conscious mice in tail-immersion test  No significant
difference existed in the TFL between NS group and Me2SO
group (P>0.05, Table 3).  Ith prazosin (5 and 10 µg) or yo-
himbine (5 and 10 µg) alone had no effect on the general
behavior and TFL.  However, mice in prazosin (20 µg) and
yohimbine (20 µg) groups exhibited less movement and the
muscle strength of hindlimbs decreased at least for 1 h fol-
lowed by a full recovery.  The TFL in prazosin 20 µg and
yohimbine 20 µg groups was significantly shortened, com-
pared with its own baseline and NS group (P<0.05, Table
3).  Therefore, prazosin (5 and 10 µg) and yohimbine (5 and
10 µg) were used in the subsequent antinociceptive studies
of propofol.

Effects of pretreatment with intrathecal prazosin and
yohimbine on TFL in propofol (50 mg/kg, sc)-treated mice
in tail-immersion test  The mice were injected intrathecally

Table 1.  Effect of propofol on the tail-flick latency (TFL) in tail-immersion test on mice.  n=10.  Mean±SD.  bP<0.05, cP<0.01 vs baseline.  eP<0.05,
fP<0.01 vs NS (sc).  hP<0.05, iP<0.01 vs NS (ith).

        Groups                                                                                                               TFL/s
                                         Before treated                                                                        After treated

                                                                 5 min                 10 min         20 min             30 min             40 min

Normal saline(sc) 11.3±1.3 10.2±1.7 12.5±2.3 10.9±1.9    13±3 12.2±2.7
Intralipid (sc) 11.5±0.8 10.8±1.3 10.8±1.5    11±3 11.5±2.5 10.9±2.2
Propofol (12.5 mg/kg,sc) 10.4±2.1    13±4    12±3 12.2±2.5    12±3    12±3
Propofol (25 mg/kg, sc) 10.7±1.0    12±3    28±5be    24±5be    16±4be 10.8±1.3
Propofol (50 mg/kg, sc)    12±3    14±4    35±8cf    30±9cf    20±4be    14±3
Normal saline (ith) 11.2±2.0 11.2±2.6 10.8±1.5 12.2±2.7    12±3    12±3
Intralipid (ith) 10.2±1.3 12.1±2.3    12±3 10.8±1.5 11.8±2.3 10.8±1.3
Propofol (5 µg, ith) 10.9±2.3    10±3    13±4 11.1±2.2 12.4±1.8    11±3
Propofol (10 µg, ith) 11.6±1.7 10.8±2.9    27±5ci    20±4bi    16±5bh    12±4
Propofol (20 µg, ith) 10.8±1.3    13±3    32±6ci    28±6ci    18±4bh    14±3
Normal saline (icv) 11.9±1.5 10.5±2.2 10.8±2.2 10.8±2.3 10.6±2.0    11±3
Intralipid (icv) 10.8±1.3 11.7±2.3 10.9±1.9    13±4 12.1±2.3 10.8±1.2
Propofol (5 µg, icv) 11.4±1.6    11±3 10.8±1.5    11±3 11.4±1.6 11.5±1.3
Propofol (10 µg, icv) 10.1±2.1 10.5±2.2 10.5±2.2 10.5±2.2 10.1±2.1 10.5±2.2
Propofol (20 µg, icv) 11.5±1.8 10.9±1.3    13±3 11.8±1.3 11.5±1.8    11±1.3

Table 2.  Effect of propofol on acetic acid-induced writhing in mice.
n=12.  Mean±SD.  bP<0.05, cP<0.01 vs NS (sc).  eP<0.05, fP<0.01 vs NS
(ith).

    Groups                      Writhing             Writhing    Number of
                                              latency/min           times         Writhing
                                                                                                 mice

Normal Saline (sc) 3.8±0.9 44±10 12/12
Intralipid (sc) 3.2±0.7 43±11 12/12
Propofol (12.5 mg/kg, sc) 3.2±0.5 34±11 12/12
Propofol (25 mg/kg, sc) 3.8±0.9 28±9b 11/12
Propofol (50 mg/kg, sc) 3.9±1.0 15±4c 10/12
Normal Saline (ith) 3.5±1.0 43±10 12/12
Intralipid (ith) 4.0±0.9 45±11 12/12
Propofol (5 µg, ith) 3.8±0.9 38±12 12/12
Propofol (10 µg, ith) 4.1±1.0 27±9e 11/12
Propofol (20 µg, ith) 3.8±0.6 16±5f 10/12
Normal Saline (icv) 3.7±0.5 44±12 12/12
Intralipid (icv) 4.0±0.9 43±11 12/12
Propofol (5 µg, icv) 3.6±0.9 38±10 12/12
Propofol (10 µg, icv) 3.1±0.6 42±12 12/12
Propofol (20 µg, icv) 3.9±0.5 40±13 12/12
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with NS, Me2SO, prazosin, or yohimbine at different doses
10 min before sc propofol.  No significant differences ex-
isted in the TFL between NS group and Me2SO group.  Pre-
treatment with ith prazosin (5, 10 µg) and yohimbine (5, 10
µg) significantly decreased the TFL 10-30 min after propofol
injection with the doses of prazosin and yohimbine increas-
ing (P<0.05 vs NS, Table 5).

Effects of pretreatment with 6-OHDA on TFL in con-
scious mice and propofol (50 mg/kg, sc)-treated mice in
tail-immersion test  Mice in the 6-OHDA (20 µg) alone
group exhibited biting and scratching behavior and the TFL
significantly decreased in comparison with its own baseline
and the NS group (P<0.05, Table 4).  No change in behavior
and TFL was observed after treatment with ith NS, vehicle
or 6-OHDA (5, 10 µg) in conscious mice.  However, pre-
treatment with ith 6-OHDA (5, 10 µg) significantly decreased
the TFL 10–30 min after propofol treatment with the dose of
6-OHDA increasing (P<0.05 vs NS, Figure 1).

Discussion
In attempting to eluciate the mechanisms for the

antinociceptive effect of propofol, it is important to obviate
sedation that can exert on the antinociceptive assay.  In the
present study, we found that the hypnotic and antinociceptive
effects of propofol were temporarily uncoupled.  In addition,
the anesthetic on awareness was clearly supraspinal.  Ith 6-
OHDA, prazosin, or yohimbine significantly inhibited the
antinociception of propofol but not consciousness of animals.
Furthermore, we used the heat tail-flick assay, which mea-
sures the latency of a spinal withdraw reflex to noxious heat,
which is independent of hypnotic-induced decrement in pur-
poseful movement.  These results indicated that propofol-
induced prolongation of TFL observed in the present study
was a result of antinociception but not sedation.

Propofol (50 mg/kg, sc) produced a motor block 2–5 min
after injection, but there was no significant increase in TFL.
Furthermore, Kerz T et al have suggested that immobility

Table 3.  Changes of tail-flick latency (TFL) after intrathecal prazosin or yohimbine in tail-immersion test in conscious mice.  n=10.  Mean±SD.
bP<0.05 vs baseline.  eP<0.05 vs NS.

      Groups                                                                                                 TFL/s
                                         Before treated                                                                      After treated
                                            Baseline               5 min                 10 min         20 min           30 min            40 min

NS 11.9±1.6    12±3 11.8±1.5 11.3±1.4 11.4±2.1 11.8±1.7
Me2SO 11.1±2.3 11.5±2.2 10.7±1.2 10.9±2.1 11.1±1.1    12±3
Prazosin 5 µg    12±3 10.4±1.2 10.8±1.5 11.1±2.1 11.3±1.1 10.7±1.3
Prazosin 10 µg 10.9±1.5 10.5±1.3    11±3 10.8±1.7 10.5±1.6 10.4±2.0
Prazosin 20 µg 10.8±1.7   7.9±1.2be   6.8±1.3be   7.8±0.5be   8.3±1.4bc   9.5±1.0
Yohimbine 5 µg 11.1±2.3 11.5±2.4 10.7±1.2 10.9±2.1 11.1±1.1 10.9±2.0
Yohimbine 10 µg 10.7±1.6 10.9±1.5    12±3 11.7±1.7 11.3±1.6 11.4±1.3
Yohimbine 20 µg 10.9±1.5   7.2±0.9be   8.3±1.3 be   8.6±0.7be   7.6±0.7bc   9.8±0.8

Table 4.  Changes of tail-flick latency (TFL) after intrathecal 6- hydroxydopamine (6-OHDA) in tail-immersion test in conscious mice.  n=10.  Mean±SD.
bP<0.05 vs baseline.  eP<0.05 vs vehicle.

      Groups                                                                                                  TFL/s
                                    Before treated                                                                   After treated
                                       Baseline                      5 min           10 min                 20 min       30 min         40 min

NS 11.6±1.4 10.2±1.9    12±3 10.9±1.9 11.8±2.3 11.2±1.7
Vehicle 10.8±2.1 11.2±1.8 10.6±1.4 10.7±2.1 11.4±2.5 10.5±1.9
6-OHDA 5 µg 10.5±1.8 11.8±2.3 10.9±1.5    12±3 11.7±2.5 10.9±1.2
6-OHDA 10 µg 11.7±1.8 11.2±1.9 10.8±1.3 10.9±1.7 10.8±2.3 10.6±1.6
6-OHDA 20 µg 10.5±1.4   7.5±0.9be   6.8±1.4be   6.9±1.1be   7.2±1.2be   6.8±1.0be
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In the present study, systemic propofol (25 and 50 mg/
kg, sc) and propofol (10 and 20 µg, ith) displayed a dose-
and time-dependent antinociceptive effect.  However, icv
propofol did not produce any antinociceptive effects.  Taken
together, these results suggest that propofol produced
antinociception at the spinal level but not at the supraspinal
sites.

Ith 6-OHDA (20 µg) treatment for 3 d, which markedly
depleted NE contents by more than 90% but not serotonin in
the spinal cord study[12], significantly shortened the basal TFL
in conscious mice in our study.  Additionally, α1R antago-
nist prazosin (20 µg, ith) or α2R antagonist yohimbine (20
µg, ith) alone significantly shortened the basal TFL.  These
results supported the previous finding that noradrenergic syn-
aptic transmission was important in pain sensory processing
in the spinal dorsal horn.  The effect of ith high dose of yo-
himbine on tail response was consistent with the conclusion
that NE mediated the inhibition of nociception by α2Rs in
the spinal cord.  The reduction of TFL after ith higher dose
of prazosin suggested that spinal α1Rs also contributed to
the pain sensory modulation, which agrees with the purpose
that NE mediated the inhibition of nociception by activation
of α1Rs located on inhibitory interneurons[8,9].  This possi-
bility is supported by several studies which demonstrated
that ith α1R agonist activated dorsal horn to produce
antinociception.  For example ith selective α1R agonists, such
as methoxamine[14,15] and phenylephrine[16] produced
antinociception that could be reduced by pretreatment with
ith α1R antagonist prazosin[14,15].

Pretreatment with ith 6-OHDA (5 and 10 µg), which
markedly depleted NE contents in the spinal cord, signifi-
cantly attenuated the antinociception of propofol.
Furthermore, pretreatment with ith α1R antagonist prazosin
or α2 R antagonist yohimbine significantly inhibited the

Table 5.  Effect of pretreatment with intrathecal prazosin or yohimbine on the antinociception of propofol (50 mg/kg, sc) in tail-immersion test on mice.
n=10.  Mean±SD.  bP<0.05, cP<0.01 vs baseline.  eP<0.05, fP<0.01 vs NS.

      Groups                                                                                                      TFL/s
                                             Before treated                                                           After treated
                                                 Baseline                        5 min                  10 min               20 min                       30 min

NS 10.8±1.3    12±3 31±7c    27±4c    22±5b

Me2SO 11.2±2.3    11±3 29±7c    26±4c    21±4b

Prazosin 5 µg 11.1±2.3 11.5±1.8 23±4be    19±4be    19±3be

Prazosin 10 µg 10.5±2.4    13±4 17±4bf    16±3bf    15±3be

Yohimbine 5 µg 10.5±1.6 14.3±1.6 23±4be 18.9±1.5be 17.7±2.7be

Yohimbine 10 µg 10.9±1.5 12.6±1.9 18±5bf 16.2±1.2bf 14.5±2.1bf

during propofol anesthesia was not caused by a depression
of spinal motoneuron circuit excitability[13].  In addition, pre-
treatment with ith 6-OHDA, prazosin, or yohimbine inhib-
ited the antinociception of propofol but not propofol-induced
motor impairment.  Therefore, it is not probable that motor
nerve conduction block affects TFL nonspecifically.

In the present study, propofol (25 and 50 mg/kg, sc)
caused no noticeable sedation 30 min after its injection, but
dose-dependently decreased the writhing times in the ace-
tic-acid writhing test on mice.  Therefore, these results sug-
gested that systemic propofol also inhibited the chemical
stimulation.  The same results were shown in a previous study
[2].  However, propofol had no effect on the writhing latency,
which suggested that the antinociceptive effect of propofol
at subanesthesia doses on inflammatory pain might be not
very strong.

Figure 1.  Effect of pretreatment with intrathecal 6-hydroxydopamine
(6-OHDA) on the antinociception of propofol (50 mg/kg, sc) in tail-im-
mersion test on mice.  n=10.  Mean±SD.  bP<0.05, cP<0.01 vs baseline
(0 min).  eP<0.05, fP<0.01 vs NS.
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antinociception of sc propofol in tail-immersion test.
Therefore, these results strongly indicated that spinal norad-
renergic system had a significant modulatory role in propofol
antinociception.  However, ith 6-OHDA, prazosin and yo-
himbine did not completely reverse the antinociception of
propofol.  This suggested that other mechanisms, such as an
excitation of spinal GABAA receptors[1] and an inhibition of
spinal  NMDA, AMPA receptor s[2],  contr ibuted to
antinociception of propofol.  In the present study, we used
only α1R and α2R antagonists; therefore it was unclear
whether propofol could bind directly with α1Rs or α2Rs in
the spinal cord.

Taken together, our data suggest that systemic propofol
activates the central noradrenergic system to produce
antinociception, which increases the spinal release of NE
and results in an antinociceptive effect via α1Rs and α2Rs in
the spinal cord.  To further prove this speculation, a direct
measurement of the spinal release of NE induced by propofol
will be necessary in the near future.
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Introduction
Interleukin-1 beta (IL-1β) is a bioactive polypeptide

cytokine that is produced by a large variety of cells, includ-
ing macrophages, fibroblasts, keratinocytes, synovicytes,
mast cells, glial cells, and neurons; and has various immune
roles responding to antigens, malignant cells, inflammatory
stimuli, and tissue injury[1].  IL-1β also has proinflammatory
cytokine activity and induces hyperalgesia after subcutane-
ous injection into the rat paw[2] or after intrathecal adminis-
tration in rats and mice[3,4].  This means administration of
exogenous IL-1β can produce hyperalgesia.  However, in-
flammation can also induce the release of endogenous IL-1β
which was responsible for hyperalgesia as well.  A previous
study showed that intraplantar injection of complete

Freund’s adjuvant (CFA) in adult rats resulted in a signifi-
cant elevation in  IL-1β and nerve growth factor (NGF) levels
in the inflamed tissue[5–6].  IL-1β exerts its effects through
high-affinity receptors on target cells, of which two types
have been identified: IL-1RI and IL-1RII[7].  IL-1 receptor an-
tagonist (IL-1Ra), has been shown conclusively to block the
effects of IL-1β[8].  Targeted deletion of the IL-1 receptor
type I or the IL-1 receptor accessory protein, and transgenic
over-expression of IL-1Rα within the brain and spinal cord
significantly lowered thermal and mechanical pain sensitiv-
ity in mice[9].

The major cellular source of IL-1β production in the cen-
tral nervous system are from glial cells, predominantly
microglia.  However, several studies have provided evidence
for the neuronal expression of IL-1β in the peripheral ner-
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vous system: sensory neurons in the dorsal root ganglia
(DRG) as well as sympathetic neurons[10].  Moreover,
cytokines released in the periphery by sensory and by sym-
pathetic neurons have an established role in regulating im-
mune cell activation, connective tissue and vascular
responses, and nociception in peripheral inflammatory
processes.  Among the cytokines produced and released by
both sensory and sympathetic neurons are transforming
growth factor-β (TGF-β), tumor necrosis factor-alpha (TNF-
α), and interferon-gama (IFN-γ)[11,12].  Sympathetic neurons
have also been demonstrated to express IL-1β[13,14].  IL-1β
appears to be an important mediator in nocicepsis and has
been shown to induce the release of substance P from noci-
ceptive sensory neurons[15].  The expression of IL-1β as well
as the type I IL-1 receptor in sensory neurons in rat DRG has
been investigated using nonradioactive in situ hybridiza-
tion and immunohistochemistry[16]..  However, there is no
morphological evidence for the coexistence of IL-1β and IL-
1RI of neurons and glia cells in DRG and the effects of articu-
lar injection of CFA.

In the present study, we investigated the effects of CFA
on inflammatory hyperalgesia and the morphological changes
of IL-1β and IL-1RI coexistence in neurons and glia cells of
rat  DRG.

Materials and methods

Animals  Experiments were carried out on male adult
Sprague-Dawley rats (180–200 g), purchased from the Ex-
perimental Animals Center of Tongji Medical College of Hua-
zhong University of Science and Technology (Grade II, Cer-
tificate No 19-053).  The rats were housed  individually in
cages with a 12-h light/dark cycle, and had free access to
food and water for a week before experiments began. They
were randomly divided into two groups: (1) normal saline
(NS) group (n=7), the rats were pretreated with an intra-ar-
ticular injection of 50 µL normal saline into the left (ipsilateral)
tibio-tarsal joint under light anesthesia with 10%
chlorohydrate (300 mg/kg, ip) injection; (2) adjuvant-induced
arthritic (AA) group (n=7), the rats were pretreated with an
intra-articular injection of 50 µL complete Freund's adjuvant
(CFA, Sigma) into the left tibio-tarsal joint under the same
light anesthesia[17,18] .

Preclinical tests  The following parameters were
measured: (1) weight; (2) mobility score[19] (0=the rat only
lies down; 1=the rat only crawls; 2=the rat walks with
difficulty; 3=the rat walks and runs with difficulty; 4=the rat
walks and runs normally);  (3) diameter of the tibiotarsal joint,
detected with vernier caliper.

Pain behavioral parameters  The following pain param-
eters were measured using teo tests  in the following se-
quence[20]:  (1) flexion scores: mean scores of rats was evalu-
ated by flexion of one hind paw.  Under these conditions a
squeak or leg-withdrawal could be elicited.  Five such stimuli
were repeated at 5-s intervals, and a rating of 1 or 0 was
respectively given depending on whether the animal emitted
a squeak or leg-withdrawal.  Thus for each animal the total
scores of squeak and leg-withdrawal ranged from 0 to 10; (2)
extension scores: mean scores of rats as evaluated by exten-
sion of one hind paw (identical rating used as for flexion
score).

Each group animals were tested before injection to ob-
tain baseline value and continued to be detected in 5 h, 1 d,
and 2 d post-injection.

Tissue preparation  On d 3 post-injection, all animals
were deeply anesthetized with 20% urethane (1 g/kg) by ab-
dominal injection, cleared with 200 mL of saline solution
and perfused with 300 mL of 4% phosphate-buffered
paraformaldehyde (pH 7.4) through left ventricle.  After
perfusion, the L4-L5 ipsilateral DRG was removed and post-
fixed for 8-10 h.  They were then soaked in 20% sucrose
phosphate-buffered solution at 4 ºC overnight prior to freez-
ing and subsequent cryosectioning.  Sections (10 µm) were
cut on a cryostat.

The sections were put in 0.01 mol/L PBS buffered solution.
Sections were selected randomly to do experiments with
double immunofluorescence staining of IL-1RI/IL-1β, or IL-
1RI immunohistochemistry single staining procedure.

Double immunofluorescence staining procedure  We
used the following steps: (1) sections were incubated with
0.25% Triton X-100 for 30 min at 37 ºC; (2) after being rinsed
by 0.01 mol/L PBS, sections were incubated with 15% normal
goat serum for 30 min at 37 ºC; (3) sections were then incu-
bated for 48 h at 4 ºC in a mixture of the two primary antibod-
ies (rabbit anti-rat IL-1RI, 1:100, Santa Cruz; mouse anti-rat
IL-1β, 1:100, Serotec); (4) after being rinsed in PBS, sections
were incubated for 3 h at room temperature in a mixture of the
two secondary antibodies, Cy3-conjugated anti-rabbit IgG
(Sigma, 1:200) and FITC-conjugated anti-mouse IgG (Sigma,
1:200); (5) the sections were picked and mounted  on slides
with glycerin-PBS buffered solution (1:9).

Omission of the primary antibody and incubation in IL-
1β or IL-1RI pre-absorbed antibody served as negative
controls.  Laser scanning confocal microscope (Lesia,
German) was used to take photos and fluorescent micro-
scope (Olympus, Japan) was used to capture images and
count positive cells.

IL-1RI immunohistochemistry procedure  We used fol-
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lowing steps: steps (1) and (2) were the same as above double
immunofluorescence stain procedure; (3) sections were then
incubated for 48 h at 4 ºC in the primary antibodies (rabbit
anti-rat IL-1RI , Santa Cruz,1:200).  (4) after being rinsed in
PBS, sections were incubated for 30 min at room temperature
of the secondary antibodies, biotinylated goat anti-rabbit
IgG (Santa Cruz, 1:200); (5) after being thoroughly washed in
PBS, the sections were incubated in a streptavidine-peroxi-
dase conjugate (Santa Cruz, 1:200) for 30 min at room
temperature; (6) after being rinsed with 0.05 mol/L Tris-buff-
ered saline, the immunoreaction product was revealed by a
freshly prepared solution containing 0.04% 3,3-diamino-ben-
zidine and 0.01% H2O2.  The sections were picked up  and
mounted  on slides with glutin.  They were dehydrated with
graded alcohol and transparentized with xylene, then cov-
ered with neutral gum.  Each experiment had set up blank
antitheses as described before.

Statistic analysis  Seven rats per group were used for
analysis.  Digital images were captured in four sections per
animal and 10 squares (38.4 mm2 each) per section of immun-
ofluorescence or immunohistochemistry respectively, using
an Olympus microscope (objective×20; eyepiece×10) and a
3CC immunohistochemistry-D color video camera (Sony).
The number of immunofluorescence-stained IL-1RI/IL-1β
positive neurons or immunohistochemistry-stained IL-1RI
positive glia cells in each image were counted by a blinded
experimenter with a computer-assisted image analyzer (Image
Pro-plus Kodak, USA).  The number of positive DRG large-,
medium-, and small-sized neurons were calculated.  As re-
ported previously, the primary sensory neurons in the DRG
have been classified into large type A neurons (diameter
over 30 µm), medium diameter neurons type B, and small
type C neurons (diameter under 20 µm)[21].  For large neurons
were regarded as medium sized ones when they were not cut
through their nucleus.  In our study we calculated the total
of medium and large neurons of immunofluorescence-stained
IL-1RI/IL-1β positive neurons.  The SPSS software (SPSS 11.0)
was used for data analysis.  The data was expressed as
mean±SD, and analysis of variance (ANOVA) was used to
compare the difference among different groups.

Results
Preclinical and behavioral studies  After 5 h, 1 d, and 2 d

of intra-articular injection of 50 µL CFA, the weight of the
rats was unchanged (P>0.05, data not shown).  The rats of
the AA group developed inflammation which was confined
to the inoculated articular characterized by edema of ipsilat-
eral tibiotarsal joint (Table 1).  There was a dramatic decrease
observed in the mobility scores of rats of the AA group

compared with the NS group (P<0.05, P<0.01, Table 2).  In
other words, the inoculated rats are impaired in their ambula-
tory activities.

Effects of CFA on the pain behavioral parameters of rats
Five hours, 1d, and 2 d after intra-articular injection of 50 µL
CFA, tactile hyperalgesia induced by CFA was observed in
the foot flexion and extension scores of ipsilateral hindpaw
of AA group (Table 3, 4), while the pain scores of the con-
tralateral hindpaw of both groups were close to 0 and had no
significant difference (P>0.05, data not shown).

Effects of CFA on double immunofluorescence staining
of IL-1β and IL-1RI of ipsilateral DRG  Three days after

Table 1.   Diameter of the ipsilateral tibiotarsal joint of rats in NS
group and AA group.  n=7.  Mean±SD.  bP<0.05, cP<0.01 vs NS group.

                          Diameter of the ipsilateral tibiotarsal joint/mm

  Group            Before           5 h after        1 d after       2 d  after
                      injection         injection       injection       injection

NS 4.32±0.02 5.33±0.11 5.46±0.40 4.86±0.08
AA 4.52±0.07 6.34±0.15c 6.37±0.24b 5.86±0.40b

Table 2.  Mobility score of rats in NS group and AA group.  n=7.
Mean±SD.  bP<0.05, cP<0.01 vs NS group.

                               Mobility score of rats in NS group and AA

Group          Before   5 h  after   1 d after  2 d after
                    injection     injection          injection          injection

NS 4 3.71±0.18 3.43±0.20 3.71±0.18
AA 4 2.57±0.20c 2.71±0.29b 2.86±0.14c

Table 3.  Ipsilateral flexion score of rats in NS group and AA group.
n=7.  Mean±SD.  bP<0.05, cP<0.01 vs NS group.

                                                 Ipsilateral flexion score
  Group             Before        5 h after         1 d after  2 d after
                      injection        injection         injection      injection

NS        0 3.86±1.50 3.43±1.70 2.86±1.10
AA 0.43±0.30 7.43±1.34b 7.71±1.41b 7.57±1.32c
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injection, IL-1β and IL-1RI positive products were detected
in the same neurons as well as in some glial-like cell types.
IL-1β/IL-1RI immunoreactivity positive products were mainly
located in the cytoplasma and nucleus of the positive neu-
rons of NS group (Figure 1), while immunoreactivity positive
products were distributed in the membrane and nucleus of
the positive neurons of the AA group (Figure 2).  There were
still a few neurons presented no IL-1β or IL-1RI immunoreac-
tivity in the DRG of  the NS group, but most neurons in the
DRG of AA group presented IL-1β or IL-1RI immunoreactiv-
ity (Figure 1C, 2C).

 With statistic analysis, it was found that the number of
IL-1RI single stained neurons, IL-1β/IL-1RI double-stained

neurons, and the percentages of the number of double-
stained neurons to the number of IL-1β positive neurons of
small neurons in DRG of AA group were higher than that of
NS group (P<0.05 or P<0.01, Table 5).  The number of IL-1RI
single stained neurons, IL-1β/IL-1RI double-stained neurons
of large and medium neurons in DRG of AA group were higher
than that of NS group (P<0.05, Table 6).  The percentage of
double-stained neurons to IL-1β or IL-1RI positive neurons
of large and medium neurons in DRG presented no signifi-
cant difference between the two groups (P>0.05, Table 6).

Effects of CFA on single immunohistochemistry stain-
ing of IL-1RI of ipsilateral DRG  Three days after injection,
the IL-1RI in DRG was expressed in glial-like cell types as
well as in sensory neurons using a microscope under normal
light.  Some of the glial-like cells were satellite cells ensheath-
ing the large sensory cell bodies, some sparsely distributed
in the connective tissues between neurons of DRG.  The IL-
1RI immunoreactivity positive products were stained as
brown and mainly located in the membrane and cytoplasma
of glia cells.  The stained color of glia cells in DRG of AA
group was deeper than that of the NS group (Figure 3, 4).
The number of glia cells of DRG of AA group was 13.45±
2.35/38.4 mm2, which was higher than that of NS group
(5.31±1.58/38.4 mm2) (P<0.01).

Table 4.  Ipsilateral extention score of rats in NS group and AA
group.  n=7.  Mean±SD.  bP<0.05, cP<0.01 vs NS group.

                            Ipsilateral extention score
Group               Before        5 h after       1 d after       2 d after
                        injection       injection       injection      injection

NS 0.29±0.18 1.14±0.26 2.57±0.75 2.29±0.97
AA 0.29±0.18 7.57±1.23c 6.14±1.55b 5.86±0.91b

Table 5.  The percentage of IL-1β/IL-1RI double-stained small neurons to IL-1β or IL-1RI single-stained small neurons of DRG.  n=7.
Mean±SD.  bP<0.05, cP<0.01 vs NS group.

                               Double-stained neurons      IL-1β positive neurons    IL-1RI positive neurons              %1)                                             %2)

                                   Number/38.4mm2                     Number/38.4mm2                   Number/38.4mm2

NS group 21.5±2.1 33.8±3.7 29.1±3.2 58.8±6.0 68.2±6.8
AA group 35.9±2.6b 45.1±4.2 45.0±3.1b 82.4±4.0b 81.4±4.3

1) The percentages of the number of double-stained neurons to the total number of the IL-1β positive neurons; 2) The percentages of the number
of double-stained neurons to the total number of the IL-1RI positive neurons.

Table 6.  The percentage of IL-1β/IL-1RI double-stained large, medium neurons to IL-1β or IL-1RI single-stained Large, medium neurons of
DRG.  n=7.  Mean±SD.  bP<0.05 vs NS group.

                                  Double-stained neurons     IL-1β positive neurons   IL-1RI positive neurons              %1)                                          %2)

                                       Number/38.4mm2                    Number/38.4mm2                 Number/38.4mm2

NS group 17.9±1.8 25.9±2.7 21.3±2.3 63.6±6.6 76.1±7.0
AA group 26.2±2.3b 34.8±3.2 30.0±2.4b 76.8±4.8 87.5±2.8

1) The percentages of the number of double-stained neurons to the total number of the IL-1β positive neurons; 2)The percentages of the number
of double-stained neurons to the total number of the IL-1RI positive neurons.
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Discussion
IL-1β is one of the cytokines synthesized and released

from immunocytes and considered to be an important media-
tor during inflammation and hyperalgesia.  Indeed, the injec-
tion of IL-1β into animals has been shown to produce hype-
ralgesia in response to mechanical and thermal stimuli [2–4,22].
There are several lines of evidence indicating that IL-1β al-

ters primary afferent neural activity or sensitivity in mice and
rats[10,23–25].  Nociceptive primary afferent neurons contain
neuropeptides such as SP, neurokinin A, and calcitonin gene-
related peptide that are released on stimulation of these af-
ferent fibers.  A previous study of cellular culture experiment
demonstrated that IL-1β can induce SP to release from cul-
tured DRG by activating the COX-2 system.  IL-1R antago-

Figure 3. The IL-1RI positive glia cells sparsely distributed in the
connective tissues between neurons of DRG of NS group, whose
cytoplasm was stained as light brown (arrow).  Scale bar=25 µm.

Figure 4.  The IL-1RI positive glia cells sparsely distributed in the
connective  tissues between neu rons of DRG (arrowhead) or
ensheatened the large sensory cell bodies (arrow) of AA group, whose
cytoplasm was stained as deep brown.  Scale bar=25 µm

Figure 2.  The FITC labeled IL-1β immunoreactivity positive cells
(A), Cy3 labeled IL-1RI immunoreactivity positive cells (B), and
cells under normal light (C),  and  IL-1β/IL-1RI double-stained im-
munoreactivity positive cells (D) in DRG of AA group.  Arrowhead
pointed to double-stained neurons, while arrow pointed to double-
stained glia  cells.  The immunoreactivity positive products were
mainly located in the membrane and nucleus.  Scale bar=100 µm.

Figure 1.  The FITC labeled IL-1β immunoreactivity positive cells
(A), Cy3 labeled IL-1RI immunoreactivity positive cells (B),  cells
under normal light (C), and IL-1β/IL-1RI double-stained immunore-
activity positive cells (D) in DRG of NS group.  Arrowhead pointed to
double-stained neurons, while arrow pointed to double-stained glia
cells.  The immunoreactivity positive products were mainly located
in the cytoplasma and nucleus.  Scale bar=100 µm.
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nist can block this access, which suggests an IL-1β exerted
effect by combine with IL-1R on DRG[15].  Using RT-PCR with
in situ hybridization, it was found that type I IL-1R, not type
II, expressed on the DRG of normal rats[26].  However, there is
no study on the coexistence of IL-1RI and IL-1β in neurons
and glia cells of DRG and the influence of adjuvant-induced
arthritic on it.

In the present study, we demonstrated that both IL-1RI
and IL-1β coexsisted in the sensory neurons and glia cells of
normal saline injected rats.  The combined expression of IL-
1β and the type I IL-1 receptor suggests autocrine or paracrine
IL-1β signaling in sensory neurons.

Meanwhile a significant increase in the IL-1RI and IL-1β
double stained neurons in ipsilateral DRG were observed in
the AA group than in the NS group, and IL-1RI mainly dis-
tributed in the membrane of the AA group than in the
cytoplasma of NS group.  This morphological change also
paralleled to the pain behaviour scores.  It indicated that the
inflammation resulted in the up-regulation of the expression
of IL-1RI on the membrane of neurons in ipsilateral DRG, and
the increase of IL-1β sythesis as well.

It has been found that intraplantar injection of CFA in-
creased the concentration of IL-1β and NGF accompanied
by elevation of the level of substance P and calcitonin gene-
related peptide (CGRP) in the L4 dorsal root ganglion 48 h
post CFA injection[5].  The author demonstrated that IL-1β
could alter neuropeptide expression in primary sensory neu-
rons secondary to an increase of NGF levels as NGF has well
known actions on the regulation of both SP and CGRP in
adult rat DRG neurons[6].  It has been recently proved that
IL-1β increases SP synthesis by enhancing the expression
of preprotachykinin mRNA encoding for SP and other
tachykinins in the DRG[27].  Our results showed that IL-1β
could be synthesized in neurons of DRG, as wells as in the
inflamed tissue from previous study, it indicated that more
IL-1β was able to release by neurons of DRG and excite more
IL-1RI, which presumably brought about more SP synthesis
and release in the central and peripheral terminals of neu-
rons in the DRG, which in turn led to hyperalgesia.

We also found that the number of glia cells in ipsilateral
DRG, which express IL-1RI, increased after CFA injection.
The expression of  type I IL-1 receptor in non-neuronal cells
in the DRG might mediate another possible function of IL-1β
synthesized by the sensory neurons.  It has been reported
that IL-1β enhances neurite outgrowth in DRG[28], which
would contribute to tactile hypersensitivity of articular
arthritis.  This effect of IL-1β seems to be indirect and pre-
sumably involves an IL-1β-induced increased in release of
neurotrophins from nonneuronal cells[29].  It could be that,

under  inflammatory condition sensory neurons regulate their
own maintenance by releasing more IL-1β and thus stimulat-
ing their environment to release neurotrophins to induce
hyperalgesia.

Our study showed that IL-1β/IL-1RI doubled stained
immunoreactivity positive products were located in the
nucleus as well as the cytoplasma or membrane of positive
neurons in ipsilateral DRG of both groups. This is consis-
tent with the results of immunoelectron microscopy, which
found that GSSP-intensified IL-1β immunoreaction products
were found dispersed in small aggregates throughout the
cytoplasm and a few small immuno-aggregates of IL-1β were
also found in the nucleus of neurons in DRG.  The functional
significance of intranuclear IL-1β/IL-1RI is as yet unclear,
but might suggest involvement in transcriptional regulation[16].

In conclusion, we found coexistence of IL-1β and IL-1RI
in sensory neurons and glia cells of DRG.  The presence of
the type I IL-1 receptor in neurons and non-neuronal cells
suggests an as yet unknown autocrine and/or paracrine func-
tion of IL-1β in the DRG.  The function was enhanced in the
articular arthritis induced by CFA and might play an impor-
tant role in hyperalgisia under the inflammatory condition.
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Introduction
Glucocorticoids (GC) play an important role in the de-

velopmental organization and ongoing activities of the ner-
vous system[1].  At cellular level, they work in a diverse
manner.  A genomic mechanism where the complex of GC
and their receptors acts as nuclear transcription factor has
been well elucidated over the past 30 years, and accounts
for the long-latency effects of most GC.  However, some of
their actions take place so rapidly (onset in seconds or
minutes) that they do not fit into the paradigm of the ge-
nomic mechanism[2,3].  There are many examples in which
GC act through the rapid, non-genomic way in the nervous
system, ranging from the regulation of neuronal excitability
to the modulation of neurotransmitter secretion and uptake[1,2].

The HT4 neuroblastoma cell line was derived from the

hippocampal neurons of mice[4].  In our previous observa-
tions, we found an ATP-induced transient in [Ca2+]i within
the cells[5].  The Ca2+ response was decreased by the activa-
tion of protein kinase A (PKA) or protein kinase C (PKC)
(unpublished data).  As it is already known that some of the
rapid actions of GC are mediated by protein kinases[6,7], we
wonder whether there is a similar signaling pathway for GC
in HT4 cells, which may result in fast modification of the
ATP-induced Ca2+ response.  We provide evidence showing
that ATP-induced Ca2+ response can be rapidly modified by
GC through a membrane-initiated, nongenomic pathway that
is PKA dependent.

Materials and methods
Materials  ATP, β, γ-meATP, bovine serum albumin con-

Abstract
Aim: In our previous observations, adenosine triphosphate (ATP) was found to
evoke immediate elevations in intracellular free calcium concentration ([Ca2+]i)
in HT4 neuroblastoma cells of mice.  We tried to see if a brief pretreatment of
glucocorticoids could inhibit the Ca2+ response and reveal the underlying signal-
ing mechanism.  Methods:  Measurement of [Ca2+]i was carried out using the
dual-wavelength fluorescence method with Fura-2 as the indicator.  Results: Pre-
incubation of HT4 cells for 5 min with corticosterone (B) or bovine serum albu-
min conjugated corticosterone (B-BSA) inhibited the peak [Ca2+]i increments in a
concentration-dependent manner.  Cortisol and dexamethasone had a similar action,
while deoxycorticosterone and cholesterol were ineffective.  Both extracellular
Ca2+ influx and internal Ca2+ release contributed to ATP-induced [Ca2+]i elevation.
The brief treatment with only B attenuated Ca2+ influx.  Furthermore, the [Ca2+]i

elevation induced by the P2X receptor agonist adenosine 5’-(β,γ-methylene) triph-
osphate (β,γ-meATP) was also suppressed.  The rapid inhibitory effect of B can
be reproduced by forskolin 1 mmol/L and blocked by H89 20 mmol/L.  Neither
nuclear glucocorticoid receptor antagonist mifepristone nor protein kinase C in-
hibitors influenced the rapid action of B.  Conclusion: Our results suggest that
glucocorticoids modulate P2X receptor-medicated Ca2+ influx through a mem-
brane-initiated, non-genomic and PKA-dependent pathway in HT4 cells.
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jugated corticosterone (B-BSA), cholesterol, corticosterone
(B), cortisol, deoxycorticosterone, dexametha-sone, egtazic
acid, N-[2-hydroxyethyl] piperazine-N -́[2-ethanesulfonic
acid] (HEPES), ionomycin, pluronic F-127, phorbol 12-
myristate 13-acetate (PMA), and thapsigargin (TG) were
obtained from Sigma (St Louis, MO, USA).  Forskolin, H-
89, GF-109203X, and Ro31-8220 were obtained from
Calbiochem-Novabiochem (San Diego, CA).  DMEM and
L-glutamine used for cell culture from Life Technologies
(Gaithersburg, MD, Germany).  Trypsin from Amresco Inc
(Solon, OH, USA).  Fura-2 acetoxymethyl (AM) ester from
Molecular Probes (Eugene, OR, USA).  Newborn calf se-
rum was from Sijiqing Co (Hangzhou, China).  All other
chemicals used were of analytical grade.

Cell culture  HT4 cells, a kind gift from Dr B  AMES
(University of California at Berkeley), were maintained in
DMEM containing 10% newborn calf serum and 4 mmol/L
L-glutamine in a humidified atmosphere of 95% air and 5%
CO2 at 37 ºC.  No antibiotic was added to the media.  For
[Ca2+]i measurements, cells were seeded on glass coverslips
and used with in 3–4 d.

Fura-2 loading  In the present study, fluorescent dye
Fura-2 was used to indicate the [Ca2+]i.  The cells on the
coverslips were loaded in situ at 37 ºC for 30–60 min in
HEPES-buffered saline (in mmol/L: NaCl 140, KCl 5, MgCl2

1, CaCl2 2.5, glucose 11.5, HEPES 10, pH 7.2–7.4) contain-
ing Fura-2 AM 2 µmol/L and 0.04% pluronic F-127.  The
Fura-2-loaded cells were then rinsed three times with saline
and mounted in a perfusion chamber for immediate [Ca2+]i

measurements.  Alternatively, they were kept in dark condi-
tions at room temperature for up to 2 h.  Fura-2 loading was
uniform over the cytoplasm, and compartmentalization of
the dye was seldom observed.

[Ca2+]i measurements  Measurement of [Ca2+]i was car-
ried out by the dual-wavelength fluorescence method as de-
scribed previously[8] with some modifications.  Fura-2-loaded
cells were mounted in a perfusion chamber and placed un-
der an inverted microscope (IX70, Olympus).  Light emitted
from a 75-Wxenon arc lamp (AH2-RX, Olympus) passed
through an excitation filter set (Chroma) to generate ultra-
violet monochromatic waves of 340 and 380 nm.  With the
aid of a computerized filter wheel (Lambda 10-2, Sutter
Instruments), the cells in the chamber were alternately ex-
posed to the two waves through an Olympus objective
(UApo/340, 40× /0.90).  The resulting fluorescent emission
from the Ca2+-sensitive dye was collected through a 510 nm-
long pass filter (Chroma) with a cooled charge-coupled de-
vice camera (MicroMax 5 MHz system, Princeton Instru-
ments).  All image acquisition was computer-controlled by

MetaFluor Imaging program (v.4.01, Universal Imaging
Corporation).  Images were acquired at 3-s intervals to re-
duce photobleaching.  All measurements were made at 22–
25 ºC.

Images acquired were corrected for background fluores-
cence and shading across the field of view.  Conversion of
the ratio to [Ca2+]i was carried out using the equation: [Ca2+]i

=Kd×[(R-Rmin)/(Rmax-R)]×(F380
min/F380

max)[8], where Rmax and
Rmin are the maximum and minimum ratio obtained by the
addition of ionomycin (10 µmol/L) and egtazic acid (10
mmol/L) respectively, F380

min/F380
max is the ratio of Ca2+-free

and Ca2+-saturated fluorescence signals at the excitation
wavelength of 380 nm, and Kd is the dissociation constant of
the Fura-2/Ca2+ complex (224 nmol/L).  R is the acquired
ratio value at each time point.

Perfusion chamber and drug applications  The cus-
tom-built chamber, with a coverglass at the bottom, was con-
tinuously perfused with HEPES-buffered saline during
measurements.  The perfusion rate was set at 2 mL/min to
aid drug removal.  All drugs were diluted in saline from their
stock solutions immediately before the experiments and ap-
plied directly to the cells using a computer/manual operated
7-barrel local superfusion system for desired lengths of time.
The tip (100 µm inside diameter) of the outlet was placed
approximately 200 µm away from the cells, and the gravity
force was adjusted to achieve rapid drug application while
avoiding any mechanical disturbance of the cells.  The time
delay for arrival of drugs at the cells was less than 100 ms
(data not shown).

Data analysis [Ca2+]i values were expressed as means±
SD.  Statistical analysis was performed using t-test or analy-
sis of variance (ANOVA) depending on data types.  P<0.05
was considered to be significant.

Results
Inhibition of ATP-induced [Ca2+]i increase by GCs  In

HT 4 cells, the basal level of [Ca2+]i was 54±8 nmol/L[5].
ATP 100 µmol/L induced an immediate rise in [Ca2+]i, which
was significantly attenuated by pre-incubation with B (1
µmol/L) for 5 min (Figure 1A).  The original Ca2+ response
recovered 5–10 min after B was washed out (data not shown).
The inhibitory effect was concentration-dependent (0.1–100
µmol/L).  B-BSA was also effective in suppressing the Ca2+

response with a similar potency compared to B (Figure 1B),
while BSA had no effect on either basal or stimulated [Ca2+]i

levels (data not shown).  To further elucidate the rapid ac-
tion of B, we studied the effect of mifepristone (a GR
antagonist) on the response.  Pretreatment with mifepristone
(1 µmol/L) for 30 min did not influence the inhibitory effect
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of B (1 µmol/L) (data not shown).  Thus, the findings above
imply that the action of B in HT4 cells is initiated at the
plasma membrane and may not involve the nuclear receptors.

Other GCs or analogs, such as cortisol and dexamethasone,
were also tested and shown to be effective using the same
experimental protocol.  However, deoxycorticosterone and
cholesterol were not effective (Figure 1C).

P2X receptor-mediated Ca2+ influx was affected by B
In the absence of extracellular Ca2+, ATP (100 µmol/L) was
also capable of elevating [Ca2+]i  but with smaller amplitude.
The [Ca2+]i level dropped gradually to baseline even if ATP
was not withdrawn.  The subsequent introduction from the
local superfusion system of 2.5 mmol/L Ca2+-containing ATP
solution to the same cells gave rise to a secondary calcium
elevation (Figure 2A).  These results suggest the generation
of both Ca2+ influx across plasma membrane and Ca2+ re-
lease from intracellular stores upon ATP treatment.  Using
this experimental protocol, we investigated which compo-
nent of the Ca2+ response was affected by the brief treatment
of B.  As shown in Figure 2A, the Ca2+ release evoked by
ATP was not affected while the [Ca2+]i increment during Ca2+

influx was significantly smaller after the pre-incubation of
B (1 µmol/L).  β,γ-meATP is a specific agonist for P2X re-
ceptors that has little effect on P2Y receptors[9].  The [Ca2+]i

increase induced by β,γ-meATP 10 µmol/L in HT4 cells was
also inhibited by the pre-incubation of B (1 µmol/L) (Figure
2B and 2C).  Taken together, the above results suggest that
Ca2+ influx through P2X receptors was affected by B.

Effect of B on Ca2+ influx through SOC  As shown
earlier, ATP increases Ca2+ release from intracellular stores
in HT4 cells.  The depletion of the Ca2+ stores has been re-
ported to trigger the opening of store-operated channels
(SOC)[10,11].  We therefore examined whether B might exert
its inhibitory effect by reducing Ca2+ influx through SOC.
Thapsigargin (TG), a specific inhibitor of endoplasmic reticu-
lum Ca2+-ATPase, is widely used to activate SOC by deplet-
ing Ca2+ stores.  In HT4 cells, exposure of TG (1 µmol/L)
caused an initial spike followed by a sustained elevation at
lower level that was indicative of the activation of SOC.  Our
results showed that the TG-induced plateau was insensitive
to treatment of B (1 µmol/L), while ATP-induced further in-
crease in [Ca2+]i at this stage was still attenuated by B (Figure 3).

Rapid action of B was PKA-dependent  Our previous
observation found that ATP-induced [Ca2+]i increase was
negatively modulated by PKA or PKC in HT-4 cells[5].  There-
fore we examined whether PKA or PKC related signaling
pathways were involved in the rapid action of B.  Effects of
forskolin (1 µmol/L), PMA (0.5 µmol/L) on the [Ca2+]i in-
crease were studied and compared with that of B (1 µmol/L).
There was no significant difference in the degrees of inhibi-
tion among groups pretreated with forskolin or B, or both,
while the effect of a combination of PMA and B was addi-

Figure 1.  Inhibition of ATP-induced [Ca2+]i increase by GCs in HT4
cells.  (A) the [Ca2+]i increase elicited by 100 µmol/L ATP in HEPES-
buffered saline was measured after a 5-min pre-incubation with or with-
out 1 µmol/L B.  Traces from representative cells are shown and superim-
posed for ease of comparison (continuous trace: ATP only, dotted trace:
B pretreated).  The horizontal bar represents drug application.  (B) Dose-
response relationships of the B and B-BSA induced inhibition.  (C) [Ca2+]i

increases elicited by 100 µmol/L ATP were measured after a 5-min pre-
incubation with cortisol (F), dexamethasone (Dex), deoxycorticosterone
(Doc), and cholesterol (Cho), respectively.  All steroids were at 1 µmol/L
in concentration. n=3 determinations. Mean±SD.  bP<0.05 vs control (100
µmol/L ATP only).
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tive (Figure 4).  These results imply that the forskolin-acti-
vated pathway is involved in the signaling of B-induced
inhibition.  However, PMA and B exerted their modulatory
effects through distinct pathways.  PKA inhibitor H89 (20
µmol/L), when applied 20 min before B, completely abro-
gated the inhibitory effect of B (1 µmol/L), while PKC in-
hibitors Ro31-8220 (0.5 µmol/L) and GF-109203X (0.5
µmol/L) had little influence (Figure 4).  None of the drugs
changed the basal [Ca2+]i level in HT4 cells (data not
shown).

Discussion
Pre-incubation with B inhibited the ATP-induced [Ca2+]i

increase in HT4 cells in a concentration-dependent manner.
The minimum effective dose was 100 µmol/L, which falls
below the peak-free B concentration (750 µmol/L) in serum
during stress[12].  The pre-incubation time for B adopted in
most of our experiments was 5 min.  However, a 3-min pre-
treatment was found to be enough for B to take effect (data
not shown).  The very short latency is consistent with the
criteria to define a rapid effect of steroid hormones[1].
Moreover, the rapid action was insensitive to treatment with
nuclear receptor antagonist, further supporting the notion that
this is a nongenomic effect of B.

Being large and predominantly hydrophilic molecules,
steroid-BSA conjugates are thought to be membrane imper-
meable within 30 min[13].  However, they are biologically
active and can reproduce the actions of free steroids[14].  In
our study, B-BSA was found to be effective in inhibiting

Figure 2.  P2X receptor-mediated Ca2+ influx was affected by B.  (A)
using a Ca2+-free and Ca2+-reintroduction protocol, the ATP-evoked Ca2+-
influx was found to be suppressed by 5-min pretreatment of B (1 µmol/L).
n=3 determinations. Mean±SD. bP<0.05 vs control (10 µmol/L β,γ-meATP
only).  (B) β,γ-meATP (10 µmol/L) caused a rapid increase in [Ca2+]i

(continuous trace), which was inhibited by pretreatment of the cells for 5
min with 1 µmol/L B (dotted trace).  The horizontal bar represents drug
application.  (C) n=3 determinations. Mean±SD. eP<0.05 vs AMP-PCP group.

Figure 3.  Effect of B on ATP-induced [Ca2+]i increase after TG treatment.
HT-4 cells were first exposed to TG (1 µmol/L) and subsequently stimu-
lated with ATP (100 µmol/L) 25 min later.  B (1 µmol/L) was applied 20
min after TG when the [Ca2+]i levels reached a plateau.  (A) a representa-
tive trace is presented to show the experimental protocol.  (B) ∆[Ca2+]i

values recorded immediately before ATP application represents the pla-
teau phase Ca2+ levels. n=3–4 determinations.  Mean±SD.  bP<0.05 vs
control (100 µmol/L ATP after TG treatment).
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ATP-induced [Ca2+]i increase, suggesting its action at the
plasma membrane, where a signal was generated and trans-
duced into the cells.  Untill now, several specific membrane
proteins have been reported as the receptors that mediate
the rapid actions of GC[15,16].  It is interesting to note that
they are different not only in molecular weight, but also in
genetic identity.  Being a splice variant of the nuclear GR,
one membrane receptor has been reported to have cross-
antigenicity with its nuclear counterpart, while others do
not[17].  The identity of the membrane target in HT4 cells is
not clear and needs to be elucidated.

The potency of B-BSA in this experimental model is al-
most the same as that of B.  Previous work in our lab has
revealed that both B and B-BSA activate PKC in PC12 cells,
but the dose-dependence curve of the latter shifts rightward
(ie, with lower potency)[6].  The reason for the difference is
also unclear.

ATP, being a normal metabolite, exists in all living cells.

In the nervous system, it is an important signaling molecule
belonging to a class of fast excitatory transmitter in the
brain[18,19].  Its signaling is mediated through the metabotropic
P2Y and ionotropic P2X receptors[9].  In our experiment, the
stable ATP analog β,γ-meATP was shown to be a potent ago-
nist in HT4 cells.  This result strongly implies actions at P2X
receptors.  Modulation of P2X purinoceptor-mediated Ca2+

responses by protein kinases has been well investigat-
ed[10,20–22].  In PC12 cells, for example, ATP-induced Ca2+

influx through P2X receptors is inhibited when PKC activ-
ity is enhanced[10].

It has been reported that PKA is involved in the GC rapid,
nongenomic actions in many cell models[2].  It is interesting
to note that the models are all pituitary-originated, such as
rat pituitary cells in culture[23], cichlid fish pituitary in vitro[24],
and mouse corticotroph tumor cell line AtT20[25].  In contrast,
studies on rat brain synaptosomes, rat hippocampal neurons,
PC12 cells, and glial cell lines reveal an alternative PKC
pathway[2,26].  This prompted us to speculate that the protein
kinases involved in GC rapid action could be predicted by
cell type[2].  However, the present data we found in HT4
cells, a mouse hippocampus-derived cell line, show that such
generalization is premature and open to further consideration.
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Onychin inhibits proliferation of vascular smooth muscle cells
by regulating cell cycle1

Ming YANG2, Hong-lin HUANG2, Bing-yang ZHU, Qin-hui TUO, Duan-fang LIAO3
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Abstract
Aim:  To investigate the effects of onychin on the proliferation of cultured rat
artery vascular smooth muscle cells (VSMCs) in the presence of 10% new-born
calf serum (NCS).  Methods: Rat VSMCs were incubated with onychin 1–50
µmol/L or genistein 10 µmol/L in the presence of 10% NCS for 24 h.  The prolif-
eration of VSMCs was measured by cell counting and MTS/PMS colorimetric
assays.  Cell cycle progression was evaluated by flow cytometry.  Retinoblastoma
(Rb) phosphorylation, and expression of cyclin D1 and cyclin E were measured by
Western blot assays.  The tyrosine phosphorylation of ERK1/2 was examined by
immunoprecipitation techniques using anti-phospho-tyrosine antibodies.  Results:
The proliferation of VSMCs was accelerated significantly in the presence of 10%
NCS.  Onychin reduced the metabolic rate of MTS and the cell number of VSMCs
in the presence of 10% NCS in a dose-dependent manner.  Flow cytometry analy-
sis revealed that the G1-phase fraction ratio in the onychin group was higher than
that in the 10% NCS group (85.2% vs 70.0%, P<0.01), while the S-phase fraction
ratio in the onychin group was lower than that in 10% NCS group (4.3% vs
16.4%, P<0.01).  Western blot analysis showed that onychin inhibited Rb phos-
phorylation and reduced the expression of cyclin D1 and cyclin E.  The effects of
onychin on proliferation, the cell cycle and the expression of cyclins in VSMCs
were similar to those of genistein, an inhibitor of tyrosine kinase.  Furthermore
immunoprecipitation studies showed that both onychin and genistein markedly
inhibited the tyrosine phosphorylation of ERK1/2 induced by 10% NCS.
Conclusion: Onychin inhibits the proliferation of VSMCs through G1 phase cell
cycle arrest by decreasing the tyrosine phosphorylation of ERK1/2, and the ex-
pression of cyclin D1 and cyclin E, and sequentially inhibiting Rb phosphorylation.
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Introduction
Alterations in vascular smooth muscle cell (VSMC) pro-

liferation plays an important role in the development of the
pathological process that underlies restenosis, athero-
sclerosis, and vascular graft occlusion[1].  Despite intense
efforts, no widely effective therapy exits for the prevention
of such vascular diseases.  Recently some agents have been
shown to have potential value by virtue of their abilities to
attenuate the proliferation of VSMCs[2–4].  Among them,
genistein (4,5,7-trihydroxyisoflavone), a soybean-derived
isoflavone, has been shown to inhibit platelet derived growth

factor (PDGF)-induced proliferation and DNA synthesis of
aortic smooth muscle cells in stroke-prone spontaneously
hypertensive rats[5].  Moreover, epidemiological studies in-
dicate that genistein has beneficial effects on cardiovascular
disease[6,7], such as lowering total and low density lipopro-
tein (LDL)-cholesterol levels.  More recently, onychin, a new
compenent extracted from Onychin lucidum of sinopteri-
daceae, has attracted our interest because its structure is simi-
lar to genistein[8].  Interestingly, our previous results have
shown that onychin protects the endothelium-dependent re-
laxation in rabbit aortic rings and inhibits oxidative stress-
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induced apoptosis of endothelial cells, which is mediated by
increasing NO release, regulating expression of caveolin-1
and activation of mitogen-activated protein kinases
(MAPK)[9–13].  In the present study, we extend our investiga-
tion to the effects of onychin on the proliferation of rat
VSMCs induced by 10% NCS.

Materials and methods

Materials  Male Sprague-Dawley rats were obtained
from the Experimental Animal Center of Nanhua University
(Hengyang, China).  Genistein, elastase, and monoclonal
antibodies for α-actins of smooth muscle cells were obtained
from Sigma (St Louis, USA).  Dulbecco’s modified Eagle’s
medium (DMEM) and NCS were from GibcoBRL
(Maryland, USA).  The Cell Titer 96 Aqueous Non-Radio-
active Cell Proliferation Assay Kit (MTS/PMS) was pur-
chased from Promega (WI, USA).  Monoclonal mouse anti-
ERK1/2, -pTyr, -cyclin D1, -cyclin E, and polyclonal mouse
anti-Rb were from Santa Cruz Biotechnology (Santa Cruz,
USA).

Cell culture  The thoracic aortas were isolated from the
150–200 g male Sprague-Dawley rats and cultured by using
a novel enzymatic dispersion method[14].  Briefly, rat aortas
were in sterile conditions removed from left subclavian ori-
gin to the point of diaphragmatic insertion.  The vascular
media was digested, and the cells were centrifuged and plated
down in prepared flasks.  VSMCs were cultivated in DMEM
(containing 10% NCS) and in a 5% CO2 humidified-atmo-
sphere incubator until they displayed as a typical “hill and
valley” morphology.  The immunohistochemistry staining
with a monoclonal antibody against α-actins showed that
there were no co-cultured fibroblast cells.  VSMCs from 5
to 15 passages were used for experimentation.  Before mito-
genic stimulation, subconfluent cells were arrested in a qui-
escent state with DMEM containing 0.1% NCS for 48 h.

Cell count  VSMCs (2.5×104) were plated into a 24-well
plate and grown in DMEM supplemented with 10% NCS
for 24 h.  In some experiments cells were growth-arrested by
incubation in DMEM containing 0.1% NCS for 48 h and
then exposed to different concentrations of onychin before
treatment with 10% NCS for 24 h or 48 h.  Genistein (10
µmol/L) was used as the positive control.  The cells were
then washed with phosphate-buffered saline (PBS),
trypsinized, and diluted with isotonic solution.  Cells were
stained with Trypane blue and the viable cells were counted
using a coulter counter.

MTS assay  Cell growth was measured by using MTS
assay according to the manufacture’s instructions.  Briefly,

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) and phenazine
methosulfate (PMS) were mixed at a ratio of 20:1 immedi-
ately before being added to the samples. The MTS/PMS so-
lution (20 µL) was added to each well of the 96-well plate
and and the plates were incubated at 37 ºC in a humidified
5% CO2 atmosphere for 90 min.  Absorbance was read at
490 nm using Bio-Tek’s Power Wave X reader-assay system
(BIO-TEK Instruments, USA).  Each sample was read in
triplicate.

Flow cytometry  Cells were suspended in phosphate-
buffered saline (PBS, pH 7.4), and fixed with 70% (v/v) etha-
nol at -20 ºC for 30 min.  After the ethanol was removed, the
cells were incubated with PBS containing RNase (172 MU/L)
at 37 ºC for 30 min and then stained for 30 min with
0.005% propidium iodide.  Fluorescence was measured by
using Epics Altra Flow Cytometer (Beckman Coulter Co,
USA).

Western blot analysis  After treatment, VSMCs were
washed twice with cold (4 ºC) PBS (pH 7.4) and harvested
on ice in buffer A containing HEPES 20 mmol/L (pH 7.4),
EDTA 2 mmol/L, glycerophosphate 50 mmol/L,  dithio-
threitol 1 mmol/L,  Na3VO4 1 mmol/L, 1% Triton, 10%
glycerol,  leupeptin 1 mg/L,  aprotinin 1 mg/L, and phenyl-
methylsulfonyl fluoride 100 µmol/L.  The suspension was
incubated on ice for 20 min and vortexed every 5 min.  Cell
lysates were then centrifuged at 13 000 r/min (Eppendorf
centrifuge, Osterode, Germany) for 30 min at 4 ºC.  The su-
pernatants were collected, and protein concentration was mea-
sured by using the Bio-Rad assay.  Forty micrograms of pro-
tein (40 µg) weas electrophoresed onto a 12% SDS-PAGE
gel and transferred to a polyvinylidene difluoride membrane.
The membrane was incubated for 1 h with primary antibod-
ies followed by incubation with second antibodies
(horseradish peroxidase-conjugated).  Immunoactive bands
were visualized using chemiluminescence (Amersham-
Pharmacia Biotech, Piscataway, USA) and densitometric
analysis was carried out using an imager and densitometer[15].

Immunoprecipitation Growth-arrested VSMCs were
exposed to 0.1% NCS, 10% NCS, 10% NCS+10 µmol/L
onychin, or 10% NCS+10 µmol/L genistein for 20 min.  Cell
lysates were prepared for immunoprecipitation as described
previously[16].  Briefly, equal amounts of protein (500 µg)
were immunoprecipitated with anti-ERK1/2 polyclonal an-
tibodies overnight at 4 ºC.  Immune complexes were col-
lected by incubation with protein A-Sepharose beads for 2 h
at 4 ºC.  Immunoprecipitates were separated by using SDS-
PAGE, and proteins were detected by immunoblotting as
described above using anti-pTyr monoclonal antibodies.
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Statistical analysis  All values are expressed as
mean±SD.  Statistical significance was determined by one-
way ANOVA.  P<0.05 was considered significant.

Results
Effect of onychin on the proliferation of VSMCs Both

cell counting and the MTS assay showed that onychin treat-
ment for 24 h or 48 h significantly inhibited VSMC prolif-
eration induced by 10% NCS. The inhibition was concentra-
tion-dependent with peak at 10 µmol/L (Table 1).  The effi-
ciency of 10 µmol/L onychin treatment for 24 h was similar
to that of 10 µmol/L genistein.  Therefore we chose 10 µmol/L
onychin treating cells for 24 h in the following experiments.

Changes in the VSMC cycle induced by onychin treat-
ment The percentages of G0/G1 or S phase cells in the 10%
NCS-stimulated group were 70.0% and 16.4% respectively.
In contrast, 10 µmol/L onychin and 10 µmol/L genistein treat-
ments for 24 h led to a significant inhibition of DNA synthe-
sis as evidenced by the fact that the percentages of G0/G1

phase cells increased to 85.2% and S phase cells decreased
to 4.3% in the onychin group (Figure 1).

Decreased Rb phosphorylation induced by onychin
treatment  The cell cycle progression from G1 to S phase is
usually accompanied by Rb phosphorylation in the late G1

phase.  We therefore examined  Rb phosphorylation in
VSMCs by using Western blotting with anti-phospho Rb
antibody.  NCS (10%) stimulated Rb phosphorylation mark-
edly and onychin and genistein inhibited Rb phosphoryla-
tion by 70.1% and 58.8%, respectively (Figure 2).

Onychin lowers the expression of cyclin D1 and cyclin
E  To further explore the mechanism by which onychin in-
hibited Rb, we examined the expression of cyclin D1 and
cyclin E by Western blotting.  Results showed that 10% NCS
treatment significantly increased both expressions of cyclin
D1 and cyclin E and that pretreatment with onychin 10 µmol/L
and genistein 10 µmol/L decreased the NCS-induced expres-
sion of these two proteins (Figure 3, 4).

Effect of onychin on the tyrosine phosphorylation of
ERK1/2  ERK1/2 activation is at upstream of cyclins.  It has
been reported that the protein tyrosine inhibitor genistein is
able to inactivate ERK1/2.  To investigate whether the in-
hibitory effect of onychin on ERK1/2 is mediated by tyrosine
kinase inhibition, we observed the phosphorylation of the
tyrosine residue in ERK1/2.  When growth-arrested VSMCs
were treated with 10% NCS, a marked time-dependent ty-
rosine phosphorylation of ERK1/2 was observed, with peak
at 20 min (data not shown).  Pretreatment with genistein, as
well as onychin, significantly inhibited the 10% NCS-induced

Figure 1.  Effect of onychin 10 µmol/L on cell cycle progression induced
by 10% NCS for 24 h in cultured  vascular smooth muscle cells (VSMCs).
Growth-arrested VSMCs were exposed to 0.1% NCS, 10% NCS, 10%
NCS+10 µmol/L onychin or 10% NCS+10 µmol/L genistein for 24 h.
Then cells were fixed with ethanol and incubated with PBS containing
Rnase followed by staining with propidium iodide.  Fluorescence was
determined by using a flow cytometer.
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tyrosine phosphorylation of ERK1/2, suggesting that onychin
might be a potential inhibitor of tyrosine kinase (Figure 5).

Discussion
VSMC proliferation contributes to the remodeling of

blood vessels and has been implicated in the pathogenesis of
atherosclerosis.  Phytoestrogens such as genistein can in-
hibit the proliferation of VSMC and have been implicated in
the suppression of VSMC proliferation in neo-intima for-
mation in vivo.  Onychin, which has a similar structure to
genistein, has been considered as a candidate for providing

several cardiovascular protective effects[9–13].  To further in-
vestigate its actions in vascular biology, in the present study
we studied the effect of onychin on the proliferation of rat
VSMC induced by 10% NCS.  The results showed that 1–50
µmol/L onychin inhibited the proliferation of VSMCs in a
concentration-dependent manner, with a peak at 10 µmol/L.

Proliferating cells pass through several cell cycle
checkpoints, mainly the G1 to S and G2 to M transitions.
The former checkpoint is considered to be the most impor-
tant one in the replication of DNA and mitosis.  We thus

Table 1.   Inhibitory effect of onychin on the proliferation of rat VSMCs induced by 10% NCS.  n=8.  Mean±SD.  bP<0.05, cP<0.01 vs 0.1 % NCS
group.  eP<0.05 vs 10% NCS group.

                                                                                                 10-7×Cell counts/mL-1                                         MTS measurement (OD)
                                                                                        24 h                      48 h                         24 h                    48 h

Control   0.1% NCS 2.50±0.12   2.50±0.05 0.44±0.04 0.44±0.04
10% NCS 7.74±0.57c 13.68±0.96c 1.04±0.06c 1.94±0.06c

Onychin   1 µmol/L 7.32±0.24 11.03±0.26 0.93±0.04 1.79±0.07
  5 µmol/L 6.36±0.20e   9.88±0.13e 0.85±0.07e 1.47±0.07e

10 µmol/L 5.46±0.51e   8.58±0.56e 0.64±0.05e 1.21±0.05e

50 µmol/L 5.74±0.21e   8.75±0.23e 0.69±0.03e 1.34±0.04e

Genistein 10 µmol/L 5.58±0.75b   8.71±0.45b 0.67±0.06b 1.27±0.06b

Figure 2.   Inhibitory effect of onychin 10 µmol/L on phosphorylation of
Rb induced by 10% NCS (24 h) in cultured vascular smooth muscle cells
(VSMCs).  A) Growth-arrested VSMCs were exposed to 0.1% NCS, 10%
NCS, 10% NCS+10 µmol/L onychin or 10% NCS+10 µmol/L genistein
for 24 h.  Cells were harvested, and lysates were analyzed for Rb phos-
phorylation by Western blotting using anti-phosphor Rb antibodies.  B)
The relative expression of phosphorylated Rb over un-phosphorylated
Rb was measured by using densitometry of autoradiograms in the linear
range of film development.  n=3 experiments. Mean±SD. cP<0.01 vs
0.1% NCS group.  eP<0.05 vs 10% NCS group.

Figure 3.  Inhibitory effect of onychin on cyclin D1 expression in cul-
tured VSMCs.  A) Growth-arrested VSMCs were exposed to 0.1% NCS,
10% NCS, 10% NCS+10 µmol/L onychin, or 10% NCS+10 µmol/L
genistein for 24 h.  Cells were harvested, and lysates were analyzed for
cyclin D1 by using Western blotting.  B) The relative expression of cyclin
D1 was measured by using densitometry of autoradiograms in the linear
range of film development.  The results of each experiment were normal-
ized to the density of the control (0.1% NCS) sample, which was arbi-
trarily adjusted to 1.0.  The response to 10% NCS, and 10% NCS+10
µmol/L onychin, 10% NCS+10 µmol/L genistein was then determined on
a relative basis.  n=3 experiments. Mean±SD.  bP<0.05, cP<0.01 vs 0.1%
NCS group.  eP<0.05 vs 10% NCS
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Figure 4.  Inhibitory effect of onychin on cyclin E expression in cultured
VSMCs.  A.  Growth-arrested VSMCs were exposed to 0.1% NCS, 10%
NCS, 10% NCS+10 µmol/L onychin, or 10% NCS+10 µmol/L genistein
for 24 h.  Cells were harvested, and lysates were analyzed for cyclin E by
Western blotting.  B.  The relative expression of cyclin E. The results of
each experiment were normalized to the density of the control (0.1% NCS)
sample, which was arbitrarily adjusted to 1.0.  The response to 10% NCS,
and 10% NCS+10 µmol/L onychin, 10% NCS+10 µmol/L genistein was
then determined on a relative basis.  n=3 experiments. Mean±SD.  bP<0.05
vs 0.1% NCS group.  eP<0.05 vs 10% NCS group.

Figure 5.  Inhibitory effect of onychin on the tyrosine phosphorylation of
ERK1/2.  A) Growth-arrested VSMCs were exposed to 0.1% NCS, 10%
NCS, 10% NCS+10 µmol/L onychin, or 10% NCS+10 µmol/L genistein
for 20 min.  Cells lysates were immunoprecipitated with anti-ERK1/2
antibody, and Western blotting was performed with anti-phospho tyrosine
antibodies.  IP: immunoprecipitation; IB: immunoblot.  B) The relative
expression of tyrosine phosphorylation in ERK1/2 was measured by us-
ing densitometry of autoradiograms in the linear range of film
development.  The results of each experiment were normalized to the
density of the control (0.1% NCS) sample, which was arbitrarily adjusted
to 1.0.  The response to 10% NCS, 10% NCS+10 µmol/L onychin, and
10% NCS+10 µmol/L genistein was then determined on a relative basis.
n=3 experiments. Mean±SD.  cP<0.01 vs 0.1% NCS group.  eP<0.05 vs
10% NCS group.

logically speculate that onychin affects VSMC proliferation
via alterations in the cell cycle progression.  Indeed our data
show that onychin blocks cell cycle progression at the G1

transition and stops VSMCs entering the S phase from G0/
G1, consequently inhibiting the replication of DNA and the
growth of VSMCs.

Rb is a key modulator of cell-cycle transit because of its
ability to control the G1/S-phase transition[17].  Rb activity is
related to its ability to modulate the activation of the E2F
family, which are required for S-phase progression[18].  Cell
cycle progression from G1 to S phase is usually accompa-
nied by Rb phosphorylation, which is induced by the cyclin
D1-CDK4 and the cyclin E-CDK2 complexes in the late G1

phase.  Rb phosphorylation leads to E2F release.  Conversely,
hypophosphorylated Rb sequesters E2F and prevents tran-
scription of the E2F target genes.  Recent evidence indicates
that phosphorylated Rb (pRb) inactivation is a key molecu-
lar event leading to S-phase commitment at the G1 restric-
tion point in the cell cycle[19].  Therefore, deregulating pRb
inactivation in the G1 phase becomes a universal mechanism
underlying cellular transformation.  Recently, Chang et al.
showed that a nonphosphorylatable, constitutive active form
of murine Rb inhibited VSMC proliferation and reduced
neointima formation in injured rat carotid arteries and por-
cine femoral artery models[20].  Growth factors such as plate-
let-derived growth factor, epidermal growth factor, and fi-
broblast growth factor have been shown to induce Rb phos-
phorylation in quiescent cells entering into the cell cycle[21].
In light of this broad spectrum of activity, Rb is a strong
candidate for use as an anti-proliferative agent in a number
of disorders that are characterized by inappropriate prolifer-
ate responses.  To test the possible effects of onychin on Rb
phosphorylation, we observed the relative amounts of
hypophosphorylated and phosphorylated forms of Rb in
VSMCs by using Western blotting.  The results showed that
onychin decreased the phosphorylation levels of Rb.

Progression through the mammalian mitotic cycle is co-
ordinated by expression and/or activation of multiple holoen-
zymes composed of a catalytic cyclin-dependent kinase
(CDK) and a cyclin-regulatory subunit[22].  Different cyclin/
CDK complexes are temporally activated at specific phases
of the cell cycle.  Progression through the first gap phase
(G1) requires cyclin D-dependent kinase (CDK4

 and CDK6)
and cyclin E/CDK2 activity[22,23], which results in Rb
hyperphosphorylation.  The association of CDK4 or CDK6

with D-type cyclins is critical for G1 phase progression,
whereas the CDK2-cyclin E complex is important for initia-
tion of the S phase.  It has been reported that administration
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of genistein in rats with an acute renal injury decreases ERK
activation and cyclin D1 expression[24].  It has been reported
that exposure of VSMC to 10% FCS causes a time-depen-
dent increase in cyclin D1 and cyclin E[25]. In the present
study, we also found that 10% FCS up-regulated the expres-
sion of cyclin D1 and cyclin E, and onychin treatment inhib-
ited the effects of NCS.

The MAPK family constitutes a major ubiquitous intrac-
ellular signaling system involved in the regulation of cell
growth, differentiation, and survival[26].  To date, at least three
distinct mammalian MAPKs have been characterized: the ex-
tracellular-regulated kinases (ERKs), Jun N-terminal kinases/
stress-activated protein kinase (JNK/SAPK) and p38.  Among
of them, the mammalian ERKs (ERK1/p44 and ERK2/p42)
are generally thought to play a role in cell proliferation and
differentiation.  ERK1/2 is serine/threonine kinase, which is
activated by phosphorylation at both threonine and tyrosine
residues.  Evidence indicates that phosphorylation of the
residues Thr 202/Tyr 204 (for human ERK, or Thr 185/Tyr
187 for bovine ERK) in the conserved Thr/Glu/Tyr ERK
sequences is necessary and sufficient for full activation of
these enzymes and serves as an indicator of their activation
status[27].  In our experiments, we observed an obvious ty-
rosine phosphorylation of ERK1/2 in the 10% NCS group.
Onychin, like genistein, markedly declined the phosphory-
lation level of tyrosine of ERK1/2.

In summary, onychin inhibits the proliferation of VSMCs
through G1 phase cell cycle arrest by decreasing the tyrosine
phosphorylation of ERK1/2, decreasing the expression of
cyclin D1 and cyclin E, and sequentially inhibiting Rb
phosphorylation.
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Introduction
Mifepristone (RU486), a progesterone antagonist steroid,

has been largely used for both planned and emergency con-
traception[1], as well as for termination of pregnancy[2].  Al-
though the effect of RU486 for contraception has been de-
scribed previously, its mechanism has not been completely
elucidated.  Anovulation, inhibition of fertilization and trans-
portation of embryo through the Fallopian tube, and embryo
implantation dysfunction have all been postulated.  Recent
data sustain the hypothesis that mifepristone reduces
perivascular decidual haemostasis and increases extracellu-
lar matrix-degrading protease activity[3].

It is now well established that the cross-talk between the

implanting embryo and the endometrial epithelium is a ver-
satile and dynamic process, which requires a series of rather
complicated and synchronous morphological and biochemi-
cal changes.  Large and smooth membrane protrusions with
pinocytotic function, known as pinopodes, have been ob-
served in the endometrial surface during the window of im-
plantation[4,5].  The formation and appearance of pinopodes
appears to advance or regress, depending on hormonal mi-
lieu and other physiological modifications throughout the
menstrual cycle[6].  Furthermore, a positive correlation be-
tween the pinopodes number and blastocyst implantation has
been reported[7].  Fully developed pinopodes have been con-
sidered as the characteristic morphologic markers to assess
endometrial receptivity and to locate the implantation win-

Abstract
Aim: To investigate the effect of mifepristone (RU486) as a single dose on
pinopodes expression in the endometrial surface of mice at the time of implantation.
Methods: Pregnant mice in the treated four groups received mifepristone subcu-
taneously (0.1 mg) between 07:00 and 08:00 AM on Pd (day of pregnancy)1, Pd2,
Pd3, and Pd4.  Pregnant mice in the non-treated group were used as controls.  The
uterine horns were collected randomly from two mice in each group between 21:30
and 22:00 PM on Pd4, and from another two mice of the same group between 09:30
and 10:00 AM on Pd5.  The specimens were examined by scanning electron mi-
croscopy for the detection of pinopodes.  Results: When mifepristone was given
on Pd1, developing and fully developed pinopodes were observed, but the ex-
pression was markedly reduced compared to the control group.  When mifepristone
was administered on Pd2, only a few developing pinopodes were present.  When
mifepristone was administered on Pd3, developing pinopodes were observed.
When mifepristone was administered on Pd4, different development stage
pinopodes were present in specimens collected between 21:30 and 22:00 PM on
Pd4, but no pinopodes was observed in specimens taken between 09:30 and 10:00
AM on Pd5.  Conclusion: These findings suggest that administration of a single
dose of RU486 subcutaneously on Pd1, Pd2, Pd3, and Pd4 might play a role in
inhibiting development and maturation of endometrium, hence affecting embryo
implantation in mice.
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dow[8,9].
The aim of this experimental study was to investigate the

timing of pinopodes expression in the endometrial surface
epithelium of mice following a single dose administration of
RU486.

Materials and methods
Animals and reagents  Seventy female (weight: 28–30 g)

and 15 male (weight: 40–45 g) adult Kunming mice (age 8–12
weeks) were provided by Sanitary Epidemic-Prevention Sta-
tion of Hubei Province, China (Certificated No 19-082, China).
Mifepristone tablets (Third Pharmaceutical Factory of Beijing,
China) were ground carefully and dissolved in propylene
glycol.

Animal treatment  Female and male mice in a ratio of 2:1
were kept overnight in a cage for mating.  The following
morning, the display of a vaginal plug in female mice was
designated as day 1 of pregnancy (Pd1).  The pregnant mice
were divided into five groups, as follows: a) non-treated group;
b) treated group 1; c) treated group 2; d) treated group 3; and
e) treated group 4.  The non-treated group was considered
the control.  All mice in the treated groups received
mifepristone subcutaneously (0.1 mL solution containing 0.1
mg mifepristone) between 07:00 and 08:00 AM on Pd1, Pd2,
Pd3, and Pd4, respectively.

Scanning electron microscopy  Two mice selected ran-
domly from each group were killed by cervical dislocation
between 21:30 and 22:00 PM on Pd4, and another two mice in
the same group were killed between 09:30 and 10:00 AM on
Pd5.  All remaining mice were killed on Pd7 in order to observe
the pregnancy and the average number of implanted embryos.

The murine uterine horns were excised and then cut open
along the longitudinal axis.  The endometrial tissue was rinsed
in saline solution, fixed in 2.5% (w/v) glutaraldehyde solu-
tion in a sodium cacodylate buffer (0.15 mol/L, pH 7.3) and
post-fixed in a 1% (w/v) osmium tetroxide solution in a so-
dium cacodylate buffer (0.15 mol/L, pH 7.3) containing su-
crose (75 mmol/L).  The specimens were dehydrated in a
graded series of acetone, then dried in a critical-point drier
with carbon dioxide, mounted on the specimen holder, coated
with gold palladium, and observed by scanning electron mi-
croscopy (SEM) (S-520, Hitachi, Tokyo, Japan).

To avoid inter-observer bias, all specimens were analyzed
by the same observer.  Based on development stage and
abundance, pinopodes were scored as developing, fully
developed, or regressing, and then as few (<20%), moderate
(20%–50%), or abundant (>50%), respectively.  If different
development stages were observed in the same specimen,
only the commonest pattern was reported[6].

Statistical analysis  Data were expressed as mean±SD.
Unpaired t-test and χ2-test were used.  Software SPSS 11.0
for Windows was used.  P<0.05 was considered to be statis-
tically significant.

Results
Pregnancy rate and average implanted embryos  No mice

in treated groups 1, 2, or 3 conceived.  In contrast, one mouse
in group 4 achieved a pregnancy.  Number of pregnant mice
and average number of implanted embryos was significantly
lower in treated group 4 as compared with controls (1 vs 9, P
<0.01; 6 vs 14.67±1.35, P<0.01, respectively).

Pinopodes expression in endometrial surface  In the
control group, specimens collected between 21:30 and 22:00
PM on Pd4 showed abundant membrane projections widely
distributed in the endometrial luminal surface.  Clear, smooth,
and slender projections were covered by short microvilli
(developing pinopodes) (Figure 1).  In specimens collected
between 09:30 and 10:00 AM on Pd5, the endometrial surface
was covered by membranous structures protruding and fold-
ing maximally (fully developed pinopodes).  No microvilli
were observed (Figure 2).

In treated group 1, the specimens collected between 21:30
and 22:00 PM on Pd4 showed smooth membrane projections.
These structures, resembling developing pinopodes, were
smaller, less abundant, and slightly lagged behind those
present in controls (Figure 3).  In specimens collected be-
tween 09:30 and 10:00 AM on Pd5, mainly fully developed
pinopodes and developing pinopodes were present.  Fully
developed pinopodes were observed exclusively in epithe-
lial cell depressions, while the neighboring surface was cov-
ered with short tips of microvilli (Figure 4).

In treated group 2, the specimens taken between 21:30
and 22:00 PM on Pd4 showed endometrial surface covered
by scanty membrane projections.  The endometrial luminal
surface was relatively smooth with few and slender membra-
nous projections (developing pinopodes) (Figure 5).  These
structures appeared slightly more pronounced in specimens
collected between 09:30 and 10:00 AM on Pd5, but no fully
developed pinopode was observed (Figure 6).

In treated group 3, no membrane projections were present
in the endometrial surface of specimens collected between
21:30 and 22:00 PM on Pd4.  The epithelial cells lining the
luminal surface were rather smooth and covered by small
tips of microvilli (Figure 7).  The specimens taken between
09:30 and 10:00 AM on Pd5 showed smooth endometrial sur-
face covered by normal epithelial cells and short microvilli in
one case, while in the other there were slender membranous
projections (developing pinopodes) which were much smaller
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than those expressed in controls between 21:30 and 22:00
PM on Pd4 and between 09:30 and 10:00 AM on Pd5 (Figure 8).

Finally, in treated group 4, no synchronously developed
structure was expressed in all specimens collected between
21:30 and 22:00 h on Pd4.  Few pinopodes in different devel-
opment stages were present.  The majority of endometrial

surface expressed no membrane projections and was cov-
ered by epithelial cells with short and thick microvilli.  The
boundaries of epithelial cells were not clear (Figure 9).  Speci-
mens collected between 09:30 and 10:00 AM on Pd5 had no
pinopodes, but abundant microvilli and clear boundaries on
the epithelial cells (Figure 10).

Figure 1.  Pinopode expression in control group between 21:30 and 22:00 PM on Pd4.  Smooth and slender membrane projections covered
with short microvilli, almost the same shape and size, distributed over the whole endometrial luminal surface.  (developing pinopodes: white
arrow) (SEM, A×1500, B×3000).

Figure 2.  Pinopode expression in control group between 09:30 and 10:00 AM on Pd5.  The endometrial surface was extensively covered with
projections protruding and folding maximally (fully developed pinopodes: black arrow).  No microvilli were observed.  (SEM, A×1500,
B×3000).



Http://www.chinaphar.com  Huang DM et al

215

Discussion
The use of mifepristone for emergency contraception has

been widely accepted[1,3], however, a large number of prospec-

tive, randomized, double-blind studies are still in progress.
Several clinical trials have shown that a single dose of mifepri-
stone (10 mg) is effective for emergency contraception when
given within 120 h from unprotected coitus, causing mild or

Figure 3.  Pinopode expression in treated group 1 between 21:30 and 22:00 PM on Pd4.  The specimens showed a lot of smooth membrane
projections (developing pinopodes: white arrow) which were smaller, less abundant, and slightly lagged behind those in control group.  (SEM,
A×1500, B×3000).

Figure 4.  Pinopode expression in treated group 1 between 09:30 and 10:00 h on Pd5.  Fully developed pinopodes (solid arrow) with many
folds like a flower were observed in one specimen (SEM, A×3000), whereas another was mainly covered by abundant developing pinopodes
(empty arrow) (SEM, B×1500).
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no side-effects[10,11].  However the biological mechanism of
RU486 remains a matter of much debate.

Wang et al[12] investigated the effects of a single dose of
mifepristone (10 mg) on the endometrial expressions of
HOXA-11, progesterone receptors (PR), and leukaemia in-
hibitory factor (LIF).  The found that following oral adminis-

tration of mifepristone on d 2 post-ovulation (LH+2) the de-
velopment of endometrium was quite delayed.  In the glan-
dular epithelium, the expressions of HOXA-11 and PR in-
creased significantly and that of LIF decreased.  Conversely,
in the stromal epithelium, the expressions of these markers
remained unchange.

More recently, it has been proved that mifepristone could
inhibit the establishment of uterine receptivity in some ani-
mals[13,14].  Marions et al[15] reported that following mifepristone
administration during early luteal phase in fertile women,
down-regulation of PR was inhibited and no significant modi-
fications of the remaining markers of endometrial receptivity,
such as pinopodes, integrin dimmers α4 and β3, cyclo-
oxygenase-1 and -2 were found.  These authors[15] have also
observed that the endometrial changes happened irrespec-
tive of embryo; however, its influence on implantation could
not be ignored.  Furthermore, they observed the influence of
RU486 on endometrium only after RU486 was given on LH+2
whereas RU486 is effective for emergency contraception
when given within 120 h from unprotected coitus.

A large consensus of opinion sustains that fully developed
pinopodes represent specific morphological markers of en-
dometrial receptivity[6,8,9].  The appearance and disappear-
ance of fully developed pinopodes coincide with the nida-
tion window both in humans and animals.  Synchronous
expressions of fully developed pinopodes and other mark-
ers of uterine receptivity such as integrins (αvβ3)[16], hep-
arin-binding epidermal growth factor (HB-EGF)[17], LIF and

Figure 5.  Pinopode expression in treated group 2 between 21:30 and 22:00 PM on Pd4.  The endometrial luminal surfaces were relatively
smooth with few and slender membranous projections (developing pinopodes: white arrow).  (SEM, A×1500, B×3000).

Figure 6.  Pinopode expression in treated group 2 between 09:30
and 10:00 AM on Pd5.  These membrane projections (white arrow)
appeared a little more pronounced in specimens, but no fully devel-
oped pinopodes were observed.  (SEM, ×1500).
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LIF-receptor[18] have been noted.  Therefore, it is plausible
that morphological and biochemical changes during the men-
strual cycle may be reliable in evaluating endometrial func-
tion and receptivity.

In this study, mifepristone as a single dose was adminis-
tered straight away after the murine successful coitus was

confirmed.  When RU486 was given on Pd4, only one mouse
conceived and the number of implanted embryos was sig-
nificantly lower compared to controls (P<0.01).  No mice con-
ceived when RU486 was given on Pd1, Pd2, and Pd3.  These
data show that a single dose of RU486 is effective when
given on Pd1, Pd2, Pd3, and Pd4.

Figure 7.  Pinopode expression in treated group 3 between 21:30 and 22:00 PM on Pd4.  No membrane projections appeared.  The epithelial
cells (grey arrow) lining the luminal surface were rather smooth and covered by small tips of microvilli.  (SEM, A×1500 B×3000).

Figure 8.  Pinopode expression in treated group 3 between 09:30 and 10:00 AM on Pd5.   Smooth endometrial surface was covered by normal
epithelial cells (grey arrow) and short microvilli in one case (SEM, A×1500), while in the other there were very slender membranous
projections (developing pinopodes: white arrow) (SEM, B×1500).
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When RU486 was administered on Pd1, developing and
fully developed pinopodes were observed in the endome-
trial surface, but its expression was reduced compared to
that of controls.  It is therefore likely that mifepristone ad-
ministration on Pd1 inhibits zygote development or embryo
transportation through the Fallopian tube rather than hav-

Figure 9.  Pinopode expression in treated group 4 between 21:30 and 22:00 PM on Pd4.  No synchronously developed structures were
expressed in the samples.  The pinopodes (white arrow) were few and with different development stages (SEM, A×1000).  The majority of
endometrial surface expressed no membrane projections and was covered by epithelial cells with short and thick microvilli.  (SEM, B×1500).

Figure 10.  Pinopode expression in treated group 4 between 09:30 and 10:00 AM on Pd5.  Specimens had no pinopodes, but abundant
microvilli and clear boundaries on the epithelial cells (grey arrow) (SEM, ×1500).

ing an effect on the endometrial surface.  When mifepristone
was given on Pd2, the uterine receptivity was significantly
impaired,  hence elucidat ing the effects of th is
antiprogestogenic steroid on the endometrium and its ratio-
nale for contraception.  Likewise, administration of RU486
on Pd3 and Pd4 appeared to impair development and matura-
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tion of pinopodes, so affecting endometrial receptivity and
embryo implantation.

The effect of RU486 on the endometrium on Pd3 is stron-
ger than that on Pd2 and Pd4.  Conversely, the effect is
relatively weak when this compound is given on Pd1.  To our
knowledge, this is the first report in the literature assessing
pinopode expression as morphological marker of implanta-
tion window in mice following administration of mifepristone.
Therefore, comparison with other data is not possible.

In conclusion, these findings suggest that mifepristone
might inhibit endometrial receptivity and, to some extent,
prevent embryo implantation as a result of morphological
modifications of the luminal epithelial cells.  Since the es-
tablishment of endometrial receptivity includes morphologi-
cal immunological changes, further studies exploring the
effects of RU486 on the expressions of cytokines, adhesion
molecules and other immunological factors during the im-
plantation window would provide new insights and improve
our knowledge of implantation and early pregnancy.
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Introduction
Peroxisome proliferator-activated receptor (PPAR) is a

ligand-binding transcriptional regulatory factor, which be-
longs to the nuclear receptor superfamily and regulates the
expression of a group of genes involving glucose and lipid
metabolism.  There are three PPAR subtypes, commonly des-
ignated as PPARα, PPARβ (δ), and PPARγ[1,2].  The func-
tions of these PPAR isoforms, after activation by drugs (anti-
inflammatory agents, fibric acids) and fatty acid derivatives
(including prostaglandins and plasticizers), include an in-
crease in lipid and cholesterol metabolism, adipocyte
differentiation, and an improvement in insulin sensitivity[1,3,4].
PPARγ is the most extensively studied PPAR subtype.  It has
been demonstrated that PPARγ is the receptor of the
thiazolidinedione (TZD) class ligands[5].  Among the TZD

type antidiabetic drugs, rosiglitazone and troglitazone are
potent adipocyte-differentiating agents, which activate ap2
gene expression in a PPARγ-dependent manner[6].  As PPARγ
ligands may regulate the adipogenesis, they can be designed
and modified for the treatment of cardiovascular disease and
diabetes mellitus[1,7], and PPARγ has been an attractive tar-
get for new drug discovery.  To date, several types of PPARγ
agonist with new structures have been developed, as though
few can be clinically used[8].  In fact, the search for new
PPARγ agonists has long been an alluring project.

Nature remains as a source for organic structures with
unparalleled diversity, and the enormous importance of natu-
ral product is obvious.  In recent years, there has been grow-
ing interest in alternative therapies and the therapeutic use
of natural products, especially those derived from plants.  In
fact, natural products, containing inherently more structural
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Abstract
Aim: To search the peroxisome proliferator-activated receptor γ (PPARγ) agonists
from Swietenia mahagony extract (SmE) and observe the possible ameliorative
effects of SmE on diabetic db/db mice.   Methods: The PPARγ agonistic activity of
SmE was screened by yeast-two hybrid system.  The blood glucose levels of
diabetic db/db mice were measured using a blood glucose level monitor and the
data were statistically analyzed by NDST8.8W software.   Results: By using the
clinical drug rosiglitazone as a positive control, it was found that the PPARγ
agonistic activity of SmE at a concentration of 50 µg/L was approximately half that
of 35.7 µg/L (0.1 µmol/L) of  rosiglitazone.  At the dose of 1000 mg/kg, SmE remark-
ably decreased the blood glucose concentration of db/db mice from (15.26±2.98)
to (7.58±2.20) mmol/L, and reduced  the blood glucose levels  by 55.49% compared
with the control group (P<0.01).  Conclusion: SmE shows agonistic activity to
PPARγ and can ameliorate the blood glucose levels of diabetic db/db mice.  SmE
may be thus used as a potential agent for diabetes therapy.
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diversity than synthetic compounds, have been the major
resources of bioactive agents and will continue to play an
important role in the  discovery of  new drugs[9].  Encour-
aged by these facts, we have recently focused on finding of
PPARγ agonist on the basis of natural resource exploration.
This present study was to test the PPARγ agonistic activity
of SmE and observe the ameliorative effects of Smietenia
mahagony extract (SmE) on diabetic db/db mice.

Materials and methods
Materials  The plant material was purchased from Indo-

nesia and the specimen (No 20030601) was deposited in
Shanghai Institute of Materia Medica.  OneTouchR Ultra used
for measuring the blood glucose level of diabetic db/db mice
was purchased from Shanghai Qiangsheng Medical Treat-
ment Equipment Ltd, Shanghai, China.

Animals  The db/db mice were supplied by Shanghai
BK Corporation.  The male mice, 40–50 g, were sanitary, and
allowed free access to water during the experiment.

Extract of Swietenia mahagony  Powdered S mahagony
seeds (0.8 kg) was refluxed with EtOH (95%, 2 L) for 2 h three
times, then filtered.  The combined filtrate was concentrated
under reduced pressure and partitioned by EtOAc to obtain
EtOAc fraction (40 g).

PPARγ agonists assay  Yeast liquid synthetic dropout
medium without leucine and tryptophan (T-L-) was prepared
referring to Yeast Protocol Handbook[10].  SmE (50 µg/L) and
rosiglitazone (0.1 µmol/L) were dissolved in Me2SO for as-
say use.

The yeast two-hybrid system was established for identi-
fying PPARγ agonist by our laboratory[11].  The yeast strain
AH109 named p1c2, harboring the expression plasmid
pGADT7-CBP and PGBKT7-PPARγLBD, was used for
PPARγ agonist screening [12].

Yeast clone p1c2 was inoculated into 2 mL T-L-liquid
medium from a plate, then incubated at 30 ºC overnight (16–
18 h) with shaking (250 r/min).  After vortexing and recording
OD600, the cell culture was diluted with T-L-liquid medium
until its OD600 reached about 0.05.  Subsequently 5 µL of
Me2SO or drug was added to 495 µL of diluted yeast culture,
test cultures were incubated at 30 °C overnight (14–16 h),
and then α-Galactosidase Assay was performed[10].

Blood glucose level measurement  The basal blood glu-
cose levels of 40 male db/db diabetic mice were measured
everyday for 7 d, and 24 mice showing comparatively steady
blood glucose level were screened out.  These mice were
divided into three groups (n=8) according to the blood glu-
cose level.  The mice were given 0.5% CMC-Na (10 mL/kg) in
the control group, SmE (1000 mg/kg) or rosiglitazone (10 mg/

kg) in the treated group by ig everyday for 2 weeks.  The
blood glucose concentrations were measured using a blood
glucose level monitor (OneTouchR Ultra, Shanghai) every
other day.  Data were analyzed using the NDST8.8W analy-
sis program.

Statistical analysis  The results were expressed as
mean±SD and analyzed by unpaired t-test.

Results
PPARγ ligand-binding activity of SmE  SmE exhibited

moderate agonistic activity to PPARγ, and its relative α-
galactosidase intensity from the yeast two-hybrid assay was
2.13 at the concentration of 50 µg/L, which was approxi-
mately half that of rosiglitazone 35.7 µg/L (0.1 µmol/L), a
potent synthetic PPARγ agonist (Figure 1), whose relative α-
galactosidase intensity is around 4.29.

Effect of  SmE on diabetic db/db mice  After 14 d of feeding,
the blood glucose levels decreased markedly  in the both
SmE- and rosiglitazone-treated groups compared with the
control group.  The blood glucose concentration of db/db
mice in the control group was 17.03 mmol/L, yet in the treated
groups 7.58 mmol/L and 6.98 mmol/L respectively (Table 1).
In comparison with the control group, the blood glucose
levels decreased 55.49 % (P<0.01) in the SmE-treated group
and 59% (P<0.01) in the rosiglitazone-treated group.

Discussion

Swietenia mahagony is a large, medicinally and economi-
cally important timber tree native to the West Indies.  The
seeds of this plant are used for the treatment of hyperten-
sion and malaria as a folk medicine in Indonesia[13].  In the
present study, we tested the effect of  S mahagony on the

Figure 1.  PPARγ agonistic activity was measured using a yeast two-
hybrid system.  All samples were dissolved in Me2SO and the PPARγ
agonistic activity was expressed as the relative α-galactosidase
intensity.  Data  are means of three experiments performed in
triplicate.
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PPARγ agonistic activity and the amelioration of the blood
glucose level in type-II diabetic mice, a representative insu-
lin resistance syndrome.  With the help of the yeast two-
hybrid system assay, the possible anti-diabetic mechanism
of Swietenia mahagony was proposed.  The results in vivo
showed that Sm E exhibited moderate effects on decreasing
the blood glucose levels of the diabetic db/db mice.  These
results may give us a new hint that SmE might be used as a
potential agent for diabetic therapy with its PPARγ transcrip-
tional regulatory function as one of the in vivo mechanisms
even though there may be existed other efficient compo-
nents in SmE against other targets for diabetic therapy.
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Introduction
Human cells of monocytic lineage, including monocytes,

macrophages, and monocyte-derived dendritic cells, play an
essential role in initiating and maintaining immune responses
by acting as antigen-presenting cells (APC).  They process
and present antigenic peptides via the major histocompat-
ibility complex (MHC) molecules and the expression of
costimulatory molecules[1,2].  The best-characterized
costimulatory molecules to date are two structurally related
proteins, CD80 and CD86.  Both provide costimulation to T-
cells, leading to their proliferation, cytokine production, and
development[2,3].  In vivo studies using anti-CD80 and anti-
CD86 monoclonal antibodies or genetically manipulated ani-
mals have demonstrated that a blockade of CD80/CD86
costimulatory molecules can prolong allograft survival and
reduce the severity of autoimmune diseases[4,5].  Preliminary
clinical studies in human subjects also support this concept[6].
Therefore, pharmacological intervention in the upregulation
of CD80/CD86 may therefore be useful in the treatment of
autoimmune diseases or in transplantation.

Tripterygium wilfordii Hook F (TWHF) is a herb used in
traditional Chinese medicine for the treatment of rheumatoid
arthritis and other autoimmune diseases[7,8].  Triptolide, a
highly oxygenated diterpenoid triepoxide, is the major com-
ponent responsible for the immunosuppressive and anti-in-
flammatory effects of TWHF[9].  It is effective for the treatment
of autoimmune diseases, prevention of allograft rejection,
and graft-versus-host disease in animal experiments[10–13].
The inhibitory effect of triptolide on T-cell activation is stron-
ger than cyclosporine[14] and FK-506[15] in vitro.  Furthermore,
it can induce activated T-cell apoptosis[16].  Thus, T-cells are
considered to be the main target for triptolide.  Recently,
Hong et al[17] and Li et al[18] demonstrated that triptolide
inhibited upregulation of B7 on activated human proximal
tubular epithelial cells.  These results suggest that triptolide
may have suppressive effects on APC.  In a further analysis
of this theory, we used a human monocytic leukemia cell line
(THP-1) that had been differentiated into macrophage-like
cells by treatment with Me2SO.  The macrophage-like THP-1
cells were used to examine the influences of triptolide on the
expression of CD80 and CD86 molecules and the production

Acta Pharmacologica Sinica   2005 Feb; 26 (2): 223–227

Abstract
Aim: To investigate the effects of triptolide, a diterpenoid triepoxide from
Tripterygium wilfordii Hook F (TWHF), on the co-stimulatory molecule expres-
sion and interleukin-12 (IL-12) production from THP-1 cells.  Methods: THP-1 cells
were differentiated into macrophage-like cells by Me2SO, and then cultured with
IFN-γ (500 kU/L) and lipopolysaccharide (LPS) (1 mg/L) with or without  triptolide.
The surface molecule expressions were analyzed on a FACScan flow cytometer.
IL-12p40, IL-12p70 were assayed by ELISA.  Results: Tripolide suppressed CD80
and CD86 expressions on IFN-γ  (500 kU/L) and LPS (1 mg/L) activated THP-1 cells
at nontoxic dosages of 2.5–0.625 µg/L.  Furthermore, the production of IL-12p40
and IL-12p70 were also significantly reduced in THP-1 cells exposed to triptolide.
Conclusion: Triptolide impairs the antigen-presenting function by inhibiting CD80
and CD86 expressions and decreased IL-12p40 and IL-12p70 (bioactive form) pro-
ductions from the activated THP-1 cells.
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triptolide; CD80 antigens; CD86 antigens;
interleukin-12
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of IL-12, an important cytokine that biases CD4+ T-cells to-
ward Th1 differentiation[19].

Materials and methods
Reagents  Triptolide was provided by the Department of

Chemistry, Shanghai Institute of Materia Medica.  Li-
popolysaccharide (LPS, Escherichia coli 055: B5), 3-[4,5-
dimethylthylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide
(MTT), and 3,3 ,́5,5 -́tetramethylbenzidine (TMB) were from
Sigma (St Louis, MO, USA).  Recombined human IFN-γ was
purchased from Shanghai Clonbiotech (Shanghai, China).
PE-conjugated mAbs were used to detect cell surface ex-
pression of CD14, HLA-ABC, HLA-DR, CD80 and CD86 by
flow cytometry, as well as isotype-matched mAbs,which were
purchased from PharMingen (San Jose, CA, USA).

Cells  The human monocytic THP-1 line (ATCC,
Manassas, VA, USA) was maintained in suspension culture
in RPMI1640 medium, supplemented with 10% FBS.  Cul-
tures were maintained at 37 oC in a humidified atmosphere of
5% CO2 and were subcultured at 1/10 dilution every 5–6 d.
Cells were used to differentiate when seeded at a density of
5×108 cells/L in a 10-cm2 culture dish for 24 h.

Flow cytometry analysis  THP-1 cells were cultured in a
screw cap container 2.4×106 cells in 4 mL of RPMI1640
medium with 10% FBS per-well.  Cells were differentiated
with 1.2% Me2SO for 24 h, then pre-treated with IFN-γ (500
kU/L) for 16 h and stimulated by LPS (1 mg/L) for another 24 h.
Various concentrations of triptolide were added at the initia-
tion of the culture.  Cells were collected and washed in an ice
cold staining buffer (PBS containing 0.1% w/v sodium azide,
1% FBS, pH 7.2).  Cells were then resuspended at
4.0–5.0×109/L in an ice-cold staining buffer.  Optimal con-
centrations of each fluorochrome-labeled antibody were
added.  Cells were incubated at 4 oC for 30 min, then washed
twice and analyzed by flow cytometry using FACSCalibur
(Becton Dickinson, San Jose, CA,USA).  Data were illus-
trated by CELLQuest.

Cytokine analysis  THP-1 cells were cultured in 24-well
plates at 6.0×105 cells in 2 mL of RPMI1640 medium with 10%
FBS and other treatments were the same as in the surface
molecules analysis.  Culture supernatants were harvested
and stored at -20 oC.  Human IL-12p70 and IL-12p40 produc-
tions were measured using ELISA kits (PharMingen) accord-
ing to the manufacturer’s instructions.

MTT assay  Cytotoxicity was assessed by MTT assay[20].
Me2SO-differentiated THP-1 cells were incubated in a 96-
well plate at 5.4×104 cells in 180 µL of RPMI1640 medium with
10% FBS per-well for 72 h with and without various concen-
trations of triptolide.  MTT (5 g/L) 18 µL was added 5 h prior

to the end of the culture, and then 90 µL solvent (10% SDS,
50% N, N-dimethy formamide, pH 7.2) was added.  The cells
were then incubated for another 7 h and  value was mea-
sured at 570 nm by a microplate reader (Bio-Rad Model 550,
Japan).

Statistical analysis  Results were expressed as mean±SD.
An independent two-tailed t-test was performed and P<0.05
was considered to be statistically significant.

Results
Triptolide influenced the surface molecule expressions

on Me2SO-differentiated THP-1 cells  THP-1 cells are known
to be activated by LPS stimulation and have been used as a
surrogate for investigation of human monocytes[21].  When
THP-1 cells are treated with Me2SO, the cells differentiate
into macrophage-like cells and proliferation is profoundly
inhibited.  IFN-γ pretreatment and LPS stimulation enhanced
the expression of a variety of surface molecules such as
HLA-ABC, HLA-DR, and B7 molecules on THP-1 cells.
Tripolide could suppress CD80 and CD86 expressions on
IFN-γ (500 kU/L) and LPS (1 mg/L)-activated THP-1 cells at 2.5–
0.625 µg/L (Figure 1).  Triptolide also weakly down-regu-
lated the HLA-ABC expression, but it did not change the
expressions of HLA-DR and CD14 on THP-1 cells.

Triptolide inhibited IL-12 production of Me2SO-differ-
entiated THP-1 cells  IFN-γ  pretreatment and LPS stimula-
tion induced IL-12p40 and IL-12p70 production from Me2SO-
differntiated THP-1 cells.  The productions of IL-12p40 and IL-
12p70 in response to IFN-γ (500 kU/L) and LPS (1 mg/L) in-
duction were significantly reduced in THP-1 cells exposed to
triptolide in the concentration of 2.5–0.625 µg/L (Figure 2).
IL-10 production was too low to be detected in this experi-
ment system.

Cytotoxicity of triptolide on Me2SO-differentiated THP-1
cells  We examined whether the above suppressive effects
of triptolide were due to its cytotoxicity to THP-1 cells.  When
Me2SO-differentiated THP-1 cells were cultured with and
without different concentrations of triptolide for 72 h, the
cytotoxicity was monitored by MTT assay.  As shown in
Figure 3, triptolide did not exert any cytotoxic effect on the
THP-1 cells from 2.5 µg/L to 0.625 µg/L in the present study.

Discussion

The immunosuppressive and therapeutic activity of
triptolide upon systemic administration has been demon-
strated in animal models for human-like diseases, such as in
experimental autoimmune uveitis[22], collagen-induced arthri-
tis[11], diabetes[12], nephrotic syndrome[13].  It also improves
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the survival rate of the heart[23] and kidney[24] allograft in the
rat transplantation model and graft-versus-host disease in a
murine allogeneic bone marrow transplantation model[25].
However the immunosuppressive mechanism of triptolide
has not been completely delineated[26].  In the present study,
we demonstrated a new finding that triptolide, an active com-
ponent of TWHF, directly down-regulats the costimulation

molecule CD80 and CD86 expressions on macrophages-like
cells (Me2SO-differentiated THP-1 cells), and inhibits the
bioactive form of IL-12p70 production from Me2SO-differen-
tiated THP-1 cells by a dose-dependent manner.

CD80 and CD86 on APC delivered the critical
costimulatory signals for optimal T-cell activation[3].  Block-
ade of CD80 and CD86 signaling resulted in ineffective T-
cell activation.  The implication is that reduced and blocked
CD80/CD86 costimulations can prevent the induction of
pathogenic T-cell responses in autoimmune disease and al-
low for prolonged acceptance of allografts in organ trans-
plantation[4–6].  In addition to the processing and presenta-
tion of antigenic peptides via MHC molecules and the ex-
pression of costimulatory molecules, APC played a central
role in driving CD4+ T helper cell differentiation through the

Figure 1.  Suppressive effects of triptolide on the expression of CD80 and CD86 in THP-1 cells.  Dotted line represents cells incubated with
isotype-matched antibodies and solid line represents cells incubated with specific antibodies.  Results were obtained from one of the three
experiments performed.

Figure 2.  Analysis of IL-12p40 and IL-12p70 productions in THP-
1 cells.  Mean±SD.  Results were obtained from one of the three
experiments performed.

Figure 3 .   Cytotoxicity of tr iptolide on THP-1 cells.   THP-1
cells (6.0×108/L) were differentiated with 1.2% Me2SO.  Compounds
were added at the initiation of culture.  Mean±SD. cP<0.01 vs control.
Results were obtained from one of the three experiments performed.
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production of critical cytokines, such as IL-12, IL-10, TGF-β
and possibly IL-4.  The production of bioactive form IL-
12p70 by host antigen-presenting cells was a primary deter-
minant in the differentiation of naive CD4+ T cells into Th1
effector cells[19].  These suppressive effects of triptolide on
CD80 and CD86 expressions, and IL12p70 production sug-
gest an important therapeutic implication for multiple sclero-
sis and other abnormal immune response mediated diseases
associated with the increased expression of CD80/CD86 and
the production of IL-12[27].

Triptolide has been proven to be a potent immunosup-
pressive agent, although information on the molecular mecha-
nism of triptolide is scarce.  Recent studies have shown that
triptolide inhibits T-cell activation and early cytokine gene
transcription in T-cell at the purine-box/ARRE/NF-AT and
NF-κB target sequence after specific DNA binding[28,29].  NF-
κB is a family of transcription factors central to immunity and
inflammation.  It regulates expression of a number of genes,
including cytokines, costimulatory molecules, nitric oxide,
and susceptibility to apoptosis[30].  Therefore, the suppres-
sive effects of triptolide on the co-stimulatory molecular ex-
pression and IL-12 production from THP-1 cells can result
from the inhibition of NF-κB transcriptional activation.

In conclusion, we have demonstrated that triptolide down-
regulats the levels of CD80 and CD86 expressions in THP-1
cells.  Production of bioactive form IL-12p70 in THP-1 cells
was effectively inhibited by triptolide.  These immunosup-
pressive activities of triptolide contribute, at least in part, to
the therapeutic effect and mechanism of triptolide in the treat-
ment of autoimmune diseases.
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Introduction
RNA interference (RNAi) is a ubiquitous mechanism of

eukaryotic gene regulation that can be exploited for specific
gene silencing.  In 1998, Fire and his colleagues firstly named
these phenomena as RNAi[1].  Recently, RNAi has emerged
as a powerful reverse genetic tool to silence gene expression
in multiple organisms including plants, Caenorhabditis
elegans, and Drosophila[2].

The specificity of RNAi is determined by 21- to 23-nt
RNA duplexes, referred to as micro-RNAs (miRNA) or small
interfering RNAs (siRNA).  miRNAs are generated from en-
dogenous precursors, which form hairpin structures with
stretches of double-stranded RNA (dsRNA).  They are
cleaved by the ribonuclease Dicer to produce mature miRNA.
After unwinding, one of the strands becomes incorporated
into the RNA-induced silencing complex (RISC) and guides
the destruction or repression of complementary mRNA.
siRNA arise from viral or other exogenous dsRNA, but they
use the same mechanism to effect mRNA degradation[3].

Nasopharyngeal carcinoma (NPC) is a  gene-related ma-
lignancy that threatens many people’s lives in Southern
China.  Since its discovery, many people have lost their lives
to this malignancy because of the  lack of ideal therapeutics.
Presently, overexpression of bcl-xL is widely considered as
a poor prognosis in this cancer.  In recent years, we have
done much work to investigate its ideal therapeutics, includ-
ing antisense gene therapy strategy.  We found a favorable
selectivity and high specificity of antisense RNA to treat
NPC in vivo; however, the quick degradation of antisense
RNA in cells and the unspecific toxicity limit its applications.
RNA interference, a tool for inhibiting the overexpression of
specific oncogenes, has been included in therapeutic stud-
ies of cancers in recent years[4].

One obstacle to achieve RNAi in mammals is that dsRNA
longer than 30 nt will provoke an antiviral response, leading
to the non-specific degradation of RNA transcripts and a
global shutdown of host cell protein translation, known as a
strong cytotoxic response.  As a result, the long dsRNA

Abstract
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does not produce RNAi activity as expected.  This obstacle
has recently been solved by Elbashir et al who found that
gene specific suppression in mammalian cells can be achieved
by vitro-synthesized siRNA that are 21 nt in length, long
enough to induce gene-specific suppression, but short
enough to evade the host interferon response[2,5].  However,
this gene-specific suppression is transient, which severely
restricts its applications.  To overcome this restriction, vari-
ous kinds of vectors have been designed to express siRNA
or hairpin RNA transcripts to suppress expression of endog-
enous genes in mammalian cells[6–8].

In this article, we constructed a plasmid to achieve RNAi
in mammalian cells.  With this plasmid, shRNA  are predicted
to be synthesized from a DNA template under the control of
mU6 promoter (a kind of eukaryotic RNA polymerase III
promoter) in transfected cells.  This construction has two
BbsI cloning sites under mU6 promoter to ensure the coding
sequences for shRNA insert in the right direction and direct
the synthesis of shRNA in cells.  Also, this plasmid contain-
ing a neomycin resistance gene (neor) can be used for posi-
tive screening.  These properties make it possible to use
DNA templates to synthesize shRNA in vivo and produce
RNAi activity to trigger silencing of homologous gene
expression.  Using this plasmid, we found that bcl-xL in NPC
cells can be efficiently inhibited and then induce apoptosis
in NPC cells.

Materials and methods

Construction of plasmid containing DNA template for
synthesis of shRNA under the control of mU6 promoter  mU6
promoter was obtained by cutting mU6pro (gift of Li-ping LI,
Guangdong Medical College, Zhanjiang, China) with BbsI
and cloned into pcDNA3 instead of its CMV promoter to
generate the plasmid pmU6.  A general strategy for construct-
ing an RNAi plasmid involved cloning an inverted repeat
into pmU6 at the BbsI site.  The selection of the coding se-
quences for siRNA were empirically determined but were
analyzed by BLAST search to ensure that they did not have
significant sequence homology with other genes.  To gener-
ate the pmU6 bcl-xL RNAi plasmid, a 21-nt oligo correspond-
ing to nucleotides (605–625) of the bcl-xL coding region was
designed together with the 9-nt spacer, five Ts and two BbsI
sites.  They were then inserted into the pmU6 vector di-
gested with BbsI to generate pmU6 bcl-xL RNAi plasmid.
This oligonucletide sequence encoding shRNA for the tar-
geted gene bcl-xL coding region was taken from GenBank
accession Z23115 L20121, GI-510900 (nucleotides 605–
625)[9,10].  Primitive oligo is 5 -́GGAGATGCAGGTATTG-

GTGAG-3  ́(forward) and 5 -́CTCACCAATACCTGCATC-
TCC-3´ (reverse).  Modified oligos are primitive oligos plus
the 9-nt spacer, five Ts and two BbsI sites, Modified oligo is
5  ́TTTGGGA GATGCAGGTATTGGTGAGTTCAAGAGA-
CTCACCAATA-CCTGCATCTCCTTTTT 3  ́ (forward) and
5´ GCTAAAAA-AGGAGATGCAGGTATTGGTGA-
GTCTCTTGAACTCAC-CAATACCTGCATCTCC 3´
(reverse).

Cell culture and transfections  NPC cell line CNE-2Z
cells were cultured in RPMI-1640 (GIBCO, NY , USA) com-
plete culture medium which supplemented with 10% of heat-
inactivated FBS (GIBCO, NY , USA), benzylpenicillin (100
kU/L) and streptomycin (100 mg/L) at 37 ºC in an incubator in
a humidified atmosphere, with 5% CO2 in air.  The cells were
routinely passaged every 1 or 2 d[11].  For transfection,
0.5×105 cells mixed with 500 µL RPMI-1640 ( Invitrogen,
Carlsbad, CA,USA, supplemented with 10% of heat-inacti-
vated FBS, without any antibiotic) were seeded into a well of
a 24-well plate and incubated at 37 ºC for 24 h.  pmU6-RNAi
plasmid and pTR-UF5 plasmid (gift of Dr Muzyczka, Florida
University, USA) harboring green fluorescence protein (GFP)
reporter gene were co-transfected using a Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA)-mediated method accord-
ing to the manufacturer’s protocol.  Nearly confluent cells in
24-well plates were transfected with 2.0 µg of pmU6-RNAi
plasmid and 0.2 µg of pTR-UF5 per well, the final concentra-
tion of plasmid was 0.4 µg/mL; the ratio of plasmid to
lipofectamine was 1:1.  After a 6 h-transfection, the medium
was replaced by complete culture medium.  Cells were con-
tinuously cultured untill harvest for analysis.

Transfection efficiency assay  The procedure of trans-
fection was the same as described above.  Cells were har-
vested after 24 h by centrifugation for 5 min at 200×g, to
remove cell debris and washed three times with phosphate
buffered saline (PBS) by centrifugation for 5 min at 1000×g
to remove culture medium. Cells were then suspended again
in PBS again for analysis by flow cytometry (Coulter, Becton
Dickinson, USA).  For each samples, at least 1×104 cells were
analyzed by flow cytometry.  Results were presented as the
number of green fluorescence cells versus the total cells
detected by flow cytometry and repeated for at least 3 times[12]

and analyzed by Student’s t-test.
Hoechst 33258 fluorescence staining  CNE-2Z cells

(1×105) were seeded in a T-10 cm2 cell culture plate and cul-
tured in RPMI-1640 supplemented with 10% heat-inactivated
FBS without antibiotic.  After an incubation at 37 °C for 24 h,
cells were transfected with 4.0 µg of pmU6-RNAi plasmid
alone per plate. After a transfection for 6 h, the medium was
changed to complete culture medium.  Cells were collected
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12 to 24 h after the transfection and centrifuged for 5 min at
200×g to remove cell debris, and cells were washed three
time with 0.9% saline after a centrifugation for 5 min at 1000×g
to remove culture medium.  And then 10 µL of cell suspen-
sions were treated with 10 µL of 10 mg/L Hoechst 33258 for
30 min in the dark.  Ten µL of the stained cell suspensions
were taken out and dripped on the slides and covered with a
cover slip. The morphological changes of nuclei in CNE-2Z
cells were observed by fluorescence microscope (×400) to
discriminate native cells, apoptotic cells and necrotic cells.
Cells were photographed and processed by Adobe
PHOTOSHOP software.

Quantitative RT-PCR  Cells were collected 12 to 48 h
after transfection and washed with PBS (pH 7.3), homog-
enized once and centrifuged at 1000×g for 5 min to remove
culture medium.  One mL TRIzol (Gibco, NY , USA) was added
to the cell pellets, total RNA was extracted from with or with-
out pmU6-RNAi plasmid transfected CNE-2Z cells accord-
ing to a single step method (One-Step RT-PCR Kit, Applied
QIAGEN Inc, USA).  After centrifugation, the supernatant
was extracted once with 0.2 mL chloroform and 0.5 mL iso-
propanol respectively, then total RNA was precipitated with
75% ice-cold ethanol (diluted with DEPC water).  The pre-
cipitate was centrifuged and dissolved with 100 µL RNase-
free water, after purification by a LiCl precipitating method,
UV spectrophotometer analysis at 260 nm and electrophore-
sis detection showed good quality of purified RNA[13].  The
upperstream primer of bcl-xL (amplified products were 448
bp) was 5 -́CCC AGA AAG GAT ACA GCT GG-3 ,́ the down-
stream primer was 5 -́GCG ATC CGA CTC ACC AAT AC-3 .́
The expression of house keeping gene, β-actin mRNA, was
used as an internal standard[14].  The upperstream primer of
β-actin (amplified products were 235 bp) is 5 -́GGG AGC CAA
AAG GGT CAT CAT CT-3 ,́ the downstream primer was 5 -́
GAG GGG CCA TCC ACA GTC TTC T-3´ (primers were com-
mercially available ).  PCR were run 30 cycles for bcl-xL and
β-actin in Eppendorf Mastercycler.  Denaturing, annealing,
and extension reactions were performed at 94 ºC for 45 s, 55 ºC
for 1 min, and 72 ºC for 1 min.  The PCR pro-ducts were
electrophoresed on 1% agarose gel, stained with ethidium
bromide, and detected by UV irradiation.  The levels of bcl-
xL mRNA were expressed as the ratio of bcl-xL to β-actin.

Western blotting  The cells were washed three times with
PBS and collected by scraping and were lysed in150 µL of
ice-cold Tris buffer (50 mmol/L, pH 7.5) containing edetic
acid 5 mmol/L, NaCl 150 mmol/L, 0.1% NP-40, 0.1 % SDS, 2.0
g/L aprotinin, 0.02 % NaN3, PMSF 0.2 mmol/L, and
antiprotease mixture, sonicated, and centrifuged at 12 000×g
for 15 min and the concentration of  protein in each lysate

was determined with Coomassie brilliant blue G-250.  Load-
ing buffer was added to each lysate, which was subsequently
boiled for 3 min and then electrophoresed on a SDS-PAGE[15].
Before electrophoresis, the proteins were mixed with
2×loading buffer (containing Tris-HCl 100 mmol pH 6.8, 20%
Glycerin, 4% SDS, tetrabromophenol-sulfonphthalein 0.05
g/L and 10% 2-β-mercaptoethanol) by the same volume.  Pro-
teins were transferred onto nitrocellulose and incubated with
antibody and then with peroxidase-conjugated secondary
antibody in the second reaction (The anti-bcl-xL antibody
was used at a 1:500 dilution, the anti-β-actin antibody was
used at a 1:400 dilution, the anti-HA mAb was used at a 1:
2500 dilution, all antibodies was obtained from Peking Zhong-
shan Biote-chnology, Beijing, China).  Detection was per-
formed with enhanced chemiluminescence agent.  The
electrochemi-luminescence (ECL) Test Kit-based detection
was performed with Chemiluminescence Reagent (Sigma Life
Science) according to the manufacturer’s instructions.  The
results of Western blot analysis represented the average of
three individual experiments.

Results analysis and statistics  The electrophoregram of
RT-PCR and Western blotting were scanned by Scanner and
the optical density scores of bands were calculated to ana-
lyze the relative content of bcl-xL to β-actin.  Differences
between individual groups were analyzed by One-Way
ANOVA with SPSS10.0 software, and the results was ex-
pressed as mean±SD.

Results

Analysis of transfection efficiency  The expression of
GFP in cells was detected by flow cytometry 24 h after co-
transfection.  Transfection efficiency was the rate of GFP
expressing cells to the totally assayed cells; fluorescence
index (FI) reflects the expression efficiency of the GFP gene[16].
The transfection efficiency of the untreated control group
and pTR-UF5 group was (0.4±0.4)% and (50.7±4.4)%
respectively, implying lipofectamine-2000 can efficiently in-
troduce plasmid into cancer cells.  The FI of the control group
and pTR-UF5 group was negative (–) and 13.0±0.3 (P<0.01
vs control), respectively, showing GFP had a higher expres-
sion in NPC cells after introducing pTR-UF5 into cancer cells
by lipofectamine-2000 (Figure 1).

Morphology of fluorescence staining cells  Hoechst
33258 is a specific fluorescent stain.  A small quantity of
Hoechst 33258 will be allowed to enter normal cells because
of its natural characteristics.  Cell membrane permeability
will be enhanced during apoptosis, which makes more
Hoechst 33258 enter apoptotic cells than natural cells to bind
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with base regions of DNA.  At disposal of Hoechst 33258,
the apoptotic body or fragments of nuclei were stained a
deep blue color, normal cells a light blue color, and the de-
limitation between cytoplasm and nuclei of necrotic cells
became unclear for organelle swelling and lysis through fluo-
rescence microscope.  From the photographs (Figure 2),
apoptotic cells were nearly invisible from the untreated group
and the empty pmU6 group, whereas the pmU6-RNAi groups
(12 h, 24 h, and 48 h after transfection) had more apoptotic
cells compared to the above mentioned groups.  These re-
sults showed that the pmU6-RNAi plasmid efficiently in-
duced apoptosis in CNE-2Z cells by expressing shRNA.

Quantitative RT-PCR  The reduction of mRNA was in a
time-dependent manner (Figure 3) apart from the untreated
and the pmU6 treated group.  The mRNA was reduced by
90% to 99% 12 to 48 h after transfection with pmU6-RNAi,
respectively (Figure 4).  The results indicate that the shRNA
expressed by the pmU6-RNAi plasmid in cells could effi-
ciently suppress bcl-xL gene expression.

Western Blotting  Western blot was used for the analy-
sis of  bcl-xL protein level.  Compared with control, the pmU6-
RNAi showed great capacities of inhibition at a protein level,
and we also detected dramatic differences in the Bcl-xL pro-
tein levels between 24 h and 48 h after transfection, Bcl-xL
protein was hardly measured after 48 h transfection (Figure
5, 6).  This result suggested bcl-xL shRNA expressed by
pmU6-RNAi could efficiently downregulate the protein level
of Bcl-xL.  Associated with the corresponding transfection
time of bcl-xL mRNA levels and protein data, we found that
bcl-xL shRNA could suppress bcl-xL gene expression, not
only in transcript levels but also in protein levels.

Discussion
The expression level of some oncogenes such as bcl-2/

bcl-xL, survivin, and caspase is significantly related to the
prognosis of NPC.  Particularly, overexpression of bcl-xL is
widely considered as a poor prognosis following a tumor
resection and might be associated with increased resistance
to cancer chemotherapy[17,18].  Presently, radiotherapeutics
and chemotherapeutics are the main therapies for this
malignancy, and usually result in a favorable clinical response
and a dramatic regression of NPC. But they have various
kinds of unwanted side effects and locally advanced or meta-
static NPC severely affect the prognosis in these patients
and these therapies also fail to deliver a significant improve-
ment in 5 year survival.  It has been shown that specific
suppression of  over-expressed bcl-xL genes might result in
an improvement in the therapy for this cancer.  RNA
interference, an useful tool for inhibiting the overexpression
of specific oncogenes, was involved in the study of thera-
pies for NPC in our study.

The Bcl-2 family of proteins play major role in regulating
apoptosis and include both anti- and pro-apoptotic mem-
bers[19].  The bcl-xL is an important anti-apoptotic member of
the bcl-2 family and it has 44% homology to bcl-2. Its func-
tion is similar to bcl-2 in anti-apoptosis.  Expression of this
protein is significantly higher in NPC where it might play a
pivotal role in tumor initiation, progression, and resistance
to chemotherapy and radiotherapy[20,21].  In the present study,
we constructed a plasmid expressing bcl-xL shRNA that
could suppress bcl-xL gene expression in cells, and results
indicated that bcl-xL shRNA could efficiently inhibit the ex-
pression of the target genes.  According to the morphology
of Hoechst 33258 staining cells, more apoptotic cells could
be seen from the pmU6-RNAi transfected group than the
empty plasmid group and the untreated group.  RT-PCR analy-
sis and Western-blot assay further indicated bcl-xL shRNA
expressed by pmU6-RNAi had silenced the target gene and
induced apoptosis in NPC cells.

Our results showed an obvious difference of time course
between inducing of apoptotic cells by Hoechst 33258 analy-
sis and decrease of bcl-xL mRNA by quantitative RT-PCR
analysis (compare Figure 2 to Figure 3).  The change at the
mRNA level in pmU6-RNAi (12 h) transfected cells was
obvious, whereas apoptotic cells were observed until 24 h
after tranfection.  This strongly suggested that down regu-
lation of bcl-xL mRNA and protein, thereafter, by shRNA
was the reason for apoptosis in NPC cells.  The apoptosis
occurred approximately 12 h after diminution of bcl-xL mRNA
and finally the protein, to a definitive threshold.

Quantitative RT-PCR analysis of mRNA extracted from
pmU6-RNAi transfected CNE-2Z cells was used to compare
mRNA levels of bcl-xL with the corresponding protein data.

Figure 1.  The fluorescence index of CNE-2Z cells transfected with
lip-mediated plasmid of pTR-UF5. One of the three representatives.
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From the analysis of RT-PCR, it showed that the bcl-xL mRNA
levels between the empty plasmid group and the untreated
group had no significant difference, and the results of quan-
titative RT-PCR analysis of bcl-xL revealed mRNA variations
generally correlated with the Western blot data in our study.
Another more interesting discovery was that pmU6-RNAi
plasmid reduced bcl-xL mRNA levels by nearly 9.5-fold 12 h
after transfection, almost equal to the decrease in the mRNA
levels 24 h after transfection, despite significant and consis-
tent changes were not always equal between mRNA and
protein[22]. The tendency for variations between them was a
common coincidence in our present study.  For example,
pmU6-RNAi treated for 24 h reduced mRNA levels by nearly

9.5-fold, and the reduction at the protein level was 8.5-fold.
In another example, we detected a >9.9-fold decrease in the
mRNA level by pmU6-RNAi (48 h) treated group, whereas
the corresponding Western blots showed a 9.4-fold diminu-
tion in bcl-xL protein (compare Figure 4 to Figure 6).  Accord-
ing to the above analysis, we presumed that there were simi-
lar changes between the protein level and the correspond-
ing mRNA level of bcl-xL in pmU6-RNAi (12 h) treated group.

Based on the RNAi-mediated bcl-xL gene silencing  in
NPC cell line described above, we underlined the effects of
bcl-xL shRNA to suppress bcl-xL gene expression.  Taken
together, these issues will have a profound influence on the
use of RNAi technology, on a large scale, for functional

Figure 2.   Fluorescence micrographs of Hoechst
33258 stained CNE-2Z cells after transfection with
pmU6-RNAi for 12 h, 24 h, and 48 h, respectively.
The  arrows point to apoptotic cells.  (×400).  (A)
Untreated group;  (B) pmU6; (C) pmU6-RNAi (12 h);
(D) pmU6-RNAi (24 h); (E) pmU6-RNAi (48 h).
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genomics studies and therapy of cancer.
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Abstract
Aim: To study the degrees of influence of changing side ester chains at position
C20 of camptothecin on the anti-tumor activity of the molecules.  Methods: The
esterification reaction of camptothecin 1 and 9-nitrocamptothecin 2 with crotonic
anhydride in pyridine gave the corresponding esters 3 and 4, respectively.  The
acylation of 1 and 2 with cinnamoyl chloride gave products 7 and 8.  Epoxidation
reaction of 3 and 4 with m-chloroperoxybenzoic acid in benzene solvent gave the
products 5 and 6.  Esters 3, 4, and 5 were tested for anti-tumor activity against 14
human cancer cell lines.  Results: Both in vitro and in vivo anti-tumor activity
studies for these esters were conducted and the data demonstrated positive results,
that is, these esters were active against the tested tumor lines.  Conclusion: Alkenyl
esters 3 and 4 showed strong anti-tumor activity in vitro against 14 different
cancer cell lines.  Ester 3 was active against human breast carcinoma in mice and
the toxicity of the agent was not observed in mice during the treatment, implying
that this agent is effective for treatment with low toxicity.
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Introduction
Camptothecin, a pentacyclic alkaloid derixxved from a Chi-

nese tree Camptotheca acuminata, showed good anti-tu-
mor activity against the mouse leukemia L1210 system[1].
Camptothecin itself is water-insoluble.  The sodium form of
this compound was prepared and used in early clinical trials.
Unfortunately, this carboxylate form of the molecule did not
show the inherent anti-tumor activity, but severe toxicity[2–6],
which caused the discontinuation of human clinical trials in
the 1970s.  Pharmacology and activity studies conducted
since then have demonstrated that the lactone form and the
20-S-OH group of the compound are the most important
structural requirements for anti-cancer activity.  For example,
the carboxylate sodium salt form showed only one-tenth the
potency of the lactone form in an anti-tumor assay (P388
rodent leukemia) conducted by Wani et al[7].  In order to
increase the stability of the lactone form of the molecule, we
previously reported the preparation of alkyl camptothecin
esters (Scheme 1)[8].  These alkyl camptothecin esters sub-
stantially increase the stability of the lactone form of the
drug in mouse and human plasmas, and also the biological

life of the active form of the drug in body.  Zhao et al also
reports that the 20-acylation of camptothecin brings lactone
stabilization[9].  It is established that the 20-acylation of
camptothecin is an effective method of increasing the lac-
tone stability of the molecule.

Our structure-activity relationship (SAR) studies of alkyl
camptothecin esters indicated that the anti-tumor activity of
alkyl camptothecin esters A depends on the geometric shape
of their side alkyl chains.  For example, of all alkyl camptothecin
esters tested, the compound with a C2 straight alkyl chain
(R1=CH2CH3) shows good anti-tumor activity[10,11].  The com-
pound is less active when R1 group in structure A becomes
longer (C3, or C4), or bulkier (isopropyl group, or cyclic pro-
pyl group).  The compound is inactive when the R1 group in
structure A becomes larger (C5, C6, etc).  Based on these SAR
studies we propose that the introduction of an unsaturated
functional group such as a double-bond or an epoxy group
into the side ester chain in structure A would have an effect
on anti-tumor activity.  We now wish to report the prepara-
tion of alkenyl camptothecin esters 3, 4, 7, and 8 and the
corresponding epoxy derivatives 5-6 together with the pre-
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liminary results of biological studies with these new com-
pounds.

Materials and methods

General  Dry nitrogen was routinely used as the reaction
atmosphere in all reactions.  All glassware was baked at 70±
10 ºC for a minimum of 2 h before being used.  Melting points
were obtained with a MEL-TEMP melting point apparatus
and were uncorrected.  The 1H NMR spectrums of approxi-
mately 10 % (w/v) solution in CDCl3 were obtained at 270.05
MHz with a JEOL GX-270 WB NMR spectrometer.  Chemical
shifts are reported in parts per million (δ scale), employing
tetramethylsilane as an internal standard.  In reporting the
NMR data, we have used the following abbreviations: cou-
pling constants in Hertz (J), singlet (s), doublet (d), triplet
(t), multiplet (m), and etc.  Mass Spectra were recorded using
a VG ZAB-SEQ mass spectrometer (VG Analytical Co,
England) with a resolution of 10 000.  Routinely used sol-
vents such as THF and methylene chloride were dried and
freshly distilled.  Silica gel (230–400 mesh, Aldrich) for col-
umn chromatography was used for all product separations.
TLC sheets (Silica gel with fluorescent indicator on poly-
ethylene) employed in TLC (Thin-layer Chromatography)
operations were purchased from Aldrich Chemical Co (Aldrich,
Milwaukee, WI).  The numbering system used in reporting
NMR data were shown in Scheme 2.  Camptothecin was pur-
chased from China and purified before being used.  Nine-
nitrocamptothecin was prepared in our laboratory by using
an established procedure[14].

Preparation of camptothecin-20-O-crotonate 3   Crotonic
anhydride (40 mL) and pyridine (30 mL) were mixed in a 100
mL round-bottomed flask equipped with a magnetic stirrer.
To this solution,  8 g (0.0230 mol) of the starting camptothecin
1 was added.  The mixture was stirred at 110±10 ºC with a sand
bath for 15 h.  After cooling to room temperature, the reac-
tion mixture was poured onto 1000 mL petroleum ether while
stirring.  The crude products precipitated from petroleum

ether were collected by filtration and then separated by col-
umn chromatography with THF-CH2Cl2 (1:15) as eluent.  Pure
product 3 (3 g) was obtained as white powder after precipita-
tion from 300 mL of petroleum ether, mp 218–220 ºC (deformed
at 155 ºC), yield 31%, purity 99% (HPLC); 1H NMR: δ; 1.00
(3H, t, J 7.51, C19-methyl protons), 1.94 (3H, dd, JH25-H24 6.96,
JH25-H23 1.89 Hz, C25-methyl protons), 2.15–2.35 (2H, m, C18-
methylene protons), 5.28 (2H, s, C5-methylene protons),
5.38–5.74 (2H, dd, J 17.22, 17.22, C17-methylene protons),
5.99 (1H, d, J 13.92, C23-H), 7.05–7.14 (1H, dq, JH24-H23 15.38,
JH24-H25 6.96, C24-H), 7.24 (1H, s, C14-H), 7.67 (1H, t, J 6.96,
C10-H), 7.83 (1H, t, J 6.96, C11-H), 7.94 (1H, d, J 7.70, C9-H),
8.21 (1H, d, J 8.43, C12-H), 8.39 (1H, s, C7-H); m/z (relative
intensity) 416 (M+, 20), 330 [M-86 (CH3CH=CHCOOH), 100],
315 [M-101 (CH3CH=CHCOOH+CH3), 40)], 302 [M-114
(CH3CH=CHCOOH+CO), 73)], 287 [M-129(CH3CH=
CHCOOH+CO2+H), 30], 274 (10), 259 (9), 246 (9), 234 (3), 218
(5), 205 (4), 191 (3).  HMRS (C24H20N2O5): Found: 416.137,
required, 416.137.

Preparation of 9-Nitrcamptothecin-20-O-crotonate 4
Using 3.0 g (0.0076 mol) of 9-nitrocamptothecin 2 as the start-
ing material, the reaction was carried out in the same manner
as when preparing 3.  Pure product 4 (2.5 g) was obtained as
yellow powder, mp 224–225 ºC (deformed twice at 180 ºC and
203 ºC respectively), yield 71%, purity 99% (HPLC); 1H NMR:
δ; 1.01 (3H, t, J 7.48, C19-methyl protons), 1.94 (3H, dd,
JH25-H24 7.00, JH25-H23 1.83, C25-methyl protons), 2.15–2.33 (2H,
m, C18-methylene protons), 5.36 (2H, s, C5-methylene
protons), 5.40–5.73 (2H, dd, J 7.20 and 17.20, C17-methylene
protons), 6.01 (1H, d, J 13.93, C23-H), 7.08–7.24 (1H, dq, JH24-H23

15.35, JH24-H25 6.98, C24-H), 7.26 (1H, s, C14-H), 7.92 (1H, t, J
6.98, C11-H), 8.47–8.53 (2H, m, C10-H and C12-H), 9.26 (1H, s,
C7-H); m/z (relative intensity) 461 (M+, 15), 375 [M-86 (C+
H3CH=CHCOOH), 100], 360 [M-101 (CH3CH=CHCOOH+CH3),
32], 347 [M-114 (CH3CH=CHCOOH+CO), 74], 332 [M-129
(CH3CH=CHCOOH+CO+CH3), 32], 319 (10), 302 (10), 286 (13),
274 (8), 216 (7).  HMRS (C24H19N3O7): Found, 461.122,
required, 461.122.

Scheme 1.
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Preparation of camptothecin 20-O-(2 ,́3 -́epoxy)-butyrate
5  To 50 mL benzene in a 100-mL round-bottomed flask
equipped with a magnetic stirrer  0.16 g (~0.0004 mol) of ester
3 and 150 mg of m-chloroperoxybenzoic acid (57%–86%,
Aldrich Chemical) were added.  The mixture was stirred at
room temperature for a week.  The solvent was removed by a
rotary evaporator.  The residue was chromatographically
separated with THF-methylene chloride (1:10) as eluent.  Pure
product 5 (0.12 g) was obtained as white powder after pre-
cipitation from 100 mL of petroleum ether, mp 210–213 ºC
(decomposition, the crystals deformed at 175 ºC), yield 72%,
purity 99% (HPLC); 1H NMR: δ; 0.99 (3H, t, J 7.51, C19-methyl
protons), 1.90–1.94 (3H, dd, JH25-H24 6.96, JH25-H23 1.84, C25-
methyl protons), 2.07–2.33 (2H, m, C18-methylene protons),
5.30 (2H, s, C5-methylene protons), 5.38–5.72 (2H, dd, J 17.59
and 17.95, C17-metnylene protons), 5.95-6.02 (1H, dq, JH23-H24

15.75, JH23-H25 1.83, C23-H), 7.04–7.12 (1H, dq, JH24-H25 6.59,
JH24-H23 15.38, C24-H), 7.22 (1H, s, C14-H), 7.75-8.01 (4H, m,
C9-C12 aromatic protons), 8.78 (1H, s, 7-H); m/z (relative
intensity) 432 (M+, 28), 416 [M-16 (O), 12], 346 [M-86 (C4H6O2),
100], 331 [M-101 (C4H5O3), 53], 318 [M-114 (C4H6O2+CO), 75],
303 [M-129 (C4H5O3+CO), 54], 287 [M-145 (C4H5O3+CO2), 27],
275 (15), 259 (7), 246 (8), 231 (5), 218 (8), 205 (10), 191 (5).

HRMS (C24H20N2O6): Found, 432.132, required, 432.132.
Preparation of 9-Nitrocamptothecin-20-O-(2 ,́3 -́epoxy)-

butyrate 6  Using 0.9 g (~0.0020 mol) of 4 as starting material,
the reaction was carried out in the same manner as when
preparing 5.  Pure product 6 (0.10 g) was obtained as yellow
powders after precipitation from 100 mL of petroleum ether,
mp 216–218 ºC(decomposition, deformed at ~196 ºC), yield
10%, purity 99% (HPLC); 1H NMR: δ; 1.00 (3H, t, J 7.50, C19-
methyl protons), 1.91–1.95 (3H, dd, JH25-H24 6.97, JH25-H23 1.85,
C25-methyl protons), 2.05-2.31 (2H, m, C18-methylene
protons), 5.31 (2H, s, C5-methylene protons), 5.39–5.74 (2H,
dd, J 17.60 and 17.94, C17-methylene protons), 5.97–6.04 (1H,
dq, JH23-H24 15.77, JH23- H25 1.81, C23-H), 7.02-7.14 (1H, dq, JH24-H23

15.40, JH24-H25 6.61, C24-H), 7.24 (1H, s, C14-H), 7.78–8.10 (3H,
m, C10-H, C11-H, and C12-H), 9.25 (1H, s, C7- H); m/z (relative
intensity) 477 (M+, 30), 461 [M-16 (O), 10], 391 [M-86 (C4H6O2),
100], 376 [M-101 (C4H6O3), 55], 363 [M-114 (C4H6O2+CO), 73],
348 [M-29 (C4H6O3+CO), 51], 332 [M-145 (C4H6O3+CO2), 26],
320 (13), 314 (6), 301 (7), 286 (5), 273 (7), 268 (9), 254 (4).
HRMS (C24H18N3O8): Found, 477.122, required, 477.121.

Preparation of camptothecin-20-O-cinnamate 7
Camptothecin 4.0 g (0.0115 mol) was added to 23 g (in excess)
of cinnamoyl chloride in a 100 mL round-bottomed flask

Scheme 2.
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equipped with a magnetic stirrer and a sand bath.  The mix-
ture was stirred at 110±10 ºC for 24 h.  After cooling to 50 ºC,
the reaction mixture was poured onto 400 mL petroleum ether
portion by portion while stirring.  The crude product was
collected by filtration after precipitation from petroleum ether.
The crude product was then added to 300 mL of acetone-
petroleum ether mixture (100 mL acetone, 200 mL petroleum
ether) and was refluxed for 1 h.  The pure product was ob-
tained as pale yellow crystals after precipitation from the
acetone-petroleum ether solvent system, mp 268 ºC (deformed
at 250 ºC), yield 80%, purity 99% (HPLC); 1H NMR(Me2SO-
d6): δ; 0.97 (3H, t, J 7.325, C19-methylprotons), 2.09–2.26 (2H,
m, C18-methylene protons), 5.27 (1H, s, C5-methylene
protons), 5.53 (2H, s, C17-methylene protons), 6.86 (1H, d, J
16.381, C23-H), 7.04 (1H, s, C14-H), 7.442–7.813 (8H, m, C10-
H, C11-14, C24-C30-Hs), 8.09 (2H, t (d+d), J 8.545 and 9.156,
C9H and C12-H), 8.66 (1H, s, C7-H); 13C NMR (Me2SO-d6): δ;
7.68 (C19), 30.35 (C18), 50.30 (C5), 66.37 (C17), 75.87 (C20),
94.70 (C23), 116.64 (C14), 118.96, 127.75, 128.01, 128.53,
128.82, 128.92, 129.05, 129.84, 120.43, 131.09, 131.68, 133.69,
145.49, 146.04, 146.95, 147.81, 152.26, 156.63 (C2, C3, C6-C16a,
C24-C30), 165.00,167.32 (C21,C22);  m/z (relative intensity)
478 (M+, 26), 330 [M-148 (C6H5CH=CHCOOH), 100], 315 (42),
302 (63), 287 (12), 259 (8), 246 (7), 234 (5); HRMS (C29H22N2O5):
Found: 478.138, required, 478.137.

Preparation of 9-nitrocamptothecin-20-O-cinnamate 8
Nine-nitrocamptothecin 1.4 g (50% pure, prepared in our
laboratory) was added all in once to 6.0 g of cinnamoyl chlo-
ride in a 100 mL round-bottomed flask equipped with a mag-
netic stirrer and a sand bath.  The mixture was stirred at
110±10 ºC for 24 h.  After cooling to 50 ºC, the reaction
mixture was poured onto 100 mL petroleum ether while stirr-
ing.  The crude products were precipitated from the solvent.
After filtration the crude products were chromatographically
separated with THF-methylene chloride (1:15) as an eluent.
The pure product was obtained as yellow powders after pre-
cipitation from petroleum ether, mp 282 ºC, yield 21%, purity
99% (HPLC); 1H NMR: δ; 1.04 (3H, t, J 7.325, C19-methyl
protons), 2.156–2.40 (2H, m, C18-methylene protons), 5.36
(2H, s, C5-methylene protons), 5.42–5.75 (2H, dd, J 17.09 and
17.70, C17-methylene protons), 6.57 (1H, d, J 5.87, C23-H),
7.25 (1H, s, C14-H), 7.40–7.55 (5H, m, C10-H, C11-H, C12-H,
C27-H, and C29-H), 7.74 (1H, d, J 16.47, C24-H), 7.87 (1H, t, J
7.94, C28-H), 8.44–8.48 (2H, m, C26-H, C30-H), 9.245 (1H, s,
C7-H); 13NMR: d; 7.64 (C19), 31.91 (C18), 50.20 (C5), 67.07
(C17), 75.80 (C20), 97.08 (C23), 116.12 (C14), 120.90, 121.56,
125.80, 127.37, 128.38, 128.54, 128.90, 130.94, 131.48, 133.85,
136.48, 144.50, 145.96, 147.46, 157.60 (C2, C3, C6-C16a, C25-
C30), 167.323 (C21 or C22, one of them not found); m/z (relative

intensity) 523 (M+, 12), 375 [M-148 (C6H5CH=CHCOOH), 100],
360 (30), 347 (71), 332 (30); HRMS (C29H21N3O7): Found,
523.124, required, 523.123.

Growth inhibition assay  To assess the anti-proliferative
activity of the various esters, identical cell cultures received
equimolar concentrations of these esters and the cell num-
ber per ml was counted using the Trypan blue exclusion
method.  Cells were seeded at a concentration of 2.5×104

cells per well in a 48-microwell plate.  Three such plates
were seeded for end-point observation of cytotoxicity after
3, 5, and 7 d of treatment.  Two concentrations of each test
compound were used, one which was equal to the known
cytotoxic level of the parent compound and one which was
four times that amount.  Stocks consisted of fine suspen-
sions of esters in polyethylene glycol (PEG-400; Aldrich).
Control cultures received only the carrier.  The cell number
was counted at time points of 72, 120, and 168 h, respectively.
The targeted cells included 14 human malignant cell lines:
CLO breast carcinoma, MDA 231 breast carcinoma, BRO
melanoma, SCH melanoma, MiaPaCa2 pancreatic carcinoma,
panc1 pancreatic carcinoma, HT 29 colon carcinoma, MCCN
colon carcinoma, EFO27 ovarian carcinoma, 2774 ovarian
carcinoma, DU145 prostate carcinoma, PC3 prostate
carcinoma, DOY lung carcinoma, and SPA lung carcinoma.

HPLC procedure for purity analysis  The purities of the
ester products were determined by HPLC analysis.  The pro-
cedure was previously reported[12].

In vivo toxicity and anti-tumor activity  All the animal
experiments were performed on nude Swiss mice of the NIH,
high-fertility strain.  They were bred and raised in our labo-
ratory under strict pathogen-free conditions.  For the in vivo
toxicity and anti-tumor activity determination, a tumor xe-
nograft growing in a nude mouse, approximately 1 cm3 in
size, was surgically removed under sterile conditions, finely
minced with iridectomy scissors, and suspended in cell cul-
ture medium at the ratio 1:10, v/v.  One half of 1 mL of this
suspension, containing about 50 mg of wet-weight tumor
mince was subcutaneously inoculated on the upper half of
the dorsal thorax of the mouse.  Groups of four or five ani-
mals were used.  The drug was finely suspended in cotton-
seed oil and then injected into the stomach cavity of the
mouse through the anterior abdominal wall using a 26-gauge
needle.  The weekly schedule previously established for
intragastric injection of 9NC was once a day, 5 on, and 2 off.
This schedule was employed throughout all the animal
experiments.  Treatment was initiated when the tumor had
reached a volume of approximately 200 mm3, well-
vascularized, measurable, and growing exponentially.  Tu-
mors growing in animals were checked and measured with a
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caliper once a week.
Statistical analysis  Data were expressed as mean±SD

and compared with t-test.

Results and discussion
Chemistry  A number of published reports have shown

the methodologies for 20-OH acylation of camptothecins.
Wall et al successfully prepared Camptothecin acetate by
using the straight acylation reaction of camptothecin with
acetic anhydride in pyridine[1].  This compound was also pre-
pared by two other different methods, one using acetic acid
(rather than the reactive anhydride) as  acylating agent with
nitronium tetrafluoroborate as the catalyst, and one using
trichloroethane as acylating agent with concentrate sulfuric
acid as the reaction solvent[12,13].  We used crotonic anhy-
dride as acylating reagent to prepare alkenyl camptothecin
esters 3 and 4.  Camptothein 1 and 9-nitrocamptothecin 2
were allowed to react with a largely excessive amount of
crotonic anhydride in pyridine to give the corresponding
products 3 (31% yield) and 4 (71% yield), respectively.  The
reaction mixture was heated with a sand bath at 110±10 ºC for
15 h.  The products 3 and 4 were obtained respectively as
white crystals (3) and yellow crystals (4) after separation by
column and precipitation from petroleum ether.  The subse-
quent epoxidation of 3 and 4 with m-chloroperoxybenzioc
acid in benzene solvent gave the corresponding products 5
and 6 in yields of 70% and 10%, respectively (Scheme 2).
Esters 7 and 8 were obtained in yields of 80% and 21%, re-
spectively by heating the starting 1 or 2 in cinnamoyl chloride.
The proton NMR spectra showed characteristic peaks at

1.00±0.05 ppm for C19-methyl protons of compounds.  The
C18-methylene protons of these compounds absorbed in the
2.05 to 2.35 ppm region with a multiplet peaks.  The C25-
methyl protons showed characteristic double doublets at
1.90±1.94 ppm for compounds 3–6.  The alkenyl C23 proton
of ester 3 and 4 showed characteristic peaks at 6.00±0.01
ppm; the other alkenyl C24 proton absorbed in the 7.04 to
7.24 ppm region.  Esters 7 and 8 absorbed at 6.72±0.15 ppm
for C23 proton.  The C23 proton of esters 5 and 6 absorbed in
the 5.95 to 6.04 ppm region with dq peaks because of the
remote coupling between C23-proton and C25-methyl
protons; the C24 proton of these two epoxy derivatives ab-
sorbed in the 7.02 to 7.14 ppm region.  The mass spectra of
these esters showed characteristic fragmentation pathway
as depicted in Scheme 3.

Biological studies  Cytotoxicity of these esters was ob-
served in vitro by microwell plate screening as a first means
of determining whether or not a compound warrants further
evaluation.  Standard microscopic observation of toxicity
includes changes in morphology and the percent of cells re-
maining after specified amount of time in treated versus un-
treated cells.  These esters were tested in vitro against 14
human malignant cell lines for anti-tumor activity.  The ex-
perimental results were shown in Table 1.  Table 2 showed
the comparison of IC50 values of esters 3 and 4 to the com-
mercially available comptothecin analogues, irinotecan
(CPT-11) and topotecan.  Figure 1 showed the anti-tumor
activity of ester 3 against human breast carcinoma growing
in nude mice as xenografts.  Figure 2 showed the correspond-
ing toxicity of ester 3 in mice.  All esters tested in this study

Scheme 3 .
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showed anti-tumor activity.  However, larger doses were
needed for these compounds in order to show the same
strength of anti-tumor activity of their parent compounds,
implying these esters are prodrugs.  It is apparent from Table
1 that esters 3 and 4 are active against the tested cell lines
and have almost the same strengths.  It is also clear that from
these tests that the activity of ester 5 is slightly higher than
esters 3 and 4.  Finally, the data in Table 1 showed that esters
6, 7, and 8 were only slightly active against those tested cell
lines when comparing them to the control.  We chose esters
3 and 4 for the further IC50 comparison studies because of
the availability of the substances due to their easier
syntheses.  Irinotecan and topotecan are two camptothecin
derivatives approved by FDA for treating cancer patients.

The IC50 values of esters 3 and 4 are compared to the IC50

values of two marketed comptothecin analogues as shown
in Table 2.  In terms of IC50 values, ester 3 is 3 to 12 folds more
potent than irinotecan against all testing cell lines and 1.3 to
3 folds more potent than topotecan against almost every
testing cell line except for cell line McCain; ester 4 is 4 to 27
folds more potent than irinotecan and 1 to 4 folds more po-
tent than topotecan against all testing cell lines.  We also
found that the anti-tumor activity of these new esters is same
as or slightly higher than the corresponding alkyl deriva-
tives when comparing the data in Table 1 to the data we
previously reported for the corresponding alkyl ester com-
pounds[10,11].  Thus, the introduction of an unsaturated double
bond into the side ester chain of the molecule does not sig-
nificantly alter the anti-tumor activity.  We also chose ester 3
for the in vivo evaluation because of the availability of theTable 1.  Average response of 14 malignant cells to esters 3–8.  n=3.

Mean±SD.  bP<0.05, cP<0.01 vs control.

Compounds/mol·L-1                                     Time/d
                                               3                     5                    7

Control 4.0±0.0 4.0±0.0 4.0±0.0

Camptothecuin (200) 1.2±0.2b 1.0±0.2b 0.6±0.2b

9-Nitrocamptothecin (200) 1.3±0.3b 0.9±0.2b 0.4±0.2b

Ester 3 (200) 2.8±0.3b 2.2±0.3b 1.5±0.3b

            (800) 1.8±0.2b 1.2±0.3b 0.8±0.2b

Ester 4 (200) 2.5±0.5b 1.9±0.2b 1.3±0.4b

            (800) 1.3±0.4b 0.9±0.3b 0.5±0.2b

Ester 5 (200) 1.9±0.5b 1.4±0.4b 0.9±0.3b

            (800) 1.4±0.2b 0.7±0.2b 0.6±0.3b

Ester 6 (200) 3.2±0.6c 3.0±0.3b 3.0±0.6
            (800) 3.0±0.4b 3.0±0.5b 2.8±0.5b

Ester 7 (200) 3.2±0.6b 3.1±0.6b 3.0±0.4b

            (800) 3.2±0.5b 3.0±0.4b 2.7±0.5b

Ester 8 (200) 3.5±0.6 3.3±0.5c 3.0±0.5c

            (800) 3.4±0.4c 3.2±0.6c 0.8±0.4c

Number 4.00 represents the highest level of confluent cells a t a
given time point.  A rating of 4.00 woulg be given to healthy dividing
cells as seen in a control group and in a group treated with a drug
which has no apparent cytotoxicic effect.  Number 3.00 represents
75% of the cells remain as compared to level 4.00; and accordingly,
numbers 2.00 and 1.00 represent 50% and 25%, respectively,  of the
cells remain as compared to level 4.00.  The numbers represent the
grouth inhibition. The smaller the number, the greater the inhibition.

Table 2.  Comparison of IC50 values of esters 3 and 4 to commercailly
ava ilable a nticancer  agents ir inotecan and topotecan.   n=3 .
Mean±SD.

Cell lines                                  IC50 values in nmol/L
                             3                       4               Irinotecan      Topotecan

HT29   91.5±0.8   40.0±0.5 1068.5±2.5 161.8±0.9
McCain 164.0±1.2 121.0±0.9   522.1±1.3 121.2±1.0
DU145   95.0±0.7   38.0±0.7   608.7±1.5 145.3±1.2
T47D   56.6±0.6   28.9±0.6   219.3±1.1 121.3±0.9
Kielty 103.0±0.9   44.1±0.6 1035.2±2.3 143.3±0.8
MPC2 119.8±1.1   73.5±0.8   646.6±2.0 155.6±1.2
DOY   51.5±0.5   34.9±0.8   585.1±1.9 165.7±1.3
SchC11 105.0±0.9   66.2±0.9   873.4±1.8 142.3±0.9
BRO   55.3±0.7   25.7±0.4   482.9±3.4 151.4±0.8

HT-29 and McCain: human collen cell  lines; T47D and Kielty:
human breast cell lines; DU-145: human prostate cell line; MPC2:
Human pancrea cell line; DOY: human lung cell line; SchC11 and
BRO: human melanoma cell lines.



Http://www.chinaphar.com Cao ZS  et al

241

larger scale synthesis of the molecule.  Figure 1 shows the
anti-tumor activity of ester 3 at a dose of 8 mg/kg against
human breast carcinoma  growing as xenografts in nude mice,
and Figure 2 shows the corresponding toxicity of 3 at same
dose level in mice.  It is apparent form these in vivo studies
that compound 3 completely inhibits the growth of human
breast tumor in mice with no signs of toxicity as the
bodyweight of mice increased slightly during the treatment.

In conclusion, alkenyl campothecin esters 3 and 4 can be
obtained by the straight esterification of the corresponding
starting mother compounds with crotonic anhydride.  These
two compounds are more potent than the commercially avail-
able camptoxthecin analogues, irinotecan and topotecan, in
terms of IC50 values.  Furthermore, compound 3 shows strong
in vivo anti-tumor activity against human breast carcinoma
in mice with no signs of toxicity.  Thus, these alkenyl
camptothecin esters have great potential to be developed
for human treatment.
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Introduction
The rapid removal of colloidal drug carrier systems in

blood by the mononuclear phagocytic system (MPS), which
is comprised mainly of Kupffer cells of the liver and mac-
rophages of the spleen, has been identified as major obstacle
in the efficient targeting of colloidal particles in sites such
as solid tumors and inflammatory regions[1,2].  Recently, a
great deal of work has been devoted to developing “stealth”
particles that are “invisible” to macrophages.  Stealth
nanoparticles (NP) are characterized by a prolonged half-
life in the blood compartment that allows them to extrava-
sate and accumulate more in pathological sites, such as tu-
mors with leaky vasculature caused by the “enhanced per-
meability and retention effect”[3,4].  In our previous study,
higher intratumoral drug accumulation and antitumor potency
were achieved for recombinant human tumor necrosis fac-
tor-alpha (rHuTNF-α)-loaded stealth poly (methoxypolye-

thyleneglycol cyanoacrylate-co-n-hexadecyl cyanoacrylate)
(PEG-PHDCA) NP with sizes of approximately 150 nm and
methoxypolyethyleneglycol (MePEG) molecular weight of
5000[5].

It is known that surface properties, particle size, and drug
release behavior are the key for the biological fate of stealth
NP.  However, no previous study has focused on the rela-
tionship between these characteristics and their ability to
accumulate in tumors and antitumor efficacy.  The aim of
the present study is to investigate the influence of MePEG
molecular weight and particle size on their long-circulating
properties, tumor targeting, and antitumor efficacy.  In this
article, rHuTNF-α-loaded PEG-PHDCA NP with various
MePEG molecular weights and particle sizes  were elaborated.
The particle physicochemical characteristics, drug release
behaviors and mechanisms in PBS and rat plasma were
determined.  This work on the in vitro characteristics of

Abstract
Aim: To study the in vitro release of recombinant human tumor necrosis factor-
alpha (rHuTNF-α) encapsulated in poly (methoxypolyethyleneglycol cyanoacry-
late-co-n-hexadecyl cyanoacrylate) (PEG-PHDCA) nanoparticles, and investigate
the influence of methoxypolyethyleneglycol (MePEG) molecular weight and par-
ticle size.  Methods: Three sizes (approximately 80, 170, and 240 nm) of PEG-
PHDCA nanoparticles loading rHuTNF-α were prepared at different MePEG mo-
lecular weights (Mr =2000, 5000, and 10 000) using the double emulsion method.
The in vitro rHuTNF-α release was studied in PBS and rat plasma.  Results: A
higher burst-release and cumulative-release rate were observed for nanoparticles
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stealth NP might contribute to further understanding of their
in vivo biological fate and tumor targeting properties.

Materials and methods

Reagents and drugs  rHuTNF-α (Mr =17 000) was sup-
plied by Shanghai Research Center of Biotechnology, Chi-
nese Academy of Sciences (Shanghai, China).  MePEG
(Mr =2000, 5000), human serum albumin (HSA), and Na125I
were obtained from Sigma Chemical (St Louis, MO, USA).
MePEG (Mr =10 000) was donated by the Department of
Polymer Material and Science of Fudan University.  Cyanoace-
tic acid, 1,3-dicyclohexyl carbodiimide, 4-(dimethylamino)
pyridine, and poly (vinylalcohol) (PVA) (Mr =16 000, 98%
hydrolyzed) were purchased from Acros Organics (Geel,
Belgium).  All other reagents and solvents were of analytical
grade.

Preparation and measurement of PEG-PHDCA poly-
mers  PEG-PHDCA was synthesized as described[6] in a previ-
ous study at an MePEG to n-hexadecyl ratio of 1:5 with appro-
priate modifications.  The poly (n-hexadecyl cyanoacrylate)
(PHDCA) was synthesized and used as a control.

 1H-NMR and 13C-NMR spectra were recorded in CDCl3

on a Mercury Plus 400 MHz spectrometer.  Recognition of
methyl, methylene, methane and quaternary carbon nuclei
in 13C-NMR spectra rested on the BB and DEPT-135.  FTIR
spectra (Avatar 360ESP) were obtained from a neat film cast
from the chloroform copolymer solution between KBr tablets.
GPC of polymers was performed in tetrahydrofuran with a
Waters Associates Model ALC/GPC 244 apparatus.  Mo-
lecular weight and molecular weight distribution of poly-
mers were calculated by using polystyrene as the standard.

Preparation of rHuTNF-α-loaded nanoparticles
rHuTNF-α was labeled with 125I using the IODO-GEN
procedure.  Briefly, 100 µg of protein in 60 µL of potassium
phosphate buffer (0.1 mol/L, pH 7.4) was layered over a
freshly prepared film of IODO-GEN (100 µg) and incubated
at 4 ºC for 10 min with 2 mCi of carrier-free Na125I.  The
reaction mixture was made up to 0.5 mL volume with PBS,
and the unreacted iodine was removed by gel filtration chro-
matography on a Sephadex G-25 PD10 column equilibrated
with PBS.  The specific radioactivity of the product was assessed
in an autogamma (Packard Instruments, CT, Meriden, USA).

NP were prepared by an adjustment of the double emul-
sion (w1/o/w2) procedure as described in a previous study[7].
A w1/o emulsion was prepared by sonicating 0.1 mL of a
rHuTNF-α solution (w1) containing HSA (2%, w/v) with a
PEG-PHDCA or PHDCA solution in methylene chloride in
an ice bath.  The first emulsion was then poured into a PVA

solution and sonicated in an ice bath.  The double emulsion
(w1/o/w2) obtained was diluted in 150 mL PVA solution
(0.1%, w/v) and the organic solvent was evaporated at room
temperature under reduced pressure.  Finally, the NP were
isolated and collected by two cycles of ultracentrifugation at
21 000×g for 40 min and washed three times with water.

Particle size and zeta potential measurement  Particle
size was determined in double distilled water by dynamic
light scattering using Nicomp 380ZLS (NICOMP Particle
Sizing Systems, Santa Barbara, CA, USA).  Determinations
were carried out at 23 ºC at a fixed angle of 90º.  He-Ne
laser was operated at 632.8 nm as light source.

Zeta potential of the NP was determined in double dis-
tilled water using electrophoretic light scattering technique
on a Nicomp 380ZLS instrument.

Determination of entrapment efficiency and drug
loading  The NP containing rHuTNF-α and [125I]-iodinated
rHuTNF-α with HSA (2.0%) were centrifuged, washed and
the supernatants were assessed for gamma emission.  The
amount of rHuTNF-α encapsulated in the NPs was calcu-
lated by the difference between the total amount used to pre-
pare the NP and the amount of rHuTNF-α present in the
aqueous phase.  The rHuTNF-α loading of the NP, given as
a percentage, indicates the amount of protein encapsulated
per 100 mg of NP.

rHuTNF-α release and MePEG liberation in PBS  In
vitro release studies were performed in triplicate in 25 mL
of phosphate buffered saline (PBS, 0.05 mol/L, pH 7.4) con-
taining 0.2% (w/v) sodium azide.  The NP suspensions were
continuously stirred in a thermoshake (60 r/min) at 37 ºC in
dark.  At predetermined time intervals, 1 mL samples were
withdrawn, centrifuged at 21 000×g for 40 min, and replaced
by fresh release medium.  The 0.5 mL supernatant was re-
moved for measurement of the released rHuTNF-α fraction,
by radioactivity counting.

For PEG-PHDCA NP, MePEG liberated during drug
release in PBS was assayed using an iodine complexation
method[8].  At preselected times, 0.8 mL of supernatant was
collected by centrifugation of NP suspensions at 21 000×g
for 40 min, diluted with 1.2 mL double-distilled water and
then mixed with 50 µL of iodine solution composed of I2

(10 g/L) and KI (20 g/L).  After 5 min of incubation at room
temperature in dark, the absorbance at 525 nm was read
against a blank.  In order to assay the total amount of MePEG
in NP, the NP suspensions were digested by NaOH (2 mol/L)
at 50 ºC for 5 d.  The method was linear in the range of MePEG
concentrations measured (1–25 mg/L).

rHuTNF-α release and nanoparticle degradation in
rat plasma  A total of 0.5 mL of each NP suspension was
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incubated with equal volumes of fresh rat plasma in a water
bath at 37 ºC in dark.  At 0.5, 1, 2, 3, 4, and 5 h, the NP were
separated from release medium by centrifugation at 21 000×g
for 40 min.  The drug release (%) was determined at each
time point from the ratio of radioactivity associated with the
pellet and the supernatant[9].

The degradation of the NP in rat plasma was performed
by spectrophotometric measurements using a UV/VIS spec-
trophotometer (Shimadzu 2401) as described in a previous
study[10].  The reduction in light transmission at 450 nm was
recorded for evaluating the degradation of NP.

rHuTNF-α adsorption on PHDCA nanoparticles
Blank PHDCA NP (approximately 25 mg of NPs in 25 mL
of 0.05 mol/L phosphate buffer, pH 7.4, stabilized with 0.2%
(w/v) sodium azide) were incubated at 37 ºC in a thermoshake
(60 r/min) with an aqueous solution of rHuTNF-α (10 mg/L).
At fixed time intervals, 1 mL of  samples were centrifuged at
21 000×g for 40 min, and the amount of free rHuTNF-α in
the supernatant was determined by radioactivity measurement.
The amount of rHuTNF-α adsorbed on NP was determined
using difference between the initial amount and the amount
remaining in the supernatant.

Statistical analysis  Physicochemical characteristics and
in vitro release of NP were evaluated for statistical signifi-
cance with analysis of variance (ANOVA) and Dunnett t-test.

Results

Characterization of PEG-PHDCA and PHDCA  The
1H-NMR, 13C-NMR, and FTIR spectra were consistent with
the structures of polymers (figures not shown).  GPC showed
that all polymers had narrow size distribution with an index
of polydispersity less than 1.1 (Table 1).

Physicochemical characteristics of nanoparticles  The
basic characteristics of the eight types of NP formulations
are summarized in Table 2.

rHuTNF-α release and MePEG liberation in PBS  The

influence of MePEG molecular weight on the protein release
in PBS is shown in Figure 1.  For each formulation, an initial
burst release followed by a slow reduction of rHuTNF-α
cumulative release was observed.  More than 40% of
rHuTNF-α released from the PEG-PHDCA NP during the
first 1 h, but less than 10% of the drug released from the
PHDCA NP during the same time.  At d 8, PEG-PHDCA NP
had a remarkably higher cumulative release ratio than
PHDCA (P<0.01).  As a whole, the cumulative release ra-
tio increased with the increase of MePEG molecular weight
(P<0.05).  The effect of particle size on the rHuTNF-α re-
lease is compared in Figure 2.  Each formulation showed
burst effect followed by decreased rHuTNF-α cumulative
release.  For both PEG5000-PHDCA and PHDCA NP, the NP
of the smallest size showed the largest burst effect and high-
est cumulative release ratio (P<0.05).

In the study of rHuTNF-α release in PBS, MePEG de-
tachment from PEG-PHDCA NP was observed (Figure 3).
In 8 d, about 35% (w/w) of MePEG liberated.  The evolu-
tion of the mean diameters of the NP during the 8-d in vitro
release period was studied.  The initial size of all the NP
formulations remained constant and no new larger or smaller
size populations were observed untill the end of this study.

rHuTNF-α release and nanoparticle degradation in
rat plasma  All NP formulations showed a greater burst ef-
fect in rat plasma than in PBS (P<0.05) (Figure 4).  The
amount of drug released increased with the increase of incu-
bation time.  The burst release amount depended on both the
particle size and the MePEG molecular weight.  It signifi-
cantly varied in the following series: PEG5000–PHDCA NP
(80.0 nm)>PEG5000–PHDCA NP (170.9 nm)>PEG5000–
PHDCA NP (242.9 nm) (P<0.01); PHDCA NP (85.2 nm)>
PHDCA NP (173.1 nm)>PHDCA NP (242.3 nm) (P<0.01);
PEG10000–PHDCA NP (168.8 nm)>PEG5000–PHDCA NP (170.9
nm)>PEG2000–PHDCA NP (172.4 nm) (P<0.01).

In rat plasma, more than 50% of PEG-PHDCA NP were
degraded in 5 h of incubation, while no degradation occurred

Table 1.  Characterization of PEG-PHDCA and PHDCA polymers

Mole ratio    MePEG to n-hexadecyl      Expected  polymers                  Theoretical     MePEG Mn
2)    Polymer Mn

3)  Polymer Mw
4)       PI5)

     feed        polymer composition1)                                                       MePEG Mn

1:5 1:4.83 PEG2000-PHDCA   2000 1570   3192   3341 1.05
1:5 1:4.74 PEG5000-PHDCA   5000 4516   6162   6331 1.03
1:5 1:4.85 PEG10000-PHDCA 10000 9353 10865 11408 1.05
– – PHDCA     –    –   1752   1891 1.08

1) Calculated from 1H-NMR spectra.  2,3,4) Determined by GPC.  5) Polydispersity index=Mw/Mn
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to PHDCA NP during the same time (Figure 5).  For PEG-
PHDCA NP, the degradation rate increased with the increase
of MePEG molecular weight (P<0.01).

Evaluation of rHuTNF-α adsorption on PHDCA
nanoparticles  The aim of the present study was to shed
light on the adsorption of rHuTNF-α on the hydrophobic
blank PHDCA NP surface and to better understand what
happens during its release from NP.  The adsorption was
studied for 8 d (Figure 6).  The adsorption of rHuTNF-α on
PHDCA NP was very rapid, depending on the particle size.
It was shown that the adsorption capacity varies in the series:
85.2 nm>173.1 nm>242.3 nm (P<0.05).  The adsorption
plateau was reached after approximately 1 to 2 d.

Discussion
Both particle size and MePEG coating influenced the zeta

potential (Table 2).  In the same size range, the significant
lower negative potentials were obtained for PEG-PHDCA

NP compared to PHDCA NP (P<0.01).  This might be re-
lated to a shift of the hydrodynamic phase of shear to greater
distance from the particle surface.  The surface negative
charge of PEG-PHDCA NP dramatically decreased with the
increase of MePEG molecular weight.  As for PEG5000-
PHDCA NP, the surface charge notably increased when the
particle size increased (P<0.05), and the reason is now un-
der investigation.

In the same size range, PEG-PHDCA NP showed lower
entrapment efficiency compared with PHDCA NP (P<0.01).
The same results were obtained in the comparison made of
PEG-PLA and PLA[11] and those made of PEG-PLGA and
PLGA NP[12].  The difference might come from the presence
of MePEG in the PHDCA chains, but the mechanism was
indistinct.  For PEG-PHDCA NP, entrapment efficiency in-
creased with the increase of MePEG molecular weight
(P<0.05), and the influence of particle size on the entrap-
ment efficiency was irregular.  No regular change with re-

Table 2.   Physicochemical properties of PEG-PHDCA and PHDCA NP containing rHuTNF-α.  n=3.  Mean±SD.

         Size range                                   Polymers                         Particle size/nm    Zeta potential/mV           Entrapment          Drug loading/%
                                                                                                                                                                              efficiency/%

Small (<100 nm) PEG5000-PHDCA   80.0±1.4   -3.19±0.09 37.6±3.2 0.83±0.04
PHDCA   85.2±3.3 -17.27±0.25 45.2±4.6 0.85±0.03

Middle (100-200 nm) PEG2000-PHDCA 172.4±1.5 -14.82±0.23 49.8±2.7 0.88±0.02
PEG5000-PHDCA 170.9±2.3 -10.56±0.35 54.3±3.3 0.87±0.03
PEG10000-PHDCA 168.8±1.1   -3.77±0.49 57.0±1.8 0.92±0.03
PHDCA 173.1±2.5   -22.4±0.24 60.1±2.9 0.88±0.02

Large (>200 nm) PEG5000-PHDCA 242.9±3.8 -13.73±0.18 46.7±2.2 0.86±0.03
PHDCA 242.3±3.6   -23.4±0.51 55.5±3.7 0.84±0.04

Figure 1.  Influence of MePEG molecular weight on the rHuTNF-α release in PBS.  (A) rHuTNF-α release over 8 d; (B) a close up of the first 3 h.  n=3.
Mean±SD.
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spect to drug loading was found.  And the differences of
drug loading among PHDCA and PEG-PHDCA NP were not
remarkable (P>0.05).

The burst release depended on MePEG molecular weight
(Figure 1).  It was shown that the higher the MePEG
molecular weight, the more the rHuTNF-α burst release.  It
was reported that the faster release of tetanus toxoid from
PLA-PEG microspheres than PLA could be related to their
different inner structure and reduced protein-polymer inter-
actions[11].  Similarly, the MePEG chains in NP orient not
only towards the external aqueous medium but also towards
the inner aqueous phase[13,14].  Thus the protein reservoirs
are theoretically surrounded by a MePEG barrier, which
reduces the interaction of rHuTNF-α with the PHDCA ma-
trix[7].  The different burst effect might result from the differ-

ent intensity of this interaction between rHuTNF-α and
PHDCA.  It is supposed that the longest chain (MePEG of
10 000) hindered the interaction between rHuTNF-α and
PHDCA, and PEG10000–PHDCA NP had the highest burst
effect.  Higher burst release of small size NP than middle
and large NP could be related to their larger surface areas
(Figure 2).

For PEG-PHDCA NP, a reduction of rHuTNF-α release
percentage following burst effect was observed in PBS.  This
same phenomenon in the process of protein release from NP
was reported in other articles[8,15].  MePEG chains can create
a steric barrier around NP and repel proteins to some degree,
in which the density of MePEG “brush” is of great impor-
tance[16].  MePEG chains are highly hydrophilic and can fa-
cilitate the penetration of incubation medium, and hydroly-

Figure 2.  Influence of particle size on the rHuTNF-α release in PBS from PEG5000-PHDCA and PHDCA NP   (A) rHuTNF-α release over 8 d; (B) a
close up of the first 3 h.  n=3.  Mean±SD.

Figure 3.  MePEG liberation during the study of rHuTNF-α release from
PEG-PHDCA NP in PBS.  n=3.  Mean±SD.

Figure 4.  Release profiles of rHuTNF-α-loaded NP in rat plasma.  n=3.
Mean±SD.
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sis of the ester bonds associated to them[10] (Figure 3).  After
partial MePEG detachment, the density of MePEG “brush”
was not sufficient to repel proteins and rHuTNF-α was re-
absorbed on the particle surface, which resulted in a de-
creased cumulative release ratio.  The readsorption phenom-
enon is evidenced in the study of rHuTNF-α adsorption on
blank PHDCA NP (Figure 6).

There might be competition between protein release from
NPs and protein readsorption onto the NP surface[15].  It is
reasonable that the amount of rHuTNF-α detected in the su-
pernatant was the result of rHuTNF-α release and rHuTNF-α
readsorption onto the NP surface, each process having its

own rate that depended on the rHuTNF-α concentrations in
NP and in release medium.  After a certain time, the release
plateau was reached, indicating that equilibrium was estab-
lished between the release and readsorption of rHuTNF-α.
Noticeably, the readsorption phenomenon in the present study
did not occur in a previous study in our lab[7].  We hypoth-
esized that the loading of the NP used here was lower than
that of the PEG5000-PHDCA NP (approximately 150 nm) pre-
pared previously and relatively lower rHuTNF-α concentra-
tions in NP were obtained in this study.  Therefore it is pos-
sible that after a significant burst release, the rHuTNF-α con-
centration in NP is lower than that in the release medium
and that a slow readsorption happened till the release pla-
teau was reached.  This could also be used to explain the
readsorption of PHDCA NP.

The mean diameters of the eight types of NP remained
constant during the 8-d release at 37 ºC in PBS.  The ratios
of particle size after incubation to its initial size for each NP
formulation were all in the range of 1.0±0.3, indicating no
significant aggregation or degradation occurred[17].  In
summary, rHuTNF-α release was accompanied with con-
stant particle size evolution and MePEG detachment from
PEG-PHDCA NP in PBS.  Combined with the known fact
that polyalkylcyanoacrylate (PACA) polymer could be de-
graded mainly by enzymatic degradation[10] , and PACA NP
degraded mainly by surface erosion[18], it is hypothesized that
rHuTNF-α release in PBS from PEG-PHDCA NP might fol-
low a diffusion-based model.

Figure 5 showed that the presence of the MePEG chain
greatly increased the degradation of PHDCA in rat plasma.

Figure 5.  Degradation profiles of rHuTNF-α-loaded NP in rat plasma.
n=3.  Mean±SD.

Figure 6.  Adsorption kinetics of rHuTNF-α on blank PHDCA NP.  (A) rHuTNF-α adsorption over 8 d; (B) a close up of the first 3 h.  n=3.  Mean±SD.
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This might be a result of the enhanced penetration of the
plasma and the esterase hydrolysis caused by the highly hy-
drophilic MePEG moieties in the polymer structure.

The influence of particle size and MePEG molecular
weight on the release of rHuTNF-α in rat plasma was simi-
lar to that in PBS.  But no decreased cumulative release pro-
files was observed.  We supposed that a competitive
readsorption existed between rHuTNF-α and the proteins in
rat plasma.  Relatively small amounts of rHuTNF-α in the
supernatant could hardly be reabsorbed onto the NP surface
with a great amount of plasma proteins.  Thus, a slightly
increased cumulative release percentage was obtained un-
der this condition.  The burst release of PEG-PHDCA NP
was greater than that of PHDCA NP.  This could be a result
of PEG-PHDCA degradation and the hindrance of interac-
tion between protein and PHDCA by MePEG chains.  Com-
bined with the NP degradation behavior in rat plasma, it can
be expected that rHuTNF-α released in rat plasma in a dif-
fusion-controlled pattern for PHDCA NP, but in a diffusion
and erosion-controlled manner for PEG-PHDCA NP.

Compared with PHDCA NP, PEG-PHDCA NP had a
much higher cumulative release ratio, but their burst effects
were a bit larger, which was a disadvantage when designing
a stealth delivery system.  However, compared to the free
drug, a markedly extended circulating time was still obtained
for stealth NP with high burst release[19].  And it was reported
that in vitro release behavior did not always coincide with in
vivo circulation time of NP, which represented the more com-
plex nature of the in vivo system[20].  Therefore, for the vali-
dation of the “stealth” property of NP, pharmacokinetic stud-
ies in vivo are necessary.  In view of the lower burst release
possessed by PHDCA NPs, we supposed NP made with a
proper ratio of PEG-PHDCA: PHDCA might have a lower
burst effect as well as satisfactory cumulative release
characteristics.  This needs to be studied further.

In summary, a higher MePEG molecular weight offered
higher entrapment efficiency, lower zeta potential, faster
rHuTNF-α release rate and a larger cumulative release ratio.
Larger particle size provided relatively higher surface charge,
slower drug release rate and a smaller cumulative release
ratio.  rHuTNF-α release from PEG-PHDCA NP follows a
diffusion-based model in PBS while a diffusion and erosion-
controlled pattern in rat plasma.  The present results implied
that these NP might have different biological fates.  The re-
lationship between their in vitro characteristics and in vivo
intratumoral drug accumulation and antitumor potency is now
under investigation.
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Introduction
5-Fluorouracil (5-Fu) is a chemotherapeutic drug that is

used widely for the treatment of malignant cancers, and is
usually the first choice of drug for the treatment of hepatic
cellular cancer.  High doses of this drug are currently
administered, mostly by continuous infusion, over 5 to 21 d[1].
But its use has been limited by its systemic toxicities, which
have severe gastrointestinal toxicities, hematologic side
effects, and severe disturbance in bone marrow[2].  Moreover,
5-Fu has a serum half-life of only 15 min, further limiting its
usefulness[3].  Several studies have reported a relationship
between 5-Fu plasma levels and its toxicity, and the response
to treatment.  5-Fu is often monitored in serum by pharma-
cokinetic follow-up with liquid chromatography[4].

In order to maximize the therapeutic effect of 5-Fu and
minimize its adverse effects, microsphere, liposome,

implants, and nanoparticles were made[5–8].  But they were
all passive for targeting preparations.  Galactosylceramide
(GC), as a novel membrane material, was adopted to en-
velop 5-Fu and form liposomes.  This kind of 5-Fu prepara-
tion has not been previously reported.  The purpose of this
study was to measure the pharmacokinetic parameters and
tissue distribution of 5-Fu-GCL in mice, which should sup-
ply evidence for its long effect and active targeting.

Materials  and  methods
Drugs and reagents  5-Fluorouracil encapsulated by

galactosylceramide liposomes (5-Fu-GCL) (Batch No,
20020318, enveloped rate: 52%), was made in the Institute
of Clinical Pharmacology, Anhui Medical University.  Free
5-Fu (Batch No, 20020318, purity >99.3%), was obtained
from Ji-nan Pharmaceutical Co (Ji-nan, China).  Acetonitrile,

Abstract
Aim: To study the pharmacokinetics and tissue distribution of 5-fluorouracil en-
capsulated by galactosylceramide liposomes (5-Fu-GCL) in mice.  Methods: The
concentration of 5-fluorouracil (5-Fu) in serum was detected by high performance
liquid chromatography after 5-Fu-GCL (80, 40, 20 mg/kg) and free 5-Fu (40 mg/
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para-aminobenzoic acid and ethyl acetate was of analytical
grade.

Apparatus  Shimadzu LC-10A HPLC equipment con-
sisted of LC-10A pumps, SCL-6A system controller, SPD-
6AV ultraviolet spetrophotometric detector, ODS-C18 col-
umn(150 mm×4.6 mm) (Shimadzu Co, Japan), and V4.0+

software on a computer.
Animals  Balb/c mice (male and female, 18–22 g) in the

study were provided by the Experimental Animal Center of
Anhui Medical University (certifcate No 001).  All animals
were maintained at a controlled temperature (22±2 ºC), and
a regular light/dark cycle (7:00 AM to 19:00 PM, light), and
all animals had free access to food and water.  All experi-
mental protocols described in this study were approved by
the Ethics Review Committee for Animal Experimentation
of Anhui Medical University.

Liposome preparation  5-Fu was encapsulated in lipo-
somes made of galactocerebroside, Lecithin Granules and
cholesterin in a molar ratio of 6:3:1.  Liposomes were pre-
pared by combined calcium-induced fusion with reverse
evaporation method. In brief,  phospholipids were dissolved
in 0.7 mL of carbinol and chloroform compound with 2:1
volume and subjected to rotary evaporation until the lipid
membrane formed.  Then 1.5 mL of chloroform, 250 µL of
5-Fu (10 g/L) and 250 µL of ultrasonic buffer were added to
the dried phospholipids, to which ultrasonic vibrations and
rotary evaporation were carried out to wipe off organic sol-
vent until the gel formed.  Ultrasonic buffer 1.5 mL was added
and the compounds were rotated at room temperature after
which 125 µL of calcium liquor was added to 0.5 mL of
liposomes prepared through reverse-phase evaporation.  After
incubation at 37 ºC for 60 min, 12.5 µL of edetic acid (EDTA)
was added to the compounds and shaken acutely, followed
by incubation at 37 ºC for 15 min and at room temperature
for another 30 min.  Using an initial drug-to-lipid molar ra-
tio of 5:1, the enveloped rate was 52%.  After being stored at
4 ºC for 6 months, its permeability rate was less than 5%,
which indicated the stability of 5-Fu-GCL was high.  The
recovery of 5-Fu-GCL was between 95.3% and 98.7%.

Pharmacokinetics of 5-Fu-GCL  Two hundred and
eighty-eight mice were randomly divided into four groups.
Each group, which consisted of 36 males and 36 females,
was injected with 5-Fu-GCL 20, 40, and 80 mg/kg or free 5-
Fu 40 mg/kg through the tail vein.  Before each injection
and 2, 5, 10, 15, 20, 30, 45, 60, 90, 120, and 180 min later,
6 mice were anesthetized by diethyl ether, after which their
eyeballs were excised and exsanguinated. Blood samples
were centrifuged at 1400×g for 10 min to obtain 0.2 mL of
serum each.  Finally, mice were killed by dislocation of the

cervical vertebra[9].
Tissue distribution of 5-Fu-GCL  Twenty mice were

stratified into two groups.  Both groups including 5 males
and 5 females were injected with 5-Fu-GCL 40 mg/kg and
free 5-Fu 40 mg/kg through the caudal veins.  Twenty min-
utes later, the mice were killed and the hearts, livers, spleens,
lungs, kidneys, brains, lymph, thymuses, and marrow were
removed, washed (except marrow), weighed, and homog-
enized using a tissue blender in 2 mL PBS solution.  After
extraction, concentrations in different tissues were detected
by HPLC to study whether there were differences in distri-
butions between the two groups[10].

Concentration-time course of 5-Fu-GCL in liver The
livers from mice untreated and treated with 5-Fu-GCL 40
mg/kg or free 5-Fu 40 mg/kg at 2, 5, 10, 15, 20, 30, 45, 60,
90, 120, and 180 min were removed, washed, weighed, and
homogenized using a tissue blender in 2 mL PBS solution.
The sample was extracted and detected by HPLC.

Analytical method  The drug concentration in serum and
tissues were analyzed by HPLC.  The mobile phase compo-
nents were water and acetonitrile (99:1).  Ultraviolet wave-
length was 205 nm.  The flow-rate was 1 mL/min[11,12].

The ratio of the peak area of 5-Fu to that of internal stan-
dard was plotted versus the concentration of the 5-Fu.  Val-
ues of unknown serum drug concentrations were determined
from calibration curve.

Standard solutions  5-Fu was dissolved in acetonitrile,
then different amounts of this solution were added into blank
5-mL glass tubes and evaporated to dryness by nitrogen.  The
residues were dissolved with 0.2 mL mice serum or tissues
to make 5-Fu of 0.313, 0.625, 1.25, 2.5, 5.0, 10.0, 20.0, and
40.0 mg/L, respectively, as serum standard solutions.  The
extraction of serum standard solutions was described in “Se-
rum extraction procedure.”

Sample extraction procedure  Serum or tissue samples
(0.2 mL) were added with 150 µL para-amino-benzoic acid
(15 mg/L) as internal standard, distilled water (0.2 mL), and
ethyl acetate (4 mL).  They were then vortex-mixed in a 10-
mL glass tube for 1 min.  After centrifugation at 700×g for
20 min, the organic phase was aspirated.  The remainder
was extracted by addition of 4 mL ethyl acetate as described
above.  The two organic phases were mixed and evaporated
until dry under a gentle stream of nitrogen at 35 ºC in a wa-
ter bath.  The residues were reconstituted with 200 µL
ethanol, and 50 µL of extracted samples were injected into
the chromatography of liquid.  On account of its character
of being collapsed by ethyl acetate, 5-Fu-GCL could be de-
tected as free 5-Fu.  Both 5-Fu-GCL and free 5-Fu were de-
tected by HPLC in the study.
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Recovery, accuracy, and precision of 5-Fu  Different
5-Fu standards were added into blank glass tubes and evapo-
rated to dryness by nitrogen.  The residues were dissolved
with 0.2 mL serum or tissues to make concentrations of
0.313, 1.25, 5, and 20 mg/L.  The samples were handled
referring to the “serum extraction procedure.”

Five extracted samples of each concentration were
determined.  The recovery of 5-Fu in serum or tissues was
assayed, and expressed as the percentage of detected con-
centrations to nominal concentration of standard (recovery).
The accuracy of 5-Fu in serum or tissues was assayed, and
expressed as the percentage of detected concentration to
nominal concentration of serum or tissues (accuracy).
Meanwhile, the inter-day and intra-day coefficient of varia-
tion of samples of different concentrations were measured 5
times on a single day and daily for a consecutive 5 d respec-
tively (precision).

Pharmacokinetics calculations  Phamacokinenic param-
eters were calculated by 3p97 program.

Statistical analysis Data were presented as mean±SD.
Statistical analysis of the data was performed using the
t-test. P<0.05 was considered statistically significant.

Results

Method validation  In the conditions described above,
no significant interfering peak was observed.  The retention
time of 5-Fu was 7.7 min (Figure 1).  The calibration curve
of 5-fluorouracil in serum or tissue was in good linearity
over the concentration range of -0.313–40.000 mg/L, and
the coefficient of correlation was 0.9992–0.9996.  The
regression equation was: A=0.10+2.18C (serum); A=0.11+
2.17C (heart); A=0.11+2.19C (liver); A=0.09+2.18C
(spleen); A=0.13+2.19C (lung); A=0.10+2.17C (kidney);

A=0.11+2.18C (brain); A=0.13+2.21C (thymus); A=0.12+
2.20C (lymph); A=0.12+2.19C (marrow).  A: ratio of 5-Fu
peak area to internal standard peak area; C:  5-Fu
concentration.  The limit of detection was 15.6 ng.  The av-
erage recovery of 5-Fu was over the range of (80±3)%–
(97±7)% (Table 1, 2) and the accuracy of 5-Fu was over the
range of (93±4)%–(103±7)% (Table 3, 4).  The inter-day
and intra-day reproducibility of 5-Fu is shown in Table 5, 6,
and the coefficient of variation was all below 10%.
Meanwhile, the average recovery of internal standard was
over the range of (88±4)%–(93±5)%.  And the stability of
internal standard was high because the deviation of it were
all below 15%.

 Pharmacokinetic parameters of 5-Fu-GCL in serum
Data of drug serum concentrations at different time points in
three 5-Fu-GCL groups (80, 40, and 20 mg/kg) and free 5-
Fu group (40 mg/kg) are shown in Figure 2.

Pharmacokinetic parameters were calculated by 3p97
program.  Drug serum concentration-time course of 5-Fu-
GCL groups (80, 40, and 20 mg/kg) and free 5-Fu group (40
mg/kg) conformed to one compartment model of the first

Figure 1.  Separation of 5-Fu.  (A) Blank serum; (B) 5-Fu standard; (C) 5-Fu+Blank serum; (D) Serum sample.  (1) internal standard; (2) 5-Fu.

Table 1.  Average recovery of 5-Fu in mice serum.  n=5.  Mean±SD.

         Nominal                         Measurement                 Recovery/%
concentration/mg·L-1           concentration/mg·L-1

20.00 16.85±0.59 84±3
  5.00   4.53±0.23 91±5
  1.25   1.16±0.07 93±6
  0.31   0.29±0.02 94±6
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order absorption.  Pharmacokinetic parameters of groups are
shown in Table 7.

The results demonstrated that 5-Fu-GCL, in contrast to
free 5-Fu, had delayed characteristics.

Concentration of 5-Fu-GCL in different tissue   Dis-
tribution results showed that drug concentrations of 5-Fu-
GCL in immune organs, which include the spleen, thymus,
and lymph, but especially in the liver were remarkably higher
than those of free 5-Fu at the same dose (40 mg/kg).  Drug
concentrations of 5-Fu-GCL in the heart and kidney were
significant lower than that of free 5-Fu.  In the brain, drug

concentrations of both 5-Fu-GCL and free 5-Fu were not
detected (Figure 3).

Concentration-time course of  5-Fu-GCL in liver The
time course of drug concentration in the liver is shown in
Figure 4.  Area under time-concentration curve (AUC) of 5-
Fu-GCL (485 mg·min·kg-1) , which was calculated by 3p97
program, was three times higher than that of free 5-Fu (157

Table 2.  Average recovery of 5-Fu in mice tissues.  n=5.  Mean±SD.

    Tissues                                   Recovery/%
                20.00 mg/L     5.00 mg/L      1.25 mg/L     0.31 mg/L

Heart 89±3 91±4 92±4 92±3
Liver 88±4 89±3 89±5 90±7
Spleen 80±3 85±4 88±3 94±4
Lung 90±4 92±5 95±6 96±5
Kidney 91±5 94±6 97±7 96±7
Brain 81±3 86±5 88±5 91±7
Thymus 83±4 84±5 89±5 92±6
Lymph 85±3 88±4 92±4 94±6
Marrow 82±4 85±3 90±5 92±5

Table 3.  Accuracy of 5-Fu in mice serum.  n=5.  Mean±SD.

         Nominal                        Measurement                   Accuracy/%
concentration/mg·L-1          concentration/mg·L-1

20.00 19.18±0.71   96±4
  5.00   4.82±0.23   96±5
  1.25   1.24±0.07   99±6
  0.31   0.32±0.02 103±7

Table 4.  Accuracy of 5-Fu in mice tissues.  n=5.  Mean±SD.

    Tissues                                Accuracy/%
               20.00 mg/L    5.00 mg/L      1.25 mg/L     0.31 mg/L

Heart 95±4 97±4   99±6 102±7
Liver 97±5 96±4   98±7   99±5
Spleen 95±5 95±6   97±6 103±6
Lung 99±6 99±5 101±6 103±7
Kidney 96±4 94±4   97±5   99±6
Brain 93±4 96±5   98±5 101±7
Thymus 95±5 96±7   98±6   98±6
Lymph 95±6 98±5 100±5 101±7
Marrow 98±5 96±6   96±5   99±6

Figure 2.  Serum concentration-time profile of 5-Fu after a single dose of
5-Fu-GCL or free 5-Fu.  n=6.  Mean±SD.

Table 5.  Precision of 5-Fu in mice serum.  n=5.  Mean±SD.

              Nominal                                                           Inter-day                                                                             Intra-day
      concentration/mg·L-1          Measurement concentration/mg·L-1                  RSD/%         Measurement concentration/mg·L-1            RSD/%

20.00  18.66±0.56 3.0 18.22±0.74 4.1
  5.00    4.72±0.15 3.2   4.64±0.30 6.5
  1.25    1.17±0.06 5.1   1.16±0.07 6.0
  0.31    0.28±0.01 3.6   0.30±0.02 6.7
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mg·min·kg-1).

Discussion
In drug delivery[13], liposomes could congregate drugs in

certain tissues, decrease poisonous effects and increase the
curative effect.  Lecithoid material is the primary liposome
in common use.

As GC is a cerebroside containing galactose, liposomes
made of GC also possess galactose.  As a result, this kind of

Table 7.  Main pharmacokinetics parameters following iv 5-Fu-GCL (80, 40, 20 mg/kg) and free 5-Fu (40 mg/kg) in mice.  n=6.  Mean±SD.  cP<0.01
vs free 5- Fu (40 mg/kg).

        Parameters                                 5-Fu-GCL 80 mg/kg             5-Fu-GCL 40 mg/kg    5-Fu-GCL 20 mg/kg        Free 5-Fu 40 mg/kg

T1/2Ke/min   25.8±4.2   27.3±4.4c   28.2±5.6   15.8±2.2
C0/mg·L-1   24.9±4.9   17.7±3.6c     1.5±2.7   35.8±6.2
AUC/mg·min·L-1 990.0±45. 2 622.5±38.3 340.4±25.6 639.0±35.9
Cl/L·min-1 0.081±0.005 0.064±0.006 0.059±0.003 0.076±0.011
V/L     4.0±0.9     3.3±0.7     3.0±0.7     2.6±0.7

Figure 3.  Concentration of 5-Fu in tissue samples collected at 20 min after a single dose of 5-Fu-GCL or free 5-Fu.  n=10.  Mean±SD.  bP<0.05,
cP<0.01 vs free 5-Fu in same tissue.

Table 6.  Precision of 5-Fu in mice tissues.  n=5.  Mean±SD.

      Tissues                                          Inter-day RSD/%                                                                  Intra-day RSD/%
                       20.00 mg/L          5.00 mg/L           1.25 mg/L          0.31mg/L         20.00 mg/L       5.00 mg/L       1.25 mg/L      0.31 mg/L

Heart 2.9 3.4 4.4 3.9 4.3 6.4 5.9 6.8
Liver 3.1 3.2 4.2 3.3 4.0 6.2 6.3 6.7
Spleen 3.3 4.3 5.2 5.4 5.5 7.0 7.3 6.9
Lung 3.9 4.7 6.1 6.9 5.2 7.7 7.6 6.7
Kidney 4.0 4.8 5.8 6.2 5.8 8.4 8.3 7.0
Brain 2.9 3.3 4.2 4.7 4.1 8.2 8.4 7.0
Thymus 3.5 3.9 5.5 5.6 5.3 7.5 7.7 6.7
Lymph 3.1 4.4 6.3 6.5 5.5 7.2 7.9 6.9
Marrow 3.8 5.0 6.2 6.8 6.1 7.9 7.7 6.8
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liposome has a special bonding ability to salivary acid pro-
tein receptor located on the membrane of mammal[14,15].
Compared with lecithoid[16], GC has several advantages such
as the stable chemical characters, the long retention in blood,
the anti-oxide ability, and the unique directional trait.  It could
be developed to be a new kind of medicine carrier.

5-Fu is a dissoluble chemical with small molecules so it
is difficult to achieve a highly enveloped rate.  In a recent
study, we applied combined calcium-induced fusion with re-
verse evaporation method to envelop 5-Fu, and the envel-
oped rate reached 52%.

Pharmacokinetic results showed that serum drug concen-
tration curves of 5-Fu-GCL in single intravenous adminis-
tration at 20, 40, and 80 mg/kg conformed to one compart-
ment model of the first order absorption.  Mean serum T1/2Ke

of three dosage groups was similar.  The pharmacokinetics
of 5-Fu-GCL appeared to be linear over the doses.  Both C0

and AUC were enhanced as the dose increased.  T1/2Ke of 5-
Fu-GCL was much longer and the C0 was strongly lower than
those of free 5-Fu.  All these results indicated that 5-Fu-GCL
could be released much slower.

Because 5-Fu-GCL was injected through the vein and
exhibited first order kinetic characteristics, it had no absorp-
tion or distribution phase and had only the elimination phase.
For the study of tissue distribution one time point needed to
be chosen.  Tissue distribution results elucidated that the
concentrations of 5-Fu-GCL in immune organs, especially
in the liver, were remarkably higher than those of free 5-Fu
with the same dose.  Concentration-time course of 5-Fu-GCL
in the liver showed that the AUC of 5-Fu-GCL was 3 times
higher than that of free 5-Fu.  This suggests that 5-Fu-GCL
had a high selectivity to liver.  In contrast, drug concentra-
tions of 5-Fu-GCL in the heart and kidneys were significantly
reduced, so we proposed that the toxicity of 5-Fu-GCL in
the heart and kidneys were lower than that of free 5-Fu.  Drug

concentrations of both 5-Fu-GCL and free 5-Fu were not
detected in the brain.  The data indicate that they did not
cross the blood brain barrier.

 Previous studies showed that LD50 of 5-Fu-GCL was
higher than that of free 5-Fu, indicating that toxicity of 5-
Fu-GCL was lower than that of free 5-Fu.  We, therefore
conclude that 5-Fu-GCL could prospectively be used to de-
velop a novel preparation for liver cancer therapy with long
efficacy, low toxicity, and directional peculiarity.
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In this issue of Acta Pharmacologica Sinica, we are proud
to present to our readers and colleagues a series of review
articles from several Chinese-American university laborato-
ries in USA[1–6].  These reviews are a collection of the pro-
ceedings from the 8th Chinese Cardiovascular Pharmacol-
ogy Conference held on July 23–26, 2004 in Urumchi,
Xinjiang.  As the first of its kind at any Chinese Pharmaco-
logical Society meeting, a half-day research symposium in
English was held on the first day of this conference (an offi-
cial meeting of the society held every three years for Chi-
nese cardiovascular pharmacologists worldwide).  The sym-
posium was co-sponsored by the Cardiovascular Pharma-
cology Division of the Chinese Pharmacological Society and
the Academy of Cardiovascular Research Excellence (ACRE),
a non-profit academic organization in USA that includes many
of prominent American faculties from mainland China in the
field of cardiovascular research.

Like many other biomedical research areas in China, car-
diovascular pharmacology research has experienced signifi-
cant growth in recent years.  The Cardiovascular Pharmaco-
logy Division is the largest division of the Chinese Pharma-
cological Society with the most registered members.  Similarly,
of all the original research articles published in Acta
Pharmacologica Sinica, the premier pharmacology journal in
China, the total number of cardiovascular pharmacology ar-
ticles currently ranked first.  An increasing number of cardio-
vascular pharmacology laboratories in China have recently
begun to publish their original research findings in interna-
tional journals, including some in the top-tier journals of
cardiovascular research in the world[7,8].  More and more prin-
cipal investigators have also developed research collabora-

tions with a number of overseas laboratories.  The aforemen-
tioned phenomena represent a promising trend towards a
modernizing era of Chinese cardiovascular pharmacology in
the early 21st century.

Despite the significant progress and growth, biomedical
research in China still faces a number of major challenges as
highlighted in two unprecedented “China voices” supple-
ments recently published in Nature[9,10].  Among these
problems, a major issue is a lack of impact in scientific
publications.  Although the total publications from China
ranked the ninth in the world between the years 1997–2001,
the citations per paper from China ranked only the nine-
teenth with a rate of 1.56 according to a most recent study
based on the ISI Essential Science Indicators[11].  A promi-
nent overseas Chinese-American scientist pointed out that
as “measured by the number of original research papers pub-
lished in internationally refereed high-impact journals”, a pro-
ductive scientist should have “published at least eight highly
cited research papers in the past ten years … in a journal
with an impact factor of at least two … and at least one
should be published in a journal with an impact factor of five
or above”[12].  If such a “not overly demanding standard”[12]

would be used to judge research productivity, concrete ef-
forts must be made by a majority of Chinese cardiovascular
pharmacologists to meet it.

Chinese pharmacologists worldwide are eager and deter-
mined to make a significant contribution to the success of
the 15th World Congress of Pharmacology (IUPHAR) to be
hosted by the Chinese Pharmacological Society in Beijing
on July 2–7, 2006.  The primary authors of this review collec-
tion all grew up in China and now have all established their
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independent research laboratories in several major universi-
ties across the United States.  The research work they pre-
sented in these reviews spans from molecular cardiovascu-
lar biology to integrated physiology and pharmacology.  As
an internationally refereed pharmacology journal with in-
creasing impact, Acta Pharmacologica Sinica would like to
showcase the research of these overseas Chinese cardio-
vascular pharmacologists in this issue, and by doing so
hopes to enhance not only the research exchange and col-
laboration between Chinese pharmacologists at home and
overseas, but also the quality and impact of Chinese phar-
macology research in the world.
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Abstract
Wound healing impairment represents a particularly challenging clinical problem
to which no efficacious treatment regimens currently exist.  The factors ensuring
appropriate intercellular communication during wound repair are not completely
understood.  Although protein-type mediators are well-established players in this
process, emerging evidence from both animal and human studies indicates that
nitric oxide (NO) plays a key role in wound repair.  The beneficial effects of NO on
wound repair may be attributed to its functional influences on angiogenesis,
inflammation, cell proliferation, matrix deposition, and remodeling.  Recent find-
ings from in vitro and in vivo studies of NO on wound repair are summarized in
this review.  The unveiled novel mechanisms support the use of NO-containing
agents and/or NO synthase gene therapy as new therapeutic regimens for im-
paired wound healing.
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Introduction
Wound repair is a well orchestrated and highly coordi-

nated process that includes a series of overlapping phases:
inflammation, cell proliferation, matrix deposition, and tis-
sue remodeling.  This involves a complex, dynamic series of
events including clotting, inflammation, granulation tissue
formation, epithelialization, neovascularization, collagen
synthesis, and wound contraction[1].  Loss of a functional
healing process could lead to severe disabilities.  Accord-
ingly, chronic, non-healing wound conditions represent a
situation of major clinical importance.  The series of patho-
logical changes associated with several diseases ultimately
leads to severely disturbed wound healing conditions[2].
Among those, the most prominent chronic wound impair-
ments include decubitus or pressure ulcers, venous ulcers,
and diabetic ulcers.  The advent of molecular and cellular
biology and the use of different modeling systems, most no-
tably genetically engineered animals, have greatly extended
our knowledge of wound repair.  Inflammation, re-epitheliali-
zation, and granulation tissue formation are driven in part by
a complex mixture of growth factors and cytokines, which
are released coordinately into the wounds[1,2].  Besides these
protein-type factors and mitogens, evidence is emerging for
the important role of small diffusible molecules such as nitric

oxide (NO) in wound repair[3].  In this review, we summarize
the current knowledge of the modulating functions of NO on
wound repair.

Chemistry and biosynthesis of nitric oxide
NO is a highly diffusible intercellular signaling molecule

implicated in a wide range of biological effects.  It is gener-
ated by the enzyme nitric oxide synthase (NOS), which cata-
lyzes the conversion of L-arginine to L-citrulline[4].  Three
NOS isoforms have been characterized, each encoded by
different chromosomes.  Two enzyme isoforms are constitu-
tively expressed (endothelial and neuronal NOS), whereas
one isoform is an inducible enzyme (iNOS), initially found
in macrophages.  All three NOS isoforms exist in their ac-
tive form of homodimers of two domains: a C-terminal re-
ductase domain, and an N-terminal oxygenase domain with
molecular masses of approximately 135  kDa (eNOS), 150–
160 kDa (nNOS), and 130 kDa (iNOS)[4].  The reductase do-
main contains binding sites for one molecule each of nicoti-
namide adenine dinucleotide phosphate (NADPH), flavin
mononucleotide (FMN), and flavin dinucleotide (FAD), in
close homology with cytochrome P-450 reductase, whereas
the oxygen domain binds heme, the essential cofactor
tetrahydrobiopterin (BH4), and the substrate L-arginine[4].
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Between these two regions lies the calmodulin (CaM) bind-
ing site, which plays a key role in both the structure and
function of the enzyme.  The constitutive isoforms (eNOS
and nNOS) are permanently active, generating low concen-
trations of NO (in nmol/L range).  Their enzymatic activities
are regulated by intracellular calcium fluxes or exogenous
calmodulin.  The expression, transcription, and function of
the iNOS is induced by a variety of cytokines, growth  factors,
and inflammatory stimuli on target cells which lead to the
release of much higher levels of NO (in µmol/L range), which
is involved in host immune response.

All three NOS isoforms are expressed in skin tissue[3].
Expression of nNOS has been observed in keratinocytes and
melanocytes; eNOS can be detected in keratinocytes of the
basal epidermal layer, dermal fibroblasts, endothelial
capillaries, and eccrine glands; and iNOS can be induced in
keratinocytes, fibroblasts, Langerhans, and endothelial cells.
Accordingly, NO participates in the regulation of skin ho-
meostatic functions such as circulation, sunburn erythema,
and maintenance of the protective barrier against micro-
organisms.

Nitric oxide and wound healing

L-Arginine, the substrate for NOS, was first noted to en-
hance wound healing in 1978[5].  Subsequently, dietary
L-arginine intake has been shown to improve collagen depo-
sition and wound strength in both animals and humans[6–8].
This effect of L-arginine may be due in part to its conversion
to L-ornithine through the action of arginase, an enzyme
that may compete with NOS for L-arginine and thereby help
regulate NO production during wound healing[9].  However,
the finding that L-arginine intake does not improve collagen
deposition in iNOS-deficient mice to the same extent as in
wild-type littermates implicates that part of L-arginine’s ef-
fect involves NO directly[10].

Accumulating evidence indicates that NO plays a key
role in normal wound repair (Figure 1)[11–18].  Production of
nitrite (NO2) and nitrate (NO3), the stable NO metabolites, are
elevated early in the fluid of subcutaneous wounds[11], and
urinary nitrate excretion increases in a sustained manner af-
ter excisional wounding[12].  Furthermore, the presence of
nitrite and nitrate is directly correlated with collagen deposi-
tion within the wound and in dermal fibroblasts, suggesting
that NO synthesis is critical for wound collagen accumula-
tion and acquisition of mechanical strength[11,13,14].  All three
NOS isozymes are involved in the wound healing process.
Both iNOS and nNOS mRNA and protein expression are in-
creased in cutaneous wounds[15,16].  Our recent findings dem-

onstrate that there is a significant increase of cutaneous
eNOS protein expression as well as constitutive NOS enzy-
matic activity after excisional wounding in normal mice[17].
Consequently, an NO deficiency directly contributes to
wound healing impairment.  Inhibition of NOS by competi-
tive inhibitors, either applied to the wound surface[18] or given
systemically[11], decreases collagen deposition and breaking
strength of incisional wounds and impairs the healing.

Consistent with these findings, studies with targeted dis-
ruption of NOS genes have revealed that the excisional
wound closure is delayed by 30% in both eNOS and iNOS
knockout mice compared to their wild-type littermates[19,20].
Conversely, adenoviral vector-mediated gene transfer of
iNOS to the wound site of iNOS knockout mice completely
reversed the delayed healing[20].

Finally, there are strong correlations between reduced
cutaneous NO levels and impaired wound healing under dis-
ease conditions such as diabetes[11,14,17,21], malnutrition[13],
and chronic steroid treatment[18].  Diabetic wound healing
impairment is one of the most well-known chronic wound
situations.  Studies of ours and others demonstrate that cu-
taneous eNOS expression, constitutive NOS activity, and/or
NO levels are significantly decreased in streptozotocin (STZ)-
induced type 1 diabetic animals[11,14,17,21].  In fact, our find-
ings indicate that the augmented cutaneous eNOS protein
expression and constitutive NOS activity observed in nor-
mal animals in the healing process are absent in the type 1
diabetic mice[17].  These findings suggest that impairment of
wound-induced endogenous NOS expression and NOS ac-
tivity is responsible for reduced cutaneous NO bioavail-abil-
ity in type 1 diabetic animals (Figure 1).  In agreement with
the above notion, cutaneous gene therapy of eNOS or man-
ganese superoxide dismutase (MnSOD) restored eNOS pro-
tein and NO levels and accelerated the wound healing rate in
STZ-induced diabetic mice[17].  Similarly, the NO donor
molsidomine (N-ethoxycarbomyl-3-morphol inyl-
sidnonimine) or NO releasing poly (vinyl alcohol) hydrogel
dressings are also shown to partially restore such healing
impairment in STZ-induced diabetic rats[22,23].  Collectively,
impairment of skin NO function represents an important fac-
tor for delayed wound healing in diabetes and strategies
aimed at restoring cutaneous NO bioavailability with NO
donors or NOS gene therapy may serve as effective means
for diabetic wound healing.

Mechanisms of nitric oxide on wound healing
NO and angiogenesis  Angiogenesis, the process of form-

ing new microvessels, is an important component of normal
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wound repair.  NO plays a central role in this process[24] as it
increases angiogenesis in ischemic murine tissues[25].
Conversely, NOS inhibitors impair angiogenesis in granula-
tion tissue during gastric ulcer healing[26] and suppress cap-
illary organization in vitro[27].

NO is also vital to the activity of pro-angiogenic
cytokines.  Vascular endothelial growth factor (VEGF) is a
potent angiogenic factor which involves the modulation of
NO generation[28].  VEGF increases NO production via
upregulation of eNOS[29,30].  Conversely, the angiogenic ef-
fect of VEGF also depends on NO as pharmacological block-
ade of NOS prevent both VEGF-induced endothelial cell pro-
liferation and mitogen-activated protein (MAP) kinase[31].
VEGF-stimulated endothelial cell migration, decreased
adhesion, and organization are also dependent on NO[32,33].
Keratinocytes are the major source of VEGF expression upon
cytokine stimulation[34], which is blocked by iNOS inhibitors
both in vitro and in vivo[35].  NO has also been shown to
downregulate protein kinase C (PKC)-induced VEGF expres-
sion in smooth muscle cells by interfering with the binding
of AP-1[36] and to participate in the conversion of VEGF from
an inert to an angiogenic form[37].  Interestingly, NO is also
involved in VEGF-independent angiogenesis mechanisms.
Evidence includes the role of NO in monocyte-induced an-
giogenesis induced by monocytes[38], substance P[39], and
transforming growth factor (TGF)-β1[40].  Taken together,
these studies suggest a vital role of NO in post-wound

angiogenesis.
NO and inflammation  NO has been shown to modulate

chemoattractant cytokines that initiate post-wound
inflammation, including interleukin (IL)-8[41], TGF-β1[42],
monocytes, and neutrophils[43] that contribute to wound
chemoattraction.  Once monocytes and neutrophils are at-
tracted to the site of a wound, they are activated and begin to
produce TNF-α and IL-1, both of which are implicated in
wound healing[33].  Because IL-1 is a potent chemoattrac-
tant for keratinocytes, the modulation of IL-1 by NO may
usher keratinocyte recruitment, proliferation, and
differentiation.  Taken together, NO modulation of inflamma-
tion-associated cytokines may affect the inflammatory phase
of wound healing.

NO and cell proliferation, differentiation, and apopto-
sis    NO affects proliferation, differentiation, and apoptosis
in a number of cell types involved in wound healing.  The
iNOS inhibitor Nω-imino ethyl L-lysine (L-NIL) has been
found to decrease proliferation in keratinocytes at the wound
edge[44].  Indeed, treatment of murine wounds with L-NIL
leads to delayed re-epithelialization with atrophied hyper-
proliferative epithelium seen at the wound edge[45].  Conver-
sely, the NO donor sodium nitroprusside (SNP) significantly
increases fetal bovine serum-induced thymidine incorpora-
tion into the DNA of human dermal fibroblasts and enhances
fibroblast growth factor- or platelet-drived growth factor-
induced DNA synthesis[46].  Furthermore, low levels of NO
increase keratinocyte proliferation in vitro[44], an effect that
is mimicked by 8-bromo-cGMP[33], an analog of NO second
messenger cGMP.  NO also modulates keratinocyte apoptosis
induced by irradiation of keratinocytes with ultraviolet B
light as addition of NOS inhibitors to irradiated keratinocytes
increases apoptosis, an effect that is reversed by the NO
donor S-nitroso-penicillamine[47].  It appears that both in-
ducible and constitutive NOS are involved in this process.
Furthermore, NO has been shown to stimulate the prolifera-
tion of endothelial cells, protect endothelial cells from
apoptosis, and mediate VEGF production[34].  These effects
of NO on endothelial cells may also be related to another
facet of wound healing, namely angiogenesis.  In contrast,
NO may also affect fibroblast proliferation.  For instance, NO
donor SNAP has been reported to decrease the proliferation
of normal dermal fibroblasts in rats[48] while increase their
proliferation in mice[49], even though the reasons for such
discrepancy are not clear.  Altogether, the above studies
suggest that NO affect the proliferative phase of wound
healing.

NO and matrix deposition and remodeling    The final
phases of healing require increased collagen synthesis and

Figure 1.  Nitric oxide (NO) as a signaling molecule accelerates wound
healing.  Abbreviations: eNOS, endothelial nitric oxide synthase; iNOS,
inducible nitric oxide synthase; MnSOD, manganese superoxide dismutase;
VEGF, vascular endothelium growth factor.
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deposition, and a link between NO and collagen deposition
has been described[11].  In most studies, treatment with NO
donors, dietary L-arginine, or iNOS overexpression via gene
therapy increased the collagen content of experimental
wounds[10,11,50,51].  Indeed, treatment with a NO donor has
been shown to increase collagen formation in fibroblasts
derived from both normal and wound skin, which was de-
creased following NOS inhibition[51].  The effect of NO may
primarily be due to the posttranslational enhancement of
collagen synthesis rather than de novo transcription of the
relevant collagen genes[51].

Mechanisms of wound nitric oxide dysfunction
Although impaired NO function contributes to delayed

wound healing in diabetes, the mechanisms of cutaneous NO
dysfunction in this setting is unclear.  In diabetes, causative
factors for hyperglycemia-induced organ damage include the
activation of the polyol pathway, nonenzymatic glycation,
activation of PKC pathway, and increased hexosamine path-
way flux[52].  However, previously there was no apparent
common element linking these mechanisms.  Recent studies
suggest that these different mechanisms may be linked by a
single cellular process: an overproduction of superoxide in-
duced by sustained hyperglycemia[53].  Sustained hypergly-
cemia is known to increase vascular superoxide levels, re-
sulting in cardiovascular dysfunction[54].  Superoxide pro-
duced in the vasculature rapidly inactivates NO and thus
reduces its bioavailability in diabetic vasculature[55].  Inde-
pendent strategies aimed at reducing superoxide levels have
been shown to prevent high glucose-induced PKC activation,
formation of advanced glycation end-products (AGEs), sor-
bitol accumulation, and NFκB activation, resulting in im-
provement of endothelium-dependent NO-mediated vasodi-
lation[53,54].  These results indicate that increased superoxide
levels are a key factor in vascular NO dysfunction in diabetes.
However, whether sustained hyperglycemia increases cuta-
neous O2

– levels and the mechanisms by which cutaneous
NO levels are decreased in diabetes is unknown.  Our recent
studies demonstrate that glucose concentration-dependently
increases superoxide levels in normal mouse skin and there
is a marked increase of cutaneous superoxide levels in
streptozotocin-induced type 1 diabetic mice[17].  Furthermore,
cutaneous gene therapy of MnSOD significantly reduced
superoxide and increased NO levels, resulting in accelerated
wound healing in this model.  These results provide the di-
rect evidence that increased cutaneous superoxide contrib-
utes to reduced NO bioavailability and wound healing im-
pairment in diabetes (Figure 2).

Future directions
Although a central role for several protein-type growth

factors and mitogens on wound repair has been well-estab-
lished for many years, the application of these factors in the
treatment of wound healing has not provided a breakthrough
in the clinical arena[1,2].  One possible reason for the failure
of markedly accelerating closure of chronic wounds may be
due to increased protease activities in the wound fluids, which
may impair the ability of endogenous and exogenously ap-
plied growth factor proteins to stimulate healing.  In contrast,
NO may represent a novel target molecule to circumvent these
difficulties.  Because NO is a short-lived gas molecule, main-
taining an effective level of NO at the wound site is an obvi-
ous problem for clinical therapy.  In recent studies we have
demonstrated that gene therapy of NOS or SOD is effective
in restoring cutaneous NO levels and accelerating wound
healing in diabetic mice[17].  Gene therapy strategies aimed
at increasing NO or reducing superoxide levels may repre-
sent an effective means of reversing cutaneous NO deficiency
at the wound site for healing refractory wounds in diabetes
and other diseases.  Future preclinical studies are warranted
to optimize the designs and regimens before clinical trails
can be conducted and the ultimate translation of basic sci-
ence to the clinical settings for human gene therapy.

Figure 2.  The proposed mechanism by which superoxide contributes to
decreased NO bioavailability and wound healing impairment in diabetes.
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Abstract
RhoA and Rho-kinase (ROCK) participate in a wide variety of cell signal functions
such as cell growth, smooth and cardiac muscle contraction, cytoskeleton
rearrangement, cell migration and proliferation.  In vascular smooth muscle cells,
RhoA and ROCK play an important role in Ca2+ sensitization and regulate vascu-
lar smooth muscle tone.  In the heart, RhoA and ROCK mediate hypertrophic
response leading to cardiac hypertrophy.  Recent cellular and molecular biology
studies using ROCK inhibitors such as Y-27632 and fasudil have indicated a
pivotal role of the RhoA-ROCK cascade in many aspects of cardiovascular func-
tion such as cardiac hypertrophy and ventricular remodeling following myocar-
dial infarction.  Inhibition of the RhoA-ROCK signaling pathway may be a suitable
target for a number of cardiovascular diseases including hypertension, athero-
sclerosis, diabetes and hypertrophic heart failure.  This review focuses on the
current understanding of the RhoA-ROCK signal pathway in heart diseases and
discusses the use of ROCK inhibitors as therapeutic agents for heart diseases
ranging from hypertensive cardiomyopathy to heart failure.
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Introduction
RhoA, along with RhoB, RhoC, Rac1, Rac2, Cdc42, RhoG,

and TC10, belongs to the Ras family of small GTP-binding
proteins.  RhoA and Rho-kinase (ROCK), a downstream tar-
get protein of small GTP-binding protein Rho, are known to
regulate a wide variety of cellular processes such as changes
in cell morphology, cell motility, focal adhesions, light chain
phosphorylation, and cytokinesis[1,2].  Inhibition of the RhoA/
ROCK cascade has been demonstrated to elicit beneficial
effects on function of both heart tissues and vasculature.
RhoA is believed to play a key role in cell growth, myofibril-
lar assembly, cardiac hypertrophy, hypertension, vascular
smooth muscle cell proliferation and migration in response
to heterotrimeric G protein receptor stimulation and to me-
chanical strain or tyrosine kinase growth factors[3–8].  ROCK
has been implicated to mediate the angiotensin II (Ang II)-
induced hypertrophic responses of vascular smooth muscle
cells and hypertensive vascular diseases in hypertension[9,10].
In addition to cardiovascular diseases, RhoA and ROCK also
participate in normal physiological processes such as preg-

nancy and early heart development.  The mRNA expression
of RhoA and two types of ROCK (α and β) was found to be
elevated in the pregnant myometrium[11], which may be re-
sponsible for the augmented myometrial contractility during
pregnancy.  Using the small interfering RNAs (siRNA)
technique, it was reported that disruption of RhoA expres-
sion resulted in absence of heart tube fusion and abnormal
head development in chick embryos, indicating the impor-
tance of RhoA for normal embryogenesis and early heart
development[12].  Recent studies have indicated that inhibi-
tion of the RhoA-ROCK signal pathway may be a potential
target for a number of cardiovascular diseases including
hypertension, atherosclerosis, diabetes and hypertrophic
heart failure[13].  This review will summarize the role of RhoA
and ROCK in heart morphology and function, with a special
focus on the pathogenesis of heart diseases associated with
abnormal RhoA and ROCK signaling.  As certain factors such
as peripheral vascular resistance may affect cardiac afterload
and subsequently cardiac contractile function, the effect of
RhoA-ROCK on cardiac morphology and function appears
to be more complex than originally thought and requires more
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intensive research.
Role of RhoA in cardiac hypertrophy   Cardiac hypertro-

phy is a cardiac physiological adaptation in response to pres-
sure or volume overload.  However, after a prolonged period
of time, this initial adaptive response becomes maladaptive,
thus switching the heart from a compensated to a decom-
pensated state and ultimately increased cardiac mortality and
morbidity.  The Gq-RhoA-ROCK pathway, which may be
activated by several neurohormonal factors such as angio-
tensin II, is believed to function as an important signaling
pathway for cardiac hypertrophy or transition from left ven-
tricular hypertrophy to heart failure.  Activation of RhoA is
essential for sensing externally applied force, subsequently
relaying onto the actin cytoskeleton leading to transloca-
tion of extracellular signal-regulated kinase (ERK) en route
to cardiac hypertrophy[14,15].  It is believed that hypertrophy-
related gene expression in response to RhoA activation is
mediated through cross-talk with β1 integrin signal pathway
via an organized actin cytoskeleton[14,15].  In addition, tran-
scription factor GATA-4, a key regulator of cardiac genes,
may also be a nuclear mediator of RhoA participating in sar-
comere assembly in cardiomyocytes.  Both RhoA and GATA-
4 are necessary for sarcomeric reorganization in response to
hypertrophic stimuli.  It has been demonstrated that over-
expression of either protein alone is sufficient to trigger sar-
comeric reorganization[16].

In a recent study of heart failure model in Dahl salt-sen-
sitive rats fed an 8% NaCl diet from 8 weeks with or without
the ROCK inhibitor Y-27632,  Satoh and colleagues reported
elevated left ventricular mass, cardiac myocyte cross-sec-
tional area, interstitial fibrosis, and contractile dysfunction
shown as reduced left ventricular ejection fraction and frac-
tional shortening, as well as prolongation in contraction/re-
laxation duration associated with increased protein expres-
sion of Galphaq and ROCK in the Dahl salt-sensitive, salt
intake Y-27632-untreated group.  Interestingly, the degree
of myocardial hypertrophy was significantly reduced in con-
junction with improved contractile function but no change
in interstitial fibrosis following Y-27632 treatment in Dahl
salt-sensitive, salt intake rats[17].  These results suggest the
possibility that the Gq-ROCK signal pathway plays an im-
portant role in the process of hypertension-induced left ven-
tricular hypertrophy leading to contractile dysfunction.  The
notion of a key role for RhoA-ROCK in cardiac hypertro-
phy received convincing support from transgenic studies
using mice overexpressing RhoA or a constitutively-activated
RhoA mutant in atria and ventricles[18].  Heterozygotes dis-
played high premature mortality, ventricular dilatation
(without change in mass) and dysfunction, changes in ex-

pression of hypertrophic index gene, increases in atrial mass,
marked conduction abnormalities, and other signs of heart
failure[18].  Nevertheless, the phenotype of cardiac anoma-
lies in these transgenic mice is different from those com-
monly seen in compensated hypertrophy, thus precluding any
firm conclusion to be drawn regarding the role of RhoA in
cardiac hypertrophy.  The possible role of RhoA in cardiac
hypertrophy also received indirect evidence from the work
related to 3-hydroxyl-3-methylglutaryl coenzyme A (HMG-
CoA) reductase inhibitors, or statins.  Statins have been
shown to inhibit cardiac hypertrophy by cholesterol-inde-
pendent mechanisms including inhibition of activation of
RhoA and Rac1[19].  Since Rac1 is a crucial component of
reduced nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, which is a main source for reactive oxy-
gen species (ROS) in the hearts, the fact that statins inhibit
Rac1-mediated oxidative stress may contribute to their in-
hibitory effects on cardiac hypertrophy[19].

RhoA  and cardiac electromechanical function  Although
there have been some indications that inhibition of RhoA-
ROCK may benefit cardiac dysfunction under conditions
such as heart failure or ischemia-reperfusion cardiac injury[20],
the precise role of RhoA-ROCK on cardiac contractile func-
tion remains unclear.  Using the Dahl salt-sensitive heart
failure model, it was demonstrated that inhibition of ROCK
with Y-27632 significantly improved cardiac contractile dys-
function in Dahl salt-sensitive high salt intake heart failure
model including reconciling reduced in left ventricular ejec-
tion fraction and fractional shortening, prolonged duration
of contraction and relaxation, associated with lessened car-
diac hypertrophy.  These authors also found that the upre-
gulated proto-oncogene c-fos gene expression, but not that
of ERK and p70S6 kinase phosphorylation, under heart fail-
ure rats was decreased by inhibiting ROCK, suggesting a
differential activation of the Rho-ROCK and the ERK-p70S6
kinase pathways in the failing hearts of Dahl salt-sensitive
hypertensive rats[20].  The observation that ROCK inhibition
rescues cardiac contractile defects (reduced contractility and
prolonged duration of contraction/relaxation) is supported
by cardiac function assessment obtained from the RhoA
transgenic mice.  Cardiac-specific overexpression of RhoA
triggered prolongation of action potential duration and re-
duction in ventricular contractility[18].  In a separate study,
cardiac-specific inhibition of ROCK was achieved by express-
ing Rho GDIα, an endogenous specific GDP dissociation
inhibitor for Rho family proteins, using the α-myosin heavy
chain (α-MHC) promoter.  Increased expression of Rho GDIα
preserved the left ventricular systolic and diastolic function
both before and after the development of cardiac hypertrophy,
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indicating that Rho GTPases may not be required for mainte-
nance of ventricular contractile function under basal physi-
ological conditions[21].  The RhoA-ROCK also participates
in the function of cardiac conducting system.  Electrocardio-
graphy and intracardiac electrophysiological evidence sug-
gest first- and second-degree atrioventricular (AV) block in
cardiac-specific Rho GDIα (which inhibits Rho GTPase)
transgenic hearts at 1 and 4 weeks of age, respectively, prior
to the development of cardiac hypertrophy[21].  These re-
sults suggest that the RhoA-ROCK signal cascade is neces-
sary for cardiac electrical conduction under normal physi-
ological conditions.  Further examination revealed that ex-
pression of connexin 40 was significantly decreased from 1
to 4 weeks of age in the Rho GDIα transgenic heart, which
may contribute, at least in part, to the conduction defects in
the Rho GDIα transgenic mice[21].

RhoA, hypertension, and cardiac afterload  Regulation
of vascular smooth muscle cell contractile state is critical for
the maintenance of vascular tone.  The RhoA-ROCK signal
cascade may affect heart function indirectly through regula-
tion of peripheral vascular resistance.  The RhoA-ROCK
pathway has been demonstrated to play an important role in
a wide variety of cell functions in the vasculature including
actin cytoskeleton organization and vascular smooth muscle
contraction.  The RhoA-ROCK pathway is constitutively
active in a number of organs including vascular smooth
muscle under physiological and pathophysiological condi-
tions[22].  It is believed that upregulated RhoA-ROCK signal
cascade promotes cytosolic Ca2+ sensitization and vascular
tension in smooth muscles, leading to enhanced peripheral
vascular resistance, vascular tone and subsequently hyper-
tension[22,23].  Myosin phosphatase is the key enzyme re-
sponsible for myosin light chain (MLC) dephosphoryla-
tion that regulates smooth muscle cell contraction.  Vaso-
constrictors and vasodilators are expected to inhibit or pro-
mote the activity of myosin phosphatase, respectively.  It
was indicated that G-protein-coupled receptor agonists might
inhibit the activity of myosin phosphatase leading to vaso-
constriction through activation of RhoA-ROCK.  However,
nitric oxide (NO) may activate myosin phosphatase, leading
to vasorelaxation through cGMP-dependent protein kinase.
It has been postulated that RhoA regulates vascular smooth
muscle contraction through interaction with myosin phos-
phatase-Rho interacting protein, a likely new member of the
myosin phosphatase controlling myosin light chain dephos-
phorylation[24].

In addition to the peripheral effect, blockade of the RhoA-
ROCK signal pathway in nucleus tractus solitarii (NTS) of
brain stem decreased blood pressure, heart rate, and renal

sympathetic nerve activity in both Wistar-Kyoto (WKY) rats
and spontaneously hypertensive rats (SHR), suggesting a role
of the RhoA-ROCK signal cascade in central regulation of
blood pressure[7].  Interestingly, the magnitude of blood
pressure, heart rate, and renal sympathetic nerve activity drop
was much greater in SHR than in WKY rats.  Furthermore,
membrane RhoA expression and ROCK activity in NTS were
enhanced in SHR compared with WKY rats, confirming the
contribution of the NTS RhoA-ROCK pathway to blood pres-
sure regulation via sympathetic nervous system[7].  Additional
work from the same group suggested that activation of the
RhoA-ROCK signal pathway might contribute to neurogenic
hypertensive mechanisms caused by chronic inhibition of
NO synthesis[8].  Chronic inhibition of NO synthesis by the
NO synthase (NOS) inhibitor Nω-nitro-L-arginine methyl es-
ter (L-NAME) is known to trigger the onset of hypertension,
which was alleviated by the ROCK inhibitor, Y-27632.  Ex-
pression of membranous RhoA and phosphorylation of the
target proteins of ROCK, the ERM (ezrin, radixin, moesin)
family members, was significantly greater in the L-NAME-
treated group than control group, indicating that activation
of the RhoA-ROCK signal pathway contributes to neuro-
genic hypertension triggered by chronic NOS inhibition[8].

RhoA and diabetic cardiovascular complications  Pro-
longed contraction and relaxation are hallmarks of diabetic
cardiomyopathy, one of the most devastating complications
in diabetes[25,26].  Studies from our laboratory depicted pro-
longed duration of contraction and relaxation associated with
normal contractility and maximal rate of contraction and re-
laxation in diabetes[25–27].  Although several mechanisms have
been postulated for the diabetes-related mechanical defects
such as diabetes-induced myosin isozyme switch (from the
fast type V1 to the slow type V3), impaired function of sarco
(endo) plasmic reticulum Ca2+-ATPase (SERCA) and Na+/
Ca2+ exchanger, as well as reduced myofilament Ca2+ sensi-
tivity [26,28–30], the signaling mechanisms responsible for these
cellular alterations remain poorly defined.  Recently, we re-
ported up-regulation of cardiac RhoA signaling in diabetic
hearts[27].  RhoA expression has been demonstrated to be
up-regulated in arteries from aged, hypertensive, or diabetic
rats[27,31–33].  The dynamics of RhoA gene expression is
sparsely documented although binding of transcription fac-
tor cAMP-responsive element binding (CREB) protein/ ac-
tivating transcription factor-1 (ATF-1) has been shown to
increase the RhoA promoter activity[34].  Hyperglycemia and
reactive oxygen species, which often accompany hyper-
glycemia, have been shown to increase nuclear CREB activ-
ity through a p38 MAP kinase-dependent pathway[35,36].  El-
evated oxidative stress in diabetic heart and enhanced p38
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MAP kinase activation were observed in a preliminary study
(Ren and colleagues, unpublished data), which may be re-
lated to enhanced expression of RhoA and activity of ROCK.
Although there is little evidence depicting a direct regula-
tion of RhoA signaling in cardiac excitation-contraction
coupling, activation of ROCK, the Rho-dependent serine-
threonine kinase, has been shown to regulate cardiac con-
tractility and gene expression, probably mediated through
the MAP kinase super-family[6,18,20].  One of the likely sce-
narios that RhoA may participate cardiac excitation-contrac-
tion coupling is speculated to be mediated through regula-
tion of K+ channel and action potential duration.  Cardiac-
specific overexpression of RhoA was reported to prolong
action potential duration and to diminish ventricular con-
tractility[18].  The RhoA-induced prolongation of action po-
tential may be related to its ability to interrupt certain volt-
age-dependent K+ channel(s)[37].  These speculations are
supported by our recent observation of concurrent up-regu-
lation of RhoA mRNA/protein and diminished Kv1.2 protein
expression in diabetic hearts (Ren and colleagues, unpub-
lished data).  Depressed expression and function of voltage-

dependent K+ channels have also been implicated in pro-
longed phase 3 of action potential repolarization and thus
lengthened relaxation duration in diabetic hearts[38].  The in-
volvement of RhoA signaling in diabetic heart dysfunction
was supported by our finding using the ROCK inhibitor
Y27632.  Incubation of Y-27632 with high extracellular glu-
cose (25.5 mmol/L) for 12 h significantly reduced the com-
promised cardiac mechanical function elicited by high glu-
cose toxicity (Figure 1), suggesting that RhoA-ROCK acti-
vation may be a permissive step in the development of car-
diac mechanical defects in response to high extracellular glu-
cose or diabetic environments.

Our recent study revealed that IGF-1 transgene protected
diabetes-induced mechanical dysfunctions in cardiac
myocytes[39] in parallel to its action on STZ-induced eleva-
tion of RhoA mRNA and protein expression, down-regula-
tion of Kv1.2 channels and activation of p38 MAP kinase
(Ren and colleagues, unpublished data).  Our results did not
favor any involvement of another MAP kinase signal mol-
ecule ERK1/2 in diabetes-induced cardiomyocyte dysfunc-
tion or the cardiac protective effect of IGF-1 (Ren and

Figure 1.  Effect of the ROCK-specific inhibitor Y27632 (10 µmol/L) on glucose toxicity (25.5 mmol/L)-induced mechanical defects in rat
ventricular myocytes. Myocytes from normal adult male rats (225–250 g) were isolated and maintained under normal (NG, 5.5 mmol/L) or
high (HG, 25.5 mmol/L) glucose medium for 12 h in the presence or absence of A27632.  (A) Peak shortening (normalized to resting cell
length); (B) Maximal velocity of shortening/relengthening (±dL/dt); (C) Duration of contraction: time-to-peak shortening (TPS); (D) Dura-
tion of relaxation time to 90% relengthening (TR90).  n=60–62 cells/group. Mean±SEM. bP<0.05 vs NG group.
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colleagues, unpublished data).  Collectively, these data sug-
gest that up-regulation of the RhoA-ROCK signal cascade
may suppress the expression or function of voltage-depen-
dent K+ channel and p38 MAP kinase, an route to mechani-
cal dysfunction in diabetes manifested as prolonged dura-
tion of contraction and relaxation, as well as reduced con-
tractility.  It is possible that the beneficial effects of IGF-1 on
cardiac mechanical defects diabetes may be elicited though
suppression of activation of the RhoA-ROCK signal cas-
cade[40,41].

Results from our study suggested likely additional sig-
naling mechanisms from RhoA and p38 MAP kinase (Ren
and colleagues, unpublished data).  Activation of p38 MAP
kinase has been speculated to be down-stream of the ROCK
signaling pathway[35].  However, current data failed to dis-
play that an enhanced ROCK I/II mRNA expression in dia-
betic groups, indicating that the activity rather than mRNA
expression of ROCK I/II may be involved.  Nevertheless,
IGF-1 transgene reduced ROCK I/II mRNA, consistent with
the notion that IGF-1 may inactivate RhoA signal cascade.
The lack of effect on ERK1/2 phosphorylation in response
to either diabetes or IGF-1 is somewhat consistent with our
earlier report using the high glucose culture system[42].

RhoA and other cardiovascular complications  Ample of
evidence has demonstrated that the RhoA-ROCK mediated
signaling pathway plays an important role in other cardio-
vascular complications such as ischemia/reperfusion heart
injury and ventricular remodeling following myocardial
infarction.  It was reported that fasudil, a potent ROCK
inhibitor, prevented occurrence of myocardial ischemia in
patients with microvascular angina[43].  It was found that
ischemia/reperfusion upregulated RhoA expression in is-
chemic myocardium and increased ROCK activity.  Inhibi-
tion of ROCK with selective ROCK inhibitors protected the
heart against ischemia injury and enhanced post-ischemia
cardiac function.  This cardioprotective effect may be attrib-
uted to an anti-apoptotic mechanism of ROCK inhibition since
ROCK inhibitors may significantly attenuate the downregula-
tion of Bcl-2 expression induced by ischemia/reperfusion
injury.   An alternative explanation for such cardioprotective
property of the ROCK inhibitors may be associated with their
ability to suppress ischemia/reperfusion-induced elevation
in serum levels of proinflammatory cytokines[44].  Further
studies have shown that RhoA may be a novel mediator of
adenosine-induced cardiac protection against ischemia.  The
adenosine A3 receptor mediated anti-ischemic function in
the heart appeared to signal selectively through RhoA since
overexpression the RhoA-noninteracting mutant caused sig-
nificant reduction of A3 agonist-induced anti-ischemic effect.

It was suggested that RhoA was an important cardiopro-
tective signaling molecule that interacted directly to phos-
pholipase D (PLD) in cardiac myocytes[45].  Inhibition of
ROCK attenuates production of superoxide, reduces gen-
eration of monocyte chemoattractant protein-1 or plasmino-
gen activator inhibitor-1 (PAI-1), and inhibits activation of
macrophages, neutrophils, and platelets, all of which are
considered essential for inhibition of stress-induced regional
inflammatory responses and diminished myocardial ischemia-
reperfusion injury[46].  Furthermore, RhoA was found to miti-
gate the reperfusion-induced change in the shape of cardiac
capillary endothelial cells in situ and thereby ameliorate the
reperfusion injury[47].

Apart from cardiac ischemia/reperfusion injury, RhoA-
ROCK has also been demonstrated to be involved in the
process of myocardial infarction.  It is generally accepted
that inhibition of ROCK directly relaxes vascular smooth
muscle and therefore increases regional myocardial blood
flow at sites of major coronary artery stenosis by dilating
abnormally narrowed or occulted artery.  However, a recent
study revealed that the infarct-limiting mechanism which in-
volved ROCK inhibition could be independent of either a
change in systemic hemodynamics or recruitment of collat-
eral blood flow.  Transient accumulation of cAMP was dem-
onstrated in myocardium during ischemic preconditioning
and may play a role to limit the size of infarction[48].  Other
mechanisms such as down-regulating inflammatory re-
sponses mediated by cytokines and chemokines may also
be involved in limiting the growth of infarct size[49] although
further study is warranted to elucidate the therapeutic value
of ROCK inhibitors in the management of myocardial
infarction.

Summary and conclusion  During the past few years,
considerable progress has been made toward understanding
the signaling pathways and the function of RhoA-ROCK in
cardiovascular systems.  These studies have convincingly
revealed that RhoA-ROCK are versatile signaling molecules
regulating diverse cellular functions including cytoskeletal
rearrangement[50], Ca2+ sensitization[51], cytokinesis[52] and
lineage commitment as well as fate of stem cells[53].  However,
much remains to be learned about the detailed regulation
mechanisms of RhoA-ROCK as well as its downstream sig-
naling targets.  It is imperative that future efforts be directed
toward better defining and characterizing the signal path-
ways regulated by RhoA-ROCK in cardiovascular systems.
Such efforts will likely yield new molecular targets for the
RhoA-ROCK signal cascade and ultimately more effective
therapies for preventing or ameliorating cardiovascular dis-
eases such as cardiac hypertrophy, hypertension, diabetes
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and atherosclerosis through either pharmacologically or ge-
netic modulation of RhoA-ROCK regulated signaling.
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Introduction
Mammalian transient receptor potential (TRP) channels

consist of six related protein sub-families known as TRPV,
TRPC, TRPM, TRPP, TRPML, and TRPA[1]. These channels
are widely distributed and involved in sensing local stimuli
ranging from changes in hemodynamics to pH and osmo-
larity.  The TRPV1 channel, a member of the TRPV sub-family,
was identified by expression cloning using the “hot” pep-
per-derived vanilloid compound capsaicin as a ligand.  TRPV1
is therefore referred as the vanilloid receptor (VR1) or the
capsaicin receptor.  Capsaicin as well as other closely re-
lated vanilloid substances are principal constituents in the

hot chilli peppers and responsible for the pungency of these
spices[2].

Over the last several centuries, knowledge about the
physiological actions of capsaicin has grown and capsaicin
has become a powerful tool, as will be described, for study-
ing mechanisms underlying hypertension.  Ever since its
isolation in the mid-nineteenth century, capsaicin has been
documented to act on sensory fibers with neuroselectivity[3,4].
Nelson elucidated the structure of capsaicin, reporting it as
8-methyl-vannillyl-6-noneamide, an acylamide derivative of
homovanillic acid[5].  The compound consists of three func-
tional moieties: vannilyl, acylamide, and alkyl[2].  Jancso later
showed that capsaicin-sensitive nerve endings could be
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stimulated as well as destroyed by a sufficiently high dose
of capsaicin[6].  The neurotoxicity effect of capsaicin is of
paramount importance, for reasons that will become clear, to
neurobiologists using capsaicin sensitive-sensory nerve de-
generation to study blood pressure regulation.  The review
that follows outlines the advances that have been made since
Jancso’s publications, with regard to mechanisms of
capsaicin’s action, cardiovascular effects of select neuropep-
tides released by a subset of capsaicin-sensitive primary
afferent neurons (CSPAN) innervating cardiovascular and
renal tissues, and pathophysiologic mechanisms of hyper-
tension elucidated by capsaicin sensitive sensory-nerve
degeneration.  Capsaicin pharmacology and the nature of
capsaicin-sensitive sensory nerves are discussed in greater
detail in a number of other excellent scholarly reviews[7–9].
This review is restricted to a discussion of the effects of
capsaicin on the cardiovascular system.  Other authors have
reviewed the effects of capsaicin on the somatosensory,
respiratory, thermoregulatory, and gastrointestinal sys-
tems[10–14].

VR1 positive sensory neurons
VR1-positive sensory neurons refer to a subset of pri-

mary afferent neurons that express the VR1 receptors which
can be activated by capsaicin.  The pharmacological prop-
erty of sensitivity to capsaicin distinguishes these afferent
neurons, mostly having unmyelinated (C fibers) or thinly
myelinated axons (Aδ fibers), from other afferent neurons[15].

Maggi[15] has described the functional anatomy of the
VR1-positive primary afferent neuron by identifying four
sites from which neurotransmitter release may occur: (i) cen-
tral terminals of the afferent neuron in contact with second-
order neurons in the CNS; (ii) terminals distributed in the
prevertebral ganglia; (iii) peripheral terminals distinct from
the terminal at which the sensory stimulus is applied; and
(iv) the same peripheral terminal at which the sensory stimu-
lus is applied.  Neurotransmitter release at sites (i) and (ii)
accounts for the sensory function of CSPAN and is central
to perception of somatic and visceral pain.  In contrast, and
as implied by neuropeptide release from peripheral terminals
(iii) and (iv), CSPAN nerve endings not only serve as sen-
sory receptors, but also as effector sites from which neu-
rotransmitters are released.  Thus, neurotransmitter release
from sites (iii) and (iv) accounts for the “sensory-efferent”
function of CSPAN, with release from site (iv) not even re-
quiring neuronal conduction[15].  Accordingly, Maggi and
Meli[11] have termed release from site (iv) the “sensory re-
ceptor potential-coupled efferent response.” Local sensory

stimuli that may induce neurotransmitter release are varied
and include nerve growth factor[16], vascular wall tension[17],
the sympathetic nervous system[18], bradykinin[19], and
endothelin[20].

Efferent function of VR1-positive sensory
neurons

VR1-positive sensory neurons have a dual function: sen-
sory perception and sensory efferent function.  Binding of
capsaicin and capsaicin agonists to VR-1 leads to  neuropep-
tide release from a subpopulation of neuropeptide-contain-
ing primary afferent neurons[15].  Binding to this receptor
opens a receptor-operated permeable cation channel[21–25]  that
ultimately results in the influx of sodium and calcium ions.
Sodium influx is sufficient for afferent impulse conduction.
In sharp contrast, calcium influx, and thus extracellular
calcium, is prerequisite for neuropeptide release.  Without
extracellular calcium, sensory neuropeptides are no longer
released from sensory nerve endings when these endings
are depolarized[15].

Given that the neuroselectivity of capsaicin is a reflec-
tion of the selective expression of the VR1 on a subpopula-
tion of primary afferent neurons, a closer look at the VR1 is
warranted.  Initial evidence supporting a capsaicin-binding
site on a subset of primary afferent neurons came from ob-
servations that capsaicin analogues are able to exert similar
functional changes[26,27].  Additional support came from ex-
perimentation with resiniferatoxin, a phorbol ester derivative
that has been shown to exhibit structural similarity [28,29] and
densensitizing and excitatory properties homologous to
those exhibited by capsaicin, albeit at 1000-fold lower
doses[28–30].  Definitive support for the presence of a chemi-
cal moiety capable of binding to capsaicin and related ago-
nists came with the development of capsazepine, experimen-
tally shown to act as a competitive antagonist of vanilloid
binding and activity[31].  The VR-1 has been reviewed in
greater detail in an authoritative review by Caterina and Julius[32].

Concerning the nature of transmitters released from VR1-
positive sensory neurons, Maggi and Meli[15] have reported
that at least the following 12 different types of transmitters
are present in capsaicin-sensitive sensory neurons: sub-
stance P (SP), neurokinin A, neuropeptide K, eledoisin-like
peptide, somatostatin, vasoactive intestinal polypeptide,
cholecystokinin-octapeptide, calcitonin gene-related peptide
(CGRP), galanin, corticotrophin-releasing factor, arginin
vasopressin, bombesin-like peptides.  These authors also
report that multiple neuropeptides can be simultaneously
released from VR1-positive sensory nerve endings.  However,
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different neuropeptides may be preferentially released as a
function of stimulus intensity[33].

It has been shown that plasma concentrations of  CGRP
rise transiently after administration of capsaicin in adult rats[3,4].
Given that capsaicin exerts its action through release of
neuropeptides, acute administration of capsaicin produces
functional changes related to the activity of the released
neuropeptides[35].  In contrast, and of significance to eluci-
dating mechanisms underlying hypertension, capsaicin ad-
ministered systemically at a dose of 50 mg/kg of body weight
to neonatal rats or mice leads to an irreversible loss of more
than 80% of small-diameter sensory neuron cell bodies[36–41].
These observations indicate that high doses of capsaicin
lead to neurotoxic effects including substantial depletion of
stores of neuropeptides within VR-1 positive sensory neuron.

Innervation of cardiovascular tissue by VR1-
positive sensory nerves

VR1-positive sensory nerves are found around blood
vessels in virtually all vascular beds.  CGRP, often co-local-
ized with SP, is found in nerve endings of a subset of these
sensory nerves[42–46].  Synthesis of these neuropeptides oc-
curs in the dorsal root ganglia which contain cell bodies of
the capsaicin-sensitive sensory nerves.  CGRP, co-localized
with SP, is also found in a subpopulation of VR1-positive
sensory nerves innervating the hearts of rats, guinea pigs,
and humans, though in a much lower density than around
blood vessels[43].

CGRP is a potent vasodilator that also has positive chro-
notropic and ionotropic effects[43].  The coronary vascula-
ture is a particularly susceptible target of the vasodilatory
action of CGRP[47,48].  Of significance to understanding the
pathogenesis of hypertension, systemic administration of
CGRP decreases blood pressure in normotensive animals,
normotensive humans, and spontaneously hypertensive
rats[43,44].  This decrease is produced via peripheral arterial
dilation mediated through nitric oxide-dependent and nitric
oxide-independent mechanisms[43].  The fact that bolus in-
jection of CGRP8-37, a CGRP receptor antagonist, produces
dose-dependent increases in mean arterial pressure in deoxy-
corticosterone-salt hypertensive rats indicates that CGRP-
induced vasodilation may play a compensatory role in this
model[49].

VR1-positive sensory nerves and established
models of hypertension

At least two hypertensive models have been used for

defining the role of VR1-positive sensory nerves.  One is the
one-kidney wrap (1K-WRAP) hypertensive model and the
other the deoxycorticosterone (DOCA)-salt hypertensive
model.  Intrathecal administration of capsaicin to adult rats
was used to deplete SP and CGRP within central processes
of afferent renal nerves (ARN) within selective laminae of
the dorsal horn for determining whether SP and/or CGRP
localized in ARN play a role in the development of 1K-WRAP
hypertension or DOCA-salt hypertension[50].  Capsaicin treat-
ment enhanced the development of 1K-WRAP hypertension,
considering that systolic blood pressure was greater in 1K-
WRAP rats pretreated with capsaicin compared with vehicle-
treated 1K-WRAP rats[50].  However, capsaicin pretreatment
had no effect on systolic blood pressure in DOCA-salt rats,
suggesting that the depletion of sensory neurotransmitters
from ARN by capsaicin does not exacerbate DOCA-salt
hypertension.  Indeed, these authors concluded that “ARN
did not play a major role in the development of DOCA-salt
hypertension.”[50]

Manzini and Bacciarelli[51] performed a similar study in
which the effect of neonatal degeneration of VR1-positive
sensory nerves on the development of DOCA-salt hyper-
tension was investigated.  As expected by the degeneration
of sensory neurons in capsaicin-pretreated animals, sub-
stance P-like immunoreactivity was virtually undetectable in
capsaicin-pretreated animals and blood pressure was much
less responsive to acute administration to capsaicin as com-
pared to control animals.  DOCA-salt induced-hypertension
was of quicker onset and of greater magnitude in the animals
pretreated with capsaicin.  Hypertensive rats pretreated with
capsaicin also had a greater incidence of cardiac necrosis.
These authors, in contrast to Burg et al, concluded that cap-
saicin-sensitive sensory fibers may underlie antihyperten-
sive mechanisms and play a protective role in preventing the
development of DOCA-salt hypertension[51].

VR1-positive sensory nerves and increased
salt sensitivity

Though studies by Burg et al[50] and Manzini and
Bacciarelli[51] have shown that VR1-positive sensory nerves
are implicated in blood pressure regulation, these investiga-
tions have not shown whether impairment of the sensory
nervous system is sufficient to produce hypertension.  We
showed for the first time in 1998 that neonatal degeneration
of VR1-sensitive sensory nerves rendered an adult rat salt-
sensitive[52].  We administered 50 mg/kg capsaicin or vehicle
subcutaneously to newborn Wistar rats on the first and sec-
ond days of life, and a high or normal sodium diet was given
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immediately following the weaning period.  We found that
neonatal treatment with capsaicin led to elevation of blood
pressure in rats fed a high sodium diet, but not in those fed
a normal sodium diet.  High salt intake increased urine vol-
ume and sodium excretion in both vehicle and capsaicin
treated rats.  However, these parameters were significantly
lower in capsaicin treated rats fed a high-salt diet compared
to vehicle treated rats fed a high-salt diet.  These results
suggest that capsaicin neonatal treatment might impair renal
function when rats are loaded with salt.

Role of the renin-angiotensin-aldosterone system
(RAAS)  To define the molecular mechanisms underlying
sensory nerve function involved in the pathogenesis of salt-
sensitive hypertension, we[53] subsequently explored the role
of the RAAS in the aforementioned salt-sensitive hyperten-
sive model induced by sensory denervation.   Capsaicin plus
high-salt-treated rats were given losartan (a type I angio-
tensin II receptor blocker), prazosin (a selective α1-adeno-
receptor blocker), or hydralazine (a nonspecific vasodilator).
Both tail-cuff systolic blood pressure and mean arterial blood
pressure were higher in capsaicin-treated rats fed a high-salt
diet and capsaicin treated rats fed a high-salt diet plus prazosin
when compared to capsaicin treated-rats fed a high-salt diet
plus losartan or hydralazine, the vehicle-treated rats fed a
high-salt diet, or capsaicin-treated rats fed a normal salt diet.
These results suggest that losartan and hydralazine, but not
prazosin, are able to prevent the development of salt-induced
hypertension in capsaicin-pretreated animals.  Of significance
to understanding the pathophysiology of salt-sensitive
hypertension, these results revealed that there was an inter-
action between the sensory nervous system and the RAAS
in a manner that prevents the development of salt-induced
hypertension in sensory-intact rats.  This study also con-
firmed that capsaicin might impair the natriuretic response to
a high salt intake, as rats pretreated with capsaicin and fed a
high-salt diet have decreased urinary volume and sodium
excretion.  Interestingly, losartan and hydralazine did not
protect against the impaired natriuretic response, even
though these agents did prevent the development of hyper-
tension in salt-loaded capsaicin pretreated rats.   These re-
sults indicate that intact sensory innervation is essential for
the normal natriuretic response to sodium loading and that
the antihypertensive effects of losartan and hydralazine may
be mediated by mechanisms for example, vasodilatory
mechanism, other than those that protect against the impair-
ment of urinary sodium and water excretion in this model.

To further investigate the roles of the type 1 (AT1) and 2
(AT2) angiotensin II (AII) receptors in the development of
salt-induced hypertension in capsaicin-pretreated rats,

we[54] treated capsaicin-pretreated rats fed a high-salt diet
with candesartan (a selective blocker of the AT1 receptor),
PD 123319 (a selective blocker of the AT2 receptor), or a
combination of these two drugs.  Development of hyperten-
sion in capsaicin treated rats fed a high-salt diet was pre-
vented or attenuated by candesartan and PD 123319,
respectively, indicating that both of these antagonists were
protective and effective in lowering increased blood pres-
sure induced by a salt challenge in capsaicin-pretreated
animals.  The antihypertensive effect of PD 123319 is unex-
pected and the underlying mechanisms remain to be defined.
Plasma renin activity (PRA) was suppressed by high salt
intake in both vehicle- or capsaicin-treated rats, but it was
significantly less suppressed in the latter than in the former.
This observation suggests that PRA may be insufficiently
suppressed in capsaicin-pretreated animals, likely contrib-
uting to hypertension in these animals.

We next studied aldosterone and its interaction with the
sensory nervous system in the induction of salt-sensitive
hypertension, in light of the aforementioned finding that PRA
is insufficiently suppressed in neonatally capsaicin-pre-
treated rats challenged with a salt load[54,55].  Both vehicle-
and capsaicin-treated rats fed a high-salt diet was given
spironolactone, an aldosterone receptor antagonist for
3 weeks.  We found that chronic spironolactone treatment
appeared to restore renal functional impairment and pre-
vented the development of hypertension in neonatally capsai-
cin-pretreated rats fed a high-salt diet[55].  This is in contrast
to our previous report with losartan and hydralazine, which
have been shown to attenuate elevated blood pressure in
capsaicin pretreated rats challenged with a salt load, but not
able to improve renal functional impairment[53].  These re-
sults indicate that the antihypertensive effect of spironolac-
tone in this model is mediated by improving renal function,
consistent with the role of aldosterone receptors in the kid-
ney that cause sodium and water retention.

Albeit markedly suppressed by salt loading, plasma al-
dosterone levels (PAL) and PRA were significantly higher in
capsaicin-pretreated rats challenged with salt load than sen-
sory-nerve-intact rats fed the same high-salt diet[55].  This
suggests PRA and PAL are insufficiently suppressed in sen-
sory-denervated rats, contributing to increased salt sensi-
tivity and renal functional impairment in these animals.  In-
sufficiently suppressed PAL in response to salt loading can
be attributed to one or both of the following: (i) increased
circulating and/or tissue AII levels; and/or (ii) upregulation
of the AII type I receptor in the zona glomerulosa of the
adrenal gland, a receptor to which binding of AII increases
aldosterone synthesis and secretion.  We[55] found that the
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AT1 receptor content in the adrenal gland was not altered in
any of the experimental groups, strongly suggesting that
insufficiently suppressed PAL is a reflection of insufficiently
suppressed circulating and/or tissue AII levels.

In contrast to above mentioned studies that define the
role of the RAAS in the development of hypertension in
capsaicin treated rats fed a high-salt diet, we studied the role
of sensory nerves in attenuating the development of hyper-
tension induced by AII infusion[56].  AII or vehicle-infused
rats were pretreated with capsaicin or vehicle.  Mean arterial
pressure was higher in rats infused with AII, and it was higher
in AII-infused rats pretreated with capsaicin compared to
rats infused with AII alone.  Northern blot analysis revealed
that AII-infused rats had an increase in the level of CGRP
mRNA in the dorsal root ganglia, suggesting that subpressor
infusion of AII either stimulates the synthesis of CGRP mRNA
or retards its degradation.  Taken together, these data sug-
gest that neuropeptides released by sensory nerves attenu-
ate elevated blood pressure induced by AII infusion and
that the increase in CGRP synthesis appears to be a compen-
satory response to diminish increased blood pressure in-
duced by AII infusion.  Furthermore, 24-h urinary and so-
dium excretions were lower in AII-infused rats pretreated
with capsaicin than they were in rats infused with AII alone.
These results are consistent with the finding that degenera-
tion of VR1 positive sensory nerves impairs the natriuretic
response to a salt load[52–55].

Role of the sympathetic nervous system  Defining the
interaction between the sympathetic and sensory nervous
systems, we found that sympathectomy produced by ad-
ministration of guanethidine subcutaneously prevented the
development of salt-sensitive hypertension induced by sen-
sory nerve degeneration[57].  This finding suggests that: (i)
enhanced sympathoexcitatory response occurs in capsai-
cin-pretreated rats fed a high-salt diet, which may contribute
to increased salt sensitivity in these animals; and (ii) there is
a balance between antihypertensive effects of sensory nerves
and prohypertensive effects of the sympathetic nervous sys-
tem in a normal rat.  This balance is disrupted following cap-
saicin-pretreatment and consequential sensory nerve
degeneration, such that the animal is salt-sensitive.  Sympa-
thectomy may also result in less renin release by withdraw-
ing the stimulation of the α1-adrenergic receptors.

These findings appear to be in contrast to our previous
results in which prazosin is not able to prevent the develop-
ment of salt-induced hypertension in capsaicin-pretreated
animals[53].  To reconcile this finding about prazosin with the
antihypertensive effect of sympathectomy, one should keep
in mind the following considerations: (i) the dose of prazosin

may not have been high enough to decrease blood pressure
in neonatally capsaicin-pretreated rats challenged with a salt
load, even though the same dose resulted in reduction in
blood pressure in spontaneously hypertensive rats[58]; (ii)
alpha-1 adrenoreceptors are necessary for preventing salt-
induced hypertension, an idea supported by findings by
Osborn et al[59] who have shown that blockade of the α1-
adrenoreceptor with prazosin renders the rat salt-sensitive
and leads to the development of salt-sensitive hypertension;
and (iii) the sympathetic nervous system may contribute to
the development of salt-induced hypertension in neonatally
capsaicin-pretreated rats via a non-α1-adrenoreceptor mecha-
nism.

Role of the endothelin system  We  investigated the role
of endothelin-1 (ET-1) and its receptors in sensory-depen-
dent salt-sensitive hypertension, in light of the finding that
AII is a stimulus for ET-1 production[60–63].  We found that
plasma ET-1 levels and blood pressure were elevated in sen-
sory-denervated rats fed a high-salt diet.  Moreover, devel-
opment of salt-sensitive hypertension in these rats can be
prevented by blockade of the ETA receptor, just as it can be
prevented with losartan[53] and candesartan[54], hydralazine[53],
sympathectomy[57], and spironolactone[55].  Unlike chronic
treatment with spironolactone[55], however, blockade of the
ETA receptor is not able to alleviate renal functional impair-
ment in capsaicin-pretreated rats fed a high-sodium diet.

Furthermore, elevated plasma ET-1 levels may reflect one
or both of the following: (i) decreased internalization by ETB

receptors, which have been shown to act as clearance recep-
tors for ET-1[64–65]; or (ii) increased production.  Because we
observed that plasma ET-1 levels in sensory denervated rats
that were salt loaded were unaffected by blockade of the ETB

clearance receptor[60], it is clear that elevated plasma ET-1
levels are indeed the result of increased production, consis-
tent with the possibility of increased synthesis and release
of ET-1 secondary to insufficiently suppressed PRA in these
capsaicin-pretreated animals[54,55].

VR1-positive sensory nerves and pulmonary
hypertension

The role of neuropeptides released by sensory nerves in
hypoxic pulmonary hypertension have been studied[66,67].
Tjen-A-Looi  revealed that rats pretreated with capsaicin and
subsequently placed in hypobaric hypoxia (10% O2, 16 d)
had increased pulmonary artery pressure and right ventricu-
lar hypertrophy compared to sensory-nerve-intact rats sub-
jected to the same hypoxia[66].  These investigators con-
cluded that depleted stores of CGRP secondary to capsaicin
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administration exacerbated hypoxic pulmonary hypertension.
Interestingly, these authors reported that depletion of SP
did not exacerbate pulmonary artery pressure and right ven-
tricular hypertrophy.  Regarding the latter observation, it
follows that endogenous CGRP may indeed modulate pul-
monary vascular tone and counterbalance hypoxic pulmo-
nary vasoconstriction, reducing elevated pulmonary artery
pressure and right ventricular hypertrophy in pulmonary
hypertension.

In contrast to the protective effect of CGRP on pulmo-
nary artery pressure observed by Tjen-A-Looi[66], Zhou and
Lai[67] found that SP was implicated in pulmonary hyperten-
sion.  Zhou and Lai induced ventilatory dysfunction and
pulmonary hypertension in Sprague-Dawley rats by admin-
istering monocrotaline (MCT).  SP levels were elevated
1–2 weeks after the administration of MCT.  Compared to
rats given MCT alone, rats given MCT plus capsaicin showed
attenuated increases in pulmonary arterial pressure and the
weight ratio of right ventricle/(left ventricle+septum).  These
data suggest that MCT produces pneumotoxicity that may
be mediated or at least accompanied by elevated SP levels.
Because capsaicin treatment depletes this neuropeptide, cap-
saicin attenuates MCT-induced pneumotoxicity[67].

Clinical and therapeutic implications
Given that excitation of VR1-positive sensory nerves is

followed by a refractory state, capsaicin has being found to
have therapeutic potential in the treatment of neuropathic
pain[68].  But, and as has been suggested within this review,
capsaicin has implications beyond the treatment of pain as
an agent capable of acting on the cardiovascular system.
The observation that capsaicin (an agonist of the VR1) is
able to produce a hypotensive effect in SHR is an indication
that activation of the VR1 may be an efficacious means of
preventing the development of hypertension – a prospect
with far-reaching therapeutic implications[69].

Of growing interest is the compelling evidence that
vanilloid receptors on sensory nerves may mediate the va-
sodilator action of anandamide[70–74], which was originally
isolated from the brain as an endogenous cannabinoid re-
ceptor ligand[75].  Indeed, our recent data indicate that ad-
ministration of methanandamide caused a greater hypoten-
sive effect in SHR rats as compared with control animals,
suggesting that anandamide may serve as an endogenous
compound able to stimulate VR1 and consequently produce
a decrease in blood pressure[69].  It follows that changes in
circulating or tissue anandamide levels under particular
pathophysiological conditions may alter VR1 function and

thereby regulate blood pressure.  The search for endogenous
VR1 activators and inhibitors is certainly motivated by the
implications that such vanilloid therapy may treat hyper-
tension.

In addition to vanilloid therapy, there are broad implica-
tions for the clinical application of neuropeptides stored in
the endings of VR1-positive sensory nerves.  In particular,
the clinical utility of CGRP receptor agonists in the treatment
of cardiovascular disorders is discussed below and in greater
detail in a review by Feuerstein et al[76].

Considering its potent vasodilatory action, CGRP has
been evaluated in the treatment of subarachnoid hemorrhage
and shown to relax severely constricted vessels in animal
models of this disorder[77].  However, the European CGRP in
Subarachnoid Hemorrhage Study Group[78] was not able to
produce definitive evidence supporting the use of this neu-
ropeptide in the treatment of subarachnoid hemorrhage.
Their study was complicated by almost two-thirds of pa-
tients in the treatment group not being able to complete the
course of the trial because of frequent episodes of CGRP-
induced hypotension.  Perhaps this adverse systemic side
effect could be minimized by intrathecal administration of
CGRP.

Other studies have shown that CGRP has potential ben-
eficial hemodynamic effects in congestive heart failure[79–80].
Shekhar et al observed that CGRP infusion over 8 h increased
cardiac output by 72% while reducing right atrial and pulmo-
nary wedge pressure[80].  Unfortunately, these favorable he-
modynamic responses returned to pre-infusion levels once
CGRP delivery was withdrawn.  The need for continuous
infusion of CGRP thus diminishes its clinical utility in the
treatment of congestive heart failure.

Similarly, CGRP has been evaluated in the treatment of
coronary heart disease.  Indeed, it has been shown to im-
prove exercise tolerance in patients with chronic stable an-
gina[81].  But, specificity for CGRP or related agonists for the
coronary vasculature has not been demonstrated and CGRP
infusion for the treatment of coronary heart disease would
thus be expected to produce systemic side effects, as it does
in the treatment of heart failure.

As another example of the possible clinical utility of CGRP,
it has been demonstrated that patients with Raynaud’s dis-
ease are deficient in cutaneous CGRP-containing nerve fi-
bers[82].  However, CGRP has not been shown to be useful in
the treatment of this peripheral vascular disease.

Conclusion remarks
It is estimated that 50 million individuals in the United
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States suffer from hypertension.  The detrimental conse-
quences of this disease involve myocardial infarction, con-
gestive heart failure, stroke, and renal failure.  Despite inten-
sive research in this field, the molecular basis underlying
human essential hypertension is largely unknown and phar-
macologic prevention of end organ damage induced by hy-
pertension is a challenge.  Defining how sensory nerves
sense changes in the environment, alter their afferent and
efferent activities, and cross-talk with other systems to modu-
late cardiovascular and renal function and blood pressure
may provide valuable new insight into the interactions that
lead to hypertension and increased salt sensitivity.  Such
insight may unveil novel pharmacologic approaches to tackle
hypertension and end organ damage.  The study of abnor-
malities in VR1 expression, VR1-induced release of sensory
neurotrans-mitters, and post-signaling pathways may also
have significant impact in our understanding of the patho-
genesis of hypertension and have far-reaching clinical and
therapeutic implications.
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Abstract
Hypertension and related cardiovascular diseases are the leading causes of death
in many countries.  The etiology of human essential hypertension is largely
unknown.  It is highly likely that hypertension is a complex and multifactorial
disease resulting from the interaction of multiple genetic and environmental factors.
Animal models of hypertension have been proved to be useful to study the patho-
genesis of, and to find a new therapy for, hypertension.  The aim of this article is
to briefly review the most widely used rodent models of experimental hypertension,
including history and recent advances.  These models are classified as geneti-
cally-induced, environmentally-induced, pharmacologically-induced, and renal-
induced hypertension according to the way of induction; the typical representa-
tives of each of these major types of experimental hypertension are spontaneous
hypertension, cold-induced hypertension, DOCA-salt-induced hypertension, and
renal-induced hypertension, respectively.  The processes of induction of hyper-
tension, possible pathogenesis, characteristics, advantages, and limitations of
these animal models are reviewed.  In addition, the clinical implications of the
above experimental models of hypertension are addressed.
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Introduction
Hypertension is the prevalent cause of cardiovascular

disease that leads to heart failure, stroke, renal failure, and,
ultimately, to death.  In the USA, approximately 50 million
people have hypertension, according to Phase I estimates of
the National Health and Nutrition Examination Survey III
(NHANES III), from 1988 to 1991[1].  The prevalence is about
20%.  According to a report[2], about 40% of white people
and more than 50% of black people aged 65 or older suffer
from some form of high blood pressure in the USA.  Epide-
miological surveys have demonstrated an increasing preva-
lence of hypertension in China, from 5.11% in 1958 to 7.73%
in 1980 and 11.89% in 1991[3,4].  Although this incidence is
lower than that in many developed countries such as the
USA (20%)[1] and Canada[5], it represents 50 million people in
1980 and 90 million people in 1991 due to the size of the
Chinese population.  According to relevant reports[4,6], car-
diovascular diseases are the leading causes of death in Chi-

nese society.
The syndrome of hypertension is more than just an el-

evation of arterial pressure, although it is this aspect that the
general public is most familiar with.  Hypertension when fully
developed is characterized by an increase in vascular resis-
tance to blood flow, cardiac hypertrophy, often an increase
in cardiac output, an increased output of sympathetic ner-
vous system (SNS), changes within the vascular smooth
muscles, often atherosclerosis, and abnormalities in renal
function.  Increased vascular resistance is due to constric-
tion of the vascular smooth muscle, primarily in the high
resistance vessels.  The etiology of essential hypertension
is not known and the causes of it may be multifactorial.  It is
generally believed that both genetic and environmental fac-
tors and their interactions play a critical role in the patho-
genesis of hypertension and other cardiovascular diseases.
Since hypertension and associated cardiovascular diseases
are the leading causes of death of human beings, medical
scientists are dedicated to elucidate the mechanism of and
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stock by Dahl on the basis of developing hypertension with
high NaCl diet.  When fed with normal salt diets, these rats
become hypertensive, indicating that this is a genetic model
of hypertension with the feature of salt sensitivity.  O’Dowd
and Rapp[8] have refined the genetic background of the origi-
nal Dahl stock, and their salt-sensitive/Jr line is now pre-
ferred (along with their salt-resistant/Jr controls).  Genetic
analysis revealed linkage with loci close to the angiotensin
converting enzyme (ACE) and guanylyl cyclase A (GCA)/
atrial natriuretic factor (ANF) receptor genes in Dahl salt-
sensitive rats[9].  It was found that certain alleles at the GCA
and ACE loci (or at loci closely linked to them) had a signifi-
cant impact on blood pressure response to high salt in Dahl
salt-sensitive rats.

The SHR was generated by inbreeding Wistar rats with
the highest blood pressure[7].  The SHR develop many fea-
tures of hypertensive end-organ damages including cardiac
hypertrophy, heart failure, and renal dysfunction.  Accord-
ing to relevant reports[11,12], the SHR is the most commonly
used genetic model although the mechanisms for producing
the hypertension are not clear.  Overactivity of the brain re-
nin-angiotensin system (RAS) appears to be involved in ini-
tiating the development of spontaneous hypertension based
on the finding that central injections of angiotensin II (AngII)
receptor antagonists cause greater reductions in systolic blood
pressure in SHR than in normotensives[13,14].  However,
DePasquale and colleagues[15] reported that central adminis-
tration of AT1 receptor blocker losartan (DuP 537) did not
lower blood pressure in SHR.  Thus, the above hypothesis
needs further confirmation.  Interestingly, some hemody-
namic alterations which occur during the development of
the disease are similar to human essential hypertension (ie,
a high cardiac output early, and in the adult, a normal cardiac
output and an increased vascular resistance)[16].  In this
model, there is also an increase in the activity of the sympa-
thetic nervous system as evidenced by increased renal sym-
pathetic activity[16].  The renal blood flow and glomerular
filtration rate are normal[17] and renal vascular resistance is
increased[22].  The SHR stroke prone (SHR-SP) is a further
developed sub-strain with even higher levels of blood pres-
sure and a strong tendency to die from stroke[18].  The SHR
has been used to evaluate genetic factors involved in
hypertension.  Although a wide variety of genes seems to
cosegregate in various crosses[12], neither of these genes is
confirmed to be the etiological gene for hypertension.  The
advantage of this model is that its pathophysiological
changes are similar to those found in human essential hy-
pertension[16,19].  A major drawback of this model is the lack
of an appropriate control, which has been genetically altered

explore the treatment for hypertension.
It is noticed that animal models of human disease have

been widely used to study etiology and pathogenesis of
human disease, to prevent disease or to find a therapy and
identify risk factors contributing to the disease.  This litera-
ture reviews briefly advances in the most widely used ro-
dent models of hypertension, including advantages and
limitations.  Hopefully, this will be useful to those in choos-
ing appropriate animal models of hypertension for their
researches.  This comprehensive review may help physicians
and scientists understand the pathogenesis of hyperten-
sion and therefore optimize therapeutic approaches.  It is our
expectation that the creation and utilization of novel animal
models of hypertension will fundamentally advance the fields
of cardiovascular medicine and physiology.

The major animal models of hypertension

Basically, animal models of hypertension comprise pri-
mary and secondary hypertension according to hyperten-
sion etiology (Figure 1).  The primary hypertension includes
genetically-induced and environmentally-induced hyperten-
sion and the secondary hypertension includes pharmaco-
logically-induced and renal-induced hypertension by the way
of induction.

Genetically-induced hypertension  Animals that have
undergone artificial genetic manipulation are predestined to
become hypertensive.  Some investigators believe that ge-
netically hypertensive rats comprise the most popular mo-
dels to study essential hypertension[7].  One example is the
spontaneously hypertensive rat (SHR), originally inbred from
Wistar stock by Okamoto and Aoki, and their WKY inbred
nonhypertensive controls.  These rats develop hyperten-
sion at about 4–6 weeks of age, largely independent of die-
tary levels of either Na+ or Cl

_
.  Another model is the Dahl

salt-sensitive rats, originally derived from Sprague-Dawley

Figure 1.  The classification of major animal models of hypertension.
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yet is free from the disease and the complexity of the genetic
mutations which have affected not only blood pressure but
many other regulatory systems as well.

Transgenic hypertension models can be generated by
over-expressing a specific gene.  This type of genetic model
usually has a relatively good normotensive control, the same
strain of animals without genetic alteration.  It is an excel-
lent model to study the role of a specific gene in the patho-
genesis of hypertension.  However, the transgenic model may
not mimic human essential hypertension as well as the SHR
does in terms of pathophysiology.  A representative of this
type of hypertension is the TGR (mREN2)27 transgenic rats[10].
In this genetic model, the introduction and overexpression
of the mouse Ren-2 gene in Sprague-Dawley rats leads to
severe hypertension[10].  The appropriate control is the age-,
body weight-, and sex-matched normotensive Sprague-
Dawley rats without renin transgene.

Environmentally-induced hypertension  In recent
years, the important role of environmental factors in the dis-
ease process has received great attention from scientists and
physicians.  The primary interest is focused on the area of
cardiovascular disorders, particularly hypertension.  To un-
derstand better the ways in which the environmental factors
affect the cardiovascular functions, researchers have tried to
produce experimental hypertension in animals by exposing
them to different experimental paradigms.

Stress-induced hypertension  Epidemiologists and cli-
nicians have long suspected that stressful life events can be
a sufficient trigger for the expression of hypertension in some
individuals[20].  Attempts to induce hypertension in animals
using sensory stimulation have generally employed loud
noises, flashing lights, and oscillating cages, either separately
or together.  For example, in one early study rats were sub-
jected to 20 weeks of randomized flashing lights, motion,
and loud noises[21].  After 12 weeks on this schedule, systolic
blood pressure (SBP) values reached approximately 150–
160 mmHg.  Perhaps a better example of this type of experi-
ment is found in a study by Lin and Li[22].  Stressed rats de-
veloped hypertension within two weeks after irregular foot
electric-shocks combined with buzzing noise.  It is accepted
that activation of sympathetic nervous system[23] and the RAS[24]

play a role in the initiation of stress-induced hypertension.
Li[25] found that increased activity of the cholinergic system
in the rostral ventrolateral medulla (rVLM) was also involved
in the development of stress-induced hypertension.  Plasma
catecholamine, corticosterone, angiotensin II, glucose, and
lipids were found to be increased during stress.  In this model,
about 40%–50% of stressed rats failed to develop hyperten-
sion[26].

Diet-induced hypertension  It is known that long-term
exposure to a special diet (high salt, fat, or sugar) results in
dietary hypertension in some animals or humans.  For
example, chronic fructose treatment in rats repeatedly has
been shown to elevate blood pressure associated with insu-
lin resistance and hyperinsulinemia[27,28].  Hyperactivity of
the SNS and the RAS, vascular hypertrophy, and sodium
retention by the kidney tubules have been proposed to be
some of the mechanisms by which fructose induces
hypertension.  By degeneration of capsaicin-sensitive nerves,
Wang and colleagues[29,30] developed a salt-sensitive model
of hypertension.  In this model, the increased salt sensitivity
is mediated by the enhancement of the SNS[29].

Cold-induced hypertension: Fregly[31] and Sun[32–36] found
that chronic exposure of rats to mild cold (41 °F or 5 °C)
induced hypertension including cardiac hypertrophy within
3 weeks.  This is presently the only “naturally-occurring”
form of experimentally-induced hypertension that is induced
without surgical intervention, administration of excessive
doses of drugs or hormones, or genetic manipulation.  It is
interesting that the elevated blood pressure of rats after 7
weeks of exposure to cold does not return to pre-cold expo-
sure level during the 4 weeks after removal from cold.  Thus,
an elevation of blood pressure induced by a longer period of
cold exposure might not be reversible after return to
thermoneutral temperature.  Intermittent exposure of rats to
cold also induces hypertension, with a sigmoid relationship
between the hours per day exposed to cold and systolic
blood pressure.

Cold-induced hypertension (CIH) is also demonstrable
in humans.  Epidemiological surveys and clinical observa-
tions have established that people who live and work in cold
areas have a high incidence of hypertension and related car-
diovascular diseases[37–39].  Cold temperature (weather) makes
hypertension more severe in hypertensive patients[39,40].  The
cold winter season has the highest mortality and morbidity
of cardiovascular diseases in a year[39–42].  Donaldson[38], af-
ter studying the relationship between outdoor temperature
and blood pressure in men in central London between 1986
and 1992, reported that cold exposure of normal life in win-
ter is sufficient to induce significant and prolonged hyper-
tension in the general population.

It was originally assumed that cold-induced elevation of
blood pressure was a direct vasoconstrictive effect of sym-
pathetic nervous system (SNS).  Indeed, the SNS is acti-
vated by chronic cold exposure and the plasma and urine
levels of catecholamines are increased significantly in cold-
exposed rats[32–34,43].  However, the in vitro vascular contrac-
tile response to α1-adrenoceptor agonist, phenylephrine, is
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decreased significantly in cold-exposed rats[44].  The in vivo
pressor response to phenylephrine is significantly reduced
by chronic cold exposure[45].  Thus, the vascular α1-adreno-
ceptors are down-regulated during cold exposure.  Several
studies[32,34,36,46] have shown that blockade of the RAS at
different sites could attenuate or prevent the cold-induced
elevation of blood pressure.  Antisense oligodeoxynucleo-
tides to angiotensinogen mRNA or AT1-receptor mRNA re-
duce elevated blood pressure of cold-exposed rats[47].  Angio-
tensinogen gene knockout delays and attenuates CIH[48]. It
has been therefore suggested elsewhere[32–34,36,48] that the
hyperactivity of the SNS initiates CIH probably via activa-
tion of the RAS.  Indeed, plasma renin activity (PRA) is in-
creased during exposure to cold and abolishment of the rise
in PRA by renal denervation prevents the development of
CIH[32].  Cold-exposed rats had an elevation of blood pres-
sure that was proportional to the concentration of NaCl in
the diet[49], suggesting that CIH is sodium-dependent
hypertension.

CIH is a prototypic model of environmentally-induced
hypertension, which is similar in many ways to human
hypertension.  Induction of CIH requires a climate-controlled
chamber, with a strict requirement of temperature and
humidity.  Perhaps, this is the limitation of this model.

Pharmacologically-induced hypertension  The DOCA-
salt-induced model of hypertension is a typical representa-
tive of pharmacologically-induced hypertension.  A very high
dose of deoxycorticosterone acetate (DOCA) ranging from
about 300 to 1000 mg⋅kg-1⋅d-1 (sc) is required to induce hy-
pertension in rats.  Isotonic saline is the sole drinking fluid.
This is an important co-factor because it expedites the deve-
lopment of hypertension and makes it more severe.  Thus,
this model is salt-dependent in its initiation.  It often needs
surgical reduction of renal mass or unilateral nephrectomy.
The combination of DOCA-salt and unilateral nephrectomy
results in hypertension, cardiac and renal hypertrophy, and
nephrosclerosis[50].  DOCA-salt hypertension is a low renin
and volume overloaded form of hypertension.  There is evi-
dence that arginine vasopressin (AVP) plays a role in both
the development and maintenance of DOCA-salt hyperten-
sion[51,52].  It is believed that AVP is involved as a vasopres-
sor hormone in the pathogenesis of malignant DOCA-salt
hypertension[53].  The SNS also appears to be involved in
the development of DOCA-salt hypertension[54].  The in-
creased activity of the SNS may affect renal function through
the renal nerve, as denervation of the kidneys delays the
onset and decreases the severity of the disease[54,55].  Fur-
ther studies[56] indicated that AngII receptor binding sites
were increased in the brain, suggesting an up-regulation of

AngII receptors.  However, AngI converting enzyme inhibi-
tors and AngII receptor blocker are ineffective in reducing
blood pressure in low-renin, DOCA-salt hypertension[57,58].
In contrast, aldosterone receptor blockers and diuretics are
effective in reducing blood pressure in this model[59].  Most
recent studies indicate that the endothelin system plays an
important role in the pathogenesis of DOCA-salt hyperten-
sion[60–65].  Oxidative stress may also be involved in DOCA-
salt hypertension[65,66].  The major limitations of the DOCA-
salt model are: 1) the pharmacological (large) doses of drug
required; 2) requirement for surgical reduction of renal mass;
and 3) ingestion of a large amount of NaCl required.  The
major advantage of this model is the potential to investigate
the role of sodium in the developmental stages of hyperten-
sion.

Renal-induced hypertension  The physiological function
of the kidney includes maintenance of electrolyte and fluid
balance and secretion of renin, an important component of
the RAS.  Thus, its involvement in the regulation of blood
pressure and its important role in the development of hyper-
tension are well accepted.  Since 1934, when Goldblatt and
his co-workers[67] induced an elevation of blood pressure by
partial constriction of the renal artery of the dog, many renal-
induced models of hypertension have been successfully
established in rats, rabbits, sheep, and cats[68].  Generally,
renal-induced experimental hypertension includes two-kid-
ney Goldblatt hypertension (constriction of one renal artery
while the contralateral kidney is left intact) and one-kidney
Goldblatt hypertension (one renal artery is constricted and
the contralateral kidney is removed).

In the rat, by clipping one renal artery (leaving the con-
tralateral kidney untouched) with a clip which induced a se-
vere hypertension, a biphasic course in the plasma renin
activity was found.  In the initial phase, sodium retention
occurred and was associated with a transient increase in
plasma renin activity returning to control levels within a
week[69,70].  Thus, it has been suggested that the RAS plays
a role in the development of two-kidney Goldblatt hyperten-
sion[69-71].  The sustained elevation of blood pressure may
still be AngII-dependent since a sub-pressor dose of AngII
would result in an elevation of blood pressure due to a shift
in the dose-response curve of AngII[72].  This suggests, but
does not prove, that AngII receptors are upregulated in this
model of hypertension.  The initial elevation of blood pres-
sure in the one-kidney Goldblatt model is also AngII-medi-
ated[73].  Due to the absence of the other normal kidney, no
compensatory increase in sodium and water excretion can
occur, and hence, fluid volume is retained[74].  This model is
thus a sodium-fluid volume-dependent model.  This would
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be an ideal model for studying the role of volume expansion
in the development of hypertension.

During the early developmental stage of these two renal-
dependent models, when the clip is removed, arterial blood
pressure returns to normal[70,75].  Thus, renal-induced hyper-
tension is reversible and reproducible.  Furthermore, these
models provide a unique opportunity to investigate the
changes which occur specifically at the level of the kidney,
as well as the role of the kidney in the long-term blood pres-
sure control.  If the reversal of hypertension is time-depen-
dent, it would suggest that relevant changes, perhaps
structural, have developed.

Clinical implications of animal models of
hypertension

It should be mentioned that each of the above models of
experimental hypertension studies a specific aspect of
hypertension.  Neither of them encompasses all traits of hu-
man essential hypertension.  Due to the unknown etiologies
of hypertension, the use of various research models, each of
which induces the disease by a different mechanism yet with
the same end result, is advantageous.  By using different types
of experimental hypertension, scientists could identify and
evaluate potential risk factors contributing to hypertension
and related cardiovascular diseases.  This would allow new
and effective measures to be adopted for preventions and
therapies.  Usually, animal studies are essential to the suc-
cess of clinical trials.  It is noted that remarkable advances
in cardiovascular medicine have been originated from ex-
perimental hypertension.  Therefore, animal models of hy-
pertension are very important approaches to the study of
human hypertension.

Physicians and scientists could learn the developmental
process and pathogenesis of hypertension from these animal
models that are designed to mimic those of human
hypertension.  The induction of hypertension in animals could
help understand the etiological factors that may be involved
in essential hypertension.  For example, hypertension and
cardiovascular diseases (CVD) may have genetic predeter-
minants.  There is a predisposition to hypertension and CVD
in those patients with a positive family history.  The notion
of genetic predisposition for the development of hyperten-
sion has been strengthened by the development of genetic
or spontaneous models of hypertension.  The pathophysi-
ological changes of spontaneous hypertension in animals
are very similar to those of human essential hypertension.
Also, transgenic models of hypertension induced by target-
ing different genes are excellent tools to study genes rel-

evant to hypertension.  An animal model of DOCA-induced
hypertension is an ideal model for evaluating the role of
sodium in hypertension.  Studies from DOCA-induced hy-
pertension have provided a strong basis for using spirono-
lactone (aldosterone receptor blocker) to treat clinical
hypertension.  Because some special diets (high salt, fat, or
sugar) could result in dietary hypertension, restriction of these
diets has been suggested by clinicians for preventive and
therapeutic purposes.  The cause of hypertension varies with
hypertensive patients.  Thus, it is important to identify the
potential cause of hypertension prior to treatment; which
guarantees appropriate and effective treatment.  For example,
stenosis of the renal artery could cause hypertension as
learned from an animal model of renal-induced hypertension.
In this case, surgical correction of the stenosis of the renal
artery may be more important than treatment with antihy-
pertensive drugs.  In addition, research findings from ex-
perimental hypertension may have clinical implications.  For
example, the RAS has been found to play a critical role in
the pathogenesis of CIH in rats.  This has led to a clinical
trial which proves that the ACE inhibitor (captopril) or AT1

receptor blocker (losartan) can control hypertension appro-
priately and effectively in hypertensive patients in winter.
This also could help to control the high incidence of myo-
cardial infarction and stroke during the cold season.  In
contrast, the use of animal models of hypertension would
allow scientists to test new pharmacological treatments and
gene therapy for hypertension and related CVD.  Thus, what
is learned from animal hypertension may reveal new insights
into both preventive strategies and optimization of therapeutic
approaches.  It should be emphasized that any experimental
data from animal models of hypertension must be tested and
further validated in humans before they can be applied in
hypertensive patients.

References
1 Burt VL, Whelton P, Roccela EJ, Brown C, Cutler JA, Higgins M, et

al.  Prevalence of hypertension in the US adult population.  Results
from the third national health and nutrition examination survey, 1988–
1991.  Hypertension 1995; 25: 305–13.

2 National Heart, Lung, and Blood Institute.  Age Page.  High blood
pressure: a common but controllable disorder.  Bethesda, MA,
USA.  Department of Health and Human Services and National
Institute of Health.  1991.

3 Wu YK, Lu CQ, Gao RC, Yu JS, Liu GC.  Nationwide hyperten-
sion screening in China during 1979–1980.  Chin Med J 1982;
335: 101–5.

4 PRC National Blood Pressure Survey Cooperative Group.  Preva-
lence and development trends of hypertension in China.  Chin J
Hypertens 1996; 3: 7–13.



300

 Acta Pharmacologica Sinica ISSN 1671-4083Sun ZJ et al

5 Joffres MR, Hamet P, Rabkin SW, Gelskey D, Hogan K, Fodor G.
Prevalence, control and awareness of high blood pressure among
Canadian adults.  Can Med Assoc J 1992; 146: 1997–2005.

6 Hamet P, Gong LS.  Chinese contribution to trials on antihyper-
tensive therapy.  J Hypertens 1996; 14: S123–9.

7 Yagil Y, Yagil C.  Genetic models of hypertension in experimen-
tal animals.  Exp Nephrol 2001; 9: 1–9.

8 . O’Dowd BF, Rapp JP.  Heterogeneity of rennin alleles in outbred
Dahl salt-sensitive (Brookhaven) rats.  Hypertension 1991; 18:
9–11.

9 . Deng Y, Rapp JP.  Cosegregation of blood pressure with angio-
tensin converting enzyme and arterial natriuretic peptide recep-
tor genes using Dahl salt sensitive rats.  Nat Genet 1992; 1: 267–
72.

1 0 Langheinrich M, Lee MA, Bohm M, Pinto YM, Ganten D, Paul
M.  The hypertensive Ren-2 transgenic rat TGR (mREN2)27 in
hypertension research.  Characteristics and functional aspects.
Am J Hypertens 1996; 9: 506–12.

1 1 Pravenec M, Zidek V, Landa V, Kostka V, Musilova A, Kazdova
L, et al.  Genetic analysis of cardiovascular risk factor clustering
in spontaneous hypertension.  Folia Biol Praha 2000; 46: 233–40.

1 3 Yang RH, Jin H, Wyss JM, Oparil S.  Depressor effect of blocking
angiotensin subtype 1 receptors in the anterior hypothalamus.
Hypertension 1992; 19: 475–81.

1 2 Pinto YM, Paul M, Ganten D.  Lessons from rat models of
hypertension: from Goldblatt to genetic engineering.  Cardiovasc
Res 1975; 39: 77–88.

1 4 Mann JF, Phillips MI, Dietz R, Haebara H, Ganten D.  Effects of
central and peripheral angiotensin blockade in hypertensive rats.
Am J Physiol 1978; 234: H629–37.

1 5 DePasquale MJ, Fossa AA, Holt WF, Mangiapane ML.  Central
DuP 753 does not lower blood pressure in spontaneously hyper-
tensive rats.  Hypertension 1992; 19: 668–71.

1 6 Trippodo NC, Frohlich ED.  Similarities of genetic (spontaneous)
hypertension: man and rat.  Circ Res 1981; 48: 309–19.

1 7 Arendshorst WJ, Beierwaltes D.  Renal and nephron hemody-
namics in spontaneously hypertensive rats.  Am J Physiol 1979;
236: F246–51.

1 8 Yamori Y.  Development of the spontaneously hypertensive rat
(SHR) the stroke prone hypertensive SHR (SHRSP) and their
various substrain models for hypertension-related cardiovascular
diseases.  In: Ganten D, de Jong W (volume editors) Birkenhager
WH, Reid JT (series editors).  Handbook of hypertension, v 16:
Experimental and genetic models of hypertension.  Amsterdam:
Elsevier; 1994.  p23–31.

1 9 Coleman TG, Guyton AC, Young DB.  The role of the kidney in
essential hypertension.  Clin  Exp Pharmacol Physiol 1975; 2:
571–81.

2 0 Zimmerman RS, Frohlich ED. Stress and hypertension.  J Hyper-
tens 1990; 8: S103–7.

2 1 Smookler HH, Buckley JP.  Relationships between brain cat-
echolamine synthesis, pituitary adrenal function and the produc-
tion of hypertension during prolonged exposure to environmen-
tal stress.  Int I Neuropharmacol 1969; 8: 33–41.

2 2 Lin Q, Li P.  The effects of chronic stress on blood pressure and
heart rate in rats.  Chin J Physiol Sci 1990; 6: 101–7.

2 3 Smith PA, Graham LN, Mackintosh AF, Stoker JB, Mary DA.
Sympathetic neural mechanisms in white-coat hypertension. J

Am Coll Cardiol 2002; 40: 126-32.
2 4 Coste SC, Brooks VL, McCarron DA, Hatton DC.  Captopril and

stress-induced hypertension in the borderline hypertensive rat.  J
Hypertens 1995; 13(12 Pt 1): 1391–8.

2 5 Li P, Zhu DN, Kao KM, Lin Q, Sun SY.  Role of acetylcholine,
corticoids and opioids in the rostral ventrolateral medulla  in
stress-induced hypertensive rats.  Biol Signals 1995; 4: 124–32.

26. Lin Q, Li P.  Rostral medullary cholinergic mechanisms and
chronic stress-induced hypertension.  J Auton Nerv Syst 1990;
31: 211–8.

2 7 Hwang IS, Hwang WC, Wu JN.  Effect of fructose-induced hyper-
tension on the renin-angiotensin-aldosterone system and atrial
natriuretic factor.  Am J Hypertens 1989; 2: 424–7.

2 8 Iyer SN, Raizada MK, Katovich MJ.  AT1 receptor density changes
during development of hypertension in hyperinsulinemic rats.
Clin Exper Hypertens 1996; 18: 793–810.

2 9 Wang DH, Wu W, Lookingland KJ.  Degeneration of capsaicin-
sensitive sensory nerves leads to increased salt sensitivity through
enhancement of sympathoexcita tory response.  Hypertension
2001; 37(2 Part 2): 440–3.

3 0 Huang Y, Wang DH.  Role of AT1 and AT2 receptor subtypes in
salt-sensitive hypertension induced by sensory nerve degeneration.
J Hypertens 2001; 19: 1841–6.

3 1 Fregly MJ, Kikta DC, Threatte RM, Torres JL, Barney CC.  De-
velopment of hypertension in rats during chronic exposure to
cold.  J Appl Physiol 1989;  66: 741–9.

3 2 Sun Z, Fregly MJ, Cade R.  Effect of renal denervation on eleva-
tion of blood pressure in cold-exposed ra ts.  Can J Physiol
Pharmacol 1995; 73: 72–8.

3 3 Sun Z, Cade R, Tatum C.  Central imidazoline and angiotensin II
receptors in cardiovascular responses to chronic cold exposure in
rats.  J Therm Biol  2001;  26: 513–8.

3 4 Sun Z, Cade R, Morales C.  Role of central angiotensin II recep-
tors in cold-induced hypertension.  Am J Hypertens 2002; 15:
85–92.

3 5 Sun Z, Cade R, Katovich MJ, Fregly MJ.  Body fluid distribution
in rats with cold-induced hypertension.  Physiol Behav 1999; 65:
879–84.

3 6 Sun Z, Cade R.  Cold-induced hypertension and diuresis.  J Ther-
mal Biol  2000;  25: 105–9.

3 7 Thorvaldsen P, Asplund K, Kuulasmaa K, Rajakangas AM, Schroll
M.  Stroke incidence, case fatality, and mortality in the WHO
MONICA project: World Health Organization Monitoring Trends
and Determinants in Cardiovascular Diseases.  Stroke 1995; 26:
361–7.

3 8 Donaldson GC, Robinson D, Allaway SL.  An analysis of arterial
disease mortality and BUPA health screening data in men, in
relation to outdoor temperature.  Clin Sci Colch 1997; 92: 261–8.

3 9 Gyllerup S, Lanke J, Lindholm LH, Schersten B.  Cold climate is
an important factor in explaining regional differences in coro-
nary mortality even if serum cholesterol and other established
risk factors are taken into account.  Scott Med J 1993; 38: 169–
72.

4 0 Sheth T, Nair C, Muller J, Yusuf S.  Increased winter mortality
from acute myocardial infarction and stroke: the effect of age.  J
Am Coll Cardiol 1999; 33: 1916–9.

4 1 He BL.  Epidemiological characteristic of stroke in 1985–1989,
Beijing.  Chin J Med 1993; 73: 104–8.



Http://www.chinaphar.com Sun ZJ et al

301

4 2 Marchant B, Ranjadayalan K, Stevenson R, Wilkinson P, Timmis
AD.  Circadian and seasonal factors in the pathogenesis of acute
myocardial infarction: the influence of environmental temper-
ature.  Br Heart J 1993; 69: 385–7.

4 3 Papanek PE, Wood CE, Fregly MJ.  Role of the sympathetic
nervous system in cold-induced hypertension in rats.   J Appl
Physiol 1991; 71: 300–6.

4 4 Flaim SF, Hsieh C.  Effect of cold acclimatization on rabbit
ca rot id art ery : a lt ered r esponse to norepinephrine.   G en
Pharmacol 1978; 9: 437–42.

4 5 Fregly MJ, Brummermann M.  Effect of chronic exposure to
cold on vascular responsiveness to phenylephrine and angio-
tensin II.  Pharmacology1993; 47: 237–43.

46 Shechtman O, Fregly MJ, van Bergen P, Papanek PE.  Prevention of
cold-induced increase in blood pressure of rats by captopril.  Hyper-
tension 1991; 17: 763–70.

47 Peng JF, Kimura B, Fregly MJ, Phillips MI.  Reduction of cold-in-
duced hypertension by antisense oligodeoxynucleotides to
angiotensinogen mRNA and AT1-receptor mRNA in brain and blood.
Hypertension 1998; 31: 1317–23.

48 Sun Z, Cade R, Zhang Z, Alouidor J, Van H.  Angiotensinogen gene
knockout delays and attenuates cold-induced hypertension.  Hyper-
tension 2003; 41: 322–7.

49 van Bergen P, Fregly MJ, Papanek PE.  Effect of a reduction in so-
dium intake on cold-induced elevation of blood pressure in the
rat.  Proc Soc Exp Biol Med 1992; 200: 472–9.

50 Sellye H.  Production of nephrosclerosis by overdosage with deoxy-
corticosterone acetate.  Can Med Assoc J  1942; 47: 515–9.

51 Crofton JT, Share L, Shade RE.  The importance of vasopressin in the
development and maintenance of DOC-salt hypertension in the rat.
Hypertension 1978; 1: 31–8.

52 Intengan HD, Park JB, Schiffrin EL.  Blood pressure and small arter-
ies in DOCA-salt-treated genetically AVP-deficient rats.  Role of
endothelin.  Hypertension 1999; 34 [part2]: 907–13.

53 Mohring J, Mohring B, Petri M, Haack D.  Vasopressor role of ADH
in the pathogenesis of malignant DOC hypertension.  Am J Physiol
1977;  232: F260–9.

54 Katholi RE, Naftilan AJ, Oparil S.  Importance of renal sympathetic
tone in the development of DOCA-salt hypertension in the rat.  Hy-
pertension 1980; 2: 266–73.

55 O’Hagan KP, Thomas GD, Zambraski EJ.  Renal denervation de-
creases blood pressure in DOCA-treated miniature swine with estab-
lished hypertension.  Am J Hypertens 1990; 3: 62–4.

56 Wilson KM, Sumners C, Hathaway S, Fregly MJ.  Mineralocorticoids
modulate central angiotensin II receptors in rats.  Brain Res 1986;
382: 87–96.

57 French JF, Anderson BA, Downs TR, Dage RC.  Dual inhibition of
angiotensin-converting enzyme and neutral endopeptidase in rats with
hypertension.  J Cardiovasc Pharmacol 1995; 26: 107–13.

5 8 Wong PC, Price WA Jr, Chiu AT, Duncia JV, Carini DJ, Wexler
RR.  In vivo  pharmacology of DuP 753.  Am J Hypertens 1991;
4 (4 pt 2):  S288–98.

5 9 Van den Berg DT, de Kloet ER, de Jong W.  Central effect of
mineralocorticoid antagonist RU-28318 on blood pressure of
DOCA-salt hypertensive rats.  Am J Physiol 1994; 267(6 Pt 1):
E927–33.

6 0 Matsumura Y, Hashimoto N, Taira S, Kuro T, Kitano R, Ohkita
M, et al.  Different contribution of endothelin-A and endothelin-
B receptors in the pathogenesis of deoxycorticosterone acetate-
salt-induced hypertension in rats.  Hypertension 1999; 33: 759–
65.

6 1 Moreau P, Schifrin EL.  Role of endothelins in animal models of
hypertension: focus on cardiovascular protection.  Can J Physiol
Pharmacol 2003; 81: 511–21.

6 2 Schiffrin EL.  Role of endothelin-1 in hypertension and vascular
disease.  Am J Hypertens 2001;14: S83–9.

6 3 van den Meiracker AH.  Endothelins and venous tone in DOCA-
salt hypertension.  J Hypertens 2002; 20: 587–9.

6 4 Callera GE, Montezano AC, Touyz RM, Zorn TMT, Carvalho
MHC, Fortes ZB, et al.  ETA receptor mediates altered leuko-
cytes-endothelial cell interaction and adhesion molecules ex-
pression in DOCA-salt rats.  Hypertension 2004; 43: 872–9.

65 Li L, Chu Y, Fink GD, Engelhardt JF, Heistad DD, Chen A.
Endothelin-1 stimulates arterial VCAM-1 expression via NADPH
oxidase-derived superoxide in mineralocorticoid hypertension.  Hy-
pertension 2003; 42: 997–1003.

66 Manning RD Jr, Meng S, Tian N.  Renal and vascular oxidative stress
and salt-sensitivity of arterial pressure.  Acta Physiol Scand 2003;
179: 243–50.

67 Goldblatt H, Lynch J , Hanzel RF.  Studies on experimental
hypertension.  The production of persistent elevation of systolic blood
pressure by means of renal ischemia.  J Exp Med 1934; 59: 347–79.

68 Zandberg P.  Animal models in experimental hypertension: relevance
to drug testing and discovery.  In: van Zwieten PA, editor.  Hand-
book of hypertension.  Vol.  3: Pharmacology of antihyperten-
sive drugs.  New York: Elsevier Science Publishers; 1984.  Chap-
ter 2.

6 9 Leenen FHH, De Jong W.  Plasma renin and sodium balance
during development of moderate and severe renal hypertension
in rats.  Circ Res 1975; 36/37 (Suppl 1): 179–84.

70 Liard JF, Cowley AW Jr, McCaa RE, McCaa CS, Guyton AC.  Renin,
aldosterone body fluid volumes and the baroreceptor reflex in the de-
velopment and reversal of Goldblatt hypertension in conscious dogs.
Circ Res 1974; 34: 549–60.

71 Sawamura T, Nakada T.  Role of dopamine in the striatum, renin-
angiotensin system and renal sympathetic nerve on the development
of two-kidney, one clip Goldblatt hypertension.  J Urol 1996; 155:
1108–11.

7 2 Bean BL, Brown JJ, Casals-Stenzel J, Fraser R, Lever AF, Millar
JA, et al.  The relation of arterial pressure and plasma angio-
tensin II concentration.  A change produced by prolonged infu-
sion of angiotensin II in conscious dog.  Circ Res 1979; 44: 452–8.

7 3 Freeman RH, Davis JO, Watkins BE.  Effects of continuous con-
verting enzyme blockade on renovascular hypertension in the
rat.  Am J Physiol 1979; 236: F221–4.

74 Brown JJ, Fraser R, Lever AF.  Mechanism in hypertension: a per-
sonal view.  In: Genest J, Koiw E, Kuchel O, editors.  Hypertension.
New York: McGraw-Hill; 1977.  Chapter 12.1.

75 Ten Berg RGM, Leenen FHH, De Jong W.  Plasma renin activity and
sodium, potassium and water excretion during reversal of hyperten-
sion in the one-clip, two kidney hypertensive rat.  Clin Sci 1979; 57:
7–15.



©2005 CPS and SIMM302

Acta Pharmacologica Sinica   2005 Mar; 26 (3): 302–306

Invited review

Exo+ proofreading polymerases mediate genetic analysis and its
application in biomedical studies1
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High-fidelity DNA polymerases mediate geno-
typing

3´Terminal-labeled primer extension  Terminal-labeled
primer extension is a single nucleotide polymorphism (SNP)
assay consisting of 3´ terminal-labeled, allele-specific prim-
ers and DNA polymerases with proofreading activity.  Both
3  ́terminal [ 3H]-labeled and fluorescent-labeled primers have
been successfully applied in genotyping analyses.  The 3´
terminal mismatched nucleotide that bears the signal to be
detected was removed by the proofreading function, whereas
the label was retained when the primer and template were
perfectly matched.  The terminal-labeled primer extension
approach has several advantages over current SNP assays.
The most significant advantage is that it greatly decreases
false positive results by a direct consequence of the proof-
reading activity of Exo+ polymerases.  The second advan-
tage of terminal-labeled primer extension is its high sensitivity.

Terminally labeled primer extension harnesses the power of
polymerase chain reaction (PCR) to improve the efficiency
of genetic analysis[1–7].

SNP-triggered on/off switch  Exo+ polymerases together
with 3  ́phosphorothioate-modified mismatched primers work
as an off switch in DNA polymerization.  Phosphorothioate
modification renders oligonucleotides nuclease–resistant,
which blocks mismatch excision, a strategy widely used in
antisense technology as well as in single base extension.
For 3´ allele-specific primers with phosphorothioate
modification, a perfectly matched primer turns on DNA
polymerization, whereas mismatched primers turn it off, re-
sulting in no product.  This breakthrough observation of an
on/off switch action has been repeatedly confirmed using
either short artificial amplicons or natural genomic DNA
templates.  The off switch directly resulted from 3´exonu-
clease activity and has been well supported by comparisons
of  a variety of DNA polymerases in both linear and expo-
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nential amplification with phosphorothioate-modified, allele-
specific primers[3–13].

The crucial structural components of the on/off switch
are: (i) allele-specific primers with 3´ terminal exonuclease-
resistant modification; and (ii) DNA polymerases possess-
ing 3´ exonuclease activity.  In recent studies by Di Giusto
et al[6,7,14], four types of DNA polymerases, T4+, T7+, KF+

and Vent, were tested and similar off switches were observed
when the polymerases were combined with 3´ phosphoro-
thioate-modified primers.  Based on the new model of this
proofreading mechanism (Figure 1), polymerases with 3  ́exo-
nuclease function should have a higher base discrimination
ability over exo-polymerases regardless of the properties of
the substrates used.  In addition to comparing nine different
DNA polymerases, Di Giusto et al[6,7,14] evaluated the effect
of dNTP(2 -́deoxynucleotide-5 -́triphosphate), ddNTP (2 ,́3 -́
dideoxynucleotide-5 -́triphosphate), and acyNTP (acyclo-2 -́
deoxynucleotide-5 -́triphosphate) on the accuracy of primer
extension.  The maintenance of high fidelity with ddNTP and
acyNTP allows the Exo+ polymerases to be applied in both
exponential and linear primer extensions in SNP analysis.
The latter was tested using MALDI-TOF MS (Matrix As-
sisted Laser Desorption/Ionization Time of Flight Mass
Spectrometry) and is compatible with many other detection
formats.

SNP-triggered reversed on/off switch or off/on
switch  The SNP triggered reversed on/off switch works in a
way complementary to proofreading 3´ exonuclease-resis-
tant or 3  ́labeled primers.  With the introduction of inert
allele-specific primers or proprimers, matched amplicons turn
off and mismatched amplicons turn on DNA polymerization.
Inert primers of a perfectly matched amplicon are not pro-
cessed by the 3´Exo domain of the high-fidelity DNA
polymerases.  In this circumstance, inert primers remain in-
active and no DNA polymerization occurs.  In contrast, the

inert primers of mismatched amplicons trigger the 3´exonu-
clease excision process by which the mismatched 3´ terminal
is removed and subsequent processes activate the 3´ hy-
droxyl group for DNA polymerization.  One of the benefits of
the reversed on/off switch is that positive results can screen
all three mismatched nucleotides other than the complemen-
tary one, and this is a powerful tool in mutation detection.

To date two types of 3  ́dehydroxylated primers, 3  ́phos-
phorylated and 3´ hydrogenized, have been evaluated for
use in the SNP-triggered reversed on/off switch.  The 3´
phosphorylated primers can always be extended regardless
of whether low-fidelity or high-fidelity polymerases are used.
Fortunately, the 3´ hydrogenized primer works well as an
inert primer that can not be extended without activation
through removal of the 3´ terminal nucleotide residue.  The
SNP-operated reversed on/off switch is not a simple candi-
date method in mutation detection.  One particularly impor-
tant feature of the previously developed on/off switch and
this new reversed on/off switch is the identical reaction con-
ditions of the two types of Exo+ DNA polymerases mediated
by the primer extension.  In large-scale SNP scanning, the
application of two complementary assays within one platform,
such as multi-well plates or microarrays, will help to minimize
wrongly genotyped SNP sites resulting from special local
sequence contents.  With the application of the reversed on/off
switch using the inert primers and the on/off switch using
the 3´ exonuclease-resistant primers, their complementary
effect will help to increase assay sensitivity and reliability in
genetic analysis.  The on/off switch provides assays for
precise detection of the location and type of mutation,
whereas the reversed on/off switch serves as a very power-
ful and efficient assay in unknown mutation scanning[11].
The reversed on/off switch was first described in 1998 as a
proofreading PCR by Bi and Stambrook[15].

Genomapping applications other than SNP
assay

The high-fidelity features of the Exo+ polymerases medi-
ated on/off and off/on switch can be widely used in a variety
of genetic analysis, other than SNP assays.  These include
both genotyping and gene expression profiling.  Genotyping
focuses on the sequencing context and gene expression pro-
filing evaluates both the sequence context and the func-
tional levels of any specific isoforms of a given gene product.
The Exo+ polymerases mediated assays provide methods use-
ful for these two types of genetic assays simultaneously, an
advantage favor to pharmacogenetic studies.  To simplify
the terminology, we refer the combination of genotyping

Figure 1.  Mismatch primer extension model using Exo+ polymerases
based on results from phosphorothioate (PTO)-modified primers.
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and gene expression profiling as genomapping analysis.
Analysis of mutations with short deletion/inser-

tion  Most of the currently available SNP assays, such as
the single base extension assay, can not discriminate be-
tween wild-type alleles and mutants with small insertions or
deletions.  The aforementioned data illustrates the powerful
mutation detection ability of the novel on/off switch, indi-
cating its potential in the analysis of both SNP and other
types of mutations.  Except for the deletion or insertion of
identical short repeats, the application of this on/off switch
provides an efficient and high throughput compatible assay
for mutation analysis[4–11,16].

Detection of rare alleles using the novel on/off switch 
The novel SNP-operated on/off switch is more sensitive than
many conventional mutation analysis methods, including
preferential amplification of the mutant allele, preferential
destruction of the wild-type allele and spatial separation of
mutant from wild-type alleles, by virtue of its use of Exo+

high-fidelity DNA polymerases.  This breakthrough obser-
vation of an on/off switch action was repeatedly confirmed
using either short artificial amplicons or natural genomic DNA
templates[11].  Another outstanding feature of the novel on/
off switch is its flexibility and its ability to apply double
switches in a single reaction (for example both the forward
and the reverse primers are 3 -́phosphorothioate modified
and allele specific).  The double-switch approach does not
compromise sensitivity as is the case in most other primer-
extension-based SNP assays.

Allele frequency estimation in pooled DNA samples  The
application of pooled DNA samples in initial studies can
help to identify significant divergence in allele frequencies
between case and control populations for further, more ex-
tensive association studies or for haplotype analysis.  In-
vader technology, Bi-PAP (double directions-pyrophos-
phorolysis activated polymerization), and the SNP-operated
on/off switch can all be used in allele frequency estimation.
Among these three assays, the on/off switch has the advan-
tage of simplicity, sensitivity, and accuracy.  The applica-
tion of the novel on/off switch in allele frequency estimation
is expected to lower the cost and increase the accuracy of
allele estimation using pooled DNA samples.  Because the
analysis of pooled samples requires only a handful of reac-
tions per SNP, low assay development cost becomes of para-
mount importance.

High-fidelity gene expression profiling with the
novel on/off switch

In our SNP and mutation detection assays, we have
shown that the on/off switch can recognize a single mis-

match in six nucleotides upstream of the 3´terminus.  In most
circumstances, Exo+ DNA polymerases can discriminate
single mismatched nucleotides several bases upstream of
the primer-3 -́termini, but this varies according to the
amplicons and the enzymes[3].

In the early stage of gene expression analysis, mRNA is
the target material.  Such methods include Northern blotting
and ribonuclease protection assays.  Although these meth-
ods could be compatible with high throughput scalability,
the ribonuclease protection assay is still, to date, the most
reliable method in gene expression profiling.  Microarray tech-
nology has solved the high throughput issue for genome-
wide gene expression profiling.  However, cDNA is an indi-
rect target because it cannot completely represent the type
and abundance of mRNA.  False positives are particularly
high when post reverse transcription amplification by Taq
polymerases is used.  To minimize the errors introduced by
Taq polymerase-mediated amplification, high-fidelity DNA
polymerases have recently been used in genome-wide gene
expression profiling.   Because proofreading polymerases
display up to two orders of magnitude better amplification
fidelity, the application of high-fidelity polymerases has great
potential in improving the reliability of microarray-based gene
expression profiling.

In general, false positives in gene expression profiling
arise from three sources: mismatched incorporation in re-
verse transcription, mismatched priming, and mismatched
incorporation during primer extension.  Although the high-
fidelity gene expression assay described in the present study
has nothing to do with the errors introduced from reverse
transcription, it eliminated the mismatchedpriming error and
greatly minimized the mismatched incorporation during primer
extension.  Increased fidelity in gene expression profiling
not only benefits assay sensitivity and reliability, it also pro-
vides new applications in genetic analysis.  The differential
amplification of the on/off switch allows for the profiling of
very rare abundant transcripts in normal tissues or cancer
tissues.  It also offers simple and convenient methods for
comparing isoforms, inter-species or intra-species.

Suggested strategies for somatic mutation
load assay

It was almost impossible to analyze rare mutations or
mutation loads before the development of highly sensitive
genotyping methods.  The false positives recorded in con-
ventional assay methods, in both hybridization-based and
enzyme-based assays, are higher than the mutation rate.
Theoretically, our recently developed Exo+ polymerase-me-
diated on/off switch is a good method for examining rare
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mutations because it almost eliminates false positives.
However, assay sensitivity is another obstacle facing the
detection of rare mutations.  For example, for single-copy
genes, 1 mg genomic DNA only contains 3×105 molecules of
relevant genes.  Theoretically, to detect a single mutant out
of 1×109–1×1010 wild-type molecules (based on the mutation
rate in human somatic cells per generation), at least mg scale
genomic DNA is needed.  These results in two immediate
problems: technical difficulties in obtaining the large amount
of human genomic DNA required, and the inhibitory effect
of large amounts of DNA on PCR reactions.

An alternative approach in somatic mutation load analy-
sis is to use genetic elements with high-copy numbers in the
genome.  As spontaneous mutation rates vary among genes
and tissues, interspersed repeats might be a better choice
than tandem repeats.  A combination of highly sensitive SNP
genotyping methods and a high-copy number of interspersed
repeats may provide a practical and useful strategy for so-
matic mutation load assays at the genome level.

Selection of interspersed repeats for somatic mutation
load analysis  Short, interspersed nucleotide element (SINE)
repeats, such as Alu elements with a high incidence of CpG
dinucleotides in new Alu inserts, predisposes a higher muta-
tion rate than long, interspersed nucleotide elements (LINE).
Approximately half of the SNP in young Alu elements fall in
the region of CpG dinucleotides.  For somatic mutation load
analysis, it appears that the targeting nucleotides to be cho-
sen need to be carefully sorted.  If too many targets are CpG
dinucleotides, the overall estimated somatic mutation load
might be biased and higher than the actual load.

In the case of this example, 1 ng of genomic DNA used in
a somatic mutation load assay with a high-copy number re-
peat sequence will have the same power as approximately
1 mg of genomic DNA when targeting single-copy genes.
Another issue regarding our strategies for somatic mutation
load analysis is validation using genomic DNA samples that
have different somatic mutations as expected, such as DNA
from cancer tissue versus DNA from normal tissue, or DNA
from cells in their early passages versus that from late
passages.

Alternative opportunities from mitochondrial DNA   The
large number of mitochondria present in every mammalian
cell (1000–10 000) makes this extra-nuclear genetic material
very useful in somatic mutation analyses.  Furthermore, stud-
ies have reported that mitochondrial DNA (mtDNA) has a
mutation rate of one base mutation per 1500–3000 years of
evolution, which is believed to be a higher rate than chromo-
somal DNA.  The existence of homoplasmy and heteroplasmy
in mitochondria mutation and their close relationship with

the development of disease strongly suggests the value of
testing the mutation load of mtDNA in future studies of per-
sonalized medicine.  Some mtDNA somatic mutation showed
a dose-dependent pattern in causing diseases[17,18]

One technical advantage of sequence comparisons is the
very-low copy numbers of well-matched regions between
mitochondrial and chromosomal DNA.  This is especially
true for mitochondrial tRNA genes, which are never observed
in more than five copies in chromosomal DNA.  This feature
allows somatic mutation load assays to be separately de-
signed for chromosomal and mitochondrial DNA without
preparing separate DNA samples.

Target simplification by using in vitro amplified DNA
Genomic DNA can be easily simplified and amplified using
routine PCR technology.  From a technical point of view, a
combination of the PCR amplification of target DNA and a
subsequent mutation load detection using one of the muta-
tion quantitative analysis methods outlined can be viewed
as a type of nested PCR.  An advantage of this nested strat-
egy is that any chromosomal region can be used as the tar-
get in somatic mutation load analysis.

In addition, many types of RNA are transcribed at highly
abundant levels.  Therefore, cDNA obtained immediately from
in vitro reverse transcription or with a low-cycle-number
PCR amplification can be a useful target in somatic mutation
load analysis.  A potential drawback of using RNA as the
target in somatic mutation load analyses is that most mu-
tated RNA are not as stable as their wild-type partners, which
may decrease the opportunity for accurately detecting
mutations.  Therefore, RNA can act as one of the targets, but
can not be used as the sole target in practical somatic muta-
tion load analyses when a global approximate of the muta-
tion load is required.

Conclusion
Significant advances after the completion of the Human

Genome Project, including bioinformatic algorithms and
highly sensitive SNP genotyping technologies, have pro-
vided great possibilities for studies relating genotype with
phenotype.  High-fidelity DNA polymerases have been ap-
proved for use as new and very attractive members among a
variety of enzymes in genetic analysis.  The three types of
new methods mediated by proofreading polymerases pro-
vide sensitive and reliable tools for genomapping analyses
consisting of genotyping, gene expression profiling, and
mutation load assay.  Genotyping, including SNP screening,
is now widely used in pharmacogenetic studies.  The most
immediate tasks in somatic mutation load analysis are the
selection of the genetic sequence set as representative tar-
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gets for mutation assay, and the validation of these repre-
sentative sequences using one or more of the three mutation
analysis methods discussed.  It is reasonable to expect that
somatic mutation load analysis, especially the mitochondrial
somatic mutation load, will have an important impact on both
basic research and clinical practice.
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Abstract
Aim: To investigate differential gene expression and the pharmacological mecha-
nism of baicalin and gardenin in focal cerebral ischemia in rats with high-density
cDNA microarray.  Methods: Rat left middle cerebral arteries were occluded and
treated with either baicalin or gardenin.  The pharmacological effects were inves-
tigated using the difference in infarction areas before and after treatment, which
were determined by 2,3,5-triphenyltetrazolium chloride (TTC) staining.  Gene ex-
pression was demonstrated using a “Biostar40S” gene microarray.  Semiquantitative
reverse transcription-polymerase chain reaction (RT-PCR) was used to verify the
result of the selected genes.  Results: Both baicalin and gardenin reduced the
infarction areas in focal cerebral ischemia rats (P<0.05).  The differential genes
were 211, 177, and 70 (upregulated or downregulated) in the model group, baicalin,
and gardenin treatment groups compared with the sham-operated group,
respectively.  Gene expression of RpL19 and Csnk2 underwent an approximately
1.9 and 2.1-fold increase, respectively, verified by semiquantitative RT-PCR, which
was the same trend as the cDNA microarray.  Conclusion: Differential gene ex-
pression with respect to the pharmacological effects of baicalin and gardenin on
focal cerebral ischemia by cDNA microarray revealed a number of clues with re-
spect to the therapeutic mechanisms of Chinese traditional medicine.  In addition,
the present study provided theoretical and experimental evidence that will aid
future studies examining cerebral ischemia.
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Introduction
Stroke, mostly caused by cerebral ischemia, is a multifac-

torial disease involving the activation of myriads of death
inducers, which leads to injury of neurons by eliciting cas-
cades of signal transduction pathways[1].  The Qing Kai Ling
injection (QKLI) is a modified preparation of the “An Gong
Niu Huang” pill, a famous traditional Chinese medicament.
In recent studies, QKLI showed strong therapeutic effects
on stroke in clinical usage.  However, this preparation is a
compound comprising of many components.  Its therapeutic
mechanism is very complex, with regard to both individual
and integrative effects.  Baicalin and gardenin are two effec-
tive compounds of QKLI.  Baicalin, known as an antioxidant
flavonoid in vitro, functions as a biological response modi-

fier[2,3], and has been investigated for its neuroprotective
effects against glutamate/N-methyl-D-aspartate (Glu/NMDA)
stimulation and glucose deprivation in primary cultured rat
brain neurons.  Baicalin was found to significantly reduce
Glu/NMDA-increased lactate dehydrogenase (LDH) release[4].
Baicalin is also a potent inhibitor of endothelial cell prolifera-
tion, migration, and differentiation[5].  Gardenin can signifi-
cantly decrease the content of transcription factor mono-
cyte chemoattractant protein-1 (MCP-1) in rat brains suffer-
ing focal ischemia[6].  cDNA microarray possesses the ability
to analyze the expression changes of hundreds, thousands,
or even tens of thousands of genes simultaneously.  Several
waves of gene expression have been observed after focal
cerebral ischemia[7]; however, a comparative study examin-
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ing the pharmacological mechanisms of different drugs has
not been reported in the literature.  Results from the present
study suggest that baicalin and gardenin play a pharmaco-
logical role in focal cerebral ischemia by regulating gene
expression.

Materials and methods

Cerebral ischemia  Forty-four Sprague-Dawley rats (250–
280 g, supplied by Beijing Weitong-Lihua Experimental Ani-
mal Center, Beijing, China) were randomly divided into four
groups: model, baicalin-treatment, gardenin-treatment, and
sham-operated group, respectively.  Under isofurane
anesthesia, rats were subjected to occlusion of the left middle
cerebral artery (MCAO) using an intraluminal filament as
described by Haruo et al[8].  After 24 h of focal cerebral
ischemia, the rats were deeply re-anesthetized using hal-
othane and the left half of the brain was removed for total
RNA isolation.  In the sham-operated rats, all procedures
except for MCAO were carried out.  Baicalin or gardenin
(National Institute for the Control of Pharmaceutical and Bio-
logical Products, Beijing, China) was given orally (40 mg/kg)
2 h after MCAO.

Measurement of cerebral infarction areas  Eight rats
from each group were used to calculate the infarction ratio.
In brief, the cerebrum was removed and cut into five slices
on the coronal section at the location from which the dis-
tance to the prefrontal is 1, 3, 5, and 7 mm, respectively.  The
slices were stained in 4% 2,3,5-triphenyltetrazolium chloride
(TTC) solution for 10 min[9].  Images of the slices were cap-
tured using a digital camera (Color CCD camera TP-6001A,
Topica Inc, Japan).  We calculated the areas of the infarction
region using a Pathology Image Analysis System (Topica
Inc, Japan).  The ratio of the infarction area to the total slice
area was calculated.

Total RNA isolation  The left half of the brain from the
remaining three rats in each group was carefully dissected
out from the re-anesthetized rats under RNAase-free
conditions.  The total RNA in each sample was extracted
with Trizol reagent ( Invitrogen, San Diego, CA, USA) using
the procedure outlined in the manufacturer’s protocol.

Microarrays  Hybridization was carried out on the rat
“Biostar40S” gene microarray (BioStar  Genechip
Incorporated, Shanghai, China), which contained 4096
elements.  The array provided a broad overview of the rat
genome, which was added to the high-quality array cDNA
libraries, and the sequence information, maps, and expres-
sion data were placed into the public domain (NCBI,
Nucleotide).  All clones used for production of the microarrays

were sequence verified.  Three pieces of total RNA from the
same group were pooled following transcription into cDNA
and were labeled with Cy5 and Cy3, respectively, and hy-
bridized on the array.  Image files were processed using the
Axon GenePix 4000B scanner(Axon, USA) and datasets were
prepared according to the routine procedures using Genepix
4.0 software (Axon, USA).

Data analysis  Data sheets derived from the results of
the Genepix 4.0 analysis were further evaluated using Excel
software (Microsoft, USA).  The microarrays were hybrid-
ized in triplicate and each measurement containing the ex-
tracted total RNA from each group was used to analyze each
gene, which had three data points of relative changes.  Thus,
a balance coefficient was calculated to correct variations
resulting from unequal amounts of fluorescent dye fade; the
average signal from all elements in the Cy3 channel was di-
vided by the average signal from all elements in the Cy5
channel, which resulted in the balance coefficient.  The Cy5
signal for each element was then multiplied by the balance
coefficient, prior to calculating the expression ratio (Cy3/
Cy5).  A fold value of  =2.0 or = -2.0 indicated that differences
in the Cy3:Cy5 ratio were detected at a 99% confidence level
(information provided by Incyte, USA).  All probes fulfilling
the criterion (=2.0 or = -2.0) were compiled[10–13].

Semiquantitative RT-PCR  The procedures for isolating
total RNA using Trizol reagent (Invitrogen, Life Technology,
Incorporated, New York,  NY, USA) and synthesizing first
strand cDNA were exactly as previously described[14].  The
optimal polymerase chain reaction (PCR) amplification con-
ditions and cycle number were determined experimentally to
ensure specific signal generation.  Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was considered to be sta-
bly expressed after focal cerebral ischemia acted as an inter-
reference gene.  All amplifications were carried out on a Gra-
dient PCR System (Biometra, USA).  cDNA synthesis was
carried out using 200 ng of mRNA with 5×106 U/L reverse
transcriptase (TaKaRa, Japan) in a total 100 µL reaction mix-
ture and incubated for 60 min at 48 °C.  The primer pairs were
for ribosomal protein L19 (Rpl19): AAC AGA TCA GGA AGC
TGA TCA AGA; AGT CTT GAT GAT CTC CTC CTT CTT
(NM 031103); casein kinase II beta subunit (Csnk2b): CGG
ACA TAA AGA TGA GTA GCT CTG A; GTG GTG CCT AGA
GGA CTT GGG TGT G (NM 031021); GAPDH: ACC ACA
GTC CAT GCC ATC AC; TCC ACC ACC CTG TTG CTG TA
(NM 008084.1).  After heating to 95 °C for 5 min, each RT
reaction mixture was used for PCR amplification.  The PCR
mixture started with in an initial step of 5 min at 95 °C fol-
lowed by 35 cycles of 30 s at 95 °C and an annealing tem-
perature of 1 min at 64.5 °C for Csnk2b mRNA, at 57.4 °C for



Http://www.chinaphar.com Zhang ZJ et al

309

Rpl19 mRNA and GAPDH, followed by 72 °C for 10 min.
Products of 5 µL from each PCR mixture were dyed with 1 µL
SYBR Green I  Nucleic Acid  Gel stain (Cambrex Bio Science
Rockland Incorporated, USA) and loaded on 2.5% agarose
gels, which were evaluated according to the intensity differ-
ences of image electrophoresis using Gel Analyzing Imager
(FuRi, Shanghai, China).

Results

TTC staining  Both baicalin and gardenin reduced the
infarction areas in cerebral ischemia rats by 6%–7% com-
pared with the model group.  The ratio of differences was
tested using the Student t-test (Figure 1, Table 1).

Changes in gene expression after MCAO occlusion
Genes were classified into 12 categories by the International
General Principle (www.geneontology.org).  One hundred
and ninety-nine genes were significantly upregulated which
are involved in metabolism, signal transduction, cell
organization, response to stress, cell adhesion, transport,
apoptosis, and a variety of other processes.  Another 12
genes showed downregulated expression under the same
conditions (Table 2).

Metabolism  The largest increases in gene expression
were shown by genes involved in protein synthesis: the ri-
bosomal proteins L10, S5, S3a, S24, S6, S11, and L19, glyco-

protein 38, eukaryotic translation elongation factor 1 alpha
and actin-related protein complex 1b.  The expression of genes
related to cell metabolism changed with increased expres-
sion of coenzyme A dehydrogenase,  procollagen-lysine, lac-
tate dehydrogenase and ubiquinone oxidoreductase subunit
B13.

Cell organization and adhesion  Cell organization and
adhesion genes also showed prominent changes in
expression.  These included Fibronectin 1, Integrin, H2A hi-
stone family member and apolipoprotein M.

Signal transduction  Increases in expression were shown
by genes involved in cellular signal transduction: CDK5,
pyruvate kinase 3, phosphatidylinositol 4-kinase, and casein
kinase II.  In addition, the G protein pathway suppressor
showed decreased expression over this interval.

Response to stress  Several “stress” genes involved in
cellular responses to inflammation and injury were induced,
including Cd63 antigen, MRC OX-45 surface antigen and
immunoglobulin superfamily member.  Another induced gene,
glutathione peroxidase 1, was also upregulated after focal
cerebral ischemia.

Apoptotic genes  The expression of several apoptotic
effector genes was altered.  These included programmed-
cell-death-8, Urmodulin, and tumor protein translationally
controlled genes.

Effect of baicalin on gene expression  Increases in gene
expression were observed in 89 genes.  These included genes
involved in metabolism, signal transduction, cell organization,
responses to stress, and transcription regulators.  In addi-
tion to the induced genes, 88 genes simultaneously showed
decreased expression (Table 3).

Metabolism  Metabolism-related genes showed promi-
nent changes in expression.  These included ADP-ribosyla-
tion factor, enolase, adenine phosphoribosyltransferase, and
palmitoyl-protein thioesterase.  In addition, histamine N-
methyltransferase simultaneously showed decreased
expression.

Signal transduction  The largest increases in expres-
sion were shown by genes involved in protein tyrosine phos-
phatase receptor type D and receptor type A.  S100 calcium-
binding protein A9 also showed prominent changes.  In
addition, the expression of protein kinase C-binding protein
Zeta and surfactant-associated protein decreased.  Protein
kinase is controlled by specific binding proteins, which are
believed to sequester each type of kinase to the region of a
neuron, such as the postsynaptic specialization or cell
nucleus, that requires its function[15].  The protein kinase C-
binding protein Zeta is one of these proteins.  Arachidonic
acid epoxygenase, an adapter protein of the prostaglandin

Figure 1.  Cross-sections showing cerebral infaction areas (in white)
of a number of samples stained with 2 ,3 ,5-tr iphenyltetrazolium
chloride.

Table 1.  Cerebral infarction areas from a number of samples stained
with 2,3,5-triphenyltetrazolium chloride. n=8.  Mean±SD. bP<0.05
vs the model group.

        Group                                 Percentage of infarcted area to
                                                            cerebral area/%

Model                   24.7±5.6
       Baicalin                   14.7±3.0b

       Gardenin                   15.4±3.2b
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and leukotriene family of intracellular messengers, also ap-
pears to play an important role in the regulation of signal
transduction in the brain and elsewhere[14].

Cell organization  The expression of nucleolar phos-
phoprotein p130, an adapter protein that participates in nucle-
olar disassembly and cell cycle, decreased after MCAO.  In
addition, peroxisomal membrane protein showed increased
expression over this interval.

Transcription regulator  Two genes related to the tran-
scription regulator were altered.  These were spliceosome-
associated protein and DNA primase.

Effect of gardenin on gene expression  Increases in gene
expression were observed for 68 genes.  These included genes
involved in metabolism, signal transduction, cell organization,
response to stress, cell cycle, and cell mobility.  In addition,
two genes showed decreased expression over this interval
(Table 4).

Metabolism  The expression of several genes involved
in protein synthesis and cell metabolism was altered.  These
included ADP-ribosylation factor, HS-glycoprotein and deox-
yribose-phosphate aldolase.

Signal transduction  Changes in the expression of genes
indirectly related to signal transduction were observed, and
consisted of increased expression in nuclear receptor,

adapter-related protein complex and retinoid-inducible serine
carbopeptidase precursor.

Response to stress  Several “stress” genes involved in
cellular responses to oxidation were induced.  The most strik-
ing was the increased expression of glutathione-S-trans-
ferase.

Cell mobility  Myosin heavy chain and tropomyosin beta
chain genes that participate in cell mobility and cell cycle
were also induced.

Semiquantitative RT-PCR  The outcome of this study
showed that the expression of ribosomal protein RpL19
mRNA and Csnk2 mRNA were consistently upregulated in
the individual samples from MCAO rats relative to sham-
operated rats.  Expression increased by 1.9- and 2.1-fold,
respectively, and showed the same trend as the results of
the microarray.  The outcome of RT-PCR indicated that broad,
array-based gene expression measurements were reliable for
determining gene expression patterns in the brain (Figure 2).

Discussion

Messenger RNA is only an intermediate on the way to
the production of the eventual protein products.  In the
present study we explored the potential role of cDNA

Table 2.   Partial differential genes in the model compared with the sham-operated group.

    Accession number         Average microarray ratio                    Definition                                                      Classification

NM_024151 2.369 ADP-ribosylation factor 4 Metabolism
NM_012898 2.293 alpha-2-HS -glycoprotein Metabolism
AW918082 3.201 Deoxyribose-phosphate aldolase Metabolism
NM_012576 2.313 Nuclear receptor subfamily 3 Signal transduction
BE113312 2.127 Adapter-related protein complex 3 beta 1 subunit Signal transduction
X79328 2.153 CaBP1 mRNA Signal transduction
AI407932 3.301 Retinoid-inducible serine carbopeptidase precursor Signal transduction
AF335277 2.371 Centrosomal protein centrin 3 mRNA Cell cycle
NM_017082 2.327 Urmodulin (Tamm-Horsfall protein) Apoptosis
AW918198 2.295 Myosin heavy chain mRNA Cell mobility
L24897 3.528 TROPOMYOSIN BETA CHAIN Cell mobility
NM_031509 3.132 Glutathione-S-transferase (Mu2) Response to stress
NM_053440 2.908 Superiorcervical ganglia, neural specific 10 Others
AW915152 4.633 Hypothetical protein C32E8.9 Others
BF388747 2.172 ESTs Others
AA893226 2.198 ESTs Others
BI276980 2.485 ESTs Others
BF391240 2.248 ESTs Others
AI639155 2.512 ESTs Others
BF556197 3.577 ESTs Others
NM_031797 2.591 Suppression of tumorigenicity Others
AW918368 3.391 Hypothetical protein
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microarrays for gene expression analysis after focal brain
ischemia and examined the differences in gene expression
after the action of different compounds of QKLI.  An is-
chemia period of 24 h was used because this is the maximum
period of cerebral ischemia that is compatible with
neuroprotection[16–18].  To select results from microarray ex-

periments with reliably altered ratios, we filtered the results
using two criteria[10–13]: minimal fold-change values, and ra-
tios reproducibly different from unity.  The hybridization
ratio had to be at least two-fold higher or lower than the
control groups.  Of these filters, the two-fold ratio filter was
by far the most restrictive and there was no uniform stan-
dard across the different platforms of the arrays.  We have
listed the information of differential gene expression accord-
ing to the functional classification of genes.  In brief, baicalin
and gardenin appear to have a profound influence on the
model by regulating the expression of different genes or by
acting on different metabolic pathways.  The genes related
to cell metabolism presented striking changes, and showed
increased expression in both model and baicalin-treatment
groups in contrast to the gardenin-treatment group.  Baicalin
appears to have a more prominent action on signal transduc-
tion in cells than gardenin, including activation of ion
channels, regulation of kinase and phosphorylation of re-
ceptor proteins.  In contrast, the effects of gardenin in stress
responses and anti-oxidation appear to be more significant

Table 3.   Partial differential genes in the model compared with the baicalin-treatment group.

     Accession number        Average microarray ratio                      Definition                                                   Classification

NM_019156 0.222 Vitronectin Others
NM_022399 0.383 Calreticulin Others
NM_023986 0.472 TEMO Others
NM_031140 2.317 Vimentin Others
NM_053372 3.058 Secretory leukocyte protease inhibitor Others
NM_012559 3.359 Fibrinogen, gamma polypeptide Others
NM_017131 2.848 Calsequestrin 2 Others
BI285007 0.271 Spliceosome-associated protein Transcription regulator

        U67994 0.441 DNA primase small subunit mRNA Transcription regulator
        NM_022869 0.327 Nucleolar phosphoprotein p130 Cell organization

NM_017234 3.408 Peroxisomal membrane protein 3 Cell organization
NM_031559 0.365 Carnitine palmitoyltransferase 1 alpha Metabolism
NM_024152 0.402 ADP-ribosylation factor 6 Metabolism
NM_012554 0.405 Enolase 1, alpha Metabolism
L04970 0.408 Adenine phosphoribosyltransferase Metabolism
NM_022502 0.491 Palmitoyl-protein thioesterase Metabolism
NM_031044 2.921 Histamine N-methyltransferase Metabolism
[1609] 0.264 Protein kinase C-binding protein Zeta Signal transduction
NM_017329 0.436 Surfactant-associated protein 1 Signal transduction
NM_053587 3.054 S100 calcium-binding protein A9 Signal transduction
NM_031839 4.286 Arachidonic acid epoxygenase Signal transduction
NM_019140 7.844 Protein tyrosine phosphatase receptor type D Signal transduction
NM_012763 6.988 Protein tyrosine phosphatase receptor type A Signal transduction
NM_031140 2.317 Vimentin Response to stress
NM_053372 3.058 Secretory leukocyte protease inhibitor Response to stress
NM_012559 3.359 Fibrinogen, gamma polypeptide Response to stress

Figure 2. Some strongly regulated Rpl19 and Csnk2 genes are con-
firmed with RT-PCR. Size of the internal control is 550 bp, and that
of the target genes are 350 and 320 bp. Ratios indicate the signal
intensity of examined gene vs  that of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) at different groups. The bottom panel in
each graph is a representative gel of the PCR products of three
independent repeats.
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Table 4.   Partial differential genes in the model compared with the gardenin-treatment group.

     Accession number         Average microarray ratio                   Definition                                                   Classification

NM_019156 0.222 Vitronectin Others
NM_022399 0.383 Calreticulin Others
NM_023986 0.472 TEMO Others
NM_031140 2.317 Vimentin Others
NM_053372 3.058 Secretory leukocyte protease inhibitor Others
NM_012559 3.359 Fibrinogen, gamma polypeptide Others
NM_017131 2.848 Calsequestrin 2 Others
BI285007 0.271 Spliceosome-associated protein Transcription regulator

         U67994 0.441 DNA primase small subunit mRNA Transcription regulator
         NM_022869 0.327 Nucleolar phosphoprotein p130 Cell organization

NM_017234 3.408 Peroxisomal membrane protein 3 Cell organization
NM_031559 0.365 Carnitine palmitoyltransferase 1 alpha Metabolism
NM_024152 0.402 ADP-ribosylation factor 6 Metabolism
NM_012554 0.405 Enolase 1, alpha Metabolism
L04970 0.408 Adenine phosphoribosyltransferase Metabolism
NM_022502 0.491 Palmitoyl-protein thioesterase Metabolism
NM_031044 2.921 Histamine N-methyltransferase Metabolism
[1609] 0.264 Protein kinase C-binding protein Zeta Signal transduction
NM_017329 0.436 Surfactant-associated protein 1 Signal transduction
NM_053587 3.054 S100 calcium-binding protein A9 Signal transduction
NM_031839 4.286 Arachidonic acid epoxygenase Signal transduction
NM_019140 7.844 Protein tyrosine phosphatase receptor type D Signal transduction
NM_012763 6.988 Protein tyrosine phosphatase receptor type A Signal transduction
NM_031140 2.317 Vimentin Response to stress
NM_053372 3.058 Secretory leukocyte protease inhibitor Response to stress
NM_012559 3.359 Fibrinogen, gamma polypeptide Response to stress

than those of baicalin.
Changes in gene expression after MCAO  Prominent

changes were recorded in the ribosomal proteins S6, L6, S3a,
S24, L5, L10, L19, and S11 on the microarray[19].  In general,
this finding supports previous studies[20], perhaps reflecting
recovery from an early postischemic transcriptional defect.
Integrin is a transmembrane protein, and the adhesion ef-
fects between leucocytes and cerebral micrangium cells me-
diated by integrin participated in the injury and destruction
of inflammation factors to tissues.  The increased expression
of integrin after MCAO is, in general, in line with a preceding
report[21].  The increased expression of protein kinase (PK) is
mostly caused by the large amount of PK released as a result
of metabolic dysfunction, necrosis, ischemia and hypoxia of
cells, which occurs in acute cerebrovascular diseases, and
this finding was in accordance with the clinical diagnosis.
The increased expression of genes in the G protein pathway
suppressor 1 may have contributed to the adaptive modula-
tion of the body.  In general, G protein plays a role in signal
amplification and in switching the molecule on and off in the

course of signal transduction.  G protein pathway suppres-
sor was upregulated after focal cerebral ischemia, which might
occur in compensation for stress and signal transduction
regulation in the body[22,23].  Casein kinase II is a necessary
substance for cell survival, and increased expression of
casein kinease II is correlated with hyperplasia and the pro-
liferation of cells after cerebral ischemia.  Cyclin-dependent
kinase 5 (CDK5) mRNA was found to be downregulated af-
ter focal brain ischemia, whereas variable changes were noted
at the protein level in focal ischemia[24].  Downregulation of
phosphatases was noted, which would alter the balance of
protein phosphorylation in several cellular signaling
pathways; much more information is needed before any sug-
gestions regarding functional effects can be made.  As the
oxidation of glutathione peroxidase might offer a new modu-
lating mechanism of cellular signal transduction[25], it was
suggested that its increased expression could provide a sign
in response to stress in the body.

Effect of baicalin on gene expression Programmed-cell-
death-8 was upregulated after MCAO with baicalin treatment.
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Furthermore, novel mediators of cerebral ischemia inducing
neuronal death have also been found using cDNA
microarrays.  All these studies reinforce the idea that com-
mon cell death pathways are activated in response to
neurondeath inducers, which promise to serve as potential
therapeutic targets for modulation to achieve neuroprotection[26].
The expression of the protein kinase C-binding protein Zeta
was downregulated in rats treated with baicalin, which re-
sulted in a decrease in the activity of protein kinase C (PKC).
Aronowski et al[27] observed that the activity of PKC in the
brain cortex and hippocampus decreased significantly after
ischemia and this decrease could be alleviated by the pre-
treatment of the NMDA receptor antagonist.  Further stud-
ies need to examine whether baicalin acts as an antagonist to
the NMDA receptor.  After all, the relationship between the
changing activity of PKC and neuron injury has not been
elucidated completely in many key pathophysiological pro-
cedures of ischemia, such as increment of fermentation,
acidosis, and deficiency of ATP production.  The prominent
differential genes involved in protein tyrosine phosphatase
receptor type D and A are central to the course of signal
transduction, which has been implicated both in the regula-
tion of cell growth and the rearrangement of actin that is
mediated by several receptor tyrosine kinases.  Differential
gene expression showed that baicalin played an important
role in cell signal transduction and protein phosphorylation
after MCAO, and might act as a neuroprotectant.

Effect of gardenin on gene expression  The differential
genes in the gardenin-treatment group showed extreme varia-
tion compared with the baicalin-treatment group.  Several
genes encoding anti-oxidation were upregulated.  For
example, an increase in Mu2 suggested that Mu2 played an
activation role in anti-oxidation responses, and was regarded
as one of the markers of internal anti-injury because of its
anti-oxidative and antidotal effects[25].  According to the ac-
tions of Mu2, the anti-oxidative and antidotal effects of
gardenin might be one of the mechanisms of cerebral protec-
tion after MCAO.

The most interesting phenomenon observed was that
there was no overlap in the genes showing differential ex-
pression in the three groups despite the similar trends in
expression.  The results suggest that there are considerable
differences in the pharmacological effects of baicalin and
gardenin at the molecular level after MCAO.  Compared with
the role of gardenin and bacalin, which are components of
QKLI, it appears that QKLI plays an integral role and has
important therapeutic effects requiring further investigation.

In conclusion, the cDNA microarray study not only con-
firmed that changes in many genes contributed to cerebral

ischemia, but also suggested several potential targets for
further investigation.  Of course, global expression of genes
measured at the levels of mRNA transcription obtained us-
ing microarray analysis should be viewed from two different
standpoints.  Looking from mRNA towards protein, one
would ultimately like to test the increased production of the
proteins encoded by the upregulated mRNA or demonstrate
a loss of protein encoded by downregulated mRNA.  Thus,
it may be rewarding to reconstruct the networks of regula-
tion in response to ischemia and, by inference, to hypoxia,
using bioinformatic strategies[28].  Understanding such regu-
latory networks and the therapeutic mechanisms of QKLI for
ischemia–hypoxia responsive gene expression in neurons
may extend the relevance of these studies.
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Inducible nitric oxide synthase contributes to intermittent hypoxia against
ischemia/reperfusion injury1
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Abstract
Aim: To investigate the role of inducible nitric oxide synthase (iNOS)-derived
nitric oxide (NO) in the cardioprotection of intermittent hypoxia (IH) against is-
chemia/reperfusion (I/R) injury.  Methods: Langendorff-perfused isolated rat
hearts were used to measure variables of left ventricular function during baseline
perfusion, ischemia, and reperfusion period.  Nitrate plus nitrite (NOx) content in
myocardium was measured using a biochemical method.  iNOS mRNA and pro-
tein expression in rat left ventricles were detected using reverse transcription poly-
merase chain reaction (RT-PCR) and Western blot, respectively.  Results: Myo-
cardial function recovered better in IH rat hearts than in normoxic control hearts.
The iNOS-selective inhibitor aminoguanidine (AG) (100 µmol/L) significantly
inhibited the protective effects of IH, but had no influence on normoxic rat hearts.
The baseline content of NOx in IH hearts was higher than that in normoxic hearts.
After 30 min ischemia, the NOx level in normoxic hearts increased compared to
the corresponding baseline level, whereas there was no significant change in IH
hearts.  However, the NOx level in IH hearts was still higher than that of normoxic
hearts during ischemia and reperfusion period.   AG 100 µmol/L significantly di-
minished the NOx content in IH and normoxic hearts during ischemia and reperfusion
period.  The baseline levels of iNOS mRNA and protein in IH hearts were higher
than those of normoxic hearts.  Compared to the corresponding baseline level,
iNOS mRNA and protein levels in normoxic rat hearts increased and those in IH rat
hearts decreased after reperfusion.  The addition of AG 100 µmol/L significantly
decreased iNOS mRNA and protein expression in IH rat hearts after I/R.
Conclusion: IH upregulated the baseline level of iNOS mRNA and protein expres-
sion leading to an increase in NO production, which may play an important role in
the cardiac protection of IH against I/R injury.
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Introduction
 Intermittent hypoxia, or periodic exposure to hypoxia

interrupted by a return to normoxia or  less hypoxic
conditions, is encountered more frequently in life than sus-
tained hypoxia[1, 2].  Many studies have shown that intermit-
tent hypoxia adaptation might have cardioprotective effects
similar to those observed in ischemic preconditioning

(IPC)[3–6].  To date, several potential factors have been pro-
posed to be involved in the protective mechanisms afforded
by IH[4–10]; however, the precise mechanisms in which IH
increases resistance to myocardial ischemia remain far from
clear.

Beall et al reported that exhalation of nitric oxide (NO) by
chronically hypoxic populations of Tibetans and Bolivian
Aymara is unexpectedly increased compared with low-alti-
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tude populations[11].  The similar response of these two geo-
graphically separate high-altitude populations underlines the
importance of NO for life under hypoxic stress.  Beall et al
speculated that one possible adaptation to maintaining high-
output NO synthesis under hypoxia included increased ex-
pression of the synthase enzymes themselves.  Nitric oxide
synthase (NOS) are a family of three isozymes responsible
for the production of NO: the constitutive endothelial (eNOS)
and neuronal (nNOS) isozymes and the inducible isozyme.
It is known that iNOS is expressed in a wide variety of cell
types, including cardiac myocytes.  iNOS is usually expressed
in response to various physiological and pathophysiologi-
cal stimuli, such as intense exercise and hypoxia.  Recent
studies have shown that NO plays an important role in pro-
tecting myocardium from I/R injury[12–14].  In addition, stud-
ies have indicated that the cardioprotective effects of late
preconditioning observed after 24 h resulted from the
upregulation of NOS and, more specifically, of iNOS[15,16].
Neckar et al[17] reported that the cardioprotective effects of
chronic hypoxia and IPC were not additive, suggesting that
the mechanisms of protection conferred by chronic hypoxia
and preconditioning may share some common signaling
pathways.  At present, little is known about the role of iNOS-
derived NO in the cardioprotection of IH and there is no
evidence about the changes in iNOS mRNA and protein in
IH rat hearts subjected to ischemia and reperfusion.  The aim
of the present study was to evaluate: (i) the effect of
aminoguanidine (AG) on the post-ischemic recovery of left
ventricular function in IH rat hearts, thereby determining the
role of iNOS-derived NO in the cardioprotection afforded by
IH; and (ii) the effect of IH on iNOS mRNA and protein ex-
pression in rat hearts during baseline perfusion, ischemia
and reperfusion period.

Materials and methods

 Animal preparation  Adult male Sprague-Dawley rats
(Clean grade, Shanghai Experimental Animal Center, Chi-
nese Academy of Sciences, Shanghai, China), initially weigh-
ing 100–130 g and finally weighing 280–330 g, were ex-
posed to intermittent high-altitude hypoxia of 5000 m in a
hypobaric chamber for 6 h/day.  Barometric pressure (pB)
was lowered to the level equivalent to an altitude of 5000 m
(pB=54 kPa; po2=11.3 kPa).  The total number of exposures
was 42-day.  The temperature in the chamber was maintained
at 22–24 oC.  The animals were examined the day after the
last hypoxic exposure.  The control group of animals was
kept under normoxic environmental conditions.  All animals
were maintained with a natural light-dark cycle (12 h Light:

12 h Dark).
Isolated rat heart perfusion  The rats were anesthetized

with sodium pentobarbital (60 mg/kg, ip) as previously de-
scribed [9].  Hearts were quickly excised and mounted on a
Langendorff apparatus for a retrograde perfusion with Krebs–
Henseleit solution (K-H buffer solution) at a constant pres-
sure of 80 mmHg.  K-H buffer solution contains (mmol/L):
NaCl 118.0, KCl 4.7, CaCl2 2.5, MgSO4 1.2, NaHCO3 25.0,
KH2PO4 1.2, glucose 11.0, and sodium pyruvate 2.0.  The
medium was continuously gassed with 95% O2 and 5% CO2

(pH 7.4) and maintained at 37 oC.  A water-filled latex balloon
connected to a pressure transducer (Gould P23Db) was in-
troduced into the left ventricle via the mitral valve to record
isovolumic left ventricular pressure.  The balloon volume
was adjusted to achieve a stable left ventricular end-dias-
tolic pressure (LVEDP) of 5–10 mmHg during the initial
equilibration.  Heart rate (HR), left ventricular peak systolic
pressure (LVPSP), LVEDP, left ventricular developed pres-
sure (LVDP), coronary flow (CF), and the peak rate of pres-
sure developed (±dp/dtmax) were monitored using a PowerLab
system (AD Instrument Ltd, Castle Hill, Australia).
LVDP=LVPSP–LVEDP.  Pressure-rate product (PRP) was
calculated, PRP = HR×LVDP.

Experimental protocol and groups  We chose AG, an
iNOS-specific inhibitor[18], to detect its effect on the
cardioprotection of IH.  Rats were divided into four groups:
(1) corresponding control (CON) group; (2) CON+AG group;
(3) IH group; and (4) IH+AG group.  In the present study,
we used 20 min baseline perfusion, 30 min no-flow global
ischemia, followed by 30 min reperfusion protocol.  The hearts
of rats in the drug group were treated with AG 100 µmol/L for
5 min before ischemia and maintained during 30 min ischemia,
followed by 30 min reperfusion with K-H buffer solution.  To
obtain samples for biochemical, RT-PCR, and Western-blot
experiments, each group was further divided into three
subgroups: (1) baseline perfusion group: 20 min baseline
perfusion; (2) ischemia group: 20 min baseline perfusion fol-
lowed by 30 min no-flow global ischemia; and (3) ischemia/
reperfusion group: 20 min baseline perfusion, 30 min no-flow
global ischemia, followed by 30 min reperfusion.  At the end
of baseline perfusion, ischemia, and reperfusion, respec-
tively, the hearts were dissected into left and right ventricles,
frozen in liquid nitrogen, and stored at –80 oC.

Nitrate plus nitrite (NOx) measurement  NOx, the stable
end product of NO, was assessed as nitrite concentration
after conversion of nitrate to nitrite with nitrate reductase
and measured using a commercial kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).  NOx was desig-
nated as µmol/g protein.  Its concentration was determined
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at an optical density of 550 nm in a spectrophotometric
method.  Protein determination was carried out according to
the Bradford method using bovine serum albumin as the
standard.

RNA isolation and semi-quantitative determination
of iNOS using RT-PCR  Total RNA was extracted from fro-
zen ventricular tissue with Trizol reagent and quantified by
absorption at 260 nm.  Reverse transcription from 0.5 µg
total RNA was incubated in a 20-µL mixture containing
40 U reverse transcriptase, 500 µmol/L of each dNTP, 500 ng
oligo(dT) and reaction buffer at 42 °C for 50 min.  The se-
quences of the iNOS primers were 5'-ACTGCTGGTGGTGA-
CAAG-3' (forward) and 5'-CGTTGGAAGTGTA-GCGTT-3'
(reverse), allowing the amplification of a 333-bp fragment;
the sequences of the M28S primers were 5' AGCAGCCGA-
CTTAGAACTGG-3' (forward) and 5'-TAGGGACAGTGGGA-
ATCTCG-3' (reverse), allowing the amplification of a 250-bp
fragment.  The PCR contained 0.1 µmol/L of each primer, 200
µmol/L of each dNTP, 2.5 mmol/L MgCl2 reaction buffer and
1 U Taq DNA polymerase in a final reaction volume of 20 µL.
The reaction mixture was incubated in a thermocycler
(Eppendorf Mastercycler gradient, Germany) programmed to
predenature at 94 °C for 5 min, denature at 94 °C for 40 s,
anneal at 60 °C for 40 s, and extend at 72 °C for 40 s for a total
of 38 cycles.  The last cycle was followed by a final elonga-
tion at 72 °C for 5 min and cooled to 4 °C.  A pilot experiment
had shown that this cycle number allowed product detec-
tion within the linear phase of amplification.

The amplified products were electrophoresced on a 1.0 %
agarose gel stained with ethidium bromide, visualized under
ultraviolet light, and scanned using Gel doc 2000 (Bio-Rad,
Richmond, CA, USA).  The results were expressed as the
relative intensity of bands for iNOS PCR product normalized
by the intensity of the band for M28S.

Preparation of protein extracts and Western blot
analysis of iNOS isozyme  The protein extracts were pre-
pared by homogenizing the left ventricles in isotonic sucrose
buffer A (mmol/L): Tris-HCl 20.0, sucrose 250.0, Na3VO4

0.03, MgCl2 2.0, edetic acid 2.0, egtazic acid 0.5, PMSF 2.0,
DTT 1.0, protease inhibitor cocktail 0.02 % (v/v), pH 7.4.
The homogenates were centrifuged at 100 000×g for 60 min at
4 °C to separate the particulate fraction from the cytosolic
fraction.  The supernatant containing soluble NOS, desig-
nated as cytosol, was used for the Western blot analysis of
iNOS.

After boiling for 10 min, equivalent amounts of cytosolic
protein (40 µg) were separated by 8% denaturing sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE), electroblotted onto a nitrocellulose membrane and

immunoreacted with iNOS primary antibody (Santa Cruz
Biotech, Santa Cruz, CA, USA) overnight at 4 °C, followed
by a 2-h incubation at room temperature with the second
antibody (goat anti-rabbit IgG, Sigma Chemical Company, St
Louis, MO, USA) conjugated with horseradish peroxidase.
The iNOS isozyme was detected using enhanced chemilu-
minescence (ECL, Amersham Biosciences, UK) as 130-kDa
bands.  Each iNOS isozyme signal was normalized to the
standard signal of the normoxic control heart.  The scanned
image was imported into Adobe Photoshop software; scan-
ning densitometry was used for quantitative analysis of the
data.

Materials and reagents  AG was purchased from the
Sigma Chemical Company; Trizol isolation reagent was from
Invitrogen Life Technologies (San Diego, CA, USA); prim-
ers of iNOS and M28S were synthesized by Sangon Bioengi-
neering Company (Shanghai, China); and the reverse tran-
scription system was obtained from Promega (Madison, WI,
USA).

Statistical analysis  All data are expressed as mean±SD.
Statistical analysis were carried out using one-way ANOVA
or Student’s t tests when appropriate.  Differences were con-
sidered significant at P<0.05.

Results

Effects of AG on recovery of CF and ventricular function
after I/R in IH and normoxic rats  Our previous study showed
that the ratio of whole ventricle weight to body weight of
rats in IH groups was not significantly different from normoxic
control animals, which meant that intermittent hypoxia in
this experimental condition did not result in heart hypertro-
phy[6,19].  The present study demonstrated that CF was
slightly but significantly higher in IH hearts during baseline
perfusion (Table 1).  CF dramatically decreased during
reperfusion in all groups, but the improvement of CF during
reperfusion was greater in the IH group compared with the
normoxic control group.  The addition of AG 100 µmol/L did
not significantly change either pre-ischemic CF or LVDP, but
inhibited pre-ischemic ±dp/dtmax in normoxic and IH hearts
(data not shown).  The addition of AG 100 µmol/L inhibited
the improvement of CF during reperfusion in the IH group,
but had no influence on normoxic hearts.

As shown in Table 1, HR did not change in any group
and was not affected by AG 100 µmol/L.  Baseline values of
ventricular function variables did not differ in any group
during baseline perfusion, except for CF, but the values of
LVPSP, ±dp/dtmax, and PRP were greatly decreased, whereas
LVEDP significantly increased during reperfusion.  During
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reperfusion, values of ±dp/dtmax, LVEDP, and PRP in the IH
group were superior to the normoxic group, suggesting that
left ventricular functional recovery was modestly facilitated
by IH adaptation.  AG significantly inhibited the recovery of
IH hearts, whereas it had no effect on normoxic hearts dur-
ing reperfusion (Figure 1).

Effects of AG on the nitrate/nitrite content of IH and
normoxic rat hearts  The biochemical experiment demon-
strated that the baseline content of NOx in IH hearts was
30.4% higher than that in normoxic hearts  (P<0.01).  After 30
min ischemia, the NOx level in normoxic heart tissue increased
from 0.608±0.060 to 0.747±0.062 µmol/g protein, whereas in
IH heart tissue there was no significant change (P>0.05,
0.793±0.075 vs 0.837±0.054 µmol/g protein).  The addition of
AG 100 µmol/L significantly diminished the content of NOx
in IH hearts from 0.837±0.054 to 0.606±0.070 µmol/g protein
and from 0.747±0.062 to 0.541±0.062 µmol/g protein in
normoxic hearts during the ischemia period.  AG also signifi-
cantly decreased the content of NOx in IH hearts from
0.742±0.062 to 0.535±0.072 µmol/g protein and from 0.617±
0.072 to 0.519±0.059 µmol/g protein in normoxic hearts dur-
ing the reperfusion period (Figure 2).

Effects of AG on iNOS mRNA expression in IH and
normoxic rat hearts  The expression of iNOS mRNA is
shown in Figure 3A,3B.  The baseline level of iNOS mRNA in

IH hearts was higher than that in normoxic hearts by 50.2%
(P<0.01).  After reperfusion, iNOS mRNA level in normoxic
hearts increased from 0.470±0.051 to 0.590±0.092 (P<0.05);
however, the iNOS mRNA level in IH hearts decreased from
0.706±0.061 to 0.549±0.066 after reperfusion (P<0.05).  The
addition of 100 µmol/L AG significantly diminished iNOS
mRNA level in normoxic and IH hearts after reperfusion;
however, the reduced extent of IH hearts was higher than
that of normoxic hearts (P<0.01).

Effects of AG on iNOS protein expression in IH and
normoxic rat hearts The expression of iNOS protein is dem-
onstrated in Figure 4A, 4B.  In accordance with the changes
at mRNA level, the baseline level of iNOS protein in IH hearts
was 33.8% h igher than  that  of normoxic hearts
(P<0.05).  After reperfusion, iNOS protein level in the
normoxic hearts increased by 18.4% (from 100% ± 0.0% to
118.4%±8.4%, P<0.05); however, iNOS protein level in IH
hearts decreased by 31.9% (from 133.8%±16.6% to 91.1%±
7.0%, P<0.01).  After reperfusion, the level of iNOS protein
between normoxic and IH hearts was significantly different
(P<0.05).  The addition of 100 µmol/L AG significantly de-
creased iNOS protein level in IH hearts; however, AG had no
influence on iNOS protein expression in normoxic hearts af-
ter reperfusion.  Ischemia significantly decreased iNOS pro-
tein expression in the different groups (P<0.05).

Table 1.  Hemodynamic parameters in normoxic and intermittent hypoxia hearts at baseline perfusion and after 30 min reperfusion.  CON,
normoxic control hearts (n=8), CON+AG, normoxic hearts pretreated with 100 µmol/L aminoguanidine (AG) for 5 min before ischemia and
during ischemia (n=6); IH, intermittent hypoxia hearts (n=8), IH+AG, intermittent hypoxia hearts pretreated with 100 µmol/L AG for 5 min
before ischemia and during ischemia (n=7).  Mean±SD.  bP<0.05, cP<0.01 vs corresponding baseline perfusion.  eP<0.05, fP<0.01 vs correspond-
ing of CON.  hP<0.05, iP<0.01 vs corresponding of IH.

                                                                                                CON                CON+AG                 IH                    IH+AG

Perfusion CF (mL/min)     15.1±0.6    15.6±1.2    17.3±1.1f    17.1±1.3e

LVPSP (mmHg)   114.8±9.3  112.2±8.6  112.8±15.3  113.9±7.9
LVEDP (mmHg)       6.1±2.2      6.3±1.2      5.3±2.0      6.2±0.9
HR (beat/min)      350±34     347±23     354±37     345±21
+dp/dtmax (mmHg/s)    2832±274   2853±226   2947±168   2904±153
-dp/dtmax (mmHg/s)                         −2418±255 −2437±203 −2452±352 −2514±212
10-3×PRP (mmHg/min)     38.4±3.4    37.6±4.1    38.6±5.4    38.2±4.2

Reperfusion CF (mL/min)       6.3±1.4c      6.1±1.3c    10.6±2.0cf      6.4±1.2ci

LVPSP (mmHg)     92.7±7.4b    93.6±7.1b    93.8±6.5b    91.9±6.9b

LVEDP (mmHg)     77.2±6.6c    78.5±5.2c    68.0±6.7ce    79.0±5.8ch

HR (beat/min)      308±25     303±27     313±26     309±37
+dp/dtmax (mmHg/s)      484±32c     448±43c     760±91cf     397±52ci

-dp/dtmax (mmHg/s)    −437±39c   −374±47c   −662±68cf   −336±47ci

10-3×PRP (mmHg/min)       5.0±0.4c      4.7±0.5c      8.1±0.7cf      3.9±0.8ci

CF, coronary flow; LVPSP, left ventricular peak systolic pressure; LVEDP, left ventricular end-diastolic pressure; HR, heart rate; ±dp/dtmax,
peak rate of pressure developed; PRP, pressure-rate product.
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Discussion
The present study showed that IH increased the toler-

ance of hearts to I/R injury, determined by improved recov-
ery of post-ischemic ventricular function.  This protective
effect was abolished by AG, suggesting that iNOS-derived
NO may participate in the cardioprotection of IH.  Our re-
sults also showed that the baseline level and the recovery of
CF after ischemia were higher in IH hearts compared with
normoxic hearts.  Zhong et al’s study revealed that capillary
densities were increased in IH hearts, which contributed to
better functional recovery when isolated rat hearts were sub-

jected to an I/R injury[6].  The recovery of post-ischemic CF
in IH hearts was abolished by AG, suggesting that iNOS-
derived NO may be involved in the improvement of CF by
IH.

The level of NOS expression relates directly to the quan-
tity of NOx production.  To examine the effect of IH on iNOS
expression, we investigated NOx content, iNOS mRNA, and
protein expression in normoxic and IH rat hearts during
baseline perfusion.  Providing important additional insights
into IH against I/R injury, we also examined NOx content,
iNOS mRNA and protein expression in IH and normoxic rat

Figure 1.  Original recording of left ventricular developed pressure in isolated Langendorff-perfused rat hearts in different groups during
20 min baseline perfusion, 30 min ischemia, and 30 min reperfusion.  The arrow indicates the times of the different treatments.  (A) normoxic
control heart; (B) intermittent hypoxia (IH) heart; (C) normoxic heart pretreated with aminoguanidine (AG) 100 µmol/L for 5 min before
ischemia and during ischemia; and (D) IH heart pretreated with AG 100 µmol/L for 5 min before ischemia and during ischemia.
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hearts subjected to ischemia/reperfusion.  This may help us
to understand why IH could improve the post-ischemic re-
covery of left ventricular function.  Our results showed that
iNOS mRNA and protein were unregulated and that NOx con-
tent increased after IH adaptation in rat hearts.  Palmer et al
showed that hypoxia induced iNOS expression in cardiac
myocytes and vascular endothelial cells[20,21].  Rouet-
Benzineb et al also indicated that after 15 days of hypoxia
there was a two-fold increase in iNOS protein abundance in
rat left ventricles[22].  However, Baker et al demonstrated that

increased tolerance to ischemia in rabbit hearts adapted to
chronic hypoxia was associated with increased expression
of eNOS isozymes, which led to an increase in myocardial
nitrite/nitrate content and cGMP level[23].  The signaling func-
tions of NO begin with its binding to protein receptors, such
as guanylyl cyclase, which generates cGMP.  In the present
study, the elevated expression of myocardial iNOS in IH hearts
compared to control hearts was also consistent with Zhong
et al’s report[6], which showed that the myocardial cGMP
level in IH rats increased compared to normoxia control rats.
Baker et al suggested that a small increase in NO levels ap-
pears to be cardioprotective, whereas a large increase in NO
production may be detrimental, resulting in vasodilation,
decreased blood pressure and, perhaps, vascular leakage[23].
Importantly, in our study the magnitude of iNOS upregulation
caused by IH was mild.  This quantitative induction of iNOS
may be critical in explaining the protective effects of iNOS
following IH adaptation.  The discrepancies between Baker
et al’s study and ours lie in the age of the animals (adult vs
neonatal), the species (rabbit vs rat), the experimental model,
and the training duration and/or intensity.

In the present study, iNOS-derived NO was assessed by
measuring the AG-inhibitable nitrite/nitrate content in IH and
normoxia rat hearts.  The addition of 100 µmol/L AG sig-
nificantly decreased NOx content, iNOS mRNA and protein
levels in IH hearts after reperfusion and abolished the pro-
tective effect of IH; AG also decreased NOx content and

Figure 3.  The mRNA expression of inducible nitric oxide synthase
(iNOS) isozyme in normoxic and intermittent hypoxia (IH) rat hearts
treated with or without 100 µmol/L aminoguanidine (AG).  (A) Top
panel shows mRNA levels of iNOS; bottom panel shows M28S mRNA,
which was used as an internal control.  (B) Relative intensity of iNOS
mRNA was determined relative to M28S mRNA.  n=5 rats.  Mean±SD.
P and Perf, perfusion; I and Isch, ischemia; R and Reperf, reperfusion.
bP<0.05, cP<0.01 vs corresponding Perf.  eP<0.05, fP<0.01 vs corre-
sponding control (CON).  iP<0.01 vs corresponding IH.

Figure 4.  The protein expression of inducible nitric oxide synthase
(iNOS) isozyme in normoxic and intermittent hypoxia (IH) rat hearts
treated with or without 100 µmol/L aminoguanidine (AG).  The im-
munoreactive band of iNOS was detected using Western blot.  (A)
The band shows protein expression of iNOS during various periods in
different groups; (B) Relative intensity of iNOS protein level was
determined relative to a selected standard signal of the normoxic
control heart.  P and Perf, perfusion; I and Isch, ischemia; R and
Reperf, reperfusion.  n=5 rats.  Mean±SD.  bP<0.05, cP<0.01 vs corres-
ponding Perf.  eP<0.05, fP<0.01 vs  corresponding control (CON).
hP<0.05 vs corresponding IH.

Figure 2.  Nitrite/nitrate level in normoxic and intermittent hy-
poxia (IH) rat hearts treated with or without 100 µmol/L amino-
guanidine (AG).  n=6 rats.  Mean±SD.  Perf, perfusion; Isch, ischemia;
Reperf, reperfusion.  cP<0.01 vs  corresponding Perf.  eP<0.05, fP<
0.01 vs corresponding control (CON).  iP<0.01 vs corresponding IH.
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iNOS mRNA expression in normoxic hearts; however, the
inhibitory extent was lower in normoxic hearts compared with
IH hearts.  This result suggests that iNOS is tonically higher
in IH hearts compared with normoxic hearts and that iNOS
may play an important role in the cardioprotection of IH.

Studies examining the role of NO in modulating ischemia/
reperfusion injury are complicated.  There are conflicting
reports about the changes in NO content during ischemia/
reperfusion period.  A number of studies have demonstrated
that NO content increased in hearts subjected to ischemia[24,25].
Studies have also shown that short-term ischemia leads to
an increase in iNOS activity and expression; however, iNOS
activity and expression decreased with prolonged ischemia.
This may be related to a deficiency in essential co-factors for
protein synthesis and stability (eg, haem, FAD, FMN,
calmodulin).  In addition to NO production by specific NOS,
Zweier et al also demonstrated that NO could be generated
in tissues by either direct disproportionation or reduction of
nitrite to NO under the acidic and highly reduced conditions
that occur in disease states, such as ischemia[26].  Thus, we
considered that the basal level of nitrite and nitrate was a
better index of nitric oxide production from the aerobically
perfused heart.

In addition, we found that iNOS mRNA and protein level
in normoxic hearts increased after reperfusion; however,
iNOS mRNA and protein level decreased in IH hearts.  The
results from Zingarelli et al’s study differed from our result
in that iNOS mRNA in wild-type mice was significantly in-
creased after 30 min reperfusion compared to the basal level [27].
In the present study, the level of iNOS protein in normoxic
hearts was higher than the level in IH hearts after I/R.  It is
known that induction of high-output iNOS usually occurs in
an oxidative environment, and thus high levels of NO have
the opportunity to react with superoxide anion (O2

–) leading
to peroxynitrite (ONOO–) formation and cell toxicity[28].  The
generation of ONOO– can account for the toxicity of NO in
biological systems.  Yasmin et al and Wang and Zweier’s
studies indicated that generation of ONOO– at reperfusion
contributed to the I/R injury in isolated rat hearts[29,30].  In
general, O2

– formation increases during the early period of
reperfusion and reacts with NO to form ONOO–, which re-
sults in amino acid nitration and cellular injury[30].  Our previ-
ous study suggested that an increase in antioxidant capac-
ity might play an important role in the effect of IH reducing
I/R injury[5].  Based on the above investigations, we propose
that during reperfusion, normoxic hearts may be predisposed
to produce more O2

– and ONOO– than IH hearts, and thus
produce more potent toxicity than IH hearts.  Our results
also suggest that during reperfusion after sustained ischemia,

NO may have bidirectional effects on myocardium because
of the coexistence of NO and O2

–.  AG significantly dimin-
ished NOx content, iNOS mRNA and protein level in IH hearts
after reperfusion and led to the inhibitory effect of AG on the
recovery of left ventricular function of IH rat hearts.  As far
as we know, NO is considered to play a pivotal role in numer-
ous physiological and pathophysiological processes, with
effects arising from both a lack and a surfeit of this chemi-
cally reactive molecule.  This seemingly paradoxical behav-
ior may be explained by the amount of NO generated, tempo-
ral-spatial intracellular compartmentalization of NO, and the
intracellular redox environment.

The mechanisms leading to upregulation of iNOS after
IH adaptation and the mechanism whereby iNOS-derived
NO plays a role in the protection of IH have not been clari-
fied and need to be further investigated.  Mechanisms by
which hypoxia induces gene expression include transcrip-
tional and posttranscriptional regulation.  The molecular
mechanisms of hypoxia adaptations are centered on the acti-
vation of hypoxia-inducible factor 1 (HIF-1).  During
hypoxia, however, HIF-1α is stabilized, leading to accumu-
lation of the active HIF-1α, HIF-1β heterodimer, which binds
to specific recognition elements within promoter/enhancer
regions of many target genes, the induction of which gener-
ates this cytoprotective process.  The set of genes induced in
this manner include iNOS[20,21], which drives cytoprotective
events mediated by NO.  At the same time, complex mecha-
nisms may exist and interplay in the regulation of iNOS ex-
pression in the heart.

NO is an important endogenous regulatory molecule in-
volved in a variety of biological functions.  For example, it
maintains coronary vasodilator tone, inhibits platelet aggre-
gation and the adhesion of neutrophils to vascular endothe-
lium[31].  It can also regulate myocardial contractile function.
Studies have suggested that NO could also regulate oxygen
demand and the delivery of oxygen[32].  Therefore, moderate
increases in NO during intermittent hypoxia might be in-
volved in the regulation of the above effects.

We concluded that IH upregulated the baseline level of
iNOS mRNA and protein expression leading to an increase
in NO production, which may play an important role in the
cardiac protection of IH against I/R injury.
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Abstract
Aim: To determine whether Ca2+/calcineurin mediated the inhibitory effects of
nitric oxide /cGMP-dependent protein kinase (NO/PKG) on the proliferation of
vascular smooth muscle cells (VSMC).  Methods: Proliferation and viability of
primary VSMC from rat aorta were measured using [3-(4,5-dimethyl thiazol-2-yl)-2,
5-diphenyl tetrazolium bromide] (MTT) assay and acridine orange and ethidium
bromide staining, respectively.  Cytosolic Ca2+ was determined by Fluo-3/AM.
Calcineurin protein and its activity were assayed using immunoblotting and free
inorganic phosphate analysis, respectively.  Results: (±)-S-nitroso-N-acetyl-
penicillamine (SNAP) and Sp-8-(4-chlorophenylthio)-guanosine-3',5'-cyclic
monophosphorothioate (Sp-8-pCPT-cGMPS) decreased phenylephrine (PE)-in-
duced proliferation of VSMC by 27.3% and 36.6%, respectively, but Rp-8-[(4-
chlorophenyl)thio]-guanosine-3',5'-cyclic monophosphorothioate (Rp-8-pCPT-
cGMPS) increased PE-induced proliferation of VSMC.  SNAP, Sp-8-pCPT-cGMPS,
and Rp-8-pCPT-cGMPS did not affect the viability of VSMC. Calcineurin protein
was decreased by 63.1% and its activity was decreased by 59.7% in smooth muscle
cells (SMC) pretreated with verapamil (Ver) and then stimulated by PE.  In SMC
pretreated with Ver, the absorbance of cells stimulated by PE decreased by 22.0%
and was further inhibited by the additional treatment of SNAP and Sp-8-pCPT-
cGMPS.  In SMC pretreated with cyclosporin A (CsA), the absorbance of cells
stimulated by PE decreased by 36.7%, but could not be further altered by the
additional treatment of SNAP, Sp-8-pCPT-cGMPS, and Rp-8-pCPT-cGMPS. In
addition, Ver inhibited PE-induced intracellular Ca2+ variations, which could be
further inhibited by SNAP and Sp-8-pCPT-cGMPS, but not by Rp-8-pCPT-cGMPS.
Moreover, the increase in calcineurin activity induced by PE was inhibited by
SNAP and Sp-8-pCPT-cGMPS, but was promoted by Rp-8-pCPT-cGMPS.
Conclusion: NO/PKG regulates calcineurin activity via the modulation of intracel-
lular Ca2+ concentration, and thus partially inhibits the proliferation of VSMC
without affecting their viability.
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Introduction
Injuries to vascular endothelium induce the migration,

hypertrophy, and proliferation of vascular smooth muscle
cells (VSMC)[1].  Compelling evidence indicates that nitric
oxide (NO) negatively regulates the proliferation of VSMC
via the pathways of guanosine-3',5'-cyclic monophosphate
(cGMP) and cGMP-dependent protein kinase (PKG).  Ca2+/

calcineurin is involved in smooth muscle-specific transcrip-
tion, and may be a potential target of smooth muscle cell
proliferation[2–4].  However, the mechanisms by which NO/
PKG inhibits VSMC proliferation remain unknown.

Therefore, it is proposed that NO/PKG can inhibit VSMC
proliferation via modulation of Ca2+/calcineurin.  NO donor
SNAP inhibited the intracellular Ca2+ response of SMC to
acetylcholine (ACh).  Caffeine[5] and cGMP can modulate
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Ca2+ spark activity[6].  PKG regulates intracellular Ca2+ varia-
tions at multiple levels[7].   Inhibition of nuclear factors of
activated T cells (NFAT) by NO-cGMP-PKG I is responsible
for cardiac hypertrophy after α1-adrenoceptor stimulation[8].
However, whether or not NO/PKG inhibits the proliferation
of VSMC via the modulation of Ca2+/calcineurin is unclear.
In the present study, we used VSMC from rat aorta and stud-
ied the activities of NO/PKG, intracellular Ca2+, and
calcineurin in VSMC proliferation.

Materials and methods
Materials   NO donor (±)-S-nitroso-N-acetylpenicillamine

(SNAP), phenylephrine (PE), cyclosporin A (CsA), and
verapamil (Ver) were purchased from Sigma-Aldrich Corp.
(St Louis, MO, USA).  The PKG-selective cGMP analog Sp8-
pCPT-cGMPS and PKG antagonist Rp-8-[(4-chlorophenyl)
thio]-guanosine-3',5'-cyclic monophosphoro-thioate (Rp-8-
pCPT-cGMPS) were from BioMol Company (Plymouth
Meeting, PA, USA).  Fluo-3/AM ester was obtained from
Biotium Inc (Hayward, CA, USA).  Rabbit anti-calcineurin
Aα affinity-purified polyclonal antibody was from Chemicon
Incorporated (Temecula, CA, USA).  The biotinylated pro-
tein ladder detection pack was from Cell Signaling Techno-
logy, Inc (Beverly, MA, USA).  The calcineurin assay kit
was from Nanjing Jiancheng Bioengineering Institute (NJBI)
(Nanjing, China).  Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum (FBS) were obtained from
Gibco/Life Technologies (Grand Island, NY, USA).

Culture of VSMC  The medial layer of the thoracic aorta
from 7-day-old Wistar rats was explanted and cultured in
DMEM containing 5% FBS at 37 °C in 5% CO2 atmosphere.
The cells were spread onto six-well plates or 35-mm dishes
and cultured to a near confluent condition.  Primary VSMC
(<4 passage) were used.

Intracellular Ca2+ by Fluo-3/AM staining  The experi-
ment was carried out at room temperature in a darkroom.
Intracellular Ca2+ concentration in VSMC was monitored
using the fluorescent Ca2+ indicator, Fluo-3/AM.  In brief,
cells growing in a special 35-mm culture dish were loaded
with Fluo-3/AM 10 µmol/L (acetoxymethyl esters) in Krebs-
Ringer solution (in mmol/L: NaCl 140, KCl 5, MgCl2 0.5,
HEPES 5.5, glucose 10, CaCl2 1.2, pH 7.4) containing 0.05%
pluronic acid  at 37 ºC for 60 min.  After being washed twice
with Krebs-Ringer solution to remove unhydrolyzed
indicator, the dish was transferred to a chamber to which the
drugs were added.  Fluorescence in cells was measured us-
ing a confocal microscope.  The excitation wavelength was
488 nm, and the emission wavelength was 522 nm.  Change
in fluorescence was expressed as F/F0, where F represents

the fluorescence intensity (F) of each pixel in the original
fluorescence image and F0 is defined as the intensity at the
beginning of the images when the cell was assumed to be in
the resting state.

Calcineurin protein expression  Protein was separated
by 10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to nitrocellulose
membranes, and the membranes were incubated with rabbit
anti-calcineurin Aα affinity-purified polyclonal antibody di-
rected against the major calcineurin catalytic subunit,
calcineurin A (CnA)-α.  Additional procedures followed the
methods of Hammes et al[9].  The blotted antibody was visu-
alized using chemiluminescence, and a densitometric scan-
ner determined the density of the band.

Calcineurin enzymatic activity  The activity of calcine-
urin was determined using a calcineurin activity assay kit as
described in the manufacturer’s protocol.  The RII-
phosphopeptide (BioMol) was used as a highly specific sub-
strate for calcineurin.  The detection of free inorganic phos-
phate released from RII by calcineurin was based on the
malachite green dye reaction.  Reactions were terminated
after 30 min, and absorption was read on an ultraviolet spec-
troscope at 660 nm.  The activity was corrected for protein
concentration.  Calcineurin activity was expressed as a per-
centage compared with the control group.

Cell proliferation assay  After VSMC were incubated at
37 °C for 48 h, stock [3-(4,5-dimethyl thiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide]  (MTT) solution was added and
incubated with the cells for 4 h.  The medium was then re-
moved as completely as possible without disturbing the
formazan crystals that had formed within the cells.  After the
addition of Me2SO (Merck, Darmstadt, Germany) into the
wells the plate was shaken for a short time, and optical den-
sity was measured at 570 nm.

Cell viability  VSMC were cultured to 1×104 cells/well in
six-well dishes and then incubated in the absence (control)
or presence of PE 10 µmol/L, SNAP 250 µmol/L, Sp-8-pCPT-
cGMPS 500 µmol/L, and Rp-8-pCPT-cGMPS 100 µmol/L, or
various combinations for 48 h.  At the end of the incubation,
nucleic acid-binding fluorescent dyes, acridine orange and
ethidium bromide (10 mg/L each per well), were added.  Us-
ing fluorescent microscopy, viable cells with green fluores-
cent nuclei and non-viable cells with red or orange fluores-
cent nuclei were counted, and at least 200 cells were counted
for each sample.  Cell viability (%)=100×(number of viable
cells)/(number of cells counted).

Statistical analysis   Data were expressed as mean±SEM
and statistical analysis were carried out using ANOVA fol-
lowed by Bonferroni or Dunn post-hoc tests.  P<0.05 was
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considered significant.

Results
Effect of NO/PKG on the proliferation and viability of

VSMC  SNAP (250 µmol/L) and Sp-8-pCPT-cGMPS (500
µmol/L) decreased PE 10 µmol/L-induced proliferation of
VSMC by 27.3% and 36.6%, respectively, and Rp-8-pCPT-
cGMPS (100 µmol/L) increased PE-induced proliferation of
VSMC.  However, SNAP, Sp-8-pCPT-cGMPS, and Rp-8-
pCPT-cGMPS did not affect the viability of VSMC compared
with the control group (Figure 1).

Effect of Ver on calcineurin protein expression and ac-
tivity in VSMC  After VSMC were pretreated with Ver (8
µmol/L) for 24 h and then incubated with PE (10 µmol/L) for
another 24 h, calcineurin protein expression and its activity
were decreased by 63.1% (Figure 2A) and 59.7% (Figure 2B)
compared with the control group, respectively.

Effect of Ver and CsA on the downregulation of VSMC
proliferation by NO/ PKG  VSMC were pretreated with Ver
(8 µmol/L) or CsA (500 µg/L) for 24 h to inhibit Ca2+ influx or
calcineurin activity, respectively.  The VSMC were then
treated with SNAP (250 µmol/L), Sp-8-pCPT-cGMPS (500
µmol/L), or Rp-8-pCPT-cGMPS (100 µmol/L) for 12 h.  Finally
they were incubated with PE (10 µmol/L) for 12 h.

Pretreatment with Ver decreased PE-induced VSMC pro-
liferation by 22.0% compared with the control group.  Addi-
tional treatment with SNAP and Sp-8-pCPT-cGMPS further
inhibited VSMC proliferation compared with the Ver pretreat-

ment group (P<0.05, Figure 3A).
Pretreatment with CsA decreased PE-induced VSMC pro-

liferation by 36.7% compared with the control group.  Addi-
tional treatment with SNAP, Sp-8-pCPT-cGMPS, or Rp-8-
pCPT-cGMPS did not further affect VSMC proliferation com-
pared with the CsA pretreatment group (P>0.05, Figure 3B).

Effects of Ver and NO/PKG on variations in intracellu-
lar Ca2+ induced by PE in VSMC  VSMC were pretreated
with Ver (8 µmol/L) for 30 min and then incubated with SNAP
(250 µmol/L), Sp-8-pCPT-cGMPS (500 µmol/L),  or   Rp-8-
pCPT-cGMPS (100 µmol/L) for 30 min.  Finally the VSMC
were stimulated with PE (10 µmol/L).  Intracellular Ca2+ varia-
tion was inhibited by Ver.  Additional treatment with SNAP
and Sp-8-pCPT-cGMPS after Ver pretreatment further inhib-
ited intracellular Ca2+ variation, but additional treatment with
Rp-8-pCPT-cGMPS did not (Figure 4).

Effect of NO/PKG on calcineurin expression and activ-
ity in VSMC  The increase in calcineurin protein expression
and its activity induced by PE (10 µmol/L) for 24 h were
inhibited by a 24-h pretreatment with SNAP (250 µmol/L) or
Sp-8-pCPT-cGMPS (500 µmol/L), and was slightly promoted
by a 24-h pretreatment with Rp-8-pCPT-cGMPS (100 µmol/L)
(Figure 5).

Figure 2 .  Effect of verapamil on the proliferation of vascular
smooth muscle cells (VSMC) induced by PE.  VSMC were pretreated
in the absence (control) or presence of PE (10 µmol/L), Ver (8 µmol/
L) or Ver and PE.  n=5 experiments.  Mean±SEM.  bP<0.05 vs control.

Figure 1.  Effects of NO/PKG on PE-induced proliferation and the
viability of vascular smooth muscle cells (VSMC).  VSMC were stimu-
lated in the absence (control) or presence of PE (10 µmol/L), SNAP
(250 µmol/L), Sp-8-pCPT-cGMPS (500 µmol/L), and Rp-8-pCPT-
cGMPS (100 µmol/L), or various combinations for 48  h.  n=5
experiments.  Mean±SEM.  bP<0.05 vs control. eP<0.05 vs PE.
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Discussion
NO inhibits the proliferation of VSMC via the pathways

of cGMP and PKG.  NO/PKG modulates a large variety of
physiological functions including vascular tone, platelet
aggregation, apoptosis, and proliferation.  However, the
mechanisms by which NO/PKG inhibits VSMC proliferation
are still unclear.  The present study investigated the activi-
ties of NO/PKG, intracellular Ca2+, and calcineurin in the pro-
liferation of VSMC.

PE, a stimulator for Ca2+ oscillations and cell growth[10,11],
is used to induce intracellular Ca2+ variations and the prolif-
eration of VSMC.  Our results show that the addition of
SNAP and Sp-8-pCPT-cGMPS decreases cell proliferation in
cells pre-stimulated with PE by 27.3% and 36.6%, respectively,

Figure 3.   Role of Ca2+/calcineurin in the regulation of vascular
smooth muscle cells (VSMC) proliferation by NO/ PKG.  VSMC were
pretreated with Ver (8 µmol/L, A) or CsA (500 µg/L, B) for 24 h, and
then incubated with SNAP (250 µmol/L), Sp-8-pCPT-cGMPS (500 µmol/
L), and Rp-8-pCPT-cGMPS (100 µmol/L) for 12 h, respectively.  PE
was finally added to stimulate the VSMC for 12 h.  n=5 experiments.
Mean±SEM.  bP<0.05 vs control. eP<0.05 vs Ver+PE group.

Figure 4.  PE-induced intracellular Ca2+ variations by NO/PKG in
vascular smooth muscle cells (VSMC).  VSMC were first stimulated by
Ver for 30 min, and then incubated with SNAP (250 µmol/L), Sp-8-
pCPT-cGMPS (500 µmol/L), and Rp-8-pCPT-cGMPS (100 µmol/L)
for 30 min, respectively.  Finally PE (10 µmol/L) was added to the
superfusion buffer (indicated by the arrow).  n=5 experiments.

whereas the addition of Rp-8-pCPT-cGMPS increases cell

Figure 5.  Effect of NO/PKG on calcineurin protein expression and
activity in vascular smooth muscle cell (VSMC) proliferation.  VSMC
were stimulated in the absence (control) or presence of PE (10 µmol/L),
SNAP (250 µmol/L), Sp-8-pCPT-cGMPS (500 µmol/L) and Rp-8-
pCPT-cGMPS (100 µmol/L), or various combinations as indicated.
n=5 experiments.  Mean±SEM.  bP<0.05 vs control. eP<0.05 vs PE.
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proliferation.  No significant changes in VSMC viability were
found between the experimental groups.  These results sug-
gest that NO/PKG is involved in the inhibitory effects on
SMC proliferation, but has no marked effects on SMC
viability.

Ca2+ is an essential regulator of the cell cycle.  The Ca2+

response control gene was expressed in various cell types[12].
In VSMC, when intracellular [Ca2+]i level increases, calcineurin
is activated.  Its de-phosphorylated transcription factors,
NFAT, in turn promote nuclear translocation of NFAT.  The
NFAT transcription factors then cooperate with nuclear tran-
scription factors and stimulate the transcriptional activation
of various genes that are involved in VSMC proliferation[13].
Our results confirm that intracellular Ca2+ variations play an
important role in regulating VSMC proliferation.

Recent studies have shown that NO/PKG can regulate
intracellular Ca2+ variations.  NO reduces the intracellular
Ca2+ concentration in SMC by inhibiting sarcoplasmic reticu-
lum (SR).  Ca2+ release through both IP3R and RyR[5], and
Ca2+ influx through N-channel gating via cGMP and PKG[14].
cGMP can modulate Ca2+ spark activity by decreasing myo-
fibrillar Ca2+ sensitivity and increasing Ca2+ uptake by the
SR[6].  PKG has been proposed to regulate [Ca2+]i variations
in different cell types by different mechanisms[7].  For example,
PKG can inhibit intracellular Ca2+ release from the endoplas-
mic reticulum by inhibition of IP3 formation[15] and Ca2+ entry
through plasma membrane Ca2+ channels[16,17] or stimulate
its efflux across the membrane by activation of a Na+/Ca2+

exchanger[18].  Bonnevier and Arner[19] reported that signals
downstream of cGMP/PKG could reverse PKC-mediated Ca2+

sensitization in smooth muscle.  However, whether or not
NO/PKG inhibits VSMC proliferation via the regulation of
intracellular Ca2+ movement has not been revealed.  We found
that Ver inhibited PE-stimulated intracellular Ca2+ variations,
which could be further inhibited by SNAP and Sp-8-pCPT-
cGMPS.  These results suggest that NO/PKG can regulate
PE-induced intracellular Ca2+ variations in VSMC, which is
possibly achieved via regulation of Ca2+ release, Ca2+ efflux,
and Ca2+ influx by NO/PKG.  The definite mechanisms by
which NO/PKG modulates intracellular Ca2+ variations of
SMC will be studied in the future.  For these reasons, we
conclude that NO/PKG inhibits VSMC proliferation via modu-
lation of intracellular Ca2+ variations.

Calcineurin is a heterodimer consisting of a 59-kDa
subunit, CnA, and a 19-kDa subunit with calcineurin B (CnB)
tightly bound to CnA.  CnA consists of a catalytic and a regu-
latory domain.  The regulatory domain contains the CnB bind-
ing domain, the calmodulin binding domain, and an
autoinhibitory domain at the C-terminus.  Ca2+ binds to both

calmodulin and CnB displacing the inhibitory C-terminal pep-
tide from the active site of CnA, thus activating phosphatase
function[20].  So CnB acts as a sensor for changes in intracel-
lular Ca2+.  Calcineurin is a downstream target of intracellular
Ca2+.  Increase in intracellular Ca2+ concentration will acti-
vate calcineurin, thus inducing proliferation-related gene
transcription.  Our results further demonstrate that intracel-
lular Ca2+ variation plays an important role in regulating the
expression and activity of calcineurin in VSMC, and that
calcineurin is a potential target for treatment of diseases re-
lated to SMC proliferation.  However, it remains to be deter-
mined whether NO/PKG decreases the proliferation of VSMC
via calcineurin.  Our study shows that the pre-addition of
CsA decreases PE-induced proliferation by 36.7% compared
with controls.  CsA had no influence on the inhibitory ef-
fects of SNAP, Sp-8-pCPT-cGMP, and Rp-8-pCPT-cGMPS.
These results suggest that NO/PKG inhibits VSMC prolif-
eration via calcineurin.  Furthermore, our study demonstrates
that SNAP and Sp-8-pCPT-cGMPS reduced, but Rp-8-pCPT-
cGMPS increased, calcineurin protein expression and its ac-
tivity in SMC stimulated by PE.  Therefore, we conclude that
NO/PKG inhibits VSMC proliferation by regulating
calcineurin expression and its activity.

In addition, Sp-8-pCPT-cGMPS has the ability to stimu-
late both PKG and cAMP-dependent protein kinase (PKA)
with similar potency.  cAMP/PKA is able to induce Ca2+

desensitization by inhibition of the muscarinic receptor sig-
naling upstream from Rho activation and preferentially re-
verse PKC-mediated Ca2+ sensitization in SMC[21].  It is pos-
sible that PKA is partially involved in the regulation of
calcineurin by changing intracellular Ca2+ variations in SMC
proliferation.

In conclusion, NO/PKG partially inhibits the prolifera-
tion of VSMC without affecting their viability.  It is associ-
ated with the regulation of calcineurin activity by modulat-
ing intracellular Ca2+ concentration.
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Protective effects of cariporide on endothelial dysfunction induced by high
glucose1
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Abstract
Aim: To explore the effects of cariporide, a selective sodium-hydrogen antiporter
inhibitor, on endothelial dysfunction induced by high glucose.  Methods: Acetyl-
choline (ACh)-induced endothelium-dependent relaxation (EDR), sodium nitro-
prusside (SNP)-induced endothelium-independent relaxation and biochemical pa-
rameters including malondialdehyde (MDA), superoxide dismutase (SOD), and
nitric oxide (NO) were measured in rat isolated aorta.  Results: A 6-h incubation
of aortic rings with high glucose (44 mmol/L) resulted in a significant inhibition
of EDR, but had no effects on endothelium-independent relaxation.  After the 6-h
incubation of aortic rings in the co-presence of cariporide (0.01, 0.1, and 1 µmol/L)
with high glucose, cariporide prevented the inhibition of EDR caused by high
glucose in concentration-dependent manners.  Similarly, high glucose decreased
SOD activity and contents of NO, and increased MDA concentration in aortic
tissue.  Cariporide (1 µmol/L) significantly resisted the decrease of NO content
and SOD activity, and elevation of MDA concentration caused by high glucose in
aortic tissues.  Mannitol (44 mmol/L) or cariporide (1 µmol/L) alone had no ef-
fect on EDR, endothelium-independent relaxation and biochemical parameters.
Conclusion: Cariporide significantly prevented endothelial dysfunction induced
by high glucose.  The mechanisms of endothelial dysfunction induced by high
glucose may involve the activation of sodium-hydrogen antiporter and the gen-
eration of oxygen-free radicals, but it is not related to the change of osmolarity.
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Introduction
The relation between diabetes and premature vascular

disease has been well established[1].  One of the defects in-
volves endothelial dysfunction characterized by impaired
endothelium-dependent relaxation responses.  Many meta-
bolic disturbances of diabetes, hyperglycemia have been sug-
gested to be the main cause of endothelial dysfunction.  High
glucose in vitro or in vivo has been reported to inhibit ace-
tylcholine (ACh)-induced endothelium-dependent relaxation[2]

responses, to impair the biological synthesis pathway of ni-
tric oxide (NO)[3], and to generate reactive oxygen species[4].

It has been demonstrated that hyperactivity of sodium-
hydrogen exchange subtype 1 (NHE-1) has been implicated

in the vascular injury in diabetes mellitus[5].  Ganz et al[6]  found
that the activity and expression of NHE-1 significantly in-
creased in mesangial cells after exposure to high glucose.
Our previous experiments have demonstrated that the
benzoylguanidine compound cariporide (4-isopropyl-3-
methylsulfonyl-benzoylguanidine methanesulfonate), which
is a selective NHE-1 inhibitor, protected against injuries of
endothelial functions induced by high lipid diet in rabbits[7].
However, it is not known whether NHE-1 inhibitor protects
against endothelial function affected by high glucose.  The
aim of this study is to explore the effect of cariporide against
endothelial dysfunction of isolated rat aortic rings induced
by high glucose and to investigate its mechanisms.
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 Materials and methods
Drugs and chemicals  Cariporide was obtained from

Hoechst Company (Frankfurt, Germany).  SNP, ACh, and
phenylephrine (Phe) were purchased from Sigma Chemical
Co (Saint Louis, Mo, USA).  The kits for measurement of
nitrite/nitrate (NO), MDA, and SOD activity were purchased
from Nanjing Jiancheng Bioengineering Institute (Jiangsu,
China).

Animal  Male Sprague-Dawley rats (No SCXK2003-
0003; Grade II) weighing 180–200 g, supplied by the Ani-
mal Center of Xiangya Medical College (Central South
University, China) were used.

Preparation of rat thoracic aorta rings  The rats were
killed by exsanguinations after an intraperitoneal anesthesia
with pentobarbital sodium 30 mg/kg and intravenous anti-
coagulation with heparin sodium 150 U/kg.  The descending
thoracic aorta was rapidly dissected from the rats and im-
mersed in Krebs’ solution, composed of (mmol/L): NaCl, 118.3;
KCl, 4.7; MgSO4·7H2O, 1.2; KH2PO4, 1.2; CaCl2, 2.5;
NaHCO3, 24.0; glucose, 11; and Na2-EDTA, 0.026; and
bubbled with 95% O2+5% CO2 (pH 7.4).  After the perivas-
cular tissue was carefully removed, the aortic rings (which
were approximately 4 mm in length), were prepared.

Bioassay of vasoreactivity[8]  For isometric force record-
ing, the aortic rings were mounted between two stainless steel
hooks and suspended in a 10 mL organ bath containing above
Krebs’ solution at 37 ºC bubbled with 95% O2+5% CO2 gas
mixture (pH 7.4).  An initial load of 2.0 g was applied, and
the tension of the aortic ring was monitored by a force trans-
ducer and recorded on a polygraph (Model YL-1, Chengdu
Instruments, China).  After a 90-min equilibration period,
the ring was precontracted by Phe 1 µmol/L.  When the de-
velopment tension attained its peak value, the ring was re-
laxed by ACh or SNP, respectively.  Accumulative concen-
tration-response curves to ACh (0.003, 0.01, 0.03, 0.1, 0.3, 1,
and 3 µmol/L) or SNP (0.001-1 µmol/L) were recorded.

Determination of MDA concentration  After a 6-h in-
cubation of aortic segments, the aortic segments were blot-

ted dry and weighed, then made into 5% tissue homogenate
in ice-cold 0.9% NaCl solution.  A supernatant was obtained
from tissue homogenate by centrifugalization (1000×g, 4 ºC,
10 min).  The MDA concentration (thiobarbituric acid reac-
tive substances, TBARS) in the supernatant was measured.
Briefly, 1.0 mL of 20% trichloroacetic acid and 1.0 mL of
1% TBARS reagent were added to 100 µL supernatant, then
mixed and incubated at 100 ºC for 80 min.  After cooling on
ice, samples were centrifuged at 1000×g for 20 min and the
absorbance of the supernatant was read at 532 nm.  TBARS
results were expressed as MDA equivalents using tetraethoxy-
propane as standard.

Assay of SOD activity in aortic rings The supernatant
of tissue homogenate of the aortic rings were obtained as
described earlier.  A competitive inhibition assay was per-
formed by using xanthine/xanthine oxidase reaction-gener-
ated superoxide radicals to reduce nitro blue tetrazolium
(NBT) quantitatively to blue formazan.  Conversion of su-
peroxide radicals to hydrogen peroxide by superoxide
dismutase inhibited dye formation and served as a measure
of superoxide dismutase activity.  Briefly, the supernatant
of 0.5 mL with xanthine 50 µmol/L and xanthine oxidase
2.5 µmol/L in potassium phosphate buffer 50 mmol/L (pH
7.8, 37 ºC) were incubated for 40 min and NBT was added.
Blue formazan was then monitored spectrophotometrically
at 550 nm.  The amount of protein that inhibited NBT reduc-
tion to 50% maximum was defined as 1 nitrite unit (NU) of
SOD activity.

Assay of NO concentration of incubation medium The
incubation medium of the aortic artery was centrifugated
(1000×g, 15 min, 4 ºC) and the supernatant was used for NO
measurement.  NO was assayed by the Griess method.  Be-
cause NO is a compound with a short half life and is rapidly
converted to the stable end products nitrate (NO3

–) and ni-
trite (NO2

–), the principle of the assay is the conversion of
nitrate into nitrite by cadmium and followed by color devel-
opment with Griess reagent (sulfanilamide and N-naphthyl
ethylenediamine) in acidic medium.  The total nitrite was
measured by Griess reaction.  The absorbance was deter-
mined at 540 nm with a spectrophotometer.

Protocol of experiment  The first series of experiments
were designed in order to evaluate the protective effects of
cariporide against ACh-induced endothelium-dependent and
SNP-induced endothelium-independent relaxing response of
isolating rat aortic rings affected by high glucose.  The ex-
periment was divided into 7 groups with 8 aortic rings from
8 rats in each group.  First, a normal control bioassay of
vasoreactivity was formed in normal Krebs’ solution.  The
rings, of which a percentage of relaxation induced by ACh

Chemical structure of cariporide
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3 µmol/L to the contraction elicited by Phe 1 µmol/L is more
than 80%, were considered as intact endothelium and used
in the study.  The aortic rings of each group were then con-
tinually incubated for 6 h in the following medium: (1) con-
trol group: glucose 11 mmol/L in Krebs’ solution[9]; (2) high
glucose group: glucose 44 mmol/L in Krebs’ solution[9]; (3)–
(5) cariporide-treated groups: cariporide 0.01, 0.1, and 1 µmol/L
in Krebs’ solution with glucose 44 mmol/L, respectively;
(6) cariporide alone group: cariporide 1 µmol/L in Krebs’
solution; (7) mannitol group: mannitol 44 mmol/L in Krebs’
solution.  The incubation mediums were changed every 30
min and cariporide was present throughout the incubation.
After a 6-h incubation of aortic rings, the perfusion solution
was changed to Krebs’ solution, and bioassay of vasore-
activity was performed.

The second series of experiments were designed to as-
say the effects of high glucose on SOD activity, MDA
concentration, NO and the effects of cariporide on the bio-
chemical parameters in rat aortic rings.  The experiment was
divided into 5 groups with 8 aortic segments of 2 cm from 8
rats in each group; control group, high glucose group, man-
nitol group, cariporide-treated group, and cariporide-alone
group.  The components of incubation medium were the same
as described earlier except that cariporide only had a dose
of 1 µmol/L.  The incubations media were changed every 30
min.  Cariporide was added throughout incubation.  After a
6-h incubation, the segments were transfered to 1 mL nor-
mal Kreb’s solution which contained ACh 1 µmol/L for 30
min.  The aortic segments and the medium were then col-
lected and frozen at -70 ºC until analyzed.

Data analysis  The ACh (3 µmol/L) or SNP (1 µmol/L)
-induced maximal relaxation (Emax) in aortic rings was cal-
culated as a percentage of the contraction to Phe (1 µmol/L).
The half maximum effective concentration (EC50) was de-
fined as a concentration of the ACh that induced 50% of maxi-
mum relaxation response to contraction elicited by Phe
(1 µmol/L) and calculated from the concentration-response
curve generated by linear regression analysis.  All data were
expressed as mean±SD.  Statistical comparisons were made
using one-way ANOVA followed by Newman–Keuls test.
P<0.05 was statistically significant.

Results
Effects of high glucose on EDR and endothelium-in-

dependent relaxation in aortic rings  There were no sig-
nificant differences in ACh-induced relaxation responses of
rat isolated aortic rings before the 6-h incubation among vari-
ous groups (data not shown).  After a 6-h incubation of aor-
tic rings in control glucose (11 mmol/L) buffer, ACh (0.003-3

µmol/L) still evoked a normal concentration-dependent re-
laxation (Figure 1), the Emax of aortic rings reached
88.4%±12.3%, and the EC50 value was 94.5±10.8 nmol/L.
After the 6-h incubation of the aortic rings and exposure to
high glucose (44 mmol/L), the Emax fell to 43.7%±16.1% and
the EC50 value increased to 154.8±22.9 nmol/L (P<0.01 vs
control group, n=8).  However, no significant changes of
Emax and EC50 were shown in the rings incubated in the
cariporide (1 µmol/L)-alone group or mannitol (44 mmol/L)
group, compared with the control group (Figure 1).

The endothelium-independent relaxation induced by SNP
(0.001-1 µmol/L) was not significantly different between the
different treated groups (data not shown).

Effects of cariporide on the impairment of EDR in-
duced by high glucose  Treatment with cariporide in differ-
ent concentration (0.01, 0.1, and 1 µmol/L, n=8, respectively)
significantly prevented inhibition of EDR induced by high
glucose (Figure 2).  The Emax were 61.7%±10.5%, 76.0%±10.5%,
and 83.4%±10.1%, and the EC50 value was 131.5±15.9 nmol/L,
117.1±13.7 nmol/L, and 109.6±10.5 nmol/L, respectively.
There was a significant difference (P<0.05 or P<0.01), com-
pared with those in the high glucose group (Figure 2).

Effects of cariporide on biochemical index in aortic
segments  A 6-h incubation of isolated aortic segments in
high glucose resulted in an elevation of MDA content, de-
crease of SOD activity in aortic tissue, and reduction of NO

Figure 1.  EDR induced by ACh in rat isolated aortic rings.  After a 6-h
incubation of aortic rings in control glucose (11 mmol/L), high glucose
(44 mmol/L), mannitol (44 mmol/L), or cariporide (1 µmol/L) in Krebs’
solution, the ACh (0.003-3 µmol/L)-induced EDR was measured and cal-
culated as a percentage of the contraction to Phe (1 µmol/L).  n=8.
Mean±SD.  bP<0.05, cP<0.01 vs control group.
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releasing from aortic segments.  Treatment with cariporide
(1 µmol/L) in the high glucose (44 mmol/L) group signifi-
cantly prevented the increase of MDA content, and protected
the activity of SOD and release of NO in aortic segments
(Table 1).  Mannitol (44 mmol/L) or cariporide (1 µmol/L)
alone had no effects on MDA, SOD, and NO, compared with
the control group (Table 1).

Discussion
Diabetes mellitus is characterized by chronic hypergly-

cemia and associated with significant morbidity as a result
of long-term complications, including diabetic nephropathy,
atherosclerosis, and hypertension.  High glucose had a lot of
toxicity effects in endothelial cells, such as impairment of
endothelial dependent relaxation[10], decrease of NO release,
generation of free radicals, and increase in apoptosis[11].  The
endothelial dysfunction has been thought to be the major
cause of vascular disease due to hyperglycemia condition.

It was reported that hyperglycemia resulted in an increase of
NHE-1 activity in diabetes[12,13].  In addition, high glucose
may induce the activation of NHE-1 and increase NHE-1
mRNA expression in vitro smooth muscle cells or myocytes [14,15].
However, there are no reports as to whether NHE-1 inhibi-
tor is able to protect against the impairment of endothelial
functions caused by high glucose.  The present study ex-
plores the effects of cariporide against high glucose-induced
endothelial dysfunction of rat isolated aorta and discusses
its mechanisms.

In the present study, we employed a mimic pronounced
hyperglycemia model in which the rat isolated aortic rings
were exposed to high glucose for 6 h.  High glucose signifi-
cantly inhibited EDR and the release of NO in rat isolated
aortic rings, but did not affect vasodilatation induced by SNP,
a NO donor.  It has been demonstrated that endothelium dys-
function induced by high glucose related to the release of
NO from endothelial cells.  The same concentration of man-
nitol had no effect on EDR of aortic rings, which showed
that the damage of EDR of aortic rings induced by high glu-
cose was not due to a hyperosmotic effect.  These results in
the present study were consistent with a previous study[2].
We also found that cariporide in dose-dependent manners
prevented the inhibition of EDR induced by high glucose in
rat isolated thoracic aorta (Figure 1), and simultaneously
maintained SOD activity and NO release and decreased MDA
concentration caused by high glucose in rat aortic segments
(Table 1).  It was reported that cariporide significantly in-
hibited the injuries of mitochondrial and pulmonary endot-
helial cells, and protected cardiac ischaemia and reperfusion
in vitro by reducing intracellular pH and inhibiting NHE-1
activation, which simultaneously attenuated oxidant produc-
tion[16-18].  The Na+/H+ exchanger inhibitor, amiloride, sig-
nificantly reduced oxidant production of hepatic stellate cells
including intracellular hydroperoxides and MDA induced by
oxidant[19].  Accordingly, it is believed that the protective
effects of cariporide against endothelial dysfunctions induced
by high glucose may partly be due to anti-oxidation and pro-

Table 1.   MDA concentration, SOD activity and NO content of isolated aortic segments in the different treated groups.  n=8.  Mean±SD.  bP<0.05, cP<0.01
vs control glucose group.  eP<0.05, fP<0.01 vs high glucose group.

                 Groups                                                   MDA/µmol·g-1 protein        SOD activity/kNU·g-1 protein         NO/mmol·g-1 protein

Control glucose (11 mmol/L) 4.5±2.5 166±43   0.9±0.6
Mannitol (44 mmol/L) 4.3±1.7 167±73   0.8±0.5
Cariporide (1 µmol/L) 4.5±3.9 147±72   0.8±0.3
High glucose (44 mmol/L) 7.2±1.4b   86±30c 0.38±0.28b

HG + Cariporide (1 µmol/L) 4.6±2.4e 146±19f   1.0±0.5e

Figure 2.  Effects of cariporide (0.01, 0.1, and 1 µmol/L) on EDR im-
paired by high glucose (44 mmol/L).  After a 6-h incubation, ACh
(0.003-3 µmol/L)-induced EDR were measured and calculated as a
percentage of the contraction to Phe (1 µmol/L).  n=8.  Mean±SD.
bP<0.05, cP<0.01 vs HG group.
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tective activity of anti-oxidative enzymes.
In the resting state, NHE-1 is relatively quiescent.  When

intracellular pH falls, the NHE-1 is activated, and the rate of
H+ efflux mediated by NHE-1 increases and causes intracel-
lular alkalinization and Na+ overload, which leads to intrac-
ellular Ca2+ overload through a mechanism of reverse Na+-
Ca2+ exchange.  It is presumed that during high glucose
condition, there is a metabolic mismatch between glycolysis
and glucose oxidation that results in the accumulation of hy-
drogen ions, which, in turn, activates NHE-1, leading to in-
tracellular alkalinization and Ca2+ overload.  Therefore, we
hypothesized that, in the present study, the mechanisms of
cariporide against high glucose-induced endothelial dysfunc-
tion of rat isolated aortas might be also related to decreasing
intracellular alkalinization and Ca2+ overload.  Although in-
tracellular pH and intracellular Ca2+ concentration were not
assayed in the study, it has been reported that cariporide could
protect from releasing NO in vascular endothelium through
inhibiting activity of NHE-1, decreasing intracellular alka-
linization and Ca2+ overload[17,20].

In conclusion, this study demonstrates that cariporide
significantly prevents endothelial dysfunction, decreases NO
release, elevates MDA concentration and reduces SOD ac-
tivity induced by high glucose in rat isolated thoracic aorta.
The mechanisms of protective effects of cariporide may be
related to the inhibition of NHE-1 and the decrease of oxi-
dative stress injury.  These results provide a potential new
target for intervention in the prevention of diabetic complica-
tions.
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 (±)-Meptazinol (Figure1), with one chiral center in the
structure, is a potent analgesic similar to pethidine.  Included
in the British Pharmacopoeia in 1998[1], (±)-meptazinol was
recommended by Hoskin and Hanks as one of six widely
used agonist–antagonist analgesics[2].  However, to date its
analgesic mechanism remains unknown.  For example, we are
still unsure if it is an agonist, an antagonist, or even a mixed
agonist–antagonist, and whether it acts on one target or
multiple targets.

During the early stages of development, meptazinol was
regarded as a mixed agonist–antagonist opioid analgesic
based on the following experimental evidence[3]: (i) the chemi-

cal structure of meptazinol is similar to that of morphine
(Figure 1); (ii) meptazinol-induced analgesia is almost com-
pletely reversed by the opioid antagonist naloxone, although
higher doses are required to reverse meptazinol compared to
morphine; (iii) meptazinol is believed to be a selective µ
opioid agonist[4]; and (iv) meptazinol reverses the signs of
acute morphine overdose in animals and precipitates absti-
nence in animals rendered physically dependent on
morphine.

However, unlike typical opiates whose notorious side-
effects include respiratory depression and addiction,
meptazinol induces little respiratory depression and has low
addictive potential[5,6].  These properties make meptazinol

Figure 1.  The structure of meptazinol, morphine, and tramadol.

Aim: To investigate the mechanism of action of a potent analgesic, (±)-meptazinol.
Methods: The structures of meptazinol enantiomers were compared with opioid
pharmacophore and tramadol.  Results: Neither enantiomer of meptazinol fitted
any patterns among the opioid pharmacophore and tramadol, although they did
share some structural and pharmacological similarities.  However, the structure
superpositions implied that both enantiomers of meptazinol might share some
similar analgesic mechanisms with typical opiate analgesics.  Conclusion:
Meptazinol should have a different mechanism of action to known analgesics,
which would be helpful in further investigations of meptazinol in the search for
non-addictive analgesics.
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pharmacophore
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quite similar to another analgesic, tramadol[7] (Figure 1), which
is believed to have multiple analgesic mechanisms.  Recent
studies have also revealed that both tramadol and meptazinol
differ from opioid analgesics in the lack of sensitization re-
lated to a low propensity to induce addition, which might
greatly reduce the possibility of their abuse[8].  Furthermore,
tramadol was found to induce its anti-nociceptive effects
through monoamine neurotransmitters, whereas there was a
cholinergic component in the action of meptazinol[9].  For
example, the (–)-enantiomer of meptazinol was shown to be
an inhibitor of acetylcholinesterase in vitro with potency
100-fold less than that of physostigmine[10].  All this evi-
dence implies that there would be a unique analgesic mecha-
nism for meptazinol.

Therefore, we are very interested in exploring the analge-
sic mechanism of meptazinol.  Because the three-dimensional
structures of opioid receptors are not available yet, as a first
step of exploration we focused on structural comparisons of
meptazinol with typical opiates and with tramadol.  Our re-
sults will help elucidate the analgesic mechanism of
meptazinol and will benefit the search for non-addictive
analgesics.

All calculations were carried out on a R14000 SGI Fuel
workstation using the molecular modeling software package
SYBYL version 6.9 (Tripos, St Louis, MO, USA).

Material preparation  Both enantiomers of meptazinol
were synthesized in our laboratory.  Their analgesic activi-
ties were determined by observing the wrenching body re-
action of mice after oral administration at the Shanghai Insti-
tute of Materia Medica, Chinese Academy of Sciences.  Their
absolute configurations were determined using x-ray
crystallography, co-crystallizing with dibenzoyl tartaric acid
(DBTA), in our previous work[11], which was used as a start-
ing point for this study.  For each enantiomer of meptazinol,
a random search was carried out on the seven-member ring
to ensure a stable ring conformation.  Then, all of the other
rotatable bonds (except bonds within the seven-member
ring) were selected for a systematic search with an interval
of 30º for each bond to obtain the lowest energy conformation.
After the initial simple energy minimization, the lowest en-
ergy conformation of meptazinol was further optimized us-
ing a quantum chemical calculation [semi-empirical Austin
Model 1 (AM1) method[12] available in SYBYL].  This final
optimized geometry of meptazinol was used in the subse-
quent structural comparisons.

Nine typical opiates, including agonists, antagonists and
partial agonists, were selected to generate the opioid

pharmacophore according to previous literature [13].  The ini-
tial atomic coordinates for seven of these opiates (ie mor-
phine[14], 3-O-methyletorphine[15], azidomorphine[16], N-
allynormetazocine[17], cyclazocine[18], naloxone[19], and
nalbuphine[20]) were obtained from published x-ray crystal-
lographic data and modeled using the CRYSIN tool of SYBYL.
The other two opiates, codeine and 6-hydroxylevalorphan,
were constructed based on their analogues, the crystal struc-
tures of which were available in SYBYL.

The initial structure of (R,R)-tramadol, the active isomer
of tramadol, was retrieved from the MDL Drug Data Report-
3D database (MDDR-3D), and underwent a similar optimiz-
ing treatment to meptazinol with one exception.  All the rotat-
able bonds of tramadol (except bonds within the six-member
ring) underwent a genetic algorithm conformational search
to find the corresponding lowest energy conformation.

All structures were energy minimized for 1000 steps us-
ing the Tripos force field and POWELL method and the ter-
mination setting was 0.001 kcal/(mol×A).

Analgesic pharmacophore generation  The analgesic
pharmacophore is defined in Figure 2.  For comparison, re-
lated values were obtained from the literature[13] in which the
pharmacophore was composed of four distances and two
torsion angles.  We extracted the common structures of nine
opiates composed of a tyramine fragment considered to be
the key pharmacophore according to the average values of
the nine opiates.  As shown in Figure 2, it should be noted
that the hydroxyl group was located in the para-position of
the phenyl ring in the opiates, but in the meta-position of the
phenyl ring in meptazinol and tramadol (methoxyl instead of
hydroxyl group in tramadol).  Thus, we manually removed
the two carbons between the nitrogen atom and the phenyl
ring from the pharmacophore structure.  The pharmacophore
are composed of one protonated nitrogen atom and a phenol
fragment.  We superimposed all opiates to the pharmacophore
template separately and calculated the average standard
deviation value as shown in Table 1.  In addition, we defined
the pharmacophore for meptazinol and tramadol.  One more
torsion angle was defined in tramadol because the interval
distance between the nitrogen atom and the phenyl ring is
three carbon atoms in tramadol compared with two in the
other compounds.

Structural superposition  The method used to deter-
mine superposition was the database alignment facility in
SYBYL, in which some or all of the molecules in the database
were aligned with a template molecule also in the database.
A common substructure was provided to evaluate the best
“fit”.  Only rigid-body rotations and translations were
supported.



For the comparison of meptazinol with the opioid
pharmacophore, the generated pharmacophore were set as
the common substructure for alignment.  Both enantiomers
of meptazinol were superimposed on each other first, and
then superimposed with the other opiates separately.

Using the same pharmacophore, both meptazinol enanti-
omers and tramadol were superimposed onto the template.

The analgesic activities were determined as ED50 values
for the two enantiomers of meptazinol, 14.583 µmol/kg for
(+)-enantiomer and 31.333 µmol/kg for the (–)-enantiomer.
The (+)-enantiomer is more potent than the (–)-enantiomer,
although the difference between them was not significant.

Because the structures of morphine and its derivatives
and analogs are fairly rigid, it is reasonable to assume that
their x-ray structures are the same as the active conforma-
tions binding to opioid receptors.  Therefore, our pharma-
cophore model was based on these rigid structures.  Ac-
cording to the analgesic pharmacophore defined in Figure  2,
we built this pharmacophore using the mean values of the
nine opiates as the common substructure for superposition
in SYBYL.  For reasons mentioned above, we removed the
two carbon atoms from the pharmacophore.  We also mea-

sured the torsions of our pharmacophore structures without
the removal of the carbon atoms to make our pharmacophore
resemble the original one in the literature (Table 1).

The crystal structures of the meptazinol enantiomers were
treated with a series of methods to determine the lowest
energy conformer for each enantiomer.  According to the
systematic search results for both meptazinol enantiomers,
we found the lowest energy conformations to be very similar.
The lowest energy conformation was selected as the low
energy conformer followed by semi-empirical AM1 geom-
etry optimization.

Using the opiate pharmacophore as the overlap template
we first superimposed both enantiomers of meptazinol onto
each other.  As illustrated in Figure 3, the pharmacophore
elements of the meptazinol enantiomers superimposed well
onto each other.  Thus, both meptazinol enantiomers may
induce a similar analgesic mechanism, at least in part.  An
experiment using electrical stimulation of guinea pig isolated
ileum indicated that both enantiomers of meptazinol were µ-
selective opioid receptor agonists[21].  And the similar phar-
macology results from observing the mice wrenching body
reaction of meptazinol enantiomers also supports this
conclusion, although for the (–)-enantiomer there is another
cholinergic component in the participating antinociceptive
effect[10].

Table 1.   Molecular parameters for the x-ray-determined crystals of opiates, meptazinol and tramadol (MDDR-3D).

                                                                   A (Å)            B (Å)          C (Å)         D (Å)         τ 1                   τ ´                τ 2

Mean values of nine opiates 7.0 4.4 1.1 4.3 173º  –89º
(–)-Meptazinol·(–),(–)DBTA 6.380 5.158 0.750 5.103   50.8º  169.0º
(+)-Meptazinol·(+),(+)DBTA 6.378 5.178 0.723 5.123 148.4º –173.5º
(R,R)-Tramadol 4.510 2.960 2.581 1.449   62.1º 60.0º   –65.9º

DBTA, dibenzoyl tartaric acid; (R,R)-tramadol, the active isomer of tramadol.  The molecular parameters are defined in Figure 2.

Figure 2.  Diagrammatic illustration of the pharmacophores.  (A) Distance between the N atom and the O atom; (B) Distance between the N
atom and the center of the phenyl ring; (C) Vertical distance of the N atom to the plane of the phenyl ring; (D) Horizontal distance of the N
atom to the center of the phenyl ring.  Torsion angle definitions: τ1: C1-C11-C10-C9, τ2: C11-C10-C9-N for opiates; τ1: C2’-C1’-C3-C2, τ2: C1’-C3-C2-N
for meptazinol; τ1: C2’-C1’-C1-C2, τ2: C1-C2-C7-N, τ’: C1’-C1-C2-C7 for tramadol.



However, as demonstrated in Figure 4, the meptazinol
pharmacophore differed from the opiate pharmacophore,
particularly in the position of the nitrogen atom.  The over-
lap of (+)-meptazinol to the opiate pharmacophore is a little
better than (–)-meptazinol in the region of the phenol
fragment, which may account for the minor increase in anal-
gesic effect of (+)-meptazinol.  These differences were also
reflected in related molecular parameters.  From Table 1, we
can see that distance A in the pharmacophore of meptazinol
was about 0.6 Å shorter than that in the opiates examined.
The nitrogen atom actually becomes further away (>0.7 Å)
from the phenol fragment in meptazinol than in the opiates,
which was confirmed by the increased B and D values in
meptazinol.  Both enantiomers of meptazinol did not fit the
skeletons of the opiates particularly well.  The azepane ring
of meptazinol did not match the corresponding alkyl chain
between the nitrogen atom and the phenol fragment in the
opiates (Figure 4).  Whether or not the azepane ring contrib-
utes to analgesic potency needs further investigation.

In addition, we compared meptazinol with tramadol be-

cause they share more common pharmacological effects with
each other than with other opiates.  It should be noted that
we still used the pharmacophore model generated from the
opiate structures because their pharmacology may be medi-
ated by a similar mechanism.  To determine the active confor-
mation of (R,R)-tramadol, a series of methods were carried
out.  Twenty-four minimum energy conformations of tramadol
were analyzed and found to be very similar to each other.
Therefore, the lowest energy conformation was selected and
geometrically optimized further using the quantum chemical
calculation method AM1, which resulted in the active con-
formation of tramadol.  The related molecular parameters of
tramadol are also listed in Table 1, and the superposition of
tramadol with meptazinol is shown in Figure 5.  Although the
pharmacophore of meptazinol enantiomers and tramadol oc-
cupied a similar region, poor overlap occurred between
meptazinol enantiomers and tramadol in the phenol fragment
and the protonated nitrogen atom.  Although (R,R)-tramadol
shares some similar pharmacological effects with meptazinol,
our studies revealed that their pharmacophores might be
different.

In summary, from the structural comparisons conducted
in the present study we learned that both enantiomers of
meptazinol differed from typical opiates and from (R,R)-
tramadol.  However, the pharmacophore of both enantiomers
of meptazinol might be similar to each other, and this result is
consistent with previous studies[21].  Therefore, we suggest
that meptazinol has a unique analgesic mechanism that is
different from known analgesics (ie meptazinol may not tar-
get opioid receptors only, and one of its enantiomers might

Figure 4.  Superimposition of the nine opiates (in thin lines) with (+)- and (–)-meptazinol (in thick lines).

Figure 3.  Superimposition of (-)-meptazinol (in thin sticks) and
(+)-meptazinol (in thick sticks) based on the opiate pharmacophore.



act on other targets in the cholinergic system).  The
antinociceptive targets and mechanism of meptazinol enan-
tiomers needs to be investigated further.

We thank researchers from the Shanghai Institute of
Materia Medica, Chinese Academy of Sciences for the phar-
macological test of the meptazinol enantiomers.
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Abstract
Aim: To develop a complex high-throughput screening (HTS) assay based on
scintillation proximity assay (SPA) technology for identification of novel peroxi-
some proliferator-activated receptor gamma (PPARγ) modulators.  Methods: Full-
length PPARγ and retinoid X receptor alpha (RXRα), biotinylated PPAR response
element (PPRE), [3H]BRL49653 and streptavidin-coated FlashPlate or microbead
were used to develop an HTS assay based on SPA technology.  This ‘ABCDE’
method was validated against conventional hydroxyapatite (HA) assay and ap-
plied to large-scale screening of 16 000 synthetic compounds and natural product
extracts.  Results: (1) IC50 values of positive control compounds (BRL49653 and
troglitazone) obtained from the ‘ABCDE’ method and HA assay were compa-
rable and consistent with those reported elsewhere; (2) Approximately 178
compounds, showing more than 70% competitive inhibition on BRL49653 bind-
ing to PPARγ, were identified initially by the ‘ABCDE’ method (microbead); (3)
Secondary screening using FlashPlate and cross-reactivity studies with RARα, β,
γ and RXRα, β, γ confirmed that 12 compounds possessed specific PPARγ bind-
ing properties including 2 with IC50 values less than 0.5 µmol/L and novel chemi-
cal structures.  Conclusions: The ‘ABCDE’ method using either FlashPlate or
microbead, is a highly efficient, automatable, and robust tool to screen potential
PPARγ modulators in HTS setting.  Its application may be expanded to other
nuclear receptors that form heterodimers upon activation.
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Introduction
Nuclear receptors (NRs) are a superfamily of ligand ac-

tivated transcription factors that modulate specific gene
expression.  To date, more than 100 NRs have been identi-
fied including class I (ligand-dependent), class II (ligand-
independent), and orphan receptors.  A common feature of
NRs is that they all contain a DNA binding domain that in-
teracts with respective target genes to exert physiological
functions[1].  Peroxisome proliferator-activated receptors
(PPARs) with three isoforms (α, β, and γ) regulate gene tran-
scription in response to small, lipophilic ligands[2-5].  PPARα
is present in the liver, kidney, and heart, PPARβ (also known
as PPARδ) is expressed ubiquitously, and PPARγ is mainly
found in the adipose tissue and muscle.  Upon ligand binding,
PPARs release relevant co-repressors and form heterodimers

with retinoid X receptors (RXRs)[6].  The heterodimers bind
to peroxisome proliferator response elements (PPREs)[7,8]

and recruit co-activators to initiate transcription of target
genes.  It is known that PPARγ is activated by fatty acids and
prostaglandin J2 derivatives, although the identities of its
physiologically relevant activators are not certain[9,10].

Because PPARγ activation can cause insulin sensitization,
its synthetic agonists have been used in the treatment of
type 2 diabetes[11,12].  Recently discovered liabilities of such
therapy, namely, weight gain and edema, led to regulatory
concerns on the long-term administration of drugs acting
through PPARγ[13,14].  The elimination of such adverse ef-
fects may depend on the discovery of novel compounds with
improved tissue selectivity while retaining insulin-sensiti-
zing property.
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Conventional methods to study and characterize NRs
include non-homogeneous hydroxyapatite (HA) and gel shift
assays which require a laborious separation procedure and
thus, are not suitable for high-throughput screening (HTS).
Scintillation proximity assay (SPA)[15] technology, howerer,
provides a homogeneous screening approach that does not
involve post-reaction liquid handling steps and is well-suited
to automation and HTS.  In the SPA system, an isotope (eg,
[3H]) is brought very close to a scintillant-impregnated
microbead or FlashPlate by binding to its surface.  Because
the emitted β particles or augur electrons can only travel
short distances in the bulk solution, the microbead or
FlashPlate preferentially captures electrons from the bound
radiolabeled ligand.  Therefore, the amount of light emitted
from the scintillant in the microbead or FlashPlate is directly
proportional to the amount of bound radiolabeled ligand
(Figure 1).  Several SPA-based NR competitive binding as-
says were developed and applied to HTS using biotinylated
receptor ligand binding domains (LBDs; ‘ABC’ method)[16,17].
In this paper, we describe a more complex SPA-based assay
system which includes the full-length PPARγ and RXRα,
biotinylated PPRE, [3H]BRL49653 and streptavidin-coated
FlashPlate or microbead in a homogeneous setting.  This
‘ABCDE’ approach was fully validated and applied to HTS
of a sizable compound library.  A series of structurally di-
versified ‘hits’ were found, and subsequent characterization
led to the discovery of two novel PPARγ binders with sub-
micromolar potency and high specificity.

Materials and methods
Reagents  Potassium chloride, sodium phosphate

monobasic anhydrous, and magnesium chloride haxahydrate
were purchased from Shanghai Chemical Co, Ltd.  Edetic
acid was purchased from Sigma-Aldrich (USA).  BRL49653
and troglitazone were purchased from Cayman Chemical Co
(USA).  3-[(3-Cholamidopropyl)dimethylammonio]-1-pro-
pane sulfonate (CHAPS) was purchased from Boehringer
Mannheim GmbH (Germany).  Dithiothreitol (DTT) was
purchased from BioBasic Inc (Canada) and hydroxyapatite
was obtained from Bio-Rad Laboratories (USA).  Aprotinin
and leupeptin were purchased from Merck KGaA (Germany).
[3H]BRL49653 (53 Ci/mmol) was obtained from American
Radiolabeled Chemicals, Inc (USA), FlashPlate and flat-
bottom IsoplateTM was obtained from PerkinElmer, Inc
(USA), and streptavidin-coated microbead was obtained from
Amersham Biosciences UK Ltd (England).  The plasmids of
human NRs used in this study were from Dr Shen X of Shang-
hai Institute of Materia Medica, Chinese Academy of Sci-
ences and Dr Chen SJ of Shanghai Institute of Hematology.
Full-length PPARγ, RARα, β, γ, and RXRα, β, γ were pro-
duced with a baculovirus expression system using IPLB-Sf-
21 cells[18].  The stock solutions for PPARγ, RARα, β, γ and
RXRα, β, γ extract proteins were at 7, 12–15, and 7–13 g/L,
respectively.  Double-strand 5 -́biotinylated-PPRE (CCTT-
TGACCTATTGAACTATTACCT) was synthesized by
Shanghai Sangon Biological Engineering Technology &
Service Co, Ltd.

HA assay  The assay buffer consists of 10% glycerol
(v/v), NaH2PO4 25 mmol/L, MgCl2 0.5 mmol/L, DTT 1 mmol/L,
edetic acid 1 mmol/L, CHAPS 5 mmol/L, aprotinin 2 mg/L
and leupeptin 100 µmol/L.  PPARγ 1 µL extract protein (70
mg/L) was loaded into each well of IsoplateTM containing
the assay buffer, followed by [3H]BRL49653 (1.2 µL, 10
nmol/L) and various concentrations of BRL49653 or troglita-
zone (2.5 µL), to give a final volume of 100 µL per well.
The plates were sealed and incubated overnight at 4 oC.    HA
(25%, v/v) 25 mL was added to each well the next morning
and the plates were gently agitated twice for 5 min each.
Following centrifugation at 1200×g for 3 min, the superna-
tant was decanted and 100 µL assay buffer was added to
each well.  This washing procedure was repeated twice be-
fore adding 150 µL scintillation liquid (PerkinElmer), the
plates were gently agitated to resuspend HA and counting
was measured by a MicroBeta counter (PerkinElmer).

FlashPlate based SPA assay  Biotinylated-PPRE (4 µL
from a stock solution of 10 g/L) was mixed with the above
assay buffer (20 mL) containing fish sperm DNA (Sangon;
20 µL from a 10 g/L stock solution), loaded to streptavidin-
coated FlashPlate (200 µL/well) and incubated overnight at
4 oC.  It was then washed three times with the assay buffer,

Figure 1.  Principle of SPA: PPARγ forms a heterodimer with RXRα
upon activation by BRL49653.  The heterodimer binds to biotinylated
PPRE via streptavidin-coated microbead.  Because the distance between
[3H]BRL49653 and scintillant is short enough, the latter can be stimu-
lated by [3H] to release hv.  In the case of FlashPlate, biotinylated PPRE,
streptavidin and scintillant were immobilized on the surface of each well.
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200 µL reaction solution containing 14 µg PPARγ extract
protein (70 mg/L), 0.94 mg RXRα extract protein (4.7 mg/L),
10 nmol/L [3H]BRL49653 and various concentrations of
BRL49653 or troglitazone were added to each well.  Fol-
lowing incubation at 4 oC for 4 h, the plates were counted by
the MicroBeta counter.  For validation purpose, various con-
centrations of PPARγ and RXRα extract proteins, as well as
different reaction time lengths, were studied to determine an
optimal assay condition.

Microbead based SPA assay  Biotinylated-PPRE (2 µL
from a stock solution of 10 g/L) was mixed with the assay
buffer (10 mL) containing fish sperm DNA (Sangon; 10 µL
from a 10 g/L stock solution) and 4 mg streptavidin-coated
microbead in a conical polypropylene centrifuge tube
(Corning Inc, USA) and incubated overnight at 4 oC.  The
mixture was centrifuged for 10 min at 1500×g.  The super-
natant was then removed and washed three times with the
10-mL assay buffer.  Reaction solution 10 mL containing
700 µg PPARγ extract protein (70 mg/L), 47 µg RXRα ex-
tract protein (4.7 mg/L), 10 nmol/L [3H]BRL49653 and vari-
ous concentrations of BRL49653 or troglitazone were dis-
tributed to each well of a IsoplateTM (100 µL/well) and incu-
bated at 4 oC for 4 h before counting by the MicroBeta
counter.  For validation purposes, various amounts of
microbead were used to determine an optimal assay condi-
tion.

HTS studies  The compound library used for screening
consists of 16 000 pure synthetic compounds and extracts of
natural products.  A 10-compound pool per well mix was
applied to the primary screening (microbead based SPA
assay), with an average concentration of 7 µmol/L for each
compound dissolved in 100% Me2SO solution.  This matrix
system maximizes the advantage of HTS and allows dupli-
cate screening of each compound[19].  In each 96-well
IsoplateTM, 16 wells were used as positive control (BRL-
49653) and samples showing greater than 70% inhibition
were considered ‘hits’.  Positive compounds were re-screened
with FlashPlate based SPA assay and confirmed ‘hits’ stud-
ied for their binding cross-reactivities with RARα, β, γ and
RXRα, β , γ using respective HA assay.

Results
Assay validation In the present study, we first assessed

the kinetics of the signal strength generated by FlashPlate
assay.  Time-course experiment suggested that the equilib-
rium reached after 3.5 h of incubation at 4 oC and prolonga-
tion of the reaction time did not improve the assay efficiency
(Figure 2A).  Various concentrations of PPARγ and RXRα
were used to establish the optimal assay condition.  In the

absence of unlabeled BRL49653, a maximum signal was de-
tected with a combination of 140 mg/L (1:50 of the stock
solution) PPARγ extract protein and 7 mg/L (1:1000 of the
stock solution) RXRα (Figure 2B).  The fully optimized as-
say possessed a signal to background ratio of 5.  Thus, opti-
mal receptor concentrations were determined for PPARγ (70
mg/L; 1:100) and RXRα (4.7 mg/L; 1:1500), respectively.
Under this assay condition, IC50 values for the two PPARγ
agonists, BRL49653 and troglitazone were measured (Figure
2C), and found to be comparable to those calculated from
the HA assay (Figure 2D).  Since the principle of microbead-
based SPA assay is similar to that of FlashPlate, identical
receptor concentrations were used with a reduced assay vol-
ume (100 µL/well).  When different concentrations of
microbead were used, a saturation reached between 2 and
4 g/L (Figure 3A) with a signal-to-background ratio equal to
5.  The IC50 values for BRL49653 and troglitazone deter-
mined by this assay were within the range described earlier
(Figure 3B).

Assay parameters  In order to apply the microbead-based
SPA assay to HTS, both non-specific binding (NSB; using
22.5 mmol/L BRL49653) and maximum binding (MB; us-
ing 0 mmol/L BRL49653) were studied.  Coefficient of varia-
tion (CV) values were 8.5% for NSB and 6.2% for MB, re-
spectively (Figure 3C).  The Z’ factor, which estimates the
suitability to HTS[20], was calculated to be 0.71.

High-throughput screening  Of the 16 000 samples ini-
tially screened, 178 ‘hits’ (1.11%) showing greater than 70%
competitive inhibition on BRL49653 binding to PPARγ  were
discovered (all synthetic compounds; Figure 4A).  Second-
ary (single compound per well) screening confirmed that 24
of the above ‘hits’ displayed consistent inhibitory effects with
IC50 values between 0.2 and 28.5 µmol/L.  Cross-reactivity
studies with RARα, β, γ and RXRα, β, γ revealed that 12 of
these compounds possess specific PPARγ binding proper-
ties including 2 with IC50 values less than 0.5 µmol/L (Table 1).
In this HTS campaign, the signal-to-noise ratio (10-to-15-
fold), CV (5%–8%) (Figure 4B) and Z’ factor (0.66–0.75)
are of high quality nature.

Discussion
Three receptor binding assays were employed and com-

pared side-by-side in the present study to measure specific
binding properties of two known PPARγ agonists, namely,
BRL49653 and troglitazone.  Conventional HA assay is a
non-homogeneous method widely used to assess competi-
tive interaction between a testing agent and receptor in the
presence of radiolabeled ligand.  For PPARγ, such interac-
tion involves additional components such as RXRα and
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PPRE.  Therefore, the ‘ABCDE’ method utilizing either
FlashPlate or microbead based on SPA technology was de-
veloped and validated to include both RXRα and PPRE in
the assay system.  The final readout is fully dependent upon
specific binding of biotinylated PPRE to streptavidin-coated
FlashPlate or microbead as addition of free biotin was able
to block this interaction completely[16].  Although the IC50

values of BRL49653 and troglitazone generated by these
three approaches were very similar and comparable to those
reported previously with a relatively simple ‘ABC’ SPA
method (BRL49653: Kd=26 nmol/L, IC50=36 nmol/L;
troglitazone: Kd=310 nmol/L, IC50=320 nmol/L)[16], the
‘ABCDE’ model is obviously superior in terms of physi-
ologic mimicry, easy to use, robustness and efficiency, largely
due to its inclusiveness and homogenous nature.

We found that both FlashPlate and microbead-based SPA
methods could be readily adapted to automated HTS.
However, the cost of FlashPlate, including assay volume (200

µL), associated reagent consumption, and compound
depletion, etc, is approximately 5 times greater than that of
microbead (100 µL).  This may constitute a major concern
when implementing a large HTS campaign.  All the key as-
say parameters, such as CV and Z’ factor, obtained from our
microbead-based SPA validation experiments, indicate that
it is well suited to HTS[20].  Indeed, when employed in HTS
of potential PPARγ  modulators, this assay system demon-
strated a consistently high quality in terms of the signal-to-
noise ratio, CV and Z’ factor in all the 40 pooled compound
matrix plates.  One implication of this is that microbead-
based SPA technology may be expanded to other NRs that
form heterodimers upon activation.

Following the initial screening of 16 000 samples, a “hit”
rate of 1.11% was achieved, of which, only 13.5% of the
‘hits’ could be confirmed by secondary screening.  They were
further tested for cross-reactivities with both RARs and RXRs
(defined as IC50 less than 70 µmol/L), and 12 compounds

Figure 2.  (A) Time-course study of FlashPlate assay.  Equilibrium of PPARγ, RXRα, [3H]BRL49653, unlabeled BRL49653, PPRE and streptavidin-
coated FlashPlate was reached at 4 h.  (B) Effects of different receptor concentrations on FlashPlate assay signal strength (the stock solution concentra-
tion is 7 g/L for both PPARγ and RXRα).  (C) Dose-response curves of BRL49653 and troglitazone measured by FlashPlate assay from which IC50

values were calculated.  (D) Dose-response curves of BRL49653 and troglitazone measured by HA assay.  Data shown are duplicate samples with
mean±SEM from at least two experiments.
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Figure 3.  (A) Effects of different microbead concentrations on SPA as-
say signal strength.  Saturation reached between 2 and 4 g/L.  (B) Dose-
response curves of BRL49653 and troglitazone measured by microbead
based SPA assay from which IC50 values were calculated.  Data shown are
duplicate samples with mean±SEM from at least two experiments.  (C)
Intra-plate variation of microbead based SPA assay as demonstrated by
MB and NSB.

showed high specificity for PPARγ  with IC50 values ranging
from 0.2 to 28.5 µmol/L.  The IC50 for one thiazolidinedione-
like compound is 0.2 µmol/L, better than several currently
marketed PPARγ agonists.  The other compound with an IC50

of 0.49 µmol/L belongs to the imide class.  Both of them
possess novel chemical structures (data not shown).  If their
activities could be demonstrated by cell-based functional
assays, bioassay-guided structure modification and optimi-
zation may lead to the discovery of some entirely new PPARγ
modulators.
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Hypoglycemic effect of Astragalus polysaccharide and its effect on PTP1B1
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Abstract
Aim: To examine the effects of Astragalus polysaccharide (APS), a component of
an aqueous extract of Astragalus membranaceus roots, on protein tyrosine phos-
phatase 1B (PTP1B), a negative regulator of insulin-receptor (IR) signal
transduction, and its potential role in the amelioration of insulin resistance.
Methods: Ten-week-old fat-fed streptozotocin (STZ)-treated rats, an animal model
of type II diabetes mellitus (TIIDM), were treated with APS (400 mg/kg po) for 5
weeks.  Insulin sensitivity was identified by the insulin-tolerance test. Further analy-
ses on the possible changes in insulin signaling occurring in skeletal muscle and
liver were performed by immunoprecipitation or Western blotting. PTP1B activ-
ity was measured by an assay kit. Results: The diabetic rats responded to APS
with a significant decrease in body weight, plasma glucose, and improved insulin
sensitivity.  The activity and expression of PTP1B were elevated in the skeletal
muscle and liver of TIIDM rats.  Thus the insulin signaling in target tissues was
diminished.  APS reduced both PTP1B protein level and activity in the muscle,
but not in the liver of TIIDM rats.  Insulin-induced tyrosine phosphorylation of the
IR β-subunit and insulin receptor substrate-1 (IRS-1) were increased in the muscle,
but not in the liver of APS-treated TIIDM rats.  There was no change in the activity
or expression of PTP1B in APS-treated normal rats, and blood insulin levels did
not change in TIIDM rats after treatment with APS.  Conclusion: APS enables
insulin-sensitizing and hypoglycemic activity at least in part by decreasing the
elevated expression and activity of PTP1B in the skeletal muscles of TIIDM rats.
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Introduction
Diabetes mellitus (DM) is a chronic disease character-

ized by high blood glucose levels.  It can be broadly catego-
rized into type I and type II.  The former develops as a result
of insulin deficiency and the latter is due to defects in pan-
creatic secretion of insulin and insulin action[1], and insulin
resistance in target tissues, mainly muscle and liver.  The
biological effect of insulin is initiated with insulin binding
to the α-subunit of insulin receptor (IR) and activating the
intrinsic tyrosine kinase activity of the β-subunit of the re-
ceptor[2].  Activated IR results in the subsequent phosphory-
lation of intracellular substrates including insulin receptor
substrates (IRSs) such as IRS-1 and -2, phosphatidylinositol
(PI) 3-kinase, and protein kinase B (PKB)[3,4].  Normal insu-

lin action leads to increased glycogen synthesis, glucose
transport, and lipogenesis, and decreased gluconeogenesis,
glycogenolysis, and lipolysis[5–7].  The net effect on glucose
metabolism is that hepatic glucose production is reduced,
whereas use of peripheral glucose is increased[6,7].

An exquisite balance is required between kinases, which
are involved in transmitting signals to the downstream tar-
gets necessary for the processes described above, and
phosphatases, which are required to shut down this signal-
ing to prevent excessive or, in some cases, insufficient acti-
vation[8].  Insulin resistance and diabetes represent states in
which the regulation of the signaling pathways is altered so
that the intracellular actions of insulin are absent or reduced[9].
Overactivation of phosphatases is one possible means of
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blocking the insulin signaling. One key phosphatase, pro-
tein tyrosine phosphatase 1B (PTP1B), which dephospho-
rylates the activated insulin receptor and IRS-1, has been
shown to play a major role in insulin resistance and type II
diabetes[10].  Recently, it was shown that PTP1B-knock-out
mice become more insulin sensitive and fail to gain weight
despite being fed with a fat-rich diet[11].  Moreover, the role
for certain PTPs, including PTP1B, in the insulin resistance
associated with diabetes and obesity, has been suggested by
some clinical studies in which correlations between the lev-
els of PTP1B expression in muscle and adipose tissue and
insulin resistant states were found[12,13].  Therefore, PTP1B
might be an attractive therapeutic target in the treatment of
type II diabetes and obesity.

Plants have always been usable sources of drugs, and
many currently available drugs are directly or indirectly de-
rived from plants.  Currently available therapies for diabetes
include insulin and various oral anti-diabetic agents, such as
sulfonylureas, metformin, α-glucosidase inhibitors, and
rosiglitazone.  These drugs are used as monotherapies or in
combination to achieve better glycemic control.  Each of
these oral agents suffers from implication in a number of
serious adverse effects[14].  Therefore, it is important to in-
vestigate the hypoglycemic actions of plants that were origi-
nally used in traditional medicine[15,16].  The biologically ac-
tive components of plants with hypoglycemic actions include
flavonoids, alkaloids glycosides, polysaccharides, and
peptidoglycans[17,18].  Astragalus polysaccharides (APS) are
one of the main efficacious principles of Radix Astragali
(Astragalus membranaceus), which is reported to have anti-
oxidant, anti-diabetic, anti-hypertensive, and immunomo-
dulatory activities [19].

To study natural products with anti-diabetes activity, we
screened our extract bank for inhibitors of PTP1B enzyme
and found that a fraction from an aqueous extract of the roots
of A membranaceus showed strong inhibitory bioactivity
against PTP1B with IC50 equaling 7.50 µmol/L (positive con-
trol sodium orthovanadate IC50=10 µmol/L).  This study was
to investigate the effects of APS on the activity and expres-
sion of PTP1B in the livers and skeletal muscles of non-
diabetic rats and rats with high-fat streptozotocin-induced
diabetes.  The effects of APS on insulin sensitivity and insu-
lin-induced tyrosine phosphorylation of IR β-subunit and
IRS-1 in non-diabetic and diabetic rats were also studied in
an effort to establish the mechanisms of its hypoglycemic
actions.

Materials and methods
Plant materials and preparation of APS  Astragalus

membranaceus (Fisch) Bunge var mongholicus (Bunge)
Hsiao was purchased from Shanghai Medicinal Materials Co
(Shanghai, China), and identified by the Department of Au-
thentication of Chinese Medicine, Hubei College of Chinese
Traditional Medicine (Wuhan, China).  A representative
specimen has been kept in our laboratory for future reference.

APS were extracted with optimized techniques using di-
rect water decoction, as described previously[20].  The yield
of APS was 2.0%, and the total polysaccharide content was
38.5%. Three subtypes of APS are defined by phytochemi-
cal screening: APSI, II, and III (1.47:1.21:1).  APSI consists
of D-glucose, D-galactose, and L-arabinose in molar ratios
of 1.75:1.63:1 and has an average molecular weight of 36 300.
Both APSII and APSIII are dextrans, the linkage mode of
which is mainly α-(1→4) linkages, and in which α-(1→6)
linkages are exiguous.

APS is a hazel-colored and water-soluble powder.  It was
diluted to 20 g/L in distilled water before use.

Materials and chemicals  The reagents for sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE) and immunoblotting were obtained from BioVision
(Palo Alto, CA, USA) and the apparatus from Bio-Rad
(Richmond, CA, USA).  Streptozotocin (STZ), Tris, Nonidet
P-40, porcine insulin, and nitrocellulose (NC) membranes
were obtained from Sigma Chemical Co (St Louis, MO,
USA).  Protein A–Sepharose 6 MB was from Pharmacia
(Uppsala, Sweden).  The monoclonal anti-phosphotyrosine
antibody (αPY, PY99) was purchased from Santa Cruz
Biotechnology, Inc (Santa Cruz, CA, USA).  Rabbit poly-
clonal anti-insulin receptor β-subunit (IRβ) antibody was
purchased from Upstate Biotechnology Inc (Lake Placid, NY,
USA).  The anti-rat carboxy-terminal IRS-1 antibody (clone
8–63) was from NeoMarkers (Fremont, CA, USA).  α-PTP1B
polyclonal antibody was purchased from Upstate Biotech-
nology Inc.  Enhanced chemiluminescence (ECL) detection
reagents were from Kirkegaard & Perry Laboratories
(Gaithersburg, MA, USA).  All other chemicals were of the
highest analytical grade.

Type II diabetic (TIIDM) rat model and treatment
protocol    Male Sprague-Dawley rats [from the experimental
animal center of Wuhan University, certificate No SCXK
(Hubei) 2003-0003], 8 weeks of age and weighing approxi-
mately 200 g, were used for all studies.  All procedures were
in accordance with the Institute Ethical Committee for the
Experimental Use of Animals of Wuhan University.  Rats
were housed five per cage in a room with a 12:12 hour light:
dark cycle and an ambient temperature of 22–25 °C.  Ani-
mals were fed either a normal chow diet consisting (as a
percentage of total kcal) of 12% fat, 60% carbohydrate, and
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28% protein, or a high-fat diet (HFD) consisting of 41% fat,
41% carbohydrate, and 18% protein.  After 2 weeks on ei-
ther diet, animals (with the exception of noninjected
controls) were anesthetized with ketamine (65 mg/kg) and
xylazine (7 mg/kg) after an overnight fast and injected with
STZ (30 mg/kg in 0.1 mol/L citrate-buffered saline, pH 4.5)
into the tail vein via a temporary indwelling 24-gauge
catheter.  Animals had free access to food and water after
the STZ injection, and both STZ-injected and noninjected
animals continued on their original diets (chow or fat) for
the duration of the study.  After a 12-h fast, animals showing
fasting glucose levels >6.7 mmol/L at 72 h after STZ injec-
tion were considered diabetic.  The control rats were fasted
in an identical manner and had a volume of citrate-buffered
saline, equal to that of the STZ solution, injected by the same
route.

The control and diabetic groups were then further subdi-
vided into treated and untreated groups: control (n=10); con-
trol treated with APS (Control+APS, n=10); TIIDM (n=12);
and TIIDM treated with oral APS (400 mg/kg) (TIIDM
+APS, n=12).  Treatment was given daily for 5 weeks.  The
control group received an equal volume of vehicle (saline).
At the end of each week, individual body weights were
recorded, and glucose and insulin levels were determined
under fasting and nonfasting conditions.  Glycemia was as-
sessed on blood collected from the tail vein using an
OneTouch Ultra blood glucose meter (LifeScan, Milpitas,
CA, USA).  Insulin levels were determined by radio-immu-
noassay (RIA) with a kit from Beifang Biotech Research
Center (Beijing, China).  Before necropsy, saline- and APS-
treated animals were intraperitoneally administered insulin
(5 U/kg) in saline with 0.1% bovine serum albumin (BSA)
or vehicle (saline with 0.1% BSA) after a 10-h fast.  Tissue
samples from livers and soleus muscles were taken (10 min
after treatment) from both vehicle- and insulin-treated ani-
mals and snap frozen in liquid nitrogen.

Insulin sensitivity  Peripheral insulin resistance was as-
sessed with an insulin-tolerance test (ITT) [21] that measured
insulin sensitivity using KITT as an index of insulin-mediated
glucose metabolism.  Rats were fasted for 15 h before insu-
lin challenge.  Neutral insulin injections were diluted with
0.9% saline to a final concentration of 2 kU/L, and then ad-
ministered at a dose of 2 U/kg body weight by slow intrave-
nous injection through the tail vein.  Blood samples were
collected at 0, 10, 20, 30, and 60 min after the administra-
tion of insulin.  Serum was separated and subjected to glu-
cose estimation.  Serum glucose concentrations were deter-
mined using a commercial assay kit (Sigma Diagnostics, St
Louis, MO, USA) and 10 µL of serum was used for each

assay.  KITT was determined from the slope of a linear por-
tion of the regression line of the natural logarithm of glu-
cose versus time[21], and calculated using the formula[22]: KITT=
(0.693/t1/2)×100, where t1/2 represents the half-life of plasma
glucose decay, which was estimated by plotting plasma glu-
cose concentration versus time on semilogarithmic graph
paper.  Lower insulin-sensitivity index (KITT) scores mean
higher degrees of insulin resistance.

Lysate preparation and protein assays  Frozen liver
tissue (50 mg) was sonicated in 1 mL of lysis buffer (buffer
A) containing Tris-HCl 20 mmol/L (pH 7.4), 1% Triton X-
100, 10% glycerol, NaCl 150 mmol/L, edetic acid 2 mmol/L,
β-glycerophosphate 25 mmol/L, sodium fluoride 20 mmol/L,
sodium orthovanadate 1 mmol/L, sodium pyrophosphate
2 mmol/L, leupeptin 10 mg/L, benzamidine 1 mmol/L,
4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride
1 mmol/L, and microcystin 1 mmol/L, and rocked for 40
min at 4 °C. Detergent-insoluble material was sedimented
by centrifugation at 12 000×g at 4 °C for 10 min. Muscle
samples (50 mg) were homogenized and centrifuged at 1000 000×g
for 1 h in ice-cold Hepes buffer 50 mmol/L (pH 7.4) con-
taining NaCl 150 mmol/L, sodium pyrophosphate 10 mmol/L,
Na3VO4 2 mmol/L, NaF 10 mmol/L, edetic acid 2 mmol/L,
phenylmethylsulfonyl fluoride (PMSF) 2 mmol/L, leupeptin 5
mg/L, 1% Nonidet P-40, and 10% glycerol (buffer B).

Supernatants were collected, and protein concentrations
were measured with Bradford protein assay reagent (Bio-
Rad), using BSA as the standard.

Western blotting  Aliquots (50 µg) of muscle or liver
homogenates were subjected to SDS-PAGE (7.5% gel) and
transferred electrophoretically onto nitrocellulose (NC) mem-
branes for 5 h.  NC membranes were then blocked for 2 h at
room temperature with block solution provided in the ECL
kits.  This step was followed by overnight incubation at 4 °C
with  ant i-α-PTP1B polyclonal ant ibody or  an ti -
phosphotyrosine (PY99) as the primary antibodies, as de-
scribed in the figure legends.  The NC membranes were then
washed for 30 min with wash solution (ECL kits), followed
by a 1-h incubation with either anti-mouse or anti-rabbit IgG
conjugated with horseradish-peroxidase in block solution.
The NC membranes were washed for 30 min in wash solution,
and the immunoreactive bands were detected with an en-
hanced chemiluminescence method.

Tyrosine phosphorylation of IR-subunit and IRS-1
Muscle or liver lysates (1 mg of protein) were immunopre-
cipitated overnight at 4 °C with 2 µg of anti-IRβ or anti-
IRS-1 coupled to protein A–Sepharose.  The immune com-
plex was washed three times in phosphate-buffered saline
(PBS) (pH 7.4) containing 1% Nonidet P-40 and Na3VO4
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2 mmol/L, resuspended in Laemmli buffer, and boiled for 5
min.  Proteins were resolved on SDS-PAGE (7.5% gel), then
electrotransferred from the gel to nitrocellulose membranes.
The nitrocellulose filters were incubated at 4 ºC overnight
with 1 mg/L PY99.  Subsequent steps were performed as
described above.

PTP1B protein levels and activity  The tissue homo-
genate was assayed in a microtiter plate at 27 °C.  The PTP1B
assay kit was obtained from Upstate Biotechnology Inc.  The
protocol outlined by the manufacturer was followed rigidly.
PTP1B protein levels were assessed by immunoblotting us-
ing polyclonal antibodies directed against PTP1B, as de-
scribed above.

Statistical analysis    All values are expressed as mean±
SEM.  Statistical significance was determined using analy-
sis of variance (ANOVA) followed by Tukey’s test.  P<0.05
was considered statistically significant.

Results
Characteristics of experimental animals  The glucose

levels of both fasting and fed rats were significantly higher
(P<0.05) in HFD/STZ rats (TIIDM) than in normal control
rats (Control) (Table 1).  The levels of glucose in fasting and
fed TIIDM rats were significantly reduced (P<0.05) after
treatment with APS at a dose of 400 mg/kg po per day for
5 weeks (TIIDM+APS).  It should be noted that insulin con-
centrations in type II diabetic rats were similar to values of
control rats.  Treatment with APS did not affect insulin lev-
els in control or type II diabetic rats.  HFD/STZ diabetic rats
weighed 20 g more than the normal chow-fed controls (P<0.05).
APS treatment could significantly reduce body weights in
diabetic rats and had no effects on those of control rats.  All
data are mean±SEM calculated from 10 rats.

Effects of APS on PTP1B expression in muscles and
livers of control and TIIDM rats  PTP1B protein levels in
the skeletal muscles of TIIDM rats were significantly in-
creased (1.6-fold, P<0.05) compared with those of controls.
In TIIDM rats, the level of PTP1B after treatment with APS
was reduced by 30% (P<0.05), compared with that of the
TIIDM rats (Figure 2A and C).  PTP1B protein levels in the
livers of TIIDM rats were also significantly increased (1.7-
fold, P<0.05) compared with those of control rats.  However,
treatment with APS did not affect PTP1B protein levels in
the livers of TIIDM rats (Figure 2B and D).  PTP1B levels
in the muscles and livers of normal control rats were not
affected by APS treatment.

Effects of APS on PTP1B activity in muscles and liv-
ers of control and TIIDM rats  There was a two-fold
(P<0.01) increase in the activity of PTP1B in the skeletal
muscles of TIIDM rats.  APS reduced the activity of PTP1B
by 25% (P<0.05) in APS-treated TIIDM rats (Figure 3A).
PTP1B activity in the livers of TIIDM rats was significantly
elevated (1.8-fold, P<0.01) compared with that of the
controls.  Treatment with APS did not change PTP1B activ-
ity in the livers of TIIDM rats (Figure 3B).  Nor did APS
affect the activity of PTP1B in the skeletal muscles or livers
of APS-treated control rats.

Effects of APS on insulin-induced tyrosine phospho-
rylation of IR β-subunit  In each group of animals, the ad-
ministration of insulin resulted in an increase in the tyrosine
phosphorylation of the IR β-subunit (Figure 4).  However,
the levels of IRβ tyrosine phosphorylation in the skeletal
muscles and livers of TIIDM rats after stimulation with in-
sulin were reduced by 47% (P<0.05) and 41% (P<0.05),
respectively, compared with those of the control rats (Figure
4).  Treatment with APS significantly increased the level of
IRβ tyrosine phosphorylation stimulated by insulin in the
skeletal muscles of TIIDM rats, but did not affect that in the
livers of TIIDM rats.  APS also did not affect the IRβ ty-

Table 1.   Characteristics of the experimental animals. n=10. Mean±SEM.
bP<0.05 vs control group. eP<0.05 vs TIIDM group.

                                                  Control   Control+APS  TIIDM  TIIDM+APS

 Plasma glucose (fasting)(mmol/L)  4.3±0.2  4.1±0.2 10.3±0.8b  6.8±0.5e

 Plasma glucose (fed) (mmol/L)  6.6±0.5  6.2±0.3 15.6±1.2b  9.8±0.7e

 Insulin (pmol/L) 162±13 168±15  178±20 171±18
 Body weight (g) 200±2 202±2  220±5b 205±3e

Figure 1.  Effect of APS on insulin sensitivity in TIIDM rats. n=5–8.
Mean±SEM. bP<0.05 vs control. eP<0.05 vs TIIDM group.

Insulin sensitivity  Insulin sensitivity in the TIIDM rats
was significantly lower than that in the control group.  The
impaired insulin sensitivity in the TIIDM rats was improved
following APS treatment (Figure 1).
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Figure 2.  Effect of APS on PTP1B protein expression in skeletal muscle (A) and liver (B) from control and TIIDM rats. Corresponding band intensities
were quantitated by scanning densitometry (C and D). n=3. Mean±SEM expressed as relative to normal values, which were set as 100%. bP<0.05 vs
APS-untreated control rats. eP<0.05 vs APS-untreated TIIDM rats.

Figure  3.  Effect of APS on PTP1B activity in muscle (A) and liver (B) from control and TIIDM rats. n=3–5. Mean±SEM expressed as relative to
normal values (100%). cP<0.01 vs APS-untreated control rats. eP<0.05 vs APS-untreated TIIDM rats.

Figure 4.  Effect of APS on insulin-induced tyrosine phosphorylation of IR β-subunit in muscle (A) and liver (B). Corresponding data quantification by
scanning densitometry (C and D). n=3. Mean±SEM. IR β tyrosine phosphorylation is expressed as percentage, assigning a value of 100% to the mean of
insulin-stimulated control rats. bP<0.05 vs APS-untreated control rats. eP<0.05 vs APS-untreated TIIDM rats.
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rosine phosphorylation stimulated by insulin in the skeletal
muscles or livers of APS-treated control rats, as evaluated
by scanning densitometry.

Effects of APS on insulin-induced tyrosine phospho-
rylation of IRS-1  Insulin administration resulted in an in-
crease in IRS-1 tyrosine phosphorylation in each group of
animals (Figure 5).  TIIDM rats exhibited a reduced response
to insulin, and the levels of tyrosine phosphorylation of IRS-
1 after insulin stimulation in skeletal muscles and livers were
reduced by 37% and 35% (P<0.05), respectively, compared
with the values measured in control rats (Figure 5).  APS
treatment did not increase the level of tyrosine phosphoryla-
tion of IRS-1 induced by insulin in the liver tissues of TIIDM
rats, but significantly improved that in skeletal muscles
(P<0.05) in TIIDM rats.  APS had no effect on the tyrosine
phosphorylation of IRS-1 stimulated by insulin in the skel-
etal muscles or livers of APS-treated control rats.

Discussion

In the present study, we developed an animal model for
type II diabetes, the HFD/STZ rat.  These rats constitute a
relatively inexpensive and easily accessible rodent model
that is not extremely obese and simulates the natural history
and metabolic characteristics of patients with type II diabe-
tes[23].  Recent reports[24] have indicated that insulin resis-

tance may be caused by an excess nutrient supply.  Both
excess glucose and excess fat can cause insulin resistance in
muscle and fat tissues, whereas excess fat can cause impaired
suppression of endogenous glucose production.  The present
animal model was based on the rationale described above.
At first, we used high-fat diets to induce insulin resistance in
Sprague-Dawley rats.  Plasma glucose concentrations were
similar in chow-fed and HFD rats after two weeks of the
high-fat diet, whereas insulin concentrations in the HFD rats
were significantly higher than those in the chow-fed con-
trols (HFD: 338±25 vs Control: 162±13 pmol/L, P<0.05).
The association of normoglycemia and hyperinsulinemia
suggested that the HFD rats were insulin-resistant.  Conver-
sion of pre-diabetes to frank hyperglycemia in patients with
type II diabetes is associated with a decline in the secretory
capacity of the pancreatic β-cells[25,26].  However, this fai-
lure in β-cell compensation is relative, not absolute[23].  We
attempted to simulate this evolution from a state of insulin
resistance and absolute hyperinsulinemia to a state of “rela-
tive” hypoinsulinemia by injecting insulin-resistant HFD rats
with a moderate amount of STZ, which partly damaged β-
cell and reduced the serum insulin concentration to a rela-
tively lower level (178±20 pmol/L), which is approximately
that of normal chow-fed rats.  Comparison of the data in
Table 1 indicates that we were successful in this attempt.

The signaling pathways affected by the inhibition of

Figure 5.  Effect of APS on insulin-induced tyrosine phophorylation of IRS-1 in muscle (A) and liver (B). Corresponding data quantification by
scanning densitometry (C and D). n=3. Mean±SEM. IRS-1 tyrosine phosphorylation is expressed as relative to the mean of insulin-stimulated control
rats, which was set as 100%. bP<0.05 vs APS-untreated control rats. eP<0.05 vs APS-untreated TIIDM rats.
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PTP1B, particularly in a diabetic model, have been
characterized.  In this study, we observed increased PTP1B
activity in skeletal muscle and liver tissues of HFD/STZ rats
when para-nitrophenyl phosphate (pNPP) was used as
substrate.  These changes were similar to those in PTP1B
protein levels in the tissues.  Corresponding to these results,
insulin-induced tyrosine phosphorylation of the IR β-sub-
unit and IRS-1 were significantly decreased in muscle and
liver tissues.  This is the first study to demonstrate the in
vivo effects of changes in PTP1B activity and expression on
insulin signaling molecules in the skeletal muscles and liv-
ers of HFD/STZ rats.

Using reduced carboxymethylated-maleylated (RCM)-
lysozyme as a substrate, Seiichi Tagami[27] and McGuire et
al[28] found increases in PTP1B activity in the skeletal muscles
of insulin-resistant Otsuka Long-Evans Tokushima fatty
(OLETF) rats and insulin-resistant human subjects, relative
to the activity in the corresponding control groups.  Muscle
PTP1B activity, measured with myelin basic protein and the
insulin-receptor cytoplasmic domain as substrates, was also
increased in an animal model of insulin-resistant obesity and
DM[10].  Those findings accord with our results.  It is reason-
able to postulate that increased PTP1B activity in the muscle
and liver contributes to insulin resistance and type II diabe-
tes in HFD/STZ rats because PTP1B inhibits tyrosine phos-
phorylation of the insulin receptor and its substrates, includ-
ing IRS-1.

Our own earlier ethnopharmacological studies of an aque-
ous extract of Astragalus confirm the data reported for the
plant A membranaceus, which is traditionally used as an in-
fusion of (mainly) roots by the Chinese population to treat
type II diabetes.  Most important of all, A membranaeus is
an important component of the majority of traditional herbal
blend prescriptions used to cure type II diabetes in tradi-
tional Chinese medicine.  The unique nature of the A
membranaceus extract inspired us to work towards the iso-
lation of the active ingredient from the crude extract.  When
subjected to sequential extraction, maximum activity was
found in APS.  In the present study, we found that APS sig-
nificantly reduced both PTP1B protein levels and activity in
the skeletal muscles, but not in the livers of HFD/STZ rats.
Consistent with this change, the insulin-induced tyrosine
phosphorylation of the IR β-subunit and IRS-1 increased in
the skeletal muscles, but not in the livers of APS-treated
TIIDM rats.  Furthermore, blood glucose levels were con-
trolled and insulin sensitivity was apparently improved in
APS-treated TIIDM rats when KITT was used as an index of
glucose metabolism.  This is a simple, reasonably accurate,
and rapid method for screening insulin resistance[29], and in-

dicates the net resistance to insulin at the target level, in-
cluding receptor and post-receptor defects.  The data col-
lected in this study indicate that blood insulin levels are not
altered by treatment with APS in TIIDM rats, suggesting that
the hypoglycemic effects of APS are not mediated through
insulin secretion.  In addition, HFD/STZ rats had a higher
body weight than that of normal rats.  The effect of STZ
injection plus high fat diet on body weight gain is in accor-
dance with the earlier findings[23,30].  APS could decrease body
weight in diabetic rats.  It has been suggested that PTP1B
can act as a negative regulator of leptin signaling by dephos-
phorylating the leptin receptor associated kinase Jak2[31,32].
So one can postulate that the obesity resistance effect of APS
be associated with enhanced leptin sensitivity induced by its
inhibitory action on PTP1B.

PTP1B is a well-established drug target in the treatment
of TIIDM and obesity[33].  However, the PTP family of en-
zymes is large, and all are highly specific for charged
phosphotyrosine residues.  Finding a selective small-mol-
ecule inhibitor of PTP1B is therefore proving difficult.  Nu-
merous PTP1B-inhibiting candidates are undergoing trials,
but significant success has yet to be achieved[34].  Our study
showed that protein levels of PTP1B changed in parallel with
changes in its activities in skeletal muscle and liver.  The
alterations in PTP1B activities may be partly due to changes
in its protein levels.  Therefore, we postulate that the inhibi-
tory effect of APS on PTP1B activity is most likely medi-
ated by the inhibition of PTP1B protein expression.  De-
tailed studies are in progress in our laboratory to clarify the
mechanism underlying the inhibitory action of APS on
PTP1B.  In the present study, our data suggest that APS in-
duces normalization of PTP1B activity in the muscles, lead-
ing to an improvement in insulin sensitivity.  However,
changes in PTP1B activity alone may not account for the
complete insulin-sensitizing effect of APS.  Other possible
mechanisms cannot be excluded.

In conclusion, we have presented evidence to substanti-
ate the anti-diabetic and insulin-sensitizing effects of the A
membranaceus extract, APS.  The insulin-enhancing effects
of APS are at least partially exerted through its effects on
PTP1B in skeletal muscle.  The results of this study support
this hypothesis, at least in this animal model.
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Changes of 5-lipoxygenase pathway and proinflammatory mediators in
cerebral cortex and lung tissue of sensitized rats1
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Abstract
Aim: To explore the change of 5-lipoxygenase (5-LO) pathway expression and
proinflammatory mediators level of lung tissue and cerebral cortex, and the pos-
sible regulatory mechanism through central nervous 5-LO pathways to pulmo-
nary inflammatory status in antigen repeated challenged rats.  Methods: Four
groups of rats were treated as control, asthma model, asthma model treatment
with dexamethasone (DXM, 0.5 mg/kg, ip) and ketotifen (5 mg/kg, ig).  Tumor
necrosis factor (TNF)-α, interleukin (IL)-4, interferon (IFN)-γ, and nitric oxide
(NO) were detected by ELISA kits.  The mRNA expression of 5-LO and LTA4-
hydrolase (LTA4-H) was analyzed by reverse transcription-polymerase chain re-
action (RT-PCR), and the protein content of 5-LO was measured by Western blot.
Results: Increase of TNF-α, IL-4, NO level, and decrease of IFN-γ level in
bronchoalveolar lavage fluid (BALF) and cerebral cortex in sensitized rats were
shown after repeated antigen challenge.  The expression of 5-LO and LTA4-H
mRNA, and 5-LO protein levels were increased in lung tissue and cerebral cortex
in asthma rats.  In comparison with the asthma model, DXM significantly inhib-
ited the increase of cytokine levels and the expression of 5-LO pathway enzyme
(P<0.05).  Ketotifen also inhibited the increase of TNF-α level and 5-LO path-
way enzyme expression in lung and cerebral cortex, but had no effect on the level
of NO, IL-4, and IFN-γ.  Conclusion: The correlative increase of 5-LO pathway
enzyme expression and proinflammatory mediators of brain may have a regula-
tory effect on pulmonary inflammation in asthma.
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Introduction
The interaction between central nervous-immune path-

ways or neuroendocrine-immune (NEI) networks in various
disease states is affected by various pathophysiologic status.
In the pathogenesis of allergic diseases, the abnormalities in
immune function are mediated by the NEI network through
overproduction of allergic mediators[1].  Undoubtedly,
leukotrienes (LTs), the metabolites of 5-lipoxygenase (5-LO)
pathways are thought to play crucial roles in the inflamma-
tory network.  Up to now, it is unclear how the metabolites
of 5-LO pathways in the central nervous system regulate in-
flammation in lung tissue of asthma rats.  From previous
work, we found that the change of Th1/Th2 paradigm (ratio

of interferon (IFN)-γ/interleukin (IL)-4 decreased and the
content of LTB4 in the cerebral cortex increased correspon-
dent to that in bronchoalveolar lavage fluid (BALF) or lung
tissue in inflammatory status of asthma rats[2,3].  These find-
ings indicate that there is an interactive response of LTs and
proinflammatory cytokines in the central nervous system,
and the changes of these proinflammatory mediators in the
central nervous system may have pathophysiologic effects
in asthma rats.  To explore these hypotheses and get a clearer
understanding of the central nervous system changes of 5-
LO pathway, Tumor necrosis factor (TNF)-α, IL-4, IFN-γ,
and nitric oxide (NO) in asthma rats, we have further inves-
tigated the correlative alterations of proinflammatory me-
diators and the expression of 5-LO pathway enzyme in lung
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tissue and cerebral cortex.

Materials and methods
Animal and reagent  Sprague–Dawley rats of either sex

weighing 180 g±20 g were purchased from the Laboratory
Animal Center of Medical School of Zhejiang University
(Grade II, Certificate No 220010014), and maintained on a
regular 12-h daylight cycle with water and food available ad
libitum.  Dexamethasone sodium phosphate (DXM, Suzhou
Sixth Pharmaceutical Factory, Suzhou), ketotifen (Shanghai
Pharmaceutical Factory, Shanghai), egg albumin Grade V
(Sigma, St louis, USA), heparin sodium (Xuzhou Biochemi-
cal Pharmaceutical Factory, Xuzhou), IFN-γ, TNF-α, NO,
and IL-4 ELISA kit (Jinmei Biotech Co Ltd, Shenzhen,
China) were commercially available.  TRIzol reagent,
SuperScript II reverse transcriptase, and Taq DNA poly-
merase were obtained from GIBCO BRL (Paisley, Scotland,
UK).

Sensitization, treatment, and challenge regimens  The
sensitization procedure to induce IgE-mediated asthma re-
sponse is as earlier described[3].  At d 14 after sensitization,
the rats were placed in a 45 cm×45 cm×15 cm plastic box
and challenged by exposure to an aerosol of ovalbumin (10 g/L
in saline) which was generated in a jet nebulizer (partical
size 1-5 µm; BARI, MASTER, Germany) for 20 min, and
repeated daily for 6 d.  Control rats were similarly exposed
to an aerosol of saline.  One hour before antigen challenge,
the rats in the treatment groups were administered with DXM
(0.5 mg/kg, ip) and ketotifen (5 mg/kg, ig), respectively.  The
rats in the control and model groups were administered with
saline (ip).  All the animals were studied on d 21 after the
first sensitization.

BALF  Bronchoalveolar lavage (BAL) was performed
by flushing the airways with saline 5 mL containing 1% bo-
vine serum albumin and 1 kU/L heparin sodium through the
tracheal cannula three times.  BAL fluid (BALF) were pooled
and centrifuged (Eppendorf Centrifuge 5804R, Germany) at
500×g for 10 min at 4 oC.  The supernatant was collected
and stored at -70 oC for assaying IFN-γ, TNF-α, NO, and
IL-4 level.

Brain homogenates preparation  Blood cells in sys-
temic circulation were removed by perfused with D-Hanks’
liquid through ascending aorta cannula.  The left cerebral
cortex was then cut into 1 mm3, homogenated (DY89-I
Homogenater, Linbo Xinzhi SCI-TETH research Institute,
Ningbo) in ice-cold Hanks’ buffer (pH 7.5).  Thereafter, the
homogenates were centrifuged at 3000×g at 4 oC for 10 min.
The supernatant was collected and stored at -70 oC for as-
saying IFN-γ, TNF-α, NO, and IL-4 level.

Assay of IFN-γ, TNF-α, NO, and IL-4  The IFN-γ, TNF-α,
NO, and IL-4 levels in the BALF and cerebral cortex
homogenates were measured according to the ELISA kit
description.  All measurements were carried out in duplicate.

Reverse transcription-polymerase chain reaction (RT-
PCR) assay  Total RNA was isolated from the cerebral cor-
tex and lung tissue.  Trizol 1 mL was added per 100 mg
tissue and was homogenized; samples were left at 18–21 oC
for 3 min.  Chloroform 0.2 mL was added to the homog-
enizer and mixed.  After 10 min at 18–21 oC, the samples
were centrifuged at 15 000×g in a microcentrifuge at 4 oC
for 15 min.  The upper phase was transferred to new tubes
and the same volume isopropanol was added.  RNA was al-
lowed to precipitate at 18–21 oC for 10 min and collected by
centrifugation at 15 000×g at 4 oC for 10 min.  After wash-
ing precipitates in 75% ethanol and drying for 10 min, the
RNA was dissolved in DEPC-treated water and quantified
by the measurement of ultraviolet absorption at 260 nm
(Eppendorf Biophotometer, Germany).  All samples were
kept at -70 oC until use.

For the synthesis of the single-stranded cDNA (Eppendorf
Mastercycler gradient, Germany), total RNA (4 µg) from each
sample was reverse-transcripted using an antisense specific
primer and 200 U of SuperScript II RT.  Sequences of the
PCR primers for 5-LO, LTA4-H, and glyceraldehydes-3-phos-
phate dehydrogenase (GAPDH) were derived from published
sequences as follows: 5-LO: sense 5  ́AGG CTG CAG TGA
GAA GCA TC 3 ,́ antisense 5  ́GCC AGT GGT TCT TGA
CTC TC 3 ,́ designed to amplify a fragment corresponding
to nucleotides 181–770[4]; LTA4-H: sense 5´CAG TCA CAG
GAG GAT AAT 3 ,́ antisense 5  ́GGA GTG AGC CAC TGA
AGG 3´, designed to amplify a fragment corresponding to
nucleotides 131–363[5]; GAPDH: sense 5  ́ACC ACC ATG
GAG AAG GCT GG 3 ,́ antisense 5  ́CTC AGT GTA GCC
CAG GAT GC 3 ,́ designed to amplify a fragment corre-
sponding to nucleotides 372–899.  All amplified segments
extended over at least 1 intron boundary of the genomic DNA.
The reactants were cycled at 94 oC 30 s, 59 oC 20 s, 72 oC 10 s
for LTA4-H, and 94 oC 45 s, 58 oC 30 s, 72 oC 90 s for 5-LO
and GAPDH.  Reaction products were separated by electro-
phoresis using 1.5% standard agarose gel.  Amplification of
GAPDH was performed as a control.  PCR products were
analyzed by electrophoresis (CLP, USA), visualized by ul-
traviolet transillumination of ethidium bromide-stained gels,
and the intensity of each band was measured by the UVP
Image Analyzer (UVP, Inc Upland, CA).  The expression of
5-LO and LTA4-H were normalized to that of GAPDH.

5-LO Western immunoblotting  The cerebral cortex and
lung tissue were dissected and homogenized in homogeniz-
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ing buffer, containing Tris-HCl 20 mmol/L, egtazic acid
2 mmol/L, edetic acid 5 mmol/L, pepstatin 1.5 mmol/L,
leupeptin 2 mmol/L, phenylmethylsulfonyl fluoride 0.5
mmol/L, aprotinin 0.2 kU/L, and dithiothreitol 2 mmol/L, using
a Polytron.  The homogenates were centrifuged at 100 000×g
at 4 oC for 60 min .  The resulting supernatant was a portion
of the cytosol (S1) fraction, and the pellet was resuspended
in the homogenizing buffer and centrifuged again at 100 000×g
at 4 oC for 60 min.  The resulting supernatant (S2) was com-
bined with the S1 fraction, and the combination was used
for analyses as the “cytosol” fraction.  The concentration of
protein in these two fractions was determined using the pro-
cedure of Lowry et al.

Equal volumes of protein samples (40 mg of protein) and
gel loading solution (Tris-HCl 50 mmol/L pH 6.8, β-
mercaptoethanol 4%, sodium dodecyl sulfate 1%, glycerol
40%, and a trace amount of bromphenol blue) were mixed,
and the samples were boiled for 3 min and kept on ice for 10
min.  The samples were placed onto 12.5% (w/v) acrylamide
gel using the Mini Protean gel apparatus (CLP, USA).  The
gels were electrophoresed using Tris base 25 mmol/L, gly-
cine 192 mmol/L, and sodium dodecyl sulfate 0.1% (w/v) at
150 V.  The proteins were subsequently transferred electro-
phoretically to an ECL nitrocellulose membrane (Amersham)
using the CLP semi-dry Electroblotter(CLP, USA) at 150
mA constant current.  Membranes were washed with TBST
buffer (Tris base 10 mmol/L, NaCl 0.15 mol/L, and Tween-20
0.05%) for 10 min.

The blots were blocked by incubating them with 5% (wt/vol)
powdered non-fat milk in TBST buffer, Nonidet P-40 2 mL,
and sodium dodecyl sulfate 0.02% (wt/vol) (pH 8.0).
Thereafter, the blots were incubated overnight with the pri-
mary anti-5-LO antibody (rabbit polyclonal; cayman
chemical, Ann Arbor, MI, USA) at a dilution of 1:1000.  The
blots were then washed with TBST buffer, incubated with
horseradish peroxidase-linked secondary antibody (anti-rab-
bit IgG; 1:3000) for 4 h at room temperature, and processed

with the ECL kit.  The blots were then washed with TBST
and exposed to ECL film.  The UVP Image Analyzer was
used to measure and analyze the band intensity.

Statistical analysis  Data were presented as mean±SD.
Statistical difference was determined using one-way analy-
sis of variance followed by the Student-Newman-Keuls
method for multiple comparisons between groups.  All sta-
tistical calculations were performed using a Sigmastat sta-
tistical package.

Results

Antigen-induced changes of IL-4 and IFN-γ, TNF-α,
and NO in BALF and cerebral cortex homogenate
Amounts of IL-4, TNF-α, and NO from BALF and cerebral
cortex homogenates in antigen-challenged rats were mark-
edly higher compared with samples from normal rats (P<0.05).
In contrast, amounts of IFN-γ in antigen-challenged rats were
less (BALF P<0.05, cerebral cortex homogenates P<0.01).
Therefore, the IFN-γ/IL-4 ratio was lowered.  DXM-treated
rats had less IL-4, TNF-α, and NO amounts in cerebral cor-
tex homogenates and higher IFN-γ amounts compared with
that of model rats.  The down-regulation of IFN-γ/IL-4 ratio
in antigen-challenged rats was recovered by DXM (BALF
P<0.05 and cerebral cortex homogenates P<0.01).  Ketotifen
had no effect on the amount of IL-4, IFN-γ, and NO in BALF
and cerebral cortex homogenates, but inhibited the TNF-α
both in BALF and cerebral cortex homogenates in model
rats (P<0.05) (Table 1).

5-LO and LTA4-H mRNA expression in lung tissue
and cerebral cortex  Using GAPDH as the internal control,
the band intensity of 5-LO and LTA4-H mRNA is shown in
Figures 1, 2.  The expression of 5-LO and LTA4-H mRNA in
asthma rats were significantly higher than that in the control
rats (P<0.05).  Both DXM and ketotifen inhibited the 5-LO
and LTA4-H mRNA expression of lung and cerebral cortex
in the asthma rats (Figures 1, 2).

Table 1.    Changes of proinflammatory mediators content in BALF and cerebral cortex of sensitized rats after antigen-challenge. n=6.  Mean±SD.  bP<0.05,
cP<0.01 vs control group; eP<0.05 vs model group.  DXM: dexamethasone, KF: Ketotifen.

    Group                                                     Cerebral cortex                                                                      BALF
                       IL-4/pg·g-1          IFN-γ/pg·g-1      TNF-α/pg·g-1     NO/nmol·g-1         IL-4/       IFN-γ/               TNF-α/              NO/

                                   wet weight          wet weight         wet weight        wet weight          pg·mL-1              pg·mL-1                        pg·mL-1                 nmol·mL-1

Control 157±27 465±90 342±124 123±29 39±12 315±55   78±17 7.5±2.2
Model 215±34b 318±39c 793±160b 169±28b 68±22b 170±72b 112±24b  12±3b

Model+KF 297±99 333±59 501±141e 158±47 64±26 180±60   83±21e  10±4
Model+DXM 165±46e 372±4be 468±136e 109±29e 44±11e 256±76be   70±27e    6±4e
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5-LO protein content  Both 5-LO mRNA expression
and the amount of cytosol 5-LO-immunoreactive protein in
both cerebral cortex and lung tissue increased in the asthma
rats compared with the control rats (P<0.05 and P<0.01
respectively; Figure 3).  Both DXM and ketotifen signifi-
cantly decreased the 5-LO protein level in cytosol of asthma
rats (P<0.05).

Discussion
The first step in the production of all LTs, the oxygenation

of arachidonic acid (AA) to form 5-hydroperoxyeicosatetranoic
acid and the immediate dehydration of this unstable inter-
mediate to LTA4, is carried out by 5-LO.  Metabolism of LTA4

by LTA4 hydrolase (LTA4-H) results in the production of the
potent chemoattractant LTB4.  Alternatively, LTA4 can be
conjugated with glutathione by LTC4 synthase (LTC4-S) to
produce LTC4 and its metabolites LTD4 and E4, collectively

referred to as the cysteinyl LTs[6].
The actions of 5-LO metabolites and Th1/Th2 paradigm

in the pathogenesis of asthma and allergic disease have been
understood[7,8].  In the present research, IL-4 level, the ex-
pression of 5-LO and LTA4-H mRNA, and 5-LO protein are
simultaneously increased in BALF and the cerebral cortex
in asthma rats.  We postulate that the increased expression
of 5-LO pathway enzymes is partly due to the overproduc-
tion of proinflammatory cytokines, as heterogeneous pro-
files of eicosanoid generation would be determined by the
absence or presence of additional local factors, particularly
the Th2 cytokines that associate with mucosal surfaces in
allergic diseases.  Previous literature has shown that Th2
cytokines, thought to favor asthma and allergic diseases,
upregulated LT synthesis.  Recent findings showed that IL-4,
IL-5, and IL-13 also upregulated cysteinyl LT1 receptor ex-
pression[9].  IL-4 priming dramatically induced the steady-
state expression of LTC4-S[10], and IL-5 supported the lo-
calization of 5-LO to the nucleus of human mast cells in vivo[11].
With immunologic disorders, inflammatory mediators inter-
acted with one another, creating upregulatory cascades by
various feedback mechanisms[12].  Conversely, the regula-
tion of cytokine expression by LTs has also been explored:

Figure 1.  Changes of 5-LO mRNA expression in lung tissue and cere-
bral cortex of sensitized rats after antigen-challenge.  Mean±SD.  Lung:
Control n=10, DXM n=11, Ketotifen and model n=9; brain: Control n=10,
DXM n=8, ketotifen and model n=9.  bP<0.05 vs model group.

Figure 2.  Changes of LTA4-H mRNA expression in lung tissue and cere-
bral cortex of sensitized rats after antigen-challenge.  n=9.  Mean±SD.
bP<0.05, cP<0.01 vs model group.

Figure 3.  Changes of 5-LO protein expression in lung tissue and cere-
bral cortex in antigen-induced sensitized rats.  n=10.  Mean±SD.  bP<0.05,
cP<0.01 vs model group; eP<0.05, fP<0.01 vs control group.  A: 5-LO
protein production visualized by UVP system.  (a) Lung tissue; (b) Cere-
bral cortex.  Lane 1: model group; 2: normal control; 3: model group;
4: DXM group; 5: KF group.  B: Densitometric analyses of the 5-LO
protein production in lung and cerebral cortex.



Http://www.chinaphar.com Deng YM  et al

357

cysteinyl LTs upregulated Th2 cytokine expression and de-
creased Th1 cytokine expression, favoring an allergic phe-
notype[13].  LTB4 stimulated monocytes and T cell to pro-
duce IL-1, TNF-α, and IL-5[14].  However, it is unclear how
it influences pulmonary function during the increase of ex-
pression of 5-LO, LTA4-H mRNA, and LTB4 level in the
cerebral cortex.  Recently, our group found exogenous LTB4,
by intercerebro-ventricularly injection, inhibited antigen-in-
duced increase of lung resistance and decreased lung com-
pliance in sensitized rats, and reduced antigen-induced eosi-
nophils infiltration of airway in the sensitized mice
(unpublished data).  The results suggest the increase of 5-
LO mRNA expression and metabolites in inflammatory sta-
tus of asthma may be a negative feedback to relieve asth-
matic inflammation.

Glucocorticoids are the most effective drugs to inhibit
inflammatory reaction in asthma, but whether they are also
able to inhibit the 5-LO pathway enzyme expression in sen-
sitized rats after antigen challenge is still unclear.  In our
previous experiment, the effect of DXM in decreasing LTB4

and IL-4 content was found to decrease the number of in-
flammatory cells in cerebral cortex and lung tissue of sensi-
tized rats[2,3].  In this study, administration of DXM (0.5 mg/
kg, ip) before each challenge fully inhibited the 5-LO and
LTA4-H mRNA expression.  Conversely, Uz et al[15] found
that DXM stimulated 5-LO mRNA expression in the brain
of normal rats.  These data suggest that glucocorticoid may
be at least partly effective in regulating the metabolites of 5-
LO pathways in the brain.

It is known that TNF-α is released in allergic responses
from both mast cells and macrophages via IgE-dependent
mechanisms, and elevated levels have been demonstrated in
the BALF of asthmatic subjects undergoing allergen chal-
lenge[16].  In the present research, we found a coincidental
increase of TNF-α between the cerebral cortex and lung tis-
sue in asthma rats, which could be inhibited by DXM and
ketotifen.  Ketotifen, as the mast cell membrane stabilizer
and H1 receptor antagonist, can inhibit the release of media-
tors from inflammatory cells.  Our previous study demon-
strated that ketotifen inhibited the increase of LTB4 level in
the cerebral cortex and BALF in asthma rats[3].  In this study,
ketotifen did not inhibit the downregulation of IFN-γ and
upregulation of IL-4 but decreased 5-LO and LTA4-H mRNA
expression and TNF-α level in asthma rats.  Canetti et al[17]

found that using a neutralizing anti-TNF-α antibody could
block IL-18 induced LTB4 production, and Spanbroek et al[18]

found granulocyte-macrophage colony-stimulating factor
plus TNF-α promoted dendritic cells differentiation and in-
duced a strong rise in 5-LO expression.  The results suggest

that ketotifen may not influence the Th1/Th2 paradigm but
inhibits the release of mediators from mast cells.  TNF-α
may be also one of the proinflammatory mediators of regu-
lating 5-LO and LTA4-H mRNA expression.

NO can inhibit the secretion of IL-2 and IFN-γ by Th1
cells but has no effect on IL-4 production by Th2 cells.  Thus,
NO seems to exert a self-regulatory effect on Th1 cells im-
plicated in immunopathology.  NO derived from airway epi-
thelial cells, macrophages, and Th1 cells plays an important
role in amplifying and perpetuating the Th2 cell-mediated
inflammatory response, both in allergic and non-allergic
asthma[19].  Low concentrations of reactive oxygen interme-
diates in combination with NO were additive in suppressing
5-LO enzyme activity, possibly through peroxynitrite
generation.  The ability of peroxynitrite to suppress LT syn-
thesis is associated with its ability to cause nitrotyrosination
and S-nitrosylation of the 5-LO enzyme[20].  Contrary to the
inhibitory effect of DXM on NO content in this research,
ketotifen did not inhibit the increased NO level in the asthma
rats.  Therefore, the regulatory effect of NO on 5-LO and
LTA4-H requires elucidating.

In the present research, the correlative increase of 5-LO
pathway and proinflammatory mediators between cerebral
cortex and lung tissue were shown in sensitized rats after
repeated antigen challenge.  We postulate that an increase of
5-LO pathway expression and pro-inflammatory mediators
of the brain may have regulatory effects on pulmonary in-
flammation of asthma.
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Abstract
Aim: To investigate the biological activity of human lens epithelial cells (HLEC)
in producing inducible nitric oxide synthase (iNOS) and nitric oxide (NO), and to
assesse the effect of diethyldithiocarbamate (DDC) on iNOS mRNA levels and
expression of NOS.  Methods: The human lens epithelial cell line SRA 01/04 was
used in this experiment.  Semi-quantitative reverse transcription polymerase chain
reaction (RT-PCR) and Western blotting were used to detect, respectively, iNOS
mRNA expression and protein production.  Results: A costimulation by inter-
feron gamma (IFN-γ) and lipopolysaccharide (LPS) was necessary for iNOS ex-
pression in HLEC.  The expression of iNOS was significantly reduced in a dose-
dependent manner by adding DDC from 10 µmol/L to 1 mmol/L.  Conclusion:
The expression of iNOS in HLEC needs co-stimulation with IFN-γ and LPS and it
is inhibited by DDC.
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Introduction
Cataracts are still the most important cause of blindness

in the world and are a significant and increasing global
problem.  The mechanism of cataract development is com-
plicated and involves many factors.  For many years, we have
been involved in the development of anti-cataract treatments
and investigating the mechanisms of cataract development.
Our previous studies on selenite-induced rat cataracts dem-
onstrated that the NO concentration in ocular tissue was sig-
nificantly higher than in normal rats.  Inducible nitric oxide
synthase (iNOS or NOS2) is thought to play a role in the
initiation of cataracts, and the development of cataracts is
prevented by NOS inhibitors[1].  We researched whether NO
was produced by the ocular tissues or comes from other parts
of the body, so we selected human lens epithelial cells
(HLEC) for further study.

Inducible NOS, one of the three isoforms of NOS, ca-
talyses the oxidization of L-arginine and generates large
amounts of NO[2]; it does not require elevated intracellular
Ca2+ levels for activation.  In addition, its function lasts for a
longer period than that of constitutive NOSs (endothelial
NOS, eNOS; neural NOS, nNOS).  Inducible NOS can be

produced by treatment with agents, such as cytokines,
interferons and bacterial lipopolysaccharide (LPS), in a wide
variety of cell types such as macrophages, hepatocytes,
keratinocytes, endothelial cells, and epithelial cells[3-7].  In
the eye, eNOS and nNOS are localized in the retina, ciliary
body and conjunctiva, and are thought to be involved in
neurotransmission, regulation of intraocular pressure and
vasodilation, while iNOS is involved in endotoxin-induced
uveitis and inflammation of the anterior segment of the eye,
and inhibits the cellular proliferation of retinal pigment epi-
thelial cells[8,9].  Therefore, the purpose of this study is to
investigate the biological activity of HLEC in iNOS expres-
sion and NO production.

Diethyldithiocarbamate (DDC), a potent free radical
scavenger, has been found to prevent selenite-induced opacity
in cultured rat lenses[10].  This was thought to be related to its
anti-oxidant effect.  It has been reported that both NO and
its derivative peroxynitrite (ONOO–) inhibit mitochondrial
respiration and may increase oxygen radical production by
mitochondria.  Large or persistent levels of NO promote
mitochondrial oxidant formation, and inhibit the respiratory
chain complexes, probably by nitrosylating or oxidizing pro-
tein thiols and removing iron from the iron-sulphur centres.
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Peroxynitrite causes irreversible inhibition of mitochondrial
respiration and damage to a variety of mitochondrial com-
ponents via oxidizing reactions, most notably at complexes
I and II of the electron transport chain, ATPase, aconitases,
and Mn-superoxide dismutase[11,12].  These damages lead to
deficient energy metabolism.  Usually, in the initiation of
cataractogenesis, deficient energy metabolism occurs with
mitochondria function disorder.  Thus, the effect of DDC
for the prevention of NO overproduction was also investi-
gated in this study.

Materials and methods

Materials  DDC and bovine serum albumin (BSA) were
purchased from Wako Pure Chemical Industries Ltd (Osaka,
Japan).  Dulbecco’s modified Eagle’s medium (low glucose)
(DMEM), fetal bovine serum (FBS), 0.05% trypsin-EDTA
solution and phosphate buffered saline (PBS) were purchased
from GIBCOTM Invitrogen Co (Tokyo, Japan).  Gentamicin
reagent solution (10 g/L) was obtained from GIBCO BRL
Life Technologies (Japan).  Interferon-γ (IFN-γ) was pur-
chased from PeproTech EC Ltd (London, UK).  LPS puri-
fied from Escherichia coli was obtained from Sigma-Aldrich
Co (St  Louis, MO, USA).  Protease inhibitor cocktail tab-
lets were obtained from Complete Roche Applied Science
(Japan).  All the primers used were synthesized by Sigma
Genosys (Sigma Genosys, Japan, KK).  Alkaline phosphatase
(AP)-conjugated anti-rabbit IgG and ProtoBlot II AP Sys-
tem with Stabilized Substrate (BCIP/NBT) were obtained
from Promega Co.  All other chemicals used, except where
indicated, were of analytical grade.

Cell culture and treatments  The human lens epithelial
cell line SRA 01/04 was provided by Ibaraki Medical
University, and maintained in DMEM supplemented with
10% (v/v) heat-inactivated FBS and 10 mg/L gentamicin at
37 oC in a humidified CO2 incubator (ESPEC BNA-111,
TABAI ESPEC CORP, Japan) with 5% CO2.  Culture me-
dium was changed every other day.  The confluent cells were
separated and trypsinized with 0.05% trypsin-EDTA to pro-
duce single cells, after which they were seeded at 4×104 cm-2

and allowed to form subcultures.  Cell viability was assessed
by Trypan blue exclusion assay.  Each treatment was carried
out on d 3 after seeding, when the cells were 80% confluent.
The culture medium was changed every other day for rou-
tine culture, and then 1 h before each experiment.  All cul-
tures were carried out in duplicate.

Semiquantitative reverse transcription-polymerase
chain reaction (RT-PCR) for iNOS mRNA evaluation
Total cellular RNA was extracted and purified from HLEC

with the RNeasy Mini Kit and RNase-Free DNase Set
(QIAGEN KK, Tokyo, Japan) according to the manufacturer’s
instructions.  The RNA level was quantified by measuring
the absorbance at 260 nm.  The samples with a ratio of
260/280 nm greater than 1.8 were used.  RT-PCR was per-
formed using the RNA PCR Kit (AWV Ver 2.1, TAKARA
BIO INC, Tokyo, Japan).  As a control for calibrating an
equivalent amount of input cDNA, the mRNA level of con-
stitutively expressed G3PDH was determined in parallel
aliquots of cDNA to control any differences in cDNA syn-
thesis efficiency.  In general, total RNA 1 µg was added to a
20 µL volume of reaction medium for reverse transcription,
and all PCR procedures were performed using a volume of
50 µL according to the manufacturer’s instructions.  The
primers used in this study were as follows: iNOS (sense, 5 -́
CCAGT GACAC AGGAT GACCT TCAG-3  ́and antisense,
5 -́TGCCA TTGTT GGTGG AGTAA CG-3´), and human
G3PDH (sense, 5 -́CATCA CCATC TTCCA GGAGC
GAGA-3  ́ and antisense, 5 -́CCACC ACCCT GTTGC
TGTAG CCA-3´).  The cycling conditions were: 35 cycles
for iNOS and 20 cycles for G3PDH at 94 oC for 30 s, 65 oC
for 30 s, and 72 oC for 1 min for amplifying 603 bp and 752
bp products, respectively.  Finally, the extension of prod-
ucts was performed at 72 oC for 10 min.  PCR-amplified
samples were run on 1.5% agarose gel and visualized using
ethidium bromide, and then photographed (ImageMaster
VDS-CL, Amersham Biosciences) under UV light.

Western blotting for determination of iNOS protein
At the end of the treatment, cells were washed with ice-cold
phosphate buffer and removed from plates by a cell scraper
and centrifuged at 200×g for 5 min.  The cell pellets were
then suspended in 200 µL lysis buffer (Tris·HCl 50 mmol/L,
pH 7.6, protease inhibitor cocktail tablet in PBS 150 mmol/L,
Triton X-100 0.5%) and lysed for 30 min on ice.  The cell
debris was removed by centrifugation at 12 000×g at 4 oC for
20 min.  The protein concentration was determined using a
protein assay kit (Bio-Rad Laboratories, CA, USA) with BSA
as the standard.  A sample of total protein (20 µg) was sepa-
rated on an 8% polyacrylamide sodium dodecyl sulfate (SDS)
gel.  The proteins were then transferred to polyvinylidene
difluoride (PVDF) membranes (BIO-RAD, CA, USA), us-
ing a semi-dry transfer cell (TRans-Blot SD Semi-Dry Elec-
trophoretic Transfer Cell, BIO-RAD, CA, USA).  The trans-
fer buffer used in the system contained Tris·HCl 25 mmol/L,
glycine 192 mmol/L, methanol 20%, and SDS 0.0375%.
After transfer, nonspecific sites on the membranes were
blocked with 5% non-fat dry milk in PBS.  The blots were
probed with 1 mg/L rabbit anti-human iNOS polyclonal anti-
body (Santa Cruz Biotechnology Inc, CA, USA) overnight at
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4 oC followed by washing several times with PBS-0.1%
Tween 20 (PBST).  A secondary alkaline-phosphatase con-
jugated anti-rabbit IgG (1:7500 dilutions) was added, and
incubated for 1 h at room temperature.  After washing several
times in PBST, iNOS proteins were visualized by BCIP/NBT
kit.

Results

Induction of iNOS mRNA  The expression of iNOS has
been studied in most detail in murine macrophages where
maximum expression can be induced by a combination of
IFN-γ and LPS[16].  Figure 1 showed that non-stimulated
HLEC had undetectable levels of iNOS mRNA (lane 1).
Stimulation with LPS or IFN-γ alone for 3 h had a negligible
effect on iNOS mRNA induction (lanes 2 and 3).  HLEC,
pretreated with IFN-γ for 3 h, then washed twice with PBS,
followed by an incubation with LPS for 3 h, had a very thin
band (lane 4), whereas, cells treated with IFN-γ for 3 h fol-
lowed by co-incubation with LPS and IFN-γ, produced a
substantial amount of iNOS mRNA (lane 5).

Increasing the amount of LPS from 1 µg/L to 1 mg/L
resulted in a corresponding increase of iNOS mRNA levels
(Figure 2A).  With the co-incubation time increase, the in-
tensity of the iNOS bands tended to increase (Figure 2B).
On the contrary, extending the pretreatment time of IFN-γ
from 1 d to 2 d did not produce a stronger iNOS band (Figure
2C, lane 5 vs 3).

Inhibitory effect of DDC on iNOS expression   Figure
3 shows the effect of DDC on iNOS mRNA expression.  In-
cubation with LPS, IFN-γ, or DDC alone failed to produce
iNOS mRNA or protein, while the combination of LPS and
IFN-γ resulted in the expression of iNOS (lane 4), and the
expression was inhibited by adding DDC to the culture me-
dium (lane 5).  However, the induction of iNOS by LPS and

IFN-γ was attenuated in HLEC that had been loaded with
DDC.  In addition, the inhibitory effect was enhanced at in-
creased DDC concentrations from 10 µmol/L to 1 mmol/L
(Figure 4).

Figure 1.  Transcription of iNOS mRNA in HLEC treated with/without
IFN-γ and LPS.  Representative results of the 3 independent experiments
are shown.

Figure 2.  Transcription of iNOS mRNA in HLEC.  HLEC were pre-
treated with IFN-γ for 3 h followed by co-incubation (A) with LPS at
different concentrations, (B) with LPS for indicated time intervals, and
(C) pretreated with IFN-γ for 1 day or 2 day followed by a coincubation
with/without LPS for another 3 h.  Representative results of the 3 inde-
pendent experiments are shown.

Figure 3.  Inhibitory effect of DDC on iNOS mRNA transcription and
protein production.  HLEC were pretreated with/without IFN-γ in the pres-
ence/absence of DDC for 3 h, followed by a 24-h coincubation with/
without LPS.  Representative results of the 3 independent experiments
are shown.
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Discussion
The present research reports the expression of iNOS

mRNA in HLEC stimulated with LPS and IFN-γ.  The co-
incubation of both factors is needed for a quick cellular re-
sponse and large amount of iNOS mRNA production, com-
pared with stimulation with LPS or IFN-γ alone or successively.
The synergistic effect between LPS and IFN-γ, as far as the
transcription of iNOS mRNA is concerned, has been exten-
sively investigated in mouse macrophages[15-17].  LPS is a
common initiator of inflammation, triggering tyrosine phos-
phorylation and activation of mitogen-activated protein ki-
nases (MAPKs)[18].  MAPKs phosphorylate and regulate a
variety of transcription factors, leading to inflammatory gene
expression[19].  In several cell types, LPS also activates tran-
scription nuclear factor kappa B (NF-κB) and regulates iNOS
gene expression[20].  The synthesis of iNOS is mainly regu-
lated at the transcriptional level.  The promoter region of the
iNOS gene from different species has been reported to con-
tain binding sites for several transcription factors.  Those
known to be active include κB sites located both in the en-
hancer and basal promoter[20,21] , two juxtaposed enhancer-
linked IFN-stimulated response elements (ISREs), the distal
one of which is a strong activator[20,21], while the proximal
one is a weak activator of transcription[22] , and an octamer
element in the basal promoter[21].  An IFN-γ activated site
(GAS) is necessary for full expression of the mouse iNOS
gene in response to IFN-γ and LPS.  The binding of Stat1α
to the GAS of the iNOS promoter is required for optimal
induction of the iNOS gene by IFN-γ and LPS[23].  Also, iNOS
gene expression appears to require the simultaneous pres-
ence of all transcription factors binding to their enhancers.
When all are present, transcription is enhanced; when any
one of them is absent, the transcription level is reduced or
completely stopped.  In the case of humans, transcriptional
regulation is a crucial factor in the initiation of cytokine-

stimulated NO production by human iNOS[24].  The two acti-
vator protein-1 sites, as well as the upstream NF-κB site, are
important for LPS and IFN-γ stimulation of human iNOS
induction.

Activation of NF-κB seems to be an essential step for
iNOS induction in most cell types, and the inhibitory effect
of DDC on the transcriptional activity of the iNOS gene may
be due to an effect on the activation of transcription factor
NF-κB, which regulates the expression of a variety of genes
essential for cellular immune response, inflammation, growth,
and development.  Because dithiocarbamates are well-known
antioxidants and NF-κB inhibitors[25,26], and DDC, a dithio-
carbamate analogue, exhibits concentration-dependent
biphasic effects in inhibiting NF-κB activation in cerebral
endothelial cells[27], that is, it inhibits NF-κB activation at
low but not high concentrations (>500 µmol/L).  The present
studies investigated the inhibitory effect of DDC at concen-
trations ranging from 10 µmol/L to 1 mmol/L, and no biphasic
effect was observed.  If a biphasic effect does exist in HLEC,
the “high concentration” should be more than 1 mmol/L.  Our
previous studies on the ocular bioavailability of disulfiram
(DSF), which is a dimer of DDC and quickly converted into
DDC by catalysis of the protein mercapto group in the cor-
nea and aqueous humor, demonstrated that the concentra-
tion of DDC in the aqueous humor was not more than 100
µmol/L after topical administration.  Thus, if DSF is used as
an anticataract agent for the prevention and treatment of
cataracts, the main problem we need to consider is how to
enhance the corneal permeability and bioavailability of DSF
preparations.  Whether the anticataract effect of DDC is due
to its inhibition of NF-κB or not, the signal transduction path-
way linking stimulation of iNOS mRNA in HLEC needs to
be clarified by further investigations.

In conclusion, the present study reports the expression
of iNOS in HLEC, which shows that co-stimulation of IFN-γ
and LPS is required, while the expression is inhibited by
DDC.
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Introduction
Prostate cancer is the most frequent non-cutaneous ma-

lignancy and the second leading cause of cancer death among
males in the western world.  It has long been recognized that
cancer arises as a result of somatic mutations; and a concept
dramatically reinforced by the demonstration that a cellular
“proto-oncogene” is mutationally involved in prostate can-
cer formation.  To date a number of the genes associated
with prostate cancer formation and progression have been
identified, which are deregulated or abnormally over-
expressed contributing to tumor formation.  Recent techno-
logical developments have paved the way for the identifica-
tion of the genes PRC17, Stat3, and Pim[1–5].  Identification of
these genes provides a new target for prostate cancer therapy.

The Pim serine/threonine kinase family was first identi-
fied as a common proviral insertion site in T and B-cell lym-
phomas in mice[6].  To date, three family members have been
identified: Pim-1, Pim-2, and Pim-3.  These related enzymes

show substantial homology, but differ in their tissue expres-
sion[7].  It is unknown to what extent the various family mem-
bers differ in their biochemical effects.  The Pim-2 gene en-
codes a cytoplasmic serine/thronine kinase whose expres-
sion is regulated by hematopoietic cytokines[8,9].  There are
multiple isoforms of Pim-2 protein resulting from the use of
the alternative translation start codon, CTG[10].  Among these
isoforms, the short Pim-2 (34 kDa) form is the most active at
enhancing survival of FDCP1 cells after cytokine withdrawal.
The Pim-2 transgene induces lymphoid tumors, and exhibits
potent synergy with c-myc[9].  Recent studies have indicated
that Pim-2 kinase could phosphorylate the pro-apoptotic pro-
tein Bard on serine 112, and thus inhibit cell apoptosis[11].
Although the contribution of Pim-2 to cancer formation and
progress is relatively unknown, Pim-2 has been recognized
as a procongene, and procongenes are associated with many
types of cancer formation.

 At present, more and more patients are being diagnosed
with early stage prostate cancer because of improvements in

Abstract
Aim: To investigate the effect of antisense oligodeoxynucleotides (ASODN) tar-
geting Pim-2 on cell proliferation of DU-145 cells.  Methods: Three ASODN target-
ing Pim-2 were designed and synthesized.  After transfection with ASODN, cell
proliferation was analyzed using an MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] assay.  In
addition, Pim-2 mRNA, protein levels, and cell cycles were examined.  Results:
The ASODN designed and synthesized by our laboratory significantly reduced
Pim-2 mRNA level and protein content in DU-145 cells.  After transfection with
ASODN for 48 h, a marked reduction in cell viability was observed in DU-145 cells
in a dose-dependent manner.  No remarkable apoptosis occurred in cells treated
with ASODN compared with control cells.  However, it should be noted that G1

phase arrest was clearly observed in ASODN-treated cells.  Conclusion: ASODN
targeting Pim-2 resulted in a marked reduction in DU-145 cell proliferation, and
induction of G1 phase cell cycle arrest is one of the important mechanisms for
ASODN to reduce cell growth.  Moreover, antisense inhibition of Pim-2 expres-
sion provides a new promising therapy target for prostate cancer.
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diagnostic techniques.  Although surgery and chemotherapy
are effective on patients with localized tumors, the progno-
sis of patients with advanced or metastatic tumors is not
ideal.  It is clear that novel treatment approaches to prostate
cancer are urgently needed.  It is now accepted that antisense
oligodeoxynucleotides have sequences that are complemen-
tary to specific strands of RNA.  Once delivered into a target
cell, the oligodeoxynucleotides hybridise with its RNA
complement and inhibit expression of the corresponding dis-
ease-relevant protein.  More and more data demonstrate that
antisense therapy for cancer is a very promising strategy.
Consequently, the aim of our paper is to investigate whether
inhibition of Pim-2 expression using antisense oligodeoxy-
nucleotides can reduce proliferation of DU-145 cells.

Materials and methods

Antisense oligodeoxynucleotides The antisense se-
quences used in these experiments were designed using a
computational neural network model[12].  BLAST confirmed
that they were specific for the Pim-2 gene.  Eicosomer ASODN
were synthesized in our laboratory using an Applied
Biosystems 391 DNA synthesizer and purified by OPC
(Oligonucleotide Purification Cartrigde) (Perkin-Elmer, Fos-
ter City, CA, USA).  Table 1 shows the sequence of ASODN.

Cell line and culture  Human prostate cancer cell lines,
DU-145, were obtained from the Chinese Academy of Medi-
cal Sciences (Beijing, China).  Cells were cultured in RPMI-
1640 medium (Invitrogen, San Diego, CA, USA) supplemented
with 10% fetal bovine serum (GIBCO BRL, Grand Island, NY,
USA), 100 kU/L benzylpenicillin and 100 mg/L streptomycin.
All cultures were incubated at 37 °C in a 5% CO2 atmosphere.

Cell viability  The effects of ASODN on cellular viability
were determined using an MTS [3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt] assay.  In brief, 3×103 cells were seeded
in 96-well microtiter plate and allowed to attach overnight.
Cells were then transfected with different concentrations

(0.1  µmol/L, 0.2 µmol/L, 0.4 µmol/L, 0.8 µmol/L) of ASODN.
After 48 h of incubation, 20 mL of MTS (Sigma Chemical
Company, St Louis, MO, USA) was added to each well.  The
96-well microtiter plate was incubated for 2 h at 37 °C, and a
490 nm absorbance value was determined using an MR 600
Microplate reader (Wallac, Turku, Finland).  Each assay was
carried out in quadruplicate.  Cellular proliferation inhibition
rate is calculated as: (Acontrol–Asample)/(Acontrol–Ablank)×100%.

Lip-mediated transfection of antisense oligo-
deoxynucleotides  Cells were plated in six-well plates at a
density of 1×105 cells per well.  Transfections were carried
out after plating for 24 h, when cells reached a confluence of
(50–80)%.  Lipofectamine 2000 (Invitrogen) was used for
transfection in this experiment and transfection was carried
out according to the manufacturer’s instructions.  ASODN
concentrations were selected as 0.1 µmol/L, 0.2 µmol/L,
0.4 µmol/L, 0.8 µmol/L, respectively.  After transfection (incu-
bation for 6 h at 37 °C), the cells were washed with phos-
phate-buffered saline (PBS) and incubated in fresh culture
medium.

Reverse transcription-polymerase chain reaction (RT-
PCR) After transfection for 48 h, total RNA was extracted
using TRIzol (Invitrogen) by a single-step phenol extraction.
Subsequent  RT-PCR was carried out using a reverse tran-
scription system (RT-PCR kit, Promega, Madison, WI, USA).
In brief, first strand cDNA was synthesized using an Oligo
(dT)15 primer at 42 °C for 30 min.  The PCR reaction for Pim-2
and β-actin was carried out in a single reaction of 20 mL
volume.  The latter served as a control following 32 cycles of
denaturing at 95 °C for 45 s, annealing at 55 °C for 40s, and
extending at 72 °C for 40 s.  Under this reaction condition,
the amplification showed linearity (data not shown).  PCR
products were run on a 3.0% agarose gel and visualized us-
ing ethidium bromide staining, and the intensities were mea-
sured by scanning the gel with Gel Doc 1000 (Bio-Rad,
Hercules, CA, USA).  Inhibition of Pim-2 mRNA was calcu-
lated according to the following formula:

where Asample is the intensity of Pim-2 PCR product in cells
transfected with ASODN and lipofectamine, A0sample is the
intensity of Pim-2 PCR product in cells transfected with
lipofectamine alone, Acontrol is the intensity of  β-actin prod-
uct in cells transfected with ASODN and lipofectamine, and
A0control is the intensity of β-actin product in cells transfected
with lipofectamine alone.

Western blot analysis  After 72 h of transfection with

Table 1.   The sequence of antisense oligodeoxynucleotides (ASODN).

        No                 Position                       Sequence (5´–3´)

ASODN 1     4–23 CGCCGCGCGCTCGTGCCGAA
ASODN 2 123–142 CCTCGAACGCTTCCCGATCC
ASODN 3 344–363 TGGCCACCTGGAGTCGATCT

  Inhibition percentage (%) = (   1-Asample×A0control   )×100
                                                   Acontrol×A0sample
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Figure 2.   Inhibition of Pim-2 protein expression in DU-145 cells
after transfection with antisense oligodeoxynucleotides (ASODN) 1,
2, and 3. (A) Cell extracts were separated using sodium dodecyl sul-
fate gel electrophoresis, transferred to a membrane and blotted with
anti-Pim-2 goat polyclonal antibody.  Anti-β-actin rabbit polyclonal
antibodies were used as loading control.  (B) Quantification of the
data presented in (A).  Data are expressed as mean±SD from four
independent experiments.  P<0.05 vs the cells (CK) transfected with
lipofectamine alone.

ASODN, cells were lysed in RIPA buffer [10 mmol Tris-HCL
(pH 7.4), 1% deoxycholate, 1% NP40, 150 mmol NaCl, 0.1%
SDS, 0.2 mmol phenylmethyl sulfonyl fluoride, 1 mg/L
aprotinin and 1 mg/L leupeptin] for 30 min on ice.  The ly-
sates were centrifuged at 12000×g for 15 min to remove debris.
Protein samples (30 µg) were separated using 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel and transferred onto hybond-polyvinylidene
difluoride (PVDF) membranes (Schleicher & Schuell Bio-
sciences, Inc, Keene N H, USA).  Pim-2 protein was identi-
fied using anti-Pim-2 primary and peroxidase-conjunct sec-
ondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
USA).  Finally, the reactive band was visualized using an
ECL-plus Detection Kit (Amersham Biosciences) and
scanned by Gel Doc 1000 (Bio-Rad).

Cell cycle and apoptosis analysis  Cell cycle assays were
carried out as described previously[13].  In brief, cells were
harvested after transfection with 0.4 µmol/L ASODN for 48
h, and fixed with 70% ethanol at -20 °C overnight.  Fixed cells
were washed twice again with PBS, and stained with 50 
mg/L propidium iodide (PI) in the presence of RNase A.  The
stained cells were analyzed for DNA content by fluorescence-
activated cell sorting (FACS) in a FACScan (SOBR model,
Becton-Dickinson, San Jose, CA, USA).  Cell cycle fractions
were quantified with CellQuest (Becton Dickinson), and
apoptosis was estimated using the fraction of sub-G1 phase
cells.

Statistics  Data were expressed as mean±SD.  Statistical
analysis were carried out using Student’s t-tests (two-tailed).
P<0.05 indicates statistical significance.

Results
Effects of ASODN on Pim-2 expression  After transfec-

tion of ASODN targeting Pim-2, semi-quantitative RT-PCR
was used to determine the inhibitory effects on Pim-2 mRNA
transcription.  ASODN 1–3 examined in the present study
exerted different inhibitory effects on mRNA transcription
(Figure 1A).  The Pim-2 transcription level was decreased by
64.5%, 56.8%, and 55.2% (P<0.05) in DU-145 cells by
ASODN1-3, respectively (Figure 1B).  In addition,  the Pim-2
protein amount was diminished by treatment with ASODN
compared with the control (Figure 2).

Effects of ASODN on cell viability      As shown in Figure  3,
all of the ASODN targeting Pim-2 gene treatment significantly
decreased cell viability, and the inhibition rate was dose-
dependent.

Effects of ASODN on DU-145 cell growth arrest and
apoptosis  Flow cytometry was used to quantify changes in

Figure 1.  Effects of antisense oligodeoxynucleotides (ASODN) on
mRNA level of Pim-2 in DU-145 cells.  (A) Electrophoresis of re-
verse transcription–polymerase chain reaction products of the Pim-2
gene and β-actin gene in DU-145 cells transfected with ASODN1, 2
and 3.  (B) Quantification of the data presented in (A).  Data are
expressed as mean±SD from four independent experiments.  P<0.05
vs the cells transfected with lipofectamine alone.
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cell cycle and apoptosis 48 h after treatment with Pim-2
ASODN.  All of the ASODN targeting Pim-2 increased the
fraction of cells undergoing growth arrest at G0/G1 in DU-145
cells, and the inhibitory effect of ASODN1 was greater than
the others (Table 2).  It should be noted that no apparent
apoptosis occurred in cells after treatment with any of the
ASODN (Figure 4).

Discussion

 The balance between cell death and cell proliferation
determines cells survive or die.  Although the detailed mecha-
nism and function of Pim-2 in cells are still unknown, re-
search suggests that Pim-2 acts as an important factor to
mediate cell survival.  Consequently, ASODN against Pim-2
are anticipated to restrain cell proliferation.  In this experiment,
three ASODN targeting Pim-2 were designed and synthe-
sized by our laboratory.  Results indicated that all three
ASODN could specifically reduce the mRNA transcription
and protein expression level of Pim-2 in DU-145 cells

(Figures 1, 2).
Prostate cancer is the most frequently diagnosed cancer

in men.  The incidence of prostate cancer rose in the late
1980s and early 1990s as a result of increased life expectancy,
earlier and more accurate diagnosis, and increased public
awareness of the disease.  Nowadays, prostate cancer is
believed to be the second leading cause of cancer related
death in men.  Thus, there is an urgent need to develop
efficient therapy approaches to prostate cancer.  Data pre-
sented here indicate that our ASODN could repress DU-145
cells growth to varying extents, and inhibitory effects were
dose-dependent (Figure 3).

Despite extensive investigation, the physiological sub-
strates of the Pim-2 kinase remain unknown.  However,
ASODN against Pim-2 induced marked G1 phase cell cycle
arrest in DU-145 prostate cancer cells (Table 2).  This result
implies that a number of proteins that are associated with
cell cycle control are substrates of Pim-2 kinase.  Similarly,
Pim-1, its homological gene, was found to phosphorylate
the cell cycle inhibitor p21Cip1/WAF1 and abrogate G1 phase
cell cycle arrest[14].  Taken together, these results offer evi-
dence that the Pim serine/threonine kinase family show sub-
stantial homology, which can mediate the activity of a num-
ber of cell cycle related proteins.  This experiment, implies
that, in DU-145 cells, Pim-2 kinase is not the essential factor
determining cell survival.  In addition, abrogation of G1 phase
cell cycle arrest by Pim-2 serine/threonine kinase may be an
important mechanism for prostate cell proliferation.

 Antisense therapeutics for cancer are, after decades of
difficulties, finally close to fulfilling their promise in the clinic.

Table 2.  Cell cycle distribution of DU-145 cells (%) treated with
antisense oligodeoxynucleotides (ASODN).  bP<0.05 vs the control
group.

Cell cycle      ASODN1      ASODN2        ASODN3       Control
  (phase)

G0/G1 71.68b 69.78b 65.72b 51.76
G2/M   7.06   8.13   8.26   9.26
S 21.26b 22.09b 26.02b 38.98

Figure 3.   Effects of antisense oligodeoxynucleotides (ASODN) on
the proliferation of DU-145 cells.  Data are expressed as mean±SD
from four independent experiments. Figure 4.  Analysis of cell apoptosis after transfection with antisense

oligodeoxynucleotides (ASODN) in DU-145 cells.  Cells transfected with
lipofectamine alone were used as a control.
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Antisense compounds targeting certain genes, such as HER-
2, VEGF, IGF-IR, and protein kinase C, were reported to effi-
ciently inhibit target gene expression[15–18].  Advances in de-
fining molecular abnormalities in prostate cancer offer the
hope of improving both the diagnosis and therapy of the
disease.  It is now well established that the progression of
epithelial cells in the prostate from normal to dysplastic or
adenomatous epithelium to carcinoma in situ and finally to
invasive carcinoma is the result of the sequential accumula-
tion of genetic abnormalities involving oncogenes and tu-
mor suppressor genes.  A number of genetic mutations are
found in prostate cancer, including activating mutations of
the Pim-2 oncogene and loss of the tumor suppressor gene
P53

[1–5].  In the present study, our antisense compounds could
downregulate the expression of target mRNA level in vitro,
as well as display certain antitumor activity.  It is possible
that antisense or other small molecule approaches to inhibit
Pim-2 signaling may play a role in the treatment of patients
with prostate cancer.  In addition, a significant fraction of
non-prostate tumors, including many colon, gastric, and tes-
tis carcinomas express elevated Pim-2 levels[19,20].  Whether
or not antisense ODN targeting Pim-2 can also show antitu-
mor activity against such neoplasm requires further study.

 In summary, ASODN designed and synthesized by our
laboratory against Pim-2 can efficiently suppress target gene
expression and inhibit the growth of DU-145 cells, providing
a new promising therapy target for prostate cancer.
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Abstract
Aim: To examine the effect of venom from the spider Macrothele raven on cell
proliferation and cytotoxicity in human cervical carcinoma,  HeLa cells.  Methods:
Morphological and biochemical signs of apoptosis appeared using acridine or-
ange-ethidium bromide (AO/EB) staining.  Marked morphological changes in HeLa
cells after treatment with spider venom were observed using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).  Cell prolifera-
tion and cytotoxicity were determined by [methyl-3H] thymidine assay ([3H]TdR)
and lactate dehydrogenase (LDH) release, respectively.  DNA fragmentation and
cell cycle distribution were monitored using flow cytometry.  In addition, Western
blot analysis was used to evaluate the level of caspase-3 expression.  In vivo
examination of the inhibition of the size of tumors in nude mice treated with spider
venom was measured.  Results: Marked morphological changes were observed
using AO/EB staining, SEM and TEM assay.  Spider venom at concentrations of
10–40 mg/L caused dose- and time-dependent inhibition of HeLa cell proliferation.
The ratio of apoptosis and necrosis increased.  The activity of caspase-3 was
upregulated after spider venom treatment.  In vivo study of tumor size revealed
that tumors significantly decreased in size from controls to tumors treated for 3
weeks with spider venom (P<0.05).  Conclusion: The inhibition of HeLa cells by
the venom of the spider Macrothele raveni was carried out in three ways: induc-
tion of apoptosis, necrosis of toxicity damage and direct lysis.  Spider venom is a
novel anti-tumor material both in vitro and in vivo.
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Introduction
Spider venoms are biochemically and biologically well

studied world-wide and we know as much about spider ven-
oms as we know about other animal venoms, such as snake
venoms, bee venoms, and scorpion venoms.  In general, the
main toxin components of most spider venoms have been
well identified as a complex mixture of proteins, polypep-
tides, polyamine neurotoxins, nucleic acids, free amino acids,
monoamines, and inorganic salts that cause a wide range of
effects in both vertebrates and invertebrates[1–3].

As far as the pharmacology and biochemistry of spider

venom is concerned, spider venom represents a wide variety
of ion channel toxins, novel non-neurotoxins, enzymes and
low molecular weight compounds[4].

A number of studies have examined the anti-tumor sub-
stances found in snake venom[5–9], bee venom[10–12], and scor-
pion venom[13].  Many toxins isolated from spider venom
have been invaluable in helping to determine the role and
diversity of neuronal ion channels and the process of exocy-
tosis[14–16].  Six peptide toxins (Magi 1–6) were isolated from
the Hexathelidae spider, Macrothele gigas, dealing with so-
dium channel (Magi 1–5) and high toxicity in lepidoptera
larvae of 3.1 nmol/g (Magi 6)[17].  Toxicological assays
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showed diverse lethal or paralytic activities of Magi 7–16 in
mice and/or insects[18].  The spider Macrothele raveni was
indentified as a new species in the genus Macrothele[19].
There have been two papers published about raven toxin
tests in mice in which the toxins acted as a neurotoxic pep-
tide and blocked neuromuscular transmission[20,21].  To date
there has been no study examining the venom of the spider
Macrothele raveni.  In the present study, the effects of
M raveni spider venom on HeLa cells and possible mecha-
nisms of action were evaluated.

Materials and methods

Reagents  RPMI-1640 (Gibco Laboratories, Grand Island,
NY, USA) dissolved in double distilled water with the pH
value adjusted to 7.0 using NaHCO3, was disinfected and
stored at - 20 ºC.  Fetal calf serum was purchased from Sijiqing
Biological Engineering Company (Hangzhou, China),
sterilized, and stored at -20 ºC.  [3H]TdR was purchased from
the Atomic Energy Institute of China (Beijing, China).
Verapamil, streptomycin, penicillin and 0.5% hydrocortisone
were purchased from North China Pharmaceutical Company
(Shijiazhuang, China).  Propidium iodide (PI), bovine serum
albumin (BSA), and Triton X-100 were purchased from Sigma
Company (St  Louis, MO, USA).  The rabbit polyclonal anti-
body against caspase-3 and rodamine-labeled secondary
antibody were purchased from Santa Cruz Biotech (Santa
Cruz, CA, USA).

Spider venom  Pure spider Macrothele raveni venom
was collected by electrical stimulation of 15 spiders M  raveni
(the weight of each spider was approximately 60 g)[22].  Spi-
der venom was dissolved in phosphate buffered saline (PBS)
and centrifuged at 8000×g for 10 min to remove insoluble
materials.  The concentration of spider venom was adjusted
to 0 (control group), 10, 20, 40 mg/L.  The spider venom was
freeze-dried and stored at -80 ºC until required.

Cell culture  The human cervical carcinoma cell line HeLa
was obtained from the Cellular Biology Institute of the Chi-
nese Academy of Sciences (Shanghai, China).  The frozen
cells were defrosted, transferred into the culture medium
RPMI-1640 supplemented with 10% fetal calf serum, 100 kU/L
streptomycin, and 100 kU/L  benzyl penicillin.  The cells were
grown at 37 °C under a humidified atmosphere of 5% CO2 .

Determination of apoptosis  Morphological evidence of
apoptosis was obtained using acridine orange-ethidium bro-
mide (AO/EB) staining.  Monolayer cell cultures in 96-well
plates were used for these studies.  After removal of the
incubation medium, the cells were rinsed and treated with a
solution composed of AO/EB (100 mg/L PBS of each dye).

Cells were examined using fluorescence microscopy and pho-
tographed (Olympus, Tokyo, Japan).  Viable cells were col-
ored green with intact nuclei.  Non-viable cells had bright
orange chromatin.  Apoptosis was demonstrated by the ap-
pearance of cell shrinkage with condensation and fragmen-
tation of nuclei.  Apoptotic cells were easily distinguished
from necrotic cells because the latter appeared orange with a
normal nuclear structure.  This procedure was used to quan-
tify the number of  apoptotic cells after treatment with spider
venom.  Apoptosis was also quantified using an enzyme-
linked immunosorbent assay (ELISA) kit (Bindazyme; the
Binding Site, Birmingham, UK) that measured the amounts
of mono- and oligo-nucleosomes produced in the cytoplas-
mic fraction of lysed cells as a consequence of DNA frag-
mentation[23].  After treatment with spider venom, cells were
collected and lysed according to the manufacturer’s
instructions.  After centrifugation at 11 000×g for 15 min, equal
amounts (0.3 µg of protein) of the cytosolic fractions were
used for the assays.

Specimens for electron microscopy  HeLa cells in the
exponential phase were used and cultivated with various
concentrations of spider venom for 24 h.  The cells were
harvested and fixed with 25 mL/L glutaraldehyde in 0.1 mol/
L phosphate buffer (pH 7.4) for 2 h at 4 °C.  For scanning
electron microscopy (SEM) examination, the specimens were
postfixed for 1 h in 2% OsO4, dehydrated by adding a series
of graded ethanol solutions to the filtration system and then
slowly dried over the course of 24 h by evaporation.  The
filter was removed  from the filtration apparatus and mounted
on an aluminum stub, after which the cells were gold sputter
coated.  Specimens were examined with a STEREOSCAN
260 SEM at 25 kV.  For transmission electron microscopy
(TEM) examination, cells corresponding to each population
were collected in Haemoline (BioChem Pharma, Allentown,
PA, USA), transferred to microcentrifuge tubes, pelleted, and
fixed in 1% OsO4 (in distilled H2O).  A total of 4×107 cells were
sorted to collect 2×106 cells representative of each of the
individual populations.  After dehydration through a series
of graded alcohol and propylene oxide solutions, the cells
were infiltrated with Epon (epoxy resin) and polymerized.
Ultra-thin sections were cut, recovered on Formvar-coated
copper grids, stained with uranyl acetate and lead citrate,
and then examined with a 100 CXII transmission electron
microscope (Jeol, Tokyo, Japan) operated at 80 kV.

Cell proliferation assay  The inhibition of [3H]TdR in-
corporation into DNA was examined using the pulse-label-
ing method.  Proliferating HeLa cells were seeded onto 96-
well plates and incubated for 16 h.  HeLa cells were treated
with different concentrations of spider venom (0, 10, 20,and
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40 mg/L) for the next 24, 48, or 72 h.  [3H]TdR (37 MBq/L) was
added and HeLa cells were exposed to [3H]TdR for 16 h.  The
cells were then washed three times with PBS, lysed with 1
mol NaOH.  After that the cells were harvested onto glass
fiber filters with an automatic harvester.  Filters were dried
and radioactivity was quantified using liquid scintillation
counter (Beckman LS6500, Fullerton, CA, USA).  Results were
expressed as the percent of specific lysis.  Percent of spe-
cific lysis=100×[percent released from the target in the pres-
ence of effectors (experimental release)–percent released from
the target in the presence of medium only (spontaneous
release)]/(maximal release–spontaneous release).

Cell cytotoxicity assay Lactate dehydrogenase (LDH)
release from cells was used as an index of cytotoxicity or
necrosis.  The quantity of LDH released by the cells into the
medium was measured by the decrease in the absorbance at
340 nm for NADH disappearance within 5 min[13].  After
incubation with various concentrations of spider venom (0,
10, 20, and 40 mg/L) for 24 h, the cell culture supernatant and
medium (100 mL) were mixed with 900 mL PBS and 20 mg/L
BSA.  The percentage of LDH release (n=6) was equal to
LDH activity in the medium divided by activity in both the
cell culture supernatant and the medium×100%.

Cell cycle distribution using flow cytometry  Bivariant
flow cytometry was carried out on cells grown in the pres-
ence (control group) or absence of spider venom (10, 20, and
40 mg/L) after 24 h.  Cells were collected and washed in cold
PBS twice and resuspended in 100 mL of binding buffer
(HEPES containing 2.5 mmol/L CaCl2).  Fluorescein-labeled
annexin V and PI were added to the cell suspension.  Cells
were then analyzed using flow cytometry (Becton Dickinson,
Mountain View, CA, USA).  The DNA content of the cells
was determined by staining with PI.  The cells were incu-
bated in 100 mL of fixing solution (PBS containing 4%
formaldehyde) for 15 min at 4 ºC, washed in PBS, resuspended
in permeabilizing solution (PBS containing 0.1% saponin and
0.1% sodium azide) in the presence of 10 mL of PI, and incu-
bated at 4 ºC for 15 min.  The cells were then washed with
PBS and immediately analyzed using flow cytometry.

 Western blot analysis  HeLa cells exposed to different
concentrations of spider venom ( 10, 20, 40 mg/L and control)
were incubated in six-well plates at a density of 2.5×105 cells/
well for 48 h, followed by a further cultivation of 48 h with
the culture medium replaced with 1 mL of serum-free RPMI-
1640.  The serum-free medium was totally collected.  Equal
amounts of proteins in each sample were resolved in 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and the proteins were transferred onto nitrocel-
lulose membranes.  After being washed in 10 ml/L fat-free

milk, the membranes were incubated with the appropriate
dilution of rabbit polyclonal caspase-3 antibody and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) antibody.
The membranes were then incubated with a horseradish per-
oxidase-conjugated secondary antibody.  Proteins were de-
tected using an enhanced chemiluminescence (ECL) kit ac-
cording to the manufacturer’s protocol (Amersham,
Amersham, Buckinghamshire, UK).

 In vivo reduction in tumor size in nude mice using spi-
der venom  We induced cervical tumors by injecting HeLa
cells (200 µL) under the skin of nude mice with a concentra-
tion of 4×109 cells/L.  Three weeks after tumor growth was
established, treatment was initiated.  Nude mice with tumors
were randomly placed into three groups (10 mice/group) and
treated with spider venom, 1.0, 2.0, 4.0 µg/g body weight of
mice three times per week for 3 weeks by tail vein injections.
The control group of 10 mice received distilled water only as
a placebo.  The mice were killed and tumor size was evalu-
ated by caliper measurements, and tumor volume was calcu-
lated as length×width×depth.

Statistical analyses  Significant differences between
groups were tested using Mann-Whitney U tests with a sig-
nificance level of 95%.  Differences between groups were
considered statistically significant at P<0.05.  Analyses were
carried our using the Prism software package (GraphPad,
San Diego, CA, USA).

Results

Effects of spider venom on viability and apoptosis in HeLa
cells  Our study was carried out using HeLa cells grown in
serum-free monolayer cultures.  We observed using light
microscopy that treatment with spider venom (10, 20, and 40
mg/L) initially produced clusters of packed cells (data not
shown).  After 24 h of treatment, the bulk of the cells ap-
peared to be seriously damaged.  To investigate the type of
cell death induced by spider venom, the cells were stained
with AO/EB, which allows the identification of viable,
apoptotic and necrotic cells based on color and  appearance.
Staining with AO/EB of the samples treated with different
concentrations of spider venom (Figure 1) showed different
percentages of orange-stained cells.  Viable cells were green
with intact nuclei.  Non-viable cells had bright orange
chromatin.  Apoptosis was demonstrated by the appearance
of cell shrinkage with condensation and breaking up of the
nuclei.  Apoptotic cells were easily distinguished from ne-
crotic cells because the latter appeared orange with a normal
nuclear structure.  This procedure was used to quantify the
number of  apoptotic cells after treatment with spider venom.
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A number of cells exhibited a flattened polygonal morpho-
logy, whereas other cells showed morphological features of
apoptosis, consisting of a decrease in cell volume, membrane
broken, and breaking up of the nuclei.  Moreover, the major-
ity of these non-viable cells, together with a number of vi-

able cells, showed broken nuclei and other signs of apoptosis.
Morphological observations  After exposure to spider

venom for 24 h, SEM confirmed that HeLa cells treated with
spider venom had morphological features indicative of
apoptosis (Figure 2A,2B).  Compared to cells treated with

Figure 1.  Identification of apoptotic cells using acridine orange-ethidium bromide staining and the effect induced by spider venom (10, 20,
and 40 mg/L). Untreated cells (A) compared with cells treated with spider venom at 10 mg/L (B), at 20 mg/L (C) or at 40 mg/L (D) (×200)

Figure 2.  Morphological observations using scanning electron microscopy.  (A) Control cells (×8000);  (B) Spider-venom-treated cells

(20 mg/L, 24 h) (×8000);  Morphological observations using transmission electron microscopy;  (C) Control cells (×10 500); (D) Spider-
venom-treated cells (20 mg/L, 24 h)  (×10 500).
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control supernatants, approximately 25% of cells exposed  to
spider venom (20 mg/L) for 24 h appeared to be markedly
reduced in size.  These cells were devoid of the villous pro-
jections found on the surfaces of control cells.  In addition,
many of  the spider-venom-treated cells exhibited perturba-
tions of their plasma membranes as evidenced by membrane
smoothing.  Ultrastructural characterization of cells repre-
sentative of the individual populations was achieved through
cell sorting and subsequent evaluation using TEM.  Cells
treated with spider venom possessed well-defined plasma
membranes and contained intact organelles with no evidence
of nuclear condensation (Figure 2C).  In contrast, the major-
ity of cells in the venom-treated group exhibited morpho-
logical characteristics typical of cells in the early stages of
apoptosis.  These characteristics included a decrease in cell
size, intact cell membranes, and flocculation of the nucleus
(Figure 2D).  None of these characteristics were present in
untreated cells.

 Effect of spider venom on [3H]TdR  incorporation in
HeLa cells  Inhibition of DNA synthesis was examined in
the presence of spider venom (Figure 3).  Proliferating HeLa
cells were exposed to different concentrations of spider
venom for 24, 48, or 72 h.  The cells were then treated with
[3H]TdR for 12 h.  Synthesis of DNA in these cells was
inhibited, with IC50 ranging from 20 to 30 mg/L after 24 h, 48
h, 72 h.  The degree of growth inhibition of HeLa cells in the
presence of spider venom was dose-dependent.  Spider venom
significantly decreased cell proliferation, but the degree dif-
fered with the variant concentrations (P<0.01).  The spider-
venom-induced inhibition of cell proliferation was also time

dependent.  Spider venom significantly decreased cell
proliferation, and again the decrease differed with time (P<
0.01).

Cell cytotoxicity of spider venom on HeLa cells  Cell
cytotoxicity was directly measured by LDH release (Figure
4).  After 24 h incubation, spider venom (0, 10, 20,  and 40 
mg/L) significantly increased cell cytotoxicity (P<0.05) com-
pared with the control group (5.95%).  Increased cell cyto-
toxicity occurred with increased concentrations of spider
venom.  The activity is to be time- and dose-dependent.

Effect of spider venom on apoptosis ,  necrosis ratio, and
cell cycle  Cells were exposed to different concentrations of
spider venom (10, 20, and 40 mg/L).  Cells in the early phase
of apoptosis were labeled using single annexin V
fluorescence.  The ratio of apoptosis and necrosis in the
cells increased with increasing venom concentrations.  The
early stages of apoptosis and necrosis started 5 h after treat-
ment of HeLa cells with 40 mg/L spider venom (Table 1).

Cell cycle distribution, cell proliferation and apoptotic

Table 1 .   Effects of spider venom on the ratio of apoptosis and
necrosis in Hela cells.  n=6.  Mean±SD.  bP<0.05, cP<0.01 vs control.

  Group/mg·L-1               Ratio of apoptosis and necrosis/%
                                        5 h                                15 h
                          Apoptosis     Necrosis       Apoptosis     Necrosis

Control   0 0.20±0.01         0 1.10±0.14        0
Spider 1 0   5.7±0.2b   7.1±0.3c   8.2±1.9b 12.9±1.0c

venom 20    16.6±1.2c 20.4±2.0c 19.2±1.0c 34.5±2.3c

40    20.8±2.8c 40.6±0.4c 25.1±2.4c 61.3±2.6c

Figure 3 .  Effect of spider venom (10, 20 and 40 mg/L) on the
proliferation of cells measured by [3H]TdR assay. Results are ex-
pressed as % of control cells (n=6. Mean±SD.  bP<0.05, cP<0.01 vs
control group) using an ANOVA with subsequent multiple compari-
son tests.

Figure 4.  Effects of spider venom (10, 20, and 40 mg/L) on cell
cytotoxicity in Hela cells determined by lactate dehydrogenase (LDH)
release.  Values not sharing the same letter differed significantly
(n=6.  Mean±SD.  cP<0.01 vs control group) using an ANOVA with
subsequent multiple comparison tests.
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damage of DNA were determined using a flow cytometer.
Results showed the accumulation of cells in S and G2/M, and
a corresponding reduction in the percentages of cells in
G0/G1 (Table 2).

Effects of spider venom on the activitiy of caspase-3  To
elucidate the pathway leading to apoptosis, we examined
the activation of caspase-3, which was reported to initiate
apoptosis after various stimuli.  HeLa cells treated with spi-
der venom (10, 20, and 40 mg/L) for 48 h were analyzed for
enzymatic activity using a Western blot analysis.  Caspase-3
activity changed at 48 h in HeLa cells (Figure 5).  The activity

Discussion
A number of possible biological and biochemical effects

of spider venom were investigated in the present study.
Cells excluding vital dyes were considered to be viable.

However, our current results suggest that many of these
cells are actually undergoing apoptotic cell death despite
having relatively intact cell membranes.  Spider venom at
doses of 40, 20, and 10 mg/L significantly decreased cell
proliferation in HeLa cells, in a dose-dependent and time-
dependent manner.

Aside from the inhibitory effect of spider venom on cell
proliferation, spider venom at the same doses (10, 20, and 40
mg/L) significantly increased cytotoxicity determined by
LDH release in the cells. The cytotoxic effect of spider venom
reached a plateau at doses over 160 mg/L.  The cytotoxic
effect of spider venom could be attributed to necrosis[24].
The total number of cells present will be directly propor-
tional to the background-subtracted fluorescence values,
which represent LDH activity.  It is relatively easy to distin-
guish between complete cell lysis occurring at time zero ver-
sus 50% cell lysis at 24 h, 48 h, and 72 h and this result was
observed in the “lysed”data (Figure 4).

 Meanwhile, we directly measured apoptosis using flow
cytometry.  Apoptosis in HeLa cells was increased in the
spider venom-treated groups.  It is possible that apoptosis

Table 2 .   Effect of spider venom on cell cycle distr ibution and
apoptosis in cells.  n=10.  Mean±SD. bP<0.05, cP<0.01 vs control.

   Group/mg·L-1                          Cell cycle distribution/%
                                        G0/G1                  S                 G2/M

Control   0 59.3±1.2 28.9±0.5        10.7±1.4
Spider 1 0 63.2±2.1c 26.8±3.9b 9.8±0.6b

venom 2 0 68.6±3.7c 22.1±0.4c 9.3±1.5b

40 74.1±2.7c 19.7±1.8 c 6.1±1.3c
Table 3.   Effect of spider venom on size of tumor cells in nude mice.
n=10.  Mean±SD.  cP<0.01 vs control.

       Group/µg·g-1                                       Size of the tumor/mm3

Control 0 55.5±0.4
Spider venom 1.0 39.7±0.6c

2.0 24.7±0.5c

4.0 12.2±0.2c

Figure 5.  Effects of spider venom on the levels of caspase-3 pro-
tein in HeLa cells after treatment for 48 h.  As an internal control,
GAPDH protein was blotted concurrently.  (A) Caspase-3 protein
expression in control group (lane 1), and in the spider venom treat-
ment groups (10 mg/L, lane 2; 20 mg/L, lane 3; 40 mg/L, lane 4). (B)
Densitometric analysis of the levels of caspase-3 using an image
analysis system.  Data are expressed as the ratio to the internal
standard.  n=6. Mean±SD.  cP<0.01 vs control group. ANOVA with
subsequent multiple comparison tests.

was enhanced significantly (1.7-, 2.2-, and 4.3-fold,
respectively, versus controls, P<0.01).  Western blotting
analysis, revealed that the exposure of HeLa cells to spider
venom enhanced the activity of caspase-3, which became
four-fold higher than that in the control cells (Figure 5).

 In vivo reduction in tumor size in nude mice using spi-
der venom  We have investigated the effect of spider venom
in nude mice with tumors.  Mice were killed 21 d after treat-
ment and tumor size was determined.  In the groups injected
with various concentrations of spider venom by the tail vein,
the size of the tumor inside the skin was significantly smaller
(P<0.01) than in untreated mice (Table 3).
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contributes to the cytotoxic effect of spider venom.  Changes
in cells associated with the early phases of apoptosis in-
clude a loss of cell membrane phospholipid symmetry.  The
effect of spider venom on HeLa cells was analyzed using
fluorescein-labelled annexin V-stained and PI-stained cells
(Table 1). Thus, our findings revealed that spider venom
resulted in direct necrosis and indirect apoptosis (Table 1) to
kill HeLa cells.

To examine whether growth inhibition of HeLa cells by
spider venom resulted from cell cycle arrest, cell cycles
treated with spider venom were analyzed using flow
cytometry.  The inhibitory effect of spider venom on growth
of the cells may result from G0/G1 cell cycle arrest.

Caspases are common and critical components of the
cell death pathway.  Among these caspases, caspase-3-like
proteases mediate the initiation and/or execution stages of
programmed cell death[25,26].  The active enzyme takes part in
the execution phase of apoptosis and it has been demon-
strated that a high level of activity of effector caspase-3 in
tumor cells plays a decisive role in their commitment to
apoptosis[27–30].  Caspase-3 is a key executioner of apoptosis,
whose activation is mediated by the initiator caspases, such
as caspase-9[31].  Spider-venom-induced apoptosis was pre-
ceded by the activation of caspase-3, which was clearly ob-
served after 48 h of treatment by direct estimation of its ac-
tivity and by Western blotting analysis, which showed the
conversion of procaspase-3 to the active form of the enzyme.
This result is the same as norcantharidin-induced HeLa cell
apoptosis resulting from an increase in caspase-3 activity[32].

 All these events preceded the appearance of the mor-
phological signs of apoptosis, which were observed in a large
percentage of cells only after 48 h of treatment (Figure 5).
The results from the present study suggested that the cyto-
toxic effect of spider venom on the cells was related to the
induction of apoptosis.

Importantly, the anti-tumor in vivo action of spider venom
resulted in either complete or significant regression of the
human cervical tumors established in nude mice.  Our in
vivo results demonstrate that spider venom confers a sys-
temic effect of tumor regression in a xenograft in a dose-
dependent manner.

In conclusion, we demonstrated that spider venom caused
an inhibition of cell growth in HeLa cells as a result of cycle
arrest and apoptosis.  Moreover, a large part of our study
essentially focused on the mitochondrial pathway and we
determined that one action of spider venom was caspase-3
dependent.  These new findings suggest that spider-venom-
induced effects may have novel applications for the treat-
ment of cancer.
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Abstract
Aim: To determine the inhibitory effect of the synthetic STAT3 siRNA on the
expression of STAT3 gene in human laryngeal cancer cell lines Hep2 and to inves-
tigate the effect of STAT3 siRNA on growth and apoptosis in Hep2 cells.  Methods:
A pair of DNA templates coding siRNA against STAT3-mRNA was synthesized to
reconstruct plasmid of pSilencer1.0-U6 siRNA-STAT3.  Hep2 cells were trans-
fected with RPMI-1640 media (untreated), plasmid (empty), and STAT3 siRNA,
respectively.  Northern blot and Western blot analysis of STAT3 and pTyr-STAT3
expression in Hep2 cells and Western blot analysis of Bcl-2 expression in the Hep2
cell was performed 72 h after transfection.  MTT, flow cytometry, and AO/EB
assay were used for determination of cells proliferation and apoptosis in Hep2
cells.  Results: pTyr-STAT3 was markedly expressed in untreated Hep2 cells and
the vector-treated Hep2 cells, whereas pTyr-STAT3 expression was significantly
reduced in STAT3 siRNA-transfected Hep2 cells, indicating that STAT3 siRNA
inhibited the activity of STAT3.  Transfection of Hep2 cells with STAT3 siRNA
significantly inhibited STAT3 expression at both mRNA and protein level in Hep2
cells and the inhibition was characterized by time-dependent transfection.  Treat-
ment of Hep2 cells with STAT3 siRNA resulted in dose-dependent growth inhibi-
tion of Hep2, this significantly increased apoptotic cell rate, and decreased Bcl-2
expression level in Hep2 cells.  STAT3 siRNA had an effect on induction of either
early or late stage apoptosis.  Conclusion: This study demonstrates that STAT3
siRNA effectively inhibits STAT3 gene expression in Hep2 cells leading to growth
suppression and induction of apoptosis in Hep2 cells.  The use of siRNA tech-
nique may provide a novel therapeutic approach to treat laryngeal cancer and
other malignant tumors expressing constitutively activated STAT3.
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Introduction

Laryngeal carcinoma especially at late-stage is associ-
ated with high morbidity and poor long-term survival due to
the absence of effective treatment methods.  Better under-
standing of molecular mechanisms underlying proliferation,
differentiation, and survival of laryngeal carcinoma is criti-
cal for the development of optimal therapeutic modalities.
Recent studies suggest that signal transducers and activa-
tor of transcription (STATs) have the potential as novel mo-

lecular targets for the development and survival of laryngeal
carcinomas.

STATs are latent cytoplasmic transcription factors that
function as intracellular effectors of cytokine and growth
factor signaling pathways .  Among the STAT family, STAT3
plays a key role in promoting proliferation, differentiation,
anti-apoptosis, or cell cycle progression.  Constitutive
activation of STAT3 is implicated in a variety of tumor cell
lines[1–5], thereby suggesting that STAT3 is an important mo-
lecular target for tumor therapy.
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In vitro studies have shown that inhibition of STAT3
activity in human tumor cells induces apoptosis and/or
growth arrest.  In human head and neck squamous carci-
noma cells, blocking of STAT3 signaling by decoy oligo-
nucleotide or antisense oligonucleotides abrogates trans-
forming growth factor and suppresses oncogenic growth of
these cells[6,7].  STAT3β is a naturally accruing dominant-
negative STAT3 variant that is identical to STAT3 except for
the absence of the transactivation domain[8].  Bowman et al[2]

have reported that blockade of STAT3 signaling by STAT3β
in human myeloma cells down-regulates IL-6-induced expres-
sion of the antiapoptotic gene, Bcl-xL, resulting in a dramatic
sensitization of cells to Fas-mediated apoptosis in vitro.
STAT3β can promote apoptosis in breast cancer cells, in-
hibit Bcl-xL expression, and induce apoptosis[9].  Overall,
these raise the possibility that targeting STAT3 may enhance
antitumor responses in vivo in a variety of human cancers.

 A relatively new technique using RNA interference
(RNAi) provides a novel approach of experimental inhibition
of gene expression.  RNAi is triggered by the presence of
double-stranded RNA (dsRNA) in the cell and results in rapid
degradation of the targeted mRNA with homology to the
double strand leading to potent and selective silencing of
genes.  This phenomenon was first observed from studies in
Caenorhabditis elegans and Drosophila melanogaster and
subsequently, in other organisms[10].  Recent studies have
shown that short interfering (21–25 bp) RNA molecules
(siRNA), but not long dsRNA (greater than 30 bp), are key
elements of RNAi.  Only recently has the use of RNAi
in mammalian studies been established by introducing
siRNA[14].  At present, siRNA has been adapted as a func-
tional genomic tool and has potential as a therapeutic ap-
proach in cancer.

Intriguingly, blocking of STAT3 signaling pathways by
siRNA has been shown to suppress growth and induce
apoptosis in prostate cancer cell lines and astrocytoma
cells[15,16].  However, to date no studies have studied the
effect of inhibition of STAT3 gene expression by siRNA on
laryngeal cancer.  Since STAT3 signaling is critical for the
regulation of proliferation, differentiation, and apoptosis of
tumor cells, we hypothesize that knockdown of STAT3 gene
expression by siRNA should suppress tumor growths and
induce apoptosis in laryngeal carcinoma that observed in
models of prostate cancer and astrocytoma[16,17].

The objectives of the present study were (1) to deter-
mine the inhibitory effect of the synthetic STAT3 siRNA on
the expression of STAT3 gene in laryngeal carcinoma cells
and (2) to investigate the effect of STAT3 siRNA on the
growths and apoptosis in laryngeal carcinoma cells.

Materials and methods

Construction of plasmids that contain DNA templates
for the synthesis of siRNAs were constructed under the
control of the U6 promoter  The pSilencer1.0-U6 (Ambion
Inc  Austin, TX, USA) was used for DNA vector-based
siRNA synthesis under the control of U6 promoter in vivo.
In brief, first, the double stranded DNA template encoding
siRNA oligonucleotides (GeneBank: access numbers for the
human STAT3: NM003150) that contained a sense strand of
19 nucleotide sequences followed by a short space (TTCAA-
GAGA), the reverse complement of the sense strand, and
five thymidines as a RNA polymerase III transcriptional stop
signal were synthesized.  The sequences were forward 5 -́
GCAGCAGCTGAACAACATGTTCAAGAGACATGTTGT-
TCAGCTGCTGCTTTTTT3  ́and reverse 5  ́AATTAAAAA-
AGCAGCAGCTGAACAACATGTCTCTTGAACATGTTG-
TTCAGCTGCTGCGGCC3  ́(locate on SH2 domain).  The oligo
nucleotides were annealed in a buffer (potassium actate 100
mmol/L , 30 mmol/L HEPES-KOH pH 7.4, and magnesium
acetate 2 mmol/L ) and the mixture was incubated at 90 ºC for
3 min and then at 37 ºC for 1 h.  The double stranded oligos
were cloned into the ApaI–EcoR I sites of the pSilencer 1.0-
U6 vector (Ambion Inc) where short hairpin RNAs (shRNA)
were expressed under the control of the U6 promoter.

Cell culture and transfections  The human laryngeal
cancer cell lines Hep2 were obtained from ATCC.  Hep2
cells were cultured in medium RPMI-1640 (Invitrogen, Inc
Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS) and penicillin (100 kU/L) and streptomycin (100
mg/L) at 37 ºC in a humidified incubator with 5% CO2.  For
cell transfection, lipofectamine 2000 (Invitrogen) was used
for transfecting the plasmids following the manufacturer
instructions.  In brief, pEGFP was cotransfected with
pSilencer1.0-U6-siRNA-STAT3 or pSilencer empty vector
at ratio of 1:20 to mark the positive transfected cells,
respectively.  The cells were cultured for 5–20 h and then
transferred to fresh medium with 10% FBS and lysed for 24–
72 h after transfection.

Northern blot  Total RNA was extracted from cell
samples with Trizol (Invitrogen, Carlsbad, CA, USA).  Equal
amounts of 20 µg total RNA were electrophoresed on 1.2%
agarose gel with  formaldehyde 2.2 mol/L and transferred
onto nylon membranes (Hybond-N, Amersham Pharmacia
Biotech).  Blots were incubated with 32P-labeled cDNA
against STAT3 and actin with Hyb and washed according to
the manufacture directions.  Visualization of blots was per-
formed by overnight exposure to Kodak MS film.  Quantifi-
cation of blots developed on films was accomplished with a
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Molecular Dymanics phosphorimager.
Western blot  Total protein was extracted from the har-

vested sample cells with protein lysis buffer (5 mol/L edetic
acid, 300 mmol/L NaCl, 0.1% Igepal, 0.5 mmol/L NaF, 0.5
mmol/L Na3VO4, 0.5 mmol/L PMSF, and antiprotease mixture)
using sonication.  The lysates were centrifuged at 15 000×g
for 30 min.  Determination of protein concentrations of the
supernatants was performed by the Bradford procedure (Bio-
Rad Laboratory, Hercules, CA, USA).  For STAT3 and pTry-
stat3 analysis, the supernatant with 50 µg total protein was
separated by electrophoresis on 10% SDS-Polyacrylamide
gels and transferred onto PVDF membranes (Milipore,
Bedford, MA) and blocked with 5% nonfat dry milk in PBS
with 0.1% Tween-20.  Blots were incubated with specific rab-
bit antibodies against STAT3 and pTry-stat3 and anti-β-ac-
tin antibody (Santa Cruz Biotech, Inc, Santa Cruz, CA, USA)
and washed with TBST and subjected to corresponding HRP-
conjugated secondary antibodies as indicated.  For Bcl-2
analysis, 50 µg of total protein was electrophoresed on 12%
SDS/PAGE gels and transferred onto PVDF membranes
(Milipore, Bradford, MA,USA).  The membranes were probed
with mouse polyclonal antibodies against Bcl-2 antibody
(Dako Biotech, Inc, Glostrup, Denmark) and washed with
TBST and subjected to corresponding HRP-conjugated sec-
ondary antibodies as indicated.  Blots were washed again
with TBST and visualized by enhanced chemiluminescence
detection system (Amersham Pharmacia Biotech, Uppsala,
Sweden).

Proliferation and apoptosis assays in vitro  Hep2 cells
were incubated in 96-well plates.  Cell proliferation was de-
termined by 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazo-
lium bromide (MTT,  Sigma) assay whereby cell numbers
were counted by hemocytometer 72h after transfection.  The
absorbance values at 570 nm (A570) were determined on a
multiwell plate reader.  Cell growth inhibition rate was calcu-
lated according to the following formula:

Growth inhibition rate (%)=[(A570c–A570e)/A570c]×100%
A570c: A570 in control group; A570e: A570 in experimental

group.
For FACS analysis of apoptosis, Hep2 cells were trans-

fected with siRNA-STAT3 or pSilencer empty vector.  After
72 h, cells were collected and washed with cold PBS contain-
ing edetic acid 4 mmol/L.  Cells were fixed in 70% cold ethanol,
collected by centrifugation, and washed once again with
PBS containing edetic acid 4 mmol/L.  Cells were resuspended
in PBS containing edetic acid 4 mmol/L, 20 mL/L of  propidium
iodide (Sigma), 0.2% Triton X-100, 40 mg/L RNase A, and
incubated for at least 30 min at 4 ºC.  The cells were then
analyzed by flow cytometry (FACScan, Becton Dickinson,

Franklin Lakes, NJ, USA), using Cell Quest software.  For
fluoromicroscopic determination of positive apoptosis cells,
95 µL floating cells were mixed with 0.1% AO/EB [acridine
orange (Sigma)/ethidium bromide (Sigma)] and observed
under microscope.

Statistical analysis  Data were expressed as mean±SD.
The square χ2 analysis was performed to evaluate the sig-
nificance of inter-group differences.  Student’s t test was used
for single comparison between two groups.  Two-way
ANOVA using the Student-Newman-Keuls method was
adopted for comparison of variables after treatment.
P<0.05 was considered significant.  All statistical calcula-
tions were performed using SigmaStat statistical software
package (SPSS10.0, Chicago, IL,USA).

Results

STAT3 RNAi by siRNA specifically reduces STAT3 ex-
pression in Hep2 cells  Since STAT3 levels are significantly
higher in tumor cells (including laryngeal tumor) than that in
normal cells, we attempted to determine whether the syn-
thetic STAT3 siRNA could inhibit the expression of STAT3
gene in Hep2 cells.  Treatment of Hep2 cells with siRNA-
STAT3 resulted in a significant decrease of STAT3 expres-
sion at both mRNA (Figure 1) and protein (Figure 2A) level

compared to the untreated Hep2 cells and the vector-treated
Hep2 cells, respectively.  STAT3 expression was specifically
targeted by STAT3 siRNA, since STAT3 siRNA unchanged
the expression of β-actin (Figure 1, 2A).  Of  note is that
pTyr-STAT3 was markedly expressed in untreated Hep2 cells
and the vector-treated Hep2 cells (Figure 2B), indicating that
the detected STAT3 was indeed in the form of tyrosine-
phosphorylated(ie, activated) form.  In the STAT3 siRNA
Hep2 cells, Tyr-STAT3 expression was significantly reduced,
indicating that STAT3 siRNA also inhibited the activity of
STAT3.  Furthermore, as shown by Figure 2C treatment of

Figure 1.  Northern blot analysis of STAT3 mRNA expression in
Hep2 cells in the untreated, empty (vector) , and STAT3 siRNA
groups 72 h after transfection.
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Hep2 cells with STAT3 siRNA caused time-dependent in-
hibitory effect on STAT3 expression in Hep2 cells.

STAT3 siRNA down-regulates Bcl-2 expression in Hep2
cells  Recent data indicate that constitutive activation of
STAT3 induces the expression of anti-apoptotic genes in-
cluding Bcl-2[17]. In order to determine whether Bcl-2 was
involved in the STAT3-mediated apoptotic block in Hep2
cells, in this study Western blot analysis was performed.
Figure 3 showed that Bcl-2 was remarkably expressed in the
untreated Hep2 cells and the vector-treated Hep2 cells,
whereas treatment of Hep2 cells with STAT3 siRNA signifi-

cantly reduced the expression levels.
STAT3  siRNA inhibits growth and survival of Hep2 cells

and induces apoptosis of Hep2 cells in vitro  To determine
whether synthetic STAT3 siRNA had an inhibitory effect on
Hep2 cells growths, we accomplished determination of cell
proliferation with MTT assay.  Table 1 showed that treat-
ment of Hep2 cells with STAT3 siRNA contributed to dose-
dependent inhibition of Hep2 cells, whereas no inhibitory
effect was observed in the untreated Hep2 cells and the
vector-treated Hep2 cells.

Two different methods including flow cytometry analy-
sis and AO/EB staining (nucleus condensation) were adopted
for determination of apoptosis in Hep2 cells (Table 2 and
Figure 4).  Flow cytometry analysis showed that in the STAT3

Table 1.  Inhibitory effect of pSilencer1.0-U6 STAT3 siRNA on the
growth of Hep2 cells.  n=4.  Mean±SD.  bP<0.05 vs the untreated and
empty groups.

          Group                                   A570 nm            Inhibition rate/%

Untreated   0.65±0.05   0.0
Empty   0.61±0.03   6.1
Stat3-siRNA 10 µg   0.54±0.12 16.9
Stat3-siRNA 15 µg   0.46±0.023b 29.1
Stat3-siRNA 20 µg   0.29±0.06b 45.5
Stat3-siRNA 30 µg 0.102±0.03b 84.3

Figure 2.  Western blot analysis of STAT3 and pTyr-STAT3 pro-
tein expression in Hep2 cells.  (A) STAT3 protein expression in
Hep2 cells in the untreated, empty (vector) , and STAT3 siRNA
groups 72 h after transfection.  (B) pTyr-STAT3 protein expression
in Hep2 cells in the untreated, empty (vector), and STAT3 siRNA
groups 72 h after transfection.  (C) STAT3 protein expression in the
STAT3 siRNA-treated Hep2 cells at different transfection time.

Figure 3 .  Western blot analysis of Bcl-2 protein expression in
Hep2 cells in the untreated, empty (vector) , and STAT3 siRNA
groups 72 h after transfection.

Figure 4.  Representative fluoromicrographs of apoptosis detected by AO/EB assay in control and STAT3 siRNA-treated cells.  (A): normal
Hep2 cells.  (B): arrow indicating early stage apoptotic cell.  (C): arrow indicating late stage apoptotic cell.
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siRNA treated cells the apoptosis rate was significantly
higher than that in the untreated Hep2 cells and the vector-
treated Hep2 cells, whereas the apoptosis rate in the vector
treated Hep2 was slightly higher than that in the untreated
Hep2 cells but no significance was achieved (Table 2), indi-
cating that siRNA-STAT3 induced apoptosis in Hep2 cells.
Moreover, AO/EB staining revealed that both early apoptotic
and late apoptotic Hep2 cells were seen in the cells treated
with STAT3 siRNA, suggesting that STAT3 siRNA had not
only an effect on induction of early apoptosis but also late
apoptosis in Hep2 cells (Figure 3).

Discussion
Constitutively activated STAT3 is critical to STAT3 sig-

naling pathway-dependent mechanism of malignancies[7,8,16].
A possible mechanism underlying transformation by acti-
vated STAT3 is the transcriptional upregulation of genes
known to be involved in proliferation and apoptosis in la-
ryngeal carcinomas and other malignant carcinomas.  Under
physiological conditions, STAT3 activation is transient and
lasts from several minutes to several hours due to the tran-
sient nature of cytokine and growth factor signaling and the
presence of proteins such as suppressor of cytokine signal-
ing (SOCS ) and PIAS (STAT blockade) that contribute to
inhibition of STAT3 signaling.  However, constitutive acti-
vation of  protein tyrosine kinase (PTKs) occurs frequently
during tumorigenesis due to activated mutations or aberrant
growth factor or cytokine signaling, which results in consti-
tutive activation of STAT3.  Therefore, it is not surprising
that constitutive activation of STAT3 is ubiquitous in hu-
man carcinomas[3,17,18].  In most instances, STAT3 that is ca-
pable of regulating growth, differentiation, and survival of
cells is characterized by growth promoting manner[19–21].  At
present, STAT3 has been recognized as an important onco-
gene[2,21].

STAT3 is implicated in both embryogenesis and
tummorigenesis.  This may raise the question as to whether
blocking STAT3 is beneficial for malignant carcinoma cells

but harmful to normal cells.  Takeda et al revealed that ho-
mozygous deletion of STAT3 was embryonically lethal[22].
Biochemical studies have shown that disruption of STAT3
signaling with dominant-negative approaches in murine fi-
broblasts does not inhibit normal cell growth[23,24].  Also,
blockade of STAT3 signaling by decoy oligonucleotides in
head and neck cancer cells only decreases the amount of
STAT3 in normal cell but has no significant effect on cell
viability.

Grandis et al[15] have reported that constitutive activa-
tion of STAT3 signaling abrogates apoptosis in squamous
cell carcinogenesis in vivo.  Treatment of tumor cells with
inhibitors of STAT signaling results in decreased cell viabil-
ity and induces apoptosis.  Accumulated evidence has sug-
gested that apoptotic regulatory proteins are implicated in
STAT3 associated-apoptosis inhibition.  It has been demon-
strated that STAT3 regulates transcription from the Bcl-x
promoter.  Moreover, elevated expression levels of Bcl-xL

mRNA in cells transformed by constitutively active STAT3
are observed[25].

Although the recently established approach of  applying
RNAi in mammalian studies  by introducing siRNA can ef-
fectively inhibit gene expression[14,26,27], siRNA at present
has been adopted as a promising genomic tool[17].  Such an
approach overcomes many of the shortcomings previously
experienced with approaches such as antibodies, antisense
oligonucleotides, and pharmacological inhibitors.
Intriguingly, RNAi targeting STAT3 by siRNA inhibits growth
and induces apoptosis of prostate cancer and astrocytoma
cells have been reported from different groups, however to
date no one has known the effect of STAT3 siRNA on laryn-
geal cancer.  Consequently, we have attempted to investi-
gate the potential use of siRNA to block the expression of
gene encoding STAT3 in laryngeal cancer.

To our knowledge we have successfully determined the
inhibitory effect of the synthetic STAT3 siRNA on STAT3
expression in Hep2 cells at both mRNA and protein level
(Figure 1, 2).  We found that STAT3 was remarkably expressed
in Hep2 cells, and treating Hep2 cells with STAT3 siRNA
significantly reduced STAT3 expression levels characterized
by a time-dependent inhibition of the gene expression.  In-
creased STAT3 activation can occur through potential path-
way of elevated constitutive levels of STAT3 protein and
increased STAT3 tyrosine phosphorylation.  In this study,
the use of specific antibody of pTyr-STAT3 reveals that
STAT3 siRNA inhibits not only STAT3 expression but also
the activities of STAT3 in Hep2 cells (Figure 2), thereby con-
firming that the synthetic STAT3 siRNA can effectively in-
hibit STAT3 gene expressions in human laryngeal carcinoma

Table 2.  Percentage of apoptotic cells 72 h after transfection.  n=3.
Mean±SD.  bP<0.05 vs untreated groups.

            Group                                              Apoptosis ratio/%

Untreated 0.42±0.01
Empty 2.87±1.67
STAT3-siRNA 20 µg 18.6±4.3b
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cells.  Our results are consistent with others who have shown
the potent inhibitory effect of STAT3 siRNA on STAT3 ex-
pression in the models of prostate cancer and astrocytoma
cell lines[16,17].  Moreover, other studies have shown that
ubiquitous expression of STAT3 gene exhibits in a variety of
human tumors and can be effectively inhibited by the intro-
duction of STAT3 inhibitors, dominant negative STAT3, and/
or blockade of tyrosine kinases besides STAT3 siRNA
whereby treatment of tumors is achieved.

Recent data indicate that constitutive activation of STAT3
induces expression of anti-apoptotic genes including
Bcl-2[17].  In the present study, to determine whether STAT3-
mediated cell apoptosis in Hep2 cells exists, Western blot
analysis was used for the measurement of Bcl-2 protein
expression.  Additionally, quantification of apoptotic cells
by flow cytometry was also performed in this study.  We
found that apoptosis in Hep2 cells was arrested as evidenced
by low percentages of apoptotic cells (0.42%±0.01% and
2.87%±1.67%) and remarkable expression levels of Bcl-2
protein, whereas treatment of Hep2 cells with STAT3 siRNA
significantly increased the number of apoptotic cells
(18.6%±4.3%, P<0.05) and decreased Bcl-2 protein expres-
sion levels (Table 2 and Figure 3).  This suggests that STAT3
gene expression is an important implication in the regulation
of apoptosis in Hep2 cells.  Furthermore, visualization of
nucleus condensation using AO/EB dyes suggests that the
synthetic STAT3 siRNA has an effect on both early and late
apoptosis.  Our study is consistent with two recent intrigu-
ing reports where STAT3 siRNA was also adopted for the
study of astrocytomas and human prostate cancer[16,17].  All
are supportive for the proposed mechanism underlying
STAT3 participating in oncogenesis is by inhibiting apoptosis
through the induction of anti-apoptotic genes.  Konnikova
et al[17] have demonstrated that STAT3 is required for the
expression of the anti-apoptotic genes survivin and Bcl-xL

(a member of the Bcl-2 family of proteins) in astrocytoma
cells.  Likewise, Lee et al[16] have also shown that inhibition
of STAT3 gene expression by siRNA induces apoptosis of
human prostate cancer.  Moreover, emerging evidence sug-
gests that constitutive activation of STAT3 appears to be
ubiquitous in tumors, which renders tumors cells resistant
to apoptotic death caused by unbalanced expression level
between anti-apoptotic genes and apoptotic genes[15,17,25].
Consistent with this, our recent work also has shown that
human breast cancer cells implanted into nude mice exhibit
remarkable expression of anti-apoptotic genes Bcl-2 but weak
expression of apoptotic gene Bax accompanied by over-ex-
pression of STAT3 gene (Data not shown). The context is

altered by treatment of the breast cancer with STAT3 siRNA
characterized by unchanged expression of Bcl-2 genes, in-
creased expression of apoptotic Bax gene, and significant
inhibition of expression of STAT3 gene, and suppression of
tumor growth (Data not shown).

siRNA has been effectively used in vivo to suppress
gene expression in rats and adult mice whereby it achieves
effective treatment of various organ and/or tissue disorders,
including hepatitis, liver ischemia-reperfusion injury, alloge-
neic transplanted hepatocytes rejection, and CNS dis-
orders[27-29].  This study also represents the first report that
the synthetic STAT3 siRNA effectively suppresses Hep2 cells
growths as evidenced by elevated inhibitory rate of Hep2
cell by STAT3 siRNA transfection (Table 1).  In this study,
an unexpected finding is that treatment of Hep2 cells with
STAT3 siRNA is dose-dependent.  Our results are consis-
tent with other’s reports that STAT3 has the potential as a
promising therapeutic molecular target in tumors including
laryngeal cancer, astrocytomas, and human prostate cancer,
thereby extrapolating that STAT3 siRNA may represent a
novel approach in tumor gene therapy.

Strategies for producing siRNA duplexes include direct
chemical synthesis, transcription with T7 promoter in vitro
and recombinant DNA construction by vector with U6
promoter.  Our results demonstrate that pSilencer1.0-U6
STAT3 siRNA can result in a long-term target-gene inhibi-
tion in Hep2 cells leading to growth suppression and induc-
tion of apoptosis in Hep2 cells.  The STAT3 signaling path-
way has been shown to be critical for the survival of a num-
ber of human tumors.  This therefore raises the possibility
that STAT3 siRNA could become an effective therapeutic
agent for STAT3-dependent tumors.

Conclusion
This study represents the first report that demonstrates

that STAT3 siRNA effectively inhibits STAT3 gene expres-
sion in Hep2 cells leading to growth suppression and induc-
tion of apoptosis in Hep2 cells.  The use of siRNA technique
may provide a novel therapeutic approach to treatment of
laryngeal cancer and other malignant tumors expressing con-
stitutively activated STAT3.
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Introduction
S-Mephenytoin-4’-hydroxylase (CYP2C19) is a geneti-

cally determined enzyme and its phenotypes can be classi-
fied as poor metabolizer (PM) and extensive metabolizer (EM)
[1,2].  When CYP2C19 is the main metabolism enzyme of a
drug, the pharmacokinetics of the drug are different between
the PM and EM phenotypes, such as proton pump inhibi-
tors (PPI).  Recently, rabeprazole (RPZ) has been reported to

be metabolized mainly via a non-enzymatic pathway, with
only minor CYP2C19 and CYP3A4 involvement[3–6].  The phar-
macokinetics of RPZ are assumed to be less influenced by
the CYP2C19 phenotype.  The incidence of PM for CYP2C19
in the Chinese population is very high (17.4%)[7].  However,
it is not clear whether the pharmacokinetics and pharmaco-
dynamics of RPZ depend on the CYP2C19 genotype status
in Chinese people.  Thus, studies examining the effects of
CYP2C19 genetic polymorphism on the metabolism of RPZ

Abstract
Aim: To investigate whether the pharmacodynamics and pharmacokinetics of
rabeprazole are dependent on CYP2C19 genotype status in healthy Chinese Han
subjects.  Methods: The CYP2C19 genotype status of healthy Chinese Han volun-
teers was determined using the polymerase chain reaction-restriction fragment
length polymorphism method. Twenty healthy subjects volunteered to participate
in the study.  There were seven homozygous extensive metabolizers (homEM), six
heterozygous extensive metabolizers (hetEM), and seven poor metabolizers (PM).
All subjects were Helicobactor pylori-negative, which was determined by sero-
logy and 13C-urea breath tests. Rabeprazole (20 mg) was taken orally once daily in
the morning for 8 days, and intragastric pH values were monitored for 24 h by
Digitrapper pH after day 1 (single dose) and day 8 (repeated dose).  Meanwhile,
blood samples were collected at various time-points for 24 h after administration.
The serum concentrations of rabeprazole were measured using high-performance
liquid chromatography.  Results: The mean area under the curve (AUC) values for
rabeprazole differed among the three different genotype groups, with a relative
ratio of 1.0, 1.3, and 1.8 after a single dose and 1.0, 1.1, and 1.7 after repeated doses
in the homEM, hetEM, and PM groups, respectively.  Mean AUC values for
rabeprazole after a single dose and after repeated doses were significantly differ-
ent between the homEM and PM groups, but not between the homEM and hetEM
or hetEM and PM groups.  No significant differences in intragastric pH median,
pH>4 total time, and pH>4 time percentage of 24 h, were observed among the three
different genotype groups after a single dose or after repeated doses of rabeprazole.
Conclusion:  In healthy Chinese Han subjects, the pharmacokinetics of rabeprazole
are dependent on a certain degree on CYP2C19 genotype status; however, the
acid-inhibitory efficacy of rabeprazole is not influenced significantly by CYP2C19
genetic polymorphism.
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in Chinese people are important. In the present study we
observed the metabolic disposition characteristics and phar-
macodynamics of RPZ after a single dose and after 8 days of
repeated doses with reference to different CYP2C19 geno-
type groups to provide valuable data that should be consid-
ered when selecting PPI for patients with acid-related dis-
eases with reference to the CYP2C19 genotype status.

Materials and methods
Subjects and CYP2C19 genotypes  Helicobacter pylori

(H pylori) infection was screened using a serological test
(Dot-immunogold kit, Lanbo Bio-Tech Institute, China) and
a 13C-urea breath test.  DNA was extracted from each indivi-
dual’s leucocytes using a commercially available kit
(Promega, Madison, WI, USA).  Genotyping procedures for
identifying the CYP2C19 wild-type (CYP2C19*1) and the two
mutated alleles, CYP2C19*2 and CYP2C19*3, were carried
out using the polymerase chain reaction and restriction frag-
ment length polymorphism method[8].

A total of 20 H pylori-negative healthy volunteers par-
ticipated in this study.  Seven subjects were classified as
homozygous extensive metabolizers (homEM).  Six were het-
erozygous for exon 5 mutation of CYP2C19 (*1/*2) or het-
erozygous for the exon 4 mutation (*1/*3) and were classi-
fied as heterozygous extensive metabolizers (hetEM).  The
remaining seven subjects were homozygous for the exon 5
mutation (*2/*2) and were classified as the PM group (Table 1).

None of the subjects consumed alcohol or smoking. None
of the subjects had taken any drugs for at least 4 weeks
before or during the study. The Ethics Committee of Anhui
Medical University approved the protocol in advance.  Writ-
ten informed consent was obtained from each subject before
participation in the study.

Study protocol  All healthy volunteers were orally treated
with 20 mg RPZ (Pariet, Eisai Company, Tokyo, Japan) for an
8-day period. The medication was taken once daily at 8:00.

The 24-h intragastric pH monitoring and the measurement of
serum levels of RPZ were carried out on day 1 and day 8.
Two standard meals (12:00, 18:00), prepared at the hospital,
were provided for each subject.

Intragastric pH measurement   After overnight fasting,
a glass electrode was inserted transnasally and placed ap-
proximately 5 cm below the cardia.  The electrode was cali-
brated with standard buffers (pH 1.07 and 7.01) before re-
cording the pH with a Digitrapper pH (Medtronic, Watford,
UK).  Intragastric pH recordings started after the oral dose
of RPZ at 8:00 on d 1 and d 8.

Sample collection and concentration assays of rabepra-
zole  Blood samples were collected before and 0.5, 1, 1.5, 2, 3,
5, 7, 10, 12, and 24 h after RPZ administration on day 1 and
day 8. After collection, the blood samples were immediately
centrifuged at 4000 r/min for 10 min and 100 µL of 1% diethy-
lamine solution was added to the 1 mL sample of RPZ plasma.
All samples were stored at –80°C until assayed.  Plasma lev-
els of RPZ were measured using high performance liquid
chromatography[9,10] .  The lower detection limit for RPZ was
0.01 mg/L.  A good linearity is obtained from 0.01–0.75 mg/L
of RPZ with r=0.999.  The standard curve of RPZ in serum is
Y=124950X – 806.05 (n=5).  The recoveries of three
concentra-tions, 0.05, 0.1, 0.5 mg/L are 75.2%, 84.2%, and
91.0%, respectively.  The RSD of intra-day variation of RPZ
are 5.1%, 9.2%, and 6.8% and the RSD of inter-day variation
are 8.2%, 3.5%, and  4.2% for the three concentrations,
respectively.

Statistical analysis Intragastric pH characters were de-
scribed by the median, mean, pH>4 total time and the pH>4 time
proportion of 24 h from the raw pH values.  The values for the
areas under the serum concentration-time curves (AUC) from 0
to 24 h  for RPZ were calculated using the 3P87 software.  All P
values are two-sided, and P<0.05 indicated statistical
significance.  Data were expressed as mean±SD.  Statistically
significant differences in the mean AUC values for RPZ and
intragastric pH values between the three different CYP2C19
genotype groups were compared using a one-way analysis of
variance (ANOVA) combined with the least significant method
(LSD).  Paired t-tests were used to determine whether there
were differences in the AUC values and intragastric pH values
for RPZ between single and repeated doses.  Statistical calcula-
tions were carried out using SPSS 11.0 software (SPSS Inc,
Chicago, USA).

Results

Role of the CYP2C19 genotype on the acid-inhibitory
efficacy of rabeprazole  Raw data on the mean intragastric

Table 1.   Demographic characteristics of subjects enrolled in the
study with different CYP2C19 genotypes.  Mean±SD.

CYP2C19 genotype  n  Sex          Age/a           Body
                                                                                      weight/kg

homEM  (*1/*1) 7 Male 23.5±0.6 62.1±1.3
hetEM (*1/*2  n=4) 6 Male 22.5±0.8 60.5±2.6
(*1/*3  n=2)
PM  (*2/*2) 7 Male 22.8±0.7 61.8±2.8
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PM groups. No significant increase in the mean AUC values
for RPZ from single to repeated doses was observed in any

Table 3.   Pharmacokinetic characteristics of rabeprazole after single and repeated doses.  bP<0.05 vs homEM. eP<0.05 vs hetEM.  homEM,
homozygous extensive metabolizers; hetEM, heterozygous extensive metabolizers; PM, poor metabolizers.

                                                                                   Day 1                                                               Day 8
 homeEM    hetEM  PM     homEM  hetEM P M

(n=7) (n=6) (n=7)   (n=7)  (n=6) (n=7)

AUC/mg⋅h⋅L-1 1.15±0.33 1.54±0.19 2.02±0.59b 1.45±0.21 1.64±0.25 2.50±0.74b

Cmax/mg⋅L-1 0.15±0.09 0.21±0.12 0.63±0.23be 0.19±0.09 0.37±0.12 0.61±0.19be

Tmax/h 2.69±0.36 2.80±0.41 3.45±0.50 3.14±0.23 3.05±0.40 2.95±0.51
T1/2/h 1.80±0.25 2.03±0.21 2.41±0.49 2.04±0.32 2.43±0.34 2.37±0.36

Table 2.   Intragastric pH values after a single dose (day 1) and repeated doses (day 8) of rabeprazole.  homEM, homozygous extensive
metabolizers; hetEM, heterozygous extensive metabolizers; PM, poor metabolizers.

                                                                                             Day 1                                                              Day 8
     homeEM              hetEM                 PM                   homEM             hetEM               PM

    (n=7)                  (n=6)                 (n=7)                    (n=7)               (n=6)   (n=7)

pH>4 total time of 24 h/min 758.4±191.8 845.6±238.0 1011.0±104.2 841.3±178.1 763.0±95.9 977.5±128.9
pH>4 time percentage of  24 h/%   52.7±13.3   58.7±16.5     70.2±7.2   58.4±12.4   53.0±6.6   67.9±9.0
Mean     4.1±0.6     4.4±0.8       5.2±0.5     4.4±0.5     4.2±0.2     5.1±0.4
Median     3.8±1.1     4.4±1.6       6.1±0.7     4.5±1.0     4.4±1.3     5.7±0.6

Figure 1.  Intragastric pH 24-h profiles in the different CYP2C19
genotype groups after administration of a single dose (A) and re-
peated doses (B) of 20 mg rabeprazole.

pH-time curves after single and repeated doses of RPZ in the
three different genotype groups are shown in Figure 1.  The
characteristic values of the 24-h intragastric pH after single
and repeated doses of RPZ in the three different genotype
groups are summarized in Table 2.  The median intragastric
pH value of the PM group was the highest, followed by the
hetEM group, and the homEM group had the lowest value.

No significant differences in intragastric pH values were
observed between the three groups after a single dose or af-
ter repeated doses for 8 days of RPZ. In addition, no signifi-
cant increments in intragastric pH values from single to re-
peated doses were observed in the three different genotype
groups.

Role of the CYP2C19 genotype on the kinetic dispo-
sition of rabeprazole  The pharmacokinetic parameters are
shown in Table 3. The mean AUC values for RPZ after a
single dose differed among the three different genotype
groups, with a relative ratio of 1.0, 1.3, and 1.8 in the homEM,
hetEM and PM groups, respectively. The mean AUC values
for RPZ after repeated doses also differed among the three
groups, with a relative ratio of 1.0, 1.1, and 1.7 in the homEM,
hetEM and PM groups, respectively. The mean AUC values
for RPZ after single and repeated doses were significantly
different between the homEM and PM groups, but not be-
tween the homEM and hetEM or between the hetEM and
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of the three different genotype groups. The Cmax values were
significantly different between the homEM and PM groups,
and the hetEM and PM groups after single and repeated
doses of RPZ. Whereas Tmax and T1/2 did not differ signifi-
cantly between the three groups on day 1 and day 8.

Discussion
Proton pump inhibitors, such as omeprazole, lansopra-

zole, pantoprazole, and rabeprazole, have been used widely
in the treatment of acid-related diseases.  Recent research
has paid more attention to the inhibitory effects of PPI in
relation to the genetic polymorphism of CYP2C19, a major
e n z y m e  f o r  t h e  m e t a b o l i s m  o f  P P I  i n  t h e  l i v e r

[11].  These stud-
ies have shown that CYP2C19 genetic polymorphism has a
significant influence on acid-inhibitory efficacy and the me-
tabolism of omeprazole in healthy Chinese Han subjects.
However, to date no studies examining the relationship be-
tween the CYP2C19 genotype and the metabolism of RPZ
has been carried out in the Chinese Han population.  In vitro
human liver microsomal and in vivo human pharmacology
studies have shown that RPZ is metabolized mainly via a
non-enzymatic reduction to RPZ thioether, and that CYP2C19
and CYP3A4 are partially involved in the metabolism of
RPZ[3-6].  The existence of CYP3A4-related PM has not been
reported in any Chinese population. Therefore, we did take
into account CYP2C19-related genotyping factors in our
study.

Rabeprazole has a rapid and powerful onset of pharma-
cological action[12].  Our study showed that the AUC for RPZ
after a single dose exceeded 80% of the AUC after repeated
doses and there were no significant increments from single
to repeated doses, which was consistent with Yasuda et al[9].
In addition, we found that no significant increment in
intragastric pH values was observed from single to repeated
doses.  These results suggest that the metabolism of RPZ
after a single dose could attain maximum acid-inhibitory
efficacy.  And this appears to be the reason for pH values
remaining elevated for more than 50% of the time, even with
very modest exposures, and when the pharmacokinetic re-
sults on day 1 are consistent with the results on day 8.

Adachi and other researchers[3-6] have found that the
acid-inhibitory efficacy and metabolism of RPZ are not de-
pendent on CYP2C19 genotype status.  However, Horai et al
and Inaba et al[13,14] and Ieiri et al[15] reported that CYP2C19
genotypic differences affected the metabolism and kinetics
process of RPZ, and influenced gastric pH values and gas-
trin level in plasma.  In the present study, we found that the
AUC for RPZ differed markedly only between homEM and

PM, and the intragastric pH, the best and most direct phar-
macological index when using PPI, was not significantly dif-
ferent among the different genotypes after a single or re-
peated doses of RPZ.  As for the discrepancy between the
kinetics and dynamics of RPZ, first we may hypothesize that
the acid-inhibitory effect of RPZ is powerful and rapid, and
that the serum levels of 20 mg RPZ are sufficient for acid-
inhibitory efficacy in Chinese subjects, even in homEM
subjects. Second, no direct and simple relationship between
the serum concentration–time profile of the drug and the
pharmacodynamic response has been reported because of
the irreversible blockade of the therapeutic target by PPI.
However, Hussein et al[16] have shown a clear relationship
using the maximum effect (Emax) model.  According to the
model, our study suggests a lower half-maximal effective
AUC value (EAUC50) for RPZ than 2 mg·L-1·h.  As shown in
Table 3, the mean AUC values of RPZ corresponding to the
maximum acid-inhibitory effect of RPZ in this study may be
greater than this threshold.  Therefore, there were no signifi-
cant differences for intragastric pH among the three geno-
types.

In conclusion, our study focused on investigating the
pharmacodynamic and pharmacokinetic effect of RPZ with
reference to different CYP2C19 genotypes.  The acid-inhibi-
tory effects of RPZ were independent on their pharmacoki-
netic characteristics as well as an individual’s CYP2C19 geno-
type status.  Therefore, RPZ may be a more effective PPI for
treating acid-related disease in relation to CYP2C19 geno-
type status.
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Abstract
Although the anatomical configuration of the amygdala has been studied a great
deal, very little research has been conducted on understanding the precise mecha-
nism by which this emotional regulatory center exerts its control on emotional and
sexual behavior. By applying research methodology from the Neuroscience Re-
search Institute, State University of New York, College at Old Westbury, we in-
tended to demonstrate that much of the mediated effects of the amygdala, specifi-
cally the regulation of the male and female sexual response cycles, as well as
related emotional considerations, exert their effects coupled to nitric oxide (NO)
release.  Furthermore, by using current anatomical and histological data, we
demonstrated that amygdalar tissue rich in endocannabinoid and opiate, as well
as catecholamine, receptors could exert its neurochemical effects within an NO-
mediated paradigm. This paradigm, together with the existence of estrogen and
androgen signaling within the amygdala, further lends credence to our theoretical
framework. We begin with a brief anatomical and functional review of amygdalar
function, and then proceed to demonstrate its relationship with NO.
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Introduction to the structure and function of
the amygdala

The region of the human brain commonly referred to as
the amygdala comprises an area of approximately 3 cm3 [1,2].
At the dorsal base of the brain, the elevation of the para-
hippocampus at the uncus is in part a result of the amygdala,
which resides dorsal to it.  Although neuro-anatomists often
make reference to this portion as a single unitary structure,
the amygdala is actually three distinct collections of nuclei.
The largest portion of the amygdaloid complex is the
basolateral nuclear group, consisting of the lateral nucleus,
the irregular basal nucleus, and the accessory basal nucleus.
The other major portion consists of the centro-medial group,
which comprises the central nucleus and the medial nucleus.
The centromedial group communicates via fibers of the stria
terminalis to the bed nucleus of the stria terminalis (BST)[2]

(Figure 1).  Cell types in the BST are identical to those in the
centromedial, causing the BST to be included in the classifi-

cation of amygdalar tissue.  The BST lies in the basal
forebrain, which also contains the basal nucleus of Meynert,
the nucleus accumbens, and the ventral portions of the puta-
men and globus pallidus.  Anatomically, the smallest portion
of the amygdaloid complex is the cortical nucleus; with pri-
mary input originating from the olfactory bulb and olfactory
cortex, undoubtedly this plays a role in emotion-associated
olfaction[2].

Nitric oxide correlates amygdalar function  When we
examine nitric oxide (NO) signaling, we notice two constitu-
tive enzymatic components, the constitutive NO synthase
(cNOS), including endothelial (eNOS) and neuronal (nNOS)
isoforms.  cNOS, as the name implies, is always expressed.
When cNOS is stimulated, NO release occurs for a short
period of time, but this level of NO can exert profound physi-
ological actions for a long period of time[3].  NO not only is
an immune, vascular, and neural autoregulatory signaling
molecule, but also performs vital physiological activities via
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its constitutive expression[4,5].
Both the amygdala and the hippocampus contain numer-

ous receptors for varying neurotransmitters.  The central
nucleus of the amygdala is most strongly modulated by
dopamine, norepinephrine (NE), epinephrine, and serotonin[6,7].
The basal nuclei receive moderately high inputs of dopamine,
NE, and serotonin[6,7], each of which has been demonstrated
to exert their desired effect via NO[4].  Taken together, we
surmise that NE initially promotes a slight vasoconstriction
of the artery during the amygdalar compensatory response,
which is defined as the limbic system’s inherent mechanism
to maintain homeostasis and lower stress levels.  This mecha-
nism is indicated by a slight enhancement of sympathetic
activity on stimulation (ie, emotional), and is immediately
followed by the release of NO from the peripheral nitroxi-
dergic nerve, which mediates a concentration-dependent va-
sodilation[5].  In primates, the cerebral arterial diameter, un-
der resting conditions, is maintained by tonic release of NO
from the nerve (10%–20%), or from the nerve and endothelium
(30%)[8].  This observation is supported by other data from
our laboratory because of the fact that basal NO is cNOS-
derived and keeps particular types of cells in a state of inhi-
bition[5].  Endogenous superoxide dismutase in the cerebral
artery appears to protect the relaxation induced by NO from
perivascular nerves from the NO scavenger action of super-
oxide anions[9].  This NO then produces the longer-lived
phenomenon of smooth muscle relaxation.  In another report,
it was found that NE vascular hyperresponsiveness in hy-
pertension was dependent on an impairment of NO activity
that was realized through NE-induced oxygen free radical pro-
duction[10], providing an important contribution to the un-
derstanding of this regulatory process.

Amygdalar NO release and its relationship to
sexual behavior

In addition to NO and the amygdala, new knowledge has
emerged concerning the role of hypothalamic, limbic, and
brainstem structures, neuropeptides, and brain monoamines
in the control of partner preference, sexual desire, erection,
copulation, ejaculation, orgasm, and sexual satiety – the de-
tails of which are discussed below.  At least one important
sex difference exists between the male and female amygdala
of many species.  Owing to the interplay of the differing sex
hormones, males and females will experience pleasure from
differing experiences (eg, it has been shown that males are
more visually stimulated than females[7,11]).  In addition, modu-
lating the concentration of testosterone may cause a male to
partake in stereotypical “male behavior.”  Likewise, modify-
ing the concentration of estrogen may cause the female to
partake in specified, stereotypical “female behavior”[7,11].  The
amygdala is intimately involved in sex and sexuality.  It is
important to note that the male amygdala is slightly bigger
than that of the female.  The medial part of the female
amygdala plays an important role in pregnancy and appro-
priate coordination of the endocrine system.  Stimulation of
the amygdala will produce penile erection, sexual sensation,
representations/memories of intercourse, and orgasm[7,12,13].
Furthermore, precortical region epilepsy has been shown to
elicit spontaneous sexual arousal and orgasm, thus clearly
demonstrating the role of the amygdala in sexual pleasure[12,13].

Stimulation of the corticomedial amygdala has been
shown to induce ovulation in the female, and cutting the
stria terminalis abolishes this effect.  The introduction of
tract lesions to the rat amygdala, including the medial nucleus,
eliminates male libido, but not female libido[2,7,11,14].  In humans,
temporal lobe epilepsy has been associated with sexual

Figure 1.  The limbic system.
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arousal in women to the point of orgasm; however, evidence
of this in men is unsubstantiated[12,13].

Nitric oxide release has been demonstrated as the critical
link between corticomedial stimulation and its relationship
with the densely packed estrogen/androgen regions within
the amygdala[15–19].  NO has been shown to be crucial for the
occurrence of basal luteinizing hormone (LH) release in males[15],
and for the LH surge in ovariectomized females treated with
estradiol plus progesterone[16–18].  Furthermore, NO donors
induce an LH surge in estradiol-treated ovariectomized fe-
males[16–20], and thus, have a progesterone-like effect.  Con-
comitant findings show that estradiol stimulates nNOS ex-
pression in the preoptic area and exerts a helping influence
on NO-producing neurons[17].  The released NO appears to
be able to modulate the activity of gonadotrophic releasing
hormone neurons (GnRH)[17].  These observations implicate
neuronal NO in the regulation of GnRH cell activity in the
preoptic area[20–23].  It is important to note that some studies
suggest that at the median eminence (ME) level, the NO im-
plicated in the modulation of GnRH release is endothelial in
origin, rather than neuronal[23].  This is consistent with the
fact that, unlike in the preoptic area where GnRH perikarya
are surrounded by nNOS-containing cells, nNOS fibers and
GnRH fibers in the ME are distributed separately in the inter-
nal and external zones, respectively[19].  Furthermore, in the
ME, eNOS immunoreactivity is observed in endothelial cells
of the pituitary portal blood vessels[20], located in immediate
proximity to the GnRH terminals[21].  The endothelial origin
of NO secreted from ME fragments is further substantiated
by the results of prior reports that show that central admin-
istration of eNOS antisense is more efficacious than nNOS
antisense administration in suppressing an estradiol-/proges-
terone-induced LH surge in ovariectomized females[21].  These
findings are directly related to amygdalar function by way of
neuronal projections extending from the amygdala precortical
region to the ME (interestingly, this relationship can be made
without regard to whether ME signaling occurs via neuronal
or endothelial NO).  Thus, we can hypothesize a more robust
signaling system involving both NO from amygdalar origins,
as well as hypothalamic hormonal relationships.

Emotional stressors mediated via amygdalar
NO release

Morphine and related compounds mediating NO release
within the amygdala  The endocannabinoids, anandamide,
and 2-arachidonyl glycerol, are naturally occurring, consti-
tutively expressed, NO-stimulating signaling molecules[24].
Anandamide and morphine can also cause NO release from

human immune cells, neural tissues, and human vascular
endothelial cells[25].  Moreover, both anandamide and mor-
phine can initiate invertebrate immune cell cNOS-derived NO[26].
Additionally, estrogen can stimulate cNOS-derived NO in
human immune and vascular cells[27,28].  Anandamide, as part
of the ubiquitous arachidonate and eicosanoid signaling
cascade, serves to maintain and augment tonal NO in vascu-
lar tissues[24].

Both the hippocampus and the amygdala (particularly
the lateral nucleus) contain high concentrations of recep-
tors for the endocannabinoids[29,30].  In fact, reports have
found endogenous morphine within the structure of the hip-
pocampus[29,30].  In addition, this morphine activates plea-
sure pathways via NO and has been shown to do so in the
rat brain hippocampus and amygdala[31–34].  Studies from our
laboratory confirm the mediated release of NO via real-time
amperometric measurement from the rat brain hippocampus[34]

and amygdala[31].  This information can further be used to
understand some of the pleasurable aspects of sexual activ-
ity that, indeed, are often found to have morphine-like prop-
erties and, perhaps, are mediated via these endocannabinoid
and morphine laden amygdalar pathways[31,35].  Further cre-
dence to these findings stems from lesional data.  Humans
with amygdala lesions show a decrease in emotional tension
and related sexual dysfunction[6,7].  It has been postulated
that endocannabinoids and endogenous morphine may act
on the lateral nucleus to prevent the linkage of sexual signifi-
cance to sensory stimuli prior to conscious processing, thus
interfering with the perception of sexually and emotionally
charged stimuli[36].

Estrogen mediates NO release within the amygdala     Estro-
gen, through NO release, provides an additional pathway by
which the system can downregulate immunocyte and vas-
cular function in women[37].  This may be because of both the
immune and vascular trauma associated with cyclic repro-
ductive activities, such as endometrial buildup, when a high
degree of vascular and immune activities occur.  Given the
extent of proliferative growth capacity during peak estrogen
levels in this cycle, NO may function to enhance down regu-
lation of the immune system to allow for these changes.
Therefore, enhanced cNOS activity would be a beneficial
effect within the concept and time framework of amygdalar
compensation (as defined earlier) and the subsequent sense
of calm it induces.  Thus, these signal molecules, especially
endocannabinoid and opiate alkaloids, have the potential to
make you “feel” good and relax[38] by releasing NO, which
may once again be part of the sexual resolution (post coitus)
phase of the sexual cycle.

Emotionally charged events mediating NO release within
the amygdala  Within this context of varying stimuli evoking
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NO release, emotional stresses such as fear and anxiety can
induce cardiovascular alterations, such as cardiac dysrhyth-
mias.  These are some of the same events that occur when
one is exposed to sexually charged stimulus, or engaged in a
sexual act[39–42].  These cardiovascular events are initiated at
the level of the cingulated, amygdalar, and hypothalamic
processes, as well as their projection into the higher level
cerebral cortex, further altering the heart rate under stressful
or sexually aroused conditions[43].  Neurons in the insular
cortex, the central nucleus of the amygdala, and the lateral
hypothalamus, owing to their role in the integration of emo-
tional and ambient sensory input, may be involved in the
emotional link to the cardiovascular phenomenon[44].  These
include changes in cardiac autonomic tone with a shift from
the cardioprotective effects of parasympathetic predomi-
nance to massive cardiac sympathetic activation[45].  This
autonomic component, carried out with parasympathetic and
sympathetic preganglionic cells via subcortical nuclei from
which descending central autonomic pathways arise, may
therefore be a major pathway in how emotional state may
affect cardiovascular function.  The importance of an elic-
ited emotional response (and therefore limbic activation) was
further demonstrated in ischemic heart disease when patients
with frequent and severe ventricular ectopic rhythms were
subjected to psychological stress[46].  The frequency and
severity of ventricular ectopic beats increased dramatically
during emotional activation of sympathetic mechanisms, but
not during reflexively induced increased sympathetic tone.
Perhaps we can even relate this mechanism to sexual orgasm,
a process dominated by increased sympathetic tone.

The hard-wiring of emotional and sexual sensations
coupled to cardiovascular neural processes probably in-
volves many subcortical descending projections from the
forebrain, midbrain, and, specifically, the amygdala[47–50].
Cardiovascular changes were observed in experiments where
the motor cortex surface was stimulated, eliciting tachycar-
dia accompanied by and independent of changes in arterial
blood pressure[51].  The “sigmoid” cortex[52] and frontal
lobe[53–55], and, in particular, the medial agranular region[56],
subcallosal gyrus[57], septal area[58], temporal lobe[59], and
cingulate gyrus[60–62] appear to be involved.  The insular cor-
tex in cardiac regulation is important because of its high
connectivity with the limbic system, suggesting that the in-
sula is involved in cardiac rate and rhythm regulation under
emotional stress[53,54].  This form of regulation is mediated
via a parasympathetic response, and is probably active in
the resolution phase following orgasm[2,6,12,13].

The amygdala, with respect to autonomic-emotional in-
tegration[63,64], is composed of numerous subnuclei, which

play a major role in the elaboration of autonomic responses[65].
There are profuse inputs to this region from the insular and
orbitofrontal cortices, the parabrachial nucleus, and the
nucleus tractus solitarius[66].  Amygdalo-tegmental projec-
tions are viewed as a critical link in cerebral cortical control
of autonomic function[8,67].  This level of input allows for
cerebral control of sexual behavior, such as showing sexual
restraint and the ability to pass on sexual gratification.
Indeed, a great deal of research center on sex-offenders’
inability for, or lack of, the above-mentioned amygdalo-teg-
mental projections[68,69].

Mechanisms of amygdala-induced emotional
compensation

As noted above, once individuals are exposed to sexu-
ally explicit or emotionally charged information, they experi-
ence peripheral vasodilation: warming of the skin, an increase
in heart rate, and an ensuing sense of agitation[5,70].  This
experience is remarkably similar to the physiological state
that exists throughout the sexual cycle, from initial arousal
through to resolution.  It is the function of the amygdala to
aid in the relief of these altered states, through the amygdalar
primary compensatory response as defined above[2,6,7,53].  In
examining a potential mechanism for this relief, besides the
overriding central nervous system output via the autonomic
nervous system, peripheral neuro-vascular processes would
appear to be important.  We surmise that NO is of fundamen-
tal importance in this response because of the increase in
peripheral temperature (ie, vasodilation[5]).  For a complete
review of possible related mechanisms as well as the related
mechanisms outlined above, see the studies by Toda et al[8],
Lembo et al[10], Okamura et al[66], and Toda[67].

We also surmise, based on current studies, that endot-
helial-derived NO, released through normal pulsations as a
result of vascular dynamics responding to heart beat[38], as
well as acetylcholine-stimulated endothelial NO release, may
contribute to the effect of NO in inducing smooth muscle
relaxation[5,70].  Furthermore, vascular pulsations may be of
sufficient strength to also stimulate nNOS-derived NO release,
limiting any basal NE actions[5,70].  Interestingly, nitrosative
stress, mediated by involvement of the reactive nitrogen
oxide species, N2O3, does inhibit dopamine hydroxylase,
which, in turn, inhibits NE synthesis and contributes to the
regulation of neurotransmission and vasodilation[5,70].  This
system may provide an autoregulatory mechanism involved
in the neuronal control of peripheral vasomotor responses
and may, once again, aid in the resolution phase of sexual
intercourse (Figure 2).
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Conclusion
Our conclusion is two-fold.  We demonstrate that

amygdalar regulation of the male and female sexual cycle is
medicated by estrogen-/androgen-related signaling
molecules, both of which exert their respective influences on
ovulation and sexual behavior via coupled NO release.
Furthermore, we propose that amygdalar-induced homeo-
static control mechanisms acting in response to emotionally
charged stimuli, including sexually stimulating sensations,
appear to be mediated by a system of regulation involving
NO as a neurotransmitter and as a locally acting hormone.
Hence, these two principal roles of the amygdala exert their
respective behaviors via NO.

In final summary, we have demonstrated numerous mecha-
nisms and neurochemical pathways with regard to both emo-
tion and sexual behavior (ovulation, arousal, etc), and we
have shown a link between each of these complex pathways
systems, as well as the use of NO as a major biochemical
messenger.  Moreover, throughout each of the aforemen-
tioned pathways, we have attempted to offer a possible rela-
tionship to sex, either as a mediator of direct sexual activity,
or as a mediator of an individual aspect of the sexual cycle.
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Development of Caenorhabditis elegans pharynx, with emphasis on its
nervous system
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Introduction
Caenorhabditis elegans (C elegans) is a 1-mm long free-

living nematode that currently has tremendous popularity
as a model organism, especially regarding questions of in-
terest to developmental biologists.  Given its ease of culture
(it is typically grown on Escherichia coli lawns), a 3-d life
cycle from egg to egg, a transparent body that allows visual-
ization of any cell of interest, a fully described cell lineage,
and the ease with which genetic screens can be carried out
at low costs, it is no wonder that C elegans is such a versa-
tile and popular laboratory model organism. The 97 Mb ge-
nome of C elegans is also completely sequenced, and com-
puter algorithms predict nearly 20 000 functional genes.
Furthermore, the C elegans research community has a tradi-
tional helpfulness and openness: thousands of mutants are
freely available to academic laboratories from the C elegans
Genetics Center (http://biosci.umn.edu/CGC/CGChomepage.
htm), and public databases of anatomical and molecular in-
formation are available on the internet (http://www.
wormatlas.org/; http://www.wormbase.org/).

Here, we review the developmental genetics of the C
elegans pharynx, with an emphasis on the development of

its small 20-neuron network.  However, here is one last intro-
ductory note: several lines of evidence suggest that the C
elegans pharynx evolved from an organ that was also the
common ancestor to the vertebrate heart.  This evidence
consists mostly of physiological and molecular similarities:
(i) like the heart, the pharynx is a rhythmically contracting
neuromuscular pump[1]; (ii) the muscle cells of the pharynx
have autonomous contractile activity reminiscent of cardiac
myocytes[2]; and (iii) ceh-22, the C elegans homolog to the
homeobox gene NK2.5 that plays an important role in heart
development in vertebrates, participates in pharyngeal
development, and can partially be replaced functionally by
the zebrafish NK2.5[3].  The evolutionary relatedness of the
C elegans pharynx and the vertebrate heart suggest that
insights regarding heart development and function may be
gained by studying the simpler and experimentally more con-
venient C elegans pharynx.

Pharynx form and function
The pharynx represents the foregut of the nematode di-

gestive tract (Figure 1).  Food (typically E coli in the labora-
tory) is pumped through the mouth by the action of the mus-

Abstract
The Caenorhabditis elegans pharynx is a neuromuscular tube of which the func-
tion is to pump and crush bacteria, and inject them into the intestine.  The 80-cell
pharynx develops via the morphogenesis and differentiation of the cells that com-
pose its semi-spherical primordium, and requires the activity of several evolution-
arily conserved genes, such as pha-4 (the homolog to the Drosophila forkhead
and vertebrate FoxA), ceh-22 (the homolog to the Drosophila tinman and verte-
brate Nkx2.5), and pha-2 (the homolog to the vertebrate Hex).  There are 20 neu-
rons in the pharynx, each with a reproducible unique trajectory.  Developmental
genetic analysis of axon guidance in the pharynx indicates that some axon trajec-
tories are in part established without growth cones, whereas other parts necessi-
tate growth cone function and guidance.  Here we provide an overview of the
developmental genetics of the Caenorhabditis elegans pharynx, with an empha-
sis on its nervous system.
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cular pharynx, ground by specialized cuticle lining the phar-
ynx (the “grinder” in the posterior bulb), and transferred to
the intestine via a pharyngeal-intestinal valve.  The main
anatomical features of the pharynx are, from anterior to
posterior, the procorpus, the metacorpus, the isthmus, and
the posterior bulb in which the grinder is located (Figure 1).
The mature pharynx is composed of 62 cells (for a total of 80
nuclei, since several of the cells are binucleate as a result of
cell fusion).  These cells can be categorized into 5 types:
neurons (20), muscles (20 cells; 37 nuclei), marginal cells (9),
epithelial cells (9), and gland cells (4 cells; 5 nuclei).  The
muscle cells and marginal cells constitute a single-cell-thick
tube, continuous at its anterior end with the tube of the
hypodermis that encloses the worm.  Muscle and marginal
cells are joined by tight junctions, which divide the mem-
brane into apical and basal surfaces.  The apical surfaces
face the lumen and secrete cuticle, continuous with the cu-
ticle made by the hypodermis.  The basal surfaces face a
basal lamina that is continuous with the basal lamina that
separates the hypodermis and intestine from the pseudo-
coelom (fluid-filled body cavity) and mesoderm.  Compo-
nents of this basal lamina are likely produced by body-wall
muscles[4,5].  The 9 epithelial cells are arranged so as to form
a narrow ring at the anterior end of the pharynx, where it
connects with the buccal cavity.  There is otherwise no epi-
thelial sheet covering the bulk of the pharynx.  Precise knowl-
edge of pharyngeal anatomy is available at the ultrastruc-
tural level, thanks to detailed electron microscopy studies[6].

Pharyngeal neurons lie deep within folds of the basal
membrane of pharyngeal muscle cells (note that this is not a

“basal lamina” or “basement membrane”, but is that part of
the muscle cell membranes that is on the “basal” side), be-
tween the muscle and basal lamina, just as the extrapha-
ryngeal nervous system is between the basal membrane of
the hypodermis and the basal lamina.  No basal lamina sepa-
rates pharyngeal motor neuron presynaptic terminals from
the post-synaptic muscle membrane.  In contrast, extrapha-
ryngeal motor neurons are separated from the muscle cells
on which they synapse by the basal lamina that separates
the mesodermal muscle cells from the ectodermal neurons.

The role of the pharyngeal nervous system in regulating
pumping is somewhat of a mystery.  Normal feeding con-
sists of two primary motions: pumping and isthmus peristal-
sis[1].  A pump is a near-simultaneous contraction of the
muscles of the corpus, anterior isthmus, and terminal bulb,
followed by a near-simultaneous relaxation.  The contractile
fibers of the pharyngeal muscles are radially oriented, so
contraction pulls the lumen open from its resting closed
Y-shape to a triangular shape.  The second motion, isthmus
peristalsis, occurs after the main relaxation is complete.  It is
a peristaltic wave of contraction in the posterior isthmus
that carries bacteria trapped in the anterior isthmus back to
the grinder.  Typically, only every fourth pump is followed
by an isthmus peristalsis.  The nervous system is not essen-
tial for pumping; pumping continues even when the entire
pharyngeal nervous system is killed[2].  However, many neu-
rons are important; efficient pumping and trapping of bacte-
ria by the pharynx requires the presence of the neurons I5,
MC, M3, M4, and NSM[2,7,8].

Figure 1.  Diagram showing the main anatomical features of the Caenorhabditis elegans hermaphrodite (top) and Nomarski image of the
C elegans pharynx (bottom).  Anterior is to the left.
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Development of the pharynx
In order to begin understanding how the pharyngeal neu-

rons develop, it is necessary first to describe pharyngeal
development itself (Figure 2).  The C elegans pharynx offers
a very simple model to understand morphogenesis and
differentiation.  The pharynx develops through the morpho-
genesis of a primordium composed of 80 undifferentiated
cells (plus many apoptotic cells; there are 19 apoptotic cells
that are sisters to final pharyngeal cells and that die within

350– 420 min of development[9]).  Morphogenesis is accom-
panied by differentiation but not by new cell divisions, so
the mature pharynx contains 80 nuclei but only 62 cells as a
result of cell fusion among some of the muscle and two gland
cells; these fusions occur around the time of hatching and
seem irrelevant to the developmental process[9], although it
would be interesting to understand how these fusions are
regulated.

0–100 min: early cell divisions and establishment of
main lineages  The cells that make up the pharyngeal pri-
mordium originate from two early embryonic blastomeres:
the ABa and the MS blastomeres.  This is quite remarkable:
members of two distinct lineages are recruited to form one
organ.  Not only that, but cells with these two very different
ancestries may end up adopting nearly identical fates.  For
example, the muscle cell m3VL has the ancestry ABalpappppp,
whereas the identical cell m3DL has the ancestry Msaaapaaa
(these two cells will  fuse later). Note that even though each
cells is normally specific to adopt a  developmental fate,
there is some degree of developmental plasticity.  For example,
Avery and Horvitz showed that the pharyngeal neuron M4
is essential for feeding in wild-type C elegans, but that in a
ced-3 mutant (in which the sister cell of M4 does not die of
apoptosis), the now viable sister of M4 can sometimes take
over the function of M4[10].

The respective contributions of the ABa and MS lineages
are more or less spatially consistent with their initial posi-
tions within the 8-cell embryo.  For example, the anterior cell
ABa contributes cells of the anterior pharynx, whereas the
more posterior MS cell contributes mostly posterior pharyn-
geal cells.  This observation holds true for later descendents
and narrower scopes of spatial contributions.  Figure 3 shows
the adult pharyngeal contributions from the pharyngeal pre-
cursors of the 100-cell stage embryo, and emphasizes the
preservation of spatial relationships during development.
Thus, ABalpa contributes mostly to the anterior left
subventral area, etc.

100–250 min: gastrulation  At 100 min after first
cleavage, when the egg comprises 28 cells, gastrulation
begins.  During gastrulation, several cells enter deep into
the embryo through a ventral cleft.  The first cells to enter are
the gut precursor cells Ea and Ep.  Next are the P4 and MS
progeny at 120–200 min of development, and the AB-derived
pharyngeal precursors enter more anteriorly at 210–250 min.
The ventral cleft closes from posterior (230 min) to anterior
(290 min).  As gastrulation proceeds, the E cell descendents
and the pharyngeal precursors form a central cylinder.  Note
that as gastrulation proceeds, so do cell divisions.  Active
pre-pharyngeal cell divisions continue until approximately

Figure 2.  General overview of pharyngeal anatomy and develop-
mental genetics with the M2 neuron trajectory described in detail at
bottom.  Gene name explanation: ceh, Caenorhabditis  elegans
homeobox; mnm, M neuron morphology abnormal; pha , defective
pharynx development;  s ax ,  sensory axon guida nce;  s lt ,  s li t
(Drosophila) homolog; and unc, uncoordinated.
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350 min of development, and some late divisions occur until
approximately 400 min.

250–400 min: compaction of pharyngeal primordium
Between 250 min and 400 min the pharyngeal primordium
becomes clearly defined.  The non-pharyngeal precursor cells
are somehow excluded from the pharyngeal primordium.
Perhaps they are squeezed out in a process by which the
pharyngeal cells have more adhesive affinity to each other
than to any other cell (in line with the theory of Malcolm

Steinberg; eg see Duguay et al[11]).  This aspect of primor-
dium formation has not been investigated experimentally.

400–430 min: extension of pharyngeal primordium  The
approximately 400-min-old primordium is insulated by a base-
ment membrane (present at or before 400 min[9]), such that
the pharynx develops autonomously, perhaps with no
extrapharyngeal cues, or with very few.  Such autonomous
development is also true of the 20-cell intestine that, together
with the pharynx, makes up the entire C elegans gut[12].  At

Figure 3.  Color-coded cell fates of the pharyngeal precursor cells in the 28-cell embryo (A) and the location of their nuclei in the mature
pharynx (B).  Note preservation of spatial relationships in the mature pharynx, and absence of nuclei in the isthmus.  Adapted from Sulston
et al[9] and Albertson and Thomson[6].
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approximately 400 min, the pharyngeal primordium is approxi-
mately spherical, and most of the cell nuclei appear located
in spatial relationships that are consistent with their final
positions, at least along the anterior-posterior axis, although
the relative distances between these nuclei can be very dif-
ferent from those of the mature organ.  For example, at ap-
proximately 430 min, the sister cells M2 and M3 have their
nuclei next to each other, whereas in the final pharynx M2
has its nucleus in the posterior bulb and M3 in the meta-
corpus. It therefore seems that development of the pharynx
is mostly a question of cell differentiation and morpho-
genesis, not of active cell migration.  However, some cells do
migrate within the developing pharynx.  For example, Sulston
et al observed that the 3 g1 gland cells migrate in a repro-
ducible way.  They wrote: “Their movements approximately
follow the subsequent course of their secretory processes,
and may be responsible for laying down the latter”[9].

Beginning at approximately 400 min, the primordium elon-
gates anteriorly then posteriorly.  The primordium develops
into a tube connected anteriorly to the buccal cavity and
posteriorly to the midgut.  The adherens junctions that con-
nect many pharyngeal cells with each other form simulta-
neously with the process of elongation.  Note that there is
no evidence of any basement membrane within the elon-
gated pharynx during or after elongation or at any other
stage of development or adulthood[5]. Portereiko and Mango
have studied the morphogenesis of the pharyngeal primor-
dium and divided the process into three stages: (i) lengthen-
ing of the nascent pharyngeal lumen by reorientation of the
apicobasal polar ity of anterior  pharyngeal  cells
(“Reorientation”); (ii) formation of an epithelium by the buc-
cal cavity cells, which mechanically couples the buccal cav-
ity to the pharynx and anterior epidermis (“Epithelialization”);
and (iii) a concomitant movement of the pharynx anteriorly
and the epidermis of the mouth posteriorly to bring the
pharynx, buccal cavity, and mouth into close apposition
(“Contraction”)[4].

430–800 min: completion of functional pharynx  Between
430 min and 490 min, as elongation proceeds, the pharyn-
geal bulbs and isthmus become apparent. It is probably at
this time that the pharyngeal cells interpret their final differ-
entiation programs and adopt their final shapes.  Between
600 min and 650 min, the pharyngeal cuticle is produced and
the lumen becomes distinct.  The pharyngeal glands are ac-
tive by 720 min and the pharynx is pumping by 750 min.
Hatching occurs at approximately 800 min following first
cleavage.

Genetics of pharyngeal development

What follows is a brief overview of some of the genes
that have been shown to play a role in pharyngeal develop-
ment.

pha-4  pha-4 encodes the C  elegans homolog of FoxA,
a fork-head transcription factor[13].  The pha-4 gene is ex-
pressed in all pharyngeal cells, and also in some cells of the
rectum[13].  Expression of PHA-4 is detected in all pharyngeal
precursor cells beginning from at least 200 min of develop-
ment (and perhaps even earlier).  By the comma stage
(~430 min), all the pharyngeal cells are present and express
PHA-4.  PHA-4 is also expressed in the 6 cells of the pharyn-
geal intestinal valve, which is not considered a part of the
pharynx per se.  At 430 min, PHA-4 expression is also found
in 6–8 rectal cells, including the 2 rectal valve cells and the 3
rectal epithelial cells.  This expression pattern is therefore
conserved with that of the Drosophila forkhead gene (high
levels in the foregut/pharynx and hindgut/rectum).  The pha-4
mutants completely lack all pharyngeal cells, even though
the AB and MS lineages are otherwise completely normal[14].
It seems that pha-4 acts as an organ identity factor.  Indeed,
Gaudet and Mango have proposed that the PHA-4 protein
may directly activate most or all pharyngeal genes, with the
expression timing being regulated by the presence of bind-
ing sites of varying affinity: poor binding sites will have
delayed expression, as they will require higher levels of PHA-
4 before becoming activated[15].  The consensus binding site
for PHA-4 has been defined as: TRTTKRY (R=A/G, K=T/G,
Y=T/C).  This site is present in the myo-2 gene, a pharyn-
geal-specific muscle myosin that is a confirmed direct target
of PHA-4[13].  Ectopic expression of PHA-4 causes ectopic
expression of myo-2, ceh-22 (a homeodomain protein that is
also a coactivator of the myo-2 gene), pha-2 (another
homeodomain protein important for pharynx development,
see below), and most likely other otherwise pharyngeal spe-
cific genes[13,16].

pha-1  In pha-1 mutants, the pharyngeal primordium ap-
pears to form normally, with a full complement of nuclei and
surrounded by a basal membrane.  In these mutants, elonga-
tion also appears normal up to at least 420 min of development,
including the expression of an antigenic marker for the pha-
ryngeal muscle cell precursors detected with the monoclonal
antibody 3NB12[17,18].  After elongating and contacting the
buccal cavity, the developing organ detaches from the buc-
cal cavity and retracts, causing a “Pun” (pharynx unattached)
phenotype.  The end result is a worm in which the incom-
pletely formed pharynx is slightly elongated, surrounded by
the visible basement membrane and unattached to the mouth.
It is difficult to determine if all pharyngeal cell differentiation
events take place in the pha-1 mutant, but expression of
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lumen forms[17].  Thus pha-1 affects pharynx development
after pharynx cells are committed to a specific cell fate, but
before terminal differentiation/morphogenesis of the differ-
ent pharyngeal cell types occurs[17,18].

Initial analysis of the PHA-1 amino acid sequence sug-
gested that it was a basic leucine zipper (bZIP) transcription
factor.  Expression of a PHA-1::LacZ reporter also suggested
restricted expression in pharyngeal cells as well as in body
muscle cells[18].  However, a more recent evaluation of the
PHA-1 amino acid sequence indicates that pha-1 actually
does not encode a bZIP transcription factor[17].  Consistent
with this last analysis, a rescue-competent PHA-1::GFP fu-
sion protein suggests that PHA-1 is a cytosolic protein[17]

that is widely expressed (essentially in all cells by the 100-
cell stage). Because the biochemical function of PHA-1 is
unknown at present, little can be said about its actual mecha-
nism of action.  However, genetic interaction experiments
have shown that pha-1, lin-35 (the C elegans Retinoblas-
toma protein homolog), and ubc-18 (a ubiquitin-conjugat-
ing enzyme) play partially redundant functions to control
pharyngeal morphogenesis[17].  Indeed, lin-35/Rb; ubc-18
double mutants exhibit a synthetic pharyngeal phenotype;
that is, failure to undergo pharyngeal primordium elongation,
typically failing already at the reorientation step during which
the anterior epithelial cells of the primordium should align
their long axis with the dorsoventral axis of the embryo[19].
The ubc-18 and pha-1 also both show strong synthetic pha-
ryngeal phenotypes when combined with class B synthetic
multivulval (SynMuv) genes.  The SynMuv genes form two
molecularly heterogeneous classes (class A and B) of genes
that contribute redundantly to vulva development; class B
SynMuv genes obviously also play a hitherto unknown role
in pharyngeal development that is redundant with both ubc-
18 and pha-1[17,19].

pha-2  The pha-2 mutant worms exhibit a late defect in
pharyngeal morphogenesis that results in the two pharyn-
geal bulbs being next to each other rather than being sepa-
rated by a narrow, nucleus-free isthmus.  We cloned the
pha-2 gene and found that it encodes a homeobox gene
most homologous to the vertebrate Hex gene[16].  Using a
PHA-2::GFP translational fusion reporter in which a pha-2
genomic fragment containing 2.7 kb of pha-2 5’UTR plus the
entire gene fused to GFP at its C-terminal codon, we ob-
served expression in several pharyngeal cells: the pm5 muscle
cells that form the isthmus but have their cell bodies within
the posterior bulb; the pm4 cells that make up the bulk of the
metacorpus; and pharyngeal epithelial cells.  As this transla-
tional fusion reporter was able to rescue the mutant pheno-

type, we are relatively confident that the expression profile
of the reporter reflects normal PHA-2 expression.  We hy-
pothesize that PHA-2 confers an isthmus cell identity to the
pm5 muscle pharyngeal cells that express it and that form the
isthmus.  The main characteristic of isthmus cells is that they
have a long elongated shape extending into the isthmus, but
that their cell bodies are embedded within the metacorpus or
posterior bulb.  This isthmus cell shape likely results from
directional growth of the cells occurring after the comma
stage (~430 min), because at this stage there is no nuclear-
free zone along the length of the elongated primordium.  As
Sulston et al documented, it is during the 430–490 min
interval, as the emerging pharynx continues its elongation,
that the pharyngeal bulbs become apparent[9].

What are the genes regulated by pha-2?  Experimental
evidence suggests that pha-2 acts as a repressor of ceh-22
in the pm5 cells.  In wild-type animals, expression of a CEH-
22::GFP reporter is downregulated in the isthmus by late
embryogenesis.  In contrast, in pha-2 mutants the expres-
sion of the CEH-22::GFP reporter persists and even increases
in the isthmus during late embryogenesis, and also post-
embryonically.  Because of the late effects of the pha-2
mutation, we also surmise that at some downstream level,
pha-2 acts via genes that implement the differentiation pro-
gram by driving the final cell shape changes, such as
cytoskeletal genes.  It is perhaps worth noting that located
just next to the pha-2 gene is the intermediate filament 2c
gene, IF-C2 (M6.1), which is expressed in pharyngeal and
intestinal desmosomes and thus likely plays a role in cell-cell
connections[20].  Given that intermediate filaments are impor-
tant in several morphogenesis processes, including cell elon-
gation[21,22], there is a possibility that M6.1 contributes to
pharyngeal morphogenesis.  Consistent with this line of
reasoning, the expression of IF-C2 begins in the late embryo,
when final pharyngeal morphogenesis occurs.

ceh-22  Like vertebrate cardiac and smooth muscles, the
pharyngeal muscles of  C elegans do not express any of the
known members of the MyoD family of myogenic factors.  In
addition, like vertebrate cardiac muscle cells, the pharyngeal
muscles exhibit an intrinsic rhythmic contraction activity that
does not depend on any neuronal input.  Two myosin heavy
chain genes myo-1 and myo-2 are specifically expressed in
pharyngeal muscles.  In 1994, Okkema and Fire characterized
the myo-2 promoter and identified a transcription factor that
binds this promoter and regulates its expression in pharyn-
geal muscles[23].  This transcription factor was CEH-22, a
homeobox protein most homologous to the vertebrate Nkx2.5
and the Drosophila tinman, which regulate heart develop-
ment in their respective organisms.  Furthermore, expression
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of the zebrafish nkx2.5 gene in C elegans can activate myo-
2 and can rescue the ceh-22 mutant, suggesting that ceh-22
and nkx2.5 share a conserved molecular function[3].  Some-
what confusingly, the phenotype of the ceh-22 mutant in-
cludes a slightly abnormal pharyngeal shape (slight thicken-
ing of the isthmus), but no defect in the expression of myo-2,
suggesting that other regulatory pathways act in parallel
with ceh-22 to regulate myo-2[24].  Okkema et al showed that
PHA-1 itself also directly regulates the myo-2 gene, and that
a pha-1; ceh-22 double mutant is more severe than either
mutant alone; the early pharyngeal 3NB12 antigen is not
even expressed[24].

Development of the pharyngeal neurons

Pharyngeal nervous system overview  The mature phar-
ynx contains 20 neurons.  Each establishes a unique and
predictable morphology that is reproducible from worm to
worm.  The pharyngeal nervous system is organized into
four general structures: two subventral nerve cords, one
dorsal nerve cord, and one circular pharyngeal ring, which is
located within the posterior half of the metacorpus and to
which 12 neurons contribute processes[6].  The synapses
and gap junctions made by the pharyngeal neurons have
also been described and thus a basic wiring diagram of the
pharyngeal network exists[6]. Speculations that the pharyn-
geal neural network plays an important role in regulating the
pumping activity, as has been postulated for the intrinsic
cardiac ganglia in the vertebrate heart[25], are stunted by the
above-mentioned observation that most of the pharyngeal
neurons can be laser-ablated without visible effects on pha-
ryngeal behavior.

How does the intricate network of axon trajectories and
synapses become established within the small cramped space
of the developing pharynx?  In particular, it is important to
re-emphasize that the pharyngeal neurons, in contrast to
body neurons, are not projecting between a basal lamina
and an epithelial cell.  Rather, they project within muscle cell
folds, directly in contact with the muscle cell surface.  Does
this rather unique substrate for the neurons involve guid-
ance cues different from those guiding body neurons?  Also
of importance is the fact that the pharyngeal neuron cells are
already present in undifferentiated form within the spherical
pharyngeal primordium.  This offers intriguing developmen-
tal possibilities.  For example, the pharyngeal neurons can
take advantage of instructive interactions between cells that
are neighbors within the primordium but are widely sepa-
rated in the mature pharynx.

Establishing axon trajectories without growth cones  We

have shown that the M2 pharyngeal axons establish their
trajectories via at least two independent mechanisms[26].  The
straight proximal M2 trajectory (between the cell body,
through the isthmus, and reaching into the metacorpus;
Figure 2) does not depend on genes that act as axon guid-
ance cues or that are important for growth cone functions.
Thus, this proximal straight trajectory is established in a
growth-cone-independent manner.  We have suggested that
the M2 cell forms, within the primordium, a physical connec-
tion with some neighboring cell that is ultimately located
within the metacorpus, and that these connections elongate
to form the proximal M2 axon trajectory as the primordium
undergoes morphogenesis.  It is a long-standing observa-
tion that mechanical tension exerted on neuronal cells can
induce formation of a projection that can elongate rapidly as
tension is maintained, “as a fishing line from a reel”[27,28].
Such mechanically induced axon formation and elongation
can take place even when growth cone function is impaired[29].
This would be a process similar to the scenario that Sulston
et al described for the pharyngeal gland cell g1 (discussed
earlier), and also similar to the immature sensilla neurons
that, after contacting the tip of the head, move posteriorly
while laying down their dendritic processes[9].  The ability of
a neuronal cell body to migrate and leave an extending axon
behind has also been attributed to vertebrate facial moto-
rneurons, although that particular case involves the move-
ment of the cell nucleus (“nucleokinesis”) into a dendrite[30].
In Drosophila, the larval optic nerve undergoes a period of
elongation by intercalation of membrane as the neuron cell
body and a distant guidepost cell move away from each other;
later, a growth-cone-dependent process completes the es-
tablishment of the distal trajectory[31].  Similarly, neurons of
the larval imaginal leg disc also lengthen axons in keeping
with the vast leg morphogenesis process[32].

Distal ends are established using a growth cone  Axon
trajectories are usually established by specialized structures
at their growing ends, the growth cones, that sense the mo-
lecular environment and interpret guidance cues so as to
migrate along the correct paths[33].  The distal end of the M2
axon, which exhibits a complex trajectory within the
metacorpus (first turning outward laterally, then dorsally,
before extending towards the midline to establish a gap junc-
tion with the contralateral M2 neuron), depends on basic
growth cone function genes (unc-73, unc-51) as well as sev-
eral well-known axon guidance cues and receptors for these
cues (sax-3, slt-1, unc-6, unc-5, unc-40)[26].  It is therefore
our conclusion that the rough trajectories of pharyngeal neu-
rons may be established during morphogenesis in the ab-
sence of growth cones, relying instead on cell-cell contacts
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that are stretched to form axons during cell movements, but
that fine-tuning of the ends of the trajectories depends on
functional growth cones and multiple guidance cues.  A
screen for mutants with abnormal M2 trajectories allowed
the isolation of several mnm (M neuron morphology
abnormal) mutants, three of which specifically affected the
formation of the distal M2 ends (Figure 2)[26].  These muta-
tions likely affect the function of genes important for the
function/guidance of the M2 growth cones.

An instructive developmental role for neurons?  Inter-
estingly some of the pharyngeal neurons themselves may
act as sources of guidance cues.  At least 2 of the pharyn-
geal neurons likely play developmental roles.  The interneu-
ron I5 is a source of UNC-6[34] that is likely to be important
for the guidance of other axons, notably M2, which exhibits
abnormal trajectories in a unc-6 mutant background.  The
interneuron I4 expresses UNC-129[35], also a secreted guid-
ance molecule.  Hence, it seems likely that many of the ap-
parently unimportant pharyngeal neurons (most neurons of
the pharynx can be ablated in the adult worm without impair-
ing pharyngeal function) play an important role during
development.  It would be interesting to ablate the neuronal
precursor in the embryo prior to pharyngeal morphogenesis
end, and thus test directly the hypothesis that these neu-
rons play an instructive developmental role.  It would also
be interesting to determine whether this is a function that
neurons play in other developing organs and other
organisms.
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Abstract
Baculovirus has been widely used for the production of recombinant proteins in
insect cells. Since the finding that baculovirus can efficiently transduce mamma-
lian cells, the applications of baculovirus have been greatly expanded. The pros-
pects and drawbacks of baculovirus-mediated gene expression, either in insect or
in mammalian cells, are reviewed. Recent progresses in expanding the applications
to studies of gene regulation, viral vector preparation, in vivo and ex vivo gene
therapy studies, generation of vaccine vectors, etc are discussed and the efforts
directed towards overcoming the existing bottlenecks are particularly emphasized.
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Introduction
Baculoviruses make up a family of viruses and are

grouped into nuclear polyhedrosis viruses (NPV) and granu-
losis viruses.  More than 500 different types of baculoviruses
have been discovered and the host range is restricted to
invertebrates, mostly to insects (eg, moths and butterflies);
thus, several baculoviruses (eg, Helicoverpa zea, Orgya
pseudotsugata, and Lymantria dispar) have been registered
for use as biological pesticides by the US Environmental
Protection Agency[1].  Among the numerous baculoviruses,
Autographa californica multiple NPV (AcMNPV) is the most
well studied and most extensively used.  AcMNPV has a
circular double-stranded DNA genome of approximately
130 kb, which is condensed with a protamine-like protein
into the core and packed into the nucleocapsids.  Nucleo-
capsids are synthesized in the nucleus of infected cells
(typically 40 nm–50 nm in diameter and 200 nm–400 nm in
length).  Membrane-enveloped nucleocapsids are referred
to as virus particles or virions.  In nature, AcMNPV are oc-
cluded in a polyhedron (2 µm–15 µm in size) mainly consist-
ing of polyhedrin protein.  After ingestion by insects, the
polyhedrin matrix is dissolved in the alkaline midgut, thus
releasing the embedded virions, which subsequently infect
the epithelial cells of the intestine.  Early in the infection

cycle, the DNA genome is replicated and transcribed in the
nucleus and the nucleocapsids are assembled.  The budding
of nucleocapsids through plasma membrane results in the
release of budded virus, which is responsible for systemic
transmission within an infected insect.  Late in the infection
cycle, progeny nucleocapsids become membrane-bound
within the nucleus and are embedded into the polyhedra.
After cell death and lysis, the polyhedra are released in the
wild to spread the infection.  Budded virus is highly infec-
tious to cultured insect cells and is the primary form used in
the laboratory as an expression vector.

Baculovirus infection of insect cells
The baculovirus has been widely used for the produc-

tion of numerous recombinant proteins in insect cells[2–4] be-
cause it has the following advantages: (i) proper post-trans-
lational modification, because insect cells are higher
eukaryotes; (ii) a high capacity for multiple genes or a large
insert, because of the huge and flexible viral genome (130 kb);
(iii) biosafety, because baculovirus naturally does not infect
humans; and (iv) a very high yield driven by the strong
promoters polyhedrin or p10.  Among the natural host cells,
Sf-9 and Sf-21, derived from the ovarian tissue of Spodoptera
frugiperda, and BTI-TN-5B1-4 (High-Five; Invitrogen,
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Carlsbad, CA, USA), derived from Trichoplusia ni, which is
suitable for the expression of secreted proteins[5], are most
popular.  In addition to cultured cell lines, insect larvae are
also excellent hosts for protein production.  For example,
T ni insect larvae can be readily infected by recombinant
AcMNPV[6,7], and silkworms can be readily infected by re-
combinant Bombyx mori NPV[8].  Both systems have been
employed for the production of numerous recombinant pro-
teins[6,9].  The products synthesized in insect larvae are al-
most identical to those produced in insect cells and mamma-
lian cells and the yields are generally very high (eg 13 mg
luciferase per larva[10]).  Therefore, baculovirus infection of
live insects may represent an inexpensive and rapid approach
for protein production[11], but consistent infection and qua-
lity control are more difficult to achieve.

The large cloning capacity renders baculovirus an ideal
tool for the synthesis of virus-like particles (VLP), which
generally require simultaneous expression of multiple viral
structural proteins for self-assembly.  VLP are empty par-
ticles composed of viral structural proteins but devoid of
viral nucleic acids; thus, they are non-infectious.  VLP can
generally induce broad and strong immune responses thanks
to the preservation of many essential epitopes[12,13]; therefore,
VLP have gained increasing attention as potential vaccine
candidates[14,15] or diagnostic reagents[16].  Extended appli-
cations of VLP as gene delivery vehicles have also been
reported[17,18].  To date, numerous VLP of different viruses,
including HIV[19], herpes simplex virus[20], human papilloma-
virus[21], polyomavirus[22], parvovirus[23], infectious bursal
disease virus[24], hepatitis C virus (HCV)[16], and enterovi-
rus 71[25], have been expressed using the baculovirus/insect
cell expression system.  Very recently, the synthesis of se-
vere acute respiratory syndrome coronavirus (SARS-CoV)
VLP using the baculovirus/insect cell system has also been
reported[26,27].  The assembly of VLP using baculovirus en-
ables the investigation of virus assembly process as well as
the minimal requirements for viral capsid assembly.  For
example, Mortola and Roy demonstrated that coexpression
of SARS-CoV envelope and membrane proteins is required
and sufficient for the assembly of spikeless VLP[27], yet addi-
tional coexpression of the spike (S) protein results in the
incorporation of the S protein.  The resultant VLP possesses
distinctive spike projections, making it morphologically in-
distinguishable from the authentic virus.  Through co-infec-
tion with different recombinant baculoviruses, one can ma-
nipulate the composition of the particles, obtaining higher
specific immunogenicity[28], or other biological functions by
incorporating enzymes[29] or affinity tags for downstream
purification[24].  In this regard, Conner et al successfully dem-

onstrated chimeric VLP formed by structural proteins of vi-
ruses isolated from different animals (bovine and simian)[30].
By including viral proteins from different strains, referred to
as phenotypic mixing, one can broaden the spectrum of the
chimeric particles as a vaccine[31].

There are drawbacks associated with the baculovirus/
insect cell expression system.  First, baculovirus infection
ultimately results in cell death and lysis in a few days.  Be-
cause the expression driven by a polyhedrin or p10 promoter
usually reaches the maximum near the death of infected cells,
protein processing is likely to be suboptimal at that time
because of the compromise of post-translational machinery
and secretory pathway.  This may seriously affect the pro-
cessing of proteins destined for plasma membrane or for
secretion.  Efforts have been directed towards alleviating
this problem by the use of early baculovirus promoters (eg,
IE1) in either transiently or stably transformed cells[32].  The
expression driven by early promoters is continuous and
stable, and confers more efficient processing of the glyco-
protein (eg tissue plasminogen activator), but the expres-
sion level is lower than those obtained with the lytic
baculovirus system.  Such a system is a feasible approach
for expression in insect cells for products that are relatively
poorly processed in lytic insect cells, and may be useful for
functional studies of recombinant receptor proteins.  To cir-
cumvent the protein degradation problem associated with
cell lysis, a novel non-lytic baculovirus has recently been
developed by random mutagenesis of viral genomes[33] and
subsequent selection.  At 5 d post-infection, the non-lytic
baculovirus shows only 7% cell lysis, in contrast to 60% cell
lysis by lytic baculovirus.  This system is thus a convenient
alternative for the production of proteins vulnerable to deg-
radation using lytic baculoviruses.

The second disadvantage is that glycosylation in insect
cells differs in many aspects from in mammalian cells.  For
example, truncated oligosaccharides containing just 3 or even
2 mannose residues and sometimes fucose have been found
on proteins expressed in insect cells.  Besides, there appears
to be no significant sialylation of N-glycans in insect
cells[34].  The glycoproteins lacking sialic acids have extremely
short half-lives in vivo; therefore, the truncated N-glycans
of glycoproteins produced in insect cells constitute a barrier
to their use as therapeutics.  One example to engineer the
N-glycosylation pathway is the construction of transformed
Sf-9 cells that constitutively express bovine β1, 4-galacto-
syltransferase under hr5-ie1 control[35,36].  Baculo-virus in-
fection of this cell line results in the production of terminally
galactosylated recombinant proteins.  Other attempts and
stra tegies to “mammalianize” or  “humanize”  the
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N-glycosylation capacity of insect cells have been reviewed
previously[37–39].  Another limitation of the baculovirus/in-
sect cell system is its inefficiency to properly process pro-
teins that are initially synthesized as large inactive precursor
proteins, such as peptide hormones, matrix metalloproteases,
and fusogenic viral envelope glycopro-teins.  A family of
mammalian proprotein convertases has been characterized
to be involved in the cleavage, and it has been shown that
coexpression of the prohormone convertase furin with trans-
forming growth factor β1 (TGF β1) results in a 7.8-fold in-
crease in the production of mature TGF β1[40].

Baculovirus transduction of mammalian cells

Baculovirus was originally regarded as infecting solely
insects and invertebrates; but in 1983 Volkman and Gold-
smith found that baculovirus can be internalized by non-
target vertebrate cells (eg, human lung carcinoma cell line
A427)[41].  Carbonell et al further confirmed the entry of
baculovirus into mammalian cells and very low level reporter
gene expression under the control of polyhedrin and Rous
sarcoma virus (RSV) promoters in mammalian cells[42].
However, virus replication was not detected in either study.
Their discovery was not widely noted until 10 years later
when two pioneer groups reported that recombinant
baculoviruses harboring a cytomegalovirus (CMV) promoter-
luciferase gene cassette[43] or an RSV long terminal repeat
(LTR) promoter-β galactosidase (β-gal) gene cassette[44] can
efficiently transduce mammalian cells.  Their data indicate a
strong preference for baculovirus to enter hepatocytes of
different origins, and suggest that the block to expression in
less susceptible cells does not appear to result from the abil-
ity to be internalized by the target cells but rather by events
subsequent to viral entry because high and low expressing
cell lines internalize similar amounts of virus[44].  One factor
accounting for the low apparent transduction efficiency in
other cell types is promoter strength.  Shoji et al showed
that cells that are not transduced by a baculovirus express-
ing β-gal under the control of a CMV promoter can be effi-
ciently transduced by a baculovirus expressing the same
reporter protein under the transcriptional control of a stron-
ger CAG promoter[45] (a composite promoter consisting of
the CMV immediate early enhancer, chicken β-actin promoter
and rabbit β-globin polyadenylation signal).  Thus, it is of
interest to examine different promoters of viral and cellular
origins in the baculovirus context in mammalian cells.  Fol-
lowing these findings, subsequent studies have rapidly ex-
panded the list of permissive cells that include cell lines origi-
nating from human (eg, HeLa, Huh-7, HepG2, keratinocytes,

and bone marrow fibroblasts), rodent (eg, CHO, BHK), por-
cine (eg, CPK, PK-15), bovine (eg, BT)[46], and even fish
sources (eg, EPC, CHH-1)[47].  Besides, baculovirus is ca-
pable of transducing non-dividing cells[48].  Transduction of
primary cells, such as human neural cells[49], pancreatic islet
cells[50], and rat articular chondrocytes[51], has also been
observed.  In addition, Wagle and Jesuthasan recently
showed that baculovirus can successfully transduce the
embryos of zebrafish[52].  By injecting the baculovirus ex-
pressing ephrinB2a into specific tissues, ephrinB2a is nor-
mally expressed in the posterior region of developing somite
and baculovirus-mediated misexpression causes abnormal
somite boundary formation.  Despite the rapidly growing list
of susceptible cells, however, baculovirus transduction of
cell lines of hematopoietic origin, such as U937, K562,
Raw264.7[53], LCL-cm, and Raji[54], is inefficient.

The transduction efficiencies vary considerably depend-
ing on cell types and can be up to 95% for BHK cells or lower
than 10% for NIH-3T3 cells[54].  One possibility accounting
for the high transduction efficiency in certain cell lines is the
activation of mammalian promoters (eg, CMV promoter and
heat shock promoter) by a DNA sequence upstream from the
polyhedrin (pu) and a homologous region (hr) of AcMNPV[55].
The hr1 sequence enhances transcription from polyhedrin
and Drosophila heat shock protein (hsp70) promoter in Sf
cells[56] and functions as an origin of replication (ori), but
does not support ori activities in mammalian cells[57].  pu
and hr together function synergistically, resulting in as much
as 18 000-fold promoter activation[55].  The hr1 can also func-
tion in mammalian cells as an enhancer when present in trans
[57].  The insertion of an additional copy of the hr1 region in
the AcMNPV genome thus represents an attractive approach
to promoting overexpression of foreign proteins in mamma-
lian cells as has been demonstrated in insect cells[56].  The
additional hr1 can also help maintain the genetic stability of
the bacmid-derived baculoviruses, because spontaneous de-
letion of the heterologous gene(s) in the foreign bacterial
artificial chromosome sequences readily occurs[58,59].

The transduction efficiency can be markedly enhanced
by the addition of sodium butyrate, trichostatin A[53], and
valproic acid[60].  These compounds are histone deacetylase
inhibitors, inducing a hyperacetylation of the chromatin and
enhancement of transcription, thus highlighting the impor-
tance of the chromatin state of the baculovirus genome in
the transduced cells for transgene expression.  However,
cytotoxicity is often associated with the use of these drugs[60].
Another approach to enhance the transduction efficiency is
to alter the transduction protocol.  For transduction, typi-
cally the virus is concentrated by ultracentrifugation and
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resuspended in phosphate-buffered saline (PBS).  The cells
are then incubated with the virus for 1 h at 37 °C using growth
medium (eg, DMEM) as the surrounding solution[44,45,61].
Recently, we found that incubation of the unconcentrated
virus (ie virus supernatant) at a lower temperature (eg, 25 °C)
for 4 h–6 h using PBS as the surrounding solution results in
gene transfer into HeLa and chondrocytes[51,62] with efficien-
cies comparable or superior to those using the traditional
protocols.  This is in part because of prolonged virus uptake
provided that sufficient amount of the virus is present.  One
key determinant accounting for the high transduction effi-
ciency is PBS, which is superior to DMEM or TNM-FH (the
medium for baculovirus production) as the surrounding so-
lution in terms of enhancing the transduction efficiency and
transgene expression[51,62], although the exact mechanism
awaits further elucidation.  The same protocol also confers
gene delivery into human mesenchymal stem cells (MSC)
isolated from umbilical cord blood (uMSC) and bone marrow
(bMSC) with efficiencies of up to approximately 72.8% and
41.1%, respectively[63] (Figure 1).  This protocol eliminates
the need for virus ultracentrifugation; thus, it not only repre-
sents a simpler approach, but also considerably reduces
possible virus inactivation during ultracentrifugation.

Baculovirus transduction is generally considered non-
toxic to mammalian cells and does not hinder cell growth
even at high multiplicity of infection[43,64].  Our recent studies
again confirm this notion because transduction with a wild-
type baculovirus does not cause any observable adverse
effect to chondrocytes or MSC[51,63].  From the growth curves,
however, we noted a slower cell proliferation on expression
of enhanced green fluorescent protein (EGFP) under the tran-
scriptional control of a CMV promoter.  The slightly retarded
cell growth is attributed to the EGFP overexpression because:

(i) EGFP overexpression could be toxic and might even in-
duce apoptosis in some cells[65,66]; and (ii) the transcriptional
activation of CMV promoter could repress other viral or cel-
lular gene expression[67].  Fortunately, the cell growth rate
may be restored after several passages, as EGFP expression
attenuates[63].

Mechanisms of baculovirus entry into mammalian
cells  Baculovirus enters insect cells via endocytosis fol-
lowed by low pH-induced fusion of a viral envelope protein
with the endosomal membrane, thus allowing viral entry into
the cytoplasm and nucleus[68].  Likewise, baculovirus is gen-
erally considered to follow the same route to enter mamma-
lian cells, as gene expression is inhibited by lysosomotropic
agents (eg, chloroquine), which block endosomal matura-
tion[43,44].  Initially it was suggested that the transduction is
liver specific and the asialoglycoprotein could be involved
in virus binding[43,44].  However, van Loo et al showed that
Pk1 cells, which do not express the asialoglycoprotein rece-
ptors, could be successfully transduced, thus asialoglyco-
protein is not a key determinant[48].  It was also shown that
electrostatic interactions and the heparan sulfate moieties
might be necessary for baculovirus binding to the mammalian
cell surface[69].  However, no follow-up report has confirmed
their findings and the nature of the receptors remains unclear.
In contrast, the viral envelope glycoprotein gp64 is shown
to be essential for virus attachment and endosomal escape[70].
Supporting this is the finding that a baculovirus over-ex-
pressing gp64 in addition to the endogenous copy of gp64
can incorporate approximately 1.5-fold the normal amount of
gp64 on the virion surface and exhibit 10- to 100-fold more
reporter gene expression in a variety of mammalian cells com-
pared with similar viruses with a normal amount of gp64[71].
In the same study, phospholipids on the cell surface are

Figure 1.    Efficient transduction of human mesenchymal stem cells isolated from umbilical cord blood (A) and  mesenchymal stem cells
isolated from bone marrow (B) by a recombinant baculovirus expressing enhanced green fluorescent protein under the control of a cytomega-
lovirus promoter. The cells cultured on 6-well plates (5×105 cells/well) were transduced with 100 µL unconcentrated virus (2×108 plaque
forming units per milliliter) with 400 µL phosphate-buffered saline as the surrounding solution for 4 h at 25 °C.
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suggested to serve as an important docking point for gp64,
thus facilitating viral entry into mammalian cells.  By tran-
sient depletion of calcium using EGTA pretreatment, Bilello
et al  demonstrated that paracellular junction complexes are
important for baculoviral entry into primary hepatocytes[72].

It is generally assumed that the escape from the endo-
somes sets the block for transduction of some mammalian
cells by baculovirus[44,73]; however, a recent study showed
that the transduction block lies not in the endosomal escape,
but rather in the cytoplasmic trafficking or nuclear import of
the virus capsids[74].  In the cytoplasm, the nucleocapsids
appear to induce formation of actin filaments, which prob-
ably facilitate the transport of viral nucleocapsids into the
nucleus, as cytochalasin D strongly reduces the transduc-
tion efficiency but not the delivery of nucleocapsids to the
cytoplasm[48].  In contrast, we recently found that incuba-
tion of cells with PBS during transduction results in signifi-
cantly higher virus entry and higher transduction efficiency
compared with incubation with DMEM[63], suggesting that
virus internalization may be a bottleneck as well.  Overall, the
events responsible for virus uptake and detailed mechanisms
of intracellular movement and nuclear entry of the virus are
still largely unknown.

Baculovirus display  The tropism and transduction effi-
ciency of baculovirus has been manipulated by modifying
the envelope protein.  The modification can be performed by
fusing a heterologous protein (or peptide) in-frame at the
N-terminus of the gp64 gene under the control of a polyhedrin
or p10 promoter.  The fusion protein, after expression as an
additional copy, is translocated to the plasma membrane and
incorporated into the viral envelope on virus budding.  Proof
of this principle was first approached by fusing HIV-1 enve-
lope proteins; the modified virus binds the CD4 receptor on
T cells[75].  A similar strategy has been applied to construct
avidin-displaying baculovirus, which shows a 5-fold increase
in transduction efficiency in rat malignant glioma cells and a
26-fold increase in rabbit aortic smooth muscle cells com-
pared with the wild-type baculovirus[76].  Baculovirus dis-
playing heterologous envelope proteins, such as vesicular
stomatitis virus G protein (VSVG), has also been constructed,
which transduces human hepatoma and rat neuronal cells at
efficiencies roughly 10- to 100-fold greater than baculovirus
lacking VSVG[73].  This pseudotyped virus also transduces
cell lines that are transduced at very low levels or not at all
by the unmodified baculovirus, thus broadening the tropism.
The enhanced transduction efficiency and wider tropism are
attributed to increasing transport of baculovirus DNA into
nuclei rather than to increasing cell binding or virus up-
take[73].  In contrast, specific targeting of baculovirus to mam-

malian cells by displaying a single-chain antibody fragment
specific for the carcinoembryonic antigen (CEA) or synthetic
IgG binding domains is also demonstrated[77,78].  In addition,
the baculovirus display technology has been utilized to con-
struct and screen a eukaryotic epitope library[79].  In this
context, the HIV-gp41 epitope “ELDKWA” specific for the
neutralizing MAb 2F5 is inserted into the antigenic site of
influenza virus hemagglutinin, flanked by additional random
amino acids.  This pool of hemagglutinin genes is cloned
into baculovirus, and an individual clone displaying the
epitope with markedly increased binding capacity out of a
pool of 8000 variants is screened rapidly by fluorescence
activated cell sorting.

Note, however, that the expression of gp64-fusion under
the control of a late promoter may lead to a heterogeneous
virus population that possesses various amounts of fusion
protein and hence varied properties.  This might be resolved
by: (i) inserting the gp64 fusion gene into the genomic gp64
locus so that all gp64 copies contain the fusion partner; and
(ii) expressing the gp64 fusion protein under an early promoter.
More recently, baculovirus capsid display has also been
developed in which the fusion can be made to the N- or
C-terminus of the major capsid protein vp39 rather than to
gp64 without compromising the viral titer or functionality[74].
It has been demonstrated that the incorporation of green
fluorescent protein (GFP) into the virus capsid does not in-
terfere with the capsid assembly and allows for visualization
of the virus biodistribution in vivo[74].  This capsid-modified
baculovirus holds great promise for the nuclear and subcel-
lular targeting of the transgenes.

Viral vector generation and viral protein production
Thanks to the large DNA genome, recombinant baculovirus
offers an attractive means for the production of other viral
vectors for gene delivery/gene therapy purposes because
the production of many viral vectors requires either plasmid
transfection into producer cell lines or helper virus infection.
For instance, all genes essential for replication and packag-
ing of the adenoviral vector (38 kb) can be delivered and
expressed by a single baculovirus, which is co-transfected
with a plasmid vector harboring only the inverted terminal
repeats (ITR) and packing signal of the wild-type virus as
well as a reporter gene[80].  The co-delivery results in the
generation of a fully deleted adenovirus vector free of helper
virus.  This technique is also exploited for the production of
adeno-associated virus (AAV), whose use is hampered by
the lack of a simple and efficient vector production method.
The mammalian producer cells are co-transduced with 3
viruses: 1 baculovirus harboring the reporter gene flanked
by AAV ITR, 1 baculovirus expressing the AAV rep gene,
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and a helper adenovirus expressing the AAV cap gene[81].
The simultaneous delivery produces infectious recombinant
AAV particles and constitutes an option for improving large-
scale recombinant AAV vector production.  Besides virus
preparation, Ramos et al  recently investigated the feasibil-
ity of using the baculovirus/mammalian cell system for pro-
tein production.  They investigated two protocols for opti-
mal cell culture and virus transduction and achieved volu-
metric yields for 3 secreted proteins (SAF-3-Fc, CD40-hexa
his, and Asp 2-Fc) at 4 mg/L–25 mg/L[82].  In our laboratory,
the application of baculovirus is further expanded to the
production of hepatitis delta virus (HDV) VLP.  HDV can not
replicate in cultured cell lines, and thus is difficult to
propagate; therefore, studies of HDV particle assembly
mainly rely on cDNA transfection, which suffers, however,
from low efficiency and hinders subsequent structural and
immunological studies of HDV VLP.  We demonstrated that
the co-transduction of hepatoma cell lines with 2 recombi-
nant baculoviruses, one expressing hepatitis large delta an-
tigen and another expressing hepatitis B surface antigen
(HBsAg), leads to self-assembly and secretion of the HDV
VLP[83].  The yield (~150 ng HBsAg per mL in the secreted
particle) is approximately 2-fold of that achieved by plasmid
transfection.  VLP synthesis has also been demonstrated in
BHK cells and the process is transferred to a novel oscillat-
ing bioreactor for production on a larger scale[84].  One
bioreactor run (500 mL working volume) can yield over 400 µg
HBsAg, which substantially increases the total particle yield
and thus enables future structural and immunological stud-
ies of the VLP.  In comparison with stable cell lines, the gene
expression levels and the VLP composition can be easily
manipulated simply by varying the virus concentration.  In
addition, the expressed proteins are obtained in a few days;
therefore, this baculovirus/mammalian cell expression sys-
tem may serve as a transient expression system for early
evaluation of proteins of interest while stable cell lines are
being generated and evaluated.

Studies of gene functions and viral infections  Gene de-
livery into primary cells using transfection or electroporation
either suffers from low efficiency or causes extensive mem-
brane damage.  Because baculovirus is generally non-toxic
and non-replicative in mammalian cells, and the transduc-
tion efficiencies into various human primary cells are high,
cell-based assays have been developed for gene function
studies.  Clay et al demonstrated that co-transduction of
cells with 2 recombinant baculoviruses, one expressing an
estrogen receptor and another expressing a reporter gene
controlled by an estrogen receptor-responsive promoter,
 results in ligand-induced reporter gene activity, and this

approach is successfully applied to assay development in
Saos-2 human osteosarcoma (HOS) cells[85].  Similarly, a cell/
cell fusion assay that mimics the HIV viral/cell fusion pro-
cess was developed based on the baculovirus system[86].  In
the assay, HOS cells stably expressing CCR5, CD4, and LTR-
luciferase serve as the recipient host cell.  An HEK-293 cell
line transduced with a baculovirus expressing the viral pro-
teins gp120, gp41, tat, and rev represents the virus.  Interac-
tion of gp120 with CCR5/CD4 results in the fusion of 2 cells
and transfer of tat to the cytoplasm of the HOS cell; tat, in
turn, binds to the LTR region on the luciferase reporter and
activates transcription, leading to an increase in cellular lu-
ciferase activity.  This assay has been demonstrated to be a
robust and reproducible high-throughput surrogate assay
for evaluating the effects of compounds on gp120/CCR5/
CD4-mediated viral fusion into host cells[86].  This system
could also facilitate the assessment of different promoters
for their strength as well as temporal and spatial regulation
across mammalian cells of different origins.

Similar to HDV, hepatitis B virus (HBV) and HCV are not
capable of replication in cultured cells; thus, the evaluation
of novel antiviral strategies have been hindered by the lack
of a convenient and reliable in vitro culture system.  To
overcome this problem, recombinant baculoviruses are con-
structed to carry and deliver the genomes of HBV[87] and
HCV[88] into hepatoma cells lines.  With this approach, repli-
cation of HBV DNA and RNA, and expression of viral genes
are detected[87].  Viral replication is evidenced by the pres-
ence of high levels of intracellular replicative intermediates
and protected HBV DNA in the medium.  The successful
HBV replication thus allows for the establishment of a highly
flexible system for studying: (i) the effects of (-)-β-2',3'-
dideoxy-3'-thiacytidine on HBV replication and accumula-
tion of covalently closed circular DNA[89]; and (ii) the cross-
resistance profiles of HBV mutants against antihepadnaviral
compounds[90].  The HCV full-length and minigenome under
the tetracycline-inducible promoter are also delivered into
HepG2 cells and regulable transcription and viral polypep-
tide processing are demonstrated[91], thus providing a novel
tool for the analysis of HCV replication and host-cell
interactions.

Generation of stable cell lines  Normally, baculovirus-
mediated gene expression lasts approximately 1–2 weeks as
a result of cell division.  The gradual extinction of transgene
expression is also attributed to the degradation of baculoviral
DNA, as degradation has been revealed in hepatoma cells[83]

and articular chondrocytes[51].  However, it was found that
transduction of CHO cells with a baculovirus expressing
neomycin phosphotransferase results in the isolation of CHO
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cells stably expressing GFP by selection using the antibiotic
G418[53].  The frequency of G418 resistant colony formation
is approximately 1 in 50–100 of the transduced cells.  The
same group further confirmed that discrete portions of
baculovirus DNA are randomly integrated as single-copy
fragments ranging in size from 5 kb to 18 kb[92].  Periodic
assays on the stable clones show no loss of transgene ex-
pression over a 5 month period.  Coupled with high trans-
duction efficiency, the high frequency of emergence of stable
transductants makes baculovirus a valuable tool to derive
human cell lines that are either difficult to isolate in large
numbers or are difficult to transfect by other methods.

In vivo gene therapy  Thanks to highly efficient gene
delivery, baculovirus has captured increasing interest as a
vector for in vitro and in vivo gene delivery.  However, re-
ports of successful in vivo applications are limited.  The
complement system appears to be a potent barrier for in vivo
gene therapy because the efficiency of gene transfer into
hepatocytes of complement-deficient mice is greatly en-
hanced[70].  Inactivation of baculovirus in human plasma and
whole blood is prevented by treatment with cobra venom
factor[93].  An alternative approach is adopted by avoiding
contact of baculovirus vectors with blood components.  By
using a silastic collar, transduction of adventitial cells in
rabbit carotid arteries is achieved and the efficiencies are
comparable to those obtained with adenoviral vectors[94].
The gene expression is transient and the arterial structure
and endothelium remain intact after baculovirus transduc-
tion, although signs of inflammation are detected.  Unmodi-
fied baculovirus vectors have also been injected into the
rodent brain where the complement proteins may not reach
in the presence of an intact blood-brain barrier and/or the
complement level in the brain is insufficient to affect the
gene transfer[95].  After in vivo injection into the brain,
baculovirus specifically transduces the epithelium of the
choroids plexus in ventricles and the transduction efficiency
is as high as 76%±14%; thus, baculovirus seems to be espe-
cially useful for the targeting of choroids plexus cells[95].

A more cutting-edge approach to alleviate the comple-
ment inactivation problem is the generation of complement-
resistant baculovirus by displaying decay-accelerating
factor, a regulator that blocks complement at the central step
of both the classical and alternative pathways[96].  Such a
complement-resistant baculovirus vector expressing addi-
tional human coagulation factor IX (hFIX) allows for a sub-
stantial improvement of gene transfer into complement-suf-
ficient neonatal rats in vivo after local injection into the liver
parenchyma.  Gene expression is transient probably as a
result of the generation of antibodies directed against the

transgene product hFIX, which might lead to clearance of
either expressed hFIX protein and/or positively transduced
cells.  Alternatively, baculovirus can be pseudotyped by
displaying VSVG on the envelope.  The VSVG-modified vi-
rus enhances gene transfer efficiencies into mouse skeletal
muscle in vivo and the transgene expression lasts 178 d in
DBA/2J mice and 35 d in BALB/c and C57BL/6 mice[97].  The
VSVG-modified baculovirus also exhibits greater resistance
to inactivation by animal sera and can transduce the cerebral
cortex and testis of mice by direct inoculation in vivo[61].

Another potential barrier may be the presence of heparin
or heparin-like factors, which block baculovirus-mediated
gene delivery in cell culture[93].  Intercellular junctions may
be an additional hurdle because transient disruption of these
junctions by EDTA treatment prior to transduction improves
the gene delivery efficiency into long-term cultures of pri-
mary hepatocytes but does not lead to permanent alterna-
tions in hepatocyte ultrastructure, albumin mRNA, and pro-
tein expression profiles[98].  Their studies also suggest the
importance of the basolateral surface for virus entry at least
for some cell types[72].  In our laboratory, however, the tran-
sient disruption of cell junctions fails to effectively enhance
the baculovirus-mediated gene transfer into chondrocytes
and HepG2 cells that are cultured to over-confluence, imply-
ing that other factors in addition to the paracellular junction
complexes might be involved in the transduction of these
cells.

Another problem associated with baculovirus as a gene
delivery vector is that purification by ultracentrifugation of-
ten leads to virus aggregation[99].  In addition, the ultracen-
trifugation process is time-consuming, labor intensive, and
difficult to scale up.  To resolve these problems, we con-
struct a recombinant baculovirus with a hexahistidine (His6)
tag displayed on the viral envelope, which enables virus
purification by a simple immobilized metal affinity chroma-
tography with high purity (~87%).  This methodology obvi-
ates the need for successive ultracentrifugation steps[100]

and may be employed to purify other viral vectors for gene
therapy studies.

Ex vivo gene therapy  To date, most gene therapy stud-
ies using baculovirus vectors have focused on in vivo
experiments, yet relatively little is known about the potential
of baculovirus for ex vivo therapy.  One relevant report was
published by Sandig et al[101] who established an ex vivo
perfusion model for human liver segments.  The recombi-
nant baculovirus is perfused through the liver segments for
15 min and reasonable transduction rates are achieved in all
perfused parts of the liver tissue.  This study verifies for the
first time that baculovirus-mediated gene transfer is pos-
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sible in the liver tissue and encourages future studies in-
cluding in situ perfusion of intact livers with baculovirus
vectors in animal models.

Recently, we have also demonstrated the highly efficient
baculovirus-mediated gene transfer into articular chondro-
cytes[51] and human MSC[63], both being candidate cell
sources for cartilage tissue engineering.  Importantly, nor-
mal differentiation states of chondrocytes and MSC are re-
tained on baculovirus transduction.  Our experiments regard-
ing MSC suggest that the phenotypic changes along the
adipogenic differentiation pathway positively influence the
baculovirus transduction and may implicate two possible
applications: (i) MSC may be transduced with baculovirus
expressing specific factors (eg b-FGF or BMP-2) to promote
the expansion or regulate the differentiation via autocrine
and paracrine effects of the factors so that supplementation
of these factors in the medium may be omitted; and (ii) differ-
entiation of MSC towards a specific lineage pathway may be
induced first and the committed progenitor cells can be trans-
duced ex vivo by the recombinant baculovirus expressing
appropriate growth factors (eg TGFβ1 or IGF-1), seeded onto
polymeric scaffolds, and implanted into animal models for
tissue regeneration.  Although sustained transgene expres-
sion is restricted by the degradation of baculoviral DNA
within the cells, the non-replication and degradation charac-
teristics prove that baculovirus may be a safe gene delivery
vehicle for tissue engineering in which long-term expression
is not critical.

Immunological response and potential as a vaccine vec-
tor  Host responses to baculovirus uptake, either in vitro or
in vivo, were not evaluated until Gronowski et al  reported
that administration of baculovirus in vitro induces interferon
(IFN) production from human and murine cell lines and in-
duces in vivo protection of mice from encephalomyocarditis
virus infection[102].  A more recent study discovered that the
presence of baculovirus disrupts the phenobarbital gene
induction, a potent transcriptional activation event charac-
teristic of highly differentiated hepatocytes, and represses
expression of the albumin gene, but neither cAMP nor PKA
activities are affected by the virus[102].  Baculovirus trans-
duction also induces expression of cytokines such as TNF-α,
IL-1α, and IL-1β in primary hepatocytes[103].  These findings
raise concerns as to whether these properties will compro-
mise the use of baculovirus vectors for in vivo gene therapy
in humans, and more investigations will be needed to ensure
the safety of baculovirus vectors.  Despite these, the ability
of baculovirus to induce immune responses has been ex-
ploited by Abe et al, who found that intranasal inoculation
with a wild-type baculovirus elicits a strong innate immune

response that protects mice from a lethal challenge of influ-
enza virus[104].  The feasibility of using baculovirus as a vac-
cine carrier was also demonstrated by Aoki et al[105], who
found that a recombinant baculovirus expressing glycopro-
tein gB of pseudorabies virus induces antibodies against gB
protein in mice, thus suggesting that this recombinant
baculovirus could serve as a vaccine candidate for pseudo-
rabies.  Similarly, in vivo administration of a baculo-virus
expressing hFIX elicits antibodies against hFIX.  The anti-
body titers are proportional to the amount of protein pro-
duced by the virus[96].  More recently, Facciabene et al  dem-
onstrated that the intramuscular injection of a baculovirus
expressing CEA induces measurable anti-CEA-specific CD4+

T-cell response[106].  The immunogenic property of baculo-
virus is not restricted to CEA because the intramuscular in-
jection of another baculovirus (Bac-E2) expressing E2 gly-
coprotein of HCV induces anti-E2 CD8+ T-cell response[106].
Interestingly, when Bac-E2 is pseudotyped to display VSVG
on the envelope, the minimal dose required to elicit a mea-
surable T-cell response is 10-fold less, indicating that the
VSVG-pseudotyped Bac-E2 appears to be a more potent im-
munogen than the unmodified virus.  This finding agrees
with the previous statement that baculovirus displaying VSVG
confers a more efficient immunogen expression in transduced
cells.

It is also likely that baculovirus can mediate an immune
response against an antigen when it is displayed on the viral
surface.  In this regard, the immunodominant antigenic site
of foot-and-mouth disease virus (FMDV) has been displayed
on the baculovirus envelope[107], which is able to bind a panel
of FMDV-specific MAb and indicates the preservation of
antigenic epitopes on the virus envelope.  A more recent
study further showed that immunization with adjuvant-free
baculovirus displaying rodent malaria Plasmodium berghei
circumsporozoite protein (PbCSP) on the envelope induces
high levels of antibodies and γ-interferon-secreting cells
against PbCSP, and protects 60% of mice against sporozoite
challenge[108].  These studies substantiate the potential of
baculovirus displaying immunogens as a vaccine candidate.

Conclusions and future prospects
The values of baculovirus for recombinant protein ex-

pression in insect cells have long been proven.  The ex-
tremely high yield by baculovirus-infected insect cells or
larvae makes it an attractive tool for pharmaceutical protein
production.  Despite its inability to process some proteins
correctly, rapid advances in cell engineering may overcome
these drawbacks and render baculovirus a proper system for
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large-scale protein production.  To the best of my knowledge,
no insect cell-derived recombinant protein has gained offi-
cial approval from the US Food and Drug Administration.
Nonetheless, more and more proteins are produced in insect
cells in the preclinical stage.  Particularly promising is the
field of viral vaccines, where the formation of virus-mimick-
ing multimers can be essential for eliciting protective im-
mune responses.  An HCV vaccine might be the first human
therapeutic expressed in insect cells[109].

The broad range of susceptible mammalian cells, coupled
with its non-toxic and non-replication nature, makes
baculovirus a useful tool for studying the expression and
function of gene products.  As a gene therapy vector,
baculovirus possesses the following extra advantages: (i)
the AcMNPV genome is large, thus rendering the virus flex-
ible to carry multiple genes or large inserts; (ii) recombinant
baculoviruses are easy to construct and produce to high
titers simply by infecting insect cells; and (iii) the purifica-
tion of baculovirus can be readily performed by ultracen-
trifugation[110] or, alternatively, by a newly developed affin-
ity chromatographic technique[100].  The last two features
greatly simplify the large-scale preparation of high titer
baculoviral vectors.  In addition to therapeutic genes, baculo-
virus may serve as a promising vector for the delivery of
cDNA of infectious RNA viruses towards antisense therapy
approaches.  The same concept may be applied to the deliv-
ery of siRNA to silence specific target genes.  The combina-
tion of ex vivo gene transfer and tissue engineering holds
great promise as well.  One bottleneck to the application of
baculovirus lies in the short duration of transgene expres-
sion.  This may be overcome by selecting a proper promoter
that is not silenced, and developing a proper superinfection
protocol that can effectively deliver fresh genes into cells.
The baculovirus may also be applied in conjunction with
other viral vectors to escape either pre-existing or therapy-
induced antiviral immunity.  In summary, baculovirus can be
used as an efficient vector for gene delivery into insect and
mammalian cells for a wide variety of applications.
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Novel role for gabapentin in neuroprotection of central nervous system
in streptozotocine-induced diabetic rats1
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Abstract
Aim: To investigate the effect of gabapentin on neural [neuron-specific enolase
(NSE)] and glial markers [glial fibrillary acidic protein (GFAP) and S100B] in differ-
ent brain regions of diabetic rats. Methods: Diabetes was induced by a single
intraperitoneal injection of streptozotocine (50 mg/kg body weight). Rats in one
diabetic group received gabapentin (50 mg·kg-1·d-1) and rats in the other diabetic
group received vehicle only for 6 weeks. The levels of GFAP, S100B, and NSE were
determined by immunoblotting in the hippocampus, cortex, and cerebellum. Lipid
peroxidation (LPO as malondialdehyde+ 4-hydroxyalkenals) and glutathione (GSH)
levels were also determined in the same brain parts. Results: Total and degraded
GFAP content and S100B protein expression in different areas of brain tissues
significantly increased in diabetic rats compared to control rats. Similarly, NSE
levels were also significantly elevated in hyperglycemic rats. In addition, there
was a significant increase in LPO levels in the diabetic rat brain compared to
control rat brains. Pretreatment with gabapentin prevented the upregulation of
GFAP, S100B, and NSE in all brain regions of diabetic rats. The level of LPO was
reduced, but not completely halted, by treatment with gabapentin. Conclusion:
These results suggest that diabetes causes glial and neuronal injury, possibly as
a result of elevated oxidative stress, and that gabapentin protects neurons and
glial cells. Thus, we predict that gabapentin treatment will attenuate the hippo-
campal and cortical neurodegeneration observed during diabetes mellitus in rats.
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Introduction
 Diabetes mellitus is a common metabolic disorder that

affects the peripheral as well as the central nervous system.
Animal models of diabetes can make an important contribu-
tion to understanding the pathology of the effects of diabe-
tes on the brain.  Hyperglycemia provides more substrate for
anaerobic glycolysis in the brain, resulting in lactic acidosis
a n d  e n h a n c e d  d a m a g e  t o  b o t h  g l i a l  a n d  n e u r o n a l  c e l l s

[1].
Furthermore, enhanced formation of oxygen free radicals
occurs in the tissues during hyperglycemia[2].  These oxi-
dant radicals also contribute to increased neuronal death by
oxidizing proteins damaging DNA and inducing the
lipoperoxidation of cellular membranes[3].

One of the complications of diabetes is neuropathy.
Gabapentin (GBP) is used to treat diabetic neuropathy.  GBP
is an anticonvulsant that reduces pain in peripheral neuro-
pathy, including diabetic neuropathy[4].  GBP is a hydro-
philic analogue of the inhibitory neurotransmitter gamma
aminobutyric acid (GABA).  It readily penetrates the blood-
brain barrier via an L-system amino acid transporter system[5].
In addition, GBP has been shown to be neuroprotective in
animals[6].  However, to date, no study has examined the
effects of GBP on neural and glial markers.

S100B and neuron-specific enolase protein (NSE), dis-
tributed mainly in the central nervous system, can provide
qualitative information about the extent of brain injury and
are sensitive markers of brain damage after stroke and cere-
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bral hypoxia[7,8].  NSE is a glycolytic enzyme that is a soluble
cytoplasmatic protein localized principally in neurons.  Re-
cent evidence has shown that NSE is a marker of neuronal
damage following cerebral ischemia[8,9].  S100B is an acidic
Ca2+ binding protein, present mainly in astrocytes, that ex-
erts paracrin trophic effects on several neuronal populations[10].
Brain injury causes a selective leakage of S100B into the
cerebrospinal fluid and blood so that serum S100B levels
were found to be good indicators for the assessment of pa-
tients with cerebral ischemia[11,12].

Glial fibrillary acidic protein (GFAP) is another astrocytic
marker.  GFAP is an intracellular intermediate filament pro-
tein of glial cells.  It has been suggested that GFAP is essen-
tial for the formation of stable astrocytic processes in re-
sponse to neuronal damage and this may be critical for mor-
phogenesis of the central nervous system[13].  Chemical or
mechanical insults to the brain cause permanent changes,
with astrocytes responding via a variety of reactions called
reactive gliosis[14].  A key indicator of glial reactivity is the
increased synthesis of GFAP.  Increases in GFAP are com-
monly used to examine the distributions of glial cells in re-
sponse to neural injury[14,15].  Recently, we have demonstrated
that streptozotocine (STZ)-induced diabetes causes reac-
tive gliosis[15,16].  In the present study we aimed to examine
the effects of GBP on neural and glial markers in STZ-in-
duced diabetic rats.

Materials and methods

Sixty adult male Wistar rats (Animal Research Unit, Firat
University, Elazig, Turkey) weighing 200–250 g were used in
this study.  The rats were housed in a temperature-controlled
room (22–25 ºC) with a 12/12 h light/dark cycle.  Water and
food were given ad libitum.  Animals were assigned into a
diabetic group (n=30) or an age-matched control group (n=30).
Diabetes was induced by a single intraperitoneal (ip) injec-
tion of 50 mg/kg body weight STZ.  STZ (Sigma Chemical
Company, St Louis, MO, USA) was dissolved in sodium ci-
trate buffer (pH 4.5).  Blood glucose concentrations were
determined 3 d after STZ injection.  Rats with a blood glu-
cose concentration above 250 mg/dL were declared diabetic.
Diabetic rats were randomly assigned to two groups: the
first group received GBP (Sigma) diluted in sterile physi-
ological saline and administered ip (50 mg·kg-1·d-1) in a vol-
ume of 1 mL/kg.  (STZ-GBP group, n=15).  The second group
received the vehicle alone (STZ group; n=15).  Control rats
were injected with the vehicle alone (n= 15) or with the same
dose of GBP (GBP group; n=15).  Each animal’s body weight
and diabetic state were reassessed after 6 weeks just prior to

killing the animals.  All animals were killed by decapitation
after 5 weeks of treatment by GBP.  The brain tissues were
removed; the hippocampus, cortex, and cerebellum were
dissected.  Samples were used fresh or kept at -70 ºC.  All
protocols described were reviewed and approved by the
local Institutional Committee for the Ethical Use of Animals.

Western blotting  Tissue samples were homogenized in
Tris-HCl 10 mmol/L (pH 7.4), NaCl  0.1 mmol/L, phenylmethyl-
sulphonyl fluoride 0.2 mmol/L, edetic acid 5 mmol/L, β-
mercaptoethanol 2 mmol/L, and 1% Triton X-100 containing
proteinaze inhibitors, and centrifuged at 40 000×g at 4 ºC
for 60 min.  Supernatants were collected, aliquoted, and stored
at -70 ºC until required.

Sodium dodecyl sulfate (SDS)-polyacrylamide gradient
gel electrophoresis was carried out as previously described[17].
Samples and standard protein markers were submitted to the
SDS-polyacrylamide gradient gel and the separated proteins
were transferred to nitrocellulose filters (Schleicher & Schuell
Incorporated, Keene, NH, USA).  Non-specific binding was
blocked by incubation with 1% bovine serum albumin.  The
blots were then incubated with primary antibodies (Santa
Cruz Biotechnology Incorporated, Santa Cruz, CA, USA) as
follows: GFAP 1:2 000; S100 1:1000; NSE 1:1000.  After a 1-h
incubation the blots were washed extensively in TBS-Tween
(Tris-HCl 25 mmol/L, NaCl 0.2 mmol/L, 0.1% Tween-20).  The
blots were then incubated for 1 h with a secondary antibody,
a goat anti-rabbit Ig peroxidase conjugated (Sigma, Dorset,
UK).  Specific binding was detected using diaminobenzidine
and H2O2 as the substrates.  The relative amounts of immu-
noreactive GFAP, S100B, and NSE were quantified in arbi-
trary units by scanning blots using a computerized software
program (LabWorks 4.0; UVP Incorporated, Cambridge, UK).

Levels of tissue protein, glutathione, and LPO  Protein
determinations were carried out according to the Lowry pro-
cedure using a protein assay kit (Sigma Chemical Company,
Deisenhofen, Germany).  Tissue lipid peroxidation (malondi-
aldehyde+4-hydroxyalkenals) was determined using a LPO-
586 kit (Oxis International Incorporated, Corvallis, OR, USA);
the method is based on the reaction of N-methyl-2-phenyl-
indole with malondialdehyde and 4-hydroxyalkenals at
45 °C.  Glutathione (GSH) levels were determined using the
method of Ellman[18].  Tissue homogenates were centrifuged
with 5% trichloroacetic acid to centrifuge out the proteins.
Two milliliters of phosphate buffer, 0.5 mL of 5,5' dithiobis (2-
nitrobenzoic acid) and 0.4 mL of distilled water was added to
0.1 mL of this homogenate.  The mixture was vortexed and
the absorbance was read at 412 nm.

Statistical analysis  Results were expressed as mean±SD
and significant differences between groups were evaluated
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using ANVOA followed by a post-hoc Bonferroni test.  A
level of significance of P<0.05 was considered to be statisti-
cally significant.

Results
Estimation of glial and neuronal markers  A common

marker for reactive gliosis is an increase in GFAP.  GFAP
showed many immunopositive protein bands with relative
molecular weights of 49 kDa (main band) and several small
molecular weight bands at roughly 42–47 kDa (degraded
product of GFAP), respectively (Figure 1).  Although West-
ern blot measurement of brain 49 kDa GFAP contents after 6
weeks of STZ-induced diabetes showed no significant
difference, the amount of degraded GFAP product increased
significantly compared with the non-diabetic controls.  The
beneficial effects of the repeated administration of GBP were

manifested by downregulation of the degradation products
of GFAP (Figure 1, Table 1).

The immunoblots of the brain homogenates showed a
single S100B-immunoreactive polypeptide band with a mo-
lecular weight of approximately 11 kDa.  The levels of S100B
protein in the hippocampus, cortex, and cerebellum were sig-
nificantly higher in STZ-treated rats than that in the control
group.  Similarly, GBP prevented the increase of S100B pro-
tein in all studied brain areas (Figure 2, Table 1).

In the brain regions of STZ-treated rats, the NSE con-
tents showed a significant increase compared with the
controls.  Similarly to GFAP and S100B, NSE levels were
reduced by treatment with GBP (Figure 3, Table 1).

Estimation of LPO and GSH   Likewise, STZ-induced
diabetes led to a marked elevation in the levels of malondial-
dehyde+4-hydroxyalkenals in the cortex, hippocampus, and

Table 1.  Densitometric results (as arbitrary units) of GFAP, S100B, and NSE and the levels of LPO and GSH in the hippocampus, cortex and
cerebellum of control, diabetic and GBP-treated rats.  n=15.  Mean±SD.  bP<0.05,  cP<0.01 vs control.  eP<0.05, fP<0.01 vs STZ-diabetic group.

                                                                          Control                  STZ                            STZ+GBP                 GBP

Hippocampus
GFAP (au)    1.0±0.1  2.2±0.2c    1.2±0.1 0.80±0.09
S100B (au)    1.0±0.09  2.1±0.2c 1.10±0.09f 0.80±0.09
NSE (au)    1.0±0.1  2.0±0.2c   1.2±0.1f   1.3±0.1
LPO (nmol/mg protein)    3.2±0.3  4.9±0.5c   4.1±0.3e   3.1±0.2
GSH (µg/g protein)   375±42 348±38  335±42  350±35

C or te x
GFAP (au)    1.0±0.09  2.0±0.2c 0.80±0.09e 0.90±0.09
S100B (au)    1.0±0.09  3.4±0.4c   1.1±0.09f   1.8±0.2c

NSE (au)    1.0±0.1  2.2±0.2c   1.1±0.1f   1.2±0.1
LPO (nmol/mg protein)    3.2±0.3  4.8±0.5c   3.8±0.3e   3.0±0.3
GSH (µg/g protein)   360±40 325±30b  310±30  342±34

C e r e be l lum
GFAP (au)    1.0±0.1  2.8±0.3c   1.3±0.1   1.1±0.1
S100B (au)    1.0±0.08  1.8±0.2 0.80±0.09 0.80±0.08
NSE (au)    1.0±0.09  2.4±0.3   1.2±0.1   0.9±0.1
LPO (nmol/mg protein)    3.3±0.4  4.8±0.5c   3.9±0.3e   3.2±0.3
GSH (µg/g protein)   362±42 322±38b  315±35  340±36

au, arbitrary units; GBP, gabapentin; LPO, lipid peroxidation as malondialdehyde plus 4-hydroxyalkenals; STZ, streptozotocine.

Figure 1.  Western blot analysis of GFAP protein from hippocampal,
cortical, and cerebellar homogenates of control, STZ, and GBP groups.
H, hippocampus; Cor, cortex; Cer, cerebellum.

Figure 2 .  Western blot detection of S100B protein from the
hippocampus, cortex, and cerebellum of control, STZ, and GBP groups.
H, hippocampus; Cor, cortex; Cer, cerebellum.



420

 Acta Pharmacologica Sinica ISSN 1671-4083Baydas G et al

cerebellum compared with the control group.  A significant
positive correlation was found between the levels of malondi-
aldehyde +4-hydroxyalkenals and the GFAP contents in the
cortex and hippocampus (r=0.625, P<0.01; r=0.604, P<0.01,
respectively).  Treatment with GBP significantly reduced the
levels of malondialdehyde+4-hydroxyalkenals in the brain
homogenates of diabetic rats compared to the controls
(Table 1).

In the present study we measured the amount of GSH in
the homogenates of cortex, hippocampus and cerebellum.
In each of these brain parts, the levels of GSH were lower in
the STZ-diabetic rats than in the control animals.  Treatment
with GBP led to a slight but non-significant reduction in the
levels of GSH compared with the levels in the STZ group
(Table 1).

Discussion
In the experiment reported here, we investigated the ef-

fects of GBP on glial and neuronal markers in different brain
regions of diabetic rats.  We found that diabetes induced
overexpression in both glial and neuronal markers and GBP
prevented the elevation of these markers.  Interestingly, treat-
ment with GBP did not change the levels of both neuronal
and glial markers in non-diabetic rats.  Furthermore, GBP
treatment moderately inhibited, but did not completely
reverse, the elevation in LPO induced by STZ diabetes.  GFAP
and S100B can be trophic or toxic depending on their
concentrations.  Over production of both glial markers causes
glial and neuronal death, whereas in low concentrations they
can act as neurotrophic factors, which may be important
during both development and nerve regeneration[19,20].

 Herein we report a new role for GBP that is associated
with neuroprotection.  These data provide the first indica-
tion that GBP regulates the expression of neural and glial
markers.  Although the mechanism of action of GBP was not
specifically investigated in this study, the present findings
provide some clues.

It has been reported that GBP is neuroprotective in
chronic neural diseases[21].  Current findings appear to sup-
port this idea.  The mechanism by which GBP reduced LPO

levels and inhibited the expression of neuronal and glial
markers is not known.  This process may occur through a
free radical mediated pathway.  Tissue damage is observed
during untreated diabetes with very high glucose levels and
this is attributed to oxidative injury resulting from the pro-
duction of free radicals[2,22].  One of the consequences of
such damage is the depletion of the cellular antioxidant, GSH.
A decreased defense system against free radicals and el-
evated glutamatergic activity in diabetes may cause glial
sensitivity[23].  Diabetes-related sensitivity to oxidative stress
of astrocytes makes neurons more susceptible to injury.
Neuronal and glial injury leads to the over production of
NSE, GFAP, and S100B.  In agreement with the present find-
ings we recently hypothesized that glial reactivity was closely
related to the oxidative environment[15].

The current results show that treatment with GBP signifi-
cantly prevents glial reactivity by reducing the over produc-
tion of GFAP and S100B.  Similarly GBP inhibited the eleva-
tion of NSE, a neuronal marker.  The exact mechanism by
which GBP inhibits reactive gliosis is not entirely clear;
however, one possible explanation is that GBP may reduce
oxidative stress via an unknown mechanism.  Oxidative
stress is known to exacerbate glial reactivity[15,16].  Decreased
LPO levels as a result of GBP treatment in the present study
supports this explanation.

Hyperglycemia causes a reduction in extracellular GABA,
which exacerbates neuronal injury by reducing generalized
neuroinhibition[23,24].  Reduced GABAergic action in the ce-
rebral cortex in diabetes has been shown to be increased by
GBP treatment[25].  Several investigations have confirmed
that GBP has the ability to increase the GABA content of the
brain, influence GABA receptor activity, and exhibit anticon-
vulsant activity[26,27].  An increase in GABAergic activity by
GBP would promote inhibitory neurotransmission in the cen-
tral nervous system.  This is a potent mechanism by which
GBP acts as a neuroprotector.

 The other possible explanation for the effect of GBP is a
drug-induced decrease in glutamatergic neurotransmission[28].
Glutamate neurotoxicity has been implicated in the neuro-
degeneration associated with several neurodegene-rative
diseases.  Diabetes may increase the release of glutamate
and activate NMDA receptors[29].  Glutamate causes a trans-
membrane ion imbalance, in particular a calcium influx, which
in turn generates reactive oxygen species.  These free radi-
cals actively attack macromolecules within neuron and glial
cells, resulting in structural and functional changes in
proteins.  Glial cells respond to the oxidative insult by pro-
ducing GFAP and S100B[30,31].  The present findings are in
agreement with recent reports that clearly show that reactive

Figure 3.  Western blot of NSE protein from the hippocampus,
cortex, and cerebellum of control, STZ, and GBP groups.  H, hippo-
campus; Cor, cortex; Cer, cerebellum.
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gliosis occurs in diabetes, possibly as a result of oxidative
stress.  This is consistent with our previous studies in dia-
betic rats in which the protective effects of antioxidants
against reactive gliosis were attributed to their free radical
scavenging properties[15,16].  As we previously described,
antioxidant vitamin E[32] and melatonin[15] treatment improved
reactive gliosis induced by hyperglycemia via a dramatic
reduction in oxidative stress.  Compared with antioxidants,
the effect of GBP on oxidative stress is considerably more
modest.  The present results suggest that GBP prevents re-
active gliosis and oxidative stress in an indirect way, possi-
bly by reducing glutamate neurotoxicity, which causes free
radical production in brain tissue.  Previous studies have
shown that repeated administration of GBP inhibits excita-
tory glutamatergic neurotransmission via direct blockage of
excitatory receptors or alteration of glutamate metabolism or
release[32].  In the present study we have shown that the
production of glial and neuronal markers is increased in the
brain by hyperglycemia and that this increase is attenuated
by treatment with GBP.  Thus, we predict that GBP treatment
will attenuate the hippocampal and cortical neurodegenera-
tion observed during diabetes mellitus in rats.
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Influence of low dietary histamine on the seizure development of chemi-
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Abstract
Aim: To determine the role of dietary low histamine on the seizure development of
pentylenetetrazol (PTZ)-induced kindling in rats.  Methods: After 14 d of feeding
on a low histamine diet (LH, containing 0.145 µmol/g of histamine), the rats were
chemically kindled by repeated intraperitoneal injection of a subconvulsant dose
of PTZ (35 mg/kg) once every 48 h, and seizure activity of kindling was recorded
for 30 min.  Histamine in brain samples was analyzed using a high performance
liquid chromatography system with a fluorescence spectrofluorometer.  Results:
The LH diet induced an increase in seizure response (seizure susceptibility) to the
first trial of PTZ, and resulted in facilitation of subsequent PTZ kindling process
(seizure development).  The histamine levels in the cortex, hippocampus, and
hypothalamus of LH-treated rats decreased significantly and these changes cor-
related well with seizure behavior (r = 0.875, 0.651, and 0.796, respectively).  In addition,
chronic kindled seizures resulted in a significant increase of the histamine content
in the cortex and hypothalamus in the LH-fed groups.  Conclusion: These find-
ings indicate that the histamine in daily food could influence the brain histaminer-
gic function, and play an important role in regulating seizure susceptibility.
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Introduction
Since Churchill first described certain antihistaminics

enhance epileptic extent[1], a number of studies have indi-
cated that brain histamine is involved in mechanisms regu-
lating seizure susceptibility, and the anticonvulsant action
of histamine has been well documented[2–5].  Histamine in-
creases the threshold for amygdaloid kindling and pentyle-
netetrazol (PTZ)-induced seizures[6,7].  A marked increase in
H 1-receptor binding has been observed around the epileptic
foci of complex partial seizures and may be involved in in-
hibiting the spread of seizure activity[8].  In addition, we have
recently reported severe seizure development of PTZ-induced
kindling in H1 receptor knockout mice (H1R KO) and histi-
dine decarboxylase-deficient (HDC -/-) mice[9].

It has recently been reported that long-term treatment with
high histamine level diets could increase brain histamine lev-
els in HDC -/- mice, which lack the ability to synthesize hista-

mine[11,12].  These results suggest that histamine can be ab-
sorbed from the digestive tract and distributed to the brain[12];
furthermore, histamine levels in various diets might influ-
ence the histaminergic system and so affect certain neuronal
functions, such as epilepsy.  Yet, so far there is only limited
information about the effects of dietary histamine on these
neurotransmitters.

Kindling has been accepted as an experimental animal
model for analyzing epilepsy and epileptogenesis, and esti-
mating the effectiveness of antiepileptic drugs.  It is gener-
ally known that PTZ-induced kindling creates proconflict
and convulsant effects in rodents, and is considered as an
adequate model of human absence epilepsy and myoclonic,
generalized tonic-clonic seizure[13].  We therefore designed
the present study to further elucidate the possible relation-
ship between the appearance of seizures and histamine in
daily diet.
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Materials and methods
Animals  Male Sprague-Dawley rats (4–5 weeks old) were

purchased from Japan SLC (Shizuoka, Japan), and were
maintained in individual cages under constant temperature
(22–24 °C) and humidity (40%–70%) with a 12-h light/dark
cycle (lights on from 6:00 AM–18:00 PM).  The rats were fed
with basal histamine diets (BH, containing 79.6 nmol/g of
histamine, Nihon Nosan Kogyo KK, Yokohama, Japan) or
low histamine diets (LH, containing 1.45 nmol/g of histamine,
Ver 3 from Nihon Nosan Kogyo KK, Yokohama, Japan), and
water was given ad libitum.  Behavioral studies were carried
out each day between 10.00 AM and 17.00 PM.  All experi-
ments were carried out in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory
Animals.

Chemical kindling  After 2 weeks of LH feeding, the
rodents were intraperitoneally injected with PTZ (35 mg/
kg) every 48 h until the animals were fully kindled[4,5,14].  After
PTZ injections, the seizure intensity was scored for 30 min
using the following scale: Stage 0, no response; Stage 1, ear
and facial twitching; Stage 2, myoclonic body jerks; Stage 3,
clonic forelimb convulsions; Stage 4, generalized clonic
convulsions, turn over on to side position; Stage 5, general-
ized clonic-tonic convulsions or died within 30 min.  In
addition, the latency to the onset of myoclonic jerks were
measured and analyzed statistically.  In the absence of sei-
zures within 30 min, the latency was taken as 1800 s.  When
the rat had a seizure score of 4 or 5 at three consecutive
injections, it was defined as fully kindled.

Measurements of brain histamine  The rodents were
killed by decapitation.  The brain was quickly removed, and
placed on an ice-cold stainless steel plate, and dissected ac-
cording to the methods of Glowinski and Iversen[15].  These
tissues were stored at -80 ºC until assayed. The brain tissue
was weighed and homogenized in 3% perchloric acid.  The
homogenate was centrifuged at 15 000×g for 20 min at 4 ºC to
obtain a clear supernatant. After filtration (0.22 µm), hista-
mine was analyzed fluorometrically with o-phthaladehyde
after separation on an HPLC system (CCP & 8010 series,
Tosoh, Tokyo, Japan, particle size 5 µm).  The fluorescence
intensity was measured at 450 nm with excitation at 360 nm
in a spectrofluorometer (model C-R3A, Shimadzu, Kyoto,
Japan)[9,10].

Statistical analysis  All data were expressed as mean±
SEM.  One-way analysis of variance with Dunnetts test was
used for calculating a significant difference. Statistical sig-
nificance was set at P<0.05.

Results
Effects of LH diet on seizure development induced by

PTZ-kindling  After 2 weeks on a LH diet, compared with
BH, histamine levels significantly decreased in the cortex
(23.2%), hippocampus (16.5%), and hypothalamus (43.7%)
(P<0.05) (Figure 1).  Rats fed with the LH diet for 2 weeks
showed greatly enhanced development of PTZ-induced
kindled seizures (Figure 2).  They were fully kindled through
less chemical stimuli compared with those fed with the BH
diet.  Rats fed with the LH diet and control rats fed with the
BH diet became fully kindled at d 8 and d 14, respectively.  In
addition, rats fed with the LH exhibited more severe seizure
stages than rats fed with the BH diet (P<0.05 for the first 8 d
of PTZ injection).  The latency to the onset of seizures was
also significantly shorter in the LH group (P<0.05 for the
first 3 d of PTZ injection).

Correlation between the decrease in brain histamine
levels and the increase in seizure stage after the first PTZ
injection  To investigate the relationship between the in-
crease in seizure scores and the decrease in the histamine
levels in the brain induced by the LH diet, the regression line
of Y (decrease in histamine levels of the cortex, hippocampus,
and hypothalamus) on X (increase in seizure scores) and the
correlation coefficient (r) were calculated (Figure 3).  The
correlation coefficients of the cortex, hippocampus, and hy-
pothalamus were 0.875, 0.651, and 0.796, respectively.

Effects of chronic kindled seizures on levels of hista-
mine in the brain of rats Twenty-four hours after fully kindled,
the rats were killed by decapitation.  The histamine in the
brain tissues was measured.  Compared with control rats fed

Figure 1.  Changes of histamine levels in the brain of rats after 2
weeks on the LH diet.  BH: basal histamine diets; LH: laohistamine
diets.  n=10–12.  Mean±SEM.  bP<0.05 vs BH-fed group.
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the LH diet without PTZ treatment, chronic PTZ kindled elic-
ited significant increases in histamine levels both in the cor-
tex (137.6%) and hypothalamus (195.7%), but not in the hip-
pocampus (Figure 4).

Discussion
The interactions between histamine levels in food and

normal physiological functions have recently excited inter-
est[11,12].  This study provides the first evidence that dietary
histamine affects the onset and development of seizures in-
duced by chronic PTZ kindling in rats.  Relative to BH diets,
LH diets significantly augmented the onset of seizures in-
duced by chronic PTZ-kindling, and further resulted in fa-
cilitation of subsequent PTZ kindling process.  Meanwhile,
significant decreases in histamine levels in the cortex,

Figure 4.  Effect of chronic PTZ administration on brain histamine levels
in rats fed with the LH diet.  n=10–11.  Mean±SEM. bP<0.05 vs the
control group.

Figure 2.  Effects of LH diet on seizure development induced by PTZ-kindling.  n=15–16 rats.  Mean±SEM. bP<0.05 vs BH-fed group.

Figure 3.  Correlation between the decrease in brain histamine levels and the increase in the scores of seizure stage after the first PTZ
injection.  n=9.  Mean±SEM.
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zures[21].
Therefore, the present study indicates that histamine in

daily food can influence histaminergic function in the brain,
and may play an important role in regulating human primary
generalized (or absence) epilepsy.  These findings further
suggest that more attention should be paid to daily dietary
containing low and high histamine, and their possible influ-
ence on seizure susceptibility of human primary generalized
(or absence) epilepsy.
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Introduction
Serotonin (5-HT), a major component of the inflamma-

tory chemical milieu, is released from platelets, mast cells, or
basophils that infiltrate an area of tissue damage[1].  Once
released, 5-HT is free to interact with a number of molecu-
larly distinct receptor subtypes, including the 5-HT3 recep-
tor expressed in primary afferent nociceptors[2,3], and is ca-
pable of evoking pain and hyperalgesia[4].  To date, recep-
tors for 5-HT can be classified into seven types and can be
further distinguished into at least 13 subtypes.  Unlike all
other known 5-HT receptor subtypes, which are G-protein
coupled, the 5-HT3 receptor is a member of the excitatory
ligand-gated ion channel (LGIC) superfamily[5,6].  Research-

ers believe that 5-HT3 receptors located on sensory nerve
terminals are mainly responsible for 5-HT-induced pain and
hyperalgesia, although other subtypes of 5-HT receptors
are also involved[4,7–10].  Recently we have demonstrated the
potentiation of 5-HT3 receptor function by substance P and
α-methyl-5-HT, an agonist of 5-HT2 receptor, through a pro-
tein kinase C (PKC)-dependent pathway in primary sensory
neurons[11,12].

Bradykinin (BK) is an inflammatory mediator that plays a
pivotal role in pain and hyperalgesia by exciting nociceptors
and sensitizing them through activation of PKC[13].  BK re-
sponses are mediated by BK receptors.  There are two main
types of BK receptors, B1 and B2.  B2 BK receptors are con-
stitutively and abundantly expressed in primary sensory neu-

Abstract
Aim: To explore the modulatory effect of bradykinin (BK) on 5-HT3 receptor-
mediated current in trigeminal ganglion (TG) neurons in rats.  Methods: The whole-
cell patch-clamp technique was used to record 5-HT-activated currents (I5-HT) in
neurons freshly dissociated from rat TG.  Drugs were applied by rapid solution
exchange.  Results: The majority of the neurons examined responded to 5-HT
applied externally with an inward current (76.3%, 74/97) that could be blocked by
the 5-HT3 receptor antagonist, ICS-205,930 (1×10-6 mol/L).   In 66 of the 74 cells
sensitive to 5-HT (89.2%),  pretreatment for 30 s with BK (1×10-6–1×10-10 mol/L)
could potentiate I5-HT with the maximal modulatory effect occurring at
10-7 mol/L BK (71.6%±4.9%).  BK shifted the 5-HT concentration-response curve
upwards with an increase of 68.9%±7.2% in the maximal current response, but with
no significant change in the EC50 value (19.1±3.2 µmol/L vs 20.9±3.5 µmol/L; t-test,
P>0.05; n=8).  BK potentiated I5-HT in a holding potential-independent manner and
did not alter the reverse potential of I5-HT.  This BK-induced potentiation of
I5-HT was almost completely blocked by Hoe 140 (5×10-7 mol/L), a selective B2 BK
receptor antagonist, and was removed after intracellular dialysis of GF-109203X
(2 µmol/L), a selective protein kinase C (PKC) inhibitor, with the re-patch clamp.
Conclusion: Pre-application of BK exerts an enhancing effect on I5-HT via a PKC-
dependent pathway in rat TG neurons, which may explain the peripheral mecha-
nism of pain and hyperalgesia caused by, for example, tissue damage and
inflammation.
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rons[14].  The B2 BK receptor has been implicated in BK-
induced nociceptor activities and nociceptive behaviors[15–17],
and animals deficient in B2 BK receptors show hypoalgesia
and reduced inflammatory responses[18,19].  The cDNA of the
B2 BK receptor has already been cloned[20] and evidence for
the contribution of the PKC pathway to the B2 BK receptor-
mediated algesic action of BK has accumulated[17,21].  Thus,
it is highly possible that 5-HT3 receptor function is also en-
hanced by BK through a PKC-dependent pathway.  The
present study aimed to explore whether the modulation of
BK in 5-HT3 receptor-mediated current could occur in trigemi-
nal ganglion (TG) neurons.

Materials and methods
Isolation of TG neurons  Spraque-Dawley rats, 2–3 weeks

old, were anesthetized with ether and decapitated.  The TG
were removed and transferred immediately into Dulbecco’s
modified Eagle’s medium (DMEM, Sigma, St  Louis, MO,
USA) at pH 7.4.  After removal of the surrounding connec-
tive tissues the TG were minced with fine spring scissors
and the ganglion fragments were placed in a flask containing
5 mL DMEM in which trypsin (type II-S, Sigma) 0.5 g/L, colla-
genase (type I-A, Sigma) 1.0 g/L, and DNase (type IV, Sigma)
0.1 g/L had been dissolved, and incubated at 35 °C in a shak-
ing water bath for 30–35 min.  Soybean trypsin inhibitor (type
II-S, Sigma) 1.25 g/L was added to stop trypsin digestion.
Dissociated neurons were placed into a 35 mm Petri dish and
kept for at least another 30 min before electrophysiological
recording.  The neurons selected for the patch-clamp experi-
ment measured 20–45 µm in diameter.

Electrophysiological recordings  Whole-cell patch-clamp
recordings were carried out at room temperature (22–24 ºC)
using a whole-cell patch-clamp amplifier (CEZ-2400, Nihon
Kohden, Tokyo, Japan).  Pipettes were filled with internal
solution containing (in mmol/L): KCl 140, CaCl2 1, MgCl2 2.5,
HEPES 10, egtazic acid 11, and ATP 5; the pH was adjusted
to 7.2 with KOH and the osmolarity was adjusted to 310
mOsm/L with sucrose.  Cells were bathed in an external solu-
tion containing (in mmol/L): NaCl 150, KCl 5, CaCl2 2.5, MgCl2

2, HEPES 10, and D-glucose 10; the osmolarity was adjusted
to 340 mOsm/L with sucrose and the pH was adjusted to 7.4
with NaOH.  The resistance of the recording pipette was in
the range of 2–5 MΩ.  A small patch of membrane under-
neath the tip of the pipette was aspirated to form a gigaseal
and then more negative pressure was applied to rupture it,
thus establishing a whole-cell configuration.  The adjust-
ment of capacitance compensation and series resistance com-
pensation was done before recording the membrane currents.
The holding potential was set at -60 mV, unless otherwise

indicated.  Membrane currents were filtered at 10 kHz (-3 dB),
and the data were stored and analyzed in a computer with
data acquisition software and hardware systems (Huazhong
University of Science and Technology, Wuhan, China) and
recorded using a pen recorder (Nihon Kohden).

Drug application  Drugs used in the experiments included:
serotonin hydrochloride (5-HT, Sigma), bradykinin (BK,
Sigma), 2-methyl-5-hydroxytryptamine maleate (Research
Biochemicals Incorporated, Natick, MA, USA), ICS -205,930
(Research Biochemicals Incorporated), Hoe 140 (Sigma), and
GF 109203X (Research Biochemicals Incorporated).  All drugs
except GF 109203X were dissolved in the external solution
just prior to use and held in a linear array of fused silica
tubes (od/id=500/200 µm) connected to a series of indepen-
dent reservoirs.  The distance from the tube mouth to the cell
examined was approximately 100 µm.  The application of each
drug was driven by gravity and controlled by the correspond-
ing valve, and rapid solution exchange could be achieved by
shifting the tubes horizontally with a micromanipulator.  Cells
were constantly bathed in normal external solution flowing
from one tube connected to a larger reservoir between drug
applications.  In a number of the experiments GF 109203X
needed to be applied intracellularly and was dissolved in the
internal solution.

Data analysis Data were statistically analyzed using
Student’s t-test or analysis of variance (ANOVA).  Statisti-
cal analysis of the concentration-response data was carried
out using the non-linear, curve-fitting program ALLFIT.  Cur-
rent values were expressed as mean±SEM.

Results
Current mediated by the 5-HT3 receptor in rat TG neu-

rons  In our experiments neurons freshly isolated from rat
TG were round or elliptic in shape under light microscopy.
The majority of the cells examined responded to 5-HT ap-
plied externally with a concentration (1×10-3–1×10-6 mol/L)-
dependent inward current (76.3%, 74/97).  This 5-HT-acti-
vated current (I5-HT, 1×10-4 mol/L) could be mimicked by 2-
methyl-5-HT (1×10-4 mol/L), a specific 5-HT3 receptor agonist,
and could be blocked by ICS-205,930 (1×10-6 mol/L), a selec-
tive antagonist of 5-HT3 receptor, indicating that this current
was mediated by the 5-HT3 receptor (Figure 1A).

When 5-HT was applied regularly for 3-s durations with
3-min intervals, the I5-HT was repeated stably within at least
90 min, and the change in amplitude was within 8% (data not
shown).  Thus, we used this pattern of 5-HT applications in
the following experiments.

Potentiation of I5-HT by pre-application of BK   BK ap-
plied for 30 s prior to the application of 5-HT (1×10-4 mol/L)
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potentiated I5-HT reversibly in the majority of the neurons
examined (66/74, 89.2%).  In 18 of the 74 (24.3%) cells sensi-
tive to 5-HT there was also a response to BK with a very
small inward or outward current (<150 pA), which showed
slow desensitization (data not shown).  The BK potentiation

of I5-HT was observed irrespective of whether BK evoked an
inward or outward current, or no response.  The I5-HT was
potentiated by the pre-application of BK (1×10-6–
1×10-10 mol/L) in a concentration-dependent manner.  Figure
1B shows that with an increase in BK concentration from
1×10-10 to 1×10-6 mol/L, the amplitude of I5-HT (1×10-4 mol/L)
increased stepwise until it reached its maximum at a concen-
tration of 1×10-7 mol/L BK (71.6±4.9%).  Thereafter this po-
tentiating effect did not increase further, but rather decayed
with further increases in BK concentration until 10-6 mol/L
(Figure 1B).

Effect of the duration of BK pre-application on I5-HT  To
explore the relationship between the effect of BK on I5-HT and
the duration of the pre-application of BK, different BK pre-
application durations ranging from 15 to 120 s were tested.
Figure 1C illustrates that the amplitude of I5-HT (1×10-4 mol/L)
increased with increasing BK (1×10-7 mol/L) pre-application
durations.  With the duration of BK pre-application at 120 s,
the amplitude of I5-HT increased (1.97±0.13)-fold compared
with that of the control.  However, there was no enhancing
effect observed when 5-HT and BK were co-applied for 3 s
(n=7; data not shown).

Effect of the B2 BK receptor antagonist Hoe 140 on BK
potentiation of I5-HT  To verify whether the BK potentiation
of I5-HT was mediated by the receptor for BK, we examined
the effect of the pre-application of both BK and Hoe 140, a
selective B2 BK receptor antagonist, on I5-HT.  The pre-appli-
cation of both BK and Hoe 140 abolished BK-induced po-
tentiation of I5-HT significantly (Figure 2A,B, paired t-test,
P<0.01, n=7).

Concentration-response relationship for 5-HT with and
without BK pre-application  Figure 3A demonstrates the
concentration-response curves for 5-HT with or without the
pre-application of BK (1×10-7 mol/L).  The threshold concen-
trations of 5-HT in the two concentration-response curves
for 5-HT with or without BK pre-application were similar at
approximately 3×10-6 mol/L; and the EC50 values were also
very similar (19.1±3.2 µmol/L and 20.9±3.5 µmol/L;
t-test; P>0.05; n=8); whereas the maximal response induced
by 5-HT with BK pre-application increased by 68.9%±7.2%
of that without BK pre-application.  The present results re-
veal that the concentration-response curve for 5-HT pre-
treated with BK shifts upwards compared with the curve for
5-HT alone.

Current-voltage (I-V) relationship for I5-HT with or with-
out BK pre-application  I5-HT (1×10-4 mol/L) with or without
the pre-application of BK (1×10-7 mol/L) was recorded at dif-
ferent holding potentials.  All current values from the same
cell were normalized to the current response induced by

Figure 1.  Potentiation of I5-HT by BK.  (A) The current traces show
that 5-HT (1×10-4 mol/L) activated an inward current in TG neurons,
which could be mimicked by the application of 2-methyl-5-HT (1×10-4

mol/L), and blocked by ICS-205,930 (1×10-6 mol/L) (n=7).  All cur-
rent traces were recorded from the same neuron.  (B) BK potentiated
I5-HT in a concentration-dependent manner.  The duration of BK pre-
application lasted for 30 s.  Each point represents the mean±SEM of
7–9 neurons.  The current traces in the inset show that BK (1×10-7

mol/L) potentiated I5-HT.  (C) The enhancing effect of BK (1×10-7

mol/L) on I5-HT (1×10-4 mol/L) increased with increments in BK pre-
application duration from 0 to 120 s (n=6–9).
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5-HT alone at a holding potential of -60 mV when I-V curves
were drawn (Figure 3B).  The reverse potential values for the
two curves were essentially the same at 0 mV.  The amplitude
of I5-HT with BK pre-application was greater than that without
BK pre-application at all holding potentials from -80 to +40
mV, and the BK-induced alteration of I5-HT did not correlate
with the change in holding potential (ANOVA; P>0.05, n=8),
which suggests that the potentiation of I5-HT by BK occurs
in a voltage-independent manner and the reverse potential
of I5-HT is unchanged by BK.

Intracellular signal transduction mechanism underly-
ing BK potentiation of I5-HT  To explore whether this enhanc-
ing effect is mediated through BK-receptor-induced intrac-
ellular signal transduction, for example, activating PKC, GF-
109203X, a selective PKC inhibitor[22], was included in the
recording pipette for intracellular dialysis using the re-patch
technique.  In the control experiment with the pipette filled
with normal internal solution, the BK-induced potentiation
of I5-HT was 72.2%±5.2%.  In contrast, when using a pipette
filled with GF-109203X (2 µmol/L) containing internal solu-
tion the BK-induced potentiation of I5-HT was 13.5%±4.3%.
It is evident that GF-109203X applied intracellularly removes
the enhancing effect of BK on I5-HT (Figure 4).

Discussion
The 5-HT-activated current we recorded from TG neu-

Figure 2.  Blockade of BK-induced potentiation of I5-HT by the B2 BK
receptor antagonist Hoe 140.  The current traces in (A) and the bar
graph in (B) show that the potentiation of I5-HT by BK pre-applied
alone was abolished by the co-application of BK and Hoe 140, a selec-
tive B2 BK receptor antagonist (paired t-test, cP<0.01 vs BK+5-HT).

Figure 3 .  Concentration-response and current-voltage rela tion-
ships for 5-HT with or without the pre-application of BK.  (A)  The
concentration-response curves for 5-HT with or without BK (1×10-7

mol/L) pre-application, each point represents the mean±SEM of
7–11 neurons.  All 5-HT-induced currents were normalized to the
response induced by 10-4 mol/L 5-HT applied alone (marked with
asterisk).  The holding potential was set at -60 mV.  The data for
5-HT alone is a good fit to the logistic equation I=Imax/[1+(EC50/C)n],
where C is the concentration of 5-HT, I is the normalized I5-HT value,
and EC50 is the concentration of 5-HT for half maximal current
response.  The Hill coefficients (n) for the cases with and without BK
pre-application were 0.98 and 0.96, respectively.  It is evident that
the curve for 5-HT with BK pre-application shifts upwards compared
with the curve for 5-HT applied alone.  (B) The I-V curves for 5-HT
(1×10-4 mol/L)-activated current with or without BK (1×10-7 mol/L)
pre-application.  BK did not alter the reverse potential of I5-HT (0 mV
in both cases).  All current values from the same cell were normalized
to the current response induced by 5-HT (1×10-4 mol/L) alone at the
holding potential of -60 mV (marked with asterisk).  BK pre-applica-
tion potentiated I5-HT at all holding potentials from -80 to +40 mV.
Each point represents the mean±SEM of 7–9 neurons.  This experi-
ment was carried out using recording pipettes filled with CsCl con-
taining internal solution.
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rons was mediated by the 5-HT3 receptor, the sole ligand-
gated ion channel (LGIC) in the family of 5-HT receptors,
because it was blocked by ICS-205,930, a selective antago-
nist of the 5-HT3 receptor (Figure 1A).  There was evidence
to indicate that 5-HT3 receptors were present in rat TG neu-
rons[23].  Similarly, B2 BK receptors were also expressed in TG
neurons[14].  In the present study we recorded both B2 BK
receptors and 5-HT3 receptors in TG neurons, and in the
majority of these neurons (89.2%, 66/74) the pre-application
of BK (1×10-7 mol/L) potentiated I5-HT (1×10-3–1×10-6 mol/L).
This potentiation was mediated by B2 BK receptors because
the selective B2 BK receptor antagonist Hoe 140 blocked
this potentiating effect, obviously and reversibly (Figure 2).
However, a previous study has reported that the inflamma-
tory mediators BK, 5-HT, and prostaglandin E2 do not coop-
erate to elevate intracellular calcium concentration when
applied simultaneously for 10 s in cultured dorsal root gan-
glion neurons[24].  The distinction possibly results from dif-
ferent observation indices and specimens, or may be caused

by the different treatment of BK.  In the present experiment,
there was also no enhancing effect observed when 5-HT
and BK were co-applied for 3 s, whereas I5-HT was potenti-
ated by the pre-application of BK for more than 15 s (Figure
1C).

It is evident from Figure 1B that the enhancement of am-
plitude of I5-HT increased gradually with incremental increases
in the concentration of BK from 10-10 to 10-7 mol/L.  However,
when the concentration of BK increased to 10-6 mol/L the
modulatory effect of BK on I5-HT did not increase further.
The decrease in potentiation of I5-HT by BK (10-6 mol/L) might
be a non-specific action of the agonist that emerges at high
concentrations because very high concentrations of drug or
ligand may block the channel and/or shelter the binding site
of the receptor[25].

From the comparison between the concentration-re-
sponse curves for 5-HT with and without the pre-applica-
tion of BK (Figure 3A) it is clear that: (i) pre-application of
BK shifted the curve upwards; (ii) the maximal response in-
duced by 5-HT with BK pre-application increased by 68.9%,
whereas the threshold concentrations of 5-HT in both cases
were similar; and (iii) the EC50 values of the two curves were
very close (19.1±3.2 µmol/L vs 20.9±3.5 µmol/L).  This implies
that the intrinsic efficacy of the 5-HT3 receptor increases
after pretreatment with BK; however, its affinity does not
change.

From the I-V curves for I5-HT with and without BK pre-
treatment, it can be seen that the reverse potentials were the
same (0 mV), indicating that there was no change in the ionic
components mediating this current.  This enhancement was
not caused by the release of the channel blocker, as is the
case in the voltage-dependent Mg2+ block of NMDA-gated
ion channel, because the BK-induced alteration of
I5-HT was not correlated with the change in holding potential
(Figure 3B).  This implies that the potentiation of I5-HT by BK
occurs in a voltage-independent manner.

The potentiation of I5-HT by BK may involve intracellular
signal transduction because there was no enhancing effect
observed when 5-HT and BK were co-applied; nevertheless,
BK applied prior to 5-HT application induced the enhance-
ment of I5-HT and this effect was positively related to the
duration of BK pretreatment, implying that this enhance-
ment is a time-consuming process.  Furthermore, this poten-
tiation was blocked by Hoe 140, a selective B2 BK receptor
antagonist.  B2 BK receptors belong to the superfamily of G-
protein-coupled receptors (GPCR)[20].  When activated by
BK, the B2 BK receptor is coupled to PLCβ1 via Gq/11 protein;
which in turn catalyzes PIP2 into secondary messengers, IP3

and DAG.  The latter activates PKC.  Reports have shown

Figure 4.  Reversal of the BK potentiation of I5-HT by intracellular
dialysis of GF-109203X.  The diagram in the upper row in (A) sche-
matically shows the experiment of intracellular dia lysis of GF-
109203X, a selective PKC inhibitor, on an individual cell.  The cur-
rent traces in the lower row in (A) demonstrate that intracellular
dialysis of GF-109203X (2 µmol/L) markedly reversed the potentiat-
ing effect of BK on I5-HT.  The bar graph in (B) shows the percentage
increases in the I5-HT induced by BK pre-application with recording
pipettes filled with the normal internal solution or with GF-109203X
containing internal solu tion. n=7.  Mean±SEM.  (paired t-test,
cP<0.01 vs normal).
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that 5-HT3 receptor function is enhanced by the activation
of PKC[26,27].  In the present experiment, the enhancing effect
of BK on I5-HT was evidently blocked by intracellular dialysis
of GF-109203X, a selective PKC inhibitor[22], indicating that
potentiation occurs via a PKC-dependent pathway.  How
does PKC affect the function of 5-HT3 receptors?  Recently,
a novel mechanism for 5-HT3 receptor modulation by the
activation of PKC was demonstrated[28]; that is, the PKC-
induced potentiation of 5-HT3 receptor mediated current in
Xenopus oocytes and mouse NIE-115 neuroblastoma cells
resulted from the enhancement of F-actin-dependent traf-
ficking of 5-HT3 receptors instead of direct phosphorylation
of the 5-HT3A receptor protein.

What is the physiological significance of this BK modu-
lation on I5-HT or 5-HT3 receptor function?  In this work we
used the cell body of TG neurons as a simple and accessible
model to examine the characteristics of the membrane of pe-
ripheral terminals.  The nerve endings of the peripheral axon
of primary sensory neurons, including TG neurons, are sen-
sitive to many inflammatory chemical mediators, of which
BK and 5-HT are two potent stimulating mediators.  In the
case of inflammation and/or tissue damage these two sub-
stances are released.  On the one hand, they exert a stimulat-
ing effect on the nerve endings and initiate nociceptive in-
formation through their corresponding receptors located on
the membranes of separate nerve endings.  On the other
hand, in the present study we found that in the case of coex-
istence of B2 BK receptors and 5-HT3 receptors in TG neu-
rons the inward current mediated by the 5-HT3 receptor could
be strengthened by pretreatment with BK, indicating that B2

BK receptors and 5-HT3 receptors may “cross-talk” in pro-
ducing algesic information at nociceptors.  Behavioral ex-
periments have also demonstrated that 5-HT causes marked
potentiation of BK-induced pain responses through 5-HT3

receptors[29].  The present study may provide a hint for ex-
plaining the peripheral mechanism of pain and hyperalgesia
caused by, for example, tissue damage and inflammation.
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ONO-1078 reduces NMDA-induced brain injury and vascular cell adhe-
sion molecule-1 expression in rats1
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Abstract
Aim: To determine whether ONO-1078 (pranlukast), a potent cysteinyl leukotriene
receptor 1 (CysLT1) antagonist, has an effect on N-methyl-D-aspartate (NMDA)-
induced brain injury and vascular cell adhesion molecule-1 (VCAM-1) expres-
sion in rats.  Methods: Brain injury was induced by direct microinjection of NMDA
(0.3 µmol in 1 µL of sterile 0.1 mol/L PBS, pH 7.4) into the cerebral cortex.  The
lesion volume (area), brain edema and neuron density were assessed by an image
analyzer and the expression of VCAM-1 in the cortex was detected by Western
blot 24 h after NMDA injection.  ONO-1078 (0.03, 0.1, or 0.3 mg/kg) and
edaravone (MCI-186, 10 mg/kg), a neuroprotective agent, were ip injected 30
min before and after NMDA injection.  Results: NMDA microinjection produced
well-defined focal lesions (Figure 1) dose- and time-dependently.  ONO-1078
(0.1, 0.3 mg/kg) and edaravone (10 mg/kg) decreased the total lesion volume,
lesion area and brain edema induced by NMDA.  Furthermore, ONO-1078 (0.1, 0.3
mg/kg) significantly inhibited the enhanced expression of VCAM-1 in the injured
cortices, but edaravone did not have this effect.  Conclusion: CysLT1 receptor
antagonist ONO-1078 attenuates NMDA-induced brain damage in rats, and this
might relate to the attenuation of NMDA receptor-dependent neurotoxicity and
the inhibition of the upregulation of VCAM-1 expression.
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Introduction
It is well known that N-methyl-D-aspartate (NMDA)

receptors play a critical role in the initiation of cerebral
i s c h e m i c  i n j u r y

[1].  The excitotoxicity mediated by NMDA
receptors contributes to the damage that occurs in the early
stages (min to h), and inflammation and programmed cell
death in the late stages (h to weeks) of cerebral ischemia[1,2].
Among many factors involved in inflammation, adhesion
molecules, including vascular cell adhesion molecule 1
(VCAM-1), can modulate ischemic injury in the brain[3,4].
However, cysteinyl leukotrienes (CysLTs, including LTC4,
LTD4, and LTE4), 5-lipoxygenase (5-LOX) metabolites of
arachidonic acid, are potent inflammatory mediators[5] that
are also involved in pathogenic processes of cerebral
ischemia.  CysLT levels were elevated after global and focal
cerebral ischemia and 5-lipoxygenase inhibitor attenuated

CysLT production and ischemic brain injury[6–8].  Further-
more, we have previously found that ONO-1078 {pranlukast,
4-oxo-8-[p-(4-phenylbutyloxy)benzoyl-amono] -2-(tetrazol-5-
yl)-4H-1-benzopyran hemihydrate}, a CysLT1 receptor anta-
gonist, protects rats and mice against focal cerebral ischemic
injury[9,10].

Recently, we reported that global cerebral ischemia in-
duces brain injury and time-dependently increases the ex-
pressions of NMDA receptor subunit proteins and VCAM-1
in different regions of the brain in rats[11].  We also found that
ONO-1078 attenuates ischemic injury and inhibits the in-
creased expressions of NMDA receptor subunit NR2A and
VCAM-1[12].  However, whether ONO-1078 protects rats
from chemically induced injury, and if NMDA receptor ac-
tivation directly links to the increased VCAM-1 expression,
remains unknown.  Thus, in the present study, we induced
cortical injury by NMDA microinjection to evaluate the
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protective effect of ONO-1078.  Also, we observed VCAM-1
expression after NMDA receptor activation and the influ-
ence of ONO-1078.  Edaravone (MCI-186, 3-methyl-1-phe-
nyl-2- pyrazolin-5-one), a novel neuroprotective agent for
ischemic stroke[13,14], was used as a control drug.

Materials and methods
Drugs and reagents  NMDA was purchased from Sigma

(St Louis, MO, USA); ONO-1078 was provided by Dr Masami
TSUBOSHIMA (Ono Pharmaceutical Co, Osaka, Japan).  This
compound was dissolved in 100% ethanol (10 g/L), and
freshly diluted with saline before use.  Edaravone injection
was obtained from Hangzhou Conba Pharmaceutical Co;
polyclonal goat antibody against VCAM-1 from Santa Cruz,
CA, USA; rabbit anti-goat IgG-HRP was obtained from
Zhong-Shan Biotech Co, Beijing; enhanced chemilumines-
cence (ECL) reagent was obtained from Renaissance, New
England Nuclear-Dupont.  Other reagents were commercial
products with analytic purity.

NMDA microinjection in neocortex  Male Sprague-
Dawley rats weighting 250–300 g were from the Experimen-
tal Animal Center of Zhejiang Academy of Medical Sciences
(Grade II, Certificate No 2001001).  Rats were housed in
groups of 4 per cage at a constant temperature (25 ºC) and
allowed free access to laboratory chow and water.  In chlo-
ral hydrate-anesthetized (350 mg/kg, ip) rats, the dura over-
lying the parietal cortex was exposed, and a microinjector
was inserted into the parietal cortex at a site 3.0 mm caudal
to bregma, 5.0 mm from the midline, and 1.5 mm below the
dural surface.  NMDA (0.1, 0.2, and 0.3 µmol in 1 µL of sterile
0.1 mol/L PBS, pH 7.4) or 0.1 mol/L PBS alone (control) was
injected according to the method described by Iadecola et
al[15].  The microinjector was left in place for 10 min, to mini-
mize the back-flux of NMDA, and then removed.

After these procedures, the incisions were closed and
rats were returned to their cages.  ONO-1078 (0.03, 0.1, and 0.
3 mg/kg), edaravone (10 mg/kg) or the same volumes of sa-
line were ip injected 30 min before and after NMDA injection.

Evaluation of tissue injury  Twenty-four hours after
NMDA microinjection, the rats were anesthetized with chlo-
ral hydrate again and decapitated.  Brains were removed im-
mediately and sectioned coronally into 6 slices (2 mm-thick).
Brain slices were stained in 0.5% 2,3,5-triphenyl tetrzolium
chloride at 37 ºC for 30 min, followed by fixation with 10%
formalin, overnight.  All the brain slices were photographed
using a CCD camera (MV-CP-230, Panasonic, Japan) on an
anatomy microscope (XTL 2600, Shanghai, China).  The
volume and area of NMDA-injured cortex were measured
by an image analyzer (AnalyPower1.0, Zhejiang University,

Hangzhou, China).
Histopathological assessment  Under chloral hydrate

anesthesia, the rats were infused with 100 mL of heparin-
ized saline followed by 300 mL of 10% formalin, before
being decapitated.  Brains were removed and fixed in 10%
formalin for 7 d; paraffin sections (5 µm) were then cut and
stained with hematoxylin and eosin.  The densities of sur-
vival neurons in the cortex were counted using the image
analyzer (AnalyPower1.0, Zhejiang University, Hangzhou,
China).

Western blot analysis  Western blot analysis was per-
formed as described by Kang et al[16].  The injured and con-
tralateral cortices were dissected and homogenized in buffer
A (10 mmol/L Tris-HCl, pH 7.4, containing 320 mmol/L
sucrose).  The homogenate was centrifugated at 700×g for
10 min at 4 ºC, and the supernatant was further centrifuged
at 37 000×g for 40 min at 4 ºC.  The resultant pellet was
resuspended in buffer B (10 mmol/L Tris-HCl, pH 7.4), and
protein concentration was determined by the Lowry method.

The protein samples of 7.5 µg were separated by 7.5%
SDS-PAGE and transferred to a nitrocellulose membrane in
transfer buffer (Tris 25 mmol/L, glycine 192 mmol/L, 20%
methanol, 0.05% SDS, pH 8.3).  The nonspecific binding was
blocked in 5% fat-free dry milk in TBST (Tris-HCl 20 mmol/L,
NaCl 140 mmol/L, 0.1% Tween-20, pH 7.4) for 30 min at room
temperature.  The membrane was incubated with polyclonal
goat antibody against VCAM-1 (1:500) overnight at 4 ºC.
After washing with TBTS, the membrane was then incubated
with HRP-conjugated rabbit anti-goat IgG (1:2000) for 2 h at
room temperature followed by repeated washing with TBST.
At the end, the membrane was incubated in enhanced chemi-
luminescence (ECL) solution for 1 min and then exposed to
X-ray film.  The protein bands on an X-ray film were scanned
by a GS-800 Laser Densitometer (Bio-Rad, USA) and ana-
lyzed by Met Imaging Series 5.0 (Bio-Rad, USA).  As a
standard, a protein sample from normal rat brains was used
and the relative expression of VCAM-1 was calculated as
the ratio of tested/standard sample densities.

Statistical analysis  Data were reported as mean±SD.
Statistical evaluation was carried out by the independent-
sample t-test or one-way ANOVA (SPSS 11.0 for Windows,
SPSS Inc, USA), according to the experimental design.
P<0.05 was considered statistically significant.

Results
NMDA-induced injury in vivo  NMDA microinjection

produced well-defined focal lesions (Figure 1) dose- and
time-dependently in TTC-stained brain slices.  The lesion
volumes induced by NMDA 0.3 µmol (32.4±10.7, n=5) were
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significantly larger than those by 0.1 and 0.2 µmol (11.1±5.5
and 15.6±7.6, n=5, P<0.01, respectively) 24 h after NMDA
injection.  The lesion volumes at 24 h after NMDA (0.3 µmol)
microinjection (35.4±7.0, n=4) were larger than those at 1, 3,
or 6 h after injection (21.8±8.0, 25.1±8.8, or 30.7±9.2,
respectively, n=4, P<0.05).

Histopathological changes in the lesion regions 24 h af-
ter NMDA (0.3 µmol) injection were characterized by neu-

ronal damage with eosinophilic cytoplasm and serious py-
knotic nucleus, and survival neuron decreased markedly in
the injured cortices; however, no cell damage was observed
in the contralateral cortices or in PBS-injected control corti-
ces (Figure 2).

Effects of ONO-1078 and edaravone on NMDA-induced
injury  ONO-1078 at 0.1 and 0.3 mg/kg significantly reduced
the lesion volume (P<0.05 or P<0.01, Table 1) and the lesion

Figure 1.  TTC-stained brain slices after direct microinjection of NMDA into the cerebral cortex in rats.  A: brain slices 24 h after NMDA
microinjection with various dose; B: brain slices 1–24 h after NMDA microinjection (0.3 µmol).  Arrowheads show the injection sites.

Figure 2.  Histopathologic changes 24 h after direct microinjection of PBS (control) or NMDA into the cerebral cortex in rats.  A:
contralateral cortex of control rat; B: PBS-injected cortex of control rat; C: contralateral cortex of NMDA-injected rat; D: NMDA (0.3 µmol)-
injected cortex.  (HE  staining, ×250).
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areas in individual 2 mm-thick consecutive slices (P<0.05 or
P<0.01, Table 2), and the enlargement of injected cortices
(indicated as I/C ratio) at 0.1 mg/kg (P<0.05, Table 1).  The
survival neuron densities in NMDA-injured regions showed
a tendency to increase in the rats treated with ONO-1078,
but no significant difference was found among these groups
(P>0.05, Table 1).  Edaravone (10 mg/kg) exhibited a similar
effect to ONO-1078 (Tables 1, 2).

Effects of ONO-1078 and edaravone on VCAM-1 ex-
pression in NMDA-injected cortex  To assess the relation
between the protection of ONO-1078 and the expression of
inflammatory adhesion molecule VCAM-1, we detected the
local expression of VCAM-1 in contralateral and injured
cortices 24 h after NMDA injection.  VCAM-1 level did not
remarkable change among the groups in the contralateral
cortices without damage.  In the injured cortices, however,
VCAM-1 expression was up-regulated.  ONO-1078 (0.1 and
0.3 mg/kg) significantly inhibited the increased VCAM-1 ex-
pression (P<0.05 or P<0.01), however, edaravone did not
show a significant effect (P>0.05, Figure 3).

Table 1.  Effects of ONO-1078 and edaravone on the lesion volume, the ratio of I/C cortex area and viable neuron counts (103 cells per mm2) in cerebral
cortex 24 h after NMDA microinjection in rats.  Mean±SD.  cP<0.01 vs control.  eP<0.05, fP<0.01 vs saline.  iP<0.01 vs contralateral cortices.
I: NMDA injected, C: contralateral.

      Drug/mg·kg-1              n                Lesion volume                   Ratio of I/C                        Neuron densities in cortex
(mm3)                cortex area                  Contralateral             NMDA injected

Control 6        0±0 0.99±0.04 0.68±0.07 0.65±0.07
Saline 8 35.75±10.36c 1.15±0.08c 0.63±0.11 0.14±0.04c,i

ONO-1078  0.03 8 29.92±12.26 1.12±0.09 0.64±0.12 0.15±0.04i

                   0.1 8 21.12±7.10f 1.05±0.06e 0.66±0.07 0.19±0.07i

                   0.3 8 23.74±10.76e 1.08±0.06 0.65±0.10 0.18±0.06i

Edaravone 10.0 8 21.46±7.57f 1.06±0.07e 0.64±0.10 0.17±0.05i

Table 2.  Effects of ONO-1078 and edaravone on lesion area in 2 mm-thick consecutive brain slices 24 h after NMDA microinjection in rats.  Mean±SD.
bP<0.05, cP<0.01 vs saline.

       Drug/mg·kg-1                n                                                          Lesion area (mm2)/slice number
                                                                       3                                       4                              5                            6

Control 6      0±0        0±0      0±0      0±0
Saline 8 1.93±3.50 11.61±2.48 4.16±4.90 0.19±0.52
ONO-1078   0.03 8 3.23±2.75   9.87±1.67 1.87±3.15      0±0
                    0.1 8      0±0   7.86±2.04c 2.70±1.98      0±0
                    0.3 8 0.83±2.35   8.53±1.82b 2.52±2.25      0±0
Edaravone 10.0 8 1.64±3.19   7.80±1.94c 1.30±2.02      0±0

Figure 3.  Effects of ONO-1078 and edaravone on VCAM-1 expres-
sion in rat cerebral cortex 24 h after NMDA microinjection.  A: West-
ern blot results; B: statistical analysis of VCAM-1 expression.  1: control
rats with PBS-injected; 2: saline-treated rats with NMDA-injected; 3:
ONO-1078 0.03 mg/kg; 4: ONO-1078 0.1 mg/kg; 5: ONO-1078 0.3 mg/
kg; 6: edaravone 10.0 mg/kg.  n=6–8.  Mean±SD.  bP<0.05, cP<0.01 vs
contralateral.  eP<0.05, fP<0.01 vs control.  hP<0.05, iP<0.01 vs saline.



Http://www.chinaphar.com Zhang LH et al

439

Discussion
The findings in the present study show that NMDA mi-

croinjection produces serious neocortical damage and a
CysLT1 receptor antagonist ONO-1078 possessed protective
effect on NMDA-induced brain injury.  This effect of ONO-
1078 on chemically-induced brain injury is consistent with
its protective effect on brain ischemic injuries discussed in
our previous studies[12].  Furthermore, the results of the
present study indicates that NMDA microinjection up-regu-
lates the local expression of VCAM-1, and ONO-1078 in-
hibits the enhanced VCAM-1 expression in the injured
cortices.

The excessive release of excitory amino acids and acti-
vation of NMDA receptor are important events in cerebral
ischemia and other brain injuries.  NMDA receptor activa-
tion has been reported to be related to CysLT production in
focal cerebral ischemia because NMDA receptor antagonist
MK 801 reduces both CysLT production and ischemic in-
jury[17].  Also, LTC4 synthesis inhibitor azelastine protects
cultured hippocampal slices from hypoxic or NMDA-induced
injury in vitro[18].  Therefore, the protective effect of ONO-
1078 in this study might be via antagonizing the actions of
resultant CysLTs after NMDA receptor activation.

However, the increased VCAM-1 expression by NMDA
injection suggests a possibility that excitotoxicity might ini-
tiate inflammation in the brain.  It has been reported that
NMDA receptor activation can up-regulate the expression
of inflammatory cytokines, such as TNF-α and MCP-1[19,20],
and induce neuronal signal transduction-associated adhesion
molecules, such as PSA-NCAM and NCAM-180[21,22].  Our
results further confirmed that NMDA increases the expres-
sion of inflammatory adhesion molecule VCAM-1.  Evidence
has shown the involvement of VCAM-1 in cerebral ischemic
injury and inflammation.  Serum level of soluble VCAM-1
increased in patients with ischemic stroke, at its peak 5 d
after ischemia[4].  VCAM-1 expression also increased in as-
trocytes and endothelial cells from the infarcted brain areas
in patients who died of acute ischaemic stroke[23], and in cul-
tured human cerebromicrovascular endothelial cells after
being subjected to ischemia-like insults or inflammatory
cytokinins (IL-1 and TNF-α)[24].  VCAM-1 promotes intrac-
erebral inflammation by affecting leukocyte rolling, adhe-
sion[25] or earlier steps of interaction between inflammatory
cells (such as T lymphocytes) and microvascular endothe-
lial cells[26].  Furthermore, we found that ONO-1078 inhibits
NMDA-increased VCAM-1 expression.  In other reported
studies, CysLTs only slightly augmented VCAM-1 expres-
sion in human umbilical vein endothelial cells[27]; CysLT1 re-
ceptor antagonist ONO-1078[16, 28] and montelukast[29] sup-

pressed VCAM-1 expression in the lung after allergen
challenge.  Based on these findings, we hypothesized that
NMDA receptor activation induces CysLT production,
CysLTs activate their receptors followed by VCAM-1
expression.  This might partially explain our previous re-
sults that ONO-1078 reduces VCAM-1 expression in rat glo-
bal ischemia[12].

As a control drug used in this study, edaravone protected
NMDA-induced injury but did not reduce VCAM-1 expres-
sion compared with ONO-1078.  Edaravone is a scavenger
reacting with hydroxyl radical (OH) [30] and might act on the
signal pathways other than those of ONO-1078.  In cultured
human dermal microvascular endothelial cells, antioxidants
show different actions on TNF-α-induced expressions of
VCAM-1, ICAM-1 and E-selectin: pyrrolidine dithiocarbam-
ate had inhibiting effects, but N-acetylcysteine did not[31].
In our previous study of rat global ischemia, edaravone also
did not significantly inhibit VCAM-1 expression[12].  Its
neuroprotective effect might be mediated by other actions,
such as inhibition of mitochondrial permeability transition
pore, upregulation of Bcl-2[32], normalization of irradiation-
reduced endothelial nitric oxide synthase expression[33], and
protection against hypoxia/ischemia-induced endoplasmic
reticulum dysfunction[34].

In the present study, we found that ONO-1078 reduced
NMDA-induced lesion size, but did not increase survival
neurons in the lesion, suggesting incomplete protection.  We
have not yet explained the details of NMDA receptor activa-
tion in CysLTs production, VCAM-1 expression and brain
injury, however, the results of the present study indicate that
CysLT1 receptor antagonist ONO-1078 inhibits NMDA-
induced brain injury and pro-inflammatory VCAM-1
expression, supplying further evidence for its neuroprotec-
tive effect on ischemic brain injury.
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Down regulation of cyclooxygenase-2 is involved in delayed neuro-
protec-tion by ischemic preconditioning in rats
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Abstract
Aim: To examine whether the prostaglandins (PGs) pathway is involved in trigger-
ing delayed neuroprotection by ischemic preconditioning (IPC) and evaluate the
effects of IPC on cyclooxygenase-2 (COX-2) expression following focal cerebral
ischemia and reperfusion in rats.  Methods: IPC was induced by 10 min of saline
infusion into the left internal carotid artery with the right common carotid artery
clamped at the same time.  Middle cerebral artery occlusion (MCAO) and reperfusion
model was produced using intraluminal filament method.  Results: IPC 48 h prior
to MCAO significantly reduced infarct area as compared with MCAO alone.  A
nonselective inhibitor of COX indomethacin (3 mg/kg ip) applied 1 h prior to or 1 h
after IPC failed to affect its protective effects.  IPC had no direct effect on the
cortex COX-2 mRNA and protein expression 72 h later, but decreased the expres-
sion of COX-2 mRNA and protein following ischemia and reperfusion insult.
Conclusion: PGs pathways was not involved in triggering delayed neuroprotection
by IPC, and IPC induced down-regulation of COX-2 following focal cerebral is-
chemia and reperfusion in rats in vivo.
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Introduction
A short period of ischemia is known to increase toler-

ance of the brain to a subsequent prolonged ischemia by
reducing brain infarction and apoptosis, this phenomenon
is termed as ischemic preconditioning (IPC) or ischemic tol-
erance[1].  The neuroprotection of cerebral ischemic precon-
ditioning is divided into acute and delayed effects[2].  De-
layed neuroprotection occurs 24 h after IPC, then becomes
manifest thereafter and lasts up to 7 d.

Recently, it has been reported that indomethacin, a non-
selective inhibitor of cyclooxygenase (COX), applied 1 h prior
to lipopolysaccharide (LPS) treatment abolished the LPS-
induce delayed neuroprotection against focal cerebral is-
chemia and reperfusion injury[3].  The results suggested that
PGs pathway or inflammatory pathway might be involved in
triggering delayed neuroprotection by LPS[3].  It has also
been reported that PGs increased to a high level in the brain
tissues within hours following a short period of ischemia[4].
However it is still unknown whether a rise of PGs in the brain

is involved in the delayed neuroprotection induced by IPC.
COX, also known as prostaglandin H2 synthase, is the

rate-limiting enzyme in the metabolism of arachidonic acid
into prostanoids (PGs and thromboxanes).  COX-2, which is
normally expressed in the neurons of the brain, is inducible
in response to mitogen, endotoxin, and cytokines.  Previous
studies have demonstrated that focal cerebral ischemia in-
duced strongly expressed COX-2 in neurons in penumbra
and contributed significantly to enlargement of infarction[5].
Since IPC limits infarction induced by ischemia and
reperfusion injury, it may prevent the up-regulation of COX-2
following focal cerebral ischemia and reperfusion insult.
Recently it was shown that IPC stimulus reprogrammed the
response of gene transcription to subsequent ischemia and
reperfusion insult in mice.  It was found that COX-2 showed
lower expression of mRNA by IPC using a microarray analy-
sis[6].

In the present study, the PGs pathway was examined to
evaluate whether it is involved in triggering cerebral IPC,
and effects of IPC on COX-2 expression were evaluated fol-
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lowing focal cerebral ischemia and reperfusion.

Material and methods

Materials  Indomethcin (Sigma-Aldrich, St Louit, MO,
USA) was dissolved in Me2SO.  The compound 2,3,7-
triphenyltetrazolium chloride (TTC, Sigma-Aldrich, St Louis,
USA) was dissolved in saline.  TRI-REAGENT-LS extrac-
tion kit was purchased from Molecular Research Center, Inc
(Cincinnati, USA).  RNasin, dNTP, oligo (dT) 18 primer,
and Taq DNA polymerase were obtained from Sangon Bio-
technology Co (Shanghai, China).  M-MuLV reverse tran-
scriptase was from Fermentas Inc (Vilnius, Lithuania).  The
DNA Master SYBR Green I was from Roche Co (Mannheim,
Germany).  BCA protein assay kit and ECL chemilumines-
cence system were purchased from Pierce Co (Rockford,
USA).  Goat Polyclonal antibody specific for COX-2 was
from Santa Cruz Biotechnology, Inc (Santa Cruz, USA,
working concentration 1:500).  Rat mono-antibody specific
for beta-actin was from Sigma-Aldrich (St Louis, USA, work-
ing concentration 1:5000).  Supersignal West Pico Trial Kit
was from Pierce Co (Rockford, USA).

Animals and experiment design  Male Sprague-Dawley
rats weighing 220–250 g (the Shanghai Experimental Animal
Center of Chinese Academy of Sciences) were used in this
study.  The rats were randomly divided into six groups (n=8
each).  In the sham group (sham), the left common carotid
artery was exposed, and the external carotid artery and its
branches were isolated and coagulated without middle cere-
bral artery occlusion (MCAO).  The rats of the ischemia and
reperfusion group (I/R) were subjected to MCAO (90 min)
and reperfusion (24 h).  For the IPC group (IPC), IPC was
applied 48 h before MCAO and reperfusion.  For indometha-
cin group 1 (Indo1+IPC+I/R), the rats were treated with in-
domethacin (3 mg/kg ip) 1 h prior to IPC, and MCAO and
reperfusion was applied 48 h later.  For indomethacin group
2 (Indo2+IPC+I/R), the rats were treated with indomethacin
(3 mg/kg ip) 1 h after IPC, and MCAO and reperfusion were
applied 48 h later.  The last group was used to exclude the
effects of indomethacin itself on injuries of MCAO and
reperfusion.  The rats were treated with indomethacin (3 mg/
kg ip) 48 h before MCAO and reperfusion (Indo+I/R).

COX-2 mRNA and protein expression  Another series of
experiments were performed.  The rats were divided into four
groups (n=6 each).  In the sham operation group, the left
common carotid artery was exposed, and the external carotid
artery and its branches were isolated and coagulated with-
out MCAO.  The rats of the ischemia and reperfusion group
were subjected to MCAO (90 min) and reperfusion (24 h).  In

the third group, IPC was applied 48 h before MCAO and
reperfusion.  In the last group, only IPC was applied.

Model of IPC  IPC was induced as described previously
with minor modification[7].  Briefly, the left common carotid
artery was exposed, and the external carotid artery and its
branches were isolated and coagulated.  A branch of the left
internal carotid artery (the left pterygopal artery) was iso-
lated and coagulated.  The right common carotid artery was
exposed.  Then a cannula was inserted into the external ca-
rotid artery stump and advanced into the internal carotid ar-
tery to infuse saline into the brain.  The saline infusion rate
was 12 mL/h, which was controlled by a Harvard apparatus
compact infusion pump (USA).  A surgery artery nip was
used to clamp the right common carotid artery.  To achieve
marked neuroprotection, we chose 48 h after IPC as the time
interval to apply ischemia and reperfusion insult.

Evaluation of infarct area  Coronal sections of the brain
(2 mm thick) were cut and immersed in a 1% solution of  TTC.
The stained slices were then fixed by immersion in phos-
phate-buffered 10% formaldehyde.  The infarct area and hemi-
spheric area of each section were photographed by a digital
camera and quantitated using the public domain image pro-
cessing and analysis program developed at the National In-
stitute of Health, USA.  The infarct area was expressed as
percentage to the contralateral hemisphere.

Real-time reverse transcription PCR  The expression of
RNAs was determined by quantitative real-time RT-PCR us-
ing a Continuous Fluorescence Detector (MJ Research
Incorporated, DNA Engine Opticn 2) with the DNA Master
SYBR Green I.  Animals were killed 24 h after reperfusion
and their brains removed.  A 4-mm-thick coronal brain slice
was cut at the levels of the optic chiasm, and the infarcted
cortex was dissected using the corpus callosum as a ventral
landmark[8].  Total RNA was prepared from the samples with
TRI-REAGENT-LS extraction kit according to manufacture’s
instructions.  Complementary DNA was created from RNA
using TrueScript MMLV reverse transcriptase and oligo d
(T)18  primers.  A 0.2 µg amount of RNA was included in each
reaction in a total volume of 20 µL.  The reaction was per-
formed at 42 ºC for 2 h.  Thereafter the mix was diluted five-
fold, and 2 µL was added to the PCR reaction mixture to yield
a total volume of 20 µL.  The COX-2 primers were forward, 5'-
CCA TGT CAA AAC CGT GGT GAA TG-3'; reverse: 5'-ATG
GGA GTT GGG CAG TCA TCA G-3', which result in a PCR
product of 374 bp.  The amplification reaction consisted of
35 cycles of denaturation (94 ºC, 30 s), annealing (64 ºC, 30 s),
and elongation (72 ºC, 45 s).  The beta-actin primers were
forward, 5'AAG ATG ACC CAG ATC ATG TT3'; reverse:
5'TTA ATG TCA CGC ACG ATT T3', which resulted in a PCR
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product of 286 bp.  The amplification reaction consisted of
35 cycles of denaturation (94 ºC, 30 s), annealing (56 ºC, 30 s),
and elongation (72 ºC, 45 s).  Cycle numbers (crossing points,
when amplification starts its exponential phase) were used
for statistical analysis.  The lower the cycle number indi-
cates the higher the amount of initial template.  The PCR
products were verified by agarose gel electrophoresis.

Western blot analysis  A 4-mm-thick coronal brain slice
was cut at the levels of the optic chiasm, and the infarcted
cortex was dissected using the corpus callosum as a ventral
landmark[8].  The isolated cortex was homogenized in ice-
cold lysis buffer.  The protein content was determined by
BCA protein assay.  Equal amounts of protein per lane (50
µg) were loaded onto an 8 % polyacrylamide gel and sepa-
rated by electrophoresis at 120 V.  Proteins were then trans-
ferred to PVDF membrane at 25 mA for 90 min, and the
membrane was blocked with 5% nonfat dry milk in 1X TBS,
0.1% Tween-20 at 25 ºC with gentle shaking, overnight.  The
PVDF membrane was then incubated with a goat polyclonal
antibody specific for COX-2 (1:500) 1 h at 25 ºC followed
by horseradish peroxidase-conjugated secondary antibody
(rabbit anti-goat) for 1 h at 25 ºC.  Antibody labeling was
detected by Supersignal West Pico Trial Kit.  After being
stripped, the same PVDF membrane was incubated with
mono-antibody specific for beta-actin (1:5000) as an inter-
nal control.  Western blot results were quantified by density.

Data analysis  All data were expressed as mean±SD.  Dif-
ferences between different groups were assessed by a one-
way analysis of variance and Student-Newman-Keuls test.
A value of P<0.05 was considered statistically significant.

Results
Protective effects of IPC  At 24 h after operation, sham-

operated rats did not show any cerebral tissue damage in
TTC staining (not shown).  IPC reduced the infarct area by
63% as compared with the MCAO alone group.  Indometha-
cin (3 mg/kg ip), a nonselective inhibitor of COX, applied 1 h
prior to or 1 h after IPC failed to affect these protective effects.
Indomethacin itself had no effect on infarction by ischemia
and reperfusion injury (Figure 1).

Effects of IPC on COX-2 mRNA expression  In agree-
ment with previous study, low levels of COX-2 PCR prod-
ucts were observed in the brain of sham-operated rats (to
achieve the crossing points, the cycle number 25.8±2.4 was
needed).  After transient 90 min MCAO and 24 h reperfusion,
COX-2 mRNA expression was significantly up regulated (the
cycle number decreased to 19.9±1.9, P<0.01).  IPC signifi-
cantly prevented the up-regulation of COX-2 mRNA expres-
sion following ischemia and reperfusion injury (the cycle

number decreased to 23.7±2.4, P<0.01), while IPC itself had
no effect on the expression of COX-2 mRNA 72 h later (Figure 2).

Effects of IPC on COX-2 protein expression  COX-2 pro-
tein was expressed at a low level in the brain of sham-oper-
ated rats (132±35).  IPC itself had no effects on expression of
COX-2 protein 72 h later (135±32).  Ischemia and reperfusion
markedly increased COX-2 protein expression (362±28, P<
0.01).  IPC prevented the up regulation of COX-2 protein
following ischemia and reperfusion injury (225±21, P<0.01)
(Figure 3).

Discussion
IPC is a fundamental adaptive response of organisms

against deleterious stress such as ischemia and other severe
stimuli.  In fact, this phenomenon exists in most organs such
as brain, heart, skeletal muscle, lung, liver, stomach, intestine,
and kidney.  IPC shares some common mechanisms in differ-
ent organs.  The elements that constitute this molecular cas-
cade of delayed IPC can be conceptually subdivided into
three major components: (i) “triggers” or sensors, (ii) “effec-
tors” or mediators, and (iii) “transducers”, signaling path-
ways that connect these two groups of molecules[1,9].  En-
dogenous active substances and bio-synthesized proteins
have been suggested as triggers and end effectors of brain
IPC, respectively.  Adenosine, glutamate, oxygen free radical,
and nitric oxide (NO) are these candidate substances that
trigger brain IPC[1].

PGs are endogenous active substances that are sug-
gested to be involved in IPC in the heart.  It has been
reported that pretreatment with indomethacin attenuated PGs
release and abolished acute cardioprotection by IPC in

Figure 1.  Effects of IPC and indomethacin on brain infarct area.  I/R:
90 min ischemia and 24 h reperfusion, IPC+I/R: 10 min of ischemic
preconditioning and 48 h later I/R was applied, Indo1+IPC+I/R:
indomethacin 3 mg/kg ip1 h prior to IPC+I/R, Indo2+IPC+I/R:
indomethacin 3 mg/kg ip 1 h after induction of IPC and 48 h later
I/R was applied, Indo+I/R: indomethacin 3 mg/kg ip 48 h prior to I/R.
n=8.  Mean±SD.  cP<0.01 vs I/R.
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different animal models in vivo or in vitro[10,11].  Exogenous
PGs perfusion in isolated hearts mimicked cardioprotection
induced by cardiac IPC[12].  The mechanisms of cardio-pro-
tection mediated by PGs are mainly related to the direct ef-
fects of PGs on the heart, including antagonism of adenylyl
cyclase, activation of ATP-sensitive potassium channels,
inhibition of calcium influx, and attenuation of neutrophil
infiltration[13].  However, there was no study on the role of
PGs in neuroprotection induced by IPC.  A period of ischemia
as short as 5 min can induce an early increase in PGs levels
after 2 h of reperfusion in the brain[4].  However, cerebral IPC
dose not seem to be triggered by increased PGs, since in-
domethacin failed to affect the protective effects of IPC.  The
negative role for PGs pathway may be attributed to the spe-
cific model of focal cerebral ischemia used for precondi-
tioning.  Saline infusion compromised oxygen and glucose
supply, however, inflammatory response could be smaller,
due to maintained idle perfusion at least partial being able to
prevent from disturbed microcirculation and reduce leuko-
cyte-endothelial cell adhesive interaction and so on.  This in
turn potentially diminished the inflammatory signal (including
PGs pathway) as a trigger for preconditioning mechanisms.
The result suggested the delayed neuroprotection by our
model of IPC has different triggering mechanisms from that
of delayed ischemic tolerance induced by LPS.

Three types of COX isoforms have been documented:
COX-1, COX-2, and COX-3.  COX-1 is constitutively ex-
pressed under physiological conditions.  COX-3 is identical
in sequence to COX-1 except for the in-frame retention of
intron 1.  Like its counterpart COX-1, COX-3 does not gen-
erally appear to be induced by acute inflammatory stimula-
tion[14].  Several studies have demonstrated that COX-2
played an important role in the development of ischemic
injury.  In rodents as well as in humans, cerebral ischemia
up-regulated COX-2 in neurons, blood vessels, and inflam-
matory cells in the injured brain[4,15,16].  Although COX-2
mRNA was not induced in the ischemic core, it was induced
in the penumbral area in permanent or transient MCAO in
rats.  The up regulation of COX-2 began 6 h after ischemia,
reached a maximum at 12–24 h and subsided at 48 h[4,8,17].
NS398, a selective COX-2 inhibitor, decreased infarction
volume when administered 6 h after induction of ischemia[18].
In COX-2-deficient mice, there was a significant reduction in
the MCAO-induced brain injury[19,20].  Our results that COX-
2 mRNA and protein in the MCA cortex increased at 24 h
after reperfusion in the rats of MCAO and reperfusion group
were consistent with these previous studies.  The mecha-
nisms of the cytotoxicity of COX-2 induction may be related
to the excessive release of arachidonic acid, and its products

Figure 3.  Effects of ischemic preconditioning on COX-2 protein
expression following ischemia and reperfusion injuries in cortex of
rats detected by western blot.  Sham: sham group, IPC 72 h: 72 h
after IPC, I/R: 90 min ischemia and 24 h reperfusion, IPC+I/R: 10
min of ischemic preconditioning and 48 h later I/R was applied.  n=5.
Mean±SD.  cP<0.01 vs sham.  fP<0.01 vs I/R.

Figure 2.  Effects of ischemic preconditioning on COX-2 mRNA
expression following ischemia and reperfusion injury in cortex of rats
detected by real-time PCR.  Sham: sham group, I/R: 90 min ischemia
and 24 h reperfusion, IPC + I/R: 10 min of ischemic preconditioning
and 48 h later I/R was applied, IPC72h: 72 h after IPC.  n=6.  Mean±SD.
cP<0.01 vs sham.  fP<0.01 vs I/R.
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such as PGs, thromboxane and free oxygen radicals.  These
factors may act as the major inflammatory substances in-
volved in the pathogenesis of ischemia and reperfusion[8].
COX-2 reaction products may also contribute to NMDA-
induced neuronal injury and the pathogenesis of nitric oxide
after ischemia[21,22].

Evidence has shown that COX-2 was an obligatory ef-
fector in delayed IPC in the heart[13].  Increased expression
of COX-2 protein was observed 24 h after IPC with an in-
creased enzymatic activity[23].  NS-398 and celecoxib, two
selective inhibitors of COX-2, abolished the cardioprotection
conferred by IPC [24].  It was also demonstrated that the ex-
pression of COX-2 subsided 48 h after a short period of
ischemia in the brain[4,8,17].  Since the delayed neuroprotection
produced by IPC lasts as long as 7 d and is much longer than
that of delayed cardioprotection (72 h), the up-regulated
COX-2 does not seem to be the effector of delayed neuro-
protection by IPC in the brain.  In the present study, we
examined the expression of COX-2 after IPC or IPC followed
by ischemia and reperfusion injury.  Our results demonstrated
that IPC had no direct effect on the cortex COX-2 mRNA and
protein expression 72 h later.  Thus, it is not likely that an up-
regulation of COX-2 contributes to the delayed neuroprotec-
tion by IPC in the brain.  In the present study, we demon-
strated that IPC significantly prevented the up-regulation of
COX-2 mRNA and protein expression with a reduced infarc-
tion of the brain following ischemia and reperfusion injury.
These results are similar to the previous finding that hyper-
baric oxygen confers neuroprotection by depressing COX-2
expression and activity following ischemia and reperfusion
injury[8].  So we speculate that while the up-regulation of
COX-2 contributes to the delayed cardioprotection by IPC in
the heart, it is probably that COX-2 takes an inverse role in
delayed neuroprotection by IPC in the brain.  Our results are
consistent with the recent observation that COX-2 expres-
sion was down-regulated by ischemic preconditioning in the
gerbil brain[25].

Recently, it has been shown that preconditioning stimu-
lus reprogrammed the response of gene transcription to sub-
sequent ischemia and reperfusion injury in mice.  This fea-
ture mimics specific adaptive neuroprotective strategies seen
in hibernation[6].  Depressed protein synthesis may be medi-
ated in part via translational mechanisms that affect both
initiation and elongation[6,26].  Since IPC confers robust
neuroprotection, one presumption is that ischemic precon-
ditioning may induce pro-survival factors that would nega-
tively regulate COX-2.  To date, three major mechanisms have
been suggested to contribute to the neuroprotection by IPC,
including anti-excitotoxic mechanisms, anti-apoptosis

mechanisms, and anti-inflammatory mechanisms[1].  COX-2
has been verified to take an important role in pro-inflamma-
tory action.  We speculate that down-regulation of COX-2
may cooperate with other protective mechanisms and ulti-
mately result in neuroprotection.  However, more studies are
needed to verify this hypothesis.
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Ascorbic acid improves impaired venous and arterial endothelium-
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Abstract
Aim: To compare the acute effects of ascorbic acid on vasodilation of veins and
arteries in vivo.  Methods: Twenty-six healthy non-smokers and 23 healthy moder-
ate smokers were recruited in this study.  The dorsal hand vein compliance tech-
nique and flow-mediated dilation were used.  Dose-response curves to bradykinin
and sodium nitroprusside were constructed to test the endothelium-dependent
and -independent relaxation before and after acute infusion of ascorbic acid.
Results: Smokers had an impaired venodilation with bradykinin compared with
non-smokers (68.3%±13.2% vs 93.7%±20.1%, respectively; P<0.05).  Ascorbic acid
administration in the dorsal hand vein significantly increased the venodilation
with bradykinin in smokers (68.3%±13.2% vs 89.5%±6.3% before and after infusion,
respectively; P<0.05) but not in non-smokers (93.7%±20.1% vs 86.4%±12.4% be-
fore and after infusion, respectively).  Similarly, the arterial response in smokers
had an impaired endothelium-dependent dilation compared with that in non-smok-
ers (8.8%±2.7% vs 15.2%±2.3%, respectively; P<0.05) and ascorbic acid restored
this response in smokers (8.8%±2.7% vs 18.7%±6.5% before and after infusion,
respectively; P<0.05), but no difference was seen in non-smokers (15.2%±2.3% vs
14.0%±4.4% before and after infusion, respectively).  The endothelium-indepen-
dent dilation did not differ in both the groups studied.  No important hemody-
namic change was detected using the Portapress device.  Conclusion: Smokers
had impaired endothelium-dependent vasodilation responsiveness in both arte-
rial and venous systems.  Ascorbic acid restores this responsiveness in smokers.
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Introduction
Chronic cigarette smoking is a major risk factor for car-

diovascular disease and is associated with dose-dependent ar-
terial endothelial dysfunction and hemodynamic changes[1–3].
The cause of endothelial dysfunction in smokers is not
known.  Carbon monoxide and nicotine have been implicat-
ed[4–6], but the mechanism that seems to have the greatest
effect is oxidant injury[7,8].

Although probably multifactorial, it has been hypoth-
esized that the adverse effects of smoking may result from
an accumulation of oxidative damage caused by the reactive
oxygen species (ROS) on endothelial cells[9].  Low plasma
concentrations of nitric oxide (NO)[10], which is a possible

sign of endothelial dysfunction, along with low plasma con-
centrations of ascorbic acid (AA) have been reported in long-
term habitual smokers[11].  AA has a broad spectrum of anti-
oxidant activities because of its ability to react with numer-
ous aqueous free radicals and ROS and it effectively pro-
tects lipids in human plasma against peroxidative damage[12].
It has been demonstrated that the administration of AA in
arterial beds markedly improves endothelium-mediated va-
s o d i l a t i o n  i n  c h r o n i c  s m o k e r s

[13], but its in vivo effect in
veins has not been studied yet.

In contrast to the continuous production of NO in the
arterial endothelium, a very low basal production of NO has
been demonstrated in the venous endothelium[14,15].  In
contrast, in the cultured endothelial cells of rats, higher en-
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dothelial isoform of the nitric oxide synthase (NOS) protein
levels, nitric oxide synthase (NOS) activity, and intracellular
L-arginine have been found in veins compared with that in
arteries[16].  There is considerable evidence of heterogeneity
between the arterial and the venous endothelium[17].  The
goal of the present study was to compare the acute response
of AA in both vascular beds in smokers.

Materials and methods
Study population  The volunteers for this study were as

follows: the control group comprised 26 healthy subjects
without familial history of coronary artery disease or arterial
hypertension (blood pressure<140/90 mmHg), who were also
non-hypercholesterolemic, non-diabetic and non-smokers
without a history of being regular passive smokers. The
smoker group comprised 23 regular smokers (normally 20
cigarettes daily) without familial history of coronary artery
disease or arterial hypertension, who were also non-hyper-
cholesterolemic and non-diabetic.

None of the subjects was taking regular medications and
all were clinically well.  Subjects with cardiac or cerebral is-
chemic vascular disease, impaired renal function, or other
major pathologies were excluded from the study.  In accor-
dance with current legislation, all patients were aware of the
investigational nature of the study and gave their written
informed consent before participating.  The Institutional
Committee for Ethics in Research approved this study.

Experimental procedure  All studies were initiated at
8:00 AM after overnight fasting, with the subjects lying in
the supine position in a quiet air-conditioned room (22–24 °C).
The subjects were admitted in the outpatient clinic of the
Campinas State University Hospital (HC-UNICAMP)on 2
different occasions for 4 h studies.  During the first study,
measurements were performed after infusion of saline solu-
tion at a rate of 75 mL/h, iv.  The second study was per-
formed with infusion of saline solution (75 mL/h, iv) plus AA
at a rate of 25 mg/min, iv.

Dorsal hand vein technique The dorsal hand vein
technique, previously modified by Aellig[18], as used in our
laboratory has been described in detail[5].  Briefly, a 23 G
butterfly needle was inserted into a suitable vein on the back
of the hand, with the arm positioned at an upward angle of
30 o to allow the complete emptying of the veins.  A tripod,
holding a linear variable differential transformer (LVDT;
Schaevitz Engineering, Pennsauken, New Jersey, USA) was
mounted on the back of the hand with its central aperture,
containing a movable metal core, at a distance of 10 mm down-
stream from the tip of the needle.  The signal output of the
LVDT, which is linearly proportional to the vertical move-
ment of the core, gave a measurement of the diameter of the
vein.  Readings were taken under a congestive pressure of

40 mmHg by inflating a blood pressure cuff placed on the
upper portion of the arm under study.  Results were pre-
sented as normalized dose-response curves in which the di-
ameter of the vein during saline infusion is defined as 100%
dilation.  The vein was pre-constricted to 20% of the baseline
size by infusing increasing doses of phenylephrine (12–
3166 ng/min).  This dose rate of phenylephrine was defined
as the ED80 dose and this degree of constriction was defined
as 0% dilation for the purposes of subsequent calculations.
The vasodilation effects expressed in this study were calcu-
lated as a percentage in the range between 0% and 100%
dilation.  Drugs were infused using a Harvard infusion pump
(Harvard Apparatus, South Natick, MA, USA) at a flow rate
of 0.3 mL/min.  Blood pressure and heart rate were monitored
in the opposite arm with a Dynamap Blood Pressure Monitor
(Critikon, Tampa, FL, USA).  After pre-constriction of the
vein by phenylephrine, dose-response curves of bradykinin
(1–278 ng/min) and sodium nitroprusside (0.0187 ng/min–
3166 ng/min) were constructed with 5 ng/min infusion rates
in both smoker and non-smoker volunteers.  AA (25 mg/min)
was co-infused during the second study of each volunteer.
Infusions at each rate lasted for 5 min with the sphygmoma-
nometer cuff inflated to 45 mmHg for the last 2 min of the
infusion.

Flow-mediated dilation  Brachial artery flow-mediated
dilation was measured with a 7.0 MHz linear array transducer
and an ATL HDI system (Advanced Technology Labora-
tories, Seattle, WA, USA) according to the manufacturer’s
instructions[19].  The brachial artery was scanned longitudi-
nally 5–10 cm above the elbow and a holder probe was used
to hold the transducer in the same position throughout the
procedure.  The focus zone was set to the depth of the near
wall of the artery.  Depth and gain settings were set to opti-
mize images of the lumen-arterial wall interface.  The images
were magnified by a resolution box function and measure-
ments were taken from the anterior to posterior “m” line at
the R-wave peak of the electrocardiogram.  The brachial ar-
tery diameter was measured by identifying a clear section of
the vessel in B-mode.

After the baseline-resting scan, a pneumatic cuff, placed
at the wrist, was inflated to 300 mmHg for 5 min.  The second
scan was performed 45–120 s after cuff deflation.  Fifteen
minutes were allowed for vessel recovery, after which a sec-
ond baseline scan was performed.  Glyceryl trinitrate (0.4 mg;
Nitrostat, Parke-Davis, Morris Plainf , New Jersey, USA) was
then administered and the 4th scan of the brachial artery was
undertaken.  When the brachial artery diameter and blood
flow had returned to baseline, flow-mediated dilation was
determined after AA infusion (25 mg/min, iv; 10 min).  Blood
flow and brachial artery diameter data for glyceryl trinitrate
and vitamin C represent measurements during the last minute
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of each infusion[20].  Two independent observers unaware of
the subjects’ clinical details, and the type and stage of the
study measured the vessel diameter.  Repeated measurements
in individuals using this technique are consistent and
reproducible.

Statistical analysis  Descriptive data were expressed as
mean±SD.  The dose-response curves were fitted to a sig-
moid model[21], and the maximum effect (Emax) and the dose
that causes 50% of the Emax (ED50), were determined.  Para-
metric tests (Student’s paired and unpaired t-tests) were used
to compare the Emax and lgED50 values.  The sample size was
calculated for a power of 0.80.  P<0.05 was considered to be
statistically significant.

Results
Clinical characteristics  No statistical difference between

smokers and non-smokers in terms of clinical characteristics
was detected (Table 1).  Chronic smokers had a history of
23.1±6.1 cigarettes a day.  No side-effect was observed dur-
ing the studies.

Dorsal hand vein  Smokers had an impaired endothelium-
dependent venodilation with bradykinin compared with non-
smokers (68.3%±13.2% and 93.7%±20.1%, respectively;
P<0.05) (Table 2; Figure 1).  AA administration significantly
increased the venodilation to bradykinin in smokers (68.3%
±13.2% and 89.5%±6.3% before and after AA infusion,
respectively; P<0.05), restoring it to levels similar to those
observed in non-smokers (93.7%±20.1% and 86.4%±12.4%
before and after AA infusion, respectively; P>0.05) (Table 2).
The endothelium-independent venodilation response did not
show significant differences (Table 3; Figure 1).

Flow-mediated dilation  The arterial response measured
by flow-mediated dilation showed an impaired endothelium-
dependent vasodilation in smokers compared with non-smok-

ers (8.8%±2.7% vs 15.2%±2.3%, respectively; P<0.05).  AA
administration significantly increased the endothelium-
dependent vasodilation in response to reactive hyperemia
in smokers (8.8%±2.7% vs 18.7%±6.5% before and after AA
infusion, respectively; P<0.05), restoring it to similar levels

Table 1.  Clinical characteristics of  the participants in the study.
Mean±SD. BMI, body mass index; F, female; M, male; MBP, mean
blood pressure.

Control Smokers

Sex (M/F) 12/14 13/10
Age (years) 36.1±6.4 39.0±8.4
BMI (kg/m2) 23.8±5.0 22.5±2.5
Daily cigarettes    – 23.1±6.1
MBP (mmHg) 83.1±4.7 86.9±6.6
Glycemia (mg/dL) 97.3±6.4 88.1±7.2
Total cholesterol (mg/dL) 171.0±38.3 181.2±32.3
Triglyceride (mg/dL) 112.3±47.2 103.2±41.4
Creatinine (mg/dL)  0.7±0.3   0.9±0.1

Table 2.  The maximum effect (Emax), the bradykinin dose that causes
50% of the Emax (ED50), and lgED50 in control and smoker subjects,
before and after ascorbic acid (AA) administration to bradykinin
infusion. Mean±SD.  bP<0.05 vs controls; eP<0.05 vs smokers before
ascorbic acid.

                      Controls        Controls         Smokers        Smokers
                     before AA       after AA        before AA       after AA
                        (n=12)           (n=14)          (n=13)          (n=10)

Emax/% 93.7±20.1 86.4±12.4 68.3±13.2b 89.5±6.3e

ED50/µg·L-1 41.2±10.2 18.5±8.2 17.1±7.3 15.0±2.8
lgED50   1.4±0.5   1.1±0.1   1.0±0.2   1.2±0.1

Figure 1.  Dose-response curve to bradykinin (A) and sodium nitro-
pru sside (B)  of the dor sal  ha nd veins pre-const ri ct ed with
phenylephrine. The venodilation was expressed as a percentage of
the baseline (pre-phenylephrine) vein diameter.  Mean±SD. Controls
before ascorbic acid (AA; n=12, open circle); controls after AA (n=14,
closed circles); smokers before AA (n=13, open squares); smokers
after AA (n=10, closed squares).  bP<0.05 vs controls; eP<0.05 vs
smokers before AA.
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to those observed in non-smokers (15.2%±2.3% vs 14.0%±
4.4% before and after AA, respectively).  The endothelium-
independent vasodilation response did not show significant
difference (Table 4).

Hemodynamic findings  Infusion of AA in smokers and
non-smokers did not cause significant vascular changes, as
evidenced using Portapress (TNO BMI, Amsterdam,
Netherlands) device (Tables 5, 6), excepting a mild increase

in the heart rate.

Discussion
The present study demonstrates that impaired endothe-

lium-dependent vasodilation in chronic smokers could be
markedly improved in both arterial and venous endothelium
beds by acute administration of the anti-oxidant AA.  In
contrast to the continuous production of NO by the arterial

Table 3.  The maximum effect (Emax), the dose of sodium nitroprus-
side that causes 50% of the Emax (ED50), and lgED50 in control and
smoker subjects, before and after ascorbic acid (AA) administration
to sodium nitroprusside infusion. Mean±SD.

         Controls        Controls     Smokers  Smokers
                     before AA      after AA    before AA  after AA

            (n=12)         (n=14)       (n=13)    (n=10)

Emax/% 106.0±8.1 98.6±14.6 114.2±13.8 101.4±6.2
ED50/µg·L–1     0.5±0.3   0.4±0.2     0.4±0.2     0.6±0.4
lgED50    -1.0±0.9  -0.5±0.3    -0.9±0.2    -1.7±0.4

Table 4 .  Brachial artery diameter in non-smokers and smokers,
before and after ascorbic acid (AA) administration through flow-
mediated dilation.  Mean±SD. bP<0.05 vs control; eP<0.05 vs smok-
ers before vitamin C. GTN, glyceryl trinitrate of vascular reactivity
(brachial artery diameter % changes).

Change/% Controls Controls Smokers Smokers
before AA after AA before AA after AA

(n=12) (n=14) (n=13) (n=10)

Hyperemia 15.2±2.3 14.0±4.4    8.8±2.7b  18.7±6.5e

GTN 25.9±5.7 27.1±6.4 21.7±4.3 28.9±8.6

Table 5.  Hemodynamic variables in control group before and after infusion of ascorbic acid (AA) in different stages. Mean±SD.  bP<0.05 vs
basal.  RH, reactive hyperemia (brachial artery diameter % changes); GTN, glyceryl trinitrate vascular reactivity (brachial artery diameter %
changes); CO, cardiac output (L/min); SVR, systemic vascular resistance (dyne·s·cm-5); DP, diastolic pressure (mmHg); SP, systolic pressure
(mmHg);  MAP, mean arterial pressure (mmHg); HR, heart rate (beat/min).

                                Control before AA (n=12)                                      Control after AA (n=14)
                             Basal               RH                   GTN         Basal                  RH                      GTN

CO    6.0±1.7    5.4±1.2    5.7±1.2    6.4±1.9    6.1±1.8    5.8±1.5
SVR 1287±373 1267±325 1306±343 1189±484 1203±337 1390±543
SP   117±8   107±9   122±6   117±13   108±8   127±14
D P     70±5     66±4     74±4     64±17     65±5     76±10
MAP     86±5     80±5     91±4     82±15     80±5     93±11
HR     64±9     62±10     76±11b     60±8     62±10     72±11b

Table 6.  Hemodynamic variables in smoker group before and after infusion of ascorbic acid (AA) in different stages of vascular reactivity.
Mean±SD. RH, reactive hyperemia (brachial artery diameter % changes); GTN, glyceryl trinitrate vascular reactivity (brachial artery diameter
% changes); CO, cardiac output (L/min); SVR, systemic vascular resistance (dyne·s·cm-5); SP, systolic pressure (mmHg); DP, diastolic pressure
(mmHg); MAP, mean arterial pressure (mmHg); HR, heart rate (beat/min).

                             Smokers before AA (n=13)                                     Smokers after AA (n=10)
                           Basal                       HR                         GTN                       Basal                 HR                      GTN

CO    4.5±0.9    4.3±1.1    4.3±0.8    4.9±0.7   4.8±1.0    4.2±0.4
SVR 1804±666 1536±282 1971±789 1562±244 1938±999 1829±387
SP   127±16   119±17   131±16   128±18   121±14   131±23
D P     77±12     72±11     79±11     73±7     70±5     77±10
MAP     93±12     88±12     91±4     92±10     87±7     95±14
HR     63±5     62±6     77±8     62±7     61±8     75±9
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endo-thelium, the basal production of NO from the venous
endothelium is very low[22].  However, its production from
the venous endothelium can be increased in response to
bradykinin or other molecules[23].  Recently, Wagner et al
found higher eNOS protein levels, NOS activity, and intra-
cellular L-arginine levels exhibited in cultured venular
endothelial cells from rat mesenteric circulation compared
with cultured endothelial cells from their paired arterioles[16].
Bohlen reported that, although the mean NO concentration
was not significantly different between vessel types because
of the high variability in absolute values, the venous wall
NO concentration was higher than the arterial wall NO con-
centration in approximately 80% in terms of small mesenteric
artery vein pairs studied in vivo[24].  Other studies have sug-
gested that the venous endothelium does not have a larger
capacity for NO synthesis than the arterial endothelium and
in some cases may generate less NO.  For example, shear
stress and acetylcholine stimulate less NO release from the
jugular vein than from the nearby carotid artery[25] and shear
stress elicits a smaller NO-dependent dilation in coronary
venules than in their respective arterioles[26].

Many studies have demonstrated the superior long-term
patency of arterial grafts compared with the saphenous vein,
based on endothelial function[27].  A higher basal release of
NO and endothelium-derived hyperpolarizing factor  in arte-
rial grafts[15], intact endothelial function and absence of inti-
mal thickening in arterial grafts when compared with saphe-
nous grafts[28], and the maintenance of the physiological NO
and prostacyclin metabolisms, both soon after surgery and
in long-term follow up, in arterial rather than venous grafts[29]

suggest a higher bioavailability of NO in arterial beds.  All
these findings highlight the growing consensus that there is
a marked regional and segmental heterogeneity in vascular
endothelial function, with NO release and/or its vascular ef-
fects varying between and within specific vascular beds[17].

Previously, we demonstrated an impaired vasodilation in
smokers using the dorsal hand vein technique[30] and flow-
mediated dilation[31].  Now, our data show that acute AA
administration reverses this abnormal response caused by
cigarette smoking in both vascular beds.  Clinical observa-
tions have shown oxygen-derived free radicals as mediators
of smoking-induced endothelial dysfunction.  Ascorbate im-
proves or reverses endothelial dysfunction suggesting that
there is a link between this and NO production or its
metabolism.  Depleted levels of AA, have been demonstrated
in chronic smokers[11,32].  Ascorbate has been shown to re-
verse NO-dependent endothelial dysfunction present in the
coronary arteries of patients with atherosclerosis[33],
hyperhomocysteinemia[34], hypercholesterolemia[35], hyper-
tension[36], and diabetes[37].  There are many mechanisms for
the improvement of endothelial function by ascorbate[38]: (i)

prevention of endothelial dysfunction induced by oxidized
cholesterol low-density lipoproteins; (ii) ascorbate-induced
release of NO from S-nitrosothiols in plasma; (iii) reduction
of nitrite to NO; (iv) scavenging of superoxide by ascorbate;
(v) thiol-dependent redox regulation of eNOS interaction with
ascorbate; (vi) regulation of eNOS through tetra-hydrobio-
pterin; (vii) ascorbate as a cofactor for eNOS; and (viii) ef-
fects on stimulation of guanylyl cyclase by NO.  Many stud-
ies have shown these improvements in the arterial beds of
regular smokers using flow-mediated dilation, impedance
plethysmography, and intra-arterial infusions, but not in
venous vascular beds.

Our findings demonstrate that endothelial dysfunction
in smokers can be reversed by AA in venous and arterial
vascular beds.  Arteries and veins have different biological
activities in terms of the endothelium, probably by marked
regional and segmental heterogeneity in vascular endothe-
lial function, but we have demonstrated similar findings in
this specific vascular bed.  The precise mechanism for this
needs further investigation.  Because veins are not suscep-
tible to atherosclerosis, we have demonstrated that the dor-
sal hand vein technique can be used as a tool to assess
vascular responsiveness in smokers.

These results show that there is a similar impaired re-
sponsiveness in arterial and venous endothelial-dependent
vascular reactivity in smokers, and that after acute infusion
of AA there is an improved responsiveness in both vascular
beds.
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Abstract
Aim:  To identify and classify all potential hemolysin candidates of Leptospira
interrogans serogroup Icterohaemorrhagiae serovar Lai.  Methods:  All of the
potential hemolysin encoding genes were characterized in silico.  These genes
were cloned and expressed in Escherichia coli.  The hemolytic activities of the
expressed proteins were assayed observing the hemolysis on sheep blood agar
plates.  Sphingomyelinase activities of the hemolysin candidates were measured
by thin-layer chromatography (TLC) and HPLC for sphingomyelin-hydrolysis.
Expression and secretion of the hemolysins in L interrogans were studied by
reverse transcription polymerase chain reaction, Western blot, and enzyme-linked
immunosorbent assays.  Results and Conclusion:  The hemolytic activities of
hemolysin candidates (LA0327, LA0378, LA1027, LA1029, LA1650, LA3050,
LA3937, LA4004) from L interrogans strain Lai were confirmed.  They were further
divided into two groups, sphingomyelinase hemolysins and non-sphingomyelinase
hemolysins, based on their ability to hydrolyze sphingomyelin.  Most of these
hemolysins were actually expressed in living L interrogans and some of them
were secreted into the environment.  This study establishes an essential and
complete basis for further studying the contribution of hemolysins to the patho-
genesis of L interrogans.
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Introduction
Leptospirosis is a worldwide zoonosis caused by patho-

genic species of Leptospira, particularly, Leptospira
i n t e r r o g a n s

[1].  Pathogenic Leptospira infection causes lep-
tospirosis (Weil’s syndrome), which manifests with jaun-
dice and renal failure[2–4] along with prominent respiratory
symptoms.  In some cases, severe pulmonary hemorrhages
may happen, which may lead to sudden death.  Although
potential virulence factors, such as hemolysin, lipopolysac-
chride (LPS), and heat shock proteins, are suggested for
leptospiral infection, the pathogenetic mechanism of leptos-
pirosis is yet to be clarified.

Among these suggested virulence factors, bacterial
hemolysin has been demonstrated in several pathogenic bac-
teria[5,6] and a limited number of them have been identified in
L interrogans[7].  Annotation of the complete genomic se-
quence of L interrogans serogroup Icterohaemorrhagiae
serovar Lai[8] indicated that there were ten putative hemol-
ysin genes located on the large chromosome (CI, GB:
AE010300), of which, one (LA3540) had been previously iden-
tified[7].  Our current work characterized all the other genes,
except LA0177 because of its extremely short nucleotide
sequence.  The classification of the hemolytic activities and
their expression and secretion in L interrogans were investi-
gated.
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Materials and methods

Bacterial strains and plasmids  The virulent L interro-
gans serogroup Icterohaemorrhagiae serovar Lai type strain
56601 used in this study was maintained by the Institute for
Infectious Disease Control and Prevention, Beijing, China.
The avirulent strain of L interrogans serogroup Ictero-
haemorrhagiae serovar Lai (strain IPAV) was given as a gift
by Dr PICARDEAU, M (Institute Pasteur, Paris, France).
Strains were grown in liquid Ellinghausen-McCullough-
Johnson-Harris (EMJH) medium[1] at 28 °C under aerobic
conditions and collected at a density of approximately 1×108

bacteria per mL.  Escherichia coli DH5α and BL21 (DH3)
were used for the cloning and expression of hemolysin
candidates, respectively.  The pUCm-T and pET28b plas-
mids were served as the vectors for cloning and expression,
respectively.

Characterization of hemolysin candidates  First, cod-
ing sequences (CDSs) potentially encoding hemolysin can-
didates were identified during the genomic annotation[8].
Second, amino acid sequences of those hemolysin candidates
were analyzed with the SWISS-PROT/TrEMBL non-redun-
dant databases[9] to obtain homologous proteins, which were
further compared with BioEdit (Tom Hall, North Carolina
State University, Carolina, USA).  Third, the domain struc-
tures of the hemolysin candidates were predicted by Pfam[10],
PROSITE[11] or ProDom[12].  The secondary structures of the
proteins were predicted by Jpred2 [13].  Finally, multiple se-
quence alignments were made for sphingomyelinase-like
hemolysin homologous proteins using clustW, and Mega2

(Sudhir Kumar, Arizona State University, Arizona, USA) was
used to establish their phylogenetic tree.

Cloning, expression, and purification of the recombi-
nant hemolysin candidates in E coli  Genomic DNA was
isolated from L interrogans strain 56601 cultivated in EMJH
medium.  The hemolysin candidate genes were obtained by
polymerase chain reaction (PCR), ligated with pUCm-T vec-
tor and transformed into DH5α cells.  The confirmed recom-
binant plasmids were digested with corresponding enzymes,
ligated with pET28b vector and then transformed into BL21
(DH3) cells.  E coli cells were grown in Luria-Bertani medium
supplemented with kanamycin at 50  mg/L at 37 °C.  Protein
expression was induced at A600 of 0.6 by addition of isopro-
pyl-beta-D-thiogalactopyranoside (IPTG) at 0.6 mmol/L for
3 h.  The harvested cells were suspended in Tris-HCl buffer
(20 mmol/L Tris-HCl, pH 7.9) and lysed by sonication.  The
insoluble inclusion bodies were dissolved in the buffer (Tris-
HCl 20 mmol/L, pH 7.9, NaCl 0.5 mol/L, 10% glycerol,
guanidium HCl 6 mol/L) and then centrifuged at 20 000×g for

20 min.  The soluble supernatant was applied to Ni-NTA His-
Bind resin and the His-tag fusion protein was eluted by an
imidazole gradient from 10 mmol/L to 1000 mmol/L in the elu-
tion buffer (20 mmol/L Tris-HCl pH 7.9, 0.5 mol/L NaCl, 10%
glycerin).  The purified proteins were analyzed by sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) with coomassie brilliant stain.

Hemolytic activity assay on sheep blood agar plates  Sheep
blood plates, 10% (v/v) supplemented with 25 mmol/L MgCl2

and 100 mg/L kanamycin, were used to measure hemolytic
activities.  Lysate of  E coli cells expressing hemolysin can-
didate proteins (100g/L) was dropped onto the plates, and
the plates were incubated at 37 °C for 16 h, and then placed
at 4 °C for 30 min.  Sphingomyelinase C (0.1 U, Sigma, St
Louis, MO, USA) and lysate of E coli cells harboring pET28b
(100 g/L) were used as positive and negative controls,
respectively.

Sphingomyelinase assay by thin-layer chromatogra-
phy and HPLC  The biphasic system consisted of an ether:
methanol (9:1 v/v) organic phase containing sphingomyelin
(2 g/L) and a water phase  (25 mmol/L MgCl2) containing the
lysate of E coli cells expressing hemolysin candidate pro-
teins (100 g/L).  This biphasic solution was shaken at 37 °C
for 4 h.  After that, the organic phase (15 µL) was applied on
a silica gel-60 coated glass plate.  The chromatogram was
developed with a mobile phase (chloroform:methanol:water:
25% ammonia 58.0:35.0:3.5:3.5 v/v).  Lipids were visualized
by spraying on a plate with 30% H2SO4 at 110 °C for 10 min.
For HPLC, sphingomyelinase activity was determined in a
biphasic system as described above, except for the organic
phase containing sphingomyelin (1 g/L).  The organic phase
(7.5  µL) was applied to HPLC (YWG C18 5 µm, 200 mm×4.6
mm, China) and the elutes were monitored by absorption at
207 nm.  The mobile phase was a mixture of acetonitrile:
methanol:water (154:45:81 v/v).  The flow rate was 1 mL/min.
Sphingomyelinase C (0.1 U) and lysate of E coli cells harbor-
ing pET28b (100 g/L) were used as positive and negative
controls, respectively.

Validation of hemolysin encoding gene expressions in
Leptospira interrogans strain Lai by reverse transcription
RCR and Western blot  According to the manufacturer’s
instructions, total RNA was extracted with TRIzol reagent
(Invitrogen, Carlsbad, California, USA) from L interrogans
strain Lai cultivated in EMJH medium.  Total RNA (1 µg) from
each sample was reverse-transcribed into cDNA according
to the instructions provided with the cDNA Synthesis Kit
(Invitrogen, Carlsbad, California, USA).  Equal amounts of
the product of the reverse transcription reaction were sub-
jected to PCR amplification.  The primers and related infor-
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mation are shown in Table 1.  After amplification, 5 µL of
each PCR reaction product was electrophoresed on a 1.5%
(w/v) agarose gel containing ethidium bromide (0.5 mg/L).
For Western blot analysis,  L interrogans strains cultivated
in EMJH medium were harvested by centrifugation at 14
600×g for 10 min, electrophoresed on 10% SDS-PAGE gels
and electrotransferred to nitrocellulose membrane under a
constant voltage of 5 mA/cm2 for 1 h.  The blot was first
masked by the blotting buffer (10% skim milk in 10 mmol/L
Tris-HCl buffer with NaCl 150 mmol/L and 0.1% Tween-20)
for 2 h and then incubated with rabbit anti-hemolysin anti-
body (1:5000) for 2 h.  After being washed with TBST 3 times,
the blot was incubated for 1 h with alkaline phosphatase
(AP)-conjugated goat anti-rabbit IgG antibody (1:7500) and
the color was developed by addition of bromo-chloro-indoryl
phosphate/nitroblue tetrazolium (BCIP/NBT) for AP reaction.

Detection of hemolysin secretion in L interrogans
Briefly, the culture supernatant (100 ng/well) of L interrogans
in Korthof[1] was coated onto 96-well ELISA plates by incu-
bation at 37 °C for 2 h.  After the removal of blocking solution
and washing 3–5 times with phosphate-buffered saline buffer
(PBS) containing 0.1% Tween (PBS-Tween), anti-hemolysin
antibodies were incubated in the plate at 37 °C for 2 h.  The
plate was washed 3–5 times with PBS-Tween and then incu-
bated with AP-conjugated goat anti-rabbit IgG antibody
(1:1500) at 37 °C for 1 h.  The plate was washed 3–5 times
with PBS-Tween and incubated with the BCIP/NBT for 20
min in the dark.  Absorbance at 492 nm was recorded using
an automated ELISA microplate reader.

Results

The in silico structural analysis indicated that there
were at least two kinds of hemolysin candidates from L
interrogans  Genomic annotation of L interrogans strain Lai

indicated that there were 10 genes putatively encoding pro-
teins highly similar to hemolysins reported in the NCBI/
Genbank and SwissProt/TrEMBL databases (Table 2).

Domain structure analysis of the candidate proteins in-
dicated that 5 of them had barring of the characteristic do-
mains of the phosphatase family.  Specifically, the Pfam-
based domain analysis indicated that all of  LA1027,  LA1029,
LA4004, and LA3050 barred a conserved domain PF03372 of
the phosphatase family.  The ProDom-based analysis showed
that all of the proteins, except LA3050, were highly similar to
L interrogans serovar hardjo sphingomyelinase-like hemol-
ysin (SP17627/SwissProt), barring phosphatase domains of
PD011673, PD447657, and PD041204 in similar regions of the
proteins.  Although LA3050 was reasonably similar to
SP17627 (67%) and also had the PD041204 domain, it lacks
the other two domains mainly because of its short primary
peptide sequence.  Although LA3540 had PD011673,
PD041204, and the phosphatase conserved domain PF03372,
LA3540 had previously been identified as a pore-forming
hemolysin[5].

Amino acid sequence analysis of these sphingomye-
linase-like hemolysin candidates indicated that the conserved
Mg2+-complexing glutamic acid and asparagine involved in
substrate binding were identified in LA1029, Glu200, and
Asn343, corresponding to the Glu131 and Asn274 of SP17627,
respectively.  For LA4004, only Asn267 was identified as cor-
responding to the conserved Asn274 of SP17627.  Protein
secondary structures were predicted by Jpred2, and their
similarities are shown in Figure 1.

The remaining 5 candidate proteins have little sequence
similarity to those of sphingomyelinase-hemolysin proteins.
Based on the in silico analysis, they do not have any phos-
phatase family domains or share any common domains.
Therefore, these hemolysin candidates, if they are active,
may function based on the mechanism of pore formation and

Table 1.  Primers of hemolysin candidate genes in reverse transcription polymerase chain reaction (RT–PCR) assay and the product information.
Tm, temperature.

Gene ID       RT-PCR sense primer (5'–3')           RT-PCR antisense primer (5'–3')           Product length (bp) Tm (°C)

LA1027 CAT ATG TAC CCA TAC CAA ACC AAC CCG TAT ACC GGA TAA CGA TCT GAA A 665 50
LA1029 TGG GAC ACG ATG AAA GAG C ATC CAG ATA CGG TCC AAG TTT 750 52
LA4004 GTT TAC GCC GAC CCT TCC ACT CC CTA ACG ATA AAT TAG ATC CTT GCT CCA 569 52
LA3050 CAT ATG TCT AAA ACG ACA CGA AAA AAA GTT TCG GTT GGT GGT 501 50
LA0327 CAT ATG CTT CTT TTT GAA AGG GGA T ATC CGA CTT AAC TCT ATA AGT TCC A 763 54
LA3937 CAT ATG CTT TTG AAG CTG ATT GGA AAG AAG ACC CGC AAC TCC ACC 495 54
LA1650 AGA GGT GCT GAT TGT TGG G CTA GAG CAA ATT AGA TTT GTC TGG 504 52
LA0378 AAG ATC CTG AAA ATG TAA AA AAC AAT GCG ATT TGG TTT TGT GGA G 659 50
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Figure 1.  Primary and secondary structure comparisons of SP17627 and Leptospira interrogans sphingomyelinase-like hemolysins.  Multiple
amino acid sequence alignment was performed using BioEdit.  Identical amino acids are shaded in red.  Similar amino acids are shaded in yellow.
The Mg2+-complexing glutamic acid and asparagine involved in substrate binding are indicated by arrows; these were Glu131 and Asn274 in
SP17627.  Correspondingly, the conserved sites were found at Glu200 and Asn343 in LA1029, and Asn267 in LA4004.  Protein secondary
structures were predicted by Jpred2, and only the results of SP17627 (up) and LA1029 (down) are shown (the grey belts are alpha-helices and
the black belts are beta-sheets).
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other mechanisms.
Phylogenetic analysis was performed on the sphingo-

myelinase-hemolysin proteins.  An neighbor-joining unrooted
phylogenetic tree was established including sequences of
SP17627, LA1027, LA1029, LA4004, LA3050, and other simi-
lar proteins, with a cut-off amino acid identity of 53% and
similarity of 67%.  Hemolysins from Staphylococcus aureus,
Bacillus cereus, Listeria ivanovii, and Pseudomonas sp
strain TK4 made up one branch of the  tree, and the sphingo-
myelinase-like proteins of L interrogans made up another
branch (Figure 2).

The hemolytic activities of the recombinant hemolysin
candidates from L interrogans were determined  Among
the 10 hemolysin candidates from L interrogans, LA3540

had previously been identified[7], whereas LA0177 is ex-
tremely short in its sequence and has no detectable phos-
phatase domain.  Therefore, only the remaining 8 hemolysin
candidate genes were cloned into E coli and the recombi-
nant proteins were purified to homogeneity determined by

Table 2.  Hemolysin candidate genes of Leptospira interrogans.

        Groups    Gene            Gene         Gene            Transcription                  Product             Molecular     Isoelectric
                                        identity         name      length (bp)      orientation                                                           weight (Da)      point

Sphingomyelinase LA1027 sph1 1794 Reverse (R) Sphingomyelinase C precursor 68 192 8.15
LA1029 sph2 1872         R Sphingomyelinase C precursor 71 030 5.95
LA4004 sph3 1665 Forward (F) Sphingomyelinase C precursor 64 433 7.94
LA3050 sph4   720         R Sphingomyelinase C precursor 27 926 8.73

Non-sphingomyelinase LA3540 sphH 1677         R Sphingomyelinase C precursor 65 336 8.84
LA0327 tlyA   831         F Hemolysin 31 670 9.54
LA0378 hlyX 1179         R TPR-repeat-containing protein 44 956 6.17
LA1650 hlpA   942         F Hemolysin hemolytic protein 36 534 8.52
LA3937 hlyC 1335         R Similar to hemolysin 50 431 5.04
LA0177 hlyA   225         F Alpha-hemolysin   8 590 9.64

Figure 2.  Comparison of sphingomyelinase-hemolysin protein se-
quences by neighbor-joining method shown in unrooted tree.  STAAU,
Staphylococcus aureus; BACCE, Bacillus cereus; LISIV, Listeria
ivanovii; PSESP, Pseudomonas sp strain TK4; LEPIN, Leptospira
interrogans.

Figure 3.   Purification of recombinant hemolysins.  Protein markers:
97 400 Da, 66 200 Da, 43 000 Da, 31 000 Da, 20 100 Da, 14 400 Da.
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SDS-PAGE followed by coomassie brilliant stain (Figure 3).
Crude cell lysates of E coli expressing cloned hemolysin

candidates were spotted onto sheep blood agar plates and,
after incubation at 37 oC for 16 h, clear hemolytic zones were
observed for all the candidates via a cold-warm hemolytic
procedure (Figure 4).  The hemolytic zone of LA1029 ap-
peared at first and the area of hemolysis was the biggest.
Clear hemolytic zones of LA1027 and LA4004 appeared a
little later.  Hemolysis caused by LA3050 appeared last and
the area of the hemolytic zone was the smallest.  For those
predicted to be in the non-sphingomyelinase-hemolysin
family, hemolytic abilities were also different: LA3937 was
the highest and LA0327, LA0378, and LA1650 were second

highest, third highest, and lowest, respectively.
The sphingomyelinase activities of hemolysin candidates

were detected  The sphingomyelinase activities of recombi-
nant hemolysin candidates were detected by TLC assay.
Results showed that only LA1027, LA1029, LA4004, and
LA3050 could hydrolyze sphingomyelin.  These results were
confirmed by HPLC assay.  The peak area of sphingomyelin
was diminished after hemolysin treatment and the percent-
ages of hydrolyzed sphingomyelin are displayed in Table 3.
The percentages of hydrolyzed sphingomyelin of sphingo-
myelinase (SphC), LA1029, LA1027, LA4004, and LA3050
were 73.99%, 68.87%, 61.10%, 56.52%, and 48.04%,
respectively.  LA3937, LA0327, LA0378, and LA1650 could
not hydrolyze sphingomyelin under the same condition.

Hemolysin gene expression and hemolysin secretion in
L interrogans  RT-PCR analysis indicated that all the 8
candidates, LA0327,  LA0378, LA1027, LA1029, LA1650,
LA3050, LA3937, and LA4004, were transcribed in
L interrogans strain Lai and strain IPAV cultivated in EMJH
or Korthof culture medium (Figure 5).  The transcription lev-
els of some hemolysin encoding genes, LA0378, LA0327,
and LA3050, were higher in L interrogans cultivated in
Korthof medium than those in the EMJH medium.  Western
blot can detect hemolysin proteins in strain Lai cell crude
extracts for all the candidates except LA1027 (Table 4).  In
addition, we failed to detect this protein by Western blot in
the strain IPAV cultured in EMJH medium.  In addition, we
failed to detect LA3050 under the same condition, whereas
the other 6 hemolysin candidates were all detected.  LA1029,
LA4004, LA3050, LA1650, and LA3937 were secreted into
the environment, as determined by ELISA, and the secretion
levels were higher in strain Lai than those in strain IPAV
(Figure 6).  LA0327 was secreted into the environment both
in strain Lai and in strain IPAV.  LA1027 was not secreted
either in strain Lai or in strain IPAV.

Discussion
In 1956, Alexander et al[14], for the first time, discovered

that L interrogans had a hemolysin-like substance that could
hemolyze red blood cells of ruminants, such as sheep, cows,

Table 3.  Percentage of hydrolyzed sphingomyelin after reaction with hemolysins for 4 h.

 SMaseC                     LA1029                LA1027                     LA4004                LA3050

Peak area before reaction 317 274 317 274 317 274 317 274 317 274
Peak area after reaction  82 498  98 754 123 410 137 946 164 836
Hydrolyzed sphingomyelin (%)         73.99         68.87          61.10          56.52          48.04

Figure 4.  Hemolysis of recombinant hemolysin candidates on sheep
blood planes.
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and goats.  Its hemolytic activity was completely lost after
being heated at 56 °C for 5 min, indicating its heat-labile
character.  Later, hemolysins were detected in many patho-
genic L interrogans[15].

L interrogans gene encoding hemolysin was first cloned
from the pathogenic serovar hardjo.  This protein obviously
possessed both hemolytic and sphingomyelinase C activi-

ties[16].  The only hemolysin gene cloned from serovar lai
before our efforts was CDS LA3540[7].  Although this gene
encoded a hemolytically active protein with a phosphatase-
like domain, the purified protein did not have any detectable
sphingomyelinase activity.  Therefore, it was proposed that
it was a transmembrane pore formation protein.  The concept
of transmembrane pore formation by bacterial protein toxins
was first brought forward by Fussle et al[17] to explain the
mechanism of action of staphylococcal alpha-toxin and it is
apparent today that the majority of medically relevant patho-
gens produce pore-forming proteins[18].  Many of these tox-
ins have been designated as hemolysins because of their
lytic action on red blood cells.

Our studies have proven experimentally that, besides the
previously characterized LA3540 and the very short hemol-
ysin candidate gene, LA0177, the recombinant proteins en-
coded by the candidate genes from L interrogans strain Lai
(LA0327, LA0378, LA1027, LA1029, LA1650, LA3050,
LA3937, LA4004) were hemolysin.  According to the in silico
structure analysis, LA1027, LA1029, LA4004, and LA3050
are highly similar to SP17627, the hemolytic sphingomyelinase
C from serovar hardjo, with respect to domain organizations,
amino acid sequences, and the predicted secondary structures.
These predictions were further confirmed by sphingomye-
linase assays.  Other candidates, LA0327, LA0378, LA1650,
and LA3937, were confirmed to be non-sphingomyelinase
hemolysins.  They are likely either to be pore-forming pro-
teins or to have other mechanisms of hemolytic activity.

Spirochetes are evolutionarily primitive and L interrogans
is a facultative free-living pathogen possessing a large num-
ber of different kinds of hemolysins.  Therefore, questions
about the possibilities of convergence, divergence, or other
models of evolution should be addressed in the future.  In
this study, the phylogenetic analysis of sphingomyelinase
from L interrogans, both serovar lai and serovar hardjo, with
those from other bacteria indicated that the sphingomyelinase
hemolysins of L interrogans are closely related but distantly
different from those of the others.  Thus, this group of hemol-
ysins is more likely to be evolved from a common ancestor
with a divergence mechanism.  For the other group of hemoly-
sins, because of their high level of diversity, the possibility
of horizontal gene transfer cannot be excluded.

Almost all of these hemolysins were expressed in vivo
under normal culture conditions.  Among them, LA1029,
LA4004, LA1650, and LA3937 were secreted into the envi-
ronment and the secretion level was significantly higher
(P<0.01) in the virulent strain Lai than in the avirulent strain
IPAV (Figure 6).  LA0327 was secreted into the environment
both in strain Lai and IPAV without significant difference.

Table 4.  Hemolysin candidate gene expression in L interrogans.
ELISA, enzyme-linked immunosorbent assay; NV, avirulent strain
IPAV; V, virulent strain Lai.

          Gene ID                          Western blot assay
                                          V                  NV

LA1027 – –
LA1029 + +
LA4004 + +
LA3050 + –
LA0327 + +
LA0378 + +
LA1650 + +
LA3937 + +

Figure 5.  Transcription of hemolysin candidate genes encoded by L
interrogans chromosome by reverse transcription polymerase chain
reaction detection.  1, virulent strain Lai cultivated in Korthof (KV);
2, avirulent strain IPAV cultivated in Korthof (KNV); 3, avirulent
strain IPAV cultivated in EMJH medium (ENV); 4, virulent strain Lai
cultivated in EMJH medium (EV).  DNA markers: 400 bp, 600 bp,
800 bp, 1200 bp, 1600 bp, 2000 bp.
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LA1027 was not expressed or secreted in either strain Lai or
IPAV, which was testified by ELISA and Western blot assay
(Figure 6, Table 4).  The significant difference in hemolysin
expression and secretion between the virulent strain Lai and
the avirulent strain IPAV may suggest that hemolysins might
play an important role in the pathogenesis of Leptospira.
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Introduction
The signals provided by B7 family members are critical

for both stimulating and inhibiting T-cell activation[1].  In
conjunction with signaling through the T-cell receptor, CD28
ligation by B7 molecules stimulates antigen-specific prolif-
eration of T cells and enhances production of cytokines,
differentiation, and the effector function of T cells[2].  In
contrast, B7 interaction with cytotoxic T-lymphocyte-asso-
ciated antigen 4 (CTLA-4, or CD152) delivers a negative sig-
nal that inhibits T-cell proliferation, IL-2 production, and cell
cycle progression[3].  In addition to CTLA-4, several studies
have indicated that PD-1, a member of the immunoglobulin
(Ig) superfamily and a CD28 homolog, functions as an im-
portant negative regulator of the immune system[2].  The

ligands of PD-1, PD-L1 (B7-H1), and PD-L2 (B7-DC) have
recently been identified[4–6], which deliver an inhibitory sig-
nal by binding to the common receptor PD-1[4], although
some studies suggest a stimulatory signal is delivered by
the PD ligand (PD-L) through a putative receptor other than
PD-1[2,5].  PD-L1 and PD-L2 are homologous to B7 molecules
and belong to the Ig superfamily[2].  Despite their homology
with B7 molecules, PD-L1 and PD-L2 do not bind to CD28 or
CTLA-4[5,6], suggesting that they possess different roles from
B7 molecules.

Because of their important roles in the immune response,
the expression of the B7 family is strictly regulated.   More-
over, their expression is further modulated by alternative
splicing of the transcripts[2].  Some of these alternatively
spliced isoforms play an important part in the modulation of

Abstract
Aim: To investigate the expression and regulation of PD-1 ligand 1 (PD-L1) in
peripheral blood mononuclear cells (PBMC).  Methods: The cDNA encoding hu-
man PD-L1 precursor was cloned from the total RNA extracted from the resting
and phorbol dibutyrate plus ionomycin- or phytohemagglutinin-activated PBMC,
by reverse transcription polymerase chain reaction (RT-PCR), and independent
clones were sequenced and analyzed.  The expression and subcellular localization
were examined in transiently transfected cells.  The PD-L1 gene expression in
different PBMC was also analyzed by RT-PCR.  Results: A novel human PD-L1
splice variant was identified from the activated PBMC.  It was generated by splic-
ing out exon 2 encoding an immunoglobulin variable domain (Igv)-like domain but
retaining all other exons without a frame-shift.  Consequently, the putative trans-
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immune responses.  Study on CTLA-4 isoforms, for instance,
indicates an association of lower mRNA levels of the soluble
alternative splice form with susceptibility to autoimmune dis-
ease[7].  Similarly, differential splice variants have also been
identified for B7-1 and B7-2 genes and its receptor
CD28[8–10].  It has been demonstrated that a soluble B7-2 is a
costimulatory molecule for human T cells[9].  Recently, we
have identified two alternatively spliced variants of human
PD-L2[11], although their functional implications remain to be
discovered.

The present study reports the identification of a novel
splicing variant of human PD-L1 mRNA, which encodes an
isoform lacking immunoglobulin variable domain (Igv)-like
domain in the extracellular region.  The expression and sub-
cellular localization of this isoform was compared with the
conventional product.  Differential expression patterns of
PD-L1 variants of different statuses suggest alternative splic-
ing of PD-L1 may modulate the immune response in periph-
eral tissues.

Materials and methods

Cell preparation and activation  To prepare peripheral
blood mononuclear cells (PBMC), heparinized human periph-
eral blood was collected from two adult volunteers by
venipuncture.  Blood samples were diluted 1:2 with phos-
phate-buffered saline (PBS) and a mononuclear cell fraction
was obtained by centrifugation over a Ficoll-Hypaque den-
sity gradient (Lymphoprep; NYCOMED, Elverum, Norway).
PBMC were collected from the interface and washed twice
with PBS and resuspended in RPMI-1640 medium supple-
mented with 10% (v/v) fetal bovine serum, 10 mmol/L
glutamine, 2-mercaptoethanol  50 µmol/L , benzylpenicillin
100 kU/L , and streptomycin 100 mg/L (Invitrogen, Carlsbad,
CA, USA) at a final concentration of 2×109 cells/L.  The cells
were incubated in a humidified atmosphere with 5% CO2 for
48 h at 37 ºC in the presence of 1×10–7 mol/L phorbol 12,13-
dibutyrate (PDB; Calbiochem, San Diego, CA, USA) and
0.5 µg/mL ionomycin (Sigma, St  Louis, MO, USA) or 10 mg/L
phytohemagglutinin (PHA; Sigma).

Reverse transcription polymerase chain reaction am-
plification (RT-PCR) of PD-L1 cDNA  Heparinized human
peripheral blood was collected from two donors by
venipuncture.  Total RNA was extracted from freshly iso-
lated and activated PBMC using TRIzol reagent (Invitrogen).
cDNA were synthesized from the isolated RNA using the
ThermoScript RT-PCR system according to the recommended
procedure (Invitrogen).  RNA integrity was verified by both
electrophoresis in 1% (w/v) agarose gels and PCR amplifica-

tion of the cDNA of a house-keeping gene, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH).  PCR amplification
of the resultant cDNA was performed in a total volume of 50
µL containing high fidelity DeepVent Taq polymerase (New
England Biolabs, Beverly, MA, USA).  For amplification of
PD-L1, PCR was performed with an initial denaturation for
2 min at 94 ºC, followed by 35 cycles of 94 ºC for 30 s, 50  ºC
for 30 s, and 72 ºC for 1 min, and a final extension for 10 min
at 72 ºC.  The primers (5'-CCG CGA ATT CAT GAG GAT ATT
TGC TGT CTT TA-3' and 5'-ATC AGG TAC CTT ACG TCT
CCT CCA AAT GTG TAT C-3') were designed to amplify the
entire coding sequence of human PD-L1 cDNA[4].  For ampli-
fication of the GAPDH cDNA, PCR was performed as above,
except that the annealing temperature was 60 ºC and the prim-
ers (5'-AAG GCT GAG AAC GGG AAG CTT GTC ATC AAT-
3' and 5' -TTC CCG TCT AGC TCA GGG ATG ACC TTG CCC-
3') were designed to amplify the target sequence.  All primers
were synthesized at BioAsia (Shanghai, China).

Cloning and sequencing of PD-L1 cDNA  The PCR prod-
ucts were separated by electrophoresis in 1% (w/v) agarose
gels containing ethidium bromide and recovered from the
gel using a QIAquick Gel Extraction kit (QIAGEN, Hilden,
Germany).  The fragments of 873 bp and 532 bp were digested
separately with EcoRI and KpnI, and cloned into a pEGFP-
N1 vector (ClonTech, Palo Alto, CA, USA).  Randomly se-
lected transformed DH5α clones were screened with EcoRI
and KpnI cutting for the presence of a correctly sized insert.
Nucleotide sequences of independent clones from the
samples of 2 donors were determined using dye-labeled
deoxy-terminator, a 377 automated DNA sequencer (Applied
Biosystem, Foster City, CA, USA).

Expression of PD-L1-EGFP fusion proteins in K562 cells
PD-L1 type I or type II cDNA containing the sequence en-
coding signal peptide was separately subcloned into the
mammalian expression vector pEGFP-N1 to construct the
vectors for the fusion proteins of PD-L1 isoforms with en-
hanced green fluorescent protein (EGFP).  These vectors
were named pEGFP/PD-L1I (for the type I isoform) and
pEGFP/PD-L1II (for the type II isoform).  A Kozak sequence
was included at the translational initiation region and the
stop codon was deleted.  EGFP was thus fused at the C-
terminus of the PD-L1 isoform.  For transient transfection,
K562 cells were grown in RPMI-1640 supplemented with 10%
(v/v) fetal bovine serum at 37 ºC  in a CO2 incubator.  Cells
were transfected using a Cell Line Nucleofector kit V and
Nucleofector Device (Amaxa, Cologne, Germany) according
to the recommended protocol with 2 µg of the expression
vector pEGFP/PD-L1I, pEGFP/PD-L1II, or empty vector
pEGFP-N1, respectively, and left for 24 h in a CO2 incubator.
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These cells were subsequently stained with phycoerythrin
(PE)-labeled mouse-antihuman PD-L1 monoclonal antibody
( P E - P D - L 1 , e-Bioscience, San Diego, CA) and fixed with 4%
(w/v) paraformaldehyde.  The fluorescence of EGFP and PE
was then analyzed by flow cytometry (FACSCalibur; Becton
Dickinson, San Jose, CA, USA) and confocal microscopy
(Spinning Disk Confocal Microscope; Perkin Elmer,
Wellesley, MA, USA).

Western blot  Cells (1×106) were dissolved in loading
buffer and separated using sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (10% w/v) according to
Laemmli’s discontinuous system[12].  After electrophoresis,
the gels were blotted onto nitrocellulose paper (Bio-Rad,
Hercules, CA, USA) for Western blot analysis to visualize
the specific protein bands.  The Western blots were incu-
bated with the goatantihuman PD-L1 antibody (R&D,
Minneapolis, MN, USA).  Horseradish peroxidase-conju-
gated rabbit-antigoat antibody (Jackson ImmuneResearch,
West Grove, PA, USA) was used as the secondary reagent,
and the color reaction was developed using 4-chloro-1-naph-
thol as a substrate.  The molecular mass was evaluated with
a software package (PhotoCapt Ver11.01; Vilber Lourmat,
Marne La Vallée, France).

Bioinformatics  Homology analyses of the cloned se-
quences were performed using a BLAST[13] search on the
NCBI website and a PROSIS software package (Hitachi
Software, Yokohama, Japan).  The human genomic DNA se-
quence (submitted to the GenBank database under acces-
sion number AL162253) from clone RP11-574F11 on
chromosome 9, which contains the PD-L1 gene, was used to
analyze exon-intron junction sequences.  The transmembrane
regions were predicted using TMpred, a web-based pro-
gram[14].  SignalP[15] was used to identify the potential signal
peptide.

Results

Cloning and sequence analysis of a PD-L1 splice vari-
ant  RT-PCR was performed to amplify the full coding se-
quence of PD-L1 mRNA with specific primers.  PCR product
resolution on agarose gel revealed that the product of acti-
vated PBMC had one main band of 873 bp and a minor band
of 532 bp (Figure 1A, lane 3), whereas that of freshly iso-
lated PBMC only had the shorter one (Figure 1A, lane 2).
The fragments of 873 bp and 532 bp were inserted separately
into the pEGFP-N1 vector.   Nine independent transformed
DH5a clones were identified to have the expected inserts.
DNA sequencing of these clones showed that 5 clones con-
tained the 873 bp DNA fragment, which was the complete

coding sequence for conventional PD-L1 (designated PD-
L1I, submitted to the GenBank database under accession
number AY254342), and which was identical to the previ-
ously reported cDNA of human PD-L1 (submitted to the
GenBank database under accession number AF233516[4]).
The other 4 clones contained the 532 bp fragment and were
identical to PD-L1 cDNA except for a deletion of a 341 bp
fragment as revealed by BLAST analysis.  Sequence homol-
ogy searches performed with the BLASTn algorithm[13] re-
vealed that this sequence might be an alternatively spliced
variant of PD-L1 mRNA.

To examine how this variant was generated, the exon-
intron junction sequences (Figure 1B) were analyzed based
on the DNA sequence containing the PD-L1 gene (submitted
to the GenBank database under accession number
AL162253).  The result showed that this variant was an alter-
natively spliced variant, which was produced by splicing
out exon 2 to the canonical acceptor site at the 5’ end of
exon3 while retaining all other exons (Figure 1A).  This splice
variant was designated PD-L1II (submitted to the GenBank
database under accession number AY291313).

Figure 1.  Reverse transcription polymerase chain reaction ampli-
fication and cloning of PD-L1  mRNA from human leukocytes.  (A)
RT-PCR products with the exons depicted a t the right.  Lane 1,
200 bp DNA ladder; lane 2, RT-PCR product of total RNA from fresh
peripheral blood mononuclear cells (PBMC); lane 3, RT-PCR prod-
uct of tota l RNA from phorbol dibutyrate+ionomycin-activated
PBMC.  (B) Exon-intron junction sequences are indicated with the
nucleotide numbers of human PD-L1  cDNA, which are based on the
DNA sequence AL162253.
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Analysis of amino acid sequence deduced from PD-L1
splice variant  To analyze the putative translated protein of
the PD-L1II, the deduced amino acid sequence was aligned
with the conventional product PD-L1I using the PROSIS
program.  PD-L1I and PD-L1II variants contain open reading
frames of 290 and 176 amino acid residues, respectively
(Figure 2).  Both of them contain the transmembrane domain
as predicted with the TMpred program[14], and the signal
peptide identified with the SignalP program[15], whereas the
alternatively spliced isoform PD-L1II lacks an IgV-like do-
main but retains all other domains.

Expression and subcellular localization of the PD-L1II
isoform fused with EGFP   PD-L1 is a transmembrane protein,
which would be expressed on the plasma surface, but direct
visualization of its subcellular localization has not been
reported.  To determine whether the conventional product,
PD-L1I, was located at the cell surface, and to investigate
the distribution of PD-L1II, we examined the subcellular lo-
calization of their proteins in K562 cells transfected with
pEGFP/PD-L1I or pEGFP/PD-L1II by flow cytometry and con-
focal microscopy.  The expression of PD-L1I-EGFP and PD-
L1II-EGFP fusion proteins was verified by Western blot
(Figure 3).  The estimated molecular masses of these two
products were 74.3 kDa and 52.3 kDa, respectively, which
were larger than the theoretical molecular masses of PD-L1I-
EGFP (60 kDa) and PD-L1II-EGFP (47 kDa),  probably because
of posttranslational glycosylation.  Thus, the glycosylation
extent of PD-L1II was likely to be lower than that of PD-L1I.
Moreover, flow cytometry analysis revealed that only the
cells transfected with pEGFP/PD-L1I expressed PD-L1 on the

cell surface, whereas no PD-L1 could be detected on the
surface of the cells transfected with pEGFP/PD-L1II using
antihuman PD-L1 antibody (Figure 4).  To further investi-
gate the subcellular distribution of the fusion proteins, con-
focal microscopy showed that PD-L1I-EGFP was largely lo-
cated on the plasma membrane in the pEGFP/PD-L1I trans-
fected cells, which could be stained by the specific mono-
clonal antibody for human PD-L1, indicating that it could be
transported to the cell surface.  Interestingly, PD-L1II-EGFP
showed a pattern of intracellular membrane distribution as
revealed by EGFP fluorescence, and those cells transfected
with pEGFP/PD-L1II could not be stained by the specific
antibody (Figure 5).

Differential expression of PD-L1 variants  To compare
the expression pattern of these PD-L1 mRNA variants in the
resting and activated PBMC, total RNA of freshly isolated
(resting) and activated PBMC of two unrelated donors were

Figure 2.    Alignment of the deduced amino acid sequences of human PD-L1 variants.   Amino acid sequences were deduced from the cDNA
and aligned by PROSIS program.  Gaps have been introduced for best-fit alignment and are indicated by dashes.  The signal peptide is in bold.
The transmembrane regions were predicted using the TMpred program[14] and are indicated by single underlining.  Translational stop sites are
indicated by asterisks.  IgV, immunoglobulin (Ig) variable-like domain; IgC, Ig constant-like domain; TM, transmembrane domain.

Figure 3.  Western blot analysis of PD-L1-enhanced green fluores-
cent protein (EGFP) fusion proteins expressed in transiently trans-
fected K562 cells.  M, molecular weight marker; lane 1, control cells;
lane 2, pEGFP-N1; lane 3, pEGFP/PD-L1I; lane 4, pEGFP/PD-L1II.
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examined by RT-PCR (Figure 6).  There was only the PD-L1II
mRNA variant in the resting PBMC from donor 1, whereas
both PD-L1I and PD-L1II variants existed in the PDB plus
ionomycin-activated cells of the same donor, although the
level of the PD-L1II variant was much lower.  However, only
the PD-L1I variant was detected in PHA-activated cells.  In
contrast, only the PD-L1I mRNA variant was amplified in the
activated PBMC from donor 2 and there was a very low level
of the PD-L1II mRNA variant in the resting cells from donor 2.

Discussion

Alternative splicing of costimulatory molecules is a com-

mon phenomenon and probably an important mechanism for
regulating their function during immune responses.  For
instance, the splice variants of both CD28/CTLA-4 and their
ligands B7-1/B7-2 have been identified, and these isoforms
have been shown to play a role in regulating T-cell re-
sponses[7–10].  Recently, an alternative variant of PD-L2 that
lacks an Igv-like domain has been identified in mice[6], and a
human PD-L2 variant lacking an Igc-like domain has also
been described[11].  However, no such splice variant of hu-
man PD-L1 has been reported to our knowledge.  In the
present study, we identified an alternatively spliced variant
of PD-L1 mRNA encoding an isoform lacking the Igv-like
domain.  The novel variant was generated through splicing
out exon 2, encoding an Igv-like domain but retaining all
other exons without a frame-shift.  The PD-L1II isoform was
located at an intracellular compartment, which was likely to
be the endoplasmic reticulum.  In contrast, the conventional
product of PD-L1 was located on the plasma membrane.
Moreover, PD-L1II mRNA was expressed in resting PBMC
but diminished or was absent in activated cells dependent
on stimulating mitogens.  Our results suggest that alterna-
tive splicing may be one of the mechanisms for modulating
PD-L1 expression and function in peripheral blood cells.

As the Igv-like domain of PD-L1/PD-L2 is critical for bind-
ing to PD-1[2], any isoform of PD-1 ligands lacking the Igv-
like domain does not bind to PD-1.  For instance, Latchman
et al found that an alternatively spliced variant of murine
PD-L2, with the Igv-like exon being deleted, did not bind to
PD-1-Ig, indicating that the Igv-like domain is necessary for
ligand binding[6].  Moreover, molecular modeling and site-
directed mutagenesis indicates that the binding sites of PD-
L1/PD-L2 for PD-1 are largely located within the Igv-like do-
main[16].  Therefore, the novel PD-L1II isoform identified in
this study would not bind to the receptor PD-1 because of
the absence of the Igv-like domain, although direct measure-

Figure 4.    Flow cytometry analysis of the expression of PD-L1-enhanced green fluorescent protein (EGFP) fusion proteins in transiently
transfected K562 cells.  The percentages of PD-L1+ and EGFP+ cells are shown in the upper right quadrant.  Data represent one of three
independent experiments: (A) control; (B) pEGFP-N1; (C) pEGFP/PD-L1I; (D) pEGFP/PD-L1II.

Figure 5.    Confocal microscopy analysis of the subcellular distri-
bution of PD-L1I-enhanced green fluorescent protein (EGFP; middle
panels) and PD-L1II-EGFP (bottom panels) in transiently trans-
fected K562 cells (×200).  Left panels, EGFP fluorescence; middle
(vertical)  panels, phycoerythrin (PE) fluorescence; r ight panels,
overlay of EGFP and PE fluorescence.
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ment needs to be carried out.  In addition, this isoform was
located in the intracellular compartment and was unable to
be transported onto the cell surface, suggesting that it would
not function properly because only those expressed on the
cell surface can interact with receptors.  We have found simi-
lar results for the PD-L2 isoform lacking the Igc-like domain,
which is also located mainly in intracellular compart-
ments[11].  Why these isoforms could not be transported to
the cell surface was unclear when the study was carried out,
but this was probably a result of incorrect folding and/or
defects in glycosylation of the PD-L1II isoform in the endo-
plasmic reticulum.  The present study shows that the
glycosylation extent of PD-L1II is lower than that of PD-L1I,
suggesting that potential glycosylation sites on the Igv-like
domain may be important for PD-L1 transportation to the cell
surface.

PD-L1 and PD-L2 are two ligands for PD-1, a costimula-
tory molecule that plays an inhibitory role in regulating T-
cell activation in the periphery[4,6,17,18].  Their expression is
thus modulated precisely during immune responses[2].
PD-L1 and PD-L2 share 40% amino acid identity and are more
homologous to each other than to other ligands of the B7
family[2].  However, the expression pattern of these molecules
is significantly broader than that of other B7 family ligands.
The transcripts of both PD-L1 and PD-L2 were detected at
high levels in the placenta and at low levels in the spleen,
lymph nodes, and thymus, and were absent in the brain[4–6].
Expression of PD-L1 and PD-L2 in both lymphoid and
nonlymphoid tissues suggests that the PD-1/PD-1 ligand
pathway may modulate immune responses in secondary lym-

phoid organs as well as in peripheral sites.  We[19] and other
investigators[5] have found that the resting T cells do not
express PD-L1, but mitogen activation of human T cells re-
sults in cell surface expression of PD-L1 in addition to PD-1.
Similarly activated B cells express PD-L1 and PD-L2 in addi-
tion to PD-1[4,6,20].  This suggests that at the interface of T
and B contact, antigen signals can be modulated bidirec-
tionally through PD-1, thereby limiting T-cell-receptor and
B-cell-receptor signaling after activation.  However, the re-
sults presented here show that the PD-L1II splice variant
can be detected by RT-PCR in the resting PBMC, suggesting
that the mRNA transcripts of PD-L1 were actually produced
in the resting cells, but may be alternatively spliced to gener-
ate a variant encoding the PD-L1II isoform.  Because of its
intracellular localization as revealed by an EGFP tag, the PD-
L1II isoform could not be detected using surface staining.
Thus, alternative splicing prevented PD-L1 from expression
on the surface of the resting cells, thereby blocking its
function.  Although the expression of PD-L1II at the protein
level in PBMC awaits confirmation, our results suggest that
PD-L1 expression may be modulated at the posttranscrip-
tional level through alternative splicing of its transcript.

To conclude, we identified an mRNA variant encoding a
novel isoform of PD-L1, which was localized in the intracel-
lular compartment, probably the endoplasmic reticulum.  Our
data also demonstrate the importance of the Igv-like domain
of PD-L1 for targeting it to the cell surface.
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Abstract
Aim: To design the effective directed differentiation medium to differentiate bone
marrow cells into hepatocyte-like cells.  Methods: Bone marrow cells were cul-
tured in the directed differentiation media including fibroblast growth factor-4
(FGF-4) and oncostatin M (OSM).  Hepatocyte-like cells from directed differentia-
tion of bone marrow cells were identified through cell morphology, RNA expres-
sions by reverse transcriptase-polymerase chain reaction (RT-PCR), protein ex-
pressions by Western blot, and hepatocellular synthesis and metabolism func-
tions by albumin ELISA, Periodic acid-Shiff staining and urea assay.  Results:
Some epithelial-like cells or polygonal cells appeared and increased in the course
of the cell directed differentiation.  Hepatocyte nucleur factor-3β (HNF-3β), albu-
min (ALB), cytokeratin 18 (CK18), transthyretin (TTR), glucose-6-phosphate (G-
6-Pase), and tyrosine aminotransferase (TAT) mRNA were expressed in the course
of the directed differentiation.  The directed differentiated cells on d 21 expressed
HNF-3β, ALB, and CK18 proteins.  The directed differentiated cells produced
albumin and synthesized urea in a time-dependent manner.  They could also syn-
thesize glycogen.  Conclusion:  Our differentiation media, including FGF-4 and
OSM, are effective to differentiate bone marrow cells into hepatocyte-like cells,
which could be used for hepatocyte resources for bioartificial liver or hepatocyte
transplantation.
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Introduction
Liver transplantation is one of the most effective treat-

ments for patients with acute and chronic liver failure[1].
However, since donor livers are scare, only a small number
of patients can receive a replacement liver in time.  Thus, it is
necessary to seek alternative therapies to replace liver
transplantation.

Bioartificial liver or hepatocyte transplantation, serving
as temporary liver support, can provide necessary liver func-
tions[2-3].  The functional hepatocyte is the core of the tem-
porary liver support.  Since donor hepatocytes are limited, it
is imperative to explore ways to gain functional hepatocytes.
Stem cells are defined as cells that have clonogenic and self-
renewing capabilities, and can differentiate into multiple dif-
ferent cell types that make up the organ under the right con-

dition or given the right signals[4].  Thus, stem cell can be an
ideal resource of functional hepatocytes.

Hepatocytes originating from bone marrow stem cells
were first observed in rats after combined bone marrow trans-
plantation and liver damage.  In rats, a combination of
hepatotoxin, which induces widespread liver damage, and 2-
acetylaminofluorine, which prevents endogenous liver repair,
were used.  Then, a combination of Y chromosome fluores-
cence in situ hybridization (FISH) and transgene expression
were used to confirm that bone marrow stem cells were the
source of resultant hepatocytes[5].  The same results were
demonstrated in mice[6] and humans[7,8].  In a later study,
Lagasse et al demonstrated that transplantation of
xc-kithighThy11ow Lin-Sca-1+(KTLS) bone marrow cells to irra-
diated hosts could treat an inborn error of hepatic meta-
bolism[9].  Multipotent adult progenitor cells (MAPCs), a sub-



470

 Acta Pharmacologica Sinica ISSN 1671-4083Shi XL et al

population of mesenchymal stem cells in the bone marrow,
were found to differentiate into many kinds of cells includ-
ing hepatocytes[10].  Recently, it has been reported that bone
marrow stromal cells can develop into hepatocyte-like cells[11].
Thus, we can confirm from these findings that stem cells in
bone marrow exist and can differentiate into hepatocytes in
vivo and in vitro.

The differentiation processes of stem cells are likely to
be complex, but must exist in the microenvironment of the
cells, the signals which originate from the extracellular matrix
through adhesion-related events[12], and the cocktail of
soluble ligands now known to control cell growth, differen-
tiation, and morphogenesis[13].  In the course of hepatic
differentiation, some cytokines, including fibroblast growth
factor-4 (FGF-4)[14], oncostatin M (OSM)[15], hepatocyte
growth factor (HGF)[16] and epithermal growth factor (EGF)[17],
control the hepatic differentiation and maturation.  In the
present study, we used the cell directed differentiation me-
dium including FGF-4 and OSM, to investigate hepatocyte-
like cells from the directed differentiation of mouse bone
marrow cells in vitro.

Materials and methods

Materials  C57BL/6 mice (3–4 weeks old) were purchased
from the Model Animal Research Center of Nanjing Univer-
sity (Grade: SPF, No 041117035).  The mice were kept indi-
vidually in pathogen-free conditions with a 12-h light/dark
cycle and were fed sterile food and water.  All animals were
treated in accordance with the guidelines of the European
Community Standards on the Care and Use of Laboratory
Animals (No 28871-22A9).

Dulbecco’s modified essential media-low glucose
(DMEM-LG), Iscove’s modified Dulbecco’s medium (IMDM),
L-glutamine, and fetal calf serum (FCS) were obtained from
Hyclone Laboratories (South Logan, UT84321, USA).
MCDB-201, insulin-transferrin-selenium (ITS), dexametha-
sone, ascorbic acid 2-phosphate, benzylpenicillin, strepto-
mycin, and fibronectin were obtained from Sigma-Aldrich
(Saint Louis, Missouri 63103, USA ).  FGF-4 and OSM were
obtained from R&D Systems (Minneapolis, MN 55413, USA).

The antibody against mouse albumin was obtained from
Dako Systems (DK-2600, Glostrup, Denmark).  The antibody
against mouse cytokeratin18 was obtained from Chemicon
(Temecula, Ca 92590, USA ).  Fluorescein (FITC)-conjugated
secondary antibody, phycoerythrin (PE)-conjugated second-
ary antibody, and rhodamine (TRITC)-conjugated second-
ary antibody were obtained from Sigma-Aldrich (Saint Louis,
Missouri 63103, USA).  Trizol reagent was also purchased

from Sigma-Aldrich. A TITANIUMTM one-step RT-PCR kit
was purchased from Clontech (Palo Alto, CA 94303-4230,
USA).  Periodic acid-Shiff (PAS) staining solution was pur-
chased from Shanghai Bioengineer Company (590
Zhaojiabang Road, Shanghai, China).  A Colorimetric assay
kit was purchased from Randox Laboratories (Randox
Laboratories, Antrim, UK).

Preparation of bone marrow cells  Bone marrow cells
were prepared as previously described[18].  Fresh bone mar-
row aspirate extracted from the tibias and the femora of the
C57BL/6 mice was suspended in DMEM-LG media and was
centrifuged to pellet the cells, and the fat was removed.  The
cell pellet was resuspended in DMEM-LG media and frac-
tionated on a density gradient generated by centrifugation
of 1.077 g/L percoll solution at 1150×g for 30 min at the room
temperature.  The cells in the percoll interface were then
collected and rinsed twice.  Cell viability was determined by
the trypan blue exclusion test.  Only suspensions with cell
viability of 95% were used.

Directed differentiation of bone marrow cells  Bone mar-
row cells were inoculated in bone marrow cells’ directed dif-
ferentiation media at 5×105 cells/cm2 in 10 mg/L fibronectin-
coated culture flasks.  Bone marrow cells’ directed differen-
tiation media consisted of the following: 54% DMEM-LG,
36% MCDB-201, 10% FCS with 1×ITS, 1×10-8 mol/L dexa-
methasone, 1×10-4 mol/L ascorbic acid 2-phosphate, 100 U/L
benzylpenicillin, 100 mg/L streptomycin, 30 µg/L FGF-4, 30
µg/L OSM.  As a negative control, bone marrow cells’ cul-
ture medium was similar to the directed differentiation me-
dium but without FGF-4 and OSM.  Cells were cultured in a
humidified atmosphere of 5% CO2 and 95% air at 37 °C.  After
72 h, non-adherent cells and debris were removed, and the
adherent cells were cultured continuously.  Cultures were
maintained by media exchange every 3 d.

Cell morphology was observed under Olympus phase
contrast microscope (CX40RF200, Olympus optical Co LTD,
Japan).  On d 0, 3, 6, 9, 12, 15, 18, 21, some cells were detached
with 0.25% trypsin-EDTA solution and collected for RNA
extraction.  Cells on d 21 were detached with the same method
and used for experiments. Cell supernatant on d 0, 3, 6, 9, 12,
15, 18, 21 were collected for albumin ELISA.

Hepatocyte isolation and culture  Hepatocytes were iso-
lated from 3–4 weeks old C57BL/6 mice by a conventional
two-step collagenase liver perfusion[19] and cultured on
fibronectin-coated flasks 10 mg/L in IMDM containing 10%
FCS, L-glutamine 2 mmol/L, dexamethasone 1 µmol/L, insulin
1 µmol/L, benzyl penicillin 100 U/L, and streptomycin 100
mg/L.  Cultures were maintained by media exchange every 3 d.

RNA extraction and RT-PCR analysis  Total RNA was
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extracted by using Trizol reagent from C57BL/6 mouse
hepatocytes, fresh bone marrow cells, cultural bone marrow
cells, and directed differentiated bone marrow cells.  In total,
1 µg RNA was used for cDNA synthesis and amplification
by one-step RT-PCR kit.  For hepatocyte nuclear factor-3β
(HNF-3β), albumin (ALB), cytokeratin18 (CK18) and
transthyretin (TTR), the following reaction conditions were
used: reverse transcription at 50 °C for 1 h, denaturation of
RNA/DNA hybrid and inactivation of reverse transcriptase
at 94 °C for 5 min. Polymerase chain reaction (PCR) was used
for 40 cycles, denaturation at 94 °C for 30 s, annealing at
60 °C for 1 min, extension at 72 °C for 1 min, final extension at
72 °C for 5 min.  For glucose-6-phosphatase (G-6-Pase) and
tyrosine aminotransferase (TAT), the following reaction con-
ditions were used: reverse transcription at 50 °C for 1 h, de-
naturation of RNA/DNA hybrid and inactivation of reverse
transcriptase at 94 °C for 5 min. PCR was used for 30 cycles,
denaturation at 94 °C for 1 min, annealing at 55 °C for 1 min,
extension at 72 °C for 1 min, final extension at 72 °C for 5 min.

Primers used for amplification are listed in Table 1.  All
primers were synthesized by Shanghai Sangon Biological
Engineering Technology & Service Co Ltd , (Shanghai,
China).  mRNA levels were normalized using β-actin as a
housekeeping gene.  The amplified products were subjected
to electrophoresis in 1% agarose gels and stained with
ethidium bromide.

Western blot analysis  Cells, including C57BL/6 mouse
hepatocytes, fresh bone marrow cells, cultural bone marrow
cells, and directed differentiated bone marrow cells, were
washed with 0.01 mol/L PBS and lysed with lysis buffer.
About 50 ug of proteins in each supernatant were boiled for

5 min in a sodium dodecyl sulfate (SDS) sample buffer and
subjected to electrophoresis on 10% SDS-PAGE gels. The
proteins were transferred to Polyvinylidene Fluoride (PVDF)
membrane through semidry transfer at 210 mA for 0.5 h.  The
membrane was blocked for 30 min at room temperature in 3%
nonfat milk in Tris-buffered saline (TBS) with 0.05% Tween20,
and incubated with primary antibodies against mouse ALB
(1:1000), mouse HNF-3β (1:500), and mouse CK18 (1:500) at
room temperature for 1 h.  The membrane was rinsed and
washed 3 times in TBS-Tween20 for 10 min each, and then
incubated at room temperature for 1 h with a Horseradish
peroxidase (HRP)-conjugated second antibody (1:1000).
After adequate washes with TBS, the membrane was stained
with diaminiobenzidene (DAB) stain at room temperature for
2–3 min, and then washed with PBS.

Albumin ELISA  Cell culture media at various time points
were collected as samples for ALB ELISA. One  microlitre of
a monoclonal antibody against mouse ALB was diluted with
100 µL  coating buffer for each well and incubated for 60 min.
After incubation, the capture antibody solution was aspi-
rated and washed with wash solution.  Total 200 µL of block-
ing solutions were added to each well and incubated for 30
min.  After incubation, the blocking solution was removed
and each well was washed.  One hundred microlitre stan-
dards or samples were transferred to assigned wells and in-
cubated for  60 min.  After incubation, standards or samples
were removed, and each well was washed. 100 uL HRP con-
jugate (1:10000) were transferred to each well and incubated
for 60 min. After incubation, the HRP conjugate were re-
moved and each well was washed. Tetramethylbenzidine
(TMB) 100 µL were transferred to each well and incubated
for 30 min. To stop the TMB reaction, 100 µL of  H2SO4 2
mmol/L were applied to each well.  The plate was read at the
wavelength 450 nm for TMB through the microtitration plate
reader (TECAN A-S002, Austria).

Periodic acid-Shiff (PAS) staining  Cells were fixed with
20% formaldehyde and intercellular glycogen was stained
with PAS staining solution according to the standard
protocol.

Urea assay  Urea concentrations were measured through
a colorimetric assay kit.  The mouse bone marrow cells were
plated at 5×105 cells/cm2 on 1 mg/L fibronectin (FN)-coated
6-well plates in bone marrow cells’ directed differentiated
medium or cultural medium.  The cells (on d 3, 6, 9, 12, 15, 18,
and 21) were incubated in 2 mL medium containing 5 mmol/L
NH4CL for 24 h in 5% CO2 at 37 °C.  After incubation, the urea
concentrations in the supernatant were measured. Mouse
hepatocytes grown in the monolayer with the same density
was used as positive control and culture medium used as

Table 1.  Primer sequences used for RT-PCR.

Gene                              Primer Length

HNF-3β
5'-AGACTCCGGCGGGCACCGAG-3' 276 bp
5'-GTGGTTGAAGGCGTAATGGT-3'

CK18
5'-TGGTACTCTCCTCAATCTGCTG-3' 128 bp
5'-CTCTGGATTGACTGTGGAAGTG-3'

ALB
5'-TCAACTGTCAGAGCAGAGAAGC-3' 149 bp
5'-AGACTGCCTTGTGTGGAAGACT-3'

T T R
5'-TCTCTCAATTCTGGGGGTTG-3' 105 bp
5'-TTTCACAGCCAACGACTCTG-3'

G-6-Pase
5'-CAGGACTGGTTCATCCTT-3' 210 bp
5'-GTTGCTGTAGTAGTCGGT-3'

TAT
5'-ACCTTCAATCCCATCCGA-3 206 bp
5'-TCCCGACTGGATAGGTAG-3'

β-actin
5'-CCAAGGCCAACCGCGAGAAGATGAC-3' 587 bp
5'-AGGGTACATGGTGGTGCCGCCAGAC-3'
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nega tive control.  No urea was detected in culture medium
alone.

Results

Changes of cell amount and morphology  The changes in
cell amount and morphology could be seen in the course of
the cell-directed differentiation.  Bone marrow cells were in-
oculated at the density of 5×105 cells/cm2.  However, when
the nonadherent cells were removed 3 d later, we found that
the adherent cells’ density was suitable for the adherent
cells to grow well.  On d 12, we could see some epithelial-like
cells or polygonal cells in the directed differentiation medium,
and the number and sizes of colonies of epithelial-like cells
or polygonal cells increased in the course of the cell directed
differentiation.  On d 21, cells were detached and counted.
The yield of the cells was approximately 8×103/cm2.  In the
negative group, we could see many fibroblast-like cells or
fusiform cells, and only slight polygonal cells (Figure 1).

Gene expressions of liver specific markers  To assess
the directed differentiation of bone marrow cells into hepatic
lineages, we first examined mRNA expressions of endoder-

mal and liver specific genes including HNF-3β, ALB, CK18,
TTR, G-6-Pase, and TAT, which could not be detected in
fresh bone marrow cells and cultural bone marrow cells
(Figure 2).  In the bone marrow cells’ directed differentiation
culture group, HNF-3β, ALB, and CK18 mRNA expressions
first appeared within 6 d, and lasted throughout the later
directed differentiation.  TTR mRNA was expressed within 9
d, and its expression lasted throughout the later directed
differentiation.  From our research, we found that G-6-Pase
and TAT mRNA expressions could be detected within 12 d,
and their expressions lasted in the course of the later di-
rected differentiation (Figure 2).

Protein expressions of liver specific markers  We found
that fresh bone marrow cells and cultural bone marrow cells
on d 21 did not express any HNF-3β, ALB or CK18, but di-
rected differentiated bone marrow cells on d 21 expressed
HNF-3β, ALB, and CK18 (Figure 3).

Hepatocyte functional activity  ALB secretion was mea-
sured at various times throughout the cell differentiation.
Undifferentiated bone marrow cells and cultural bone mar-
row cells did not secret any ALB.  Following treatment with
FGF-4 and OSM, directed differentiated bone marrow cells

Figure 1.  Cell morphology was observed with an Olympus phase contrast microscope.  (A) Directed differentiated bone marrow cells on d 12;
(B) directed differentiated bone marrow cells on d 21; (C) cultural bone marrow cells in the culture media; and (D) mouse hepatocytes. (×200).
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produced ALB in a time-dependent manner.  On d 15, the
amount of secreted albumin reached the maxium amount
(Figure 4).

Intracellular glycogen accumulation, one feature of adult
liver, was analyzed by staining the cells with the PAS reagent.
A slight accumulation of glycogen was detected in the course
of directed differentiation, while no accumulation of glyco-
gen was found in the culture media without FGF-4 and OSM
(Figure 5).

We then assessed urea production at various time point
throughout the differentiation.  Undifferentiated bone mar-
row cells and cultural bone marrow cells did not produce

urea.  In the directed differentiated group, directed differen-
tiated bone marrow cells produced urea 3 d later, and in a
time-dependent manner.  On d 15, the amount of urea pro-
duced by directed differentiated bone marrow cells reached
the maxium amount (Figure 6).

Discussion
In the present study, we selected bone marrow cells for

further differentiation study because no matter hematopoi-
etic stem cells, multipotent progenitor cells, and bone mar-
row stromal cells, they share common aspects.  As bone
marrow cells, they exist in the same bone marrow cell-cell
microenvironment.  They share the same character-stem cell
plasticity, which means they have the ability to differentiate
into cells of different tissue under certain microenviron-
ments[20].  It has recently been founded by reseachers that
there are ways of seperating hematopoietic stem cells and
multipotent progenitor cells from bone marrow, but there is
no good way to propagate hematopoietic stem cells in vitro.
The multipotent progenitor cells could be propagated in
vitro, but its cultural condition or requirement is very harsh
[10].  In the present study, bone marrow stromal cells were
shown to differentiate into hepatocyte-like phenotypes given
the HGF induction, but these hepatocyte-like cells only ex-
pressed ALB and α-fetoprotein[11].  Furthermore, in the course
of the organ development including the developing liver,
cell-cell interactions are very important for modulating cell
growth, migration, and/or differentiation, and are imperative
for coordinated organ function[21].  A directed differentiated
culture system, in which all bone marrow stem cells could
differentiate into hepatocytes would be beneficial.  From our
study, we found that bone marrow cells grow easily and
differentiate well in the induction of differentiation into

Figure 3.  Protein expression was confirmed by Western blot analysis.
Lane 1: fresh bone marrow cells; Lane 2: cultural bone marrow cells
in the culture media; Lane 3: mouse hepatocytes; Lane 4: directed
differentiated bone marrow cells on d 21.

Figure 2.  Some genes were selected and reverse transcriptase-poly-
merase chain reaction was performed. Lane 1-Lane 8  presented
respectively: directed differentiated bone marrow cells on d 0, 3, 6, 9,
12, 15, 18, 21; Lane 9: mouse hepatocytes; Lane 10: cultural bone
marrow cells in the culture media.

Figure 4.  Albumin secretion by directed differentiated or cultural
bone marrow cells were measured by albumin ELISA.  Mean±SD. n=5.
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hepatocytes.
Liver development is known to proceed through several

distinct steps and many growth factors and cytokines are
involved in each step. In mice, the initial event in liver devel-
opment occurs at E9.  The foregut endoderm becomes the
liver through interaction with the cardiogenic mesoderm[22,23].
FGF-4 is involved in endoderm specification and hepatic dif-
ferentiation in this step[14].  OSM, an interleukin (IL)-6 family
cytokeratin, is a paracrine factor produced by hematopoietic
cells and plays an important role in hepatic maturation dur-
ing the mid to late fetal stages[15].  HGF has been shown to be
important components of liver development and the differ-
entiation process.  However, HGF is different from OSM in
inducing hepatic maturation, as it seems to be a paracrine
factor that is involved in postnatal hepatic maturation[16].
Some other cytokines, including (EGF), insulin, TGF, appear

to play important roles in liver development and regenera-
tion[17].  The question is asked: in vitro, which cytokines will
affect hepatocyte from the directed differentiation of stem
cells?  Some answers include: HGF [11,24,25], HGF and EGF[26],
HGF and FGF[27].  We established a differentiation culture
system including FGF-4, HGF, OSM, and EGF, where hepa-
tocytes were in the presence of FGF-4, HGF, OSM and EGF
in the cell culture system. (SHI et al, unpublished data).  We
then adopted a uniform design method to research the most
effective density of each cytokine and get the most effective
match of these cytokines.  We have sifted through the most
effective directed differentiation culture system including
FGF-4 and OSM (SHI et al, in press).  From our research, we
used the most effective directed differentiation culture sys-
tem and researched the differentiation of bone marrow cells
into hepatocytes.

In the present study, we found that these hepatocyte-
like cells expressed HNF-3β, ALB, CK18, TTR, G-6-Pase, and
TAT at the gene level and/or protein level. HNF-3β is a hepa-
tocyte nuclear factor, which occurs in the cell nucleus of the
premature or mature hepatocyte.  Expression of ALB, the
abundant protein synthesized by mature hepatocytes, starts
in early fetal hepatocytes and reaches the maximal level in
adult hepatocytes[28].  CK18 is a cytoskeletal protein and is
expressed in mature hepatocytes. TTR represents endoder-
mal differentiation and is expressed throughout liver  matu-
ration[29]. G-6-Pase is predominantly expressed in the liver
[28].  TAT represents an excellent enzymatic marker for peri-
or postnatal hepatocyte-specific differentiation. Since hor-
mone-regulated TAT activity is strictly limited to the paren-
chymal cells of the adult liver, it has been used extensively
for monitoring cellular differentiation in experimental models

Figure 5.  Intracellular glycogen accumulation was analyzed by PAS staining.  (A) No glycogen particles could be seen in the cytoplasm of
cultural bone marrow cells.  (B) Some glycogen particles could be seen in the cytoplasm of directed differentiated bone marrow cells on d 21.
(×1000).

Figure 6.  Urea production by directed differentiated or cultural
bone marrow cells, were measured through a colorimetric assay kit.
Mean±SD. n=5.
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for liver development/maturation in vitro[30].  Furthermore,
these hepatocyte-like cells had some hepatocellular synthe-
sis and metabolism functions, which would be used for hepa-
tocyte transplantation or bioartificial liver.

Bone marrow stem cell can differentiate into hepatocytes,
which is referred to as stem cell plasticity.  There are many
published studies explaining stem cell plasticity. First, mul-
tiple stem cells can coexist in multiple tissues, even after
birth, and they proliferate and differentiate in respond to
local stimulation[31].  Second, multipotent stem cells, which
are akin to ES cells, persist past initial lineage specification[10].
Third, cells can undergo de- and re-differentiation[32].  Cell
fusion has recently been suggested as another explanation
of stem cell plasticity[33].  Irrespective of the explanations of
stem cell plasticity, the fact that bone marrow stem cell can
differentiate into hepatocyte in vitro holds great promise for
the treatment of inherited and degenerative liver diseases.

From our research, we can conclude that our differentia-
tion media, including FGF-4 and OSM, are effective for dif-
ferentiating bone marrow cells into hepatocyte-like cells,
which were identified at the gene level and protein level and
had some hepatocellular synthesis and metabolism functions.
Thus, we will serve these functional hepatocyte-like cells as
hepatocyte resources for bioartificial liver or hepatocyte
transplantation.
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Inducible effects of icariin, icaritin, and desmethylicaritin on directional
differentiation of embryonic stem cells into cardiomyocytes in vitro1
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Abstract
Aim: To investigate the possible inducible effects of icariin, icaritin, and
desmethylicaritin on the directional differentiation of embryonic stem (ES) cells
into cardiomyocytes in vitro.  Methods: ES cells were cultivated as embryoid
bodies (EBs) in hanging drops with icariin, icaritin, or desmethylicaritin.  ES cells
treated with retinoic acid and with solvent were used as positive and negative
controls, respectively.  The cardiomyocytes derived from the ES cells were veri-
fied using immunocytochemistry.  The expression of cardiac developmental-
dependent genes was detected using the reverse transcription-polymerase chain
reaction (RT-PCR) method.  Cell cycle distribution and apoptosis were analyzed
using flow cytometry to determine the partly inducible effect mechanisms involved.
Results: The total percentage of beating EBs treated with 1×10-7 mol/L icariin,
icaritin, or desmethylicaritin was 87% (P<0.01), 59% (P<0.01), and 49%, respectively.
All the beating cardiomyocytes derived from the ES cells expressed cardiac-spe-
cific proteins for α-actinin and troponin T.  Among them, 1×10-7 mol/L icariin
treatment resulted in a significantly advanced and increased mRNA level of α-
cardiac major histocompatibility complex (MHC) and myosin light chain 2v (MLC-
2v) in EBs in the early cardiac developmental stage.  Before shifting to the
cardiomyocyte phenotype, icariin could evoke the accumulation of ES cells in
G0/G1 and accelerate apoptosis of  the cell population (P<0.05).  Conclusion:
Icariin facilitated the directional differentiation of ES cells into cardiomyocytes at
a concentration of 1×10-7 mol/L.  The promoting effect of icariin on cardiac differ-
entiation was related to increasing and accelerating gene expression of α-cardiac
MHC and MLC-2v, as well as regulating the cell cycles and inducing apoptosis.
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Introduction
Embryonic stem (ES) cells are pluripotent cells derived

from the inner cell mass of the pre-implantation blastocyst[1].
These cells can proliferate in an undifferentiated state and
remain totipotent when grown on a suitable fibroblast feeder
layer.  Under certain conditions ES cells are capable of differ-
entiating into a variety of cell types in vitro, including spon-
taneously beating cardiac myocytes[2,3].  The entire differen-
tiating process is rich in developmental-dependent biologi-
cal information, for example, the sequence of expression of
cardiac-specific genes and proteins during differentiation of
ES cells in vitro accords with that in vivo[4].  Control of the

ES cell mitotic cycle displays an unusual feature, and regula-
tion of the cell cycle is critical in maintaining the transition
towards differentiation[5,6].  The apoptotic signaling poten-
tial of ES cells is necessary to trigger ES cell differentiation[7,8].
Therefore, the system of ES cells can provide a platform for
studying the effects of drugs on differentiation and detect-
ing the specific or unique targets of drug action.

Up to now, the interfering effects of the traditional Chinese
medicine on ES cells and their directional differentiation in
vitro have not been investigated.  Icariin (ICA), icaritin (ICT),
and desmethylicaritin (DICT) (Figure 1) are constituents of
Epimedium, a traditional Chinese herbal medicine that has
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many biological functions, particularly in cardiovascular func-
tion improvement, hormone regulation, immunological func-
tion modulation, and antitumor activity[9].  Our former work
has shown that icariin can be metabolized to icartin and
demethylicartin by human intestinal bacteria in vitro[10].
Furthermore, icaritin and desmethylicaritin, but not icariin,
exert estrogen-like activity using the estrogen receptor-posi-
tive human breast adenocarcinoma MCF-7 cell proliferation
assay[11].  In addition, icariin is the major active part in “Xin-
shen-ning” tablets, which are used for the treatment of heart
disease[12].  However, the pharmacological effects and mecha-
nism of the icariin series on the cardiovascular system are
not yet known.

In the present study, the inducible effects of icariin,
icaritin, and desmethylicaritin on the directional differentia-
tion of ES cells into cardiomyocytes were examined in vitro.
The cardiomyocytes derived from ES cells were verified us-
ing immunocytochemistry.  The possible mechanisms of in-
ducible action in transcription level, cell cycle distribution
and apoptosis were investigated using reverse transcrip-
tion-polymerase chain reaction(RT-PCR) and cell cycle
analysis, with a view to detecting the targets of drug action
on promoting ES cells to differentiate in this culture system.

Materials and methods

Animals and cells  NIH mice (male, weighing 24±2 g;
female, weighing 22±2 g) were obtained from the Experimen-
tal Animal Center, Zhejiang University, Hangzhou, China
(Grade II, Certificate No 22-9601018).  Mice were housed under
12-h light/12-h dark and 21±1 ºC conditions.  To obtain
fetuses, mice (3 female and 1 male) were housed together at
17:00.  The following morning, when a copulation plug was
detected, was defined as d 0 of gestation.  The permanent ES
cell line D3 (ES-D3) was obtained from the American Type

Culture Collection (CRL-1934)[2].
Drugs and reagents  Icariin was obtained from the Drug

Biology Product Examination Bureau, Beijing, China (Batch
No 0737-200011, purity 99%); icaritin was prepared using the
cellulose hydrolysis method from icariin, and icaritin was
demethyled using boron tribromide to obtain desmethyl-
icaritin[6].  Purification was carried out by preparative high-
performance liquid chromatography (HPLC) and identifica-
tion was conducted using liquid chromatography/electro-
spray ionization mass spectrometry (LC/ESI-MS).  The puri-
ties of these compounds were above 98%.  Retinoic acid
(RA), β-mercaptoethanol, and the antibodies were from Sigma
Corproration, St Louis, Missouri, USA; Dulbecco’s modi-
fied Eagle’s minimal essential medium (DMEM) and fetal calf
serum (FCS) were from Gibco Invitrogen Corporation, Grand
Island, NY  USA; the non-essential amino acids (NEAA)
were from Hyclone Logan UT, USA; mitomycin C was from
Kyowa Hakko Kogyo (Tokyo, Japan); and recombinant
mouse leukemia inhibitory factor (LIF) was from Chemicon
International Inc, Temecula, CA, USA.  The reagents for the
RT-PCR were purchased from the Shanghai Sangon Biologi-
cal Engineering and Technological & Service Company
(Shanghai, China).

Cultures of undifferentiated ES cells  Fetuses were ob-
tained from the mice on d 13 of gestation for the preparation
of embryonic fibroblast (MEF) cells[13].  The MEF cells of
generation three to generation five were used as feeder cells,
which were treated with 1 mg/L mitomycin C for 1 h and
plated at an appropriate density.  ES-D3 cells were main-
tained in an undifferentiated state by culturing on a mono-
layer of MEF feeders in DMEM, supplemented with 10%
FCS, 0.1 mmol/L β-mercaptoethanol, NEAA, and 1×106 U/L
LIF.

Differentiation determination of cardiomyocytes and
icariin, icaritin or desmethylicaritin treatment  For differ-
entiation of ES cells, EBs were generated using the hanging
drop method[14,15].  Thirty microlitre of drops containing ap-
proximately 600 ES-D3 cells were placed on the lids of Petri
dishes filled with D-Hanks solution, and cultivated in hang-
ing drops for 3 d followed by another 2 d in the Petri dishes.
On d 5, EBs were plated separately onto gelatin-coated 24-
well culture plates in differentiation medium that consisted
of DMEM, 20% FCS, 0.1 mmol/L β-mercaptoethanol, and
NEAA.  Icariin, icaritin, or desmethylicaritin were added to
the differentiation medium at a concentration of  1×10-7 mol/L
according to the preliminary test.  Our previous study exam-
ining the concentration-effect relationship of icariin revealed
that treatment with icariin 1×10-7 mol/L  significantly enhanced
cardiac differentiation (unpublished data).  Thus, a concen-

Figure 1.  Molecular structure of related compounds.



Http://www.chinaphar.com Zhu DY et al

479

tration of  1×10-7 mol/L was used in the present experiment.
ES-D3 cells treated with RA 1×10-8 mol/L  and with  0.1%
Me2SO were used as positive and negative controls,
respectively.

In the experiment, d 1 referred to the day of dissociation
of ES cells from MEF and the initiation of differentiation by
the formation of EBs.  EBs were observed with light micros-
copy every day to record the morphology and the number of
the spontaneously beating EBs from d 7 to d 7+23.  Accord-
ing to the percentage of the beating EBs, the inducing ef-
fects of icariin, icaritin, or desmethylicaritin on the direc-
tional differentiation of ES-D3 cells into cardiomyocytes were
evaluated using the time-effect relationship curve.  Rhythmi-
cally beating EBs were considered to be spontaneously beat-
ing cardiomyocytes in EB outgrowths, and were defined as
the marker of successful differentiation[14,15].

Expression of cardiac-specific proteins analyzed using
immunocytochemistry Cardiomyocytes were isolated from
the beating areas of EBs using a modified procedure de-
scribed by Maltsev et al[16,17].  For immunostaining, cells
were rinsed twice with PBS, and fixed with cold acetone for
10 min.  After being treated with goat serum for 30 min, speci-
mens were incubated at 4 ºC overnight with the primary
antibody, monoclonal anti-sarcomeric-actinin (clone num-
ber EA-53, 1:200 dilution, Sigma) or monoclonal anti-tropo-
nin T (clone number JLT-12, 1:100 dilution, Sigma).  The fol-
lowing day, the specimens were washed with PBS three times
and incubated with the fluorescent antibody: FITC-conju-
gated F(ab)2 fragment of affinity-purified goat anti-mouse
IgG (1:1000 dilution, Rockland Inc  Gilbertsville, PA, USA)
for 1.5 h at 37 ºC.  Specimens were then rinsed in PBS, mounted
onto a coverslip with 90% glycerol in PBS and examined
using a fluorescence microscope (Leica DMIL,California
Nevada, Germany).

Expression of cardiac-specific genes using semi-quan-
titative RT-PCR  The expression of the cardiac-specific α-
myosin heavy chain (α-MHC) gene and myosin light chain-
2v (MLC-2v) in EBs was confirmed using semi-quantitative
RT-PCR.  Total RNA was isolated from EBs (n=20) induced
by 1×10-7 mol/L icariin, icaritin, or desmethylicaritin, and 1×10-8

mol/L RA or solvent, respectively, at d 7+0, d 7+5, d 7+9
using the Trizol reagent according to the manufacturer’s
instructions.  After extraction, mRNA was precipitated using
the recommended procedures and dissolved in 0.1%
diethylpyrocarbonate solution.  To synthesize first strand
cDNA, 7 µL total RNA was incubated in 0.5 µg of oligo (dT)
6 primer and 5 µL deionized water at 65 ºC for 15 min.  Reverse
transcription reactions were carried out with 200 U of M-
MuLV reverse transcriptase in 5×reaction buffer and 1 mmol/

L dNTP mixture for 1 h at 42 ºC.  Multiplex polymerase chain
reactions of 50 µL contained 1 µL of the RT reaction product,
10×PCR buffer, 25 U Taq polymerase, 1 µL of 10 mmol/L dNTP
mixtures, and 30 pmol of each primer.  The specific primer
pairs were designed as follows: the cardiac-specific α-MHC
gene (5'-CTGCTGGAGAGGTTATTCCTCG-3' ,5 '-
GGAAGAGTGAGCGGCGCATCAAGG-3'; 301 bp)[18] and
MLC-2v  (5'-TGTGGGTCACCTGAGGCTGTGGTTCAG-3',5'-
GAAGGCTGACTATGTCCGGGAGATGC-3'; 189 bp)[18], and
the housekeeping gene β-actin was used as an internal stan-
dard  (5'-TGACGGGGTCACCCACACTGTGCCCATCTA-3',
5'-CTAGAAGCATTTGCGGTGGACGATGGAGGG-3';  660
bp).

For the semi-quantitative determination of α-MHC and
MLC-2v mRNA levels, the products of the reverse transcrip-
tion reactions were denatured for 3 min at 94 ºC, followed by
40 cycles (α-MHC), 45 cycles (MLC-2v), and 30 cycles (β-
actin) of amplification in the reaction with Ampli Taq DNA
polymerase: 45 s denaturation at 94 ºC, 40 s annealing at 66.
4 ºC (α-MHC) or 61.1 ºC (MLC-2v) or 55 ºC (β-actin) and 45 s
elongation at 72 ºC.  The PCR products were analyzed using
1.5% agarose gel electrophoresis, visualized with ethidium
bromide staining, and quantified using a bio-imaging ana-
lyzer (Bio-Rad, Hercules, CA, USA), and the density of the
products was quantified using Quantity One version 4.2.2
software (Bio-Rad).

Analysis of cell cycle and apoptosis by flow cytometry
To analyze the cell cycle distribution of ES cells and apoptosis
as parameters in the early differentiation phase, ES-D3 cells
were cultivated without MEF feeders and LIF, and treated
with 1×10-7 mol/L icariin, icaritin, or desmethyl-icaritin, or
1×10-8 mol/L RA.  After 48 h, the cells were harvested and
1×106 cells were placed into a polypropylene tube and centri-
fuged at 90×g.  The supernatant was removed and 70% EtOH
1 mL in 4 ºC  was dropped into the cell pellet while vortexing.
The cells were kept at 4 ºC until the DNA was stained.  Fixed
cells were treated with RNase A in PBS for 1 h, followed by
staining with 50 mg/L propidium iodide in PBS.  Flow
cytometric analysis of the cell cycle distribution and apoptosis
was carried out using a BD FACSCalibur with a 488 nm (blue)
argon (Becton Dickinson, San Jose, CA, USA).  Data acqui-
sition was carried out with CellQuest 3.1 software and the
data were analyzed with ModFit LT 3.0 software (Variety
Software House, Topsham, ME, USA).

Statistical analysis  Each data point represents the
mean±SD.  At least three independent experiments were car-
ried out.  Statistical significance was evaluated using one-
way ANOVAS with SPSS 10.0 for WINDOWS software.  P<0.05
was considered statistically significant.
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Results
Apparent cell  morphological changes during the course

of differentiation  ES-D3 cells grew aggregates with clear
boundaries and appeared ovoid or nodule shaped on MEF
feeder cells (Figure 2A).  Representative EBs at 5 d after the
initiation of differentiation, and just prior to plating onto
gelatin-coated 24-well culture plates, were formed by hang-

ing drop cultures.  EBs kept globular shaped structure.
(Figure 2B).  After plating for 2 d, cells started outgrowing
from the EBs, and cardiomyocytes appeared as spontane-
ously contracting cell clusters[14] (Figure 2C).  One EB con-
tained one or more beating areas in which the enlarged size,
increased contracting strength, and beating frequency were
observed during the subsequent differentiation phase.

Inducible effect of icariin, icaritin, and desmethylicaritin
on the directional differentiation of ES-D3 cells into
cardiomyocytes  Icariin, icaritin, and desmethylicaritin influ-
enced the degree of cardiac differentiation of ES-D3 cells.
During the course of differentiation (from d 7+2 to d 7+23),
the total percentage of beating EBs treated with 1×10-7 mol/L
icariin, icaritin, and desmethylicaritin was 87% (P<0.01), 59%
(P< 0.01), and 49%, respectively.  In particular, in the case of
icariin at a concentration of 1×10-7 mol/L the inducing effect
on the directional differentiation of ES-D3 cells into cardio-
myocytes was remarkable compared with the control (P<
0.05).  Although only 46% of the EBs in control samples
contained beating clusters, 68% of the EBs treated with 1×10-8

mol/L RA differentiated into beating cardiac clusters (Figure
3A).

The results of the time-effect relationship revealed that
the percentage of differentiation cultures containing con-
tracting EBs with icariin 1×10-7 mol/L  reached a peak level of
85% at d 7+10 and 10% at terminal stages.  The potential of
EBs treated with icariin 1×10-7 mol/L  undergoing cardiac
differentiation was enhanced compared with control cells
over the period from d 7+5 to d 7+23 (P<0.05).  Treatment of
EBs with icaritin 1×10-7 mol/L also resulted in a remarkable
increase in the number of EBs with spontaneously beating
cardiomyocytes between d 7+9 and d 7+17 (P<0.05), whereas
the differentiation effect of EBs induced by desmethylicaritin
1×10-7 mol/L  was only prominent from d 7+9 to d 7+11 (P<0.05)
(Figure 3B).

If culture of differentiation was continued, the numbers
of spontaneously beating foci increased and the spontane-
ously contractile activity of cardiac myocytes strengthened[19].

Detection of cardiac-specific proteins during the differ-
entiation phases of ES-D3 cells into cardiomyocytes  To
identify whether the observed cell types derived from ES-D3
cells expressed cardiac-specific proteins, indirect immunof-
luorescence was carried out.  The results verified that differ-
entiated beating cardiac cells stained positively with anti-α-
actinin mAb and anti-troponin T mAb, and these results
support previous studies[20] (Figure 4).

Effect of icariin, icaritin, and desmethylicaritin on the
level of α-cardiac MHC and MLC-2v mRNA during the early
cardiac developmental stage  To explore whether icariin,

Figure 2.  Cell apparent morphological changes during the course of
differentiation.  (A) Colonies of ES-D3 cells on a feeder layer of
murine embryonic fibroblasts (arrows refer to colonies of ES-D3
cells).  (B) Embryoid body before plating onto gelatin-coated 24-well
culture plates.  (C) Synchronously contracting, functional syncytium
of cardiac clusters derived from EBs treated with icariin 1×10-7 mol/L
at d 7+5 (rectangular frames refer to the contracting areas; arrows
point to contraction foci).
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Figure 4. Positive immunostaining of dispersed cardiomyocytes from beating EBs treated with ICA 1×10-7 mol/L  on d 7+11. The cardiomyocytes
were verified by the expression of cardiac-specific sarcomeres. (A) Positive staining with anti-sarcomeric α-actinin mAb. The rectangular
frame indicates the part magnified in panel B.  (B) Higher magnification of sarcomeric α-actinin staining (arrow).  (C) Positive staining with
anti-cardiac-troponin T mAb. The rectangular frame indicates the part magnified in panel D.  (D) Higher magnification of sarcomeric
troponin T staining (arrow).

Figure 3.  (A) Curve of the time-effect relationship.  EBs were plated at d 5 and the number of beating EBs was evaluated every day during
cultivation from 2 d up to 25 d after plating. EBs were treated with icariin (ICA) 1×10-7 mol/L , icaritin (ICT), desmethylicaritin (DICT), RA
1×10-8 mol/L , or Me2SO 0.1% .  (B) Percentage of beating EBs on d 7+10.  Mean±SD.  n=4 independent experiments. bP<0.05, cP<0.01 vs
control.

icaritin, and desmethylicaritin influence the expression level
of a-cardiac MHC and MLC-2v mRNA during cardiomyocyte

differentiation, the beating EBs outgrowths differentiated
from ES-D3 cells were studied using semi-quantitative RT-
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PCR analysis.  mRNA expression levels of α-MHC by 1×10-7

mol/L icariin, icaritin, and of MLC-2v by 1×10-7 mol/L icariin
increased during an early cardiac developmental stage for
the period between d 7+0 and d 7+9.  In particular, 1×10-7

mol/L icariin-induced MLC-2v expression was detected as
early as d 7+0, whereas increased expression in control cells
was not observed until d 7+5.  The experiments also revealed
that there was almost no difference between 1×10-7 mol/L
desmethylicaritin treated cells and control cells from d 7+0 to
d 7+9 (Figure 5).

Analysis of cell cycles and apoptosis using flow
cytometry The cell cycle distribution of ES-D3 cells was con-
sidered to be a parameter of their differentiation state[5,6],
which enabled us to determine the effect of icariin, icaritin,
and desmethylicaritin on early differentiation events before
a shift to the cardiomyocyte phenotype.  The results of the
cell cycle analysis on propidium-iodide-stained cells showed
a smaller percentage of ES-D3 cells in the G0/G1 phase com-
pared with differentiation cells in control samples (approxi-
mately 30% and 40%, respectively).   Icariin, icaritin, and

desmethylicaritin 1×10-7 mol/L induced the accumulation of
cells in G0/G1 (approximately 44%, 40%, and 35%, respec-
tively).  In particular, the effect of icariin on the G0/G1 was
remarkable compared with control cells (P<0.05).  Treatment
of 1×10-8 mol/L RA let ES cells present a similar effect on the
accumulation of cells in G1 (48%).  Proportions of S phase
cells in either 1×10-7 mol/L icariin-treated cells or 1×10-8 mol/L
RA-treated cells were remarkably reduced (29% and 27%,
respectively, versus 47% of S phase in ES-D3 cells; P<0.05)
(Figure 6).

 Apoptosis plays a vital role in development by remov-
ing unwanted cells[21], which is a possible checkpoint for the
transition towards differentiation of ES cells.  In the present
study, ES-D3 cells induced by icariin 1×10-7 mol/L  for 48 h
showed greater levels of apoptosis (10%) than control cells
(4%) (P<0.05).  In contrast, treatment with icaritin 1×10-7

mol/L or desmethylicaritin resulted in apoptosis levels of
approximately 9% and 8%, respectively.  RA 1×10-8 mol/L
treatment for 48 h also led to 8% apoptosis (P<0.05;
Figure 6).

Figure 5.  The mRNA level of α-MHC and MLC-2v in icariin (ICA), icaritin (ICT), and desmethylicaritin (DICT)-treated EBs compared with
control cells analyzed using semi-quantitative RT-PCR. The ethidium-bromide-stained gels of PCR products (A) were analyzed using computer-
assisted densitometry and the data are plotted for α-MHC (B) and MLC-2v (C) genes in relation to β-actin gene expression. Similar data were
obtained in three independent RT-PCR experiments. MW, molecular weight; ES, embryonic stem cells; H, 16-d-old embryonic heart of mouse.
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Discussion
 ES cell differentiation into cardiomyocytes in vitro is a

unique system that not only provides opportunities to study
cardiomyocyte differentiation, but also offers a platform for
evaluating the effects of drugs and detecting the specific
targets of drug action during cardiogenesis.  In the present
study, the possible inducible effects of icariin, icaritin, and
desmethylicaritin on the directional differentiation of ES cells
into cardiomyocytes in vitro were explored.  To investigate
the partly inducible effect mechanisms of the three com-
pounds involved in ES cell differentiation, the expression of
cardiac developmental-dependent genes was detected us-
ing RT-PCR.  Cell cycle distribution and apoptosis were ana-
lyzed using flow cytometry.

  Our results revealed that treatment of EBs with icariin
resulted in increased and accelerated differentiation into beat-
ing cardiomyocytes.  The degree of the inducible effect of
icaritin was less than that of icariin, and desmethylicaritin
had the least inducing effect on the directional differentia-
tion of ES cells into cardiomyocytes in vitro.  Moreover,
cardiac-specific sarcomeric proteins in the cardiomyocytes
derived from ES-D3 cells were identified, since one of the
major questions in muscle development is how a large num-
ber of protein subunits assembles into the remarkably regu-
lar structure known as the sarcomere[20].  Our results con-
firmed that the cardiomyocytes were derived from ES-D3 cells.

ES-cell-derived cardiomyocytes express the cardiac genes
in a developmentally controlled manner, that is, atrial natri-
uretic factor (ANF), α-MHC, β-MHC, and MLC-2v[4].  In our

          Cell cycle phase                              G0/G1 (%)                            S (%)                             G2/M (%)                      Apoptosis (%)

ES-D3 cells 30.8±2.2 46.6±6.4 21.8±6.3  1.6±0.3
Control 39.7±1.3c 33.5±4.9b 23.6±6.3  3.6±1.2b

RA 10-8 mmol/L 48.3±0.6cf 26.7±0.4c 16.8±1.0  8.5±1.5ce

ICA 10-7 mol/L 43.9±1.2ce 28.7±0.2c 17.4±1.4 10.1±2.5ce

ICT 10-7 mol/L 41.8±4.4b 31.3±3.8b 18.7±2.4   9.0±4.0b

DICT 10-7 mol/L 35.5±2.2 37.0±5.9 18.9±2.6   8.8±3.2b

Figure 6.  Cell cycle analysis of icariin (ICA), icaritin (ICT), and desmethylicaritin (DICT)-treated ES-D3 cells for 48 h by flow cytometry
(FCM).  The table shows the percentage of G0/G1, S, G2/M phase and apoptosis populations of cells under each treatment condition.  n=3
independent experiments.  Mean±SD. bP<0.05, cP<0.01 vs ES-D3 cells.  eP<0.05, fP<0.01 vs control.
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experiment, α-MHC and MLC-2v were chosen as the evalu-
ation targets for the directional differentiation.  Our experi-
ments demonstrated that icariin significantly advanced and
increased the mRNA levels of α-MHC and MLC-2v at an
early stage of differentiation, which suggested a partial
mechanism for icariin involving in differentiation could be
related to the expression of the cardiac developmental-de-
pendent genes[4,22, 23].  However, icaritin and desmethylicaritin
had less effect on improving the mRNA level of α-MHC and
MLC-2v during cardiac differentiation.  Other studies have
shown that α-MHC is expressed relatively early during the
course of cardiogenesis[24]; however, MLC-2v mRNA is
highly expressed relatively late in the process and is spa-
tially restricted to the ventricular portion[25,26].  Our results
support these studies.  One of the mechanisms of icariin in
differentiation is to increase and accelerate the mRNA level
of α-MHC and MLC-2v at an early stage of differentiation.

Icariin is a new type of biological response modifier and
differentiation agent[27] and can induce some cells to differ-
entiate by regulating the cell cycle[27,28].  The cell cycle distribu-
tion of ES cells was considered to be a parameter of their
differentiation state[5,6].  This system of ES cell differentia-
tion could recapitulate the in vivo differentiation process,
including the occurrence of apoptosis accompanying
differentiation.  Furthermore, the potential in ES cell apoptotic
signals is necessary to trigger ES cell differentiation.  Alterna-
tively, it is possible that some cells enter apoptosis and the
remainder differentiate, and this may depend on their stage
in the cell cycle[7,8].  To elucidate the mechanism of icariin
action on differentiation before a shift to the cardiomyocyte
phenotype, we examined the distribution of the ES cell cycle
and apoptosis using flow cytometry.  Our experiment showed
that the induction of icariin was associated with remarkable
enrichment of ES-D3 cells in the G0/G1 phase and a signifi-
cant reduction in cells in the S phase.  In addition, icariin-
mediated differentiation leads to higher apoptosis.  These
results suggest that the effect of icariin is associated with
cell cycle arrest and apoptosis.  The balance between posi-
tive and negative regulators of the ES cell cycle is important
in maintaining the transition towards differentiation.  The
apoptotic signal in ES cells also triggers the differentiation
of ES cells[7].

In conclusion, ES-D3 cells could be remarkably induced
to directionally differentiate into cardiomyocytes by icariin
at a concentration of 1×10-7 mol/L.  The promoting effect of
icariin on cardiac differentiation depended on the advancing
and increasing gene expression of α-cardiac MHC and MLC-
2v.  At an early differentiation stage, the inducible effect of
icariin was related to the regulation of the cell cycle and the

induction of apoptosis.
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Introduction

Signalling transduction molecule(s) through B cell anti-
gen receptor (BCR) are considered to play a crucial role in
the regulation of B cell fate.  The engagement of BCR leads
to activation or inactivation of B cells, depending on B cell
developmental stage as well as interaction with other cells
including T cells expressing CD40 ligand (CD40L)[1–3].  The
molecular mechanisms underlying BCR-mediated activation
and/or inactivation remain largely unresolved.  WEHI-231
B lymphoma cells, representing immature stage of B cells,
have been widely used as an in vitro model system to ana-
lyze B cell-unresponsiveness[4–6], since costimulation with
CD40L rescues anti-IgM-induced growth arrest and/or
apoptosis[7,8].

The basic helix-loop-helix (bHLH) family of transcrip-

tion factors including E2A play a key role in proliferation
and/or differentiation in a variety of cell types[9,10].  The E
protein contains a highly conserved HLH dimerization do-
main and a DNA-binding basic region that binds a conserved
E-box.  Another category of HLH protein, the inhibitor of
differentiation (Id) family possess homologous HLH domain,
but not DNA-binding domain[11,12].  Thus, Id proteins func-
tion as a dominant-negative (dn) regulator of transcription
upon binding with other HLH proteins. The Id proteins are
thought to promote cell cycle progression from G1 to S phase,
while E2A proteins are thought to prevent it[9,13].  These find-
ings indicate that E2A/Id proteins function to promote or
inhibit proliferation in a context of cell types in divergent
stimuli.  For example, mature B cells from Id3-deficient mice
failed to proliferate in response to anti-IgM[14].  Contrary to
this current notion, we have recently demonstrated that anti-

Abstract
Aim: We have recently shown that engagement of membrane immunoglobulin
(mIg) induced upregulation of inhibitor of differentiation 3 (Id3) mRNA, resulting
in growth arrest at G1 phase in WEHI-231 cells.  In the present study, we examined
whether engagement of mIg will affect promoter activity of the Id3 gene in WEHI-
231 cells.  Methods: DNA fragments corresponding to the 5'-flanking region of
mId3 gene were amplified by polymerase chain reaction (PCR) using genomic
DNA as the template.  Three DNA fragments upstream of the transcription start
site (+1) of the mId3 gene were subcloned into the luciferase reporter vector PGV-
B2.  The recombinant constructs were transiently transfected into WEHI-231 cells
by an electroporation method.  After incubation for 24 h, WEHI-231 cells were
stimulated with 10 mg/L anti-IgM or irradiated CD40L-expressing NIH3T3 cells or
control NIH3T3 cells for further 24 h, followed by assay for luciferase activity.
Results: The luciferase analysis demonstrated that basal promoter activity of the
Id3 gene was found in the region between -200 and +54.  The Id3 promoter activity
was increased 2-fold following stimulation with anti-IgM, but not CD40L, com-
pared with medium alone.  Conclusion: The mIg-mediated upregulation of Id3
expression is controlled, at least in part, through transcriptional regulation, as
assessed by luciferase assay.
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IgM-induced G1 arrest appears to result from the anti-IgM-
induced upregulation of Id3 expression at both mRNA and
protein levels in WEHI-231 cells[15], as reported in other cell
types[16].  In the present study, we examined whether anti-
IgM-induced upregulation of Id3 mRNA resulted from tran-
scriptional regulation of the Id3 gene.

Materials and methods
Cell culture  WEHI-231 B lymphoma cells were main-

tained in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS),  2-mercaptoethanol 50 µmol/L, and kana-
mycin 100 mg/L at 37 ºC in 5% CO2.

Isolation of 5'-flanking region of mouse Id3  Genomic
DNA was extracted from WEHI-231 cells using QIAGEN
Genomic DNA Kit according to the manufacturer’s instruc-
tion.  DNA fragments corresponding to the 5'-flanking re-
gion of the mouse Id3 gene were isolated from the genomic
DNA by polymerase chain reaction (PCR) using Id3-specific
primers and high fidelity KOD DNA polymerase (Toyobo
Co, Ltd, Japan) (Figure 1), based on the reported nucleotide
sequences (GenBank accession number, AL935264).  The
nucleotide sequences of the primers were the following: for-
ward with a Kpn I restriction enzymatic site underlined, Id3
-1981/+54, (5'-CGGGGTACCCATACAGAAGTCTTCA-
CGAGAG-3);  Id3-1012/+54  (5'-CGG GGTACC TGGCTGCC-
CTTCCACAACAG-3'); Id3 -200/+54 (5'-CGG GGTACC
TCCTCGCATCCGAGGCTCC-3').  Reverse for the three frag-
ments with a Hind III restriction enzymatic site underlined,
(5'-CGG AAGCTT GAGAGTAGAGATAGAGAGGGAG-3').
The DNA fragments Id3 -1981/+54 (Id3/2k), Id3 -1012/+54
(Id3/1k), and Id3 -200/+54 (Id3/254) were cloned into pCR-
Blunt II-TOPO vector by Zero Blunt PCR Cloning Kit
(Invitrogen, USA).  The nucleotide sequences of the frag-
ments were confirmed to be identical to the reported se-
quences (GenBank) using ABI PRISM BigDyeTM Termina-
tor Cycle Sequencing Ready Reaction Kits (Applied
Biosystems, USA).

Plasmid construction for transient transfection assay
The fragments of the Id3 promoter spanning nucleotides
-1981/+54, -1012/+54, and -200/+54 were subcloned into the
firefly luciferase reporter PGV-B2 vector lacking the promoter
and enhancer (Tokyo-Inki, Tokyo, Japan) (Id3/PBV-B2), as
previously described[17], resulting in Id3/2k-Luc, Id3/1k-Luc,
and Id3/254-Luc, respectively.

Transient transfection of WEHI-231 cells was carried out
by an electroporation method[17].  WEHI-231 cells (1.2×107

per 0.7 mL) containing 20 µg of the reporter constructs and
400 ng of internal control pRL-CMV Renilla luciferase vector
were pulsed (400 V, 500 µF) using Gene Pulser (Bio-rad, USA).
Following a 24-h incubation, the cells were further stimu-
lated with 10 mg/L anti-IgM mAb or medium alone for 24 h,
or cocultured with irradiated CD40L-expressing NIH3T3 cells
or control NIH3T3 cells.  The cells were harvested and lysed
in lysis buffer (Promega, USA), followed by an assay for
luciferase activity using a Dual-Luciferase Reporter Assay
System (Promega), according to the manufacturer’s instruc-
tions.  Both firefly and Renilla luciferase activities were moni-
tored with a Lumat LB9507 luminometer (Bert-hold).  The
ratio of firefly/renila values was caculated to normalize re-
port activity.  Normalized data are expressed as relative lu-
ciferase activity compared with that seen for PGV-B2 vector
alone.

Statistical analysis Data were expressed as mean±SD.
For single comparison, statistical significance between
groups was determined by Student’s t-test.  Significance for
multiple comparisons was determined by one-way ANOVA.
P<0.05 was considered to indicate statistically significant
differences.

Results
Structure of the functional Id3 locus  We have recently

found that anti-IgM upregulated Id3 mRNA expression, while
CD40L downregulated it in WEHI-231 cells[15].  To analyze
whether engagement of mIg influences transcriptional regu-
lation of the Id3 gene, the three fragments containing the 5'-
flanking region of the murine Id3 gene were isolated by PCR
using Id3-specific primers.  These fragments were subcloned
into PGV-B2 vector to measure the promoter activity of the
Id3 gene (Figure 2).  Nucleotide sequence analysis confirmed
the fidelity of the all constructs generated.

Basal promoter activity in the 5'-flanking region of the
Id3 gene  WEHI-231 cells were transfected with the con-
structs Id3/2k-Luc, Id3/1k-Luc, or Id3/254-Luc in combina-
tion with internal control vector and incubated with medium
alone for 24 h, followed by assay for luciferase activity (Figure

Figure 1.  Isolation of DNA fragments containing 5'-flanking region
of the Id3 gene by PCR.  The DNA fragments containing Id3 pro-
moter were amplified by PCR using the Id3-specific primers.  To
obtain three different fragments, sets of primers (forward, → and
reverse, ←) were employed.
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Figure 2.  Procedures to create luciferase reporter vectors.  The three distinct DNA fragments (Id3/2k, Id3/1k, and Id3/254) generated by PCR
were cloned into pCR-Blunt II-TOPO, followed by digestion at sites (Kpn  I/Hind III) to subclone into the luciferase reporter vector PGV-B2,
resulting in Id3/2k-Luc, Id3/1k-Luc, and Id3/254-Luc, respectively.

3A, 3B).  The basal promoter activity in these fragments Id3/
2k, Id3/1k, or Id3/254 was increased 24-fold, 36-fold, and 54-
fold, respectively, compared with the control vector (Figure
3B).  These results suggest that the 254-bp fragment con-
tains some positive regulatory element(s) of the Id3 gene, as
reported by Yeh and Lim[18].  It is also possible that there are
putative negative regulatory elements in the region from
-1981 to -201.

Anti-IgM, but not CD40L, upregulates the promoter ac-
tivity of the Id3 gene  To examine whether transcriptional
regulation is involved in the anti-IgM-induced upregulation
of the Id3 gene, the WEHI-231 cells co-transfected with the
Id3/2k-Luc, Id3/1k-Luc, Id3/254-Luc constructs and internal
control vector were stimulated with 10 mg/L anti-IgM for
24 h, followed by assay for luciferase activity.  The stimula-
tion with anti-IgM enhanced the promoter activity of the Id3
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gene which increased up to two-fold as compared with the
activities in unstimulated cells, as assessed by luciferase
activity (Figure 4A).  The CD40L stimulation slightly de-
creased it, but the difference was not statistically significant
(Figure 4B).

In our previous study, with Northern blot assay we ob-
served an upregulation of Id3 mRNA expression in WEHI-
231 cells after anti-IgM stimulation to reach levels 5-fold
greater than that seen in unstimulated cells.  There are many
reasons to explain the inconsistent results between luciferase
activity assay and northern blot.  Besides the stability of the
luciferase and mRNA, additional mechanisms may exist that
contribute to the upregulation of Id3 expression at transcrip-
tion level following anti-IgM stimulation.  These results sug-
gest that the mIg-mediated upregulation of Id3 expression is
controlled, at least in part, through transcriptional regulation,
as assessed by luciferase assay.

Discussion
Id proteins, a member of the HLH family proteins, play a

crucial role in proliferation, differentiation, and apoptosis in
a variety of cells including lymphocytes[9–11].  The mature B
cells from Id3-deficient mice failed to proliferate in response
to anti-IgM, whereas they showed proliferation comparable
to those from control mice in response to LPS or CD40L[14],
suggesting that Id3 promotes mIg-mediated B cell growth,
as demonstrated in some cell types[11].  However, WEHI-231
cells, representing immature B cells, displayed growth arrest
at the G1 phase of the cell cycle, accompanied by upregula-
tion of Id3 mRNA following stimulation with anti-IgM[15].  In
this study we examined whether the mIg-mediated upregula-
tion of  Id3 mRNA expression resulted from transcriptional
activation and found that anti-IgM upregulated Id3 expres-
sion at least through transcriptional activation.

The nucleotide sequences of the 5'-upstream fragments
isolated from WEHI-231 genomic DNA were confirmed to be
identical with the published sequences[18] (GenBank acces-
sion number, AL935264).  Consistent with the observation

Figure 3.  Basal promoter activity in the 5'-upstream region of the
Id3 gene.  (A) Structure of the reporter plasmids.  The transcription
start site is indicated by +1.  (B) WEHI-231 cells were transfected
with 20 mg/L Id3/2k-Luc, Id3/1k-Luc, Id3/254-Luc, or control vec-
tor alone, in combination with internal control vector.  Following
24-h incubation, extracts were taken, and dual luciferase assay was
carried out.  The results were presented as the means±SD from three
independent experiments. cP<0.01 vs PGV-B2 control.  eP<0.05, fP<0.01
vs Id3/2k-Luc.  iP<0.05 vs Id3/1k-Luc.

Figure 4 .  Upregulation of the Id3 promoter activity following
stimulation with anti-IgM, but not CD40L.  Twenty four hours after
transfection of the Id3-Luc constructs, the cells were stimulated with
10 mg/L anti-IgM (A), or cocultured with CD40L-expressing NIH3T3
or control NIH3T3 cells (B).  Following further 24-h incubation, the
lysates were assayed for luciferase activity.  The results were pre-
sented as the mean±SD from three independent experiments.  cP<0.01
vs PGV-B2 control.  dP>0.05, eP<0.05, fP<0.01 vs unstimulated cells.
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of Yeh and Lim[18] using C2C12 muscle cells, the 254-bp frag-
ment had substantial basal promoter activity of the Id3 gene
(Figure 3).  Indeed, several putative binding sites (ATF, Sp1,
Egr1, Cre) for transcription factors were found using
TRANSFAC databases[18].  Interestingly, when the longer
fragments Id3/2k-Luc or Id3/1k-Luc was used, the basal pro-
moter activity decreased compared with Id3/254-Luc (Figure
3B).  These results might suggest that the promoter activity
of the Id3 gene be regulated by both positive and negative
regulatory elements, as reported in the transcriptional regu-
lation of a variety of genes in eukaryotes[19].  A sufficient
promoter activity was also found in other several B lym-
phoid lineage cell lines BAL17 and J558L (Li and Hata un-
published observation, 2003), although it is not dependent
on B cell development.

The promoter activity of the Id3 gene was increased fol-
lowing engagement of mIg, but not CD40 (Figures 4A and
4B), resulting in the upregulation of the Id3 mRNA in WEHI-
231 B lymphoma cells[15].  Although the Id3 upregulation
through engagement of T cell receptor for antigen was abro-
gated by MEK1 inhibitor PD98059[20], the mIg-mediated
upregulation of the Id3 message was not affected (Li and
Hata, unpublished observation), suggesting that antigen re-
ceptor-mediated upregulation of Id3 expression is differently
regulated between T and B cells.

In contrast to anti-IgM, CD40L decreased Id3 mRNA
levels in WEHI-231 cells[15].  The promoter activity of the
Id3 gene in response to CD40L was somewhat low, but not
significant, compared with medium alone, suggesting that
CD40-mediated down-regulation of Id3 mRNA expression
is controlled post-transcriptionally.  In our preliminary
experiments, pretreatment with proteasomal inhibitor
lactacystin restored CD40L-mediated down-regulation of Id3
protein expression (Li and Hata, unpublished observation),
as suggested by Bounpheng et al[21].  These findings suggest
that CD40-mediated down-regulation is controlled post-
translationally.

Following an encounter with antigen, immature B cells
undergo growth arrest/apoptosis unless T cell-derived sig-
nals such as CD40L are provided[7, 22].  Since transduction of
Id3 gene into WEHI-231 cells results in growth arrest at the
G1 phase of the cell cycle[15], Id3 appears to contribute to
G1 arrest in immature B cells.  The cell cycle progression
from G1 to S phase in mammalian cells is tightly regulated
by a cyclin-dependent kinase (CDK) and cyclin[23].  CDK
activity is controlled by CDK inhibitors (CKIs) including
p21Cip1 and p27Kip1[24].  Anti-IgM induced growth arrest
through an upregulation of p27Kip1 and down-regulation of
cyclins[25].  It remains unclear how Id3 relates to p27Kip1-me-

diated signalling pathway in B cells.
In contrast to our findings, Pan et al reported that anti-

IgM-induced proliferative responses were severely reduced
in mature B cells from Id3-deficient mice, compared with
those from control mice[14].  Id3 appears to promote cell cycle
progression in mature B cells upon encounter with antigen,
whereas it prevents cell cycle progression in immature B
cells, which could be accounted for by differential target(s)
of Id3 molecule between mature and immature B cells.  Ex-
periments to examine this possibility are in progress.

In the present study, we clarified that engagement of mIg
increased the promoter activity of the Id3 gene, probably
resulting in an enhanced Id3 expression.  The mIg-mediated
Id3 upregulation appears to contribute to growth arrest, which
could be reversed by the addition of CD40L, at least in part,
through down-regulation of Id3 expression.  Our results
would be valuable for analysis of mIg-mediated unrespon-
siveness in B cells.
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Introduction
Protein kinase C (PKC) is a family of serine/threonine

protein kinases that transduce signals for tumorigenesis, tu-
mor cell invasion, and metastasis, and has thus been newly
targeted for use in cancer treatment[1].  Activation of PKC
augments tumor cell metastatic potential, whereas suppres-
sion of PKC activity through PKC inhibitors reduces tumor
cell invasion and migration[1,2].  7-Hydroxystaurosporine
(UCN 01) is a selective PKC inhibitor derived from the non-
selective protein kinase inhibitor staurosporine[3].  A number
of studies, including some conducted in our own labora-
tories, have revealed that UCN-01 holds promise for use as a

single agent or in combination with other chemotherapeutic
agents, such as camptothecin, 5-fluorouracil, tamoxifen, and
ionizing radiation, in inhibiting tumor cell growth in vitro
and in vivo[3–9].

Our previous studies corroborate other studies, which
indicate that the anti-tumor activities of UCN-01 are associ-
ated with arrest of cell cycle progression, including G1/S
and/or G2/M[4,5], apoptosis induction[5–7,10], and the inhibi-
tion of DNA repair[11,12].  Most notably, UCN-01 abrogates
the S or G2 arrest caused by chemotherapeutic agents[4].  It
has also been found that UCN-01 inhibits microvessel for-
mation (angiogenesis), which is required for tumor forma-
tion and growth[13,14].  Taken together, these studies indicate

Abstract
Aim: To investigate the effect of 7-hydroxystaurosporine (UCN-01), a selective
protein kinase C (PKC) inhibitor, on cell growth, migration, and invasion in inva-
sive human glioblastoma U-87MG cells.  Methods: PKC activity was determined
based on the PKC-catalyzed transfer of the 32P-phosphate group from [g-32P]ATP
into a PKC-specific peptide substrate.  Cell viability was measured by MTT assay.
Cell invasion and migration were evaluated by a Boyden chamber assay and
scratch wound assay, respectively.  Protein expression was analyzed using West-
ern blot assay.  The formation of 3-dimensional cellular aggregates was examined
by a cell-cell aggregation assay.  Results: UCN-01 treatment resulted in concen-
tration- and time-dependent inhibition of U-87MG cell growth at higher doses (>
100 nmol/L), and reduced cell invasion and migration capability at less cytotoxic
doses (<100 nmol/L).  UCN-01 significantly repressed PKC activity.  Consistent
with this result, UCN-01 blocked cell invasion stimulated by phorbel 12-myristate-
13-acetate (PMA) and ethanol (EtOH), 2 PKC activators.  Enforced expression of
the tumor suppressor genes BRCA1 and PTEN increased the anti-invasion poten-
tial of UCN-01.  Exposure to UCN-01 caused a dose-dependent increase in cell
adhesion molecule E-cadherin.  The effect of UCN-01 on the formation of cell-cell
aggregation was significantly reduced by the addition of an anti-E-cadherin
antibody.  Conclusion: UCN-01 inhibits the invasion and migration of human
glioma cells.  Accordingly, UCN-01 can have potential clinical applications for the
treatment of human glioma metastasis.
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that UCN-01 is a profound anti-tumor agent in several differ-
ent tumors, including glioma.  Moreover, UCN-01 has en-
tered Phase I trials as a single agent in the USA and Japan[3,15].

In the present study, the effects of UCN-01 on cell growth,
invasion, and migration were investigated in U-87MG, an
invasive human glioblastoma cell line.  The purpose of this
study is to explore whether UCN-01 can be used as a new
therapeutic agent in the treatment of glioblastoma growth
and invasion.

Materials and methods

Cell culture and chemicals  The human glioblastoma
cell line U-87MG was purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and main-
tained as monolayer cultures in D-MEM supplemented with
10% fetal calf serum (FCS), glutamine 2 mmol/L , streptomy-
cin 100 mg/L , and 100 kU/L benzylpenicillin G (BioWhittaker,
Walkersville, MD, USA).  Cell number and viability were de-
termined by staining a small volume of cell suspension with
0.4% trypan blue saline solution and examining the cells us-
ing a haemocytometer.  The doubling time of U-87MG cell
was approximately 30 h under our culture conditions.  UCN-0
was obtained from the Laboratory of Molecular Pharmaco-
logy, Division of Basic Science, NCI, NIH (Bethesda, MD,
USA) and stored at -20 oC as a 10 mmol/L stock solution in
20% Me2SO.  Phorbel 12-myristate-13-acetate (PMA) and
ethanol (EtOH) were purchased from Sigma Chemical Com-
pany (St  Louis, MO, USA).  PMA was dissolved in 20%
Me2SO and frozen at -20 oC for storage purposes.  UCN-01,
PMA, and EtOH were further diluted in 2% medium prior to
use.

Expression vectors and transfection  A full-length
BRCA1 or PTEN cDNA was expressed in a pCMV-Tag2B
vector (Stratagene, La Jolla, CA, USA), which allows for
the expression of proteins with an N-terminal FLAG sequ-
ence, as described previously[16].  Transfection of BRCA1 or
PTEN was performed using a transfection reagent, Lipofect-
Amin 2000, according to the manufacturer’s instructions
(Invitrogene, Gaithersburg, MD, USA) as described previ-
ously[16].  The efficiency of gene transfer was determined by
a β-galactosidase assay using co-transfection with plasmid
pRSV-β-gal.

Measurement of PKC activity  Aliquots of 4×106 un-
treated and treated cells were washed with ice-cold
Dulbecco’s phosphate-buffered saline (PBS), suspended in
a homogenization buffer (0.05 mol/L Tris¯HCl, pH 7.5, con-
taining EDTA 5 mmol/L , EGTA 10 mmol/L , β-mercaptoethanol
0.6 g/L , leupeptin 10 mmol/L , PMSF 1 mmol/L ), and broken

by probe sonication.  The nuclei and unbroken cells were
removed using low-speed spin, and the resulting superna-
tant was spun at 100 000×g for 30 min.  The nuclear pellet
was resuspended in HB and was referred to as a whole cell
lysate.  The 100 000×g supernatant was termed the soluble
or cytosolic fraction.  The 100 000×g pellet was washed with
homogenization buffer, suspended by probe sonication in
homogenization buffer containing 0.1% Triton X-100, incu-
bated on ice for 1 h, and spun again at 100 000×g.  The
resulting supernatant was termed the particulate or mem-
brane fraction.

Total PKC activity in the three fractions was estimated
using a commercially available assay system (Amersham Life
Science, Arlington Heights, IL, USA) according to the
manufacturer’s instructions.  This assay is based on the PKC-
catalyzed transfer of the 32P-phosphate group from [γ-32P]
ATP into a PKC-specific peptide substrate (amino acids
65¯658 of the EGF receptor with the phosphorylation site on
Thr-654) in the presence of Ca2+ phosphatidylserine, and
phorbol 12-myristate 13-acetate.  All 3 fractions were di-
luted with 0.05 mol/L Tris-HCl (pH 7.5), and 25 µg of each
were added to equal volumes of reaction solution (consisting
of Tris¯HCl 0.05 mol/L, CaCl2 1.5 mmol/L, dithiothreitol 7.5
mmol/L, PKC peptide substrate 45 mmol/L, and dioleoyl-glyc-
erol  82 mmol/L) as provided by the manufacturer.  Reactions
were carried out at 37 oC for 15 min.  After 15 min, the reac-
tions were stopped using a stop reagent (provided by the
manufacturer); one hundred microlitre of each were blotted
on glass fiber filters and extensively washed with 0.1% or-
thophosphoric acid.  The bound radioactivity was counted
using liquid scintillation spectroscopy.  The protein content
in each of the 3 fractions was measured.  Radioactivity val-
ues resulting from the phosphorylation of endogenous sub-
strates were subtracted from all determinations.  Reactions
were performed in triplicate and the values were averaged.
Each assay was performed at least 3 times.

Measurement of cell viability  Cell viability, an indica-
tor of cytotoxicity, was evaluated using an MTT assay as
described previously[17].  Four sets of experiments were per-
formed in 10 wells for each treatment.

In vitro invasion assay  In vitro invasion assay was per-
formed with a modified Boyden chamber[17].  The surfaces of
filter (0.8 µm pore size) were coated with 25 µg Matrigel of
uniform thickness for 1 h at room temperature.  The unifor-
mity of the coating was checked by Coomassie blue staining
and low-power microscope observation.  The lower chamber
was filled with 10% FCS medium containing fibronectin (16
µg per chamber) as the chemoattractant.  Cells (1×108 cells/L)
re-suspended in the medium containing 2% FCS and 50 or
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100 nmol/L UCN-01 were carefully transferred onto the up-
per surface of the filters in the chamber.  After a 48-h
incubation, the filter was gently removed from the chamber.
The cells on the upper surface were removed with a cotton
swab, cells that had passed through the Matrigel and at-
tached themselves to the lower surface of the filter were
fixed, stained with hematoxylin and eosin, and counted in 15
randomly selected microscopic fields (×400) per filter.  Ex-
periments were performed at least 3 times, independently.  In
the trials for determining the effect of UCN-01 on the PMA-
and EtOH-promoted cell invasion, fibronectin was not added
to the lower chamber.

Scratch wound assay  The spreading and migration ca-
pabilities of U-87MG cells were assessed using a scratch
w o u n d  a s s a y

[17] which measures the expansion of a cell popu-
lation on surfaces.  The cells were seeded into 6-well tissue
culture dishes at a concentration of 2.5×105 cells and cul-
tured in medium containing 10% FCS to nearly confluent cell
monolayers, which were then carefully wound using 1-mL ster-
ile pipette tips.  Any cellular debris was removed by washing
with PBS.  The wounded monolayers were then incubated in
10% FCS medium containing UCN-01 (50 or 100 nmol/L) for
24 h or 48 h, then photographed under a light microscope
(×200).  The experiments were repeated in quadruplicate wells
at least 3 times.

Immunoblot assay  Protein expression was assessed us-
ing an immunoblot assay as described previously[16].  A mono-
clonal E-cadherin antibody was purchased from Transduc-
tion Laboratories (Lexington, KY, USA).  A mouse mono-
clonal anti-FLAG antibody M2 (Stratagene, La Jolla, CA,
USA) was used to detect expression of the FLAG-tagged
BRCA1 and PTEN proteins.  Equal protein loading and the
protein transfer were confirmed by immunoblotting for the
determination of α-actin protein using a polyclonal α-actin
antibody (I-19, Santa Cruz, Hercule, CA, USA) on the same
Western blots stripped.  A colored marker (Bio-Rad Labora-
tories, Hercules, CA, USA) was used as a molecular size
standard.

Reverse transcription-polymerase chain reaction (RT-
PCR)  mRNA was assayed by RT-PCR as described in pre-
vious studies[16].  cDNA was synthesized from 2 µg of total
RNA in a 30-µL  reaction mixture containing 5×reverse tran-
scriptase reaction buffer (Life Technologies, Inc, Gaithers-
burg, MD, USA), dNTP 200 µmol/L , 100 µmol/L solution of
primers, 50 units of RNasin (Promega, Madison, WI, USA),
dithiotheithol 10 mmol/L , and 100 units of reverse tran-
scriptase (Life Technologies, Inc).  The mixture was incu-
bated at 37 °C for 60 min, heated to 95 °C for 10 min, and then
chilled on ice.  PCR was carried out in a 50-µL volume con-

taining 10–20 ng cDNA, chelating buffer (Perkin-Elmer/Cetus,
Norwalk, CT, USA), 20 µmol/L dNTP mixture, 1.5 units of Taq
DNA polymerase (Perkin-Elmer/Cetus), and 0.5 µmol/L of the
following E-cadherin-specific primer pairs: 5'-CAATCTCA-
AGCTCATGG-3' (forward) and 5'-CCATTCGTTCAAGTA-
GTC-3' (backward).  The PCR was processed at 94 °C for 1
min, 54 °C for 1 min, and 72 °C for 1 min.  To ensure that the
RNA was of sufficient purity to undergo RT-PCR, a PCR as-
say using primers specific for the β-actin gene cDNA was
performed for each sample through the same PCR process.
β-Actin specific primer pairs were as follows: 5'-GTC AAC
GGA TTT GGT CTG TAT T-3' (forward); 5'-AGT CTT CTG
GGT GGC AGT GAT-3' (backward).  Semi-quantitative PCR
conditions for E-cadherin and β-actin are 28 cycles and 22
cycles, respectively.  The PCR products were electrophore-
sed on a 5% nondenaturing polyacrylamide gel.  The gel was
then dried and exposed to an imaging plate, and the radioac-
tivity was determined using a Bioimage Analyzer (Bas1000;
Fuji, Kanagawa, Japan).

Cell-cell aggregation assay  Cells were harvested using
HBSS buffer containing 0.01% trypsin and centrifuged at
100 000×g for 5 min.  Cell pellets were re-suspended in a
HCMF buffer (NaCl 160 mmol/L, Na2HP4  0.6 mmol/L , 0.1%
w/v glucose,  and 0.01% HEPES, pH 7.4) containing CaCl2 4
mmol/L  at a cell density of 1×105 cell/ml.  Total 1 mL aliquots
of a single cell suspension were transferred to microcentrifuge
tubes.  UCN-01 (50 or 100 nmol/L), anti-E-cadherin antibody
(0.5 mg/L, Transduction Laboratories, Lexington, KY, USA),
or a combination of both was added.  The cell cultures were
then put on a shaker maintained at 37 oC for 60 min and 0.02
mL aliquots from all cell cultures were removed and fixed in
0.060 mL of glutaraldehyde.  The total number of particles
(that is, cells or aggregates) were counted by two investi-
gators, using a haemocytometer.  The degree of aggregation
is represented by the aggregation index calculated by Nt=60/
Nt=0, where Nt=0 is the number of single cells before the incu-
bation and Nt=60 is the number of single cells after the incu-
bation for 60 min.  Nt=x60/Nt=0>1=no  cell-cell adhesion; Nt=60/
Nt=0<1=specific cell-cell adhesion.

Statistical analysis  Each assay was performed at least
3 times.  Statistical significance for the results was assessed
using Student’s t-test.  P<0.05 suggests a statistically sig-
nificant difference.

Results
Effect of UCN-01 on proliferation of U-87MG cells  Us-

ing an MTT assay, we determined the cell viability of
U-87MG glioblastoma cells after treatment with various doses
of  UCN-01 for 24 or 48 h.  As shown in Figure 1A, exposure
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to UCN-01 resulted in a loss of cell viability in a concentra-
tion- and time-dependent manner.  ID50, a dose at which 50%
of the cells lost their viability, was approximately 400 nmol/L
and 260 nmol/L after the 24-h and 48-h treatments, respec-
tively (P<0.01).  At UCN-01<100 nmol/L doses, no signifi-
cant effect on cell viability was observed at any exposure
time points (P>0.01).  UCN-01 doses of <100 nmol/L were thus
selected for use in further studies.  We also determine the
cytotoxicity of UCN-01.

Effect of UCN-01 on PKC activity of U-87MG cells
Subconfluent cells were left untreated or treated with 100
nmol/L UCN-01 for 4 h and then harvested for assay of PKC
activity .  The membranous fractions (404±23 pmol 32P/min,

P<0.01) and cytosolic factions (114±46 pmol 32P/min, P<0.01)
were significantly inhibited in the cells treated with UCN-01
compared to the untreated control cells (885±42 pmol 32P/min
for the membranous fractions, 289±65 pmol 32P/min for the
cytosolic fractions).  Similarly, reduced PKC activity was
also observed after treatment with 50 nmol/L UCN-01 (data
not shown).

Effect of UCN-01 on invasion and motility of U-87MG
cells  Cell invasion and migration are crucial processes in
tumor metastasis.  A modified Boyden chamber assay was
performed in order to determine the ability of U-87MG cells
to invade through biological matrices in vitro, based on the
percentage of cells able to penetrate the reconstituted base-

Figure 1.  Effect of UCN-01 on U-87MG cell viability, invasion, and migration. (A) MTT assays of cell viability.  Mean±SEM.  n=3. (B) In
vitro  invasion assay. Data (mean±SEM) are expressed as the percentage of the control response from 3 independent experiment assays that
yielded similar results. (C) Scratch wound assay
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ment membrane-coated filters and attach to the lower sur-
face of filter.  As shown in Figure 1B, the invasion capacity
of U-87MG cells was markedly inhibited when UCN-01 was
present in the upper chamber; a reduction of approximately
12% and 25% (P<0.01) was observed for 50 and 100 nmol/L
UCN-01 after 48-h treatment, respectively.  A similar inhibi-
tion of cell invasion activity by UCN-01 was also observed
in U-373, another glioblastoma cell line (data not shown).

To examine whether UCN-01 anti-invasion potential is
associated with its ability to suppress cell spreading and
migration, the effect of UCN-01 on U-87MG cell motility
was also analyzed using a scratch wound assay.  As demon-
strated by the representative fields shown in Figure 1C, 50
nmol/L UCN-01 markedly inhibited the flattening and spread
of both cell lines along the edges of the wound compared to
the untreated control cells.  When this experiment was re-
peated using a UCN-01 dosage of 100 nmol/L instead of 50
nmol/L, the anti-migration observed was more significant.

Effect of UCN-01 on PMA- and EtOH-stimulated cell
invasion  We determined the effect of UCN-01 on the stimu-
lation of cell invasion caused by PMA and EtOH, two PKC
activators.  U-87MG cells spontaneously penetrated through
an artificial basement membrane, and the number of invading
cells significantly increased when PMA or EtOH was included
in the cell suspension [invasion index 58±4 (PMA), 62±6
(EtOH) versus the untreated control, 46±3; P<0.01].  However,
both spontaneous invasion and PMA- or EtOH-promoted
cell invasion were markedly inhibited by UCN-01(Figure 2A).
The ability of UCN-01 to suppress PMA- and EtOH-pro-
moted cell invasion could not be attributed to increased
cytotoxicity, since UCN-01 did not significantly affect the
cytotoxicity of PMA or EtOH (Figure 2B).

Effect of BRCA1 and PTEN on anti-invasion activity of
UCN-01  To determine the effect of the tumor suppressor
genes BRCA1 and PTEN on the anti-invasion potential of
UCN-01, we compared the invasion behavior of U-87MG
cells that had been transiently transfected with the BRCA1
or PTEN gene in the presence and absence of UCN-01 (100
nmol/L).  The full-length BRCA1 or PTEN cDNA was ex-
pressed in a pCMV-Tag2B vector, which allows for the ex-
pression of proteins with an N-terminal FLAG sequence.
Exponentially growing cells (3×105 cell/well) in 6-well tissue
culture dishes were transfected with either the BRCA1 or
PTEN vector (5 µg/well) overnight, washed, and then incu-
bated for 48 h.  Overexpression of the BRCA1 or PTEN
transgene was confirmed by the determination of BRCA1 or
PTEN protein using an anti-FLAG antibody (M2). Signifi-
cant expression levels of the BRCA1 (220 kDa) and PTEN (67
kDa) proteins were observed in U-87MG cells 48 h after trans-

fections (Figure 3A).  The transfected cells were collected
and subjected to the in vitro invasion assay.  As shown in
Figure 3B, the transfection with the “empty” pCMV-Tag2B
control vector had no effect on UCN-01 modulation of cell
invasion, whereas overexpression of the BRCA1 or PTEN
transgene significantly enhanced the anti-invasion poten-
tial of UCN-01.  BRCA1 or PTEN transfection alone caused a
20% reduction in cell invasion; 100 nmol/L UCN-01 inhibited
30% of cell invasion.  However, UCN-01 caused an 87% and
a 90% inhibition in invasion in cells transfected with BRCA1
and PTEN, respectively.  These results suggest that a com-
bination of UCN-01 and BRCA1 or PTEN transgene syner-
gistically inhibits the invasive behavior of glioblastoma cells.

UCN-01 increases E-cadherin expression  To explore
the mechanism(s) underlying the effect of UCN-01 on U-
87MG cell invasiveness and migration, we analyzed the ex-
pression of E-cadherin protein, an adhesion molecule, by an
immunoblot assay, following treatment with UCN-01.  As
illustrated in Figure 4A, U-87MG cells contained a low basal

Figure 2.  Effect of UCN-01 on PMA- and EtOH-induced promo-
tion of cell invasion. (A) Subconfluent U-87MG cells were trypsized
and counted. Cell viability was also assessed using the MTT assay 48 h
after treatment with UCN-01 (100 nmol/L) and/or PMA (1 µmol/L)
or EtOH (40 mmol/L) in 96-well tissue culture plates (B) Mean±SEM.
n=3 independent experiments.
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level of the endogenous E-cadherin protein.  Forty-eight
hours exposure to UCN-01 resulted in a significant dose-
dependent increase.   UCN-01(50 and100 nmol/L resulted in
approximate 2.2- and 6.3-fold increases in the E-cadherin
protein.  Similar results were obtained for E-cadherin mRNA
expression in response to UNC-01 treatment (Figure 4C).

Effect of UCN-01 and anti-E-cadherin antibody on for-
mation of cell-cell aggregates  To ascertain whether E-
cadherin plays an important role in the protection of UCN-01
against the migration and invasion activity of U-87MG cells,
we examined the effect of UCN-01 on the formation of cell-
cell aggregates.  UCN-01 100 nmol/L  significantly inhibited
the formation of 3-dimensional cellular aggregates (aggrega-
tion index=1.3, P<0.01) compared to the untreated control U-
87MG cells, which showed a significant degree of cell-cell
aggregation (aggregation index=0.65).  However, in the pres-
ence of the E-cadherin antibody, the protective ability of
UCN-01 against the formation of cell-cell aggregates was

markedly reduced (aggregation index=0.8).  Similar results
were observed in another human glioblastoma cell line,
U-373 (data not shown).  These results suggest that E-
cadherin can play a critical role in the anti-invasion potential of
UCN-01.

Discussion

PKC is viewed as a new target for suppressing tumor cell

Figure 3.  Effect of BRCA1 or PTEN on anti-invasion potential of UCN-
01.  Cells harvested and subjected to the immunoblot assay (A) and
the in vitro invasion assay (B) 48 h after transfections. A representa-
tive set of experiments from 3 individual transfections is shown.

Figure 4.  Effect of UCN-01 on E-cadherin expression. Cells were treated
with indicated concentration of UCN-01 for 24 h and subjected to West-
ern blotting for protein expression (A) and RT-PCR (C) for mRNA
expression. Protein expression (B) and mRNA (D) expression bands were
quantitated by densitometry and expressed relative to the α-actin bands
and the untreated control band from 2 experiments, respectively. Stan-
dard errors were less than 5%.
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invasion and migration, and therefore metastasis[1,2].  In the
present study we found that in human gliocarcinoma U-87MG
cells, UCN-01 inhibits cell proliferation in a concentration-
and time-dependent fashion at higher doses (>100 nmol/L).
Furthermore, at less cytotoxic doses (<100 nmol/L), UCN-01
reduces the PKC activity and suppresses the cell invasion
and migration capabilities.  The anti-invasion and anti-mi-
gration potential of UCN-01 was confirmed by further experi-
ments in which the PMA- or EtOH-promoted activities of
cell invasion were blocked by UCN-01.  Both PMA and EtOH
are potent activators of PKC[1,18].  These findings corrobo-
rate previous observations that PKC plays a central role in
the invasion of glioblastoma-derived cell lines[19].  Therefore,
the profound inhibition of tumor cell invasion and migration
are novel features that contribute to the anti-tumor proper-
ties of UCN-01.

Although the mechanisms by which suppression of cell
invasion and migration by UCN-01 have yet to be discovered,
our study has revealed an important finding: despite the
inhibition of PKC activity, up-regulated expression of the
cell adhesion E-cadherin protein accompanies UCN-01-modu-
lated cell invasion and migration activity.  Moreover, a sig-
nificant reduction of UCN-01 resulted in increased formation
of cell-cell aggregates by the E-cadherin antibody.  E-cad-
herin, a transmembrane glycoprotein, is a key mediator of
cell-cell adhesion, which acts via the formation of a complex
with 3 major cytoplasmic catenins (α, β, and γ), and report-
edly plays a key role in controlling the invasive and meta-
static progression of a variety of human carcinoma cells,
including glioblastoma[20].  Disruption of the E-cadherin/
catenin complex, due primarily to decreased or lost expres-
sion of E-cadherin, is shown to be correlated with increased
cell proliferation, motility, and invasiveness associated with
the progression of tumors[21].  Moreover, it is also found that
tamoxifen, a PKC inhibitor, blocks the invasion and migra-
tion of tumor cells by increasing the expression and func-
tions of E-cadherin/catenin complexes[1].  Therefore, E-
cadherin is believed to be a critical mediator of the anti-tu-
mor invasion and migration potential of UCN-01, although
further experiments are needed for clarification of the rela-
tionship between E-cadherin expression and PKC activity.

In addition, we also found that the enforced expression
of two tumor suppressor genes, BRCA1 or PTEN, by a tran-
sient transfection assay significantly affects the inhibition
potential of UCN-01 on U-87MG glioblastoma cell inva-
sion in a synergistic manner.  BRCA1 (Breast Cancer sus-
ceptibility gene 1) is located at human chromosome 17q21,
and mutations of BRCA1 are known to confer an added risk
for breast and ovarian cancers in women, and for prostate

cancer in men[22].  Increasingly, evidence indicates that inva-
sive breast tumors show decreased BRCA1 mRNA expres-
sion and a loss of BRCA1 immunochemical staining relative
to non-invasive tumors and benign tissues[23].  A clinical
observation suggests that E-cadherin expression is poten-
tially correlated with BRCA1-associated breast cancer[24].  Our
recent studies also found that indole-3carbinol, a promising
phytochemical produced by cruciferous vegetables, results
in up-regulation of BRCA1 and E-cadherin/catenin complex
expression, which results in the suppression of tumor inva-
sion and migration[17].  In addition, we also found that alco-
hol promotes tumor cell invasion and migration and is asso-
ciated with down-regulation of BRCA1[24].

Phosphatase and tensin homologue deleted from chro-
mosome 10 (PTEN) was identified in the 10q23 chromo-
some region and is often found in mutated forms in a wide
range of human malignancies, including glioblastoma[25].  The
restoration of the PTEN gene into U-87MG cells has been
found to markedly suppress cell migration and invasion by
negative regulation of the signals generated at the focal
adhesions, and by the direct dephosphorylation and inhibi-
tion of FAK, which is involved in the cell’s interactions with
extracellular matrix proteins responsible for the migration and
enhancement of cell spreading through phosphorylation of
its tyrosine[26].  Loss of PTEN expression and inactivation of
wild-type PTEN function can often be observed in advanced
or invasive tumors.  Accordingly, these findings suggest
that both BRCA1 and PTEN can function as inhibitors of
tumor invasion and metastasis.  Thus, our present findings
provide in vitro evidence to suggest that a combination of
UCN-01 function along with BRCA1 or PTEN gene therapy
could be potentially useful in the clinical prevention and
treatment of glioblastoma, although it is evident that for this
to occur, further studies are required.

In conclusion, we discovered that UCN-01, as a selective
PKC inhibitor, suppressed the cell migration and invasion
and inhibits the PMA- and EtOH-promoted cell invasion in
human glioblastoma U-87MG cells.  Moreover, this inhibi-
tion of glioblastoma cell invasion and migration by UCN-01
is characterized by an enhanced expression of cell adhesion
molecule E-cadherin.  Therefore, UCN-01 can be a potent
anti-tumor agent in the therapy of glioblastoma, not only via
the suppression of proliferation of glioblastoma cells, but
also via the inhibition of cell invasion and metastasis.  Our
results, which support previous studies[19], also indicate that
the PKC signal transduction pathway can play an important
role in glioblastoma cell invasion and metastasis, and that
the suppression of this pathway may significantly impair the
malignant progression of human glioblastoma.
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Introduction
The two barriers separating the central nervous system

(CNS) from the periphery are the blood-brain barrier (BBB),
located at the endothelial cells of the brain tissue capillaries,
and the blood-cerebrospinal fluid barrier (B-CSF-B), at the
choroids plexus and the circumventricular organs[1].  Formed
by complex tight junctions of the brain capillary endothelial
cells, the BBB segregates the circulating blood from inter-
stitial fluid in the brain[2].  The capillary endothelial cells
regulate the permeability property of the BBB.  However,
there are at least four kinds of cells that comprise the brain
microvasculature, and all contribute to the regulation of the
cerebral microvasculature and, indirectly, to the regulation
of BBB permeability.  The endothelial cell and the pericyte
share a common capillary basement membrane.  There is
approximately one pericyte for every two to four endothe-

lial cells[3].  Also, immunohistochemistry is a widely used
research technique in BBB research for the cellular localiza-
tion of proteins of interest in normal vessels and the docu-
mentation of altered expression following disease states, for
the identification of cultured cells and for the spatial local-
ization of novel gene products[4].

Although the BBB was thought to act as a static wall
protecting the brain, application of recent advanced meth-
odologies to study the BBB has led to the new concept that
the BBB acts as a dynamic regulatory interface.  Using pri-
mary cultured bovine brain capillary endothelial cells, Tsuji
et al[5,6] have found that P-glycoprotein (ABCB1) acts as an
efflux pump for the anti-cancer drugs, vincristine, at the BBB.
Schinkel et al[7–9] have developed the mdr 1a gene knockout
mouse and proved that P-glycoprotein (ie, mdr 1a gene
products) plays a key role in restricting the apparent cere-
bral distributed vinblastine (a substrate of P-glycoprotein)
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across the BBB.  However, several hydrophilic substrates
such as metabolites of cerebral neurotransmitters are present
in the brain, which reduce the cerebral concentration, and as
a result, could play an important role in CNS detoxification.

To be effective, CNS therapeutic agents must have the
ability to cross over the BBB whereas peripherally acting
drugs should hardly be able to pass the BBB.  The uptake of
a compound into the brain is a complex process.  The mod-
erately lipophilic drugs can pass the BBB by passive diffu-
sion and the hydrogen bonding properties of drugs signifi-
cantly influence their particular CNS uptake profiles.  Polar
molecules are generally poor CNS agents unless they un-
dergo active transport to pass the CNS.  Size, ionization
properties, and molecular flexibility are other factors ob-
served to influence transport of an organic compound across
the BBB[10–13].  Recently, there has been a surge in computa-
tional efforts to evaluate absorption, distribution, meta-
bolism, excretion, and toxicity (ADME/T) properties of drugs.
These new computational approaches remain to focus on
modeling structurally diverse data sets by dealing with the
properties of the solutes.  These properties are limited to
relative lipophilicity indices, solvation and hydrogen bond
parameters, topological indices, and limited three-dimen-
sional solute properties[14–19].  Iyer et al[20] have developed a
methodology called membrane-interaction (MI)-QSAR
analysis, where structure-based design methodology is com-
bined with classic intramolecular QSAR analysis to model
different compounds interacting with cellular membranes.
They have also built a predictive model of BBB penetration
of organic compounds by simulating the interaction of an
organic compound with the phospholipide-rich region of cel-
lular membranes.  As a result, they indicated that BBB pen-
etration of an organic compound depended upon PSA, ClogP,
and the conformational flexibility of the compounds as well
as the strength of their “binding” to the model biologic
membrane.  The BBB penetration process can be reliably
described for structurally diverse molecules whose interac-
tions with the phospholipide-rich regions of cellular mem-
branes are explicitly considered.  There are other important
applications of MI-QSAR analysis.  For example, it can be
used as a computational approach to estimate ADME prop-
erties such as the transport of organic solutes through bio-
logical membranes; and by this way, we can forecast intesti-
nal absorption[21] of drugs and construct MI-QSAR model
for skin irritation[22], and eye irritation[23].  However, as a
prediction measure, the MI-QSAR computational model is
itself somewhat inconvenient.  It is quite easily susceptible
to manipulation during the prediction process, and so mod-
els with more reliability can still have a reasonable-looking

MI-QSAR model.  Moreover, there are several non-MI-QSAR
computational models including other descriptors besides
PSA and ClogP reported to describe and predict BBB
penetration.  Lombardo and colleagues[17] reported about
computing BBB penetration of organic solutes via free en-
ergy calculations.  Keseru et al[24] clarified a high-through-
put prediction of BBB penetration of organic molecules us-
ing a thermodynamic approach.  Crivori et al[25] elucidated a
method  to predict BBB penetration from a three-dimensional
molecular structure.  Their research results showed that the
BBB penetration only relies on one or two descriptors, which
leads to the simplification of the prediction model of BBB.

In this article, we focus on constructing the predictive
models of BBB penetration of organic compounds on the
basis of QSAR analysis and MI-QSAR analysis.

Materials and methods

Building solute molecules  A training set of 37 organic
compounds[26,27] (Table 1) and a test set of 8 organic com-
pounds (Table 2) were selected.  These compounds had
ranges in molecular weights from 16.03 to 448.58, whose
concentrations in blood and brain (Cblood and Cbrain) were
measured in units of mmol/L, and there were variations in net
charge at pH 7.4[26].  The dependent variable used in this
theoretical model was the logarithm of the BBB partition
coefficient, log BB=log (Cbrain/Cblood)[27].  Experimental val-
ues of log BB published to date covered the range of about
-2.00 to +1.04.  Within this range, compounds with log BB>
0.30 cross the BBB readily while compounds with log BB<
-1.00 are poorly distributed to the brain[20,27].  All these com-
pounds were built on a PC computer using the Build module
of the commercial software packages Hyperchem 6[28].  First,
the geometry of these compounds were opitimized using the
Amber 94 force field in gas state.  Second, they were placed
in a periodic solvent box whose volume was X=16Å, Y=10
Å, Z=18Å, which included 96 water molecules.  Here, tem-
perature was 300 K and pressure was 101.325 kPa.  Then the
compounds in water were minimized by the above method.
Third, the compounds in water were simulated by the Monte
Carlo method and minimized by the above method.

Molecular modeling of a DMPC membrane mono-
layer complex with a layer of water (DMPC-water model)
A model of dimyristoylphosphatidylcholine (DMPC) mem-
brane monolayer was constructed using the software Mate-
rial Studio[29], and minimized for 200 steps with the smart
minimizer.  According to the work done by van der Ploeg
and Berendsen[30], the DMPC monolayer was composed of
25 DMPC molecules (5×5×1).
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Table 1.  The structure, molecular weight, formula, and log BB of 37 organic compounds in the training set[20].

ID                                  Structure                                               Mr                Formula             Log BB

1 156.21 C5H8N4S -0.04

2 379.46 C21H25N5O2 -2.00

3 448.58 C25H28N4O2S -1.30

4 413.54 C21H27N5O2S -1.06

5 230.1 C9H9C12N3 0.11

6 285.39 C17H23N3O 0.49

7 204.23 C9H12N6 -1.17

8 218.28 C10H10N4S -0.18

9 233.29 C10H11N5S -1.15

10 275.33 C12H13N5OS -1.57

(Continued)
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 ID                                     Structure                                  Mr                Formula             Log BB

11 290.41 C17H26N2O2 -0.46

12 352.48 C22H28N2O2 -0.24

13 249.35 C15H23NO2 -0.02

14 331.48 C18H25N3OS 0.44

15 381.54 C22H27N3OS 0.14

16 365.47 C22H27N3O2 0.22

17 150.22 C9H14N2 -0.06

18 161.21 C9H11N3 -1.40

19 260.38 C16H24N2O 0.25

2 0 277.41 C20H23N 0.85

(Continued)
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ID                               Structure                                                Mr            Formula                         Log BB

21 8.01 N2 0.03

22 78.11 C6H6 0.37

23 60.1 C3H8O -0.15

24 74.12 C4H10O -0.17

25 86.18 C6H14 0.97

26 86.18 C6H14 1.04

27 118.49 C2H2ClF3 0.08

28 133.41 C2H3Cl3 0.40

29 184.49 C3H2ClF5O 0.24

30 46.07 C2H6O -0.16

31 126.08 C4H5F3O 0.13

3 2 211.41 C3H3BrClF3 0.35

(Continued)
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Table 2.  The structure, molecular weight, formula, and log BB of 8 organic compounds in the test set[20].

ID                      Structure Mr                          Formula Log BB

T1 72.11 C4H8O -0.08

T2 86.18 C6H14 1.01

T3 100.20 C7H16 0.90

T4 74.12 C4H10O 0.00

T5 100.20 C7H16 0.81

T6 16.04 CH4 0.04

T7 72.15 C5H12 0.76

T8 58.08 C3H6O -0.15

ID                                   Structure                                                Mr             Formula             Log BB

33 84.16 C6H12 0.93

34 46.07 C2H6O -0.16

35 194.95 C3H3BrF4 0.27

36 92.14 C7H8 0.37

37 31.39 C2HCl3 0.34

Here, the unit cell parameters used for building the DMPC
monolayer were a=8Å, b=8Å, and γ=96.0º, which yield an
average surface area per phospholipid of 64Å2 that was simi-
lar to Stouch's research results[31].  Moreover, we added a
layer of water (40×40×10) including 529 water molecules to
the polar side of the DMPC monolayer.

Molecular dynamic simulation (MDS) of a solute-
membrane-water complex  In order to prevent unfavorable
van der Waals interactions between a solute molecule and
the membrane DMPC molecules, one of the “center” DMPC
molecules was removed from the DMPC-water model and
an organic compound (solute) was inserted in the space cre-
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ated by the missing DMPC molecule to form a solute-mem-
brane-water complex.  The solute was inserted at three dif-
ferent positions in the DMPC-water model and three corre-
sponding MDS models were generated for each compound.
MDS of the complex was performed for 1000 steps using
Material Studios[29] with a Compass force field.  Here, the
three-dimensional volume was restricted to a boundary of
X=40Å, Y=40Å, Z=91.76Å, and γ=96.0°.

Calculation of descriptors  Most of the intramolecular
solute descriptors were calculated by the commercial soft-
ware packages CS Chem3D Ultra7.0[32], which included
molecular mechanism (MM) parameters, quantum chemis-
try parameters, hydrophobic parameters (such as ClogP),
stereo parameters (such as Es and Balaban Index) and so on.
The MM parameters comprised bending energy, stretch-bend
energy, torsion energy, total energy, van der Waals energy
and others.  The quantum chemistry parameters consisted of
electronic energy, HOMO energy, LUMO energy, total
energy, and so on.  The data of molecular PSA (polar surface
area) came from Iyer and colleagues[20].

The intermolecular solute-membrane interaction descrip-
tors were extracted directly from the MDS trajectories in
which the solute-membrane-water complex had the lowest
energy geometry.  These descriptors were mainly energy
parameters.  The total energy of a system could be expressed
as follows[20]:

                   Etotal=Evalence+Ecrossterm+Enonbond

Here, the valence interactions include bond stretching
(bond), valence angle bending (angle), dihedral angle tor-
sion (torsion), and inversion, also called out-of-plane inter-
actions (oop) terms, which are part of nearly all forcefields
for covalent systems.  In addition, a Urey-Bradley term (UB)
may be used to account for interactions between atom pairs
involved in 1, 3 configurations (ie, atoms bound to a com-
mon atom).  Evalence=Ebond+Eangle+Etorsion+Eoop+Eup.  Modern
(second-generation) forcefields generally achieve higher
accuracy by including crossterms to account for such fac-
tors as bond or angle distortions caused by nearby atoms.
Crossterms can include the following terms: stretch-stretch,

stretch-bend-stretch, bend-bend, torsion-stretch, torsion-
bend-bend, bend-torsion-bend and stretch-torsion-stretch.
The interaction energy between non-bonded atoms is ac-
counted by van der Waals, electrostatic (Coulomb), and
hydrogen bond terms in some older forcefields.  Enon-bond=
Evan-der-Waals+ECoulomb+Ehydrogen-bond.  Restraints that can be
added to an energy expression include distance, angle,
torsion, and inversion restraints.  Restraints are useful if
you, for example, are interested in only part of a structure for
information on restraints and their implementation, use, and
also the documentation for the particular simulation engine.

Construction and testing of MI-QSAR models  MI-
QSAR models of some organic compounds through BBB
were constructed by partial sum of squares for regression
using software SPSS.  A training set of 37 structurally di-
verse compounds whose BBB partition coefficients had been
measured was used to construct MI-QSAR models.  MDSs
were used to determine the explicit interaction of each test
compound with the DMPC-water model.  An additional set
of intramolecular solute descriptors were computed and con-
sidered in the trial pool of descriptors for building MI-QSAR
models.  The QSAR models were optimized using multidi-
mensional linear regression fitting and stepwise method.  A
test set of 8 compounds was evaluated using the MI-QSAR
models as part of a validation process.

Results
Building solute molecules  A training set of 37 organic

compounds and a test set of 8 organic compounds were
built and minimized, dissolved in liquid, and optimized by
Monte Carlo method and MM.  Finally, the dominant con-
formations of these compounds were obtained (Figure 1).

MDS of a solute-membrane-water complex The result
revealed that the energy of a solute inserted at the middle
position of the DMPC-water model was lower than that of
the other two positions.  Figure 2 shows the dominant con-
formation of a solute-membrane-water complex in the MDS.

Construction and testing of MI-QSAR models MI-
QSAR analysis was used to develop predictive models of
some organic compounds through BBB and to simulate the
interaction of a solute with the phospholipide-rich regions
of cellular membranes surrounded by a layer of water.  Mo-
lecular descriptors of 37 compounds in the training set were
listed in Table 3.  Six MI-QSAR equations were constructed
based on Table 3 and were listed as follows:

log  BB=0.552-1.73×10-2 PSA
n=37  R=0.835 S=0.398                               (1)
log BB=0.229-1.70×10-2  PSA+0.131 Clog  P
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n=37  R=0.878 S=0.352                                    (2)
log BB=4.965×10-2-1.28×10-2  PSA+0.211 Clog P
-6.40×10-7 BIndx
n=37  R=0.924 S=0.285                                     (3)
log  BB=6.262×10-2-1.36×10-2  PSA+0.205 Clog  P
-7.11×10-7  BIndx -0.185Esb

n=37  R=0.938 S=0.264                               (4)

log  BB=6.580×10-2-1.21×10-2  PSA+0.206 Clog  P
-7.77×10-7  BIndx-0.197Esb+1.330×10-3∆Etotal

n=37  R=0.947 S=0.248                               (5)
log  BB=8.730×10-2-1.04×10-2  PSA+0.222 Clog  P
-9.60×10-7  BIndx-0.183Esb+1.364×10-3 ∆Etotal

-2.68×10-3∆Etorsion

n=37  R=0.955 S=0.232                               (6)
where PSA is the polar surface area, ClogP is the calculated
logP (the logarithm of the partition coefficient for octanol/
water), BIndx is the Balaban Index, namely connective index
of molecular average total distance (relative covalent radius),
and Esb is the stretch-bend energy of a molecule.  These
intramolecular solute descriptors came from CS calculation.
In addition, calculated from the MDS, intermolecular descrip-
tors ∆Etotal and ∆Etorsion are related to interactions between a
solute and the DMPC-water model.  They display the change
in the total potential energy and the dihedral torsion energy
of the solute-membrane-water complex comparing with that
of the DMPC-water model, respectively.  Here, n is the num-
ber of organic compounds, R is the correlation coefficient,
and S is the standard deviation.

With the increase of the variable from one to six, the
relativity of MI-QSAR equations was also improved, and
the predictive ability of the models was enhanced.  Figure 3
displaye a diagnostic plot of the MI-QSAR models.  Here,
equation 6 was the most significant, which means that the
capability of an organic compound through BBB depends
upon PSA, ClogP, BIndx, Esb, ∆Etotal, and ∆Etorsion.  Moreover,
the potential of an organic compound through BBB is di-
rectly proportional to ClogP and ∆Etotal, but inversely pro-
portional to PSA, BIndx, Esb, and ∆Etorsion.  The observed and
predicted log BB values of the training set are listed in Table

Figure 1 .  The dominant conformation of Number 1 compound
labeled by balls and cylinders in water. The box denotes the water
solvent box defined in Monte Carlo simulation.

Figure 2.  The dominant conformation of a solute-membrane-water com-
plex in the MDS. The DMPC molecules appear as black stick. The upper
molecules show water molecules. The center ball molecule expresses or-
ganic compound. The black box displays the border of volume.

Figure 3.  A diagnostic plot of the MI-QSAR models. R is the correlative
coefficient and s is the standard deviation of the best x-term model,
where x is plotted on the X-axis for the 37 compounds of the training
set.
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5 and plotted in Figure 4.  The predicted log BB value of
compound 18 in the training set was much higher than
observed, and this molecule has also been identified as an
outlier in other studies[20].  Protonation of the molecule could
account for its low log BB value.

A test set of 8 organic compounds was constructed as a
way to attempt to validate the MI-QSAR models given by
the six equations mentioned.  The compounds of the test set
were selected so as to span almost the entire range in BBB
penetration.  The observed and predicted log BB values for

this test set are given in Table 6 and plotted in Figure 5.  It
seems that the 5–6 terms MI-QSAR models could predict log
BB for other compounds in drug design.

Discussion

We have built up a theoretical model of BBB penetration
of organic compounds by simulating the interaction of an
organic compound with the phospholipid-rich regions of
cellular membranes.  The family of these MI-QSAR models

Table 3.   The values of molecular descriptors of 37 organic compounds in the training set.

ID PSA (Å2) ClogP BIndx (Å)
      Esb      Etotal     Etorsion    ∆Etotal   ∆Etorsion

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

1 78.90 1.20 12378.00 –1.3550 –298.30 –1713.11 42.46 11.30
2 94.00 1.98 1101758.00 –0.1560 –406.08 –1789.81 –65.32 –65.39
3 73.00 3.79 1738650.00 –1.4847 –256.30 –1703.14 84.46 21.27
4 87.00 1.63 1346396.00 –1.3911 –302.75 –1841.56 38.00 –117.15
5 39.00 1.02 41807.00 0.5813 –226.38 –1734.75 114.38 –10.33
6 26.80 3.23 305770.00 –0.0926 –228.29 –1679.46 112.47 44.96
7 88.80 1.01 58510.00 0.7104 –279.08 –1671.34 61.68 53.07
8 76.60 2.80 62216.00 –0.3833 –309.30 –1654.67 31.46 69.74
9 104.40 1.77 83798.00 –0.3560 –313.42 –1639.99 27.34 84.43
10 108.80 2.00 193593.00 –0.5217 –548.56 –1640.92 –207.80 83.49
11 47.90 2.51 352512.00 –0.0950 –312.12 –1656.75 28.64 67.67
12 45.20 4.27 779210.00 0.0048 –163.80 –1716.31 176.96 8.11
13 38.50 2.61 158640.00 –0.0949 –170.33 –1716.72 170.43 7.70
14 40.00 4.28 431722.00 –1.3051 –247.10 –1748.02 93.66 –23.61
15 39.20 5.88 766256.00 0.0991 –289.28 –1735.40 51.48 –10.98
16 54.90 5.14 766256.00 –0.1422 –181.06 –1743.61 159.70 –19.19
17 18.80 0.62 20863.00 0.1807 –331.70 –1695.70 9.05 28.72
18 46.70 0.27 20264.00 –1.3684 –209.47 –1644.68 131.29 79.74
19 44.10 2.80 190375.00 –2.9778 –311.92 –1713.89 28.84 10.52
20 5.40 4.85 210631.00 –0.0608 –235.72 –1704.34 105.03 20.08
21 0.00 –0.47 4.00 0.0000 –407.32 –1729.38 –66.56 –4.96
22 0.00 2.14 972.00 –0.0001 –239.88 –1675.18 100.88 49.23
23 23.40 0.07 213.00 0.0000 –160.13 –1672.39 180.63 52.03
24 22.60 0.69 712.00 0.0000 –319.07 –1742.70 21.69 –18.28
25 0.00 3.74 1899.00 0.0007 –282.37 –1751.62 58.39 –27.20
26 0.00 3.61 1661.00 0.0000 –285.71 –1731.95 55.05 –7.54
27 0.00 1.43 1661.00 –0.0001 –238.72 –1731.31 102.03 –6.89
28 0.00 2.48 633.00 0.0000 –291.56 –1725.74 49.20 –1.32
29 11.60 2.46 21380.00 –0.0001 –418.03 –1682.71 –77.27 41.70
30 24.40 –0.24 47.00 0.0000 –329.32 –1704.62 11.44 19.80
31 10.70 1.27 7864.00 –0.0000 –253.35 –1747.7 87.41 –23.29
32 0.00 2.37 7322.00 –0.0000 –268.83 –1714.25 71.93 10.17
33 0.00 3.31 931.00 0.0257 –353.84 –1739.77 –13.08 –15.35
34 24.40 –0.24 47.00 0.0000 –187.45 –1720.55 153.31 3.87
35 0.00 1.93 7322.00 –0.0000 –177.49 –1728.86 163.27 –4.45
36 0.00 2.64 2050.00 –0.0234 –220.39 –1681.15 120.36 43.26
37 0.00 2.63 712.00 –0.0000 –231.58 –1722.26 109.18 2.16
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Table 4.  The values of molecular descriptors of 8 organic compounds in the test set.

ID PSA (Å2) ClogP BIndx (Å)
      Esb      Etotal     Etorsion    ∆Etotal    ∆Etorsion

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

T1 22.70 0.32 712.00 0.0000 –274.72 –1713.74 66.04 10.68
T2 0.00 3.74 1838.00 0.0000 –225.63 –1716.62 115.13 7.79
T3 0.00 4.27 4150.00 0.0000 –331.38 –1700.64 9.38 23.78
T4 11.30 0.87 791.00 0.0000 –181.6 –1700.84 159.16 23.57
T5 0.00 4.40 4650.00 0.0000 –404.29 –1741.24 –63.53 –16.83
T6 0.00 1.10 0.00 0.0000 –282.94 –1746.19 57.82 –21.77
T7 0.00 3.34 791.00 0.0006 –271.93 –1681.94 68.84 42.47
T8 22.70 –0.21 213.00 0.0000 –364.89 –1695.36 –24.13 29.06

Table 5.  The experimental value of log BB and the predictive value of log BB of 37 organic compounds in the training set.

ID
 Experimental                                                                     Predictive value of log BB
value of log BB TERM1 TERM2 TERM3 TERM4 TERM5 TERM6

1 –0.04 –0.81 –0.95 –0.71 –0.52 –0.33 –0.20
2 –2.00 –1.07 –1.11 –1.44 –1.56 –1.57 –1.39
3 –1.30 –0.71 –0.51 –1.20 –1.11 –0.98 –1.17
4 –1.06 –0.95 –1.04 –1.58 –1.49 –1.37 –1.13
5 0.11 –0.12 –0.30 –0.26 –0.40 –0.19 –0.06
6 0.49 0.09 0.20 0.19 0.16 0.34 0.28
7 –1.17 –0.98 –1.15 –0.91 –1.11 –0.90 –0.86
8 –0.18 –0.77 –0.71 –0.38 –0.38 –0.22 –0.22
9 –1.15 –1.25 –1.31 –0.97 –0.99 –0.79 –0.81
10 –1.57 –1.33 –1.36 –1.05 –1.05 –1.16 –1.20
11 –0.46 –0.28 –0.26 –0.26 –0.31 –0.21 –0.32
12 –0.24 –0.23 0.02 –0.13 –0.23 0.03 0.04
13 –0.02 –0.11 –0.08 0.01 –0.02 0.26 0.34
14 0.44 –0.14 0.11 0.17 0.33 0.51 0.64
15 0.14 –0.13 0.33 0.30 0.17 0.26 0.33
16 0.22 –0.40 –0.03 –0.06 –0.15 0.10 0.22
17 –0.06 0.23 –0.01 –0.07 –0.11 –0.07 –0.09
18 –1.40 –0.26 –0.53 –0.50 –0.28 –0.02 –0.14
19 0.25 –0.21 –0.15 –0.05 0.45 0.59 0.62
20 0.85 0.46 0.77 0.87 0.85 0.99 1.01
21 0.03 0.55 0.17 –0.05 –0.03 –0.12 –0.10
22 0.37 0.55 0.51 0.50 0.50 0.64 0.57
23 –0.15 0.15 –0.16 –0.23 –0.24 0.04 –0.03
24 –0.17 0.16 –0.06 –0.09 –0.10 –0.04 0.08
25 0.97 0.55 0.72 0.84 0.83 0.91 1.07
26 1.04 0.55 0.70 0.81 0.80 0.88 0.98
27 0.08 0.55 0.42 0.35 0.35 0.49 0.56
28 0.40 0.55 0.55 0.57 0.57 0.64 0.71
29 0.24 0.35 0.35 0.41 0.39 0.31 0.27
30 –0.16 0.13 –0.22 –0.31 –0.32 –0.26 –0.26
31 0.13 0.37 0.21 0.18 0.17 0.31 0.43
32 0.35 0.55 0.54 0.55 0.54 0.64 0.68
33 0.93 0.55 0.66 0.75 0.74 0.73 0.84
34 –0.16 0.13 –0.22 –0.31 –0.32 –0.07 –0.02
35 0.27 0.55 0.48 0.45 0.45 0.68 0.74
36 0.37 0.55 0.57 0.61 0.61 0.77 0.72
37 0.34 0.55 0.57 0.60 0.60 0.75 0.81
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reveal that the capability of an organic compound through
BBB focus on six significant features, which are PSA, ClogP,
BIndx, Esb, ∆Etotal, and ∆Etorsion.  The descriptor PSA is found
as a dominant descriptor in these MI-QSAR models, which
is related to the aqueous solubility of the solute and can be
used as a direct lipophilicity descriptor[19].  When the value
of PSA lessens within the range from 0 to 108.80 Å2, the
value of log BB will increase.  This is consistent with the
experimental result that the higher polarity it possesses, the
more difficultly a molecule enters the hydrophobic environ-
ment of BBB[31].  Along with PSA, many descriptors can dis-
play various other kinds of the hydrophobic parameters of
compounds, such as ClogP.  In some cases it may be appro-
priate to display the parameter in the form of meshes, such
as PSA.  The higher the hydrophobic property, the greater
the value of ClogP is.  And the value of log BB of a molecule
increases with the increase of ClogP.  It means that the hy-
drophobic molecule can pass through BBB more easily than
the hydrophilic molecule does, which is supported by the
experimental results[33].  As stated, BIndx is the connective
index of molecular average total distance, which pertains to
the volume parameter.  Our research result reveals that with
the accretion of its bulk, a molecule becomes more and more
difficult to cross over BBB by diffusion.  The presence of the
descriptor Esb suggests that with the decrease of the stretch-
bend energy the value of log BB increases.

Interestingly, the other two descriptors,ΔEtotal, and
ΔEtorsion, reflect the interaction of the solute with the mem-
brane and the behavior of the entire membrane-solute
complex.  Here, the more the value ofΔEtotal changes, the
more the value of log BB increases.  This is because that
small molecule acrossing the BBB membrane leads to the
change in the structure of the complex, which therefore, re-
sults in a greater change of total potential energy, and the
accretion of the energy change is the most important cause

Figure 4.  Comparison of the experimental log BB values (–×–) with
the corresponding predicted log BB as predicted by the 5-term MI-
QSAR model (– □ –) and by the 6-term MI-QSAR model (– △ –) for
all the molecules of the training set.

Table 6.  The experimental value of log BB and the predictive value of log BB of 8 organic compounds in the test set.

ID
 Experimental                                                                           Predictive value of log BB
value of log BB TERM1 TERM2 TERM3 TERM4 TERM5 TERM6

T1 –0.08 0.16 –0.11 –0.17 –0.18 –0.06 –0.02
T2 1.01 0.55 0.72 0.84 0.83 0.99 1.05
T3 0.90 0.55 0.79 0.95 0.93 0.95 0.98
T4 0.00 0.36 0.15 0.09 0.09 0.32 0.32
T5 0.81 0.55 0.81 0.97 0.96 0.88 1.02
T6 0.04 0.55 0.37 0.28 0.29 0.37 0.47
T7 0.76 0.55 0.67 0.75 0.75 0.84 0.81
T8 –0.15 0.16 –0.18 –0.28 –0.29 –0.28 –0.31

Figure 5.  Comparison of the experimental log BB values (–×–) with
the corresponding predicted log BB as predicted by the 5-term MI-
QSAR model (– □ –) and by the 6-term MI-QSAR model (– △ –) for
all the molecules of the test set.
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for the increase of BBB penetration of small molecules.  In
contrast, the less the difference in the torsion energy is, the
larger the value of log BB is.  It displays that a small molecule
tightly combined with the membrane-water complex has a
higher value of log BB.  The relationship suggests that as
the solute becomes more flexible within the membrane-water
complex, its log BB value would increase, which is in agree-
ment with the research results by Iyer et al[20].

As an extra bonus of our work, we have developed an
extension of traditional computational approaches that com-
bines QSAR with solute-membrane-water complex.  There
is an obvious difference between our method and Iyer’s
method, which is the addition of a layer of water on the hy-
drophilic side of the DMPC membrane monolayer.  So it is
more analogous to the true BBB environment.  Our results
revealed that the distribution of organic molecules through
BBB was not only influenced by the properties of organic
solutes, but also related to the property of the solute-mem-
brane-water complex.  The former involves the polarity,
hydrophobicity, size, and conformational freedom degree of
organic molecules.  The latter deals with the strength of an
organic molecule to combine with the BBB membrane and
the structural changeability of a solute-membrane-water
complex.  Moreover, the capability of a small molecule across
BBB is mainly related to four physicochemical factors, which
are the relative polarity of a small molecule, the molecular
volume, the strength of a small molecule to combine with
DMPC-water model, and the changeability of the structure
of a solute-membrane-water complex.  The MI-QSAR model
shows that, relatively, less polar and more hydrophobic small
molecules, which tightly combine with the membrane-water
complex and are more flexible within the complex, can easily
pass through BBB and enter the brain to be effective.  In
drawing conclusions from our model, it seldom matters if
one or two parameters are slightly off (eg, BIndx), but it is
often critical if some parameters are actually in the wrong
value (eg, ClogP, PSA, or Esb): that will change which mol-
ecules are in a position to penetrate through BBB.

Incidentally, since the molecular structures in the train-
ing set are not very comparable, our MI-QSAR equations
possess universal significance.  Nevertheless, the precision
of the MI-QSAR equation is so low that there is still some
time before it can be applied.  If a series of organic com-
pounds with similar structures were chosen to construct a
training set, the precision of MI-QSAR simulation may be
largely increased, while the prediction of the analogues
through BBB will be greatly improved.

In conclusion, we have developed an extension of tradi-
tional computational approaches that combines QSAR with

solute-membrane-water complex to simulate the BBB
environment, which resembles Iyer’s method, but differs from
it by adding a layer of water on the hydrophilic side of the
DMPC membrane monolayer.  Our modified MI-QSAR method
is more approximate to the body condition than Iyer’s MI-
QSAR analysis and possesses higher ability to predict or-
ganic compounds across BBB.  Moreover, while still apply-
ing the structural information in a two-dimensional, “struc-
ture-function relationship” fashion, this method also takes
into account the powerful three-dimensional information dis-
played by membrane structures, and thus improves existing
MI-QSAR method.  The MI-QSAR models indicate that the
distribution of organic molecules through BBB was not only
influenced by organic solutes themselves, but also related
to the properties of the solute-membrane-water complex, that
is, interactions of the molecule with the phospholipid-rich
regions of cellular membranes.
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Abstract
Telomerase is a ribonucleoprotein that directs the synthesis of telomeric sequence.
It is detected in majority of malignant tumors, but not in most normal somatic cells.
Because telomerase plays a critical role in cell immortality and tumor formation, it
has been one of the targets for anti-cancer and regeneration drug development. In
this review, we will discuss therapeutic approaches based mainly on small mole-
cules that have been developed to inhibit telomerase activity, modulate telomerase
expression, and telomerase directed gene therapy.
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Introduction
Telomeres are specialized protein-DNA structures at the

end of eukaryotic chromosomes.  They protect chromosomes
from end-to-end fusion and nuclease degradation.  In
humans, telomeres consists of  approximately 4–14 kb of
TTAGGG duplex repeats and 150–200 bases of single-
stranded DNA overhang running 5’ to 3’ toward the end of
chromosome[1].  Because of the end replication problem[2,3],
telomeres in human cells erode by approximately 100 bp with
each cell division[4].  Telomerase is the key enzyme for the
stabilization of telomere by adding TTAGGG repeats to te-
lomere ends[5].  It is a ribonucleoprotein that utilizes its RNA
component as the template to synthesis telomere repeats.  In
humans, telomerase activity is not detected in most somatic
cells[6,7].  Progressive telomere shortening after each cell di-
vision leads to cellular senescence after 60–80 population
doublings[4].  Escaping senescence leads to further shorten-
ing of telomeres and can eventually cause cells to enter cri-
sis and cell death[8].  Cells at this stage appear aneuploidy
because telomere loss induces chromosome instability
through the breakage/fusion/bridge cycles[9].  Few cells stabi-
lize telomere length through activating telomerase activity[10].
Indeed, telomerase activity is detected in approximately 90%
to 95% of human immortal cell lines and up to 85% of can-
cers[6,7].  In the remaining 5% to 10% immortal cells, telomerase-

independent telomere maintenance mechanism, also known
as the alternative lengthening of telomeres (ALT), were used
to maintain telomere length[11].  These cells could then di-
vide with great capacity.

Because telomerase is an essential component for the
proliferation of cancer cells, targeting telomere and telomer-
ase has drawn the interests of scientists in anti-cancer and
regeneration drug development.  In the present study, we
discuss various approaches used including the small mol-
ecules that have been developed using telomere and
telomerase as targets for chemotherapeutic developments.

Inhibition of telomerase activity
Although tumors are caused by mutations that activate

oncogenes and repress tumor suppressor genes, they still
need to overcome telomere-dependent senescence for their
indefinite divisions.  Because telomerase activity is crucial
for supporting indefinite proliferation of most tumor cells,
selective inhibition of telomerase activity only limits the pro-
liferation capacity of tumor cells[12].  In principle, a telomerase-
specific inhibitor is expected to affect telomere maintenance.
It has been proposed that a telomerase inhibitor can be uti-
lized as complementary therapy in cancer chemotherapeu-
tics[12,13].  However, more and more studies indicate that
telomerase also plays an important role in the telomere-cap-
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ping function[14].  Inhibition of telomerase can affect the sur-
vival of cancer cells.  Indeed, several published reports have
found that the inhibition of telomerase can cause apoptosis
without long-term treatment of the cells[15–17].  Thus, it is
expected that the inhibition of telomerase activity in cells
produces different effects depending on the means of
inhibition.  Because telomerase activities are also presented
in human germline cells, stem cells, peripheral blood mono-
nuclear cells, and normal fibroblasts[6,18,19], it is likely that
telomerase inhibition also affects these cells.  The potential
risks of telomerase inhibition have to be carefully evaluated
in these cells.

Targeting telomerase  Telomerase is a unique reverse
transcriptase consisting of two major components, the RNA
template (hTR) and the catalytic subunit (hTERT).  Both com-
ponents have been used as targets for telomerase inhibition.
The first successful case was reported in 1995 where anti-
sense RNA against the first 185 nucleotides of the hTR mol-
ecule was introduced into HeLa cells and caused progres-
sive telomere shortening and eventually cell crisis[20].  Similarly,
short peptide nucleic acid (PNA) or 2'-O-methyl-RNA (2'-O-
meRNA) oligomers with enhanced binding properties to hTR
efficiently inhibit telomerase activity, and lead to progres-
sive telomere shortening in immortal breast epithelial
cells[21].  Synthetic oligonucleotides applying 2–5A (5'-phos-
phorylated 2'-5'-linked oligoadenylate)-linked antisense ap-
proaches were used to degrade hTR and caused apoptosis
in several cancer models including glioma[15].  Utilizing ribo-
zymes to cleave hTR has also been reported in several pub-
lished studies[13,22].  These small catalytically-active RNA
molecules cleave their RNA substrate in a sequence-depen-
dent manner.  Interestingly, the inhibition of telomerase ac-
tivity using hammerhead ribozyme against hTR appears to
sensitize the breast epithelial cells to topoisomerase inhibitors[13].
Another approach is to target the catalytic subunit of
telomerase hTERT.  A dominant negative mutant of hTERT
was identified that caused complete inhibition of telomerase
activity, telomere shortening, and increased cell apoptosis
when introduced into cancer cells[16,17].  This dominant nega-
tive-hTERT also reduced tumorigenicity in nude mice[16].

Even though antisense, ribozyme, and dominant nega-
tive approaches showed promising results in inhibiting
telomerase activity, these approaches were less applicable
because the techniques for effective and convenient deliv-
ery of RNA or proteins were not available for clinical settings.
Thus, small molecule compounds that inhibit telomerase ac-
tivity appear to be more suited.  There were several types of
compounds identified, including nucleotide analogs that in-
hibit the catalytic activity of the enzyme and non-nucleotide

analogs that have inhibitory effects less characterized.  As
these molecules have been extensively reviewed recently[23,24],
they will not be discussed further here.  However, it is wor-
thy of noting that compound BIBR1532 was shown to in-
hibit telomerase non-competitively[25] and cause telomere
shortening and senescence in cancer cells[26].  Moreover,
cancer cells pretreated with BIBR1532 showed a reduced tu-
morigenic potential in the mouse xenograft model[26].  With
the IC50 value at nanomolar concentration, BIBR1532 and sev-
eral other compounds should have the potential for further
developments[26–28].

Targeting telomeres  In humans, the G-rich telomeric
DNA tails are capable of forming a planar structure, termed
G-quadruplexes, through non-Watson-Crick Hoogsteen hy-
drogen bonding in vitro[29].  A recent study has detected the
G-quadruplex-induced fluorescence in telomeres of meta-
phase chromosomes using a G-quadruplex-selective fluores-
cent compound BMVC [3,6-bis(1-methyl-4-vinylpyridinium)
carbazole diiodide], providing the first evidence for the pres-
ence of G-quadruplexes inside human cells[30].  In addition to
telomeres, the G-quadruplex structure was also reported in
the transcriptional regulatory region of several important
oncogenes that their expression could be regulated by them[31].
Thus, even though telomeres in human cells were shown to
form T-looped structures[32], it appears that human telom-
eres could also form G-quadruplex structures inside cells.
The function of G-quadruplex structure in telomeres is not
clear.  However, because G-quadruplexes formed by telomeric
DNA sequences were not the substrates for telomerase[33],
the G-quadruplex structure might have a role in telomere
maintenance and transcriptional regulation of oncogene
expression.  Agents that stimulate the formation or stabilize
G-quadruplexes become important targets for drug design.

Several researchers have adopted a structure-based de-
sign and synthesis approach to identify lead compounds that
interact with G-quadruplexes[24].  Successful lead compounds
that were identified include derivatives of proflavins[28], por-
phyrins[34], acridines[35], anthraquinones[36], triazines[37], and
carbazoles[27].  All of these identified compounds have pla-
nar aromatic rings.  Molecular modeling studies have indi-
cated that these planar structures bind to the G-quadruplexes
through a series of interactions to the planar and loop struc-
tures of G-quadruplexes[28,38,39].  These interactions stabilize
the structure of G-quadruplexes and increase the melting
temperature upon binding.  For example, a carbazole deriva-
tive BMVC increases the melting temperature (Tm) of G-
quadruplexes formed by human telomeric DNA by as much
as 13 ºC[40].  It is interesting to note that these planar com-
pounds appear to be very effective in affecting telomerase
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as several of these compounds have the IC50 at the range of
nanomolar concentration[27,28,37].

Modulation of telomerase expression
Direct inhibition of telomerase at the activity level pro-

vides a simpler mean to target telomerase for cancer therapy.
In recent years, several reports have also attempted to target
the expression of telomerase at the gene level.  Repression
of telomerase expression in cancer cells would have appli-
cations in anti-cancer chemotherapies whereas activation of
telomerase expression in normal cells would have applica-
tions in regeneration therapies.

Repressing hTERT expression in cancer cells  In hu-
man cells, the expressing of telomerase catalytic enzyme
hTERT correlates well with the telomerase activity[41].  It
also appears that regulation at the transcriptional level was
the most important step for hTERT expression[42] even though
regulation at the splicing[43,44], post-translational modifica-
tion[45–48], or subcellular localization[49] were also reported.
Thus, targeting hTERT transcription is the focus for devel-
oping agents that repress hTERT expression.  However, there
were only a limited number of reports targeting hTERT
expression.  Retinoic acid represents the most characterized
small molecule in this category.  Retinoic acid at the micro-
molar concentration down-regulates telomerase activity in
human leukemia cells[50,51].  Long-term treatment of leukemia
cells with retinoic acid leads to telomere shortening and even-
tually cell death[50].  The specificity of retinoic acid is a con-
cern in future drug development.  An ideal compound should
only affect the expression of the hTERT gene.  Nevertheless,
repressing hTERT expression is an effective way to limit the
proliferation capacity of cancer cells.  Recently, a cell-based
system was developed that enables the screening of small
molecule compounds for repressing hTERT expression[52].
The hTERT promoter was ligated downstream to a reporter
gene, GFP or SEAP (secreted alkaline phosphatase), and in-
troduced into human cancer cells.  The expression of hTERT
could then be monitored by the reporter genes.  A series of
anthraquinone derivatives were tested for their ability to re-
press hTERT expression using this cell-based system[52].
Even though anthraquinone derivatives did not repress
hTERT expression, it is anticipated that small molecule com-
pounds that repress hTERT expression could be screened
and identified using this approach.

Activating hTERT expression in normal cells  While
telomerase inhibition or hTERT repression could have appli-
cations in anticancer therapeutics, telomerase activation
could serve as a mean to extend the lifespan of normal cells
and to treat degenerative diseases.  For example, liver cir-

rhotic pathology is caused by continual hepatocyte destruc-
tion over many years.  The end-stage of cirrhosis is charac-
terized by extensive fibrotic replacement and cessation of
hepatocyte proliferation.  In a mouse experimental liver cir-
rhosis model, the pathology is alleviated through activation
of telomerase activity[53].  Also in Werner syndrome cells,
the accelerated aging phenotype is reversed by telomerase
activation[54].  Moreover, the life span of human bone mar-
row stromal stem cells are achieved by telomerase expres-
sion[55,56].  These ex vivo expanded stem cells could have
profound applications in, for instance, tissue engineering.

Ectopically expressed hTERT by introducing a virus pro-
moter-driven hTERT gene into normal human cells has been
found to be very effective in increasing hTERT mRNA ex-
pression and telomerase activity, and extending the life span
of normal cells[10,57].  For example, the replication capacity
of skin fibroblasts[10] and adult mesenchymal stem cells[58]

could be expanded with the introduction of a viral promoter
driven hTERT gene.  However, given the role of telomerase
in cancer and the introduced DNA which integrates randomly
into chromosomes, this type of approach might cause some
risks.  Although some reports indicated that ectopic expres-
sion of telomerase did not cause transformation phenotypes
or cancer-associated changes[59,60], more and more studies
raise concerns about the future application of cells immor-
talized by ectopic hTERT expression in normal cells.  Telo-
merase overexpression in mice has been found to increase
epidermal tumors and promote mammary carcinomas[58,61,62]

and that expressing hTERT in human mesenchymal stem cells
renders these cells tumorigenic[58].  Thus, the ideal situation
would be controlled expression of hTERT in target cells to
avoid unnecessary side-effects.  One approach is using small
molecules that activate telomerase upon addition and return
to the repressed state upon removal which might provide
the solution for controlled expression of hTERT.  This ap-
proach also avoids the uncertainty concerning the integra-
tion of DNA into chromosomes.

There are several molecules which have been identified
that affect hTERT expression through inhibiting DNA me-
thylation or histone deacetylation.  Normal human fibroblast
treated with 5-azacytidine (5-AZC) can cause demethylation
of the CpG islands within hTERT promoter.  It then turns on
hTERT mRNA expression and activates telomerase acti-
vity[63,64].  Similarly, histone deacetylase inhibitor tricostain
A (TSA) causes activation of hTERT mRNA expression and
telomerase activity in human normal cells[65,66].  However,
because both DNA methylation and histone deacetylation
are general mechanisms in controlling gene expression in
human cells, the treatment of 5-AZC or TSA would have
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broad effects on cellular gene expressions.  To achieve se-
lective activation of hTERT expression, a more specific pro-
moter-targeted agent is desired.  Sequence analysis of hTERT
promoter reveals an estrogen response element (ERE) lo-
cated upstream to the transcription start site.  The function
of ERE is established in normal human ovary epithelium cells
where the addition of 17â-estradiol activates the expression
of hTERT and telomerase activity[67].  Thus, telomerase ac-
tivity could be activated by estrogen in cells with estrogen
receptors.  However, since estrogens also activate the telo-
merase activities in cancer cells with estrogen receptor [67–69],
the applicability of estrogen or its analogs in clinics remains
to be evaluated.  Similar to the approach used in identifying
small molecule compounds, a cell-based reporter system was
developed in normal human cells that enabled the identifica-
tion of several bis-substituted derivatives of anthraquino-
nes that activate hTERT[52].  Unlike inhibitors of DNA methy-
lation or histone deacetylation, the repression of hTERT ex-
pression by these anthraquinones appears to be specific as
they do not activate the expression of reporter gene driven
by a virus promoter.  Using a similar cell-based chemical
screening strategy, compound CGK1026 was also identified
to activate hTERT expression in normal human fibroblasts[70].
CGK1026 activates hTERT expression by affecting the inter-
action between E2F-pocket protein and histone deacetylase.
The effect of CGK1026 on other promoters is still unclear.

Telomerase-directed tumor gene therapy
One of the major goals in anticancer therapies is to target

toxic agents to tumor cells specifically to minimize the ef-
fects toward normal cells.  The specific expression of
telomerase hTERT in most types of tumors provides a good
discrimination between cancer and normal cells[6,7].  Dele-
tion analysis of the hTERT promoter reveals a core promoter
region located approximately 200 bp upstream of the tran-
scription start site, and is sufficient to confer its specific ex-
pression in cancer cells[71].  The property of hTERT promoter
has been applied to restrict the expression of therapeutic
genes in tumors.  The therapeutic genes utilized include
apoptosis-inducing[72–74], toxin-encoding[75], chemotherapeu-
tic sensitizer[71], xenoantigen[76] genes, or genes used in gene-
directed enzyme prodrug therapy (GDEPT)[77,78].  These
hTERT promoter-driven therapeutic genes were introduced
into tumor cells through liposome- or virus-mediated
pathways.  As expected from the expression pattern of
telomerase, this type of approach selectively kills virtually
all types of telomerase-positive cancer cells without affect-
ing the viability of telomerase-negative cells in both cellular
and animal xenograft models.  Thus, hTERT directed tumor

gene therapy appears to be a promising approach in treating
telomerase-positive tumors.  Because hTERT expression var-
ies in different telomerase-positive cells[72–74], it is anticipated
that telomerase-directed tumor gene therapy would work bet-
ter in cancer cells with high levels of hTERT expression.

Summary
Because of the unique property of telomere and telomerase

in cancer and the aging process, they have been the targets
for new drug developments toward anticancer or regenera-
tive disease therapeutics.  In addition to various approaches
that have been described here, other approaches based on
the property of telomerase have also been reported.  For
example, hTERT has been reported as a tumor-associated
antigen in a wide range of tumors.  These hTERT-derived
tumor antigens could be recognized by cytotoxic T lympho-
cytes that could then be applied in designing anticancer
immunotherapeutic strategies[79,80].  It is anticipated that other
novel approaches based on telomere functions will be
developed.
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Effects of melatonin on wortmannin-induced tau hyperphosphorylation1
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Abstract
Aim: To explore the underlying mechanism of tau hyperphosphorylation in an
Alzheimer’s-affected brain and the possible arresting strategies.  Methods: MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide), crystal violet assay,
phase-contrast, dead end colorimetric apoptosis detection system (TUNEL) and
electron microscopy were used to detect cell viability, morphology and apoptosis.
Western blot, 32P-labeling and the detection of malondialdehyde level and super-
oxide dismutase activity were used respectively for the phosphorylation level of
tau, the activity of glycogen synthase kinase (GSK-3), and oxidative stress
measurement.  Results: Exposure of the cells to wortmannin resulted in an obvi-
ous lipid peroxidation, reduction of cell viability, cell process retraction, and plasma
vacuolation, but with no obvious cell apoptosis.  We also found that preincuba-
tion of the cells with melatonin or vitamin E attenuated differentially wortmannin-
induced oxidative stress as well as GSK-3 overactivation and tau hyperphosphoryla-
tion.  Conclusion: Wortmannin is an effective tool for reproducing Alzheimer-like
tau hyperphosphorylation cell model and melatonin/vitamin E can effectively pro-
tect the cells from wortmannin-induced impairments.
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Introduction
Alzheimer disease (AD) is neuropathologically charac-

terized by cell loss and formation of amyloid plaques and
neurofibrillary tangles (NFTs), which are composed of paired
helical filaments formed by abnormally hyperphosphorylated
microtubule associated protein tau[1].  Studies have shown
that tau regulates microtubule dynamics, axonal transport,
and neuronal morphology by binding and stabilizing the
microtubule structure[2,3].  In AD, abnormally phosphorylated
tau associated with paired helical filaments decreases affin-
ity in binding to the microtubules and balks its normal micro-
tubule-related function[4].  Therefore, understanding the regu-
latory mechanism for tau hyperphosphorylation and aggre-
gation is critical in designing the strategies to arrest it.

A defect in the regulation of protein kinases/protein phos-
phatases is responsible for tau hyperphosphorylation.
Among them, glycogen synthase kinase-3 (GSK-3) is a recog-
nized tau kinase that plays a crucial role in AD pathology[5].
GSK-3 phosphorylates tau both in vivo and in intact cells,

and enhanced expression of GSK-3 leads to tau hyperphos-
phorylation[6,7].  In an Alzheimer’s-affected brain, GSK-3 is
activated in pretangle neurons and accumulates in paired
helical filaments[8].  We also found that the activation of GSK-
3 by brain injection of wortmannin led to hyperphosphoryla-
tion of tau and spatial memory impairment in a rat brain[9].
These data together indicate that GSK-3 can serve as a cru-
cial target for reproducing an AD-like experimental modal
and for screening potential therapeutic reagents.  However,
it is not known whether wortmannin also induces tau
hyperphosphorylation in neuroblastoma N2a cells, and
whether wortmannin treatment affects cell viability, what kind
of cell death wortmannin might induce, and if melatonin, as
an effective antioxidant secreted from pineal gland [10], which
has been used in our previous studies[11–13], influences
wortmannin-induced alterations in N2a cell and by which
mechanism melatonin works.

Therefore, in the present study, we examined the effect
of wortmannin, an indirect GSK-3 activator, on cell viability
and tau phosphorylation, and the effect and mechanism of
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melatonin on wortmannin-induced cytotoxicities in N2a cells.
We found that the treatment of cells with 1 µmol/L wortmannin
induced GSK-3 activation and tau hyperphosphorylation.
Although reduced cell viability and increased cell retraction
were observed, no obvious cell apoptosis was detected.
Melatonin not only attenuated wortmannin-induced lipid
peroxidation but also counteracted wortmannin-induced
GSK-3 overactivation and tau hyperphosphorylation.

Materials and methods

Measurement of cell viability and metabolism  N2a cell,
a gift from Dr HX XU (The Burnham Institute, San Diego,
USA), was propagated in Dulbecco’s modified Eagle’s me-
dium with 5% fetal bovine serum (5% CO2 and 95% air)
(GIBCO, NY, USA).  The cells were then grown and differen-
tiated in 96-well culture plates at density of 1.5×105 cells in
100 µL.  Cells were exposed to various concentrations of
wortmannin for 2 h at 37 ºC in the presence or absence of a
12-h-preincubation with melatonin 25, 50, and 100 µmol/L or
Vitamin E (VE).  Dimethylsulfoxide (Me2SO, 0.01%), in which
wortmannin, melatonin and VE were dissolved, served as a
vehicle control.  Then, 0.2% crystal violet or 1% MTT (3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) in
phosphate-buffered saline (PBS) were added and incubated
for 3 min or 4 h at dark and read at 570 nm (TECAN Austria,
Salzburg, Austria).  All assays were performed with five
repeats.  Wortmannin, Me2SO and melatonin were purchased
from Sigma (St Louis, MO, USA).

Morphology features of N2a cells with phase-contrast
and electron microscopy  Morphology changes of N2a cells
treated by wortmannin with or without preincubation of me-
latonin or VE were examined under phase-contrast micro-
scope.  For electron microscopy, cultures were fixed in 2.5%
glutaraldehyde/0.2% tannic acid in 0.1 mol/L cacodylate
buffer (pH 7.4) overnight at 4 ºC and then post-fixed in 1%
osmium tetroxide/1.5% ferrocyanide solution for 30 min at
room temperature.  Cells were dehydrated in ethanol, embed-
ded in Epon resin, and heat polymerized.  Epon blocks were
cut, double stained with uranyl acetate and lead citrate, and
observed under an Opton EN/l0C electron microscope (Opton,
Oberkochen, Germany).

TUNEL assay and cleavage of caspases-3  To determine
the form of cell death in wortmannin-treated cells and rela-
tionship of tau phosphorylation and apoptosis, we used the
Dead End TM Colorimetric Apoptosis detection system
(TUNEL) (Promega Corp, Madison, USA) and immunofluo-
rescence of cleaved caspase-3 to measure DNA fragmenta-
tion and caspase-3 activation.  Positive control of apoptosis

was treated with 1 µmol/L staurosporine, an apoptosis in-
ducer for 3 h.  For TUNEL, cells were fixed in 4% paraformal-
dehyde solution for 25 min at room temperature, rinsed in
phosphate buffered saline (PBS), and permeabilized by im-
mersing the slides in 0.2% Triton X-100 solution.  Cells were
incubated with terminal deoxynucleotidyl transferase (TdT)
reaction mixture containing biotinylated nucleotides and TdT
at 37 ºC for 60 min, rinsed with SSC (Sodium Chloride-So-
dium Citrate Buffer) and PBS.  Streptavidin HRP (Horseradish
Peroxidase) was added to cells.  Slides were then stained
with diaminobenzidine system (DAB).

For caspases-3 immunofluorescence assay, cells were
fixed for 15 min with 4% paraformaldehyde in 0.1 mol/L phos-
phate buffer and immunostained by sequential reaction with
a rabbit polyclonal antibody caspase-3 (1:200) (Cell Signal-
ing Technology Inc, Beverly, MA, USA), followed by FITC
(Fluorescein isothiocyanate)-conjugated goat anti-rabbit IgG
(Dianova GmbH, Hamburg, Germany).  Sections were ana-
lyzed with a 525-nm filter (FITC staining) with a fluorescence
microscope (Olympus, Hamburg, Germany).

Western blot  Total cell lysates of N2a from each treat-
ment were separated on 10% SDS-PAGE (PolyAcrylamide
Gel Electrophoresis) and the protein were transferred onto
the nitrocellulose membranes.  Membranes were blocked in
Tris-buffered saline containing 5% non-fat milk followed by
incubation with primary antibody at 4 ºC for 24 h.  Primary
mouse monoclonal antibodies including Tau-1 and PHF-1
and rabbit polyclonal antibodies 92e which recognized phos-
phorylated tau and non-phosphorylated tau were gifts from
Dr BINDLE (North Western University, Chicago, Illinois), Dr
DAVIES (Albert Einstein College of Medicine, Bronx, NY),
and Drs Iqbal and Grundke-Iqbal (NYS Institute for Basic
Research, Staten Island, NY, USA).  GSK3β and phospho-
GSK3β (serine9) were obtained from Cell Signaling Technol-
ogy Inc (Beverly, MA, USA).  The blots were developed by
enhanced chemiluminescence (Santa Cruz Biotechnology Inc,
Santa Cruz, CA, USA) and computer image analysis soft-
ware (Image-Pro Plus, Media Cybernetics, Silver Spring, MD)
was used for quantitative analysis of the blots.

Kinase assay  Activity of GSK-3 was measured using
phospho-GS (Upstate Biotechnology, Lake Placid, NY, USA)
as substrate.  Cells were treated with factors as described
earlier and lysed at 4 ºC in a solution containing (in mmol/L)
Tris-HCl 10 (pH 7.4), edetic acid 10,  NaCl  0.15, NaF 50,
Na3VO4 0.2, 1% NP40, phenylmethylsulfonyl fluoride 1, and
2 µg/µL aprotinin.  Cell lysates were clarified by centrifuga-
tion at 15 000×g at 4 ºC for 10 min.  The samples were incu-
bated with the substrates in buffer containing 30 mmol/L
Tris-HCl (pH 7.4), 10 mmol/L MgCl2, 10 mmol/L NaF,
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1 mmol/L Na3VO4, 2 mmol/L Na4EGTA, 10 mmol/L β-
mercaptoethanol, 0.2 mmol/L (1500 cpm/pmol) [γ-32P] ATP
(Beijing Yahui Biologic and Medicinal Engineering Co,
Beijing, China) at 30 ºC for 30 min.  Reaction was stopped by
adding 12.5 µL o-phosphoric acid (300 mmol/L).  A total of 20
µL of incubation mixture was applied in duplicates to phos-
phor cellulose units.  The filters were washed 3 times with 75
mmol/L o-phosphoric acid and then dried.  The radioactivity
incorporated into the substrates was analyzed by liquid scin-
tillation counting at 30 ºC.  The protein concentration of the
cell lyses was estimated by bicinchoninic acid (BCA) method
(Micro BCA Protein Assay Reagent Kit, Pierce Biotechnology,
Rockford, IL, USA).  GSK-3 activity was expressed as
nmol·min-1·g protein at 30 ºC.

Assay of malondialdehyde (MDA) and superoxide
dismutase (SOD)  The amount of MDA was measured by
the thiobarbituric acid (TBA) assay, which is based on the
reaction of MDA with TBA to produce a red species with
excitation at 515 nm and emission at 553 nm measured in
Schimadzu-RF-5000 (Kyoto, Japan)[14].  The activity of SOD
was measured according to the method established previ-
ously[15].

Data analysis  Data were expressed as mean±SD and
analyzed using SPSS 10.0 statistical software (SPSS Inc,
Chicago, Illinois, USA).  The one-way ANOVA procedure
followed by Student’s t-test was used to determine the dif-
ferences among groups.

Results

Effect of wortmannin, melatonin, and VE on cell viability
and morphology  Wortmannin induced decreased cell viabil-
ity in a concentration-dependent manner from 0.1 µmol/L to
10 µmol/L in 2 h (Figure 1A).  Therefore, 1 µmol/L wortmannin,
represented 20%–30% inhibition of MTT and crystal violet,
was used for all subsequent experiments.  Exposure of the
cells to 50 µmol/L melatonin (Figure 1B) or 50 µmol/L VE
(Figure 1C) before administration of wortmannin resulted in
protective effects.  However, the premixing of melatonin or
VE with wortmannin did not show protection in cell viability
(data not shown).

By phase-contrast microscopy, we observed that in the
control group the border of the cells was clear with plenty of
processes, and treatment of the cells with 1 µmol/L wortmannin
induced retraction of cell processes, with some cells detach-
ing from the plate.  Preincubation of the cells with 50 µmol/L
melatonin or 50 µmol/L VE protected against the morphol-
ogy changes induced by wortmannin, although the cell body
was still larger than normal cells (Figure 2).  With electron

microscopy, we found that treatment of cells with wortmannin
induced organelle vacuolation and mitochondrial swelling
(markers of degeneration), but no cellular shrinkage and chro-
matin condensation (markers of apoptosis) was observed.
Pretreatment with melatonin or VE partly protected cells from
the degeneration induced by wortmannin (Figure 3).

Effect of wortmannin on cell apoptosis   Very few positive
cells were detected in the 1 µmol/L wortmannin-treated
samples.  However, numerous apoptotic cells were seen in
positive control of 1 µmol/L staurosporine-treated cells
(Figure 4).

Effect of wortmannin, melatonin, and VE on tau
phosphorylation, and the activity of GSK-3β β β β β  Tau was
hyperphosphorylated at both tau-1 (recognized non-phos-
phorylated tau at Ser-199/202) and PHF-1 (recognized phos-

Figure 1.  Effect of wortmannin, melatonin and VE on cell viability
and metabolism measured by MTT and crystal violet staining.  A
dose-dependent decrease of cell viability and metabolism was ob-
served when the cells were exposed to 0.1 µmol/L, 1 µmol/L or 10
µmol/L wortmannin for 2 h (A).  These cytotoxicities were inhibited
by pretreatment of the cells with melatonin (B) or VE (C) for 12 h.
n=5.  Mean±SD.  bP<0.05, cP<0.01 vs control.
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phorylated tau at Ser-396/404) epitopes by treatment with
wortmannin for 2 h.  The hyperphosphorylation of tau was
blocked by preincubation of the cells with melatonin and VE.
Melatonin showed a more efficient protective effect than VE
(Figure 5).  We also found that wortmannin increased activ-
ity of GSK-3, pretreatment with melatonin almost completely
reversed wortmannin-induced activation of GSK-3, and pre-
incubation of VE partially restored the activity of GSK-3
(Figure 6).

As GSK-3β activity is regulated by the phosphorylation
and dephosphorylation on its serine-9 (Ser-9)[16], we further
detected the expression of total and phosphorylated GSK-
3β.  We found that wortmannin treatment did not change the
expression of the total GSK-3β, but markedly decreased the
expression of phosphorylated-GSK-3 at Ser-9.  We also dem-
onstrated that preincubation of melatonin or VE obviously
arrested wortmannin-induced decrease of phosphorylated
GSK-3β at Ser-9 (Figure7A, 7B).

Effect of wortmannin, melatonin, and VE on lipid
peroxidation  The level of MDA was significantly higher,
but the activity of SOD was significantly lower in
wortmannin-treated cells than the vehicle control samples.
After preincubation of 50 µmol/L melatonin or VE, the MDA
level and SOD activity was partially restored, and the pro-
tective effect of melatonin was stronger than that of VE at
the same concentration (Table 1).

Figure 2.  Effect of wortmannin, melatonin and VE on cell morphology measured by phase-contrast microscopy.  Most of the normal cells
showed bipolar and long-cylindrical processes (A).  Cells exposed to 1 µmol/L wortmannin for 2 h revealed loss of neurites with nuclear
pyknosis, some of them detached from the plate (B).  Cells were partially rescued from wortmannin exposure by pretreatment with 50 µmol/L
melatonin (C) or 50 µmol/L VE (D) for 12 h.  (Scale Bar 15 µm).

Figure 3.  Effect of wortmannin, melatonin and VE on the ultra-
structure of the cells.  Compared with control (A), treatment of the
cells with 1 µmol/L wortmannin for 2 h (B) induced organelle vacu-
olation (arrow) and mitochondrial swelling (arrow head), but pre-
treatment of the cells with 50 µmol/L melatonin (C) or 50 µmol/L VE
(D) for 12 h partly protected cells from wortmannin-induced alter-
ations (Scale Bar 1 µm).
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Discussion
Abnormal hyperphosphorylation of tau is a recognized

pathological process, which might be responsible for the
disruption of microtubules and thus neurodegeneration seen
in the brain of patients with Alzheimer’s disease (AD).  Many

Figure 6.  Effect of wortmannin, melatonin, and VE on the activity
of GSK-3.  GSK-3 activity was measured by 32P-labeling in wortmannin-
treated cells with or without preincubation of melatonin or VE.  n=5.
Mean±SD.  cP<0.01 vs control. eP<0.05, fP<0.01 vs wortmannin-
treatment.

Table 1.   Malondialdehyde level and superoxide dismutase activity.
cP<0.01 vs control.  eP<0.05, fP<0.01 vs WT-treated cells.

           Groups            MDA/U·L-1             SOD/U·L-1

Cont 1.45±0.08 40.25±4.40
WT 3.30±0.44c 20.35±4.59c

MT 50 µmol/L+WT 1.55±0.22f 34.24±1.84f

VE 50 µmol/L+WT 2.02±0.25e 28.11±1.42e

Figure 4.  Effect of wortmannin on cell apoptosis.  Apoptosis was not detected by TUNEL (A) nor by activated caspases-3 staining (C) in
wortmannin-treated cells, but it did show in the positive control cells treated with 1 µmol/L of staurosporine (B and D) (Scale Bars 15 µm).

Figure 5.  Effect of wortmannin, melatonin, and VE on tau phos-
phorylation.  Representative Western blots (A) and quantitative analy-
sis (B) of tau phosphorylation at Tau-1 and PHF-1 sites, which was
normalized by the total tau (probed by 92e).  n=5.  Mean±SD.  bP<0.05,
cP<0.01 vs control.  eP<0.05, fP<0.01 vs wortmannin-treated cells.
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protein kinases are reported to phosphorylate tau at some of
the AD sites and can lead to the dysfunction of tau in main-
taining stability of cytoskeleton.  Among them, GSK-3, a
major tau kinase, is a leading candidate for initiating patho-
logic tau hyperphosphorylation[5,7].  GSK-3 forms a complex
with tau in the microtubule fraction from the bovine brain
and it is co-localized with phosphorylated tau during devel-
opment[17].  Hyperphosphorylation of tau by GSK-3 acceler-
ates neurodegeneration and induces fibrillary tau inclusions
both in vivo and in vitro[18].  As direct GSK-3 activator is not
commercially available at the moment, wortmannin, an in-
hibitor of phosphatidylinositol 3-kinase (PI3K), has been
widely used in activating GSK-3 indirectly through protein
kinase B (PKB)-mediated signal transduction pathway; that
is, wortmannin turns down PKB through inhibiting PI3K and
thus activates GSK-3 by decreasing the phosphorylation
level of GSK-3 at its serine residues[6,18,19].  We previously
reported that wortmannin could induce Alzheimer’s-like
hyperphos-phorylation of cytoskeleton proteins in a rat
brain[9,20].  To further explore the mechanism of how wortman-
nin influences tau phosphorylation, and thus to establish an
AD-like cell model, we used wortmannin to treat N2a, a neu-
roblastoma cell line widely used in the AD field[21–23], in the
present study.  We have found that wortmannin activates
GSK-3 and leads to tau hyperphosphorylation in N2a cell
line, demonstrating that wortmannin can be used for repro-
ducing a cell model with AD-like tau hyperphosphorylation.
We have also observed that wortmannin treatment induces

oxidative stress as displayed by the increase of MDA level
and the decrease of SOD activity.  This suggests the crucial
role of oxidative stress in wortmannin-induced tau hyperphos-
phorylation.

Although the treatment of the cells with wortmannin led
to significantly decreased cell viability, we did not see a
typical cell apoptosis in the present study.  The cells show
evident hyperphosphorylation of tau, which is considered
to be one of the earliest signs of neuronal degeneration and
appears to precede tau aggregation or amyloid formation[24].
Tau abnormality provides the basis for the unequivocal
diagnosis.  However, its role in AD pathogenesis, especially
in cell loss, is still not understood.  The results observed in
this study are consistent with the observations of SY5Y cells
that tau phosphorylation can be an anti-apoptosis[25].  In
another project, we also found that treatment of cells with
calyculin A (a protein phosphatase inhibitor) led to neurofila-
ment hyperphosphorylation and aggregation with minimal
apoptosis[12].  Neurons in AD were not co-labeled with AT8
(an antibody that probes phosphorylated tau) and an anti-
body to activate caspase-3[26].  Similarly, activated JNK, p38,
and ERK1/2 (phosphorylated forms of these proteins) co-
localized with hyperphosphorylated tau in an AD brain, but
not with markers of apoptosis[27,28], indicates that increased
tau phosphorylation seems to resist apoptotic stimuli.
Therefore, although many in vivo and in vitro data support
the involvement of apoptosis in neurodegenerative pro-
cesses, there is considerable evidence suggesting that very
complex events can contribute to neuronal death with pos-
sible repair mechanisms[29], elucidation of which could prove
useful for future investigation of the mechanisms of cell death
in these disorders and their relations to cytoskeletal
abnormalities, as well as prevention and therapy of neuro-
degenerative disorders.

AD is the most common cause of dementia and there is
no specific and effective cure for this disorder to date.
Recently, increasing data suggests that melatonin might play
an important role in the development of AD and serve as a
candidate for arresting AD-like pathological processes[30,31].
Patients with AD have a more profound reduction of melato-
nin in the brain and in cerebrospinal fluid[31,32].  The efficacy
of melatonin in inhibiting oxidative damage has been tested
in a variety of neurodegenerative disease models, including
Huntington’s disease, Parkinson’s disease and AD, induced
with quinolinic acid, MPTP, β-amyloid, and OA (okadaic-
acid) respectively in rat brain or in cultured cells[33–36].  In the
present study, we have found that melatonin rescues cell
viability and reverses tau hyperphosphorylation induced by
wortman-nin in N2a neuroblastoma cells.  At the same time,

Figure 7.  Effect of wortmannin, melatonin and VE on the expres-
sion of GSK-3β protein.  Western Blots (A) and quantitative analysis
(B) of Ser-9-phosphorylated GSK-3β and the total level of GSK-3β,
or ratio of Ser-9-phosphorylated GSK-3β to total GSK-3β in cells
treated as indicated.  n=5.  Mean±SD.  cP<0.01 vs control.  eP<0.05,
fP<0.01 vs wortmannin-treatment.
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melatonin decreases the level of lipid peroxide and increases
the activity of antioxidant enzymes.  This is consistent with
previous findings that melatonin prevents oxidative damage
to the cell membrane, organelles, nuclear and mitochondrial
DNA by donating electrons[37].  From this data, we speculate
that melatonin might prevent wortmannin-induced tau hyper-
phosphorylation through its antioxidant effects.  We have
also found that melatonin obviously inhibits wortmannin-
induced activation of GSK-3, suggesting that melatonin might
act not only against free radicals, but also indirectly as an
enzyme modulator[31] in rescuing wortmannin-induced tau
hyperphosphorylation; further study is needed to explore
the mechanism.  We also observed that melatonin acted more
efficiently than vitamin E not only as an antioxidant but also
in restoring GSK-3 activity and tau hyperphosphorylation.
Melatonin is a small amino acid hormone secreted mainly in
the pineal gland.  Specific characters of melatonin, such as
its solubility in both lipids and water that allow it to be easily
penetrated into the cells and pass through the blood brain
barrier, can make it totally different from other antioxidant.
In addition to its role in rescuing AD-like tau abnormalities,
melatonin is also reported to protect β-amyloid peptide-in-
duced cell injuries[38,39].  Therefore, melatonin might become
a promising candidate thwarting the two hallmark abnormali-
ties in AD patients.

Melatonin could function through its membranous and
nuclear receptors in peripheral tissues; melatonin receptors
are widely expressed in different organs, such as the brain
hippocampus, retina, lung, liver, and kidney[40].  Melatonin
could also function through non-receptor mediated path-
ways[41].  In N2a cells, whether melatonin functions through
the receptor-dependent pathway or receptor-independent
pathway, needs further study.

Taken together, we have found in the present study that
wortmannin induces overactivation of GSK-3 and tau
hyperphosphorylation with a concurrent lipid peroxidation
and reduction of cell viability in the N2a cell line.  Melatonin
rescues not only wortmannin-induced oxidative stress, but
also GSK-3 overactivation and tau hyperphosphorylation.
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Introduction
Molecular handedness is a crucial structural feature of

biologically active compounds, since opposite configura-
tions at pharmacophoric groups frequently influence the bio-
logical response, mainly in terms of affinity, toxicity, and
receptor subtype selectivity[1].  Therefore, the stereoisomeric
composition of drugs is currently receiving considerable at-
tention owing to its pharmacological as well as industrial
and regulatory implications[2,3].

3-Methyl-3-azabicyclo(3,3,1)nonanyl-9-α-yl-α-cyclo-
pentyl-α-phenyl-α-glycolate (phencynonate hydro-chloride,
CPG) is a central anticholinergic agent synthesized at the
Beijing Institute of Pharmacology and Toxicology.  It has
been developed as a new medicine for motion sickness.  Our
previous studies revealed that CPG prevented motion sick-
ness with higher efficacy and lower central inhibitory side
effects compared to other motion sickness drugs, such as
dimenhydrinate and scopolamine HBr[4].  There is one chiral
carbonic atom in the molecular structure of CPG (Figure 1).
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Thus, there were two optical isomers of CPG with R(–)- and
S(+)-different configurations.  The pharmacological effects
of these isomers remained unknown.  In order to study the
pharmacological differences between the stereoisomers and
develop more safe drugs, we investigated the pharmacologi-
cal characteristics of these two chiral muscarinic antago-
nists by comparing their effects on muscarinic receptors in
vivo and in vitro.

Materials and methods

Chemicals  [3H]QNB [3H-quinuclindiny benzilate] (43.3
Ci/mmol) was purchased from Amersham Co (Uppsala,
Sweden) (TRK604).  CPG and its isomers were synthesized
at our institute.  CPG comprised nearly the same proportion
for R(–)- and S(+)-CPG.  Atropine, pentobarbital sodium,
oxotremorine, and carbachol were from Sigma Co (St  Lowis,
USA).

Animals  The experiments were carried out in accordance
with the Guide for the Care and Use of Laboratory Animals,

National Research Council, 1996.  Animals used in the study
were: male or female Wistar rats weighing 180–220 g, [Grade
II, Certificate No scxk ( Jing ) 2002-0003] and male guinea
pigs (200–300 g, Grade II, Certificate No (Jing) 2003-0005),
which were purchased from Lianhelihua Co (Beijing, China);
Kunming species mice [18–22 g, Grade II, Certificate No
SCXK-(Army) 2002-001] were provided from the animal cen-
ter at our institute.

Binding assays on rat cerebral cortex homogenate  Male
or female Wistar rats were killed by decapitation.  The cere-
bral cortex was immediately removed and processed as de-
scribed by Yamamura and Snyder[5].  Protein concentration
was determined by the method of Lowry et al[6].  Homoge-
nate (50 mg of protein) was incubated for at 37 ºC for 30 min
in 0.5 mL of assay buffer containing 6 nmol/L [3H]QNB and
various concentrations of drugs.  In saturation binding
assays, the homogenate was incubated in the presence of
[3H]QNB (0.25–20 nmol/L).  Non-specific binding was
defined as binding in presence of atropine (1 µmol/L).  Each
sample was filtered through GF/C glass fibers with a vacuum.
The filters were rinsed three times with 3 mL cold buffer, and
placed in scintillation vials containing 3 mL of scintillation
fluid.  Radioactivity trapped on the filters was determined by
liquid scintillation spectrometry at approximately 40%–50%
efficiency.

Carbachol-induced contraction  Male guinea pigs were
killed by cervical dislocation.  The organs required were set
up rapidly under 1 g of tension in 20 mL organ baths contain-
ing physiological salt solution (PSS), which was kept at 37 ºC
and aerated with 5% CO2 and 95% O2.  Two-centimeter-long
portions of terminal ileum were taken at about 5 cm from the
ileum-cecum junction and mounted in PSS at 37 ºC.  The
composition of PSS was as the following (mmol/L): NaCl
(118), NaHCO3 (23.8), KCl (4.7), MgSO4·7H2O (1.18), KH2PO4

(1.18), CaCl2 (2.52), and glucose (11.7).  Tension changes were
recorded isotonically.  Tissues were equilibrated for 90 min
before the experiments began.

The concentration was increased in a stepwise manner
after the response to the previous concentration had reached
a plateau to make concentration-response curve for carba-
chol.  After cumulative concentration-response curves were
generated in the absence of any antagonist, the ileum strips
were washed several times with PSS and allowed to relax to
baseline.  After 60 min, the strips were incubated with R(–)-,
S(+)-, or CPG for 10–15 min.  The concentration-response
curves for carbachol were then obtained in the presence of
increasing concentrations of different antagonists.

To assess the potency of the antimuscarinic action, the
ratio of the ED50 values for the carbachol-induced contrac-

Figure 1.  Chemical structure of CPG and its optical isomers.
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tions in the presence and in the absence of antagonist were
obtained.  Schild plots were obtained by plotting logarithmic
(dose ratio-1) against the logarithmic molar concentration of
the antagonist, and pA2 values were derived from the Schild
plots according to the method described by Arunlakshana
and Schild[7].

Effect on sub-threshold hypnotic dose of sodium pento-
barbital induced-sleeping  Four dosage groups were used
for each drug and each group consists of 10 mice of each
sex.  CPG and its optical isomers were injected intra-perito-
neally (ip).  Fifteen minutes later, subthreshold hypnotic dose
of sodium pentobarbital (30 mg/kg) was applied ip and
lossing in the righting reflex was observed as the score to
present the central inhibitory effect of the drugs.  The ED50

values of these three drugs were estimated to compare the
central inhibitory effect of the indicated agents.

Inhibiting oxotremorine-induced salivation  Four dos-
age groups were used for each compound and each group
consisted of 10 mice of each sex.  CPG and its optical isomers
were applied ip 15 min prior to the use of oxotremorine (3 mg/
kg) subcutaneously (sc).  ED50 values were utilized to evalu-
ate the anti-secretive potencies of above described com-
pounds.

Statistics
Binding assay  The IC50 values were obtained from at

least three separate experiments performed in triplicate with
between 6 and 8 different concentrations of drugs.  Hill
coefficients and IC50 values were determined using the
ORIGIN6.0 software program and inhibition constants (Ki

values) were calculated utilizing the Cheng-Prusoff equa-
tion[8].

Functional assay   In carbachol induced-contraction, the
Emax value (the maximum contractile response) was obtained
from the maximum stress developed, and the ED50 value was
calculated from a semi-logarithmic plot of the percentage of
the maximum response versus drug concentration.  Statisti-
cal analyses for comparison between groups and between
concentration-response curves were performed using analy-
sis of variance (ANOVA).  P<0.05 was considered statisti-
cally significant.  In the experiments for observing the ef-
fects of CPG and its optical isomers on salivation and seda-
tion induced by oxotremorine and sodium pentobarbital, ED50

values were calculated utilizing the Bliss method.  Data were
shown as mean±SD.

Results

Competitive binding of CPG and its optical isomers to
rat central muscarinic acetylcholine receptors  The Kd

values for [3H]QNB binding to receptors were 6.66±0.95
nmol/L.  The Bmax values were 0.758± 0.086 fmol/mg.  The
competition binding potency of R(–)-CPG for [3H]QNB
corresponded to a Ki value of 46.49±1.27 nmol/L (n=4).  An
average Hill coefficient (nH) was 1.54±0.06.  The affinity of
R(–)-CPG at central muscarinic acetylcholine receptors was
greater than that of CPG (Ki=271.37±72.3 nmol/L, nH=1.48).
S(+)-CPG displayed the lowest affinity to muscarinic recep-
tor (Ki=1263.12±131.64 nmol/L, nH=1.12).  The results showed
that the isomer with R(–)-configuration was more potent than
the isomer with S(+)-configuration and CPG (Figure 2).

Effect of CPG and its optical isomers on carbachol-in-
duced contraction  Carbachol (1×10-8–1×10-2 mol/L) caused
concentration-dependent contraction of guinea pig ileum.
The Emax values for the carbachol-induced contractions were
2.9±0.2 g (n=30).  CPG and R(–)-configuration (1×10-8–1×10-7

mol/L) caused typical rightward shifts in the concentration-
response curves for carbachol, except for a higher concen-
tration (1×10-6 mol/L) of  R(–)- and CPG, which caused de-
creases of about 80% of the maximum contractile responses
to carbachol.  However, S(+)-CPG only caused decreases of
about 10%–20% of the maximum contractile effects induced
by carbachol at the dose of 1×10-6 mol/L, the difference was
not significant (P>0.05).  All slopes of the regression lines of
Schild plots were close to unity in Figure 3.  The IC50 value of
R(–)- and CPG are shown in Figure 4.  The rank order of pA2

values was: CPG (6.80)≈R(–)-CPG (6.84) (Table 1).
Potentiating the effect of sub-threshold hypnotic dose of

sodium pentobarbital  Pentobarbital (ip 30 mg/kg) alone did
not cause loss in righting reflex in mice (n=50).  Pretreatment

Figure 2.  Effects of CPG and its optical isomers on the binding of
[3H]QNB to rat central muscarinic acetylcholine receptors.  Rat ce-
rebral cortex homogenate was incubated with 6 nmol/L [3H]QNB at
37 oC for 30 min in the absence and presence of increasing concentra-
tions of different drugs.  Data were the means from four independent
experiments performed in duplicate.
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the effect of sub-threshold hypnotic dose of sodium pento-
barbital in a dose-dependent manner (Table 2).  The ED50

value and its 95% confident limits of CPG was 21.06
(18.02–24.10) mg/kg.  The isomer with R(–)- and S(+)-con-
figuration did not show any effects on pentobarbital induced-
sleeping at the dose from 10.00–29.15 mg/kg.  The result
suggested that the central depressant effect of CPG was
more potent than the other two isomers used separately.

Oxotremorine (sc 3mg/kg) induced an obvious salivation
in mice (n=50).  Whereas, CPG and its optical isomers showed
antagonistic effects on oxotremorine-induced salivation in
dose-dependent manner when pre-administered.  The
ED50±95% LC for  CPG, R(–)-, and S(+)-configuration were
1.07±0.15, 1.10±0.28, and 16.69±4.82 mg/kg, respectively,
which indicated that CPG was equivalent to R(–)-CPG and
more potent than S(+)-CPG in inhibiting glandular secretion
(Table 3).

Table 2.  The effect of CPG and its optical isomers on sub-threshold
hypnotic dose of sodium pentobarbital induced-sleeping.  For each
experiment, the rate of loss in righting reflex was expressed in the
ratio of mice lost in righting reflex to 10 mice.

   Chiral                    Dose           The rate of        ED50±95% LC
   compound             /mg·kg-1       loss in right            /mg·kg-1

                                                     reflex /%

CPG 14.28 1 21.06±3.04
20.40 0.8
29.15 0.5
41.64 0.1

R(–)CPG 10.00 0
14.28 0
20.40 0          –
29.15 0

S(+)CPG 10.00 0
14.28 0
20.40 0          –
29.15 0

Table 1.   pA2 Values and slopes of CPG and R(–)-CPG inhibiting
carbachol-induced contraction in guinea pig ileum.  n=6.  Mean±SD.

  Chiral compound       pA2                      Slopes

CPG 6.80±0.22 1.00±0.05
R(–)-CPG 6.84±0.24 0.95±0.01

Figure 3.  Effects of CPG and R(–)-CPG 1 (1×10-8, 1×10-7, and 1×10-6

mol/L) on the concentration-response curves for carbachol in guinea
ileum.  For each experiment, contractile responses were expressed as
percentages of the maximum contractile response in the absence of
any antagonist.  Each point represented the mean±SD of the results
from six separate experiments.

with CPG (14.28–41.64 mg/kg) at 15 min intervals potentiated

Figure 4.  Concentration-response curves for R(–)-CPG and CPG
(1×10-9–1×10-5 mol/L) on the maximum contractile response induced
by carbachol (1×10-4 mol/L) in guinea pig ileum.  For each experiment,
contractile responses were expressed as percentages of the maximum
contractile response in the absence of any antagonist.  Each point
represented the mean±SD of the results from six separate experiments;
if not shown, SD bars fall within the size of the symbol.
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Discussion

Motion sickness is a common disease in modern society.
The pathogenic mechanism inducing the sickness is not fully
understood.  However, the etiologic theory that cholinergic
hyperfunction of the vestibular system excites the vomiting
center and the central cholinergic neuron system plays an
important role in the neural mechanism of motion sickness is
generally accepted[9,10].  The anticholinergic agents, such as
scopolamine, when used for preventing motion sickness,
present some disadvantages at the effective dose, especially
the troublesome central inhibitory effect[11].

The new central anticholinergic drug CPG has been widely
used in clinic.  Animal experiments and clinic research have
demonstrated that CPG was more potent and had lesser cen-
tral inhibitory side effects in the prevention of motion sick-
ness (airsickness and seasickness) than those of central
cholinergic drugs, such as scopolamine HCl and dimenhy-
drinate[12].  There was the same proportion of two enanti-
omers in the race mixture of CPG.  In order to illuminate the
pharmacological profiles of its optical isomers, we compared
the affinity of CPG and its optical isomers to muscarinic ace-
tylcholine receptors.  In the competitive binding assay, it
was found that R(–)-CPG inhibited the binding of [3H]QNB
with the highest potency (Ki=46.49±1.27 nmol/L) compared
with CPG (Ki=271.37±72.3 nmol/L) and S(+)-CPG (Ki=
1263.12±131.64 nmol/L).  In the functional study, CPG and
R(–)-CPG (1×10-8–1×10-6 mol/L) caused parallel rightward
shifts of the concentration-response curves for carbachol-
induced ileum contraction.  All the slopes of the regression

lines of Schild plots were close to unity, which implied a
competitive antagonism.  S(+)-configuration slightly de-
creased the maximum contractile response at the dose of 1×10-6

mol/L.  The order of potencies of these agents to inhibit the
contractile responses was R(–)-CPG≈CPG>S(+)-CPG.  The
same result was obtained in inhibiting glandular secretion.
These results revealed that R(–)-CPG acted as an active com-
position of racemate with competitive antagonistic mecha-
nism to muscarinic acetylcholine receptors, but S(+)-CPG less
bioactivity.  It also had been to be noted that there was 50%
of  S(+)-CPG with lower binding affinity in racemate CPG;
according to binding assay, CPG should less potent in sup-
pressing smooth muscle contraction and glandular secretion.
These results suggest that S(+)-configuration may increase
the potencies of its enantiomer in some manner.  Furthermore,
at the same dose, S(+)- and R(–)-configuration did not dis-
play any synergestic effect on sub-threshold hypnotic dose
of sodium pentobarbital, but their racemate, CPG, revealed
remarkable central sedation effects.  One possible explana-
tion for these results was that S(+)-configuration might play
a role in modulating the binding of R(–)-configuration by
allosteric mechanism.  In contrast, muscarinic acetylcholine
receptors (mAChRs) modulate the activity of an extraordi-
narily large number of physiological functions.  Individual
members of the mAChR family (M1–M5) are expressed in a
complex, overlapping fashion in most tissues and cell types.
The M1 and M3 subtypes are the major muscarinic acetyl-
choline receptors in the salivary gland and M3 is reported to
be more abundant[13,14].  Guinea pig ileum smooth muscle is
enriched with muscarinic receptors, the majority of which
are of the M2 subtype whereas the remaining minority be-
longs to the M3 subtype[15,16].  The M1, M2, and M4 subtypes
of mAChRs are the predominant receptors in the CNS[17].
Our experiments were performed in different species and tis-
sue in vivo and in vitro, preferential binding of one isomer to
muscarinic subtype receptor may cause differences in phar-
macological action.  Drug enantiomers have identical prop-
erties in an achiral environment, but should be considered
as different chemical compounds.  This is because they of-
ten differ considerably in potency, pharmacological activity,
and pharmacokinetic profile, since the modules with which
they interact in biological systems are also optically active.
Interactions of both isomers may differ at the active sites
through which pharmacological action is mediated.  For this,
there were possible subtype and sterochemical selective
mechanisms that account for the different actions and levels
of activity of the CPG and its enantiomers.  Hence, further
studies were necessary to resolve the underlying mecha-
nisms of muscarinic receptor with these compounds.

Table 3.  Effect of CPG and its optical isomers on oxotremorine-
induced salivation.  (For each experiment, the rate of anti-salivation
was expressed as the ratio of mice lost in righting reflex to 10 mice).

   Chiral                      Dose          The rate of       ED50±95% LC
   compound              /mg·kg-1      anti-salivation          /mg·kg-1

CPG   1.68 0.90 1.07±0.15
  1.18 0.70
  0.82 0.30
  0.58 0.00

R(–)-CPG   1.68 0.70 1.10±0.28
  1.18 0.60
  0.82 0.40
  0.58 0.10

S(+)-CPG 20.4 0.80 16.69±4.82
14.28 0.50
10.00 0.30
  7.00 0.00
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Taken together, the present work demonstrated that
R(–)-CPG acted as an active component in racemate and a
competitive antagonist to acetylcholine muscarinic receptors,
but S(+)-CPG displayed less activities in comparison to R(–)-
CPG and its racemate.  In contrast to its racemate, both of the
enantiomers showed lower central depressant effects.
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Abstract
Aim: Recent studies have shown that l-tetrahydropalmatine (l-THP), an active
component of Corydolis yanhusuo, can inhibit the development of the condi-
tional place preference induced by opioid receptor agonists, but the effects of l-
THP on locomotor sensitivity induced by opioid receptor agonists have not been
documented. In the present study, the effects of l-THP on locomotor sensitization
to oxycodone, which is an opioid receptor agonist, were studied.  Methods: Mice
treated daily for 7 d with 5 mg/kg oxycodone and challenged with the same dose
after 5 days of washout showed locomotor sensitization.  In order to study the
effects of l-THP on locomotor sensitization induced by oxycodone, l-THP was
administered at doses of 6.25, 12.5, and 18.75 mg/kg, 40 min prior to treatment of
oxycodone.  Results: l-THP per se did not affect the locomotor activity at the
doses of 6.25, 12.5, and 18.75 mg/kg, but could antagonize the hyperactivity in-
duced by oxycodone (5 mg/kg).  Co-administration of l-THP (18.75 mg/kg), 40 min
prior to oxycodone, could inhibit the development of sensitization to oxycodone.
In addition, l-THP (6.25, 12.5, and 18.75 mg/kg, ig) dose-dependently prevented
the expression of oxycodone sensitization.  Conclusion: These results suggested
that l-THP could attenuate the locomotor-stimulating effects of oxycodone and
inhibit the development and expression of oxycodone behavioral sensitization.
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Introduction
The term ‘behavioral sensitization’ is used to describe

the augmented behavior activity produced by a given dose
of an opioid-drug after repeated intermittent injections[1].
Recently, the importance of behavioral sensitization in drug
abuse research has been realized.  Studies have shown that
behavioral sensitization has a close relationship with relapse,
compulsive drug-seeking and drug-taking behaviors[2–5].   In-
vestigation of sensitization may be helpful for better under-
standing of the relapse mechanisms and for providing new
strategies for the treatment of drug addiction.

Oxycodone (4,5-epoxy-14-hydroxy-3-methoxy-17-methyl-
morphinan-6-one) is a semi-synthetic derivative of the natu-
rally occurring opium alkaloid, thebaine.  Oxycodone is an
opioid receptor agonist similar to morphine[6–8].  It is reported

that the abuse potential of oxycodone is equivalent to that
of morphine[9].  It has been found that withdrawal syndrome
may occur in patients when high doses or the chronic treat-
ment of oxycodone is broken or weakened, but the effects of
oxycodone on locomotor behavior sensitivity in animals has
not been documented.  Therefore, the present study was
designed to investigate whether acute injection of oxycodone
would induce hyperlocomotor activity and chronic adminis-
tration of oxycodone would induce locomotor sensitization
in mice.

l-Tetrahydropalmatine (l-THP) is an active principle of
Corydolis yanhusuo, a Chinese traditional herb used as an
analgesic[10].  It is reported that l-THP possesses a blocking
effect on dopamine D1 and D2 receptors and voltage-sensi-
tive Ca2+ channels[11].  It has been suggested in recent stud-
ies that l-THP can inhibit physical dependence in morphine-
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dependent mice and significantly reduce the development
of the conditional place preference induced by morphine in
mice[12,13].  However, no research has been carried out on the
effects of l-THP on locomotor sensitization.  Therefore, it is
interesting to determine whether pretreatment with l-THP
prior to administration of oxycodone would inhibit the hy-
peractivity induced by oxycodone and prevent the develop-
ment and expression of locomotor activity to oxycodone.

Materials and methods
Animals  Kunming mice, initially weighing 18–22 g, were

purchased from the Experimental Animal Center of Beijing
Institute of Pharmacology and Toxicology.  The animals were
fed ad libitum and were housed in a room with a controlled
ambient temperature (22±2 oC), humidity (50%±10%), and a
12-h light/dark cycle.  Animals were acclimated to the hous-
ing conditions and handled for 3–4 d before experiments.  All
experiments were performed between 08.00 h and 16.00 h.  All
experiments were conducted according to the NIH Guide for
the Care and Use of Laboratory Animals (NIH Publications
No. 80-23, revised 1996).  The experimental procedures were
approved by the local Committee on Animal Care and Use.

Drugs  Oxycodone, obtained from Beijing Four-Ring Phar-
maceutical Factory (Beijing), was dissolved in 0.9% saline
injected subcutaneously.  l-THP, kindly provided by Profes-
sor Guo-zhang JIN (Shanghai Insititute of Materia Medica,
Chinese Academy of Sciences), was dissolved in distilled
water and administered intragastrically.

Apparatus  Locomotor activity was counted automati-
cally with Small Animal Locomotion Recording Apparatus
(Institute of Materia Medica, Chinese Academy of Medical
Science), which consisted of four boxes (20 cm in diameter
and 15 cm in height) with six photoelectric infrared sensors 2
cm above the floor of each box.  The sensors detect the
movements of the mice through infrared radiation.

Experimental procedures

Acute effects of oxycodone on locomotor activity in mice
Mice were put into the test boxes immediately after treat-
ment with saline or oxycodone (1.25, 2.5, and 5.0 mg/kg, sc).
Locomotor counts were measured every 10 min for 90 min.

Development of locomotor sensitivity to oxycodone in
mice  Two groups of 10 mice each were given oxycodone or
saline for 7 consecutive days, and their activity was mea-
sured for 60  min immediately after each administration.  The
experimental period for the 7 d remained at approximately the
same time everyday during the daytime.

Effects of acute and chronic l-THP on locomotor activity
in mice  Four groups of mice were given l-THP (6.25, 12.5,
and 18.75 mg/kg) or saline, respectively, once per day for 7
consecutive days, followed by a 5-d withdrawal period.  On
d 13, all animals were challenged with saline.  On d 1, 7, and
13, after 40-min treatment with l-THP or saline, the mice were
put into the test boxes and locomotor activity was moni-
tored for 60 min.

Effects of l-THP on the acute oxycodone-induced hyper-
activity in mice  Five groups of mice were administered with
one of the following drug pairs: saline+saline, saline+oxyco-
done, and l-THP (6.25, 12.5, and 18.75 mg/kg)+oxycodone
with a 40-min interval between the two treatments.  After the
second treatment, the mice were put into the test boxes to
record their locomotor activity for 60 min.

Effects of l-THP on the development of oxycodone
sensitization  To assess the effects of l-THP on the devel-
opment of oxycodone sensitization, five groups of mice were
administered for 7 consecutive days with one of the follow-
ing drug pairs: saline+saline, saline+oxycodone, and l-THP
(6.25, 12.5, and 18.75 mg/kg)+oxycodone.  The interval be-
tween l-THP and oxycodone injections was 40 min, with
l-THP given prior to the oxycodone.  After 5 washout periods,
all animals were injected with oxycodone (5 mg/kg) and then
put into the test chambers to record their locomotor activity
for 60 min.

Effects of l-THP on the expression of oxycodone sensitiza-
tion  Mice were injected with 5 mg/kg oxycodone for 7 con-
secutive days to induce locomotor sensitization. After 5 days
of washout, the mice were challenged with 5 mg/kg oxyco-
done, and with either saline or l-THP (6.25, 12.5, and 18.75 mg/
kg), given 40 min prior to the oxycodone challenge.  The
locomotor activity of the mice was then measured for 60 min.

Statistics  The results were expressed as the mean±SEM.
In experiment acute effects of oxycodone on locomotor activity
in mice and development of locomotor sensitivity to oxycodone
in mice locomotor activity was analyzed using a two-way
ANOVA.  Post hoc comparisons were performed using Tukey’s
test.  For the other experiments, statistical analyses were per-
formed using one-way ANOVA and a post hoc Tukey’s test.
P<0.05 was considered statistically significant.  Calculations
were performed using the SPSS statistical package.

Results
Acute effects of oxycodone on locomotor activity in mice

Mice were given saline, oxycodone (1.25, 2.5, or 5 mg/kg),
then locomotor activity was monitored for 90 min.  Locomo-
tor acounts showed a great difference between saline-treated
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mice and oxycodone-treated mice.  Oxycodone dose-depen-
dently induced locomotor response in mice during the 90-
min test session [F (treatment) (3, 33)=16.598, P<0.01; F
(treatment×time) (24, 424)=6.080, P<0.01].  During the first
and the last 10 min, there was a significant difference be-
tween the saline-treated and oxycodone-treated group (5
mg/kg, sc).  The climax of oxycodone-induced hyperactivity
appeared approximately 30–40 min after the treatment of
oxycodone.  The psychomotor effect of 5 mg/kg oxycodone
lasted about 90 min, and 1.25, 2.5 mg/kg oxycodone increased
locomotor activity only at some time points (Figure 1).

Development of locomotor sensitivity to oxycodone in
mice  Figure 2 showed the total 60-min activity counts after
7 repeated administrations of oxycodone or saline to the
mice in the test boxes.  The activity counts were dependent
on the drug [F (1,126) =20.764, P<0.01] and number of admin-
istrations [F (6,126)=73.246, P<0.01].  There was a significant
interaction between the drug given and the number of ad-
ministrations [F (6,126)=45.00, P<0.01].  The locomotor ac-
tivity showed significant enhancement in the fourth injec-
tion compared to the initial injection.  There was no signifi-
cant difference among saline groups.

Effects of acute and chronic l-THP on locomotor activity
in mice  Mice were given l-THP (6.25, 12.5, and 18.75 mg/kg,
ig) for 7 consecutive days, then subjected to withdrawal from
l-THP for 5 d.  On d 13, all animals were challenged with saline.
On d 1, 7, and 13, 40 min after injection of l-THP or saline, the
mice were put into the test boxes and locomotor counts were
measured for 60 min.  On d 1 and 7, there was no difference

between the l-THP groups (6.25, 12.5, and 18.75 mg/kg) and
saline group [F (3, 37)=1.360, P>0.05, F (3, 37)=0.348, P>
0.05, respectively].  On d 13, there was also no significant
difference between l-THP groups and saline groups after
administration of saline [F (3, 37)=1.532, P>0.05].  These
results indicated that acute or chronic pretreatment with
l-THP at the dose of 6.25, 12.5, and 18.75 mg/kg might not
affect locomotor activity in mice (Figure 3).

Effects of l-THP on acute oxycodone-induced hyperactiv-
ity in mice   Locomotor counts were greatly increased in the
oxycodone group compared with the saline group. l-THP at
doses of 6.25, 12.5, and 18.75 mg/kg antagonized hyperac-
tivity induced by oxycodone [F (4, 60)=15.76, P<0.01]
(Figure 4).

Effects of l-THP on the development of oxycodone sensi-
tization  Figure 5 showed that the psychomotor effect of
oxycodone was significantly enhanced in mice pretreated
with oxycodone (5 mg/kg×7, sc), 5 d cessation of treatment.
l-THP (6.25, 12.5 mg/kg) did not affect the magnitude of
sensitization, but there was a marked difference between
oxycodone+oxycodone group and l-THP (18.75 mg/kg)
+oxycodone+oxycodone group, indicating that l-THP
(18.75 mg/kg) greatly inhibited the development of
oxycodone sensitization [F (4, 62) =8.766, P<0.01].

Effects of l-THP on expression of oxycodone sensitiza-
tion  Our protocol induced great locomotor sensitization to
oxycodone in oxycodone+oxycodone group compared to the
saline+oxycodone group.  There were great differences
between oxycodone+oxycodone group and l-THP (6.25, 12.5,
18.75 mg/kg)+oxycodone+oxycodone groups [F (4, 65)=

Figure 1.  Acute effects of oxycodone on locomotion in mice.  Mice were
put into the test boxes immediately after treatment with saline or
oxycodone (1.25, 2.5, and 5.0 mg/kg, sc).  Locomotor counts were
measured for 90 min.  Mean±SEM.  n=10–12.  bP<0.05, cP<0.01 vs
saline group.

Figure 2.  The development of locomotion sensitivity to oxycodone in
mice.  Two groups of 10 mice each were given oxycodone or saline for 7
consecutive days and their locomotor activity was measured immediately
for 60 min after each administration. The experimental time remained
approximately at the same time everyday during the daytime.  Mean±SEM.
n=10.  cP<0.01 vs saline group.  eP<0.05, fP<0.01 vs the first admin-
istration within group.
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over 80 years, but its pharmacological properties are still poorly
characterized.  The present results showed that the repeated
administration of oxycodone in mice induced behavioral loco-
motor sensitization similar to morphine.

l-THP, an active principle of Corydolis yanhusuo, at doses
of 6.25, 12.5, and 18.75 mg/kg per se did not affect locomotor
activity in mice treated with acute or chronic administration,
but inhibited hyperactivity, and the development and ex-
pression of locomotor sensitivity induced by oxycodone (5
mg/kg, sc).

Figure 3.  Effects of acute and chronic l-THP on locomotor activity in
mice.  Mice were given l-THP (6.25, 12.5, and 18.75 mg/kg) or saline
once per day for 7 consecutive days, followed by a 5-d withdrawal
period.  On d 13, all mice were challenged with saline.  On d 1, 7, and
13, 40 min after treatment with l-THP or saline, the mice were put
into test boxes and locomotor activity was monitored for 60 min.
n=10 in each group.  Mean±SEM.

Figure 4.  Effects of l-THP on the acute oxycodone-induced hyperactiv-
ity in mice.  Five groups of mice were administered with one of the fol-
lowing drug pairs: saline+saline, saline+oxycodone, and l-THP (6.25,
12.5, and 18.75 mg/kg)+oxycodone with a 40-min interval between
the two treatments.  After the second treatment, the mice were put
into the test boxes for recording of their locomotor activity for 60
min.  n=10–12.  Mean±SEM.  cP<0.01 vs saline+saline group.  eP<0.05,
fP<0.01 vs saline+oxycodone group.

Figure 5.   Effects of l-THP on the development of oxycodone
locomotor sensitization.  Mice were administered for 7 consecutive
days with one of the following drug pairs: saline+saline, saline+
oxycodone, and l-THP (6.25, 12.5, and 18.75 mg/kg)+oxycodone.
The interval between l-THP and oxycodone injections was 40 min,
with l-THP given prior to the oxycodone.  After 5 washout period,
all animals were injected with oxycodone (5 mg/kg) and then put into
the test chambers to record their locomotor activity for 60 min.
n=12–14.  Mean±SEM.  bP<0.05, cP<0.01 vs saline+oxycodone group.
eP<0.05 vs oxycodone+oxycodone group.

Figure 6.   Effects of l-THP on the expression of oxycodone
sensitization.  Mice were injected with 5 mg/kg oxycodone for 7
consecutive days to induce behavioral sensitization.  After 5 d of
washout, all mice were challenged with 5 mg/kg oxycodone, and with
either saline or l-THP (6.25, 12.5, 18.75 mg/kg), given 40 min prior
to the oxycodone challenge.  The locomotor activity of the mice
was then measured for 60 min.   n=12–14. Mean±SEM.  bP<0.05 vs
saline+oxycodone group.  fP<0.01 vs oxycodone+oxycodone group.

24.128, P<0.01].  In all, l-THP (6.25, 12.5, and 18.75 mg/kg),
administered 40 min before the challenge doses of oxycodone,
inhibited the expression of oxycodone sensitization (Figure 6).

Discussion

In our research, acute administration of oxycodone in-
creased locomotor activities in mice and those effects were
progressively enhanced by the repeated injection of
oxycodone, indicated by the development of behavioral loco-
motor activity (Figure 1).  In addition, locomotor activities
were increased when the mice were treated with oxycodone
after a 7-d period of washout, which attributed to the expres-
sion phase (Figure 2).  Oxycodone has been used clinically for
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Behavioral sensitization consists of two phases: devel-
opment/induction and expression.  There is evidence sug-
gesting that the induction and the expression of sensitiza-
tion to opioids involve different anatomical and physiologi-
cal mechanisms.  The development of sensitization consists
of the immediate molecular and/or cellular effects that in-
duce behavioral sensitization and are altered by drug ac-
tions in the somatodendritic regions of the A10/A9 dopam-
ine neurons[14].  Changes in dopamine transmission within
the nucleus accumbens seems to be responsible for the ex-
pression of sensitization, which refers to the long-term con-
sequences of molecular and/or cellular effects that induce
behavioral sensitization[14].  The present results demonstrated
that pretreatment with l-THP not only inhibited the
development, but also inhibited the expression of oxycodone.

It has been hypothesized that dopamine (DA) is one of
the important neurotransmitters involved in locomotion.
Measurement of spontaneous locomotor activity has been
used to obtain preliminary information on the behavioral prop-
erties of drugs acting on dopaminergic system[15,16].  Mor-
phine is known to activate ventral tegmental area dopamine
neurons indirectly as a consequence of inhibiting non-
dopamine, presumably γ-GABA, neurons of the ventral teg-
mental area, leading to increased dopamine release in the
nucleus accumbens[17].  Direct infusions of morphine or µ-
receptor-selective peptides into the ventral tegmental area
elicit locomotion, which can be blocked by DA receptor an-
tagonist administration into the nucleus accumbens. Fol-
lowing repeated administration of morphine, there is a marked
increase in the induction of locomotor-stimulating effects of
morphine, there is general agreement that the mesoac-
cumbens DA system is the anatornical locos for sensitized
locomotion[18].  Kalivas and Stewart (1991) presented pre-
liminary results showing that either systemic or intra-ventral
tegmental area administration of sch23390 prevented sensi-
tization to systemic morphine, when the combinations were
given every other day for 8 d. They also suggested DA D1

receptor involvement in the development of morphine sensi-
tization[14].  In other studies, the blockade of the dopamine D2

receptor by haloperidol significantly antagonized the effects
of opioid on locomotor activity[19].  Thus, dopamine D1 and
D2 receptors play important roles in the acceleration of opioid
sensitization[20].  Although the mechanisms of action through
which l-THP attenuates the psychomotor effect of oxycodone
are not clear, one reason maybe relevant to dopamine D1 and
D2 receptors, which are involved in oxycodone-induced hy-
peractivity and locomotor sensitivity.  l-THP, which has af-
finity for D1 as well as D2 receptors, is a dopamine receptor

antagonist[11].  l-THP may inhibit mesolimbic dopamine D1

and D2 receptors and attenuate psychomotor effects of
oxycodone. Our recent studies also showed that oxycodone
(2.5 mg/kg, sc) increased dopamine concentrations of dialy-
sates with microdialysis in the striatum of rat.  l-THP (25 mg/
kg, ig) per se, did not affect dopamine release, but pretreat-
ment of rats with l-THP (25 mg/kg, ig) significantly inhibited
oxycodone-induced increases in extraceullar dopamine con-
centrations [F(3,18)=5.068, P<0.05] (Liu et al, unpublished data,
2004).  These results indicate that the inhibiting locomotor
sensitivity effect of l-THP might be connected with the DA
system.  l-THP could inhibit dopamine release in the
mesolimbic system, induced by oxycodone, and then inhibit
the development and expression of locomotor sensitization.

Another reason might be connected with L-type Ca2+

channels.  Recent reports show that L-type Ca2+ channels
may play an important role in the development of morphine
behavioral sensitization.  Co-administration with L-type Ca2+

channel blockers attenuates the development of morphine
tolerance, dependence, and sensitization, suggesting that
the L-type Ca2+ channel might play a role in morphine-in-
duced neural and behavioral plasticity[21,22].  In contrast,
L-type Ca2+ channel blockers have antidopaminergic prop-
erties[23].  L-type Ca2+ channel blockers such as nimodipine,
nifedipine, and verapamil, dose-dependently antagonize apo-
morphine-induced yawning and penile erections in rats[24,25].
Nimodipine and verapamil inhibits locomotor activity induced
by morphine[26].  Therefore, L-type Ca2+ channel blockers
could attenuate morphine-induced hyperactivity through an
antidopaminergic action.  The inhibitory effect of l-THP on
the development and expression of sensitivity of oxycodone
might also be a result of the inhibitory effect of l-THP on
L-type Ca2+ channel.  Previous studies show that l-THP is
also an L-type calcium antagonist. Using the patch-clamp
technique, l-THP causes both tonic and use-dependent re-
duction of Ca2+ current in single ventricular myocytes of
guinea pigs, has a moderate inhibitory effect on L-type Ca2+

current, and has inhibitory effects on [Ca2+]i in myocytes by
blocking voltage-dependent calcium channels similar to
verapamil[27–29].  Therefore, the inhibitory effect of l-THP on
L-type Ca2+ channel might be included in mechanisms of
action through which l-THP attenuated locomotor sensitiza-
tion to oxycodone.

In conclusion, the present data indicates that l-THP at-
tenuated psychomotor effects of oxycodone, and the devel-
opment and expression of locomotor sensitivity of oxyco-
done.  The exact mechanisms of the inhibitory effect of
l-THP on oxycodone sensitivity need further investigation.
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Introduction
The accumulation of aluminum (Al) within the body can

result in many mental diseases.  For example, Al is concen-
trated in the neurofibrillary tangles and senile plaques of
patients with Alzheimer disease (AD)[1].  Al can be attributed
to several neurological disorders, such as dialysis syndrome
and Guamanian amylotrophic lateral sclerosis-Parkinson’s
dementia[2].  A number of studies have implicated that Al has
no effect on long-term potentiation (LTP)[3].  However, more
and more studies have shown that Al can impair LTP[4] and
evoke potential in the hippocampus[5].  Studies have also
shown that Al affects amino acid neurotransmitters in the
hippocampus and enhances glutamate-mediated excitotoxi-
city, which may be one of the causes of its toxicity[6].  Re-
ports about its mechanism involving ion channels are few
and controversial[7–9].

Extracts from leaves of Ginkgo biloba (EGb) and one of
its constituents ginkgolide B have been demonstrated to
protect cardiomyocytes and cultured neurons from the in-
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Abstract
Aim: To investigate the effect of aluminum (Al) on high voltage-dependent cal-
cium current (IHVA) and its modulation by ginkgolide B (Gin B).  Methods: The
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jury induced by hypoxia, ischemia, and the neurotoxicity
induced by Aβ[10–12].  However, it is not known whether the
mechanism of this protection of neurons involves ion
channels, such as voltage-dependent calcium channels
(VDCC).

The present study investigated the actions of Al on IHVA

and its modulation by Gin B to examine the neurotoxic mecha-
nisms of Al and the neuroprotective mechanisms of Gin B.

Materials and methods
Reagents  Pronase E, forskolin, TEA-Cl, H-89, and HEPES

were purchased from Sigma Chemical Company (St Louis,
MO, USA).  H-89 was dissolved in pipette solution and
stored at -20°C.  After the whole-cell configuration was
constructed, H-89 was dialyzed into the cell through the
pipette.  Ginkgolide B (BN52021, purity 98.2%) was from the
Wuhan Institute of Botany, Chinese Academy of Sciences
(Wuhan, China).  AlCl3 was from Jinghua Chemical Company
(Beijing, China).  The remaining chemicals, unless otherwise
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stated, were all purchased from the Shanghai Chemical Re-
agent Plant (Shanghai, China).

Cell isolation  Animals were provided by the experimen-
tal animal center of Tongji Medical College (Grade II, Certifi-
cate No  19-050).  Hippocampal CA1 neurons were acutely
isolated by enzymatic digestion and mechanical dispersion
from 7 to 10-d-old Wistar rats as described in a previous
study[13], with a few modifications.  After the animals were
killed, the hippocampi were removed and coronary slices
were cut at a thickness of approximately 500 µm in ice-cold
oxygenated incubation solution within 30 s.  The slices were
incubated in an external solution saturated with pure O2 at
32 °C for 1 h, treated with Pronase E 6.0–7.0 kU/L for 25 min
in the oxygenated external solution at 32 °C.  After digestion
the slices were washed six times with external solution and
incubated in the same solution saturated with pure O2 at
room temperature.  CA1 regions were dissected out and trans-
ferred into centrifuge tubes.  Hippocampal neurons were dis-
persed by gentle pipetting using fine glass tubes.  After 5
min, the cell suspension was transferred into the recording
chamber with a glass coverslip filled with external solution.
The cells were left for approximately 30 min before beginning
the experiments.

Electrophysiology  The cells were placed in a recording
chamber mounted on the stage of an inverted microscope
(Carl Zeiss, Germany) and superfused with extra cellular so-
lution at room temperature (21–22 °C).  Extracellular solution
for recording IHVA was composed of (mmol/L): NaCl 150, KCl
5, MgCl2 1.1, CaCl2 2.5, HEPES 10, glucose 10, TTX 0.001,
and the pH was adjusted to 7.4 with NaOH.  Extracellular
application of drugs was carried out by perfusing cells with
extracellular solution containing the drugs.

Whole-cell patch experiments were carried out using an
Axopatch 200A amplifier (Axon Instruments, Foster City, CA,
USA) driven by ISO2 software (MFK, Frankfurt, Germany).
In the voltage-clamp experiments, the cells were stepped from
-80 mV (50 ms) to -40 mV (200 ms), and then depolarized to 0
mV (200 ms) after briefly hyperpolarizing the membrane po-
tential for 10 ms to -45 mV.  The IHVA was activated by the
second depolarization.  The protocol was applied every 5 s.
For analysis of the current-voltage (I–V) relationship, volt-
age steps (200 ms) were used to depolarize from -40 mV to
+40 mV in 10 mV increments.  Glass pipettes were used with
a resistance of about 3–5 MΩ when filled with a pipette
solution composed of (mmol/L): CsCl 140, MgCl2 2, Mg-ATP
4, TEA-Cl 2, HEPES 10, egtazic acid 11, and the pH was ad-
justed to 7.2 with CsOH.

Data were acquired at a sampling rate of 10 kHz, filtered
at 2 kHz, stored on hard disk and analyzed off-line using the

ISO2 analysis software package (MFK, Frankfurt, Germany).
Data analysis  The amplitude of IHVA was calculated as

the difference between the instantaneous current at the be-
ginning of the experiment and the maximum activating current.
Currents were normalized to membrane capacitance to calcu-
late current densities (pA·pF-1).  Cell membrane capacitance
(Cm) was determined online using the ISO2 software program.
The activation rate constant and inactivation rate constant
were obtained using the ISO2 analysis software.  Graphical
and statistical data analyses were carried out using Sigmaplot
2001 (SPSS, Chicago, IL, USA) and Origin 6.0 (Microcal
Software, Inc, Northampton, MA01060, USA).  Data were
presented as mean±SEM where appropriate.  Statistical analy-
sis were carried out using Student’s paired and unpaired t-
tests and values of P<0.05 were considered statistically
significant.

Results

Action of Al on IHVA  Bath application of AlCl3 0.01 mmol/L
had no effect on IHVA.  The current densities before and after
AlCl3  application were 18.5±2.4 pA·pF-1 and 18.5±2.2
pA·pF-1, respectively (n=11, P>0.05) (Figure 1A).

Bath application of AlCl3 0.1 mmol/L caused a reduction
in IHVA from 17.7±1.6 pA·pF-1 to 12.7±1.4 pA·pF-1 (n=27, P<
0.01), that is, a reduction of 30.5%± 4.1%.  The reduction of
IHVA by AlCl3 did not recover after the AlCl3 was washed out
(Figure 1B).

AlCl3 0.25 mmol/L caused a reduction in IHVA in 80% (8/15)
of the neurons, and an increase in 20% (4/15) of the neurons.
AlCl3 0.50 mmol/L caused a reduction in IHVA in 50% (7/14) of
the neurons, and an increase in IHVA in 50% (7/14) of the
neurons.  In contrast, AlCl3 0.75 mmol/L increased IHVA by
30.8%±5.2% (n=15, P<0.01) in all neurons tested (from 17.8±
1.8 pA·pF-1 to 23.0±2.5 pA·pF-1).   AlCl3 1.0 mmol/L increased
IHVA by 37.3%±7.8% (from 19.6±3.1 pA·pF-1 to 26.2±4.3 pA·pF-1)
(n=21,  P<0.01).  IHVA increased by AlCl3 was irreversible after
AlCl3 was washed out (Figure 1C).

At both low and high concentrations, AlCl3  inhibited or
increased the maximum amplitude of IHVA, but had no effect
on the activation threshold potential of IHVA in the I–V rela-
tionship (Figure 2A, B).  The G-V curve was unaffected by
AlCl3 0.1 mmol/L (n=5, P>0.05) or AlCl3 1.0 mmol/L (n=5,
P>0.05) (control: V0.5=-12.8 mV±4.4 mV, k=5.5±3.8; AlCl3 0.1
mmol/L: V0.5=-12.0 mV±4.5 mV, k=5.0±4.0; AlCl 3 1.0 mmol/L:
V0.5=-13.6 mV±5.3 mV, k=5.2±4.4) (Figure 2C).  In addition,
AlCl3 had no effect on the activation rate constants at con-
centrations of 0.1 mmol/L (n=8, P>0.05) or 1.0 mmol/L (n=9,
P>0.05).
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To gain a better understanding of the action of Al on IHVA,
we explored its action on the steady-state inactivation curve
of IHVA.  AlCl3 shifted the curve to a depolarizing voltage at
1.0 mmol/L (n=5, P<0.05), whereas it shifted the inactivation
curve to a hyperpolarizing voltage at 0.1 mmol/L (n=5, P<
0.05).    (Control: V0.5=-35.4±3.3 mV,  k=-14.3±2.5; 0.1 mmol/L
AlCl3: V0.5=-41.1±2.7 mV, k=-9.2±2.0; 1.0 mmol/L AlCl3: V0.5=
-29.8±6.9 mV, k=-10.8±2.4).  AlCl3 0.1 mmol/L decreased the
inactivation rate constant by 27.3%±6.3% (n=5, P<0.01),
whereas 1.0 mmol/L AlCl3 increased the inactivation rate con-
stant by 44.7%±3.4% (n=7,  P<0.01) (Figure 3).

Effect of Gin B on IHVA in hippocampal neurons  Gin B at
doses of 0.01–20 µmol/L had no effect on IHVA in normal
hippocampal neurons (P>0.05) (Table 1).  Gin B inhibited the

increase of IHVA by AlCl3 1.0 mmol/L.  After a steady increase
in the action of AlCl3, Gin B at concentrations of  0.01 µmol/L,

Figure 1.  Effect of AlCl3 on IHVA at concentrations of 0.01, 0.1 and 1.0 mmol/L (A, B, C, respectively). IHVA current was recorded at different
concentrations of AlCl3 (left).  (a) Before the application of AlCl3; (b) Application of AlCl3; (c) washout. The time course of the experiment
corresponding to left-hand panels (right).

Table 1.  Effect of Gin B at different concentrations (0.01, 0.1, 1.0,
10, and 20 µmol/L) on the amplitude of IHVA.  n=6.  Mean±SD.

 Gin B/µmol·L-1                    IHVA/pA·pF-1

               Control                           Gin B

  0.01 19.6±2.9 19.1±3.9
  0.1 19.1±3.2 19.6±2.2
  1.0 19.4±1.9 18.8±1.6
10 20.0±1.2 18.7±0.8
20 17.2±0.9 17.2±1.3
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0.1µmol/L, 1.0 µmol/L, and 10 µmol/L reduced IHVA by
21.0%±4.6% (n=7, P<0.05), 57.9%±7.8% (n=6, P<0.01),
79.3%±2.7% (n=6, P<0.01), and 82.4%±7.3% (n=6, P<0.05),
respectively.  The concentration producing 50% inhibition
by Gin B of Al 1.0 mmol/L is 0.0359 µmol/L±0.0038 µmol/L
(Figure 4).

Co-superfusion AlCl3 0.1 mmol/L plus Gin B 10 µmol/L
was applied in the same way as AlCl3 1.0 mmol/L.  For all

tested neurons (n=15), there was no change in IHVA in 53.3%
of the neurons and a slight increase in IHVA in the remaining
neurons (P>0.05).  This result indicated that Gin B had no
effect on the action of Al 0.1 mmol/L .

Mechanism of action of high concentrations of Al on
IHVA  Application of forskolin 10 µmol/L (an agonist of
adenylyl cyclase) increased IHVA by 30.8%±7.5% (n=14, P<
0.05).  Bath application of forskolin 10 µmol/L in combination
with Al 1.0 mmol/L increased IHVA by 68.3%±8.7% (n=31, P<
0.05) (Figure 5A).

Figure 2.  (A) Effect of Al at different concentrations on the ampli-
tude of IHVA. cP<0.01 vs control.  (B) Effect of Al at different concen-
trations on the current-voltage (I–V) relationship of HVA.  (C) Ef-
fect of Al at different concentrations on the steady-state conduc-
tance (G) and voltage (V) curve.  Data were transformed from the I–
V data shown in B.  G–V parameters were fitted to the Boltzman
equation: G/Gmax=1 /[1+exp (Vm-V1/2)/k], where Gmax is the maximum
conductance, V1/2 is the membrane potential at which 50% of activa-
tion was observed, and k is the slop of the function.

Figure 4.  Concentration-response relationship for the inhibition of
Gin B on the action of AlCl3 (1.0 mmol/L) in hippocampal neurons.
In the concentration-response curve for Gin B each point represents
the mean±SEM of the percentage inhibition of Gin B from six to
seven cells. The curve shown is the fit of the data to the logistic
equation Y=Ymax /[1+(IC50/C)n], where C is the concentration of Gin B,
Y is the fraction of the maximal inhibition response value, n is the
Hill coefficient, and IC50 is the concentration of Gin B producing
50% inhibition on the increase in IHVA by 1.0 mmol/L Al.

Figure 3.  Effects of Al at different concentrations on the steady-
state inactivation curve.  IHVA was measured using a 200 ms test pulse
to 10 mV by 3 s conditioning prepulse ranging from -80 mV to +20
mV, with 10 mV increments. Data were fitted to the Boltzman
equation: I/Imax=1/[1+exp(V1/2-Vm)/k], where V1/2 is the membrane
potential at which 50% of activation was observed, and k is the slop
of the function.
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(n=12, P>0.05) (Figure 6A).
In the presence of H-89 (10 µmol/L), IHVA was reduced to

13.1±2.5 pA·pF-1 from 20.1±4.2 pA·pF-1 (n=8, P<0.01).  After
the current was stable, AlCl3 0.1 mmol/L was bath applied,
and IHVA was reduced to 12.5±2.5 pA·pF-1.  There was no differ-
ence in the percentage inhibition with and without H-89 ap-
plication (n=33, P>0.05) (Figure 6B).

Discussion

VDCC in hippocampal neurons are divided into high volt-
age-dependent channels (HVA) and low voltage-dependent
channels (LVA) according to the difference in activation
threshold.  In the present study we demonstrated that the
effect of Al on IHVA differed at different concentrations.  Al
reduced the amplitude of IHVA irreversibly at low concentra-
tions (0.1 mmol/L).  This result supports a previous report on
dorsal root ganglion (DRG) neurons[7].   However, Al inhib-
ited and enhanced IHVA as Al concentrations increased

Figure 6.  (A) Percentage of inhibitory action by AlCl3 0.1 mmol/L (27.5%±5.6%) and AlCl3 co-superfusion with forskolin (28.2%±
7.3%).  (B) Percentage of inhibitory action by AlCl3  0.1 mmol/L in the presence (39.9%±5.7%) and absence of H-89 (27.5%±5.6%).

Figure 5.  (A) Percentage of increased action by AlCl3 1.0 mmol/L and AlCl3 co-superfusion with forskolin.  (B) Percentage of increased action
by AlCl3 1.0 mmol/L in the presence and the absence of H-89.  bP<0.05 vs AlCl3 1.0 mmol/L.

H-89 is a selective antagonist of PKA.  In this study,
adding H-89 in the pipette solution reduced the amplitude of
IHVA by 42.0%±4.1% (from 20.2±3.3 pA·pF-1 to 13.9±3.1 pA·pF-

1, n=6, P<0.01) within approximately 80–100 s.  AlCl3

1.0 mmol/L was bath applied in the presence of H-89 (10
µmol/L) in the pipette solution.  Aluminum increased IHVA by
17.2%±5.8% (n=10, P<0.05).  Compared with the effect of Al
1.0 mmol/L on IHVA without H-89 (n=29, P<0.05), the reduction
in IHVA in the presence of H-89 was significant, indicating
that H-89 could, in part, abolish the increase in IHVA by Al at
high concentrations (Figure 5B).

Mechanism of action of low concentrations of Al on
IHVA  To investigate the mechanism by which Al inhibited
IHVA at low concentrations, AlCl3 0.1 mmol/L was applied
first and IHVA was reduced to 12.9±1.1 pA·pF-1 from 18.5±1.7
pA·pF-1 (n=12, P<0.01).  After the current was stable, fors-
kolin 10 µmol/L and AlCl3 0.1 mmol/L were co-applied.  Fors-
kolin did not cancel the inhibition of IHVA by  0.1 mmol/L
AlCl3.  The IHVA after forskolin application was 12.5±0.9 pA·pF-1
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(between 0.25 mmol/L and 0.50 mmol/L), and the percentage
of enhanced IHVA by Al in the neurons examined increased
with increased Al concentrations.  When 0.75 mmol/L and
1.0 mmol/L Al were bath applied, the amplitude of IHVA in all
neurons tested increased.

The toxic effect of Al in humans is chronic and accumu-
lative and leads to degradation and apoptosis of cells[14].
Acute application of Al inhibits LTP on hippocampal slices
of rats as well as in vivo by intracerebroventricular injection.
Studies have shown that a series of molecular mechanisms
involved in synaptic plasticity, including protein
phosphorylation, gene expression, and neurotransmitter
release, were regulated by VDCC[15].  LTP induced in differ-
ent areas of the hippocampus has an intimate relationship
with VDCC[16].  The inhibition of IHVA by Al at low concentra-
tions could lead to a reduction in calcium influx, resulting in
the reduced release of some neurotransmitters, which might
explain impaired LTP in this concentration range.  Aluminum
increased the amplitude of IHVA at high concentrations and,
thus, led to increased calcium influx, resulting in a series of
pathological changes, which could cause impairment of LTP
and neuronal damage.

In our study, the actions of Al on IHVA differed at different
concentrations; thus, it is possible that the mechanism of
action is different at different Al concentrations.  Protein
phosphorylation modulates the function of VDCC and the
AC-cAMP-PKA system plays a key role[17].  Thus, forskolin
and H-89 were used to investigate whether the action of Al
on IHVA is involved in this mechanism.  H-89 markedly abol-
ished the increase of IHVA by Al 1.0 mmol/L.  Co-superfusion
with forskolin plus Al at high concentrations caused more
Ca2+ influx.  Together these results indicate that an Al-in-
duced increase in IHVA possibly results from activating cAMP-
PKA.  However, H-89 did not reverse the action of AlCl3

totally, suggesting that other mechanisms must contribute
to its action on IHVA at high concentrations.

Platt[7] reported that the interactions of aluminum with
two different binding sites (within and outside) of calcium
channels might contribute to the reduction of VDCCs on
DRG neurons.  Al has been reported to inhibit Mg-depen-
dent enzymes and to interact with phosphorylation sites[18].
In the present study, the co-application of forskolin and Al
did not cancel the reduction and the action of 0.1 mmol/L Al
was not affected by H-89, indicating that the mechanism by
which Al reduces IHVA at low concentrations might not be
involved in the cAMP-PKA system.  In addition, Gin B effec-
tively canceled the increase of IHVA by Al at high con-
centrations, but had almost no effect on the reduction of
IHVA by Al at low concentrations, further suggesting that the

action of Al at low concentrations on IHVA occurs via a differ-
ent mechanism.  The mechanism by which Al reduced IHVA

requires further examination.  At intermediate concentration
ranges, Al both reduced and enhanced IHVA.  The mechanism
is not known, but may result from a difference in neurons or
from the concentration of Al itself, which indicated that this
concentration might be the point at which IHVA moves from
being inhibited to enhanced and this might be the reason for
its complexity and diversity.

EGb is a complex mixture containing 24% flavonoid
glycosides, 6% terpene lactones, such as ginkgolide A, B, C,
J and bilobalide, a number of organic acids, and various other
constituents.  Studies have shown that Gin B has many phar-
macological effects (ie  preventing atherosclerosis, dimin-
ishing coagulation of platelets, ameliorating the circulation
system) and has a distinctively protective effect on the cen-
tral nerve and cardiovascular systems.  Clinical studies have
shown that oral administration of EGb in human patients
with dementia is effective[19].  Gin B can protect cardio-
cmyocytes and cultured neurons from injury by hypoxia and
ischemia through many pathways, for example, by acting as
an anti-oxidant[20], acting as the antagonist of platelet-
activating factor[21] and by inhibiting NO-stimulated PKC
activity[22].  Furthermore, Gin B has been shown to prevent
neurons from glutamate excitoxicity through a reduction in
[Ca2+]i

[23] and to have an effect on the glycine-gated chloride
channel[24].  The present study provides the first evidence
that Gin B can cancel the increase of IHVA by Al, and that Gin
B can protect neurons by inhibiting IHVA, providing a pos-
sible mechanism for clinical treatment in a number of ner-
vous system diseases.  The detailed mechanism by which
Gin B inhibits IHVA remains to be investigated.
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Introduction
Several studies found opioids preconditioning had a pro-

tective effect on the postischemic heart[1–5].  Remifentanil
has been demonstrated to mimic the cardioprotective effect
of ischemic preconditioning (IPC) in anesthetized open-chest
rats, which reduced infarct size (IS) dose-dependently[5].

Remifentanil is an ultra-short-acting phenylpiperidine
opioid analgesic agent, which is rapidly metabolized by non-
specific blood and tissue esterases[6].  It has an analgesic
potency similar to fentanyl and 100 times greater than mor-
phine[7]; the opioids that have been most extensively stud-
ied in cardioprotection.  The effect of remifentanil precondi-
tioning (RPC) was abolished by blockade of any one of the
µ-, δ-, and κ-opioid receptors (OR).  This means all three OR
are involved in cardioprotection by RPC[5].

Opioid-induced cardioprotection and IPC seem to share

a common pathway[8,9].  Several studies have demonstrated
that fentanyl and morphine significantly reduced IS, and that
this effect was blocked by the protein kinase C (PKC) inhibi-
tor chelerythrine (CHE)[4,10].  However, no study has exam-
ined the role of PKC in the protection conferred by remifentanil-
induced preconditioning.

Therefore, we decided to examine whether the protection
effect of RPC on postischemic hearts was mediated by PKC
in comparison with IPC.

Materials and methods
Surgical preparation  Our preparation and measurements

have been described previously in detail[5].  Briefly, male
Sprague-Dawley rats weighing 300 to 350 g were used.  The
rats were anesthetized by intraperitoneal administration of
pentobarbitone (50 mg/kg bodyweight) and maintained by

Abstract
Aim: To examine whether the protective effect of remifentanil preconditioning
(RPC) on postischemic hearts is mediated by protein kinase (PKC) activation in
comparison with ischemic preconditioning (IPC).  Methods: Male Sprague-Dawley
rats were anesthetized and their chests were opened.  The experiment was per-
formed with chelerythrine (CHE, 2 mg/kg), GF109203X (0.05 mg/kg) protein kinase
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repeat doses of 25 mg/kg every 60−90 min.  All of the animals
underwent tracheotomy and endotracheal intubation.  Me-
chanical ventilation was provided with a Harvard Appa-
ratus Rodent Respirator (Boston, MA, USA) and the rats
were ventilated with room air at 60 to 70 breaths per min.
Body temperature was monitored and maintained at 37±1 °C
(mean±SD) using a heating pad.  The carotid artery was can-
nulated to measure mean blood pressure (MBP) via a pres-
sure transducer, and a Lead-II electrocardiogram, via sub-
cutaneous stainless steel electrodes, monitored heart rate
(HR).  These were connected to a PowerLab monitoring sys-
tem (ML750 PowerLab/4sp with MLT0380 Reusable BP
Transducer, AD Instruments, USA).  The right jugular vein
was cannulated to infuse saline or drugs.  A left thoracotomy
was performed to expose the heart at the fifth intercostal
space.  After removing the pericardium, a 6-0 Prolene loop,
along with a snare occluder, was placed at the origin of the
left coronary artery (LCA).  Regional ischemia was achieved
by pulling the snare and securing the threads with a mos-
quito hemostat.  Ischemia was confirmed by a substantial
fall in left ventricular pressure, ECG changes, and cardiac
cyanosis.  After surgical preparation, the rat was allowed to
stabilize for 15 min.

Study groups and experimental protocol  Rats were
randomly assigned to one of nine groups.  All animals re-
ceived 30 min of occlusion of the left coronary artery fol-
lowed by 2-h reperfusion: Group 1, Control (CON, saline
vehicle); Group 2, chelerythrine[11,12], (CHE, a PKC inhibitor,
Sigma Chemical Co, Saint Louis, USA) 2 mg/kg iv 5 min be-
fore ischemia; Group 3, GF109203X[12], (GF, another potent
and selective PKC inhibitor, Tocris Cookson Ltd, Bristol,
UK) 0.05 mg/kg  iv 5 min before ischemia; Group 4, RPC, RPC
hearts were subject to three 5-min cycles of infusion of
remifentanil (Glaxo Wellcome Operations, Greenford,
Middlesex, UK) at 6 µg·kg-1·min-1 interspersed with 5-min drug-
free periods before 30 min of occlusion of the left coronary
artery and 2 h of reperfusion; Group 5, IPC, before the 30-min
occlusion, rats were subjected to preconditioning by ischemia
(IPC, 5-min occlusion, 5-min reperfusion×3); Group 6,
CHE+RPC; Group 7, CHE+IPC (2 mg/kg, iv, 5 min before RPC
or IPC); Group 8, GF +RPC; and Group 9, GF+IPC (0.05 mg/
kg, iv, 5 min before RPC or IPC).

Determination of infarct size  On completion of the
reperfusion period, the heart was excised, transferred to a
Langendorff apparatus, and perfused with normal saline for
1 min at a pressure of 100 cmH2O to flush out blood.  The
snare was securely re-tightened and 0.25% Evans blue dye
was injected to stain the normally perfused region of the
heart.  This procedure allowed visualization of the normal,

non-ischemic region and the area at risk (AAR).  The heart
was then weighed, frozen, and cut into 2-mm slices.
Thereafter, the slices were stained by incubation at 37 °C for
20 min in  1%  2,3,5- triphenyltetrazolium (TTC, Sigma Chemi-
cal Co, Saint Louis, USA)[1,13,14] in phosphate buffer (pH 7.4),
and then were immersed in 10% formalin, to enhance the
contrast of the stain.  The areas of infarct (TTC negative)
and risk zone (TTC stained) for each slice were traced and
digitized using a computerized planimetry technique
(SigmaScan 4.0, Systat Software Inc, CA, USA).  The vol-
umes of the left ventricles, IS and AAR were calculated by
multiplying each area with slice thickness and summing the
product.  The IS was expressed as a percentage of the AAR
(IS/AAR).

Statistical analysis  Data analysis was performed with a
personal computer statistical software package (Prism v4.0,
GraphPad Software, San Diego, USA).  Data were expressed
as mean±SD.  Hemodynamics were analyzed using 2-way
analysis of variance (ANOVA) with Bonferroni post-hoc test
for multiple comparisons if significant F ratios were obtained.
IS (expressed as percentage of the area at risk) were ana-
lyzed between groups using ANOVA with a Student-
Newman-Keuls post-hoc test for multiple comparisons.  Sta-
tistical differences were considered significant if P<0.05.

Results

Effects of RPC and IPC on cardiac morphology  LV+ RV
volume average was 0.99±0.22 cm3 and the AAR ranged from
0.378±0.061 to 0.440±0.056 cm3.  There was no difference in
LV+RV and AAR between the control and treatment groups
(Table 1).  The IS, expressed as a percentage of the AAR, of
the control group was 52.7%± 5.5%.  In groups subjected to
IPC and RPC the infarct sizes were significantly reduced.
IPC and RPC markedly reduced IS/AAR from 52.7%±5.5%
to 12.9%±3.4% (P<0.01 vs CON) and 16.2%±6.4% (P<0.01 vs
CON), respectively.  CHE 2 mg/kg, a PKC inhibitor, or GF
0.05 mg/kg, another selective PKC inhibitor, administered 5
min before RPC or IPC completely abolished the cardiopro-
tective effect of RPC (IS/AAR: CHE+RPC 51.2%±5.0%,
GF+RPC 53.6%±6.1%, P>0.05 vs CON) or IPC (CHE+IPC
53.7%±4.3%, GF+IPC 54.1%±6.2%, P>0.05 vs CON).  Neither
CHE nor GF by itself modified IS in non-PC hearts (Figure 1).

Effects of RPC and IPC on hemodynamics  As shown in
Table 2, administration of remifentanil at 6 µg·kg-1·min-1 sig-
nificantly reduced the HR, MBP, and RPP (P<0.01 vs baseline).
HR in CHE+RPC or GF+RPC group was not reduced signifi-
cantly after pretreated with remifentanil, and the difference
was significant compared with RPC group (P<0.05, respec-
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Table 1.  Morphometrics  after  remifentanil preconditioning and ischemia preconditioning and the effects of chelerythrine (CHE) and
GF109203X (GF). Mean±SD. cP<0.01 vs Control. fP<0.01 vs RPC. iP<0.01 vs IPC.

              n        Body weight/g       Heart weight/g        LV+RV volume/cm3     AAR volume/cm3          IS volume/cm3

Control 9 326±18 1.36±0.31 1.08±0.32 0.384±0.051 0.202±0.045
CHE 6 331±15 1.38±0.32 1.11±0.20 0.394±0.052 0.201±0.062
GF 6 326±15 1.18±0.27 0.99±0.21 0.382±0.063 0.205±0.028
RPC 7 324±19 1.33±0.27 1.15±0.28 0.434±0.071 0.068±0.024c

CHE+RPC 6 313±15 1.13±0.21 0.93±0.19 0.406±0.072 0.204±0.034f

GF+RPC 6 315±18 1.08±0.27 0.88±0.21 0.378±0.061 0.197±0.043f

IPC 9 321±18 1.32±0.26 1.14±0.31 0.440±0.054 0.056±0.018c

CHE+IPC 6 323±15 1.24±0.29 1.05±0.31 0.433±0.072 0.233±0.061i

GF+IPC 6 312±18 1.19±0.27 0.99±0.27 0.387±0.063 0.209±0.062i

LV, left ventricle volume; RV, right ventricle volume; IS, infarct size; AAR, area at risk.

OR participate in the triggering effect of IPC through activa-
tion of PKC.   Also, Kato et al[4] suggested that fentanyl
limited infarction size through meditation by PKC activation.
Our data showed that CHE or GF abolished the protective
effect of RPC, suggesting that like morphine and fentanyl,
the protective effect of RPC on postischemia myocardial in-
jury is mediated by a PKC activated pathway.  In agreement
with previous studies, we also found blockade of PKC abol-
ished the effect of IPC.

The cellular mechanisms by which RPC exerts its postis-
chemic protective action are unknown.  Ligand-binding data
show that remifentanil has a high degree of µ-opioid recep-
tor selectivity (EC50=2.6 nmol/L) with a lower affinity for δ
(EC50=66 nmol/L) and κ (EC50 = 6.1 µmol/L) opioid receptors.
Previously, we found remifentanil reduced IS dose-depen-
dently in open chest anesthetized rats[5].  The protective
effect of RPC was abolished by all three OR antagonists
CTOP, naltrindole, and nor-binaltorphinmine, indicating that
the effect of remifentanil is mediated via µ-, δ-, and κ-OR[5].
The OR are known to couple to pertussis toxin sensitive G
proteins such as Gi or Go

[15,16].  If opioid receptors act by
activation of PKC, then they must couple to a phospholipse.
In the heart, δ- and κ-OR stimulation could increase the level
of inositol 1,4,5-triphosphate, suggesting phospholipase C or
D-mediated turnover of phosphatidylinositol[17].  Opioids are
linked to PKC and are therefore putative mediators in RPC or IPC.

Furthermore, intracellular signaling pathways, which
mediate subtype of the OR-induced cardioprotection have
been studied previously.  Fryer et al[12] found that TAN-67, a
selective δ1-OR agonist, had an IS reduction effect that was
abolished by CHE and GF, two PKC inhibitors that act on
different binging sites on PKC to produce an inhibitory effect.
In contrast, our lab showed that the cardioprotection of

Figure 1.  The effect of PKC inhibitors on remifentanil precondi-
tioning.  Infarct size (IS) expressed as a percentage of the area-at-risk
(AAR).  Infarct sizes in rat hearts subjected to control (CON), remifen-
tanil preconditioning (RPC), ischemic preconditioning (IPC), chelery-
thrine (2 mg/kg, iv, CHE+RPC or CHE+IPC) given 5 min before the
RPC, GF109203X (0.05 mg/kg, iv, GF+RPC or GF+IPC) given 5 min
before the RPC or IPC.  Mean±SD. cP<0.01 vs Control. fP<0.01 vs
RPC.  iP<0.01 vs IPC.

tively).  The bradycardia produced by remifentanil was abol-
ished with pretreatment of CHE or RPC.  There was no differ-
ence in any of the hemodynamic parameters between con-
trol and treatment groups during ischemia and reperfusion.

Discussion
The present results demonstrated that remifentanil con-

ferred cardioprotection against injury induced by ischemic
reperfusion, which was completely abolished by CHE and
GF, both PKC inhibitors, and suggests that RPC, like IPC,
protects myocardium by a mechanism that involves PKC
activation.

Miki et al[10] found that the cardioprotective effect of
morphine could be blocked by the PKC inhibitor CHE and
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activation of κ-OR and IPC was significantly attenuated by
blockade of PKC with PKC inhibitor CHE in the isolated rat
heart[14,18,19]and myocytes[19].  These results provided evi-
dence that the effect of RPC on postischemic hearts was
partially mediated via a PKC activated pathway.

The role of PKC in IPC and opioid-induced PC is not fully
understood[20,21].  Generally, opioids activate δ-and κ-OR,
which lead to PKC activation.  Activated PKC acts as an
amplifier of the preconditioning stimulus and stabilizes, by
phosphorylation, the open state of the mitochondrial KATP

channel and the sarcolemmal KATP channel.  PKC-δ transla-
tion seems to be responsible for activating mitochondrial
KATP channels and PKC-ε translocation for the establishment
of late preconditioning by phosphorylating nuclear targets.
The opening of KATP channels ultimately elicits cytoprotec-
tion by decreasing cytosolic and mitochondrial Ca2+ over-
load[22].

Although our data also show that pretreatment with PKC
inhibitor CHE or GF could prevent HR from decreasing led
by RPC, the difference was significant among all treatment
groups and control.  It suggests that PKC is also involved in
the bradycardia response of remifentanil.

We conclude that RPC limits infarction in open chest rat
hearts via PKC activation mechanism, which mimics the ef-
fect of IPC.
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Abstract
Aim: To examine the effects of ginseng saponins on the heterologously expressed
human ether-a-go-go related gene (HERG) that encodes the rapid component of
the delayed rectifier K+ channel.  Methods: A two-electrode voltage clamp tech-
nique was used.  HERG currents were recorded in Xenopus oocytes injected with
HERG cRNA.  Results: Crude saponins of Korean red ginseng (GS) induced a
minimal increase of the maximal HERG conductance without changes in the volt-
age-dependent HERG current activation and inactivation curves.  GS, however,
decelerated HERG current deactivation in a concentration-dependent manner,
which was more noticeable with panaxitriol (PT) than panaxidiol (PD).  Consistently,
ginseng saponins increased the HERG deactivation time constants with the order
of potency of Rg1 (a major component of PT)>Rf 1>Rb1 (a major component of PD).
Re had little effect on HERG deactivation.  During a cardiac action potential, GS
increased the outward HERG current.  Conclusion: Ginseng saponins enhance
HERG currents, which could be in part a possible mechanism of the shortening
cardiac action potential of ginseng saponins.
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Introduction
Ginseng, the root of Panax ginseng CA Meyer, has been

used for more than 2 000 years as a general tonic and restor-
ative agent.  Ginseng saponins, also called ginsenosides, are
one of the main molecular ingredients responsible for the
actions of ginseng.  Ginseng saponins have beneficial ef-
fects on cardiovascular functions[1,2], including the antihy-
pertensive effect[3], the protective effect against ischemia/
reperfusion injury[4], the negative chronotropic and inotro-
pic effects[5], and the antiarrhythmic effect[6,7].

The delayed rectifier K+ current is critical for repolariza-
tion of cardiac action potential[8], which represents the sum
of two components; the rapidly (IKr) and slowly activating
components (IKs)[9].  The human ether-a-go-go-related gene
(HERG) is expressed in the heart of mammalian species in-
cluding humans[10].  It encodes the pore-forming subunit of
IKr

[11,12], which initiates repolarization and terminates the pla-
teau phase of the cardiac action potential.  Heterologously

expressed HERG currents share pharmacological and bio-
physical properties with IKr.  It has been shown that chan-
nels formed by coexpression of MinK-related protein, MiRP1
and HERG resemble native cardiac IKr channels[13].  Muta-
tions in the HERG channel gene cause inherited long QT
syndrome (LQT), a disorder of cardiac repolarization that
predisposes affected individuals to lethal arrhythmias[11,14].
Acquired LQT is far more common and is most often caused
by commonly used medications blocking cardiac HERG chan-
nels[15–18].  Thus IKr/HERG is especially relevant to both ac-
quired and inherited forms of LQT[19, 20].

Ginseng saponins decreased the action potential dura-
tion of cardiac myocytes[21,22] and showed antiarrhythmic
effects[6,7].  HERG/IKr has been regarded as a common target
of pro- and anti-arrhythmic drugs[19].  Therefore, it can be
assumed that ginseng saponins may shorten action potential
duration and exert antiarrhythmic effects by altering HERG
channel activities.  To investigate the possibility, we exam-
ined the effect of ginseng saponins on the HERG current
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expressed in Xenopus oocytes.  We found that ginseng sa-
ponins enhanced the HERG current in a concentration- and
structure-dependent manner during cardiac action potential.

Materials and methods
Oocyte preparation  Ovarian lobes were excised from

anesthetized Xenopus laevis (Xenopus I, Dexter, MI, USA)
through a small abdominal incision and were treated with
Ca2+-free Barth’s solution containing 0.2% collagenase (type
II, Sigma-Aldrich, St Louis, MO, USA) for 1−2 h and then the
remaining inner ovarian epithelium, theca, and follicular cell
layers were removed with fine forceps.  The composition of
Ca2+-free Barth’s solution was as follows (mmol/L):  NaCl  88.7,
KCl 1.0, NaHCO3  2.4, MgSO4⋅7H2O  0.8,  HEPES 5 (pH=7.5).
Only healthy, stage V or VI oocytes were selected for cRNA
injection.  cRNA of HERG was synthesized from the linear-
ized cDNA using an in vitro transcription kit (Ambion, Austin,
TX, USA) and stored at -80 °C until used.  Denuded oocytes
were then injected manually with 50 nL cRNA (0.3−1.0 g/L)
using a glass capillary connected with a microdispenser
(VWR Scientific, West Chester, PA, USA).  For controls,
oocytes were either injected with 50 nL distilled water or left
uninjected.  After injection, oocytes were cultured at 18 °C in
Barth’s solution containing (mmol/L):  NaCl 88.0, KCl 1.0,
NaHCO3 2.4, MgSO4⋅7H2O  0.8, Ca (NO3)2⋅4H2O  0.3, CaCl2

0.4, HEPES 5 (pH=7.5), supplemented with pyruvate 2 mmol/L
and gentamicin sulfate 50 mg/L.  The culture medium was
changed daily.  Currents were recorded 2−7 d after injection.

Whole cell current recording in Xenopus oocytes   HERG
currents were recorded using a two-electrode voltage-clamp
amplifier (OC-725C; Warner Instruments, Hamden, CT, USA)
from the oocytes placed in the recording chamber (2.0 mL)
superfused with Oocyte-Ringer solution containing (mmol/L):
NaCl 96.0, KCl 2.0, MgCl2 1.0, CaCl2⋅2H2O 1.8, HEPES
5.0 (pH=7.5).  Stimulation and data acquisition were con-
trolled with Digidata 1200 (Axon Instruments, Union City,
CA, USA) and pClamp 6.04 (Axon Instruments).  Electrodes
were fabricated from glass capillaries containing an inner
filament (OD 1.5 mm, ID 1.12 mm; WPI, Sarasota, FL, USA).
Electrodes filled with 3 mol/L KCl had a resistance of 1−2
MΩ for current-passing electrodes and 2−4 MΩ for voltage-
recording electrodes.

Data analysis  The voltage dependence of HERG current
activation was determined for each oocyte by fitting peak
values of tail current (I tail) versus test potential (Vt) to
Boltzmann’s function:

where Itail
max is maximum tail current, V1/2 is the voltage at

which 50% of the channels are activated, and k is the slope
factor.  To examine steady-state inactivation, conditioning
pulses between -130 and +20 mV in 10-mV increments for 60
ms were applied after a depolarizing pulse to +20 mV for 900
ms, followed by a common test pulse to +20 mV.  The peak
current amplitudes during test pulses were plotted as a func-
tion of the previous conditioning pulses.  Normalized steady-
state inactivation as a function of prepulse of test potential
was also fitted to Boltzmann’s function.  The data were ex-
pressed as mean±SEM.  Statistical analysis were carried out
using one-way ANOVA or Student t-test when appropriate.

Drugs  All drugs except ginsenosides were purchased
from Sigma.  Lyophilized ginsenosides were kindly donated
by Dr PARK of Korean Tobacco and Ginseng Institute.

Results
The HERG potassium current was recorded by a two-

electrode voltage-clamp from the Xenopus oocyte expres-
sion system.  Steady-state current was recorded by depolar-
ization to potentials between -60 and 40 mV and the holding
potential was maintained at -80 mV for 4 s.  Tail currents
were recorded upon repolarization to -60 mV.  This voltage
protocol was repeated and the amplitude of the current was
monitored until no changes in current amplitude could be
recorded for 3 min.  Figure 1 shows current records obtained
in the absence or the presence of 30 mg/L crude saponin of
Korean red ginseng (GS).  HERG current amplitudes and de-
activation kinetics were changed by bath application of GS,
but not by intraoocyte injection of the same concentration
of GS (30 mg/L).

Figure 2A shows the effect of extracellular GS (30 mg/L)
on the amplitude of steady-state current that was measured
at the end of depolarizing pulse and peak tail current.  The
steady-state current first appears at -50 mV test potential,
and the peak tail current is maximal at +10 mV test potential.
GS (30 mg/L) induced a minimal increase in steady-state
current and peak tail currents (Figure 2A, 2B).  The increase
of steady-state currents were observed only at more nega-
tive membrane voltages than 0 mV, where HERG channel
inactivation was observed, while the increase of peak tail
currents were observed at all tested voltages.  Drugs that
changed ion channel activities often alter the voltage de-
pendence of channel kinetics.  Therefore, we analyzed the
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Figure 1.  Selective effect of ginseng saponins (GS) on HERG current expressed in Xenopus oocyte.  Traces of HERG current were recorded before and
after exposure to 30 mg/L GS for 10 min with intra-oocyte injection (A) and bath application (B).  Voltage protocol consisted of depolarizing steps from
a holding potential of -80 mV in 10 mV increments from –60 to +40 mV for 4 s and repolarizing step to -60 mV for 6 s (inset). Steps were
repeated at 30 s intervals.

Figure 2.  Effect of ginseng saponins (GS) on voltage-dependent kinetics and maximal conductance of HERG current.  (A) Current-voltage relation
curves were plotted from the current measured at the end of depolarizing test pulse ranging from –60 to +40 mV (4 s in 10 mV increments) from a
holding potential of -80 mV (n=6).  (B) Voltage-dependent activation curves plotted from peak tail currents during a repolarizing step to -60 mV after
depolarizing to various voltages (n=6).  (C) Steady-state inactivation curves of HERG channels before and  after GS exposure. Solid lines indicate the
product of the fitted steady-state inactivation curves with Boltzmann’s equation on experimental data.  (D) Current-voltage plot was obtained from peak
tail currents ranging from -130 to +20 mV following a 750-ms prepulse to +40 mV from a holding potential of -80 mV.  To clarify the change
of slope conductance, current amplitudes were plotted between -130 and -50 mV.  n=6. Mean±SEM.  bP<0.05 vs control.
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voltage dependence of activation of the HERG current in the
absence or presence of GS.  Peak amplitudes of tail currents
were plotted as a function of test potential as shown in Fig-
ure 2B, and were fitted with Boltzmann’s function.  In the
control experiment, the activation curve had a mid-point of
-18.1±2.2 mV and a slope factor of 6.5±0.2 mV (n=6), which
is similar to previous reports[12,23].  In the presence of GS (30
µmol/L), a mid-point of -19.6±1.9 mV and a slope factor of
7.1±0.2 mV (n=6) , the difference compared with control was
not significant.

We also analyzed the steady-state HERG inactivation in
the absence and presence of GS.  Steady-state inactivation
currents were measured with the following protocol: chan-
nels were inactivated at a holding potential of +20 mV be-
fore short test pulses. Potentials ranging from -120 mV to
+20 mV (15 ms, 10 mV-increments) were applied to recover
the channels from inactivation.  Membrane potential  returned
to a holding potential of +20 mV after these test pulses evoked
large outward inactivating currents.  After having obtained a
measurement under control conditions, the oocyte was
clamped at a holding potential of -80 mV during a 10-min
wash (30 mg/L GS), which was necessary to avoid destruc-
tion of the cell.  Peak outward current amplitudes after the
return to the holding potential were normalized and fitted to
Boltzmann’s function, which elicited significant left shift in
the steady-state inactivation curve (n=6, Figure 2C).  In the
absence of GS, the inactivation curve had a mid-point of
-69.7±2.8 mV and a slope factor of -11.6±0.8 mV (n=6).  These
values were -78.7±4.5 mV and -15.3±0.7 mV (n=6), respectively,
in the presence of GS (30 mg/L, 10 min).

To examine whether the increase in HERG current repre-
sents the change in HERG conductance, we measured maxi-
mal HERG conductance in the absence or presence of GS.
For this purpose, we studied the fully activated I-V relation-
ships by applying various test potentials after a depolariz-
ing conditioning pulse (Figure 2D).  A conditioning pulse to
+40 mV, which induced a full activation, for 750 ms was ap-
plied from a holding potential of -80 mV, followed by test
pulses to various potentials between -130 and +20 mV in
10-mV increments.  The amplitude of the current was mea-
sured at its peak before the time-dependent change proceed-
ed, and plotted as a function of test potential.  GS increased
maximal HERG conductance obtained from the slope of the
curve (Figure 2D).  The slope conductance was obtained
from the slope of the I-V curves between -130 and -110 mV.
The value of the slope was 0.11±0.01 and 0.14±0.01 for con-
trol and 30 mg/L GS (Figure 2D).

To evaluate the most prominent effect of GS on HERG
current, decelerating current deactivation, we analyzed the

time constant for the deactivation of HERG tail current.  For
this purpose, we used long hyperpolarizing test pulses fol-
lowing a depolarizing conditioning pulse (Figure 3A).  Deac-
tivating currents during test pulses were well fitted to a
double-exponential function.  GS (3−30 mg/L) increased both
fast and slow deactivation time constants of HERG tail cur-
rent in a concentration-dependent change at all repolarizing
tested voltage.  The fast deactivation time constants at re-
polarizing test voltage of -60 mV were increased from 1.5±
0.3 s of control to 2.2±1.1, 3.2±1.0, 4.1±1.0, and 5.1±1.2 s by
GS 3, 10, 30, and 100 mg/L, respectively (Figure 3B).  The
slow deactivation time constants at -60 mV of control were
increased from 6.0±1.4 s to 7.0±0.3, 9.2±1.0, 11.1±1.2, and
17.0±2.7 s by GS 3, 10, 30, and 100 mg/L, respectively (Figure
3B).

GS may include many different ginsenosides classified
into panaxadiol (PD) and panaxatriol (PT) saponins accord-
ing to their chemical structures.  To know the possible struc-
ture-dependent effect of ginsenosides on HERG current, we
examined the effect of PD and PT on the deactivation of the
HERG tail current.  PT evoked more potent deceleration of
the HERG deactivation than PD did (Figure 4A).  Consistent-
ly, deceleration of HERG current was more pronounced by
ginsenoside Rg1 and Rf1 the major components of Korean
red ginseng (KRG) PT than by ginsenoside Rb1, the major
component of PD (Figure 4B).  Interestingly, another PT
ginsenoside, Re had little effect on HERG current.

To evaluate the physiological significance of  enhance-
ment of HERG by ginsenoside, we examined the effects of
GS on repolarizing currents with ramp pulses.  In the ramp
protocol that involved an initial step depolarization from -80
to +10 mV, followed by a slow ramp (1.7 s) to -80 mV, GS (10
mg/L), induced a significant enhancement of the outward
current upon slow repolarization (Figure 5).

Finally, we investigated the possible subcellular mecha-
nism of GS effects on HERG currents.  We used PTX to test
the possible involvement of PTX-sensitive G-protein in GS
effects on HERG currents.  Pretreatment with PTX (2 mg/L,
16 h), however, did not affect HERG current modulation by
GS (Figure 6A).  To examine whether the intracellular Ca2+

was involved in the modulation of HERG current, we used
intracellular Ca2+ buffer, BAPTA.  Intraoocyte injection of
BAPTA had no effect on GS modulation of the HERG current
(Figure 6B).

Discussion

We have shown that ginsenosides enhance the HERG
current expressed in Xenopus oocytes.  Ginsenosides are
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Figure 3.  Effects of ginseng saponin on HERG current deactivation.  (A) Representative HERG deactivation before and after exposure to GS.  Currents
were stimulated by a 2 s prepulse to +20 mV followed by test pulses ranging from -80 to -50 mV for 23 s.  (B) Effects of different concentrations
(3–100 mg/L) of ginseng saponin on HERG deactivation time constants.  The deactivation time constants were determined from tail currents
recorded during the long-lasting test potentials.  Current decay was fitted with a double exponential function.  n=7 experiments.  Mean±SEM.
bP<0.05 vs control.

Figure 4.  Effects of various ginsenosides on HERG current deactivation. Effects of panaxadiol (PD) and panaxatriol (PT) saponins (A), and ginsenoside
Rg1, Rf1, Re, and Rb on HERG current deactivation (B).  The pulse protocol is the same as in Figure 3.  The fast and slow deactivation time
constants of HERG were shown before and after the application of ginsenosides (30 mg/L).  n=4−6 experiments.  Mean±SEM.  bP<0.05,
cP<0.01 vs control.
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Figure 5.  Effects of ginseng saponin (GS) on the HERG current during
cardiac action potential.  Representative current traces recorded during
voltage protocol mimicked cardiac action potential in the absence and
presence of GS (30 mg/L).  HERG currents were stimulated by depolar-
ization pulse to +10 mV following repolarization pulse to -80 mV for
500 ms (inset).

known to be effective against cardiac arrhythmias and elicit
APD shortening and IK inhibition[21].  It is well known that
heterologously expressed HERG currents share pharmaco-
logical and biophysical properties with IKr

[11,12,24,25].  The char-
acteristics of the current recorded in the present study cor-
respond to HERG current; slow current activation at nega-
tive potentials, large long-lasting tail currents on repolariza-
tion, strong inward rectification and sensitivity to class III
methanesulfonanilides (data not shown).  The present study
is the first to characterize the interaction between ginseno-

Figure 6.  Effect of ginseng saponin (GS) on HERG current in different conditions.  Deceleration of HERG current deactivation by GS was not altered
by extracellular PTX pretreatment (2 mg/L, 16 h) (A) or by intra-oocyte injection of BAPTA (1 mmol/L) (B).  Representative currents stimulated by a
series of step pulses.  The pulse protocol is the same as in Figure 4.

sides and the HERG channels.  The major finding of the
present study was that ginsenosides enhanced HERG chan-
nel activities in a structure- and concentration-dependent
manner.  Considering all of this, ginsenosides may induce
APD shortening partly through enhancement of HERG/IKr

as well as IKs
[21].  This finding provides a clearer ionic mecha-

nism of the antiarrhythmic effect of ginsenosides.  That is,
HERG is another target of ginsenosides.

Mutations in HERG that cause LQT can reduce the am-
plitude of IKr by several different mechanisms.  The most
common mechanism is a loss of channel function and a domi-
nant negative effect[26].  Therefore mutation in HERG also
accelerated the rate of channel deactivation and would cause
a net reduction in outward current during slow repolariza-
tion typical of a cardiac action potential.  In the present study,
we have shown that GS increased the maximal conductance
of HERG potassium channel and it also increased the deac-
tivation time constants of HERG potassium current.  Our
results, therefore, indicate that the effects of GS on HERG
potassium channel may improve the LQT through speed re-
polarization and shorten the action potential.

To clarify the biophysical mechanism of HERG poten-
tiation by ginsenosides, we analyzed the effect of ginseno-
sides on HERG current using various pulse protocols.  The
results suggest that ginsenosides affect preferentially the
deactivation of HERG channels with a maximal conductance
increase.  The rate of recovery from inactivation and the rate
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of deactivation are major HERG channel kinetic factors de-
termining the duration of the action potential[27].  HERG
modulation is expected to speed repolarization and shorten
the action potential, which could decrease the inter-spike
interval and accelerate the heart rate.

How might a GS contribute to the enhancement of HERG
potassium current? The heart is presented with continually
varying cardiovascular demands that require dynamic
responses, both inotropic and chronotropic.  Most cardiac
adaptation that occurs is the result of changes in autonomic/
hormonal stimulation involving G-protein-coupled receptors[28].
In a previous study, ginsenosides were shown to increase
the Ca2+-activated Cl- current in Xenopus oocytes through a
signaling pathway linked to the muscarinic ACh receptor,
which involves G protein-coupled PLC activation and Ca2+

mobilization from IP3-sensitive intracellular store[29].  In our
experiments, the effects of GS on HERG potassium currents
were not blocked by intracellular Ca2+ chelation and
intraoocyte injection of BAPTA nor pretreatment with PTX
(2 mg/L, 16 h) (Figure 6A, 6B).  Therefore, it should be noted
that ginsenoside Rf could regulate GIRK channels with uni-
dentified proteins derived from the rat brain through PTX-
insensitive G proteins[30].  However, we still cannot exclude
the possibility of direct interaction between ginsenosides and
HERG channel proteins.

Approximately 30 different ginsenosides have now been
isolated and identified from Panax ginseng.  Studies have
shown that certain ginsenosides are more potent than others[31].
It should be noted that ginsenoside Re had no effect on
HERG currents, showing the structure-dependence of HERG
modulations by ginsenosides.  HERG currents were enhanced
by PT and PD as well as by ginsenoside Rb1, Rg1, and Rf
with different potency.  Crude saponin of KRG used in this
experiment contained 56.3% of ginsenosides.  Therefore, the
effect of KRG-CS on the HERG potassium current was
mainly a result of the saponin fraction of KRG.

Synthetic molecules such as fenamates and other open-
ers of the K+ channel offer a novel therapeutic approach to
stabilizing and controlling cellular function[32].  Our results,
demonstrate for the first time a link between ginseng sapo-
nin and the electrophysiological properties of the HERG
channel.  The positive regulation by ginseng saponin on
HERG and the previously described effects on IKs

[21,22], sug-
gest a potential role for ginseng saponin in the prevention or
treatment of long QT syndrome.
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Abstract
Aim: To compare the effects of AMP579 and adenosine on L-type Ca2+ current
(ICa-L) in rat ventricular myocytes and explore the mechanism by which AMP579
acts on ICa-L.  Methods: ICa-L was recorded by patch-clamp technique in whole-cell
configuration.  Results: Adenosine (10 nmol/L to 50 µmol/L) showed no effect on
basal ICa-L, but it inhibited the ICa-L induced by isoproterenol 10 nmol/L in a concen-
tration-dependent manner with the IC50 of 13.06 µmol/L.  Similar to adenosine,
AMP579 also showed an inhibitory effect on the ICa-L induced by isoproterenol.
AMP579 and adenosine (both in 10 µmol/L) suppressed isoproterenol-induced
ICa-L by 11.1% and 5.2%, respectively.  In addition, AMP579 had a direct inhibitory
effect on basal ICa-L in a concentration-dependent manner with IC50  (1.17 µmol/L).
PD116948 (30 µmol/L), an adenosine A1 receptor blocker, showed no action on the
inhibitory effect of AMP579 on basal ICa-L.  However, GF109203X (0.4 µmol/L), a
special protein kinase C (PKC) blocker, could abolish the inhibitory effect of AMP579
on basal ICa-L.  So the inhibitory effect of AMP579 on basal ICa-L was induced
through activating PKC, but not linked to adenosine A1 receptor.  Conclusion:
AMP579 shows a stronger inhibitory effect than adenosine on the ICa-L induced
by isoproterenol.  AMP579 also has a strong inhibitory effect on basal ICa-L in rat
ventricular myocytes.  Activation of PKC is involved in the inhibitory effect of
AMP579 on basal ICa-L at downstream-mechanism.
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Recent studies showed that AMP579 was a novel ad-
enosine agonist with high affinity for adenosine A1 and A2

receptors[1,2].  Experiments in animal models have demon-
strated that AMP579 reduced infarct size by 50% to 98%
when administered before a final ischemic event (mediation
of ischemic preconditioning) or just before reperfusion
(attenuation of reperfusion injury)[3,4].  Further experiments
on pigs, dogs, and rabbits suggested that AMP579 was more
powerful than adenosine in attenuating polymorphonuclear
neutrophil-mediated inflammatory responses, dilating the
coronary artery, reducing myocardial contracture and limit-
ing infarct size[5,6] .  Although the protective effect of AMP579
required adenosine receptor activation, adenosine could not
duplicate the effects.

The difference between pharmacologic effect of AMP579

and adenosine might reflect the differences in ionic
mechanisms.  It has been established that adenosine could
cause an attenuation of basal ICa-L only in unstimulated atrial
myocytes, but under conditions of isoproterenol stimulation,
adenosine could markedly attenuate isoproterenol induced-
ICa-L in both atrial and ventricular myocytes.  However, little
is known about the electrophysiological effects of AMP579
so far.  This study will examine the effects of AMP579 and
adenosine on L-type calcium channel and elucidate the
mechanisms underlying the cardioprotective effect of
AMP579 and its utility in treatment of myocardial ischemia-
reperfusion injury.

Materials and methods
Rat myocardial cell isolation   Ventricular myocytes were

obtained from Wistar male rats (250–300 g) by enzymatic

Introduction
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isolation procedure.  In brief, rats were killed by cervical
dislocation and the heart was then immediately removed,
cannulated through the aorta and perfused through the coro-
nary artery with Ca2+-free Tyrode’s solution for 10 min.  The
composition of Ca2+-free Tyrode’s solution was: NaCl 140.0
mmol/L, KCl 5.4 mmol/L, MgCl2 1.0 mmol/L, NaH2PO4 0.3
mmol/L, glucose 10.0 mmol/L, HEPES 5.0 mmol/L; pH ad-
justed to 7.4 with NaOH at room temperature.  The heart was
then perfused with enzymatic solution, which was low Ca2+

(CaCl2 150 µmol/L) Tyrode’s solution with collagenase P
(0.3g/L) for about 8−10min.  The left ventricle was then
removed.  The cells were isolated by gentle agitation and
kept in Krebs buffer (KB) solution, which contained: KOH
85.0 mmol/L, L-glutamic acid 50.0 mmol/L, KCl 30.0 mmol/L,
taurine 20.0  mmol/L, KH2PO4 30.0 mmol/L, MgCl2 1.0 mmol/L,
HEPES 10.0 mmol/L, glucose 10.0 mmol/L and egtazic acid
0.5 mmol/L; pH adjusted to 7.4 by KOH.

Electrophysiological measurement  Whole-cell patch-
clamp was used to record ICa-L (L-type Ca2+ currents) and
membrane capacitance was measured with a P-clamp 5.51
software package (Axon Instruments, USA).  Patch elec-
trodes were made from thin-walled glass capillaries (1.5 mm
outside diameter) using a two-stage vertical microelectrode
puller (model PP-83, Narishige Scientific Instruments, Japan).
The electrode resistance ranges 3 MΩ¸ when filled with pi-
pette solution.

 For the measurement of ICa-L, the extracellular solution
contained: NaCl 140.0 mmol/L, CaCl2 1.8 mmol/L, MgCl21.0
mmol/L, KCl 5.4 mmol/L, glucose 10.0 mmol/L, NaH2PO4 0.3
mmol/L, and HEPES 10.0 mmol/L; pH adjusted to 7.4 with
NaOH.  The pipette solution contained: egtazic acid 10.0
mmol/L, KCl 140.0 mmol/L, Na2ATP 2.0 mmol/L, HEPES 5.0
mmol/L, 4-AP 5.0 mmol/L, MgCl2 1.0 mmol/L; pH adjusted to
7.4 with KOH.  The calcium current was expressed as mem-
brane current density (pA/pF).  The cell capacitance was
measured by the method previously described by Coetzee et
al[9].  ICa-L was measured according to the method described
by Hartzell et al[10].  The AMP579 was a gift from Department
of Cardiothoracic Surgery Research Laboratory, Emory Uni-
versity School of Medicine, USA.  AMP579 was dissolved
in small volumes of Me2SO, then diluted to the desired final
concentration before each experiment.

Statistic analysis  Data were expressed as mean±SD.
Statistical significance was determined by Student’s t-test
and P<0.05 was considered significant.

Results

Detection of L-type calcium channel current  The cal-

cium current was activated by depolarizing pulse from a hold-
ing potential of -40 mV to +10 mV at 50 mV step-voltage.  This
inward current could be completely inhibited by 1 µmol/L
verapmil, the basic characteristics indicated that the current
present in rat ventricular myocytes was L-type Ca2+ current .

Effect of AMP579 and adenosine on L-type calcium cur-
rent  In the presence of adenosine at 10 nmol/L, 1, 10, and 50
µmol/L, ICa-L varied from 4.9±0.9 to 4.8±0.9, 4.9±0.9, 4.9±0.9,
4.7±0.9 pA/pF, respectively (n=5, P>0.05).  Adenosine had
no effect on basal ICa-L.  However, when ICa-L was augmented
to 2.7±0.6 pA/pF by 10 nmol/L isoproterenol, adenosine at
10 nmol/L, 1, 10, and 50 µmol/L significantly reduced it to
2.4±0.6, 2.1±0.6, 2.0±0.5, and 1.9±0.5 pA/pF, respectively
(n=4, P<0.05).  Adenosine showed an inhibitory effect on
isoproterenol-induced ICa-L in a concentration-dependent
manner with the IC50 of  13.06 µmol/L (Figure 1, 2).

Effect of AMP579 on ICa-L  Isoproterenol 10 nmol/L aug-
mented ICa-L to 3.8±0.7 pA/pF.  AMP579 10 µmol/L  reduced
ICa-L to 2.4±0.1 pA/pF (P<0.05, n=3, Figure 3), AMP579 also
showed an inhibitory effect on isoproterenol-induced ICa-L.
AMP579 and adenosine (both 10 µmol/L) suppressed iso-
proterenol-induced ICa-L by 11.1% and 5.2%, respectively.
AMP579 had a stronger inhibitory effect.  In contrast to
adenosine, AMP579 possessed a direct inhibitory effect on
basal ICa-L in a concentration-dependent manner with the IC50

of 1.17 µmol/L (Table 1, Figure 4).
AMP579 10 µmol/L markedly reduced basal ICa-L from

2.5±1.2 to 2.0±1.0 pA/pF (n=5, P<0.05).  Infusion of PD116948
30 µmol/L, an adenosine A1 receptor blocker, did not abolish
the inhibitory effects of AMP579 on  ICa-L (1.9±0.6 vs 2.0±1.0
pA/pF, P>0.05). But under the same conditions AMP579 10

Figure 1.  Effect of adenosine on ICa-L in isolated rat ventricular
myocytes.  (a) Control; (b) 50 µmol/L adenosine.
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µmol/L markedly reduced the ICa-L from 2.4±0.4 to 1.8±0.4
pA/pF (n=4, P<0.01).  Infusion of 0.4 µmol/L GF109203X, a
PKC blocker, significantly reversed it to 2.2±0.4 pA/pF (P<
0.05, Figure 5).  So GF109203X could abolish the inhibitory
effect of AMP579, indicating that the inhibitory effect on
basal ICa-L by AMP579 was induced through activating PKC
but not linked to the adenosine A1 receptor.

Figure 2.  The inhibitory effect of adenosine on ICa-L induced by
isoproterenol in isolated rat ventricular myocytes.  (a) Control; (b)
isoproterenol 10 nmol/L; (c) adenosine 50 µmol/L.

Table 1.   Effect of AMP579 on basal ICa-L in rat ventricular myocytes.
n=5.  Mean±SD.  bP<0.05, cP<0.01 vs corresponding control group.

         AMP579                      ICa-L value/                 Change rate/
     concentration            pA·pF-1                          %

  0 (Control) 2.80±0.75
10 nmol/L 2.66±0.75b   -5.0
  1 µmol/L 2.36±0.71b -15.7
10 µmol/L 2.03±0.72c -27.5
50 µmol/L 1.78±0.70c -36.4

Change rate=(the current value after administration of drug−control
value)/control value×100%

Figure 4 .  Effect of AMP579 on ICa-L in isolated ra t ventricular
myocytes.  (a) Control; (b) AMP579 50 µmol/L.

Figure 5.  Abolition of inhibitory effects of AMP579 on ICa-L by a
PKC blocker in isolated rat ventricular myocytes.  (a) Control; (b)
AMP579 10 µmol/L; (c) GF109203X 0.4 µmol/L.

Figure 3 .  The inhibitory effect of AMP579 on ICa-L induced by
isoproterenol in isolated ventricular myocytes.  (a) Control; (b) iso-
proterenol 10 nmol/L; (c)  AMP579 10 µmol/L.
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Discussion
In cardiac tissue, a direct inhibition of basal ICa-L by ad-

enosine has only been demonstrated in guinea-pig atrial and
ferret ventricular myocytes[11,12].  But in the presence of iso-
proterenol stimulation, adenosine has prominent inhibitory
effects on ICa-L in ventricular myocytes[13].  These may reflect
differences in receptor-effector coupling mechanisms, the
level of basal adenylate cyclase activity, the basal phospho-
rylated state of Ca2+ channels and/or the effect of phospho-
rylation on the gating of L-type Ca2+ channel.  Consistent
with previous reports, our experiment shows that adenosine
has no direct inhibitory effect on basal ICa-L in the rat ventricle,
but in the condition that isoproterenol was previously
administered, adenosine shows an inhibitory effect on the
ICa-L induced by isoproterenol with an IC50 of 13.06 µmol/L,
suggesting that adenosine exerts an indirect inhibitory ef-
fect on ICa-L in the rat ventricle by inhibition of isoproterenol
stimulation.

In contrast to adenosine, AMP579 shows a direct inhibi-
tory effects on basal ICa-L in the rat ventricle with IC50 of 1.17
µmol/L.  The blocking of Ca2+ influx by L-type Ca2+ channel
could serve as an efficient method for protecting the ischemic
myocyte by minimizing ischemia-induced Ca2+ overload and
irreversible cell contracture and autodigestion by Ca2+-
dependent proteases[14].  Therefore, by reducing both basal
ICa-L and isoproterenol-induced ICa-L, AMP579 will play a more
important role in negative chronotropic and negative dro-
motropic effects.  These action mechanism differences be-
tween AMP579 and adenosine may account for the contri-
bution of AMP579 in reducing neutrophil-mediated inflam-
matory reaction, inhibiting cardiac contraction, dilating coro-
nary vessels, attenuating ischemia and reperfusion injury.

Our study does not show that adenosine A1 receptor is
linked to inhibition of AMP579 on basal ICa-L.  At present,
available data indicate that three pathways are involved in
receptor-linked downstream mechanisms for inhibition of
ICa-L by adenosine.  The first is cAMP-PKA, as PKA increase
ICa-L by phosphorylation on the gating of the L-type calcium
channel, inhibitions of adenylate cyclase and reductions of
cAMP and PKA levels by adenosine result in attenuation on
ICa-L

[12].  Second is that activation of guanylate cyclase re-
sults in increments of intracellular cGMP and PKG
concentration, which in turn inhibits phosphorylation on
the gating of the L-type calcium channel[15].  The third is
modulated by PKC, because there are different PKC sub-
units which result in different effects[16].  Our experiment
finds that special PKC antagonist GF109203X can totally
eliminate inhibitory effects of AMP579 on ICa-L, suggesting
that AMP579 exerts a direct inhibitory effects on the L-type

calcium channel through the PKC pathway.
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muscle cells are extracellular signal-regulated kinase pathway depen-
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Abstract
Aim: To investigate the effect of 5-hydroxytryptamine transporter (5-HTT) inhibi-
tor fluoxetine and antisense oligodeoxynucleotide (ODN) to extracelluar signal-
regulated kinases (ERKs) on pulmonary arterial smooth muscle cells (PASMCs)
proliferation induced by 5-HT.  Methods: Liposomal transfection was used to
introduce ODNs to ERK1/2 into cultured rat PASMCs and the transfection effi-
ciency was measured by observing the uptake of the fluorecein isothiocynate
(FITC)-labeled antisense ODN in PASMCs.  The effects of 5-HTT selective inhibi-
tor fluoxetine and ODNs on the proliferation of PASMCs were evaluated by cell
number counting and cell cycle analysis, and measured by microculture tetrazo-
lium (MTT) assay and flow cytometry (FCM), respectively.  Results: Liposomes
mediated the transfection of ODNs into PASMCs with high efficiency.  MTT
assay showed fluoxetine (10 µmol/L, 1 µmol/L, and 100 nmol/L) concentration
dependently inhibited the proliferation of PASMCs induced by 5-HT (1 µmol/L) in
vitro.  The proliferation rate of PASMCs by 5-HT was significantly inhibited by
pretreatment with ERK1/2 antisense ODN (0.2 µmol/L) from 251%±18% to 86%±5%
(P<0.01).  Flow cytometric analysis of cell cycle distribution showed that the
increase of 5-HT induced S phase fraction (SPF) and proliferation index (PI) were
significantly inhibited by fluoxetine (1 µmol/L) or antisense ODN with SPF from
36%±4% to 26%±3% and 24%±4%, and PI from 34%±2% to 29%±2% and 24%±2%,
respectively.  Conclusion: 5-HTT mediates the mitogenic effect of 5-HT on
PASMCs and the proliferation of PASMCs induced by 5-HT is dependent on
ERKs signal pathway.
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Introduction
Exposure to acute or chronic hypoxia leads to the devel-

opment of pulmonary arterial hypertension (PAH).  The car-
dinal features of PAH are persistent vasoconstriction and
structural remodeling of the pulmonary vessels[1].  Hyper-
plasia of pulmonary artery smooth muscle cells (PASMCs) is
the main component of pulmonary vascular remodeling which
is associated with progressive elevation in pulmonary arte-
rial pressure[2].  However, the exact mechanism of the prolif-
eration of PASMCs was unclear.

Several studies have shown that 5-hydroxytryptamine
(5-HT), endothelin-1 (ET), platelet derived growth factors

(PDGF), angiotensin II (Ang II), and epidermal growth factor
(EGF) participate in the regulation of proliferation in PASMCs[3].
Among these mediators, 5-HT plays an important role in the
pathogenesis of PAH.  5-HT exerts potent mitogenic and co-
mitogenic effects on PASMCs, and these effects are associ-
ated with cellular internalization of 5-HT mediated by the 5-
hydroxytryptamine transporter (5-HTT)[4,5].  Yet, it is not clear
if inhibition of 5-HTT may abolish the proliferation of
PASMCs to 5-HT.

Furthermore, mitogen activated protein kinases (MAPKs)
are a superfamily of serine/threonine protein kinases distrib-
uted extensively in cytoplasm.  Many stimuli resulting in cell
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growth, differentiation, and vascular contraction may acti-
vate MAP kinase-dependent signaling pathways.

Among this family, extracelluar signal-regulated kinases
(ERKs) are activated in response to growth and differentia-
tion factors[6–8].  Previous studies have shown that 5-HT
induced ERK1/2 activation in rat aortic smooth muscle cells
and rabbit isolated renal artery smooth muscle cells[9,10].
However, whether the intracelluar signal pathway of 5-HT in
PASMCs is dependent on the ERKs activation is largely
unconcerned.  Therefore, the present study was designed to
observe the effect of fluoxetine, a selective inhibitor of
5-HTT, on the proliferation of PASMCs in response to 5-HT,
and then to study the effect of downregulation of ERK1/2,
using antisense oligodeoxynucleotides (ODNs), on the pro-
liferation of 5-HT-stimulated PASMCs in vitro.

Materials and methods

Drugs and reagents  Dulbecco’s modified Eagle’s me-
dium (DMEM), fetal bovine serum (FBS), and trypsin were
purchased from Gibco Co (Grand Island, New York, USA).
5-HT and propidium iodide (PI) were purchased from Sigma
Co (St Louis, USA).  Lipofectin reagent was from Life Tech-
nologies Inc, Ltd (Rockville, USA).  Fluoxetine hydrochlo-
ride was from Eli Lilly Co (Indianapolis, USA).  ODNs were
synthesized by Sangon (Shanghai, China).

Pulmonary artery smooth muscle cell culture  Lungs
were removed from male Wistar rats weighing 250–300 g
(supplied by the Animal Center of China Medical University,
Grade II, Certificate No LN 03-0009).  Under aseptic
conditions, proximal pulmonary arteries were isolated.  After
removing the tissue around the arteries, the pulmonary ar-
teries were cut into small pieces about 1 mm2 and then seeded
into 30-mm Petri dishes and cultured in DMEM (containing
20% FBS, 100 kU/L of penicillin and 100 mg/L of streptomycin,
pH 7.2).  Then these explants were incubated at the atmo-
sphere of 37 °C and 95% O2/5% CO2

[11].  When the cells had
grown out from the explants and reached the confluence of
more than 70%, cells were passaged to T25 flasks.  Cells
used in experiments were from passages 3 to 9.

Oligodeoxynucleotides  On account of GCG package lo-
cating in the translation initiation region of rat ERK1/2 mRNA,
the sequences of antisense ODN were designed as follows:
5'-GCC GCC GCC GCC GCC AT.  This ODN has been used
successfully to downregulte ERK1/2 in VSMCs, rat cardiac
myocytes and rat cardiac fibroblasts[12].  Sense ODN (5'-AT
GGC GGC GGC GGC GGC), random ODN (5'-CGC GCG CTC
GCG CAC CC) were used as controls.  All bases were pro-
tected by phosphorothioation.  One batch of antisense ODN

was labeled with fluorecein isothiocyanate (FITC) used in
fluorescence microscopy experiments.

Microculture tetrazolium (MTT) assay  Cells were seeded
into 96-well plates at a density of 1×104 cells/well.  The cells
were then incubated in medium containing vehicle (5% FCS
DMEM) and 5-HT (1 µmol/L) for 24 h with or without
fluoxetine (10 µmol/L, 1 µmol/L, and 100 nmol/L) added 30
min before 5-HT.  The effect of different ODNs (0.2 µmol/L)
on the proliferation induced by 5-HT was also observed af-
ter transfection.  The group with the cells incubated in se-
rum-free medium was used as the control.  At the end of this
period, MTT (5 g/L) was added to each well, and incubation
proceeded at 37 °C for 4 h.  Thereafter, the medium was
removed and the cells were solubilized in 150 µL Me2SO.
Optical density (OD) of each well was determined by en-
zyme-linked ELISA at 490 nm of wavelength.  Then the pro-
liferation rates (PR) of each group were calculated.

PR=(ODexperiment–ODcontrol)/ODcontrol

Flow cytometry (FCM)  PASMCs grown in T25 plates
were treated with fluoxetine or antisense ODN (0.2 µmol/L)
before 5-HT was added.  The cells were harvested by
trypsinization, washed twice with PBS, and the pellets were
resuspended in 0.5 mL of PBS containing 100 mg/L RNase
for incubation at 37 °C for 30 min.  Then, 0.5 mL of PI solution
(100 mg/L in PBS) was added, and the mixture was incubated
in the dark at 4 °C for 30 min.  The cells were analyzed with a
FACScan flow cytometer.  Then S-phase cell fractions (SPF)
and proliferation index (PI) of each group were calculated.
SPF=S/(G0G1+S+G2M); PI=(G2M+S)/(G0G1+S+G2M).

Liposomal transfection  Prior to transfection, PASMCs
were cultured in serum-free medium for 24 h.  ODNs were
mixed with antibiotic- and serum-free medium to a concen-
tration of 0.8 µmol/L, then mixed with equal volume of me-
dium containing 80 mg/L of lipofectin and incubated at room
temperature for 15 min.  ODN/lipofectin mix 20 µL was added
to each well of a 96-well plate, 200 µL to each well of a 12-well
plate, and 1000 µL to the T25 plates, with equal volume of
antibiotic- and serum-free medium.  The cells were incubated
for a further 6 h with gentle agitation every 2 h.  The medium
was then replaced with the same volume of liposome-free
medium containing the same concentration of ODN and 5%
FBS.  Cells were incubated for another 24 h before MTT
assay and FCM.

Fluorescence microscopy  PASMCs were seeded into
12-well plate and transfected using FITC-labeled antisense
ODN.  After 24 h and 48 h of incubation, the cells were viewed
by fluorescence microscopy.

Statistical analysis  All the data are presented as
mean±SD, and assessed by ANOVA and t-test.  P<0.05 was
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considered significant.

Results
Uptake of ODNs by PASMCs  Twenty four hours after

liposomal transfection, FITC-labeled antisense ODN were
observed in both cytoplasm and the nuclei of PASMCs
(Figure 1).  More than 90% of the cells exhibited fluorescence.

Effect of fluoxetine and ODNs on the proliferation of
PASMCs induced by 5-HT   MTT assay showed that 5-HT (1
µmol/L) induced increased proliferation of PASMCs and the
PR in response to 5-HT increased from 172%±5% to 217%±4%
compared with the vehicle.  Pretreatment of the cells with
fluoxetine (10 µmol/L, 1 µmol/L, and 100 nmol/L) could pro-
duce a concentration-dependent reduction in PR (Figure 2).
According to these results, 1 µmol/L was chosen as the con-
centration of fluoxetine used in following experiments.

Pretreatment of PASMCs with ERK1/2 antisense ODN
resulted in a significant inhibition of 5-HT-induced PASMCs
proliferation (Figure 3) and this inhibitory effect is rather
more potent than fluoxetine.  In contrast, sense ODN and
random ODN did not have such effect.

Effect of fluoxetine and antisense ODN on cell cycle  Flow
cytometric analysis of cell cycle distribution showed that
the cells treated with 5-HT had larger values of S-phase cell
fraction (SPF) and PI than the vehicle.  But pretreatment with
fluoxetine or antisense ODN decreased these values (Figures
4, 5).  These results indicated that 5-HT promoted the
PASMCs from the G0/G1 phase of the cell cycle into S phase

and this effect was inhibited by fluoxetine and antisense
ODN.

Figure 2.  Effect of different concentrations of fluoxetine on the
proliferation of PASMCs induced by 5-HT.  Experimental groups: 1)
vehicle (5% FBS DMEM); 2) 5-HT (1 µmol/L); 3) 5-HT (1 µmol/L)
+fluoxetine (100 nmol/L); 4) 5-HT (1 µmol/L)+fluoxetine (1 µmol/L);
5) 5-HT (1 µmol/L)+fluoxetine (10  µmol/L).  n=3.  cP<0.01 vs
control.  fP<0.01 vs 5-HT (1 µmol/L).

Figure 4.  Effect of fluoxetine and antisense ODN on S-phase cell
fraction of PASMCs.  Experiment groups: 1) control; 2) vehicle (5%
FBS DMEM); 3) 5-HT (1 µmol/L); 4) 5-HT (1 µmol/L)+fluoxetine
(1 µmol/L); 5) 5-HT (1 µmol/L)+antisense ODN (0.2 µmol/L).  n=3.
cP<0.01 vs control.  fP<0.01 vs 5-HT(1 µmol/L).

Figure 3.  Effect of different ODNs on the proliferation of PASMCs
induced by 5-HT.  Experiment groups: 1) vehicle (5% FBS DMEM);
2) 5-HT (1 µmol/L); 3) 5-HT (1 µmol/L)+random ODN (0.2 µmol/L);
4) 5-HT (1 µmol/L)+sense ODN (0.2 µmol/L); 5) 5-HT (1 µmol/L)
+antisense ODN (0.2 µmol/L).  n=3.  cP<0.01 vs control.  fP<0.01 vs
5-HT (1 µmol/L).

Figure 1.  Fluorescence photomicrograph of PASMCs taken 24 h
after transfection with the FITC-labeled antisense ODN (× 400).
Fluorescence were observed in both cytoplasm and the nuclei of
PASMCs.
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Discussion
Results from the present study demonstrated that 5-HTT

played a key role in the mitogenic effect of 5-HT on PASMCs.
Fluoxetine, a highly selective inhibitor of 5-HTT inhibited
the proliferation of PASMCs induced by 5-HT in vitro.
Meanwhile, antisense ODN to ERK1/2 inhibited 5-HT-induced
proliferation of PASMCs.  These findings suggest that
5-HT-induced proliferation of PASMCs is 5-HTT and ERK
pathway dependent.

In response to hypoxia, 5-HT is released from pulmonary
neuroendocrine cells and neuroepithelial bodies distributed
throughout the airways.  An increase in 5-HT may contrib-
ute to secondary pulmonary artery hypertension[13].  The
proliferation of PASMCs induced by 5-HT is an important
component of pulmonary arterial remodeling.  RT-PCR analy-
ses of PASMCs indicated the presence of 5-HT1B/1D, 5-HT2

receptors and 5-HTT mRNA[14,15].  The present results show
that the proliferation of PASMCs induced by 5-HT is inhib-
ited by fluoxetine in a manner that is concentration-
dependent.  In contrast, the 5-HT1B/1D receptor antagonist
GR127935, the 5-HT2A receptor antagonist ketanserin, or the
5-HT2B/2C receptor antagonist SB206553 had no this effect[16].
It has been recently reported that exposure of PASMCs to
hypoxia increased 5-HTT expression and activity, and this
effect was associated with potentiation of the mitogenic ac-
tion of 5-HT[5,17].  Some scholars found that mice deficient in
5-HTT or treated with selective inhibitors of 5-HTT devel-
oped less PAH than controls when exposed to hypoxia[18,19].
These evidences suggest that 5-HTT in PASMCs may be a
key determinant of pulmonary arterial remodeling and the
development of PAH.  Therefore, our result means that
5-HTT is one of the important mechanisms of PAH and this
may provide a novel therapeutic target for PAH.

The uptake of FITC-labeled antisense ODN by PASMCs
with liposomes proved the high efficiency of transfection.
In the present study, the antisense ODN to ERK1/2 deliv-
ered by lipofectin resulted in an effective suppression of the
proliferative response to 5-HT in PASMCs.  Meanwhile, the
effect of antisense ODN stronger than fluoxetine suggests
that antisense ODN to ERK1/2 could inhibit the proliferation
of PASMCs not only induced by 5-HT, but also by the
serum[20].  The present study proves that 5-HT induced the
proliferation of PASMCs and is dependent on the activation
of ERK1/2.  Therefore, it is reasonable to consider that 5-HT
induced activation of ERKs through 5-HTT in PASMCs.  Pre-
vious studies showed that 5-HT induced the Tyr phospho-
rylation of GTPase-activating protein (GAP) and the effect
was mediated by 5-HTT, which was the upstream of the ERK
pathway, not by 5-HT receptors[21].  The mechanism of 5-HT
signaling for PASMCs through 5-HTT has also been shown
to involve the production of reactive oxygen species (ROS)
such as superoxide and H2O2

 via the activation of NAD(P)H
oxidase, and the activation of the ERK pathway occurs sec-
ondary to ROS formation[22,23].  Therefore, the activation of
ERKs induced by 5-HT is mediated by 5-HTT.

The present study showed that fluoxetine concentration-
dependently inhibited 5-HT-induced proliferation of PASMCs
in vitro, and demonstrated that antisense ODN to ERK1/2
significantly inhibited mitogenesis of PASMCs.  Therefore,
we concluded that 5-HT-induced mitogenesis of PASMCs
was mediated by 5-HTT, in which the signal transduction for
5-HT was dependent on ERKs signal pathway.
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Introduction
Recently, it was summarized that apart from allergic

disease, mast cells were associated with at least 35 different
non-allergic clinical disorders[1].  The increased numbers of
mast cells or mast cell degranulation being observed in these
diseases implied that this cell type was most likely involved
in the pathogenesis of these diseases.  Since mast cells carry
out their functions mainly through their released mediators
including histamine, tryptase, chymase, heparin, cytokines,
and other products[2,3], the understanding of mediator release
properties of mast cells is crucial for our study on the roles
of mast cells in diseases.

Tryptase is a tetrameric serine proteinase that constitutes
some 20% of the total protein within human mast cells and
is stored almost exclusively in the secretory granules of mast
cells[4] in a catalytically active form[5].  Upon degranulation,

tryptase is released from mast cells along with histamine and
other mast cell products.

For more than four decades, histamine has been widely
used as a marker of mast cell degranulation in vitro, and
numerous anti-allergic drugs such as sodium cromoglycate,
lodoxamide, salbutamal, ketotifen, terfenadine, and cetiri-
zine[6,7], and salmeteral[8] were reported to inhibit anti-IgE
induced histamine release from human tonsil, skin, or lung
mast cells.  Therefore, both tryptase and histamine were used
as markers of mast cell degranulation in the current study.

In recent years, it was found that PAR-2, a receptor of
trypsin and tryptase[9] was expressed on human mast cells[10]

and PAR-2 agonists were reported to be capable of activat-
ing rat peritoneal mast cells[11] and human gut mast cells[12].
However, the potential effects of PAR-2 agonists including
trypsin, SLIGKV, and tc-LIGRLO[13] on human tonsil and skin
mast cells have not been examined.  Therefore, the actions of
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these PAR-2 agonists on tonsil and skin mast cells were
investigated in the current study.  We reported that hista-
mine was able to activate gut mast cells, which presents a
self-amplification mechanism of mast cell degranulation[14].
Since human mast cells from different anatomical sources
may respond to a stimulus to different extents, which has
long been known as mast cell heterogeneity[15], the effect of
histamine on tryptase release from human tonsil and skin
mast cells was also examined in this study.

Materials and methods
Dispersion of mast cells  Human tonsil and skin tissue

were obtained at tonsillectomy and circumcision, from the
Pathology Department of Shantou University Medical Col-
lege (Shantou, China).  Informed consent from the patients
and agreement of the Ethical Committee of the college were
obtained.  Only macroscopically normal tissues were used
for the study.  The mast cell dispersion procedures employed
were similar to that described previously[16].  Briefly, finely
chopped tissue was incubated with 1.5 g/L collagenase
(Sigma, USA) and 0.75 g/L hyaluronidase (Sigma) in mini-
mum essential medium (MEM, Gibco, Invitrogen Corpora-
tion, USA) containing 25 mmol/L N-2-hydroxylethyl-pipera-
zine-N'-2-ethane sulphonic acid (HEPES) and 2% foetal calf
serum (FCS, 1 g tonsil/10 mL buffer and 1 g skin/15 mL buffer)
at 37 °C for 60–70 min.  Dispersed cells were separated from
undigested tissue by filtration through nylon gauze (pore
size 100 µm diameter), washed and maintained in MEM
(containing 10% FCS, 200 kU/L benzylpenicillin, and 200 mg/L
streptomycin) on a roller overnight at room temperature.
Mast cell purity, as determined by light microscopy after
staining by alcine blue, ranged from 0.5% to 1.1% for tonsil
cells and 3.5% to 5.8% for skin cells.

Mast cell challenge  Dispersed cells were resuspended
in HEPES buffered salt solution (HBSS, pH 7.4) with CaCl2

and MgCl2 (complete HBSS).  Aliquots of 100 µL containing
4×103–6×103 mast cells were added a 50-µL of tc-LIGRLO
(Meilian, GuZhen Town, China), tc-OLRGIL (Meilian),
SLIGKV (Meilian), VKGILS (Meilian), trypsin (Sigma),
tryptase (self-prepared[17]), histamine (Sigma), anti-IgE anti-
body (Serotec, Oxford, UK), calcium ionophore (CI) (Sigma),
SBTI (Sigma), or α1-AT (Sigma), and incubated at 37 °C for
15 min.  The reaction was terminated by addition of 150 µL
ice cold incomplete HBSS and tubes were centrifuged imme-
diately (500×g, 10 min, 4 °C).  All experiments were performed
in duplicate.  For measuring of total histamine or tryptase
concentrations, four tubes were either boiled for 6 min or the
freeze-thaw cycle was repeated five times.  Supernatants were
stored at -20 °C until tryptase and histamine concentrations

were determined (in duplicate for each tube).
Inhibition of release of tryptase or histamine  When

added, SBTI or α1-AT were incubated with trypsin for 20
min on ice before adding to cells.  Data were expressed as
the percentage inhibition of tryptase or histamine release,
taking into account histamine or tryptase release in presence
and absence of the inhibitor.  When the experiments with
pertussis toxin were performed, cells were incubated with
1.0 mg/L pertussis toxin at 37 °C for 4 h, and then washed
with HBSS before stimulus being added.  When the experi-
ments with metabolic inhibitors were performed, cells were
incubated with 2-deoxy-D-glucose (10 mmol/L, Sigma) and
antimycin A (1 µmol/L, Sigma) at 37 °C for 40 min before
being challenged with stimulus.

Tryptase and histamine measurement  Tryptase con-
centrations were measured with a sandwich ELISA proce-
dure with a specific polyclonal antibody against human
tryptase as the capture antibody and AA5 a monoclonal an-
tibody specific for human tryptase (both donated by Dr An-
drew FW, University of Southampton, UK) as the detecting
antibody[18].  Histamine concentrations were determined us-
ing a glass fibre-based fluorometric assay[16].

Statistical analysis  Statistical analysis were performed
by using SPSS software.  Data were expressed as mean±SD.
Where analysis of variance indicated significant differences
between groups with ANOVA, for the preplanned compari-
sons of interest, Student’s t-test was applied.  P<0.05 was
taken as a statistically significant difference.

Results
Effect of PAR-2 agonists and their reverse peptides on

tryptase and histamine release from tonsil and skin mast
cells  PAR-2 agonist peptide SLIGKV at the concentrations
of 1, 10, and 100 µmol·L-1 was able to induce a dose-depen-
dent release of histamine (ranging from 8.9% to 13.8% net
histamine release), but not tryptase (data not shown) from
skin mast cells.  However, SLIGKV at 300 µmol·L-1 failed to
induce histamine release from skin mast cells.  In the same
experiments, a reverse peptide of SLIGKV, VKGILS had little
effect on histamine release.  In contrast to skin mast cells,
tonsil mast cells released more tryptase, but not histamine
(data not shown) in response to SLIGKV.  In the same
experiments, VKGILS induced significantly less tryptase re-
lease from tonsil cells than SLIGKV did.  Another PAR-2
agonist peptide tc-LIGRLO was able to induce significant
release of histamine from skin mast cells and release of
tryptase from tonsil mast cells, but the extent of histamine
and tryptase release induced by tc-LIGRLO appeared less
than that induced by its reverse peptide tc-OLRGIL (Table 1).
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Effects of trypsin, anti-IgE, CI, and histamine on tryptase
release from tonsil and skin mast cells  Trypsin was able to
induce a “bell” shape increase in tryptase release from tonsil
mast cells.  The maximum of net tryptase release was 19.4%
induced by 1 mg/L trypsin (Figure 1).  With the same experi-
mental procedure, trypsin failed to induce significant tryptase
release from skin mast cells (Figure 2).  Anti-IgE was able to
stimulate tryptase release from both tonsil and skin mast
cells (Figure 1, 2).  The maximum release of tryptase from
tonsil cells was 17.7% induced by 10 mg/L anti-IgE.  CI at the
concentrations of 0.1, 0.3, and 1 mg/L was able to provoke a
dose-dependent release of tryptase from tonsil mast cells
(Figure 1).  The maximum release of tryptase from tonsil cells
was 22.8% induced by 1 mg/L CI (Figure 1).  CI at the con-
centration of 1 mg/L was also able to induce significant
tryptase release from skin mast cells (Figure 2).

Effects of trypsin, anti-IgE, CI, and tryptase on hista-
mine release from tonsil and skin mast cells  Trypsin at the
concentrations of 0.1, 1.0, 10, and 100 mg/L was able to in-
duce a dose-dependent release of histamine from skin mast

cells (Figure 2).  The maximum of histamine release was
13.9% induced by100 mg/L trypsin.  Trypsin at the concen-
trations of 10 and 100 mg/L was also able to induce signifi-
cant histamine release from tonsil mast cells (Figure 3).

Table 1.   Effects of PAR-2 agonists and their reverse peptides on
tryptase release from human tonsil mast cells and histamine release
from human skin mast cells.  n=4.  Mean±SD.  bP<0.05 vs baseline
release.  eP<0.05 vs the corresponding concentration of the reverse
peptide.

  Peptide concentration/                 Net tryptase Net histamine
          µmol·L-1                                               release/%            release/%
                                                         Tonsil                   Skin

tc-LIGRLO    0.1   4.0±3.2   1.9±1.3
    1.0   4.7±4.3   3.6±0.5
  10   2.5±1.9   2.2±2.0
100   4.9±0.8b   7.2±1.0b

300   0.3±1.6   9.9±1.7be

tc-OLRGIL     0.1   1.1±1.7   4.0±2.4
    1.0 10.2±1.8b   9.7±4.1b

  10   7.7±1.4b 15.3±0.9b

100   5.2±0.5b 12.8±3.0b

300   4.3±1.7   4.4±2.4
SLIGKV     0.1   3.1±1.9   2.9±1.2

    1.0 16.9±3.2be   8.9±3.0be

  10 13.1±3.6be   9.1±2.6be

100 11.0±0.7be 13.8±1.5be

300   6.2±2.3b   3.9±2.5
VKGILS     0.1   3.6±2.4   1.5±2.3

    1.0   8.0±1.4b   0.2±1.2
  10   7.0±0.7b   1.0±0.6
100   3.3±2.2   1.5±1.0
300   4.5±3.2   4.6±1.4

Cells were incubated with peptides at 37 ºC for 15 min.

Figure 1.  Induction of tryptase release from tonsil mast cells by
trypsin, anti-IgE antibody (aIgE), calcium ionophore (CI), and
histamine.  n=4.  Mean±SD.  bP<0.05 vs baseline.  Stimulus or HBSS
alone was incubated with cells for 15 min before termination of the
reactions.

Figure 2.  Induction of tryptase or histamine release from skin mast
cells by trypsin, anti-IgE, and calcium ionophore (CI).  n=4.  Mean±SD.
bP<0.05 vs control.  eP<0.05 vs the corresponding tryptase release.
Stimulus or HBSS alone was incubated with cells for 15 min before
termination of the reactions.



Http://www.chinaphar.com He SH et al

571

Similarly, anti-IgE and CI were able to induce a dose-depen-
dent release of histamine from tonsil mast cells.  Up to12.8%
release of histamine from tonsil mast cells was observed when
cells were incubated with tryptase 10 mg/L (Figure 3).

Time course for tryptase and histamine release from
tonsil mast cells  Time course study revealed that both
tryptase and histamine release induced by anti-IgE, histamine,
and CI from tonsil mast cells initiated within 10 s when cells
were incubated with stimulus.  Up to 45% and 31% of the
maximum tryptase and histamine release were observed 10 s
after cells were incubated with stimulus.  The peak tryptase
release from tonsil cells occurred at 4 min for CI and histamine,
and 6 min for anti-IgE following incubation (Figure 4).  In
comparison, the peak of histamine release induced by anti-
IgE or CI occurred at 5 min and 6 min, respectively (Figure 4).
Similarly, tc-LIGRLO, trypsin, and CI-induced histamine re-
lease from skin mast cells all started within 10 s of stimulation.
But the peak histamine release occurred at 4 min for CI and 6
min for tc-LIGRLO and trypsin (Figure 5).

Inhibition of trypsin-induced tryptase and histamine
release by trypsin inhibitors  The trypsin-induced tryptase
release from tonsil mast cells was inhibited by approximately
65.1% and 62.2% by SBTI or α1-AT, respectively (Table 2).
Similarly, the trypsin-induced histamine release from tonsil
mast cells was inhibited by approximately 82.4% and 80.4%
by SBTI or α1-AT, respectively (Table 2).  SBTI or α1-AT

were also able to inhibit trypsin-induced histamine release
from skin mast cells by 77.2% and 63.2%, respectively (Table 2).

Inhibition of tryptase and histamine release by pertus-
sis toxin and metabolic inhibitors  Pretreatment of cells with
metabolic inhibitors (10 mmol/L of 2-deoxy-D-glucose and 1

Figure 3.  Induction of histamine release from tonsil mast cells by
trypsin, anti-IgE, CI, and tryptase.  n=4.  Mean±SD.  bP<0.05 vs
control.  Stimulus or HBSS alone was incubated with cells for 15 min
before termination of the reactions.

Figure 4.  Time course for anti-IgE antibody (10 mg/L, – –),
calcium ionophore (1 mg/L, – –) and histamine (10 mg/L, –∆–)-
induced release of tryptase, and anti-IgE antibody (10 mg/L, –∇–)
and calcium ionophore (1 mg/L, – –)-induced release of histamine
from tonsil mast cells.  n=4.  Mean±SD.

Figure 5.  Time course for tc-LIGRLO (100 µmol/L, – –), trypsin
(10 mg/L, – –) and calcium ionophore (1 mg/L, –∆–)-induced
release of histamine from skin mast cells.  n=4.  Mean±SD.
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µmol/L of antimycin A) reduced trypsin-induced tryptase
release from tonsil cells and histamine release from skin cells
by 79.4% and 61.9%, respectively.  Metabolic inhibitors were
also able to inhibit histamine-induced tryptase release from
tonsil mast cells, and tc-LIGRLO and SLIGKV-induced hista-
mine release from skin mast cells.  Pretreatment of cells with
1 mg/L pertussis toxin diminished both trypsin and hista-
mine-induced tryptase release from tonsil mast cells, and
trypsin, tc-LIGRLO, and SLIGKV-provoked histamine release
from skin mast cells.  Similarly, metabolic inhibitors and per-
tussis toxins were able to inhibit both anti-IgE and CI-in-
duced tryptase and histamine release from both tonsil and
skin mast cells (Table 3).

Discussion
We have reported the in vitro tryptase release properties

of human tonsil and skin mast cells.  This was particularly
important when tryptase and histamine, the two major mast
cell mediators were investigated in parallel in the same
experiments, which not only proved that the quantities of

Table 2.  Inhibition of trypsin-induced tryptase and histamine re-
lease from tonsil and skin mast cells by trypsin inhibitors.  n=4.
Mean±SD.  bP<0.05 vs trypsin alone.

Concentration of     Inhibition of tryptase  Inhibition of histamine
compound/mg·L-1                    release/%                     release/%
                                     Tonsil        Skin       Tonsil           Skin

Trypsin 10+SBTI  30 65.1±9.3b nd 82.4±13.5b 77.2±11.8b

Trypsin 10+a1-AT 30 62.2±10.1b nd 80.4±11.6b 63.2±2.2b

Cells were incubated with trypsin and inhibitors at 37 ºC for 15 min.

the two mediators released from mast cells were in an incon-
stant ratio, but also revealed that the pace of release was
different between histamine and tryptase upon mast cell
degranulation.  These phenomena were similar to our previ-
ous findings with human colon mast cells[12].

Trypsin at 1 mg/L was able to stimulate the maximum
tryptase release (19.4%), but not significant histamine re-
lease from tonsil mast cells.  In contrast, trypsin at 100 mg/L
was able to stimulate 16.4% histamine release, but not sig-
nificant tryptase release from tonsil mast cells.  These are
surprising observations, which suggests strongly that
tryptase and histamine release from tonsil mast cells induced
by trypsin may be involved in different mechanisms.  Since
anti-IgE and CI also showed “bell” shape tryptase release
and dose-dependent histamine release patterns in the same
experimental system, these observations may reflect a com-
mon phenomenon of tonsil mast cell degranulation.  It is
most likely that tryptase release pathway of tonsil mast cells
has the ability to prevent itself from strong stimulation.
However, more experiments are needed to prove this.  In
contrast to mast cells from tonsil, mast cells from skin re-
leased only histamine, but not tryptase in response to trypsin,
which indicated further that tryptase and histamine release
from human mast cells induced by trypsin was through dif-
ferent mechanisms.  The difference in the ability of trypsin
inhibitors to inhibit trypsin induced histamine release (up to
82.4%) and tryptase release (up to 65%) may also suggest
the different mechanisms involved in tryptase and histamine
release from tonsil mast cells.

Moreover, PAR-2 agonist peptides SLIGKV and tc-
LIGRLO showed different effects on tryptase and histamine
release from mast cells.  As for trypsin, SLIGKV was also
able to stimulate histamine release, but not tryptase release

Table 3.  Effects of pertussis toxin (1 mg/L) and metabolic inhibitors (antimycin A 1 µmol/L+2-deoxy-D-glucose 10 mmol/L) on trypsin-,
histamine-, tc-LIGRLO-, SLIGKV-, anti-IgE-, and CI-induced tryptase or histamine release from tonsil and skin mast cells.  n = 4.  Mean±SD.
bP<0.05 vs control.

                                              Inhibition of tryptase release/%                                   Inhibition of histamine release/%
    Stimulus                                 Pertussis toxin                Metabolic inhibitors                Pertussis toxin               Metabolic inhibitors

                                Tonsil              Skin     Tonsil    Skin            Tonsil           Skin         Tonsil         Skin

Trypsin/10 mg·L-1    78.6±11.5b       ns 79.4±9.6b       ns       nd 65.7±12.5b       nd 61.9±6.1b

Histamine/100 mg·L-1    65.3±12.7b       nd 69.0±5.2b       nd       na       na       na      na
tc-LIGRLO/100 µmol·L-1          nd       ns       nd       ns       ns 62.6±13.1b       ns 82.6±13.4b

SLIGKV/100 µmol·L-1          nd       ns       nd       ns       ns 70.4±13.2b       ns 70.1±11.9b

Anti-IgE/10 mg·L-1    80.7±9.8b 68.0±6.4b 90.7±5.6b 85.4±8.1b 81.4±6.4b 63.3±8.2b 72.7±9.5b 72.1±4.0b

CI/1.0 mg·L-1    76.9±9.4b 77.5±11.2b 75.7±10.5b 72.3±6.9b 79.6±8.3b 70.1±11.5b 94.7±3.2b 84.0±5.7b

nd=not done; na=not applicable; ns=no stimulation before pertussis toxin and metabolic inhibitor treatment.
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from skin mast cells.  The extent of histamine release induced
by SLIGKV was similar to that induced by trypsin, indicating
that the actions of trypsin on skin mast cells may be through
PAR-2.  Because VKGILS (a reversed peptide of SLIGKV)
had little effect on tryptase and histamine release from skin
mast cells, the action of SLIGKV on skin mast cells was a
specific one.  Different from skin mast cells, tonsil mast cells
released tryptase but not histamine in response to SLIGKV.
This suggested that trypsin induced histamine release from
tonsil mast cells might not be through a PAR-2 related
mechanism.  It suggested also that release of tryptase and
histamine from tonsil mast cells upon stimulation might not
occur simultaneously.  Another PAR-2 agonist peptide tc-
LIGRLO had a similar effect to SLIGKV on skin mast cells,
confirming further the functional expression of PAR-2 on
these cells.  Interestingly, tc-OLRGIL a reversed peptide of
tc-LIGRLO appeared a potent stimulus of histamine release
from skin mast cells, and a secretagogue of tryptase release
from tonsil mast cells.  The physiological or pathophysi-
ological meaning of the action of tc-OLRGIL on mast cells
requires further investigation to be understood.

Consistent with our previous findings[14,15], histamine
exhibited its ability to stimulate tryptase release from tonsil
mast cells, and tryptase showed its ability to provoke hista-
mine release from mast cells.  These implicated that there
were at least two self-amplification mechanisms of mast cell
degranulation in the human tonsil; the histamine associated
mechanism and the tryptase associated mechanism.

Approximately 30% tryptase and histamine release oc-
curred within 10 s of IgE-dependent stimulation, suggesting
that tonsil mast cells were able to quickly respond to aller-
gen challenge, but to reach their full capacity (maximum his-
tamine or tryptase release) a minimum of 5 min was required.
The time courses for CI were similar to those for anti-IgE,
except for a minimum 4 min being required to reach the full
tryptase and histamine release capacity.  The reasons for the
relatively slow release of mediators from human mast cells
remain unclear.  Approximately 45% tryptase release induced
by histamine was completed within the first 10 s of stimulation,
indicating that the process may be different from the one
induced by anti-IgE or CI.  The time courses for histamine
release from skin mast cells induced by CI and tc-LIGRLO
were quite similar, indicating tc-LIGRLO may act like CI
on induction of mast cell degranulation.

Pretreatment of cells with metabolic inhibitors abolished
the actions of anti-IgE and CI on mast cells, indicating that
tryptase and histamine release induced by them was a non-
cytotoxic process, and was dependent on cell energy supply.
The inhibition of tryptase and histamine release by pertus-

sis toxin suggested that the release process was associated
with activation of G-protein coupled receptors.

In conclusion, it was found that tryptase release proper-
ties of human tonsil and skin mast cells were similar to the
histamine release properties of these cells in response to anti-
IgE and CI.  In contrast, tryptase release properties were
quite different from histamine release properties in response
to PAR-2 agonists including trypsin, tc-LIGRLO, and
SLIGKV, which uncovered a novel type of mast cell hetero-
geneity in response to different stimulation.  The activation
of mast cells by PAR-2 agonists may indicate a self-amplifi-
cation mechanism of mast cell degranulation in humans.

References
1 He S.  The key role of mast cells and their major secretory

products in inflammatory bowel disease.  World J Gastroenterol
2004; 10: 309–18.

2 Walls AF, He S, Buckley MG, McEuen AR.  Roles of the mast cell
and basophil in asthma.  Clin Exp Allergy Rev 2001; 1: 68–72.

3 He S, Chen HQ, Zheng J.  Inhibition of tryptase and chymase induced
nucleated cell infiltration by proteinase inhibitors.  Acta Pharmacol
Sin 2004; 25: 1677–84.

4 Schwartz LB.  Preformed mediators of human mast cells and basophils.
In: Holgate ST, editor.  Mast cells, mediators and disease.
Dordrect: Kluwer Academic Publishers; 1988.  p 129–47.

5 McEuen AR, He S, Brander ML, Walls AF.  Guinea pig lung tryptase:
Localisation to mast cells and characterisation of the partially puri-
fied enzyme.  Biochem Pharmacol 1996; 52: 331–40.

6 Okayama Y, Church MK.  Comparison of the modulatory effect of
ketotifen, sodium cromoglycate, procaterol and salbutamol in human
skin, lung and tonsil mast cells.  Int Arch Allergy Appl Immunol 1992;
97: 216–25.

7 Okayama Y, Benyon RC, Lowman MA, Church MK.  In vitro effects
of H1-antihistamine and PGD2 release from mast cells of human lung,
tonsil, and skin.  Allergy 1994; 49: 246–53.

8 Butchers PR, Vardey CJ, Johnson M.  Salmeterol: a potent and long-
acting inhibitor of inflammatory mediator release from human lung.
Br J Pharmacol 1991; 104: 67–26.

9 Molino M, Barnathan ES, Numerof R, Clark J, Dreyer M, Cumashi
A, et al.  Interactions of mast cell tryptase with thrombin receptors
and PAR-2.  J Biol Chem 1997; 272: 4043–9.

10 D’Andrea MR, Rogahn CJ, Andrade-Gordon P.  Localization of
protease-activated receptors-1 and -2 in human mast cells: indi-
cations for an amplified mast cell degranulation cascade.  Biotech
Histochem 2000; 75: 85–90.

11 Stenton GR, Nohara O, Dery RE, Vliagoftis H, Gilchrist M, Johri
A,  et al.  Proteinase-activated receptor (PAR)-1 and -2 agonists
induce mediator release from mast cells by pathways distinct
from PAR-1 and PAR-2.  J Pharmacol Exp Ther 2002; 302:
466–74.

12 He S, He Y, Xie H.  Activation of human colon mast cells through
proteinase activated receptor-2 (PAR-2).  World J Gastroenterol
2004; 10: 327–31.

13 Hollenberg MD, Saifeddine M, al-Ani B, Kawabata A.  Protein-
ase-activated receptors: structural requirements for activity, re-



574

 Acta Pharmacologica Sinica ISSN 1671-4083He SH et al

ceptor cross-reactivity, and receptor selectivity of receptor-ac-
tivating peptides.  Can J Physiol Pharmacol 1997; 75: 832–41.

14 He S, Xie H.  Modulation of tryptase secretion from human
colon mast cells by histamine.  World J Gastroenterol 2004; 10:
323–26.

15 He S, Gaça MDA, Walls AF.  A role for tryptase in the activation
of human mast cells: modulation of histamine release by tryptase
and inhibitors of tryptase.  J Pharmacol Exp Ther 1998; 286:
289–97.

16 He S, Xie H, Zhang XJ, Wang XJ.  Inhibition of histamine release

from human mast cells by natural chymase inhibitors.  Acta
Pharmacol Sin 2004; 25: 822–6.

17 He S, Chen P, Chen HQ.  Modulation of enzymatic activity of human
mast cell tryptase and chymase by proteinase inhibitors.  Acta
Pharmacol Sin 2003; 24: 923–9.

18 Buckley MG, Walters C, Brander M, Wong WM, Cawley MI, Ren
S,  et al.  Mast cell activation in arthritis: detection of α- and β-
tryptase, histamine and eosinophil cationic protein in synovial
fluid.  Clin Sci 1997; 93: 363–70.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Congratulations to Dr Hua-liang JIANG, an Editorial Board member of Acta
Pharmacologica Sinica, for his extraordinary career accomplishment!

It is time to celebrate!

We are very proud to announce that, since 2003, Dr Hua-liang JIANG have had 27 citations to his article, A 3D MODEL OF
SARS_COV 3CL PROTEINASE AND ITS INHIBITORS DESIGN BY VIRTUAL SCREENING [by Bin XIONG, Chun-shan
GUI , Xiao-ying XU, Cheng LUO, Jing CHEN, Hai-bin LUO, Li-li CHEN, Guo-wei LI, Tao SUN, Chang-ying YU,  Li-duoYUE,
Wen-hu DUAN, Jin-kang SHEN, Lei QIN, Tei-liu SHI, Yi-xue LI, Kai-xian CHEN, Xiao-min LUO, Xu SHEN, Jian-hua SHEN,
Hua-liang JIANG.  Acta Pharmacol Sin 2003, 24 (6): 497–504.  Received 2003-05-16  Accepted 2003-05-18].

What’s more, the number of citations of this article received has placed it in the top 1% within its field according to Essential
Science IndicationSM.  His work is highly influential and is making a significant impact among his colleagues in his field of
study.

It is worth pointing out that it were Dr Jiang HL et al who firstly constructed a three-dimensional model for the 3C like
proteinase of SARS coronavirus and designed anti-SARS drugs by virtual screening.  Based on the finding published in Acta
Pharmacologica Sinica, Dr Jiang managed to find a new strategy to discover anti-SARS compounds from the existing drugs
by combining computationally virtual screening with bioassay.  His latest work has been accepted by Journal of Virology
recently and will be published as a Spotlight Paper soon.
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Pioglitazone can ameliorate insulin resistance in low-dose streptozotocin
and high sucrose-fat diet induced obese rats
Shi-ying DING, Zhu-fang SHEN1, Yue-teng CHEN, Su-juan SUN, Quan Liu, Ming-zhi XIE

Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing 100050, China

Abstract
Aim: To investigate the effect of the peroxisome proliferator-activator receptor
(PPAR)-γ agonist, pioglitazone, on insulin resistance in low-dose streptozotocin
and high sucrose-fat diet induced obese rats.  Methods: Normal female Wistar rats
were injected intraperitoneally with low-dose streptozotocin (STZ, 30 mg/kg) and
fed with a high sucrose-fat diet for 8 weeks.  Pioglitazone (20 mg/kg) was adminis-
tered orally to the obese and insulin-resistant rats for 28 d.  Intraperitoneal glu-
cose tolerance tests, insulin tolerance tests and gluconeogenesis tests were car-
ried out over the last 14 d.  At the end of d 28 of the treatment, serums were
collected for biochemical analysis.  Glucose transporter 4 (GLUT4) and insulin
receptor substrate-1 (IRS-1) protein expression in the liver and skeletal muscle
were detected using Western blotting.  Results: Significant insulin resistance and
obesity were observed in low-dose STZ and high sucrose-fat diet induced obese
rats.  Pioglitazone (20 mg/kg) treatment significantly decreased serum insulin,
triglyceride and free fatty acid levels, and elevated high density lipoprotein-cho-
lesterol (HDL-C) levels.  Pioglitazone also lowered the lipid contents in the liver
and muscles of rats undergoing treatment.  Gluconeogenesis was inhibited and
insulin sensitivity was improved markedly.  The IRS-1 protein contents in the liver
and skeletal muscles and the GLUT4 contents in skeletal muscle were elevated
significantly.  Conclusion: The data suggest that treatment with pioglitazone
improves insulin sensitivity in low-dose STZ and high sucrose-fat diet induced
obese rats.  The insulin sensitizing effect may be associated with ameliorating
lipid metabolism, reducing hyperinsulinemia, inhibiting gluconeogenesis, and in-
creasing IRS-1 and GLUT4 protein expression in insulin-sensitive tissues.
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Introduction
Insulin resistance is a major characteristic of various meta-

bolic disorders, including type 2 diabetes and obesity[1].
There is strong evidence that an important factor leading to
obesity and insulin resistance is an increase in energy intake[2].
Our previous study demonstrated that high-fat, high-sucrose
feeding led to insulin resistance and impaired glucose toler-
ance in female Wistar rats[3].  In our study, female rats were
given a relatively low-dose of streptozotocin (STZ), followed
by a high sucrose-fat diet containing 52% sucrose, 24% fat,
and 18% protein (4.8 cal/g chow).  Compared to the control

group, which did not receive either STZ or a high sucrose-
fat diet, the treatment group showed obvious obesity and
impaired glucose tolerance after 8 weeks.  Fasting blood glu-
cose levels increased slightly or moderately, and were ac-
companied by hyperinsulinemia, dyslipidemia, enhanced
gluconeogenesis, and reduced insulin tolerance.  These char-
acteristics indicated insulin resistance and obesity with mild
β-cell dysfunction, which was further induced by the high
sucrose-fat diet.  A similar result is observed in humans.  Our
results suggested that this model was a successful insulin-
resistant rat model and is useful in the study of insulin resis-
tance and insulin sensitivity.
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Thiazolidinediones (TZDs), a new class of insulin sensi-
tizing drugs including troglitazone, pioglitazone, and
rosiglitazone, provide an effective approach for treating type
2 diabetes.  TZDs improve insulin sensitivity, impair glucose
tolerance and dyslipidemia in type 2 diabetics[4], as well as in
obese non-diabetic subjects[5].  Similar findings have been
demonstrated in a number of genetic and non-genetic animal
models of diabetes/insulin resistance[6,7].  TZDs elicit their
effects through activating the peroxisome proliferator–acti-
vator receptor (PPAR)-γ, a nuclear hormone receptor.  When
ligands stimulate the PPAR-γ nuclear receptor, a variety of
response genes are stimulated or repressed.  The TZD PPAR-γ
agonists improve insulin sensitivity via multiple mechanisms.
Although the exact target genes for insulin sensitization re-
main unknown, it has been demonstrated in vitro and in
vivo that treatment with TZDs affects a variety of factors
involved in lipid metabolism, insulin signal pathways, glu-
cose phosphorylation, and glucose transport.

In the present study, we evaluated the effect of pioglita-
zone, a PPAR-γ agonist, on insulin resistance and related
abnormalities in low-dose STZ and high sucrose-fat diet in-
duced obese rats.  Our findings demonstrated that PPAR-γ
agonist treatment reduced circulating and stored lipids and
improved the insulin-resistant status in model rats.

Materials and methods

Animals  Thirty female Wistar rats, weighing 225–250 g,
were obtained from the Experimental Animal Center, Chinese
Academy of Medical Sciences, Beijing, China [Certificate
No  SCXK(Jing)2000-0006], and maintained in individual
cages with a 12-h/12 h light-dark cycle.  All animals were
allowed free access to water.  At the beginning of the study,
rats were randomly assigned to control (n=8) and experimen-
tal groups (n=22).  Experimental groups were injected intrap-
eritoneally with low-dose STZ, 30 mg/kg (Sigma, St Louis,
MO, USA).  After 2 weeks, a glucose tolerance test was car-
ried out and 15 rats that had developed impaired glucose
tolerance in the STZ-treated group were selected and re-
ceived a high sucrose-fat diet (containing 52% sucrose, 24%
fat, 18% protein, and 4.8 cal/g chow).  Rats in the control
group were fed ad libitum on a standard chow.

After 8 weeks on a high sucrose-fat diet, weight-matched,
fasting-blood-glucose-matched STZ rats were randomly di-
vided into two groups, a STZ group and a pioglitazone group.
STZ rats (n=8) were given vehicle solution and pioglitazone
rats (n=7) were orally administered pioglitazone (20 mg·kg-1·d-1;
the pioglitazone was a gift from Prof Yu-ling LIU) as a sus-
pension in 1% Tween 80 solution (the high sucrose-fat diet

was given to the rats during this period).  Rats in each group
were treated for 28 d.  Glucose tolerance tests, insulin toler-
ance tests and gluconeogenesis tests were carried out over
the last 14 d of the experiment.  At the end of the treatment
period, all animals were decapitated after a 4-h fast.  Blood
samples were collected and serum was prepared and kept at
-20 ºC  for the determination of serum lipids and immunoreac-
tive insulin.  Celiac fats were excised for weighing.  Skeletal
muscles and livers were separated and frozen immediately in
liquid nitrogen, and stored at -70 ºC  for further analysis of
GLUT4 and IRS-1.

Biochemical analysis  Serum glucose levels were assayed
using the glucose oxidase method.  Serum insulin was deter-
mined using a radioimmunoassay kit (China Institute of
Atomic Energy, Beijing, China).  Free fatty acid (FFA) con-
centrations were measured using the Cu2+ reagent method.
Triglyceride (TG), total cholesterol (TC), and HDL-choles-
terol (HDL-C) levels were determined using the colorimetric
method with commercial kits (Zhong sheng bei kong Bio-
Technology and Science, Beijing, China).

Intraperitoneal glucose tolerance test (IPGTT)  Baseline
glucose levels were determined after a 4-h fast, after which
glucose (2 g/kg body wt) was administered intraperitoneally
to non-sedated animals.  Tail vein blood was sampled for
glucose determination 30 and 120 min after glucose admini-
stration.

Insulin tolerance test (ITT)  Baseline glucose levels were
determined after a 4-h fast.  Insulin (0.4 U/kg body wt) was
injected subcutaneously.  Blood was sampled from the tail
tip 40 and 90 min after insulin administration, and the glu-
cose concentration was determined.  Insulin injections and
blood glucose sampling took approximately the same amount
of time per animal (ie 25 animals were injected in 12 min and
blood glucose sampling of those same 25 animals also took
approximately 12 min), so that the sample times are accurate
for each animal.

Gluconeogenesis test  Baseline glucose levels were de-
termined after an overnight fast.  DL-alpha alanine was in-
jected intraperitoneally.  Blood was sampled from the tail
and glucose levels were determined at 0 and 60 min.  The
percent increase in glucose level at 60 min was calculated.
Higher values indicated higher levels of gluconeogenesis.

GLUT4 and IRS-1 protein expression   Protein extrac-
tions and immunoblots for the determination of GLUT4 were
carried out on frozen skeletal muscle from 12 rats using a
modified Klip’s method[8].  Skeletal muscle (1 g) was pow-
dered under liquid nitrogen and homogenized for 20 s in buffer
(pH 7.4) containing sucrose 250 mmol/L, Tris 50 mmol/L and
edetic acid 0.2 mmol/L.  The homogenates were centrifuged
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at 9000×g for 10 min (4 ºC) and the supernatants were reserved.
The pellet was cleaned with buffer and centrifuged three
times.  All three supernatants were mixed and centrifuged at
190 000×g for 60 min (4 ºC).  The resulting pellet was resus-
pended in a small amount of buffer (about 0.5 mL) as a total
membrane fraction.  Protein concentrations of the suspen-
sions were determined using the Coomasine brilliant blue
method[8] prior to Western blot analysis.

Frozen tissues (100 mg liver, 100 mg skeletal muscle) were
ground into a fine powder with a mortar and pestle and ho-
mogenized in the buffer (1% Triton X-100, sodium pyrophos-
phate 100 mmol/L, HEPES 50 mmol/L, pH 7.4, NaF 100 mmol/L,
PMSF 2 mmol/L, 0.1% aprotinin, sodium edetic acid 10 mmol/L,
Na3VO4 10 mmol/L) with a polytron homogenizer at 4 ºC for 6
(for muscle) or 10 (for liver) times[9,10].  The homogenates
were centrifuged at 10 000×g at 4 ºC for 60 min and the super-
natants were collected for IRS-1 analysis.

Protein extracts were resuspended in Laemmli buffer and
separated using sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on 10% (for GLUT4) or 7.5%
(for IRS-1) polyacrylamide gels.  Proteins were electrophoreti-
cally transferred to nitrocellulose membranes.  The nitrocel-
lulose membranes were incubated in phosphate buffer sa-
line contained 0.1% Tween-20 overnight at 4 ºC to reduce
non-specific binding and blotted with GLUT4 (anti-rabbit
carboxy-terminal GLUT4, Santa Cruz Biotechnology,
California, USA 1:1000) and IRS-1 (anti-rabbit carboxy-termi-
nal IRS-1, Santa Cruz Biotechnology) antibodies according
to the manufacturer’s instructions.  After incubation with
peroxidase-conjugated secondary antibodies (1:2500, Santa
Cruz Biotechnology), proteins were visualized using en-
hanced chemiluminescence.  Band intensities were quanti-
fied by densitometry.

Statistical analysis  The values presented are expressed
as mean±SD.  Statistical analyses were carried out using
ANOVA.  P<0.05 was considered to be statistically significant.

Results

Effect of pioglitazone on body weight, adipose weight,
fasting blood glucose (FBG), fasting blood insulin (FBI),
and insulin sensitivity index (ISI)  STZ rats had significantly
elevated levels of glucose and insulin compared with con-
trol rats (P<0.01) (Table 1).  Reduced ISI (1/FBG×FBI) values
revealed that insulin resistance developed in STZ rats.  Treat-
ment with pioglitazone for 28 d significantly lowered fasting
glucose and insulin levels, and improved insulin sensitivity.
STZ rats had significantly increased body weight and mass
of celiac fat (P<0.01).  There was no significant difference in

body weight and adipose tissue weight between STZ ani-
mals and pioglitazone-treated animals (Table 1).

Effect of pioglitazone on glucose tolerance in STZ rats
The IPGTT results revealed that rats in the STZ group had
significantly impaired glucose tolerance compared with those
in the control group.  Surprisingly, the area under the curve
(AUC) indicated that no effect attributable to pioglitazone
administration on glucose tolerance was observed in the
pioglitazone-treated group, although fasting glucose was
slightly but significantly decreased (Table 2).

Effect of pioglitazone on insulin tolerance in STZ rats
The results of the ITT showed that insulin resistance had
developed significantly in STZ rats.  Treatment with
pioglitazone for 19 d markedly decreased glucose levels at
every point, including AUC, indicating that insulin sensitiv-
ity was improved.  In particular, the data suggested a prolon-
gation in insulin action (Table 3).

Effect of pioglitazone on gluconeogenesis in STZ rats
Under conditions of insulin resistance, gluconeogenesis from
non-glucose substrates was always elevated in STZ rats.
Our results showed that pioglitazone significantly reduced
glucose production from alanine, which was assessed by a
percentage increase in blood glucose levels at 60 min (Table 4).

Effect of pioglitazone on lipid profiles in serum, liver,
and muscle  The changes in lipid contents in these three

Table 2.  Effect of pioglitazone (20 mg/kg, po) on glucose tolerance
in low-dose STZ rats.  n=7–8.  Mean±SD.  bP<0.05, cP<0.01 vs con-
trol group.  fP<0.01 vs STZ group.

    Group                  Blood glucose/mmol·L-1                  AUC/
                 0 min          30 min      120 min     mmol·L-1·min

Control 4.2±0.4   6.8±0.7 4.9±0.6   691±58
STZ 5.0±0.4 11.9±2.6c 7.1±1.8b 1107±200c

Pioglitazone 4.3±0.5f 12.4±1.4 6.1±1.2 1083±127

Table 1.  Effects of pioglitazone (20 mg/kg, po) on body weight
(BW), adipose tissue weight (AW) in the abdominal cavity, FBG, FBI
and ISI in low-dose STZ rats.  n=7–8.  Mean±SD.  cP<0.01 vs control
group.  eP<0.05, fP<0.01 vs STZ group.

  Group       BW/g    AW/g          FBG/         FBI/       104×ISI
                                                         mmol·L-1    mU·L-1

Control 270±7       8.4±2.9 3.8±0.5 37±9 77±23
STZ 322±42c 29±10c 4.6±0.3c 61±27c 42±16c

Pioglitazone 322±36 30±12 4.2±0.3e 32± 9e 81±20f
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groups (Table 5) indicated that the serum TG, TC, and FFA
levels were all elevated significantly in the untreated STZ
group, whereas HDL-C decreased.  Pioglitazone treatment
decreased TG, TC, and FFA and increased HDL-C levels
significantly.  Elevated liver TG, TC, FFA levels and muscle
TG were observed in STZ rats and were normalized by piogli-
tazone treatment.  These findings may indicate that tissue
lipid levels are closely associated with insulin sensi-tivity.
The TC/HDL-C ratio is considered to be a predictor of car-
diovascular disease (CVD).  TC/HDL-C values suggested
that pioglitazone diminished the potential risk of CVD by
correcting dyslipidemia.

Effect of pioglitazone on GLUT4 content in skeletal
muscle membrane  Membrane GLUT4 protein content was
decreased by 68.7% in skeletal muscles from untreated STZ
rats compared with control rats (Figure 1).  Pioglitazone treat-
ment increased GLUT4 protein levels significantly.

Effect of pioglitazone on IRS-1 expression in liver and
skeletal muscle  Statistically significant (A, 26.7%; B, 28.6%)
decreases in IRS-1 proteins were observed in untreated STZ
rats compared with control rats (Figure 2).  Pioglitazone treat-
ment for 28 d increased IRS-1 protein expression in liver and
skeletal muscle significantly.

Discussion
Insulin resistance is a characteristic feature of type 2

diabetes and other pathophysiological states in humans.
Therefore, amelioration of insulin sensitivity is an important
therapeutic goal.  Diet plays an important role in the develop-
ment of insulin resistance and type 2 diabetes.  An excessive
intake of fat and sugar can lead to obesity and diabetes[11].
Previous studies have shown that high fat (59%) feeding for
24 d leads to significant insulin resistance.  Euglycemic clamp
revealed that glucose disposal rate (GDR) decreased by 50%;
however, hyperglycemia was not observed[12].  Pascoe and
Storlien reported that low-dose STZ (45 mg/kg body wt) ad-
ministration to neonatal rats caused no change in glucose
and insulin levels after 8 weeks; however, hyperglycemia

Table 5.  Effect of pioglitazone (20 mg/kg, po) on lipid contents in
serum, liver, and muscle in STZ rats.  n=7–8.  Mean±SD.  bP<0.05
cP<0.01 vs control group.  eP<0.05, fP<0.01 vs STZ group.

                                              Control          STZ    Pioglitazone

Serum TG/mmol·L-1   1.3±0.1   3.7±1.3c   1.8±0.7f

Serum HDL-C/mmol·L-1 0.59±0.16 0.39±0.10b 0.65±0.21e

Serum TC/mmol·L-1   2.1±0.4   3.5±0.7c   3.0±0.3
TC/HDL-C   3.6±0.8   9.1±2.2c   5.2±1.7f

Serum FFA/mmol·L-1   1.1±0.1   1.3±0.2b   1.2±0.1e

Liver TG/mg·g-1 tissue    15±3    34±4c    20±4f

Liver TC/mg·g-1 tissue   3.6±0.3   9.3±2.4c   6.5±1.8e

Liver FFA/µmol·g-1 tissue    65±10    78±5c    68±4f

Muscle TG/mg·g-1 tissue   2.4±0.6   3.5±0.6b   2.5±0.8e

Table 3.  Effect of pioglitazone (20 mg/kg, po) on insulin tolerance
in low-dose STZ rats.  n=7–8.  Mean±SD.  bP<0.05, cP<0.01 vs con-
trol group.  fP<0.01 vs STZ group.

    Group                   Blood glucose/mmol·L-1                  AUC
                  0 min         40 min        90 min     mmol·L-1·min

Control 4.3±0.3 2.9±0.5 3.8±0.8 314±14
STZ 5.0±0.4c 3.6±0.4b 4.1±0.6 366±24c

Pioglitazone 4.6±0.5 2.9±0.2f 2.8±0.5f 298±20f

Table 4.  Effect of pioglitazone (20 mg/kg, po) on gluconeogenesis
ability from alanine in STZ rats.  n=7–8.  Mean±SD.  cP<0.01 vs
control group.  eP<0.05 vs STZ group.

   Group                          Blood glucose/mmol·L-1  Blood glucose
                    0 min    60 min    increase/%

Control 3.8±0.4 5.4±0.7 31±10
STZ 5.3±0.4c 8.6±1.0c 65±20c

Pioglitazone 4.8±0.7 7.0±1.3e 42±16e

Figure 1.  GLUT4 protein content in skeletal muscle membrane
using Western blot analysis.  GLUT4 protein was detected using
rabbit polyclonal antibody.  Control, lanes 1–4; STZ, lanes 5–8;
pioglitazone, lanes 9–12.  Blots were quantified using densitometry
and expressed as mean±SD (n=4).  cP<0.01 vs control group.  eP<0.05
vs STZ group.
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and insulin resistance developed after high-fat feeding for 1
week[13].  In the present study, we injected STZ at low doses
to Wistar rats to induce light damage of islet cells, leading to
glucose intolerance.  On this basis, a high sucrose-fat diet
was followed to induce obesity.  Our previous study re-
ported that glucose infusion rate (GIR) decreased signifi-
cantly in model rats compared with control rats (15.1±4.8 vs

27.3±2.9 mg/kg per min, P<0.01)[14].  This model is similar to
the genetically insulin-resistant obese Zucker rats, which
are characterized by a range of metabolic abnormalities in-
cluding severe hyperinsulinemia, dyslipidemia and adipocyte
hypertrophy; however, they possess normal blood glucose
levels[15].  The precise mechanisms responsible for this de-
fect remain unknown.

 Major progress has been made in understanding the
mechanisms that causally underlie the metabolic actions of
TZDs.  Although the exact mechanisms remain uncertain, it
has been widely reported that TZDs activate PPAR-γ and
stimulate adipocyte differentiation, which might modulate
the glucose metabolism of other tissues.

In the present study, we investigated the effects of a
particular TZD, pioglitazone, on insulin resistance induced
by low-dose STZ and a high sucrose-fat diet in Wistar rats.
The model rats showed significant elevation in fasting blood
glucose and insulin levels, as well as in circulating TG, TC,
and FFA levels.  Pioglitazone treatment markedly normalized
serum lipid contents and decreased lipid storage in insulin-
sensitive tissues.  In our previous study, a strong correla-
tion was found between circulating triglycerides and in vivo
insulin resistance as assessed by the hyperinsulinemic-
euglycemic clamp.  Evidence from other studies also sug-
gests an important role for tissue lipid levels in insulin action[16].
It was, therefore, suggested that regulating lipid metabolism
might play an important role in the insulin sensitizing effect
of pioglitazone.

Studies in vitro have shown that a major effect of TZDs
is the inhibition of gluconeogenesis in isolated hepatocytes[17].
Our gluconeogenesis test revealed that pioglitazone signifi-
cantly inhibited the impaired gluconeogenesis in STZ rats.

Our study also shed some light on the potential molecu-
lar mechanisms underlying amelioration of insulin resistance.
We focused on the insulin sensitive tissues, that is, liver and
skeletal muscle.  It has been reported that glucose transport
decreases in the skeletal muscle of high-fat or high-sucrose
induced insulin-resistant rats, and that GLUT4 mRNA and
protein expression also decrease[18].  In insulin-deficient type
1 diabetic rats, GLUT4 expression also decreased[19].  Our
results are consistent with these reports and show a 68.7%
decrement in skeletal GLUT4 protein content in STZ rats
compared with control rats, although we did not measure
plasmid membrane GLUT4 content during insulin stimulation,
which reflects GLUT4 translocation.  Although it is unlikely
that changes in GLUT4 content entirely explain the insulin
sensitizing effects of pioglitazone treatment because of vari-
ous defects in the intracellular insulin-signaling pathway,
GLUT4 is contributing to a certain extent.

Figure 2.   IRS-1 protein expressions in liver and skeletal muscle
using Western blot analysis.  IRS-1 protein was detected using rabbit
polyclonal antibody.  Blots were quantified using densitometry and
expressed as mean±SD (n=3–4).  bP<0.05, cP<0.01 vs control group.
eP<0.05, fP<0.01 vs STZ group.  (A) IRS-1 protein in liver.  Control,
lanes 1–4; STZ, lanes 5–8; pioglitazone, lanes 9–11.  (B) IRS-1
protein in muscle.  Control, lanes 1–4; STZ, lanes 5–8; pioglitazone,
lanes 9–12.
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IRS-1 is a well-described insulin receptor substrate that,
after tyrosine phosphorylation, is associated with and acti-
vates PI3-kinase, and plays an important role in insulin sig-
naling[20].  Our results showed a marked deficiency in IRS-1
protein content in untreated STZ rats, with a significant im-
provement towards normal levels after pioglitazone treatment.
Pioglitazone induced increases in GLUT4 and IRS-1 protein
expression, which were associated with improvements in glu-
cose transport and insulin signaling pathways, and this may
explain the effects of pioglitazone in improving insulin resis-
tance in the model animals.

In the present study, pioglitazone treatment improved
insulin sensitivity as assessed by both ISI and ITT; however,
pioglitazone had no effect on glucose intolerance in STZ
rats.  Glucose intolerance pre-existed prior to high sucrose-
fat diet feeding, which means that the impaired glucose tol-
erance was originally caused by STZ administration, and
developed gradually with feeding.  The reasons for this re-
main uncertain and require further investigation, particularly
the effects on β-cell function.

In conclusion, our studies showed a marked state of in-
sulin resistance and obesity in STZ rats that is associated
with various defects in glucose and lipid metabolism, includ-
ing the insulin signaling–glucose transport pathway.  De-
spite the persistence of obesity in these animals, pioglitazone
treatment led to an apparent improvement in overall insulin
sensitivity by ameliorating dyslipidemia, hyperinsulinemia,
and gluconeogenesis, as well as affecting glucose transport
and insulin signaling.
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Inhibitory effects of idoxifene on hepatic fibrosis in rats1
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Abstract
Aim: To investigate the effects of a tissue-specific selective estrogen receptor
modulator, idoxifene, on hepatic fibrosis in rats.  Methods: Hepatic fibrosis was
induced by dimethylnitrosamine (DMN) in male rats.  The DMN model of hepatic
fibrosis and the hepatocytes undergoing oxidative stress were treated with
idoxifene respectively.  The effect of idoxifene on hepatic fibrosis in the DMN
model was examined by immunohistochemistry.  Effects of idoxifene on antioxi-
dant enzyme levels of copper, zinc-dependent superoxide dismutase (CuZn-SOD),
and cellular glutathione peroxidase (GSHPx) were measured by ELISA.  Effects of
idoxifene on activation, proliferation, and apoptosis of culture-activated hepatic
stellate cells (HSC) were analysed by immunohistochemistry, bromodeoxyuridine
(BrdU) uptake, and flow cytometry, respectively.  Results: Idoxifene could mark-
edly suppress DMN-induced hepatic fibrosis in male rats.  A treatment of 0.4
mg·kg-1·d-1 of idoxifene reduced the protein levels of collagen in the DMN model
by 41.19% (P<0.05).  Protein level of CuZn-SOD and activitiy of GSHPx in liver
treated with DMN plus 0.4 mg·kg-1·d-1 of idoxifene were 2.65 times (P<0.05) and
2.08 times greater (P<0.05) than that of liver treated with DMN alone respectively.
The protein level of CuZn-SOD and activity of GSHPx in cultured rat hepatocytes
treated with ferric nitrilotriacetate (FeNTA) plus 1×10-7 mol/L of idoxifene were
3.43 times (P<0.05) and  2.52 times (P<0.05) greater than that  treated with FeNTA
alone.  Idoxifene could inhibit HSC activation.  Compared with the control, the
uptake of BrdU in HSC cultured with 1×10-7 mol/L of idoxifene was reduced by
51.87 % (P<0.05), and the number of apoptotic HSCs cultured with 1×10-7 mol/L of
idoxifene increased by 94.52% (P<0.05).  Conclusion: Idoxifene showed inhibi-
tory action on hepatic fibrosis in male rats.
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Introduction
Chronic injury leading to liver fibrosis occurs in response

to a variety of insults, including viral hepatitis, alcohol abuse,
drugs, metabolic diseases due to overload of iron, etc.  He-
patic fibrosis is reversible, whereas cirrhosis, the end-stage
consequence of fibrosis, is generally irreversible.  Suppres-
sion of hepatic fibrogenesis and prevention of cirrhosis has
attracted the attention of researchers from a therapeutic
perspective.  Hepatic fibrosis induced by dimethylnitrosamine
(DMN) in rats is generally used as a model of hepatic fibro-
sis[1,2].  Female hormone 17β-estradiol possesses inhibitory
effect on DMN-induced hepatic fibrosis in rats[1].  However,

administration of estrogen leads to some potential risks
including breast cancer.

Idoxifene (E-1-[2-[4-[1-(4-iodophenyl)-2-phenyl-1-
butenyl]-phenoxy] ethyl] pyrrolidine) is a novel tissue-spe-
cific selective estrogen receptor modulator (SERM).  Idoxifene
was originally developed for the treatment of advanced breast
cancer[3] and had no side effects of estrogen[4].  Idoxifene
possessed the protective roles in vascular smooth muscle
cells by its blunting the angiotensin II-induced production
of reactive oxygen species (ROS)[5].  Chronic liver injury
causes overproduction of ROS which result in oxidative stress
and oxidative stress is a link between chronic liver injury and
hepatic fibrosis.  Moreover, idoxifene could also protect hepa-
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tocytes from inflammatory cell injury[6].
Based on the information, the aim of  present study is to

ascertain the effect of idoxifene on DMN-induced hepatic
fibrosis in rats.

ROS are by-products of the inflammatory response, and
contribute to both onset and progession of hepatic fibrosis[7].
Copper,zinc-dependent superoxide dismutase (CuZn-SOD)
and cellular glutathione peroxidase (GSHPx) are important
enzymatic antioxidants in cells.  Hepatic stellate cells (HSCs)
play a central role in the development and resolution of
hepatic fibrosis[8–10].  In response to liver damage, HSCs
“activate” to a myofibroblast-like (α-SMA-expressing)
phenotype.  Activation of HSCs is a critical step in hepatic
fibrogenesis.  Culturing quiescent HSC on plastic plates
causes spontaneous activation leading to a myofibroblast-
like phenotype, mimicking the process seen in vivo.  This
provides a simple and useful model for studying HSC activa-
tion.  Therefore, in this report the impacts of idoxifene on
enzymatic antioxidant and on cultured HSCs were explored.

Materials and methods

DMN model  Thirty male Wistar rats (200±6 g, provided
by the Animal Center of Nan Tong Medical College) were
used for the DMN model of hepatic fibrosis (five groups of
six each).  The animals, were administered a single intraperi-
toneal injection of DMN (Sigma, St Louis, MO) (diluted with
saline) at a dose of 40 mg/kg body weight[1].  After the DMN
treatments, the rats received daily oral gavage of idoxifene
(synthesized at SmithKline Beecham Pharmaceuticals, King
of Prussia, PA) in a dosing vehicle (methylcellulose) at a
dose of 0.02 mg·kg-1·d-1, 0.1 mg·kg-1·d-1, or 0.4 mg·kg-1·d-1

respectively for two weeks[1].  The controls received vehicle.
After two weeks, the livers were removed and the protein
levels of collagen were measured; hepatic fibrosis was shown
by immunohitochemistry using an antibody against type I
collagen.  The protein levels of CuZn-SOD and the activities
of cellular GSHPx in the liver were also detected.

Cell culture  Hepatocytes were isolated from the livers
of male Wistar rats (500–550 g) as described previously[11].
Approximately 5×105 cells were introduced into 20-mm diam-
eter plastic dishes.  Cells were cultured in 1 mL Williams
medium E supplemented with 5% fetal bovine serum (FBS),
penicillin 100 kU/L,  streptomycin 0.1 g/L, and  L-glutamine  2
mmol/L at 37 oC in 5% CO2 atmosphere and 100% humidity.
Overnight, the cell medium was removed, and the serum-free
medium with 1×10-9, 1×10-8 , or 1×10-7 mol/L of idoxifene was
added to the cells respectively.  After incubation for 1 h,
FeNTA was added into the wells at a final concentration of 100

µmol/L which is generally used to cause oxidative stress in
cultured hepatocytes[6,12,13].  After 24 h[12], the cells were col-
lected and the protein levels of CuZn-SOD and the activities
of cellular GSHPx were measured.

Isolation of HSCs from the liver of male Wistar rats (500–
550 g) and the assay of purity and viability of isolated HSCs
were performed as described previously[14].  Both cell purity
and viability was in excess of 90%.  After HSCs were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FBS on uncoated plastic culture dishes for
5 d, the activation of HSCs occurred[2].  In present experiment,
HSCs were initially cultured in DMEM supplemented with
10% FBS on uncoated plastic culture dishes for several days,
then the culture medium was removed and the same medium
with or without idoxifene was added to the cells which were
cultured for an additional time.  After the time, examination of
activation, proliferation, and apoptosis of HSCs were
performed.

Collagen determination  Protein levels of collagen were
determinated as described previously[2].  A portion of each
liver was homogenized in 35 volumes (mL/g) of 0.5 mol/L
acetic acid at 4 oC; homogenates were disrupted by freeze-
thawing and sonicated for 2 min for collagen determination.
The fraction of insoluble collagen after the acid extraction
was then heated at 80 oC for 60 min and then converted into
soluble gelatin.  The collagen and gelatin contents of the
acid extract were assayed using the Sircol collagen assay kit
(Biocolor, Belfast, Northern Ireland) according to the
manufacturer’s directions.

Immunohistochemistry  Immunohistochemical exami-
nation of the liver fibrosis was performed using polyclonal
antibody against type I collagen (Chemicon International,
Temecula, CA, diluted 1:100) as described previously[2].
Briefly, after incubation with the antibody against type I
collagen, liver samples were washed and were incubated with
the biotin-conjugated IgG F(ab’)2 (DAKO, diluted 1:200),
and finally with the avidin-biotin complex (Vectastain ABC
reagent, Vector Laboratories, Burlingame, CA).  Reaction
products were visualized with diaminobenzidine and
photographed.

For immunohistochemical examination of α-SMA, HSCs
were initially cultured for 2 d in DMEM supplemented with
10% FBS. The culture medium was then removed and the
same medium with or without 1×10-7 mol/L of idoxifene was
added to the cells and the cells were cultured for an addi-
tional 4 d.  During this period, the medium was replaced
every other day.  An immunohistochemical examination of
α-SMA was performed as described previously[14].  Briefly,
after incubation with the a monoclonal antibody against α-
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SMA (DAKO, diluted 1:50), cells were washed and were in-
cubated with the biotin-conjugated IgG F(ab’)2 (DAKO,
diluted 1:200), and finally with the avidin-biotin complex
(Vectastain ABC reagent, Vector Laboratories, Burlingame,
CA).  Reaction products were visualized with diaminobenzi-
dine and were photographed.

Antioxidant enzyme assays  Liver tissues were washed
with a 0.5% heparin sodium solution in PBS, and were then
homogenized on ice in 6 volumes (mL/g) of Tris buffer (50
mmol/L Tris-HCl, pH 7.5, 5 mmol/L ethylenediaminete-
traacetic acid and 1 mmol/L diethiothreitol).  Cultured hepa-
tocytes were washed twice with ice-cold PBS, and lysed di-
rectly in 150 µL of Tris buffer.  The resulting homogenate
and cells were disrupted by sonication for 1 min.  The sus-
pension was then centrifuged at 14 000×g at 4 oC for 30 min.
Aliquot samples of the supernatants were analyzed for anti-
oxidant enzymes.  Protein level of CuZn-SOD was detected
using an enzyme-linked immunosorbent assay (ELISA) sys-
tem kit (Amersham, Little Chalfont, UK).  GSHPx activities
were determined using a cellular glutathione peroxidase as-
say kit (Calbiochem, San Diego, CA).  Enzyme assays were
performed according to each manufacturer’s recommenda-
tion protocol.

Cell proliferation assays  DNA synthesis in cultured
HSCs was measured using a Cell Proliferation Biotrack
ELISA system (Amersham, Little Chalfont, UK).  HSCs were
cultured in DMEM supplemented with 10% FBS in 96-well
plate for 4 d.  In the period, the medium was replaced every
other day.  After 4 d, the culture medium was removed and
the same medium with or without 1×10-9, 1×10-8, or 1×10-7

mol/L of idoxifene was added to the cells respectively.  After
the cells were cultured for an additional 24 h, bromodeoxyuri-
dine (BrdU) was added into each well at a final concentration
of 10 µmol/L and the cells were incubated with BrdU for 24 h.
The incorporated BrdU was detected according to the
manufacturer’s recommended protocol.

Early apoptosis detection  A combination of FITC-conju-
gated annexin V and propidium iodide (PI) is a powerful and
selective tool for measuring early apoptosis by flow
cytometry.  HSCs cultured in DMEM supplemented with
10% FBS in 6-well plates for 5 d.  In the period, the medium
was replaced every other day.  After 5 d, the cultured me-
dium was removed and the same medium with or without
1×10-7 mol/L of idoxifene was added to the cells.  The apop-
totic cells were detected using an ANNEXIN V FITC kit
(Immunotech, Marseille, France) according to the manufac-
turer’s recommended protocol.  Flow cytometric analysis was
performed on an ELICS XL flow cytometer (Coulter, Hialeah,
FL).

Statistical analysis  Data were expressed as mean±SD.
Comparisons among groups were performed by an analysis
of variance and Scheffe’s test.  P<0.05 was considered
statistically significant.

Results
Effects of idoxifene on hepatic fibrosis  The protein level

of collagen increased in rat liver treated with DMN;  0.1 mg·
kg-1·d-1 or 0.4 mg·kg-1·d-1 of idoxifene could inhibit the pro-
duction of collagen induced by DMN in liver and 0.4 mg·
kg-1·d-1of idoxifene reduced the protein level of collagen in-
duced by DMN in liver by 41.19% (P<0.05, Table 1).  Immu-
nohistochemistry study indicated that in DMN model, 0.4
mg·kg-1·d-1of idoxifene markedly suppressed the expression
of type I collagen (Figure 1) which is the most excessive
extracellular matrix protein in hepatic fibrosis.

Effects of idoxifene on antioxidant enzymes  Compared
with the normal (control), the protein levels of CuZn-SOD
and the activities of GSHPx both in liver treated with DMN
alone and in hepatocytes cultured with FeNTA alone evi-
dently declined, whereas all the decline were inhibited by
idoxifene (Table 2, 3).  The protein level of CuZn-SOD and
the activity of GSHPx in the liver treated with DMN plus 0.4
mg·kg-1·d-1 of idoxifene were 2.65 (P<0.05) and 2.08 (P<0.05)
times greater than that in liver treated with DMN alone  (Table
2).  The protein level of CuZn-SOD and the activity of GSHPx
in hepatocytes cultured with FeNTA plus 1×10-7 mol/L of
idoxifene were 3.43 (P<0.05) and 2.52 (P<0.05) times greater
than that in hepatocytes cultured with FeNTA alone (Table 3).

Effects of idoxifene on culture-activated HSCs  Idoxifene
evidently suppressed HSC activation (Figure 2), inhibited
culture-activated HSC proliferation in a dose-dependent
manner (Figure 3), and induced culture-activated HSC apopto-
sis in a time-dependent manner (Figure 4).  Compared with
the control, the uptake of BrdU in HSCs cultured with

Table 1.   Effects of idoxifene on protein levels of collagen in DMN
model of rat hepatic fibrosis.  n=6.  Mean±SD. bP<0.05 vs Normal;
eP<0.05 vs DMN ; hP<0.05 vs DMN+idoxifene.

      Groups                             Idoxifene                  Collagen
                                             mg·kg-1·d-1              /mg·mg-1 liver

 Normal   7.26±3.13
 DMN 15.22±4.12b

 DMN+idoxifene 0.02 14.10±3.85
 DMN+idoxifene 0.1 10.58±2.87eh

 DMN+idoxifene 0.4   8.95±2.62eh
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1×10-7 mol/L of idoxifene was reduced by 51.87% (P<0.05)
(Figure 3) and the number of apoptotic HSCs cultured with

1×10-7 mol/L of idoxifene increased by 94.52% (P<0.05)
(Figure 4D).

Discussion
Hepatic fibrogenesis is a process where production of

extracellular matrix surpasses degradation.  Collagen is the
main component of extracellular matrix.  Abnormal accumula-
tion of collagen in chronic liver injury is a direct index that
indicates the hepatic fibrogenesis.  Data in this report
showed that idoxifene could reduce the protein level of

Figure 1. Effects of idoxifene on hepatic fibrosis shown by immu-
nohistochemistry using antibody against type I collagen in a DMN
model of rat hepatic fibrosis.  A) DMN; B) DMN+idoxifene (0.4
mg·kg-1·d-1).  (ABC stain, ×50).

Table 2.   Effects of idoxifene on protein levels of CuZn-SOD and on
activities of GSHPx in DMN model of rat hepatic fibrosis.  n=6.
Mean±SD. bP<0.05 vs Normal; eP<0.05 vs DMN; hP<0.05 vs
DMN+idoxifene.

   Groups                    Idoxifene        CuZn-SOD            GSHPx

               /mg·kg-1·d-1       /ng·mg-1 liver       /U·mg-1liver

Normal l 3.78±0.49 0.79±0.13
DMN   1.13±0.15b 0.37±0.12b

DMN+idoxifene 0.02   2.11±0.31eh 0.42±0.08eh

DMN+idoxifene 0.1   2.49±0.37e 0.68±0.09e

DMN+idoxifene 0.4   2.99±0.43e 0.77±0.09e

Table 3.  Effects of idoxifene on protein levels of CuZn-SOD and on
activities of GSHPx in cultured rat hepatocytes undergoing oxida-
tive stress.  n=6.  Mean±SD.  bP<0.05 vs Normal; eP<0.05 vs FeNTA;
hP<0.05 vs FeNTA+idoxifene .

 Groups                        Idoxifene      CuZn-SOD            GSHPx

                                     /mol·L-1     /ng·mg-1 liver        /U·mg-1liver

Normal 8.86±1.81 1.49±0.33
FeNTA                   2.11±0.83b 0.50±0.16b

FeNTA+idoxifene 1×10-9 3.23±1.35h 0.52±0.18h

FeNTA+idoxifene 1×10-8 6.28±1.40e 0.84±0.19e

FeNTA+idoxifene 1×10-7 7.23±1.74e 1.26±0.25e

Figure 2.  Effects of idoxifene on the activation of cultured rat
HSCs.  After cultured for 2 d, HSCs were incubated without (A) or
with (B) idoxifene (1×10-7 mol/L) for additional 4 d.  Immunohis-
tochemical examination of HSC activation was performed using the
antibody against α-SMA. (ABC stain, ×400).

Figure 3.  Effects of idoxifene on DNA synthesis in cultured rat
HSCs.  After cultured for 4 d, HSCs were incubated in the medium with
or without 1×10-7, 1×10-8,  or 1×10-9 mol/L of idoxifene for addi-
t ional  24 h before being labeled with BrdU for 24 h.   The
incorporated BrdU was detected.  n=4.  Mean±SD.  bP<0.05 vs the 0
mol/L (control).
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collagen in DMN model of hepatic fibrosis in a dose-depen-
dent manner.  Immunohistochemical studies directly showed
that idoxifene markedly suppressed hepatic fibrosis induced
by DMN.  Together, these data demonstrated the inhibitory
effect of idoxifene on hepatic fibrosis in rats.

ROS mainly include superoxide anion and its metabolin
such as hydrogen peroxide and lipid peroxide.  Since over-
production of ROS results in oxidative stress which is a link
between chronic liver injury and hepatic fibrosis, reduction
of oxidative stress by antioxidants can prevent hepatic
fibrogenesis.  Idoxifene evidently inhibited the decline in
enzymatic antioxidant levels of CuZn-SOD and GSHPx, which
can neutralize the effects of ROS, both in DMN model of
hepatic fibrosis and in hepatocytes undergoing oxidative
stress.  CuZn-SOD can eliminate superoxide anion and GSHPx
can eliminate hydrogen peroxide and lipid peroxide.  The data
partly suggested the inhibitory mechanisms of idoxifene on
rat hepatic fibrosis.

Activated HSCs are proliferative and are responsible for
the majority of extracellular matrix protein deposition that
forms scar tissue during liver fibrogenesis.  Idoxifene clearly
suppressed HSC activation and culture-activated HSC
proliferation.  The data were consistent with the inhibitory
effect of idoxifene on rat hepatic fibrosis.

Accumulating evidence has indicated that oxidative

stress plays critical roles in activation of HSC[8,15,16].  Hepa-
tocytes and Kupffer cells after chronic liver injury are a po-
tent source of reactive oxygen intermediates[17].  These com-
pounds exert paracrine  stimulation of stellate cells.  In cul-
tured stellate cells, conditioned medium from hepatocytes
undergoing oxidative stress increases proliferation and col-
lagen synthesis[18].  Thereby the effects of idoxifene on the
antoxidant enzymes (CuZn-SOD, GSHPx) in vivo and in vitro
as shown in results suggested that idoxifene could inhibit
HSCs activation at least through indirectly blunting the roles
of ROS.

Recovery from established experimental fibrosis can oc-
cur through apoptosis of activated HSCs and is associated
with reductions in liver collagen[10,19].  The result that idoxifene
effectively induced culture-activated HSC apoptosis further
supported the inhibitory effect of idoxifene on hepatic fibro-
sis in rats.

Oxidative stress in liver causes hepatocyte apoptosis[20]

which promotes the activation of HSCs and hepatic
fibrogenesis[21–23].  Our recent results showed that idoxifene
at 1×10-7 mol/L could markedly inhibit oxidative stress-in-
duced hepatocyte apoptosis[24].  Those results demonstrated
the protective effect of idoxifene on hepatocytes and im-
plied another inhibitory mechanism of idoxifene on hepatic
fibrosis in rats.

Collectively, our data provides evidence that idoxifene
possesses the inhibitory effect on hepatic fibrosis in rats.
The inhibitory effect of idoxifene on hepatic fibrosis in rats
was, at least in part, through maintaining antioxidant enzyme
levels (CuZn-SOD and GSHPx).

 SERMs are a diverse group of compounds that bind with
specific, high-affinity binding to the estrogen receptor (ER)
and can act as either ER agonists or antagonists.  Tamoxifen,
one of SERMs, increases fibrogenesis in CCl4-induced liver
fibrosis, showing estrogen antagonist activity[25].  The data
presented in the present study demonstrates the inhibitory
effect of idoxifene on DMN-induced liver fibrosis in rats,
showing the potential of idoxifene as an estrogen agonist in
rat liver.  The different biologic actions can be related to the
ER subtype involved, different conformational changes of
the ER according to the ligand, and steroil receptor coac-
tivators and corepressors that modulate the cellular response
to the ER-ligand complex[26].  It is known that the alterations
in the conformation of receptors influence their abilities to
interact with coactivators and corepressors[27].

Estrogen can suppress the hepatic fibrosis[1], but it leads
to serious side effects which restricts its application.  The
side effects of idoxifene is presently unknown.  Idoxifene
has been used for the treatment of advanced breast cancer

Figure 4.  Effects of idoxifene on apoptosis of cultured rat HSCs.
After cultured for 5 d, HSCs were incubated without (A, control) or
with (B, C, D) idoxifene (1×10-7 mol/L) for additional 0 (A), 1 (B), 2
(C), 3 (D) d, respectively.  Flow cytometric analysis of the apoptotic
cells was performed.  Total numbers of cells examined in each sample
was 25 000.  In each panel (A, B, C, D), the lower right quadrant
demonstrated the apoptotic cells.  The ratios of apoptotic cell num-
bers to total cell numbers: A (26.84%), B (33.5%), C (42.44%), D
(52.21%).
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and also has no side effects of estrogen[4], the findings in
this report suggest that idoxifene might be useful in devel-
oping new therapeutic strategies for the treatment and pre-
vention of hepatic fibrogenesis.
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Effect of Oenanthe javanica flavone on human and duck hepatitis B
virus infection1
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Abstract
Aim: To study the antiviral effect of Oenanthe javanica flavones (OjF) on human
hepatoma HepG2.2.15 culture system and duck hepatitis B virus (DHBV) infection.
Methods: (1) After incubation for 24 h, the 2.2.15 cells were treated with different
concentrations of OjF for 12 d.  The cell alteration was observed by microscope.
The presence of HBsAg and HBeAg were measured using the enzyme immunoas-
say kit after 2.2.15 cells were treated with OjF for 9 d.  (2) Ducklings infected with
DHBV intravenously were divided into 5 groups and treated with OjF, acyclovir
(ACV), and normal saline respectively for 10 d.  All the ducklings were bled before,
during, and after treatments at different times, and serum levels of DHBV-DNA
were detected by a dot-blot hybridization assay.  Results: (1) The 50% toxic
concentration (TC50) of OjF was 2.28 g/L.  The maximum nontoxic concentration
(TC0) was 1.00 g/L.  In nontoxic concentrations, OjF significantly inhibited HBsAg
and HBeAg in 2.2.15 cells after 9 d of treatment (P<0.05, P<0.01).  (2) The DHBV-
DNA levels decreased significantly after the treatment with 0.50 and 1.00 g/kg of
OjF (P<0.01).  The inhibition of the peak of viremia was maximum at a dose of 1.00
g/kg and reached 54.3% on d 5 and 64.5% on d 10, respectively.  Conclusion: The
results demonstrate that OjF is a strong inhibitor of HBsAg and HBeAg secretion
in 2.2.15 cells and DHBV-DNA levels in the HBV-infected duck model.
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Introduction
Oenanthe javanica (Oj), umbelliferate, has been widely

used in traditional Chinese medicine for treatment of jaundice,
hypertension, and polydipsia diseases for many years[1].
Previous studies have shown that it has liver-protective[2],
hypotensive[3], anti-arrhythmic[4], anti-anaphylactic[5], and
antidiabetic[6] effects.  Recent studies also show that Oj was
helpful in treatment of hepatitis B virus (HBV) infection in
clinical trials[7], and had an inhibitory effect on duck hepati-
tis B virus (DHBV)-induced hepatitis in Nestling ducks in
vivo[8] and in vitro[9].  However, which is the active part and
what are the active components of Oj in inhibiting HBV re-
main unclear.  Using modern techniques, it has been revealed
that OjF is one of the main active parts against HBV and it
comprises approximately 2.2% of the whole plant content.

The present study aimed to investigate the anti-hepatitis
activity of OjF in 2.2.15 cells in vitro and duck HBV infection
in a duck model in vivo.

Materials and methods
Preparation of OjF  Oj was collected from the Yanbian

Autonomus Region in autumn and identification was per-
formed by Prof Hui-zhong XIAO, Department of Phyto-
chemistry, Yanbian Medical University.  Dried whole plant
was pulverized and extracted with 80% ethanol, and subse-
quently partitioned in ethyl acetate.  The ethyl acetate soluble
materials were fractionated by ethanol and distilled water
gradient of column chromatography in polyamide.  OjF was
eluted and the content was determined according to alu-
minium nitrate reagent method. The content of hyperoside,
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the major ingredient of OjF, was determined by reverse phase-
high performance liquid chromatography (RP-HPLC)[10,11].  The
contents of OjF and hyperoside were 51.67% and 7% in whole
extracts, respectively.  The concentration used in the experi-
ment was based on the dry weight of the extract.

Experimental animals  Beijing ducklings within 1 d of
hatching were obtained from an animal breeding farm, Chi-
nese Academy of Medical Sciences [SCXK- (Beijing) 2002-
001].

Reagents  Minimum essential medium (MEM) was ob-
tained from Gibco BRL (Gaithersburg, MD, USA).  Fetal
bovine serum (FBS) and G-418 were purchased from
HyClone (Logan, Utah, USA).  L-glutamine was obtained
from Sigma (St Louis, MO, USA).  HBsAg and HBeAg en-
zyme immunoassay (EIA) kits were purchased from China
Isotope Co (Beijing, China).

Cell culture and treatment  HepG2.2.15 cells (clonal
cells derived from human hepatoma cell line G2) were from
the Institute of Medicinal Biotechnology, Chinese Academy
of Medical Sciences. The 2.2.15 cells were cultured in com-
plete MEM (containing 10% FBS, 100 kU/L benzylpenicillin,
streptomycin, G-418, L-glutamine 0.03%, pH 7.0) in 75-cm2

tissue culture flasks at 37 ºC in a humidified 5% CO2.
Cytotoxic studies  The 2.2.15 cells were first seeded

into 96-well plates (Corning Inc, Corning, NY, USA) at a
density of 1.0×105 cells per mL and cultured in 200 µL com-
plete MEM containing 10% FBS. After 24 h of incubation,
cells were washed three times with phosphate-buffered |sa-
line (pH 7.0) and treated with different concentrations
(0.125, 0.25, 0.50, 1.00, 2.00, and 4.00 g/L) of OjF in serum-free
medium for 12 d.  The medium was replaced every 4 d in
MEM supplemented with various concentrations of OjF.
Untreated cells were used as control.  The cell pathological
changes (CPE) were observed by microscope.  The degree
of CPE was graded as: all positive cells (–), the number of
negative cells <25% (+), 25%–49% (++), 50%–75% (+++),
and >75% (++++).

Determination of HBsAg and HBeAg  The 2.2.15 cells
were incubated in 24-well plates at a density of 1.0×105 cells
per mL in 1 L MEM medium containing 10% FBS.  After 24
h, the 2.2.15 cells were treated with different concentrations
of OjF (0.125, 0.25, 0.50, and 1.00 g/L) in serum-free
medium.  Cells grew in the presence of drugs for 9 d with
changes of medium every 3 d.  After 6 and 9 d, supernatant
was collected and performed at -20 °C.  The HBsAg and
HBeAg in culture medium were simultaneously measured
by EIA kits on d 6 and d 9.

Experimented animals infection and drug treatment
Beijing ducklings within 1 d of hatching were inoculated

intravenously with DHBV-DNA-positive serum from Shang-
hai ducks (0.2 mL/animal).  Seven days after infection, duck-
lings were divided into five groups: the control group (normal
saline); the positive drug group (ACV, 0.1 g·kg-1·d-1); and
the OjF 0.25, 0.50, and 1.00 g·kg-1·d-1 groups.  Drugs were
administered orally, bid for 10 d.  Serum samples were ob-
tained before treatment (d 0), d 5, and d 10 during treatment,
and d 3 (d 13) after the cessation of treatment.  The serums
were stored at -70 °C for future analysis.

Viremia analysis  Viremia was assessed throughout the
treatment and follow-up period by a semi-quantitative de-
tection of DHBV-DNA in duck serum using a dot-blot hybridi-
zation. Fifty microliters of serum was spotted directly onto
nitrocellulose filters.  After denaturation and neutralization,
the filters were hybridized with a full-length DHBV genomic
DNA probe labeled with 32P.  The filters were autoradio-
graphed and the spots were counted in a scintillation counter.

Histopathological examination of hepatocytes  On d 13,
each duckling was laparotomized to obtain the liver immedi-
ately after collecting blood from the leg vein. Fragments of
the ducklings liver were fixed in 10% formalin solution,
dehydrated with ethanol solution from 50% to 100%, embed-
ded in paraffin and cut into 5 µm sections, and stained using
haematoxylin-eosin dye for photomicroscopic observations.

Statistics The data were expressed as mean±SD, and
analyzed by one-way repeated-measure ANOVA and t-test
for comparisons between groups.  P<0.05 was considered
statistically significant.

Results

The cytotoxicity of OjF in 2.2.15 cells  OjF-induced
cytotoxicity was observed by microscope. After 12 d of in-
cubation with 1.00 g/L OjF, no significant difference was
found from that of the control. However, when OjF concentra-
tion increased, cell injury caused by OjF was observed (Table 1).
The 50% toxic concentrations (TC50) was 2.28±0.13 g/L and the
maximum nontoxic concentrations (TC0) was 1.00 g/L.

Inhibition of HBsAg and HBeAg production in 2.2.15
cells  After 9 d of incubation, HBsAg and HBeAg produc-
tion in the culture medium were determined (Table 2).  The
results showed that OjF suppressed HBsAg and HBeAg pro-
duction in the 2.2.15 cells with median effective concentra-
tion (IC50) of about 0.56 and 0.41 g/L respectively on d 6,
0.64 and 0.30 g/L respectively on d 9 (Table 3).  OjF-induced
suppression of HBsAg and HBeAg production in 2.2.15
cells was also reflected by the inhibition rate percentage
(Figure 1, 2).  The inhibitory effects appeared when cells
were treated with 0.25 g/L OjF.  A substantial increase of
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inhibitory effects was observed from 0.50 g/L OjF.  When
treated with 1.00 g/L OjF, the inhibition rate percentage on
HBsAg and HBeAg in 2.2.15 cells were both more than 50%.
The inhibition rate percentage on HBsAg was dose-
dependent, and the inhibition rate percentage on HBeAg
was both time- and dose-dependent.

Inhibitory effect of OjF on DHBV-DNA   During the course
of this study, no obvious side effects were observed in ani-
mals receiving antiviral therapy or in control animals.

The effects of OjF and ACV, which were used for
comparison, on DHBV replication in vivo were determined

Table 1.  Cell toxicity of OjF on cultured 2.2.15 cells at d 12.

                     Parameter                                                                    Dose/g·L-1                                                                      TC50 /g·L-1

                          4.00               2.00             1.00         0.50  0.25         0.125       0

1 CPE ++++ + − − −  −  − 2.41
++++ + − − −  −  −
++++ ++ − − −  −  −
++++ + − − −  −  −

CPE % 100 31.25

2 CPE ++++ + − − −  −  − 2.29
++++ ++ − − −  −  −
++++ + − − −  −  −
++++ ++ − − −  −  −

CPE % 100 37.50

3 CPE ++++ + + − − −  −  − 2.15
++++ ++ − − −  −  −
++++ ++ − − −  −  −
++++ + − − −  −  −

CPE % 100 43.75

     Mean 2.28

Positive cells (-); number of negative cells <25% (+), 25%–49% (++), 50%–75% (+++), and >75% (++++) in three experiments.
CPE: cell pathological changes.   TC50 was the 50% toxic concentrations.

Table 2.   HBsAg and HBeAg levels in 2.2.15 cells treated with OjF .
n=9.  Mean±SD. bP<0.05, cP<0.01 vs control.

                                           10-3×Radioactivity/Bq
Dose/g·L-1                    d 6 d 9

          HBsAg        HBeAg      HBsAg  HBeAg

0 3.44±0.24 7.13±1.34 2.66±0.16 7.47±1.43
0.25 2.34±0.17c 3.88±0.95c 1.90±0.11b 2.83±0.44c

0.50 1.59±0.05c 2.93±0.86c 1.47±0.07c 1.78±0.28c

1.00 1.32±0.07c 1.50±0.23c 0.94±0.11c 1.09±0.29c

Table 3.   Inhibitory effect on HBsAg and HBeAg in 2.2.15 cells treated with OjF.

                                                                        HBsAg                                                                    HBeAg
                                  IC50/g·L-1                                   TI1)                              IC50/g·L-1                             TI

d 6          d 9                    d 6                     d 9                     d 6                     d 9                     d 6                     d 9

      1    <0.25      0.62      9.64      3.91      0.56     0.25     4.33   >9.64
      2      1.00      0.71      2.29      3.22      0.42     0.25     5.42   >9.16
      3      0.43      0.59      5.00      3.67      0.25     0.41   >8.60     5.28

Mean±SD 0.56±0.39 0.64±0.06 5.64±3.72 3.60±0.35 0.41±0.15 0.30±0.09 6.12±2.22 8.03±2.39

1 TI, therapeutic indices. The values were determined by IC50 vs TC50. The more the value of TI, the more suppression activity of OjF.
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Figure 1.  The inhibition rate percentage of Oenanthe javanica flavones
(OjF) on HBsAg production in 2.2.15 cells.  n=9.  Mean±SD.  bP<0.
05, cP<0.01 vs control.

Table 5.    The inhibition rate percentage of OjF on DHBV-DNA.
n=16.  Mean±SD.  cP<0.01 vs control.

 Dose/g·kg-1·d-1     Inhibition rate percentage/%
        d 5             d 10               d 13

0       0       0       0
0.25 14.1±0.16 15.2±0.08   8.2±0.11
0.50 42.4±0.13c 39.2±0.10c 43.5±0.07c

1.00 54.3±0.11c 64.5±0.06c 61.1±0.05c

Table 4.   Mean changes of serum DHBV-DNA level in treated duck.  n=16.  Mean±SD. bP<0.05, cP<0.01 vs control. eP<0.05, fP<0.01 vs ACV.

         Group                 Dose/                                                                       Absorbance
                           g·kg-1·d-1                   d 0                                  d 5        d 10                    d 13

Control  - 0.88±0.10 0.92±0.10 0.79±0.04 0.85±0.08
ACV 0.1 0.87±0.06 0.27±0.16c 0.32±0.09c 0.74±0.14
OjF 0.25 0.83±0.17 0.79±0.21bf 0.67±0.11cf 0.78±0.12

0.50 0.92±0.11 0.53±0.15cf 0.48±0.10cf 0.48±0.05cf

1.00 0.85±0.09 0.42±0.15ce 0.28±0.05c 0.33±0.03cf

by quantification of DHBV-DNA by dot-blot hybridization.
The levels of serum viral DNA were recorded in the 5 groups
before the experiment.  During treatment, serum levels of
DHBV-DNA decreased in all 16 ducks treated with OjF
0.50 and 1.00 g·kg-1·d-1 (Table 4).  The mean percentage inhi-
bition of viral DNA levels with OjF 0.50 and 1.00 g·kg-1·d-1 was
54.3% and 64.5% respectively on the last day of treatment

(Table 5). But 3 days after the cessation of treatment with
ACV, the viral replication level returned to the pretreatment
baseline.  In ducks treated with OjF, the effect of DHBV-
DNA inhibition lasted.  No significant decrease of serum
DHBV-DNA was observed during treatment with OjF 0.25
g·kg-1·d-1.  In the control group, serum DHBV-DNA remained
unaffected during the course of the study.

Histopathological features  Histopathological profiles
of the liver from model group ducklings revealed necrosis,
steatosis, and often swelling of the hepatic cytoplasm.  The
protective effect of OjF was confirmed by histopathological
examinations.  Administration of OjF to the experimental ani-
mals (1.00 g·kg-1·d-1) showed a significant improvement of
the hepatocellular architecture over the model group, as evi-
dent from a considerable reduction in necrosis and vacuola-
tion (Figure 3).

Discussion
Hepatitis B virus causes acute and chronic hepatitis,

which affects nearly 360 million people worldwide[12].  Chronic
infection with HBV has been associated with a high risk for
the development of primary hepatocellular carcinoma[13,14].
Effective antiviral therapy against HBV infection has not
been fully developed.  Studies have been hampered by the
extremely narrow host range and limited access to experi-
mental culture systems.  Fortunately, techniques have been

Figure 2.  The inhibition rate percentage of OjF on HBeAg produc-
tion in 2.2.15 cells.  n=9.  Mean±SD.  bP<0.05, cP<0.01 vs control.



Http://www.chinaphar.com Wang WN et al

591

developed to propagate hepadnaviridae in tissue culture[15,16]

and animal systems[17].  The 2.2.15 cells contain all HBV
particles, and the Peking ducks allow multiplication of the
HBV-like virus, which make it possible to study the various
aspects of the viral life cycle and to examine the effective-
ness of potential antiviral drugs.

In a previous study, we have shown that the acid-base
extracts of Oj could protect hepatic cells, decrease the con-
tent of ALT, AST, and BiliT on a liver damage model
caused by carbon tetrachloride (CCl4) in rats[18], and inhibit
DHBV[7,8].  Similar results of the inhibitory effect of Oj ex-
tracts on HBsAg and HBeAg production in cultured 2.2.15
cells was also observed[19].  However, what the active part of
Oj against HBV is is still unknown.  OjF was obtained through
extraction and separation, which made up more than 50% in
the whole extracts. It might be an active part against HBV.

Through subsequent purification of OjF, hyperoside,
persicarin, isorhamnetin, and quercetin were obtained.
Among them, the assay of hyperoside was the highest
(purity>96%) , which was used as the criterion to control the
quality of OjF.

This study demonstrated the inhibitory effect of OjF on
HBsAg and HBeAg secretion by human hepatoma 2.2.15
cells and on serum DHBV-DNA levels of ducklings infected
with hepatitis B virus. TC50 of OjF was 2.28 g/L and TC0

was 1.00 g/L in 2.2.15 cells, which suggested that the inhibi-
tory action of OjF had no cytotoxicity.  In nontoxic concentra-
tions, OjF significantly inhibited the secretion of HBsAg and
HBeAg.  With OjF concentration increasing, a dose-depen-
dent response was observed. At a TC0 of 1.00 g/L, the inhibi-
tion rate percentage of OjF on HBsAg and HBeAg in 2.2.15
cells were both more than 50%, and the inhibition rate per-

Figure 3.  Histopathological examinations of liver
in ducklings treated for 13 d. (A) control; (B)
model group; (C,D,E) OjF-treated group at a dose
of 0.25, 0.50, and 1.0 g·kg-1·d-1, respectively. He-
matoxylin-eosin staining: (A,B,C,D) ×20; (E) ×10.
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centage on HBsAg exceeded that of OjF on HBeAg.
These results clearly illustrate an inhibitory effect of OjF

on HBsAg and HBeAg production in 2.2.15 cells, which
provide strong evidence to evaluate the effect of drugs against
HBV in a cellular model, but it is still necessary to verify
this in an animal model.  Therefore, the inhibitory effect of
OjF in the duck HBV model was investigated.  Our experi-
ments with OjF (0.50 and 1.00 g·kg-1·d-1) in ducklings pointed
to a suppressive action on DHBV replication in vivo.  With
OjF 1.00 g·kg-1·d-1, the therapy caused a more pronounced
decrease (64.5%) in viremia.  It was well known that most
antivirus medicines had the inevitable rebound effect after
drug cessation.  This shortcoming had limited the therapy to
those diseases infected by viruses such as HB or AIDS. The
similar phenomena appeared in the positive control drug ACV
in the present study.  OjF showed therapeutic effects as well
as ACV, and no difference was observed after cessation of
OjF therapy compared to OjF-treated animals.  It suggested
that OjF could maintain for a long time in treating viremia of
HBV and the effect of DHBV-DNA inhibition showed a con-
centration-dependent response.  Histopathological examina-
tion also confirmed the function of OjF protecting the liver
in DHBV-infected ducklings. Xiong Q et al[19] reported that
Apocynum ventun extracts containing hyperoside and quer-
cetin had hepatoprotective activity, and OjF contained these
two compounds.  These results demonstrated the antihepatitis
B virus effect of OjF, which were consistent with antiviral
activity of Oj[7,8], making OjF a candidate for future evalua-
tion in patients with HBV infection.

In order to elucidate the possible mechanism of OjF to-
wards DHBV-DNA on DHBV-infected ducklings, the effect
of OjF on DHBV-DNA was investigated (data not shown).
Our results indicate that OjF might inhibit the DNA-depen-
dent DNA polymerase reaction, which results in the termi-
nation of replication of DHBV-DNA.  This hypothesis is
currently under investigation in our laboratory.

In conclusion, OjF possessed the significant antiviral
activity in vitro and in vivo, and it was one of the main active
parts of Oj against HBV.  Elucidation of the mechanism of
its antiviral activity and identification of the active compo-
nents in OjF will greatly enhance the understanding of viral
gene expressions and provide new clues to assist in the de-
velopment antiviral agents in the future.
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The anti-endotoxic effect of o-aminobenzoic acid from Radix Isatidis1
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Abstract
Aim: To study the anti-endotoxic effect of o-aminobenzoic acid (OABA) isolated
from Banlangen(BLG).   Methods: OABA was extracted and isolated from BLG and
diluted into 0.5% solution.  The concentration of endotoxin (ET) pretreated with
OABA was quantitatively detected using Limulus test.  The inhibition of ET-
induced fever by OABA was measured in rabbits.  The rates of lipopolysaccha-
rides (LPS)-induced death in mice pretreated with or without OABA were then
compared.  The influence of OABA on the release of TNF-α and NO from mac-
rophages induced by LPS was examined in mice.   Results: After pretreatment with
OABA, 84.4% of ET was destroyed.  The ET-induced fever in rabbits decreased
significantly and the rate of LPS-induced death in mice dropped from 70% to 20%.
The release of TNF-α and NO induced by LPS in mice was inhibited dose-depen-
dently when the concentration of OABA was between 0.125% and 0.5%.
Conclusion: OABA isolated from BLG has an anti-endotoxic effect.

Key words
Radix Isatidis (Banlangen); o-aminobenzoic
acid; endotoxin; lipopolysaccharides; Tachy-
pleus Amebocyte Lysale; tumor necrosis
factor-α; nitric oxide

1 Project was supported by the National
Natural Science Foundation of China (No
39170877, 39800193, and 39870872) and
the Foundation of  Ministry of  Heal th
People’s Republic of China (No 98-2-110).
2 Correspondence to Jian-guo FANG.
Phn 86-27-8364-9095.
Fax 86-27-8362-4090.
E-mail fjg3560@sina.com

Received 2004-09-27
Accepted 2004-01-06

doi: 10.1111/j.1745-7254.2005.00080.x

Introduction
The pharmacological action of antipyretic and detoxicant

materials is mainly related to their antibiotic and anti-endot-
oxic effects.   It has been reported that Radix Isatidis (Banlan-
gen, BLG) has antagonistic effects on endotoxin (ET) pro-
duced by E Coli O111B4

[1–6].  In all chemical constituents, the
o-aminobenzoic acid (OABA) represented 70% of the total
five organic acids[7].  The Tachypleus Amebocyte Lysale
(TAL) test in vitro showed that OABA had the strongest
anti-endotoxin action[8].  In the present study, the anti-en-
dotoxic effect of the OABA was studied.

Materials and methods
Extraction and isolation of OABA  BLG, which was grown

in Xingtai, Hebei, China and identified as the root of Isatis
indigotica Fort belonging to Cruciferae, was infused in etha-
nol for 72 h and percolated by ethanol after being powdered.
Being concentrated in depression, the extract formed was
extracted repeatedly by petroleum ether.  When the petro-
leum ether was removed, the remaining was extracted by
chloromethane so the F02 part was obtained (0.8%).  To

get a purer active ingredient, the F02 part was isolated on
silica gel column chromatography and the mobile phase was
a mixture of CHCl3-CH3OH with different proportions.  Four
different polar fractions were obtained.  By doing tests in
vitro and in vivo, the F022 part was found to have the stron-
gest anti-endotoxic activity with a productivity of 0.31%[9,10].
By further isolation with other proportions of CHCl3-CH3OH,
we got another 14 components.  Using the same method, we
found that the part of F02209 whose productivity was 0.093%
had the strongest activity among the 14 parts.  The compo-
nent was identified as OABA by Shanghai Institute of Mate-
ria Medica, Chinese Academy of Sciences (purity 99.7%).

Preparation of OABA solution  With some flux being
added, 0.5 g OABA was heated in a water bath until melted,
then diluted in distilled water to 100 mL and adjusted to pH
6–7 with NaOH solution kept for later use after disinfection.

Reagents and instruments  Lipopolysaccharides (LPS,
E Coli O26B6, 5 mg each unit) were purchased from Sigma (St
Louis, MO, USA).  Working standard materials of Bacterial
Endotoxin (Endotoxin, ET,  E Coli O111B4, 120 EU each unit,
batch No 2000-4) were supplied by the National Institute for
the Control of Pharmaceutical and Biological Products
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(Beijing, China).  Tachypleus Amebocyte Lysale (TAL, with
a sensitivity of 0.05 EU/mL, batch No 0008152) and water for
bacterial endotoxin test (BET water, with the content of en-
dotoxins below 0.015 EU/mL, batch  No 000308) were the prod-
ucts of Zhanjiang A&C Biological Ltd (Guangdong
Zhanjiang).  Bacillus Calmette-Guerin (BCG, 50 mg per unit)
was provided by Shanghai Institute of Biologicals (Shanghai,
China).  TNF-α reagent box (Biotinge Biomedicine Limited
Company (Peking, China); N-1 Naphthalene ethylenediamine
(the pure analysis, Chemical Reagent Research Institute,
Tianjing, China); NaNO2 (Germany, loaded separately, in
chemical factory of Hubei University); sulfanilic amine(pure
of analysis, FangCao Chemical Research Company in
Beijing).

EDS98-Bacterial ET Detector was provided by Beijing
Jinshan Science Development Co Ltd (Beijing, China).
DG3022A type of enzyme-linked immunodetection instru-
ment (Huangdong Radio Tube Company, Nanjing); 1815 TC
type of the CO2 cultivated box (Shel-Lab Company, USA);
and XW-Vortex mixer from Instrumental Factory of Shang-
hai Medical University (Shanghai, China).

Animals  Japanese big-ear rabbits of both sexes (weigh-
ing 2.0–2.5 kg) and Kunming strain mice of both sexes (weigh-
ing 16–18 g) were provided by the Experimental Animal Cen-
ter of Tongji Medical College, Huazhong University of Sci-
ence and Technology.

Quantitative determination of ET after being destroyed
by o-aminobenzoic acid (OABA)

Preparation of ET solution   One unit of ET (120 EU
each unit ) was dissolved in BET water to 1 mL, and spun
homogeneously on XW-Vortex mixer for 30 s with concentra-
tion of 120 EU/mL.

Calibration curve   A series of ET solution of 5.0, 2.5, 1.0,
0.5, 0.25, and 0.1 EU/mL were prepared.  For every concentra-
tion, two tubes of TAL were used (two-tube method) and
0.2 mL solution was moved into either of them.  When air
bubbles disappeared by vibrating, the two tubes were rap-
idly inserted into the access holes of quantitative detector
for bacterial endotoxins and the formation time of gel (Tg)
was recorded.  Correlation between Tg and lgC was ana-
lyzed with linear regression.  The regression equation was:
Tg=2.80049–0.23326 lgC, and the regression coefficient (r)
was 0.9905.  If the concentration of ET was in the range of
5.0–0.1 EU/mL, the linearity was fine and the lowest detect-
ing limit was 0.05 EU/mL.

Recovery rate  Tg of 4 EU/mL ET was determined in the
same way as described above.  When the data were put into
the regression equation, the result was 4.218±0.243 EU/mL and
the recovery ratio was (105.45±10.52)%.

Measurement of samples  OABA solution 0.5 mL (0.5%)
was homogenized with 0.1 mL ET (4 EU/mL), spun for 30 s,
incubated in water bath at 37±1 oC for 60±2 min.  Then 0.1 mL
of the mixture was diluted in 0.4 mL fresh BET water.  The
final concentrations of OABA and ET were adjusted to 0.833
g/L and 4 EU/mL, respectively, serving as sample groups.
We used 0.833 g/L OABA as a negative control and 4 EU/mL
ET as a positive control.  Tg of each group was determined
and put into the regression equation, so concentrations of
ET in each group and the destroy rate of OABA against ET
could be obtained.  The basal destroying rate was calculated
according to the formula: r=[1-(Sample group-Negative
group)/(Positive group-Negative group)]×100%[11].

Effects of OABA on ET-induced fever in rabbits
Preparation of reagent  One unit of ET (120 EU) was

diluted to 6 mL with sodium chloride injection and the con-
centration was 20 EU/mL.

Operation  Before the experiment, rabbits were placed in
the experimental environment and fed for a week.  Three
days before the experiment, anal temperatures of the rabbits
were measured twice a day.  The rabbits were fed only water
as of the afternoon before the experiment day.  Before admini-
stration, anal temperature was measured every 30 min.  Fif-
teen rabbits whose anal-temperature fluctuations were be-
low 0.2 oC were divided into three groups at random.  Each
group had five rabbits of both sex.  Rabbits in the sample
group and the negative group were given OABA (0.5%) 5
mL/kg via the marginal ear-vein.  At the same time, the rab-
bits in the positive group were given a sodium chloride injec-
tion 5 mL/kg.  Ten minutes later, the rabbits in the sample
group and the positive group were injected with ET (20 EU/
mL) at a dose of 2 mL/kg.  Half an hour after the injection, the
anal temperature of each rabbit was measured every 0.5 h for
4 h[12].

Protective effect of OABA on LPS-induced toxicity in
mice

BCG-induced enhancement of endotoxin sensitivity
BCG (50 mg) was dissolved with sodium chloride injection
and diluted to 5 mL (10 g/L).  According to the method previ-
ously reported[13], each mouse was intraperitoneally injected
with BCG at a dose of 0.4 mL, then reared in the conventional
way.  Nine days after the injection the mice were given water,
but no food.  The experiment began on the tenth day.

Operation  After fasting for 16 h, the mice were randomly
divided into three groups (n=20; in each group, either sex).
The mice in the OABA group and the negative control group
were given OABA (0.5%) at a dose of 0.4 mL/20 g.  The mice in
the LPS model group were all intraperitoneally injected with
the same dose of sodium chloride injection at the start of the
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experiment.  An hour and a half later, they were injected with
the same dosage of injection again.  Half an hour after this
injection, the OABA and the LPS groups were injected with
LPS at a dose of 0.2 mL/20 g.  Time of death for all mice was
observed over the next 72 h .

Effect of OABA on the LPS-induced release of TNF-ααααα
and NO in the serum of mice

Preparation of sample solution  OABA solution was
diluted with BET water from 0.5% to 0.25% and 0.125%.

Prepration of LPS solution  One unit of LPS (5 mg) was
dissolved in BET water to 10 mL (500 mg/L), spun for 30 s;
then 0.8 mL was diluted in fresh BET water to 100 mL (4
mg/L).

Preparation of serum samples  Thirty mice, each ip
BCG 3 mg, were fasted without water for 12 h  before the
experiment.  They were randomly divided into five groups,
six mice per group in each experiment.  The three experiment
groups were ig  0.5%, 0.25%, 0.125% of sample solution at
dose of 0.4 mL respectively.  The control group and model
group were administered NS.  After 0.5 h the experiment group
and the model group were iv  LPS 0.2 mL/20 g from tail vein,
9 h later, they were anaesthetized with ether and blood was
taken from the eye sockets.  The serum were kept in -20 oC.

TNF-ααααα examination  Using the ELISA method, we pro-
ceeded examination according to the instruction in reagent
box.  On the enzyme-marked single quilted plank with anti-
human cell factor, we added standard solution with which
we acquired a series of concentration and 100 µL serum
sample.  In the meantime, we established the blank group
(double tube method), and added TMB substrate to display
the color for 15 min after function for 60 min at 37 oC.  The
absorbance at 450 nm was checked, and the standard curve
was drawn.  As a result, the curve was in linearity at 10–1000
ng/L.  We also tested the serum sample by using the same
method, and calculated the concentration of TNF-α accord-
ing to the standard curve.

NO examination  Using the Griess reagent method, we
took NaNO2 1 g precisely in a 100 mL volumetric flask and
dissolved it with water.  Then we took precisely 1 mL of this,
and added water to 100 mL (100 mg/L) and diluted it to obtain
a series of solutions.  Each solution was 50 µL and the Griess
liquid was added (containing 1% Sulfanilic amine, 0.1% N-
1 Naphthalene ethylenediamine, 2.5% phosphoric acid) 50
µL, respectively, placed at room temperature (20 oC) for 10
min, and the absorbance value was tested at 550 nm.  On the
enzyme-linked immunodetection instrument, a standard
curve was drawn.  As a result, the curve had a line behavior
at 1–100 mg/L.  We added Griess liquid at the same volume to
50 µL serum of mice, tested in the same way, and calculated

the concentration of NO according to the standard curve.

Results

Destroying rate of OABA against ET  The concentra-
tions of ET were 0.668 EU/mL in the sample group, 4.036 EU/
mL in the positive group, and 0.045 EU/mL in the negative
group.  We concluded that 0.833 g/L OABA could destroy
ET directly and the destroy rate was [1-(0.668-0.045)/
(4.036-0.045)]×100% = 84.4%.

The ability to induce fever by ET after pretreatment with
OABA  If the average body temperature before injection was
taken as basal body-temperature and the difference between
the maximum body-temperature and basal body-temperature
was taken as maximum rising temperature, the average DTmax

of each group could be obtained.  The temperature reaction
index in 4 h (TRI4) and DTmax are listed in Table 1.

Table 1 shows that typical fever reaction occured in rab-
bits given ET (40 EU/kg), while the TRI4 and DTmax dropped
when the rabbits were given the OABA solution (5 mL/kg)
before the same dosage of ET was administered.  The differ-
ence between the two groups was significant and OABA did
not have the activity to induce fever.

The mortality rate of mice treated with OABA  Four
of the 20 mice died within 10 h in the OABA group with a
mortality rate of 20%.  Fourteen of 20 mice died within 5 h in
the ET model group with a mortality rate of 70%.  In the
negative control group, all of the 20 mice survived after 72 h.
There was a significant difference in mortality between the
OABA group and the LPS group.

The inhibitory function of OABA on the excessive re-
lease of TNF-ααααα and NO in the serum of mice induced by LPS
Administering different concentrations of F022 part to mice,
then also giving LPS at equal dosage, the TNF-α and NO in
the serum and the percentage of inhibition were shown in
Table 2.  The formula of inhibitory percentage follows[11]:
IP%=[1-(specimen group-blank control group)/(model group-

Table 1.   Restraining action of OABA to ET-induced fever in rabbits.
n=5. Mean±SD.  bP<0.05 vs positive group.

     Groups                      Basal body-         TRI4 /cm2            DTmax/oC
                                   temperature/oC

Sample group 39.16±0.28b 1.26±0.18b 0.32±0.14b

Positive control 39.04±0.18 3.28±0.42 1.21±0.32
Negative control 39.32±0.36 0.63±0.15 0.26±0.12
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blank control group)]×100%
Table 2 shows OABA from Radix Isatidis had inhibitory

function on the release of TNF-α and NO induced by LPS in
mice, the percentage of inhibition was dependent on the
dosage when the concentration was between 0.125% and
0.5%.

Discussion

The chemical components of traditional Chinese medi-
cine (TCM) were the substance basis of its pharmacology.
Studying the Radix Isatidis’s traditional function of reduc-
ing heat and detoxification was to study TCM with modern-
ization research.  Further study showed that organic acids of
Radix Isatidis (quinazolinone acid, OABA, syringic acid, sali-
cylic acid, and benzoic acid) had anti-endotoxic effects in
vitro[14–19].  The study showed that OABA had anti-endot-
oxic effect in vivo and in vitro.  The OABA content in the
Radix Isatidis was higher than other organic acids and had
strong anti-endotoxic activity.  It could be taken as a single
active anti-endotoxic ingredient.  The OABA could be used
in the quality control production of  Radix Isatidis medicinal
materials, technology of preparation, and manufacture.

The dynamic color matrix method has many merits such
as simple procedures, economy, high sensitivity, and wide
detectable area.  Normally, ET content between 0.05–300
EU/mL can be quantitatively measured.  The content of ET
was decreased to 0.668 g/L with the destroying rate being up
to 84.4% when 4 EU/mL ET reacted with 0.833 g/L OABA.

One of the features of ET is its ability to induce fever.
Rabbits are often used to screen antipyretic drugs because
they are sensitive to ET.  The dosages reported to induce
fever in rabbits were not consistent, and we found that the
results between the positive control group given E Coli
O111B4 endotoxin at 40 EU/kg and the negative control group
given 0.5% OABA solution was comparable well.

The sensitivity of different kinds of experimental animals

to LPS varies greatly.  The lethal dose of 50% (LD50) in mice
was 25 mg/kg[13].  After being sensitized by BCG, 2.42 mg/kg
LPS could induce fatalities in 70% of mice.  As BCG could
stimulate T-cells to activate macrophages, the mitosis and
metabolism in macrophages were strengthened substantially
and the recognition ability of macrophages increased, so the
quantity of LPS decreased.  We also found that if OABA was
given before LPS, OABA could exert a protective action on
mice, while if OABA given after LPS, the protective action of
OABA disappeared.  The results showed that the action of
OABA on LPS happened before the immune system was
activated.

There is more and more evidence about the function of
excessive release of TNF-α and NO in the disease process of
shock induced by LPS.  Some measures of anti-TNF-α will
become important pathways of prevention and cure for LPS-
induced shock.  The release of a large quantity of NO is the
main factor of endotoxin shock, low blood pressure, and
exhausted function of many organs.  It could cause tissues
and organs to be scathed when NO was combined with an-
ion of oxidated subnitryl.  In the shock and exhaustion of
many visceras, inhibiting the release of a large quantity of
NO could prevent low blood pressure and alleviate the oxi-
dized harm of tissues.  Radix Isatidis was able to inhibit the
function of the excessive release of TNF α and NO induced
by endotoxin in mice macrophages.
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Introduction
Idiopathic thrombocytopenic purpura (ITP) is a common

autoimmune hemorrhagic disorder, and the treatments are
based on individual experience[1].  In the clinic, the first line
treatment is steroid therapy, and splenectomy is recom-
mended as an alternative.  However, 20% to 30% of ITP pa-
tients failed to respond to these two treatments, especially
patients with refractory ITP[2].  As the new immunosuppres-
sive agent, mycophenolate mofetil (MMF) is widely used in
renal transplantations and its relative safety has already been
confirmed[3,4].  In recent times, MMF has been used in the
treatment of autoimmune disorders such as nephrotic syn-
drome[5], Crohn’s disease[6], and autoimmune myasthenia
gravis.  The immunosuppressive ability of MMF is mainly
derived from the inhibition of inosine monophosphate de-

hydrogenase[7].  It has been reported that MMF can selec-
tively inhibit the proliferation of T and B-lymphocytes, the
generation of the antibodies, and the production of the cy-
totoxic T cells induced by immune stimuli.  This also pro-
vided a strong basis for MMF as a novel therapeutic agent
to treat refractory ITP.  Here we reported the long-term therapy
with MMF of 20 patients with refractory chronic ITP.

Materials and methods
Patients  Twenty patients (12 males and 8 females), aged

between 11 and 80 years (median 44.3 years) participated in
the study; each patient gave their informed consent.  The
Ethics Committee of the 2nd Hospital of Xi’an Jiaotong Uni-
versity approved the study.  Each patient was diagnosed as

Abstract
Aim: To determine whether mycophenolate mofetil (MMF) has beneficial effects
on refractory idiopathic thrombocytopenic purpura (ITP) and the corresponding
cellular mechanism.  Methods: Twenty refractory ITP patients resistant to corti-
costeroid and/or splenectomy and chemical therapy were given MMF 1.5–2.0 g/d
orally for a 2 to 4-month period.  Serum immunoglobulin was detected by rate
nephelometry.  Platelet-associated antibodies (PAIgG) were assayed by enzyme-
linked immunosorbant assay.  The immunophenotypic analysis was performed on
a flow cytometer and cell apoptosis was detected with transferase mediated dUTP
biotin nick end labeling (TUNEL) method.  Results: Sixteen of the 20 (80%) pa-
tients had responses to MMF treatment; 9 (45%) achieved a complete response, 4
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refractory ITP in accordance with the following criteria: (1)
thrombocytopenia (a platelet count<50×109/L) over 6 months,
unrelated to any underlying viral infection, collagen vascu-
lar diseases, malignancy, or medications; (2) without or with
slight splenomegaly, with a normal or increased number of
megakaryocytes in bone marrow, and no failure of maturing;
(3) the failure of drug treatment and surgery treatment
(prednisone, vincristine, danazol, long-term use of traditional
Chinese medicine or intravenous injection of high doses of
immunoglobulin G and splenectomy) (Table 1).

Therapeutic regimen MMF (250 mg/capsule, Shanghai
Roche Pharmaceuticals Ltd, Shanghai, China) was taken
orally at a dosage of 1.5–2.0 g/d for 4 weeks as 1 period of
treatment.  Patients who had responses to MMF continued
taking MMF for another 2–4 periods.  The therapy was dis-
continued in patients who achieved complete response dur-
ing therapeutic period and in all patients after 16 weeks.  Pa-
tients were given prednisone (1 mg·kg-1d-1) orally and hemo-
stasia therapy concurrently with MMF.  Follow-up was per-
formed on each patient for 2−6 months (median, 3 months).
Full blood platelet count was evaluated before and after MMF
treatment in every period.  Serum immunoglobulin IgG, IgM,
and IgA were detected by rate nephelometry with the Array
360 system and associated reagents (Beckman Coulter Inc,

Fullerton, CA, USA).  Platelet-associated antibodies (PAIgG)
were assayed by enzyme-linked immunosorbant assay
(ELISA, PeproTech Inc, Rocky Hill, NJ, USA).  The normal
value of PAIgG is <60 µg/L.  Peripheral blood mononuclear
cells (PBMNCs) were isolated by a Ficoll gradient (Ficoll-
Hypaque, Density=1.077 g/L, Amersham-Pharmacia, Piscata-
way, NJ, USA).  Fluorescein-conjugated monoclonal anti-
bodies against CD3 (SK7 clone) and CD4 (SK3 clone) and
phycoerythrin (PE)-conjugated monoclonal antibodies
against CD8 (SK1 clone) were obtained from Becton
Dickinson (Mountain View, CA, USA).  Appropriate isotype-
matched controls were included.  PBMNCs were incubated
with the monoclonal antibodies on ice for half an hour, then
washed in phosphate buffered solution (PBS) three times,
and suspended in PBS supplemented with 0.5% bovine se-
rum albumin (BSA).  A phenotypic analysis of cell popula-
tions was performed on a FACScan flow cytometer by using
LYSIS software (Becton Dickinson, Franklin Lakes, NJ, USA).
The criteria for response were defined as follows: (1) com-
plete response: thrombocyte count rose above 300×109/L,
and blood platelet count rose above 100×109/L.  There was
no bleeding for at least 3 months and no relapse for 2 years;
(2) partial response: blood platelet count was above 50×109/L
or 30×109/L higher than that before MMF treatment.  There

Table 1.  Characteristics and previous treatments of the 20 patients with refractory idiopathic thrombocytopenic purpura.

    Case       Age        Sex      Course of ITP                Symptoms                                              Previous therapies                     Response

  1 37 F 14 months Menorrhagia, petechia Pred, VCR, CsA, splenectomy No
  2 55 M 26 months Petechia Pred, ivIgG No
  3 48 M 30 months Petechia, gum bleeding Pred, VCR, CsA, ivIgG No
  4 80 M   6 months Petechia, epistaxis Pred, CsA, TCM No
  5 50 F 24 months Menorrhagia, petechia Pred, CsA, ivIgG, CTX No
  6 20 M   8 months Petechia, epistaxis Pred, ivIgG, splenectomy No
  7 11 M   3 months Petechia Pred, ivIgG No
  8 62 F 19 months Petechia, gum bleeding Pred, VCR, CsA, TCM No
  9 33 F 28 months Menorrhagia, petechia Pred, VCR, danazol No
10 29 M 12 months Petechia, epistaxis Pred, VCR, ivIgG No
11 26 F   9 months Menorrhagia, petechia Pred, VCR, CsA, danazol No
12 49 F 18 months Menorrhagia, petechia, gum bleeding Pred, CsA, CTX, splenectomy No
13 56 M 21 months Petechia, gum bleeding Pred, VCR, CsA Minor
14 28 F 16 months Menorrhagia Pred, CTX No
15 57 M 19 months Petechia, gum bleeding Pred, VCR, CsA,TCM, danazol No
16 70 M 28 months Petechiagum bleeding, epistaxis Pred, VCR, CsA, TCM No
17 65 F 23 months Petechiagum bleeding Pred, VCR, CsA, danazol No
18 35 M 11 months Petechia, epistaxis Pred, CsA, ivIgG, CTX No
19 24 M 29 months Petechia Pred, ivIgG, No
20 44 M 21 months Petechia, gum bleeding Pred, VCR, CsA No

Pred: prednisone; CsA: cyclosporine; VCR: vincristine; CTX: cyclophosphamide; IVIgG: intravenous immunoglobulin G; TCM: traditional
Chinese medicine; F: female; M: male.
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was no bleeding for 2 months; (3) minor response: increase
in blood platelet count not exceeding 30×109/L after MMF
treatment.  Bleeding symptoms were improved for 2 weeks;
(4) no response: blood platelet was unchanged and bleeding
symptoms were neither improved or worsened.

TUNEL assay  Peripheral blood lymphocytes  isolated
from 20 refractory ITP patients were grown with or without
mycophenolic acid  0.1 µmol/L (MPA, Sigma, St Louis, USA)
for 3 d.  The apoptosis was analyzed by transferase-medi-
ated dUTP-biotin nick-end labeling (TUNEL) using a TUNEL
kit (Boster Co, Wuhan, China).  TUNEL assay were performed
at room temperature unless indicated.  Cells were fixed in 4%
paraformaldehyde/1×PBS at for 10 min.  After pouring off para-
formaldehyde cells were incubated with PBS containing glycine 50
mmol/L for 10 min.  Cells were permeabilized by 0.5% Triton X-
100 in PBS for 10 min.  After washing thrice in PBS, cells were
equilibrated in equilibration buffer [200 mL of 1×terminal
deoxynucleotidyl transferase (TdT) buffer+1 mmol/L cobalt
chloride) under a 60 mm×24 mm coverslip for 5 min. Cells were
incubated  in 1×TdT buffer containing cobalt chloride1 mmol/L, 25
units TdT 100 µL, and 0.25 nmol/L biotin labeled dATP 100 µL at
37 °C for 1 h in humidified chamber (petri dish, lined with filter
paper, soaked PBS). The tailing reaction was terminated by
4×standard saline citrate (SSC).  After applying 200 µL of 4× SSC
with 2 g/L BSA and 1:100 dilution of fluorochrome-avidin under a
coverslip, cells were incubated at 37 °C for 1 h in humidified
chamber. Then cells were washed in dark in 4×SSC for 5 min,
4×SSC/0.1% Tween 20 with 0.01 g/L DAPI  for  5 min, and 4×SSC
for 5 min, respectively.  The TUNEL-positive cells were analyzed
by fluorescence microscopy.

  Statistical analysis  Statistic analysis was performed
by the χ 2  test and the paired t-test.  All data are expressed as
the mean±SD.  P<0.05 was considered to be significant.

Results
Therapeutic effects of MMF  Sixteen of the 20 (80%) pa-

tients had responses to MMF treatment; 9 (45%) achieved a
complete response, 4 (20%) achieved a partial response, and
3 (15%) achieved a minor response.  The platelet count in-
creased in 4 patients after 2 weeks of MMF treatment; it was
above 50×109/L in 7 patients after 4 weeks of MMF treatment
and was above 100×109/L in 10 patients after 6 weeks of
MMF treatment.  The responses of the 16 patients were sus-
tained overtime after the withdrawal of MMF for 1 month,
but less patients had a relapse after treatment discontinuation.

Twelve men had responses to MMF treatment; 8 (66.7%)
achieved a complete response, 2 (16.7%) achieved a partial
response, and 2 (16.7%) achieved a minor response.  From
the 8 women, only 1 (12.5%) achieved a complete response,

Effect of  MPA on cell apoptosis  After the peripheral
blood mononuclear cells isolated from the patients were in-
cubated with MPA 0.1 µmol/L for 3 d, a number of TUNEL-
positive mononuclear cells were observed in male patients,
(P<0.05), indicating that the peripheral blood mononuclear

Table 2.  Effect of mycophenolate mofetil on immunophenotypes
of peripheral blood mononuclear cells in patients with refractory
idiopathic thrombocytopenic purpura. n=20.  Mean±SD.  bP<0.05 vs
before treatment.

                                                Before                      After

CD3+ (%)     65±5    69±4b

CD4+ (%)     32±4    39±4b

CD8+ (%)     34±3    30±5b

CD4+/CD8+ (%)  0.95±0.15 1.31±0.22b

2 (25%) achieved a partial response, 1 (12.5%) achieved a
minor response, and 4 (50%) had no response.  These re-
sults indicate that the therapeutic effects of MMF are rela-
tively better in male patients than female patients.

Side effects of MMF  During the early stages of treatment,
7 patients experienced transient adverse reactions such as
abdominal distension, anorexia, and nausea; these symp-
toms were later treated.  No blood infection, bone marrow
suppression, hypertension, severe headache, or muscle pain
was observed in the 20 patients after MMF treatment.  All of
the patients completed the scheduled treatment suggesting
that these patients had no tolerarance of MMF.

Effect of MMF on immunophenotypics  The percentage
of CD3+ and CD4+ lymphocytes increased, but the percent-
age of CD8+ lymphocytes decreased.  Thus, the CD4+/CD8+

ratio elevated after MMF treatment (Table 2).  The plasma
levels of IgG, IgM, IgA, and PAIgG were markedly reduced
in 17 patients after more than 2 weeks of MMF treatment
(Table 3).

Table 3.  Effect of mycophenolate mofetil on serum immunoglobu-
lin and platelet associated antibodies (PAIgG) in patients with refrac-
tory idiopathic thrombocytopenic purpura.  n=20.  Mean±SD.  bP<
0.05 vs before treatment.

                                                Before                        After

IgG/g·L-1   14±5 11.8±2.9b

IgA/g·L-1  3.3±1.8   2.4±1.0b

IgM/g·L-1  2.0±1.0   1.6±0.6b

PAIgG/µg·L-1 202±147  102±109b
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cells underwent apoptosis.  The difference  in apoptosis rate
in female patients before and after MPA treatment was not
significant (P>0.05).

Discussion
ITP is a common immune disorder caused by platelet-

reactive autologous antibodies.  In some patients, platelet
production is decreased as well.  ITP in adults does not
generally remit spontaneously, and most patients need

hemostasia therapy.  Corticosteroids, danazol, immuno-
globulin, anti-D antibody, and several other agents inhibit
clearance of the antibody-coated platelets, but the effect is
not sufficient.  Most patients will sustain a hemostatic re-
sponse after splenectomy, although relapses can occur at
any time[8].  Refractory idiopathic thrombocytopenic pur-
pura represents a life-threatening condition that fails to re-
spond to a variety of therapeutic measures[9].  In recent years,
immunosuppressive agents such as cyclosporine A and
MMF were used to treat refractory ITP as second line drugs.
However, cyclosporine A has apparent side effects includ-
ing hypertension, headache, and muscle pain.  Thus, sple-
nectomy could not be avoided, but could only be postponed
in refractory ITP patients after they received cyclosporine A
treatment.  Howard et al reported that 4 patients with auto-
immune haemolytic anemia and 5 of the 6 patients with auto-
immune thrombocytopenia purpura showed a complete or
good partial response to MMF[10], confirming the beneficial
effects of MMF on refractory ITP.  However, only 6 patients
participated in the study.  In the present study, MMF treat-
ment was sustained for at least 1 month.  Sixteen of the 20
(80%) patients had responses to MMF treatment; 9 (45%)
achieved a complete response, 4 (20%) achieved a partial
response, and 3 (15%) achieved minor response.  The cura-
tive rate was 80%.  The results indicated that MMF could be
used as a second line agent for the treatment of refractory
ITP.  We also found that men achieved better response to
MMF than women which was not been reported in other
published studies[12].  The cell apoptosis rate was consis-
tent with this conclusion.  In long-term clinical observations,
we also found that female ITP patients did not achieve better
responses than male patients.  We speculated that the differ-
ence might be related to different hormone levels and differ-
ent MMF metabolization.  However, the mechanism requires
further study.  MMF selectively inhibited the proliferation
and survival of lymphocytes by inducing apoptosis and
suppressing glycosylation and expression of adhesion mol-
ecules such as P-selectin, etc, which were over-expressed in
ITP[13].  Our result that MPA induced apoptosis of PB lym-
phocytes from ITP patients in vitro was consistent with a
previous report[14].

In contrast to MMF, we found that prednisone caused a
significant increase in the number of myocarditis lesions.
This is consistent with earlier studies that corticosteroids
increased the severity of the disease during the acute phase
of viral myocarditis in murine models[15].  In conclusion, long-
term therapy with a median-dose of MMF is valuable for the
treatment of refractory ITP.  Randomized clinical trials need
to be performed in the future.

Figure 1.  Effects of mycophenolic acid 0.1 µmol/L on apoptosis of
peripheral blood mononuclear cells in vitro by TUNEL assay.
(×1000).  (A) Without MPA for 3 d in vitro.  (B) MPA 0.1 µmol/L was
incubated with peripheral blood mononuclear cells for 3 d in vitro.
(C) Apoptosis rate in male and female patients before and after
treatment. n=12 (male). n=8 (female). aP>0.05, bP<0.05 vs without
MPA.
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Introduction
Histone acetylation/deacetylation is a key mechanism for

regulating transcription.  Acetylation of the ε-amino group
of specific lysine residues within the N-terminal tail of core
histones results in location chromatin relaxation.  In general,
histone acetylase activity is correlated with transcription
activation, whereas histone deacetylase activity is correlated
with transcription repression[1,2].  Significant progress has
been made in the use of histone deacetylase inhibitors as
antineoplastic drugs.  Several reagents have been shown to
be histone deacetylase inhibitors (HDACIs), including TSA
(Trichostatin A), butyrate, FR90228, and sulindac[3,4].  The
mechanism of HDACIs relates to inducing cell cycle arrest
and apoptotic responses, and is regulated by changes in
histone acetylation and deacetylation.  Emerging evidence
suggests that a family of histone deacetylases may exist to

regulate diverse cellular functions, including chromatin
structure, gene expression, cell cycle progression, and on-
cogenesis[5].

Curcumin, the major component of the spice turmeric and
the yellow pigment in curry powder, has been widely used in
India and other parts of South-East Asia as a spice and a
coloring agent in cooking.  Many studies have shown that
curcumin (diferuloylmethane) has significantly antiprolifera-
tive and apoptotic effects for cancer treatment, including
pancreatic carcinoma, liver carcinoma, and leukemia[6,7].  Ex-
perimental studies have also revealed that curcumin regu-
lates molecules in the cell signal transduction pathways, in-
cluding NF-kappaB, Akt, MAPK, p53, AR, Ras, and ER path-
ways[8,9].  Research has shown that curcumin is structurally
related to sulindac, and the latter is a member of HDACs.
Sulindac exerts significant chemopreventive activity, which
is related to cell cycle arrest and the histone acetylation/
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deacetylation state[10].  In a previous study we revealed that
curcumin inhibited K562 cell proliferation by Janus kinase-
signal transducer and by activating transcription and acti-
vator protein-5 signaling pathways[11].  In the present study,
we chose the B-NHL cell line as the target.  We assumed that
curcumin could inhibit carcinoma cell proliferation by regu-
lating Raji cells and we explored the underlying mechanism
of curcumin regulating the histone acetylation/deacetylation
pathway.

Materials and methods

Drugs and reagents  Curcumin was purchased from
Sigma Chemical Company (St Louis, MO, USA) and initially
dissolved in dimethylsulfoxide (Me2SO), stored at -20 °C,
and thawed before use.  3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium (MTT) was purchased from Janssen
Chimica Company (New Brunswick, NJ), and RPMI-1640
medium, Hoechst 33258, and Me2SO were purchased from
Sigma.  Anti-HDAC1, anti-HDAC3, anti-HDAC8, and anti-
Ac-histone H4  were purchased from Santa Cruz (California,
USA).  Streptavidin peroxidase (SP) reagent kits were pur-
chased from Zhongshan Company (Beijing, China).  Chemi-
luminescence (ECL) reagent kits were purchased from Pierce
Biotechnology, Inc (Rockford, IL).  The Raji cell line was
obtained from China Center for Typical Culture Collection
(Wuhan, China).  The following treatments were applied: un-
treated Raji cells and Raji cells treated with 6.25 µmol/L, 12.5
µmol/L, and 25 µmol/L of curcumin for 24 h.  All cell groups
were grown in RPMI-1640 culture medium containing 10%
fetal calf serum (FCS) and 2 mmol/L L-glutamine at 37 ºC in a
5% CO2 incubator.

MTT assay  The antiproliferative effects of curcumin
against different cell groups were determined using the MTT
dye uptake method.  In brief, the cells (40 000 per well) were
incubated in triplicate in a 96-well plate.  Different concentra-
tions of curcumin were added, and the final concentrations
were 6.25, 12.5, 25, 50, and 100 µmol/L.  The plates were in the
presence or absence of the indicated test samples for 0, 24,
36, 48, 60, and 72 h.  The largest Me2SO dissolved concentra-
tion group acted as the control group.  Thereafter, 20 µL
MTT solution (5 g/L in phosphate-buffered saline [PBS])
was added to each well.  After 4 h at 37 °C, the supernatant
was removed and 150 µL Me2SO was added.  When the blue
crystal was dissolved, the optical density (OD) was detected
in the microplate reader at 570 nm wavelength using a 96-
well multiscanner autoreader (Biotech Instruments, New York,
USA).  The following formula was used: Cell proliferation
inhibited (%)=[1–(OD of the experimental samples/OD of the

control)]×100%.
Apoptosis assay  Curcumin-induced apoptosis was moni-

tored by the extent of nuclear fragmentation.  Nuclear frag-
mentation was visualized by Hoechst 33258 staining of
apoptotic nuclei.  Apoptotic cells were collected by centrifu-
gation, washed with PBS, and fixed in 4% paraformaldehyde
for 20 min at room temperature.  Subsequently the cells were
washed and resuspended in 20 µL PBS before being depos-
ited on poly lysine-coated coverslips and left to adhere to
the cover slips for 30 min at room temperature, after which
the cover slips were washed twice with PBS.  The adhered
cells were then incubated with 0.1% Triton X-100 for 5 min at
room temperature and rinsed with PBS three times.  The cov-
erslips were treated with Hoechst 33258 at 37°C  for 30 min,
rinsed with PBS, and mounted on slides with glycerol-PBS.
The cells were viewed with an Olympus BH-2 fluorescence
microscope (Japan).

Immunocytochemistry analysis  Curcumin-treated cells
were plated onto a glass slide, air dried for 1 h at room tem-
perature, and fixed with cold acetone.  After brief washing in
PBS, the slides were blocked with 5% normal goat serum for
1 h and incubated with HDAC1, HDAC3, HDAC8, and Ac-
histone H4 (dilution 1:100, respectively).  After being left
overnight at 4 ºC the cells were treated with biotinylated link
secondary antibody and peroxidase-labeled streptavidin fol-
lowed by diaminobenzidine (DAB).  The cells were viewed
with an Olympus microscope and their individual OD values
were recorded using an HPIAS 1000 Image Analysis System
(High Resolution Pathological Image & Word Analysis
System, Bejing, China).

Western blot analysis  Lysates were prepared from 1×107

cells by dissolving cell pellets in 100 µL of lysis buffer (Na2PO4

(pH 7.4) 20 mmol/L, NaCl  150 mmol/L, Triton X-100 1%, apro-
tinin 1%, phenylmethylsulfonyl fluoride 1 mmol/L, leupeptin
10 g/L, NaF 100 mmol/L, and Na3VO4  2 mmol/L).  Lysates
were centrifuged at 18 000×g for 15 min and the supernatant
was collected.  Protein content was determined using a Bio-
Rad protein assay (Bio-Rad Laboratories, Hercules, CA,
USA).  Sodium dodecylsulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) sample buffer (10 mmol/L Tris-HCl, pH
6.8, 2% SDS, 10% glycerol, 0.2 mol/L DTT) was added to the
lysates.  Lysates were heated to 100 ºC for 5 min, and 80 µg of
protein was loaded into each well of a 10% SDS-PAGE gel.
Resolved proteins were electrophoretically transferred to ni-
trocellulose and blocked with 5% non-fat milk, and the pri-
mary antibodies HDAC1, HDAC3, HDAC8, and Ac-histone
H4 were added.  After overnight incubation at 4 °C the blots
were washed, exposed to HRP-conjugated corresponding
secondary antibodies for 1 h, and finally detected by ECL.
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Quantification of the bands was carried out using densito-
metric analysis software, Quantity One (Bio-Rad), and pro-
cessed as described previously[12].

Statistical analysis  All data were expressed as mean±SD
using SPSS 10.0 for windows 98.  Using linear t-tests for
statistics analysis, P values of less than 0.01 or 0.05 were
considered to be statistically significant.

Results
Effects of curcumin on the proliferation of Raji cells by

MTT  Raji cells treated with different concentrations of
curcumin for 0, 24 , 36, 48, 60, and 72 h resulted in the inhibi-
tion of cell proliferation in a dose- and time-dependent
manner.  The OD value of curcumin-treated groups decreased
significantly compared with the untreated group.  Results
reveal great differences between curcumin-treated groups
and the untreated group (Figure 1).  The IC50 of 36 h is 24.1±
2.0 µmol/L.

Nuclear damage observed using Hoechst 33258 stain-
ing  Apoptotic nuclear morphology was assessed using
Hoechst 33258 staining.  Hoechst 33258 staining of untreated
Raji cells and cells treated with 25 µmol/L curcumin for 24 h
was conducted.  Curcumin permeates the cell and is known
to play a role in cancer chemoprevention and tumor growth
suppression.  Exposure of tumor cells to curcumin in vitro
results in the inhibition of cell proliferation and the induc-
tion of apoptosis.  Consistent with previous reports on other
cell lines[9,11], treatment of Raji cells with curcumin (24 h ex-
posure to 25 µmol/L curcumin) induces apoptosis (Figure  2).

Expression of HDACs and Ac-histone H4 on Raji cells
and curcumin-treated cells using immunocytochemistry
Our results reveal that the expression of HDAC1, HDAC3,
and HDAC8 was significantly higher in Raji cells compared
with curcumin-treated cells (25 µmol/L for 24 h)(P<0.05).  The
expression of Ac-histone H4 was significantly higher in
curcumin-treated cells (25 µmol/L for 24 h) than in Raji cells
(P<0.05)(Figure 3).  Photos were analyzed using a HPIAS
1000 Image Analysis System and OD values were recorded
(Figure 4).

Expression of HDAC1, HDAC3, and HDAC8 on Raji cells
and curcumin-treated cells using Western blot  Our results
reveal that curcumin can induce antiproliferation and
apoptosis in Raji cells.  However, it is unclear how curcumin
induces this antiproliferation and apoptosis.  Cells treated
with 6.25, 12.5, and  25 µmol/L of curcumin for 24 h were
lysed and resolved in 10% SDS-PAGE, and Western blot
analysis was carried out using anti-HDAC1, anti-HDAC3,
and anti-HDAC8.  Figure 5 shows considerable changes in
HDAC1, HDAC3, and HDAC8 following curcumin treatment.

Figure 2.  (A) Untreated Raji cells.  (B) Cells treated with 25 µmol/L
curcumin for 24 h.  Photographs were taken under an Olympus BH-
2 fluorescence microscope (×40).  Arrows indicate apoptotic nuclear
fragmentation.

Figure 1.  Antiproliferation effect of curcumin in Raji cells.  Raji
cells were treated with various concentrations of curcumin as indi-
cated for 0, 24, 36, 48, 60, and 72 h.  Growth inhibition was deter-
mined using a MTT assay and shown as inhibitory rate.
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These results indicate that HDAC1, HDAC3, and HDAC8
are related to curcumin-mediated apoptosis.  The levels of
HDAC1, HDAC3 and HDAC8 protein decreased in a dose-
dependent manner (Figure 5).

Expression of Ac-histone H4 in Raji cells and curcumin-
treated cells  The expression of Ac-histone H4 was signifi-
cantly greater in curcumin-treated Raji cells (6.25, 12.5, and
25 µmol/L, for 24 h) than that in Raji cells (P<0.05, Figure 6).

Figure 3.  (A, B) Expression of HDAC1 in control and curcumin-treated cells; (C, D) Expression of HDAC3 in control and curcumin-treated
cells; (E, F) Expression of HDAC8 in control and curcumin-treated cells; (G, H) expression of Ac-histone H4 in control and curcumin-treated
cells.
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Discussion

Reversible histone acetylation occurs in the ε-amino group
of the specific internal lysine residues located at the highly
basic N-terminal domains of core histones.  Histone
acetyltransferase (HAT) and HDAC control the addition and
removal of acetyl groups on proteins and maintain a dy-
namic balance of steady-state acetylation[13].  A balance be-
tween the acetylation and deacetylation states of these pro-

teins forms the basis for the regulation of transcription.  Re-
search has shown that HDACs have wide ranges of effects
on cell function.  These effects include specific gene activa-
tion, inhibition of cell proliferation and cell cycle arrest, as
well as induction of cell differentiation[14].  Multiple forms of
HDACs have been identified in mammalian cells.  In humans,
at least 11 HDACs have been uncovered.  They are classi-
fied into three general classes: class I (HDAC1, 2, 3, 8, and
11), class II (HDAC4, 5, 6, 7, 9, and 10) and class III[15].
Class I enzymes are smaller polypeptides of approximately
500 amino acids, whereas class II HDACs are much larger
proteins with approximately 100 amino acids.  Most class II
HDACs shuttle between the cytoplasm and nucleus and regu-
late myogenesis.  HDACs can react with co-repressor (Mad/
Max, N-CoR, SMRT) to regulate cell proliferation and change
the dynamics of chromatin structure[16].  In general, HDAC1,
HDAC3, and HDAC8 are located in the cell nucleus.  Many
signal transfer pathways (RAS/MAPK, JAK-STAT) and tran-
scriptional factors related to hematopoietic stem cells are
regulated by HDACs and HATs.

B-NHL plays an important role in blood system tumors.
We chose the Burkkit lymphoma cell line Raji as the research
target.  Previous studies have revealed that lymphoma is
related to the rearrangement of BCL6.  Several studies have
shown that BCL6 is rearranged in 30%–40% of diffuse large
cell lymphoma (DCLC) and 6%–14% of follicular lymphomas
(FL).  In addition, the chromosomal band 3q27 affects IG
gene loci that lead to lymphoma.  Abnormal BCL6 can regu-
late cell-cycle factors (pRB, PLZF) by recruiting HDACs,

Figure 6.  Effect of curcumim on the expression of Ac-histone H4 in
Raji cells.  Cells were treated with different concentrations of curcumin
for 24 h and Ac-histone H4 expression was tested using Western blot
analysis.  1, 2, 3, and 4 are the control, and curcumin 6.25, 12.5, and
25 µmol/L, respectively. n=3.  Mean±SD.  bP<0.05 compared with
the control.

Figure 4.  OD value of HDAC1, HDAC3, HDAC8, and Ac-histone
H4 in Raji cells and curcumin-treated Raji cells (25 µmol/L, 24 h).
bP<0.05 vs control.

Figure 5.  Effects of curcumim on the expression of HDACs in Raji
cells.  Cells were treated with different concentrations of curcumin
for 24 h and HDACs expression was tested using Western blot analysis.
1, 2, 3, and 4 are the control, and curcumim 6.25, 12.5, and 25 µmol/L,
respectively.  n=3.  Mean±SD.  bP<0.05, cP<0.01 compared with the
control.



608

 Acta Pharmacologica Sinica ISSN 1671-4083Liu HL et al

and can affect the cell cycle.  As the result of an abnormal
recruiting function, many transcriptional factors can sup-
press specific genes, which can lead to carcinogenesis.
HDACIs can cure cancer by inhibiting HDACs and blocking
abnormal recruitment.

Chemoprevention is a rapidly growing field in cancer re-
search that focuses on inhibiting and delaying the onset of
carcinogenesis.  A large number of natural products have
been evaluated as potential chemopreventive agents.  Nu-
merous studies have shown that curcumin could suppress
the proliferation of many cancer cells.  In the present study,
we found that curcumin could inhibit the proliferation of Raji
cells, and that the effects were time- and dose-dependent.
The 36 h IC50 of curcumin was 24.1±2.0 µmol/L.  Curcumin
can lead to the apoptosis of Raji cells, and can affect cell
cycles.  The cell cycle was arrested in G0 /G1 and G2/M phases,
and the S phase also decreased (data not shown).  However,
the mechanisms of apoptosis and cell cycle arrest are not
clear.  In our study, the expression of HDAC1, HDAC3,
HDAC8 and Ac-histone H4 on B-NHL cell line Raji and
curcumin-treated Raji cells (different concentrations for 24
h) was examined using immunocytochemistry and Western
blot analysis.  The expression of HDAC1, HDAC3, and
HDAC8 proteins on Raji cells decreased compared with the
control Raji group, whereas Ac-histone H4 expression in-
creased compared with the control Raji group in a dose-
dependent way.

Trichostatin (TSA) was the first discovered HDAC in-
hibitor (HDACI), followed by sodium butyrate, sulindac, MS-
27-275, and FR90228[10].  In vitro and in vivo studies examin-
ing HDACIs reveal that HDACIs affect many cell functions,
such as cell proliferation, chromosome remodeling, and gene
transcription.  The mechanism of action relates to inhibiting
HDACs, increasing the function of HATs, and increasing
histone deacetylation.  Hu et al[15] found that TSA decreased
the expression of HDAC1, HDAC3, and HDAC8 in SW620 in
a dose-dependent way.  The IC50 was approximately 0.1–0.3
nmol/L.  In addition, TSA can increase the expression of Ac-
histone H4 and lead to apoptosis, which is related to the
SV40 promotor.  Balasubramanyam et al[13] reported that
curcumin was a specific inhibitor of p300/CBP HAT activity,
but not of PCAF, in vitro and in vivo.  Furthermore, curcumin
can also inhibit the p300-mediated acetylation of p53 in vivo.
Curcumin specifically represses the p300/CBP HAT activity-
dependent transcriptional activation from chromatin, but not
from a DNA template.

Thus, we believe that curcumin, as a new member of the
HDACIs, can inhibit the expression of HDAC1, HDAC3, and
HDAC8 in curcumin-treated Raji cells and can increase the

expression of Ac-histone H4.  In addition, curcumin can in-
hibit cell proliferation and induce apoptosis.  Dysfunction of
histone acetyltransferases and histone deacetylases is of-
ten associated with the manifestation of several different
types of cancer.  These enzymes, therefore, are potential
new targets for therapy.  However, the mechanism by which
the abnormal function of HDAC1, HDAC3, and HDAC8 regu-
lates gene transcription remains to be determined.  The in-
crease in Ac-histone H4 highlights whose gene will be
opened and provides a new field to examine the action mecha-
nism of curcumin.
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Introduction
Promyelocytic leukemia (PML), which encodes a growth

transformation suppressor[1] and pro-apoptosis factor, me-
diating cell death by apoptosis[2], is disrupted by 15:17 chro-
mosomal translocation in acute promyelocytic leukemia.  The
physical function of the PML gene was complicated and the
PML gene has an altered expression during human onco-
genesis.  Its expression was reduced dramatically when can-
cer turned invasive[3].  Cells deficient in PML are resistant to
apoptosis by multiple apoptotic stimuli, suggesting that PML
is a pro-apoptosis factor[2].  Overexpression of PML protein
could inhibit various human tumor growth in vitro and in
vivo, such as in Hela cell[4], prostate cancer cells (PC-3,DU145,
LNCaP)[5], breast cancer[6], and bladder cancer cells (5637;
UM-UC-2 unpublished data)[7].  This evidence suggests that

PML could be a candidate gene for human tumor gene
therapy.

In this study, we further detected whether the PML as a
growth suppressor could be a potential candidate gene for
bladder cancer gene therapy.  We constructed a recombi-
nant retrovirus carrying the PML gene, which was controlled
by long terminal repeat (LTR) promoter, and we want to study
whether recombinant PML retrovirus has a high level PML
protein expression in bladder cancer UM-UC-2 cells and
whether overexpression of PML could inhibit bladder can-
cer cell growth.

Materials and methods
Cell culture and reagents  UM-UC-2 cells[8] were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM) at

Abstract
Aim: To construct a recombinant retrovirus vector carrying human promyelocytic
leukemia (PML) cDNA and identify its expression and biology role in bladder
cancer UM-UC-2 cells for future gene therapy.  Methods: PML full-length cDNA
was inserted into the EcoR I and BamH I site of pLXSN vector containing the long
terminal repeat (LTR) promoter.  The vector was identified by restriction enzyme
digestion and then transfected into PA317 packaging cell line by calcium phos-
phate coprecipitation.  PML cDNA was detected by polymerase chain reaction
(PCR) and the protein was identified by laser confocal microscopy and Western
blot in bladder cancer cells, respectively.  The morphology was observed by
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kb PML cDNA was inserted into the pLXSN vector.  PCR assay demonstrated that
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37 °C supplemented with 10% fetal calf serum (FCS).  PA317
packaging cells and NIH3T3 cell were maintained in RPMI-
1640 medium supplemented with 10% fetal bovine serum
(FBS).  Each medium was supplemented with penicillin (50
kU/L) and streptomycin (50 kU/L).  The GST-PML antibody
and PGS5-PML vector were obtained from Dr K S CHANG
(MD Anderson Cancer Center, The University of Texas,
USA).  The PLXSN vector was purchased from Clontech
Company.

Construction and amplification of pLPMLSN  The PML
retroviral vector pLPMLSN was constructed by inserting the
full-length PML cDNA[1] into the EcoR I and BamH I restric-
tion site of the pLXSN retroviral vector.  The reconstructed
plasmid DNA used for transfection was purified by the plas-
mid purification kit (Huashun Inc, Shanghai, China) accord-
ing to the manufacturers’ instruction.  DNA concentration
was determined by UV spectrophotometer[4].

Generation of  viral particles and infection to target cells
pLXSN and pLPMLSN were transfected into the PA317 pack-
aging cell lines by calcium phosphate coprecipitation[9].
PA317 packaging cells were split and grew in the selective
medium with 800 mg/L of G418.  After 2 weeks, G418 resistant
colonies were picked and expanded in medium with 200 mg/L
G418 and the supernatant viral particles were collected.  The
titer of viral stocks was calculated by infection of mouse
fibroblast NIH 3T3 cell[11].  The titer of pPMLSN and pLXSN
retrovirus was 1.3×109 CFU/L and 2.1×109 CFU/L, respec-
tively.

The UM-UC-2 cells, as target cells, were infected with
recombinant PML retrovirus and the control virus respec-
tively by the supernatant gene transfer technique, as previ-
ously described[10].  In brief, UM-UC-2 cells in exponential
growth were plated in 60-mm culture dishes 1 day before
recombinant virus infection.  Each culture dish was then fed
with 10 mL of recombinant viral supernatant containing
polybrene at a final concentration of 8 mg/L.  The UM-UC-2
cells were then infected with viral particles for 48 h.  The viral
supernatant was prepared by incubating fresh medium for 1
day with the growth-accelerated viral producer and then used
directly for further experiments.

Identification of PML cDNA in transfected cells  Ge-
nomic DNA was prepared from UM-UC-2, UM-UC-2/
pPMLSN, UM-UC-2/pLXSN cells and used for  polymerase
chain reaction (PCR) with primers specific for PML (forward
5'-CTT GAA CCT CCT CGT TCG ACC-3' reverse 5'-GTA CAA
CAG GTA GCG GAT CCC-3').  The forward primer was spe-
cifically designed for pLXSN vector, and the reverse primer
was for PML cDNA.  The reaction mixture for PCR amplifica-
tion was subjected to 30 cycles of denaturation (95 ºC, 60 s),

annealing (56 ºC, 60 s), and extension (72 ºC, 60 s).  The
amplification products were identified by 2% agarose-gel
electrophoresis.

Identification of PML protein expression in transfected
cells by immunofluorescence staining and Western blot
Western blot and immunofluorescence staining of bladder
cancer UM-UC-2 cells infected with recombinant PML
retrovirus and control virus were carried out as described in
our previous report[5].  Briefly, UM-UC-2 cells were seeded
on coverslides for at least 4 h, and then recombinant PML
retrovirus was added and incubated at 37 ºC for 24 h.  Cells
were washed in phosphate-buffered saline (PBS) twice and
fixed in 4% paraformaldehyde for 20 min and 0.1% Triton X-
100 for 10 min, followed with three washes in PBS containing
0.1% BSA.  Cells were then incubated in the washing buffer
for 20 min at room temperature.  Immunofluorescence stain-
ing was performed using the affinity-purified antipeptide
polyclonal antibody GST-PML at dilution of 1:2000 for 1 h at
37 ºC, and then goat anti-rabbit IgG-fluorescein isothiocya-
nate secondary antibody (Sabc Inc, Beijing, China) was
added for another 1 h.  Confocal microscopy analysis was
performed by using a Zeiss (New York, NY, USA) laser scan-
ning confocal microscope at 494-nm stimulated wavelength.

Western blot of PML protein was performed using RIPA
lysis buffer and 8% SDS-PAGE gel electrophoresis.  Proteins
were transferred to NC filter (Bio-Rad) and blocked with 5%
non-fat milk for 1.5 h.  The filters were then incubated for 2 h
with a dilution of 1:2000 GST-PML antibody and then for 1 h
with the secondary antibody at dilution of 1:500.  Immuno-
detection was performed using the ECL Western blot detec-
tion system.

Cell viability  UM-UC-2 Cell viability was evaluated by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay.  In brief, we selected 1 d, 2 d, 3 d, and 4 d as
different times for observation points.  Bladder cancer cells
(1×104) were plated in 96-well tissue culture plates in DMEM
containing 10% FBS in a final volume of 0.2 mL.  When the
cells reached 50% confluence, they were treated with recom-
binant PML retrovirus and control virus.  After 24 h of culture,
cell proliferation was assessed by directly adding 50 µL of 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 7
dye (0.005 mg/L) to the medium for another 4 h, and then
bladder cancer cells were solubilized in Me2SO (150 µL/well)
on a shaker at room temperature for 10 min before reading
the absorbance at 570 nm using a Biorad Technologies
Microplate Reader.

Statistical  analysis  The experimental results shown were
repeated three times, unless otherwise indicated.  Results
are expressed as mean±SD.  Statistical analysis was carried
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out using Student’s t-test and one-way ANOVA.  Signifi-
cance was set at P<0.05.  Statistical analyses were performed
using SPSS10.0 (SPSS Inc, Chicago, IL, USA).

Results

Identification of the recombinant retrovirus vector
pLPMLSN  The full-length PML cDNA was excised by EcoR
I and BgL II from the plasmid pSG5PML[1], and then ligated
into the EcoR I and BamH I digested restriction site, for BgL II
and BamH I are isocaudamers, which have the same cohe-
sive terminus.  The constructed plasmid was digested with
Kpn I, and three fragments of 2.0 kb, 2.9 kb, and 3.1 kb are
acquired on agarose-gel electrophoresis.  Two 2.3 kb and 5.7
kb fragments were obtained by EcoR I and Hind III
(Figure 1).  It suggests that PML cDNA had been inserted
into retrovirus vector pLXSN successfully.

Identification of PML cDNA in transfected cells  PCR
was performed using total DNA samples prepared from UM-
UC-2 cell culture after the recombinant retrovirus particles
were transducted into the cultured cells.  The PCR products
of 304 bp fragments for PML were amplified from UM-UC-2/
pLPMLSN cells but not from control cells infected with UM-
UC-2/pLXSN and UM-UC-2 parental cells (Figure 2).

Determination of PML expression after recombinant
PML retrovirus infection by immunofluorescence  Immun-
ofluorescence staining was performed to confirm whether

the reconstructed retrovirus could infect and express PML
protein in bladder cancer cells UM-UC-2.  As shown in
Figure 3, both the number and intensity of PML specific
nuclear speckle significantly increased in UM-UC-2/pPMLSN
cells, while in parental cells only a little poor and nonspecific
signal was detected.

Demonstration of PML expression after recombinant
PML retrovirus infection by Western blot  Western blot
analysis showed that the bladder cancer UM-UC-2 cells in-
fected with recombinant PML retrovirus expressed a high
level of 90 kDa PML protein.  The protein was undetectable
in the parental bladder cancer UM-UC-2 cells by Western
blot (Figure 4).

Effect of PML overexpression on cell growth  We had
previously shown that PML could repress the growth of
prostate cancer LNcap, DU145, and PC-3 cells[5].  Now, to
further test the effect of increased expression of PML on
bladder cancer UM-UC-2 cell growth, MTT assay was used.
As shown in Figure 5, UM-UC-2/pLPMLSN grew signifi-
cantly more slowly than the parental UM-UC-2 and control
UM-UC-2/pLXSN cells (P<0.05).

Morphological changes were also observed under phase
contrast and light microscopes.  As shown in Figure 6A and
6B, UM-UC-2 and UM-UC-2/pLXSN control cells showed

Figure 1.  Identification of the recombinant retro-virus vector
pLPMLSN.  Lane 1: λ DNA/Hind III marker.  Lane 2: pPMLSN
digested with Kpn I, three fragments of 2.0 kb, 2.9 kb, and 3.1 kb
acquired.  Lane 3: 2.3 kb and 5.7 kb fragments digested by EcoR I and
Hind III as shown by the arrow.  Lane 4: linear by single EcoR I site.
Lane 5:control plasmid.

Figure 2.  IPML cDNA in transfected cells determined by PCR.
Lane 1: λDNA/Hind III marker.  Lane 2: UM-UC-2/pLPMLSN cell,
304 bp PCR product as indicated by arrow.  Lane 3: 200 bp ladder
marker.  Lanes 4 and 5: the UM-UC-2 cells infected with the pLXSN
control retrovirus and parental UM-UC-2 cells, respectively.
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normal morphology.  In contrast, UM-UC-2/pLPMLSN cells
were shrunk, lost cell-to-cell contact, and in part detached

Figure 4.   Detected PML expression after recombinant PML
retrovirus infection by Western blot.  Lane 1: control bladder cancer
UM-UC-2 cells.  Lanes 2 and 3: bladder cancer UM-UC-2 cells in-
fected with recombinant PML retrovirus.

Figure 6.  Identification of the morphology alteration in bladder cancer cells.  (A) the parental UM-UC-2 cells (×40 magnification).  (B) UM-
UC-2/pLXSN bladder cells (×40 magnification).  (C) UM-UC-2/pLPMLSN easily detaching from the plate surface (×40 magnification).
Remaining cells are shrunk.

Figure 3.  Expression of PML protein in UM-UC-2 cells infected with retro-PML detected by immunofluorescence staining.  (A) FITC
labelling immunofluorescence staining of PML protein in UM-UC-2 cells infected with retro-PML as indicated by arrows.  (B) parental UM-
UC-2 cells.

Figure 5.  The effect of PML on the growth inhibition of UM-UC-
2 cells.  Growth rate of UM-UC-2, UM-UC-2/pLXSN and UM-UC-2/
pLPMLSN cell were determined by MTT assay.  Results presented in
each group represent the average of three independent experiments.

from the plate (Figure 6C).  These characteristics suggested
apoptotic morphology feature.
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gered cell death by apoptosis in breast cancer cells[6].
In addition, PML is a much more stable protein with long

half-life of about 6 h compared to other tumor suppressor
genes such as p53 which has a half-life of 1.5 h.  This sug-
gest that long-time and high concentration of protein could
accumulate in tumor cells and a better therapeutic effect could
be obtained[5].

These results strongly indicate that PML has therapeu-
tic potential in the gene therapy of human tumors.

In conclusion, we constructed recombinant retrovirus
stable expressed PML.  PCR confirmed that the recombinant
retrovirus could infect bladder cancer cells.  Laser scanning
confocal microscope and Western blot showed high level
PML protein could be expressed.  Overexpression of PML
could inhibit the growth of bladder cancer.  It may be an
attempt for human tumor gene therapy in future.

References
1 Mu ZM, Chin KV, Liu JH, Lozano G, Chang KS.  PML, a growth

suppressor disrupted in acute promyelocytic leukemia.  Mol Cell
Biol 1994; 14: 6858–67.

2 Wang ZG, Ruggero D, Ronchetti S, Zhong S, Gaboli M, Rivi R, et
al.  PML is essential for multiple apoptotic pathways.  Nat Genet
1998; 20: 266–72.

3 Koken MH, Linares-Cruz G, Quignon F, Viron A, Chelbi-Alix
MK, Sobczak-Thepot J, et al.  The PML growth-suppressor has
an altered expression in human oncogenesis.  Oncogene 1995;
10: 1315–24.

4 Mu ZM, Le XF, Vallian S, Glassman AB, Chang KS.  Table
overexpression of PML alters regulation of cell cycle progres-
sion in HeLa cells.  Carcinogenesis 1997; 18: 2063–9.

5 He D, Mu ZM, Le X, Hsieh JT, Pong RC, Chung LW, et al.
Adenovirus-mediated expression of PML suppresses growth and
tumorigenicity of prostate cancer cells.  Cancer Res 1997; 57:
1868–72.

6 Le XF, Vallian S, Mu ZM, Hung MC, Chang KS.  Recombinant
PML adenovirus suppresses growth and tumorigenicity of human
breast cancer cells by inducing G1 cell cycle arrest and apoptosis.
Oncogene 1998; 16: 1839–49.

7 He D, Nan X, Chang KS, Wang Y, Chung LW.  Overexpression of
the promyelocytic leukemia gene suppresses growth of human
bladder cancer cells by inducing G1 cell cycle arrest and apoptosis.
Chin Med J 2003; 116: 1394–8.

8 Grossman HB, Wedemeyer G, Ren L.  UM-UC-1 and UM-UC-2:
characterization of two new human transitional cell carcinoma
lines.  J Urol 1984; 132: 834–7.

9 Jseph S, Daivd WR.  Laboratory manual.  3rd ed.  Cold Spring,
NY: Cold Spring Laboratory; 2001.  p 1282–6.

10 Miller AD, Miller DG, Garcia JV, Lynch CM.  Use of retroviral
vectors for gene transfer and expression.  Methods Enzymol
1993; 217: 581–99.

11 Bodine DM, McDonagh KT, Seidel NE, Nienhuis AW.  Develop-
ment of a high-titer retrovirus producer cell line and strategies
for retrovirus-mediated gene transfer into rhesus monkey he-

Discussion
In recent years, studies have been provided that acti-

vated oncogene or loss of tumor suppressor leads to the
development of human cancer.  Based on this concept, new
effective therapeutic regimens have been developed as al-
ternatives to conventional cancer therapy.  One field that
most scientists focused on is gene therapy, which is to sup-
press the overexpressed oncogene or rebuild the function of
tumor suppressor[12].  To deliver a gene into tumor cells, two
major vector systems, such as viral system and non-viral
system, have been thrown into research studies and clinical
trials.  The latter has relative low transduction efficacy and
required some special equipment, therefore was not widely
used.  Compared to the adenovirus system, the retrovirus
systems have some advantages in tumor gene therapy be-
cause of the following reasons.  First, infection by retrovirus
depends on host cell division.  Most tumor cells are active in
cell mitosis, which made wide range infection to carrier cells[13].
Second, retrovirus can integrate into host genome, which
can stably and continuously express targeting protein as
host cell growth[13].  Third, a recent study demonstrated that
the entrance of adenovirus to the host cell must be mediated
by the specific receptor.  For example coxsackie and aden-
ovirus receptor (CAR), whose protein expression level is
reduced and even lost when breast cancer[14], urothelial can-
cer[15,16], head, and neck cancers[17] are in high-grade or be-
come invasive as adenovirus mediated gene therapy is not
adapt to high-grade, late-stage invasive tumor[14–17].  While
the retrovirus does not have these limitations.  This is one
good reason why we constructed the recombinant PML
retrovirus.  Finally, when adenovirus infects the host cells
for gene therapy, frequent administration of recombinant ad-
enovirus were required to achieve therapeutic efficacy.  Be-
cause of a strong immunological response, it could not oper-
ate repeatedly[5].  In contrast, the retrovirus did not have the
adverse immunological response.

We constructed recombinant retrovirus vector carrying
PML gene, which was involved in the 15:17 translocation in
acute promyelocytic leukemia (APL), and is a growth and trans-
formation suppressor and plays an essential role in multiple
pathways of apoptosis[1,2].  PML is lost or reduced in solid
tumor of several histological origins[4–7] and is found to be
more frequently lost in late-stage or metastatic cancer[3].  Our
previous study demonstrated that endogenous PML expres-
sion was related to the stage, grade, and invasiveness of blad-
der cancer.  Stably overexpressed PML protein leads to de-
creased cell growth and tumorigenicity of bladder cancer in
vivo[7] and prostate cells in vitro and in vivo[5].  Overexpression
of PML induced G1 cell cycle arrest and subsequently trig-



Http://www.chinaphar.com Li L et al

615

matopoietic stem cells.  Ann N Y Acad Sci 1990; 612: 415–26.
12 Friedmann T.  Progress toward human gene therapy.  Science

1989; 244: 1275–81.
1 3 Sokol DL, Gewirtz AM.  Gene therapy: basic concepts and recent

advances.  Crit Rev Eukaryot Gene Expr 1996; 6: 29–57.
14 Shayakhmetov DM, Li ZY, Ni S, Lieber A.  Targeting of aden-

ovirus vectors to tumor cells does not enable efficient transduc-
tion of breast cancer metastases.  Cancer Res 2002; 62: 1063–8.

15 Li Y, Pong RC, Bergelson JM, Hall MC, Sagalowsky AI, Tseng
CP, et al.  Loss of adenoviral receptor expression in human

bladder cancer cells: a potential impact on the efficacy of gene
therapy.  Cancer Res 1999; 59: 325–30.

16 Rauen KA, Sudilovsky D, Le JL, Chew KL, Hann B, Weinberg V,
et al.  Expression of the Coxsackie adenovirus receptor in nor-
mal prostate and in primary and metastatic prostate carcinoma:
potential relevance to gene therapy.  Cancer Res 2002; 62: 3812–8.

17 Kasono K, Blackwell JL, Douglas JT, Dmitriev I, Strong TV,
Reynolds P, et al.  Selective gene delivery to head and neck
cancer cells via an integrin targeted adenoviral vector.  Clin
Cancer Res 1999; 5: 2571–9.



©2005 CPS and SIMM616

Acta Pharmacologica Sinica   2005 May; 26 (5): 616–622

Full-length article

Inhibitory effect of agmatine on proliferation of tumor cells by modula-
tion of polyamine metabolism1

Ji-fang WANG2, Rui-bin SU2, Ning WU, Bo XU, Xin-qiang LU, Yin LIU, Jin LI3

Beijing Institute of Pharmacology and Toxicology, Beijing 100850, China

Introduction
Polyamines, including putrescine, spermidine, and

spermine, are required for cell proliferation and homeostasis.
The intracellular pool of polyamines is precisely regulated
through their biosynthesis, degradation, uptake, and excre-
tion[1].  The disorder of intracellular polyamines plays an
important role in carcinogenesis.  Polyamines can promote
the neoplastic transformation of normal cells, stimulate the
proliferation of tumor cells, and facilitate angiogenesis in
tumor tissues.  Therefore, their metabolism pathway is an
interesting anticancer drug target[2].

Agmatine, one of the analogs of polyamines, is the prod-
uct of  L-arginine decarboxylation and was initially believed

to be present only in bacteria, plants, and invertebrates.  Now
it has been shown to be present in mammals[3].  The accumu-
lated results show that agmatine has some important bio-
logical activities[4].  Among them, the inhibitory effect of
agmatine on cell proliferation is of great interest.

The current results show that agmatine is able to modu-
late the cellular concentration of polyamines[5].  Agmatine
can be hydrolyzed to putrescine and urea.  Putrescine is then
converted into spermidine and spermine by spermidine/sper-
mine synthases[6].  So agmatine might have the capacity to
increase the level of intracellular polyamines.  In addition,
agmatine has been postulated to decrease the cellular level
of polyamines.  There is much evidence to support this
hypothesis.  First, because agmatine and polyamines are

Abstract
Aim: To assess the inhibitory effect of agmatine on tumor growth in vivo and
tumor cell proliferation in vitro.  Methods:  The transplanted animal model,
[3H]thymidine incorporation assay, 3-[4,5-dimethythiazol-2-yl]-2,5-diphenyltetrazo-
lium assay, and lactate dehydrogenase (LDH) release assay were performed.
Results:  Agmatine, at doses of 5–40 mg/kg, suppressed the S180 sarcoma tumor
growth dose-dependently in mice in vivo and the highest inhibitory ratio reached
31.3% in Kunming mice and 50.0% in Balb/c mice, respectively.  Similar results
were obtained in the transplanted B16 melanoma tumor model.  Agmatine (1–
1000 µmol/L) was able to attenuate the proliferation of cultured MCF-7 human
breast cancer cells in vitro in a concentration-dependent manner and the highest
inhibitory ratio reached 50.3% in the [3H]thymidine incorporation assay.
Additionally, in the LDH release assay, spermine (20 µmol/L) and spermidine
(20 µmol/L) increased the LDH release significantly, but agmatine (1–1000 µmol/
L) did not, indicating that the inhibitory effect of agmatine on the proliferation of
MCF was not related to cellular toxicity.  In the [3H]thymidine incorporation assay,
putrescine (12.5–100.0 µmol/L) could reverse the inhibitory effect of agmatine on
the proliferation of MCF concentration-dependently, suggesting that the inhibi-
tory effect of agmatine on the proliferation of MCF might be associated with a
decreased level of the intracellular polyamines pool.  Conclusion:  Agmatine had
significant inhibitory effect on transplanted tumor growth in vivo and prolifera-
tion of tumor cells in vitro, and the mechanism might be a result of inducing
decrease of intracellular polyamine contents.
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structurally analogous and derived from same precursor,
L-arginine[7], administration of exogenous agmatine would
be able to reduce the synthesis of polyamines by a back-
feed way.  Second, as a competitor, agmatine can retard pu-
trescine intake by the same carrier[8].  Most importantly, be-
sides polyamines, agmatine is the only known molecule that
has the capacity to induce antizyme[9].  Antizyme is the only
known endogenous protein that binds to ornithine
decarboxylase, inhibiting its activity and accelerating its
degradation.  Indeed, when tested in vitro, agmatine inhib-
ited DNA synthesis and proliferation in some cell lines[10].
Moreover, Regunathan et al[11] reported that agmatine in-
hibited proliferation of human coronary artery vascular
smooth muscle cells by stimulation of imidazoline rece-
ptors.  Satriano et al[12] claimed that agmatine dramatically
decreased the ratio of DNA synthesis on mouse kidney proxi-
mal tubule cells by attenuation of the cellular polyamine
level.  In 2003, Gardini et al[13] found that agmatine inhibited
the proliferation of rat hepatoma cells.  These results indi-
cate that agmatine might be an endogenous anti-prolifera-
tion factor, and whether the pharmacological effect of exog-
enous agmatine on cells in vivo is the same as  in vitro is an
interesting question.

In the present study, we investigated the inhibitory ef-
fects of agmatine on several classical tumor cells in vivo and
in vitro and explored its possible mechanisms in vitro.

Materials and methods

Reagents and drugs  Agmatine sulfate was obtained from
the Beijing Institute of Pharmacology and Toxicology; cy-
clophosphamide was manufactured by Hengrui Pharmaceu-
tical Co (Lianyungang, Jiangsu, China); spermine, spermi-
dine, putrescine, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT), and sodium dodecylsulfonate
(SDS) were obtained from Sigma Chemical (St Louis, MO,
USA); Roosevelt Park Memorial Institute medium (RPMI-
1640) was purchased from Gibco (Carlsbad, CA, USA); and
[3H]thymidine was obtained from DuPont/NEN Company
(Boston, MA, USA).

Animals  Male Kunming, Balb/c, and C57 mice [20±2 g,
Grade II, Certificate No SCXK (Jun) 2002-001, Experimental
Animal Center of Academy of Military Medical Sciences]
were used.  After transplanted with tumor cells, animals were
randomly distributed into different groups.  The control group
was administered with saline alone and the others were treated
with different drugs.  All drugs were dissolved in normal
saline and freshly prepared on the experimental day.  Both
normal saline and agmatine were administered subcutane-

ously (sc) and cyclophosphamide was injected intraperito-
neally (ip) in a volume of 10 mL/kg.  All of the animals were
housed and maintained in a temperature-controlled room
(22 °C–24 °C) with free access to qualified food and water
at all times.

Cell culture  MCF-7 human breast cancer cells were
maintained in RPMI-1640 medium with 10% fetal bovine
serum (FBS), 100 kU/L penicillin and 100 kU/L streptomycin.
Cells were incubated at 37 °C in a humidified 5% CO2 atmo-
sphere and subcultured every 3 d.

Evaluation of agmatine’s inhibitory effects on the
growth of tumor cells in vivo  S180 sarcoma and B16 mela-
noma cells were subcultured in the abdominal cavity of mice
for 8 d.  The resulting ascites were diluted with saline to
form a suspension containing 2×1010 cells/L.  Aliquots of
cell suspensions (0.2 mL) were injected (sc) into the right
armpit of the mice.  From the 1st day after implantation,
saline, agmatine (5–40 mg/kg, tid, sc), or cyclophosphamide
(20 mg/kg, qd, ip) were administered for 10 d.  At d 10, the
animals were killed and the tumors were chipped from their
armpits.  The tumor weights (g) were measured and the mean
tumor weight of every group was calculated.  The anti-tu-
mor activities of the drugs were determined by a compari-
son between the inhibitory ratios obtained from the treated
groups and the control group.  The inhibitory ratio of drugs
was expressed as [(average tumor weights in saline group–
average tumor weights in drug treated group)/(average tu-
mor weights in saline group)×100].

Measurement of proliferation in vitro in [3H]thymidine
incorporation assay  Proliferation of the MCF cells was
assessed by [3H]thymidine incorporation assay.  Briefly, cells
suspended in RPMI-1640 medium with 10% FBS were seeded
into a 96-well cell culture plate (80 µL/well) at a density of
6000 cells/well.  Then they were treated with saline (control),
or different concentrations of agmatine (1, 10, 100, 200, 500,
or 1000 µmol/L), respectively, at a volume of 20 µL.  Drugs
were added for a total period of 48 h and [3H]thymidine
(3.7×104 Bq/well) was added at 36 h of incubation.  The me-
dium was removed and the cells were washed three times
with phosphate-buffered saline and then twice with ice-cold
10% trichloroacetic acid.  Fixed cells were then solubilized in
0.2 mol/L NaOH (100 µL/well) and sonicated for 15 min.  After
mixing with scintillant liquid (1 mL) for 24 h, an aliquot (90 µL/
well) was used for scintillation counting.  Then the radioac-
tivity was determined with a Multi-purpose Scintillation
Counter (Columbus Instruments, Columbus, OH, USA).  The
mean cpm value of every group was calculated.  The anti-
proliferation potency of the drugs was determined by a com-
parison between the inhibitory ratios obtained from the
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treated groups and the control.  The inhibitory ratio of the
drugs was expressed as [(average cpm value in control
group–average cpm value in drug treated group)/(average
cpm value in control group)×100%].

Measurement of proliferation in vitro  Cell proliferation
was also confirmed again by measuring with MTT assay
based on the colorimetric measurement of formazan dye
formed from MTT by mitochondrial dehydrogenases.  Expo-
nentially growing cells were plated at a seeding density of
7.5×104 cells/mL in 96-well plates (80 µL/well).  Then they
were treated with saline (control), or different concentrations
of agmatine (100, 200, 500, or 1000 µmol/L), respectively, at a
volume of 20 µL.  After they were incubated with or without
drugs for 44 h, 20 µL of MTT reagent (0.5 g/L) was added to
each well.  The plates were incubated at 37 °C for an another
4 h.  At the end of the incubation, the formazan crystals
formed by MTT metabolism were solubilized by the addition
of 100 µL of 10% SDS to each well.  After 16 h, the absor-
bance of the solubilized product was measured at 570 nm in
a Micro-plate Reader (Molecular Devices Corporation,
Sunnyvale, CA, USA).  The anti-proliferation potency of the
drug was determined by a comparison between the inhibi-
tory ratios.  The percentage of growth inhibition was calcu-
lated by comparison of the absorbance of the treated group
versus the control [(average absorbance value in control
group-average absorbance value in drug treated group)/
(average absorbance value in control group)×100].

Lactate dehydrogenase release assay  To assess whether
the reduction of cell numbers was attributable to the cellular
toxicity of polyamines or agmatine, we measured the release
of lactate dehydrogenase (LDH) in cell medium after drug
treatment.  Cells were cultured at a seeding density of
7.5×104 cells/mL in 24-well plates (800 µL/well).  They were
treated with saline, a range of concentrations of agmatine,
spermidine, or spermine, respectively, at a volume of 200 µL
and incubated at 37 °C and 5% CO2 for 48 h.  Then 0.8 mL of
the supernatant of each well was used for analysis by an
Automatic Biochemical Analyzer (Hitachi7020, Tokyo, Japan).
The release of LDH from the treated cells was compared to
the control.

Statistical analysis  Data were expressed as mean±SD.
SAS software (SAS Inc, Raleigh, NC) was used to conduct a
one-way ANOVA.  P<0.05 was considered statistically
significant.

Results
Inhibitory effects of agmatine on the growth of S180 sar-

coma tumor cell lines in Kunming and Balb/c mice  In
Kunming mice transplanted with S180 sarcoma tumor cell lines,

the S180 cells grew well and the average tumor weight reached
1.6 g in the normal, saline-treated group.  Meanwhile, cyclo-
phosphamide, a clinically approved anticancer agent, exhib-
ited significant anti-tumor activity.  In the cyclophospha-
mide-treated group (20 mg/kg, qd, ip), the average tumor
weight was only 0.7 g and the inhibitory ratio was 56.3%.
Agmatine also exerted a remarkable inhibitory effect on tu-
mor growth.  In the agmatine-treated groups (5–40 mg/kg,
tid, sc), the tumor weights were significantly reduced (n=27,
P<0.05) in a dose-dependent manner.  The inhibitory ratio of
tumor growth reached 31.3% at a dose of 40 mg/kg (Table 1).

In Balb/c mice transplanted with S180 sarcoma tumor cell
lines, we obtained similar results.  The average tumor weight
was 1.0 g in the normal, saline-treated group.  Cyclophos-
phamide (20 mg/kg, qd, ip) inhibited tumor growth
significantly, and the inhibitory ratio reached 50.0%.  Agma-
tine also inhibited the growth of tumors in a dose-dependent
manner (n=10, P<0.05).  The inhibitory ratio of agmatine on
tumor growth was 50.0% at a dose of 40 mg/kg (Table 2).

Inhibitory effects of agmatine on the growth of B16 mela-
noma tumor cell lines in C57 mice  In C57 mice transplanted
with B16 melanoma tumor cells, the tumor weight was 1.8 g in
the normal, saline-treated group.  In the cyclophosphamide-
treated group (20 mg/kg, qd, ip), the tumor weight decreased
to 1.0 g and the inhibitory ratio reached 44.4%.  Agmatine
(2.5–20.0 mg/kg, tid, sc) significantly suppressed the growth
of the tumor (n=10, P<0.05), but the effect did not exhibit an
obvious dose-dependent relationship (Table 3).

Inhibitory effect of agmatine on the proliferation of MCF
cells in vitro  In the [3H]thymidine incorporation assay, the

Table 1.   Anti-tumor activity of agmatine on S180 in Kunming mice.
The S180 sarcoma tumor cells were inoculated (sc) into Kunming mice
on d 0. The bearing mice were randomly distributed into 6 groups.
Each group contained 27 mice. From d 1, they were injected with
saline, cyclophosphamide, or differeent doses of agmatine, respec-
tively, at a volume of 0.1 mL/10 g.  After 10 d, tumor weight was
measured.  n=27.  Mean±SD.  cP<0.01, compared with the saline-
treated group.  “–” represents 0.1 mL/10 g saline.

                                       Dose            Tumor weight      Ratio of
                                      /mg·kg-1                 /g              inhibition/%

Saline  – 1.6±0.9
Cyclophosphamide 20 0.7±0.2c 56.3
Agmatine   5 1.7±0.4 -6.3

10 1.3±0.7 18.8
20 1.1±0.6c 31.3
40 1.1±0.8c 31.3
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MCF cells grew well and the average cpm value was 3143.8
in the normal, saline-treated group after a 48-h incubation.
Agmatine showed anti-proliferation activity compared with
the saline-treated group in a concentration-dependent
manner.  The cpm value was significantly reduced (n=8, P<0.
05) after pretreatment with agmatine (1–1000 µmol/L).  The
inhibitory ratio of cell proliferation was 50.3% at a concen-
tration of 1000 µmol/L (Table 4).

This effect of agmatine on cellular proliferation was fur-
ther proved with the MTT assay.  The MCF cells grew well
and the absorbance value was 0.99 in the normal, saline-
treated group after a 48-h incubation.  Agmatine showed

anti-proliferation activity compared with the saline-treated
group in a concentration-dependent manner.  The absor-
bance value was significantly reduced (n=8, P<0.05) after
the cells were administered with agmatine (100–1000 µmol/L).
The inhibitory ratio of cell growth was 23.8% at a concentra-
tion of 1000 µmol/L (Table 5).

Table 2.  Anti-tumor activity of agmatine on S180 cell growth in Balb/c
mice. In Balb/c mice transplanted with S180 sarcoma tumor cell lines as
well, we acquired similar results. On d 0, the S180 sarcoma cells were
inoculated (sc). The 60 bearing mice were reandomly distributed into
6 groups. Each group contained 10 mice. From d 1, they were in-
jected with saline, cyclophosphamide, or different doses of agmatine,
respectively, at a volume of 0.1 mL/10 g. After 10 d, tumor weight
was measured. n=10.  Mean±SD.  bP<0.05, cP<0.01, compared with
the saline-treated group.  “–” represents 0.1 mL/10 g saline.

                                       Dose          Tumor weight        Ratio of
                                     /mg·kg-1                /g                inhibition/%

Saline  – 1.0±0.3
Cyclophosphamide 20 0.5±0.3c 50.0
Agmatine   5 0.8±0.3 20.0

10 0.6±0.2 40.0
20 0.5±0.2b 50.0
40 0.5±0.3c 50.0

Table 3.  Anti-tumor activity of agmatine on B16 cell growth in C57

mice. The B16 melanoma cell lines were inoculated (sc) into C57 mice
on d 0. The 60 bearing mice were randomly distributed into 6 groups.
Each group contained 10 mice. From d 1, they were injected with
saline, cyclophosphamide, or different doses of agmatine, respectively,
at a volume of 0.1 mL/10 g. After 10 d, tumor weight was measured.
n=10.  Mean±SD.  bP<0.05, compared with the saline-treated group.
“–” represents 0.1 mL/10 g saline.

                                        Dose         Tumor weight       Ratio of
                                       /mg·kg-1               /g              inhibition/%

Saline   – 1.8±0.3
Cyclophosphamide 20.0 1.0±0.4b 44.4
Agmatine   2.5 0.9±0.5 50.0

  5.0 0.6±0.3b 66.7
10.0 0.9±0.6b 50.0
20.0 0.8±0.6b 55.6

Table 4.   Effect of agmatine on MCF-7 human breast cancer cells
proliferation in a [3H]thymidine incorporation assay.  In the assay,
the cells were seeded into a 96-well cell culture plate at a density of
approximately 6000 cells/well.  Then they were treated with saline
(control), or different concentrations of agmatine (1, 10, 100, 200,
500, or 1000 µmol/L), respectively, at a volume of 20 µL.  Each
group contained 8 wells.  Drugs were added for a total period of 48 h,
and [3H]thymidine (3.7×104 Bq/well) was added at 36 h of incubation.
To evaluate the anti-proliferation effect, the cpm value was counted
and the inhibitory ratio was calculated.  n=8.  Mean±SD.  bP<0.05,
compared with control.

                   Concentration           [3H]thymidine           Inhibitory
                       /µmol·L-1            incorporation/cpm          ratio/%

Saline 3143.8±506.5   0
Agmatine        1 2776.8±662.3 11.7

    10 2610.0±940.3 17.0
  100 2576.3±345.3 18.1
  200 2380.0±533.8 24.3
  500 2080.0±327.0b 33.8
1000 1562.5±264.0b 50.3

Table 5.  Effect of agmatine on MCF-7 human breast cancer cells
proliferation by MTT.  The cells were seeded into a 96-well cell
culture plate at a density of approximately 6000 cells/well.  Then
they were treated with saline (control), or different concentrations
of agmatine (100, 200, 500, or 1000 µmol/L), respectively, at a
volume of 20 µL.  Each group contained 8 wells.  Drugs were added
for a total period of 48 h and MTT (2.5 g/L, 20 µL/well) was added at
44 h of incubation.  To evaluate the anti-proliferation effect, the
absorbance of the solubilized product was measured at 570 nm on a
Micro-plate Reader (Molecular Devices Corporation, Sunnyvale, CA,
USA).  The percentage of inhibition was calculated by comparison of
the absorbance of the treated group versus the control.  n=8.  Mean±SD.
bP<0.05, cP<0.01 vs control.

                       Concentration          Absorbance          Inhibitory
                            /µmol·L-1                                           ratio/%

Saline 1.01±0.02
Agmatine   100 0.97±0.03b   4.0

  200 0.91±0.03c   9.9
  500 0.86±0.03c 14.9
1000 0.77±0.02c 23.8
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Table 7.  Reversal of agmatine’s effect on MCF-7 human breast
cancer cells proliferation by putrescine.  The cells were seeded into a
96-well cell culture plate at a density of approximately 6000 cells/
well.  Then they were treated with saline (control), putrescine
(100 µmol/L), agmatine (1000 µmol/L), or different concentrations
of putrescine (12.5, 50.0, or 100.0 µmol/L), and agmatine (1000 µmol/L),
respectively, at a volume of 20 µL.  Each group contained 8 wells.
Drugs were added for a total period of 48 h, and [3H]thymidine
(3.7×104 Bq/well) was added during the last 12 h of incubation.  To
evaluate the anti-proliferation effect, the cpm value was counted and
the inhibitory ratio was calculated.  n=8.  Mean±SD.  bP<0.05, cP<
0.01, compared with control.  eP<0.05, fP<0.01, compared with ag-
matine 1000 µmol/L.  “–” represents 0.1 mL/10 g saline.

                                 Concentration     [3H]thymidine    Inhibitory
                                    /µmol·L-1       incorporation/cpm    ratio/%

Saline       – 2584.5±503.8    –
Putrescine   100 2960.8±1090.3 -14.6
Agmatine 1000 1224.5±241.3c  52.6
Agmatine+putrescine 1000+12.5 1513.5±288.0c  41.4

1000+50 1673.3±335.8ce  35.3
1000+100 2005.0±395.5bf  22.4

We then investigated the time-dependent effect of agma-
tine on MCF cell proliferation.  MCF cells were cultured for
different lengths of time in the presence of 1 mmol/L agmatine,
and cell viability was evaluated by a [3H]thymidine incorpo-
ration assay.  Over 48 h, the inhibitory potency of agmatine
strengthened gradually with prolonged time (n=8, P<0.01).
The inhibitory ratio was 10%, 17%, 38%, and 62% at 12 h,
24 h, 36 h and 48 h, respectively (Figure 1).

Effect of agmatine on LDH release in the medium  To
assess whether the reduction of cell numbers was attribut-
able to toxicity of polyamines or agmatine, we measured the
release of LDH in cell medium after drug treatment.  Adminis-
tration on MCF cells for 48 h, spermine (20 µmol/L) or sper-
midine (20 µmol/L) significantly increased the activity of LDH
in the medium, but agmatine (1–1000 µmol/L) did not.  At a
concentration of 1000 µmol/L, agmatine decreased the LDH
activity significantly (n=8, P<0.05; Table 6).

Putrescine reverses agmatine’s inhibitory effect on MCF
cell proliferation  As polyamines are essential growth factors,
their dramatic intracellular decrease may be the main mecha-
nism of the anti-proliferation action of agmatine.  To check
whether this is the mechanism involved, MCF cells were
treated simultaneously with agmatine (1 mmol/L) and pu-
trescine (12.5–100.0 µmol/L).  Putrescine counteracted the
inhibitory effect of agmatine on MCF cell proliferation in a
concentration-dependent manner (n=8, P<0.05; Table 7).

Table 6.  Effect of agmatine, spermidine, or spermine on lactate
dehydrogenase (LDH) release in MCF-7 human breast cancer cells.
To assess whether the reduction of cell numbers was attributable to
toxicity of polyamines or agmatine, we measured the release of LDH
in cell medium after drug treatment.  The cells were plated at a
seeding density of 7.5×104 cells/mL in 24-well plates.  Then they
were treated with saline (control), spermine (20 µmol/L), spermidine
(20 µmol/L), or different concentrations of agmatine (1, 10, 100, or
1000 µmol/L), respectively, at a volume of 200 µL.  Each group
contained 8 wells.  Drugs were added for a total period of 48 h and
then 0.8 mL of the supernatant of each well was used for analysis by
the Automatic Biochemical Analyzer (Hitachi7020, Tokyo, Japan).
The percentage release of LDH from the treated cells was calculated
by comparing it to the control cells.  n=8.  Mean±SD.  bP<0.05, cP<
0.01, compared with control.

                                        Concentration               LDH release
                                            /µmol·L-1                         /U·L-1

Saline 26.0±1.6
Agmatine      1 25.8±0.9

    10 27.0±1.2
  100 25.8±1.3
1000 22.3±0.9b

Spermine     20 51.0±2.2c

Spermidine     20 28.8±0.5c

Figure 1.  Time-dependent effect of agmatine on MCF-7 human
breast cancer cells proliferation.  MCF cells were cultured for different
lengths of time in the presence of 1 mmol/L agmatine, and cell viability
was evaluated by [3H]thymidine incorporation assay.  Over 48 h, the
inhibitory potency of agmatine strengthened gradually with pro-
longed time.  Mean±SD for 4 experiments.  n=8.  cP<0.01, compared
with the saline-treated group.
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Discussion

The present study demonstrated the inhibitory proper-
ties of agmatine toward S180 sarcoma and B16 melanoma cells
in vivo.  We found that, at doses of 5–40 mg/kg, agmatine
suppressed S180 and B16 cell growth in three kinds of mice in
vivo.  The highest inhibitory ratio was more than 50.0%.  We
applied for a Chinese patent with these results in 2002
(02125495.8).  Although Gardini et al reported that agmatine
inhibited the proliferation of rat hepatoma cells in vitro by
modulation of polyamine metabolism in 2003[13], they did not
report anything related to the inhibitory effects of agmatine
on the growth of transplanted tumors in vivo; in addition,
the paper by Gardini et al[13] was published much later than
when we applied for the Chinese patent.  It is reasonable to
state, therefore, that our current results demonstrate for the
first time that agmatine has an inhibitory effect on S180 and
B16 cell lines in vivo.

Polyamines play an essential role in proliferation,
differentiation, and neoplastic transformation in mammalian
cells[1].  Indeed, cellular polyamine levels are higher in tumor
cell lines.  Conversely, the depletion of polyamines results in
growth arrest of neoplastic cells in vitro.  The polyamine-
biosynthetic pathway is an inviting target for the develop-
ment of agents inhibiting carcinogenesis and tumor growth.
The present therapeutic agents acting on this pathway are
α-difluoromethylornithine (DFMO) and polyamine analogs[2].
They influence both polyamine synthesis and degradation
and are now being used in clinical trials.

Agmatine is an analog of polyamines and can modulate
the cellular concentration of polyamines[14].  As an interme-
diate of putrescine, agmatine may be a factor for increasing
the cellular concentration of polyamines.  Although tumor
cells and tissues have been reported to have increased
polyamines levels compared with normal cells, this increase
is often in the range of 2- to 3-fold.  When putrescine levels
are approximately 10-fold higher than those present in can-
cer cells, the cells undergo apoptosis[15].  It has also been
reported that overloaded polyamines have toxic effects on
some normal cells.  The toxicity of polyamines was studied
in a well-characterized neuronal system of cerebellar granule
cells in vitro.  Twenty-four-hour exposure to spermine (1–
500 µmol/L) resulted in a concentration-dependent death of
granule cells, with the half of lethal dose (LD50) being reached
at a concentration below 50 µmol/L.  Putrescine was moder-
ately toxic, with the LD50 at a concentration of only 500 µmol/L.
The LD50 of spermidine was tested between concentrations
of 50 and 100 µmol/L and its toxicity has been evaluated to
be approximately 50% of that of spermine[16].  This was con-

sistent with our results (data not shown).  In contrast, agma-
tine has been postulated to decrease the cellular level of
polyamines by inducing antizyme, competing with putrescine
on transporter and other mechanisms.

So, in theory, agmatine might have double-edged effects
on cell growth.  But, to date, there has been no report that
agmatine can enhance the proliferation of cells.  Conversely,
there is much evidence that agmatine can suppress cell
proliferation, including different cells and malarial para-
sites[17,18].  Consistent with these studies, the present study
proves agmatine has a significant inhibitory effect on cell
proliferation in several classical solid tumors in a transplanted
model in vivo and in an MCF model in vitro.  Putrescine
prevented the effect of agmatine on [3H]thymidine incorpo-
ration in MCF cells.  This effect of agmatine is similar to that
of DFMO, which can block the synthesis of polyamines
significantly.  These results suggest that the effect of agma-
tine might be related to its influence on the synthesis of
polyamine.

In addition, polyamines can interact with DNA direct-
ly[19], so, in our experiments, the decreased [3H]thymidine
incorporation may be caused by the inhibitory synthesis of
DNA.  As putrescine plays a partial role in energy supply[20],
the results of the MTT assay indicate that agmatine might
inhibit MCF cell proliferation by influence on energy
metabolism.  In addition, the effect on LDH activity in the
medium showed that agmatine (1–1000 µmol/L) exhibited no
cellular toxicity, whereas spermidine (20 µmol/L) and sper-
mine (20 µmol/L) did.  To sum up, these results partly dem-
onstrate that agmatine does not increase the level of cellular
polyamines and supports the conclusion that the anti-prolif-
eration effect of agmatine is a result of polyamine limitation.

Currently, we know that agmatine’s toxicity is low and its
effects on tumor cells are not similar to those of classical
chemotherapeutical drugs.  Regarding its low toxicity, its
enhancement of opioid analgesia, and its antidepressant ef-
fect[21,22], we hope that agmatine could efficiently improve
life quality of  cancer patients.  There are still many issues to
be explored, and further experiments should be carried out to
confirm our results.

In conclusion, agmatine has significant inhibitory effects
on transplanted tumor growth in vivo and proliferation of tu-
mor cells in vitro.  The possible mechanisms might be related
to inducing decrease of intracellular polyamine contents.
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Induction of leukemia cell apoptosis by cheliensisin A involves down-
regulation of Bcl-2 expression1
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Abstract
Aim: To investigate the apoptosis-inducing effect of cheliensisin A (GC-51), a
novel styryl-lactone isolated from Goniothalamus cheliensis, on human
promyelocytic leukemia HL-60 cells and the mechanism of action involved.
Methods: Apoptotic cell death was determined by morphological examination and
DNA agarose gel electrophoresis. The activity of caspase-3 was assessed using
Western blotting and the expression of Bcl-2 and Bax genes was analyzed using
the reverse transcription-polymerase chain reaction (RT-PCR) method. Results:
GC-51 significantly inhibited the proliferation of HL-60 cells with an IC50 of 2.4±0.
2 ìmol/L and effectively induced apoptosis in HL-60 cells.  Exposure of HL-60
cells to 10 ìmol/L GC-51 for 8 h resulted in approximately 53% of the cells under-
going apoptosis. Caspase-3 was activated in GC-51-treated cells, which was mani-
fested by the appearance of the 17 kDa active form of caspase-3 and the cleavage
of poly(ADP-ribose) polymerase (PARP).  Meanwhile, GC-51 markedly reduced
the expression of the anti-apoptotic gene Bcl-2 and increased the expression of
the pro-apoptotic gene Bax. The apoptosis-inducing effect of GC-51 was cAMP-
dependent protein kinase (PKA) dependent because PKA, but not the protein
kinase C, specific inhibitor H-89, blocked the induction of apoptosis by GC-51 in
HL-60 cells. Conclusion: The results demonstrate that GC-51 effectively induces
apoptosis in HL-60 cells and that this effect is PKA-dependent and involves the
downregulation of Bcl-2 expression and the activation of caspase-3.

Key words
Goniothalamus cheliensis; cheliensisin A;
apoptosis; HL-60 cells; bcl-2 genes; cyclic
AMP-dependent protein kinases, caspases

1 Project supported by grants from the
Chinese Academy of Sciences (KSCX1-09-
01-1) and from the Shanghai Science and
Technology Committee (No 014319313).
3 Correspondence to Prof Li-guang LOU.
Phn 86-21-5080-6056.
Fax 86-21-5080-7088.
E-mail lglou@mail.shcnc.ac.cn

Received 2004-10-21
Accepted 2004-12-13

doi: 10.1111/j.1745-7254.2005.00077.x

Introduction
Apoptosis is defined by distinct morphological and bio-

chemical changes, mediated by a family of cysteine aspases
(caspases) that are expressed as inactive zymogens and are
proteolytically processed to an active state following an
apoptotic stimulus[1].  Two pathways leading to caspase cas-
cade activation, including an intrinsic pathway and an ex-
trinsic pathway, have been characterized[2,3].  Both pathways
may involve the release of mitochondrial proteins, such as
cytochrome c, Smac/DIABLO, and HtRA2, into the cytosol
to trigger the activation of caspases, including initiator
caspase-9 and effector caspase-3.  The release of mitochon-
drial proteins into the cytosol usually depends on mitochon-
drial membrane permeabilization, which is regulated by pro-

and anti-apoptotic Bcl-2 family members[1].  In theory, fac-
tors capable of regulating the activities of caspases and/or
the functions of Bcl-2 family members are able to induce or
prevent apoptotic cell death.

Styryl-lactones are a new class of compounds with po-
tential anti-tumor activities[4,5].  Most styryl-lactones are iso-
lated from the genus Goniothalamus (Annonaceae)[4].  The
mechanisms of action by which styryl-lactones exert their
anti-tumor activity are currently unknown.  The suggested
mechanisms include non-steroid, receptor-mediated anti-pro-
liferative effects[6], disruption of mitochondrial transmem-
brane potential[7], and the induction of apoptosis[8]. GC-51,
a novel styryl-lactone isolated from Goniothalamus
cheliensis, has previously been shown in our laboratory to
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possess potent cytotoxicity against human promyelocytic
leukemia HL-60 cells[9].  In the present study, we investi-
gated the potential apoptosis-inducing effect of GC-51 and
the possible mechanism of action involved.

Materials and methods
Chemicals  GC-51 [6(7,8-epoxy-styryl)-5-acetoxy-5,6-

dihydro-2-pyrone] was purified from Goniothalamus
cheliensis at the Kunming Institute of Botany, Chinese Acad-
emy of Sciences, Kunming, China, as previously described[9]

(Figure 1).  GC-51 is a white crystal powder and its purity is
greater than 99.0%. H-89 and chelerythrine chloride were
purchased from Calbiochem (San Diego, USA). Propidium
iodide and 4',6'-diamino-2-phenylindole (DAPI) were pur-
chased from Sigma (St Louis, USA).  RNase, polyclonal anti-
bodies against caspase-3 and PARP were purchased from
Becton Dickinson (Franklin Lakes, USA).  Trizol and RPMI-
1640 medium were purchased from Gibco (Grand Island, New
York, USA).

Cell culture and treatment  Human promyelocytic leu-
kemia HL-60 cells were from the American Type Culture Col-
lection (Manassas, VA 20108 USA).  HL-60 cells were main-
tained in RPMI-1640 medium containing 10%  heat-inacti-
vated fetal bovine serum, 100 kU/L penicillin, and 100 mg/L
streptomycin. Cells were cultured in a humidified incubator
at 37 °C in 5% CO2/air. GC-51 was dissolved in dimethylsul-
foxide and diluted in culture medium just prior to use.  The
final concentration of dimethylsulfoxide was less than 0.1%
which had no effect on cell proliferation and the assay
system.

Morphology staining  Morphological changes in HL-60
cells were determined by staining the cells with DNA-spe-
cific dye, DAPI, after the GC-51-treated cells were fixed with
methanol for 10 min at room temperature.  Stained cells were
observed under a fluorescence microscope (Olympus, Tokyo,
Japan).

Cell cycle analysis  The DNA content of the cells was

analyzed as previously described[10,11].  In brief, untreated
and treated cells were harvested by centrifugation, washed
in phosphate-buffered saline (PBS containing 137 mmol/L
NaCl, 2.7 mmol/L KCl, 10 mmol/L Na2HPO4, 1.8 mmol/L
KH2PO4, pH 7.4), and fixed in ice-cold 70% ethanol overnight.
Following fixation, the cells was stained with PBS containing
50 mg/L propidium iodide, 0.1% Triton X-100, and 20 mg/L
RNase.  The fluorescence of individual cells was measured
using FACStar plus flow cytometer (Becton Dickinson,
Franklin Lakes, USA).

DNA agarose gel electrophoresis  Analysis of DNA frag-
mentation was carried out using DNA agarose gel electro-
phoresis as described previously[11]. In brief, DNA extracted
from untreated and treated cells was loaded onto a 1.8%
agarose gel in TBE (Tris 45 mmol/L borate buffer, edetic acid
1 mmol/L, pH 8.0), and electrophoresed at 40 V for 5 h.  DNA
in the gels was visualized under UV light after staining with
ethidium bromide 5 mg/L.

Western blotting  Western blot analysis was carried out
as described previously[12,13].  After treatment with GC-51,
cells were washed twice with ice-cold PBS  and total cell
lysates were collected in sodium dodecylsulfate (SDS) sample
buffer (50 mmol/L Tris-HCl, pH 6.8, 100 mmol/L DTT, 2%
SDS, 0.1% bromophenol blue, 10% glycerol).  Cell lysates
containing equal amounts of protein were separated by so-
dium dodecylsulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidine difluoride
membranes.  After blocking in 5% non-fat milk in TBST (Tris-
buffered saline with 0.1% Tween 20, pH 8.0), the membranes
were incubated with the appropriate primary antibodies at
4°C overnight.  Membranes were washed three times in TBST
and exposed to secondary antibodies for 2 h at room tem-
perature, and then washed four times in TBST.  Immunoreac-
tive proteins were visualized using the enhanced chemilumi-
nescence system from Pierce (Rockford, IL, USA).

RNA isolation and RT-PCR  Total mRNA was prepared
from HL-60 cells using Trizol (Sangon, Shanghai, China).
The cDNA was synthesized using random hexamers from 1
ìg of mRNA. To amplify the cDNAs, a 2 ìL aliquot of the
reverse-transcribed cDNA was subject to 29 cycles of PCR
in 50 ìL of 1×buffer (10 mmol/L Tris·HCl, pH 8.3, 1.5 mmol/L
MgCl2, 50 mmol/L KCl, 50 ìmol/L dNTP, three units of Taq
DNA polymerase and 0.2 ìmol/L specific primers).  Each cycle
consisted of denaturation at 94 °C for 30 s, annealing at 60 °C
for 40 s, and extension at 72 °C for 40 s.  The amplified prod-
ucts were separated by electrophoresis on 1.0% agarose gel.
Each RT-PCR was repeated three times using different prepa-
rations of RNA.  The RT-PCR of GAPDH was used as an
internal control with all samples.  The PCR primers used are

Figure 1.  Chemical structure of GC-51.
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listed in Table 1.

Statistical analysis Data were analyzed using Student’s
t-tests.  P values less than 0.05 were considered significant.

Results

Inhibition of cell proliferation and induction of cell
apoptosis by GC-51  The effect of GC-51 on cell proliferation
was determined by counting the cell number using the Trypan
blue exclusion method.  After a 48-h treatment, GC-51 mark-
edly inhibited the proliferation of HL-60 cells in a concentra-
tion-dependent manner with an IC50 of 2.4±0.2 ìmol/L (95%
confidence: 1.5–3.3 µmol/L, Figure 2A).  The inhibition of
cell proliferation was also time-dependent (data not shown).

To further identify the inhibitory effect of GC-51 on cell
proliferation, we examined the apoptosis-inducing effect of
GC-51 on HL-60 cells.  Incubation of HL-60 cells with GC-51
(2.5–10 ìmol/L) for various times (2–8 h) resulted in dramatic
morphological changes in the treated cells typical of apopto-
sis, such as cell shrinkage, chromatin condensation, and
nuclear fragmentation (Figure 2B).  Treatment of cells with
10 ìmol/L GC-51 for 4 h was enough to induce cell apoptosis.

Table 1. The primer sequences used for amplifying the desired genes

Genes               PCR primers                                         Product
                                                                                           size/bp

Bcl-2 5'TGC ACC TGA CGC CCT TCA C 3' (sense)
5'AGACAAGGAGAAATCAAACAG 3' (antisense) 293

Bax 5'ACCAAGAAGCTGAGCGAGTGTC 3' (sense)
5'ACAAAGATGGTCACGGTCTGCC 3 (antisense) 265

GAPDH 5'TCATCATCTCTGCCCCCTCTG 3' (sense)
459

5'GCCTGCTTCACCACCTTCTTG 3' (antisense)

Figure 2.  GC-51 inhibited HL-60 cell proliferation (A) and induced HL-60 cell apoptosis (B, C, D).  (A) Cells were treated with different
concentrations of GC-51 for 48 h, and the cell number was counted using the Trypan blue exclusion method.  n=3.  Mean±SD. cP<0.01 vs
control.  (B) Cells untreated (left) or treated with 10 ìmol/L GC-51 for 8 h (right) were stained with DAPI and observed under fluorescence
microscope (×200).  (C) Agarose gel electrophoresis of DNA extracted from cells treated with 10 ìmol/L GC-51 for 8 h.  (D) DNA content
analysis using flow cytometry of the cells untreated (left) or treated with 10 ìmol/L GC-51 for 8 h (right).  B, C, D represent at least three
independent experiments with identical results. Ap, apoptotic cells.



626

 Acta Pharmacologica Sinica ISSN 1671-4083Zhong L et al

The apoptosis-inducing effect of GC-51 was confirmed by
the appearance of a DNA “ladder”, another major hallmark of
apoptosis (Figure 2C).

It is widely accepted that apoptotic cells have reduced
DNA stainability following staining with a variety of
fluorochromes, including propidium iodide. Thus, the ap-
pearance of cells with low stainability (ie sub-G1 peak) in
cultures has been considered to be another marker of
apoptosis and has been used to quantify the extent of
apoptosis. GC-51 treatment led to the formation of a “sub-
G1” peak in the DNA content frequency distribution (Figure
2D) and caused apoptosis in a concentration- and time-de-
pendent manner.  Exposure of HL-60 cells to 10 ìmol/L GC-
51 for 2 h, 6 h, and 8 h resulted in 3.5%±3.0%, 26.2%±4.3%, and
53.0%±7.2% cells undergoing apoptosis, respectively,
whereas GC-51 treatment for 8 h at concentrations of 5, 10,
and 25 µmol/L led to apoptotic cell death in 7.3%±3.5%, 54.
2% ±9.2%, and 78.7%±10.2% cells, respectively.

Activation of caspase-3 in GC-51-treated apoptotic cells
Cell death is executed by effector caspases such as caspases-
3, thus, the activation of caspase-3 is the critical cellular
event during apoptosis.  Intact caspase-3 was a 32 kDa pro-
tein as detected in control cells and was processed into its
catalytically active p17 subunits in GC-51-treated HL-60 cells
(Figure 3A).  To confirm the activation of caspase-3, we evalu-
ated the cleavage of PARP, a major substrate of caspase-3.
GC-51 treatment caused the cleavage of 116 kDa PARP into a
85 kDa form (Figure 3B), indicating that caspase-3 was in-
deed activated during GC-51-induced HL-60 cell apoptosis.

Downregulation of Bcl-2 mRNA expression by GC-51
Caspase-3 activation requires the release of a number of
proteins, including cytochrome c, from mitochondria and this
release is, in general, determined by the permeability of the

mitochondrial membrane.  Members of the Bcl-2 family regu-
late the release of cytochrome c from mitochondria, primarily
by affecting the permeability of the mitochondrial membrane.
Thus, we tested the effect of GC-51 on the expression of the
anti-apoptotic gene Bcl-2 and the pro-apoptotic gene Bax.
Exposure of HL-60 cells to 10 ìmol/L GC-51 for 8 h led to a
significant reduction in Bcl-2 gene expression.  In contrast,
the expression of the Bax gene markedly increased after GC-
51 treatment. As a control, GC-51 had no effect on the ex-
pression of the GAPDH gene (Figure 4). Regulation by GC-
51 of the expression of the Bcl-2 and Bax genes resulted in a
decrease in the ratio of Bcl-2/Bax, which will make the cells
more susceptible to apoptosis inducers.

Induction of apoptosis by GC-51 in HL-60 cells was PKA
dependent  Bullatacin, a bioactive component isolated from
Annonaceous, induces cell apoptosis by reducing the intra-
cellular cAMP level[14].  Thus, we tested the role of cAMP in
GC-51-induced HL-60 cell apoptosis.  If induction of HL-60
cell apoptosis by GC-51 occurs via a similar mechanism to
that of bullatacin, forskolin, an adenylate cyclase activator
that effectively increases intracellular cAMP level, should
block the apoptosis-inducing effect of GC-51.  We did not
record a significant effect of forskolin on induction of
apoptosis by GC-51 in HL-60 cells (Figure 5A).  To our
surprise, H89, a PKA-specific inhibitor, blocked induction of
HL-60 apoptosis by GC-51, whereas chelerythrine, a protein
kinase C inhibitor, had no effect on the action of GC-51 (Figure
5B), suggesting that GC-51 induction of HL-60 apoptosis is
specifically dependent on PKA activity.

Discussion

Defects in apoptosis underpin both tumorigenesis and
drug resistance, and most anticancer drugs exert their che-

Figure 3.  GC-51 activated caspase-3 (A) and stimulated the cleav-
age of PARP (B). Cells treated with 10 ìmol/L GC-51 for different
time periods were lysed, and the proteins were separated by SDS-
PAGE and detected by Western blotting using specific antibodies
against caspase-3 and PARP, respectively.

Figure 4.  GC-51 reduced the expression of the Bcl-2 gene and
increased the expression of the Bax gene. Cells were treated with 10
ìmol/L GC-51 for 8 h and the total mRNA from treated cells was
extracted and the expression of Bcl-2, Bax, and GAPDH genes was
detected using RT-PCR with specific primers.
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motherapeutic effect by inducing tumor cell apoptosis[1].
Therefore, the discovery and development of drugs target-
ing the apoptotic pathway represent a novel and rational
strategy for the treatment of cancers.

GC-51 a novel styryl-lactone isolated from Goniothala-
mus cheliensis, which is a widely occurring plant in South-
west China, exhibits a potent cytotoxicity in HL-60 cells[9].
In the present study, GC-51 significantly inhibited HL-60 cell
proliferation, which is consistent with a previous report[9].
GC-51 inhibits cell proliferation or induces cell apoptosis
based on the concentrations applied (low vs high concentra-
tions).  Induction of apoptosis by GC-51 was confirmed by
the appearance of characteristic morphological changes, in-
cluding a DNA “ladder” and a “sub-G1 peak” in DNA con-
tent frequency distribution.  Our results demonstrate that
GC-51, like other styryl-lactones, is a potent inducer of cell
apoptosis.

Caspase-3 is an effector caspase whose activation is criti-
cal for the execution of apoptotic death of tumor cells.  We
clearly showed in the present study that caspase-3 was acti-
vated during GC-51-induced HL-60 cell apoptosis and the
activation was further verified by the cleavage of PARP, a
preferred substrate of caspase-3 in apoptotic cells.  Our re-
sults combined with findings from other laboratories[7,8] sug-
gest that the activation of caspase-3 is a common mecha-
nism responsible for styryl-lactone-induced apoptosis.

It is generally accepted that the ratio of Bcl-2/Bax deter-
mines the permeability of mitochondrial transmembranes, and

this permeability controls the release of a number of proteins,
such as cytochrome c, from the mitochondria into the cyto-
sol[1].  GC-51 treatment significantly inhibited the expression
of anti-apoptotic gene Bcl-2 and increased the expression of
the pro-apoptotic gene Bax.  This effect of GC-51 on the
expression of members of the Bcl-2 family is, at least in part,
contributing to the activation of caspase-3 and the subse-
quent apoptosis of HL-60 cells.  To our knowledge, this is
the first study to show that GC-51, a styryl-lactone
compound, induces HL-60 cell apoptosis via reduction of
the expression of the Bcl-2 gene.

cAMP is a critical mediator of apoptosis[15-18].  cAMP
triggers apoptosis by stimulating its major effector protein
PKA, which phosphorylates the cAMP response element-
binding protein (CREB), activates caspase-3, and induces
apoptosis[18].  Kim et al[19] showed that 8-Cl-cAMP, an ana-
logue of cAMP, induced cell-cycle-specific apoptosis in HL-
60 cells.  In contrast, PKA phosphorylates Bad, a member of
the Bcl-2 family, to prevent apoptosis[1]. Bullatacin induces
hepatoma cell apoptosis by decreasing the intracellular cAMP
level[14].  In the present study, we examined whether GC-51
induced HL-60 cell apoptosis via a similar mechanism.  The
data showed that forskolin had no significant effect on in-
duction of cell apoptosis by GC-51, whereas in contrast H-
89, the PKA-specific inhibitor, blocked the apoptosis-induc-
ing effect of GC-51.  Our results suggest that GC-51 induc-
tion of apoptosis is dependent on PKA.  The opposite ef-
fects of GC-51 and bullatacin on intracellular cAMP levels is
not surprising considering that these two compounds are
totally different in structure: GC-51 is a styryl-lactone
compound, whereas bullatacin is an annonaceous acetogenin
compound.  In addition, the cells used in these two experi-
ments were also different, leukemia HL-60 cells compared
with hepatoma 2.2.15 cells, and it is well known that effect of
cAMP on cell apoptosis is cell-type specific[18].  We postu-
late that GC-51 induces HL-60 cell apoptosis via a similar
mechanism to that demonstrated by Zhang and Insel[18].
However, further investigations are needed to confirm this
hypothesis.

In conclusion, GC-51 effectively induces HL-60 apoptosis.
The apoptosis-inducing effect of GC-51 is PKA-dependent
and involves the downregulation of anti-apoptotic Bcl-2
gene expression and the activation of caspase-3.
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Abstract
Aim: To construct a Bifidobacterium infantis/CD targeting gene therapy system
and observe the antitumor effect of cytosine deaminase/5-fluorocytosine (CD/5-
FC) suicide gene therapy system mediated by Bifidobacterium infantis on mela-
noma in vitro and in vivo.  Methods: A recombinant CD/pGEX-1LamdaT plasmid
was transfected into Bifidobacterium infantis by electroporation.  Bifidobac-
terium infantis transfected by recombinant CD/pGEX-1LamdaT plasmid was in-
cubated with 5-FC anaerobically.  Then the supernatant fluid was collected and
added to melanoma B16-F10 cells to observe the killing effect for B16-F10 cells.
Mice were inoculated with melanoma B16-F10 cells to establish animal models.
The mice were then injected with 5-FC and Bifidobacterium infantis transfected
by recombinant CD/pGEX-1LamdaT plasmid.  Results:Two segments of approxi-
mate 4.9 kb and 1.3 kb were extracted from the  6.2 kb recombinant plasmid, which
were equal to the size of the pGEX-1LamdaT plasmid and CD gene, respectively.
Sequencing results showed that the full length and sequence of nucleotide acid of
the inserted gene in extracted recombinant plasmid was completely identical to the
CD gene.  In vitro, B16-F10 cells treated by supernatant fluid were remarkably
damaged morphologically, and the cell growth was significantly inhibited.  Experi-
ments on the mice melanoma model showed that after treatment with a combina-
tion of transfected Bifidobacterium infantis and 5-FC, the tumor volume was
significantly inhibited compared with controls.  Conclusion: The foreign gene,
CD gene, was correctly inserted into pGEX-1LambdaT plasmid and transferred
into Bifidobacterium infantis.  CD/5-FC suicide gene therapy system mediated by
Bifidobacterium infantis demonstrated a good antitumor effect on melanoma in
vitro and in vivo.
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Introduction
Suicide gene therapy is a highlight in tumor gene therapy

at present.  Therapy using cytosine deaminase/5-fluorocyto-
sine (CD/5-FC) is one of the most widely studied systems, in
which CD can convert relatively nontoxic 5-fluorocytosine
(5-FC) into a toxic metabolite 5-fluorouracil(5-FU) and kill
tumor cells[1–4].

Transfer vectors are a key factor in the tumor gene therapy
system, which directly influences tumor targeting.  It is evi-

dent that most of the interest and effort in cancer gene therapy
in the coming years should be focused on transfer vectors.
So far viruses are the most widely used suicide gene vectors.
However, viruses are relatively poor in tumor targeting and
safety, which has badly impeded tumor gene therapy[5,6].  It
is crucial to search for a novel gene vector that has good
tumor targeting and is relatively safe.

It is evident that the center of a solid tumor is generally
found at a low level of oxygen, and anaerobic bacteria tend
to colonize in a low oxygen environment.   Therefore, anaero-
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bic bacteria is a potential vector for tumor gene therapy[7–9].
In a previous study, our laboratory selected a strain of
Bifidobacterium Infantis proven to be good for targeting solid
tumors and non-pathogenic[10].  The aim of the present study
was to transfer the CD gene into Bifidobacterium infantis to
construct a Bifidobacterium infantis/CD targeting gene
therapy system and observe the antitumor efficacy of a CD/
5-FC suicide gene therapy system mediated by Bifidobac-
terium infantis on melanoma in vitro and in vivo.

Materials and methods
Materials  pGEX-1LamdaT plasmid was kindly provided

by Research Unit of Infection & Immunity, West China
School of Preclinical and Forensic Medicine, Sichuan
University, China.  Strains of E Coli K12λ were purchased
from Chengdu Institute of Biological Products, China.
Strains of Bifidobacterium Infantis 2001 were obtained from
West China School of Stomatology, Sichuan University,
China.

LA Taq DNA polymerase, T4 DNA ligase and λ-EcoT14 I
digest DNA Marker were purchased from TaKaRa, Japan.
200 bp DNA Ladder Marker was purchased from Sino-Ameri-
can Biotechnology, China.  Purification kit of plasmid, Wiz-
ard PCR Preps DNA Purification Resin, EcoR I and BamH I
were purchased from Promega (Madison, WI, USA).

Mouse melanomacytes B16-F10 were provided by China
Center for Typical Culture Collection.  Female C57BL/6 mice
(class 1, aged 6–8 weeks) were provided by the Experimental
Animal Center of Sichuan University.

Methods
Amplification of CD gene  Strains of  E  Coli K12λ were

inoculated into 5 mL LB liquid medium with shaking, over-
night at 37 ºC.  The next day, genomic DNA was prepared by
phenol/chloroform method and used as template DNA to
perform PCR for the amplification of CD gene.  Specific prim-
ers of CD gene were designed based on published sequences
(Genebank, NC-0009131).  The upstream primer is 5'-ATG GAT
CCG GAG GCT AAC AAT G-3' and the downstream primer is
5'-GGG GAA TTC TGT AAC CCA GTC GT-3'.   The amplifica-
tion cycle was repeated 35 times with the condition of dena-
turation at 94 ºC for 30 s, annealing at 55 ºC for 30 s and
extension at 72 ºC for 2 min.  Amplified products were puri-
fied with Wizard PCR Preps DNA Purification Resin and sepa-
rated with electrophoresis of 0.8% agarose gel to confirm
whether amplified products had the desired size of 1.3 kb.

Digestion of  CD gene and pGEX-1LamdaT plasmid    CD
gene 1 µg and  pGEX-1 LamdaT plasmid 1 µg were added

into 10 µL 10×Buffer E reactions, separately.  The plasmid
and CD gene were digested with dual restriction endonu-
cleases (1 µL EcoR I+1 µL BamH I) for 3 h.  Once the diges-
tion was complete, the DNA fragments were separated by
electrophoresis with 0.8% agarose gel.  The desired bands
of 4.9 kb and 1.3 kb were cut out from the gel.  The DNA
fragments in the gel were extracted and recovered with gel
extraction kit.  Recovered pGEX-1LamdaT plasmid vector frag-
ment was dephosphorylated with calf intestinal phosphatase.

Ligation of plasmid vector fragment and CD gene frag-
ment   Recovered CD gene fragment 10 µL,  recovered pGEX-
1LamdaT plasmid vector fragment 10 µL, and 1U T4 DNA
ligase were added into the microfuge tube.  The reactions
were incubated at 16 ºC overnight.  Then the ligation products,
recombinant CD/pGEX-1LamdaT plasmid were separated by
electrophoresis to confirm whether the ligation products had
the desired size.

Transfection of  Bifidobacterium infantis  Suspensions
of Bifidobacterium infantis 10 mL were washed with ice-
cold pure water and resuspended in 40 µL ice-cold 10%
glycerol.  Recombinant CD/pGEX-1LamdaT plasmid  5 µL
was added to the bacterial suspensions, then mixed and trans-
ferred to electroporation cuvette.  Electroporation was car-
ried out to transfect recombinant CD/pGEX-1LamdaT into
Bifidobacterium infantis at 2.0 kV for 10 ms.

Culture of transfected  Bifidobacterium infantis and
detection of positively transfected bacterial colony  When
electroporation was completed, 1 mL MRS liquid medium
was added into the electroporation cuvette to resuspend
bacteria. Then the bacteria suspensions were transferred
into a 1.5 mL EP tube and incubated in an anaerobic jar at
37 ºC.  Two hours later, bacteria suspensions were plated on
MRS solid medium with ampicillin and incubated in an
anaerobic jar at 37 ºC.  After 72 h, a single positively trans-
fected bacterial colony of  Bifidobacterium infantis was
picked up and inoculated into 5 mL MRS liquid medium.   Two
to three drops of liquid paraffin was added to the medium
and then the cultures were incubated overnight at 37 ºC.
The next day, recombinant plasmid was extracted from the
incubated bacteria using Purification kit of plasmid.  Extracted
recombinant plasmid was separated with electrophoresis to
confirm whether the recombinant plasmid is the recombinant
CD/pGEX-1LamdaT plasmid.  In addition, the extracted re-
combinant plasmid from positively transfected bacterial
colony was digested with dual restriction endonucleases of
EcoR I and BamH I as described previously.  The size of
digested segments were analyzed by electrophoresis with 0.
8% agarose gel.

Sequencing of inserted gene segment in recombinant
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plasmid  Sequencing of inserted gene segment in recombi-
nant plasmid extracted from positively transfected bacteria
was performed according to the method of Sanger dideoxy-
nucleotide triphosphate chain termination. Shanghai
Genebase Gen-tech (Shanghai, China) carried out the
sequencing.

Processing of positively transfected Bifidobacterium
infantis  Suspension of positively transfected Bifidobac-
terium infantis 20 mL was incubated at 37 ºC anaerobically
overnight.  The next day, 5-FC with final concentration 1
mmol/L was added and then the incubation continued.  After
24 h, 10 mL bacteria suspension was taken and centrifuged
for 5 min.  The supernatant fluid was collected and 2 mL
ethyl acetate was added and mixed to make the supernatant
fluid suspension in ethyl acetate properly.  The mixture was
centrifuged (150×g) at 4 ºC for 10 min.  The organic fluid was
transferred to EP pipette and dried in a vacuum.  The dried
product was resolved in 1 mL 0.9% saline to be used as the
positive treatment fluid.  Suspension of untransfected
Bifidobacterium infantis was processed with the same
method and used as the negative treatment fluid.

 Killing effects of treatment fluid on melanomacyte B16-
F10  Melanomacytes B16-F10 were first digested with 0.125%
trypsin and counted.  They were then diluted to a final con-
centration of 1.5×105 cells/mL and inoculated into six wells at
1.8  mL/well in 6-well cell culture cluster.  The six wells were
randomized into two groups with three wells in each group.
When 50%–60% of the wells were covered by cells, 200 µL
positive treatment fluid and 200 µL negative treatment fluid
were separately added to the two groups with one well from
each group added with saline as the control.  The cell culture
cluster was placed in a 5% CO2 incubator at 37 ºC.  After 24 h,
the morphology of cells was observed and the number of
cells was counted using trypan blue dye exclusion method
to calculate the suppression rate of each test group, namely;
Suppression rate=(Nn–N)/(Nn–N0)×100% (N0: number of in-
oculated cells; N: number of cells in test well after 24 h; Nn:
number of cells in control well after 24 h).

Antitumor effect in vivo   Mouse melanomacytes B16-
F10 were inoculated in the muscle of the right thigh of the
female C57BL/6 mice at 5×106 cells/mouse to establish a mela-
noma model.  The experiment was initiated when the tumor
grew to 0.8–1.0 cm in diameter (d 10 after inoculation).
Twenty tumor-bearing mice were divided into test group
(n=10) and control group (n=10) randomly.  Diluted suspen-
sion 0.2 mL of positively transfected Bifidobacterium infantis
containing 5×106–6×106  bacteria was injected into the mice
in the test group through the tail vein.  The control group
were injected with the same volume and number of untrans-

fected Bifidobacterium infantis.  After 7 d, 5-FC was injected
intraperitoneally for each mouse in both groups at a dose of
500 mg each day, consecutively for 7 d.  From the first day of
5-FC injection, the length and width of the tumor were mea-
sured every two days.  The volume was calculated using the
formula V=1/2×A×B2 (A: length; B: width)  and the measure-
ment continued for 21 d.

Statistic methods  Comparison of tumor growth suppres-
sion rates was examined by chi-square test of four-fold table.
Tumor volume was compared by t-test.  The results were
analyzed using statistic software STATA5.0.

Results

Detection of positively transfected Bifidobacterium
infantis colony  Electroporation method was used to trans-
fect recombinant CD/pGEX-1LamdaT plasmid into Bifidobac-
terium infantis.  After 72 h, sparse bacterial colonies were
observed on MRS solid medium containing ampicillin.  A
single positively transfected bacterial colony was picked up
and cultured, then the recombinant plasmid in the positively
transfected Bifidobacterium infantis was extracted.  The size
of extracted recombinant plasmid was approximately 6.2 kb
(Figure 1, lane A), which was equal to the size of recombi-
nant CD/pGEX-1LamdaT plasmid.

Detection of recombinant plasmid digested with dual re-
striction endonucleases  After the recombinant plasmid ex-
tracted from the positively transfected bacteria was digested
with dual restriction endonucleases of BamH I and EcoR I,
two fragments with sizes of approximately 1.3 kb and 4.9 kb
were obtained, which were consistent with the sizes of CD
gene and pGEX-1LamdaT plasmid, respectively (Figure 1,
lane B).

Sequencing of inserted gene segment in recombinant
plasmid extracted from positively transfected Bifidobac-
terium infantis  Sequencing results showed that the size
and sequence of nucleotide acid of inserted gene segment
were completely consistent with the size and sequence of
nucleotide acid of CD gene (Genebank: NC-000913).  The full
length of inserted gene fragment was 1309 bp.  The sequence
of two ends of the inserted gene was also consistent with
BamH I site and EcoR I site.  The sequencing identified that
the foreign gene, CD gene, was correctly inserted into pGEX-
1LambdaT plasmid and transferred into Bifidobacterium
Infantis.  Targeting gene therapy system of Bifidobacterium
Infantis/CD was successfully constructed.

Morphologic changes of B16-F10 cells after treatment   After
being treated with the positive treatment fluid for 24 h, most
B16-F10 cells were killed and only a few grew along the wall.
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Most cells floated and quantities of cell debris were observed
in the medium.  The cells left on the wall underwent signifi-
cant changes in morphology; the original shape was gone,
cytoplasm became rougher, the nucleus showed pycnosis
and the refraction decreased (Figure 2), demonstrating obvi-
ous cellular damages.  In contrast, B16-F10 cells treated with
negative treatment fluid did not appear to have obvious
morphologic changes compared with the control  (Figures 3, 4).

Examination of tumor cell growth suppression rate   The
negative treatment fluid had no significant effects on tumor
cell growth.  The cells growth suppression rate was 4.8%.
The B16-F17 cells treated with positive treatment fluid grew
at a critically lower rate.  The cells growth suppression rate

was 80%, which was significantly higher than that of group
treated with negative treatment fluid (chi-square test:
χ2=7.02, υ=1, P<0.01) (Table 1).

Antitumor effects in vivo   There was no significant dif-
ference between the tumor volumes in the test group and
control group before treatment. On the d 7 after 5-FC injection,
tumor volumes in the test group were considerably smaller
than those in the control group (P<0.05), and the difference
became greater over time until the end of observation
(Figure 5).

Discussion

It has been proved that a hypoxic region exists in many
human and mouse tumors, especially in solid tumors, which
kill over 90 % of cancer patients.  Vaupel[11] made his study
on cancer patients using oxygen electrode measurement.
In his study, Vaupel found the average oxygen partial pres-
sure in normal tissues read 24–66 mmHg, whereas the read-
ings dropping to 10–30 mmHg in a tumor tissue with a marked
central region where the readings went below 2.5 mmHg.

Figure 2.  B16-F10 cells treated with positive treatment fluid (×100).

Figure 3.  Control B16-F10 cells without any treatment (×100).

Figure 4.  B16-F10 cells treated by negative treatment fluid (×100).

Figure 1.  The electrophoregram of recombinant plasmid (0.8%
agarose gel).  Lane A: recombinant plasmid extracted from positively
transfected Bifidobacterium infantis (approximately 6.2 kb).  Lane
B: digested fragments with dual restriction endonucleases of recombi-
nant plasmid extracted from posit ively transfected bacteria
(approximately 4.9 kb and 1.3 kb, respectively).  Lane M: λ-EcoT14
I digest DNA Marker
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Based on the presence of a hypoxic metabolic region in a
solid tumor and tendency of anaerobic bacteria to hypoxic
environment, anaerobic bacteria can be used as transfer vec-
tors for tumor targeting gene therapy.

Compared with viral or other non-viral vectors, the anaero-
bic bateria is advantageous for tumor targeting[13–17].  Yazawa
et al[9]  injected non-pathological strains of Bifidobacterium
105-A and 108-A into mice bearing lung cancer.  After 168 h,
both strains of bacteria were observed to have targeted and
colonized in the tumors, whereas no bacteria were found in
the liver, spleen, kidney, normal lung tissues or other normal
tissues.  When the anaerobic bacteria were used as the gene
transfer vector, it could specifically proliferate and directly
express foreign gene products in tumor tissues.  There is no
need to transform cancer cells, which highly improves the
gene expression[9,13,14] .   Most of the transfer vectors used in
current studies are strains of Bifidobacterium.  Bifidobac-
terium is a non-pathogenic anaerobic bacteria.  It resides in
the lower section of the small intestine and in the large intes-
tine of humans or rodent animals, and is good for the health
of its host and widely used in food manufacturing and medi-
cine[9,12–15].  It has been proved in animal experiments that
Bifidobacterium has no obvious influence on body weight,
peripheral leukocytes, temperature, or survival time of mice,
hamsters, guinea pigs or rabbits[13].  Moreover, anaerobic

bacteria are highly vulnerable to antibiotics and very low
doses of antibiotics are enough to kill them.  Even in the case
of overgrowth, the bacteria can be easily controlled by
antibiotics, which further the safety.

In the present study, we used Bifidobacterium infantis
as a CD gene transfer vector, then transferred the CD gene
into Bifidobacterium infantis and successfully constructed
a Bifidobacterium infantis/CD targeting gene therapy
system.

In the in vitro experiment, positively transfected Bifido-
bacterium infantis was incubated anaerobically with 5-FC
overnight.  The supernatant fluid of the bacteria culture was
extracted and resolved in saline.  The final solution was added
to the melanomacyte B16-F10 and it was observed that the
growth of melanomacyte B16-F10 was obviously suppressed
at a rate of 80% and the morphology of the cells was also
damaged.  It was also observed in our study that the growth
of tumors were greatly inhibited on mice that were injected
with 5-FC and positively transfected Bifidobacterium
infantis.  These results indicate that positively transfected
with Bifidobacterium infantis can express CD in vitro and
in vivo, which can convert 5-FC into 5-FU to inhibit tumor
growth.

CD/5-FC suicide gene therapy system mediated by
Bifidobacterium infantis has primarily demonstrated its an-
titumor effects in vivo and in vitro in this experiment.  This
system shows promise as a novel tumor targeting gene
therapy system and is worthy of further study.
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Abstract
Aim: To study the effects of {2-[(3-carboxy-1-oxoprogy1)amino]-2-deoxy-D-glu-
cose (COPADG) on cultured human hepatocellular carcinoma cells (HepG2).
Methods: HepG2 cells were cultured in RPMI-1640 medium.  Cell proliferation was
determined by MTT assay.  Apoptosis was determined by fluorescence microscopy,
transmission electron microscopy, agarose gel electrophoresis of DNA fragmenta-
tion, and flow cytometry.  Results: At the concentration ranging between 1–30
µmol/L, COPADG potently inhibited the growth and induced apoptosis of HepG2
cells.  Conclusion: COPADG could effectively induce apoptosis in human hepato-
cellular carcinoma cells.  More investigations are warranted for the potential use
of this compound as a new agent for the non-surgical management of human
hepatocellular carcinoma.
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Introduction
Apoptosis is a cellular suicidal process that plays an

important role in the elimination of unwanted or damaged
cells.  Under the physiological condition, apoptosis coun-
teracts with cellular proliferation to maintain homeostasis.
Dysregulated apoptotic response has been associated with
certain diseases such as neural degenerative disorders and
cancers.  Many chemotherapeutic agents, radiation therapy,
and therapeutic cytokines are known to induce apoptosis.
Thus, apoptosis has been recognized as one of the major
modes of cell death in cancer therapy.  Resistance to un-
dergo apoptosis is one of the important mechanisms that
leads to treatment failure in cancer[1–2].

In recent years, agents or treatment modalities that result
in apoptosis have become a new focus in cancer therapy[3–5]

.

{2-[(3-carboxy-1-oxoprogy1)amino]-2-deoxy-D-glucose}
(COPADG)[6] is a derivative of  D-glucose (molecular struc-
ture shown in Figure 1).  D-amino-glucose is a monose that
comes from the chitosan’s degradation.  Previous studies
by others have discovered that some D-amine-glucose de-

rivatives were able to induce leukemia cells K562 to differen-
tiate into macrophages[7].  However, it is still unknown
whether derivatives of D-amine-glucose can induce
apoptosis in tumor cells.  In this study, we aimed to deter-
mine whether COPADG could induce apoptosis on human
hepatocellular carcinoma cells (HepG2).

Materials and methods
Materials  Human hepatocellular carcinoma cells (HepG2)

were provided by the Department of Pathology, Fourth Mili-
tary Medical University, China.  COPADG was newly syn-
thesized by the Lanzhou Institute of Chemical Physics, Acad-
emy of Sciences, China, and was dissolved in distilled water,
filter-sterilized with 0.22 µm filter disc, and stored at 4 ºC until
use.  The structure of COPADG is shown in Figure 1.  RPMI-
1640 medium was purchased from Invitrogn (Invitrogen
Corporation, CA, USA).  MTT, agarose, and all routine chemi-
cals were purchased from Sigma-Aldrich (Sigma-Aldrich
Chemicals, Louis Mo, USA).  Trypsin, acridine orange, and
fetal calf serum were purchased from Shanghai Biological
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Engineering Limited (Shanghai, China).
Cell culture  HepG2 cells were cultured in RPMI-1640

medium supplemented with heat inactivated 10% fetal calf
serum (FCS), streptomycin 100 mg/mL and  benzylpenicillin
100 mg/mL .  Cells were maintained in a humidified atmo-
sphere of  5% CO2 with 95% air at 37 °C.  Medium is changed
every 48 h.

MTT colorimetric assay  The MTT test is based on the
enzymatic reduction of the tetrazolium salt MTT in viable/
metabolically active cells.  Cells at approximately 85%–90%
confluency were harvested with 0.25% Trypsin/0.02% edetic
acid solution and seeded into a 96-well plate at a density of
4×103 cells/well.  Cells were incubated with various concen-
trations (1–30 µmol/L) of COPADG for indicated time (24–96
h).  Control cells were treated in the same way except that
COPADG was replaced by sterile PBS.  After treatment, me-
dium was changed to fresh medium, and cells were incu-
bated with 5 g/L of MTT for 4 h.  MTT was then dissolved
with 150 µL of 10% Me2SO for 1 h.  The optical densities
(OD) in the 96-well plates were determined using a microplate
reader at 490 nm.  Cell growth inhibition was estimated by
using the following formula:

% Growth inhibition=1–OD (treated cells)/OD (control
cells)×100%

Morphological study of apoptosis by acridine orange
Acridine orange (AO) is a membrane-permeable fluorescent
dye.  It is specific for apoptotic cell death and does not sig-
nificantly stain necrotic cells[8].  Apoptotic nuclei exhibiting
typical changes such as nuclear condensation and segmenta-
tion will be stained yellow by AO.  Cells (2×105/well) were
seeded into 6-well plate, grown to approximately 85%
confluency, treated with various concentrations of COPADG
for various durations, fixed in methanol: glacial acetic acid
(3:1) for 30 min at room temperature, washed in PBS, and
stained with 0.01% AO.  Stained cells were washed with
distilled water, viewed under a fluorescence microscope.
Apoptotic cells were counted and expressed as a percentage
of the total number of cells counted.

Transmission electron microscopies (TEM) Cells were
processed for TEM to further evaluate apoptosis.  Cells of
logarithmic growth were treated as described above, har-
vested by trysinization, fixed in 3% glutaraldehyde for 1 h.
After removal of the primary fixative, cells were washed three
times in MOPS buffer, post fixed in 1% osmium tetroxide
(OsO4), dehydrated in graded alcohol, and embedded in ep-
oxy resin.  Ultra thin sections were double-stained with lead
citrate/uranyl acetate before being examined using JEF-
100CX transmission electron microscope (Japan).

Agarose gel electrophoresis for detection of DNA frag-
mentation  Upon completion of treatment, cells were pro-
cessed for DNA fragmentation analysis by agarose gel elec-
trophoresis as described previously[9].  Briefly, cells (detached
and attached) were incubated in 400 µL of lysis buffer
(Trinton X-100, 10 mmol/L Tris, 1 mmol/L edetic acid, pH 8.0)
for 30 min.  The whole cell lysates were centrifugated at
12 000 rpm at 4 °C for 15 min .  The supernatants were then
incubated with 1 g/L proteinase K at 56 °C for 3 h followed
by incubation with 2 g/L RNase A for 2 h.  The solution was
then sequentially extracted with an equal volume of phenol
(pH 8.0), phenol/chloroform (1:1), and chloroform/isoamyl
alcohol (24:1).  Total genomic DNA was precipitated by add-
ing 1/10 volume of 3 mol/L sodium acetate (pH 5.2) and 2
volumes of ice-cold ethanol for overnight at -20 °C.  DNA
was collected by centrifugation at 13 000 rpm at 4 °C for 10
min.  The pellets were washed once with 70% alcohol and
air-dried before being dissolved in TE buffer (10 mmol/L Tris-
HCl, pH 8.0, 1 mmol/L edetic acid).  DNA concentration was
measured at OD 260 nm, and 5 µg was loaded onto a 1.5%
agarose gel in TAE buffer.  Electrophoresis was performed at
35 V for 4 h, the gel was stained with ethidium bromide,
viewed under UV illumination, and photographed.

Flow cytometry analysis  Following treatment, cells
were rinsed with PBS, trypsinized by 0.25% trypsin/0.02%
EDTA solution, and collected by centrifugation at 1000 rpm
at 4 ºC for 5 min .  The cell pellets were fixed in 70% ethanol at
4 °C for at least 1 h.  The fixed cells were washed twice with
PBS, resuspended in PBS containing 50 g/L RNase A and 50
mg/L of propidium iodide (PI).  The suspension was incu-
bated at 37°C for 30 min, filtered through 200 µm nylon mesh,
and were analyzed by flow cytometer (Coulter EPICS XL).
The apoptotic population was identified as cells appeared in
sub-G0/G1 peak.  Multicycle software was used for data
analysis.

Statistical analysis  The results are presented as
mean±SD.  Each experiment was repeated at least three times.
Statistical differences between each group were determined
by single factor analysis of variance and correlation analysis.

Figure 1.  Chemical structure of 2-[(3-carboxy-1-oxoprogy1)amino]-
2-deoxy-D-glucose.
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Results

Proliferation inhibition of HepG2 cells by COPADG  As
indicated by MTT assay results, proliferation of HepG2 cells
was significantly inhibited by COPADG in a dose-depen-
dent manner (Figure 2A).  The inhibitory effect started at
24 h, and reached maximum at 48 h (Figure 2B).

Apoptosis inhibition in HepG2 cells by COPADG
Apoptosis morphology by acridine orange fluores-

cence staining  Apoptosis was first detected by typical
morphology after staining with acridine orange (AO), one of
the early techniques used for apoptosis detection.  When
HepG2 cells were treated with 20 µmol/L of COPADG for 48
h, cells with condensed or fragmented chromatin indicative
of apoptosis were frequently observed, as compared to con-
trol cells which showed evenly distributed yellowish-green

fluorescent chromatin (Figure 3).
Induction of apoptosis by COPADG was in a dose- as

well as a time-dependent manner, with 30 mmol/L of COPADG
induced approximately 60% of apoptosis at 48 h.  Figure 4
showed the quantitative results of COPADG-induced apopto-
sis in HepG2 cells.

Ultrastructure of apoptosis by transmission electron
microscopy (TEM)  At the ultrastructural level, features of
apoptosis were also observed by TEM.  In HepG2 cells treated
with 20 µmol/L of COPADG for 48 h, some nuclei displayed
characteristic changes of apoptosis: chromatin condensa-
tion and margination, as well as nuclear fragmentation, cell
shrinkage and cell blebbing (Figure 5).  The intracellular or-
ganelles such as endoplasmic reticulum become loose and
fuse with cell membrane resulting in vacuolation.  These

Figure 3.  Fluorescence microscopy of HepG2 cells treated with (B)
or without (A) COPADG and stained with acridine orange.  In panel
B, HepG2 cells were treated with 20 µmol/L of COPADG for 48 h.
Note the presence of chromatin condensation and nuclear fragmen-
tation indicative of apoptosis, as compared to untreated HepG2 cells
in panel A.  The results shown were representatives of three separate
experiments.  (Magnification: ×200).

Figure 2.  Inhibition of HepG2 cell growth by COPADG.  (A) HepG2
cells were treated with various concentrations of COPADG for 48 h.  (B)
HepG2 cells were treated with 10, 20, and 30 µmol/L of COPADG for 24,
48, 72, and 96 h. The results shown were the averages of three
separate experiments.  Mean±SD.



638

 Acta Pharmacologica Sinica ISSN 1671-4083Wu J et al

changes were in sharp contrast to untreated HepG2 cells,
which showed normal cell membrane and nuclei with evenly
distributed chromatin, as well as intact intracellular organelles.

DNA fragmentation by agarose gel electrophoresis
In order to investigate whether COPADG kills HepG2 cells
by apoptosis, agarose gel electrophorsis of genomic DNA
from COPADG-treated HepG2 cells were performed.  As
shown in Figure 6, typical DNA laddering patterns sugges-
tive of apoptosis were observed when HepG2 cells were
treated with 20–30 µmol/L of COPADG for 48 h (lanes 4 and
5, respectively).

FACS analysis of apoptosis  These biochemical fea-
tures were verified by FACScan analysis, in which apoptosis
was indicated by the presence of cells in the sub-G0/G1 peak.
As shown in Figure 7 and Table 1, HepG2 cells treated with 10
µmol/L, 20 µmol/L, and 30 µmol/L of COPADG for 48 h dis-
played a dose-dependent accumulation of cells in the apopto-
sis peak (panel B, 17.4%; panel C, 26.8%; and panel D, 34.3%,
respectively), as compared to untreated control (panel A).

Figure 5.  Transmission electron microscopy of HepG2 cells treated
with 20 µmol/L of COPADG for 48 h (B).  Cells displayed chromatin
condensation and fragmentation.  The fragmented and condensed chro-
matin marginate around the nuclear envelope, forming crescent-like
structures.  In certain fields, pyknotic apoptotic bodies were observed.
The micrograph was representative of three separate experiments.
(A) untreated control cells.

Figure 4.  Quantitative analysis of apoptosis of HepG2 cells treated
with COPADG.  Cells were either treated with various concentrations
of COPADG for 48 h (A), or treated with 20 µmol/L of COPADG for
various durations (B). The results were mean values of three separate
experiments.

Figure 6.  DNA fragmentation analysis by agarose gel electrophoresis.
HepG2 cells were either treated with 0 µmol/L (lane 2, control), 10
µmol/L (lane 3), 20 µmol/L (lane 4), and 30 µmol/L (lane 5) of
COPADG for 48 h.  Lane 1 was molecular marker.  The result was
representative of three separate experiments.
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Discussion
D-glucose is a low molecular weight compound with

multiple biological activities.  Studies also have shown that
D-glucose could inhibit tumor cell growth; some of the par-
tial derivatives of  D-glucose could potently induce the dif-
ferentiation of tumor cells[10].  Our study was aimed to test
whether the newest derivative of D-glucose (COPADG) had
any effect on the proliferation and apoptosis in human
hepatoma cells.  We utilized several different methods to
measure the effect of COPADG on cell proliferation and
apoptosis.  By MTT assay, it was shown that COPADG could
effectively inhibit HepG2 cell proliferation in a dose-depen-

Table 1.   FACScan analysis of HepG2 cells by PI staining.  HepG2
cells were exposed to 0, 10, 20, and 30 µmol/L of COPADG for 48 h.
Apoptosis is indicated by the presence of G0/1 peak (sub-G0/1) as a
result of loss of internucleosomal DNA cleavage fragments.  The
result is the average of three separate experiments.

  COPADG             G1                S          G2    Sub-G0/1 peak
  /µmol·L-1                                                                  /%

  0 (control) 74.9±0.81 24.0±0.38 1.10±0.12 1.70±0.32
10 64.4±2.30 33.1±2.10 2.50±0.80 17.4±1.21
20 84.2±3.82 12.0±1.83 3.80±0.85 26.8±2.18
30 87.5±2.95 8.10±1.01 4.40±0.75 34.3±1.80

Figure 7.  FACS analysis of HepG2 cells by PI staining.  HepG2 cells were exposed to 0 µmol/L (A, control), 10 µmol/L (B), 20 µmol/L (C), and 30
µmol/L (D) of COPADG for 48 h.  Apoptotic cells with a subdiploid amount of DNA appeared on the left side of the G0/1 peak (sub-G0/1) as a result
of loss of internucleosomal DNA cleavage fragments.  The values represent the percentage of cells in the sub-G0/1 phase of the cell cycle.  The
result was representative of three separate experiments.
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dent manner.  The inhibition of cell proliferation was associ-
ated with profound induction of cell apoptosis, as demon-
strated by a series of complementary techniques for apoptosis
detection, including morphologic study by acridine orange
fluorescence staining and TEM, both showed typical mor-
phology of apoptosis: cell pyknosis, chromatin condensation,
and nuclear fragmentation.  The nature of apoptotic cell death
was also demonstrated by the presence of its biochemical
feature (ie, typical “DNA ladder” on agarose gel electro-
phoresis indicating internucleosomal DNA fragmentation).
These characteristics were further verified by FACScan
analysis, which showed the presence of apoptotic peak in
subG0/G1 peak.  These results suggest that COPADG exerts
its anti-tumor effects via two fundamental processes: sup-
pression of cell proliferation and induction of apoptosis.

Under the physiological conditions, apoptosis is
programmed cell dying process controlled by numerous
genes[11–13].  The balance between well-controlled apoptosis
and cell proliferation is an important determinant of cell fate.
Thus, impaired apoptotic response or overactive prolifera-
tion is among the mechanisms of cancer initiation and
progression.  Human hepatocellular carcinoma (HCC) is one
of the most common and chemoresistant cancers.  At the
present, there is no effective therapy against this deadly
cancer, especially when it reaches advanced stage.  Thus,
novel and effective treatments are desperately needed.
Agents or treatments that inhibit proliferation and /or pro-
mote apoptosis are under intensive investigation for their
potential use in liver cancer therapy.

Our preliminary in vitro study suggested that COPADG
could potently suppress proliferation and induce apoptosis
in HepG2 cells.  However, further studies are necessary to
test the effect of this agent on other HCC cell lines or other
types of cancer cells to make sure the effects we observed
were not cell line specific.  Studies are also warranted to
elucidate the underlying mechanisms by which COPADG
inhibits proliferation and induces apoptosis in HCC cells.
In vivo studies in HCC-bearing nude mice may be also nec-
essary to test the toxicity of this agent.

In conclusion, our current study has demonstrated that
COPADG is a potent antiproliferative and proapoptotic agent

against HepG2 cells.  More studies are currently underway
to expand these results to other cell lines.
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Introduction
Monoclonal antibodies (mAb) are unique and versatile

molecules that have been found applications in research,
diagnosis, and in the treatment of multiple diseases, includ-
ing cancer. The advent of hybridoma technology for mAb
production in 1975[1] was a breakthrough in the field of
biomedicine; 30 years later, a plethora of biotech companies
produces thousands of mAb, and at least 17 of them have
FDA (US Food and Drug Administration) approval for thera-
peutic use in patients, with hundreds of them still in the
pipeline.

However promising their future is, the development of
therapeutic mAb suffered a number of serious drawbacks,
which considerably reduced faith in their clinical applicability.
These disappointments were caused by their inability to trig-
ger human effector functions, and because repeated admin-
istration provoked an immune response against murine anti-
body (Ab) domains (HAMA, human anti-murine Abs)[2].
Recently developed technologies (phage display and

transgenic mice) allow the selection and identification of fully
human Ab, as well as the improvement of Ab affinity[3].  The
ability to generate human mAb achieved 2 important goals:
it overcame most host anti-Ab responses, and it extended
the half-life of the reagent to something closer to that of
normal IgG.  As a result of these advances, mAb are starting
to fulfill their potential as therapeutics.

Not surprisingly, Ab engineering has constituted its own
field. Mutations can be introduced in the variable regions to
increase the affinity of the Ab for its antigen or in the con-
stant region to enhance its natural effector functions.  Phar-
macokinetics and avidity are improved by multimerization of
Ab fragments.  Ab molecules have been dissected to their
basic elements, and then rearranged to produce a variety of
formats not found in nature that display new properties.
Moreover, these “building blocks” have been incorporated into
multiple types of fusion proteins, soluble (immunocytokines,
immunotoxins), as well as part of artificial cell surface recep-
tors and viral envelopes for the retargeting of both effector
cells and virus particles (Figure 1).
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Figure 1. (A) Schematic representation of an intact IgG molecule. All Ig monomers are composed of 2 identical light chains (L) and 2 identical
heavy chains (H). The 4 chains are covalently bonded together by disulfide bonds. Light chains are composed of 1 constant domain (CL) and
one variable domain (VL), whereas heavy chains consist of 3 constant domains (CH1, CH2 and CH3) and 1 variable domain (VH). Ab functions
can be separated into 2 proteolytic fragments by cleavage with the enzyme papain in the hinge region. The Fab fragment (fragment antigen
binding) retains the antigen-binding activity, whereas the Fc fragment (fragment crystalizable) mediates effector functions. The minimal
fragment that still contains the whole antigen-binding site is composed of both VH and VL domains. This heterodimer, called Fv fragment (for
fragment variable) is still capable of binding the antigen. Bottom: strategies for enhancing the potency of therapeutic Ab by Fc domain
manipulation. Key Fc regions can be engineered to enhance efector functions or to increase the Ab half-life. (B) Dissection of the binding
region of an Ab in progressively smaller fragments. F(ab´)2 and Fab fragments are obtained by proteolysis with pepsin and papain, respectively.
(C) Using scFv (single-chain Fv, obtained by linking VH y VL with a flexible polypeptide) as building blocks, different multivalent Ab fragments
can be engineered. Shortening the intradomain linker connecting the VH and VL chains results in the formation dimers, (diabodies), trimers
(triabodies) and tetramers (tetrabodies). To create a miniantibody, a scFv is genetically linked to the IgG1 CH3 domain via connecting
peptides. A bispecific and tetravalent recombinant Ab can be constructed by linking four Ab variable domains (VH and VL) of 2 different
specificities into a single chain construct. They can either form bivalent bispecific Abs by diabody-like folding (sc-diabodies) or dimerize with
the formation of tetravalent bispecific Abs (tandem diabodies). The efficacy of tandem diabody (tandab) formation is dependent on the length
of the linker between 2 halves of the molecule. (D) Ab can be “armed” by incorporation (by chemical conjugation or at genetic level) of a
variety of moieties, including radionuclides, chemotherapeutics, toxins and cytokines. (E) Surface-bound, scFv-based molecules comprise
chimeric immune receptors (CIR) and engineered viral surfaces. CIR comprise a recognition unit (the Ab fragment) attached to the transmem-
brane and intracytoplasmic sequences of a signaling molecule. Viral envelopes or capsides can be designed to incorporate scFvs for virus
retargeting.
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Making better mAb: how to improve their
“natural” effector functions

Ab contains two functionally and molecularly separable
modules (Figure 1A): one module for antigen binding (Fab)
and another for triggering effector functions (Fc).  The anti-
gen-binding region can be manipulated to increase both bind-
ing affinity and specificity.  Methods of Ab affinity matura-
tion are based on the principle of changing parts of the vari-
able domains while keeping the specificity.  Different ap-
proaches are: chain-shuffling (substitution of the native light
chain with a new light-chain repertoire, but retaining the vari-
able heavy chain), randomization of complementarity deter-
mining regions (CDR), and generation of Ab libraries with
mutations within the variable regions by error-prone PCR,
and E coli mutator strains or site-specific mutagenesis[4].

Fragment cystalizable (FC) domains contain motifs for
the activation of both effector immune cells and the classical
pathway of the complement (C1q) responsible, respectively,
for Ab-dependent cellular cytotoxicity (ADCC) and comple-
ment-dependent cytotoxicity (CDC).  A variety of immune
cells express on their surface receptors for the Fc domain of
IgG1 and IgG3: FcγRI, FcγRIIa, FcγRIII are stimulatory and
FcγRIIb is inhibitory.  The Fc domain sequence can be ma-
nipulated (Figure 1A) to increase its affinity for the stimula-
tory receptors or to decrease its binding to the inhibitory
one, modulating the activity of the whole Ab[5].  Similarly,
point mutations in the Fc domain can increase the binding to
C1q, improving complement activation[6].  Modification of
Fc glycosylation can also enhance its ability to support
ADCC[7].

The Fc region of human Ab also contains a binding motif
for the receptor FcRn that protects immunoglobulins (Ig) from
intracellular degradation (Figure 1A).  By contrast, rodent mAb
fail to bind to FcRn and are rapidly removed from the circulation.
Using combinatorial phage display libraries, mutations in the
Fc region have been identified with higher binding affinity to
FcRn, implying longer half-life of the mAb[8].

New formats, new functions
The domain architecture of Ig has facilitated the creation

of both smaller and larger forms with variable valency for
one or more target antigens and pharmacokinetic properties
that are tunable to specific settings[9].  Non-natural Ab for-
mats (Figure 1C), such as the single-chain fragment variable
(scFv) and the diabody, are rapidly emerging as key players
in the engineered Ab field.  A scFv (~30 kDa) comprises the
V domains of the heavy and light chains (VH and VL) of a

mAb joined by a linker sequence[3].  A diabody (~60) kDa is
produced when scFv contain short interdomain linkers (5
aminoacids or less)[10].  This prevents intramolecular pairing
of the VH and VL domains on the same chain, but allows
interchain pairing to form dimers.  Reducing further the linker
length promotes the assembly of scFv into trimers (tria-
bodies, ~90 kDa) or tetramers (tetrabodies, ~120 kDa).  The
increased binding valency of these multimers results in high
avidity and low off-rates.

Given that Ab fragments lack the Fc region, their biologi-
cal effects can not be attributed to CDC or ADCC.  In this
context, the nature of the target is crucial, as Ab fragments
function by blocking the action of specific molecules or by
acting as signaling molecules.  The blocking activity is
achieved by preventing growth factors, cytokines or other
soluble mediators reaching their target receptors, accom-
plished either by the Ab binding to the factor itself or to its
receptor.  The signaling effect is based on the crosslinking
of receptors that are, in turn, connected to mediators of cell
division or programmed cell death[4].

Diabodies constitute the most effective way to generate
bispecific Ab fragments through their ability to bind to 2
different antigens and used to crosslink various cells and
molecules.  Bispecific Ab offer a variety of new effector
mechanisms: retargeting of effector cells (cytotoxic T cells,
NK cells, and macrophages), recruitment of effector mol-
ecules (toxins, drugs, prodrugs, cytokines, radioisotopes,
and complement system) and retargeting of carrier systems
(viral vectors for gene therapy)[11].

Ab fragments as Fab and scFv offer several advantages
because of their small size when compared to parental Ig
(150 kDa): (i) they are easy to produce in bacterial systems;
(ii) extravasate more efficiently; and (iii) their tissue penetra-
tion ability is higher.  However, recombinant proteins that
are smaller than 60 kDa are taken up by the kidney and ex-
creted into the urine.  Therefore, these molecules tend to
have a short circulating half-life.  As Fab and scFv fragments
lack the Fc region altogether, they can not be saved from
degradation by FcRn.  Multimerization is an obvious strat-
egy to increase the size, and therefore, the half-life of Ab
fragments (triabodies, tetrabodies).  The use of bispecific
Ab fragments for retargeting serum Ig provides with the Fc-
associated effector functions and prolongs the residence
time in serum.  A new approach is the pegylation of Ab
fragments, achieved by chemical coupling of polyethylene
glycol (PEG) to amino groups in the protein structure, in-
creasing the size of the molecule above the glomerular filtra-
tion limit[12].
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Naked versus armed mAb: acquisition of new
effector functions

In cancer therapy, Ab fragments are fused (chemically or
at genetic level) with a range of molecules to introduce dif-
ferent functionalities, including cytotoxic drugs, toxins, or
radionuclides for cancer cell killing, enzymes for prodrug
therapy and cytokines to stimulate the antitumor immune
response (Figure 1D).  These “armed” Ab exhibit consider-
ably better therapeutic performance than their “naked” coun-
terparts (for a  review on the topic, see Ref [2]).

Incorporation of agents with direct toxic effect  The most
widely explored strategy for enhancing the efficacy of anti-
tumor Ab is direct arming by linkage to cytotoxic agents or
radionuclides.  In fact, 3 of the approved mAb for use in
patients belong to this group: gemtuzumab ozogamicin was
the first (2000), followed by ibritumomab tiuxetan and
tositumomab (2002 and 2003, respectively).  Gemtuzumab
ozogamicin is an anti-CD33 (antigen expressed in 90% of
acute myeloid leukemias) mAb conjugated to calicheamicin.
Calicheamicins and maytansinoids are (100–1000)-fold more
potent than conventional chemotherapeutics and constitute
the most extensively evaluated small-molecule toxins used for
Ab arming[2].  Biological toxins, such as ricin or diphtheria
toxin, can be attached to an Ab (native Ig or recombinant
fragments), although their clinical application has been ham-
pered by their high toxicity.  It has recently been published
that a single point mutation in ricin toxin can eliminate vas-
cular damage without compromising its action[13].

Ibritumomab tiuxetan and tositumomab are anti-CD20
mAb conjugated, respectively, to 90Y and 131I, and approved
for non-Hodgkin lymphoma treatment.  Radioimmunotherapy
(RAIT/RIT) has the advantage to kill bystander cells, espe-
cially interesting when not all the tumor cells express the
antigen recognized by the Ab[14].

ADEPT: Ab-directed enzyme prodrug therapy  ADEPT
involves the pre-targeting of prodrugs to tumors.  An Ab-
enzyme fusion protein is first administered and allowed to
localize to the tumor, followed by the administration of the
prodrug which is activated by the enzyme at the tumor
site[15,16].  This strategy has proven highly effective in pre-
clinical tumor models, allowing 4–12 fold higher intratumor
drug concentrations and up to 5-fold lower extratumor drug
concentration[2].  An interesting approach is the use of Abs
with inherent catalytic activity, so the conjugation to an en-
zyme is not required[17].

Immunocytokines  Several cytokines have demonstrated
their potent antitumoral effect, but unfortunately their side
effects limit their administration.  In order to accumulate pref-
erentially the cytokine in the tumor, fusion proteins

(immunocytokines) consisting of a targeting mAb specific
for a tumor antigen and the selected cytokine (IL-2, IL-12,
TNF-α and GM-CSF) have been designed[18].  These
immunocytokines allow the local activation of the antitu-
moral immune response, avoiding the toxicity associated with
systemic cytokine administration[19,20].  A different approach
is based on the targeting of tumor vasculature using cyto-
kines with recognized antiangiogenic effect, as IL-12[21].

Gene therapy: new scenarios
The practical utility of Ab fragments has been limited by

problems related to large-scale production and biodistri-
bution.  Monovalent Ab fragments exhibit rapid blood clear-
ance and poor retention time on the target, which results in
the necessity of frequent delivery of such Ab fragments.  To
circumvent these limitations, Ab-based gene therapy ap-
proaches have been developed.  In vivo production makes
the Abs less immunogenic and better tolerated and results in
effective and persistent levels of Ab fragments, compensat-
ing for the rapid blood clearance of scFvs.  Moreover, ge-
netic approaches provide Ab molecules with new functions
in unexpected scenarios[22].

Secretion of soluble Abs by genetically modified cells
In vivo production of therapeutic mAb by genetically engi-
neered cells could advantageously replace the injection of
purified Ab in cancer treatment.  The feasibility of the in vivo
production and systemic delivery of mAb by different cells/
tissues has now been demonstrated using different techni-
ques, as ex vivo genetically modified autologous or encap-
sulated heterologous cells and in vivo gene transfer using
viral vectors[23].

In the first work reporting a therapeutic effect associated
to in vivo mAb production, an anti-erbB-2 scFv was ex-
pressed using an adenoviral vector.  In this model, a human
ovarian cancer cell line erbB-2+ was established in the con-
text of athymic nude mice.  Whereas exponential growth in
tumor volumes was noted in the control groups, a clear inhi-
bition of tumor growth was observable for the animals treated
with the adenoviral vector encoding anti-erbB-2 scFv[24].

We have demonstrated that both monospecific and
bispecific Ab can be efficiently produced by mammalian cells
with a clear therapeutic effect.  Using an anti-laminin scFv
with antiangiogenic activity[25,26], we assessed that gene-
modified human fibrosarcoma cells failed to grow to detect-
able tumors when inoculated in athymic mice[27].  In another
set of experiments, functionally active diabody (anti-CEA x
anti-CD3) was secreted from stably transfected human cells
and promoted unstimulated human primary T cells to prolif-
erate and kill CEA-expressing cancer cells.  Importantly,
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locally produced diabodies showed significant cytotoxic ac-
tivity in vivo against established tumors and only required
the infusion of small numbers of functional T cells[28].

Surface-bound Abs: chimeric immune receptors  Adop-
tive cellular immunotherapy of cancer has been limited mostly
because of the poor immunogenicity of tumor cells and the
difficulties in obtaining tumor-specific MHC-restricted cy-
totoxic T lymphocytes (CTL) in large numbers[29].  To cir-
cumvent these limitations, new strategies have been designed
in order to target CTL to relevant tumor cell surface antigens,
including genetic manipulation of T cells to graft them with
new recognition specificities[30].

Chimeric immune receptors (CIR) genes are composed of
a recognition unit attached to the transmembrane and intra-
cytoplasmic sequences of a signaling molecule.  Most Ab-
derived CIR use scFvs as recognition domains.  Signaling
molecules belong to a family of structurally and functionally
related proteins that include TCR-associated polypeptides
and some Fc receptors.  As the requirements of MHC restric-
tion are bypassed, the tumor cell recognition of CTL grafted
with CIR is not hampered by the down-regulation of HLA
class I molecules usually found in tumors[30].

The utility and effectiveness of the CIR approach has
been demonstrated in a variety of animal models where tu-
mor-specific CIR drove the adoptive transferred autologous
T-lymphocytes to accumulate at the tumor site in vivo and
prevented the growth of syngenic tumors that grow rapidly
in the native host.  Target antigens include CEA (colorectal
cancer), PSMA (prostate cancer), erbB-2 (breast and others),
CD19 and CD20 (B-cell malignancies), CD30 (lymphomas),
GD2 (neuroblastoma) and the tumor neovasculature recep-
tor VEGFR-2[22].  Recently, human peripheral blood leuko-
cytes genetically modified to target CD19 were shown to
eliminate systemic B-cell tumors in immunodeficient mice[31].
Primarily investigated in T cells, CIR have also proven use-
ful in the retargeting of NK cells[32].

Recent studies have established that the provision of
additional or co-stimulatory signals is essential for the ex-
pansion and activity of adoptively transferred T cells.  We
have reported that CD28-based CIRs were stably expressed
as functional cell surface receptors and that Ag-specific co-
stimulatory signals could synergize with signals mediated
through the native TCR/CD3 complex or TCRz-based CIR to
produce optimal levels of IL-2[33].  Moreover, CIR providing
both primary and costimulatory signaling in T cells from a
single gene product have been described[34].

Viral surface engineering  Most of the viral vectors
developed for gene therapy have a broad tissue tropism.
The development of viral vectors targeted into a selected

type of cell or tissue, without losing virus infection efficiency
or causing toxicity, is critical for their clinic application.  Can-
cer cells represent major targets in this strategy, as they
often express lower levels of viral receptors compared to
normal cells[35].

Using Ab directed against tumor-associated antigens
expressed on the cell surface for virus pseudotyping has
been successfully associated with different viral vectors in
directing them to cancer cells.  Adenovirus (AdV) has been
extensively studied in this approach, especially in the con-
text of capsid engineering.  The most recent developments
in this approach have overcome several limitations in this
strategy, including the need for correct ligand folding, the
structural and biosynthetic compatibility of ligands with the
AdV, along with the fact that in this strategy, viruses have
to be specifically engineered for each particular targeting
situation.  Thus, several groups have used similar strategies
by incorporating an IgG-binding domain of staphylococcal
protein A into the AdV fiber protein, allowing the vectors to
form a stable complex with either full size mAb or fusion
proteins consisting of a targeting scFv fused to an Ig Fc
domain[36,37].

Another group of preferred vectors in preclinical and clini-
cal settings for cancer gene therapy are the murine leukemia
virus (MLV)-based retroviral vectors.  Several groups have
inserted a scFv moiety in the virus envelop to obtain cell-
specificity[38–41].  Using a different strategy, the IgG-binding
domain of protein A was inserted into the envelope, allowing
the redirecting lentiviral vectors to target cells through adap-
tors as described for AdV[42].

The attenuated measles virus (MV) is another vector with
great therapeutic potential in gene therapy.  The feasibility
to expand MV tropism by virtue of a scFv displayed on its H
protein was demonstrated using an anti-CEA scFv[43].  Rep-
licating MV have been obtained which are capable of enter-
ing CD20+ or CD38+ target cells through interaction between
either an anti-CD20 or anti-CD38 scFv and the cognate anti-
gen molecules on the cell surface.  Both studies have shown
significant antitumor effects in vivo[44,45].

Intrabodies  Intracellular Ab (intrabodies) constitute neu-
tralizing molecules with a great potential in gene therapy and
represent an alternative to other methods of gene inactiva-
tion as antisense RNA and RNA interference (RNAi).  When
provided with the corresponding protein trafficking signals,
intrabodies can be directed to endoplasmic reticulum via
addition of a SEKDEL retention signal, nucleus via the SV40-
derived nuclear localization signal, inner face of the plasma
membrane by the addition of farnesylation signals or cyto-
plasm simply by the deletion of the leader peptide.  Although
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classically designed to divert proteins from their usual cellu-
lar compartment or to block protein-protein or protein-nucleic
acid interactions, this concept is currently in expansion, with
intrabodies capable of directly inhibiting the function of an
enzyme, activating intracellular proteins, as caspase-3, or
leading proteins to degradation in the ubiquitin-proteasome
pathway using F-box-intrabody fusions[46].

ScFvs are the preferred format for intrabodies, but their
stability is affected by the reducing conditions inside the
cell, which prevent the formation of intradomain disulphide
bonds and blocks their proper folding.  Efforts to generate
functional intrabodies include the isolation of naturally oc-
curring intrabodies from large libraries and the creation of an
artificial intrabody framework that relies on the pre-deter-
mined ability of certain scFv to fold adequately and remain
stable in the cellular milieu[46,47].  While scFv intrabodies are
the most common, alternative formats have been shown to
be equally effective, including single Ab domains (“came-
lized” or not) and bispecific Ab, known as “intra-diabodies”
which are able to downregulate simultaneously 2 cell surface
receptors[48].

Regarding their application in cancer therapy, intrabodies
are suitable to downregulate proteins overexpressed in
tumors, such as EGFR, erbB-2, cathepsin L[49], and cyclin E
or to target mutant oncogenic forms of Ras and p53 and
fusion proteins as BCR-ABL.  Apoptosis of tumor cells can
be promoted by downregulation of Bcl-2 or activation of
caspase-3, and the uptake of cytotoxic drugs can be increased
blocking the multidrug resistance (MDR) gene product[22].
Inhibition of tumor neovascularization is a promising
approach for cancer therapy.  Recently, an adenoviral vector
was used to deliver a scFv capable of blocking surface expres-
sion of an endothelial cell-specific receptor and significantly
inhibited growth of human xenografts in a murine model[50].

Conclusions
Antibody engineering represents an emerging technol-

ogy that holds great promise for medical science.  With the
plethora of new molecular techniques at hand, many innova-
tive approaches to diagnostics and therapeutics applications
are under consideration.  The development of protein engi-
neering techniques to reduce immunogenicity, alter half-life,
improve efficacy, and increase tumor targeting has provided
the new types of antibodies that are moving rapidly from the
bench to the clinic.  In fact, engineered antibodies now rep-
resent over 30% of biopharmaceuticals in clinical trials.
Furthermore, genetic approaches provide antibody molecules
with new functions in unexpected scenarios: expression of

antibody domains in precise intracellular locations and graft-
ing of new binding activities to engineered cells.  Further
improvement will require the design of in vivo selection sys-
tems to generate antibodies fully active in specific cellular
compartments, and the use of antibodies as tools for func-
tional gene identification and drug target validation
(genomics- and proteomics-based high-throughput systems)
and for better understanding of disease pathways.
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Abstract
One of the major obstacles in the development of bispecific antibodies (BsAb)
has been the difficulty of producing the materials in sufficient quality and quan-
tity by traditional technologies, such as the hybrid hybridoma and chemical con-
jugation methods.  In contrast to the rapid and significant progress in the devel-
opment of recombinant BsAb fragments (such as diabody and tandem single
chain Fv), the successful design and production of full length IgG-like BsAb has
been limited.  Compared to smaller fragments, IgG-like BsAb have long serum half-
life and are capable of supporting secondary immune functions, such as anti-
body-dependent cellular cytotoxicity and complement-mediated cytotoxicity.  The
development of IgG-like BsAb as therapeutic agents will depend heavily on our
research progress in the design of recombinant BsAb constructs (or formats) and
production efficiency.  This review will focus on recent advances in various
recombinant approaches to the engineering and production of IgG-like BsAb.
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Introduction
Antibodies quickly evolve by recombination, somatic

mutation, and clonal selection in vivo to acquire the exquis-
ite specificity and high affinity needed for an effective im-
mune response.  The modular structure of antibodies that
permits in vivo reorganization also makes them exception-
ally amenable to molecular manipulation, and facilitates the
development of desirable properties.  As a result, the field of
antibody engineering has developed rapidly in recent years,
as researchers exploit the ease with which antibodies can be
genetically modified to develop ever more powerful
therapeutics.   So far, 18 antibody-based products have been
approved by the FDA for therapeutic applications, includ-
ing 8 for oncology indications.  While the inoculation of
animals with antigen and high-throughput screening of hy-
bridoma clones is still common practice, in vitro selection is
rapidly becoming the norm.  Through the use of synthetic or
semi-synthetic libraries in microscopic selection techniques
(such as phage display[1], yeast surface display[2], and ribo-
somal display[3]), identifying an antibody to a given target
has become a routine, although by no means trivial, matter.

Once an antibody specific to a particular antigen is
identified, numerous mechanisms of action can be exploited

for therapy.  These mechanisms include: (1) as an antigen
(growth factor or cytokine) sequestrant, the antibody binds
a soluble antigen and prevents it from interacting with other
molecules, such as its receptors.  Avastin (Genentech, South
San Francisco, CA), an anti-angiogenic therapy for colon
cancer, binds vascular endothelial growth factor (VEGF) and
blocks its interaction with the receptors[4].  Remicade
(Centocor, Malvern, PA), a treatment for auto-immune disor-
ders such as Crohn’s disease and rheumatoid arthritis, works
by sequestering tumor necrosis factor-α[5].  A number of an-
tibodies to sequester anthrax toxin[6] and botulinum toxin[7]

are also being developed; (2) as a receptor antagonist, the
antibody binds a cell surface receptor and inactivates it by
blocking the binding site of an activating ligand.  Erbitux
(ImClone, New York, NY), an antibody for the treatment of
colon cancer, binds epidermal growth factor receptor (EGFR)
at the EGF-binding site and blocks activation by both EGF
and transforming growth factor-α[8].  Alternatively, the anti-
body may not directly block ligand/receptor interaction but
rather exerts its effects by preventing receptor dimerization/
multimerization, which is required for activation.  For example,
Omnitarg, also known as 2C4 (Genentech), an anti-HER2
antibody currently under clinical development, is believed
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to inhibit tumor cell growth by blocking HER2 from dimeriz-
ing with EGFR and HER3 (there is no ligand identified so far
for HER2)[9]; (3) as an agonist, the antibody binds to and
cross-links multiple membrane bound receptors, mimicking
the function of a natural ligand, and activating the receptor.
There are a number of antibodies that mimic the function of
Apo2L (ligand) and trigger apoptosis by activation of death
receptor 5[10,11]; (4) as an effector function activator, the an-
tibody binds a cell surface target and acts as an immune
system identifier for antibody dependent cellular cytotoxic-
ity (ADCC) or complement-mediated cytotoxicity (CMC).
Rituxan (Genentech), an antibody for the treatment of CD20-
positive, B-cell non-Hodgkin’s lymphoma[12], and Herceptin
(Genentech), an antibody for the treatment of HER2 positive
metastatic breast cancer[13,14], are postulated to exert their
effect in part by this mechanism[15]; (5) as a chemotherapy or
radiotherapy adjunct, the antibody acts as a carrier molecule
to deliver an attached chemotherapeutic agent or toxin, or
radioisotope to cells displaying a specific antigen.  A num-
ber of antibody conjugates have been approved by the FDA
for oncology indications, including Mylotarg (Wyeth,
Madison, NJ), an anti-CD33 antibody-calicheamicin conju-
gate for the treatment of CD33 positive acute myeloid
leukemia; Zevalin (Biogen Idec, Cambridge, MA), a 90Y-la-
beled anti-CD20 antibody, and Bexxar (GlaxoSmithKline,
Brentford, UK), an 131I-labeled anti-CD20 antibody for non-
Hodgkin’s lymphoma[16]; (6) as a means to redirect cytotoxic
agents or immune effector cells to target sites, such as
tumors, in the form of a bispecific antibody (BsAb), which is
discussed in detail in the present paper.

Bispecific antibodies

BsAb are antibody-based molecules that can simulta-
neously bind two separate and distinct antigens (or differ-
ent epitopes of the same antigen).  The primary use of BsAb
has been to redirect cytotoxic immune effector cells for en-
hanced killing of tumor cells by ADCC.  In this context, one
arm of the BsAb binds an antigen on the tumor cell, and the
other binds a determinant expressed on effector cells, such
as CD3, CD16, or CD64, which are expressed on T lympho-
cytes, natural killer (NK) cells, or other mononuclear cells[17–20].
By cross-linking tumor and effector cells, the BsAb not only
brings the effector cells within the proximity of the tumor
cells but also simultaneously triggers their activation, lead-
ing to effective tumor cell-killing.  Preliminary but promising
clinical benefits have been observed in a number of early
stage trials[21].  In addition, BsAb has also been used to
enrich the tumor/normal tissue localization ratio of chemo-

or radiotherapeutic agents.  In this setting, one arm of the
BsAb binds an antigen expressed on the cell targeted for
destruction, and the other arm binds a chemotherapeutic
drug, radioisotope, or toxin.  The naked BsAb is adminis-
tered first, and after sufficient time has passed for the BsAb
to bind tumor cells and to clear from normal tissue, the cyto-
toxic molecule is delivered, with rapid accumulation in the
tumor, because of its affinity for the tumor bound BsAb[21–25].
Recently, a novel concept has emerged - the development of
BsAb that target two tumor-associated antigens (eg, growth
factor receptors) for down-regulation of multiple distinct cell
proliferation/survival pathways, which provides enhanced
antitumor activity[26–28].

A major obstacle in the general development of BsAb
has been the difficulty of producing materials of sufficient
quality and quantity for both preclinical and clinical studies.
Initially, the main route to the production of BsAb was by
co-expression of both the light chains (LC) and both the
heavy chains (HC) of two parent antibodies of different speci-
ficities (antibody A and antibody B) in a single cell through
either the hybrid hybridoma technique[29] or DNA co-
transfection.  Unfortunately, assuming that all the four
polypeptide chains are equally expressed and there is no
pairing preference between any particular LC and HC, in ad-
dition to the desired heterodimeric BsAb product (LCA-HCA

plus LCB-HCB), there is also a large number of undesired
products formed from the ten molecules that result from the
16 permutations LC and HC pairings (Figure 1).  Conse-
quently, the desired binding-competent BsAb are a minor
product (in theory, an eighth of the total), and purification
from the other products is very difficult.  Another traditional
method for BsAb production is chemical conjugation of two
antibodies (or their fragments) of different specificities[30],
although this method is by no means simple.  Furthermore,
the chemical modification process may inactivate the anti-
body or promote aggregation.  As purification from undes-
ired products remains difficult, the resulting low yield and
poor quality BsAb makes this process, like the hybrid hybri-
doma and DNA co-transfection, unsuitable for the large scale
production required for clinical development.

Thus the major requirements of efficient BsAb produc-
tion are: (1) a novel structural format that promotes or obli-
gates the formation of homogenous, bispecific proteins; and
(2) an efficient expression system in prokaryotic or eukary-
otic cells that leads to high-level production.  Significant
progress has been made in the past decade towards the de-
velopment of BsAb fragments[31,32], which have various ad-
vantages and disadvantages.  Firstly, they are smaller than
full length IgG, so they have better solid tumor penetration
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rates, but their small size and lack of an intact Fc also results
in rapid clearing from circulation, leading to a short in vivo
half-life.  Secondly, the BsAb fragments do not require glyco-
sylation, so they can be produced in high yield in bacteria.
Compared to the full length IgG-like BsAb, these fragments
are, however, incapable of promoting effector function such
as ADCC and CMC (unless one arm of the BsAb fragments
is specifically targeted to bind an effector cell determinant or
certain components of the complement proteins, eg, C1q).
The engineering and application of various BsAb fragments
have been discussed in a recent review by Kontermann[33].
Our review will thus focus on the latest advancements and
ongoing developments in recombinant production of full-
length, IgG-like BsAb.

Recombinant approaches to IgG or IgG-like
BsAb

Increasing heterodimer : homodimer ratio
“Knobs-into-holes” BsAb IgG  Because one of the ma-

jor barriers to the production of BsAb in a single cell system,
such as hybrid hybridoma, is the undesired formation of HC
homodimers (Figure 1), a first and obvious solution is to re-
engineer the CH3 domain of the Fc so as to favor HC
heterodimerization over homodimerization.  This concept,
first developed by Carter et al at Genentech[34], is based on

the idea that simple mutations can be introduced into one
half of the CH3 dimer, such that the steric complementarity
required for CH3/CH3 association obligates the mutated CH3
domain to pair with a CH3 domain that has different, accom-
modating mutations (Figure 2).  Specifically, a “knob” muta-
tion (T366W in the CH3 domain, chosen by inspection of the
crystal structure of the Fc[35]) is made into one HC to intro-
duce a larger residue at the CH3 dimer interface and create a
steric barrier to homodimerization.  To promote heterodi-
merization, an accommodating “hole” (Y407A) mutation is
engineered into the CH3 domain of the other HC.  Co-expres-
sion of these two HC results in the formation of a mostly
(92%) heterodimeric product, but with a stability that is sig-
nificantly lower than that of the wild-type (knob: T366W+
hole: Y407A mutant, Tm=65.4°C; wild-type, Tm=80.4°C).  To
optimize and stabilize the heterodimerized molecules, vari-
ants with enhanced stability were selected from a phage dis-
play library in which residues near the “hole” (T366, L368,
Y407) were randomized[36].  The resulting variant (knob:
T366W; hole: T366S, L368A, Y407V) has an increased Tm

(69.4°C) and formed predominantly heterodimers, when co-
transfected in 293 cells.  This example clearly demonstrates
the utility of the knob-into-holes approach.  It is possible
there are other sets of residues within the CH3 domains that
could be mutated/optimized to further increase BsAb stabil-
ity and the heterodimer: homodimer ratio.

Figure 1.  Chain mispairing is a major obstacle to BsAb production using both the hybrid hybridoma and DNA co-transfection methods.
Random pairings of the two heavy and the two light chains from two different antibodies results in 10 possible combinations, only one of which
is the desired bivalent, bispecific product.  The use of knob-into-holes technology disfavors the formation of the six possible HC homodimeric
products (dashed box).  Use of a common LC eliminates all the LC/HC mispairings (solid box), and when combined with knob-into-holes
engineered HC, renders all LC/HC pairings binding competent, and results in the preferential formation of the bivalent, bi-specific molecule
(top row).
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While this approach solves the HC homodimerization
problem, and reduces the total number of potential LC/HC
pairings in a co-transfected single host from ten to four

(Figure 1) thus, in theory, increasing the production of the
functional BsAb from 12.5% to 25%, it does not address the
equally problematic mispairing of LC and HC from two differ-

Figure 2.  Schematic of recombinant BsAb formats. Details of each construct are described in text. HC constant domains, grey (and dark grey
for knobs-into-holes); LC constant domain, white (and diagonal hashed for knobs-into-holes IgG); VH binding to antigen A, red; VL binding to
antigen A, light red; common LC for knobs-into-holes, patched light red and light purple; VH binding to antigen B, purple; VL binding to
antigen B, light purple; covalent polypeptide linkers, black; interchain disulfide bonds, orange; antigens A and B are indicated by colored
crosses, red and purple, respectively. N- and C-terminal are indicated for each polypeptide chain.
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ent antibodies (eg, LCA-HCB and LCB-HCA mispairing, instead
of the correct LCA-HCA and LCB-HCB pairing).  This can be
resolved by similarly redesigning the LC-HC interaction to
incorporate knobs and holes at the VL-VH interface[37].  Based
on inspection of the VL-VH interface of the anti-HER2 Fab
fragment, 4D5 Fab[38], knob mutations and the complemen-
tary hole mutations were designed for a diabody fragment
containing the Fvs of 4D5 and an anti-CD3 antibody.  For
one of the variants (termed “v5”; knob: VH-V37F, L45W;
hole: VL-Y87A, F98M) 92% of the products were hetero-
dimers, and near wild-type affinity for antigens was retained.
Although these mutations were used to promote hetero-
dimerization in a bispecific diabody, the principle should trans-
late easily to a full length IgG format.

Common light chain BsAb IgG  An alternative approach
to solve the LC-HC mispairing problem is to construct BsAb
using two antibodies of different specificities that share an
identical LC[39] (Figures 1, 2).  In a “proof-of-concept” study,
a large scFv phage display library was used to screen for
antibodies to a variety of antigens.  The VL fragments of
selected scFv were compared and those with identical amino
acid sequences, but paired with different VH fragments for
different antigen binding specificity, were selected to create
BsAb.  Functional IgG-like BsAb were formed with high yield
(>95% of total IgG products) when a single LC was co-trans-
fected in a host with two different HC that were engineered
to incorporate the original knobs and holes mutations (knob:
T366W, hole: T366S, L368A, Y407V) and a heterodimer pro-
moting/stabilizing disulfide bond (S354C, Y349’C).

This highly engineered system demonstrates that the
knobs-into-holes principle, when combined with a common
light chain, can be used to effectively produce a near ho-
mogenous population of BsAb IgG.  It also suggests that
there are multiple ways in which the knob-into-holes ap-
proach can be applied, and that BsAb with even higher ra-
tios of heterodimer formation may be achieved with further
engineering.  However, an obvious drawback of this method
is that the inclusion of multiple mutations in the CH3 do-
mains might pose an immunogenic risk in a therapeutic
setting.  Furthermore, it requires the identification of anti-
bodies with common LC, which is rare, particularly for high-
affinity antibodies.

Single chain Fv-Fc “knobs-into-holes” BsAbSingle chain Fv-Fc “knobs-into-holes” BsAbSingle chain Fv-Fc “knobs-into-holes” BsAbSingle chain Fv-Fc “knobs-into-holes” BsAbSingle chain Fv-Fc “knobs-into-holes” BsAb  The LC-
HC mispairing problem may also be circumvented by fusing
the VL and VH in a single-chain Fv (scFv) format[40].  In this
construct, an anti-HER2 scFv is fused to an Fc with the
“knob” mutation T366Y, and an anti-CD16 scFv is fused to
an Fc with the “hole” mutation Y407T (Figure 2).  Efficient
pairing of the two chains, through the knobs-into-holes

mechanism, was demonstrated (but not quantitated), and
specificity for both antigens was confirmed by cell surface
binding analysis.  The scFv-Fc knobs-into-holes molecule is
also able to crosslink the two target antigens, as shown by
its ability to induce higher NK cell-mediated cytotoxicity than
a monospecific anti-HER2 antibody alone.  One could hy-
pothesize that this format, which is slightly smaller (120 kDa)
than a normal IgG (150 kDa), might provide slight gains in
tumor penetration, while maintaining the longer half-life and
effector functions provided by the intact Fc region.

IgG-scFv fusions  To circumvent the LC-HC mispairing
and HC homodimerization issues completely, a number of
formats have been developed to construct and produce BsAb
that achieve their bi-specificity and product homogeneity
not by molecular alteration of the component domains, but
by direct addition of a new antigen binding specificity to a
fully functional antibody or an antibody-like molecule,such
as an IgG antibody or a scFv-Fc fusion protein (Figure 2).

C-terminal scFv fusion  One approach is to fuse a scFv
specific for one antigen to the carboxy terminus of a full-
length IgG antibody specific for another antigen, creating a
tetravalent bispecific IgG-like antibody[41] (Figure 2).  The
specificity at the N-terminal end (in this case, for dextran) is
defined by a normal Fab.  The specificity at the C-terminal
end (in this case, for dansyl) is conferred by an anti-dansyl
scFv.  The fusion construct has an affinity approximately 10-
fold lower for dansyl than expected (as compared to its par-
ent IgG), primarily because of a slower on-rate.  This may be
a result of steric hindrance from the rest of the IgG, an inabil-
ity of both scFv fragments to bind antigen simultaneously
(whether all four binding sites were occupied was not tested),
or an artifact resulting from conversion of the original anti-
dansyl IgG to scFv format.  Regardless, the constructs in
both a full-length IgG-like format (VLA-CL plus VHA-CH1-
CH2-CH3-scFvB)2 and  a F(ab’)2-like format (VLA-CL plus
VHA-CH1-scFvB)2 were capable of binding both target
antigens.  Furthermore, the IgG-like version is capable of
binding C1q, presumably through the intact Fc fragment,
although it is unable to trigger a complete complement
cascade.  This format has the potential to allow the creation
of tetravalent molecules with some effector function, but the
full potential of the latter remains to be investigated.

N-terminal scFv fusion  In an alternative approach, the
two scFv of different specificities are fused, respectively, to
the N-termini of the constant light (CL) and the first-con-
stant heavy (CH1) domains of an IgG: (scFvA)-CL and (scFvB)-
CH1-CH2-CH3.  Co-expression of the two polypeptide chains
in a single host results in the formation of a tetravalent
bispecific molecule, Bs(scFv)4-IgG (Figure 2)[42].  Only ho-
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mogenous BsAb are generated as a result of the natural
heterodimerization between the CL and the CH1 domains.
Similar to the C-terminal fusion, this molecule is also ame-
nable to truncation: a bivalent bispecific Fab-like molecule
can be created without the Fc fragment.  The ability of this
construct to crosslink antigen (in this case, two distinct
epitopes on vascular endothelial growth factor receptor 2
(VEGFR2) was demonstrated, but it is not clear whether all
four binding sites are or can be occupied simultaneously.

Two other Bs(scFv)4-IgG molecules were recently
constructed, using the same two scFv fragments directed
against EGFR and insulin-like growth factor receptor (IGFR),
but in different fusion orientations[28].  Both constructs,
scFvanti-EGFR-CL plus scFvanti-IGFR-CH1-CH2-CH3, or
scFvanti-IGFR-CL plus scFvanti-EGFR-CH1-CH2-CH3, blocked EGF
and IGF from binding their respective receptors and inhib-
ited signal transduction pathways activated by both EGF
and IGF, whereas a monospecific antibody only inhibited
the pathway stimulated by a single ligand.  In addition, the
BsAbs inhibited tumor cell proliferation in vitro at a level
that is on par with the combination of the two parental IgG
antibodies.  Furthermore, both Bs(scFv)4-IgG demonstrated
very good stability when incubated in vitro in mouse serum
at 37 ºC for 7 d.  We believe that this Bs(scFv)4-IgG format
should be applicable to BsAb construction from two anti-
bodies directed against any pair of antigens.  A drawback of
the format is its low expression level in mammalian cells,
probably because of both its large size (~ 200kDa) and struc-
tural complexity.

Diabody-Fc fusions  Another method by which homog-
enous populations of IgG-like BsAb can be constructed is
by replacement of the Fab fragment with a bispecific diabody.
Diabodies are a derivative of the scFv construct[43].  An scFv
is composed of a VH and a VL domain connected by a flex-
ible linker of approximately 15 amino acids, such as (Gly4Ser)3,
that permits self assembly into an antigen binding compe-
tent form.  If the linker is shortened to 5 amino acids, such as
Gly4Ser, self assembly is impossible, and two scFv interact
with each other to form a bivalent molecule of two interlinked
polypeptides, the VL of one chain associating with the VH
of the other.  If VL and VH with specificities for different
antigens comprise the diabody; namely, VHA-VLB and VHB-
VLA (the two so-called “cross-over” scFv), bispecific biva-
lent diabodies are formed, with one binding site for each
antigen.  In addition to assembling as functional hetero-
dimers, the cross-over scFv can also assemble as non-func-
tional homodimers.  Fortunately, purification of properly
heterodimerized molecules can easily be achieved by one
round of affinity chromatography.  And as noted earlier, the

knobs-into-holes technique can be used to re-engineer the
Fv interface to promote the correct heterodimeric VH-VL
pairing[37].  Diabodies have shown to be useful for antigen
cross linking[43,44], and their small size is valuable for tumor
penetration[45].  However, like many other smaller bispecific
fragments, diabodies lack functional Fc domains and the cor-
responding effector function[46].  Recently, they have been
fused to the Fc domain of an IgG to create tetravalent IgG-
like BsAb.

Single chain diabody-Fc fusion   Kipriyanov et al  have
developed a “single chain” diabody (scDb) by fusing both
“cross-over” scFv of a bispecific diabody with a flexible linker[47].
This construct is fused to an Fc fragment (or just a CH3
domain) to create a tetravalent bispecific IgG-like molecule
(Figure 2).  In this format, one polypeptide with six domains
is produced: VHA-VLB-VHB-VLA-CH2-CH3, which then
assembles into IgG-like dimers through the Fc domains[48].
The scDb-Fc is bispecific and bivalent for both antigens,
and has a full Fc (although effector function activity was not
tested).  The stability of the scDb-Fc fusion was not reported,
but the multiple exposed non-human polypeptide linkers
within the molecule may not only subject the BsAb to pro-
teolytic cleavage, but may also introduce a potential immu-
nogenic risk, thus lowering the utility of the molecule in
vivo.  Finally, this format lacks sufficient levels of expression
(~5 mg/L) to make a practical transition to a therapeutic
molecule.

Di-diabody  An alternative diabody-Fc fusion format is
the so-called “di-diabody”.  In this construct, one half of a
diabody; namely, one “cross-over” scFv, is fused to the Fc
domain, creating a “heavier chain” (VLA-VHB-CH2-CH3) and
the other “cross-over” scFv associates with it as a “lighter
chain” (VLB-VHA)[27].  The heavier and lighter chains assemble
with each other through the VH-VL interfaces, and two
heavier chains homodimerize through the Fc regions to form
an IgG-like tetravalent BsAb (Figure 2).  Although lighter
chains can homodimerize to form non-functional diabodies,
they are easily removed when the full length functional di-
diabody is purified by protein A chromatography.  A similar
but smaller di-diabody construct can also be created by just
using the CH3 domain for dimerization, namely, VLB-VHA plus
VLA-VHB-CH3[49].  As a precautionary measure to avoid po-
tential immunogenicity in human therapy, a human sequence,
the first 5 amino acids of the human IgG CL(Kappa) domain,
is used as the linker between the variable domains[44], in-
stead of a “standard” Gly4Ser linker.  A di-diabody that binds
both EGFR and IGFR was constructed using the variable
domains of an anti-EGFR and an anti-IGFR antibody.  The di-
diabody has affinity for its antigens, EGFR and IGFR, similar
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to that of the parental antibodies from which the VL and VH
were derived.  The di-diabody blocks both EGF and IGF from
binding their respective receptors and down-regulates the
signal transduction pathways activated by each ligand.  In
addition, the di-diabody induces efficient ADCC activity
against tumor cells that express EGFR and/or IGFR, indicat-
ing that the di-diabody possesses an intact and unhindered
Fc domain.  It also has an in vivo half-life that is equivalent
to that of an intact human IgG.  Finally, the di-diabody effec-
tively inhibits the growth of two different human tumor xe-
nografts in nude mice.  Unlike the Bs(scFv)4-IgG format dis-
cussed previously, the di-diabody construct is expressed in
mammalian cells at much higher levels (>400 mg/L in
unoptimized conditions), which could greatly facilitate the
transition from “proof-of-concept” to therapeutic application.
Unfortunately, the di-diabody construct has a tendency to
form inactive molecules in vivo that lack the lighter chain, a
result of dissociation between the heavier and the lighter
chains (caused by the inherent instability of diabodies) fol-
lowed by the rapid clearance of the lighter chain from the
circulation.  Hopefully, this shortcoming will be surmounted
by either the introduction of disulfide bonds[37,50,51] or im-
proved packing[52] to stabilize the VL-VH interfaces in the
diabody.

Future perspective

Other novel IgG-like BsAb constructs
BsAb IgG using single domain antibodies as build-

ing blocks  The aforementioned methods use some form of
Fv, comprised of a VL and a VH, to bind antigen.  An emerg-
ing and promising novel approach in which BsAb can be
constructed is to use the VL and VH as independent binding
units.  It has been observed that some camel antibodies are
composed of only heavy chains[53].  This observation has
led to the development of human “single domain” antibody
fragments, in which a VL or a VH alone comprises the bind-
ing unit[54,55].  These fragments can then be used to con-
struct tetravalent IgG-like BsAb by fusing a single domain
of one specificity to CL and a single domain of a different
specificity to the CH1 of an IgG.  Preferably, one single do-
main would be derived from a VL, and the other from a VH, to
provide increased stability using a VL-VH interface, in addi-
tion to that of the CL-CH1 interface (ie, VLA-CL plus VHB-
CH1-CH2-CH3) (Figure 2), but an IgG-like molecule with
bispecific binding capacity derived from any single domain
combination could be imagined (ie, VLA-CL plus VLB-CH1-
CH2-CH3, or VHA-CL plus VHB-CH1-CH2-CH3).

Tandemabs  An interesting application of antibody

engineering that could readily be applied to the construc-
tion of BsAb is an expansion of the multivalent Fab con-
structs developed by Presta et al at Genentech[56].  Based on
the observation that cross-linking increases the biological
efficacy of some antibodies, a series of multivalent antibody
constructs were developed from the interaction of an identi-
cal LC with tandem repeats of the VH-CH1 unit fused to the
Fc.  If one were to construct a pseudo-tandem repeat of the
form VHA-CH1-VHB-CH1-CH2-CH3, and pair that with a com-
mon LC unit VL-CL, one could achieve tetravalent (or possi-
bly higher order) bispecific (or tri-specific) antibodies (Figure
2).  Again, the challenge here is to identify antibodies of
different specificities that share identical LC.

Novel applications of BsAb  As noted earlier, most of the
efforts in BsAb development have been focused on the use
of BsAb as means to redirect either effector cells or cyto-
toxic agents, including chemotherapeutic drugs, radioiso-
topes, and toxins, to the sites of destruction, such as tumors.
There are a number of novel benefits of BsAb that can be
exploited for more efficacious human therapy.

Binding avidity enhancement  One very valuable ben-
efit of BsAb is the enhanced avidity they pose for their anti-
gen[57].  In addition to having intrinsic high affinity on a
binding unit (ie, a Fab) to antigen basis, normal IgG antibod-
ies also exploit the avidity effect to increase their associa-
tion with antigens as a result of their bivalent binding to-
wards the targets.  Except for the knob-into-holes BsAb
format, which is monovalent for each antigen, all the IgG-like
BsAb discussed here are bivalent for each antigen.
Consequently, these IgG-like BsAb, once bound to cell-sur-
face antigens, are expected to dissociate at a very slow rate:
two dissociation events must occur simultaneously for the
BsAb to be free from the cell.  High binding affinity (or avidity)
is usually beneficial and, in some cases, may even be re-
quired for the biological activity of a therapeutic antibody.
In addition, bivalent binding to a target, particularly a cell-
surface receptor, is under many circumstances a prerequi-
site for antibody function, such as cross-linking the recep-
tors in order to stimulate activation, to induce apoptosis, or
to promote receptor internalization.

Epitope cross-linking for acquired antagonistic activ-
ity  A BsAb directed against two separate epitopes on the
same antigen molecule may not only provide the benefit of
enhanced binding avidity (because of bivalent binding), but
may also acquire novel properties that are not associated
with either of the parent antibodies.  For example, we have
demonstrated that a bispecific diabody that binds two dis-
tinct epitopes on VEGFR2 cross-links the epitopes and ef-
fectively blocks the binding of VEGF to the receptor, whereas
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the parent scFv from which the bispecific diabody is derived
do not, on their own or in combination, block VEGF binding[57].
Cross-linking two separate epitopes within the same recep-
tor molecule may introduce new steric hindrance for ligand
binding, and/or induce conformation changes in the receptor,
preventing it from binding ligand.  It will be interesting to see
if this principle is applicable to antibodies to other receptors
for which ligand-blocking antibodies are difficult to identify.

Fine-tuning antibody specificity towards tumor cells
An emerging and intriguing concept is the use of BsAb to
further fine-tune the specificity of antitumor antibodies to
target cells.  In this context, a BsAb is constructed from two
antibodies directed against different tumor antigens, each of
low to moderate binding affinity.  Only simultaneous bind-
ing (or cross-linking) to the two target antigens on the same
tumor cell surface by BsAb leads to strong association (ie,
high avidity resulting from bivalency), which is required to
trigger biological processes, such as ADCC, CMC, and down-
regulation of signaling pathways.  In contrast, weak
association, which may not be sufficient to induce any mean-
ingful cellular activity, would result from monovalent bind-
ing of the BsAb to cells that only express one of the target
antigens.  This is significant as most of the targets currently
being used as tumor cell identifiers are, in fact, not truly
“tumor-specific” but rather “tumor-associated”, that is, they
are also expressed in certain normal tissues/cells, albeit at
lower density than in tumor cells.  By identifying and con-
structing BsAb to pairs of targets simultaneously expressed
on a given type of tumor, one could expect enhanced anti-
body specificity towards the targeted cells while sparing
normal cells of unwanted side effects.

Simultaneous blockade of two signaling pathways
Perhaps the most promising application of BsAb is the abil-
ity to simultaneously block the signaling pathways of two
targets with one molecule[26–28,58].  As demonstrated with the
anti-EGFR×anti-IGFR BsAb, either in the form of di-diabody
or Bs(scFv)4-IgG[27,28], it is possible to achieve the effects of
administering two antibodies with one IgG-like BsAb.  This
provides a promising alternative to the development of anti-
body combination therapies, as in the latter each antibody
has to be approved separately by regulatory agencies be-
fore being approved as a combination.  Furthermore, if BsAb
can be produced in similar quantities as normal IgG, then
significant cost savings can be achieved.

Conclusion

Recently, developments in the design of IgG-like BsAb
have provided some success in overcoming the major

obstacles to BsAb production.  It is now possible to use a
novel structural format that promotes or obligates the forma-
tion of homogenous, bispecific proteins, and some of these
constructs can be efficiently produced in eukaryotic cells in
quantities sufficient for clinical development.  Furthermore,
IgG-like BsAb offer the benefits of normal IgG, including
long half-life and native effector function, along with the
additional capability of being able to act as two drugs in one
by simultaneously addressing two disease-relevant targets
in a highly specific manner, thus making them in many ways
superior to BsAb fragments.  We believe that IgG-like BsAb
will undoubtedly challenge monospecific antibodies as the
champion of therapeutic proteins in coming years.

Abbreviations
ADCC, antibody-dependent cellular cytotoxicity; BsAb,

bispecific antibody; CL, constant domain of light chain; CH,
constant domain of heavy chain; CMC, complement-medi-
ated cytotoxicity; Fab, antigen binding fragment; Fc, crys-
tallized fragment; Fv, variable fragment (VL+VH); EGFR, epi-
dermal growth factor receptor; HC, heavy chain; IGFR, insu-
lin-like growth factor receptor; LC, light chain; scFv, single-
chain variable fragment (VL and VH tethered by a 15 amino
acid linker); VEGF, vascular endothelial growth factor;
VEGFR2, vascular endothelial growth factor receptor 2; VH,
variable heavy domain; VL, variable light domain.
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Abstract
Specific chromosome aberrations are frequently detected during the development
of hepatocellular carcinoma.  Molecular cytogenetic approaches such as com-
parative genomic hybridization and loss of heterozygosity analyses have pro-
vided fruitful information on changes in HCC cases at the genomic level.  Map-
ping of chromosome gains and losses have frequently resulted in the identifica-
tion of oncogenes and tumor suppressors, respectively.  In this review, we sum-
marize some frequently detected chromosomal aberrations reported for hepatocel-
lular carcinoma cases using comparative genomic hybridization and loss of het-
erozygosity studies.  Focus will be on gains of 1q, 8q, and 20q, and losses of 4q,
8p, 13q, 16q, and 17p.  We then examine the candidate oncogenes and tumor
suppressors located within these regions, and explore their possible functions in
hepatocarcinogenesis. Finally, the impact of microarray-based screening platforms
will be discussed.
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Introduction
Hepatocellular carcinoma (HCC) is one of the most com-

mon human malignant neoplasms, with a particularly high
incidence in Chinese and African populations[1].  In 2000,
HCC ranked as the fifth most frequent cancer, but the third
leading cause of cancer death worldwide[2].  Unlike other
cancers, the main causative agents for HCC, hepatitis B vi-
rus (HBV), hepatitis C virus (HCV) and aflatoxin (AFB), are
well studied.  Yet little is known about the molecular patho-
genesis of HCC[3].  In fact, the majority of HCC are associ-
ated with a background of chronic liver disease.  Therefore,
hepatocarcinogenesis is believed to be a long-term process
that involves multiple genetic alterations.

Recurrent chromosome alterations
Chromosome aberrations are a hallmark of solid tumors

and it has been known for decades that chromosome rear-
rangements exist in most if not all human tumors[4].  Addi-
tionally, cytogenetic study followed by molecular analysis
of recurring chromosome changes has greatly facilitated the
identification of crucial oncogenes and tumor suppressors[5].
For example, the tumor suppresor gene Rb was identified

based on the observation of chromosome deletion del(13)
(q14) in retinoblastoma[6] and the proto-oncogene myc was
shown to be involved in the chromosome translocation t(8;
14) in human Burkett’s lymphoma[7].  The conventional com-
parative genomic hybridization (CGH) method provides a
powerful means of global analysis of segmental chromosome
gains or losses[8].  Since it was developed, CGH has been
widely applied to the detection of recurrent chromosomal
alterations in various cancers, including HCC[9–13].  Frequent
non-random chromosomal gains and losses detected by CGH
are summarized in Table 1, including gains of 1q, 6p, 8q, 17q,
and 20q, and losses of 1p, 4q, 5q, 6q, 8p, 9p, 10q, 13q, 16q,
17p, 19p, and 22q[9–13].  In addition, the loss of heterozygos-
ity (LOH) assay is used to define chromosomal regions with
allelic deletions, and results revealed that LOH was frequently
detected in 1p, 4q, 6q, 8p, 13q, 16q, and 17p[14–16].  These stud-
ies suggest the presence of multiple oncogenes or tumor
suppressor genes in regions of recurrent gain or loss,
respectively.

To avoid overlap with comprehensive reviews that have
been published recently[3,17], this review will mainly focus on
chromosomal gains on 1q, 8q, and 20q, and losses on 4q, 8p,
13q, 16q, and 17p in HCC. For simplicity, gene symbols will
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be used for all genes described throughout the review (details
for all genes are summarized in Table 2).

Chromosome gains

Gain of 1q  Gain of 1q is one of the most frequently
detected alterations in HCC and has been suggested as an

early genomic lesion in the process of HCC development[18],
although the target oncogene within the amplified region
has not been identified. CGH studies showed that the gain
of 1q was detected in 58%–86% of HCC cases[9–13], with about
10% high-copy number amplification[12].  Several minimal
amplifying regions (MAR) were mapped including 1q12-
q22[12,19], 1q23.3-q25.3[20] and 1q24.2-1q43[21].  In an attempt

Table 1. Summary of chromosomal gains and losses revealed by comparative genomic hybridization analyses

Marchio et al[9] Wong et al[10] Kusano et al[11] Guan et al[12] Chang et al[13]

Gains
    1q 25/43 (58%) 48/67 (72%) 32/41 (78%) 33/50 (66%) 19/22 (86%)
    8q 26/43 (60%) 32/67 (48%) 27/41 (66%) 24/50 (48%) 17/22 (77%)
  20q 10/43 (23%) 25/67 (37%)   6/41 (14%) 10/50 (20%)   1/22 (5%)
Losses
    4q 30/43 (70%) 29/67 (43%) 13/41 (32%) 20/50 (40%) 13/22 (59%)
    8p 28/43 (65%) 25/67 (37%) 12/41 (29%) 16/50 (32%) 17/22 (77%)
  13q 16/43 (37%) 25/67 (37%) 15/41 (37%)   8/50 (16%)   6/22 (27%)
  16q 23/43 (54%) 20/67 (30%) 19/41 (46%) 35/50 (70%) 11/22 (50%)
  17p 22/43 (51%)   7/67 (10%) 21/41 (51%) 26/50 (52%) 10/22 (45%)

Table 2.  Summary of candidate cancer-related genes within abnormal chromosomal regions

Gene name Symbol Locus Reference

Oncogenes
Jumping translocation breakpoint JTB 1q21-q22 22
SHC (Src homology 2 domain containing) transforming protein 1 SHC1 1q21-q22 22
Chaperonin containing TCP1, subunit 3 (gamma) CCT3 1q21-q22 22
Coatomer protein complex, subunit alpha COPA 1q21-q22 22
V-myc myelocytomatosis viral oncogene homolog (avian) c-Myc 8q24.12-q24.13 18
Protein tyrosine kinase 2 PTK2 8q23-q24 29
Eukaryotic translation initiation factor 3, subunit 3 gamma EIF3S3 8q23-q24 29
Nuclear receptor coactivator 3 AIB1 20q12 18, 31
Tumor suppressors
PR domain containing 5 PRDM5 4q25-q26 37
PIN2-interacting protein 1 PINX1 8p23 38
Fibrinogen-like 1 FGL1 8p22-p21.3 39
Deleted in liver cancer 1 DLC1 8p22 40–42
Platelet-derived growth factor receptor-like PDGFRL 8p22-p21.3 43
Tumor suppressor candidate 3 TUSC3 8p22 44
Retinoblastoma 1 (including osteosarcoma) RB 13q14.2 6
Inhibitor of growth family, member 1 P33ING1 13q34 45, 46
START domain containing 13 ( Deleted in liver cancer 2 ) DLC2 13q12-q13 47
Cadherin 1, type 1, E-cadherin (epithelial) CDH1 16q22.1 49, 50
HSV-1 stimulation-related gene 1 HSRG1 16q23.1 51
WW domain containing oxidoreductase WWOX 16q23.3-q24.1 52
Tumor protein p53 (Li-Fraumeni syndrome) TP53 17p13.1 53
Chromosome 17 open reading frame 25 C17orf25 17p13.3 58
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to identify candidate oncogene(s) at 1q12-q22, Wong et al
examined the expression level of several candidate onco-
genes in this region using reverse transcription-polymerase
chain reaction (RT-PCR).  Significant overexpression of 4
genes known as JTB, SHC1, CCT3, and COPA were observed
in tumors as compared with paired adjacent liver tissues[22].

Gain of 8q  Gain of 8q is frequently observed in HCC
(48%–77%)[9–13]. The gain of 8q is also frequently detected in
many other solid tumors including those of the prostate[23],
lung[24], esophagus[25], nasopharynx[26], ovary[27] and breast[28].
Amplification and overexpression of the c-myc oncogene
has been reported in various solid tumors, including HCC. In
our recent study, amplification of c-myc was correlated with
HCC tumor size, tumor metastasis and recurrence. Amplifica-
tion of c-myc was found in 11/13 (85%), 9/25 (36%) and 4/12
(33%) cases of large HCC (>9 cm), medium HCC (4–9 cm)
and small HCC (<4 cm), respectively. In addition, a higher
frequency of c-myc amplification was detected in metastatic
tumors (45%) than in their primary HCC (29%), and in recur-
rent tumors (60%) than in their primary HCC (38%)[18]. Be-
cause the gain of 8q involved the entire long arm in this
study, it is highly likely that one or more novel oncogenes
are involved in HCC development apart from c-myc. In a re-
cent report, Okamoto et al suggested 2 candidate oncogenes
as amplification targets at 8q23-q24 known as PTK2 and
EIF3S3.  PTK2 encodes focal adhesion kinase, while EIF3S3
encodes the p40 subunit of eukaryotic translation initiation
factor 3. Overexpression of these genes may be involved in
HCC progression[29].

Gain of 20q  Gain of 20q was detected in 3/5 CGH studies
with a frequency of 20%–37% [9,10,12].  Gain of 20q was also
frequently detected in breast cancer, and a steroid receptor
coactivator, AIB1, has been identified within the commonly
amplified region at 20q12[30,31].  Interestingly, gain of 20q is
significantly associated with clinical stages and tumor size of
HCC. Guan et al reported that gain of 20q occurred in
10/40 (25%) of stage II and III HCC but in 0/10 stage I HCC[12].
In addition, Wong et al reported that significantly more 20q
gain was found in non-cirrhotic HCC.  Strikingly, gain of 20q
was observed in 9/12 (75%) non-cirrhotic, while only in 16/55
(29%) cirrhotic HCC (P=0.003)[10].  In our recent study, ampli-
fication of  the AIB1 gene was correlated with HCC metastasis
and recurrence.  The amplification frequency of AIB1 was sig-
nificantly higher in metastatic HCC (41%) than in matched
primary HCC (23%), as well as being higher in recurrent HCC
(60%) than in matched primary HCC (29%) (P < 0.05)[18].

Chromosome losses
Loss of 4q  Loss of chromosome 4q was detected by

CGH in 32%–70% of HCC cases[9–13]. Deletion of 4q has been
well described because of its specificity for HCC. Several
minimal deletion regions (MDR) on 4q have been detected
by LOH including 4q12-q23, 4q13.1-q21.23, 4q13-q34, 4q21-
q25, 4q24-q28, 4q28.2-q34.3, and 4q35[32–34]. In addition, Yeh
et al reported recently the mapping of a 17.5 cM MDR be-
tween D4S1534 and D5S1572 by screening 149 HCC: a few
candidate genes were found to be downregulated[35].  Bio-
logical evidence for tumor suppressor genes on 4q comes
from a study that reversed the tumorigenic phenotype of a
teratoma cell line by introducing a normal chromosome 4
into malignant teratoma cells using microcell-mediated chro-
mosome transfer[36].  To date, candidate tumor suppressor
genes correlated with 4q loss have remained unidentified. A
recent report by Deng et al described the role of PRDM5 at
4q26 as a suppressor in various tumors including HCC.
PRDM5 encodes a protein belonging to the PR-domain pro-
tein family.  Epigenetic silencing was evident for this gene
and its overexpression resulted in proapoptotic and growth
suppressive functions[37].

Loss of 8p  Loss of 8p is well documented in HCC with a
frequency of 29%–77%[9–13].  By analyzing 50 HCC cases, we
observed a correlation of 8p loss with advanced stage of
disease and tumor size; most strikingly, 8p loss was present
in 8/13 (62%) of large, 7/25 (28%) of medium, but only 1/12
(8%) of small HCC cases (P=0.014)[12].  Furthermore, 8p dele-
tion was associated with HCC metastasis, suggesting the
presence of one or more candidate gene(s) are involved in
HCC progression[19].  Using the high-resolution LOH
strategy, Jou et al reported that 50% of HCC showed LOH in
chromosome 8p and the percentages of 3 MDR at 8p23.3-
p23.1 (D8S504–D8S277), 8p22-p21.3 (D8S1106–D8S258) and
8p21.3-p12 (D8S258–D8S283) were 71%, 69%,  and 63%,
respectively[34].  Several candidate tumor suppressors have
been isolated within these regions, including PINX1 at
8p23[38], FGL1 at 8p22[39] and DLC1[40] at 8p22-p21.3 regions.
In the 8p23 region, Liao et al observed the under-expression
of PINX1 (LPTS) in HCC cells and tissues, while ectopic
expression of this gene in liver cancer cells SMMC-7721 re-
sulted in growth suppression[38].  At 8p22, Yan et al reported
reduced or undetectable expression of FGL1 in HCC speci-
mens, and found a significant correlation with tumor differ-
entiation[39].  Interestingly, Wong et al reported the signifi-
cant under-expression of DLC1 mRNA and promoter hyper-
methylation was found in 24% of primary HCC cases, sug-
gesting a role of epigenetic silencing in DLC1 downregula-
tion[41].  DLC-1 belongs to the rho family GTPase-activating
proteins (RhoGAP) specific to RhoA and cdc42, which are
implicated in cell migration control.  Re-expression of DLC1
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in HCC cells resulted in caspase-3-dependent apoptosis, in-
hibition of cell growth and invasiveness in vitro, and reduc-
tion of tumor formation in nude mice[42].  Furthermore, candi-
date tumor suppressors known as PDGFRL[43] and TUSC3
[44] were identified in the 8p22-p21.3 region.

Loss of 13q  Loss of 13q was detected in 16%–37% of
HCC cases[9–13]. LOH analyses also showed a high percent-
age of allelic deletion on 13q (40%–55%)[14–16].  Jou et al
identified 5 MDR with high frequencies of LOH including
13q12.11-q12.3 (71%), 13q13.1-q22.1 (79%), 13q31.3-q32.2
(67%), 13q32.2-q33.3 (73%) and 13q33.3-q34 (75%)[34]. MDR
in 13q13.1-q22.1 (D13S171–D13S156) showed the highest fre-
quency of LOH, and well-documented tumor suppressors
including BRCA2 and RB are located in this region. In 13q33.
3-q34 MDR, one candidate tumor suppressor known as
P33ING1 has been isolated[45]. Overexpression of p33ING1
inhibited cell cycle progression and the repression function
of p33ING1 was enhanced by the Ras/Raf pathway[46].
Recently, another candidate tumor suppressor known as
deleted in liver cancer 2 (DLC2) was identified on 13q12.3. It
shows homology to tumor suppressor gene DLC1 located
at 8p22-p21.3.  DLC2 encodes a protein with RhoGAP, SAM
and START domains and is significantly underexpressed in
only 8 of 45 (18%) HCC, as compared with its ubiquitous
expression in normal tissues[47].

Loss of 16q  One of the most frequent losses in HCC
cases is located in the long arm of chromosome 16.  Loss of
16q was detected in 30%–70% of HCC cases by CGH stud-
ies[9–13]. LOH also revealed allelic deletions in 55%–59 % of
HCC[14–16].  Two MDR at 16q in HCC have been reported to
include 16q12.1-q23.1 (71%) and 16q23.1-q24.1 (71%)[33].
Several candidate tumor suppressors have been reported in
recent publications.  The loss of 16q has also been reported
as a frequent genomic alteration in ovarian[27] and prostate
cancer[48].  The loss of 16q24.1-q24.2 in prostate cancer has
been associated with aggressive behavior of the disease,
recurrent growth, poor differentiation of the tumor, and a
poor prognosis for the patient[48].  The best-studied tumor
suppressor gene is E-cadherin (CDH1) at 16q22.1. Inter-
estingly, expression of the E-cadherin gene is reduced by a
hypermethylation mechanism although no somatic mutations
of the E-cadherin gene in HCC have yet been described[49,50].
Bando et al identified a distinct commonly deleted region at
16q24.1-24.2 (D16S534 and D16S3091) near novel sequence
HSRG1[51].  Another candidate tumor suppressor known as
WWOX was identified at 16q23.3-q24.1: absence or reduced
expression of WWOX was observed in 60% of HCC cell
lines compared with normal liver[52].

Loss of 17p  Loss of 17p is one of the most frequent

chromosomal alterations in HCC as determined by both
CGH[2,11–13] and LOH[14–16].  Deletion of 17p is common in
various cancers including breast[53] and colon cancer[54].  The
frequent deletion of 17p may affect the tumor suppressor
gene TP53 on 17p13.1.  TP53 is frequently inactivated in
various types of malignant tumors, including HCC[55].
However, Yumoto et al showed that loss of 17p occurred in
18/31 HCC cases (58%) by LOH, whereas TP53 mutation
was only observed in 8/31 HCC cases (26%)[56]. Our recent
study revealed that loss of one allele at 17p13.3 distal to the
TP53 gene was observed in 48/94 HCC (51%), whereas LOH
at 17p13.1, near the TP53 gene, was detected in 30/94 HCC
(32%) and p53 mutation was only detected in 22/94 HCC
(23%)[57].  These results suggest that another tumor suppres-
sor gene at 17p13.3 may be involved in the pathogenesis of
HCC.  One candidate suppressor, C17orf25, has been iso-
lated from this region[58].  Downregulated expression of
C17orf25 was found in HCC samples matched to adjacent
non-tumor liver tissues. Furthermore, transfection of
C17orf25 into the hepatocellular carcinoma cell SMMC-7721
inhibited cell growth[58].

Conclusion
Molecular cytogenetic approaches such as CGH and LOH

provide important clues to the identification of novel genes
involved in the multistage development of HCC.  In this
review, we discussed some of the most common chromo-
some aberrations, including gains of 1q, 8q, and 20q, and
loss of 4q, 8p, 13q, 16q, and 17p, followed by candidate
oncogenes and tumor suppressors that may be involved
within these regions. Due to the heterogeneity of HCC, it
has been suggested that gains or losses of specific chromo-
somal loci rarely affect more than half of them, and specific
HCC-related genes have not been identified in most of the
above-mentioned chromosomal regions[3].  Results obtained
with traditional approaches such as cytogenetic CGH and
LOH studies are relatively low in resolution and are labor
intensive.  Advances in microarray-based approaches are
beginning to reverse this situation by providing an inte-
grated view of genetic alterations during tumorigenesis and
progression[59].

Different microarray-based CGH (aCGH) platforms are
emerging that allow high-resolution genomic profiling[60–62].
For instance, Hashimoto et al reported the use of cytoge-
netic CGH and aCGH in the identification of genes involved
in HCV-related HCC[63].  In a recent article, Ishkanian et al
reported the construction of submegabase resolution tiling
genomic arrays (SMRT arrays) containing 32 433 overlap-
ping BAC clones.  This allows the detection of cryptic chro-
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mosomal changes down to microgain and microloss resolu-
tion[64].  In addition, some groups have used oligonucleotide
arrays for high-resolution CGH and LOH studies.  Single
nucleotide polymorphism (SNP) arrays have been employed
for high-resolution LOH studies in small cell lung cancer
samples[65] and have permitted the simultaneous detection
of copy number changes and LOH in a single experiment[66].

In another approach, chromosomal bias of gene expres-
sion signature was studied in HCC cases[67,68]. Using a re-
cently developed technique known as expression balance
map analysis, Midorikawa et al identified regions with fre-
quent chromosomal aberrations in HCC based solely on ex-
pression data. Common alterations, including gain of 1q21-
q23 and loss of 4q13, were found in 74% and 48% of HCC
cases, respectively[67].  These matched well with previous
CGH analyses. In conclusion, a combination of these power-
ful technologies provides a more comprehensive view of the
development of HCC, and identification of novel gene can-
didates may provide better diagnosis and prognostication
of  HCC.
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Introduction
Alzheimer disease (AD) is the most common cause of

dementia in the elderly, affecting 7%–10% of individuals over
65 years of age and approximately 40% of persons over 80
years old[1].  The disease is characterized behaviorally by
global cognitive decline, and defined histologically by two
distinguishing pathologies: amyloid plaques, which are ex-
tracellular deposits consisting mainly of aggregated amy-
loid beta-protein (Aβ), and neurofibrillary tangles (NFT),
which are intracellular deposits consisting predominantly of
hyperphosphorylated tau protein[2].  Epidemiological and
molecular studies suggest that AD has multiple etiologies,
including genetic mutations, susceptibility genes and envi-
ronmental factors that promote formation and accumulation
of insoluble Aβ and hyperphosphorylated tau.  An animal
model that mimics the progression of AD was developed
using icv injection of Aβ into mice[3–5].  This was accompa-
nied by impairment in learning and memory in addition to
biochemical changes and neuronal degeneration.

Recently, a high-throughput technique was developed
using cDNA microarrays, in which labeled RNA hybridizes

to DNA molecules attached at specific locations on the sur-
face of micrarray membrane[6].  One of the most attractive
applications of microarrays is in the study of differential gene
expression in disease and animal models.  Microarrays are
extensively employed to study global changes in gene ex-
pression in post-mortem tissues, cultured cells, animal
models, and in response to drug treatment.  The expression
pattern of a gene provides indirect information about function,
drug target and cause of a disease.  In this study we used
cDNA microarrays (Clontech Laboratories, Palo Alto, CA,
USA) to investigate gene expression patterns in an icv Aβ
mouse model for AD in the cerebral cortex.  This approach
provided an additional insight into gene processes, which
occur not only in AD animal model but also in other
neurodegenerative disorders.  The knowledge of specific
cascades of events leading and causing neurodegeneration
will be the key factor in developing and using neuroprotective
drugs.

Materials and methods
 Reagents  Aβ25-35 (Sigma Chemical, St Louis, MO, USA)
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was dissolved in sterile normal saline at a concentration of
1 g/L and aggregated by incubation at 37 ºC for 72 h.  Sodium
Dodecyl Sulfate (SDS) was also the product of Sigma.  Trizol
Reagent was purchased from Gibco-BRL (New York, NY,
USA).  [α-32P]-dATP was from Amersham Pharmacia Biotech
(Piscataway, NJ, USA).  MMLV reverse transcriptase was
from Promega (Madison, WI, USA).  Polyclonal integrin αM,
c-Jun, and phosphor-c-Jun antibody were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).  Atlas
Mouse 1.2 Expression Arrays and Atlas cDNA Expression
Array Kit were provided by Clontech Laboratories.  On each
array membrane there are 1176 gene cDNA fragments with
lengths of 200–600 bp.  The name, coordinate, Gene-Bank
Number, and other related information for these genes are
available on Clontech’s homepage (www.clontech.com).

 Animals  Male Balb/c mice weighing 22–24 g ( Institute
of Experimental Animal of Chinese Academy of Medical
Sciences, Certificate No SCXK11-00-0006 ) were maintained
in a climate-controlled room at 22±1 ºC on a 12 h light/dark
cycle with free access to food and water.  They were acclima-
tized to laboratory conditions for 5 d before experiments.

 Aggregated Aβ25-35 was icv injected into mice according
to the method described by Maurice et al[3].  In brief, a 28-
gauge stainless-steel needle was inserted unilaterally 1 mm
to the right of the midline point, equidistant from each eye, at
an equal distance between the eyes and the ears and per-
pendicular to the plane of the skull.  Aβ25-35 or sterile normal
saline at a volume of 5 µL was delivered gradually within 15 s.

Water maze task  The Morris water maze test began on
d 11 after Aβ-injection as described[7].  The experimental ap-
paratus consisted of a circular water tank (diameter=80 cm)
filled to a depth of 15 cm with water maintained at 23±1 ºC.
The water was made opaque by adding black ink.  A platform
(diameter=8 cm) was submerged 0.5 cm below the water sur-
face and placed at the midpoint of one quadrant.  Two train-
ing trials each day were conducted for 4 consecutive days.
On each trial, the mice were placed in the pool at one starting
position.  They were allowed to swim freely or until they
found the platform.  The time required to escape onto the
hidden platform was recorded.  Mice that found the platform
were allowed to remain on the platform for 10 s and were then
returned to the home cage.  If a mouse did not reach the
platform within 120 s, it was gently guided to platform by the
experimenter, where it remained for 10 s.  Statistic compari-
son of the water maze test between the Aβ-treated and con-
trol group was analyzed by two-way analysis of variance
(ANOVA).

 RNA preparation  Mice were killed after the water maze
test.  Total RNA was extracted from the cerebral cortex with

Trizol according to the manufacturer’s instructions.  RNA
extracts from 10 mice of each group were pooled to provide
sufficient material for both cDNA microarray and reverse tran-
scription-PCR analysis.  Total RNA was treated with RNase-
free DNase at 37 ºC for 20 min to avoid contamination of
genomic DNA.  The RNA quality and concentration were
assessed using agarose gel electrophoresis and spectropho-
tometric reading.

 Probe preparation and hybridization  Total RNA (5 µg)
was reverse transcribed using reagents provided in the At-
las cDNA Expression Array Kit and radiolabeled with
[α-32P]-dATP.  The array membranes were prehybridized for
1 h at 68 ºC in ExpressHyb solution containing 100 mg/L of
heat-denatured salmon testis DNA.  The denatured 32P-la-
beled cDNA was added to Express Hyb hybridization solu-
tion at a final concentration of 4.0 MBq/L and array mem-
branes were hybridized with the labeled cDNA overnight at
68 ºC.  The next day, the membranes were washed three times
for 30 min with pre-warmed (68 ºC) washing solution 1 [2×SSC
(1×SSC is 15 mmol/L sodium chloride, 15 mmol/L sodium
citrate), 1% SDS] and once for 30 min with pre-warmed (68 ºC)
washing solution 2 (0.1×SSC, 0.5% SDS) with continuous
agitation at 68 ºC.  After a final wash with 2×SSC at room
temperature for 10 min, the membrane was immediately
wrapped in plastic film and exposed to X-ray film at -70 ºC.

Detection and analysis  Gene expression levels were as-
sessed according to autoradiographic intensity of hybrid-
ization signals by software.  Only those autoradiograms with
similar background and identical signal intensity of house-
keeping genes were comparable.  Genes that showed an in-
crease or decrease of 2.0-fold or greater were considered as
differentially expressed genes.  Each group sample was car-
ried out three times, those genes that were all differentially
expressed in the three hybridizations were reported as
mean±SEM.

Semi-quantitative RT-PCR  Expressions of 6 genes were
randomly selected to be further confirmed by RT-PCR.  Prim-
ers were designed using DNA Star software (Perkin Elmer,
Norwalk, Conn, USA) and synthesized by Sbs Bio Inc
(Beijing, China).  Reverse transcription reaction was catalysed
by MMLV.  PCR was performed for 30 s at 94 ºC, 30 s at 55 ºC,
and 1 min at 70 ºC for a cycle, 32 cycles were completed (25
cycles for GAPDH gene), and finally 10 min at 72 ºC.  The RT-
PCR products were subjected to electrophoresis in 1% aga-
rose gels and quantitative analysis was carried out using the
YLN 2000 Gel Analysis System (Yalien, Beijing, China).  The
gene expression levels were assessed according to the gray
ratio value of the target genes and housekeeping gene,
GAPDH.  The PCR primers used were as follows: GAPDH,
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forward primer, 5'-CAG CAA CTC CCA CTC TTGCC CCT
CCT GTT ATT AT-3'; AP-1, forward primer, 5'-AGGCAGAGA-
GGAAGCGCAT-3', reverse primer, 5'-TGGCACCCACTGTTA-
ACGTG-3'; NF-κB: forward primer, 5'-GCAGCCTATCACCA-
ACTCT-3' , reverse primer, 5'-TACTCCTTCTTCTCCACCA-
3'; integrin αM, forward primer, 5'-TTAATGACTCTGCGTTT-
GCCC-3', reverse primer, 5'- TCATGTCCTTGTACTGCCGCT-
3';  ATPase, forward primer, 5'-CCATCTTCTGCACCATC-
GTTC-3', reverse primer, 5'- AGACGCCCTGCCTCTTTCAG-
3'; nerve growth factor α  (NGF α), forward primer, 5'-ACTGG-
GTTCTCACAGCTGCC-3', reverse primer, 5'-CGCAGCA-
GCATCAGGTCAT-3'; Akt, forward primer, 5'-CCTGTCTCGA-
GAGCGTGTGTT-3', reverse primer, 5'-CATAGTGGCACCGT-
CCTTGA-3'.

Western blot analysis  After decapitation, the cerebral
cortex from 5 mice were immediately homogenized in 5 vol-
umes of homogenization buffer [Tris-HCl 50 mmol/L (pH
7.5), NaCl 150 mmol/L, 1 % Triton-X 100, 1 % sodium
deoxycholate, 0.1 % SDS].  After sonication and centrifuga-
tion at 4 ºC (10 min, 10 000×g), the supernatant was used for
determination of protein concentrations, and the equal
amounts of total solubilized proteins were eluted by heating
with SDSPAGE sample buffer and separated by SDS-poly-
acrylamide gel electrophoresis.  Proteins were then trans-
ferred to the nitrocellulose membrane.  The membrane was
blocked at room temperature with 5 % non-fat dry milk in
Tris-buffered saline with 0.1 % (v/v) Tween-20 (TBST) and
incubated with polyclonal integrin αM, c-Jun and phosphor-
c-Jun antibody (1:1000) overnight at 4 ºC.  After washing, the
membrane was incubated with horseradish-labeled second-
ary antibody for 1 h.  After five additional washes in TBST,
the membrane was incubated with an enhanced chemilumi-
nescence detecting reagent according to the manufacturer’s
protocols and exposed to X-ray film.

Results
 Effects of icv injection of Aβββββ25-35 on performance of the

Morris water maze task  Effect of Aβ-injection on learning
and memory revealed a significant difference between the
two groups.  Aβ-injected mice exhibited an obvious learning
deficit compared to the saline-injected mice.  ANOVA analy-
sis showed a significant decrease in the latency time for the
control group during the 8 training trials, but not for the
experimental group (Figure 1).

Gene expression analysis of mice cerebral cortex after
icv injection of Aβββββ25-35  The human cerebral cortex serves to
control functions such as speech, memory, logical and emo-
tional response, as well as consciousness, interpretation of

sensation, coordination of voluntary movement, and these
are all greatly involved and damaged in AD.  In our study, we
used cDNA microarray to investigate the molecular events
of neuronal toxicity induced by Aβ25-35 in the cerebral cortex
of mice.  We compared the gene expression levels in the
cerebral cortex of Aβ-injected mice and saline-injected mice.
Of 1176 known mouse genes represented on the array, we
detected 31 genes differentially expressed in the mice cere-
bral cortex.  Among them 19 genes showed up-regulation in
expression after injection of Aβ, including TBX1, NF-κB,
AP-1/c-Jun, cadherin, integrin, erb-B2, and FGFR1; while
expression of 12 genes were down-regulated, including NGF,
glucose phosphate isomerase 1, AT motif binding factor 1,
Na+/K+-ATPase,  and Akt.  All differentially expressed genes
were functionally characterized as a diverse spectrum of the
biologic process, including transcription factor, cell cycle
protein, cytokines, signal transduction, energy metabolism,
neurotrophic factor, and so on (Table 1).

Semi-quantitative RT-PCR  To confirm the results of
cDNA array, RT-PCR analysis was performed to examine the
expression level of 6 genes that were up-regulated or down-
regulated in the cerebral cortex of mice.  The RT-PCR results
indicated that 6 genes showed identical results to that of the
microarray (Figure 2).

Western blot analysis  The expression of integrin αM
and activated AP-1/c-Jun of the cerebral cortex were investi-
gated by Western blot analysis.  Although total c-Jun was
unchanged in intensity between the two groups, the in-
creased expression of integrin αM and phosphorylated
c-Jun were found in the cerebral cortex of Aβ-treated mice
(Figure 3).

Figure 1.  Aβ25-35 induced impairment on learning and memory in
mice in the Morris water maze task.  Ten days after icv administra-
tion of the sterile normal saline (Ctr) or the aggregated Aβ25-35, mice
were subjected to the Morris water maze test.  The training trials
were carried out on d 11–14.  n=10. Mean±SEM.  bP<0.05, cP<0.01 vs
Ctr group.
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Table 1.   Differentially expressed genes in the cerebral cortex of Aβ-treated mice.  n=3.  Mean±SEM.

  Gene code                           Protein/gene                                                   Gene classification                                       Ratio

U57327 T-box 1 (TBX 1) Basic transcription factors 11.73±1.84
AB009453 Transcription factor 21 Basic transcription factors   5.80±0.56
M61909 NF-κB p65 Transcription activators and repressors   3.17±0.86
J04115 Transcription factor AP-1; c-Jun Transcription activators and repressors   2.78±0.34
X83974 Transcription termination factor 1 Oncogenes and tumor suppressors   2.35±0.29
M83749 Cyclin D2753 Cyclins   2.58±0.11
X07640 Integrin alpha M Cell-cell adhesion receptors   6.27±0.99
M31131 Cadherin 2; neural-cadherin (NCAD) Cell-cell adhesion receptors   3.14±0.72
M60778 Integrin alpha L Intracellular transducers /modulators   2.74±0.66
L47239 erb-B2 proto-oncogene;neuro/glioblastoma Growth factor & chemokine receptors   4.37±1.01

derived oncogene homolog
M28998 Fibroblast growth factor receptor 1 Growth factor & chemokine receptors   2.04±0.21
AB010833 Patched homolog 2 (PTC2; PTCH2) Intracellular transducers/modulators   5.00±0.38
U43320 Frizzled homolog 7 (FZD7; FZ7) Intracellular transducers/modulators   3.62±1.40
AF080215 Coagulation factor II receptor-like 3 Intracellular transducers/modulators   3.24±0.55
U43205 Frizzled homolog 3 (FZD3; FZ3) Intracellular transducers/modulators   2.94±0.18
X54924 Neurofibromatosis 1 Intracellular transducers/modulators   2.02±0.23
J05154 Lecithin cholesterol acyltransferase Extracellular transport/carrier proteins   2.19±0.72
X15830 Secretory granule neuroendocrine protein 1, 7B2 protein Neuropeptides   6.29±1.66
X02165 Neurofilament, light polypeptide Cytoskeleton/motility proteins   2.58±0.48
L12703 Engrailed homeobox protein 1 Transcription activators and repressors   0.20±0.06
AF005772 Paired-like homeodomain transcription factor 3 Basic transcription factors   0.37±0.14
U43788 POU domain class 2-associating factor 1; Oct-1 Transcription activators and repressors   0.44±0.08
D26046 AT motif binding factor 1 Telomere-associated proteins   0.49±0.17
AF053471 Sodium/potassium-transporting ATPase isoform 2β Membrane channels and transporters   0.23±0.05

polypeptide 2 (Na+/K+-ATPase 2β2 )
M11434 Nerve growth factor α (NGF α) Growth factors, cytokines   0.35±0.11
M14220 Glucose phosphate isomerase 1 Growth factors, cytokines   0.41±0.19
U15159 LIM-domain containing protein kinase 1 Intracellular kinase network members   0.29±0.06
M33960 Serine (or cysteine) proteinase inhibitor, clade E, member 1 Inhibitors of proteases   0.26±0.10
D89076 Transthyretin Extracellular transport/carrier proteins   0.45±0.16
M94335 Akt proto-oncogene; protein kinase B (PKB) Apoptosis associated proteins   0.38±0.04
M29855 Interleukin 3 receptor Interleukin and interferon receptors   0.32±0.14

Figure 2.  RT-PCR analysis of 6 gene expressions of the cerebral cortex of control (Ctr) or Aβ-treated mice (Aβ).  (A) Agarose electrophoresis
of PCR products; (B) Comparison of differential expression of 6 genes obtained from microarray and RT-PCR.  The levels of gene expression
were standardized against that of GAPDH as an internal control.  The positive or negative ratios indicated the increase or decrease of gene
expression in Aβ-treated mice compared with the control.
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Discussion
Ample experimentation indicates that icv injection of Aβ

to rodents can induce learning and memory impairments as
well as neurodegeneration in brain areas related to cognitive
function[3–5].  This model of Aβ exposure is a useful model in
vivo for AD.  In the present study, we used the Morris water
maze test to detect the effect of aggregated Aβ25-35 injection
on the learning and memory of mice.  Our results corre-
sponded to previous reports that Aβ25-35 could significantly
impair the spacial learning ability and memory of mice.

Microarray provides a promising approach to explore
novel molecular and cellular mechanisms that may contrib-
ute to some diseases.  Gene expression changes in the mice
cerebral cortex between icv injection of Aβ25-35 and sterile
normal saline were analyzed by using cDNA microarray.  In
total, 31 genes were differentially expressed, of which 19
genes were increased and 12 were decreased.  This implies
that only a small fraction of the surveyed genes were af-
fected by Aβ25-35, while most stayed at a stable expression
level.  The up-regulation or down-regulation of these genes
may be responsible for Aβ-induced memory impairment in
mice.

 In the present study, we found that several genes en-
coding transcription and chromatin-modifying factors were
differentially expressed after icv administration of Aβ25-35.
For example, TBX1, transcription factor 21, transcription
factor AP-1/c-Jun, and NF-κB showed an increased expres-
sion level, while engrailed homeobox protein 1 and Oct-1
were decreased in expression.  AP-1 complex is composed of
a heterodimer Fos and Jun, the latter is involved in p38/c-Jun
N-terminal MAPK pathway (JNK) and considered as a major
regulator of both neuronal death and regeneration[8,9].  A
number of reports indicate that NF-κB regulates the expres-
sion of various genes that play critical roles in apoptosis,
viral replication, tumorigenesis, various autoimmune

diseases, and inflammation[10, 11].  Studies of postmortem brain
tissue from patients with AD have revealed increased NF-κB
activity in cells involved in the neurodegenerative process.
This is consistent with increased p65 immunoreactivity in
neurons and astrocytes in the immediate vicinity of amyloid
plaques in brain sections from AD patients[12].  It is reported
that Aβ can activate NF-κB in the cultured neurons[13], sug-
gesting a molecular mechanism by which Aβ may act during
AD pathogenesis.  We also noticed that the most dramatic
change in gene expression was for the transcript encoding
for TBX1, a member of the T-box binding gene family[14].
There are at least 21 members of this gene family.  The T-box
region, which mediates DNA binding, is highly conserved
from Drosophila to humans.  Human and mice TBX1 pro-
teins share 98% amino acid identity overall and are identical
except for 2 residues within the T-box domain.  Expression of
human TBX1 in adult and fetal tissues, as determined by North-
ern blot analysis, were similar to that found in the mice[15].
These transcription factors are involved in the regulation of
developmental processes, where they seem to be required
for tissue-specific development.  In particular, the TBX1 gene
is a major genetic determinant in Del22q11.2 syndrome in
human beings, which is characterized by a 3-Mb deletion on
chromosome 22q11.2, cardiac abnormalities, T-cell deficits,
cleft palate facial anomalies, and hypocalcemia[16].  However,
there is little known about specific target genes for TBX1
proteins and the relationship between this gene and AD.
The function of the most up-regulated gene, TBX1, in the
Aβ-injection mice should be further studied.

 Integrin αM and integrin αL, two cell adhesion recep-
tors with an Aβ binding site and involved in the uptake of
Aβ in neurons and glial cells[17], were observed to be up-
regulated in the Aβ-treated mice.  Adhesion proteins usually
transduce the extracellular signal into cells and change the
cell cytoskeleton.  It is very possible that Aβ binds to integrin
proteins and activates the focal adhesion (FA) proteins,
paxillin and focal adhesion kinase (FAK).  In this regard,
fibrillar Aβ could promote dystrophy by aberrantly activat-
ing FA signal transduction cascades that would be involved
in Aβ-induced neuronal dystrophy or cell death[18,19].  More-
over, the binding of Aβ to integrin proteins would induce
sustained activation of MAPK pathways followed by neu-
rite degeneration and hyperphosphorylation of tau proteins[20].
N-cadherin, another cell-adhesion protein, also showed an
increase in expression after Aβ-injection.  It is a cell surface
glycoprotein that mediates calcium-dependent adhesion
between neural cells and affects a wide range of cellular
processes, including cell adhesion, cell morphogenesis and
cell migration.

Figure 3.  The expression of integrin αM and activated c-Jun in the
cerebral cortex of control (Ctr) or Aβ-injected mice (Aβ).  The
experiment shown is a representative of three independent experi-
ments showing similar results.
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 Two protein tyrosine kinases, erb-B2, and FGF recep-
tor 1, were increased in expression after Aβ-injection.  Erb-
B2 is the receptor of neuregulin, and overexpression has
been demonstrated to activate mitogenic signal transduc-
tion and enhance proliferative, prosurvival, and metastatic
signals in cell lines.  The activity of the MAPK pathway is
up-regulated in cells overexpressing erb-B2[21,22].  However,
the understanding of the function of erb-B2 in neural cells is
very limited.  This basic growth factor has pleiotropic effects
and plays a regulatory role in angiogenesis, smooth muscle
cell growth and wound healing through fibroblast growth
factor receptors (FGFR)[23].  FGFR1 activation is followed by
intracellular signaling cascades involving Ca2+ channels,
phospholipase C, src family kinases, mitogen-activated ki-
nases and the Grb2/Sos signaling complex[24,25].  An increase
of FGFR2 in brain neurons and retinal pigment epithelial cells
can lead to the activation of L-type channels of neuroendo-
crine and induce gene expression through the phosphoryla-
tion of CREB (cyclic AMP-responsive element binding
protein)[26].  Whether the up-regulation of neuroendocrine
protein 1 resulted from the increase of FGFR 1 in our study
still needs to be studied further.

 It is well known that Aβ can impair mitochondria energy
metabolism and selectively inhibit Na+/K+-ATPase activity
both in vivo and in vitro.  From our present results, we found
that two Na+/K+-ATPase related genes, AT motif-binding
factor 1 (ATBF1), and Na+/K+-ATPase 2β2, were down-
regulated.  This is consistent with previous studies.  ATBF1
is a large transcription factor protein containing four homeo-
domains and 23 zinc finger motifs.  It also includes several
motifs that were found in ATPases[27].  The ATPase activity
has been reported to be associated with ATBF1 activity in a
unique DNA/RNA-dependent manner that requires both
homeodomain and zinc finger motifs[28].

 Interleukin 3 receptor has been reported to have a neu-
rotrophic effect on central cholinergic neurons[29].  Down-
regulation of this gene may be responsible for cholinergic
dysfunction induced by Aβ.  Another two growth factors,
NGF and glucose phosphate isomerase 1, were also down-
regulated.  A large number of reports have shown that these
neurotrophic factors have beneficial effects on neural cell
survival both in vivo and in vitro.

 The expression of an apoptosis associated protein, Akt,
decreased in the Aβ-injected mice.  This protein can protect
cells from a variety of death-promoting insults in several
different cell types, including Aβ toxicity[30].  Activated Akt
would lead to phosphorylation of the proapoptotic protein
Bad, stimulate Bcl-2 and Bax expression, decrease the inter-
action of Bad with Bcl-xL, increase the Bcl-xL/Bad ratio, even-

tually promoting cell survival[31].
In summary, we observed extensive activation of tran-

scription factors and the signal transduction system, which
may result in neuron apoptosis, energy metabolism and cal-
cium ion homeostasis dysfunction, cell adhesion and neu-
ronal dystrophy.  A number of the candidate genes we de-
scribe have not been linked to AD in previous publications,
and define novel injury pathways warranting further studies.
The genes found from the cDNA microarray provide some
clues for pursuing a more complete understanding of the
molecular mechanism of Aβ-induced neural degeneration and
memory impairment.
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Effects of huperzine A on secretion of nerve growth factor in cultured rat
cortical astrocytes and neurite outgrowth in rat PC12 cells1
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Abstract
Aim: To study the effects of huperzine A (HupA) on neuritogenic activity and the
expression of nerve growth factor (NGF).  Methods: After being treated with 10
µmol/L HupA, neurite outgrowth of PC12 cells was observed and counted under
phase-contrast microscopy.  Mitogenic activity was assayed by [3H]thymidine
incorporation.  Cell cytotoxicity was evaluated by lactate dehydrogenase (LDH)
release.  AChE activity, mRNA and protein expression were measured by the
Ellman’s method, RT-PCR, and Western blot, respectively.  NGF mRNA and pro-
tein levels were determined by RT-PCR and ELISA assays.  Results: Treatment of
PC12 cells with 10 µmol/L HupA for 48 h markedly increased the number of neurite-
bearing cells, but caused no significant alteration in cell viability or other signs of
cytotoxicity.  In addition to inhibiting AChE activity, 10 µmol/L HupA also in-
creased the mRNA and protein levels of this enzyme.  In addition, following 2 h
exposure of the astrocytes to 10 µmol/L HupA, there was a significant up-regula-
tion of mRNA for NGF and P75 low-affinity NGF receptor.  The protein level of
NGF was also increased after 24 h treatment with HupA.  Conclusion: Our find-
ings demonstrate for the first time that HupA has a direct or indirect neurotrophic
activity, which might be beneficial in treatment of neurodegenerative disorders
such as Alzheimer disease.
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Introduction
Nerve growth factor (NGF) is a member of the neurotrophin

family that promotes the survival and outgrowth of central
cholinergic neurons[1].  The decrease in trophic support for
the neurons in the aging brain is associated with neuronal
death and appearance of neurodegenerative disorders such
as Alzheimer disease (AD)[2].  A case study showed that
topical application of NGF into the brain of one AD patient
relieved symptoms of dementia[3].  However, the clinical util-
ity of NGF is limited by an inability to cross the blood-brain
barrier, necessitating invasive neurosurgical procedures for
administration.  In contrast, pharmacological stimulation of
endogenous NGF synthesis or mimicking of NGF activity by
compounds that penetrate membrane barriers may provide
an alternative means to provide equivalent trophic actions
in the central nervous system.

Accumulated data suggest that cholinergic mechanisms
are involved in the regulation of NGF synthesis and release.
It has been suggested that cholinergic activity in basal fore-
brain neurons may stimulate NGF synthesis in appropriate
target areas during early postnatal development[4].  Addi-
tionally, substances that augment cholinergic function, such
as nicotine, muscarinic receptor agonists, and acetylcho-
line-releasing agents, can increase NGF expression and syn-
thesis[5,6].  Although there have been no reports that acetyl-
cholinesterase (AChE) inhibitors elevate NGF production,
some AChE inhibitors are known to exert NGF-like activity
by potentiating the neuritogenic effect of NGF[7] or increas-
ing choline acetyltransferase (ChAT) activity[8].  These ac-
tions appear to be independent of AChE inhibition.  Such
findings led us to suspect that the neurotrophic effects of
huperzine A (HupA), a novel acetylcholinesterase inhibitor
isolated from the Chinese herb Huperzia serrata, involve
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NGF-like activity, directly or indirectly.
HupA has been proved to be one of the most promising

new agents for AD therapy[9].  Our previous studies showed
that, in addition to its potent inhibition of AChE, HupA ex-
hibited neuroprotective effects both in vivo and in vitro[10,11].
For example, just as NGF can ameliorate neuronal degenera-
tion in rat cerebral cortex and hippocampus after ischemic
insult[12], HupA will attenuate ischemic damage from tran-
sient global ischemia in gerbils and hypoxic-ischemia (HI) in
neonatal rats[13,14].  A multicenter, randomized, double-blind,
placebo-controlled clinical trial in China proved that HupA
markedly improved the cognitive function of vascular de-
mentia (VD)[15–17].  In view of these findings it is natural to
ask if HupA might influence intrinsic neurotrophic factors.
The aim of this study was to examine the effects of HupA on
neuritogenesis in rat pheochromocytoma cells and on the
expression and secretion of NGF in primary cultures of rat
cortical astrocytes.

Materials and methods

Materials  HupA, provided by the Department of Phy-
tochemistry at Shanghai Institute of Materia Medica is a
colorless powder with mp  230 °C, and purity >99%.  It was
dissolved and diluted in phosphate-buffered saline (PBS).
RPMI-1640 medium, DMEM/F12 medium, fetal bovine serum,
horse serum, and N-2 supplement were purchased from Gibco
(CA, USA).  Cell cytotoxicity Kit, NGF Emax

® Immunoassay
System, Reverse Transcription System were purchased from
Promega (Madison, WI, USA).  Mouse monoclonal anti-
AChE antibody was purchased from BD Biosciences (CA,
USA).  TRIzol reagent was purchased from Invitrogen (CA,
USA).  ECL kit was purchased from Pierce (Rockford, USA).

PC12 cell culture and neurite outgrowth assay  Un-
differentiated PC12 rat pheochromocytoma cells were
obtained from ATCC.  The cells were maintained in RPMI-
1640 media containing 10% FCS, 5% HS, 100 kU/L penicillin,
and 100 kU/L streptomycin in a humidified atmosphere of
95% air and 5% CO2 at 37 °C.  For each experiment, cells
(3.5×104 cells/well) were seeded into a 12-well collagen-coated
plate and cultured overnight.  Subsequently the cells were
washed once with PBS and transferred to fresh serum-free
DMEM containing an N-2 supplement.  After a 2-h incuba-
tion with serum-free DMEM, NGF or HupA was added to the
cultures, which were incubated for a further 48 h.  Neurite
formation was examined under a phase-contrast microscope,
and processed longer than one cell diameter were scored as
neurites.  The percentage of neurite-bearing cells in relation
to the total number of cells was examined in four fields from

each of the eight culture wells per treatment condition.
Mitogenic activity and cytotoxicity assay  To analyze the

effects of HupA on mitogenic activity, PC12 cells were seeded
into 96-well plate at a density of 1×104 cell/well.  After incu-
bation of the cells with 10 µmol/L HupA for 48 h at 37 °C,
[3H]thymidine (37 000 Bq ) was added to the cultures and
incubation was continued for another 8 h.  The cells were
harvested onto filters using a cell harvester and the retained
radioactivity was determined in a scintillation counter.  HupA
cytotoxicity was evaluated by an assay kit, following the
manufac-ture’s protocol to detect lactate dehydrogenase
(LDH) release.

AChE activity assay  AChE activity was measured by a
standard spectrophotometric method[18].

Western blot analysis  Changes in AChE levels were
assessed by Western blot.  For this purpose, cultured cells
harvested 48 h after treatment with HupA were lysed in 1×SDS
PAGE gel loading buffer [Tris-HCl 50 mmol/L pH 6.8, DTT
100 mmol/L, 2% (w/v) SDS, 10% (w/v) glycerol, 0.1% Bro-
mophenol Blue] and boiled in a water bath for 10 min.  Equal
amounts of protein (40 µg) were loaded in each gel lane and,
after electrophoresis, proteins were transferred to a nitrocel-
lulose membrane.  The membranes were blocked with TBST
containing 5% non-fat milk and then were incubated at 4 °C
overnight with primary antibody (a mouse monoclonal anti-
body raised against human AChE and crossreactive with rat
AChE).  Finally the blots were incubated with HRP-conju-
gated anti-mouse IgG at 37 °C for 2 h and target protein
bands were detected by the ECL method according to the
manufacture’s instruction.

Astrocytes cultures and experimental treatment  For
studies of NGF expression, primary cultures of astrocytes
were prepared from 1-day-old neonatal Sprague-Dawley rats.
Cerebral cortices were stripped of meninges and dissected
in Ca2+-, Mg2+-free D-Hanks’ solution.  Next the samples were
trypsinized and passed through a monofilament mesh (pore
size 80 µm).  Cells were collected by centrifugation and re-
suspended in DMEM/F12 containing 10% FCS, 100 kU/L
penicillin and 100 kU/L streptomycin for culture in a humidi-
fied atmosphere (95% air and 5% CO2) at 37 °C.  Astrocytes
were grown to confluence and oligodendrocyte and micro-
glial cells were removed by shaking and washing with cold
D-Hanks’ solution.  The astrocytes were then trypsinized
and plated onto 24-well plates at a density of 1×104 cell/cm2,
washed with D-Hanks’ solution, and exposed for 24 h to
serum-free medium.  After this incubation, culture medium
was collected and centrifuged to remove cell debris.

NGF content assay  Released NGF was measured in the
supernatant by a two-site enzyme-linked immunosorbent
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assay (ELISA) using the NGF Emax
® Immunoassay system.

RT-PCR analysis  RT-PCR was performed to determine
the expression of mRNA for AChE in PC12 cells and for NGF
and P75NTR in astrocytes.  Total cellular RNA was isolated
using TRIzol reagent following the manufacturer’s proto-
cols and quantified by absorbance at 260 nm.  RNA purity
was determined using the A260/A280 ratio (average ratio >
1.85).  Total RNA of each sample was reverse-transcribed
into cDNA using Reverse Transcription System.  The cDNAs
were amplified with the following specific primers.  AChE: 5'-
TCTTTGCTCAGCGACTTA-3' (upstream), 5'-GTCACAGG-
TCTGAGCATCT-3' (downstream); NGF: 5'-CTTCAGCATT-
CCCTTGACAC-3' (upstream), 5'-AGCCTTCCTGCTGAGCA-
CACA-3' (downstream); P75NTR: 5'-AGCCAACCAGACCG-
TGTGTG-3'  (upstream), 5’-TTGCA GCTGTTCCACCTCTT-
3' (downstream); β-actin: 5'-CCTGCGTCTGGACCTG GCTG-
3' (upstream), 5'-CTCAGGAGGAGCAATGATCT-3' (down-
stream).  Amplifications were performed as follows: AChE:
30 cycles, 94 °C for 45 s, 56 °C for 45 s, 72 °C for 45 s; NGF: 24
cycles, 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 60 s; P75NTR:
25 cycles, 94 °C for 45 s, 55 °C for 30 s, and 72 °C for 90 s; β-
actin: 30 cycles, 94 °C for 45 s, 57 °C for 45 s, and 72 °C for
60 s.  The PCR products were normalized in relation to stan-
dards of β-actin mRNA.

Statistical analysis  Data were expressed as mean±SEM.
Statistical analysis was performed by one-way analysis of
variance (ANOVA) followed by Duncan’s multiple-range test,
with P<0.05 as the significant level.

Results
Mitogenic activity and cytotoxicity of HupA on PC12 cells

There was no effect on cell proliferation during a 48-h expo-
sure of PC12 cells to HupA 10 µmol/L.  Likewise, measures of
LDH release showed that HupA 10 µmol/L did not induce
any cytotoxic effects (Figure 1).

Effects of HupA on neurite outgrowth  Most PC12 cells
displayed a flat, polygonal, undifferentiated morphology
after incubation under control conditions for 48 h, and only
5.5% of them exhibited neurites.  However, after incubation
with HupA 10 µmol/L for 48 h more cells differentiated and
nearly twice as many (10.4%) were found to bear neuritis.
Moreover, 14.2% of PC12 cells exhibited neuritis after incu-
bation with 2 µg/L NGF (Figure 2).

Effects of HupA on activity, expression, and protein lev-
els of AChE  In PC12 cells the activity of AChE was inhibited
substantially by HupA treatment.  The expression of AChE
was also affected.  AChE mRNA was increased at 6 h and
10 h.  Consistent with the late rise in mRNA, AChE protein
levels rose after a 48-h incubation with HupA (Figure 3).

Effects of HupA on the expression and secretion of NGF
Effects of HupA on NGF and P75NTR mRNA were determined
by RT-PCR in primary rat cortical astrocytes, a cell type known
to express the corresponding proteins.  Figure 4A represents
an example of RT-PCR products visualized after electrophore-
sis in 1.5% agarose gel containing ethidium bromide.  The
results suggested that NGF mRNA transcripts were slightly
upregulated at 2, 4, and 6 h, while the levels of mRNA for
P75NTR appeared greatly increased.  Moreover, an ELISA for
NGF protein showed a large and statistically significant in-
crease in cultures incubated with HupA 10 µmol/L for 24 h
when compared to controls incubated for the same length of
time in normal medium (Figure 4B).

Discussion
PC12 cells cannot secret NGF, but they have NGF recep-

tors and can respond to NGF.  In the presence of NGF, PC12
cells cease cell division,  differentiate into sympathetic neu-
ron-like cells, and extend neuritis.  So it is a putative model to

Figure 1.  Effects of huperzine A on PC12 cell proliferation and
viability.  (A) Proliferation was measured by [3H]thymidine
incorporation.  The [3H]thymidine incorporation of control cells
was 62690±1242 cpm per 1×104 cells.  n=33.  (B) Cytotoxicity was
assessed by the release of LDH.  The average absorbance of control
cell supernatant was 0.214±0.009; of total control cell lysate was
2.68±0.11.  n=18.  Mean±SEM.
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determine the neuritogenic activity[19].  Different from PC12
cells, astrocytes can secret NGF.  In the injured brain, for
example, astrocytes play an important role in neurotrophic
support[20].  So the two different cells were used to determine
the direct or indirect neurotrophic activity of HupA.  In the
present study, HupA was demonstrated to increase neurite
outgrowth from undifferentiated PC12 cells and to enhance
the expression and secretion of NGF in primary astrocytes.
These findings indicate that HupA is not only an effective
AChE inhibitor, but it also possesses NGF-inducing activity
and an ability to induce certain NGF-like effects.  The ques-
tion arises whether these effects are closely linked, and what

kind of relation they have to AChE.  It has been reported that
AChE plays an important role in neuronal proliferation and
differentiation during early development of the central and
peripheral nervous system.  Neural AChE typically appears
while axons are growing and before synaptic connections
form[21].  Accumulating evidence indicates that AChE may
influence neurite outgrowth through a non-catalytic mecha-
nism such as cell-cell or cell-substratum adhesion[22].  It has
been observed that the trophic activity of AChE is blocked
by inhibitors that interact with the peripheral anionic site
(PAS) but not by inhibitors that interact only with the active
site, deep within the catalytic gorge[23,24].  Such findings sug-

Figure 2.  Effects of huperzine A on neurite outgrowth in PC12 cells.
Top panels, representative phase contrast micrographs (×200).  PC12
cells were incubated for 48 h under control conditions (A), with 1
µmol/L HupA (B), with 10 µmol/L HupA (C), and with 2 µg/L NGF
(D).  Bottom panels, quantitative effects of HupA on neurite out-
growth.  Three independent experiments were carried out.  n=8 for
each independent experiment.  Mean±SEM.  cP<0.01 vs control.

Figure 3.  Effects of huperzine A on AChE mRNA expression and
immunoreactive protein levels and inhibition of AChE activity.  (A)
Representative RT-PCR pattern.  Lane 1, control; lanes 2–5: 10
µmol/L HupA incubated for 2, 4, 6 and 10 h, respectively.  (B)
Representative Western blot pattern.  Lane 1: control; lane 2: treated
with 10 µmol/L HupA for 48 h.  (C) Inhibition of AChE activity in
PC12 cells after treatment with 10 µmol/L huperzine A for 48 h.
AChE activity of control was (1.80±0.15) OD440 values per mg protein.
n=6.  Mean±SEM.  Note that the true level of inhibition during
incubation is probably underestimated, owing to the reversible nature
of HupA interaction with AChE.  cP<0.01 vs control.
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gest strongly that surface features of AChE rather than cata-
lytic activity are responsible for its trophic effect.  Hence, it
is not contradictory to find that HupA affected neurite out-
growth in a positive rather than negative manner despite
causing marked AChE inhibition.  In fact, the differentiation-
promoting effect of HupA may well reflect increased amounts
of AChE protein.  In other cell lines and to some extent in
vivo, increased neurite outgrowth has been seen to parallel
the level of AChE expression[25–27].  Conversely, decreasing
expression of AChE expression, using antisense techniques,
reduced outgrowth[28].  Our present results showed that AChE
mRNA expression and protein levels were significantly up-
regulated after treatment with HupA.  This finding is consis-
tent with other reports of increased AChE gene expression
after exposure to AChE inhibitors[29,30].  It remains to be de-
termined whether feedback regulation of AChE synthesis is
involved in these changes.

Previous observations suggest that NGF regulates the
phenotype and survival of basal forebrain cholinergic neu-
rons[31] and protects hippocampal and cortical neurons
against excitotoxic and ischemic damage[32].  Neurons sur-
viving from transient ischemia highly expressed P75NTR, sug-
gesting that this low affinity neurotrophin receptor could
contribute to the cytoprotective effect of NGF[33].  Our re-
sults showed that HupA enhanced the expression and se-
cretion of NGF as well as increasing P75NTR mRNA level in
astrocytes.  We conclude that these two responses may be
key to the neuroprotective effects that have been observed
in vitro and in vivo after treatment with HupA.

The exact mechanism by which HupA increases NGF se-
cretion remains to be determined.  There is evidence that
cholinergic and adrenergic mechanisms as well as PKC acti-
vation all affect NGF gene expression in astrocytes.  Our
previous studies have demonstrated that HupA has enhanc-
ing effects on PKC[34], and on cholinergic and adrenergic
systems[35].  Such effects may participate in the modulation
of NGF synthesis.  This provides another possible mecha-
nism for HupA to promote survival of damaged neurons,
which may interact synergistically with other pathways to
exert the neuroprotective effect of this drug.

In the present study, HupA induced the NGF synthesis
of cultured astrocytes and enhanced the neurite outgrowth
of undifferentiated PC12 cells in vitro.  These effects pro-
vide the possibility that HupA increase NGF-induced en-
hancement of neurons survival and their function improve-
ment that was helpful in the rescue of injured neurons.

In summary, our study has demonstrated for the first
time that HupA induces neurite outgrowth in PC12 cells and
stimulates expression of NGF, P75 mRNA, and secretion of
NGF in cultured rat cortical astrocytes.  These effects might
be helpful to restore and maintain neural cells in neuro-
degenerative disease.
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hyperphosphorylation of cytoskeletal proteins in N2a cell1

Hai-hong WANG, Ai-hong ZHANG, Ling-qiang ZHU, Qun WANG, Jian-zhi WANG2

Department of Pathophysiology, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430030, China

Abstract
Aim: To investigate the effect of dishevelled-1 (DVL-1) on wortmannin-induced
Alzheimer-like hyperphosphorylation of cytoskeletal proteins in mouse neuro-
blastoma 2a (N2a) cells.  Methods: Cultured N2a cells were transitorily transfected
with DVL-1 expression plasmid using LipofectamineTM 2000.  Western blot and
immunofluorescence microscopy were used to measure the phosphorylation of
neurofilament and tau.  Results: Level of phosphorylated neurofilament at SMI31
epitope and phosphorylated tau determined by PHF-1 was increased at 1 h and 3 h
and back to normal at 6 h after wortmannin 1 µmol/L treatment.  The highest level
of phosphorylated neurofilament and phosphorylated tau was seen at 1 h and 3 h
after wortmannin treatment, respectively.  When DVL-1 protein was overexpressed,
the hyperphosphorylation of neurofilament at SMI31 and SMI32 epitopes and tau
at PHF-1 (Ser-396/404), M4 (Thr-231/Ser-235), and Tau-1 (Ser-198/199/202) epitopes
was attenuated.  Conclusion: Overexpression of mouse DVL-1 protein inhibits
wortmannin-induced hyperphosphorylation of neurofilament and tau in N2a cells.
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Introduction
Abnormally phosphorylated microtubule-associated pro-

tein tau is the major protein subunit of paired helical fila-
ments (PHF) in the brain of Alzheimer disease (AD) patients,
and accumulation of PHF in affected neurons leads to forma-
tion of neurofibrillary tangles (NFT)[1].  In addition, neuro-
filament, another neurospecific intermediate filament, is also
hyperphosphorylated and accumulated in AD brain[2,3].  Al-
though the precise mechanism for cytoskeleton hyper-phos-
phorylation is not currently understood, it is widely recog-
nized that an imbalanced regulation in phosphorylation
(catalyzed by protein kinases) and dephosphorylation
(catalyzed by protein phosphatases) system may play an
important role in this pathological process.

Studies have shown that various protein kinases, such
as mitogen-activated protein kinases (MAPK), protein ki-
nase A (PKA), cyclin-dependent kinase (CDK), and glyco-
gen synthase kinase-3 (GSK-3), phosphorylate tau at sev-
eral sites found in AD brain.  Among them, GSK-3 is one of
the most implicated[4].  Recent studies have shown that tau

becomes a more favorable substrate for GSK-3 when it is
prephosphorylated in rat brain[5].  GSK-3 is co-localized with
hyperphosphorylated tau in degenerating neurons in AD
brain[6].  It also phosphorylates neurofilament proteins[7,8].
GSK-3 is a downstream element of phosphatidylinositol-3
kinase (PI-3K), and it is inhibited by protein kinase B (PKB)-
catalyzed phosphorylation at Ser-9 of GSK-3β and Ser-21 of
GSK-3α.  PKB in activity is stimulated by PI-3K-mediated
phosphorylation[9].  As there is no direct GSK-3 activator
available now, wortmannin is generally used to activate GSK-3
indirectly through inhibiting PI-3K[10] and overactivated GSK-
3 phosphorylates tau in rat brain[11,12].  Based on the above
information, we used wortmannin to produce a cell model
with hyperphosphorylation of cytoskeletal proteins in the
present study.

To search for the strategies in arresting Alzheimer-like
hyperphosphorylation of cytoskeletal proteins, we used
overexpression of dishevelled (DVL) protein.  DVL is a cyto-
plasmic protein involved in the wingless signaling (Wnt)
pathways[13].  Studies have shown that Wnt signaling path-
ways play important roles in AD.  Overexpression of DVL-1
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protein inhibits GSK-3β-mediated phosphorylation of tau in
transfected CHO cells[14] and increases secreted amyloid pre-
cursor protein α (sAPPα) production in transfected HEK293
cells[15].  There is no report about the role of DVL-1 on neuro-
filament phosphorylation, and the role of DVL-1 on tau phos-
phorylation in neuronal cells is also not known.

In the present study, we used wortmannin to produce
hyperphosphorylation of neurofilament and tau in N2a cells
and then determined the effect of mouse DVL-1 protein
overexpression on neurofilament and tau hyperphosphoryla-
tion.

Materials and methods
Chemicals  Polyclonal antibody 111e against total tau,

monoclonal antibody PHF-1 against PHF-tau phosphory-
lated at Ser396/404, monoclonal antibody M4 against PHF-
tau phosphorylated at Thr231/Ser235, and monoclonal anti-
body Tau-1 against PHF-tau unphosphorylated at Ser198/
199/202 were gifts from Dr Grundke-Iqbal (New York State
Institute for Basic Research, Staten Island, NY, USA), Dr
Davies (Albert Einstein College of Medicine, Bronx, NY,
USA), and Dr Binder (Northwestern University, Chicago, IL,
USA).  Monoclonal antibodies SMI31 against phosphory-
lated neurofilament and SMI32 against unphosphorylated
neurofilament were purchased from Sternberger Mono-
clonals, Inc  (Baltimore, MD, USA).  Oregon Green 488-con-
jugated goat anti-mouse IgG (H+L) was from Molecular
Probes (Eugene, OR, USA).  Mouse monoclonal antibody c-
Myc Ab-2 and wortmannin were purchased from Sigma
Chemical Co (St Louis, MO, USA).  Bicinchoninic acid (BCA)
protein detection kit was obtained from Pierce Chemical Com-
pany (Rockford, IL, USA).

Cell culture, plasmid and transfection  Mouse neuro-
blastoma 2a (N2a) cells were obtained from Dr  Hua-xi XU
(Rockefeller University, NY, USA).  The cells were cultured
in a medium containing 50% Dulbecco’s modified Eagle’s
medium (DMEM) and 50% Opti-MEM, supplemented with
5% fetal bovine serum (Gibico BRL, Gaithersburg, USA) in
5% CO2 at 37 °C.

Mouse DVL-1 subcloned into the ClaI site of pCS2+ in
frame with 6-Myc epitope at the C termini was a gift from Dr
Lin MEI (University of Alabama at Birmingham, USA).  The
plasmid and the vector as a control were prepared using a
maxi-prep endotoxin-free kit (Qiagen, Crawley, West Sussex,
UK) and transfected into N2a cells using LipofectamineTM

2000 (Invitrogen, Carlsbad, California, USA) in a 6-well format.
The amounts and volumes were given on a per well basis.
One day before transfection, about (2–8)×105 cells were
plated in 2 mL of growth medium without antibiotics and the

confluence of the cells was about 90%–95% at the time of
transfection.  For each transfection, 4.0 µg DNA in 250 µL of
Opti-MEM medium and 10 µL LipofectamineTM 2000 in 250
µL of Opti-MEM medium were prepared and incubated for 5
min at room temperature.  Then, the diluted DNA and the
diluted LipofectamineTM 2000 were mixed gently and incu-
bated for another 20 min at room temperature.  The mixture
was then added to each well and incubated with the cells at
37 °C in a CO2 incubator for 48 h prior to determination of the
expression of transfected genes.  Then the cells were treated
with wortmannin 1 µmol/L[16] and harvested at 0, 1, 3, or 6 h
after the treatment.

Western blot  Cultures were homogenized in the buffer
containing 50 mmol/L Tris-HCl (pH 8.0), 150 mmol/L sodium
chloride, 1% NP-40, 0.5% sodium deoxychlolate, 0.1%
sodium dodecyl sulfate, 0.02% sodium azide, 0.1 g/L phenyl-
methysulfonyl fluoride, and 1 mg/L aprotinin.  Protein con-
centration was determined with BCA Protein Assay Reagent.
A middle-molecule weight protein marker was used (Pierce,
USA).  Equal amounts of protein were separated on either
7.5% or 10% SDS-polyacrylamide gel and transferred onto
nitrocellulose membranes (Amersham Pharmacia Biotech,
USA).  The membranes were blocked with 3% BSA in TBS at
room temperature for 1 h, then incubated with primary anti-
bodies and secondary antibodies, and finally developed
using the Enhanced Chemiluminescence (ECL) detection
system (Amersham Pharmacia Biotech, USA).

Immunofluorescence microscopy  Culture medium was
carefully removed.  After two rinses in PBS, the cells were
fixed in a freshly prepared solution of 4% paraformaldehyde
for 1.5 h.  After two more rinses in PBS, the cells were perme-
abilized in 1% Triton X-100 in PBS for 15 min.  Then the cells
were incubated in 3% BSA in PBS for 1 h and incubated with
primary antibody at 4 °C overnight.  After three rinses with
PBS, cells were incubated in Oregon Green 488-conjugated
secondary antibody (1:1000; Molecular Probes) for 1 h at
room temperature.  After three more rinses in PBS, fluores-
cence was observed using a fluorescence microscope (BX60;
Olympus, Tokyo, Japan) with appropriate filter sets.

Statistical analysis  All data were presented as mean±SD
and analyzed by ANOVA followed by Student-Newman-Keuls
test to determine the differences among groups.

Results
Wortmannin induces transient hyperphosphorylation of

neurofilament and tau in N2a cells  Phosphorylation of
neurofilament and tau in N2a cells were measured by West-
ern blot.  The level of phosphorylated neurofilament deter-
mined by SMI31 antibody was increased at 1 h and at 3 h,
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and it was restored to normal level at 6 h (Figure 1A); phos-
phorylation of tau recognized by PHF-1 antibody was el-
evated at 1 h, peaked at 3 h, and then back to the normal level
at 6 h (Figure 1B) after treatment of the cells with wortmannin
(1 µmol/L).  The highest level of neurofilament and tau phos-
phorylation was seen at 1 h and 3 h, respectively (Figure 1).
These data demonstrate that wortmannin can induce
hyperphosphorylation of neurofilament and tau in N2a cells.

Overexpression of mouse DVL-1 protein inhibits
wortmannin-induced neurofilament and tau hyperphos-
phorylation in N2a cells  As wortmannin induces neurofila-
ment and tau hyperphosphorylation most efficiently at 1 h
and 3 h, respectively, in N2a cells, we investigated the effect
of mouse DVL-1 protein overexpression on neurofilament
and tau hyperphosphorylation at these two time points.  The

enhanced SMI31 (recognizes phosphorylated epitope) and
the dimmed SMI32 (recognizes unphosphorylated epitope)
immunoreactivity induced by wortmannin were efficiently
attenuated when DVL-1 protein was overexpressed (Figure
2A, 2B), suggesting the role of DVL-1 in arresting wort-
mannin-induced neurofilament hyperphosphorylation.  DVL-1
overexpression also efficiently arrested wortmannin-
induced tau hyperphosphorylation at PHF-1 (recognizes
phosphorylated epitope, Figure 2C), M4 (recognizes phos-
phorylated epitope, Figure 2D), and Tau-1 (recognizes
unphos-phorylated epitope, Figure 2E) sites.  Neither wort-
mannin alone nor wortmannin in combination with DVL-1 or
with vector changed the level of total tau determined by
111e antibody (Figure 2F).  The overexpression of DVL-1
protein was confirmed with anti-c-Myc tag antibody (Figure
2G).  Inhibition of wortmannin-induced tau hyperphospho-
rylation at both PHF-1 and Tau-1 sites was also observed by
immunofluoresce staining of the cells (Figure 3).  We also
noticed that the immunostaining pattern of Tau-1 antibody
was different from that of PHF-1 and 111e and the distribu-
tion of Tau-1 staining was more concentrated into the cell
membrane, especially in the cells transfected with DVL-1 and
treated with wortmannin (Figure 3).

Discussion

Abnormal hyperphosphorylation and accumulation of
tau protein in the affected neurons are recognized early patho-
logical processes in AD brain.  Several protein kinases are
reported to hyperphosphorylate tau at some of the AD
epitopes and GSK-3 is one of them[4].  In addition, GSK-3
also phosphorylates neurofilament in vitro[7] and in trans-
fected cells[8].  As there is no direct activator for GSK-3,
wortmannin, a specific inhibitor of PI3K[10], has been used to
stimulate GSK-3 indirectly to phosphorylate tau in vivo[11,12].
In the present study, we used wortmannin to treat N2a cells
and observed that wortmannin induced neurofilament and
tau hyperphosphorylation, thus a cell model with Alzheimer-
like hyperphosphorylation was established.  We also no-
ticed that the number of positive staining bands for tau and
neurofilament was different when different antibodies were
used.  It is known that tau has at least six isoforms by alter-
native splicing[17].  The number of isoforms of tau and
neurofilament shown on the blots depends on the species of
the samples, the exposure of epitopes, and the degree of
posttranslational modifications, such as phosphorylation.

Though hyperphosphorylation of cytoskeletal proteins
plays a critical role in AD pathogenesis, there is no effective
tool to arrest the pathological processes.  In the present

Figure 1.  Wortmannin induced transient hyperphosphorylation of
neurofilament (A) and tau (B) in N2a cells.  N2a cells were cultured in
the presence of 1 µmol/L wortmannin, harvested at different time
points as indicated, and the supernatant was analyzed by Western
blotting for neurofilament and tau phosphorylation.  The intensity
of immunoreactivity was quantitated by densitometry and presented
under each blot.  The highest phosphorylation of neurofilament and
tau was detected at 1 h and 3 h, respectively.  The data (mean±SD)
were from three to five independent experiments.  bP<0.05; cP<0.01
vs 0 h control group.
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study, we observed that mouse DVL-1 protein overexpres-
sion efficiently inhibited wortmannin-induced hyperphos-
phorylation of neurofilament at SMI31 and SMI32 epitopes

and tau at PHF-1 (Ser-396/404), M4 (Thr-231/Ser-235) and
Tau-1 (Ser-198/199/202) epitopes in N2a cells.  As wortmannin
is an indirect activator of GSK-3, we speculate that DVL-1

Figure 2.  Overexpression of mouse DVL-1 protein inhibited neurofilament and tau hyperphosphorylation induced by wortmannin in N2a
cells.  DVL-1 protein overexpression attenuated neurofilament hyperphosphorylation examined at 1 h by SMI31 (A) and SMI32 (B).
Similarly, DVL-1 protein overexpression efficiently arrested wortmannin-induced tau hyperphosphorylation examined at 3 h at PHF-1 (C),
M4 (D) and tau-1 (E) sites.  The phosphorylation level of tau was normalized by total tau (F).  The expression of DVL-1 protein was
determined with anti-c-Myc tag antibody (G).  The intensity of immunoreactivity was quantitated by densitometry and presented under each
blot.  The data (mean±SD) were from three to five independent experiments.  bP<0.05, cP<0.01 vs untreated group. eP<0.05, fP<0.01 vs
wortmannin treated group.
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may function through arresting the activity of GSK-3.  DVL-1
is a component of the wingless pathway (Wnt signaling)
and activation of wingless results in inhibition of GSK-3[18]

and tau dephosphorylation in hippocampal neurons[19].  In
Drosophila imaginal disc cells, overexpression of DVL-1 mim-
ics the wingless signal[20].  These data suggest that loss of
function of Wnt signaling may be involved in the pathologi-
cal process of AD and that inhibition of GSK-3 activity by
overexpression of DVL-1 may be useful in antagonizing
Alzheimer-like hyperphosphorylation of cytoskeletal
proteins.  It was also reported that inactivation of GSK-3
induced by wingless may involve activation of PKC[18].  The
precise mechanism through which DVL-1 functions is com-
plex and further study is needed to illustrate the underlying
mechanisms.  Additionally, we also noticed that Tau-1 stain-
ing was more concentrated into the cell membrane after DVL-1
transfection and wortmannin treatment in immunocytochem-
istry study.  We currently do not understand the meaning
and the mechanism for this translocation of tau.

Taken together, we have found that overexpression of
DVL-1 protein effectively attenuates wortmannin-induced
neurofilament and tau hyperphosphorylation in N2a cells.
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Abstract
Aim: To determine the distribution of cysteinyl leukotriene receptor 2 (CysLT2),
one of the cysteinyl leukotriene receptors, in human brains with traumatic injury
and tumors.  Methods: Brain specimens were obtained from patients who under-
went brain surgery.  CysLT2 in brain tissues was examined using immunohis-
tochemical analysis.  Results: CysLT2 was expressed in the smooth muscle cells
(not in the endothelial cells) of arteries and veins.  CysLT2 was also expressed in
the granulocytes in both vessels and in the brain parenchyma.  In addition, CysLT2

was detected in neuron- and glial-appearing cells in either the late stages of trau-
matic injury or in the area surrounding the tumors.  Microvessels regenerated 8 d
after trauma and CysLT2 expression was recorded in their endothelial cells.
Conclusion: CysLT2 is distributed in vascular smooth muscle cells and
granulocytes, and brain trauma and tumor can induce its expression in vascular
endothelial cells and in a number of other cells.
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Introduction
Cysteinyl leukotrienes (CysLTs), including LTC4, LTD4

and LTE4, are potent inflammatory mediators.  In peripheral
inflammatory diseases such as asthma and rhinitis, CysLTs
can induce smooth muscle constriction, microvascular
leakage, eosinophilic recruitment and other responses[1–3].
In the central nervous system (CNS), the level of CysLTs
increases after brain injuries such as cerebral ischemia, brain
trauma and tumors[4–6].  The increase in CysLTs after trau-
matic brain injury peaks at 4 h and again at 7 d, and is related
to edema and cellular inflammatory responses in the rat brain[5].
In addition, the increase in CysLTs in metastatic tumors and
gliomas is considered to be a factor promoting peritumoural
edema[4,7].

The cloned CysLT receptors include CysLT1 and CysLT2,
both of which are classic G protein-coupled receptors with
seven transmembrane domains[8,9].  Human CysLT2 is highly
expressed in the spleen, placenta, heart, and peripheral blood

leukocytes, and weakly expressed in the brain, prostate, skel-
etal muscle, kidney and ovary[8–10].  Using a ribonuclease
protection assay, the highest expression of murine CysLT2

was detected in the spleen, adrenal gland and thymus, and
weaker expression was recorded in the kidney, brain and
peripheral blood leukocytes[11].  In human and murine brains
CysLT2 is expressed much more than CysLT1 using Northern
blot and RT-PCR[11,12].  However, the distribution of CysLT2

in the brains of animals including humans is still unknown.
Recently, we examined CysLT1 expression in human brain

specimens from patients with traumatic brain injury and brain
tumors[13].  We found that CysLT1 is mainly distributed in the
vascular endothelium, which is consistent with the inhibit-
ing effects of CysLT1 antagonists on plasma extravasation
and brain edema in the brains of focal cerebral ischemic rats[14].
In the present study, we examined the distribution of CysLT2

in human brains after traumatic injury and in brains with
tumors.
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Materials and methods
Human brain specimens  This study was approved by

the ethics committee of the Second Affiliated Hospital, School
of Medicine, Zhejiang University, Hangzhou, China.  Brain
specimens were obtained from 24 patients who underwent
brain surgery because of traumatic brain injury, brain tumors,
or benign meningioma (Table 1).  The diagnosis of each pa-
tient with brain tumor was based on criteria pertaining to the
clinical MRI picture, appropriate laboratory data and biopsy
findings.  Astrocytomas and gangliogliomas were classified
as low (grades I–II) or high (grades III–IV) grade according
to the Daumas-Duport criteria.

Immunohistochemistry  Brain tissues were fixed in 4%
formaldehyde for 24–48 h, and then embedded in paraffin.  A
6 µm thick paraffin section was stained with hematoxylin and
eosin (HE).  Another section was incubated with a primary
polyclonal antibody against CysLT2 for 1 d at 4 °C (5 mg/L,
rabbit IgG, Cayman, USA).  This section was sequentially
treated with anti-rabbit IgG biotinylated secondary antibody
and avidin biotin complex (Zymed, USA).  Finally, the sec-
tion was visualized with 0.01% diaminobenzidine tetrahydro-
chloride (DAB) and 0.005% H2O2 in 50 mmol/L Tris-HCl, pH
7.6.  Control sections were treated with normal goat serum
instead of the primary antibody to test the specificity of the
immunohistochemical reaction.  Nuclei of cells were counter
stained using hematoxylin.

Results
The control sections treated with normal goat serum

showed no positive immunostaining (data not shown).
CysLT2 was highly expressed in the smooth muscle cells of

both arteries and veins, but not in the endothelial cells (Figure
1A,1B).  Brain tissues surrounding benign meningioma
appeared relatively normal using MRI and HE staining (data
not shown).  In such relatively normal brain tissues, CysLT2

was not detected in microvascular endothelial cells or in other
cells (Figure 1C, Table 1).

CysLT2 expression in human brains after traumatic in-
jury  Within 3 d after traumatic brain injury, mild expression
of CysLT2 was frequently detected in the neuron- and glial-
appearing cells in a number of human brain specimens (Figure
2A, Table 1), but rarely in the microvascular endothelial cells
(Figure 2B, Table 1).  However, 8 d after trauma, microvascu-
lar regeneration was observed and CysLT2 was highly ex-
pressed in the regenerated microvascular endothelial cells
and glial-appearing cells (Figure 2C, Table 1), but no CysLT2

positive cell was found in the necrotic regions (Figure 2D).
In addition, in one patient, MPO-positive granulocytes were
found within vessels and in the brain parenchyma (data not
shown), and CysLT2 was highly expressed in the granulo-
cytes both within vessels (Figure 2E) and in the brain paren-
chyma (Figure 2F).

CysLT2 expression in human brain tumors  In brain
tumors, no CysLT2 was detected in the center of glioma,
ganglioglioma and metastatic carcinomas (Figure 3A,3B,
Table 1), but strong CysLT2 immunostaining was found in
neuron- and glial-apprearing cells surrounding tumors (Figure
3C, Table 1).

Discussion

In this study, the first finding is the specific distribution
pattern of CysLT2 in brain vessels.  CysLT2 was highly ex-

Figure 1.  CysLT2 expression in the vessels of the human brain.  Brain samples were obtained from two patients with astrocytoma (Patient
numbers 21 and 22 from Table 1 in A and B, respectively) and one patient with benign meningioma (Patient number 1 from Table 1 in C).
CysLT2 expression was detected using immunohistochemistry.  CysLT2 immunoreactivity (brown) was found in the smooth muscle cells of
veins (A) and arteries (B), but not in endothelial cells (red arrows), microvascular endothelial cells (C, red arrows) or other cells within the brain
tissues.  The inserts are amplifications from the black boxes in A and B.  Scale bar is 50 µm.
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pressed in the smooth muscle cells of arteries and veins, but
rarely in vascular and microvascular endothelial cells in rela-
tively normal brain tissues or in tissues within 3 d of brain
trauma.  This pattern is different from that of CysLT1, which
is primarily expressed in endothelial cells as found in our
previous study[13].  However, strong expression of CysLT2

was found in the regenerated microvascular endothelial cells
8 d after trauma, suggesting an inducible CysLT2 expression.
This result is similar to that of the human heart, in which
CysLT2 mRNA has been detected in myocytes, fibroblasts
and vascular smooth muscle cells, but not in endothelial
cells[15].  Moreover, CysLT2 has been reported to be expressed
primarily in human umbilical vein endothelial cells (HUVECs)[16],

and may play a role in inflammation during atherogenesis or
leukocyte infiltration into tissues[17].  A recent study using
CysLT2-deficient mice confirmed that CysLT2 mediates an
increase in vascular permeability in IgE-dependent passive
cutaneous anaphylaxis[18].  Our present results showed that
unlike peripheral tissues (HUVECs), CysLT2 was only ex-
pressed in the endothelial cells of injured brain tissues after
a longer duration.  This result implies that CysLT2 might be
involved in inflammatory responses in the CNS.

The second finding of this study is the inducible CysLT2

expression in neuron- and glial-appearing cells after brain
trauma and in brain tumors.  We have recently reported in-
ducible CysLT1 expression in neuron- and glial-appearing

Table 1.   Patient profiles and the immunohistochemical results for CysLT2.  NA, not applicable; -, absent; ±, weak or few; +, mild; ++, marked;
?, not detected; L, left; R, right; T, temporal lobe; F, frontal lobe; P, parietal lobe.  Samples were from the tissues surrounding (*) and within
(**) the injured regions or the tumors; NAC, neuron-appearing cells; GAC, glial-appearing cells; VEC, microvascular endothelial cells.

                                 Patient       Age/sex      Duration         Side/         Grade                Adjacent to lesions*       Center of lesions**
                                 number         from onset       lobes                           NAC        GAC          VEC    NAC       GAC      VEC

Control samples
Beside benign 1 51/F NA L/T NA - - - NA NA NA
  meningioma

Traumatic brain 2 55/M 6 h R/T NA NA NA NA - - -
  injury 3 15/F 9h L/T NA NA NA NA - - -

3 51/M 9 h L/T NA NA NA NA ± ± -
4 26/F 9h R/F NA NA NA NA - - -
5 30/M 14 h R/P NA NA NA NA ± ± -
6 52/M 15 h R/T NA NA NA NA - - ±
7 49/M 20 h R/L/F NA NA NA NA - - -
8 52/M 24 h R/L/F NA NA NA NA - - ±
9 21/M 24 h R/L/F NA NA NA NA ± ± -
10 41/M 24 h R/F NA NA NA NA - - -
11 51/M 24 h R/F NA NA NA NA - - -
12 57/F 30 h L/F NA NA NA NA ± ± -
13 71/M 2.5 d R/T NA NA NA NA ± ± -
14 21/F 3 d L/T NA NA NA NA ± ± -
15 39/M 8 d R/T NA NA NA NA ? ++ ++

Astrocytoma 16 42/F NA L/P II ++ ++ ? ? - -
17 38/F NA R/T III ++ ++ ? ? - -
18 82/M NA L/T III ++ ++ ? ? - -
19 64/M NA L/P II ++ ++ ? ? - -
20 29/F NA L/F II ++ ++ ? ? - -
21 38/M 5 y L/T II ++ ++ ? ? - -
22 71/M 2 y L/T II ++ ++ ? ? - -

Ganglioglioma 23 52/M NA L/T II ++ ++ ? ? - -

Metastatic 24 55/M NA L/T NA ++ ++ ? - - -
  carcinoma
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cells after traumatic brain injury and brain tumors[13].  Unlike
CysLT1, the inducible CysLT2 expression in these cells was
much reduced within 3 d after trauma, but was strong 8 d
after trauma and surrounding the tumors.  The pathophysi-
ological implications of CysLT2 in the brain are unknown,

Figure 3.  CysLT2 expression in human brains with tumors.  Samples were obtained from patients with astrocytoma (A, C; patient number 19)
or metastatic carcinoma (B; patient number 24).  CysLT2 was not found within astrocytomas (A) or metastatic carcinomas (B), but was highly
expressed in neuron- and glial-appearing cells surrounding the astrocytoma (C).  Scale bar is 50 µm.

Figure 2.  CysLT2 expression in human brains after traumatic brain injury.  Brain samples were from patients 14 h (A; patient number 5), 15
h (B, E, F; patient number 6), or 8 d (C, D; patient number 15) after traumatic brain injury.  At 14 or 15 h after injury, mild expression of
CysLT2 were found in neuron- and glial-appearing cells (A), and in microvascular endothelial cells (B).  At 8 d after injury, microvessels had
regenerated, and CysLT2 was highly expressed in the microvascular endothelial cells, glial-appearing cells and granulocytes (C), but not in the
necrotic region (D). CysLT2 was also highly expressed in granulocytes both within vessels (E) and within brain tissues (F). The inserts are
amplifications from the black boxes in E and F.  Scale bar is 50 µm.

but CysLT2 may be involved in intracerebral cell prolifera-
tion because CysLTs can promote astrocyte and intestinal
epithelial cell proliferation[19,20].  Recently it has been reported
that bleomycin-induced pulmonary fibrosis is increased in
CysLT1-deficient mice, but decreased in CysLT2-deficient-
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mice [18,21].  Therefore, the inducible CysLT2 expression 8 d
after trauma might be responsible for cell regeneration and/
or proliferation.

In addition, CysLT2 was highly expressed in the granulo-
cytes in both vessels and brain tissues.  This result is con-
sistent with previous reports that show that CysLT2 is ex-
pressed in peripheral blood leukocytes[10] and is responsible
for chemotaxis[22].  However, according to the results of
guinea pig brain perfusion with human neurtrophils, Di
Gennaro et al[23] hypothesized that CysLT1 in leukocytes
and CysLT2 in endothelial cells might be involved in the
adherence and intrusion of leukocytes in brain inflammatory
reactions.  However, our results examining the distributions
of CysLT1 and CysLT2 in human brains do not support their
hypothesis.

In summary, we found that CysLT2 was expressed in
smooth muscle cells and granulocytes, suggesting that
CysLT2 might play a role in cerebral circulation and the in-
flammatory response that occurs in human brains after injury.
The induced CysLT2 expression in microvascular endothe-
lial cells, and neuron- or glial-appearing cells after traumatic
injury and in brain tumors requires further investigation.
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Fibrin(ogen)olytic character of FIIa isolated from Agkistrodon acutus
venom1

Yi-wen WANG, Xiu-xia LIANG, Jia-shu CHEN2, Qi CHEN, Peng-xin QIU, Xi LIN, Guang-mei YAN

Department of Pharmacology, Zhongshan Medical College, Sun Yat-sen University, Guangzhou 510080, China

Abstract
Aim: To investigate the fibrin(ogen)olytic character of FIIa isolated from
Agkistrodon acutus venom in vitro and in vivo.  Methods: 125I-labeled human
plasma clot lysis was measured in vitro and rabbit carotid artery thrombosis was
as an in vivo model.  Results: In vitro, urokinase (UK) at 25, 35, 40, 45, 60 kU/L and
FIIa at 0.08, 0.23, 0.4, 0.5, and 0.7 g/L resulted an equivalent clot lysis (20%, 40%,
50%, 60%, and 80%). UK at 25−60 kU/L induced 27.3%±3.6%, 35.2%±2.3%,
39.3%±2.4%, 44.2%±4.6%, and 51.1%±1.2% fibrinogen degradation.  But FIIa at
0.08−0.7 g/L induced 95.4%±0.3%, >95.6%, >95.6%, >95.6%, >95.6% fibrinogen
degradation respectively.  In vivo, UK 40 kU/kg and  FIIa 1.0 mg/kg reduced the
weight of residual thrombus to 9.0±2.5 mg and 7.8±3.5 mg compared with negative
control group (30.0±5.4 mg). But the fibrinogen degradation rate after UK 40 kU/kg
and  FIIa 1.0 mg/kg treatment was 24.4%±6.2% and 4.1%±7.8%, respectively (P<
0.05, n=6).  The order of the lysis speed after UK 125 kU/L treatment was platelet
poor plasma (PPP) clots>the whole blood clots>platelet rich plasma (PRP) clots.
The sequence for FIIa 0.4 g/L was PRP>PPP>whole blood clots.  Conclusion: At
the same percentage of clot lysis, FIIa degraded more fibrinogen than UK did in
vitro but less fibrinogen than UK did in vivo.  The order of the lysis speed was
PPP>whole blood clots>PRP clots for UK and PRP>PPP>whole blood clots for FIIa.
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kinase; fibrinolysis; carotid artery throm-
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Introduction
Fibrin-specific clot lysis was initially the major goal  to

offer the opportunity for effective lysis of pathological throm-
bus without the risks of a systemic haemorrhagic diathesis[1].
But clinical studies show that even tissue plasminogen acti-
vator (t-PA), which exhibits strict selectivity toward fibrin-
bound plasminogen, is associated with a significant although
variable degree of fibrinogeno-lysis[2–4].

In our previous studies, fibrinolytic enzyme FIIa from
Agkistrodon acutus venom was shown to dissolve both fi-
brin and fibrinogen in vitro.  In vivo, FIIa was able to dis-
solve thrombus without hemorrhage at an effective dose for
thrombolysis[5–7].  A few experiments were performed to in-
vestigate the fibrin(ogen)olytic character of FIIa such as the
specificity to fibrin and fibrinogen and the specificity to dif-
ferent types of clots.

In this study, we compared fibrin(ogen)olytic character

of FIIa with urokinase (UK) in vitro and in vivo.

Materials and methods
Snake venoms  Agkistrodon acutus venom was collected

in Yuanling, Hu-nan Province and lyophilized and stored in
desiccator.

Reagents  DEAE-Sephadex A-50 and Sephadex G-75 were
from Pharmacia (Uppsala, Sweden); human fibrinogen (95%
clottable) and bovine fibrinogen (70% clottable) was from
Sigma (Saint Louis, USA); aprotinin was from Dadeli Bio-
chemistry and Pharmaceutical Co Ltd (Lanzhou, China);
thrombin was from Zhuhai Biochemical Pharmaceutical Fac-
tory (Zhuhai, China); UK was from Tianpu Biochemistry and
Pharmaceutical Co Ltd (Guangzhou, China); 125I-labeled  fi-
brinogen was from the Department of Experimental Nuclear
Medicine of our college by the method of chloramines-T;
fibrinogen concentration determination reagent pack (Clauss
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method) was from Sun Biotechnology Company (Shanghai,
China); human plasma was from  Guangzhou Blood  Center
was centrifugated at 3800×g for 8 min; whole blood was col-
lected from healthy volunteers (n=5 male, age 24.0±4.2 a,
weighing 61±2.4 kg).  All materials were of analytical grade
from commercial sources.

Animals  Male New Zealand white rabbits (3–4 months
old, weighing 2.2±0.1 kg, Grade II, certificate No 2001A033)
were provided by the Experimental Animal Center of
Zhongshan Medical College.

Purification of the enzyme  FIIa , the fibrinolytic enzyme
from Agkistrodon acutus venom was prepared according to
the method described by Chen et al[7].

Lysis of 125I-labeled human plasma clots   In vitro, 125I-
labeled clots were prepared by the modified method of
Gurewich et al[8].  Human plasma 5.5 mL were mixed with 125I-
labeled fibrinogen (6.105×104 Bq) plus 55 µL CaCl2 (1 mol/L).
This solution (0.5 mL) was added to 5-mm (ID) glass tube in
the presence of 5 µL thrombin (100 kU/L).  The clots were
incubated at 37 ºC for 30 min and kept overnight at room tem-
perature.  All the clots were washed three times with 0.9%
saline and the total radioactivity was measured before being
transferred to 10-mm (ID) test tubes.

Plasma (4  mL) were incubated (37 ºC, 6 h)  with radiola-
beled clots in the presence of UK 20, 30, 40, 60, and 80 kU/L
or FIIa 0.05, 0.1, 0.2, 0.4, and 0.8 g/L, respectively.  The reac-
tion was terminated by adding aprotinin (1×106 kU/L final
concentration) into test tubes containing different concen-
trations of UK or  edetic acid  (5 µmol/L final concentration)
into test tubes containing different concentrations of FIIa.
Aliquots (1 mL) were removed for the measurement of
radioactivity.

Clot lysis was calculated according to the formula: Clot
lysis=Radioactivity in aliquot (modified volume)/total radio-
activity×100%.  The concentrations of UK or FIIa which could
induce 20%, 40%, 50%, 60%, and 80% clot lysis were deter-
mined based on the concentration-response curve.

The same experiments were repeated with UK and FIIa at
the concentrations that could induce 20%, 40%, 50%, 60%,
and 80% clot lysis.  Aliquots were removed for the measure-
ment of fibrinogen concentration to get the fibrinogen deg-
radation at the same percent of clot lysis.

Each experiment was performed three times.
Fibrinogen degradation  Fibrinogen degradation was

performed according to the reagent pack instruction by the
Clauss method.

Carotid artery thrombosis The rabbit carotid artery
thrombosis model  was established according to the method
of Wang et al[9].  Forty-eight rabbits were randomly divided

into 8 groups (n=6): 0.9% saline 1 mL/kg, as the negative
control group; UK 5, 10, 20, and 40 kU/kg group; FIIa 0.5,
1.0, and 2.0 mg/kg group.

Two hours after the initiation of the carotid thrombosis,
UK and FIIa were administered via ear-edge vein of rabbit.
One hour later, the residual thrombus within the carotid
artery was excised and blotted. The wet weight was measured.
Blood was drawn from the right femoral artery cannula
before and 1 h after administration for the measurement of
plasma fibrinogen concentration.  The blood sample was
drawn into a plastic syringe containing 3.8% sodium citrate
as the anticoagulant (1: 9 v/v, citrate/blood) and was centri-
fuged at 1500×g 4 ºC for 15 min.  The platelet-free plasma was
stored at -70 ºC until assayed.

Lysis of platelet-rich plasma (PRP) clots, platelet-poor
plasma (PPP) clots, and whole-blood clots  Whole blood
from healthy volunteers was mixed with 3.8% sodium citrate
(1:9 v/v, citrate/blood) and immediately centrifuged at room
temperature at 250×g for 10 min to obtain PRP.  PPP was
obtained by centrifuging the original blood sample at 1500×g
for 10 min[10].  125I-labeled clots made from PRP, PPP, and
whole blood were prepared as described above.

Plasma (4 mL) were incubated with these three types of
radiolabeled clots in the presence of  FIIa 0.4 g/L or UK 125
kU/L (final concentration) at 37 ºC.  Aliquots were removed
for the measurement of radioactivity in plasma at subsequent
times during a course of 12 h.  The time-response relation-
ship of FIIa and UK for these three types of clots were
compared.  Each experiment was perfomed three times[11].

Data analysis  Values were expressed as mean±SD.   Analy-
sis of variance and t-test was used for comparisons of the
mean values.  P<0.05 was considered significant.

Results

Fibrin(ogen)olytic character of FIIa in vitro In vitro  both
UK and FIIa dose-dependently dissolved clots.  Based on
the dose-effect relationship of UK and FIIa,  UK at 25, 35, 40,
45, 60 kU/L and FIIa at 0.08, 0.23, 0.4, 0.5, and 0.7 g/L caused
an equivalent clot lysis (20%, 40%, 50%, 60%, and 80%,
Figure 1, 2).

At the calculated concentration, which could induce the
same clot lysis, the fibrinogen degradation induced by FIIa

was much higher than that induced by UK.  In the negative
control group, the fibrinogen degradation was 0.01%±0.02%
(0.02±0.05 g/L).

Fibrin(ogen)olytic character of FIIa in rabbit carotid
artery thrombosis  UK or FIIa reduced the weight of
residual thrombus and the level of fibrinogen in plasma in a
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dose-dependent manner.  In the group treated with UK 40
kU/kg, the weight of residual thrombus was 9.0±2.5 mg.  In
the group treated with FIIa 1.0 mg/kg, the weight of residual
thrombus was 7.8±3.5 mg.  The fibrinolytic effects of these
two groups were approximately the same, but the fibrinogen
degradation of these two groups were 24.4%±6.2% and
4.1%±7.8%, respectively (P<0.05, n=6).  In the negative con-
trol group, the weight of residual thrombus was 30.0±5.4 mg,
and the fibrinogen degradation was 2.7%±2.7%.  The differ-
ence between UK and control or FIIa and control was statis-
tically significant (P<0.01, n=6, Table 3, 4).

Fibrin(ogen)olytic character of FIIa in lysis of  platelet-
rich clots, platelet-poor clots and whole-blood clots  The
kinetics of FIIa-induced lysis were characterized by an initial
lag phase followed by an accelerated lysis, whereas lysis by
UK lacked the lag phase.  The order of the lysis speed after
UK 125 kU/L treatment PPP clots>the whole blood clots>
PRP clots.  The sequence for FIIa 0.4 g/L was PRP clots>PPP
clots>whole blood clots.  The clot lysis of these three types

of clots with saline was below 10% during the course of 12 h
(Figure 3 and 4).

Table 1.  Fibrin(ogen)olytic effects of UK on 125I-labeled human
plasma clots in vitro.  n=3.  Mean±SD.  cP<0.01 vs control.

 Concentration/              Fibrinogen                     Fibrinogen
        kU·L-1                  degradation/%              degradation/g·L-1

25 27.3±3.6c 0.88±0.12c

35 35.2±2.3c 1.10±0.07c

40 39.3±2.4c 1.26±0.08c

45 44.2±4.6c 1.42±0.15c

60 51.1±1.2c 1.64±0.04c

Table 4.   The thrombolysis and fibrinogen degradation by UK in
rabbit carotid thrombosis model.  n=6.  Mean±SD.  cP<0.01 vs control.

        Dosage/                     Residual                       Fibrinogen
        kU·kg-1                   thrombus/mg                 degradation/%

  5 21.1±3.8c 10.3±9.9c

10 17.2±2.5c 15.2±6.3c

20 12.2±2.8c 19.9±7.0c

40   9.0±2.5c 24.4±6.2c

Table 2.  Fibrin(ogen)olytic effects of FIIa on 125I-labeled human
plasma clots in vitro.  n=3.  Mean±SD.  cP<0.01 vs control.

 Concentration/                Fibrinogen                   Fibrinogen
        g·L-1                    degradation/%              degradation/g·L-1

0.08 95.44±0.28c 3.07±0.01c

0.23    >95.62    >3.07
0.4    >95.62    >3.07
0.5    >95.62    >3.07
0.7    >95.62    >3.07

Table 3.  The thrombolysis and fibrinogen degradation by FIIa in
rabbit carotid thrombosis model.  n=6.  Mean±SD.  cP<0.01 vs control.

        Dosage/                       Residual                     Fibrinogen
        mg·kg-1                     thrombus/mg               degradation/%

0.5 12.5±3.9c 1.2±9.9c

1.0   7.8±3.5c 4.1±7.8c

2.0   3.4±2.2c 6.8±5.2c

Figure 1.  UK dose-dependently dissolved 125I-labeled human plasma
clots.  In the negative control group, the clot lysis was 11.0%±1.0%.

Figure 2.  FIIa dose-dependently dissolved 125I-labeled human plasma
clots.  In the negative control group, the clot lysis was 11.0%±1.0%.
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Discussion
In this paper, the fibrin(ogen)olytic character of FIIa was

studied and compared with UK.  The in vitro results showed
that both FIIa and UK degraded clots and fibrinogen in a
dose-dependent manner.  FIIa degraded 95.4%±0.3% fibrino-
gen when the clot lysis was 20% and UK degraded 51.1%±
1.2% fibrinogen when the clot lysis was 80%.  In vitro, FIIa

degraded more fibrinogen than UK did at the same percent-
age of clot lysis.

The in vivo results showed that both FIIa and UK could
dose-dependently dissolve clots and fibrinogen.  The fibrin-
olytic effects of UK 40 kU/kg or FIIa 1.0 mg/kg were approxi-
mately the same, but the fibrinogen degradation effects were
24.4%±6.2% and 4.1%±7.8%, respectively (P<0.05, n=6 ).  In
vivo, FIIa degraded less fibrinogen than UK did at the same
percentage of clot lysis.  The in vivo and in vitro results of
the experiments are in accordance with the data of our previ-
ous studies[5,6,12].

Figure 3.  The clot lysis of human whole blood, platelet rich plasma
(PRP), and platelet poor plasma (PPP) by FIIa 0.4 g/L.  n=6. Mean±SD.

Figure 4.  The clot lysis of human whole blood, platelet rich plasma
(PRP), and platelet poor plasma (PPP) by UK 125 kU/L. n=6.
Mean±SD.

UK and FIIa have different sensitivity and kinetics to
different types of clots.  UK dissolved most effectively the
PPP clots, then the whole blood clots and PRP clots.  The
sequence for FIIa was PRP>PPP>whole blood clots.

Attention should be paid as to why the conclusion in
vitro did not accord with the conclusion in vivo.  It could be
explained that the dosage of FIIa was much higher in vitro
than that used in vivo, while the dosage of UK was opposite.
The dosage was at least one of the causes of the inconsis-
tency.

The main component of thrombus in rabbit carotid artery
thrombosis model was platelet[9] and the main component in
in vitro clots was fibrin.  FIIa dissolves most effectively the
platelet rich clots compared with UK that dissolves most
effectively fibrin rich clots (Figure 3 and 4), which could
explain why FIIa dissolved clot at  less dosage in vivo than
in vitro but the clot lysis effect of UK was just the opposite.

Our previous study showed that FIIa influenced blood
coagulation by inhibiting platelet aggregation induced by
ADP in rat PRP and degrading factor X and prothrombin[12].
It is also one of the reasons in the dosage inconsistency.

There are two opinions about the mechanism of the
fibrinolytic enzyme from snake venom inhibiting platelet
aggregation.  (1) Fibrinolytic enzymes inhibit platelet aggre-
gation by hydrolyzing α-fibrinogen to prevent fibrinogen
from combining with fibrinogen receptor (GPIIb-IIIa), such
as α-fibrinolytic enzyme from Agkistrodon contortrix contor-
trix[13], A rhodostoma[14], and T mucrosquamatus[15].  (2) The
disintegrin-like domain may target the fibrinolytic enzyme to
a particular site such as platelets where the metalloproteinase
domain may cleave relevant substrates including integrins,
coagulant proteins, matrix, or other latent proteins[16]: such
as collagen receptor antagonist Jararhagin from Bothrops
jararaca[17], Mutalysin I from Lachesis muta muta[16],
Crovidisin from C viridis[18]; such as GPIIb-IIIa antagonist
Barbourin[19] with KGD sequence.  Our previous study
showed FIIa degraded α and β chains of fibrinogen[5].  Is
there any relationshiop between the inhibitory activity of
FIIa on platelet aggregation and the proteolytic activity of
FIIa on fibrinogen or membrane protein?  This topic will be
further explored in the near future.
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Effects of simvastatin on cardiac performance and expression of sarco-
plasmic reticular calcium regulatory proteins in rat heart1

Xia ZHENG, Shen-jiang HU2

The First Affiliated Hospital, College of Medicine, Zhejiang University, Hangzhou 310003, China

Introduction
There is evidence that early initiation of statins, HMG-

CoA reductase inhibitors, in patients is associated with mark-
edly reduced fatal or non-fatal myocardial infarction and the
mortality of cardiovascular event.  Scandinavian Simvastatin
Survival Study (4S) and Heart Protect Study (HPS) test have
demonstrated that simvastatin could decrease the incidence
of ischemic stroke, myocardial infarction, and the mortality
of severe cardiovascular events in atherosclerotic and hy-
percholesterolemic patients[1,2].  However, it is unclear

whether treatment with simvastatin would influence cardiac
function.

It is well known that Ca2+ plays a central role in excita-
tion-contraction coupling of myocardium.  Intracellular Ca2+

([Ca2+]i) is from both of release of Ca2+ from intracellular Ca2+

stores and influx of extracellular Ca2+ across the plasma
membrane.  Several main proteins in sarcoplasmic reticulum
(SR), such as SERCA and RyR2, are involved in the release,
uptake, and storage of cardiac muscle Ca2+.  Contraction is
mediated through the release of Ca2+ from the SR by IP3R
(Ca2+ pool sensitive to IP3) and RyR (Ca2+ pool insensitive to

Abstract
Aim: To investigate the effect of simvastatin on the cardiac contractile function
and the alteration of gene and protein expression of the sarcoplasmic calcium
regulatory proteins, including sarcoplasmic reticulum Ca2+-ATPase (SERCA),
phospholamban (PLB), and ryanodine receptor 2 (RyR2) in rat hearts.  Methods:
Langendorff-perfused rat hearts were subjected to 60-min perfusion with different
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cardiac function such as left ventricular developed pressure (LVDP), +dp/dtmax,
and -dp/dtmax were determined.  The cultured neonatal rat ventricular cardiomyo-
cytes were incubated with simvastatin (1, 3, 10, 30, and 100 µmol/L) for 1 h or 24 h.
The levels of SERCA, PLB, and RyR2 expression were measured by reverse tran-
scription-polymerase chain reaction and Western blot.  Cytotoxic effect of simva-
statin on ventricular cardiomyocytes was assessed by the MTT colorimetric assay.
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lated hearts, the levels of mRNA expression of SERCA and RyR2 were elevated
compared with the control (P<0.05), while the mRNA expression of PLB did not
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expressions of cardiomyocytes rose, but there was no alteration in protein
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protein expression of SERCA and RyR2  were also elevated.  Additionally,
simvastatin (1–30 µmol/L) had no influence on cell viability of cultured cardiac
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IP3), while relaxation involves the active re-uptake of Ca2+

into the SR lumen by sarcoplasmic reticulum Ca2+-ATPase
(SERCA).  In cardiac muscle, the SERCA activity is under
reversible regulation by phospholamban (PLB).

As previous studies revealed, simvastatin induced an
increase in [Ca2+]i through two different pathways (ie the
Ca2+ release from intracellular stores sensitive to thapsigargin
and ryanodine and the Ca2+ influx from extracellular solution
in endothelial cells[3,4], L6 rat myoblasts[5], or cultured cardio-
myocytes[6]).  In some pathophysiological conditions, statins
can prevent Ca2+ overload.  For example, liposoluble HMG-
CoA reductase inhibitors could markedly inhibit [Ca2+]i induced
by angiotensin II, LPC, and noradrenaline[7–9].  Atrovastatin
prevented the enhanced uptake of Ca2+ by sarcoplasmic
reticulum (SR) and non-SR Ca2+ stores in diabetic dyslipi-
demic pigs[10].  However, it is still unclear whether simvastatin
can induce the alteration of expression of SERCA, PLB, and
RyR2.  Thus, the present study was designed to evaluate the
effect of simvastatin on cardiac contractile function and gene
and protein expression of SR calcium regulatory proteins,
such as SERCA, PLB, and RyR2, which are related with the
alteration of [Ca2+]i.

Materials and methods

Drugs  Simvastatin (gifted by Merck Sharp & Dohme,
Hertfordshire, UK), a lactone prodrug, was diluted in 0.5 mL
of 100% ethanol, mixed with 0.75 mL of 0.1 mol/L NaOH,
heated at 50 °C for 2 h, neutralized with 0.1 mol/L HCl to pH
7.2, adjusted with deionized water to a final concentration of
5 mmol/L, sterilized by filtration, and stored in aliquots at
-20 °C[11].  Other main reagents in this experiment include:
Trizol (Invitrogen, CA, USA); MMLV and pUC19 DNA/MspI
(HpaII) Marker (MBI Fermentas, Vilnius, Lithuania); Taq plus
DNA polymerase and primers (Sangon, Shanghai, China);
DMEM (Gibco, Invitrogen); trypsin 1:250 (Amresco, Solon
OH, USA); collagenase I (Sigma, St Louis, MO, USA); 5-
bromo-2-deoxyuridine (Sigma); fetal bovine serum (Hang-
zhou-Sijiqing Biological Engineering Materials Co Ltd,
China); rabbit anti-rat myosin heavy chain antibody
(Novocastia Lab Ltd, USA); FITC-conjugated goat anti-rab-
bit IgG (Amersham, Buckinghamshire, UK); monoclonal
mouse antibody to SERCA, PLB and RyR2 (ABR corporation);
secondary anti-goat antibody (Beijing Zhongshan
Biotechnology, Beijing, China); MTT (Sigma); EZ-ECL Chemi-
luminescence Detection Kit for HRP (Biological Industries,
Haemek, Israel).

Animals  Male Sprague-Dawley (SD) rats (240–270 g)
and 1–3 d old SD rats were purchased from the Experimental

Animal Center, Chinese Academy of Sciences (Shanghai,
China) and all procedures in our experiments were approved
by the Animal Care and Use Committee of Zhejiang Univer-
sity.

Isolated heart perfusion  Rats were anesthetized with
sodium pentobarbital (60 mg/kg), then the hearts were ex-
cised and perfused in a non-recirculating Langendorff appa-
ratus with modified Krebs-Henseleit (KH) solution (in mmol/
L: NaCl 118, KCl 4.7, CaCl2 1.5, KH2PO4 1.2, MgSO4 1.2,
NaHCO3 25.2, and glucose 11.1, pH 7.4).  The coronary perfu-
sion pressure was 100 mmHg and KH solution was bubbled
with 95% O2:5% CO2 at 37 °C.  A water-filled latex balloon-
tipped catheter was inserted into the left ventricle via the left
atrium and connected to a computer coupled with MedLab
software (Nanjing MedEase Science & Technology Co Ltd,
China) through a pressure transducer.  The volume of the
balloon was adjusted to a left ventricular end-diastolic pres-
sure of 6–8 mmHg during the initial equilibration, then re-
mained constant throughout the experiment.  Left ventricu-
lar developed pressure (LVDP) and the maximum rate of in-
traventricular pressure development and relaxation (±dp/
dtmax) were measured during perfusion.

All hearts were equilibrated for 15 min for baseline
measurements, and were then subjected to 60 min of reperfu-
sion with or without simvastatin at 1, 3, 10, 30, or 100 µmol/L.
After perfusion, the hearts were removed with the right ven-
tricle and connective tissues, freeze-clamped into liquid
nitrogen, then stored at -80 °C.

Cell culture  Primary cultures of neonatal rat ventricular
cardiomyocytes from 1–3 d old SD rats were performed as
described previously[12].  Briefly, the ventricle was dissoci-
ated with the admixture of 0.25% trypsin and 0.1% collage-
nase I, then cell suspensions were washed with DMEM
supplemented with 20% fetal bovine serum (FBS) and centri-
fuged at 1000 rpm for 6 min.  The centrifuged cells were then
resuspended in 10% FBS containing DMEM.  These cells
were preplated for 1 h in order that nonmyocyte readily at-
tached to the bottom of the culture dishes.  Unattached cells,
which were enriched with cardiac myocytes, were plated onto
6-well dishes at a density of 0.5×106 cells/well.  BrdU (0.01
mmol/L) was added during the first 72 h to prevent prolifera-
tion of nonmyocytes[12] (Figure 1).

Myocardial cells were incubated in DMEM containing
non-bovine serum albumin for 24 h prior to respective
simvastatin (1, 3, 10, 30, or 100 µmol/L) treatment for 1 h or 24 h.

RT-PCR  Total RNA was extracted using TRIzol reagent
from rat heart tissues and cultured neonatal rat ventricular
cardiomyocytes according to the manufacturer’s instruction.
First-strand cDNA was generated by adding 2 µg total RNA,
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5 µL of 5×reverse transcriptase buffer, 3 µL (0.5 µg/µL)
randomhexamer primers, 2 µL (10 mmol/L) dNTP, 1 µL (200
U/µL) M-MLV reverse transcriptase and autoclaved water in
a final volume of 20 µL.  Reverse transcription was carried
out at 42 °C for 90 min, followed by heat inactivation at 70 °C
for 5 min, terminated at 70 °C for 10 min.  Then, PCR was run
in a DNA thermal cycler (PTC150 Thermo-Cycler, MJ
Research, Inc, Waltham, MA, USA).  The primers were up
primer 5'-AAG-CAG-TTC-ATC-CGC-TAC-CT-3' and down
primer 5'-AGA-CCA-TCC-GTC-ACC-AGA-TT-3' for SERCA;
up primer 5'-TAC-CTT-ACT-CGC-TCG-GCT-ATC -3' and
down primer 5'-CAG-AAG-CAT-CAC-AAT-GAT-GCA-G-3'
for PLB; and up primer 5'-ACT-GCT -AAA-GTG-ACC-AAC-
AG-3' and down primer 5'-TTG-CAT-CGC-TGA-AAT-CTA-
GT-3' for RyR2.  The β-actin gene (up primer 5'-GAG-ACC-
TTC-AAC-ACC-CCA-GCC-3', down primer 5'-GGC-CAT-
CTC-TTG-CTC-GAA-GTC-3') was used as control.  Taq poly-

merase 1.5 units, 2 µL cDNA, 1 µL (10 µmol/L) each primer, 1
µL (10 µmol/L) β-actin, 1 µL of 10 mmol/L dNTP solution, 2.5
µL PCR buffer solution and ultrapure autoclaved water were
used to reach a total reaction volume of 25 µL.  The cycling
parameters were as follows: 5 min of 1 cycle at 94 °C, 45 s at
94 °C, 1 min at 57°C, and 1 min of 23 cycles at 72 °C (SERCA);
30 sec at 94 °C, 1 min at 55 °C, and 1 min of 24 cycles at 72 °C
(PLB); 45 s at 94 °C, 1 min at 57 °C, and 1 min of 27 cycles at
72 °C (RyR2); and 10 min of 1 cycle at 72 °C.  The gray scales
of absorbance in goal gene and β-actin gene were deter-
mined and assayed with Kodak digital science Electrophore-
sis Documentation and Analysis System120.

Western blot   Heart tissue 50 mg was homogenized in 1
mL modified tonic sucrose[13] (0.3 mol/L sucrose, 10 mmol/L
imidazole,10 mmol/L sodium metabisulfite, 1 mmol/L DTT,
0.3 mmol/L PMSF) and centrifuged  at 13000×g at 4 °C for 15
min.  Cultured cells were scraped in ice-cold RIPA solubiliza-
tion buffer consisting of 50 mmol/L Tris-HCl (pH 7.4), 150
mmol/L NaF, 1% sodium deoxycholate, 1% Nodinet-P40,
0.1% sodium dodecylsulfate, 2.5 mmol/L pretreated sodium
orthovanadate, 125 µmol/L phenylarsine oxide, and 2 mmol/L
phenylmethyl sulphonyl fluoride[14] and centrifuged at
14 000×g  for 30 min.  The protein concentration was deter-
mined by the Brandford method.

Aliquots containing 24 µg of protein for SERCA or 10 µg
of protein for PLB were loaded on the SDS-polyacrylamide
gel and separated by electrophoresis (6% or 10% acrylamide
separating gel, respectively, for 30 min).  The separated pro-
teins were electrophoretically transferred onto nitrocellulose
membranes (Amersham) at 200 mA at 4 °C for 90 min in a
buffer containing 25 mmol/L Tris base, 192 mmol/L glycine,
and 20% methanol by using the Bio-Rad Trans-Blot electro-
phoretic transfer system (Bio-Rad).  Aliquots of 6 µg RyR2
SDS-digested homogenate protein were loaded on the SDS-
polyacrylamide gel, separated by electrophoresis (4%
acrylamide stacking gel and 6% acrylamide separating gel),
and were electrophoretically transferred onto polyvinylidene
difluoride membranes (Bio-Rad) at 250 mA at 4 °C for 3 h and
then at 50 V for about 12 h.  These membranes were incu-
bated at 4 °C overnight with mouse-anti-SERCA, mouse-
anti-PLB, or mouse-anti-ryanodine receptor at 1:1000 dilu-
tion in 5% Carnation instant milk/TBS.  After incubation with
a secondary anti-goat antibody at a 1:500 dilution in 5%
Carnation instant milk-TBS-Tween 20, the blot was devel-
oped using enhanced chemiluminescence according to the
manual (Beit Haemek LTD) and exposed to X-ray film[11].

MTT assay  Cells were incubated in the absence or pres-
ence of simvastatin for 24 h, and then the cytotoxic effect
was assessed using MTT assay method.  Each well of plates

Figure 1.  The identification of cultured neonatal rat ventricular
cardiomyocytes.  Confocal micrographs of the cultured cardiomyo-
cytes.  Immunofluorescence with FITG labeled anti-rat Myosin Heavy
Chain (slow) antibody (red).  (A) cultured neonatal rat ventricular
cardiomyocytes; (B) non-cardiac cell from neonatal rat heart (×100).
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was added with 10 µL MTT (5 g /L) per 100 µL of medium,
and were incubated at 37 °C for 4 h.  Then, the medium in
each well was replaced with 100 µL dimethylsulfoxide and
the plates were incubated for 5–10 min at room temperature
for color development.  Finally, 96-well of plates was read by
enzyme-linked immunosorbent assay (ELISA) reader (570 nm)
to get the absorbance density values[15].

Statistics  Data were presented as mean±SD.  To correct
for variability in basal values, changes in left ventricular de-
velopment pression, +dp/dtmax and -dp/dtmax were calculated
as a percent of the initial basal values for each heart.  Various
kinds of indexes between the control group and simvastatin-
treated groups were analyzed by one way ANOVA with SPSS
10.0 software.  P<0.05 was considered the threshold for sta-
tistical significance between the control group and the ex-
perimental groups.

Results
Effect of simvastatin on cardiac performance  To deter-

mine whether simvastatin exerted any direct cardiodynamic
effect, the isolated rat hearts were initially perfused without
or with simvastatin for 60 min in this experiment.  The results
showed that simvastatin 1 µmol/L had no impact on cardiac
performance in the isolated rat hearts compared with control
(LVDP: 68.9%±17.0% vs 71.7%±10.6%, P>0.05; +dp/dtmax:
69.3%±5.3% vs 72.1%±7.5%, P>0.05; -dp/dtmax: 67.3%±5.5%
vs 68.5%±6.1%, P>0.05).  However, simvastatin 3, 10, and 30
µmol/L significantly increased the levels of LVDP and
±dp/dtmax of rat hearts compared with those of control
(LVDP: 95.8%±17.4%, 85.9%±8.6%, 96.9%±7.0% vs
71.7%±10.6%, P<0.01, 0.05, 0.01; +dp/dtmax: 89.5%±4.4%,
97.2%±10.8%, 89.8%±6.7% vs 72.1%±7.5%, P<0.01 all;
-dp/dtmax: 82.9%±4.7%, 88.6%±11.0%, 79.6%±6.6% vs
68.5%±6.1%, P<0.01 all, respectively).

When 100 µmol/L simvastatin was applied in isolated rat
hearts, sudden arrest of the isolated heart, following tran-
sient increased contractile performance, occurred.  The scope
of sudden death time interval was from 14 to 20 min.  Thus,
the measurement of LVDP% and ±dp/dtmax% were recorded
every 2 min until 14 min (Figure 2).

Gene expression of SR protein in isolated rat hearts and
cultured cardiomyocytes  After being treated with simvastatin
at different concentrations (3, 10, and 30 µmol/L), SERCA
and RyR2 mRNA levels of isolated heart tissue were
increased.  However, no alteration was found in heart tissue
after simvastatin 1 or 100 µmol/L treatment.  There was no
difference in PLB mRNA levels of rat hearts between the
control group and simvastatin-treatment groups (Figure 3).

 Simvastatin 3−100 µmol/L had no influence on PLB gene

expression of neonatal rat ventricular cardiomyocytes, but
markedly increased  SERCA and RyR2 gene expression
(Figure 4).

Additionally, sequencing analysis showed 100% coinci-
dence rates of SERCA, PLB, and RyR2 cDNA sequences,
which came from the final products of RT-PCR compared
with those in GeneBank, indicating that the amplified frac-
tions had high specificity.

Expression of SR protein in isolated rat hearts and cul-
tured cardiomyocytes  No alteration in the protein levels of
SERCA, PLB, and RyR2 was found after simvastatin 1, 3, 10,
30, or 100 µmol/L treatment (Figure 5).

In order to test whether the changes in protein levels
occurred with the elongation of simvastatin treatment, we
supplied cultured cardiomyocytes with different concentra-
tion simvastatin for 1 h and 24 h.  The results showed that
incubation with simvastatin for 1 h in the cultured
cardiomyocytes had no effect on the protein expression of

Figure 2.  Alterations of LVDP (A), +dp/dtmax (B), and -dp/dtmax (C) of
the isolated hearts after simvastatin 100 µmol/L treatment.  The rat
hearts received 14-min exposure to Kreb-Henseleit solution with
simvastatin after 15-min stabilization.  n=8 in control group.  n=5 in
simvastatin group.  Mean±SD.  bP<0.05, cP<0.01 vs the baseline.



700

 Acta Pharmacologica Sinica ISSN 1671-4083Zheng X et al

SR calcium regulatory protein, whereas longer period (24 h)
of simvastatin 3−100 µmol/L treatment increased SERCA and
RyR2 protein level, except PLB protein levels of cardiomyo-
cytes (Figure 6).

Effect of simvastatin on the cytotoxicity in cultured
neonatal rat ventricular cardiomyocytes  Simvastatin 1–30
µmol/L did not induce alteration of mitochondrial activity,
whereas simvastatin 100 µmol/L produced a rapid drop of
mitochondrial activity (Table 1).

Discussion
It is well known that simvastatin can produce some

Figure 3.  Alterations of SERCA (A), PLB (B),
RyR2 mRNA (C) expression treated with simva-
statin for 1 h in heart tissue.  The expression of
SERCA and RyR2 increased after simvastatin 3,
10, and 30 µmol/L treatment.  Lane 1: DNA size
marker; Lane 2: control group; Lane 3: simvastatin 1
µmol/L; Lane 4: simvastatin 3 µmol/L; Lane 5:
simvastatin 10 µmol/L; Lane 6: simvastatin 30
µmol/L; Lane 7: simvastatin 100 µmol/L.  β-Actin
was used as an internal standard.  n=8 separate
hearts for control group and 1–30 µmol/L simvas-
tatin group. n=5 separate hearts in 100 µmol/L
simvastatin-treatment group. Mean±SD.  bP<0.05
vs the corresponding control (Lane 2).

Table 1.   Effects of simvastatin (1–100 µmol/L) on neonatal cul-
tured cardiomyocytes after a 24-h incubation. n=8 in each group.
Mean±SD. cP<0.01 vs control.

     Group                Concentration/µmol·L-1            OD570 nm

Control 1.19±0.13
Simvastatin      1 1.27±0.07

     3 1.16±0.14
  10 1.18±0.07
  30 1.12±0.06
100 0.78±0.04c
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beneficial effects independent of the lowering cholesterol
level[16–19], so the direct pharmacological effect of simvastatin
on the initial management and prevention of the disease are
paid more attention.  Our study was performed to identify
whether simvastatin induced intrinsic alteration of
cardiomyocyte contraction and related calcium regulatory
protein, which might explain the effect of simvastatin on car-
diac performance.

The present study demonstrated that simvastatin treat-
ment (3, 10, and 30 µmol/L) resulted in the increase of LVDP,
+dp/dtmax, and -dp/dtmax in isolated perfused hearts, while
simvastatin 100 µmol/L induced sudden heart related death.
It has been shown that an increase of nitrogen monoxide
(NO) and a decrease of ubiquinone and oxygen-derived free

radicals were involved in the possible protective mechanism
in isolated rat hearts[20–22], while impairment of mitochondria
was associated with injury mechanism in ischemic rat hearts[23].
Previous studies also reported[6] that under normoxic condi-
tions simvastatin caused an increase in [Ca2+]i, which is the
key event in excitation-contraction coupling in cardiac
myocytes.  Therefore, the improvement of cardiac perfor-
mance in isolated rat hearts during 1 h of perfusion can be
explained by NO elevation, decrease of oxygen-derived free
radicals, and an increase of [Ca2+]i and so on.

Using RT-PCR assay, we found the elevation of RyR2
and SERCA mRNA in isolated hearts treated with simvastatin
for 1 h and not in those treated with vehicle.  Similar to these
results, in neonatal cultured cardiac myocytes, the gene

Figure 4.  Effect of simvastatin on SERCA (A),
PLB (B), and RyR2 (C) gene expression in cul-
tured primary ventricular myocytes for 1 h.  En-
hanced expression of SERCA and RyR2 mRNA
was observed after simvastatin 3, 10, 30, and 100
µmol/L treatment.  Lane 1: DNA size marker; Lane
2: control group; Lane 3: simvastatin 1 µmol/L;
Lane 4: simvastatin 3 µmol/L; Lane 5: simvastatin
10 µmol/L; Lane 6: simvastatin 30 µmol/L; Lane
7: simvastatin 100 µmol/L.  bP<0.05, cP<0.01 vs
the corresponding control (Lane 2).
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levels of RyR2 and SERCA were both elevated after a 1-h
incubation.  As intracellular second messenger of the organ-
ism information transmission, Ca2+ is involved in some gene
expression.  Even transient calcium transport elevation can
induce mRNA transcription for a long time.  Therefore, the
results in our experiment suggested that simvastatin-induced
SERCA and RyR2 expression were involved in the mecha-
nisms mentioned above.  However, a 1-h treatment with

simvastatin (1, 3, 10, 30, or 100 µmol/L) in the isolated hearts
and cultured cardiomyocytes did not influence the protein
levels of SERCA, PLB, or RyR2, while a 24-h incubation of
simvastatin in cultured cardiomyocytes increased SERCA
and RyR2 protein level, except PLB protein.  It has been
shown that several main proteins in SR, such as SERCA and
RyR2, are implicated in the release, uptake, and storage of
calcium in cardiac muscle.  Contraction is mediated through
the release of Ca2+ from the SR by ryanodine receptor, while
relaxation involves the active re-uptake of Ca2+ into the SR
lumen by SERCA.  The SERCA activity is under reversible
regulation by PLB[24].  Thereby, it is possible that although
the expression of RyR2, SERCA, and PLB were not directly
correlated with the cardiodynamic increase of isolated per-
fused hearts, simvastatin-induced SERCA and RyR2 expres-
sion may influence cardiac performance during extended
periods of perfusion.  Thus, there is reason to believe that
alteration of gene and protein expression of SERCA and RyR2
might be a prophetic index of cardioprotective effect of
simvastatin.  Furthermore, the effect of simvastatin on SR
calcium regulation protein gave a clue that the molecular
biological mechanism could be a new approach to explain
the alteration of cardiac performance affected by simvastatin
in future.

In the meantime, the present study discovered that el-
evation of SERCA and RyR2 mRNA were shown in cultured
cardiomyocytes, but not found in isolated rat hearts in the
presence of simvastatin 100 µmol/L.  We suspect that the
result was due to insufficient expression time due to the
cardiac sudden death in isolated rat hearts.  The MTT assay,
as an index of cell viability and cell growth[25,26], revealed
that the survival rate of cardiac cells was markedly reduced
with simvastatin 100 µmol/L treatment, while cell viability
was not influenced by simvastatin 1, 3, 10, 30 µmol/L.  Per-
haps the toxic effect of overdose simvastatin promoted de-
crease of cardiac cells, which may indirectly explain the sud-
den arrest of isolated hearts with simvastatin 100 µmol/L.

Based on our research, it is concluded that simvastatin,
at reasonable pharmacological concentration, would enhance
cardiac performance concomitant with gene expression in-
crease of calcium regulatory protein.  Meanwhile, it should
be noted that overdose of simvastatin (100 µmol/L) can pro-
duce a deterioration effect on hearts.
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Abstract
Aim: To examine if cadherins are expressed constitutively in human bone marrow
stromal cells (hBMSC) and  investigate the regulation of cadherin expression by
various osteotropic hormones and local factors.  Methods: Cadherin expression
was examined in first passaged (secondary) hBMSC as well as in the conditionally-
immortalized human osteoprogenitor cell line (hOP-7).  Using a monoclonal anti-
body (MoAb C-1821) to a cytoplasmic domain common to all known cadherins
(pan-cadherin MoAb), cadherins were immunolocalized in first passaged hBMSC
as well as in hOP-7 cells.  In addition, intense immunostaining for cadherin expres-
sion was associated with alkaline phosphatase (ALP) in nodules formed in the
high density cultures of hOP-7 cells.  Human E-cadherin (HECD) was specifically
detected by Western blotting in extracts of untreated hBMSC using an anti-HECD
MoAb 004FD.  Results: Differential regulation of cadherin expression by various
osteotropic hormones and local factors (parathyroid hormone, dexamethasone,
estradiol, prostaglandin E2, basic fibroblast growth factor, and tumor necrosis
factor-β) was also observed.  In addition, blocking cadherins with the MoAb
C-1821 increased basal ALP activity and had an additive effect on 1, 25(OH)2D3-
induced ALP activity.  Conclusion: Cadherins are expressed in human osteopro-
genitor cells and are involved in the osteogenic differentiation. The differential
modulation of cadherin expression by osteotropic agents indicates that these agents
may regulate osteoprogenitor cells through different cadherins and these cadherins
may play different roles.
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Introduction
Cell adhesion molecules (CAM) are believed to play a

key role in morphogenesis by modulating cellular prolifera-
tion and differentiation through cell-cell interaction and/or
cell-matrix interactions[1].  In bones, the differentiation of
human bone marrow stromal cells (hBMSC) into mature os-
teoblasts is essential for bone formation[2].  However, the
mechanisms by which CAM modulate this process are still
poorly understood.  Cadherins, a family of transmembrane
glycoproteins, are calcium-dependent homophilic cell-cell
adhesion molecules, which have been shown to play an im-
portant role in the differentiation of a wide variety of cells
and tissues[3].

Cadherins are divided into subclasses, all of which share
a common basic structure.  Four subclasses have been well
characterized at the molecular level and they have about
50% amino acid sequence identity.  These include E-
cadherin, P-cadherin, and N-cadherin[3].  The extent of
conservation varies depending on the region of the mol-
ecule with the cytoplasmic domain being the most
conserved.  A monoclonal antibody to this cytoplasmic do-
main designated pan-cadherin MoAb was produced, which
can be used to recognize novel cadherins in a variety of cells
and tissues and displays a broad interspecies cross-reactiv-
ity[4].  The evidence that cadherin-mediated interactions can
actually modulate cell differentiation has been accumulated[5].
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For example, N-cadherin has been demonstrated to be present
in the limb mesenchyme in a development-specific manner
in vivo and in vitro.  In addition, functional N-cadherin is
necessary for limb mesenchymal cells to undergo condensa-
tion and progress through chondrogenesis in vitro and in
vivo[6].

Cadherin has recently been found in the cells of osteo-
blastic lineage[7].  E-cadherin is expressed by the UMR 106-
H5 rat osteoblastic osteosarcoma cells as well as by the
mouse calvarial MC3T3-E1 cells, and its expression is regu-
lated by PTH in the UMR 106-H5 cells[8].  E-cadherin also
plays a role in the generation of multinucleated osteoclasts
by mediating fusion of mononuclear cells in murine marrow[9].
In addition, specific osteoblast-like cadherin (OB-cadherin)
has been found to be expressed in osteoblasts[10].  However,
it remains unclear whether these or other ubiquitous cell
adhesion molecules are involved in the differentiation of
human osteoblast precursors, which are derived mainly from
hBMSC[2].  For better understanding of osteoblast lineage
differentiation, this study was to examine the cadherins ex-
pression pattern and their regulation by osteotropic agents
including systemic hormones and local growth factors in
hBMSC.

Materials and methods

Antibodies and chemicals  Mouse monoclonal antibody
to pan-cadherins (MoAb C-1821) (mouse IgG1 isotype) was
purchased from Sigma Chemical Co (St Louis, USA); Mouse
monoclonal antibody to human E-cadherin (MoAb 004FD)
(mouse IgG1 isotype) was purchased from R & D Systems
Europe Ltd (Oxon, UK).  Recombinant human (rh)-tumor ne-
crosis facotr (TGF)-β was a gift from Genentech Inc (CA,
USA).  Recombinant human basic fibroblast growth factor
(bFGF) was a gift from Schering Research Laboratories (Berlin,
Germany).  Stock concentration: 1 mg/L and it was diluted
into 1 µg/L in PBS containing 0.1% BSA and aliquots of this
was stored at -70 ºC.  1,25(OH)2D3 was a gift from Hoffmann-
La Roche, Inc  (Nutley, NJ, USA).  Dexamethasone (Dex),
parathyroid hormone (PTH) and estradiol (E2) were pur-
chased from Sigma Chemical Co.  Other chemicals were pur-
chased from Sigma Chemical Co.

Cultures of human bone marrow stromal cells  Primary
cultures of hBMSC were described previously[11].  Briefly,
when the cells became confluent (3-4 weeks after seeding) in
the primary cultures, they were subcultured onto glass
coverslips, Petri dishes, or into flasks as necessary.  At
confluence, first passage cells were treated with 1,25(OH)2D3

(50 nmol/L), PTH (100 nmol/L), E2 (10 nmol/L), Dex (10 nmol/L),

prostaglandin E2 (PGE2 10 nmol/L), bFGF (1 and 10 µg/L),
and TGF-β (1 and 10 µg/L) for 7 d.  The doses for the tested
agents were selected based on our previous works and oth-
ers were used  for examining osteogenic differentiation of
hBMSC[2,7,12–18].  The cell lysates were extracted with RIPA
buffer containing 1% NP-40, 1% Triton X-100, 2 mmol/L CaCl2,
0.5% NaCl, 0.1% SDS in PBS with fresh protease inhibitors,
including phenyl methyl sulfonyl fluoride (PMSF), pepstatin,
1,10-phenantroline and E-64.

Cultures of conditionally immortalized hBMSC  hBMSC
were transfected with a viral vector coding a temperature-
sensitive mutant of the SV40 large T antigen.  The growth
characteristic of this immortalized hBMSC is controlled by
this temperature-sensitive large T antigen.  The large anti-
gen expression was activated at 33 ºC and this allowed the
cells to proliferate, producing a large population of homog-
enous hBMSC.  While, the large T antigen was disabled at
39 ºC allowing these immortalized hBMSC to undergo osteo-
genic differentiation.  One of nine clones obtained, hOP-7,
was well characterized for osteogenic differentiation .  These
cells were induced to differentiate into osteoblasts by Dex
and 1,25(OH)2D3 at 39 ºC.  Therefore, this cell line is thought
to be a good model for the study of osteogenic differentia-
tion[19].

hOP-7 cells were seeded onto LabTek chamber slides and
maintained for 1–2 d at 33 ºC before being switched to 39 ºC
to allow osteogenic differentiation.  In some cases, cultures
were plated out initially at a higher density to allow forma-
tion of nodules.  These were also maintained at 33 ºC and
thereafter switched to 39 ºC for a further 5 d.

Immunolocalization of cadherin expression  Cells on
coverslips or on chamber slides fixed with 4% paraformalde-
hyde were incubated with 5% goat serum for 30 min to block
non-specific binding, followed by incubation with a murine
monoclonal anti-pan-cadherin antibody (MoAb C-1821)
(diluted 1:200 or 1:500) or a mouse monoclonal antibody to
human E-cadherin (MoAb 004FD) (diluted 1:200) for 1 h at
room temperature.  The mouse cavarial cell line MC3T3-E1
was used as a positive control for pan-cadherin immuno-
staining[8], and MDCK cells for E-cadherin[20].  Mouse as-
cites fluid and PBS were used to substitute primary antibod-
ies as negative controls.  Then, these cells were washed with
high salt buffer for 10 min, and twice with TBS for 15 min
each.  Thereafter, these cells were incubated with biotinylated
secondary antibody for 45 min at room temperature and then
washed as before.  Immunoreactivity was detected using the
Vectastain ABC-AP kit.  Incubation was for 45 min at room
temperature, followed by staining for alkaline phosphatase
in the presence of 1 mmol/L levamisole, to block endogenous
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alkaline phosphatase.  The cells were washed again with
TBS and the nuclei was stained with DAPI.  After the cover-
slips and chamber slides were mounted with Kaiser’s glyc-
erol  jelly, immunostaining was visualized under fluorescence-
microscopy using a filter appropriate for rhodamine and an-
other for ultraviolet, and then photographed.  Cadherin anti-
genicity appears as a red coloration, while the nuclei are
blue.

Histological staining for alkaline phosphatase (ALP)
and biochemical determination of its activity in cultured
hBMSC

Histochemical staining of ALP  At the end of the cul-
ture period, cells on chamber slides were washed twice with
PBS and fixed with 4% paraformaldehyde at 4 ºC for 30 min,
washed three times with distilled water and then air-dried for
10 min.  The cells were then stained for ALP for 30 min with
fresh naphthol AS-MX phosphatase solution (0.2 g/L) con-
taining fast red violet B salt (0.42 g/L) in 100 mmol/L Tris-HCl
(pH 0.9) at room temperature and then photographed.  Under
these conditions, ALP-positive cells were stained pink or
red.

Biochemical determination of ALP activity  At the end
of the incubation period, the culture medium was removed
from wells, and the cell layers were washed three times with
ice cold PBS (pH 7.4).  The cells were scraped off the plates
into 300–500 µL ice-cold 0.1% Triton-X100 using a ‘rubber
policeman’.  The cell lysates were transferred into plastic
tubes (LP4) on ice and subjected to mild sonication (3×5 s
bursts, peak amplitude 10 µm at a frequency of 20 kHz) to
completely solubilize these cells.  The cell lysates were stored
at -20 ºC until they were assayed.  ALP activity was mea-
sured using 2 mmol/L para-nitrophenyl phosphate (p-NPP)
in assay buffer (0.1 mol/L diethanolamine+1 mmol/L MgCl2+2
mmol p-NPP, pH  10.5) at 37 ºC for 10–60 min.  Protein content
was determined using the Bio-Rad protein assay kit using
BSA as a standard according to the manufacturer’s manual.
ALP activity was expressed as µmol⋅h-1⋅g-1 protein.

Western blot analysis  At the end of incubation with
the various hormones and/or growth factors, media were re-
moved from Petri dishes and cells were washed with PBS at
room temperature, after which the cells were scraped into
RIPA buffer (PBS, 1% NP40, 0.5% sodium deoxycholate, 0.
1% SDS, 2 mmol/L CaCl2) containing fresh protease inhibi-
tors on ice.  Cell lysates were then passed repeatedly through
a 21-gauge needle, incubated for 30 min on ice, and then
centrifuged for 20 min at 4 ºC.  Thereafter, the supernatants
were harvested and the protein content was determined us-
ing the Bio-Rad protein assay.

Protein 10 µg was loaded into each lane, separated on a

7.5% SDS polyacrylamide gel and transferred onto nitrocellu-
lose membrane in transblotting buffer containing 20 mmol/L
Tris, 150 mmol/L glycine, and 20% methanol (pH 8.0).  The
membranes were blocked with blocking buffer consisting of
1% non-fat dry milk, 1% BSA, 0.05% Tween-20 in TBS buffer
for 30 min and immunoblotted with the MoAb C-1821 diluted
1:3000 in blocking solution (Blotto B) for 45 min at room
temperature.  Thereafter, the membranes were washed three
times, incubated with biotin-conjugated rabbit anti-mouse
Ig G for 45 min, followed by incubation with streptavidin-
conjugated horseradish peroxidase (HRP) for 30 min.

At the end of this incubation, the membranes were washed
again three times and incubated with Amersham enhanced
chemiluminesence (ECL) reagents for exactly 1 min.  Excess
ECL reagents were removed and the membranes were sealed
in plastic wrap and exposed to ECL hyperfilms in a darkroom
for 30 s.  Then, the films were developed as for autoradiograph.
Finally, the intensity of the two major cadherin bands on the
hyperfilms was analyzed by scanning laser densitometry
(discovery pDi densitometer, Pharmacia, Uppsala, Sweden).
The intensity of control bands is expressed as 100%, and the
others are expressed as percentage of respective control
bands.

Membranes were also stripped of bound antibodies and
re-probed by submerging them in stripping buffer (100 mmol/L
2-mercaptoethanol, 2% SDS, 62.5 mmol/L Tris-HCl, pH 6.7)
and incubating at 50 °C for 30 min with occasional agitation.
Then, the membranes were washed twice with TBS-Tween-
20 at room temperature for 10 min.  Following this, the mem-
branes were blocked in blocking solution for 1 h after which
immunodetection of HECD was performed using MoAb
004FD as described previously.

Statistical analysis  Results of representative experiments
are presented except where otherwise indicated.  Biochemi-
cal determinations of ALP were performed in triplicate or
quadruplicate and specific enzyme activity were presented
as mean±SEM.

Statistical significance of difference within experiments
was assessed using one factor analysis of variance (one
way ANOVA).  Values of  P refer to a comparison of mea-
sured activity with that of control.

Results

Detection of cadherins expression in human bone mar-
row stromal cells  Immunolocalization was performed to de-
termine whether human bone-derived cells expressed
cadherins using MoAb C-1821 in first passaged hBMSC and
in hOP-7.  Under fluorescence microscopy, there was no
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staining for cadherins in the negative controls (such as
mouse ascites fluid and PBS), while MC3T3-E1 cells were
found to be stained for cadherin expression as a positive
control (Figure 1B).  Interestingly, strong cadherin expres-
sion was observed in first passaged hBMSC (Figure 1D) and
hOP-7 (Figure 1F).

In the high-density cultures of hOP-7 cells, discrete nod-
ules were formed and there were focal areas of intense

immunostaining for cadherins in these nodules.  However,
staining at the periphery of the nodules was much weaker
than at the center of the nodules.  In addition, there was
positive staining for ALP in the center of these nodules,
while sparse ALP staining at the periphery of the nodules.
This suggests an association between the expression of
cadherins and ALP (Figure 1G and H), in which a close inter-
action of cells at the center of the nodules stimulates osteo-

Figure 1.  Expression of cadherins in MC3T3-E1 cells, hBMSCs, and hOP-7 cells. Cells cultured in coverslips or LabTek chamber slides were
fixed with 4% paraformaldehyde, and immunolocalization was performed as described in ‘Materials and methods’. In MC3T3 cells (A and B),
hBMSC cells (C and D), and hOP-7 cells (E and F), an irrelevant isotype-matched antibody CB11 was used as control (A, C, and E) and cadherin
expression was detected by MoAb C-1821 (B, D, and F). Associated expressions of ALP and cadherins were found in the nodules formed in the
high density cultures of hOP-7 cell line. Histochemical staining for ALP (G) and immunolocalization of cadherin expression (H) using the
MoAb C-1821 were carried out in these nodules. The green arrow points to the staining for cadherin expression and the red arrow indicates the
ALP staining in a nodule. ×100
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blast differentiation.  Human E-cadherin (HECD) expression
was confirmed in the positive control cells, MDCK cells.
However, HECD was not detectable by immunolocalization
in hBMSC (Figure 2D).  To clarify the expression of cadherins
in these cells identified by immmunolocalization as described
above, Western blotting was performed using MoAb C-1821
in untreated hBMSC extracts and this revealed the presence
of two bands (139.7 kDa and 118.6 kDa), associated with
several small bands (Figure 3B).

After being stripped, the membranes previously used for
detection of cadherins were immunoblotted again with mouse
anti-human E-cadherin (MoAb 004FD).  Although human E-
cadherin was not detectable in hBMSC by immunocytochem-
istry using MoAb 004FD, it was demonstrated by
Western blot using the same antibody (MoAb 004FD) and
there was only one band with a Mr of approximately 118.6
kDa, which was corresponding to the major band detected
using anti-pan-cadherin antibody and was different from that
of cadherins (Figure 3D).  This indicates that MoAb 004FD
specifically recognizes human E-cadherin.

Figure 3. Detection of cadherin expression in hBMSCs by Western blot analysis. The cell layer was extracted with RIPA buffer and 10 µg
proteins/lane were separated by 7.5% SDS-PAGE, and immunoblotted with either MoAb C-1821 or control antibody. After detection of
cadherins using the anti-pan-cadherins MoAb, the membranes (A and B) were stripped of bound antibodies with a stripping buffer, and then
immunoblotted for human E-cadherin expression. An irrelevant isotype-matched antibody CB11, which recognizes a fragment of denatured
type II collagen, was used as a negative control (A and C). The anti-pan-cadherin MoAb C-1821 was applied to blot for cadherin expression
(B) and the anti-human E-cadherin MoAb 004FD for human E-cadherin expression (D). Lane 1: molecular weight marker and Lane 2: cell
lysates from untreated first passaged hBMSC.

Figure 2.  Expression of human E-cadherin in the kidney epithelium
cell line MDCK (A and B) and lack of expression in hBMSCs (C and
D). MDCK cells and hBMSCs cultured in coverslips were fixed with
4% paraformaldehyde, and immunolocalization was performed using
anti-human E-cadherin MoAb 004FD. An irrelevant isotype-matched
antibody CB11 was used as control (A and C) and anti-human E-
cadherin MoAb 004FD was applied to detect human E-cadherin ex-
pression (B and D).



710

 Acta Pharmacologica Sinica ISSN 1671-4083Liu P et al

Regulation of cadherins expression by osteotropic hor-
mones and local growth factors  hBMSC were treated with
different agents for 7 d and the cell lysates were examined by
Western blot.  Using the ECL system, two major bands of
cadherins with Mr 139.7 kDa and 118.6 kDa were examined
using MoAb C-1821.  These two bands were diminished in
the 50 nmol/L 1,25(OH)2D3-treated cellular extracts, in com-
parison to the control (Figure 4A).  Similarly, in Dex-treated-
cellular extracts, the two major bands were also abolished
(Figure 4B).  This suggests that 1,25(OH)2D3 and Dex inhibit
cadherin expression.  With regards to 10 nmol/L PGE2, band a
(Mr about 139.7 kDa) was inhibited, but band b (Mr about

118.6 kDa) was increased nearly 1.5-fold.  The expression of
cadherins was also found an increase by PTH, E2, bFGF, and
TGF-β.  All these agents increased band a more than band b
in comparison to respective controls.  PTH increased band a
by more than 5-fold relative to the control and increased
band b by only 1-fold.  TGF-β enhanced band a by up to 3-
fold and slightly stimulated band b.  bFGF increased band a
by up to 2-fold and also slightly enhanced band b (Figures
4C and D).

Effect of pan-cadherin MoAb on ALP activity  To investi-
gate a possible role of cadherins in the osteogenic differen-
tiation of hBMSC, cadherins were blocked with MoAb C-

Figure 4.  Regulation of cadherin expression by 1,25(OH)2D3, dexamethasone (Dex), prostaglandin E2 (PGE2), tumor necrosis factor (TGF)-
β, basic fibroblast growth factor (bFGF), estradiol(E2), and parathyroid hormone (PTH) in human bone marrow stromal cells. First passaged
human bone marrow stromal cells were treated with 1,25(OH)2D3 (50 nmol/L) (A), dexamethasone (10 nmol/L), PGE2 (10 nmol/L) (B), TGF-
β (0.1 and 1 µg/L) (C), bFGF (1 and 10 µg/L), estradiol (10 nmol/L), PTH (100 nmol/L) (D) for 7 d. Two major bands of cadherins (a and b)
were examined using MoAb C-1821.
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1821 and ALP activity was examined.  In these experiments,
treatment of hBMSC with MoAb C-1821 for 48 h increased
the level of ALP activity to about 125.9% of control (P<0.05 vs
control), and it also enhanced the effect of 1,25(OH)2D3 on
ALP activity (P<0.05 in experiment 1 and P<0.01 in experi-
ment 2, compared to 1,25(OH)2D3-treated cells) (Figure 5).

Discussion

There is a repertoire of cadherins expressed in osteoblasts.
There are several subclasses of cadherins previously reported
in cells of the osteoblast lineage, including E-cadherin[8],
cadherin-4, cadherin-8, cadherin-11, protocadherin-43[14], and
specific osteoblast-cadherin (OB-cadherins)[10].  In the
present study, we demonstrated that cadherins were ex-
pressed in human osteoprogenitors.  Cadherin expression
was found to be associated with that of ALP in higher den-
sity cultures of hOP-7 cells.  Furthermore, their expressions
are regulated by osteotropic agents.  These suggest that
cadherins are involved in the process of osteogenic differ-
entiation and some of the effects of these agents on bone
are mediated, in part, via regulation of cadherins and possi-
bly other cell adhesion molecules.

In the immunoblotting experiments, there were two major
bands identified in hBMSC with molecular weights approxi-
mately 139.7 kDa and 118.6 kDa, along with several small
bands using the anti-pan cadherin MoAb C-1821 (Figure 1),
and this observation was consistent with a previous report
using the same MoAb[4].  There was only one band with a Mr

of 118.6 kDa using anti-human E-cadherin MoAb 004FD,
which was in close agreement with human E-cadherin size

(120 kDa)[21].  In this case, one of two major bands demon-
strated by MoAb C-1821 may be human E-cadherin, another
may be other cadherins, for example, osteoblast-like cadherin
or N-cadherin, which was demonstrated to be specific for
osteoblasts and its expression in the osteoblastic cells was
up-regulated during differentiation, indicating an important
role in osteogenic differentiation[10].  The results presented
here are supported by a previous report in osteoblastic
UMR106-H5 rat osteosarcoma cells[8].  It is necessary to de-
termine whether all the polypeptides identified by the anti-
pan cadherin MoAb C-1821 represent cadherin products en-
coded by distinct genes.   Although roles of N-cadherin and
osteoblast-like cadherins remains unknown, our data and
others strongly suggest they are important regulators of os-
teoblast differentiation and osteogenesis and play a role in
normal and pathological bone formation[8,10,13–18, 22].

On the basis of detecting cadherin expression in hBMSC,
we investigated the regulation of cadherin expression by
osteotropic hormones and local growth factors.   All of these
factors are thought to play important roles in bone remodel-
ing[23].  Up until now, little was known of the role of cadherins
in bone remodeling, particularly in osteogenic differentia-
tion and whether osteotropic hormones and local growth
factors regulate the expression of cadherin.  With treatments
of hBMSC with various hormones and growth factors for 7 d,
it was observed that both 1,25(OH)2D3 and dexamethasone
inhibited the expression of cadherins.  In contrast, PTH, PGE2,
estradiol, bFGF, and TGF-β increased the expression.
However, these agents are found to differentially modulate
these two bands.  In these experiments, band a was enhanced
more by certain agents than band b, and PGE2 inhibited band

Figure 5.  Effect of pan-cadherin antibody (MoAb C-1821) on alkaline phosphatase (ALP) activity in human bone marrow stromal cells
(hBMSC). First passaged hBMSC were treated with the anti-pan-cadherin MoAb (1:200 dilution), in the presence or absence of 1,25(OH)2D3

(50 nmol/L) for 48 h, in MEM containing 2% FCS. bP<0.05 vs control. eP<0.05, fP<0.01 vs 1,25(OH)2D3 treatment.
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a, but increased band b.  These results suggest that there
may be more than one subclass of cadherins expressed in
hBMSC and osteotropic hormones and growth factors may
differentially regulate these individual cadherins.  Certain
factors, such as TGF-β, PTH, and E2, had more specific ef-
fects on Band a, and these two bands may represent differ-
ent cadherin expressions.  PTH was shown to increase the
expression of E-cadherin in mouse MC3T3-E1 osteoblastic
cells[8] and increase mRNA level of the neural-cadherin-like
adhesion molecule (N-CAD) in vitro and in vivo[15].  Dexam-
ethasone was shown to decrease N-CAD and to completely
inhibit cadherin mRNA in rats[15].  In addition, dexametha-
sone was also found to increase steady state mRNA for
cadherin-4, but decrease mRNA expression for N-cadherin[14].
However, steady-state mRNA expression for protocadherin
and cadherin-11 was not affected by dexamethasone[14].  Es-
tradiol was shown to cause a rapid and significant increase
in the ovarian E- and N-cadherin mRNA levels in mice in vivo[24].
It was reported that TGF-β up-regulated N-cadherin expres-
sion at mRNA level in mesenchymal cells obtained from early
chick limb bud, which can differentiate into chondrocytes
when plated at a high density[25].

It was known that osteogenic differentiation of hBMSC
was stimulated by 1,25(OH)2D3

[12] and dexamethasone[11], and
the proliferation of these cells is inhibited by the two agents[11,12].
PTH was shown to be mitogenic for human osteoblast-like
cells[26].  Estradiol stimulates the proliferation of osteoblast-
like cells derived from explants of rat trabecular bone and the
immortalized rat calvarial RCT-3 cell line[27], mouse MC3T3-E1
osteoblastic cells[28] and human osteoblastic osteosarcoma
SAOS-2 cell line[29].  The local factor PGE2 was demonstrated
to stimulate the proliferation of bone cells[30].  In addition,
TGF-β and bFGF inhibit osteogenic differentiation of hBMSC
and stimulate cell proliferation[12,31].  Taken together, it seems
likely that the agents that promote osteogenic differentia-
tion and inhibit cell proliferation may decrease certain
cadherin expression, while other agents that inhibit osteo-
genic differentiation and stimulate cell proliferation may in-
crease certain cadherin expressions, indicating that an in-
crease in cadherin expression is associated with cell prolif-
eration and a decrease in cadherin expression with osteo-
genic differentiation at a ‘specific stage’ of differentiation.

Because the C-terminal regions of cadherins are essen-
tial domains for function, and the anti-pan cadherin MoAb
C-1821 recognizes this site, this MoAb was used as a func-
tion-perturbing antibody for examining a possible role for
cadherins in osteogenic differentiation of hBMSC.  A per-
turbing function of the cadherins with the MoAb caused the
fibroblast-like hBMSC to become more or less ploygonal

observed under microscope (data not shown here).  It was
also observed that this block with the MoAb significantly
increased alkaline phosphatase activity, and enhanced 1,25
(OH)2D3-induced increase in ALP activity in which first pas-
saged hBMSC were induced for osteogenic differentiation.
This indicates that cadherins may play a role in differentia-
tion of hBMSC.  Based on 1:500 dilution used in immuno-
localization described previously, a 1:200 dilution was used
in these experiments.  It remains possible that ALP activity
may be increased more if higher concentrations of the MoAb
are used.  However, the MoAb C-1821 is expensive, so rea-
sonable dilution 1:200 was applied to the experiments.  As
mentioned above, 1,25(OH)2D3 inhibited the cadherin expres-
sion in hBMSC and 1,25(OH)2D3 promoted osteogenic differ-
entiation[12], including enhancement of ALP activity and
osteocalcin expression.  These suggest that the role of
1,25(OH)2D3 on osteoblast differentiation may be partially
through mediating the cadherin expression.  There may be
other cell adhesion molecules involved in the mediation of
1,25(OH)2D3-induced effect on ALP activity.  A role for E-
cadherin in osteogenic differentiation had also been indi-
cated in the fetal rat calvarial (FRC) osteoblast system.  In
these FRC cultures, treatment of FRC osteoblasts with
polyclonal antibodies to murine E-cadherin significantly in-
creased mineralized bone nodule formation[32].  Taken
together, these data indicate that some specific cadherins
may negatively regulate osteogenic differentiation at a ‘spe-
cific stage’ during osteogenic differentiation.

In conclusion, the effects of osteotropic hormones and
local growth factors on osteogenic differentiation of hBMSC
may be, at least, partially via regulation of cell adhesion
molecules, such as cadherins.  Cadherins may function as
mediators of transition between proliferation and differen-
tiation and then negatively regulate osteogenic differen-
tiation.
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Introduction
Chronic obstructive pulmonary disease (COPD) is cur-

rently the leading cause of disability-adjusted life years.
Globally, it is projected to be the 3rd most important cause of
death by the year 2020, and it is estimated that the national
prevalence is up to 3.1% in the Chinese adult population.

Cigarette smoking is the major risk factor for COPD; however,
only approximately 15% of smokers develop clinically rel-
evant airflow obstruction[1].  This variation in the suscepti-
bility to cigarette smoke in combination with the familiar ag-
gregation of COPD suggests that there may be a genetic
component to the development of COPD.  Multiple studies
in diverse populations have shown evidence for a large

Abstract
Aim: To determine the frequencies of polymorphism and haplotype in the trans-
forming growth factor-beta 1 (TGF-β1) gene promoter in the Chinese population
and to investigate the susceptibility of this population to chronic obstructive
pulmonary disease (COPD).  Methods: The target fragments of the TGF-β1 gene
promoter were amplified and analyzed by polymerase chain reaction-restriction
fragment length polymorphism technique in 84 COPD patients and 97 age- and
sex-matched healthy controls.  The test for Hardy-Weinberg equilibrium was per-
formed using HWE program of the LINKUTIL package and statistical analysis
was carried out with the SPSS statistical package.  An expectation maximization
algorithm was used for the pairwise linkage disequilibrium test and haplotype
analysis.  Results: More carriers of the -800A allele, or fewer carriers of the -509T
allele, were detected in the COPD patients compared with the non-symptomatic
control subjects [for the -800A allele, 29.8% vs 14.4%, respectively, χ2=6.257,
degrees of freedom (df)=1, P=0.012; for the -509T allele, 27.3% vs 44.3%, respec-
tively, χ2=5.582, df=1, P=0.018].  The prevalence of the -800A allele was signifi-
cantly higher in the COPD patients than in control subjects (P=0.009), whereas the
frequency of the -509T  allele was significantly higher in control subjects than in
the COPD patients (P=0.008).  In addition, this distribution tendency for the -800A
or -509T allele was similar in heavy smokers (smoking history ≥20 pack years);
(number of packs of cigarettes per day multiplied by the number of years of smoking)
χ2=7.235, P=0.007, and  χ2=5.636, P=0.018, respectively).  The linkage disequilib-
rium was found between -800 G→A and -509 C→T (D>0.60, P<0.0001), and the
frequency of the AC haplotype, consisting of the least common base at -800 and
the most common base at -509, was significantly higher in patients with COPD
than in controls (0.056 vs 0.021, P<0.05).  Conclusions: The single nucleotide
polymorphism (SNP) in the TGF-β1 gene promoter might be associated with COPD,
and the -800A/-509C haplotype is possibly one of the susceptibility factors for
COPD.

Key words
chronic obstructive pulmonary disease;
transforming growth factor-β1; single nucle-
otide polymorphisms; haplotypes

1 Project supported by the National Natural
Science Foundation of China (No 30200161
and No 30370628).
2  Correspondence to Dr Zhi-guang SU.
Phn 86-28-8542-3484
E-mail zhiguang_su@hotmail.com

Received 2004-11-01
Accepted 2005-01-07

doi: 10.1111/j.1745-7254.2005.00085.x



Http://www.chinaphar.com Su ZG et al

715

genetic contribution to the variability in pulmonary function
and for the familial aggregation of COPD patients[2,3].  As
expected, segregation analysis suggests that multiple genes
may be involved.  At present, however, only a single gene,
α1-antitrypsin, a potent inhibitor of inflammatory cell pro-
tease in the lung, has been unequivocally implicated in the
development of COPD.  The association between the ZZ
type polymorphism of this gene and COPD has been estab-
lished[4].  Furthermore, the associations between COPD and
polymorphisms in several other genes of potential impor-
tance to COPD pathogenesis also have been studied.  These
include α1-antichymotrypsin[5], microsomal epoxide hydro-
lase[6], vitamin D-binding protein[7], and tumor necrosis
factor-α[8].

Transforming growth factor-β (TGF-β) is a multifunctional
cytokine that regulates the proliferation and differentiation
of a wide variety of cell types in vitro.  In humans, the TGF-β
family includes 3 isoforms (TGF-β1, TGF-β2, and TGF-β3)
with great structural and functional similarities[9].  TGF-β1 is
the most abundant isoform and is highly conserved in pri-
mary sequence through evolution.  It is synthesized as pre-
cursor latent forms (390 amino acids long), which have no
known biological activity[10].  The active form of TGF-β1 is
released proteolytically from the precursor form[11] and con-
sists of a disulphide-linked 25 kDa homodimer of two 112
amino acid peptides.  The coding region of the TGF-β1 gene
consists of 7 exons and 6 introns[12].

The expression of TGF-β1 is influenced by polymorphisms
in the TGF-β1 gene, and some of these polymorphisms may
be associated with COPD and other diseases[13–15].  Wu et al
investigated the association between the single nucleotide
polymorphism T+869C (Leu10Pro) at exon 1 of the TGF-β1
gene with COPD in a Caucasian Americans white popula-
tion[16]. There are several registered polymorphisms within
the TGF-β1 gene that might be functional and might be asso-
ciated with COPD.  In particular, a promoter polymorphism at
-509 C/T is associated with the diagnosis of asthma and may
enhance TGF-β1 gene transcription[17], but whether there is
an association between the -509 C/T polymorphism and
COPD has not yet been investigated.  The aim of present
study was to screen for DNA sequence variants in the TGF-
β1 promoter, to establish the prevalence of each genotype in
individuals with COPD and controls in a Chinese population,
and to identify any haplotypes associated with a predispo-
sition to COPD.

Materials and methods

Subjects  Eighty-four patients with COPD were recruited

from the West China Hospital, Sichuan University, Chengdu,
China.  The definition of COPD was consistent with that in
the American Thoracic Society (ATS) consensus statement.
The patients had a history of chronic or recurrent produc-
tive cough for >2 years and decreased maximum expiratory
flow, which had been slowly progressive and irreversible.
The presence of other lung or cardiac diseases as the cause
of patient symptoms was excluded by clinical and radio-
graphic examinations.  The criteria for enrolment were as
follows: (i) individuals with a forced expiratory volume in 1 s
(FEV1)<70% of predicted, an FEV1/forced vital capacity (FVC)
ratio of <70%, and an increase in FEV1 of <12% 15 min after
the inhalation of 400 µg Fenoterol HBr MDI (Berotec;
Boehringer Ingelheim, Ridgefield, CT, USA); and (ii) patient
consent to participate in the study.  Most of the patients
were receiving oral methylxanthine, inhaled anticholinergic
agents, and inhaled β2-agonists as needed.  The patient’s
name, age, sex, family history, smoking habits, the number of
cigarettes smoked, the duration of diseases, and chest ra-
diographic findings were recorded.  Pulmonary function test-
ing (CHESTAC-33-8800, Chest Ltd, Tokyo, Japan) was per-
formed according to the ATS performance requirements.
Ninety-seven unrelated, age-matched healthy subjects, who
had no known medical illness or family disorders and were
not taking any medications, acted as control subjects.  This
study was approved by the Internal Review Board of the
West China Hospital, Sichuan University, and signed in-
formed consent forms were obtained from all subjects.

DNA preparation and polymerase chain reaction ampli-
fication  Genomic DNA was prepared from peripheral blood
leukocytes using the “salting-out”[18] procedure and stored
at 4 °C.  Fragments containing the single nucleotide poly-
morphism (SNP) G-800A or T-509C were amplified by poly-
merase chain reaction (PCR).  The primer sequence was based
on the DNA sequence from GenBank accession numbers
NM_000660 and X05839.  For the detection of polymorphism
at nucleotide acid -800, the primer pairs were 5'-CTGGCAGT-
TGGCGAGAACA-3' (sense) and 5'-TAGAAAGGACAGAA-
GCGGTG-3' (antisense);  and the generated PCR product size
was 326 base pairs (bp).  The primer pairs for delineating the
polymorphism at nucleotide acid -509 were 5'-CCAGCTAA-
GGCATGGC ACCG-3' (sense) and 5'-GCGGTGTGGGTCA-
CCAGAGA-3' (antisense); the PCR product size from these
primers was 300 bp.  Each PCR amplification mixture con-
tained 0.1 µg genomic DNA, 0.2 µmol/L primers, 50 µmol/L
deoxyribonucleotide triphosphate (dNTP), and standard PCR
buffer in a total volume of 50 µL.  The reaction mixture was
preheated at 94 °C for 4 min.  Subsequently, 0.4 units of  Taq
polymerase was added.  The 30 cycles of PCR amplification
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were performed with a temperature profile consisting of de-
naturation at 94 °C for 45 s, annealing at 58 °C and 61 °C for
30 s, extension at 72 °C for 30 s, and final extension at 72 °C
for 10 min.  The reactions were carried out in a PTC-200 Pro-
grammable Thermal Controller (MJ Research, Watertown,
MA, USA).

Genotyping  Genotyping for the -800G/A and -509C/T
polymorphisms was performed by digestion of PCR product
with the restriction enzymes MaeIII and SauI (Amersham
Biosciences, Piscataway, NJ, USA), respectively.  After PCR,
10 µL of the reaction mixture was digested with 1 U MaeIII or
SauI in 1×buffer M (Amersham Biosciences) for 3 h at 37 ºC.
The digest mixture was resolved on a 2.0% agarose gel
stained with ethidium bromide.  For the -800G/A polymo-
rphism, DNA from individuals with the homozygous G geno-
type (GG) produced 1 band at 326 bp; the homozygous A
genotype (AA) produced 2 bands, 1at 206 bp and 1 at 120 bp;
and the heterozygous genotype (GA) produced all 3 bands.
A gel of the restriction fragment length polymorphism diges-
tion products is shown in Figure 1A.  For the -509C/T
polymorphism, individuals with the homozygous C geno-
type (CC) produced 1 band at 300 bp; the homozygous T
genotype (TT) produced 2 bands, 1 at 202 bp and 1 at 98 bp;
and the heterozygous genotype (CT) produced all 3 bands,
as shown in Figure 1B.  Control DNA samples representa-
tive of each of the different genotypes were included in each
digestion.  Repeat genotyping was performed on 5 of every
100 samples chosen by random selection.  Genotyping er-
rors are estimated to have occurred at a frequency of <1%.

Statistical analysis  Data analyses were performed with
the Statistical Package for the Social Science (SPSS, version
10.0, Inc in Chicago, Illinois, USA).  Data were expressed as
mean±SEM.  The significance level for statistical tests was
taken to be 0.05.  Deviation of the genotype counts from the

Hardy-Weinberg equilibrium was tested using a χ2 test with
1 degree of freedom (df).  Differences between the patients
with COPD and the controls with respect to the allele fre-
quencies and genotype distributions were analyzed by χ2

test or Fisher’s exact test when necessary.  Haplotype fre-
quencies for pairs of alleles, as well as χ2 values for allele
associations, were estimated by the Estimating Haplotype-
frequencies software program[19–20].  Linkage disequilibrium
coefficients D’=D/Dmax (D is the difference between the ob-
served and the expected gamete frequency, Dmax is the maxi-
mum disequilibrium, which occurs when all double heterozy-
gotes are either in linkage phase (AB/ab) or in repulsions
phase (Ab/aB). were calculated by the 2LD program[21].

Results
General characteristics  The study population consisted

of 84 patients with COPD and 97 control subjects (Table 1).

Table  1 .   Genera l  character is t ics  of  the  s tudy popula t ion
(mean±SEM).  FEV1, forced expiratory volume in 1 s; FVC, forced
vital capacity.

      Variable                 Controls (n=97)     COPD (n=84)         P

Age/years   65±8   63±9 >0.1
No men/%   83 (85.6)   74 (88.1) >0.1
Smoking history
  0–20 pack years1   26   17 >0.05
  ≥20 pack years   71   67 >0.05
FEV1 1.87±0.60 0.97±0.32 <0.01
FEV1/Predicted/% 93.7±3.4 49.0±0.4 <0.01
FEV1/FVC 78.0±4.6 59.2±8.3 <0.01

1 Pack years: number of packs of cigarettes per day multiplied by the
number of years of smoking.

Figure 1.  Agarose gel showing restriction fragment length polymorphism for polymorphisms in the transforming growth factor-β1 gene at
nucleotide -800 (A) and nucleotide -509 (B).  (A) M: marker, 250 bp DNA ladder; lanes 1 and 6 show the GG genotype; lanes 2 and 4 show the
GA genotype, and  lanes 3 and 5 show the AA genotype.  (B) M, 100 bp DNA ladder; lane 2 shows the TT genotype; lane 3 shows the CC
genotype; and lanes 1 and 4 show the TC genotype.
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The COPD cases and control subjects did not differ signifi-
cantly in sex, age, and smoking history characteristics.  The
parameters used for FEV1, FEV1/predicted, and FEV1/FVC
were significantly decreased in the COPD case subjects com-
pared with the controls (Table 1, P<0.01).

Distribution of the G-800A and C-509T in COPD pa-
tients and controls  To determine the prevalence of the SNP
G-800A and C-509T, we screened them in all the 84 COPD
patients and in the 97 controls.  The genotype distribution
and allele frequencies are listed in Table 2.  No deviation
from Hardy-Weinberg equilibrium (for SNP G-800A, χ2=
1.379, df=1, P=0.240 in the COPD group, χ2=1.737, df=1, P=
0.188 in controls; for SNP C-509T, χ2=1.488, df=1, P=0.222 in
the COPD group, χ2=2.400, df=1, P=0.121 in controls) was
noted in the COPD or control groups.  As a result, more
carriers of the -800A allele, or fewer carriers of -509T allele,
were detected in the COPD patients compared with in the
control subjects (for the -800A allele, 29.8% vs 14.4%, χ2=
6.257, df=1, P=0.012; for the -509T allele, 27.3% vs 44.3%,
χ2=5.582, df=1, P=0.018).  The prevalence of the -800A allele
was significantly higher in COPD patients than in control
subjects (P=0.009), whereas the frequency of -509T allele
was significantly decreased in COPD patients compared with

that in control subjects (P=0.008).
Relationship between cigarette smoking and the distri-

bution of  TGF-βββββ1 gene polymorphisms  The allele and geno-
type distributions were compared in heavy smokers (smoking
history ≥20 pack years (number of packs of cigarettes per
day multiplied by the number of years of smoking) to deter-
mine whether the prevalence of different alleles or geno-
types was associated with smoking.  Results showed that
the frequency of the -800A allele was still significantly higher
and the frequency of the -509T allele was significantly de-
creased in patients with COPD (group A) than in control
subjects (group B) (χ2=7.235, P=0.007, and χ2=5.636, P=
0.018, respectively; Table 3).

Linkage disequilibrium between -800G/A and -509C-T
polymorphisms in the TGF-βββββ1 gene  We analyzed the rela-
tionship between -800G/A and -509C-T polymorphisms and
their effects on COPD.  The extent of D in pairwise combina-
tions of alleles in loci at the TGF-β1 promoter was estimated
by means of maximum likelihood from the frequency of dip-
loid genotypes in the patients with asthma and controls.
Haplotype frequencies and the coefficient of linkage dis-
equilibrium (D’) are given in Table 4.  It was clear that the D’
values for polymorphisms at nucleotides -800 bp and -509 bp

Table 2.   Frequency distributions of the transforming growth factor-β1 gene in patients with chronic obstructive pulmonary disease versus
controls.

     SNP1     Genotype    Control               Case               χ2                  P           Allele     Control              Case                 χ2                  P
                                           n (%)       n (%)                                                       n (%)      n (%)

-800 G/A GG 83 (85.6) 59 (70.2) 6.47 0.039 GA 179 (92.3) 140 (83.3) 6.866 0.009
GA 13 (13.4) 22 (26.2)   15   (7.7)   28 (16.7)
AA   1   (1)   3   (3.6)

-509 C/T CC 54 (55.7) 61 (72.6) 6.627 0.036 CT 143 (73.7) 143 (85.1) 7.064 0.008
CT 35 (36.1) 21 (25.0)   51 (26.3)   25 (14.9)
T T   8   (8.2)   2   (2.4)

1SNP: single nucleotide polymorphism age (years).

Table 3.   Distribution of the alleles and genotypes of the transforming growth factor-β1 gene in smokers with or without chronic obstructive
pulmonary disease.

Group  n                                           -800 G/A                                                                              -509 C/T
           Genotypes (n/%)                       Alleles (n/%)                      Genotypes (n/%)                        Alleles (n/%)
 GG         GA    AA           G       A             CC          CT   TT          C                    T

A 67 44 (65.7) 21 (31.3) 2 (3.0) 109 (81.3) 25 (18.7) 47 (70.1) 19 (28.4) 1 (1.5) 103 (72.5) 21 (15.7)
B 71 60 (84.5) 11 (15.5) 0 (0.0) 131 (92.3) 11 (7.7) 37 (52.1) 29 (40.8) 5 (7.1) 113 (84.3) 39 (27.5)
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differ significantly from zero, and the frequency of the AC
haplotype, consisting of the least common base at -800 and
the most common base at -509, was significantly higher in
patients with COPD than in controls (0.056 vs 0.021,
respectively, P<0.05).

Discussion

We have shown that the A allele at position -800 in the
promoter region of the TGF-β1 gene is more common and the
T allele at position -509 is less common in subjects with
COPD than in control subjects.  Some evidence has shown a
correlation between the 2 polymorphisms (G-800A, C-509T)
and the concentration of TGF-β1 in human plasma[22].  The
G-800A substitution is thought to disrupt a consensus half-
site for the binding of the nuclear transcription factor CRE
(cyclic AMP-responsive element)-binding protein, and it was
found that the presence of the A allele is significantly asso-
ciated (P<0.05) with lower levels of total TGF-β1 in the circu-
lation[22].  Conversely, the -509T allele has been shown to be
associated with higher levels of TGF-β1 in serum and in-
creased TGF-β1 mRNA in peripheral blood mononuclear cells[22].
These findings indicate that the G-800A and C-509T poly-
morphisms may be involved in the modulation of expression
of the TGF-β1 gene and therefore a predisposition for COPD
could be linked to particular alleles of this gene.  The high
producer genotype for TGF-β1 may protect against the de-
velopment of COPD.  A recent study by Wu et al has shown
that the +869Pro allele, associated with higher serum con-
centrations of TGF-β1, was less common in subjects with
COPD than in control subjects[16].

A recent study using an animal model of emphysema
adds plausibility to the suggestion that increased produc-
tion of  TGF-b1 can protect against the development of COPD.
The integrin αvβ6 activates latent TGF-β[23].  Mice that lack
this integrin (Itgb6 null mice) develop age-related emphysema.
When transgenes for TGF-β1 were inserted into these mice

so that they constitutively expressed active TGF-β1, the
changes in the lung associated with the deletion of the integrin
gene no longer occurred.  In these mice, the productive ef-
fects of TGF-β1 appear to be related to inhibition of mac-
rophage metalloelastase (MMP12), which degrades elastin.

More than 100 SNP and other genetic variants have been
identified in genes of the TGF-β1 signaling pathway, and a
few of these have been associated with disease[13].  C-509T
was chosen as the sole candidate SNP because previous
studies suggest that it is associated with altered serum lev-
els of TGF-β1, asthma diagnosis, asthma severity, and se-
rum IgE levels[22,24,25].  For example, in a study involving 84
monozygous and 86 dizygous twins, Grainger et al showed
that TGF-β1 levels in plasma were under genetic control
(heritability estimate 0.54) with the C-509T SNP being re-
sponsible for 8.2% of the additive genetic variance[22].  The T
allele was associated with higher levels of TGF-β1 than the C
allele was, and there was an allele dose effect, with the high-
est levels in TT individuals (7.62 ng/mL), intermediate levels
in CT individuals (5.06 ng/mL), and the lowest levels in CC
individuals (3.83 ng/mL)[25].

A wide variety of functions have been attributed to TGF-
β1 (such as reduction of inflammation and promotion of
wound healing[26], immunosuppression[27], regulation of cell
proliferation, differentiation and migration[9]), and regulation
of extracellular matrix production[28,29].  Some of these func-
tions could protect against the development of COPD.  TGF-
β1 can inhibit matrix metallopro-teinases that may contribute
to the development of emphysema through the digestion of
elastic fibers[30,31].  It also promotes the formation of elas-
tin[32,33] and this could help repair damage to the lungs of
individuals who are smokers and who are risk of developing
COPD.  Recently, TGF-β1 was located on chromosome 19q, a
genomic region linked to the diagnosis of COPD in some
genome-wide scans[34].  Our study strengthens this associa-
tion between TGF-β1 and COPD.

In summary, our results suggest that genetic variation at

Table 4.   Estimate of pairwise haplotype frequencies and disequilibrium statistics.

  Polymorphic sites           Estimated haplotype frequency                           D (difference              Dmax             D’ (linkage          P
    and subjects           between observed      (maximum      disequilibrium

                      and expected        disequilibrium)   coefficients)
          gamete frequency)

G-800A/C-509T  GC  AC  GT  AT
COPD patients 0.795 0.056 0.088 0.061 0.086 0.124 0.691 <0.0001
Controls 0.716 0.021 0.207 0.056 0.036 0.057 0.632 <0.0001
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the promoter of the TGF-β1 gene might be associated with
TGF-β1 levels and predisposition to the complex COPD.  The
distributions of TGF-β1 polymorphisms are different between
different ethnic groups.  Further replication is essential for
the validation of this association in Caucasian, African, or
other ethnic populations, and, to elucidate the role of
TGF-β1 in COPD, future work is needed to establish the ex-
act effect of TGF-β1 polymorphisms on the activation pro-
cess of the protein and its function.
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Abstract
Aim: To investigate the preventive and protective effects of bendazac lysine
(BDL) on experimental early diabetic nephropathy (DN) rats.  Methods: After an
early DN model was induced by streptozotocin, rats were administered BDL at
doses of 100, 200, and 400 mg/kg for 8 weeks.  Blood glucose, microalbuminuria,
kidney index, total antioxidative capacity, laminin, advanced glycation end pro-
ducts (AGE), aldose reductase (AR) activity, and the relative quantity of trans-
forming growth factor β1 (TGF-β1) mRNA were measured by different methods.
The ultrastructural morphology was observed by transmission electron
microscope.  Results: The physical behaviors of early DN rats were hypopraxia,
cachexia, and polyuria, while those treated with high doses of BDL were vibrant
and vigorous.  For BDL-treated DN rats, when compared with vehicle-treated DN
rats, the blood glucose level and the intensity of oxidative stress were ameliorated.
Also, the microalbuminuria level, AGE either in serum or in renal, and AR activity
were significantly reduced.  Furthermore, the expression of TGF-β1 mRNA in the
kidney cortex was declined and the thickness of glomerular base membrane was
decreased significantly.  The ultrastructure of glomerulus and mesangial matrix of
BDL-treated DN rats were ameliorated.  Conclusion: BDL has protective effects
on several pharmacological targets in the progress of DN and is a potential drug
for the prevention of early DN.
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Introduction
Diabetic nephropathy (DN) is now a leading cause of

end-stage renal failure in many countries.  More than 30% of
diabetes mellitus patients develop clinically evident DN 10
to 20 years after the onset of diabetes mellitus.  DN seems to
occur as a result of interaction of metabolic and hemody-
namic factors.  Several biochemical pathways, such as in-
creased oxidative stress and advanced glycation end-prod-
ucts (AGE)[1,2], hyperactivity of aldose reductase (AR) in the
polyol pathway[3], and hyperactivity of pro-sclerotic
cytokine, such as transforming growth factor-β1 (TGF-β1)[4]

and connective tissue growth factor (CTGF)[5], have been
proposed as candidates for explaining the mechanism of the
progressive cause of DN.  For the complexity of mechanism,

there is still no definitive therapy halting the development of
DN that afflicts diabetic patients.  Therefore, it is necessary
to develop a novel therapy strategy for DN that can deal
with more than one pharmacological target in this intricate
mechanism.

Bendazac lysine (BDL) is one of  agents that have been
introduced for the management of cataracts, protecting the
level of vision in patients, thus delaying the need for surgi-
cal intervention.  Its principal effects are to inhibit the dena-
turation of proteins and AR activity, responsible for the accu-
mulation of sorbitol and water retention in the lens fibers[6].
Several studies show that BDL has an inhibitive effect on
AR[7], a main enzyme in the polyol pathway, an antioxidative
effect[8], and an inhibitive effect on glycosylation[9], all of
which are included in the progression of DN.  Since there are
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still very few published reports focused on the effects of
BDL on DN.  Therefore, it is worthwhile for us to explore its
potential effects on preventing the progression of DN.

To evaluate the effects of BDL on DN, we studied the
possible influence of BDL on the parameters that indicate
protective effects against the progress of DN, such as blood
glucose level, AR activity, AGE level, laminin level in the
kidney cortex, thickness of the glomerular base membrane
(GBM) and expression of TGF-β1 mRNA in the kidney cortex
on early experimental DN rats, and observe their morpho-
logical changes.

Materials and methods
Drugs  BDL was synthesized by Supereyes (Lot No

020818, Zhejiang, China), and was dissolved in 1% carboxym-
ethyl cellulose (CMC) solution.  Streptozotocin (STZ) (Lot
No P5639) was purchased from Biomol Research Lab
(Plymouth Meeting, PA, USA).  Epalrestat (Lot No 990921),
an aldose reductase inhibitor, serving as a positive control
drug, was kindly presented by Shanghai Institute of Materia
Medica and suspended in 1% CMC solution.

Animals  Male Sprague-Dawley rats (Grade I, Certificate
No  SYXK 2001-0010), weighing 162.5±6.7 g  (150–175 g)
were obtained from Laboratory Animal Center of Nanjing
Medical University.  Animal expeiments followed the Guidline
Principles for Care and Use of Laboratory Animals of Nanjing
Medical University.

Induction of DN model and study protocol  Diabetic rats
were induced with an ip injection of 60 mg/kg of STZ
(dissolved in pH 4.5 citrate buffer immediately before
injection), while controlled normal standard rats (NS group,
n=10) received 2.5 mL/kg of citrate buffer.  Induction of the
diabetic state was confirmed by measuring the blood glu-
cose level at the 72 h after the injection of STZ.  The rats
whose blood glucose concentrations were ≥13.88 mmol/L
were randomly allotted into 5 groups: DN rats treated with
1% CMC solution (DN group, n=10); DN rats treated with
100, 200, and 400 mg/kg of BDL for BL group (low dose,
n=10), BM group (moderate dose, n=11), and BH group (high
dose, n=10), respectively; and DN rats treated with 100 mg/
kg of epalrestat (EPS group, n=10).  The same volume of
CMC solution was administered to the NS group (n=10).  The
animals were housed in a controlled environment (24±1 °C,
12-h light: 12-h dark cycle, onset of light at 07:00 AM) and
were allowed food and water ad libitum.  After 8 weeks,
urine and blood samples were collected.  After animals were
sacrificed, fresh kidney cortices were stored in formaldehyde
solution for light microscopic observation, and 1 mm×1 mm×1

mm cubes of kidney cortices were fixed in 2.5% glutaralde-
hyde for electron microscopic measurement.  The rest of the
kidneys were stored at -75 °C for the later analysis.

Measurement of renal function and biochemical param-
eters  Kidney index was the ratio of kidney weight versus
body weight.  Blood glucose was measured by the glucose
oxidase method with kits purchased from Dong-Ou Bioengi-
neering (No 2002110002, Wenzhou, China).  The value of
microalbuminuria was represented by the ratio of urinary
albumin versus creatinine measured in urine, where urinary
albumin was determined by the radioimmunoassay method,
whose reagent kit was purchased from the Department of
Isotope, China Institute of Atomic Energy (No 20021203,
Beijing, China), and creatinine was assayed by the picric
acid method.

To analyze the total antioxidative capability, 2.0 mL of
ABTS  [2,2'-azinobis-(3-ethylbenzothiazoline-6-sulphonic
acid]/myoglobin reagent was mixed with 20 µL of sample and
a further 180 µL of diluent, which flushed the sample probe.
The initiator of the reaction, hydrogen peroxide (0.675 mmol/L,
250 µL), was added last to get a final concentration in the
cuvette of 75 µmol/L.  After a 6-min incubation, the optical
density (OD) of ABTS•+ was read at 734 nm by spectropho-
tometer (UV-1600, Beijing, China), and the value of total
antioxidative capability was calculated[10].

The AR activity was measured by fluorospectrophoto-
meter (Shimadzu, RF-5300, Kyoto, Japan) with reagents of β-
NADPH (Lot No 81k7059, Sigma, St Louis, MO, USA) and
DL-glyceraldehyde (Lot No 120k2618, Sigma) and its activ-
ity is defined as the amount of micromole of β-NADPH oxi-
dized per minute at 37 ºC[11].

Laminin, a main component of the extracellular matrix,
was determined by the radioimmunoassay method, using kits
from Shanghai High Biotech Center (No 20021201, Shanghai,
China).  AGE either in renal cortex or in serum was measured
by fluorescence spectrophotometry (fluorospectrophoto-
meter, Shimadzu) and the concentration of AGE was repre-
sented by the fluorescence optical density (OD).  The final
value of AGE in tissue was modulated by the total protein in
tissue which was measured by biuret colorimetry.

RT-PCR for the relative quantity of TGF-βββββ1 mRNA in
kidney cortex  RT- PCR was performed to determine the rela-
tive quantity of TGF-β1 mRNA in the kidney cortex, whereas
β-actin mRNA, a housekeeping gene, was used as an inter-
nal control[12].  Briefly, total RNA was extracted from the
kidney cortex with TRIzol (Lot No 1134369, Invitrogen,
Carlsbad, CA, USA).  First-strand cDNA synthesis was re-
versely transcribed from 2 µg of mRNA in transcription buffer
and 200U MMLV reverse transcriptase (System Lot No
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160419, Promega, Madison, WI, USA) at 42 °C for 1 h, fol-
lowed by immediate cooling on ice.  PCR amplification was
performed using Taq polymerase (Lot No  101405, Promega,
Shanghai, China) in a total volume of 50 µL.  The upstream
and downstream primers for rat TGF-β1 mRNA were 5'-
CCCGCATCCCAGGACCTCTCT-3' and 5'-CGGGGGACTG-
GCGAGCCTTAG-3', yielding a 519 bp product, whereas those
for β-actin were 5'-GCTGCGTGTGGCCCCTGAG-3' and 5'-
ACGCAGGATGGCATGAGGGA-3', yielding a 252 bp product.
PCR conditions were as follows: 35 cycles, denaturating at
94 °C for 30 s, annealing at 54 °C for 60 s and extending at
72 °C for 60 s with initial heating at 94 °C for 5 min and final
extending at 72 °C for 7 min.  The PCR products were sepa-
rated by 1% agarose (Lot No 051363, Biowest, Miami, FL,
USA) electrophoresis and the band densities were analyzed
using laser densitometry (Gel Doc 1000, Bio-Rad, Richmond,
CA, USA).  The relative quantity of TGF-β1 mRNA in the
kidney cortex was represented by the ratio of band density
of TGF-β1 versus that of β-actin.

Morphological observation and measurement of thick-
ness of GBM  Kidney cortex samples stored in formaldehyde
solution were embedded with paraffin and stained with HE.
Each HE-stained sample in each group was observed under
light microscope.  Three kidney samples from each experi-
mental group were randomly chosen for electron microscopic
observation.  Specimens were embedded in epoxy resin and
cut into ultrathin sections and then stained with plumbum
citrate for ultrastructural observation under transmission elec-
tron microscope (JEM 1200EX, Jeol, Tokyo, Japan).  Five
photos were taken at different views for each kidney sample.
The images were amplified 10K and the photos were scanned
into a computer to measure the thickness of GBM using an
image analysis system (Leica Qwin Standard V2.6, Leica
Microsystems, Welzlar, Germany).

Statistical analyses  Statistical analysis was performed
to compare the effects of BDL on early DN rats using one-
way analysis of variance (ANOVA) and Dunnett’s t-test (2-
side) for the different groups using SPSS 10.0.  Data were
expressed as mean±SD. P<0.05 was considered statistically
significant.

Results

Effects of BDL on physical behaviors, blood glucose,
microalbuminuria, and kidney index  In our experiment, rats
in the DN group displayed the following physical
characteristics: hypopraxia, cachexia, yellowish and damp
fur, kyphosis, body shake, ptosis, polyuria polydipsia and
tardy weight gain; while rats in NS and BH groups were

vibrant, vigorous, with white and tidy fur, and weight gain.
The blood glucose level, microalbuminuria, and kidney

index of the DN group were significantly higher than those
of NS group (P<0.01), indicating that our early DN model
was successful.  Low doses of BDL slightly reduced blood
glucose in DN rats, but greatly reduced microalbuminuria
(P<0.01).  High doses of BDL significantly reduced blood
glucose and microalbuminuria level in DN rats (P<0.01).  BDL
(low, moderate and high doses) and epalrestat slightly re-
duced the kidney index, but differences were not significant
(Table 1).

Effects of BDL on laminin level in kidney cortex and
thickness of GBM  The level of laminin in the kidney cortex
of early DN rats significantly increased, when compared with
that of normal rats (P<0.01).  Three doses of BDL caused a
decrease in the level of laminin, but a greatly significant de-
crease can be found only in high doses (P<0.01) (Figure 1A).

There was a significant difference in the thickness of
GBM between the NS group and DN group (P<0.01).  The
thickness of GBM decreased with increasing doses of BDL.
Compared with the DN group, there were significant differ-
ences in the thickness of GBM of BL, BM, BH and EPS
groups (P<0.05, or P<0.01) (Figure 1B).

Effect of BDL on AR activity in erythrocyte   AR activi-
ties in the erythrocyte of NS and DN groups were 6.90 and
27.29 U, respectively (P<0.01).  Significant differences of AR
activities at low, moderate, and high dose BDL-treated rats
existed when compared with CMC-treated DN rats (P<0.01).
Furthermore, AR activity and BDL doses showed good dose-
dependence.  Epalrestat, an AR inhibitor, also significantly
reduced AR activity from 27.29 to 11.07 U, showing a very
significant difference (P<0.01) (Figure 2).

Effects of BDL on AGE and oxidative stress  AGE levels

Table 1.  Effects of bendazac lysine(BDL) on blood glucose,
microalbuminuria, and kidney index of rats. Mean±SD.  cP<0.01 vs NS
group.  fP<0.01 vs DN group.

Group        n          Blood glucose  Microalbuminuria   Kidney index
                                /mmol·L-1          /µg·(molCr)-1       (×1000)

NS 10   4.58±0.75   3.39±1.93   6.61±0.52
DN 10 18.26±6.98c 29.07±9.98c 11.54±3.85c

BL 10 17.65±3.42   9.72±3.30f   9.12±1.44
BM 11 14.48±2.53   6.56±2.95f 10.46±2.82
BH 10 10.28±3.82f   4.22±2.34f 10.68±1.94
EPS 10 17.10±5.62   6.19±2.40f   9.72±4.37
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in the kidney cortex and in the serum of DN rats were greatly
higher than those of normal rats (P<0.01).  Both in the kidney

cortex and in serum, there were significant decreases in AGE
levels for BL, BM, and BH groups when compared with the
DN group (P<0.05, or P<0.01), whereas epalrestat had the
same significant difference (P<0.01).  In contrast, the total
antioxidative capability in serum, which expresses the anti-
oxidative status of animals, was reduced significantly in DN
rats.  Three doses of BDL and epalrestat significantly en-
hanced the total antioxidative capability of DN rats (P<0.01)
(Table 2).

Effect of BDL on the relative quantity of TGF-βββββ1 mRNA
in kidney cortex  After the RT-PCR procedure, the amplified
products of TGF-β1 mRNA were completely separated by
electrophoresis (Figure 3A).  The relative quantity of TGF-β1
mRNA in the kidney cortex of the DN group significantly
increased when compared with that of NS group (P<0.01).
Low, moderate, and high dose BDL caused the level of TGF-β1
mRNA to decrease, and statistical differences existed when
compared with CMC-treated DN rats (P<0.01).  Epalrestat
had the same effect as a moderate dose of BDL (P<0.01)
(Figure 3B).

Effects of BDL on morphological change in kidney   The
light microphotograph showed that glomerular mesangial
hyperplasia existed (Figure 4).  In the transmission electron
micrographs, the ultrastructure of glomerulus of the CMC-
treated DN rat was changed.  The GBM was wrinkled and
partly thickened, with effacement of some visceral epithelial
cell foot processes and microvillus transformation.  After 8
weeks of treatment with 400 mg/kg of BDL, the glomerular
capillary loops, GBM, pedicelsa and mesangial matrix of rats
appeared to be almost normal (Figure 5).

Discussion
Oxidative stress plays an important role in the etiology

Table 2.  Effects of BDL on advanced glycation end products (AGE)
and total antioxidative capability (T-AOC) in serum of rats.
Mean±SD.  cP<0.01 vs NS group.  eP<0.05, fP<0.01 vs DN group.

Group        n       AGE in kidney       AGE in serum           T-AOC
                                cortex/         /AUF·mg protein-1        /kU·L-1

                         AUF·mg cortex-1

NS 10 0.54±0.18   4.70±0.94 15.85±0.99
DN 10 2.30±0.71c 17.25±2.50c   6.94±1.81c

BL 10 1.74±0.31e 11.05±0.98f 10.45±0.85f

BM 11 1.45±0.44f   7.85±2.65f 11.13±1.37f

BH 10 0.95±0.23f   5.03±1.35f 12.46±1.23f

EPS 10 1.60±0.36e   8.46±2.07f   9.00±0.70f

Figure 1.  Effects of BDL on (A): laminin level in kidney cortex and
(B): glomerular base membrane (GBM) of rats. NS, DN, BL, BM, BH,
EPS represent normal standard rats, CMC treated DN rats, 100 mg/kg
of BDL treated DN rats, 200 mg/kg of BDL treated DN rats, 400
mg/kg of BDL treated DN rats, 100 mg/kg of epalrestat treated DN
rats, respectively.  Mean±SD.  cP<0.01 vs NS group.  eP<0.05,  fP<0.01
vs DN group.

Figure 2.  Effect of BDL on aldose reductase (AR) activity in eryth-
rocyte of rats. NS, DN, BL, BM, BH, EPS represent normal standard
rats, CMC treated DN rats, 100 mg/kg of BDL treated DN rats, 200
mg/kg of BDL treated DN rats, 400 mg/kg of BDL treated DN rats,
100 mg/kg of epalrestat treated DN rats, respectively.  Mean±SD.
cP<0.01 vs NS group.  fP<0.01 vs DN group.
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of diabetic complications[13], and the formation of reactive
oxygen species is a direct consequence of hyperglycemia.
In our study, we found that the total antioxidative capability
(a common indicator for changes in the antioxidation system),
which includes ascorbate, protein thiols, bilirubin, urate and
α-tocopherol, was significantly increased by BDL, strongly
suggesting that BDL has an effect on antioxidative capabil-
ity in vivo.  This result is consistent with a former report, in
which BDL inhibited in vitro depolymerisation of hyaluronic
acid by free hydroxyl and superoxide radicals from a sodium
ascorbate system[14].  Furthermore, we also found that BDL,
even in low doses, significantly decreased AGE levels either
in the kidney cortex or in serum.  Thus, the antioxidative
effect of BDL is very important and can be of great clinical
significance for DN.

The status of oxidative stress in intensity and durability
facilitates the formation of AGE, which is the result of a reac-
tion between carbohydrates and free amino group of proteins.
AGE accumulates in extracellular matrix proteins as a physi-
ological process during ageing.  However, this accumula-
tion happens earlier, and with an accelerated rate, in diabe-

Figure 3.  Effect of BDL on the relative quantity of TGF-β1 mRNA
in kidney cortex of rats. NS, DN, BL, BM, BH, EPS represent normal
standard rats, CMC treated DN rats, 100 mg/kg of BDL treated DN
rats, 200 mg/kg of BDL treated DN rats, 400 mg/kg of BDL treated
DN rats, 100 mg/kg of epalrestat treated DN rats, respectively. (A):
cDNA samples obtained from kidney cortex of each rats were ampli-
fied for the detection of TGF-β1 mRNA. β-Actin was used as the
internal standard in each sample. (B): RT-PCR data for relative quan-
tity of TGF-β1 mRNA performed by densitometric analysis.
Mean±SD.  cP<0.01 vs NS group.  fP<0.01 vs DN group.

tes mellitus than in non-diabetic individuals[15].  AGE also
enhances the susceptibility of LDL to oxidation[16] and in-
duces apoptosis in cultured human umbilical vein endothe-

Figure 4.  Representative light microphotographs showing the glom-
erular mesangial hyperplasia (HE stain, ×40). (A): The glomerulus of
normal standard rat: the capillary loops are opened and portion of
the glomerular is relatively small; (B): The glomerulus of CMC treated
DN rat: the capillary loops are opened but narrowed and portion of
the glomerular is relatively large. The mesangial hyperplasia is mod-
erate-grade; (C): The glomerulus of 400 mg/kg of BDL treated DN
rats: the mesangial hyperplasia is low-grade; (D): The glomerulus of
100 mg/kg of EPS treated DN rats: the mesangial hyperplasia is
moderate-grade.
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lial cells[17].  In reverse, the interaction between AGE and
their specific receptor (RAGE) induces the activation of oxi-
dative stress, and stimulates the production and release of
cytokines, amplifying the tissue damage[2].  It can be con-
cluded that oxidative stress and AGE interact with and
upregulate each other.  As already stated, the major metabo-
lite of bendazac inhibited glycosylation by sugar in a dose-
dependent manner[18], and also bendazac and its metabolite
(5-hydroxybendazac) inhibit the carbamylation of soluble
lens proteins in vitro[19].  Furthermore, in our study, BDL
significantly decreased AGE levels both in the kidney cortex
and in serum.  These data strongly suggest the anti-AGE

character of BDL and this could be of benefit for the preven-
tion of DN.

Our data shows that BDL has an inhibitory effect on the
relative quantity of TGF-β1 mRNA in the kidney cortex of
DN rats, which is commonly considered as a pivotal cytokine
in mediating the progression of DN.  In vitro, studies have
shown that a range of stimuli increase TGF-β1 expression,
such as hyperglycemia, AGE, and various products of oxida-
tive stress[20,21].  Indeed, TGF-β1 seems to be an important
site of interaction between hemodynamic and metabolic
pathways, playing a key role in the synergy between hyper-
tension and hyperglycemia in mediating DN[22].  Therefore,

Figure 5.  Transmission electron micrographs showing the ultrastructure of rat glomerulus as below (×10 k). (A): Normal control group of rats:
illustrating a portion of the glomerular tuft, the thickness of glomerular basement membrane was normal, and pedicels embedded in the lamina
rara externa.  (B): CMC treated DN rats: the glomerular basement membrane was wrinkled, and thickened partly, with effacement of some
visceral epithelial cell foot processes and microvillous transformation.  (C): 400 mg/kg of BDL treated DN rats: the glomerular capillary loops,
glomerular basement membrane, pedicelsa and mesangial matrix were normal. (D): 100 mg/kg of EPS treated DN rats. Bar=500 nm.
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having an inhibitory effect on TGF-β1, BDL affects the regu-
lation of several cytokine in the progression of DN, and is a
prime candidate for developing appropriate agents in the
prevention and treatment of DN.

Laminin, kidney index and the thickness of GBM are usu-
ally enlarged during the progression of DN and serve as
persuasive parameters for describing glomerular hyper-
trophy.  Although a decrease in the kidney index for 3 doses
of BDL were not defined significantly in our experiment, the
thickness of GBM, another significantly decreased morpho-
logical parameter in our study, together with laminin, which
describes the level of extracellular matrix, still suggest that
BDL can aid in preventing renal hypertrophy.

The accumulation of polyols in the kidney has been sug-
gested to be involved in the development of DN.  In diabetic
patients, AR activity is greatly enhanced by high glucose
and accumulated sorbitol, which is associated with the deple-
tion of myoinositol and changes in the cellular redox poten-
tial[23], resulting in deteriorative function in nephropathy,
retinopathy, and neuropathy.  The importance of AR rel-
evant to DN has also been emphasized with the demonstra-
tion that the increase of AR activity is associated with en-
hanced protein kinase C activation and TGF-β1 production
in human mesangial cells in response to glucose[24].  In ex-
perimental diabetes, several studies have examined the ef-
fects of AR inhibition on various functional and structural
markers of DN.  In an in vitro experiment, the AR inhibitor,
epalrestat, effectively corrected glucose-induced imbalances
of the polyol pathway and myo-inositol uptake in neutro-
phils and was capable of ameliorating the neutrophil dys-
function[25].  Also, epalrestat lowers the level of Nepsilon-
(carboxymethyl)lysine (CML) and associated variables, and
polyol metabolites are correlated with CML in the erythro-
cytes of diabetic patients[26].  In a clinical study, the effects
of epalrestat on autonomic and somatic neuropathy were
assessed, suggesting that epalrestat has therapeutic value
at early stages of DN[27].  In our current experiment, we found
that BDL significantly lowered AR activities in rats from
27.29 U to 18.38 U (low dose), 16.92 U (moderate dose), and
6.39 U (high dose), while epalrestat lowered AR activities to
11.07 U (100 mg/kg).  The effect of high doses of BDL on AR
activity was stronger than that of a common dose of typical
AR inhibitor, epalrestat, and therefore, testifying that BDL is
a strong inhibitor for AR.  Hence, besides its recognized
cataract delaying effect on the communal pathway in the
pathology of cataracts, BDL can be justified in its clinical
application for DN treatment.

BDL is an oxyacetic acid with protein antidenaturant, anti-
inflammatory, antinecrotic, choleretic and antilipidemic

properties.  In vitro, BDL inhibited the carbamylation of
soluble lens proteins, and the depolymerisation of hyalu-
ronic acid by free hydroxyl and superoxide radicals from a
sodium ascorbate system[14].  Bendazac also has scavenger-
like activity as a result of its interaction with protein mol-
ecules[6].  In our experiment, BDL and epalrestat (a commonly
used DN-treatment agent) ameliorated the physical morbidity,
reduced microalbuminuria, laminin level, thickness of GBM,
AGE level, total antioxidative capability, AR activity, and
TGF-β1 mRNA levels in DN rats.  What must be pointed out
is that BDL significantly decreased blood glucose and ame-
liorated the persuasive pathological changes by light and
electron micrograph, while epalrestat has no effect on them.
In the complicated mechanisms of DN development, the path-
way of hyperglycemia-oxidative stress-AGE/TGF-β1 is as-
suredly very important.  Many renal changes are the conse-
quences of changes in blood glucose levels, and many ame-
liorative effects of BDL on DN may be closely dependant on
its effect on the blood glucose level.  Therefore, compared
with epalrestat, BDL might have more widely therapeutic
points for DN.

 To sum up, in our STZ induced early DN rat model, BDL
decreased the blood glucose level, reduced the level of AGE,
the intensity of oxidative stress, AR activity, and the relative
level of TGF-β1 mRNA and, furthermore, lowered the laminin
level in the kidney cortex and decreased the thickness of
GBM, and therefore ameliorated the morbidity in physical
behavior, morphology, and microalbuminuria.  In conclusion,
BDL has protective effects on several pharmacological tar-
gets in the complicated pathology mechanism of DN.  It is
therefore worthwhile to study further its potential protective
effects on early DN.
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Inhibitory effect of picroside II on hepatocyte apoptosis1
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Abstract
Aim: To investigate the influence of picroside II on hepatocyte apoptosis and its
mechanism.  Methods: Morphological changes and quantification of apoptotic
cells were determined under transmission electron microscopy and flow cytometry
respectively.  DNA fragmentation was visualized by agarose gel electrophoresis.
Semi-quantitative reverse transcription-PCR (RT-PCR) was used to analyze the
expression of bcl-2 and bax genes.  The content of manganese-superoxide
dismutase (SOD) in liver mitochondria was detected by the Marland method.  The
content of malonic aldehyde (MDA) and the protein level in liver tissue were
determined by thiobarbituric acid colorimetry and Lowry method.  Results:
Picroside II decreased the levels of alanine aminotransferase and aspartate ami-
notransferase in the serum resulting from acute-liver injured mice induced with D-
GalN and LPS; it also reduced the content of MDA, and thus, enhanced the
activity of SOD.  Picroside II 10 mg/kg was found to protect hepatocytes against
apoptosis in a dose-dependent manner; it up-regulated the expression of bcl-2 genes,
thus increased the bcl-2/bax ratio.  Conclusion: Picroside II can protect hepatocytes
against injury and prevent hepatocytes from apoptosis.  It might by upregulating
the bcl-2 gene expression and antioxidation.
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Introduction
Picrorhiza scrophulariiflora belongs to the plant family,

scrophularia.  Dried rhizome from Picrorhiza scrophularii-
flora is used for medicine benefits.  Many published studies
have found that it can protect hepatocytes from many kinds
of injury, but the mechanism has not been clearly elucidated.
Picroside II is one of the most effective components extracted
from Picrorhiza scrophulariiflora.  To investigate the mecha-
nism of picroside II’s protective effects on hepatocytes, we
have established hepatocyte apoptosis models in vivo and
in vitro.  Transmission electron microscopy, agarose gel elec-
trophoresis of DNA and flow cytometry were used to evalu-
ate apoptosis of hepatocytes.  Semi-quantitative RT-PCR
together with image manipulation were used to analyze bcl-
2 and bax mRNA which are highly related to apoptosis; im-
munohistochemistry was used to observe the protein ex-
pression of Bcl-2 and Bax.  Together with several other oxi-
dation indexes, we tried to demonstrate the mechanisms of
picroside II’s effect on liver protection in apoptosis.

Materials and methods
Animals  Seventy-two mice of Kunming strain (20±2 g)

and 2 SD rats (70±10 g) were supplied by the Animal
Center of Academy of Military Medical Sciences (Beijing
China), with the number of males and females being
equivalent.

Materials  Picroside II was supplied by the Bescholor
Research Center of Peking University (Beijing China).
Dicarboxylate pilules (DDB) were obtained from Beijing
Union Pharmaceutical Factory (Beijing China).  D-galac-
tosamine (D-GalN), lipopolysaccharide (LPS),  actinomy-
cin-D (Act-D), and tumor necrosis factor-α (TNF-α) were
purchased from Sigma (St Louis, Mo, USA).  RNase A,
diethylpyrocarbonate (DEPC), fetal bovine serum (FBS),
and Trizol reagent were purchased from Gibco/BRL (Cali-
fornia, USA).  The Bcl-2 monoclonal and Bax polyclonal
antibodies were purchased from Santa Cruz Biotechnol-
ogy (California,USA).  Reverse Transcriptional kit was
obtained from Promega Chemical Co (Wisconscin,
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medison,USA).  Alanine aminotransferase (ALT) and as-
partate aminotransferase (AST) detection kits, malondialdehy
(MDA, Mn-Super oxide dismutase (Mn-SOD), and streptavidin-
peroxidase (SP) were all domestic products.

Models establishing and treatment
In vivo  Before experiments were started, 72 mice were

divided into 6 groups randomly.  Five groups were treated
with D-GalN (700 mg/kg, ip) and LPS (1 µg/kg, ip) to estab-
lish hapatocyte apoptosis model in vivo, among which the 4
groups were infused (ig) with picroside II 5 mg/kg, 10 mg/kg,
20 mg/kg, or vehicle (0.9 % NaCl) 10 min before and 4 h after
the D-GalN and LPS administration, respectively.  One group
received biphenyl dimethyl dicarboxylate pilules (DDB) (200
mg/ kg) with the same manipulation acts as a positive control.
The remained group was the negative control.  Five hours
after the model was established, the blood of 6 mice from
each group was sampled though eye socket veins.  ALT and
AST in serum were then monitored (by continuously using
the monitoring method, recommended by National Clinical
Chemistry League). Cut sections of liver tissue (left part) of
the remaining 6 mice of each group were prepared for pathol-
ogy evaluation and immunohistochemistry detection of Bcl-
2/Bax proteins.  The liver suspending liquid (20%) was made
from the rest of the liver and stored at under -20 ºC, in order
to detect SOD in liver mitochondria (by the Marland method),
protein level (by the Lowry method) and the content of MDA
of liver tissue (by TBA colorimetry).  Another 1 mL of liver
suspending liquid was centrifuged at 12 000×g for 20 min.
400 µL upper liquid, 1 mL ethanol and 50 µL (5 mol/L) was
mixed together and stored at under -20 ºC for DNA fragmen-
tation analysis.

In vitro  Primary culture of hepatocytes from rats were
isolated as previously described[1].  Rats were decapitated
under anesthesia.  In situ perfusion was then performed with
calcium and magnesium-free Hanks’ salt solution followed
by a medium containing collagenase through the hepatic
portal vein of rats, the suspending liquid containing rat liver
cells were collected.  The suspending liquid was then centri-
fuged at 120×g at 4 ºC for 5 min.  The cell pellets were washed
twice with cold Hanks’ solution and the cell concentration
was modulated to 1×109 /L.  The cells were seeded in 24-well
culture plates in the growth medium consisting of DMEM
with 20% FBS, at 37 ºC in a water-saturated atmosphere of
5% CO2.  After 24 h, the culture medium was abandoned, and
cells were exposed to a series of concentrations of picroside
II (0.005, 0.01, and 0.02 mmol/L).  After 1 h, Act-D 50 µg/L was
added, and 30 min later TNF-α 3000 kU/L was added con-
secutively to the well for another 24 h.  A negative control
group was set which was exposed to the normal culture

medium.  An assessment of hepatocyte apoptosis and
apoptosis-related genes bcl-2 and bax mRNA extraction was
then performed.

The Marland method was used to detect the content of
SOD in liver mitochondria.  MDA content of liver tissue was
detected by TBA colorimetry and the protein level of liver
was analyzed using Lowry method .  ALT and AST in serum
were detected by the continuous monitoring method
(recommended by International Clinical Chemistry League).

Immunohistochemistry analysis  Liver tissues were fixed
in 4% formaldehyde for 24 h and embedded in paraffin
routinely, followed by 5 µm slicing up.  The streptavidin-
peroxidase (SP) method was assumed.  The bcl-2 monoclonal
antibody (1:50) or Bax polyclonal antibody (1:50) as primary
antibodies was applied and incubated overnight at 4 ºC or
for 60 min at room temperature.  The slices were observed
and photographed through light microscope and the per-
centage of the positive staining area of bcl-2 or bax were
semiquantitatively analyzed by using CMIAS-008 Image
Analyser (Beijing, China).

Reverse transcriptase polymerase chain reaction assay
Total cytoplasmic RNA of each group was isolated from
1.5×107 cultured cells by the TRIZOL method (according to
GIBCO specification).  The concentration of RNA was
determinated by absorbance at 260 nm, and its integrity was
confirmed by means of electrophoresis on 1% agarose gels,
and then stained with 0.1 mg/L ethidium bromide (EB).  A
total of 1 µg of RNA was converted to complementary DNA
(cDNA) using 15 U reverse transcriptase in 20 µL buffer,
which contained 1 mmol/L deoxy-NTP, 1 U RNase inhibitor
and 0.5 µg oligo (deoxythymidine)15 primer.  An aliquot (5%)
of cDNA was amplified using the reverse ( 5’-AGA GGG GCT
ACG AGT GGG AT-3’) and forward primer (5’-CTC AGT CAT
CCA CAG GGC GA-3’) to yield 450 bp polymerase chain
reaction (PCR) product for bcl-2, the reverse (5’-GGT TTC
ATC CAG GAT CGA GAC GG-3’) and forward primer (5’-
ACA AAG ATG GTC ACG GTC TGC C-3’) to yield a 429 bp
PCR product for bax.  In order to verify the equal amounts of
cDNA were presented in the PCR reaction, β-actin was sepa-
rately co-amplified with the bcl-2 and bax cDNA, with the
reverse (5’-TAA AGA CCT CTA TGC CAA CAC AGT-3’) and
forward primer ( 5’-CAC GAT GGA GGG GCC GGA CTC ATC-
3’) to yield a 240 bp PCR product.  The PCR conditions were
as follows: pre-denaturation at 94 ºC for 5 min, denaturation
at 94 ºC for 30 s, annealing at 60 ºC (bcl-2 and β-actin) or 64
ºC (bax) for 40 s, and polymerisation at 72  ºC for 40 s with
Taq DNA polymerase.  After 28 cycles, 20 µL bcl-2 or bax
PCR product together with the β-actin PCR product of the
same template were separated by electrophoresis and
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revealed by EB staining.  Then each band of the electro-
phoresis gel was semiquantitatively analyzed using
Imagemaster and Software Image Analyser (Beijing,China).
The bcl-2 and bax mRNA levels were expressed as the ratio
of signal intensity for the target genes in relation to that for
the coamplified β-actin.

Flow cytometry analysis  Cultured hepatocytes 1×109/L of
each group were harvested, washed with PBS at 4 ºC, and
exposed to pre-chilled ethanol at 4 ºC for 30 min.  They were
then washed again with PBS, exposed to PI 50 mg/L, 0.1%
TritonX-100, 0.01 mmol/L EDTA (Na)2 and RNase 50 mg/L at
normal temperature in darkness for 12–24 h.  Specimen were
then presented to the FACS-420 Flow Cytometry Analyser
(New York, Becton Dickinson and Company, American) to
evaluate apoptosis levels.

DNA fragmentation analysis  The cultured hepatocytes
of each group were lysed in Tris-HCl 20 mmol/L (pH 8.0),
EDTA 10 mmol/L, and 0.5% lauryl sarcosyl containing 200
mg/L of proteinase K. DNA was extracted by supercen-
trifugation, precipitation with ethanol and was treated with
RNase.  The DNA was then loaded onto 1%–2% agarose gel
containing ethidium bromide (EB), which was observed and
photographed under UV transillumination.

Morphological evaluation light microscope assay  Serial
slices of liver tissues were prepared from mice in each group
and stained with hematoxyline-eosin (HE) and then observed
under light microscope at 200× or 400×magnification.

Transmission electron microscopy assay  Liver tissue
specimen were fixed and postfixed with glutaraldehyde and
osmium troxide respectively, dehydrated by acetone, imbed-
ded in eposy resin.  Ultrathin sections were collected and
counterstained with lead citrate and viewed with a
JEM100CXtransmission electron microscope (Tokyo, Japan).

Statistical analysis  All results were expressed as
mean±SD.  Data were assessed by using t-test, and P<0.05
was considered stastically significant.

Results

Effects of picroside II on ALT and AST in serum of mice
suffered from acute liver injury induced by D-GalN and LPS
ALT and AST values were markedly higher in the model
group than those in negative control (P<0.01).  Picroside II
decreased ALT and AST values in a dose-dependent man-
ner (P<0.05 or P<0.01 vs model control).  ALT and AST val-
ues of the positive control group treated with DDB 200
mg/kg also decreased, especially ALT.  The results revealed
that picroside II can protect liver tissue from D-GalN and
LPS-induced acute injury, and it was more powerful than

DDB (Table 1).

Effects of picroside II on MDA and SOD content of mice
suffered from acute liver injury induced by D-GalN and LPS
The SOD value of model group decreased, but the MDA
value increased compared with negative group (P<0.01).  The
content of MDA of all groups exposed to picroside II mark-
edly decreased, whereas SOD increased compared with the
model group.  This effect suggested a dose-dependent man-
ner (P<0.05 or P<0.01) (Table 2).

Immunohistochemistry analysis of Bcl-2 and Bax  A few
pale yellow granula (Bcl-2 protein) were detected in hepato-
cytes cytoplasm of the negative group.  There were more
granula in the model group and the most were found in the
groups treated with picroside II  (Figure 1A).  Little buff
granula (Bax protein) was detected in normal hepatocytes.
The amount of the granula was more in the model group, and
existed dispersedly or in focus with the color more heavily
than others.  Bax protein expression in groups treated with
picroside II decreased (Figure 1B).  The difference between

Table 1.  Effects of picroside II on ALT and AST in serum of mice
suffering from acute liver injury induced by D-Galn and LPS.  n=12.
Mean±SD.  bP<0.05, cP<0.01 vs model control.  fP<0.01 vs negative
control.

    Group                  Dose/mg·kg-1        ALT/U·L-1           AST/U·L-1

Negative control     48±15  130±74
Model control   512±256f  563±19f

Positive control 200   270±138c  378±190b

Picroside II     5   404±21  416±230
Picroside II   10   294±177b  402±181b

Picroside II   20   242±164c  277±85c

Table 2.  Effects of picroside II on MDA and SOD in liver of mice
suffered from acute liver injury induced by D-GalN and LPS.  n=12.
Mean±SD.  bP<0.05, cP<0.01 vs model control.  fP<0.01 vs negative
control.

     Group      Dose/mg·kg-1      SOD/kNU·L-1      MDA/nmol·L-1

Negative control 256.8±14.9 4.51±0.66
Model control 222.7±18.3f 8.64±1.69f

Positive control 200 241.5±14.1b 5.80±1.00c

Picroside II     5 237.2±11.6b 6.77±1.26c

Picroside II  10 247.2±13.1c 5.47±0.67c

Picroside II  20 249.2±11.7c 4.51±0.89c
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groups treated with picroside II and the group of negative
control was evidently significant (P<0.05 or P<0.01).  The
difference between picroside II groups and model control
group was also significant (P<0.05 or P<0.01, Table 3).

 These results suggested that picroside II could effec-
tively up-regulate the expression of apoptosis-related gene
bcl-2 and inhibit bax expression.  The increased bcl-2/bax
ratio, thereby counteracted the hepatocyte apoptosis.

Semiquantitative RT-PCR analysis of apoptosis-related
genes bax and bcl-2 mRNA  The total RNA extracted from
each group were loaded onto 1% agarose gel; 28 s, 18 s,
and 5 s bands could be clearly observed, which confirmed
the integrity of the total RNA (Figure 2).  In the present
study, 20 µL bcl-2 or bax PCR product together with β-
actin PCR product of the same template were separated by
electrophoresis and revealed by EB staining.  PCR prod-
ucts of bcl-2, bax, and β-actin were 450 bp, 429 bp, 240 bp,

respectively (Figure 3).  The bcl-2 mRNA was the most in
the group treated with picroside II 20 g/L, and the least in
the negative group; bax mRNA was the most in model
group, followed by the negative group, and the least in the
groups treated with picroside II.

Morphological evaluation by light microscope assay
Hepatocytes exhibited acidophilic trait induced by D-GalN
and LPS, and there were acidophilic bodies in cytoplasm.
There was no obvious pathological change observed in
groups treated with picroside II 10 and 20 g/L (Figure 4).

Transmission electron microscopy assay  Normal hepa-
tocyte was capsule intact, cytoplasm well-diffused, and
karyotheca distinct and bears large nuclei.  Apoptotic cells

Figure 1.  The Bcl-2 and Bax expression of each group (×400).  Bcl-2 expression of negative group (A), Bcl-2 expression of model group (B),
Bcl-2 expression of groups treated with picroside II (C); Bax expression of negative group (D), Bax expression of model group (E), Bax
expression of groups treated with picroside II (F).

Table 3. Bcl-2 and Bax protein expression levels of each group.
n=10. Mean±SD.  bP<0.05, cP<0.01 vs negative control.  fP<0.01 vs
model control.

        Group                   Bcl-2 protein/%   Bax protein/%

  Negative control 4.82±0.26 4.76±0.16
  Model control 5.26±0.34b 7.24±0.38c

   Picroside II group 9.42±0.36ce 6.22±0.24b

Figure 2. Total RNA of groups with different doses of Picriside II.
1: negative group; 2: model group; 3: treated with picroside II 20
mg·mL-1; 4: treated with picroside II 10 mg·mL-1; 5: treated with
picroside II 5 mg·mL-1.
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in the initial stages had shrunken and compacted with con-
densed or marginal chromatin.  Chromatin spalls to pieces
or semilunar body gradually and cytoplasm becomes
condensation.  In addition, blebbing of the plasmalemma,
forming apoptosis body, a hall marker of apoptosis was then
be observed (Figure 5).

DNA fragmentation analysis  Figure 6 shows that the
model groups (lanes 2 and 7) exhibited the characteristic
DNA ladder.  In the groups treated with picroside II 5, 10, 20
g/L (lane 6, 5 and 4, respectively), the DNA ladder became
less characteristic.  Groups treated with picroside II 20 g/L
(lane 4) were similar to negative group (lane 3).

Flow cytometry analysis of apoptosis  Apoptosis rate of
primary hepatocytes of the negative group was 4.1%, the
model group was 22.3%, groups treated with picroside II 20,
10, 5 g/L were 6.9 %, 10.7 % and 15.1 %, respectively, which
suggested that picroside II could protect hepatocyte against

apoptosis, and it acted in a dose-dependent manner (Figure 7).

Discussion

The pathogenesis mechanisms of viral hepatitis is closely
related to hepatocyte necrosis as well as apoptosis closely.
Invasion of hepatitis virus to liver or hepatocytes canceration
will result in hepatocyte apoptosis[9–11].  In inflammtory
hepatitis, acidophilic body (shrunken necrosis, apoptosis
corpuscula) and piece-meal necrosis were the characteristic
morphological manifestation of apoptotic hepatocytes.
Apoptosis of hepatocytes infected by virus can be a protec-
tive mechanism of the host to protect against virus replica-
tion and distribution from the infected cells[12].  Apoptotic
cell death contributes to the removal of infected or cancerized
cells, but over-apoptosis results in fulminate hepatitis[13,14].
Commonly, drugs are used to block hepatocyte apoptosis in

Figure 3.  Semiquantitatively RT-PCR analysis of bax mRNA (A) and bcl-2 mRNA (B).  (A) 1, DNA marker; 2, negative group; 3, model group;
4, picroside II 20 mg·mL-1; 5, picroside II 10 mg·mL-1;  6, picroside II 5 mg·mL-1.  (B) 1, negative group; 2, model group; 3, picroside II 5 g·L-1; 4,
picroside II 10 g·L-1;  5, picroside II 20 g·L-1; 6, DNA marker.

Figure 4.  Liver tissue of each groups. (A) negative group; (B) model group; (C) Picroside II-treated group. HE, ×200.
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order to cure hepatitis gravis, and to induce hepatocyte
apoptosis for removing infected and cancerized cells[15–20].

One important molecular mechanism for cell apoptosis
might be the modulation of the expression of bcl-2 gene
family, which plays a critical role for the common pathway of
apoptosis.  Previous studies showed that proteins of Bcl-2
family could inhibit apoptosis of chronic infective
hepatocytes, marrow stem cells, and nerve cells.  The bio-
logical function of Bcl-2 is to increase the power to resist
many apoptotic factors, counteract the effect of apoptosis,
and extend lifespan.  Bax, another important apoptosis-modu-
lating gene product, is highly related to Bcl-2.  Bax inacti-
vates Bcl-2 by binding it to form a heterogeneous dimer.
The mRNA and protein ratio of Bcl-2 to Bax is a pivotal factor
in determine whether or not apoptosis can happen to cells
exposed to many injuries [21].  Studidies have revealed that

Figure 7.  Flow cytometry analy-
sis  of  apoptosis .   (A) negative
group; (B) model group; (C) group
treated with picroside II 20 g·L-1;
(D) group treated with picroside II
10 g·L-1; (E) group treated with
picroside II 5 g·L-1.

Figure 5.  Transmission electron microscopy assay.  (A): negative primary hepatocytes (×26500); (B): apoptotic primary hepatocytes
(×7350).

Figure 6.  Agarose gel electrophoresis of DNA fragmentation.  1:
DNA molecular weight marker. 2: model group. 3: negative group. 4:
treated with picroside II 20 g·L-1. 5:treated with picroside II 10 g·L-1.
6: treated with picroside II 5 g·L-1. 7: model group. 8: DNA molecular
weight marker.
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TNF-α could induce hepatocyte apoptosis, thus to partici-
pate in the onset of liver diseases.  However, TNF-α itself
dose not act in vivo and in vitro unless it is used together
with Act-D and D-GalN[22].  Act-D is an inhibitor of RNA
transcription, and could sensitize cells to the toxicity of TNF-
α[23].  Therefore, the combination of Act-D and TNF-α is
frequently used to establish models of hepatocyte apoptosis
in vivo as well as in vitro[24] .  The present study assumed
that Act-D together with TNF-α to the establish experimen-
tal apoptosis model, agarose gel electrophoresis of DNA,
and flow cytometry were used to evaluate hepatocyte
apoptosis; light and transmission electron microscopy were
used to observe morphological changes of cells and tissues;
and quantitatively analysed the hepatocytes apoptosis.
These results indicated that Picroside II evidently inhibited
the morphological changes of hepatocytes, DNA fragmenta-
tion, and the increase of sub-G1 spike (represents propor-
tion of apoptosis).  Immunohistochemistry and semi-quanti-
tative RT-PCR analysis of the Bcl-2 and Bax expression and
mRNA of bcl-2 and bax genes suggested that both bcl-2
and bax increased after hepatocyte injury, especially bax.
The bcl-2 level and the ratio of bcl-2/bax increased mark-
edly in groups treated with picroside II and apoptosis changes
were also inhibited.

MDA is a lipid peroxide, whose content usually reflects
the level of lipid peroxidation and indirectly reflects the ex-
tent of injury in vivo.  SOD is a pivotal factor influencing the
balance of oxidation and antioxidation, and its activity could
indirectly reflect the capability of removing oxygen free
radical.  Biomembrane is the main place to undertake lipid
peroxidation injury.  Active oxygen from inflammatory cells
could induce apoptosis in cells when lipid peroxidation in-
jury occurs to the membranes of mitochondria and microsome.
Changes of cell phenotype through gene transcription might
be one of the mechanisms of apoptosis induced by oxida-
tion injury. The present study also suggested that picroside
II could simultaneously decrease the level of MDA, ALT,
AST, and increase the activity of SOD in liver mitochondria.

In conclusion, we have shown for the first time that
picroside II is able to protect hepatocytes against injury and
counteract apoptosis through its anti-oxidation effect, and it
can act by decreasing MDA level, increasing the activity of
SOD in liver mitochondria and upregulating bcl-2 gene
expression.
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Abstract
Aim: Correlation of cytochrome P450 (CYPs) with preneoplastic changes in the
early stage of hepatocarcinogenesis is still unclear.  To detect the expression of
carcinogen-metabolizing related microsomal P450 enzymes, namely the CYP1A1,
CYP1A2, CYP2B1/2, CYP2E1, and CYP3A, we performed the medium-term bioas-
say of Ito’s model in Sprague-Dawley rats.  Methods: The amount and activity of
CYP were assessed by biochemical and immunohistochemical methods in week 8.
The correlation between CYP expression and microsomal oxidative stress was
investigated by comparing the generation of microsomal lipid peroxidation in the
presence or absence of specific CYP inhibitor.   Results: In the DEN-2-AAF and 2-
AAF alone groups, the expression of CYP1A1 and CYP2E1 were up-regulated and
the expression of CYP2B1/2 and CYP1A2 were quite the contrary.  Strong staining
of CYP2E1 and CYP2B1/2 was found around the centrolobular vein and weak
staining in the altered hepatic foci revealed by immunohistochemical procedure.
There was no significant change in the activity of CYP3A among the 4 groups.
Altered hepatic tissue bore more microsomal NADPH (nicotinamide adenine
dimucleotide phosphate,reduced form)-dependent lipid peroxidation than normal
tissue.  And the difference among the 4 groups disappeared when CYP2E1 was
inhibited.  More microsomal lipid peroxidation was generated when incubated
with CYP1A inhibitor α-naphthoflavone.  Conclusion: CYP altered their expres-
sion levels and these alterations can play important roles in the alteration of cell
redox status of preneoplastic tissue in the early stage of hepatocarcinogenesis.
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Introduction
Cytochrome P450 (CYP)  plays a pivotal role in oxidative

metabolism of lipophilic drugs and xenobiotics (some of them
are carcinogens), which will then be transformed into more
polar water soluble molecule[1].  During these processes, ac-
tivation or detoxicitation takes place.  A prominent phenom-
enon during hepatocarcinogenesis is an alternation of the
expression of drug metabolism enzymes[2].  CYP can be influ-
enced by a number of exogenous and endogenous factors and
its induction is of the utmost interest in carcinogenesis[3,4].

The underlying mechanisms by which CYP enzymes in-
volved in the process of hepatocarcinogenesis have not been
elucidated clearly or in detail.  Some probable mechanisms
have been suggested including the metabolism of exogenous

chemicals involved in the generation of reactive oxygen spe-
cies and oxidative DNA damage, which are associated with
apoptosis and cell cycle arrest[5].  Moreover, alteration of
the activities of CYP in rats could be an important factor in
determining resistance or susceptibility to xenobiotics in the
early stage of hepatocarcinogenesis[6].

Preneoplastic and neoplastic lesions induced by various
different treatment regimens have a decrease in expression
of phase I enzymes and an increase in expression of phase II
enzymes in common[7].  The decrease in expression of CYP in
preneoplastic lesions could alter the synthesis and/or inac-
tivate endogenous and/or exogenous substance, which act
as tumor promoters or comitogens, thus resulting in the selec-
tive growth of a subset of hepatic hyperplastic lesions [7,8].
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CYP1A family might be marker enzymes that indicat the
carcinogenic potential of xenobiotics.  Most polyhaloge-
nated aromatic hydrocarbons that have proven to be car-
cinogen have a common induction of CYP1A1.  A previ-
ously published study demonstrated that the level of N-
nitrosodimethylamine demethylase activities (mainly
catalysed by CYP2E1) and CYP2E1 protein content were
lower in hepatomas than in the corresponding host liver[9].
However, the change of CYP2E1 expression in the early
stage of hepatocarcinogenesis and the probable role in the
process of hepatocarcinogenesis was unclear.

Oxidative stress interacts with all 3 stages of the cancer
process.  Higher levels of reactive oxygen species (ROS)
have been found in neoplastic nodules of rat liver than in
the surrounding normal tissue.  ROS can be generated from
several intracellular locations including microsomal path-
way and the mitochondrial electron transport chain.   Mi-
crosomal generated ROS is one of the most significant
causes of liver injury[10].   The existence of NADPH-depen-
dent production of ROS by animal liver microsomes has
been linked to CYP.  The uncoupling of electron transfer
and oxygen reduction from monooxygenation by CYP2B1
and CYP2E1 could result in the release of O2

− and H2O2.  A
recent study has demonstrated that this step is also in-
volved in CYP1A1, CYP3A, and CYP4A isoforms[11].  Within
these isozymes, CYP2E1 is a major inducible hepatic mi-
crosomal CYP involved in the hydroxylation of fatty acids,
and can initiate the autopropagative process of lipid
peroxidantion if they are not countered efficiently by
antioxidants.  In the present paper, a reconstituted
mircrosomal lipid peroxidation system consisting of rat liver
microsomal NADPH-cytochrome P450 reductase and cyto-
chrome P450 incorporated into phospholipids vesicles was
developed to investigate the possible role of the specific
CYP to generate microsomal lipid peroxidation that resulted
in the different cell redox status among the 4 groups.

The medium-term bioassay, which was developed by
Ito et al in 1989 to detect the carcinogenic potential and
their postinitiation modifying effects[12], is of relatively short
duration, but results in sufficient lesions to allow statisti-
cal comparisons[13].  To investigate the induction and
inhibiton of CYP in the early stage of hepatocarcinogenesis
induced by DEN and 2-AAF, we performed the medium-
term bioassay.  In the present study, we investigated the
major carcinogenesis related to CYP isozymes, namely
CYP1A1, CYP1A2, CYP2B1/2, CYP3A, CYP2E1, and indi-
cated their respective role in the formation of hyperplastic
foci.

Materials and methods

Chemicals  Diethylnitrosamine (DEN), 2-acetylaminofluo-
rene (2-AAF), α-naphthoflavone, 8-methoxypsoralen were
purchased from Sigma Chemical Co.  Ethoxyresorufin and
resorufin were obtained from Molecular Probes.  Erythromy-
cin was purchased from Shanghai Sangon Co Ltd.  All the
antibodies, except those mentioned (later), were purchased
from Chemicon International Institute.  Enhancing chemilu-
minescence (ECL) was obtained form Amersham Life Sci-
ences (Amersham, United Kingdom).

Animal experiment  Sixty male pathogen-free Sprague–
Dawley rats (70–80 g) were obtained at 6 weeks of age from
the Shanghai Laboratory Animal Center, Chinese Academy
of Sciences (Shanghai, China), and housed in plastic cages
with wood chips for bedding in a temperature and humidity-
controlled animal facility center with a daily photoperiod of
12 h of light and 12 h of darkness.  Forty rats which had no
abnormal findings after a 1-week acclimatization period, were
randomly divided into 4 groups referred to as group A, B, C,
and D, each consisting of 10 animals.  Group D (control) was
maintained on a basal diet without carcinogen treatment;
group A received a single ip injection of DEN (200 mg/kg) in
0.9% NaCl, and 2 weeks later were placed on a diet contain-
ing 2-AAF (100 ppm) for 6 weeks.  Group B received a single
ip injection of DEN (200 mg/kg) dissolved in 0.9% NaCl and
was then maintained on the basal diet for 8 weeks; group C
were placed on a diet containing 2-AAF (100 ppm) from week
2 to week 8 without DEN initiation.   All groups received
partial hepatectomy (two-thirds of the total liver) in the third
week.  At week 8 all the rats were anesthetized with diethyl
ether; liver perfusion was performed with ice-cold perfusion
buffer [1.15% KCl, 1 mmol/L-1 EDTA, 0.25 mmol/L
phenylmethylsulfonyl fluoride (PMSF)] at room temperature.
Separate portions were fixed in 10% phosphate-buffered
formalin, partially frozen in liquid nitrogen and stored at liq-
uid nitrogen for molecular assessment.  Microsomes were
prepared by differential centrifugations as described previ-
ously and stored at -80 °C until use.

Biochemical assay
Ethoxy O-dealkylase activity assay  The metabolism

of ethoxyresorufin is associated with CYP1A1 and CYP1A2,
with CYP1A1 metabolizing ethoxyresorufin to a much greater
extent than CYP1A2 when both CYP are present.  The
dealkylation of ethoxyresorufin by microsomes was quanti-
fied by measurements of increased resorufin fluorescence
over time using a Polar star* fluorescence microplate reader
(BMG labtechnologies Pty Ltd, Melbourne, Australia).  Mi-
crosome protein (50–150 µg) was added to 0.1 mol/L potas-
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sium phosphate buffer pH 7.6, along with 2 µmol/L
ethoxyresorufin in the total reaction volume of 2.0 mL.  This
microsome substrate solution was incubated at 37 oC for 3
min prior to initiation of the reaction with 0.5 mmol/L NADPH.
The reaction continued for the next 5 min, the formation of
resorufin was measured at the excitation wavelength of 535
nm and emission wavelength of 590 nm.  The standard curve
was performed with the known amounts of resorufin.

p-Nitrophenol hydroxylase (PNPH) assay  PNPH was
assayed as described previously.  The reaction mixtures con-
tained a 0.1 mol/L potassium phosphate buffer, pH 6.8, 1.0
mmol/L ascorbic adid, 0.1 mmol/L p-nitrophenol, 100 µL 25%
microsome protein and 1mmol/L NADPH in a total volume of
1.0 mL.  The reaction was initiated by adding NADPH after
incubation at 37 oC for 3 min.  After a 10-min incubation at
37 oC, the reaction was stopped by adding 0.5 mL 0.6 mol/L
HClO4.  The 4-nitrocatechol formed was determined spec-
trally at 510 nm in 1.0 mL of the supernatant at 546 nm after
the addition of 0.1 mL 10 mol/L NaOH.

Erythromycin N-demethylase activity assay   The mi-
crosomal erythromycin N-demethylase activity was per-
formed as previouly described.  The reaction mixture included
0.6 mL 50 mmol/L potassium phosphate buffer (pH 7.25),
0.1 mL 150 mmol/L magnesium chloride, 0.1 mL 10 mmol/L
erythromycin and 0.1mL microsomal suspension.  After add-
ing NADPH to initiate the reaction, the reaction mixture was
incubated at 37 oC for 10 min.  The reaction was then termi-
nated by 0.5 mL ice-cold 12.5% (w/v) trichloroacetic acid.
After centrifuge, the same volume of NASH reagent (NASH
reagent containing 150 g ammonium acetate, 3.0 mL glacial
acetic acid and 2.0 mL acetylacetone per liter of aqueous
solution)was added to supernatant. The formaldehyde
formed was determined spectrally at 412 nm after heating at
50 oC for 30 min.

Western Blot  Microsomal fractions of the liver samples
were separated by SDS-PAGE and electrophoretically trans-
ferred to polyvinylidene fluoride (PVDF) membranes, incu-
bation with rabbit anti-rat CYP1A1, CYP1A2, CYP2B1/2,
CYP2E1 (1:1000) at 4 oC overnight, followed by peroxidase-
conjugated goat anti-rabbit IgG (1:4000) at room temperature
for 1 h.  Binding was visualized with an enchanced
chemiluminescence.

Immunohistochemistry
glutathione S-transferase placental (GST-P) immu-

nohistochemistry  Immunhistochemical staining using rab-
bit anti-GST-P IgG (ready to use; Medical Biological Labora-
tories Co, Nagoya, Japan), was performed by avidin-biotin
complex method.  Quantitation of GST-P-positive foci was
performed using 2-dimension evaluation only.  The areas of

GST-P-positive foci greater than 0.2 mm in diameter and the
total areas of the liver sections were measured using Leica
QFAB Image Processing (Leica Imaging Systems Ltd,
Cambridge, England) and analysis system to give values per
cm2 of liver section.

Immunohistochemistry of proliferating cell nuclear
antigen (PCNA)  PCNA was detected from formalin-fixed
paraffin-embedded tissue sections.  Immunohistochemical
staining using monoclonal mouse anti-PCNA IgG (1:100 di-
luted in 0.01 mmol/L PBS, pH 7.2) and biotinylated rabbit
anti-mouse immunoglobulins (1:300 diluted in 0.01mmol/L
PBS, pH 7.2) was performed by avidin-biotin complex method.
Antigen retrieval was performed by boiling for 10 min in a
microwave oven (600W).    The number of nuclei and PCNA-
positive nuclei were counted under a light microscope.  Ten
random fields (approximately 2000 nuclei) per section were
assessed under 40×objective lens.

Liver microsomal NADPH-dependent lipid oxidation:
thiobarbitric acid reactive substances (TBARS) assay
Fe3+/ADP-induced: liver microsomes (300 µg of protein per
mL) were preincubated in 150 mmol/L Tris/HCl buffer, pH 7.4.
After 10 min incubation at 37 oC, lipid peroxidation was initi-
ated by the addition of 2 µmol/L FeCl3/200 µmol/L ADP
(previously complexed), and 200 µmol/L NADPH.  The total
volume was 0.5 mL, and all additions expressed earlier were
final concentration in the incubation system.  Incubations
were carried out at 37 oC.  Lipid peroxidation was monitored
by the formation of TBARS reactions.

Not Fe3+/ADP-induced: the microsomal protein (200 µg
in 50 mmol/L phosphate buffer saline, pH 7.4) was incubated
in the presence of 0.23 mmol/L NADPH at 37 oC for 10 min
before analysis of thiobarbitric acid (TBA) reactive
substances.  For pharmacological inhibition studies, microso-
mal protein was pre-incubated for 10–30 min at room tem-
perature in the presence of either diethyldithiocarbamate
(CYP2E1 inhibitor, 50 µmol/L) or α-naphthoflavone (CYP1A
inhibitor, 10 µmol/L), 8-methoxypsoralen (CYP1A and
CYP2A6 inhibitor, 1 µmol/L).    α-Naphthoflavone is 10 times
more potent as an inhibitor of CYP1A2 than CYP1A1.  8-
Methoxypsoralen has a similar inhibition of CYP1A1 and
CYP1A2.  The microsomal NADPH-dependent lipid peroxida-
tion was performed as described earlier.

Glutathione assay  Glutathione level in the homogenates
was assayed with a microplate reader using the GSH test kit.
The GSH test kit was obtained from the Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).

Statistical methods  Data were expressed as mean±SEM.
After homogenetic analysis, homogeneous data were ana-
lyzed with one-way analysis of variance and a post hoc test
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of least significant difference.  Heterogeneous data were
analyzed using the t-test.  P<0.05 was considered significant.

Results
Body and liver weights  The toxicity and abnormal prolif-

eration induced by DEN and 2-AAF was evident in data for
body or relative liver weights.  The body weights of both
groups A and B decreased significantly compared with that
of group D.  There were no significant alteration in absolute
liver weight in all 4 groups.  But the relative liver weights
(relative to body weights) significantly (P<0.05, n=5) in-
creased in DEN+2-AAF, DEN, and 2-AAF group (Table 1).

Carcinogenic potential assay: GST-P and PCNA immu-
nohistochemistry  Carcinogenic potential assay was per-
formed by comparing the numbers and areas of GST-P-posi-
tive foci.  The numbers and areas of GST-P-positive foci
significantly increased in group A as compared with that of
groups B and D (Figure 1A, Table 2).  With the present carci-
nogenic protocol, treatment of rats with single injection of
DEN alone did not induce altered hepatic foci but treatment
with DEN plus 2-AAF induced many altered hepatic foci in
the liver.

PCNA was used as an indicator of cell proliferation.
Immunohistochemistry detection of PCNA is a common
method used to grade proliferative activity in a given tissue.
The number of PCNA-positive cells in groups A and C were
remarkably (P<0.05, n=5) more than that of control group
(Table 2, Figure 1B).

Western blot analysis of Cytochrome P450 isozymes  In
the present experiments, we used liver samples without iso-
lation of hyperplastic nodules for the analyses of CYP
enzymes, because each hyperplastic nodule was too small
to isolate.  Western blot analysis revealed a slight increase
of CYP2E1, significant decrease of CYP1A2 and CYP2B1/2
in both groups A and C.  There was no detectable difference
of CYP2E1, CYP1A2,  and CYP2B1/2 between the DEN-PH

group and the control group.  CYP1A1 was almost undetect-
able in the control group, but the induction of CYP1A1 in
group C was greater than DEN+2-AAF group and DEN group
(Figure 2).

Measurement of ethoxy-O-dealkylase activity, p-
nitrophenol hydroxylase (PNPH) activity, and erythromy-
cin N-demethylase activity assay  The results of these ex-
periments showed that treatment of DEN-PH-2-AAF statis-
tically (P<0.01, n=5) increased the liver microsomal PNPH
activity approximately 40% more than that of control group;
treatment of 2-AAF-PH-2-AAF increased PNPH activity by

Table 1.  Body and liver weights.  n=5. Mean±SEM. bP<0.05 vs
control group.

     Group    Body weight/g                    Liver weight
                                 Absolute/g          Relative/%

DEN+2-AAF 360±25b 13.5±1.3 3.78±0.49b

DEN 379±35b 13.0±1.6 3.44±0.43b

2-AAF 412±44 13.3±1.3 3.22±0.20
Control 452±52 13.0±0.7 2.87±0.25

Table 2.  Carcinogenic potential assay. Total areas of GST-P-posi-
tive foci and the number of PCNA positive nuclei per 1000 cells.
cP<0.01 vs control group. eP<0.05, fP<0.01 vs group DEN group.

    Group                         GST-P foci area/            PCNA (+) nuclei
                                          mm2·cm-2                       (1000 cells)

DEN+2-AAF 17.13c 135±30c,f

DEN 1.16  68±45
2-AAF 1.08 115±28c,e

Control Not detectable  32±13

Figure 1.  Immunohistochemical staining of GST-P and PCNA in
the tissue of group A. (A) GST-P (×15); (B) PCNA (×30).
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DEN had no influence on the PNPH activity.  These results
were in accordance with our Western blot analysis and
immunohistochemisty results (Table 3).

Treatment with 2-AAF dramatically increased the ethoxy-
O-dealkylase activity approximatley 7 times than that of con-
trol group.  However, treatment with DEN-PH-2-AAF only
increased the ethoxy-O-dealkylase activity 1.6 times more
(Table 3).

There were no differences of the liver microsomal eryth-
romycin N-demethylase activity among the 4 experiment
groups (Table 3).

Immunohistochemistry of CYP2E1 and CYP2B1/2   In
the normal liver tissue, immunohistochemical staining of
CYP2E1 showed moderate or weak staining around the
centrolobular vein (Figure 3C, 3D).  In the DEN-2-AAF group

Figure 2.  Western blot analysis of CYP1A1, CYP1A2, CYP2E1,
CYP2B1/2. Lane A: group DEN+2-AAF; lane B, group DEN; lane C,
group 2-AAF; lane D, group control.  Microsomal protein 80 µg
consisting of 3 samples of different rats was loaded into each band.

Figure 3.  Immunohistochemistry staining of CYP2E1 and CYP2B1/2. (A) CYP2E1, group A (×15); (B) CYP2E1, group A. Preneoplastic foci
is indicated by the arrow (×30); (C) CYP2E1, group D (×15); (D) CYP2E1, group D (×30); (E) CYP2B1/2, group D (×15); (F) CYP2B1/2,
group D (×30); (G) CYP2B1/2, group A (×30); (H) CYP2B1/2, group A. Preneoplastic foci is indicated by the arrow (×15).

Table 3.  Biochemical assay of hepatic microsomal CYP enzymes. Metabolism of p-nitrophenol is associated with CYP2E1. Metabolism of
ethoxyresorufin is associated with CYP1A1 and CYP1A2, with CYP1A1 metabolizing ethoxyresorufin to a much greater extent than
CYP1A2 when both CYP are present. n=5. Mean±SEM. bP<0.05, cP<0.01 vs control group. eP<0.05 vs group 2-AAF group. hP<0.05 vs group
DEN group.

       Group                                         PNPH activity/                      Ethoxyresorufin O-dealkylase           Erythromycin N-demethylase
                                                           mmol·g-1·min-1                                activity/nmol·g-1·min-1                       activity/pmol·g-1·min-1

DEN+2-AAF 2.88±0.61ce   61335±10334c 1.56±0.35
DEN 2.22±0.26 126771±18071c 1.42±0.30
2-AAF 2.75±0.27bh 174533±54160c 1.54±0.16
Control 2.12±0.26   23667±4616 1.46±0.15

approximately 30%, but the treatment of a single injection of
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and 2-AAF alone group, the positive staining area was ex-
tended and the staining was stronger than that of the con-
trol group (Figure 3A).  The staining of CYP2E1 was also not
seen in the hepatocytes within the altered hepatic foci (Figure
3B).

In the normal liver tissue, immunohistochemical staining
of CYP2B1/2 showed a strong centrolobular staining pattern;
no staining of CYP2B1/2 was found in the periportal area
(Figure 3G, 3H).  In the liver treated with DEN-2-AAF,
centrolobular staining of CYP2B1/2 was relatively weak and
the number of positive hepatocytes was less than that in the
normal tissue (Figure 3E).  There was no staining of CYP2B1/2
in the altered hepatic foci hepatocytes, except some positive
staining hepatocytes scattered among the negative hepato-
cytes (Figure 3F).

Liver microsomal lipid peroxidation and glutathione level
Treatment with DEN/PH/2-AAF significantly (P<0.01, n=5)
increased the ability of liver microsome to generate the lipid
peroxidation whether in the presence or absence of Fe3+/
ADP.  Treatment with 2-AAF or a single injection of DEN
could also increase the generation of lipid peroxidation with-
out the presence of Fe3+/ADP.  However, in the presence of
Fe3+/ADP, no remarkable alteration existed between the
groups DEN, 2-AAF, and control group, probably because
Fe3+/ADP presence could increase the normal liver microso-
mal lipid peroxidation and obliterate the difference.  In the
presence of CYP2E1 inhibitor diethyl-dithiocarbamate, the
generation of lipid peroxidation decreased remarkably (P<
0.01, n=5) in all 4 groups.  The difference between the groups
was obliterated.  All 4 groups bore the higher lipid peroxida-
tion in the presence of CYP1A inhibitor α-naphthoflavone
and Fe3+/ADP, than in the absence of α-naphthoflavone
(Figure 4).   This can indicate the specific role of CYP2E1 and
CYP1A2 in the generation of microsomal lipid peroxidation.

Glutathione depletion in the DEN-2-AAF group was evi-
dent in the data of the glutathione level in the liver homog-
enization (Table 4).

Discussion
With the present carcinogenic protocol, treatment of rats

with single injection DEN or 2-AAF alone for 6 weeks only
induced sporadic, little-altered hepatic foci or GST-P posi-
tive cells, but treatment of DEN as initiator and 2-AAF as
promoter induced many altered hepatic foci in the liver.  It
has been demonstrated that neoplastic or preneoplastic
changes of the liver results in a decrease in the amount of
total P450 and the altered expression of CYP isozymes in the
liver[14].  Some isozymes can be overexpressed, at the same

Table 4.  Glutathione level in the homogenate.  n=5.  Mean±SEM.
bP<0.05, cP<0.01 vs control group.

             Group                                   GSH/mg·g-1 protein

DEN+2-AAF 46.03±2.90c

DEN 53.25±2.33b

2-AAF 55.12±2.21b

Control 65.82±5.02

Figure 4.  Effect of P450 enzyme inhibitor on microsomal NADPH-
dependent lipid peroxidation in 4 groups with Fe2+ induction (A) or
no Fe2+ induction (B). Before the reaction, microsome was incubated
with or without specific P450 inhibitor for 10–30 min.  Diethyldithio-
carbamate is a CYP2E1 inhibitor; naphthoflavone is a CYP1A in-
hibitor (mainly CYP1A2); 8-methoxypsoralen is a CYP1A (with a
similar effect on CYP1A1 and CYP1A2) and CYP2A6 inhibitor.
The l ip id  peroxidat ion was  measured by the  format ion of
thiobarbituric acid reactive substances (TBARS). TBARS are re-
ported in terms of malondialdehyde (MDA). bP<0.05, cP<0.01 vs
DEN; eP<0.05, fP<0.01 vs 2-AAF; hP<0.05, iP<0.01 vs control.
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time, other isozymes are downregulated expressed. The
present work confirmed the alteration expression of CYP1A1,
CYP1A2, CYP2B1/2 and CYP2E1.   As we expected, CYP1A2
was down-regulated in groups A and C.  As the previous
report demonstrated[15], the expression of CYP1A2 was re-
duced preferentially in the liver bearing hyperplastic nodules.
CYP1A1 which was undetectable in control rat liver, appeared
in the groups A, B, and C.   It was not expected that treatment
with DEN alone significantly increased ethoxy-O-dealkylase
activity, as DEN has no capacity for inducing CYP1A1 in
vitro.  This unexpected change was similar to those observed
previously in the treatment of rats with DEN alone[15].  The
mechanism of the unexpected appearance of CYP1A1 in the
liver treated with DEN alone remains unclear and requires
further study.  It has been proposed that a link exists be-
tween the capacity of agents and their ability to promote
hepatocarcinogenesis[16].  The altered hepatic foci that shows
reduction of expression of CYP2B1/2 might have more po-
tential to grow into hyperplastic nodules [17].  In the present
study, CYP2B1/2 was down-regulated in groups A and C.
However, CYP2B1/2 was down-regulated expression in the
cells within the altered hepatic foci the same as the previous
report .

 CYP2E1 is a major microsomal source of hydrogen per-
oxide and NADPH-dependent lipid peroxidation[18].  In the
present study, CYP2E1 inhibitor inhibited most microsomal
lipid peroxidation production in all 4 groups and obliterated
the difference among the groups.  Thus, the increasing lipid
microsomal peroxidation might be induced by overexpression
of CYP2E1.  This result was in accordance with the major role
of CYP2E1 in the generation of microsomal hydrogen
peroxide.  Immunohistochemical assay indicated that CYP2E1
mainly expressed around the centrolobular vein and most of
hepatocytes in the altered hepatic foci were negative.  Thus,
the hepatocytes within the altered hepatic foci might bear
less peroxidation injury than that in the surrounding area.
This could contribute to the formation of a resistant
phenotype.  Studies in vitro have indicated that CYP2E1
overexpression has left cells vulnerable to death from GSH
depletion[19]; the different susceptibilities to ROS between
hepatocytes within the altered hepatic foci and surrounding
tissue can be partially explained by the depletion of
glutathione, which was confirmed by the present assay of
glutathione in the liver.

The previous study demonstrated that xenobiotic AHR
(Aryl Hydrocarbon Receptor) ligands were mechanistically
involved in toxicological processes of oxidative stress, gener-
ally resulting in increasing ROS production in microsomes[20].
The specific role of CYP1A1 and CYP1A2 that contributed

to the generation of microsomal lipid peroxidation seemed to
be contrary.  CYP1A1 appeared to be an important contribu-
tor to a microsomal oxidative stress response.  However,
CYP1A2 decreased the microsomal hydrogen peroxidation
generated by CYP2E1 and CYP1A1 by acting as an electron
acceptor to prevent the uncoupled electron transferring from
NADPH to O2

[21].  The present results indicate that CYP1A
inhibitor α-naphthoflavone promotes the generation of lipid
peroxidation in the presence of Fe3+/ADP and did not effect
the generation of lipid peroxidation in the absence of Fe3+/
ADP.  Because α-naphthoflavone is a more potent inhibitor
of CYP1A2 than CYP1A1, and CYP1A2 was an antioxidant
enzyme, we proposed that more lipid peroxidation produc-
tion in groups A and C could result not only from over-
expression of CYP2E1 and CYP1A1, but also from decreased
expression of CYP1A2.

Changes in CYP isozymes expression can directly pro-
duce interindividual differences in susceptibility to carcino-
genic compounds; toxicities are modulated by these enzymes.
N-nitrosodiethylaminie (DEN) is a widely occurring carcino-
genic nitrosamine that requires oxygenation of the α-carbon
catalyzed by CYP (mainly by CYP2E1) for its DNA-damaging
activity[22].  The first necessary step for 2-AAF activation is
N-hydroxylation mediated by CYP1A to form the proximate
carcinogen N-OH-AAF[23].  In normal rat livers, the relevant
isozyme mediated N-hydroxylation of 2-AAF is CYP1A2, but
in the liver in which CYP1A1 was induced, we speculated
that this step was mediated primarily by CYP1A1, because
CYP1A1 N-hydroxylated 2-AAF 6 times more rapidly than
CYP1A2.  Therefore, in the present study, DEN+2-AAF, DEN,
and 2-AAF group, in which CYP1A1 was induced, might
have more susceptibility to 2-AAF.  Although we are unable
to explain the high induction of CYP1A1 in the rat liver of the
DEN-PH group, the induction of CYP1A1 after a single injec-
tion of DEN might result in more 2-AAF being transformed
to N-OH-AAF.  Based on this proposal, it can be concluded
that alteration of expression of CYP1A1/2 contributed to the
hepatocytes within the preneoplastic foci acquisition of re-
sistance to 2-AAF.

In conclusion, the expression of CYP was altered in the
early stage of hepatocarcinogenesis and these alterations
have an affect on the alteration of cell redox status and the
metabolism of carcinogen.
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Melatonin-selenium nanoparticles protects liver against immunological
injury induced by bacillus Calmette-Guérin and lipopolysaccharide1
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Abstract
Aim: Melatonin-selenium nanoparticle (MT-Se), a novel complex, was synthe-
sized by preparing selenium nanoparticles in a melatonin medium.  The present
investigation was designed to determine the protective effects of MT-Se against
immunological liver injury in mice induced by bacillus Calmette-Guérin (BCG)/
lipopolysaccharide (LPS).  Methods: The model of immunological liver injury in
mice was prepared.  The levels of alanine aminotransferase, aspartate amino-
transferase, nitric oxide (NO) in serum, malondialdehyde content, superoxide
dismutase (SOD), and glutathione peroxidase (GSH-px) activities in a liver homo-
genate were assayed by spectrophotometry.  The content of tumor necrosis fac-
tor-α (TNF-α) and interleukin-1 (IL-1) were determined by ELISA.  The splenocyte
proliferation was assayed by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-zolium
bromide (MTT) dye reduction.  Meanwhile, a hepatic pathological examination
was observed.  Results: In the BCG/LPS-induced hepatic injury model, MT-Se
administered at doses of 5, 10, or 20 mg/kg to the BCG/LPS-treated mice for 10 d
significantly reduced the increase in serum aminotransferase, reduced the severe
extent of hepatic cell damage and the immigration of inflammatory cells.  It also
attenuated the increase in the content of thiobarbituric acid-reactive substances
and enhanced the decrease in activities of SOD and GSH-px.  In contrast, the
treatment with MT-Se suppressed the increase in NO level in both the serum and
liver tissue.  Furthermore, MT-Se significantly lowered an increase in TNF-α and
IL-1β levels in the liver and inhibited the production of TNF-α and IL-1β by
peritoneal macrophages.  A downregulation effect of MT-Se on splenocyte prolif-
eration was also observed.  Conclusion: MT-Se showed a hepatic protective
action on immunological liver injury in mice.
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Introduction
Hepatic damage, both acute and chronic, is a common

pathology worldwide quite often characterized in its chronic
evolution by a progressive process from steatosis to hepa-
tocellular carcinoma through chronic hepatitis, fibrosis, and
cirrhosis.  The main etiology is represented by viral infec-
tions (HBV, HDV, and HCV) and alcohol abuse[1].  The injec-
tion of bacillus Calmette-Guérin (BCG) followed by li-
popolysaccharide (LPS) is useful for the creation of experi-
mental models of immunological hepatic damage[2].  It is

known that Propionibacterium acnes or BCG priming and
LPS challenge in mice causes massive liver injury, which
consists of priming and eliciting phases.  P acnes or BCG
priming induces mononuclear cell infiltration into the liver
lobules and granuloma formation.  The subsequent LPS in-
jection elicits  acute and massive hepatic injury, with a host
release of reactive oxygen species, nitric oxide (NO) and pro-
inflammatory cytokines such as tumor necrosis factor α
(TNF-α), interleukin-1β (IL-1β)[3-5].

Melatonin participates in many important physiological
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processes, including anti-inflammatory[6] and immunoregu-
latory[7] processes, as well as acting as an antioxidant[8,9].  It
not only functions as a direct antioxidant; that is, as a scav-
enger of various oxygen free radicals including hydroxyl
radical, singlet oxygen, hydrogen peroxide (H2O2) and peroxyl
radical, but it also functions as an indirect antioxidant through
the enhancement of antioxidant enzyme activities in tissues
such as the liver and the brain.  Furthermore, melatonin also
neutralizes ONOO– and inhibits the production of NO.  In
addition, our and other published reports have shown that
melatonin protects against liver injury through its antioxi-
dant action[10,11].

Selenium (Se) is an essential element for humans and can
improve the activity of the seleno-enzyme and glutathione
peroxidase (GSH-px), and can also prevent free radicals from
damaging cells and tissues in vivo.  One of its best-under-
stood functions is that it is present in the active center of
GSH-px, an antioxidant enzyme that scavenges various per-
oxides and protects membrane lipids and macromolecules
from oxidative damage[12].  The supplementation of food with
selenium is usually limited to selenium-containing com-
pounds, such as sodium selenite (Na2SeO3), ebselen, and
other organoselenium compounds.  However, several stud-
ies have been focused on the elemental selenium (Se0).  It is
currently known that gray and black elemental Se is biologi-
cally inert.  However, there is one kind of red elemental par-
ticulate selenium, observed in several bacteria, which could
provide environmental protection from pollution caused by
excessive selenium[13].  These elemental selenium particles
are formed in the bacteria to detoxify the excess selenium.  In
the work of Zhang et al[14], it was found that selenium
nanoparticles had a higher bioavailability, much less acute
toxicity and better scavenging effect compared with organic
and other inorganic selenium-containing compounds.

In the present paper, based on the antioxidant and
immunoregulatory actions of melatonin and elemental sele-
nium nanoparticles, we combined selenium nanoparticles with
melatonin in order to obtain useful materials for medication.
Melatonin-selenium nanoparticle (MT-Se), a novel complex,
was synthesized by preparing selenium nanoparticles in
melatonin medium.  In this study, the mechanisms of the
protective effects of MT-Se on immunological liver injury
induced by BCG plus LPS were investigated.

Materials and methods
Preparation of melatonin-selenium nanoparticle  MT-

Se was prepared by reducing selenious acid with ascorbic
acid in the presence of melatonin.  In a synthetic process,
the appropriate amount of selenious acid (the water solution
of SeO2) was thoroughly mixed with melatonin.  Then exces-
sive ascorbic acid was added into the selenious acid/melato-
nin mixture to initiate redox reaction[15].

After the reaction mixture was mixed for approximately 30
min, the product showing light red was obtained.  In the
reaction process, melatonin molecules could be strongly ab-
sorbed on the surface of nascent selenium seeds.  Melato-
nin not only served as a seed growth controller, but also pre-
vented selenium nanoparticles from congregating.  Trans-
mission electron microscopy (TEM) images of the product,
as shown in Figure 1, were captured on a JEOL-JEM 200CX
instrument (JEOL Company, Japan) at an accelerating volt-
age of 100 kV.  From the image, it can be seen that uniform
spherical selenium nanoparticles were produced.  The final
product prepared for medicine application was the complex
made up of 95% melatonin, 1% elemental selenium, and 4%
ascorbic acid/dehydroascorbic acid.  It was dissolved with
absolute ethanol and then stabilized and suspended briefly
in 0.5% carboxymethylcellulose (CMC) before use.

Materials  MT-Se, provided by the Department of
Chemistry, Anhui University, was dissolved with absolute

Figure 1.  Transmission electron microscopy images of melatonin-
selenium nanoparticles.
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ethanol and then stabilized and suspended briefly in 0.5%
CMC.  Melatonin, purchased from Sigma Chemical (St Louis,
MO, USA), was suspended in 0.5% CMC with absolute etha-
nol (≤0.01%, v/v) and stored at -20 ºC.  LPS from Escherichia
coli were obtained from Sigma Chemical.  Commercial kits
used for determining lipid peroxidation (TBRAS), GSH-px
and superoxide dismutase (SOD) activity were obtained from
the Jiancheng Institute of Biotechnology (Nanjing, China).
Other chemicals used in these experiments were analytical
grade from commercial sources.

Animals  Male Kunming mice (20±2 g), obtained from the
Animal Department of Anhui Medical University, were main-
tained on a 12 h light/12 h dark cycle from 6:00 AM to 18:00
PM under a regulated environment (20±1 ºC).  Animals were
housed in plastic cages with free access to food and water.
All procedures followed the guidelines for human treatment
of animals set by the Association of Laboratory Animal Sci-
ences and the Center for Laboratory Animal Sciences at Anhui
Medical University.

Establishment of acute liver injury model  BCG (viable
bacilli), 2.5 mg suspended in 0.2 mL saline, was injected
through the tail vein in mice, and 10 d later they were injected
with 7.5 µg LPS dissolved in 0.2 mL saline.  The mice were
anesthetized with ether then killed 16 h after LPS injection by
cervical dislocation.  The trunk blood was collected into hep-
arinized tubes (50 kU/L) and centrifuged (1500×g, 10 min,
4 ºC).  Serum was aspirated and stored at -70  ºC until as-
sayed as described below.  The liver was also removed and
stored at -70 ºC until required[2, 10].

Drug treatment  Seven groups of mice, 10 in each, were
arranged as follows: (1) normal untreated mice; (2) model
mice; (3) model mice treated with different drugs: (a) three
MT-Se groups (5, 10, and 20 mg/kg respectively); (b)
bifendate group (100 mg/kg).  In the treatment groups, differ-
ent drugs were administered orally by gastric intubation 10 d
prior to LPS injection.  The mice in normal and model control
groups were fed the same volume of vehicle only.

Measurement of serum alanine aminotransferase and
aspartate aminotransferase  Serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) were deter-
mined using commercial kits produced by Jiancheng Insti-
tute of Biotechnology (Nanjing, China).  Their activities were
expressed as an international unit (U/L).

Histological analysis  Formalin-fixed specimens were
embedded in paraffin and stained with hematoxylin and eosin
for conventional morphological evaluation.  After decapita-
tion of rats, small hepatic specimens were placed in 10% (v/v)
formalin solution and processed routinely by embedding in
paraffin.  Tissue sections (4–5 µm) were stained with hema-

toxylin and eosin and examined under light microscope
(Olympus IX70, Japan).  An experienced histologist, who
was unaware of the treatment conditions, made histological
assessments.

  Measurement of malondialdehyde, SOD, and GSH-px
in liver homogenate Lipid peroxidation production in the
liver tissue was determined by measuring thiobarbituric acid-
reactive substances (TBARS)[16].  TBARS were measured
using the thiobarbituric acid method, with 1,1,3,3-tetra-
methoxypropane as a standard.  Hepatic protein was assayed
by the method of Lowry et al using bovine serum albumin as
a standard[17].  The amount of TBARS was expressed as nmol
malondialdehyde (MDA)/mg protein.  The assay for total
SOD was based on its ability to inhibit the oxidation of
oxymine by the xanthine-xanthine oxidase system[18].  Re-
sults were expressed as U per microgram protein.  The activ-
ity of GSH-px was determined by quantifying the rate of
H2O2-induced oxidation of GSH to oxidized glutathione
(GSSH).  A yellow product with absorbance at 412 nm was
formed as GSH reacted with dithionitrobenzoic acid[19].  One
unit of GSH-px was defined as the amount that reduced the
level of GSH by 1 µmol/L in 1 min/mg protein.

  Measurement of NO in serum and liver  NO in the se-
rum and the liver was measured by a microplate assay using
Griess reagent, which produces a chromophore with the ni-
trite[20].  Briefly, 100 µL of supernatants were removed and
incubated with 100 µL of Griess reagent (1% sulfanilamide
and 0.1% N-1-naphthylethylenediamine dihydrochloride in
2.5% phosphoric acid) in a 96-well plate.  The plate was incu-
bated for 10 min at room temperature.  Nitrite production was
quantified spectrophotometrically using an automated colo-
rimetric procedure.  Absorbance at 540 nm was measured
using a microplate reader (318MC, Shanghai Sanco).  The
nitrite concentration was calculated by comparing samples
with standard solutions of sodium nitrite produced in the
culture medium.  All samples were assayed in triplicate.  Re-
sults were expressed as µmol/L.

Splenocytes proliferation assay  Mice were killed by cer-
vical dislocation.  Spleens were removed in sterile condi-
tions and splenocytes were collected.  Then the cells were
suspended in RPMI-1640 medium at a concentration of 1×107

cell/L.  The cell suspension (100 µL) and concanavalin A
(ConA) (100 µL with final concentration of 3 mg/L) or LPS
(100 µL with final concentration of 4 mg/L) were seeded to a
96-well culture plate simultaneously.  Triplicates were
designed.  The cultures were incubated at 37 ºC in an atmo-
sphere of 5% CO2 for 48 h.  Two hours before completion, 10
µL of MTT (5 g/L) was added to each well.  The absorbance
was measured on an EJ301 ELISA Microwell Reader  (Wuxi
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Keda, China) at 570 nm.  The results were described as the
average of triplicate A.

Preparation of peritoneal macrophages and induction of
TNF-α α α α α and IL-1βββββ  Mice PMΦ were collected in D-Hanks’
medium by routine method.  Then PMΦ was resuspended in
RPMI-1640 medium at 1×109 cell/L and the cell suspension
was seeded into a 24-well culture plate, 1 mL per well.  After
incubation at 37 ºC  for 2 h in 5% CO2 atmosphere, superna-
tants were removed and the adherent cells were washed 3
times with Hanks’ medium, which contained 5% neonatal
bovine serum.  Thus, the monolayer of PMΦ was obtained.
LPS, with a final concentration of 4 mg/L, was added to each
well and RPMI-1640 was also added to make a final volume
per well of up to 1 mL.  The plate was then incubated at 37 ºC
in air with 5% CO2 for 48 h.  After being centrifuged (500×g,
10 min), all the supernatants containing extracellular TNF-α
and IL-1β were collected and stored at -20 ºC until assay.

Measurement of TNF-ααααα and IL-1βββββ in liver and culture
supernatants  The TNF-α and IL-1β levels in the liver homo-
genate and culture supernatants were determined using rat
ELISA kits.  Their levels were expressed as ng/L.

Statistical analysis  All values are presented as mean±SD.
A two-tailed, non-paired, Student’s t-test was used to evalu-
ate differences between means.  Statistical significance was
set at P<0.05.

Results
Effect of MT-Se on serum ALT and AST concentration

The model group (treated with BCG plus LPS) manifested
severe liver damage with an elevation of serum amino-
transferase, compared with the normal group.  In the group
of mice treated with MT-Se (5, 10, and 20 mg/kg), serum lev-
els of liver enzymes were significantly decreased as com-
pared with BCG plus LPS-treated mice.  Similarly,  bifendate
(100 mg/kg) reduced the levels of liver enzymes as opposed
to BCG plus LPS-treated mice (Table 1).

Effect of MT-Se on liver histology  No histological ab-
normalities were observed in normal mice.  There was severe
necrosis of hepatocytes with marked mononuclear infil-
tration, seen after LPS injection in the BCG-primed mice.  In
the MT-Se (5, 10, and 20 mg/kg) treated groups, the area and
extent of necrosis was attenuated and the immigration of
inflammatory cells was reduced (Figure 2).

Effect of MT-Se on liver homogenate MDA content and
SOD, GSH-px activities   Injection of LPS after BCG priming
in mice caused a significant elevation in MDA levels in the
liver tissue.  MT-Se (5, 10 and 20 mg/kg) reduced the eleva-
tion of MDA levels in the liver.  The activities of antioxidant
enzymes including GSH-px and SOD were significantly in-

Table 1.  Effect of MT-Se on serum ALT and AST activities in mice
with immunological hepatic injury induced by BCG plus LPS.  n=10.
Mean±SD.  cP<0.01 vs normal.  eP<0.05, fP<0.01 vs model.

  Group             Doses/mg·kg-1       ALT/U·L-1          AST/U·L-1

Normal –   25±4   24±9
Model – 139±34c 101±14c

MT-Se 5 102±17f   80±18e

10   96±25f   75±15f

20   95±24f   67±16f

Bifendate 100   95±22f   66±17f

MT-Se: Melatonin-selenium nanoparticles, ALT: alanine amino-
transferase, AST: aspartate aminotransferase; BCG: bacillus Calmette-
Guerin; LPS: lipopolysaccharide.

hibited in the liver tissues of mice injected with LPS after
BCG priming.  Treatment with MT-Se (10 and 20 mg/kg) in-
creased the activity of GSH-px and MT-Se at doses of 10 and
20 mg/kg elevated the activity of SOD (Table 2).

Effect of MT-Se on serum and liver levels of NO  The
levels of NO in serum and liver tissue were significantly in-
creased in BCG-primed mice challenged with LPS.  MT-Se (5,
10, and 20 mg/kg) reduced the elevation of NO levels in se-
rum and liver tissue (Figure 3).

Effect of MT-Se on TNF-α α α α α and  IL-1βββββ concentration in
the liver  As shown in Table 3, when mice were first injected
with BCG and then challenged with LPS, the proinflammatory
cytokines, such as TNF-α and IL-1β, were significantly
elevated.  MT-Se (5, 10, and 20 mg/kg) decreased the levels
of TNF-α and IL-1β in a liver homogenate.  Bifendate had no
effect on TNF-α and IL-1β (Table 3).

Effect of MT-Se on splenocyte proliferation in mice with
immunological liver injury  Treatment with MT-Se sup-
pressed the accentuation of splenocyte proliferation induced
by LPS or ConA (Figure 4).
      Effect of MT-Se on production of TNF-ααααα and IL-1βββββ by
PMΦΦΦΦΦ The levels of TNF-α and IL-1β in culture supernatants
of PMΦ were significantly increased in immunological liver
injury mice.  MT-Se (5, 10, and 20 mg/kg) inhibited the
production of TNF-α and IL-1β (Table 4).

Discussion
The findings of the present study showed that MT-Se, a

new chemical compound that is composed of melatonin and
red elemental selenium particles, prevented the development
of immunological liver injury induced by BCG plus LPS.  It
markedly reduced the severe liver injury in mice as demon-
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strated by a significant reduction in the serum transaminase
levels and amelioration of severe hepatic pathological abno-
rmalities.  Meanwhile, MT-Se decreased MDA content and
NO levels, and increased the antioxidant capacity, including
SOD and GSH-px activity.  In addition, MT-Se played an
immunoregulatory role in decreasing proinflammatory
cytokines and inhibiting splenocyte proliferation.  We pro-
pose that oxidative stress and proinflammatory cytokine
overproduction imposed on the liver play an important role
in the pathogenesis of hepatic damage, and these results are
attenuated by the antioxidant and immunoregulatory activ-
ity of MT-Se.

The current results confirmed that MT-Se’s protection
against hepatic injury was associated with the antioxidant
property of melatonin and selenium.  Melatonin combined
with selenium could induce synergistic effects, indicated by
improved free radical scavenging activity of MT-Se.  Sele-
nium, an integral part and located at the catalytic site of
GSH-px, is now known to be of fundamental importance to
human health[21].  Recent evidence has shown that treatment
with selenium and other antioxidants results in positive clini-
cal responses in various liver diseases associated with in-
creased oxidative damage[22].  GSH-px and some seleno-com-
pounds such as ebselen have also been shown to protect

Table 2.  Effects of MT-Se on MDA levels, SOD, and GSH-px activities in hepatic homogenate of immunological hepatic injury.  n=10.
Mean±SD.  cP<0.01 vs normal.  eP<0.05, fP<0.01 vs model.

      Groups                 Doses/mg·kg-1        MDA/mmol·g-1protein                 SOD/kU·g-1 protein              GSH-px/kU·g-1 protein

Normal     – 4.0±0.8 243±47 76±15
Model     – 6.9±1.7c 122±59c 40±17c

MT-Se     5 5.1±1.2f 173±33 49±12
  10 4.7±1.2f 198±5e 59±17e

  20 4.1±0.9f 202±68f 69±2f

Bifendate 100 4.4±1.1f 131±36 37±10

MT-Se: Melatonin-selenium nanoparticle; MDA: malondialdehyde; SOD: superoxide dismutase; GSH-px: glutathione peroxide.

Figure 2.  Histologic examination of liver sections (hematoxylin and eosin stains, ×200) from: (A) a normal mouse showing no histological
abnormality; (B) a BCG-primed and LPS-treated mouse showing severe degeneration of hepatocytes with marked mononuclear infiltration; (C,
D) a mouse treated with melatonin-selenium nanoparticle (MT-Se) and bifendate, respectively.  Images show the area and extent of necrosis
was attenuated and the immigration of inflammatory cells was reduced compared to BCG-primed and LPS-treated mouse.
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against hepatic injury[23,24].  Selenium also appears to be pro-
tective for individuals infected with the hepatitis virus (B or
C) against the progression of the condition to liver cancer[25].
These effects may prove selenium to be beneficial as an

adjuvant therapy for liver disease.  However, it must be re-
membered that selenium is a toxic mineral with a fairly small
therapeutic window.  Seleno-compounds, especially inor-
ganic selenium, could be hepatotoxic and teratogenic in ani-
mals and humans.  In some sensitive individuals, the maxi-
mum safe dietary intake may be as low as 600 µg per day.  It
would therefore seem prudent to restrict adult intake from all
sources to an upper limit of 400–450 µg/day as recommended
by several expert panels[26].  Although the toxic effect of
elemental selenium nanoparticles is less, the selenium con-
tents percentage in MT-Se is only 1% and the dose of sele-
nium less than 200 µg in our experimental design.  The cur-
rent study confirmed that selenium at doses of 50 to 200 µg
reinforced the endogenous anti-oxidative systems in com-
parison with melatonin or selenium alone; suggested by MT-
Se blunting of lipid peroxidation and increased GSH-px
activity.

Melatonin is also well known to be a multi-faceted free
radical scavenger and antioxidant[8,9].  Previous studies have
shown that melatonin could protect against several models
of liver injury by inhibiting oxidative and nitrosative damage.
Calvo et al found that melatonin protected against alpha-
naphthylisothiocyanate (ANIT)-induced liver injury with
cholestasis in rats, and suggested that this protective effect
was a result of its antioxidative properties and above all to
its capacity to inhibit liver neutrophil infiltration, a critical
factor in the pathogenesis of ANIT-induced liver injury[27].
Melatonin at high doses (10–100 mg/kg) could also dose-
dependently reduce liver lipid peroxide content in CCl4-treated
rats.  This indicates that melatonin exerts a therapeutic effect
on CCl4-induced acute liver injury in rats, possibly through
its antioxidant action[28].  Melatonin plays a cytoprotective
role in the liver affected by ischemia and reperfusion through
its ability to prevent hepatic malfunction and inhibit the gen-

Figure 4.  Effect of MT-Se on splenocyte proliferation in mice with
immunological liver injury.  n=5.  Mean±SD.  cP<0.01 vs normal.
eP<0.05, fP<0.01 vs model.

Table 4.  Effect of MT-Se on production of TNF-α and IL-1β by
PMΦ.  n=5. Mean±SD. cP<0.01 vs normal.  eP<0.05, fP<0.01 vs
model.

    Groups     Dose/mg·kg-1         TNF-α/ng·L-1           IL-1β/ng·L-1

Normal     – 0.77±0.26 0.8±0.4
Model     –   3.1±0.6c 2.5±0.3c

MT-Se     5   2.0±0.4e 1.5±0.3e

  10 1.90±0.23e 1.3±0.4f

  20   1.8±0.7f 0.7±0.6f

Bifendate 100   2.3±0.7 1.9±0.6

MT-Se: Melatonin-selenium nanoparticle; TNF: tumor necrosis factor;
IL-1: interleukin-1; PMΦ: peritoneal macrophage.

Figure 3.  Effect of melatonin-selenium nanoparticle (MT-Se)
administration on serum and hepatic NO levels in mice injected with
BCG plus LPS.  n=10.  Mean±SD.  cP<0.01 vs normal.  eP<0.05, fP<
0.01 vs  model.

Table 3.  Effect of MT-Se on TNF-α and IL-1β level in liver homo-
genate of mice with immunological hepatic injury.  n=10.  Mean±SD.
cP<0.01 vs normal.  eP<0.05, fP<0.01 vs model.

     Groups       Dose/mg·kg-1        TNF-α/ng·L-1         IL-1β/ng·L-1

Normal     – 1.6±0.8 1.3±0.7
Model     – 4.8±1.6c 4.2±1.5c

MT-Se     5 3.4±1.1e 2.9±0.9f

  10 3.3±0.7f 2.6±0.7f

  20 2.6±0.7f 2.0±0.5f

Bifendate 100 3.9±1.4 3.2±1.0

MT-Se: Melotonin-selenium nanoparticle; TNF: tumor necrosis factor;
IL-1: interleukin-1
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eration of free radicals and accumulation of neutrophils in
the damaged hepatic tissue[29].  Moreover, melatonin ap-
peared to be significantly more potent than N-acetylcysteine
in reversing the oxidative damage induced by ischemia and
reperfusion[30].  In bile duct ligated rats, melatonin was much
more effective than vitamin E in reducing liver injury and
oxidative stress[31].  Acetaminophen at high doses can cause
fulminant hepatic necrosis and nephrotoxic effects, and me-
latonin can reverse these effects with its higher efficacy in
scavenging various free radicals and also because of its abil-
ity in stimulating the antioxidant enzymes[32].  In our previ-
ous study, we also observed that pretreatment with melato-
nin had a protective effect on immunological hepatic dam-
age induced by BCG and LPS.  In this study, it is confirmed
that MT-Se also had a hepatic protective effect through the
synergistic antioxidant effect of melatonin and selenium.

As is well known, TNF-α is considered to be a common
early effector molecule for liver injury, in addition to its di-
rect cytotoxic effects, this cytokine is able to induce chemo-
kines, macrophage chemotactic protein-1, and adhesive mol-
ecules (vascular-cell adhesion molecule-1), which are key to
inflammation and consequent liver damage.  The prevention
of liver injury has been observed upon neutralization of TNF-
α with anti-TNF-α antibody, prevention of translation of
primary RNA transcript of TNF-α by antisense oligonucle-
otide and interaction of TNF-α with soluble TNF-α receptors.
Although IL-1 itself does not damage the liver, its elevation
could stimulate inflammatory cells to excrete many other
cytokines including TNF-α, IL-6, and IL-8.  Our results sug-
gest that the elevation of inflammatory cytokines, including
TNF-α and IL-1β, in the liver tissue and PMΦ cell culture
supernatants are contributing to the mechanisms of immu-
nological liver injury.  MT-Se decreased TNF-α and IL-1β lev-
els in the liver inhibiting their production by PMΦ.  These
results are consistent with the literature suggesting mela-
tonin’s immunosuppressive effect on the production of in-
flammatory cytokines.  Shin et al[33] found that low levels of
Bacillus anthracis were known to induce the release of cyto-
kines such as TNF-α, and thereby exposure of melatonin
(1×10-7−1×10-6 mol)  to anthrax lethal toxin-treated macroph-
ages also decreased the release of TNF-α to the extracellular
medium as compared with the control.  Sacco et al[34] found
that the administration of melatonin to mice (5 mg/kg, sc, 30
min before or simultaneously with LPS) inhibited serum TNF-
α levels by 50%–80% and improved the survival of mice
treated with a lethal dose of LPS.  It was also previously
reported that melatonin had a protective role in LPS-induced
septic shock by suppressing proinflammatory cytokines,
prostaglandins and NO production[35].  Thus, the present

study revealed that MT-Se had an immunoregulatory effect
on immunological liver injury in mice by inhibiting
proinflammatory cytokine production.  Moreover, in our in
vivo experiment, MT-Se suppressed the proliferation of spleen
cells induced by ConA or LPS.  These findings suggest that
MT-Se may alleviate immunological liver injury not only
through inhibiting the activation of PMΦ, but also by induc-
ing the dysfunction of activated lymphocytes.

In summary, the results obtained in the present study
indicate that the mode of MT-Se’s hepatic protective action
is, at least in part, related to its antioxidant properties, such
as inhibiting lipid peroxidation and NO production, as well
as increasing the antioxidant enzyme capacity.  Furthermore,
we found that it appeared that MT-Se had an immunoregu-
latory effect on inhibiting proinflammatory cytokines and
activated lymphocytes. MT-Se, a novel complex, may be
beneficial as a valuable drug for protection against liver injury.
However, further investigation is required to clarify the de-
tailed mechanism of the therapeutic effect of MT-Se on liver
injury.
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Peroxisome proliferator-activated receptor γγγγγ ligands induce cell cycle
arrest and apoptosis in human renal carcinoma cell lines1
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Abstract
Aim: To study the effect of peroxisome proliferator-actived receptor γ (PPARγ)
ligands on cell proliferation and apoptosis in human renal carcinoma cell lines.
Methods: The expression of PPARγ was investigated by reverse transcriptase
polymerase chain reaction (RT-PCR), Western blot and immunohistochemistry.
The effect of thiazolidinedione (TZD) PPARγ ligands on growth of renal cell carci-
noma (RCC) cells was measured by MTT assay and flow cytometric analysis.  Cell
death ELISA, Hoechst 33342 fluorescent staining and DNA ladder assay were
used to observe the effects of PPARγ ligands on apoptosis.  Regulatory proteins
of cell cycle and apoptosis were detected by Western blot analysis.  Results:
PPARγ was expressed at much higher levels in renal tumors than in the normal
kidney (2.16±0.85 vs 0.90±0.73; P<0.01).  TZD PPARγ ligands inhibited RCC cell
growth in a dose-dependent manner with IC50 values of 7.08 µmol/L and 11.32
µmol/L for pioglitazone, and 5.71 µmol/L and 8.38 µmol/L for troglitazone in 786-O
and A498 cells, respectively.  Cell cycle analysis showed a G0/G1 arrest in human
RCC cells following 24-h exposure to TZD.  Analysis of cell cycle regulatory
proteins revealed that TZD decreased the protein levels of proliferating cell nuclear
antigen, pRb, cyclin D1, and Cdk4 but increased the levels of p21 and p27 in a time-
dependent manner.  Furthermore, high doses of TZD induced massive apoptosis
in renal cancer cells, with increased Bax expression and decreased Bcl-2 expression.
Conclusion: TZD PPARγ ligands showed potent inhibitory effect on proliferation,
and could induce apoptosis in RCC cells.  These results suggest that ligands for
PPARγ have potential antitumor effects on renal carcinoma cells.
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Introduction
Peroxisome proliferator-activated receptor γ (PPARγ) be-

longs to the superfamily of nuclear hormone receptor tran-
scription factors[1–3].  PPARγ forms a heterodimer with an-
other nuclear receptor, retinoid X receptor α (RXRα)[4].  In
the presence of their ligands, PPARγ/RXRα heterodimer binds
to a specific DNA sequence designated peroxisome prolifer-
ating response element (PPRE) located in the promoter re-
gion of PPARγ target genes and modulates their transcrip-
tion[5].  Thus far, hundreds of PPARγ target genes have been
identified and most of them are involved in adipogenesis[6],
glucose metabolism[7] and angiogenesis[8].  Since the dis-

covery of specific ligands for PPARγ, including synthetic
antidiabetic thiazolidinediones (TZD) and endogenous 15-
deoxy-D12,14-PGJ2 (15dPGJ2) and some polyunsaturated fatty
acids, accumulating evidence using many experimental sys-
tems suggests that PPARγ plays an important role in car-
cinogenesis in both adipose and nonadipose cells.  It has
been known that PPARγ expression is up-regulated in many
tumor tissues and its ligands, including pioglitazone,
troglitazone and roglitazone, can induce apoptosis and exert
antiproliferative effects in human colon cancer[9], breast can-
cer[10], pituitary adenomas[11], gastric cancer[12] and bladder
cancer[13].  Moreover, PPARγ may play an important role in
inducing cell differentiation or growth inhibition in patients
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with liposarcoma[14] and prostate cancer[15].  Therefore acti-
vation of PPARγ seems to be a potential approach for treat-
ment of some malignant tumors.

Renal cell carcinoma (RCC) is the most common renal
tumor and the third malignancy within urological oncology.
It makes up approximately 2%–3% of all adult malignancies.
At present, more than 50% of all RCC are found incidentally,
which results in a high proportion of patients with progres-
sive metastasis at the time of diagnosis[16,17].  Surgery re-
mains the only effective therapeutic option.  Although com-
bination of chemotherapy and/or radiotherapy might help in
survival rate, it is considered to be of limited value for the
treatment of RCC.  Therefore, improvement of life span in
patients with renal cell carcinoma greatly depends on the
identification of novel treatment strategies.  An alternative
treatment may include activation of PPARγ, as PPARγ has
been shown to be expressed in the kidney[18], and its ligands
can induce cell growth inhibition and terminal differentiation
in many other maliganancies[9–14].

In the present study, we examined the expression of
PPARγ in human primary RCC and RCC cell lines, and deter-
mined the biological events of PPARγ activation in inducing
RCC cell cycle arrest and apoptosis.  We have also explored
the molecular mechanism through which PPARγ agonists
inhibit cell growth and induce cell death in RCC cell lines.

Materials and methods

Chemicals  Pioglitazone and troglitazone were kindly
gifted by Park-Davis Pharmaceutical Research (Ann Arbor,
MI, USA) and Takeda Chemical Industries (Osaka, Japan).
All other chemicals were purchased from Sigma (St Louis,
MO, USA).  Stock solutions of pioglitazone or troglitazone
were made at 100 mmol/L concentration in dimethyl sulfox-
ide and added to the culture medium at the final concentra-
tion of less than 0.1%.

Cell lines and culture conditions  Human RCC-derived
cell lines 786-O and A498, human proximal tubular cell line
(HK-2), and human mesangium cell line (HMCL) were cul-
tured in Hepes-buffered RPMI-1640 medium (Gibco BRL,
Grand Island, NY, USA) supplemented with 10% FBS, 100
kU/mL penicillin G, 100 g/L streptomycin, and 2 mmol/L
l-glutamine in a humidified 5% CO2 atmosphere at 37 ºC.  The
media were changed every 3 d, and the cells were separated
by trypsinization using trypsin/edetic acid when they
reached 90% confluence.

Tumor specimens and immunohistochemistry  Speci-
mens were obtained from 120 patients with RCC and 20
patients with normal kidney (NK) who underwent total

nephroureterectomy as a result of ureteral cancer or trauma.
All patients were treated at the Institute of Urology in Pe-
king University between June 1999 and June 2001.  No pa-
tients had received irriadiation or chemotherapy prior to
surgery.  Tumor samples with the highest nuclear grade were
selected.  All tissues were preserved in 10% formalin serially
sectioned onto microscope slides with a thickness of 4 µmol/L.
Sections were immunostained with polycolonal antibody to
human PPARg (1:100, Santa Cruz Biotechonology, Santa Cruz,
CA, USA) using avidin-biotin-complex-peroxidase and coun-
terstained with hematoxylin.  Negative control slides were
prepared by omitting the primary antibody.  The intensity of
immunostaining and the ratio of the positive cells were
roughly graded into four scores (0, 1, 2, 3, and 4) by two
observers who did not know the origin of the samples on
two occasions.  The score 4 was defined as maximum inten-
sity of immunostaining throughout the section, while the
score 0 implied that staining was absent throughout the
specimen.

Measurement of PPARγγγγγ mRNA by reverse transcrip-
tion-polymerase chain reaction Total RNA from 15 RCC
tissues, 10 NK tissues, RCC cell lines 786-O and A498, HK-2
cells and HMCC (normal kidney derived mesangium cell line).
Cells was isolated using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA).  Contaminated genomic DNA in total RNA was
removed by RNase-free DNase I digestion.  Reverse tran-
scription was performed in a total volume of 25 µL using 3 µg
of total RNA, oligo-dT primer and MMLV reverse tran-
scriptase (Amersham, Buckinghamshire, UK).  Primers used
for the amplification of PPARγ cDNA were synthesized at
the SBS Gene Company (Beijing, China).  The sense primer
was 5'-AGAGATGCCATTCTGGCC-3' and antisense primer
was 5'-GTGGAGTAGAAATGCTGGAGA-3'.  Polymerase
chain reaction (PCR) amplification yielded a PCR product of
130 bp.  Primers used for amplifying a 500-bp of β-actin cDNA
as an internal control were as follows: 5'-ACTGACTACCTCA-
TGAAGATC-3' (sense) and 5'-CGTCATACTCCTGCTTGC-
3' (anti-sense).  The PCR condition was 40 s (denaturation)
at 94 °C, 35 s (annealing) at 60 °C and 35 s (extension) at 72 °C
for 33 cycles.  PCR products were separated in 1.5% agarose
gel and visualized after ethidium bromide staining.

Growth inhibition of RCC cell lines by PPARγγγγγ agonists
The effect of PPARγ ligands on cell proliferation of RCC cells
was determined using MTT assay[13].  Briefly, cells of 0.5×l04

cells/well were inoculated into a 96-well plate (Costar,
Cambridge, MA, USA), treated with pioglitazone or troglita-
zone at various concentrations.  After an incubation for 24 h,
20 µL/well  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT, 5 g/L) was added to each well, the me-
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dium was then removed, and 200 µL of 0.04 mol/L HCl in
isopropanol was added to dissolve the reduced formazan
product.  The plate was read in a microplate reader (model
3550, BIO-RAD, Richmond, CA, USA) at 590 nm.

Flow cytometry assay  RCC cell lines 786-O and A498
treated with pioglitazone (20 µmol/L) and troglitazone (30
µmol/L) for 24 h were harvested and washed with PBS.  Cells
of 1×106 were fixed in 75% ethanol at 4 °C for 24 h, washed in
PBS, resuspended in 0.5–1.0 mL PBS containing 100 mg/L
RNase A at 37 °C for 30 min, incubated in 10 mg/L propidium
iodide in dark at 4 °C for 30 min, and sorted in a Coulter
EPICS-XL Cytometer (Becton Dickinson and Beckman-
Coulter, San Jose, CA, USA).

Apoptosis assay  Cytosolic histon-bound DNA fragments
caused by apoptosis were detected using a cell death ELISA
kit (Roche Applied Science, Mannheim, Germany) according
to manufacturer’s protocol.  Briefly, 1×104 cells were seeded
in a 96-well microplate and incubated for 4 h at 37 °C. Pioglita-
zone 0–100 µmol/L  or troglitazone was added and incubated
for 48 h.  Cells were then lysed with lysis buffer for 30 min-
utes at 25 °C.  Supernatant 20 µL was transferred into the
streptavidin coated multiplate, 4 µL anti-histon-biotin and 4
µL anti-DNA-POD were added to each well, and the plate
was shaken for 2 h.  After being washed with incubation
buffer, 100 µL ABTS (2,2'-Azino-di[3-ethylbenzthiazoline-
sulfonate]) solution was pipetted into each well.  The absor-
bance was read immediately in a microplate reader (BIO-RAD,
model 3550) at 405 nm.  Furthermore, apoptosis of RCC cell
lines induced by 70 µmol/L troglitazone or 80 µmol/L
pioglitazone was also assayed using two other methods.
Morphological changes resulting from apoptosis were de-
termined by Hoechst 33342 staining.  Cells suspended in
PBS were stained with 2 mg/L Hoechst33342 and observed
under fluorescence microscope using a blue filter.  Cells show-
ing cytoplasmic and nuclear shrinkage and chromatin con-
densation or fragmentation were defined as apoptotic cells.
DNA fragmentation manifested as laddering in agarose gel
was also examined.  After drug treatment, the cells pellet was
lysed in 10 mmol/L Tris-HCl  pH 8.0, 150 mol/L NaCl, 10 mmol/L
edetic acid and 0.5% SDS on ice for 10 min, and treated with
RNase A and proteinase K for 1 h.  Following DNA precipita-
tion with ethanol and ammonium acetate at -20 °C for 10 h,
DNA was dissolved in TE buffer, electrophoresed in 1.8%
agarose gel, and visualized under UV light.

Western blot analysis  Cells before and after drug treat-
ment were extracted with lysis buffer containing 50 mmol/L
Tris-HCL, pH 8.0, 150 mmol/L sodium chloride, 1% TritonX-
100, 0.02% sodium azide, 100 mg/L phenylmethylsulfony fluo-
ride and 1 mg/L aprotinin.  The protein content in cell lysate

was determined by bicichoninic acid assay using bovine
serum albumin as the standard.  Cell lysate containing 50–60
µg protein was resolved by SDS-polyacrylamide gel electro-
phoresis and electrophoretically transferred onto a polyvin-
ylidene difluoride membrane (Millipore, Bedford, MA, USA).
The membrane was blotted by antibodies against human
PPARγ (1:500), proliferating cell nuclear antigen (PCNA;
1:1500), pRb (1:1000), p21 (1:1000), p27 (1:1000), cyclinD1

(1:1000), Cdk4 (1:1000), Bcl-2 (1:1000)  and Bax (1:800) (Santa
Cruz Biotechnology).  Blotted antibody was developed by
horseradish peroxidase-conjugated secondary antibody and
enhanced chemiluminescence detection system (Amersham
Pharmacia Biotech, Uppsala, Sweden).

Statistical analysis  The experimental results shown were
repeated twice or three times, unless otherwise indicated.
Results are expressed as mean±SD.  Statistical analysis was
carried out using Student’s t-test and one-way ANOVA.
Significance was set at P<0.05.  Statistical analyses were
performed using SPSS10.0 (SPSS Inc, Chicago, IL, USA)

Results

PPARγγγγγ expression in human RCC tissue and RCC cell
lines  Using RT-PCR and Western blot analysis PPARγ mRNA
expression was detected in 15 human RCC tissues, 10 normal
kidney tissues, 2 RCC cell lines (786-O and A498) and 2 nor-
mal kidney cell lines (HK-2 and HMCL).  PPARγ expression
at both mRNA (Figure 1A) and protein level (Figure 1B) was
detected in all tissues and cell lines examined.  Much higher
PPARγ expression levels were observed in human RCC tis-
sues and cell lines (786-O and A498) compared to normal
renal tissues and cell lines (Figure 1A, 1B).  Immunostaining
analysis further demonstrated that PPARγ immunoreactivity
was much higher over cancer cells in human RCC tissues
compared to adjacent normal tissues and normal renal tis-
sues (Figure 1C).

Strong staining of PPARγ was observed in 118 out of 120
human RCC tissues.  PPARγ protein was predominantly lo-
calized to nucleus and cytoplasm areas of the cells.  In
contrast, although 16 out of the 20 normal renal samples
showed PPARγ protein expression, only weak PPARγ expres-
sion was observed in cytoplasm of the medullary collecting
duct cells.  Statistically, the intensity of PPARγ immunoreac-
tivity was much higher in human RCC tissues than in normal
renal tissues (2.16±0.85 vs 0.90±0.73; P< 0.01).

PPARγγγγγ agonists inhibited proliferation of RCC cell lines
To determine the effect of PPARγ ligands on growth of
human RCC cell lines, the exponentially growing 786-O and
A498 cells were treated with 0–50 µmol/L pioglitazone and
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a dose-dependent increase in the G0/G1 phase and decrease
in the S phase (Figure 3).

Effect of PPARγγγγγ ligands on cell cylce protein expres-
sion in human RCC cell lines  The cell cycle is tightly regu-
lated through a complex network of positive and negative
regulatory molecules including cyclin dependent kinases
(Cdks), cyclins, and Cdk inhibitors (Cdkis).  To elucidate the
role of these molecules in the inhibition of cell cycle induced
by pioglitazone and troglitazone in RCC cell lines, protein
extract was prepared from the cells treated with 30 µmol/L
pioglitazone or troglitazone for 0, 12, and 24 h.  Immuno-
blotting was performed using antibodies against human
PCNA, pRb, cyclin D1, p21, p27, and Cdk4.  As shown in
Figure 4, pioglitazone and troglitazone treatment time-de-
pendently caused a marked decrease in PCNA, pRb, Cyclin

Figure 1.  (A) RT-PCR analysis showing expression of PPARγ mRNA
in human RCC tissues, normal kidney (NK) tissues, RCC cell lines
786-O and A498, and normal renal cell lines HK-2 and HMCL.  β-
actin was used as an internal control for RNA loading.  (B)
Immunoblotting analysis showing that PPARγ protein (55 kDa) was
detected in all tissues and cell lines.  β-Actin (47 kDa) was used as a
protein loading control.  Note: higher levels of PPARγ mRNA and
protein in human RCC tissues and cell lines.  (C) Immunohistochem-
istry analysis of PPARγ in human RCC tissues (a and c) and normal
kidneys (b and d).  The slides were counterstained with hematoxylin;
a and b (×100) and c and d (×400).  Note much higher staining of
PPARγ in human RCC tissues than normal kidneys and intense immu-
noreactivity was observed over malignant cells with little staining in
surrounding non-tumor cells (a&c).

troglitazone for 24 h.  Cell growth was determined by an
MTT assay.  Figure 2 showed that two TZD PPARγ agonists
pioglitazone and troglitazone significantly inhibited the cell
growth of RCC in a dose-dependent manner, with the calcu-
lated IC50 values of 7.08 and 11.32 µmol/L for pioglitazone
and 5.71 and 8.38µmol/L for troglitazone in 786-O and A498
cells, respectively.

Effect of PPARγγγγγ agonists on cell cycle of RCC cell lines
Cell cycle analysis was performed in two RCC cell lines after
exposure to 20–30 µmol/L pioglitazone and troglitazone for
24 h.  In both cell lines, pioglitazone and troglitazone caused

Figure 2.  MTT assay showing effect of two TZD PPARγ agonists,
pioglitazone and troglitazone, on the growth of human RCC cell
lines.  RCC 786-O cells (A)  and A498 cells (B) were cultured and
treated with pioglitazone and troglitazone at various concentrations.
Cell growth of both 786-O and A498 cells was determined by MTT
assay.  Both TZD compounds inhibited cell proliferation of RCC
cells in a dose-dependent manner.  n=8.  Mean±SD.  cP<0.01 versus
corresponding control group.
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D1 and Cdk4 expression and a significant increase in p21 and
p27 expression.

PPARγγγγγ agonist induced apoptosis in human RCC cell
lines  The ability of pioglitazone and troglitazone to induce
apoptosis in two RCC cell lines was initially determined by
the cytosolic histon-bound DNA fragments and cell death

ELISA assay.  We found that pioglitazone and troglitazone
treatment for 48 h significantly increased apoptotic cell num-
bers in a dose-dependent manner, with IC50 values of 67.73
µmol/L and 78.12 µmol/L for pioglitazone and 65.11 µmol/L
and 63.91µmol/L for troglitazone in 786-O and A498 cells,
respectively (Figure 5).  When 786-O and A498 cells were
exposed to either 80 µmol/L pioglitazone or 70 µmol/L
troglitazone for 48 h, they exhibited typical morphological
changes of apoptosis including cytoplasmic and nuclear
shrinkage, chromatin condensation and fragmentation after
staining with Hoechst 33342 (Figure 6).  The genomic DNA
of treated cells exhibited a characteristic ladder pattern after
electrophoresis in agarose gel (Figure 7).  To further explore
the mechanisms involved in PPARγ agonist-induced
apoptosis, the expression of proteins involved in the Bcl-2
apoptotic pathway was examined in RCC cell lines.  Treat-
ment of RCC cells with pioglitazone or troglitazone for 48 h
decreased the levels of Bcl-2 expression in a time-dependent
manner in both 786-O and A498 cells.  In contrast, the
expression of Bax was increased following TZD treatment
(Figure 8).

Discussion
PPARγ is a nuclear receptor transcription factor and plays

an important role in many biological processes including
adipogenesis, cell growth regulation, and cell differentiation.
The synthetic TZD class of compounds, including pioglita-
zone and troglitazone, are originally developed as therapeu-

Figure 3.  Flow cytometry analysis demonstrating the effect of pioglitazone and troglitazone on cell cycle of two RCC cell lines, 786-O cells
(A–E) and A498 cells (F–J).  (A) and (F), control cells; (B) and (G), cells treated with 20 µmol/L troglitazone; (C) and (H), cells treated with
30 µmol/L troglitazone; (D) and (I), cell treated with 20 µmol/L pioglitazone; (E) and (J), cells treated with 30 µmol/L pioglitazone.  The two
TZD PPARγ ligands induced the G0/G1 phase proportion and decreased the S phase proportion in both RCC cell lines.  n=3.  Mean±SD.
cP<0.01 vs  control cells.

Figure 4.  Western blot analysis showing the effect of PPARγ acti-
vation on the levels of proteins involved in cell cycle regulation in
RCC cells.  786-O and A498 cells were treated with 30 µmol/L
pioglitazone and troglitazone for 0, 12, and 24 h.  Equal amount of
cell lysate containing 50 µg protein was separated and blotted by
specific antibodies as described in “Materials and Methods”.  Actin
was used as a sample loading control.
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tic agents for diabetes mellitus and have been recently found
to be specific ligands for PPARγ with high affinity.  In the
past decade, evidence began to emerge suggesting TZD
PPARγ agonists not only exert antidiabetic effect in type II
diabetes mellitus but also induce cell growth arrest, apoptosis
and terminal differentiation in many human malignant tumors
including colon cancer, breast cancer, pituitary adenomas,
pancreatic carcinoma and esophageal cancer[9–11,19,20], sug-
gesting PPARγ may be a potential therapeutic target for treat-
ment of certain human cancers.  The present study provides
evidence that high expression of PPARγ was observed in
human RCC tissues and cell lines, and activation of PPARγ
resulted in G0/G1 cell cycle arrest and apoptosis involved
Bcl-2 pathway.

In the present study, we observed that PPARγ was abun-

dantly expressed in almost all high-grade human RCC speci-
mens (98.3%), and two RCC cell lines were examined.  Its
intracellular distribution was mainly localized in nuclear area.
In contrast, although PPARγ immunostaining was also posi-
tive in most normal renal tissues, its expression was much
lower than that in RCC tissues and limited in medullary col-
lecting duct cells in the kidney.  Furthermore, its subcellular
localization was predominantly in the cytoplasm.  The differ-

Figure 7.  Agarose gel pictures showing DNA fragmentation in
786-O (A) and A498 cells (B) after treatment with 70–80 µmol/L
pioglitazone or troglitazone for 48 h. Lanes M1 and M2, DNA mo-
lecular standards; lanes 1, 2, 1', and 2', untreated cells; lanes 3 and 3',
after treatment with 70 µmol/L troglitazone, respectively; lanes 4
and 4', after treantment with 80 µmol/L pioglitazone, respectively.
Note DNA ladder was observed in lanes 3, 4, 3', and 4'.

Figure 5.  Cell death ELISA assay showing apoptosis of RCC cells
induced by pioglitazone and troglitazone.  (A) 786-O cells treated
with two PPARγ ligands at various concentrations; (B) A498 cells
treated with pioglitazone and troglitazone.  Note low concentrations
of the ligands had no apoptotic effect on both 786-O and A498 cells,
but at concentrations exceeding 50 µmol/L, pioglitazone and troglita-
zone markedly induced apoptosis in the cells in a dose dependent
manner.  Experiments were carried out in triplicate.  n=3.  Mean±SD.
cP<0.01 versus corresponding baseline (0 µmol/L).

Figure 6.  Fluorescence micrographs of 786-O and A498 cells stained
with Hoechst 33342 (×400). Cells were treated with 80 µmol/L pioglita-
zone or 70 µmol/L troglitazone for 48 h. (A) and (D), control cells;
(B) and (E), treated with 70 µmol/L troglitazone; (C) and (F) treated
with 80 µmol/L pioglitazone. The PPARγ ligand-induced apoptosis
was characterized by nuclear condensation and fragmentation.
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ences of PPARγ in quantity and intracellular distribution be-
tween human RCC and normal kidney tissues may implicate
an important role of PPARγ in tumorigenesis of renal cell
carcinoma.

Consistent with a previous study[21], activation of PPARγ
in two human RCC cell lines resulted in inhibition of RCC cell
growth as assessed using MTT assay and Flow Cytometry.
As seen in other tumor cells, treatment of RCC cells lines
with pioglitazone and troglitazone for 24 h caused G0/G1 phase
arrest and blocked cells from entering the S phase[13,19,22–24].
To explore the mechanism involved in PPARγ-induced cell
growth arrest, RCC cells were treated with pioglitazone and
troglitazone and expression of cell cycle proteins was examin-
ed.  We observed a marked reduction in PCNA, pRb, Cdk4
and Cyclin D1 expression and a dramatic increase in p21 and
p27 expression in TZD-treated RCC cells.  Down-regulation
of PCNA, a nuclear protein essential for DNA replication
and repair by DNA polymerase δ[25], is in agreement to the
low proliferation rate observed in these treated RCC cells.
Proliferation of eukaryotic cells is tightly regulated by ex-
pression and sequential activation of cell cycle-dependent
cyclins, Cdks and CdkIs[26].  pRb, a key regulator of G1 cell
cycle progression, is phosphorylated by a set of Cyclin-Cdk
complexes, such as the complexes of Cyclin D and Cdk4/6 or
cyclin E and Cdk2[27,28].  In its dephosphorylated state, pRb
binds to E2F and inhibits G1-S phase transi-tion.  In contrast,
phosphorylation of pRb causes breakdown of E2F/pRb
complex, and initiates DNA synthesis.  In the present study,
Decreased expression of phosphorylated pRb was found in
these treated cells.  CdkIs are cell cycle regulatory molecules
having negative effects on cell cycle machinery by binding
to various cyclin-Cdk complexes and inhibiting their activities.
In mammals, there are two structurally defined classes of

Figure 8. Western blot analysis showing Bcl-2 and Bax expression in
786-O and A498 RCC cells. Cells were exposed to 70 µmol/L
troglitazone or 80 µmol/L pioglitazone for 0, 12, 24, and 48 h. Cell
lysate containing 50 µg protein was separated and blotted with the
antibodies. Actin was used as a sample loading control.

CdkIs, the INK4 family and the KIP/CIP family[29].  The KIP/
CIP family, including p21CIP, p27KIP1, and p57KIP2, interacts
with cyclin E-Cdk2, cyclin D-Cdk4, cyclin D-Cdk6, and cyclin
A-Cdk2 complexes, and inhibits their activities[28].  The de-
crease of cyclin D1 and Cdk4 and increased expression of
CdkI proteins including p21 and p27 strongly suggest TZD
PPARγ agonists induced the overexpression of the members
of KIP/CIP family which sequentially inhibited the activities
of cyclin D1-Cdk4 complex, the phosphorylation of  pRb,
and the G1-S phase transition.  These findings are consistent
with the observation that two TZD PPARγ agonists decreas-
ed cell proliferation in MTT assay and arrested cells in G0/G1

phase by flow cytometry.
Cell cycle status and cell programmed death are usually

closely associated[13].  Besides the cell cycle arrest, the inhi-
bition of cell growth observed in RCC cells treated with
pioglitazone and troglitazone may also be a result of the
increase in apoptosis[30].  Cells failing to progress to mitosis
phase are destined for apoptosis.  TZD have been reported
to be potent agents in inducing apoptosis in many human
tumors including breast cancer, pituitary tumors and gastric
cancer[10–12].  In the present study, we clearly demonstrated
that at high concentrations PPARγ agonists pioglitazone and
troglitazone caused marked apoptosis in human RCC cells
as assessed by morphological change, DNA fragmentation
and the cell death ELISA assay.  These studies suggest that
TZD may exert pro-apoptotic effect on human RCC cells.

Multiple pathways are involved in apoptosis including
Bcl-2 system, fas/fasL pathway, and caspase cascade[31–33].
To explore the molecular mechanism through which TZD
PPARγ agonist induces apoptosis in human RCC cells, we
examined Bcl-2 and Bax expression following pioglitazone
and troglitazone treatment in 786-O cells and A498 cells.  We
observed for the first time that activation of PPARγ by both
TZD markedly decreased Bcl-2 protein expression but in-
creased Bax protein expression.  Because Bcl-2 protects cells
from apoptosis, while the increase of Bax induces apopto-
sis[34,35], our findings suggest that decreased Bcl-2 expres-
sion and increased Bax expression may participate in TZD
PPARγ agonist-induced apoptosis in human RCC cells.

PPARγ agonists, such as 15-dPGJ2, troglitazone, have
been shown to possess effects not involving PPARγ[36,37],
For instance, the potencies for inhibition of cholesterol syn-
thesis by troglitazone is mechanistically distinct from the
transcriptional regulation by PPARγ[38] .  In the present study,
low doses of TZD fail to induce RCC cell death.  It has been
reported that TZD promote T cell survival at doses that in-
duce optimal PPARγ  transcriptional activity[39], and cell deaths
induced by TZD always use concentrations of TZD several
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orders of magnitude higher than KD for PPARγ[39,40].  More-
over, troglitazone could induce apoptosis of rat hepatoma
cells, but rosiglitazone, a potent PPARγ agonist, did not have
the same effect[41], indicating that PPARγ independent
pathways, such as TZD-induced loss of mitochondrial mem-
brane potential[42], may be involved in the mechanisms of
TZD induced cell apoptosis.  Furthermore, it has also been
reported that PPARγ agonists could induce apoptosis in non-
malignant cells, including isolated rat mesangial cells[43].
Thus the mechanisms of anticaner effect of TZD need to be
further explored.

In summary, the present study provides evidence that
PPARγ is highly expressed in human renal cell carcinoma
cells.  Activation of PPARγ by TZD PPARγ agonists results
in inhibition of cell proliferation, likely by arresting the cells
in G0/G1 cell cycle phase.  In addition, PPARγ agonists also
induce marked apoptosis partly through decreased Bcl-2 and
enhanced Bax protein expression in human RCC cells.  Addi-
tional research will need to be performed to explore the mecha-
nism of TZD which induced cell apoptosis, and the potential
therapeutic value of PPARγ agonists in renal cell carcinoma.
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Introduction
Telomerase is a unique ribonucleoprotein enzyme respon-

sible for adding telomeric repeats onto the 3' ends of chro-
mosomes[1,2].  Telomerase plays an important role in the de-
velopment of cellular immortality and oncogenesis.  Previ-
ous published studies have shown that telomerase activity
is found in 85%–90% of all human tumors, but not in their
adjacent normal cells.  This makes telomerase a good target
not only for cancer diagnosis, but also for the development
of novel therapeutic agents[3,4].

A series of experimental strategies have been employed
to block either telomerase function or expression, both in
vitro and in vivo in several tumor cell lines derived from a
number of species[5,6].  Antisense oligonucleotide (ASODN)
is a new class of antineoplastic agents that can prevent the

initiation and progression of specific human cancers when
targeted to appropriate molecular targets[7,8].  Since the first
antisense drug Vitravene was approved by the American Food
and Drug Administration (FDA) in 1998, it has been our hope
that this class of compound will represent a whole new class
drug with potential therapeutic application against a variety
of disease, including cancer.  Human telomerase reverse tran-
scriptase (hTERT) is a catalytic subunit of telomerase.  There
are many published studies which have found that more than
90% of examined tumors show telomerase activity in con-
nection with the expression of the activity-limiting compo-
nent hTERT[9,10].  The inhibition of telomerase activity in
tumor cells can lead to telomere destabilization and conse-
quently to growth inhibition and cell death.  Therefore, tar-
geting the catalytic subunit of hTERT represents a promis-

Abstract
Aim: To evaluate the in vivo antitumor effects of Cantide and the combined effect
with 5-fluorouracil.  Methods: An in situ human hepatocellular carcinoma model
was established in mice livers orthotopically.  Drugs were administered intrave-
nously and tumor sizes were monitored with calipers.  Plasma alpha-fetoprotein
(AFP) were detected by radiation immunoassay.  Morphology of tumors was
evaluated by hematoxylin-eosin (H&E) staining of histological sections.  Human
telomerase reverse transcriptase (hTERT) protein levels were detected by West-
ern blotting.  Results: Cantide significantly inhibit in situ human hepatocellular
carcinoma growth in mice with a 75 and 50 mg·kg-1·d-1 administration of Cantide
compared to the saline group in a dose-dependent manner, which included inject-
ing Cantide 25 mg·kg-1·d-1–75 mg·kg-1·d-1 by iv for 20 d after surgically removing
the tumor in liver.  Cantide was also found to prevent tumor recurrence in the liver
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ing approach for diminishing telomerase function.
Phosphoro-thioate antisense oligonucleotides targeted to
hTERT had been studied and has been found to have growth
inhibitory efficacy to cancer cells in vitro[11,12], but only few
detected ASODN activity in animal models[13,14].  Our previ-
ous study had shown that an ASODN complementary to
hTERT, Cantide, had a specific inhibitory effect on tumor
cell growth after in vitro treatment, down-regulated hTERT
mRNA expression and telomerase activity, and triggered
apoptosis through the activation of the caspase family[15].

In the present study, we used an in situ human hepato-
cellular carcinoma (HCC) model to further assess the effect
of Cantide in in vivo growth of HCC in mice and the com-
bined effect of Cantide with 5-fluorouracil (5-FU).  Our find-
ings demonstrated that systemic administration of
phosphorothioate antisense ODN to hTERT mRNA resulted
in a significant growth inhibition of in situ HCC tumors and
prevented tumor recurrence in the liver and metastasis in the
lung.

Materials and methods

Oligonucleotides and drug  Antisense phosphorothioate
oligonucleotide Cantide (5'-ACTCACTCAGGCCTCAGACT-
3') and sense phosphorothioate oligonucleotide (5'-AGTCT-
GAGGCCTGAGTGAGT-3') were synthesized by an Applied
Biosystems Model 391 DNA synthesizer on solid supports
using Oligo Pilot II DNA (Amersham-Pharmacia, Piscataway,
NJ, USA) and purified by high-performance liquid chroma-
tography (HPLC) (Waters Delta Prep 4000, Milfordd, MA,
USA) with SOURCE 15Q (Amersham Pharmacia, Piscataway,
NJ, USA), the purity of oligonucleotides was over 95%.  The
sense sequence was used as a control.  5-Fluorouracil was
purchased from the Shanghai Donghaipu Pharmaceuticals
Company (Shanghai, China) as a positive control.  An radia-
tion immunoassay (RIA) kit was purchased from the China
Institute of Atomic Energy (Beijing, China).

Animals and in situ human hepatocellular carcinoma
model  Experiments were carried out in virgin female Balb/c
mice raised at the PLA 202 hospital.  All animal studies were
conducted in accordance with the highest standards of ani-
mal care as outlined in the NIH guide for the Care and Use of
Laboratory Animals.  Human hepatocellular carcinoma (HCC)
high metastasis tumor line HCM-Y89, established in 1989 by
PLA 202 Hospital, was derived from a HCC surgical specimen,
and has been maintained by serial transplantation in animals.
Briefly, the HCM-Y89 tumor was cut into 1 mm×1 mm×1 mm
tissues, BALB/c mice (4–6 weeks old, weighing 18–22 g)
were anesthetized with propofol (2 mg/kg, intra-venously).

A small incision was made in the left liver and a fragment of
tumor was implanted.  The incision was closed using a
Ethicon black braided silk suture.  Twenty days later, the
mice were killed by cervical dislocation and the tumors were
removed.  A histological evaluation of tumor tissues was
performed, organs were fixed in neutral buffered 10% formalin,
processed by standard methods, embedded in paraffin, sec-
tioned and stained with H&E.  This model showed various
features in clinical liver cancer patients including local growth,
regional invasion, spontaneous intrahepatic, lymph nodes
and pulmonary metastasis, peritoneal seeding with bloody
ascites, and secretion of alpha-fetoprotein in recipient
animals.

Treatment of in situ HCC xenograft with cantide and
anticancer drug  Two days after the in situ HCC models
were established, mice were injected by iv with saline (vehicle
control), Cantide with 12.5 , 25, 50 , 75 mg·kg-1·d-1 or 5-FU 10
mg·kg-1·d-1 for 20 d, either alone or in combination.  The body
weight and general physical status of the animal were re-
corded daily.  At the endpoint of the study, mice were killed
by cervical dislocation and the tumors were removed and
weighed.  Tumor sizes were monitored with calipers, the tu-
mor volume (V, mm3) was calculated as (L×W2)/2, where
L=length (mm) and W=width (mm).  The percentage of tumor
growth inhibition was calculated as:

Inhibitory rate (%)=(Wcontrol–Wtreat)/Wcontrol×100.  Tissues
for histopathological analysis were fixed in 10% buffered
formalin.

Determination of tumor recurrence and metastasis  The
in situ HCC model was established according to above
method, when the xenograft tumor had grown to 5 mm×5
mm×5 mm.  An operation was then performed to remove the
tumor.  Three days later, saline and Cantide at 12.5, 25, 50, 75
mg·kg-1·d-1, or 5-FU 10 mg·kg-1·d-1 were administered by iv for
20 d.  Tumor sizes were recorded as mentioned earlier.  A
histological evaluation of microscopic recurrence and me-
tastasis was performed for the liver and lung, and tissues
were fixed in 10% buffered formalin.

Histophatological analysis  Tissues were excised and
fixed in 10% buffered formalin.  Representative fragments
were embedded in paraffin, 5-µm sections were obtained and
stained with H&E for microscopic observations.

Detection of plasma AFP concentration  Animal serum
was collected after the mice were killed.  The plasma AFP
concentrations were detected by RIA according to the
manufacturer’s instructions.

Statistical analysis  Results of the quantitative studies
were expressed as mean±SD.  Student’s t-test was used to
determine the significance of differences between the 2 treat-
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ment groups.  Multiple comparisons were made using one-
way analysis of variance (ANOVA), and post-tests compar-
ing different treatment means were conducted using Fisher’s
test.  Differences were considered significant for P<0.01

Results
In vivo effects of Cantide treatment on in situ hepatocel-

lular carcinoma xenograft growth  The proposed role of the
telomerase hTERT subunit has led us to investigate the phar-
macological activity of phosphorothioate oligonucleotides
targets to hTERT in animal models on tumor growth.  In the
present study, we used an in situ human hepatocellular car-
cinoma model in mice to evaluate the activity of Cantide.  In
order to exclude the nonspecific effect of oligonucleotides,
we used sense sequence as a control.  After establishing the
model 2 d later, Cantide with different doses, sense oligo-
nucleotide with 50 mg·kg-1·d-1, 5-Fu with 10 mg·kg-1·d-1 and
saline were administered by intravenous (iv) for 20 d.  Tu-
mors were removed after the mice were killed.  The tumors
were then measured and weighed.  The results showed that
75 and 50 mg·kg-1·d-1 Cantide treatment resulted in a signifi-
cant inhibition of tumor growth compared to sense or saline-
treated mice.  The highest inhibitory efficacy was  a 69.55%
contrast to the saline group, but for the sense oligonucle-
otide , the inhibitory rate was only a 19.26% contrast to the
saline group.  The inhibitory rate of 50 mg·kg-1·d-1 was
57.77% compared to the sense treatment group (P<0.01).  The
effect of Cantide was dose-dependent (Table 1).  The mean
body weight of the mice were not significantly different from
the beginning of the study and between the groups (data
not shown).  Figure 1 shows the final tumor volumes after a
20-d treatment, which showed a significant decrease in the
Cantide treatment group compared to the saline control group
(P<0.01).  However for the sense oligonucleotide treatment
group, there was no significant decrease in tumor volume

compared to the saline group (P>0.05).  No inflammatory
infiltrate was noted surrounding the solid tumor (data not
shown).

To determine the effect of Cantide on preventing tumor
recurrence and metastasize after surgical removal of the
tumors, a highly metastatic HCC model was established in
the mice liver according to the above method.  When the
xenograft tumor had grown to 5 mm×5 mm×5 mm, the mice
underwent an operation to remove the tumors; 3 d later, ani-
mals were injected with different doses of Cantide or saline
by iv for 20 d and then checked for a relapse in the liver.
Table 2 shows how the Cantide 75 and 50 mg·kg-1·d-1 treat-
ment group could significantly inhibit tumor recurrence in
livers after operation.  However, there was no statistically
significant difference in tumor recurrence in livers treated
with 25 mg·kg-1·d-1 and 12.5 mg·kg-1·d-1 in the Cantide treat-
ment group compared to the saline treatment group.  5-FU
could not prevent tumor relapse after operation.  The relapse
tumor volumes also decreased significantly in the Cantide
treatment group compared to the Saline control group (Figure 2).
No signs of treatment-related toxicity such as inflammation,

Table 1.  Effect of Cantide on tumor weight and inhibitory rate in
mice with in situ HCC. n=8.  Mean±SD.  bP<0.05, cP<0.01 vs the
control group.

  Treatment group                  Tumor weight/g            Inhibitory
    /mg·kg-1·d-1                                                                 rate/%

Saline 1.35±0.35   –
Cantide 25 0.74±0.21c 45.19
Cantide 50 0.57±0.12c 57.77
Cantide 75 0.41±0.15c 69.55
5-Fu 10 0.70±0.24c 48.14
Sense SODN 50 1.09±0.12b 19.26

Table 2.  Inhibition of hepatocelluar carcinoma local relapse after
surgical removal of tumors in mice with Cantide treatment.

  Treatment group            No mice               No               Liver
     /mg·kg-1·d-1                                            relapse         relapse/%

Saline 24 24 100.0
Cantide 12.5 24 24 100.0
Cantide 25 24 22   91.7
Cantide 50 24 18   75.0
Cantide 75 24 15   62.5
5-Fu 10 24 24 100.0

Figure 1.  Effect of Cantide on tumor growth in in situ human
hepatocellular carcinoma in the tested mice.  G1: Saline; G2: Cantide
75 mg·kg-1·d-1; G3: Cantide 50 mg·kg-1·d-1; G4: Cantide 25 mg·kg-1·d-1;
G5: 5-FU 10 mg·kg-1·d-1; G6: Sense SODN 50 mg·kg-1·d-1. n=8.
Mean±SD.  bP<0.05, cP<0.01 vs the control group.
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bleeding, hepatomegaly and splenomegaly or weight loss
was observed in the animals over the course of the study.

Inhibitory effects of Cantide on tumor metastasis in lung
Tumor metastasis in the lung was also monitored after surgi-
cal removal of  the tumors from the mice livers and treatment
with Cantide or saline for 20 d.  Cantide can also prevent
tumor metastasis in the lung after operating on the liver.  The
results found that only 10 and 14 of the 24 mice tested showed
evidence of tumor metastasis in the lung with 75 and 50
mg·kg-1·d-1 in the Cantide treatment groups, respectively
(Table 3).  A histological analysis of the lungs showed that
the metastatic areas markedly decreased in mice treated with
75 and 50 mg·kg-1·d-1 Cantide compared to the other group,
where 5-FU had no effect on tumor metastasis (data not
shown).

Effects of Cantide combined with  5-FU on xenograft
tumor growth  Several studies have shown that antisense
oligonucleotides combined with chemotherapeutics can in-
crease drug sensitivity[16,17].  In order to evaluate whether a

combination effect would occur when Cantide was combined
with a chemotherapy drug, Cantide was co-administered with
5-FU by iv for 20 d to mice bearing with in situ HCC tumors.
The mice were killed and tumor volumes and weight were
measured after the 20-d treatment.  Table 4 shows that after
the 20-d treatment, the tumor weight decreased in the combi-
nation treatment group compared to either agent alone treat-
ment group.  The tumor growth inhibitory rate also showed
significant difference compared to either agent alone treated
group (Table 4).  Figure 3 shows that at the endpoint of
treatment in the combination treatment group, a significant
decrease in tumor volumes with respect to tumors growth in
either Cantide or the 5-FU alone treatment group was induced.

Histopathological analysis Morphology of tumors from
antisense ODN, sense ODN or saline-treated mice was evalu-
ated by H&E staining of histological sections.  Tumors were
excised at the endpoint of treatment of each protocol.  Figure

Table 3.  Inhibition of lung metastasis of HCC after operation and
Cantide treatment. n=24. Mean±SD.

   Treatment group             No mice            No             Metastasis
    /mg·kg-1·d-1                                          metastasis         rates/%

Saline 24 24 100.0
  Cantide 12.5 24 24 100.0

  Cantide 25 24 21   87.5
  Cantide 50 24 14   58.3
  Cantide 75 24 10   41.7
5-Fu 10 24 24 100.0

Table 4.  Combined treatment with Cantide and 5-FU on xenograft
weights and inhibitory rates.  n=8.  Mean±SD.  Combined group 1: 5-
FU 10 mg·kg-1·d-1+Cantide 50 mg·kg-1·d-1; Combined group 2: 5-FU 10
mg·kg-1·d-1+Cantide 75 mg·kg-1·d-1. cP<0.01 vs the control group.
fP<0.01 vs Cantide 50 mg·kg-1·d-1 and iP<0.01 vs Cantide 75 mg·kg-1·d-1.

Treatment group                    Tumor weights               Inhibitory
   /mg·kg-1·d-1                                   /g                           rates/%

Saline 1.40±0.17  –
Cantide 50 0.81±0.05c 42.14
Cantide 75 0.53±0.09c 62.14
Combined group 1 0.45±0.08cf 67.85
Combined group 2 0.36±0.05ci 74.29
5-Fu 10 1.01±0.10 27.85

Figure 2.  Effect of Cantide on preventing local recurrence of high
metastatic human hepatocellular carcinoma after operation.  G1:
Saline;  G2: Cantide 75 mg·kg-1·d-1; G3: Cantide 50 mg·kg-1·d-1; G4:
Cantide 25 mg·kg-1·d-1; G5: 5-FU 12.5 mg·kg-1·d-1; G6: 5-FU 10 mg·
kg-1·d-1. n=8.  Mean±SD.  cP<0.01 vs the control group.

Figure 3.  In vivo effects on tumor growth of 5-FU combined with
Cantide.  G1: Saline; G2: 5-FU 10 mg·kg-1·d-1; G3: Cantide 50 mg·kg-1·d-

1; G4: Cantide 75 mg·kg-1·d-1; G5: 5-FU 10 mg·kg-1·d-1+Cantide 50 mg·kg-1·
d-1; G6: 5-FU 10 mg·kg-1·d-1+Cantide 75 mg·kg-1·d-1.  n=8.  Mean±SD.
cP<0.01 vs the control group.
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4 shows representative sections of tumors from each experi-
mental protocol.  Tumors from mice treated with Cantide or
combined with 5-FU, showed a marked increase in the ne-
crotic area and tumor cells fibrosis compared to saline-treated
or normal animals.  A large percentage of tumor mass from
combination-treated mice was necrotic and fibrotic compared
to either agent alone treated mice.

Inhibition of plasma  AFP secretion with Cantide treat-
ment Alpha-fetoprotein (AFP) is usually expressed at high
concentrations in fetal liver, gastrointestinal tract and the
yolk sack.  It is transcriptionally down-regulated after birth,
frequently re-expressed in HCC,and is a good tumor marker
of HCC[13].  We used RIA to detect serum AFP concentration
at the endpoint of treatment.  Figure 5 shows how Cantide
can significantly decrease AFP secretion at 75, 50, and 25
mg·kg-1·d-1 compared to the saline group.  AFP concentra-
tion was also correlated with tumor size (data not shown).
The plasma AFP was also detected after treatment with
Cantide combined with 5-FU.  Figure 6 shows how Cantide
combined with 5-FU could increase AFP secretion in plasma.
In the two combination treatment groups, plasma AFP con-
centration decreased compared to either the Cantide or 5-FU
alone treatment groups, possibly because there were fewer
liver tumor cells in the combined treated mice and reduced
circulating AFP.

Discussion
In the present study we have demonstrated that sys-

temic administration of phosphorothioate antisense ODNs
to hTERT mRNA results in a significant growth inhibition of

Figure  4.  Histopathological analysis (×200).  A: Tissue sections of liver from normal mouse; B: Tissue sections of tumor from in situ
xenograft HCC; C and D: Tissue sections from 50 and 75 mg·kg-1·d-1 Cantide-treated tumors, respectively; G: Tissue sections from 10 mg·kg-1·d-1 5-
FU-treated tumors; E and F: Tissue sections of tumors from 50 mg·kg-1·d-1 Cantide+10 mg·kg-1·d-1 5-FU and 75 mg·kg-1·d-1 Cantide+10 mg·kg-1·d-1

5-FU-treated tumors, respectively.  Increased regions of necrosis and fibrosis were observed in the combined treatment group compared with
the agent alone treatment group.

Figure 5. Serum AFP concentration at the endpoint after the treat-
ment.  G1: Saline; G2: Cantide 75 mg·kg-1·d-1; G3: Cantide 50 mg·
kg-1·d-1; G4: Cantide 25 mg·kg-1·d-1; G5: 5-FU 10 mg·kg-1·d-1; G6: Sense
SODN 50 mg·kg-1·d-1. n=8.  Mean±SD.   bP<0.05, cP<0.01 vs the con-
trol group.

Figure 6.  Inhibitory efficacy on AFP secretion of 5-FU in combina-
tion with Cantide.  G1: Saline; G2: 5-Fu 10 mg·kg-1·d-1; G3: Cantide 50
mg·kg-1·d-1; G4: Cantide 75 mg·kg-1·d-1; G5: 5-FU 10 mg·kg-1·d-1+Cantide
50 mg·kg-1·d-1; G6: 5-FU 10 mg·kg-1·d-1+Cantide 75 mg·kg-1·d-1. n=8.
Mean±SD.  cP<0.01 vs the control group.
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the in situ HCC model in mice.  It is worth noting that our
experimental model of HCC has some advantages compared
to the tumor cell inoculation model.  First, the tumor line
originated from human HCC; it completely kept the human
HCC tissue structure and retained its AFP secretion ability.
It also retained the original sensitivity to the antitumor drug,
simulated the clinical features of patients with HCC such as
the liver, lung and lymph nodes metastasis, and bloody
ascites.  Second, the pathological evidence suggests that
this model exhibits various features seen in clinical HCC
patients, so the reaction to antitumor drug can reflect the
true clinic results by this model and more accurately to re-
flect the clinical results of patients.  Therefore, our model
system has provided a unique tool for exploring in vivo anti-
tumor activity of ODN.

We have demonstrated that the antitumor effect of
Cantide was because of a specific antisense effect.  The
inhibition of tumor growth by Cantide was dose-dependent
and no abrogation of tumor proliferation was observed in
any of the control groups.  Another important finding of our
present study is that Cantide can effectively prevent tumor
recurrence and metastasis.  Tumor recurrence and metasta-
sis is a problem encountered during tumor treatment.  At
present, very few chemotherapeutics can prevent tumor re-
lapse and metastasis after an operation.  Pastorino’s[18] study
indicates that an antisense targeting to c-myc can inhibit
tumor growth and metastasis.  In the present study we dem-
onstrated that Cantide effectively suppressed tumor metasta-
sis in lungs with 75 mg·kg-1·d-1  treatment.  Lung metastasis
was found in only 10 mice of the 24 mice (41.7%).  Cantide
can also prevent local recurrence after an operation.  An
important factor contributing to these results is that Cantide
might inhibit telomerase activity[15], thus the residue of tu-
mor cells after an operation has less ability to proliferate.

AFP is a secretary protein that is heterogeneously
glycosylated. AFP is usually expressed at high concentra-
tions in fetal liver, gastrointestinal tract, and the yolk sack.  It
is transcriptionally down-regulated after birth and frequently
re-expressed in HCC, therefore used as a diagnostic marker
for the tumor.  Serum AFP is useful not only for diagnosis,
but also as a prognostic indicator for HCC patients.  AFP
mRNA has been proposed as a predictive marker of HCC
cells disseminated into the serum circulation and for meta-
static recurrence[19,20].  We detected serum AFP concentra-
tion after the surgical removal of tumors and their treatment
with Cantide.  The results showed that serum AFP secretion
was significantly inhibited in a dose-dependent manner in
the Cantide treatment groups compared to the saline group.
The AFP concentration was also lower than 5-FU group.

The serum AFP concentration and the relapse of tumor vol-
ume had a good dependent relationship, which was corre-
lated with AFP as a marker for HCC recurrence and metastasis.

In the past decade, several ASODN have been devel-
oped and tested in preclinical and clinical studies.  Many
have found convincing in vitro reduction in target gene ex-
pression and promise activity against a wide variety of tu-
mors[21,22].  However, because of the multigenic alterations of
tumors, the use of ASODN as a single agent does not seem
to be effective in the treatment of malignancies.  Antisense
therapy that interferes with signaling pathways involved in
cell proliferation and apoptosis are particularly promising in
combination with conventional anticancer treatment; sev-
eral preclinical studies have also been performed using
antisense oligonucleotides in combination therapy on hu-
man tumors[23,24].  Our previous study showed that Cantide
inhibited tumor cells growth through triggered tumor cells
apoptosis[15], and increasing 5-FU sensitivity in HepG2 cells
in vitro (data not shown). Zhang and He also show an in-
creased sensitivity to cisplatin caused by hTERT ASODN
treatment in leukemia cells[25].  However, to our knowledge,
no published studies have been performed to detect the in
vivo activity of hTERT ASODN in combination with chemo-
therapy drugs.  We investigated the combinational activity
of Cantide with 5-FU in the in situ HCC model.  The results
indicate that 75 or 50 mg·kg-1·d-1 Cantide combined with 10
mg·kg-1·d-1 5-FU significantly suppresses in situ HCC growth
in mice.  At the endpoint of the treatment, the tumor weight
was much lighter than either agent alone treatment (Table 4).
These results suggest that the combination of Cantide with
5-FU might sensitize patients with late-stage HCC to
chemotherapy.

In summary, we have for the first time directly addressed
the potential therapeutic role of Cantide in an in situ human
HCC model.  Significant inhibition of HCC growth was
achieved by combining Cantide with 5-FU, indicating that
combined targeted therapy with conventional cytotoxic
agents are required for the prevention of tumor growth.
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Abstract
Many actin-binding proteins are expressed in eukaryotic cells.  These polypep-
tides assist in stabilizing and rearranging the organization of the actin cytoskel-
eton in response to external stimuli, or during cell migration and adhesion.  Here
we review a particular set of actin-binding proteins called plastins.  Plastins (also
called fimbrins) belong to a subclass of actin-binding proteins known as actin
bundling proteins.  Three isoforms have been characterized in mammals: T-plastin
is expressed in cells from solid tissue, whereas L-plastin occurs predominantly in
hematopoietic cells.  The third isoform, I-plastin, is specifically expressed in the
small intestine, colon and kidney.  These proteins share the unique property of
cross-linking actin filaments into tight bundles.  Although plastins are primarily
involved in regulation of the actin cytoskeleton, they possess some unique
features.  For instance, they are implicated in invasion by pathogenic bacteria
such as Shigella flexneri and Salmonella typhimurium.  Also, L-plastin plays an
important role in leukocyte function.  T-plastin, on the other hand, is possibly
involved in DNA repair.  Finally, both T- and L-plastin are implicated in several
diseases, and L-plastin is considered to be a valuable marker for cancer.
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Introduction
The actin cytoskeleton of eukaryotic cells is a dynamic

meshwork that is involved in many biological phenomena,
such as cell motility, cell substrate adhesion, intracellular
transport, endo-, and exocytosis, cytokinesis, and cell
morphology.  The overall organization of the actin cytoskel-
eton is controlled by a plethora of actin-binding proteins[1].
Plastins belong to a class of actin-bundling proteins, and
they are conserved from lower eukaryotes to humans.  In
vertebrates, three different plastin isoforms are expressed in
a cell-type-specific manner, and these isoforms display dis-
tinct properties.  Here we review the discovery, biological
properties and regulation of plastin isoforms, and, where
appropriate, discuss their interest from a medical perspective.

Discovery
The first plastin isoform was discovered in 1979[2] in mi-

crovilli isolated from chicken intestinal brush border as a 68

kDa polypeptide involved in microfilament organization of
the microvilli core bundle.  This protein was named fimbrin
because it was associated with surface structures such as
membrane ruffles, microvilli, microspikes and focal adhesions
in chicken embryo fibroblasts and cultured rat mammary cells[3].
Chicken fimbrin was characterized as a monomeric cytoske-
letal protein able to bind and cross-link F-actin filaments[4,5],
promoting the formation of rigid straight bundles in which
all actin filaments have the same polarity.

Meanwhile, a 68 kDa protein was identified in transformed
human fibroblasts (neoplastic cells, hence the name)[6,7].  This
isoform, L-plastin, is also abundantly expressed in untrans-
formed lymphocytes[8].  Molecular cloning of their corre-
sponding cDNAs and amino acid sequence comparison re-
vealed two highly related proteins with a predicted molecu-
lar weight of 64 kDa.  These two human cell type-specific
isoforms, L- and T-plastin (80% amino acid identity), are
expressed in hematopoietic cells and in cells derived from
solid tissue, respectively[9].  In 1990, it was observed that an
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amino-terminal sequence containing a potential calcium bind-
ing domain was missing in the sequences reported earlier[10,11].
A third human plastin isoform, called I-plastin, was discov-
ered as a polypeptide that is specifically expressed in the
small intestine, colon and kidney, and is 86% identical to the
chicken fimbrin (plastin) isoform[12,13].

Plastin structure

Plastins have a modular structure consisting of 2 amino-
terminal EF-hands, variably implicated in Ca2+-binding, and
two tandem actin-binding domains, each divided into two
calponin homology (CH) domains[14–16] (Figure 1).  These CH
domains are shared by both signaling and cytoskeletal pro-
teins such as dystrophin, α-actinin, and spectrin, and a tan-
dem CH domain is generally involved in actin-binding.

Each CH domain is composed of four α-helical segments,
in which three form a loose bundle of helices, with the fourth
α-helix perpendicular to the major bundle.  These segments
are connected by extended and variable loops and some-
times 2 additional short helices.  The complete crystal struc-
ture of plastin has not yet been resolved, but the structure of
the N-terminal actin-binding domain 1 (ABD1) of T-plastin
and the complete cross-linking core of Arabidopsis thaliana
plastin and of Schizosaccharomyces pombe plastin have

been solved[17,18].  Additional methods, such as electron
microscopy, image analysis and homology modeling, have
led to a general model of the plastin structure and to a view
of how this protein cross-links actin filaments.

The actin cross-linking core of plastin has a compact
architecture[17], and the ABDs pack in such a way that the
CH1 domain and the CH4 domain make contact, involving
conserved residues on the molecular surface of the CH1–
CH4 interface.  Electron density in regions connecting the
CH domains is poorly defined, indicating that these seg-
ments are highly dynamic.  The potential structural plastic-
ity of ABD1 by reorganization of the CH domains is also
confirmed by other crystal structures of utrophin, dystrophin,
plectin and α-actinin[19–22].

The binding sites of plastin ABD1 on actin are located in
two different subdomains (2 and 1) of the actin molecule[23].
The crystal structure also suggests that the two ABDs have
non-identical interactions with F-actin because they each
expose different surfaces to the solvent.  This suggestion is
consistent with the two different actin affinities found in L-
plastin[24], in AtFim1[25] and in S pombe Fim1[26] , and with the
finding that the same mutations in both ABDs have different
phenotypes in budding yeast[27].  Very recently, evidence
has been put forward indicating that ABD1 of T-plastin is
not only involved in actin-bundling, but may also control

Figure 1. Domain organization in plastin isoforms from different species. A scale (in amino acids) is drawn on top of the figure. Domains in
blue have no or less functionality. ABD=actin-binding domain. Note that each actin-binding domain consists of two CH domains. Human T- and
L-plastin contain an NES, but it is unknown if plastins from other species are also endowed with a similar targeting signal.
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actin turnover, stabilization and assembly, independently of
its bundling capacity[28].

Plastins in other organisms
Using an actin affinity matrix to identify actin-binding

proteins in the budding yeast Saccharomyces cerevisiae,
the Sac6 protein was identified, which localizes with cyto-
plasmic actin cables and cortical actin patches[29].  Its actin
regulatory role was confirmed when the gene encoding this
protein was found to suppress an actin mutation[30].  Sac6p
shows 43% and 36% identity with chicken plastin and hu-
man plastin, respectively.  Mutant budding yeast cells lack-
ing this gene display temperature sensitivity defects in
growth, morphology, endocytosis and sporulation[31,32].
Surprisingly, overexpression of  Sac6p is lethal[33].  This could
be explained by competition with an essential actin-binding
protein, or by titrating out some other essential factor for
growth.  Next to stabilizing actin filaments, yeast plastin also
has a role in the polymerization of G-actin[34,35].  Adams and
colleagues demonstrated a high degree of functional con-
servation between evolutionarily divergent plastins[36].  They
demonstrated that human T- and L-plastin could both sub-
stitute for yeast plastin in a Sac6 null mutant, and restore
functional defects.  However, the third isoform, I-plastin,
could not complement this temperature sensitive growth
defect, illustrating the functional differences between hu-
man isoforms.  The fission yeast Schizosaccharomyces
pombe also contains a plastin homologue, called Fim1.  It is
not essential for viability but has a role in cell morphogenesis.
In mitotic cells, Fim1 plays a role in formation of the actin
ring during cytokinesis[26].  Dictyostelium discoideum plas-
tin shows 48%–50% identity with human plastins, and local-
izes to cortical structures associated with cell surface exten-
sions[37].

In the ciliate Tetrahymena, plastin is localized in the cleav-
age furrow bundle during cytokinesis of dividing cells[38].
This protein cross-links actin filaments in a calcium-insensi-
tive manner[39,40].  Tetrahymena plastin has a higher affinity
for actin than the other plastin forms[39].

At least 3 plastin-like proteins may exist in the plant model
system Arabidopsis thaliana[25,41].  The AtFim1 isoform con-
tains an additional 65 amino acids at its carboxy-terminal
end, and is Ca2+ insensitive because of less conserved Ca2+-
binding domains.  AtFim1 inhibits Zea mays profilin-induced
actin depolymerization in vitro and in vivo[25].

L-plastin is often used as a myeloid lineage protein marker
in zebrafish (Danio rerio)[42].  Spatio-temporal expression of
the L-plastin zebrafish homologue reveals a high level of
conservation between zebrafish and mammals.  Thus

zebrafish constitutes an informative model system for the
study of normal and anomalous human myelopoiesis[43].

Expression and localization
The three plastin isoforms share approximately 70% ho-

mology in their amino acid sequences but are encoded by
three distinct genes located on chromosomes 3 (I-plastin),
13 (L-plastin) and X (T-plastin).  Analysis of the exon–intron
junction sequences of all three human plastin genes indi-
cates that they evolved from a common ancestor[12] (our un-
published observations).  Their tissue-specific expression is
strictly regulated: L-plastin expression is controlled by its
strong promoter, regulated by its upstream repressor and by
steroid hormone receptors[44,45]; the T-plastin promoter has a
weak basal activity, and expression may be controlled by
upstream enhancer elements and by methylation of a CpG
island[46].

Generally, plastins are located in focal adhesions, ruf-
fling membranes, lammellipodia, filopodia, or in specialized
surface structures with highly ordered microfilament bundles
such as microvilli and stereocilia.  Sometimes they co-local-
ize with stress fibers.

In adherent macrophages, L-plastin co-localizes with ac-
tin in podosomes and filopodia, and also exhibits a punctu-
ate distribution in the cytoplasm that overlaps with actin.  L-
plastin is constitutively phosphorylated, and phosphory-
lated plastin is concentrated in the insoluble cytoskeletal
fraction[47].  Overexpression of T- or L-plastin in a fibroblast-
like cell line induces cell rounding and simultaneous actin
stress fiber rearrangements.  Both proteins promoted a re-
duction in the number and size of focal contacts in compari-
son to untransfected cells.  In polarized epithelial cells,
overexpression of T-plastin increases the length and den-
sity of microvilli.  Because both isoforms can associate with
different actin structures, they may play different roles in
actin filament organization in a cell type-specific fashion[48].

Plastin is often found in stereocilia.  Thus actin bundles
formed by plastin may also have a mechano-sensory func-
tion by transforming mechanical alterations in signals dur-
ing chemosensory signal transduction.  T-plastin and I-
plastin, but not L-plastin, are expressed in rat cochlea audi-
tory hair cell stereocilia[49].  During postnatal development
of the rat organ of Corti, T-plastin is detected in the core of
stereocilia from the early stages of hair cell differentiation,
and its expression gradually increases in stereocilia as hair
cells mature.  However, T-plastin is absent from mature hair
cell stereocilia.  In contrast, I-plastin is expressed in stereo-
cilia and the cuticular plate from the early stages of hair cell
differentiation[50] up to the adult stage[51–53].  The expression
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pattern of T-plastin in hair cell stereociliary bundles seems
to be related to the location-specific length of hair cell ste-
reocilia along the cochlear duct.  Such temporally restricted
expression strengthens the idea of functional differences
between plastin isoforms, and suggests that T-plastin could
have a specific role in sterocilia formation.  Furthermore,
plastin is also found in the microvilli of chicken photorecep-
tors[54], in microvillar projections in taste receptor cells of the
mammalian taste bud[55], in microvilli from rat vomeronasal
sensory epithelium[56], and in brush cells of the alimentary
and respiratory system[57,58].

In general, it can be concluded that members of the plas-
tin family have been identified in cellular regions containing
polarized actin filaments, and in regions with a high actin
filament turnover.

During differentiation of mouse intestine epithelium, three
plastin isoforms are expressed in a cell-specific manner[59].
T- and L-plastin are present during the early stages of intes-
tinal epithelial cell differentiation and localize to the apical
and basal surface, respectively, until day 14.5, but disappear
after day 16.5.  I-plastin is first detected from day 14.5 at the
apical surface.  These findings suggest that plastin isoforms
play different roles during epithelial cell differentiation.
T- and I-plastin expression could be decisive for the forma-
tion and extension of the microvilli, whereas expression of
L-plastin might play a role in controlling cell adhesion.

Because all plastin isoforms regulate the actin cytoskele-
ton, they have always been considered as cytoplasmic
proteins.  Very recently, however, we reported that endo-
genous as well as overexpressed T- and L-plastin were able
to shuttle between nucleus and cytoplasm in HeLa and Jurkat
cells.  In most cells investigated, T-plastin is found exclu-
sively in the cytoplasm, whereas L-plastin is located in the
nucleus and cytoplasm[60].  We identified a strong leucine-
rich nuclear export signal (NES) in T-plastin that was less
conserved in L-plastin.  This is due, in part, to lack of a
phenylalanine residue in the weak NES of L-plastin.  This
particular residue forms part of the core amino acids that
constitute the strong NES of T-plastin.  When phenylala-
nine is inserted into the NES of L-plastin, we observed en-
hanced export activity of L-plastin from the nucleus.  It is
likely that shuttling occurs in other cell types as well, but
this has not yet been demonstrated.  The functional relevance
of this nucleo-cytoplasmic shuttling of T- and L-plastin re-
mains unclear at present.  L-plastin could be implicated in
the regulation of nuclear actin.  Indeed, actin is an essential
component of the pre-initiation complex and cooperates with
polymerase I, II, and III in gene expression[61–63].

Regulation of plastin function
Calcium  The two calmodulin-like calcium-binding do-

mains in plastins, the so-called EF-hands, suggest that cal-
cium could regulate actin-binding or other functions of
plastins.  The rather weak homology in the calcium binding
domains of plastin isoforms may suggest that their actin-
binding activities are differentially regulated by calcium.
Human L-plastin is the only isoform that possesses all the
conserved amino acids essential for calcium binding and,
indeed, human L-plastin bundles actin filaments in a strictly
calcium-regulated manner.  Bundles are formed at pCa 7, but
not at pCa 6 (free calcium concentration)[64].  I-plastin bun-
dling activity is also inhibited by calcium[13].  The calcium
sensitivity of T-plastin has not been studied thoroughly in
the past, although some reports mention this[65,23,66].
Recently, this aspect was investigated by Giganti and
colleagues, who showed that co-sedimentation of actin with
T-plastin was not affected by free calcium concentrations of
up to 2.2 µmol/L, in contrast to L-plastin activity, which was
inhibited by calcium[28].  Similarly, in an F-actin depolymer-
ization assay, no effect of T-plastin was observed in a free
calcium concentration range of 4.6 nmol/L–1.6 µmol/L.
Strangely, yeast plastin, Sac6p, is regulated by Ca2+, although
it does not contain the conserved residues required for cal-
cium binding[35].  The Tetrahymena plastin, Arabidopsis
Atfim1 and fission yeast Fim1 bundle actin filaments in a
calcium-insensitive manner[65,26,39].  In contrast, Dictyostelium
discoideum plastin bundles actin in a calcium-sensitive man-
ner[37].

Phospholipids  Using solid-phase immunoassays it was
found that increasing amounts of phospholipids affected
the binding between monomeric actin and L-plastin.  In the
presence of PIP2, and to a smaller extent phosphatidylinositol,
the level of actin-L-plastin interaction decreases steadily.
The observed inhibitory effect reaches 50% at 50 µg/mL PIP2.
However, diacylglycerol did not produce such an effect[24].
It remains to be demonstrated if this also applies to other
plastin isoforms, and if the plastin-F-actin interaction would
also be affected.  Nevertheless, these findings may suggest
that plastin activity is also susceptible to regulation by
phospholipids, and this would tie in with many reports de-
tailing modulation of the cytoskeleton through phospho-
lipid interaction with actin-binding proteins.

Phosphorylation  Only L-plastin has been reported to be
phosphorylated in vitro and in vivo.  Phosphorylation oc-
curs particularly in hematopoietic cells, although this modi-
fication may also take place in malignant cells that express L-
plastin.  Two amino-terminally located serine residues, Ser5
and Ser7, are involved[67].  Protein kinase A (PKA) can
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phosphorylate plastin in vitro[68,69].  In T-plastin, the Ser-7
residue is conserved, but has never been observed to be
phosphorylated.

Ser5 is phosphorylated in HeLa cells.  It is possible that
Ser 7 is also phosphorylated but only after phosphorylation
of Ser 5[70].  Another intensive study on L-plastin phospho-
rylation was done by Lin and colleagues[71].  They used fi-
broblasts stably transfected with wild type plastin and mu-
tant plastins, in which each of the serines were mutated.
Only the wild type was phosphorylated, but not the mutants,
pointing to a possible phosphorylation zipper mechanism.
All the data available so far point out that phosphorylation
of L-plastin involves a complex mechanism that is not yet
completely understood.  L-plastin phosphorylation is also
dependent on cell type and stimulus.  Phosphorylation may
regulate actin-binding/bundling, or interactions between
plastin and other proteins.

Binding partners
Apart from actin, there have not been many plastin-bind-

ing partners characterized yet.  However, L-plastin has been
reported to be in complex with several proteins in hemato-
poietic cells.  Grancalcin is a Ca2+-binding protein, which is
abundant in human neutrophils.  Both proteins interact in
hematopoietic cells and their interaction is negatively regu-
lated by Ca2+ [72].  In adherent macrophages, L-plastin binds
vimentin and Hsp70[73].  Only the L-plastin-vimentin interac-
tion was further characterized.  Plastin forms an adhesion-
dependent complex with a vimentin subunit tetramer, but
not with vimentin intermediate filaments.  Both proteins in-
teract with an affinity of 0.25 µmol/L (Kd) and co-localize in
podosomes, filopodia and retraction fibers.  Co-localization
in or around the nucleus was also occasionally observed.
The amino-terminal domain of vimentin was identified as the
plastin-binding site, and the vimentin-binding site localizes
to the first CH domain of plastin.  Phosphorylation of plastin
is probably not involved in complex formation.  The interac-
tion may play a role in directing the assembly of the vimentin
cytoskeleton at cell adhesion sites.

L-plastin also interacts with Iba1, a microglia/macroph-
age-specific calcium-binding and actin-bundling protein[74].
In response to stimuli, L-plastin co-localizes with Iba1 and F-
actin in membrane ruffles and phagocytic cups.  The interac-
tion is direct and independent of Ca2+.  Furthermore, Iba1
increases the actin-bundling activity of L-plastin.

Cellular functions of plastin isoforms
Phosphorylation and leukocyte function   Leukocyte ac-

tivation is an important aspect of inflammation and immunity.
Quite a number of studies have addressed the phosphoryla-
tion of L-plastin during the activation of hematopoietic cells
in response to a variety of signals.

In polymorphonuclear (PMN) leukocytes, L-plastin phos-
phorylation is induced by IL-1 after glucocorticoid treatment
and this is blocked by inhibitors of adenylyl cyclase and
protein kinase A, but not by a PKC inhibitor[75].  In stimu-
lated cells, phosphorylation of L-plastin increases from 5%
to 30%[68].  TNF treatment of peripheral blood mononuclear
cells also induces the phosphorylation of L-plastin, but acti-
vators of protein kinase A fail to increase phosphorylation,
suggesting that other kinases could be involved[76].  IL-8
and the chemotactic peptide fMLP (both chemoattractants
for PMN) also promote phosphorylation of L-plastin.  In this
study, phosphorylation was inhibited by PKA inhibitors,
whereas phorbol 12-myristate 13-acetate (PMA, a direct ac-
tivator of PKC) stimulated phosphorylation significantly[77].
However, there is little evidence to support L-plastin phos-
phorylation by PKC in vivo.  Nevertheless, these few ex-
amples illustrate that several stimulatory signals induce phos-
phorylation of L-plastin through distinct pathways in which
PKA can sometimes act as a direct kinase, with PKC acting
as an indirect effector.  Bacterial lipopolysaccharide (LPS)
also induces phosphorylation of L-plastin in murine perito-
neal macrophages[78].  Phosphorylation closely correlated
with cellular responses such as the production of inflammato-
genic substances such as TNF, IL-1 and arachidonic acid, a
precursor for prostaglandin synthesis in T-lymphocytes.
Phosphorylation of L-plastin was discovered as an acces-
sory receptor-mediated co-stimulatory event[79].

Apart from the phosphorylation of L-plastin induced by
chemoattractants, interleukins, PMA or fMLP in various he-
matopoietic cells, L-plastin function and phosphorylation in
leukocyte activation was also studied by ligation of IgGFc
receptors.  Ligation of FcγR in PMN by immune complexes
leads to several effector events, including the secretion of
inflammatory cytokines and vasoactive lipids, phagocytosis,
antibody-dependent cell cytotoxicity and a respiratory burst[80].
Early events following ligation also include the polymeriza-
tion of actin.  More specifically, FcγRII adhesion and phago-
cytosis of IgG-opsonized particles induces L-plastin phos-
phorylation and L-plastin localization to the podosomes.
L-plastin phosphorylation is not blocked by cytochalasin
D[81], suggesting that phosphorylation does not require an
intact actin cytoskeleton.

Integrin aMb2 (CD18) activation in PMN is necessary
for sustained adhesion and involves L-plastin phosphoryl-
ation.  To find out if the N-terminal region of L-plastin is
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sufficient for regulating adhesion, L-plastin-derived (mutant)
peptides (amino acids 2–19) were used in PMN following
fusion with the Tat peptide[70].  These studies showed that
wild type and the Ser5-phosphorylated peptide induced ad-
hesion to serum-coated surfaces, but not activation of the
respiratory burst or an increase in [Ca2+]ic.  A corresponding
T-plastin peptide or the L-plastin Ser5/Ala mutant peptide
were inactive.  Strangely, the activating peptides also in-
duce phosphorylation of endogenous L-plastin.  Phospho-
rylation could be blocked by PKC and PI3K inhibitors, but
again L-plastin could not be phosphorylated in vitro by PKC.

Interestingly, PMN leukocytes lacking L-plastin are de-
fective for killing pathogens in vivo and in vitro, even though
they show normal migration to the site of infection, adhesion
and spreading, and normal phagocytosis.  Although L-plas-
tin phosphorylation is known to be implicated in integrin
activation[70,82], it seems not to be required here.  L-plastin is
involved in activation of the adhesion-dependent respira-
tory burst by signaling to NADPH oxidase[83].  L-plastin-
deficient PMN cells had no altered morphology, which could
be due to redundancy in actin-binding proteins.

Anti-leukoproteinase is a physiological inhibitor of
granulocytic serine proteases.  Anti-protease treatment re-
duces the incidence and severity of arthritis, and has a pro-
tective effect against cartilage and bone erosion.  Anti-
leukoproteinase binds to L-plastin and downregulates fila-
mentous actin assembly in response to stimulation with IgG-
coated latex beads in granulocytes.  Anti-leukoproteinase
also exerts additional inhibitory effects on neutrophil
functions, such as phagocytosis and oxidative bursts[84].
Thus anti-leukoproteinase has anti-arthritis potential because
of the modulation of L-plastin in neutrophils.

A role for T-plastin during invasion of bacteria  T-plas-
tin is involved in invasion by at least two enteropathic
bacteria: Shigella flexneri and Salmonella typhimurium.
These two bacteria have different mechanisms for entering
non-phagocytic cells by using specific effector proteins.  In
both cases, T-plastin is involved in cytoskeletal rearrange-
ments during bacterial invasion.  These rearrangements con-
sist of distinct nucleation zones involving strong actin poly-
merization in close proximity to the contact site between bac-
terium and cell.  These structures then push cellular protru-
sions outward that engulf the entering bacterium.  T-plastin
is concentrated in the protrusions during invasion of Shi-
gella flexneri[85,86].  Through transfection experiments it can
be shown that T- and L-plastin are differentially recruited
into Shigella entry zones, reflecting their distinct binding
specificities.  Transient expression of a dominant negative
truncated T-plastin mutant decreased Shigella entry by 64%,

indicating that T-plastin has a functional role in Shigella
entry into HeLa cells[85].

During Salmonella typhimurium invasion, T-plastin is
first recruited to membrane ruffles induced by the bacterium
via a Cdc42-dependent signaling process that is activated
by the bacterial secreted protein SopE.  Then another se-
creted bacterial effector protein, SipA, forms a complex with
T-plastin and F-actin, which results in a marked increase in
the actin-bundling activity of T-plastin.  SipA also inhibits
actin depolymerization.  This leads to stabilization of actin
filaments at the point of bacterium-host cell contact, which
leads to more efficient Salmonella internalization[66].

Plastins and DNA repair  Several independent reports
indicate that plastin is involved in the cellular response to
DNA-damaging agents and toxins.  First of all, T-plastin ex-
pression is enhanced in cisplatin-resistant human bladder,
prostatic, head and neck cancer cell lines, in comparison to
their cisplatin-sensitive counterparts.  Cisplatin is an anti-
cancer agent that acts by binding to DNA and interfering
with DNA repair.  T-plastin mRNA is 12-fold more abundant
in cisplatin-resistant cells in comparison to parental cells[87].
Furthermore, T-plastin is also upregulated in UV radiation-
resistant cells[88].  In addition, downregulation of T-plastin
expression is associated with increased sensitivity to cispla-
tin[87].  Increased expression of T-plastin has been observed
in Chinese hamster ovary (CHO) cells in which G2 arrest has
been induced by X-radiation and by a topoisomerase II
inhibitor, etoposide[89].  In contrast, when T-plastin expres-
sion was downregulated, radiation-induced G2 arrest de-
creased in CHO cells, indicating a correlation between
T-plastin expression and G2/M cell-cycle control.

Vinca alkaloids such as vincristin and vinblastin are che-
motherapeutic agents used in the treatment of both child-
hood and adult cancers.  Their main cellular target is the β-
tubulin subunit of α/β-tubulin heterodimers, and they in-
hibit cell division by disrupting microtubule dynamics.
Interestingly, L-plastin is downregulated in response to the
vincristin treatment of drug-sensitive human leukemia cells
and in vinblastin-resistant cells[90].  These alterations in ex-
pression could be involved in several protector functions
specific for each drug.  For example, T-plastin could play a
role in alteration of the intracellular distribution of the drug[87].
Alternatively, the drug might be trapped in the cytoplasm by
plastin-associated actin.  T-plastin could also have a direct
or indirect role in DNA repair.  In UV radiation-resistant cells,
this last possibility is a good candidate because these cells
have a greater capacity to repair DNA[91].  Furthermore,
T-plastin expression is suppressed in a human colorectal
cancer cell line, SW948, because of promoter-specific DNA
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methylation[89], which might be explained by T-plastin’s pos-
sible role in checkpoint function.  Taking everything into
consideration, it seems likely that the protecting role of plas-
tin is due to its involvement in DNA repair.  Our finding that
plastins can shuttle between nucleus and cytoplasm may
strengthen this hypothesis[60].

Cancer  A very interesting and uncommon finding is that
L-plastin is specifically expressed in many transformed cells
but absent in their normal cell counterparts[6,7].  Indeed,
L-plastin has been described as a marker for many human
cancer cells of non-hematopoietic origin[92].  Lin et al found
that 68% of epithelial carcinomas investigated and 53% of
non-epithelial mesenchymal tumors examined expressed
L-plastin (remember that L-plastin is normally expressed only
in cells of the hematopoietic lineage)[12].  In addition, exami-
nation of human neoplastic cell lines revealed that more than
90% of the cell lines surveyed exhibited widely varying de-
grees of L-plastin expression[93].  In particular, cells derived
from the reproductive tract expressed L-plastin.  In normal
cells of reproductive tissues (which are responsive to ova-
rian steroids), L-plastin synthesis is induced by female
hormones.  During malignancy, expression becomes hor-
mone-independent[94].  The L-plastin promoter harbors sev-
eral hormone receptor-responsive elements; that is, one es-
trogen-responsive element and three imperfect androgen-
responsive elements[44,45].  Estrogen receptor binding[95] and
cooperative androgen receptor binding have been demon-
strated[45].

In 1997, Zheng and colleagues[96] found that expression
of L-plastin in prostatic epithelial cells was linked to the ma-
lignant state.  Using antisense L-plastin constructs in pros-
tate carcinoma cell lines (PC-3 and PC-3M cells, the meta-
static variant), it was demonstrated that cell proliferation and
invasion were drastically reduced[97].

Because L-plastin expression is generally considered to
be a marker for many cancers[92], new therapeutic tools have
been developed aimed at slowing down cancer progression
in vivo based on the L-plastin gene.  Gene therapy experi-
ments in an animal model of colon cancer[98,99] involving a
pro-drug approach have shown promising results: the cy-
tosine deaminase gene, driven by an L-plastin tumor-spe-
cific promoter, modifies 5-fluorocytosine into a toxic
derivative, fluorouracil.  These vectors induced significant
toxicity in carcinomas of the breast, ovary and colon in vitro
and in vivo: tumor size as well as tumor cell growth decreased
significantly.  Mice injected with the expression vector and
5-fluorocytosine lived much longer than their untreated lit-
ter mates[98,99].

Although these approaches are promising, we still lack

fundamental molecular data showing how increased (or
ectopic) plastin expression contributes to tumor formation.
In the same line, a clear causal relationship between plastin
expression and invasion/metastasis, the hallmarks of malig-
nant tumors, needs to be established and worked out at the
molecular level.  This will allow models to be put forward and
thoroughly tested in vitro and in animal models.  These ap-
proaches could help resolve the question of whether plastins
could be valuable targets for drug development in the treat-
ment of cancer.

Other diseases  In an animal model of the auto-immune
disease systemic lupus erythematosus (SLE, a chronic rheu-
matic disease) and in human patients, antibodies against
T- and L-plastin were found in serum[100,101,102].  The presence
of T- and L-plastin antibodies is correlated with the presence
of the anti-Sm antibody, a typical SLE auto-antibody that
recognizes a nuclear antigen.  The stimulus for production
of L- and T-plastin auto-antibodies may derive from the de-
struction of plastin-containing cells, such as replicating white
blood cells (L-plastin), or epithelial and mesenchymal sur-
faces (T-plastin).  It remains to be determined if L- and
T-plastin antibodies contribute to the loss of cell function or
other aspects of lupus.  L-plastin has also been identified as
a self-antigen associated with Vogt-Koyanagi’s syndrome,
an autoimmune disease[103].

Expression of a chimeric mRNA transcript between the
LAZ3 gene and the L-plastin gene, resulting from chromo-
somal translocation, was observed in two B-cell non-
Hodgkin-lymphomas.  The 13q14 chromosome region, where
the L-plastin gene is located, is frequently disrupted in vari-
ous proliferative disorders, and defines a breakpoint site[104].

Finally, minimal change nephrotic syndrome (MCNS) is
the most frequent glomerular disease in children, and is char-
acterized by heavy proteinuria[105].  MCNS results from a
systemic disorder of T cell function[106].  Expression levels of
L-plastin and grancalcin are increased during the period of
disease relapse[107].  A truncated protein, Tc-mip, was de-
tected in peripheral blood mononuclear cells from MCNS
patients.  Overexpression of this truncated protein in T cell
Jurkat cells induced redistribution of L-plastin, in addition to
Src phosphorylation and T cell clustering[108].  Increased ex-
pression and redistribution of L-plastin may result in T-cell
dysfunction, causing MCNS.  These fragmentary data sug-
gest that plastins contribute to the onset or progression of
certain diseases, but it is clear that much more work needs to
be done to ascertain their true role in these syndromes.

Concluding remarks and future directions
Although plastins have a clear role in actin-binding, there
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is sometimes apparently incongruent information as to their
exact actin-binding properties.  Actin-bundling activity by
mammalian plastins has been clearly established, but there
is additional evidence for actin filament stabilization[26] and
for filament anti-depolymerization activities[109,24,28,27].  In
some organisms (yeast and plants), there is even indication
that plastin has actin polymerization ability[35,25].

The depletion of plastin does not promote severe defi-
ciencies at first glance, because the knockout of L-plastin
has no influence on embryonic and neonatal development[83].
However, a lack of L-plastin could lead to immunological
problems in a broad sense or complications involving inflam-
mation.

Some culture cells overexpressing T- or L-plastin loose
their adhesion properties and round up[48,110].  It is hard to
generate stable cell lines overexpressing plastin[71,93], and
this could be related to the observed invasive behavior of
tumor cells (over)expressing plastin.

Future studies are expected to provide more clarity with
respect to the functional significance of cell-type-specific
expression of the three human plastin isoforms, each with its
individual properties and functional regulation.  In addition,
nucleocytoplasmic shuttling of plastin isoforms elicits the
question of what their true function in the nucleus is.
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Introduction
The NF-κB family is comprised of a variety of homo- and

hetero-dimers formed by p50, p52, RelA (p65), RelB, and c-
Rel subunits[1–4].  The best-described form of NF-κB is con-
stituted by the p50 and p65 heterodimer.  This heterodimer is
sequestered in the cytoplasm bound to a family of inhibitory
proteins known as IκB[5,6].  Following cell stimulation, the
IκB proteins become phosphorylated by IκB kinase (IKK), a
large kinase complex consisting of 2 catalytic subunits, IKKα
and IKKβ, and the regulatory subunit, IKKγ/NEMO[7–9].
Phosphorylation of IκB targets this inhibitor for ubiqui-
tination and degradation, which results in the release and
subsequent translocation of NF-κB to the nucleus to acti-
vate transcription of a variety of genes[10] (Figure 1).  In this
review, we first discuss the current understanding of why
RNA-mediated gene silencing by small interfering RNA
(siRNA) is important in NF-κB pathway and then focus on
the use of siRNA to analyze the role of cellular factors in
regulating the NF-κB pathway and its potential use as a tar-
geted therapy to inhibit the NF-κB pathway.

The NF-κκκκκB pathway: mechanisms leading to
activation

NF-κB can be activated by a variety of stimuli, including
inflammatory cytokines, such as TNF-α and IL-1, and growth
factors as a result of stress response.  Intra-cellular events
such as DNA damage by radiation or chemotherapy serve as
potent stimulus to activate NF-κB as well.  TNF-α and IL-1
are important to the generation of a systemic and local re-
sponse to infection, injury, and immunological challenges[2].
The signals from the TNF receptor (TNFR) and IL-1 receptor
(IL-1R) are transduced through the TNF receptor-associated
factor2 (TRAF2) and 6 (TRAF6), respectively[11].  These
TRAF are believed to function ‘upstream’ of the cascades of
IKK and NF-κB[12,13].  Many members of the mitogen-acti-
vated protein kinase kinase kinase (MAP3K) family includ-
ing MEKK1[14], MEKK2, MEKK3[15], TGF-β-activating ki-
nase1 (TAK1)[16] and NF-κB-inducing kinase (NIK)[17] also
activate IKK when overexpressed.  However, MEKK3 is an
essential signal transducer in both TNFR- and IL-1R-induced
NF-κB activation[11,18-22].
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Initial studies on the structure of TRAF showed that the
C-terminal domain for TRAF was responsible for protein-
protein interactions and the N-terminal region of TRAF, in-
cluding a RING finger and a variable number of Zn finger
domains, was necessary for TRAF mediated activation of
downstream signaling pathways[23,24].  A RING finger with
ubiquitin ligase activity[25] is critical for NF-κB activation by
TRAF[26–28].  TRAF2 and TRAF6 were shown to be able to
function as ubiquitin ligases that autoubiquitinate resulting
in a lysine-63 (K63)-linked polyubiquitination[29–31].  Ubiqui-
tinated TRAF can bind to the TAK1, and its adapter proteins
TAB1 and TAB2[18,32,33].  TAB1 binds to TAK1 and is in-
volved in regulating its activity, while TAB2 binds preferen-
tially to K63-linked polyubiquitin chains[12], resulting in the
activation of TAK1[34].  Activated TAK1 can phosphorylate
IKK directly or act on the NF-κB-inducing kinase (NIK), which
in turn activates IKK[16,35]. .Thus, the TAK1 complex is an
important link between TRAF and the NF-κB pathway (Figure
1).  TRAF7 also plays an important role in regulating activa-
tion of NF-κB and it can act like TRAF6 in relaying signals
and activating the NF-κB pathway[18].

IKK activation by the TNF-α and IL-1 is a rapid, but
transient process, implying a negative feedback regulation
of IKK following its activation.  This negative regulation of
IKK is controlled, at least in part, by deubiquitination, as
shown in recent studies on the tumor suppressor cylindro-
matosis protein CYLD[36,37].  Loss of CYLD has been linked
to a predisposition to cylindromas, a syndrome character-
ized by benign tumors of the skin appendages.  Interestingly,
CYLD contains cysteine and histidine boxes found in the
ubiquitin-specific protease (UBP) family of deubiquitination
enzymes[38].  Moreover, a portion of the histidine box of CYLD
is deleted in some cylindromatosis patients, suggesting a
link between the deubiquitination activity of CYLD and its
tumor suppressor function.  Three independent studies have
shown that CYLD binds to NEMO and facilitates the disas-
sembly of K63-linked polyubiquitin chains on TRAF2 and
TRAF6[36,37].  Thus, a critical function of CYLD is to down-
regulate NF-κB activation through its deubiquitinating ac-
tivity[31].

RNAi-mediated gene silencing
RNAi is associated with a number of practical and theo-

retic advantages over pre-existing methods of suppressing
gene expression (Table 1)[39–44] and thus provides a useful
mean to dissect the role of various factors that regulate the
NF-κB pathway.  RNAi also has the potential to be devel-
oped as a therapeutic modality to knock-down gene prod-
ucts that are important in activating the NF-κB pathway[45].

Figure 1.  TRAF2 and TRAF6 mediated NF-κB activation.  Both of
the TRAF2 and TRAF6 are ubiquitinated in the presence of ubiquitin-
activating enzyme (E1) and ubiquitin-conjugating enzyme (E2).
Ubiquitinated TRAF2 and TRAF6 bind to TAB2 and activate TAK1.
Activated TAK1 leads to IKK activation.  In turn, activated IKK
results in IκB phosphorylation.  Phosphorylated IκB will be rapidly
degraded after ubiquitination, and NF-κB (shown as the p65/p50
heterodimer) is translocated into the nucleus.  TRAF2 and TRAF6
may also associate with NIK and MEKK3 to activate IKK complex.
CYLD binds to NEMO and facilitates the disassembly of K63-linked
polyubiquitin chains on TRAF2, TRAF6.
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Several lines of evidence support a role for RNAi in a cell-
based defense mechanism that protects the genome against
mobile genetic elements such as viruses and transposons[46,47].
There are 2 classes of small RNA that can silence gene
expression.  One class is processed from double-stranded
(dsRNA) precursor molecules into small interfering RNA
(siRNA) by the RNAase III-like nuclease called Dicer; these
siRNA act as guides for the siRNA-induced silencing com-
plex (siRISC) to target and cleave complementary mRNA[48].
Dicer processes another class of small RNA from pre-
microRNA into microRNA.  These micro RNA act as guides
for a multiprotein complex (miRISC) which identifies mRNA
and silences gene expression either via destruction of the
mRNA or by blocking its translation[47,49,50].  Dicer was first
isolated from extracts of Drosophila, but was later shown to
exist in a large variety of species ranging from fungi to man[51].
Two Dicers, Dcr-1 and Dcr-2 were found in Drosophila.  Dcr-
1 processes pre-miRNA[52,53], while Dcr-2 processes dsRNA.
In contrast to their processing specificities, both Dcr-1, Dcr-
2 and its associated factor R2D2 are required for assembly of
siRNA into siRISC (Figure 2)[47,54].  Synthetic 21-23 nucle-
otide double stranded siRNA were synthesized to resemble
Dicer cleavage products and could be directly incorporated
in the mammalian RISC to target mRNA for degradation[55].
Another approach relies on stable expression of short hair-
pin RNA from a plasmid vector down stream from a pol III or
U6 promoter to result in a reproducible reduction of target
gene expression in mammalian cells[45].  Various strategies
including retroviral, adenoviral and lentiviral vectors have
been developed that allow the introduction of siRNA encod-
ing vectors at high efficiency in primary cells.  With these
technologies, it is now possible to obtain effective gene si-
lencing in transgenic embryos and adult mice[48].  There have
been several reports of successful use of in vivo siRNA in
different animal models of human diseases; for example, mi-
croinjection of siRNA directed against zebrafish dystrophin
gene into zebrafish embryos demonstrates the efficacy of

siRNA-based gene silencing in this model and illustrates the
potential of this approach to determine the roles of multiple
protein products expressed by a single gene during the early
stages of development[56].  Delivery of siRNA directed against
either caspase 8 or hepatitis B virus (HBV) by mouse tail
vein have been effective in suppressing specific gene ex-
pression[57,58].  In addition, Verma et al demonstrated that
siRNA directed against β-catenin reduced tumor growth in
nude mice when administered by either intravenous or intra-
peritoneal injections, which suggests that siRNA could have
therapeutic potential for inhibiting the expression of genes
that enhance the growth of tumors[59].  RNAi also holds great
promise for the treatment of CNS diseases in which
neurodegeneration is linked to overproduction of endog-
enous protein or to synthesis of aberrant proteins coded by
dominant mutant alleles[60].

More recently, many researchers have used plasmid and
viral vectors for transcription of short-hairpin RNA (shRNA)
that efficiently deliver siRNA into both dividing and non-
dividing cells, stem cells, zygotes, and their differentiated
progeny.  Gene expression was more stably inhibited with
these expression systems than with the transient knockdown
recorded with chemically synthesised siRNA.  A number of
groups have used shRNA instead of siRNA to obtain rela-
tively long-lived gene silencing in vivo[61].  The libraries of
retroviruses expressing shRNA designed to silence large frac-
tions of all expressed human genes have been produced.
These shRNA libraries have the potential to provide mam-
malian biologists for the first time with a genetic screening
tool similar to that which has been used in more primitive
organisms.

RNAi is an important tool for analyzing the NF-
κκκκκB pathway

Signal transduction pathways, such as the NF-κB
pathway, are modular composites of functionally interde-

Table 1.  Advantages and disadvantages of different gene suppression strategies.

       Gene suppression                       Advantages               Disadvantages

RNAi Potent, specific and simple Transfection-dependent
Post-transcriptional gene silencing Knock-down not knock-out

Antisense technology Simple Efficacy and specificity variable
Knockout mouse Complete gene silencing. Time-consuming and laborious to produce
Transfection of dominant negative mutant Ability to determine functions of discrete Transfection-dependent
gene regions of a protein Variable specificity
Small molecule inhibitors Simple Often nonspecific
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pendent sets of proteins that act in a coordinated fashion to
transform environmental information into a phenotypic
response.  Several mechanisms that cause constitutive NF-
κB activity can be found in different epithelial tumors, tumor
cell lines and lymphoid malignancies[62].  Many different in-
hibitors affecting the NF-κB activation pathway that have
beneficial effects on tumor development or that increase the
response to radiation and chemotherapy have been
described.  However, most of these inhibitors are not spe-
cific and inhibit many other pathways as well[63].  Using RNAi
to stably knock out specific gene expression and function is
a highly effective and novel method that is rapidly gaining
ground because of an explosion of new and improved
techniques.  The exquisite sequence specificity of RNAi pro-
vides a promising approach to address the complex interac-
tions of viral and cellular regulatory proteins involved in NF-
κB pathway[64].  As potent small-molecule inhibitors to any
gene expression, siRNA can be used to specifically analyze
the role of single gene products in NF-κB pathway to em-
phasize the selectivity of RNAi-based therapy.  Direct
evidence, using both in vitro and in vivo models, indicates
that RNAi is a critical tool to inhibit the NF-κB pathway at
multiple levels and study the transmission of signals in both
physiologic and pathologic states[36,37,65–68].

TAK1 is an important upstream mediator of the NF-κB
pathway[16,34,46].  siRNA directed against TAK1 decreased
the amount of both IL-1 and TNFα-induced phospho-IκBα
expression and prevented IκBα degradation.  The loss of
endogenous TAK1 by siRNA resulted in impaired DNA-bind-
ing of NF-κB.  These results provide the first genetic evi-
dence that supports a role of TAK1 as a critical upstream
kinase for IKKα or IKKβ in IL-1 and TNFα-induced activa-
tion of the NF-κB pathway[69].  Takaesu et al also reported
that endogenous IKKα and IKKβ co-immunoprecipitated
with TAK1 upon TNFα stimulation.  siRNA directed against
IKKα and IKKβ reduced IL-1 and TNFα-induced activation
of the NF-κB pathway.  Simultaneous transfection of both
IKKα and IKKβ siRNA resulted in further decreases in NF-
κB activation as compared to transfection of each of these
individual siRNA.  These findings suggest that in addition
to IKKα and IKKβ, TAK1 is important for NF-κB activation
challenging previous result that only IKKβ was involved in
NF-κB activation[28,70–72].

Bcl-10, a cellular homolog of the equine herpesvirus-2
E10 gene[73], was found over-expressed in some lymphomas
of the mucosa-associated lymphoid tissue (MALT).  Bcl-10
has been shown to physically associate with MALT1, which
is a member of the paracaspase family and also involved in
MALT lymphoma.  Bcl-10 and MALT1 are essential for the

Figure 2.  siRNA pathways.  Long dsRNA is processed by the RNAase
III-like nuclease called Dicer2/R2D2 into siRNAs, while pre-miRNA
is processed by the RNAase III-like nuclease called Dicer1 into miRNA.
The 2 strands of the siRNAs or miRNA are unwound by the siRISC or
miRISC, 1 strand is selected to identify a complementary target
mRNA which in turn is cleaved by an endonuclease in siRISC or
blocking translation in miRISC.
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activation of IKK and NF-κB in response to T cell receptor
stimulation[74].  Sun et al presented evidence that TRAF2
and TRAF6 mediated IKK activation by Bcl-10 and T cell
receptor stimulation.  TRAF6 siRNA reduced the activation
of IKK by 50% and the same percentage of reduction in IKK
activation was observed by TRAF2 siRNA.  However, the
combination of TRAF2 and TRAF6 siRNA reduced IKK ac-
tivation by approximately 80%.  Thus in T cells, both TRAF2
and TRAF6 are involved in upstream regulation of the NF-
κB pathway in response to T cell receptor stimulation[64].  In
addition, TAK1 siRNA transfection also dramatically reduced
IKK activation by T cell receptor stimulation in T cells.
Moreover, MALT1 and Bcl-10 have been shown to mediate
IKK activation by facilitating the K63 polyubiquitination of
NEMO.  siRNA that reduced the expression of paracaspase
and Ubc13 abrogated the effects of Bcl-10, which indicates
that Bcl-10 promotes activation of IKK and NF-κB through
paracaspase- and Ubc13-dependent ubiquitination of
NEMO[75].

The tumor suppressor cylindromatosis protein CYLD
belongs to a subfamily of enzymes with deubiquitinase ac-
tivity[76,77].  A collection of shRNA that suppress 50 human
de-ubiquitinating enzymes were used to identify deubiqui-
tination enzymes and study the mechanism for human
cylindromatosis[36] in the NF-κB pathway[45].  The studies
from this and other groups show that CYLD binds to NEMO,
and appears to regulate its activity through deubiquitination
of TRAF2[38,78].  They also demonstrated that inhibition of
CYLD by siRNA enhanced NF-κB activation and prevented
apoptosis, suggesting a mechanism through which loss of
CYLD contributes to oncogenesis[36].  In independent studies,
Trompouki et al[37] also used the siRNA method and demon-
strated that CYLD interacted with NEMO and negatively regu-
lated NF-κB signaling by deubiquitination of TRAF2.  They
have now started to investigate the use of CYLD inhibitors
in clinical trials.

Potential therapeutic uses of NF-κκκκκB inhibition
by siRNA

The NF-κB signaling pathway is important in the genera-
tion of the monocyte-derived dendritic cells and regulates
their functional maturation and activation[79–81].  Dendritic
cells play a prominent role in infectious diseases, immune
disorders, and in cancer immunology[82].  In mammalian cells,
NF-κB/Rel proteins are involved in regulating survival,
differentiation, and activation of the dendritic cells[80,81,83].
Targeted mutations in mice demonstrate that deficits in RelB,
cRel, p50, or p52 lead to various immune impairments that

directly implicate dendritic cells.  Transfection of dendritic
cells with p50 siRNA was tested by Diego[88] and his col-
leagues as a way of performing loss-of-function analysis in
vitro and the results showed strong and specific down-regu-
lation of both p50 mRNA and protein levels.  Such interfer-
ence impaired p50 nuclear localization and DNA-binding in
response to CD40 Ligand (CD40L) and IL-1 activation.  The
cytosolic fraction also showed reduced p50 activity after p50
siRNA transfection[88].

IL-12 is a cytokine pivotal for the development of cellular
immunity and production of high levels of IFN-γ by T cells.
A biologically active form of IL-12 (IL-12α and IL-12β
heterodimer) is produced from the transcription of separate
genes which are regulated independently[89].  Prior results
have shown that CD40L alone or in combination with IL-1
induces high levels of IL-12β transcription[90].  However, a
significantly reduced IL-12β mRNA level and reduction of
the secretion of IL-12αβ heterodimer was observed after p50
siRNA, which suggests that p50 siRNA down-regulated the
production of IL-12 in response to CD40L and IL-1.  These
results are consistent with studies of the promoter of the IL-
12β gene, which is NF-κB inducible and contains sites for
the binding of p50 in B cells[91].

It has been reported that p65 can stimulate HIV-1 tran-
scriptional elongation by binding to the HIV-1 long terminal
repeat (LTR)[92,93].  The use of siRNA directed against p65
resulted in reduced HIV-1 replication, which correlated with
the decrease in HIV-1 virons in supernatants from MAGI
cells[66].  CD4-positive human T-lymphocyte cell lines includ-
ing MAGI have been used to study different aspects of the
HIV-1 life cycle.  These cells, which stably express CD4 re-
ceptors on the cell surface, can be infected by HIV-1.  Since
they contain a HIV-1 LTR fused to the β-galactosidase gene,
infectious virus can transactivate the LTR-β-galactosidase
reporter and increase β-galactosidase activity.  Thus, stain-
ing of MAGI cells to determine β-galactosidase activity makes
these cells an excellent indicator to determine the number of
HIV-1 infectious particles[94].  It has been observed that more
than 90% of the infected cells transfected with control siRNA
demonstrated marked β-galactosidase positivity.  In contrast,
only a few cells had β-galactosidase activity when the MAGI
cells were transfected with p65 siRNA, which indicate that
inhibition of HIV-1 replication by p65 siRNA resulted in very
low levels of HIV-1 infectious particles[66].  This finding high-
lights the importance that NF-κB plays in the life cycle of
HIV-1.

Tumors that have constitutive NF-κB activity show in-
creased resistance to chemotherapy.  Inhibition of NF-κB
does not only lead to enhanced apoptosis but also to in-
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creased sensitivity to radiation or chemotherapy in several
tumor cells such as fibrosarcoma and colorectal cancer cell
lines, as well as xenograft models or pancreatic carcinoma
cells[63].  CPT-11 is a topoisomerase I inhibitor which has
efficacy in the treatment of certain neoplasms including
colorectal cancer.  In spite of the initial response to therapy[81],
most tumors from patients treated with CPT-11 become re-
sistant and exhibit tumor progression[95].  However, induc-
ible chemotherapy resistance to CPT-11 has been shown to
be reversed by inhibiting NF-κB[83,96].  More recent studies
from Guo et al[65] demonstrate that NF-κB activation induced
by CPT-11 in the relatively resistant HCT116 cell line is effec-
tively inhibited by p65 siRNA both in vitro and in vivo.
Transfection of p65 siRNA into HCT116 cells dramatically
reduced the expression of p65.  In addition, they found that
loss of p65 did not impact cell viability on its own, but p65
siRNA in conjunction with CPT-11 increased tumor cell sen-
sitivity to the cytotoxic effects of CPT-11.  P65 siRNA in-
creased apoptosis and reduced NF-κB-binding activity.  The
effect on apoptosis could be partly explained by down-regu-
lation of the NF-κB target genes c-IAP1 and c-IAP2[65].  These
results are consistent with the role that NF-κB plays in the
inhibition of CPT-11 mediated cell killing[2,97].  Importantly,
transient exposure of HCT116 cells to p65 siRNA in cell cul-
ture altered the ability of these cells to proliferate following
injection into nude mice in the presence of CPT-11 treatment.
Systemic therapy with intravenous injection of p65 siRNA
did not limit tumor growth.  However, when combined with
CPT-11, intravenous injection of p65 siRNA significantly de-
layed tumor growth with dramatic reductions in tumor vol-
ume[65].  These studies demonstrate that delivery of siRNA
to tumor cells in vivo is feasible and that inhibition of NF-
κB-mediated transcription by p65 siRNA holds therapeutic
promise in cancer[98].

Questions to the safety and efficacy of using
RNAi as a therapeutic strategy

Interest in RNAi initially was restricted to basic research-
ers to study gene function.  The subsequent finding that in
vivo delivery of siRNA to induce RNAi in mammalian cells
has generated excitement regarding its potential therapeutic
applications.  Various approaches have been shown to im-
prove cell and tissue delivery of siRNA and shRNA[61,99].

A major obstacle to the development of siRNAi as a thera-
peutic tool is its delivery to the desired cell type in the cor-
rect tissue or organ.  Hydrodynamic delivery of siRNA that
involves the intravascular injection of large fluid volumes in
order to locally increase intravascular pressure[100,101] might

be adapted for local administration of siRNA by arterial or
venous catheters in organs such as liver, kidney, heart or
lungs, but cannot be utilized for systemic treatment.  Intra-
venous injection of siRNA in large volumes of saline solution,
works by creating a back-flow in the venous system that
forces the siRNA solution into several organs with lesser
efficiency[102,103].  Using RNAi to silence genes is also limited
by the stability of siRNA molecules in vivo and the effi-
ciency with which they are taken up by target cells and tis-
sues[104].  An additional obstacle in exploring siRNA as a
therapeutic tool is toxicity.  siRNA have the potential to in-
duce a concentration- and cell-type-dependent cell death[105].
In mammalian cells, the utility of RNAi has been limited by
the innate immune response triggered by dsRNA.  Long
dsRNA induce an interferon response usually resulting in a
generalized inhibition of gene expression.  However, this
response can usually be avoided in mammalian cell cultures
by using synthetic siRNA with a length of 21 nt[105].

Inhibition of viral replication by RNAi has been demon-
strated in vitro for a variety of viruses, including RNA vi-
ruses such as HIV, respiratory syncytial virus, influenza virus,
poliovirus, West Nile virus, dengue virus, and foot and mouth
disease virus.  However, some viruses are resistant to RNAi;
for example, although siRNA can inhibit the production of
progeny virus, the genomic RNA of respiratory syncytial
virus, hepatitis delta virus, and rotavirus are resistant to
RNAi, either because of tight shielding by proteins or to
sequestration in compartments inaccessible to siRNA[106–108].
Moreover, some viruses such as influenza and vaccinia pro-
duce proteins that actively suppress silencing by RNAi[109].
Adenovirus was recently shown to block the processing of
shRNA in mammalian cells by expressing a viral noncoding
RNA at such high levels that it binds most of the available
RNAi processing machinery[110].

Summary
The discovery of RNAi has already provided a powerful

tool for basic science researchers to study gene function.
More recently the use of RNAi for genetic-based therapies
has been widely studied, especially in viral infections,
cancers, and inherited genetic disorders.  Combined with
genomics data, RNAi-directed gene-silencing could allow
functional determination of any gene expressed in a cell or
pathway.  Thus, the therapeutic potential for RNAi is
enormous, but the ability to efficiently and stably produce
and deliver sufficient amounts of siRNA to the target tissues
require refinement before this new technology can be tried
clinically[111].



786

 Acta Pharmacologica Sinica ISSN 1671-4083Guo J et al

Acknowledgments
We thank Richard GAYNOR and Udit VERMA for their

helpful comments during the preparation of the manuscript.
We also thank Janice BOX for the preparation of the manu-
script and Alejandra HERRERA for graphical support.

References
1 Perkins ND.  The Rel/NF-kappa B family: friend and foe.  Trends

Biochem Sci 2000; 25: 434–40.
2 Baldwin AS.  Control of oncogenesis and cancer therapy resis-

tance by the transcription factor NF-kappaB.  J Clin Invest 2001;
107: 241–6.

3 Baeuerle PA, Baltimore D.  κB: Ten years after.  Cell 1996, 87:
13–20.

4 Ghosh S, May MJ, Kopp EB.  κB and Rel proteins: evolutionarily
conserved mediators of immune responses.  Annu Rev Immunol
1998; 16: 225–60.

5 Ghosh S, Karin M.  Missing pieces in the NF-kappaB puzzle.  Cell
2002; 109: S81–S96.

6 Verma IM, Stevenson JK, Schwartz EM, Van Antwerp D,
Miyamoto S.  κB/IκB family: intimate tales of association and
dissociation.  Genes Dev 1995; 9: 2723–35.

7 DiDonato JA, Hayakawa M, Rothwarf DM, Zandi E, Karin M.
κB kinase that activates the transcription factor NF-κB.  Nature
1997; 388: 548–54.

8 Mercurio F, Zhu H, Murray BW, Shevchenko A, Bennett BL, Li
J, et al.  κB kinases essential for NF-κB activation.  Science
1997; 278: 860–6.

9 Li Y, Kang J, Friedman J, Tarassishin L, Ye J, Kovalenko A, et al.
κB activity and as a target of an adenovirus inhibitor of tumor
necrosis factor α-induced apoptosis.  Proc Natl Acad Sci USA
1999; 96: 1042–7.

10 Stancovski I, Baltimore D.  NF-kappaB activation: the I kappaB
kinase revealed?  Cell 1997; 91: 299–303.

11 Baud V, Liu ZG, Bennett B, Suzuki N, Xia Y, Karin M.  Signaling
by proinflammatory cytokines: oligomerization of TRAF2 and
TRAF6 is sufficient for JNK and IKK activation and target gene
induction via an amino-terminal effector domain.  Genes Dev
1999; 13: 1297–308.

12 Sun L, Chen ZJ.  The novel functions of ubiquitination in signaling.
Curr Opin Cell Biol 2004; 16: 339–40.

13 Wajant H, Scheurich P.  Analogies between Drosophila and
mammalian TRAF pathways.  Prog Mol Subcell Biol 2004; 34: 47–72.

14 Lee FS, Peters RT, Dang LC, Maniatis T.  MEKK1 activates
both IkappaB kinase alpha and IkappaB kinase beta.  Proc Natl
Acad Sci USA 1998; 95: 9319–24.

15 Zhao Q, Lee FS.  Mitogen-activated protein kinase/ERK kinase
kinases 2 and 3 activate nuclear factor-kappaB through IkappaB
kinase-alpha and IkappaB kinase-beta.  J Biol Chem 1999; 274:
8355–8.

16 Ninomiya-Tsuji J, Kishimoto K, Hiyama A, Inoue J, Cao Z,
Matsumoto K.  The kinase TAK1 can activate the NIK-I kappaB
as well as the MAP kinase cascade in the IL-1 signalling pathway.
Nature 1999; 398: 252–6.

17 Woronicz JD, Gao X, Cao Z, Rothe M, Goeddel DV.  κB kinase-
β: NF-κB activation and complex formation with IκB kinase-α
and NIK.  Science 1997; 278: 866–9.

18 Bouwmeester T, Bauch A, Ruffner H, Angrand PO, Bergamini G,
Croughton K, et al.  A physical and functional map of the human
TNF-alpha/NF-kappa B signal transduction pathway.  Nat Cell
Biol 2004; 6: 97–105.

19 Malinin NL, Boldin MP, Kovalenko AV, Wallach D.  κB induc-
tion by TNF, CD95 and IL-1.  Nature 1997; 385: 540–8.

20 Song HY, Regnier CH, Kirschning CJ, Goeddel DV, Rothe M.
Tumor necrosis factor (TNF)-mediated kinase cascades: bifurca-
tion of nuclear factor-kappaB and c-jun N-terminal kinase (JNK/
SAPK) pathways at TNF receptor-associated factor 2.  Proc
Natl Acad Sci USA 1997; 94: 9792–6.

21 Yang J, Lin Y, Guo Z, Cheng J, Huang J, Deng L, et al.  The
essential role of MEKK3 in TNF-induced NF-kappaB activation.
Nat Immunol 2001; 2: 620–4.

22 Huang Q, Yang J, Lin Y, Walker C, Cheng J, Liu ZG, et al.
Differential regulation of interleukin 1 receptor and Toll-like
receptor signaling by MEKK3.  Nat Immunol 2004; 5: 98–103.

23 Cheng G, Cleary AM, Ye ZS, Hong DI, Lederman S, Baltimore D.
Involvement of CRAF1, a relative of TRAF, in CD40 signaling.
Science 1995; 267: 1494–8.

24 Rothe M, Sarma V, Dixit VM, Goeddel DV.  κB by TNF receptor
2 and CD40.  Science 1995; 269: 1424–7.

25 Pickart CM.  Mechanisms underlying ubiquitination.  Annu Rev
Biochem 2001; 70: 503–33.

26 Takeuchi M, Rothe M, Goeddel DV.  Anatomy of TRAF2.  Dis-
tinct domains for nuclear factor-kappaB activation and associa-
tion with tumor necrosis factor signaling proteins.  J Biol Chem
1996; 271: 19935–42.

27 Dadgostar H, Cheng G.  An intact zinc ring finger is required for
tumor necrosis factor receptor-associated factor-mediated nuclear
factor-kappaB activation but is dispensable for c-Jun N-terminal
kinase signaling.  J Biol Chem 1998; 273: 24775–80.

28 Hu Y, Baud V, Delhase M, Zhang P, Deerinck T, Ellisman M, et
al.  A subunit of IκB kinase.  Science 1999; 284: 316–20.

29 Deng L, Wang C, Spencer E, Yang L, Braun A, You J, et al.
Activation of the IkappaB kinase complex by TRAF6 requires a
dimeric ubiquitin-conjugating enzyme complex and a unique
polyubiquitin chain.  Cell 2000; 103: 351–61.

30 Wajant H, Henkler F, Scheurich P.  The TNF-receptor-associ-
ated factor family: scaffold molecules for cytokine receptors,
kinases and their regulators.  Cell Signal 2001; 13: 389–400.

31 Wilkinson KD.  Signal transduction: aspirin, ubiquitin and cancer.
Nature 2003; 424: 738–9.

32 Shibuya H, Yamaguchi K, Shirakabe K, Tonegawa A, Gotoh Y,
Ueno N, et al.  TAB1: an activator of the TAK1 MAPKKK in
TGF-beta signal transduction.  Science 1996; 272: 1179–82.

33 Wang C, Deng L, Hong M, Akkaraju GR, Inoue J, Chen ZJ.  TAK1
is a ubiquitin-dependent kinase of MKK and IKK.  Nature 2001;
412: 346–51.

34 Takaesu G, Kishida S, Hiyama A, Yamaguchi K, Shibuya H, Irie K,
et al.  TAB2, a novel adaptor protein, mediates activation of
TAK1 MAPKKK by linking TAK1 to TRAF6 in the IL-1 signal
transduction pathway.  Mol Cell 2000; 5: 649–58.

35 Shirakabe K, Yamaguchi K, Shibuya H, Irie K, Matsuda S,
Moriguchi T, et al.  TAK1 mediates the ceramide signaling to
stress-activated protein kinase/c-Jun N-terminal kinase.  J Biol
Chem 1997; 272: 8141–4.

36 Brummelkamp TR, Nijman SM, Dirac AM, Bernards R.  Loss of
the cylindromatosis tumour suppressor inhibits apoptosis by ac-



Http://www.chinaphar.com Guo J et al

787

tivating NF-kappaB.  Nature 2003; 424: 797–801.
37 Trompouki E, Hatzivassiliou E, Tsichritzis T, Farmer H, Ashworth

A, Mosialos G.  CYLD is a deubiquitinating enzyme that nega-
tively regulates NF-kappaB activation by TNFR family members.
Nature 2003; 424: 793–6.

38 Bignell GR, Warren W, Seal S, Takahashi M, Rapley E, Barfoot
R, et al.  Identification of the familial cylindromatosis tumour-
suppressor gene.  Nat Genet 2000; 25: 160–5.

39 Dave RS, Pomerantz RJ.  RNA interference: on the road to an
alternate therapeutic strategy.  Rev Med Virol 2003; 13: 373–85.

40 Schmidt CW.  Therapeutic interference: small RNA molecules
act as blockers of disease metabolism.  Modern Drug Disc 2003:
37–42.

41 Arenz C, Schepers U.  RNA interference: from an ancient mecha-
nism to a state of the art therapeutic application?  Naturwis-
senschaften 2003; 90: 345–59.

42 Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC.
Potent and specific genetic interference by double-stranded RNA
in Caenorhabditis elegans.  Nature 1998; 391: 806–11.

43 Hohmann HP, Brockhaus M, Baeuerle PA, Remy R, Kolbeck R,
van Loon AP.  Expression of the types A and B tumor necrosis
factor (TNF) receptors is independently regulated, and both re-
ceptors mediate activation of the transcription factor NF-kappa
B.  TNF alpha is not needed for induction of a biological effect
via TNF receptors.  J Biol Chem 1990; 265: 22409–17.

44 Boutla A, Delidakis C, Livadaras I, Tsagris M, Tabler M.  Short 5'-
phosphorylated double-stranded RNAs induce RNA interference
in Drosophila.  Curr Biol 2001; 11: 1776–80.

45 Brummelkamp TR, Bernards R, Agami R.  A system for stable
expression of short interfering RNAs in mammalian cells.  Sci-
ence 2002; 296: 550–3.

46 Waterhouse PM, Wang MB, Lough T.  Gene silencing as an
adaptive defence against viruses.  Nature 2001; 411: 834–42.

47 Pham JW, Pellino JL, Lee YS, Carthew RW, Sontheimer EJ.  A
Dicer-2-dependent 80s complex cleaves targeted mRNAs during
RNAi in Drosophila.  Cell 2004; 117: 83–94.

48. Medema RH.  Optimizing RNA interference for application in
mammalian cells.  Biochem J 2004; 380: 593–603.

49 Lee YS, Nakahara K, Pham JW, Kim K, He Z, Sontheimer EJ, et
al.  Distinct roles for Drosophila Dicer-1 and Dicer-2 in the
siRNA/miRNA silencing pathways.  Cell 2004; 117: 69–81.

50 Murchison EP, Hannon GJ.  miRNAs on the move: miRNA bio-
genesis and the RNAi machinery.  Curr Opin Cell Biol 2004; 16:
223–9.

51 Hannon GJ.  RNA interference.  Nature 2002; 418: 244–51.
52 Hutvagner G, Zamore PD.  A microRNA in a multiple-turnover

RNAi enzyme complex.  Science 2002; 297: 2056–60.
53 Doench JG, Petersen CP, Sharp PA.  siRNAs can function as

miRNAs.  Genes Dev 2003; 17: 438–42.
54 Liu Q, Rand TA, Kalidas S, Du F, Kim HE, Smith DP, et al.

R2D2, a bridge between the initiation and effector steps of the
Drosophila RNAi pathway.  Science 2003; 301: 1921–5.

55 Tomari Y, Zamore PD.  Perspective: machines for RNAi.  Genes
Dev 2005; 19: 517–29.

56 Dodd A, Chambers SP, Love DR.  Short interfering RNA-medi-
ated gene targeting in the zebrafish.  FEBS Lett 2004; 561: 89–93.

5 7 Zender L, Hutker S, Liedtke C, Tillmann HL, Zender S, Mundt B,
et al.  Caspase 8 small interfering RNA prevents acute liver
failure in mice.  Proc Natl Acad Sci USA 2003; 100: 7797–802.

58 Klein C, Bock CT, Wedemeyer H, Wustefeld T, Locarnini S,
Dienes HP, et al.  Inhibition of hepatitis B virus replication in
vivo by nucleoside analogues and siRNA.  Gastroenterology 2003;
125: 9–18.

59 Verma UN, Surabhi RM, Schmaltieg A, Becerra C, Gaynor RB.
Small interfering RNAs directed against beta-catenin inhibit the
in vitro and in vivo growth of colon cancer cells.  Clin Cancer Res
2003; 9: 1291–300.

60 Forte A, Cipollaro M, Cascino A, Galderisi U.  Small interfering
RNAs and antisense oligonucleotides for treatment of neurologi-
cal diseases.  Curr Drug Targets 2005; 6: 21–9.

61 Zhang Y, Boado RJ, Pardridge WM.  In vivo knockdown of gene
expression in brain cancer with intravenous RNAi in adult rats.  J
Gene Med 2003; 5: 1039–45.

62 Gilmore T, Gapuzan ME, Kalaitzidis D, Starczynowski D.  Rel/
NF-kappa B/I kappa B signal transduction in the generation and
treatment of human cancer.  Cancer Lett 2002; 181: 1–9.

63 Greten FR, Karin M.  The IKK/NF-kappaB activation pathway-
a target for prevention and treatment of cancer.  Cancer Lett
2004; 206: 193–9.

64 Sun L, Deng L, Ea CK, Xia ZP, Chen ZJ.  The TRAF6 ubiquitin
ligase and TAK1 kinase mediate IKK activation by BCL10 and
MALT1 in T lymphocytes.  Mol Cell 2004; 14: 289–301.

65 Guo J, Verma UN, Gaynor RB, Frenkel EP, Becerra CR.  En-
hanced chemosensitivity to irinotecan by RNA interference-me-
diated down-regulation of the nuclear factor-kappaB p65 subunit.
Clin Cancer Res 2004; 10: 3333–41.

66 Surabhi RM, Gaynor RB.  RNA interference directed against viral
and cellular targets inhibits human immunodeficiency virus type
1 replication.  J Virol 2002; 76: 12963–73.

67 Brisibe EA, Okada N, Mizukami H, Okuyama H, Fujii YR.  RNA
interference: potentials for the prevention of HIV infections
and the challenges ahead.  Trends Biotechnol 2003; 7: 306–11.

68 Lee NS, Rossi JJ.  Control of HIV-1 replication by RNA
interference.  Virus Res 2004; 102: 53–8.

69 Takaesu G, Surabhi RM, Park KJ, Ninomiya-Tsuji J, Matsumoto
K, Gaynor RB.  TAK1 is critical for IkappaB kinase-mediated
activation of the NF-kappaB pathway.  J Mol Biol 2003; 326:
105–15.

70 Takeda K, Takeuchi O, Tsujimura T, Itami S, Adachi O, Kawai T,
et al.  Science 1999; 284: 313–6.

71 Li Q, Van Antwerp D, Mercurio F, Lee KF, Verma IM.  κB kinase
2 gene.  Science 1999; 284: 321–5.

72 Li ZW, Chu W, Hu Y, Delhase M, Deerinck T, Ellisman M, et al.
kB kinase (IKK) is essential for nuclear factor kappa B activa-
tion and prevention of apoptosis.  J Exp Med 1999; 189: 1839–45.

73 Willis TG, Jadayel DM, Du MQ, Peng H, Perry AR, Abdul-Rauf
M, et al.  Bcl10 is involved in t(1;14)(p22;q32) of MALT B cell
lymphoma and mutated in multiple tumor types.  Cell 1999; 96:
35–45.

74 Lucas PC, McAllister-Lucas LM, Nunez G.  NF-kappaB signaling
in lymphocytes: a new cast of characters.  J Cell Sci 2004; 117:
31–9.

75 Zhou H, Wertz I, O’Rourke K, Ultsch M, Seshagiri S, Eby M, et
al.  Bcl10 activates the NF-kappaB pathway through ubiquitina-
tion of NEMO.  Nature 2004; 427: 167–71.

76 Wilkinson KD.  Regulation of ubiquitin-dependent processes by
deubiquitinating enzymes.  FASEB J 1997; 11: 1245–56.

77 D’Andrea A, Pellman D.  Deubiquitinating enzymes: a new class



788

 Acta Pharmacologica Sinica ISSN 1671-4083Guo J et al

of biological regulators.  Crit Rev Biochem Mol Biol 1998; 33:
337–52.

78 Chen G, Goeddel DV.  TNF-R1 signaling: a beautiful pathway.
Science 2002; 296: 1634–5.

79 Yoshimura S, Bondeson J, Brennan FM, Foxwell BM, Feldmann
M.  Role of NFkappaB in antigen presentation and development
of regulatory T cells elucidated by treatment of dendritic cells
with the proteasome inhibitor PSI.  Eur J Immunol 2001; 31:
1883–93.

80 Yoshimura S, Bondeson J, Foxwell BM, Brennan FM, Feldmann
M.  Effective antigen presentation by dendritic cells is NF-kappaB
dependent: coordinate regulation of MHC, co-stimulatory mol-
ecules and cytokines.  Int Immunol 2001; 13: 675–83.

81 O’Sullivan BJ, Thomas R.  CD40 ligation conditions dendritic
cell antigen-presenting function through sustained activation of
NF-kappaB.  J Immunol 2002; 168: 5491–8.

82 Silverman N, Maniatis T.  κB signaling pathways in mammalian
and insect innate immunity.  Genes Dev 2001; 15: 2321–42.

83 Neumann M, Fries H, Scheicher C, Keikavoussi P, Kolb-Maurer
A, Brocker E, et al.  Differential expression of Rel/NF-kappaB
and octamer factors is a hallmark of the generation and matura-
tion of dendritic cells.  Blood 2000; 95: 277–85.

84 Burkly L, Hession C, Ogata L, Reilly C, Marconi LA, Olson D, et
al.  Expression of relB is required for the development of thymic
medulla and dendritic cells.  Nature 1995; 373: 531–6.

85 Kontgen F, Grumont RJ, Strasser A, Metcalf D, Li R, Tarlinton
D, et al.  Mice lacking the c-rel proto-oncogene exhibit defects
in lymphocyte proliferation, humoral immunity, and interleukin-
2 expression.  Genes Dev 1995; 9: 1965–77.

86 Sha WC, Liou HC, Tuomanen EI, Baltimore D.  κB leads to
multifocal defects in immune responses.  Cell 1995; 80: 321–30.

8 7 Franzoso G, Carlson L, Poljak L, Shores EW, Epstein S, Leonardi
A, et al.  κB/p52 present with defects in humoral responses,
germinal center reactions, and splenic microarchitecture.  J Exp
Med 1998; 187: 147–59.

88 Laderach D, Compagno D, Danos O, Vainchenker W, Galy A.
RNA interference shows critical requirement for NF-kappa B
p50 in the production of IL-12 by human dendritic cells.  J
Immunol 2003; 171: 1750–7.

89 Trinchieri G.  Interleukin-12: a cytokine at the interface of
inflammation and immunity.  Adv Immunol 1998; 70: 83–243.

90 Wesa AK, Galy A.  IL-1 beta induces dendritic cells to produce IL-
12.  Int Immunol 2001; 13: 1053–61.

91 Gri G, Savio D, Trinchieri G, Ma X.  Synergistic regulation of the
human interleukin-12 p40 promoter by NFkappaB and Ets tran-
scription factors in Epstein-Barr virus-transformed B cells and
macrophages.  J Biol Chem 1998; 273: 6431–8.

92 Barboric M, Nissen RM, Kanazawa S, Jabrane-Ferrat N, Peterlin
BM.  κB binds P-TEFβ to stimulate transcriptional elongation
by RNA polymerase II.  Mol Cell 2001; 8: 327–37.

93 West MJ, Lowe AD, Karn J.  Activation of human immunodefi-
ciency virus transcription in T cells revisited: NF-kappaB p65
stimulates transcriptional elongation.  J Virol 2001; 75: 8524–37.

94 Kimpton J, Emerman M.  Detection of replication-competent
and pseudotyped human immunodeficiency virus with a sensitive
cell line on the basis of activation of an integrated beta-galac
 tosidase gene.  J Virol 1992; 66: 2232–9.

95 Hannon GJ, Conklin DS.  RNA interference by short hairpin
RNAs expressed in vertebrate cells.  Methods Mol Biol 2004;
257: 255–66.

96 Hilliard B, Samoilova EB, Liu TS, Rostami A, Chen Y.  Experi-
mental autoimmune encephalomyelitis in NF-kappa B-deficient
mice: roles of NF-kappa B in the activation and differentiation
of autoreactive T cells.  J Immunol 1999; 163: 2937–43.

97 Wang CY, Mayo MW, Korneluk RG, Goeddel DV, Baldwin Jr AS.
κB anti-apoptosis: induction of TRAF1 and TRAF2 and c-IAP1
and c-IAP2 to suppress caspase-8 activation.  Science 1998;
281: 1680–3.

98 Veiby OP, Read MA.  Chemoresistance: impact of nuclear fac-
tor (NF)-kappaB inhibition by small interfering RNA.  Com-
mentary re J. Guo et al.  Enhanced chemosensitivity to irinotecan
by RNA interference-mediated down-regulation of the NF-
kappaB p65 subunit.  Clin Cancer Res 2004; 10: 3333–41.

99 Muratovska A, Eccles MR.  Conjugate for efficient delivery of
short interfering RNA (siRNA) into mammalian cells.  FEBS
Lett 2004; 558: 63–8.

100 Song E, Lee SK, Wang J, Ince N, Ouyang N, Min J, et al.  RNA
interference targeting Fas protects mice from fulminant hepatitis.
Nat Med 2003; 9: 347–51.

101 Yokota T, Sakamoto N, Enomoto N, Tanabe Y, Miyagishi M,
Maekawa S, et al.  Inhibition of intracellular hepatitis C virus
replication by synthetic and vector-derived small interfering
RNAs.  EMBO Rep 2003; 4: 602–8.

102 McCaffrey AP, Meuse L, Pham TT, Conklin DS, Hannon GJ,
Kay MA.  RNA interference in adult mice.  Nature 2002; 418:
38–9.

103 Lewis DL, Hagstrom JE, Loomis AG, Wolff JA, Herweijer H.
Efficient delivery of siRNA for inhibition of gene expression in
postnatal mice.  Nat Genet 2002; 32: 107–8.

104 Dillon CP, Sandy P, Nencioni A, Kissler S, Rubinson DA, Van
Parijs L.  RNAi as an experimental and therapeutic tool to study
and regulate physiological and disease processes.  Annu Rev
Physiol 2005; 67: 147–73.

105 Achenbach TV, Brunner B, Heermeier K.  Oligonucleotide-based
knockdown technologies: antisense versus RNA interference.
Chembiochemistry 2003; 4: 928–35.

106 Silvestri LS, Taraporewala ZF, Patton JT.  Rotavirus replication:
plus-sense templates for double-stranded RNA synthesis are made
in viroplasms.  J Virol 2004; 78: 7763–74.

107 Chang J, Provost P, Taylor JM.  Resistance of human hepatitis
delta virus RNAs to dicer activity.  J Virol 2003; 77: 11910–17.

108 Bitko V, Barik S.  Phenotypic silencing of cytoplasmic genes
using sequence-specific double-stranded short interfering RNA
and its application in the reverse genetics of wild type negative-
strand RNA viruses.  BMC Microbiol 2001; 1: 34.

109 Li WX, Li H, Lu R, Li F, Dus M, Atkinson P, et al.  Interferon
antagonist proteins of influenza and vaccinia viruses are sup-
pressors of RNA silencing.  Proc Natl Acad Sci USA 2004; 101:
1350–5.

110 Lu S, Cullen BR.  Adenovirus VA1 noncoding RNA can inhibit
small interfering RNA and MicroRNA biogenesis.  J Virol 2004;
78: 12868–76.

111 Shankar P, Manjunath N, Lieberman J.  The prospect of silenc-
ing disease using RNA interference.  JAMA 2005; 293: 1367–73.



789

Acta Pharmacologica Sinica   2005 Jul; 26 (7): 789–798

©2005 CPS and SIMM

Full-length article

Activation of ERK/CREB pathway in spinal cord contributes to chronic
constrictive injury-induced neuropathic pain in rats1
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Abstract
Aim: To investigate whether activation and translocation of extracellular signal-
regulated kinase (ERK) is involved in the induction and maintenance of neuro-
pathic pain, and effects of activation and translocation of ERK on expression of
pCREB and Fos in the chronic neuropathic pain.  Methods: Lumbar intrathecal
catheters were chronically implanted in male Sprague-Dawley rats.  The left sciatic
nerve was loosely ligated proximal to the sciatica’s trifurcation at approximately 1.0
mm intervals with 4-0 silk sutures.  The mitogen-activated protein kinase kinase
(MEK) inhibitor U0126 or phosphorothioate-modified antisense oligonucleotides
(ODN) were intrathecally administered every 12 h, 1 d pre-chronic constriction
injury (CCI) and 3 d post-CCI.  Thermal and mechanical nociceptive thresholds
were assessed with the paw withdrawal latency (PWL) to radiant heat and von
Frey filaments.  The expression of pERK, pCREB, and Fos were assessed by both
Western blotting and immunohistochemical analysis.  Results: Intrathecal injec-
tion of U0126 or ERK antisense ODN significantly attenuated CCI-induced me-
chanical allodynia and thermal hyperalgesia.  CCI significantly increased the ex-
pression of p-ERK-IR neurons in the ipsilateral spinal dorsal horn to injury, not in
the contralateral spinal dorsal horn.  The time courses of pERK expression showed
that the levels of both cytosol and nuclear pERK, but not total ERK, were in-
creased at all points after CCI and reached a peak level on postoperative d 5.  CCI
also significantly increased the expression of pCREB and Fos.  Phospho-CREB-
positive neurons were distributed in all laminae of the bilateral spinal cord and Fos
was expressed in laminae I and II of the ipsilateral spinal dorsal horn.  Intrathecal
injection of U0126 or ERK antisense ODN markedly suppressed the increase of
CCI-induced pERK, pCREB and c-Fos expression in the spinal cord.  Conclusion:
The activation of ERK pathways contributes to neuropathic pain in CCI rats, and
the function of pERK may partly be accomplished via the cAMP response element
binding protein (CREB)-dependent gene expression.
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Introduction
Peripheral nerve injury induced in various ways may pro-

duce chronic pain states characterized by hyperalgesia,
allodynia and spontaneous pain.  To date, there is no effec-
tive treatment for releasing neuropathic pain.  Recently, the
synaptic plasticity of spinal cord neurons induced by long-

lasting nociceptive stimulation (also called central sensitiza-
tion) has been under intensive investigation[1–3].  Several
studies have suggested that central sensitization related to
pain, and hippocampal long term potentiation (LTP) associ-
ated with learning and memory, may share certain mecha-
nisms[4,5].  For example, activation of N-methyl-D-aspartate
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(NMDA) receptor and the subsequent associated intracel-
lular signal transduction cascades are involved in the
induction, development and maintenance of synaptic plas-
ticity in the spinal cord and hippocampus.  Like the consoli-
dation of early-phase LTP into late-LTP in the hippocampus,
activity-dependent gene expression or transcription, which
can increase the expression of pain-related receptors and
signal proteins, plays an important role in conversion from
acute nociceptive injury to chronic pain states[6,7].  The tran-
scription factor cAMP response element binding protein
(CREB), which can be phosphorylated by multiple intracel-
lular kinases in response to a vast range of physiological
and pathological stimuli, is critical for activity-dependent
gene expression.  Genetic studies have shown that CREB
contributes to hippocampal late-LTP and memory consolida-
tion, and CREB activation may serve as a molecular switch
to transform short-lasting into long-lasting synaptic plastic-
ity in the hippocampus[8,9].  Similarly, CREB has been sug-
gested to contribute to the central sensitization associated
with persistent pain states[10–12].  It has been proposed that
NMDA activation-induced Ca2+ influx can trigger an early
phase of CREB phosphorylation and a persistent phase of
CREB phosphorylation is mediated by a delayed extracellu-
lar signal-regulated kinase (ERK) signal cascade, which is
important to the development and maintainment of chronic
pain.

 ERK, one member of the mitogen-activated protein ki-
nase (MAPK) family, transduces a broad range of extracellu-
lar stimuli into diverse intracellular responses by producing
changes in the level of gene expression or transcription.
Activated ERK translocates from the cytosol into the nucleus
and in turn phosphorylates CREB at serine residue 133.  Phos-
phorylation of CREB binding to the cAMP response ele-
ment (CRE) of the target gene regulates gene expression and
mediates the roles of ERK.  Many studies found that ERK-
mediated CREB phosphorylation is required for the induc-
tion of stable, late-phase LTP and long-term memory[13–15].  It
has been reported that ERK may be involved in the modula-
tion of nociceptive information and central sensitization pro-
duced by intense noxious stimuli and/or peripheral tissue
inflammation[16–21].  However, few studies have focused on
the roles of ERK and the relationship between ERK and CREB
in neuropathic pain produced by nerve injury, such as chronic
constriction injury (CCI) of the sciatic nerve.

 In the present study, we used a CCI model to investigate
whether activation and translocation of ERK were involved
in the induction and maintenance of chronic neuropathic
pain, and to observe the effect of  ERK on the expression of
pCREB in chronic neuropathic pain.

Materials and methods
Animals  One hundred and seventy-four male Sprague-

Dawley rats (200–250 g) provided by the Experimental Ani-
mal Center of  Xuzhou Medical College were kept under a 12
h/12 h light-dark cycle regimen, with free access to food and
water.  All experiments were approved by the Animal Care
and Use Committee at the Xuzhou Medical College and were
in accordance with the college’s guidelines for the care and
use of laboratory animals.

Implantation of intrathecal catheter  For intrathecal drug
administration, rats were implanted with catheters as de-
scribed by Yaksh and Rudy[22].  In brief, under anesthesia
with pentobarbital sodium (40 mg/kg, ip), rats were fixed, the
occipital muscles were bluntly separated, then the cisternal
membrane was exposed.  Polyethylene catheters (PE-10) were
inserted via an incision in the cisterna magna, and advanced
7.0–7.5 cm caudally to the level of the lumbar enlargement.
Correct intrathecal placement was confirmed by injection of
10 µL 2% lidocaine through the catheter.  The catheter was
judged to be intrathecal if paralysis and dragging of bilateral
hind limbs occurred within 30 s of this injection.  Animals
with signs of motor dysfunction were excluded from the
experiment.  The rats were housed individually after surgery
and allowed to recover 5–7 d before the CCI test.

Chronic constrictive injury  CCI of the sciatic nerve was
performed as previously described by Bennett and Xie[23].
Briefly, under anesthesia with isoflurane, the left sciatic
nerves of rats were exposed at the level of the middle of the
thigh, and then four ligatures (4–0, silk thread) were tied
loosely around proximal to the sciatica’s trifurcation at 1.0-
mm intervals.  Sham surgery was done by exposing the left
sciatic nerve without ligation.

Drug administration  Intrathecal drug administration was
accomplished using a microinjection syringe connected to
the intrathecal catheter in awake, briefly restrained rats.  The
injection was performed manually over a 30 s period in a
single injection volume of 10 µL followed by a flush with 10
µL physiological saline.

U0126 (Biomol Research Laboratories, Pennsylvania,
USA), an MEK inhibitor [dissolved in 5% dimethylsulfoxide
(Me2SO), 0.5 g/L] or ODN (1 g/L) were administered every 12
h, 1 d pre-CCI and 3 d post-CCI.  Me2SO and mis-sense ODN
were injected as control.

The sequence of ERK antisense ODN was designed as
reported previously[24]; antisense: 5'-GCCGCCGCCGCC-
GCCAT-3', directed against the initiation of the translation
start site of rat ERK1 and ERK2 mRNA; mis-sense: 5'-
CGCGCGCTCGCGCACCC-3'.  ODN was synthesized by
Shanghai Sangon (Shanghai, China) and modified with
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phosphorothioate.  The efficacy of the antisense oligonucle-
otide in inhibiting ERK expression was confirmed at the pro-
tein level by Western blotting.  Twelve hours after the last
administration of the antisense oligonucleotide, the expres-
sion of the ERK protein was reduced by approximately 70%
in the rat spinal cord (Figure 1).

 Behavioral studies  Mechanical allodynia was assessed
by using von Frey filaments.  Animals were placed on a wire
mesh platform and covered with a transparent plastic dome
(20 cm×25 cm×15 cm), and the animals were allowed to accli-
mate to their surrounds for 30 min before testing.  Each fila-
ment was applied perpendicularly to the plantar surface of
the hindpaw (ipsilateral to the side of surgery in nerve-in-
jured animals).  The paw withdrawal threshold (PWT) was
determined by sequentially increasing and decreasing the
stimulus strength (the “up- and-down” method), and the data
were analyzed using the nonparametric method of Dixon, as
described by Chaplan et al[25].

Thermal hyperalgesia was assessed with the paw with-
drawal latency (PWL) to radiant heat according to the proto-
col of Hargreaves et al[26].  Rats were placed in clear plastic
cages on an elevated glass plate and allowed to acclimate to
their surrounds for 30 min before testing.  A high intensity
light beam was focused onto the plantar surface of the
hindpaw through the glass plate.  The nociceptive endpoints
in the radiant heat test were the characteristic lifting or lick-
ing of the hindpaw; the time to the endpoint was considered
the PWL.  To avoid tissue damage, a cut-off time of 30 s was
used.  There were 3 trials per rat and 5 min intervals between
trials.

The tests were performed on each of 3 successive days
prior to surgery and alternate days up to 15 d after surgery.
Eight animals per group were used for behavior tests.

To study the effect of U0126 and antisense-ODN on the
rat’s motor function, motor functions were evaluated by the
observation of placing/stepping reflexes and righting reflexes
and were conducted 5 min before the assessment of nocice-
ptive responses.

Immunohistochemistry  Immunohistochemical studies

were performed as previously described[27,28].  Briefly, the
spinal cord was cut into 40 µm-thick segments.  After wash-
ing in phosphate buffer saline, the tissue sections were in-
cubated in phosphate-buffered saline containing 5% normal
goat serum and 0.3% TritonX-100 at room temperature for 30
min, followed by primary polyclonal mouse-anti-pERK anti-
body (1:200), primary polyclonal rabbit-anti-ser133-pCREB
(1:400) antibody or primary polyclonal rabbit-anti-Fos anti-
body (1:1000) at 4  °C for 48 h (all antibodies were from Santa
Cruz Biotechnology, California, USA).  The sections were
then incubated in biotinylated goat anti-rabbit or -mouse
IgG (1:200) at 37 °C for 1 h and in avidin-biotin-peroxidase
complex (1:100) (Vector Labs, California, USA) at 37 °C for 2
h.  Finally, the sections were reacted with diaminobenzidine
(DAB) for 5–10 min.  Sections were rinsed in phosphate-
buffered saline to stop the reaction, mounted on gelatin-
coated slides, air-dried, dehydrated with 70%–100 % alcohol,
cleared with xylene, and cover-slipped for microscopic
examination.

We selected 5 spinal cord sections per animal, selecting
sections that had the greatest number of positive neurons.
For each animal, two measurements were made: (1) total num-
ber of positive neurons in the spinal cord dorsal horn ipsilat-
eral to injury; (2) total number of positive neurons in the
spinal cord dorsal horn contralateral to injury.  All positive
neurons were counted without considering the intensity of
the staining.

Western blotting   The lumbosacral spinal cords of the
rats were extracted and stored in liquid nitrogen.  Tissue
samples were homogenized in lysis buffer A (in mmol/L):
HEPES 10.0, Na3VO4  1.0, MgCl2 1.5, KCl 10.0, NaF 50.0, edetic
acid (EDTA) 0.1, egtazic acid (EGTA) 0.1, phenylmethylsul-
fonyl fluoride (PMSF) 0.5, dithiothreitol (DDT) 1.0 and
0.02% protease inhibitor cocktail (pH 7.9).  After the addition
of 90 µL NP-40 (10%), the homogenates were vortexed for 30
s and then centrifuged at 800×g for 15 min at 4 °C.  The
supernatants were used for Western blot analysis as cyto-
solic proteins.  The nuclear pellets were resuspended in
buffer B (in mmol/L): HEPES 20.0, NaCl 420.0, MgCl2 1.5, EDTA
1.0, EGTA 1.0, PMSF 0.5, DDT 1.0, 20 % glycerol, and 0.02%
protease inhibitor cocktail (pH 7.9).  The homogenates were
incubated for 30 min in ice-cold water with constant agita-
tion and then centrifuged at 13 000×g for 15 min at 4 °C to
separate the nuclear proteins.  Protein concentrations were
determined using the Bradford method and the protein
samples were stored at -80 °C.

Protein samples were dissolved in 4×sample buffer [in
mmol/L: Tris-HCl 250.0, sucrose 200.0, DDT 300.0, 0.01%
Coomassie brilliant blue-G, and 8% sodium dodecyl sulfate

Figure 1.  Expression of ERK in rat spinal cords after the intrathecal
injection of the ERK antisense oligonucleotide.  Phosphorothioate-
modified antisense oligonucleotides (AS group) (1 g/L) were adminis-
tered every 12 h for 4 d.  Mis-sense oligonucleotides (MIS group) were
injected as a control.
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(SDS), pH 6.8], and denatured at 95 °C for 5 min, then the
equivalent amounts of proteins were separated by using 10%
SDS-polyacrylamide gel electrophoresis (PAGE) and trans-
ferred onto a nitrocellulose membrane.  The membranes were
incubated overnight at 4 °C with the following primary
antibodies: mouse polyclonal anti-pERK antibody and rab-
bit polyclonal anti-ser133-pCREB.  The membranes were ex-
tensively washed with Tris-Buffered Saline Tween-20 (TBST)
and incubated for 1 h with the secondary antibody conju-
gated with alkaline phosphatase (AP) at room temperature.
The immune complexes were detected by using a NBT/BCIP
assay kit (Promega, Shanghai, China).  The scanned images
were imported into Adobe Photoshop software (Adobe,
California, USA).  Scanning densitometry was used for
semiquantitative analysis of the data.

Experimental groups  Rats were divided into six groups
in the behavior test: the sham group, CCI group, U0126 group,
Me2SO group, antisense ODN group and mis-sense ODN
group.  Four groups were included in the immunohistochem-
istry studies and the Western blot testing: the sham group,
CCI group, U0126 group, and antisense ODN group.  Be-
cause few pERK, pCREB and Fos-positive neurons were ex-
pressed in the spinal dorsal horn of sham group rats, these
data are not shown in results.

Statistical analysis  All data are expressed as mean±SD
Statistical analysis was carried out using one-way ANOVA
or Student’s t-test.  P<0.05 was considered statistically
significant.

Results

Effects of  U0126 or ERK antisense ODN on CCI-in-
duced mechanical allodynia and thermal hyperalgesia  In-
trathecal administration of U0126 or ERK antisense-ODN did
not affect the mechanical PWT, the thermal PWL, or motor
function in the rats that received implanted intrathecal
catheters.  CCI, and not sham surgery, produced significant
mechanical allodynia and thermal hyperalgesia.  The time
course of PWT and PWL is presented in Figure 2.  Intrathe-
cal injection of U0126 or ERK antisense ODN, and not Me2SO
or mis-sense ODN, attenuated CCI-induced mechanical
allodynia and thermal hyperalgesia.

Effects of U0126 or ERK antisense ODN on CCI-induced
pERK expression in the spinal cord  CCI significantly in-
creased the expression of pERK-IR neurons in the spinal
cord dorsal horn ipsilateral to injury.  The pERK positive
neurons were distributed mainly in laminae I and II of the
spinal dorsal horn.  Few positive neurons were distributed in
other laminae or the contralateral spinal cord.  Intrathecal

injection of U0126 or ERK antisense ODN inhibited the in-
crease in pERK expression in the spinal dorsal horn on post-
operative d 3 and d 5 (Figure 3).

CCI-induced ERK activation was also confirmed by West-
ern blot analysis.  Compared with sham group rats, the levels
of  both phospho-ERK1 (44 kDa) and phospho-ERK2 (42
kDa), not unphospho-ERK (data not shown), were increased
at all measured time points after CCI (Figures 4, 5).  The
expression of pERK reached a peak level on postoperative d
5.  The increase in the nuclear fraction of pERK expression
indicated that pERK was translocated into the nucleus from
the cytoplasm.  Intrathecal injection of U0126 or ERK
antisense ODN markedly inhibited the increase in both cyto-
solic and nuclear pERK expression.

Effects of  U0126 or ERK antisense ODN on CCI-in-
duced pCREB expression in the spinal cord  The immuno-
histochemical results revealed that CCI significantly in-
creased the expression of pCREB, and pCREB-positive neu-
rons were distributed in all laminae of the bilateral spinal
cord.  Expressions in the ipsilateral and contralateral spinal

Figure 2.  Intrathecal administration of U0126 or ERK antisense
oligonucleotides prevented chronic constriction injury-induced me-
chanical allodynia (A) and thermal (B) hyperalgesia.  Mean±SD.
n=8.  bP<0.05 vs CCI group.
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Figure 3.  Effects of intrathecal administration of U0126 or ERK antisense ODN on CCI-induced pERK expression in the ipsilateral spinal
dorsal horn.  Representative immunohistochemical staining for pERK in the ipsilateral spinal dorsal horn of rats in the CCI group (A), U0126
group (B) and antisense ODN group (C) 5 d post-CCI.  (D) Quantitative data indicating the number of pERK immunoreactivity neurons.  n=6.
Mean±SD.  bP<0.05 vs CCI group.  bar=25 µm.

Figure 4.  Western blot analysis of the effect of intrathecal administration of U0126 or ERK antisense ODN on CCI-induced cytosolic pERK
expression in the rat spinal cord.  (Middle) A representative Western blot band for pERK.  (Top and bottom) Quantitative data indicating the
expression of pERK.  ERK expression in the sham group is set at 100%.  n=4. Mean±SD. bP<0.05 vs CCI group.
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cord were not significantly different.  Intrathecal injection of
U0126 or ERK antisense ODN markedly inhibited pCREB ex-
pression in both sides of the spinal cord (Figure 6).  Few
pCREB positive neurons were found in the sham group rats
(data not shown).

 Similar to the results of the immunohistochemical studies,
the Western blot results showed that nuclear pCREB was
highly expressed on postoperative d 3 and d 5.  Intrathecal
administration of U0126 or ERK antisense ODN significantly
inhibited the increase of pCREB expression, especially on
postoperative d 5 (Figure 7).  These data suggest that acti-
vation of ERK contributes to increased pCREB expression in
the spinal cords of CCI rats.

Effects of U0126 or ERK antisense ODN on CCI-induced
Fos expression in the spinal cord  CCI significantly increased
the expression of Fos in laminae I and II of the ipsilateral
spinal dorsal horn.  Dissimilar to the findings for pCREB, few
c-Fos positive neurons were found in the contralateral spi-
nal cord.  Intrathecal administration of U0126 or ERK
antisense ODN also significantly reduced the expression of
Fos-positive neurons (Figure 8A, 8B, 8C, and 8D).

Discussion

Central sensitization, an activity-dependent functional
plasticity, is one of the main causes of behavior hyperalge-
sia under pathological conditions.  Activation of postsyn-
aptic membrane receptors or ion channels, intracellular ki-
nase cascades and intranuclear gene expression contributes

to the induction, development and maintainment of central
sensitization.  Intracellular kinase cascades, as the linkage
bridge, transduce noxious stimuli into diverse intracellular
responses, including changes in the levels of gene expres-
sion or transcription.  A large number of studies have impli-
cated several protein kinases, for example, protein kinases A
(PKA), protein kinases C (PKC) and calcium/calmodullin-
dependent protein kinase II (CaMKII), in central sensitiza-
tion[29–31].  Recently, several studies have reported that ERK,
a mitogen-activated protein kinase, contributes to pain hy-
persensitivity and central sensitization.  Acute noxious
stimuli, such as formalin or capsaicin, induce ERK phospho-
rylation in spinal dorsal horn neurons, and MEK inhibitor
PD 98059 or U0126 reduces acute pain behavior after subcu-
taneous injection of formalin or capsaicin[16–21].  In agree-
ment with previous reports using other pain models, the
present studies indicate that activation of ERK in rat spinal
cord contributes to CCI-induced allodynia and hyperalgesia.
We demonstrated here, the time course of pERK and the
relationship between pERK and pCREB expression in a CCI
model.  CCI induces long-lasting ERK phosphorylation and
nuclear translocation in the spinal cord.  The time course of
changes in pERK expression, at least in part, correlated sig-
nificantly with behavior hyperalgesia.  Intrathecal injection
of U0126 or ERK antisense ODN markedly attenuated CCI-
induced mechanical allodynia and thermal hyperalgesia.

Nerve fibers display abnormal ectopic excitability at or
near the site of nerve ligation after CCI.  The local persistent
abnormal excitation of sensory nerves can spread to the pe-

Figure 5.  Western blot analysis on the effect of intrathecal administration of U0126 or ERK antisense ODN on CCI-induced nuclear pERK
expression in the rat spinal cord.  (Middle) A representative Western blot band for pERK.  (Top and bottom) Quantitative data indicating the
expression of pERK.  The expression of pERK in the sham group is set at 100%.  n=4.  Mean±SD.  bP<0.05 vs CCI group.
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ripheral nerve bodies in the dorsal root ganglion (DRG) and
central nervous system.  Repeated or prolonged noxious

stimulation and the persistent abnormal input following nerve
injury increase the release of nociceptive neurotransmitters,

Figure 6.  Intrathecal administration of U0126 or ERK antisense ODN markedly inhibited the increase of CCI-induced pCREB expression in
the ipsilateral and contralateral rat spinal dorsal horn.  Representative immunohistochemical staining for pCREB in the ipsilateral spinal dorsal
horn of the CCI group (A), the U0126 group (B) and the antisense ODN group rats (C) 5 d post-CCI.  (D) Quantitative data indicating the
number of pCREB immunoreactive neurons.  n=6.  Mean±SD.  bP<0.05 vs CCI group. bar=100 µm.

Figure 7.  Western blot analysis on the effect of
intrathecal administration of U0126 or ERK anti-
sense ODN on CCI-induced nuclear pCREB expres-
sion in the rat spinal cord.  (Top) A representative
Western blot band for nuclear pCREB.  (Bot-tom)
Quantitative data indicating the expression of
nuclear pCREB.  The expression of nuclear pCREB
in the sham group is set at 100%.  n=4. Mean±SD.
bP<0.05, cP<0.01 vs CCI group.
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such as glutamate, substance P, and calcitonin gene-related
peptide (CGRP) in the central terminals of primary sensory
afferents and then activate NMDA and neurokinin (NK) re-
ceptors in spinal dorsal horn neurons.  Calcium influx through
NMDA receptors triggers an increase in the levels of Ras-
GTP and in turn leads to the activation of raf/MEK/ERK
cascades.

 ERK mediates central sensitization by phosphorylating
the effector protein.  Two potential effectors of ERK related
to central sensitization are the potassium channel Kv4.2 and
the transcription factor CREB.  Recent evidence has shown
that ERK integrates PKA and PKC to modulate the K+ chan-
nel Kv4.2 and A-type K+ currents (IA) in superficial dorsal
horn neurons.  Kv4.2 and IA are critical determinants of neu-
ronal excitability in central sensitization[32–34].  It is possible
that modulation of potassium channels may be involved in
the short-term or acute effect of pERK.  Our unpublished
data show that CCI-induced hyperalgesia is reversed 30 min
after intrathecal administration of U0126 on postoperative d 5.

Importantly, pERK is able to translocate from the cyto-
plasm into the nucleus and in turn phosphorylate the tran-
scriptional factor CREB on serine 133.  In the current study,
CCI significantly increased the expression of pCREB in the
rat spinal cord.  The time course of pCREB expression corre-
lates with the activation of ERK and behavioral hyperalgesia.
Intrathecal injection of U0126 or ERK antisense ODN mark-
edly inhibited the increase in pCREB expression.  This sug-
gests that activation of ERK may contribute to increased
pCREB expression in the spinal cord of CCI rats, and that the
function of pERK is partly accomplished via CREB-depen-
dent gene expression.  Phosphorylation of CREB on serine
133 recruits the CREB binding protein, CBP, to the complex
and promotes the transcription of downstream genes.  Many
“pain genes”, which may contribute to central sensitization,
are activated by CREB, including the immediate early gene c-
fos, BDNF, CGRP, the alpha subunit of CaMKII, and the
neurokinin 1 receptor.  A considerable amount of evidence
has indicated that CREB-dependent gene expression is re-

Figure 8.  Effects of intrathecal administration of U0126 or ERK antisense ODN on CCI-induced Fos expression in the ipsilateral dorsal horn.
Representative immunohistochemical staining for Fos in the ipsilateral spinal dorsal horn of the CCI group (A), the U0126 group (B) and the
antisense ODN group (C) 5 d post-CCI.  (D) Quantitative data indicating the number of Fos immunoreactivity neurons.  n=6.  Mean±SD.
bP<0.05 vs CCI group (ipsilateral). bar=100 µm.
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quired for long-term changes in the synaptic plasticity in-
duced by various nociceptive stimuli[10–12, 35–37].

 We found that increases in pCREB expression occurred
bilaterally in all laminae of the spinal cord in CCI rats.  Ex-
pression levels in the ipsilateral and the contralateral sides
were not significantly different.  Fos protein was expressed
only in the ispilateral spinal dorsal horn.  Similar results have
been reported in other pain models, for example, formalin
injection and carrageenan injection[11,12,38,39].  However, few
interpreted this result consistently.  Ji and Rupp speculated
that signal strength might affect gene expression differen-
tially with respect to protein phosphorylation[38].  We,
however, favor the explanation that different intracellular sig-
nal transduction pathways contribute to pCREB expression
in the ispilateral and the contralateral spinal cords.  In the
present study, pCREB was expressed in both sides of the
spinal cord, but pERK only in the ipsilateral side.  These
results suggest that pERK contributed to pCREB expression
in the ipsilateral spinal cord, but not in the contralateral spi-
nal cord.  Intrathecal injection of U0126 or ERK antisense
ODN inhibited pCREB expression not only in the ispilateral
spinal cord, but also in the contralateral spinal cord.  This
suggests that activation of ERK in the ispilateral spinal cord
is also involved in pCREB expression in the contralateral
spinal cord.  CCI induces ipsilateral primary afferent termi-
nals to release nociceptive neurotransmitters, which induces
the NMDA receptor-dependent activation of intracellular
kinase cascades, including the ERK pathway, in the spinal
cord.  Furthermore, cross-talk between intracellular kinase
cascades can produce strong activation of signal pathways.
Then some kinases phosphorylate CREB and regulate nox-
ious-induced target gene expression, such as c-fos, in a
pCREB-dependent manner.  But how should we interpret
pCREB expression in the contralateral spinal cord, which did
not receive noxious inputs? Numerous lines of evidence have
shown that unilateral noxious stimuli can indirectly induce
the activation of several intracellular signal pathways in the
bilateral spinal cord.  For example, Solodkin et al reported
that unilateral hindpaw inflammation produced a bilateral
increase in NADPH-diaphorase in rat lumbar spinal cord[40].
Noxious stimuli also induce glial activation, and excitation of
glia at one site can activate distant and even the contralat-
eral dorsal horn glia via gap junctions and propagated cal-
cium waves[41].  The ipsilateral noxious stimuli-induced acti-
vation of several intracellular signal pathways in the con-
tralateral spinal cord may indeed be a critical factor in pCREB
expression in the contralateral spinal cord.  Because CREB
phosphorylation in the contralateral spinal cord does not
result from direct extracellular noxious inputs, it cannot

upregulate the expression of the noxious marker gene, c-fos.
In summary, the present study found that activation of

the ERK/CREB pathway in the spinal cord contributed to
chronic constrictive injury-induced neuropathic pain.
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6-Hydroxydopamine-induced glutathione alteration occurs via glutathione
enzyme system in primary cultured astrocytes1
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Abstract
Aim: To define the role of enzymes involved in glutathione metabolism in 6-
hydroxydopamine (6-OHDA)-induced glutathione alteration in primary cultured
astrocytes.  Methods: Total glutathione (GSx) levels were determined using the
modified enzymatic microtiter plate assay.  The mRNA levels of γ-glutamylcysteine
synthetase (γGCS), γ-glutamyltransferase (γGT), glutathione peroxidase (GPx), GR
(glutathione reductase), and glutathione transferases (GST) were determined us-
ing RT-PCR.  γGT activity was determined using γGT assay kits.  Results: In
primary cultured astrocytes, 6-OHDA induced a significant elevation of cellular
GSx levels after treatment for 24 h.  However, the GSx levels decreased after 24 h
and the values were even lower than the value in the control group without 6-
OHDA at 48 h.  RT-PCR data showed that the mRNA levels of γGCS, the rate-
limiting enzyme of γ-L-glutamyl-L-cysteinylglycine (GSH) synthesis, were increased
by 6-OHDA after treatment for 24 h and 48 h; the mRNA levels of GPx, GR, and GST
did not alter in 6-OHDA-treated astrocytes after treatment for 24 h and 48 h; and 6-
OHDA increased the mRNA levels and the activity of γGT after treatment for 48 h,
which induced a decrease in GSx levels, despite the up-regulation of γGCS after
exposure to 6-OHDA for 48 h.  Conclusion: The change in γGCS correlated with
the increase in GSH levels induced by 6-OHDA after treatment for 24 h.  GSx levels
decreased because of increased γGT mRNA levels and γGT activity induced by 6-
OHDA after treatment for 48 h.
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Introduction
Parkinson’s disease is characterized by the selective de-

mise of dopaminergic neurons.  Recent findings in molecular
genetics and neurochemistry have suggested that oxidative
stress is possibly involved in the aging process and is one
of the pathogenic mechanisms of Parkinson’s disease[1].

6-Hydroxydopamine (6-OHDA) is one of the most com-
mon neurotoxins used to model nigral degeneration experi-
mentally in vitro as well as in vivo.  6-OHDA, like dopamine
(DA), is a substrate for monoamine oxidase (MAO).  This
enzymatic reaction gives rise to hydrogen peroxide[2].  As-
trocytes are essential for the cellular defense against reac-
tive oxygen species (ROS)[3], within which there is a high
concentration of the tripeptide glutathione (GSH; γ-L-
glutamyl-L-cysteinylglycine)[4].

Glutathione in astrocytes is very important for cellular
defense against ROS.  Alterations of the GSH metabolism in
the brain have been implicated in oxidative stress and
neurodegenerative diseases such as Parkinson’s disease[5].
Sian et al found that GSH levels were reduced in substantia
nigra in patients with Parkinson’s disease (reduced by 40%
compared with control subjects)[6].  This depletion in GSH
may increase the susceptibility of brain cells to other harm-
ful events, such as the reduction of mitochondrial energy
production.

In addition to the GSH levels, alterations in the specific
activities of enzymes involved in GSH metabolism and de-
fense against ROS have been reported.  They are[7]: (1) γ-
glutamylcysteine synthetase (γGCS), the rate-limiting enzyme
and the first enzyme used in GSH synthesis, which converts
glutamate and cysteine to γ-glutamylcysteine.  (2) The
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ectoenzyme γGT (γ-glutamyltransferase), which converts GSH
to cysteinylglycine (CysGly) and γ-glutamyl[8].  CysGly is a
precursor for de novo GSH synthesis in both astrocytes and
neurons[9].  Inhibition of γGT prevents the astroglia-induced
effect on GSH levels in neurons[9].  (3) Glutathione peroxi-
dase (GPx) and glutathione reductase (GR), which catalyze
the SH/S-S exchange reactions and contribute to protein thiol
protection.  (4) Glutathione transferases (GST), which use
GSH to detoxify peroxides and carbonyl-containing prod-
ucts of lipid peroxidation.

 In the present study, we investigated the role of 6-OHDA
in astroglial GSH metabolism, and the expression of glu-
tathione-related enzymes, especially γGCS and γGT in pri-
mary cultured astrocytes induced by 6-OHDA.

Materials and methods

Materials  Glutathione reductase, β-NADPH-Na4, and 6-
OHDA were obtained from Sigma (St Louis, MO, USA).
Dulbecco’s modified Eagle’s medium (DMEM) was obtained
from Gibco (Grand Island, NY, USA).  γGT assay kits were
purchased from Nanjing Jiancheng Biological Co (Nanjing,
China).  All PCR primers were purchased from Sangon
(Shanghai, China).  All reagents for RT-PCR were purchased
from Promag (Madison, WI, USA).  All other chemicals were
obtained from standard commercial sources.

Cell culture  Astrocyte-rich primary cultures obtained
from the whole brains of neonatal Sprague-Dawley rats were
prepared and maintained as described previously[10].  Briefly,
the cortex was incubated in 0.125% trypsin at 37 °C for 8 min
and mechanically disrupted by passing the tissue through
nylon mesh.  After centrifugation (1500×g, 5 min), the cell
pellet was gently resuspended in a small volume of tissue
growth medium (DMEM containing 10% fetal bovine serum,
100 kU/L penicillin and 100 mg/L streptomycin) and plated in
the same medium at a density of 1×107 cells/L in 12-well plates
precoated with poly-lysine for the GSH assay.

GSx assay  GSH was assayed as total glutathione (GSx),
which was the sum of the reduced and oxidized forms
[GSH+2×glutathione disulfide (GSSG)] by a modified enzy-
matic recycling method of Tietze[11].  Cells were washed in
PBS, dissolved in 200 µL PBS buffer (0.05 mmol/L edetic
acid; 0.05% Triton-X 100, pH 8.0), and centrifuged to remove
protein.  According to the Bradford method[12], we used a
volume of 50 µL of supernatant for assessing protein by
using bovine serum albumin as a standard.  A volume of 100
µL of supernatant was neutralized with 50 µL of a 5% (w/v)
salicylsalicylic acid (SSA) solution. The solution was
centrifuged, then the GSH content was determined after the

addition of 4 µL 10 mmol/L β-NADPH, 3 µL 10 mmol/L 5, 5'-
dithio-bis-2-nitrobenzoic acid (DTNB), 2 kU/L GSH reductase.
The GSH content was determined by kinetic measurement of
the absorbance changes at 412 nm for 5 min and calculated
by comparison with standards.

RNA preparation and semiquantitative RT-PCR
Semiquantitative RT-PCR with β-actin as an internal control
was performed to examine the expression of messenger RNA
for the γGCS, γGT, and other GSH enzymes in glial-rich pri-
mary cultures.  Total RNA (2 µg) from primary cultured astro-
cytes was reverse transcribed into single-stranded cDNA in
a 20-µL reaction mixture containing: 10 mmol/L dNTP, 1 µg
oligo (dT) primer, 20 IU RNasin and 200 IU M-MLV reverse
transcriptase.  The mixture was incubated at 42 °C for 1 h and
then the reverse transcriptase was inactivated by heating
the reaction mixture to 95 °C for 10 min.  PCR amplification
was carried out with 1.5 µL cDNA product in a 30 µL reaction
volume containing 3 pmol of each specific oligonucleotide
primer, 10 mmol/L dNTP, and 1.5 IU Taq DNA polymerase.
For all of the reactions, preliminary experiments were per-
formed to determine the number of PCR cycles at which satu-
ration occurred, and the experiments mentioned were carried
out with a number of cycles that precedes saturation.  The
sequences of the primers, product size, and optimized num-
ber of PCR cycles for GSH-related enzymes and β-actin ex-
pression analyses were: (1) γGCS, forward primer: 5'-AGACA-
CGGCATCCTCCAGTT-3'; reverse primer: 5'-CTGACACGTA-
GCCTCGGTAA-3' (GenBank accession no: NM_012815;
product size: 801 bp).  The thermal cycler unit was pro-
grammed for 30 cycles at 95 °C for 1 min, 60 °C for 1 min, then
72 °C for 1 min.  (2) γGT: we used nested RT-PCR for γGT, in
which the reverse transcriptase reaction and two sequential
PCR procedures were carried out.  The first-round primer
pairs were designed from the target mRNA, and the second-
round primers were designed from the first-round amplified
PCR products.  Forward and reverse primers were selected
from the coding domain to identify any γGT mRNA
nonselectively; the first-round primers were 5'-GCTTTGTGC-
GAGGTGTTCTG-3'  and 5'-CCATCGTCTGGAAGGTAGA-3';
the second-round primers were 5'-CTCAGCGGGCCCGTG-
CTG-3' and 5'-GGCGGTTGGGTGAGTGGT-3', in the primary
and the secondary PCR reactions, respectively (GenBank
accession no: BC078768; product size: 261 bp).  The thermal
cycler unit was programmed for 30 cycles at 95 °C for 1 min,
55 °C for 1 min, and 72 °C for 1.5 min.  (3) GPx, forward primer:
5'-GTATGTCTGCTGCTCGGCTCTC-3'; reverse primer: 5'-
AAATGATGTACTTGGGGTCGGTC-3' (GenBank accession
no: NM_030826; product size: 450 bp).  The thermal cycler
unit was programmed for 26 cycles at 94 °C for 45 s, 61 °C for
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45 s, and 72 °C for 45 s.  (4) GR, forward primer: 5'-ACGA-
GGAAGACGAAATGCGTGATG-3'; reverse  primer: 5'-AGGA-
TGAATGGCGACCCTATTGTC-3' (GenBank accession no:
U73174; product size: 171 bp).  The thermal cycler unit was
programmed for 24 cycles at 94 °C for 1 min, 56 °C for 1 min,
and 72 °C for 1 min.  (5) GST, forward primer: 5'- CCAAA-
TTGAGAATTCCACAGCGC-3'; reverse  primer: 5'- TGCCTG-
CAGGATCCAATGTGGA-3' (GenBank accession no:
NM_017014; product size: 205 bp).  The thermal cycler unit
was programmed for 22 cycles at 95 °C for 30 s, 63 °C for 45 s,
and 72 °C for 30 s.  (6) β-actin, forward primer: 5'-CACGATG-
GAGGGGCCGGACTCATC-3'; reverse primer: 5'-TAAAGA-
CCTCTATGCCAACACAGT-3' (GenBank accession no:
NM_031144; product size: 240 bp).  The thermal cycler unit
was programmed for 24 cycles at 94 °C for 30 s, 61 °C for 30 s,
and 72 °C for 30 s.  PCR products were separated by electro-
phoresis on a 2% agarose gel and visualized after ethidium
bromide staining over UV light.

Determination of γγγγγGT activity  After removal of the
medium, cells were washed twice with 4 mL ice-cold PBS [10
mmol/L potassium phosphate buffer containing 150 mmol/L
NaCl (pH 7.4)] and were lysed by incubation with 500 µL 20
mmol/L potassium phosphate buffer (pH 7.0) containing 0.2
mmol/L edetic acid for 10 min on ice.  The cell lysates were
scraped off the flask and transferred to Eppendorf tubes.
After centrifugation (15 000×g, 5 min, 4 °C), the supernatant
was discarded and the pellets were resuspended in 100 µL of
20 mmol/L potassium phosphate buffer (pH 7.0) containing
200 µmol/L edetic acid and 1% (w/v) Triton X-100.  During
20-min incubation on ice the lysates were resuspended sev-
eral times.  After centrifugation (15 000×g, 5 min, 4 °C) the
activity of γGT was measured in 50 µL aliquots of the su-
pernatants according to the method described by Meister et
al[8].  The samples were determined by γGT assay kits from
the Nanjing Jiancheng Biological Co.  The protein content of
the cultured cells was determined using the Bradford method[12].

Data analysis  All values were presented as mean±SD.
The t-test was used for comparisons and differences were
considered significant if P<0.05.

Results
Effect of 6-OHDA on endogenous GSx contents in astro-

cytes  To elucidate the relationship between endogenous
GSx and 6-OHDA-induced cell damage, we measured the GSx
content of astrocytes.  The GSx concentration increased from
14.62 µmol·g-1·protein to 24.02 µmol·g-1 protein after incuba-
tion of the astrocytes with 6-OHDA for 24 h (Figure 1) and
decreased to 10.35 µmol·g-1 protein after exposure to 6-OHDA

for 48 h (Figure 1).  The GSx content further reduced to 20%
of control levels when cells were incubated with 0.13 mmol/L
6-OHDA for 48 h (Figure 1).

 Effect of 6-OHDA on glutathione enzyme expression in
astrocytes  To further address whether the 6-OHDA had an
effect on glutathione enzymes, we detected the mRNA ex-
pression of glutathione enzymes.  In this study, all RT-PCR
data were normalized relative to levels of β-actin mRNA.
Astrocytes were exposed to 6-OHDA for 24 h or 48 h.  We
found that the levels of cellular GSx and γGCS mRNA were
increased after the cells were incubated with 6-OHDA for 24
h; however, the levels of cellular GSx decreased markedly,
whereas γGCS mRNA expression increased again after expo-
sure for 48 h (Figure 2).  However, 6-OHDA failed to alter the
levels of GPx, GR, and GST mRNA, after exposure for both 24
h and 48 h (Figure 3).  The levels of γGT mRNA expression in
astrocytes were up-regulated after exposure to 6-OHDA for
48 h, but not for 24 h (Figure 4).

Measurement of γγγγγGT activity in astrocytes  Specific γGT
activity was measured in astrocytes in the presence and ab-
sence of 6-OHDA.  We treated astrocytes with 100 µmol/L 6-
OHDA for 24 h or 48 h.  γGT activity did not alter after treat-
ment with 6-OHDA for 24 h, but it increased significantly
from an initial value of  0.08 kU·g-1 protein   to a plateau value
of 0.17 kU·g-1 protein after exposure to 6-OHDA for 48 h.  The
increase in γGT activity in astrocytes correlated well with the
levels of γGT mRNA expression in cells (Figure 5).

Discussion
A high intracellular concentration of glutathione protects

against a variety of different ROS.  GSH reacts directly with

Figure 1. Effect of 6-OHDA on GSx production over time in pri-
mary astrocytes. n=6. Mean±SD. bP<0.05, cP<0.01 vs the corre-
sponding value at 0 h.
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radicals in nonenzymatic reactions.  It should be noted that
GSx, including GSH and GSSG, is very important for cellular
defense against ROS.  Glutathione levels in the substantia
nigra pars compacta of patients with Parkinson’s disease is
significantly reduced, but the levels do not change in pa-
tients with multiple system atrophy or progressive supra-
nuclear palsy[13].  It has been found that oxidative stress
might originate in astrocytes rather than in neurons.  Astro-
cytes surrounding dopaminergic neurons in the brain may
be involved in the selective vulnerability of these neurons
by scavenging ROS and releasing CysGly by using γGT, and
CysGly is the precursor for GSH synthesis in neurons.  Hence,
astrocyte function is an important contributor to the patho-
genesis of Parkinson’s disease.

6-OHDA is known to cause oxidative stress to DA
neurons, and it is usually thought to cross cell membrane
through dopamine transporters, to inhibit mitochondrial res-
piration and to generate intracellular ROS[14].  A previous
study has shown that in 6-OHDA-treated rats, the decreased
levels of GSH could be due to an increased level of free
radical-generated lipid peroxidation[15].

To investigate the relationship between glutathione and
6-OHDA-induced cell damage, we measured the GSx con-
tent of cells by using the enzymatic recycling method with
some modifications[11].  We found that in primary cultured
astrocytes, the cytosolic GSx content increased  in response

Figure 2.  Effects of 6-OHDA (0.1 mmol/L) on γGCS mRNA expres-
sion in astrocytes.  The top panel shows the results of RT-PCR,
which demonstrates the effect of 6-OHDA on γGCS mRNA levels
(805 bp).  The bottom panel shows the mRNA levels of β-actin (240
bp).  DNA markers: 2000, 1000, 750, 500, 250, 100 bp. n=3.
Mean±SD.  cP<0.01 vs the value at 0 h.

Figure 3.  Effects of 6-OHDA 0.1 mmol/L on GPx, GR, and GST
mRNA expression in astrocytes.  (A) The top panel shows the results
of RT-PCR, demonstrating the effect of 6-OHDA on GPx (450 bp);
the bottom panel shows the mRNA levels of β-actin (240 bp).  (B)
The bottom panel shows the results of RT-PCR, demonstrating the
effect of 6-OHDA on GR (171 bp); the top panel shows the mRNA
levels of β-actin (240 bp).  (C) The upper panel shows the results of
RT-PCR, demonstrating the effects of 6-OHDA on GST (205 bp);
the bottom panel shows the mRNA levels of β-actin (240 bp).  DNA
markers: 2000, 1000, 750, 500, 250, 100 bp.
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to treatment with different concentrations of 6-OHDA (0.07,
0.1, and  0.13 mmol/L) after incubation for 24 h, but decreased
significantly after incubation for 48 h (Figure 1).  The data
presented here are consistent with the previous findings
that treatment with 6-OHDA for 24 h induced up-regulation
of GSx levels in astrocytes[15].  Shimizu et al also found a
delayed increase in GSH levels after the addition of 6-OHDA
in human neuroblastoma SK-N-SH cells[16].  However, the
mechanism by which GSx fluctuates in primary culture astro-
cytes in response to 6-OHDA is not clear.  Some investiga-
tors have suggested that in the primary astrocytes, 6-OHDA
toxicity may not result from the inhibition of mitochondrial
respiration, but may be secondary to auto-oxidation and ROS
generation[17].

More importantly, our results showed that the mRNA
expression of γGCS was up-regulated significantly after
incubation of the astrocytes with 6-OHDA for 24 h, which
correlated well with the alteration of GSx in the presence of

6-OHDA in astrocytes (Figure 2).  A previous study has
shown that 6-OHDA induced an elevation of GSx contents
in astrocyte cells because of an increase of the expression of
γGCS mRNA[16].  It is well known that γGCS is the first and
the rate-limiting enzyme in the synthesis of GSH.  Induction
of γGCS by oxidative stress could play a key role in determin-
ing cellular glutathione content[16].  Recent studies have dem-
onstrated that the antioxidant response element (ARE), a
cis-acting enhancer sequence, mediates the transcriptional
activation of genes in cells exposed to oxidative stress.  The
5'-flanking region of the γGCS gene also contains several
transcription binding sites, including the ARE[18,19].  These
findings support the idea that transcriptional regulation of
the γGCS gene is involved in the antioxidant system of astro-
cyte cells.  Hence, the increased γGCS levels in 6-OHDA-
treated astrocytes may occur by activating ARE, and regu-
lating the γGCS gene, thereby activating the antioxidative
system including GSx.  Therefore, the elevation of GSx in
astrocytes appears to reflect the resistance and defense
mechanisms of astrocytes in the brain against oxidative stress
in the early stages.  If the toxicity of 6-OHDA continues,
massive production of ROS may contribute to the decline in
GSx levels in cells.

However, our results showed that γGCS mRNA expres-
sion did not decrease after 48-h incubation with 6-OHDA
(Figure 2).  This finding was not consistent with the change
in GSx in 6-OHDA-treated astrocytes.  GSH redox-system
genes play a key role in the control of the oxidation and
reduction of the SH groups of proteins.  For this reason, we
detected the mRNA expression levels of other glutathione
enzymes, including GPx, GR, GST, and γGT in astrocytes
treated with 6-OHDA for 24 h and 48 h.  Our finding that 6-
OHDA failed to alter the mRNA levels of GPx, GR, and GST
(Figure 3) confirmed the previous finding that the expres-
sion levels of GPx mRNA were not changed in astrocytes
after paraquat exposure[20].  However, other studies have
shown that GPx and GR expression increased after the expo-

Figure 5.  Activity of γGT following 48-h exposure to 6-OHDA 0.1
mmol/L in primary cultured astrocytes.  n=4.  Mean±SD.  bP<0.05 vs
the value at 0 h.

Figure 4.  Effects of 6-OHDA 0.1 mmol/L on γGT mRNA expres-
sion in astrocytes.  The top panel shows the results of RT-PCR,
demonstrating the effects of 6-OHDA on γGT mRNA levels (260
bp).  The bottom panel shows the mRNA levels of β-actin (240 bp).
DNA markers: 2000, 1000, 750, 500, 250, 100 bp.  n=4.  Mean±SD.
bP<0.05 vs the value at 0 h.
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sure of cultured astrocytes to H2O2.  With regard to this
experimental result, we believe that the different results may
be related to differences in preparation techniques, to differ-
ences in experimental methods, or to differences in culture
conditions.

For further investigation, we measured the activity of
γGT in astrocytes treated with 6-OHDA for 24 h and 48 h.
The increase in γGT activity after 6-OHDA treatment for 48 h
(Figure 5) was consistent with the change in γGT mRNA
levels.  A previous study reported that the activities of
enzymes involved in the glutathione cycle were normal with
the exception of γGT, the activity of which was increased in
Parkinson’s disease[21]; this was a similar finding to our
results.  So we conclude that the increase in mRNA levels
and the activity of γGT induced GSx loss after exposure to
6-OHDA for 48 h.  The dipeptide CysGly, which is generated
from extracellular GSH by a γGT reaction, may be the most
important among the exogenous precursors of GSH, because
it is efficiently utilized by neurons in micromolar concentra-
tions.  However, dipeptides could be hydrolyzed by neu-
ronal ectopeptidase-generating amino acids such as cystein,
glutamate, and glycine[22].  Many such amino acids possibly
also have toxic effects on neurons[28].

It has been found that γGT activity increases in astroglial
cultures treated with an nitric oxide donor for 24 h[23].  Ruedig
et al suggested that TNFα synthesis in the brain also in-
duced γGT expression in astrocytes[24].  Such a scenario can
be considered for Parksinson’s disease, where an elevated
level of TNFα in the substantia nigra and increased immu-
noreactivity for TNFα in astrocytes[25] is accompanied by an
elevated specific γGT activity[6].  Previous findings have
shown that 6-OHDA can increase the generation of NO and
TNFα in mesencephalic cells[26,27].  Thus, 6-OHDA may up-
regulate γGT via the activation of the NO or TNFα signaling
pathway followed by GSH loss.  Increased intracellular GSH
content and γGT activity in astrocytes exposed to 6-OHDA
may help to protect neurons in vitro by supplying more GSH
precursors, and thus elevating neuronal GSH levels.

In the present study, we found that glutathione played
an important role in mediating 6-OHDA-induced cell damage
in a Parkinson’s disease model.  We also found that an in-
crease in γGCS, the rate-limiting enzyme in GSH synthesis,
correlated with an increase in GSx after exposure of the cells
to 6-OHDA for 24 h.  Interestingly, GSx levels decreased
because of increased γGT mRNA levels and γGT activity,
despite up-regulated γGCS mRNA levels after 48-h incuba-
tion with 6-OHDA.  The findings in this study may provide
useful information for identifying new therapeutic targets
for neurodegenerative diseases such as Parkinson’s disease.
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Introduction
It is well known that cardiovascular disease is the major

cause of morbidity and mortality in diabetic patients.
However, there exists considerable debate over the causal
relationship between diabetes per se and cardiovascular dis-
ease[1].  Unlike classical microvascular complications, large
vessel atherosclerosis is not correlated with duration and
severity of hyperglycemia[2,3].  Some studies demonstrate
that cardiovascular disease prevalence remains constant
despite different levels of glycohemoglobin.  Furthermore,
intensive control of hyperglycemia is not consistently effec-

tive in reducing cardiovascular complications[4], leaving un-
answered the question of whether hyperglycemia contri-
butes to cardiovascular disease in diabetes.

In addition to clinical debates, experimental studies also
show inconsistent results regarding the role of hyperglyce-
mia in myocardial ischemia.  Studies of animals with type 1
diabetes demonstrate either increased or decreased sensi-
tivity of diabetic hearts to ischemia[5–7].  Suggested mecha-
nisms for decreased sensitivity include attenuated Na+-H+

exchanger activity, inhibited glycolysis, and reduced Ca2+

overload during reperfusion[7–9].  Studies demonstrating the
detrimental effects of hyperglycemia on ischemia suggest

Abstract
Aim: To examine the tolerance of type 1 diabetic hearts to ischemia and reperfusion
injury.  Myocardial contents of 27-kDa and 70-kDa heat shock proteins (hsp) as
well as phosphorylated hsp27 were also determined.  Methods: Hearts from hyper-
glycemic rats 3 weeks after streptozocin injection and age-matched normal rats
were subjected to ischemia and reperfusion in vitro.  Cardiac function and electro-
cardiogram were recorded throughout experiments.  Myocardial heat shock pro-
teins were detected with Western blot.  Results: Despite depressed systolic func-
tion at the baseline, diabetic hearts exhibited considerable enhancement in post-
ischemic heart function, manifested by an increase in the maximal rate of left
ventricular pressure rise and fall (post-ischemic dp/dtmax and dp/dtmin were 560±117
and -313±68 mmHg/s in control, n=7, 1249±57 and -1204±36 mmHg/s in diabetes,
n=10, P<0.01).  Reperfusion ventricular fibrillation in the diabetic group were at-
tenuated compared with controls (1.5±0.3 vs 7.2±2.1 min in control, P<0.01).  The
increased heart resistance to ischemia in diabetes was associated with hypergly-
cemia and accompanied by enhanced expression of myocardial phosphorylated
hsp27 with normal aortic vessel relaxation.  Cardioprotection was abrogated by
metabolic correction with insulin and accompanied by phospho-hsp27 reduction.
Conclusion: Heart resistance to ischemia is increased in type 1 diabetes, and
hyperglycemia may present a mild yet stressful stimulus leading to upregulation
of endogenous stress protein, which may play a potential role in cardioprotection
and compensate for detrimental effects of hyperglycemia in diabetes.
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roles of pseudohypoxia and reactive oxygen species[6].  Re-
gardless of whether hyperglycemia is the cause of increased
cardiovascular disease, it is generally agreed that experimen-
tal type 2 diabetes has a detrimental effect on myocardial
ischemia[10] and coexisting cardiovascular risk factors like
hypertension and elevated cholesterol contribute signifi-
cantly to the poor outcome in type 2 diabetes as seen in
clinical settings[11,12].  Type 1 diabetes, however, has severe
hyperglycemia and relatively less coexisting cardiovascular
disease.  Thus, type 1 diabetic animals provide good models
for investigating hyperglycemia influence on ischemic
outcomes.

The present study was designed to observe heart sensi-
tivity to ischemia in type 1 diabetic rats using functional
recovery and creatine phosphokinase as measures of ischemic
injury, in addition to arrhythmias.  Aortic vessel function
was also examined to test whether there was functional im-
pairment of large vessels.  As circulating antibody titers to
some of heat shock proteins family are increased in type 1
diabetic patients[13], we observed whether these powerful
protective proteins were upregulated in diabetic hearts.  Our
data indicate that type 1 diabetic hearts are resistant to is-
chemia/reperfusion with no obvious impairment of large ves-
sel relaxation.  The study also reveals increased expression
of myocardial phosphorylated heat shock protein 27
(phospho-hsp27) in diabetes.  To further examine the asso-
ciation of hyperglycemia and heat shock proteins with heart
sensitivity to ischemia, we observed the effects of insulin
treatment on ischemic outcomes and phospho-hsp27 by the
correction of hyperglycemia.

Materials and methods
Animals  Male Sprague-Dawley rats (originally weigh-

ing 200–220 g) were injected intraperitoneally with 60 mg/kg
of streptozocin (Sigma, St Louis, USA) in citrate buffer (pH
4.5).  Age-matched control rats received an injection of cit-
rate buffer.  The onset of diabetes was confirmed by measur-
ing blood glucose within 72 h after injection.  Rats had free
access to tap water and standard laboratory chow and were
maintained until the in vitro experiment began after 3 weeks
of hyperglycemia induction.  Another experiment was car-
ried out with one group of rats treated with subcutaneous
injection of protamine zinc insulin (9 units/kg) 3 weeks after
diabetes induction and a heart ischemia experiment was car-
ried out after 2 d of complete correction of hyperglycemia
(duration of insulin administration was 5.1±0.7 d).  All experi-
ments conformed to the Guide for the Care and Use of Labo-
ratory Animals (NIH Publication No 85–23, revised 1996).

Isolated heart preparation and ischemia/reperfusion  The

hearts were excised under anesthesia with sodium pentobar-
bital 60 mg/kg, ip, and perfused retrogradely (Langendorff
apparatus, IPH-W2, Labo Support, Osaka, Japan) through
the aorta with Krebs-Henseleit buffer (KHB) containing: NaCl
118.0 mmol/L, KCl 4.7 mmol/L, CaCl2 2.5 mmol/L, MgSO4 1.2
mmol/L, KH2PO4 1.2 mmol/L, NaHCO3 25.0 mmol/L, glucose
11.0 mmol/L, Na2-EDTA 0.5 mmol/L.  After cannulation of the
left atrium the hearts were switched to antegrade perfusion
(working heart).  Perfusate was kept at 37 ºC and bubbled
with 95% O2 and 5% CO2.  Aortic perfusion pressure was set
at 60 mmHg and the left atrium at 10 mmHg at the beginning
of each experiment.  All hearts were allowed to beat
spontaneously.

With a catheter inserted into the left ventricular cavity,
left ventricular pressure (LVP), left ventricular end-diastolic
pressure (LVEDP) and maximal rate of LVP rise (dp/dtmax) and
fall (dp/dtmin) were recorded with a data acquisition system
(MPA 2000, Alcott Biotech, Shanghai, China).  The hearts
were subjected to 30-min global ischemia by clamping both
atrial inflow and aortic outflow and followed by 40 min of
reperfusion.

Two silver electrodes were inserted into the myocardium
and electrocardiogram was recorded continuously.  Prema-
ture ventricular beats, ventricular tachycardia and fibrilla-
tion during reperfusion were recorded.  The severity of
arrhythmias was scored on a 0 to 9 scale[14].  The time from
the cessation of perfusion to the cessation of heart contrac-
tion was recorded as time to arrest.

Creatine phosphokinase and norepinephrine assay  Cre-
atine phosphokinase (CPK) was measured in coronary efflu-
ent with assay kits (Jian-Cheng Biomedical Engineering,
Nanjing, China) according to the manufacturer’s protocols.
Coronary norepinephrine was determined with high perfor-
mance liquid chromatography coupled with electrochemical
detection (Neurochem Model 5500, ESA, Bedford, MA, USA).

Vessel tension recording  Aortic rings were suspended
in an organ bath (PowerLab ML0140, ADInstruments, Castle
Hill, NSW, Australia) containing KHB.  The buffer was
bubbled with 95% O2 and 5% CO2 and kept at 37 ºC.  Aortic
rings were allowed to equilibrate for 90 min before tension
recording.  After precontraction with 1×10-7 mol/L of
norepinephrine, acetylcholine (ACh) was added in a cumu-
lative manner and aorta relaxation was recorded.  Vasodila-
tion in the presence of nitric oxide synthase inhibitor, Nω-
nitro-L-arginine methyl ester (L-NAME, 1×10-4 mol/L) was
also measured.

Western blot analysis  Left ventricles before and after
ischemia were freeze-clamped and homogenized in lysis buffer
(pH 7.4) containing: Tris/HCl 50 mmol/L, sucrose 150 mmol/L,
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edetic acid-Na2 5 mmol/L, egtazic acid 2 mmol/L, Na3VO4 1
mmol/L, NaF 50 mmol/L, phenylmethanesulfonyl fluoride 0.1
mmol/L, leupeptin 1 mg/L.  Protein samples were loaded onto
12% SDS-PAGE acrylamide gels and transferred to polyvinyli-
dene difluoride membrane.  Blots were incubated with anti-
bodies to either hsp27 or phosphorylated hsp27 at serine 15
and inducible hsp70 (Santa Cruz, Santa Cruz, CA, USA).  The
immunoreactive bands were visualized using enhanced
chemiluminescence detection, and relative levels of heat
shock proteins were semiquantified with densitometry
(QuantityOne software, Bio-Rad, Hercues, CA, USA) nor-
malizing to actin band.

Statistical analysis  Data were expressed as mean±SEM.
Parameters were compared with analysis of variance (ANOVA)
for repeated measures followed by Student-Newman-Keuls
test.  The relationship between blood glucose level and is-
chemic outcomes (arrhythmia score and time to arrest) was
evaluated with multiple regression analysis.  P<0.05 was con-
sidered statistically significant.

Results

Effects of diabetes on baseline and post-ischemic heart
function  A significant elevation in blood glucose was ac-
companied by a reduction in contractility of the diabetic heart,
represented by lower dp/dtmax and lower heart work (lower
left ventricular developed pressure, LVDP; the difference
between LVP and LVEDP).  Diabetic hearts also exhibited
reduced heart rate and normal LVEDP at baseline perfusion
(Table 1).

Although depressed at the baseline, post-ischemic re-

covery of dp/dtmax, dp/dtmin and LVDP in diabetic hearts was
enhanced significantly as compared with controls (Table 1).
Coronary perfusion and cardiac output also recovered to
better levels after ischemia in diabetes (Table 1).  Reperfusion
arrhythmias, cardiac CPK release, as well as cardiac norepi-
nephrine release, were reduced in diabetic hearts (Table 2).

Ischemic outcome and correlation with blood glucose
level  Subgroups of mild or severe hyperglycemia (blood
glucose <19 or >20 mmol/L) exhibited different post-ischemic
outcomes (Figure 1A).  Higher glucose within each group
was accompanied by longer time to arrest and less
arrhythmias (Figure 1B, 1C).

Aortic relaxation  Normal vessel relaxation was found in
the diabetic aorta (Figure 2), indicating no obvious impair-
ment of large vessel function in this type of diabetic rat.  The
ACh-induced relaxation was abrogated by 1×10-4 mol/L

Table 2.  Duration of arrhythmias, cardiac CPK and norepinephrine
released from streptozocin-induced diabetic rat hearts underwent is-
chemia and reperfusion.  Mean±SEM.  bP<0.05, cP<0.01 vs control.

                                                                Control       Diabetes
                                                     ( n=7)          ( n=10)

Duration of VT and VF/min 7.2±2.1       1.5±0.3c

Coronary CPK/IU·g-1 wet weight               642±73       349±90c

Coronary norepinephrine/                        258±44        121±37b

  pmol·g-1 wet weight

VT and VF, ventricular tachycardia and fibrillation; CPK, creatine
phosphokinase.

Table 1.  Characteristics, basal and post-ischemic heart function of streptozocin-induced diabetic rats and age-matched control rats.  n=7 in
control group. n=10 in diabetes group.  Mean±SEM.  bP<0.05, cP<0.01 vs respective controls; eP<0.05 vs values in diabetes group before I/R.

                                                                                          Before I/R                                                            After I/R
                                                             Control                          Diabetes                  Control                   Diabetes

Body weight (g)    306±9   198±14c         –           –
Blood glucose (mmol/L)     4.8±0.3  18.0±1.6c         –           –
Heart rate (beat/min)    219±15   163±23c  121±23      97±14e

Coronary flow (mL·min-1·g-1)   14.4±0.7  13.6±1.1   6.2±0.6     8.1±0.5e

Cardiac output (mL·min-1·g-1)   41.5±2.3  38.5±3.8   9.1±2.3   15.3±1.6e

LVDP (mmHg)      96±2     85±4b 38.7±11.2   64.3±5.4e

LVEDP (mmHg)     8.2±2.0    9.5±1.1 21.4±2.1   16.5±1.8e

dp/dtmax (mmHg/s)  2297±306  1603±117b  560±117  1249±57e

dp/dtmin (mmHg/s) -1491±178 -1418±108 -313±68 -1204±36e

I/R, ischemia/reperfusion; LVDP, left ventricular developed pressure; LVEDP, left ventricular end-diastolic pressure.



Http://www.chinaphar.com Chen H et al

809

L-NAME to similar extents in 2 groups.
Myocardial expression of heat shock proteins  There

were no differences in basal amounts of total hsp27 or in-
ducible hsp70 between diabetic and control groups (Figure
3A, 3B).  Because the protective ability of hsp27 depends on
its phosphorylation state, we also analyzed phosphorylated
hsp27 in the myocardium.  Phospho-hsp27 content was found
to be significantly higher in diabetic hearts before (Figure
3C) and after ischemia (Figure 3D).  To eliminate the possible
role of streptozocin in inducing expression of phospho-

hsp27, we also examined the content of phospho-hsp27 in
rats that failed to develop diabetes after streptozocin injec-
tion (15 % of animals receiving streptozocin did not show
significant elevation of blood glucose in this study and
served as non-diabetic controls).  There was no significant
change of phospho-hsp27 in those animals (relative density
values for myocardial phospho-hsp27 before ischemia were
5.4±0.9 in normal controls vs 6.2±1.0 in non-diabetic controls
receiving streptozocin, n=4, P>0.05).

Ischemic outcomes after metabolic correction  Further
intervention experiments were carried out with complete cor-
rection of hyperglycemia for 2 d prior to the ischemia experi-
ment (Figure 4A).  Cardioprotection was abrogated in blood
glucose-controlled diabetes, demonstrated by increased
reperfusion arrhythmias (Figure 4B) and reduced post-is-
chemic dp/dtmax (Figure 4C).  Abrogation of cardioprotection
through metabolic control was accompanied by reduction of
myocardial phospho-hsp27 (Figure 4D).

Discussion
The present study demonstrated significantly enhanced

resistance to ischemia/reperfusion in type 1 diabetic hearts,

Figure 1.  Stratification of hyperglycemia and its relationship with
ischemic outcomes.  Higher blood glucose was associated with longer
time to arrest, and higher post-ischemic dp/dtmax for diabetic rats (A,
n=5–7.  Mean±SEM).  Time to arrest was positively related to blood
glucose levels in vivo (B) and arrhythmia score negatively related to
glucose levels (C).  Mild DM or severe DM, diabetic rats with blood
glucose <19 or >20 mmol/L.  bP<0.05, cP<0.01 vs age-matched
controls; eP<0.05, fP<0.01 vs age-matched mild DM.

Figure 2.  Aortic vasodilation in 3-week streptozocin-induced dia-
betic (DM) and age-matched control rats.  There was no significant
difference in aortic relaxation in response to acetylcholine (ACh)
between diabetic and control rats (A).  The vasodilation to ACh was
partly abrogated by nitric oxide synthase inhibitor, Nω-nitro-L-argi-
nine methyl ester (L-NAME, 1×10-4 mol/L) to a similar extent in
both groups (B).  n=5.  Mean±SEM.
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manifested by improved post-ischemic mechanical function,
prolonged time to arrest, attenuated reperfusion arrhythmias
and reduced CPK release.  Furthermore, there was a signifi-
cantly increased amount of phospho-hsp27 in diabetic hearts
compared with non-diabetic hearts.  The reduction of
phospho-hsp27 in correlation to hyperglycemia was effec-
tive in abrogating heart tolerance to ischemia in diabetes.

Although there is controversy over the effects of hyper-
glycemia on cardiovascular outcomes, it is important to note
that increased tolerance to ischemia is almost exclusively
found in type 1 diabetic hearts[8,9,15,16].  In contrast to de-
creased sensitivity to ischemia of type 1 diabetic hearts, in-
creased sensitivity to myocardial ischemia was found in type
2 diabetic Otsuka Long-Evans Tokushima Fatty rats[17].  It is
of interest that higher blood glucose induced by sucrose
feeding in type 2 diabetes paradoxically attenuated post-
ischemic cardiac dysfunction[17].  There is also a study show-
ing that the correction of metabolic state alone in type 2
diabetes did not improve heart function recovery from is-
chemia[10].  These data from type 1 and type 2 diabetes indi-
cate that factors other than hyperglycemia increase heart
sensitivity to ischemia in type 2 diabetes, and marked high

glucose or other factors secondary to elevated glucose can
participate in preconditioning hearts to resist ischemia in-
sult in type 1 diabetes.

A striking finding of the present study is that increased
myocardial resistance to ischemia was accompanied by in-
creased amounts of phospho-hsp27 in diabetic hearts.  Be-
cause there is no significant change in myocardial phospho-
hsp27 of rats that failed to develop diabetes after injection of
streptozocin, the increase of phospho-hsp27 in streptozocin-
induced diabetes is not likely to be induced by this toxic
agent used for destroying pancreas beta-cells and induction
of type 1 diabetes.  Here we suggest for the first time that
hyperglycemia can present a chronic and mild, yet stressful,
stimulus to myocardium inducing upregulation of some stress
proteins in diabetic hearts, which may in turn enhance heart
tolerance to ischemia.

Elevated levels of hsp27 are reported to participate in
cardioprotection by maintaining the integrity of microtubules
and actin cytoskeleton, and can protect endothelium from
ischemia[18].  The phosphorylation and translocation of hsp27
from cytosol to myofibril or nucleus is found to be especially
important for protecting actin fragmentation and microtu-

Figure 3.  Western blot analysis of heat shock proteins in left ventricles of 3-week diabetic rats.  There was no significant difference in total
hsp27 (A) and inducible hsp70 (B) between diabetic and control hearts before ischemia.  Diabetic hearts showed higher levels of phospho-hsp27
before (C) and after (D) ischemia.  Densitometric data are mean±SEM of 4 to 5 hearts.  bP<0.05, cP<0.01 vs controls.
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Figure 4.  Ischemic outcomes after insulin treatment.  Complete correction of hyperglycemia with insulin (A) for 2 d abrogated protection
in 3-week diabetic hearts subjected to ischemia as shown by increased arrhythmias (B) and reduced post-ischemic dp/dtmax (C) in insulin-treated
diabetic rats (DM+Insulin).  There was concomitant reduction of phospho-hsp27 as compared with diabetes control without insulin injection
(DM) (D).   n=5–6.  Mean±SEM.   bP<0.05, cP<0.01 vs controls; eP<0.05, fP<0.01 vs DM without insulin.

bule degradation[19].  In the present study, hyperglycemia
did not affect total hsp27 but significantly increased the
amount of phosphor-hsp27, indicating the potential
cardioprotective role of phospho-hsp27 during ischemia and
reperfusion of diabetic hearts.  The elevated lipid peroxidation
product found in our previous work and other works[6,20]

indicates higher oxidative stress in type 1 diabetes, while
upregulation of protective proteins may compensate for such
detrimental effects of hyperglycemia.

Inhibited glycolysis could result in myocardial salvage
as a result of less accumulation of lactate during ischemia[21].
In accordance with previous published reports, we also found
decreased lactate production from diabetic hearts[20], which
possibly contributed to the observed cardioprotection.  In
addition to the above mechanisms, decreased cardiac nore-
pinephrine may also account for improved mechanical
function, in accordance with our previous finding that nore-
pinephrine reduction conferred significant cardioprotection
during ischemia[22].  Because Na+-H+ exchanger enhances
norepinephrine release, diminished activation of Na+-H+

exchanger in diabetic hearts[8] may be one explanation for

reduced norepinephrine release.  This needs further investi-
gation.

There is a report that early type 1 diabetes was found to
have increased aortic relaxation[23].  In this study, no signifi-
cant large vessel dysfunction was found in this early stage
of type 1 diabetes.  The relatively higher post-ischemic coro-
nary flow in the diabetic group also indicated no impairment
of coronary vessel function.  The elevated coronary perfu-
sion may be a result of myogenic dilation, a main determi-
nant for myocardial perfusion, as during reperfusion the dia-
betic hearts relaxed significantly more than the controls.  The
improved coronary perfusion in turn enhanced myocardial
salvage during reperfusion.

In summary, the present study reveals that the hearts of
early-stage type 1 diabetes are resistant to ischemic injury.
The concomitant upregulation of phospho-hsp27, in addi-
tion to inhibited glycolysis and reduced norepinephrine
release, may participate in protecting diabetic hearts from
ischemia.  Hyperglycemia may contribute to the induction of
the stress protein.  However, caution should be taken when
extrapolating the present results to clinical settings as most
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diabetic patients have type 2 diabetes commonly associated
with other risk factors.  Further investigation on the combi-
nation of hyperglycemia and other conventional risk factors
will lead to a better understanding of the complex pathogen-
esis of diabetes mellitus.
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Isoflurane preconditioning protects against ischemia-reperfusion injury
partly by attenuating cytochrome c release from subsarcolemmal mito-
chondria in isolated rat hearts1
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Jiangsu Provincial Key Lab of Anesthesiology, Jiangsu Institute of Anesthesiology, Xuzhou Medical College, Xuzhou 221002, China

Abstract
Aim: To examine if isoflurane preconditioning can attenuate ischemia/reperfusion
injury by reducing cytochrome c release from inner mitochondrial membrane.
Methods: Isolated hearts of Sprague-Dawley rats were perfused on Langendorff
apparatus.  Hearts were randomly assigned to a non-treated group (CON group,
n=12) or three isoflurane preconditioning groups (0.5% ISC group, 1.0% ISC group,
and 2.0% ISC group; n=12).  In the latter three groups, isoflurane was given at
concentrations of 0.5%, 1.0%, and 2.0% for 15 min with 15-min washout before
30-min ischemia.  Subsarcolemmal mitochondria of the myocardium were isolated
after 60-min reperfusion.  Hemodynamics of the each heart was recorded, infarct
size of the hearts and contents of cytosolic cytochrome or mitochondrial cyto-
chrome c were measured at the end of reperfusion.  Morphology of isolated mito-
chondria in the four groups was evaluated, respectively.  Results: Compared with
the CON group, cytosolic cytochrome c in 0.5% ISC group, 1.0% ISC group, and
2.0% ISC group were significantly decreased along with a significant increase of
mitochondrial cytochrome c.  Infarct size of the hearts in the four groups were
56%±12%, 41%±12%, 32%±7% and 33%±11%, respectively.  The values of the
three isoflurane preconditioning groups were significantly lower than that of the
CON group (P<0.05).  Isoflurane exposure before ischemia can attenuate the change
of morphology of mitochondria after reperfusion.  The effects of 2.0% isoflurane
on reducing cytochrome c release were more remarkable than 0.5% and 1.0%
concentrations of isoflurane.  Conclusion: Myocardioprotective effects of
isoflurane preconditioning were associated with attenuation of cytochrome c loss
from the inner membrane of subsarcolemmal mitochondria.
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Introduction
Volatile anesthetics can protect against reperfusion in-

jury after myocardial ischemia in vitro and in vivo[1–4].  And
isoflurane is one of the drugs most commonly used to main-
tain the state of general anesthesia.  Isoflurane pre-
conditioning, a temporary exposure to isoflurane followed
by its complete washout, can protect against cardiac ischemia-
reperfusion injury.  It has been reported that isoflurane pre-
conditioning can mimic ischemia preconditioning to protect
against reperfusion injury after myocardial ischemia in vitro

and in vivo [3,4].  However, to date, the mechanism of isoflurane
preconditioning remains unclear.  It has been reported that
ischemic preconditioning can induce mitochondrial tolerance
by using the loss of cytochrome c as an indication of mito-
chondrial dysfunction[5].  It is not known whether the
cardioprotective effect of isoflurane preconditioning can also
be achieved by inducing mitochondrial tolerance.

Mitochondria sustains progressive damage during
ischemia.  Cardiac mitochondria exist in two functionally dis-
tinct populations.  Subsarcolemmal mitochondria (SSM) are
located beneath the plasma membrane, whereas interfibrillar



814

 Acta Pharmacologica Sinica ISSN 1671-4083Qian LP et al

mitochondria (IFM) are located between the myofibrils.
These two mitochondria are affected differently in myocar-
diopathy and ischemia.  The progression of ischemic dam-
age is more rapid in SSM[6,7]

In the present study, we examined if isoflurane precondi-
tioning protected against a detrimental ischemic insult by
attenuating cytochrome c release from the inner membrane
of subsarcolemmal mitochondria

Materials and methods

Isolated heart preparation and measurements  Experi-
ments were performed on adult male Sprague-Dawley rats
weighing 230–300 g.  The rats were housed in plastic cages
with soft bedding and free access to food and water under a
12-h day/12-h night cycle.  Rats were supplied by the Experi-
mental Animal Center of Xuzhou Medical College.  All ex-
periments were approved by the Animal Care and Use Com-
mittee at the college and were in accordance with the Guide-
lines for Care and Use of Laboratory Animals.  Pentobarbital
40 mg/kg and heparin 500 U/kg were injected intraperito-
neally into 44 Sprague-Dawley rats weighing 250–300 g.  Af-
ter thoracotomy, the hearts were isolated and immediately
placed in 4 °C Krebs-Henseleit (K-H) solution, then rapidly
prepared using the Langendorff method and perfused at 55
mmHg with K-H solution at 37 °C.  The perfusate was equili-
brated with mixed gas of 95% O2 and 5% CO2 to meet stan-
dards (pH, 7.4±0.02; carbon dioxide partial pressure, 25±4
mmHg; oxygen partial pressure, 570±20 mmHg).  The com-
position of K-H perfusate was as follows: NaCl  118 mmol/L,
KCl 4.7 mmol/L,  KH2PO4 1.2 mmol/L,  CaCl2  2.5 mmol/L,
MgSO4 1.2 mmol/L,  NaHCO3  25 mmol/L,  glucose 11.1 mmol/L,
Na2-EDTA 0.125  mmol/L.

Left ventricular pressure (LVP) and dp/dt were measured
isovolumetrically with a saline-filled latex balloon inserted
into the left ventricle through a cut in the left atrium.  At the
beginning of the experiment, the balloon volume was ad-
justed to achieve a diastolic LVP of 0 mmHg, so that any
subsequent increase in diastolic LVP indicated an increase
in left ventricular wall stiffness or diastolic contracture.
Baseline hemodynamics were recorded 20 min after
stabilization.  Hearts were randomly assigned to a non-treated
group (CON group, n=12) or three isoflurane precondition-
ing groups (0.5% ISC group, 1.0% ISC group and 2.0% ISC
group; n=12) and were perfused with K-H solution saturated
with 0.0%, 0.5%, 1.0%, and 2.0% isoflurane, respectively, for
15 min and followed by a 15-min washout with normal K-H
solution before 30 min ischemia and 60 min reperfusion.
Isoflurane was bubbled into the perfusate with an isoflurane

vaporizer (Ohmeda, West Yorkshire, England) placed in the
oxygen-carbon dioxide gas mixture line.  Vapour concentra-
tions were measured continuously by an anesthetic gas de-
tector (Capnomac; Ultima, Datex-Engstrom, Helsinki, Finland).
LVP, dp/dt, and HR were monitored continuously during the
whole experiment using Maclab 4.0 software (AD Instru-
ments, Australia).

Measurement of infarct size  The 2,3,5-triphenyltetrazo-
lium chloride (TTC) staining technique was used to deter-
mine infarct size after 60-min reperfusion.  Fresh TTC was
prepared in 0.1 mol/L phosphate buffer adjusted to pH 7.4.
TTC stained the non-infarcted myocardium a bright red color,
caused by reduction of TTC by dehydrogenases present in
viable tissues.  Hearts stored at -70 °C after each experiment
were taken up and sliced into 4–6 transverse sections (3-mm
thickness).  The sections were immersed in 1% TTC solution
and incubated for 30 min at 37 °C.  All slices were digitally
imaged by a photoscanner[8], and the infarcted areas of each
slice were measured in a blinded fashion by planimetry us-
ing Imagemaster VDS (Pharmacia Bioter, USA).

Isolation of subsarcolemmal rat heart mitochondria and
cytosolic fractions  Subsarcolemmal mitochondria were iso-
lated from the ventricles as follows: the ventricles were rap-
idly dissected and rinsed in ice-cold homogenization buffer
(CP1:  KCl  100  mmol/L,  MOPS  50  mmol/L,  MgSO4   5.0  mmol/L,
edetic acid 1.0 mmol/L, ATP 1.0 mmol/L, at pH 7.4).  The
ventricles were blotted dry, weighed, minced, and washed
with CP1.  The mince was homogenized at 20 mL/g tissue in
cold CP2 (CP1+BSA 2.0 g/L).  The homogenate was then
centrifuged at 584×g for 10 min.  The supernatant was fil-
tered through double layer gauze and centrifuged at 3015×g
for 10 min.  The mitochondrial pellet was resuspended in 5
mL CP2 per gram of heart and centrifuged at 3015×g for 10
min, and finally subsarcolemmal mitochondria were resus-
pended in 2.5 mL KME (100 mmol/L KCl, 50 mmol/L MOPS,
5 mmol/L egtazic acid) per gram of heart and centrifuged at
3 015×g for 10 min.  Subsarcolemmal mitochondria was re-
suspended into KME at a final protein concentration of ap-
proximately 1.5 g/L.  The first 3015×g supernatant represented
the cytosolic fraction (protein concentration of approxi-
mately 2.0 g/L).  All manipulations were carried out at 4 °C.
Protein concentration was determined using Bradford assay,
with BSA as standard.

Detection of cytochrome c by Western blotting  Mito-
chondria prepared from isolated rat hearts were added 0.25%
volume of  2×sample buffer (250 mmol/L Tris-HCl, 8.0% SDS,
700 mmol/L sucrose, 300 mmol/L DTT, 0.01% bromophenol
blue, at pH 6.8).  Samples were loaded onto 15% Tris-buff-
ered polyacrylamide gels and component proteins resolved
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by SDS-PAGE.  Proteins were electroblotted onto a nitrocel-
lulose membrane and cytochrome c was detected using mono-
clonal anti-cytochrome c (Santa Cruz Biotechnology, Inc,
USA) as primary antibody and anti-mouse IgG conjugated
to alkaline phosphatase as secondary antibody.  Primary an-
tibody binding was visualized with an alkaline phosphatase
based chemiluminescence system.

Electron microscopy  Mitochondria isolated from the
myocardium in several kinds of buffer by density centrifuga-
tion was resuspended and fixed with 2% glutaraldehyde in
0.1 mol/L PBS buffer.  Mitochondria were post-fixed using
1% OsO4.  En bloc staining with uranyl acetate was followed
by dehydration and embedding.  Embedded samples were
sectioned and affixed to grids according to standard
protocols.  Mitochondrial ultrastructure was then evaluated
by transmission electron microscopy.

Statistical analysis  All data were expressed as mean±
SD.  Statistical analysis of data within and between groups
was performed with analysis of variance (ANOVA) for re-
peated measures followed by Turkey multiple-comparison
post-hoc test.  P<0.05 was considered statistically significant.

Results

Changes in hemodynamics  Figures 1–3 show changes
in LVP, dp/dtmin, dp/dtmax, and HR of hearts in each of the four

groups during the time course of the experiment.  There was
no difference in baseline hemodynamics among experimen-
tal groups.  A concentration-dependent depression of left
ventricular systolic pressure (LVSP), dp/dtmax, and heart rate
was observed after 15 min of isoflurane treatment.  After 60
min of reperfusion, hemodynamic function decreased in each
group compared with baseline values.  Left ventricular end
diastolic pressure (LVEDP) was lower in the three isoflurane-
preconditioning groups than in the CON group at 30 and 60
min reperfusion, but there was no significant difference in
LVSP, dp/dtmin, dp/dtmax, and HR among the four groups.

Infarct size  Figure 4 shows that the infarct size of the
CON group was 56%±12%, isoflurane-preconditioning
(0.5%,1.0%, and 2.0 %) significantly reduced infarct size to
41%± 12%, 32%±7%, and 33%±11%, respectively (P<0.05).
But there was no significant difference among the three
isoflurane-preconditioning groups.

Morphology of isolated mitochondria  Electron micros-
copy analysis (×10 000) reveals basically formed membranes
and clearly discernable cristae in the mitochondria isolated
from hearts.  The outer membranes of mitochondria isolated
from CON groups were partly disrupted, and mitochondria
were severely swollen, with fragmentation of the cristae.
Isoflurane preconditioning attenuated morphological changes
of mitochondria after ischemia and reperfusion.  Mitochon-
dria in the 2% isoflurane-preconditioned group appeared to

Figure 1.  Time course of left ventricular pressure (LVP) and left ventricular end diastolic pressure (LVEDP) in CON group and isoflurane
preconditioning groups. Isoflurane caused a significant decrease in systolic LVP in a concentration-dependent manner, but after reperfusion no
difference between groups was observed. Isoflurane preconditioning group showed a lower elevation of LVEDP vs  untreated control hearts after
15 min of reperfusion, whereas there was no difference among the isoflurane preconditioning groups. n=10. Mean±SD. bP<0.05 vs CON.



816

 Acta Pharmacologica Sinica ISSN 1671-4083Qian LP et al

be morphologically better than those of the other precondi-
tioning groups.

   Western blot analysis of the release of mitochondrial
cytochrome c  Isoflurane-preconditioning reduces ischemia
reperfusion-induced cytochrome c release from the mitochon-
dria in a concentration-related manner.  The results showed
the amounts of cytosolic cytochrome c significantly
decreased (P<0.05 vs CON group) in an isoflurane concen-
tration-related manner, while the amounts of mitochondrial
cytochrome c markedly increased (P<0.05 vs CON group).
The results indicate that mitochondrial dysfunction occurred
after reperfusion and was attenuated by isoflurane-precon-

Figure 2.  Time course of dp/dtmax (contractility) and dp/dtmin (relaxation) in CON group and isoflurane preconditioning groups. dp/dtmax and
dp/dtmin were depressed during isoflurane exposure. During the early reperfusion, the contraction and relaxation indices were improved in
isoflurane preconditioning group compared with non-treated ischemia hearts, but no significant difference between the isoflurane precondi-
tioning groups was observed at the end of the experiments. n=10. Mean±SD. bP<0.05 vs CON.

Figure 3.  Time course of heart rate (HR) in CON group and isoflurane preconditioning groups. Isoflurane exposure caused a decrease of HR
in a concentration-dependent manner. After the onset of reperfusion among the four groups there was no significant difference. n=10.
Mean±SD. bP<0.05 vs CON.

Figure 4.  Effects of isoflurane preconditioning on the infarct size
of hearts at the end of reperfusion in CON group and isoflurane
preconditioning groups.  n=6.  Mean±SD.  bP<0.05 vs CON.



Http://www.chinaphar.com Qian LP et al

817

ditioning (Figure 6).

Discussion

In the present study, by Western blot examining of cyto-
chrome c in mitochondria and cytosol, we observed that
isoflurane increased the content of cytochrome c in mito-
chondria while reduced it in cytosol in a concentration-de-
pendent manner.  Isoflurane at concentration of 2% showed
the most significant effect on cytochrome c loss in the
mitochondria.  Furthermore, mitochondria isolated from three
isoflurane preconditioning groups were morphologically bet-
ter than that isolated from CON.  Similarly, isoflurane pre-
conditioning significantly reduced the infarct size of hearts
at the end of reperfusion.  Therefore, we concluded that
cytochrome c release from the mitochondria played a key
role in the pathogenesis of ischemia/reperfusion injury and
myocardioprotective effects of isoflurane preconditioning

were associated with the attenuation of cytochrome c loss
from the inner membrane of subsarcolemmal mitochondria.

Cytochrome c is a 12-kDa protein which functions in the
mitochondrial electron transport chain.  At physiological ionic
strength, cytochrome c diffuses in the aqueous phase be-
tween the inner and outer membranes (outer compartment)
and between complex III (cytochrome bc1) and complex IV
(cytochrome aa3).  But as a small and water-soluble molecule,
cytochrome c is easier to be released from mitochondria than
other mitochondrial proteins.  Studies have shown that the
loss of cytochrome c from mitochondria could occur during
ischemia and after reperfusion[9,10].  Ischemia tolerance in-
duced by sublethal ischemia is associated with mitochon-
drial protection (attenuating cytochrome c release from
mitochondria) in vitro and in vivo[5].

Increasing evidence suggests that lethal reperfusion
injury possibly consists of two forms of cell death, necrosis
and apoptosis.  The apoptotic process is initiated shortly

Figure 5.  Electronic micrographs of mitochondria isolated from myocardium of CON group and isoflurane preconditioning groups. ×10 000.
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after the onset of ischemia, and becomes markedly enhanced
during reperfusion.  Inhibition of the apoptotic process can
then attenuate irreversible injury in connection with
reperfusion[11].  One of the main mechanisms of cellular death
induced by ischemia/reperfusion appears to be mitochon-
drial dysfunction.  The cytochrome c release from mitochon-
dria is a rapid and apoptosis-specific process within 1 h after
the induction of apoptosis[12].  In the process of apoptosis,
cytochrome c is released from the mitochondria to cytosol
and caspase-3 is activated [13].  At the same time, the loss of
cytochrome c could also lead to the formation of free radicals,
and disturbances of oxidative phosphorylation.  Whether
the release of cytochrome c leads to necrotic or apoptotic
cellular death depends largely on intracellular ATP levels.
Most of this protein release from mitochondria to cytosol
results in ATP depletion associated with necrotic cell death.
Therefore, loss of cytochrome c is considered to be an indi-
cation of mitochondrial dysfunction[14,15].  Our results show
a possible involvement of mitochondria in the cellular death
pathway that is initiated during ischemia/reperfusion.  Com-
pared with the other groups, more cytochrome c of CON
group was released from mitochondria to cytosol.  Also the
infarct size in the CON group was higher than those of the
isoflurane preconditioning groups.  Isoflurane precondition-
ing attenuated cytochrome c release along with reduced in-

farct size.  Our study demonstrates for the first time in iso-
lated hearts that isoflurane preconditioning is able to at-
tenuate cytochrome c release from mitochondria in a con-
centration-dependent manner.  Meanwhile, isoflurane pre-
conditioning significantly deceased infarct size and morpho-
logically ameliorated mitochondria injury suffered from is-
chemia and reperfusion.  This result also indicated that the
redistribution of cytochrome c was highly correlated with
cellular death.

The mechanism by which isoflurane preconditioning in-
duces mitochondrial tolerance via attenuating cytochrome c
loss is not clear.  The effect of preconditioning may first be
on cytosolic factors, which lead to mitochondrial tolerance
that persists until mitochondria were isolated for testing.
Mitochondrial ATP-sensitive potassium (KATP) channels ap-
pear to be involved in the process of anesthetics-precondi-
tioning[15–21].  Recent studies have shown that activation of
KATP channels reduces the loss of mitochondrial cytochrome
c through the protein kinase C signaling[22].  Anesthetic-
induced preconditioning reduced cytosolic Ca2+ loading, one
factor of cytochrome c release, in part through mitochon-
drial KATP channels[15,23].  Furthermore, Bcl-2 family proteins
are important endogenous factors in regulating cytochrome
c release from mitochondria, in which antiapoptotic proteins
(eg, Bcl-2, Bcl-XL, etc) inhibit, but proapoptotic proteins (eg,

Figure 6.  Western blot analysis of cytosolic and mitochondrial cytochrome c in CON group and isoflurane preconditioning groups.  Left,
cytochrome c from the cytosolic fraction in the control and three isoflurane preconditioning (0.5%, 1.0%, and 2.0%) groups. Right,
cytochrome c from the mitochondrial fraction. The results show the amount of cytosolic cytochrome c significantly decreased by isoflurane
in a concentration-dependent manner, while the amounts of mitochondrial cytochrome c markedly increased. n=4. Mean±SD. bP<0.05 vs
CON. eP<0.05 vs 0.5%  ISC. hP<0.05 vs 1.0% ISC.
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Bax, Bad, etc) enhance, cytochrome c release[24,25].  Therefore,
the expression and redistribution of Bcl-2 family proteins is
possibly another important factor of isoflurane precondi-
tioning inducing mitochondria tolerance by attenuating cy-
tochrome c release.  There is evidence that ischemia and
some pharmacological preconditioning are able to induce
transcription and expression of Bcl-2 and Bcl-XL without
changing transcription and the expression of Bax[26–28].

In the present study, isoflurane preconditioning reduced
cytochrome c loss from mitochondria in a concentration-
dependent manner.  There was a remarkable reduction in
cytochrome c release associated with higher concentrations
of isoflurane preconditioning.  However, infarct size was no
further reduced by 2.0% isoflurane, which indicated that
isoflurane preconditioning reduced infarct size with a peak
effect at a concentration of approximately 1%.  Although the
release of  cytochrome c  from mitochondria is the main path-
way of cellular death, it is not the only one.  For example,
members of the death receptor family, such as the Fas recep-
tor and the tumor necrosis factor receptor also play a role in
cellular death.  Isoflurane preconditioning significantly at-
tenuated cytochrome c release, but the effects of isoflurane
preconditioning on other cell death signaling pathways is
unclear.  It is possible that other pathways of inducing cellu-
lar death contributed to the myocardial infarct in 2.0% ISC
group.  In the present study, however, it can be inferred that
isoflurane preconditioning can protect against myocardial
ischemic/reperfusion injury in part through attenuating cy-
tochrome c loss.  At the same time, it is not appropriate to tell
directly whether the cytochrome c release from mitochon-
drial is likely to be a final step or trigger factor of myocardial
injury from the present study.  Further studies should be
taken to examine if blocking of isoflurane preconditioning
could abolish the attenuated release of cytochrome c.

In conclusion, the present study demonstrated that
isoflurane preconditioning was capable of protecting against
myocardium ischemia/reperfusion injury in part by attenuat-
ing the release of cytochrome c from the mitochondria.
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Taurine inhibits ischemia/reperfusion-induced compartment syndrome
in rabbits1
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Abstract
Aim: To investigate effects of taurine on ischemia/reperfusion (I/R)-induced com-
partment syndrome in rabbit hind limbs.  Methods:   Rabbits underwent femoral
artery occlusion after ligation of branches from terminal aorta to femoral artery.
After a 7-h ischemia, reperfusion was established with the use of heparinized
polyethylene shunts.  Rabbits received taurine (1 g/kg) or normal saline (control)
by iv infusion 10 min before shunt placement.  During reperfusion, anterior com-
partment pressure (ACP) was monitored continuously in the left lower extremity.
Gastrocnemius muscle triphenyltetrazolium chloride (TTC) level, taurine content
and myeloperoxidase activity were assayed.  Oxidative stress was induced in the
in vitro gastrocnemius muscle slices by free radical generating systems (FRGS),
and the malondialdehyde content was measured in presence or absence of taurine.
Results:   After 7 h of ischemia, none of the parameters that we measured were
different from those before ischemia, except that TTC reduction decreased by
80%.  In the control group, after 2 h of reperfusion, ACP increased 4.5-fold, and
gastrocnemius muscle taurine content was reduced by 33%.  In taurine-treated
animals, at 2 h reperfusion, the mean arterial blood pressure and heart rate were
increased, by 6% and 10%.  ACP decreased by 39%, muscle edema decreased by
16%, TTC reduction increased by 150%, and lactate dehydrogenase decreased by
36% compared to control group.  Plasma and muscle taurine content increased by
70% and 88%, respectively.  In the taurine-treated group, at 2 h reperfusion, plasma
malondialdehyde and conjugated diene  content were decreased by 38% and 23%,
respectively, and muscle malondialdehyde and conjugated diene content decreased
by 22% and 30%, respectively compared to the control group.  At 2 h reperfusion,
myeloperoxidase activity was increased 3.5-fold  in control animals.  In the in vitro
study, taurine decreased malondialdehyde content in muscle slices incubated
with hypochlorous acid in a dose-dependent manner, but there was no change
when incubated with hydrogen peroxide and xanthine oxidase.  Conclusion:   Treat-
ment with taurine inhibited I/R-induced compartment syndrome by at least in part
attenuating oxidative stress injury induced by I/R, suggesting clinical application
of taurine might be a new strategy for the prevention and treatment of compart-
ment syndrome.
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 Introduction
Compartment syndrome is characterized by increased tis-

sue hydrostatic pressure within a closed fascial space and
by secondary compromise of skeletal-muscle capillary
perfusion, with resultant ischemia, tissue necrosis and po-
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tential systemic toxicity[1].  The exact mechanisms of com-
partment syndrome are poorly understood; thus, effective
treatments are deficient.  The surgical management of com-
partment syndrome has changed little in the 70 years since
fasciotomy was first described.  Although effective, fascio-
tomy increases morbidity, length of hospitalization and pa-
tient suffering, and may require subsequent skin grafting.
Prevention of compartment syndrome by pharmacological
methods, therefore, is an attractive prospect.

Ischemia/reperfusion (I/R) injury is one of the main fac-
tors contributing to increased anterior compartment pres-
sure (ACP) and tissue necrosis after trauma.  I/R disturbs
oxygen-derived free radical metabolism and induces lipid
peroxidation injury, which is considered to be the most im-
portant mechanism of I/R injury pathogenesis[2].  Recently,
more attention has been paid to the application of free radi-
cal scavengers and cytoprotective agents[3,4].

Taurine (2-aminoethane sulfonic acid), a sulfur-contain-
ing amino acid derived from the metabolism of methionine, is
the most abundant intracellular amino acid in humans and is
implicated in numerous biological and physiological
functions.  Taurine is not used in protein synthesis but rather
is found free or in simple peptides.  The diet of healthy indi-
viduals is the major source of taurine, although in the pres-
ence of vitamin B6, taurine is also synthesized from methion-
ine and cysteine.  Taurine has been considered to be a strong
endogenous cytoprotective agent.  Its bioactions include
inhibition of lipid peroxidation, detoxification, membrane
stabilization, osmoregulation, modulation of cellular calcium
levels, and it possibly acts physiologically as a trap for hy-
pochlorous acid (HOCl).  Exogenous administration of tau-
rine has a preventive and therapeutic effect on tissue I/R inju-
ries to the heart[5], liver[6], kidney[7] and hind limb muscles[8].
To explore the possibility of taurine therapy for compart-
ment syndrome, we observed the alterations in muscular tau-
rine content in the hind limbs of rabbits with I/R-induced
compartment syndrome and the therapeutic effects of supple-
mental taurine on anterior compartment pressure and tissue
damage.

Materials and methods

Reagents  Taurine, triphenyltetrazolium chloride (TTC),
sulphosalicylic acid, 3,3',5,5'-tetramethylbenzidine (TMB),
thiobarbituric acid and 1,1,3,3-treaethyloxypropane were
purchased from Sigma Company (St Louis, MO, USA).  Other
chemicals and reagents were of analytical purity.

Animals  White rabbits weighing 1.5 kg to 2.0 kg were
purchased from the Animal Center, Health Science Center,

Peking University (Beijing, China).  All animal experiments in
this study were carried out with the approval of the Animal
Care Committee of the First Hospital, Peking University, in
accordance with the Chinese Council on Animal Care
Guidelines.  The rabbits were divided randomly into a tau-
rine-treated group and a control group.

Preparation of ischemia-induced  compartment  syn-
drome model[9].  Briefly, white rabbits were anesthetized with
intramuscular ketamine HCl (40 mg/kg) and acepromazine
maleate (1 mg/kg) supplemented with 0.5% lidocaine HCl.  A
PE-50 tube filled with 0.9% NaCl and 10 kIU/L heparin was
inserted into the right common carotid artery through a neck
midline incision.  The mean arterial blood pressure (MABP)
and heart rate (HR) were recorded on a microcomputer-con-
trolled physiological polygraph (PowerLab, 4s, Castle Hilllo-
cation, Australia).  A venous catheter was inserted into the
right external jugular vein for collecting blood.  A lower mid-
line incision was made and extended across the groin.  The
dissection was carried caudally to the popliteal arteries.  All
arterial branches of the aorta, including the internal iliac
arteries, were isolated, ligated with 4-0 silk sutures, and
divided.  The right hind limb was used for tibialis anterior
muscle sampling for determination of TTC levels.  The left
hind limb was preserved for monitoring ACP.  Ten minutes
before ligation of both femoral arteries, animals given sys-
temic infusions of heparin (100 IU/kg) to prevent aortic
thrombosis.  Just before femoral artery ligation, a full-thick-
ness tibialis anterior muscle sample of the right hind limb
was obtained to determine content of TTC, malondialdehyde
and conjugated diene (CD), and venous blood was collected
for assay of plasma malondialdehyde and CD content.  After
arterial ligation, the wounds were closed in a single layer
with 3-0 silk sutures.  The animals were allowed to recover
and placed individually in a padded heated pen.

At the completion of the 7 h ischemic period, the animals
were re-anesthetized and the lower midline incision and leg
wounds were opened.  Circulation between the proximal and
the distal femoral arteries was restored by interposing a he-
parin-flushed polyethylene (PE 200) shunt.  Five minutes
before shunt placement, the animals received intravenous
injections of heparin (100 IU/kg).  Just before re-establish-
ment of arterial flow, samples of tibialis anterior muscle were
again obtained from the right hind limb.  The pressure within
the anterior muscle compartment of the left hind limb was
measured with the use of the slit catheter technique, the
catheter being connected to a saline-filled central venous
pressure manometer[10].  Compartment pressure was moni-
tored continuously and recorded at 1 h and 2 h of reperfusion.
Beginning 10 min before shunt placement, experimental ani-
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mals received 20 min intravenous infusions of taurine
(1 g/kg in 8 mL normal saline) and the control group received
8 mL/kg normal saline only.  Lactated Ringer’s solution
(10 mL·kg-1·h-1) was infused via an ear vein throughout each
experiment.  At the completion of each experiment, animals
were humanely killed via lethal urethane injection.

Measurement of taurine content in plasma and gastroc-
nemius muscle  Gastrocnemius muscle samples (0.2 g) were
homogenized in 5 volumes of normal saline.  The homoge-
nate was mixed with 5 volumes of 10% sulphosalicylic acid
and centrifuged at 1000×g for 10 min at 4 oC.  Plasma was
obtained from collected blood by centrifugation at 2500×g
for 10 min at 4 ºC.  Taurine content in the tissue supernatant
and plasma was determined by use of a high-performance
amino acid analyzer (Hitachi Model 835, Hitachi, Japan).

Assay for TTC content and dry:wet ratios of tibialis an-
terior muscle  The details of reduced TTC content as an
estimate of oxidative metabolism have been reported by Belkin
et al[11]

.  A spectrophotometric standard curve was con-
structed before each experiment.  The TTC assay was re-
peated in duplicate at each of the experimental phases.  In
addition, at these intervals, minced samples of tibialis ante-
rior muscle were weighed and allowed to dry at 90 ºC for
24 h.  Samples were then re-weighed, and the dry weight :
 wet weight ratio value was calculated.  These determina-
tions were also carried out in duplicate.

Measurement of gastrocnemius muscle myeloperoxidase
activity[12]  Tissue myeloperoxidase activity was assessed
by measuring the H2O2-dependent oxidation of TMB.  The
reactive mixture contained 2.1 mL of buffer-based (0.1 mol/L
potassium phosphate buffer, pH 5.4) solution of H2O2

(0.1 mmol/L), 0.6 mL of the same buffer and 0.1 mL of TMB
(1.6 mmol/L).  The reaction was started by adding 200 µL of
extract of tissue (at a protein concentration of 0.20 g/L), and
the absorbance was measured every minute for 4 min.  One
unit of enzyme activity was defined as the amount of
myeloperoxidase present that caused a change in absorbance
of 1.0/min at 655 nm.

Assay of plasma lactate dehydrogenase (LDH) activity
and content of malondialdehyde and CD in muscle and plasma
Plasma LDH activity was measured by use of an automatic
biochemistry analyzer.  Malondialdehyde content was mea-
sured by use of the thiobarbituric acid reaction.  Standard
malondialdehyde was prepared by acid hydrolysis of 1,1,3,
3-treaethyloxypropane[13].  CD content was determined ac-
cording to the method reported by Waller et al[14].

Incubation of muscle slices with oxidative stress in vitro
The gastrocnemius were taken from another 6 normal anes-
thetized rabbits, and tissue slices (3 µm) were prepared.  The

50 mg of prepared muscle slices was incubated in 1 mL of
Krebs-Henseleit buffer at 37 oC, equilibrated with 95% O2

and 5% CO2.  The muscular oxidative stress was induced in
vitro by adding three exogenous free radical-generating sys-
tems (FRGS): 400 µmol/L HOCL, 1.0 mmol/L hydrogen per-
oxide (H2O2), or an enzymatic system, composed of 20 IU/L
of xanthine oxidase (XO) and its substrate xanthine (Xn,
0.5 mol/L).  In each group, taurine (0, 5, 10, and 20 mmol/L)[15]

was added.  At the end of the incubation (10 min and 20 min,
respectively), tissue slices were washed 3 times with ice-
cold Krebs-Henseleit buffer, and homogenized for
malondialdehyde determination.

Statistical analysis  The data are expressed as mean±SD.
Statistical analyses comparing multiple variables were car-
ried out using ANOVA with the Student-Newman-Keuls test.
For comparisons between 2 variables, the unpaired Student’s
t-test was used.  P<0.05 was considered statistically
significant.

Results
Ischemia/reperfusion-induced compartment syndrome

in rabbits  After 7 h of ischemia, the MABP, HR, ACP, mus-
cular dry:wet ratio, taurine content and plasma LDH activity
remained unchanged, but the TTC level was reduced by 80%
(P<0.01).  Compared with 7 h ischemia, 2 h reperfusion re-
sulted in decreased MABP and HR (P<0.01); however, ACP
increased 4.5-fold (P<0.01) (Figure 1) and plasma LDH activ-
ity increased 2.5-fold (P<0.01).  Muscles showed edema, the
dry:wet ratio decreased by 14%, and taurine content was
reduced by 33% in gastrocnemius muscle, but increased by
37% in plasma.  The muscular TTC level was not further
altered from that after ischemia (Table 1).

Figure 1.  Changes in anterior compartment pressure (ACP).  cP<0.01
vs control at 7 h ischemia; fP<0.01 vs control at 2 h reperfusion.
n=8. Mean±SD. cb, control basal; ci, control ischemia; cr, control
reperfusion; tb, taurine basal; ti, taurine ischemia; tr, taurine
reperfusion.
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Treatment with taurine inhibited skeletal muscle I/R
injury  After ischemia, the values of various parameters were
not statistically different between the control and taurine
groups.  At 2 h reperfusion, the administration of taurine
before reperfusion resulted in a stable MABP and HR, the
values being higher than those in the control group (P<
0.01).  The ACP was lowered by 39% (P<0.01).  The muscular
dry:wet weight ratio increased by 16%.  Tissue taurine con-
tent was elevated by 88%, but plasma LDH activity was de-
creased by 36% (P<0.01).  Muscular TTC content was 1.5-
fold higher than controls (Table 1).

Treatment with taurine inhibited muscular myeloperoxi-
dase activity induced by I/R  After 7 h of ischemia, the gastroc-
nemius muscle myeloperoxidase activity remained unchanged.
However, 2 h reperfusion resulted in a significant 3.5-fold
increase in gastrocnemius muscle myeloperoxidase activity
(P<0.01).  Administration of taurine before reperfusion inhib-
ited the myeloperoxidase activity by 48% compared with the
control group (P<0.01, Figure 2).

Supplementation of taurine attenuated lipid-peroxida-
tion injury induced by I/R  Ischemia (7 h) alone did not
significantly change the levels of plasma and muscular
lipid peroxidation products from those before ischemia
(all P>0.05).  After 2 h of reperfusion, the control group
rabbits showed a significant increase in malondialdehyde
and CD content in plasma and tibialis anterior muscle
compared with before reperfusion (all P<0.01).  The tau-
rine group showed an inhibited formation of lipid per-
oxidation products: decreased plasma and muscle malo-
ndialdehyde content, by 38% and 22% (P<0.01), and de-
creased CD content, by 23% and 30% (P<0.01), respec-
tively, compared with the control group (Table 2).

Protective effects of taurine against in vitro FRGS-
induced oxidative stress  In our experiment the concen-
trations of three FRGS all induced lipid peroxidation, and
malondialdehyde content increased to a resemble level
(P<0.01).  Taurine decreased malondialdehyde content
in a concentration-dependent manner in tissue slices in-
cubated with H2O2 for 20 min (P<0.01) and 20 mmol/L tau-
rine slightly decreased malondialdehyde content in tis-
sue slices incubated with H2O2 for 10 min (P<0.05).  Tau-
rine did not change malondialdehyde content when in-
cubated with XO and Xn (produced O2

–) (P>0.05).  In
muscle slices incubated with HOCl, taurine decreased
malondialdehyde content in a concentration- and time-
dependent manner (P<0.01).  The effect was stronger
than that against H2O2 and O2

– (Figure 3, 4).

Table 1.  Mean arterial blood pressure (MABP) (mmHg), heart rate (HR) (beat/min), anterior compartment pressure (ACP)(mmHg), dry
weight : wet weight ratios, content of triphenyltetrazolium (TTC) (µg/mg protein) and taurine (µmol/L, µmol/g ww) and activity of lactate
dehydrogenase (LDH)(IU/L) in plasma of rabbits with compartment syndrome.  n=8.  Mean±SD.  cP<0.01 vs control basal.  fP<0.01 vs control
ischemia 7 h; gP<0.05; iP<0.01 vs control reperfusion 2 h.

                                                                          Control                                          Taurine
                                  Basal              Ischemia    Reperfusion               Basal                 Ischemia        Reperfusion

MABP      90±3      93±4      84±3f      93±4      95±5      89±3h

HR    262±14    280±16    228±20f    277±12    288±19    251±17i

Dry:wet weight ratio   0.23±0.01   0.22±0.02   0.19±0.02f   0.23±0.01   0.22±0.01   0.22±0.02i

Taurine content
      Plasma    204±17    211±14    288±23f    218±15    222±14    488±31d

      Muscle 16.62±1.22 16.07±1.16 10.74±2.72f 17.04±1.06 16.22±1.17 20.20±3.11i

LDH in plasma 30.27±2.61 28.85±2.66 101.2±16.7f 26.42±3.27 31.33±2.86 64.74±12.88i

TTC in muscle   5.22±1.46   1.07±0.11c   0.92±0.13   4.98±1.11   1.18±0.10   2.28±0.24i

Figure 2.  Changes of gastrocnemius muscle myeloperoxidase (MPO)
activity.  n=5.  Mean±SD.  cP<0.01 vs control at 7 h ischemia.  fP<0.
01 vs control at 2 h reperfusion.  cb, control basal; ci, control ischemia;
cr, control reperfusion; tb, taurine basal; ti, taurine ischemia; tr,
taurine reperfusion.
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Discussion
A realistic, working definition of compartment syndrome

is skeletal muscle injury that leads to partial or total destruc-
tion of the integrity of cell walls, with partial or total release
of intracellular contents into the interstitial fluid space.  Once
in the interstitial fluid, these contents change the osmotic
gradient of the tissues, with a subsequent shift of fluid from
the circulation to the injured tissues, increasing the pressure
within muscles encased in fascial sheaths.  In compartment
syndrome, swelling caused by the osmotic gradient increases
the local pressure above the systolic pressure and hence
suppresses blood flow within the muscular anatomic unit.
This process leads to prolonged ischemia and further cell
death with the additional release of intracellular contents.

The exact mechanism of compartment syndrome is not
fully understood.  Perler et al[16] reported that free radical-
mediated reperfusion injury was the most important factor in
compartment syndrome.  Ablating free radicals by scaveng-
ing superoxide radicals at reperfusion with superoxide
dismutase or by blocking secondary hydroxyl radical forma-
tion with deferoxamine significantly ameliorated the increased
compartment pressure and improved muscle I/R injury.  Oxi-
dative stress can lead to compartment syndrome, as ischemia
and hypoxia, reperfusion-induced alteration of intracellular
osmostasis, induced cellular swelling, Ca2+ overload, de-
creased stability of cell membranes and leaking cytosolic
enzymes.

Taurine is a strong endogenous cytoprotective agent and
has multiple functions such as in membrane stabilization,
detoxification, antioxidation, osmoregulation and calcium
modulation[17].  Because taurine has protective effects in I/R
injury in various organs[5–7], we investigated its possible ef-
fect in protecting skeletal muscle against I/R-induced com-

Figure 3.  Protective effects of taurine (0, 5, 10, 20 mmol/L) against
free radical-generating system (FRGS)-induced oxidative stress.  In-
cubation continued for 10 min.   n=6.  Mean±SD.

Figure 4.  Protective effects of taurine (0, 5, 10, 20 mmol/L) against
free radical generating system (FRGS)-induced oxidative stress.  In-
cubation continued for 20 min.  n=6.  Mean±SD.

Table 2.  Content of malondialdehyde (nmol/mg protein) and conjugated diene (CD) in plasma and muscle of rabbits with compartment
syndrome.  n=8.  Mean±SD.  cP<0.01 vs control ischemia 7 h.  fP<0.01 vs control reperfusion 2 h.

                                                                      Control                                     Taurine
                            Basal      7-h Ischemia       2-h Reperfusion         Basal        7-h Ischemia         2-h Reperfusion

Malondialdehyde content
     Muscle 22.8±3.2 24.0±4.1 39.3±5.0c 25.7±3.3 23.1±4.6 30.7±5.2f

     Plasma 2.78±0.26 2.46±0.24 5.79±1.12c 2.51±0.31 2.97±0.27 3.58±0.41f

CD content
    Muscle 1.17±0.21 1.33±0.31 2.02±0.48c 0.93±0.31 1.18±0.41 1.48±0.38f

     Plasma 0.85±0.22 0.79±0.31 1.55±0.22c 0.79±0.21 0.91±0.31 1.19±0.22f
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partment syndrome.
We chose the rabbit hind-limb model of compartment

syndrome because the fascial compartments of rabbits are
anatomically similar to those of humans.  The elevation in
ACP after 2 h of reperfusion was dramatic.  The tissue
showed edema, and the intracellular contents leaked into the
extracellular space.  TTC-level reduction, an indirect mea-
sure of oxidative metabolism, was decreased during ischemia
and reperfusion and indicated that muscle viability was
reduced.  These observations have been reported in the lit-
erature[9].  During reperfusion, the taurine content of the gas-
trocnemius muscle was significantly reduced but that in
plasma increased, which suggests increased release of tau-
rine content out of the tissue.  Administration of taurine
before reestablishment of arterial flow increased tissue tau-
rine content and resolved features of the compartment
syndrome: MABP and HR were restored, ACP declined, and
muscular edema and necrosis were relieved.  Zhang et al[8]

reported that taurine improved rat hind-limb I/R injury in-
duced by a tourniquet through inhibiting lipid peroxidation.
In this study, we found that malondialdehyde and CD levels,
the final products of lipid peroxidation, were elevated during
reperfusion, but pretreatment with taurine effectively inhib-
ited the formation of lipid-peroxidation products, which sug-
gests that taurine could be effective in ameliorating com-
partment syndrome.  To illustrate the pathway by which tau-
rine inhibited lipid peroxidation, we observed myelo-peroxi-
dase activity in gastrocnemius muscle from rabbits with I/R
injury.  Muscular myeloperoxidase activity increased signifi-
cantly showed that neutrophil infiltrated and HOCl induced
oxidative stress injury during I/R.  The results from these in
vitro studies further confirmed that taurine could reduce the
level of oxidative injury caused by HOCl specifically.

Taurine is a sulfur-containing amino acid, the most abun-
dant free amino acid in excitable tissues and cells, including
those in nerves and muscles.  Experimental data reveals that
many functions of taurine, such as membrane stabilization,
osmoregulation and calcium modulation, could be consid-
ered to be beneficial for compartment syndrome.  Transport
of taurine across cell membranes is one of the major steps in
its physiological roles.  For example, the biophysical and
biochemical properties of taurine make it an excellent candi-
date for osmoregulation.  During hyper-osmolar conditions,
the increase in cell taurine content appears to be achieved
primarily by active transport of taurine into the cell, while
under hypo-osmolar conditions, a decrease in intracellular
taurine content is a consequence of a marked stimulation in
taurine efflux, which protects cells from dehydration with
edema[18].  Taurine regulates the metabolism of phospholipid,

the main content of the cellular membrane, and directly af-
fects the stability of the membrane.  In addition, taurine main-
tains the homeostasis of calcium by regulating the interac-
tion between Ca2+ and the membrane[19].

In addition, taurine is an antioxidative agent and pre-
vents injury from lipid peroxidation.  However, the mecha-
nism by which it does this is unclear.  In the present study,
muscular myeloperoxidase activity was increased signifi-
cantly in I/R-induced compartment syndrome, which sug-
gested that HOCl-induced oxidative stress might play an
important role in I/R-induced compartment syndrome.  Aneja
et al[20] reported that extensive I/R-induced tissue injury was
associated with neutrophil infiltration and myeloperoxidase
activity enhancement.  Myeloperoxidase is a major neutro-
phil protein and is also present in monocytes.  In neutrophils,
it is stored in azurophilic granules and released during
phagocytosis.  It is a heme enzyme that uses the superoxide
and hydrogen peroxide generated by the neutrophil oxida-
tive burst to produce hypochlorous acid and other reactive
oxidants.  The role of HOCl is well established in tissue dam-
age associated with reperfusion injury.  HOCl is a major oxi-
dant produced by neutrophils and monocytes, via the
myeloperoxidase-catalyzed oxidation of chloride by hydro-
gen peroxide.  HOCl is a potent oxidant capable of damaging
host tissue during inflammation[21].  The strong oxidizing
species HOCl plays a highly significant role in the bacteri-
cidal function of the neutrophil.  However, inappropriate and/
or excessive activation of neutrophils leads to oxidative stress
and collateral damage to surrounding tissues.

As an antioxidant, taurine could effectively antagonize
the toxic effect of HOCl.  More recent information has re-
vealed that taurine could interact with peroxide anions to
form stable products such as taurine chloramine (TauCl).
TauCl is formed through the sequestration of taurine with
HOCl and has been found to be an exceptionally stable and
long-lived compound with cytoprotective properties due to
its ability to preserve cellular function in response to physi-
ological stress[19].  In in vitro studies, taurine greatly inhib-
ited lipid peroxidation induced by OCl–, indicating the impor-
tant protective role of taurine against OCl– attack[22].  It is
reasonable that taurine ameliorates ACP in compartment syn-
drome induced by I/R at least in part through scavenging
HOCl and attenuating lipid peroxidation.

At present, the only approach to relieving compartment
syndrome is surgical fasciotomy to allow decompression of
the elevated intracompartmental pressure, thereby facilitat-
ing microvascular perfusion.  Although highly effective,
fasciotomy is an imperfect treatment, so effective pharmaco-
logical approaches to treat compartment syndrome are
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required.  Taurine is an endogenous substance in the body;
it is therefore not associated with toxicity or drug dependence,
and is well tolerated when used clinically[23].  It is reasonable
to suggest that the clinical application of taurine could be a
new strategy for the prevention and treatment of compart-
ment syndrome.
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Introduction
The persistent sodium current (INa.P) in ventricular

myocytes results from inactivate-resistant sodium channels
continuing to open for long periods during prolonged
depolarization.  It plays an important role in maintaining the
plateau of the action potential (AP), determining AP dura-
tion and transmural dispersion of repolarization, and devel-
opment of cardiac arrhythmias[1].  Some studies suggest that
hypoxia can increase cardiomyocyte INa.P and the potenti-
ated INa.P can induce intracellular calcium overload and is-
chemic arrhythmias[2,3].  Recently, we studied the mechanisms
of INa.P generation and augmentation in normoxic and hy-
poxic conditions.  The results suggest that excess nitric ox-
ide (NO) produced during hypoxia can increase ventricular
myocyte INa.P by oxidizing cell membrane sodium channel
protein, and the reducing agent dithiothreitiol (DTT) can
block the potentiated INa.P completely.  This implies that oxi-
dants can increase cardiac INa.P, and that reducing and the
antioxidation agents can reduce INa.P

[4].  A burst of hydrogen

peroxide (H2O2) is generated in the myocardium during
ischemia.  Its effects on cell damage and membrane lipid
peroxidation have been reported widely.  However, reports
on the effect of H2O2 on INa.P in ventricular myocytes are
scarce and contradictory[5,6].  In the present study, we exam-
ined the effects of H2O2 on INa.P in guinea pig ventricular
myocytes and explored the possible mechanisms underly-
ing them.

Materials and methods
Isolation of guinea pig ventricular myocytes  Adult

guinea pigs (250 g–300 g, of either sex, Grade II, Certificate
No 19-023, the Experiment Animal Center of Wuhan Univer-
sity of Science and Technology, Wuhan, China) were anes-
thetized with pentobarbital sodium (30 mg/kg, ip) 20 min af-
ter an intraperitoneal injection of 2000 units of heparin.  Hearts
were excised rapidly and perfused retrogradely on a
langendorff apparatus (with a Ca2+-free Tyrode’s solution
for 5 min), before the perfusate was switched to an enzyme-
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containing solution [0.1 g/L collagenase type I, 0.01 g/L pro-
tease E, 0.5 g/L bovine serum albumin (BSA) in the same
solution] for 8 min–10 min.  The perfusate was finally changed
to KB solution containing: 70 mmol/L KOH, 20 mmol/L
taurine,50 mmol/L glutamic acid, 40 mmol/L KCl, 20 mmol/L
KH2PO4, 3 mmol/L MgCl2, 0.5 mmol/L egtazic acid, 10 mmol/L
HEPES, and 10 mmol/L glucose, pH 7.4, for a 5 min period.
These perfusates were bubbled with 100% O2 and maintained
at 37 oC.  The ventricles were cut into small chunks and gen-
tly agitated in KB solution.  The cells were filtered through
nylon mesh and stored in KB solution at 4 oC.

Electrical recordings  Myocytes were transferred to a
chamber mounted on the mechanical stage of an inverted
microscope (XDS-1, Chongqing, China), and perfused with
normal Tyrode’s solution containing: 135 mmol/L NaCl, 5.4
mmol/L KCl, 1.8 mmol/L CaCl2, 1 mmol/L MgCl2, 0.33 mmol/L
NaH2PO4, 10 mmol/L HEPES, 10 mmol/L glucose, pH 7.4.  Patch
electrodes were pulled with a 2-stage puller (PP-830, Narishige
Group, Tokyo, Japan).  For whole-cell recordings, their resis-
tances were in the range of 1.5 MΩ–3 MΩ when filled with a
pipetted solution containing: 120 mmol/L CsCl, 1.0 mmol/L
CaCl2, 5 mmol/L MgCl2, 5 mmol/L Na2ATP, 10 mmol/L TEACl,
11 mmol/L egtazic acid, and 10 mmol/L HEPES, pH 7.3.  The
external solution was Tyrode’s solution with CdCl2 (200 µmol/L).
For single-channel recordings, the shanks of pipettes with
resistance of 6 MΩ–10 MΩ were coated with Sylgard and
the tips were heat polished.  The pipettes were filled with a
solution composed of 180 mmol/L NaCl, 1.3 mmol/L KCl, 1.
5 mmol/L CaCl2, 0.5 mmol/L MgCl2, 5 mmol/L Na2ATP, 3.
0 mmol/L CoCl2, 10 mmol/L TEACl, 10 mmol/L 4-AP, 10 mmol/
L CsCl, 5 mmol/L HEPES, and 5 mmol/L glucose, pH 7.4.  For
single-channel cell-attached recordings, the myocytes were
perfused with normal Tyrode’s solution.  For single-channel
inside-out recordings, the perfusate was composed of
120 mmol/L KCl, 0.1 mmol/L CaCl2, 2.0 mmol/L MgCl2, 0.
1 mmol/L egtazic acid, and 10 mmol/L HEPES, pH 7.4.  These
perfusates were bubbled with 100% O2.  All experiments were
carried out at room temperature (21±2 oC).  Currents were
obtained with a patch-clamp amplifier (EPC-9, Heka Electronic,
Lambrecht, Pfalz, Germany), filtered at 2 kHz, digitized at 10
kHz, and stored on a computer hard disk for further analysis.

Drugs and reagents  Collagenase type I and CsCl were
obtained from Gibco (GIBCO TM, Invitrogen Co., Paisley,
UK).  Protease E, 4-AP, TEACl, Na2ATP, and egtazic acid
were purchased from Sigma Chemical Co (Saint Louis,
Missouri, USA).  Bovine serum albumin, HEPES, and taurine
were obtained from Roche(Basel, Switzerland).  Tetrodot-
oxin (TTX) was purchased from Hebei Fisheries Research
Institute (Qinhuangdao, China).  H2O2 was a production of

Wuhan Zhongnan Chemical Reagent Co (Wuhan, China).
Reduced GSH was a product of Shanghai Bio Life Science
and Technology (Shanghai, China).

Data analysis  Whole-cell recordings were analyzed us-
ing PulseFit (V8.65, HEKA).  Current density was calculated
by dividing the current amplitude by the cell capacitance.
Single-channel recordings were analyzed using TAC+TACFit
(X4.0.9, Bruxton, Seattle, Washington, USA).  Capacitance
transients and leakage currents were nullified by off-line sub-
tracting fits of average blunt traces.  The channel activity
after a 50 ms depolarization pulse was calculated as persis-
tent sodium channel.  Open probability was calculated from
the total open times of 50 sweeps divided by the total sweep
duration.  Histograms of channel open time distribution were
fitted to single exponentials using TACFit.  All data were
expressed as mean±SD.  Student’s t-test was used for simple
comparisons and ANOVA was used when appropriate.  P<0.05
was considered to be statistically significant.

Results

H2O2 increases the amplitude of INa.P in a concentration-
dependent manner  The experiments were carried out in the
whole-cell configuration of the patch-clamp techniques.
Currents were evoked by a 500 ms pulse to -30 mV from a
holding potential of -120 mV.  TTX (1.5 µmol/L) blocked com-
pletely the smaller persistent inward current, but had less
effect on the transient sodium current (INa.T), (n=7 cells from
4 guinea pigs; Figure 1).  The recorded current was proved
to be INa.P.

Using the pulse protocol described above, 4 cells were
perfused with H2O2 (0.5 mmol/L) after the INa.P had stabilized.
INa.P began to increase at approximately 5 min and reached a

Figure 1.  Effect of tetrodotoxin (TTX) on persistent sodium cur-
rent (INa.P) in guinea pig ventricular myocytes.  The figure shows the
current curves before and after exposure to TTX (1.5 µmol/L).
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maximum at 10−12 min after perfusion with H2O2.  The cur-
rent is able to last for another 30 min at this level.  In another
8 cells, H2O2 was added into solution in a cumulative manner
after the control INa.P values were recorded.  Cells were per-
fused with H2O2 (0.1 mmol/L, 0.5 mmol/L and 1.0 mmol/L) and
GSH (1.0 mmol/L) at 10 min intervals, and the currents were
recorded in the same cell.  H2O2 increased the amplitude of
INa.P in a concentration-dependent manner, while GSH
reversed the increased INa.P (Figure 2).  The amplitude of INa.

P was recorded at 200 ms of the pulse to eliminate the effect
of INa.T.  H2O2 (0.1 mmol/L, 0.5 mmol/L, and 1.0 mmol/L) in-
creased the mean current density of INa.P from the control
value 0.385±0.032 pA/pF to 0.578±0.080 pA/pF , 0.763±0.094
pA/pF, and 1.007±0.179 pA/pF, respectively (n=8, P<0.01 vs
control).  The mean current density was decreased to 0.329±
0.063 pA/pF after the application of 1.0 mmol/L GSH (n=8,
P<0.05 vs control).

Effect of glutathione on persistent sodium channel
activity induced by H2O2  The experiments were carried out in

cell-attached and inside-out patches.  Currents were acti-
vated by a 700 ms voltage pulse to -50 mV from a holding
potential of -120 mV.

In cell-attached recording (the resting membrane poten-
tial was -74.6±7.7 mV, n=12, which was measured in current-
clamp mode under identical conditions), bath solution with 1
mmol/L H2O2 was used to perfuse the cell.  In 17 cell-attached
patches, persistent sodium channel activity increased re-
markably at 11.5±3.9 min.  The current type was changed
from background currents to burst currents (flaring up rap-
idly but subsiding over a very long period).  At 18.7 ± 4.7 min
the channel activity reached a maximum.  In 6 of the 17
patches, the channel activity could maintain for another 30
min at this level (Figure 3).

In 5 of the 17 patches, lidocaine (100 µmol/L) was added
to the bath solution and the increased INa.P was blocked com-
pletely at approximately 5 min (Figure 4).

We applied 1 mmol/L GSH in 6 other patches.  The pre-
sentation traces are shown in Figure 5.  Before exposure to
H2O2, channel activity was very low or often absent (Figure
5A).  After 10-min treatment with H2O2, persistent sodium
channel activity increased markedly (Figure 5B) and reached
a maximum at 20 min (Figure 5C).  GSH (1 mmol/L) reversed
the increase in sodium channel activity caused by H2O2

(Figure 5D).  H2O2 (1 mmol/L) increased the mean open prob-
ability and mean open time from control values of 0.015±
0.004 and 0.744±0.190 ms to 0.106±0.011 and 1.966±0.539 ms,
respectively (n=6, both P<0.01 vs control).  They were then
decreased to 0.039± 0.024 and 1.137±0.153 ms, respectively,

Figure 2.  Effect of H2O2 on persistent sodium current (INa.P) in guinea
pig ventricular myocytes.  (A) H2O2 (0.1 mmol/L, 0.5 mmol/L and
1.0 mmol/L) increases INa.P in a concentration-dependent manner,
and glutathione (GSH; 1.0 mmol/L) reverses the increased INa.P in-
duced by H2O2.  (B) The mean current densities of INa.P under different
conditions.  n=8 cells.  Mean±SD.  bP<0.05; cP<0.01 vs control.

Figure 3.  H2O2 increases persistent sodium channel activity in a
time-dependent manner.  The figure shows the mean open probabil-
ity changing course with time in cell-attached (n=6) and inside-out
(n=5) patches after the application of 1 mmol/L H2O2.  The abscissa
shows the action time of H2O2.  The ordinate shows the mean open
probability.  n=5–6 patches.  Mean±SD.  bP<0.05; cP<0.01 vs cell-
attached patches group.
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after the application of 1 mmol/L GSH (n=6, both P<0.01 vs
H2O2).  Figure 6 gives an example of corresponding all-time
histograms and mean open-time histograms from another cell-
attached patch.

The results for inside-out recordings were similar to those
for cell-attached recordings.  In the 10 inside-out patches,
persistent sodium channel activity increased markedly at
4.8±1.0 min and reached maximum at 9.6±1.6 min after the
application of 1 mmol/L H2O2.  Compared with the cell-
attached recordings, the times when the sodium channel
activity in inside-out recordings began to increase (4.8±1.0
min vs 11.5±3.9 min, P<0.01) and reached a maximum (9.6±1.6
min vs 18.7±4.7 min, P<0.01) were shorter.  In 5 of the 10
patches, the channel activity could be maintained for an-
other 30 min at this level (Figure 3).  In the other 5
patches, 1 mmol/L GSH was applied.  H2O2 (1 mmol/L) in-
creased the mean open probability and mean open time from
the control value 0.012±0.003 and 0.537±0.015 ms,respec-
tively, to 0.136±0.010 and 0.966±0.130 ms, respectively (n=5,
both P<0.01 vs control).  They were decreased to 0.027±0.006
and 0.672±0.042 ms, respectively, after the application of 1
mmol/L GSH (n=5, both P<0.01 vs H2O2).

Discussion
A large number of studies have reported that H2O2 in

cardiomyocytes is increased during ischemia.  The exces-
sive amount of H2O2 leads to intracellular Ca2+ overload and
cell damage.  Recent reports show that hypoxia can increase
INa.P in ventricular myocytes, induces intracellular sodium
overload, which promotes Ca2+ overload via reverse Na+-
Ca2+ exchange, and prolongs the duration of action potential
(AP) after-depolarization[2,3].  Thus, the present study on the
effect of H2O2 on INa.P is very important to further understand
the mechanisms of cardiomyocytes injury induced by H2O2,
and the nature of INa.P.

In whole-cell patch-clamp recordings, 1.5 µmol/L TTX
blocked completely the smaller inactivation-resistant inward
current (Figure 1).  Similarly, in cell-attached recordings, 100
µmol/L lidocaine blocked the potentiated inward currents
induced by H2O2 (Figure 4).  These results affirm that the
recorded currents are INaP.  Barrington et al reported that
there were no effects from a 30-min exposure to 1 mmol/L
H2O2 on the slowly inactivating sodium currents of feline
ventricular myocytes, so hydroperoxide could not induce an
intracellular sodium overload[5].  However, our study shows
that H2O2 increases the amplitude of whole-cell INa.P of guinea
pig ventricular myocytes in a concentration-dependent man-
ner (Figure 2) and the activity of persistent sodium channel
in both single-channel recordings (Figures 3–6).  These
results confirm that H2O2 can increase INa.P of guinea pig

Figure 4.  Lidocaine blocks persistent sodium channel activity induced by H2O2.  The individual current traces were evoked by a voltage step
to -50 mV from a holding potential of -120 mV in a cell-attached patch.  (A) Control, (B) H2O2 (1 mmol/L) and (C) lidocaine (100 µmol/L).



832

 Acta Pharmacologica Sinica ISSN 1671-4083Ma JH et al

ventricular myocytes, which is different from the report of
Barrington et al.  The disparity may be attributable to spe-
cies differences.  The result that H2O2 increases INa.P in a
concentration-dependent manner is similar to our previous
report that hypoxia increases the INa.P of guinea pig ventricu-
lar myocytes in a time-dependent manner[4], further suggest-
ing that the increase in INa.P is closely associated with reac-

tive oxygen species.  Ward and Giles observed that H2O2

produced a marked prolongation of the AP by slowing inac-
tivation of the TTX-sensitive sodium current, which was
verified by the single-channel cell-attached recording results
that late opening events were enhanced when 200 µmol/L
H2O2 was included in the recording pipette[6].  Bisindolyl-
amaleimide, the protein kinase C (PKC) blocker, significantly

Figure 5.   Effect of glutathione (GSH) on persistent sodium channel activity induced by H2O2.  The individual current traces were evoked by
a voltage step to -50 mV from a holding potential of -120 mV in a cell-attached patch.  The upper four traces in each of parts (A–D) are
original current records whereas the fifth trace in each panel shows the average of 50 sweeps.  (A) Control, (B) 10 min after perfusion with
1 mmol/L H2O2, (C) 20 min after perfusion with 1 mmol/L H2O2 and (D) GSH (1 mmol/L).
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delayed and attenuated the development of AP prolongation,
which indicated involvement of an intracellular second mes-
senger-PKC pathway[6].  In our study, H2O2 increased the
persistent sodium channel activity in both the inside-out
and cell-attached patches, which suggests that H2O2 may
take effect by directly oxidizing the cell membrane in addi-
tion to its involvement as an intracellular second messenger.
These results are consistent with the findings of Hammarström
and Gage who reported that hypoxia, NO, and sodium cya-
nide could increase persistent sodium channel activity in rat
hippocampal neurons in inside-out recordings, which could
then be reversed by DTT[7,8].

H2O2 increased the persistent sodium channel activity in

Figure 6.   Effect of glutathione (GSH) on mean open probability and mean open time of persistent sodium channels enhanced by H2O2.  Each
figure comes from 50 individual current traces in a cell-attached patch.  Parts (A–C) show the all-point histograms, and (D–F) show the mean
open time histograms.  (A,D) Control, (B,E) H2O2 (1 mmol/L) and (C,F) GSH (1 mmol/L).  The fitted mean open times were 0.750 ms,
2.076 ms and 1.338 ms in (D–F), respectively.

both cell-attached and inside-out patches (Figure 3).
However, the time when the persistent sodium channel ac-
tivity began to increase and reached a maximum was sig-
nificantly shorter in inside-out patches compared with cell-
attached patches.  One possible explanation is that the in-
side-out patches, which were directly exposured to H2O2,
lost the protection of intracellular antioxidant enzymes and
antioxidants such as superoxide dismutase, catalase, glu-
tathione peroxidase, ascorbic acid, α-tocopherol and
glutathione.

Glutathione inhibited the H2O2-elicited persistent sodium
channel activity (Figures 2,5,6), which suggested that H2O2

could take effect by oxidation.  It is similar to our previous
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report, which shows that excessive NO produced during
hypoxia can increase the INa.P of ventricular myocytes by
oxidizing cell membrane sodium channel proteins and gener-
ating INaP under normoxic conditions, probably in associa-
tion with the oxidation state of channel proteins[4].  H2O2 is a
cysteine-specific oxidant[9] and GSH is an important antioxi-
dant that can protect the protein’s thiol group from oxida-
tion[10].  The present study shows that GSH can reverse the
persistent sodium channel activity caused by H2O2.
Therefore, we think that persistent sodium channel activity
may be associated with oxidation state, and oxidants can
increase activity by oxidizing the channel protein.  H2O2 as
an oxidant may increase persistent sodium channel activity
by oxidizing the thiol group of proteins in cell membranes.
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Expression of pro-inflammatory and anti-inflammatory cytokines in brain
of atherosclerotic rats and effects of Ginkgo biloba extract1
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Abstract
Aim: To study the protein and mRNA expressions of pro-inflammatory and anti-
inflammatory cytokines in the brain of rats with atherosclerosis (AS) and the
effects of Ginkgo biloba extract (GbE) on expressions of cytokines.  Methods:
The experimental model of AS in rats were established by intraperitioneal injection
of vitamin D3 with high fat/cholesterol diet. GbE 100 mg/kg was administered to
rats by ig.  After 8 weeks, the expressions of IL-1β, TNF-α, IL-10, and IL-10R in the
brain tissues of AS rats were detected by enzyme-linked immunosorbant assay,
immunohistochemistry, Western blotting, and reverse transcriptase polymerase
chain reaction.  Results: The protein and mRNA expressions of IL-1β, TNF-α, and
IL-10 in the brains were markedly higher in AS groups than that in control groups
(6.11±0.15, 1.55±0.14, 0.54±0.04 ng/g wet weight vs 0.80±0.14, 0.33±0.09, and
0.33±0.02 ng/g wet weight, respectively).  The protein and mRNA expres-
sions of IL-1β and TNF-α in the brains were markedly lower in GbE groups
(3.82±0.54, 0.95±0.08 ng/g wet weight) than that in AS groups, the protein and
mRNA expressions of IL-10 and IL-10R in the brains were markedly higher in GbE
groups (0.85±0.06 ng/g wet weight) than that in AS groups.  Conclusion: GbE
inhibited production of pro-inflammatory cytokines IL-1β and TNF-α, but up-
regulated the production of anti-inflammatory cytokines, IL-10 and IL-10R in brain,
which might be related with its anti-AS actions.
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Introduction
Atherosclerosis (AS) is not merely a disease in its own

right, but a process that is the principal contributor to the
pathogenesis of cardiovascular and cerebrovascular
diseases.  Despite the universal occurrence of atherosclero-
sis in the world, the pathogenesis of disease remains incom-
pletely understood.  In the injury theory of Ross, atheroscle-
rosis can be considered to be a modified form of chronic
inflammation.  Uptake of oxidized low density lipoprotein
(ox-LDL) by the macrophages through scavenger receptor
(SR) will lead to foam cells formation and numerous cytokines;
cell adhesion molecules, chemotactic factor and growth fac-
tors were excreted.  All these factors induce the migration
and proliferation of smooth muscle cells (SMC), this process
repeats until the formation of atherosclerotic plaque.  In re-

cent years research results have indicated that an anti-in-
flammatory cytokine such as IL-10 is also concerned in the
generation and development of AS, and can play an impor-
tant protective role[1].

The rat was considered suitable for establishing cardio-
vascular disease model including cardiac hypertrophy,
hypertension, and heart failure; but it is not such a good
model in atherosclerosis due to its hyperlipidemia-resistant
property.  Recently, our task-group established the experi-
mental model of AS in rats by combining the high fat/choles-
terol diets containing sodium cholate and propyl-thyracil
with injection of vitamin D3

[2].
Ginkgo biloba extract (GbE) has beneficial effects on

cardiovascular disease. Our previous study showed that the
inhibitory effects of GbE on vascular endothelial growth fac-
tor-induced permeability of bovine coronary endothelial cells
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indicated that GbE had the potential to protect against ath-
erosclerosis[3].

Up to now, whether the expression of anti-inflammatory
cytokines will have a change in the brain of rat with athero-
sclerosis remains unknown.  The present study aims to in-
vestigate whether the anti-AS effect of GbE was related with
the expression of pro-inflammatory cytokines such as IL-1β
and TNF-α, and anti-inflammatory cytokines such as IL-10
and IL-10R in the brain.

Materials and methods
Reagents  GbE (containing 24% flavone glycosides and

6% gingko lactone) was presented by Prof Wei-zhou CHEN
(Shanghai Institute of Material Medica, Shanghai, China).
Rat IL-1β, TNF-α, and IL-10 ELISA kit were purchased from
Biosource (Camarillo, California, USA); Tissue/Cell Total
RNA Isolation Kit was purchased from Watson Co (Shanghai,
China); TaKaRa RNA PCR kit (AMV) Ver 2.1 was purchased
from TaKaRa Biotechnology Co (Dalian, China).  The anti-
bodies for IL-1β, TNF-α, and  IL-10 were purchased from
Santa Cruz Biotechnology, Inc (Santa Cruze, CA, USA).
Streptavidin/peroxidase (SP) kit and diaminobenzidine (DAB)
kit were purchased from Zhongshan Biotechnology Co
(Beijing, China).

Experimental protocol  Thirty male Wistar rats were sup-
plied by the Shanghai Experimental Animal Center of the
Chinese Academy of Sciences.  Qualification number is SCXK
(hu) 2002-0010.  The AS rat model was established by intra-
peritoneal injection with a single dose of vitamin D3 600 kU/kg
in addition to loading with high fat/cholesterol diet contain-
ing sodium cholate and propyl-thyracil as described previ-
ously[2].  The rats were divided into three groups: control,
AS, and GbE.  The control group was fed with ordinary
forage, while the AS and GbE groups were fed with high fat/
cholesterol diet after injection of vitamin D3.  At the same
time, GbE group rats were administered GbE 100 mg/kg
through intra-gastric method every day for 8 weeks.

Enzyme-linked immunosorbant assay (ELISA)  The rat
brains were homogenated with nomal saline at 2:1 ratio.  The
supernatant was used for the measurement of cytokine pro-
tein by ELISA as described in kit specification.

Immunohistochemistry  The brain tissue was fixed in 4%
paraformaldehyde and embedded in paraffin.  Immunohis-
tochemistry analysis was performed as specified by the kit
protocol.  Rabbit normal immune serum was used to replace
primary antibody in the negative control group.  PBS was
used to replace immediate antibody in the control group.

Western blotting was performed to detect the cytokine
protein expressions.  Rat brain tissues were cut into small

pieces. Protein extracts were prepared by homogenizing the
1 g brain tissues in cold 3 mL radioimmunoprecipitation
(RIPA) buffer with a glass tissue homogenizer.  The tissue
homogenates were centrifuged at 10 000×g 4 °C for 10 min.
The supernatants were collected and centrifuged at 10 000×g
4 °C for 10 min again.  Protein concentration in the superna-
tant was determined by BCA method.  Two times of loading
buffer was then added to each supernatant with equal vol-
ume containing equal amounts of protein, which was subse-
quently boiled for 5 min and then electrophoresed on a 10%
SDS-polyacrylamide gel.  Proteins were transferred to nitro-
cellulose membrane and incubated sequentially with
antibodies, and then with peroxidase-conjugated secondary
antibodies in the second reaction.  Detection was performed
with enhanced chemiluminescence reagent.

RT-PCR for detection of the cytokine mRNA expres-
sions  Total RNA was isolated by Tissue/Cell Total RNA
Isolation Kit.  Total RNA was quantified with the ratio of
absorption values of RNA samples at 260 nm and 280 nm.
RT-PCR was performed by RNA PCR kit.  Beta-actin was
used as an internal positive control.  Specific primer se-
quences of beta-actin, IL-1β[4], TNF-α, IL-10[5], and IL-10R[6]

were as follows and the sizes of production were 587, 578,
315, 174, and 319 bp, respectively:

β-actin: sense 5'- AAGGCCAACCGTG AAAAGATGAC-3';
antisense 5'-GGGTACATGGTGGTGCCACCAGAC -3';

IL-1β: sense 5'-GACCTGTTCTTTGAGGCTGAC-3';
antisense 5'- TCCATCTTCTTCTTTGGGTATTGTT-3';

TNF-α: sense 5'-CATGATCCGAGATGTGGAACTGGC-
3'; antisense  5' -CTGGCTCAGCCACTCCAGC -3';

IL-10:  sense 5'- TAAGGGTTACTTGGGTTGCCAAGCC -3';
antisense 5'-AGGGGAGAAATCGATGACAGCG-3';

IL-10R: sense 5'- CCAACTGGACCATCACTGAAACTC -3';
antisense 5'- GCCTTGTTAATTCGGGATTCCAC- 3'.

The temperature profile of the amplification consisted of
45-s denaturation at 94 °C, 45-s annealing at 50 °C, and 2-min
extension at 72 °C at 35 cycles.  PCR products were sequenced
to verify that desired product was amplified.

Statistical analysis  Data were presented as mean±SD.
Statistical significance was assessed by ANOVA test.  P<0.05
was considered statistically significant.

Results
The experimental model of AS in rat was established

(Figure 1).
IL-1βββββ, TNF-ααααα, and IL-10 protein levels in brain of AS rat

by ELISA The protein levels of IL-1β, TNF-α, and IL-10 in
the brains of the AS group were significantly increased com-
pared with the control group.  GbE 100 mg/kg inhibited the
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protein levels of IL-1β and TNF-α, but up-regulated the pro-
tein levels of IL-10 (Table 1).

IL-1βββββ, TNF-ααααα, and IL-10 protein expressions in brain of
AS rat Immunohistochemistry analysis showed that  the ex-
pressions of IL-1β, TNF-α, and IL-10 were significantly in-

creased in the cerebral cortex, hippocampus, and hypothala-
mus of AS rats compared with the control group.  After the
AS rats were given GbE 100 mg/kg ig, the expressions of  IL-
1β and TNF-α in brain were decreased in the cerebral cortex,
hippocampus, and hypothalamus but the expression of IL-
10 was higher than pretreatment (Figure 2).

IL-1βββββ, TNF-ααααα, and IL-10 protein expressions in brains
of AS rats Western blotting analysis indicated that in the
brains of the control group IL-1β and TNF-α were both
expressed, and IL-10 had nearly no expression.  The expres-
sions of IL-1β, TNF-α, and IL-10 protein were all significantly
increased in brain of AS rats compared with the control group.

Table 1.   Effects of GbE 100 mg/kg on the level of IL-1β, TNF-α,
and IL-10 in brain of atherosclerotic rat.  n=6.  Mean±SD. cP<0.01 vs
control group.  fP<0.01 vs AS group.

   Group               IL-1β/                  TNF-α/                 IL-10/

                    ng⋅g-1 wet weight     ng⋅g-1 wet weight  ng⋅g-1 wet weight

Control 0.80±0.14 0.33±0.09 0.33±0.02
AS 6.11±0.15c 1.55±0.14c 0.54±0.04c

AS+GbE 3.82±0.54f 0.95±0.08f 0.85±0.06f

Figure 1.  Typical plaques in aorta of AS rat.  (A) Control; (B)
Atherosclerosis. (×100).

Figure 2.  Effects of GbE on expressions of IL-1β, TNF-α, and IL-10 in hippocampus of AS rat.  (A) Control; (B) AS; (C) AS+GbE.  (1) IL-
β; (2) TNF-α; (3) IL-10. (×200).
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The expressions of IL-1β and TNF-α in brains were markedly
lower in the GbE group than that in AS group; but the ex-
pression of IL-10 in brains were markedly higher in the GbE
group than that in the AS group (Figure 3).

IL-1βββββ, TNF-ααααα, IL-10, and IL-10R mRNA expressions in
the brains of AS rats RT-PCR analysis showed that IL-1β,
TNF-α, IL-10, and IL-10R mRNA were all seldom expressed
in the brains of the control group.  The expressions of IL-1β,
TNF-α, IL-10, and IL-10R mRNA were all markedly increased
in the brains of AS rats compared with the control group.
The expressions of IL-1β and TNF-α were lower, but the
expressions of IL-10 and IL-10R mRNA were higher in the
GbE group than that in the AS group (Figure 4).

Figure 3.  Effects of GbE 100 mg/kg on expressions of IL-1β, TNF-α, and IL-10 in brain of atherosclerotic (AS) rat.  (A) β-actin; (B) IL-
1β; (C) TNF-α; (D) IL-10.  Lane 1, Control; Lane 2, AS; Lane 3, AS+GbE.

Figure 4.  Effects of GbE 100 mg/kg  on expressions of IL-1β, TNF-α, IL-10, and IL-10R mRNA in brain of atherosclerotic (AS) rat.  (A)
β-actin; (B) IL-1β; (C) TNF-α; (D) IL-10; (E) IL-10R.  Lane M, DNA marker; Lane 1, Control; Lane 2, AS; Lane 3, AS+GbE.

Discussion
We observed that the expressions of IL-1β, TNF-α, Il-10,

and IL-10R in the brain were markedly higher in the AS rats
than that in the control.  The mRNA and protein expressions
of IL-1β and TNF-α in the brains were markedly lower, but
the mRNA and protein expressions of IL-10 and IL-10R in the
brains were markedly higher in the GbE 100 mg/kg group than
that in the AS group.  Our results were consistent with the
recent findings that the serum levels of TNF-α and IL-1β in
all patients with coronary heart diseases were higher than
those in controls[7–9].

IL-10 was an anti-inflammatory cytokine with powerful
immunoregulation potential[10].  It was excreted from mono-
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cyte/macrophages and smooth muscle cells under certain
conditions.  Mallat et al found that IL-10-deficient mice fed
with an atherogenic diet and raised under specific patho-
gen-free conditions exhibited a significant three-fold increase
in lipid accumulation compared with wild-type mice[11].
Interestingly, the susceptibility of IL-10-deficient mice to ath-
erosclerosis was more higher (30-fold increase) when the
mice were housed under conventional conditions.  Athero-
sclerotic lesions of IL-10-deficient mice showed increased T-
cell infiltration, abundant interferon-γ expression, and de-
creased collagen content.  In vivo, transfer of murine IL-10
achieved a 60% reduction in lesion size.  These results indi-
cated the critical roles of IL-10 in both atherosclerotic lesion
formation and its stability.  Serum levels of the anti-inflam-
matory cytokine, interleukin-10, are decreased in patients
with unstable angina[12], this important finding also suggests
that IL-10 has a protective role in atherosclerosis.

In other countries GbE was used to treat cardiovascular
and cerebrovascular diseases such as coronary heart dis-
eases and stroke[13–18].  Our findings showed that GbE inhib-
ited the mRNA and protein expression of pro-inflammatory
cytokines IL-1β and TNF-α, and up-regulated the mRNA
and protein expression of anti-inflammatory cytokines, IL-10
and IL-10R in the brain of AS rats, which might be related
with its anti-AS effects.
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Genistein inhibits carotid sinus baroreceptor activity in anesthetized male
rats1

Hui-juan MA, Yi-xian LIU, Fu-wei WANG, Li-xuan WANG, Rui-rong HE, Yu-ming WU2

Department of Physiology, Institute of Basic Medicine, Hebei Medical University, Shijiazhuang 050017, China

Abstract
Aim:   To study the effect of genistein (GST) on carotid baroreceptor activity
(CBA).  Methods:   The functional curve of carotid baroreceptor (FCCB) was con-
structed and the functional parameters of carotid baroreceptor were measured by
recording sinus nerve afferent discharge in anesthetized male rats with perfused
isolated carotid sinus.  Results:   GST at 50, 100, and 200 µmol/L inhibited the
CBA, which shifted FCCB to the right and downward, with a marked decrease in
peak slope and peak integral value of carotid sinus nerve discharge in a concen-
tration-dependent manner.  Pretreatment with 100 µmol/L NG-nitro-L-arginine me-
thyl ester, an inhibitor of nitric oxide synthase, did not affect the effect of GST on
CBA.  Pretreatment with 500 nmol/L Bay K8644, an agonist of calcium channels,
could completely abolish the effect of GST on CBA.  A potent inhibitor of tyrosine
phosphatase, sodium orthovanadate (1 mmol/L), could attenuate the inhibitory
effect of GST.  Conclusion:   GST inhibits CBA, and the effect may be mediated by
protein tyrosine kinase inhibition and a decrease in Ca2+ influx through the stretch-
activated channels.
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Introduction
Phytoestrogens are plant-derived diphenolic compounds

that are structurally and functionally similar to estradiol.
Accumulating evidence indicates that phytoestrogens may
confer cardiovascular protection[1–3].  Genistein (GST), one
of the most well-known phytoestrogens, is an isoflavone
that is also a specific inhibitor of protein tyrosine kinase
(PTK)[4].  It has been demonstrated that GST has a hypocho-
lesterolemic effect in animals and humans, and is able to
inhibit low density lipoprotein (LDL) oxidation, endothelial
cell proliferation and angiogenesis[5], and to enhance the
dilator response to acetylcholine of atherosclerotic arteries[6].
All of these effects may predict a favorable impact on the
cardiovascular system.  Li et al reported that GST decreased
the contractile response of the aortic artery in vitro[7].
Furthermore, our previous studies showed that GST de-
creased the vascular tone in the femoral, renal and mesen-
teric vascular beds via protein tyrosine kinase (PTK) inhibi-
tion[8], reduced infarct size and apoptosis of myocytes in
ischemia/reperfusion rabbit heart[9], and inhibited the volt-

age-dependent Ca2+ channel in isolated guinea pig ventricu-
lar myocytes[10]. Whether GST affects carotid baroreceptor
activity (CBA) remains to be clarified.  The aim of the present
study was to observe the effects of GST on CBA in anesthe-
tized male rats with perfusing isolated carotid sinus, and to
elucidate the mechanism involved.

Materials and methods
Animals Sprague-Dawley rats ( , 350 ± 20 g, Grade II,

Certificate No 04036), obtained from the Experimental Animal
Center of Hebei Province, were anesthetized with urethane
1.0 g/kg, ip.  The trachea was cannulated for ventilation.

Perfusion of left carotid sinus  The method of isolating
the carotid sinus was described in our previous study[11,12].
The left carotid sinus areas were fully exposed by turning
the trachea and the esophagus rostrally.  Sternohyoideus
muscles and superior laryngeal nerves were sectioned.  The
bilateral aortic nerves, right carotid sinus nerves, cervical
sympathetic nerves and recurrent laryngeal nerves were all
sectioned.  The common, external and internal carotid
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arteries and smaller arteries originating from these vessels
were exposed and ligated, while carefully leaving the left
carotid sinus nerve undisturbed.  Ligation of the occipital
artery at its origin from the external carotid artery excluded
chemoreceptors from the isolated carotid sinus, thereby pre-
venting chemoreceptor activation secondary to decreased
carotid sinus pressure.  A plastic catheter introduced into
the left common carotid artery in the anterograde way
(serving as an inlet tube) was attached to a peristaltic pump
that controlled the intrasinus pressure (ISP).  ISP was moni-
tored by a polygragh (RM-6240, Chengdu Instrument Factory,
Chengdu, China) connected to the inlet tube.  A plastic cath-
eter inserted into the external carotid artery served as an
outlet tube.  The carotid sinus was then perfused with warm
(37 °C) modified Krebs-Henseleit (K-H) solution (NaCl
118.0 mmol/L, NaHCO3 25.0 mmol/L, KCl 4.7 mmol/L, KH2PO4

1.2 mmol/L, MgSO4 1.2 mmol/L, CaCl2 2.5 mmol/L, glucose
5.6 mmol/L, pH 7.35–7.45) bubbled with 95% O2 and 5% CO2.

Recording of sinus nerve afferent discharge   The left
carotid sinus nerve was cut near the glossopharyngeal nerve
and desheathed carefully.  The isolated sinus nerve and sur-
rounding structures were immersed in warm (37 °C) liquid
paraffin to avoid drying of the tissues.  The sinus nerve was
placed on a bipolar platinum electrode and the bioelectrical
signal was recorded on a polygragh (RM-6240, Chengdu In-
strument Factory), with an integral time of 5 s.  ISP and dis-
charge of sinus nerve were recorded synchronously and at
the end of the experiment, the integral of sinus nerve activity
(ISNA) was obtained and measured.

Protocols  With a computer-controlled program[13], ISP
was altered in a stepwise manner by perfusing the left ca-
rotid sinus with K-H solution.   After ISP was lowered from
100 mmHg to 0 mmHg, it began to increase slowly to
240 mmHg in a staircase manner, and then decreased to
0 mmHg in the same manner, and again stabilized at
100 mmHg.  Each step of the staircase changed the ISP by
30 mmHg and lasted for 15 s.  The functional curve for the
ISP-ISNA relationship was constructed, and the functional
parameters of carotid baroreceptor activity, such as peak
slope (PS), peak integral value (PIV), threshold pressure (TP),
saturation pressure (SP) and operation range (OR) were
determined.  TP was the ISP at which ISNA began to in-
crease by 15% in response to an increase in ISP.  SP was the
ISP at which ISNA just showed no further increase with an
increase in ISP.  OR was calculated as the difference be-
tween SP and TP.

On perfusing the carotid sinus with K-H solution, the
functional curve of carotid baroreceptor (FCCB) was drawn,
obtaining the control parameters of TP, SP, OR, PS, and PIV.

ISP was then fixed at 100 mmHg for 20 min, and K-H solution
containing GST at 50, 100, and 200 µmol/L was then perfused
to examine the changes in ISNA, followed by measurement
of the parameters again.  Finally, the carotid sinus was per-
fused with K-H solution as a postcontrol.

The effect of NG-nitro-L-arginine methyl ester (L-NAME)
on the response to GST was examined.  After the control
parameters of CBA were obtained, the isolated carotid sinus
was perfused with K-H solution containing 100 µmol/L L-
NAME for 20 min, and the above parameters were measured.
Then GST 100 µmol/L was added to perfuse the sinus area.
The parameters were measured within 15 min, and the drugs
were then washed out with K-H solution.  To determine
whether Ca2+ was involved in the effect of GST, one experi-
mental group was treated with 500 nmol/L Bay K8644 for
20 min before GST was added.  To further determine the in-
volvement of PTK, pretreatment with a potent inhibitor of
tyrosine phosphatase, sodium orthovanadate (1 mmol/L),
was carried out.

Drugs   Genistein (purity 99%, Sigma, St Louis, MO,
USA) was prepared with dimethyl sulphoxide.  The final con-
centration of dimethyl sulphoxide in the perfusing solution
was lower than 0.05%.  L-NAME (Sigma) and sodium
orthovanadate (Sigma) were dissolved in saline.  Bay K8644
(Sigma) was dissolved in 99% ethyl alcohol.  No changes in
ISNA were observed during perfusion with ethyl alcohol
(1:2000).

Statistical analysis  All data are presented as mean±SD.
The significance of group differences was determined by
ANOVA and t-test.  Differences were considered significant
when  P<0.05.

Results

Effect of GST on carotid baroreceptor activity   By per-
fusing carotid sinus with K-H solution and elevating ISP
from 0 mmHg to 240 mmHg in a stepwise manner, ISNA was
increased.  There was no difference in CBA parameters among
the controls.  As compared with control groups, treatment
with GST decreased PIV and PS, and increased TP and SP,
shifting FCCB to the right and downward (Table 1, Figure 1).
The above effects occurred within 5 min of perfusing the
carotid sinus with GST, and reached a peak during 8–12 min.
Figure 2 is an original tracing showing the effects of GST on
ISNA.

Effect of L-NAME on GST responses   L-NAME
(100 µmol/L) did not induce any change in the functional
parameters of the carotid baroreceptor, and also did not in-
fluence the effect of 100 µmol/L GST (Table 2).
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Effect of Bay K8644 on GST responses   Bay K8644
(500 nmol/L) did not produce any change in the functional

parameters of the carotid baroreceptor, but completely
blocked the action of GST (Table 2).

Effect of sodium orthovanadate on GST res-
ponses   Sodium orthovanadate (1 mmol/L) did not change
CBA, but completely blocked the effect of GST (Table 2).

Discussion
The present study demonstrated that GST inhibited CBA

in a concentration-dependent manner.  By perfusing the left
carotid sinus baroreceptor with GST, the FCCB were shifted
to the right and downward, with a reduction in PS and PIV,
indicating the inhibitory action of GST on CBA.  It is well
established that the arterial baroreceptors play an important
role in the short-term control of cardiovascular activity.  In-
hibition of CBA is inclined to cause increased arterial blood
pressure that can antagonize hypotensive effects caused by
other ingredients.

As nitric oxide synthase (NOS) is present in afferent
baroreceptor fibers innervating the carotid sinus[14], and in-
creasing evidence has shown that nitric oxide (NO) may sup-
press the action potential of baroreceptors[15,16].  Further-
more, our previous study demonstrated that 17β-estradiol
inhibited CBA via endothelial NO release.  NO suppressed
Na+ current in baroreceptor neurons and activated the cal-

Table 1.  Effect of genistein on the functional parameters of carotid baroreceptor in anesthetized male rats. n=6. Mean±SD. bP<0.05,
cP<0.01 vs control. eP<0.05, fP<0.01 vs GST (50 µmol/L). hP<0.05, iP<0.01 vs GST (100 µmol/L).

Genistein (µmol/L)      TP (mmHg)                    SP (mmHg)                    OR (mmHg)          PS (%/mmHg)          PIV (%)

Control 63.0±3.2 164.7±3.7 101.7±0.5 2.52±0.07 215±8
50 68.9±4.0b 175.7±6.6c 102.3±1.4 2.39±0.03c 191±7c

100 74.7±2.8f 179.3±2.8e 103.0±0.5 2.29±0.04f 177±5f

200 81.9±2.6i 185.0±3.7h 103.9±1.2 2.16±0.03i 155±7i

Figure 2.  Original recording showing the responses of integral of sinus nerve activity to intrasinus perfusion with genistein (GST). (A)
Control; (B) Perfusion with GST (100 µmol/L); (C) Washing out.

Figure 1.  Effect of different concentrations of genistein (GST) on
the functional curves of carotid baroreceptor in rats.  n=6.  Mean±SD.
cP<0.01 vs control. fP<0.01 vs GST (50 µmol/L).  iP<0.01 vs GST
(100 µmol/L).  ISP, intrasinus pressure; ISNA, integral of sinus nerve
activity.
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cium-dependent K+ channels localized in vascular smooth
muscle, then hyperpolarized baroreceptor neurons[17].  Both
of these mechanisms may account for the inhibitory effect of
17β-estradiol on CBA.  In the present study, pretreatment
with L-NAME, a non-selective inhibitor of NOS, did not af-
fect the action of GST, thus suggesting that locally released
NO was not involved in the effect of GST on CBA.  This
result indicated that GST and 17β-estradiol inhibited CBA
via different pathways.

It has been reported that a mechanosensitive ion chan-
nel is localized on the baroreceptor neurons, and that vascu-
lar distention is effectively translated to the deformation of
the afferent nerve endings as arterial pressure rises.  Defor-
mation then depolarizes the nerve endings by opening non-
selective cation channels to create a generator potential that
triggers action potential discharge[18,19].  Moreover, it has
been demonstrated that stretching of the walls of the carotid
sinus may induce an increase in Ca2+ influx on baroreceptor
neurons, which is mediated by stretch-activated channels[16].
Suppressing Ca2+ influx through the stretch-activated chan-
nels may be an important pathway in regulating CBA.
Studies have shown that agmatine[20], cholecystokinin oc-
tapeptide[21] and aminoglycoside antibiotics (such as
streptomycin)[22] can inhibit CBA in this way.  We have ob-
served that pretreatment with L-type calcium channel ago-
nist Bay K8644 completely blocks the inhibitory effect of
GST on CBA.  Based on the above observations, it may be
concluded that GST inhibits CBA through a decrease in Ca2+

influx by blocking the stretch-activated channels.

Table 2.  Effect of NG-nitro-L-arginine methyl ester (L-NAME) 100 µmol/L, Bay K8644 500 nmol/L, and sodium orthovanadate 1 mmol/L
on the responses of carotid baroreceptor to 100 µmol/L genistein (GST). n=6. Mean±SD. bP<0.05, cP<0.01 vs control. eP<0.05, fP<0.01 vs GST
(100 µmol/L).

            Drug                                  TP (mmHg)      SP (mmHg)               OR (mmHg)            PS (%/mmHg)            PIV (%)

Control 63.3±4.1 165.0±4.7 101.9±0.6 2.52±0.08 214±10
GST 74.9±3.5c 178.5±3.5c 103.8±0.5 2.29±0.05c 177±6c

L-NAME 64.2±3.3 166.2±4.3 101.7±0.6 2.50±0.08 212±9
L-NAME+GST 75.4±2.4 180.8±2.9 104.8±0.4 2.28±0.05 175±7

Control 64.5±2.6 166.2±3.4 101.8±0.4 2.49±0.05 211±8
GST 76.0±2.3c 179.5±2.4b 103.7±0.5 2.27±0.03c 174±5c

Bay K8644 61.8±3.2 163.1±3.0 101.7±0.6 2.50±0.06 217±7
Bay K8644+GST 65.4±2.1f 167.5±2.8e 102.0±0.7 2.47±0.07f 210±6f

Control 63.0±3.6 164.7±4.1 101.8±0.4 2.52±0.08 214±9
GST 75.5±4.2c 179.0±3.2b 103.2±0.9 2.28±0.09b 176±6c

Sodium orthovanadate 64.8±3.2 166.7±4.0 102.0±1.0 2.49±0.08 210±9
Sodium orthovanadate+GST 64.1±5.2f 165.8±2.8e 101.8±0.4 2.50±0.04f 212±7f

Genistein has also proved to be a specific inhibitor of
PTK.  Evidence has been presented to suggest that enhanced
tyrosine phosphorylation participates in the mechanisms that
regulate the contraction of smooth muscle[5].  Vanadate, an
inhibitor of tyrosine phosphatase, can enhance protein ty-
rosine phosphorylation[6].  PTK has been described as an
important modulator regulating the tone of vascular smooth
muscle[23].  Our present study showed that the effect of GST
on CBA was inhibited by pretreatment with sodium orthova-
nadate, suggesting that the PTK pathway is involved.  From
this data together with our previous findings, it may be in-
ferred that GST inhibits PTK, relaxes the vascular smooth
muscle, and then attenuates the stretch-activated Ca2+ chan-
nels on the baroreceptor neurons.

In summary, the present study has revealed that GST
inhibits CBA, and the effect may be mediated by PTK inhibi-
tion and a decrease in Ca2+ influx through the stretch-acti-
vated channels.
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Similar effects on rat renal mesangial cells by expressing different frag-
ments of adrenomedullin gene in vitro1
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Abstract
Aim:   To construct pEGFP-N3 recombinant vectors carrying adrenomedullin (AM)
or fragments of the AM gene, and to express AM or fragments of AM from the
pEGFP-N3 recombinant vectors (pEGFP-N3-AM1-2 and pEGFP-N3-AM1-3) and
study their biological properties on cultured rat renal mesangial cells (RMC).
Methods:   Total RNA of rat kidney was obtained using TriZol reagent.  The cDNA
was synthesized by reverse transcriptase using oligo-deoxythymidine as primer.
The fragments of AM gene were then amplified by polymerase chain reaction
(PCR) with specific upstream and downstream oligonucleotides.  The PCR prod-
ucts were digested with EcoRI and BamHI and subcloned into the plasmid pEGFP-
N3.  Facilitated by cationic liposomes, RMC were transfected with pEGFP-N3-
AM1-2 or pEGFP-N3-AM1-3.  After 24 h, green fluorescent protein (GFP) fluores-
cent images were examined with a fluorescence microscope.  After 48 h, the prolif-
eration of RMC was detected using the MTT assay, and the mRNA expression of
transforming growth factor-β1 (TGF-β1) was measured by semiquantitative PCR.
Results:   DNA sequence reports verified that pEGFP-N3-AM1-2, which carried
the full length AM gene translation fragment (preproadrenomedullin preproAM1–185),
and pEGFP-N3-AM1-3, which carried the translation fragment of preproAM
[without adrenotensin (ADT, preproAM150–185)], were constructed successfully.
After 24 h, green fluorescence was observed in RMC into which either pEGFP-N3-
AM1-2 or pEGFP-N3-AM1-3 was transfected, while in the control cells no fluores-
cence was observed.  Either pEGFP-N3-AM1-2 or pEGFP-N3-AM1-3 delivery in-
hibited the proliferation of RMC (P<0.01) and decreased the mRNA transcription
level of TGF-β1 in RMC (P<0.05).  However, no significant difference was ob-
served between the effects of pEGFP-N3-AM1-2 and pEGFP-N3-AM1-3.
Conclusion:   pEGFP-N3-AM1-2 and pEGFP-N3-AM1-3 were constructed suc-
cessfully and were functionally expressed in RMC.  Expressing the fragment of
AM without ADT has similar inhibitory biological effects on RMS proliferation
and TGF-β1 transcription with full length preproAM.
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adrenomedullin; transfection; glomerular
mesangium; transforming growth factor-β1
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Introduction
Adrenomedullin (AM) was discovered in tissue extracts

of human pheochromocytoma by Kitamura et al in 1993[1].
Subsequently identified as a potent vasodilator, AM was
detected to be expressed in a wide range of tissues, such as
the adrenal gland, kidney, heart, lung, spleen, and brain[2].
AM has since been suggested to play important roles in a

great number of disease areas, “ranging widely from heart
failure through to oncology”, especially in cardiovascular
and renal diseases[3,4].  Previous studies revealed that plasma
AM levels were increased in hypertension and renal failure[5,6].
Researches have also shown that AM can improve cardiac
function, renal function, and survival rate in hypertensive
rat models[7,8].

The gene encoding preproadrenomedullin (preproAM),
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a precursor molecule of AM, is termed as the AM gene.  Se-
quence analysis of cloned rat AM showed that this precur-
sor consisted of 185 amino acids, including a signal peptide[9].
After synthesis, the signal peptide is cleaved between Thr21
and Ala22.  The remaining fragment of preproAM, which is
termed as proadrenomedullin (proAM), is cleaved specifi-
cally by endopeptidase at Lys43–Arg44, Lys92–Arg93 and
Arg145–Arg149, resulting in the production of four proAM-
derived peptides: PAMP (proadrenomedullin N-terminal 20 peptide,
preproAM22–41), preproAM45–91, AM (preproAM94–143) and ADT
(adrenotensin or preproAM150–185)[9,10] (Figure 1).

Finding out the appropriate expression pattern is one of
the major topics in gene delivery.  It is well known that pep-
tides derived from a common polypeptide precursor may have
different, even opposite biological properties.  Previous stud-
ies suggest that ADT may play a role that is opposite in
effect to AM[11,12].  The present study was carried out in
order to explore the different effects of expressing full length
preproAM and a fragment of preproAM without ADT on
renal mesangial cells (RMC).

Materials and methods

Materials  pEGFP-N3 vector was obtained from BD Bio-
sciences Clontech (Bedford, MA,USA). Top10 Escheri-
chia coli was obtained from Invitrogen (Carlsbad, CA, USA)
and primary rat RMC was a gift from the Department of
Pathology, Shanghai Medical College (Shanghai, China).

Reagents Trizol, AMV reverse transcriptase, Taq DNA
polymerase, Silver Beads DNA Gel Extraction Kit, kits for
total RNA extraction, endonucleases EcoRI and BamHI, and
T4 DNA ligase were purchased from Sangon (Shanghai,
China).  LipofectamineTM 2000 was from Gibco (Grand Island,
NY, USA), and MTT, dimethyl sulfoxide (Me2SO) and

Dulbecco’s Modified Eagle’s Medium (DMEM)/F-12 were
from Sigma (St Louis, MO, USA).

Construction and confirmation of expression of vectors
pEGFP-N3-AM1-2 and pEGFP-N3-AM1-3  Total RNA was
isolated from rat kidney tissue samples using Trizol reagent.
The full coding region of the AM gene was generated by
reverse transcription-polymerase chain reaction (RT-PCR)
using the following oligonucleotide primers: AM-1, 5'-TAC
TGA ATT CGC CAC CAT GAA GC-3'; and AM-2, 5'-TTG
CGG ATC CTA ACC TAG AGA C-3'.  After an initial denatur-
ation step at 94 °C for 3 min, PCR were carried out for 30
cycles at 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 1 min,
and then 72 °C for 10 min.  The PCR products and pEGFP-N3
were digested with restriction endonucleases EcoRI and
BamHI (recognition sites in bold) and the purified digestion
products were subcloned into the EcoRI and BamHI sites of
pEGFP-N3 with T4 DNA ligase.  The recombinant plasmids
were then transformed into competent Top10 E coli and am-
plified in the hosts.  DNA sequencing was carried out to
identify purified recombinant vectors.  The recombinant vec-
tor carrying the full coding region of the rat AM gene was
named pEGFP-N3-AM1-2.  Using the same method (with oli-
gonucleotide primers: AM-1, 5'-TAC TGA ATT CGC CAC
CAT GAA GC-3'; and AM-3, 5'-TTG CGG ATC CAT AGC
CTT GAG-3'), we developed another recombinant pEGFP-N3
vector (pEGFP-N3-AM1-3) with a fragment encoding a re-
gion of the rat AM gene in which the sequence encoding
ADT was absent.

Cell culture and transfection  Primary rat mesangial cells
were cultured in DMEM/F-12 containing 10% heat-inacti-
vated fetal calf serum (FCS) and incubated in a humidified
5% CO2 incubator at 37 °C.  Cells were growth-arrested in
DMEM containing 1.0% FCS for 24 h prior to transfection.
pEGFP-N3-AM1-2 or pEGFP-N3-AM1-3 was transfected into

Figure 1.  Schematic presentation of the biosynthesis of AM and ADT.
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cultured RMC facilitated by cationic liposomes Lipofecta-
mineTM 2000.  At 24 h after transfection, phase contrast and
fluorescence microscopy were carried out using a BX61olym-
pus microscope (Melville, NY, USA)

Detection of cell proliferation by MTT assay  Cellular
proliferation was determined in triplicate with a colorimetric
non-radioactive MTT proliferation assay.  RMC were plated
at 3×103 cells/well into 96-well plates and cultured in DMEM/
F-12 medium supplemented with 10% FCS at 37 °C in a hu-
midified atmosphere of 5% CO2 for 24 h.  The cultures were
replaced with medium containing 1.0% FCS for another 24 h,
and the cells were then transfected with pEGFP-N3-AM1-2
or pEGFP-N3-AM1-3 for 48 h.  The effects of pEGFP-N3-
AM1-2 and pEGFP-N3-AM1-3 on the proliferation of RMC
were measured by MTT assay.  Briefly, a 20 µL aliquot of
5 mg/mL MTT solution was added to each well.  After 4 h of
incubation, the absorbance of each well was measured at
490 nm.

Reverse transcription-polymerase chain reaction analy-
sis of transforming growth factor-β1 gene expres-
sion  Expression of the transforming growth factor-β1 (TGF-
β1) gene was analyzed by semiquantitative PCR using glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) as an in-
ternal standard.  Total RNA was isolated from cultured RMC
following the protocol of RNA extraction kits.  The amount
of RNA isolated was determined by measuring the specific
absorption at 260 nm.  The integrity of the RNA isolated was
confirmed by agarose gel electrophoresis, run under dena-
turing conditions.  cDNA was synthesised in 40 µL reaction
mixtures using 1 µg of total RNA; 2 µL of the cDNA solution
was used for PCR amplification.  The primers for the TGF-β1
and GAPDH genes were as follows: TGF-β1 sense, 5'-AAG
TGG ATC CAC GAG CCC AA-3'; TGF-β1 antisense, 5'-GTC
GCA CTT GCA GGA GCG CA-3'; GAPDH sense, 5'-ACC ACA
GTC CAT GCC ATC AC-3'; GAPDH antisense, 5'-CCA CCA
CCC TGT CAT GCC ATC AC-3'.  After an initial denaturation
step at 94 °C for 3 min, PCR was carried out for 30 cycles and
94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min, and then at
72 °C for 10 min.

Statistical analysis   Statistical analysis was carried out
using the statistical program SPSS 11.0 (Chicago, Illinois,
USA).  The data were expressed as mean±SD and the one-
way analysis of variance (ANOVA) t-test was used for sta-
tistical analysis.  P<0.05 was accepted as statistically
significant.

Results
Construction and identification of pEGFP-N3-AM1-2

and pEGFP-N3-AM1-3  The full coding region of the rat AM

gene and the fragment of coding region without ADT were
subcloned separately into pEGFP-N3, producing pEGFP-N3-
AM1-2 and pEGFP-N3-AM1-3, respectively.  The construc-
tion of pEGFP-N3-AM1-2 and pEGFP-N3-AM1-3 was con-
firmed by DNA sequencing.

Expression of pEGFP-N3-AM1-2 and pEGFP-N3-AM1-3
in renal mesangial cells  Cultured RMC were transfected
with pEGFP-N3-AM1-2 or pEGFP-N3-AM1-3.  After 24 h,
green fluorescence was detected using a fluorescence
microscope. Both pEGFP-N3-AM1-2 and pEGFP-N3-AM1-3
were expressed in RMC as bright green fluorescence was
observed, indicating that the in-frame GFP-tagged AM se-
quences were expressed and translated successfully.  The
expression of GFP was observed in above 95% transfected
RMC.  No green fluorescence was detected in untransfected
RMC (Figures 2–4).

Proliferation of renal mesangial cells in response to
pEGFP-N3-AM1-2 and pEGFP-N3-AM1-3   To determine the

Figure 2.  Phase contrast (A) and fluorescence (B) microscopy of
normal cultured renal mesangial cells (×100).

Figure 3.   Phase contrast (A,C) and  fluorescence (B,D) micros-
copy of renal mesangial cells transfected with pEGFP-N3-AM1-2.
(A,B) ×100; (C,D) ×400.
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biological activities of the recombinant vectors, prolifera-
tion of RMC was analyzed using the MTT assay 48 h after
pEGFP-N3-AM1-2 or pEGFP-N3-AM1-3 delivery.  Significant
changes in optical density values at 24 h after transfection
was observed with recombinant plasmids compared with the
controls, indicating that pEGFP-N3-AM1-2 and pEGFP-N3-
AM1-3 elicited a decrease in RMC proliferation (P<0.01)
(Figure 5).

Analysis of the effects of pEGFP-N3-AM1-2 and pEGFP-
N3-AM1-3 on TGF-βββββ1 gene expression   Along with the con-
trol experiments, which indicated that product accumulation
did not reach a plateau at 30 cycles under the assay condi-

tions used, our results for semiquantitative PCR indicate that,
compared with the control group, transfection of pEGFP-N3-
AM1-2 and pEGFP-N3-AM1-3 suppressed TGF-β1 mRNA
expression in RMC (Figure 6).

Discussion
As an endogenous vasodilator and natriuretic peptide,

AM is thought to have great potential in the treatment of
cardiovascular and renal diseases[13,14].  However, there are
still some impediments to understand AM’s biological func-
tions and the promising clinical uses of AM.  One of the
obstacles is the short half-life of AM.  The plasma half-life of
AM is estimated to be about only 22 min[15].  Gene transfer is
a novel means of providing sustained and localized delivery
of the required therapeutic protein.  In order to achieve long-
term expression of AM, AM gene delivery has been used in
recent years.  The studies show that AM gene delivery has
multiple functions in protection against hypertension, renal
damage, cardiac fibrosis and cardiac hypertrophy[16–20].

Currently, both non-viral and viral vectors are used to
express the heterogeneous genes, each of them with their

Figure 4.  Phase contrast (A,C) and fluorescence (B,D) microscopy
of renal mesangial cells transfected with pEGFP-N3-AM1-3. (A,B)
×100; (C,D) ×400.

Figure 5.  Effect of pEGFP-N3-AM1-2 or pEGFP-N3-AM1-3 on
the proliferation of renal mesangial cells (RMC). (1) Normal cultured
RMC (48 h); (2) RMC transfected with pEGFP-N3 (48 h); (3) RMC
transfected with pEGFP-N3-AM1-2 (48 h); (4) RMC transfected with
pEGFP-N3-AM1-3. n=12. Mean±SD. cP<0.01 vs group 2.

Figure 6.  Semiquantitative analysis of the effect of pEGFP-N3-
AM1-2 or pEGFP-N3-AM1-3 on transforming growth factor-β1
(TGF-β1) mRNA expression in renal mesangial cells (RMC). (A)
Electrophoresis of TGF-β1 and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH): 1–4,  normal cultured RMC; 5–8, RMC trans-
fected with pEGFP-N3 (48 h); 9, DNA molecular weight marker; 10–
13, RMC transfected with pEGFP-N3-AM1-2 (48 h); 14–17, RMC
transfected with pEGFP-N3-AM1-3 (48 h). (B) Statistical results of
TGF-β1 mRNA expression in RMC. 1, normal cultured RMC (48 h);
2, RMC transfected with pEGFP-N3 (48 h); 3, RMC transfected with
pEGFP-N3-AM1-2 (48 h); 4, RMC transfected with pEGFP-N3-
AM1-3 (48 h).  n=4.  Mean±SD.  bP<0.05 vs group 2.
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own advantages and disadvantages.  The advantages of
non-viral vectors are: (i) non-vial vectors do not integrate
the heterogeneous genes into recipient-cell genome, there-
fore it is considered safe for researchers and will have higher
clinical acceptability; (ii) there are minimal or no immune
effects, and none of the safety concerns regarding infection
is found with viral vectors[21]; (iii) manipulate and delivery of
plasmids into cells is much easier; and (iv) although plas-
mid-delivered DNA does not integrate into the recipient-cell
genome, delivery of plasmids in vivo can maintain very pro-
longed effects[22].  In the present study, we chose plasmid
pEGFP-N3 as the vector.

In our experiment, for the first time, the recombinant vec-
tor pEGFP-N3-AM1-3, which carries the DNA fragment en-
coding the AM protein without the ADT sequence, was de-
signed and constructed successfully.  It is well known that
peptides derived from a common polypeptide precursor may
have different, even opposite biological properties.  As prior
studies have demonstrated, ADT has some quite opposite
vascular effects to those of AM[11,12].  We therefore hypoth-
esized that the absence of ADT might have more effective
effects in protecting heart and kidney.

The pEGFP-N3-AM1-2 and pEGFP-N3-AM1-3 plasmids
were constructed successfully.  As the fluorescent images
showed, both of these vectors were expressed efficiently in
RMC.  Our data analysis showed that either pEGFP-N3-AM1-
2 or pEGFP-N3-AM1-3 delivery inhibited the proliferation of
RMC (P<0.01) and decreased the mRNA transcription of TGF-
β1 in RMC (P<0.05).  However, no significant difference was
observed between the effects of pEGFP-N3-AM1-2 and
pEGFP-N3-AM1-3.

In kidney, mesangial cells have a central function in main-
taining structural and functional integrity of the glomerulus,
including “structural support of the capillary tuft, modula-
tion of glomerular hemodynamics, and a phagocytic func-
tion allowing removal of macromolecules and immune
complexes”, and the proliferation of mesangial cells is a piv-
otal feature of glomerular disease[23].  Our results are in agree-
ment with prior studies showing that AM can suppress RMC
proliferation[24–26], and this may be one of the mechanisms
by which AM gene delivery protects renal function.  So far,
no data about the effects of ADT on the proliferation of
mesangial cells have been reported.

Transforming growth factor-β1 is a multifunctional pep-
tide that regulates manifold cellular functions including cell
proliferation, differentiation and apoptosis[27].  As a potent
inducer of extracellular matrix synthesis leading to progres-
sive glomerular fibrosis, TGF-β1 is also thought to be the
major pathogenic factor in the development of renal fibrotic

disorders[28].  A previous study showed that chronic AM
infusion significantly reduced the TGF-β/GAPDH mRNA
levels in the renal cortex[7].  In the present study, we demon-
strated that either pEGFP-N3-AM1-2 or pEGFP-N3-AM1-3
delivery could decrease the mRNA transcription level of TGF-
β1 in RMC (P<0.05).  This may contribute to the renal pro-
tective effects of AM gene delivery; the function of ADT in
the regulation of TGF-β1 mRNA expression requires further
study.

In the present experiment, a very interesting phenom-
enon was observed in that there was no difference between
pEGFP-N3-AM1-2 and pEGFP-N3-AM1-3 in their effects on
the proliferation of RMC and the mRNA transcription level
of TGF-β1 in cultured RMC.  Although ADT plays some
opposite vascular effects to AM, previous studies indicate
that there are complicated mutual regulation interactions be-
tween ADT and AM.  In incubated blood vessels, AM could
inhibit the synthesis and release of ADT, whereas ADT could
enhance the synthesis and release of AM[29].  Therefore, in
order to understand the mechanism of why pEGFP-N3-AM1-
2 and pEGFP-N3-AM1-3 had similar effects on cultured RMC,
further investigations are indispensable.

In conclusion, recombinant vectors pEGFP-N3-AM1-2,
expressing preproAM, and pEGFP-N3-AM1-3, expressing a
fragment of preproAM without ADT, were constructed
successfully.  The biological activity studies of pEGFP-N3-
AM1-2 and pEGFP-N3-AM1-3 on cultured RMC showed that
expressing the fragment of preproAM without ADT and the
full-length preproAM had similar inhibitory effects on cell
proliferation and TGF-β1 gene transcription.  As for the
mechanism of why pEGFP-N3-AM1-2 and pEGFP-N3-AM1-
3 had similar effects on cultured RMC, and what may be the
effects of the 2 vectors on the kidney in vivo, further inves-
tigations are required.
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Ischemic preconditioning protects post-ischemic renal function in anes-
thetized dogs: role of adenosine and adenine nucleotides1
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Abstract
Aim: To investigate the effects of renal ischemic preconditioning (IPC) on both
renal hemodynamics and the renal interstitial concentrations of adenosine and
adenine nucleotides induced by ischemia-reperfusion injury.  Methods: Renal
hemodynamics responses to ischemia-reperfusion injury in mongrel dog models
were determined with or without multiple brief renal ischemic preconditioning
treatments, as well as the adenosine A1 receptor antagonist (KW-3902),
respectively.  The renal interstitial concentrations of adenosine and adenine nucle-
otides in response to ischemia-reperfusion injury, either following 1–3 cycles of
IPC or not, were measured simultaneously using microdialysis sampling
technology.  Results: One 10-min IPC, adenosine A1 receptor antagonist (KW-
3902) also shortened the recovery time of renal blood flow (RBF) and urine flow
(UF), as well as mean blood pressure (BP).  Advanced renal IPC attenuated the
increment of adenosine and adenine nucleotides, as well as recovery time during
the 60-min reperfusion which followed the 60-min renal ischemia.  All of these
recovery times were dependent on the cycles of 10-min IPC.  The renal interstitial
concentrations of adenosine and adenine nucleotides increased and decreased
during renal ischemia and reperfusion, respectively.  Conclusion: A significant
relativity in dog models exists between the cycles of 10-min renal IPC and the
recovery time of BP, UF, and RBF during the 60-min renal reperfusion following
60-min renal ischemia, respectively.  Renal IPC can protect against ischemia-
reperfusion injury and the predominant effect of endogenous adenosine induced
by prolonged renal ischemia; renal adenosine A1 receptor activation during the
renal ischemia-reperfusion injury is detrimental to renal function.
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Introduction
Renal dysfunction is a serious and common complica-

tion of ischemia-reperfusion injury[1], and the onset of acute
renal failure secondary to ischemia-reperfusion injury im-
plies a poor prognosis and is frequently associated with a
high mortality rate[2].  In animal and human models, it has
been demonstrated that prolonged ischemia results in an
immediate decrease in renal blood flow (RBF) and glomerular
filtration rate (GRF)[3].

Recent developments in renal physiology have deter-

mined that rat kidneys can be ischemic preconditioned
against ischemia-reperfusion injury[4].  A possible candidate
mediator of ischemia-reperfusion injury is adenosine, which
has been shown to be involved in ischemic-induced renal
vasoconstriction via its effects on adenosine A1 receptors.
Its antagonist has a partial protective effect against renal
vasoconstriction during ischemia[5].  Extensive evidence ex-
ists demonstrating the beneficial effects of ischemic precon-
ditioning (IPC) in cardiac muscle[6,7].  However, evidence sup-
porting a role for IPC in protecting against ischemia-
reperfusion injury in kidney is minimal and controversial[4,8,9].
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Recently, Lee and Emala[4] demonstrated that IPC (4 cycles
of 8-min renal ischemia followed by 5-min reperfusion) pro-
tected renal function after ischemia and reperfusion (45 min
of renal ischemia followed by 24-h reperfusion).  However,
Islam et al[8] failed to demonstrate protective effects of renal
IPC in rats (4 cycles of 4-min renal ischemia followed by 11-
min reperfusion periods).

Lee and Emala[4] reported that in the rat kidney, adenos-
ine or A1 receptor agonist infusions before ischemic insult
protected renal function via A1 adenosine receptor activation.
However, Sugino et al[10] reported that the adenosine A1

receptor antagonist failed to abolish the post-ischemic renal
protective effects of IPC or exogenous adenosine in the rat
kidney.  The results of these experiments indicate that IPC
appears to increase extracellular adenosine concentration,
which in turn mimics post-ischemic renal function.  Our pre-
vious study showed that renal interstitial adenosine[11] con-
centration significantly increased during ischemia.  Adenos-
ine has been demonstrated to elicit renal vasoconstric-
tion[12–14]; it is suggested that extracellular adenosine could
be involved in the mediation of post-occlusion renal ische-
mia[15–17].  However, findings in the above literature are indi-
rect and do not provide any data supporting the renal inter-
stitial concentrations of adenosine and adenine nucleotides
during IPC followed by ischemia and reperfusion.  In addition,
it is not clear if IPC protects against post-ischemic renal func-
tions in the dog kidney.  The beneficial effects of using mul-
tiple cycles over single cycle IPC, that is, cycles of multiple
brief IPC, is correlative to its protective effect and is poorly
understood.  As well as this, the influence of IPC on the
intrarenal hemodynamics is unclear.

The aim of the present study is to confirm the protective
role of IPC on ischemia-reperfusion injury in dogs, and to
determine that a correlation exists between the cycles of IPC
and its protective effects.  This study was also undertaken
to determine the relationship between multiple brief ischemic
preconditioning and the intrarenal hemodynamics of adenos-
ine and adenine necleotide, including the role of the adenos-
ine A1 receptor.  In the present study, microdialysis sampling
technology was introduced to measure the intrarenal hemo-
dynamics as well as the dynamics of renal interstitial con-
centration of adenosine, adenine nucleotide during IPC and
ischemia-reperfusion.

Materials and methods
General procedure  All surgical and experimental proce-

dures were performed according to the guidelines for the
care and use of animals as established by the Kagawa Medi-
cal University.  Adult mongrel dogs weighting 10–15 kg were

used.  They had been maintained on standard laboratory
food for 1 week.  The surgical preparation of the animals and
basic experimental techniques are identical to those previ-
ously described[11,8].  The animals were anesthetized with
sodium pentobarbital (0.03 g/kg, iv) and given additional
doses as required.  After tracheotomy, the animals were me-
chanically ventilated with Harvard apparatus ventilator
(Harvard Apparatus, Millis, MA, USA).  A polyethylene cath-
eter was inserted into the right brachial vein for infusion of
isotonic saline or drug solution.  Isotonic saline or drug so-
lution was infused at a rate of 0.2 mL⋅min-1⋅kg-1 throughout
the experiment.  Another catheter was placed in the abdomi-
nal aorta via the right femoral artery, and mean arterial pres-
sure (MBP) was continuously measured and recorded with a
pressure transducer (NEC-San-ei Model No 361, Tokyo,
Japan) and a polygraph (NEC-San-ei Model No 361, Tokyo,
Japan).  An adjustable clamp was placed on the renal artery
to be used later as an occlusion devise.

The left kidney was exposed through a retroperitoneal
flank incision.  The kidney was carefully denervated by dis-
secting all visible nerve fibers, as well as the tissue connect-
ing the renal hilum cephalic, to the renal artery.  An electro-
magnetic flowmeter (MFV-1200, Nihon Kohden, Tokyo,
Japan) was positioned around the renal artery, and renal
blood flow (RBF) was continuously monitored.  A polyethyl-
ene catheter was inserted into the left ureter, and urine
samples were continuously collected in tubes.  The total of
urine collected in every consecutive 10-min period was used
to calculate urine flow (UF) rate (L/min).  The renal capsule
was carefully opened along the convexity, and the micro-
dialysis probes were gently implanted into the renal cortex
as shown by Nishiyama et al[11,19].  The probes were con-
nected to a CMA/100 microinfusion pump (Carnergie
Medicine, Stockholm, Sweden) and were perfused with iso-
tonic saline solution with heparin (0.03 units/L) containing
iodotubercidine (10 µmol), an inhibitor of adenosine kinase,
and erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) (100
µmol), an inhibitor of adenosine deaminase, at a rate of 5 µL/min.
The dialysate was collected in a chilled tube over a 5-min
sample period and analyzed for adenosine concentration as
well as inosine, hypoxanthine, xanthine, and uric acid concen-
trations.  Samples were stored at -70 °C prior to analysis.
After surgery, the dogs were left alone for 90 min for the
tissue to recover from the trauma produced by insertion of
the probes and to allow for the stabilization of mean arterial
pressure, renal blood flow, and renal interstitial adenosine
concentration.  At the end of each experiment, the exact po-
sition of the probe was verified by inspection.  If the probe
was situated in the outer medulla at least in part, we omitted
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the data of these dialysates.
Characteristics of microdialysis probe  For the determi-

nation of renal interstitial concentrations of adenosine,
inosine, hypoxanthine, xanthine, and uric acid, we used a
microdialysis probe.  The dialysis membrane is made from
cuprophan fiber, measuring 15-mm in length with a 5500-Da
transmembrane diffusion cut off (Toyobo, Otsu, Japan).  Thin
stainless steel tubes (outer diameter: 190 µm, inner diameter:
100 µm) were inserted into both sides of the cuprophan fiber.
The inflow and outflow ends were inserted into the polyeth-
ylene tubes (PE-10) and sealed in place with glue.  Prelimi-
nary results from in vitro experiments demonstrated that a
negligible amount of adenosine, inosine, hypoxanthine,
xanthine, and uric acid would stick to the polyethylene tubes.

The efficiency of the microdialysis probe was determined
as follows.  Briefly, the probes were soaked in beakers con-
taining saline solution with different concentrations (0.1–5
µmol/L) of adenosine, inosine, hypoxanthine, xanthine, and
uric acid (n=26).  The probes were perfused with saline solu-
tion with heparin (0.03 units/L) containing iodotubercidine
(10 µmol) and EHNA (100 µmol) at a rate of 5 µL/min.  The
dialysates were collected, and the equilibrium rates for adeno-
sine, inosine, hypoxanthine, xanthine, and uric acid were
calculated by dividing the concentrations in the dialysates
at the concentrations in the medium.  At a perfusion rate of
10 µL/min, the relative equilibrium rates of adenosine, inosine,
hypoxanthine, xanthine, and uric acid were 36.9%±1.9%,
39.7%±3.2%, 50.3%±4.1%, 46.9%±2.5%, and 34.7%±4.2%,
respectively.

Experimental protocols
Effects of ischemic-preconditioning on renal hemo-

dynamics and renal interstitial concentration of adenos-
ine and adenine nucleotides  Dogs were randomized to 60-
min renal ischemia and 60-min reperfusion (No IPC) group,
which were treated with the adenosine A1 receptor antago-
nist in advance, three ischemic preconditioning groups were
treated with 1–3 cycles of 10-min renal ischemia and 10-min
reperfusion, using an adjustable renal arterial clamp,
respectively, followed by 60-min renal ischemia.  During each
ischemia-reperfusion interval, 5 min was allowed for stabili-
zation before samples from all 5 probes used for measure-
ments of adenosine, inosine, hypoxanthine, xanthine and
uric acid were collected.  After the initial stabilization period,
the experimental protocols were started with renal interstitial
adenosine and adenine nucleotides collections, and MBP,
UF as well as RBF measurements for 2 consecutive 10-min
periods.  After collection or measurements of the second
control sample, 60-min renal ischemia followed by 60-min
reperfusion or IPC treatment were performed.  At the same

time, UF and RBF were also measured continuously.
Effects of ischemia-reperfusion on renal hemodynam-

ics during treatment with KW3902  KW3902 (Kyowa Hakko
Kogyo Co Ltd, Tokyo, Japan), a highly selective adenosine
A1 receptor antagonist, was dissolved in the lactated Ringer’s
solution containing 1% dimethylsulfoxide and 0.01 mol/L
NaOH.  After twice 10-min sampling periods, KW3902 (priming
dose, 0.1 mg⋅kg-1⋅min-1; sustaining dose, 0.01 mg⋅kg-1⋅min-1)
was administered in anesthetized dogs (n=11) during the
following 60-min ischemia period simultaneously.  At 60 min
following KW3902 administration, the kidneys of the dogs
were perfused again and urine flow and renal blood flow
were measured continuously.

Analytical procedures
Adenosine  Adenosine in the dialysate was measured

according to the method developed by Miura et al[20].  The
procedure is briefly described as follows: 100 µL of 1 mol/L
acetate buffer (pH 4.5) and 4.5 µL of 40% cholroacetaldehyde
were added.  The preparation was incubated at 60 °C for 4 h
to allow for the conversion of adenosine to a fluorescent 1,
N6-ethenoadenosine.  After the incubation, the sample was
mixed with a double volume of alaminefreon reagent and was
centrifuged at 1000×g for 3 min, and the upper aqueous phase
was collected.  For high performance liquid chromatography,
a reverse-phase column (Nucleosil 7C18, 4.6 m×25 cm, Nagel)
was maintained at 30 °C with a column oven (655A-52, Hitachi
Ltd, Tokyo, Japan).  An isocratic elution with 7.5 % acetoni-
trile in 20 mmol/L potassium phosphate buffer (pH 5.7) at a
flow rate of 1.32 mL/min was performed with a pump (L-600,
Hitachi Ltd, Tokyo, Japan).  Fifty microliters of the sample
were injected with an autosampler (655A-40, Hitachi Ltd,
Tokyo, Japan) and the elution was monitored using a fluo-
rescence spectrometer (F-1000, Hitachi Ltd, Tokyo, Japan) at
an excitation wavelength of 280 nm and an emission wave-
length of 410 nm.  A chromato integrator (D-2000, Hitachi
Ltd, Tokyo, Japan) was used for recording.

Inosine, hypoxanthine, xanthine, and uric acid      One
hundred microliters of dialysate were directly applied onto
the reverse-phase HPLC column (Nucleosil 7C18, 4.6 mm×25
cm, Nagel).  The column was developed isocratically with
3.5% methanol in 10 mmol/L KH2PO4 at a flow rate of 1 mL/min.
The effluent was monitored at a wavelength of 254 nm by an
ultraviolet monitor.  In every 10 samples, a standard sample
was also injected.

Statistical analysis  The values were presented as
mean±SD.  Statistical comparisons of mean values across
multiple treatment groups were performed by a one-way
ANOVA as appropriate, followed by Scheffe’s post hoc test.
A P-value below 0.05 was taken to indicate significant
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difference.

Results
Effects of IPC on renal hemodynamics  During 60-min

renal ischemia, RBF and UF decreased from 78±18 mL/min to
0, and 260±80 µL/min to 0 respectively, whereas MBP in-
creased slightly (Figure 1).  After the release of the renal
arterial clamp, RBF and UF increased to 59±27 mL/min,
170±150 µL/min, respectively (Table 1).  In 1, 2, and 3 cycles
of the preconditioning groups, RBF and UF descended to 0
during 60-min renal ischemia.  During the reperfusion period,
RBF increased to 76±11, 74±15, and 119±18 mL/min in 1, 2
and 3 cycles of the preconditioning of kidneys respectively
(Table 1).  UF gradually increased to 180±100, 110±70, and
260±170 µL/min in 1, 2, and 3 cycles of the preconditioning
of ischemic kidneys, respectively.  However, the recovery
time of UF and RBF in the 3 cycles of the preconditioning of
ischemic kidneys was markedly shorter compared to those
of the 1 cycle or 2 cycles preconditioning of ischemic kid-
neys which were evaluated by percentage of changes in RBF
and UF respectively (Figure 2, 3).

Effects of IPC on the renal interstitial concentrations of
adenosine and adenine nucleotides  After clamping of the
renal artery, adenosine, inosine, hypoxanthine, xanthine, and
uric acid concentrations increased from 0.49 to 8.21 µmol/L,

Table 1.  Mean values of changes of renal hemodynamics in dogs
during control, 60-min periods for ischemia reperfusion.  Mean±SD.
n=26.  bP<0.05 vs control.

                                                                       RBF/            UF/
                                                                     mL·min-1      µL·min-1

Ischemia reperfusion Control 78±18 260±80
(Control group) Ischemia 60 min               0        0

Reperfusion 60 min  59±27 170±150

Preconditioning Control  115±7 230±80
(1 cycle group) Ischemia 60 min      0       0

Reperfusion 60 min 76±11 180±100

Preconditioning Control 90±13 160±40
(2 cycles group) Ischemia 60 min      0       0

Reperfusion 60 min 74±15 110±70

Preconditioning Control 118±10 220±50
(3 cycles group) Ischemia 60 min     0       0

Reperfusion 60 min 119±18b 260±170b

Figure 2.  Percentage of changes in mean renal blood flow (MRBF)
during reperfusion from no ischemic preconditioning (IPC) (n=6),
IPC 1 (n=6), IPC 2 (n=7), and IPC 3 (n=7) groups, respectively.
bP<0.05 vs IPC 1.  eP<0.05 vs IPC 2.  Mean±SD.

Figure 3.  Percentage of change in urine flow (UF) during reperfusion
from no ischemic preconditioning (IPC) (n=6), IPC 1 (n=6), IPC 2
(n=7), and IPC 3 (n=7) groups, respectively.  bP<0.05 vs IPC 1. eP<
0.05 vs IPC 2.  Mean±SD.

Figure 1.  Changes in the mean blood pressure (MBP), measured
without ischemic preconditioning-pretreatment (No IPC; n=6), with
1 cycle of ischemic preconditioning-pretreatment (IPC 1; n=6), 2
cycles of ischemic preconditioning-pretreatment (IPC 2; n=7), and 3
cycles of ischemic preconditioning-pretreatment (IPC 3; n=7) of
10-min ischemia with 10-min intervals, respectively.  Not signifi-
cantly different from each other.  Mean±SD.
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0.16  to  0.85 µmol/L, 3.61 to 10.09  µmol/L, 0.72  to 7.50 µmol/L,
and 1.89 to 3.20 µmol/L, respectively.  After release of the
clamp, adenosine, and other nucleotides concentrations, re-
turned to their respective pre-ischemic levels in all cases.
IPC1, IPC2, and IPC3 in Figure 4 show the renal interstitial
concentrations of adenosine, inosine, hypoxanthine, xan-
thine and uric acid during 60-min ischemia and reperfusion
in response to the 1, 2, and 3 cycles of IPC, respectively.  In
the single cycle of the preconditioning of kidneys during
ischemia, adenosine, inosine, hypoxanthine, xanthine, and
uric acid levels increased to 8.04, 0.42, 7.90, 7.50, and 1.84
µmol/L, respectively.  The concentration of adenosine,
inosine, hypoxanthine, xanthine, and uric acid was lower than
that of the non-preconditioning ischemic kidneys (adenosine,
inosine, and hypoxanthine, P<0.05).  Similar patterns were
also observed in the 2 and 3 cycles of the preconditioning
ischemic kidney.  However, the levels of adenosine, inosine,
hypoxanthine, xanthine, and uric acid were markedly lower
in 3 cycles of the preconditioning of ischemic kidneys than
those in 1 and 2 cycles of preconditioning or non- precondi-
tioning of ischemic kidneys (hypoxanthine and xanthine,
P<0.01; adenosine, P<0.05; inosine and uric acid: P>0.05.
Figure 4).

Effects of ischemia-reperfusion on renal hemodynam-
ics during treatment with KW3902  An adenosine A1 recep-
tor antagonist, KW3902, shortened the recovery time of re-
nal blood flow and urine flow, respectively, compared with
the control groups during the reperfusion state following
60-min renal ischemia (Figure 5).

Discussion

The detrimental effects of renal ischemia-reperfusion
injury, which are evident by increases in blood urea nitrogen
(BUN) and creatinine (Cr)[4], reduction in the glomerular fil-
tration rate (GFR) and renal blood flow (RBF), as well as
morphological renal injury, have been well-studied in vivo
or in vitro experiments.  In the present study,  we recognized
mongrel dog renal hemodynamics parameters, urine flow (UF),
RBF, mean blood pressure (BP), as well as renal interstitial
adenosine and adenine nucleotide as experimental measure-
ments using microdialysis sampling technology.  Since the
protective effects of ischemic preconditioning against is-
chemia-reperfusion injury are, at least in part, mediated by
sympathetic nerves, as the protective effects were abolished
by denervation[21], we denervated the dog kidneys before
the experiments.  Generally, during the renal 60-min ischemia
followed by the 60-min reperfusion, the hemodynamic re-
sults were consistent with the data from previously pub-

lished literature, returning to the respective control level quite
slowly.

In 1986, it was first discovered by Murry et al[22] that
multiple brief ischemia,  which was defined as ischemic pre-
conditioning (IPC) from then on, followed by the prolonged
ischemia-reperfusion periods, could strengthen ischemia
endurance of dog cardiac muscle and protect against post-
ischemic myocardial injury and dysfunction.  To date, a vari-
ety of studies have confirmed that IPC has species and or-
gan generalization.  However, evidence supporting a role for
IPC in protecting against ischemia-reperfusion injury in kid-
neys is minimal and controversial[8,10,22-25].  In the present
study, we proved that IPC with 1, 2, or 3 cycles of 10-min
ischemia followed by 10-min reperfusion markedly increased
60-min post-ischemic UF and RBF, indicating the protective
effects of IPC on dog renal ischemia-reperfusion injury.  It is
evident from our experimental results that IPC of 1 to 3 cycles
with a 10-min interval shortened the recovery time of UF,
RBF, and BP more significantly than that of without IPC in
advance, which parallels the data reported in cardiac[6].  Pre-
vious studies[8,23] have suggested that IPC with brief cycles
of ischemia and reperfusion is not effective in kidneys.
However, recent studies[4,10,24,25], including the present one,
have confirmed that there is an IPC effect in rat kidneys as
well as dog kidneys.  The discrepancies between the results
of the earlier and recent studies might have arisen from the
different preconditioning schedules.

A single cycle of brief ischemia is thought to be all that is
needed to induce preconditioning, but most laboratories of-
ten use repetitive cycles of brief ischemia to the phenomenon.
However, the beneficial effects of using multiple cycles over
single cycle IPC is poorly understood.  To clarify, we exam-
ined the effects of 1, 2, or 3 cycles of IPC on the renal func-
tion in ischemia-reperfusion kidney.  As shown in our study,
along with the increase of cycles of 10-min IPC, less recov-
ery time during the 60-min reperfusion following 60-min is-
chemia is needed.  To our knowledge, this is the first study
that determines the cycles of 10-min renal IPC and the recov-
ery time of BP, UF as well as RBF during 60-min renal
reperfusion following 60-min renal ischemia, respectively, in
dogs.  The post-ischemic recovery of BP, UF as well as RBF
occurred faster than that without IPC, and recovery time of
BP, UF as well as RBF inversely related to the number of
cycles, that is, more cycles of 10-min IPC (within 3 cycles),
the shorter recovery time of BP, UF as well as RBF during the
60-min renal reperfusion following 60-min renal ischemia,
respectively.  Collectively, we can speculate that more cycles
of renal IPC can protect against the renal ischemia-
reperfusion injury better.  In our present study, 10-min is-
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chemia time intervals were chosen, which performed well
during the experiment, even though it had been reported
that 10-min renal ischemia produced some degree of cellular
injury[8].  In our future experiments, we will increase the cycles
of IPC and change the ischemia intervals.  We will also pro-
long monitoring time after 60-min renal ischemia following

different cycles of IPC in order to investigate the optimum
duration of IPC and whether the “memory function” exists in
the effect of IPC, that is, the protective effect of renal is-
chemic preconditioning under “optimum duration of IPC”
can last very long time.

The precise mechanism of ischemic preconditioning, even

Figure 4.  Changes in the renal interstitial concentration of adenosine, inosine, hypoxanthine, xanthine, and uric acid during ischemia-
reperfusion, measured from no IPC (n=6), IPC 1 (n=6), IPC 2 (n=7), and IPC 3 (n=7) groups, respectively.  C, control.  Mean±SD.
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in cardiac muscle, is not fully elucidated.  However, numer-
ous studies have been carried out to elucidate the mecha-
nism of IPC, and special attention has been given to the
finding that adenosine pretreatment mimics ischemic pre-
conditioning in cardiac and renal tissue, and adenosine ap-
pears to be mediator of ischemic preconditioning[6,26,27].  Ad-
enosine is released in large quantities within seconds after
the onset of ischemia, including in the kidneys.  The general
concept is that a build-up of endogenous adenosine during
the brief ischemia period (IPC period) can trigger protection
via activation of adenosine receptors.

Previous studies suggest that renal ischemia increases
the renal interstitial concentrations of adenosine and ad-
enine nucleotide[11], and increased extracellular adenosine
has been suggested as a regulator of renal hemodynamics in
postischemia[15–17].  However, these findings are indirect and
do not provide any data about the renal interstitial concen-
trations of adenosine and adenine nucleotides during IPC
followed by ischemia and reperfusion.  Therefore, the present
study was performed to determine the levels of adenosine
and adenine nucleotide in renal interstitial fluid during pre-
conditioning followed by ischemia and reperfusion.  Our re-
sults show that levels of adenosine and adenine nucleotides
increase during IPC and the ischemic period.  However, dur-
ing ischemia, levels of adenosine and adenine nucleotides in
renal interstitial fluid were lower than those of non-IPC kidney,
and among the IPC groups, renal interstitial concentrations
of adenosine and adenine nucleotides were markedly lower
in ischemic kidney of 3 cycles IPC groups.  The mechanism
of IPC that decreased the levels of adenosine and adenine
nucleotide during the ischemic period is not clear.  Further
research is necessary to evaluate how IPC lower renal inter-
stitial concentrations of adenosine and adenine nucleotide
during ischemic period.

Previous studies have shown that IPC improves the post-
ischemic recovery of UF in rats[10].  In that study, the rats
were subjected to 2 cycles of 3-min ischemia and 5-min

Figure 5.  Comparison of changes in the mean renal blood flow
(MRBF) during ischemia-reperfusion, with or without the treatment
of KW3902, a highly selective adenosine A1 receptor antagonist.  C,
control.  bP<0.05.  n=11.  Mean±SD.  A similar pattern was observed
for the comparison of urine flow.

reperfusion.  The UF was examined at 90–120 min after
ischemia.  In the present experiment, dogs were subjected to
1, 2, or 3 cycles of 10-min ischemia and 10-min reperfusion.
Our results also show that IPC improves the post-ischemic
recovery of UF within 60 min.  However, one important find-
ing of our study is that IPC with 3 cycles is more protective
compared to single or 2 cycles of IPC.  The mechanism of
more protective effects of IPC with multiple cycles is not
clear.  However, our results show that renal interstitial con-
centrations of adenosine and nucleotides are inversely re-
lated to the number of cycles.  Therefore one possibility is
that renal protective effect of IPC with 3 cycles is more effec-
tive because of lower renal interstitial concentrations of ad-
enosine and adenosine nucleotides during ischemic insult.

At present, only 2 studies using the long duration of
multiple cycles IPC have suggested the role of adenosine in
IPC in the rat kidney[4,10].  In those studies, they have demon-
strated that adenosine pretreatment or adenosine A1 recep-
tor activation by adenosine A1 receptor agonist before is-
chemic insult protects post-ischemic renal function.
However, Sugino et al[10] reported that adenosine A1 recep-
tor antagonist failed to abolish the post-ischemic renal pro-
tective effects of IPC or adenosine infusion in the rat kidney.
In our study, the results using adenosine A1 receptor an-
tagonist consequently seem to indicate that the adenosine
A1 receptor activation deteriorates the renal function, sup-
porting previously published studies[28], but is contradic-
tory to the finding of Lee HT[4].  Agmon Y et al[29] found that
interrenal adenosine reduced cortical blood flow and pre-
dominantly increased medullary flow via the A1 and A2

receptors, respectively.  Also, it has been suggested[30] that
vasoconstriction following brief renal artery occlusion is
mediated by an increased accumulation of adenosine during
the period of ischemia.  Nishiyama et al[31], however, sug-
gested that ischemia-induced accumulation of renal intersti-
tial adenosine elicited renal vasoconstriction, at least in part,
but might not have been the primary mediator of renal vaso-
constriction in the maintenance phase of postischemia.  At
present, it is also suggested that renal IPC initiates the pro-
tective endocellular system and kidneys can release several
kinds of interstitial mediators mediating the conduct of cell
signals, including adenosine, which is recognized as an im-
portant factor in the protective effect of IPC.  Collectively,
we speculate that the conclusive effect of endogenous ad-
enosine during ischemia-reperfusion is detrimental to the
renal hemodynamics.  This is because of the marked regional
heterogeneity of the 3 adenosine receptor subtype distribu-
tion in dog kidneys which attenuate and prolong the recov-
ery time of RBF and UF, respectively.
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In summary, these results indicate that IPC protects post-
ischemic renal function, and decreases the renal interstitial
concentrations of adenosine and adenine nucleotides in is-
chemic kidneys.  The present study showed that the short-
ened recovery time of BP, UF as well as RBF during the 60-
min renal reperfusion following 60-min renal ischemia was
progressively greater with multiple cycles of brief IPC.  We
have also confirmed that renal IPC can protect against is-
chemia-reperfusion injury.  The predominant effect of en-
dogenous adenosine induced by renal ischemia is detrimen-
tal to renal function because of the marked regional hetero-
geneity of the 3 adenosine receptor subtype distribution in
dog kidneys.
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Introduction
Menarche, the first occurrence of menstruation, is a

marked characteristic of a woman’s sexual maturation and a
biological signal for the onset of reproduction.  Age at me-
narche is an important anthropological variable, which influ-
ences the total duration of women’s estrogen exposure and
thus has major implications for a woman’s health later in life.
Early menarche is associated with an increased risk of breast
and endometrial cancer[1].  Delayed menarche increases the
risk of Alzheimer’s disease[1] and osteoporosis[2], but de-
creases the incidence of coronary heart disease[1].  Therefore,
from a clinical point of view, it is of interest to identify fac-
tors that influence the variation of menarcheal age.

Age at menarche is known to be a complex trait that is
determined by multiple genetic and environmental factors,
including nutrition, exercise, socioeconomic conditions,
childhood experience, and general health[1,3–5].  The impor-
tance of genetic factors in determining menarcheal age has
recently been recognized.  Twin studies have shown that
genetic factors can explain more than 50% of the variation of

menarcheal age[4].  There are highly significant correlations
between age at menarche in mothers and daughters[3], and
family history is a strong predictor for early menarche[5].
Recently, some candidate genes, such as the androgen re-
ceptor (AR) gene[6], the cytochrome P450 c17α  (CYP17) gene[7,8]

and the CYP3A4 gene[8], have been tested for association
with age at menarche.  The results so far have been inconsi-
stent, and the specific gene responsible for age at menarche
is still not clear.

The onset of menstruation is determined by the hypo-
thalamic-pituitary-gonadal axis and is initiated by an in-
creased amplitude of estrogen exposure of tissues[9].  Estro-
gen signal receptors including estrogen receptor α (ER-α)
play an important role in mediating the specific effects of the
estrogen on development, proliferation and differentiation
of reproductive tissues[10].  In addition, mice deficient in ER-
α are infertile and exhibit atrophy of the oviduct and uterus[11].
Thus, the ER-α gene may be a candidate gene for the onset
of menstruation.  An association has been observed between
the ER-α gene and age at menarche in Greek adolescent fe-
males[12] but not in other populations[7,13,14].

Abstract
Aim:  To evaluate whether estrogen receptor α (ER-α) and vitamin D receptor
(VDR) genes are associated with the age at menarche in Chinese women.  Methods:
A total of 390 pre-menopausal Chinese women were genotyped at the ER-α PvuII,
XbaI, and VDR ApaI loci using polymerase chain reaction (PCR)-restriction frag-
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The vitamin D receptor (VDR) gene may be another po-
tential candidate gene for age at menarche.  The expression
of VDR is detected in reproductive organs[15].  In vitamin D-
deficient mice, uterine hypoplasia with impaired
folliculogenesis was found in the female reproductive or-
gans[16].  The VDR gene has been associated with several
diseases that may be related to total tissue estrogen exposure,
including breast cancer[17], cardiovascular disease[18], and
osteoporosis[19].  Recently, the VDR gene has been associ-
ated with the age of menarche in Japanese girls[20].

In the present study, we intended to investigate whether
the ER-α and VDR genes, as well as interactions between the
two, had effects on the age at menarche in the Chinese fe-
male population.

Materials and methods
Subjects  The study subjects were selected from 401

nuclear families used in our previous epidemiological study[21],
which was approved by the Research Administration De-
partments of the Shanghai Sixth People’s Hospital and Hu-
nan Normal University.  All the subjects were recruited from
the Shanghai urban area.  They were all of the Han ethnic
group, which accounts for more than 93% of the total Chi-
nese population.  Informed consent was obtained from each
subject.  For the study subjects, a detailed medical history,
including menstrual history, was recorded by nurse-admin-
istered questionnaires.  The sampling scheme and exclusion
criteria have been detailed elsewhere[21].

For the present study, we randomly chose one pre-meno-
pausal daughter from each nuclear family.  Four hundred
and one unrelated pre-menopausal women, who were all in
good general health as defined by our exclusion criteria, were
sampled.  Among these women, 11 had no information of
menarcheal age.  Thus the 390 remaining pre-menopausal
women were available for analysis.  The women were unre-
lated and had regular menstrual cycles.

Genotyping  Genomic DNA was isolated using the phe-
nol-chloroform extraction method from whole blood.  All sub-
jects were genotyped by polymerase chain reaction followed
by restriction fragment length polymorphism procedures
(PCR-RFLP).  For the ER-α gene, the forward primer (5'-CTG
CCA CCC TAT CTG TAT CTT TTC CTA TTC TCC-3') and
reverse primer (5'-TCT TTC TCT GCC ACC CTG GCG TCG
ATT ATC TGA-3') were used to amplify a 1.3 kb DNA frag-
ment in intron 1.  For the ApaI inside the VDR gene, a 745 bp
DNA fragment was produced using the forward primer in
intron 8 (5'-CAG AGC ATG GAC AGG GAG CAA G-3') and
the reverse primer in exon 9 (5'-GCA ACT CCT CAT GGC
TGA GGT CTC A-3').  The PCR mix contained 50 ng genomic

DNA, each of the four deoxyribonucleotides (dNTPs; 0.2
mmol/L), 0.6 U Taq polymerase (Sangon, Shanghai, China),
MgCl2 (1.5 mmol/L), each primer (0.4 µmol/L), and 1×PCR
buffer in a total volume of 25 µL.  PCR was performed in 38
cycles as follows: denaturation at 95 °C for 30 s, annealing at
50 °C for 30 s, and extension at 72 °C for 60 s on a PE9700
Thermal Cycler (Perkin-Elmer Cetus, Norwalk, CT, USA).  After
amplification, 8 µL of the PCR products was digested with
the respectively restriction endonucleases PvuII, XbaI, and
ApaI (Promega, Madison, WI, USA) at 65 °C for 4 h and
electrophoresed on 2% agarose gel, stained with ethidium
bromide, and visualized under UV light.  The genotypes were
designated as PP, Pp, and pp for PvuII, XX, Xx, and xx for
XbaI, and AA, Aa, and aa for ApaI.  Uppercase and lower-
case letters represent the absence and presence of restric-
tion sites, respectively.

Statistical analysis  The χ2 test was performed to test for
the Hardy-Weinberg equilibrium (HWE) at the studied marker
loci.  The phenotypic values were verified for normal distri-
bution by using the Shapiro-Wilks test.  The Program
SimWalk2 (available at http://www.genetics.ucla.edu/home/
software.htm) was used to reconstruct the ER-α haplotypes
according to the genotypes of all the subjects in the nuclear
families, because the ER-α PvuII and XbaI were in strong
linkage disequilibrium (LD)[22].  Analysis of variance
(ANOVA) was used to evaluate the effects of the ER-α and
VDR gene polymorphisms on age at menarche.  The fre-
quency of genotype AA for the VDR gene (6.2%) was low in
our subjects.  If the subjects were divided into three groups,
AA, Aa, and aa, the sample sizes for some groups were small,
and it was not appropriate to analyze the interaction effect.
Then the subjects were divided into two groups, those with
and without the minor allele A.  To analyze the effect of a
special ER-α haplotype, the subjects with this haplotype
were denoted as “1”; those without it were denoted as “0”.
The effect of a given ER-α gene haplotype was tested ac-
cording to the special VDR genotypes.  When a significant
result appeared, it was regarded as indicative of an interac-
tion between the ER-α and VDR genes.  These statistical
analyses were conducted using SAS version 6.12 (SAS
Institute, Cary, NC, USA).

Results
Descriptive characteristics of the study subjects  The

basic characteristics of the 390 unrelated pre-menopausal
women are summarized in Table 1.  Allele frequencies at the
three polymorphic sites in our subjects are summarized in
Table 2.  All three loci were in HWE (P>0.10).  When the
genotypes of the ER-α gene were defined according to the
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haplotypes, ten genotypes were found, with pxpx as the most
common (frequency=0.331) and pXpX as the least common
(frequency=0.002).

 Association of the ER-ααααα and VDR genes with the age at
menarche  We did not find a significant association between
age at menarche and either the ER-α individual polymor-
phisms or the ER-α haplotypes, or the VDR ApaI locus (P>
0.10) (Table 3).  Evidence of an interaction between the ER-α
and VDR genes was observed.  With the aa genotype at the
VDR gene, subjects with haplotype PX at the ER-α gene
had, on average, 6 months later onset of menarche than the
non-carriers (P=0.01) (Table 4).

Discussion
Age at menarche is an important complex trait, which is

controlled by both genetic and environmental factors.  Some
genetic studies have been performed in white and black
women, and significant differences between different ethnic
populations have been observed, that is, the average onset
of menstruation in African-American girls is 9 months earlier
than that in Caucasians[23].  However, few genetic studies

Table 4.  Interaction effects between the ER-α and VDR genes on the
age at menarche.

                                                                VDR gene
                           A        B

ER-α PX 0 13.6±1.4 (127) 13.5±1.4 (148)
1 13.3±1.2   (63) 14.0±1.4   (52)
P value 0.19 0.01

ER-α px 0 13.1±1.3   (33) 13.8±1.6   (45)
1 13.6±1.4 (157) 13.6±1.4 (155)
P value 0.10 0.45

ER-α Px 0 13.5±1.3 (118) 13.6±1.4 (119)
1 13.5±1.4   (72) 13.8±1.6  (81)
P value 1.00 0.23

ER-α pX 0 13.5±1.4 (167) 13.6±1.5 (174)
1 13.7±1.3   (23) 13.6±1.4   (26)
P value 0.56 1.00

All data are presented as mean±SD of the age of menarche.  The
sample size is listed in parentheses.  “1” denotes carriers and “0”
denotes non-carriers of the corresponding ER-α haplotype.  “A”
denotes the subjects with allele A (the AA and Aa genotypes) at the
VDR ApaI locus and “B” denotes the subjects without allele A (the aa
genotype) at the VDR ApaI locus.

Table 1.  Descriptive characteristics of all the subjects.  Values are
expressed as mean±SD.

                                                                        Subjects

Sample size        390
Age/a   31.0±5.5
Height/cm 159.8±5.3
Weight/kg   55.0±8.1
Age at menarche/a   13.6±1.4

Table 2.  Allele frequencies at the three polymorphic sites.

                                                            Allele frequencies/%

ER-α PvuII P=37.1
p=62.9

ER-α XbaI X=22.4
x=77.6

ER-α haplotype PX=16.0
px=56.6
Px=21.0
pX=6.4

VDR ApaI A=27.4
a=72.6

The PvuII and XbaI polymorphisms of the ER-α and the ApaI poly-
morphism of the VDR were in Hardy-Weinberg equilibrium (P>0.10).

Table 3.  Association analyses for the ER-α and VDR genes with age
at menarche.

     Polymorphisms                           n         Age at menarche/
                                                                                   years

ER-α PvuII P P   50 13.4±1.5
P p 189 13.7±1.4
pp 151 13.5±1.4
P value 0.36

ER-α XbaI XX   14 13.4±1.3
Xx 147 13.7±1.4
xx 229 13.5±1.4
P value 0.57

ER-α haplotype PX/px   73 13.7±1.2
PX/Px   29 13.8±1.7
px/px 129 13.5±1.4
px/Px   89 13.7±1.5
px/pX   21 13.6±1.2
Px/pX   24 13.6±1.4
P value 0.74

VDR ApaI AA   24 13.4±1.3
Aa 166 13.5±1.3
aa 200 13.7±1.4
P value 0.52

All data are presented as mean±SD of the age of menarche.  Only 6
combinations of PvuII and XbaI genotypes were included in the
analysis, because the number of other possible genotypes is small.
P values are the results of ANOVA.
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have been conducted in Chinese.  In this study, the poten-
tial interaction effects between the ER-α and VDR genes
were observed, although neither of them was significantly
associated with the age at menarche individually.

A preliminary study in Greek adolescent females has
shown an association between ER-α XbaI and PvuII and age
at menarche[12].  Subjects with the genotype XX had later
onset of menarche than those with genotypes Xx or xx.  The
study also found that haplotype PX homozygotes were cor-
related with later onset of age at menarche.  However, such
an association was not observed in Japanese women[7] or
Dutch women[13,14].  Similar to these findings, we did not find
any significant association between the ER-α XbaI or PvuII
polymorphisms and age at menarche in Chinese women.

For the VDR ApaI locus, no association was obtained in
the present study.  However, in a Japanese population, a
significant association was found between the VDR gene
and age at menarche[20].

Discrepancies between our study and the other studies
may be due to differences in ethnic background, sample size,
ascertainment schemes, and statistical methods.  For example,
if the sample sizes are limited, the power to detect the asso-
ciation will be very low.  However, for a single candidate
gene that can explain approximately 10% of the variation of
menarcheal age, our study sample has about 70% power to
detect its association with age at menarche.  In addition,
gene-by-gene or gene-by-environment interactions may also
influence the results of association.  For example, interaction
between the ER-α and VDR genes was observed in our study.
To our best knowledge, this is the first study to find an
interaction effect between these two genes on age at
menarche.  This finding suggests that the magnitude and
the direction of the effects of genotypes at one locus may be
affected by the specific genotype at the other loci.  It also
implies that the combination of genotypes at several loci
may be more important than a single one.  The gene-by-gene
interactions may be different in different populations, so the
interaction effects observed here have yet to be confirmed
by separate analyses in various populations or ethnic
groups.

The mechanism by which these two genes interact with
each other to affect the onset of menstruation is not clear;
however, from a physiological point of view, interaction is
possible.  An estrogen-responsive promoter region has been
characterized in the VDR gene.  Transcription of the VDR
promoter is dependent on the estrogen receptor[24].  On the
other hand, vitamin D may influence the balance between
androgens and estrogens, which in turn modulates the avail-
ability of steroid hormones for their receptors[25].  In addition,

vitamin D may act at several points along the estrogen re-
sponse pathway, affecting the levels of estrogen receptor as
well as their ability to function as enhancers of transactiva-
tion[26].

Noticeably, there was a multiple-testing problem, because
we tested multiple alleles in our analyses.  If we use the
Bonferroni correction to adjust for the multiple testing (P
≤0.006 as the significant level), the interaction between the
ER-α and VDR genes (P=0.01) will be close to, but not reach,
statistical significance.  In this situation, the Bonferroni cor-
rection is likely to be too conservative because it assumes
that all variants are independent[27].  However, the statistical
tests in the present study are expected to be highly correlated.
For example, the XbaI and PvuII polymorphisms are only 45
bp apart and in strong LD.  Thus multiple testing corrections
may lead to power loss and an increased rate of false-nega-
tive associations.  To report some potentially important as-
sociations that are likely to be worthwhile pursuing further,
we report the original statistical results.

For genetic investigations of complex traits, phenotype
definition is a critical issue.  In the present study, age at
menarche was determined retrospectively based on self-
report, and recall error may be inevitable.  However, menarche
is one of the most important milestones in a woman’s life and
retrospective recall is known to be reasonably accurate: re-
cent studies have shown a high correlation between the re-
called and actual ages at menarche[28].  Furthermore, it seems
unlikely that this recall bias differs in different genotypes.
Thus, our results based on the recalled age at menarche may
be valid.  Menarcheal age is affected by nutritional level and
other living environmental factors.  Such information was
not recorded and was not used as covariates to adjust the
raw data in the present study.  In this study, we tried to limit
the unrelated subjects to a similar age, so they would have a
similar living environment.  Such a method of subject ascer-
tainment will have improved the accuracy of our association
results.

In summary, the ER-α and VDR genes individually were
not associated with the age of menarche in Chinese women.
However, potential interaction effects between them were
observed.  Further studies in other populations with larger
sample sizes and denser markers are required to confirm the
findings reported here.
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Abstract
Aim: To design and synthesize a series of novel amino acid-binding 1,5-
diarylpyrazole derivatives, which are intended to act as prodrugs with better aque-
ous solubility than celecoxib, and which will exert potent anti-inflammatory activi-
ties after being converted to their parent compounds in vivo.  Methods: To intro-
duce an amino acid, celecoxib analogs containing amino or methylamino group
were synthesized first through multi-step chemical reactions.  All the synthesized
compounds were screened in an intact cell-based assay in vitro and in carrag-
eenan-induced mouse paw edema in vivo.  Some active compounds were selected
for further evaluation in a carrageenan-induced rat paw edema model.  The prelimi-
nary pharmacokinetics experiments were conducted using high performance liq-
uid chromatography/mass spectrometry (HPLC/MS).  Results: Celecoxib, 6 of the
1,5-diarylpyrazole class of celecoxib analogs, and their amino acid derivatives
(hydrochloride salts) were synthesized.  In vitro screening, the hydrochloride
salts showed decreased inhibitory effects on cyclooxygenase (COX)-1 and COX-
2 compared with their parent compounds, but some exhibited potent anti-inflam-
matory activity in vivo.  Compound 4a was selected for further evaluation, and its
anti-inflammatory effect was equivalent to that of celecoxib after oral administra-
tion in the carrageenan-induced rat paw edema model. At three doses (25 mg/kg,
50 mg/kg, and 100 mg/kg) the percentage inhibition on edema was 20.7%, 52.6%,
and 62.6% (for compound 4a) and 27.8%, 38.4%, and 40.1% (for celecoxib),
respectively.  Preliminary pharmacokinetic evaluations support the hypothesis
that compound 4a was actually converted to its parent compound, compound 4.
Conclusion: The compound bound with amino acid acts like prodrug, which can
exert anti-inflammatory effect similar to celecoxib after being converted to its par-
ent compound.  This finding will be of great benefit in carrying out structural
modifications of prodrug-like selective COX-2 inhibitors.
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Introduction
Nonsteroidal anti-inflammatory drugs (NSAIDs) are

widely used in the treatment of pain and inflammation.
NSAIDs act by inhibiting the catalytic activity of cyclooxy-
genase (COX), which results in a blockage of the formation
of prostaglandins (PGs).  COX exists as two distant isoforms
(COX-1 and COX-2)[1,2].  Inhibition of COX-2 accounts for

the anti-inflammatory effects of NSAIDs, whereas interrup-
tion of COX-1 leads to gastrointestinal toxicity[2,3].  Therefore,
it is proposed that a selective COX-2 inhibitor would have a
superior safety profile[4] to traditional NSAID.

Since the discovery of COX-2, a large number of selec-
tive COX-2 inhibitors have been described[5–8], of which vicinal
diaryl heterocycles represent the most important group[9–12].
These selective COX-2 inhibitors have pronounced anti-
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inflammatory effects with reduced or no gastrointestinal side
effects.  Celecoxib, in the 1,5-diarylpyrazole class of com-
pound[13], was the first launched selective COX-2 inhibitor,
and has excellent selectivity and potent anti-inflammatory
activity; however, its aqueous solubility is relatively low,
which decreases its oral bioavailability[14].  One approach to
address this problem is to convert the compound into a
prodrug that is readily soluble in water.  Researchers at-
tempted to create a water-soluble form by N-acetylation of
the sulfonamide group of celecoxib followed by preparation
of its sodium salt[15], but the result was unsatisfactory.  The
acetylation product had a lower level of inhibitory effect on
rat paw edema than that produced by celecoxib.

Recently, the cardiovascular safety of coxibs has raised
serious concerns; Merck & Co even voluntarily withdrew a
rofecoxib product from the market because of an increased
risk of cardiovascular events.  Although there has been con-
cern about adverse cardiovascular events associated with
the use of selective COX-2 inhibitors[16], there is still no evi-
dence indicating that cardiac toxicity is linked with all COX-
2 inhibitors[17,18].  Selective COX-2 inhibitors are still under
development[5,19,20].  It has been proposed that drugs with
higher selectivity for COX-2 tend to induce cardiovascular
disease[18,21].  Therefore, we chose the moderately selective
COX-2 inhibitor, celecoxib, as a target for modification (the
COX-1/COX-2 IC50 ratios of etoricoxib, rofecoxib, valdecoxib
and celecoxib are 106, 35, 30, and 7.6, respectively).

To improve the oral absorption of celecoxib, a prodrug
strategy was used in this study.  In our experiments, we were
mindful of the following: (1) conserving the main structure
of celecoxib, including the trifluoromethyl and benzenesul-
fonamide groups, which contribute to its inhibitive qualities
and selectivity of COX-2[13]; (2) partially containing the me-
thyl group in cycle C, because it can be metabolized to the
corresponding hydroxymethyl and carboxylic acid analogs
(glucuronide conjugation of the carboxylic acid metabolite
is a major pathway of elimination in humans[22]); (3) intro-
ducing some polar groups, such as amino or methylamino
groups, into cycle C; (4) binding with a natural amino acid
followed by preparation of its hydrochloride acid salt.  The
amide bonds are inclined to be hydrolyzed in vivo, and the

cleaved natural amino acid part is safe for humans.
Based on these considerations, in the present study, we

designed and synthesized some 1,5-diarylpyrazole
derivatives.  These hydrochloride salts were expected to have
good aqueous solubility and act like prodrugs, which can
exhibit potent anti-inflammatory activity in vivo after being
converted to their parent compounds.

Materials and methods
Animals  Female Kun-ming mice (grade SPF II, certificate

No SCXK 2003-0003) weighing 18–22 g and male Sprague-
Dawley (SD) rats (grade SPF II, certificate No SCXK 2003-
0003) weighing 180–200 g were provided by the Shanghai
Experimental Animal Center, Chinese Academy of Sciences.
These animals were fasted with free access to water for at
least 12 h prior to the experiments.  All the animal treatments
were strictly in accordance with the Chinese National Insti-
tute of Health’s Guide for the Care and Use of Laboratory
Animals (National Research Council, 1996).

Chemicals and reagents  Substituted acetophenone and
ethyl trifluoracetate were purchased from Aldrich (St Louis, MO,
USA ) and Acros (Geel, Belgium).  The tert-butoxycarbonyl
(BOC)-protected amino acid was from GL Biochem (Shanghai,
China).  The other reagents were from the Shanghai Chemical
Reagent Co (Shanghai, China).  All the chemicals were analyti-
cal grade or above.

Chemistry  To obtain the expected prodrugs, celecoxib
(positive drug), and celecoxib analogs (parent compounds)
containing amino or methylamino groups were synthesized
first as follows.

4-[5-(4-Methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-
1-yl]benzenesulfonamide (celecoxib)  Celecoxib (com-
pound 2) was synthesized as described previously[13] with
some modifications.  In first step, sodium methanol was re-
placed with sodium ethanol, and the reaction time was re-
duced from 24 h to 4 h.  In second step, dione 1 reacted with
(4-sulfamoylphenyl)hydrazine hydrochloride (self-preparation)
to produce celecoxib in the form of white crystals (Scheme 1,
a-b).  Purity as assessed by high performance liquid chroma-
tography (HPLC) was 99.8%.  The structure was identified
by EI-MS, Mp, and H1NMR.

Celecoxib analogs containing amino or methylamino
groups (parent compounds)  Three classes of 6 compounds
were synthesized as followed.

1.  4-[5-(3-Amino-4-methylphenyl)-3-(trifluoromethyl)-
1H-pyrazol-1-yl]benzenesulfonamide (compound 4)
Celecoxib was treated with diluted HNO3 2 mol/L and con-
centrated H2SO4 to give the nitration product 3.  Then the
nitro group was reduced to an amino group by 10% Pd/C
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and H2 to obtain compound 4.  To introduce one methyl group
on the N atom of the amino group, the N-formyl amine was
obtained by the N-formylation of compound 4 with formic
acid, then it was reduced by lithium aluminum hydride
(LiAlH4)[23] to give the desired N-monomethyl aromatic amine
compound 5 (Scheme 1, c-e).

2.  4-[5-(3-Methyl-4-aminophenyl)-3-(trifluoromethyl)-
1H-pyrazol-1-yl]benzenesulfonamide (compound 9)  3-Me-
thyl-4-nitro acetophenone (compound 6) as a starting mate-
rial was prepared as described previously[24] (Scheme 2, a–c).
We tried the same method as used in the preparation of
celecoxib, but did not obtain the desired compound 7.  After
different bases and solvents were experienced  in step d, we
found that the presence of benzene and tert-butanol potas-
sium were suitable for dione (compound 6) synthesis, and

that the temperature should be kept at less than 0 °C.  Then
compounds 9 and 10 were produced (Scheme 2, d-f).  by
similar method as Scheme 1.

3.  4-[5-(4-Aminophenyl)-3-(trifluoromethyl)-1H-pyrazol
-1-yl]benzenesulfonamide (compound 11)  4-Nitro acetophe-
none was used as the starting material.  Compounds 11 and
12 were synthesized in the same way as compounds 9 and
10.

All the 6 compounds were identified by EI-MS, Mp, and
H1NMR, and their purities as determined by HPLC were all
above 99.3%.

Synthesis of prodrug derivatives  The 3 classes of cele-
coxib analogs containing amino or methylamino groups re-
acted with several kinds of tert-BOC-protected amino acids
in the presence of 1-(3-dimethylaminopropyl)-3-ethyl-

Scheme 1.  (a) NaOEt/EtOH, N2, refluxed for 4 h, yield 89%; (b) (4-sulfamoylphenyl)hydrazine hydrochloride, EtOH, refluxed for 6 h, yield
84%; (c) 2N HNO3/H2SO4, -5–0 °C, 0.5 h, yield 79%; (d) 10% Pd/C, H2, EtOH, rt, 5 h, yield 98%; (e) i. HCOOH, toluene, refluxed for 3 h, yield
98%; ii. LiAlH4/THF, -5–0 °C, 2 h, yield 57%.

Scheme 2.  (a) PCl5, benzene, refluxed for 2 h; (b) C2H5OMg.CH (COOC2H5)2/Et2O/EtOH/benzene, refluxed for 0.5 h; (c) HOAc/H2SO4/H2O,
refluxed for 5 h. (a–c: overall yield 55%–65%); (d) CF3COOC2H5, t-BuOK, benzene, ice-water bath, 3 h, yield 78%; (e) (4-sulfamoylphenyl)
hydrazine hydrochloride, EtOH, refluxed for 5 h, yield 89%; (f) 10%Pd/C, H2, EtOH, rt, 3 h, yield: 90%.
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carbodiimide hydrochloride (EDCI).  Then the intermediates
bound with the BOC group were deprotected with saturated
hydrochloride-ethyl acetate solution to obtain the final amino
acid hydrochloride salt (Scheme 3).  All products were checked
by EI-MS, Mp, H1NMR, IR, and HRMS.

Biological assays
In vitro biochemical assays  Cell-based assays were

performed as described previously[25].  In brief, the drugs
were pre-incubated with infected Spodoptera frugiperda (Sf9)
cells for 15 min prior to a 10 min challenge with 10 µmol/L
arachidonic acid.  The concentration of prostaglandin E2
(PGE2) was determined by interpolation from a standard curve
and inhibition was calculated by comparison of PGE2 pro-
duction by drug-treated cells with that of Me2SO-treated
cells.

In vivo screening methods.  Carrageenan-induced rat
paw edema[26]  Test compounds were suspended in 0.5%
carboxymethylcellulose solution and intragastrically admin-
istered to rats at three doses (25 mg/kg, 50 mg/kg and 100
mg/kg) before carrageenan was injected.  The control group
rats received the same volume of vehicle (0.5% carboxym-
ethylcellulose solution) according to their weight.   Paw edema
was then induced by subplantar injection of 50 µL 1% (w/v)
sterile carrageenan in saline into the right hindpaw.  Paw
volume was measured before and 3 h after carrageenan in-
jection with a plethysmometer (Shandong Academy of Medi-
cal Sciences, China).  The extent of paw edema in the treat-
ment group was compared to that of the vehicle control group
and percentage inhibition was calculated in comparison to
the vehicle group.

In the preliminary screening of mice in vivo, the inflam-
matory index was paw weight instead of volume, which was
used for the rats.

Preliminary pharmacokinetic study of prodrugs  As
described previously[27], HPLC/MS was used to confirm the
conversion of prodrug-like derivatives in vivo in rats.  A
single dose (100 mg/kg) of the selected compound (that

showed potent inhibitory effects on rat paw edema), was
orally administered to rats (n=6).  Blood samples (50 µL)
were taken before and 0.5 h, 2 h, 6 h, 12 h, 18 h, 24 h, 30 h, 36
h, 48 h, 60 h, and 72 h after intragastric administration, and
immediately centrifuged at 10 000×g at 4 °C for 15 min.  The
plasma samples were stored at -20 °C.

Plasma concentration-time curves were evaluated by
InnaPhase Kinetica (InnaPhase Corporation, Philadelphia,
PA, USA)

Statistical analysis Data were expressed as mean±SEM
(unless noted otherwise), and subjected to one-way analy-
sis of variance (ANOVA) and Dunnett’s test.  P<0.05 was
considered to be statistically significant.

Results

Chemistry  Celecoxib, 6 of the 1,5-diarylpyrazole class of
celecoxib analogs, and their amino acid derivatives
(hydrochloride salts) were synthesized.  Three kinds of BOC-
protected natural amino acids were selected for introduction.
They were glycine, L-alanine, and L-phenylalanine.  The main
analytical data, from 1H NMR and HRMS, are summarized in
Table 1.

The aqueous solubility of the hydrochloride salts was
greatly improved compared with that of their parent com-
pounds and celecoxib.  Their aqueous solubilities were,
respectively, 10–33 g/L, 0.1–1 g/L, and <0.05 g/L at 18 °C.

In vitro biochemical screening  All the compounds were
evaluated using the intact cell assay.  Parent compounds 4,
5, 9, and 10 exhibited potent and selective inhibition of COX-
2 activity in vitro (Table 2), whereas the inhibitory activities
of the hydrochloride salts were greatly decreased compared
with their parent compounds.

In vivo biological evaluation  Although none of the hy-
drochloride salts had any anti-inflammatory activity in vitro,
they could be expected to exert anti-inflammatory effects
once they were converted into their parent compounds.

Scheme 3.  (a) EDCI, BOC-AA-OH, THF, rt, overnight, yield 67%–92%; (b) saturated HCl-CH3COOC2H5 solution, rt, overnight, yield 82%–
93%. R1= H or CH3;  R2= H or CH3;  AA = amino acid.
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Table 1.  Structure and analytical data (1H NMR and HRMS) of synthesized compounds.

  Compound    Substituted group                                        1H NMR                                                            HRMS  (m/z)
               R1                 R2                                                                                                                         Found         Calculated

   Celecoxib   CH3               H        (CDCl3): d 7.90 (dd, J=6.8,2.0 Hz, 2H), 7.6 (d, J=6.5 Hz, 2H),        –                 –
                   7.46 (dd, J=6.8,2.0 Hz, 2H), 7.19 (d, J=6.5 Hz, 2H), 6.78

(s, 1H), 4.90 (s, 2H), 2.0 (s, 3H).
4 CH3 NH2 (CDCl3): δ 7.89 (ddd, J=8.8,2.3,2.3 Hz, 2H), 7.5 (ddd, J=8.8, – –

2.3,2.3 Hz, 2H), 7.02 (d, J=7.7 Hz, 1H), 6.70 (s, 1H), 6.54
(d, J=1.5 Hz, 1H), 6.49 (dd, J=7.7,1.5 Hz, 2H), 4.99 (s, 2H),
2.19 (s, 3H).

5 CH3 NHMe (CDCl3): δ 7.89 (ddd, J=8.93,2.2,2.2 Hz, 2H), 7.51 (ddd, J= – –
8.93,2.2,2.2 Hz, 2H), 7.0 (dd, J=7.56,0.42 Hz, 1H), 6.75 (s,
1H), 6.45 (dd, J=7.56, 1.70 Hz, 1H), 6.39 (d, J=1.70 Hz, 1H),
4.9 (s, -SO2NH2, 2H), 3.7 (s, -NHCH3, 1H), 2.75 (s, -NHCH3,
3H), 2.15 (s, CH3-Ar, 3H).

11 NH2 H (CDCl3): δ 7.89 (dd, J=6.83,1.95Hz, 2H), 7.48 (dd, J=6.83,1.95 – –
Hz, 2H), 6.94 (m, 2H), 6.64 (s, 1H), 6.61 (m, 2H), 4.84 (s,
-SO2NH2, 2H), 3.84 (s, 2H).

12 NHMe H (CDCl3): δ 7.92 (d, J=8.8 Hz, 2H), 7.52 (d, J=8.8 Hz, 2H),
7.02 (m, 2H), 6.64 (s, 1H), 6.56 (m, 2H), 4.90 (s, -SO2NH2,
2H), 2.86 (s, 3H).

9 NH2 CH3 (Me2SO-d6): δ 7.85 (ddd, J=8.80,2.20,2.20 Hz, 2H), 7.52 (ddd, 396.0861 396.0868
 J= 8.80, 2.20,2.20 Hz, 2H), 6.97 (s, 1H), 6.95 (d, J=1.4 Hz,
1H), 6.65 (dd, J=8.24, 2.2 Hz, 1H), 6.50 (d, J=8.24 Hz, 1H),
1.99 (s, 3H).

10 NHMe CH3 - 410.1026 410.1024
4a CH3 NH-Gly·HCl (Me2SO-d6): δ 9.92 (s, 1H), 8.14 (s, 3H), 7.84 (m, 2H), 7.50– 453.1076 453.1083

7.58 (m,5H), 7.26 (d, J=8.06 Hz, 1H), 7.14 (s, 1H), 7.01 (d,
J=8.07 Hz, 1H), 3.80 (d, J=5.50 Hz, 2H), 2.22 (s, 3H).

4b CH3 NH-Ala·HCl (Me2SO-d6): δ 10.08 (s, 1H), 8.23 (s, 3H), 7.84–7.87 (m, 2H), 467.1241 467.1239
7.52–7.55 (m, 2H), 7.51–7.52 (s, 2H), 7.42 (d, J=1.68 Hz,
1H), 7.25–7.28 (d, J=7.94 Hz, 1H), 7.15 (s, 1H), 7.0–7.03 (dd,
J=7.94, 1.68 Hz, 1H), 4.10–4.13 (m, 1H), 2.01 (s, 3H), 1.42
–1.44 (d, J=6.87 Hz, 3H).

4c CH3 NH-Phe·HCl (Me2SO-d6): δ 9.92 (s, 1H), 8.40 (s, 2H), 7.84–7.87 (d, J=8.78 543.1535 543.1552
Hz, 2H), 7.52–7.55 (d, J=8.80 Hz, 2H), 7.51 (s, -SO2NH2, 2H),
7.25–7.32 (m, 6H),7.21–7.23 (d, J=8.06 Hz, 1H), 7.10 (s, 1H),
6.99–7.01 (m, 1H), 4.30 (m, 1H), 3.06–3.08 (d, J=7.15 Hz,
1H), 2.01(s, 3H).

5a CH3 NMe-Gly·HCl (Me2SO-d6): δ 7.88–7.91 (m, 2H), 7.52–7.56 (d, J=8.80 Hz, 467.1254 467.1239
2H), 7.42–7.44 (d, J=8.07 Hz, 1H), 7.29–7.32 (m, 2H), 7.18
(d, J=1.47 Hz, 1H), 3.0 (s, 3H), 2.2 (s, 3H).

11a NH-Gly·HCl H (Me2SO-d6): δ 10.82 (s, 1H), 8.14–8.24(m, 2H), 7.82–7.84(d, 439.0924 439.0926
J=8.79 Hz, 2H), 7.60(d, J=8.79 Hz, 2H), 7.50–7.54(m, 4H),
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Based on our preliminary biological evaluation in mice
(data not shown), compound 4a was selected for further
evaluation in carrageenan-induced rat paw edema because
of its potent inhibitory effect on edema.  Three doses (25 mg/kg,
50 mg/kg and 100 mg/kg) of each of celecoxib, compound 4,
and compound 4a, respectively, were orally administered to
rats.  Compound 4a had a high level of efficiency, which was
identical to that of the possible parent compound 4 and simi-
lar to that of celecoxib (Table 3).  Furthermore, compound 4a

  Compound   Substituted group                                      1H NMR                                                           HRMS  (m/z)
                R1                 R2                                                                                                                        Found        Calculated

7.26 (d, J=8.79 Hz, 2H), 7.18 (s, 1H), 3.74(s, 2H).
11b NH-Ala·HCl H (Me2SO-d6): δ 7.85–7.87 (d, J=8.61 Hz, 2H), 7.65–7.67(d, J= 453.1086 453.1083

8.80 Hz, 2H), 7.51–7.53 (m, 4H), 7.26–7.28 (d, J=8.80 Hz, 2H),
7.19 (s, 1H), 3.90–3.96 (d, J=6.97 Hz, 1H), 1.40 (d, J=6.78 Hz,
3H).

11c NH-Phe·HCl H (Me2SO-d6): δ 10.99 (s, 1H), 8.37 (s, 1H), 7.85–7.88 (d, J=8.80 529.1380 529.1396
Hz, 2H), 7.56-7.59 (d, J=8.80 Hz, 2H), 7.51–7.54 (d, 4H),
7.26–7.30 (m, 7H), 7.20 (s, 1H), 4.22 (d, J=5.14 Hz, 1H),
3.14–3.20(m, 2H).

12a NMe-Gly·HCl H (Me2SO-d6): δ 8.18 (s, 2H), 7.88–7.90 (d, J=8.8 Hz, 2H), 7.58– 453.1071 453.1083
7.44 (m, 8H), 7.28 (s, 1H), 3.22(s, 3H).

9a NH-Gly·HCl CH3 (Me2SO-d6): δ 9.96 (s, -NH2), 8.23 (s, -NH-), 7.87–7.89 (d, J=8.40 453.1088 453.1083
Hz, 2H), 7.55–7.57(d, J=8.59 Hz, 2H), 7.53–7.55 (m, 1H), 7.33
(m, 1H), 7.20 (s, 1H), 7.02–7.05 (dd, J=8.27,1.57 Hz, 1H), 3.82
(s, 2H), 2.0 (s, 3H).

9b NH-Ala·HCl CH3 (Me2SO-d6): δ 7.87–7.90 (ddd, J=8.61,2.20,2.20 Hz, 2H), 7.55– 467.1216 467.1239
7.57 (m, 2H), 7.47–7.49 (d, J=8.41 Hz, 1H), 7.33 (d, J=1.76 Hz,
1H), 7.20 (s, 1H), 7.02–7.05 (dd, J=8.21,2.20 Hz, 1H), 4.10–
4.13 (m, 1H), 2.0 (s, 3H), 1.43 (d, J=7.05 Hz, 3H).

9c NH-Phe·HCl CH3 (Me2SO-d6): δ 7.87–7.89 (m, 2H), 7.54–7.57 (m, 2H), 7.27–7.37 543.1537 543.1552
(m, 7H), 7.21 (s, 1H), 6.99–7.02 (m, 1H), 4.35 (m, 1H), 3.10–
3.12 (d, J=7.22 Hz, 2H), 2.0 (s, 3H).

“-”= not determined.

Table 2.  Inhibitory effect of test compounds on COX-1 and COX-
2 in vitro.

      Compound                                     IC50/ µmol·L-1

                                      COX-2     COX-1

Celecoxib 0.053 2.4
Compound 4 0.33 14.34
Compound 5 0.12 1.51
Compound 9 3.12 6.32
Compound 10 0.46 1.76

Average of at least three determinations, and the deviation from the
mean is <10%.

Table 3.  In vivo data for compounds celecoxib (positive drug),
compound 4 (parent compound), and compound 4a (prodrug
compoud) on carrageenan-induced rat paw edema. n=8. Mean±SEM.
bP<0.05, cP<0.01 vs control vehicle groups.

   Dose                                       Inhibition/%
  /mg·kg-1         Celecoxib             Compound 4      Compound 4a

  25 27.76±4.35b 26.63±6.47b 20.68±5.44b

  50 38.4±3.87b 57.41±2.83b 52.55±3.26b

100 40.12±4.45b 67.29±3.69b 62.55±3.48c

dose-dependently inhibited the inflammatory response to
carrageenan-induced edema.

Preliminary pharmacokinetic study   A preliminary phar-
macokinetic study of compound 4a in rats (n=6) was under-
taken to prove that it was converted in vivo to compound 4.
Figure 1 shows the representative chromatograms of blank
plasma, plasma containing compound 4, compound 4a, and
internal standard (IS), and plasma sample added with IS 6 h
after intragastric administration.  The retention times of com-
pound 4a, compound 4, and IS were 5.71 min, 7.91 min, and
6.56 min in blank plasma, respectively.  In a plasma sample 6
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h after intragastric administration, the retention times of com-
pound 4a, compound 4 created from the conversion of com-
pound 4a, and IS were 5.68 min, 7.88 min, and 6.53 min,
respectively.  The corresponding chromatography peak was
identified by MS.  We thus proved that compound 4a was
actually converted to compound 4 after oral administration.

The pharmacokinetic parameters of compound 4 released
from compound 4a were calculated by non-compartmental
model analysis based on the drug concentration-time curve
of 0–72 h sample dotting.  Peak plasma concentration (Cmax),
the corresponding time (Tmax), the area under the plasma
concentration-time curve (AUC0-∞), and T1/2 were 7.7±1.1 mg/L,
13.2±2.7 h, 165.3±21.8 mg·L-1·h, and 6.4±1.3 h, respectively.

Discussion
In the present study, a series of amino acid-binding 1,5-

diarylpyrazole derivatives were designed and synthesized
as prodrugs.  As expected, the aqueous solubility of these
compounds was greatly improved compared with celecoxib.
For example, the solubility of compound 4a in water at 18°C
was 15–18 g/L, whereas that of celecoxib was <0.05 g/L.  Good
aqueous solubility should enhance the dissolution rate of a
drug and thus improve its oral bioavailability[14].

In in vitro biological evaluations, it was found that the
parent compounds 4, 5, 9, and 10 exhibited potent selectivity
and inhibition of COX-2, although they all did not exceed
celecoxib (Table 2).  From the results, it was also found that
the compounds containing the methylamino group had more
potent inhibitory effects than those containing the amino
group.  In addition, all the hydrochloride salts showed ex-
tremely weak inhibition on COX activity.

Based on a previous hypothesis, the hydrochloride salt
should bring about beneficial anti-inflammatory effects after

delivering its parent compound in vivo.  Therefore, anti-in-
flammatory evaluation in vivo was performed in carrageenan-
induced mouse and rat paw edema models.  Compound 4a
brought about the expected potent inhibition of edema after
intragastric administration.  Furthermore, at doses of 50 mg/kg
and 100 mg/kg, the anti-inflammatory effect of compound 4a
was a little stronger than that of celecoxib, and identical to
that of compound 4 (Table 3).  Preliminary pharmacokinetic
studies in rats also proved that compound 4a actually acted
as a prodrug, which has an anti-inflammatory effect once it is
converted into its active form, compound 4.

In the preliminary pharmacokinetic studies, the Tmax of
compound 4 (as derived from compound 4a) was found at 12
h after oral administration; however, the Tmax of celecoxib
was at 3 h after administration[28].  In our experiments, we
only observed the inhibitory effects on edema at 3 h after
oral administration.  Therefore we predicted that when the
concentration of compound 4 (as derived from compound
4a) reached a maximum, it should have stronger anti-inflam-
matory activity.

 Although compound 4a did not exhibit more potency in
vivo than its parent, compound 4, its potency was compa-
rable with that of celecoxib (Table 3).  We suppose that com-
pound 4a was not completely converted to its parent
compound, compound 4, or it produced other metabolisms
in vivo.  Similar prodrug conversion pharmacokinetics have
been investigated by Mamidi et al[28].  Prodrugs derived from
the same parent compound will have different activity in
vivo when they are connected to different groups.  Connect-
ing more amino acids to the parent compound might offer a
an exciting prospect for developing prodrug-like NSAIDs.

In summary, by introducing an amino or methylamino
group, 6 celecoxib analogs were synthesized as parent
compounds.  The 6 compounds were combined with three

Figure 1.  Representative chromatograms of (A) blank plasma; (B) plasma containing compound 4, compound 4a, and internal standard (IS);
(C) plasma sample added with IS 6 h after intragastric administration.
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kinds of natural amino acids to obtain a series of novel hy-
drochloride salts.  By biological evaluation in vitro and in
vivo, and by further preliminary pharmacokinetic studies,
compound 4a was discovered, which was confirmed to act
as a prodrug, and exhibited marked anti-inflammatory activ-
ity in vivo.  This finding will be of great benefit to the struc-
tural modifications of prodrug-like selective COX-2 inhibitors.
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Regulating expressions of cyclin D1, pRb, and anti-cancer effects of
deguelin on human Burkitt’s lymphoma Daudi cells in vitro1
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Abstract
Aim: To investigate anticancer effects and molecular mechanism of deguelin on
human Burkitt’s lymphoma Daudi cells in vitro and compare the cytotoxicities of
deguelin on Daudi cells and human peripheral blood monocular cells (PBMC).
Methods: The effects of deguelin on the growth of Daudi cells were studied by 3-
(4, 5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium (MTT) assay.  Apoptosis
were dectected through Hoechst 33258 staining and Annexin V/PI double-labeled
cytometry.  The effect of deguelin on the cell cycle of Daudi cells were studied by
a propidium iodide method.  The expressions of cyclin D1 and pRb were checked
by Western blot.  Results: The proliferation of Daudi cells were decreased in
deguelin-treated group with a 24-h IC50 value of 51.55 nmol/L.  Deguelin induced
Daudi cells apoptosis was in a time- and dose-dependent manner.  G0/G1 phase
increased and S phase decreased in Daudi cells treated with deguelin.  With deguelin
0, 5, 10, 20, and 40 nmol/L treatment for 24 h, G0/G1 phase increased from 37.34% to
56.56%, whereas S phase decreased from 37.72% to 21.36%.  PBMC was less
sensitive to the cytotoxic effect of deguelin than Daudi cells.  The expression of
cyclin D1 and pRb protein were decreased sharply in Daudi cells treated with
deguelin.  Conclusion: Deguelin is able to inhibit the proliferation of Daudi cells
by regulating the cell cycle that arrested cells at G0/G1 phase and inducing the cell
apoptosis.  Moreover, deguelin selectively induced apoptosis of Daudi cells with
low toxicity in PBMC.  The antitumor effects of deguelin were related to down-
regulating the expression of cyclin D1 and pRb protein.
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Figure 1.  Structure of deguelin.

Introduction
A large number of natural products have been evaluated

as potential chemopreventive agents.  Deguelin (Figure 1), a
natural plant-derived rotenoid, most commonly used as an
insecticide in Africa and South America, has been isolated
from several plant species, including Mundulea sericea
(Leguminosae).  Its main active composition is rotenone,
and it has very strong photodissociation[1].  The recent re-
search has indicated that deguelin usually has a very strong
antitumor function, and can suppress many kinds of tumors
cell at nmol levels[1].  Notably, deguelin can suppress colon-
cancer cell HT-29 growth[2], inhibit the growth of precancer-
ous and cancerous lung cells, and induce premalignant and
malignant human bronchial epithelial (HBE) cells apoptosis

with no toxic effects on normal cells[3].  These recent experi-
ments verified that deguelin could lead the cell cycle to block
and induce apoptosis, however, its mechanism is not yet
completely clear.
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Burkitt’s lymphoma (also called small noncleaved cell
lymphoma) is a type of on-Hodgkin’s lymphoma, a cancer in
the lymphatic system.  Despite recent advances in radio-
therapy, chemotherapy, and stem cell transplant, the severe
morbidity from lymphoma has not been improved[4].  Much
effort has been focused on the discovery and development
of new chemopreventive agents, especially agents targeted
at mechanisms known to be involved in the process of
carcinogenesis.  Therefore, we have sought to identify novel
agents that can prevent lymphoma carcinogenesis effectively
but with minimal toxicity.

This study was designed to explore the mechanism of
deguelin-induced apoptosis in Daudi cells.  We studied
deguelin on human Burkitt’s lymphoma Daudi cells in vitro
and compared the cytotoxicities of deguelin on Daudi cells
with human peripheral blood monocular cell (PBMC), and
focused on the changes in the expression of cyclin D1 and
phosphor-Rb, and analyzed its underlying mechanism.

Materials and methods

Drugs and reagents  Degulin was purchased from the
Sigma Chemical Company (St Louis, MO, USA) and initially
dissolved in dimethylsulfoxide( Me2SO), and stoered at
-20 °C, and thawed before use.  MTT was purchased from
Janssen Chimica Company (New Brunswick, NJ, USA).
RPMI-1640 medium, Hoechst 33258, and Me2SO were pur-
chased from Sigma Co.  Anti-cyclin D1 and anti-phosphor
Rb antibodies were purchased from Santa Cruz (California,
USA).  Chemiluminescence (ECL) reagent kits were purchased
from Pierce Biotechnology, Inc  (Rockford, IL, USA).  Daudi
cells line was obtained from China Center for Typical Culture
Collection (Wuhan,China).  PBMC were obtained by Ficoll-
Hypaque density gradient centrifugation.  All kinds of cells
were grown in RPMI-1640 culture medium containing 10%
fetal calf serum (FCS) and 2 mmol/L L-glutamine at 37 ºC in a
5% CO2 incubator.

MTT assay  The antiproliferative effects of deguelin
against different group cells were determined by the MTT
dye uptake method.  Briefly, the Daudi cells and PBMC (40
000 per well) were incubated in triplicate in a 96-well plate.
Different concentrations of deguelin were added, and the
final concentrations were 0, 5, 10, 20, 40, 80, and 160 nmol/L.
The plates were in the presence or absence of the indicated
test samples for 0, 24, 36, 48, 60, and 72 h.  The group in
maximal Me2SO dissolution concentration acted as the con-
trol group.  Thereafter, 20 µL MTT solution (5 mg/mL in
phosphate-buffered saline [PBS]) was added to each well.
After 4 h at 37 °C, the supernatant was removed and 150 µL

Me2SO was added.  When the blue crystal was dissolved,
the optical density (OD) was detected  at 570 nm wavelength
using a 96-well multiscanner autoreader (Biotech Instruments
µQuant, New York, USA).  The following formula was used:
Cell proliferation(%)=[1–(OD of the experimental samples/
OD of the control)]×100%.

Hoechst 33258 staining  Deguelin-induced apoptosis
was monitored by the extent of nuclear fragmentation.
Nuclear fragmentation was visualized by Hoechst 33258
staining of apoptotic nuclei.  The apoptotic cells were col-
lected by centrifugation, washed with PBS and fixed in 4%
paraformaldehyde for 20 min at room temperature.  Sub-
sequently, the cells were washed and resuspended in 20 µL
PBS before deposition on poly lysine-coated coverslips and
were left to adhere on cover slips for 30 min at room tempera-
ture and then the coverslips were washed twice with PBS.
The adhered cells were then incubated with 0.1% Triton X-
100 for 5 min at room temperature and rinsed with PBS three
times.  The coverslips were treated with Hoechst 33258 for
30 min at 37 °C, rinsed with PBS and mounted on slides with
glycerol- PBS.  The cells were viewed with an Olympus BH-
2 fluorescence microscope (Tokyo, Japan).

Annexin V-PI assay  The cells were collected and washed
with PBS, followed by being resuspended in binding buffer
(HEPES-NaOH 10 mmol/L, pH 7.4, NaCl 140 mmol/L, CaCl2

2.5 mmol/L).  The samples were incubated with 5 µL Annexin-
V in dark for 15 min, washed with binding buffer and resus-
pended in 1% formaldehyde in the binding buffer at 4 ºC for
30 min.  After being washed with binding buffer again, the
cells were stained with 500 µL PI (1 µg/ml, Sigma) for 15 min
then measured on flow cytometry (Stanford, Becton Dickin-
son, USA).

DNA content and cell cycle analysis  Untreated and
treated cells were collected, after cultured in the presence or
absence of degulin for the indicated time, rinsed with PBS,
and suspended in 75 % ethanol at –20 ºC overnight.  Fixed
cells were centrifuged at 1200×g and washed with PBS twice.
To detect  DNA content, cells were contained in the dark
with PI 50 mg/L and 0.1 % RNAse A in 400 µL PBS at 25 ºC for
30 min.  Stained cells were analyzed on FACSort (Becton
Dickinson).  The percentage of apoptotic cells was deter-
mined using the CellQuest software program.

Western blot analysis  Lysates were prepared from 1×107

cells by dissolving cell pellets in 100 µL of  lysis buffer
Na2HPO4  pH 7.4 20 mmol/L  , 150 mmol/L NaCl, 1% Triton
X-100, 1% aprotinin, 1 mmol/L phenylmethylsulfonyl fluoride,
10 g/L leupeptin, 100 mmol/L NaF, and 2 mmol/L Na3VO4).
Lysates were centrifuged at 18 000×g for 15 min and the su-
pernatant was collected.  Protein content was determined
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Figure 2.  Antiproliferation effect of deguelin on Daudi cells.  Daudi
cells were treated with various concentrations of deguelin as indi-
cated for 0, 24, 36, 48, 60, and 72 h.  Growth inhibition was deter-
mined using a MTT assay and shown as an inhibitory rate.  n=3.

using a Bio-Rad protein assay (Bio-Rad Laboratories,
Hercules, CA, USA).  Sodium dodecylsulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer (10 mmol/L
Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 0.2 mol/L DTT) was
added to the lysates.  Lysates were heated to 100 ºC for 5
min, and 80 µg of protein was loaded into each well of a 10%
SDS-PAGE gel.  Resolved proteins were electrophoretically
transferred to nitrocellulose and blocked with 5% non-fat
milk, and the primary antibodies cyclin D1 and phosphor Rb
(dilution 1:200), respectively.  After overnight incubation at
4 °C the blots were washed, exposed to HRP-conjugated
corresponding secondary antibodies for 1 h, and finally de-
tected by ECL.  Quantification of the bands was carried out
using densitometric analysis software, Quantity One (Bio-
Rad), and processed as described previously.

Statistical analysis   All data were expressed as mean±SD
using SPSS 10.0 for windows 98.  Using linear t-tests for
statistics analyses, P values of less than 0.01 or 0.05 were
considered to be statistically significant.

Results
Effects of  deguelin on proliferation of Daudi cells and

PBMC   Daudi cells and PBMC treated with  deguelin for 0 h,
24 h, 36 h, 48 h, 60 h, and 72 h, respectively, resulted in the
inhibition of cell proliferation in a dose- and time-dependent
manner.  The OD value of the deguelin-treated group de-
creased significantly compared with the untreated group and
PBMC group.  There are  significant differences between the
deguelin-treated and untreated group (Figure 2).  It has also
shown great difference between deguelin-treated and PBMC
group (Figure 3).  The IC50 value of 24 h on Daudi cell was
51.55 nmol/L, whereas the IC50 value of 24 h on PBMC was
1.63 µmol/L.  The IC50 value of 24 h on PBMC was higher
than Daudi cell group with great significance (P<0.01).

Hoechst 33258 staining   We used Hoechest 33258 stain-
ing to investigate the changes in the nucleus of cells, and
many apoptotic bodies containing nuclear fragments were
found in deguelin-treated (40 nmol/L for 24 h) cells, but none
in untreated cells.  Arrows indicate apoptotic nuclear frag-
mentation (Figure 4).  At the same time, cytoplasmic shrink-
age was observed in cells cultured with deguelin.

Annexin V-PI assay  All untreated cells were Annexin-V
negative, which meant no apoptosis occured.  In contrast,
when Daudi was treated with deguelin, apoptotic cells be-
came Annexin-V positive and PI negative almost all the
apoptosis occured in cells undergoing the G1-phase.  With
the increasing dose of deguelin, early apoptotic cells in-
creased from (15.46%±0.62%)  to  (18.48%±2.98%) with 20

nmol/L and 40 nmol/L deguelin, respectively (Figure 5).  It
meant that deguelin could induce G1-phase specific
apoptosis.

Cell cycle analysis  Figure 6 illustrates changes in DNA
content distribution treated with deguelin 0, 5, 10, 20, 40, and
80 nmol/L for 24 h.  As the treatment dose increased, the
percentage of cells in G1/G0 phase increased and S phase
decreased accordingly.  Treated with 0, 5, 10, 20, 40, and 80
nmol/L deguelin for 24 h, the rate of G1/G0 phase cells were
increased by 37.34%, 40.91%, 44.69%, 52.45%, and 56.56%
in a dose-dependent manner.  Meanwhile, the rate of S phase
cells were decreased by 37.72%, 35.97%, 34.91, 24.11, and
21.36% in a dose-dependent manner.  It showed few changes
in G2/M phase.  These results illustrated that deguelin ar-
rested the Daudi cells at G1/G0 phase in vitro.

Cyclin D and pRb analysis by Western blot   After treated
with 0, 50, 100, 200, and 400 nmol/L deguelin for 24 h, both
the expression of cyclin D1 and pRb were down-regulated
dramatically in a dose-dependent manner.  The OD values of

Figure 3.  Comparison of the cytotoxicities of deguelin on Daudi
cells and human peripheral blood monocular cell (PBMC).  n=3.



876

 Acta Pharmacologica Sinica ISSN 1671-4083Liu HL et al

Figure 5.  The rate of early apoptosis induced by deguelin with
Annexin V-PI assay. A, B, and C show treatment with 0, 20, and 40
nmol/L deguelin for 24 h, respectively.

cyclin D1 and pRb on Daudi cells were greatly significant
compared with the control cells, and P values were less than
0.05 or 0.01, respectively (Figure 7).

Discussion
Several natural compounds, especially plant products and

dietary constituents, have been found to exhibit chemopre-
ventive activities both in vitro and in vivo in model systems.
Their mechanisms of action vary widely, with many sup-
pressing cell growth or modulating cell differentiation and a
few also inducing apoptosis.  Rotenoids, which constitute a
class of compounds from the flavonoid family, have
chemopreventive activity, act by inhibiting NADH: ubiqui-
none oxidoreductase activity, and by suppressing steady-
state mRNA levels and enzymatic activity of 12-O-tetra-
decanoylphorbol-13-acetate (TPA)-induced ornithine decar-
boxylase (ODC) activity[5].  One rotenoid, deguelin, has been

isolated from several plant species, including Mundulea
sericea (Leguminosae)[6].  Deguelin has been shown to have
cancer-chemopreventive effects in models of skin, mammary,
and lung tumorigenesis.  Deguelin has been widely used as
an insecticide in Africa, South Africa, and China[7].

This experiment also founded that deguelin could sup-
press Daudi cell selectively, and it had low toxicity on hu-
man peripheral blood monocular cells (PBMC).  Deguelin-

Figure 4.  (A) Untreated Daudi cells; (B) Cells treated with 50 nmol/L
deguelin for 24 h.  Photographs were taken under an Olympus BH-2
fluorescence microscope (×40).  Arrows indicate apoptotic nuclear
fragmentation.
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Figure 6.  The distribution of cell cycle by deguelin with FACSort (Becton Dickinson, USA).  A, B, C, D, E, and F are the control, and degulin
5, 10, 20, 40, and 80 nmol/L for 24 h, respectively.

                      Control          5 nmol/L   10 nmol/L     20 nmol/L    40 nmol/L    80 nmol/L

G0/G1 37.34 40.91 44.69 52.45 56.51 45.77
S 37.72 35.97 34.90 24.10 21.36 32.78
G2/M 22.69 20.82 18.21 21.09 19.72 18.25
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induced antiproliferative effects on Daudi cells, indicating
that deguelin may have potential as they accumulated in the
G0/G1 phase of the cell cycle and underwent apoptosis in a
dose- and time-dependent manner.  We found that deguelin
decreased the expression of cyclin D1 and pRb in Daudi
cells, suggesting that changes in the ratio of cyclin D1 and
pRb might contribute to the apoptosis-promoting activity of
deguelin in these cells.  Cyclin D1 and pRb are important
proteins for regulating cell cycle.  Chun et al[4] found that
deguelin could inhibit both premalignant and malignant HBE
cells and these were more sensitive to deguelin than normal
HBE cells.  They also found deguelin increased the expres-
sion of Bax and decreased the expression of Bcl-2 in prema-
lignant and malignant HBE cells, suggesting that changes in
the ratio of Bax to Bcl-2 might contribute to the apoptosis-
promoting activity of deguelin in these cells.  This suggests
that mechanisms of regulating cell cycle may contribute to
the sensitivity of tumor cells to deguelin.

The results of Hoechest 33258 staining and Annexin V-PI
assay showed that deguelin could induce Daudi cells
apoptosis in a dose-dependent way.  Arrows indicate apo-
ptotic nuclear fragmentation.  Apoptotic cells presented typi-

cal characteristics including the cell nuclear concentration,
nucleus gathered by the core.  With the increasing dose of
deguelin, early apoptotic cells increased from 15.46%±0.62%
to 18.48%±2.98% with 20 nmol/L and 40 nmol/L deguelin,
respectively.  The latest research materials indicate that
deguelin can inhibit other tumor cell proliferation such as
breast cancer, lung cancer, colon-cancer, and so on.  Its
underlying mechanism relates to inducing inhibition of
cyclooxygenase-2 and extracellular signal-regulated kinase
expression, participating in the phosphatidylinositol 3-ki-
nase/Akt pathway[7–9].

The cell cycle is an ordered set of events, culminating in
cell growth and division into two daughter cells.  Non-divid-
ing cells are not considered to be in the cell cycle.  Severe
defects in chromosomes block progression through the cell
cycle, and can lead to cell suicide or apoptosis.  In addition,
cells have a finite lifespan, and at some point are no longer
able to divide.  Deguelin usually acts on different stages of
the cell cycle of tumor cells and plays an antitumor role, and
this may be one of its pharmacological mechanisms.  In this
report, Daudi cells were arrested in the G0/G1 phase mainly
by deguelin, meanwhile the proportion of  S phase was gradu-
ally reduced.  After a different dose of deguelin for 24 h, cells
in G0/G1 phase were most early influenced and increased
gradually in a dose-dependent way with 40 nmol/L, and
reached peak value.  At the same time, cells in S phase were
decreased gradually with 40 nmol/L resulting in the lowest
value.  The above data shows that deguelin usually regu-
lates the G1/S checkpoint.  Deguelin regulating G1/S check
point was verified in other tumor cells.  Chun et al[4] found
that after treatment with 1×10-9mol/L deguelin on premalig-
nant and malignant HBE cell, the rate of G0/G1 cells increased
from 76.1% to 91.2%.  At the same time, deguelin arrested
premalignant and malignant HBE cells in G2/M phase that
increased from 9.6% to 40.2%.

Rapidly developing technology in the field of molecular
biology enables estimation of control mechanisms of cancer
cells at the molecular level.  Much interest has focused on
the proteins participating in cell cycle control.  The sequen-
tial transcriptional activation of cyclins, the regulatory sub-
units of cell-cycle-specific kinases, are thought to regulate
progress through the cell cycle[10].  The orderly progression
of dividing mammalian cells through the G1, S, G2, and M
phases of the cell cycle is governed by a series of proteins
called cyclins, which exert their effects by binding to and
activating a series of specific cyclin-dependent kinases
(CDK).  Cyclins are therefore potential oncogenes.  Cyclin
D1 overexpression and/or amplification at its genomic locus,
11q13, are common features of several human cancers.  The

Figure 7.  Effects of deguelin on the expression of cyclin D1 and
pRb in Daudi cells.  1, 2, 3, 4, and 5 are control, and deguelin 50, 100,
200, and 400 nmol/L, respectively.  n=3.  Mean±SD.  bP<0.05, cP<
0.01, compared with control.  ppRb* was inactive form.  pRb was
active form.
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cyclin D1 gene, which acts at the mid-portion of the G1-S
transition, is often overexpressed in human breast, colon,
and squamous carcinomas, and several other types of cancer,
and the cyclin E gene, which acts in late G1 is also over-
expressed and dysregulated in a variety of human cancers[11].
In mechanistic studies we demonstrated that overexpression
of cyclin D1 played a critical role in Burkitt lymphorma
carcinogenesis.  Therefore, cyclin D1 may be a useful biomar-
ker in molecular epidemiology studies, and inhibitors of its
function may be useful in both cancer chemo-prevention and
therapy.

Retinoblastoma (Rb) is a rare tumor of the retina, associ-
ated with mutations of chromosome 13q14.  The protein en-
coded by the Rb gene, pRb, normally plays a key role as a
negative regulator of the G1/S transition in the cell cycle by
binding the transcription factor E2F and preventing it from
activating the transcription of genes required for the S phase[12].
pRB gene product nuclear phosphoprotein undergoes dif-
ferential phosphorylation during the cell cycle[13].  A number
of cellular proteins interact with hypophosphorylated pRb
including: E2F transcription factor, several cyclins, RBP-1, RBP-
2, c-myc, N-myc, and p46.  During G1-phase, pRb is predomi-
nantly in a hypophosphorylated state and it becomes in-
creasingly phosphorylated through the cell cycle until the
end of mitosis when substantial dephosphorylation[14–16].  To
further investigate the role of cyclin genes in mammary
tumorigenesis, we analyzed the expression of cyclins D1 and
pRb in Daudi cells by Western blot.  In this study, deguelin
was shown to down-regulate the expression of cyclin D1
and pRb on Daudi cells in a dose-dependent way.  This inci-
dent was closely related to arrest in G0/G1.  This shows that
deguelin can regulate the function of molecule cyclin D1 and
control cell cycle, reduce the expression of pRb, and realize
its regulation and control function of G1/S checkpoints.

B-NHL plays an important role in blood system tumor.
Though traditional chemotherapy and radiotherapy can
achieve progress, the long-term result of treatment is not
obvious [17].  We chose Burkkit’s lymphoma cell line Daudi
cells as a research target.  We found that deguelin could
arrest Daudi cells in G0/G1 phase and induce apoptosis, and
did not have any obvious poisonous function on the normal
cell.  As the source of deguelin is abundant and cheap, hope-
fully it will become a new-type of powerful antineoplastic
medicine in treatment with B cells lymphoma.
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GLB prevents tumor metastasis of Lewis lung carcinoma by inhibiting
tumor adhesion actions1
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Introduction
The ability to metastasis is the most fearsome aspect of

cancer and most cancer deaths are the sequel of metastatic
diseases rather than primary tumor growth.  In order to form
overt metastases, a cell must complete the metastatic cascade,
a series of well-defined steps including local invasiveness,
intravasation, circulation, adhesion and extravasation,
survival, proliferation and angiogenesis[1].  Within this mul-
tistep process, adhesive ability of metastatic tumor cells is a
critical factor in extravasation and formation of new tumor
foci[2–6].

Cancer continues to represent the largest cause of mor-
tality in the world and claims over 6 million lives every
year[7].  An extremely promising strategy for the management
of cancer today is chemoprevention, which is defined as the
use of synthetic or natural agents (alone or in combination)
to block the development of cancer in humans[8,9].  Studies
on the pharmacological mechanisms and the search for new
anticancer and anti-metastasis drugs are necessary and hold

Abstract
Aim: To investigate the inhibitory effect of a new compound of GLB on tumor
metastasis in vivo and analyze its actions on tumor cell adhesion to clarify its
mechanism.  Methods: The effect of GLB on tumor metastasis was analyzed by
Lewis lung carcinoma model.  The pathological morphology of lung alveolar was
evaluated by hematoxylin-eosin staining.  The effect of GLB on the proliferation of
human prostate cancer cell (PC-3M, with a high metastatic characteristic) was
studied using the MTT method, and its actions on PC-3M cell adhesion to human
umbilical vein endothelial cells (HUVEC) and laminin were analyzed in vitro.
Results: GLB (100 mg·kg-1·d-1 for 28 d, ig) reduced the number of lung colonies of
Lewis lung carcinoma metastasis significantly (P<0.05).  Simultaneously, GLB
could mitigate the damage of lung alveolar caused by metastasic tumor deposits.
In vitro, GLB inhibited dramatically the adhesion of PC-3M cells to HUVEC (P<
0.01) and laminin (P<0.05), without cytotoxic or anti-proliferative action on PC-3M
cells.  Conclusion: GLB has anti-tumor metastatic activity, which partly depends
on its inhibition of tumor adhesion.

Key words
neoplasm metastasis; adhesion; carcinoma,
Lewis lung

1 Project supported by the National Natural
Science Foundation of China (No 39770286,
30171090) and 973 Program of the Ministry
of Science and Technology (No 2004CB518902).
4 Correspondence to Prof Xue-jun LI.
Phn 86-10-8280-2863
Fax 86-10-6217-9119.
E-mail xjli@bjmu.edu.cn

Received 2005-01-29
Accepted 2005-03-14

doi: 10.1111/j.1745-7254.2005.00125.x

great interest for scientists.  The compound GLB, (2''S,3aR,
6S,7aR)-3''-acetyl-3a,7a-dihydro-2,2,2',2'-tetramethyl-5''-(4–
bromophenyl)-spiro{spiro[1,3-dioxolo(4,5-D)-pyrane-6(7H),
5'(4’H)-1',3'-dioxolo]-7(6H),2''(3''H)-(1,3,4)-oxadiazole} (Figure
1), was synthesized by Prof Zhong-jun LI (School of
Pharmacy, Peking University) in 2000 and was patented by
National Patent of China (No 03119612.8).  It is structurally
based on fructose.  Previous studies showed that the com-

Figure 1.  Chemical structure of GLB.
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pound could inhibit the growth of S180 carcinoma in ICR
and LACA mice.  However, its precise function and mecha-
nism of action on tumor and tumor metastasis have not been
determined in full.  In the present study, we investigated the
effect of GLB on tumor metastasis in mice treated orally and
examined its effect on the adhesion of tumor cells in vitro to
clarify its possible mechanism of anti-metastasis.

Materials and methods

Cell culture  Human umbilical vein endothelial cells
(HUVEC) were isolated by collagenase I (1 g/L, Invitrogen,
USA) digestion of umbilical veins from undamaged sections
of fresh cords.  HUVEC were grown in Medium 199 (Gibco,
USA) supplemented with 20% heat-inactivated fetal bovine
serum (FBS), 20 mg/L endothelial cell growth supplement
(ECGS, Sigma, USA), 1×105 IU/L penicillin, 100 mg/L strepto-
mycin and 2 mmol/L L-glutamine.  Replicate cultures were
obtained by trypsinization and cells of passages 3–6 were
used in the experiments.  The identification of HUVEC was
confirmed by their polygonal morphology and by detecting
their immunoreactivity for factor VIII-related antigens[10].
Human prostate carcinoma cells (PC-3M) were cultivated in
RPMI-1640 containing 10% heat-inactivated FBS, 1×105 IU/
L penicillin and 100 mg/L streptomycin in a humidified incu-
bator with 5% CO2 in air at 37 °C.

Assay of PC-3M cell adhesion to HUVEC  PC-3M cells
were labeled with CFDA (carboxyfluorescein diacetate, Sigma,
100 mg/L) for 30 min at 37 °C[11].  Cells were washed twice
with phosphate-buffered saline (PBS) to remove residual fluo-
rescent dye.  The viability of the cells was not compromised
by this labeling protocol, as indicated by Trypan blue
exclusion.

HUVEC were cultured to confluence in 96-well dishes
coated with 2% gelatin.  Confluence was confirmed using
microscopy and CFDA-labeled PC-3M cells were washed
and resuspended in culture medium.  One hundred microli-
ters of the tumor-cell suspension (about 1×104 cells) was
added to HUVEC monolayers in 96-well dishes and co-cul-
tured for 30 min at 37 °C.  At the end of the experiment, the
wells were washed twice with PBS to remove non-adhering
PC-3M cells.  The adherent cells were counted under a fluo-
rescence microscope using an excitation wavelength of
492 nm, using five fields in each well[10].

Assay of PC-3M cell adhesion to laminin  The 96-well
plates were coated with laminin (extracted by the Depart-
ment of Cytobiology, Peking University) and incubated in
RPMI-1640 containing 0.02% bovine serum albumin (BSA)
for 15 min at 37 °C.  In a total volume of 100 µL RPMI-1640,

8×104 PC-3M cells were added to each well and incubated for
4 h at 37 °C in the presence of GLB.  After removing unat-
tached cells with two washes with PBS, the attached cells
were inccubated with 20 µL sterile MTT dye (Sigma) for a
further 2 h at 37 °C.  The medium was then removed, and
100 µL dimethyl sulfoxide (Me2SO) was added and mixed
thoroughly.  Spectrometric absorbance at 540 nm (for
formazan dye) and 690 nm (as background level) was mea-
sured using a microplate reader (Bio-Rad, USA)[12].

Proliferation assay  PC-3M cells (1×104 cells/well) were
cultured in 24-well plates and incubated for 1, 2, 3, 4, 5, and
6 d in the presence of GLB at various concentrations.  The
medium with GLB was changed every 48 h.  After incubation
the cells were harvested and washed with PBS.  The number
of viable cells in each well was then determined and counted
using the Trypan blue exclusion assay[13].

Lewis lung carcinoma in vivo model  Female C57BL/6
mice weighing 18 g–20 g were used and purchased from the
Experimental Animal Center of Peking University (Grade II,
Certificate No 11-00-0004).  Lewis lung carcinoma (provided
by the Chinese Medical Science Institute) was maintained in
C57BL/6 mice by subcutaneous injection in the axillary’s
region of 0.2 mL of homogenized tumor tissue [tumor tissue
(g): 0.9% sodium chloride (mL), 1:3] prepared from donors
similarly inoculated for experimental tumor transplanta-
tion[14].

Metastasis in vivo  GLB was suspended in 0.5% (w/v)
sodium carboxyl methylcellulose (CMC-Na) in distilled wa-
ter and administered orally for 27 d (25, 50, and 100 mg·kg-1·
d-1) from the next day of tumor cell injection.  After the d 6,
the tumor volumes of mice were measured every 3 d.  At the
d 28, the mice were killed and the lungs and primary tumors
were removed and weighed.  The number of metastasized
pulmonary colonies was counted and lung tissues were fixed
in formalin for further analysis.  The inhibitory rate of lung
metastasis (%) was calculated using the equation (Wmodel–
W treatment)/(Wmodel–Wcontrol)×100%, where W is lung wet
weight[14–16].

Pathological evaluation of lung  The fixed lung tissue
samples were embedded in paraffin, sectioned at 5 µm and
stained with hematoxylin and eosin to evaluate alveolar in-
tegrity by counting area percentage of alveolus in lung.  A
total of 5 fields from each lung sample were screened
randomly; the mean value was accepted as representative of
the sample[17].

Statistical analysis  The experimental results were ex-
pressed as mean±standard deviation (SD).  Statistical analy-
sis was carried out using one-way analysis of variance
(ANOVA) followed by Dunnett’s test with SPSS version
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10.0.  P<0.05 was considered to be statistically significant.

Results
Inhibitory effects of GLB on spontaneous metastasis of

Lewis lung carcinoma in mice   We investigated the effect
of oral administration of GLB on the spontaneous metasta-
sis of Lewis lung carcinoma.  GLB at the dose of 100 mg/kg
significantly reduced the number of pulmonary metastatic
colonies of Lewis lung carcinoma cells (P<0.05).  The inhibi-
tory rate of colony formation was approximately 31%.  Dur-
ing the drug treatment, we found neither body weight loss
nor toxic death in the GLB-treated mice.  In addition to a
reduction in the number of lung colonies by GLB, the sur-
vival rate of mice treated with GLB was significantly higher
than that of untreated mice bearing Lewis lung carcinoma
(Table 1).  Although the mean weight and volume of the
primary tumor in GLB-treated mice were less than those of
vehicle-treated mice, there was no statistical difference
(P>0.05, Table 1, Figure 2).

Effect of GLB on alveolar integrity in mice with Lewis
lung carcinoma cells  Alveolar integrity of lungs with meta-
static tumor deposits in mice bearing Lewis lung carcinoma
cells was significantly worse than that of normal lung tissue
(area percentage of alveolus in lungs: 37.8%±7.44% vs
44.9%±7.6%, P<0.05).  The lung tissue of mice treated with
100 mg/kg GLB was clearly better than that of tumor trans-
planted mice (area percentage of alveolus in lungs: 45.1%±
6.13% vs 37.8%±7.4%, P<0.05) (Figure 3).

Inhibitory effects of GLB on metastatic adhesion func-
tion of tumor cells  We evaluated the effects of GLB on the
metastatic adhesion functions of tumor cells by examining
its effect on PC-3M cell adhesion to endothelial monolayers
and laminin.  GLB, at the concentrations of  1×10-5 mol/L and
10-6 mol/L, inhibited significantly the adhesion of PC-3M cells
to HUVEC (P<0.01, Figure 4).  GLB at these concentrations
also inhibited the attachment of PC-3M cells to the laminin
(P<0.05, Figure 5).  To clarify whether the inhibitory action
on adhesion function could be due to a cytotoxic effect, GLB
was tested for its effect on PC-3M cell proliferation (Figure
6).  GLB had no substantial effect on the growth of tumor
cells after up to 5 d incubation.  Until the latter period of cell
growth (d 6 and 7), the proliferation of PC-3M cells treated
with 1×10-5 mol/L and 1×10-6 mol/L GLB showed signs of a
slight decrease.

Discussion
As has been demonstrated, the sequential process of

micrometastasis formation by Lewis lung carcinoma includes
single cells in the blood circulation escaping from the im-
mune system, adhering to epithelial cells, migrating into the
tissue, proliferating and making colonies in the lung[18].  In-
vestigate the earliest events during micrometastasis forma-
tion is useful and could be simply applied for the estimation
of anti-metastatic and anti-adhesive effects of various anti-
cancer agents[12].

Table 1.  Effect of GLB on lung colonization of Lewis lung carcinoma cells.  Mean±SD.  bP<0.05 vs model.

                                                                                                                                                                                             Inhibitory rate
     Group         Dose (mg/kg, ig)      Body weight (g)             Survival (n)   Tumor weight (g)   Lung colonies (n)        of lung
                                                                                                                                                                                               colonies (%)

Model Vehicle   19.8±1.96 9/13 7.42±1.78 16±2.6
GLBL   25 20.25±1.54 7/9 6.41±1.51 15±5.0   6
GLBM   50 19.08±2.67 7/9 6.18±1.11 12±5.2 26
GLBH 100 19.67±2.64 8/9 6.04±1.37 11±3.1b 31

GLBL, GLB 25 mg·kg-1·d-1; GLBM, GLB 50 mg·kg-1·d-1; GLBH, GLB 100 mg·kg-1·d-1.

Figure 2.  Effect of GLB on Lewis lung carcinoma primary tumor of
C57BL/6 mice.  C57BL/6 mice were implanted with Lewis lung car-
cinoma cells and systemic theated with vehicle (model) and doses of
25 mg/kg GLB (GLBL), 50 mg/kg GLB (GLBM) or 100 mg/kg GLB
(GLBH) intragastrically once a day.  After the 6 d, the mice tumor
volume was measured every 3 d.  n>7 mice.  Mean±SD.
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The antitumor activities of the derivatives of oxadiazoles,
one-membered heterocycles, have been reported and are
found to be related to their chelating abilities or non-polarity,

which is essential to penetrate through intracellular sites[19].
These include the new 5-(2-amino-3-pyridyl)-2-thioxo-3H-1,
3,4-oxadiazole derivatives that have shown cytotoxic

Figure 3.  Effect of GLB on alveolar integrity in mice with Lewis lung carcinoma cells.  The area percentage of alveolus in lung tissue of
normal C57BL/6 mice was almost 50% (A), and that in lung of mice bearing Lewis lung carcinoma (model) was decreased (B).  Lung tissues of
C57BL/6 mice bearing Lewis lung carcinoma treated with (C) 25 mg/kg, (D) 50 mg/kg and (E) 100 mg/kg GLB were significantly better than
the model.  Hematoxylin-eosin stain, ×100.  (F) The statistical result of alveolus area percentage.  Control, normal; M, model; GLBL, GLB
25 mg·kg-1·d-1; GLBM, GLB 50 mg·kg-1·d-1; GLBH, GLB 100 mg·kg-1·d-1.  n=5 mice.  Mean±SD.  bP<0.05 vs model.  fP<0.05 vs control.
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activity against the cells of 4 human tumor cell lines[20] and 2,
5-disubstituted-1,3,4-oxadiazole compounds, which are po-
tential anticancer agents[21].  The present study demonstrated
that oral administration of GLB inhibited the spontaneous
pulmonary metastasis of tumor cells in C57BL/6 mice and
increased the survival rate.  GLB  significantly inhibited the
adhesion by PC-3M cells without affecting cell proliferation
in vitro.  The present data suggest that GLB prevents tumor
metastasis partly by inhibiting the metastatic adhesion of
tumor cells.

Tumor cell adhesion to endothelial monolayers is a criti-
cal step in tumor metastasis[22], as is laminin expression in

endothelial cells, being one of the earliest extracellular matrix
(ECM) proteins.  Laminin interaction with the β-1 integrin
has been shown to have an important role in the regulation
of tumor-to-endothelial cell adhesion[10].  We demonstrated
that GLB significantly inhibited the adhesion of tumor cells
to laminin, using the same doses of GLB as had been found
to inhibit adhesion of tumor cells to endothelial cells.  This
suggests that the anti-adhesion activity of GLB might be
due to its effect on laminin, one of many other factors in-
volved in adhesion.

β-1 Integrin is known to recognize many ECM proteins
as ligands, such as laminin, collagen and fibronectin.  Laminin
has been identified as the most important of these ligands
for β-1 integrin in the cell adhesion process[23,24].  Whether
GLB exerts its function through β-1 integrin or not is yet to
be determined.

Figure 6.  Effect of GLB on proliferation of PC-3M cells.  PC-3M
cells were cultured for 7 d in the absence ( ) or presence of either
1×10 –6 mol /L  ( )  o r  1×10 –5 mol /L  ( )  GLB.   n =4 wel l s .
Mean±SD.  bP<0.05 vs control.

Figure 4.  Inhibitory effect of GLB on adhesion of PC-3M to human
umbilical vein endothelial cells (HUVEC).  Carboxyfluorescein
diacetate (CFDA)-labelled PC-3M cells were added to the HUVEC
monolayer cultured at 37 °C for 30 min.  The adherent tumor cells
were counted in five fields in each plate, using a fluorescence
microscope.  (A) Control; (B) 1×10-7 mol/L GLB; (C) 1×10-6 mol/L
GLB; (D) 1×10-5 mol/L GLB.  Magnification ×400.  (E) Inhibition of
PC-3M adhesion to HUVEC by GLB.  n=4 wells.  Mean±SD.  cP<0.01
vs control.

Figure 5.  Inhibitory effect of GLB on adhesion of PC-3M to laminin.
PC-3M cells were added to wells coated with laminin and incubated at
37 °C for 4 h in the presence of GLB.  The number of adhesive cells
per well was determined using the MTT assay and are shown as
absorbance.  n=6 wells.  Mean±SD.  bP<0.05 vs control.
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In the present study, GLB showed no effect on the weight
of the primary tumor site in C57BL/6 mice subcutaneously
injected with a Lewis lung carcinoma tumor cell suspension
(Table 1).  In a preliminary experiment where S180 carcino-
mas were implanted subcutaneously into ICR and LACA
mice, GLB-treated mice (50 mg·kg-1·d-1 for 12 d, ip) showed a
significant decrease in tumor weight, with inhibitory rates of
43% and 32% (tumor weight at d 12, mean±SD: 1.16±0.67 g
vs  2.05 ± 0.64 g, P<0.01 for  ICR mice; 1.81±0.68 g vs 2.65±
0.81 g, P<0.05 for LACA mice; n=10 mice).  The different
effects of GLB on these in vivo assay models may be depen-
dent on the kind of tumor, the period of the experiment and
route of administration.  We speculate that there might be
other mechanisms of action for GLB that require further study,
including the relationship between its effects on tumor
growth or metastasis and its inhibition of angiogenesis.

In conclusion, the compound GLB prevents tumor me-
tastasis by inhibiting tumor adhesion.  This suggests it has
potential for future anti-metastatic development.
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Tetramethylpyrazine protected photoreceptor cells of rats by modulat-
ing nuclear translocation of NF-κκκκκB1

Jin-nan YANG2,3, Jin-mao CHEN4, Lin LUO4, Shao-chun LIN4, Dai LI4, Shi-xing HU4,5,6

2School of Pharmacy, Xinxiang Medical College, Xinxiang 453003, China; 4Zhongshan Ophthalmic Centre, Sun Yat-sen University, Guangzhou
510060, China; 5Eye Hospital of China, Academy of Traditional Chinese Medicine, Beijing 100040, China

Abstract
Aim: To evaluate the effect of tetramethylpyrazine (TMP) injection on retinal
damage induced by N-methyl-N-nitrosourea (MNU) in rats and on nuclear factor-
kappa B (NF-κB) family members.  Methods: Female Sprague-Dawley (SD) rats
were randomly divided into groups: (i), control group; (ii), model group; and (iii),
TMP-injection groups, in which the rats were subdivided into 40 mg/kg, 80 mg/kg
and 160 mg/kg groups.  Drugs were injected ip into 47-day-old SD rats once a day.
At 50 days of age, all rats in the model group and drug groups also received a
single ip injection of 60 mg/kg MNU.  Rats in group 1 received ip injection of
physiological saline.  All rats were killed at different times after MNU or physi-
ological saline treatment.  The apoptotic index of photoreceptor cells was calcu-
lated by TUNEL labeling; retinal damage was evaluated based on retinal thickness
and the expression of NF-κB family members was detected by Western blot.
Results: TMP injections, in a dose-dependent manner, suppressed photorecep-
tor cell apoptosis and decreased its loss in the peripheral retina.  As compared
with the MNU-treated group, TMP injection at a dose of 160 mg/kg also time-
dependently upregulated the NF-κB/p65 protein level in the nucleus and
downregulated the IκBα protein level in the cytoplasm.  However, no protective
effect of TMP injection on MNU-induced central retinal damage was found.
Conclusion: TMP injection partially protects against MNU-induced retinal dam-
age by upregulating the nuclear translocation of p65 to inhibit photoreceptor cells
apoptosis.
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Introduction
Apoptosis has been described as the final common path-

way to photoreceptor cell death in many eye diseases, such
as age-related macular degeneration (AMD), retinal detach-
ment and retinal light damage[1].  It has also been found to
occur in the hereditary retinal degeneration, retinitis
pigmentosa (RP)[2].  However, it is not obvious how the ini-
tial insult to the retina, which could be genetic, environmental,
or both, drives the photoreceptor cell toward cell death.
Therefore, an understanding of mechanisms that control
apoptosis is integral to the treatment and prevention of reti-
nal diseases.  Recent studies have shown that light-induced
retinal damage is regulated by the transcriptional factor of

nuclear factor-κB (NF-κB)[3,4].
NF-κB was identified in 1986 as a nuclear factor that

bound to an enhancer element of the immunoglobulin (Ig)κ
light-chain gene and was believed to be specifically ex-
pressed in B cells[5].  It has recently been implicated in cellu-
lar apoptosis.  Subunits of NF-κB, p50, and p65 (RelA) form
a heterodimer that exhibits DNA binding potential.  NF-κB
typically resides in the cytoplasm bound to an inhibitory
subunit, IκBα or IκBβ, which prevents its translocation to
the nucleus[6].  NF-κB is constitutively active in several cell
lines including THP-1 cells[7], thymocytes[8], neurons[9], and
photoreceptor cells[3] and thus may be universally important
to cell survival.

RP is not only a progressively recessive disease, but
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also a progressive dystrophia.  Thus, we observed in vivo
the retinoprotective effects of tetramethylpyrazine (TMP),
which has the role of promoting blood circulation, on N-
methyl-N-nitrosourea (MNU)-induced retinal damage and
elucidated the involvement of NF-κB in the protection
mechanism.

Materials and methods

Animals  Six-week-old female Sprague-Dawley (SD) rats
were purchased from Zhongshan Medical College, Sun Yat-
sen University.  Animals were maintained on a basal diet
with free access to food and water and were housed in plas-
tic cages in an air-conditioned room at 22±2 °C with a 12-h
light/dark cycle.

Drugs and reagents  MNU was purchased from Sigma
(St Louis, MO, USA) and kept at -20 °C in the dark.  The
MNU solution was freshly prepared, dissolved in physiologi-
cal saline, just before use.  The in situ Cell Death Detection
Kit was purchased from Roche Applied Science (Indianapolis,
IN, USA).  Mouse monoclonal Abs to rat NF-κB p65(sc-
8008), IκBα (sc-1643), mouse β-actin (sc-8432) and HRP-con-
jugated antimouse IgG secondary Ab were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).  The gel
shift assay systems were purchased from Bio-Rad (Bio-Rad,
CA, USA).  The TMP injection was provided by Changzhou
Pharmaceutical Factory (Changzhou, Jiangsu, China).

Morphometric analysis of retinal layers  Animals were
classified randomly into five groups as follows: (i), Control
group (n=6); 47-day-old rats received a daily ip injection of
physiological saline for 4 days.  (ii), Model group (n=6); 47-
day-old rats received a daily ip injection of physiological
saline for 4 days.  At 50 days of age, rats also received a
single ip injection of 60 mg/kg body weight of MNU.  (iii),
TMP injection groups (n=18); rats were subdivided into 40
mg/kg, 80 mg/kg and 160 mg/kg groups.  Drugs were injected
ip into 47-day-old SD rats for 4 days, respectively.  At 50
days of age, all rats received a single ip injection of 60 mg/kg
MNU after TMP treatment for 12 h.  All rats were killed 7 d
after MNU or physiological saline treatment.  Eyes were
quickly removed and fixed overnight in 10% neutral buffered
formalin.  Tissues were processed routinely for paraffin em-
bedding and stained with hematoxylin and eosin (HE).  Each
eye section was cut at the central part of the retina which
was aligned parallel to the optic axis and nerve.  Total retinal
thickness (thickness from the internal limiting membrane to
the pigment epithelium) as well as outer retinal thickness
(thickness of the outer nuclear layer and photoreceptor layer)
in the peripheral retina (average of approximately 400 mm

from both sides of the ciliary body) and central retina (average
of approximately 400 mm from both sides of the optic nerve)
were measured.  The HE specimens of the retina were
prepared in a magnification of 40×10 and examined on
an OLYMPUS BX 40 electron microscope (Carl Zeiss,
Germany)[10].

In situ detection of apoptosis  The treatment schedule
was the same as detailed in the above method.  All rats were
killed 24 h after MNU or physiological saline treatment and
both eyes were quickly removed.  The TUNEL method was
performed in the formalin-fixed tissue samples by using an
apoptosis detection kit according to the manufacturer’s in-
structions[11].  The apoptotic index of the outer nuclear layer
(number of fragmentation nuclei/number of whole photore-
ceptor cell nuclei×100) of retina was determined at twenty
different fields in each section under ×400 magnification.

Preparation of cytoplasmic and nuclear extracts  TMP
injection at a dose of 160 mg/kg was injected ip into 47-day-
old SD rats, once a day.  At 50 days of age, rats were given a
single ip injection of 60 mg/kg MNU.  Control and model
groups were the same as above.  Each group had 4 rats.  Rats
were killed 12 and 24 h, and 3 and 7 d after MNU treatment,
respectively.  Nuclear and cytoplasmic extracts were pre-
pared according to nuclear extract kits[7].  Whole retinas were
isolated from the eyes of rats in each group, minced and
homogenized.  The pelleted cells were resuspended in 600
mL 1´Hypotonic buffer (10 mmol/L Hepes, pH 7.9, 1.5 mmol/L
MgCl2, 10 mmol/L KCl, 10%  glycerol, 1 mmol/L DTT, 0.5
mmol/L PMSF) and incubated for 15 min on ice.  Then 30 mL
detergent was added and centrifuged for 30 s at 14 000×g at
4 °C.  The supernatants (cytoplasmic fraction) were collected
and stored at -80 °C.  The nuclear pellets were resuspended
in 200 mL complete lysis buffer (20 mmol/L Hepes, pH 7.9,
400 mmol/L NaCl, 1.5 mmol/L MgCl2, 0.2 mmol/L EDTA, 20%
glycerol, 1 mmol/L DTT, 0.5 mmol/L PMSF).  Following a 30-
min incubation on ice, the samples were centrifuged
(14 000×g, 10 min, 4 °C), and the resulting supernatants
(nuclear extracts) were transferred to a fresh microfuge tube
and stored at -80 °C.

Western blot analysis Each protein sample (20 g) was
denatured in boiling water for 10 min, loaded onto 10% SDS-
PAGE and transferred to nitrocellulose membrane.  Mem-
branes were blocked overnight with a 5% (w/v) non-fat dry
milk solution containing 10 mmol/L Tris-HCl, pH 8.0, 150  mmol/L
NaCl and 0.1% Tween 20 (TBST) before incubation with pri-
mary antibodies (1 h for NF-κB p65, IκBα and β-actin anti-
bodies).  Primary antibodies were diluted in TBST (1:200 for
NF-κB p65, IκBα and β-actin).  After washing, the membranes
were incubated for 1 h with horseradish peroxidase-labeled
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secondary antibody diluted 1:1000 in TBST, and the labeled
proteins were detected using enhanced chemiluminescence
reagents as described by the manufacturer (Amersham
Pharmacia Biotech, Piscataway, NJ, USA).  The results were
expressed as AU (Darea·Ddensity).  The ratio of arbitrary unit
(AU, Darea·Ddensity) of target protein over β-actin was used for
expressing the relative level of target protein.

Statistical analysis  Data were expressed as mean± stan-
dard deviation and analyzed by SPSS 10.0 software.  One to
one comparisons among multiple-samples were made using
one-way analysis of variance (ANOVA).  P<0.05 was con-
sidered significant.

Results
Effect of TMP injection on retinal thickness of MNU-

treated retina in SD rats  Compared with retinas from the
age-matched control SD rats (Figures 1A, 2A), peripheral or
central retinas from MNU-treated animals showed thinning
with selective loss of the photoreceptor cells 7 days after
MNU injection (Figures 1B, 2B).  While in rats pretreated
with TMP injections, the total as well as outer retinal thick-
ness of the peripheral retina was significantly greater than
that of model rats in a dose-dependent manner (Figure 1C,
1D, 1E).  However, no protective effects of TMP injections
on MNU-induced central retinal damage were found (Figure
2C,2D, 2E).  The results are shown in Table 1.

Effect of TMP injection on apoptotic index of photorecep-
tor cells induced by MNU in SD rats  As TMP injection had
no protective effect on damage to the central retina induced
by MNU, we just detected the apoptotic index of photore-
ceptor cells in the peripheral retina.  In MNU-treated rats, the
24 h post-MNU was (38.0±3.6)% in the peripheral retina.

When TMP at doses of 40, 80 and 160 mg/kg were injected ip
into 47-day-old SD rats for 4 d, the apoptotic indexes were
significantly decreased to (30.0±3.0)% (P<0.05),  (15.6±
1.7)% (P<0.01),  and (8.4±2.6)% (P<0.01), respectively.

Effect of TMP injection on NF-κκκκκB p65 and IκκκκκBααααα protein
levels in MNU-induced retinal damage of SD rats As com-
pared with the untreated control, low levels of p65 protein
were detected in the nuclear fraction only after MNU treat-
ment for 12 h and 24 h (Figure 3A).  While for pretreatment
with TMP injection of 160 mg/kg, the nuclear levels of p65
protein were significantly increased after MNU treatment for
24 h and at the 3rd and 7th days (P<0.01) (Figure 3A).  The
relative level of p65 protein was at its peak at 24 h and was
2.3-fold than that of the MNU-treated group (Figure 3B).

After MNU treatment for 12 h, the IκBα protein levels in

Table 1.   Effect of TMP injections on total retinal thickness and
outer thickness of MNU-treated rats.  Mean±SD.  cP<0.01 vs group 1.
dP>0.05, eP<0.05, fP<0.01 vs group 2.  Each group consists of 12
eyes.

Group  MNU/   TMP/       Peripheral retina         Central retina
          mg·kg-1   mg·kg-1    Total        Outer         Total         Outer
                                   retina/mm  retina/mm retina/mm  retina/mm

1   0     0 87±2 45±1 135±3 62±2
2 60     0 37±2c   3±1c   69±2c   5±1c

3 60   40 41±1e 12±1f   70±3d   6±1d

4 60   80 66±3f 28±2f   70±4d   7±1d

5 60 160 85±4f 42±3f   70±3d   7±1d

Figure 1.  The protective effect of TMP injections on peripheral
retina at the 7th day after MNU treatment.  A: control group, the
morphology of photoreceptor cells was uniform and the orientation
of the photoreceptor segments was normal.  B: model group, the
photoreceptor cells disappeared.  C, D, E: pretreatment with TMP
injection 40, 80, and 160 mg/kg.  HE×400.
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the cytoplasm were markedly increased (P<0.05), and at a
peak at 7 d (Figure 4A).  In contrast to the MNU-treated
group, TMP injection at 160 mg/kg time-dependently induced
the down-regulation of cytoplasmic IκBα protein levels
(Figure 4A).  The relative level of IκBα protein in cytoplasm
was 0.8-fold than that of the MNU-treated group at the 7th d
of MNU treatment (P<0.05) (Figure 4B).

Discussion
The incidence of RP is approximately 1 in 4000, making it

one of the major causes of blindness in humans.  Although

several genetic mutations have been implicated in RP, the
final common pathway of the disease is apoptotic cell death
of photoreceptor cells.  Up to now, available treatments are
of limited use in retarding this disease’s progression.  RP is
not only a progressively recessive disease, but also pro-

Figure 3.  Effect of TMP 160 mg/kg injection on nuclear p65
protein level in MNU-induced retinal damage of SD rats.  A, Western
blotting analysis.  B, relative level of nuclear p65 protein.  Lane 1:
control; Lane 2, 3, 4, 5: MNU treatment for 12 h, 24 h, 3 d, and 7 d.
Lane 6, 7, 8, 9: pretreatment with TMP, then followed by MNU
treatment for 12 h, 24 h, 3 d, and 7 d.  Data were mean±SD from
three independent experiments.  cP<0.01 vs control. dP>0.05, fP<
0.01 vs MNU-treated group for corresponding time.

Figure 4.  Effect of TMP injection at 160 mg/kg on cytoplasmic
IκBα protein level in MNU-induced retinal damage of SD rats.  A,
Western blotting analysis.  B, relative level of cytoplasmic IκBα
protein.  Lane 1: control; Lane 2, 3, 4, 5: MNU treatment for 12 h,
24 h, 3 d, and 7 d.  Lane 6, 7, 8, 9: pretreatment with TMP, then
followed by MNU treatment for 12 h, 24 h, 3 d, and 7 d.  Data were
mean±SD from three independent experiments.  cP<0.01 vs control.
eP<0.05, fP<0.01 vs MNU-treated group for corresponding time.

Figure 2.  The protective effect of TMP injection on central retina
after MNU treatment for 7 d.  A: normal control.  B: at the 7th day
after MNU treatment, the photoreceptor cells were lost.  C, D, E:
pretreatment with TMP injection 40, 80 and 160 mg/kg.  HE×400.
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gressive dystrophia.  The change of retinal vessels associ-
ated with RP is also a prominent and common phenomenon.
It has been reported that the blood volume of choroidal ves-
sels became decreased and the choroidal capillaries became
atrophic in RP[12].

According to above viewpoints, inhibition of apoptosis
and promoting blood circulation will have common applica-
bility and feasibility.  The manipulation of factors that influ-
ence the apoptotic pathway and the blood supply of choroi-
dal vessels may be of potential value for RP therapy.  Thus,
we observed in vivo the retinoprotective effect of Chinese
medicines, which have the role of promoting blood circula-
tion by removing blood stasis and activating the collaterals,
on MNU-induced photoreceptor cell apoptosis in SD rats.
TMP, one of the alkaloids in Ligusticum wallichii Franch (L.
wallichii), an active ingredient in Chuanxiong, dilates
arterioles, decreases blood and plasma viscosity and im-
proves microcirculation of blood supply of important organs
such as the eyes, brain, heart and so on[13,14].  It has been
widely used, especially in the treatment of patients with cere-
brovascular diseases in China were its therapeutic actions
have been manifested.  The present study indicates that
MNU-induced retinal damage in rats was partially suppressed
by the ip administration of TMP injection through the inhibi-
tion of photoreceptor cell apoptosis.  However, TMP injec-
tion had no protective effect on central retina damage in-
duced by MNU.  As in MNU-induced retinal injury, photore-
ceptor cell apoptosis was evident at 12 h and peaked at 24 h,
followed by extensive photoreceptor cell loss 7 days later.
Moreover, the apoptotic index was higher in central than
peripheral retina after MNU treatment[10,11].  It indicated that
the damage preceded from the central to peripheral retina,
the posterior portion of the retina around the optic nerve
was more severely damaged than the peripheral retina.
Therefore, the scheme of administration was different from
clinical administration.  We observed the preventive effect
of TMP on MNU-induced retinal damage and found that the
rapid and extensive cell loss in the central retina was beyond
the rescue capacity of TMP.  In contrast to the MNU-in-
duced retinal damage, human disease starts in the equatorial
area.  The mean duration of visual loss in RP patients was 17
years.  While, our study showed that TMP injection had a
markedly protective effect on slow cell loss.  So, it was pos-
sible that TMP could prevent the progress of disease and
protect the central vision in RP patients.  In order to best
provide the clinical basis of TMP injection, we would inves-
tigate whether TMP injection could rescue photoreceptor
cells in retinal degeneration slow (rds) mice in a similar way
to human RP.

In 1999, Krishnamoorthy et al reported that the presence
of NF-κB RelA subunit in the nucleus was essential for pro-
tection of photoreceptor cells against apoptosis[3].  Crawford
et al also reported that bcl-2 overexpression protected pho-
tooxidative stress-induced apoptosis of photoreceptor cells
through NF-κB preservation[4].  So, we investigated NF-κB
family members in the present study to elucidate the molecu-
lar mechanisms of the protective effect of TMP injection on
MNU-induced photoreceptor cell apoptosis in SD rats.  In
the classical model of NF-κB activation, NF-κB p65 exists in
the cytoplasm of unstimulated cells in an inactive form asso-
ciated with the inhibitory protein, IκBα.  Following cell stimu-
lation by extracellular stimuli, IκBα is phosphorylated
through a cascade of inducible protein kinase, and selec-
tively degraded in cytoplasm by the proteasome.  Rapid deg-
radation of IκBα allows for nuclear translocation of NF-κB
where it binds specific DNA motifs in the promoter/enhancer
regions of target genes and activates transcription[15,16].

Under our experimental conditions, the results showed
that the amounts of IκBα in the cytoplasm were significantly
accumulated in a time-dependent manner in the MNU-treated
retina.  It indicated that increases of IκBα would block the
nuclear translocation of NF-κB.  Very low levels of p65 pro-
tein in the nuclear extracts were only detectable post-MNU
for 12 and 24 h, and no p65 protein was found on the 3rd and
7th days after MNU treatment.  But using pretreatment with
TMP injection, the cytoplasmic IκBα protein levels were time-
dependently down-regulated.  So, more cytoplasmic p65 pro-
tein was in a free condition and then moved to the nucleus to
regulate the anti- and pro-apoptotic gene expression.  It was
in accordance with our results that the nuclear levels of p65
protein were significantly increased in the TMP-treated
group, and TMP injection markedly increased photorecep-
tor cells compared with the MNU-treated group.  It was fur-
ther demonstrated that the p65 subunit of NF-κB may be
important for photoreceptor cell survival.  Meanwhile, the
severe damage of central retina induced by MNU was be-
yond the protective effect of TMP injection, we also found
that the cytoplasmic IκBα protein was increased and nuclear
p65 protein was decreased at the 7th day after MNU
treatment.

TMP exerts a variety of effects through antilipid per-
oxidation, inhibiting calcium overload, decreasing the activ-
ity of nitric oxide synthase and the expression of Fas protein,
raising the ratio of Bcl-2/Fas protein and so on[17,18].  Therefore,
TMP may also provide retinoprotection by multiple
mechanisms.  This needs to be further demonstrated.  Al-
though the factors that trigger or impede programmed cell
death in photoreceptor cells have yet to be clarified, and the
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apoptotic cascade may differ between rats and humans, the
present findings indicate that TMP can prevent MNU-
induced photoreceptor cell apoptosis and may provide a
basis for the clinical use of TMP to protect or rescue human
RP patients.
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Phase II metabolites of etofesalamide in filamentous fungi1
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Abstract
Aim: To study phase II metabolites of etofesalamide in filamentous fungi.  Methods:
Seven fungi were screened to transform etofesalamide.  The metabolites of
etofesalamide were assayed using liquid chromatography coupled to mass
spectrometry.  The major metabolite was subject to enzymatic hydrolysis to con-
firm its structure.  Results: Etofesalamide was converted into two phase II
metabolites: glucoside and riboside conjugates.  Glucoside conjugate was the
major product with a yield greater than 90%; no phase I metabolites were detected.
Conclusion: Glucoside and riboside conjugations of etofesalamide in filamentous
fungi differ from the phase II metabolism of glucuronidation in mammals.
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Introduction
Etofesalamide [N-(4-ethoxyphenyl)-2-hydroxylbenza-

mide] is a new drug that has been developed by Shenyang
Pharmaceutical University[1].  Etofesalamide is applied to
acne, psoriasis, sensitization dermatitis, chronic eczema, and
neurodermatitis in clinical use.  The metabolism of etofesala-
mide in rabbits has been well studied[2, 3], and etofesalamide-
2-glucuronide is the major metabolite.

Biotransformation of drugs by microbes has been exam-
ined extensively[4].  In recent years, a number of studies have
shown that some fungi, particularly Cunninghamella spp,
possess cytochrome P-450 monooxygenase systems analo-
gous to those in mammals and phase II drug metabolism
enzymes[5–7].  The present study uses etofesalamide as a
substrate to explore the ability of fungi to convert etofesala-
mide into phase II metabolites, and compares these results
with the results of etofesalamide metabolism in mammals to
further investigate special characteristics of filamentous fungi
in drug metabolism.

Materials and methods
Chemicals  Etofesalamide was provided by the School

of Pharmaceutical Engineering, Shenyang Pharmaceutical

University (Shenyang, China) (purity >99%).  β-D-glucosi-
dase (EC 3.2.1.21) was purchased from Sigma (St Louis, MO,
USA).  All solvents used for assay were high performance
liquid chromatography (HPLC) grade; the remaining chemi-
cals were analytical grade or biochemical reagents.

Microorganisms  Aspergillus niger and Penicillium were
supplied by the Department of Microbiology, Shenyang Phar-
maceutical University (Shenyang, China).  Mucor circinel-
loides (AS 3.3421) was purchased from the Institute of Ap-
plied Ecology, Chinese Academy of Sciences (Shenyang,
China).  Other filamentous fungi, Cunninghamella elegans
AS 3.156, Cunninghamella elegans AS 3.2028, Cunninghamella
echinulata AS 3.2004, and Cunninghamella blacksleana AS
3.153, were purchased from the Institute of Microbiology,
Chinese Academy of Sciences (Beijing, China).

Cultures  Microbial cultures were maintained on potato
dextrose agar slants at 4 °C and transferred every 6 months
to maintain viability.

The broth consisted of glucose 20 g, peptone 5 g, yeast
extract 5 g, K2HPO4 5 g, and NaCl 5 g.  These ingredients
were mixed in 1 000 mL of distilled water, and the pH was
adjusted to 6.0 with HCl (6.0 mol/L).  The broth was auto-
claved in individual Erlenmeyer flasks at 115 °C for 30 min
and cooled before incubation.
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Microbial transformation  Special strains kept at 4 °C
were transferred to respective solid cultures and incubated
at 28 °C for 7 d to obtain well-grown mycelium with spores.
In first-stage fermentation, a loop of fresh spores was inocu-
lated with a 250 mL Erlenmeyer flask containing 50 mL broth.
The cultures were incubated at 28 °C for 24 h on a rotary
shaker operating at 220 rpm to receive seed culture.  A 1.0 mL
portion from the first-stage flask was inoculated with a sec-
ond-stage 100 mL flask containing 20 mL broth.  After 24 h
incubation, etofesalamide dissolved in acetone was added
to yield a final concentration of 0.25 g/L and incubated for an
additional 48 h.  After microbial transformation, the flask con-
tents were centrifuged at 1 500×g for 20 min, and the super-
natant was transferred to tubes and kept at -20 °C until
analysis.

Two types of controls were run synchronously with the
fermentation and worked-up using the same method.  One
was a blank fungi control that was used to define and ex-
clude the indigenous secondary metabolites generated by
the fungi.  The other was a blank substrate control (ie the
culture with the etofesalamide but without the fungi) that
was used to test whether etofesalamide would be chemically
decomposed or spontaneously transformed under broth and
microbial transformation conditions.

Enzymatic hydrolysis  A 1.0 mL portion of each sample
transformed by fungi was screened and incubated with β-D-
glucosidase (100 kU/L) at 37 °C for 24 h after adjusting the
pH to 5.0 using 50 mmol/L NH4H2PO4 buffer (pH 3.0).  Con-
trol experiments were carried out concurrently in the absence
of α-D-glucosidase.  Incubations were stopped by using
solid-phase extraction (SPE) and analyzed using the liquid
chromatography coupled to multistage mass spectrometry
(LC/MSn) method.

Extraction of metabolites and LC/MSn assay  After
thawing, a 1.0 mL portion of each sample was applied to a
Bond Elute C18 SPE column (Fuji Company, Tianjin, China)
preconditioned with 2 mL methanol and 2 mL water.  After
loading the sample, the column was washed with 1 mL water
and eluted with 2 mL methanol.  The sample was evaporated
to dryness at 35 °C under a gentle stream of nitrogen, and
the residue was reconstituted with the addition of 100 µL of
the mobile phase.  A 20 µL aliquot of the solution was in-
jected into the LC/MSn system.

LC/MSn analysis was carried out using a Finnigan LCQ
ion trap mass spectrometer (San Jose, CA, USA) equipped
with an electrospray ionization (ESI) source system, a
Shimadzu LC-10AD pump (Kyoto, Japan) and a data system
(Version 1.2, Finnigan).  The interface was adjusted to the
following conditions: ion mode, positive; spray voltage, 4.5

kV; capillary temperature, 200 °C; sheath gas (nitrogen), 0.75
L/min; auxiliary gas (nitrogen), 0.15 L/min.  MS/MS spectra
were obtained by collision-induced dissociation (CID) us-
ing helium (He) as the collision gas.  The HPLC conditions
were as follows: the column was a Diamonsil C18 column
(particle size 5 µm, 4.6 mm × 200 mm ID, Dikma Company,
Beijing, China).  The mobile phase consisted of methanol-
water (80:20, v/v) at a flow rate of 0.5 mL/min.

Results
Fungal metabolite profile of etofesalamide  C blacks-

leana AS 3.153 supported significant metabolism and was
chosen to illustrate the identification of metabolites.  The
microbial transformation and control samples were extracted
and analyzed as described above.  The chromatograms of
the blank fungi controls showed no metabolites or etofe-
salamide and the blank substrate controls revealed only the
presence of etofesalamide and no metabolites of etofesa-
lamide.  Authentic etofesalamide could generate a pseudo-
molecular ion [M+H]+ at m/z 258.  Compared with the
standards, two [M+H]+ ions correlated with the metabolism
of etofesalamide were observed in the total ion current (TIC)
of the sample transformed by C blacksleana AS 3.153, in-
cluding ions at m/z 420 (M1) and m/z 390 (M2) (Figure 1).
The LC/MSn data of etofesalamide and its two metabolites
are shown in Table 1.

The pseudomolecular ion of M1 was at m/z 420, 162
higher than that of etofesalamide, which suggests that the
corresponding metabolite might be a glucoside conjugate.
The MS/MS spectrum of the ion at m/z 420 yielded a single
ion at m/z 258 similar to the [M + H]+ ion of etofesalamide.  In
addition, the MS3 spectrum of the M1 ion at m/z 258 yielded
the same fragment ions as the MS/MS spectrum of
etofesalamide, indicating that M1 could be the glucoside
conjugate of etofesalamide.

Table 1.  Multistage mass spectrometry characteristics of metabo-
lites and etofesalamide.

 Metabolite and      [M+H]+    MS2 fragment    MS3 fragment      tR

    substrate       (m/z)          (m/z)                (m/z)       (min)

M1 420 258 121, 138 9.59
M2 390 258 121, 138 11.20
Etofesalamide 258 121, 138       – 20.25

tR, retention time.
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the metabolite conjugated with glucoside because β-D-glu-
cosidase is substrate selective.

Microbial transformation of etofesalamide by the
screened fungi  Table 2 shows the percentages of etofesala-
mide metabolized by different strains of fungi.  In the seven
fungi screened, Aspergillus  niger and Penicillium had no
ability to transform etofesalamide; four strains of Cunning-
hamella spp resulted in almost complete meta-bolism, par-
ticularly the C blacksleana AS 3.153 strain.  Mucor circinel-
loides AS 3.3421 had a similar ability to Cunninghamella
spp to transform etofesalamide.  Etofesalamide was con-
verted into two phase II metabolites by these fungi, gluco-

side and riboside conjugates, in which glu-
coside conjugate was the major product with
the highest yield (94.5%).  In addition, no
phase I metabolites were detected, and C
blacksleana AS 3.153 supported significant
metabolism, which may be useful in the study
of phase II metabolism of etofesalamide in
vitro.

Discussion
In this study, seven filamentous fungi

were screened for their abilities to metabo-
lize etofesalamide.  Four strains of Cunning-
hamella species showed a strong ability to
convert etofesalamide into the phase II
metabolites,  glucoside and riboside

Figure 1.  Chromatograms of total ion current (TIC, I) and selected ion monitoring (SIM, II, III, IV) scan modes in the LC/MS assay of
authentic etofesalamide (A) and transformed etofesalamide (B).

According to the process described above, M2 could be
a riboside conjugate of etofesalamide.  Proposed metabolic
pathways of etofesalamide in filamentous fungi are shown
in Figure 2.

Enzymatic hydrolysis To further investigate the struc-
ture of M1, the sample of etofesalamide transformed by C
blacksleana AS 3.153 was subjected to enzymatic hydro-
lysis.  The results are expressed as the percentage of me-
tabolite that was hydrolyzed with β-D-glucosidase compared
to the control, which was hydrolyzed spontaneously.  Treat-
ment with β-D-glucosidase led to a greater than 50% reduc-
tion in M1.  This result provides further evidence that M1 is

Figure 2.  Proposed metabolic pathways of etofesalamide in filamentous fungi.
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conjugates.  No phase I metabolites were observed.  The
high potential of certain fungal strains to produce phase II
metabolites was illustrated by these results.

Our results show that a number of filamentous fungi trans-
form etofesalamide by phase II reactions to excretable sugar
conjugates.  Glucoside and riboside conjugations differ from
the phase II metabolism observed in mammals.  In mamma-
lian species, such as rabbits, glucuronide conjugation rather
than glucoside conjugation is the major metabolic pathway
for etofesalamide[2,3].  Conjugations with glucuronic acid are
considered to be a dominant metabolic pathway in humans
for detoxifying and eliminating lipophilic chemicals from the
body[8].  In comparison with glucuronide conjugation, there
is only limited information in the literature regarding the glu-
coside conjugation process in humans.  At present, apart
from N-linked glucoside drug metabolites, only two O-linked
glucosides of mycophenolic acid and morphine have been
identified in humans[9,10].  In addition, glucuronide conjuga-
tion, which is a characteristic conjugation in humans, is rarely
found in microorganisms, and only two examples of glucu-
ronide conjugation have been reported[11].  Compared with
the phase II reactions in humans, glucoside conjugation is
the major metabolic pathway in microorganisms, and it is
used extensively to study the detoxification of cytotoxins
and carcinogens[12-14].  Riboside conjugation is obviously
another potential phase II reaction in biotransformation in
filamentous fungi, but only one such conjugate has been
reported recently[15].
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Table 2.  Yields of transformation products and remaining etofesalamide by different fungal strains.

              Strain                                  Total phase I                      Glucoside* (%)                     Riboside*  (%)                        Remaining
                                                         metabolites* (%)                                                                                                     etofesalamide (%)

C. blacksleana AS 3.153 0 94.5 1.5     4.0
C. echinulata AS 3.2004 0 90.8 2.1     7.1
C. elegans AS 3.2028 0 74.6 7.9   17.5
C. elegans AS 3.156 0 93.2 0   6.8
Mucor circinelloides AS 3.3421 0 38.8 9.2   52.0
Aspergillus niger 0   0 0 100
Penicillium 0   0 0 100

*The percentage of one metabolite compared to the total percentage of metabolites and remaining substrates. n=3.
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Abstract
Ataxia telangiectasia (AT) is a rare human disease characterized by extreme cellu-
lar sensitivity to radiation and a predisposition to cancer, with a hallmark of onset
in early childhood.  Several human diseases also share similar symptoms with AT
albeit with different degrees of severity and different associated disorders.  While
all AT patients contain mutations in the AT-mutated gene (ATM), most other AT-
like disorders are defective in genes encoding an MRN protein complex consist-
ing of Mre11, Rad50 and Nbs1.  Both ATM and MRN function as cellular sensors
to DNA double-strand breaks, which lead to the recruitment and phosphorylation
of an array of substrate proteins involved in DNA repair, apoptosis and cell-cycle
checkpoints, as well as gene regulation, translation initiation and telomere
maintenance.  ATM is a member of the family of phosphatidylinositol 3-kinase-like
protein kinases (PIKK), and the discovery of many ATM substrates provides the
underlying mechanisms of heterologous symptoms among AT patients.  This
review article focuses on recent findings related to the initial recognition of double-
strand breaks by ATM and MRN, as well as a DNA-dependent protein kinase
complex consisting of the heterodimer Ku70/Ku80 and its catalytic subunit DNA-
PKcs, another member of PIKK.  This possible interaction suggests that a much
greater complex is involved in sensing, transducing and co-ordinating cellular
events in response to genome instability.

Key words
ataxia telangiectasia; DNA damage; DNA repair;
cdc genes; phosphotransferases

1 Correspondance to Dr Wei XIAO.
Phn 1-306-966-4308.
Fax 1-306-966-4311.
E-mail wei.xiao@usask.ca

Received 2005-04-08
Accepted 2005-05-05

doi: 10.1111/j.1745-7254.2005.00165.x

Ataxia telangiectasia clinical presentation
Ataxia telangiectasia (AT) is a rare human disease char-

acterized by extreme sensitivity to radiation[1–5].  AT is a pro-
gressive neurodegenerative disorder causing a predisposi-
tion to cancer, with a hallmark of onset in early childhood[6–9].
AT is seen in approximately 1 in every 40 000 live births in the
USA, although the frequency varies from country to coun-
try[10].  At birth, infants appear normal and begin walking at a
normal age (approximately age 1 year); however, by age 2–3
ataxia (loss of muscle co-ordination) becomes visible and
generally by age 10 patients are confined to a wheelchair[10].
Ataxia generally precedes telangiectasia, which is described
as the chronic dilation of a group of capillaries causing
elevated, dark red blotches on the skin or eyes[11].  This dis-
ease is additionally characterized by cerebellar degeneration,
and immune system defects[12–14].  In younger children, diag-
nosis of AT is somewhat obscure as the cerebellum appears

to be of normal size for several years although onset of ataxia
is prevalent.  However, by age 10 magnetic resonance imag-
ing (MRI) generally shows an abnormal cerebellum that has
decreased in volume[15].  Studies have shown a gradual de-
crease in granular and Purkinje cells, which are large branch-
ing cells of the nervous system and are located in the middle
layer of the lower part of the brain, or the cerebellum[14–16].
Unfortunately, there is currently no treatment for AT except
for supportive therapy of secondary symptoms[17].

In addition to an up to several hundredfold increase in
developing certain types of cancers (eg lymphoma) in AT
patients, epidemiological studies suggest that heterozygote
AT mutation carriers are also at increased risk for cancer,
particularly breast carcinoma[18,19].  This is of great signifi-
cance as it is estimated that approximately 1% of the popula-
tion are AT carriers.  However, it is noted that a recent study
showed that heterozygous AT mutations did not confer ge-
netic predisposition to early onset of breast cancer[20].
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Serum alphafetoprotein (AFP) levels are elevated in more
than 95% of AT patients, which is therefore used to diag-
nose AT and to distinguish from AT variants[4,5,10,21].  When
dealing with AFP it is important to note that AFP levels are
normally higher at birth than those at age 2, thus diagnostics
for AT using AFP cannot be conducted until after the age of
2.  There are known malignancies associated with AFP[10,22].
For example, AFP is known to be elevated in case of spina
bifida and anencephaly, and this elevation is the hallmark
test for early detection of both conditions.  Spina bifida is
part of a group of birth defects called neural tube defects,
which affect embryonic structures that eventually develop
into the brain, spinal cord and tissues that enclose them.
Anencephaly is a congenital condition in which portions of
the brain fail to develop.  Because AFP is such a diagnostic
hallmark for AT, it is surprising that the mechanism of AFP
upregulation in normal and AT cells has not been reported.
Nevertheless, given the commonality of AFP elevation in all
of the above 3 diseases, it is conceivable that the increased
AFP level is responsible for the Purkinje cell degeneration in
AT patients.

Ataxia telangiectasia-related diseases
There are several human deficiencies and diseases that

are closely related to AT.  For example, molecular cloning has
now allowed for the distinction between AT and other auto-
somal recessive cerebellar ataxias (ARCA) such as Friedreich
ataxia or A-TFresno, an old-fashioned term for an AT variant[23–25],
oculomotor apraxias 1 (aprataxin deficiency), oculomotor
apraxias 2 (senataxin deficiency), aicardi syndrome and AT-
like disorder (ATLD)[26–29].

AT-like disorder is a very rare disorder with clinical fea-
tures similar to those of AT, with the most prominent similar-
ity being progressive cerebellar ataxia.  However, ATLD pa-
tients that do not present with telangiectasia[30,31], have a
later onset of neurological features, slower progression, and
thus milder symptoms compared to AT patients[27].

Closely related to AT and ATLD is the Nijmegen break-
age syndrome (NBS)[23–25].  NBS and ATLD have some over-
lapping features such as hypersensitivity to ionizing radia-
tion and genome instability, and both are characterized by
neurological deficits[32,33].  Thus, NBS was long considered
as a clinical variant of AT.  Clinical distinction has been made
as NBS patients also present with a characteristic facial ap-
pearance and microcephaly as well as growth retardation[34].
Clearly the above AT-related human conditions suggest de-
ficiency at common cellular function(s) and genetic pathway
(s) with AT.

Laboratory findings in ataxia telangiectasia
and ataxia telangiectasia-related patients

Laboratory findings in patients with AT show: immuno-
deficiencies emerging as decreased IgA, IgE and IgG2 lev-
els[5,21,35–38], characteristic chromosomal aberrations and an
increased rate of telomeric shortening[39], radiosensitivity[1–5],
as well as sensitivity to other DNA damaging agents and
non-DNA damaging agents[40].  Chromosome instability, cell-
cycle checkpoint defects[3] and elevated serum levels of
AFP[21,22] are prevalent in most AT patient cells.  In addition,
approximately one-third of AT patients develop cancer, which
is usually lymphoid[10].

Both NBS and ATLD cells share a number of cellular phe-
notypes with AT cells, with the most prominent being the
increased sensitivity to ionizing radiation, abnormal cell-cycle
checkpoints, chromosome instability, immunodeficiency and
accelerated shortening of telomeres[41,42].  In particular, all 3
disorders show an increased level of chromosome translo-
cation in the peripheral blood between the loci of the immu-
noglobulin and T-cell receptor genes on chromosomes 7 and
14[43,44].  Hence, laboratory findings are most consistent with
all 3 diseases belonging to a group of disorders referred to
chromosome instability syndromes.

Molecular basis of ataxia telangiectasia and
related diseases

AT is the result of mutations in the AT-mutated (ATM)
gene, which was discovered in 1995[45,46].  AT patients suffer
as a result of over 400 distinct ATM mutations, of which 85%
are accounted for by null mutations in the ATM gene[21,47,48].
Thus, approximately 85% of AT sufferers have no detectable
ATM protein[21,48].  There are a few reported genuine AT cases
with normal ATM protein levels; however, in these cases the
protein is defective in ATM enzyme activity[49,50].  The estab-
lishment of AT as a monogenetic disease assisted in effi-
cient diagnosis and reevaluation of “AT variants”.  The fact
that some AT patients carry hypomorphic ATM mutations
(ie mutations with partial functions) provides an underlying
explanation for atypical AT patients with minimal signs of
symptoms, such as very mild or late-onset of syndromes or
a subset of disorders[51].

The ATM protein is a member of the phosphatidylinositol
3-kinase-like family of serine/threonine protein kinases
(PIKK)[13,52].  It is thus grouped because all PIKK contain a
conserved kinase domain initially reported in phosphat-
idylinositol 3-kinase.  This family represents an atypical sub-
class of protein kinases responsible for phosphorylation of
its substrates on serine or threonine followed by glutamine
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(SQ or TQ)[53–55].  The mammalian PIKK known to be involved
in the DNA damage response are: DNA-PKcs (the catalytic
subunit of DNA-dependent protein kinase), ATM (ataxia te-
langiectasia gene product), ATR (ATM and Rad3-related),
mTOR/FRAP (mammalian target of rapamycin/FKBP-
rapamycin-associated protein) and ATX/SMG1[13].

The ATM protein is a fairly large (approximately 350 kDa)
protein that can be divided into several structural and func-
tional domains (Figure 1A).  The first is an FAT domain, which
is conserved among the PIKK family of proteins FRAP, ATR
and TRRAP; the second is a phosphoinositide 3,4-kinase
(PI3K) domain, which ATM has in common with DNA-PKcs;
and the third is an FAT carboxy-terminal domain (FATC)[56].
In addition, the amino terminus of the ATM protein contains
multiple HEAT (huntingtin, elongation factor 3, A subunit of
protein phosphatase 2A and TOR1) repeats[57].  A recent
solution structure analysis of the FATC domain[58] revealed
an a-helix and a disulfide-bonded loop that undergoes con-
formational changes.  Hence, the FATC domain may regulate
protein activity and stability.  The precise function of HEAT
repeats is currently unknown, although it is speculated to be
involved in the interaction with other proteins, as these re-
peats are anti-parallel α-helices linked by a flexible loop[40,57].

The overall shape of ATM is very similar to DNA-PKcs and
is comprised of a head and a long arm that is thought to wrap
around double-stranded DNA after a conformational change[59–63].
One of the hallmarks of the ATM protein is its rapid increase
in kinase activity immediately following exposure to ionizing
radiation (IR), or in the presence of double-strand breaks
(DSB)[64,65].

The gene mutated in NBS was identified as NBS1[25,66,67]

whereas ATLD is caused by mutations in the MRE11 gene[29].
Unlike AT, which can result from complete inactivation of
the coding gene, all NBS and ATLD patients carry hypomor-
phic mutations that express some level of corresponding
protein, either truncated or full length with amino acid sub-
stitutions[27,68].  Indeed, attempts to create null Mre11 muta-
tions in mouse embryonic stem cells has failed and condi-
tional knockout experiments demonstrated that this gene is
required for normal cell proliferation[69], suggesting that
MRE11 is an essential gene in mammals.  Similarly, complete
Nbs1 knockout mice are embryonic lethal[70,71].  This asser-
tion is further confirmed by a report that disruption of mouse
Rad50, encoding the third component of the MRN (MRX in
yeast) complex consisting of Mre11, Rad50, and Nbs1 (aka
nibrin and p95; Xrs2 in yeast), also causes embryonic stem

Figure 1.  Schematic representation of the ATM, Mre11 and Nbs1 proteins.  (A) ATM and its functional domains. Most domains have been
discussed in the text.  The letter “P” indicates the phosphorylation site required for its activation.  (B) Mre11 and its functional domains.  The
asterisks represent the known mutations that cause ataxia telangiectasia-like disorder (ATLD).  Note that only two families of ATLD with
MRE11 mutations were reported.  One is homozygous for the mutation C1897T, resulting in R633∆ (stop codon), whereas the second family
is heterozygous for A350G (N117S) and C1714T (R572∆).  (C) Nbs1 and its functional domains.  The asterisks indicate the known NBS1
mutations that cause Nijmegan breakage syndrome (NBS), among which the homozygous 657∆5 mutation accounts for over 90% of NBS
patients.  657∆5 contains a 5-bp deletion, resulting in a truncated 26 kDa protein with only forkhead-associated (FHA) and BRCA1 C-
terminus (BRCT) domains.  Other NBS1 mutations cause various degrees of symptoms.
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cell lethality[72].
The human MRE11 gene was initially isolated by its pos-

sible protein interaction with DNA ligase I[73] and was pre-
dicted to encode a 708-amino acid protein.  However, subse-
quent reports appear to favor an Mre11B sequence (Figure
1B), which is different from Mre11 primarily at the C-terminal
region and significantly strengthens its similarity with Mre11
from other species[74].  Mre11 contains a phosphoesterase
motif at the N-terminal region that is highly conserved among
all eukaryotic Mre11 and a similar motif is also found in
Escherichia coli SbcD[75].  It also contains DNA-binding
domains at the C-terminal region and region(s) for homodi-
merization[76,77].  Structural analyses[78–80] indicate that the
MRN complex consists of two molecules of Mre11 and Rad50
(an E  coli SbcC homolog) forming a rope-and-hook struc-
ture capable of bridging two DSB ends.  In vitro character-
ization of the Rad50–Mre11 complex[76,81–84] demonstrates that
it possesses 3´ to 5´ exonuclease and single-strand endonu-
clease activities, as well as ATP-dependent DNA binding
and limited unwinding activity.

The phenotypic similarity between NBS and ATLD pa-
tients is attributed to the fact that both corresponding pro-
teins are components of the MRN complex.  Mre11 interacts
with both Rad50 and Nbs1/Xrs2, and its homodimerization
or self-interaction appears to be important for the Mre11–
Rad50 and Mre11–Nbs1/Xrs2 interactions[76,77].  Interestingly,
deficiency of the Mre11 protein results in decreased cellular
levels of Nbs1 and Rad50, suggesting that the MRN com-
plex is required for protein stability.  The primary cellular
function of MRN is a sensor for DNA strand breaks and to
activate signaling pathways leading to cell-cycle checkpoint
and recombination repair[32,85,86].  While Mre11 and Rad50
are highly conserved in eukaryotes, from unicellular yeasts
to human cells[87,88], the third component, Nbs1, is less con-
served structurally among eukaryotes, although the mam-
malian Nbs1 and yeast Xrs2 play similar roles within their
respective MRN/MRX complex.  Nbs1 has been suggested
to be a regulatory subunit of MRN that is essential for Mre11
phosphorylation upon DNA damage[89] and its biochemical
activities, such as ATP-dependent DNA unwinding and nu-
clease activity[90].  Although Nbs1 or Xrs2 is not required for
the Mre11–Rad50 enzymatic activity in vitro, its activity ap-
pears to be absolutely required for MRX activity in vivo, as
inactivation of any 1 of the 3 genes in yeast cells leads to
complete loss of the MRX activity and indistinguishable
cellular phenotypes[91–93].  This essential function of Nbs1/
Xrs2 is probably due to its role in recruiting ATM/Tel1[94].
The Nbs1 protein has 4 known functional regions: the N-
terminal forkhead-associated (FHA) domain followed by a

BRCA1 C-terminus (BRCT) domain, a C-terminal Mre11-bind-
ing domain and an ATM-binding domain at the extreme C-
terminus (Figure 1C).  Interestingly, over 90% of all NBS pa-
tients analyzed to date contain a homozygous 5 bp truncat-
ing mutation, 657∆5[25], resulting in the production of a 26-
kDa protein with FHA and BRCT domains but lacking the
Mre11-binding domain (Figure 1C).  Knockout mice produc-
ing similar truncated Nbs1 proteins are viable and develop
symptoms characteristic of the human disease[95,96], thus pro-
viding an animal model suitable for NBS research.

Phenotypic manifestation of genetic defects
in ataxia telangiectasia and related diseases

One of the hallmarks of the ATM protein is its rapid in-
crease in kinase activity immediately following DSB forma-
tion[64,65], and its kinase activity remains its only known func-
tion to date.  The phenotypic manifestation of AT is due to
the broad range of substrates for the ATM kinase, as com-
piled recently[40], involving DNA repair, apoptosis, G1/S, in-
tra-S checkpoint and G2/M checkpoints, gene regulation,
translation initiation, and telomere maintenance.  Protein
phosphorylation and de-phosphorylation is an important
cellular regulatory mechanism that governs protein activity,
stability, subcellular location and complex formation.  We
propose that although the primary ATM kinase substrates
appear to be related to cellular response to DNA damage,
novel ATM substrates and subsequent effects may explain
all observed syndromes of AT patients, including elevated
AFP level.  We also propose that the multiple HEAT repeats
in ATM may serve as a platform to interact with various
regulatory and substrate proteins and to control its kinase
activity in the aftermath of DNA damage.  For example, the
increased risk for breast cancer in AT patients has been im-
plicated by the involvement of ATM in the interaction and
phosphorylation of BRCA1 and its associated proteins fol-
lowing DNA damage[97,98].

The ATM protein also has the ability to interact with the
ends of double-stranded DNA[99].  A recent model suggests
that ATM is in an inactive dimeric or polymeric configuration,
in which the kinase domain of each molecule is blocked by
the FAT domain of the other[100].  Following DNA damage,
each ATM molecule phosphorylates the other on a serine
residue at position 1981 within the FAT domain and thus
converts into fully active monomers.  It was shown that pro-
tein serine-threonine phosphatase 5 (PP5) is required for the
activation of ATM and its subsequent kinase activity[101].

The symptom similarity among AT, ATLD and NBS is
apparently due to physical and genetic interactions between
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ATM and MRN.  Experimental results suggest that the ATM-
MRN interaction in response to IR is complicated.  First, the
histone H2A isoform H2AX is rapidly phosphorylated (within
5 min) after irradiation in an ATM-dependent manner[102,103],
and the phosphorylated gH2AX interacts with MRN via the
FHA/BRCT region of Nbs1[103].  This interaction has been
deemed indispensable for the recruitment of MRN[41].  Second,
in response to IR, ATM phosphorylates Nbs1 in vivo[104],
which is required for the subsequent phosphorylation of
Mre11.  Finally, phosphorylation and activation of the S-
phase checkpoint effector Smc1 by ATM requires phospho-
rylated Nbs1[105,106].  The above observations suggest that
ATM acts upstream of MRN and is required to recruit MRN
to the damage sites observed as distinct nuclear foci.  On the
other hand, MRN/MRX is known to bind DSB ends and a
careful choreographic analysis in yeast[107] indicates that
MRX localization to nuclear DSB foci precedes and is re-
quired for that of Tel1, a yeast ATM ortholog[108,109].  In mam-
malian cells, Mre11 appears to be required for ATM activa-
tion as well[110], and this interaction was further reinforced
very recently by an in vitro experiment showing that the
MRN complex acts as a DSB sensor for ATM and recruits
ATM to broken DNA molecules[111].  Interestingly, the un-
winding of DNA ends by MRN appears to be essential for
ATM stimulation[111], indicating that the MRN enzymatic
activity plays a role in this process.  In addition, a recent
study[112] shows that NFBD/MDC1, which interacts with
MRN, is required for ATM activation under certain
conditions.  Alternatively, NFBD1/MDC1 may help to re-
cruit substrates, including Nbs1[113,114], to ATM[113–123]; sup-
pression of NFBD1/MDC1 leads to decreased ATM activa-
tion and decreased phosphorylation of ATM substrates[112].
These observations support an assertion that MRN plays a
crucial role in ATM phosphorylation of other substrates in
response to DSB.  The argument that MRN functions up-
stream of ATM is further strengthened by a very recent re-
port that the extreme C-terminal 21 amino acid peptide of
Nbs1 is required and sufficient for the interaction with ATM
in vivo and in vitro, and that this interaction mediates ATM
deposition to the sites of DNA damage and its checkpoint
functions[94].  The above genetic and physical interactions
between MRN and ATM underlie the molecular basis for the
shared cellular functions in cell-cycle checkpoints and re-
combination repair of DSB, as well as common syndromes
among AT, ATLD and NBS.

DNA-PK: a missing link?

Despite the great advances made in the past decade re-

garding AT research, many questions remain to be answered.
One question that remains unsolved is the involvement of
Ku70/Ku80 in ATM-mediated cellular events in response to
DSB.  Ku70 and Ku80 form a heterodimer as DNA end-bind-
ing subunits of DNA-PK[59–62].  It would be plausible to sug-
gest that Ku70/Ku80 may also assist ATM’s translocation
to DSB, as Ku70/Ku80 is known to play such a role for DNA-
PKcs, another member of PIKK with overall structural simi-
larity to ATM[124].  Like ATM, DNA-PKcs recognizes the same
consensus phosphorylation sequence SQ/TQ, and also un-
dergoes DSB-induced autophosphorylation, which is re-
quired for DSB repair[125].  In addition, inactivation of either
DNA-PK or ATM results in immunodeficiency; the former
results in defective V(D)J recombination that leads to scid
(severe combined immune deficiency) mutations[126,127],
whereas the latter results in the disruption of immune gene
rearrangement[128].  We propose that in the presence of Ku70/
Ku80, DNA-PKcs and ATM may undergo conformational
changes to be suitable for the suggested role of further wrap-
ping around DNA[59–63].  Indeed, recent electron microscopy-
based structural analyses of both DNA-PKcs[129–131] and
ATM[63] suggest a similar architecture consisting of a “head”
and a “palm” domain connected by an “arm”.  The palm
domain binds DNA, which induces conformational changes
and triggers an interaction between initially distant palm and
head regions[130].  These DNA-induced conformational
changes alter the catalytic core and regulate the kinase ac-
tivity[131].  The difference between DNA-PKcs and ATM is
that DNA-PKcs is activated in G1 and is required for non-
homologous end joining (NHEJ) and apoptosis if DNA dam-
age is excessive[132], while ATM is activated in S and G2

phases and is required for S-phase checkpoint and homolo-
gous recombination (HR)[40].

Another connection between ATM and Ku70/Ku80 is
that yeast MRX is not only required for DSB signaling and
HR, but also works with Ku70/Ku80 for NHEJ[133–136] and te-
lomere maintenance[77,93,137,138].  The budding yeast Saccarom-
yces cerevisiae predominantly employs HR to repair DSB
over NHEJ.  On some occasions when DSB repair can be
processed by either process, NHEJ was shown to precede
HR[139].  A compiled model can be proposed in which the
telomere acts as a repository for Ku proteins, which relocalize
to DSB after DNA damage[140] and recruit MRX[141].  MRX
can assist to recruit and activate Lif1 and Dnl4[142], resulting
in ligation of the broken ends.  However, in budding yeast, the
MRX complex most likely initiates 5´ to 3´ end resection[76],
hence committing to repair by HR.  This commitment is prob-
ably due to the broken DSB ends that are unsuitable for
direct ligation, or to the recruitment of Tel1 by MRX that



902

 Acta Pharmacologica Sinica ISSN 1671-4083Ball LG et al

activates cell-cycle checkpoints and subsequent recruitment
of other HR proteins[107].  A similar regulatory cascade may
also exist in higher eukaryotes; however, because mamma-
lian cells have an extended G1 phase, the initial DSB binding
by Ku70/Ku80 may stimulate NHEJ more frequently than in
yeast.  In addition, mammalian cells contain 3 major PIKK
family proteins, namely ATM, ATR and DNA-PKcs, involved
in different modes of DNA repair and overlapping signal
transduction in response to DNA damage.  The mechanism
of their recruitment to sites of DNA damage is conserved via
a newly discovered motif[94].  For example, ATR is recruited
to a single-stranded DNA by ATRIP (ATR-interacting
protein)[143,144], whereas DNA-PKcs and ATM are recruited
to DSB by Ku70/K80 and MRN, respectively.  Based on the
above observations, we have proposed a working model of
cellular response to DSB in mammals, as presented in Figure 2.

Finally, the physical and functional interactions among
Ku, MRN/MRX and ATM/Tel1 can also be found in
telomeres.  Both yeast[145] and human[146] Ku is bound to

telomeric DNA and protects its 3´ overhang.  The MRX com-
plex in budding yeast is also associated with telomeres, and
mutants deficient in Ku or MRX activity exhibit telomere
shortening[137,147].  Similar phenotypes are also observed in
their homologous mutants in fission yeast and plants[148–150].
Tel1 works together with MRX by either regulating the ac-
cess of telomerase to the DNA end[151], and/or preventing
telomere end-to-end fusion[152].  Tel1 is activated by the MRX
complex and in turn phosphorylates MRX[153], suggesting
functional conservation between yeast and mammals.
However, unlike Tel1, ATM has not been implicated in
telomerase access to the telomere.  Nevertheless, AT patient
cells were shown to have shortened telomeres[39,154], as well
as other telomere abnormalities[155,156].  Furthermore,
transgenic mice defective in both ATM and telomerase dra-
matically increase telomere dysfunction compared to single
mutants[157], suggesting roles of ATM in telomere
maintenance.  The telomeric functions of ATM may be re-
lated to some symptoms of AT patients.

Figure 2.  A proposed model for cellular response to DNA double-stranded breaks (DSB) in mammalian cells. The Ku70/Ku80 heterodimer
binds to the broken DNA ends first, followed by the recruitment or the independent binding of the MRN complex (consisting of Mre11, Rad50
and Nbs1).  If DNA-PKcs is recruited by interacting with the C-terminus of Ku80, cells are committed to non-homologous end joining.  On the
other hand, if ATM is recruited by interacting with the C-terminus of Nbs1, Ku70/Ku80 may be released and cells are probably committed to
homologous recombination repair.  Recruitment of ATM also leads to substrate phosphorylation and cell-cycle checkpoints.  It should be noted
that MRN may also bind to DNA ends without the assistance of Ku70/Ku80.  Recent literature suggests that unwinding of DNA ends by MRN
activates ATM and cell-cycle checkpoints, whereas DNA end resection by MRN initiates homologous recombination.  The 2 processes may be
co-regulated.
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Conclusions
Since the initial discovery of the AT mutated gene 10

years ago, knowledge regarding the molecular mechanisms
of AT and its related diseases has accumulated rapidly.  It is
now clear that the primary function of ATM and MRN, which
is related to NBS and ATLD, is to respond to DNA damage,
especially DSB.  Two primary activities are cell-cycle check-
point and DNA repair through HR, and these are achieved
mainly via protein phosphorylation of various substrates,
including ATM and MRN themselves.  ATM and MRN are
also involved in telomere maintenance and protection from
chromosomal translocation, as well as efficient immune gene
recombination.  Although these cellular phenotypes are able
to explain most phenotypes observed in AT and AT-related
disease, some other associated symptoms may be due to
diverse ATM substrates, unique MRN functions not shared
by ATM, as well as the hypomorphic nature of the disease.
Despite great advances in research, many questions remain
to be answered especially with regard to treatment.  Future
efforts shall be directed to translational research for the cure
and prevention of AT its and related diseases.
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Introduction
Cardiovascular disease is the leading cause of death in

Western societies, causing approximately one million deaths
annually[1].  It is both a primary and a secondary disease,
resulting from several other disorders, such as hypertension,
diabetes, alcoholism, obesity and the metabolic syndrome.
Cardiovascular disease is defined as any disorder that de-
creases normal heart and/or vascular function.  One of the
leading causes of cardiovascular disease is diabetes, of both
type 1 and type 2 origins.  The incidence of diabetes is pre-
dicted to double by the year 2030 because of people’s sed-
entary lifestyles and an ever-growing cluster of pre-diabetic
syndromes including metabolic syndrome, obesity, and in-
sulin resistance[2].  Almost all of these metabolic disturbances

are considered major risk factors in the development of heart
dysfunction and congestive heart failure[3–7].  Nevertheless,
the cellular mechanisms that relate to the development of
cardiovascular complications in patients with diabetes have
not been fully elucidated.
     Diabetes mellitus is a group of metabolic disorders that
are characterized by hyperglycemia resulting from defects in
insulin secretion, action or both.  Chronic hyperglycemia
causes end-stage organ damage, dysfunction and failure of
various organs, including the kidneys, nerves, eyes, blood
vessels and hearts.  Several pathological processes are
involved in the development of diabetes, ranging from
autoimmune destruction of the β-cells of the pancreas with
resultant insulin deficiency (type 1 diabetes) to abnormalities
that result in resistance to insulin (type 2 diabetes).

Abstract
Cardiovascular disease is the most common cause of death in the diabetic popu-
lation and is currently one of the leading causes of death in the United States and
other industrialized countries.  The health care expenses associated with cardio-
vascular disease are staggering, reaching more than US$350 billion in 2003.  The
risk factors for cardiovascular disease include high fat/cholesterol levels,
alcoholism, smoking, genetics, environmental factors and hypertension, which
are commonly used to gauge an individual’s risk of cardiovascular disease and to
track their progress during therapy.  Most recently, these factors have become
important in the early prevention of cardiovascular diseases.  Oxidative stress, the
imbalance between reactive oxygen species production and breakdown by en-
dogenous antioxidants, has been implicated in the onset and progression of car-
diovascular diseases such as congestive heart failure and diabetes-associated
heart dysfunction (diabetic cardiomyopathy).  Antioxidant therapy has shown
promise in preventing the development of diabetic heart complications.  This
review  focuses on recent advances in oxidative stress theory and antioxidant
therapy in diabetic cardiomyopathy, with an emphasis on the stress signaling
pathways hypothesized to be involved.  Many of these stress signaling pathways
lead to activation of reactive oxygen species, major players in the development
and progression of diabetic cardiomyopathy.
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Impairment of insulin action and resistance to the action of
insulin often coexist in the same patient, so it is unclear which
abnormality is responsible for the hyperglycemia.  Symptoms
of chronic hyperglycemia include polyuria, polydipsia, weight
loss and blurred vision.  Long-term complications of diabetes
include retinopathy[8] with potential loss of vision; peripheral
neuropathy[9] with risk of amputation; autonomic neuropathy
causing gastrointestinal, genitourinary and cardiovascular
symptoms; and nephropathy[10] leading to kidney failure.

Functional alterations in diabetic cardiomyopathy
Sustained diabetes mellitus leads to a deterioration of

heart function that is known as diabetic cardiomyopathy,
which occurs independently of the macro- and micro-vascu-
lar diseases that are frequently seen in diabetic patients[11].
Diastolic dysfunction is the most prominent mechanical de-
fect in diabetic cardiomyopathy and is characterized by de-
creased compliance and slower rates of myocardial relax-
ation[11–13].  Both systolic and diastolic dysfunctions have
been characterized to include prolonged contraction and
relaxation, reduced velocity of contraction and relaxation,
and depressed myocardial contractility in whole heart, tissue,
and isolated ventricular myocytes from both diabetic pa-
tients and experimental animals[11–13].  Functional changes
have been observed by electrocardiogram and echo-
cardiography, which are manifested by shorter left ventricu-
lar ejection time, increased pre-ejection period, increased wall
stiffness, decreased fractional shortening, decreased rate of
left ventricular filling and increased action potential dura-
tion in diabetes[14,15].  All of these findings suggest that dia-
betic cardiomyopathy is represented by left ventricular
dysfunction.

The chronic alterations at the end stages of diabetes are
believed to be due to increased glucose levels[16,17].  Although
the pathogenesis of diabetic cardiomyopathy has not been
precisely described, several mechanisms have been
speculated, including reduced energy production because
of decreases in mitochondrial respiration and pyruvate de-
hydrogenase activity, accumulation of free radical species,
glucose toxicity-induced oxidative stress and malfunction
of cardiac contractile and intracellular Ca2+ regulatory pro-
teins such as myosin, sarco(endo)plasmic reticulum Ca2+-
ATPase (SERCA), and Na+-Ca2+ exchanger[18–21].  The in-
creased risk of diabetic cardiomyopathy and other heart com-
plications warrants stringent and aggressive treatment
against hyperglycemia, hyperinsulinemia, dyslipidemia and
oxidative stress.

The most commonly used therapeutic regimes in diabetic
patients with heart dysfunction include angiotensin-convert-

ing enzyme inhibitors, digoxin, diuretics, β-blockers, Ca2+

antagonists and spironolactone.  Insulin-sensitizing agents
such as thiazolidinediones are often prescribed in the treat-
ment of diabetes more often than insulin-secretion-enhanc-
ing agents to avoid hyperinsulinemia and insulin resistance.
In addition to pharmacological interventions, primary care
for diabetic patients also includes lifestyle modifications such
as smoking cessation, weight control, exercise and dietary
restriction[7].

Diabetic cardiomyopathy type 1 diabetes
Type 1 diabetes mellitus leads to a cardiomyopathy in

both human and animal models.  The existence of a diabetic
cardiomyopathy in humans is based on the presentation of
ventricular dysfunction in patients without evidence of any
other known cardiovascular disease (reviewed in Sowers et
al [22] and Spector[23]).  The clinical presentation of diabetic
cardiomyopathy in type 1 diabetic patients was first pre-
sented by Rubler et al[24] based on four diabetic patients
who suffered from congestive heart failure (CHF) in the ab-
sence of discernable coronary artery disease, valvular or
congenital heart disease, hypertension or alcoholism.  Nu-
merous studies carried out since 1972 have supported the
view that diabetic cardiomyopathy is a pervasive problem in
type 1 diabetes and is first manifested by diastolic dysfunc-
tion[11,23].  Diabetic cardiomyopathy in experimental animal
models of type 1 diabetes is characterized by phenotypic
changes in the ventricular myocytes that occur in the pres-
ence or absence of coronary artery disease.  This cardiomy-
opathy is well described in animal models with long-term
type 1 diabetes and results in abnormal cardiomyocyte exci-
tation-contraction (E-C) coupling [eg, prolonged action
potentials, slowed cytosolic Ca2+ effluxes and slowed myo-
cyte shortening and relengthening (reviewed by Pierce and
Russell[25] and Chatham et al[26])].  The cellular mechanisms
that contribute to myocyte dysfunction involve depressed
expression and function of SERCA and Na+/Ca2+ exchanger
(NCX)[27].  Regulation of E-C coupling is also impaired in
diabetic hearts, such that β-adrenergic receptor signaling is
depressed, which may result from changes in β-adrenergic
receptor density or redistribution of β-adrenergic receptor
subtypes[28], or perhaps signaling downstream of the recep-
tors[29].  Elevated protein kinase C (PKC) activity and changes
in the expression of specific PKC isoforms are also found in
type I diabetic hearts[30,31].

Diabetic cardiomyopathy in type 2 diabetes

The more prevalent type 2 diabetes is a combination of
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resistance to insulin action and an inadequate compensa-
tory insulin secretory response.  Type 2 diabetic patients are
able to survive with little or no insulin supplementation; how-
ever dietary modification and exercise are imperative for liv-
ing with the disorder.  Diabetic cardiomyopathy has also
been determined clinically in the type 2 diabetic patients.
Investigators in the Strong Heart Study (SHS) performed
detailed echocardiographic analysis of a population of Ameri-
can Indians with a high rate of type 2 diabetes and reported
that diabetes was associated with increased left ventricular
(LV) mass, LV wall thickness, reduced systolic and particu-
larly diastolic function, independent of hypertension[32,33].
Similar to diabetes, investigators from the Framingham Heart
Study reported increased LV mass and wall thickness in indi-
viduals with glucose intolerance and insulin resistance[34].
There was also an association between left atrial (LA) size
and insulin resistance.  Since no relationship was found be-
tween systolic function and insulin resistance, one explana-
tion for the relationship between LA size and insulin resis-
tance offered was that the rising LA size might reflect the
presence of diastolic dysfunction in insulin resistance (type
2 diabetes)[34].  Other studies in patients with diagnosed type
2 diabetes support the notion that the earliest cardiac abnor-
mality is diastolic dysfunction[35].  Several investigators have
experimentally shown that diabetes mellitus is associated
with a specific cardiomyopathy[12,13] and depressed cardiac
function independent of macro-/micro-vascular disease, sug-
gesting the existence of a primary myocardial defect in both
type 1 and type 2 diabetes mellitus[13,36].

Impaired insulin action (ie, insulin resistance) is charac-
terized by a compensatory hyperinsulinemia and hyperlipidemia,
which are major metabolic dysfunctions associated with the
early stages of type 2 diabetes.  Elevated plasma insulin and
lipid levels can lead to numerous metabolic and pathophysi-
ological derangements in various tissues, including the heart.
Abnormal ventricular systolic and diastolic functions are
reported in type 2 patients presenting without macrovascular
disease or hypertension, providing indirect evidence that
there is a diabetic cardiomyopathy in humans[37].  Furthermore,
there is a considerable evidence that diastolic dysfunction
occurs early in the disease process, which may contribute to
high cardiac mortality among diabetic patients[38,39].  In clini-
cal studies, detectable cardiac dysfunction has been reported
to occur as early as the glucose intolerance phase (ie,
hyperinsulinemmia and hyperglycemia) that follows insulin
resistance[40].

The risk of congestive heart failure and other cardiovas-
cular diseases is greatly increased in diabetic patients[41].
The Framingham Heart Study revealed that diabetic men had

more than twice the frequency of congestive heart failure
than did non-diabetic males, whereas diabetic women had a
risk that was five times greater than non-diabetic women[34].
The development of diabetic cardiomyopathy is dependent
on many factors; however, it is likely that all patients with
diabetes will eventually develop some degree of diabetic
cardiomyopathy.

Mechanisms of diabetic cardiomyopathy
Diabetic cardiomyopathy is a major reason for the high

morbidity and mortality in diabetic populations[41], particu-
larly among elderly people and postmenopausal women.  In
adult patients with diabetes, the risk of cardiovascular dis-
ease is three to five times greater than that in the general
population.  Several mechanisms for the development of car-
diomyopathy have been postulated, including alterations in
intracellular ion homeostasis, reduction in intracellular en-
ergy metabolism, alteration in glucose metabolism, disrupted
polyol pathway and enhanced oxidative stress.  Several
mechanisms have been proposed to explain how all of the
pathologies involved in the progression of diabetic cardi-
omyopathy can result from hyperglycemia.  Four main hy-
potheses have been presented to describe how hyperglyce-
mia can cause all of these diabetic complications[42]:  in-
creased polyol pathway flux, increased advanced glycation
end-product (AGE) formation, increased protein kinase C
isoform expression, and increased hexosamine pathway flux
(Figure 1).  We hope to show that all of these pathways, as
well as several others, lead to hyperglycemia and increased
reactive oxygen species (ROS) formation, causing diabetic
cardiomyopathy.

Alterations in intracellular ions
Changes in intracellular cations are directly related to the

altered electromechanical activities of diabetic hearts.  Alter-
ations in intracellular Na+ are often accompanied by a de-
crease in K+ and Ca2+ in diabetic heart, which may be related
in part to a diabetes-induced conformational change in the
Na+-K+-ATPase pump[43].  Decreases in Ca2+ uptake, Ca2+

binding to the sarcolemma and Ca2+ intake by the myofibril-
lar Ca2+-ATPase activity have all been shown in diabetic rat
hearts[43], which are partially reversible by insulin supple-
mentation.  Although the importance of these alterations in
myocardial dysfunction seen in diabetes is not yet clear, the
presence of abnormalities in Ca2+ handling and β-adrenergic
stimulation is of paramount importance in understanding
these myocardial dysfunctional changes[26].  Alterations in
α1-adrenergic signaling in streptozotocin (STZ)-induced dia-
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betic rat hearts have also been shown.

Increased polyol pathway flux

Increased glucose utilization by aldose reductase has
been implicated in the development of diabetes complications.
Aldose reductase is the first enzyme in the polyol pathway,
which catalyses the NADPH-dependent reduction of carbo-
nyl compounds, including glucose.  In the polyol pathway,
glucose is reduced to sorbitol by aldose reductase in the
presence of NADPH, and sorbitol is then oxidized by sorbi-
tol dehydrogenase (SDH) to fructose at the cost of NAD+.
Normally, aldose reductase has a low affinity for glucose in
the non-diabetic, low-glucose state.  However the affinity
for glucose is dramatically increased in the diabetic, high-
glucose state, which converts glucose to sorbitol, with re-
sultant decreases in NADPH.  It has been demonstrated that
increased aldose reductase activity in diabetic animals is
correlated with increased NADH/NAD+[44].  There is further
support from the facts that sorbitol and fructose levels in
diabetic hearts are approximately nine-fold higher, and
NADH/NAD+ levels in diabetic hearts are approximately four-
fold higher than in normal hearts[44].  Experiments have dem-
onstrated that cytosolic NADH/NAD+ was reduced by both
SDH[45] and aldose reductase inhibition[44,46].  These data
indicate that the polyol pathway is a target for cardioprotective
interventions.  This notion is supported by the observation

that nitric oxide (NO) maintains aldose reductase in an inac-
tive state and that this repression is relieved in diabetic tis-
sues[47].  Thus, increasing NO availability may be a useful
strategy for inhibiting the polyol pathway and preventing
the development of diabetes complications.  It is worth
mentioning that contributions of the polyol pathway in diabe-
tes are often tissue- and species-specific and may not fully
explain the pathogenesis of all forms of diabetic complica-
tions[42].

One mechanism whereby increased polyol pathway flux
leads to the complications of diabetes discussed earlier is
that oxidation of sorbitol by NAD+ increases the cytosolic
NADH:NAD+ ratio, leading to inhibition of the enzyme glyc-
eraldehydes-3-phosphate dehydrogenase (GADPH) and in-
creased concentrations of triose phosphate[42].  Increased
triose phosphate could potentially increase the formation of
AGEs and diacylglycerol (DAG), thus activating PKC
isoforms[42].

Another mechanism whereby increased polyol pathway
flux causes deleterious effects is that reduction of glucose
to sorbitol by NADPH consumes NADPH, a cofactor in the
generation of reduced glutathione (GSH), which could lead
to increased oxidative stress.  It has been shown that de-
creased levels of GSH are present in the lenses of transgenic
mice overexpressing aldose reductase[48].  These observa-
tions have led many people to believe that this is the main
mechanism whereby increased polyol pathway flux leads to

Figure 1. Schematic diagram showing the possible contributing factors to oxidative stress en route to the onset of diabetic cardiomyopathy
in both type 1 and type 2 diabetes.
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many of the complications seen in diabetes.

Increased advanced glycation end products
formation

Advanced glycation endproducts are enhanced in the
presence of hyperglycemia and oxidative stress[49,50].  They
bind to their cell-surface receptors (RAGE) resulting in the
activation of postreceptor signaling, generation of intracel-
lular ROS and the activation of gene expression[51–58].  AGEs
have also been shown to be mediators of late diabetic com-
plications and chronic vascular disease[59].

The importance of AGEs in the development of diabetic
complications is seen in the observation that two structur-
ally similar AGE inhibitors partially prevented diabetic com-
plications in the retina, kidney and nervous system[60–62].  One
of the mechanisms how AGE precursors target cells is
through the binding of AGE receptors to endothelial cells,
mesangial cells and macrophages, inducing receptor-medi-
ated production of ROS.  This receptor ligation increases the
production of the transcription factor NF-κB, also causing
increased oxidative stress.

Some of the most striking data on the role of AGE and the
development of diabetic complications has been obtained
when looking at the receptor for AGE, RAGE.  RAGE sup-
pressed the formation of macrovascular disease in a type I
diabetic mouse model in a glucose- and lipid-independent
fashion[63].  It has also been shown that blockage of RAGE
inhibited the formation of diabetic nephropathy and en-
hanced wound repair (known to be a problem in diabetics) in
murine models.  The mechanism involved in RAGE-associ-
ated development of diabetic complications appears to be
related to increased production of ROS[42].

Activation of protein kinase C isoforms
Protein kinase C is also increased in the tissues of dia-

betic patients[64].  Activation of the PKC pathway by hyper-
glycemia can occur directly or indirectly (via ligation of AGE
receptors[65] or increased activity of the polyol pathway[66])
and can synergize with other kinase pathways, that is, the
MAPK pathway.  Interactions between these pathways are
likely to play a role in determining the long-term effects of
hyperglycemia.  As discussed earlier, sorbitol, whose forma-
tion from glucose is catalyzed by aldose reductase, is in-
creased when intracellular glucose concentrations rise[67],
and can accumulate intracellularly, which can cause cell
damage.  The p38 mitogen-activated protein kinase (MAPK)
and c-Jun N-terminal kinase (JNK) pathways are also acti-
vated by sorbitol.  The significance of the sorbitol pathway

as a cause of diabetic complications was demonstrated in
transgenic mice that overexpressed  the aldose reductase
gene[48,68–70] and by data showing that inhibitors of this en-
zyme prevent the development of long-term diabetic compli-
cations in these animals[71].

Increased hexosamine flux and glucose auto-
oxidation

Hyperglycemia increases flux through the hexosamine
pathway by providing more fructose-6-phosphate for
glutamine: fructose-6-phosphate amidotransferase (GFAT),
the rate-limiting enzyme of the pathway.  The effect of hy-
perglycemia on flux of the hexoasamine pathway probably
reflects increased fructose-6-phosphate levels, which result
from inhibition of GAPDH by ROS[72].

Recently, ROS formation due to glucose autooxidation
has been hypothesized to play a role in the pathogenesis of
diabetic cardiomyopathy in diabetic populations; however,
no unifying hypothesis exists as to how glucose autooxidation
causes any of the complications seen in diabetes.

Alterations in stress signaling pathways
Hyperglycemia in diabetes causes changes in membrane

function and metabolic and biochemical alterations within
days, changes in contractile function within weeks, and
morphological changes and heart dysfunction within months[26].
A significant increase in oxidative damage via lipid peroxidation
was observed in the hearts of diabetic rats[73].  Production of
hydroxyl radicals was also detected in diabetic rats induced
by streptozotocin[74].  In the heart, hydroxyl radical produc-
tion and elevated blood glucose concentration were directly
correlated with the amount of STZ injected into rats, up to 60
mg/kg body weight[74].  With the use of fluorescent probes,
myocytes isolated from STZ-induced diabetic mice were used
to detect hydrogen peroxide and hydroxyl radicals, and in-
creased ROS was observed compared with control mice[21].  Oxi-
dative damage caused by ROS has been shown to lead to
multiple complications of diabetes[75–78].  Blocking ROS and
superoxide formation, however, has been shown to prevent
hyperglycemia-induced organ damage in diabetes[79].

One major intracellular target of hyperglycemia and oxi-
dative stress is NF-κB[80–84], which can be activated by a va-
riety of exogenous and endogenous stimuli, including
hyperglycemia, elevated free fatty acids, ROS, tumor necro-
sis factor-α (TNF-α) and other proinflammatory cytokines,
p38 MAP kinase and ultraviolet irradiation[82].  NF-κB plays
a crucial role in mediating immune and inflammatory re-
sponses and apoptosis.  Alterations in NF-κB signaling are
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associated with a number of chronic diseases, such as dia-
betes and atherosclerosis.  The c-jun NH(2)-terminal kinases
(JNK) and p38 MAPKs are members of the complex super-
family of MAP serine/threonine protein kinases and are
known as stress-activated kinases.  This is due to the fact
that the activities of these enzymes are stimulated by a vari-
ety of exogenous and endogenous stress-inducing stimuli,
including oxidative stress, ROS, hyperglycemia and
proinflammatory cytokines[85].  JNK is activated by hyperg-
lycemia-induced oxidative stress and is probably involved
in apoptosis, which can be suppressed by the antioxidant
vitamin C[86] and enhanced by angiotensin II[87].  p38 MAPK
is also activated in response to hyperglycemia and in
diabetes.  In the glomeruli of STZ-induced diabetic rats, p38
MAPK activity was increased compared with control rats,
followed by increased phosphorylation of heat shock pro-
tein (HSP) 25, a downstream substrate of p38 MAPK.  These
effects appeared to be the result of increased ROS produc-
tion[88].  Taken together, these data suggest that NF-κB, JNK
and p38 MAPK pathways are potential stress-signaling sys-
tems that can lead to late complications of diabetes.

Nitric oxide is an important regulator of cardiac function.
However, NO may react with the surrounding O2

– to form
peroxynitrite (ONOO–).  Peroxynitrite, a very active radical
similar to the hydroxyl radical, interacts with cytoplasmic
proteins to form nitrotyrosine, which has been indicated as a
marker for reactive nitrogen species-induced oxidative dam-
age under in vivo conditions[21,89].  It has been suggested
that excessive NO is pathophysiological because of its abil-
ity to form pro-oxidants.  Cardiac NO production and NOS
protein levels have been found to be elevated in the hearts
of diabetic animals[90].  This is consistent with the observa-
tion of a significant increase in nitrotyrosine concentration
in myocytes in the hearts of diabetic mice[21].

Role of antioxidants in diabetic cardiomyopathy
Mitochondrial damage is related to ROS formation and

plays an important role in the development of diabetic cardi-
omyopathy[91,92].  Coenzyme Q (CoQ) is an important compo-
nent in mitochondrial energy metabolism and is also a po-
tent endogenous antioxidant in vivo.  In heart mitochondrial
preparations of diabetic rats, the concentration of α-toco-
pherol was increased; however, the concentration of both
CoQ-9 and CoQ-10 was decreased[92].  Data from our group
have shown that the reduction in coenzyme levels from dia-
betic animals is attenuated with the supplementation of in-
sulin-like growth factor I (IGF-1)[19].

It is important to note that contractile function of the
heart requires a high metabolic demand, and the mitochon-

drial respiratory chain is the primary energy-releasing sys-
tem in the myocyte.  Through the respiratory chain, a series
of oxidation-reduction reactions continually take place in
the myocyte.  Therefore, an efficient antioxidant system, in-
cluding superoxide dismutase (SOD), catalase, glutathione
peroxidase (GPX), glutathione (GSH) and α-tocopherol are
critical to effective functioning of the myocardium.  However,
in experimental animal models, the heart levels of these anti-
oxidants are much lower than in other organ systems, even
in non-diabetic normals[93,94].  In addition, hyperglycemia can
impair and decrease the amount of antioxidants within the
heart of a diabetic animal[95–97] making it more vulnerable to
ROS-induced damage.

The increase in ROS serves to decrease the antioxidant
capacity of the diabetic myocardium, contributing signifi-
cantly to oxidative stress and resultant myocardial damage.
This damage causes cardiac morphological and functional
abnormalities.  Epstein and colleagues[98,99] showed that type
1 diabetic cardiomyopathy could be prevented when the
antioxidants metallothionein (MT) and catalase were
overexpressed specifically in the heart.  They also showed
that ROS production was enhanced in genetically diabetic
mice (OVE26), which could  be prevented by genetically
crossing the diabetic mice with those overexpressing the MT
or catalase genes[98,99].

Cell death is an important determinant of cardiac remod-
eling because it causes a loss of contractile units, compen-
satory hypertrophy of myocardial cells and reparative fibro-
sis[17].  Apoptotic cell death associated with increased oxida-
tive stress in multiple organ systems of diabetes mellitus has
been well documented[100–102].  Recent in vivo experiments
have demonstrated the induction of myocardial cell apoptosis
in experimental diabetic rats[103], mice[21] and diabetic patients[89].
Heart specimens from diabetic patients (both hypertensive
and non-hypertensive) showed an increase in myocyte, en-
dothelial and fibroblast apoptosis[89].  The increased cell
death was associated with an increase in ROS forma-
tion[21,89,103].  However, the precise mechanism(s) by which
ROS accumulation leads to compromised heart function and
the effect of antioxidant therapy in diabetic subjects is largely
unknown.  Therefore, it is important to study the signaling
pathways and molecular mechanisms by which hyperglyce-
mia-induced (or, presumably, STZ-induced) oxidative stress
leads to cell death and myocardial pathogenesis.

Role of the renin-angiotensin system in the
development of diabetic cardiomyopathy

The renin-angiotensin system (RAS) is known to play a
major role in the regulation of blood pressure and other func-
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tions of the cardiovascular system[104].  Enhanced RAS is
implicated in the development of diabetic cardiomyopathy
and other  hear t dysfunct ions including coronary
insufficiency, congestive heart failure and hypertensive car-
diomyopathy[105].  The growth-promoting effects of angio-
tensin II are mediated primarily through its type 1 receptor
(AT1) and the action of RAS is speculated to contribute to
diabetic cardiomyopathy[105].  It has been shown that stimu-
lation of the AT1 receptor generates oxygen-derived free
radicals, having detrimental effects on the cardiovascular
system[106,107].  The AT1 receptor has been shown to be
coupled to several postreceptor signaling pathways, includ-
ing Janus kinase (JAK)/signal transducer and activator of
transcription (STAT) and NADPH oxidase[104,108,109].  However,
the precise role of RAS, in particular the AT1 receptor, in the
development of diabetic cardiomyopathy is still speculative
and further study is warranted.

Future directions
Diabetic cardiomyopathy is a clinical problem that is

present in both type 1 and type 2 diabetes, which potentially
involves myocyte death and interstitial fibrosis.  These myo-
cyte and non-myocyte alterations may contribute to com-
promised ventricular function in diabetes, which is one of
the leading causes of death in the world today.  It is critical
to investigate the underlying (myocyte) causes of diabetic
cardiomyopathy and the synergistic impact of oxidative stress
in combination with antioxidant therapy on the development
of heart dysfunction associated with diabetes.
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Introduction
Cardiac arrhythmias mostly occur in diseased hearts as a

result of an abnormality in ion channels[1].  Diseased hearts
with overt cardiac remodeling are at risk of developing se-
vere and life-threatening arrhythmias.  Patients suffering from
sudden coronary death (SCD) were monitored with ECG to
manifest ventricular tachyarrhythmias.  Between 50% and
80% of deaths in patients suffering from congestive heart
failure are caused by cardiac arrhythmias[2].  There have been
significant advances in the molecular biological consider-
ations of cardiac arrhythmias[3], however, there has been no
success in suppressing ventricular tachyarrhythmias using
antiarrhythmic agents[4,5].  Electronic devices and electrical
defibrillators remain the first choice in controlling ventricu-
lar tachyarrhythmias.

Continuous effort has been made to search for new and
effective antiarrhythmic agents for controlling life-threaten-
ing cardiac arrhythmias.  The efficacy of antiarrhythmic
agents to prevent cardiac sudden death was evaluated in
patients with post-infarcted heart in clinical trials.  Cardiac
Arrhythmias Suppressing Trial (CAST, 1989) reported an

increase in the mortality of the treated groups (flecainide
and encainide) against the placebo[6].  A dramatic shift from
Class I agents to Class III agents was made[[4], and pure
Class III drugs were considered as ideal agents (d-sotalol) in
survival test with oral d-sotalol (SWORD, 1994).  The
d-sotalol, which is free from β-adrenergic blocking activity
but can block the rapid component of delayed rectifier out-
ward K+ currents (IKr), only failed again with a higher mortality
(3.9%) than that in the placebo (2.0%)[4,5].  The lack of suc-
cess in the development of antiarrhythmic agents is likely
because of the lack of awareness of the mechanisms of ion
channelo-pathy in the diseased myocardium.

Effort to gain more insight into molecular aspects of ion
channelopathy in cardiac arrhythmias in both the inherited
long QT syndrom (LQTS) and cardiac remodeling of dis-
eased hearts has been ongoing[7].  Cardiac remodeling
resulting from infarction or cardiomyopathy has been tar-
geted to investigate the mechanisms underlying cardiac
arrhythmias.  Aberrant molecular biology and ion channelo-
pathy are focused on the affected myocardium.  The re-
sponses to varying drug treatments are compared in amelio-
ration and exacerbation of cardiac arrhythmias.

Abstract
The occurrence of cardiac arrhythmias is related to the abnormality of ion chan-
nels not only in sarcolemma but also in the sarcoplasmic reticulum, which regu-
lates the process of calcium release and up-take intracellularly.  Patterns of ion
channelopathy in the sarcolemma can be divided into single channel disorder
from gene mutations and multiple channels disorder in a diseased hypertrophied
heart.  Abnormal RyR2, FKBP12.6, SERCA2a, and PLB are also involved in the
initiation of cardiac arrhythmias. Maladjustment by hyperphosphorylation on the
ion channels in the sarcolemma and RyR2-FKBP12.6 and SERCA2a-PLB is
discussed.  Hyperphosphorylation, which is the main abnormality upstream to ion
channels, can be targeted for suppressing the deterioration of ion channelopathy
in terms of new drug discovery in the treatment and prevention of malignant
cardiac arrhythmias.
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Different patterns of sarcolemmal ion channelo-
pathy

Single channelopathy in LQTS  Gene mutations which
alters the peptide sequence of the K+ and Na+ ion channels
in cardiomyocytes caused LQTS.  There are three kinds of
LQTS[1,7,8]: (i) downregulation of the slow component of de-
layed rectifier outward K+ currents (IKs) by mutations in the
KvLQT1 (KCNQ1), and HMINK (KCNE1) gene; (ii)
downregulation of the IKr channels by mutations in the HERG
(KCNH1) gene; (iii) upregulation of the sodium currents (INa)
by mutations in the SCN5A gene.  Ion channelopathy in-
duced by mutations only involves an individual channel[9,10].
Two mutations in the HERG gene were found.  An early
appearance of STOP codon located at the nucleotide bind-
ing domain left one dysfunctional channel responsible for
LQTS, but another in the minor region of the peptide chain
as a result of polymorphism did not cause the change of QT
interval[10].

Multi-channelopathy in cardiac remodeling  In the hy-
pertrophied ventricle following myocardial infarction or
cardiomyopathy, the multiple ion channels involving the Na+,
K+ and Ca2+ currents in the lipid membrane were downregu-
lated in function or mRNA abundance[11–13], rather than be-
ing limited to a single one[14 ].  In the pulmonary hyperten-
sion the downregulation of the genes encoding the Ito chan-
nels (Kv 4.2 and Kv 4.3) was found in the hypertrophied
right ventricle, but not the left ventricle[15].  The ion
channelopathy in cardiac remodeling can be referred to as
multiple and non-selective channelopathy, and is likely to
be secondary to the pathological lesions upstream to the ion
channels, including lesions in the affected lipid membrane
and the altered transmembrane signaling system[9,10].  Ion
channelopathy can be regressed when lesions upstream to
the ion channels are relieved.

Upregulation of ion channels in cardiomyopathy by
L-thyroxin  A model of cardiomyopathy in rats was induced
by repeated administration of L-thyroxin for 10 d which mani-
fested exaggerated cardiac arrhythmias after ischemia/
reperfusion[16].  The arrhythmogenesis in the model was as-
sociated with remarkable cardiac remodeling and an imbal-
ance of transmembrane distribution of cation, shown by an
augmented activity of Na+/K+ ATPase and Ca2+ ATPase in
the sarcolemma and mitochondria[17,18].

The channels of slow component of delayed rectifier
outward K+ currents (IKs) and the rapid component of
delayed rectifier outward K+ currents (IKr) were upregulated
accompanied with myocardium remodeling induced by
L-thyroxin[19] which would cause a shortened action poten-
tial duration (APD).  However, the ICa,L was exacerbated in

isolated myocytes in this model which had the potential to
prolong APD[20].  The length of APD, in general, is not de-
pendent on ions movement in a single channel, but is modu-
lated by the balance of total currents in the repolarization of
the membrane[9].  A simple mathematic equation denotes the
balance between the influx and efflux of ions across the
membrane: APD=(ICa,L·INa)/(IKr· IKs).  The final impact on the
APD is dependent on the net influence summarized by the
individual ion current.  Varied repolarization, which contrib-
utes to cardiac arrhythmias in a diseased heart, shows retar-
dation and dispersion of APD.  The abnormality of repolar-
ization can be measured by the length of either APD or the
QT interval in ECG traces.  Dispersion of APD between the
right and left ventricle in association with arrhythmogenesis
was developed in a hypertrophied canine heart by chronic
destruction of the atrioventricular node[21].  More dispersed
ion currents in repolarization create a higher risk of develop-
ing life-threatening arrhythmias.  Arrhythmic models of the
canine diseased heart and rat cardiomyopathy by L-thyroxin
share important properties of dispersed repolarization and
disturbed multiple ion channels[21,22].

The normal function of some ion channels is modulated
by phosphorylation at the nucleotide binding domains of
the channel peptide, mediated by cAMP and PKA[3,22].
Hyperphosphorylation under the pathological condition
serves as an important etiological factor to develop severe
cardiac arrhythmias in diseased status.  The upregulation of
IKs, IKr, and ICa,L in cardiac remodeling by chronic administra-
tion of L-thyroxin was likely to cause overphosphorylation,
so arrhythmias in this model were effectively suppressed by
propranolol[16].

Ion channelopathy in sarcoplasmic reticulum
RyR2 and SERCA2a in the sarcoplasmic reticulum (SR)

A rise of free calcium in the cytosol is initiated by an influx of
Ca2+ through ICa,L and is amplified up to 10-fold by calcium
release from the RyR2/calcium release channels, which is
mediated by the calcium-induced calcium release (CICR) that
promotes a boost of free calcium in the systole.  A rapid
conversion into the diastolic phase is performed by
SERCA2a/calcium-uptaking channels.  The calcium-release
channels (RyR2) and the uptake channels (SERCA2a) of the
SR are modulated separately by two proteins, calstabin 2
protein (FKBP12.6, the stabilizing FK 506 binding protein)
and phospholamban (PLB), which are under the control of
the phosphorylation of PKA[23].  The association of FKBP
12.6 to the macromolecule RyR2 is essential in stabilizing the
Ca2+ releasing function by tightly closing the channel against
the low level of Ca2+ in the diastolic period.  The movement
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of the free calcium from cytosol into the SR by SERCA2a is
slow as a result of suppression by PLB at the resting state.
The efficacy of SERCA2a increases significantly when the
PLB is phosphorylated.  This is caused by the removal of the
suppression through PLB phosphorylation.  An abnormal
boost of the free calcium in the diastolic phase is provided
by the derangement of either RyR2-FKBP12.6 or PLB-
SERCA2a systems that play active roles in exhibiting cardiac
arrhythmias during stress-related conditions[3,24,25].

Inherited arrhythmogenetic disorders from mutations
of RyR2 gene  There are two inherited diseases that manifest
cardiac arrhythmias stemming from RyR2 gene mutations.
Arrhythmigenic right ventricular dysplasia/cardiomyopathy
(ARVD/C) shows distinguished morphological changes in
the right ventricle where myocytes are replaced by fibrosis
and adipose tissue[26,27].  Catecholaminergic polymorphic
ventricular tachyarrhythmias (CPVT)[28] is another inherited
disease that puts patients at risk of developing arrhythmias
during physical exercise, but not in a resting state[29].  More
catecholamines are released in the process of physical exer-
cise to initiate early after depolarization (EAD) and delayed
after depolarization (DAD) in these patients through a mecha-
nism of the triggering activity, as a consequence malignant
ventricular arrhythmias are more likely to occur.  Mutations
in the RyR2 gene attenuated the affinity of RyR2 to FKBP12.6
which resulted in tachyarrhythmias.

Hyperphosphorylation of ion channels  Both sarcolem-
mal ion channels and calcium-release and uptake channels
in the sarcoplasmic reticulum can be hyperphosphorylated.

Hyperphosphorylation of ion channels in lipid membrane
There is a nucleotide binding domain in the sequence of the
channel peptide of IKr, IKr, and ICa,L.  Hyperphosphorylation
of the channel peptide promotes an upregulation that is likely
to provide a molecular basis for the varying function of the
ion channels in a diseased heart.  The up-regulated IKr and
IKs in L-thyroxin-induced cardiomyopathy[30] contributed to
the retardation of APD.  In contrast, an unregulated ICa,L

[31],
another consequence of hyperphosphorylation, offered the
potential to shorten the APD by facilitating repolarization.
The co-existence of two factors to prolong or shorten APD
is responsible for the dispersion of repolarization in cardiac
remodeling under the control of PKA phosphorylation.  The
existence of hyperphosphorylation has been evidenced by
a significant increase in the PKA mRNA in the injured myo-
cardium induced by L-thyroxin.

The post-infarcted rat heart with a hypertrophied ven-
tricle presents a mild enhancement in cardiac arrhythmias
that occur in the ischemia/reperfusion procedure using
Langendorff apparatus.  After a treatment with isoproterenol

for 5 d, the severity of cardiac arrhythmias and cardiac re-
modeling are greatly exacerbated, which can be attributed to
PKA-hyperphosphorylation.  The impact of cardiac hyper-
trophy on the ICa,L is uncertain, however, the intensity of the
ICa,L in the infarcted and isoproterenol treated rat model is
augmented significantly in the left ventricle, but not in the
right ventricle.  A significant dispersion of the ICa.L current
by hyperphosphorylation has been found to be responsible
for the exaggerated arrhythmias.

Hyperphosphorylation of RyR2-FKBP12.6 macromol-
ecule complex  Hyperphosphorylation of the RyR2 macro-
molecule complex that dissociates the FKBP12.6 from its bind-
ing site on the RyR2 can be developed by an overactivation
of the β-adrenergic receptors[23].  This is presented in a fail-
ing heart with relevant cardiac arrhythmias[24,25].  Hyperphos-
phorylation converts the normal function of RyR2 into an
oversensitive state towards the low diastolic low calcium
levels.  A substantial leakage of Ca2+ at the diastole, which is
the main result of dissociation of FKBP12.6, contributes to a
partial depolarization process by a boost in Ca2+ ion in
repolarization.  The delayed process of repolarization causes
a prolonged APD that promotes EAD and DAD, and eventu-
ally induces cardiac tachyarrhythmias.

Hyperphosphorylation of PLB-SERCA2a system  A mal-
adaptive response to PLB by hyperphosphorylation[3,32]

causes a depressed SERCA2a capacity, after which elevated
Ca2+ levels at the diastole are initiated.  Hyperphosphoryla-
tion of PLB could negatively modulate the maximal capacity
of SERCA2a by means of transgenic procedure, possibly
involving other phosphorylated proteins[3].  The mechanism
of hyperphosphorylation might participate in arrhythmo-
genesis induced by L-thyroxin where the mRNA of SERCA is
altered significantly.

The post-infarcted rat heart shows a mild-depressed
SERCA2a mRNA and less severe cardiac arrhythmias, pos-
sibly reflecting hyperphosphorylation to a lesser extent[33].
After a 5-d treatment with isoproterenol, the infarcted heart
was converted into a significantly augmented arrhythmia
accompanied with more depressed mRNA of SERCA2a which
was mediated by PKA-hyperphosphorylation.

Dispersion of the calcium-handling system by over-phos-
phorylation We demonstrated that the significant disper-
sion of depressed mRNA abundance of RyR2 and SERCA
and upregulated mRNA abundance of sodium calcium ex-
changer (NCX) in infarcted heart was associated with an
increase in arrhythmic score after an isoproterenol treatment.
The mRNA abundance of RyR2 and SERCA2 were decreased
by 83.6% and 77.6% in left ventricle and by 36.7% and 38.1%
in right ventricle, respectively.  The mRNA abundance of
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NCX1 was increased by 63.8% in left ventricle and 40.4% in
right ventricle.  The difference between left and right ven-
tricle was significant.  This implies that the free calcium lev-
els in the left ventricle could be relatively higher than in the
right ventricle under hyperphosphorylation.  An elevated
diastolic calcium level is likely to be the result of an alterna-
tive route, which could be sourced by an increase in NCX
under hyperphosphorylation.  An up-regulated NCX mRNA
in the left ventricle possibly indicates more calcium than that
in the right ventricle[33].  A dispersion of the calcium-han-
dling system under the control of PKA-overphosphorylation
in an infarcted heart can be the basis for initiating cardiac
arrhythmias under stress.  The onset of severe cardiac
arrhythmias based on not only the dispersion of the ion
channels in the lipid membrane, but also the release, uptake,
and exchange of the calcium-handling system.

The maladjustment in RyR2-FKBP12.6 and SERCA2a-
PLB by hyperphosphorylation happened in various condi-
tions (eg, in failing hearts and over-stimulation of the β-
adrenergic receptors by activated sympathetic impulses).
Sudden cardiac death results from the over-activation of PKA[34].
The aberrant RyR2-FKBP12.6 and SERCA2a-PLB are impor-
tant to develop malignant arrhythmias in an affected heart
and serve as new targets for drug intervention to suppress
cardiac tachyarrhythmias.  The severely exaggerated car-
diac arrhythmias provoked by an ischemia/reperfusion epi-
sode in the hypertrophied ventricle are produced either by
repeated administration of L-thyroxine or isoproterenol in
chronic infarcted rat heart.  These could be related to the
dispersion of deranged activity of the intracellular calcium-
handling system as a consequence of hyperphosphorylation
of the SR.

Direct and indirect effects of drugs on ion
channels

 Direct effect on the ion channels  The effects of antiar-
rhythmic agents on ion channels could be recognized as
either, a direct action on ion channels or an indirect effect,
with which an improvement can be achieved on the altered
ion channels by relieving the upstream lesions.  Using the
regular micro-electrode and patch-clamp techniques we ob-
served that CPU 86017 blocked sodium, potassium, and cal-
cium channels.  A biphasic effect on the APD is suggested to be
the result of a multi-channel blockade[35].  So CPU 86017 could
modulate APD in two directions, either prolonging the al-
ready shortened APD or shortening the already lengthened
APD caused by lesions in a diseased myocardium.  Therefore,
reducing the dispersion of APD in a diseased heart to pre-
vent cardiac arrhythmias is hopeful[36].  Prolonging APD by

anti-arrhythmic agents is not beneficial for inhibiting ven-
tricular tachyarrhythmias.  In contrast, it always implies a
potential of an adverse reaction by producing an increased
incidence of Torsades de pointes (TdP)[37], a dangerous ven-
tricular tachycardia with a greater tendency to ventricular
fibrillation.

Most electrophysiological data of anti-arrhythmic agents
on individual ion channels are collected from freshly iso-
lated myocytes.  However, cardiac arrhythmias appear fre-
quently in diseased and remodeled rather than normal hearts,
and the molecular biological properties of the myocardium
are markedly different in many aspects between the normal
and diseased hearts.  Dispersed repolarization stems from
disturbed channels in the diseased myocardium only.  It is
worthy of investigating drug effects on altered ion currents
in isolated myocytes of diseased hearts.

Indirect effects on ion channelopathy  Cardiac
arrhythmias could be suppressed by chronic drug therapy
for restoring the altered channels.  The restoration of up-
regulation of the IKr, IKs and ICa.L current of isolated myocytes
is confirmed by chronic medication of the propranolol,
bepridil, and CPU 86017 in L-thyroxin-induced cardiomyopa-
thy[30,31].

The ion channels in a chronically infarcted heart is mostly
down-regulated.  Therefore, it is confusing to face the fact
that an anti-arrhythmic agent could stop tachyarrhythmias
by overlapping its suppressive effect on a depressed chan-
nel in a remodeled myocardium.  There should be some up-
regulated ion channels in diseased hearts.  The up-regulated
channels, which are denoted clearly in the cardiomyopathy
induced by L-thyroxin, are linked with the occurrence of car-
diac arrhythmias and serve as the target for anti-arrhythmic
therapy.  The action of drugs on the ion channels can be
described as direct and chronic rather than a direct effect
alone (Figure 1).  The ability of drugs to restore the diseased
channels either mediated by an indirect action on the up-
stream lesion to the ion channels via chronic medication or
an acute suppression on an individual current contributes
to the correction of disordered channels and prevention from
the sudden episode of cardiac death resultant from deterio-
ration of ventricular fibrillation on stress-related events.

Phases of ion channelopathy
Two phases of ion channelopathy  The pathological pro-

gression of ion channels in the myocardium either in the
sarcolemmal membrane or in the SR could be subdivided
into two different stages: the basal phase, in which no pre-
sentation of arrhythmias can be found; and the activated
phase, in which arrhythmias appear when ion channelopathy
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is deteriorated.
Basal channelopathy with disturbed ion channels, which

indicate an abnormal repolarization in the myocardium, mani-
fests no arrhythmia.  This is because of a reservoir of
repolarization.  The normal period of repolarization is less
than 460 ms and an APD/QTc is referred as prolonged when
beyond 460 ms.  Malignant arrhythmias are most likely to
occur when an APD/QTc is longer than 520 ms.  A prolonga-
tion of APD/QTc in the range of 460 ms to 520 ms is consid-
ered as a repolarization reservoir at risk of developing TDP,
however, there is no arrhythmia at the resting state.  It is
common that patients who either inherit mutation in genes
of the LQTS, the ARVD/C, and CPVT, or possess predomi-
nant cardiac remodeling, exhibit no arrhythmia at the resting
state, suggesting that prolonged APD/QTc is still within the
repolarization reservoir.  However, if an APD/QTc is pro-
longed over 520 ms, the incidence of malignant arrhythmias
is very high and arrhythmias are more likely to occur sooner.

 Ion channelopathy can be deteriorated.  The occurrence
of ventricular tachyarrhythmias needs an activation of the
channelopathy accompanied with an over-activation of the
β-adrenergic receptors induced by heavy physical or mental
stress.  The process involves a burst of oxidative stress and

an imbalance of the oxygen supply and demand in the dis-
eased myocardium.  Hyperphosphorylation of RyR2 and PLB
is involved in the exaggeration of the channelopathy by dis-
sociating the FKBP12.6 and depressing the activity of
SERCA2a, respectively.  The process is not merely induced
by the activation of β-adrenergic receptors, and the oxida-
tive stress and activation of the ET-1 system and rennin-
angiotension system are likely to mediate the activation
pathological process.

 Many kinds of drugs, such as ACEI, AT1 receptor
blockers, endothelin receptor antagonists, the β-blockers,
and anti-oxidative agents have antiarrhythmic effects by di-
minishing upstream lesions to relieve related channelopathy
(ie, the cardiac remodeling and the abnormality of the trans-
membrane signaling system).  Endothelins are biosynthesized
and released in a substantial amount from the diseased myo-
cardium and exert harmful effects on myocardium by stimu-
lating cell proliferation, inducing apoptosis, and activating
the production of free radicals.  An excess of ET-1 promotes
oxidative stress which is mediated by an increase in iNOS
activity to form peroxynitrite ONOO·̄ .  Peroxynitrite is cyto-
toxic to myocardium and is likely to take an active part in the
progression of ion channelopathy and cardiac arrhythmias.
The endothelin ETA/ETB receptor antagonists reduced car-
diac remodeling and cardiac failure by blocking the
overactivation of the ET system[37–39].  It is interesting to find
that an endothelin receptor antagonist, Dajisentan (CPU
0213), is effective in suppressing cardiac arrhythmias after
ischemia/reperfusion in L-thyroxin-induced cardiomyopathy,
but has no effect on ischemia/reperfusion-induced
arrhythmias in a normal rat heart.

Class III anti-arrhythmic agents

In controlling ventricular tachyarrhythmias the Class I
agents (INa blocking agents) are not recommended to pa-
tients with a diseased ventricle because of their strong po-
tency to induce arrhythmias by suppressing the propaga-
tion of impulse[40].  It is still questionable whether pure Class
III antiarrhythmic agents would suppress ventricular
tachyarrhythmias effectively and safely in a diseased heart.
To date, the common opinion is that it is favorable to use the
complex Class III agents, such as a low dose of amiodarone,
rather than the pure Class III agents in treating ventricular
tachyarrhythmias (Figure 2).

 Pure Class III agents  Dofetilide and ibutilide belong to
pure Class III agents that prolong APD remarkably by inhib-
iting the IKr currents only[41,42].  The two agents are favorable
in the treatment of atrial fibrillation and flutter, but not in the

Figure 1.  A diagram shows direct and indirect effect of drugs on ion
channels and cardiac arrhythmias.  The mechanisms underlying the
a r rhy thmogenes i s  and  ion  channe lopa th ies  in  re la t ion  to
hyperphosphorylation are denoted in a diseased heart.  Hyperphos-
phorylation, possibly including oxidative stress, is considered as cru-
cial lesions at the upstream to ion channels and causes upregulation
of ion channels and dispersion of repolarization.
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control of ventricular tachyarrhythmias.  Physicians should
take care of monitoring the QTc in treatment of atrial flutter/
fibrillation because of the high incidence of Torsades de
Pointes when using the two agents.  The outcome of clinical
trials of dofetilide on mortality in the treatment of ventricular
arrhythmias is neutral[40,42].

Complex Class III agents  Complex Class III anti-arrhyth-
mic agents block not only IKr currents but also other chan-
nels and receptors.

Complex Class III anti-arrhythmic agents block IKs.  These
include amiodarone, dronedarone, azimilide, CPU 86017, and
so on.  Blocking IKs is important to shorten the APD and
control cardiac arrhythmias by reducing the interference of
β-receptor stimulation that causes an exacerbated IKs.

Complex Class III anti-arrhythmic agents block ICa,L.  These
include amiodarone[43], dronedarone[44], azimilide[45], and CPU
86017[46].  An upregulation of the ICa,L channels is associated
with an enhancement of arrhythmogenesis in L-thyroxin-in-
duced cardiac remodeling[20] and in an infarcted heart after
isoproterenol treatment[31].  Blocking ICa,L is beneficial to con-
trol arrhythmia by relieving calcium overload and restoring a
disordered calcium-handling system in the diseased
myocytes.  In addition, an inhibition of the calcium current
helps to prevent cardiac arrhythmias by restoring the imbal-
ance of the altered ion currents during repolarization in dis-
eased hearts.

Dofetilide has the potential to develop TdP by its tre-
mendous effect in prolonging APD.  A combination with an
INa blocking agent was successful in attenuating the inci-
dence of TdP induced by a pure Class III agent[47].  Accord-
ing to the mathematic equation to calculate the length of
APD mentioned previously, we hypothesize that shortening
in APD by blocking ICa,L could reduce the incidence of TdP.
Therefore, CPU 228 was created by modification on the moi-
ety of dofetilide.  Treatment with CPU 228 significantly de-
crease the incidence of TdP in the rabbit model[41].  CPU 228
can block both ICa,L and IKr, so it is being converted from a
pure Class III antiarrhythmic agent, dofetilide, into a com-
plex Class III agent that has more potency to control
arrhythmias in an animal model.

Conclusion
The concepts and targets for the development of antiar-

rhythmic drugs are evolving[48].  It is hopeful that more safe
and effective agents will be obtained from continuous ef-
forts based on regressing and relieving the basal ion
channelopathy and preventing the deterioration of channelo-
pathy in the view of biomolecular mechanisms.  Propranolol
and verapamil inhibit mRNA expression of RyR2 and SERCA
in L-thyroxin-induced rat ventricular hypertrophyl[49].  β-
Adrenergic stimulation increases current amplitude and acti-
vation of ICa-L

[31] and IKs
[50], causing dispersion of repolariza-

tion.  More research at the molecular level will be needed on
ion channelopathy.  The safe and effective agents in con-
trolling life-threatening arrhythmias can be obtained by re-
lieving upstream lesions to ion channels, mainly through
anti-hyperphosphorylation.

Figure 2.  The Class III antiarrhythmic agents: CPU 86017, Azimilide,
Amiodarone, Dronedarone, Dofetilide, and CPU 228.
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Introduction
Cyclooxygenase (COX) is a key enzyme in the conver-

sion of polyunsaturated fatty acids and arachidonic acid to
prostaglandin (PG) H2, which is further converted into vari-
ous prostanoids (PGs, prostacyclins and thromboxanes).  Our
knowledge about COX constantly changes, but basically
COX-1 is constitutively expressed in most tissues, where it
synthesizes physiological amounts of postaglandins.  COX-2,
on the other hand, is normally expressed in activated mac-
rophages and becomes strongly upregulated after exposure
to growth factors or inflammatory stimuli, and is elevated in
malignant cells to promote angiogenesis in tumors[1–4].  It

has been long believed that many of the side effects of non-
steroidal anti-inflammatory drugs (NSAIDs), for examples,
gastrointestinal ulceration and bleeding, and platelet
dysfunction, are due to the suppression of COX-1-derived
prostanoids, whereas the inhibition of COX-2-dependent
prostaglandin synthesis accounts for the anti-inflammatory,
analgesic and antipyretic effects.  Consequently, it has been
hypothesized  that specific inhibition of COX-2 might have
therapeutic actions similar to those of NSAIDs, but without
the unwanted side effects.  This was the fundamental ratio-
nale for the development of selective inhibitors of the COX-2
enzyme as a new class of anti-inflammatory and analgesic
agent with improved gastrointestinal tolerability.  However,
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the potential of this new class of drugs has not been realized,
even though the rationale underpinning their use is likely to
be correct.

COX-2 was discovered in the early 1990s, and a large
amount of effort has been expended since then by the phar-
maceutical industry in the search for COX-2 inhibitors.  In
2000, COX-2 inhibitors were involved in clinical trials for the
treatment of colon and rectal cancers because COX-2
overexpression had been found in malignant tumor samples.
However, at this point, the risk of heart attack and stroke
emerged, and this is possibly because COX-2 is physiologi-
cally expressed in the glomeruli and cortex, and COX-2 may
also have an anti-inflammatory role[5].  Recently, a number of
events regarding COX-2 inhibitors have attracted the atten-
tion of the media.  Rofecoxib (Vioxx, Figure 1) was withdrawn
by Merck & Co in September 2004 following the finding from
the Vioxx Gastrointestinal Outcomes Research (VIGOR) trial
for colon and rectal cancers that there were severe risks for
the heart.  Similar claims were made when a COX-2 inhibitor
was used in the adenoma prevention with celecoxib (APC)
trial, which was eventually suspended in December 2004
because analysis by an independent Data Safety and Moni-
toring Board showed that there was a risk of fatal and non-
fatal major cardiovascular disease (CVD)[6].  On February 20,
2005, a US Food and Drug Agency (FDA) advisory panel
unanimously concluded that all classes of COX-2 inhibitors
increase a person’s risk of heart attack and stroke, and rec-
ommended that, despite the risks, drugs including Vioxx
should remain on the market but be accompanied by strong
warnings.  Following the FDA’s decision, the European Union
and countries in which COX-2 inhibitors were used imposed
similar restrictions.  Because the drugs are now “tainted”,

physicians are reluctant to prescribe them, and patients do
not want to risk the health of their heart to ease pain, the
sales of Celebrex, valdecoxib (Figure 1) and rofecoxib have
dropped dramatically.  As COX-2 inhibitors have become
controversial, many pharmaceutical companies are having
to renew their research efforts in the search for new effective
anti-inflammatory drugs to treat arthritis and other inflamma-
tory diseases[7].

Regulation of COX-2 expression during inflam-
mation

One of the main reasons for COX-2 attracting pharma-
ceutical interest is its strikingly different method of gene
regulation from COX-1.  The genes of COX-1 and COX-2 are
located in human chromosomes 9 and 1, respectively, with
COX-1 lacking a TATA box[8].  The promoter of the immedi-
ate-early gene COX-2 contains a TATA box and binding sites
for several transcription factors that are different from those
of COX-1 (Table 1).  The expression of COX-2 is regulated by
a broad spectrum of mediators involved in inflammation.  In
general, lipopolysaccharides and proinflammatory cytokines,
for example, interleukin- (IL)-1β, tumor necrosis factor (TNF),
and growth factors, induce COX-2; whereas IL-4, IL-13 and
the anti-inflammatory cytokine IL-10 inhibit the expression
of the enzyme[9,10].  A recent study has shown that there is a
positive feedback loop in COX-2-dependent prostaglandin
production at the sites of inflammation.  In particular, a COX-2
product, PGE2, upregulates COX-2 expression by virtue of
its cAMP-elevating capacity in human blood monocytes[11].
COX-2 is also regulated at the post-transcriptional level.
Recently, a 3'-untranslated region of the COX-2 mRNA has
been shown to contain multiple copies of adenylate- and

Figure 1.  COX-2 inhibitors originating from nature and designed chemically using computer-aided design.
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uridylate-rich elements (AREs) that may confer post-tran-
scriptional control of COX-2 expression by acting as mRNA
instability determinants or as translation inhibitory elements.
Loss of this post-transcriptional regulation of COX-2 through
the mutation of proteins that specifically interact with the
COX-2 ARE may lead to COX-2 overexpression, and this
process has been proposed as a crucial factor in colon car-
cinogenesis[12,13].  The sustained increase of COX-2 expres-
sion is apparently due (at least in part) to IL-1A increasing
the stability of COX-2 mRNA.  This type of regulatory mecha-
nism may play an important role in chronic inflammatory
conditions.

Development of COX-2 inhibitors

Both COX-1 and COX-2 produce prostaglandin H2, which
is further converted to different prostanoids, including PGD2,
PGE2, PGF2alpha, PGI2 and thromboxane A2.  COX-2-depen-
dent prostaglandins have been implicated in various physi-
ological events, including male fertility, menstruation,
ovulation, pregnancy, implantation, and in the pathological
action of different inflammatory and neoplastic diseases,
notably arthritis and cancer.  In the US, one-third of the adult
population, or approximately 70 million people, are affected
by arthritis or chronic joint symptoms, making arthritis one
of the most prevalent diseases in that country.  Onset of the
disease starts at around the age of 30 years, and women
have a higher incidence than men.  Arthritis is the leading

cause of disability in the US, accounting for 17.5% of all
those on disability pensions.  Thus there is an urgent need
for the development of COX-2 inhibitors, and the develop-
ment of suitable drugs would also be associated with large
profits for pharmaceutical companies.

Inhibition of cyclooxygenases with aspirin can be traced
back to ancient times.  Chinese and Greek healers used wil-
low bark that contained salicylic acid before AC aspirin, a
modified form of acetylsalicylic acid developed by a German
pharmacological chemist in 1898, was accepted as a safe and
effective remedy for backache in 1903, for headache in 1923,
and for arthritis in 1933 worldwidely.  The mechanism by
which aspirin exerts analgesic and antipyretic effects was
found to be the inhibition of cyclooxygenase-dependent
prostaglandins in 1971[14].  In the 1980s, aspirin was sug-
gested to reduce the risk of heart attack by suppressing the
production of prostacyclin in platelets[15].  Aspirin also slows
the development of cataracts and reduces migraine attacks.
However, gastrointestinal (GI) toxicity induced by aspirin
and other NSAIDs is among the most common serious ad-
verse drug events in the industrialized world[16].  Gas-
troduodenal ulcers can be found by endoscopy in 10% to
20% of patients who take NSAIDs on a regular basis.  For
decades, it has been a dream of pharmacologists to over-
come this issue.

In the early 1990s, cyclooxygenase was found to exist in
two distinct isoforms[1,2].  It was then very rapidly found that
the COX-1 isoform is located in all tissues except red blood

Table 1.  Differences in the expression, regulation, and enzyme kinetics of COX-1 and COX-2.

                        
 
  Structural functional class  

               
                                                   Isoforms of COX

                                                                                                               COX-1                                             COX-2

Location on chromosome 9q32–q33.3 1q25
Amino acid homology 60% identity to COX-2 60% identity to COX-1

75% similarity to COX-2 75% similarity to COX-1
Enzyme location Endoplasmic reticulum Nuclear envelope
Size of gene 22 kb, 11 exons 9.4 kb, 10 exons
Size of mRNA 2.8 kb 4.5 kb
Length of 3' UTR 800 bp 2200 bp
3' UTR Shaw/Kamen sequence Not present 17
Size of polypeptide 70 kDa,  604 amino acids 70 kDa,  604 amino acids
Regulation Usually constitutive Inducible
Range of induced gene expression 2–4 folds 10–80 folds
Rate of gene activation 24 h 0.5 h
Effect of glucorticods Little or no effect Inhibit expression
RNA instability elements, AUUUA in 3' UTR Not present Yes
TATA box Not present Yes

UTR=untranslated region.
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cells, and is constitutively expressed in the stomach, kidneys,
platelets, and endothelial cells under normal physiological
conditions.  In contrast, COX-2 is induced by proinflammatory
substances, such as lipopolysaccharides, TNF-alpha, IL-1,
platelet-derived growth factor (PDGF), and other growth
factors.  COX-2 is involved in inflammation, for example in
macrophages, monocytes and synoviocytes that emerge in
acute and chronic inflammatory states.  COX-2 therefore
became a very attractive pharmaceutical target, even though
it was later found that COX-2 is constitutively expressed in
pancreatic beta-cells[17], at the distal end of the vas deferens[18],
and also functionally and physiologically expressed in the
kidney glomeruli and cortex[19].  COX-2 was quickly crystal-
lized and the structure was resolved by X-ray diffraction
crystallography, which is a crucial step in drug design.  The
techniques of investigating the docking between small mol-
ecules and determining the structure of COX-2 were able to
be carried out using different platforms.  These approaches
help to understand the mechanisms involved in protein–
ligand binding in general, as well as helping to understand
the details of the interactions in a specific protein or protein-
ligand complex of interest[20].  Celecoxib was the first drug
that was chemically designed by computer, and was excep-
tionally quickly approved for release by the FDA in Decem-
ber 1998.  Rofecoxib and valdecoxib subsequently entered
the market later.  The makers of a new product containing
lumiracoxib (Novartis) are now in the process of applying for
a license.  Lumiracoxib is claimed to reduce the from cancer.
Prescriptions for COX-2-selective inhibitors represented up
61% of total prescriptions for NSAIDs in 2001 and 2002.  In
2003, celecoxib was the ninth best-selling drug in the US,
with sales of US$2.6 billion according to Forbes.  Another
impetus for COX-2 inhibitor development is for cancer
chemotherapy.  In one study, COX-2 knockout mice showed
a reduced incidence of tumors[21], and COX-2 is overexpress-
ed in many kinds of cancers, including colon, prostate and
lung cancer.  The function of COX-2 inhibitors that is rel-
evant for cancer treatment is that they also induce apoptosis.

Mechanism of action of COX-2-dependent
PGE2 in pain perception

Inflammation causes an increased synthesis of COX-2-
dependent PGs, which sensitize peripheral nociceptor termi-
nals and produce localized pain hypersensitivity.  A signifi-
cant portion of these nociceptors are not activated by physi-
ological stimuli such as gentle pressure or temperature.  PGs
regulate the sensitivity of so-called polymodal nociceptors

that are present in nearly all tissues.  PGE2 and other inflam-
matory mediators facilitate the activation of tetrodotoxin
(TTX)-resistant Na+ channels in dorsal root ganglion
neurons.  These small dorsal root ganglion neurons are un-
myelinated nerve fibers, conducting nociceptive stimuli.
During inflammatory states, PGE2 receptor E1 may signifi-
cantly increase the excitability of nociceptive nerve fibers,
thereby contributing to the activation of “sleeping”
nociceptors, and also act in the central nervous system to
produce hyperalgesia.  COX-2 inhibitors act primarily in the
dorsal horn to cause analgesia.  The sensation of pain is
assembled in the cortex.  COX-2 is expressed constitutively
in the dorsal horn of the spinal cord, and becomes upregulated
briefly after a trauma, such as damage to a limb, in the corre-
sponding sensory segments of the spinal cord.  The induc-
tion of spinal cord COX-2-dependent PGs facilitates trans-
mission of the nociceptive input[22].  Similar to in vitro IL-1-
induced COX-2 expression, IL-1β was demonstrated to be
the major inducer of COX-2 upregulation in the central ner-
vous system.  Accordingly, intraspinal administration of an
interleukin-converting enzyme or COX-2 inhibitor is accom-
panied by decreases in both inflammation-induced central
PGE2 levels and mechanical hyperalgesia[23, 24].  For analgesia
alone, opioid drugs are more effective in moderate-to-severe
pain than NSAIDs, and possess other significant advan-
tages including titratability, reversibility and lack of pros-
taglandin-associated side effects.  Cocktails of weak opioids
and other analgesic agents, such as tramadol plus
acetaminophen, have been shown to have some merits[25].

After a debate lasting 30 years, the mechanism by which
acetaminophen (commercial name Tylenol) exerts its analge-
sic and antipyretic action has also been elucidated by
cyclooxygenase isoform studies.  In contrast to the acidic
antipyretic selective COX-2 inhibitors, due to the non-acidic
chemistry of acetaminophen, the drug reaches higher con-
centrations within the central nervous system as compared
with the acidic antipyretic analgesics (eg, aspirin and
indomethacin) that accumulate in peripheral compartments
with acidic extracellular pH (eg,  inflamed tissue).  Acetami-
nophen may inhibit nociception-induced spinal prostaglan-
din synthesis, and hydroperoxide may confer cellular selec-
tivity on acetaminophen’s inhibition of COX-2 activity[26].
In addition, acetaminophen has been suggested to inhibit a
newly discovered COX isoform, derived from the same gene
as COX-1 and referred to as COX-1b or COX-3. Aceta-
minophen’s role in analgesia and hypothermia is due to the
inhibition of COX-3, which is more dominantly involved in
fever in children[27].
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Synthetic COX-2 selective inhibitor with neph-
rotoxicity and cardiovascular disease

COX-2 immediately became a drug target after it was char-
acterized as an inducible isoform in the early 1990s.  Several
crystal structures of COX-2 were quickly solved through the
crystallization of the protein in different laboratories within a
few years.  In 1996, Searle improved the model and built up a
structure with a high resolution of  2.15 Å.  It was found that
one of the enzymatic channels in COX-2 is wider than that of
COX-1, and COX-2 has an open side pocket where the sul-
fonamide group of the selective inhibitors can bind.  Human
COX-2 has four amino acids that are different from COX-1 in
the region corresponding to the side pocket.  The most im-
portant difference is at position 523, where COX-1 has a
bulky isoleucine and COX-2 has a valine that takes up less
space[28].  The formation of five different hydrogen bonds
between the selective inhibitors and the pocket of COX-2 is
a strong and time dependent binding reaction, and site-di-
rected mutations in the pocket region resulted in weaker bind-
ing and fewer hydrogen bonds[20,29].  The selectivity of COX-
2 IC50/COX-1 IC50 is 0.003 (or selective fold is 375:1) for
celecoxib, 0.0026 for refecoxib, and 166 for aspirin.  The high
selectivity of celecoxib is due to the phenylsulfonamide
moiety, which binds in a pocket that is more restricted in
COX-1 and is unoccupied in complexes of COX-2 with non-
selective inhibitors.  This pocket branches off from the main
channel that leads to the cyclooxygenase active site, and is
more accessible in COX-2, primarily because of the previ-
ously mentioned substitution of isoleucine  at position 523
in COX-2 to valine in COX-1.  Aspirin mainly inhibits COX-1
irreversibly because it blocks the channel for accessing the
substrate by permanently acetylating the serine of the
cyclooxygenase enzymes.  Celecoxib’s reversibility and se-
lectivity provided a new insight into drug design approaches
for the pharmaceutical industry.

Nevertheless, the COX-2 inhibitors are associated with a
number of potential pitfalls, which can be even more lethal
than the side effects of other non-selective NSAIDs.  These
pitfalls arise from the fact that COX-2 induction is not exclu-
sively associated with the onset of an inflammatory reaction.
In fact, COX-2 can also be expressed chronically, and is seen
during the resolution of inflammation and in areas of wound-
healing[5].  Through studies of COX-2 knockout mice, COX-2
inhibition has been directly linked to several adverse
outcomes, including reproductive failure, and reduced renin
expression in the kidney.  Renin is an active enzyme that
converts angiotensinogen into angiotensin, which maintains
or modulates the salt metabolism.  It has been shown that

renin expression is decisively regulated by COX-2 in kidney,
especially in the abnormal intake of NaCl[30].  COX-2-defi-
cient mice also develop lung fibrogenesis[31], which is a com-
mon attribute of lung cancer in humans.  The application of
COX-2-selective inhibitors during these periods has been
shown to be deleterious, so that resolution of inflammation
and gastric ulcer healing are actually delayed and, in some
patients, ulcers have even been found to progress further to
perforation.  The suggestion has now been made that, in
these situations, COX-2 may actually help resolve the
pathology, perhaps by generating an alternative series of
PGs, such as the cyclopentenone PGs.  The finding that these
PGs can affect proteins by direct chemical modifications as
well as by having their own receptor families has rekindled
debate on the deleterious and beneficial effects of COX-2-
dependent prostanoids, and on the implications of inhibit-
ing the production of these mediators in the body[32].

COX-2-synthesized PGs have important roles in the modu-
lation of renal physiology.  A number of pooled analyses
have suggested the possibility of an increased risk of CVD,
particularly acute myocardial infarction, because of a blunted
PG response due to COX-2 inhibition in the kidney and blood
vessels, which may depend on the individual to a certain
extent.  Many reports have stated that COX-2 inhibitors have
the same nephrotoxicity as non-selective NSAIDs.  PGs have
a counterbalancing effect because they modulate the local
actions of systemic and locally produced vasoconstrictor
hormones.  For this role, a variety of PGs with diverse bio-
logical effects are produced and metabolized by the kidney[33].
The major ones, synthesized at distinct anatomical locations
within the renal parenchyma, include PGI2, PGE2, thrombox-
ane A2, and PGF2.  Of these, PGI2 (produced most abundantly
in the renal cortex by cortical glomeruli and arterioles) and
PGE2 (synthesized in the juxtamedullary glomeruli, medul-
lary interstitial cells, and the medullary portion of the collect-
ing duct) are physiologically predominant[34,35].  It used to be
believed that the only side effects of COX-2 inhibitors were
toxicity in the kidney.  But now COX-2 has been found to be
constitutively expressed in the endothelial cells of the
arteries, arterioles, lung and brain, in addition to its highly
constitutive expression in the vas deferens and beta-cells of
the pancreas.  COX-2 expression in the cortical thick ascend-
ing limb of the loop of Henle (medullary rays and macula
densa) affects chloride ion pumps.  In the medulla, COX-2
expression was detected in the endothelial lining of the vasa
recta in 52 cases and in the collecting ducts in 5 cases.  These
data demonstrate significant constitutive expression of
COX-2 in normal kidney and underscore the need for caution
in the use of COX-2 selective inhibitors, especially on a long-
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term basis.  All in all, there is not much remaining of the
original dogma that COX-1 is the housekeeping good guy
and COX-2 is the perpetrator that mediates inflammation and
damage.  These finding are consistent with recent clinical
data showing that COX-2 inhibitors are associated with CVD
risk[36,37].

Naturally derived COX-2 inhibitors for anti-
inflammation, and alternative targets for
painkilling

Given that salicylic acid (later developed to aspirin) was
originally extracted from the bark of the willow tree, there is a
definite possibility of also finding COX-2 inhibitors in nature.
In fact, there are some already known COX-2 favorable in-
hibitors of natural origin, and some of them have been used
as natural modulators of inflammation in adjuvant
chemotherapy.  A recent review details a number of natural
COX-2 inhibitors with different chemical structures and dif-
ferent modes of action[38].  It has been reported that ginger,
curcumin, thunder god vine, plantago, and others contain
COX-2 inhibitors.  Some of these compounds not only in-
hibit COX-2, but are also antioxidants, for example resveratrol,
which is found in the skin of grapes and inhibits the tran-
scription or post-translation of the COX-2 gene[39].  Small
synthetic COX-2 inhibitors can be inserted into loops that
are different from COX-1.  But there are many different meth-
ods of inhibition, and in general, there is no correlation be-
tween inhibition and the similarity of the chemical structures.
Some characterized fatty acid COX-2 inhibitors, such as li-
noleic acid (LA), alpha-linolenic acid (alpha-LNA), myristic
acid and palmitic acid have been isolated from different plant
roots or leaves, and have IC50 values for cyclooxygenase
ranging from 3.9 to180 µmol/L.  The compound alpha-LNA is
one of the most selective towards COX-2, with COX-2/COX-
1 ratios of 0.1[40, 41].

In addition to fatty acids, steroid-like molecules are also
attractive candidates for COX-2 inhibitors.  A hexane struc-
ture of ursolic acid (Figure 1) has been investigated by bioac-
tivity-directed fractionation.  This triterpenoid had a COX-2
inhibitory effect, directly affecting the enzyme activity, with
an IC50 value of 130 µmol/L and a COX-2/COX-1 selectivity
ratio of 0.6.  The structural isomer oleanolic acid is less ac-
tive than ursolic acid, with an IC50 value of 295 µmol/L, but
has a similar selectivity ratio (0.8).  The direct inhibitory ef-
fect of ursolic acid and oleanolic acid on COX-2-catalyzed
prostaglandin biosynthesis increased with preincubation,
indicating a time-dependent inhibition.  Interestingly, the
effect on COX-1 was independent of preincubation time[42].
The problem with natural COX-2 inhibitors is the slower on-

set of relief in vivo.  Effort needs to be directed towards
screening natural anti-inflammatory/analgesic products that
offer more effective inhibition, or stronger instantaneous relief
of pain with no (or less) GI and cardiovascular risk.  If this
were to occur, then a natural COX-2 inhibitor, whether a
single compound or a combination of multiple compounds,
could be developed to provide gentle, effective and long-
term relief.

Summary
Cyclooxygenases, particularly COX-2 inhibitors associ-

ated with CVD problems, have shown us that there are prob-
ably no absolute perpetrators and protectors in nature.
However, selective COX-2 inhibitor studies and chemo-
therapy have extended our understanding of this system.
All COX-2 inhibitors remain available for use in certain
patients, such as those at risk of ulcers.  COX-2 inhibitors
can be explored further for cancer therapy, where because of
their anti-angiogenic apoptosis-promoting properties, they
might benefit those patients who are overexpressing COX-2.
Rather than inhibitors, it is also possible to identify more
COX-2 modulators, which could be found by screening small
molecules from herbs or other natural sources.  For simple
painkilling, it is better to target end effectors.  Screening for
E1 receptor inhibitors is a new possibility because the anal-
gesic actions of NSAIDs in inflammatory pain, especially
visceral stimuli, are mediated to a significant degree by the
inhibition of signaling through the E1 receptor.  The ab-
sence of EP1 receptors results in structurally normal kidney,
and does not result in a lowering of resting blood pressure[43].
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SCI Impact Factor of Acta Pharmacologica Sinica increased to 1.125

According to the latest Journal Citation Report 2004 (JCR 2004) published by Institute for Scientific Information
(ISI, USA), we are greatly pleased to announce that the Science Citation Index (SCI) Impact Factor of Acta
Pharmacologica Sinica (APS) has risen from 0.884 to 1.125, ranking the 132nd out of 187 journals in the category of
PHARMACOLOGY & PHARMACY, and the 49th out of 125 journals in the category of CHEMISTRY,
MULTIDISCIPLINARY. APS is continued to be the only journal listed in the SCI in Chinese Pharmacology and
Pharmacy and ranked the 8th out of 71 Chinese journals listed in SCI.

Here we would like to share the good news with all our authors, reviewers and readers. Without your long-term
contribution , APS cannot achieve such a progress!  Hope to have your support continuosly!
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Introduction
Traumatic spinal cord injury (SCI) often results in com-

plete loss of voluntary motor and sensory function below
the site of injury.  Extensive evidence indicate that second-
ary injury of the cord involving widespread apoptosis of
neurons and oligodendroglia after the trauma contributes
significantly to long-term neurological deficits[1,2].
Interleukin-1 beta (IL-1β) induces apoptosis in neurons in
vitro[3] and in cultured human astrocytes[4] and oligoden-
drocytes in vivo[5].  IL-1β expression is upregulated rapidly
at the lesion site after SCI[6–8].  Furthermore, injection of an

IL-1 receptor antagonist (IL-1Ra), a potent anti-inflamma-
tory cytokine, reduces IL-1β production in the spinal cord
and thereby may promote functional recovery following
SCI[9].  Thus a rapid accumulation of IL-1β following SCI may
initiate apoptosis in neurons and glial cells.  The intracellular
signaling events initiated by IL-1β that lead to apoptotic cell
death in vivo however are not well understood.

Caspase-3 is a potential mediator of apoptosis after cen-
tral nervous system (CNS) injury[10, 11] and its activation may
be as a marker of apoptotic cell death.  Several studies have
provided evidence that cell death from moderate traumatic
spinal cord injury is regulated, in part, by apoptosis that
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involves the caspase family of cysteine proteases[9,11].  In
the hippocampus of aged rats, the concentration of IL-1β is
increased and this increase is accompanied by enhanced
caspase-3 activity indicative of cell death[12].  These find-
ings suggest that neuron apoptosis in the CNS is induced
by increased IL-1β through activity of the caspase-3 apoptotic
pathway.

p38 Mitogen-activated protein kinase (p38 MAPK) is a
pivotal molecule in the signal pathway initiated by IL-1RI[13].
A subset of cyclin-dependent kinase/mitogen-activated pro-
tein kinase superfamily kinases has been implicated in neu-
ron apoptosis[14,15].  In neurons of the hippocampus, inhibi-
tion of p38 MAPK activation induced by SB203580 blocks
suppression of long term potentiation evoked by IL-1β[16]

and cellular stress responses to IL-1β[17].  In addition, the
cardiovascular and behavioral responses induced by intrac-
erebral ventricular (icv) injection of IL-1β were abrogated by
pretreatment with the p38 inhibitor SB203580 (icv) in awake
rats[18].  These findings suggest that the effects of IL-1β are
partially dependent upon p38 MAPK activation.  In addition,
IL-1β concentration was found to be increased and accom-
panied by enhanced caspase-3 activity in the hippocampus
of aged rats[12].  Analysis of colocalization of activated
caspase-3 with activated p38 MAPK (p-p38) in the hippo-
campus of aged rats, suggested that p-p38 was necessary
for activation of caspase-3; while in vitro analysis indicated
that the IL-1β-induced increase in caspase-3 activity was
abrogated by the p38 MAPK inhibitor, SB203580[12].  Thus
apoptosis activated by increased IL-1β after SCI may be
dependent, at least in part, upon the activation of p38 MAPK.

In the present report, expression of IL-1β as well as ex-
pression of its potential downstream target molecules p38
MAPK and caspase-3 was examined in rats following SCI.  If
p38 MAPK signaling mediates IL-1β genetic induction of
apoptosis, then p38 MAPK expression should be elevated
after SCI together with IL-1β expression.  Likewise, if the
apoptotic program initiated by IL-1β involves caspase-3 as
an effector of apoptosis, then a subsequent increase in
caspase-3 levels should also be observed following SCI.

We further tested pharmacologically whether the
apoptotic cascade initiated by IL-1β after SCI involved p38
MAPK signaling and caspase-3.  If post-injury caspase-3
increases were induced by IL-1β signaling, then blocking IL-
1 receptors should attenuate caspase-3 upregulation after
injury.  Moreover, if IL-1β induction of apoptosis after SCI
was mediated by MAPK signaling, which then resulted in
caspase-3 upregulation, then blocking MAPK activity should
also attenuate caspase-3 upregulation as well as reduce the
amount of apoptotic cells observed after SCI.

Materials and methods

Materials  Rabbit antibodies directed against IL-1β,
caspase-3 and normal rabbit serum were purchased from
Sigma Biotechnologies (Sigma-Aldrich, Inc, Saint Louis,
Missouri, USA).  p38 MAP Kinase Assay Kits were pur-
chased from Cell Signaling TechnologyTM (Cell Signaling,
Beverly, USA).  The p38 inhibitor 4-(4-fluorophenyl)-2-(4-
methylsulfonylphenyl)-5-(4-pyridyl)-1H-imidazole (SB203580)
was purchased from Calbiochem (Calbiochem, La Jolla, CA).
Recombinant rat IL-1ra was purchased from R & D Systems
(Minneapolis, MN, USA).  Terminal Deoxynucleotidyl Trans-
ferase-Mediated Deoxyuridine Triphosphate-Biotin Nick End
Labeling (TUNEL) detection kits were purchased from Sino-
American Biotechnology Co  (Sino-American Biotechnol-
ogy Co, Luo Yang, China).

Spinal cord injury and pharmacological treatment   Adult
male Wistar rats, weighing about 250 g each (range from 220
g to 270 g), were used in this study (provided by the Experi-
mental Animal Center of Shantou University Medical
College).  Rats were assigned randomly to either the SCI
group, the sham-operated control group (n=54 for each group)
or the drug-treated group (including SB203580; IL-1Ra;
vehicle, n=18 for each group).  Rats’ spinal cords were con-
tused extradurally with a 10-g weight-drop impactor dropped
25.0 mm onto the T9-T10 region of the cord exposed by lami-
nectomy as described previously[19].  Drug treatments were
given intrathecally immediately after the injury.  Recombi-
nant rat IL-1Ra (10 µg) was given to antagonize IL-1 recep-
tors and SB203580 (4 kg in 10 µL) was given to inhibit p38
MAPK[9,20,21].  The animals in the sham-operated control group
underwent a T9 laminectomy without injury and received
intrathecal injections of only vehicle (10 µL saline).  All ani-
mal care and surgical procedures were approved by the in-
stitutional animal care and use committee of Shantou
University.

RNA purification and RT-PCR  At several time points
following impact, 4-mm thick tissue sections were collected
by deep anesthesia and stored frozen at -80 °C.  Total tissue
RNA was purified by homogenization of 20 mg spinal cord
using the RNeasy Mini kit (Qiagen, Valencia, CA) according
to the manufacturer’s instructions.  RNA was washed, dried,
resuspended in sterile nuclease-free water, and stored at
-80 °C.  After spectrophotometric quantification, the purified
RNA was separated on a formaldehyde-agarose gel to
assess the extent of degradation.

One microgram total RNA was reverse-transcribed into
cDNA in each 50 µL reaction mixture, using one-step RT-
PCR (QIAGEN One Step RT-PCR Kit, Qiagen, Valencia, CA)
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according to the manufacturer’s instructions.  The sequences
of forward and reverse primers for amplifying IL-1β cDNA
were 5'-AGCTATGGCAACTGTCCCT-3' and 5'-AGCTA-
TGGCAACTGTCCCT-3', respectively.  After amplification,
RT-PCR products were quantified with real time PCR.

Real time quantitative RT-PCR  To compare the mRNA
content of IL-1β in spinal cord after SCI with pharmacologi-
cal treatment, reverse-transcribed cDNA standards and
samples were amplified in parallel by PCR on a LightCycler
using additional sequence-specific hybridization probes in
combination with the LightCycler.  PCR with Taq polymerase
(Taqman; Applied Biosystems, Foster City, CA) on the cDNA
samples was performed on a sequence detector (Prism 7700;
Applied Biosystems, Foster City, CA).  Equal amounts of
cDNA were used in duplicate and amplified with the PCR mix
(Taqman Master Mix; Applied Biosystems).  Real time PCR
protocols were performed as described previously[22].  Briefly,
the PCR reaction mixture contained 2 mmol/L MgCl2, 20 pmol
of both PCR primers, 1 pmol of each hybridization probe, 2
µL of LightCycler.  DNA master hybridization mix (Roche,
Germany) and 2 µL of reverse-transcribed samples in a final
volume of 25 µL.  The PCR conditions were set at 50 °C for 2
min, 95 °C for 10 min followed by 40 cycles of 95 °C for 30 s
and 60 °C for 1 min.  Additional reactions were performed on
known dilutions of rat IL-1β cDNA as a PCR template to
construct a standard curve relating threshold cycle to tem-
plate copy number.

The sample copy numbers were calculated using the
LightCycler analysis software (Roche, Mannheim, Germany).
The LightCycler software system analyzed the spectral data
collected at the end of the annealing phase of each cycle and
plotted fluorescence intensity versus cycle number.  The
cDNA standard curve was generated by the LightCycler.
The Cts value against the logarithm of the calculated initial
copy numbers was plotted by the Software system.  The
unknown initial sample copy numbers were then calculated
automatically from their Cts, as compared to the cDNA stan-
dard curve.

Taq polymerase primer and probe sets for IL-1β were
designed from sequences in the GenBank database of NCBI
on DNAman.  GenBank is provided in the public domain by
the National Center for Biotechnology Information, Bethesda,
MD (http://www.ncbi.nlm.nih.gov/Genbank).  The primer and
probe sequences used were as follows: IL-1β forward primer:
5'-CTGCACTGCAGGCTTCGA-3'; reverse primer: 5'-TGGA-
GAGCTTTCAGCTCACATG-3'; Taqman probe: 5'-FAM-
ATGAACAACAAAAATGCCTCGTGCTGTCTGTAMRA-3'.

Western blot analysis  At 30 min, 6 h, 24 h, 72 h after
injury (n=3 per time point), an 8-mm spinal cord segment was

dissected 4 mm rostral and 4 mm caudal from the lesion epi-
center from each group.  The cord tissues were resuspended
in a lysis buffer (Cell Signaling, Beverly, USA) and homog-
enized in a dounce homogezenizer on ice.  Tissue homoge-
nate samples were centrifuged at 14 000 rpm for 10 min at
4 °C, and the supernatant samples were stored at -30 °C.
Protein concentrations in the cell lysates were determined
by Bio-Rad (Richmond, CA) protein assay, as recommended
by the manufacturer.  For analyses by Western blot, 20 µL of
each suspension sample was separated in 12% SDS-PAGE,
and the proteins were transferred to polyvivylidene difluorid
membranes.  Blots were blocked with 5% nonfat dry milk in
tris-buffered saline (TBS) for 1 h at room temperature and
then the membranes were incubated with 1:200 diluted mono-
clonal rabbit anti-rat antibodies against IL-1β (Sigma) or
caspase-3 (Sigma) overnight at 4 °C.  The membranes were
then processed with HRP-conjugated goat anti-rabbit sec-
ondary antibody (1:500; Sigma).  Immunoreactive bands were
quantified using image analysis software.

p38 MAPK enzymatic activity was measured using a p38
MAP Kinase Assay Kit (Cell Signaling), and the protocol
was performed according to the manufacturer’s instructions.
Briefly, 200 µL of protein content in clear supernatant was
immunoprecipited using immobilized phospho-p38 MAP
kinase (Thr180/Tyr182) monoclonal antibodies with gentle
shaking overnight at 4 °C.  The immunoprecipitate was
washed twice with 500 µL ice-cold cell lysis buffer and twice
with 500 µL ice-cold kinase buffer (25 mmol/L Tris (pH 7.5),  5
mmol/L β-glycerolphosphate, 2 mmol/L DTT, 0.1 mmol/L
Na3VO4, and 10 mmol/L MgCl2) at 4 °C.  The kinase reactions
were conducted in the presence of 200 µmol/L ATP and 2 µg
activating transcription factor-2 (ATF-2) fusion protein at
30 °C for 30 min.  After the reaction had been terminated by
the addition of 3×SDS sample buffer, the mixture was boiled
for 5 min, followed by brief centrifugation.  Phospho-
p38MAPK was selectively measured by Western immuno-
blotting as described previously[23], and then immunoreac-
tive bands were quantified using image analysis software.

Immunohistochemistry  At several time intervals after
SCI (30 min, 6 h, 24 h, 72 h, 1 wk, 6 wk), animals were deeply
anesthetized and perfused via cardiac puncture with 0.1 mol/L
phosphate-buffered saline (PBS) 150 mL (pH 7.4) and subse-
quently with 4% paraformaldehyde in 0.1 mol/L PBS 250 mL.
The spinal cord was carefully dissected, and an 8-mm seg-
ment containing the injured epicenter was dissected out and
post-fixed by immersion in 4% paraformaldehyde for 3 h and
then cryoprotected by immersion in 20% sucrose of PBS
overnight.  Tissue segments were embedded in OCT and
frozen as described previously[24].  Free-floating transverse
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sections (10 µm) were cut with a cryostat.
Immunohistochemical staining was performed by the

avidin-biotin complex method as described previously[25].
The concentration for rabbit anti-IL-1β and rabbit anti-
caspase-3 primary antibodies was 1:200.  The concentration
for biotinylated anti-rabbit antibodies was 1:200.  Positive
immunoreactive labeling was observed qualitatively.

Terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate-biotin nick end labeling (TUNEL)
Spinal cord specimens used for TUNEL staining were col-
lected as described above for immunohistochemistry
methods.  The segment was embedded in paraffin as previ-
ously described[24] and 5 µm-thick serial transverse sections
were collected.  The sections were processed for TUNEL
staining with an in site cell apoptosis detection kit, and the
staining protocol was performed according to the manu-
facturer’s instructions.  The sections were counterstained
with hematoxylin.  The ratios of TUNEL positive cells to
total cells were counted and analyzed by computer.  All
TUNEL analyses were carried out by investigators who were
blind as to the experimental conditions.

Statistical analysis  Data are expressed as mean±SD.
Statistical significance was assessed with one-way ANOVA.
The significant difference between pairs of groups was tested
by post hoc analysis.  P<0.05 was considered significant in
all cases.

Results
Rapid expression of IL-1βββββ in spinal cord after SCI  The

temporal expression of IL-1β mRNA and protein at pre-de-
fined time intervals (30 min, 6 h, 24 h, 72 h after SCI; n=3 for
each time point) was examined.  Absolute quantification real-
time reverse PCR (Q-RT-PCR) analysis revealed that by 30
min after the contusion injury, IL-1β mRNA levels (6.75±
0.42, log of the copy number of IL-1β cDNA) were signifi-
cantly increased in the cords of injured rats relative to sham
surgery control rats (4.98±0.49).  IL-1β mRNA levels contin-
ued to rise, reaching peak levels at 6 h post-injury (6.97±
0.75) (cP<0.01 vs control group), then falling by 24 h.

Western blot analysis also showed an increase in IL-1β
levels following SCI (Figure 1).  IL-1β protein was increased
significantly by 30 min after the injury, reached peak levels
by 6 h after the injury and declined thereafter.  Both Western
blot analysis (Figure 1) and immunohistochemistry examina-
tion (Figure 2A) revealed low levels of IL-1β protein in the
sham controls.  As early as 30 min after injury IL-1β immu-
noreactivity was observed in neurons within the gray matter
in the lesion area, as well as in neurons located several

microns, rostral and caudal of the lesion.  The peak of immu-
noreactivity was observed 6 h after SCI (Figure 2B).

p38 MAPK activation in the spinal cord after injury  Im-
munoprecipitation and Western blot examinations revealed
that 6 h after SCI total p38 MAPK levels in the spinal cord
had not changed after contusion (Figure 3A).  P-p38 MAPK
levels however were significantly increased following the
injury.  This increase was detectable at 30 min after contu-
sion and reached a peak at 6 h.  P-p38 MAP returned to basal
levels by 72 h post-injury (Figure 3B).  These data indicate
that increases in p-p38 after SCI are caused by increased
phosphorylation rather than by elevated substrate.

Induction of caspase-3 after injury  The post-injury tem-
poral profile of caspase-3 expression was examined by im-
munohistochemistry and Western blot analysis.  Both in-
jured and sham-operated spinal cords were evaluated for
caspase-3 expression at four pre-defined time points (30 min,
6 h, 24 h, and 72 h after SCI; n=3 for each time point).  As
expected, little caspase-3 immunoreactivity was observed in
sham-operated spinal cords (Figure 2C).  Weak caspase-3
immunoreactivity was first detected in a few neurons within
the gray matter of the lesioned area 6 h after injury.  Intense
caspase-3 immunoreactivity was seen in gray matter neu-
rons 24 h after injury and decreased thereafter (Figure 2D).
Western blot analyses also showed that caspase-3 expres-
sion was up-regulated after SCI.  Caspase-3 protein was de-
tectable by 6 h, peaked 24 h post-injury and decreased there-
after (Figure 4).

Figure 1.  Western blot analysis of IL-1β protein level in the spinal
cord afterframatic spinal cord injury (SCI). Each value was measured
by densitometric analysis of the Western blots bands. Data were
converted to percentages as compared to the sham-operated control
as 100%.  Mean±SD.  aP>0.05, bP<0.05, cP<0.01 vs control group.
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SCI-induced p38 MAPK activation is mediated by IL-1βββββ
To test whether IL-1β plays a role in p38 MAPK activation
after SCI, the IL-1 receptor antagonist, recombinant rat
IL-1ra, was given after SCI.  Western blot data showed an
increase in p-p38 in spinal cord 6 h after SCI.  Treatment with
IL-1Ra markedly inhibited the injury-induced activation of
p38 MAPK.  These data suggest that p38 MAPK activation
in spinal cord after SCI is mediated by IL-1β (Figure 5).

Inhibition of caspase-3 expression and reduction of
apoptosis by IL-1Ra after injury   To demonstrate whether
the IL-1β induced expression of caspase-3 and the subse-
quent increased apoptosis of neurons after contusion injury,
we compared both expression of caspase-3 and the number

of apoptotic cells in the presence or absence of IL-1Ra after
SCI.  As shown in Figure 6, the induction of caspase-3 pro-
tein was inhibited significantly by IL-1Ra treatment.  Few
TUNEL-positive cells were initially present in the lesion area
within 6 h of injury.  The greatest numbers of TUNEL-posi-
tive cells were observed 24 h after injury.  Treatment with
IL-1Ra markedly reduced the number of TUNEL-positive cells
in the cord relative to vehicle controls at 24 h after injury
(Figure 2F,  2G).

p38 MAPK inhibition reduces neuron apoptosis and
caspase-3 expression after SCI  Treatment of the injured
spinal cord with SB203580 resulted in a marked reduction in
the number of TUNEL-positive cells as compared to that

Figure 2.  Immunocytochemical detection of IL-1, caspase-3 and TUNEL labeling after spinal cord injury. ×400. (A) IL-1β immunoreactivity
in the sham-operated spinal cord, little IL-1β immunoreactivity  (arrow) was detected. (B) IL-1β immunoreactivity  (arrow) was intense in a
section of the injured cord 6 h after SCI. (C) Little caspase-3 immunoreactivity  (arrow) was observed in sham-operated spinal cords. (D)
Intense caspase-3 immunoreactivity  (arrow) in the gray matter neurons 24 h after injury. (E) Few caspase-3 positive immunoreactivity
neurons (arrow) 24 h after SCI treated with IL-Ra. (F) TUNEL positive cells  (arrow) in vehicle group. (G) IL-1Ra treatment significantly
reduced the number of TUNEL-positive cells  (arrow) in the cord relative to vehicle controls. (H) SB203580 treatment significantly reduced
the number of TUNEL-positive cells  (arrow) in the cord relative to vehicle controls.
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found in vehicle controls (Figure 2H).  Notably, at 24 h post-
injury the number of TUNEL-positive cells was reduced by
50% with the SB203580 treatment.  The induction of caspase-
3 protein was also inhibited significantly by treatment with
SB203580 (Figure 7).

Figure 4.  Western blot analysis showed time-dependent changes in
caspase-3 protein levels in the spinal cord after injury. Sample from
sham control and injured spinal cords were prepared for Western
blotting at 30 min, 6 h, 24 h, 72 h after SCI. Caspase-3 protein levels
peaked 24 h after injury and declined thereafter. aP>0.05, cP<0.01 vs
sham-operated control group.

Figure 5.  Treatment with IL-1Ra attenuated the injury-induced
activation of p38 in the spinal cord. The phospho-p38 protein level
in the IL-Ra-treated group was significantly less than that in the
vehicle group at 6 h post-injury. Sham operated group was 100%.
bP<0.05 vs vehicle group.

Figure 6.  Treatment with IL-1Ra markedly inhibited the injury-
induced activation of Caspase-3 in spinal cord. The caspase-3
protein level in the IL-1Ra treated group was significantly less than
that in the vehicle group at 24 h. Sham operated group was 100%.
cP<0.01 vs vehicle group.

Figure 7.  Caspase-3 protein level was significantly reduced in rats
treated with SB203580 relative to the vehicle group at 24 h post-
injury.  Sham operated group was 100%.  cP<0.01 vs vehicle group.

Figure 3.  p38 MAPK activation in the spinal cord after injury. (A)
Total nonphosphorylated p38 MAPK levels in the spinal cord did
not change after contusion. (B) Phospho-p38 levels were signifi-
cantly increased in the injured spinal cord, and peaked 6 h after SCI.
aP>0.05, bP<0.05, cP<0.01 vs control group.
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Discussion

Injury to the spinal cord induces a complex cascade of
cellular reactions at the local lesion area that results in in-
flammation and secondary cell death[26].  IL-1β is a major
mediator of inflammation and may play an important role in
the consequences of traumatic spinal cord injury.  Numer-
ous studies have confirmed an increase in IL-1β expression
after SCI[6–8].  In the present study, the expression of IL-1β
and its mRNA was assessed in the rat spinal cord following
a standardized contusion injury.  IL-1β mRNA levels, as mea-
sured by quantitative RT-PCR, were significantly increased
in the lesion area by 30 min after SCI, peaked at 6 h and
returned to normal at 72 h post-injury.  IL-1β protein levels,
as measured by Western blot and immunohistochemical
staining, were increased significantly in the lesion area by 30
min post-injury, peaked at 6 h and then remained signifi-
cantly higher than normal through at least 3 d post-injury.
These findings, along with the findings by others[6–8], sug-
gest that the increased IL-1β mRNA and protein levels are an
early and local response at the lesion site that could trigger
other, later, responses to traumatic SCI.

The function of IL-1β remains unclear.  Some evidence
indicates that IL-1β may exert beneficial effects on the CNS
after injury such that IL-1β and its type 1 receptor may be
involved in the maintenance of cell survival rather than in-
duction of neuronal death.  Direct application of inflamma-
tory cytokines with SCI has been shown to reduce tissue
loss[27].  On the contrary, however, findings of several stud-
ies are consistent with the view that an increased level of IL-
1β after injury is adverse.  Namely, increased IL-1β in spinal
cord has been associated with neuronal apoptosis[4,9].  Di-
rect injection of IL-1β into the spinal cord enhances vascular
permeability and produces lymphocyte recruitment[28].  As
such, an early and rapid production of IL-1β after injury ap-
pears to be deleterious to the CNS by triggering apoptosis.
It may be that whether one sees enhanced cell survival or
augmented apoptosis depends of the dose of IL-1β present
in the cord.

The IL-1β expression peak (6 h post-injury) occurred
when few TUNEL-positive apoptotic cells were present in
the lesion area.  The number of observed apoptotic cells
peaked much later, 24 h after the contusion injury.  IL-1β
receptor antagonism with IL-1Ra significantly reduced the
number of apoptotic cells present after injury.  These data
suggest that IL-1β plays a causal role in neuronal apoptosis
in the early phase of SCI.  However, the intracellular signal-
ing events initiated by IL-1β that lead to apoptotic cell death
remain largely unknown.

A number of studies have provided evidence that cell
death from moderate traumatic spinal cord injury is regulated,
in part, by apoptosis that involves the caspase family of
cysteine proteases.  A recent study demonstrated that spi-
nal cord injury rapidly increased activation of the effector
caspase, caspase-3.  The caspase-3 message was present
and upregulated several fold after traumatic spinal cord in-
jury[29].  Moreover, upstream and downstream components
of the caspase-3 apoptotic pathway are activated after trau-
matic spinal cord injury in rats.  These effects occur early in
neurons in the injury site and hours to days later in oligo-
dendrocytes adjacent to and distant from the injury site[11].
Nesic O et al[9] showed that downstream components of the
caspase-3 apoptotic pathway were activated after SCI in the
rat.  Furthermore caspase inhibition reduced post-traumatic
lesion size and improved motor performance[10], indicating
that caspase-3 is a potential mediator of apoptosis following
CNS injury[10,11].  However it has not been shown defini-
tively whether IL-1β induces apoptosis after SCI by activat-
ing caspase-3.  The present Western blot and immunohis-
tochemistry analyses results showed that caspase-3 expres-
sion was up-regulated in a relatively small number of neu-
rons within the gray matter of the lesioned area at 6 h after
SCI.  Intense caspase-3 immunoreactivity was seen in gray
matter neurons by 24 h after injury.  Furthermore, IL-1 recep-
tor antagonist treatment after SCI attenuated injury-induced
upregulation of caspase-3 gene expression and resulted in
fewer TUNEL-positive cells.  Thus, these results are consis-
tent with the hypothesis that IL-1β-induced apoptosis is
mediated via induction of caspase-3 expression following
SCI.

The MAPKs are a family of signaling molecules that trans-
duce extracellular stimuli into intracellular responses in a wide
variety of circumstances[15,30].  p38 MAPK is a key compo-
nent in stress-induced signal transduction pathways.  To
test whether p38 MAPK signaling is involved in IL-1β in-
duction of apoptosis, we examined the expression of p38
MAPK after SCI with immunoprecipitation and Western blot
techniques.  Increased levels of phospho-p38 MAPK were
observed following SCI.  Intrathecal injection of IL-1Ra at-
tenuated the expression of caspase-3, and reduced the num-
ber of TUNEL-positive cells.  In addition, treating the injured
spinal cord with the MAPK inhibitor SB203580 resulted in a
marked reduction in the expression of caspase-3 and the
number of TUNEL-positive cells in the cord as compared to
that observed in vehicle controls.  These results are consis-
tent with the hypothesis that IL-1β-induced apoptosis is
mediated in part by p38 MAPK activation following SCI, and
further that the apoptotic signal may then subsequently be
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mediated by caspase-3.
In conclusion, our study provides evidence that IL-1β

serves as an external apoptosis triggering signal in the spi-
nal cord after injury.  Our results further suggest that the
apoptotic cell death induced by IL-1β is mediated, in part, by
phosphorylation of p38 MAPK and subsequent activation
of the apoptotic gene caspase-3.  These findings suggest
that inhibition of p38 MAPK after SCI (ie by SB203580) may
prevent neuronal cell death after SCI.
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Sodium ferulate prevents amyloid-beta-induced neurotoxicity through
suppression of p38 MAPK and upregulation of ERK-1/2 and Akt/protein
kinase B in rat hippocampus1
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Abstract
Aim: To observe whether an amyloid β (Aβ)-induced increase in interleukin (IL)-
1β was accompanied by an increase in the p38 mitogen-activated protein kinase
(MAPK) pathway and a decrease in the cell survival pathway, and whether so-
dium ferulate (SF) treatment was effective in preventing these Aβ-induced changes.
Methods: Rats were injected intracerebroventricularly with Aβ25-35. Seven days
after injection, immunohistochemical techniques for glial fibrillary acidic protein
(GFAP) were used to determine the astrocyte infiltration and activation in hippo-
campal CA1 areas. The expression of IL-1β, extracellular signal-regulated kinase
(ERK), p38 MAPK, Akt/protein kinase B (PKB), Fas ligand and caspase-3 were
determined by Western blotting. The caspase-3 activity was measured by clea-
vage of the caspase-3 substrate (Ac-DEVD-pNA). Reverse transcription-
polymerase chain reaction was used to analyze the changes in IL-1βmRNA levels.
Results:Intracerebroventricular injection of Aβ25-35 elicited astrocyte activation
and infiltration and caused a strong inflammatory reaction characterized by
increased IL-1β production and elevated levels of IL-1β mRNA. Increased IL-1β
synthesis was accompanied by increased activation of p38 MAPK and
downregulation of phospho-ERK and phospho-Akt/PKB in hippocampal CA
regions prepared from Aβ-treated rats, leading to cell death as assessed by activa-
tion of caspase-3. SF significantly prevented Aβ-induced increases in IL-1β and
p38 MAPK activation and also Aβ-induced changes in phospho-ERK and
phospho-Akt/PKB expression levels. Conclusion: SF prevents Aβ-induced neu-
rotoxicity through suppression of p38 MAPK activation and upregulation of
phospho-ERK and phospho-Akt/PKB expression.
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Introduction
Alzheimer disease (AD) is a neurodegenerative disorder

characterized by progressive deposition of amyloid-β (Aβ)
peptide in the brain to form senile plaques[1].  Neuronal cell
loss is one feature of AD.  Despite the ambiguity of the
effectors of neuron loss in the AD brain, recent reports
demonstrate that it is an apoptotic process.  Cultured corti-
cal neurons exposed to Aβ1–40 exhibited increased expres-
sion of the proapoptotic protein Bax, increased activation of

caspase-3 (a marker of apoptotic cell death), and increased
terminal deoxynucleodityl transferase-mediated dUTP nick-
end labeling reactivity[2].   Neuronal apoptosis is also seen in
human AD brain[3].   Activation of the apoptotic cascade
induced by Aβ could also explain many of the features of the
disease and its progression.  Furthermore, the proinflam-
matory cytokine, interleukin (IL)-1β, plays a significant role
in mediating the effects of Aβ[2].  However, the underlying
mechanisms of toxicity and activition of the neuronal cellular
signaling cascades induced by Aβ are not fully understood.
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It has become increasingly evident that there is a com-
plex balance between survival and apoptotic signaling path-
ways in neurons that determines whether they will survive
or die.  For example, the serine/threonine kinase Akt/protein
kinase B (PKB) is activated via a phosphoinositide 3-kinase
(PI3K)-dependent signaling pathway when cells or tissues
are exposed to growth factors, insulin, and certain cytokines[4].
Akt/PKB has received widespread attention as an important
anti-apoptotic protein[5].  The extracellular signal-regulated
kinase (ERK) pathway plays a major role in regulating cell
growth and differentiation[6].  In contrast, the stress-acti-
vated protein kinases, including  Jun N-terminal kinase (JNK)
and p38 mitogen-activated protein kinase (MAPK), have been
proposed to be important signaling components linking ex-
tracellular stimuli to cellular responses.  JNK and p38 are
highly activated in response to a variety of stress signals[7,8].
Their activation is most frequently associated with induc-
tion of apoptosis.  However, the role of the MAPK and PI3K/
Akt pathways in Aβ toxicity is unclear.

Sodium ferulate (SF), extracted from a traditional Chinese
herbal medicine, has potent antioxidant[9] and anti-inflamma-
tory activities[10].  It has recently been reported that long-
term administration of ferulic acid protects mice against learn-
ing and memory deficits induced by centrally administered
β-amyloid[11].  The primary site of action of ferulic acid could
be microglia[12].  These previous reports prompted us to ex-
amine whether SF can suppress the Aβ-induced inflamma-
tory response and neuronal apoptotic death in rat hippocampus.
In addition, we considered that increased IL-1β concentration
and upregulation of the IL-1β-induced cell signaling cas-
cades might be accompanied by downregulation of survival
signals.  Therefore, in the present study, we investigated the
MAPK and Akt/PKB signaling events in the inflammatory
response and apoptosis evoked by preaggregated Aβ25-35,
and the protective effect caused by the oral administration
of SF in vivo.  Aβ25-35, a short synthetic peptide possessing
properties similar to Aβ1-40 and Aβ1-42

[13,14], is suitable to be
used in the study of Aβ toxicity.

Materials and methods

Materials  Amyloid-β25-35 (Sigma Chemical Co, St Louis,
MO, USA) was resuspended at a concentration of 1 mmol/L.
To obtain the aggregated form of Aβ25-35, the peptide solu-
tion was placed in an incubator at 37 °C for 48 h.  SF, a color-
less power with purity >99%, was obtained from Suzhou
Changtong Chemical Co (Suzhou, China).  Anti-phospho-
ERK1/2 (Thr202/Tyr 204), anti-ERK1/2, anti-phospho-p38
MAPK (Thr180/Tyr182), anti-phospho-Akt/PKB (Thr-308),

anti-Akt/PKB, and anti-Glial Fibrillary Acidic Protein (GFAP)
antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).  Anti-IL-1β, anti-Fas ligand (FasL)
and anti-caspase-3 antibodies were purchased from BOSTER
Biological Engineering Co (Wuhan, China).  Goat anti-rabbit
and goat anti-mouse secondary antibodies were obtained
from Santa Cruz Biotechnology.  RNA polymerase chain re-
action (PCR) kit (AMV) was purchased from TaKaRa Bio-
technology (Dalian, China).  O-Dianisidine tetrazotited and
β-naphthyl acid phosphate were purchased from Sigma
Chemical Co.  The caspase-3 colorimetric assay kit was ob-
tained from BD Bioscience Clontech (1020 East Meadow
Circle Palo Alto, CA).

Animals and drug treatment   Groups of Sprague Dawley
rats (Grade II, certificate No  2003-0009; Experimental Animal
Center of China Medical University, Shengyang, China),
maintained at an ambient temperature of 22–24 °C under a
12 h:12 h L:D cycle, were used in this experiment.   The rats
initially weighing 180–200 g were administrated with SF
through an intragastric method (50 mg/kg, 100 mg/kg and
250 mg/kg, daily) for 3 weeks prior to Aβ25-35 injection and
1 week after the injection.  The rats were anesthetized with
chloral hydrate (300 mg/kg) and placed in a stereotaxic
apparatus.  The rats were injected intracerebroventricularly
with Aβ25-35 (10 µL) or saline solution by means of a Hamilton
microsyringe.  The injection lasted 5 min and the needle with
the syringe was left in place for 2 min after the injection for
the completion of drug infusion.  Control rats were injected
with saline solution.  The following studies were carried out
7 d after the injections.

Immunohistochemical staining for glial fibrillary acidic
protein   Seven days after injection of Aβ, the rats were per-
fused transcardially with 4% paraformaldehyde in phosphate-
buffered saline (PBS).  The brains were removed and post-
fixed for 24 h and were embedded in paraffin wax.         Serial
coronal sections (5 µm thickness) were cut from various sec-
tions of the brain.  After the coronal sections were rinsed in
PBS 3 times, endogenous peroxidase activity was blocked
by incubation with 3% H2O2 for 10 min.  The sections were
incubated with 10% normal goat serum.  After the blocking
serum was removed, sections were incubated with polyclonal
antibody against GFAP (1:100 in Tris-buffered saline (TBS)
containing 2.5% normal goat serum) overnight at 4 °C, then
with biotinylated secondary antibody at 37 °C for 20 min.
The GFAP-positive cells were detected using strept-avidin-
biotin complex (SABC) and DAB kits.

Western blot analysis   Western blotting was carried out
for the analysis of IL-1β, p38 MAPK, ERK1/2, Akt/PKB, FasL
and caspase-3.  Hippocampal CA1 areas were stereotaxically
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dissected free.  The tissue was homogenized in RIPA buffer
[1% Triton, 0.1% sodium dodecylsulfate (SDS), 0.5%
deoxycholate, ethylenediaminetetracetic acid 1 mmol/L, Tris
20 mmol/L (pH 7.4), NaCl 150 mmol/L, NaF 10 mmol/L], and
insoluble material was removed by centrifugation at 12 000×g
for 20 min at 4 °C.  Protein concentrations were quantified by
the method of Lowry [15].  Tissue samples were equalized for
protein concentration.  Proteins were resolved by 9%–15%
SDS-polyacrylamide gel electrophoresis (PAGE), and trans-
ferred to nitrocellulose membranes.  The membranes were
blocked with 5% milk powder in TBS (pH 7.6) for 1 h and
incubated overnight at 4 °C with suitably diluted primary
antibodies.  After extensive washing with TBS, the mem-
branes were incubated with anti-IgG-alkaline phosphatase
conjugate.  Finally, the blots were developed with the alka-
line phosphatase substrate O-dianisidine tetrazotited along
with β-naphthyl acid phosphate.  Quantification of protein
bands was achieved by densitometric analysis using Chem
Image 5500 software (UVP, USA ).

Analysis of caspase-3 activity   The activity of caspase-
3 proteases was measured using a caspase-3 colorimetric
activity assay kit.  Briefly, hippocampal CA1 areas were
washed, homogenized in lysis buffer, incubated on ice for
20 min, analyzed for protein concentration, and diluted to
equalize for protein concentration.  All samples (95 µL) were
added to 5 µL of 1 mmol/L caspase-3 substrate (Ac-DEVD-
pNA, 50 µmol/L final concentration) and incubated for 1 h at
37 °C.  Cleavage of Ac-DEVD-pNA by active caspase-3 re-
sulted in the liberation of p-nitroanilide (pNA) into solution.
The release of pNA was quantitated spectrophotometrically
by measuring absorbance at 405 nm (Biocell 2010, Anthos
Labtec Instruments, Austria ), and enzyme activity was cal-
culated with reference to a standard curve of pNA concen-
tration versus absorbance.  The data were represented as
the nmol pNA·min-1·mg of protein-1.

Polymerase chain reaction analysis for interleukin-1βββββ
gene expression  A semiquantitative reverse transcription-
PCR (RT-PCR) assay was used to determine the mRNA lev-
els of IL-1β in relation to β-actin message.  Total RNA was
extracted from hippocampal CA1 areas using TRIzol reagent
(Invitrogen Life Technologies, Paisley, PA4 9RF, UK).
cDNA synthesis was carried out on 1 mg total RNA using
random 9mers by RT with 2.5 IU of Avian Myeloblastosis
Virus (AMV) reverse transcriptase in RT buffer in the pres-
ence of 1 mmol/L each of dNTP and 10 IU of RNase inhibitor.
The thermal cycler (Biometra, Germany) was programmed for
10 min at 30 °C, 30 min at 42 °C, 5 min at 99 °C, and 5 min at
5 °C.  Equal amounts of cDNA were used for PCR amplifica-
tion for 35 cycles, using a 3-step program (30 s at 94 °C, 30 s

at 56 °C, and 1 min at 72 °C).  After amplification, the prod-
ucts were separated by 7.5% SDS-PAGE (cast in the pres-
ence of ethidium bromide) and visualized under UV light.
The following sequences of the primers were used: rat IL-1β
(sense), 5'-TGA CTC GTG GGA TGA TGA CG-3'; rat IL-1β
(antisense), 5'-CTG GAG ACT GCC CAT TCT CG-3'; β-actin
(sense), 5'-GTG GGC CGC TCA AGG CAC CAA-3'; β-actin
(antisense), 5'-CTT TAG CAC GCA CTG TAG TTT CTC-3'.

Statistical analysis  All data were presented as mean±SD.
Statistical analysis was carried out with one-way ANOVA,
followed by LSD’s post hoc test, which was provided by
SPSS 11.5 statistical software. The level of significance was
accepted as P<0.05.

Results

Sodium ferulate inhibited the amyloid-βββββ25-35-induced in-
crease in interleukin-1βββββ protein synthesis and mRNA
expression  Intracerebroventricular injection of preaggreg-
ated Aβ25-35 increased protein expression of IL-1β, and den-
sitometric analysis revealed that the mean value in samples
prepared from Aβ-treated rats was significantly higher than
that of control rats.  SF (50, 100, and 250 mg/kg) significantly
inhibited a Aβ25-35-induced increase in protein expression of
IL-1β in a dose-dependent manner (Figure 1).  An Aβ-associ-
ated increase in IL-1β protein was mirrored by an Aβ-induced
increase in IL-1β mRNA levels.  SF induced a similar inhibi-
tion in IL-1β mRNA (Figure 2).  On the other hand, the con-
trol results showed that only SF (100 mg/kg, daily for 4 weeks)
had not effect on basal levels of IL-1β protein and mRNA
expression in hippocampal CA1 areas (data not shown).

Sodium ferulate inhibited the amyloid-βββββ25-35-induced as-
trocyte activation   The astrocyte reaction was visualized by
means of the immunoreactivity for glial fibrillar acidic protein,
a specific marker of astrocytes.  Aβ25-35 resulted in infiltration
of astrocytes in hippocampal CA1, as well as transformation
of astrocytes from a resting to an activated state, highlighted
by phenotypic changes characterized by long, thick
branching.  SF at 50 mg/kg, 100 mg/kg, and 250 mg/kg sig-
nificantly inhibited the Aβ25-35-induced astrocytic reaction
in hippocampal CA1 (Figure 3).

Sodium ferulate inhibited the amyloid-βββββ25-35-induced in-
crease in phospho-p38 MAPK expression   The p38 MAPK
pathway, a major proinflammatory signal transduction
pathway, is hyperactivated in the AD brain[16].   Therefore,
p38 MAPK activation was examined by immunoblotting in
rat hippocampal CA1 using anti-phospho-p38 MAPK, an
antibody that specifically recognizes the activated, tyrosine-
phosphorylated form of p38 MAPK.   The results showed
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that Aβ25-35 led to a significant increase in phospho-p38 MAPK

protein expression.  The Aβ-induced increase in activation
of p38 MAPK was paralleled by an Aβ-induced increase in
IL-1β protein expression.  The Aβ-induced increase in acti-
vation of p38 MAPK was prevented by SF (50, 100, and
250 mg/kg, daily for 4 weeks) in a dose-dependent manner
(Figure 4).  In addition, SF (100 mg/kg, daily) treatment alone
for 4 weeks did not result in a significant reduction in the
basal expression of phospho-p38 MAPK in rat hippocam-
pus (data not shown).

Intracerebroventricular injection of amyloid-βββββ25-35

downregulated ERK-1/2, Akt/protein kinase B and the ef-
fects of sodium ferulate   Although IL-1β-induced enhance-
ment of p38 MAPK activation may lead to deterioration in
cell function and even cell death, we considered that
downregulation of cell survival signals may also contribute
to Aβ-induced damages and, therefore, we analyzed the ac-
tivity of ERK1/2 and Akt/PKB in the hippocampal CA1 region.
The results showed that 7 d after injection, Aβ25-35 elicited a
significant decrease in the activated, tyrosine-phosphory-
lated form of ERK1 and ERK2, especially phospho-ERK1,
compared to control rats.   Aβ completely inhibited the ex-
pression of phospho-ERK1.    SF (50 mg/kg, daily for 4 weeks)
partly abolished the Aβ25-35-induced decrease in ERK1 and
ERK2 activation, but SF (100 mg/kg and 250 mg/kg, daily for
4 weeks) did not prevent the decrease in phosphorylated
ERK1 and ERK2 induced by Aβ25-35 (Figure 5A).  SF treat-
ment alone (100 mg/kg, daily for 4 weeks) exerted a decrease
in phosphorylated ERK1 and ERK2 that did not reach statis-
tical significance compared with control rats (data not
shown).  However, the underlying cause of this effect of SF
(100 mg/kg and 250 mg/kg) on phosphorylated ERK1 and
ERK2 remains to be identified.  No significant difference in
total ERK1/2 was apparent, as shown in the sample
immunoblot (Figure 5B).  Treatment with Aβ25-35 also de-
creased the expression of phosphorylated Akt/PKB compared
with control rats.  SF (50 mg/kg, 100 mg/kg and 250 mg/kg,
daily for 4 weeks) completely reversed the effect of Aβ25-35

on phosphorylated Akt/PKB compared with control rats in a
dose-dependent manner.  The level of phospho-Akt/PKB
expression in Aβ25-35+ SF (100 mg/kg and 250 mg/kg) was sig-
nificantly greater than in control rats (Figure 5C).  However,
no significant difference in the expression of total Akt/PKB
was observed among treatment groups (Figure 5D).  In
addition, SF alone (100 mg/kg, daily for 4 weeks) had no ob-
vious effect on the basal phosphorylation of Akt/PKB in the
hippocampus (data not shown).

Sodium ferulate prevented the amyloid-βββββ25-35-induced
increase in caspase-3 activity and caspase-3 protein expres-
sion in rat hippocampus   Caspase-3 activity was measured

Figure 2.   Reverse transcription-polymerase chain reaction analy-
sis of the amyloid-β (Aβ)25-35-induced increase in interleukin IL-1β
mRNA expression, and the inhibitory effect of sodium ferulate (SF;
50 mg/kg, 100 mg/kg and 250 mg/kg). mRNA encoding IL-1β was
expressed in the hippocampus of Aβ25-35 and Aβ25-35+SF, as well as
control animals. mRNA encoding β-actin was used as a sample load-
ing control. Lane M, DNA marker; lane 1, control; lane 2, Aβ-
treated; lanes 3–5, Aβ+SF at 50 mg/kg, 100 mg/kg and 250 mg/kg,
respectively.

Figure 1.  Inhibitory effect of sodium ferulate (SF) on the amyloid-
β (Aβ)25-35-induced increase in interleukin (IL)-1β protein expression
in rat hippocampus. The immunoreactivities of IL-1β in hippocam-
pal CA1 areas of Aβ25-35 and Aβ25-35+SF, as well as control animals,
were determined by Western blotting. β-Actin was analyzed as a
sample loading control. Lane 1, control; lane 2, Aβ-treated; lanes 3–
5, Aβ+SF at 50 mg/kg, 100 mg/kg and 250 mg/kg, respectively. The
bar chart shows the semiquantitative analysis of the expression of
IL-1β. n=4.  Mean±SD. cP<0.01 vs control group. eP<0.05, fP<0.01 vs
Aβ25–35 group.
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by cleavage of the caspase-3 substrate (Ac-DEVD-pNA).
As shown in Figure 6A, caspase-3 activity was significantly
enhanced in hippocampal CA1 prepared from Aβ-treated rats
compared with control rats.  This Aβ-induced increase in
caspase-3 activity was inhibited by SF (50 mg/kg, 100 mg/kg
and 250 mg/kg).  Western blot analysis showed that Aβ25-35

evoked a significant increase in caspase-3 protein expression.
SF (50 mg/kg, 100 mg/kg and 250 mg/kg) prevented the in-
crease in Aβ-induced caspase-3 protein expression
(Figure 6B).

Sodium ferulate decreased the amyloid-βββββ25-35-induced
expression level of Fas ligand protein   Previous studies have
shown that survival factor withdrawal leads to the induction
of FasL protein and mRNA in cerebellar guanule neurons

and PC 12 cells[17].  The binding of FasL to the Fas receptor
is a prototypic signal for apoptosis, and therefore it was of
interest to determine whether SF inhibits the Aβ-induced
increase in FasL protein expression.  As shown in Figure 7,
Aβ25-35 significantly enhanced the expression level of FasL
protein in hippocampal CA1 regions.  SF (50 mg/kg, 100 mg/
kg and 250 mg/kg) demonstrated inhibition of the Aβ-induced
increase in FasL protein expression level in a dose-depen-
dent manner (Figure 7).

Discussion

Injection of aggregated Aβ into the brain of experimental
animals may represent a valuable tool for studying the neu-

Figure 3.   Immunohistochemical demonstration of the
inhibitory effect of sodium ferulate (SF) on astrocyte
activation induced by intracerebroventricular injection
of amyloid-β (Aβ)25-35 in rat hippocampal CA1 regions.
(A) Control group; (B) a coronal slice obtained from
Aβ25-35-injected rats; (C)  Aβ25-35+SF at 50 mg/kg; (D)
Aβ25-35+SF at 100 mg/kg; (E) Aβ25-35+SF at 250 mg/kg.
×400.
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rotoxic effect of this peptide.  We found that intracerebro-
ventricular injection of Aβ25-35 induced an increase in IL-1β
protein and mRNA expression in hippocampal tissue, and
this increase, in combination with enhanced activation of
p38 MAPK and reduced activation of ERK1/2 and Akt/PKB,
mediates the Aβ-induced activation of cell death events as
assessed by activation of caspase-3.  However, several of
these changes, including Aβ-induced increase in caspase-3
activation, were prevented by treatment with SF.  Indeed in
AD brain, the increased levels of phosphorylated (active)
p38 MAPK and diminished expression of Akt/PKB were de-
tected[16,18].  Maher et al  also found that increased IL-1β in
the cortex of aged rats was accompanied by downregulation
of ERK and PI3 kinase (an upstream kinase of Akt/PKB)[19].
These observations bear a marked similarity to our results.
The Aβ-induced diminished expression of phospho-ERK1/2
and phospho-Akt/PKB in hippocampal tissue indicates that
the neuron survival signal transduction pathway is impaired.
The Aβ-induced increase in p38 MAPK phosphorylation and
decrease in phosphorylated ERK1/2 and Akt/PKB parallel
some changes that are hallmarks of cell death.  For example,
an increase in caspase-3 activity and FasL protein expres-
sion were observed in hippocampal tissue treated with Aβ,
suggesting that sequential activation triggers apoptotic
changes in the hippocampus.

Increased activation of p38 MAPK accompanied the Aβ-
induced increase in IL-1β concentration, consistent with pre-
vious observations in hippocampal cells[20].  The evidence
presented here pinpoints IL-1β-induced increased activa-
tion of p38 MAPK as a pivotal event in triggering changes
that are characteristic of apoptotic cell death, for example,
caspase-3 activation.  Thus, inhibition of p38 MAPK by
SB203580 has been shown to prevent the increase in IL-1β-
induced caspase-3 activity[21].  A significant finding of this
study is that SF treatment prevents the Aβ-induced increase
in activation of p38 MAPK, caspase-3 and FasL expression,
indicating a potential neuroprotective effect of SF.   These
findings suggest that the effects of SF on the activity of p38
MAPK and caspase-3 may be secondary to its ability to
suppress the Aβ-induced increase in IL-1β synthesis.

It has also been shown that cell death is accompanied by
a decrease in survival signals[22].  PI3K/Akt and ERK1/2 have
been shown to be important for neuronal survival.  Over-
expressing active Akt/PKB rescues cells from apoptosis[23].  We
report in this study that, in addition to increased p38 MAPK
activation, the increase in casepase-3 activation may be as-
sociated with attenuated activity of ERK and Akt/PKB.  SF
treatment significantly prevented these Aβ-induced changes
and, therefore, in Aβ-treated rats that were treated with SF,
we found that caspase-3 activity was significantly decreased
and paralleled the changes in activities of both ERK and
Akt/PKB.  These results are consistent with those described
by Daniels  et al [24] and Meng et al [18].  Therefore,
downregulation of Akt/PKB may be another mechanism by
which Aβ induces apoptosis.  To our knowledge, this is the
first indication that Akt/PKB activation in the hippocampus
is decreased by Aβ in vivo.  Thus, Aβ-induced increase in
caspase-3 activity, which is considered to be a reliable indi-
cator of apoptotic cell death, may arise from the coupled
increase in p38 MAPK activation and decrease in ERK and
Akt/PKB activation.

Several observations have contributed to the develop-
ment of the idea that FasL expression and, consequently,
Fas activation play a role in neurodegeneration[2,25], and we
report that increased hippocampal expression of FasL ac-
companied the Aβ-induced increase in p38 MAPK phos-
phorylation and caspas-3 activation.  The binding of Fas to
FasL triggers activation of caspase-8 and, in turn, caspase-8
activates caspase-3[26].  SF markedly prevented the Aβ-in-
duced increase in FasL protein expression.

In conclusion, our data suggest that Aβ-induced in-
creased IL-1β, coupled with increased p38 MAPK activation,
leads to cell death as assessed by activation of caspase-3.
In addition, the data also show that downregulation of the

Figure 4.   Inhibitory effects of sodium ferulate (SF) on the amy-
loid-β (Aβ)25-35-induced increase in p38 mitogen-activated protein
kinase (MAPK) activation in the rat hippocampus. The immunore-
activity of p38 MAPK in the hippocampus of Aβ25-35 and Aβ25-35+SF,
as well as control animals, was determined by Western blotting. Lane
1, control; lane 2, Aβ-treated; lanes 3–5, Aβ+SF at 50 mg/kg, 100
mg/kg and 250 mg/kg, respectively. The bar chart shows the
semiquantitative analysis of the expression of p38 MAPK.  n=4.
Mean±SD.  cP<0.01 vs control group. fP<0.01 vs Aβ25-35 group.
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Figure 6.   Inhibitory effects of sodium ferulate (SF) on the amyloid-β(Aβ)25-35-induced increase in caspase-3 activity and caspase-3 protein
expression in the rat hippocampus. (A) Caspase-3 activity was analyzed by caspase-3 colorimetric activity. (B) Caspase-3 protein expression
was determined by Western blotting. β-Actin was analyzed as a sample loading control. The bar chart shows the semiquantitative analysis of
the expression of caspase-3 protein. Lane 1, control; lane 2, Aβ-treated; lanes 3–5, Aβ25-35+SF at 50 mg/kg, 100 mg/kg and 250 mg/kg,
respectively.  n=4.  Mean±SD.  cP<0.01 vs control group. fP<0.01 vs Aβ25-35 group.

Figure 5.   Sodium ferulate (SF) inhibited the amyloid-β (Aβ)25-35-induced downregulation of phospho-extracellular signal-regulated kinase
(ERK)1/2 and phospho-Akt/protein kinase B (PKB) expression.  (A) Effect of SF on the Aβ25-35-induced decrease in phosphorylated ERK1/2.  (B)
Total ERK1/2 showed no change. (C) Effect of SF on the Aβ25-35-induced decrease in phosphorylated Akt/PKB. (D) Total Akt/PKB expression
showed no change after stimulation with Aβ25-35.  The bar chart below each blot shows the semiquantitative analysis of the protein expression.
Lane 1, control; lane 2, Aβ-treated; lanes 3–5, Aβ25-35+SF at 50 mg/kg, 100 mg/kg and 250 mg/kg, respectively. Mean±SD.  n=4.  cP<0.01 vs
control group.  fP<0.01 vs Aβ25-35 group.
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survival signals ERK and Akt/PKB may contribute to the
demise of the cells.  These are significantly abrogated by SF
treatment, which also attenuates Aβ-induced increase in
caspase-3 activity and FasL expression.
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Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive fa-

tal neurodegenerative disorder that primarily affects motor
neurons in the cortex, brainstem and spinal cord.  Evidence
suggests that mutations in Cu/Zn superoxide dismutase
(SOD-1), glutamate-mediated excitotoxicity, free radical-
mediated damage, mitochondrial dysfunction and apoptosis
may be involved in the pathogenesis of ALS[1].  However,

the cause of ALS is not completely understood.
Accumulating evidence indicates that inflammatory

processes, especially the activation of microglia, are involved
in the pathogenesis of ALS[2].  Activated microglia are present
before the onset of clinical symptoms and prior to significant
motor neuron loss in transgenic mice with mutations of the
SOD-1gene, an animal model of ALS[3].  Furthermore, some
critical markers of microglia activation have also been found
post-mortem in the cerebral cortex and spinal cord of pa-
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Abstract
Aim: To establish an in vitro injured motor neuronal model and investigate the
neuroprotective effects and possible mechanism of celecoxib, a selective
cyclooxygenase-2 (COX-2) inhibitor, on this model.  Methods:  After macrophages
were stimulated with lipopolysaccharide (LPS)+interferon-γ (IFN-γ) in the pre-
sence or absence of celecoxib for 24 h, the cell-free supernatant of LPS-stimulated
macrophages was transferred to the culture of NSC34 cells.  Viability of NSC34
cells was assessed by MTT assay after a further 24 h and 72 h incubation.  After
macrophages were stimulated by LPS+IFN-γ for 12 h or 24 h, the release of pros-
taglandin E2 (PGE2), nitric oxide (NO), reactive oxygen species (ROS), tumor necro-
sis factor α (TNF-α) and interleukin-1β (IL-1β) from macrophages was measured
by radioimmunoassay, Griess assay, fluorescence assay and enzyme-linked
immunosorbent assay, respectively.  The mRNA levels of COX-2, inducible nitric
oxide synthase (iNOS), TNF-α and IL-1β in macrophages were determined by
reverse transcription-polymerase chain reaction after macrophages were stimu-
lated for 6 h and 12 h.  Results: The supernatant of LPS-stimulated mouse mac-
rophages induced the death of NSC34 cells and celecoxib protected the NSC34
cells against this toxicity.  The LPS-induced increases in the release of PGE2, NO,
TNF-α and IL-1β from macrophages were attenuated by pre-treatment with
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by LPS+IFN-γ in the macrophage supernatant.  The mRNA levels of COX-2, iNOS,
TNF-α and IL-1β were increased in LPS-activated macrophages and, except COX-2,
reduced by pre-treatment with celecoxib.  Conclusion:  An in vitro injured motor
neuronal model was established by using the toxicity of LPS-stimulated mouse
macrophages toward motor neuronal NSC34 cells. In this model, celecoxib exerted
neuroprotective effects on motor neurons via an inhibition of the neurotoxic
secretions from activated macrophages.
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tients with ALS[4,5].  Inflammatory processes would produce
harmful effects on neuron survival in ALS tissues, include a
prominent upregulation of inducible nitric oxide synthase
(iNOS) activity with the subsequent generation of nitric ox-
ide (NO)[6], the increased generation of reactive oxygen spe-
cies (ROS) and glutamate[7], the enhanced secretions of in-
flammatory cytokines, such as tumor necrosis factor α (TNF-
α), interleukin-1β (IL-1β), and interleukin-6 (IL-6)[8], as well
as the enhanced expression of cyclooxygenase-2 (COX-2) with
the subsequent production of prostaglandin E2 (PGE2)[9].

COX-2 was demonstrated to be crucial for prostaglandin
synthesis in inflammation.  COX-2 expression was shown to
be dramatically increased in the spinal cord of both of ALS
transgenic mice and ALS patients[10,11].  PGE2 levels were
also markedly increased in ALS cases compared to non-ALS
specimens[12].  In addition, a selective COX-2 inhibitor, SC236,
protected  motor neurons in an organotypic cell culture model
of ALS[13].  Furthermore, celecoxib, a highly selective COX-2
inhibitor clinically available for the treatment of rheumatoid
arthritis[14], was proved to prolong survival in a transgenic
mouse model of ALS[15].  These results support a potential
role for COX-2 in the neurodegenerative processes of ALS
and suggest that a selective COX-2 inhibitor may be effec-
tive in the treatment of ALS.  However, research on the
neuroprotective mechanism of COX-2 inhibition on a cellu-
lar level, and drug screens using an injured motor neuronal
model are still lacking.

In order to investigate the possible neuroprotective
mechanism of the COX-2 inhibitor on ALS and to screen
candidate anti-inflammatory drugs for ALS, an injured motor
neuronal model, which simulates in vivo human microglia
activation and the neuronal damage observed during
neurodegenerative disease processes, was developed in the
present study.  Microglia are the resident macrophages of
the central nervous system (CNS) as microglia and
macrophages, both being cells of the monocyte phagocytic
system, have similar biochemical characteristics[16].  In
addition, recent findings suggest that infectious agents may
increase the risk of ALS and infected migratory mononuclear
phagocytes may play an important role in the infection pro-
cess[17].  Therefore mouse peritoneal macrophages as an ac-
cessible source of mononuclear phagocytes and neurotox-
icity were used.  NSC34 cells, a hybrid cell line obtained by
fusion of motor neuron-enriched embryonic mouse spinal
cord cells with mouse neuroblastoma N18TG cells, were used
as the target motor neuronal cells[18].  Lipopolysaccharide
(LPS), a cell wall component of gram-negative bacteria, can
activate macrophages.  Interferon (IFN)-γ is another impor-
tant stimulant which can enhance cytokine production.  A

combination of LPS and IFN-γ was used to activate mono-
cytes[19,20].

In the present study, we further verified the injured mo-
tor neuronal model by evaluating the neuroprotective effect
of celecoxib, which prolongs the survival of ALS transgenic
mice.  In addition, the release of PGE2, NO, ROS, inflamma-
tory cytokines and the expression of relevant inflammatory
genes in macrophages was studied to explore the possible
mechanism of the neuroprotective effect of a COX-2 inhibi-
tor against the toxicity of microglia activation on motor neu-
ron viability.

Materials and methods

Drugs and reagents  Celecoxib was kindly provided by
Dr Yu-she YANG, Shanghai Institute of Materia Medica,
Chinese Academy of Sciences, Shanghai, China.  LPS
(Escherichia coli 055:B5) was purchased from Sigma (St
Louis, USA).  IFN-γ was obtained from Clonbiotech
(Shanghai, China).  A radioimmunoassay (RIA) kit for PGE2

was obtained from China PLA General Hospital (Beijing,
China).  Enzyme-linked immunosorbent assay (ELISA) kits
for TNF-α and IL-1β were obtained from BD Biosciences
(San Diego, CA, USA).

Cell culture  Macrophages were obtained from the peri-
toneal exudates of female BALB/c mice (Grade II, Shanghai
Experimental Animal Center, Shanghai, China; Certificate No
003) 4 d after intraperitoneal injection with 0.5 mL 3%
thioglycollate (WAKO, Tokyo, Japan).  The cells were har-
vested using cold peritoneal lavage with phosphate-buff-
ered saline (PBS, pH 7.4) containing 1% fetal calf serum (FCS;
PAA, Pasching, Austria), washed twice with PBS and resus-
pended in Dulbecco’s modified eagle medium (DMEM)-F12
medium (Gibco, NY, USA) supplemented with 5% FCS, 0.1 g/L
streptomycin, and 100 kU/L penicillin.  The cells were seeded
at a density of 1×106 cells/mL at 37 °C in a humidified atmo-
sphere of 5% CO2 and 95% air in an incubator.  After adher-
ing for 2 h, the cells were washed 3 times with warm PBS and
incubated in DMEM-F12 medium supplemented with 5% FCS
for the formal experiments.  The viability of each cell prepara-
tion was more than 95%, as assessed by trypan blue stain-
ing (0.1% solution).

The mouse motor neuronal NSC-34 cell line was a gift
from Dr Jin REN (Shanghai Institute of Materia Medica).
NSC34 cells were maintained at 37 °C and 5% CO2 in DMEM
(Gibco) supplemented with 10% FCS, 0.1 g/L streptomycin
and 100 kU/L penicillin.

Measurement of cell viability  NSC34 cell viability was
measured using the MTT assay as described by Hansen et
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al[21].  Briefly, MTT (Sigma) was added to cell cultures to
reach a final concentration of 0.2 g/L.  Following a 4-h incu-
bation at 37 °C, the dark crystals formed were collected and
dissolved in 200 µL/well dimethylsulfoxide in 24-well plates.
Subsequently, optical densities were measured at 570 nm by
transferring 100 µL/well to 96-well plates and recording the
values using a plate reader (POLARstar®; BMG, Victoria,
Australia).  The number of viable NSC34 cells was calculated
as a percentage of the value obtained from the control NSC34
cells incubated with media only.

Measurement of nitric oxide  Nitric oxide was determined
by assaying for nitrite using Greiss reagent (1% sulfanila-
mide, 0.1% N-(1-naphthyl) ethylenediamine dihydrochloride
in 5% H3PO4)[22].  Briefly, 100 µL of the supernatant from
each well (24-well plates) was incubated for 5 min with 100 µL
Griess reagent in 96-well plates.  Optical densities of the
samples were then obtained by reading absorbance at 540 nm.

Measurement of reactive oxygen species  The ROS as-
say was modified from the fluorescence assay described by
Gunasekar et al[23].  Briefly, 90 µL of supernatant from each
well (24-well plates) was transferred to 96-well fluorescence
assay plates, incubated to 37 °C, and then added 10 µL Krab’s
Ringer buffer (127 mmol/L NaCl, 5.5 mmol/L KCl, 2 mmol/L
MgSO4, 1 mmol/L CaCl2, 20 mmol/L HEPES, 10 mmol/L
dextrose, pH 7.4) with 50 µmol/L 2’,7’-dichlorofluorescein
diacetate (DCFH-DA; Sigma) and 20 IU/mL horseradish
peroxide(SABC, Shanghai, China).  The fluorescence value
of each well was read at 30 s intervals for 5 min at 485 nm
excitation wavelength and 520 nm emission wavelength.  The
ROS value of each sample was calculated as the slope of its
time-fluorescence value curve.

Measurement of PGE2, TNF-ααααα and IL-1βββββ  The concen-

trations of PGE2, TNF-α and IL-1β were determined by RIA
and ELISA according to the manufacturer’s instructions.

Measurement of mRNA  The mRNA levels of COX-2,
iNOS, TNF-α and IL-1β were detected by real-time quantita-
tive reverse transcription-polymerase chain reaction (RT-PCR)
using β-actin mRNA as an internal control.  Briefly, macroph-
ages from various treatments in 6-well plates were washed
twice with ice-cold PBS.  Total RNA was extracted from the
cells in each well with RNAzol (Dingguo Biotechnology,
Beijing, China) according to the manufacturer’s instructions.
First-strand cDNA synthesis was carried out using 2 µg to-
tal RNA and M-MLV reverse transcriptase (Promega,
Madison, USA).  The reaction mix was incubated at 42 °C for
60 min, and then heated at 70 °C for 10 min.  Each reaction
mixture was diluted 4 times with 0.1% diethyl pyrocarbonate
(DEPC)-treated H2O.  A 2-µL aliquot from each diluted reac-
tion mixture was used for real-time PCR amplification.  The
primer sequences and PCR cycle parameters for β-actin[24],
COX-2[24], iNOS[25], TNF-α[26],and IL-1β[27]

 are listed in Table 1.
Real-time quantitative RT-PCR was carried out as de-

scribed by Livak[28].  Each reaction contained 2 µL of the
cDNA sample with 1 IU Taq DNA polymerase (Dingguo
Biotechnology) and 0.5 µL Sybr Green (OPE, Shanghai,
China) in a total volume of 20 µL in a real-time quantitative
PCR cycler (DNA Engine Opticon® Continuous Fluorescence
Detection System; MJ Research, USA).  The mRNA level
was estimated as a relative value by normalizing with β-actin
mRNA.  Reaction products were also separated on a 1.5%
agarose gel, stained with ethidium bromide, and photo-
graphed to validate the reliability of the objective genes.

Statistical analysis  Data were presented as mean±SD
of the values from 3 independent experiments and the

Table 1.  Primer sequence and polymerase chain reaction (PCR) cycle parameters for β-actin, cyclooxygenase-2 (COX-2), inducible nitric
oxide synthase (iNOS), tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) genes.

             Gene                                         Primer sequence                                                      PCR cycle parameters
                                                                (sense, antisense)

β-Actin 5´-GTGGGCCGCTCTAGGCACCAA-3´, 94 °C 30/45 s, 63 °C 45 s, 72 °C 60/90 s
  (300 bp) 5´-CTCTTTGATGTCACGCACGAT TTC-3´   (35 cycles)
COX-2 5´-TTCAAAAGAAGTGCTGGAAAAGGT-3´, 94 °C 30 s, 63 °C 45 s, 72 °C 60 s
  (300 bp) 5´-GATCATCTCTACCTGAGTGTCTTT-3´   (35 cycles)
iNOS 5´-TTTGGAGCAGAAGTGCAAAGTCTC-3´, 94 °C 45 s, 55 °C 45 s, 72 °C 90 s
  (947 bp) 5´-GATCAGGAGGGATTTCAAAGACCT-3´   (35 cycles)
TNF-α 5´-TCTCATCAGTTCTATGGCCC-3´, 94 °C 45 s, 55 °C 45 s, 72 °C 90 s
  (200 bp) 5´-GGGAGTAGACAAGGTACAAC-3´   (35 cycles)
IL-1β 5´-ATGGCAACTGTTCCTGAACTCAAC-3´, 94 °C 45 s, 60 °C 45 s, 72 °C 90 s
  (563 bp) 5´-CAGGACAGGTATAGATTCTTTCCTTT-3´   (35 cycles)
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Student’s t-test was used for the comparison.  Values of P
<0.05 were considered statistically significant.

Results
Toxicity of LPS+IFN-γγγγγ-stimulated macrophages toward

NSC34 cells and inhibitory effect of celecoxib on cytotoxi-
city  The supernatant of the macrophages stimulated with a
combination of LPS and IFN-γ significantly inhibited the vi-
ability of motor neuron NSC34 cells (Figure 1).  Adding
celecoxib enhanced the survival of these NSC34 cells
(Figure 1).  The neuroprotective effect of celecoxib was due
to an effect on macrophage neurotoxic secretions because
celecoxib showed no neuroprotective effect on NSC34 cells
if it was added to the supernatant of NSC34 cells directly
(data not shown).

Effect of celecoxib on the production of PGE2, NO,
ROS, TNF-ααααα and IL-1βββββ on LPS+IFN-γγγγγ-stimulated
macrophages  To confirm that the production of PGE2, NO,
ROS, TNF-α and IL-1β was increased in LPS+IFN-γ-stimu-
lated macrophages, their concentrations were measured in
the macrophage supernatants.  Compared with resting
macrophages, LPS+IFN-γ-stimulated macrophages signifi-
cantly increased the release of PGE2, NO, ROS, TNF-α, and
IL-1β (Figure 2A–2E).  To determine whether celecoxib regu-
lates PGE2, NO, ROS, TNF-α, and IL-1β release from acti-
vated macrophages, macrophages were preincubated with
celecoxib for 30 min prior to the addition of LPS+ IFN-γ.  Af-
ter the macrophages were stimulated for 12 h or 24 h, the
concentrations of PGE2, NO, ROS, TNF-α, and IL-1β in the
macrphage supernatants were measured.  The increased pro-
ductions of PGE2, NO, TNF-α, and IL-1β were attenuated by
preincubation with celecoxib (Figure 2A–2E).  However, pre-
treatment with celecoxib had no effect on the level of ROS in
macrophage supernatants (Figure 2C).

Effect of celecoxib on mRNA levels of COX-2, iNOS,
TNF-ααααα and IL-1βββββ in LPS+IFN-γγγγγ-stimulated macrophages  
To determine whether LPS stimulation increases the mRNA
levels of  COX-2, iNOS, TNF-α, and IL-1β in macrophages,
the mRNA levels of these genes were determined by real
time RT-PCR.  Stimulated macrophages strongly expressed
mRNA of COX-2, iNOS, TNF-α and IL-1β following treat-
ment with LPS+IFN-γ (Figure 3A–3D), whereas resting mac-
rophages expressed these mRNA very weakly.  Furthermore,

Figure 1.  Inhibitory effect of celecoxib on the cytotoxicity of
lipopolysaccharide (LPS)/interferon (IFN)-γ-stimulated macrophages
toward NSC34 cells (MTT assay). Data (mean±SD) from 3 indepen-
dent experiments (each done in 2 wells, n=6 ) are expressed as a
percentage of each control.  cP<0.01 vs control.   dP<0.05, eP<0.05,
fP<0.01 vs celecoxib 0 µmol/L.

Figure 2.  Effect of celecoxib on the release of prostaglandin E2

(PGE2), nitric oxide (NO), reactive oxygen species (ROS), tumor
necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) in lipopolysac-
charide (LPS)/interferon (IFN)-γ-stimulated macrophages. Data
(mean±SD) from 3 independent experiments (each done in 2 wells,
n=6) are expressed as a percentage of the values from the 12 h LPS/
IFN-γ treatment. aP>0.05, bP<0.05, cP<0.01 vs control. dP>0.05,
eP<0.05, fP <0.01 vs celecoxib 0 µmol/L.
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preincubation with celecoxib inhibited the increases of the
mRNA levels of iNOS,  TNF-α and IL-1β, which were in-
duced by LPS+IFN-γ  in macrophages and had no effect on
the mRNA level of COX-2 (Figure 3).

Discussion

In the present study, we demonstrated that the superna-
tant of macrophages stimulated with LPS  0.5 mg/L  plus
IFN-γ 1.5×105 IU/L caused a loss of NSC34 cells following
either a 24-h or 72-h exposure.  In consisten with the previ-
ous results[19,20,29], no neurotoxicity was observed when the
supernatant from unstimulated macrophages was transferred
to NSC34 cells, and LPS (0.0005−5.0 mg/L) increased the
neurotoxity of the supernatant of macrophages on NSC34
cells dose-dependently.  LPS did not show toxic effects on
NSC34 cells when it was added to the supernatant of NSC34
cells directly (data not shown).  These results indicate that
NSC34 cells injured by the supernatant of LPS-stimulated
macrophages can be used to develop an injured motor neu-
ronal model, whose neurotoxicity was due mainly to inflam-
matory secretions of macrophages.  In the present
invastigation, Celecoxib was used to verify the model be-
cause of its beneficial effects on ALS transgenic mice.  It was
shown that celecoxib significantly enhanced the survival of
NSC34 cells .  These results indicate that this model may
have valuable applications for drug screening and further
research the mechanisms involved.  No improvement in
NSC34 cell viability was observed when celecoxib was added

directly to NSC34 cells (data not shown).  This suggests that
the target cells of celecoxib are macrophages rather than
motor neurons and that the action of celecoxib on macroph-
ages is likely a reduction of neurotoxic macrophage
secretions.  Another COX-2 selective inhibitor, NS398, has
been reported to have neuroprotective effects on neuronal-
like SH-SY5Y cells by suppressing the toxic actions of hu-
man monocytic THP-1 cells[20,29].

PGE2 is an important mediator involved in a variety of
inflammatory processes and COX-2 has been shown to be
primarily responsible for the synthesis of PGE2.  COX-2 is
rapidly induced by various proinflammatory agents, includ-
ing LPS, cytokines and mitogens[30].  In the present study,
exposure of LPS to macrophages resulted in an increase in
the level of PGE2 released and an induction of COX-2 expres-
sion at the mRNA level (Figure 3).  Results from previous
studies have also shown that proinflammatory stimuli in-
duce PGE2 release and COX-2 expression[30].  Our results
showed that PGE2 release was inhibited by the addition of
celecoxib in LPS-stimulated macrophages (Figure 2), suggest-
ing that celecoxib exerts neuroprotective effects on motor
neuron NSC34 cells by inhibiting COX-2 activity and the
subsequent production of PGE2 in LPS-stimulated
macrophages.

The expression and activity of iNOS plays a pivotal role
in sustained and elevated NO release[31].  It has previously
been reported that microglial cells are the main source of
LPS-induced iNOS/NO both in neuron-glial culture and in
vivo[32].  In addition, there is “cross-talk” between iNOS/NO

Figure 3.  Effect of celecoxib on the mRNA levels of cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), tumor necrosis
factor-α (TNF-α) and interleukin-1β (IL-1β) in lipopolysaccharide (LPS)/interferon (IFN)-γ-stimulated macrophages. Data (mean±SD) are
from 3 independent experiments and are expressed as a percentage of the 6 h control.  cP<0.01 vs control . dP>0.05, eP<0.05, fP<0.01vs
celecoxib 0 µmol/L.
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and COX-2/PGE2
[33].  In the present study, we demonstrated

that celecoxib significantly inhibits LPS-stimulated iNOS ex-
pression and NO release in macrophages.  These results
suggest that downregulation of iNOS/NO by celecoxib might
be involved in the neuroprotective effect of celecoxib against
LPS-induced motor neuronal death[32].

Although one previous study found that LPS-induced
ROS was increased in neurons, not microglial cells, in neu-
ron-glial coculture[33], the most abundant source of oxygen
free radicals in the CNS is the respiratory burst system of
activated microglia[2].  A recent study reported that LPS treat-
ment increased intracellular ROS in rat microglia in a dose-
dependent manner and ROS played a regulatory role in the
expression of COX-2 and the subsequent production of PGE2

during the process of microglial activation[34].  On the other
hand, Gunasekar et al  reported that pretreatment with NS398
significantly decreased potassium cyanide (KCN)-induced
ROS generation in cerebellar granule cells.  The results indi-
cated the involvement of COX-2 in KCN-induced oxidant
generation[23], which further suggests a level of “cross-talk”
between ROS and COX-2 in activated microglia.  The present
studies showed that extracellular ROS levels from LPS-stimu-
lated macrophages were upregulated.  However, celecoxib
showed no effect on the extracellular ROS level in our study.
The results suggest that celecoxib exerts its neuroprotective
effect against the toxicity of LPS-stimulated macrophages
probably not by the regulation of extracellular ROS.

TNF-α is a potent proinflammatory cytokine that plays
an important role in immunity and inflammation.  The present
study showed that LPS-stimulation increases TNF-α secre-
tion from macrophages.  A previous study found that LPS-
stimulation increases TNF-α secretion in microgila such as
BV-2 cells[19].  We further demonstrated that celecoxib sig-
nificantly downregulates TNF-α mRNA level and TNF-α se-
cretion induced by LPS in macrophages.  The results sug-
gest that inhibition of TNF-α secretion from the LPS-acti-
vated macrophages probably participates in the neuroprotec-
tive effect of celecoxib on motor neurons.

Interleukin-1β is an important cytokine in the inflamma-
tion process, and microglia are an important source of IL-1 in
the human CNS[35].  The release of IL-1 plays a critical role in
the effect of microglial activation on motor neuron viability
and IL-1 is amongst a wide range of factors that upregulate
the expression of COX-2 and the subsequent production of
proinflammatory cytokines and PGE2

[9].  Previous studies
reported that LPS increases the secretions of IL-1β in mono-
cytic THP-1 cells[35].  In addition, another study indicated
that celecoxib decreases the secretion of IL-1β in rats[36].  The
data from the present study show that celecoxib inhibits the

level of IL-1β, which is increased in LPS-stimulated
macrophages.  Therefore, the inhibitory effect of celecoxib
on the level of IL-1β may be involved in the mechanism of its
neuroprotective effect.

In summary,  an injured motor neuronal model was
established.  The selective COX-2 inhibitor celecoxib showed
beneficial effects against motor neuronal death induced by
inflammatory reaction.  The neuroprotective effect  of
celecoxib might be associated with downregulation of the
levels of PGE2, NO, TNF-α and IL-1β as well as gene expres-
sion of iNOS, TNF-α and IL-1β.  Since PGE2

[12], NO[37–39] and
TNF-α[19,40] have been reported to be upregulated in ALS,
indicating COX-2 inhibitors would be promising candidates
for the treatment of ALS.
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Blood pressure variability and baroreflex sensitivity are not different in
spontaneously hypertensive rats and stroke-prone spontaneously
hypertensive rats1
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Abstract
Aim: To demonstrate and compare hemodynamic phenotypes of blood pressure
(BP), blood pressure variability (BPV) and baroreflex sensitivity (BRS) in genetic
hypertensive rats.  Methods: BP was recorded continuously in conscious, freely
moving rats using a computerized technique.  BPV was expressed as the standard
deviation of beat-to-beat BP values during a 1-h period.  BRS was determined by
measuring the heart period prolongation in response to the elevation in BP pro-
duced by an intravenous injection of phenylephrine.  Results: Body weight and
heart period were not different between spontaneously hypertensive rats (SHR)
and stroke-prone spontaneously hypertensive rats (SHR-SP) at the age of 15
weeks.  The BP level was markedly higher in SHR-SP than SHR, whereas there
were no significant differences in BPV and BRS.  Quantitatively, systolic, diastolic
and mean BP were significantly elevated by 36.9%, 42.9% and 39.5%, respectively,
in SHR-SP compared with SHR (P<0.01).  However, their variabilities were
elevated only by 14.0%, 0.4% and 10.1%, respectively, without statistical signifi-
cance (P>0.05). Conclusion: BPV and BRS were not changed in parallel with the
BP alterations in SHR and SHR-SP.
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Introduction
Blood pressure (BP) is not constant. Spontaneous varia-

tions exist in BP.  The extent of the variation in BP is defined
as the blood pressure variability (BPV).  This new parameter
of cardiovascular function can be determined through con-
tinuous ambulatory BP monitoring using a computerized tech-
nique[1,2], which can provide beat-to-beat BP tracings.  It is
understood that BPV is independent of BP[2,3], and high BPV
is a novel risk factor for cardiovascular damage, such as
aortic hypertrophy and renal lesions[2,4,5].  In the post-
genome era, attaching physiology and pharmacology to the
genome has become more and more important, as the com-
bined physiological, pharmacological and genomic informa-
tion should facilitate the development of new therapeutics[6].
To obtain genomic information on BPV, one of the strategies
is to use linkage analysis in segregating populations pro-
duced by crossbreeding of inbred strains[7].  The first step of
this strategy is to select two parental strains for cross-

breeding.  It is generally realized that the greater the differ-
ence in phenotype between two parental strains, the better
for the linkage study.

Spontaneously hypertensive rat (SHR), an inbred strain
for genetic hypertension, has a higher BPV compared with
normotensive controls, such as Wistar-Kyoto rats and
Sprague-Dawley rats[1,5].  Stroke-prone spontaneously
hypertensive rat (SHR-SP), a sub-strain of SHR, has a much
higher BP level than SHR[8,9].  However, little is known about
the BPV of SHR-SP.  We hypothesized that SHR-SP had a
higher BPV than SHR in parallel with their BP changes, and
thus would be more appropriate as a parental strain cross-
bred with another parental strain of normal rats.  To test this
hypothesis, hemodynamics were compared between SHR and
SHR-SP in the present study.

Materials and methods
Animals  Male SHR and SHR-SP were provided by the
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Animal Center of the Second Military Medical University,
Shanghai, China.  Animals were housed at controlled tem-
perature (23 °C–25 °C) and lighting (8:00–20:00) and with free
access to tap water and rat chow.  At the age of 15 weeks,
hemodynamic parameters, including BP, BPV, and baroreflex
sensitivity (BRS), were measured in conscious, freely mov-
ing rats.  All procedures were in accordance with the guide-
lines for animal care of the Second Military Medical
University.

Measurement of blood pressure and its variability  Rats
were anesthetized with an injection of ketamine (50 mg/kg,
ip) and diazepam (5 mg/kg, ip).  A catheter was placed into
the lower abdominal aorta via the left femoral artery for mea-
surement of BP and heart period (HP), and another catheter
was inserted into the left femoral vein for drug administration.
Both catheters were tunneled subcutaneously and exterior-
ized between the scapulae.  After a 2-d recovery, animals
were placed in individual cylindrical cages.  The aortic cath-
eter was connected to a BP transducer (PT14M2, Fudan
University, Shanghai, China) via a rotating swivel that al-
lowed the animal to move freely in the cage.  After approxi-
mately 14 h habituation, the BP signals were digitized and
processed by a microcomputer, which calculated systolic
BP (SBP), diastolic BP (DBP), mean BP (MBP), and HP val-
ues on-line for 2 h–3 h.  These values were sampled beat-to-
beat at 1000 Hz.  In off-line analysis, the mean values of SBP,
DBP, MBP, and HP over a 1-h period (10:00–11:00) were cal-
culated and served as SBP, DBP, MBP, and HP, respectively.
The standard deviation values of SBP, DBP, and MBP over
the 1-h period were calculated and defined as systolic BPV
(SBPV), diastolic BPV (DBPV), and mean BPV (MBPV), re-
spectively[1,3–5].

Measurement of baroreflex sensitivity  After BP and BPV
measurement, BRS was determined using a method described
previously[10].  The principle of this method is to measure the
HP prolongation in response to an elevation in blood
pressure.  A bolus intravenous injection of phenylephrine
was used to raise SBP to between 30 mmHg and 40 mmHg.
HP was plotted against SBP for linear regression analysis;
the slope of the linear regression equation was expressed as
BRS (ms/mmHg).

Statistical analysis   Data are expressed as mean±SEM.
The differences between 2 groups were evaluated using the
two-tailed Student’s unpaired t-test.  Statistical significance
was judged at P<0.05.

Results

Blood pressure and its variability  Body weight and heart

period were not significantly different between SHR and SHR-
SP at the age of 15 weeks (Table 1).  BP was markedly higher
in SHR-SP than SHR, whereas there was no significant dif-
ference in BPV.  To show clearly that BPV was not changed
in parallel with the BP changes in SHR and SHR-SP, BP and
BPV were compared quantitatively using percentage differ-
ence (Table 1).  Systolic, diastolic and mean BP were elevated
significantly by 36.9%, 42.9%, and 39.5%, respectively, in
SHR-SP compared with SHR (P<0.01).  However, their vari-
abilities were elevated only by 14.0%, 0.4%, and 10.1%,
respectively, without statistical significance (P>0.05).  Fig-
ure 1 shows the representative values of systolic blood pres-
sure tracings during a 1-h period in SHR and SHR-SP.

Baroreflex sensitivity  There was no significant differ-

Table 1.  Blood pressure and its variability in spontaneously hyper-
tensive rats (SHR) and stroke-prone spontaneously hypertensive
rats (SHR-SP) aged 15 weeks. cP<0.01 vs SHR.

                                      SHR                  SHR-SP         Difference
                                     (n=7)                   (n=7)               (%)

Body weight/g  227±5    213±5 –6.2
SBP/mmHg  179±7    245±4c 36.9
DBP/mmHg  119±2    170±5c 42.9
MBP/mmHg  147±4    205±5c 39.5
SBPV/mmHg   9.0±0.3   10.3±0.5 14.0
DBPV/mmHg   8.2±0.4     8.2±0.5 0.4
MBPV/mmHg   8.4±0.4     9.3±0.6 10.1
HP/ms  137±4    141±2 2.9

DBP, diastolic blood pressure; DBPV, diastolic blood pressure variability;
HP, heart period; MBP, mean blood pressure; MBPV, mean blood
pressure variability; SBP, systolic blood pressure; SBPV, systolic blood
pressure variability.

Figure 1.  Representative values of systolic blood pressure tracings
during a 1-h period in spontaneously hypertensive rats (SHR) and
stroke-prone spontaneously hypertensive rats (SHR-SP) aged 15
weeks. SBP, systolic blood pressure; SBPV, systolic blood pressure
variability.
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ence in BRS between SHR and SHR-SP (Figure 2, upper part,
P>0.05).  The representative valuess of BRS in SHR and SHR-
SP are shown in the lower part of Figure 2.

Discussion

In the present study, 15-week-old rats were used for com-
parisons of hemodynamic phenotypes, including BP, BPV,
and BRS.  This is because BP levels reach a plateau at this
adult age[9,11].  It is well known that BP level is markedly
higher in SHR-SP than SHR in both conscious and anesthe-
tized states[8,9,12].  Our present data are in accordance with
previous results[8,9].

In contrast to our hypothesis, there was no significant
difference  in BPV between SHR-SP and SHR.  In other words,
BPV was not elevated in parallel with the remarkable eleva-
tions in BP in SHR-SP compared with SHR.  The BPV data
combined with the shorter life span of SHR-SP (about 45
weeks)[9] compared with SHR (about 75 weeks)[13] lead us to
the unequivocal conclusion that SHR is more appropriate as
a parental strain than SHR-SP for crossbreeding in BPV link-
age studies.

Blood pressure variability is increased in almost all hy-
pertensive patients and animals[1,14].  This often leads to the
deduction that alterations in BP and BPV occur in parallel.
The present study showed that SHR-SP, a sub-strain of SHR,
had a markedly higher BP level without a significant increase

in BPV, when compared with SHR.  These provide a good
example to delineate that BPV is not necessarily dependent
on BP level.  The facts were also demonstrated in other pre-
vious studies.  Under physiological conditions, rabbits are
known for their unstable BP, and when compared with rats,
rabbits exhibit a higher BPV and a lower BP level[15].  In patho-
physiological states of baroreflex interruption, BPV is in-
creased markedly with no change in the average BP level
after sinoaortic denervation or nucleus tractus solitarii le-
sions[2,4,5,16].  Frequent ventricular premature beats in myo-
cardial infarction rats cause high BPV with unchanged BP
level[3].  Finally, in pharmacological studies, BPV is reduced
significantly by simultaneous infusion of phenylephrine and
adenosine when the BP level maintains unchanged[17].  All of
the above results confirm that BPV may not be associated
with BP level.

Two reports have analyzed the BRS data of SHR and
SHR-SP within the same study.  In these previous studies,
BRS was estimated either in an anesthetized state using in-
travenous infusion of phenylephrine for 30 min[12] or in a
conscious state using cross-spectral analysis[9].  In the
present study, BRS was determined in conscious, freely
moving rats using a bolus intravenous injection of
phenylephrine.  These three studies provide similar evidence
showing that the impairment of baroreflex function, expressed
as decreased BRS, is not significantly different between SHR
and SHR-SP.

In summary, the current study demonstrated and com-
pared the hemodynamic phenotypes of BP, BPV and BRS in
SHR and SHR-SP.  For the first time, we have provided evi-
dence that in addition to BRS, BPV is not changed in parallel
with BP changes in SHR-SP and SHR.  Together with the
short life span of SHR-SP, these findings indicate that SHR
is more appropriate than SHR-SP for crossbreeding in future
linkage studies on BPV and BRS.  The data are meaningful in
attaching the physiological variables of BPV and BRS to the
genome, especially as the rat has become researchers’ fa-
vorite laboratory animal due to the recent availability of its
genome sequence[6,18,19].
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Adeno-associated virus-mediated bone morphogenetic protein-7 gene
transfer induces C2C12 cell differentiation into osteoblast lineage cells1
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Abstract
Aim: To investigate the effects of bone morphogenetic protein-7 (BMP7)-express-
ing recombinant adeno-associated virus (AAV) vector on the differentiation of
C2C12 cells.  Methods:   AAV-BMP7 was packaged by infecting the stable cell
clone BHK-21 (integrated with recombinant AAV vector plasmid pSNAV-BMP7)
with recombinant herpes simplex virus type 1, which expresses AAV-2 Rep and
Cap and possesses AAV packaging functions.  Following infection with AAV-
BMP7 at multiplicities of infection of  1×105 vector genomes per cell and subse-
quent culture, C2C12 cells were assessed qualitatively for BMP7 production, alka-
line phosphatase activity, osteocalcin production and Cbfal and MyoD expression.
Results:   C2C12 cells transduced with AAV-BMP7 could produce BMP7 protein
until d 28.  Alkaline phosphatase in the cultured C2C12 cell lysate was elevated.
Secreted osteocalcin in the culture medium was detectable at d 12 and Cbfal mRNA
expression level was upregulated, coinciding with downregulation of MyoD in a
temporal manner.  Conclusion:   The present in vitro study demonstrated that
AAV-BMP7 could infect and efficiently convert C2C12 cells from myoblasts into
osteoblast lineage cells.
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Introduction
Currently, the repair of massive segmental bone defects

and non-healing fractures remains a challenging problem in
orthopedic surgery.  Bone morphogenetic proteins (BMP)
are known to possess strong osteoinductive properties and
BMP gene therapy plays an important role in modulating
bone regeneration[1].  However, more efficient and safe de-
livery vectors must be obtained before clinical trials can be
carried out successfully.  Previous work with recombinant
adeno-associated virus (AAV) vector for gene therapy has
shown some outstanding advantages and has made it an
attractive candidate for clinical trials in recent years[2].  How-
ever, there have only been a small number of experiments
using AAV vectors carrying BMP to induce bone healing[3–5].
Previous studies have indicated that the C2C12 myoblast
cell line may be a useful model to investigate osteoblast
differentiation during bone formation in muscular tissues[6–8].
Although it has been reported that continuous exposure of

C2C12 cells to BMP7 protein could inhibit myotube forma-
tion and induce osteoblastic differentiation[6], it is not known
whether transfer of the BMP7 gene into C2C12 cells using a
BMP7-harboring AAV could also produce consistent results.
This committed osteoblastic differentiation would be impor-
tant for AAV-BMP7 in vivo gene therapy for bone healing.
In addition, because recombinant AAV does not cause dis-
ease in humans and does not contain coding sequences
necessary to trigger inflammatory or immune responses[2–4],
we speculate that the AAV-BMP7 vectors could be injected
into the fracture sites or segmental bone defects to induce
bone formation by direct local gene therapy.  To investigate
the feasibility of BMP7 gene transfer into C2C12 cells using
the AAV vector, we constructed an AAV vector carrying the
BMP7 gene, designated AAV-BMP7.  C2C12 cells were in-
fected with AAV-BMP7 and their committed differentiation
was examined in vitro.  This study provides fundamental
understanding and a platform for future applications of AAV-
BMP7 local gene therapy.
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Materials and methods

Cells  HEK293, BHK-21 and C2C12 cells (all from ATCC,
Manassas, VA, USA) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco BRL, Grand Island, NY,
USA) containing 10% fetal bovine serum (FBS) (Hyclone,
Logan, UT, USA) and penicillin/streptomycin at 37 °C in
humidified 5% CO2 atmosphere.

Plasmids  The recombinant AAV2 packaging plasmid
pSNAV[9] was constructed by deleting all viral open reading
frames and introducing the sequences for human cytomega-
lovirus promoter/enhancer, a multiple-cloning site, a neomy-
cin-resistant gene, a simian virus 40 promoter and a polya-
denylation signal, retaining the 2 inverted terminal repeats
(ITR), which contain the palindromic sequences necessary
in cis for replication of the intact viral genome.  The AAV
plasmid pSNAV-BMP7 (Figure 1) was constructed by insert-
ing full-length human BMP7 (hBMP7) cDNA (1.3 kb) into
the restriction sites between KpnI and BgIII of the multiple-
cloning site.  The BMP7 cDNA was cloned by reverse tran-
scription-polymerase chain reaction from HEK293 cells us-
ing the following set of primers: forward, 5´-GTG GTA CCG
ATG CAC GTG CGC TCA CTG-3´; reverse, 5´-AGA AGA TCT
CTC GGA GGA GCT AGT GGC AG-3´ (introduced KpnI and
BgIII restriction sites are underlined).

Adeno-associated virus vector packaging, purification
and titration  BHK-21 cells were transfected with the puri-
fied pSNAV-BMP7 plasmid according to a standard calcium
phosphate precipitation method.  The cells were then cul-
tured in selection media containing 500 µg/mL G418 (Gibco/
BRL).  G418-resistant BHK-21 cell clones were isolated and
the integrity of hBMP7 gene was determined by polymerase
chain reaction (PCR) using the above PCR primers.  To pack-
age the virus, stably transfected BHK-21 cells were subse-
quently infected with recombinant herpes simplex virus type 1
(rHSV-1)[10], which can express the AAV-2 Rep and Cap genes
of wild-type AAV and possesses packaging functions for
recombinant AAV.  For large-scale recombinant AAV pro-
duction and purification, BHK-21 cells were incubated in 6
roller bottles (Ø 110 mm×480 mm; Wheaton, Millville, NJ,
USA) at 37 °C at 1 roll/min.  Confluent cells in a volume of
10 mL medium were infected with helper virus rHSV-1 at mul-

tiplicities of infection (MOI) of 0.1 for 2 h.  The collected
cells were processed by chloroform treatment, PEG8000/NaCl
precipitation and chloroform extraction for purification[11].
The titer was determined using quantitative DNA dot blots[12]

and the purity was examined by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis[11].  Titers averaged ap-
proximately 2×1012 vector genomes (v g) per mL and purity
was >97%.  Recombinant AAV-enhanced green fluorescence
protein (EGFP) was also constructed using the same
procedure.

Adeno-associated virus vector transduction  C2C12 cells
were placed in monolayer culture in 6-well plates at a density
of 2×105 cells per well in DMEM containing 10% FBS.  Sub-
confluent cells were incubated with either AAV-BMP7 or AAV-
EGFP at an MOI of  1×105 v.g.  per cell, or as a control, left
alone in a total volume of 500 µL serum-free medium for 1 h
at 37 °C.  The medium was then aspirated and 1 mL growth
medium (DMEM supplemented with 5% FBS, 50 mmol/L so-
dium butyrate) was added.  An MOI of 1×105 was chosen as
a result of pilot studies demonstrating that an MOI of 1×105

produced the highest level of EGFP transgene expression.
Morphological changes were monitored with a phase con-
trast microscope.  All experiments were carried out in triplicate.

Determination of bone morphogenetic protein-7 produc-
tion  To quantify BMP7 levels, culture medium of C2C12 cells
was collected for enzyme-linked immunosorbent assay
(ELISA) every 2 d up to 28 d after transduction.  ELISA was
carried out according to the manufacturer’s recommenda-
tions (ADL, San Antonio, TX, USA).  Briefly, standards and
culture media were incubated at room temperature with
sample buffer in 96-well plates for 90 min and then with bi-
otin-labeled anti-human BMP7 detection antibody for 60 min.
Finally, a streptavidin-horseradish peroxidase conjugate was
added at room temperature for 30 min.  Bound BMP7 was
detected by adding tetramethylbenzidine substrate solution
for 15 min and the plates were read at 450 nm.

Gene expression of Cbfal and MyoD  A total of 2 µg
cellular RNA from C2C12 cells was reverse transcribed using
Mouse Moloney murine leukemia virus reverse transcriptase
and oligo(dT) 15 primer (both from Promega, Madison,
Wisconsin, USA).  PCR were carried out for 25 cycles (94 °C
for 1 min, 55 °C for 1 min, 72 °C for 1 min) for MyoD and
glyseraldehyde-3-phosphate dehydrogenase (GAPDH), and
30 cycles for Cbfal (annealing temperature 62 °C).  Primers
were: MyoD (expected product size 275 bp): upstream, 5´-
TCCAACTGCTCTGATGGCA-3´; downstream, 5´-GTTCCC-
TGTTCTGTGTCGCT-3´; Cbfal (expected product size 330 
bp)[13]: upstream, 5´-CTTCATTCGCCTCACAAAC-3´;
downstream, 5´-CACGTCGCTCATCTTGCCGG-3´.  GAPDH

Figure 1.  Schematic representation of the adeno-associated virus
(AAV) vector used in this study.  CMV, human cytomegalovirus
promoter; ITR, inverted terminal repeat; MCS, multiple cloning site;
PolA, polyadenylation signal.
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was used as an internal control (expected product size
413 bp): upstream, 5´-GGAAAGCTGTGGCGTGATGG-3´;
downstream, 5´-GTAGGCCATGAGGTCCACCA-3´.  The PCR
products were subjected to electrophoresis on 1.5% agar-
ose gels, scanned, and semiquantitated using Image-Quant
software (Kodak I D V3.53; Kodak, Tokyo, Japan).

Alkaline phosphatase activity assay and osteocalcin
production  C2C12 cells were rinsed twice with phosphate-
buffered saline, then collected into 50 mmol/L Tris-HCl,
0.1% Triton X-100, pH 7.5, and sonicated for 10 s at 4 °C.
The samples were centrifuged for 5 min at 13400×g.  Alkaline
phosphatase (ALP) activity was measured using an ALP
assay kit (Zhongsheng Biochemical, Beijing China) at 37 °C.
The enzyme activity was normalized against the protein con-
centration and expressed as U·g-1·L-1 [14].  Protein concentra-
tion was measured using the bicinchoninic acid protein as-
say kit (Pierce Biotechnology, Rockford, IL, USA) using
bovine serum albumin as a standard.  The amount of
osteocalcin secreted into the culture medium was determined
by radioimmunoassay using a mouse osteocalcin assay kit
following the manufacturer’s recommendations (Biomedical
Technologies, Stoughton, MA, USA).

Statistical analysis  Data (mean±SD) were analyzed  us-
ing two-tailed Student’s t-test with a level of significance of
0.05.

Results
Bone morphogenetic protein-7 expression in C2C12

cells  The in vitro release kinetics of BMP7 from AAV-BMP7-
infected C2C12 cells was evaluated over the course of 28 d
using ELISA.  No detectable BMP7 was produced by the
uninfected and AAV-EGFP-treated C2C12 cells.  However,
cells transduced with AAV-BMP7 produced low levels of
BMP7 by 48 h (12±8 ng/106 cells per 48 h), followed by an
increase in production with a mean of 165±10 ng/106 cells
per 48 h from d 6 to d 28 (Figure 2).

Effect of bone morphogenetic protein-7 on C2C12 cell
morphology  After cultured in DMEM with 5% FBS for 6 d,
the phenotype of C2C12 cells displayed obvious changes.
Elongated and multinucleated thin myotubes formed by cells
fusing with each other were observed in uninfected C2C12
cells and cells infected with AAV-EGFP.  In contrast, most
cells infected with AAV-BMP7 revealed an unfused, mono-
nuclear round-cell morphology, resembling that of osteo-
blastic cells (Figure 3).

Differentiation of C2C12 cells treated with AAV-BMP7 
In order to further investigate the function of BMP7
expression, we examined the gene expression changes for
osteoblast-specific genes, and also measured ALP activity

Figure 2.  The time course of bone morphogenetic protein-7 (BMP7)
production in C2C12 cells in 48 h after infected with adeno-associ-
ated virus (AAV)-BMP7 by enzyme-linked immunosorbent assay quan-
titative analysis.  n=3. Mean±SD.

Figure 3.  Morphological changes in C2C12 cells on d 6.  (A)
Uninfected C2C12 cells.  (B) C2C12 cells transduced with adeno-
associated virus (AAV)-enhanced green fluorescence protein (EGFP).
(C) C2C12 cells transduced with AAV-bone morphogenetic protein-7
(BMP7).  ×100.
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and osteocalcin production, in C2C12 cells infected with
AAV-BMP7.  In AAV-BMP7-treated C2C12 cells the mRNA
expression level of Cbfa1 (an osteoblast specific transcrip-
tion regulatory factor[15]) was upregulated after 4 d of
treatment, a significant increase was detected at d 6 and its
level continued to increase until d 12 (Figure 4).  In contrast,
the expression level of muscle-specific regulatory factor
MyoD was reduced dramatically after 8 d of treatment and
became undetectable by d 12.

The uninfected and AAV-EGFP-infected C2C12 cells were
found to have low levels of ALP activity with no significant
change at all time points (Figure 5).  A significant upregulation
of ALP activity was observed in AAV-BMP7-treated cells,
starting from d 2 and peaking at d 8.  Osteocalcin production
was detected at d 12 as 35±6 ng/mL (Figure 6); no detectable
osteocalcin was found in non-treated and AAV-EGFP-treated
cells.

Discussion
Our in vitro experiments demonstrated that C2C12 cells

infected with AAV-BMP7 were able to generate BMP7 pro-
tein and showed a concomitant shift from myoblastic to os-
teoblastic differentiation.  In addition, the highly efficient
recombinant adeno-associated viral vector packaging
system, rHSV-1/AAV hybrid helper viral system[10], provided
us with high-titer purified AAV-BMP7 for further experiments.
Our subsequent AAV-BMP7 transduction analysis sug-
gested that recombinant AAV vector could mediate efficient
transduction in C2C12 cells.  At the same time, the amount of
secreted BMP7 protein could reach the level of protein
needed for cellular responses.  The elevated ALP activity
and osteocalcin production, together with osteoblast-like
morphology, confirmed that the AAV-BMP7-infected C2C12
cells displayed differentiation to an osteoblastic phenotype.

Previous studies have shown that BMP7 at 200 ng/mL
can completely inhibit myogenic differentiation of C2C12 cells

Figure 5.  Time course of alkaline phosphatase (ALP) activity in
the lysates of C2C12 cells.  n=3.  Mean±SD.  bP<0.05 vs the uninfected
and adeno-associated virus (AAV)-enhanced green fluorescence pro-
tein (EGFP)-treated groups.

Figure 6.  Comparison of osteocalcin production in C2C12 cells
treated with adeno-associated virus (AAV)-enhanced green fluores-
cence protein (EGFP) or AAV-bone morphogenetic protein-7 (BMP7)
at d 12.  n=3.  Mean±SD.  bP<0.05 vs the uninfected and AAV-EGFP-
treated groups.

Figure 4.  The expression changes of osteoblastic and myoblastic
markers in adeno-associated virus (AAV)-bone morphogenetic pro-
t e in -7  (BMP7) - t r ea t ed  C2C12  ce l l s .   The  exp re s s ion  o f
glyseraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an
internal control.   Results of the (A) electrophoretic and (B)
semiquantitative analyses are shown.  n=3. Mean±SD.
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and successfully induce expression of both important early
and late osteoblastic differentiation markers (ALP and
osteocalcin, respectively)[6].  Although BMP7 protein could
satisfactorily induce C2C12 cell differentiation into osteo-
blastic cells in vitro, it requires supra-physiological amounts
of BMP7 to overcome rapid clearance due to its short life
span, in order to accelerate fracture healing, bridge seg-
mental bone defects and generate spine fusion in animal
models[16].  Hence, protein therapies are hampered by high
manufacturing costs, unpredictable side effects and the lack
of an ideal matrix to deliver protein in a continuous manner
over times[16].  Local BMP7 gene therapy provides an alter-
native method for the delivery of BMP7 protein to stimulate
bone regeneration[17–20].  Recent studies have demonstrated
that recombinant AAV vector is an ideal vector to deliver
therapeutic factors.  Recombinant AAV vector is non-patho-
genic and elicits no inflammatory response.  It is also an
advantage that recombinant AAV vector often leads to effi-
cient long-term expression of secreted proteins in vivo and
in vitro[21].  However, whether AAV-BMP7 could induce bone
formation in vitro and in vivo remains unclear.  In this study,
a recombinant AAV-BMP7 vector was constructed success-
fully.  The sustained secretion of BMP7 protein was de-
tected in culture medium up to  d 28 by C2C12 cells infected
with AAV-BMP7.  Mouse myoblast C2C12 cells displayed an
osteoblastic phenotype.  It has been reported that C2C12
cells are pluripotent mesenchymal precursor cells, capable
of differentiating into myoblasts, adipocytes and osteoblasts
under appropriate stimulation conditions[22,23].  Further stud-
ies demonstrated that BMP7 protein was a potent inducer of
osteoblastic differentiation of C2C12 cells by upregulating
Runx2/Cbfa1 gene transcription[24].  The core binding factor
Runx2/Cbfa1 is a specific transcriptional activator and a
molecular switch of osteoblast differentiation[25].  Thus,
C2C12 cells infected with AAV-BMP7 could be finally re-
stricted to give rise to one terminally differentiated cell type
expressing the markers of osteoblasts (eg ALP and osteo-
calcin).  This osteogenic committed differentiation mediated
by genetic modification is safe as it gives the desired cell
type and avoids the possibility of giving rise to unlimited
cell growth or unwanted cell types.  The committed differen-
tiation could also be controlled by using tissue-specific pro-
moters or the “tet switch system”.

In this study, we found an interesting feature of the AAV
vector, namely delayed transgene expression.  The produc-
tion of BMP7 protein reached a peak as late as 6 d after infec-
tion, compared with adenovirus-mediated gene delivery in
C2C12 cells in which the desired BMP2 protein could be
produced as early as 24 h after infection[7].  This difference

may be due to the fact that AAV is a single-stranded DNA
virus; there is, therefore, a rate-limiting step of second-strand
DNA synthesis in the nucleus of infected cells[21].  However,
the delayed BMP7 protein expression using the AAV vector
did not affect the osteogenic biological function of BMP7 in
our study.  Some in vivo examinations have also demon-
strated the same delayed transgene expression[26,27].  From a
clinical standpoint, it seems that the short period of delayed
osteoinductive protein production does not hamper the treat-
ment of relative longer-term and non-emergency cases of
fracture healing or spinal fusion.  Furthermore, delayed
transgene expression might protect secreted therapeutic pro-
teins from immunologic attack induced by destruction of the
vascular barrier at the time of virus injection[28].

We first report that AAV-based BMP7 gene transfer could
represent a new and feasible way to induce a committed os-
teoblast differentiation in an in vitro culture system using
C2C12 cells.  This approach would be preferred in a great
range of applications for some orthopedic disorders in which
it is necessary to increase the formation of bone.  Unlike the
adenoviral-based vectors that are limited by their non-spe-
cific immune response[1], the AAV-BMP7 vectors could be
injected directly into the segmental bone defect that does
not heal spontaneously to promote bone formation by re-
cruiting locally responsive cells to differentiate into
osteoblasts.  In addition, the AAV-BMP7 vectors could be
added to autologous bone grafts to serve as an osteoinduc-
tive agent to augment bone regeneration at the fusion site
and decrease the need for extensive harvesting of autograft
from the iliac crest.  Furthermore, direct injection of these
vectors into the spine could generate spine fusion in a less
invasive way.  For some systemic and metabolic bone dis-
eases such as osteoporosis, the efficient long-term secre-
tion of BMP7 proteins mediated by AAV is another outstand-
ing advantage.  The advantages of direct gene therapy strat-
egy also include relatively simple technique requirements,
minimized invasion and the potential for lower costs.

Although the detailed mechanisms of C2C12 cells differ-
entiating into osteoblasts remains unclear, our current study
suggests that AAV-BMP7 may be a valuable viral vector in
the treatment of orthopedic disorders.  Further in vivo
studies are under consideration.
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Introduction
Apoptosis is a genetically encoded form of cell suicide

central to the development and homeostasis of multicellular
organisms[1–3].  Once researchers assumed that the activa-
tion of endonucleases and specific proteases (such as
caspases) reflect the key mechanism of apoptosis[4,5].
However, a number of studies disclose that mitochondria
play a key role in apoptosis[1,4,6].  The mitochondrial path-
way is partly dependent on the release of cytochrome c.
After release from mitochondria to the cytosol, cytochrome
c binds to apoptosis-activating factor-1 (Apaf-1), ATP (or
dATP), and possibly a cytosolic protein (Apaf-3), and acti-
vates caspase 9, which in turn stimulates caspase 3 activity.
Caspase 3 cleaves and activates DNA fragmentation factor
(DFF), resulting in DNA degradation[2,4,7].

Bcl-2 proteins act on mitochondria to regulate apoptosis.
The Bcl-2 family consists of both cell death promoters and

preventers, including the anti-apoptotic proteins Bcl-2, Bcl-
XL, Mcl-1, A1/Bfl-1 and Bcl-W, and the pro-apoptotic mem-
bers Bax, Bcl-XS, Bak, Bad, Bik, Bim, Bid, Hrk and Bok[8].  Bcl-
2 and Bcl-XL prevent cytochrome c from entering the cytosol,
either by blocking release or binding to the cytochrome in a
direct or indirect fashion, and consequently inhibiting acti-
vation of the downstream caspase cascade[4].

Reactive oxygen species (ROS), which induce the onset
of the mitochondrial permeability transition (MPT), play an
important role in mitochondrial apoptosis.  Activation of MPT
is a major controlling mechanism in some apoptotic systems,
and also contributes to the release of cytochrome c and other
apoptogenic proteins[4,9].  However, the mechanisms of ROS
generation and its relationship with the well-documented
caspase activation remain to be elucidated.  In the present
investigation, the levels of reduced glutathione (GSH) and
malondialdehyde (MDA) are measured as reliable markers of
oxidative stress.

Abstract
Aim: To investigate the mitochondria-initiated apoptosis pathway involved in
Carbon tetrachloride (CCl4) hepatotoxicity in vitro.  Methods: Several cytotoxic-
ity endpoints, including WST-8 metabolism, lactate dehydrogenase leakage and
morphological changes, were examined.  The 5,5'-dithio-bis(2-nitrobenzoic acid)
reaction was used to measure reduced glutathione level, and the malondialdehyde
level was determined using the thiobarbituric acid assay.  The release of cyto-
chrome c and Bcl-XL was detected by Western blot.  Caspase-3 activity was mea-
sured using the fluorogenic substrate Ac-DEVD-AMC.  DNA fragmentation was
used to evaluate cell apoptosis.  Results: A time- and dose-dependent decrease
in cellular glutathione content was observed, along with a concomitant increase in
malondialdehyde levels following the application of CCl4.  Caspase 3 activity was
stimulated at all doses of CCl4, with the most significant activation at 3 mmol/L.
Cytochrome c was released obviously after CCl4 treatment.  A time-dependent
decrease in Bcl-XL expression was observed.  DNA fragmentation results revealed
apoptosis and necrosis following CCl4 treatment.  Conclusion: Oxidative damage
is one of the essential mechanisms of CCl4 hepatotoxicity, which triggers apoptosis
via the mitochondria-initiated pathway.
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Carbon tetrachloride (CCl4) is a typical poison that
induces severe oxidative stress followed by activation of
caspase 3 in rat liver[10].  Moreover, GSH depletion and MDA
induction by CCl4 are evident in rat primary hepatocytes and
HepG2, a human hepatoma cell line[11].  However, it is cur-
rently unclear whether both oxidative stress and apoptosis
occur in rat primary hepatocytes induced by CCl4.

Mitochondrial damage by CCl4 is involved in the
apoptotic process in vivo, during which caspase 3 is acti-
vated[10].  A histological study suggests that apoptosis is
additionally induced by CCl4 in liver[12].  However, the path-
way by which CCl4 mediates apoptosis in rat primary hepa-
tocytes is currently unknown.

In the present report, CCl4 mediation of the expression
and activation of different proteins involved in apoptotic
cell death is investigated.  Moreover, the relationship be-
tween peroxidative damage and apoptosis induced by CCl4

in rat primary hepatocytes is explored.

Materials and methods

Materials and culture of hepatocytes  CCl4 and Me2SO
were purchased from Shanghai Chemical Reagent Company
(Shanghai, China).  CCl4 was dissolved in 10% Me2SO HBS
solution (in mmol/L:  HEPES 33, NaCl 160.8 mmol/L,  KCl
3.15 mmol/L, Na2HPO4·12H2O 0.7 mmol/L) and diluted to
final concentration of 0.1 mmol/L, 0.3 mmol/L, 1 mmol/L,
3 mmol/L, and 9 mmol/L, respectively.

Hepatocytes were isolated from Sprague-Dawley male
rats (180 g–220 g) by 2-step collagenase perfusion, as de-
scribed previously[13–15], with some modifications.  Collage-
nase IV was purchased from Sigma Chemical Company (St
Louis, USA).  Hepatocytes were seeded on collagen-coated
plastic dishes at a density of 3×105 viable cells/mL, and cul-
tured in Ham’s F-12/Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen, Carlsbad, CA, USA) (1:1) medium
supplemented with 15% fetal bovine serum (PAA
Laboratories, Linz, Austria), 0.1 g/L penicillin (Shanghai
Fourth Pharmaceuticals, Shanghai, China), 0.07 g/L strepto-
mycin (Shanghai Fourth Pharmaceuticals, Shanghai, China)
and 0.2% bovine serum albumin (Roche, NJ, USA).  After
3 h, the medium was altered.  Cells were incubated in medium
containing different concentrations of CCl4 solution.

Cell viability and lactate dehydrogenase leakage
assay  Rat primary hepatocytes were treated with CCl4 for
20 h, and the general viability of cultured cells was assayed
at 450 nm with the Cell Counting Kit-8 (Dojindo Laboratories,
Tokyo, Japan).

Hepatocytes were seeded on collagen-coated 96-well

microtiter plates at a density of 3×104 cells/well.  After treat-
ment with increasing concentrations of CCl4 for 20 h, lactate
dehydrognase (LDH) released into the culture supernatants
was measured in a 3-min coupled enzymatic assay that
results in the conversion of a tetrazolium salt (NBT) into a
formazan product[16].  The amount of color formed is propor-
tional to the number of lysed cells.  Visible wavelength ab-
sorbance data at 490 nm were collected using a standard 96-
well plate reader (SOFTmax® PRO, Molecular Devices,
Sunnyvale, CA, USA).

General morphology of cultured cells  Hepatocytes were
cultured with CCl4 for 20 h, and cell morphology was exam-
ined using inverted microscopy.

Intracellular glutathione content assay  Hepatocytes
were treated separately with CCl4 for 4 h, 8 h, 12 h, 16 h, or
24 h.  Cells in monolayers were gently washed 3 times with
phosphate-buffered saline (PBS) (pH 7.4), scraped in ice-cold
PBS, and sonicated intermittently 3 times.  Cell homogenates
were added to solution containing 10% trichloroacetic acid
and 20 mmol/L EDTA-Na2.  The mixture was centrifuged for
5 min at 3000×g.  The suspension was mixed with buffer
(0.4 mmol/L Tris-HCl, 20 mmol/L EDTA-Na2) and 5,5'-dithio-
bis(2-nitrobenzoic acid) (DTNB), and measured at a wave-
length of 412 nm within 5 min.  Reduced pure GSH was used
to obtain a standard curve.

Lipid peroxidation assay for malondialdehyde   Malondi-
aldehyde levels were measured spectrophotometrically
using a thiobarbituric acid (TBA) fluorescence assay.  Cell
homogenates were mixed with solution (20 mmol/L TBA/
glacial acetic acid, 1:1), and heated for 60 min at 100 oC in a
water bath.  After cooling down, the mixture was extracted in
methanol and centrifuged for 10 min at 5000×g.  The suspen-
sion was measured in a fluorimeter with excitation at 515 nm
and emission at 550 nm.

Western blot analysis  Hepatocytes were scraped in ice-
cold PBS obtained by centrifugation at 300×g for 5 min.  Cells
were gently lysed for 30 s in 75 µL ice-cold buffer containing
250 mmol/L sucrose, 1 mmol/L edetic acid, 0.05% digitonin,
25 mmol/L Tris, pH 6.8, 1 mmol/L dithiothreitol, and protease
inhibitor (10-3 g/L leupeptin and aprotinin, and 0.1 mmol/L
phenylmethylsulfonyl fluoride).  Lysates were then homog-
enized through a 26-gauge needle for 30 passages and cen-
trifuged twice at 800×g for 20 min at 4 oC.  The pooled super-
natant was centrifuged at 10 000×g for 10 min at 4 oC to col-
lect the mitochondria fractions.  This supernatant was then
transferred to fresh tubes and centrifuged at 16 000×g for
20 min at 4 oC to remove any residual mitochondria.  The
supernatant was stored as the cytosolic fraction of
hepatocytes.  Cytosolic and mitochondria fractions were
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subjected to 15% sodium dodecyl sulphate-polyacrylamide
gel electrophoresis.  The gel was transferred to a PVDF
membrane.  Monoclonal rat anti-cytochrome c antibody was
purchased from Neomarkers (Lab Vision & NEOMARKERS,
UK) and polyclonal rat anti-bcl-XL antibody was from Cell
Signaling Technology (Beverly, MA, USA).  Following in-
cubation with horseradish peroxidase-conjugated second-
ary antibody (Rockland, Gilbertsville, PA, USA), the blot was
developed using the enhancing chemiluminescence detec-
tion system.

Caspase 3 activity assay  Following incubation of hepa-
tocytes in the absence of CCl4 for the indicated times, caspase
3 activation was measured with the Caspase 3 assay kit (BD
Biosciences Pharmingen, San Diego, CA, USA).  In brief,
culture cells were washed with ice-cold PBS (pH 7.4), and
lysed in buffer provided by the kit for 30 min on ice.  Reac-
tion mixtures containing Ac-DEVD-AMC and cell lysates in
buffer were incubated for 1 h at 37 oC.  AMC liberated from
Ac-DEVD-AMC was measured in a fluorimeter with excita-
tion at 380 nm and emission at 460 nm.

DNA gel electrophoresis assay  Cultured cells were
washed 3 times with ice-cold PBS, scraped in the same PBS,
and collected by centrifugation for 5 min at 600×g.  Cells
were resuspended in 10 mmol/L EDTA and 50 mmol/L Tris-
HCl (pH 8.0) containing 0.5% sodium lauryl sarcosinate and
0.5 g/L proteinase K, and incubated for 60 min at 50 oC.  Next,
10 mmol/L EDTA containing 0.25% bromophenol blue and
40% sucrose was mixed with each DNA extract.  Individual
extracts were loaded into the wells of a 2% agarose gel con-
taining 3×10-3 g/L ethidium bromide.  Electrophoresis was
carried out in 40 mmol/L Tris-HCl containing 40 mmol/L ace-
tic acid and 1 mmol/L EDTA.

Statistical analysis   Data were entered into a database
and analyzed using SPSS software.  Group mean values and
standard deviations were calculated.  After homogenetic
analysis, homogeneous data were analyzed with one-way
analysis of variance and a post hoc test of least significant
difference.  Heterogeneous data were analyzed using the t-
test.  P<0.05 was considered statistically significant.

Results

Cytotoxicity induction by CCl4 in rat primary hepato-
cytes  Cells were exposed to 0.1–9 mmol/L  CCl4 for 20 h, and
viability was measured.  Cell viability decreased in a dose-
dependent manner (Table 1).

Intracellular LDH release as a result of plasma membrane
breakdown and alteration of permeability was evaluated.   A
dose-dependent increase in LDH release in rat primary hepa-

tocytes was observed in the presence of CCl4 (Table 2).
Hepatocyte morphology   Cultured cell morphology ex-

amination revealed that 9 mmol/L CCl4 significantly inhibited
the confluence of cultured hepatocytes (Figure 1).

Glutathione depletion  CCl4 induced a dose- and time-
dependent depletion of GSH in rat primary hepatocytes.  The
GSH level was significantly reduced after cell incubation with
1 mmol/L CCl4 for 8 h, 12 h, 16 h, and 24 h, but not at 4 h.  The
exhaustion of GSH was observed initially with 3 mmol/L CCl4

after a 16-h incubation (Figure 2).
Malondialdehyde formation  We observed dose- and

time-dependent induction of MDA formation in the pres-
ence of CCl4 in rat primary hepatocytes.  CCl4 induced sig-
nificant amounts of MDA at concentrations of 3 mmol/L and
9 mmol/L after a 12-h incubation and at 0.3–9 mmol/L after
20 h.  There was no evident MDA induction after 4 h of CCl4

treatment at all the doses tested (Table 3).
Cytochrome c release   Cytochrome c was detected in

the cytosolic fractions of hepatocytes.  Hepatocytes were
treated with 0.3, 1, 3 and 9 mmol/L CCl4 up to 16 h.  CCl4

induced time-dependent cytochrome c release in rat primary
hepatocytes.  Evident dose-dependent release of cytochrome
c was observed at 4 h and 8 h (Figure 3A).  In contrast, a
dose- and time-dependent decrease in mitochondria cyto-

Table 1.  Cytotoxicity of CCl4 in the rat primary hepatocytes.
n=4. Mean±SD. cP<0.01 vs control group.

     CCl4/mmol·L-1          Cell viability of control group/%

0 100
0.1   82.5±6.0c

0.3   72.4±5.3c

1   68.2±4.4c

3   61.8±4.4c

9   47.3±2.9c

Table 2.  Intracellular lactate dehydrogenase release induced by CCl4

after 20 h.  n=5. Mean±SD. cP<0.01 vs control group.

 CCl4 /mmol·L-1               A490             Fold change in absorbance
                                                          compared with control group

0 0.0047±0.0044  1
0.1 0.0025±0.0023  0.54±0.04
0.3 0.0098±0.0095  2.05±0.15c

1 0.0321±0.0035  6.73±0.49c

3 0.0869±0.0051 18.23±1.17c

9 0.1499±0.0063 31.43±2.28c
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chrome c was observed (Figure 3B).
Caspase 3 activation by carbon tetrachloride   Caspase

3 activity was examined in cultured hepatocytes treated with

Figure 1.  Light micrographs of rat primary hepatocytes at 20 h after treatment with CCl4.  (A) Control cells;  (B) CCl4 3 mmol/L;  (C)CCl4

9 mmol/L.  ×20.

Table 3.  Time and dose course of malondialdehyde (MDA) content
in rat primary hepatocytes treated with CCl4. n=4.  Mean±SD. bP<
0.05 vs 12 h control. eP<0.05 vs 20 h control.

 CCl4/mmol·L-1                      MDA/µmol·g-1 protein
                      4 h          12 h           20 h

0 0.041±0.004 0.038±0.006 0.022±0.003
0.1 0.043±0.001 0.046±0.002 0.021±0.013
0.3 0.038±0.004 0.038±0.004 0.026±0.006e

1 0.048±0.018 0.042±0.004 0.026±0.006e

3 0.036±0.003 0.054±0.001b 0.029±0.001e

9 0.042±0.002 0.053±0.003b 0.040±0.007e

Figure 2.  Levels of  glutathione (GSH) measured in rat primary
hepatocytes  with increasing concentrations of CCl4.  Results are
e x p r e s s e d  a s  G S H  c o n t e n t  ( m m o l )  p e r  1 0 6 c e l l s .  n=4 .
Mean±SD. cP<0.01 vs control (CCl4  0 mmol/L).

Figure 3.   Effect of CCl4 on cytochrome c release from mitochon-
dria into the cytosol in rat primary hepatocytes. Cytochrome c was
analyzed in the cytosolic (A) and mitochondrial (B) fractions of
hepatocytes treated with increasing concentrations of CCl4 for up
to16 h.
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increasing concentrations of CCl4 for 8 h.  A dose-depen-
dent increase in caspase 3 activity was observed in the pres-
ence of 0.3–3 mmol/L CCl4, which decreased slightly at
9 mmol/L CCl4 (Table 4).

Bcl-XL analysis  Bcl-XL protein levels were analyzed in
cultured hepatocytes treated with different concentrations
of CCl4.  Hepatocytes were exposed to CCl4 for 4 h, 8 h and
16 h (Figure 4).  No significant dose-dependent change was
observed, but a time-dependent decrease in Bcl-XL expres-
sion was observed.

DNA fragmentation  To confirm whether CCl4 induces
DNA fragmentation in rat primary hepatocytes, DNA was
extracted from treated cells.  No ladder was observed in con-
trol cells at 0 h, 8 h, or 20 h of CCl4 treatment.  Apoptosis was
initially observed in the presence of 9 mmol/L CCl4 after 8 h
treatment, followed by 3 mmol/L and 1 mmol/L CCl4 after 20 h
treatment (Figure 5).

Discussion

Carbon tetrachloride is a typical hepatotoxin used in liver
injury research.  Early studies showed that the damage in-
duced by CCl4 in liver is partly involved in the apoptosis
pathway in vivo.  At least 2 different apoptosis pathways –
the mitochondrial pathway and the death-receptor pathway
– lead to caspase activation[17].  Although past reports have
disclosed caspase 3 activation and other histopathological
changes in CCl4-induced apoptotic hepatocytes[10,12], little is
known about the precise molecular mechanisms of apoptosis
induction.  In this study, we investigated the molecular
mechanism of CCl4-induced apoptosis in rat primary
hepatocytes.  Release of cytochrome c first occurred at 4 h
and then up to 16 h (Figure 3A).  On the other hand, cyto-
chrome c remaining in the mitochondria was found to de-
crease in a dose- and time-dependent manner (Figure 3B).  In
addition, it was found that caspase 3 was significantly acti-
vated after 8 h at all doses (Table 4).  As a result of caspases
cascade activation, DNA fragmentation first appeared at
9 mmol/L after 8 h and formed at all concentrations after 20 h
(Figure 5).  It is well known that cytochrome c released from
mitochondria into the cytosol triggers the activation of
caspase 9 and caspase 3 in the mitochondrial pathway.  In
view of this, we propose the involvement of the mitochon-
drial pathway via cytochrome c release in CCl4-induced
apoptosis.

In the present study, we investigted the level of Bcl-XL,
an anti-apoptotic protein, in CCl4-induced apoptosis in rat

Table 4.  Dose-course analysis of caspase 3 activation after 8 h treat-
ment of CCl4.  n=4.  Mean±SD.  cP<0.01 vs control group.

   CCl4/mmol·L        Caspase 3 activity/fluorescence·h-1·g-1 protein

0   685±85
0.3 1040±44c

1 1227±55c

3 1442±30c

9 1062±55c

Figure 4.  Effect of CCl4 on Bcl-XL expression in rat primary hepato-
cytes treated with 0.3 mmol/L, 1 mmol/L, 3 mmol/L, and 9 mmol/L
CCl4 for up to 16 h.

Figure 5.  DNA fragmentation in rat primary hepatocytes treated
with CCl4 1 mmol/L, 3 mmol/L and 9 mmol/L CCl4 for 8 h and 20 h.
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primary hepatocytes.  Bcl-XL, the only member of the Bcl-2
family present in hepatocytes, is one of the markers used to
identify apoptosis in rat primary hepatocytes[18].  Bcl-XL

exerts an anti-apoptosis function by interacting with cy-
tochrome c, either directly or indirectly via Apaf-1, which
binds to both Bcl-XL and cytochrome c[2,4,19,20].  Therefore,
decreased Bcl-XL levels and increased cytochrome c re-
lease are specific biomarkers for the mitochondrial pathway of
apoptosis[18].  In our experiments, cytochrome c levels in-
creased markedly after a 8-h CCl4 treatment with a concomi-
tant decrease in Bcl-XL protein expression.  Bcl-XL may not
execute its anti-apoptotic function once large amounts of cy-
tochrome c are released from the mitochondria when the cell is
over-exposed to stimuli, for example, lipid peroxidation in-
duced by CCl4 in this system.  These findings strongly
suggest the involvement of cytochrome c release from
mitochondria accompanied by Bcl-XL regulation in CCl4-
induced apoptosis in rat primary hepatocytes.

Hepatic injury through CCl4-induced lipid peroxidation
is used extensively in experimental models to elucidate the
cellular mechanisms behind oxidative damage[11,21–23].  In the
present study, we confirm time- and dose-dependent deple-
tion in the intracellular GSH content after CCl4 treatment.
MDA, an important lipid peroxidation product, increased in
a time- and dose-dependent manner in our system.  The data
suggest that oxidative damage is one of the essential mecha-
nisms of hepatotoxicity induced by CCl4 in vitro.

The relationship between ROS and apoptosis has been
under investigation for a number of years[4,9].  ROS play im-
portant roles in apoptosis initiated in mitochondria[24,25].  It
has been documented that GSH depletion and MDA increase,
events observed frequently during oxidative damage, are
inducers of mitochondrial permeability transition (MPT)[11,26].
Triggering of MPT leads to the release of several different
factors relevant to apoptosis, such as cytochrome c, Apoptosis-
inducing factor (AIF), and endonuclease G[2,8,9,27].  In this study,
we demonstrated GSH depletion, MDA increase and apoptosis
initiated from mitochondria of CCl4-treated rat primary
hepatocytes.  Our results collectively indicate that CCl4 in-
duces apoptosis partly via a mitochondria-dependent
pathway, dependent on ROS production in rat primary
hepatocytes.

To elucidate other possible mechanisms of CCl4-induced
apoptosis, we analyzed the expression of endonuclease G, a
caspase-independent apoptotic protein released from mito-
chondria that translocates to the nucleus during apopto-
sis[28,29].  Western blot analysis of endonuclease G revealed
no evident release in rat primary hepatocytes treated with
CCl4 (data not shown).  The finding implies that endonu-

clease G does not participate in apoptosis induced by CCl4.
In summary, our results confirm that oxidative damage is

one of the essential mechanisms of hepatotoxicity induced
by CCl4.  Moreover, mitochondria-initiated apoptosis trig-
gered by ROS plays an important role in this hepatotoxicity
in rat primary hepatocytes.
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Introduction
Reproduction including mating, pregnancy, and lacta-

tion is an energy-demanding process.  In normal circum-
stances, energy intake and expenditure from food is used for
essential life activities such as maintenance of basal body
temperature, cellular metabolism, fertility and storage of en-
ergy in fat tissue.  When the food intake is limited or when an
inordinate fraction of the available energy is diverted to other
uses such as exercise or fattening, reproductive attempts are
sacrificed in favor of more critical life activities[1,2].  The nega-
tive energy balance, as typified by fasting, anorexia nervosa
or exercise-induced amenorrhea, is associated with a sup-

pression of reproductive function and ovarian cyclicity.
Appropriate regulation of reproduction, energy intake and
energy expenditure, and thus maintenance of body weight
and fertility, relies on complex hypothalamic neuro-circuitry,
which serve as key signals to integrate and/or coordinate
the status of energy balance and the neuroendocrine repro-
ductive axis.  Many neuropeptides that have been shown to
play a role in the regulation of food intake have overlapping
functions in the regulation of reproductive function[3].

Successful reproduction and thus survival of the spe-
cies in mammals is dependent on the GnRH pacemaker.  The
network of neurons that controls GnRH secretion is not yet
defined, but it is thought to be the final common pathway
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through which many factors influence gonadal activity, in-
cluding metabolic status[4].  GT1-7 cells, a subclone of the
GT1 cell line, were developed by targeting expression of the
potent oncogene, SV40 T-antigen, with the regulatory re-
gion of GnRH gene, has been shown to faithfully exhibit
many of the known characteristics of GnRH neurons.  To
date, the GT1 cells have proven to be the best characterized
cell model available to study biology of the hypothalamic
GnRH neurons[5].

In the last few years, the receptors for several families of
neurotransmitters known to modify GnRH secretion have
been identified on GT1 cells, and the stimulatory or inhibi-
tory activity of the corresponding ligands on GnRH secre-
tion has been documented[6–8].  Here we used the GT1-7 cells
to investigate the expression of some feeding-related pep-
tide receptors mRNA and the effects of leptin and orexins on
GnRH secretion.

Materials and methods

 Cell culture and reagents  GT1-7 cells kindly provided
by Dr KNOBIL (University of Texas-Houston Medical School,
Houston, Texas, USA), were maintained in high-glucose
Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% fetal calf serum at 37 °C in an atmosphere of 5%
CO2+95% air.  GnRH antiserum was the generous gift of Dr
KNOBIL.  GnRH, chloramine T, sodium pyrosulfite, leptin,
bacitracin, orexin A, and orexin B were purchased from Sigma-
Aldrich (St Louis, MO, USA).  TRIZOL Reagent was pur-
chased from GIBCO-BRL (Gaithersburg, Maryland, USA).
SuperScript II reverse transcriptase was obtained from Life

Technologies (Rockville, USA). All oligodeoxynucleotides
were synthesized from Biosia Co Ltd (China).

RT-PCR analysis  Total RNA was isolated from GT1-7
cells and rats hypothalamus by the TRIZOL extraction
method.  The first-strand cDNA was synthesized from 1−10
µg deoxyribonuclease treated RNA using SuperScript II re-
verse transcriptase.  The RT reaction was primed with oligo.
The specificity of each amplification reaction was monitored
by control reactions with RT omission reaction.  Because all
these receptors have previously been reported in the hypo-
thalamus, we used the rat hypothalamic tissue as a positive
control.  Polymerase chain reaction (PCR) amplifications were
performed with 1.25 U Taq polymerase from Sangon in a 50-
µL reaction for 35 cycles (1 min at 94 °C, 45 s at 55–60 °C,
1 min at 72 °C).  The primers selected were shown in Table 1.
PCR products were electrophoresed in 1.5% agarose and
visualized by ethidium bromide staining.

Static incubation  For GnRH secretion studies, GT1-7
cells were plated in 24-well multiwell plates at a density of
2×105 cells/well and grown in culture for 3–4 d, the medium
was replaced by DMEM with 0.2% BSA 16 h before the
experiments.  Confluent cells were washed three times with
Locke’s mediums (NaCl 154 mmol/L, KCl 5.6 mmol/L, CaCl2

2.2 mmol/L, MgCl2 1 mmol/L, NaHCO3 6 mmol/L, glucose 10
mmol/L, HEPES 2 mmol/L) containing 0.2% bovine serum
albumine (BSA), 20 µmol/L bacitracin and then were treated
with or without leptin, orexin A and B at a cohort of concen-
trations for 15, 30, and 60 min in Locke’s medium.  At the end
of incubation period, media were stored at -80 ºC until radio-
immunoassay (RIA) for GnRH.

 RIA The concentration of GnRH released into the me-

Table 1.  Primers used for PCR amplification.

        PCR products                                                   Sense primer (5'–3')                       Antisense primer (5'–3')                  bp

Bombesin3 receptor agacctgtgcaaaagctggt gtcaccaagaggaggctcag 590
Cholecystokinin-A receptor tcagtgacctcatgctttgc tctgcaagtaacagccatcg 585
Cholecystokinin-B receptor aaggccgtttcctacctcat ccatcactgtcttccccagt 512
Glucagon-like peptide 1 receptor ctggtggaaggcgtgtatct cagcatttccgaaactccat 518
Melanin-concentrating hormone 1 receptor ctccgatggccaggataat gccacacaggagtgatgcta 488
Orexin 1 receptor tgctgatggtagtcctgctg gcttaggggacacaacctca 511
Orexin 2 receptor cagagcaaggctcggattag gggcctcttctctcagacct 555
Neuromedin-B receptor tcagaagtagcacgcattgg agcaaagggattgacacagg 426
Neuropeptide 1 receptor ctgatggaccactgggtctt tgattcgcttggtctcactg 481
Neuropeptide 5 receptor cgcttccatctcaagcaga gccaggttgcctatgagaaa 405
Neurotensin 2 receptor gttctcccctttgggaactc gtcactgccgagctgacata 418
Neurotensin 3 receptor ggctgcattttgggctataa tcctcatctgagtcgtcgtg 575
Neurotensin 1 receptor tgtctgacctgctcatcctg catgacggtcagtttgttgg 470
Leptin long form receptor caaaccccaagaattgttcctg ttccactgttttcacgttgctg 368
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dium (1 mL/well) was measured by RIA in duplicate.  GnRH
was iodinated by chloramine T technique as described[9].
Purification was achieved on a sephadex G25 column, using
0.1 mol/L acetic acid with 0.25% BSA as eluant.   Aliquots of
medium (150 µL) were cultured with 50 µL polyclonal antise-
rum (1: 24 000) for 24 h at 4 °C.  The antigen-antibody com-
plex was precipitated with a goat anti-rabbit g-globulin and
ethanol.  The limit of detection was 0.5 pg/tube, and the
intra-assay coefficient of variation was 6.7%.

 Statistical analysis  For assessment of statistical signifi-
cance, data were analyzed using analysis of variance.  Com-
parisons between individual pairs were determined using
Student’s t-test.  Statistical significance was defined as
P<0.05.

Results
 RT-PCR analysis of the feeding-related peptide recep-

tors transcript in GT1-7 cells  Feeding-related peptide is
known to have a profound effect on the regulation of repro-
ductive function through the GnRH neuron, however, it is
not yet known whether the GnRH neuron itself contains re-
ceptors for them.  The expression of orexin, neurotensin,
neuropeptide Y (NPY), glucagon-like peptide 1 (GLP-1), mela-
nin-concentrating hormone (MCH), cholecystokinin (CCK),
leptin, neuromedin B and bombesin receptor mRNA were
analyzed.  Our results confirmed that bombesin3, CCK-B,
GLP1, MCH1, orexin1, neuromedin-B, NPY1, NPY5, NT1, NT3
and leptin long form receptor mRNA were expressed in GT1-7
cells, the amplified fragments were identical in size to those
amplified by total RNA derived from the rat hypothalamus,
which was used as the positive control.  No amplification
fragment was obtained from RNA samples when the incuba-
tion with RT was omitted, a fact that excludes contamination
of the samples with genomic DNA and the pseudo-positive
bands, in which, GLP1, neuromedin-B, NPY1, and NT3 re-
ceptor were highly expressed in GT1-7 cell line.  Additionally,

though the primers designed for orexin2, NT2, CCK-A recep-
tor cDNA amplified the fragments of the expected size with
rat hypothalamic RNA (data not shown), no amplified frag-
ment was generated with GT1-7 RNA, indicating that the
GT1-7 cells did not express mRNA for them (Figure 1).

 Dose-response effect of leptin on GnRH release from
GT1-7 cells  In experiments conducted under static
conditions, GT1-7 cells were treated with leptin for 15, 30,
and 60 min, and GnRH peptide levels in the medium were
measured by RIA (Figure 2).  Exposure of GT1-7 cells to
leptin resulted in dose-dependent stimulation of GnRH re-
lease at concentrations of 0.1, 1, 10, and 100 nmol/L with
rapid effect.  The most profound changes of GnRH release
were induced at the dose of 0.1 nmol/L after 15 min, with an
increased extension of 1.5 fold (vs basal release, 2.69±0.49
pg/tube vs 1.87±0.33 pg/tube).  However, as mentioned above,
the release of GnRH was routinely measured after 30 and 60
min, extending leptin treatment in GT1-7 cells did not further
increase the stimulation of GnRH secretion.

Figure 1.  Expression of the feeding-related peptide receptors mRNA in GT1-7 cells.  1: bombesin3 receptor; 2: CCK-A receptor; 3: CCK-B
receptor; 4: GLP1 receptor; 5: MCH1 receptor; 6: orexin1 receptor; 7: orexin2 receptor; 8: neuromedin-B receptor; 9: NPY5 receptor; 10:
NPY1 receptor; 11: NT2 receptor; 12: NT3 receptor; 13: NT1 receptor; 14: leptin long form receptor.  Note the presence of the receptor of
bombesin3, CCK-B, GLP1, MCH1, orexin1, neuromedin-B, NPY 1 and 5, NT1 and 3, leptin long form PCR products of the appropriate size
in GT1-7 cells, and no amplified fragments of receptor of orexin 2, NT2, and CCK-A cDNA were generated.

Figure 2.  Effect of leptin on the release of GnRH by GT1-7 cells
(static incubation).  GT1-7 cells were treated with leptin (0.01–100
nmol/L) for 15, 30, or 60 min.  GnRH released into the medium was
assayed by RIA.  n=8–10.  Mean±SEM.  bP<0.05, cP<0.01 vs control
(Tukey test).
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 Effect of orexin A and B on release of GnRH from GT1-7
cells  Using RT-PCR, we observed readily detectable orexin 1
receptor mRNA in GT1-7 cells.  To verify whether orexin re-
ceptors play a physiological role in these cells, the effects of
orexin A and B on the release of GnRH were subsequently
investigated.  GnRH secretion has previously been shown
to be stimulated by orexin A from hypothalamic explants in
male rats and females at proestrus.  However, in GT1-7 cells,
we were unable to detect a similar stimulated effect, neither
orexin A nor orexin B affected basal GnRH secretion over a
wide range of concentrations ranging from 1 nmol/L to 500
nmol/L for 15, 30, and 60 min.  The positive control (56 mmol/L
KCl) significantly increased GnRH release in this study.

Discussion
In mammals, hypothalamic control of food intake involves

counter-regulation of appetite by orexigenic peptides and
anorexigenic peptides, which are produced in the central
nervous system and periphery.  Several major orexigenic sig-
nals have been identified including NPY, the orexins, MCH,
endorphins, galanin, growth hormone-releasing hormone, γ-
aminobutyric acid, and agouti-related protein, similarly, a few
major anorexigenic signals of recent interest include

bombesin, glucagon-like peptide-1 (GLP-1), corticotropin-re-
leasing hormone, CCK, cocaine and amphetamine-regulated
transcript, serotonin, neurotensin, neuromedin α-melano-
cyte-stimulating hormone, leptin, ciliary neurotrophic factor,
urocortin and dopamine[2], these essential messenger mol-
ecules serve as a communication bridge between neural pro-
cesses that regulate reproduction and energy homeostasis.

 The expression of feeding stimulant receptors mRNA of
MCH, NPY, the orexins were detected first.  Previous studies
have shown that the GnRH-releasing effect of MCH is
estrous-cycle stage dependent and it takes place only in
proestrous rats[10].  MCH has been shown to bind and acti-
vate two G-protein-coupled receptors, called MCH receptor
1 and MCH receptor 2, expressed in the human brain and
other tissues, but several non-human species (ie, rat, mouse,
hamster, guinea pig, and rabbit) did not have functional MCH
receptor 2 receptors, or encode a nonfunctional MCH recep-
tor 2 pseudogene while retaining MCH receptor 1 expres-
sion[11].  We detected MCH receptor 1 mRNA in the GT1-7
cell line by RT-PCR, suggesting that MCH released from the
median eminence might act directly on GnRH nerve termi-
nals through MCH receptor 1.  The NPY1 and NPY5 receptor
subtypes are believed to play a role in appetite control[12,13].
There was evidence that NPY stimulated GnRH release from
GT1-7 cells through a direct, Y1-like receptor-mediated ac-
tion on the GnRH neuron itself[14], further research is needed
to verify whether the NPY5 receptor exerts its effects at the
hypothalamic level by regulating the release of GnRH.

 Orexin A and B were first discovered in rats and found to
increase feed intake in these animals when administered di-
rectly into the brain.  Orexins orchestrate their actions by
orexin-1 receptor  and orexin-2 receptor.  Orexin-2 receptor is
a nonselective receptor that binds both orexin A and B, and
orexin-R1 is highly selective for orexin A[15].  It was found
that about 75%–85% of GnRH neurons contacted by orexin
fibers and approximately 85% of GnRH neurons were
colocalized with the orexin receptor 1, which provided the
basis for a functional neuroanatomical pathway[16].  In whole
hypothalamic tissue, orexin A stimulated GnRH release har-
vested from male rats and from females at proestrus, with no
effect at estrus or metestrus[17].  To further investigate the
mechanism underlying the orexins stimulating the release of
GnRH, we used the GnRH immortalized cell line GT1-7 cells.
However, we were unable to detect a similar stimulating ef-
fect of orexin A and B.  the different effects observed in
hypothalamic explants and GT1-7 cells could be explained
by differences between GnRH neurons from animal tissue
and cultured GnRH neurons.

The receptors of feeding suppressant including CCK,

Figure 3.  Neither orexin A nor orexin B cause a significant change
in GnRH release levels in GT1-7 cells.  GT1-7 cells were incubated
for 15, 30, and 60 min in 1 mL Locke’s medium with increasing
concentrations of either orexin A (A) or orexin B (B).  None of the
values analyzed reached statistical significance (P>0.05).
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bombesin, GLP-1, neuromedin, neurotensin and leptin were
also observed.  CCK is involved in the modulation/control
of multiple central functions, these actions are mediated by
at least two distinct receptors (CCK-A and CCK-B).  The
CCK-B receptor antagonist L-365,260, but not the CCK-A
receptor antagonist L-364,718 infused into the medial preop-
tic area of recently mated females blocked pregnancy.  These
findings implicated CCK acting on CCK-B receptors in the
medial preoptic area as a mediator of olfactory influenced on
reproductive physiology[18], and was further supported by
our findings that provided the first evidence of the presence
of CCK-B receptor but not CCK-A receptor mRNA in total
RNA isolated from GT1-7 cells.

 The central GLP-1 system has been implicated in the
control of feeding behavior.  GLP-1 receptor has been iden-
tified in the medial and lateral preoptic areas, regions rich in
GnRH neurons.  The GLP-1 receptor knock-out mouse had
delayed puberty[19].  We showed that GLP-1 receptor was
highly expressed in GT1-7 cells, suggesting that GLP-1 may
have a permissive role in the regulation of the reproductive
axis.

 Bombesin, neuromedin, and neurotensin are known to
be essential to the regulation of feeding behavior.  Neuro-
tensin exerts its effects through at least three receptors that
have been cloned and designated NT1 (high affinity), NT2
and NT3[20].  Dual-label in situ hybridization revealed that
NT1 mRNA was expressed in some GnRH neurons in the
OVLT/rPOA region, the percentage of dual-labeled neurons
varied significantly depending on the stage of the cycle
surge[21].  We demonstrated that NT1 and NT3 but not NT2
receptor sub-types were in fact expressed in GT1-7 cells.
Bombesin and its structurally related peptide neuromedin-B
belonged to negative regulators of appetite[22,23], the present
study provided the first evidence of the presence of bom-
besin receptor 3 and neuromedin-B receptor mRNA in GT1-7
cells, strongly supporting the possibility that hypothalamic
LHRH neurons in situ might also express these receptors.
Studies are continuing to determine whether the receptors
encoded by these mRNA mediate the actions of their neu-
ropeptides on GnRH release from GT1-7 cells.

 Leptin, a fat-derived anorexigenic hormone, has been
described to be an important peripheral signal that indicates
body fat stores to the hypothalamus and thus links nutrition
and reproductive processes.  Leptin treatment corrected
infertility, hyperinsulinemia, and hyperglycemia of ob/ob
mice, however, diet restriction alone is ineffective in restor-
ing fertility to either female or male ob/ob mice, suggesting
that obesity is not the sole cause of infertility and that leptin
may be essential for normal reproductive function[24].  Our

results seem to agree with others studies, reporting that treat-
ment of  GT1-7 cells with leptin stimulated the release of
GnRH.  Moreover, we found a rapid stimulation of leptin
after 15 min of incubation, at concentrations of 0.1–100 nmol/
L with moderate, but significant increments, which suggested
a more direct and immediate modulation of GnRH release.

 In summary, our results suggested that feeding-related
peptide receptors of bombesin3, CCK-B, GLP1, MCH1,
orexin1, neuromedin-B, NPY1,NPY5, NT1, NT3 and leptin long
form mRNA were expressed in GT1-7 cells, in which, receptor
of GLP1, neuromedin-B, NPY1 and NT3 were highly
expressed.  Additionally, no amplified fragments of orexin2,
NT2 or CCK-A receptor cDNA were generated, indicating
that the GT1-7 cells did not express mRNA for them.  Leptin
showed a rapid stimulating effect on GnRH release after 15
min incubation, and neither orexin A nor orexin B affected
basal GnRH secretion from GT1-7 cells.  The different effects
of orexin A observed in hypothalamic explants and GT1-7
cells could be explained by differences between GnRH neu-
rons from animal tissue and cultured GnRH neurons.  These
results, in accordance with previous findings, suggest that
in addition to any indirect actions, feeding-related peptides
may also exert their effects directly on hypothalamic GnRH
neurons as a results of expression of their receptors mRNA.
Feeding and reproductive function are closely linked.
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Introduction
Glomerular mesangial cells (GMC), the major cell type

synthesizing and excreting extracellular matrix (ECM) com-
ponents and various cellular factors, are one of the major
indispensable glomerular cells.  GMC proliferation can lead
to the excess production and accumulation of ECM, whose
progressive accumulation is an important character of dia-
betic nephropathy in its early stages, which can lead to glom-
erulosclerosis[1].  Recent data suggest that progressive ECM
accumulation can be detected by increasing levels of c-fos
and c-jun oncogene mRNA in the early stages of diabetic
rats.  The expression products of c-fos and c-jun form a steady
dimer (activated protein-1, AP-1), which translocates from
the cytosol to the cell membrane and binds to specific
sequences of certain ECM gene promoters, regulating the
transcription and expression of ECM components[2].  AP-1
activity can be regulated by various protein kinases as well
as protein modulation after its synthesis and translocation.
Protein kinase C (PKC) is an important molecule in cellular

signaling transcription pathways, where it is located
upstream of c-fos and c-jun.  Diabetes-induced PKC activa-
tion can induce diabetic nephropathy, for example, by modi-
fying cytoskeleton proteins, regulating ECM gene expres-
sion and promoting growth factor transcription[3,4].

Puerarin is one of the major effective extract from the
radix of Puerarin Lobata (wild) ohwi and  P thomsonii Benth.
Modern pharmacology has demonstrated that puerarin can
activate blood and eliminate stasis, improve micro-circulation,
inhibit aldose reductase activity and decrease blood glucose.
Furthermore, it has been shown to have clinical applications
in the treatment of coronary heart disease, angina, myocar-
dial infarction and diabetic nephropathy[5].  In the diabetic
nephropathy rat model where the kidney is unilaterally
removed, hypertrophy of the glomerular basement membrane
and increased PKC activity of the glomerular membrane have
been reported[3].  Puerarin can inhibit aggregation of the ECM
and improve translocation of PKC to the cell membrane.
However, it is not known whether high glucose regulates
protein expressions of c-fos and c-jun by activating PKC,
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Aim: Increased expression of c-fos, c-jun and type IV collagen (CoIV) in glomeru-
lar mesangial cells (GMC) are important characteristics of diabetic nephropathy.
Both c-fos and c-jun regulate the gene expression of extracellular matrix
components, and CoIV is the main component of the extracellular matrix.  It has
been reported that puerarin inhibits aggregation of the extracellular matrix in dia-
betic rats by an as yet unknown mechanism.  The aim of this study is to investi-
gate the effect of puerarin on c-fos, c-jun and CoIV expression in GMC cultured in
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and c-jun were measured at the protein level using flow cytometry.  CoIV content
was detected using radioimmunoassay.  Protein kinase C (PKC) activity was mea-
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nor has the underlying mechanism by which puerarin pre-
venting against diabetic nephropathy been fully demon-
strated.  In the present study, we investigate changes in
protein expressions of c-fos and c-jun, CoIV synthesis and
PKC activity of GMC cultured under high glucose conditions.
We also investigated puerarin’s effect on these changes in
order to explain the underlying mechanism by which dia-
betic nephropathy occurs and develops.

Materials and methods
Chemicals and reagents  Puerarin was purchased from

Guangdong Yantang Biochemistry (2 mL/100 mg, No  040310;
Guangdong, China).  Cell culture medium RPMI-1640
(containing 5.6 mmol/L or 27.8 mmol/L glucose) was pur-
chased from Gibco (USA).  Ethidium bromide and bromophe-
nol blue were the products of Sigma (USA).  CoIV radio-
immunoassay analysis kit was the product of Shanghai
Haiyan Medical Bio-tech Institute (No  20040328; Shanghai,
China).  Breaking membrane reagent, and c-fos and c-jun
rabbit anti-rat monoclonal antibodies and goat anti-rabbit
IgG-fluorescein-isothiocyanate (FITC) were purchased from
Santa Cruz Inc (USA).  PKC protein kinase assay kit was
purchased from Gibco (No 20040220; USA).

Cell culture  The rat GMC cell line[6] purchased from the
Nephropathy Laboratory of the Second Military Medical
University Changzheng Hospital (Shanghai, China) was
plated in 10% RPMI-1640 containing 10% fetal bovine serum
(FBS, Gibco), averaged into 2 culture containers (5 mL in
each container), and cultured in a humidified atmosphere of
95% air and 5% CO2 at 37 oC.  Before the experiment, cells
were pre-incubated with RPMI-1640 culture medium without
FBS.  After 48 h, GMC were cultured and divided into five
groups: (i) RPMI-1640 containing 5.6 mmol/L glucose; (ii)
RPMI-1640 containing 27.8 mmol/L glucose; (iii) RPMI-1640
containing 27.8 mmol/L glucose+puerarin (10-5 mol/L); (iv)
RPMI-1640 containing 27.8 mmol/L glucose+puerarin (1×10-6

mol/L); (v) RPMI-1640 containing 27.8 mmol/L glucose+
puerarin (1×10-7 mol/L).  Each group was incubated in 5%
CO2 at 37 oC.

Detection of  c-fos and c-jun protein expression in GMC
using flow cytometry  Glomerular mesangial cells (2×106) were
collected after they were cultured for 24 h, 48 h, or 96 h.
Breaking membrane reagent 1 (Santa Cruz Inc, USA) was
added to cell pellets, which were homogenized, fixed at 25 oC
for 15 min, washed with phosphate-buffered saline (PBS)
and centrifuged at 300×g for 5 min, and the supernatant was
removed.  Breaking membrane reagent 2 was then added to
the remaining pellet, which was homogenized, dissolved at
25 oC for 5 min and incubated with rabbit anti-rat c-fos or c-

jun protein polyclonal antibodies for 30 min at 25 oC.  The
first antibody was then washed out using PBS, and cells
were incubated at 25 oC for 20 min with goat anti-rabbit IgG-
FITC.  After the second PBS washes, cells were suspended
in 0.5% formaldehyde and detected using a flow cytometer
(Becton Dickinson Co, USA).  The Cell QuestTM analysis
system was used to detect c-fos and c-jun positive cells

Type IV collagen content in the supernatant of GMC
After GMC (1×106) were cultured for 24 h, 48 h or 96 h, the
supernatants from the cell cultures were collected to mea-
sure CoIV content using a competitive radioimmunoassay.
Samples were homogenized with type-IV-collagen labeled by
125I, incubated at 4 oC overnight.  The secondary antibody
was then added to the assay system and incubated at 4 oC
for 60 min.  The supernatant was removed by centrifugation
at 10 000×g for 10 min and the radioactivity in the pellet was
counted.

Protein kinase C activity   After GMC (2×106) had been
treated for 24 h, the homogenate was prepared with 2 mL
PBS, and centrifuged at 100 000×g (4 oC) for 1 h.  The super-
natant containing PKC from the cytosol, was collected and
stored separately.  PBS containing 0.1% Triton X-100 was
added to the pellet.  The mixture was bathed in ice, extracted
for 30 min, centrifugated at 100 000×g (4 oC) for 30 min, and
the remaining particles are PKC.  The protein content was
measured using a coomassie brilliant blue assay (to quantify
PKC activity), and PKC activity was measured using a liquid
scintillation counter (LS2000; Beckman Coulter, USA).  The
units are presented as pmol·min-1·mg-1 protein.

Statistical methods  Differences between groups were
analyed by one-way ANOVA with SPSS 10.0 software, and
the results were expressed as mean±SD.  P<0.05 was consid-
ered to be statistically significant.

Results
Protein expressions of c-fos and c-jun in different GMC

groups   Of the GMC cultured in RPMI-1640 for 24 h, 48 h and
96 h, protein expression of c-fos and c-jun was higher in the
27.8 mmol/L glucose group than in the 5.6 mmol/L glucose
group (P<0.01).  At 24 h and 48 h, protein expression of c-fos
and c-jun in cells cultured in RPMI-1640 containing 27.8
mmol/L glucose+puerarin (1×10-5 mol/L) decreased signifi-
cantly compared with those cultured in 27.8 mmol/L glucose
alone (P<0.05).  At  96 h, protein expression of c-jun was still
increased, but protein expression of c-fos decreased.  At 48 h,
protein expression of c-fos and c-jun in the 27.8 mmol/L
glucose+puerarin (10–6 mol/L) group decreased markedly
compared with cells cultured in RPMI-1640 containing 27.8
mmol/L glucose alone (P<0.05).  These results suggest that
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protein expression of c-fos and c-jun in GMC may be in-
creased at an early stage after treatment with high concen-
trations of glucose (27.8 mmol/L), but the increase in c-jun
expression was sustained for longer than that of c-fos,
Puerarin can inhibit GMC protein expression of c-fos and c-
jun under high concentrations of glucose (27.8 mmol/L)
(Tables 1, 2)

Type IV collagen synthesis in different GMC groups  At
24 h, 48 h and 96 h of the investigation, CoIV synthesis in the
27.8 mmol/L glucose group was higher than in the 5.6 mmol/L
glucose group (P<0.05).  CoIV synthesis in the 27.8 mmol/L
group was also higher than in the 27.8 mmol/L glucose+
puerarin (10-5 and 10-6 mol/L) groups (P<0.05).  These results
indicate that high glucose concentrations (27.8 mmol/L) can
increase CoIV synthesis in GMC, which can be partly inhib-
ited by puerarin (Table 3).

Protein kinase activity in different GMC groups  At 24 h
and 48 h of the investigation, the PKC activity in the cytosol
decreased.  However, in the granule (which included mem-
brane and nucleolus) of the high glucose concentration

group (containing 27.8 mmol/L glucose), PKC activity was
increased significantly compared with the low glucose con-
centration group (containing 5.6 mol/L glucose) (P<0.01).
PKC activity in the membrane fraction from the high glucose

Table 1.  Effect of puerarin on protein expression of c-fos in glomerular mesangial cells. n=5. Mean±SD. bP<0.05, cP<0.01 vs Glucose (5.6
mmol/L). eP<0.05, fP<0.01 vs Glucose (27.8 mmol/L). FI, fluorecence intensity; PPC, percentage of positive cells.

           
 Group

                                              24 h                                       48 h                                             96 h
                               FI                      PPC              FI               PPC                    FI                        PPC

Glucose (5.6 mmol/L) 10.54±0.87   9.06±0.84 12.62±1.56 10.41±0.81 10.86±1.33      8.96±1.25
Glucose (27.8 mmol/L) 13.16±1.29c 10.97±1.04c 14.96±1.44b 11.53±0.96b 12.18±1.07    10.11±1.63
Glucose (27.8 mmol/L) 10.62±0.91f   9.51±0.87f 13.12±0.95e 10.28±0.71e 11.38±1.43      9.56±1.39
+puerarin (10-5 mol/L)
Glucose (27.8 mmol/L) 11.84±1.21   9.94±0.65 13.31±1.29e 10.39±1.02e 11.90±1.02      9.77±1.26
+puerarin (10-6 mol/L)
Glucose (27.8 mmol/L) 12.81±1.35 10.42±0.92 14.51±0.82 10.81±0.82 11.88±0.95    10.03±1.04
+puerarin (10-7 mol/L)

Table 2.  Effect of puerarin on protein expression of c-jun in glomerular mesangial cells.  n=5. Mean±SD. bP<0.05, cP<0.01 vs Glucose (5.6
mmol/L). eP<0.05, fP<0.01 vs Glucose (27.8 mmol/L). FI, fluorescence intensity; PPC, percentage of positive cells.

           
 Group

                                                24 h                                         48 h                                                96 h
                                                        FI                         PPC                FI                  PPC                      FI                      PPC

Glucose (5.6 mmol/L) 14.98±0.72 10.65±0.92 15.04±0.76 10.40±0.68 15.82±0.67 10.91±1.37
Glucose (27.8 mmol/L) 19.06±0.88c 10.97±1.18c 19.13±1.02c 14.32±0.94c 17.36±1.42b 12.73±0.89b

Glucose (27.8 mmol/L) 16.23±0.75f 12.61±1.34f 16.09±1.23e 11.96±0.72e 15.51±0.88f 11.64±0.73f

+puerarin (10-5 mol/L)
Glucose (27.8 mmol/L) 17.79±0.91 13.67±0.85e 17.43±0.81f 12.99±0.82f 15.96±1.21 11.76±0.81
+puerarin (10-6 mol/L)
Glucose (27.8 mmol/L) 18.24±0.69 14.22±0.69 18.75±0.94 13.83±1.09 16.35±1.36 12.58±0.48
+puerarin (10-7 mol/L)

Table 3.  Effect of puerarin on type IV collagen in glomerular
mesangial cells.  n=6. Mean±SD. bP<0.05, cP<0.01 vs 5.6 mmol/L
glucose. eP<0.05, fP<0.01 vs 27.8 mmol/L glucose.

         
Group

                             Type IV collagen/µg·L-1

                    24 h       48 h              96 h

Glucose (5.6 mmol/L) 38.26±5.13 57.67±7.28 68.21±9.04
Glucose (27.8 mmol/L) 45.18±6.15b 67.55±6.45b 90.45±10.32c

Glucose (27.8 mmol/L) 39.03±5.24e 58.02±6.33e 70.33±8.29e

+puerarin (10–5 mol/L)
Glucose (27.8 mmol/L) 40.12±5.46 59.39±7.51f 77.96±9.21f

+puerarin (10–6 mol/L)
Glucose (27.8 mmol/L) 43.76±6.19 65.17±7.38 85.68±8.63
+puerarin (10–7 mol/L)
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(containing 27.8 mmol/L glucose)+puerarin (10-5 mol/L) group
decreased significantly compared with the high glucose con-
centration group (containing 27.8 mmol/L glucose).  These
results suggest that PKC can translocate from the cytosol of
GMC to the membrane under conditions of high glucose
concentrations, resulting in a sustained increase in PKC ac-
tivity in the membrane.  Puerarin can apparently inhibit such
membrane translocation (Table 4).

Discussion
Recent studies demonstrate that abnormalities in GMC

protein metabolism in various cells play a key role in the
occurrence and development of diabetic nephropathy.  GMC,
the major cell type synthesizing and excreting ECM compo-
nents and various cell factors, are a key factor in the occur-
rence and development of many diseases.  The present study
focused on GMC and discussed the excretion of CoIV, a
main component of the ECM, on a cellular level when cells
are exposed to high glucose concentrations.  The results
demonstrated that high glucose concentrations significantly
increased CoIV content in GMC, which could be effectively
inhibited by puerarin.  These results are also supported by
previous animal experiments[7].

We investigated the effect of high glucose on the pro-
tein expressions of c-fos and c-jun in mesangial cells.  The
results suggest that when GMC are treated with a high con-
centration of glucose (27.8 mmol/L) for 24 h and 48 h, nuclear
protein expression levels are higher than following treatment
with a low concentration of glucose (5.6 mmol/L).  However,
when treated with a high concentration of glucose (27.8 mmol/
L) for 96 h, c-fos nuclear protein level is approximately the
same as that in the low glucose concentration (5.6 mmol/L)
group, while c-jun nuclear protein content continues to

increase, which is the same result as in other studies[8].  This
suggests that high concentrations of glucose can induce
increases in c-fos and c-jun nuclear protein translocation.

In the condition of diabetes mellitus, hyperglycemia
results in a series of metabolic disorders and plays a key role
in the degeneration of nephrosis.  There are many mecha-
nisms by which high glucose concentrations exert patho-
logical and physiological effects, one of which is the PKC
signaling pathway.  PKC normally exists in an inactive form
in cytosol, and in an active form in the cell membrane and
nucleus.  An increase in PKC activity therefore suggests
that PKC is translocated and activated.  Various middle
products, not involved in the progression of high blood glu-
cose metabolism, can synthesize diacylglycerol (DAG), the
main activator of PKC.  Through a series of intracellular sig-
naling pathways, such PKC activation can upregulate
gene expression of ECM components, and further pro-
mote its protein expression[3,9,10].  When signals are trans-
located to the nucleolus, the transcription of certain genes is
upregulated immediately.  Most of these genes are protoon-
cogenes whose expression products exert effects within the
nucleolus.  They can also encode certain key regulatory pro-
teins and be distributed in various tissues and cells.  The
most important protooncogenes are the c-fos and c-jun gene
expression products, all of which are phosphorylated pro-
teins of middle molecular weight[4,11].  In cellular signaling
pathways, PKC is an important molecule located upstream
of c-fos and c-jun, both of which can participate in regulat-
ing gene expression of ECM components, such as CoIV,
Fibronectin and laminin.  In the promoter regions of the CoIV,
FN and LN genes there are similar sites that can combine
with c-fos and c-jun heterodimers.  We chose GMC to inves-
tigate the effect of high glucose on c-fos and c-jun protein
expression, and examine PKC activity in the membrane and
cytosol of GMC under high glucose concentrations.  The
results indicate that at the early stage of high glucose
treatment, protein expression products of c-fos and c-jun
increase at the same time.  However the duration of increased
c-jun protein expression was longer than that of c-fos, as
shown in the study of Shankland and Scholey[8].  At 24 h and 48
h of investigation, protein expression of c-fos and c-jun in
GMC in the high concentration glucose+puerarin group was
less than that of the high concentration glucose group, indi-
cating that puerarin may inhibit the increase in c-fos and c-
jun protein expression in GMC under the influence of high
glucose concentrations.  At 48 h, PKC activity in the cytosol
of the high concentration glucose group was lower than that
of the low concentration glucose group, but in the mem-
brane fraction of the high concentration glucose group, PKC

Table 4. Effect of puerarin on protein kinase C (PKC) activity in
glomerular mesangial cells. n=6. Mean±SD. bP<0.05, cP<0.01 vs 5.6
mmol/L glucose. eP<0.05, fP<0.01 vs 27.8 mmol/L glucose.

         
Group

                 PKC activity/pmol·min-1·mg-1 protein
                 Cytosol   Membrane    Total

Glucose (5.6 mmol/L) 112.3±10.6   39.7±9.6 151.3±10.2
Glucose (27.8 mmol/L)   95.6±8.2c 198.2±17.3c 294.7±14.9c

Glucose (27.8 mmol/L) 108.2±6.3f   59.1±8.9e 168.5±8.1e

+puerarin (10–5 mol/L)
Glucose (27.8 mmol/L) 105.4±7.5e   76.5±10.3e 174.9±8.7e

+puerarin (10–6 mol/L)
Glucose (27.8 mmol/L)  97.2±6.4   91.7±7.2e 189.2±6.7e

+puerarin (10–7 mol/L)
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activity was higher than that of the low concentration glu-
cose group.  As PKC activation involves translocation from
the cytosol to the membrane, the total PKC activity increase
indicated that high glucose concentrations could not only
promote PKC activation, but also up-regulate PKC protein
expression.  Our results demonstrate that after the addition
of high concentration glucose+puerarin into GMC culture,
puerarin inhibits PKC activity increases in GMC mem-
branes at high glucose concentrations, consistent with
diabetic nephropathy rats PKC membrane translocation
in animal experiments[7].  All of these results further sug-
gest that protein expression of c-fos and c-jun is up-regu-
lated in GMC at high glucose concentrations, and CoIV
synthesis is increased, both of which could be induced
by PKC activation.  Puerarin effectively inhibits this
upregulation.

In summary, high glucose concentrations could induce
PKC membrane translocation in GMC leading to the up-regu-
lation of c-fos and c-jun gene products, an increase in CoIV
synthesis and aggravating the occurrence and development
of diabetic nephropathy, all of which could be inhibited by
puerarin.  Undoubtedly, these results will provide a molecu-
lar and pharmacological basis for puerarin’s development as
a new drug against diabetic nephropathy.
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Abstract
Aim: To evaluate the protective role of membrane cofactor protein (MCP, CD46)
on complement-dependent injury.  Methods: MCP was separated by ion exchange
chromatography on a DEAE sephadex A-50 column from pig erythrocyte ghosts.
Its protective effect was tested in models such as cobra venom factor (CVF)-
induced platelet metamorphosis and aggregation, human serum-induced injury in
isolated working guinea pig heart and reverse passive Arthus reaction.  Results:
MCP inhibited CVF-induced platelet metamorphosis with an IC50 of 56.7 mg/L±2.6
mg/L, and prevented injury induced by activated complement in isolated working
guinea pig hearts.  In the rat model of reverse Arthus reaction, MCP relieved the
skin lesions induced by immune complexes.  Conclusion: MCP has a protective
effect against complement-dependent injury.
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Introduction
The first barrier to a successful xenograft is the hyper-

acute rejection (HAR), that is initiated by the activation of
complement on the graft’ vessel walls.  The fragments of
activated complement, such as C3a, C5a and membrane at-
tack complex (MAC), promote blood coagulation and induce
endothelial cell injury.  Although drugs with anti-comple-
ment activity, such as heparin and FUT-175, have been used
to prevent thrombosis, their clinical application is limited
because they interfere with host blood coagulation or have
other toxic effects.  If the activation of complement is blocked,
intravascular coagulation can be prevented effectively.

Membrane cofactor protein (MCP, CD46) belongs to the
complement regulator protein family.  It is located on the
cellular membrane of all nucleated cells.  MCP inhibits the
activation of complement by combining with C3b/C4b and
serves as a cofactor in their proteolytic cleavage by comple-
ment serine protease factor I.  Generally, MCP function
downregulates complement activation.  Therefore, it is pos-
sible to prevent lesions caused by abnormal activated
complement[1].

In this study, cobra venom factor (CVF), zymosan A and
the ovalbumin (OVA)–anti-OVA complex were used as
complement activators to observe the protective effect of
MCP on complement-dependent lesions.

Materials and methods
Reagents and animals  Cobra venom factor (CVF) was

isolated and purified by successive column chromatogra-
phy from the venom of Naja naja atra, as described previ-
ously[2].  DEAE-sephadex A-50 was purchased from
Pharmacia, USA; β-mercaptoethanol, Coomassie brilliant blue
R-250 and Nonidet P-40 were from Fluka, USA; acrylamide
and N,N-methylene bisacrylamide was from Bio-Rad, USA;
sodium azide, Evans blue dye, zymosan A and OVA were
from Sigma, USA; rabbit anti-OVA from Chemicon; and
benzanidine and phenylmethyl sulfonyl fluoride (PMSF) were
from Amresco, USA.  All chemicals were of analytical grade.

Blood was freshly obtained from pigs or sheep.  O-type
human plasma was purchased from the blood bank of the
First Affiliated Hospital of Sun Yat-Sen University.  Sprague-
Dawley rats (Grade II, Certificate No 99A005), and New
Zealand rabbits and guinea pigs (Certificate No  99A016,
99A015 conferred by the Medical Animal Management
Committee, Guangdong Province) were provided by the Ex-
perimental Animal Center of Sun Yat-Sen University.

Isolation of membrane proteins from pig erythrocyte
ghosts  Pig erythrocytes were washed 3 times with phos-
phate buffered solution (PBS, in mmol: Na2HPO4 10.1, KH2PO4

1.7, NaCl 137, KCl 2.7; pH 7.4) and resuspended (1/10) in
lysis buffer [in mmol: Na2HPO4 5, edetic acid (EDTA) 2,
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benzanidine 1, Phenylmethylsulfonyl Fluoride (PMSF) 1,
sodium azide 0.05%; pH 7.4].  After being stirred overnight at
4 oC, the erythrocyte ghosts were concentrated (12 000×g,
4 oC, 45 min), and washed again with lysis buffer (1:1) and
centrifuged (12 000×g, 4 oC, 45 min).  The erythrocyte ghosts
were then diluted 1/5 in PBS and extracted with 0.1% Nonidet
P-40 at 4 oC for 1 h.  After centrifugation (12 000×g, 4 oC, 30
min), the erythrocyte ghost extract was added to the top of a
DEAE sephadex A-50 column (∅: 2.6 cm; L: 25 cm) and
washed with PBS containing a NaCl concentration gradient
from 0 to 1 mol/L.  The flow-rate was 24 mL/h.  The fraction
corresponding to the second ultraviolet absorbance peak,
which possessed anti-complement activity, was collected
and stored.

Identification of MCP  The molecular weight of MCP
was determined according to Rf on reduced SDS-PAGE,
stained with Coomassie brilliant blue R-250.  CH50 was deter-
mined according to the absorbance of sensitized sheep eryth-
rocytes incubated with fresh guinea pig plasma, to which a
series of concentrations of MCP were added.  Protein con-
centrations were determined by using the Coomassie bril-
liant blue R-250 method.

Platelet metamorphosis and aggregation  The metamor-
phosis and aggregation of male guinea pig platelets in plate-
let rich plasma (PRP) were recorded by an aggrometer
(Chrono-Log, USA) linked to a computer with an A/D
converter.  Platelet poor plasma (PPP) was used for a control.
After the baseline was steady, MCP (0, 20, 40, 80, and 160
mg/L) was added to PRP 3 min before CVF (80 mg/L) to
observe the aggregation line changes.

Isolated working guinea pig heart  Male guinea pigs
weighing 380 g±35 g (n=15) were divided randomly into three
groups.  The  guinea pig hearts were removed quickly and
then perfused in a retrograde manner with modified Krebs-
Henseleit buffer (in mmol: NaCl 11.2, KCl 5.7, MgCl2 1.2, CaCl2

2.5, NaHCO3 26.2, Na2-EDTA 0.5, glucose 11.0; pH 7.2) at
37 oC, saturated by a mixture of 95% O2 and 5% CO2.  After
the heart began to beat again, a plastic cannula was inserted
into the left atrium, and retrograde perfusion was changed to
anterograde.  Left ventricular pressure (LVP) was detected
by a pressure transducer connected to the canal, which was
inserted into the left ventricular cave.  LVP, dp/dt, and heart
rate (HR) were recorded by a polygraph (LMS-2A, Shanghai,
China).  Aortic flow (AF) was measured by an electromag-
netic flowmeter (MFV-1200, Nihon Kohden, Japan), and coro-
nary flow (CF) was measured manually.  Cardiac output (CO)
was defined as the sum of AF and CF.

After the CF became steady at 8 to 9 mL per min, we
carried out the following treatment: 56 oC preheated human

plasma was added into perfusate in the negative control
group.  Human plasma pre-incubated with zymosan A was
used for the positive control group.  In group 3, human plasma
was incubated with both MCP and zymosan A before being
added.

Reverse passive Arthus reaction  Anesthetized female
rats (140 g–170 g, n=10) were given 0.6 mL of 0.9% NaCl
solution iv, which contained 5 mg OVA and 2% Evans blue
dye.  Five minutes later, 0.1 mL PBS containing 0.5 mg rabbit-
anti-OVA IgG with or without 0.4 mg MCP was injected sc on
both sides of the back.  Six hours later, rats were killed, and
the area of dye leakage was measured.  Skin samples were
dissected, fixed with formalin, and then stained with hema-
toxylin and eosin.

Statistical analysis  Statistical tests were performed
using the t-test of SigmaPlot software.  P<0.05 was consid-
ered to be statistically significant.

Results

Isolation of MCP   A total of  2.1 mg MCP was gained from
100 mL pig erythrocytes.  The molecular weight of MCP was
determined to be 51 kDa according to the Rf value from SDS-
PAGE.  One anti-complement activity unit (CH50) of MCP
was 39.8±0.7 µg

Inhibition of CVF-induced platelet metamorphosis and
aggregation  MCP, at concentrations from 20 mg/L to 160
mg/L, dose-dependently inhibited the rat platelet metamor-
phosis induced by CVF (Figure 1).  The linear regression
equation was Y=89.3lgX–106.6 (where Y is the inhibitory
ratio percentage, and X is the concentration of MCP; r=0.98,
n=20, P<0.05).  The IC50 was 56.7±2.6 mg/L.  MCP had little
effect on CVF-induced platelet aggregation.

Protection of human complement-induced lesions on iso-
lated working hearts  Cardiac function parameters, namely
LVP, dp/dt, CO, CF, AF, and HR, remained relatively stable
for about 2 h in 56 oC inactivated complement treatment
(negative control group).  In positive control group, hearts
quickly became non-functional after zymosan A (16.7 mg/L)
activated complement was added.  CF, CO, LVP and dp/dt
decreased markedly after 5 min (Figure 2; P<0.05 vs negative
control group, n=5), and declined to their lowest levels at 30
min.  Yet when 1.3 mg/L MCP was co-incubated with zymo-
san A and complement, no change was seen in the first 20 min
(P<0.05 vs negative control group, n=5).

Reverse passive Arthus reaction  In our study, vigor-
ous infiltration of polymorphonuclear cells, perivascular cuff-
ing and mini clots were seen in the skin lesions under light
microscopy (Figure 3A,3B), and the skin lesion area (dye
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Fig 1.  MCP dose-dependently inhibited rat platelet metamorphosis induced by CVF.  CVF: cobra venom factor; NS: 0.9% NaCl solution; MCP:
membrane cofactor protein; Y axis: A (absorbance) of PRP. The A raise means the increase of platelet metamorphosis. And its drop is the
platelet aggregation; X axis: the duration of observation.

leakage indicating edema) was 330 mm2±15 mm2 in size (n=5).
The skin lesion area in the MCP-treated group, 149 mm2±10 mm2

in size, was smaller (P<0.05 vs control, n=5).  The inflamma-

tory reaction (cellular infiltrate) was less than that in the
control group and no clotting or perivascular cuffing was
found (Figure 3C, 3D), which suggests that MCP signifi-

Fig 2.  Changes of cardiac function parameters of isolated working hearts.  : Negative control group: perfused with 56 oC inactivated human
plasma.  : Positive control group: perfused with Zymosan A pre-incubated human plasma.  : MCP treated group: perfused with MCP (1.3 mg/L)
with Zymosan A pre-incubated human plasma.  n=5. Mean±SD. bP<0.05 vs negative control group.
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cantly reduced the extent of inflammatory injury.

Discussion

MCP is widely distributed on epithelial and endothelial
cells, cells originating from fibroblasts, and all animal blood
cells except human erythrocytes[3].  Because it is more abun-
dantly expressed on erythrocytes from pigs than on those
from other animals, the MCP used in this study was derived
from pig erythrocytes.  Structurally, pig-derived MCP amino
acid sequence has 43% homology with human-derived MCP[4],
and it has no N-glycosylation site in the second repeated
motif (short consensus repeat, SCR), which serves as a
measles receptor.  Because it is a safer complement inhibit-
ing factor than human-derived MCP, pig-derived MCP was
worth testing for its protective action in complement-depen-
dent injury.  The DEAE sephadex A-50 anion exchange col-
umn is able to separate proteins by both their charge and
molecular weight.  Although one-step anion exchange sepa-
ration can result in only impure proteins, in our study, the
pig-derived MCP did shown the complement regulation
ability, more importantly, the high yield made continuation
of our experiment possible.

CVF can activate complement through an alternative

pathway: its terminal product MAC can induce platelet meta-
morphosis and express binding sites for the coagulation fac-
tors Va and Xa on platelet membranes, triggering coagula-
tion[5].  In the present study, MCP inhibited the platelet
metamorphosis induced by MAC.  Thus, MCP can be used to
prevent the intravascular coagulation initiated by activated
complement.  Decay-accelerating factor (DAF, CD59), an-
other complement-regulating protein, has been reported to
have a similar effect[2].

We further investigated the anti-complement effect of
MCP in vivo and in vitro.  The isolated working heart was an
in vitro model of HAR.  When zymosan A-treated serum
reached the coronary vessel wall, the complement was acti-
vated and then cascade responses initiated the HAR, caus-
ing the hearts to fail quickly.  However, when MCP was pre-
incubated, it inhibited the complement activation by zymo-
san A. Thus, hemodynamic indexes such as LVP, dp/dt, HR ,
CO and CF, were well maintained.  This observation shows
that MCP protects the isolated working heart from comple-
ment injury.  DAF has also been found to have a similar
protective effect[6].  The above facts show that downregulat-
ing complement activation is an effective way to alleviate
the HAR.

The reverse passive Arthus reaction is an in vivo model

Figure 3.  MCP (0.4 mg) prevented inflammatory cellular infiltrate in reverse passive arthus reaction;  Control group (A, B): polymorpho-
nuclear cells, perivascular cuffing and mini clot was seen; MCP-treated group (C, D ): inflammatory cellular infiltrate was obviously lightened.
HE Stain, ×100.
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of HAR, and it refers a type III immune complex mediated
hypersensitivity reaction that occurs following the intrader-
mal injection of antigen in the presence of a high level of
circulating antibody.  In that process, antigen-antibody com-
plex also activated complement.  The histological lesions in
the MCP-treated group were smaller than those in the con-
trol group, suggesting that MCP blocks the classical path-
way of complement activation.  This finding corresponds
with that of an earlier report about blockades preventing
monocyte activation and anaphylatoxin damage[7].

Because of its antigenicity, MCP is not completely safe
for clinical uses.  To improve its safety, further research and
chemical modifications are required.  Recently, a human
transgenic pig model has been established, and it has been
shown that HAR in xenotransplantation is suppressed to a
large degree[8,9,].

In summary, we showed that MCP alleviated complement-
mediated injury.  Preventing the activation of complement is
an effective method to ameliorate such complement-medi-
ated injury.
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Introduction
 In recent years, it has been shown that L-arginine

(L-Arg) serves as a precursor to the synthesis of NO and
may participate in amino acid metabolism[1].  Most pharma-
cological actions of L-Arg are attributed to nitric oxide (NO),
and NO has various physiological properties including
vasodilatation, inhibition of platelet aggregation and neu-
trophil adhesion, scavenging superoxide (O2̄· ) formation and
suppression xanthine oxidase (XO)[2,3].  More recently,
L-Arg has shown protective role against reactive oxygen
radical (ROS) attack as a result of its interaction with O2̄·   in
vitro[4].  There is evidence that L-Arg is closely linked to
protective properties against oxidative stress[5,6].  Further-
more, L-Arg administration to rats prevented pulmonary neu-
trophil accumulation and preserved pulmonary endothelial
function after endotoxin[7].  The XO activity of pulmonary

artery endothelial cells decreased using L-Arg, suggesting
that NO generated in the endothelial cells negatively regu-
lates this enzyme[8].

 Strenuous physical exercise may be associated with a
10- to 20-fold increase in whole body oxygen consumption
and oxidative stress shown in both human and experimental
animal studies[9,10].  The mitochondrial electron transport
chain, XO and neutrophils of inflammatory response have
been identified as major sources of intracellular free radical
generation during exercise[11].  XO, a metalloflavoprotein, is
an important source of ROS.  The enzyme catalyzed the re-
duction of O2, leading to the formation of O2̄·  and H2O2 , and
it has been proposed as a major mechanism of oxidative in-
jury[12].  Reddy et al reported that XO activity and lipid per-
oxides increased in the lung tissue after exhaustive swim-
ming exercise[13].  In addition, the activity of glutamine syn-
thetase and reactive carbonyl derivatives enhanced in the
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rat lung during exhaustive running[14].  Similarly, activated
neutrophils are known as a major source of ROS[15].  Neutro-
phils are capable of further generation of ROS through
NADPH oxidase and producing hypochlorous acid from H2O2

through MPO reaction[16].  The NADPH oxidase system has
been shown to be activated in response to various stimuli
that can be provoked by strenuous exercise[17].  However,
the lung tissue presents a significant first target of free radi-
cal species and gas exchange function of the respiratory
system during exercise.  Thus, the lung may be more vulner-
able to oxidative damage as a result of exercise.  Nevertheless,
the pulmonary system has a series of defense mechanisms
including SOD, CAT, GPX, GR, and GSH to protect the cell
against these toxic oxygen metabolites, such as O2̄· , H2O2

and hydroxyl radicals (OH.).  Strenuous exercise generated
ROS seems to increase the activity of antioxidant enzymes
and decrease GSH levels in the muscle and heart[18], possi-
bly as a compensatory mechanism to cope with oxidative
stress induced by exhaustive running.

 However, the roles of L-Arg administration in exhaus-
tive exercise-induced oxidative damage and inflammatory
response in lung tissues are still not clear.  Therefore, we
studied whether L-Arg administration can protect lung tis-
sue and have beneficial effects on ameliorating exercise-in-
duced oxidative stress and reserve antioxidant defense ca-
pability in the lung of rats.

Materials and methods

Animals and treatment  Adult male Sprague-Dawley rats
(n=32), weighing 280–300 g and aged 8 weeks old, were pur-
chased from the National Laboratory Animal Breeding and
Research Center (Taipei).  All rats were given standard rat
chows and tap water ad libitum and housed at 23±2 °C on a
12:12-h dark-light cycle in the first week.  This experiment
was approved by the Fu-Jen Catholic University Animal Care
and Usage Committee and followed the guidelines estab-
lished by the National Laboratory Animal Breeding and Re-
search Center in Taiwan.  In the second week, in order to
adapt to the experimental standard diet, all rats were fed AIN-
93 purified diet[19].  Rats were then randomly divided into
four groups: sedentary group with control AIN-93 diet (SC,
n=8); sedentary group with AIN-93 containing 2% L-Arg
diet (SC+Arg, n=8); exhaustive exercise with control AIN-93
diet (E, n=8); and exhaustive exercise with AIN-93 contain-
ing 2% L-Arg diet (E+Arg, n=8).  Rats were fed diets for 30 d
beginning from the third week.  Both diets were identical in
calorie content (Table 1)[19,20].

Exercise protocol  All rats in the two exercise groups

were introduced to treadmill running with 15–20 min exercise
bouts at 15–30 m/min for 6 d to accustom them to running.  In
the formal run, the rats were warmed up for 15 min running at
a speed of 15 m/min.  They then progressed to running for 15
min at 20 m/min and 30 min at 25 m/min.  They were then
made to run to exhaustion at a final speed of 30 m/min, 10%
grade, approximately 70%–75% VO2max

[21].  The treadmill was
equipped with an electric shock grid on the rear barrier to
provide the animal with exercise motivation (using a T510E
treadmill device; DR Instrument, Taipei).  The point of ex-
haustion was determined by the loss of righting reflex when
turned on its back.  To eliminate diurnal effects, the experi-
ments were performed at the same time (09:00–12:00 h).  It is
also well known that exercise performance is limited by the
increase of body temperature during exercise.  In order to
eliminate this complicating factor, all running tests were con-
ducted in an environmental chamber at 10–12 °C to reduce
undue rise in body temperature caused by sustained exercise.
All animals were anesthetized with ethyl ether and killed im-
mediately after exhaustive exercise.  Blood was collected
through the abdominal aorta, and lung tissues were stored
at -80 °C for further analysis.  All chemicals used in this
study were purchased from Sigma Chemical (St Louis, MO,
USA) unless otherwise stated.

Plasma parameters  Blood samples were centrifuged at
1400×g at 4 °C for 10  min.  The supernatants (plasma) were
used for determination of uric acid (UA) with an automatic
analyzer (Hitachi 7170; Hitachi, Tokyo, Japan).  In addition,

Table 1.  Composition of diets1).

Ingredient/g·kg-1  Sedentary control   Exhaustive exercise
                              SC       SC+Arg   E  E+Arg

Casein 200 200 200 200
L-Cystine      3     3      3      3
L-Arginine      0   16      0   16
Corn starch 397.5 381 397.5 381
Maltodextrin 132 132 132 132
Sucrose 100 100 100 100
Soybean oil   70   70   70   70
Cellulose   50   50   50   50
AIN-93 mineral mix   35   35   35   35
AIN-93 vitamin mix   10   10   10   10
Choline bitartrate     2.5     2.5     2.5     2.5
Tert-Butylhydroquinone     0.014     0.014     0.014     0.014

1) Components for the diets were purchased from ICN Biochemicals
(Costa Mesa, CA, USA) with the exception of L-arginine, sucrose and
soybean oil which were obtained from Sigma (St Louis, MO, USA).
American Institute of Nutrition (AIN).
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nitrate/nitrite (NOx) levels in plasma were quantified by us-
ing the Griess reagent to measure nitrite ion concentration[22].
NOx concentrations in plasma were measured spectropho-
tometrically at 550 nm according to a previous study[23].

Total protein concentration of lung tissues  In order to
express the antioxidant enzyme activities per gram of protein,
total protein concentration of tissue samples was spectro-
photometrically estimated using a Bio-Rad DC protein assay
kit (Cat No 500-0116; Bio-Rad Laboratories, Hercules, CA,
USA).

Assay of xanthine oxidase activity in lung tissues  XO
(EC.1.2.3.2) activities of tissue samples were determined us-
ing the method outlined by Westerfeld et al[24].  A diluted
sample was added to 0.1 mmol/L xanthine (dissolved in 50
mmol/L sodium phosphate buffer, pH 7.5).  XO activity was
measured at 25 °C on a Hitachi U-2000 Spectrophotometer at
290 nm for 3 minutes.  A unit of XO activity was to form one
mmmol of urate per minute at 25 °C.  XO activity was ex-
pressed as U·g protein-1 for specific activity.

Assay of myeloperoxidase activity in lung tissues  MPO
(EC.1.11.1.7) activities of tissue samples were determined as
a marker enzyme for measuring neutrophil accumulated in
tissue samples, because correlates closely with the number
of neutrophils present in the tissue[25].  MPO activity was
determined using the method described by Schierwagen et
al[26].  Fifty microlitre of diluted sample was added to 1 mL of
mixed substrate containing 3 mmol/L hydrogen peroxide dis-
solved in 3,3',3,5'-tetramethylbenzidine (R&D Systems,
Minneapolis, MN, USA).  MPO activity was measured at
37 °C on a Hitachi U-2000 Spectrophotometer at 655 nm for 3
min.  One unit of MPO activity was defined arbitrarily as the
amount of enzyme necessary to catalyze an increase in ab-
sorbance of 1.0 at 655 nm per minute at 37 °C.  MPO activity
was expressed as U·mg protein-1 for specific activity.

Lipid peroxidation in plasma and lung tissues  The
malondialdehyde (MDA) concentrations of plasma and tis-
sue samples were assessed colorimetrically at 586 nm using
a commercial kit (Calbiochem 437634; Calbiochem-Novabio-
chem, La Jolla, CA, USA).  The concentration was expressed
in µmol/L in plasma and in µmol·mg protein-1 in lung tissues.

Assay of superoxide dismutase activity in lung tissues
SOD (E.C.1.15.1.1) activities of tissue samples were measured
with a commercial kit (SD 125; Randox Laboratories, Antrim,
UK).  Fifty microlitre of diluted sample was added to 1.7 mL
of mixed substrate (50 µmol/L xanthine and 25 µmol/L 2-(4-
iodophenyl)-3-(4- nitrophenol)-5-phenyltetrazolium chloride,
INT).  Two hundred and fifty microlitre of XO were added to
the mixture and SOD was measured at 37 °C on a Hitachi U-
2000 Spectrophotometer at 505 nm for 3 min.  Activity was

expressed as U·mg protein-1 for specific activity.
Assay of catalase activity in lung tissues  CAT (EC.1.11.

1.6) activities of tissue samples were determined at 25 °C
with Hitachi U-2000 Spectrophotometer UV-VIS spectropho-
tometer using the method described by Beers and Sizer[27].  A
diluted sample was added to 59 mmol/L hydrogen peroxide
(dissolved in 50 mmol/L potassium phosphate buffer, pH 7.0)
and CAT was measured at 240 nm for 3 min.  One unit of
CAT activity was defined as the H2O2 degraded (mmol· min-1·mg
protein-1).  Activity was expressed as U·mg protein-1 for
specific activity.

Assay of glutathione peroxidase activity in lung tissues
GPX (EC.1.11.1.9) activities of tissue samples were deter-
mined with a commercial kit (RS 504; Randox Laboratories,
Antrim, UK).  Twenty microlitre of diluted sample was added
to 1 mL of mixed substrate.  Forty microlitre of cumene hy-
droperoxide (diluted in deionized water) was added to the
mixture and GPX was measured at 37 °C with a Hitachi U-
2000 Spectrophotometer at 340 nm for 3 min.  Activity was
expressed as U·mg protein-1 for specific activity.

Assay of glutathione reductase activity of lung tissues
GR (E.C.1.6.4.2) activity of tissue samples was measured with
a commercial kit (Calbiochem 359962; Calbiochem-Nova-
biochem).  Two hundred mmL of diluted sample was added
to 400 µL of 2.4 mmol/L GSSG buffer (dissolved in 125 mmol/L
potassium phosphate buffer, pH 7.5, 2.5 mmol/L EDTA).  Four
hundred mmL of 0.55 mmol/L NADPH (dissolved in deion-
ized water) was added to the mixture and GR activity was
measured at 340 nm for 5 min on a Hitachi U-2000 Spectro-
photometer.  The activity was expressed in mU·g protein-1 in
tissue samples.

Assay of glutathione levels in plasma and lung tissues
The concentrations of GSH in plasma and tissue samples
were measured spectrophotometrically at 400 nm using a
commercial kit (Calbiochem 354102; Calbiochem-Novabio-
chem, La Jolla, CA, USA).  The concentration was expressed
in µmol/L in plasma and in µmol·mg protein-1 in tissue
samples.

Statistical analysis  Values were expressed as mean±
SEM.  To evaluate differences between the groups, two-way
analysis of variance (ANOVA) with Fisher’s post hoc test
was used.  The SAS software (version 8.2, SAS Institute,
NC, USA) was used to analyze all data.  Differences were
considered statistically significant when P<0.05.

Results

Bodyweight and endurance time  On d  30,  bodyweight
in the groups SC, SC+Arg, E and E+Arg were 446±7, 446±10,
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447±6, and 451±8 g, respectively.  There was no significant
difference in bodyweight between the 4 groups.  The mean
endurance time of treadmill running to exhaustion was 81±4
min for the group E and 87±5 min for the group E+Arg, which
showed no significant difference between the 2 groups.

XO and MPO activities of lung tissues  The XO and
MPO activities of lungs in group E were significantly el-
evated by 113% and 55%, respectively, compared to those
in the SC group (P<0.05).  In contrast, the XO and MPO
activities of lungs in the E+Arg group were significantly
reduced by 65% and 24%, respectively, compared with those
in the E group (P<0.05).  Furthermore, there was no differ-
ence between the SC+Arg and E+Arg groups (Figure 1).

Uric acid and nitrite/nitrate concentrations of plasma
The UA concentration of plasma in the E and E+Arg groups
were significantly increased by 268% and 41%, respectively,
compared with those in the SC and SC+Arg groups (P<0.05).
Although, the UA concentration of plasma in the SC+Arg
group was significantly increased compared with the SC
group.  This indicated that exogenous L-Arg may elevate
UA in the plasma, and reduce UA excretion.  However, L-Arg
supplement might ameliorate UA concentration in plasma
after exercise (Table 2).  The NOx concentrations of plasma
in the E and E+Arg groups were significantly increased by
93% and 82%, respectively, compared with those in the SC
and SC+Arg groups (P<0.05).  However, there was no differ-
ence between the SC and SC+Arg or E and E+Arg groups
(Table 2).

MDA levels of plasma and lung tissues  The MDA levels

of the plasma and lung showed no changes between SC+Arg
and E+Arg groups.  In contrast, the MDA levels of plasma
and lung in the E group were significantly increased by 81%
and 32%, respectively, compared to those in the SC group (P
<0.05).  There was a slight but not significant decrease in the
MDA level of plasma in the E+Arg group compared to  that
in the E group (P>0.05) (Table 3).

Antioxidant enzymes activities of lung tissues  Table 4
shows the antioxidant enzyme activities.  The E+Arg group
had significantly higher GPX and CAT activities by 19% and
25%, respectively, than the group E (P<0.05), but showed no
difference when compared with the SC+Arg group.  Furthe-
rmore, the GRD and SOD activities of the E group were sig-
nificantly elevated by 44% and 96%, respectively, compared
with those of the SC group (P<0.05), but they were signifi-
cantly reduced by 35% and 58%, respectively, in the E+Arg
group compared with the E group (P<0.05).

GSH concentrations of plasma and lung tissues  The
GSH concentration of plasma showed no change between

Figure 1.  Effects of L-arginine supplementation on xanthine oxi-
dase (XO) and myeloperoxidase (MPO) activities of lung tissue after
exhaustive exercise. Mean±SEM.  n=8.  bP<0.05 vs group SC. eP<0.05
vs group E.

Table 3.  Effects of L-arginine supplementation on malondialdehyde (MDA) concentrations of plasma and lung tissues after exhaustive
exercise.  n=8.  Mean±SEM.  bP<0.05 vs group SC.  eP<0.05 vs group E.

                                                                                    Sedentary control                                  Exhaustive exercise
                                                     SC                           SC+Arg                      E                        E+Arg

Plasma MDA/µmol·L-1 3.9±0.3 4.9±0.6 7.0±0.7b 5.16±0.62e

Lung MDA/µmol·mg protein-1  22±1  24±2  29±2b    26±2

Table 2.  Effects of L-arginine supplementation on uric acid (UA)
and nitrate/nitrite (NOx) levels of plasma after exhaustive exercise.
Mean±SEM.   n=8. bP<0.05 vs group SC. eP<0.05 vs group SC+Arg.

                              Sedentary control        Exhaustive exercise
        SC             SC+Arg  E   E+Arg

UA/mg·dL-1 0.94±0.1 1.99±0.28 3.5±0.3b 2.8±0.2
NOx/µmol·L-1 1.38±0.14 1.48±0.20 2.7±0.2b 2.7±0.5c
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SC+Arg and E+Arg groups.  In contrast, the GSH concentra-
tion of plasma in the E group was significantly decreased by
25% compared with the SC group (P<0.05).  Moreover, the
GSH concentration of plasma in the E+Arg group was sig-
nificantly increased by 31% compared with the E group
(P<0.05).  However, there was no difference in the GSH con-
centration of lungs in any group (Table 5).

Discussion

The lung represents the front line of defense against a
number of airborne toxicant and oxidant stress because it is
directly exposed to higher oxygen tensions.  In this study,
we investigated whether P-Arg supplementation attenuates
exhaustive exercise-induced pulmonary oxidative stress.
More recently, there has been some evidence to show that
strenuous exercise simulates the condition of heart I/R and
may activate the XO pathway[28,29].  Hypoxanthine and UA
are known to elevate in plasma during high intensity exer-
cise[30].  Our results indicate that in exhaustive exercise with
higher anaerobic components, the lactate concentrates in
the plasma of the E group (E: 76±6 mg/dL vs  SC:  55±4 mg/dL,
P<0.05), but not in the E+Arg group.  XO activity in the lung
and plasma UA levels was also significantly increased in
group E (P<0.05).  Our data are consistent with previously
published reports[30,31].

According to Yokoyama et al[32], the XO that is formed
by the inadequate supply of oxygen to exercising muscles
might have generated oxidative damage in other organs in-
cluding the lung by causing an increase in the circulating
level of XO, which binds in the lung to provide a pulmonary
source of O2̄· .  This is a possible mechanism that could
explain increased XO activity in the lung under the current
study.  Lipid peroxidation causing tissue damage has been
estimated by an extensively used indicator, such as MDA.
The present study showed that after exhaustive running
MDA levels (P<0.05) were significantly increased in the lung
and plasma of the E group, compared to the SC group.
However, the extent of the increase in pulmonary and plasma
MDA levels in the E+Arg group was comparatively low as
compared to the non-Arg group with exercise.  This may
suggest that the XO derived ROS exert some toxicant effect
on lung tissue.  In contrast, a smaller increase in XO and
MDA concentration activity was observed in L-Arg fed rats
in response to exhaustive exercise.  This result in L-Arg fed
rats could be responsible for protecting oxidative damage in
the E+Arg group.

Numerous studies have shown that L-Arg is a precursor
of NO, which can increase coronary vasodilation, scavenge
various free radicals, inactivate Fe-S centers of XO and sup-
press XO activity as well as inhibit platelet and neutrophil
adhesion to the endothelium[33,34].  Hence, the protective role
of NO is probably a result of its ability to scavenge free
radicals, reduce lipid peroxidation, and inhibit XO, which are
in accordance with our results for the E+Arg group.

The current study showed that MPO activity in lungs
from E group significantly increased after exhaustive exer-
cise (P<0.05).  However, there was no significant difference
between E+Arg and SC groups.  Hence, L-Arg supplementa-
tion to rats is successful in reducing post-exercise lung MPO
activity and oxidative damage in lungs.  These results are in
accordance with previous studies about protecting the role
of NO[12].

 In the present study, our results indicate that both the E
and E+Arg groups significantly increase plasma NOx after
exhaustive exercise compared to the control.  NO, however,

Table 5.  Effects of L-arginine supplementation on glutathione (GSH) concentrations of plasma and lung tissues after exhaustive exercise.
Mean±SEM.  bP<0.05 vs group SC.  eP<0.05 vs group E.

                                                                                        Sedentary control                                       Exhaustive exercise
                                                        SC                               SC+Arg                            E                 E+Arg

Plasma GSH/µmol·L-1 551±63 553±39 415±42b 542±44e

Lung GSH/µmol·mg protein-1 764±55 751±61 742±45 874±167

Table 4.  Effects of L-arginine supplementation on antioxidant en-
zymes superoxide dismutase (SOD), catalase (CAT), glutathione per-
oxidase (GPX), and glutathione reductase (GR) activities of lung tis-
sues after exhaustive exercise.  Mean±SEM.  bP<0.05 vs group SC.
eP<0.05 vs group E.

                                 Sedentary control         Exhaustive exercise
             SC     SC+Arg    E     E+Arg

SOD/U·mg protein-1 3.2±0.6 2.2±0.8 6.3±1.6b  2.6±0.7e

CAT/U·mg protein-1  23±1  25±1  20±2   25±1e

GPX/U·mg protein-1  87±4  98±5  95±5 113±8e

GR/mU·g protein-1  16±1  13±1  23±1b   15±1e
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is also a free radical and hence the toxicity of NO (excess
product of NO) is markedly enhanced by its reaction with O2̄·
from peroxynitrite (ONOO–), which is extremely cytotoxic[35].
However, Rubbo et al[36] recently reported that NO actually
inhibits peroxynitrite-induced lipid peroxidation.  This re-
port demonstrated that NO will significantly enhance lipid
peroxidation only when rates of NO production approach or
are equivalent to rates of O2̄·  production by XO.  In the
current study, we measure the effect of exhaustive exercise
on the rate of NOx synthesis in plasma in both exercised
groups.  Although L-Arg supplementation effects animals
subjected to exhaustive exercise on levels of NOx production,
so the results cannot be distinctly different between both
exercise groups in our study.  This is likely to be related to
the following two mechanisms.  First, L-Arg serves as a pre-
cursor to the synthesis of NO that may act as an indirect
antioxidant role by scavenging O2̄·  and inhibiting XO activ-
ity from exercise-induced stress[37].  Our results suggest that
L-Arg protection is generated through NO.  NO has the ca-
pacity to inhibit reactive oxygen metabolites, including O2̄·
and XO to prevent cellular damage, but in presence of the
NO synthase inhibitor L-NAME, this protection was
abolished, which suggests that the protection L-Arg is
through the generation of NO[38].  Second, L-Arg has some
protective roles against ROS attack possibly because of its
direct chemical property interaction with O2̄· , thus suggest-
ing a protective effect for L-Arg involving antioxidant mecha-
nisms[4].  Obviously, the E group does cause a significant
increase in XO and MPO activities, as well as MDA levels
that are a result of oxidative stress in lung tissues.  This
means that the enhanced production of O2̄·  by XO, may
possibly be the combined work of higher level NO and O2̄·   to
form cytotoxic ONOO

_
 after exhaustive exercise.  In contrast

with the E+Arg group, when NO concentrations are increased
the protective role of NO is probably be a result of its ability
to scavenge free radicals and possibly inhibit XO and in-
flame neutrophils.  Therefore, this study suggests that the
E+Arg group has higher levels of NO to inhibit ONOO– for-
mation leading to lipid peroxidation and it is unlikely that
ONOO– may have a role in this process.

In this study, SOD activity in the lung was significantly
increased in response to exercise in the E group.  As SOD is
known to be an enzyme induced by its O2̄·  substrate, the
increase in the E group indicates an increased production of
O2̄· .  This finding was in agreement with Reddy et al[13], that
SOD activity in the lung tissue significantly increased after
strenuous swimming exercise.  However, the SOD activity in
the lung tissue of L-Arg-fed animals after exhaustive exer-
cise was well below the control level, suggesting reduced

generation of O2̄·  and protection offered by L-Arg.
Furthermore, the CAT enzyme works on cooperating with

GPX to scavenge excess H2O2 as well as lipid peroxides in
response to oxidative stress.  Under this situation, when O2̄·
production through XO and neutrophils becomes an over-
whelming compensatory mechanism, inadequate conse-
quences take place.  Possible mechanisms that could explain
excess O2̄·   are the inhibition of the activity of CAT by reduc-
tion of the Fe III center and inactivated GPX activity by
oxidation of the selenium active site[39,40].  This interaction
suggests SOD, CAT and GPX constitute a mutually sup-
portive team of enzymes that provide a defense against the
intermediaries of ROS.  This study confirms Kono et al’s and
Blum et al’s hypothesis, because overproducing O2̄·   may
speculate an inactive CAT and GPX activities and recipro-
cally influence these enzymes[39,40].  In contrast with the
E+Arg group, the increased CAT and GPX activities seem to
be an adaptive response of the lung to oxidative stress gen-
erated by exercise.  An increase in activity of those enzymes
is possibly a result of exposure to various oxygen toxicants.
GR catalyzes the reduction of oxidized gluthione (GSSG) to
GSH at the expense of NADPH and maintains high GSH/
GSSG ratios in the cell.  In the present study, GR activity of
lung tissue was significantly increased after exhaustive run-
ning (P<0.05).  The increase in GR activity of the lung sug-
gested that the pulmonary antioxidant defense system of
exercised rats reacted positively to combat ROS toxicity giv-
ing the tissue an adaptive response to oxidative stress.  How-
ever, our data showed that GR maintains the same levels in
the L-Arg-fed animals at rest and after exercise, indicating
that L-Arg supplementation has beneficial effects on attenuat-
ing the oxidative stress and maintaining GSH levels.  GSH is
the first line of defense against various types of chemicals[41].
As described, the GSH levels decreased in the liver and
muscles after exhaustive exercise in rats[11].  In the current
study, our data showed a depletion in pulmonary GSH and a
significant decrease in plasma GSH in the E group compared
with the SC group.  However, in the E+Arg group the levels
of GSH were restored, suggesting that the mechanism of
protective action by L-Arg may involve maintenance of the
thiol group of GSH.  Our data correspond with previous re-
ports that exhaustive exercise causes GSH oxidation in blood
in both animals and in human beings[42,43].

Other possible mechanisms for an increase in GSH in
lung tissue are that GSH synthesized primarily in the liver
and was then transported to different organs of the body
through the blood during prolonged exercise in order to
maintain GSH homeostasis to cope with oxidative stress[44].

In conclusion, an acute bout of exhaustive exercise causes
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oxidative stress, tissue damage and antioxidant responses
in the lungs.  This study suggests that L-Arg supplementa-
tion can prevent elevations of XO and MPO activities in the
lungs and can favorably influence pulmonary antioxidant
defense systems after exhaustive exercise.
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Introduction
Natural products have long been an important source of

treatments for cancer.  At present, there are more than one
thousand plants that have been found to possess signifi-
cant anticancer properties.  Although many molecules ob-
tained from plants have been shown to have antineoplastic
activity, a huge number of molecules still remain to be iso-
lated or studied in detail.  Recently, traditional Chinese medi-
cines have attracted much interest, and evaluations of po-
tential antineoplastic herbal ingredients are currently being
carried out in laboratories[1–3].

Of the natural compounds with anticancer properties,
podophyllotoxin occupies a very important position[4].  Podo-
phyllotoxin is a naturally occurring lignan, which is isolated
from the dried roots and rhizomes of Podophyllum plants,

and has been proven to possess antineoplastic properties.
Although its unacceptable levels of cytotoxicity precluded
the use of podophyllotoxin as an anticancer drug, subse-
quent research aimed to abstract and synthesize new ana-
logues of podophyllotoxin, and analyzed podophyllotoxin’s
structure-function relationship and its mechanism of action.
Several decades’ efforts have proven that the cytotoxicity
of podophyllotoxin is due to its interaction with β-tubulin,
because it disrupts microtubule organization and leads to
mitotic arrest, in a manner that is similar to the action of
colchicines[5–8].  Meanwhile, many analogues of podophyl-
lotoxin have been determined, and most exhibit pronounced
biological activity as strong antiviral or antineoplastic
agents[4,9–11].  Among these molecules, etoposide is a nota-
bly successful derivative of podophyllotoxin[12,13], with
demonstrated efficacy against a broad spectrum of human
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malignancies, including testicular, germ cell, lung, and other
cancers[14–17].  Etoposide arrests cancer cell growth prior to
mitosis as a DNA topoisomerase II inhibitor[18–21], whereas
podophyllotoxin has no inhibitory effect on this enzyme[22].
Conversely, an isomer of podophyllotoxin, picropodophyllo-
toxin, has no inhibitory effect on microtubules and appar-
ently lacks cytotoxicity[4,22–26].  After these observations were
made, little or no attention was paid to picropodophyllotoxin.
However, some recent studies on picropodophyllotoxin pro-
duced different and exciting results.  Some derivatives of
picropodophyllotoxin have high levels of antiproliferation
activity against the L1210 cell line because they inhibit mi-
crotubule assembly[27].  The cyclolignan podophyllotoxin and
picropodophyllotoxin inhibit tyrosine phosphorylation of the
insulin-like growth factor-1 receptor (IGF-1R), but have no
effect on the highly homologous insulin receptor (IR) or
tyrosine kinases that are related to other major cancer-
relevant growth factor receptors, so they specifically inhibit
malignant cells[28,29].  These results could cause more research
interest to be focused on the analogues of podophyllotoxin,
in order to identify the derivatives with the most potent and
specific antitumor activity (ie, to optimize the structure), or
to develop an alternative and renewable source of podo-
phyllotoxin.

Sinopodophyllum emodi (Wall) Ying, mainly distributed
over the Western region of the Qinling mountains of China,
is a type of Podophyllum.  In the area in which it is grows, S
emodi has been used as a folk medicine to treat cancer and
various types of verrucosis, but the pharmacology of its
constituent ingredients has not been investigated.  Our pre-
vious study revealed that 4-demethyl-picropodophyllotoxin
7'-O-β-D-glucopyranoside (4DPG) (Figure 1) is a novel podo-
phyllotoxin glucoside isolated from S emodi[30].  A signifi-
cant structural characteristic of 4DPG is that it belongs to
the picropodophyllin family.  Therefore, as a herbal medicine
ingredient and a podophyllotoxin analogue with a quite dif-
ferent structure, we wondered what the biological activity of
this molecule would be.

In this study, we demonstrate that 4DPG is a highly
potent inhibitor of microtubule assembly, leading to mitotic
arrest, induction of apoptosis, and inhibition of the proli-
feration of malignant cells.

Materials and methods
Chemicals  4DPG was isolated from Sinopodophillum

emodi (Wall) Ying (Berberidaceae) by our group[30].  The
extracted 4DPG was dissolved in methanol (0.01 mol/L) and
stored at room temperature.

Cell lines and cell culture  A human cervical carcinoma

cell line (HeLa), a human nasopharyngeal carcinoma cell line
(CNE)  and a human neuroblastoma cell line (SH-SY5Y) were
grown in Dulbecco’s MEM (Hyclone, Logan, USA) and a
human chronic myelogenous leukemia cell line (K562) was
maintained in RPMI-1640, supplemented with 10% heat-
inactivated fetal calf serum (FCS), 100 U/mL penicillin and
100 µg/mL streptomycin in a humidified atmosphere (37 ºC,
5% CO2).

Cytotoxicity assay  The MTT assay to determine the
cytotoxicity of 4DPG was performed as described previous-
ly[31].  Briefly, cells were plated onto 96-well plates at 2×103

cells per well  for the HeLa, CNE, and SH-SY5Y cell lines or at
5×103 cells/well for the K562 cell line.   After incubation with
medium containing 0.1% methanol, 2×10-5 mol/L 4DPG and
etoposide (VP-16) for 48 h, MTT (Sigma Chemical Co, St
Louis, USA) was added to cell cultures to a final concentra-
tion of 0.5 mg/mL and incubated at 37 ºC for 4 h.     Then, the
adherent cells were solubilized with 200 mL dimethyl sulfox-
ide (Me2SO, Sigma), and K562 cells were exposed to 100 mL
0.04 N 2-propanolic hydrochloric acid.  Absorbance at 570
nm was measured on a multiplate reader (Bio-Rad 550,
Hercules, USA).

In the same way, K562 cells treated with gradient con-
centrations of 4DPG and etoposide for 48 h were tested.
The drug concentration required to inhibit cell growth by
50% (IC50) was determined by interpolation from dose-re-
sponse curves.  All assays were carried out in quadruplicate.
The inhibition rate of cell proliferation was calculated by:

Figure 1.  Chemical structure of 4DPG.

        Inhibition rate (%) =
ODcontrol–ODtreated×100%

                                                    ODcontrol
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Cell cycle analysis  K562 cells were treated with 1×10-9

mol/L, 1×10-8 mol/L,1×10-7 mol/L, and 1×10-6 mol/L 4DPG,
respectively.     After incubation for 48 h, cells were collected
and fixed with 70% ethanol at 4 ºC for 24 h, then stained with
50 µg/mL propidium iodide (Sigma).  The cell cycle distribu-
tion from  10 000   cells was collected by using the Epics flow
cytometer (Coulter Electronics, Fullerton, USA).  Cell cycle
analysis was performed by using Multicycle software
(Phoenix Flow Systems, San Diego, USA).

The mitotic index was determined by Giemsa staining.
K562 cells were incubated with or without 1×10-6 mol/L 4DPG
for 48 h.  Then, fixed cells were stained with Giemsa solution
and mitotic cells were counted per visual field.  Quadrupli-
cate fields were measured.

DNA fragmentation assay  K562 cells were exposed
to 0.01% methanol, 1×10-6 mol/L 4DPG and 1×10-6 mol/L
etoposide for 48 h, and then cells were collected by
centrifugation.  Total DNA was purified with a DNA isola-
tion kit (R&D Systems, Minneapolis, USA) according to the
manufacturer's protocol.  The DNA was separated in 1.5%
agarose gel and visualized by ultraviolet illumination after
staining with ethidium bromide.

TUNEL assay   After incubation with 1×10-6 mol/L 4DPG
for 12 h, 24 h, and 48 h, cells were rinsed three times with
phosphate-buffered saline (PBS) and fixed with methanol.
Based on the TUNEL protocol (Roche, Basel, Switzerland),
cells were permeabilized with 0.1% Triton X-100 in 0.1%
sodium citrate and then rinsed twice with PBS.  The DNA
nick-labeling reaction was performed using 50 µL TUNEL
reaction mixture, including 45 µL enzyme solution and 5 µL
nucleotide mix  at 37 ºC for 60 min.     Then the samples were
rinsed three times with PBS and analyzed under a fluores-
cence microscope.

Morphology analysis by transmission electron micro-
scopy  K562 cells treated with 1×10-6 mol/L 4DPG were washed
with PBS, centrifuged, and pre-fixed with 2.5% glutaralde-
hyde in 0.1 mol/L phosphate buffer at 4 ºC for 2 h.  The cells
were then rinsed thoroughly in phosphate buffer and post-
fixed in 1% OsO4  at 4 ºC for 30 min.  After being fixed, the
cells were pelleted in 2% agar, then cell blocks were prepared,
dehydrated through a graded ethanol series, and embedded
in Epon 812 (Spi supplies, West chester, USA).  The ultra-
structure of cells was analyzed in ultrathin sections in a trans-
mission electron microscope (Hitachi H-600, Tokyo, Japan)
after the sections were stained with uranyl acetate and lead
citrate.

Caspase-3 cleavage assay  After the K562 cells were
treated with 10-6 mol/L 4DPG as described above, the cells
were fixed and incubated with cleaved caspase-3 (Asp175)

antibody (Cell Signaling, Beverly, USA) as a primary
antibody, which specifically recognizes activated caspase-3
resulting from cleavage adjacent to Asp175, and then with
biotinylated goat antirabbit IgG as a secondary antibody.
Finally, the cells were incubated with the ABC kit (Vector,
Peterborough, England) and visualized by incubation with
the colorigenic substrates (DAB, Promega, Madison, USA).

Indirect immunofluorescence staining  Exponentially
growing HeLa cells were seeded into 96-well plates, then
after 12 h, the medium was replaced with complete medium
containing 10-6 mol/L 4DPG.  After treatment with 4DPG for
1 h, 2 h, 3 h, 12 h, 24 h, or 48 h, immunofluorescence staining
was performed.  The cells were incubated with anti-α-tubulin
antibody (ZSBiO, Beijing, China) as a primary antibody, which
was followed by a secondary antibody, TRITC-conjugated
rabbit antimouse IgG.  After being washed three times with
PBS, the labeled cells were observed and photographed with
a fluorescence microscope (Olympus IX70, Tokyo, Japan).

HeLa cells plated onto cover slips were treated with the
10-6 mol/L 4DPG for 24 h.  As per the procedure described
earlier, the cytoskeletons of the adherent and suspension
cells were photographed on a confocal laser scanning bio-
logical microscope (Olympus Fluoview FV300).

Statistics  Data were expressed as mean±SD and ana-
lyzed using two-way analysis of variance (ANOVA).  The
differences between two groups were determined by using
the t-test, and statistical significance was set at P<0.05.

Results

Chemical structure of 4DPG  4DPG, as a congener of
podophyllotoxin, has the same multiple ring structure;
however, it differs with respect to the composition and mi-
nor modifications of the podophyllotoxin rings, including
the steric orientation of a carbon-carbon bond and substitu-
tion on the ring.  4DPG has a hydroxy group in the 4-carbon
position, but podophyllotoxin has a methoxy group at this
position.  Another site that differs is the 7'-carbon position,
which is substituted in podophyllotoxin with an unmodified
glucoside.  Among the analogues of podophyllotoxin reported
previously, 4DPG is the isomer of the 4'-demethylpo
dophyllotoxin glucoside DMPG[22].

Effect of 4DPG  on proliferation of tumor cells  As shown
in Figure 2, 4DPG induced a significant inhibition of prolif-
eration in the tested cell lines (SH-SY5Y, CNE, HeLa and
K562).  Compared with etoposide, 4DPG had much more po-
tent cytotoxic effect on CNE and K562 cells.

After a 48 h-treatment, 4DPG had maximal cytotoxic ef-
fect on K562 cells at a concentration of 1×10-8 mol/L.  The
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maximal inhibition rate was 72.82%, and the IC50 value was
7.79×10-9 mol/L (Figure 3).  Under the same conditions, the
maximal effect on cell proliferation inhibition was observed
with etoposide at a concentration of 2.5×10-4 mol/L , which
inhibited 95.25% of cells, with an IC50 value of 2.23×10-5 mol/L
(data not shown).

Mitotic arrest was induced by 4DPG treatment  As shown
in Figure 4, 4DPG caused a significant dose-dependent
accumulation of K562 cells in the G2/M and sub-G0 phases,
and a decrease in the G0/G1 and S phases from 1×10-9 mol/L
to 1×10-6 mol/L at 48 h.   The differences in cell cycle distribu-
tion between vehicle-treated K562 cells and 1×10-8 mol/L, 1×10-7

mol/L, 1×10-6 mol/L treatment are statistically significant
(P<0.01).

To further characterize the cell cycle distribution, mitotic
index detection was performed.  We found that approximately
50% of cells treated with 10-6 mol/L 4DPG for 48 h were
blocked in mitosis, which was consistent with the result from
flow cytometry, but for vehicle-treated cells, only 6.8% were
in mitosis (P<0.01).

4DPG induced apoptosis in K562 cells   4DPG treatment
resulted in the formation of a DNA ladder in K562 cells at
48 h (Figure 5), but etoposide did not produce the same
result.  Additionally, as shown in Figure 6, the longer K562
cells were exposed to 1×10-6 mol/L 4DPG, the more cells that
had DNA strand breaks were labeled by TUNEL.

Figure 2.  The inhibitory effect of 4DPG on the proliferation of
four tumor cell lines (SH-SY5Y, CNE, HeLa, K562) was measured by
MTT assays after treatment with 4DPG for 48 h.  n=4.  Mean±SD.
cP<0.01 vs VP-16.

Figure 3.  Dose-response curve for the inhibition of cell proliferation. K562 cells were incubated with gradient concentrations of 4DPG for
48 h.  n=4.  Mean±SD.  The inhibition value was calculated using the means of ODcontrol and OD treated.

Figure 4.  The effect of 4DPG on G2/M phase arrest and induction
of apoptosis in K562 cells was dose-dependent. K562 cells were
treated with 1×10-9 mol/L, 1×10-8 mol/L, 1×10-7 mol/L or 1×10-6 mol/L
4DPG for 48 h. The negative control was the vehicle-treated sample.
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 Observations of ultrastructure showed that K562 cells
displayed the characteristics of apoptosis after the incuba-

tion of 1×10-6 mol/L 4DPG for 24 h and 48 h, respectively.
That is, some slim protuberances packed with the unit mem-
brane and numerous substances were released around the
cell; this was followed by increases of the structure of the
membrane in the cytoplasm, and the cytoplasm was sepa-
rated into several units in which a few vacuoles could be
seen; then, the nuclear membrane became unclear, and the
chromatin condensed and turned into single chromosome
spots (Figure 7).

4DPG induced the activation of caspase-3  As shown in
Figure 8, after incubation with 1×10-6 mol/L 4DPG for 12 h, the
number of activated caspase-3-positive cells had changed
little; however, the number had increased greatly after 24 h,
and further increased after 48 h.

4DPG inhibited microtubule polymerization  At 1 h after
1×10-6 mol/L 4DPG treatment, a marked inhibition of microtu-
bule assembly in HeLa cells was observed.  Compared with
the vehicle-treated cells, the most significant change was
the disappearance of the bipolar mitotic spindles in the cell
division phase (Figure 9).  Additionally, the results from con-
focal fluorescent microscopy further confirmed that 4DPG

Figure 6.  DNA breaks induced by 1×10–6 mol/L 4DPG were detected by TUNEL. (A) Vehicle-treated K562 cells (only cells involved in mitosis
were positively labeled); (B) after 12 h exposure, the chromatin in a few cells condensed and broke; (C) after 24 h exposure, many more cells
were positively labeled; (D) after 48 h exposure, condensed and separated chromatins were dispersed in the cytoplasm (×400).

Figure 5.   DNA fragmentation in K562 cells treated with 4DPG for
48 h. Lane A: 1 kb marker; lane B: normal control; lane C: treated with
1×10-6 mol/L etoposide for 48 h; lane D: treated with 1×10-6 mol/L
4DPG for 48 h.
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disrupted normal microtubule polymerization (Figure 10).

Discussion
By screening new potential antitumor agents using a

cytotoxicity assay, we identified 4DPG as an agent that pos-
sessed antiproliferative properties.  4DPG has been found to
have an extensive and significant inhibitory effect on the
proliferation of various carcinoma cell lines.  In this study,
we found that compared with etoposide, 4DPG is much more
potent in some cell lines, such as HeLa and K562.  The IC50

value of 4DPG on K562 cells was 2–3 orders of magnitude
lower than that of etoposide.  The cytotoxic effect of 4DPG
on K562 cells is dose-dependent.  Furthermore, regarding
the effect of 4DPG on the cell cycle distribution, 4DPG was
found to cause significant mitotic arrest in K562 cells.  These

findings regarding the picro derivatives are different from
those reported previously, which considered that these com-
pounds lacked biological activity and that the C-8α,
C-8'βtrans configuration is of crucial importance for biologi-
cal activity[4].  However, recent studies on a new derivative
of picropodophyllotoxin, 4-amino-4 deoxypicropodophyllo-
toxin, have proven that it exerts antitumor activity through
inhibiting microtubule assembly[27].  These results suggest
that the modification of picropodophyllotoxin with a free
hydroxy group in the 4-position or substitution at the 7'-
position can also produce molecules with high levels of bio-
logical activity.  Moreover, the specific inhibitive effect of
tyrosine phosphorylation of IGF-1R and malignant cell growth
by picropodophyllotoxin that was observed by Girnita and
coworkers provide another perspective on this molecule[28,29].
These new discoveries suggest that picro derivatives retain
a high biological activity and could become an important
family of anticancer agents.

In the podophyllotoxin family, there are two well-investi-
gated mechanisms that cause cytotoxicity[4].  The first is the
inhibition of microtubule polymerization (eg, podophyllo-
toxin[5,6]) and the second is the inhibition of topoisomerase II
(eg, etoposide[18]).  As shown in Figure 8, after just 1 h expo-
sure to 4DPG, the fibroid microtubule skeleton in normal HeLa
cells was broken and the tubulin-α tagged by TRITC was
distributed in the cytoplasm homogeneously.     These ob-
servations indicate that the cytotoxicity of 4DPG is caused
by disrupting the microtubule assembly, which interferes
with mitosis at low concentrations.  This property is similar
to that of podophyllotoxin, indicating that 4DPG is a new
antimicrotubule agent.  However, reports regarding the ef-
fectiveness of podophyllotoxin and picropodophyllotoxin

Figure 8.  The percentage of activated caspase-3 in K562 cells
increased greatly with increased exposure to 1×10-6 mol/L 4DPG.
n=4. Mean±SD. cP<0.01 vs 0 h.

Figure 7.   Ultrastructural photomicrographs of K652 cells after treatment with 1×10-6 mol/L 4DPG, visualized by transmission electron
microscopy. (A) Normal control, the nucleolus and nuclear membrane were clear, chromatin was dispersed and uncondensed (×5000); (B) after
4DPG treatment for 24 h, the nucleolus disappeared and the nuclear chromatin was condensed (×3500); (C) after treatment with 4DPG for 48 h,
the nuclear membrane was becoming unclear, and the chromatin was condensed and separated. Cells displayed the characteristics of apoptosis
and mitosis (×5 000).
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as inhibitors of IGF-1R suggest that there is another pos-
sible mechanism by which podophyllotoxin inhibits malig-
nant cell proliferation at the same time as it interferes with
microtubule assembly[28].  It could be necessary to carry out
a study to determine whether 4DPG also possesses this
activity.

Microtubules are important cytoskeletal components in-
volved in the regulation of cell proliferation, differentiation,

and apoptosis[32].  Microtubule-targeted agents, in particu-
lar taxanes[33], have been shown clinically to exert a high
level of anticancer activity, and they have also been shown
to be promoters of apoptosis in cancer cells[34].  In the present
study, the apoptosis-inducing effects of 4DPG were also
proven by several observations, including ultrastructure
changes, DNA strand breaking and fragmentation, and a
subdiploid peak.  Apoptosis induced by antimicrotubule

Figure 9.   Observations of the course of micro-
tubule depolymerization in the 4DPG-treated
HeLa cells (0 h–48 h) by using immunofluores-
cence techniques. The microtubule skeleton of
HeLa cells after being treated with 10–6 mol/L 4DPG
for 0 h, 1 h, 2 h, 3 h, 12 h, 24 h and 48 h,
respectively (A–G). The microtubules of cells were
almost totally depolymerized in the first 2 h and
TRITC-labeled tubulin-α was dispersed in the cy-
toplasm (×400, HeLa cells).
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agents is a very complex progress.  Many proteins involved
in these signal pathways have yet to be identified, and many
questions about the process remain unanswered[35,36–38].  It
is conceivable that different microtubule binding sites and
different disruptions caused by antimicrotubule agents trig-
ger different protein kinase signal pathways.  The present
study demonstrated clearly that activated caspase-3
increased greatly after treatment  with 4DPG for 24 h.  This
result is quite consistent with the observations gained from
TUNEL, suggesting that 4DPG causes the induction of
apoptosis through a caspase-3-dependent signaling
pathway.  The other proteins involved in this apoptotic sig-
naling pathway also need to be determined.

In summary, our results demonstrate that 4DPG has a
powerful cytotoxic activity at very low concentrations (<0.01
µmol/L), through interrupting microtubule assembly.  It is
worth noting that 4DPG is a natural podophyllotoxin gluco-
side with a unique structure.  These findings about the bio-
logical activity and mechanism of 4DPG are not only valu-
able additions to the body of information regarding the struc-
ture-activity relationships in the podophyllotoxin family, but
also suggest a way forward for exploring natural antitumor
products.
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Abstract
Aim: To investigate the reversal effects of curcumin on multidrug resistance (MDR)
in a resistant human gastric carcinoma cell line.  Methods: The cytotoxic effect of
vincristine (VCR) was evaluated by MTT assay.  The cell apoptosis induced by
VCR was determined by propidium iodide (PI)-stained flow cytometry (FCM) and
a morphological assay using acridine orange (AO)/ethidium bromide (EB) dual
staining.  P-glycoprotein (P-gp) function was demonstrated by the accumulation
and efflux of rhodamine123 (Rh123) using FCM.  The expression of P-gp and the
activation of caspase-3 were measured by FCM using fluorescein isothiocyanate
(FITC)-conjugated anti-P-gp and anti-cleaved caspase-3 antibodies, respectively.
Results: Curcumin, at concentrations of 5 µmol/L, 10 µmol/L, or 20 µmol/L, had no
cytotoxic effect on a parent human gastric carcinoma cell line (SGC7901) or its
VCR-resistant variant cell line (SGC7901/VCR).  The VCR-IC50 value of the SGC7901/
VCR cells was 45 times more than that of the SGC7901cells and the SGC7901/VCR
cells showed apoptotic resistance to VCR.  SGC7901/VCR cells treated with 5
µmol/L, 10 µmol/L, or 20 µmol/L curcumin  decreased the IC50 value of VCR and
promoted VCR-mediated apoptosis in a dose-dependent manner.  Curcumin (10
µmol/L) increased Rh123 accumulation and inhibited the efflux of Rh123 in SGC7901/
VCR cells, but did not change the accumulation and efflux of Rh123 in SGC7901
cells.  P-gp was overexpressed in SGC7901/VCR cells, whereas it was downregulated
after a 24-h treatment with curcumin (10 µmol/L).  Resistant cells treated with 1
µmol/L VCR alone showed 77% lower levels of caspase-3 activation relative to
SGC7901 cells, but the activation of caspase-3 in the resistant cell line increased
by 44% when cells were treated with VCR in combination with curcumin.
Conclusion: Curcumin can reverse the MDR of the human gastric carcinoma
SGC7901/VCR cell line.  This might be associated with decreased P-gp function
and expression, and the promotion of caspase-3 activation in MDR cells.
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Introduction
Although progress has been made in the treatment of

patients with gastric cancer over the last two decades, a
significant percentage of these patients fail to achieve com-
plete remission or they relapse due to the phenomenon of
multidrug resistance (MDR).  In tumor cell lines, MDR is
often associated with the overexpression of ATP-dependent

drug efflux proteins belonging to the superfamily of ATP-
binding cassette (ABC) transporters: the 170 kDa P-glyco-
protein (P-gp) encoded by the MDR1 gene and the 190 kDa
multidrug resistance-associated protein-1 encoded by the
MRP-1 gene[1,2].  These proteins bind to and transport vari-
ous structurally unrelated compounds to maintain their in-
tracellular concentrations below cytotoxic levels.

Over the last two decades, considerable efforts have been
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made to circumvent the problem with multidrug resistance.
One approach is to use various resistance modulators to
reverse MDR mechanisms and thus sensitize MDR tumor
cells to anticancer drugs.  Several compounds can reverse
MDR, such as calcium channel blockers, CsA, MK571,
buthionine sulfoximine (BSO) and genistein.  However, the
use of effective doses of these agents for systemic chemo-
therapy has been difficult because of their side effects and
dose-limiting toxicity.  Therefore, it is necessary to find new
reversing agents that do not have the undesirable toxico-
logical effects[3].

Curcumin is a natural phenolic coloring compound that
is found in the rhizomes of Curcuma longa L, commonly
called turmeric.  It has been widely used as a spice, to color
cheese and butter, as a cosmetic[4], and in some medicinal
preparations[5].  Curcumin has a wide range of biological and
pharmacological activities, including antioxidant properties[6],
anti-inflammatory properties[5], anti-mutagenic activity[7], and
anti-carcinogenic[8], hypocholesterolemic[9] and hypoglyce-
mic effects[10].  The safety of C longa and its derivatives has
been studied in various animal models[11], and it is clear that
turmeric is not toxic even at high doses in laboratory animals.
A single feeding of a 30% turmeric diet to rats did not pro-
duce any toxic effects.  In a 24-h acute toxicity study, mice
were fed doses of 0.5 g/kg, 1.0 g/kg, and 3.0 g/kg of turmeric
extract daily.  There was no increase in the mortality rate
when compared with the controls in either study.

Because of its wide range of biological and pharmaco-
logical effects, and a lack of toxicity in animal models,
curcumin has been examined to determine whether it inter-
acts with MDR.  In vitro studies have demonstrated that
curcumin is able to modulate both the expression and func-
tion of P-gp in multidrug-resistant KB cells[12,13] and primary
cultures of rat hepatocytes[14].  It is not clear whether
curcumin can reverse the P-gp-mediated MDR of resistant
gastric cancer cells.  This led us to evaluate the effect of
curcumin on the MDR of a vincristine (VCR)-resistant gas-
tric cancer cell line (SGC7901/VCR).  We found that treat-
ment of drug-resistant SGC7901/VCR cells with curcumin
increased their sensitivity to vincristine, which was consis-
tent with decreased P-gp function and expression.  In addition,
curcumin was able to promote VCR-stimulated caspase-3 ac-
tivation in SGC7901/VCR cells.  It is possible that curcumin
could be useful in the treatment of drug resistant gastric
cancer cells as a MDR modulator.

Materials and methods
Reagents   Curcumin, MTT, ethidium bromide (EB), acri-

dine orange (AO) and rhodamine123 (Rh123) were obtained
from Sigma (St Louis, MO, USA); vincristine (VCR) was ob-
tained from Farmitalia Carlo Erba (Milan, Italy); the anti-
cleaved caspase-3 antibody was purchased from Cell Sig-
naling Technology (Beverly MA); the anti-P-gp antibody
and FITC-conjugated goat antimouse IgG were bought from
Beijing Zhongshan Biological Technology Co (Peking,
China).

Cells and cell cultures  Gastric cancer cell line SGC7901
and VCR-resistant gastric cancer SGC7901/VCR cells were
kindly provided by the Department of Gastroenterology,
Xijing Hospital, the Fourth Military Medical University (Xi’an
China).  The MDR subline SGC7901/VCR was developed by
exposing the parental SGC7901 cells to increasing concen-
trations of the anticancer drug VCR.  All cells were cultivated
in RMPI-1640 supplemented with 10% heat-inactivated fetal
bovine serum at 37 °C in a 5% CO2 atmosphere.  The medium
for SGC7901/VCR cells was further supplemented with VCR
(0.25 µmol/L).  Before their use in experiments, the SGC7901/
VCR cells were cultured in a drug-free medium for 2 weeks.

Cytotoxicity assay by MTT  Cells were seeded into 96-
well plates at densities of 1×104 SGC7901/VCR cells per well
and 0.5×104 SGC7901 cells per well, and incubated in a hu-
midified atmosphere of 5% CO2+95% air overnight, then nor-
mal cell medium containing either test compounds or sol-
vents at the desired concentration were added.  After 72 h
incubation, 20 µL MTT (5 g/L in phosphate buffered saline,
PBS ) were added.  The plates were incubated for 4 h and the
blue dye formed was dissolved in 100 µL dimethyl sulfoxide
(DMSO or Me2SO).  The absorbance at 570 nm was recorded
using an ELISA reader.  The survival rate was calculated as
follows:

Survival rate (%)=(T–B)/(U–B)×100%
where T is the absorbance of treated tumor cells when ex-
posed to drugs, U is the absorbance of untreated cells, B is
the absorbance when neither the drug nor MTT was added
(blank).

The 50% inhibitory concentration (IC50) of 3 d exposure
for a particular agent was defined as the drug concentration
that causes in a 50% reduction in the number of cells com-
pared with the untreated control.  The IC50 values were de-
termined by Bliss software.

Apoptosis assay by flow cytometer using propidium io-
dide staining  Cells were treated with various concentra-
tions of VCR and curcumin for 24 h, and then harvested with
0.25% trypsin and washed with PBS.  Cells (2×105) were fixed
in 70% ice-cold EtOH/PBS for 20 min on ice, and then washed
with PBS and incubated in propidium iodide (PI) solution (69
mmol/L PI, 388 mmol/L sodium citrate, 100 µg/mL RNase A)



Http://www.chinaphar.com Tang XQ et al

1011

for 15 min at 37 °C.  Cells were immediately analyzed with
FAC scan flow cytometry (Becton Dickinson, San Jose, CA).

Apoptosis detection by morphological observation after
AO/EB staining  Cells were treated with various concentra-
tions of VCR and curcumin for 24 h, and then harvested with
0.25% trypsin and resuspended in RPMI-1640 medium.  Af-
ter staining for 10 min with 4 mL of an AO (100 mg/mL)/EB
(100 mg/mL) dye mixture, cells were visualized immediately
under a fluorescence microscope.

Accumulation and efflux of Rh123 as measured by flow
cytometry  The measurement of Rh123 accumulation was
performed as previously described[15].  Briefly, cells (5×105

per sample) were incubated with 1 µg/mL of Rh123 in the
dark at 37 °C in 5% CO2 for 120 min.  Curcumin (dissolved in
0.1% DMSO) was added to cultures at the same time as Rh123.
A final concentration of 0.1% Me2SO (v/v) was used for all
experiments and controls.  Following Rh123 accumulation,
cells were washed twice with ice-cold Hanks’ Balanced Salt
(HBSS) (without phenol red), placed in HBSS with 10% fetal
bovine serum on wet ice.  The green fluorescence of Rh123
was measured by using a FAC scan flow cytometer (Becton
Dickinson).

 For determination of Rh123 efflux, cells were loaded for
60 min with Rh123 in the absence of curcumin, and then the
medium was replaced with Rh123-free medium containing
curcumin, or the vehicle (Me2SO).  Following efflux intervals
of 60 min, the medium was removed, and the cells were washed
twice with ice-cold HBSS and prepared for flow cytometry as
described earlier.  As measured by Trypan blue exclusion,
the cells remained viable during the Rh123 accumulation and
efflux studies with curcumin.

Flow-cytometric analysis of the expression of P-gp and
the activation of caspase-3  The cells were collected and
adjusted to a concentration of 1×106 cells per mL and centri-
fuged at 1500×g for 5 min at 20 °C.  The cell pellet was resus-
pended in 20 mL anti-P-gp or anti-active caspase-3 antibody
(1:400), and then incubated at 4 °C for 30 min while being
protected from light.  After three washes with cold PBS con-
taining l % fetal calf serum (FCS), cells were incubated while
being protected from light at 4 °C for 30 min with FITC-con-
jugated goat antimouse IgG (l:1000).  Then cells were centri-
fuged at 1500×g for 5 min at 20 °C and were resuspended
with PBS.  The fluorescence intensity of cells was then ana-
lyzed by using a flow cytometer (Becton Dic-kinson).

Statistical analysis  Data were expressed as mean±SD.
Student’s t-test was used to assess the statistical signifi-
cance of differences.  P<0.05 was considered to be statisti-
cally significant.

Results
Cytotoxic effect of curcumin on SGC7901 and

SGC7901/VCR cells  We found that 1–20 µmol/L curcumin
was not obviously cytotoxic to gastric cancer cell line
SGC7901 or VCR-resistant gastric cancer SGC7901/VCR cells
(survival rate >85%).  However, 40–160 µmol/L curcumin
caused significant cytotoxicity in SGC7901 and SGC7901/
VCR cells (Figure 1).  Because treatment of the cells with 5
µmol/L, 10 µmol/L, and 20 µmol/L curcumin had no signifi-
cant effect on cell viability, we used these concentrations
for further analysis.

Effect of curcumin on VCR resistance in SGC7901/VCR
cells  The IC50 values of VCR were 0.49 µmol/L and 22.27
µmol/L in the sensitive and resistant lines, respectively, which
indicated that the SGC7901/VCR cell line was 45 times more
resistant to VCR than the parent SGC7901 cell line.  As shown
in Figure 2, when 5 µmol/L, 10 µmol/L, or 20 µmol/L curcumin
was added, the IC50 value of VCR in the SGC7901/VCR cell
line significantly decreased from 22.27 µmol/L to 11.60 µmol/L,
3.28 µmol/L, and 1.53 µmol/L, respectively, in a dose-depen-
dent manner.  After treatment with 20 µmol/L verapamil
(positive control), the IC50 value of VCR in the SGC7901/VCR
cell line only decreased from 22.27 µmol/L to 3.13 µmol/L.

Effect of curcumin on the apoptotic resistance of
SGC7901/VCR cells Apoptotic cells were quantified as the
proportion of cells that had a DNA content of less than 2N
(sub-Gl DNA content)[16].  As shown in Figure 3, after treat-
ment with 1 µmol/L VCR for 24 h, the apoptosis of SGC7901/
VCR cells was only 12.5%, but significant apoptosis was
observed in the parental cells (61.4%, P<0.01) at the same

Figure 1.  Effects of curcumin on SGC7901 and SGC7901/VCR cells
growth.  Cells were treated with various curcumin concentrations for
3 d.  n=3 independent experiments.  Mean±SD.
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drug concentration, indicating that SGC7901/VCR cells had
apoptotic resistance to VCR.  Curcu-min, at concentrations
of 5 µmol/L, 10 µmol/L, and 20 µmol/L for 24 h, promoted the
VCR-mediated apoptosis of SGC7901/VCR cells from 12.3%
to 20.5%, 32.7%, and 43.7%, respectively, in a dose-depen-
dent manner.  Moreover, AO/EB staining also revealed that
curcumin promoted VCR-induced apoptosis in SGC7901/VCR
cells (Figure 4).  These results demonstrate that curcumin is
able to overcome the apoptotic resistance of SGC7901/VCR
cells to VCR.

Effect of curcumin on P-gp functions  To examine the
function of P-gp on the surface of viable cells, Rh123 accu-
mulation and efflux studies were chosen because they ap-
pear to be sensitive indicators of P-gp activity when as-
sayed by FAC scans[17,18].  As shown in Figure 5A, Rh123
accumulation in SGC7901/VCR cells was obviously less than
that in SGC7901 cells after being incubated with Rh123 for
120 min (P<0.01).  After treatment with curcumin (10 µmol/L),
Rh123 accumulation in SGC7901/VCR cells was increased by
40%; however, there was no change in SGC7901 cells.  The
effect of curcumin on the P-gp-mediated efflux of Rh123 in
SGC7901 and SGC7901/VCR cells was also examined.  As
shown in Figure 5B, Rh123 retention in SGC7901/VCR cells
was obviously less than that in SGC7901 cells.  When
SGC7901/VCR cells were treated with curcumin (10 µmol/L)
for 60 min, Rh123 retention increased by 80% compared with
the vehicle control (0.1% Me2SO), indicating that curcumin
could cause a significant decrease in Rh123 efflux.  However,
in SGC7901 cells, there was no change in Rh123 retention in
the presence of curcumin.

Effect of curcumin on P-gp expression  Cells were plated
at a concentration of 6×104 cells per mL in supplemented
RPMI-1640.  At 24 h after plating, the medium was replaced
with fresh medium containing 0.1% Me2SO (vehicle control)
or 10 µmol/L curcumin.  After 24 h, cells were collected to
examine the expression of P-gp by flow cytometry.  The
expression rate of P-gp was 42.73% in SGC7901/VCR cells
and 2.03% in SGC7901 cells.  Treatment with curcumin (10
µmol/L) for 24 h led to downregulation of P-gp expression in
MDR cells.  The expression rates of P-gp in SGC7901/VCR
cells decreased from 42.73% to 17.69% after curcumin treat-
ment (Figure 6).

Effect of curcumin on the activation of caspase-3 in
SGC7901/VCR cells  The activation of caspase-3 was
assessed by examining the expression of cleaved caspase-3
by flow cytometry.  SGC7901/VCR cells treated with VCR
(1 µmol/L) alone for 24 h showed 77% lower levels of caspase-
3 activation than did SGC7901 cells (Figure 7).  When cells
were treated with VCR (1 µmol/L) in combination with

Figure 3.  Effect of curcumin on the apoptosis of SGC7901/VCR
cells.  A, B: SGC7901/VCR cells were treated by 0.1% Me2SO and 10
µmol/L of curcumin for 24 h, respectively; C, D: SGC7901 and
SGC7901/VCR cells were treated by 1 µmol/L of VCR for 24 h,
respectively; E, F, G: SGC7901/VCR cells were treated with 1 µmol/L
of VCR combination with 5, 10, 20 µmol/L of curcumin for 24 h,
respectively.  The percentage of apoptotic cells was assayed by flow
cytometer using propidum iodide staining.

Figure 2.  Effect of curcumin on VCR resistance in SGC7901/VCR
cells.  The SGC7901/VCR cells were grown in medium with 0.1%
Me2SO (vehicle control), 5 µmol/L, 10 µmol/L, 20 µmol/L curcumin
or 20 µmol/L verapamil (positive control) in the presence of differ-
ent concentration of VCR.  The cell viability was determined by
MTT assay and the IC50 of VCR was analyzed by Bliss software.   n=3
independent experiments. Means±SD  aP>0.05, cP<0.01 vs control
group.
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Figure 4.  Apoptosis of SGC7901 and SGC7901/VCR cells detected by AO/EB staining.  A, SGC7901 cells; B, SGC7901 cells treated by 1 µmol/L
of VCR for 24 h; C, SGC7901 /VCR cells; D, SGC7901 /VCR cells treated by 1 µmol/L of VCR for 24 h; E, SGC7901/VCR cells treated by 1 µmol/L
of VCR combination with 20 µmol/L of curcumin for 24 h.  Apoptotic cells detected by morphological observation after AO/EB staining.

Figure 5.  Effects of curcumin on Rh123 accumulation (A) and retention (B) in SGC7901 and SGC7901/VCR cells.  (A) Cells treated with 10
µmol/L curcumin or vehicle control (0.1% Me2SO).  Rh123 (1 µg/mL) was added, and the cells were incubated for 120 min.  (B) Cells were
incubated with Rh123 for 60 min, washed, and resuspended in medium with 10 µmol/L curcumin or vehicle control (0.1% Me2SO) for 60 min.
Rh123 fluorescence was measured using FAC scan.  Means±SD from three independent experiments.  cP<0.01 vs SGC7901 cells.  fP<0.01 vs
vehicle control.



1014

 Acta Pharmacologica Sinica ISSN 1671-4083Tang XQ et al

curcumin (10 µmol/L) for 24 h, the activation of caspase-3
was increased by 44% (P<0.01) in the SGC7901/VCR cell line.

Discussion
The development of P-gp-dependent multidrug resis-

tance in tumors is a major obstacle for successful chemo-
therapy[19].  For this reason, there is an increasing search for
new reagents that inhibit the expression and/or function of
P-gp to overcome MDR.  Recent studies have shown that
curcumin is able to modulate the expression and function of
P-gp, and therefore it might be an possible new agent for the
chemosensitization of cancer cells[12–14].  VCR-resistant gas-

Figure 7.  Effect of curcumin on the activation of caspase-3 in cells.
The level of caspase-3 activation, following treatment with VCR (1
µmol/L) in the presence or absence of 0.1% Me2SO (vehicle control)
and curcumin (10 µmol/L) for 24 h, was determined by flow cytometer.
Means±SD from three independent experiments.  cP<0.01 vs SGC7901
cells. fP<0.01 vs VCR treatment alone.

Figure 6.  Effect of curcumin on the expression of P-gp in SGC7901/
VCR cells.  The level of P-gp expression, following treatment with
0.1% Me2SO (vehicle control) or curcumin (10 µmol/L) for 24 h, was
determined in cells by flow cytometer.  Means±SD from three inde-
pendent experiments.  cP<0.01 vs SGC7901 cells. fP<0.01 vs vehicle
control.

tric cancer SGC7901/VCR cells have been shown to express
P-gp at a high level, but P-gp was not expressed in the drug-
sensitive cells (SGC7901)[20].  Thus, in the present study, we
wanted to demonstrate the possibility of using curcumin in
gastric cancer as an MDR modulator.

We showed that curcumin enhanced the toxicity of VCR
in the MDR cell line SGC7901/VCR.  The SGC7901/VCR cell
line was 45 times more resistant than the parental SGC7901
cell line.  Curcumin, at concentrations of 5.0 µmol/L, 10.0
µmol/L and 20.0 µmol/L, is able to decrease the IC50 of VCR
to SGC7901/VCR cells in a dose-dependent manner.  These
data indicate that curcumin is able to reverse MDR in the
SGC7901/VCR cell line.

The potent MDR-reversing capacity of curcumin in tu-
mor cells was further confirmed by its ability to enhance
VCR-induced apoptosis in MDR SGC7901/VCR cells.
Apoptotic and anti-apoptotic character are also strongly re-
lated to drug sensitivity and resistance.  A number of tumor
cells have been reported to undergo apoptotic cell death
when treated with such chemotherapeutic agents as
etoposide, camptothecin, cisplatin, Ara-C, mitomycin C,
adriamycin, and vincristine.  These findings indicate that
apoptosis in tumor cells plays a critical role in chemotherapy-
induced tumor cell killing, and  also suggest that blockade of
the apoptosis-inducing pathway could be another mecha-
nism for MDR to chemotherapy[21].  VCR, at a concentration
of 1 µmol/L, did not induce apoptosis in SGC7901/VCR cells,
but significantly induced apoptosis in the parental cells,
which indicated that the MDR SGC7901/VCR cell line was
also apoptosis-resistant.  In our study, we found that
curcumin could promote the VCR-mediated apoptosis of
MDR SGC7901/VCR cells, which suggests that curcumin
could overcome the apoptosis-resistance of MDR cells.

The experiment for evaluating the effect of curcumin treat-
ment on P-gp expression determined that curcumin clearly
inhibited P-gp expression in SGC7901/VCR cells.  The up-
take and/or efflux of Rh123 is frequently used for assays of
P-gp in tumor cells[22,23].  In the present study, we also inves-
tigated the effects of curcumin on the P-gp function of
SGC7901/VCR cells.  Curcumin caused a substantial increase
in the accumulation of Rh123 in SGC7901/VCR cells, and in-
hibited the efflux of Rh123, but had no effect on drug-sensi-
tive cells (SGC7901), which do not overexpress P-gp.  Be-
cause Rh123 is known to be a good substrate for P-gp, we
suppose that curcumin modulates intracellular Rh123 level
by inhibiting P-gp.  It is unlikely that curcumin acts by
downregulating P-gp expression because the time of expo-
sure of cells to curcumin in these experiments was short (1–
2 h).  Taken together, our data indicate that treatment of
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drug-resistant SGC7901/VCR cells with curcumin increased
their sensitivity to VCR, which is consistent with an increase
in intracellular drug concentration by decreasing P-gp func-
tion and expression.

 Although P-gp is best known for its ability to efflux a
variety of amphiphilic substances across plasma membranes,
new functions are emerging. Transfected MDR1 in Chinese
hamster ovary fibroblasts results in a decrease in growth
factor withdrawal-induced apoptosis[24]. P-gp has been
shown to inhibit apoptosis induced by anti-fas, ultraviolet
radiation, and tumor necrosis factor in both lymphoid and
myeloid cell lines[25,26], to resist spontaneous apoptosis in
acute myeloid leukemia (AML) blasts[27,28], and is implicated
in the inhibition of ceramide-induced apoptosis in TF-1 cells[29].
P-gp has also been shown to protect kidney proximal tubule
cells from cadmium- and oxygen species-induced apoptosis[30].
Therefore we suggest that, besides exporting a wide range
of xenobiotics from cells, the multidrug transporter P-gp may
also confer resistance to apoptosis from different stimuli.
Our results suggest that the ability of curcumin to promote
VCR-induced apoptosis in drug-resistant SGC7901/VCR cells
might be associated with a decrease in P-gp function and
expression.

Recent studies have shown that functional P-gp plays a
role in regulating cell death not only by removing drugs from
the cell, but also by inhibiting the activation of proteases
involved in apoptotic signaling (caspase-8)[25] and execu-
tion (caspase-3)[25,26]. In agreement with this, our data indi-
cate that SGC7901/VCR cells inhibited VCR-induced caspase-
3 activation. However, treatment of drug-resistant SGC7901/
VCR cells with curcumin promoted VCR-induced caspase-3
activation. The results of a previous study have demon-
strated that curcumin overcomes P-gp-mediated multidrug
resistance through induction of caspase-3 activation[31]. Our
results  indicate that the MDR reverse function of curcumin
may be associated with promoting anticancer agent-induced
caspase-3 activation.

Summing up, our results suggest that curcumin could be
considered a promising chemosensitizer of MDR in gastric
cancer.
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Effects of navelbine and docetaxel on gene expression in lung cancer
cell strains1
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Abstract
Aim: To search genes sensitivity to the anti-cancer drugs navelbine (NVB) and
docetaxel (DOC) in small-cell lung cancer (SCLC) and non-small-cell lung cancer
(NSCLC)  cell strains.  Methods: The sensitivity of 4 strains of SCLC and 6 strains
of NSCLC to NVB and DOC was evaluated using the MTT assay.  The expression
of 1291 sensitive-related genes to the anti-cancer drugs in 10 lung cancer cell
strains was measured using cDNA macroarrays and the relationship was analyzed.
Results:  In total, there were 56 (r≥0.4) genes sensitive to NVB and DOC.  For
NVB: 36 genes were sensitive to NVB, 20 co-expressed genes between the
SCLC+NSCLC set and the NSCLC set; 27 expressed genes and 7 specially
expressed genes in the SCLC+NSCLC set; and 29 expressed genes and 9 specially
expressed genes in the NSCLC set.  For DOC, 50 genes were sensitive to DOC, 12
co-expressed genes between the SCLC+NSCLC set and the NSCLC set; 24
expressed genes and 12 specially expressed genes in the SCLC+NSCLC set; and
38 expressed genes and 26 specially expressed genes in the NSCLC set.  The
genes sensitive to NVB and DOC in lung-cancer cell stains were mainly divided
into the following 4 categories: signal transduction molecules, cell factors, tran-
scription factors and metabolism-related enzymes and inhibitors.  Conclusions:
There were obvious differences in genes related to NVB and DOC between SCLC
and NSCLC cell strains, but the same as categories of function.
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Introduction
Chemotherapy failure in lung cancer is usually caused

by multidrug resistance.  Discovering ways to overcome re-
sistance to chemotherapeutic drugs is the main problem to
be resolved.  There are different mechanisms of resistance to
different drugs, while various mechanisms can produce re-
sistance to the same drug.  Many of these mechanisms, such
as drug transition protein (CABC and lung cancer resistant
protein), change the molecular target, the state of detoxify-
ing enzymes, the obstruction of apoptosis, the repairing abil-
ity of DNA or the activity of oncogenes.  Much work has
been reported on the function of drug resistant genes in
lung cancer using calcium antagonists and the MTT assay,
as well as other methods, but there are few reports about the
relationship between anticancer drug sensitivity and related
genes.

Gene chip technology has provided a powerful tool to
study the expression profile of genes and their related genes,
providing much better data than the previous gene-monitor-
ing techniques.  The cDNA gene chip techniques can be
divided into 2 types according to the different density of
hybridized genes: (i) macroarrays[1]; and (ii) microarrays[2].
Macroarrays are better than microarrays in that they are
economical, have a high level of repeatability and therefore
accuracy, and they do not require special instruments.  We
therefore used macroarrays to measure the gene expression
profiles of 10 lung cancer cell strains.  We also measured
drug sensitivity to navelbine (NVB) and docetaxel (DOC) in
10 lung cancer cell strains using the MTT assay, and ana-
lyzed the relationship between them.  The precision of our
results was then confirmed by reverse transcription–poly-
merase chain reaction (RT-PCR).  This outcome has signifi-
cance for clinical therapy.
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Materials and methods

Cell strains  There were 11 cell strains used in the
experiments, of which 6 were NSCLC strains (LK-2, PC-7, PC-
9, PC-14, A549 and Lu65) and 4 were SCLC strains (H69,
N231, Lu135 and SBC-3); BET2A was used as a control.  All
cell strains were cultured in RPMI 1640 supplemented with
5% fetal bovine serum at 37 oC in humidified air containing
5% CO2.

Concentration adjustment of anticancer drugs  The con-
centration of NVB was adjusted to within the range 0.005 µg/
mL–10 µg/mL using RPMI 1640, and DOC was adjusted to
within the range 0.005 µg/mL–50 µg/mL using dimethyl-
sulphoxide (DMSO).

Measurement of cell sensitivity to anticancer drugs
Sensitivity to the anticancer drugs was assessed using the
MTT assay[3].  The IC50 was calculated using the Reed-
Muench method[4], while the index of sensitivity was calcu-
lated as: IC50/peak plasma concentration (PPC).

Anticancer drug sensitivity-related genes  Genes related
to anticancer drug sensitivity were assessed using cDNA
macroarray.

Isolation of mRNA from total RNA  Total RNA was iso-
lated from 1×108 cells, which were grown in suspension, at
A260/ A280 ratio∈[1.8,  2.0].  mRNA was isolated by incubation
with oligo-dT-magentic beads (Toyobo Co, Osaka, Japan),
followed by washing to remove non-specific binding.

Reverse transcription-polymerase chain reaction and
labeling of the mRNA  polyA+RNA 0.8 µg was picked and
RT-PCR was carried out using the RT, Rever TraAce (Toyobo
Co, Osaka, Japan).  The probes were labeled with biotin by
incorporation of biotin-16-dUTP during the synthesis of
cDNA.

Making the filters  Gene Navigator cDNA Array Sys-
tem-Cancer Selected (Geneticlab, Sapporo Co, Osaka, Japan)
was used.  Anti-cancer drug-sensitivity genes (1291 species)
were spotted onto the filter in duplicate.  There were 280
non-mammalian genes and 49 housekeeping genes as nega-
tive controls[5].  A list of the set of genes on the filter is
shown on the web site(http: //www.toyobo.co.jp/seihin/xr/
product/genenavi/genenavigator.html).

cDNA array hybridization  Filters were preincubated in
30 mL Perfect Hyb (Toyobo Co, Osaka,Japan) at 68 oC for
30 min.  Biotin-labeled probes (100 µL) were denatured at
100 oC for 5 min before being added to the prehybridization
solution.  The filters were incubated in the hybridization mix-
ture at 68 oC for 20 h, then the filters were washed 3 times at
68 oC for 10 min using 30 mL 2×SSC/0.1% sodium
dodecylsulfate (SDS) and 0.1×SSC/0.1% SDS.

Signal measuring  After washing the filters, specific sig-
nals on the filters were detected using the Imaging High
Chemifluorescence Detection Kit (Toyobo Co, Osaka,Japan).
Vistra ECF substrate (AttoPhos) (Amersham Pharmacia
Biotech,Uppsala,Sweden)was used as the chemifluor-
escence substrate.  Substrate images were acquired by
Fluorimager (Amersham Pharmacia Biotech,Uppsala,
Sweden).

Measuring gene expression  The drugs were clustered
on the basis of Pearson correlation coefficients relating their
patterns across the 10 cell strains to the expression patterns
of genes.  These correlation coefficients were calculated for
each combination of gene and drug by taking the level of
expression of the gene in each cell line, enhancing it by the
corresponding sensitivity of the cell to the drug, summing
the results over all of the cell strains and renormalizing.  This
produced 1291 correlation coefficients (1 for each gene and
target) for each of the 2 drugs.  We then clustered the 2
drugs on the basis of these correlation coefficients.

Computer soft analysis  “A” was designed as a drug active
model (the drug sensitivity of 10 lung cancer cell strains to NVB
and DOC-IC50), Tr was the related data model of the level of
mRNA expression (the expression of 1291 genes from 10 lung
cell strains), and gene expression data included the rate of
expression intensity of measuring gene and BET2A cells.

Statistical analysis  The AT-clustered image map (CIM;
Figure 1 and Figure 2) summarizes the relationship between
drug activity and gene expression by means of the cluster-
ing method.  In this CIM, drugs were together with related
genes, and genes were also together with related drugs.  Each
color reflects the connection of one gene and one drug.  For
example, a red point (high positive Pearson correlation
coefficient) indicates that cell strains with more expressed
genes tend to be more sensitive to the agent; a blue point
(high negative Pearson correlation coefficient) indicates the
opposite; a yellow point and a green point indicate a lower
correlation.

Expression of clusterin, galectin-1 mRNA  Following RT-
PCR, Generunner software was used to design specific prim-
ers (Table 1), and the specificity of the primer was proved
through the BLAST(Basic Local Alignment Search Tool)
internet database.  Total RNA was extracted from LK-2 and
A549 cell lines according to methods described previously
and the first chain was finished through RT-PCR.  b-Actin
was used as an internal control.

The PCR amplification products were visualized by bro-
mide-ethyl pastille following sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis with the DL-2000 molecular
weight standard (Generunner).
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Figure 1.  Comparison of the effects of docetaxel (DOC) and
navelbine (NVB) on the clustered image map in 10 lung cancer cell
strains.

Table 2.  Comparison of the anticancer sensitivity of lung cancer cell strains to navelbine (NVB) and docetaxel (DOC)*.

     Cell stains                                    IC50/µg.mL-1                                                              IC50/PPC
                               NVB                           Doc                         NVB                                            Doc

N231 0.006±0.004 6.035±2.685 0.057±0.038 3.018±1.342
Lu135 0.022±0.016 0.529±0.189 0.223±0.116 0.265±0.095
H69 0.020±0.016 4.716±1.801 0.200±0.165 2.342±0.875
SBC-3 0.508±0.104 >50 5.080±1.044 >25.00
Lu65 0.064±0.030 3.606±1.388 0.637±0.301 1.803±0.694
LK-2 0.025±0.014 26.312±3.329 0.247±0.142 13.140±1.679
PC-9 1.430±0.436 21.336±5.380 14.303±4.365 13.970±8.235
PC-7 2.642±0.960 2.456±1.223 26.423±9.599 1.229±0.612
PC14         >10 20.381±1.816 >100 10.019±0.181
A549         >10 21.308±2.114 >100 9.989±0.509

*The peak plasma concentration (PPC) of NVB is 0.1 µg/mL; the PPC of DOC is 2 µg/mL.

Table 1.  Length of reverse transcription-polymerase chain reac-
tion primers and products.

   Sample      Sequence of primer (5'-3')         Product size (bp)

Clusterin 469
Forward GGAGTGTGCAATGAGACCATGATGG
Reverse GCTGAGCCTCGTGTATCATCTCAAGG
Galectin 422
Forward AATCATGGCTTGTGGTCTGGTC
Reverse CTGGCTGATTTCAGTCAAAGGC
β-Actin 501
Forward AGCGCAAGTACTCCGTGTG
Reverse AAGCAATGCTATCACCTCC

Results
Comparison of the sensitivity of the lung cancer cell

strains to navelbine and docetaxel  The anti-cancer drug sen-
sitivity of the lung cancer cell strains to NVB was greater
than that to DOC (Table 2).

Comparing the clustered image map of the drugs with
the clustered image map of genes  The study related the
1291 gene expression profiles from the CIM of the lung can-
cer cell strains to NVB and DOC (Figure 1 and Figure 2).  In
the 10 lung cancer cell strains, there were more genes posi-
tively correlated to DOC than to NVB, but there were more
genes negatively related to NVB than to DOC.  Of the 6
NSCLC cell strains, there were more genes that expressed
either positive or negative correlations to DOC than to NVB.

Figure 2.  Comparison of the effects of docetaxel (DOC) and
navelbine (NVB) on the clustered image map in NSCLC. Gene ex-
pression analysis for genes sensitive to DOC and NVB in lung cancer
cell strains is detailed in Table 3 and Table 4.



1020

 Acta Pharmacologica Sinica ISSN 1671-4083Cai L et al

In total, there were 51 genes sensitive to NVB and DOC
in the 10 lung cancer cell strains, 3.95% of all the genes in the
experiment.  There were 24 genes sensitive to DOC (11 posi-
tive Pearson correlation coefficients, 13 negative Pearson
correlation coefficients), and 27 genes sensitive to NVB (3
positive Pearson correlation coefficients, 24 negative Pearson

correlation coefficients, Table 3).
In total, there were 67 genes sensitive to DOC and NVB

in 6 NSCLC cell strains.  They made up 5.19% of all the
experimental genes.  Thirty-eight genes were sensitive to
DOC and 29 genes were sensitive to NVB.  There were more
genes negatively related to NVB and DOC than positively re-
lated (Table 4).

Analysis of gene sensitivity to navelbine and docetaxel   In
total, there were 56 genes related significantly to NVB and
DOC (r≥±0.4; Table 5 and Table 6).  They can be divided into

11 types:
1 11 genes negatively related to DOC and NVB in the SCLC

and NSCLC.  They were metallothinein, cathepsin B,
TNF-R1, cathepsin L, TGFb-induced 68 kDa, TIMP1, PAI-
1, IGFBP4, UPAR, CD13 and Jagged.

2 7 genes negatively related to NVB in the SCLC and
NSCLC.  Genes negatively related to DOC were only in
the NSCLC.  They were Galectin-1, Annexin 11, aA-AR,
EphA2, Rho C, GATA-6 and Fibromodulin.

3 6 genes negatively related to DOC and NVB in the NSCLC.
They were APC, Clusterin, FGFR-2, thrombospondin 1,
HSC70, and HSP32, but the TPA gene was a positively
related gene.

4 The procoagulant gene was positively related to NVB in
the SCLC and NSCLC.  The midkine gene was positively
related to DOC.

Table 5.  Drug sensitivity-related genes co-expressed in SCLC and NSCLC.

       Entering                     Gene name                       NVB                                                   DOC
     serial number                                                       SCLC + NSCLC              NSCLCS            CLC + NSCLC              NSCLC

X64177 Metallothinein -0.715 -0.721 -0.683 -0.713
L16510 Cathepsin B -0.712 -0.707 -0.552 -0.682
X55313 TNF-R1 -0.668 -0.605 -0.521 -0.608
X12451 Cathepsin L -0.617 -0.540 -0.544 -0.511

* TGFβ-induced, 68 kDa -0.648 -0.572 -0.573 -0.543
X03124 TIMP1 -0.684 -0.688 -0.481 -0.689
M16006 PAI-1 -0.541 -0.478 -0.454 -0.509
M63403 IGFBP4 -0.521 -0.558 -0.435 -0.561
X51675 UPAR -0.510 -0.477 -0.462 -0.476
X13276 CD13 -0.482 -0.426 -0.435 -0.477
U61276 Jagged -0.491 -0.408 -0.421 -0.409

*Non-entering serial number;
serial number of function (see Table 7); DOC, docetaxel; NVB, navelbine.
NSCLC (PC7, PC14, PC9, A549, LK-2, LU65)

Table 3.  Analysis of drug sensitivity-related genes in lung cancer
cell strains to docetaxel (DOC) and navelbine (NVB).

    Pearson                  DOC                 NVB
  correlation  Negative  Positive  Total   Negativ  Positive  Total
  coefficient

 ≥0.4 8 10 18 13 2 15
 ≥0.5 4 1 5 4 1 5
 ≥0.6 1 0 1 5 0 5
 ≥0.7 0 0 0 2 0 2
Total 13 11 24 24 3 27

Table 4.  Analysis of drug sensitivity-related genes in NSCLC cell
strains to docetaxel (DOC) and navelbine (NVB)

     Pearson               DOC                               NVB
  correlation  Negative  Positive  Total  Negative  Positive  Total
  coefficient

 ≥0.4 20 4 24 10 4 14
 ≥0.5 9 0 9 10 0 10
 ≥0.6 4 0 4 3 0 3
 ≥0.7 1 0 1 2 0 2
Total 34 4 38 25 4 29

* NSCLC (PC7, PC14, PC9, A549, LK-2, LU65)
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Table 6.  Specific expression of the drug sensitivity-related genes in SCLC and NSCLC.

      Entering serial            Gene name                                          NVB                                                       DOC
          number                                                                    SCLC + NSCLC       NSCLC         SCLC + NSCLC         NSCLC

J04456 Galectin-1 -0.621 -0.687 — -0.654
* Annexin ll -0.569 -0.521 — -0.422

U03864 Alphal A-AR -0.483 -0.569 — -0.580
M59371 Eph A2 (Eck) -0.468 -0.501 — -0.545
L25081 Rho C -0.413 -0.468 — -0.426
U66075 GATA-6 -0.456 -0.419 — -0.440

* Fibromodulin -0.425 -0.418 — -0.414
M64722 Clusterin — -0.599 — -0.586
M87770 FGRF-2 — -0.528 — -0.547
X14787 Thrombospondin 1 — -0.505 — -0.513
Y00371 HSC70 — -0.528 — -0.481
M74088 APC — -0.411 — -0.404
X06985 HSP32 — -0.432 — -0.434
M15518 T PA —  0.431 —  0.408
M14113 Procoagulant  0.516  0.484 — —
Z12020 MDM2  0.423  0.484  0.475 —

AF101264 CaMKK —  0.432  0.526 —
L33801 GSK-3 beta -0.424 — -0.401 —
L15409 VHL -0.471 — -0.494 —

AB002409 SLC -0.416 — — -0.400
Z11887 MMP-7 -0.459 — — —
L47345 Elongin A -0.437 — — —

AB006780 Galectin-3 -0.419 — — —
U16957 AT2  0.429 — — —

* Lactate — -0.416 — —
M69148 Midkine — — 0.430 0.455
X13247 IFNg — — 0.402 —

* Phospholipase D — — 0.403 —
X78686 ENA-78 — — 0.416 —
X79389 GSTT1 — — 0.430 —

* Id4 — — 0.430 —
M12828 CD8a — — 0.445 —
U81234 GCP-2 — — 0.450 —
U10990 TAK1 — — 0.418 —
U22322 Rak — — — -0.452
U39487 XO — — — -0.428
U01877 P300 — — — -0.427
X61615 LIFR — — — -0.425
U20240 C/EBPγ — — — -0.418
J03817 GSTM1B — — — -0.408
U44378 Smad4 — — — -0.407

* Thymosin b — — — -0.404
X07979 CD29 — — — -0.411
X15606 ICAM-2 — — —  0.403

* Ataxia Telangiectasia Group — — —  0.427
D-Associated Protein

*Non-entering serial number;
serial number of function (see Table 7); DOC, docetaxel; NVB, navelbine.
NSCLC (PC7, PC14, PC9, A549, LK-2, LU65)
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Table 7.  Classification of gene sensitivity to navelbine (NVB) and docetaxel (DOC) in lung cancer cell strains.

     Serial number          Classification                                 NVB                                                         DOC
     of function                                               SCLC NSCLC  Co-expressed   Total       SCLC      NSCLC Co-expressed Total

1 Signal transduction 7 9 7 9 7 13 4 16
molecule

2 Growth factor 0 1 0 1 0 1 0 1
receptor

3 Growth factor 0 0 0 0 1 1 1 1
4 Apoptosis related 1 1 1 1 0 1 0 1
5 Cell factor 5 1 1 5 5 3 1 7
6 Cyclin protein 1 1 1 1 1 0 0 1
7 Transcription factor 2 1 1 2 2 2 0 4
8 Metabolism-related 5 6 4 7 4 8 4 8

enzymes and inhibitors
9 Proteolysis 1 1 1 1 2 2 2 2

10 Molecular chaperone 0 1 0 1 0 1 0 1
11 Other* 4 6 2 8 3 6 1 8

Total 26 2 8 19 36 25 38 13 50

*Refers to non-classified genes.
NSCLC (PC7, PC14, PC9, A549, LK-2, LU65)
SCLC (Lu135, N231, H69, SBC-3 )

5 The MDM2 gene was positively related to NVB in the
NSCLC and SCLC.  The CaMKK gene was positively
related to NVB only in the NSCLC, MDM2 and CaMKK
were both positively related to DOC in the SCLC.

6 GSK-3β and VHL2 were both negatively related to NVB

Figure 3.   Gene expression of Clusterin, Galectin-1, TIMP-1 and metallothionein in NSCLC (PC7, PC14, PC9, A549, LK-2, LU65) cell lines
were verified by reverse transcription polymerase chain reaction. 1, PCR marker, M; 2, normal lung, NL; 3–10, NSCLC. (A) PCR product of
β-actin.  Reaction conditions: 94 °C, 3 min; 94 °C, 20 s; 56 °C, 30 s; 72 °C, 50 s; 72 °C, 10 min for extension. After 23 cycles, expression
could be seen in NL and 8 NSCLC. (B–E) PCR products of TIMP-1, Clusterin, Galectin-1 and metallothionein, with β-actin as an internal
control. Reaction conditions: 94 °C, 3 min; 94 °C, 40 s; 60 °C, 40 s; 72 °C, 40 s, 72 °C, 10 min for extension. 22, 26, 26 and 32 cycles,
respectively. (B) Clusterin was not expressed in the A549 and LK-2 cell lines, but was expressed weakly in the GLC and PG cell lines. (C)
Galectin-1 was not expressed in the A549 and LK-2 cell lines, but was expressed weakly in the 95C cell line.

and DOC in the SCLC.
7 Elongin A, MMP-7 and Galectin-3 were negatively re-

lated to NVB in the SCLC.  Elongin A, MMP-7, Galectin-
3 were negatively related to DOC in the NSCLC, but the
AT2 gene was positively related to NVB in the SCLC.
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8 8 genes positively related to DOC in the SCLC.  They
were TAK1, IFN-γ,  Phospholipase D ,ENA-78, GSTT1,
Id4, CD8α  and GCP-2.

9 9 genes negatively related to DOC in the NSCLC.  They
were Rak, XO, P300, LIFR, C/EBPγ, GSTMIB, Smad4,
Thymosin b and CD29.

10 ICAM-2 and Ataxia Telangiectasia Group D-Associated
Protein were positively related to DOC in the NSCLC.

11 ICAM-2 Ataxia Telangiectasia Group D Associ-
ated Protein and NSCLC were positively related to DOC.
The classification of gene sensitivity to NVB and DOC in

lung cancer cell strains is shown in Table 7.  They were di-
vided into 4 types: signal transduction molecules, cell factors,
transcription factors, and metabolism-related enzymes and
inhibitors.

Verification   In order to verify the reliability of
hybridization, GLC, L18, 95C, PG, PAa, 95D, A549 and LK-2
cell lines were chosen.  cDNA of Galectin-1,and Clusterin,
which were downregulated in expression and selected with
cDNA macroarray, was used in semi-quantitative RT-PCR.
The results are shown in Figure 3A–3C.

Discussion

The morbidity of lung cancer is higher now than in the
past, and lung cancer therapy is less sensitive to chemo-
therapy than other kinds of cancer.  Because most patients
are in the middle or late stages when cancer is found, the rate
of surgical success is low.  Therefore, chemotherapy is a
commonly integrated treatment for lung cancer patients.  NVB
and Doc are both new anticancer drugs act on microtubules[6–9].
NVB can inhibit the assembly of tubulin and act on the mid-
stage of mitosis, leading to stasis of cancer cell growth.
Because of its special anticancer function, in December 1994
the FDA (Food and Drug Administration) approved NVB in
combination with CDDP for use as a first-line therapy for
advanced NSCLC patients[10].  As for DOC, its mechanism is
to promote the aggregation of tubulin and to inhibit its
disassembly, preventing cells from entering into the growth
phase.  It is widely used in cancer treatments, mainly for lung
cancer and breast cancer in advanced stages[11].

In clinical cases there are usually different sensitivities
to anticancer drugs.  The same chemotherapeutic medicine
is often used for patients with different types of cancer cells,
even for different individuals with the same type of cancer
cells.  This is due to such factors as the different biological
characters of tumors, different patients and different drug
responses.

There are many methods to determine sensitivity to anti-

cancer drugs by analyzing gene expression.  Only 1 gene at
a time can be tested through northern blotting, which has an
obvious disadvantage in automation.  Other methods include
differential display, cDNA sequence analysis and SAGE, but
they also have many disadvantages.  For any organism, we
can analyze many different drug responses by means of DNA
gene chip technology, and obtain more reliable results than
with other methods.  We conclude that other single element
methods are less advantageous than the DNA gene chip
technique[12–15].

A recent study showed that drug sensitivity to DOC is
concerned with P-GP(P Glucose protein), and changes in tar-
get molecules, changes in signal transduction system, cell-
control factors and apoptosis-related factors.  In addition,
the metabolism of DOC in the body is primarily through the
sub-family of CYP3A proteins.  The activity of enzyme in
this family varies greatly among individuals, and the factors
sensitive to NVB have not yet been reported.

We have examined the genes sensitive to DOC and NVB
in 10 lung cancer cell strains using cDNA macroarrays.  The
results showed that there were 56 genes significantly related
to NVB and DOC (r≥±0.4).  Among them, 36 were related to
NVB, 20 were co-expressed in the NSCLC set and the
NSCLC+SCLC set; 27 were related in the NSCLC+SCLC set
and 7 were specifically related genes; 29 were related genes
in the NSCLC set, and 9 were specifically related genes.  There
was a total of 50 genes related to DOC and 12 co-expressed
genes related in the NSCLC and NSCLC+SCLC sets; 24 re-
lated genes in the NSCLC+SCLC set and 12 specifically re-
lated genes.  In the NSCLC set there were 38 related genes
and 26 specifically related genes.

The genes described above are mainly signal transduc-
tion molecules, metabolism-related enzymes and inhibitors,
cell factors and transcription factors.  At the same time,
Clusterin and Galectin-1 genes, which were downregulated
in expression in LK-2, were tested using RT-PCR.  The re-
sults were in agreement with those obtained through cDNA
macroarray.  However, with the A549 cell line, the cDNA
macroarray did not show the same downregulated expres-
sion as with RT-PCR.  Genes screened by cDNA macroarray
therefore need to be further tested using other methods.

In this study, we identified the relationship among the
gene expression profiles of 10 lung cancer cell strains, which
focused on 1291 genes and drug sensitivity to DOC and
NVB.  This study may help to explain the mechanisms of
action of NVB and DOC, provide theoretical evidence in the
search for new ways to overcome drug resistance, discover
new anticancer drugs by providing new targets, and facili-
tate individualized therapy regimens and increased response
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rates.  The aim of our future work is to identify and analyze
these new genes screened for drug sensitivity, especially
those not known to us previously.
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Abstract
Hepatocellular carcinoma (HCC) is one of the most common cancers in the world.
Surgical resection has been considered the optimal treatment approach, but only
a small proportion of patients are suitable candidates for surgery, and the relapse
rate is high. Approaches to prevent recurrence, including chemoemboliza-tion
before and adjuvant therapy after surgery, have proven to have a limited benefit;
liver transplantation is successful in treating limited-stage HCC because only a
minority of patients qualify for transplantation. Therefore, new therapeutic strat-
egies are urgently needed. Because in addition to the classical genetic mecha-
nisms of deletion or inactivating point mutations, epigenetic alterations, such as
hyperacetylation of the chromatin-associated histones (responsible for gene
silencing), are believed to be involved in the development and progression of
HCC, novel compounds endowed with a histone deacetylase (HDAC) inhibitory
activity are an attractive therapeutic approach. In particular, pre-clinical results
obtained using HA-But, an HDAC inhibitor in which butyric acid residues are
esterified to a hyaluronic acid backbone and characterized by a high affinity for
the membrane receptor CD44, indicated that this class of compounds may repre-
sent a promising approach for hepatocellular carcinoma treatment.
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Introduction
Hepatocellular carcinoma (HCC) is currently the fifth most

common solid tumor worldwide and the fourth most com-
mon cause of cancer-related death[1].  The incidence of HCC
is approximately 1 000 000 cases worldwide; and although in
Europe and the USA the incidence of HCC is 4/100 000, it is
120/100 000 in Asia and Sub-Saharan Africa[2].  In particular,
statistical data from the last decade show that HCC is the
second most prevalent cause of cancer deaths in men and
the third most prevalent cause in women in mainland China,
with more than 500 000 new cases every year[3,4].  Moreover,
a rise in the incidence of disease and mortality from HCC,
most likely reflecting the increased prevalence of hepatitis C
virus (HCV), has recently been observed also in Japan, West-
ern Europe and the USA[5,6].

The major etiologies of HCC are well defined, and some
of the steps in its molecular pathogenesis have been
elucidated.  HCC arises commonly, but not exclusively, in

the context of liver injury, which leads to inflammation, hepa-
tocyte regeneration, liver matrix remodeling, fibrosis and,
ultimately, cirrhosis.  In fact, cirrhosis represents the most
important risk factor for HCC (70%–90% of cases of HCC
develop in cirrhotic liver) and it is principally imputable to
chronic viral hepatitis B and/or C (HBV, HCV), although other
risk factors are alcohol abuse, metabolic liver disease (such
as hemochromatosis, α1-antitrypsin deficiency and
steatosis), androgenic steroid use and aflatoxin exposure[7].
In particular, chronic HBV infection is strongly associated
with hepatocellular cancer in China[8], while HCV infection
and subsequently cirrhosis is the leading cause of chronic
hepatitis and HCC in Japan and Western countries[9].

Current trends in the management of HCC
The rates of early detection, treatment and prevention of

HCC are poor, and a majority of patients (70%–85%) are
affected by advanced or unresectable disease.  Despite the
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many treatment options, the prognosis of HCC remains dismal.
In fact, even for those patients who undergo resection, the
recurrence rate can be as high as 50% at 2 years[10,11] and a
meta-analysis that evaluated the results of 37 randomized
clinical trials of systemic and regional chemotherapy in more
than 2000 HCC patients concluded that non-surgical thera-
pies were ineffective or minimally effective[12].  In addition,
most published studies of systemic chemotherapy report a
response rate ranging from 0% to 25%; treatment failure is
most likely due to the particular resistance to cytostatic agents
displayed by HCC cells[12,13], which are known to express the
multidrug-resistant gene MDR-1[14].  Liver-directed therapies,
such as transarterial chemoembolization or percutaneous
ethanol injection, are palliative treatments, with encourag-
ing results only for patients with small HCC[15,16].

Alternative therapeutic approaches have been investi-
gated, but with disappointing results.  The effectiveness of
hormone therapy with anti-estrogens, anti-androgens or
somatostatin analogues has been studied in several trials[17,18],
but these treatments were found to be generally ineffective
or to not produce reproducible results[19].

At present, orthotopic liver transplantation is consid-
ered the only curative treatment option for HCC, bringing
about an increase in the 5-year survival rate from the histori-
cal 20%–36% to the recent 61%, which is likely related to
adoption of the Milan criteria at US transplantation cen-
ters[23,24].  However, most patients with cirrhosis are not gen-
erally considered good candidates for liver transplantation,
or they remain on the waiting list until they die from tumor
progression or cirrhosis-related complications.

An understanding of tumor biology and the key molecu-
lar events leading to HCC development is therefore funda-
mental for identifying new therapeutic strategies that are
effective against HCC but not toxic to normal cells, and are
well-tolerated by the typical patient with underlying cirrhosis.

HCC biology and targeted therapies
In most types of cancer, hepatocarcinogenesis is a multi-

step process involving different genetic alterations, includ-
ing cellular oncogene activation, tumor suppressor gene in-
activation (possibly in cooperation with genomic instability),
DNA repair defects, overexpression of growth and angio-
genic factors, and telomerase activation, which ultimately
lead to malignant transformation of the hepatocyte[20].  For a
more comprehensive review of the complex molecular patho-
genesis of HCC the reader may refer to some excellent
papers including those by Ozturk[21], Moradpour and
Wands[22], Thorgeirsson and Grisham[7] and Suriawinata and
Xu[23].

On the basis of knowledge of the molecular pathways
that are associated with the malignant phenotype, new and
promising agents, which are specifically targeted to tumor
cell receptors or signaling events, are emerging.  This is the
case for the selective growth factor receptors, tyrosine ki-
nase inhibitors, the fundamental role of which is to block
signal transduction[24,25], or farnesyltransferase inhibitors,
which counteract oncogene ras-mediated signaling[26].
Moreover, to stimulate an immunological response against
liver tumors, other agents have been tested, for example
interferon-α, which can significantly prolong the survival of
HCC patients when given at high doses[27], interleukin-2,
which can produce objective remission when given alone[28]

or in combination with melatonin[29], or tumor necrosis
factor-α-related apoptosis-inducing ligand (TRAIL), which
has not yet been tested in humans, but has been found to be
effective in pre-clinical experiments[30].

Gene therapy is a new and promising therapeutic strat-
egy that is based on the introduction of genetic material, for
example natural genes, chimeric genes or subgenomic
molecules, into cells in order to generate a beneficial effect
against disease[31].  So far, a variety of gene therapy ap-
proaches have been designed to treat liver cancer, including
the replacement of functional tumor suppressor genes[32],
inhibition of oncogenes[33], selective prodrug activation
within the tumor[34], stimulation of antitumor immunity[35] and
inhibition of tumor vascularization[36], although encourag-
ing results have been mostly only obtained in pre-clinical
models.

Histone acetylation status and HCC develop-
ment

In addition to the classical genetic alterations (chromo-
somal deletions and rearrangements, and gene amplifications
and mutations) first recognized as being responsible for
hepatocarcinogenesis, molecular approaches have recently
been used to identify alterations in the epigenetic control of
gene transcription that positively mediate cellular prolifera-
tion or inactivate tumor suppressor genes[37].  In particular,
acetylation, methylation and phosphorylation of the N-ter-
minal lysine tails of the chromatine core histones have been
found to play a critical role in post-translational modifications,
suggesting the hypothesis of a histone “code”[38].  Among
these modifications, the acetylation status of the histones
constitutes the major epigenetic alteration, and is fundamen-
tally involved in transcriptional regulation[39].

The acetylation level of histones is determined by the
equilibrium between the activities of two groups of enzymes,
histone acetyltransferases (HAT) and histone deacetylases
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(HDAC), which respectively add or remove acetyl groups
from the lysine tails[40].  Hypoacetylated histones are associ-
ated with a more packaged chromatin structure and with sup-
pression of gene transcription, whereas highly acetylated
histones activate gene transcription by releasing the chro-
matin structure[41].  At present, eleven mammalian HDAC
have been identified, and these have been ordered into 3
classes[42].  Class I deacetylases (HDAC 1, 2, 3, and 8) share
homology in the catalytic sites; class II includes HDAC 4, 5,
6, 7, 9, 10, and 11, of which HDAC 4, 5, 7, and 9 share homol-
ogy in the C-terminal catalytic domain and N-terminal regu-
latory domain, whereas HDAC11 contains conserved resi-
dues in the catalytic core regions shared by both classes I
and II, and HDAC6 and HDAC10 have two regions that are
homologous with the class II catalytic site.  The third class
of HDAC is the conserved nicotinamide adenine dinucle-
otide-dependent Sir2 family.  Increasing evidence indicates
that HDAC are not redundant in function and distribution:
class I HDAC are found exclusively in the nucleus, whereas
class II HDAC shuttle between the nucleus and cytoplasm
in response to certain cellular signals[43].  HDAC do not bind
directly to DNA, but are recruited by protein complexes that
can differ in their subunit composition.

The balance between HAT and HDAC activity in regu-
lating DNA folding and gene transcription can be disrupted

by HDAC inhibitors, which act by blocking HDAC enzymes;
HDAC inhibition leads to lysine residue hyperacetylation
and to DNA conformation changes (Figure 1).  Inaccessible
promoter regions thus become available targets for transcrip-
tion factors, which activate the re-expression of several genes,
including those involved in cell growth arrest, differentia-
tion and apoptosis[44,45].

HDAC inhibitors and cancer treatment

Several lines of evidence suggest that inappropriate tran-
scriptional activation commonly occurs in the formation of
many types of cancer and that an imbalance between HAT
and HDAC activity may be responsible for the alteration.
Because HDAC dysregulation has been demonstrated in
many solid cancers, including hepatocellular carcinoma,
HDAC inhibitors have been investigated for their therapeu-
tic potential to reprogram transcription and inhibit tumor cell
growth and progression[46].  Historically, sodium butyrate
(NB), which is normally present in the human colon as a
product of the metabolic degradation of complex carbohy-
drates by colonic bacteria, was the first compound found to
cause an increase in histone acetylation[47] and to regulate
the physiological differentiation of colonocytes[48], suggest-
ing its possible use in the prevention of colorectal cancer

Figure 1.  Schematic diagram of the activity of the histone acetyltransferase (HAT) and histone deacetylase (HDAC) enzyme inhibitors,
which lead to chromatin hyperacetylation or hypoacetylation, respectively.  HDAC inhibitors such as phenylbutyrate (BPA), trichostatin A
(TSA) and HA-But act by restoring the re-expression of several genes, including those involved in cell growth arrest, differentiation and
apoptosis.
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and the treatment of premalignant and neoplastic lesions.
Many other HDAC inhibitors have since been identified,
which belong to several chemical structure classes: 1) short-
chain fatty acids, of which NB represents the prototype; 2)
hydroxamic acids, including trichostatin A (TSA)[49] and a
series of hydroxamic acid-based hybrid polar compounds,
such as suberoylanilide hydroxamic acid (SAHA)[50]; 3) cy-
clic tetrapeptides, which may or may not contain the 2-amino-
8-oxo-9,10 epoxy-decanoyl moiety (trapoxins A and B[51],
FK228/depsipeptide[52] and apicidin[53]); and 4) benzamides
(MS-275)[54] and others, such as valproic acid[55] and
oxamflatin[56].

Several of these compounds, including SAHA, MS-275
and FK228/depsipeptide, are undergoing phase I and II clini-
cal trials to examine their potential use as anticancer drugs
for solid and hematological tumor treatment either as
monotherapies or in combination with other cytotoxic and
differentiation agents.  For example, in a phase I clinical trial,
SAHA was well tolerated when administered either intrave-
nously or orally, and it was found to have antitumor activity
in heavily pre-treated patients with advanced solid and he-
matological tumors.  Furthermore, SAHA has good bioavaila-
bility when administered orally and it induces objective re-
sponses in patients with prior therapy-resistant cutaneous
T cell lymphomas[57].  Similarly, a phase II trial demonstrated
that FK228/depsipepide was active against refractory neo-
plasms[58] and chronic lymphocytic and acute myeloid leuke-
mia[59].  MS-275 is also well-tolerated when orally adminis-
tered in patients with refractory or relapsed hematological
malignancies, and it is biologically active in terms of histone
acetylation[60].  However, none of these studies have been
specifically focused on hepatocellular carcinoma, and in
addition, despite the encouraging results obtained for sev-
eral types of tumors, these drugs do not achieve the major
goal in cancer therapy: to selectively target anti-cancer mol-
ecules to organs or compartments that harbor tumor cells.

HA-But as an HDAC inhibitor target delivery

As mentioned earlier in this paper, NB was the first com-
pound found to cause an increase in histone acetylation[50],
so given its antiproliferative and differentiation activities,
together with a relative absence of systemic toxicity, it was a
candidate for the prevention of colorectal cancer and a thera-
peutic agent for the treatment of pre-neoplastic and neo-
plastic lesions.  Unfortunately, the first clinical study under-
taken using high doses of NB resulted in only a partial and
temporary remission, principally due to the relatively low
potency of the drug and a low plasma concentration that

was not sufficient to inhibit cell growth, but high enough to
induce side-effects[61].  Both to overcome chemical con-
straints that restrict the clinical application of NB, and to
specifically target the compound to cancer cells, a bioconjug-
ate (HA-But), in which a hyaluronic acid backbone was used
as a suitable carrier for butyric residues, was developed[62 ].

Hyaluronic acid (HA), also referred to as hyaluronan, is a
polysaccharide molecule whose repeated disaccharide motif
comprises D-glucuronic acid and D-N-acetylglucosamine
linked together through alternating β-1,4 and β-1,3 glyco-
sidic bonds.  HA is present in all vertebrates and is a major
constituent of the extracellular matrix, where it is organized,
by specific interactions, with other matrix macromolecules[63].
HA has a high rate of turnover (in the bloodstream its half-
life is 2–5 min) because it is rapidly captured by receptors on
hepatic sinusoidal endothelial cells, which internalize it, and
subsequently catabolize it in lysosomes.  Sinusoidal endot-
helial cells actively remove almost 90% of the circulating
HA, even though the spleen is also involved in its degrada-
tion[64].  The chemical properties of HA determine its physi-
ological role as an essential structural element in the extra-
cellular matrix, where it regulates the retention of water mol-
ecules in the interstitial space.  In addition, HA provides
support for cell orientation through some specific cell sur-
face receptors, including CD44[65].  CD44 is a single-pass
transmembrane glycoprotein consisting of 4 functional
domains: the distal extracellular domain (responsible for the
binding of HA), the membrane-proximal extracellular domain
(whose sequence depends on the alternative CD44 mRNA
splicing), the transmembrane domain (similar to that of many
other single-pass proteins), and the cytoplasmic domain
(which has protein motifs that either interact with the
cytoskeletal proteins or are responsible for intracellular
signaling)[68].  Although physiologically expressed by some
normal human epithelial and mesenchymal cells, where it
plays an important role in immune recognition, cell-cell
aggregation and cell-matrix-cell signaling, CD44 is over-
expressed in most human cancers, including hepatic carci-
noma, and is associated with tumor progression[66,67].  In fact,
clinical evidence indicates that in comparison with normal
hepatocytes, HCC is frequently associated with an increased
expression of CD44 receptors[73,74], an overexpression that
provides them with an essential migration-promoting advan-
tage as demonstrated by Lara-Pezzi et al[68].  In their interest-
ing pre-clinical study, these authors demonstrated a link
between CD44 expression and HBV infection.  In fact, a
CD44-dependent migratory phenotype was induced by the
stable transfection of Chang liver cells with the gene coding
for the hepatitis B virus X protein (HBx), which was able to
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enhance cell motility by altering the cellular morphology and
inducing the formation of pseudopodal protrusions and
cytoskeletal rearrangements together with the polarization
of cell-surface adhesion molecule CD44.  This finding is par-
ticularly relevant because it supports the relationship be-
tween HBV infection and hepatocarcinogenesis, underlin-
ing the role of HBx protein in the transformed phenotype.

In developing HA-But synthesis, we took advantage of
some molecular properties of HA that satisfy some impor-
tant biochemical concerns.  In fact, HA can make stable bonds
with butyric residues, increasing their in vivo half-life with-
out affecting their pharmacological activity.  In addition, we
exploited its high affinity with the CD44 receptor, which is
generally overexpressed on tumor cell membranes, to selec-
tively target the butyric residues directly to neoplastic lesions,
with minimal effects on normal cells.  In fact, in agreement
with data in the literature[69], we found that in normal cells
such as fibroblasts, which express a percentage of CD44-
positive cells (as evaluated by flow cytometry) similar to
that of tumor cells, HA-But had no effect, suggesting that it

is only really effective in actively proliferating cells, such as
tumor cells (Figure 2).

HA-But: pre-clinical in vitro results

When we analyzed the antiproliferative effect of HA-But
on two hepatocellular carcinoma cell lines, namely Hep3B
and HepG2, which both expressed CD44 receptors (although
to different extents), we found that after 6 days of treatment
it exerted a dose-dependent effect, almost completely inhib-
iting the CD44-rich Hep3B (90%) cells, and moderately (but
significantly) inhibiting (60%) the CD44-poor HepG2 cells;
furthermore, this growth arrest corresponded to a block in
the G0/G1 phase of the cell cycle[70].  As shown in Figure 3,
the progression of the cell cycle is regulated by cyclin/cyclin-
dependent kinase (cdk) complexes and cdk inhibitors, such
as p16ink4, p21waf1, and p27kip1 proteins.  Because it is known
that overexpression of cdk inhibitors leads to cell-cycle ar-
rest and apoptosis, we investigated the effect of HA-But on
the expression of some of the molecules responsible for

Figure 2.  A: Cell surface CD44 expression on fibroblasts, and HepG2 and Hep3B cell lines as evaluated by flow cytometry.  Cells (1×106) were
first incubated with mouse antihuman CD44 antibody, and then with goat FITC-labeled antimouse secondary antibody.  Negative controls (gray
or black) and stained samples (white) are shown.  B: Antiproliferative effect of scalar doses of HA-But on the growth of fibroblasts ( ), and
HepG2 ( ) and Hep3B ( ) cell lines, after 6 d of treatment.  Briefly, cells (1000 cells per well) were seeded in 96-well plates in RPMI-1640
medium supplemented with 10% fetal calf serum and allowed to adhere for 24 h.  The seeding medium was removed and replaced with
experimental medium supplemented with increasing concentrations of HA-But.  At the end of the experiments the antiproliferative effect was
evaluated by using the 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) method.  Results are expressed as percent-
age of inhibition with respect to control (cells maintained in the presence of culture medium alone).  Each point represents the mean value
from 3 independent experiments.  The variation coefficient was <5% and therefore error bars are not shown.
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growth arrest, including cyclin D1, which is involved in the
regulation of the G1 phase of the cell cycle, and whose gene
is found amplified in 10%–20% of HCC,[71] but leads, when
combined for example with p16ink4 amplification, to a loss of
growth control in more than 30% of HCC.  Experimental find-
ings indicated that as in other types of tumors, such as lung
cancer[65], and in agreement with the effect of other HDAC
inhibitors on hepatoma cells[72,73], HA-But increased cdk-in-
hibitor expression (ie, the protein level of p27kip1 and p21waf1),
while decreasing cyclin D1 protein levels, suggesting that
the HA backbone does not interfere with the activity of bu-
tyric residues, which maintain their biological properties.  In
fact, as previously demonstrated in lung cancer[65], and simi-
larly to NB, HA-But induces a hyperacetylation of histone
H4, a dose-dependent overexpression of p27kip1 and p21waf1,
and a block of cell growth in the G0/G1 phase of the cell cycle.
In addition, cytometric analysis showed that CD44 receptor
turnover was not affected by treatment with HA-But, which
is a finding of great pharmacological relevance, because the
stable presence of the receptors on plasma membranes guar-

antees a continuous internalization of the drug.
cDNA microarray analysis is a technical approach that

enables investigators to measure the expression of thou-
sands of mRNAs simultaneously in a biological specimen,
providing comprehensive information that is useful for diag-
nosis and therapeutic intervention.  Data gathered using
this technique have further confirmed the previous experi-
mental findings regarding the mechanism of action of HDAC
inhibitors, and demonstrated that almost all HDAC inhibi-
tors exerted their antiproliferative effects by modulating a
small set of genes that regulate key cellular activities such as
proliferation and differentiation.  In particular, it has been
shown that TSA, SAHA, depsipeptide are able to modulate
genes involved in apoptosis and cell cycle pathways, among
which are cdk inhibitors such as p16ink4, p21waf1, and bcl-2[74,75].
In addition, gene expression profiling of hepatocellular car-
cinomas has provided qualitative and quantitative evidence
that the genes involved in the development and progression
of a HCC correlate with the dysregulation of pathways asso-
ciated with cell cycle regulation[76], apoptosis[77], signal trans-
duction[78], cellular adhesion and angiogenesis[79,80].  Thus,
the finding that HDAC inhibitors, including HA-But, can
restore growth control and induce differentiation is particu-
larly exciting.

HA-But: pre-clinical in vivo results

There are very few studies that have aimed to investi-
gate the in vivo effect of HDAC inhibitors on tumor growth
or the metastatic spread of liver tumors.  Among the studies
that have been conducted, a study using 4-phenylbutyrate,
a derivative of the short-chain fatty acid butyrate, found
that when administered via intratumor catheter, the compound
reduced the growth of xenograft tumors derived from hepa-
tocarcinoma cell lines, most likely by the induction of p21waf1

expression and the activation of apoptosis[78].
The in vivo capability of HA-But to inhibit primary tumor

growth and metastatic spread has been investigated in sev-
eral animal models[65,75], and evaluation of the drug
biodistribution, by using the compound labeled with
99mTechnetium, found that a few minutes after iv admini-
stration, there was a substantial accumulation of the com-
pound in the liver, uniformly distributed in both lobes[75].
These results have been confirmed by the evaluation of the
ex vivo distribution of HA-But, which showed that the liver
was the organ of preferential accumulation, in agreement
both with the finding obtained by using native HA[81] and
with the observation that circulating hyaluronan is physi-
ologically degraded by hepatic sinusoidal endothelial cells

Figure 3.  Schematic representation of cell cycle phases.  In prolif-
erating cells, the cell cycle consists of 4 phases.  Gap1 (G1) is the
interval between mitosis and DNA replication, which occurs during
the synthesis (S) phase.  The S phase is followed by a second gap
phase (G2), during which growth and preparation for cell division
occurs.  Mitosis and the production of 2 daughter cells occur in M
phase.  Passage through the 4 phases of the cell cycle is regulated by
a family of cyclins that act as regulatory subunits for cyclin-depen-
dent kinases (cdks).  The activity of the various cyclin/cdk com-
plexes that regulate the progression through the G1-S-G2 phases of
the cell cycle is controlled by the synthesis of the appropriate cyclins
during a specific phase of the cell cycle.  In addition, there are several
proteins, including p16ink4, p21waf1, and p27kip1 (termed cdk inhibitors)
that can inhibit the cell cycle in G1 when an adverse event, such as
DNA damage, has occurred.
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via CD44 receptors[82].  All these findings clearly suggest
that iv injection can be appropriately exploited to treat intra-
hepatic lesions.  In fact, when we explored the therapeutic
potential of HA-But for the treatment of intrahepatic lesions
induced in the mouse by intrasplenically inoculated Lewis
lung carcinoma cells (LL3) and B16/F10 melanoma cells (two
cell lines known for their particular aggressiveness[83,84], and
which express high percentages of CD44-positive cells), we
found that a prolonged iv administration of HA-But affected
the survival time of tumor-bearing animals, reducing the num-
ber of intrahepatic metastatic lesions.  In addition, prolonged
treatment with low doses of HA-But significantly increased
the survival time of treated mice relative to untreated controls.
It is noteworthy that 90 d after tumor implantation, 80% of
HA-But treated animals were still alive versus approximately
one-third in the untreated group[75].

Conclusions and future perspectives
Experimental evidence and preliminary clinical phase I

and II trials indicate that HDAC inhibitors acting on a piv-
otal mechanism of gene transcription such as histone acety-
lation may represent an innovative therapeutic approach for
solid and hematological cancer.  In particular, recent find-
ings indicate that in pre-clinical studies HA-But is able to
inhibit hepatocellular carcinoma cell growth, and that this
antiproliferative activity is due to an increase in some cell-
cycle related proteins, such as p21waf1 and p27kip1, and a de-
crease in some others, including cyclin D1.  Furthermore, the
results provide experimental evidence for the clinical use of
HA-But as a promising agent for the treatment of hepatocel-
lular carcinoma, a tumor that is otherwise particularly resis-
tant to chemotherapy.  The treatment exploits the overexpres-
sion of CD44 receptors on tumor cell membranes, which al-
lows selective targeting of the compound to the neoplastic
lesion.

In addition to DNA acetylation, which hampers gene
transcription, aberrant DNA hypermethylation of cytosine
residues in the promoter region can cause growth-control-
ling gene silencing, a frequently observed phenomenon for
several genes in HCC[7].  Therefore, the additional inhibition
of DNA methyltransferase (DNMT), the enzyme responsible
for such hypermethylation (the activity of which can be re-
versed using specific DNMT inhibitors, such as 5-aza-2-
deoxycytidine, 5-AZA) could be an interesting candidate
for further study.  Therefore, a promising development for
HA-But could be a new chemical compound in which HA-
But is simultaneously esterified with 5-AZA.  Such a mol-
ecule should be able to reactivate silenced genes and en-
hance the re-expression of specific genes involved in cell

growth arrest, terminal differentiation and apoptosis in ag-
gressive tumors such as hepatocellular carcinoma.
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Introduction
The brain is rich in opiate receptors, and significant con-

centrations of opiate receptors are observed in the visual
systems of cats[1], macaques[2], and rats[3].  It has been sug-
gested that the visual system is subject to opiate modulation.
Previous studies have shown that morphine-like drugs de-
crease visual sensitivity in humans[4], affect visual discrimi-
nation performance in rats[5], and evoke cortical potentials
by stimulating the optic chiasm in cats[6].

Repeated use of addictive drugs leads to multiple adap-
tive neuronal responses[7,8].  Increasingly, research suggests
that chronic exposure to opiates significantly changes
glutamatergic synaptic transmission and neuronal plasticity
in many brain regions[9,10].  Similarly, GABAergic synaptic
transmission is also influenced by opiates[11–13].  However,
normal excitatory and inhibitory synaptic transmission is
crucial for the development and maintenance of visual
function.  These findings indicate that opiates might influ-
ence the performance of neurons in the lateral geniculate
nucleus (LGN).  In the present study, we tested this possibil-
ity by using extracellular single-unit recording techniques to

examine the stimulus sensitivity of LGN neurons in chronic
morphine-treated cats.

Materials and methods
Subjects and drug exposure The experiments were per-

formed on 8 healthy adult male cats (2–3 kg), 4 of which were
allocated to the morphine treatment group and 4 of which
were used as controls.  All animals were treated strictly in
accordance with the Chinese National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals.  The
method of morphine treatment was similar to that used by
other researchers[9].  Morphine HCl (10 mg/kg) was adminis-
tered by cervical subcutaneous injection twice per day at
9:00 and 21:00 for 10 d before the electrophysiological
experiments.  Control cats were treated similarly with saline
instead of morphine.

All cats were examined ophthalmoscopically before the
experiment to confirm that they had no optical problems or
obvious retinal problems that would impair the visual
function.

Preparation for extracellular recording  On the 11th
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day of morphine administration, animals were prepared for
extracellular single-unit recording as described previous-
ly[14,15].  A typical recording session lasted for 3 d.  During
recording, morphine or saline was injected in the same way
as described in the previous section.

Visual stimulation  The receptive fields of cells were
first plotted by using manually controlled stimuli displayed
on the tangent screen.  Computer-controlled visual stimuli
consisting of drifting sinusoidal gratings were presented on
a CRT (cathode-ray tube) monitor (1024×768, 85 Hz), placed
57 cm away from the animals’ eyes.  The program to generate
the stimulus was written in MATLAB, using the extensions
provided by the high-level Psychophysics Toolbox[16] and
the low-level Video Toolbox[17].  The time frequency of drift-
ing gratings was set at 3 Hz.  At first, a tuning curve of spatial
frequency was plotted.  We selected a high spatial frequency
where cells’ responses were approximately half of that at
peak frequency to compile the orientation and direction tun-
ing curves.  Before each stimulus presentation, 5 s sponta-
neous activities were obtained while the mean luminance
was shown on the display.  Additional stimuli were used to
identify a cell as X- or Y-type, and on- or off-center.  The
contrast of the stimulus was set at 80%.  The mean lumi-
nance of the display was 19 cd/m2, and the environment lu-
minance on the cornea was 0.1 lux.

Data collection and analysis  After the neuronal signal
was amplified with a microelectrode amplifier (Nihon Kohden,
Tokyo, Japan) and a differential amplifier (FHC, Bowdoinham,
USA), action potentials were fed into a window discrimina-
tor with an audio monitor.  The original voltage traces were
digitized using an acquisition board (National Instruments,
Austin, USA) controlled by IGOR software (WaveMetrics,
Portland, USA).  The original data were saved for online and
offline analysis.  The post-stimulus time histograms (PSTH)
of neuronal responses with a bin width of 10 ms were ob-
tained for further analysis.  The responses of cells to the
sinusoidal gratings were treated using a fast Fourier trans-
form and the amplitude was defined as the resultant funda-
mental Fourier component (FFT1) of the PSTH.  The FFT1
value of each stimulus orientation (direction) was used to
draw the spatial frequency and orientation (direction) tun-
ing curves.  The method for calculation of orientation bias
(OB) and direction bias (DB) has been described else-
where[18,19].  A cell with bias=0.1 was considered signifi-
cantly biased for orientation or direction.  A cell with bias=
0.2 was considered strongly biased for orientation or
direction.  A cell’s signal-to-noise ratio (STN) was defined as
the ratio of the cell’s visual evoked response (FFT1 value in
preferred orientation and direction) to spontaneous response.

To avoid data skewing or overestimation, all spontaneous
activities below 1 spike per second were set equal to 1 spike
per s for signal-to-noise analysis.

Statistical comparisons between morphine-treated and
saline-treated cat data were carried out using t-test.  All mean
values were presented as mean±SEM.

Results

The results described here were obtained from 168 cells
in 4 morphine-treated cats (abbreviated to MCs) and 173
cells in 4 saline-treated cats (abbreviated to control) in LGN.
Our chief findings were that chronic morphine exposure led
to a decrease in the signal-to-noise ratio and a degradation
in the orientation and direction sensitivity of LGN cells, which
was accompanied by an increase in spontaneous and evoked
response.  Our analysis revealed that there was a consistent
effect of chronic morphine exposure on different types of
LGN cells (X or Y; on or off), so comparisons of data be-
tween two groups ignore the type of cell.

Orientation and direction sensitivity  As an example, we
show here the response of an LGN cell to a drifting sinusoi-
dal grating (Figure 1A) and its PSTH (Figure 1B).  Figure 1C
and 1D illustrate the tuning curve of a cell from controls
(OB=0.2, DB=0.01) and MCs (OB=0.1, DB=0.08), respectively.
MCs have a decrease in orientation and direction sensitivity
relative to controls.  The average OB and DB values varied
individually in both MCs and controls.  The OB were signifi-
cantly smaller in MCs (0.103±0.068) than in control cats
(0.135±0.084, P<0.01; Figure 1E).  Sixty-three percent of LGN
cells in controls and 50% of cells in MCs had significant
orientation sensitivity (OB=0.1).  In MCs, the percentage of
cells (10%) with strong orientation sensitivity (OB=0.2) was
half of that in controls (20%).  Similarly, the direction sensi-
tivity of LGN cells was also affected by chronic morphine
exposure.  The DB of LGN cells were significantly less for
MCs (0.074±0.059) than for controls (0.100±0.064, P<0.01;
Figure 1F).  As with the orientation bias, the percentages of
cells having significant and strong direction bias in MCs
(30% and 6%, respectively) were less than those in controls
(47% and 10%, respectively).

Visually evoked activity  To explore whether the sensi-
tivity decrease of cells in MCs resulted from an increase of
responsiveness to previously non-preferred orientations and
directions or from a reduction of responsiveness to the pre-
viously preferred orientations and directions, or both, we
compared the average response (AR) to all stimulating grat-
ing orientations of LGN cells in MCs and controls.  Cells in
MCs showed a tendency for an increase in the AR compared
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with controls (Figure 2A).  Half of the cells (50.3%) in MCs
had an AR value of more than 25 spikes per second.  In
contrast, most cells (63.2%) in controls had an AR value of
less than 25 spikes per second.  A statistical analysis showed
that the mean AR value in MCs (28.1±16.1) was significantly
larger than that in controls (22.3±11.3, P<0.01).  Moreover,
we also compared the response of LGN cells to their pre-
ferred orientation and direction in MCs and controls.  For

convenience, we call this the preferred response (PR).  Simi-
lar to the AR, the PR value in MCs was also increased rela-
tive to that in controls (Figure 2B).  The t-test indicated that
the mean PR value (42.2±19.1) for MCs was significantly
higher compared with that for controls (38.1±16.2, P<0.05).
Therefore, LGN cells in MCs have increased responsive-
ness to both preferred and non-preferred stimuli.

Spontaneous activity and signal-to-noise ratio  LGN cells

Figure 1.  (A) An example of the responses of a neuron to the drifting sinusoidal grating.  Ten cycles of the neuron’s original response are
superimposed in one stimulus period.  A spike above the broken horizontal line is counted as an action potential.  (B) The PSTH derived from
(A) for further analysis.  Bin width was 10 ms.  (C, D) The neuron’s orientation tuning curve from saline-treated (C) and morphine-treated cats
(D).  The responses were defined as the fundamental Fourier components (FFT1).  The FFT1 at each stimulus direction was computed from
the PSTH such as the one shown in (B).  (E, F) Comparison of orientation (E) and direction (F) biases of LGN cells between morphine-treated
(n=4) and saline-treated (n=4) cats.  The data were expressed as mean±SEM.  cP<0.01 vs saline.

Figure 2.   Percentage of cells with different average response (AR) and preferred response (PR) values for morphine-treated and saline-
treated cats.  (A) Percentage of cells with different AR values for all stimulus orientations.  (B) Percentage of cells with different PR values.
The mean AR and PR values are significantly different between the two groups.
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in controls trended to have a small spontaneous response
(SR) value, whereas cells in MCs had a more extensive
distribution.  Most cells (63.9%) in controls had an SR value
of less than 20 spikes per second.  In contrast, approximately
half of the cells (53.4%) in MCs had an SR value of more than
20 spikes per second.  The average SR value (27.4±22.5) in
MCs was significantly higher than that in controls (17.5±
14.3, P<0.01; Figure 3A).

Figure 3B presents the distribution of various signal-to-
noise ratios (STN=PR/SR) for cells in MCs and controls.
The number of cells with lower STN was much more for MCs
than for controls.  Almost all cells (98.4%) in MCs had an
STN value of less than 5.  However, quite a number of cells
(16.1%) had an STN value of more than 5 in controls.  A
comparison of the averaged STN for controls (3.1±2.3) ver-
sus MCs (1.9±1.2) showed that the difference was statisti-
cally significant (P<0.01).  Taken together, these data sug-
gest that chronic morphine exposure results in an increase in
spontaneous activity and a decrease in signal-to-noise ratio
in LGN cells in MCs.

Discussion

We found significant degradation in the receptive field
properties of LGN neurons in MCs.  The morphine-derived

degradation in orientation and direction sensitivity in LGN
neurons was accompanied by an unspecific increase in
responsiveness.  The average response across all orienta-
tions of stimulus gratings for MCs increased by 26.0% com-
pared with controls, whereas the response to preferred stimuli
increased by only 11.2%.  Thus, the increased responsive-
ness to non-preferred orientations and directions appears to
be an important mechanism mediating the reduction in cells’
sensitivity to stimuli in MCs.  On the other hand, the sponta-
neous activity of LGN neurons in MCs increased by 56.6%
compared with controls.  This increase was much higher than
the increase in preferred response.  As a result, the ratio of
preferred response to spontaneous activity (signal-to-noise
ratio) in MCs was much lower than in controls.  The de-
crease in signal-to-noise ratio in MCs thus appears to mainly
reflect the large increase in spontaneous activity.

Orientation and direction sensitivity is a well-known re-
ceptive field property of neurons in the mammalian visual
cortex[20].  However, it is quite controversial whether orienta-
tion and direction sensitivity exists in LGN neurons.  Many
tests beyond the peak spatial frequency have shown that a
lot of LGN cells are sensitive to stimulus orientation or direc-
tion[14,21].  The results of the present study also show this.  It
has been proposed that an elliptical shape of the receptive-
field center and asymmetry in the inhibitory surrounds con-
tribute to the orientation and direction sensitivity of LGN
cells.  Previous investigations suggest that microionto-
phoresis of bicuculline (an antagonist of the GABAA receptor)
affects the orientation and direction sensitivity of neurons
in LGN of cats[22,23].  Moreover, LGN cells also have increased
spontaneous and evoked activity when GABAergic inhibi-
tion is blocked[22,24].  In the present study, LGN cells in MCs
had decreased orientation and direction sensitivity accom-
panied by increased spontaneous and evoked activity.
Furthermore, research on drug abuse suggests that the de-
cline of inhibitory neurotransmission actually happens in
many brain regions[11–13].  In view of the extensive expression
of opiate receptors throughout the visual system, reduced
GABAergic inhibition might be a reasonable explanation for
the degradation of receptive field properties of LGN cells in
MCs.  Nevertheless, some studies have shown that drug
abuse also affects glutamatergic and other transmitter
systems, indicating that these transmitter systems might af-
fect the sensitivity of LGN cells to visual stimuli following
chronic morphine exposure.  Additionally, LGN neurons re-
flect the properties of the center-surround organized retinal
receptive fields and convey them to the cortex in a way that
does not significantly alter their spatial structure[24].
Therefore, the action of chronic morphine exposure on the

Figure 3.   Comparison of spontaneous activity (A) and signal-to-
noise ratio (B) between morphine-treated and saline-treated cats.
Neurons in morphine-treated cats had decreased signal-to-noise ratio,
which is mainly attributable to increased spontaneous activity.
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retina might be one factor resulting in the degradation of the
receptive field properties of LGN cells in MCs.

In summary, our results suggest that chronic morphine
exposure can lead to the degradation of the receptive field
properties of LGN cells in cats.  Morphine-derived decreases
of GABAergic inhibition together with other factors might
contribute to the functional degradation of LGN cells in MCs.
All in all, much remains to be learned about the role of opiate
receptors in the visual system and the morphine-derived
decay of receptive field properties of LGN neurons.
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Involvement of nociceptin/orphanin FQ in release of hypothalamic GnRH
mediated by ORL1 receptor in ovariectomized rats
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Introduction
Nociceptin/orphanin FQ (OFQ) is a heptadecapeptide that

has high amino acid sequence homology to the endogenous
opioid peptides, especially dynorphin A[1,2].  OFQ is the pu-
tative endogenous ligand for the opioid receptor-like1 re-
ceptor (ORL1 receptor)[2,3].  The ORL1 receptor has struc-
tural and functional homology with the δ,κ, and µ classic
opioid receptors.  Despite its close similarity to opioid
receptors, the ORL1 receptor does not selectively bind opio-
ids and opioids antagonists[3].  A number of physiological
effects of OFQ have been reported, including nociceptive
modulation, and cardiovascular and renal physiological

functions[2,4,5].
The classic opiates are involved in the regulation of an-

terior pituitary hormone secretion.  Opiate administration in-
creases prolactin and growth hormone[6], while decreasing
the release of luteinizing hormone in a naloxone-reversible
manner[7].  The homology between the opiate peptides and
OFQ as well as between their receptors, coupled with the
localization of OFQ in the hypothalamus suggest a neuroen-
docrine role for OFQ[8,9].

GnRH, as an important hypothalamic decapeptide, plays
a key role in the functions of the hypothalamic-pituitary-
ovary axis (HPOA) by modulating the secretion of luteiniz-
ing hormone (LH) and follicle-stimulating hormone (FSH)

Abstract
Aim: To investigate effect of  the nociceptin/orphanin FQ (OFQ) on hypothala-
mus gonadotropin-releasing hormone (GnRH) release in ovariectomized (OVX)
rats.  Methods: GnRH radioimmunoassay (RIA) was used to study the effect of
OFQ on GnRH release in hypothalamus slices in vitro.  Push-pull perfusion and
intracerebroventicular (icv) injection were used to examine the effect of OFQ on
GnRH release in the hypothalamus medial preoptic area (POA) in vivo.  Ovariecto-
mies were performed on female Sprague-Dawley rats, and their plasma luteinizing
hormone (LH) levels were measured after icv injection of OFQ with or without
[Nphe1]NC(1-13)NH2, a competitive antagonist of opioid receptor-like1 receptor
(ORL1 receptor).  Reverse transcription-polymerase chain reaction (RT-PCR) was
used to investigate the expression of the ORL1 receptor in rat pituitary.  Results:
GnRH release from hypothalamus slices was inhibited 90 min after the administra-
tion of 2 mmol/L and 20 mmol/L OFQ (P<0.05).  Accordingly, GnRH release from
hypothalamus POA was also significantly reduced by the injection of 0.2 mmol/L
and 2 mmol/L OFQ.  Plasma LH levels were also decreased significantly 2 h after
icv injection of 20 nmol OFQ in OVX rats (P<0.05) and this effect could be abol-
ished by pretreatment with 20 nmol [Nphe1]NC(1-13)NH2, that is, NC13.  More
interestingly, plasma LH levels in OVX rats increased markedly 2 h after icv injec-
tion of 100 nmol and 200 nmol NC13.  RT-PCR analysis further revealed that the
ORL1 receptor was not expressed in the pituitary of OVX rats.  Conclusion: Cen-
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thalamic GnRH and decrease the plasma LH levels through ORL1 receptors in
OVX rats.
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from the anterior pituitary[10].  Endogenous opioid peptides,
particularly β-endorphin, constitute an important inhibitory
component of the neural circuitry that regulates GnRH se-
cretion and a significant decrease in the inhibitory opioid
tone is critical for the generation of a LH surge during the
estrous cycle[11].

OFQ and the ORL1 receptor are densely localized in the
preoptic area (POA), ventralmedial hypothalamus (VMH) and
arcuate nucleus (ARC), all of which have been identified as
the chief hypothalamic nuclei regulating GnRH release[8].  It
has been demonstrated that OFQ activates the G protein-
coupled inwardly rectifying K+ channel (GIRK) and hyper-
polarizes many hypothalamic neurosecretion cells, especially
in the ARC[12].  Recent studies have revealed that OFQ po-
tently and dose-dependently inhibits forskolin-induced
GnRH release from rat hypothalamic fragments[13].  We pos-
tulated that OFQ might play a role in the regulation of GnRH
release in rat hypothalamus.  To test the hypothesis, the
effects of the central administration of OFQ on rat hypo-
thalamus GnRH release and plasma LH levels were observed
in the present study.

Materials and methods

Animals and drugs  Female Sprague-Dawley rats weigh-
ing 200–220 g obtained from the Animal Center of Shanghai
Medical School of Fudan University had both ovaries surgi-
cally removed under aseptic conditions.  They were kept in
an air-conditioned room with controlled lighting (light 12 h:
dark 12 h) and given free access to laboratory chow and tap
water.  Experiments were carried out 4–6 weeks after the
ovariec-tomies.  Nociceptin/orphanin FQ (MW 1810) and
[Nphe1]NC(1-13)NH2 (NC13; MW=1382) were purchased
from Phoenix Pharmaceutical Company (St Joseph, MD,
USA).  The compounds were dissolved in artificial cerebrospi-
nal fluid (ACSF; 128 mmol/L NaCl, 2.5 mmol/L KCl, 1.4 mmol/L
CaCl2, 1.0 mmol/L MgCl2 and 1.2 mmol/L Na2HPO4; pH 7.4)[14].
All other reagents and solvents were of analytical grade.

Incubation of hypothalamus slices  Animals were killed
by decapitation in a period of less than 30 min and medial
basal hypothalamus slices were quickly dissected at 4 ºC as
described by Lamar et al[15].  The slices were placed into 2 mL
ice-cold ACSF in a chamber made from a 5 mL plastic syringe
specially modified for incubation.  The slices were maintained
at 37 ºC in an atmosphere of 5% CO2 and 95% O2 with gentle
agitation for 30 min preincubation.  The slices then were
treated with ACSF or 0.2, 2, and 20 mmol/L OFQ and incu-
bated for 2 h.  Every 30 min, 200 µL medium was extracted,
then 200 µL fresh ACSF was added to the system.  The incu-

bation medium was collected in tubes and stored at -20 ºC for
GnRH radioimmunoassay.

Push-pull perfusion  Animals were anesthetized with so-
dium pentobarbital (40 mg/kg, ip) and placed on a stereotaxic
instrument.  A push-pull cannula with a removable inner
stylette constructed in our laboratory was implanted towards
the hypothalamus POA (Bregma AP: 0.4 mm; L: 0.8 mm; H: 8.5
mm)[16].  The device was fixed onto the rat skull with an an-
chor screw and dental cement, and the animals were given a
minimum recovery period of 7 d.  On the day of perfusion,
the inner stylette was removed and replaced with the inner
cannula perfusion assembly.  ACSF was infused through
the push cannula and collected from the pull cannula at a
flow rate of 10 µL/min.  After a 30 min equilibration period,
0.02, 0.2, or 2 mmol/L OFQ solution was perfused.  The perfu-
sate was collected every 20 min over a total period of 2 h and
stored at -80 ºC for GnRH radioimmunoassay.

Intracerebroventicular injection  Implantation of the can-
nula was performed stereotaxically under anesthesia with
sodium pentobarbital (40 mg/kg, ip).  Stereotaxic surgical
procedures were used to implant one 22 gauge stainless steel
guide cannula with a removable 28 gauge inner stylette to
the left lateral ventricle (Bregma AP: 1.0 mm; L: 1.5 mm; H:
3.0 mm)[16].  Experiments with icv injection were performed at
least 7 d after operation.  The OFQ solution was added with
protease inhibitor (1 g/L) for preventing proteolysis after
injection.  Two, 20 or 200 nmol OFQ dissolved in 10 µL ACSF
was infused through a 28 gauge cannula extended 0.5 mm
beyond the guide cannula.  The needle was connected to a
10-µL syringe by a polyethylene tube and the drug solutions
were delivered by infusion pump at a flow rate of 5 µL/min.
The injection needle was maintained in place for an exten-
sive period of 10 min after the injection.  Under anesthesia
conditions, OVX rats were injected with ACSF, OFQ (2, 20,
or 200 nmol OFQ in 10 µL ACSF) or NC13 (20, 50, 100, and 200
nmol NC13 in 10 µL ACSF).  Blood samples of 400 µL were
withdrawn from the rat tail vein every hour over a total pe-
riod of 4 h after icv injection.  Blood plasma (200 µL) was
separated from each blood sample by centrifugation and
stored at -20 °C until LH radioimmunoassay.

RT-PCR analysis  Total cytoplasmic RNA was isolated
from the medial basal hypothalamus, hippocampus and pitu-
itary of ovariectomized rats using the Trizol reagent (Life
Technologies, Rockville, MD, USA).  Total RNA (4 µg) was
digested with DNase RNase-free enzyme to eliminate genomic
DNA, and then converted to complementary DNA (cDNA)
using 200 U Moloney murine leukemia virus reverse tran-
scriptase (Promega, Madison, WI, USA) in 20 µL of buffer
containing 0.4 mmol/L deoxynucleotide triphosphates, 20 U
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RNase inhibitor and 0.8 µg oligo (deoxythymidine)15 (Sino-
American Biotechnology Company, Shanghai, China).  Spe-
cific primers were 5'-CAGGCTGTTAATGTGGCCATATG-3'
and 5'-GAGCCTGAAAGCAGACGGACACC-3' (synthesized
in Shanghai Sangon Biological Engineering Technology and
Service Company), which annealed to bases 493–515 and
743–721 of the ORL1 receptor[17].  Twenty-eight cycles un-
der the following PCR conditions were carried out: denatur-
ation at 94 °C for 45 s, annealing at 60 °C for 45 s and elonga-
tion at 72 °C for 60 s with Thermus aquaticus DNA poly-
merase (Promega, Medison, WI, USA).  The RT-PCR prod-
ucts (5 µL) were electrophoresed in a 1.6% agarose ethidium
bromide gel and visualized using the SYNGENE imaging sys-
tem (GeneSnape Software, London, UK).

GnRH and LH radioimmunoassay  GnRH in perfusate
was assayed by using a commercial RIA kit (Sigma) and mea-
surements were performed according to the manufacturer’s
instructions.  Plasma LH was measured by using an LH RIA
kit (Shanghai Institute of Biologic Products, Shanghai,
China), and the sensitivity of the assay was 0.4 pg/mL.  The
intra-assay coefficient of variation was 3.5% and the intro-
assay variation was 4.8%.

Statistical analysis All results are expressed as mean±SD
and were analyzed by the Statistical Package for the Social
Sciences (SPSS) statistical software.  The data in Figures
1–3 were analyzed by using a two-way repeated measures
analysis of variance (ANOVA) with time as the repeated
measure.  The other results were analyzed by one-way
ANOVA and the significance of difference was determined
by the Newman-Keuls test.  When only two treatment groups
were being compared, Student’s t-test was used.  A probabil-
ity of P<0.05 was considered to be statistically significant.

Results
Effect of OFQ on GnRH release from hypothalamus

slices  It was apparent that GnRH release began to decrease
60 min after OFQ administration.  In the 2 mmol/L and
20 mmol/L OFQ groups, GnRH concentrations in the medium
were significantly decreased (P<0.05) at 90 min (21.01±
3.77 pg/mL and 15.78±3.02 pg/mL ) after OFQ administration
compared with the control group at the same time (31.49±
3.34 pg/mL).  OFQ at a concentration of 0.2 mmol/L did not
affect GnRH release during the 120 min incubation time
(Figure 1).

Effect of OFQ on GnRH release from POA  OFQ evoked
a dose-dependent inhibitory effect on POA GnRH release in
ovariectomized rats (P<0.05).  GnRH release stayed at
approximately the same level over 120 min in the control
group.  The administration of 0.2 mmol/L and 2.0 mmol/L

OFQ caused a significant decrease in GnRH release at 40 min
(19.83±2.35 pg/mL and 14.77±2.31 pg/mL, respectively), which
lasted approximately 20 min, as compared with the control
group (31.79±6.19 pg/mL).  OFQ at a concentration of
0.02 mmol/L had no significant effect on GnRH release over
120 min (Figure 2).

Effect of icv injection of OFQ and NC13 on plasma LH
levels  A dose-dependent decreasing effect on plasma LH
levels was observed 2 h after icv injection of OFQ.  The
plasma LH levels in the control group ranged from 3.08±
0.33 ng/mL to 3.27±0.37 ng/mL and were not significantly

Figure 1.  Dose-response curves for the effect of OFQ on GnRH
release from medial basal hypothalamic slices from OVX rats.  OFQ
and ACSF were administered at t=0.  n=5. Mean±SD.  bP<0.05 vs
control.

Figure 2.  Dose-response curves for the effect of OFQ on GnRH
release in the medial preoptic area of the hypothalamus.  OFQ or
ACSF was administered at t=0.  The concentrations of GNRH in
perfusates were measured every 20 min for 2 h.  n=5–6. Mean±SD.
bP<0.05 vs control.
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different from those of the 2 nmol OFQ group at any time
point over 4 h.  Administration of 20 nmol and 200 nmol OFQ
significantly decreased pituitary LH secretion (P<0.05).  The
strongest effect was achieved at 2 h after injection in the
20 nmol and 200 nmol OFQ groups (2.47±0.30 ng/mL and
2.12±0.32 ng/mL), as compared with the control group (3.11±
0.31 ng/mL).  The LH decrease occurred at 2 h after injection
for both doses and persisted until 3 h (Figure 3).

A significant decrease in plasma LH level (2.47±
0.30 ng/mL) induced by 20 nmol OFQ was abolished by
pretreatment with 20 nmol NC13, a competitive antagonist
of the ORL1 receptor (3.02±0.39 ng/mL).  No change in
plasma LH level was observed with a single icv injection
of 20 nmol NC13 (Figure 4).

Effect of icv injection of NC13 at different doses on
plasma LH levels  The plasma LH levels in the 20 nmol and

50 nmol NC13 groups (3.18±0.36 ng/mL and 3.78±0.46
ng/mL) were not significantly different from those of the
control group (3.13±0.34 ng/mL) 2 h after administration.  Inter-
estingly, 100 nmol and 200 nmol NC13 stimulated a signifi-
cant increase in plasma LH levels (4.27±0.51 ng/mL, 4.95±
0.53 ng/mL) 2 h after icv infusion (P<0.05) and the effect was
dose-dependent.  This reveals that a single high-dose icv
injection of NC13 produces a significant increase in plasma
LH levels in OVX rats (Figure 5).

RT-PCR analysis  RT-PCR analysis to check for ORL1
receptor expression revealed that the ORL1 receptor tran-
script was expressed in the hypothalamus and hippocampus
of OVX rats, but not in the pituitary (Figure 6).

Discussion
OFQ and its receptor are densely distributed in several

nuclei in the hypothalamus, suggesting that OFQ might me-
diate and modulate hypothalamic functions[2,8].  There is
evidence that OFQ is involved in the regulation of some
important hypothalamic functions, such as feeding behavior,
temperature control and sexual behavior[18–20].  OFQ has been

Figure 3.  Time course study for the effect of OFQ on plasma LH
levels of OVX rats.  OFQ or ACSF was administered at t=0.  The
plasma LH levels were measured every hour for 4 h.  n=8.  Mean±SD.
bP<0.05 vs control.  eP<0.05 vs before administration.

Figure 5.  Dose-dependent study for the effect of NC13 on plasma
LH levels in OVX rats.  The plasma LH levels were measured 2 h after
icv injection.  n=8.  Mean±SD.  bP<0.05 vs control.

Figure 6.  RT-PCR analysis for the expression of the ORL1 receptor
in rat hippocampus, pituitary, and hypothalamus.  The RT-PCR prod-
uct of 250 bp, corresponding to the ORL1 receptor, was detected in
rat hippocampus and hypothalamus but not in the pituitary.  Lane M:
marker; A: hippocampus; B: pituitary; C: hypothalamus.

Figure 4.  Effect of pretreatment with NC13 on the decrease of
plasma LH levels induced by OFQ.  The plasma LH levels were mea-
sured 2 h after icv injection.  n=8.  Mean±SD.  bP<0.05 vs control.
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shown to stimulate prolactin and growth hormone secretion
in male and female rats as an endogenous opioid peptide[21].
Our results show that central administration of OFQ can in-
hibit the release of GnRH in the hypothalamus in vitro and
in vivo and decrease the plasma LH level, suggesting that
OFQ might play a role in the modulation of hypothalamic
GnRH secretion and pituitary LH release.  Recent data from
our laboratory and from other investigators indicate a neu-
roendocrine role for OFQ in mechanisms of the hypothala-
mus governing reproduction[13,21].

It is known that GnRH is the key central regulator in the
estrous cycle.  Despite intensive investigation, the mechanism
underlying GnRH secretion remains poorly understood[10].
GnRH cell bodies form a loose continuum from the medial
septum to the ventral anterior hypothalamus.  GnRH is re-
leased from nerve terminals in the median eminence, where it
is transported to the anterior pituitary to act on gonadotropes
to stimulate LH and FSH secretion to the blood[22].  The ova-
riectomy performed in our experiments was intended to re-
move the effects of the estrous cycle on the hypothalamus
GnRH and plasma LH secretion in female rats.  Our results
show that 2 mmol/L and 20 mmol/L OFQ inhibits GnRH re-
lease from rat medial basal hypothalamus slices in a dose-
dependent manner, which is in agreement with previous re-
ports[13].  Moreover, by using push-pull perfusion, we dem-
onstrated that OFQ could also inhibit GnRH release from rat
hypothalamus POA in vivo, further indicating the pharma-
cological effect of OFQ on hypothalamic GnRH release.

It was observed in our study that central injection of
20 nmol OFQ significantly decreased plasma LH levels, and
the strongest effects occurred 2 h after administration.  Pre-
treatment with 20 nmol selective ORL1 receptor antagonist
NC13 can reverse the inhibitory effect that is induced by icv
injection of 20 nmol OFQ.  These results further confirm that
the decrease of pituitary LH secretion induced by OFQ ad-
ministration is mediated by the ORL1 receptor in the brain.
We found that the ORL1 receptor was not expressed in rat
pituitary by using RT-PCR analysis, indicating that OFQ
might have no direct effect on pituitary hormone secretion.
There has been no evidence of OFQ receptors on the ante-
rior pituitary gland until now.  These results strongly sug-
gest that by interacting with its own receptor, the ORL1
receptor, OFQ elicits its inhibitory effect on hypothalamus
GnRH release, thus decreasing the plasma LH level.

Time course studies reveal that the strongest effect of
OFQ on GnRH release occurred at 40 min after OFQ adminis-
tration in vivo, but it takes 2 h before any significant effects
are seen on LH levels.  The apparent discrepancy is prob-
ably due to the interval required by neuroendocrine

transduction.  The neural signal of GnRH decrease evoked
by OFQ is transduced from the medial basal hypothalamus
to the median eminence and then to the anterior pituitary,
resulting in a decrease of LH secretion.  Likewise, the time
discrepancy in these results could also offer support for this
postulation.

The effect of OFQ on GnRH secretion is likely to be due
to an indirect mechanism of action, because OFQ has no
such inhibitory effect when applied directly to immortalized
GnRH (GT-1) neurons in vitro[13].  There is accumulating evi-
dence that OFQ is able to inhibit the K+-evoked release of
glutamate and suppress glutamate transmission in the cen-
tral nervous system of various species[23–25].  There is a gen-
eral agreement that the glutamatergic pathway is a major
excitory element in the regulation of GnRH release [26].  We
speculate that hypothalamic glutamate might mediate the
inhibitory effects of OFQ on GnRH secretion.  Therefore, we
are currently investigating the effects of NMDA or non-
NMDA antagonists on the decrease of GnRH and LH secre-
tions induced by OFQ.  Undoubtedly, our hypothesis needs
to be supported by more experimental evidence, and at this
stage we could not exclude the possibility that OFQ has a
direct effect on GnRH neurons in vivo.

Several studies have indicated that OFQ has an anti-
opioid effect in nociceptive modulation because OFQ can
induce hyperalgesia and antagonize opioid analgesia medi-
ated by the µ and δ receptors in the brain[27,28].  Morphine and
endogenous opioid peptides such as β-endorphin decrease
the release of GnRH and LH in a naloxone-reversible man-
ner[7,29].  Our data suggest that OFQ also plays a negative
neuroendocrine role in the modulation of GnRH and LH
release as classic opioids.

As the first identified selective ORL1 receptor antagonist,
NC13 has allowed us to characterize some biological effects
that are clearly mediated through the ORL1 receptor in vitro
and in vivo[4].  It is shown in our work that NC13 can antago-
nize the inhibitory effect of OFQ on LH secretion.  Neverthe-
less, we also observed that icv injection of 100 nmol and 200
nmol NC13 alone enhanced the plasma LH levels of ovariec-
tomized rats.  The present study reveals an unexpected func-
tion of NC13, that is, it can also act as a potent stimulator of
LH release at a higher concentration.  This suggests that
OFQ has a tonic physiological role in the control of pituitary
LH secretion.  Our next study will focus on elucidating the
mechanism for the involvement of the endogenous OFQ/
ORL1 receptor system in regulating GnRH and LH release in
male and female rats.

In summary, these results demonstrate that central ad-
ministration of OFQ might inhibit the release of hypotha-
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lamic GnRH and decrease the level of plasma LH via the
ORL1 receptor in OVX rats.  In addition, our work implies
that hypothalamic OFQ might participate in the neuroendo-
crine regulation of GnRH and LH secretion in female rats.
Although the neuroendocrine role of OFQ remains to be ex-
plored more directly, our results provide evidence for novel
mechanisms for hypothalamic OFQ regulation of GnRH and
LH secretion.
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Introduction
Gamma-aminobutyric acid (GABA) and opioid peptides

are the major inhibitory transmitters in the central nervous
system, and both transmitter systems are likely to play im-
portant roles in anesthetic mechanisms.  For example, a com-
mon property of a wide spectrum of general anesthetics,
including barbiturates and propofol, is enhancement of the
action of GABAA receptors[1–4].

Increasing evidence have indicated that the spinal cord
is pivotal in the immobility induced by volatile anesthetics
because the anesthetics depress the activity of α-motoneu-
rons in the spinal cord[5,6], in which process spinal GABA
receptors and opioid peptide receptors may be involved[7–10].
However, there has been few study on the effects of
sevoflurane on pain processing in the spinal cord.  Given the

high density of GABA receptors and opioid peptide recep-
tors located in the dorsal horn of the spinal cord, in the
present study we examine whether the suppression of noci-
ceptive effects by sevoflurane is mediated by actions at
GABAA and opioid receptors in the spinal cord.

Materials and methods
Animals and surgical preparation  This study was ap-

proved by animal experimentation committee of Xinhua
hospital.  The experiments were performed on 37 male
Sprague-Dawley rats weighing 215–345 g (provided by the
Animal Center of the Chinese Academy of Sciences).  Ani-
mals were divided into 5 groups according to the different
tests.  Group I (n=6) animals were used to test the effects of
sevoflurane after transection of the spinal cord.  Anesthesia
for surgical preparation was induced by 2.5% sevoflurane in

Abstract
Aim: The spinal cord is pivotal in immobility induced by volatile anesthetics
because the anesthetics depress the activity of motor neurons in the spinal cord.
The aim of this study was to observe the effects of sevoflurane on pain process-
ing at the spinal level.  Methods: The firing of the gastrocnemius muscle was
evoked by electrical stimulation to the ipsilateral hindpaw in rats.  The nociceptive
C response of electromyography (EMG) was selected to study.  The GABAA

receptor antagonist bicuculline (0.1 mg/kg) and opioid receptor antagonist nalo-
xone (0.4 mg/kg) were administered intravenously, either in the presence or in the
absence of 1.0% sevoflurane.  Results: In rats with transected spinal cord,
sevoflurane produced a profound reduction in the C response in a dose- and time-
dependent manner.  In the presence of 1.0% sevoflurane, the C responses were
increased after injections of bicuculline and naloxone.  Conclusion: Sevoflurane
is a volatile anesthetic that acts directly on the spinal cord to suppress the nocice-
ptive reflex.  The sevoflurane-induced suppression of the C response is antago-
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Key words
sevoflurane; spinal cord; pain measurement;
GABA receptors; opioid receptors

1 Correspondence to Dr Ying-wei WANG.
Phn 86-21-6579-0000.
Fax 86-21-5522-7368.
E-mail wangyingwei@yahoo.com

Received 2005-03-17
Accepted 2005-06-13

doi: 10.1111/j.1745-7254.2005.00175.x



1046

 Acta Pharmacologica Sinica ISSN 1671-4083Wang YW et al

95% O2–5% N2 and maintained by 0.8%–1.5% sevoflurane
through a tightly fitting mask.  Group II ( n=11) animals were
used to test the time course of sevoflurane in the spinally
transected rats; Group III (n=9), group IV (n=6) and group V
(n=5) animals were used to test the effect of bicuculline
(GABAA receptor antagonist), phaclofen (GABAB receptor
antagonist) and naloxone (opioid receptor antagonist),
respectively.  Animals in groups II–V were anesthetized with
urethane (1.0 g/kg, ip).  The trachea, left internal jugular vein
and carotid artery were cannulated for artificial ventilation,
drug administration and blood pressure monitoring,
respectively.

Following laminectomy, the spinal cord was transected
at T9–T10 with 2.0% lidocaine surface anesthesia.  The ex-
periments were started at least 2 h after transection.  During
experiments, core body temperature was maintained at 37–
39 ºC by a warm blanket and a heat lamp.  In order to maintain
effective circulation, 0.5–1 mL 5% glucose was injected into
the internal jugular vein every 1–2 h.

Electrophysiological recording Electromyographic mea-
surements were taken in the gastrocnemius muscles.  Two
stainless steel needles were separately inserted into the two
toes of the ipsilateral hindpaw for electrical stimulation.  The
intensity of electrical stimulation (1 ms, 50 V, 3 pulses, 1 Hz)
was sufficient to excite the C-fiber nociceptors.  Two compo-
nents of the electromyographic response, the A- and C-
responses, were evoked by the electrical stimulation.  The C
response was an indication of nociceptive reflex.  An aver-
aged C response was analyzed by a signal processing sys-
tem (SMUP-PC, Fudan University).

Drug administration  In group I, sevoflurane was deliv-
ered at concentrations of 0.8%, 1.0%, 1.5%, 2.0%, and 2.5%.
Electromyographic measurements were taken 25 min after
inhalation of sevoflurane.  In group II, 1.0% sevoflurane was
given, and electromyographic measurements were taken
every 3 min.  In groups III, IV, and V, as a control, bicuculline
(0.1 mg/kg), phaclofen (0.6 mg/kg) or naloxone (0.4 mg/kg)
were first intravenously administered without inhalation of
sevoflurane.  Two hours later, bicuculline, phaclofen, or nalox-
one at the same doses was administered, respectively, 15 min
after inhalation of 1.0% sevoflurane.

Data analysis  The effects of drugs, dose dependence,
and time course were analyzed by using the paired t-test.
Differences between groups were determined to be statisti-
cally significant if P<0.05.  All data are shown as mean±SD.

Results

Consistent with our previous study[11], the strong cur-

rent-induced electromyographic responses from the gastroc-
nemius muscle consisted of two components: first, a primary
myelinated afferent fiber-mediated A response with a latency
of 5–10 ms, and second, the unmyelinated fiber-mediated C
response with latency of  >100 ms.  Given that primary affer-
ent C fibers conduct nociceptive information, this study fo-
cused on the change in C responses.

Effect of sevoflurane on the spinal cord  To examine
whether inhalation of sevoflurane affects the spinal cord
neurons, the spinal cord was transected at the T9–10 segment.
Following inhalation of sevoflurane at concentrations of
1.0%, 1.5%, 2.0%, and 2.5%, C responses were reduced to
36.1%±17.4%, 11.7%±8.6%, 2.2%±5.2% and 0% of control
(P<0.01), respectively (Figure 1).  The inhibition occurred
in a time-dependent manner.  When 1.0% sevoflurane was
inhaled, C responses were 60.0%±18.1%, 50.4%±13.5%,
42.0%±14.5%, 33.2%±13.5%, and 31.5%±13.8% at 1 min,
4 min, 7 min, 10 min, and 13 min after inhalation, respec-
tively, compared with the group without sevoflurane
(Figure 2).  C responses recovered almost completely
within 9 min of ceasing inhalation.

Reversal of sevoflurane-induced inhibition by bicuculline
and naloxone  As shown in Figure 3, bicuculline (0.1 mg/kg,
iv) failed to alter the C response in the absence of sevoflurane.
Following 20 min of inhalation of 1.0% sevoflurane,
bicuculline at the same dose significantly increased the C
responses at the time points of 1 min, 4 min, 7 min, 10 min,
and 13 min (P<0.05).  However, phaclofen (0.6 mg/kg) failed
to alter the C response in the absence or presence of
sevoflurane.

Although the C responses appeared to be slightly

Figure 1.  Inhalation of sevoflurane dose-dependently reduces the C
response in rats with transected spinal cords.  Before inhalation of
sevoflurane, the baseline area of the C response is considered to be
100%.  n=6.  Mean±SD.  cP<0.01 vs baseline.
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enhanced by naloxone alone (0.4 mg/kg, iv) in the absence
of sevoflurane, this effect was not statistically different from
the control (Figure 4).  After the rats inhaled 1% sevoflurane,
naloxone significantly increased their C responses at time
points of 1 min, 4 min, 7 min, 10 min, 13 min, and 16 min (P<
0.05).

Discussion
Several studies have shown that the mechanisms under-

lying the suppression of noxious stimuli-induced motor re-
actions by volatile anesthetics, including sevoflurane, are

likely to be spinal in nature rather than involving superspinal
structures[5,6,12].  Apart from immobility mediated by reduc-
ing the activity of spinal α-motoneurons, studies on the ef-
fects of sevoflurane on nociceptive sensory neurons in the
spinal cord are generally lacking.  The C-fiber-induced re-
sponse recorded in the peripheral nerve or muscle is com-
monly used to characterize spinal processing and is consid-
ered to be an acute pain model[11].  By means of this model,
the present work for the first time shows that inhalation of
sevoflurane produces a dose-dependent reduction of pri-
mary sensory afferent C-fiber-mediated nociceptive re-
sponses in the rat after transection of the spinal cord at T9–10.
This indicates that sevoflurane not only suppresses excita-
tion in α-motor neurons but also inhibits the activity of pain-
sensitive neurons in the dorsal horn of the spinal cord, in the
absence of supraspinal input.

It is well-known that GABA receptors exist in the spinal
cord and, when activated, cause decreased excitability of
the neurons in which they exist[13].  A recent report showed
that the intrathecal administration of GABAA or glycine re-
ceptor antagonists increased the MAC (minimum alveolus
concentration) value of isoflurane by approximately 40% in
rats[14].  Yamauchi et al also observed an approximately 50%
reversal of halothane depression[15].  Similarly, in the present
study, the sevoflurane-induced inhibition of nociceptive C
responses was reversed by the intravenous administration
of 0.1 mg/kg bicuculline, a GABAA receptor antagonist.  This

Figure 2.   Time course of 1.0% sevoflurane-induced depression of C
responses in rats with transected spinal cords.  Before inhalation of
sevoflurane, the baseline area of the C response is considered to be
100%.  ↑ indicates the time point at which inhalation of sevoflurane
was terminated.  n=11.  Mean±SD.  cP<0.01 vs baseline.

Figure 3.  Effects of bicuculline on C responses evoked in spinally
transected rats in the presence or absence of 1.0% sevoflurane.  SS
indicates the steady-state area of the C response before administra-
tion of bicuculline (0.1 mg/kg, iv).  Before SS, the baseline area of the
C response is considered to be 100%.  All rats were given bicuculline
at the steady-state time point.   n=9.   Mean±SD.  bP<0.05, cP<0.01
vs steady-state.

Figure 4.  Effect of naloxone on the C response evoked in spinally
transected rats in the presence or absence of 1.0% sevoflurane.  SS
indicates the steady-state area of the C response before the adminis-
tration of naloxone (0.4 mg/kg, iv).  Before SS, the baseline area of
the C response is considered to be 100%.  All rats were given bicuculline
at the steady-state time point.   n=5.  Mean±SD.  bP<0.05, cP<0.01 vs
steady-state.
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reversal effect by bicuculline seems unlikely to be involved
in a release of a GABA-mediated tonic inhibition, given that
0.1 mg/kg bicuculline in the absence of sevoflurane did not
increase nociceptive C responses significantly.  Previous
studies have revealed that the sevoflurane-induced inhibi-
tion of field potentials evoked from CA1 of the hippocampus
is partially antagonized by phaclofen, a competitive antago-
nist of the GABAB receptor[16].  However, the antinocifensive
effect of halothane was not affected by the intrathecal ad-
ministration of GABAB receptor antagonist CGP 35348[7].
Similarly, our preliminary results show that intravenous ad-
ministration of 0.6 mg/kg phaclofen failed to affect nocicep-
tive C responses (data not shown).  Taken together, these
results suggest that the antinociceptive effect of sevoflurane
might be mainly mediated by GABAA receptors in the spinal
cord rather than GABAB receptors.

Opioid receptors are densely localized presynaptically
and postsynaptically on pain-sensitive neurons in the spi-
nal cord, which play a critical role in spinal antinociception.
It has been reported that intravenous or intrathecal mor-
phine is able to reduce the minimum alveolar concentration
of halothane[8–10].  In the present study, the fact that nalox-
one blocked the sevoflurane-induced inhibition of nocicep-
tive C responses provides further support for the involve-
ment of spinal opioid receptors in antinociception mediated
by sevoflurane.

In conclusion, the volatile anesthetic sevoflurane can
directly depress spinal transmission of nociceptive informa-
tion in the spinal cord, by a mechanism that may involve
GABA receptors and opioid receptors.
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Abstract
Aim: To investigate the blood pressure (BP), baroreflex sensitivity (BRS), and
organ damage in hybrids of spontaneously hypertensive rats and Sprague-Dawley
rats.  Methods: Spontaneously hypertensive rats and Sprague-Dawley rats were
crossbred, and the F1 hybrids were inbred randomly to produce an F2 generation.
At the age of 52 weeks, the F1 and F2 hybrids were tested to determine BP and BRS
in a conscious state.  Histopathological examinations were carried out after BP
recording and BRS studies.  Results: BP and BRS were not different in F1 and F2

hybrids.  BRS was inversely related to systolic BP (SBP) in male, female, or whole
populations of hybrids.  Quantitatively, BRS values were one-third determined by
SBP level (the determinant coefficient was 0.326).  The indexes for left ventricular
hypertrophy, aortic hypertrophy, and renal damage were all positively related to
BP, and negatively related to BRS.  In multiple-regression analysis, left ventricular
and aortic hypertrophy and glomerulosclerosis score were all most significantly
associated with lower BRS and higher systolic BP.  The contribution of BRS to left
ventricular and aortic hypertrophy and glomerulosclerosis was greater than that
of SBP.  Conclusion: The present work with hybrid rats demonstrated quantita-
tively that the BRS value was one-third determined by SBP level.  Both BP level
and BRS value contributed greatly to the hypertensive organ damage.  However,
the contribution of BRS to the hypertensive organ damage was greater than that
of BP level in these rats.
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Introduction
Arterial baroreflex (ABR) plays a crucial role in cardio-

vascular regulation.  It was found that ABR function, ex-
pressed by baroreflex sensitivity (BRS), was impaired in hy-
pertensive patients and animals[1–4].  This impairment of BRS
is attributed mainly to the high blood pressure (BP) level
based on the following observations.  (i) In renovascular
hypertensive rats, BRS decreased significantly 1 d and 7 d
after renal artery clipping[5,6].  One day after removal of a left
renal artery clip, BRS was inversely related to the BP level.
BRS was restored as early as renovascular hypertension was
reversed[7].  (ii) In spontaneously hypertensive rats (SHR),
many antihypertensive drugs lower BP and restore BRS at
the same time[8,9].  On the other hand, it was found that BRS

might be lower in normotensive children with hypertensive
parents or in young spontaneously hypertensive rats (SHR)
before hypertension[10,11].  Therefore, it is not yet clear how
important BP level is in influencing BRS.  To answer quanti-
tatively this question was the first aim of the present work.

It is well known that BP level is an important determinant
for end-organ damage (EOD) in hypertensive patients and
hypertensive animals.  However, it is certainly not the only
determinant for EOD.  In our previous work, it was found
that BRS was related to the severity of EOD in SHR[12].  The
second aim of the present work was to ascertain whether
BRS was as important as BP level in determining the severity
of  EOD.

Hybrid offspring of SHR and normotensive rats are used
widely to analyze the relationship between BP level and other
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parameters.  The present work was designed to study the
features of BP, BRS, and EOD, and the relationships be-
tween these parameters in hybrid offspring of SHR and
Sprague-Dawley (SD) rats.

Materials and methods
Animals  Sprague-Dawley rats were purchased from the

Sino-British SIPPR/BK Lab Animal Ltd (Shanghai, China).
SHR were provided by the Animal Center of the Second Mili-
tary Medical University (Shanghai, China).  SHR and SD rats
were crossbred, and the F1 hybrids were inbred randomly to
produce F2 hybrids.  All rats were housed at controlled tem-
perature (23 °C–25 °C) and lighting (8:00–20:00 light: dark
cycle) with free access to food and tap water.  All animals
used in this work received humane care in compliance with
institutional animal care guidelines.

Blood pressure measurement  At the age of 52 weeks,
the F1 and F2 hybrids were tested to determine BP in a con-
scious state.  Systolic BP (SBP), diastolic BP (DBP), and
heart period (HP) were recorded continuously using tech-
niques described previously[13,14].  The BP signal was digi-
tized by a microcomputer.  SBP, DBP, and HP values from
every heartbeat were determined on line.  The mean values
of these parameters during a period of 24 h were calculated,
and served as SBP, DBP, and HP.

Baroreflex sensitivity measurement   To determine the
function of ABR in conscious rats, the methods widely used
are derived from that of Smyth, which was first applied to
humans[15].  The principle of this method is to measure the
prolongation of HP in response to an elevation of BP.  With
some modifications, this method has been used in conscious
rats[16,17].  A bolus injection of phenylephrine was used to
induce an elevation of BP.  The dose of phenylephrine was
adjusted to raise SBP to between 20 mmHg and 40 mmHg.
HP was plotted against SBP for linear regression analysis
and the slope of SBP-HP was expressed as BRS (ms/mmHg).
As there exists a delay between the stimulus and response
(approximately 1 s), the slopes were calculated by computer
with 1–10 beats of shift for linear regression analysis, and
the slope with the highest correlation coefficient was used
as BRS.  A correlation analysis with 5 beats of shift, for
example, means that values of HP6/SBP1, HP7/SBP2, and
HP8/SBP3 were used.

Morphological examination   Morphological examina-
tions were carried out after BP recording and BRS studies.
The animals were weighed and killed by decapitation.  The
thoracic and peritoneal cavities were opened immediately.
The right kidney, aorta, and heart were excised and rinsed in

cold physiological saline.  The right kidney was blotted and
weighed.  The left ventricle was isolated, blotted, and
weighed.  At the same time, the aorta was cleaned of adher-
ing fat and connective tissue.  Just below the branch of the
left subclavicular artery, a 30 mm-long segment of thoracic
aorta was harvested, blotted, and weighed.  Ratios of left
ventricular weight to body weight (LVW/BW), right ven-
tricular weight to body weight (RVW/BW), ventricular weight
to body weight (VW/BW), left ventricular weight to right
ventricular weight (LVW/RVW), and aortic weight to the
length of aorta (AW/length) were calculated[18,19].  Histo-
pathological observation was also carried out using our con-
ventional method[20].  Briefly, immediately after gross
detection, all samples of left ventricles in 2 mm-thick to 3 mm-
thick slices, aortae, and kidney were immersed in formalin
solution for more than 1 week, dehydrated in ethanol, cleared
in dimethylbenzene and embedded in paraffin.  The 5 µm-
thick sections were then prepared and stained with hema-
toxylin and eosin for light microscopic evaluation.

Glomerulosclerosis score  For the semiquantitative
evaluation of glomerular damage, the glomerulosclerosis
score (GSS) was defined as described previously[21].  From
the light microscopic specimens, approximately 50 glomeruli
from the outer cortex and the same number of glomeruli from
the inner cortex of each kidney were graded according to the
degree of sclerosis: 0, no mesangial expansion; 1, mild
mesangial expansion (less than 30% of a glomerular area); 2,
moderate mesangial expansion (30%–60% of a glomerular
area); 3, marked mesangial expansion (more than 60% of a
glomerular area); and 4, global sclerosis.  This was carried
out by one observer in a blind fashion using coded slides.  A
weighted composite sclerosis score was then calculated for
each kidney according to the following formula: glomerulo-
sclerosis score=[1×(number of grade 1 glomeruli)+2×(number
of grade 2 glomeruli)+3×(number of grade 3 glomeruli)+4×
(number of grade 4 glomeruli)]×100/(number of glomeruli
observed).

Statistical analysis   Data were expressed as mean±SEM.
Comparisons between 2 groups were made by Student’s t-
test.  The relationships between hemodynamic parameters
and organ damage parameters were analyzed by classic
univariate correlation analysis.  Stepwise multiple-regression
analysis was used to study the independent effect of hemo-
dynamic parameters on organ damage.  F to enter and F to
remove were set to P<0.05 and P>0.10, respectively.  P<0.05
was considered statistically significant.  Statistical analysis
was carried out using software SPSS 11.0.0 (SPSS, Chicago,
Illinois, USA).
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Results

Blood pressure and baroreflex sensitivity in the F1

hybrids with different parenthood  Blood pressure, HP, and
BRS values in the F1 hybrids are shown in Figure 1.  BP was
slightly higher in H×S offspring rats (hybrids derived from
male SHR and female SD rats) than in S×H offspring rats
(hybrids derived from male SD and female SHR rats).  This
difference reached a significant level only for DBP in males
and in the whole F1 hybrid group.  Male H×S rats possess
significantly higher DBP than female H×S rats, but this sex
difference in DBP of S×H rats was not significant.  A similar
sex-difference tendency was found in SBP but never reached
statistical significance.  No obvious sex or strain differences
in HP or BRS were found in F1 hybrids.

Blood pressure and baroreflex sensitivity in the F1 and
F2 hybrids  As shown in Figure 2, no obvious difference was
found between F1 (including H×S and S×H offspring rats)
and F2 hybrids with respect to BP, HP, and BRS.  In F1 and F2

hybrids, male rats tended to have slightly higher BP than
female rats.  However, these sex differences in SBP and DBP
did not reach statistical significance.  The distribution of
SBP and BRS in F1 and F2 hybrids is shown in Figure 3.  No
obvious difference between F1 and F2 was noted.

Relationship between systolic blood pressure and
baroreflex sensitivity in the F1 and F2 hybrids   It was found

that BRS was significantly and inversely related to SBP in
both F1 (r=-0.599, n=96, P<0.01) and F2 offspring (r=-0.510,
n=36, P<0.01) (Figure 4A,4B).  When the whole population
(F1+ F2) were analyzed, the correlation coefficient (r) was -0.571
(n=132, P<0.01) (Figure 4C) and the determinant coefficient
(r2) was 0.326.  This value means that the BRS value is 33%
determined by SBP level.  In accordance with this result, it
was found that lower BRS was not always linked to higher
BP in the hybrid offspring rats.  In the hybrids studied
(Figure 4), we found some normotensive animals with a lower
BRS (SBP<140 mmHg, BRS<0.4 ms/mmHg; n=5) and hyper-
tensive animals with a higher BRS (SBP>150 mmHg,
BRS>0.7 ms/mmHg; n=22).  Two examples for BRS obtained
from the hybrids are shown in Figure 5A, a normotensive
animal with a lower BRS; and Figure 5B, a hypertensive ani-
mal with a higher BRS.

Organ damage in the F1 and F2 hybrids  The average
values of LVW/BW, AW/length, and GSS are presented in
Figure 6.  No obvious difference between F1 and F2 hybrids
was found.

Relationships between blood pressure, baroreflex
sensitivity, and organ damage in hybrids  The relationships
between BP, HP, BRS, and organ damage in the hybrids were
shown in Table 1.  It was found that LVW/BW, an index for
left ventricular hypertrophy, AW/length, an index for aortic
hypertrophy, and GSS, an index for renal damage, were all

Figure 1.  Blood pressure (BP), heart period (HP) and baroreflex sensitivity (BRS) in the F1 hybrids with different parenthood. BRS,
baroreflex sensitivity; DBP, diastolic blood pressure; H×S, hybrids derived from male spontaneously hypertensive rats (SHR) and female
Sprague-Dawley (SD) rats; SBP, systolic blood pressure; S×H, hybrids derived from male SD rats and female SHR. The numbers of rats used were
24 and 25 in male (M), 29 and 18 in female (F), and 53 and 43 in total (M+F) H×S and S×H rats, respectively.  bP<0.05 vs female H×S. eP<
0.05 vs corresponding S×H strain.
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Figure 3.  The distribution of systolic blood pressure (SBP) and
baroreflex sensitivity (BRS) in the F1 and F2 hybrids. See Figure 1 for
abbreviations. The numbers of rats used were 49 and 16 in male (M),
and 47 and 20 in female (F) F1 and F2 hybrids, respectively.

age parameters (Table 1).  Some examples for important cor-
relations were shown in Figure 7.

The relative dependencies of organ damage on hemody-
namic parameters were assessed by stepwise multiple-re-
gression analysis.  LVW/BW, AW/length, and glomerulo-
sclerosis score were all most significantly associated with
lower BRS (β=-0.542,  P<0.01; β=-0.436, P<0.01; and  β=-0.482,
P<0.01, respectively) and higher SBP (β=0.183, P<0.01;
β=0.216, P<0.01; and β=0.191, P<0.01, respectively).  After
comparing the standardized partial regressive coefficients, it
was found that the contribution of BRS to left ventricular,
aortic hypertrophy, and glomerulosclerosis was greater than

related positively to BP, and related negatively to BRS.  There
was no significant relationship between HP and organ dam-

Figure 2.  Blood pressure (BP), heart period (HP), and baroreflex sensitivity (BRS) in the F1 and F2 hybrids. See Figure 1 for abbreviations. The
numbers of rats used were 49 and 16 in male (M), 47 and 20 in female (F), and 96 and 36 in total (M+F) F1 and F2 hybrids, respectively.

Table 1.   Linear regression coefficient (r) between blood pressure
(BP), heart period (HP) and baroreflex sensitivity (BRS) values and
organ damage in hybrids. n=132. cP<0.01.

                         LVW/BW                 AW/length               GSS

SBP  0.492c  0.464c  0.465c

DBP  0.416c  0.303c  0.411c

H P -0.162 -0.074 -0.164
BRS -0.646c -0.559c -0.590c

AW, aortic weight; BW, body weight; DBP, diastolic blood pressure;
GSS, glomerulosclerosis score; LVW, left ventricular weight; SBP,
systolic blood pressure.
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that of SBP.

Discussion
The main contributions of the present work may be sum-

marized as follows:
(i) It is well known that the BRS value is closely related to

and importantly determined by BP level.  The present work is
the first to demonstrate quantitatively that BRS value is one-
third determined by SBP level (the determinant coefficient
was 0.326).

(ii) Both BRS and SBP level contributed to organ damage.
This report is the first to show that the contribution of BRS
to organ damage is greater than that of SBP.

(iii) F1 hybrid offspring are suitable for studying the rela-
tionships between BP level and other parameters.

Many abnormalities or changes have been reported to
relate to high BP level in hypertension.  Among these abnor-
malities or changes, some are intrinsically related to hyper-
tension and some are only accompanying phenomena in
hypertension.  Hybrid offspring of hypertensive and normo-
tensive rats are often used to distinguish these 2 sorts of
changes found in hypertension.  Using these hybrid offspring,
it was found that the genes responsible for the hypertensive
trait and those responsible for the hyperactivity trait are not
tightly linked[22,23].  The relationships between BP and other
parameters, such as salt appetite[24], temperature[25], and sen-
sitivity to stress[26], have also been studied in the hybrids
rats derived from hypertensive and normotensive rats.
Recently, hybrid rats derived from a hypertensive and nor-
motensive strain were produced to study genetic markers for
blood pressure using statistical techniques for quantitative
trait loci analysis[27].  It has been noted that BRS is lower in
hypertensive patients and hypertensive animals.  However,
no study has been carried out using hybrid rats to analyze
the relationship between BP and BRS.  This may be due to
the large quantity of work that it entails; the measurement of
BRS in conscious and unrestrained rats requires a comput-
erized BP monitoring system and more than 100 rats are

Figure 4.  Correlation between blood pressure (SBP) and baroreflex
sensitivity (BRS) in the F1, F2, and F1+F2 hybrids. See Figure 1 for
abbreviations. The numbers of male (M) and female (F) rats used
were 49 and 47, 16 and 20, and 65 and 67 in F1 (A), F2 (B), and F1 + F2

(C) hybrids, respectively.

Figure 5.  Schematic presentation of baroreflex sensitivity obtained
from the hybrids. See Figure 1 for abbreviations. (A) A normotensive
rat with lower baroreflex sensitivity. (B) A hypertensive rat with
normal baroreflex sensitivity. Slope of the regression is expressed as
baroreflex sensitivity.
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needed for such a study.  Investigating the relationship be-
tween BP and BRS using hybrid offspring rats was the first
aim of the present work.

To analyze the links between BP and other parameters
previous studies have used hybrid rats derived from a cross
between SHR and Wistar-Kyoto (WKY) rats[22–26], stroke-
prone SHR (SHRSP) and WKY rats[28], Dahl/Iwai salt-sensi-
tive rats and WKY rats[29], New Zealand genetically hyper-
tensive rats and Wistar rats[23], and SHR and Donryu rats[30].
In the present study, SHR were crossbred with SD rats, but
not with WKY rats.  This is based on the following
considerations: (i) WKY rats possess a relatively higher BP
level than SD rats; and (ii) compared with WKY rats, the
genetic background of SD rats is more different from that of
SHR.  Therefore, using SD rats may help to produce hybrid
rats exhibiting wider range of BP levels or BRS values, which
would be expected for the correlation analysis.

It was found in previous studies that the BP of hybrid
offspring derived from SHR and WKY rats depended on the

Figure 6.  Organ damage in the F1 and F2 hybrids. AW, aortic weight;
BW, body weight; GSS, glomerulosclerosis score; LVW, left ventricu-
lar weight. The numbers of rats used were 49 and 16 in male (M), 47
and 20 in female (F), and 96 and 36 in total (M+F) F1 and F2 rats,
respectively.

strain of the male progenitor of the cross; male offspring
with an SHR male progenitor had significantly higher BP
(SBP, +20 mmHg) than male offspring with a WKY male pro-
genitor[31].  The same results were also found in hybrids of
SHRSP and WKY rats (SBP/DBP, +20/15 mmHg)[28].  These
observations showed strong evidence for a locus or loci on
the SHR or SHRSP Y chromosome that contributed to hyper-
tension in these models.  Some subsequent studies con-
firmed the Y-chromosome effect on BP[27,32].  In accordance
with previous reports, the current work showed that the male
F1 hybrids with hypertensive fathers had higher BP levels
than those with normotensive fathers (SBP/DBP,
+12/14 mmHg).  The difference reached a significant level
only for DBP.  These differences found in the present work
were slightly lower than those in previous studies.  This
might be due to the difference in BP measurement: we mea-
sured BP continuously for 24 h while others measured BP
either once by tail sphygmomanometry[31] or by using aver-
age values sampled every 5 min for 10 s over a 4 d period
using the radiotelemetry system[28].  However, in our study,
the F1 hybrids with different parenthood had similar HP and
BRS values.

In previous studies concerning hybrid offspring rats, F1,
F2 or the whole population of F1 and F2 were used[22–26,30].
The use of F2 hybrids is based on the expectation of obtain-
ing a wider distribution range in the parameters studied.  In
the present work, no obvious differences in the average val-

Figure 7.  Examples of the correlation between hemodynamic pa-
rameters and organ damage parameters in hybrids. n=132. See Table 1
for abbreviations.
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ues of SBP and BRS were found between F1 and F2 hybrids.
In addition, the distribution of SBP and BRS values was
similar in F1 and F2 hybrids.  It is known that BP and BRS
phenotypes are not controlled by only one gene, but rather
by many genes[27].  This may explain the wide distribution
range of SBP and BRS values.  Accordingly, we propose that
F1 hybrids may be suitable for these kinds of studies.

Abnormalities in baroreflex have been demonstrated in
numerous studies in both experimental and human hyper-
tension[15,33], and the impairment in baroreflex is thought to
be the result of elevated BP or reduced arterial distensibility[6,7].
In agreement with previous studies, we found that BRS was
significantly and inversely related to SBP in the hybrid off-
spring rats.  However, in the hybrids studied, we also found
some normotensive animals with a lower BRS and hyperten-
sive animals with a higher BRS.  These results indicate that
lower BRS is not always linked to higher blood pressure in
the hybrid offspring rats.  Previous studies have shown that
impairment of BRS may be present early in the course of, or
may precede the development of, hypertension.  BRS has
been shown to be diminished in the early phase of hyperten-
sion in SHR as well as in borderline essential hypertension
in humans; impairment of BRS is thought to be genetically
determined in part[10,34].  In addition, it was found that other
factors, such as alterations in endothelial prostaglandins and
opioid peptides, might also contribute to the impairment of
BRS[35,36].  Therefore, BP is not the only determinant of BRS.
However, it is not clear how important BP level is in influenc-
ing BRS.  Our study, for the first time, demonstrated quanti-
tatively that BRS was one-third determined by SBP level (the
determinant coefficient was 0.326).

It is well known that high BP level induces organ damage,
while decreasing BP level can prevent EOD.  Our present
study showed that both SBP and DBP were significantly
and positively related to LVW/BW, AW/length, and GSS.
These results indicate that elevated BP has a major effect on
EOD in hybrid offspring rats.  However, BP level is not the
only determinant for EOD.  Our previous study proposed
that BRS was one of the independent variables related to
EOD score [12].  In the present work, BRS was significantly
and negatively related to LVW/BW, AW/length, and GSS.
Multiple-regression analysis showed that the contribution
of BRS to left ventricular, aortic hypertrophy, and glomeru-
losclerosis was greater than that of SBP.  The present study
is the first to show that BRS makes a greater contribution to
hypertensive organ damage than does BP level.

In conclusion, the present work with hybrid rats demon-
strated quantitatively that BRS value was one-third deter-
mined by SBP level.  Both BP level and BRS value contrib-

uted to the hypertensive organ damage.  However, the con-
tribution of BRS to the hypertensive organ damage was
greater than that of BP level in these rats.
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Relationship between leukocyte count and angiographical characteris-
tics of coronary atherosclerosis1
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Abstract
Aim: To explore the relationship between differential leucocyte count and coro-
nary atherosclerosis.  Methods: The study population consisted of 507 consecu-
tive patients (376 male and 131 female) who underwent coronary angiography for
suspected or known coronary atherosclerosis.  The patients’ smoking and drink-
ing habits were investigated, and anthropometric measurements, serum
measurements, and hematological measurements were conducted for every patient.
The severity of coronary atherosclerosis was defined by using Gensini’s score
system.  One-way ANOVA, Spearman’s correlation analysis, and multivariate
stepwise linear regression analysis were employed to explore the relationship
between differential leucocyte count and coronary atherosclerosis.  Results: One-
way ANOVA indicated that the diastolic blood pressure, glucose, urea, creatinine,
leukocyte count, neutrophil count, monocyte count, hemoglobin, and platelet
count differed among the groups according to Gensini’s score, the tertile values
of which were used as cutoff points.  Spearman’s correlation analysis suggested
that Gensini’s score was significantly correlated with age, diastolic blood pressure,
glucose, urea, creatinine, leukocyte count, neutrophil count, monocyte count,
hemoglobin, and erythrocyte count, respectively.  Multivariate stepwise linear
regression analysis show that neutrophil count (β=0.247, P=0.000), age (β=0.141,
P=0.001), glucose (β=0.173, P=0.000), creatinine (β=0.088, P=0.063), hemoglobin
(β=-0.168, P=0.013) and sex (men were coded as 1 and women were coded as 2;
β=-0.121, P=0.012) were significantly independently associated with the Gensini’s
score.  Conclusion: The independent association of neutrophil count with the
angiographical characteristics of coronary atherosclerosis, as estimated by
Gensini’s score, strongly suggests that granulocytosis may play a role in the
development of coronary atherosclerosis.
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Introduction
Inflammation is a key feature of atherosclerosis, and leu-

kocyte count is a marker of inflammation that is widely avail-
able in clinical practice.  Numerous epidemiological and clini-
cal studies have shown leukocytosis to be an independent
predictor of future cardiovascular events, both in healthy
individuals free of coronary heart disease, and in patients
with stable angina, unstable angina, or a history of myocar-
dial infarction.  This relationship has been observed in pro-

spective and retrospective cohort studies, as well as in case-
control studies[1].  The relationship is strong, consistent,
temporal, dose-dependent, and biologically plausible.
Elevated differential cell counts, including eosinophil,
neutrophil, and monocyte counts, also predict the future
incidence of coronary heart disease[2].  Clinical studies sug-
gest that neutrophil infiltration is actively associated with
acute coronary events.  The high number of neutral endopep-
tidase-positive neutrophils in ruptured plaques, compared
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by means of a standardized questionnaire.  Past or current
smokers were asked about the number of cigarettes smoked
per day, and those who reported smoking at least 1 cigarette
per day during the preceding year were classified as current
smokers.  With regard to smoking status, subjects were clas-
sified as “never a smoker” and “smoker” (including “for-
merly a smoker” and “currently a smoker”).  Subjects who
reported consuming at least 50 g alcohol/week  were regarded
as “current drinkers”.  Subjects were classified as “never a
drinker” and “drinker” (including “formerly a drinker” and
“currently a drinker”).

Anthropometric measurements  Anthropometric mea-
surements were taken after the patients had removed their
shoes and upper garments and had donned an examining
gown.  Each measurement was performed twice and the av-
erage was used in the analysis.  Height was measured to the
nearest 0.1 cm using a wall-mounted stadiometer.  Weight
was measured to the nearest 0.1 kg using a hospital balance
beam scale.  Body mass index (BMI) was calculated as weight
(kg) divided by the square of height (m2).  Blood pressure
was measured in the right arm with the participant seated
and the arm bared.  Three readings were recorded for each
individual, and the average was recorded.

Hematological measurements  Blood samples from ev-
ery patient were taken at admission to the coronary unit and
measurements including total leukocyte count, neutrophil
count, eosinophil count, lymphocyte count, monocyte count,
basophil count, hemoglobin, erythrocyte count, and platelet
count  were carried out by an automated blood analyzer.

Laboratory measurements  The 12-h fasting blood
samples were taken in the morning and the sera were stored
at -70 oC immediately after centrifugation until being assayed.
All laboratory measurements were conducted at the Central
Clinical Laboratory at the First Affiliated Hospital of Nanjing
Medical University.  Total cholesterol, triglyceride, fasting
blood glucose, urea, creatinine, and uric acid were deter-
mined by enzymatic procedures on an automated
autoanalyzer (AU 2700 Olympus, 1st Chemical Ltd, Japan).
The laboratory was monitored for the precision and accu-
racy of glucose and lipid measurements by the surveillance
program.  Measurements of agency-assigned quality con-
trol samples showed no consistent bias over time within or
between surveys.

Statistical analysis Data analysis was performed using
the Statistical Package for the Social Sciences (SPSS for
Windows, version 10.0; SPSS, Chicago, IL, USA).  Patients
were classified into 3 groups with low, intermediate, and high
Gensini’s scores using the tertile values as cutoff points, so
that each group had an approximately equal number of pa-

with eroded plaques, may reflect differences in the underly-
ing pathophysiological mechanisms[3].  However, there is
little information available about the association between
the angiographical characteristics of coronary atherosclero-
sis as estimated by conventional coronary angiography and
circulating leukocyte count.

Gensini’s scoring system assigns a severity score for a
stenosed vessel depending on the degree of luminal narrow-
ing and the importance of its location[4].  Therefore, we evalu-
ated the association between the angiographical character-
istics of coronary atherosclerosis and circulating leukocyte
count.

Materials and methods

Study subjects  The study population consisted of 507
consecutive patients who underwent coronary angiography
for suspected or known coronary atherosclerosis at the First
Affiliated Hospital of Nanjing Medical University, Nanjing,
China, from 2004 to 2005.  Patients with spastic angina pec-
toris (ie, acetylcholine-positive) were excluded.  Patients with
2-week infectious processes before catheterization, heart
failure (Killip class =2 after acute myocardial infarction), he-
patic dysfunction, vascular disease (aortitis treated with
prednisolone), familial hypercholesterolemia, thyroid
dysfunction, or adrenal dysfunction were also excluded.  This
study was approved by the Ethics Committee of the First
Affiliated Hospital of Nanjing Medical University and in-
formed consent was obtained from all patients.

Coronary angiography  Coronary arteries were cannu-
lated by using the Judkins technique[5] with 5F catheters,
and recorded on Kodak,  35 mm Cinefilm at a rate of 30 frames
per second.  When stenotic coronary arteries were found,
the presence of stenosis was determined by using a com-
puter-assisted coronary angiography analysis system
(Mipron 1; Kontron) after the direct intracoronary injection
of isosorbide dinitrate (ISDN; 2.5 mg in 5 mL solution over
20 s).  One minute after the injection of ISDN through the
Judkins catheter, coronary angiography was performed from
several projections.  The severity of coronary atherosclero-
sis was measured by using Gensini’s scoring system, based
on the hypothesis that the severity of coronary heart dis-
ease is a consequence of the functional significance of vas-
cular narrowing and the extent of the area perfused by the
involved vessel or vessels.  In this scoring system, a greater
reduction of the lumen diameter is assigned a higher score
than  a distal lesion[4].

Cigarette smoking and alcohol intake  The subjects’
cigarette smoking and alcohol intake habbits were assessed
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tients to minimize any bias that may have been produced in
the statistical analysis.  Results for continuous variables are
expressed as mean±SD and comparisons of continuous vari-
ables were analyzed by the one-way analysis of variance
(ANOVA).  Categorical variables were compared among the
groups of patients by a chi-squared analysis.  The Spearman
two-way test was used to assess the relationship between 2
quantitative variables.  We assessed independent predic-
tors of Gensini’s score with multiple regression analysis.
Differences were considered to be significant if the null hy-
pothesis could be rejected with >95% confidence.  All P
values are 2-tailed.

Results

Clinical and biochemical characteristics in patients
grouped according to Gensini’s score  Table 1 show the
clinical and biochemical characteristics in patients grouped
according to Gensini’s score, tertile values of which were
used as cutoff points.  Patients in tertiles I, II, and III had an
increasingly higher Gensini’s score.  The frequency distri-
bution of sex (P=0.009) and smoking status (P=0.000) were
different among the 3 groups, and drinking status was simi-

lar among the 3 groups.  The distribution levels of BMI,
systolic blood pressure, total cholesterol, triglyceride, uric
acid, eosinophil count, basophil count, and lymphocyte
count were similar among the 3 groups (P>0.05), whereas
those of age (P=0.000), diastolic blood pressure (P=0.011),
fasting blood glucose ( P=0.000), urea (P=0.012), creatinine
(P=0.005), leukocyte count (P=0.000), neutrophil count (P=
0.000), monocyte count (P=0.000), hemoglobin (P=0.000),
erythrocyte count (P=0.008) and platelet count (P=0.019) dif-
fered among the groups.

Spearman correlations between Gensini’s score and leu-
kocyte count, anthropometric measurements, and biochemi-
cal characteristics in patients  Table 2 shows the results of
Spearman correlations between Gensini’s score and leuko-
cyte count, anthropometric measurements, and biochemical
characteristics in patients.  The Spearman correlation analy-
sis indicated that the level of Gensini’s score was signifi-
cantly correlated with age (r=0.225, P=0.000), DBP ( r=-0.106,
P=0.017), fasting blood glucose (r=0.195, P=0.000), urea (r=
0.137, P=0.002), creatinine (r=0.165, P=0.000), leukocyte
count (r=0.303, P=0.000), neutrophil count (r=0.326,
P=0.000), monocyte  count (r=0.253, P=0.000), hemoglobin
(r=-0.133, P=0.003), and erythrocyte count (r=-0.094, P=

Table 1.  Clinical and biochemical characteristics in patients grouped according to Gensini’s score (the tertile values of which were used as cutoff points).

              Variables                                                          Gensini’s score                                                          Parameter
                                     0–4.0                           4.1–34                  >34.1          F value or             P
                                   (n=169)                          (n=166)                (n=172)            χ2 value           value

Age/a      59.07±10.48      61.77±11.76      64.46±10.07 10.669 0.000
Sex/M·F-1          111/58          130/36          135/37 9.517 0.009
BMI/kg·m-2      24.79±3.41      24.87±3.2      24.61±3.15 0.277 0.758
Smoker/Y·N-1          109/60            67/99            80/92 21.370 0.000
Drinker/Y·N-1          134/35          123/43          134/38 1.277 0.528
SBP/mmHg    133.63±20.40    131.96±21.80    130.67±20.91 0.850 0.428
DBP/mmHg      80.09±11.74      79.17±11.92      76.40±11.58 4.572 0.011
Cholesterol/mmol·L-1        4.10±0.93        4.12±0.97        4.04±1.05 0.278 0.757
Triglyceride/mmol·L-1        1.66±1.08        1.64±1.04        1.70±1.14 0.133 0.857
Glucose/mmol·L-1        4.81±1.06        5.11±1.32        5.92±2.81 14.949 0.000
Urea/mmol·L-1        5.25±1.78        5.71±2.02        6.06±3.28 4.468 0.012
Creatinine/µmol·L-1      71.57±18.55      73.79±20.21      79.30±26.79 5.324 0.005
Uric acid/µmol·L-1    351.84±88.83    355.03±95.74    364.05±102.99 0.715 0.490
10-9×Leukocyte/L-1        6.02±1.61        6.89±2.31        8.22±3.54 30.174 0.000
10-9×Neutrophil/L-1        3.61±1.31        4.45±2.08        5.61±3.18 31.558 0.000
10-9×Eosinophil/L-1        0.13±0.10        0.15±0.11        0.17±0.17 2.943 0.054
10-9×Lymphocyte/L-1        1.79±0.55        1.74±0.59        1.76±0.75 0.262 0.770
10-9×Monocyte/L-1        0.47±0.25        0.53±0.22        0.65±0.42 14.718 0.000
10-9×Basophil/L-1      0.029±0.047      0.029±0.039      0.036±0.044 1.757 0.174
Hemoglobin/g·L-1    134.90±15.56    132.73±17.98    127.59±18.64 7.838 0.000
10-12×Erythrocyte/L-1        4.43±0.61        4.42±0.63        4.24±0.68 4.859 0.008
10-9×Platelet/L-1    170.89±55.88    188.75±63.52    187.32±71.88 4.019 0.019
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0.035), whereas a significant correlation was not found be-
tween Gensini’s score and Body Mass  Index, SBP, total
cholesterol, triglyceride, uric acid, eosinophil count, baso-
phil count, lymphocyte count, or platelet count.

Multiple linear regression analysis with Gensini’s score
as dependent variable  To examine the independent associa-
tions between Gensini’s score and leukocyte count, multiple
linear regression analysis was performed.  In this model,
Gensini’s score was used as the dependent variable and the
independent variables included age, sex, smoking status,
drinking status, body mass index , SBP, DBP, total cholesterol,
triglyceride, fasting blood glucose, urea, creatinine, uric acid,
leukocyte count, neutrophil count, eosinophil count, baso-
phil count, lymphocyte count, hemoglobin, erythrocyte
count, and platelet count.  In the final model (Table 3), neu-
trophil count (β=0.247, P=0.000), age (β=0.141, P=0.001), glu-
cose (β=0.173, P=0.000), creatinine (β=0.088, P=0.063), hemo-
globin (β=-0.168, P=0.013) and sex (men were coded as 1 and
women were coded as 2; β=-0.121, P=0.012) were significantly
independently associated with Gensini’s score.

Discussion
Cardiovascular disease is the leading cause of death in

the world[6].  One of its most insidious forms is coronary
heart disease due to atherosclerosis[7].  Although many risk
factors for coronary heart disease have been identified, they
do not fully account for all cases of the disease.  Thus,
searches are underway for additional biological markers and
especially inflammatory markers for the disease.  Numerous
epidemiological and clinical studies have shown leukocyte
count to be an independent risk factor for coronary heart
disease, a risk factor for future cardiovascular events in indi-
viduals apparently without cardiovascular disease, and a
prognostic marker of future events in patients who already
have cardiovascular disease[1].  Although leukocyte count
appears to be an independent predictor of cardiovascular
events, some of its predictive ability can be explained by its
interdependence with smoking.  Therefore, further studies
are needed to clarify just how prominent a role leukocytes
play in the pathogenesis of coronary heart disease, as well
as the clinical implications.  Obviously, there is a need to
determine the degree to which leukocyte count is indepen-
dent of smoking and other risk factors [2].

The present study was conducted to evaluate the asso-
ciation between the angiographical characteristics of coro-
nary atherosclerosis and leukocyte count in patients with
suspected coronary heart disease.  The main finding of the
present study is that the neutrophil count is significantly
associated with Gensini’s score according to one-way
ANOVA, the Spearman correlation, and multiple linear
stepwise regression analysis in these 507 Chinese subjects.
This finding is consistent with results from previous studies,
in which leukocytosis has been consistently shown to be an
independent risk factor for coronary heart disease regard-
less of disease status[2].  Furthermore, this study suggests a
link between inflammatory and coronary atherosclerosis.

Our study is the first to document the independent asso-
ciation of neutrophil count with the angiographical charac-
teristics of coronary atherosclerosis, which were approxi-
mated by using Gensini’s score in Chinese subjects, and
which is in agreement with the results of previous studies.
In a meta-analysis of 1764 cases of coronary heart disease
from 7 long-term prospective studies, involving a total of
30 374 participants, the association of coronary heart dis-
ease with neutrophil count was somewhat stronger than that
with other specific leucocyte components[8].  In a prospec-
tive cohort study of 55 patients with non-ST segment eleva-
tion acute coronary syndromes and angiographically docu-
mented coronary disease, acute inflammatory markers such
as neutrophil count were higher among patients with mul-
tiple angiographically complex plaques than among those
without[9].  The results from an immunohistochemical study

Table 2.  Spearman correlations between Gensini’s score and leuko-
cyte count, anthropometric measurements, and biochemical charac-
teristics in patients.

                    Variables                                Gensini’s score
                                       Correlation coefficient    P value

Age/a 0.225 0.000
Body mass index/kg·m-2 -0.021 0.636
Systolic blood pressure/mmHg -0.041 0.359
Diastolic blood pressure/mmHg -0.106 0.017
Cholesterol/mmol·L-1 -0.007 0.885
Triglyceride/mmol·L-1 -0.014 0.763
Glucose/mmol·L-1 0.195 0.000
Urea/mmol·L-1 0.137 0.002
Creatinine/µmol·L-1 0.165 0.000
Uric acid/µmol·L-1 0.071 0.117
10-9×Leukocyte/L-1 0.303 0.000
10-9×Neutrophil/L-1 0.326 0.000
10-9×Eosinophil/L-1 0.040 0.372
10-9×Lymphocyte/L-1 -0.063 0.161
10-9×Monocyte/L-1 0.253 0.000
10-9×Basophil/L-1 0.079 0.076
Hemoglobin/g·L-1 -0.133 0.003
10-12×Erythrocyte/L-1 -0.094 0.035
10-9×Platelet/L-1 0.077 0.084
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on coronary artery segments suggest that neutrophil infil-
tration is actively associated with acute coronary events[3].
Granulocytosis affects the development of coronary athero-
sclerosis through multiple pathological mechanisms that me-
diate inflammation, cause proteolytic and oxidative damage
to the endothelial cells, plug the microvasculature, induce
hypercoagulability, and promote infarct expansion[2].

Moreover, another finding of this study is that age
(β=0.141, P=0.001), creatinine (µmol/L; β=0.088, P=0.063), glu-
cose (mmol/L; β=0.173, P=0.000), hemoglobin (g/L; β=-0.168,
P=0.013), and sex (men were coded as 1 and women were
coded as 2, β=-0.121, P=0.012) were significantly associated
with Gensini’s score after adjusting for the other cardiovas-
cular risk factors.  The results of the Atherosclerosis Risk in
Communities study, a community-based study of risk fac-
tors for coronary heart disease (CHD) in middle-aged people
indicated that high serum creatinine was associated with
almost a 3-fold risk of coronary heart disease among middle-
aged people with anemia (anemia was defined as hemoglo-
bin <130 g/L in men and <120 g/L in women), whereas no
increased risk was found in people with high serum creati-
nine in the absence of anemia[10].  Another study found a
relationship between low hemoglobin level and adverse
cardiovascular outcomes in women with suspected ischemia[11].
Several investigations as well as prospective studies have
shown a significant correlation between glucose metabo-
lism and atherosclerosis in patients without diabetes, and
have shown that the glycemic milieu correlates with the car-
diovascular risk according to a linear model[12].  In addition,
the present study demonstrated that age and being male
were independent risk factors for coronary atherosclerosis,
which was consistent with results from other studies[13].

 A limitation of the present study is that the subjects
were from one center rather than multiple centers, which may
result in selective bias; however, given the large size sample
of this study, it may minimize the bias.  In fact, the present

study is only a cross-sectional study rather than a retro-
spective study.  And the other limitation of the study is that
it provides no information regarding the cause and effect
relationship between neutrophil count and coronary
atherosclerosis.  Although the correlation between neutro-
phil count and coronary atherosclerosis is significant in the
present study, the clinical significance of this finding re-
quires further investigation.

In conclusion, the independent association of neutro-
phil count with the angiographical characteristics of coro-
nary atherosclerosis as approximated by Gensini’s score
strongly suggests that granulocytosis may play a role in the
development of coronary atherosclerosis.  Thus, it may prove
to be an equally informative, but less expensive and more
readily available risk marker than other currently available
risk factors.  Further studies are required, however, to deter-
mine the implications of using the leukocyte count to predict
clinical risk and outcome.
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Honokiol inhibits arterial thrombosis through endothelial cell protection
and stimulation of prostacyclin
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Abstract
Aim: To study the effect of honokiol on arterial thrombosis and endothelial cells.
Methods: Rabbit platelet aggregation was performed with Born’s turbid method.
Thrombosis was produced by the endothelial injury stimulated with electric current.
Rat aortic endothelial cells (RAEC) were cultured and cell viability was assessed
using the MTT assay.  Nitric oxide (NO) concentrations in serum-free media of
RAEC were determined using the kinetic cadmium-reduction method.  The stable
metabolite prostacyclin was measured in serum-free media of RAEC by
radioimmunoassay.  Results:   Honokiol (37.6–376 µmol/L) decreased rabbit plate-
let aggregation in vitro in a concentration-dependent manner, while intravenously
injection of honokiol (0.12–12 µg/kg) significantly inhibited rabbit platelet aggre-
gation induced by collagen ex vivo.  In the electrical current-stimulated carotid
thrombosis model in rats, honokiol (5–50 µg/kg, iv) prolonged the thrombus oc-
clusion time in a does-dependent manner.  In vitro honokiol (0.376–37.6 µmol/L)
effectively protected cultured RAEC against oxidized low density lipoprotein (ox-
LDL ) injury, and significantly increased 6-keto-PGF1α  (the stable metabolite of
prostacyclin) in serum-free media of RAEC.  Honokiol also increased NO level in
RAEC serum-free medium at a lower concentration range (0.0376–0.376 µmol/L),
but honokiol 3.76 µmol/L decreased NO level.  Conclusion:   Honokiol is a potent
arterial thrombosis inhibitor.  Endothelial cell protection and the stimulation of
prostacyclin release may be its main anti-thrombosis mechanism.  Stimulation of
NO release in endothelial cells may play a role, but it is not a  key factor.

Introduction
Platelet activation and aggregation play essential roles

in thromboembolic disorders[1].  When platelets are activated
they adhere to the injured blood vessel walls.  This results in
the formation of an occlusive thrombus in the lumen of the
vessel[2,3].  These thrombi are the source of many throm-
boembolic cerebral vascular diseases, including strokes[4].

Honokiol is the main biphenyl neolignan isolated from
Hou pu, the cortex of  Magnolia officinalis (Magnoliaceae),
which has been used for treatment of acute enteritis, bacte-
rial or amebic diarrhea, chronic gastritis, etc,  in traditional
Chinese medicine. The pharmacological effects of honokiol

included inhibition of platelet aggregation by blocking throm-
boxane A2 (TXA2) generation and intracellular calcium mobi-
lization[5], protection of the myocardium against ischemic
injury[6], and suppression of ventricular arrhythmia[7].  Re-
cently honokiol was found to protect rat brain from focal
cerebral ischemia–reperfusion injury by inhibiting neutro-
phil infiltration and reactive oxygen species production[8].
However, the effects of honokiol on thrombosis and its in-
fluence on endothelial cells have not yet been reported.  The
aim of this study was to investigate the effects of honokiol
on arterial thrombosis and endothelial cells to explore its
potential mechanism of action.
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Materials and methods
Chemicals and reagents  Honokiol injection was prepared

by the Department of Natural Medicinal Chemistry, School
of Pharmaceutical Sciences, Peking University (Beijing,
China).  This water-soluble preparation of honokiol contains
polyvinyl and other auxiliary materials.  Before use it was
diluted with normal saline to different concentrations for in-
travenous injection (0.5 µg/mL, 5 µg/mL, 50 µg/mL for rats;
0.12 µg/mL, 1.2 µg/mL, 12 µg/mL for rabbits; concentrations
vary with surface area of the animals).  Acetylsalicylic acid
(ASA) was the product of Astra (Wuxi, China) and was dis-
solved in normal saline by sonication before use.  Collagen
was purchased from Sigma (St Louis,  MO, USA) and dis-
solved in normal saline before use.  Oxidized low density
lipoprotein (ox-LDL) was the product of Beijing Union
Sanyou Science and Technology Development Co (Beijing,
China).  6-keto-PGF1α [the stable metabolite of prostacyclin
(PGI2)] immunoassay kits and nitric oxide (NO)/nitrate assay
commercial kits were products of the Radioimmunology In-
stitute of People Liberation Army General Hospital (Beijing,
China).  α-Tocopherol (VE) was the product of Beijing
Double-Crane Pharmaceutical Co (Beijing, China).  MTT was
the product of Sigma. The control was normal saline plus
defined proportion of auxiliary materials.

Experimental animals  Male Sprague-Dawley rats and
male New Zealand rabbits were obtained from the Experi-
mental Animal Center of Peking University.  The experimen-
tal procedures were approved by the Local Committee on
Animal Care and Use.

Platelet aggregation study in vitro  Blood samples were
obtained from the auditive arteries of Male New Zealand
rabbits weighing 3.0–4.0 kg into a syringe containing a 1:10
volume of  3.8% sodium citrate.  Platelet-rich plasma (PRP)
and platelet-poor plasma (PPP) were prepared by centrifuga-
tion of blood samples at 120×g and 850× g, respectively, for
15 min.  The platelet count was adjusted to 1.8×109 platelets/
mL with PPP.  Platelet aggregation was measured using the
490 optical aggregometer (Chrono-log Co.  Harvertown, PA
USA) as described by Born[9].  Collagen was used as an
inducer with a final concentration of 40–50 µg/mL.

Platelet aggregation study ex vivo  Male rabbits weigh-
ing 3.0−3.5 kg were used after overnight fasting.  The rabbits
were administered intravenously with either control, honokiol
0.12, 1.2, and 12 µg/kg or ASA 1.2 mg/kg.  Blood samples
were then collected from the auditive arteries of the rabbits
into a syringe containing a 1:10 volume of 3.8% sodium citrate
at 10 min after administration.  PRP and PPP were prepared as
above.  The platelet count was adjusted to 1.8×109 platelets/

mL with PPP and platelet aggregation was measured with the
Chrono-log mode 490 optical aggregometer.  Collagen was
used as an inducer with a final concentration of 40–50 µg/mL.

Carotid thrombosis model in rats induced by electric
current  Male Sprague-Dawley rats (280−320 g) were anes-
thetized with urethane (1.5 g/kg, ip) after overnight fasting.
The left carotid arteries were then isolated carefully and
treated intravenously with either control, honokiol 0.5, 5,
50 µg/kg or ASA 5 mg/kg.  Carotid thrombus formation was
induced using the modified Hladovec method[10] on an Elec-
tric Thrombosis Stimulator (BT87-3, Baotou Medical College,
Baotou, China) by delivering a current of 3 mA for 3 min at
10 min after treatment.  Occlusion time (OT) of the arteries
was measured through a timer linked to the temperature sen-
sor on the Thrombosis Stimulator.

Culture of rat aortic endothelial cells  Endothelial cells
were isolated from rat aorta by gentle scraping with vertical
ophthalmic forceps.  The rat aortic endothelial cells (RAEC)
were then grown in T75 polystyrene flasks in the presence
of antibiotics (100 U/mL penicillin G and 100 mg/mL
streptomycin) and subcultured as described by Centra et al[11].
The endothelial cells were allowed to grow undisturbed for
several days and thereafter the media were changed every
2 d for a total culturing period of 8–10 d.  Cell culture purity
(99%) was assessed by staining for factor VIII antigen, as
described by Jaffe et al[12] and by visual inspection of their
typical morphology.  After mechanical disruption of cell
monolayers by gente scraping and triturating, the cells were
subcultured.  Experiments were carried out using confluent
cultures between passages 5 and 7.

Cultured rat aortic endothelial cell injury induced by
ox-LDL  Rat aortic endothelial cells of passage 5 were seeded
at 1×105 cells/mL in 96-well plates and grown to confluence.
The cells were treated with control or honokiol (final con-
centration 0.0376 µmol/L, 0.376 µmol/L or 3.76 µmol/L) or Vi-
tamin E for 30 min in serum-free medium, and then incubated
with ox-LDL (final concentration 50 µg/mL) for 24 h as de-
scribed previously[13].  The viability of cells was assayed
using the MTT assay.

Measurement of 6-keto-PGF1ααααα levels in serum-free me-
dium of injured rat aortic endothelial cells by ox-LDL  The
culture medium was removed after RAEC were grown to
confluence, and cells were washed twice with phosphate-
buffered saline and pre-incubated with the serum-free me-
dium for 30 min.  After the cells were treated with control,
honokiol 0.376, 3.76, 37.6 µmol/L, or VE 100 mg/L at 37 oC for
30 min, the cultures were incubated with ox-LDL (final con-
centration 50 µg/mL) for 24 h to induce injury.  Incubations
were terminated by placing them in an ice bath.  Culture
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fluids were saved for the determination of 6-keto-PGF1α, and
cells were collected for protein content measurement.  6-keto-
PGF1α was determined using immunoassay kits, and protein
content was measured using the Bradford method[14].

Determination of nitric oxide levels in serum-free me-
dium of injured rat aortic endothelial cells by ox-LDL  Cells
were cultured and treated as described above.  The level of
NO in culture fluid was determined using a kinetic cadmium-
reduction method[15] with NO/nitrate assay commercial kits.

Statistical analysis  The data were expressed as mean±SD
and represent data from 5 repeated assays.  Statistical evalu-
ation was carried out using the Dunnet t-test to compare the
differences between treated groups and control groups.  P<0.05
was considered to be statistically significant.

Results
Effects of honokiol on rabbit platelet aggregation in vitro

and ex vivo   As shown in Figure 1, honokiol displayed a
concentration-dependent inhibitory effect on platelet aggre-
gation in vitro.  Honokiol at 0.376 µmol/L did not influence
platelet aggregation, but honokiol 37.6 µmol/L decreased the
platelet aggregation from 78.0%±5.7% to 13.5%±5.9%, and
an almost complete inhibition was observed when 376 µmol/L
honokiol was used (from 78.0%±5.7% to 0.6%±1.1%).  At
15 min after bolus intravenous administration, honokiol sig-
nificantly inhibited platelet aggregation induced by collagen.
The maximum aggregation rates were 70.0%±7.4% for the con-
trol group, 22.9%±17.0 % for the 0.12 µg/kg group, 18.4%±
19.8% for the 1.2 µg/kg group and 14.5%±19.0% for the
12 µg/kg group.  It was evident that honokiol inhibited col-
lagen-induced platelet aggregation in a dose-dependent
manner.  ASA, a typical anti-platelet agent, also inhibited
collagen-induced platelet aggregation at 1.2 mg/kg under the
same conditions (Figure 2).  It is evident that honokiol has a

potent inhibitory effect on collagen-induced platelet aggre-
gation ex vivo; its effective dose is lower than that of ASA.

Effect of honokiol on electrical current-stimulated
carotid thrombosis in rats  The effects of honokiol on the
carotid thrombus model in rats were measured at 10 min after
bolus intravenous injection.  The OT for the control group
was 534 s±66 s, and for the 0.5 µg/kg, 5 µg/kg and 50 µg/kg
of honokiol groups the OT were 654 s±204 s, 684 s±186 s
and 954 s±282 s, respectively, while the OT for the 5 mg/kg
ASA group was 804 s±318 s (Figure 3).  It indicated that
honokiol dose-dependently inhibited thrombosis induced by
endothelium injury in vivo.  ASA at 5 mg/kg also significantly
inhibited thrombosis.

Effect of honokiol on viability of normal cultured rat
aortic endothelial cells   Honokiol 0.376–3.76 µmol/L signifi-
cantly increased cell viability.  However, honokiol 37.6 µmol/L
and VE 100 mg/L did not influence cell viability.  This

Figure 1.  Inhibitory effects of honokiol on collagen-induced plate-
let aggregation in vitro.  Platelet aggregation of rabbits was induced
by collagen as described by Born.  n=4 from 4 rabbits.  Mean±SD.
 cP<0.01 vs control.

Figure 2.  Inhibitory effects of honokiol on collagen-induced rabbit
platelet aggregation ex vivo.  PRP and PPP were prepared from blood
samples of rabbits at 15 min after the intravenous administration and
platelet aggregation was induced by collagen as described by Born.
n=6 samples from 6 rabbits.  Mean±SD.  cP<0.01 vs control.

Figure 3.  Effects of honokiol on carotid thrombosis.  Endothelial
injured-thrombus formation in SD rats was stimulated by electric
current at 10 min after treatment with control vehicle, honokiol or
ASA intravenously.  n=10 samples from 10 rats.  Mean±SD.
bP<0.05, cP<0.01 vs control.
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suggested that low concentrations of honokiol could stimu-
late normal endothelial cell proliferation (Figure 4).

Protective effect of honokiol against cultured rat aortic
endothelial cell injury induced by ox-LDL   The ox-LDL-
injured cells showed an obvious decrease in OD values com-
pared with control-treated uninjured cells.  Treatment of in-
jured cells with honokiol 0.376–3.76 µmol/L significantly en-
hanced OD values in a concentration-dependent manner.
Honokiol 37.6 µmol/L also increased OD value but no further
increase was obtained compared with honokiol 3.76 µmol/L.
It indicated that honokiol could protect endothelial cells
against ox-LDL injury and increase cell viability.  VE 100 mg/L
also significantly increased cell viability (Figure 5).

Influence of honokiol on 6-keto-PGF1α concentration in
serum-free medium of rat aortic endothelial cells  ox-LDL
injury significantly decreased the PGI2 level in serum-free
medium.  Honokiol 0.376−36.7 µmol/L concentration-depen-
dently increased 6-keto-PGF1α concentration in medium of
injured rat aortic endothelial cells, which was significantly

higher than that of injured cells and normal cells.  VE 100 mg/L
showed a similar result (Figure 6).  These results demon-
strated that both honokiol and VE were potent PGI2-release
enhancers.

Effect of honokiol on nitric oxide concentration in se-
rum-free medium of rat aortic endothelial cells  Honokiol
0.0376–0.376 µmol/L significantly increased NO levels in se-
rum-free medium of rat aortic endothelial cells.  However
honokiol 3.76 µmol/L did not increase NO level but slightly
decreased its level.  This result showed that appropriate con-
centrations of honokiol could promote NO release from rat
aortic endothelial cells (Figure 7).

Discussion
Other authors have demonstrated that honokiol inhibits

platelet aggregation in rabbits[5].  It has protective effects
against myocardial ischemia[6,7] and cerebral infarction[8].  We

Figure 6.  Effect of honokiol on the level of 6-keto-PGF1αin cul-
tured fluid of rat aortic endothelial cells.  6-keto-PGF1αwas deter-
mined with immunoassay kits.  n=4 tests.  Mean±SD.  cP<0.01 vs
control.  fP<0.01 vs ox-LDL.

Figure 7.  Effect of honokiol on the level of NO in cultured fluid of
ox-LDL-injured rat aortic endothelial cells.  NO was measured using
a kinetic cadmium-reduction method with NO/nitrate assay commer-
cial kits.  n=4 tests.  Mean±SD.  cP<0.01 vs control.  fP<0.01 vs
ox-LDL.

Figure 4.  Effect of honokiol on normal rat aortic endothelial cells.
The viability of cells was measured using MTT reduction assay.  n=4
tests.  Mean±SD.  cP<0.01 vs normal control cells.

Figure 5.  Effect of honokiol on ox-LDL-induced rat aortic endot-
helial cell injury. The viability of cells was measured using MTT
assay.  n=4 tests.  Mean±SD.  cP<0.01 vs control cells.  fP<0.01 vs
ox-LDL injured cells.
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have also found that honokiol can prevent cerebral injury
caused by middle cerebral artery occlusion and cerebral is-
chemia reperfusion injury[16].  This study demonstrated that
honokiol significantly inhibited arterial thrombosis induced
by endothelium injury in rats, and the results on platelet
aggregation in vivo and in vitro were basically consistent
with those described previously[5].  We observed that the
effective dose of honokiol was much lower than ASA, sug-
gesting that honokiol is a potent platelet aggregation and
thrombosis inhibitor.  A previous study indicated that the
anti-platelet aggregation activity of honokiol was due to its
inhibitory effect on TXA2 formation and intracellular cal-
cium mobilization[5].  In our preliminary study, honokiol sig-
nificantly inhibited endothelium-injured thrombosis in rats,
and its concentration for inhibiting platelet aggregation
in vitro was 10 times higher than that for anti-thrombosis.
We hypothesize that there is another mechanism mediating
its anti-thrombotic effects.

Endothelial cell structure and functional integrity are im-
portant in the maintenance of blood vessel walls and circula-
tory function.  They produce and release a variety of vaso-
active substances, such as PGI2 and NO[17].  PGI2 is a potent
endogenous platelet aggregation inhibitor and produces
vasodilatation of all vascular beds studied[18,19].  We found
that honokiol protected cultured RAEC from ox-LDL injury,
and it potently increased PGI2 concentration in cell media in
a concentration-dependant manner.  The PGI2 level in cell
media treated with honokiol and VE were much higher than
that in normal cells, suggesting that both honokiol and VE
not only protect cells from injury but also stimulate PGI2

release from normal RACE.  This increase in PGI2 release may
play a crucial role in the anti-thrombotic effect of honokiol.
Simultaneously, we have observed that lower concentrations
of honokiol 0.376–3.76 µmol/L stimulate normal RACE
proliferation, and this effect may be important for maintain-
ing vascular normal state and integrity as well as the con-
crescence of injured vessels.  However, this effect of honokiol
needs to be studied further.

At honokiol 37.6 µmol/L, the cell viability is not maximum
but PGI2 level is highest.  The reason for this phenomenon is
not clear but it is indeed a fact that we confirmed with three
separate experiments. We observed that cell shape had a
little change at this concentration.  Maybe honokiol at this
concentration slightly inhibits cell growth or damages cell
function.  Under this condition the increase of PGI2 may be a
response of cell to injurious stimulation[20].  This fact sug-
gested that ideal effective concentration of honokiol should
be less than 37.6 µmol/L.

According to Teng et al, honokiol inhibited TXA2 forma-

tion in platelets[5].  This may be due to inhibition of enzymes
involved in TXA2 synthesis, including cyclooxygenase
(COX) and TXA2 synthase in platelets.  But our findings
suggested that honokiol stimulated PGI2 release from endot-
helial cells.  A possible explanation for this is that honokiol
inhibits TXA2 synthase in platelets but activates PGI2 syn-
thase in endothelial cells.  However, definitive evidence needs
to be provided.

The continuous release of NO from the endothelium has
an important role in blood flow modulation.  NO may also
modulate interactions between inflammatory cells and the
endothelium.  It reduces platelet, monocyte, macrophages,
and neutrophils adhesion to endothelial cells and inhibits
platelet aggregation[21–25].  This study showed that honokiol
0.0376−0.376 µmol/L stimulated NO release, but honokiol
3.76 µmol/L did not and caused a slight decrease in NO level.
The effective concentration range of honokiol in stimulating
NO release is 10 times lower than that in increasing cell
viability. Thereby NO release may not play an important role
in the anti-thrombotic effect of honokiol.  Accordingly, pro-
tection of endothelial cells and stimulation of PGI2 release
from endothelial cells may be the main mechanism by which
honokiol inhibited thrombosis, apart from its inhibitory ef-
fect on platelet arachidonic acid pathway as described by
Teng et al[5].  However, honokiol and VE showed similar ef-
fects in cell protection and PGI2 release under present
condition.  Whether these effects are the results of their
anti-oxidative properties or they themselves have a stimula-
tory effect on PGI2 release is not clear yet.  In addition, the
results of this study cannot explain whether honokiol stimu-
lates PGI2 generation in endothelial cells.  The limitation of
this study is that it did not supply direct evidence of the
importance of PGI2 on anti-thrombosis caused by honokiol.

In conclusion, this study showed that honokiol is a
potent arterial thrombosis inhibitor.  Protection of endothe-
lial cells and stimulation of PGI2 release may be the main
mechanism.  NO release from endothelial cells may play some
roles but is not a key factor.  The detailed mechanism by
which  honokiol stimulates PGI2 release and promotes endo-
thelial cell proliferation requires further study.
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Introduction
The maintenance of constant tissue perfusion is neces-

sary for physiological organ function.  Under certain patho-
logical conditions, however, vascular supply can be reduced
to such an extent that tissue necrosis results.  Various angio-
genic approaches have already been widely explored to
revascularize ischemic tissue in animal models of ischemia
and in clinical trials[1–5].  Most interventions involve the de-
livery of angiogenic growth factors such as vascular endot-
helial growth factor, basic fibroblast growth factor genes
encoding these proteins to the ischemic tissue to stimulate
the growth of new vessels.  In recent years, ample evidence
has established that bone marrow-derived endothelial pro-
genitor cells (EPC) are present in the systemic circulation,

are augmented in response to certain cytokines and/or tis-
sue ischemia, and home to as well as incorporate into sites of
neovascularization (which is defined as postnatal vasculo-
genesis)[6–9].  Experimental studies have shown that bone
marrow-derived or blood-derived EPC may contribute to the
regeneration of ischemic tissues and enhance the neovascula-
rization of ischemic hind limbs or myocardium[10–14].  Therapeu-
tic vasculogenesis in which EPC are actively involved is a
new strategy for ischemic disease.  Allogenetic or heteroge-
netic transplantation of EPC into ischemic animals has pro-
duced promising results, and thus brought attention to the
possibility of using such treatments clinically.

To use EPC safely in a clinical setting for ischemic disease,
autologous EPC are the first choice.  Circulating EPC are at a
very low level in adults, and the number is insufficient for

Abstract
Aim: To investigate the hypothesis that transplantation with expanded autolo-
gous endothelial progenitor cells (EPC) could enhance neovascularization.
Methods: Peripheral blood mononuclear cells (PB-MNC) isolated from New Zealand
White rabbits were cultured in vitro.  At d 7, the adherent cells were collected for
autologous transplantation.  Rabbits with severe unilateral hind limb ischemia
were randomly assigned to receive phosphate-buffered saline or expanded EPC in
phosphate-buffered saline, administered by intramuscular injection in 6 sites of
the ischemic thigh at postoperative d 7.  Neovascularization was monitored by
using the calf blood pressure ratio to indicate tissue perfusion, digital subtraction
angiography to identify collateral vessel development and histological analysis
of capillary density in the ischemic limb at d 35 after surgery.  Results: Autolo-
gous EPC transplantation produced significant amelioration in ischemic hind limbs,
as indicated by a greater calf blood pressure ratio (0.52±0.04 vs 0.42±0.05, P<0.01),
angiographic score (1.44±0.06 vs 0.98±0.08, P<0.01) and capillary density in muscle
(195.2±5.4/mm2  vs 169.4±6.4/mm2, P<0.05), than controls.  Conclusion: Transplan-
tation of autologous expanded EPC can promote neovascularization in ischemic
hindlimbs.

Key words
vascular endothelium; hindlimb; ischemia;
physiologic neovascularization; stem cell
transplantation

1 Project supported by grants from the
National Key Program of Basic Research
(No G2000056904), from the Shanghai
Science and Technology Committee (No
1DJ14005), and from the Shanghai Higher
Education Bureau (No 02BQ22).
2 Correspondence to Prof Ding-liang ZHU.
Phn 86-21-6437-0045, ext 610901.
Fax 86-21-5465-4498.
E-mail zhudingliang@sibs.ac.cn

Received 2005-01-27
Accepted 2005-04-27

doi: 10.1111/j.1745-7254.2005.00168.x



1070

 Acta Pharmacologica Sinica ISSN 1671-4083Fan CL et al

transplantation unless they are enriched in some way[15,16].
The use of expanded EPC is one solution to the problem.
Therefore, we investigated the feasibility of using intramus-
cular injections of autologous expanded endothelial progeni-
tor cells to treat rabbits with hind limb ischemia.

Materials and methods

Hind limb ischemia model  Twelve male New Zealand
white rabbits (weighing 2.8–3.2 kg) were used for this study.
The initial surgery to induce hind limb ischemia has been
described by others[17].  Briefly, the rabbits were first anes-
thetized with sodium pentobarbital (30 mg/kg, iv), then un-
der sterile surgical conditions, a longitudinal incision was
made on the medial thigh of one hind limb, extending from
the inguinal ligament to a point just proximal to the patella.
After the skin incision, the entire femoral artery and all its
major branches including the inferior epigastria, deep femoral,
lateral circumflex and superficial epigastria arteries were dis-
sected free.  The external iliac artery and all of the arteries
listed were ligated.  Finally, the femoral artery was excised
from its proximal origin as a branch of the external iliac artery,
to the point distally where it bifurcates into the saphenous
and popliteal arteries.  As a consequence, blood flow to the
ischemic limb became completely dependent upon collateral
vessels issuing from the internal iliac artery. The incision
was closed in three layers with 3.0 silk.  All rabbits were
closely monitored by veterinary staff and received an antibi-
otic (20 mg/kg gentamycin sulfate, im) for 3 d.  The experi-
mental protocols were approved by the Institutional Animal
Care and Use Committee of Shanghai Second Medical
University, Shanghai.

Mononuclear cell isolation and culture  Samples of pe-
ripheral blood (12–15 mL) from the central auricular artery of
rabbits were harvested 1 h before surgery and anticoagu-
lated with heparin.  The isolation and culture of mononuclear
cells has been described previously[18].  In brief, peripheral
blood mononuclear cells (PB-MNC) were isolated by den-
sity-gradient centrifugation and resuspended in Iscove’s
Modified Dulbecco’s Medium (IMDM, Gibco Invitrogen,
Shanghai, China) supplemented with 20% fetal calf serum
(FCS; CCT, Cansera Internationa, Ontario, Canada).  The cells
were then seeded into 48-well plates (Sumilon, Sumitomo
Bakelite, Osaka City, Japan) at a density of 1×106 cells per
well and cultured at 37 °C and 5% CO2.  The medium was
replaced completely at d 3 or d 4.

To confirm EPC phenotype, the adherent cells were incu-
bated with 1,1'-dioctadecyl-3,3,3',3'-tetramethyl-indocarbo-
cyanine perchlorate-labeled acetylated low density lipopro-

tein (LDL) (DiI-Ac-LDL, 10 mg/mL; Biomedical Technologies,
Stoughton, USA) at 37 °C for 2 h at d 7 in culture.  Then the
cells were fixed with 2% paraformaldehyde for 10 min and
incubated with fluorescein isothiocyanate-labeled Ulex
europeus agglutinin (UEA-1 lectin, 10 mg/mL; Sigma, St
Louis, USA) for 1 h.  The lectin binding is a marker of endot-
helial cell (EC) lineage and the incorporation of acLDL is a
characteristic function of EC[13].  Nearly all adherent cells
(>97%) were DiI-acLDL(+) UEA 1-lectin(+) as analyzed by a
fluorescence-activated cell sorter (FACS).

Experimental groups and EPC transplantation  After
femoral artery excision, the rabbits were randomly assigned
to one of 2 groups: (a) control group (n=6, receiving vehicle
PBS); (b) EPC group (receiving expanded EPC, n=6).

At d 7, EPC in culture were trypsinized and collected for
transplantation.  EPC in 0.6 mL of phosphate-buffered saline
(PBS) were injected im into 6 different sites of the ischemic
thigh skeletal muscles (100 mL to each site) with a 22-gauge
needle.  The control group received 0.6 mL PBS.  Overall, a
mean of 2.11×106±0.51×106 EPC were injected per rabbit.

To elucidate in vivo differentiation to endothelial lineage,
2×106 EPC from autologous PB-MNC were labeled with fluo-
rescent carbocyanine 1,1'-dioctadecyl-3,3,3',3'-tetramethyl-
indocarbocyanine perchlorate (DiI, Molecular Probes
(Eugene, Oregon, USA) and were injected via a 22-gauge
needle to the ischemic thigh muscles 7 d after surgery.  Four
weeks after cell transplantation, 5 mg of UEA-1 lectin (Sigma)
was infused intravenously before the rabbits were killed by
an overdose of pentobarbital.  Ischemic hind limb thigh
muscles were embedded in OCT compound and snap-frozen
for fluorescence microscopy to examine the incorporation of
transplanted cells into foci of neovascularization.

Calf blood pressure ratio  Calf blood pressure was mea-
sured at the posterior tibial artery before surgery and at 7, 14,
21, 28, and 35 d in both hind limbs using a Doppler Flowme-
ter (Model ALF 2100, Advance Advance Co, Tokyo, Japan)
and a cuff (PC 2.5 cm×12 cm, Hokanson, Bellevue, USA)
connected to a pressure manometer as described by others[2].
The calf blood pressure ratio (BPR) was defined for each
rabbit as the ratio of systolic pressure of the ischemic hind
limb to that of the normal hind limb.

Intra-iliac arterial angiography  The collateral arteries
in the medial thigh region of the ischemic limb originate from
the internal iliac artery[19,20].  Digital subtraction angiogra-
phy (DSA; Model Advantx-LC-DLX, General Electronic) of
the hind limb was performed on postoperative d 35 to obtain
an anatomical measurement of the growth and development
of the larger conduit vessels in the medial portion of the
upper limb.  Each animal was anesthetized, and the right
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common carotid artery was exposed.  A 4-F polyethylene
catheter (Cordis, Corporation, Miami Lakes, USA) was intro-
duced into the right common carotid artery through a small
cutdown and the tip of the catheter was positioned just proxi-
mal to the point where it bifurcates into the right and left
common iliac arteries under fluoroscopic guidance.  Immedi-
ately following an intra-arterial bolus injection of the vasodi-
lator sodium nitroprusside (300 µg in 1 mL saline), iodinated
contrast media (Huaihai Pharmaceutical Company, Shanghai,
China) was infused intra-arterially at a rate of 1 mL/s for 5 s
using an automated angiographic injector (LF, Liebel-
Flarsheim Co, Cincinnati, OH, USA).  Perfusion of the hind
limb was observed on a monitor in real time and a series of
angiographic images were taken after the start of contrast
media infusion.

The angiograms at 4 s were quantified by image analysis
using Qwin software (Leica, Bensheim, Germany).  In brief,
the area occupied by all small visible arteries in the medial
thigh, including the branches of the femoral artery and col-
lateral vessels from the intra-iliac artery (excluding the intra-
and extra-iliac, femoral, saphenous and popliteal arteries) was
calculated.  The angiographic score was calculated by a
single observer who was blinded to the treatment regimen,
and the score was defined for each rabbit as the ratio of the
area occupied by vessels of the ischemic thigh to that of the
normal thigh.

Histological determination of capillary density  Immedi-
ately after angiography, the rabbits were killed, then the hind
limbs were dissected, and samples of the adductor muscle
and the semimembranous muscle were removed for histo-
logical evaluation.  The tissues were placed in plastic cas-
settes and covered with OCT compound (Tissue-Tek, Sakura
Finetechnical Co, Tokyo, Japan) before being snap frozen in
liquid nitrogen.  Multiple frozen sections were cut (10 mm
thickness) on a cryostat (CM 3050, Leica) and placed on
glass slides.  Tissue sections were stained for alkaline phos-
phatase using the indoxyl-tetrazolium method[21] to detect
capillary endothelial cells, and were counterstained with
eosin.  The number of capillaries was counted under a
20×objective lens using an image analysis system (Qwin,
Leica) by a single observer blinded to the treatment regimen.
Capillaries in 15 randomly selected fields were analyzed.  Cap-
illary density was calculated as the number of capillaries per
mm2 of muscle.

Clinical assessment  All rabbits were clinically evalu-
ated for the incidence of distal limb ulcers and necrosis by
macroscopic examination during the study; this was consid-
ered significant if a skin ulcer or necrosis was observed at
the leg, foot or ankle.

Statistical analysis  All data are reported as mean±SEM.
Differences between control and EPC groups were analyzed
by using the paired Student’s t-test.  A value of P<0.05 was
considered statistically significant.

Results

Characterization of EPC expanded ex vivo  Freshly iso-
lated PB-MNC were round and small, but became larger with
more cytoplasm on the second day.  Large round adherent
cells appeared from d 2–d 3, then they assumed a spindle-
shaped, endothelial cell-like morphology.  Significant prolif-
eration was observed from d 3, and the adherent cells were
almost convergent at d 6–d 7.  The morphology of the adher-
ent cells is shown in Figure 1A,1B; >97% of the adherent
cells had taken up acetylated LDL (red fluorescence) and
had bound the lectin (green fluorescence) (Figure 1C, 1D).
The percentage of EPC in freshly isolated PB-MNC was much
less than that in the adherent cells in culture (data not shown).

The incubation of PB-MNC in vitro resulted in a 100- to
200-fold increase in differentiating EPC which were DiI-acLDL
(+) UEA 1-lectin (+).  This calculation is based on our find-
ings that freshly isolated PB-MNC had much fewer (about
0.06%) EPC (data not shown).  We were able to obtain
1.07×105±0.33×105 EPC/1×106 MNC after 7 d of the ex vivo
culture, thus yielding a 100- to 200-fold increase in EPC
number.

Effect of transplanted autologous EPC on neovascula-
rization

Calf blood pressure ratio  The systolic blood pressure
of the ischemic hind limb showed a tendency to increase
after surgery in both the EPC and control groups.  EPC trans-
plantation promoted the recovery of blood perfusion to the
ischemic hind limb, as by the greater ischemic/normal calf
blood pressure ratio than that observed in the control group.
The ischemic/normal calf blood pressure ratio measured at d
28 and d 35 was 0.47±0.02 and 0.52±0.02, respectively, for
the EPC group, which are significantly higher than those of
the control animals (0.38±0.01 and 0.42±0.03; Figure 2).  Thus,
EPC transplantation significantly increased the ischemic/
normal calf blood pressure ratio, suggesting augmented per-
fusion in the EPC-treated group compared to control rabbits.

Angiographic analysis  Collateral vessel development
in the medial thigh was assessed by digital subtraction an-
giography as described earlier.  There were more collateral
vessels in the EPC group compared with the control.  The
angiographic score at d 35 in the EPC group was signifi-
cantly higher than that of the control group (control=0.98±
0.08; EPC=1.44±0.06; P<0.01; Figure 3).
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Histological evaluation of capillary density   Histo-
logical staining of alkaline phosphatase was performed to
identify capillaries in ischemic muscles on d 35 after surgery.
Tissue sections retrieved from the medial thigh muscles of
the ischemic hind limbs showed a marked increase in capil-
lary number in EPC-treated animals.  Capillary density in the
EPC group was significantly greater than that in the controls
(control=169.4±6.4/mm2;  EPC=195.2±5.4/mm2; P<0.05;
Figure 4).

Transplanted autologous EPC incorporate into foci of
neovascularization Four weeks after autologous EPC
transplantation, tissue sections from the ischemic thigh
muscles were examined under fluorescence.  Transplanted
autologous EPC marked with DiI fluorescenced red, whereas

Figure 3.  Effect of transplanted endothelial progenitor cells (EPC) on collateral vessel development in ischemic hind limbs of rabbits at d 35
post-surgery.  (A) Representative angiograms of ischemic hind limbs.  (a) Control rabbits receiving PBS; (b) Rabbits receiving EPC transplantation.
(B) Effect of EPC transplantation on angiographic score compared with control (angiographic score is defined in the text).  n=3.  Mean±SEM.
cP<0.01 vs control.

Figure 2.  Time-course of the calf blood pressure ratio in the hind
limbs of rabbits treated with transplanted EPC.  Results are presented
for animals receiving PBS (control) or transplanted EPC at d 7, 14,
21, 28, and 35 post-surgery.  n=6. Mean±SEM. cP<0.01 vs control.

Figure 1.   Characteristics of peripheral blood EPC in
culture at (A) d 4 and (B) d7 (×10).  Cultivated EPC
were incubated with DiI-acLDL (red fluorescence) and
stained with lectin (green fluorescence), viewed by (C)
confocal microscopy and (D) analyzed by FACS.
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Discussion
The present study describes for the first time autolo-

gous transplantation with expanded EPC from peripheral
blood in hind limb ischemia.  We found that the transplanta-
tion of EPC was associated with a significant increase in the
calf blood pressure ratio, collateral vessel development, and
muscle capillary density, suggesting a beneficial effect on
neovascularization.

Postnatal EPC have been implicated in the neovasculariza-
tion associated with postnatal vasculogenesis.  In animal
experiments, allogenetic or heterogenetic transplantation of
blood-derived cells containing EPC into ischemic animals
have been shown to regenerate infarcted myocardium and
coronary capillaries, thus limiting functional impairment af-
ter myocardial ischemia.  Enhanced neovascularization by
EPC was also observed in animals with hind limb ischemia.

After favorable results were found in studies of alloge-
netic and heterogenetic transplantations of EPC, studies
were carried out to investigate the efficiency of autologous
transplantation of EPC in animals and humans[15,16,22–28] to
overcome the limitations of immunorejection, but these stud-
ies did not answer the crucial questions such as cell popula-
tions for transplantation, delivery method, and therapy time
for cell transplantation, which are important for efficient
transplantation.

In the present study, we used expanded EPC for trans-
plantation based on the following considerations.  First, the
number of EPC after expansion greatly exceeds the number
of EPC in freshly isolated cells, which need mononuclear cell
apheresis to enrich the EPC-containing cell population.
Second, expanded EPC are pure and uncontaminated, and
are exempt from the potential inflammatory response induced
by other cells from a hematopoietic lineage.  In the present
study, EPC expanded 100- to 200-fold in number after 7 d of
culture in vitro.  Kalka et al reported a 80- to 90-fold expan-
sion of EPC when cultured in a fibronectin-coated dish in a
commercial medium (EBM-2) supplemented with a cocktail
of growth factors including VEGF, bFGF, insulin-like growth
factor (IGF), and epidermal growth factor (EGF) [13].  Our study
used a simple medium supplemented with FCS, but which
did not compromise the expansion potential.  The culture
conditions used in the present study are much more eco-
nomical and accessible than those used by Kalka et al.  Our
findings regarding autologous expanded EPC transplanta-
tion are consistent with those of Shintani et al, in which
autologous expanded EPC from bone marrow promoted
neovascularization in hind limb ischemia[22].  However, ex-
panding EPC from peripheral blood is clearly less invasive
than aspirating bone marrow.  The culture-expanded EPC

Figure 5. Histological identification of epithelial progenitor cells
(EPC) incorporation in vivo.  Tissue sections were retrieved from
ischemic muscles. (A) Red fluorescence marks autologously trans-
planted DiI-labeled EPC. (B) Green fluorescence indicates UEA-1
lectin binding identifying endothelial cells (×10).

Figure 4.  Histological evaluation of capillary density in ischemic
hind-limb muscle on d 35 post-surgery.  (A) Representative images of
alkaline phosphatase-stained capillaries (×20).  (a) Control rabbits
receiving PBS; (b) Rabbits receiving transplanted EPC.  (B) Quantita-
tive analysis of capillary density.  n=6.  Mean±SEM. bP<0.05 vs
control.

the rabbit vasculature, stained by a premortem administra-
tion of UEA-1 lectin, were identified by green fluorescence
in the same tissue section.  DiI-labeled EPC were distributed
principally in the ischemic area of the hind limb neovasculari-
zation and incorporated into tubular structures and
capillaries, which is consistent with neovasculature (Figure
5).  Thus, locally transplanted EPC were incorporated into
the foci of neovascularization and differentiated into mature
endothelial cells in the ischemic hind limbs.

Clinical assessment  All animals were conscious within
1 h of the surgery, and they developed a limp in their hind
limbs.  Two animals from the control group developed skin
ulcers at the knees of the ischemic limb.  Animals from the
EPC group did not have any skin ulcers or necrosis.
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may consist of EPC at different stages of differentiation de-
pending on the culture conditions or duration.  Recently,
Hur et al sequentially cultured total mononuclear cells from
a source of adult peripheral blood and found 2 types of EPC:
early and late EPC.  However, there was no difference in the
contributions of the 2 types to neovascularization in ischemic
limbs[29].

The incorporation rate of transplanted cells is greatly
influenced by the delivery method.  When infused intra-
venously, the number of infused cells incorporated in is-
chemic vasculature was much less than that being  injected
near the ischemic zone.  To deliver the EPC efficiently, we
directly injected the cells into the ischemic thigh muscle to
ensure a maximum available concentration of EPC at the site
of the ischemic hind limb.  The optimal time for cell trans-
plantation is also a primary concern; to mimic ischemic events
in a clinical setting, and using the course of events after
myocardial ischemia for reference, we set the time point for
EPC injection at d 7 after ischemia.

A limitation of the present study is that no control cells
were used to demonstrate the advantage of expanded EPC.
In a heterogenetic transplantation study with human EPC,
Murasawa and Aahara used either human microvascular EC
(HMVEC) or medium as a control in a nude mouse model of
hind limb ischemia.  They found that the outcomes in the
mice receiving control cells (HMVEC) and those receiving
the medium were similar[30].  The appropriate control cells for
the present study would have been mature vascular EC.
However, preparation of vascular EC for autologous trans-
plantation is not feasible, so we had to use saline for the
control.

In conclusion, we found that neovascularization was
enhanced by autologous expanded EPC from peripheral blood
when injected intramuscularly at the site of ischemia at d 7
after hind limb ischemia in rabbits.  Our data indicate that
autologous expanded EPC from peripheral blood may be an
important and novel therapeutic approach for ischemic dis-
ease via enhancing neovascularization.
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Overexpression of heat-shock protein 20 in rat heart myogenic cells con-
fers protection against simulated ischemia/reperfusion injury1

Yan-hui ZHU, Xian WANG2

Department of Physiology and Pathophysiology, Basic Medical College, Key Laboratory of Molecular Cardiovascular Biology, Ministry of
Education, Peking University, Beijing 100083, China

Introduction
Heat shock proteins (HSP) are highly conserved mole-

cules that fulfill a range of functions, including cytopro-
tection and the intracellular assembly, folding, and translo-
cation of oligomeric proteins[1].  Expression of these pro-
teins can be induced by a range of cellular insults, which
include high temperature, oxidative stress, viral infection,
and nutritional deprivation[2].

Previous studies have demonstrated that increased ex-
pression of various HSP, such as HSP70, HSP60, HSP10, and
HSP90, protected against stress insult.  Recently, the
cytoprotective properties of small HSP have drawn increased
attention.  Small HSP, including HSP20, HSP25, HSP27, αB-
crystallin, and myotonic dystrophy kinase binding protein,
are a group of proteins expressed in muscle tissues and share
sequence homology of approximately 80–100 amino acids at
the C terminus, known as the α crystallin domain[3,4].  It was
reported that overexpression of HSP27 by transfection into
rodent and Chinese hamster cell lines directly correlated with

survival from hyperthermia[5–7].  Overexpression of αB-crys-
tallin has a similar effect[8–10].  It was also reported that
overexpression of both HSP27 and αB-crystallin protected
against ischemic injury in cardiac myocytes[11].

HSP20 is a newly discovered small HSP that was co-puri-
fied with αB-crystallin and HSP27 from skeletal muscle by
affinity chromatography[12].  Previous reports demonstrated
that HSP20 redistributed from the cytosol to insoluble frac-
tions and dissociated from the aggregated form to the small
form when rat diaphragm was exposed to heat stress in vitro[13].
Stable overexpression of HSP20 in Chinese hamster ovary
cells results in enhanced survival after heat shock, which is
similar to the results for αB-crystallin[14].  However, the ef-
fect of HSP20 on ischemia-mediated injury in cardiac
myocytes has not been explored.

In our previous study, we showed that overexpression
of HSP20 in rat heart in vivo protected against simulated
ischemia/reperfusion (SI/R) injury, the mechanism of which
related to the reduction of necrosis and apoptosis of ven-
tricular cardiomyocytes (unpublished data).  In the present

Abstract
Aim: To explore whether overexpression of the small heat shock protein HSP20 in
rat cardiomyocytes protects against simulated ischemia/reperfusion (SI/R) injury.
Methods: Recombinant adenovirus expressing HSP20 was used to infect rat H9c2
cardiomyocytes at high efficiency, as assessed by green fluorescent protein.  H9c2
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study, our aim was to determine whether increased expres-
sion of HSP20 exerted a protective effect against SI/R injury
in cardiac myocytes.  We demonstrated, for the first time,
that overexpression of HSP20 protected against ischemic
damage in rat H9c2 cardiomyocytes, the protective effect of
HSP20 in vitro being due primarily to reduced necrotic and
apoptotic cell death, possibly via the protein kinase C (PKC)/
mitochondrial K+

ATP channel (mito K+
ATP) pathway.

Materials and methods

Construction of recombinant adenovirus  The recombi-
nant adenovirus encoding HSP20 (Ad.HSP20) and adenovi-
rus encoding GFP (Ad.GFP) were prepared as described pre-
viously[15].  Adenovirus was propagated in 293 cells and
purified by 2 rounds of CsCl density ultracentrifugation (4 oC,
13000×g for 105 min and 16 h, respectively).  Viral stocks
were desalted through a PD-10 desalting column (Amersham
Biosciences UK, Buckinghamshire, UK) into a Tris-buffered
solution (10 mmol/L Tris, pH 8.0, 2 mmol/L MgCl2 and 4%
sucrose)[16], plaque-titered, aliquoted, and stored at -80 oC
with 4% sucrose until use.

Cell culture and simulated ischemia/reperfusion  H9c2
cells were purchased from ATCC, the Global Bioresource
Center (No CRl-1446; Hong Kong, China) and were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS).  Cells were in-
fected with Ad.HSP20 or Ad.GFP at a multiplicity of infection
of 50 in no-serum DMEM when the confluence was 60%.
After 2 h, the medium was removed and supplemented with
DMEM containing 1% FBS for 24 h.  Infected cells and the
efficiency of infection were monitored by GFP expression
with the use of fluorescent microscopy.  After 24 h of infec-
tion, cells underwent 8 h of simulated ischemia and 24 h of
reperfusion.  Simulated ischemia was achieved by placing
cells in a hypotonic balanced salt solution consisting of
1.3 mmol/L CaCl2, 5 mmol/L KCl, 0.3 mmol/L KH2PO4, 0.5 mmol/L
MgCl2, 0.4 mmol/L MgSO4, 69 mmol/L NaCl, 4 mmol/L
NaHCO3, and 0.3 mmol/L Na2HPO4 without glucose or serum,
and hypoxia was induced for 8 h at 37 oC[17].  Hypoxia was
attained with an airtight jar from which the oxygen was ex-
hausted through the oxygen-consuming GasPak System from
BBL Microbiology Systems (Cockeysville, MD)[17].  At the
end of the experiment, the dishes were removed from the
chamber with the medium, and cells were reperfused in no-
serum DMEM for 24 h.  The control H9c2 cells were cultured
in DMEM supplemented with 10% FBS, and cells were cul-
tured in no-serum DMEM when the confluence was 60%.
After 2 h, the medium was removed and cells were supple-

mented with DMEM containing 1% FBS.  After 24 h, the
medium was removed and cells were supplemented with a
balanced salt solution at 37 oC for 8 h.  The medium was then
removed and the cells were cultured in no-serum DMEM for
24 h at 37 oC.  The supernatant and cells were assayed sepa-
rately for both lactate dehydrogenase (LDH) or caspase-3
activity.

Evaluation of necrosis and apoptosis by flow cyto-
metry  After SI/R, cells were harvested, washed, and double-
stained using an annexin V-fluorescein-isothiocyanate (FITC)
apoptosis detection kit.  This kit is based on the observation
that soon after initiating apoptosis most cell types translo-
cate the membrane phospholipid phosphatidylserine from
the inner face of the plasma membrane to the cell surface.
Annexin V has a strong affinity for phosphatidylserine and
therefore serves as a probe for detecting apoptosis.  Cells
that have lost membrane integrity will show red staining
(propidium iodide) throughout the nucleus and therefore will
be easily distinguishable from apoptotic cells.  Samples were
incubated for 15 min in the dark with annexin V and propidium
iodide, and flow cytometry was carried out using a FACScan
(Becton Dickinson, Heidelberg, Germany).  Annexin V-FITC
and propidium iodide-related fluorescence were recorded
using FL1-H (525 nm) and FL2-H (575 nm) filters, respectively.

Lactate dehydrogenase (LDH) release assay  Lactate de-
hydrogenase activity released into the medium or remaining
in the cells was determined with the use of an LDH assay kit
(Roche Diagnostics, Basel, Switzerland).  The LDH activity
is determined in an enzymatic test.  In the first step, NAD+ is
reduced to NADH/H+ by the LDH-catalyzed conversion of
lactate to pyruvate.  In the second step the catalyst transfers
H/H+ from NADH/H+ to the tetrazolium salt INT, which is
reduced to formazan, and the absorbance of the samples is
measured at 490 nm using an enzyme-linked immunosorbent
assay  reader.  Necrosis of cardiomyocytes was evaluated
by the percentage of LDH release, which was calculated by
the LDH activity in the medium divided by the total enzyme
activity (medium and remaining activity in the cells) after
reperfusion for 24 h.

Measurement of caspase-3 activity  Cardiomyocytes were
examined for apoptosis after simulated reperfusion for 24 h.
Caspase-3 activity was determined by use of the caspase-3
Colorimetric Assay (R&D Systems, Minneapolis, MN, USA).
Cells that were suspected to be or had been induced to un-
dergo apoptosis were first lysed to collect their intracellular
contents.  The cell lysate was then tested for protease activ-
ity by the addition of a caspase-specific peptide that was
conjugated to the color reporter molecule p-nitroanilide
(p-NA).  Cleavage of the peptide by caspase released the
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chromophore p-NA, which was quantitated spectrophoto-
metrically at a wavelength of 405 nm.

Statistical analysis  Data are expressed as mean±SD.
Difference was analyzed for significance by one-way re-
peated-measures ANOVA and further analyzed with the use
of the Newman-Keuls test for multiple comparisons between
treatment groups.  The results were considered signifi-
cant at P<0.05.

Results
Gene transfer of Hsp20 inhibits necrosis and apoptosis

of H9c2 cells   We infected H9c2 cells with Ad.HSP20 or Ad.GFP.
The infection efficiency was 94.7% ± 2.1% (n=5) with Ad.HSP20
and 95.2%±2.6% (n=5) with Ad.GFP, as indicated by GFP
fluorescence (Figure 1).  Importantly, there was no apparent
morphological alteration or difference in the number of ad-
herent cells between control cells, Ad.HSP20-infected cells,
and Ad.GFP-infected cells.  We determined the levels of ne-
crosis and apoptosis of H9c2 cells double-stained by annexin
V-FITC and propidium iodide after SI/R by flow cytometry.
The lower-left quadrants of the cytograms showed the vi-
able cells, which excluded propidium iodide-stained cells and

cells that were negative for annexin V-FITC binding.  The
lower-right quadrants represented the apoptotic cells, annexin
V-FITC-positive cells, and propidium iodide-negative cells.
The upper-right quadrants contained necrotic and late-
apoptotic cells, positive for annexin V binding and for
propidium iodide uptake.  The upper-left quadrants repre-
sented cells damaged during the procedure.  For each treat-
ment group, 10 000 cells were analyzed.  In the control group,
most of the cells were healthy (93.0%) (Figure 2A).  Of the
H9c2 cells exposed to SI/R, 22.3% were propidium iodide nega-
tive (lower-right quadrant) while 23.7% were propidium io-
dide positive (upper-right quadrant), which indicated early
apoptosis and late apoptosis/necrosis, respectively
(Figure 2B).  Overexpression of HSP20 significantly reduced
the number of cells labeled with annexin-V.  The percentage
of early apoptotic and late apoptotic/necrotic cells was sig-
nificantly decreased to 5.1% and 1.0%, respectively
(Figure 2C).  H9c2 cells infected with control virus had no
such result (Figure 2D).

We also detected necrosis and apoptosis by LDH re-
lease and caspase-3 activity, respectively.  Cellular damage
was measured by the amount of cytosolic LDH release after
SI/R.  Cell apoptosis was quantitated by caspase-3 activity.
Overexpression of HSP20 in cardiomyocytes resulted in a
21.5% reduction in the proportion of cytosolic LDH release
and a 58.8% reduction in caspase-3 activity, compared with
Ad.GFP-treated cells (Figure 3B).

Protein kinase C inhibitor and mitochondrial K+
ATP

channel inhibitor reversed the protective effect of
HSP20  Pretreatment with the PKC inhibitor Ro-31-8220
(0.1 µmol/L) for 30 min prior to SI/R reversed the protective
effect of HSP20 on LDH release and caspase-3 activity
(Figure 3).  Pretreatment with the selective mitochondrial K+

ATP

channel inhibitor 5-hydroxydecanoate (5-HD, 100 µmol/L) for
30 min prior to SI/R also canceled the protective effect of
HSP20, whereas pretreatment with the non-selective K+

ATP

channel inhibitor glibenclamide (100 µmol/L) had no signifi-
cant effect (Figure 3).  These data suggest that the protec-
tive effect of HSP20 in vitro is due to reduced necrotic and
apoptotic death of cardiomyocytes, possibly via the PKC/
mito K+

ATP pathway.

Discussion
Our previous study demonstrated that overexpression

of HSP20 in rat heart protected against ischemia/reperfusion,
the protective effect relating to the reduction of necrosis
and apoptosis of ventricular cardiomyocytes.  In the present
study, we used H9c2 cardiomyocytes, which originated from
rat embryonic cardiac tissue and retained certain features of

Figure 1.  Typical light microscope (A) and fluorescence (B) images
of H9c2 cells infected with Ad.HSP20 for 24 h were observed in a
high-power field (×40).
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cardiac specificity[18,19], to investigate the mechanism of the
protective effect of HSP20.

By detecting annexin V-FITC and propodium iodide
double-stained H9c2 cells after SI/R by flow cytometry, we
detected the necrosis and apoptosis of cells.  We also de-

Figure 2.  Flow cytometric histograms of H9c2 cells induced by simulated ischemia/reperfusion (SI/R). Cells were infected with Ad.HSP20 or
Ad.GFP 24 h before the SI/R. Control cells were not infected with adenovirus or exposed to SI/R. After SI/R, cells were harvested and labeled
with a combination of annexin V-fluorescein-isothiocyanate and propidium iodide. (A) Control; (B) SI/R; (C) SI/R+Ad.HSP20; (D) SI/R+Ad.GFP.
FL1-H, 525 nm filter; FL2-H, 575 nm filter.

Figure 3. Effect of HSP20, protein kinase C inhibitor Ro-31-8220 and K+
ATP channel inhibitors on (A) lactate dehydrogenase (LDH) release

and (B) caspase-3 activity induced by SI/R. Cells were infected with Ad.HSP20 or Ad.GFP 24 h before the simulated ischemia/reperfusion (SI/R).
Control cells were not infected with adenovirus or exposed to SI/R. n=5 independent experiments. Mean±SD. bP<0.05 vs control. eP<0.05 vs
SI/R.  hP<0.05 vs SI/R+Ad.HSP20. 5-HD, 5-hydroxydecanoate; GLB, glibenclamide.

tected the necrosis and apoptosis of H9c2 cells by LDH re-
lease and caspase-3 activity.  Similar to the in vivo exp-
eriments, our results in vitro suggest that the protective ef-
fect of HSP20 also relates to the reduction of necrosis and
apoptosis, which is indicated by flow cytometry, LDH re-
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lease and caspase-3 activity (unpublished data).
Myocardial ischemia is frequently followed by

reperfusion.  Reperfusion and the resultant reoxygenation
lead to the generation of oxygen radicals that can cause
reperfusion injury.  In the present study, we used H9c2 to
mimic in vivo ischemia/reperfusion injury.  We used LDH to
evaluate the cell damage in vitro.  The overexpression of
HSP20 protected H9c2 cells against SI/R injury by reducing
the LDH level.  These data indicate that HSP20 reduces ne-
crosis of cardiomyocytes.  Our in vitro results also showed
that H9c2 cells with overexpressed HSP20 had reduced
caspase-3 activity.  These data indicate that the anti-
apoptotic effect of HSP20 in cardiomyocytes is mediated
through reduced caspase-3 activity.  In addition, Fan et al[15]

showed that the protective effects of HSP20 were further
increased by the constitutively phosphorylated HSP20 mu-
tant (S16D).  In our study, the PKC inhibitor Ro-31-8220
(0.1 µmol/L) and selective mitochondrial K+

ATP channel in-
hibitor 5-HD (100 µmol/L) blocked the HSP20-induced pro-
tective effect.  Our results are similar to those of previous
reports showing that the PKC inhibitor blocks the cardio-
protective effect of the mitochondrial K+

ATP channel[20,21],
which indicates that PKC lies upstream of the mitochondrial
K+

ATP channel.
Our results suggest that the protective effect of HSP20 is

attributed to a reduction of necrosis and apoptosis in
cardiomyocytes.  Therefore, the cardioprotective effect of
HSP20 in vitro might be mediated mainly by inhibiting
cardiomyocyte necrotic and apoptotic cell death, possibly
via the PKC/mito K+

ATP pathway.
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Introduction
Bone metabolism is regulated by functions of osteoblasts

and osteoclasts, which are localized in bone tissues.  Osteo-
blasts stimulate bone formation and calcification while os-
teoclasts promote bone resorption.  Many experimental re-
sults on the action of isoflavones on the differentiation and/
or function of osteoblasts and/or osteoclasts have been re-
ported[1].

Bone marrow stromal cells (MSC) are pluripotent cells
that have the capacity to differentiate into osteoblasts,
adipocytes, chondrocytes, myoblasts, or fibroblasts[2,3].
Thus, lineage determination between osteoblasts and
adipocytes could be a critical component in the regulatory
pathways of osteoblastogenesis[4].  Consistently, an in-
creased lipid accumulation in the bone marrow has been re-
ported in association with age-related bone loss implying an

inverse relationship between osteoblastogenesis and
adipogenesis.  Indeed, it is now hypothesized that an in-
crease in the number of adipocytes occurs at the expense of
osteoblasts in osteopenic disorders.  Furthermore, there is
more and more evidence that suggest a large degree of plas-
ticity exists between osteoblasts and adipocytes and that
this transdifferentiation is reciprocal[5].  It was reported that
there was a therapeutic opportunity to either prevent or treat
osteopenic disorders by inhibiting marrow adipogenesis[6].
Therefore, it is possible that the inhibition of marrow adipo-
genesis with a concomitant increase in osteoblastogenesis
could provide a therapeutic target with which to either pre-
vent further increases in adipocyte formation or divert exist-
ing adipocytes to become more osteoblasts with a resulting
increase in functional bone cells[7].  Moreover, recent stud-
ies in vitro have demonstrated that 17β-estradiol suppresses

Abstract
Aim: To examine the effect of daidzin, genistin, and glycitin on the osteogenic and
adipogenic differentiation of bone marrow stromal cells (MSC) and the adipogenic
transdifferentiation of osteoblasts.  Methods: MTT test, alkaline phosphatase
(ALP) activity measurement, Oil Red O stain and measurement were employed.
Results: Daidzin, genistin, and glycitin 1×10-8, 5×10-7, 1×10-6, 5×10-6, and 1×10-5
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the expression of lipoprotein lipase (LPL), a marker of
adipocyte differentiation in an extramedullary preadipocytic
cell line, 3T3L1[8].  Okazaki et al reported that 17β-estradiol
directly modulated differentiation of bipotential stromal cells
into the osteoblast and adipocyte lineages, promoting os-
teoblast differentiation and inhibiting adipocyte differentia-
tion, causing a lineage shift toward the osteoblast[9].  Such
effects will lead to direct stimulation of bone formation and
thereby contribute to the protective effects of 17β-estradiol
on bone.

So far, the effect of daidzin, genistin, and glycitin on the
osteogenic and adipogenic differentiation of MSC and the
adipogenic transdifferentiation of osteoblasts was not
reported.  The aim of the present investigation was to ad-
dress the question of whether daidzin, genistin and glycitin
had effects on osteogenic and adipogenic differentiation of
primary mouse MSC and to investigate the adipogenic
transdifferentiation of primary mouse osteoblasts compared
with 17β-estradiol.

Materials and methods

Materials  Kunming (KM) mice were purchased from the
Guangming Weiwu Biological Product Factory (Shenzhen,
China).  Dulbecco’s modified Eagle’s medium (DMEM) and
fetal bovine serum were purchased from Gibco (Carlsbad,
CA, USA).  The 17β-estradiol,  benzylpenicillin, streptomycin,
MTT, β-glycerophosphate, dexamethasone, ascorbic acid,
insulin, oil red O stain were obtained from Sigma Chemical
Co (St Louis, MO, USA).  Demethyl sulfoxide (Me2SO) was
purchased from Sangon (Shanghai, China).  Genistin, daidzin,
and glycitin were from Shanghai TAUTO Biotech Co
(Shanghai, China).  An alkaline phosphatase (ALP) activity
kit was obtained from Nanjing Jiancheng Biological Engi-
neering Institute (Nanjing, China), micro-protein assay kit
was purchased from Beyotime Biotechnology (Haimen,
China).

Isolation and culture of primary bone MSC   The mouse
bone MSC were obtained from adult KM mice (4–6 weeks)
using the method previously reported[10] with minor
modification.  Mice were killed by decapitation.  Femora and
tibiae were aseptically harvested, and the whole bone mar-
row was flushed using DMEM in a 1 mL syringe and a
25-gauge needle.  The cells were collected and cultured in a
culture flask.  After a 3-d incubation in a 37 ºC, 5% CO2 hu-
midified incubator, the nonadherent cells were removed from
the cultures by gentle aspiration and the medium replaced
with fresh DMEM.  The medium was changed every 3 d in all
the experiments.

Isolation and culture of primary osteoblasts  The mice
osteoblasts were isolated mechanically from newborn mice skull
using a modification of the method previously reported[11].
Briefly, the skull (frontal and parietal bones) was dissected
from KM mice, the endosteum and periosteum were stripped
off, and the bone was cut into approximately 1–2 mm2 pieces
and digested with trypsin (2.5 g/L) for 30 min, and the diges-
tion was discarded.  The bone was then digested twice with
collagenase A (2.0 g/L) for an 1 h each time.  The cells were
collected and cultured in a culture flask.  After being placed
overnight in a 5% CO2 humidified incubator at 37 ºC, the
DMEM was removed.  The medium was then changed every
3 d in all the experiments.

Assessment of primary mouse bone MSC and osteoblast
growth  The protocol described by Mosmann was followed
with some modifications[12].  Briefly, MSC (3×106 cells per
well) and osteoblasts (1×104 cells per well) were plated in 96-
well culture plates and cultured overnight at 37 ºC in a 5%
CO2 humidified incubator.  Daidzin, genistin, glycitin, and
17β-estradiol were then added to the wells at final concen-
trations of 1×10-8, 5×10-7, 1×10-6, 5×10-6, and 1×10-5 mol/L.
Control wells were prepared with the addition of DMEM.
Wells containing DMEM without cells were used as blanks.
The plates were incubated at 37 ºC in a 5% CO2 incubator for
48 h.  Upon completion of the incubation, stock MTT dye
solution (20 µL, 5 g/L) was added to each well.  After 4-h
incubation, the supernatant was removed and Me2SO
(100 µL) was added to solubilize the MTT.  The optical den-
sity of each well was measured on a microplate spectropho-
tometer (Bio-Rad Model 680, Hercules, CA, USA) at a wave-
length of 570 nm.  The proliferation rate/% of control was
calculated according to the formula: ODtreated/ODcontrol×100%.

Measurement of ALP activity  The bone MSC were iso-
lated as above.  MSC (3×106 cells per well) were plated in
48-well culture plates, after being induced by an osteogenic
supplement (1×10-7mol/L dexamethasone, 5.0 mmol/L
β-glycerophosphate, 50 mg/L ascorbic acid) and treated with
daidzin, genistin, glycitin and 17β-estradiol at final concen-
trations of 1×10-8, 5×10-7, 1×10-6, 5×10-6, 1×10-5 mol/L for 7 d.
The plates were washed thrice with ice-cold PBS and lysed
by two cycles of freezing and thaw.  Aliquots of superna-
tants were subjected to alkaline phosphatase activity and
protein content measurement using an alkaline phosphatase
kit and a micro-Bradford assay kit, respectively.  The osteo-
genic differentiation rate was calculated according to the
formula: ALP activitytreated/ALP activitycontrol×100%.

Oil red O stain and measurement  The bone MSC and
osteoblasts were isolated as above.  MSC (3×106 cells per
well) and osteoblasts (1×104 cells per well) were plated in 48-
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well culture plates, after being induced by adipogenic supple-
ment (10 mg/L insulin, 1×10-7 mol/L dexamethasone and
treated with daidzin, genistin, glycitin, and 17β-estradiol at
final concentrations of 1×10-8 , 5×10-7, 1×10-6, 5×10-6, 1×10-5

mol/L for 14 d and 9 d, respectively.  Fat droplets within
differentiated adipocytes from MSC and transdifferentiated
adipocytes from osteoblasts were observed using the oil red
O staining method described by Ichiro et al.  with some modi-
fication[13].  Cell monolayers were fixed in 4% formaldehyde,
washed in water and stained with a 0.6% (w/v) oil red O solu-
tion (60% isopropanol, 40% water) for 15 min at room
temperature.  For quantification, cell monolayers were then
washed extensively with water to remove unbound dye, then
1 mL of isopropyl alcohol was added to the stained culture
dish.  After 5 min, the absorbance of the extract was assayed
by a spectrophotometer at 510 nm.  The adipogenic differen-
tiation rate and adipocytic transdifferentiation rate were cal-
culated according to the formula: ODtreated/ODcontrol ×100%.

Statistical analysis  Data were expressed as mean±SD of
at least three separate experiments.  The statistical differ-
ences were analyzed using Student t-test.

Results
Effect of daidzin, genistin and glycitin on the MSC pro-

liferation  MTT tests showed that daidzin, genistin, and
glycitin significantly promoted MSC proliferation and all the
promotion rates were less than that of 17β-estradiol at the
same concentrations (Figure 1).

Effect of daidzin, genistin, and glycitin on osteoblast pro-
liferation  The daidzin, genistin, and glycitin significantly
promoted osteoblast proliferation and the promotion rate of

daidzin was greater than those of genistin and glycitin at the
same concentrations (Figure 2).

Effect of daidzin, genistin, and glycitin on the osteogenic
differentiation of MSC  ALP activity measurements at d 7
showed that neither daidzin, genistin, and glycitin inhibited
the osteogenic differentiation of MSC.  Daidzin at concen-
tration of 5×10-7mol/L and genistin at concentrations of 1×10-6,
5×10-6, and 1×10-5 mol/L promoted the osteogenic differen-
tiation and all the promotion rates were less than those of
17β-estradiol at the same concentrations (Figure 3).

Effects of daidzin, genistin,  and glycitin on the adipogenic
differentiation of MSC  Oil red O stain and measurement on

Figure 1.  Effect of daidzin, genistin, and glycitin on the prolifera-
tion of bone MSC.  n=5.  Mean±SD.  bP<0.05, cP<0.01 vs control.

Figure 3.  Effect of daidzin, genistin, and glycitin on the osteogenic
differentiation of MSC.  n=5.  Mean±SD.  bP<0.05, cP<0.01 vs control.

Figure 2.  Effect of daidzin, genistin, and glycitin on the prolifera-
tion of osteoblasts.  n=5.  Mean±SD.  bP<0.05, cP<0.01 vs control.
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d 14 showed that the effect of daidzin, genistin and glycitin
on adipogenic differentiation depended on concentrations.
Genistin inhibits adipogenic differentiation at concentrations
of 1×10-8–1×10-5mol/L, and the effect was stronger than that
of 17β-estradiol (Figure 4).  The morphologic observation
was in accordance with this result (Figure 5).

Effect of daidzin, genistin, and glycitin on adipocytic
transdifferentiation of osteoblasts  Oil red O stain and mea-
surement showed that daidzin, genistin and glycitin inhibi-
ted adipocytic transdifferentiation of osteoblasts at all con-
centrations in a dose-independent manner.  The effects of
these were stronger than that of 17β-estradiol (Figure 6).
The morphologic observation was in accordance with the
results (Figure 7).

Discussion
Adipocytic and osteogenic cells are believed to be

derived from multipotential stromal cells in the marrow, and
in vitro studies have shown an inverse relationship between
the differentiation of adipocytic and osteogenic cells[5].

Figure 5.  Effect of daidzin, genistin, and glycitin on adipogenic
differentiation of MSC.  (A) Adipogenic supplement; (B) Adipogenic
supplement+5×10-7mol/L daidzin; (C) Adipogenic supplement+5×10-7

mol/L glycitin; (D) Adipogenic supplement+5×10-7mol/L genistin.
×100.

Figure 6.  Effect of daidzin, genistin, and glycitin on the adipo-
cytic transdifferentiation of osteoblasts.  n=5.  Mean±SD.  bP<0.05,
cP<0.01 vs  control.

Figure 7.  Effect of daidzin, genistin and glycitin on adipocytic transdifferentiation of osteoblasts.  (A) Adipogenic supplement; (B)
Adipogenic supplement+5×10-7 mol/L genistin; (C) Adipogenic supplement+1×10-5mol/L glycitin.  ×100.

Figure 4.  Effect of daidzin, genistin, and glycitin on the adipogenic
differentiation of MSC.  n=5.  Mean±SD.  bP<0.05, cP<0.01 vs control.
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Besides having a passive role of space-filling in bone mar-
row cavity, recent data suggest that medullary adipocytes
are secretory cells that may influence hematopoiesis and
osteogenesis[14].  A variety of peptide and nonpeptide com-
pounds are synthesized and released by adipocytes[15].
Adipocytes also secrete cytokines such as tumor necrosis fac-
tor-α (TNF-α) and interleukin (IL-6), and the main effect of
these cytokines is a stimulation of bone resorption[16].  In
addition, Benayahu et al reported that preadipocytes had
the potential to stimulate osteoclast differentiation[17].  On
the relationship between adipogenesis and the ability to
support osteoclast formation, Sakaguchi et al have demon-
strated that adipocyte-enriched stromal cells also support
osteoclast formation[18].  It has been reported that preadipo-
cytes isolated from mouse marrow may regulate the activity
and final differentiation of marrow precursors of osteoblasts.
The condition medium harvested from mouse stromal
preadipocytes decreased the alkaline phosphatase activity
of a mouse stromal osteoblastic cell line[19].  So a reversal of
adipogenesis will also be important as a therapeutic approach
to treat age-related osteoporosis.

Osteonecrosis is a disabling condition that can be de-
fined as the death of the cell components of the bone
(including osteocytes and bone marrow cells).  Possible
pathogenesis of osteonecrosis is an increased size of mar-
row fat cells, a high intraosseous pressure, an accumulation
of lipids within the osteocytes, and fat embolisms.  Cui et al
reported that steroid-induced adipogenesis by bone pro-
genitor cells in the marrow might influence the development
of osteonecrosis[20].  Lipid clearing agents, such as lovastatin,
which promote osteogenic differentiation and inhibit
adipogenic differentiation of MSC, might be helpful in pre-
venting the development of steroid induced osteonecrosis.

In the present study we have examined the effects of
daidzin, genistin, and glycitin on osteogenic and adipogenic
differentiation of MSC and the adipogenic transdifferentiation
of osteoblasts in an in vitro assay employing isolated mouse
primary bone marrow stromal cells and osteoblasts.  The
results indicate that daidzin, genistin, and glycitin promoted
osteogenic differentiation and inhibited adipogenic differ-
entiation of MSC.  It also inhibited adipocytic transdiffer-
entiation of osteoblasts at appropriate concentrations simi-
lar to 17β-estradiol.  These results were further supported by
the fact that daidzin, genistin and glycitin did not inhibit
proliferation of the MSC and osteoblasts.  This suggests
that daidzin, genistin and glycitin regulate a dual differentia-
tional process of bone MSC into the osteogenic and
adipogenic lineages, and transdifferentiational process of
primary osteoblasts into the adipocyte lineages, causing a

lineage shift toward osteoblasts.  So, we deduced that the
protective effects of daidzin, genistin, and glycitin on bone
might be mediated by decreasing adipocytic cell formation
from MSC.  This may promote osteoblast proliferation, dif-
ferentiation and mineralization, and secrete less cytokines,
which may inhibit osteoclast formation and activation.  In
addition, the results also indicate that daidzin, genistin, and
glycitin may be helpful in preventing the development of
steroid induced osteonecrosis.  The mechanisms of the ef-
fects of daidzin, genistin, and glycitin on the osteogenic and
adipogenic differentiation of bone MSC, and the adipogenic
transdifferentiation of osteoblasts, need to be studied further.
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ααααα-Helical domain is essential for antimicrobial activity of high mobility
group nucleosomal binding domain 2 (HMGN2)1

Yun FENG2, Ning HUANG, Qi WU, Lang BAO, Bo-yao WANG

Research Unit of Infection and Immunity, West China School of Preclinical and Forensic Medicine, Sichuan University, Chengdu 610041,
China

Introduction
Cationic antimicrobial peptides play a crucial role in the

host defense against infections[1].   It has been shown that
the antimicrobial activity of human mononuclear leukocytes
originates from natural killer (NK) cells[2], T cells[3] and mono-
cytes[4].  Several antimicrobial peptides or proteins have been
described in NK and T cells.  Granulysin is a recently charac-
terized antimicrobial polypeptide from T and NK cells[5].  The
porcine counterpart of granulysin (NK-lysin) was character-
ized as an antimicrobial and cytotoxic polypeptide expressed

by NK and T cells[6].  The antimicrobial peptides LL-37 and
human neutrophil defensins (HNP1-HNP3) were found in the
supernatant of enriched T and NK cells[7].    We isolated and
characterized an antimicrobial polypeptide from human cir-
culatory mononuclear leukocytes.  Its N-terminal sequence
was identical to high mobility group nucleosomal binding
domain 2 (HMGN2)[8].  HMGN2 was identified as a non-his-
tone chromosomal protein in invertebrates and vertebrates
and may play a role in gene transcription and organogen-
esis[9–12].  However, the biological role of this protein has not

Abstract
Aim:  To examine the antimicrobial spectrum and functional structure of high
mobility group nucleosomal binding domain 2 (HMGN2). Methods:  OMIGA pro-
tein structure software was used to analyze the two-dimensional structure of
HMGN2. Synthetic short peptides were generated for studying the relationship
between function and structure. Prokaryotic expression vectors were constructed
for the holo-HMGN2 and its helical domain.  Their E coli-based products were
also prepared for antimicrobial testing. The antimicrobial assay included minimal
effective concentration, minimal inhibitory concentration, and minimal bacteri-
cidal concentration. Results:  OMIGA protein structure software analysis revealed
a transmembrane α-helical structure (the putative antimicrobial domain) located
from position 18 to 48 of the HMGN2 protein sequence.  The antimicrobial assay
showed that the MIC of the recombinant holo-HMGN2 against E coli ML-35p (an
ampicillin-resistance strain), Pseudomonas aeruginosa ATCC 27853 and Candida
albicans ATCC 10231 were 12.5, 25, and 100 mg/L, respectively. Against the same
microorganisms, the MIC of the synthetic HMGN2 α-helical domain were 12.5, 25,
and 100 mg/L, respectively, that is, the same as with the recombinant form of
HMGN2. In contrast, recombinant holo-HMGN2 was inactive against Staphylo-
coccus aureus ATCC 25923.  The synthetic N-terminal and C-terminal fragments of
HMGN2 had no antimicrobial activity against E coli ML-35p, P aeruginosa ATCC
27853 or C albicans ATCC 10231.  Conclusion:  HMGN2 showed potent antimi-
crobial activity against E coli ML-35p, P aeruginosa ATCC 27853 and, to some
extent, against C albicans ATCC 10231, but was inactive against S aureus ATCC
25923 in these assay systems.  Its α-helical structure may be essential for the
antimicrobial activity of HMGN2.
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been fully defined.  In this study, we prepared recombinant
holo-molecule, recombinant or synthetic helical domain, N-
terminal and C-terminal fragments to further determine the
antimicrobial spectrum and functional structure of HMGN2.

Materials and methods

Synthetic peptide  Synthetic N- and C-terminal fragments,
and the α-helical domain of HMGN2, were prepared by
Shanghai Genebase Gen-Tech (Shanghai, China).   Their amino
acid sequences are as follows:

Fragment 1:  MPKRKAEGDA KGDKAKV (position 1-17
of the HMG 2 amino acid sequence)

Fragment 2 :  KDEPQRRSAR LSAKPAPPKP EPKPKKAPAK
K (position 18–48 of the HMGN2 amino acid sequence)

Fragment3:GEKVPKGKKG KADAGKEGNN PAENGDA-
KTD QAQKAEGAGD AK (position 49–90 of the HMGN2
amino acid sequence)

High-performance liquid chromatography (HPLC) and
mass spectroscopy analysis of these peptides revealed a
purity of >95%.  The peptides were dissolved in 10 mmol/L
potassium phosphate buffer (PPB, pH 7.0) to a final concen-
tration of 10 g/L.

Antimicrobial activity assay  Rabbit neutrophil defensin
(NP-1) and HNP1–3 were used as the control antimicrobial
peptides, and were prepared as described elsewhere[13,14].

Evaluation of minimal effective concentration  The mini-
mal effective concentrations (MEC) were tested using a ra-
dial diffusion assay.  Briefly, soy broth (E coli ML-35p,
Pseudomonas aeruginosa ATCC 27853, Staphylococcus
aureus ATCC 25923) or sabouraud dextrose broth (Candida
albicans ATCC 10231) underlay gel mixture containing 1×106

colony-forming units (CFU)/mL of organisms was decanted
into a dish.    Sample wells of 3-mm diameter were punched
and 5 µL of serial dilutions of the peptides (200, 100, 50, 25,
12.5, 6.25, and 3.125 mg/L) were added to the wells.  After 3 h
of incubation, overlay soy broth (for growing E coli ML-35p,
P aeruginosa ATCC 27853, S aureus ATCC 25923) or
sabouraud dextrose broth (for growing C albicans ATCC
10231) gels were poured and incubated continuously at 37 °C
overnight, the resulting clear zones were measured and ex-
pressed in units (1 mm=10 U) after subtracting the well dia-
meter.    A linear regression analysis of peptide concentra-
tion (x-axis) against the zone diameter (y-axis) was carried pit
to determine the x-intercept, whose value represented the MEC.

Evaluation  of  minimal  inhibitory concentration and
minimal bactericidal concentration   The minimal inhibitory
concentration (MIC) and minimal bactericidal concentration

(MBC) of the peptides were examined using bacteria at
1×106 CFU/mL in the soy broth and serial dilutions of the
peptides (500, 250, 200, 150, 100, 50, 25, 12.5, and 6.25 mg/L).
Inhibition of growth was determined by measuring optical
density (OD) at 492 nm on a UV/VIS spectrometer after incu-
bation at 37 °C for 12–16 h.    Antimicrobial activity was ex-
pressed as the MIC, the concentration at which 100% inhibi-
tion of growth was observed, and the MBC, the concentra-
tion at which no CFU were observed after incubation for 12–
16 h on soy broth (for growing E coli ML-35p, P aeruginosa
ATCC 27853, and S aureus ATCC 25923) or sabouraud dex-
trose broth (for growing C albicans ATCC 10231) solid media.

E coli-based production of recombinant human holo-
HMGN2 and its ααααα-helical domain   Total RNA was isolated
with Trizol Reagent (Gibco BRL, Washington, USA) from
the stimulated mononuclear leukocytes.  The full-length
HMGN2 cDNA was amplified by reverse transcription–poly-
merase chain reaction (RT-PCR) and ligated to pMD-18T
vector (TakaRa,Tokyo, Japan) for DNA sequencing.  Gen-
eration of DNA of holo-HMGN2 and the HMGN2 α-helical
domain was carried out by PCR amplification.  Primers con-
taining BamH I and EcoR I restriction sites were designed as
follows: P1 (5'-ACGGATCCCCCAAGAGAAAGGCTG-3') and
P2 (5'-TAGAATTCCTTGGCATCCTCCAGCAC-3') for ampli-
fying holo-HMGN2 cDNA; P3 (5 ' -CAGGATCC
AAGGACGAACCACAG-3') and P4 (5'-GCGAATTC
CTTCTTTGCAGGGGCCT-3') for synthesizing DNA encod-
ing HMGN2 α-helical domain.    BamHI and EcoRI restriction
sites are underlined.  After digestion with BamHI and EcoRI,
the PCR products were inserted into the pGEX-1λT vector
(Amersham Biosciences, Uppsala, Sweden).    DNA sequenc-
ing of the recombinant prokaryotic expression vectors pGEX-
1λT-HMGN2 and pGEX-1λT-HMGN2α was carried out to con-
firm the insert sequences.

The transformed E coli JM109 carrying pGEX-1λT-
HMGN2 and pGEX-1λT-HMGN2α were cultured in Luria-
Bertani (LB) medium for 12 h in the presence of isopropylthio-
β-D-galactoside (IPTG) to induce protein expression.  The
induced cultures were washed with phosphate-buffered sa-
line and cell lysates were obtained by freezing/thawing in
the presence of lysozyme.  After centrifugation (10000 r/min,
4 ºC, 5 min), the fusion proteins were purified from the super-
natants using Bulk Glutathione Sepharose 4B columns
(Amersham Biosciences).    The purified fusion proteins were
cleaved by thrombin digestion.  Holo-HMGN2 and its
α-helical domain were obtained by acid-urea polyacrylamide
gel electrtophoresis (AU-PAGE) elution and HPLC purifica-
tion.
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Results
Analysis of the HMGN2 two-dimensional struc-

ture   OMIGA protein structure software analysis revealed a
transmembrane α-helical structure, the putative antimicro-
bial domain, located from position 18 to 48 of the HMGN2
protein sequence (Figure 1).

Antimicrobial activity of the synthetic peptide frag-
ments   Sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis of the synthetic fragments of HMGN2 is shown
in Figure 2.  The agar radial diffusion assay indicated that
the α-helical domain of HMGN2 had strong antimicrobial
activity against an antibiotic-resistant strain of E coli.  In
contrast, no antimicrobial activity  was observed for its

N-terminal or C-terminal fragments using this assay system
(Figure 3).

Construction of holo-HMGN2 and HMGN2 ααααα-helical do-
main prokaryotic expression vectors   The cDNA encoding
mature holo-HMGN2 and its α-helical domain were obtained
by PCR (Figure 4), and their corresponding prokaryotic ex-
pression vectors were constructed.  Sequence analysis indi-
cated that the insert sequences and their orientation were
correct in the recombinant vectors.

E coli-based production of human holo-HMGN2 and its
ααααα-helical domain   pGEX-1λT-HMGN2 or pGEX-1λT-
HMGN2α-transformed E coli produced bulk amounts of the
HMGN2 and HMGN2α fusion proteins.  The fusion proteins

Figure 1.   OMIGA protein structure software analysis of high mo-
bility group nucleosomal binding domain 2 (HMGN2). (A) Hydro-
phobicity analysis using the Janin method. (B) Transmembrane heli-
ces analysis using the Argos Method.

Figure 2.   Tricine sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis of synthetic N-and C-terminal fragments and the α-
helical domain of high mobility group nucleosomal binding domain 2
(HMGN2). M, protein marker; 1, C-terminal fragment; 2, α-helical
domain; 3, N-terminal fragment.

Figure 4.   The cDNA fragments of high mobility group nucleoso-
mal binding domain 2 (HMGN2) and its α-helical domain. A, Full
length of HMGN2 cDNA; B, HMGN2 α-helical domain cDNA
fragment.

Figure 3.   Antimicrobial activity against E coli of the synthetic
peptide fragments of high mobility group nucleosomal binding do-
main 2 (HMGN2). A1, Lysozyme (10 g/L); A2, lysozyme (5 g/L); B1,
α-helical domain (1 g/L); B2, N-terminal fragment (1 g/L); B3,
C-terminal fragment (1 g/L).
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were purified by glutathione S-transferase (GST) affinity
chromatography.  The purified recombinant holo-HMGN2
and its α-helical domain were obtained using AU-PAGE elu-
tion from thrombin-digested fusion proteins and reverse-
phase HPLC (Figure 5).

Antimicrobial properties of human holo-HMGN2 and its
ααααα-helical domain   As shown in Table 1, the MIC, MEC,  and

MBC assays indicated that the recombinant human HMGN2
and its transmembrane α-helical domain (synthetic and
recombinant) had potent antimicrobial activity against E coli,
P aeruginosa and, to some extent, against C albicans.
However, human HMGN2 was inactive against S aureus in
this assay system (data not shown).    All experiments were
repeated 3 times.

Discussion
High mobility group (HMG) proteins have been described

as an abundant family of non-histone proteins in the cell
nucleus of vertebrate and invertebrate organisms[15].  In the
narrowest traditional sense, this HMG protein family con-
sists of 6 proteins and is subdivided into 3 subfamilies: the
HMG-box (HMGB) (formerly HMG-1/-2), the HMG AT-hook
(HMGA) (formerly HMG-I/Y/C), and the HMG nucleosomal
binding domain (HMGN) (formerly HMG-14/-17) subfamilies.
Each of these classes seems to have a distinct function in
the nucleus[16].  HMGN has a cell cycle-related cellular loca-
tion[17].  The functional gene is located on chromosome 1p36.1[9],
and it contains 6 exons, with an extremely high GC content
and a “HTF” island, indicative of a housekeeping gene that
could be crucial for regulating the function of cells[9].  How-
ever, up to now, the biological role of this protein has not
been clear.  A variety of experiments have shown that HMGN2
is preferentially associated with chromatin subunits contain-

Table 1.   Antimicrobial activities of several peptides.

                   Peptide                                    Assay                         Escherichia              Pseudomonas aeruginosa           Candida albicans
                                                                                                    coli Ml-35p                       ATCC27853                          ATCC10231

HMGN2 α-helical domain MIC 12.5 25 100
(synthetic) MBC 25 50 150
/mg·L-1 MEC N T N T  NT
HMGN2 α-helical domain MIC 12.5 25 100
(E coli-based prod uction) MBC 25 50 150
/mg·L-1 MEC                                6.25 N T  NT
HMGN2 MIC 12.5 25 100
(E coli-based production) MBC 25 50 150
/mg·L-1 MEC                                3.125 N T  NT
HNP1-3 MIC 12.5 N T  NT
/mg·L-1 MBC 25 N T  NT

MEC 6.25 N T  NT
NP-1 MIC 6.25 12.5   25
/mg·L-1 MBC 12.5 25   50

MEC 3.125 N T  NT

HMGN2, high mobility group nucleosomal binding domain 2; HNP-1, human neutrophil defensin 1; MBC, minimal bactericidal concentration;
MEC, minimal effective concentration; MIC, minimal inhibitory concentration; NP-1, rabbit neutrophil defensin 1; NT, not tested.

Figure 5.   Tricine sodium dodecyl sulphate–polyacrylamide gel elec-
trophoresis of recombinant high mobility group nucleosomal binding
domain 2 (HMGN2) and HMGN2 α-helical domain. 1, Total protein
of recombinant Escherichia coli (HMGN2); 2, GST–HMGN2 fusion
protein; 3, Purified HMGN2; 4, Total protein of recombinant E coli;
5, GST–HMGN2 α−helical domain fusion protein; 6, Purified HMGN2
α-helical domain; 7, Protein marker.
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ing transcribed genes and enhances the transcriptional po-
tential of corresponding genes[10,11].  Other experiments indi-
cate that HMGN2 maintains the timing of early embryonic
development in the mouse, and shows developmental regu-
lation during organogenesis[12].  Furthermore, abnormal gene
or protein expression of HMGN2 is related to some diseases
such as neoplasms and autoimmune diseases[18,19].  The sig-
nificance of HMGN2 in the host defense against infection is
unclear.  Frohm and colleagues attempted to identify antimi-
crobial polypeptides from human wound and blister fluid.
Several known antimicrobial peptides or proteins, eg
defensins HNP1–3, lysozyme, FALL-39 and histone H2B
fragments, were found.  Although HMGN2 was isolated, its
antimicrobial property was not determined[20].  More recently,
Fernandes et al have described a potent antimicrobial pep-
tide isolated from the skin mucus secretions of fish[21, that is
a member of the HMG protein family.    In our experiment we
observed the antimicrobial activity of the HMGN2 protein.

Many cationic antibiotic peptides are suggested to be
membrane-active, assembling to form channels[22].
Alternatively, certain peptides cluster at the membrane sur-
face cause a cooperative permeabilization by the carpet ef-
fect[23–25].  On the other hand, apidaecins function through a
receptor-activated non-pore-forming mechanism involving
stereospecificity[25].  PR-39 kills bacteria by interrupting both
DNA and protein synthesis and the DNA binding property
of tachyplesin I has also been implicated in antimicrobial
activity[26].  By protein structure analysis of HMGN2, a trans-
membrane α-helical structure located at residues 18–48 was
found, and this location is related to the DNA binding do-
main of this protein.  As such, we prepared a recombinant α-
helical domain and confirmed its antimicrobial activity.    Thus,
the transmembrane α-helical domain may be essential for the
antimicrobial activity of HMGN2.  The antimicrobial mecha-
nisms of HMGN2 should be further studied.
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Abstract
Aim: To prepare new pharmaceutical forms with sustained delivery properties of
recombinant human bone morphogenetic protein-2 (rhBMP2) for tissue engineer-
ing and guided tissue regeneration (GTR) use.  Methods: rhBMP2-loaded dextran-
based hydrogel microspheres (rhBMP2-MPs), which aimed to keep rhBMP2 bioac-
tivity and to achieve long-term sustained release of rhBMP2, were prepared by
double-phase emulsified condensation polymerization.  The physical, chemical
performances and biological characteristics of those microspheres were studied
both in vitro and in vivo.  Results: The microspheres’ average diameter was
30.33±4.32 µm with 75.4% ranging from 20 µm to 40 µm and the drug loading and
encapsulation efficiency were 7.82% and 82.25%, respectively.  The rhBMP2-
releasing profiles in vitro showed that rhBMP2 release could be maintained more
than 10 d.  The rhBMP2-MPs, with good swelling and biodegradation behavior,
could be kept for 6 months at below 4 ºC without significant characteristic change
or bioactivity loss.  Cytology studies showed that rhBMP2-MPs could promote
the proliferation of periodontal ligament cells (PDLCs) approximately 10 d, while
the bioactivity of concentrated rhBMP2 solution could keep no more than 3 d.
Scanning electron microscope showed that rhBMP2-MPs could be enchased into
the porous structure of calcium phosphate ceremic (CPC) and the eugonic growth
of PDLCs in CPC/rhBMP2-MPs scaffolds.  Animal experiments indicated that us-
ing CPC/rhBMP2-MPs scaffolds could gain more periodontal tissue regeneration
than using rhBMP2 compound firsthand with CPC (CPC/rhBMP2).  Conclusion:
By encapsulating rhBMP2 into dextran-based microspheres, a small quantity of
rhBMP2 could achieve equivalent effects to the concentrated rhBMP2 solution
and at the same time, could prolong rhBMP2 retention both in vitro and in vivo.
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Introduction
Tissue engineering is one of the biomedical technolo-

gies used to induce tissue regeneration or repair body
defects.  The goal is to isolate adult stem cells in the tissue,
then grow them in experimental devices into types of tissue
that can be placed into injured regions to promote regenera-
tion of tissue in and around injured areas of the body[1,2].
Drug delivery is an area in which chemical engineers have
had a major impact, particularly for controlled delivery of

pharmaceuticals to specific target sites such as tumors.  Gene
therapy is really metabolic engineering combined with drug
delivery.  It is a quantitative problem requiring a systems
analysis.  The right genes need to be delivered to the desired
tissues, and proteins from that gene need to be made at the
right time in the right amount.  The lack of success with gene
therapy is, at least in part, due to the inability of medical
scientists to deal with these issues of well-controlled gene
delivery and gene expression.  This is a broad area that in-
cludes materials that are produced using biological processes
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and biologically compatible materials that are used for drug
delivery and other medical applications.  However, ques-
tions pertaining to the scarce resources and the potential
risk of seed cells, the biomaterials of scaffold and the meth-
ods used to design the cell and scaffold complex remain
unresolved, which have resulted in their limited clinical ap-
plication [3–5].  So far, several research approaches – both in
animal experiments and in clinical treatment – have been at-
tempted to promote tissue regeneration by bioactive agents,
including members of the bone morphogenic protein, trans-
forming growth factor, and insulin-like growth factor families,
which are important to the maintenance and repair of most
tissue defects[6–8].  Since periodontal tissue defects typically
remain unhealed and often lead to further tissue degenera-
tion and the loss of teeth, understanding the physiological
role of these proteins in the wound-healing cascade and
tissue regeneration is of critical importance in advancing the
treatment of periodontal tissue loss and in enhancing peri-
odontal tissue regeneration.  Most of the research in this
field has centered on examining the therapeutic effects that
these molecules have on hard or soft tissues with the pres-
ence of 1 or more growth factors[9–16].  However, as the fields
of tissue engineering and biomaterials merge with molecular
and cellular biology, new drug delivery vehicles can be uti-
lized to study the in vivo effect of these molecules on peri-
odontal tissue regeneration or periodontal defect repair.
Accordingly, this paper details the design and development
of a genus of new composite scaffolds with the sustained
delivery property of recombinant human bone morphoge-
netic protein-2 (rhBMP2).

Bone morphogenetic proteins (BMPs) have been shown
to modulate the wound-healing response in both hard and
soft tissues.  During the past decade, many investigators
have demonstrated the anabolic effects of these wound-heal-
ing molecules on the promotion of periodontal attachment
structures, namely alveolar bone, periodontal ligament and
tooth root cementum[6–8,10–13].  However, because of their draw-
backs such as short-term BMP retention and losable BMP
biological activity in vivo, using agents for BMPs sustained
release is of great importance .  Although many agents such
as calcium phosphate cement (CPC), collagen, bioactive glass
ceramic (BGC), hydroxyapaite (HA) and more recently, some
hydrogels have been used to enhance tissue regeneration
and have gained good results.  The actual effect is still un-
certain considering the time BMP bioactivity might keep in
vivo, as those materials themselves could not preserve BMPs
from humoral dilution, metabolized and degraded action.
There is evidence that the continuous presence of some
growth factors at the periodontal tissue interface to provide

a tangible effect is essential, which can accelerate the soft
and hard tissue regeneration[6–8,17].  Therefore, it is rather
inviting to search for new pharmaceutical forms that can
sustain elevated growth factor levels and increase or im-
prove tissue regeneration in periodontal diseases treatment
or periodontal defect repair[18–20].

Microspheres as drug carriers have the advantage of
sustained or controlled release, passive or active drug tar-
geting to specific tissues, which notably reduce the side
effects of drugs and improve their bioavailability.  Therefore,
microspheres as a drug delivery system have drawn much
attention in the pharmaceutical field and have been success-
fully used in tumor chemotherapeutics and in the treatment
of diabetes.  Dextran-based hydrogels are widely used poly-
mers in pharmaceutical products.  The good biocompatibility,
the degradation to non-toxic and readily excreted products
were the main attractive characteristics of dextran-based
hydrogels, which suggest its use in the drug delivery field[21].
In addition, dextran is relatively cheap and dextran-co-gela-
tin hydrogels have putative bioadhesive properties that al-
low the drug delivery systems, designed in different forms,
to meet the need of periodontal tissues and mucosal tissues,
as well as other especial tissues, such as the eye,  nasal,
gastrointestinal and urinary epithelial tissues[22−24].  In order
to improve the therapeutic efficiency and to prolong BMP
retention in periodontal bone defects , and to explore the
possibility of preparing targeted rhBMP2 delivery devices,
this study was aimed at developing a new kind of rhBMP2

delivery system: rhBMP2-loaded dextran-based microspheres
(rhBMP2-MPs).  The results indicated that using this deliv-
ery system could result in a long-term release of rhBMP2 and
could enhance periodontal tissue regeneration continually
when compounded with tissue engineering scaffold materials.

Materials and methods

Materials  Dextran (Mr 69 800 with 5% branches) was
purchased from Xia-si Biomaterial Inc (Beijing, China), Gela-
tin G-6650 was obtained from Sigma (Sigma Chemicals, Saint-
Louis, MO, USA) and dried at 60 ºC in a vacuum oven for 2 d.
Span-80 and Dextranase (400–800 U/mg protein) was also
purchased from Sigma.  Triethylamine, 2,20-dimethoxy-2-
phenyl acetophenone (DMAP), dimethyl formamide (DMF),
N-methyl pyrrolidone (NMP) and N,N,N',N'- tetramethyl-
ethylene diamine (TEMED) were obtained from E  Merk
(Mumbai, India).  Glycidyl methacrylate (GMA) was pur-
chased from Bioengineering Inc (Boston, MA, USA).  All
these materials were dried overnight at 70 ºC in a vacuum
oven.  RhBMP2 were obtained from the Academy of Military
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Medical Science (Beijing, China), acrylic acid (AA, Merck)
was used after vacuum distillation.  Water was double
distilled.  All other chemicals and solvents were used with-
out further purification.

Preparation of rhBMP2-MPs  Using dextran and GMA,
we synthesized the dex-GMA precursor as the method we
reported recently with some modifications[25].  The synthe-
sized procedure was as follows: Dextran was dissolved in a
dimethyl sulphoxide(Me2SO) solvent system (60 mL with
Span-80 0.4 mL and TEMED 0.2 mL, DMAP 1.5 g, DMF 0.2 g
and NMP 0.2 g) at 60 ºC under N2 gas and stirred for 15 min.
After dissolving, the solution was cooled down to 35 ºC and
GMA was then slowly added to the dextran solution.  The
reaction was conducted at 35 ºC for 72 h under N2 gas.  The
reaction product was precipitated with cold isopropyl
alcohol, filtered, washed several times with isopropyl alcohol,
and then freeze-dried in a vacuum oven.  The degree of sub-
stitution (DS) of the dex-GMA precursor was estimated by
the 1H-NMR method.  There is an anomeric proton attached
to the C1 position of the dextran glucose ring that appears at
4.5–5.5 ppm in the NMR spectrum, where the protons of the
hydroxyl groups appear.  This proton does not react during
the GMA substitution reaction, while some of the other pro-
tons of other hydroxyl groups are substituted by GMA.  So,
we can use the ratio of the normalized, integrated intensities
of the sum of the hydroxyl group peaks to the normalized,
integrated intensities of the anomeric proton peak to esti-
mate the DS.  For unsubstituted pure dextran, the ratio should
be 3; while for GMA-substituted dextran, this ratio should
be less than 3, and the magnitude would depend on the num-
ber of substitution.  Thus, the DS could be calculated from
the ratio: 3×(difference of the NMR proton intensity between
dextran and dextran derivatives)/dextran.  The dex-GMA pre-
cursor synthesized in this study had a DS of 2.6, that is,
 2.6 hydroxyl groups per dextran glucose ring were substi-
tuted by GMA.  Using dex-GMA, we synthesized a species
of biodegradable poly (dex-GMA-co-gelatin) hydrogel
microspheres, which were used as the carrier of rhBMP2.
The rhBMP2-MPs were prepared by double-phase emulsi-
fied condensation polymerization method and optimal prepa-
ration parameters were obtained by the orthogonal design.
The technique was as follows: 3 cuvettes of equivalent ho-
mogeneous aqueous dex-GMA and gelatin solution (10%,
w/v) of 6 mL, each containing 0.6 g dex-GMA and 0.15 g
gelatin, were preheated to 30 ºC and dropped into 3 different
reactor systems comprising of 30 mL paraffin liquid, 0.2 mL
Span-80 and 0.01 mL, 0.02 mL, or 0.03 mL TEMED.  The 3
reactor systems were at 30 ºC in a water bath, forming a
water-in-oil emulsion by stirring with a two-paddle stirrer.

Ten minutes later, as the emulsion was obtained, concen-
trated rhBMP2 solution (containing 0.08 g rhBMP2) was
dropped into the reactor systems.  The resulting microspheres
were washed 3 times with cool isopropanol, ethyl ether to
remove the residual paraffin, washed with rhBMP2 satura-
tion water and then lyophilized, sized by passing through
sieves of different apertures.  The collected loaded micro-
spheres were preserved in a desiccator.  Unloaded micro-
spheres were synthesized by the same procedure, with the
exception of the concentrated rhBMP2 solution added and
rhBMP2 saturation water washing.

Morphology, size, and swelling analysis  Freeze-dried
microspheres were sprinkled onto a piece of electric-glue
paper, gold-sprinkled in a vacuum and then examined by
scanning electron microscopes (SEM,S-520, Hitachi, Japan).
Size and size distribution were calculated by 500 micropar-
ticles during SEM and the roundness of the microspheres
were determined by a particle size analyzer (BI-90, Brook-
haven Co, California, USA).  At the same time, freeze-dried
microspheres (5 mg) were suspended in aqueous solution (4
mL) for 5 min using an ultrasonic bath and then dropped
onto a sheet glass.  The morphology of swelling microspheres
was observed by photomicroscope (XI 70, Olympus, Tokyo,
Japan).  Another solidified rhBMP2-MPs powder (weight Wo

of 5 mg) was dipped in aqueous solution for approximately
30 min, then using filtered paper absorbed the water and
weighed the weight of the swollen microspheres (Ws).  The
swelling ratio (Rs) of the microspheres was calculated by the
following formula:

Rs (%) = (Ws-Wo)/ Wo×100%
Determination of drug loading and drug encapsulation

efficiencies  Drug encapsulation efficiencies(DE) and drug
loading (DL) are 2 main indexes of pharmaceutical forms.  DE
reflects the pharmaceutical form’s ability to encapsulating
drugs and high DE means little drug wasted during
preparation, while DL reflects the effectual drug component
in a pharmaceutical form and high DL means high therapeu-
tic component available.  They are all of great importance.
The determination methods included an exact weighed
amount of rhBMP2-MPs (100 mg); unloaded microspheres
(100 mg) were treated with 50 mL NaOH (10%, w/v) water
solution at 80 ºC for 20 min.  Fully degraded dex-GMA/gelatin
solution were adjusted to neutral solution with 3 mol·L-1 HCl
and centrifugated for 5 min.  The supernatants were mixed
with total-ionic-strength adjusting buffer (TISAB II)and made
into 50 mL of solution.  Drug content in the solution were
conducted by means of High Performance Liquid Chroma-
tography (HPLC) (94-09SC, Orion Research Inc, Boston, MA,
USA). The actual weight of rhBMP2 found loaded should be
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equal to the remainder of the rhBMP2 contents between
rhBMP2-loaded and unloaded microspheres.

DE (%)=(Weight of rhBMP2 found loaded)/(Weight of
rhBMP2 input)×100%

DL (%)=(Weight of rhBMP2 found loaded)/(Weight of
rhBMP2-loaded microspheres)×100%

Biodegradation of rhBMP2-MPs  Reports have been
found to show that dextran-based biomaterials could be bio-
degraded in any liquid with presence a very tiny quantity of
dextranase.   Thirty-six exact weighed amounts of rhBMP2-
MPs (100 mg) were dipped in 0.9% physiological saline
(containing 0.05 µg/mL,0.1 µg/mL and 0.2 µg/mL dextranase,
respectively) and divided into 4 groups at certain time inter-
vals of 10 d, 20 d, 30 d, and 40 d; three of each group were
collected and freeze-dried.  The morphology of the biode-
graded microspheres was observed by SEM and weight loss
was also studied.

Stability and biological activities of rhBMP2-MPs  Dry
rhBMP2-MPs were sealed and deposited in a 4 ºC refrigerator
or at room temperature for 6 months respectively.  Their
appearance, morphology, DE and DL were checked as rou-
tine procedure.  The bioactivity of the microspheres were
evaluated by the biological effects they had on the cultured
cells in vitro, and at the same time, we investigated the bio-
logical effects of loaded microspheres compared to the
equivalent concentrated rhBMP2 solution.  Human periodon-
tal ligament cells (PDLCs) were obtained from premolars ex-
tracted for orthodontic reasons from a 14-year-old patient,
using cultured methods as previously described by Somer-
man et al[26].  The protocol was approved by the Ethical Com-
mittee in Research from the Fourth Military Medical
University.  The cell growth assay was performed by MTT
(purchased from Sigma, Saint-Louis, MO, USA) methods[27].
Generally, PDLCs were placed in a 96-well culture plate (Nunc
A/S, Roskilde, Denmark) at a density of 30,000 cells/well in
2 µL of DMEM containing 10% FBS and antibiotics.  After
16 h, the cells were washed with PBS and cultured in serum-
free (CT)-FBS/DMEM supplemented with 100 µg/mL rhBMP2

(group I) or 782 µg/mL rhBMP2-MPs synthesized within 3 d
(equal to 100 µg/mL rhBMP2; group II), or 782 µg/mL rhBMP2-
MPs deposited in a 4 ºC refrigerator for 6 months (group III),
or at room temperature for 6 months (group IV), the control
group (group IV) served as the control supplemented with
nothing.  After 1, 2, 3, 5, 7, 10, 12 d, absorbance was read at
570 nm according to routine MTT methods.  The cellular
proliferation was calculated as the amount of MTT uptake.

Drug release study in vitro  In vitro drug release profiles
were obtained by a dynamic dialysis method simulating the
temperature in vivo.  Briefly, 3 groups of rhBMP2-MPs (50

mg), according to different quantity of TEMED (0.01 mL,
0.02 mL and 0.03 mL) when prepared, were poured into a
dialysis tube (IL61105, Rockford, USA), then placed at
37.0±0.5 ºC into phosphate buffer solution (PBS) of 150 mL
(pH=7.0), respectively, and continuously stirred with a mag-
netic stirrer at 200 r/min.  At specific time intervals of 5 h,
20 h, 30 h, 60 h, 90 h, 120 h, 150 h, 190 h, and 250 h, 10 mL of
samples were removed from the release medium and the same
volume and temperature of PBS was added back to the
release medium.  The samples were then assayed for drug
content according to intraday standard curve.  Results of
triplicate test data were used to calculate accumulated drug
release.  Cumulative release profiles of different rhBMP2-MPs
were studied respectively.

CPC/rhBMP2-MPs scaffolds preparation  The calcium
phosphate ceremic (CPC) was purchased from Rui Bang Bio-
material Inc (Shanghai, China) and CPC/rhBMP2-MPs was
obtained by a physical concoction mechanism using CPC,
PBS, and rhBMP2-MPs with the inverse proportion being
1:3:0.01, and then solidified in a vacuum desiccator.  Human
PDLCs cultured in vitro were collected and seeded on the
concreting compound, the cell growth in the scaffolds and
CPC/rhBMP2-MPs framework were observed by SEM.

Animal experiment  After receiving approval from the
Committee of Research Facilities for Laboratory Animal
Science, Fourth Military Medical University, 12 female beagle
dogs weighing 10 to 14 kg and aged 12 to 20 months were
used in this study.  Good oral health was established by
scaling and mechanical tooth-brushing.  All surgical proce-
dures were performed under general anesthesia with sodium
pentobarbital (40 mg/kg), and local infiltrated anesthesia with
2% lidocaine with 1:80 000 noradrenaline.  Experimental Class
III furcation defects prepared in this study were based on
the model described by Lindhe et al[28].  The second, third,
and fourth premolars (P2, P3, and P4) in each dog were se-
lected for experimentation (Figure 1A).  Following sulcular
incisions, mucoperiosteal flaps were raised, and Class III
furcation defects were created surgically at P2, P3, and P4.
The Class III defect height from the cemento-enamel junc-
tion to the reduced alveolar crest was 5.00±0.20 mm.  Denud-
ed root surfaces were prepared to remove all periodontal
ligament and cementum.  The roots were denuded only in
the area within the furcation and extending to the mesial line
angle for the mesial root and to the distal line for the distal
root.  Reference notches were placed around the circumfer-
ence of the mesial and distal roots at the bottom of the bone
level.  All teeth were divided into 4 sub areas: maxillary left
and right, submaxilla left and right, and then divided into 2
groups stochastically (to avoid the interaction of defects in
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one subarea): the experimental group and the control group.
The experimental group was transplanted with CPC/rhBMP2-
MPs scaffolds while the control group was transplanted with
CPC concreting compound soaked with the commensurate
quantity of concentrated rhBMP2 compared with rhBMP2-
MPs.  In another words, the actual rhBMP2 quantity trans-
planted into each Class III furcation defects was exactly same
(Figure 1B, 1C, 1D, 1E).   One or 2 months after transplantation,
anesthetized animals were perfused with 1% glutaraldehyde
in a sodium cacodylate buffer containing 0.05% calcium chlo-
ride (pH 7.3).  The periodontal tissue regeneration was evalu-
ated by unaided eye and X-ray.  After that, the mandibles
and maxillas were dissected and immersed in the same fixative.
After decalcification with hydrochloride for 3 to 5 d, the man-
dibles and maxillas were dehydrated in paraffin.  Serial sec-
tion (5 µm) were cut in the mesial-distal plane throughout the
buccal-lingal extension of the tooth.  The sections were
stained with hematoxylin and eosin (HE) or the Azan method,
and observed using a light microscope.  The center-most
section and the immediate section on either side were sub-
jected to morphometric analysis.  The percentage of new
cementum (NC) length and percentage of new bone (NB)
area were measured on digitized photomicrographs captured
in a computer.  The lengths of NC formed along the denuded
root surface on each specimen were added, and the percent-
age of the lengths to the total root surface length from one
notch to the next notch was calculated.  The area of NB on
each specimen was calculated as a percentage of the area
surrounded with reference notches at mesial and distal root

surfaces space is present in normal periodontal tissue (Figure
1F).  All data were statistically analyzed using the Mann-
Whitney U test.

Results
Morphology and particle size  The SEM photomicro-

graphs of dried rhBMP2-MPs showed a smooth and uniform
surface (Figure 2A).  The roundness of microspheres was
1.020±0.005.  The average diameter was (30.33±4.32) µm with
75.4% ranging from 20 µm to 40 µm, The swelling ratio for
solidified and dried microspheres was 4.18±0.06, and the size
of the soggy microspheres size was approximately 5–10 times
larger (Figure 2B).  The morphology and particle size analy-
sis showed no difference between loaded and unloaded
freeze-dried or swelling microspheres, but when the swelling
microspheres were sprinkled onto a piece of glass, half freeze-
dried and then observed through a photomicroscope (XI 70,
Olympus), the loaded microspheres were found to be a little
fuscous.  The unloaded microspheres were briefly translu-
cent (Figure 2C, 2D), which was perhaps caused by the in-
crease of the microspheres’ density when drugs were en-
capsulated into the microspheres.  Thus, we could presume
that drug encapsulation was the primary drug association
mechanism of dex-GMA-co-gelatin microspheres.

DL and DE  The calculated results of DL and DE were
7.82% and 82.25%, respectively.  In the present study, we
achieved optimal preparation parameters using the orthogo-
nal design, which was rhBMP2 (0.5 mmol·L-1), dex-GMA/gela-
tin solution (20%, m/v), emulsifying agent (1%, m/v), and 1:5

Figure 1.  Animal experiment (A) Lindhe’s model of Class III furcation defects; (B) Presurgical view of the mandibular premolar area and Class
III furcation defects circumscription demarcation; (C) After defect preparation; (D) After transplantation of CPC/rhBMP2-MPs scaffolds; (E)
After repositioning of gingival flaps and suturing; (F) Schematic drawing of percentage of new cementum length and percentage of new bone.
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(v/v) of water phase to oil phase.  During the experiment we
discovered that the concentration of rhBMP2 affected the
quality of the microspheres.  When the content of rhBMP2

exceeded 1 mmol/L, the microspheres’ morphology was not
uniform, and was prone to sticking.  When the concentra-
tion was lower than 0.1 mmol/L, the drug content was also
too low and thus, unfit for practical application.  In order to
reduce the loss of rhBMP2 during the process of preparation,
and improve the encapsulation efficiencies, presolidification
was introduced and microspheres were washed with con-
centrated rhBMP2 solution.  Glutaraldehyde (25%, v/v) was
used to solidify; the solidification time was over 24 h.  The
encapsulation efficiencies of rhBMP2-MPs reached 86.73%,
which was much higher than other biomaterials that have
been reported[29].

Biodegradation of rhBMP2-MPs    rhBMP2-MPs could
completely degrade within 30–40 d by dextranase action
(Figure 3) . The weight at specific time intervals was shown
in Figure 4, and the microspheres eventually dissolved.
However, Figure 4 also shows that the degraded speed in-

terrelated closely to the consistence of dextranase.  This
might have important clinical meanings.  In periodontal dis-
eases such as periodontitis, especially rapidly progressive
periodontitis, when the prolific nosogenetic bacteria and
organisms in local environment (which cause excessive dex-

Figure 2.  Micrographs of rhBMP2-MPs. (A) SEM
micrographs of dried rhBMP2-MPs (×400); (B) Op-
tical micrographs of soggy rhBMP2-MPs(×100); (C)
Loaded  microspheres  (×100) ;  (D)  Unloaded
microspheres (×100).

Figure 3.  SEM of rhBMP2-MPs biodegradation in certain time intervals.  (A) After 10 d, rhBMP2-MPs begin to be felted and dissolution can
be seen (×200); (B) After 20 d rhBMP2-MPs were felted diffusely and many rhBMP2-MPs degraded (×100); (C) After 30 d most of rhBMP2-
MPs degraded (×1500); (D) After 40 d most of rhBMP2-MPs disappeared and the surface of residuary rhBMP2-MPs became scraggly (×4000).

Figure 4.  Weight of rhBMP2-MPs at certain time intervals when
degraded under conditions with different quantities of dextranase  which
showed significant difference.  n=4. Mean±SEM.  bP<0.05, cP<0.05 vs
dextranase 0.05 µg/L. eP<0.05, fP<0.05 vs dextranase 0.1 µg/L.



Http://www.chinaphar.com Chen FM et al

1099

tranase biosynthesis and the biodegradation of rhBMP2-MPs
more rapidly), rapid releasing rhBMP2 from microspheres is
beneficial for tissue repair and at the same time, can prevent
tissue loss.  It could be hypothesized that when rhBMP2-
MPs are topically applied, their presence in the periodontal
environment, even at low concentrations, can prevent dem-
ineralization as well as promote remineralization of incipient
lesions through rhBMP2 release which are quickened under
more dextranase conditions.

 Stability of rhBMP2-MPs  The rhBMP2-MPs were stable
when sealed and stored below 4 ºC for 6 months without
obvious physical and chemical characteristics change.
However, when stored at room temperature, rhBMP2-MPs
biomorphic characteristic could not keep unchangeable and
with a configuration of conglutination and abnormity (Figure
5).  The proliferation curves of PDLCs in different groups are
shown in Figure 6.  Cytology studies showed that there was
no significant differences between groups II and III (P>
0.05), indicating no significant bioactivity loss of rhBMP2-
MPs when stored below 4 ºC for 6 months. On the other
hand, after 6 months of being stored at room temperature,
rhBMP2-MPs would no longer have any biological activity
(P<0.01).  In addition, the rhBMP2-MPs could enhance the
proliferation of PDLCs for more than 12 d continuously, while
the pute rhBMP2 bioactivity could function only in 3 d, which
also showed the sustained delivery property of rhBMP2-MPs
(Figure 6).

In vitro release studies  The release profiles of rhBMP2

from microspheres as a function of time showed that rhBMP2-

releasing kinetics in vitro fitted to first-order and Higuchi
equations.  From Figure 7 we could see that the drug release
from rhBMP2-MPs mainly consisted of 2 components with
an initial rapid release followed by a slower exponential stage.
The release profile in vitro was in accord with 2-phase kinet-
ics law and more than 80% of the drugs were released during
the first 10 d.  Furthermore, changing the quantity of TEMED
could influence drug release; rhBMP2 release from rhBMP2-
MPs was slower when the quantity of TEMED was increased
during preparation, which could be caused by the DS of
microspheres increase followed with TEMED increased.
During the initial stages, the microspheres were absorbed
and the sphere enlarged rapidly; the drugs were rapidly re-
leased from the microspheres through the exoteric micro-
aperture; When swelling was counterpoise, the drug release
slowed down and was determined by drug pervasion and
microsphere biodegradation.  Thus, we can speculate that
rhBMP2 release from rhBMP2-MPs might be controlled by
some preparation technique change.

Cells growth on CPC/rhBMP2-MPs scaffolds  A scan-
ning electron microscope showed that the porous structure

Figure 5.  SEM of rhBMP2-MPs stored at room temperature after 6
months. (A) ×500; (B) ×2000.

Figure 6.  Enhancement effect on the proliferation responses of
PDLCs by different cultured medium.

Figure 7.  Cumulative release profiles of different rhBMP2-MPs
prepared with different quantities of TEMED.  n=4. Mean±SEM.
bP<0.05, cP<0.05 vs TEMED 0.03 mL. eP<0.05, fP<0.05 vs TEMED
0.02 mL.
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of CPC/rhBMP2-MPs compound and rhBMP2-MPs could be
adhered in the porous structure (Figure 8A).  After 3 d, hu-
man PDLCs could grow on CPC/rhBMP2-MPs compound
both in the porous structure (Figure 8B) and on the material’s
surface (Figure 8C).

Animal experiment  When observed with unaided eye in
the experimental group, the defect was well regenerated after
1 month (Figure 9A) and was almost completely regenerated
after 2 months (Figure 9B).  The control group gained less
tissue regeneration than the experimental group even after 2
months (Figure 9C).  The X-ray observation results were
shown in Figure 10.  In the experimental group, a significant
amount of new bone and an adequate width of periodontal
ligament were observed (Figure 11A).  The denuded root

surface was almost completely covered with NC, and regen-
erated periodontal ligament separated the NB from the
cementum.  On the denuded root surfaces of the furcation
area, newly formed cementum covered the surface, and the
Sharpey’s fibers inserted into the cementum were frequently
observed (Figure 11B).  In the control group, no cementum
regeneration was observed (Figure 11C) and epithelial cells
invaded into the top of the furcation in the area (Figure11D).
Less bone regeneration was observed in this group com-
pared to the experimental group.  The percentages of NC
length in the experimental group after 1 and 2 months were
93.9%±14.2% and 96.7%±5.29%, respectively, compared to
70.4%±12.1% and 72.8%±9.2% in the control group.  The
results showed significant difference (P<0.01).  Accordingly,

Figure 8.  SEM of CPC/rhBMP2-MPs scaffolds and cell growth.  (A) CPC/rhBMP2-MPs scaffolds (×400); (B, C) Cell growth on CPC/rhBMP2-MPs
scaffolds (×1000).

Figure 9.  Tissue regeneration observed with unaided eye. (A) After 1 month experimental group; (B) After 2 months experimental group; (C)
After 2 months control group.

Figure 10.  Tissue regeneration observed with X-ray after 2 months. (A) Tooth in mandible experimental group, well-regeneration in the Class
III furcation defect area could be seen and the radiograph was on the verge of normal dental film; (B) Tooth in mandible control group, shadow
in the furcation area was still obvious; (C) Tooth in maxilla experimental group, bone image in the furcation defect area showed well bone
regeneration; (D) Tooth in maxilla control group, compared to experimental group, little new bone could be observed.
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the percentages of NB were 62.6%±13.5% and 68.7%±9.73%
in the experimental group and 54.7%±10.73% and 57.3%±
11.2% in the control group also showed significant differ-
ence (P<0.01).

Discussion

Biodegradable hydrogel microspheres are attractive de-
vices for drug release because they combine good tissue
biocompatibility with the possibility of manipulating the per-
meability for solutes.  In particular, their use in pharmaceu-
tics shows promise since recent advancements in biotech-
nology have led to a great variety of pharmacologically ac-
tive peptides and proteins that are not adequately released
from systems that are not biodegradable.  Degradation of
the hydrogel microspheres not only allows a tailored release
of entrapped molecules, but also circumvents the removal of
the empty device from the body[30–32].  Although the use of
biodegradable hydrogel microspheres related to prolonged
and/or controlled drug delivery has been widely investigated,
the need for the development of hydrogels using simpler
and more feasible methods still exists.  Among the starting
materials, polysaccharides and polyaminoacids represent
good candidates to prepare biodegradable hydrogels by
photocrosslinking reactions.  Besides their biocompatibility
and biodegradability, these polymers can also have func-
tional groups incorporated into their structures.  These func-
tional groups include acrylic or methacrylic ones, which can
easily lead to the formation of inter- and intra-chain bonds
by UV irradiation.  In this context, the synthesis and charac-
terization of dextran-co-gelatin hydrogel microspheres show
good biocompatibility and biodegradability.  Dextran is a
natural polysaccharide that is widely used in the pharma-

ceutical field[33–37].  It is water soluble, inert in biological sys-
tems and does not affect cell viability.  The characteristic α-
1,6-glucosidic linkage is hydrolyzed by dextranases, enzymes
produced by various molds and certain bacteria as well as
by mammalian cells.  It has also been found that dextra-
nases are produced by anaerobic Gram-negative intestinal
bacteria[38].  The use of hydrogels based on dextran repre-
sents a strategy to release drug molecules in the colon after
hydrolysis of the polysaccharide microspheres[39].  After suck-
ing and swelling in vivo, rhBMP2-MPs can keep rhBMP2 con-
centrations over prolonged periods of time, which might be
explained by the sustained-release of rhBMP2 from rhBMP2-
MPs and dextran-based microspheres’ bioadhesive proper-
ties to mouth parenchyma.  Experiments conducted using
rhBMP2-MPs and rhBMP2 solution as control revealed that
rhBMP2-MPs maintained rhBMP2 elevation above baseline
for about 10 d, but rhBMP2 maintained for less than 3 d.  This
indicated the possibility that rhBMP2-MPs could meet clini-
cal intermittent administration by prolonging rhBMP2 reten-
tion time significantly.

Many biomaterials such as Chitosan, polylacticacid (PLA),
polyglycolicacid (PGA), PGA-co-PLA polymers (PLGA),
poly (ethylene glycol) (PEG), gelatin, and polybutylcyano-
acrylate (PBCA) were all reported to prepare growth factor-
sustained release systems recently, but a lot of questions
remain unanswered.  The outstanding obstacle in the clinical
application of growth factor carriers to promote tissue re-
generation and control release of growth factors is still
unrealized, which results in the growth factors not being
able to maintain enough time or concentration during the
tissue regenerated period.  To meet the need of periodontal
regeneration, new biomaterials used to prepare controlled
release system of growth factors have become increasingly

Figure 11.  Histological analysis of periodontal tissue regeneration after 2 months. (A) HE×13 experimental group.  After 2 months, there was
a significant amount of NB and NC; (B) Azan method ×100 experimental group. An adequate width of periodontal ligament can be observed;
(C) HE×13 control group. Less NB and NC can be observed; (D) HE×100 control group. Epithelial cells invaded the top of the furcation.



1102

 Acta Pharmacologica Sinica ISSN 1671-4083Chen FM et al

important.  From this study, we prepared a new carrier for the
sustained release of rhBMP2, which can be used to synthe-
size guided tissue regeneration biomembranes and build func-
tional scaffolds in tissue engineering.  In summary, for the
first step in developing a new type of rhBMP2 agent, we
chose dextran-based micropsheres as sustained release car-
riers for topical rhBMP2 applications.  We proved the ability
of rhBMP2-MPs in prolonging rhBMP2 release and their po-
tential in prohibiting demineralization and enhancing the
rhBMP2 retention both in vitro and in vivo.  This work of-
fered a new method in contributing growth factors, not only
BMPs, but also other growth factors for clinical use, which
can be popularized with further evaluation both in animal
experiment and in clinical cases.  However, some limitations
of using the microsphere-carrier combination, including the
potential difficulty in manufacturing the carrier, and the ex-
pensive price considering the costly price of growth factors
themselves.  Moreover, the manufacture procedure and the
application of this pharmaceutical form still require further
study both experimentally and clincally.
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Introduction
Diabetes mellitus is a devastating disease affecting ap-

proximately 8% of the total population in the USA and 3% of
the population world wide, 90% of which suffer from type 2
diabetes[1].  Diabetes is a chronic metabolic disease that has
a significant impact on the patients’ quality of life as well as
on the health care system.  The incidence of diabetes is
increasing rapidly, which will lead to a worldwide increase in
the cost of management of the disease and its complications.
Generally, diabetes is classified into two major categories:
type 1 diabetes (formerly known as insulin-dependent dia-
betes mellitus, or IDDM), and type 2 diabetes (formerly
known as non-insulin dependent diabetes mellitus, or
NIDDM)[1,2].  Although the two types of diabetes have dis-
tinct pathogeneses, hyperglycemia and various life-threat-
ening complications resulting from long-term hyperglyce-

mia are common to both[3–7].
The drugs currently available for type 2 diabetes have a

number of limitations, such as significant side effects and
high rates of secondary failure.  As the knowledge of the
heterogeneity of this disorder increases, there is a need to
look for more effective agents with fewer side effects[8].  This
has led to the search for alternative therapies that may have
a similar degree of efficacy without the troublesome side
effects associated with conventional drug treatment.  The
identification of compounds with antihyperglycemic activity
from medicinal plants may provide an opportunity to de-
velop a new class of antidiabetic agents.  According to pre-
vious reports, ginseng is one of the most important and valu-
able plants with antidiabetic properties[9].

Ginseng is a perennial herb of the Araliaceae family, culti-
vated in China, Japan, Korea, and Russia, as well as in the

Abstract
Aim: The antihyperglycemic effects of the total ginsenosides in Chinese ginseng
(TGCG), extracted from leaves and the stem, were evaluated in diabetic C57BL/6J
ob/ob mice.  Methods: Animals received daily intraperitoneal injections of TGCG
(100 and 200 mg/kg) or oral administration (150 and 300 mg/kg) for 12 d.  Fasting
blood glucose levels and body weight were measured after fasting the animals for
4 h.  Peripheral glucose use was also measured using an intraperitoneal glucose
tolerance test.  Results: In the injection group, a high dose of TGCG (200 mg/kg)
significantly lowered the fasting blood glucose levels in ob/ob mice on d 12 (153±
16 mg/dL vs 203±9.8 mg/dL, P<0.01, compared to vehicle-treated group).  In the
oral group, blood glucose decreased notably with a dose of TGCG (300 mg/kg) on
d 12 (169.1±12.6 mg/dL vs 211.6±13.8 mg/dL, P<0.05, compared to the vehicle-
treated group).  Glucose tolerance was also improved markedly in ob/ob mice.
Furthermore, a significant reduction in bodyweight (P<0.05) was observed after
12 d of TGCG (300 mg/kg) treatment in mice from the oral group.  Conclusion: The
results indicated that in a diabetic ob/ob mouse model TGCG was endowed with
significant anti-hyperglycemic and anti-obesity properties.  Therefore, the total
ginsenosides extracted from Chinese ginseng leaves and the stem may have some
potential for treating diabetes.

Key words
Panax ginseng; total ginsenosides; diabetes
mellitus; hyperglycemia; obesity; ob/ob mice

4 Correspondence to Prof Chun-su YUAN,
MD, PhD.
Phn 1-773-702-1916.
Fax 1-773-834-0601.
E-mail cyuan@midway.uchicago.edu

Received 2005-03-09
Accepted 2005-04-19

doi: 10.1111/j.1745-7254.2005.00156.x



Http://www.chinaphar.com Xie JT et al

1105

USA and Canada.  Ginseng has been used as a tonic remedy
in traditional Chinese medicine for several thousands of
years[10].  The pharmacological properties of ginseng are
mainly attributed to ginsenosides, the active constituents
that are found in the extracts of different species of gin-
seng[11,12].  Over 80 years ago, Japanese scientists observed
that ginseng root extracts had antidiabetic properties[13,14].
Sub-sequently, the blood glucose-lowering effect of ginseng
root was investigated by other researchers[15-19].  It has been
reported that both Chinese ginseng (Panax ginseng C A
Meyer) and American ginseng (Panax quinquefolium L)
roots possess antihyperglycemic properties[18,20,21].   A limi-
tation of using ginseng root, however, is its high cost.  Other
parts of the ginseng plant, namely; berries, leaves, and the
stem, can also be harvested and could yield additional herbal
material and improve the cost-efficiency of ginseng cultiva-
tion.  Recently, we have demonstrated the antihyperglycemic
properties of Chinese ginseng berry and root extract, Ameri-
can ginseng berry and leaf extract, polysaccharide fractions
from American ginseng berry, and ginsenoside Re in dia-
betic ob/ob mice[22–28].  Moreover, our past data indicated
that American ginseng leaf extract, with its high ginsenoside
yield, could be an inexpensive alternative to the root in the
treatment of diabetes[27].  In the present study, the total
ginsenosides in Chinese ginseng (TGCG) were evaluated for
antihyperglycemic and antiobesity properties in order to fur-
ther examine the antidiabetic properties of the Chinese gin-
seng plant.

Materials and methods
Animals  Adult male, diabetic C57BL/6J ob/ob mice were

used in the present study, and were purchased from Jackson
Laboratory (Bar Harbor, ME, USA).  The study protocol was
approved by the Institutional Animal Care and Use Commit-
tee of the University of Chicago.  Animals were housed un-
der controlled conditions with a 12-h light/dark cycle.  Ani-
mals had free access to standard rodent pellet food (Zeigler
Bros, Gardners, PA, USA) and water ad libitum, except when
fasted before experiments.  After 2−3 weeks of acclimation
under these conditions, animals were grouped for the experi-
ment.

Thirty-four diabetic ob/ob mice, 10−16 weeks old, weigh-
ing 58.2±0.6 g, were randomly divided into two groups used
for the experiments: Group 1, Injection Group (ip) including
high-dose TGCG group (200 mg/kg, n=7), low-dose TGCG
group (100 mg/kg, n=6), and vehicle group (n=6); and Group
2, Oral Group (ig) including high-dose TGCG group (300 mg/kg,
n=5), low-dose TGCG group (150 mg/kg, n=5), and vehicle
group (n=5).  Dose selection was based on previous reports[22].

The TGCG solution was injected intraperitoneally or orally
administered once a day.  Vehicle group animals received an
equivalent volume of saline.  No irritation or restlessness
was observed following administration of the test solutions.
All mice were housed in the same conditions during all
experiments.

TGCG preparation  The dried TGCG extracts were a gift
from Mr Qing-hua ZHANG at Nankai University in Tianjin,
China.  Leaves and stems of Panax ginseng were purchased
from Jilin Province in China.  TGCG was analyzed using HPLC
in our laboratory.  The dried TGCG were dissolved in saline
and vortexed for 2 min at room temperature before use.

Blood glucose levels  As in our previous studies[22, 23, 27],
fasting blood glucose levels (measured by Glucose Analyzer,
Hemocue, Angelholm, Sweden) and bodyweight were mea-
sured after fasting the animals for 4 h (starting from 09:00) on
d 0 (before treatment), d 5, and d 12.  Blood glucose levels
were determined from tail vein blood samples at 13:00 using
the Glucose Analyzer.

Glucose tolerance test  To evaluate the peripheral glu-
cose use, an intraperitoneal glucose tolerance test (IPGTT)
was performed on d 0 and d 12.  On the test days, animals
were fasted for 4 h starting from 09:00 followed by an ip
administration of glucose (2 g/kg).  Blood glucose levels
were determined in blood samples from the tail vein at 0
(prior to glucose administration), 30, 60 and 120 min after
glucose administration.

Statistical analysis  Data are expressed as mean±SEM.
Statistical significance between vehicle-treated versus drug-
treated mice, and between before treatment versus after treat-
ment were determined by a paired Student’s t-test.  A value
of P<0.05 was considered statistically significant.

Results
HPLC assay  Figure 1 shows the HPLC-UV (202 nm) chro-

matogram of TGCG.  The analyzed results were Rb1 (0.32%),
Rb2 (1.45%), Rc (1.68%), Rd (2.60%), Re (20.42%), Rg1
(14.60%), and Rg2 (4.64%).  The rank order of the quantity of
ginsenoside was Re>Rg1>Rg2>Rd>Rc>Rb2>Rb1.  The
results show that ginsenosides Re and Rg1 in TGCG are
much higher than other ginsenosides.

Effect of TGCG on blood glucose levels in injection
group  Blood glucose levels in C57BL/6J ob/ob mice after 4 h
fasting were measured on d 0, d 5, and d 12 after daily ip
administration of TGCG or vehicle.  As shown in Figure 2,
diabetic ob/ob mice had remarkably high baseline fasting
blood glucose levels (>200 mg/dL), which decreased signifi-
cantly after administration of high-dose of TGCG.  For
example, on d 5 blood glucose levels were 179.0±12.7 mg/dL



1106

 Acta Pharmacologica Sinica ISSN 1671-4083Xie JT et al

Table 1.  Effects of oral administration of total ginsenosides in
Chinese ginseng (TGCG) on fasting blood glucose in ob/ob mice.
 bP<0.05 vs vehicle group.

                                                   Blood glucose/mg·dL-1

                     n           d 0        d 5                d 12

TGCG 150 mg/kg 5 214.0±21.1 201.7±16.1 183.5±10.9b

TGCG 300 mg/kg 5 209.8±16.7 186.2±11.0b 169.1±12.6b

Vehicle 5 210.3±14.6 212.5±10.8 211.6±13.8

(P<0.05) compared to the vehicle group, 192.0±10.7 mg/dL.
On d 12, the high-dose group were normoglycemic (153.0±
16.8 mg/dL) compared to the vehicle group (203.0±9.8 mg/dL,
P<0.01).  At the low-dose (100 mg/kg), however, the blood
glucose decreased from 203.0±15.0 mg/dL to 189.0±20.0 mg/dL
on d 5 and 170.0±9.0 mg/dL on d 12 (P<0.05).  Figure 2 also
indicates that mice in the vehicle group did not show any
remarkable changes in blood glucose levels.  In contrast,
TGCG inhibited blood glucose level in a dosage-dependent
manner.  The blood glucose lowering effect of TGCG was
comparable to Chinese and American ginseng berry extracts
and ginseng leaf extracts[22–28].

Effects of TGCG on glucose tolerance test in injection
group  Glucose tolerance was evaluated by IPGTT, prior to
and 12 d after treatment with TGCG.  As shown in Figure 3A
(high-dose group, 200 mg/kg) and Figure 3B (vehicle group),
on d 0, ob/ob mice demonstrated basal hyperglycemia.  This

hyperglycemia was exacerbated by the ip glucose load and
failed to return to baseline after 120 min, indicating glucose
intolerance.  After 12-d treatment with TGCG 200 mg/kg the
overall glucose tolerance was improved remarkably.  Figure
3A also shows that the area under the curve (AUC) decreased
by 42% (from 830.4 mg·mL-1·min-1 on d 0 to 486.3 mg·mL-1·min-1

on d 12, P<0.01) after treatment.  In the vehicle group (Figure
3B), however, the AUC decreased less than 10% (from 590.6
mg·mL-1·min-1 on d 0 to 533.9 mg·mL-1·min-1 on d 12, P>0.05).

Effect of TGCG on blood glucose levels in oral group  We
also evaluated the effects of orally administered (oral gavage)
TGCG (150 and 300 mg/kg) on blood glucose in ob/ob mice.
As shown in Table 1, after the TGCG high-dose treatment
(300 mg/kg), fasting blood glucose levels significantly de-
creased from 209.8±16.7 mg/dL (d 0) to 186.2±11.0 mg/dL
(d 5, P<0.05), and 169.1±12.6 mg/dL (d 12, both P<0.05, com-
pared to vehicle group).  In the low-dose group (150 mg/kg),
blood glucose was lowered significantly on d 12 (183.5±10.9
mg/dL, P<0.05 vs vehicle group).  The results showed that
TGCG (150 and 300 mg/kg) caused anti-hyperglycemic ef-
fects after oral administration.

 Effect of TGCG on body weight in oral group  The aver-

Figure 1.  Chromatogram of total ginsenosides of Chinese ginseng (TGCG) extracted from leaves and stem.

Figure 2.  Effect of total ginsenosides of Chinese ginseng (TGCG;
200 mg/kg, ip, n=7) and vehicle (n=6) on fasting blood glucose in
ob/ob mice.  bP<0.05, cP<0.01 vs vehicle group.
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age bodyweight of adult ob/ob mice is almost twice as great
as their lean littermates.  As shown in Figure 4, the body
weight of ob/ob mice in the oral vehicle group had a ten-
dency to increase from d 0 (57.9±2.3 g) to d 12 (59.1±1.1 g).  In
contrast, in the oral administration of TGCG high-dose group
(300 mg/kg), the body weight decreased from 60.8±0.5 g (d 0)
to 57.2±1.0 g (P<0.05 compared to d 0) after 12-d TGCG

treatment.  On d 5, however, the bodyweight was not signifi-
cantly reduced (P>0.05 compared to d 0).  The data indicated
that TGCG (300 mg/kg, ig) possessed the effect of lowering
the bodyweight in ob/ob mice.  The body weight reduction
activity of TGCG by oral administration was similar with Chi-
nese and American ginseng berry extracts and ginseng leaf
extracts by ip administration[22–28].

Discussion
Diabetes mellitus is a serious and chronic disease.  Al-

though oral antihyperglycemic agents and insulin are often
successful in diabetes treatment, they have prominent side
effects and fail to significantly alter the course of diabetic
complications[8,29].  Therefore, there is an urgent need to look
for more effective agents with fewer side effects, especially
in medicinal plants.  Previous records reveal that ginseng
possesses anti-hyperglycemic properties[9].  The blood glu-
cose-lowering effect of ginseng root has been studied[15–20,30].
According to our recent results, Chinese ginseng and Ameri-
can ginseng root, berry, and leaf extract, American ginseng
berry polysaccharide fractions and their major active con-
stituent ginsenoside Re, show anti-hyperglycemic proper-
ties in diabetic animals[22–28].  For a thorough study of the
ginseng plant, other parts of ginseng should be analyzed for
chemical composition, studied for biological activity and com-
pared with ginseng root[31].  Recently in our laboratory, a
comparison of constituent analyses among American gin-
seng root, berry, and leaf extract, using HPLC indicated that
total ginsenosides (%) were different in ginseng berries, roots,
and leaves.  The total ginsenosides (%) in leaves are much
higher than those in roots, and the content of ginsenoside
Re in leaves is much higher than that in roots.  The rank
order of the quantity of total ginsenoside Re was leaves,
berries, then roots[22–28].  Therefore, the ginseng leaf extract,
with its high ginsenoside yield, has a promising potential to
be an inexpensive alternative to the root in the treatment of
diabetes.  The major findings in the present study are as
follows: (1) TGCG (200 and 100 mg/kg by ip and 300 and 150
mg/kg by ig) decreased fasting blood glucose levels
significantly; (2) TGCG (200 mg/kg by ip) improved glucose
tolerance; and (3) TGCG (300 mg/kg by ig) lowered the body
weight in our experimental conditions.

As previous studies have shown the blood glucose low-
ering effects of ginseng root, berry, and leaf extracts indi-
vidually[22–28]; the results from the present study indicate
that TGCG also possesses an anti-hyperglycemic property.
Both injection and oral administration of TGCG can decrease
blood glucose.  The results of IPGTT indicated that TGCG
increased the peripheral glucose use and lowered blood glu-

Figure 4.  Effect of total ginsenosides of Chinese ginseng (TGCG;
300 mg/kg, ig, n=5) and vehicle (n=5) on body weight by oral admin-
istration in ob/ob mice.  bP<0.05 vs d 0.

Figure 3.  Effect of total ginsenosides in Chinese ginseng (TGCG)
and vehicle on intraperitoneal glucose tolerance test in ob/ob mice
before (d 0) and after a 12-d treatment (d 12).  (A) TGCG (200 mg/kg,
ip, n=7); (B) vehicle (n=6).
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cose levels.  There are considerable amounts of data indicat-
ing that the chronic elevation of blood glucose causes many
of the major complications of diabetes, including nephro-
pathy, retinopathy, neuropathy, and macro- and microvas-
cular damage[32].  Effective control of the blood glucose level,
therefore, is a key step in preventing or reversing diabetic
complications and improving the quality of life in both type
1 and type 2 diabetic patients[3–6].  Sustained reductions in
hyperglycemia will decrease the risk of developing microvas-
cular complications, and most likely reduce the risk of
macrovascular complications[7].  The present data show
TGCG not only lowers blood glucose in diabetic ob/ob mice,
but also improves glucose tolerance.  The anti-hyperglyce-
mic effect and body weight reduction activity of TGCG may
prove to be of clinical importance in improving the manage-
ment of type 2 diabetes.

The mechanisms for improved blood glucose levels as-
sociated with ginseng part extract, including TGCG, and its
major active components, ginsenosides, may be multifac-
eted and remain unclear so far.  According to previous
studies, there are several plausible hypotheses that may work
independently or concurrently.

First, inhibition digestion and increase of energy expen-
diture may be involved.  Our results have demonstrated that
ginseng berry extract significantly decreased food intake
activity, which reduced the source of carbohydrates[22].  En-
ergy expenditure values were obtained in ob/ob mice treated
with vehicle or Chinese ginseng berry extract.  After the
12-d treatment, there was a significant increase in energy
expenditure in ob/ob mice (P<0.01).  However, we also showed
that ginseng berry extract increased body temperature sig-
nificantly in ob/ob mice.  Increases in body temperature sug-
gested that the carbohydrate metabolism in mice was
enhanced, consistent with the increased basal metabolic rate.

Second, there can be improvement in sensitivity to insu-
lin and changes in blood insulin levels.  Prospective studies
of populations at high risk for type 2 diabetes suggest that
in most patients, the initial inherited damage is insulin resis-
tance[33,34].  The ob/ob mice mimic these characteristics of
type 2 diabetes and demonstrate insulin resistance and
hyperinsulinemia by 6 weeks of age[35].  Our study confirmed
these characteristics, and showed reduced glucose disposal
rates during the glucose clamp study in vehicle-treated
ob/ob mice, which suggested insulin resistance was partly
caused by reduced insulin receptor sensitivity.  Treatment
with ginseng extract improved peripheral insulin action as
suggested by the significantly improved insulin-stimulated
glucose disposal.  Improvement in peripheral insulin sensi-
tivity should increase tissue glucose uptake, lower blood

glucose levels towards normal[23], and should also result in
reduced insulin requirements.  This is consistent with our
present data, which demonstrate a significant reduction in
serum insulin levels following treatment with ginseng extract,
accompanied by improved peripheral insulin action.

While we have indicated a decreased serum insulin level
with ginseng treatment, there are reports in the published
literature that ginseng treatment increases serum insulin.
Kimura et al indicated that administration of ginseng to alloxan-
treated rats resulted in increased serum insulin levels[36,37].
Obviously, the effect of ginseng on the serum insulin level is
dependent on the animal model used.  The ob/ob mice show
typical characteristics similar to type 2 diabetes mellitus,
where impaired glucose tolerance is caused by decreased
peripheral insulin sensitivity and a compensatory excess in-
sulin release, which is corrected by ginseng treatment.  How-
ever, alloxan-treated diabetic animal models are character-
ized by chemical destruction of pancreatic islets and a de-
creased insulin level.  Ginseng treatment in this model caused
stimulation of the residual islets and increased serum insulin
and glucose-stimulated insulin secretion[38].

Because ginsenosides were shown to release nitric oxide
(NO) from vascular tissues[39], and NO is known to stimulate
glucose-dependent secretion of insulin in rat islet cells[40],
ginseng extract may affect glucose transport, which is medi-
ated by NO and thus modulates NO-mediated insulin secre-
tion[41,42].  Ginseng may act through both mechanisms in ex-
erting its antidiabetic effect; however, the more relevant
mechanism in the type 2 diabetic model would be improved
insulin sensitivity, thereby reducing insulin requirements and
decreasing serum insulin.

The last hypothesis addresses the importance of anti-
oxidants.  It is clear that antioxidants are important in diabe-
tes and circulating levels of radical scavengers were impaired
throughout the progression of diabetes[43].  Therefore, the
antioxidant character of ginseng extract may be a significant
mechanism of antidiabetic properties.  Recently, we used a
cardiomyocyte culture model to measure the antioxidant ef-
fect of American ginseng berry extract[44] and ginsenoside
Re (unpublished data).  The results demonstrated that Ameri-
can ginseng berry extract and Re attenuated oxidant stress
and protected cells from lethal oxidant damage.  Therefore,
American ginseng berry extract and ginsenoside Re have
antioxidant properties.  The antioxidant character of ginseng
extract may be an important mechanism in the antidiabetic
action.

In summary, our results have demonstrated that TGCG
possesses anti-hyperglycemic and anti-obesity properties
in diabetic ob/ob mice in vivo.  We conclude that the total
ginsenoside fraction of the leaf and stem extract could po-
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tentially be developed into newer anti-diabetic agents sub-
ject to confirmation of its efficacy in clinical trials.

Acknowledgement
This work was supported in part by the Tang Foundation

for the Research of Traditional Chinese Medicine, NIH/
NCCAM grants AT00381, AT00563, and AT002176.

References
1 Skyler JS.  Diabetes mellitus: pathogenesis and treatment strategies.

J Med Chem 2004; 47: 4113–7.
2 American Diabetes Association and National Institutes of Diabe-

tes Digestive and Kidney Diseases.  The prevention or delay of
type 2 diabetes.  Diabetes Care 2002; 25: 742–9.

3 Abraira C, Colwell JA, Nuttall FQ, Sawin CT, Nagel NJ, Comstock
JP, et al.  Veterans Affairs Cooperative Study on glycemic con-
trol and complications in type II diabetes (VA CSDM).  Results of
the feasibility trial.  Veterans Affairs Cooperative Study in Type
II Diabetes.  Diabetes Care 1995; 18: 1113–23.

4 Ohkubo Y, Kishikawa H, Araki E, Miyata T, Isami S, Motoyoshi
S, et al.  Intensive insulin therapy prevents the progression of
diabetic microvascular complications in Japanese patients with
non-insulin-dependent diabetes mellitus: a randomized prospec-
tive 6-year study.  Diabetes Res Clin Pract 1995; 28: 103–17.

5 Diabetes Control and Complications Trial Research Group.  The
effect of intensive treatment of diabetes on the development
and progression of long-term complications in insulin-depen-
dent diabetes mellitus.  N Engl J Med 1993; 329: 977–86.

6 DeFronzo RA.  Pharmacologic therapy for type 2 diabetes
mellitus.  Ann Intern Med 1999; 131: 281–303.

7 Gaster B, Hirsch IB.  The effects of improved glycemic control
on complications in type 2 diabetes.  Arch Intern Med 1998;
158: 134–40.

8 Rang HP, Dale MM.  The endocrine system pharmacology, UK:
Longman Group; 1991.  p504–8.

9 Xie JT, Mehendale S, Yuan CS.  Ginseng and diabetes.  Am J Chin
Med 2005; 33: 397–404

10 Chevallier A.  Encyclopedia of herbal medicine, New York: DK
Publishing; 2000.  p 40–3.

11 Attele AS, Wu JA, Yuan CS.  Ginseng pharmacology: multiple
constituents and multiple actions.  Biochem Pharmacol 1999;
58: 1685–93.

12 Attele AS, Xie JT.  Evidence based herbal pharmacology: an
example using ginseng.  In: Yuan CS, Beiber E, editors.  A text-
book of complementary and alternative therapies.  New York:
CRC Press Company; 2002.  p202–18.

13 Wang C.  Advances in study of pharmacology of ginseng.  Acta
Pharm Sin 1965; 12: 477–586.

14 Wang C.  Recent advances in study of pharmacology of ginseng.
Acta Pharm Sin 1980; 15: 312–20.

15 Ackerknecht EH.  A short history of medicine, Baltimore: Johns
Hopkins University Press; 1982.  p35–46.

1 6 Bensky D, Gamble A.  Chinese Herbal Medicine, Materia Medica.
In: Ginseng.  Seattle (WA): Eastland Press; 1993.  p314–7.

17 Sotaniemi EA, Haapakoski E, Rautio A.  Ginseng therapy in non-

insulin-dependent diabetic patients.  Diabetes Care 1995; 18:
1373–5.

18 Vuksan V, Sievenpiper JL, Koo VY, Francis T, Beljan-Zdravkovic
U, Xu Z, et al.  American ginseng (Panax quinquefolius L)
reduces postprandial glycemia in nondiabetic subjects and sub-
jects with type 2 diabetes mellitus.  Arch Intern Med 2000; 160:
1009–13.

19 Chung SH, Choi CG, Park SH.  Comparisons between white gin-
seng radix and rootlet for antidiabetic activity and mechanism in
KKAy mice.  Arch Pharm Res 2001; 24: 214–8.

20 Vuksan V, Stavro MP, Sievenpiper JL, Beljan-Zdravkovic U,
Leiter LA, Josse RG, et al.  Similar postprandial glycemic reduc-
tions with escalation of dose and administration time of Ameri-
can ginseng in type 2 diabetes.  Diabetes Care 2000; 23: 1221–6.

21 Kimura M, Waki I, Tanaka O, Nagai Y, Shibata S.  Pharmacologi-
cal sequential trials for the fractionation of components with
hypoglycemic activity in alloxan diabetic mice from ginseng
radix.  J Pharmacobiodyn 1981; 4: 402–9.

22 Attele AS, Zhou YP, Xie JT, Wu JA, Zhang L, Dey L, et al.
Antidiabetic effects of Panax ginseng berry extract and the identi-
fication of an effective component.  Diabetes 2002; 51: 1851–8.

23 Xie JT, Aung HH, Wu JA, Attele AS, Yuan CS.  Effects of Ameri-
can ginseng berry extract on blood glucose levels in ob/ob mice.
Am J Chin Med 2002; 30: 187–94.

24 Xie JT, Zhou YP, Dey L, Attele A, Wu J, Gu M, et al.  Ginseng
berry reduces blood glucose and body weight in db/db mice.
Phytomedicine 2002; 9: 254–8.

25 Dey L, Xie JT, Wang A, Wu J, Maleckar SA, Yuan CS.  Anti-
hyperglycemic effects of ginseng: comparison between root and
berry.  Phytomedicine 2003; 10: 600–5.

2 6 Xie JT, Wu JA, Mehendale S, Aung HH, Yuan CS.  Anti-hyperg-
lycemic effect of the polysaccharides fraction from American
ginseng berry extract in ob/ob mice.  Phytomedicine 2004; 11:
182–7.

27 Xie JT, Mehendale A, Wang A, Aung H, Wu J, Osinski J, et al.
American ginseng leaf: Ginsenoside analysis and hypoglycemic
activity.  Pharmacol Res 2004; 49: 113–7.

28 Yuan CS.  Anti-diabetic and anti-obese effects of ginseng: from
root to berry.  In: Baek IN, editor.  Advances in ginseng research.
Seoul, Korea: The Korean Society of Ginseng; 2002.  p 129–44.

29 Grover JK, Yadav S, Vats V.  Medicinal plants of India with anti-
diabetic potential.  J Ethnopharmacol 2002; 81: 81–100.

30 Zhonghua Bencao Editors.  Zhonghua Bencao (Chinese Herbal
Medicine).  Shanghai: Shanghai Science and Technology Publish-
ing House; 1996.  p 268–81.

31 Jung CH, Chio IW, Cho HY.  Antioxidant activities of cultivated
and wild Korean ginseng leaves.  Food Chem 2004; 92: 535–40

32 Evans JL, Goldfine ID, Maddux BA, Grodsky GM.  Are oxidative
stress-activated signaling pathways mediators of insulin resis-
tance and beta-cell dysfunction? Diabetes 2003; 52: 1–8.

33 Lillioja S, Mott DM, Spraul M, Ferraro R, Foley JE, Ravussin E,
et al.  Insulin resistance and insulin secretory dysfunction as
precursors of non-insulin-dependent diabetes mellitus.  Prospec-
tive studies of Pima Indians.  N Engl J Med 1993; 329: 1988−92.

34 Taylor SI, Accili D, Imai Y.  Insulin resistance or insulin deficiency.
Which is the primary cause of NIDDM? Diabetes 1994; 43: 735–
40.

35 Genuth SM, Przybylski RJ, Rosenberg DM.  Insulin resistance in



1110

 Acta Pharmacologica Sinica ISSN 1671-4083Xie JT et al

genetically obese, hyperglycemic mice.  Endocrinology 1971;
88: 1230–8.

36 Kimura M, Suzuki J.  The pattern of action of blended Chinese
traditional medicines to glucose tolerance curves in genetically
diabetic KK-CAy mice.  J Pharmacobiodyn 1981; 4: 907–15.

37 Kimura M, Suzuki J, Koizumi T.  Glucose tolerance curves in
genetically diabetic KK-CAy mice: the pharmacokinetic analysis
for humping effect.  J Pharmacobiodyn 1981; 4: 149–61.

38 Kimura M, Waki I, Chujo T, Kikuchi T, Hiyama C, Yamazaki K,
et al.  Effects of hypoglycemic components in ginseng radix on
blood insulin level in alloxan diabetic mice and on insulin release
from perfused rat pancreas.  J Pharmacobiodyn 1981; 4: 410–7.

39 Chen X.  Cardiovascular protection by ginsenosides and their
nitric oxide releasing action.  Clin Exp Pharmacol Physiol 1996;
23: 728–32.

40 Spinas GA, Laffranchi R, Francoys I, David I, Richter C, Reinecke
M.  The early phase of glucose-stimulated insulin secretion re-

quires nitric oxide.  Diabetologia 1998; 41: 292–9.
41 Hasegawa H, Matsumiya S, Murakami C, et al.  Interactions of

ginseng extract, ginseng separated fractions, and some triterpenoid
saponins with glucose transporters in sheep erythrocytes.  Planta
Med 1994; 60: 153–7.

42 Roy D, Perreault M, Marette A.  Insulin stimulation of glucose
uptake in skeletal muscles and adipose tissues in vivo is NO
dependent.  Am J Physiol 1998; 274: E692–9.

43 McCune LM, Johns T.  Antioxidant activity in medicinal plants
associated with the symptoms of diabetes mellitus used by the
indigenous peoples of the North American boreal forest.  J
Ethnopharmacol 2002; 82: 197–205.

44 Shao ZH, Xie JT, Vanden Hoek TL, Mehendale S, Aung H, Li CQ,
et al.  Antioxidant effects of American ginseng berry extract in
cardiomyocytes exposed to acute oxidant stress.  Biochim Biophys
Acta 2004; 1670: 165–71.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

The 15th World Congress of Pharmacology (IUPHAR-2006)

2006, July 2-7  Beijing International Convention Center, China

       Info: Ms Xiao-dan Zhao
Chinese Pharmacological Society
1, Xian Nong Tan St
Beijing 100050, China
Phn/Fax 86-10-6316-5211
E-mail  zhxd@imm.ac.cn
http://www.cnphars.org



1111

Acta Pharmacologica Sinica   2005 Sep; 26 (9): 1111–1116

©2005 CPS and SIMM

Full-length article

Association of polymorphisms in low-density lipoprotein receptor-related
protein 5 gene with bone mineral density in postmenopausal Chinese
women1
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Introduction
Osteoporosis is characterized by a decrease in bone mass

as well as a deterioration of the bone architecture, resulting
in an increased risk of fracture.  The disease is multifactorial,
and it depends on environmental and genetic factors.  Twin
studies have shown that genetic factors account for 60%–
80% of the variance in bone mineral density (BMD)[1–3], which
is the best predictor of the risk of osteoporosis.  Several
candidate genes that may contribute to BMD have been
identified.  Vitamin D receptor (VDR), estrogen receptor-al-
pha (ER-alpha), and collagen type I alpha 1 (COL1A1) genes

are three important candidate genes that could potentially
regulate BMD.  Association and linkage studies have been
performed in order to identify these candidate genes in the
pathogenesis of osteoporosis[4–8].  However, their effect on
the variation of BMD in the general population is controver-
sial[9–11].

Recently, osteoporosis-pseudoglioma (OPPG), an auto-
somal recessive disease characterized by low bone mass,
childhood fractures and abnormal eye development, has
been shown to be due to an inherited loss of function of the
gene for low-density lipoprotein receptor related protein 5
(LRP5)[12].  Moreover, two independent studies have sug-

Abstract
Aim: To investigate the possible association of Q89R, N740N and A1330V poly-
morphisms in low-density lipoprotein receptor-related protein 5 (LRP5) gene with
bone mineral density (BMD) in postmenopausal Chinese women.  Methods: Q89R,
N740N and A1330V genotypes were determined by polymerase chain reaction-
restriction fragment length polymorphism (PCR-RFLP) in 647 unrelated healthy
postmenopausal Han Chinese women aged 43–76 years in Shanghai.  BMD at
lumbar spine 1–4 and the left proximal femur including the femoral neck, trochanter
and Ward’s triangle were measured by dual-energy X-ray absorptionmetry in all
subjects.  Results: The distribution of the Q89R, N740N and A1330V genotypes
in this population was as follows: QQ 80.5%, QR 18.7%, and RR 0.8%; TT 66.9%,
TC 31.1%, and CC 2.0%; AA  68.0%, AV 29.7%, and VV 2.3%.  The frequencies of the
Q89R, N740N and A1330V genotypes and alleles did not deviate from the Hardy-
Weinberg equilibrium.  We found that the Q89R and A1330V polymorphisms were
in linkage disequilibrium in our population (χ2=13.50, P<0.01).  Both before and after
adjusting for age, years since menopause, height, and weight, the Q89R or N740N
genotypes were significantly associated with BMD at the femoral neck (P<0.05).
Subjects with the Q89R QQ genotype or the N740N TT genotype had a signifi-
cantly higher BMD at the femoral neck, compared with those with the QR/RR or
TC/CC genotypes, respectively.  No significant association was found between
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that the LRP5 gene is a candidate for the genetic determination of BMD in post-
menopausal Chinese women.

Key words
bone density; low-density lipoprotein receptor-
related protein 5; polymorphism

1Project supported by the grant from the
Natural Science Foundation of Shanghai (No
03ZR 14056).
2Correspondence to Dr Zhen-lin ZHANG.
Phn/Fax 86-21-6408-1474.
E-mail ZZL2002@medmail.com.cn

Received 2005-01-07
Accepted 2005-05-27

doi: 10.1111/j.1745-7254.2005.00173.x



1112

 Acta Pharmacologica Sinica ISSN 1671-4083Zhang ZL et al

gested that a mutation (G171V) in the LRP5 gene is associ-
ated with high bone mass (HBM)[13,14].  In addition to the
above mentioned G171V mutation in the LRP5 gene, Gong et
al[12] identified three potential disease-associated missense
mutations in regions encoding the LRP5 extracellular domain:
R494Q, R570W and V667M.  More recently, mutation analy-
sis have identified seven novel sequence variants in the
human LRP5 gene[15].  Two of them are missense mutations
(c.314A>G: Q89R and c.4037C>T: A1330V).  Although Koller
et al[16] found the evidence that a quantitative trait locus
(QTL) contributed to normal variation in BMD on chromo-
some 11q12–13 (the chromosome region where LRP5 is
located), only a few studies have investigated the associa-
tion between LRP5 gene polymorphisms and variation in BMD
in the general population[17–20].  However, these studies
yielded inconsistent reports of the association between can-
didate loci and BMD, and only small groups of subjects were
studied in the Japanese and Korean studies.  In the present
study, we investigated the association between BMD and
Q89R, A1330V, and N740N polymorphisms in the LRP5 gene
in 647 postmenopausal Chinese women.

Materials and methods

Study population  The study population comprised of
647 unrelated, postmenopausal, healthy volunteers aged
43–76 years (mean±SD, 60.1±6.3 years) living in Shanghai,
China.  All participants were of the Han ethnic group.  The
clinical data taken included questions on medical history,
including medication, and a survey of the incidence of
disease.  A physical checkup was carried out on all subjects,
and all were found to be in good health.  No participant had

medical complications or was undergoing treatment for con-
ditions known to affect bone metabolism, such as hyperthy-
roidism, diabetes mellitus, primary hyperparathyroidism, re-
nal failure, pituitary and adrenal disease, or rheumatic
disease.  Postmenopausal women who had experienced early
menopause (before 40 years of age) and those who had un-
dergone ovariectomy or who were receiving estrogen replace-
ment therapy were excluded.  The study protocol was ap-
proved by the Committee on the Ethics of Human Research
of Shanghai Jiaotong University Affiliated Sixth People’s
Hospital.

BMD measurements  A total of 647 subjects were mea-
sured for BMD.  The BMD of the lumbar spine 1–4 (L1–4)
and the left proximal femur including femoral neck, trochanter,
and Ward’s triangle was measured by dual-energy X-ray
aborptionmetry (DXA) on a Hologic QDR 2000 (Hologic,
Bedford, MA, USA).  The machine was calibrated daily, and
the coefficient of variation (CV) values of the DXA measure-
ments  (which were obtained from 7 individuals repeatedly
measured 5 times) at L1–4, the femoral neck, trochanter, and
Ward’s triangle were 0.9%, 1.93%, 1.48% and 2.85%, respec-
tively[6,21].  The long-term reproducibility of our DXA data
during the trial based on weekly repeated phantom measure-
ments was 0.45%.

Genotyping  DNA was isolated from peripheral blood leu-
kocytes using conventional methods.  Using the methods
described by Okubo et al[15], we genotyped subjects with
the LRP5 Q89R, N780N and A1330V polymorphisms.  Ge-
nomic DNA (0.1 µg) was carried out in 30 µL buffer solution
(10 mmol/L Tris-HCL, 50 mmol/L KCl, 1.5 mmol/L MgCl2,
200 µmol/L of each of the four deoxyribonucleotides [dNTPs],
2.5 U of Tag polymerase, and 0.25 µmol/L of each primer).

Table 1.  Three LRP5 gene polymorphisms were identified in this study.

   Location  Sequence           Amino acid               PCR primer for RFLP detection                  Restriction         Fragment size /bp
                        alteration     change                                                                                    enzyme

Exon 2 c.314 A>G Q89R Forward: Wild (Q): 436
5'-TCTGGGCATAGTGCTCCATC-3' AvaII Variant
Reverse: (R): 274+162
5'-TTCCGGGATGTGCCATTGAG-3'

Exon 10 c.2268 T>C N740N Forward:
5'-CTACTGGGCCGACACTGGGATTAA-3' AseI Wild (t): 216+21
Reverse: Variant (c): 237
5'-ACAGCTCTAATCACTGAGGG-3'

Exon 18 c.4037 C>T A1330V Forward: Wild (A): 143
5'-GACTGTCAGGACCGCTCACACG-3' DraIII Variant
Reverse: (V): 119+24
5'-AAGGTTTTCAGAGCCCCTAC-3'
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The polymerase chain reaction (PCR) was performed by us-
ing the following steps: 94 oC for 5 min and then 94 oC for 1
min, 56 oC for 1 min, 72 oC for 1 min, for 30 cycles, and 72 oC for
7 min.  The PCR primers and restriction endonucleases used
for genotyping are summarized in Table 1.  The PCR prod-
ucts were digested with AvaI I, Ase I, and DraIII restriction
endonucleases, respectively.  The Q89R genotypes were
separated by electrophoresis in 1.5% agarose gel.  The QQ
genotype produces a 436 bp fragment, the RR genotype pro-
duces 274 bp and 162 bp fragments, and the heterozygous
QR genotype produces 436 bp, 274 bp and 162 bp fragments.
The N740N and A1330V genotypes were separated by elec-
trophoresis on 8.0% polyacrylamide gel electrophoresis gels.
The N740N CC genotype produces a 237 bp fragment, the
TT genotype produces 216 bp and 21 bp fragments, and
heterozygous TC genotypes produce 237 bp, 216 bp and 21
bp fragments.  The A1330V AA genotype produces a 143 bp
fragment, the VV genotype produces 119 bp and 24 bp
fragments, and the heterozygous AV genotype produces 143
bp, 119 bp and 24 bp fragments.

Statistical analysis  Allele frequencies were estimated
by using the gene counting method, and the chi-squared
test was used to identify significant departures from the
Hardy-Weinberg equilibrium and linkage disequilibrium be-
tween genotypes.  The relationship between various LRP5
genotypes and BMD was analyzed by using the unpaired
Student’s t-test.  All associations were further evaluated

using multiple linear regression analysis to adjust for risk
factor.  BMD was a dependent variable and the independent
variables included age, height, weight, years since
menopause, and LRP5 Q89R genotype (0=QQ, 1=QR+RR),
N740N genotype (0=TT, 1=TC+CC), and A1330V genotype
(0=AA, 1=AV+VV).  P<0.05 was considered to be statisti-
cally significant.  All statistical calculations were performed
using the SPSS 9.0 program (SPSS, Chicago, IL, USA).

Results

Frequency distribution of LRP5 gene polymorphisms
The genotype distribution and allele frequencies of poly-
morphisms of the LRP5 gene are shown in Table 2.  Frequen-
cies of the Q89R, N740N, and A1330V genotypes and alleles
did not deviate from Hardy-Weinberg equilibrium.  Strong
linkage disequilibrium was found between Q89R and A1330V
polymorphisms in our population (χ2=13.50, P<0.01; Table 3).
However, no linkage disequilibrium was found between Q89R
and N740N or between A1330V and N740N polymorphisms
in these subjects.

Association between BMD and LRP5 genotype  Because
the frequencies of the Q89R RR, N780N CC and A1330V VV
genotypes were all very low, we compared the background
parameters and BMD in the QQ and QR/RR, TT and TC/CC,
and AA and AV/VV groups for further analysis.  The asso-
ciation between BMD and LRP5 genotype was analyzed us-

Table 3.  Frequency of LRP5 genotypes by combination of Q89R and A1330V polymorphisms. Values represent the observed number of
subjects with the combined genotypes of Q89R and A1330V; in parentheses are the expected numbers under linkage equilibrium. χ2=13.50;
P<0.01 for linkage disequilibrium.

                                                                                   A1330V polymorphic site

AA AV VV
     Q89R QQ 389 (355.61) 124 (155.17) 8 (12.13)
polymorphic QR 48 (79.90) 66 (34.87) 7 (2.72)
       site RR 3 (4.49) 2 (1.96) 0 (0.15)

Table 2.  Genotype distribution and allele frequencies of polymorphisms of the LRP5 gene in 647 postmenopausal Chinese women.

      Polymorphism                                     Genotype frequencies                                                       Allele frequencies

Q89R QQ QR RR Q R
521 (80.5%) 121 (18.7%) 5 (0.8%) 0.899 0.101

N740N T T T C CC T C
433 (66.9%) 201 (31.1%) 13 (2.0%) 0.825 0.175

A1330V AA AV VV A V
440 (68.0%) 192 (29.7%) 15 (2.3%) 0.828 0.172
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ing the unpaired Student’s t-test (Table 4).  BMD at the femo-
ral neck was significantly higher in subjects with the Q89R
QQ genotype than in the combined group with QR/RR geno-
types (P<0.05).  A similar finding was observed for the N740N
genotype; that is, that subjects with the N740N TT geno-
type had significantly higher BMD at the femoral neck com-
pared with those with TC/CC genotypes (P<0.05).  Moreover,
we further used multiple linear analysis to adjust for age,
years since menopause, height, and weight.  We found that
BMD at the femoral neck was significantly associated with
the Q89R polymorphism and the N740N polymorphism

(P<0.05; Tables 5, 6).  However, no significant association
was found between the A1330V genotype and BMD at any
site according to the unpaired Student’s t-test or multiple
linear analysis (Tables 4, 7).

Discussion

In this cross-sectional study of postmenopausal Chinese
women, we found that differences existed in the frequencies
of the Q89R, N740N and A1330V LRP5 polymorphisms com-
pared with frequencies in Caucasian people; in particular,

Table 5.  Multiple linear analysis with BMD as the dependent variable, and age, years since menopause, height, weight and Q89R genotype as
the independent variables.

            BMD site            Age        Years since  menopause       Height                   Weight                       Q89R

        β(P)        β(P)        β(P)       β(P)         β(P)    R2

L1–4 -0.285 (0.000)  0.028 (0.640)  0.012 (0.819) 0.463 (0.000) -0.017 (0.689) 0.291
Femoral neck -0.436 (0.000)  0.069 (0.163) -0.054 (0.151) 0.502 (0.000) -0.065 (0.039) 0.379
Trochanter -0.335 (0.000) -0.029 (0.977) -0.033 (0.397) 0.482 (0.000) -0.042 (0.194) 0.334
Ward’s triangle -0.438 (0.000)  0.015 (0.774) -0.025 (0.525) 0.334 (0.000) -0.064 (0.056) 0.289

Table 6.  Multiple linear analysis with BMD as the dependent variable, and age, years since menopause, height, weight and N740N genotype
as the independent variables.

            BMD site            Age       Years since  menopause      Height                  Weight                    N740N

        β(P)       β(P)        β(P)       β(P)         β(P)    R2

L1–4 -0.283 (0.000)  0.026 (0.672)  0.008 (0.874) 0.462 (0.000) -0.032 (0.462) 0.291
Femoral neck -0.436 (0.000)  0.063 (0.197) -0.058 (0.118) 0.499 (0.000) -0.067 (0.033) 0.379
Trochanter -0.335 (0.000) -0.004 (0.938) -0.034 (0.374) 0.481 (0.000) -0.028 (0.384) 0.333
Ward’s triangle -0.438 (0.000)  0.011 (0.831) -0.028 (0.483) 0.331 (0.000) -0.044 (0.190) 0.287

Table 4.  BMD and other characteristics according to Q89R, N740N and A1330V polymorphisms in the LRP5 gene in postmenopausal
Chinese women. Mean±SD. cP<0.05 vs QR/RR genotypes. eP<0.05 vs TC/CC genotypes.

                                                                    Q89R genotype                     N740N genotype                       A1330V genotype
                                                               QQ               QR/RR                TT                 TC/CC         AA       AV/VV

Number        521      121/5       433    201/13       440    192/15
Age (years)   59.8±6.2   60.2±6.8   59.9±6.3   59.8±6.2   60.0±6.3   59.5±6.2
Years since menopause (years)   11.3±8.5   11.7±8.1   11.3±8.9   11.4±7.4   11.7±9.0   10.4±6.5
Height (cm) 154.5±5.4 154.3±5.9 154.8±5.3 153.7±5.8 154.7±5.2 153.8±5.9
Weight (kg)   58.5±8.3   59.0±9.4   58.9±8.6   57.9±8.3   59.2±8.6   57.4±8.1
L1–4 BMD (g/cm2) 0.798±0.140 0.795±0.146 0.805±0.142 0.782±0.138 0.803±0.140 0.786±0.143
Femoral neck BMD (g/cm2) 0.662±0.114c 0.644±0.108 0.665±0.117e 0.645±0.103 0.664±0.115 0.646±0.109
Trochanter BMD (g/cm2) 0.534±0.100 0.523±0.099 0.535±0.103 0.525±0.092 0.535±0.101 0.525±0.096
Ward’s triangle BMD (g/cm2) 0.493±0.144 0.469±0.135 0.494±0.149 0.477±0.128 0.494±0.144 0.476±0.143
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the Q89R polymorphism is very rare in Caucasian people[22,23].
However, the frequencies of genotypes and alleles of Q89R,
N740N and A1330V LRP5 polymorphisms in Chinese women
are similar to those found in Japanese and Korean subjects[15,17].
We found that the prevalent frequencies of the Q, T and A
alleles in Chinese women were 89.9%, 82.5%, and 82.8%,
respectively, as compared with 92%, 81%, and 82%, respec-
tively, in Japanese subjects; furthermore, the frequencies of
the Q89R Q and A1330V A alleles were 92% and 85% in
Korean subjects.  Therefore, LRP5, similar to other candi-
date genes (eg, VDR and COL1A1) had significantly differ-
ent frequencies of genotypes and alleles in various ethnic
groups[9,24].

In the present study, a significant association was ob-
served between the Q89R genotype or the N740N genotype
and BMD at the femoral neck both before and after adjusting
for confounding factors, and subjects with the QQ geno-
type or the TT genotype had significantly higher BMD.  Our
findings are consistant with those of Koh et al[17], who re-
cently reported that the Q89R polymorphism was signifi-
cantly associated with BMD at the femoral neck and Ward’s
triangle in 219 young Korean men.  After adjusting for age,
weight, and height, a marginal association was observed at
the femoral neck (P=0.098).  However, the N740N polymor-
phism was not investigated in Korean men.  The Q89R and
A1330V polymorphisms are located in exon 2 and exon 18 in
the LRP5 gene, respectively.  The Q89R and A1330V poly-
morphisms were in linkage disequilibrium in our study
population.  This finding is similar to that for a Korean popu-
lation[17], but differs from that for a European population[22].
Although the A1330V polymorphism is a functional mutation,
no significant association was observed between the A1330V
polymorphism and BMD either in postmenopausal Chinese
women or in young Korean men.  Similarly, Ferrari et al[18]

failed to find a significant association between c.4037C>T
(A1330V) polymorphism and lumbar bone mineral content
and bone area in 889 healthy Caucasian people of both sexes.

LRP5 is a single pass membrane receptor whose extracel-

Table 7.  Multiple linear analysis with BMD as the dependent variable, and age, years since menopause, height, weight and A1330V genotype
as the independent variables.

            BMD site             Age  Years since menopause          Height              Weight                      A1330V

        β(P)       β(P)        β(P)       β(P)         β(P)    R2

L1–4 -0.286 (0.000)  0.027 (0.658)  0.010 (0.851) 0.462 (0.000) -0.017 (0.695) 0.291
Femoral neck -0.437 (0.000)  0.064 (0.193) -0.055 (0.142) 0.497 (0.000) -0.044 (0.166) 0.376
Trochanter -0.335 (0.000) -0.003 (0.949) -0.033 (0.401) 0.480 (0.000) -0.013 (0.702) 0.332
Ward’s triangle -0.439 (0.000)  0.011 (0.841) -0.027 (0.502) 0.329 (0.000) -0.045 (0.186) 0.287

lular domain contains four modules consisting of six YWTD
repeats followed by an epidermal growth factor (EGF)-like
motif and an LDLR-like ligand-binding domain[25,26].  Recent
studies have shown that LRP5 and its closely related LRP
family member, LRP6, are Wnt co-receptors that are capable
of interacting with several key components of the Wnt
pathway, and research regarding the signaling mechanisms
involved in bone regulation by LRP5 has focused on this
pathway[27–29].  The LRP5 gene has 23 exons.  In addition to
the G171V substitution in HBM, nine disease-causing muta-
tions in exons encoding the LRP5 extracellular domain have
been identified in patients with OPPG[12,13].  We found that
the Q89R and N740N polymorphisms were only associated
with BMD at the femoral neck, and were not associated with
BMD at the lumbar spine in this large group of postmeno-
pausal Chinese women, which suggests that the Q89R and
N740N polymorphisms can influence the attainment of peak
bone mass.  Although the molecular mechanisms that under-
lie the association of the Q89R and N740N polymorphisms
of the LRP5 gene with BMD remain unclear, we consider that
the Q89R and N740N or related linked polymorphisms in the
region might alter LRP5 protein function and might be asso-
ciated with BMD.

In conclusion, we found a significant association between
the Q89R and N740N polymorphisms in the LRP5 gene and
BMD at the femoral neck in postmenopausal Chinese women,
but we failed to observe a significant association between
the A1330V polymorphism and BMD at any site.  Our find-
ings suggest that the LRP5 gene is a candidate for the ge-
netic determination of BMD in postmenopausal Chinese
women.  Further studies will be needed to determine an as-
sociation between the LRP5 gene polymorphisms and the
risk of osteoporosis in the general population.
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Abstract
Aim: To investigate effects of CpG oligodeoxynucleotide (CpG ODN) on the mRNA
expression of transcription factors GATA binding protein 3 (GATA-3) and T-box
expressed in T cells (T-bet) in asthmatic mice.  Methods: An asthmatic mouse
model was established and treated with CpG ODN.  Total inflammatory cells and
eosinophils in bronchoalveolar lavage fluid (BALF) were counted and inflamma-
tory cell infiltration in lung tissue was evaluated.  Interferon-γ and interleukin-4
concentrations in BALF and splenocyte culture supernatants were detected us-
ing an enzyme-linked immunosorbent assay.  Transcription factor GATA-3 and T-
bet mRNA expression in splenocytes and lung tissue were detected by reverse
transcription-polymerase chain reaction.  Results: Total inflammatory cells and
eosinophils in BALF were reduced in the CpG ODN-treated group compared with
the asthma group, and inflammatory cell infiltration in lung tissue was also signifi-
cantly alleviated.  CpG ODN treatment increased the interferon-γ concentration
but decreased the interleukin-4 concentration in both BALF and splenocyte cul-
ture supernatants.  GATA-3 mRNA expression was reduced in both lung tissue
and splenocytes in the CpG ODN-treated group, while the mRNA ratio of T-bet to
GATA-3 in splenocytes was increased.  Conclusion: CpG ODN treatment inhibits
airway inflammatory cell infiltration and regulates interferon-γ/interleukin-4 syn-
thesis in asthmatic mice, possibly through a mechanism of downregulation of
GATA-3 mRNA expression in both lung tissue and splenocytes.
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Introduction
Asthma is a chronic airway inflammatory disease involv-

ing multiple inflammatory cells and cytokines.  T-helper type
2 cells (Th2) are considered to play central role in the patho-
genesis of asthma by producing a variety of cytokines such
as interleukin (IL)-4, IL-5, IL-9, and IL-13[1,2].  These cytokines
promote IgE synthesis and mediate airway inflammatory cells
(such as eosinophil, mast cell, T lymphocyte and neutrophil)
infiltration.  On the other hand, T-helper type 1 cells (Th1)
inhibit Th2 function by producing interferon (IFN)-γ.  Re-
cent studies show that bacterial DNA containing
unmethylated CpG motifs, or immunostimulatory sequences
(ISS), can induce strong Th1-polarized immune responses

both in vivo[3] and in vitro[4,5].  The induction of Th1 re-
sponses is thought to result from the ability of ISS (containing
CpG) to induce activation and secretion of IL-12 and IL-18
by macrophages and dendritic cells[6,7], which promote IFN-
γ production and polarize T-helper type 0 cells (Th0) to Th1.
Studies also show that T-box expressed in T cells (T-bet) and
GATA binding protein 3 (GATA-3) are 2 T cell-specific tran-
scription factors.  T-bet promotes Th1 polarization while
GATA-3 enhances Th2 polarization.  In the present study,
we investigated the effects of the CpG oligodeoxynucleotide
(ODN) on the mRNA expression of transcription factors
GATA-3 and T-bet in splenocytes and lung tissue in a mouse
model of asthma.



1118

 Acta Pharmacologica Sinica ISSN 1671-4083Wu ZQ et al

Materials and methods
Mice and reagents  Thirty-six male BALB/c mice (approxi-

mately 6–10 weeks old, purchased from the Shanghai Experi-
mental Animal Center of the Chinese Academy of Sciences,
Shanghai, China) were maintained in specific pathogen free
(SPF) animal facility at Renji Hospital, Shanghai Second
Medical University (Shanghai, China).  The CpG ODN con-
sisted of 20 bases containing 2 CpG motifs: TCCATGACGTT-
CCTGACGTT was synthesized and purified by Sangon Bio-
logical Engineering and Technology (Shanghai, China), and
ovalbumin (OVA) was purchased from Sigma (St Louis, MO,
USA).  IL-4 and IFN-γ enzyme-linked immunosorbent assay
(ELISA) kits were purchased from JingMei Biotech (Shen-
zhen, China).  Trizol reagent was purchased from Invitrogen
(Carlsbad, CA, USA).  Oligo(dT)18 primer and 2×Master Mix
were purchased from MBI Fermentas (Hanover, MD, USA).

OVA sensitization and challenge  Mice were divided into
3 groups: (i) group A, control group; (ii) group B, OVA-sen-
sitized and -challenged; and (iii) group C, OVA-sensitized
and challenged, CpG ODN-treated.  Mice were sensitized
and challenged with chicken OVA as described previously[8].
Briefly, on d 0, d 7, d 14, and d 21, all animals were injected
with 0.2 mL phosphate-buffered saline (PBS) containing
100 µg OVA and 2 mg aluminum hydroxide (alum).  On d 26,
d 30, d 36, and d 37, animals were challenged with 2% OVA
aerosol  for 30 mins.  Control mice (group A) received a
saline-only aerosol.

Administration of CpG oligodeoxynucleotide  On d 24,
d 28, and d 32, mice in group C were injected with 0.1 mL PBS
containing 50 µg CpG ODN.  Mice were assessed for pulmo-
nary cellular infiltration histopathology on d 38.

Cellular count in branchoalveolar lavage fluid and lung
histology   Bronchoalveolar lavage (BAL) was carried out
as in Kline et al[9].  After euthanasia, the trachea was cannu-
lated and the lungs underwent lavage 3 times with 0.5 mL
PBS.  The lavage samples were processed immediately for
total and differential cell counts.  BAL fluid (BALF; 10 µL)
was used for counting total inflammatory cells.  The residual
BALF was centrifuged (10 min, 2000×g) and the supernatant
was stored at -30 °C for cytokine detection.  The precipitated
cells were used to prepare cell slides, which were stained
with hematoxylin and eosin (HE), and 200 cells were counted
for differential cell counting.  The right lung was preserved
in liquid nitrogen for mRNA extraction, while the left lung
was fixed with 10% formalin and embedded in paraffin.  Sec-
tions 4-µm thick were used to prepare slides, which were
stained with HE.

Measurement of cytokines  Approximately 5×106 single
suspended splenocytes were stimulated with 20 µg/mL OVA

for 72 h, centrifuged (10 min, 2000×g) and the supernatant
was preserved for cytokine detection.  The concentrations
of IL-4 and IFN-γ in BALF and splenocyte culture superna-
tants were determined by using ELISA kits according to the
manufacturer’s recommendations.

Reverse transcription-polymerase chain reaction  Total
RNA was extracted from lung tissue and splenocytes using
Trizol reagent, according to the manufacturer’s instructions.
Reverse transcription (RT) was carried out with 2 µg of total
RNA using an oligo (dT)18 primer, and polymerase chain re-
action (PCR) was carried out using 2×Master Mix.  The T-bet
primer was designed according to Chakir et al[10], while the
GATA-3 primer was designed according to Ise et al[11].  The
primer sequences were as follows: β-actin, sense 5'-GTGGGC-
CGCTCTAGGCACCA-3', antisense 5'-CGGTTGGCCTTAG
GGTTCAGGGGG-3'; GATA-3, sense 5'-GAAGGCATCCA-
GACCCGAAAC-3', antisense 5'-ACCCATGGCGGTGA-
CCATGC-3'; T-bet, sense 5'-AACCAGTATC CTGGTCCCA-
GC-3', antisense 5'-TGTC GCCACTGGAA GGATAG-3'.  PCR
were run for 35 cycles and the annealing temperatures were
as follows: GATA-3 and β-actin, 55 °C; T-bet, 57 °C.
Semiquantitative RT-PCR was carried out using β-actin as an
internal control to normalize gene expression for the PCR
templates.  The PCR product sizes were as follows: T-bet,
436 bp; GATA-3, 255 bp; β-actin, 245 bp.  PCR products were
electrophoresed in 2% agrose gel and the net intensity of
the corresponding bands was analysed using Tian-Neng gel
image software (Shanghai Tian-neng Technology Corpora-
tion, Shanghai, China).

Statistical analysis  All data were expressed as mean±
SD.  Using Prism software, one-way ANOVA analysis was
used to assess statistical significance between the different
groups.  P<0.05 was considered to be significant.

Results
CpG oligodeoxynucleotide reduced the total number of

inflammatory cells and the percentage of eosinophils in
branchoalveolar lavage fluid  The total number of inflamma-
tory cells and the percentage of eosinophils were (100.4±
7.1)×105/mL and 43.3%±2.5%, respectively, in BALF from the
asthma group of mice (group B).  CpG ODN treatment re-
duced the total number of inflammatory cells and the per-
centage of eosinophils to (40.5±2.9)×105/mL and 10.2%±
0.5%, respectively (Table 1).

CpG oligodeoxynucleotide inhibited infiltration of air-
way inflammatory cells  In asthma-group mice, lung patho-
logical slides showed significant bronchial epithelial prolif-
eration and shedding, bronchoconstriction and mucus
production, as well as abundant inflammatory cell infiltra-
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tion in the airway wall.  In CpG ODN-treated mice, lung patho-
logical slides showed that bronchoconstriction, airway in-
flammatory cell infiltration and mucus production were alle-
viated significantly, compared with asthma-group mice
(Figure 1).

Effects of CpG oligodeoxynucleotide on the interferon-γγγγγ
concentration and the interleukin-4 concentration  Com-

pared with the asthma group, IFN-γ was increased in the
CpG ODN-treated group in both BALF and splenocyte cul-
ture supernatants, but IL-4 was reduced in both BALF and
splenocyte culture supernatants (Table 2).

Effects of CpG oligodeoxynucleotide on GATA-3 and T-
bet mRNA expression  Compared with the asthma group,
GATA-3 mRNA expression was reduced in splenocytes in

Table 1.  Effect of CpG oligodeoxynucleotide on the number of inflammatory cells in branchoalveolar lavage fluid.  n=12.  Mean±SD.  cP<0.01
vs A; fP<0.01 vs B.

     Group                Total cell count                                                        Differential cell count (×105/mL)
                                     (×105/mL)               Monocyte               Eosinophil                Lymphocyte                    Other

A     9.4±0.4 85.8±1.4      0±0   7.1±1.0   6.8±0.9
B 100.4±7.1c 16.1±1.6 43.3±2.5c 15.1±1.3 25.5±2.0
C   40.5±2.9f 67.4±1.3 10.2±0.5f 11.2±1.6 11.2±2.2

A, control group; B, asthma group; C, CpG oligodeoxynucleotide-treated group.

Figure 1.  Lung tissue sections.  (A,
B) Control-group mice had smooth
airway walls and no inflammatory
cell infiltration.  (C, D) In asthma-
group mice, there was obvious
bronchoconstriction, mucus secre-
tion, epithelial proliferation and
shedding, and inflammatory cell
infiltration.  (E, F) In the CpG
ol igodeoxynuc leo t ide - t r ea t ed
group of mice, airway inflamma-
tory cell infiltration was alleviated
significantly compared with the
asthma group (HE stain.  A, C, E,
×100; B, D, F, ×200).
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the CpG ODN-treated group, although no difference was
found in T-bet mRNA expression between the 2 groups.
However, the mRNA ratio of T-bet to GATA-3 was increased
in the CpG ODN-treated group compared with the asthma
group (Figure 2).  In lung tissue, CpG ODN treatment also
decreased mRNA ratio of GATA-3 to β-actin compared with
the asthma group (0.19±0.04 vs 0.35±0.04 , P<0.02).  T-bet
mRNA was not detected under the same conditions.

Discussion
Airway eosinophil infiltration is one of the most promi-

nent characteristics of asthma[12–14].  In the present study, a
typical asthmatic mouse model was established, as evidenced
by increased total inflammatory cells, increased percentage
of eosinophils in BALF, and obvious bronchoconstriction,
mucus secretion, epithelial proliferation and shedding, and
inflammatory cell infiltration in the lungs in the asthma group
compared with the control group.

Prior studies have demonstrated that CpG ODN treat-
ment inhibits asthmatic airway inflammation and increases
Th1 cytokine IFN-γ while decreasing Th2 cytokine, IL-4 and
IL-5 levels in asthmatic mouse models[15–17].  In the present
study, our data showed that CpG ODN treatment reduced
total inflammatory cells and the percentage of eosinophils in
BALF when CpG ODN was administered (ip) after allergen
sensitization.  Lung tissue pathological slides showed that
inflammatory cell infiltration were significantly alleviated in
CpG ODN treated group compared with asthma group.  The
inhibitory effect of CpG ODN on lung inflammation was
accompanied by increased IFN-γ levels but decreased IL-4
levels in both BALF and splenocyte culture supernatants.
IL-4-producing Th2 cells are considered to play an important
role in the immune reaction of local tissue inflammation[18].  Xie
et al  demonstrated that in a rat asthma model, the decrease
in IFN-γ level was accompanied by an increase in IL-4 level,
which resulted in a decreased IFN-γ/IL-4 ratio in the BALF
after the sensitized rats were challenged with aerosol anti-

Table 2.   Interleukin (IL)-4 and interferon (IFN)-γ concentrations in branchoalveolar lavage fluid (BALF) and splenocyte culture supernatant.
n=12.  Mean±SD.  cP<0.01 vs B.

     Group                                                 IL-4 /µg·L-1                                                          IFN-γ  /µg·L-1

                                 BALF                            Supernatant                              BALF                       Supernatant

A 0.034±0.005 0.019±0.002 0.022±0.001 0.021±0.003
B 0.095±0.002 0.065±0.011 0.019±0.001 0.029±0.005
C 0.040±0.004c 0.025±0.001c 0.030±0.003c 0.114±0.010c

A, control group; B, asthma group; C, CpG oligodeoxynucleotide-treated group.

Figure 2.  Effect of CpG oligodeoxynucleotide (ODN) on T-box
expressed in T cell (T-bet) and GATA binding protein 3 (GATA-3)
mRNA expression following ovalbumin (OVA) sensitization and chal-
lenge in splenocytes.  (A) Reverse transcription polymerase chain
reaction results.  β-Actin was used as an internal standard.  (B) GATA-
3 mRNA densitometric scanning for DNA bands of each group.  (C)
mRNA expression ratio of T-bet to GATA-3 for each group.  M,
marker; 1, control group; 2, asthma group; 3, CpG ODN-treated
group.  bP<0.05, cP<0.01 vs asthma group.
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gen[19].  These results suggest that the inhibitory effect of
CpG ODN on airway inflammatory cell infiltration maybe the
result of a downregulation of Th2 cytokine synthesis with
an upregulation of Th1 cytokine synthesis.

Recent studies have shown that T-bet and GATA-3 are 2
major T helper-specific transcription factors that regulate
the expression of Th1 and Th2 cytokine genes, and play a
crucial role in T-helper cell differentiation.  T-bet is thought
to initiate Th1 development while inhibiting Th2 cell differ-
entiation[20].  GATA-3 plays a pivotal role in the develop-
ment of the Th2 phenotype while inhibiting Th1 cell differ-
entiation[21].  Because asthma is a Th2-mediated airway in-
flammatory disease, both T-bet and GATA-3 may play an
important role in the pathogenesis of asthma by directing
Th0 differentiation.  Finotto et al demonstrated that expres-
sion of T-bet in T cells from airways of patients with asthma
was reduced compared with that in T cells from airways of
non-asthmatic patients, suggesting that loss of T-bet might
be associated with asthma[22].  Nakamura et al demonstrated
that GATA-3 mRNA expression was increased significantly
in the airways of asthmatic subjects and the number of cells
expressing GATA-3 mRNA correlated significantly with re-
duced airway caliber and airway hyperresponsiveness[23].
Furthermore, GATA-3 mRNA-positive cells correlate signifi-
cantly with the number of cells expressing IL-5 mRNA, and
double in situ hybridization demonstrates that approximately
76% of GATA-3 mRNA-positive cells coexpress IL-5 mRNA
and 91% of IL-5 mRNA-positive cells coexpress GATA-3
mRNA[23].  Blockade of GATA-3 mRNA expression by GATA-
3 antisense oligonucleotides in lung tissue significantly in-
hibits Th2 cytokine production and airway inflammatory cells
infiltration in an asthmatic mouse model[24].

Most studies have focused on the effect of CpG ODN on
the Th1/Th2 cytokine balance in a murine model, but data
regarding the effect of CpG ODN on the mRNA expression of
transcription factors GATA-3 and T-bet have not been
reported.  In the present study, we first investigated the
effects of CpG ODN on GATA-3 and T-bet mRNA expression
in a mouse model of asthma.  Our data showed that, com-
pared with the asthma group, CpG ODN treatment reduced
GATA-3 mRNA expression and increased the mRNA ratio of
T-bet to GATA-3 in splenocytes, although no difference was
found in T-bet mRNA expression between the 2 groups.  In
lung tissue, GATA-3 mRNA expression was also decreased
in the CpG ODN-treated group compared with the asthma
group.  Chakir et al  demonstrated that T-bet and GATA-3
gene expression reflected changes in Th1-specific cytokine
IFN-γ and Th2-specific cytokine IL-4 in DO11.10 CD4+ T cells
as well as in a mixed population of BBc rat splenocytes, and

the T-bet/GATA-3 ratio reflects the Th1/Th2 differentiation
status[10].

Our data demonstrated that CpG ODN downregulated
GATA-3 mRNA expression both in lung tissue and in
splenocytes, which may be an important mechanism for
reducing Th2 cytokine synthesis in asthmatic mouse model.
Moreover, as the mRNA ratio of T-bet to GATA-3 in spleno-
cytes was increased in the CpG ODN-treated group com-
pared with the asthma group, CpG ODN may also regulate T
cell differential status by promoting Th0 differentiation to
Th1.  In summary, our data have shown that reducing GATA-
3 mRNA expression both in lung tissue and in splenocytes
may be an important mechanism for CpG ODN to regulate
Th1/Th2 cytokine synthesis, thereby alleviating airway eosi-
nophilia in an asthmatic mouse model.
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Nitric oxide inhalation inhibits inducible nitric oxide synthase but not
nitrotyrosine formation and cell apoptosis in rat lungs with meconium-
induced injury1

Mei-ping LU, Li-zhong DU2, Wei-zhong GU, Xiang-xiang CHEN

Neonatal Intensive Care Unit, Department of Pediatrics, Children’s Hospital, Zhejiang University School of Medicine, Hangzhou 310003,
China

Introduction
Meconium aspiration syndrome (MAS) remains a sig-

nificant cause of morbidity and mortality in term newborn
infants with intrauterine hyperoxia, despite improvements in
obstetric care.  The pathophysiology of lung injury in MAS

is very complicated.  The complex nature of MAS contrib-
utes to its poor response to many therapeutic interven-
tions[1–4].  Clinical and experimental evidence suggest that
inhaled nitric oxide (NO) reduces pulmonary hypertension,
improves systemic oxygenation and inhibits the transendo-
thelial migration of activated neutrophils in a variety of patho-

Abstract
Aim: To investigate the effects of inhaled nitric oxide (NO) on pulmonary
inflammation, apoptosis, peroxidation and protein nitration in a rat model of acute
lung injury (ALI) induced by meconium.  Methods: Twenty-four healthy male
Sprague-Dawley rats were randomly devided into 3 groups (n=8): meconium-
induced ALI with intratracheal instillation of 1 mL/kg saline (Mec/saline group),
continuous inhalation of NO at 20 µL/L.   (Mec/iNO), and the control group (control).
Electromicroscopic examination was used to determine the extent of epithelial
apoptosis.  TUNEL was used to detect DNA fragmentation in pulmonary apoptotic
cells, expressed as the apoptosis index (AI).  Western blotting was used to detect
pulmonary inducible NO synthase (iNOS) expression.  RT-PCR was used to detect
interleukin (IL)-1β mRNA expression.  Cell count in bronchoalveolar lavage (BAL),
myeloperoxidase (MPO) activity, as well as malondialdehyde (MDA) and
nitrotyrosine formation, the markers of toxic NO-superoxide pathway in rat lung
parenchyma specimens, were also examined.  Results: Expression of iNOS pro-
tein and IL-1β mRNA were increased significantly in the Mec/saline group (both
P<0.01) compared with the control group.  BAL cell count, MPO activity, lung
injury score, pulmonary AI, MDA level and nitrotyrosine formation were also
increased significantly (all P<0.01).  The meconium-induced iNOS protein and
IL-1β mRNA expression were inhibited significantly by NO inhalation when com-
pared with the Mec/saline group (both P<0.01).  BAL cell count, MPO activity and
lung injury score were also decreased significantly (P<0.01 or P<0.05).  However,
there were no statistical differences in MDA level, nitrotyrosine formation or pul-
monary AI between the Mec/saline and Mec/iNO groups.  Electromicroscopic
examination revealed a significant degree of epithelial apoptosis in both the Mec/
saline and Mec/iNO groups.  Conclusions: Early continuous inhalation of NO
20 µL/L may protect the lungs from inflammatory injury, but does not decrease
epithelial apoptosis or lung nitrotyrosine formation.  Inhalation of NO alone is not
associated with a detectable increase in oxidant stress.
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logical conditions of the lungs, including meconium aspira-
tion[3,5,6].

As a free radical, however, NO inhalation is potentially
toxic.  NO induces apoptosis in various cell lines[7].  NO inhala-
tion can cause damage to the lung tissue through its reac-
tion with superoxide anions, resulting in the production of
peroxynitrite anion (ONOO–).  Nitrotyrosine is a marker of
ONOO– production, which provides evidence for therapy-
induced iNO toxicity[8].  A previous study showed that NO
inhalation during the early phase of inflammation did not
increase, but rather decreased nitrotyrosine formation[8,9].
However, nitrotyrosine formation in meconium-induced acute
lung injury (ALI) with or without inhalation of NO has not
been investigated.  The anti-inflammatory effect of iNO in
meconium-induced ALI is still controversial[3].

The aims of our present study were to explore the mecha-
nism of anti-inflammatory effects and to investigate the pos-
sible toxic role of iNO in meconium-induced ALI.  A rat model
of ALI following meconium aspiration was established.  The
pulmonary inducible NO synthase (iNOS) protein and
interleukin (IL)-1β mRNA expression, nitrotyrosine formation,
pulmonary apoptosis, as well as lung injury score, broncho-
alveolar lavage (BAL) cell count, myeloperoxidase (MPO)
activity and malondialdehyde (MDA) level were measured.

Materials and methods

Meconium preparation  First-passed meconium was
taken from urine-free diapers of healthy term neonates.  The
meconium was placed in a sterile jar and frozen for less than
7 d and then lyophilized, pooled and diluted with sterile sa-
line to a final concentration of 20% suspension[10].  This
meconium slurry was frozen at -70 oC until use.

Animal management  Twenty-four 30–45 d old Sprague-
Dawley rats weighing 130 –170 g were studied.  A rat model
of meconium-induced ALI was established as previously
described[10,11].  Briefly, rats were anesthetized with sodium
pentobarbital (40 mg/kg, ip).  After tracheotomy, an endotra-
cheal tube was placed through the incision, and then
stabilized.  Prior to meconium instillation, rats were given
vecuronium bromide (2 mg/kg, ip).  After 15 min, the rats were
randomized into 3 groups (n=8 each).  Sixteen of the rats
were instilled intratracheally with meconium (1 mL/kg) fol-
lowed by a 3 mL bolus of air to disperse the meconium into
the lung to establish the model of  ALI.  Half of the dose was
given with the rat lying on one side and the other half with
the rat lying on the other side and then randomized into the
Mec/saline group, with intratracheal instillation of 1 mL/kg
saline, or the Mec/iNO group, with continuous inhalation of

NO at 20 µL/L.  The remaining 8 rats were given 1 mL/kg
sterile saline intratracheally followed by a 3 mL bolus of air
as control.  At 60 min after surgery, skin and tracheal inci-
sions were closed with a 4–0 nylon suture.  The rats in the
Mec/saline group and in the control group were allowed to
breath spontaneously in room air.

Nitric oxide exposure  Immediately after the skin and tra-
cheal incisions were closed, the rats in the Mec/iNO group
were housed for 24 h in a sealed Plexiglas chamber that was
flushed continuously with a precise dilution of NO gas
(800 µL/L) and medical air (4 mL/kg) to achieve a final NO
concentration of 20 µL/L NO concentration in the chamber
was continuously monitored by a NO/NO2 monitor confirm-
ing that the NO concentration was maintained at 20±1 µL/L
and that the NO2 concentration was consistently <2 µL/L.

Sample collection and storage  The animals were killed
24 h after treatment.  The chest was opened by a midline
incision.  The lungs were isolated and left lung lavage was
carried out.  Tissue samples from the right lung were obtained.
Apoptosis of lung tissue cells was evaluated using electron
microscopy and a terminal deoxynucleodityl transferase-
mediated dUTP nick-end labeling (TUNEL) assay was car-
ried out.

Bronchoalveolar lavage total cell count  The left lung
was lavaged using 31 mL aliquots of cold sterile saline fol-
lowing tracheotomy.  Each lung was instilled and cleared 3
times.  The recovered amount was always more than 90%.  A
total BAL cell count was obtained within 4 h.

Pulmonary myeloperoxidase activity and malondial-
dehyde assay  Myeloperoxidase (MPO) activity was assessed
as a measure of pulmonary neutrophil influx and activity.
Pulmonary MPO activity and malondialdehyde (MDA) lev-
els were assayed in duplicate on homogenized lung samples,
according to the manufacturer’s manual.  One unit of MPO
activity was expressed as units per gram of wet lung tissue.
MDA levels were standardized for tissue protein concentra-
tion determined by the Bradford protein assay[12].

Reverse transcription-polymerase chain reaction (PCR)
analysis of  pulmonary IL-1βββββ mRNA expression  Total RNA
was isolated with Trizol Reagent (Sangon, Shanghai, China)
in accordance with the manufacturer’s instructions.  Comple-
mentary DNA (cDNA) was prepared by reverse transcrip-
tion (RT) of 10 µg total RNA using oligo dT18 and 200 u
MmuLV reverse transcriptase (Sangon) at 37 oC for 90 min
according to the manufacturer’s manual.  cDNA was used as
a template in the PCR, which was run in Tag-polymerase
buffer, supplemented with 1.5 mmol/L MgCl2, 5 µg/mL of
each primer, 4 µL of 10 mmol/L dNTPs, and 1 U of Tag-poly-
merase (TaKaRa, Dalian, China).  The total reaction volume
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was 50 µL.  The primers used for IL-1β in RT-PCR were coding,
5'-GAA GCT GTG GCA GCT ACC TAT GTC T-3' and uncoding,
5'-CTC TGC TTG AGA GGT GCT GAT GTA C-3', which yielded
a PCR product of 520 bp.  The primers for β-actin (200 bp)
were coding, 5'-ATG CCA ACA CAG TGC TGT CT-3' and
uncoding, 5'-CTG CTT GCT GAT CCA CAT CT-3'.  Amplifi-
cation was carried out for 30 cycles at 94 oC for 1 min, 65 oC
for 45 s, 72 oC for 45 s, followed by a 7 min extension at 72 oC.
Gene expression was determined by the size of the PCR prod-
uct in 1.6% agorose gels (in Tris-buffer, pH 8.0), stained with
0.1% µg/mL ethidium bromide and observed under ultravio-
let light.  The data of the IL-1β mRNA levels was normalized
against the housekeeping gene β-actin.  Molecular weight
markers were run in parallel.

Western blot analysis of pulmonary nitrotyrosine for-
mation and inducible nitric oxide synthase expres-
sion   Frozen lung tissues were homogenized in protein ex-
traction buffer.  The homogenate was left on ice for 30 min
before centrifugation at 10 000×g.  Protein content was esti-
mated[12], and aliquots of 50 µg homogenate protein were
run on 10% (w/v) sodium dodecylsulfate (SDS)-polyacryla-
mide gel electrophoresis (PAGE) gels.  Proteins were subse-
quently transferred to nitrocellulose membranes and stained
with Coomassie blue to verify the equivalent transfer of
samples.  Membranes were blocked by incubation with 3%
(w/v) fat dry milk in PBS for 1 h at room temperature, with
shaking.  Thereafter, the membranes were incubated over-
night at 4 oC with either mouse monoclonal anti-nitrotyrosine
(Calbiochem-Novabiochem, San Diego, CA, USA) or rabbit
polyclonal anti-iNOS or rabbit polyclonal anti-actin (Santa
Cruz, Califonia, USA).  The primary antibody was used at
dilutions from 1:500 to 1:1000.  The blots were washed 4
times (10 min each time) with Tris-buffered saline Tween-20
(TBST), comprising 50 mmol/L Tris-HCl (pH 7.6), 150 mmol/L
NaCl and 0.1% Triton X-100, and subsequently incubated
for 2 h at room temperature in Tris-buffered saline with horse-
radish peroxidase-conjugated anti-rabbit or anti-mouse IgG
antibody (1:5000; Pierce, Rockford, IL, USA).  Immunoreac-
tive bands were visualized using the enhanced chemilumi-
nescence system (Pierce) and quantified by densitometric
analysis using Scion image software (Kodak, EDAS290 Im-
ager Analysis).  Results were calculated as the relative ratio
of the specific band compared with actin.

Histological examination  Pulmonary tissue samples
from the right lower lobe were fixed in 10% buffered formalin,
embedded in paraffin, and stained with hematoxylin and eosin
for determination of the severity of lung injury.  Samples
were assessed by a blinded pathologist who was unaware of
the group of the rats.  A score from 0 to 4 represented the

percentage of affected area on the lung section (0=0%, 1=1%–
25%, 2=26%–50%, 3=51%–75%, and 4=76%–100%) and was
assigned for 3 different characteristics: (i) extension of pul-
monary leukocyte infiltration; (ii) amount of intra-alveolar
leukocytes; and (iii) amount of exudative debris and edema
fluid.  The calculated total injury score represents the sum of
these scores[3].

Quantification of apoptosis in lung tissues by
TUNEL  The semiquantification of apoptotic cells in lung
tissue was carried out by in situ TUNEL using the Apop Tag
Peroxidase In Situ Cell Death Detection Kit (Roche Diag-
nostic GmbH Mannheim, Germany) according to the
manufacturer’s protocol.  The number of positive signals in
each section was evaluated by 3 independent pathologists
using light microscopy.  The apoptosis index (AI) was
calculated.  AI is a measure of the number of positive cells in
each 100 cells counted in 5 different blocks in the same sec-
tion[13].

Electron microscopy  Small pieces of lung tissue (1 mm3)
from the left lower lobe were obtained for ultrastructural analy-
sis of apoptotic pulmonary cell death by electron microscopy.

Statistical analysis  Data are expressed as mean±SD.
Statistical significance among sample groups was analyzed
with ANOVA.  The Mann-Whitney test was used to analyze
the data from lung injury score.  A level of P<0.05 was con-
sidered statistically significant.

Results

The meconium-instilled group showed increased BAL
cell count, pulmonary MPO activity and lung injury score
when compared with the control group (all P<0.01; Table 1).
The expression of IL-β mRNA and iNOS protein was also
increased significantly (both P<0.01; Figures 1,2).  Pulmo-
nary nitrotyrosine, a marker of ONOO–  formation as an index
of pulmonary peroxidation, and MDA, a marker of lipid
peroxidation, were increased significantly as well (both P<
0.01; Table 1; Figure 3).  Pulmonary AI, demonstrated by
TUNEL staining, was significantly elevated at 24 h after the
treatment (P<0.01; Figure 4).  This was confirmed by the elec-
tron microscopic finding that apoptotic change occurred in
pulmonary epithelium in the meconium-instilled rat lungs
(Figure 5).

Inhalation of NO (20 µL/L) significantly inhibited meco-
nium-induced iNOS protein and IL-1β mRNA expression
when compared with the Mec/saline group (both P<0.01;
Figures 1, 2).  BAL cell count, MPO activity, and lung injury
score were also decreased (P<0.01, P<0.01, and P<0.05,
respectively; Table 1).  However, there were no statistical
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differences in MDA level, nitrotyrosine formation or pulmo-
nary AI between the Mec/saline and Mec/iNO groups
(Table 1; Figures 3, 4).  Electron microscopy revealed a sig-
nificant amount of epithelial apoptosis in rat lung from both

the Mec/saline and the Mec/iNO group (Figure 5).

Discussion
The present study shows that meconium aspiration in

meconium-induced ALI, compared with NO inhalation, is
associated with increased MPO activity, lung injury score,

Table 1.  Bronchoalveolar lavage (BAL) cell count, pulmonary
myeloperoxidase (MPO) activity, malondialdehyde (MDA) and lung
injury score in rats with intratracheal saline (control) or meconium
instillation followed by saline instillation (Mec/saline) or nitric oxide
(NO) inhalation (Mec/iNO).  n=8.  Mean±SD.  cP<0.01 vs control;
eP<0.05, fP<0.01 vs Mec/saline.

Group       106×Cell count      MPO            MDA          Lung injury
                   (cells/mL)       (U/g wet       (nmol/mg           score
                                        lung tissue)     protein)

Control 0.53±0.19 0.62±0.16 1.40±0.35   2.25±1.04
Mec/saline 4.68±1.40c 1.54±0.24c 3.50±0.82c 10.00±1.07c

Mec/iNO 3.38±0.58cf 1.24±0.14cf 3.25±1.20c   8.50±1.14ce

Figure 3.  (A) Representative Western blot analysis of nitrotyrosine
(~66 kDa) formation from control (1, control), acute lung injury
with intratracheal instilled saline (2, Mec/saline) or with 20 µL/L.
nitric oxide (NO) inhalation (3, Mec/iNO).  (B) The intensity of the
bands is greater in the Mec/saline and Mec/iNO lanes compared with
the control (n=8 in each group).  cP<0.01 vs control.

Figure 2.  (A) Representative Western blot analysis of inducible
nitric oxide synthase (iNOS) (~115 kDa) from control (1, control),
acute lung injury with intratracheal instilled saline (2, Mec/saline) or
with 20 µL/L .  nitric oxide (NO) inhalation (3, Mec/iNO).  (B) The
intensity of the bands is greater in the Mec/saline and Mec/iNO lanes
compared with the control.  NO inhalation inhibits the expression of
pulmonary iNOS protein (n=8 in each group).  cP<0.01 vs control.
 fP<0.01 vs Mec/saline.

Figure 1.  (A) Representative reverse transcription-polymerase chain
reaction analysis of pulmonary interleukin (IL)-1β mRNA (520 bp)
from control (1, control), acute lung injury with intratracheal-in-
stilled saline (2, Mec/saline) or with 20 µL/L.  nitric oxide (NO)
inhalation (3, Mec/iNO).  (B) NO inhalation inhibits the expression
of pulmonary IL-1β mRNA (n=8 in each group), and the intensity of
the bands is greater in the Mec/saline and Mec/iNO lanes compared
with the control.  cP<0.01 vs control.  fP<0.01 vs Mec/saline.
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high numbers of neutrophils in BAL, and increased iNOS
protein and IL-1β mRNA expression.  It demonstrates that
early NO inhalation at a dose of 20 µL/L.  inhibits the pulmo-
nary inflammatory injury, but does not increase pulmonary
MDA and nitrotyrosine formation in meconium induced-ALI.
These findings indicate that NO inhalation may protect the

lung tissue against the meconium-induced pulmonary inflam-
matory response and that at the present dosage, the oxida-
tive effects of iNO are not clinically significant.

Meconium contains variable amounts of proinflammatory
substances, such as IL-1β, IL-6, IL-8, TNF-α, and heme, which
may activate lung inflammatory cells to produce cytokines
and elicit inflammatory reactions[11,14].  This is also demon-
strated in the rat lungs in our study by induction of pulmo-
nary IL-1β mRNA expression.  As previously reported, high
expression of iNOS might lead to overproduction of NO[15,16].
NO is an important mediator in inflammation and high levels
of NO produced by iNOS can mediate lung injury[8].  During
inflammatory conditions, meconium is able to activate mac-
rophages to produce oxygen radicals, including superoxide
anions[4].  Reaction of NO with superoxide anions produces

Figure 4.  Representative lung sections from (A) control, (B) acute
lung injury with intratracheal instilled saline (Mec/saline) or (C) with
20 µL/L.  nitric oxide (NO) inhalation (Mec/iNO), showing stained
brown nuclei of apoptotic cells with terminal deoxynucleodityl trans-
ferase-mediated dUTP nick-end labeling.  (D) Pulmonary apoptotic
cells are more numerous and the pulmonary apoptosis index is sig-
nificantly increased in the Mec/saline and Mec/iNO groups compared
with the control (n=8).  cP<0.01 vs control.

Figure 5.  Representative electron microscopic figures from (A) a
control lung (control), (B) a lung with acute lung injury with intratra-
cheal instilled saline (Mec/saline) or (C) 20 µL/L.  nitric oxide (NO)
inhalation (Mec/iNO).  Apoptotic change occurred in type II
pneumocytes in both (B) and (C).  The condensed chromatin repre-
sents apoptotic change.
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peroxynitrite, which is a highly oxidative species and is ca-
pable of nitrating tyrosine residues of numerous proteins,
leading to the formation of nitrotyrosine that may result in
protein inactivation and lipid and DNA degradation.
Nitrotyrosine is a product of the peroxynitrite pathway that
has been used as a probe to detect NO-mediated oxidative
reactions[8].  Our findings show that meconium aspiration
results in the expression of iNOS and the production of MDA
and nitrotyrosine, indicating that meconium-induced ALI is
associated with pulmonary inflammatory and oxidative/
nitrosative injury.

Findings from earlier studies suggest that inhaled NO
can decrease inflammatory reactions in neonatal and adult
lungs[6,17].  In the present study, we showed an attenuation
in pulmonary inflammatory injury after NO treatment, similar
to earlier findings.  Evidence from our study shows that the
mechanism of the anti-inflammatory effects of NO inhalation
may be associated with inhibited expression of pulmonary
iNOS protein and IL-1β mRNA.  On the other hand, during
inflammatory conditions, inhaled NO might increase the re-
action between superoxide and NO to enhance tissue nitra-
tion and exacerbate injury.  Nitrotyrosine has been found in
the lungs of patients with acute respiratory distress syn-
drome who have received inhaled nitric oxide[18,19].  In new-
born piglets the formation of peroxynitrite may be enhanced
in lungs exposed to high doses of inhaled NO or hyperoxia[20].
However, inhaled NO might have contradictory effects on
lung tissue: first, an increase in nitration as a result of in-
creased amounts of NO and nitrite, thereby enhancing the
production of peroxynitrite and the reaction via peroxidase
as a source of nitrite[19]; and second, a decrease in nitration
by inhibiting leukocyte accumulation in the lungs, thereby
reducing the production of NO and superoxide[9,21].  In the
present study, inhaled NO at 20 µL/L.  does not further in-
crease pulmonary nitrotyrosine formation.  Some studies have
also shown that early inhalation of NO in severe respiratory
failure is not associated with increased NO toxicity.  In the
rat model of lipopolysaccharide-induced ALI, NO inhalation
during the early phase of inflammation did not increase, but
rather decreased tyrosine nitration and chlorination, possi-
bly by reducing neutrophil sequestration[9].  Inhaled NO at
100 µL/L was shown to increase the survival of rats with
hyperoxia[22].  Inhaled NO at 20 µL/L with concurrent
hyperoxia did not increase intracellular or intercellular
nitrotyrosine in a mouse model[23].  According to evidence
from this and from previous studies, the oxidative effects of
iNO are not clinically significant.

There is some indirect evidence suggesting that apopto-
sis may play an important role in ALI.  Aspirated meconium

may cause apoptotic cell death of the airway epithelium, sup-
posedly through the action of bile salt or pulmonary inflam-
matory cells.  Increased release of reactive oxygen and nitro-
gen species by pulmonary inflammatory cells may be associ-
ated with apoptotic cell death in the lung.  Previous studies
indicate that NO may function as an inhibitor of the apoptotic
death program.  An earlier study showed that NO inhalation
inhibited pulmonary apoptosis in porcine meconium aspira-
tion[3].  However, there was a bulk of evidence indicating
that NO induced apoptosis in different cell lines[7].  In this
study we found that NO inhalation did not protect the lung
from meconium-induced apoptosis, despite the positive ef-
fect on pulmonary inflammatory injury.

In summary, meconium-induced ALI is associated with
inflammatory oxidant injury and epithelial apoptosis.  Early
inhalation of NO at a dose of 20 µL/L.  does not seem to
prevent epithelial apoptosis caused by meconium aspiration.
Inhalation of NO at the present dose is not associated with
any detectable increase in oxidative or nitrosative damage.
The results presented here suggest a lack of toxicity of in-
haled NO due to oxidant injury and further justify therapeu-
tic trials on inhaled NO in clinical respiratory failure.  Caution
with regard to pulmonary toxicity is still required.
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Introduction
The fungus Ganoderma lucidum (Leyss, ex Fr) Karst

(known in China as “lingzhi” and in Japan as “reishi”) has a
long history of use in traditional Chinese medicine.  Polysac-
charides from Ganoderma lucidum have been reported to
have promising immune modulating effects; for example, they
have been shown to promote the function of the mononuclear
phagocyte system, antigen-presenting cells and cytotoxic T
lymphocytes (CTL) induced by dendritic cells[1–3], to enhance
lymphocyte proliferation and antibody production[4–6], to
potentiate cytokine production by splenocytes and macroph-
ages[7], and to inhibit spontaneous and Fas-mediated

apoptosis in neutrophils[8].  The antitumor effect of Gl-PS is
reportedly due to its effects on the immune system, and there
is reportedly no associated toxicity in humans[9].

Over the past 20 years or so, investigators have at-
tempted to develop adoptive cellular immunotherapy for can-
cer treatment.  Cytokine-induced killer (CIK) cells have been
shown to generate effector cells with higher proliferative
capacity, increased cytotoxicity and fewer side effects than
lymphokine activated killer (LAK) cells[10,11].  Some reports
have demonstrated that Gl-PS can enhance the cytotoxicity
of CTL and natural killer (NK) cells[1], but little is known
about the effects of Gl-PS on the development and cytotoxic

Abstract
Aim: To study the effects (and the mechanisms thereof) of Ganoderma lucidum
polysaccharides (Gl-PS) on the proliferation and the anti-tumor activity of cytokine-
induced killer (CIK) cells, and to make use of CIK cells as a means to investigate
the interactions between Gl-PS and cytokines.  Methods: CIK cells were prepared
by using the standard protocol as a positive control.  Experimental groups also
underwent the standard protocol, except that Gl-PS (400 mg/L or 100 mg/L) was
added and the dose of anti-CD3 and interleukin-2 they received was reduced by
50% and 75%, respectively.  For negative controls, Gl-PS in the experimental
protocol was replaced with soluble starch or methylcellulose (400 mg/L or 100 mg/L).
CIK cell proliferation, cytotoxicity, and phenotype were determined by using the
Trypan blue exclusion method, MTT assay, and flow cytometry.  Results: By
synergizing cytokines, Gl-PS (400 mg/L or 100 mg/L) could decrease the amount
of cytokine in lymphokine activated killer (LAK) cells and CIK cells culture, but
had no significant effect on the proliferation, cytotoxicity, or phenotype of LAK
cells, or CIK cells induced by cytokines at higher doses alone, in which CIK cells
expanded about 80-fold and the main effectors, CD3+NK1.1+ cells, expanded by
more than 15%.  The cytotoxicity of CIK cells in experimental groups was 79.3%±
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activity of CIK cells.  The present study was undertaken to
elucidate the effects (and mechanisms thereof) of Gl-PS on
LAK cells and CIK cells induction and anti-tumor activity.

Materials and methods
Animals and drugs  Male C57BL/6j mice 6–8-week-old

were purchased from the Department of Experimental Animals,
Health Science Center, Peking University, Beijing, China. Gl-PS
were isolated from Ganoderma lucidum (Leyss, ex Fr) Karst
by placing the fungus in boiling water, followed by ethanol
precipitation, dialysis, and protein depletion using the Sevag
method.  The isolated molecule was a polysaccharide pep-
tide with a molecular weight of 584 900, and a ratio of polysac-
charides to peptides of 93.61%:6.49%.  The polysaccharides
included D-rhamnose, D-xylose, D-fructose, D-galactose, D-
mannose and D-glucose with a molar ratio of 0.793:0.964:
2.944:0.167:0.389:7.94, linked together with β-glycosidic
linkages.  The peptides contained 16 kinds of amino acids[2].
Gl-PS was isolated as a water-soluble powder that was dis-
solved in serum-free RPMI-1640 medium (Gibco BRL, NY,
USA), then filtered through a 0.22 µm filter and stored at 4
°C.  This solution was further diluted to the required concen-
trations before assay.

Isolation and culture of LAK cells  LAK cells were gen-
erated as previously described[9].  Briefly, mice were killed
by cervical dislocation.  Suspensions of spleen single cells
were pooled in serum-free RPMI-1640 medium by filtering
the suspension through mesh with the aid of a glass homog-
enizer to exert gentle pressure on the spleen fragments.  Eryth-
rocytes were lysed with an ammonium chloride solution
[0.15 mol/L NH4Cl, 10 mmol/L KHCO3, 0.1 mmol/L edetic acid
(EDTA), pH 7.2].  Obtained cells were washed twice with
phosphate-buffered saline (PBS) and resuspended in the
complete RPMI-1640 medium [RPMI-1640 medium supple-
mented with 10% inactivated fetal calf serum (FCS), 2 mmol/L
L-glutamine, 25 mmol/L NaHCO3, 1 mmol/L sodium pyruvate,
25 mmol/L N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES), 100 kU/L penicillin G, and 100 mg/L strepto-
mycin].  Adherent cells were removed via adherence to glass
surfaces.  Nonadherent mononuclear cells were obtained and
the percentage of viable cells was >95%.  Murine recombi-
nant interleukin-2 (rIL-2) (300 kU/L) was added on d 0.  Cells
were incubated at 37 °C in a humidified atmosphere of 5%
CO2 at a concentration of 1×109 cells/L.  Cell density was
determined every 4 d, and cells were subcultured in fresh
complete medium containing 150 kU/L IL-2.  LAK cells were
cultured in complete medium with 300 kU/L IL-2 for the posi-
tive control, with 75 kU/L IL-2 plus 400 mg/L or 100 mg/L Gl-
PS for experimental groups 1 and 2, respectively, and with 75

kU/L IL-2 plus 400 or 100 mg/L soluble starch (SS) or methyl-
cellulose (MC) as negative controls 1–4, respectively.

Isolation and culture of CIK cells  CIK cells were gener-
ated as previously described[10].  Nonadherent splenocytes
were suspended in complete RPMI-1640 medium at a con-
centration of 1×109 cells/L.  Murine γ-interferon (IFN-γ; 1000
kU/L) was added on d 0.  After 24 h of incubation, 50 mg/L
monoclonal antibodies (mAb) against CD3 (dilution of su-
pernatant from hybridoma 145-2C11), 300 kU/L IL-2, and 100
kU/L murine rIL-1 were added.  Fresh IL-2 (150 kU/L) and
fresh medium were added every 3 d to maintain a cell density
of 1.5×109–2.0×109 cells/L for 14–21 d.  All the cytokines
were purchased from PeproTech EC, London, UK.  CIK cells
were prepared by using the standard protocol described ear-
lier for the positive control.  Experimental groups 1 and 2
were prepared according to the standard protocol except
that Gl-PS (400 or 100 mg/L) was added, and the dose of anti-
CD3 and IL-2 was decreased by 50% and 75%, respectively.
For negative control groups 1–4, Gl-PS in the experimental
protocol was replaced with SS or MC (400 or 100 mg/L).

LAK and CIK cell proliferation assay  Cell density was
assessed every 3 d, and cells were subcultured in fresh com-
plete medium containing IL-2 as described previously[10].
Viable cell numbers were determined by the Trypan blue dye
exclusion method at each time point.  LAK and CIK cell
proliferation was analyzed by cell growth curves.

Preparation of target cells  P815 (NK-resistant) and YAC-
1 (NK-sensitive) cells proliferating in a logarithmic manner
were used as target cells for the cytotoxicity assay.  Cells
(2×108 cells/L) were maintained in complete RPMI-1640
medium as described earlier.  On the day of testing, cells
were washed once with PBS and re-suspended in a complete
medium at a concentration of 2×108 cells/L.

Cytotoxicity assay  The MTT colorimetric assay was used
for testing cytotoxic activity in vitro[12].  LAK cells or CIK
cells were used as effectors, and were coincubated with P815
or YAC-1 cells as targets for 4 h at effector:target ratios of
20:1.  Cells were plated in triplicate in 96-well microculture
plates (Corning Costar, MA, USA).  MTT (Sigma, St Louis,
MO, USA) was dissolved at 5 g/L in PBS and filtered through
a 0.22 µm filter.  MTT solution (20 µL) was added to each
well, and the microplates were further incubated at 37 °C for
4 h.  The 96-well microplates were centrifuged at 200×g for
15 min, then supernatants were discarded, and 150 µL of
Me2SO was added into each well.  The tray was gently shaken
thoroughly for 10 min to dissolve the dark blue crystals of
formazan that could be measured spectrophotometrically.
Data are expressed as mean absorbance value (optical
density, OD) of samples±SD.  Percentage-specific cytotox-
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icity (% C) was calculated as follows: % C={1–[(OD of
effectors+targets)–OD of effectors]/OD of targets}×100%.

Flow cytometric assays  Effector cells were harvested
and washed twice with ice cold FACScan buffer (PBS con-
taining 2% FCS and 0.1% sodium azide).  To block nonspe-
cific antibody binding, 20% mixed mouse and rat serum was
used and then cells were stained with mAb against CD3
coupled to fluorescein isothiocyanate (FITC) and/or mAb
against NK1.1 coupled to phycoerythrin (PE) (antibodies
from Santa Cruz, CA, USA or Pharmingen, CA, USA) for 45
min at 4 °C in the dark.  The stained cells were washed twice
and fixed with 1% paraformaldehyde in FACScan buffer and
then analyzed by using a FACScan flow cytometer (Becton
Dickinson, NJ, USA).  Dead cells and debris were gated out.

Antibody block experiment  CIK cells were induced by
using the standard protocol described earlier for the posi-
tive control, except that Gl-PS (400 or 100 mg/L) was added
and the dose of anti-CD3 and IL-2 was decreased by 50%
and 75% (experimental groups 1 and 2, respectively) or
Gl-PS in the experimental group protocol was replaced by SS
(400 mg/L or 100 mg/L) or MC (400 mg/L or 100 mg/L) as
negative controls 1–4, respectively.  Anti-CR3 (eBioscience,
San Diego, CA, USA) or its isotype immunoglobulin G (IgG)
was added 30 min prior to Gl-PS in the experimental group
protocol, in anti-CR3 groups 1 or 2 and isotype antibody
groups 1 or 2.   Cells were harvested on d 7.  The proliferation
and cytotoxicity of different groups were determined by
MTT colorimetric assay.

Statistical analysis  Data were analyzed using general
linear models (2-way ANOVA) in SPSS statistical software
(version 10.0) with a significance level of α=0.05.  Compari-
sons between means were made using the least significant
difference multiple comparisons t- test of Dunnett’s t-test.
Results are presented as the mean±SD.  Values of P<0.05
were considered to be statistically significant.

Results
Effects of Gl-PS on LAK cell proliferation  Nonadherent

splenocytes were incubated at 1×109 cells/L in complete me-
dium with IL-2 alone or IL-2 at different concentrations plus
Gl-PS at different concentrations.  Cells were harvested after
4 d to generate LAK cells.  Statistical tests of the between-
subject effects showed that there were significant differences
according to univariate analyses of variance (two-way
ANOVA).  The interaction between IL-2 and Gl-PS was
significant, which suggests a synergy between IL-2 and
Gl-PS.  The effect of IL-2 was bigger than that of Gl-PS.  For
the factor “IL-2”, there was no statistically significant differ-
ence between neither the 150 kU/L nor the 75 kU/L level
when compared with the 300 kU/L level (P>0.05).  For the
factor “Gl-PS ”, the 400 mg/L and 100 mg/L levels were sig-
nificantly different from the 0 mg/L level (P<0.01).  The com-
bination of 75 kU/L IL-2 and 400 mg/L or 100 mg/L Gl-PS was
optimal for the least usage of IL-2 (75 kU/L), and LAK cell
proliferation induced by the combination was not less than
that of the positive control, in which only IL-2 (300 kU/L)
was added (Table 1).  Compared with only 75 kU/L IL-2 in the
LAK cell culture, the effects of SS or MC in different concen-
trations plus 75 kU/L IL-2 were not significant, therefore SS
and MC were chosen as negative controls (data not shown).

Cells in different groups were harvested and viable cell
numbers were determined on d 1, 4, 8, and 12.  The difference
in cell numbers across groups was not significant on d 1.
Following 4 d of culture, the number of viable cells of the
positive control and experimental groups increased 2-fold in
comparison to the negative controls, but the difference be-
tween experimental groups and the positive control was not
significant at that time.  The number of viable cells in the
positive control and experimental groups increased mark-
edly compared with negative controls on d 8.  However, at
that time, there was no significant difference between the

Table 1.  Influences of Gl-PS and IL-2 at different concentrations on LAK cells proliferation (1×109 cells/L ). n=6. Mean±SD. aP>0.05,
cP<0.01 vs positive control.

        Group                                                                              Gl-PS concentration/mg·L-1

                 1000.00              400.00                 100.00             25.00                   6.25           0.00

IL-2 /kU·L-1

         300.0 1.62±0.12  2.25±0.12 2.26±0.12 2.05±0.14 1.85±0.16 1.79±0.19
         150.0 1.86±0.18  2.25±0.14 2.04±0.12 1.88±0.16 1.78±0.12 1.30±0.18
           75.0 1.50±0.15  2.22±0.13a 2.23±0.11a 1.81±0.14 1.65±0.13 1.11±0.16
           37.5 0.81±0.12  0.81±0.14 0.71±0.12 0.74±0.11 0.74±0.13 0.76±0.12
             0.0 0.94±0.17  0.82±0.11 0.77±0.12 0.63±0.11 0.62±0.13 0.56±0.10c

IL-2 (300 kU/L) was added alone in complete medium as a positive control.
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positive control and experimental groups.  After 8 d of culture,
cells in all groups no longer proliferated, died gradually, and
decreased on d 12 relative to the number present on d 1
(Figure 1).

Effects of Gl-PS on CIK cell proliferation  With respect
to the synergistic interaction of Gl-PS (400 mg/L or 100 mg/L)

and IL-2 (75 kU/L), experimental groups 1 and 2 were the
same as the positive control except for the addition of 400 or
100 mg/L Gl-PS and a reduction in the doses of anti-CD3 and
IL-2 by 50% and 75%, respectively.  For negative controls 1–
4, Gl-PS was replaced with SS or MC (400 mg/L or 100 mg/L)
in the protocol used in the experimental groups.  We ob-
served that the proliferation of CIK cells in the experimental
groups was also similar to that of the positive control.  The
reduction of cell numbers in the negative controls was sig-
nificant compared with the positive control on d 6 to d 21.
The number of CIK cells in the positive control and experi-
mental groups peaked at d 21 and was expanded about 80-
fold relative to the beginning culture.  Their increase in ac-
tivity was much larger than that observed in LAK cells (LAK
proliferation peaked at d 4–8 and the cell number increased
2-fold relative to the initial culture).  This suggests that
400 mg/L or 100 mg/L Gl-PS decreased the usage of IL-2 and
anti-CD3 by 75% and 50%, respectively, and that the influ-
ence on CIK cell proliferation was almost equal to that of
cytokines alone at higher doses (Figure 2).

Effects of Gl-PS on cytotoxicity of LAK  Compared with
induction by 300 kU/L IL-2 alone, no significant difference in
the cytotoxicity of LAK cells induced by 75 kU/L IL-2 plus

400 mg/L or 100 mg/L Gl-PS was observed, but cytotoxicity
induced by 75 kU/L IL-2 plus SS or MC instead of Gl-PS in
the negative controls was reduced.  This suggests that a
certain concentration of Gl-PS increases the cytotoxicity of
LAK cells (Figure 3).

Effects of Gl-PS on cytotoxicity of CIK cells  Compared
with the standard protocol for preparing CIK cells, the cyto-
toxicity of CIK cells in the experimental groups was not sig-
nificantly different, but was higher than that in the negative
control groups.  We found that CIK cells in every group
achieved higher cytotoxicity than LAK cells.  This suggests
that 400 mg/L or 100 mg/L Gl-PS decreases the usage of
IL-2 and anti-CD3 by 75% and 50%, respectively, but has no
influence on CIK cell cytotoxicity induced by cytokines alone
at higher doses (Figure 4).

Immunophenotype of effector cells in the presence of
Gl-PS  Flow cytometric assays showed that LAK cells repre-
sented a heterogeneous population, in which the major ef-
fector cells generally had an NK1.1+ cell surface phenotype.
Compared with LAK cells in the positive control groups, the
phenotype of LAK cells in the experimental groups was not
significantly different.  Most CIK cells expressed CD3, a sur-

Figure 2.  Effect of Gl-PS on CIK cell proliferation. CIK cells were
induced by using a standard protocol as described in the text (positive
control). Experimental groups 1 and 2 were treated in the same way
as the standard protocol except that Gl-PS (400 mg/L or 100 mg/L)
was added, and the dose of anti-CD3 and IL-2 was reduced by 50% and
75%, respectively. For the negative control groups 1–4, Gl-PS was
replaced with SS or MC (400 mg/L or 100 mg/L) using the same
protocol as the experimental group.  n=9.  Mean±SD.

Figure 1.  Effects of Gl-PS on the expansion of LAK cells. LAK
cells were cultured in complete medium with 300 kU/L IL-2 as a
positive control, with 75 kU/L IL-2 plus 400 mg/L or 100 mg/L
Gl-PS for experimental groups 1 and 2, respectively, and with 75
kU/L IL-2 plus 400 or 100 mg/L SS or MC for negative controls
1–4, respectively.  n=9. Mean±SD.
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face marker of T cells.  Treatment with 400 mg/L or 100 mg/L
Gl-PS in the experimental groups did not alter the phenotype
of CIK cells (Table 2).

Effect of anti-CR3 on proliferation and cytotoxicity of
CIK cells induced by stimuli containing  Gl-PS CIK cell
proliferation and cytotoxicity were reduced to <40% of that
in the experimental groups by the addition of anti-CR3
30 min prior to the addition of Gl-PS in CIK cell culture, but
not by nonspecific isotype IgG (Figures 5, 6).

Discussion
Polysaccharides isolated from Ganoderma are high-

molecular-weight polysaccharides linked together by β-gly-
cosidic linkages.  These polysaccharides exhibit immuno-
logical activity, for example promoting cellular immunity and
humoral immunity[1–8,13–15].  Biological and immunopharma-
cological activities depend on the conformation of polysac-
charides, molecular mass, solubility in water and triple-
helical structure.  Soluble starch is an α-(1,4)-bonding glu-
cose polymer, and methylcellulose links by uniform β-(1,4)
glycosidic linkages[16].  Because they lack a helical structure,
neither of these compounds have the immunological activity,
so they served as negative controls.  Flow cytometry indi-
cated that LAK and CIK cells populations were hetero-
geneous.  Effector cells in LAK cell culture generally have
the CD3-NK1.1+ cell surface phenotype[17]; however, most
CIK cells express T-cell markers.  Earlier studies have shown
that cytotoxicity correlates with the expansion of CD3+NK1.1+

lymphocytes, which are the main effector cells in CIK cell
cultures[18].  The present study demonstrated that the opti-
mal combination of Gl-PS (400 mg/L or 100 mg/L) and certain
cytokines did not alter the phenotype of LAK cells or CIK
cells, and had no effect on the percentage of effector cells.
For this reason, the cytotoxicity of LAK cells and CIK cells
in the experimental groups was similar to that of the positive
control, which contained cytokines alone at higher doses.

CIK cells with enhanced cytotoxicity and a higher prolif-
erative capacity relative to LAK cells were described first by
Schmidt-Wolf and colleagues in 1991.  They reported that
treatment of tumor cells from bone marrow with CIK cells
effectively reduced the tumor cell burden, allowing animals
to survive[10].  As demonstrated here, LAK and CIK cells

Figure 4.  Evaluation of effects of Gl-PS on the cytotoxicity of CIK
cells. CIK cells induced by different protocols were harvested on d 15
and tested for cytotoxicity. Effector:target ratio is 20:1. 1: Positive
control, standard protocol described in text; 2,3: experimental groups
1 and 2 received the standard protocol except that Gl-PS (400 mg/L
or 100 mg/L) was added and the doses of anti-CD3 and IL-2 were
reduced by 50% and 75%, respectively; 4–7: negative controls 1–4,
Gl-PS in the experimental protocol was replaced with SS or MC (400
mg/L or 100 mg/L), respectively; LAK, LAK cells. n=9. Mean±SD.
bP<0.05, cP<0.01 vs every group of CIK cells against P815 . eP<0.05,
fP<0.01 vs every group of CIK cells against YAC-1.

Table 2.  Influences of Gl-PS on the immunophenotype of murine
LAK cells and CIK cells. n=6. Mean±SD.

     Group       CD3+/%         NK1.1+/%    CD3+NK1.1+/%

LAK cells
Group 1 62.2±7.3 11.3±4.3   3.8±0.9
Group 2 58.6±9.3 10.8±4.5   3.7±1.0
Group 3 57.5±7.2 10.4±5.0   3.4±1.1

CIK cells
Group 4 96.8±4.5 20.3±6.3 18.3±5.4
Group 5 95.4±4.6 19.1±5.8 16.9±5.1
Group 6 95.1±3.2 18.2±6.4 15.7±4.5

LAK and CIK cells were induced by different protocols as described in
the text. Group 1: LAK cells in the positive control group; groups 2
and 3: LAK cells in experimental groups 1 and 2; group 4: CIK cells
in the positive control group; groups 5 and 6: CIK cells in experi-
mental groups 1 and 2.

Figure 3.  Effect of Gl-PS on the cytotoxicity of LAK cells. LAK
cells were induced by different protocols and tested for cytotoxicity
at an effector:target ratio of 20:1. 1: Positive control, 300 kU/L
IL-2; 2,3: experimental groups 1 and 2, 75 kU/L IL-2 plus 400 or
100 mg/L Gl-PS, respectively; 4–7: negative controls 1–4, 75 kU/L
IL-2 plus 400 or 100 mg/L SS or MC, respectively. n=9. Mean±SD.
bP<0.05 vs negative controls against P815.  eP<0.05 vs negative con-
trols against YAC-1.
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possess cytotoxic effects against both NK-sensitive and NK-
resistant tumor cells, and CIK cells are more cytotoxic than
LAK cells.  Previous studies have shown that CIK cells ex-

press both the Fas receptor and FasL.  Fas-sensitive and
previously activated T cells are eliminated in the early stages
of CIK cell culture through either IFN-γ, activation-induced

Figure 6.  Effect of anti-CR3 on cytotoxicity of CIK cells induced by Gl-PS and cytokines. CIK cells were induced by using the standard
protocol for the positive control group, by using the standard protocol plus the addition of Gl-PS (400 mg/L or 100 mg/L) and a decreased dose
of anti-CD3 and IL-2 by 50 % and 75 %, respectively, for experimental groups 1 and 2, and by replacing Gl-PS in the experimental group
protocol with SS or MC (400 mg/L or 100 mg/L) for negative controls 1–4, respectively. Anti-CR3 (10 mg/L) or its isotype IgG were added
30 min prior to Gl-PS in the experimental group protocol for anti-CR3 groups 1 and 2 and isotype antibody groups 1 and 2, respectively.
Effector:target ratio is 20:1. n=6. Mean±SD. bP<0.05 vs positive control, experimental groups and isotype antibody groups against P815.
eP<0.05 vs standard group, experimental groups and isotype antibody groups against YAC-1.

Figure 5.  Effect of anti-CR3 on the proliferation of CIK cells induced by Gl-PS and cytokines. CIK cells were induced by using the standard
protocol for the positive control group, by using the standard protocol plus the addition of Gl-PS (400 mg/L or 100 mg/L) and a decreased dose
of anti-CD3 and IL-2 by 50 % and 75 %, respectively, for experimental groups 1 and 2, and by replacing Gl-PS in the experimental group
protocol with SS or MC (400 mg/L or 100 mg/L) for negative controls 1–4, respectively. Anti-CR3 (10 mg/L) or its isotype IgG were added
30 min prior to Gl-PS in the experimental group protocol for anti-CR3 groups 1 and 2 and isotype antibody groups 1 and 2, respectively. Cells
were incubated only in complete medium without any stimuli for medium group. n=9. Mean±SD. bP<0.05 vs positive control, experimental
groups and isotype antibody groups.  fP<0.01 vs the every other group.
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cell death or both.  To generate CIK cells, splenocytes are
stimulated with IFN-γ 24 h prior to anti-CD3 and IL-2
treatment.  This combination of cytokines might select for a
population of Fas-resistant cells[19].  In the present study,
the CIK cell growth curve decreased in the initial stages,
then increased.  The initial decrease might be related to the
downregulation of cell proliferation caused by IFN-γ.  In the
present study, a synergistic interaction between IL-2 (75–
300 kU/L) and Gl-PS (400 mg/L or 100 mg/L) enhanced LAK
cell development and cytotoxicity.  In combination with
1000 kU/L IFN-γ, 75 kU/L IL-2, 25 mg/L anti-CD3 and 100 kU/L
IL-1, Gl-PS (400 mg/L or 100 mg/L) decreased the dose of
IL-2 and anti-CD3 by 75% and 50% respectively, but did not
influence CIK cell proliferation and cytotoxicity.  These
results show that only intermediate concentrations (not too
high or too low) of Gl-PS enhance immunocyte development;
and the results also suggest that a certain concentration of
Gl-PS could be an immune potentiator to reduce the dose of
cytokine inducing LAK and CIK cells.  Previous studies have
shown that Gl-PS can stimulate splenocytes and macroph-
ages to produce cytokines, including IL-1, IL-2, IFN-γ and
tumor necrosis factor[5,20–23].  Whether Gl-PS exerts its activ-
ity by promoting the release of cytokines by the precursors
of CIK cells is currently under investigation.

β-Glucans are known to bind to receptors, for example
CR3.  The binding site of CR3 has a broad specificity for
certain polysaccharides containing glucose and mannose,
as well as N-acetyl-D-glucosamine[24].  Gl-PS is a hetero-
glycan that contains primarily glucose[2], and CR3 is ex-
pressed mostly by activated lymphocytes, NK cells, mac-
rophages and granulocytes[25].  Our results demonstrated
that the activity of CIK cells mediated by Gl-PS was drasti-
cally inhibited (60%–70%) by prior treatment of murine
splenocytes with anti-CR3.  These results correspond with
those of Xia et al, who found that β-Glucans bound to CR3
on macrophages, neutrophils, and NK cells in humans and
mice, and cytotoxicity mediated by β-glucans can be blocked
by anti-CR3 added before or after β-glucan treatment[25].  It
has been confirmed that anti-CR3 had no effect on the cyto-
toxic activity of CIK cells[26].  These results suggest that the
immune-modulating effect of Gl-PS on CIK cells is mediated
primarily through CR3.  Our study provides useful data for
the use of Gl-PS in combination with other immuno-
activators.
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Mitochondria-dependent apoptosis induced by a novel amphipathic
photochemotherapeutic agent ZnPcS2P2 in HL60 cells1

Hui-fang HUANG, Yuan-zhong CHEN2, Yong WU

Fujian Institute of Hematology, Union Hospital, Fujian Medical University, Fuzhou 350001, China

Introduction
Photodynamic therapy (PDT), a promising cancer thera-

peutic approach, utilizes a photosensitizing agent followed
by illumination at a specific “activating” wavelength of light.
PDT produces singlet oxygen and other reactive oxygen
species (ROS), leading to lipid peroxidation and damage to
membranes, DNA, cytoskeleton, and other sites, and even-
tual cell death[1–3].  Individually, photosensitizers and light
are nontoxic, but tumoricidal when combined.  Electron
microscopy, histological and biochemical studies have shown
that PDT with different photosensitizers induces apoptotic
or necrotic cell death in different cell types[4–8].  Photosensi-
tizers are  key factors for PDT.  According to previous stud-
ies[9,10], ZnPcS2P2 presents 4 advantages over conventional
photosensitizers such as hematoporphyrin derivatives (HpD)

or other porphyrin derivatives.  The first advantage is that
the wavelength of suitable exicited light for ZnPcS2P2 is 670
nm, which is good for penetrating into tissues.  The second
advantage is that ZnPcS2P2 has no obvious absorption in
the visible part as with HpD with the result of decreased skin
phototoxicity from natural light to a larger extent.  The third
advantage is that the exicited triplet state of ZnPcS2P2 has a
larger quantum yield and longer lifetime.  The fourth advan-
tage is that the amphipathic structure of ZnPcS2P2 results in
the increase of selective uptake of sensitizers by tumor cells.
Our previous investigation manifested that leukemic cell lines
exhibited higher susceptibility to ZnPc-PDT than normal
hematopoietic cells and ZnPc-PDT could eliminate the re-
sidual leukemia cells in normal bone marrow mononuclear
cells[11].  However, the mechanism underlying the killing ef-

Abstract
Aim: To investigate the mechanism underlying the killing effects of a novel
amphipathic photosensitizer, disulfonated diphthalimidomethyl phthalocyanine
zinc (ZnPcS2P2), mediated photodynamic therapy (ZnPc-PDT) in human myelog-
enous leukemia HL60 cells.  Methods: After incubation for 5 h with 0.5 µmol/L
ZnPcS2P2, the HL60 cells were exposed to a light source of 670 nm wavelength.
Thereafter, the cells were detected at different time intervals after PDT.  The char-
acteristics of apoptosis were detected by observation of ultrastructure assay,
DNA fragmentation assay and terminal deoxynucleotidyl transferase deoxyuridine
nick-end labeling method (TUNEL).  Mitochondria-dependent apoptosis was de-
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of caspase family protease and of caspase-3, cytosol cytochrome c.  Proteins Bcl-2
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mentation assay and TUNEL staining.  TUNEL assay showed that apoptotic rates
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fects of ZnPc-PDT on leukemic cells is still unknown.  In the
present paper, we studied the death pathway of HL60 cells
induced by ZnPc-PDT and the mechanism of its action.

The mitochondrion plays a central role in the control of
apoptosis by releasing the apoptogenic proteins apoptosis-
inducing factor (AIF) and cytochrome c into the cytosol.
The released proteins activate pathways essential for carry-
ing out the morphological and biochemical changes.  For
example, cytochrome c, normally residing between the mito-
chondrial outer and inner membranes and serving as a dif-
fusible electon carrier in the intermembrane space, has been
demonstrated to be a co-activator of caspase-9, which in
turn activates caspase-3.  The active caspase-3 then acti-
vates caspase-activated DNA (CAD).  Active CAD initiates
chromatin and DNA fragmentation[12–22].  Therefore, in the
present study, we investigate the relationship between the
death mechanism induced by ZnPc-PDT and the mitochon-
dria-dependent apoptosis.  Furthermore, it is well known that
Bcl-2 serves to inhibit apoptosis by antagonizing the release
of mitochondrial cytochrome c, whereas Bax promotes
apoptosis[24,25].  The Bcl-2 protein was reported to be a dam-
age target of PDT and contributes to PDT-efficient induc-
tion of apoptosis[25].  Therefore, we also detect the kinetic
change of Bcl-2 and Bax expression following ZnPc-PDT.

Materials and methods

Cell line  Human myelogenous leukemia HL60 cells pro-
vided by the Shanghai Institute of Cytobiology (Institute of
Chinese Academy of Sciences, China) were maintained in
continuous culture in RPMI-1640 (GIBCO BRL), supple-
mented with 10% (v/v) heat-inactivated fetal calf serum (FCS),
penicillin 100 U/mL, 100 µg/mL streptomycin, and 0.25 mmol/L
L-glutamine at 37 °C under 5% CO2 humidified air.  The viabil-
ity of cells was determined by Trypan blue dye exclusion.
Cells were maintained in log phase with viability greater than
95%.

Photosensitizer  ZnPcS2P2 was a gift from the Depart-
ment of Chemistry, Institute of Research on Functional
Materials, Fuzhou University, China.  It was dissolved in a
solution comprised of Cremophor EL 2%(v/v), propylene gly-
col 20% (v/v), NaCl 0.9%(w/w) and stored in the dark at 4  °C.

Photodynamic treatment   HL60 cell suspensions (5×
106/mL in RPMI-1640) were incubated with 0.5 µmol/L of
ZnPcS2P2 for 5 h.  The cell suspensions were then photo-
irradiated using a LD-670 semi-conductor laser (Laboratory
of Laser Medicine, Tianjin Medical University, China) emit-
ting red light at a 670 nm wavelength.  The power density at
the illumination area was 53 mW/cm2 and total light dose was

2.1 J/ cm2.  A control group (cells incubated with same vol-
ume of saline for 5 h) was established.  Thereafter, cells were
harvested at 6 h, 12 h, and 24 h, respectively.

Apoptosis assays  Ultrastructure was analyzed under a
HU-12A electron microscope.  DNA fragmentation assay was
followed as described[26].  TUNEL stains were carried out
according to the manufacture’s instructions (Promega) and
the apoptotic cells characterized with brown nuclei were
counted under microscope and photographed.

Assays for mitochondrial membrane potential (∆ψ∆ψ∆ψ∆ψ∆ψm),
caspase-family protease activity and caspase-3 activity  The
procedure was carried out according to the manufacture’s
instructions (Biovision).  The results were then analyzed by
flow cytometry (BD).  The ∆ψm detection kit utilized
MitoCaptureTM (BioVision), a cationic dye that fluoresces
differently in healthy cells and apoptotic cells.  In healthy
cells, MitoCapture accumulated and aggregated in the
mitochondria, giving off a bright red fluorescence.  In
apoptotic cells, MitoCapture could not aggregate in the mi-
tochondria due to the altered ∆ψm, and thus it remained in
the cytoplasm in its monomer form, emitting green fluores-
cence.  The fluorescent signal could be analyzed by flow
cytometry FITC channel for green monomers and PI channel
for red aggregates.  The assay for caspase activity was based
on the cleavage of (aspartyl) 2-Rhodamine 110 (D2R), a re-
ported substrate for members of caspase family proteases.
D2R was non-fluorescent, however, upon cleavage of the
substrate by cellular caspases, the released rhodamine 110
resulted in a green fluorescence.  The caspase-3 activity de-
tection kit utilized the caspase-3 inhibitor DEVD-FMK, con-
jugated to FITC as the fluorescent in situ marker.  FITC-
DEVD-FMK was cell-permeable, nontoxic, and irreversibly
binds to activated caspase-3 in apoptotic cells.

Assay for cytochrome c  Western blotting was performed
according to previously published methods[27], with minor
modification.  In brief, cell pellets were washed once with
ice-cold phosphate-buffered saline (PBS) and lysed in lysis
buffer (in mmol/L: 20 Hepes-KOH, 250 sucrose, pH 7.5, 10
KCl, 1.5 MgCl2, 1 sodium ethylene diaminetetraacetic acid
(EDTA), 1 dithiothreitol, and 0.1 phenylmethylsulfonyl
fluoride).  The cells were homogenized on ice for 15 min and
the homogenates were centrifuged twice at 1000×g for 10
min.  The supernatants were centrifuged at 12000×g for 15
min at 4 °C, and the supernatants were cytosol without
mitochondria.  Protein concentration of cell extracts was de-
termined with Bradford protein assay (Coomassie Brilliant
Blue G-250 obtained from BBI ).  Cytosol protein was loaded
and separated on 12% sodium dodecyl sulfate (SDS) poly-
acrylamide gel and transferred to a nitrocellulose membrane
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by standard electric transfer protocol.  The chemilumines-
cent detection of membrane-bound proteins was performed
according to the manufacture’s instructions (KPL, Kirke-
gaard & Perry Laboratories).  In brief, the membranes were
blocked in blocking buffer for 1 h at room temperature and
then incubated with anti-human cytochrome c mouse mono-
clonal antibody (Neomarkers) in blocking buffer overnight
at 4 °C.  After washing, the membranes were incubated with
anti-mouse secondary antibody horseradish peroxidase con-
jugate and then detected by enhanced chemiluminescent de-
tection system.  Finally, the bands were visualized by auto-
radiography using X-ray film and scanned and quantified by
Imager Quant (Alpha Innotech Corporation, San Leandro,
USA).  The relative levels of cytochrome c were obtained
after normalization with β-actin values in the same lane.  At
the same time, the distribution of cytochrome c was detected
by immunohistochemistry staining and the signals were vi-
sualized with an alkaline phosphatase-linked assay system
(DAKO LSAB labeled streptavidin-biotin, DakoCytomation
Inc).  The proteins were detected under microscope and
photographed.

Assay for Bcl-2 protein and Bax protein  To prepare
lysates, cells were initially washed once with ice-cold PBS.

Cell pellets were treated with lysis buffer [1% Nonidet P-40
detergent (NP-40), 50 mmol/L Tris-HCl buffer, pH 8, 0.1%
SDS, 0.1 mmol/L phenylmethylsulphonyl fluoride (PMSF),
0.02% sodium azide] for 15 min on ice.  Lysates were centri-
fuged at 12 000×g 4 °C for 15 min.  Protein concentration of
cell extracts was determined with Bradford protein assay.
The detergent-soluble proteins were detected using the same
procedure as cytochrome c.  The intensities of the bands
were determined with the utilization of the ratios of Bax (21
kDa) to Bcl-2 (26 kDa).  The anti-human monoclonal antibod-
ies were purchased from NeoMarkers.

Statistical analysis  All data were presented as mean±SD
of 3 independent experiments.  Statistical significance was
determined with Student’s unpaired two-tailed t-test (SPSS
10.0 software, SPSS Inc, Chicago, USA).  P<0.05 was consid-
ered statistically significant.

Results

Characteristics of apoptosis in HL60 cells after ZnPc-
PDT  Electron microscopy studies showed that in ZnPc-
PDT group, the features of HL60 cells appeared obviously
as following: the cell size decreasing, cell membrane blebbing,

Figure 1.  ZnPc-PDT induced apoptosis in HL60 cells. Electron micrographs of HL60 cells in control group (A, ×6000) or in ZnPc-PDT
group(B–D, incubated with 0.5 µmol/L of ZnPcS2P2 for 5 h and then exposed to 670 nm light source of total light dose of 2.1 J/cm2 ). B: nuclear
chromatin condensation (×4800, 6 h post-PDT); C: nuclear chromatin cleavage (×7000, 24 h post-PDT); D: formation of apoptotic bodies
(×7000, 24 h post-PDT).
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cytoplasm shrinkage, nuclear chromatin condensation or
cleavage and formation of apoptotic bodies (Figure 1).  And
characteristic chromosomal DNA fragmentation appeared in
the cells after ZnPc-PDT.  By contrast, no DNA ladder ex-
isted in the control groups (Figure 2).  TUNEL staining analy-
sis showed many apoptotic cells which nuclei stained brown
existed in ZnPc-PDT groups and the average apoptosis rates
significantly increased in a time-dependent manner.  At the 3
different time points after PDT, the mean TUNEL-positive
rates were 9.6%, 24.4%, and 33.0%, respectively (Figure 3).
However, few apoptotic cell was detected in the control
group.  The results indicated that ZnPc-PDT could induce
evident apoptosis in HL60 cells.

Characteristics of mitochondria-dependent apoptosis in
HL60 cells after ZnPc-PDT  In the control group, the posi-
tive rates of assays for ∆ψm, activities of caspase family
proteases and caspase-3 were all less than 1%.  In the ZnPc-
PDT groups, compared with the control group, the positive
rates of the 3 indexes increased remarkably (P<0.01) as shown
in Figure 4.  In the ZnPc-PDT groups, ∆ψm altered signifi-
cantly and the positive rates increased in a time-dependent
manner.  When detecting caspase-3 activity, approximately
75.4% cells presented proteases activities at 6 h post-PDT.
Caspase family proteases were activated comparatively
slightly and slowly after PDT.

Compared with the control groups, in the ZnPc-PDT

groups the ratio of cytosol cytochrome c (15 kDa) to β-actin
(43 kDa) assessed by Western blot analysis increased sig-
nificantly (P<0.01).  Significant difference existed between
6 h and 12 h post-PDT (P<0.01).  However the difference
between 12 h and 24 h points was minor (P>0.05) (Figure
5A).  Immunochemistry assay showed that after ZnPc-PDT,
cytochrome c translocated from its original location adja-
cent to nucleus and dispersed into cytosol and the positive
particles were stained obviously darker (Figure 5B).  The 2
indexes showed that ZnPc-PDT induced evident release of
cytochrome c from the mitochondria into the cytosol.

Summing up the results from different observations as

Figure 2.  DNA electrophoresis of HL60 cell extracts. Control group:
No DNA ladder existed. Post-PDT: HL60 cells were incubated with
0.5 µmol/L of ZnPcS2P2 for 5 h and then exposed to 670 nm light
source of total light dose of 2.1 J/cm2 . The cells were harvested at 6 h,
12 h and 24 h post-PDT. Characteristic DNA ladder appeared. (Original
magnification×1.5)

Figure 3.  TUNEL staining analysis. A: Control group. B: 24 h post-
PDT (HL60 cells were incubated with 0.5 µmol/L of ZnPcS2P2 for 5 h
and then exposed to 670 nm light source of total light dose of 2.1
J/cm2 ). (Original magnification×400.)

Figure 4.  Time course of changes in ∆ψm, activities of caspase and
caspase-3 post-PDT (HL60 cells were incubated with 0.5 µmol/L of
ZnPcS2P2 for 5 h and then exposed to 670 nm light source of total
light dose of 2.1 J/cm2 ).  n=3.  Mean±SD.  cP<0.01 vs control.



1142

 Acta Pharmacologica Sinica ISSN 1671-4083Huang HF et al

sition pore open and the opening leads to the loss of integ-
rity of the outer mitochondrial membrane, thus releasing the
inter-membrane proteins, such as cytochrome c, into the cy-
tosol[12–16].  When released from the mitochondria, cyto-
chrome c combines with an inactive protease precursor,
procaspase-9, to form the “apoptosome”.  The apoptosome
attacks procaspase-3 and cleaves it to form active caspase-3,
which can lead to DNA breakage, nuclear chromatin
condensation, then cause cell death[20,21].

A number of studies have documented that cell death
response to PDT varies due to the physical properties of the
photosensitizer employed, PDT dose and the cell type[4–8].
Different subcellular localization of the photosensitizer re-
sults in different responses[6,7].  Even the same photosensi-
tizer-mediated PDT could lead to different outcomes.  At low
doses, the cellular machinery for apoptosis is activated,
however, higher doses lead to the inhibition of apoptosis
with cell death via a necrotic process[4,8].  In the present
study, a novel photosensitizer agent, ZnPcS2P2, developed
in China, was employed.  Our previous studies have demon-
strated that ZnPc-PDT could exert significant photodamage
to HL60 cells[11].  In the present study, 0.5 µmol/L drug level
was selected as the experimental condition.  Under the
condition, ZnPc-PDT could inhibit the proliferation of HL60
cells at 51%.

It is well known that there are two major pathways that
are involved in the initiation of apoptosis: the “extrinsic”
death receptor pathway and the “intrinsic” mitochondrial
pathway.  The present study provides direct evidence for
the role of mitochondria in HL60 cells apoptosis induced by
ZnPc-PDT.  Cytochrome c appeared in the cytosol 6 h fol-
lowing light activation of ZnPcS2P2.  The main cytochrome c
release occurred later, between 6 h and 12 h after PDT.
However, caspase-3 could be quickly activated by ZnPc-
PDT.  Remarkable activity of caspase-3 was observed 6 h
post-PDT in almost all cells.  According to recent studies[28],

Figure 6.  Western blot analysis of Bax and Bcl-2. Bcl-2 expression
decreased and Bax expression increased after ZnPc-PDT (HL60 cells
were incubated with 0.5 µmol/L of ZnPcS2P2 for 5 h and then exposed
to 670 nm light source of total light dose of 2.1 J/cm2 ).  (Original
magnification ×2)

previously discussed, we concluded that ZnPc-PDT could
induce HL60 cells apoptosis through mitochondria-depen-
dent ways.

Effects of ZnPc-PDT on the expression of Bcl-2 and Bax
Western blot assays showed that ZnPc-PDT could down-
regulate Bcl-2 expression and up-regulate Bax expression.
After PDT, the ratio of Bax to Bcl-2 increased significantly  in
a time-dependent manner (Figure 6).

Discussion
PDT has emerged as a promising therapeutic procedure

for the treatment of many tumors.  The cytotoxic efficacy
relies on a bimodal protocol comprised of chemical-photo-
sensitizer and light-irradiation.  Separately, neither the pho-
tosensitizer nor the light is toxic[1,11].  The mechanism of the
PDT-mediated cytotoxic effects is not well defined.  How-
ever it is generally believed that the apoptotic response of
PDT is critical for its therapeutic efficacy and the generation
of ROS is essential for PDT effects[2,3,25].  Some results have
demonstrated that PDT could induce the permeability tran-

Figure 5.  Results of the detection of cytosol cytochrome c.  A:
Western blotting showed that the intensity of cytochrome c bands
strengthen remarkably after ZnPc-PDT (HL60 cells were incubated
with 0.5 µmol/L of ZnPcS2P2 for 5 h and then exposed to 670 nm
light source of total light dose of 2.1 J/cm2).  (Original magnification
×2) B: Immunohistochemistry assay showed that after PDT, cyto-
chrome c translocated from its original location adjacent to nucleus
to cytosol (×1000).
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during genotoxic stress-induced apoptosis, the release of
cytochrome c from mitochondria occurrs in 2 distinct stages.
The early release of low levels of cytochrome c into the cyto-
sol precedes the activation of caspase 9 and 3.  The late
stage cytochrome c release results in a drastic loss of mito-
chondrial cytochrome c and the activities of caspases con-
tribute to the late cytochrome c release mentioned earlier.  In
the present study, PDT induced the early release of low lev-
els of cytochrome c into the cytosol in the first 6 h.  The
cytochrome c then combined with procaspase-9 to form the
“apoptosome”.  The apoptosome activated caspase-3 that
induced the late cytochrome c release.  Therefore, between
6 h and 12 h post-PDT, the main cytochrome c release
occurred.  At the time of cytochrome c release and remark-
able caspase-3 activation (6 h after PDT), only a 12.6% frac-
tion of the cells detected disruption of ∆ψm.  The data are in
agreement with the previous conclusion[19] that the dissipa-
tion of ∆ψm is not required for the release of cytochrome c
from the mitochondria.  Also, the up-regulation of pro-
apoptotic protein Bax, and the down-regulation of anti-
apoptotic protein Bcl-2 by ZnPc-PDT appeared significantly
and could result in activating mitochondria-mediated
apoptosis.  The results coincide with those of other previ-
ously published studies[25,29].  It is also reported that in many
cell types, there is delicate coordination and cross talk be-
tween the extrinsic and intrinsic pathways that leads to the
activation of the executioner caspase cascade[30,31].  Therefore,
the study of the role of the death receptor pathway in the
apoptosis induced by ZnPc-PDT should be pursued.

Thus, we conclude that the main mechanism for the
apoptosis in HL60 cells induced by ZnPc-PDT appeared to
be mitochondria-mediated pathway accompanied with cyto-
chrome c release from the mitochondria into the cytosol fol-
lowed by the activation of caspase-3.  Our findings would
provide a fundamental basis for the clinical application of
ZnPc-PDT.
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Influence of dosage forms on pharmacokinetics of daidzein and its main
metabolite daidzein-7-O-glucuronide in rats1
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2Laboratory of Drug Metabolism and Pharmacokinetics, Shenyang Pharmaceutical University, Shenyang 110016, China

Abstract
Aim:  To investigate the influence of dosage forms on the pharmacokinetics of
daidzein and its main metabolite daidzein-7-O-glucuronide in Wistar rats.  Methods:
After administration of two typical dosage forms (daidzein solution and
suspension), the concentrations of daidzein and daidzein-7-O-glucuronide were
determined by an LC-MS-MS method.  The pharmacokinetic parameters were cal-
culated and analyzed statistically using the Student’s t-test.  Results:   Absorp-
tion of daidzein after administration of daidzein solution (tmax=0.46 h) was more
rapid than that of the suspension (tmax=5.00 h).  The peak plasma concentrations
of daidzein after administration of daidzein solution and suspension were 601.1 µg/L
and 127.3 µg/L, respectively, and those of daidzein-7-O-glucuronide were 3000 µg/L
and 192.6 µg/L, respectively.  The absolute bioavailabilities of free daidzein in rats
after administration of daidzein solution and suspension were 12.8% and
6.1%, respectively, which were calculated to be 47.0% and 12.2%, respectively, in
the form of total daidzein (free plus conjugated daidzein).  Conclusion:   Absorp-
tion of daidzein solution was better than absorption of suspension (P<0.05).
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Introduction
Daidzein [7-hydroxy-3-(4-hydroxyphenyl)-4H-1-

benzopyran-4-one, CAS 486-66-8, Figure 1] is one of the natu-
rally occurring isoflavones present mainly in leguminous
plants, especially in soybeans, soy foods and Pueraria
lobata Ohwi (Leguminosae).  Several epidemiological studi-
es in humans have suggested that daidzein intake is inversely
associated with the incidence of hormone-dependent
diseases, especially breast and prostate cancer[1].  In addi-
tion to its putative anticarcinogenic effects, daidzein has
also been investigated as an antihyperlipidemic agent and a

therapeutic substance to combat osteoporosis[2,3].
After oral administration, daidzein is subject to

glucuronidation at the 7-hydroxyl position, and daidzein-7-
O-glucuronide is its main metabolite in human[4] and rat[5]

plasma and urine.  The pharmacokinetics of daidzein in hu-
mans has been the subject of several studies[6–10], but there
have been no reports about the pharmacokinetics of its main
metabolite daidzein-7-O-glucuronide.  Due to its poor hydro-
philicity and lipophilicity, the pharmacokinetics of daidzein
may be influenced by the dosage form.  However, the influ-
ence of dosage forms on the pharmacokinetics of daidzein

Figure 1.   Chemical structures of daidzein (I), genistein (II, internal standard) and daidzein-7-O-glucuronide (III).
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and its main metabolite daidzein-7-O-glucuronide have not
been investigated previously.  Furthermore, the extent of the
influence of dosage forms remains unknown.

In the present study, the influence of two typical dosage
forms (solution and suspension) on the pharmacokinetics of
daidzein and its main metabolite daidzein-7-O-glucuronide
was investigated after oral administration of 20 mg/kg puri-
fied daidzein to rats.

Materials and methods

Chemicals and reagents  Daidzein and genistein (internal
standard) were purchased from Huike Botanical (Xi’an,
Shaanxi, China).  The purities of these 2 compounds were
99.3% and 98.9%, respectively, which was verified using
high-performance liquid chromatography (HPLC) methods.
β-Glucuronidase (EC 3.2.2.21, 542 200 units/g of solid) was
purchased from Sigma (St Louis, MO, USA).  CMC-Na was
purchased from Shenyang Chemical Factory (Shenyang,
Liaoning, China).  Acetonitrile and methanol (Yuwang Chemi-
cal Factory, Shandong, China) were of HPLC grade.  Other
chemicals were of analytical grade.  Distilled water, prepared
from demineralized water, was used throughout the study.

Preparations of dosage forms  A transparent solution of
daidzein was prepared by dissolving an appropriate amount
of daidzein in 0.9% NaCl solution (water was used as solvent)
and adjusting the pH to 7.0 by the addition of 1 mol/L NaOH.
A daidzein suspension with good physical stability was
achieved by dispersing grinded daidzein in 0.5% CMC-Na
solution (water was used as solvent and CMC-Na was used
as co-suspension reagent).  The concentrations of daidzein
in both dosage forms were determined to be 2.0 g/L by a
validated HPLC-UV method.  The 2 dosage forms were pre-
pared freshly for animal administration.

Instrumentation  A Finnigan TSQ API II tandem mass
spectrometer equipped with an atmospheric pressure chemi-
cal ionization (APCI) source (San Jose, CA, USA), an Agilent
1100 autosampler (Agilent, Wilminton, DE, USA) and a
Shimadzu LC-10AD pump (Kyoto, Japan) were used for
LC-MS-MS analyses.  Analytical data were acquired using
Xcalibur 1.1 software (Finnigan) and quantitative process-
ing was carried out using LCQuan software (Finnigan).

LC-MS-MS conditions   The LC-MS-MS method used
for the determination of daidzein and daidzein-7-O-glucu-
ronide was a slightly modified version of one described pre-
viously[11].  The LC separation was carried out using a
Diamonsil C18 column (200 mm×4.6 mm ID, 5 mm; Dikma,
Beijing, China) and a SecurityGuard C18 guard column
(4 mm×3.0 mm ID; Phenomenex, Torrance, CA, USA).  The

isocratic mobile phase consisted of acetonitrile-water-for-
mic acid (80:20:1, v:v:v) at a flow rate of 0.75 mL/min.  The
column temperature was maintained at 20 ºC.

The mass spectrometer was operated in positive APCI
mode with the corona discharge current set at 4.00 µA.  Ni-
trogen was used as the sheath gas (0.6 MPa) and auxiliary
gas (3 L/min) for nebulization.  The heated capillary and va-
porizer temperatures were set to 280 ºC and 450 ºC, respec-
tively.  For collision-induced dissociation (CID), argon was
used as the collision gas at a pressure of 0.19 Pa.  Quantifica-
tion was carried out using selected reaction monitoring (SRM)
of the transitions m/z 255→199 for daidzein and m/z 271→153
for genistein, with a scan time of 0.3 s/transition.  The opti-
mized collision energies of 30 eV and 35 eV were chosen for
daidzein and genistein, respectively.

Sample preparation  To determine free (unconjugated)
daidzein, 50 µL internal standard solution (genistein, 50 mg/L
in methanol) and 50 µL water were added to 50 µL of each rat
plasma sample.  NH4H2PO4 buffer (pH 5.0; 200 µL of
0.05 mol/L) was added.  The mixture was vortexed for 10 s
and extracted with 2 mL n-hexane-diethyl ether (1 : 4, v/v) by
shaking for 10 min.  After centrifugation at 2 000×g for 10 min,
the organic phase was transferred into another tube and
evaporated to dryness at 40 ºC under a stream of nitrogen.
The residue was reconstituted in 100 µL of the mobile phase
and vortexed for 1 min.  A 20-µL aliquot of the solution was
injected onto the LC-MS-MS system.

To determine total daidzein (free plus conjugated
daidzein), 100 µL β-glucuronidase enzyme solution (1084
U/mL in 0.05 mol/L NH4H2PO4 buffer, pH 5.0) was added to a
50 µL aliquot of rat plasma.  The mixture was incubated in a
water bath at 37 ºC for 16 h.  After enzymatic hydrolysis,
50 µL internal standard and 50 µL water were added.  The
mixture was treated as described above.

Those plasma samples whose concentrations were higher
than the highest calibration point were diluted appropriately
with blank rat plasma in order to make the concentration
within the range of the standard curve before sample
preparation.

The concentration of daidzein-7-O-glucuronide was cal-
culated using the following formula:

CDG = (Ct – Cf)×430/254,
where CDG was the mass concentration of daidzein-7-O-glu-
curonide (conjugated daidzein), Ct was the total mass con-
centration of daidzein, Cf was the mass concentration of free
(unconjugated) daidzein, and 254 and 430 were the molecu-
lar weights of daidzein and daidzein-7-O-glucuronide,
respectively.

Study design   Eighteen Wistar rats (Grade II, Certificate
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No 042; 9 males and 9 females; Laboratory Animal Center of
Shenyang Pharmaceutical University, Shenyang, China)
weighing 200 g–250 g were divided into 3 groups at random
in the studies.  Each group contained 3 male and 3 female
rats.  All experimental procedures were carried out in accor-
dance with the guidelines of the Experimental Animal Care
and Use Committee of Shenyang Pharmaceutical University.
The rats were housed under standard conditions and had ad
libitum access to water and a standard laboratory diet
(isoflavone free).  All rats were dosed following an overnight
fast; food was returned 0.5 h after dosing.  Water was avail-
able ad libitum throughout the experiments.

Polyethylene cannulas were implanted in the femoral vein
2 d before the experiment while the rats were anesthetized
with pentobarbital (50 mg/kg, ip).  The cannulas were exter-
nalized at the back of the neck and filled with heparinized
saline (20 000 U/L).  One group of 6 rats weighing 224±13 g
were dosed orally with daidzein solution at 20 mg/kg
(10 mL/kg, 2 g/L), the second group of 6 rats weighing
230±16 g were dosed orally with daidzein suspension at 20 mg/
kg (10 mL/kg, 2 g/L), and the third group of 6 rats weighing
227±10 g were dosed intravenously with daidzein solution
at 20 mg/kg (10 mL/kg, 2 g/L).  Serial blood samples (0.25 mL)
were collected at 0 h, 5 min, 10 min, 30 min, 1 h, 3 h, 5 h, 8 h,
12 h, 24 h and 48 h post dose.  Plasma was separated by
centrifugation at 2 000×g for 10 min and stored frozen at
-20 ºC until analysis.

Data analysis   Plasma concentrations were subjected to
an appropriate pharmacokinetic analysis on mean data points.
Values below the quantification limit were considered to be
zero.  The peak concentration (Cmax) and the corresponding
peak times (tmax) were determined by visual inspection of the
mean data.  The elimination half-life (t1/2) was calculated us-
ing the non-compartmental model of the TOPFIT program
on a personal computer.  The area under the plasma concen-
tration-time curve (AUC) from time zero to the last measur-
able plasma concentration point (t=48 h) (AUC0–48 h) was cal-
culated using the linear trapezoidal rule.  Extrapolation to
time infinity (AUC0– ) was calculated as follows:

AUC0– =AUC0–48 h+C48  h/ke,
where C48 h was the last measurable plasma concentration
and ke was the elimination rate constant.  The bioavailability
(F) of free daidzein was calculated as follows:

F=AUC0– , po/AUC0– , iv,
where AUC0– , po and AUC0– , iv were the AUC values of

free daidzein after oral and intravenous administration of
daidzein.  The bioavailability (F) of total daidzein (free plus
conjugated daidzein) was calculated as follows:

F= AUC0– , po/AUC0– , iv,

where AUC0– , po and AUC0– , iv were the AUC values of
total daidzein after oral and intravenous administration of
daidzein.

The main pharmacokinetic parameters, including t1/2, ke,
tmax, Cmax, AUC0-48 h, AUC0– ,  and F, were analyzed using the
Student’s t-test.  A probability level of P<0.05 was defined
as being statistically significant.

Results
Mass spectrometry   Using the positive APCI mode, the

analyte and internal standard formed predominately proto-
nated molecules [M+H]+ in full-scan spectra.  To determine
daidzein using the SRM mode, full-scan and product-ion
spectra of daidzein and internal standard were investigated
under the present HPLC conditions.  Figure 2 shows the prod-
uct ion spectra of [M+H]+ ions of daidzein and genistein.
Several fragment ions were observed in the product-ion
spectra.  The major fragment ions at m/z 199 and 153 were
chosen in the SRM acquisition for daidzein and genistein,
respectively.

Method validation   Selectivity was assessed by compar-
ing the chromatograms of 6 different batches of blank rat
plasma with the corresponding spiked plasma.  Figure 3

Figure 2.   Full-scan product-ion spectra of [M + H]+ of (A) daidzein
and (B) genistein.
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Figure 3.   Representative selected reaction monitoring chromatograms of daidzein plasma samples determined using the LC-MS-MS method.
(A) Blank plasma sample; (B) Blank plasma sample spiked with daidzein at the LLOQ of 0.24 µg/L and genistein (IS, 50 mg/L); (C) Rat plasma
sample collected at 30 min after oral administration of daidzein (20 mg/kg). Peak I, daidzein; peak II, genistein.
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shows the typical chromatograms of a blank plasma sample,
a blank plasma sample spiked with daidzein at the LLOQ and
genistein, and a plasma sample from a Wistar rat 30 min after
oral administration.  No significant interference from endo-
genous substances with analyte or genistein were detected.
The typical retention times for daidzein and genistein were
2.7 min and 2.9 min, respectively.

Calibration standards were prepared by spiking 50 µL of
the appropriate standard solutions of daidzein to 50 µL of
blank rat plasma.  Plasma concentrations were 0.24 µg/L,
0.50 µg/L, 1.5 µg/L, 20 µg/L, 100 µg/L, 500 µg/L and 1000 µg/L
for daidzein.  The linear regression of the peak area ratios
versus concentrations was fitted over the concentration
range of 0.24 µg/L-1000 µg/L in rat plasma.  A typical equa-
tion of the calibration curve was as follows:

y=3.888×10-4+6.030×10-4 x   (r=0.9981),
where y is the peak area ratio of daidzein to genistein, and x
is the concentration of daidzein.  The present assay method
had an LLOQ of 0.24 µg/L with an accuracy of 14.3% and a
precision of 12.7% (n=5), which was sufficient for monitor-
ing daidzein plasma levels over a period of 48 h after a single
oral administration.

Table 1 summarizes the intra-day and inter-day precision
and accuracy for daidzein from QC samples.  In this assay,
the intra-day and inter-day precisions ranged from 3.4% to
7.1% and from 6.3% to 13.2% for each QC level.  The accu-
racy ranged from -0.5% to 2.4%.  The results, calculated us-
ing a one-way ANOVA, indicated that the values were within
the acceptable range and that the method was accurate and
precise[12].

The extraction recovery of daidzein, determined at 3 con-
centrations (0.50 µg/L, 50 µg/L, 800 µg/L), were 73.8%,
75.1% and 76.3% (n=6), respectively.  The extraction recov-
ery of genistein was also investigated as 64.2% (n=6).

Daidzein in the plasma was shown to be stable for at
least 30 d stored at -20 ºC.  The relative error (RE%) of daidzein

between the initial concentrations and the concentrations of
the following 3 freeze–thaw cycles ranged from -6.7% to
2.4%, which indicated the stability of daidzein during freeze–
thaw.  Processed samples were also found to be stable in the
reconstituted solution of acetonitrile-water-formic acid (80:
20:1, v:v:v) for at least 24 h at room temperature.  These data
are summarized in Table 2.

Pharmacokinetics  The mean plasma concentration ver-
sus time curves of daidzein and daidzein-7-O-glucuronide
after oral administration of 2 different dosage forms (daidzein
solution and suspension) are given in Figure 4.  The mean
plasma concentration versus time curves of daidzein and
daidzein-7-O-glucuronide after intravenous administration
of daidzein solution are given in Figure 5.  Table 3 summa-
rizes the pharmacokinetic parameters of daidzein and
daidzein-7-O-glucuronide after administration of 2 different
dosage forms.  The pharmacokinetic parameters of daidzein
and daidzein-7-O-glucuronide after intravenous administra-
tion of daidzein solution are given in Table 4.

Pharmacokinetics of daidzein   After oral administration
of 2 different dosage forms, the absorption of daidzein after
administration of daidzein solution (tmax=0.46 h) was more
rapid than that of suspension (tmax=5.00 h).  The peak plasma
concentration after administration of daidzein solution was
601.1 µg/L, which was approximately 4 times higher than that
of suspension (127.3 µg/L).  The absolute bioavailability of
daidzein in rats after administration of daidzein solution was
12.8%, but the absolute bioavailability of daidzein after ad-
ministration of daidzein suspension was only 6.1%.

There are significant differences of daidzein parameters
in the values of tmax and Cmax (P<0.05) between daidzein
solution and suspension.

Pharmacokinetics of daidzein-7-O-glucuronide  After

Table 1.   Precision and accuracy of the LC-MS-MS method in deter-
mining daidzein concentrations in rat plasma.

   Concentration/µg·L-1                  RSD/%              RE/%
   Added             Found       Intra-day      Inter-day

    0.50     0.51 7.1 10.7  2.0
  50.0   51.2 6.5 13.2  2.4
800.0 796.0 3.4   6.3 -0.5

 RE, relative error. RSD, relative standard deviation.

Table 2.   Stability of daidzein in rat plasma (n=6).

                Stability                     Daidzein concentration/µg·L-1

                                               0.50    50.0       800.0

Storage (≤–20 ºC, relative error, %)
  0 d   2.6 -1.1   2.9
30 d -4.7 -5.8   3.5
Freeze-thaw (relative error, %)
  0 cycles -0.4   2.4 -2.1
  3 cycles -2.7 -5.6 -6.7
Processed plasma samples at room temperature (relative error, %)

0 h   0.7 -3.2   0.3
24 h -2.6   1.9 -3.8
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Figure 4.   Mean plasma concentration–time curves of (A) daidzein and (B) daidzein-7-O-glucuronide following oral administration of 20
mg/kg daidzein solution ( and suspension to Wistar rats n=6. Mean±SD

Table 3.   Pharmacokinetic parameters of daidzein and daidzein-7-O-glucuronide after oral administration of 2 different dosage forms to rats
(20 mg/kg, n=6). Each value represents the mean±SD for 6 individual values. bP<0.05 vs solution.

     Parameter        Unit                                    Daidzein                                                         Daidzein-7-O-glucuronide
                                         Solution                   Suspension                          Solution               Suspension

t1/2 h   3.38±1.88   4.61±1.69     10.8±4.97   10.3±2.56
ke h–1   0.26±0.12   0.17±0.06     0.07±0.02   0.07±0.02
tmax h   0.46±0.45   5.00±4.10b     0.40±0.34   3.67±4.18
Cmax µg·L-1 601.1±301.3 127.3±49.0b    3 000±2 476  192.6±54.6b

AUC0–48 h µg·h·L-1  3 379±2 982 1 610±819.2  15 154±13 434   2 653±1 624b

AUC0– µg·h·L-1  3 380±2981 1 615±827.7  15 343±13 318   2 734±1 719b

F %   12.8±11.3    6.1±3.1     47.0±42.41)    12.2±9.9b,1)

1) Calculated with total daidzein (free plus conjugated daidzein).

Figure 5.   Mean plasma concentration–time curves of daidzein ( ) and daidzein-7-O-glucuronide ( ) following intravenous administration
of 20 mg/kg daidzein solution to Wistar rats. A: Semi-logarithmic coordinate profiles; B: Normal coordinate profiles. n=6. Mean±SD.

oral administration of 2 different dosage forms, absorption
of daidzein after administration of daidzein solution (tmax=

0.40 h) was more rapid than that of suspension (tmax=3.67 h).
The peak plasma concentration after administration of
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Table 4.   Pharmacokinetic parameters of daidzein and daidzein-7-
O-glucuronide after intravenous administration of daidzein solution
to rats (20 mg/kg, n=6). Each value represents the mean±SD for 6
individual values.

  Parameter       Unit                Daidzein      Daidzein-7-O-
                                                                                glucuronide

t1/2 h 6.40±2.45 11.4±3.93
ke h-1 0.13±0.07 0.07±0.02
AUC0−48 h mg·h·L-1 26.5±7.20 20.8±12.8
AUC0−∞ mg·h·L-1 26.5±7.20 21.4±13.2
CLTOT mL·min-1·kg-1 13.4±3.63 18.8±6.46
VZ L·kg-1 7.65±4.64 17.5±6.37
MRT h 2.00±1.00 8.09±3.41
Vss L·kg-1 1.45±0.47 9.58±5.66

daidzein solution was 3000 µg/L, which was approximately
14 times higher than that of suspension (192.6 µg/L).  The
absolute bioavailability of total daidzein (free plus conju-
gated daidzein) in rats after administration of daidzein solu-
tion was 47.0%, but the absolute bioavailability of total
daidzein (free plus conjugated daidzein) after administration
of daidzein suspension was only 12.2%.

In general, there are significant differences between the
main pharmacokinetic parameters of daidzein and daidzein-
7-O-glucuronide after administration of 2 different dosage
forms (P<0.05).  There is better absorption following admin-
istration of daidzein solution than after administration of
suspension.

Discussion

Daidzein shows poor hydrophilicity and lipophilicity due
to the typical plane structure of the isoflavones.  However, it
can be dissolved in weak alkaline solution and form a so-
dium salt at the hydroxyl groups; as a result its water solubil-
ity is greatly increased to 2 g/L.  Daidzein solution was found
to be stable during a period of at least 24 h (data not shown).

In present study, we choose solution and suspension as
the 2 representative dosage forms.  Daidzein suspension
has similar in vivo processes to solid preparations, while
daidzein solution is a typical liquid preparation.  As a com-
pound with poor solubility, the form of administration may
have a great influence on its absorption and pharmaco-
kinetics.

After oral administration, daidzein is subject to glucuroni-
dation at its 7-hydroxyl group, and glucuronide conjugate is
its main metabolite and the form in which it mainly exists

in vivo.  The pharmacological effects of daidzein-7-O-glucu-
ronide have not been reported in the literature.  Daidzein can
transform into daidzein-7-O-glucuronide as a substrate of
glucurotransferases, and daidzein-7-O-glucuronide can trans-
form back into daidzein by the action of a hydrolase.  As a
result, it is necessary to determine the concentrations of free
daidzein and daidzein-7-O-glucuronide in order to study its
absorption and pharmaco-kinetics.

Previous studies, which focused on the pharmacokinet-
ics after consumption of known amounts of soy foods or
limited purified isoflavones (solid preparations), found that
daidzein was absorbed poorly[6–10].  In our investigations,
there are significant differences in pharmacokinetic param-
eters of daidzein and daidzein-7-O-glucuronide between so-
lution and suspension.  After administration of daidzein
solution, daidzein is absorbed well and is mostly metabo-
lized into daidzein-7-O-glucuronide.  The reason for the sig-
nificant differences was the poor solubility of daidzein.

Wojcicki et al[13] reported that there were no statistically
significant differences in the pharmacokinetics and
bioavailability of flavonoid glycosides of Ginkgo biloba
(quercetin, kaempferol and isorhamnetin) after a single oral
administration of 3 formulations to healthy volunteers, which
seems to contradict the results of the present study.  How-
ever, the 3 formulations adopted in that report were capsules,
drops and tablets, which were all solid formula-tions, while
in present study, solution and suspension (solid) formula-
tions were prepared to investigate their pharma-cokinetics.
In fact, there does exist significant differences in the phar-
macokinetic parameters of solid and liquid formula-tions.

Pharmacokinetic parameters varied a great deal among
individuals, indicating great inter-individual variability of
daidzein disposition in vivo, which is in accordance with the
results found in the literature[9].  There were more factors to
affect the pharmacokinetic behavior of daidzein and daidzein-
7-O-glucuronide after oral administration compared with us-
ing an intravenous dose, and this may be the reason that
larger RSD values of AUC0−48 h were achieved after oral ad-
ministration (88.2% for oral solution and 50.9% for oral
suspension; 27.3% for intravenous solution).  Furthermore,
different distribution amounts of β-glucuronidase in vivo and
strong hepatic–intestinal cycles may also account for the
large differences in the amounts of daidzein and its main
metabolite daidzein-7-O-glucuronide in vivo.

In conclusion, dosage forms have a great influence on
the bioavailability of daidzein.  Solution preparations are more
bioavailable than solid preparations.  As a result, the solu-
tion preparations of daidzein are recommended for develop-
ment in order to improve its oral bioavailability.
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Introduction
Transmission electron microscopy (TEM) is a structural

technique that has existed for many years in biology to study
the ultra-structure of cells.  However, it has only been more
recently that outstanding technical advances have consoli-
dated the prospect of observing single protein molecules at
the electron microscope level with such sufficient structural
details to use these data to reconstruct the molecule in three
dimensions (3D).  These methodological improvements lie at
the level of the instrument itself, that is, better microscopes,
but most significantly, more powerful algorithms and soft-
ware platforms, and, importantly, dramatically increased
speed of computers to deal with the noisy images of pro-
teins obtained with the microscope.  As a result of these
advances, analysis of macromolecules using single-particle

Abstract
Single-particle electron microscopy has now reached maturity, becoming a com-
monly used method in the examination of macromolecular structure.   Using a small
amount of purified protein, isolated molecules are observed under the electron
microscope and the data collected can be averaged into a 3D reconstruction.
Single-particle electron microscopy is an appropriate tool for the analysis of pro-
teins that can only be obtained in modest quantities, like many of the large com-
plexes currently of interest in biomedicine.   Whilst the use of electron microscopy
expands, new methods are being developed and improved to deal with further
challenges, such as reaching higher resolutions and the combination of informa-
tion at different levels of structural detail.  More importantly, present methodology
is still not robust enough when studying certain “tricky” proteins like those dis-
playing extensive conformational flexibility and a great deal of user expertise is
required, posing a threat to the consistency of the final structure.  This mini
review describes a brief outline of the methods currently used in the 3D analysis
of macromolecules using single-particle electron microscopy, intended for those
first approaching this field.   A summary of methods, techniques, software, and
some recent work is presented.  The spectacular improvements to the technique in
recent years, its advantages and limitations compared to other structural methods,
and its future developments are discussed.
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electron microscopy (EM) can be widely noticed in a fast-
increasing number of publications.  Hence, the need rapidly
emerged to store and make accessible all of this 3D informa-
tion to the scientific community, and the Macromolecular
Structure Data Base (at the European Bioinformatics Institute,
Cambridge, UK) has been created to this end (http://www.ebi.
ac.uk/msd/).  Most scientific journals now make mandatory
the deposition of any 3D structure obtained by EM into this
data base, importantly using standard formats to guarantee
the interchange of the data.  This will certainly stimulate
both the flow of EM structures among scientists (as already
happens with atomic coordinates) as well as the quality of
the EM work deposited.

As EM spreads out, its interaction and dependence on
other structural techniques has deepened.  A modern ap-
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proach to the exploration of macromolecular structures re-
quires a wise combination of molecular biology, biochemistry,
biocomputing, X-ray crystallography, nuclear magnetic reso-
nance (NMR), EM and any other structural technique
(ultracentrifugation, small-angle neutron scattering, etc).  An
important challenge will therefore be to develop methods to
combine all of this multi-resolution information in a compre-
hensive way.

In the following sections, I will describe the major meth-
ods that EM employs today, how relevant structural infor-
mation is extracted, and the present limitations of these
approaches.  Supplementary and more in-depth information
can be found elsewhere[1–9] and on the web (eg the 3D-elec-
tron microscopy data base at http://3dem.ucsd.edu/index.
html, the Electron Microscopy Yellow Pages at http://
cimewww.epfl.ch/EMYP/comp.html, or the SPIDER web site
at http://www.wadsworth.org/spider_doc/spider/docs/
spider.html).

Basics of single-particle electron microscopy

The protein of interest must be purified to homogeneity
prior to any EM analysis, as image processing is most gener-
ally based on the assumption that every single image we
take derives from the same specimen (Figure 1A).  The sam-
ple is then applied to EM grids covered by a thin carbon
support film (which can contain small holes in the case of
cryo-EM, where specimens are vitrified) and visualized un-
der the electron microscope (Figure 1B).  Molecules of the
protein adsorb to the carbon film in orientations determined
by the charges on their surface and their overall shape.
Ideally, a random distribution of orientations is desirable,
because this will allow recording images of the protein from
many different angles, a requirement to obtain a correct 3D
reconstruction.  Before insertion into the microscope, the
sample must be prepared to withstand the incident radiation
(electrons).  For this purpose, the protein on the EM grid can
be either stained with heavy-atom salts, known as negative
staining (uranyl acetate, uranyl formiate and ammonium
molibdate, as the most widely used staining agents), or quick-
ly vitrified into liquid ethane and kept under liquid nitrogen
temperatures (cryo-EM).  Each method has its own advan-
tages and limitations widely discussed before and beyond
the scope of this review[5,7,10].  Briefly, negative staining pro-
vides a higher contrast at the expense of resolution and only
the surface or topography of the molecule is actually defined.
Performing cryo-EM experiments is technically more demand-
ing for the microscopist, but perfectly preserves the struc-
ture of the protein at high resolution within the vitrified buffer.

Nevertheless, contrast is strongly reduced, thus small
proteins might only be analyzed with the help of staining
agents[10–12].

Images obtained with the electron microscope are pro-
jections of the molecules along the direction of the electron
beam.  In a very simplified view, we can state that as the
beam encounters more atoms along its path within the protein,
the fewer electrons get into the detector, either photographic
film or CCD, therefore integrating the 3D information of the
molecule along the beam direction.  Large collections of im-
ages from single molecules are selected and boxed out from
each micrograph (after digitalization) or CCD frames
(Figure 1C), which become the starting data set for image
processing.  These single particle images are always noisy,
because low levels of electrons are used during imaging to
reduce radiation damage and so minimize the destruction of
the structural information.  Furthermore, single particle im-
ages are intentionally under focus to secure sufficient con-
trast of the protein over the background, so molecules can
be identified within the micrographs. Both the high noise
levels and the under focus of the micrographs are respon-
sible for the experimental limitations to reach high resolution
in 3D reconstructions using EM.  Consequently, the aims of
image processing (Figure 1D) are 2-fold: first, to reduce the
noise present in the images by averaging similar projections
in 2 dimensions and, later on, into a 3D volume; second, to
correct the consequences of under focus and other optical
effects during the generation of images in the microscope
(globally known as contrast transfer function, CTF).  This
second aspect of image processing will not be discussed in
this review, but it has been nicely introduced elsewhere[7,13,14].
Generally speaking, image processing in 2D is required at
some stage in order to classify those images corresponding
to similar projections of the molecules (therefore, similar
“shape”) and to align them in 2D, this is, to place them into
register, so that they can be averaged pixel-by-pixel to im-
prove their signal-to-noise ratio.  How is a 3D structure then
reconstructed from the 2D data recorded? It is demonstrated
that 2D projections along a 3D object contain sufficient in-
formation to restore the original object if the orientation
angles of each projection are known, and several algorithms
and approximations can easily perform this task.  For
instance, in medical tomography a radiation source is used
to acquire projections of the patient along a set of estab-
lished directions and then a 3D reconstruction is generated.
Just a word of caution to point out that several algorithms
exist to reconstruct a 3D structure from its projections at
known orientations and the mathematics behind them and
its relevance to the correctness of the resulting structure is
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not insignificant[15–17].  In single-particle EM, different views
of the same protein are contained within each micrograph as,
frequently, molecules interact with the support film or are
enclosed within the vitrified ice (in cryo-EM) at many differ-
ent orientations.  In order to generate a “correct” 3D structure,
all these projections of the molecule must evenly fill Fourier
space, meaning we are merging in 3D images from all pos-
sible angles.  Nevertheless, there are cases where the shape
of the molecule can make it mathematically redundant to col-
lect all possible views.  For instance, GroEL, a molecular
chaperon made up of 2 back-to-back stacked rings can be
reconstructed just from its side views because the protein

rotates along its longitudinal axis filling all Fourier space
without the need to incorporate top views during image pro-
cessing[18,19].  Therefore, once a sufficient data set is collected,
the only requirement to resolve the 3D structure of the pro-
tein is to establish the orientation of each projection image
with respect to a common set of reference coordinates.  The
problem of reconstructing a volume from projections is mostly
reduced to that of angular assignment.  This is actually the
most time- and effort-consuming task during single particle
EM and the heart of the image processing itself (Figure 1D).
Several software platforms are commonly used, each one
with a specific vision on how to approach the problem of

Figure 1.   Basic procedures used in single-particle electron microscopy (EM) and 3D reconstruction.  The work carried out by our group on
DNA-PKcs, a kinase implicated in DNA repair, is shown as an example throughout the whole set of figures[33,76].  (A) Proteins must be purified
to homogeneity before attempting an EM experiment because most methods are based on the assumption that the majority of collected images
originate from the same specimen.  (B) Proteins are adsorbed onto EM grids and observed under the electron microscope.  Images from single
molecules are detected over the noisy background (asterisks).  (C) Micrographs are scanned and thousands of single images extracted (only a
small gallery shown) and they constitute the starting data set.  (D) To generate a 3D reconstruction of the target protein, the input raw images
must be subjected to 2D and 3D image processing.  The main purpose of image processing is the assignment to each input particle of its
orientation angles, so all particles can be merged and averaged in 3D.  Angular assignment is performed by a process known as “angular
refinement” where projections of preliminary volumes are used as templates for alignment, classification or angular assignment.  Preliminary
assignments permit reconstruction of an improved 3D volume that functions as the source of more accurate template projections for the next
round of refinement.  As this process is repeated iteratively, angular assignment is improved and the correct 3D structure can be calculated.
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angular assignment and 3D reconstruction, which in all cases
incorporates some type of iterative refinement of the data
(Figure 1D).

These procedures described above require images from
the same molecule at the same conformation taken in several
orientations.  In some cases, such data cannot be collected
either because the protein binds to the grid in a preferred
view, or because conformational flexibility exists in the
protein, and therefore different views cannot be unambiguously
assigned to a specific conformation.  In such situations, the
random conical tilt method can deliver a 3D structure for each
type of view and generate a volume without a template[20–22].

Several commonly used software packages
can do the job

Along the already relatively extended history of electron
microscopy and image processing, several groups have de-
posited a lot of effort into the development of theory, meth-
odological approaches, algorithms and complete platforms
for the analysis of single-molecule images taken under the
electron microscope.  It is an outstanding effort that all mi-
croscopists should thank because they provide us with the
tools we need in our everyday work. Original work by
Crowther and colleagues developed the first methods to
combine images of the same specimen lying at different ori-
entations and applied them to icosahedral viruses[23,24].
Moreover, works performed on the structural determination
of viral capsids have led the way in the possibilities of 3D
EM.  Accordingly, in 1997 2 groups, led by Crowther at Cam-
bridge (UK) and Steven at the National Institutes of Health
in Bethesda (USA), managed to visualize secondary struc-
tural elements in the 3D structure of hepatitis B viral cores at
7.4 Å and 9 Å[25,26], a major breakthrough at the time and the
beginning of today’s improvements in the EM field.

At present, some kind of implicit standard has been
reached and most EM work is performed using 1 of 3 distinct
software platforms: SPIDER[27], IMAGIC[28] and EMAN[16].
As a note of prudence, other popular platforms and pro-
grams exist, many of them dedicated to the processing of
particles with icosahedral symmetry[29], which will not be dis-
cussed in this review.  SPIDER was developed by the group
of Joachim Frank in Albany (NY, USA), IMAGIC by Marin
van Heel’s group in London (UK) and EMAN by Steve
Ludtke and Wah Chiu in Houston (TX, USA).  EMAN is the
most recent platform and it is available completely free of
charge.  More information about each package is found on
their respective web sites: SPIDER (http://www.wadsworth.
org/spider_doc/spider/docs/spider.html), IMAGIC (http://

www.imagescience.de/imagic/) and EMAN (http://ncmi.bcm.
tmc.edu/ncmi/).

Other research groups are also intensively contributing
to software development and implementation for EM
analysis, whose strength lies in that they mostly attend to
aspects or approaches in image processing not sufficiently
looked after by the previous platforms.  This software can
therefore add force to the potential of the most commonly
used packages.  This is the case with XMIPP, which in-
cludes a good repertoire of classification and alignment
algorithms[30–32] (http://www.cnb.uam.es/~bioinfo/),
FREALIGN (http://emlab.rose2.brandeis.edu/grigorieff/
downloads.html) designed for extracting high-resolution
features at the final stages of refinement, and BSOFT (http://
www.niams.nih.gov/labbranch/lsbr/software/bsoft)
containing, among other tools, a good algorithm to estimate
and correct the CTF of the micrographs.  To this day, the
most common way for EM groups to make use of all of these
computational possibilities is to choose 1 or 2 of the above
main platforms while using other software to complement
them for specific tasks.

It is as well worth mentioning that these efforts in soft-
ware development for EM processing have been matched
by spectacular improvements in the programs needed to ren-
der and visualize the 3D data.  Many different programs are
now available, all of them very good, each displaying advan-
tages in specific features.  Just a few of the most typically
used by the EM community are AMIRA (http://www.amiravis.
com/), CHIMERA (http://www.cgl.ucsf.edu/chimera/), VMD
(visual molecular dynamics; REF; http://www.ks.uiuc.edu/
Research/vmd/) or PYMOL (http://pymol.sourceforge.net/).

In the following paragraphs I will summarize the basic
features of each one of the main platforms (SPIDER, IMAGIC
and EMAN)[16,27,28], pointing out those aspects that make
each software package exceptional (Figure 2).  Globally, the
main differences among them center on (i) the use of either
single particles or their 2D averages to build the volumes;
and (ii) the means for angular assignment, either “angular
reconstitution” or “projection matching”[7].  With respect to
the first point, all 3 platforms use the images from single
particles as input data, but only SPIDER directly utilizes these
to reconstruct the volume, because both IMAGIC and EMAN
classify and average single images from similar views of the
protein in order to produce a 2D average with improved sig-
nal-to-noise ratio.  These averages then constitute the input
to reconstruct the 3D structure.  With respect to the second
point, and as mentioned earlier, the fundamental aspect of
image processing corresponds to the determination of the
orientation angle of each image (or average) with respect to
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a common set of coordinates.  SPIDER and EMAN define
these angles by comparison with projections of preliminary
volumes that act as templates of known angles.  Within each
cycle of refinement the reconstructed volumes and their pro-
jections are improved, so that angular assignment is also
iteratively improved.  This strategy is known as “projection
matching”.  Alternatively, IMAGIC defines orientation angles
using “common lines”, an algorithm that can potentially find
the angular relation between projections without additional
input.  I will not get into the principles that underlie common
lines but this requires a high signal-to-noise ratio to dimin-
ish false solutions and, consequently, IMAGIC spends much
of its efforts in particle classification, alignment and
averaging.  Its great conceptual advantage is that angles
come directly from the data, thus the name “angular recon-
stitution”[7].  Model bias in the assignment of angles is there-
fore greatly reduced, though some bias still exists because
projections from iteratively improved 3D models are used to
increase the accuracy in particle alignment and classification.
It is imperative to point out that, besides these differences in
the general approaches among several platforms, each of
these contains the tools required to perform almost any op-
eration with the images from the electron microscope, and
are consequently intrinsically very flexible.  Therefore, for
instance, a “projection matching” strategy can be perfectly
carried out using tools provided by IMAGIC.

Figure 2 outlines a generalised flow-through during im-
age processing with each platform.  SPIDER[27] initiates from
a rough starting model to generate projections of defined
angular spacing (Figure 2A).  Each single particle is com-
pared with all projections so that it receives those angles of
that template with which it better fits.  This preliminary angu-
lar assignment is used to build a new 3D model that acts as a
new source for projections.  As this process is repeated it-
eratively (“angular refinement”), projections better match the
real data and, at the end, the angles assigned to the particles
allow reconstruction of the structure.  Refinement in IMAGIC[28]

(Figure 2B), on the other hand, makes use of the projection
templates just to align the particles, so classification and
averaging can be iteratively improved, but angles are de-
fined using the 2D averages and common lines.  Finally,
EMAN[16] (Figure 2C) has adopted a scheme somehow in
between those of SPIDER and IMAGIC.  Angular assign-
ment for each particle in EMAN is defined based in their
correlation with projection templates, as with SPIDER.  But
instead of using particles directly to build the volumes, all
particles with a similar orientation constitute a group or class
to be averaged, and only these averages are then used to
reconstruct a volume.  The process of averaging in EMAN

incorporates a very good set of parameters that can be tuned
to improve averaging and discard “bad” particles.  An espe-
cially interesting feature of EMAN is that particles within a
class are actually “refined” during averaging so that model
bias is strongly minimised and single images with a standard
deviation above a certain threshold are not incorporated into
the final average.  Common to all 3 systems is that either
mechanism of angular assignment is repeated iteratively
(angular refinement) until the angles assigned to the par-
ticles and the resulting 3D structure are stabilised.  At the
end, if correctly used, any of these 3 software platforms can
construct an accurate structure.  Nevertheless, it is extremely
important to note that image processing is far from a fully
automated method that does not require user intervention.
On the contrary, each processing platform just provides a
large number of computing tools to deal with the data from
the microscope, but evaluation of the output results and
decisions during processing are completely user dependent.
Consequently, an inexperienced user could end up with a
wrong structure.

The resolution problem or how to solve the
resolution gap

Once we have the final 3D reconstruction of our
macromolecule, the last stage of the research involves the
in-depth inspection and description of the structure.  This is
a crucial step because interpretation of the 3D data is the
source for the extraction of biologically relevant information,
and therefore the source of our conclusions about the pro-
cesses we are studying.  In single-particle EM this task is
problematic because the structures are solved to resolutions
above those required to trace the polypeptide chain, due to
the difficulties still present during averaging and alignment
of the noisy images obtained with the microscope.  Typically,
EM analysis provides structures ranging from 8 Å–10 Å to
30 Å–40 Å resolution, and the consequences of these reso-
lutions for the way in which a macromolecule is visualized
can be perceived in Figure 3C, where I have used as an ex-
ample the recent atomic model of DNA-PKcs, a kinase impli-
cated in DNA repair[33]. While at a resolution of 9 Å second-
ary structural elements, such as alpha helices, can still be
distinguished in favorable cases[19,34], at poorer resolutions
(>15 Å), rarely anything more than the overall shape of the
protein is apparent (Figure 3C).

To bridge the gap between the atomic information we
would wish to have in our structure and the medium or low
resolution of the actual EM reconstructions, 3 “multi-resolu-
tion” methods have been proposed[35–39].  These suggest
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Figure 2.   Several software packages exist for single-particle image processing, the 3 most widely used being: (A) SPIDER, (B) IMAGIC and
(C) EMAN.  Each platform deals with input images from electron micrographs as the source to build the 3D structures, but each one uses
slightly different approaches to reach that goal, which have been summarized in this figure (and the text).
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combining information at different levels of resolution in
order to investigate complex systems.

Rigid-body fitting  A medium-resolution EM structure can
be depicted as a convolution of its atomic features; hence a
pseudo-atomic model can be obtained by computationally
placing (“fitting”) atomic coordinates into the EM map[36].
The atomic structure is considered to be a rigid body with no
conformational changes, whose density has to be located
and placed within the 3D reconstruction. Rigid-body fitting
is a very appropriate mode to map domains into a larger
complex that contains several domains or proteins, and it
has been extensively used already to propose pseudo-atomic
models of macromolecular complexes.  However, it is impor-
tant to bear in mind that the accuracy of this computational
approach can be seriously hampered by a lack of resolution
of the target 3D model and by the size, shape and conforma-

tional flexibility of the fitted atomic structure.  Figure 3 shows
a recent example from our group where the 3D structure of
the DNA-PKcs kinase[33] was fitted with atomic structures of
individual domains (Figure 3A) to produce a pseudo-atomic
model for some portions of the molecule (Figure 3B).  This
atomic model, when filtered to the resolution experimentally
obtained by EM, very much resembles the corresponding
segments of the 3D structure (Figure 3C).  Many other ex-
amples can be found in the recent literature where these
methods have been applied[40–42].

Several algorithms have been developed that consider
different sides of the problem[35,36], but this is still a very
active field where a consensus about the best approaches
has not yet been reached.  Some of the most commonly used
tools are those implemented in SITUS[43] (http://situs.
biomachina.org/), EMAN[16] (http://ncmi.bcm.tmc.edu/ncmi/)

Figure 3.  Multi-resolution fitting.  (A) Medium- or low-resolution maps obtained by electron microscopy (EM) do not provide atomic
information of macromolecules, but (B) atomic structures of parts of the proteins can be fitted into the EM density to generate a likely model
at atomic resolution for parts of the macromolecule (usually referred to as “pseudo-atomic models”).  (C) The consequences of the loss of
resolution on the structural details that are observed in 3D EM can be shown after low-pass filtering of the atomic model in (B) at different
resolutions.  When the pseudo-atomic model is rendered at resolutions compatible to those of the experimentally obtained EM maps, structural
resemblance between the model and the 3D reconstruction should be evident.
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and EM fit[44].  Nevertheless, other algorithms are also fre-
quently used[45–47].  At low resolution, several solutions could
comply with our fitting criteria, so one must be cautious with
the results, which, if much uncertainty persists, should ide-
ally be supported or validated with external information.

Flexible fitting   It is very likely that an atomic structure
will not perfectly match one solved by EM, especially when
the portion represented by the atomic structure is part of a
larger complex solved by EM or it is at a different stage of its
functional cycle.  In such cases, and if sufficiently good
resolution is present, the atomic coordinates can be modi-
fied so that they better fit into the EM density.  By doing so,
we can not only place a domain within a larger structure (as
in rigid-body fitting), but we can also actually identify a new
conformation of the protein.  A nice example has been shown
recently in the 6 Å structure of GroEL, where some displace-
ment of helices were found compared to its atomic coordi-
nates[19].  Both SITUS[48] and EMAN[16] contain algorithms
to perform flexible fitting.

Prediction of secondary structure elements and protein
folds   In those cases where the resolution of an EM map is
very good (usually anything below 8 Å), instead of fitting
known atomic structures, a more powerful approach can be
carried out, and the actual recognition of secondary struc-
ture elements within the map can be achieved.  The AIRS
platform in EMAN has several commands (helixhunter,
ssehunter) to look for sheets and helices in the maps.  A
score is supplied to help discriminate real from spurious
findings.  In favorable cases, a whole fold type can be de-
fined and consequently a sufficiently realistic atomic model.
A brilliant example has been recently published describing a
pseudo-atomic model for the capsid of phi29 phage[34].  Other
groups are also currently working on fold predictions from
EM reconstructions[49].  Importantly, results in the area of
secondary structure prediction need to be handled with great
care due to the still innovative nature of this field.

Some notable recent electron microscopy
studies

The last 2–3 years have been characterized by a rapid
increase in EM publications.  I wish to point out some sig-
nificant works recently published, which have been dealing
with some challenging applications of single-particle EM.
These works shed light on where the field is going in the
very near future.  I strongly apologize to all whose work has
not been reflected in this review.

Small, asymmetric and flexible proteins   Certainly, EM
has clear limitations with respect to the smallest size of the

molecules it can analyze.  Proteins must be visualized above
a noisy background to be extracted and processed, and only
large macromolecules can therefore fit this criterion.  There
are also deeper conceptual reasons that do not allow recon-
struction of very small molecules[50].  As a result, proteins
targeted by EM studies are usually above 200 kDa–300 kDa.
Having said that, some recent outstanding works have chal-
lenged these difficulties and studied small proteins, many
with molecular weights around, or even below, 100 kDa, and
these have been reconstructed at decent resolutions (around
20 Å–30 Å): geminin[51], separase[11], the Arp2/3 complex[52]

and the mammalian fatty acid synthase[53], to name a few.
A common feature of many of these proteins is that they

participate in very relevant pathways in the biology of the
cell (eg signaling pathways, DNA repair, oncogenes and tu-
mor suppressors), and though they are not extremely large,
they are still difficult to purify in large quantities for X-ray
studies.  This is the case, for instance, with Vav, an activator
of Rho/Rac GTPases, whose 3D structure has been solved
in the inactive and active conformations, plus a ~85 kDa trun-
cated mutant with oncogenic potential[12], providing insights
into its regulatory mechanisms.  Another remarkable example
is the structure of the tetrameric KvAP voltage-dependent
K+ channel[54] with a mass of 100 kDa, which the authors
deliberately increased up to 300 kDa by addition of 4 Fab
fragments.

Generally speaking, all of these works have the challeng-
ing difficulty of collecting good microscopy data and being
able to correctly align images of small molecules, which, on
top of that, frequently display no symmetry at all.  But an
even further twist to these already difficult experiments comes
when the protein under study is flexible; several conforma-
tions are present in the same micrographs whose identifica-
tion is not always straightforward.  In some of these cases,
the method called “random conical tilt”[20,22] (developed some
time ago to obtain 3D structures from proteins bound to the
EM grids with preferential views) might be the only tactic
available to solve these structures without mixing several
conformations.  In this regard, it is worth taking a look at
some recent excellent works by Tomas Waltz’s group[55,56]

Structures of the ribosome   The complex structure of
the ribosome and the process of mRNA translation have been
extensively studied by several groups in the last decade.
These authors regularly provide structures at resolutions
better than 12 Å and the wealth of biological information
obtained by combining EM and X-ray crystallography of
the ribosome is unprecedented.  Two groups have been lead-
ing this research: Joachim Frank at Albany (NY, USA)[57–61]

and Marin van Heel at London (UK)[62–64].
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Multi-protein macromolecular complexes or “molecu-
lar machines”   The natural targets of EM are those com-
plexes that contain several proteins, are very large in size,
are heterogeneous in their composition, have complex func-
tional cycles and are difficult to purify; all of these qualities
making complicated a traditional analysis by crystallogra-
phy or NMR.  Interestingly, these large and transient
complexes, sometimes named “molecular machines”, have
been admitted by modern biology to comprise the basics for
a major number of cellular processes, and are therefore a
subject of great interest.  Some EM works have started to
obtain 3D information on some of these complexes, such us
the spliceosome (implicated in mRNA splicing)[65–68], the
SAGA complex from Saccharomyces cerevisiae[69], the
apoptosome involved in procaspase-9 binding and activa-
tion during apoptosis[70], and several complexes between
chaperonins with their substrates and co-chaperons[71–74].

DNA-bound protein complexes   Determination of the 3D
structure of complexes between proteins and DNA substrates
has been accomplished, for instance, the large T antigen
bound to the simian virus 40 origin of replication[75], the DNA-
PKcs kinase bound to a double-stranded DNA fragment that
simulates a DNA repair signal[33,76], and the clamp-loading
complex for DNA replication[77].

High resolution structures   Averaging of the noise im-
ages from single-particle EM has the potential to deliver 3D
structures with a resolution sufficient to trace the polypep-
tide chain[50].  A Nature paper published in 2003 on the flagel-
lar structure[78] demonstrated that if good single images can
be accurately aligned, they are able to deliver atomic
information.  The authors made use of a trick to align the
images according to their regular arrangement within the
flagella.  Nevertheless, the outstanding merit of the work
was that no diffraction information was used during their
processing.  It seems clear that reaching very high resolu-
tion will only be possible for adequate specimens of large
size, high symmetry and by means of high-quality (ie high
signal-to-noise ratio) images, derived probably from helium-
cooled microscopes.  However, the race is on to increase the
resolution of single-particle reconstructions both with im-
proved equipment and better algorithms.  Some recent ex-
amples are the GroEL structure at 6 Å[19] using EMAN, the
Escherichia coli large ribosomal subunit at 7.5 Å[79], and the
8 Å resolution structure of microtubules[41] using SPIDER.

Other noteworthy works   Other recent studies of spe-
cial interest have been the definition of the structural basis
of pore formation by the bacterial toxin pneumolysin, by the
group of Helen Saibil[80], and the pseudo-atomic model of the
capsid of phage phi29[34].

Future prospects and limitations of single-
particle electron microscopy

Single-particle EM analysis has become a trendy struc-
tural tool in biology despite not providing atomic resolution
information.  This is due to some of the great advantages of
this method in comparison to more established atomic reso-
lution techniques: (i) small amounts of purified protein are
required, compatible with those ordinarily obtained for large
macromolecules or multi-subunit protein complexes, possi-
bly its key advantage when compared to crystallography
and NMR as EM can deliver biological information from
modest quantities of material; (ii) macromolecules are trapped
in their native conformation in physiological buffers; and
(iii) preparations containing mixed populations or contami-
nated samples could be potentially analyzed whenever the
distinct populations can be separated, either visually or
computationally.  Consequently, single-particle EM is a tech-
nique very suitable for determining the 3D structure of large
macromolecule complexes (“molecular machines”), which are
now known to be implicated in many cellular processes.  This
is so because macromolecular complexes can be very large
and challenging to crystallize; they can frequently be puri-
fied only in modest quantities, while at the same time being
very flexible and of variable composition.

Future developments of the technique are being directed
toward improved resolution and a more profound examina-
tion of the volumetric data by either the fitting of atomic
structures or the identification of folds.  All of these advances
will require new methods now under development[7,13,81].  Au-
tomation of data collection and analysis is also becoming an
important goal for EM.  The long learning process needed to
properly operate a modern electron microscope, to collect
good-quality data and to perform a flawless image process-
ing means that only those with extended experience in EM
can really do the job.  Hence, making as many of those pro-
cesses as automatic as possible is a great need for the future
development of EM, especially when collecting the many
thousands of single images needed when high resolutions
are the goal.  Some interesting approximations are already
under development[82–87], and there are no serious concep-
tual reasons why automation of the most repetitive micro-
scope tasks should not be achieved in the near future.
However, one of the more important challenges for the
future will be to deal with conformational flexibility and the
heterogeneity of large protein complexes.  As resolution
increases, more data on identical conformations must be
averaged, but the better the resolution, the more likely it is
that molecules will differ in their exact conformation.
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Suggested solutions implicate the refinement of the data into
more than one possible 3D volume and the exploration of the
conformational space of a protein using normal-mode analy-
sis[88–91].

Still, EM analysis presents some important limitations
that are essential to keep in mind.  To begin with, the meth-
ods we use today are still very much dependent on the ex-
pertise of the user to deliver the correct structure, especially
when dealing with small and low-symmetry molecules or
heterogeneous samples.  Things can be done wrong, and an
inexperienced user can end up in local minima not represent-
ing the real 3D structure.  Consequently, a great challenge
for the near future should be to standardize methods and
controls as is done in modern X-ray crystallography.  A fur-
ther limitation to the method is that, in some cases, struc-
tures of macromolecular complexes are solved only to mod-
erate resolutions, which might provide few or no biologi-
cally relevant information, especially when no atomic data of
any part of a complex is known.  Nevertheless, in these cases,
EM structures can still be interpreted by calculating differ-
ence maps among several reconstructions to then determine
the position of components in the complex.  Besides these
limitations, single-particle EM will certainly cope with its fu-
ture challenges to become a widespread method to study
the 3D structures of macromolecules in conjunction with
other structural techniques.
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Abstract
AIDS is presently treatable, and patients can have a good prognosis due to the
success of highly active antiretroviral therapy (HAART), but it is still not curable
or preventable. High toxicity of HAART, and the emergence of drug resistance
add to the imperative to continue research into new strategies and interventions.
Considerable progress in the understanding of HIV attachment and entry into
host cells has suggested new possibilities for rationally designing agents that
interfere with this process. The approval and introduction of the fusion inhibitor
enfuvirtide (Fuzeon) for clinical use signals a new era in AIDS therapeutics. Here
we review the crucial steps the virus uses to achieve cell entry, which merit atten-
tion as potential targets, and the compounds at pre-clinical and clinical develop-
ment stages, reported to effectively inhibit cell entry.
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Introduction
Acquired immunodeficiency syndrome (AIDS) was

recognized in 1981, and the first human immunodeficiency
virus (HIV) was isolated 2 years later, heralding a new era in
the fight against pathogenic viruses[1,2].  Since then, HIV
infection has become a major public health problem
worldwide, with an estimated 39.4 million infected people as
at the end of 2004 (Table 1)[3].   According to the Joint United
Nations Programme on HIV/AIDS (UNAIDS) epidemic
update, in 2004 there were more than 3.1 million AIDS deaths,
including 500 000 children under 15 years of age[4].  The preva-
lence of HIV-1 is greater in developing countries, and espe-
cially in Sub-Saharan Africa, where the infrastructure to pre-
vent and treat the infection is limited[5].  These “hotspots”
absorb most of the attention of international committees and
organizations, and a significant part of the funding for AIDS
prevention and treatment goes towards attempting to scale
up antiretroviral (ARV) therapy in developing and transitional
countries[6].

HIV is a lentinovirus that is predominantly transmitted
by sexual contact, as virus particles can cross the mucosal
epithelium and infect specific cells[7,8] expressing the CD4
receptor.  Cells bearing CD4 receptors on their membrane
belong to the macrophage/monocyte lineage and to a sub-
set of T-cells[9,10].  Initial indications were that HIV-1 used

only CD4 to identify and enter the target cells.  Soon, however,
it became apparent that additional co-receptors were prob-
ably required in order for the virus to complete cell entry.
Subsequently, several such potential co-receptors were pro-
posed[11,12], but the CCR5 and CXCR4 chemokine receptors
are today considered to be the major co-receptors for HIV-1
entry[13–15].  T-cell tropic HIV strains use mainly CXCR4 as a
co-receptor and are called X4 strains, whereas macrophage-

Table 1.  Worldwide distribution of estimated number of people liv-
ing with HIV[4].

Region                                                   Estimated number1)

North America 1.0 million (540 000–1.6 million)
Caribbean 440 00 (270 000–780 000)
Latin America 1.7 million (1.3–2.2 million)
Western and Central Europe 610 000 (480 000–760 000)
Eastern Europe and Central Asia 1.4 million (920 000–2.1 million)
North Africa and Middle East 540 000 (230 000–1.5 million)
Sub-Saharan Africa 25.4 million (23.4–28.4 million)
East Asia 1.1 million (560 000–1.8 million)
South and South-East Asia 7.1 million (4.4–10.6 million)
Oceania 35 000 (25 000–48 000)

1)The ranges around the estimates define the boundaries within which
the actual numbers lie based on the best available information[4].
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tropic strains, responsible for host-to-host transmission, use
CCR5 as a co-receptor, and are referred to as R5 strains.
Thus, macrophages are the principal targets for the estab-
lishment of the infection in new individuals[16].  Although it
is not always the case[17,18], the transition from viral isolates
that use the CCR5 receptor to isolates that use the CXCR4
receptor has been linked with the transition from the latent
asymptomatic phase to the clinical manifestations associ-
ated with AIDS[19,20].

The most striking feature of HIV-1 infection is the gradual
depletion of circulating CD4+ T cells, which leads to increased
sensitivity of the patient to opportunistic and chronic infec-
tions and to oncogenesis.  The cause of the CD4+ T cell
depletion is still under debate[21–23].  It is generally accepted,
however, that during the asymptomatic phase the daily re-
plenishment rate of CD4+ T cells is much higher than the
turnover of infective virus particles for the cytopathicity
model to explain the progressive depletion of CD4+ T cells
from circulation[24].  An alternative hypothesis proposes that
certain viral components contribute to dysfunction of a vital
immune mechanism[25].

Over the past 23 years, the main objective in the field of
HIV research has been the discovery of drugs that will com-
bat the disease.  Satisfactory progress has already been made
and there are now more than 20 anti-HIV drugs approved by
the American Food and Drug Administration (FDA)[26].  ARV
drugs are categorized according to their mode of action into
three main groups: 1) the nucleoside reverse transcriptase
inhibitors (NRTI); 2) the non-nucleoside reverse transcriptase
inhibitors (NNRTI)[27,28]; and 3) the protease inhibitors (PI)[29].
ARV drugs from these categories are now administered in
combination (as cocktails) to produce more efficient treat-
ment[30].  This type of therapy, termed “highly active antire-
troviral therapy” or HAART, has markedly decreased morta-
lity and morbidity in the developed world.  Efforts have been
made by the World Health Organization (WHO) and UNAIDS

to substantially increase the number of people on HAART
in developing and transitional countries[6].

Despite the fact that current antiviral treatments have
improved prognosis, drug resistance and high toxicity are
serious limitations to current treatments that justify the con-
tinuation of research efforts for new strategies and interven-
tions[31,32].  Today, AIDS is treatable, and patients can have a
good prognosis, but it is still not curable.  A new generation
of drugs was recently introduced that inhibit viral cell entry
(to be discussed later).  HIV entry inhibitors appear to be a
rational step forward in ARV therapy, because they prevent
the virus from infecting new host cells, and may potentially
stop or significantly limit HIV transmission[33–35].  In order to
rationally design effective drugs, the pathophysiology of
HIV must be better understood for ARV therapy research to
target specific events in the biology of the virus within the
host cell[36,37].

HIV entry

HIV-1 predominately infects cells that have the CD4 re-
ceptor on their surface membrane, although this is not al-
ways the case[38,39].  Achievement of infection of these cells
involves three discrete steps: viral attachment, then co-re-
ceptor binding, and finally fusion (see Figure 1).  Recogni-
tion of the “correct” target cell and attachment to it is prima-
rily achieved through envelope glycoprotein gp120, which
binds to CD4 molecules.  Gp120 is generated within the in-
fected host cell after cleavage of gp160 by cellular proteases
into two functional proteins: gp120 and gp41.  It consists of
5 variable (V1-V5) and 5 conserved (C1-C5) regions[40].  Gp120
and gp41 are glycosylated in the Golgi apparatus, and then
transported to the membrane that is later incorporated in the
viral envelope during the budding of the viral particles to
form mature viruses[41].  The envelope membrane is studded
with trimers of gp120-gp41 heterodimers, where gp41 forms

               Figure 1.  Schematic representation of the mechanism for HIV-1 cell entry.
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the cytosolic part and gp120 the extracellular part[42].
Binding of viral gp120 to host cell CD4 is achieved through

interactions of several conserved gp120 residues with the
second complementarity-determining region (CDR2) of
CD4[43,44].  This interaction alone is not sufficient to achieve
cell entry, but it is necessary in order to identify the target
cell and also to increase the affinity of other viral compo-
nents for the co-receptor molecules.  Indeed, binding of
gp120 to CD4 causes conformational changes to the variable
loop regions V1/V2 and V3 of gp120, causing the V3 loop to
evaginate, thus becoming exposed to the co-receptors[45]

(Figure 1).  The major co-receptors that HIV-1 uses are the
CCR5 and CXCR4 chemokine receptors.  The exact mecha-
nism of interaction between the variable loop regions V1/V2
and V3 and the chemokine receptors is not well understood
and it merits a more detailed investigation.  It has been
suggested, however, that the interaction between V3 and
CCR5 is ionic in nature, and results in enhancement of the
process of activation-induced cell death of responding ef-
fector CD4+ T cells during antigen presentation[22,46,47].

The final step for viral entry requires fusion of the viral
envelope components with the target surface membrane; this
is achieved with the use of gp41, which is a glycoprotein
consisting of 3 main domains: an intracellular domain
(endodomain), a transmembrane anchor and an extracellular
domain (ectodomain).  The ectodomain is the key structure
responsible for fusion and consists of a hydrophobic fusion
peptide sequence at the N-terminal, two hydrophobic hep-
tad repeats (HR1 and HR2) at the C-terminal, and a hinge
region, where a disulfide-bond loop is formed between the
two heptad repeats during fusion[48,49].  On binding of gp120
to CD4 and subsequently to the co-receptor, further confor-
mational changes occur that lead to gp41 dissociation from
gp120.  The gp41 unfolds and the hydrophobic fusion pep-
tide sequence extends out of the viral membrane towards the
host cell membrane.  Insertion of the fusion peptide into the
host cell membrane leads gp41 to fold into a hairpin-like struc-
ture where the two hydrophobic heptad repeats (HR1 and
HR2) lie antiparallel, forming a 6-helix bundle[50,51].  This hair-
pin structure is believed to be responsible for the fusion of
the HIV envelope to the host cell membrane.

Enfuvirtide: the first FDA-approved fusion
inhibitor

Enfuvirtide (formerly known as T-20) is the first fusion
inhibitor approved by the FDA and the European Commis-
sion for the Treatment of AIDS, and is available under the
trade name Fuzeon (Trimeris and Roche).  It is a 36 amino

acid synthetic peptide homologous to the HR2 region of
gp41 (residues 127-162) [52,53], that has the ability to interfere
with the fusion pathway by mimicking the HR2 domain[54].
The accepted mode of action proposes that enfuvirtide tar-
gets conformational changes during fusion by binding to
the HR1 domain.  Recent evidence indicates that enfuvirtide
interacts with multiple sites in gp41 and gp120[55].  This bind-
ing prevents the formation of the 6-helix bundle by prevent-
ing HR2 from refolding antiparallel to HR1[56,57].  Thus, inhi-
bition of fusion of the viral envelope to cell membranes is
achieved by blocking a critical step in the fusion pathway
(Figure 2).

In the initial stages of discovery, enfuvirtide appeared to
inhibit HIV-1 replication very effectively in various cell types
and clinical trials proved to be very promising.  Phase I/II
trials provided proof that HIV entry was inhibited after treat-
ing patients with 100 mg enfuvirtide twice daily for 14 d.  The
levels of plasma HIV RNA after 14 d of treatment demon-
strated a 1.96 lg median decline[58].  Phase II clinical trials
were performed on 71 HIV-infected individuals who were
treated with 50 mg enfuvirtide together with other ARV drugs
for 48 weeks.  There was a 1.0 log10 decline from baseline in
HIV RNA and a median gain of CD4 cell counts of 84.9 cells/
µL, with no significant toxicity[59].

Furthermore, two TORO (T-20 vs Optimized Regimens
Only) Phase III clinical trials were performed in America
(TORO 1) and in Europe and Australia (TORO 2).  The trials
had similar protocols: they compared the efficacy and safety
of enfuvirtide plus an optimized antiretroviral regimen with
the efficacy and safety of an optimized antiretroviral regimen
alone[60,61].  In both studies the least-squares mean change
from baseline in the plasma viral load indicated a significant
difference in the decrease in the enfuvirtide group compared
with the control (P<0.01).  In the same way, the mean count
of CD4 cells/mL was significantly greater in the enfuvirtide
group compared with the controls (P<0.01).

Further studies are currently being performed on the ex-
act metabolic pathway of enfuvirtide, potential drug resis-
tance problems, and identification of synergistic interactions
with other drugs.  Several reports concluded that enfuvirtide
does not appear to interfere with the activities of cytochrome
P450, probably because it is a peptide and is easily hydro-
lyzed in the body[62,63].  Enfuvirtide was found to act syner-
gistically with other potential entry inhibitors in vitro, such
as AMD3100 and PRO542, producing results that encour-
aged the use of combinations of entry inhibitors as part of a
new generation of ARV strategies[64,65].  However, HIV resis-
tance has been reported in patients treated with enfuvirtide,
indicating a hotspot from codons 36 to 38 of the HR1 domain[66],
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as well as other sites in gp41[67–69].  Additionally, primary
resistance has been reported, which appears to be more fre-
quent than predicted[70], indicating that more research is
needed in this field.

Enfuvirtide obtained accelerated approval by the FDA in
2003 and became the 17th licensed ARV drug and the first to
inhibit HIV entry.  The drug is supplied as a lyophilized pow-
der in single-dose vials containing 108 mg of the drug.  Re-
constitution of the powder in 1.1 mL sterile water for injec-
tion produces a single dose of 90 mg/mL[71] that is injected
subcutaneously.  Enfuvirtide has two currently known ma-
jor drawbacks.  First, being a peptide, it can only be adminis-
tered by injection and not orally.  This makes usage more
difficult, because patients must be educated for self-
administration.  Second, the cost of enfuvirtide is high, be-
cause it is a synthetic peptide that is manufactured by a
highly complicated process involving large amounts of raw
materials[72,73].  It is estimated that the annual cost of
enfuvirtide therapy is approximately US$20 000 per patient,
and if taken in combination with other ARV drugs then the
cost of therapy could approach US$30 000.

Potential drugs targeting entry and fusion
Attachment inhibitors  Current novel antiretroviral drugs

aim to interfere with the crucial HIV entry steps: viral
attachment, co-receptor binding and fusion.  One approach
for interfering with viral attachment involves the use of a
tetravalent fusion protein construct, consisting of a human

IgG2 in which the Fv portions of both the heavy and light
chains have been replaced with the D1 and D2 domains of
human CD4[74,75].  This CD4-immunoglobulin fusion
construct, called PRO 542, is suggested to bind to the viral
gp120 and thus prevent the virus from interacting with CD4-
bearing host cells.  Phase I clinical trials indicated that PRO
542 has a half-life of 3–4 d when a relatively high dose was
used (10 mg/kg), and no dose-limiting toxicities were ob-
served[76].  In addition, in phase II clinical trials, 12 HIV-in-
fected patients were treated with 25 mg/kg single-dose PRO
542.  The drug was well tolerated and the acute reduction
caused in the HIV-1 RNA was statistically significant, even
in patients with advanced AIDS[77].

In the same way, several other compounds target either
the gp120 or the CD4 receptor and interfere with HIV
attachment.  FP-21399 is a bis(disulfonapthelene) derivative
that binds to gp120, most probably near the third variable
domain, because interactions with antibodies against the V3
loop region were blocked[78].  A phase I study showed that it
caused an increase in CD4 cell counts, and a significant de-
crease in viral load and minor side effects[79].  BMS-378806, a
4-methoxy-7-azaindole derivative, is a compound that can
be administered orally, and was developed by Bristol Myers
Squibb[80,81].  Despite the fact that phase I and II studies
showed promising results, Bristol Myers Squibb decided to
investigate similar drugs such as BMS-488043, an analogue
of BMS-378806, in order to optimize its effectiveness[82].  A
series of polyanionic compounds, for example dextrin-2-
sulfate, Carraguard and PRO 2000 are in clinical trials, and

Figure 2.  Mechanism of inhibition of
HIV fusion to the cell  membrane by
enfuvirtide.
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are designed to be topically administered[83–85].  Finally, TNX-
355, a humanized anti-CD4 mAB that binds to CD4 without
interfering with its biological function, significantly de-
creased viral load and increased CD4 cell counts in a phase
I trial[86].

Co-receptor binding inhibitors  The most interesting tar-
get in HIV entry is the co-receptor binding phase.  Current
drug research is focused on designing compounds that pre-
vent the virus interacting with the chemokine receptors.  The
CCR5 receptor is the principal target, and a number of poten-
tial drugs are currently being studied.  SCH-C is a small mo-
lecule that inhibits the binding of gp120 to CCR5, and initial
in vitro experiments have indicated good inhibitory activity
against R5 viruses as well as synergistic effects with several
ARV drugs, including enfuvirtide[87,88].  Although it can be
administered orally and clinical studies showed decreased
viral loads, electrocardiographic anomalies due to arrhy-
thmias were reported at high dosages[89].  Another compound,
SCH-D, has been found to have greater in vitro and in vivo
antiviral properties, with no apparent side effects.  Clinical
studies for this drug are still ongoing[90].  Interestingly, it
was recently reported that V3-like peptides from X4 strains
with more electropositive V3 domains were effective antago-
nists and potential infectivity blockers of R5 variants[91].

TAK-779 was the first non-peptidic molecule found to
inhibit co-receptor attachment by binding to CCR5 at trans-
membrane helices 1, 2, 3, and 7[92,93].  It has the disadvantage
of intravenous administration and because of irritations ob-
served at the injection site, its development was discontinued.
It was replaced by another compound, T-220, which can be
administered orally, and shows promising anti-R5 HIV acti-
vity[94].  Similarly, UK-427,857 is a novel CCR5 inhibitor that
has acceptable pharmacokinetic and metabolic rates in mice,
rats, dogs and humans, and can be administered orally[95].
Finally, PRO 140 is one of the few monoclonal antibodies that
has been used as an entry inhibitor and has been reported to
block co-receptor attachment without down-modulating or
inducing signaling of the CCR5 chemokine receptor[96,97].

CXCR4, the second major HIV co-receptor, is also a tar-
get for current drug research.  AMD-3100, one of the first
entry inhibitors, was found to inhibit viral entry well before
the discovery of co-receptor usage by HIV[98].  It is a bicyclam
compound of low molecular weight that inhibits the electro-
static interaction between CXCR4 and gp120 by ionic bind-
ing to the second extracellular loop (ECL2) and the adjacent
membrane-spanning domain (TM4) of the CXCR4 receptor[99].
Despite the fact that in phase I and II clinical trials, intrave-
nous administration of AMD-3100 significantly reduced the

viral load[100], it was later replaced by an orally available
compound, AMD-070.  A non-peptidic compound, KRH-1636,
which is absorbed through the duodenum, had similar effi-
cacies to AMD-3100[101].  Finally, T-22 and ALX40-4C are
positively charged peptides that occupy the V3 region and
competitively inhibit binding of gp120 to the negatively
charged amino acid residues on CXCR4[102–104].

In conclusion, the role of the V3 region in the mechanism
of cell attachment and entry in relation to the major co-recep-
tors is being actively pursued.  In addition to biological
studies, physicochemical studies on the interacting protein
domains are being carried out in an attempt to decipher the
interface conformations between the virus and the cell[105].

Fusion inhibitors  Understanding the mechanism of fu-
sion of the viral envelope with the host membrane played a
crucial role in the development of new generation ARV drugs.
This became apparent when enfuvirtide was licensed as the
first viral entry inhibitor, and it is currently used in HAART.
Resistance to enfuvirtide has been reported, which has led
to the design of a second generation HR2 mimetic peptide.
T-1249 is a 39-L-amino acid synthetic peptide that contains a
pocket-binding sequence that makes the HR1 and HR2 inter-
action more stable.  Studies on T-1249 showed that it has
greater efficacy and longer half-life than enfuvirtide.
Additionally, efficacy against enfuvirtide-resistant viruses
has been reported, indicating that this second generation
fusion inhibitor is a step forward[106,107].  However, Roche
and Trimeris decided to halt clinical development due to for-
mulation concerns[108].

5-Helix is a newly designed recombinant C-peptide that
consists of 5 of the 6 helices that are formed during the
fusion phase.  A CHR domain is missing for the 6-helix bundle
formation, and thus there is one exposed groove.  This groove
binds to a CHR domain in gp41 and inhibits fusion of the
viral membrane to the host membrane[109].  Because it is a
recombinant peptide, it has a much lower cost of production
compared with the synthetic enfuvirtide.  Initial studies dem-
onstrated potent antiretroviral activity, with IC50 values in
the low nanomolar range[110].

Finally, N-peptides represent another group of peptides
with potential inhibitory effects against HIV entry.  Initial
studies have indicated that they are weaker inhibitors than
the C-peptides, with IC50 values in the micromolar range.
However, chimeric molecules composed of soluble trimeric
coiled coils have shown promising results.  IQN17 is one of
the first such peptides with potent inhibitory effects, and
the current most potent chimeric N-peptide, IQN23, is re-
ported to have an IC50 value of 15 nmol/L[111].
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Conclusion
Antiretroviral chemotherapy has recently acquired a new

“weapon” in the fight against AIDS.  Enfuvirtide is the first
HIV entry inhibitor that was approved by FDA, and it is
currently used in combination with other ARV drugs.  Re-
sults from clinical trials indicated that it had potent activity
against HIV strains that are resistant to other ARV drugs,
although some resistance to enfuvirtide has been reported.
The design of other entry inhibitors has moved forward, and
every phase of HIV entry is actively pursued as a target for
potential inhibitors.  Probably the most exciting prospect is
potential interference with co-receptor usage, particularly
that of CCR5.

ARV drug development aims to produce drugs with po-
tent antiretroviral activity, with IC50 values in the nanomolar
range, with no or limited toxicity and that can be adminis-
tered orally.  Several compounds are currently in clinical trials,
and we are optimistic that new, more effective drugs will be
added to the ARV armory.
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Since being developed approximately 20 years ago, high
throughput screening (HTS) has become one of the key tech-
niques used in drug discovery[1].  However, three main prob-
lems are recognized with the use of HTS; namely, with the
compound library, drug targets, and assay methods.  Until
now, the compound library has evolved based on the tech-
niques of combinatorial chemistry and modern phyto-
chemistry.  Several functional proteins have emerged fol-
lowing the advance of genomics and proteomics.  However,
although many functional proteins have been discovered
recently, they are not, as sometimes claimed, real drug targets;
at best, they might be potential drug targets.  The ideal tar-
gets selected for drug screening should qualify as drug tar-
gets[2].  The selection of targets for drug screening is a cru-
cial procedure in drug screening.

However, the main problem for drug discovery is in find-
ing drugs or candidates based on the targets and com-
pounds[3].  There are many different techniques used in drug
discovery, such as virtual screening, and computer aid mo-
lecular design.  However, all of the active compounds should
be evaluated using biological methods.  Therefore, estab-
lishing a novel biological assay is very important for drug
screening in HTS.  The assays used in HTS require high
sensitivity and high stability, and must be performed auto-
matically.  The homogeneous assay is a simple and useful
method for drug screening.  It is suitable for automatic per-
formance and can enhance the efficiency of screening, espe-
cially in HTS.  Therefore, the homogenous system has be-
come the favored technique in HTS.

The basic goal of small-molecule screening is to identify
chemically “interesting” starting points for elaboration to-
wards a drug[4].  The establishment of new screening assays
will promote the discovery of lead compounds or candidates[5].
The HTS has been used in China since 1998 and, since then,
experts have attempted to resolve some key problems with

HTS, such as with target validation, compound collection,
and assay establishment[6].  In the current issue of Acta
Pharmacologica Sinica, Dr Ming-wei WANG et al.  intro-
duced a homogeneous high throughput drug screening as-
say based on scintillation proximity assay technology for
the identification of ligands of subunit acetylcholine recep-
tors[7].  This assay is not only in a homogeneous system, but
has a new target, a subunit of the acetylcholine receptor.
The assay of homogeneous binding for α4β2 nicotinic acetyl-
choline receptor is a new assay for HTS to screen for ligands
of α4β2 nicotinic acetylcholine receptors.  This assay, with
state-of-the-art design and interesting targets can be per-
formed easily and automatically.  The lead compound is valu-
able for new drug development and might also be used for
validating the functions of the α4β2 nicotinic acetylcholine
receptor.  Screening with this assay might help us find new
drugs with new mechanisms.
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Abstract
Aim: To develop a homogeneous high-throughput screening (HTS) assay based
on scintillation proximity assay (SPA) technology for identification of novel α4β2
nicotinic acetylcholine receptor (nAChR) modulators.  Methods: Membrane prepa-
ration of HEK293 cells expressing α4β2 nAChR, [3H]cytisine and wheat germ
agglutinin (WGA)-coupled microbeads were used to develop an HTS assay based
on SPA technology.  This method was validated against a conventional filter
binding approach and applied to large-scale screening of a library containing
32 000 synthetic compounds.   Intracellular calcium measurement was carried out
to verify the bioactivities of the hits found by the SPA assay.  Results: IC50 values
of  2 reference compounds (epibatidine and RJR 2403) determined by SPA and
filter binding methods were comparable and consistent with those reported
elsewhere. A total of 54 compounds, showing more than 60% competitive inhibi-
tion on [3H]cytisine binding to α4β2 nAChR, were identified initially following an
HTS campaign.  Secondary screening confirmed that 17 compounds with novel
chemical structures possessed relatively high binding affinity to α4β2 nAChR
(Ki<2 µmol/L).  Eight compounds displayed antagonistic effects with >50% inhibi-
tion on ABT-594-induced calcium mobilization while none showed any agonist
activity.  Conclusions: This homogeneous binding assay is a highly efficient,
amenable to automation and robust tool to screen potential α4β2 nAChR modula-
tors in an HTS setting.   Its application may be expanded to other membrane
receptors and ion channels.
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Introduction
Nicotinic acetylcholine receptors (nAChR) are excitatory

ligand-gated ion channels mainly distributed in the central
and peripheral nervous systems, neuromuscular junctions
and adrenal glands[1].  The nAChR channel complex is com-
posed of 5 protein subunits, which form a pore that is perme-
able to Na+, K+, and Ca2+.  To date, α, β, γ, δ, and ε subunits
have been cloned, with 9 different α and 4 varieties of β
subunits identified[2].  The α4β2 is the predominant nAChR
subtype in the mammalian brain and has a high affinity for
nicotine.  nAChR consisting of α4 and β2 subunits modu-
lates neurotransmitter release and plays a direct role in nico-

tine addiction.  This group of nAChR was implicated in the
pathological pathways of Alzheimer disease, Parkinson
disease, schizophrenia, epilepsy and pain[3].

The anti-nociceptive effects of (–)-nicotine have been
known for over 60 years.  This non-selective nAChR ago-
nist could not be applied as an analgesic agent due to seri-
ous adverse events.  Although (–)-epibatidine is a highly
selective α4β2 nAChR agonist that displays a more potent
analgesic activity than morphine in nociceptive tests[4], tox-
icities in the cardiovascular and central nervous systems
rendered it unsuitable for therapeutic use[5].  Therefore, a
primary goal in the development of novel analgesic agents
based on α4β2 nAChR is to discover subtype-specific ago-
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nists with less liability.
An accurate and robust receptor-binding assay is highly

desirable to screen a large collection of chemical entities.
Associated techniques are generally based on absorbance,
fluorescence and radiometric assays.  Scintillation proximity
assay (SPA), because of its simplicity and high-throughput
nature, has broad applications in measuring receptor-ligand
interactions and enzyme reactions.  Conventional filter bind-
ing assays involve 1 or more separation steps and, thus, are
laborious, non-homogeneous and not suitable for
automation.  SPA technology[6], on the other hand, provides
a homogeneous screening approach that does not require
post-reaction liquid handling steps and is well suited to au-
tomation and high-throughput screening (HTS).  Briefly, the
receptor is anchored to a scintillant-impregnated microbead.
When an isotope (eg, [3H]) is brought very close to the
microbead by binding to its surface, it activates the scintillant
leading to light emission.  Because the emitted β particles or
augur electrons can only travel short distances in the bulk
solution, the microbead preferentially captures electrons from
the bound radiolabeled ligand.  Therefore, the amount of
light emitted from the scintillant in the microbead is directly
proportional to the amount of bound radiolabeled ligand.  In
the present paper, we describe a simple SPA method to as-
sess specific binding properties of various known ligands to
α4β2 nAChR.  It was further validated and optimized in the
context of HTS for a library containing 32 000 synthetic
compounds.  More than a dozen compounds with novel
chemical structures were found to have relatively high bind-
ing affinity to α4β2 nAChR and 8 of them showed signifi-
cant antagonist activities in a functional assay.

Materials and methods

Reagents  Potassium chloride, sodium phosphate
monobasic anhydrous, and magnesium chloride haxahydrate
were purchased from Shanghai Chemical Co (Shanghai,
China).  Aprotinin and leupeptin were purchased from Merck
KGaA (Darmstadt, Germany).  RJR 2403 and epibatidine were
purchased from Sigma-Aldrich (St Louis, MO, USA).  [3H]
Cytisine (37 Ci/mmol) was obtained from Amersham Bio-
sciences UK (Buckinghamshire, UK).  FlashBlue™ GPCR
beads, Isoplate™ and Filtermat B made of glass fiber were
bought from PerkinElmer Life and Analytical Sciences
(Boston, MA, USA).

Cell culture and membrane preparation  The full-length
cDNA of the α4 (GenBank Accession No L35901) and β2
(GenBank Accession No U62437) subunits of nAChR were
cloned into pcDNA3.1 (Invitrogen, Carlsbad, CA, USA) and

pIRESpuro2 (BD Clontech, Mountain View, CA, USA),
respectively.  They were subsequently cotransfected into
HEK293 cells and clones stably expressing α4β2 nAChR were
selected and characterized by calcium mobilization assay[7].
The cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma) containing 10% fetal calf serum
(FCS) in the presence of penicillin (100 mg/L), streptomycin
(100 mg/L), G418 (400 mg/L) and puromycin (5 mg/L) at 37 °C
in a humidified atmosphere of 5% CO2.  For membrane
preparation, cells were treated with 0.25% trypsin (Sigma)
for 5 min and centrifuged at 1000×g for 10 min.  The pellets
were resuspended in hypotonic buffer [50 mmol/L Tris-HCl,
pH 7.5, 5 mmol/L ethylenediaminetetracetic acid (EDTA)] and
homogenized with a BioNeb® cell disruption system (Glas-
Col, Terre Haute, IN, USA) followed by centrifugation at
1200×g, 4 °C for 20 min to precipitate nuclear debris.  The
supernatant was then centrifuged at 20 000×g for 30 min to
pellet the membrane.  The latter was resuspended in 50 mmol/L
Tris-HCl, pH 7.5, 5 mmol/L EDTA with 30% (w/v) sucrose.
The protein content was determined using a spectropho-
tometer (Thermo Electron, Waltham, MA, USA).

Filter binding assay  Various amounts of the above mem-
brane receptor preparation, 3 nmol/L [3H]cytisine and differ-
ent concentrations of known ligands to α4β2 nAChR were
added to the binding buffer (50 mmol/L Tris HCl, 120 mmol/L
NaCl, 5 mmol/L KCl, 1 mmol/L MgCl2, 2.5 mmol/L CaCl2,
pH 7.4) to give a final volume of 0.1 mL.  After incubation at
4 °C for 8 h, the membrane fraction was harvested on the
Filtermat B presoaked with a solution consisting of the wash-
ing buffer (50 mmol/L Tris HCl, pH 7.4) and 0.5% (v/v)
polyethyleneimine.  The Filtermat B was washed 3 times with
the washing buffer and dried at 55 °C for 45 min before count-
ing on a Microbeta scintillation counter (PerkinElmer).  Non-
specific binding activity was determined in the presence of
2 µmol/L epibatadine.

SPA binding assay  Various amounts of the above mem-
brane receptor preparation, 3 nmol/L [3H]cytisine,
FlashBlue™ GPCR beads (62.5 µg/well) and different con-
centrations of known ligands to α4β2 nAChR were added to
the binding buffer to give a final volume of 0.1 mL.  The
plates were incubated at 4 °C for 12 h and centrifuged for
3 min at 2500×g before counting on the Microbeta scintilla-
tion counter.

Calcium mobilization assay  The above cells expressing
α4β2  nAChR were detached and loaded with 5 µmol/L Fluo-
4 (Molecular Probes, Eugene, OR, USA) in culture medium
supplemented with 2.5 mmol/L probenecid (Sigma) for 45 min.
They were then washed twice with solB buffer containing:
10 mmol/L HEPES, 5 mmol/L NaCl, 5 mmol/L KCl, 2 mmol/L
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CaCl2, 140 mmol/L N-methyl-D-glucamine and 10 mmol/L glu-
cose (pH 7.4).  The cells were resuspended in solB buffer,
plated onto 96-well plates at a density of 60 000 cells in 80 µL
per well, and reattached by centrifugation.  Effects of the hit
compounds on calcium influx were analyzed by FlexStation™
(Molecular Devices, Sunnyvale, CA, USA) with excitation
wavelength 485 nm and emission wavelength 525 nm.  An
α4β2 nAChR agonist, ABT-594[8], was used as a positive
control.

HTS campaign  The compound library used for screen-
ing consisted of 32 000 pure synthetic compounds.  A 10-
compound pool per well mix was applied to the primary
screening, with an average concentration of 7 µmol/L for
each compound dissolved in 100% dimethylsulphoxide
(Me2SO) solution.  This matrix system maximizes the advan-
tage of HTS and allows duplicate screening of each com-
pound[9].  In each 96-well IsoplateTM, 16 wells were used as
positive controls (epibitadine) and samples showing greater
than 60% inhibition were considered as “hits”.

Data analysis  Data were analyzed using GraphPad Prism
software (GraphPad, San Diego, CA, USA).  Non-linear re-
gression analyses were performed to generate dose-response
curves.  Ki values were calculated from IC50 using the equa-
tion of Cheng and Prusoff[10].

Results
Assay optimization  For HTS purposes, 96-well microtiter

plates were used and reaction volume was adjusted to
100 µL/well.  At a concentration equivalent to the previously
reported Kd value (~0.5 nmol/L)[11], more than 25% of [3H]
cytisine added was bound to the receptor (data not shown).
To avoid excessive ligand depletion, the concentration was
increased to 3 nmol/L, in which the bound form accounted
for less than 10%.  The best signal-to-background (S/B) ra-
tio was observed in a matrix experiment when 62.5 µg/well
microbeads and 10 µg/well membrane preparation were used.
However, 5 µg/well was selected for the HTS campaign to
conserve the membrane preparation.  Under these assay
conditions, a sound S/B ratio (~30) was achieved (Figure 1).
Me2SO, at concentrations below 3%, did not affect the as-
say performance (data not shown).

Binding saturation  A serial titration of [3H]cytisine was
prepared to study binding characteristics of the SPA assay
(Figure 2).  The Bmax and Kd values calculated from the SPA
and filter binding assays were strikingly similar: 2.26 pmol/
mg vs 2.31 pmol/mg and 0.65 nmol/L vs 0.70 nmol/L,

respectively.
Assay performance  As shown in Figure 3, the average

Z’ value for the SPA binding assay was 0.78 with a S/B ratio
of 29, indicating that the system was adequately optimized
for HTS.  Assay stability was evaluated by incubating the
plates overnight at 4 °C and both the Z’ factor and the S/B
ratio remained unchanged.  Two known α4β2 nAChR ligands,
namely, epibatidine and RJR2403, were used to compare the
2 assay methods and the binding affinities measured were
within the same range (Figure 4).

HTS campaign  Of the 32 000 samples initially screened,
54 hits (0.17%) showing greater than 60% competitive inhi-
bition on [3H]cytisine binding to α4β2 nAChR were discov-

Fig ure 1 .   Assay optimizat ion .  Differ ent  concentra tions of
FlashBlueTM GPCR beads and membrane preparation were mixed in
the presence of 3 nmol/L of [3H]cytisine.  Unlabeled epibatidine was
included at a concentration of 2 µmol/L to determine non-specific
binding.  The signal was measured after 12 h incubation using a
MicroBeta scintillation counter.  The arrow indicates the conditions
to be optimised.

Figure 2.   Saturation study in the scintillation proximity assay.  A
series titration of [3H]cytisine was made to determine receptor bind-
ing characteristics in the presence and absence of 2 µmol epibatidine.
n=3. Mean±SD.

Ki=
           IC50

           1+  
[radioligand]

                 Kd
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ered (Figure 5).  Secondary (single compound per well) screen-
ing confirmed that 17 of the above hits displayed consistent
inhibitory effects with Ki values below 2 µmol/L.  These ac-
tive compounds are of different chemical structures includ-
ing thiophene, piperidine, azole and other types of heterocy-
clic derivatives.  The HTS campaign was high quality in na-

ture with a Z’ factor and S/B ratio equaling 0.73 and 29,
respectively.  The bioactivities of the confirmed hits were
further evaluated with a functional assay.  Eight compounds
displayed antagonistic effects with >50% inhibition at 6.7 mg/L
on ABT-594-induced calcium mobilization while none showed
any agonist activity (Figure 6).

Discussion
Taking advantage of our prior experience in the develop-

ment of a SPA-based nuclear receptor  binding HTS
method[12], efforts were made to expand the knowledge to
membrane receptors such as α4β2 nAChR described in this
paper.  Although similar SPA approaches have been employed
to study ligand-binding characteristics of a variety of G pro-
tein-coupled receptors[6,13–15], its application in α4β2 nAChR
is novel and may be expandable to other ligand-gated ion
channels.

When developing a SPA-based receptor-binding assay,
many factors have to be considered in order to maximize the
S/B ratio.  The optimization procedure may include scintillant-
impregnated microbead selection, assay buffer and volume
determination, or protein/bead ratio verification.  While the
assay buffer could be readily transferred from a conven-
tional filter binding assay, the amount of receptor protein
and its relative ratio to the quantity of beads used are critical
to assay performance.  An adequate amount of beads is re-
quired to saturate the protein in order to achieve a maximal
binding signal.  However, excessive beads will lead to un-
desired exposure of bead surface to non-specific ligand
binding.  Therefore, the amount of beads applied should be
kept to a minimum where protein saturation is still achievable.

Figure 5.   High-throughput screening of 32 000 compounds using
the scintillation proximity assay.  Results are expressed as percent-
age inhibition of [3H]cytisine binding to α4β2 nicotinic acetylcho-
line receptor.

Figure 4.   Dose-response curves of epibatidine and RJR 2403 mea-
sured by the (A) scintillation proximity assay or (B) filter binding
method from which respective Kd values were calculated. n=3.
Mean±SD.

Figure 3.   Z’ factor determination.  Assays were performed at opti-
mized conditions (62.5 µg beads+5 µg membrane preparation).  Forty-
eight replicates of total and non-specific signals were studied.  Dashed
lines indicate means and mean±3SD of 48 data points.
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On the other hand, stable signal is highly dependent on
protein stability and its coating ability on the beads.  In the
assay system reported here, no signal shift was observed
for more than 48 h, indicating a very stable interaction among
various reagents.

It was learned from other membrane receptor screening
settings that assay sensitivity can be improved by choosing
a radiolabeled ligand concentration at or below its Kd to per-
mit effective competition by an unlabeled ligand[14].  In the
present study, we selected a relatively higher concentration
of [3H]cytisine (ie, 3 nmol/L) as opposed to the Kd value
(0.6 nmol/L) of unlabeled ligand.  This arrangement allowed
us to accurately measure Ki values of the 2 reference com-
pounds as well as to confirm hits identified from the HTS
campaign, while keeping [3H]cytisine bound to the receptor
to a minimum (<10%).  Conceivably, such a practice would
compromise assay sensitivity thereby reducing the hit rate.
Considering our initial intention of finding hits with Ki val-
ues below 2 µmol/L from primary screening, this purpose
was well served as evidenced by a confirmed hit rate of
0.05% and the identification of 1 highly active compound
(23 nmol/L; data not shown).  In addition, the bioactivities of
the hits discovered by the SPA method were confirmed with
a cell-based functional assay where 8 compounds were found
to demonstrate significant antagonistic effects on ABT-594-
induced calcium mobilization.

In comparison with conventional filter binding techni-
ques, the SPA method omits steps such as pre-coating, pre-
incubation, separation and excessive washing, and thus, sim-
plifies the assay protocol, mitigating labor intensity and

reducing systemic error.  It is also readily adaptable to HTS
and automation, as demonstrated in this study.  When de-
duced to practice, both approaches yielded similar Ki values
for 2 known α4β2 nAChR ligands (epibatidine and RJR2403),
which are not only consistent with those reported elsewhere[16]

but also exhibited the same affinity rank order and pKi fea-
tures (in agreement within 1/2 log unit).  In addition, the cost
and amount of wastage are significantly less if SPA technol-
ogy is employed.  This advantage could be further explored
by utilizing high-density plate formats (eg, 384-well plate)
where filtering assays clearly show their limitations.

The Z’ factor is a useful tool for evaluating bioassay
qualities[17].  In general, a Z’ value above 0.5 suggests that
an assay is robust enough for HTS.  The SPA system de-
scribed herein consistently displayed a Z’ value between 0.73
and 0.78.  This, and in conjunction with other parameters
such as S/B ratio, Bmax and Kd values, indicate that the assay
is high quality in nature.

In summary, a simple and SPA-based HTS binding assay
was developed and validated for identification of compounds
with specificity and functionality for α4β2 nAChR.  Recep-
tor coating onto the beads and ligand binding are achieved
in 1 mixing step and the procedure is homogeneous.  Its
application may be expanded to other membrane receptors
and ion channels.
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Figure 6.   Inhibition of α4β2 nicotinic
acetylcholine receptor agonist ABT-594-
induced calcium mobilization by 16 hit
compounds (6.7 mg/L).  One compound
was not included due to auto-fluore-
scence.  Cells were pretreated with test
compou nds or d imethyl su lphoxide
(control) for 2 min and calcium influx
was stimulated by ABT-594 (166 nmol/L).
n=3.  Mean±SEM.
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Abstract
Aim: To establish a cell-based assay to screen human dopamine D1 and D5 recep-
tor agonists against compounds from a natural product compound library.
Methods: Synthetic responsive elements 6×cAMP response elements (CRE) and
a mini promoter containing a TATA box were inserted into the pGL3 basic vector to
generate the reporter gene construct pCRE/TA/Luci.  CHO cells were co-trans-
fected with the reporter gene construct and human D1 or D5 receptor cDNA in
mammalian expression vectors.  Stable cell lines were established for agonist
screening.  A natural product compound library from over 300 herbs has been
established.  The extracts from these herbs were used for human D1 and D5
receptor agonist screenings.  Results: A number of extracts were identified that
activated both D1 and D5 receptors.  One of the herb extracts, SBG492, demon-
strated distinct pharmacological characteristics with human D1 and D5 receptors.
The EC50 values of SBG492 were 342.7 µg/mL for the D1 receptor and 31.7 µg/mL
for the D5 receptor.  Conclusion: We have established a cell-based assay for
high-throughput drug screening to identify D1-like receptor agonists from natural
products.  Several extracts that can active D1-like receptors were discovered.
These compounds could be useful tools for studies on the functions of these
receptors in the brain and could potentially be developed into therapeutic drugs
for the treatment of central nervous system diseases.
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Introduction
The dopamine receptors fall into two families called D1-

like and D2-like receptors, based on their structural and phar-
macological features[1].  The D1 family includes D1- and D5-
receptor subtypes, and the D2 family consists of D2-, D3-
and D4-receptor subtypes.  Dopamine receptors are mainly
expressed in the central nervous system and control motor
function, emotional state and endocrine physiology[2,3].

Many central nervous system (CNS), cardiovascular and
renal diseases have been shown to be associated with al-
terations in dopamine receptors.  These diseases include
Parkinson disease, schizophrenia, migraine, drug dependence,
depression and Gilles de la Tourette syndrome[4].  Dopamine is
one of the principal neurotransmitters in the basal ganglia,
and plays a critical role in motor control and cognitive func-

tion through interactions with dopamine receptors.  The
possible role of dopamine D1-like receptors in brain function,
especially in learning and memory, has recently been stud-
ied extensively[5–7].  Indeed, D1-like receptors play essential
roles in working memory[8] and other forms of cognition ac-
tivity[9].  The abnormality of these receptors also contribute
to Parkinson disease[10,11].  In addition, the D5 receptor sub-
type is involved in modulating the release of hippocampal
acetylcholine, a neurotransmitter implicated in a variety of
cognitive processes[12].

Much evidence has been accumulated to indicate that
dopamine receptor agonists or antagonists can be devel-
oped into therapeutic drugs for the treatment of CNS
diseases.  It has been reported that D1-like receptor agonists
improve learning and memory in different animal models[13,14].
Furthermore, D1-like receptor agonists or antagonists are
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potential therapeutic drugs for addiction and Parkinson dis-
ease[15–18].  Receptor agonists and antagonists also provide
essential tools for pharmacological and functional charac-
terization of the receptors.

Several high throughput screening methods to screen
agonists and antagonists of G-protein coupled receptors
(GPCR) have been developed[19–22].  Recently, we developed
a universal functional assay for GPCR[23].  In the present
report, we further modified this functional assay for human
D1-like agonist screening.  A number of natural compounds
were identified that can specifically activate both human D1
and D5 receptors.  Detailed pharmacological analysis dem-
onstrated that one of the agonists had distinct pharmaco-
logical properties for these 2 receptors.

Materials and methods
Plasmid construction  Human D1 and D5 receptors were

cloned by polymerase chain reaction (PCR).  The primers
used for the PCR were: D1R5', 5'-GCT GGA TCC GTG CCC
AAG ACA GTG ACC T-3'; D1R3', 5'-GGGAG CTC CGA GGG
GTA CAA ACA TCA-3'; D5R5', 5'-GGC GAA TTC GCG TGT
GTG TGC GTG CTT GTC AGT GT-3'; and D5R3', 5'-GGG AAG
CTT CTG AAG TTG GGA CCG CGC ACA GAC CG-3'.  PCR
products were digested with EcoRI and HindIII and
subcloned into the EcoRI/HindIII-digested mammalian expres-
sion vector pCDNA3.1 (Invitrogen) to generate pCDNA3.1/
D1 and pCDNA3.1/D5.  The 6×CRE and a mini promoter with
49 bps, containing a TATA box, were synthesized and in-
serted into the pGL3 basic vector (Promega) to produce
pCRE/TA/Luci as a reporter gene.  All plasmids were con-
firmed by DNA sequencing.

Cell culture, transfection and stable cell line
generation  CHO cells were maintained in RPMI-1640 me-
dium containing 10% fetal calf serum at 37 °C.  Cells were
transfected with dopamine D1 and D5 receptors and the re-
porter construct using Lipofectin (Invitrogen).  Stably trans-
fected cells were generated in the presence of 0.8 mg/mL
G418.

Natural product extracts  Traditional Chinese Medicines
(TCM) were purchased from a local pharmacy in Chongqing,
China.  Fifty grams of each TCM were extracted twice with
500 mL water at 80 °C for 2 h.  The extracts were concen-
trated to 100 mL by evaporation under low pressure at 80 °C.
Using this method, we prepared more than 300 samples for
human dopamine receptor agonist screening.

Luciferase assay   Aliquots of 90 µL cells  (3×105 cells/
mL) were seeded into each well of 96-well plates and incu-
bated overnight at 37 °C.  A natural product sample (10 µL)
was added to each well and incubated at 37 °C for 6 h–10 h.

Bright-GloTM Lucifease assay reagent (100 µL; Promega) was
then added to each well, and the luciferase activity was mea-
sured using AnalystTM HT (Molecular Device).

Results
Characterization of the CRE/TA/Luci reporter gene in

CHO cells  We generated a reporter gene construct for hu-
man dopamine D1 and D5 agonist screening.  The construct
contained 6 copies of CRE and a TATA box linked to the
luciferase gene.  The reporter gene construct was stably
transfected into CHO cells to generate the CRE/TA/Luci/
CHO cell line.  This cell line was treated with forskolin (an
adenyl cyclase activator) at different concentrations, and
luciferase activity was measured.  Our results showed that
forskolin stimulated reporter gene luciferase expression in a
dose-dependent manner (Figure 1).  This result indicated that
increasing intracellular cAMP levels led to the activation of
CRE and TATA promoter and suggested that this assay could
be used for Gs-coupled receptor agonist screening.  To ex-
amine whether there was any endogenous dopamine recep-
tor in the CHO cells, we tested several dopamine receptor
agonists in the stable reporter gene cell line.  Our results
demonstrated that none of the dopamine receptor agonists
had any effect on the cell line, indicating that no dopamine
receptor was expressed in CHO cells.

Development of reporter gene assay for D1-like recep-
tor agonist screening  Mammalian expression vectors con-
taining human dopamine D1 or D5 receptors were transfected
into the reporter gene cell line.  Activation of the receptors

Figure 1.  The activity of forskolin and D1-like receptor agonists in
CRE/TA/Luci/CHO cells.  The cells were incubated with different
concentrations of D1 agonists and forskolin for 6 h, and luciferase
activity was measured.
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leads to the elevation of cAMP and activates the cAMP
response element, and therefore induces the expression of
the reporter gene luciferase.  We tested the natural ligand
dopamine and two other  D1-like receptor  agonists,
dihydrexidine and chloro-APB, in the stable cell lines ex-
pressing both dopamine receptors and the reporter gene.
The results are shown in Figure 2.  The rank order of potency,
dopamine>dihydrexidine>chloro-APB, agreed with the
ligand-receptor binding analysis[24,25].

Optimization of the reporter gene assay conditions  We
carried out a series of experiments to optimize the reporter
gene assay for drug screening.  First, we examined the incu-
bation time for the D1-like receptor agonist in the assay.
Different concentrations of dihydrexidine were used for the
experiment.  Our results showed that approximately 8 h incu-
bation with the agonist gave the highest response at all con-
centrations (Figure 3).  Therefore, we used an 8-h incubation
time for all of our experiments, unless otherwise indicated.

Second, because the compounds were in dimethylsulphoxide
(Me2SO) solution, we tested the effects of Me2SO at differ-
ent concentrations in the assay.  Me2SO concentrations of 1%
or less had no effect on the signal (data not shown).  In our
compound screen assays, the final concentration of Me2SO
was adjusted at 1% or less.  Finally, we found that the num-
ber of cells in each well may influence the reporter gene
assay.  Figure 4 shows that although increasing cell number
gave a better signal after agonist stimulation, the background
was also higher.  The best number of cells to use was

Figure 2.  The activities of D1-like receptor agonists in cell lines
expressing human D1 or D5 receptors.  (A) D1/CRE /TA/CHO cells
were incubated with D1-like receptor agonists for 6 h; (B) D5/CRE/
TA/CHO cells were incubated with D1-like receptor agonists for 6 h.

Figure 3.  The effects of dihydrexidine on the activity of luciferase
in the D5/CRE/TA/Luci/CHO cells at different incubation times.  The
concentrations of dihydrexidine were 10 nmol/L, 30  nmol/L and
300 nmol/L.  Cells were incubated with D1-like receptor agonist
dihydrexicine for 6 h and luciferase activity was measured.

Figure 4.  The effects of cell number on the luciferase activity in
D5/CRE/TA/Luci/CHO cells in the presence of dopamine.  D5/CRE/
TA/Luci/CHO cells were treated with either saline or 100 nmol/L dopam-
ine for 6 h, and luciferase activity was measured.
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between 2×105 cells/mL and 4×105 cells/mL.  Therefore, we
used 3×105 cells/mL in all compound screens using the re-
porter gene assay.  In addition, we calculated the coefficient
of variation (CV) for the assay in a standard 96-well plate.
The CV values were 6.5% for non-activated cells and 5.8%
for dopamine-stimulated cells.  The Z’ factor[26] was 0.58.
These results suggest that the reporter gene assay system
was suitable for dopamine receptor agonist screening.

Identification of extracts active for the D1-like
receptor  More than 300 herb extract samples were used for
the D1-like receptor agonist screening.  From our previous
experiences for other G-protein coupled receptor agonist or
antagonist screens, we found that it was necessary to use
different concentrations of the raw extracts for the screen.
Therefore, in the D1-like receptor agonist screen, the extract
samples were screened twice at different concentrations.  One
was at the original concentration and the other was a 5-fold
dilution of the sample.  The samples that gave signals larger
than the mean value +3SD were selected as agonist candi-
dates (Figure 5).  To eliminate the possibility that the agonist
candidates activated the reporter gene expression through
intracellular pathways other than the D1-like receptor, we
tested the samples in a cell line expressing the reporter gene
alone, without the D1-like receptor.  We found that some of
the agonist candidates, such as Chinese ester pillar fungus,
could stimulate the reporter gene luciferase expression in
the reporter gene cell line (Figure 6).  In contrast, sample
SBG492 activated the expression of the reporter gene in the
D1-like receptor expressing cell line, but had no effect in the
reporter gene cell line.  This result suggested that SBG492

activated the reporter gene expression through human D1-
like receptor (Figure 6).  Furthermore, we tested the sample
in more than 20 different GPCR using the same reporter gene
assay system (data not shown).  Our results demonstrated
SBG492 could not activate other GPCR, suggesting that the
sample contained specific human D1-like receptor agonist.
We further analyzed the pharmacological properties of
SBG492 for human D1 and D5 receptors.  The EC50 values of
SBG492 were 342.7 µg/mL for the D1 receptor and 31.7 µg/mL
for the D5 receptor (Figure 7).

Discussion
Dopamine receptors are a subclass of the superfamily of

GPCR.  Within the dopamine receptor family, both D1 and D5
are Gs-coupled receptors.  Interaction of the receptors with
the natural ligand dopamine or other agonists leads to the
activation of adenyl cyclase and increases the intracellular
concentration of cAMP.  The cAMP second messenger sys-
tem ultimately activates CRE and induces gene expression.
This is the basis of our reporter gene assay, which contains
6×CRE linked to the reporter gene luciferase.

The D1 and D5 dopamine receptors are genetically
distinct, sharing over 80% sequence homology within the
highly conserved 7 transmembrane-spanning domains, but
display only 50% overall homology at the amino acid level[27].
The D1-like dopamine receptors, including D1 and D5, have
similar pharmacological properties[28].  Indeed, it is often dif-
ficult to pharmacologically distinguish between dopamine
D1 and D5 receptors using the same ligands.  Therefore,
identification of agonists that have distinct pharmacological

Figure 5.  D1-like receptor agonist screening.  Reporter gene cell
line expressing human D1-like receptor was treated with herb ex-
tracts and luciferase activity was measured.  The solid line indicates
basal activity of luciferase without treatment.  The dotted line repre-
sents mean±SD.

Figure 6.  The activity of SBG492 and Chinese ester pillar fungus in
D5/CRE/TA/Luci/CHO and TA/Luci/Luci/CHO cell lines.  The cells
were treated with 100 µg/mL extracts for 8 h and luciferase activity
was measured.
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properties for these 2 receptors should provide a useful tool
for their functional studies.

In our previous agonist or antagonist screening for GPCR
and other targets, we have successfully isolated active com-
ponents from crude extracts of herbs[29–31].  Subsequent pu-
rification of the active components lead to the identification
of a single effective compound.  The advantage of using the
crude extract is that the samples are easy to prepare and a
large amount of herbs can be screened in a short period of
time.  On the other hand, since the crude extracts contain
hundreds of different compounds, some of them may have
negative effects on the targets or may even be harmful to
cells.  Indeed, we found that in some cases, high concentra-
tions of the extracts in our cell-based assay had no effects,

Figure 7.  Pharmacological characterization of SBG492 on luciferase
activity of D5/CRE/TA/Luci/CHO and D1/CRE/TA/Luci/CHO cells.
(A) D5/CRE/TA/Luci/CHO cells were treated with different concen-
trations of SBG492 for 8 h and luciferase activity was measured.  (B)
D1/CRE/TA/Luci/CHO cells were incubated with SBG492 for 8 h and
luciferase activity was measured.

while after dilution the samples showed agonist or antago-
nist activity.  Therefore, we used 2 concentrations of each
extract for the screening to increase the chances of identify-
ing D1-like receptor agonists.  A number of extracts were
isolated as potential receptor agonists using the reporter
gene assay.

There are several other possible ways in which that the
extracts can activate the reporter gene expression other than
as human D1-like receptor agonists.  For example, the ex-
tracts may activate or inhibit other components in the cAMP
signal pathway, such as adenyl cyclase, protein kinase A,
cAMP-dependent phosphodiesterase or CRE binding
protein, and eventually lead to the activation of the reporter
gene.  It is also possible that the extracts may activate other
endogenous GPCR in the cell and lead to the induction of
reporter gene expression.  To examine these possibilities, we
tested the activity of the herb extracts in a reporter gene cell
line that did not express human D1-like receptors.  We found
that SBG492 did not induce the expression of the reporter
gene in the cell line, indicating that the extract activated the
reporter gene through the receptor.  It is interesting to note
that SBG492 is approximately 10 times more potent for hu-
man D1 receptor than for D5 receptor.  Further characteriza-
tion of the agonist could provide important information for
pharmacological and functional studies on human D1-like
receptors.
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Abstract
Aim: The  3-azabicyclo(3,3,1)nonanyl-9-α-yl-α-cyclopentyl-α-phenyl-α-glycolate
(DM-phencynonate hydrochloride, DMCPG) is a demethylated metabolite of 3-
methyl-3-azabicyclo(3,3,1)nonanyl-9-α-yl-α-cyclopentyl-α-phenyl-α-glycolate
(phencynonate hydrochloride, CPG).  (±)DMCPG had one chiral center and two
enantiomers [R(–) and S(+)DMCPG].  Here we carried out a comparative study of
the pharmacological profiles of these optical isomers.  Methods: Affinity and
relative efficacy were tested using a radioligand-binding assay with muscarinic
acetylcholine receptors from the rat cerebral cortex.  Pharmacological activity was
assessed in three individual experiments: (1) potentiating the effect of a sub-
threshold hypnotic dose of sodium pentobarbital; (2) inhibiting oxotremorine-
induced salivation; and (3) inhibiting the contractile response to carbachol.
Results: In the competitive binding assay, R(–)DMCPG (Ki=763.75 nmol/L) was 4-
and 2-fold more potent than (±)DMCPG (Ki=3186 nmol/L) and S(+)DMCPG (Ki=1699
nmol/L) in inhibiting the binding of [3H]QNB.  The R(–) and S (+) configurations
showed positive cooperation (nH>1) with the muscarinic receptor, whereas
(±)DMCPG had a negative cooperation (nH<1) relationship with the muscarinic
receptor in a radio-binding assay.  Both the R(–) and S(+) configurations could
potentiate the effect of sub-threshold hypnotic dose of sodium pentobarbital in a
dose-dependent manner (the ED50 values were 2.53 and 18.65 mg/kg, respectively),
but (±)DMCPG did not display significant central depressant effects at doses
from 10 to 29.15 mg/kg (P>0.05).  (±)DMCPG and its optical isomers suppressed
the guinea pig ileum contractile response to carbachol.  The IC50 values were
7.78×10-9, 1.88×10-7, and 1.03×10-7 nmol/L, respectively.  In the anti-salivation study,
(±)DMCPG and its enantiomers depressed oxotremorine- induced salivation in a
dose-dependent manner, and the order of potency was R(–)DMCPG (ED50=0.44
mg/kg)>(±)DMCPG (ED50=2.88 mg/kg)>S(+)DMCPG (ED50=5.05 mg/kg).
Conclusion: (±)DMCPG and its optical isomers have differences in their pharma-
cological potencies as anticholinergic agents, and the R(–) configuration is more
active than the S(+) configuration.
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optical isomers; muscarinic acetylcholinic
receptors; pharmacological profiles; radio-
ligand binding assay
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Introduction
In order to develop more potent drugs for muscarinic

intervention in disorders of the central and peripheral ner-
vous system, a series of heterocyclic compounds including
esters, alkanes, and ether derivatives were designed and
synthesized in our institute.  One of the compounds, CPG,

has been developed as a novel anti-motion-sickness drug
with higher efficacy and lower central inhibitory side effects
than diphenidol HCl and scopolamine HBr, and is used clini-
cally[1–3].  (±)DMCPG, which has one chiral center and two
enantiomers [R(–) and S(+)DMCPG] was the active domi-
nant N-demethyl metabolite of CPG.  We believe that this is
an important way of looking for active compounds from the
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metabolites to discover new medicines.  We synthesized
(±)DMCPG and its two enantiomers (Figure 1).  To avoid
adverse effects and to optimize the therapeutic value of enan-
tiomeric drugs, it is necessary to establish the effectiveness
of isomers of the chiral drug, and to detect the presence of
the enantiomer with lower therapeutic activity and undesir-
able adverse effects.  For this purpose, we investigated the
binding characteristics of these new chiral compounds by
using a radioligand receptor-binding assay with muscarinic
receptors from rat brain, and compared its pharmacological
effects on muscarinic receptors by means of in vitro and in
vivo assays.

Materials and methods

Animals  The experiments were carried out in accordance
with the Guide for the Care and Use of Laboratory Animals,
from the National Research Council (1996), under the ap-
proved protocols.  Animals used in the present study were
as follows: Kunming species mice weighing 18–22 g [grade
II, certificate No scxk (Army) 2002-001], provided by our ani-
mal center; male and female Wistar rats weighing 180–220 g
[grade II, certificate No scxk (Jing) 2002-0003], and male guinea
pigs weighing 200–300 g [grade II, certificate No scxk (Jing)

2002-0003] purchased from Weitonglihua Co (Beijing, China).
Compounds  3H-quinuclindinyl benzilate ([3H]QNB; 43.3

Ci/mmol) was purchased from Amersham (Uppsala, Sweden;
TRK604).  (±)DMCPG and its isomers were synthesized at
our institute.  The (±)DMCPG comprised equal proportions
of R(–) and S (+)DMCPG.  Atropine, pentobarbital, oxotremo-
rine and carbachol were purchased from Sigma (St Louis,
MO, USA).

Binding assays on rat cerebral cortex homogenate  Male
or female Wistar rats were killed by decapitation.  The cere-
bral cortex was immediately removed and processed as de-
scribed by Yamamura and Snyder[4].The protein concentra-
tion was determined by using the method of Lowry et al[5].
The samples of homogenate (each containing 50 mg of
protein) were incubated for 30 min at 37 ºC in 0.5 mL of assay
buffer containing 6 nmol/L [3H]QNB and various concentra-
tions of drugs.  In saturation binding assays, the homoge-
nate was incubated as indicated above, in the presence of
[3H]QNB (0.25–20 nmol/L).  Non-specific binding was de-
fined as binding in presence of atropine (1 µmol/L).  Each
sample was filtered through GF/C glass fibers with vacuum.
The filters were rinsed 3 times with 3 mL cold buffer, and
placed in scintillation vials containing 3 mL of scintillation
fluid.  Radioactivity trapped on the filters was determined by
liquid scintillation spectrometry at approximately 40%–50%
efficiency.

Carbachol-induced contraction  Male guinea pigs were
killed by cervical dislocation.  The organs required were set
up rapidly under 1 g of tension in 20 mL organ baths contain-
ing physiological salt solution (PSS), which was kept at
37 ºC and aerated with 5% CO2 and 95% O2.  Two-centimeter-
long portions of terminal ileum were taken at about 5 cm from
the ileum–cecum junction and mounted in PSS at 37 ºC.  The
composition of PSS was as follows (mmol/L): NaCl 118,
NaHCO3 23.8, KCl 4.7, MgSO4·7H2O 1.18, KH2PO4 1.18, CaCl2

2.52, glucose 11.7.  Tension changes were recorded isotonically.
Tissues were equilibrated for 90 min before the experiments
were conducted.

The carbachol-induced ileum contraction was obtained
by incubation with carbachol (10-5 mol/L) until the concen-
tration had reached a plateau.  Then, the ileum strips were
washed several times with PSS until the tension of the strips
relaxed to the baseline level.  Following washing, the strips
were incubated with different concentrations of R(–), S(+),
or (±)DMCPG for 10–15 min.  After incubation, the maximum
contraction induced by carbachol (10-5 mol/L) was observed
again in the presence of increased concentrations of differ-
ent antagonists.  The IC50 values for the carbachol-induced
contractions in the presence of the antagonists were ob-

Figure 1.  Chemical structures of (±)DMCPG and its optical isomers.
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tained to assess the pharmacological potency of (±)DMCPG
and its optical isomers.

Effect on sub-threshold hypnotic dose of sodium pento-
barbital induced-sleep  Four dosage groups were used for
each drug and each group consisted of 10 mice of each sex.
Mice were pretreated with (±)DMCPG and its optical iso-
mers intraperitoneally (ip), then after 15 min, a sub-threshold
hypnotic dose of sodium pentobarbital (30 mg/kg) was given
ip.  The loss of righting reflex was used as a measure of the
central inhibitory effect of drugs.  The ED50 values of these
three drugs were estimated to compare the central inhibitory
effect of the indicated agents.

Inhibition of oxotremorine-induced salivation  Kunming
mice were assigned randomly into 4 groups for each drug.
Each group consisted of 10 mice of each sex.  (±)DMCPG
and its optical isomers were administered ip 15 min prior to
oxotremorine (3 mg/kg) being injected subcutaneously (sc).
ED50 values were calculated to evaluate the anti-secretive
potencies of the compounds used.

Data analysis and statistics
Binding assays  The IC50 values were obtained from at

least three separate experiments performed in triplicate with
6-8 concentrations of drugs.  Data were analyzed by curvi-
linear regression using the program ORIGIN 6.0.  The inhibi-
tion constants (Ki) were calculated using the Cheng-Prusoff
equation[6], Ki=IC50/(1+L/Kd), where L and Kd are the concen-
tration and the equilibrium dissociation constant of
[3H]QNB, respectively.

Functional assays  In the carbachol-induced contrac-
tion experiments, the maximum contractile response (Emax)
was obtained from the maximum stress, and the IC50 value
was calculated from a semi-logarithmic plot of the percent-
age of the maximum response versus drug concentration.
Data were computer analyzed by curvilinear regression us-
ing the program ORIGIN 6.0.  Statistical analyses for com-
parisons among groups were performed using analysis of
variance (ANOVA).  P<0.05 was considered statistically
significant.  To evaluate the effect of (±)DMCPG and its op-
tical isomers on anti-salivation induced by oxotremorine and
sleeping induced by a sub-threshold hypnotic dose of so-
dium pentobarbital, ED50±95% CL (confidence limit) values
were calculated and compared by weighted probit analysis.
Data are shown as mean±SD.

Results

Competitive binding of (±)DMCPG and its optical iso-
mers to rat central muscarinic acetylcholine receptors  The
Kd value for [3H]QNB binding to receptors was 6.66±0.95

nmol/L.  The Bmax was 760±92 fmol/mg.  The competitive bind-
ing potency of R(–)DMCPG for [3H]QNB corresponded to a
Ki value of 763.75±7.31 nmol/L (n=4).  An average Hill coeffi-
cient (nH) was 1.17±0.15.  The affinity of R(–)DMCPG at cen-
tral muscarinic acetylcholine receptors was higher than that
of (±)DMCPG (Ki=3180±263 nmol/L, nH=0.42) and S(+)
DMCPG (Ki=1699±260 nmol/L, nH=1.26).  The isomer with
R(–) configuration was more potent than the isomer with
S(+) configuration and (±)DMCPG.  The competition pro-
files of R(–)DMCPG and S(+)DMCPG to rat cortex muscar-
inic receptors were steep and adequately described by a
one-site model, nH>1, which exhibited positive cooperative
effects at muscarinic receptors.  However, for (±)DMCPG,
nH<1, which exhibited negative cooperative effects at mus-
carinic receptors, which is not consistent with a one-site
binding model (Figure 2).

Effect of (±) DMCPG and its optical isomers on carba-
chol-induced contraction  Carbachol (10-5 nmol/L) caused
contractions in guinea pig ileum.  The Emax values for the
carbachol-induced contractions were 2.90±0.17 g (n=30).
(±)DMCPG and its optical isomers (10-9–10-4 mol/L) signifi-
cantly suppressed the carbachol-induced contractions
(P<0.05; Figure 3).  The IC50 values of (±) DMCPG , R(–)
DMCPG and S(+)DMCPG were 7.78×10-9, 1.88×10-7, and
1.03×10-7 mol/L, respectively.  The results revealed that
(±)DMCPG was more potent in the anti-contraction of smooth

Figure 2 .  Effects of (±)DMCPG and its optical isomers on the
binding of [3H]QNB to rat central muscarinic acetylcholine receptors
[●, R(–)DMCPG; ▲, S(+)DMCPG; ■, (±)DMCPG].  Rat cerebral
cortex homogenate was incubated with 6 nmol/L [3H]QNB for 30
min at 37 ºC in the absence and presence of increasing concentra-
tions of different drugs.  Data are the means of four independent
experiments performed in duplicate.
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muscle induced by carbachol than the other two configura-
tions (P<0.05).

Potentiation of the effect of a sub-threshold hypnotic dose
of sodium pentobarbital  Pentobarbital (ip, 30 mg/kg) alone
did not cause sleep in mice (n=50).  However, after pretreat-
ment with R(–)DMCPG (1.68–4.89 mg/kg) and S(+)DMCPG
(10–29.15 mg/kg) at 15 min intervals, sedation effects induced
by a sub-threshold hypnotic dose of sodium pentobarbital
were enhanced in a dose-dependent manner (Table 1).  The
ED50 values ±95% confidence limits of R(–) and S(+)DMCPG
were 2.53±0.37 and 18.65±4.03 mg/kg.  Of the 10 mice pre-
administered with (±)DMCPG at the highest dose (29.15
mg/kg), only 2 mice lost their righting reflex, which indicates
that (±)DMCPG has a weak central depressant action.  The
order of central inhibition effects was R(–)DMCPG>
S(+)DMCPG>(±)DMCPG.

Inhibition of oxotremorine-induced salivation  Oxotremo-
rine (sc, 3 mg/kg) induced obvious salivation in mice (n=50),
whereas (±)DMCPG and its optical isomers produced anti-
salivation effects in a dose-dependent manner when mice
were pretreated with these compounds.  The ED50±95% CL
values for (±)DMCPG and the R(–), S (+) configurations were
2.88±0.35, 0.44±0.03, and 5.05±0.33 mg/kg, respectively, which
indicates that the order of potency for inhibiting glandular
secretion is R(–)DMCPG>(±)DMCPG>S(+)DMCPG
(Table 2).

Discussion
(±)DMCPG is a derivative of its parent compound CPG,

and there is one chiral carbonic atom in the molecular struc-

Figure 3.  Concentration-response curves for (±)DMCPG and its
optical isomers (10-9–10-5 mol/L) on the maximum contractile re-
sponse induced by carbachol (10–5 mol/L) in guinea pig ileum (●,
R(–)DMCPG; ▲, S(+)DMCPG; ■, (±)DMCPG).  For each experiment,
contractile responses are expressed as percentages of the maximum
contractile response in the absence of any antagonist.  Each point
represents the mean±SD of the results from 6–8 separate experiments.
If not shown, SD bars fall within the boundaries of the symbol.

Table 1.  Effect of (±)DMCPG and its optical isomers on sleep
induced by sub-threshold hypnotic doses of sodium pentobarbital.
For each experiment, the rate of loss in righting reflex is expressed as
the proportion of mice that lost their righting reflex per 10 mice.
n=10.  Mean±SD.

   Chiral  Dose           Rate of loss  in       ED50±95% CL
  compound            (mg/kg)       righting reflex        (mg/kg)

(±)DMCPG       –

R(–)DMCPG 10.00 0.00
14.28 0.00
20.41 0.00
29.15 0.20

S (+)DMCPG 1.68 0.10  2.53±0.37
2.40 0.50
3.43 0.70
4.90 1.00

10.00 0.10 18.64±4.03
14.28 0.30
20.41 0.60
29.15 0.80

Table 2.  Effect of (±)DMCPG and its optical isomers on oxotremo-
rine-induced salivation.  For each experiment, the rate of anti-sali-
vation is expressed as the proportion of mice without salivation per
10 mice.  n=10.  Mean±SD.

   Chiral  Dose           Rate of loss  in       ED50±95% CL
  compound            (mg/kg)       righting reflex        (mg/kg)

(±)DMCPG       –

R(–)DMCPG 1.68 0.80 2.88±0.35
2.40 0.60
3.43 0.40
4.90 0.20

S (+) DMCPG 0.28 0.90 0.44±0.03
0.40 0.70
0.58 0.50
0.82 0.20
2.40 0.80 5.05±0.33
3.43 0.50
4.90 0.20
7.00 0.00



Http://www.chinaphar.com Wang LY et al

1191

ture of (±)DMCPG, causing the R(–) and S(+) enantiomers.
In this study, we compared the pharmacological activities of
these enantiomers, to further investigate the relationships
between anti-muscarinic activity and muscarinic receptors.
Interestingly, for muscarinic acetylcholinic receptors,
(±)DMCPG and its optical isomers did not have the same
potency trends in the tests.

In the present investigation, the pharmacological activi-
ties of (±)DMCPG and its isomers were subjected to com-
parative radiobinding and functional assays.  In the com-
petitive binding assay, R(–)DMCPG was 4- and 2-fold more
potent than its racemate and the S(+) configuration in inhib-
iting the binding of [3H]QNB.  These results demonstrate
that there was receptor stereo selective action between the
muscarinic receptor and R (–)DMCPG.  In this case of recep-
tor binding, R(–)DMCPG is the eutomer.  The R(–) and S(+)
configurations showed positive cooperation (nH>1) but
(±)DMCPG had a negatively cooperative (nH=0.42) relation-
ship with the muscarinic receptor.  Low Hill numbers are
most often attributed to recognition by the antagonist of
more than one receptor site or receptor conformation, or to
an interaction of the antagonist with a second binding site
on the receptor molecule causing a negative cooperative
effect for the first site[7–9].  There is a second ligand-binding
site on muscarinic receptors.  A wide array of compounds is
capable of modulating the binding of classical ligands to all
five muscarinic subtypes[10–12].  Allosteric modulation of
muscarinic receptors has been much investigated[13,14].  Proška
and Tuèek (1994) proposed that the binding site for modula-
tors such as alcuronium, gallamine, and related compounds
is located near the binding site for classical ligands, but more
superficially[15].  Our results imply that (±)DMCPG may act at
the second binding site with an allosteric mechanism to mus-
carinic receptors.  (±)DMCPG is composed of the R(–) and
S(+) configurations, and R(–) and S(+)DMCPG showed
marked central inhibitory effects, but (±)DMCPG had only a
weak effect, even at a higher dose.  Inversely, the ability of
(±)DMCPG to inhibit the contraction of guinea pig ileum
induced by carbachol was approximately 10 and 100 times
more potent than that of R(–) and S(+)DMCPG.  (±)DMCPG
was the lowest one bound to the muscarinic receptor, and
we can also deduce that the enantiomers must interact with
each other to affect its binding characteristics and
bioactivities.  The allosteric mechanism of these chiral drugs
needs to be further explored in subsequent experiments.
However, our experiments showed that pharmacological dif-
ferences exist between the optical isomers.  The R(–) con-
figuration was more potent at binding receptors and inhibit-
ing glandular secretion, but had moderate effects on the con-

traction of smooth muscle.  The pharmacological differences
may be due to the distribution of different subtypes in differ-
ent tissues.  Muscarinic acetylcholine receptors (mAChR)
include five subtypes of receptors (M1–M5).  The selective
action on the salivary gland of R(–)DMCPG may be related
to its subtype-selective effects.  Individual members of the
mAChR are expressed in a complex overlapping fashion in
most tissues and cell types[16].  The M1, M2, and M4 sub-
types of the mAchR are the predominant receptors in the
central nervous system[17].  The M1 and M3 subtypes are the
major muscarinic acetylcholine receptors in the salivary
glands and M3 is thought to be more abundant[18,19].  Guinea
pig ileum smooth muscle is enriched with muscarinic
receptors, the majority of which are of the M2 subtype, and
the remaining minority are of the M3 subtype[20,21].  In our
experiments, we comparatively studied the anti-muscarinic
pharmacological profiles of these compounds to see whether
there is any correlation between pharmacological activity
and muscarinic subtype selectivity.  Fulfilling our
expectations, of these three chiral drugs, (±)DMCPG had the
greatest ability to inhibit smooth muscle contraction as a
muscarinic receptor antagonist, whereas R(–)DMCPG had a
moderate effect on smooth muscle contraction, but had the
greatest anti-salivary effect and enhancement of sedation
effects caused by sub-threshold hypnotic doses of sodium
pentobarbital.  S(+)DMCPG was less potent in all experimen-
tal models.  Our results imply that there are subtype-selec-
tive mechanisms that correspond to the different pharmaco-
logical actions of the compounds.  Therefore, further stud-
ies are necessary to resolve the underlying actions of
(±)DMCPG and its enantiomers with respect to muscarinic
subtype receptors.

In conclusion, the present work demonstrated that that
there are receptor stereo selective actions between muscar-
inic receptors and the R(–) configuration of DMCPG.  R(–)
DMCPG acted as a eutomer relative to its S(+) configuration
in the racemate.  These differences must be related to sub-
type selectivity and allosteric mechanisms.
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Gene transfer of heat-shock protein 20 protects against ischemia/
reperfusion injury in rat hearts1
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Abstract
Aim: To explore whether overexpression of HSP20 in the myocardium could pro-
tect against ischemia/reperfusion injury in rats.  Methods:  Rat hearts were in-
jected with vector, recombinant adenovirus encoding green fluorescent protein
(Ad.GFP) or recombinant adenovirus encoding wild-type HSP20 (Ad.HSP20) in
the left ventricle.  Four days later, hearts were removed and expression of HSP20
was measured in the left ventricle.  Subsets of animals in the vector-, Ad.GFP- , and
Ad.HSP20-treated groups were subjected to 20-min ischemia and 120-min
reperfusion.  Myocardial injury was evaluated by infarct size and level of serum
cardiac troponin T and creatine phosphokinase.  Apoptosis of cardiomyocytes
was determined by TUNEL staining.  Cardiac function was evaluated by hemody-
namic indexes.  Results: Infarct size and serum cardiac troponin T and creatine
phosphokinase levels were significantly reduced in Ad.HSP20-treated hearts com-
pared with vector- and Ad.GFP-treated hearts.  The ratio of TUNEL-positive
cardiomyocytes to total number of cardiomyocytes in the Ad.HSP20 group was
significantly reduced as compared with the vector and Ad.GFP groups.  Left ven-
tricular end systolic pressure, and maximal rate of pressure increase (+dp/dtmax)
and decrease (-dp/dtmin) values were increased significantly, while left ventricular
end diastolic pressure was decreased significantly in Ad.HSP20-treated hearts
compared with vector- and Ad.GFP-treated hearts.  Conclusion: These data indi-
cate that the cardioprotective effects of HSP20 may contribute to the reduction of
myocardial necrosis and apoptosis in ischemia/reperfusion injury in rats.
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Introduction
Members of the small heat shock protein (sHSP) family,

including HSP20, HSP25, HSP27, αB-crystallin, and myotonic
dystrophy kinase binding protein, are expressed in muscle
tissues and share a homologous sequence of approximately
80–100 amino acids at the C-terminus, known as the α crys-
tallin domain[1,2].  The past decade has witnessed the dis-
covery of new mammalian sHSP, of which HSP20 is the best
characterized.  HSP20 was co-purified from skeletal muscle
with αB-crystallin and HSP27 by affinity chromatography
on a column of immobilized antibodies against αB-crystallin[3].
Exposure of rat diaphragm tissue to heat stress in vitro re-
sults in the redistribution of HSP20, as well as αB-crystallin

and HSP27, from the cytosol into insoluble fractions, and
enhanced dissociation of the aggregated form to the small
form, which is characteristic of stress proteins[4].  Stable
overexpression of HSP20 in Chinese hamster ovary cells re-
sults in enhanced survival after heat shock, which is similar
to results obtained with αB-crystallin[5].  Chu et al[6] were
the first to identify the de novo phosphorylation of cardiac
HSP20 in mouse cardiomyocytes after prolonged activation
of the β-adrenergic signaling pathway.  The adenovirus-me-
diated overexpression of HSP20 in adult rat cardiomyocytes
increases cell contractility, which indicates that HSP20 is
involved in the regulation of myocardial contractility[6,7].

Heat shock proteins have been implicated in modulating
the cellular response to many stressors, and as molecular
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chaperones in suppressing the aggregation or assisting in
the refolding of partially denatured proteins.  They usually
protect against ischemic/reperfusion (I/R) injury in vitro[8–11]

and in vivo[12–14].  However, whether gene transfer of the
HSP20 gene into the beating heart produces a myocardial
protective effect has not been shown.  In the present study,
we transferred the HSP20 gene through a recombinant adeno-
virus encoding HSP20 into the myocardium, and showed
that HSP20 protected against I/R injury, probably by reduc-
ing myocardial apoptosis and necrosis in rats.

Materials and methods

Animals and experimental protocols  Male adult Sprague-
Dawley rats (230 g–280 g) received a standard diet and free
water.  The treatment of the animals and experimental proto-
cols adhered to the guidelines of the Health Sciences Center
of Peking University (Beijing, China).  The animals were al-
lowed to readjust to the  new housing environment for 1 week
before the experiments.

Rats were assigned randomly to 4 groups.  In the no-
vector control group, the chest was opened and injected
with saline.  The I/R control group was also injected with
saline.  The third group received the recombinant adenovi-
rus encoding wild-type HSP20 (Ad.HSP20), and the fourth
group received the recombinant adenovirus encoding green
fluorescent protein (Ad.GFP).

Construction of recombinant adenoviruses  The recom-
binant Ad.HSP20 and Ad.GFP were prepared as described
previously[15].  Adenovirus was propagated in 293 cells and
purified by 2 rounds of CsCl density ultracentrifugation (4 °C,
13 000×g for 105 min and 16 h, respectively).  Viral stocks
were then desalted through a PD-10 desalting column
(Amersham Biosciences, Buckinghamshire, UK) into a Tris-
buffered solution (10 mmol/L Tris, pH 8.0, 2 mmol/L MgCl2

and 4% sucrose)[16], plaque-titered, aliquoted, and stored at
-80 °C with 4% sucrose until use.

In vivo intracoronary delivery of adenoviruses  The
surgical procedures were carried out as described previously[17].
Donor rats were anesthetized with sodium pentobarbital
(50 mg/kg, ip).  Further injections were given as needed
throughout the surgical procedure.  Animals were placed
supine on a thermoregulated table (37 °C) .  The surgery was
carried out under sterile conditions.  The animals were intu-
bated and ventilated on a positive-pressure ventilator.  The
tidal volume was set at 1.5 mL–2.5 mL, and the respiratory
rate was adjusted to within the range of 80 cycles/min to
90 cycles/min to maintain normal arterial paO2, paCO2, and pH.
The chest was entered through a left intercostal approach.

Before virus infusion, adenosine (0.15 mg), lidocaine
(0.03 mg), and heparin (50 U) were administered via the jugu-
lar vein.  With the use of a 26 gauge needle, 200 µL diluted
replication-deficient adenovirus (2.2×1010 pfu) or 200 µL ster-
ile saline were injected from the apex of the left ventricle into
the left ventricular cavity while the aorta and pulmonary ar-
teries were clamped just above the aorta root.  The clamp
was maintained for 15 s when the heart pumped against a
closed system.  After injection, the exposed heart was moni-
tored for 5 min for resumption of normal sinus rhythm.  He-
modynamic indices were measured and electrocardiography
was carried out throughout the experimental period.

Myocardial infarction protocol  Four days after the in-
jection of saline or virus, the animals were re-anesthetized
and ventilated artificially with room air.  The thorax was re-
opened and the heart were exposed to identify the left ante-
rior descending coronary artery (LAD).  A 7-0 silk suture was
passed around the LAD with an atraumatic needle just 4 mm
inferior to the left auricle, and the artery was occluded by
snaring with a vinyl tube through which the ligature had
been passed.  The coronary artery was occluded by pulling
the snare tight and securing it with a hemostat.  Ischemia
was confirmed by myocardial blanching and electrocardio-
graphy evidence of injury.  After 20-min ischemia, the liga-
ture was released and the heart was reperfused for 2 h.
Reperfusion was identified by an obvious ST segment
change.

Measurement of infarction  At the end of the infarction
protocol, the ligature around the LAD was retightened and
0.1 mL of 10% Evans blue dye was injected as a bolus into
the left ventricle (LV) cavity with a 26-gauge needle posi-
tioned in the apex of the heart.  When the eyes turned blue,
the animals were euthanized immediately, the heart was ex-
cised and rinsed in water to remove excess dye, the atria and
right ventricular free wall were removed, and the remaining
LV was frozen.  The LV was then cut from apex to base into
4−6 transverse slices of 2 mm thick.  Each slice was weighed
and then incubated in 4% triphenyltetrazolium chloride so-
lution (TTC) in isotonic pH 7.4 phosphate buffer at 37 °C for
30 min.  The slices were subsequently fixed in 10% formalin
solution for 24 h.  Viable tissue (red-stained by the TTC) was
distinguished easily from the infarcted regions (pale or un-
stained by the TTC) and the risk area (unstained by Evans
blue).  The total slice area, the infarcted area, and the risk
area of each slice were determined by computer-assisted
planimetry (Leica Qwin image analysis software; Leica,
Cambridge, UK).  During planimetry, the operator was blinded
as to the type of animal.  The ratios of risk area to total slice
area, infarct area to total slice area, and infarct area to risk
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area were calculated and multiplied by the weight of the slice
to determine risk and infarct weight per slice.  Infarct size
was expressed as a proportion of LV mass or risk area mass.

Hemodynamic studies  Hemodynamic measurements
were taken at 0 min, 10 min and 20 min ischemia and 30 min,
60 min and 120 min reperfusion.  A 1.5 F micronanometer-
tipped catheter was advanced into the LV through the right
carotid artery.  The heart rate, blood pressure, left ventricu-
lar end diastolic pressure (LVEDP), left ventricular end sys-
tolic pressure (LVESP) and maximal rates of pressure increase
(+dp/dtmax) and decrease (-dp/dtmax) were recorded on a poly-
graph (NEC San-ei Instruments, Japan).

Measurement of serum cardiac troponin T (cTnT) and
creatine phosphokinase (CK) levels  At the end of the myo-
cardial I/R experiment, a 1-mL blood sample was obtained
from the carotid cannula, stored at 4 °C for 30 min, and cen-
trifuged at 3000×g for 10 min.  The serum was stored at
-40 °C prior to analysis.  The concentration of serum cTnT
was determined by the short-turn-around-time (STAT) as-
say (Roche Diagnostics, Basel, Switzerland), with use of the
Roche Elecsys 2010 immunoassay analyzer (Roche
Diagnostics).  The serum was also analyzed spectrophoto-
metrically for CK activity (Roche Diagnostics).

Western blot analysis  Three hearts from each of the ex-
perimental groups were used separately for measurement of
HSP20 by Western blot analysis.  After 4 d of injection of
saline or virus, the hearts were removed quickly, and the LV
was separated and frozen in liquid nitrogen.  The frozen LV
tissue was homogenized in protein extraction buffer contain-
ing 20 mmol/L Tris-HCl, pH 7.4, 1% Trion X-100, 150 mmol/L
NaCl, 1 mmol/L ethylenediaminetetracetic acid, 2.5 mmol/L
sodium pyrophosphate, 1 mmol/L NaF, 1 mmol/L Na3VO4 and
0.1 mmol/L phenylmethylsulfonyl fluoride.  Aliquots were
resolved on sodium dodecyl sulphate-polyacrylamide gel
electrophoresis.  Proteins were transferred to polyvinylidene
difluoride membranes (Schleicher & Schuell, Keene, NH,
USA) and incubated with primary polyclonal anti-HSP20
antibodies (1:1000) (presented by Prof Rui-ping XIAO, NIH,
USA), which recognized HSP20, at 4 °C overnight.  Bound
antibodies were detected using a secondary antibody con-
jugated to horseradish peroxidase (Santa Cruz Biotechnology,
Inc, CA,USA) and visualized by use of an enhanced chemi-
luminescence kit (SuperSignal® West Pico Trial Kit, Pierce
Biotechnology, Inc, IL, USA) and exposed to X-ray film for
the appropriate time.

Terminal dUTP nick-end labelling staining  Hearts were
isolated from each group after I/R for analysis using the
terminal dUTP nick-end labeling (TUNEL) assay.  Tissue
samples were fixed in a 4% paraformaldehyde solution, par-

affin embedded, and cut transversely into 6-µm sections.
The assay was operated according to the manufacturer’s
instructions (DeadEnd™ Fluorometric TUNEL System;
Promega, WI, USA).  Stained samples were analyzed using a
confocal microscope; at least 500 cells were counted in ran-
domly selected views.

Statistical analysis  Data were expressed as mean±SD.
Differences were analyzed for significance by one-way re-
peated-measures ANOVA and further analyzed with the use
of the Newman-Keuls test for multiple comparisons between
treatment groups.  The results were considered significant
at P<0.05.

Results

Expression of HSP20  Intraventricular injection of Ad.
HSP20 in vivo resulted in increased HSP20 expression in the
LV as compared with vector and Ad.GFP treatments
(Figure 1A).  The hearts treated with Ad.GFP showed only
low-level of HSP20 expression, which indicates that treat-
ment with viral vectors has no significant effect on HSP20
expression in the rat myocardium.  LV treated with Ad.HSP20
showed homogenous expression of GFP, whereas those
treated with vector showed no background fluorescence
(Figure 1B).

Myocardial infarction  Ad.HSP20-treated hearts showed
a significant reduction in infarct size (39.2%±4.3% risk area)
compared with vector- and Ad.GFP-treated hearts (56.3%±
2.9% and 54.9%±8.1%, respectively; P<0.01; Figure 2A).  In-
farct size did not differ between vector- and Ad.GFP-treated
hearts (P>0.05).  A similar result was observed when infarct
size was expressed as a proportion of LV (Figure 2B).  Both
results suggest that the reduced infarct size observed in
Ad.HSP20-injected hearts is entirely due to the overexpres-
sion of HSP20.  However, the risk areas (% of LV) were not
significantly different among the groups (ie 53.2%±
6.5%, 57.9%±7.3%, and 56.4%±7.5% in the vector-, Ad.GFP-,
and Ad.HSP20-treated groups, respectively; P>0.05;
Figure 2C).

HSP20 gene delivery reduced serum cTnT and CK
levels  Ad.HSP20-treated hearts showed a significant reduc-
tion in cTnT release (2.2 µg/L±1.7 µg/L) compared with vec-
tor- and Ad.GFP-treated hearts (12.9 µg/L±3.2 µg/L, and
11.8 µg/L±3.1 µg/L, respectively; P<0.01; Figure 3A).  Simi-
lar results were observed for CK release (Figure 3B).

HSP20 gene delivery attenuated apoptosis in the acute
ischemia/reperfusion rat model  Figure 4A shows represen-
tative apoptotic cardiomyocytes identified by TUNEL stain-
ing in the I/R-injured region.  The ratio of TUNEL-positive
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cardiomyocytes to total number of cardiomyocytes in the
Ad.HSP20 group was significantly reduced as compared with
the vector and Ad.GFP groups (15.4%±3.2% vs 25.7%±4.5%
and 27.6%±2.2%, P<0.01; Figure 4B).

HSP20 gene delivery improved cardiac function in
vivo  LVEDP, LVESP, +dp/dtmax and -dp/dtmax values are
shown in Figure 5.  All parameters were comparable among
the 3 groups before and during ischemia and during
reperfusion.  All parameters, except LVEDP, declined in value
after ischemia.  LVEDP in HSP20-treated rats was signifi-
cantly decreased after 60-min reperfusion compared with that
in vector- and Ad.GFP-treated rats (P<0.05, Figure 5A).
LVESP, +dp/dtmax, and -dp/dtmax values in HSP20-treated rats

were significantly increased after 60-min reperfusion com-
pared with those in vector- and Ad.GFP-treated rats (P<0.05,
Figure 5B, 5C, 5D).

Figure 2.  Effect of HSP20 gene delivery on infarct size.  (A) Ratio
of infarct sizes to risk areas.  (B) Ratio of infarct sizes to left ventricle.
(C) Ratio of risk areas to left ventricle.  n=6.  Mean±SD.  cP<0.01 vs
Ad.GFP.  (D) Typical reperfusion injury was observed in all groups by
high-power microscopy (×40).

Figure 1.  Expression of adenovirus-mediated gene delivery 4 d after
intracoronary gene delivery.  (A) Western blot showing expression
of HSP20 proteins and β-actin after intracoronary delivery of vector,
recombinant adenovirus encoding wild-type HSP20 (Ad.HSP20) or
recombinant adenovirus encoding green fluorescent protein (Ad.GFP).
(B) Representative image of high efficiency of GFP expression in
hearts compared with vector after injection of Ad.HSP20.
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Discussion
Gene therapy has emerged as a genuine alternative

therapy in coronary artery disease, including ischemic heart
disease.  One of the commonly used intramyocardial gene
transfer methods is direct intramyocardial injection.  There
have been a few promising trials involving the use of direct
intramyocardial injection in this area[18,19].  However, the tech-
nical problems with this method are that only a small volume
of the myocardium is accessible for transfection and the dis-
tribution of transgenes in the myocardium is not homo-
geneous.  To overcome these problems, we used an in vivo
intracoronary gene delivery method that modified the ap-
proach of Hajjar et al[17] to transduce the HSP20 gene into
the ventricular muscle with the use of recombinant adenovi-
ral vectors.  The adenoviral vectors are delivered into the
myocardium via the coronary circulation.  Using this deliv-
ery method, we sought to elucidate a direct cause and effect
relationship between HSP20 and cardioprotective effects in
the intact rat heart.

The present study demonstrates, for the first time, that
gene transfer of Ad.HSP20 into the LV muscle causes robust
expression of HSP20 as compared with vector or Ad.GFP
transfer.  Ad.GFP-treated LV showed no significant increase
in HSP20 expression compared with vector-treated LV.  These

results suggest that the increased expression in the
Ad.HSP20-treated hearts is not due to virus-related stress.

Infarct size was reduced significantly in the I/R hearts
injected with Ad.HSP20.  We also examined serum cTnT and
CK levels independently.  cTnT originating exclusively from
the myocardium clearly differs from skeletal muscle troponin T.
As a result of its high tissue specificity, cTnT is a cardio-
specific, highly sensitive marker for myocardial damage[20].
Our results showed that the cTnT level in Ad.HSP20-treated

Figure 3.   (A) Alterations in the serum levels of cardiac troponin T
(cTnT).  (B)Alterations in the serum levels of creatine phosphoki-
nase (CK).  n=6.  Mean±SD.  cP<0.01 vs Ad.GFP.

Figure 4.  Terminal dUTP nick-end labelling staining showed in vivo
cardiomyocyte apoptosis a fter  20 -min ischemia and 120 -min
reperfusion.  (A) Cardiomyocytes are depicted by red fluorescence
from propidium iodide.  Yellow fluorescence showed TUNEL-posi-
tive nuclei.  (B) Proportion of positive TUNEL-stained nuclei in
tissue sections from the no-vector control group or rat hearts ex-
posed to ischemia/reperfusion under different treatments.  n=3–4.
Mean±SD.  cP<0.01 vs Ad.GFP.
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hearts was reduced significantly as compared with that in
vector- and Ad.GFP-treated hearts.  Similar results were
shown with CK.  TUNEL staining showed that apoptosis of
cardiomyocytes was reduced in Ad.HSP20-treated hearts.

The decrease of LVEDP and increase of LVESP, +dp/dtmax

and -dp/dtmax in HSP20-treated hearts may be explained by
HSP20 being an actin-associated protein.  It is biochemically
associated with αB-crystallin and localized to distinct trans-
verse bands in a pattern similar to αB-crystallin and sarcom-
eric actin[21,22].  Phosphorylated HSP20 increases the con-
tractility rate of cardiac myocytes, which indicates that HSP20
is involved in the regulation of myocardial contractility[6,7].

Heat shock proteins are a family of endogenous protec-
tive proteins.  Various HSP have protective effects against
stress injury.  HSP70 prevents cell death by inhibiting
apoptosis via associating with apoptosis protease activat-
ing factor-1 (Apaf-1) and blocking the assembly of a func-
tional apoptosome[23].  Combined and individual mitochon-
drial HSP60 and HSP10 expression in cardiomyocytes pro-
tects mitochondrial function and decreases apoptotic cell
death induced by simulated I/R accompanied by decreased
mitochondrial cytochrome c release and caspase-3 activity[11].
HSP60 interacts with Bax and Bak to regulate apoptosis[24].
Overexpression of αB-crystallin in transgenic mice hearts
provides resistance to I/R injury by negatively regulating
myocyte and non-myocyte apoptosis[25].  HSP27 binds to
cytochrome c released from the mitochondria into the cyto-
sol and prevents cytochrome c-mediated interaction of Apaf-1
with procaspase-9[26].  These results highlight the notion
that the protective effects of HSP are closely related to mito-
chondrial function.  Thus, HSP are anti-apoptotic proteins in
cardiomyocytes.

Myocardial ischemia is followed frequently by
reperfusion.  Reperfusion and the resultant re-oxygenation
lead to the generation of oxygen radicals that can cause
reperfusion injury.  Our results in vivo are consistent with
those of Fan et al[15], who showed that HSP20 and its phos-
phorylation at Ser16 might provide protective effects against
β-agonist-induced apoptosis in vitro.

Death of cardiomyocytes due to I/R injury is caused by 2
distinct mechanisms, necrosis, and apoptosis, which con-
tribute independently to myocardial infarction[25,27].  The in-
farct area represents cell death, including necrotic cell death
and apoptotic cell death.  cTnT and CK are indicators of
myocardial necrosis, whereas TUNEL staining can reveal
apoptosis.  Thus, our results suggest that the protective
effect of HSP20 is attributed to a reduction of necrosis and
apoptosis in cardiomyocytes.  In addition, our recent data
shows that lactate dehydrogenase release and caspase-3

Figure 5.  Cardiac function in vivo .  Left ventricular end diastolic
pressure (LVEDP) (A), left ventricular end systolic pressure (LVESP)
(B), maximal rate of pressure increase (+dp/dtmax) (C), and decrease
(-dp/dtmin) (D) were measured in the left ventricle at different time
points in vector-, Ad.HSP20-, or Ad.GFP-treated hearts.  n=6−8.
Mean±SD.  bP<0.05 vs Ad.GFP.
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activity in H9c2 cells infected with Ad.HSP20 are also
decreased.  Therefore, the cardioprotective effect of HSP20
in vivo might be mediated mainly by inhibiting both cardio-
myocyte necrosis and apoptosis.

In conclusion, our results show that overexpression of
HSP20 protects against I/R injury in vivo, not only by inhibi-
ting cardiomyocyte necrosis and apoptosis but also by in-
creasing myocardial contractility.  Our data suggest that
HSP20 is a potential therapeutic protein for ischemic dis-
eases and additional experiments should be carried out.
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Novel cyclophilin D inhibitors derived from quinoxaline exhibit highly in-
hibitory activity against rat mitochondrial swelling and Ca2+ uptake/
release
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Abstract
Aim: To investigate methods for identifying specific cyclophilin D (CypD) inhibi-
tors derived from quinoxaline, thus developing possible lead compounds to
inhibit mitochondrial permeability transition (MPT) pore opening.  Methods: Ki-
netic analysis of the CypD/inhibitor interaction was quantitatively performed by
using surface plasmon resonance (SPR) and fluorescence titration (FT) techniques.
IC50 values of these inhibitors were determined by PPIase inhibition activity assays.
Results: All the equilibrium dissociation constants (KD) of the seven compounds
binding to CypD were below 10 µmol/L.  The IC50 values were all consistent with
the SPR and FT results.  Compounds GW2, 5, 6, and 7 had high inhibition activities
against Ca2+-dependent rat liver mitochondrial swelling and Ca2+ uptake/release.
Compound GW5 had binding selectivity for CypD over CypA.  Conclusion:  The
agreement between the measured IC50 values and the results of SPR and FT sug-
gests that these methods are appropriate and powerful methods for identifying
CypD inhibitors.  The compounds we screened using these methods (GW1–7) are
reasonable CypD inhibitors.  Its potent ability to inhibit mitochondrial swelling
and the binding selectivity of GW5 indicates that GW5 could potentially be used
for inhibiting MPT pore opening.
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Introduction
Apoptosis is essential for normal development and ag-

ing in multicellular organisms, and abnormal regulation of
apoptosis can result in multiple human diseases.  Mitochon-
dria release apoptogenic proteins such as cytochrome C and
apoptosis-inducing factor (AIF) into the cytosol, which are
involved in the signaling pathway of caspases and induce
cell apoptosis[1–3].  One major pathway of the release of the
apoptogenic factors to the cytosol is via the rupture of the
outer mitochondrial membrane due to mitochondrial perme-
ability transition (MPT) pore opening[3].  It is suggested that
MPT pores play a potent role in cell aging[4,5], and opening

of the MPT pores may cause changes in mitochondrial shape
and function, such as the massive swelling of mitochondria,
rupture of the outer membrane and release of inter-membrane
components that induce apoptosis.  It has been reported
that the agents that inhibit MPT may have therapeutic po-
tential for the treatment of human diseases such as ischemia-
reperfusion injury in peripheral organs, trauma and
neurodegenerative diseases[5–7].

Recent studies have shown that the MPT pore is com-
posed of three major proteins: the voltage-dependent anion
channel (VDAC) in the outer membrane that forms a large
H2O-filled pore with a diameter of 2.5–3.0 nm, the adenine
nucleotide translocator (ANT) that mediates the ADP-ATP
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exchange in the inner membrane, and cyclophilin D (CypD)[8].
CypD belongs to the family of highly homologous peptidyl
prolyl cis-trans isomerases (PPIases) that are thought to be
important for protein folding, and can bind to the immuno-
suppressor cyclosporin A (CSA)[9,10].  It is known that CypD
is a mitochondrial-targeted PPIase, even though its specific
physiological role is largely obscure[11,12].  CypD has been
confirmed to play a decisive role in MPT pore regulation,
and PPIase activity of CypD might be a necessary step in
MPT pore opening[8,13].  A model was recently proposed con-
cerning the mechanism of permeability transition-related
cytochrome c release, whereby the Ca2+ requirement for the
induction of the MPT pore opening might be due to the
Ca2+-dependent interaction between CypD and ANT[14–16].  It
has been reported that CypD inhibitor CSA and its analogues
may block MPT pore opening[17,18], which thereby makes dis-
covering the CypD inhibitor an appealing project.  However,
to our knowledge, investigating the small molecular CypD-
specific inhibitor for allowing brain penetration is still a

challenge.
In this paper, we report 7 novel quinoxaline derivatives

(Scheme 1 and Figure 1) that inhibit the PPIase activity of
CypD.  By using surface plasmon resonance (SPR) and fluo-
rescence titration techniques, the kinetics of the CypD-in-
hibitor interaction was investigated.  The compounds’ inhi-
bition effects against rat liver Ca2+-depedent mitochondrial
swelling and Ca2+ uptake/release were also determined.  The
binding selectivity of CypD over CypA for the tested com-
pounds was analyzed, and explained based on the molecular
docking technique.  We hope that this research will provide
a useful approach for the discovery of cyclophilin D inhibitors,
and thus help to develop promising compounds using CypD
as a drug target for the inhibition of MPT pore opening.

Materials and methods

All solvents and reagents were purchased commercially
and were used without further purification.  1H nuclear mag-

Scheme 1.  General synthetic procedure for the seven tested compounds (GW1–7).

Figure 1.  Chemical structures of GW1–7.  GW1: R=ethoxy; GW2: R=diethylamino; GW3: R=3-((R)-ethoxycarbonyl) piperidino; GW4: R=3-
((S)-ethoxycarbonyl) piperidino; GW5: R=pyrrolidin-1-yl; GW6: R=morpholino; GW7: R=N,N-diisopropylamino.
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netic resonance (NMR) spectra (400 MHz) were recorded on
a Varian (Palo Alto, California, USA) Mercury-400 spectro-
meter.  Plasmid extraction was performed using the GenElute
Plasmid Miniprep Kit (Sigma-Aldrich, St Louis, Missouri,
USA).

 The compound 6-amino-2,3-di(furan-2-yl)quinoxaline
was synthesized according to the patented method[19].  (R)-
ethyl nipecotate and (S)-ethyl nipecotate were prepared ac-
cording to a previously published method[20].

General preparation procedure of compounds GW1–7
The chemical structures of the seven tested compounds are
shown in Figure 1, and the general synthetic procedure is
shown in Scheme 1.  Briefly, the compounds were prepared
from 2,4-dinitroaniline in five steps.

2,3-di(furan-2-yl)-6-ethoxycarbonylamino quinoxaline
(GW1)  To a solution of 6-amino-2,3-di(furan-2-yl)quinoxaline
(83.1 mg, 0.30 mmol) and triethylamine (100 µL, 0.72 mmol) in
dichloromethane (10 mL) we added triphosgene (30 mg, 0.10
mmol) while stirring.  The mixture was stirred at room tem-
perature for 1 h, then ethanol (100 µL, 1.7 mmol) was added.
After another 1 h of stirring, the solvent was evaporated in a
vacuum to give the crude product, which was further puri-
fied by flash column chromatography on a silica gel using
petro-ether/ethyl acetate (3:1) as the eluent.  The obtained
compound GW1 (45.2 mg, 43% yield) was a yellowish amor-
phous solid.  1HNMR (CDCl3, 400 MHz).  d: 8.10 (d, 1H, J=2.4
Hz), 8.05 (d, 1H, J=9.1Hz), 7.87 (dd, 1H, J=2.2 Hz, 9.1 Hz), 7.60
(m, 2H), 7.17 (s, 1H), 6.62 (m, 2H), 5.54 (m, 2H), 4.28 (q, 2H,
J=7.0 Hz), 1.32 (t, 3H, J=7.0 Hz); IR (KBr): 3419, 3246, 2982,
2928, 1732, 1622, 1572, 1539, 1495, 1261, 1226 per cm; High-
resolution mass spectra(electron impact) calculated value
[HRMS(EI) Calcd] for C19H15N3O4 349.1063; Found 349.1068.

2,3-di(furan-2-yl)-6-N-(N',N'-diethylcarbamoyl)amino
quinoxaline (GW2)  GW2 was synthesized by using a method
similar to that described for the preparation of GW1, except
that diethylamine was used instead of ethanol.  GW2 is a
brown amorphous solid (63.0 mg, 56% yield).  1H NMR (CDCl3,
400 MHz).  δ: 8.03 (d, 2H, J=1.8 Hz), 7.96 (d, 1H, J=1.0 Hz),
7.59 (dd, 2H, J=0.7 Hz, 1.0 Hz), 6.78 (s, 1H), 6.61 (ddd, 2H, J=
0.7 Hz, 3.5 Hz, 12.2 Hz), 6.54 (m, 2H), 3.42 (q, 4H, J=7.2 Hz),
1.25 (t, 6H, J=7.2 Hz); IR (KBr): 3440, 3114, 2972, 2929, 1649,
1524, 1491, 1429, 1265 per cm; HRMS (EI) Calcd for C21H20N4O3

376.1535; Found 376.1528.
2,3-di(furan-2-yl)-6-((R)-3-ethoxycarbonyl-piperidino)

carbonylamino quinoxaline (GW3)  GW3 was prepared by
using a method similar to that described for the preparation
of GW1, except that (R)-ethyl nipecotate was used instead of
ethanol.  GW3 is a yellow amorphous solid (66.4 mg, 48%
yield).  1H NMR (CDCl3, 400 MHz).  δ: 8.13 (s, 1H), 8.02 (m,

1H), 7.95 (m, 2H), 7.59 (m, 2H), 6.59 (m, 2H), 6.53 (m, 2H), 4.22
(m, 2H), 3.99 (m, 2H), 3.48 (dd, 1H, J=3.3, 14.2 Hz), 3.10 (m,
1H), 2.70 (m, 1H), 2.20 (m, 1H), 1.45–1.95 (m, 3H), 1.29 (t, 3H,
J=6.1 Hz); IR (KBr): 3404, 2937, 2860, 1728, 1649, 1570, 1527,
1473, 1431, 1256 cm-1; HRMS(EI) Calcd for C25H24N4O5

460.1747; Found 460.1725.  [α]D
20

 = -52º (c=0.83, CH3OH).
2,3-di(furan-2-yl)-6-((S)-3-ethoxycarbonyl-piperidino)

carbonylamino quinoxaline (GW4)  GW4 was prepared by
using a method similar to that described for GW1 except that
(S)-ethyl nipecotate was used instead of ethanol.  GW4 was
a yellow amorphous solid (68.7 mg, 50% yield).  1H NMR
(CDCl3, 400 MHz).  δ: 8.13(s, 1H), 8.02 (m, 1H), 7.95 (m, 2H),
7.59 (m, 2H), 6.59 (m, 2H), 6.53 (m, 2H), 4.22 (m, 2H), 3.99 (m,
2H), 3.48 (dd, 1H, J=3.3, 14.2 Hz), 3.10 (m, 1H), 2.70 (m, 1H),
2.20 (m, 1H), 1.45–1.95 (m, 3H), 1.29 (t, 3H, J=6.1 Hz); IR (KBr):
3404, 2937, 2860, 1728, 1649, 1570, 1529, 1475, 1431, 1254
cm-1; HRMS(EI) Calcd for C25H24N4O5 460.1747; Found
460.1738.  [α]D

20 = +55º  (c=1.78, CH3OH).
2,3-di(furan-2-yl) -6-(pyrrolidin-1-yl)carbonylamino

quinoxaline (GW5)  GW5 was prepared by using a method
similar to that described for the preparation of GW1 except
that pyrrolidine was used instead of ethanol.  GW5 is a brown
amorphous solid (106.9 mg, 95% yield).  1H NMR (CDCl3, 400
MHz).  δ: 8.18 (dd, 1H, J=2.3, 9.2 Hz), 8.02 (m, 2H), 7.60 (m, 2H),
6.68 (s, 1H), 6.65 (d, 1H, J=3.4 Hz), 6.60 (dd, 1H, J=0.7,
3.4 Hz), 6.55 (m, 2H), 3.53 (t, 4H, J=6.6 Hz), 2.00 (t, 4H, J=6.6
Hz); IR (KBr): 3404, 2970, 2877, 1672, 1568, 1525, 1502, 1429,
1382, 1340, 1203 per cm; HRMS(EI) Calcd for C21H18N4O3

374.1379; Found 374.1360.
2,3-di(furan-2-yl)-6-morpholinocarbonylamino quinoxa-

line (GW6)  GW6 was prepared by using a method similar to
that described for the preparation of GW1 except that
morpholine was used instead of ethanol.  GW6 was a yellow
amorphous solid (101.4 mg, 87% yield).  1H NMR (CDCl3, 400
MHz).  δ: 7.96–8.06 (m, 3H), 7.60 (m, 2H), 6.99 (s, 1H), 6.66 (dd,
1H, J=0.8, 3.5 Hz), 6.63 (dd, 1H, J=0.8, 3.5 Hz),
6.56 (m, 2H), 3.77 (t, 2H, J=4.9 Hz), 3.56 (t, 2H, J=4.9 Hz), 1.80
(b, 4H); IR (KBr): 3423, 2920, 2852, 1653, 1529, 1475, 1429,
1333, 1254 per cm; HRMS(EI) Calcd for C21H18N4O4 390.1328;
Found 390.1309.

2,3-di(furan-2-yl) -6-N-(N',N'-diisopropylcarbamoyl)
amino quinoxaline (GW7)  GW7 was prepared by using a
method similar to that described for the preparation of GW1
except that diisopropylamine was used instead of ethanol.
GW7 is a brown amorphous solid (43.9 mg, 36% yield).  1H
NMR (CDCl3, 400 MHz).  δ: 7.99–8.06 (m, 2H), 7.90 (d, 1H, J=
2.3 Hz), 7.57 (m, 2H), 6.76 (s, 1H), 6.59 (m, 2H), 6.51 (m, 2H),
3.99 (m, 2H), 1.32 (d, 12H, J=6.9 Hz); IR (KBr): 3427, 2968,
2928, 1647, 1566, 1520, 1495, 1433, 1375, 1205 per cm; HRMS
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(EI) Calcd for C23H24N4O3 404.1848; Found 404.1857.
Preparation of His-tagged human CypA protein   All clon-

ing techniques including polymerase chain reaction (PCR),
restriction, ligation, E coli transformation, and plasmid DNA
preparation were carried out according to standard methods[21].
The His-tagged CypA protein was expressed and purified
from the plasmid pQE30-CypA according to the published
procedure[22].

Preparation of rat CypD protein  The plasmid
pcDNA3.1(+)/Zeo-CypD was kindly provided by Dr James
D LECHLEITER (University of Texas Health Science Center,
U3SA).  By using the forward primer 5'-ATAGAATTCATGCT-
AGCTCTGCGCTGCG-3' (containing an EcoRI site) and the
reverse primer 5'-ATATCTCGAGGCTCAACTGGCCACA-
GTC-3'  (containing an XhoI site), the PCR product was sub-
cloned into the vector pGEX-4T-1 between the EcoRI and
XhoI sites to obtain the expression plasmid pGEX-4T-1-CypD.
Sequencing was carried out to confirm the insertion.

E coli strains were prepared in Luria-Bertani medium con-
taining 100 mg/mL ampicillin.  BL21 (DE3) bacteria trans-
formed with pGEX-4T-1-CypD were grown until the OD600

reached 0.8, and isopropylthio-β-D-galactoside (IPTG) was
added to a final concentration of 0.2 mmol/L to induce GST-
CypD expression at 25 C overnight.

Bacteria were harvested and lysed by sonication in a
sonication buffer [1×phosphate-buffered saline (PBS), 1
mmol/L phenylmethylsulfonyl fluoride (PMSF), pH 7.3, 1
mmol/L ethylenediamine tetraacetic acid (EDTA), 1% Triton
X-100].  The bacterial lysate was centrifuged and the super-
natant was collected.  GST-CypD protein was purified by
using a glutathione Sepharose 4B column (Amersham
Biosciences, Uppsala, Sweden), and the purified CypD pro-
tein was obtained by the on-column cleavage of GST-CypD
using thrombin according to the instructions given by the
manufacturers of the glutathione Sepharose 4B column
(Amersham Biosciences).  The purity of the obtained CypD
protein was verified by sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis as a single band.

Surface plasmon resonance technology-based Biacore
3000 analyses  The interactions between compounds GW1–
7 and CypD (A) were performed using the dual flow cell
Biacore 3000 instrument (Biacore AB, Uppsala, Sweden).  All
the experiments were carried out using HBS-EP (10 mmol/L
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
[HEPES], 150 mmol/L NaCl, 3.4 mmol/L EDTA and 0.005%
surfactant P20 at pH 7.4) as a running buffer at a constant
flow rate of 20 µL/min at 25 °C.  The protein was immobilized
directly and covalently on the hydrophilic carboxymethylated
dextran matrix of the CM5 sensor chip (BIAcore) by using

the standard primary amine coupling reaction.  The protein
to be bound to the sensor chip was diluted in 10 mmol/L
sodium acetate buffer (pH 6.5) to a concentration of 17 µmol/L.
The concentrations of the compounds dissolved in the run-
ning buffer varied from 1.18 to 10 µmol/L.  All the data analy-
ses were carried out using BIAevaluation software, and the
sensorgrams were processed by automatic correction for
nonspecific bulk refractive index effects.  The kinetic analy-
ses of the ligand binding to the protein were performed based
on the 1:1 Langmuir binding fit model according to the pro-
cedures described in the software manual.

Fluorescence titration assay  Fluorescence measure-
ments were performed on a Hitachi(Tokyo, Japan) F-2500
fluorescence spectrophotometer equipped with a thermal
controller.  The change in the intrinsic tryptophan fluores-
cence when the compound bound to the protein (CypA or
CypD) was monitored using a procedure similar to that de-
scribed in the literature[23,24].  The experiments were carried
out at 25 °C in PBS (pH 7.3) with the protein concentration
set at 13 µmol/L and the compound concentrations varied
from 0 to 40 µmol/L.  The compounds were prepared in dim-
ethylsulfoxide as a stock solution of 10 mmol/L.  The fluores-
cent absorption was recorded with excitation at 280 nm and
emission at 340 nm.

PPIase inhibition activity assay  The PPIase activity as-
say for the proteins CypA and CypD was performed based
on a published method[25] with some modifications.  The sub-
strate N-succinyl-Ala-Ala-Pro-Phe-p-nitroanlilide (Suc-
AAPF-pNA, S-7388) and α-chymotrypsin (C-7762) were pur-
chased from Sigma (St Louis, Missouri, USA).  Suc-AAPF-
pNA was dissolved in tetrahydrofuran containing 400 mmol/L
of LiCl, and the stock solution concentration was 10 mmol/L.
α-chymotrypsin was dissolved in 1 mmol/L HCl containing 2
mmol/L CaCl2, and the stock solution concentration was 80
mmol/L.  The assay buffer (173 µL of 50 mmol/L HEPES, 100
mmol/L NaCl; pH 8.0 at 0 °C; final concentration 43 mmol/L
HEPES, 86 mmol/L NaCl), 15 µL of de-ionized water and CypD
(2 µL of a 2700 nmol/L stock solution) and the compounds
(final concentration ranging from 100 nmol/L to 50 µmol/L)
were pre-equilibrated for 3 h on ice.  Immediately before the
assay was started, 7.5 µL of chymotrypsin solution was
added.  Absorbance readings at 390 nm were recorded when
2.5 µL of the peptide substrate was added into the 1 cm path
length cuvette and the solution was mixed rapidly.  The data
were collected on a Hitachi U2010 spectrophotometer.

Rat liver mitochondrial swelling and Ca2+ uptake/re-
lease inhibition assays  The mitochondrial swelling and Ca2+

uptake/release inhibition assays were carried out according
to published methods[26].  The mitochondria were isolated
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by differential centrifugation from the livers of adult Wistar
rats (180–200 g) after overnight starvation treatment.  The
rat livers were excised and washed with 0.25 mol/L sucrose.
The fat and connective tissue were removed, and the livers
were homogenized (1/10, w/v) using buffer A (250 mmol/L
mannitol, 0.5 mmol/L EDTA, 5 mmol/L HEPES, 0.1% bovine
serum albumin; pH 7.4) on ice.  The homogenate was centri-
fuged at 1000×g for 10 min in a Biofuge Stratos centrifuge
(Hereus Company, Hanau, Germany).  The sediment was dis-
carded and the supernatant was centrifuged at 1000×g for 10
min twice.  The collected supernatant was then further cen-
trifuged at 10 000×g for 15 min.  The pellet (mitochondrial
fraction) was resuspended in the test buffer (250 mmol/L
mannitol, 70 mmol/L sucrose, 5 mmol/L HEPES; pH 7.4).  The
total mitochondrial protein was determined by using the
Lowry assay using bovine serum albumin as a standard.  Rat
mitochondria were added to the test buffer to yield a final
concentration of 0.5 mg protein per mL[27].  The tested com-
pounds (100 µmol/L) were mixed with mitochondria for 1 h
before CaCl2 (200 µmol/L) was added.  Mitochondrial swell-
ing was determined by monitoring absorbance at 540 nm
using a Hitachi U2010 spectrophotometer and the mitochon-
drial Ca2+ uptake/release assay was monitored using a Hitachi
F-2500 fluorescence spectrophotometer as described previ-
ously[26].

Molecular modeling and docking  The CypD sequence
from Rattus norvegicus was retrieved from GenBank (GenBank
protein ID U68544; http://www.ncbi.nlm.nih.gov).  The
CLUSTAL W program was used to carry out sequence align-
ment between the sequences of CypD from Rattus
norvegicus and human CypA[28].  The sequence similarity
identity between CypD and CypA was 63%, and positives
were 81%, making the Protein Data Bank (PDB) of human
CypA an ideal template for CypD 3-D model building.  The 3-
D model of the TrpRS was generated based on PDB tem-
plates 1AK4[29], 1AWT[30], and 1NMK[31] retrieved from the
Protein DataBase by using the MODELLER program[32] en-
coded in Insight II[33].  MODELLER uses a spatial restraint
method to build up 3-D protein models.  The structure of
each template protein was used to derive spatial restraints
expressed as probability density functions for each of the
restrained features of the models.  The structure with the
lowest violation score and lowest energy score was chosen
as the candidate.  Refinements of the routine in the Homol-
ogy module of Insight II were used to adjust the positions of
the side chains.  Finally, the structural models were opti-
mized using Amber force field[34] with the following
parameters: a distance-dependent dielectric constant of 4.0,
nonbonded cut-off 10 Å, and Kollman-all-atom charges[34].

The structures were first minimized by steepest descent, then
by conjugating the gradient method to the energy gradient
root-mean-square <0.05 kcal·(mol·Å)-1.  Several structural
analysis software packages were used to check the struc-
ture quality.  The Prostat module of Insight II was used to
analyze the bonds, angles and torsions.  The Profile-3D pro-
gram[35] was used for checking the structure and sequence
compatibility.  The 3-D structures of the compounds GW1–
7 were constructed from scratch by Sybyl 6.8[36], and opti-
mized to energy convergence with the Tripos force field and
MMFF94 charges.

The major residues possibly comprising the binding site
of CypD were identified by sequence alignment with human
CypA, and the SiteID program encoded in Sybyl 6.8[36].  The
surface structure of the binding pocket was constructed by
using the MOLCAD module of Sybyl 6.8.

The DOCK suite of programs is designed to find pos-
sible orientations of a ligand in a “receptor” site[37].  The
orientation of a ligand is evaluated with a shape-scoring
function and/or a function approximating the ligand-recep-
tor binding energy.  The shape-scoring function is an em-
pirical function resembling the van der Waals’ attractive
energy.  The ligand-receptor binding energy is taken to be
approximately the sum of the van der Waals’ and electro-
static interaction energies.  After the initial orientation and
scoring evaluation, a grid-based rigid body minimization is
carried out for the ligand to locate the nearest local energy
minimum within the receptor binding site.  The position and
conformation of each docked molecule were optimized using
the single anchor search and torsion minimization method of
DOCK 4.0.  Thirty conformations per ligand building a cycle
and 50 maximum anchor orientations were used in the an-
chor-first docking algorithm.  All docked configurations were
energy minimized using 100 maximum iterations and one mini-
mization cycle.

Results and Discussion
Synthesis of the compounds  Generally, the compounds

GW1–7 were synthesized as outlined in Scheme 1.
Kinetic analysis of CypD (A) binding to GW1–7  by sur-

face plasmon resonance  In order to perform kinetic analyses
of the binding of GW1–7 to CypD and CypA, the Biacore
3000 instrument (based on surface plasmon resonance [SPR]
technology) was used.  As a typical example, the Biacore
sensorgrams for the binding of GW2 to the immobilized CypD
are shown in Figure 2.  The 1:1 Langmuir binding fit model
was used for determining the equilibrium dissociation con-
stant (KD), and the association (kon) and dissociation (koff)
rate constants by using Equations (1) and (2).
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where R represents the response unit, C is the concentration
of the analyte, and

The obtained results were evaluated by χ2 analysis.  All the
kinetic parameters are listed in Table 1.

The Biacore results show that all the 7 tested compounds
exhibited strong binding affinities with CypD, with KD val-
ues approximately 3–6 µmol/L.  Due to the high structural
homology of CypD and CypA, the tested compounds had
high binding affinities with CypA, as indicated in Table 1.
However, compound GW5 exhibited higher binding speci-
ficity with CypD than with CypA.  This was further verified
by the intrinsic fluorescence titration analysis and cyclophilin
PPIase activity inhibition assay as shown in Tables 2 and 3.
Structurally, the R group of the compound (Scheme 1) might
play an important role in the ligand binding selectivity for
CypD over CypA.

In addition, the KD values obtained from the Biacore as-
say agreed with the apparent equilibrium dissociation con-
stants (KD') from the intrinsic fluorescence titration analysis

and the IC50 values in the cyclophilin PPIase activity inhibi-
tion determination as shown in Tables 2 and 3.  In agreement
with Huber et al[38], we suggest that Biacore is a powerful
and useful method for screening cyclophilin inhibitors.

Figure 2.  Sensorgrams of the binding of GW2 to CypD measured by
the Biacore assay.  Representative sensorgrams obtained from the
injection of GW2 at concentrations of 1.18, 1.68, 2.40, 3.43, 4.90,
7.00, and 10.00 µmol/L over CypD immobilized on the CM5 chip.

KD = koff /kon                           (2)

Table 1.   Kinetic parameters of GW1–7 binding to CypD and CypA (in parentheses) as analyzed using Biacore 3000.

    Compound                Rmax        kon/mol·L-1·s-1                 koff/s-1                        KD/µmol·L-1               χ2

GW1   50.9  3.57±0.25×103  2.16±0.05×10-2  6.05±0.21  0.52
(49.3) (3.82±0.17×102) (9.28±0.21×10-3) (24.3±0.91) (0 .552)

GW2  48.7  3.14±0.17×103  2.13±0.04×10-2  6.77±0.22  0.626
(47.6) (4.73±0.19×102) (1.25±0.02×10-2) (26.4±0.87) (0 .841)

GW3  52.7  1.99±0.12×103  6.39±0.04×10-3  3.20±0.11  0.337
(54.6) (1.28±0.09×103) (4.79±0.17×10-3) (3.74±0.12) (0 .862)

GW4  54.7  3.69±0.21×103  1.81±0.03×10-2  4.89±0.12  0.467
(57.2) (2.09±0.13×103) (7.96±0.16×10-3) (3.81±0.22) (1.34)

GW5  56.3  1.11±0.09×103  2.36±0.06×10-3  2.13±0.17  0.675
(51.3) (2.59±0.12×102) (6.22±0.07×10-2) (24.0±0.78) (1.02)

GW6  58.6  3.49±0.13×103  1.24±0.03×10-2  3.55±0.18  0.569
(58.7) (6.81±0.22×103) (4.66±0.09×10-2) (6.84±0.11) (0 .903)

GW7  57.8  2.79±0.15×103  8.06±0.04×10-3  2.89±0.20  0.574
(50.7) (3.78±0.08×103) (1.68±0.04×10-2) (4.44±0.21) (0 .697)

Rmax, maximum analyte binding capacity; kon, association rate constant; koff, dissociation rate constant; KD, equilibrium dissociation constant.
KD=koff /kon; χ2, statistical value in Biacore.

dR 
= kon× C×(Rmax - R) - koff × R                        (1) dt
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Intrinsic fluorescence titration analysis of compounds
binding to CypD(A)  Because both of the binding sites of
CypD and CypA have a tryptophan residue (Trp 124 for CypD
and Trp 121 for CypA), we investigated the binding affini-
ties of the tested compounds for CypD and CypA by using
an intrinsic fluorescence titration technique[23].  During the
assay, a 1:1 ratio of CypD(A) to binding compound was used
based on published information about CypA/CSA interac-
tions[39,40] and the results of our molecular docking analyses.
The apparent equilibrium dissociation constant (KD') used
for evaluating CypD(A) binding affinity to the tested com-
pound was calculated according to the method in the litera-
ture[23].  We assumed that a 50% occupancy of CypD (or
CypA) is set at a fractional fluorescence change of 0.5
(FC0.5), and at this point the concentration of the bound ligand
is equal to that of the bound protein, which is half of the total
concentration of protein.  Accordingly, KD' is equal to the
total ligand concentration minus the concentration of the
bound protein at FC0.5

[23].
Figure 3 shows the typical tryptophan fluorescence

quenching of CypD induced by titration of the tested com-
pounds with an increase in their concentration.  Since none
of the compounds showed any intrinsic fluorescence
absorption, their possible effects on the experiments could
be discounted (data not shown).  The KD' values of GW1–7
are summarized in Table 2.  Obviously, the binding selectiv-
ity of GW5 for CypD over CypA could also be determined,
and the KD' values are very comparable to the KD values
determined by the Biacore assay.

CypD (A) PPIase activity inhibition assay  Both CypD
and CypA belong to the PPIase family, and classic spectro-
photometric methods[41] can be used to determine the PPIase
inhibition activity of GW1–7 against CypD and CypA.  Dur-
ing the assay, the rate constants for the cis-trans interconver-
sion were evaluated by fitting the data to the integrated first-
order rate equation by nonlinear least-square analysis[25,41].

 As a typical example, Figure 4 shows the CypD PPIase
inhibition results with increases in the concentrations of the

Figure 3.  Tryptophan fluorescence quenching by compounds bind-
ing to CypD.  CypD (13 mmol/L) was incubated with increasing
amounts of GW1–7, respectively.  ▲, GW1, 0–30 µmol/L; ▼, GW2,
0–30 µmol/L; ■, GW3, 0–40 µmol/L; ●, GW4, 0–40 µmol/L.  The
data for GW5–7 are not shown here for clarity.  The resulting fluo-
rescence change is plotted as a fraction of the maximal change.

Table 3.  IC50 values of compounds GW1–7 in the inhibition of the PPIase activities of CypA and CypD.

                                                                                    Compound (KD' in µmol/L)
 Cyclophilin         GW1             GW2                GW3                   GW4          GW5             GW6             GW7

CypD 6.17±0.11 7.18±0.13 3.24±0.09 4.09±0.10   1.34±0.07 3.78±0.10 2.15±0.09
CypA 13.66±0.22 14.62±0.26 2.74±0.09 3.16±0.10 21.39±0.31 6.34±0.13 4.80±0.12

Table 2.  Apparent equilibrium dissociation constants (KD') of the binding of GW1–7 to CypD and CypA evaluated by using the tryptophan
fluorescence quenching method.

                                                                                    Compound (KD' in µmol/L)
 Cyclophilin         GW1             GW2                GW3                   GW4         GW5             GW6             GW7

CypD   5.60±0.19   6.49±0.20 3.00±0.13 5.51±0.17 2.02±0.09 3.23±0.12 2.52±0.11
CypA 11.32±0.13 11.64±0.16 4.02±0.08 4.76±0.08 20.9±0.18 7.18±0.12 4.22±0.09

KD', apparent equilibrium dissociation constant.
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compounds, and Table 3 shows the IC50 values of GW1–7
against CypD and CypA.  The fact that the IC50 values ac-
cord well with the Biacore and fluorescence titration results
(Tables 1, 2) confirms the reliability of these three detection
approaches.

Rat Ca2+-dependent mitochondrial swelling and Ca2+

uptake/release inhibition assays  In general, MPT pores are
open when mitochondria encounter abnormally high con-
centrations of exogenous Ca2+ ions.  These pores allow sol-
utes of <1500 Da in size across the inner mitochondrial
membrane, leading to mitochondrial swelling.  Such swelling
can be detected by time scans of absorbance at 540 nm (A540)
and the extent of swelling is proportional to A540

[26].
 Fluo-5N fluorescence is quite low without binding to

Ca2+ in controls, because the high mitochondrial membrane
potential prevents the release of endogenous mitochondrial
Ca2+.  When exogenous Ca2+ was added, Fluo-5N fluores-
cence increased immediately and decreased rapidly as Ca2+

ions were taken up into the mitochondria.  Subsequently,
the accumulation of cations in the mitochondria led to mito-
chondrial swelling and depolarization.  Ca2+ ions were then
released from mitochondria as a consequence of the onset
of MPT, as indicated by an increase in Fluo-5N fluorescence.
Ca2+ release was completely blocked by 1 µmol/L CSA.  Fluo-
5N fluorescence also revealed that compounds GW1–7 in-
hibited the uptake/release of exogenously added Ca2+ to a

certain extent.
Figure 5A shows the results of the rat mitochondrial swell-

ing inhibition assay for GW1–7 (100 µmol/L) with CSA (1
µmol/L) as a control.  Figure 5B gives the results of the mito-
chondrial Ca2+ uptake/release inhibition assay for GW1–7
(100 µmol/L).  The results show that the inhibition abilities of
compounds GW1–7 against Ca2+ uptake/release are in good
agreement with their inhibition abilities against mitochon-
drial swelling.  We found that compounds GW2, 5, 6, and 7
had a strong ability, whereas GW1, 3, and 4 did not have any
inhibition activity, which could be because of the R group.
Compared with GW2, 5, 6, and 7, the tails of GW1, 3, and 4
were ethoxycarbonyl, which might prevent them from trans-
ferring into mitochondria through the membranes or cause
the loss of inhibition ability for other (unclear) reasons.  The
behavior of CypD in mitochondria is much more complicated

Figure 4.  CypD PPIase activity inhibition assay for GW1–7.  PPIase
(26 nmol/L) was pre-incubated with the tested compound at a number
of concentrations, and the PPIase activity change was plotted as a
fraction of the maximal change.  ▲, GW1 (1.0, 1.25, 2.5, 5.0, 7.5,
10.0, 12.5, 25.0, 50.0 µmol/L); ▼, GW2 (1.0, 2.5, 3.75, 5.0, 7.5,
10.0, 12.5, 25.0, 50.0 µmol/L); ■, GW3 (0.1, 0.5, 1.0, 1.25, 2.5, 3.
75, 5.0, 7.5, 10.0, 25.0 µmol/L); ●, GW4 (0.1, 0.5, 1.0, 1.25, 2.5, 3.
75, 5.0, 7.5, 10.0, 25.0 µmol/L);   , GW5 (0.1, 0.5, 1.0, 2.5, 5, 7.5,
10.0, 25.0, 50.0 µmol/L); ◆, GW6 (0.1, 0.5, 1.0, 2.5, 5, 7.5, 10.0,
25.0, 50.0 µmol/L);   , GW7 (0.1, 0.5, 1.0, 2.5, 5, 7.5, 10.0, 25.0,
50.0 µmol/L).

▲

▲

Figure 5.  Ca2+-dependent mitochondrial swelling and Fluo-5N fluo-
rescence after induction of MPT with CaCl2.  Mitochondria (0.5 mg/
mL) were mixed with CSA (1 µmol/L) (as a control) or the com-
pounds GW1–7 (100 µmol/L for each).  The symbols (+) and (–)
represent the solu tion with or without 200 µmol/L of CaCl2,
respectively.  Absorbance changes at 540 nm (A) and Fluo-5N fluo-
rescence excited at 485 nm (B) were monitored soon after CaCl2 (200
µmol/L) was added, as described in the text.
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than that of the purified CypD protein, so the different R
groups might cause different results.  CSA had the highest
inhibition activity, and the relative general inhibition abili-
ties of the other compounds were: GW5>GW7>GW6>GW2.
Such a sequence seems to be consistent with the CypD
PPIase inhibition ability of the compounds (Table 3).  This
result thus confirms the fact that CypD inhibitors may pos-
sess possible inhibition activity against Ca2+-dependent MPT
pore opening.

Molecular docking analyses  To gain further insight into
the CypD(A)/inhibitor interaction model at the atomic level,
docking analysis based on molecular modeling was carried
out without the published rat CypD crystal data.  Our rat
CypD model tallies very well with the human CypD crystal
[PDB ID: 2bit] structure shown in Figure 6A.  The weighted
root mean square distance is 0.6040 and the identity score is
95.7%.  Because of the similar structures of the compounds,
they share the same precursor, with some overlapping struc-
tural elements in common (Figure 6B).  Similar to CypA, the
binding pocket of CypD is also fairly large and shallow, and
is composed of residues Arg58, Ile60, Phe63, Met64, Glu66,
Gly75, Thr76, Gly77, Ala104, Asn105, Ala106, Gln114, Phe116,
Thr122, Trp124, Leu125, Lys128, and His129.  GW1–7 and
CSA bind to the same binding site of CypD.  Unlike the case
of full occupation by CSA, GW1–7 occupied only part of the
binding pocket and might swing in the pocket.  Helekar and
Patrick even demonstrated that Arg55 of CypA was a key
determinant against PPIase activity[42].  Compounds GW1–7
showed their hydrophobic contact with Arg58 of CypD
(Arg55 of CypA).  Therefore, the PPIase activity of CypD
could be inhibited by hydrophobic interactions with the
inhibitors.  In addition, GW1–7 formed stacking interactions
with Trp124 of CypD (Trp121 of CypA) and the only tryp-
tophan residues of CypD and CypA that contribute to the
change in fluorescence intensity (data not shown ).

Conclusion  In this work, we reported on 7 small quinoxa-
line derivatives as novel CypD inhibitors.  In vitro assays
indicated that compounds GW2, 5, 6, and 7 inhibit Ca2+-de-
pendent rat liver mitochondrial swelling and Ca2+ uptake/
release.  By using SPR and fluorescence titration techniques,
kinetic analysis of CypD/inhibitor interactions were quanti-
tatively performed.  The measured IC50 values for the tested
compounds are all in good agreement with the SPR and fluo-
rescence titration results, which suggests that these are pow-
erful methods for identifying CypD inhibitors[38].  Further
studies indicated that GW5 has binding selectivity for CypD
over CypA.

In summary, in this present work we used an appropriate
and powerful approach for identifying CypD inhibitors, and

developed a small compound that shows specific ligand-
binding ability for CypD, which could be used in the inhibi-
tion of MPT pore opening.
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Laboratory of Biosensors, College of Life Science, Nankai University, Tianjin 300071, China

Abstract
Aim: To study the effects of propyl gallate on the interaction of tumor necrosis
factor-α (TNF-α) with its soluble receptor, sTNFR-I.  Methods: Interactions be-
tween TNF-α and sTNFR-I were analyzed using an IAsys biosensor.  sTNFR-I
was immobilized on the carboxymethyl dextran (CMD) surface of the IAsys bio-
sensor cuvettes, and TNF-α preincubated with different concentrations of propyl
gallate was added to the cuvettes.  The resonant angle shift caused by the binding
between TNF-α and sTNFR-I was then recorded.  Results: sTNFR-I was immobi-
lized on the CMD surface at a density of 2.76 ng/mm2.  TNF-α then bound the
immobilized sTNFR-I specifically, and propyl gallate was able to enhance the
binding between TNF-α and sTNFR-I in a dose-dependent manner.  Conclusion:
The binding between TNF-α and sTNFR-I is one of the targets that propyl gallate
can act on in vivo.  The IAsys biosensor offers a new clue as to the study on the
mechanisms of action of propyl gallate.

Introduction
Propyl gallate (PG) is a well-known synthetic antioxidant

on the US Food and Drug Administration list (Figure 1).  It is
a derivative of gallic acid, which is one of the active ingredi-
ents of Paeoniae Radix, a commonly used traditional Chi-
nese medicine (TCM).  Besides its antioxidant activity, PG
has many pharmacological effects such as free radical elimi-
nation[1,2], inhibiting platelet aggregation[3,4], anti-inflamma-
tory effects[5] and anti-tumor activities[6].  It is used widely to
nourish blood, activate circulation, alleviate pain, regulate
menstruation and treat liver disease and cancer.  However,
until now the research on PG has been focused on its cura-
tive effects at the holistic level.  There are no detailed stud-
ies on the mechanism and dynamics of action at the molecu-
lar level, which limits the further clinical use of PG.

Tumor necrosis factor-α (TNF-α) is produced mainly by
activated macrophages and monocytes.  Mature TNF-α mole-
cules are released as 17 kDa monomers, under physiological
conditions, and the monomers associate non-covalently to
form a homotrimer that is biologically active[7,8].  TNF-α is
one of the most pleiotropic cytokines; besides its antitumor

activity in vitro and in vivo, it plays an important role in
many physiological and pathophysiological responses, such
as inflammatory reactions, thrombosis, cardiac failure,
infection, immune regulation, antiviral responses and endo-
toxic shock, as well as in the pathogenesis of certain autoim-
mune diseases[9–13].

The biological activities of TNF-α are mediated by bind-
ing to 2 distinct membrane TNF receptors (TNFR), TNFR-I
(p55, ~55 kDa) and TNFR-II (p75, ~75 kDa).  Although both
TNFR-I and TNFR-II bind TNF-α with high affinity, it has
been generally believed that most of the cellular TNF re-
sponses are dominated by TNFR-I.  Membrane TNFR
(mTNFR) can be cleaved proteolytically to release soluble
forms of the receptors (sTNFR).  Though sTNFR lacks an
intracellular domain, it binds free TNF-α with high affinity,
competing with mTNFR[14,15].

Though their physiological roles are not fully understood,
sTNFR might regulate the function of TNF in vivo through 2
different mechanisms: (i) by eliminating mTNFR and thereby
reducing cellular reactivity to TNF, sTNFR may protect the
cell from TNF pathological injury; and (ii) whereas sTNFR
inhibits the activity of TNF by binding and neutralizing the
cytokines at high concentrations, it may also enhance TNF
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activity at low concentrations by stabilizing TNF trimer mol-
ecules and prolonging their availability for binding mTNFR,
thereby acting as an immunoregulator[16,17].

Because sTNFR is present constitutively in serum de-
rived from receptor shedding after cellular activation by
stimuli such as TNF-α production[18], sTNFR serum level is
considered a reliable indicator of TNF-α system activa-
tion[19].  Moreover, TNF-α and sTNFR are considered to
be key disease molecules and therapeutic targets[9,20].  Be-
cause the pharmacological functions of PG and the biologi-
cal activity of TNF-α are probably correlative, the TNF-α–
mTNFR–sTNFR system may be a potential target of PG
in vivo.  In order to find out if this is the case, in the present
paper, an affinity biosensor, the cuvette-based IAsys
biosensor, was used to study the effects of PG on the inter-
action of TNF-α with sTNFR-I.

Materials and methods
Chemicals  N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC), ethanolamine and
PG were purchased from Sigma-Aldrich (St Louis, MO, USA).
TNF-α and sTNFR-I were purchased from PeproTech EC
(London, UK).  Carboxymethyl dextran (CMD) dual-well cu-
vettes were purchased from Labsystems Affinity Sensors
(Cambridge, UK).  Phosphate-buffered saline Tween-20
(PBST, pH 7.4) was composed of  10 mmol/L Na2HPO4/
NaH2PO4, 138 mmol/L NaCl, 2.7 mmol/L KCl and 0.05%
Tween-20.  All solutions were made by using deionized water.
All reagents were of analytical grade and were used without
further purification.

Apparatus  All analyses were carried out using an IAsys
Plus optical biosensor (Labsystems Affinity Sensors,
Cambridge, UK), which is based on resonant mirror
technology.  This instrument employs a dual-well stirred
cuvette (pre-derivatized with CMD) and monitors the inter-
action between a pair of biomolecules inside the reaction
cuvette[21–23].  One of the biomolecules, the ligand, is immobi-
lized to the sensing surface of the cuvette.  Its binding partner,

the ligate, is then injected into the cuvette.  Changes in re-
fractive index and thickness on the sensing surface occur
upon binding (association) of ligate to the immobilized ligand.
The IAsys biosensor detects these changes continuously,
producing a plot of responses that are measured in arc sec-
onds[24–27].  Following each interaction, the surface of the
cuvette is regenerated to remove bound ligate, and another
ligate can then be introduced to the sensing surface.  The
IAsys biosensor has been applied to many kinds of studies
on molecular recognition, affinity, kinetics, solute concen-
trations and multi-molecular interactions.  It is especially
useful for capturing measurements quickly and in real time,
and can eliminate the need for radiolabels or other chemical
tags.  Compared to traditional methods, numerous additional
steps are saved.

sTNFR-I immobilization  To examine the binding of TNF-α
to sTNFR-I, the receptor protein was immobilized onto the
cuvette surface through its residual amine groups via amide
with CMD.  The IAsys instrument parameters were set at
100% for stirring, and 0.3 s for the sampling interval.  The
running buffer was PBST.  Data acquisition then began and
baseline data was gathered for several minutes.  The surface
of the cuvette was activated with 40 µL of a 1:1 (v/v) EDC/
NHS mixture (0.4 mol/L EDC and 0.1 mol/L NHS) for 7 min.
The function of EDC/NHS is to activate and promote the forma-
tion of covalent linkages by forming the N-hydroxysuccinimide
ester.  The carboxyl on the CMD bound NHS under the ac-
tion of EDC and created active ester intermediates that bound
the primary amines of sTNFR-I to make the amide bonds.
Thus, sTNFR-I can be covalently immobilized on the CMD.
The cuvette was subsequently washed with PBST and
10 mmol/L acetate (pH 5.5).  After gathering baseline data in
the acetate buffer, 10 µL diluted sTNFR-I was added to the
cuvette to begin the electrostatic uptake of protein and co-
valent coupling.  After a sufficient reaction time, 15 min or
so, unreacted NHS esters were blocked by 40 µL 1 mol/L
ethanolamine (pH 8.5) and the baseline was stabilized by
washing with PBST.

At the same time, another cuvette channel was used as
the blank control, without anchoring of sTNFR-I.  The ac-
etate buffer was injected instead of the sTNFR-I solution.

Binding detection  The sTNFR-I modified and unmodi-
fied cuvettes were both rinsed 3 times with 40 µL PBST, and
10 µL TNF-α (0.01 mg/mL) was then added into each of the
cuvettes to equilibrate for 15 min, before they were washed
with PBST.  The resonant angle response was recorded.  The
chip surface was then regenerated by adding 10 mmol/L HCl,
until the response signal returned to baseline to proceed
with another binding cycle.  To evaluate the affinity binding

Figure 1.  Chemical structure of propyl gallate, Mr 213.
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of TNF-α and sTNFR-I, a wide range of TNF-α concentra-
tions (from 0.625 µg/mL to 20 µg/mL) were used.

Effects of PG on binding of TNF-α and sTNFR-I  After 3
times of washes with 40 µL PBST, 10 µL TNF-α (0.01 mg/
mL), preincubated with different concentrations of PG, was
added into the sTNFR-I-modified cuvette.  Binding between
TNF-α and sTNFR-I was detected as described above.

Results
sTNFR-I immobilization on the surface of cuvettes  As

described in the “sTNFR-I immobilization” section, the
sTNFR-I molecules were immobilized onto the surface of the
IAsys cuvette by the ester exchange reaction of NHS to COOH
groups on CMD.  Figure 2 shows the response sensorgram
of the IAsys biosensor to EDC/NHS activation as well as to
the consequent sTNFR-I immobilization (solid line).  Phase
(1) is the initial baseline obtained when the surface of the
cuvette was exposed to the PBST; phase (2) is the addition
of EDC/NHS mixture to the sensor chip; phase (3) is the
buffer washing to remove unreacted EDC/NHS mixture; phase
(4) is the washing with acetate buffer; phase (5) is the addi-
tion of sTNFR-I; phase (6) is the dissociation course by
washing with PBST; phase (7) is the blocking of non-coupled
activated CMD sites with ethanolamine; phase (8) is the
baseline stabilization.  Arrow (9) is the resonant angle shift
caused by the immobilization of sTNFR-I onto the cuvette
surface.  The broken line indicates the reference channel
signal in order to follow non-specific binding on the biosen-

sor surface.
The amount of immobilized sTNFR-I was calculated by

subtracting the baseline level after phase (4) from that after
phase (8), described in Figure 2 as arrow (9), which is ap-
proximately 450.61 arc seconds.  The sensitivity of the CMD
cuvette is 163 arc seconds/ng per mm2.  Thus the density of
immobilized sTNFR-I is 2.76 ng/mm2.  Dual-well IAsys cu-
vettes have a sensor area of 4 mm2, so the total amount of
sTNFR-I immobilized was 11.04 ng.

Detection of interaction between sTNFR-I and
TNF-α   Figure 3 shows the comparison of TNF-α binding
to the sTNFR-I modified cuvette surface (solid line) and the
unmodified surface (broken line).  The results showed that
there was no specific binding on the unmodified cuvette
surface except for non-specific absorption, which was easily
washed away.  This indicates that TNF-α bound sTNFR-I on
the cuvette surface specifically.

The dissociation equilibrium constant (KD) of binding of
TNF-α and sTNFR-I were determined by using the FASTfit
program, which is specifically designed for biomolecular in-
teraction analysis using the IAsys biosensor.  The KD value
was  5.05×10-7 mol/L, while the KD of TNF-α/mTNFR-I bind-
ing has been reported as about 1×10-9 mol/L[28].  It can be
inferred that though sTNFR-I can bind TNF-α with high
affinity, its binding ability is lower than mTNFR-I.  The re-
sults indicate that sTNFR-I binding affinity for TNF-α is
decreased, which is probably attributable to the denatur-
ation that occurred when sTNFR-I was produced.

Effects of PG on the interaction between TNF-α with
sTNFR-I  Figure 4 shows the experimental results obtained
at a PG concentration of 500 nmol/L.  With the presence of
PG, the initial velocity of TNF-α/sTNFR-I binding increased

Figure 3.  Sensorgram of the interaction between soluble tumor ne-
crosis factor receptor-I (sTNFR-I) and tumor necrosis factor-α (TNF-
α) on the cuvette surface. (1) phosphate-buffered saline Tween-20
(PBST) re-equilibration and baseline stabilization; (2) TNF-α addi-
tion with increase in irreversible response; (3) PBST washing to
remove non-specific absorption.

Figure 2.  Sensorgram of EDC/NHS activation and soluble tumor
necrosis factor receptor-I (sTNFR-I) immobilization. (1) Initial baseline
obtained when the surface of the cuvette was exposed to the phos-
phate-buffered saline Tween-20 (PBST); (2) addition of the EDC/
NHS mixture to the sensor chip (7 min reaction time); (3) PBST
washing to remove unreacted EDC/NHS mixture; (4) acetate buffer
re-equilibration; (5) addition of sTNFR-I; (6) PBST washing to allow
dissociation; (7) blocking of non-coupled activated carboxymethyl
dextran sites with ethanolamine; and (8) baseline stabilization. Arrow
(9) is the resonant angle shift caused by the sTNFR-I immobilization.
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and the time taken to approach equilibrium decreased, which
indicated that PG was able to enhance the binding of TNF-α
to sTNFR-I.

The concentration-dependent effects of PG on the bind-
ing of sTNFR-I and TNF-α were studied.  The PG concentra-
tions varied from 5 nmol/L to 500 nmol/L, and the results are
summarized in Figure 5.  The increase in amplitude of the
initial velocity of TNF-α/sTNFR-I binding, as well as the
decrease in amplitude of the time taken to approach equilibrium,
both increased as PG concentration increased, which indi-
cated that PG enhanced TNF-α/sTNFR-I binding in a dose-
dependent manner.

Discussion
Recent researches showed that the pathogenesis of the

traditional Chinese medicine syndromes is the result of per-
turbation of cytokine networks, and the mechanism of TCM

is to regulate and correct the perturbation of cytokine
networks.  It has been observed for many years that Chinese
prescriptions can regulate the gene expression level of
cytokines or their receptors.  But for the initial step of the
cytokine action, the binding to the corresponding receptor,
there is few reports mainly due to the lack of appropriate
methods.  In the present study, an affinity biosensor, the
IAsys biosensor, was used to explore the interaction of the
cytokine and its receptor.  The involvement of TNF-α in the
pathogenesis of various diseases makes it an obvious and
attractive therapeutical target.  The effects of PG on the in-
teraction between TNF-α and sTNFR-I were examined by
using the IAsys biosensor in an in vitro assay.  The experi-
mental results showed that PG enhanced TNF-α/sTNFR-I
binding in a dose-dependent manner.  Though the mecha-
nisms of PG are not clear and the roles of TNF-α and sTNFR-I
are debated, it can be concluded that the binding between
TNF-α and sTNFR-I is another target that PG can act on in
vivo.  Researches showed that serum level of sTNFR-I are
often increased in a variety of conditions which are charac-
terized by an antecedent increase in TNF-α, such as sepsis,
inflammatory responses, autoimmune diseases, human
immuno-deficiency virus infection, transplant rejection and
malignant tumor[29–32], which indicated that sTNFR-I produc-
tion seems to neutralize and reduce the toxicity associated
with the elevated serum TNF-α level.  PG can enhance the
cellular protection of sTNFR-I through increasing neutral-
ization to TNF-α, which is in agreement with the experimen-
tal and clinical results reported[33].  Thus it may sound theo-
retically that PG is helpful for therapy or assistant therapy in
TNF-α corresponding diseases, which may leads to the new
therapeutic application of PG.  These are the first results
obtained using affinity biosensors for studying the interac-
tions of these molecules.  This finding offers a new clue to
the study of the mechanism of action of PG.  The IAsys
biosensor could be used widely as a reliable tool for similar
studies.  With respect to most of the other available method-
ologies to study biomolecular interactions, there are many
advantages of this new method, such as real time measure-
ment, high sensitivity, high selectivity and high veracity, as
well as being easy to handle and eliminating the need for
labeled compounds.  It has tremendous application pros-
pects in studies on the mechanisms of TCM in vitro.  It will
be more compellent when data on bioactivity, such as from
cell experiments, were acquired to support the results from
those from biosensor technology.  Further studies in this
area are in progress.

Figure 4.   Comparison between the binding reactions of tumor ne-
crosis factor-α (TNF-α) (b) and TNF-α–propyl gallate mixture (a)
on the soluble tumor necrosis factor receptor-I-modified surface.

Figure 5 .  Binding reactions on a  CMD surface of immobilized
sTNFR-I and TNF-α with 500 nmol/L PG (a), 50 nmol/L PG (b),
5 nmol/L PG (c) and without sTNFR-I (d).
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Abstract
Aim: To evaluate the phylogenetic relationships among related species of Lycium
samples.  Methods: Random amplified polymorphic DNA (RAPD) fingerprinting
and lab-on-a-chip electrophoresis techniques were used to analyze the character-
istics of Lycium species.  Seven species and 3 varieties of Lycium were studied.
Based on RAPD fingerprint data obtained from 11 primers, we proposed a new
index, called dispersivity, using entropy theory and projection methods to depict
the diversity of the DNA fingerprints.  Results: Using the proposed dispersivity,
primers were sorted and the dendrograms of the 7 species and 3 varieties of
Lycium were constructed synthetically by merging primer information.  Conclusion:
Phylogenetic relationships among Lycium samples were constructed syntheti-
cally based on RAPD fingerprint data generated from 11 primers.
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Introduction
Traditional Chinese medicine (TCM) has been used for

thousands of years in China.  It represents the collective
wisdom of the Chinese people to utilize nature for survival[1].
With the advantages of multi-target effects, low toxicity and
the current appeal for more ‘natural’ remedies, TCM has be-
come widely used as an alternative to treat various complex
and chronic diseases.  Authentication of Chinese medicinal
materials is an old but important issue.  With the unprece-
dented development of modern biological methods, identifi-
cation of species relationships using traditional anatomical
and physiochemical methods is being supplemented by DNA
fingerprinting techniques, such as random amplified poly-
morphic DNA (RAPD) analysis.

The fruit of Lycium species, especially Lycium barbarum,
has been used in TCM to improve eyesight, protect liver and
kidney, and to replenish vital essence.  The fruit of the Lycium
species are all red in color with very similar physical appear-
ance and anatomical structure.  Chemical analysis methods,
such as high-performance liquid chromatography, have been
used for different species of Lycium, but have failed to dif-

ferentiate the Lycium species.
Recently, a Fourier-transform infrared spectroscopy

method was used to identify 7 species and 3 varieties of
Lycium[2].  The method provides a novel approach for the
identification and differentiation of plants used in TCM.  Such
a technique can serve as a rapid, simple, reliable and non-
destructive analytical method for differentiating Lycium
species.  Alternatively, with the development of modern
biotechnology, a polymerase chain reaction (PCR)-based
method using random primers (10-mers), known as RAPD[3,4],
has become another method for the study of TCM[5,6].  RAPD
analysis is simple and effective.  It has many advantages,
such as it only requires a minute quantity of DNA; no prior
sequence data are needed, many primers can be used; and
the method is relatively simple.  However, RAPD suffers the
drawback of low reproducibility, which has severely ham-
pered the popularity of this method.  Usually, PCR products
are analyzed by agarose gel electrophoresis followed by
densitometric analysis of the DNA banding pattern.  In the
present study, the lab-on-a-chip (Agilent 2100 Bioanalyzer
DNA 7500 assays, Agilent Technologies, Palo Alto,
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California, USA ) was used to analyze the PCR products of
Lycium samples, including 7 species and 3 varieties.  After
preprocessing using the Agilent 2100 Bioanalyzer, including
baseline adjustment and alignment, data were exported as
XML files, which were imported into the Matlab software.
All further analyses were performed using Matlab.  We will
clarify these analyses in detail in the following sections.

Materials and methods
Sample preparation  Twelve Lycium samples were used

in this study.  Dried fruits of Lycium were rinsed with 70%
ethanol and distilled water for surface sterilization.  They
were then ground in liquid nitrogen with a mortar and pestle.
Information for the samples is summarized in Table 1.  Samples
of Lycium barbarum, LB and LBB, were treated as positive
controls in the RAPD analysis.  The remaining 10 samples,
which represent 7 species and 3 varieties, were used in our
data analysis.

Genomic DNA extraction  The cetyl triethylammonium
bromide (CTAB) extraction method, a modified protocol of
Draper and Scott[7], was used for the extraction of DNA.
Lycium powder was mixed with 600 µL of 1×CTAB extraction
buffer [50 mmol/L Tris-HCl (pH 8.0), 0.7 mol/L NaCl, 10 mmol/L
ethylenediaminetetracetic acid (EDTA), 1% CTAB], which
was preheated at 60 °C.  The mixture was then incubated for
30 min with occasional shaking.  After cooling to room
temperature, the mixture was extracted with an equal volume
of chloroform/isoamyl alcohol (24:1, v/v).  After centrifuga-
tion at 13 000×g for 15 min at room temperature, the superna-

tant was collected and a 0.1 mol/L volume of 10% CTAB
solution (10% CTAB, 0.7 mol/L NaCl) and an equal volume
of chloroform/isoamyl alcohol were added for another
extraction.  After centrifugation at 13 000×g for 15 min at room
temperature, the supernatant was collected and extracted
with an equal volume of CTAB precipitation buffer [50 mmol/L
Tris-HCl (pH 8.0), 10 mmol/L EDTA, 1% CTAB].  It was
then allowed to stand at room temperature for at least 1 h,
before being centrifuged again at 13 000×g for 15 min at
room temperature.  The pellet was resuspended in 400 µL
of 1 mol/L NaCl, which was pre-heated at 60 °C.  For further
purification, it was extracted again with an equal volume of
chloroform/isoamyl alcohol.  After centrifugation at 13 000×g
for 15 min at room temperature, the supernatant was col-
lected and 800 µL of cold absolute ethanol was added.  The
solution was allowed to stand at -20 °C overnight for pre-
cipitation of DNA.  To recover the DNA, the suspension
was centrifuged at 13 000×g for 20 min at 4 °C.  The pellet
was collected and washed twice with 75% ethanol.  After
that, the pellet was air-dried and resuspended in 30 µL dis-
tilled water.

Estimation of DNA concentration and purity  The con-
centration and purity of DNA was checked by UV spectros-
copy at wavelengths 230 nm, 260 nm, and 280 nm.  The qual-
ity of DNA (5 µL) was also checked by electrophoresis on a
1% agarose gel in 1×TBE (Total Binding Energy) buffer.

RAPD and optimization of PCR conditions  The RAPD
reactions were carried out as described by Nadeau et al[8] in
a 25 µL reaction mixture containing DNA (10 ng–100 ng),
0.1 mmol/L dNTP, 25 pmol primer, 1×Taq buffer [20 mmol/L
(NH4)2SO4, 75 mmol/L Tris-HCl (pH 8.8), 0.01% Tween-20,
2.5 mmol/L MgCl2, 0.001% gelatin (w/v)] and 0.5 U Taq DNA
polymerase.  The tubes were placed in the thermocycler (PTC-
100TM, MJ Research Inc Waltham, Massachusetts, USA) and
subjected to the following profiles: denaturation for 5 min at
94 °C, then 45 cycles at 94 °C for 1 min, 35 °C for 1 min, 72 °C
for 2 min, final extension at 72 °C for 5 min.  In order to opti-
mize the RAPD conditions, the PCR conditions were varied
using 100-fold, 500-fold, 1000-fold and 5000-fold dilutions of
genomic DNA, 2 mmol/L or 2.5 mmol/L MgCl2, 1 U or 1.25 U
Taq polymerase in the presence or absence of the final ex-
tension step.  The PCR products were monitored by 1.5%
agarose gel electrophoresis and the DNA fragments were
visualized by staining with ethidium bromide.  The amplifica-
tion products (1 µL) were also analyzed with the lab-on-a-
chip system, the Agilent 2100 Bioanalyzer, using the DNA
7500 assays kit according to the manufacturer’s instructions.

Table 1.  List of Lycium species analyzed in this study.

   Scientific name                   Abbreviation Chinese name

Lycium barbarum LB Ningxiagouqi
Lycium barbarum LBA Ningxiagouqi
Lycium barbarum LBB Ningxiagouqi
Lycium barbarum var Auranticarpum LBV Huangguogouqi
Lycium chinense LC Gouqi
Lycium chinense var potaninii LCV Beifanggouqi
Lycium dasystemum LD Xinjianggouqi
Lycium dasystemum var rubricaulium LDV Hongzhigouqi
Lycium cylindricum LE Zhutonggouqi
Lycium ruthenicum LR Heiguogouqi
Lycium truncatum LT Jieegouqi
Lycium yunnanense LY Yunnangouqi
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Results
Preprocessing of raw data  Raw lab-on-a-chip DNA fin-

gerprints can be treated as multi-dimensional vectors or func-
tional curves.  Because they are usually observed and stored
discretely, in the present study, the vector form was adopted
to represent the DNA fingerprint.  We let (ti, xi), i=1, ..., T
denote the discrete observations for a DNA fingerprint, where
xi is the fluorescence intensity measured at migration time ti

and T is the number of migration time points.  Customarily,
fluorescence intensity is referred while ommitting migration
time in representing DNA fingerprint, namely, (x1, ..., xT) repre-

sents a fingerprint, where a is the transpose of a vector for a.
A complete preprocessing for raw fingerprint data includes

baseline adjustment, alignment, linear interpolation match
and normalization issues.  In order to eliminate the back-
ground and peak drift effect for DNA fingerprints, we used
the up-to-date Agilent 2100 Bioanalyzer[9] software to adjust
baseline and handle alignment based on the ladder, lower
marker and upper marker.  Figure 1 shows the alignment
process.

After baseline adjustment and alignment, we exported
the data into an XML format, which could be opened by
Microsoft Excel.  The XML files were then imported by the

Figure 1.  RAPD fingerprints of 10 Lycium samples (1–10), two control samples (11, 12) and ladder sample (L) obtained from primer opam2
performed by Agilent 2001 Expert software.  (A) Fingerprints without alignment; (B) aligned fingerprints.
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software Matlab, which was our main tool for further analysis.
It was easy to detect the lower marker and upper marker that
define the informative region for each fingerprint.  Therefore,
we could concentrate on the observations between the lower
and upper markers.  However, fingerprint data after baseline
adjustment and alignment was shown with relative migra-
tion time, which was different from the unaligned data, that
is, fingerprint data with the same length of interval between
the lower marker and upper marker but with different number
of migration time points.  Here linear interpolation was used
to match all of the fingerprints such that they had the same
number of migration time points between the lower marker
and upper marker.  This method is called linear interpolation
match (LIM).  Our main purpose for using LIM was to render
the fingerprints directly comparable.  Another reason was to
make the data format suitable for our statistical analysis.
Details about the LIM method are described using Lycium
samples as follows.

After exporting Lycium sample data from Agilent 2100
Expert software, the total 110 fingerprints produced by 11
primers and the corresponding number of migration time
points were denoted by xi(k) and nk,j,k=1, ..., 11; i=1, ..., 10.
Because these fingerprints shared the common interval be-
tween the lower marker and the upper marker, we first chose
the minimum number {nk,j}, denoted as m, and then made the
migration time points the same for all of the other finger-
prints in the following way.  We uniformly partitioned m–1
cells on interval [0,1].  Similarly, for any fingerprint that had
s migration time points, we uniformly partitioned s–1 cells on
interval [0,1]. The total migration time points corresponded
to 0, 1/(s-1), 2/(s-1), ..., 1.  For any i/(s-1), 0<i<s-1, we found j
such that i/(s-1) located on an exclusive interval [j/(m-1), (j+1)/
(m-1)].  Liner interpolation of the fluorescence intensity value
at corresponding retention time j/(m-1) and (j+1)/(m-1) was
changed to the i-th fluorescence intensity value for the newly
matched fingerprint. Following the above rule, all of the fin-
gerprints were matched with the same number of migration
time points.  After performing LIM, the common peaks of
both ends, which were parts of the lower and upper markers,
were removed as these peaks were of no concern.  For
simplicity, the number of migration time points of these fin-
gerprints was still noted as T.

Because the outcomes of most statistical methods are
strongly influenced by the scale and range of the fingerprint
data, it was necessary to normalize all of the fingerprint data
before analysis.  To accomplish this goal, the sample mean
and variance of the fingerprint x=(x1, ..., xT)'  were calculated
as follows:

All of the fingerprints were normalized by subtracting
the sample mean and then dividing by the standard deviation,
namely the following form:

The effect of this normalization is shown in Figure 2.  From
then on, fingerprint i referred to the registered fingerprint
after normalization.

Primer sorting by the revealed fingerprint diver-
sity  DNA fingerprinting performed by RAPD using differ-
ent primers may have had different detected diversities.  The
diversity of fingerprints obtained from a primer, what we call

(1)

(2)

(3)

Figure 2.  Normalization effect on fingerprints.  (A) Fingerprint
before normalization; (B) fingerprint after normalization.
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dispersivity, can be regarded as an index to indicate whether
this primer is effective or not.  As an example, for our tested
DNA fingerprints of Lycium samples representing 7 species
and 3 varieties, all DNA fingerprint data were denoted by:

                              X=(X(1), ..., X(11)),
where X(k)=(X1

(k), ..., X10
(k)), k=1, ..., 11, k denotes k-th primer,

and the total primer number 11, 10 denotes the total number
of Lycium samples, namely, 7 species and 3 varieties.  Xi

(k) is
a T-dimensional column vector that denotes the fingerprint
of Lycium sample from species i obtained from primer k.  T is
the number of migration time points.  Initially, the informa-
tion about dispersivity revealed by primer k was contained
in the data set X(k).  Usually the more peaks in the data set
X(k) obtained form primer k, the higher the dispersivity.
However, that is not always true because the difference in
peak location and the variation in peak height and peak shape
among fingerprints obtained from primer k can also affect
the corresponding dispersivity. It is necessary and impor-
tant to integrate all of the factors in the evaluation of the
dispersivity for each fingerprint set X(k).

In the present study, we used the concept of entropy,
introduced by Shannon and Weaver[10], to quantify the
dispersivity revealed by primer k.  For a discrete probability
distribution p, the motivated definition of entropy by statis-
tical mechanics is:

were . In the context of probability, h(p) is
regarded as a measure of the information carried by p, with
high entropy corresponding to much uncertainty.  This un-
certainty score reflects the property of dispersiity.  Intuitively,
it manifests itself as the way we describe dispersivity.

The dispersivity revealed by primer k is defined as the
following way:

Step 1.  Compute the sample covariance matrix
                                                                 where

Step 2.  Calculate the eigenvalues of S(k) and note them as
λ(k)=(λ1

(k), ..., λ10
(k))'

Step 3.  Make the sum of eigenvalues equal to 1, namely,

Setp 4.  Compute entropy of λ(k), namely,

h(λ(k)) is defined as the dispersivity revealed by the primer
k.  The definition of dispersivity is very intuitive. In the first
step, we used the covariance matrix S(k) to describe all of the
variant information for the fingerprints obtained from primer
k. The variant information was then extracted by computing
the eigenvalues of S(k). These eigenvalues, λ(k), can be re-
garded as the information reconstructed from X(k) and can be
interpreted by the principal component analysis (PCA). Sort
λ1

k, ..., λ10
k as λ(1)

(k) ≥ ... ≥ λ(10)
(k), for the fixed primer k, the

closer to 1 for

which can be considered as the contribution rate for the first
principal component, the stronger for the first principal com-
ponent to synthesize the information of X(k).  For example, if
fingerprints l1

(k), ..., l10
(k)  are very similar, it will result in the

contribution rate for the first component being close to 1
and the sum of the remaining 9 being near to 0, which means
that the first component can synthesize almost all of the
information. This case is not expected, because it reflects
little diversity for X(k). We desired that the contribution rates
for all of the components were scattered, not concentrated,
and allowed for the entropy, which has the property that the
more dispersive it is for the probability distribution, the larger
the corresponding entropy value.  Finally, we defined the
dispersivity revealed by primer k  as

Here all the λj
(k) denote the contribution rates subject to the

sum being equal to 1.  From the definition of dispersivity,
some eigenvalues may be equal to 0, which will result in no
meaning due to the  function. In such cases, we defined 0×ln
(0)=0, which is reasonable because λ×ln(λ) will approach 0 if
λ approaches 0 from the positive direction.

For our Lycium data, 11 primers were used to perform the
analysis.  A direct question is which primer is the best one as
far as dispersivity is concerned?  To some extent, the best
primer would be able to differentiate the Lycium samples to
the maximum degree. The dispersivity revealed by primer k
was given by h(λ(k)), simply noted as D(X(k))=h(λ(k)), where
λ(k) is dependent on X(k).  The best primer was chosen as the
one that maximized the value of D(X(k)). Memory the best
primer and the corresponding dispersivity value as S1 and
DS1, respectively.

After choosing the primer S1, we then wanted to chose a
second primer from the remaining 10, such that the finger-
prints obtained from these 2 primers had the maximum

(5)

(4)
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diversity. In order to do this, we had to define the dispersivity
of the 2 primers.  For a striking example, if fingerprints X(i)

and X(j) obtained from primers i and j, respectively, were very
similar, that would mean that primers i and j almost revealed
the same dispersivity.  Furthermore, if primer i revealed the
maximum dispersivity and primer j revealed the second maxi-
mum dispersivity, then primer i would be picked as the best
primer, while in most cases, primer j would not be selected as
the primer that reveals the maximum diversity combined with
primer i, because X(i) and X(j) have much mutual information.
This indicated to us that we should remove overlapping in-
formation before choosing primers from the remaining 10.
The method of space projection was utilized to solve the
information overlap.

The dispersivity revealted by primers i and j, on condi-
tion that primer i was chosen, was defined as D(X(i),(1-X(i)(X(i))+)
X(j)), where A+ denotes the pseudoinverse of matrix A[11] and
can be numerically calculated by Matlab.  The computation
of D(A,B) was similar to D(A) except for substituting A union
B for A.  For simplicity, we define CP(X(i)|Xj)=(1-X(i)(X(i)+)Xj.
Matrix CP(X(i)|Xj) was corthogonal to the space expanded by
X(i).  That means that it contained extra information relative
to X(i).  The eigenvalues of covariance matrix for X(i) union

CP(X(i)|Xj) were the union of eigenvalues of covariance ma-
trix for X(i) and CP(X(i)|Xj).  For our Lycium data, on the con-
dition that primer S1 was chosen, the second primer cosen
was he one that corresponded to the maximum value of
D(X(S1),CP(X(S1)|X(k)), k∈{1,2, ..., 11}/{S1}, were A/B denotes
the set that includes the elements belonging to A but not to
B.  Without loss of generality, the second primer chlosen is
recorded as S2, the corresponding dispersivity value is
denoted by DS1,S2.

We could then obtain the order of primers, denoted S1,
..., S11.  The corresponding dispersivities for the primers
were denoted DS1, ..., DS1, ..., S11.  For illustrating our space
projection method, in Figure 3, we plot the original finger-
print for primer S9, namely, X(S9), extra information relative
to primer S1, namely, CP(X(S1)|XS9), and extra information rela-
tive to primers S1, ..., S8, namely, CP{X(S1), CP(X(S1)|X(S2)), ...,
CP[X(S1), CP(X(S1)|X(S2), ..., CP(X(S1)|X(S8))]}|X(S9).  Comparing
the plots in Figure 3, the information provided by primer S9
gradually decreased as the mutual parts relative to primers
chosen earlier S1, ..., S8 were removed one by one.  This
property can be interpreted by the projection theory and
Figure 3 is an intuitive manifestation.

Construction of the dendrogram for Lycium samples  From

Figure 3.  Fingerprints obtained from primer S9 and extra information relative to the earlier-picked primers.  (A) Original fingerprints for
primer S9; (B) extra information relative to primer S1; (C) extra information relative to primers S1,S2; (D) extra information relative to
primers S1,S2,S3; (E) extra information relative to primers S1, …, S7; (F) extra information relative to primers S1, …, S8.
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Figure 4, the x coordinate denotes the primers according to
the order in which they were chosen and the y coordinate
denotes the corresponding dispersivity. For example, 2 de-
notes primers  S1 and S2, and the corresponding y-value is
DS1,S2, which shows that the dispersivity increases as the
newly chosen primer is added. Furthermore, the extent of the
increase becomes smaller and smaller.  That means that add-
ing a primer can increase the amount of information available
while the last primer chosen provides less information than
the previous primer.  Generally, the more primers chosen, the
better the conclusion drawn, such as in distinguishing and
constructing the dendrogram for our Lycium samples of 7
species and 3 varieties.  However, because the last primers
chosen provided relatively little information, it was not nec-
essary to pick all 11 of the primers to construct the dendro-
gram. In the present study, we decided on the primer number
that contained almost all of the information to distinguish
and construct the dendrogram for Lycium samples using
argmin(DS1, ..., Si)/(DS1, ..., S11)>95%.  For our Lycium samples,
(DS1, ..., S11)'=(1.9476, 2.3398, 2.6624, 2.8600, 3.0690, 3.2071,
3.3133, 3.3998, 3.4380, 3.4611, 3.4772)'. The number of primers
to use can be obtained by simple computation according our
proposed rule. Because, (3.2072/7.3772)=0.9223<0.95, (3.3133/
3.4772)=0.9529>0.95,  7 primers, S1, ..., S7, were chosen for
final analysis. We used the 95% rule to decide the number of
primers. Generally, in most data analyses (such as PCA) it is
possible to use other rules, for example, the 80% rule, to
decide the number of principal components.  However, we
used the larger number 95% because our proposed dispersi-
vity is a sensitive index.  This means that the dispersivity
changes only a small amount, while the fingerprint changes
much.  It is therefore better to widen the boundaries for choos-
ing in case some important primers are lost.

In the present study, we used the hierarchical cluster
method to construct a dendrogram of Lycium species.  Be-
cause each Lycium sample was analyzed using 7 primers, the
primer information was merged by weighting.  The weights
were assigned by ω1=DS1/DS1, ..., S7, ωk=(DS1,..., Sk-DS1, ..., S(k-1))/
DS1, ..., S7, k=2, ..., 7.  Using the obtained weights of primers,
the distance of each Lycium sample from species i and j was
defined by:

were
d(xi

(k), xj
(k))=1-ρ2(xi

(k), xj
(k)),

s(xi
(k), xj

(k)) and s(xi
(k)) are defined by (5) and (2).  ρ(xi

(k), xj
(k))

is the correlation coefficient between xi
(k) and xj

(k), which is
often used to measure the similarity of fingerprint.  In order
to use distance matrices to onstruct the dendrogram, we
transformed the data by 1-ρ(xi

(k), xj
(k))2.

Unweighted pair-group method using arithmetic average
(UPGMA) linkage, which defines the cluster distance, is ad-
vocated for constructing a dendrogram.  Details about the
UPGMA clustering method can be found in Sokal and
Michener[12].  Using the above distance measure between
fingerprints and the UPGMA cluster method, we visualized
the cluster results using the dendrogram shown in Figure 5.

For evaluating our procedure to decide the number of
primers, we used primers S1, ..., S8 to construct the dendro-
gram as above, further more, we use the first ordered 9, 10,
and 11 primers to construct dendrogram, respectively.  All of
these were similar to Figure 5.  This indicated that the first 7
primers contained almost all of the information provided by

(6)

Figure 4.  Plot of {(i, DS1, ..., Si)} for Lycium samples.

Figure 5.  Dendrogram of 10 Lycium samples using the first 7 pri-
mers ordered.
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the total 11 primers.  Furthermore, when using primers S1, ...,
S6, the outcome shows little difference relative to Figure 5
(Figure 6).  It manifests our picking procedure for primer num-
ber is so delicate.

Discussion
Phylogenetic relationship construction based on RAPD

fingerprint data generated from a number of primers was in-
vestigated in this study.  We proposed an index called
dispersivity using entropy theory to describe the diversity
of RAPD fingerprints obtained by several primers.  Generally,
this index can be applied to other DNA fingerprint data, such
as arbitrarily primered PCR and DNA amplification finger-
printing, and to chromatographic fingerprints, such as
chromatogram, spectrum and mass spectrum.  Based on this
index, the order for choosing primers is obtained using the
orthogonal projection method and entropy theory.  Our pro-
posed method provides the guidelines for primer picking in
the consequent experiments.  An on-line analysis program
on RAPD primer selection is provided on the web site: http:/
/math.nenu.edu.cn/shiz/yinxiaolin.files/program.htm, which

can be downloaded easily if required.
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Abstract
Aim: To clone the pollen allergen genes in Humulus scandens (Lour) Merr (LüCao
in Chinese) and short ragweed (Ambrosia artemisiifolia L) for recombinant aller-
gen production and immunotherapy.  Methods: The allergen genes were selec-
tively amplified in the weed pollen cDNA pool by using a special PCR profile, with
the primers designed by a modeling procedure.  Following truncated gene cloning
and confirmation of the pollen source, unknown 3'cDNA ends were identified by
using the 3'-RACE method.  The gene function conferred by the full-length coding
region was evaluated by a homologue search in the GenBank database.  Recombi-
nant proteins expressed in Escherichia coli pET-44 RosettaBlue cells were subse-
quently characterized by N-terminal end sequencing, IgE binding, and cross-
reactivity.  Results: Three full-length cDNAs were obtained in each weed.  Mul-
tiple alignment analysis revealed that the deduced amino acid sequences were
83% identical to each other and 56%–90% identical to panallergen profilins from
other species.  Five recombinant proteins were abundantly expressed in non-
fusion forms and were confirmed by using the N-terminal end sequence identity.
Sera from patients who were allergic to A artemisiifolia reacted not only with
rAmb a 8(D03) derived from A artemisiifolia, but also with recombinant protein
rHum s 1(LCM9) derived from H scandens, which confirmed the allergenicity and
cross-reactivity of the recombinant proteins from the 2 sources.  Comparison of
the degenerate primers used for truncated gene cloning with the full-length cDNA
demonstrated that alternative nucleotide degeneracy occurred.  Conclusion: This
study demonstrates a useful method for cloning homologous allergen genes across
different species, particularly for little-studied species.  The recombinant aller-
gens obtained might be useful for the immunotherapeutic treatment of H  scandens
and/or A artemisiifolia pollen allergies.
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Introduction
Accurate allergy diagnosis and efficient immunotherapy

protocols are strongly dependent on the use of standard-
ized extracts or well-characterized allergen mixtures[1–3].
However, standardization of specific allergens from natural
allergen extracts is a huge task[4] and it is almost impossible
to carry out standardization on a large scale for day-to-day
clinical practice.  Recombinant allergens that have similar

structures, functions and immunoreactivity to their native
counterparts could be used to overcome this problem, given
that they can be produced in large quantities, leading to
more specific, effective and safer immunotherapy treatment[5].

Currently, gene cloning for novel allergens is mainly
based on the construction of a cDNA library, which is time-
consuming and expensive[6–9].  Other methods for isolating
unknown allergens involve using the polymerase chain re-
action (PCR) with either degenerate primers consisting of a
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pool of primers containing most or all of the possible nucle-
otide sequences encoding a conserved amino acid motif[10],
or consensus primers consisting of a single primer contain-
ing the most common nucleotide at each codon position
within the motif[11].  Although these strategies have been
successful in isolating closely related sequences, they have
generally failed when sequences are more distantly related[11].
Many programs and algorithms have been developed for
sequence comparisons of multiple members of protein fami-
lies[12–15].  By using alignment techniques, the first amino
acid sequence that emerges, that is, the sequence aligned
uppermost in each large and dense cluster in the output tree
produced, has provided the most information about amino
acid diversity in the cluster.  In the current study, we refer to
these sequences as “core sequences”, and we designed the
degenerate primers based on the core sequences and their
cognates.  Under special PCR conditions, we expected that
the degenerate primers could match all associated sequences
in the abovementioned cluster, and thus could be used for
cloning new allergen gene members in a distantly related
species.  We will hereafter refer to these primers as “pan-
degenerate primers”.  We expected that the process involv-
ing the pan-degenerate primers would be more efficient and
less expensive than the cDNA library technique, and would
have a higher success rate than an ordinary PCR method.

Humulus scandens (Lour) Merr (Moraceae: Cannaboideae;
Lücao in Chinese) is a weed that grows in most provinces of
China.  The plant blossoms in summer and bears a large
quantity of pollen.  Short ragweed (Ambrosia artemisiifolia
L; Compositae) is one of the most invasive weeds in the
world.  It was introduced to China in 1930s, and is now dis-
tributed from the Yantze River to the 3 northeastern prov-
inces of China. Nanning, Wuhan, Nanchang-Jiujiang and
Shenyang-Tieling-Dandong are the 4 areas in which the weed
is most pervasive in China.  Pollen from H scandens and A
artemisiifolia have become the main source of pollen aller-
gens in this country.  However, little is known of the actual
allergens in the pollen of the weeds.  In this study, we report
on the cloning, expression and characterization of 6 pollen
allergen genes from the 2 weeds.  Following the non-fusion
expression and purification of the 5 encoded proteins, 2 rep-
resentative proteins of the 5, provisionally named rAmb a 8
(D03) and rHum s 1(LCM9), were immunologically character-
ized in detail.

Materials and methods

Sample preparations  Wild plants of  H scandens and A
artemisiifolia were harvested in Wuhan.  Flowers were

bagged, and the pollen collected from each plant was mixed
with other pollen collected from the same plant.  All pollen
collected was immediately submerged in liquid nitrogen un-
til use.  Twenty-five patients with A artemisiifolia pollen
allergy and 10 patients with H scandens pollen allergy (as
assessed by a positive skin prick test reaction to A  artemisi-
ifolia and a serum level of A artemisiifolia/H  scandens spe-
cific IgE higher than 3.5 kUA/L) and 13 healthy volunteers
were recruited.  Blood samples were taken from all partici-
pants in the Allergy Clinic, Shenyang North Hospital.  All
the samples were tested by using the UniCAP Specific IgE
Fluoroenzymeimmunoassay (Pharmacia Diagnostics AB,
Uppsala, Sweden).  After centrifugation at 500×g, 4 °C, for 10
min, serum from each individual was collected and stored at
-70 °C until use.  The study was approved by the Ethics
Committee of Shenyang North Hospital, Shenyang, China,
and written informed consent was obtained from all
participants.

Primer design The 478 pollen allergens and their related
sequences were retrieved by keyword searches in the SWISS-
PROT and TrEMBL websites (http://www.expasy.org) and
were multiple-aligned online by using Clustal W software[16].
For alignment, the default values were used to obtain the
output tree in a phylogram pattern, with the absolute dis-
tances labeled.  The uppermost allergen sequence in each
large and dense cluster in the output tree was taken as the
core sequence.  There were several of these core sequences
found in the output phylogenetic trees.  Based on the core
sequences, allergen sequences with high homology (with
BLAST E values ≤10-10) were selected for further analysis to
acquire conservative gene domains.  Pan-degenerate primers,
which we expected to be successful in all species, were thus
designed according to cDNA sequences of the conserva-
tive domains chosen.

RT-PCR analysis  Frozen pollen samples were ground in
a mortar filled with liquid nitrogen, and the total RNA was
extracted by using an RNeasy Maxi Kit (Qiagen Valencia,
CA, USA) according to the manufacturer’s instructions.  Af-
ter quality and concentration assessments, the RNA was
either immediately used for RT-PCR analysis or stored at
-80 ºC until use.

After reverse transcription (2 µg total RNA per sample)
was performed by using the ProtoScript First Strand cDNA
Synthesis Kit (New England Biolabs, Beverly, MA, USA)
according to the manufacturer’s instructions, PCR was car-
ried out by using 50 ng of the reverse transcription product
in 25 µL of the reaction mixture containing 1.25 U HotstarTaq
DNA polymerase (Qiagen), 1× PCR buffer (Qiagen), 0.2 mmol/L
dNTP, and 0.4 µmol/L of each primer.  Thermal cycling was
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performed in a PTC-200 Peltier Thermal Cycler (MJ Research,
Watertown, MA, USA) as follows: after an initial step at
95 °C for 15 min to activate the DNA polymerase, 9 touch-
down cycles were carried out at 94 °C for 45 s, 68 °C for 30 s
and 72 °C for 30 s, with the annealing temperature decreas-
ing by 1 ºC per cycle.  This was followed by 26 gradient
cycles at 94 ºC (45 s)→55 ºC→61 ºC (30 s)→72 ºC (30 s).
After purification with a QIAquick PCR Purification Kit
(Qiagen), the PCR products were cloned into the pGEM-T
easy vector (Promega, Madison, WI, USA).  The inserted
plasmids were transformed into JM109 (Promega).  Positive
clones were confirmed first by colony PCR with the former
PCR primers, and then by sequencing.  DNA sequencing
was carried out by the BioAsia Biotechnology Co (Shanghai,
China) by using the dideoxy chain-terminating method.

Full-length cDNA synthesis and sequencing  The clones
derived from the degenerate primers did not cover the full-
length coding region.  Gene-specific primers were therefore
synthesized (Table 1), and combined using the RACE pro-
cess[17] with RA3, a 3' reverse primer from the GeneRacer Kit
(Invitrogen Corporation, Carlsbad, CA, USA).  The PCR con-
ditions were similar to those for RT-PCR, with a slight modi-
fication in the denaturing temperature and extension time.
PCR products were also cloned into the pGEM-T easy vector,
and positive clones were confirmed by colony PCR and
sequencing.  Full-length cDNAs, acquired by deduction of
the truncated gene and its 3' end, were translated into amino
acid sequences, with their isoelectric point and molecular
weight calculated (http://www.expasy.org).  cDNA and pro-
tein homologues, retrieved by using the BLAST program in
the NCBI website (http://www.ncbi.nlm.nih.gov/), were

aligned by using the CLUSTAL W (1.82) program[16].  Phylo-
genetic trees were subsequently generated using MEGA2
software[18].

Northern blot  Northern blots were performed according
to the membrane manufacturer’s instructions.  Briefly, a total
of 20 µg RNA was loaded on to a formaldehyde-containing
gel.  After running the gels at 40 V for 3 h, the RNA bands
were electrically transferred onto Nytran SuPerCharge ny-
lon transfer membrane (Schleicher & Schull BioScience, New
Hampshire, USA).  After UV cross-linking treatment, the mem-
brane was stained with methylene blue [0.02% [w/v] methyl-
ene blue in 0.3 mol/L sodium acetate(pH 5.5)] to investigate
the transferring efficiency.  Following destaining, BrightStar
Psoralen-Biotin (Ambion Inc, Autin, TX, USA)-labeled probe
D03 was applied for hybridization in ULTRhyb hybridization
buffer (Ambion Inc).  The membrane was washed twice with
a buffer containing 2× SSC (0.3 mol/L NaCl, 0.03 mol/L so-
dium citrate) and 0.1% sodium dodecylsulfate before the
probes were detected by using the Phototope Star Detec-
tion Kit (New England Biolabs).  Finally, the filter was ex-
posed to Fuji Medical X-ray film at room temperature for 5–
8 min.

Protein expression and immunoblotting  To enable non-
fusion protein expression, the S-protein tag and His-tag were
removed from the pET-44 vector and the allergen-coding re-
gions were decorated by introducing restriction sites (5' NdeI
and 3' PstI) by PCR using the corresponding primers (Table
1).  Subsequent to double restriction digestion and
purification, the PCR products were ligated with the pET-44
EK/LIC vector (Novagen, Madison, WI, USA).  After trans-
formation of the ligation products into NovaBlue Singles

Table 1.  Sequences of primers used in this study.  The underlined sequences denote the restriction sites of NdeI and PstI, respectively. Bracketed
alternative nucleotides in primer Sg1P3 represent the degenerate loci.

    Primer                                   Sequence (5' → 3')                                                      Length (base)                   Use

Sg1p5 ATGTCGTGGCAGGCGTACGT 2 0 Degenerate PCR
Sg1p3 CCTCTCAACAA(T/G)CA(C/T)GTTGCATTGTCC 3 2 Degenerate PCR
PC11 GACCATCTGATGTGCGAAATCGATGG 2 6 Specific PCR
PA04 GGGAACCAGGTGCTGTTATCAGAGG 2 5 Specific PCR
PD10 GGAGCTGTGATTCGAGGGAAAAAGG 2 5 Specific PCR
PD03 CTGCATCAAGAAAACAGGCCAAGC 2 4 Specific PCR
RA3 CTGCATCAAGAAAACAGGCCAAGC 2 4 Specific PCR
A5RA4 GGTCATATGTCGTGGCAGGCGTACGT 2 6 For construct
B3LA4 AGTCTGCAGTCATTAGAAACCCTGTTCGAGGAG 3 3 For construct
B3LD3 ATCTGCAGTCATTACATGCCCTGATCGATGAGAT 3 4 For construct
B3CM9 AGTCTGCAGTCATTAGAGACCCTGATCAATGAGATAATC 3 9 For construct
B3CS13 AGTCTGCAGTCATTAGAGGTTCTGATCAATAAGGTAATCTC 4 1 For construct
SProt CACGATGCGTCCGGCGTAGAG 2 1 Colony PCR
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cells (Novagen), positive clones and in-frame insertions were
confirmed, initially by colony PCR with the primer SProt and
3' primers related to each clone, and then by sequencing
with the S-Tag 18-mer primer or ColiDown primer (Novagen).
Plasmid DNA was extracted with the QIAprep Miniprep Kit
(Qiagen), and transformed into E coli RosettaBlue (DE3) cells
(Novagen) for expression, following the manufacturer’s
instructions.  Cells were grown in 1 L Luria-Bertani (LB)-
medium until the OD600 value reached 0.6.  Target protein
expression was induced by the addition of isopropyl-D-thio-
galactopyranoside (IPTG) to 1 mmol/L for 4 h at 30 °C before
harvest.  Finally, the recombinant proteins were purified by
affinity chromatography using poly-(L)-proline as the solid
phase.  The bacterium lysate was applied to the column,
followed by washing with 1 mol/L urea and elution with 6
mol/L urea.  The elution product was dialyzed stepwise
against decreasing amounts of urea (6, 4, 2 mol/L, no urea) in
phosphate-buffered saline (PBS; 1.8 mmol/L potassium
phosphate, pH 7.4, 0.137 mol/L NaCl) and then dialyzed
against double-distilled water, followed by freeze-drying.

Purified rAmb a 8(D03) and rHum s(LCM9) were selected
as representatives for immunoblotting.  Fifteen micrograms
of protein were loaded onto the 15% SDS-PAGE gel, and
were then electrically transferred to a polyvinylidene
difluoride (PVDF) membrane (Amersco, Solon, OH, USA).
Following blocking the membrane overnight with a 4% bo-
vine serum albumin solution at 4 ºC, allergic sera (diluted 1:7)
were added to each membrane strip for 2 h before the addi-
tion of peroxidase conjugated goat anti-human IgE (Sigma-
Aldrich, Saint Louis, MO, USA).  The blotted band was fi-
nally visualized with a diaminobenzidine (DAB) chromoge-
nic substrate solution (Amersco).

N-terminal end sequencing  Sequencing of the N-termi-
nal end of recombinant proteins was performed by using the
Applied Biosystems Procise 491 Sequencer from Applied
Biosystems, according to the manufacturer’s instructions.

Results

Homology between different allergen genes  The 478
pollen allergens obtained from the SWISS-PROT and
TrEMBL websites were clustered into 8 large groups, which
consisted of a number of subgroups.  Further searching with
the core sequences from each subgroup demonstrated that
these core sequences matched a large quantity of closely
related homologues.  For instance, Q9XF40, the first core
sequence in group 8, was an apple pollen allergen with ex-
tensive homology with other pollen allergens from different
species (Figure 1), such as Poa pratensis, Lolium perenne,

Dactylis glomerata, Hordeum vulgare, Holcus lanatus
(e values <2e-25).  The conservative domains in the Q9XF40
cDNA sequence (1–20 bp, 343–369 bp) as resolved by mul-
tiple sequence alignment of Q9XF40 and its cognates were
taken as the Sg1p5/Sg1p3 primer sequence (Table 1).  Other
degenerate primers were designed following the same
principle.

Full-length cDNA generation  By combining the gradi-
ent PCR with touchdown PCR, 3 gene fragments were ob-
tained from each weed species, and were subsequently in-
serted into the pGEM-T vector.  Sequence analysis showed
that the inserts, 5 of 363 bp and 1 of 369 bp, were homolo-
gous to the known allergen gene profilin from different spe-
cies with up to 90% (5 clones except for D03) and 79% (for
D03) identity, but with ~30 bp truncated at the 3' ends, sug-
gesting a further requirement of the RACE process for the
full-length cDNA.  After cloning of the amplificants from the
specific PCR with primer pairs PC11/RA3, PM9/RA3, PD10/
RA3 and PD03/RA3, a total of 29 positive RACE clones were
detected.  Subsequent sequencing reactions demonstrated
that they all contained the initiation and stop codons, primer
sequences and poly (A) tails, reflecting the mRNA source of
the clones.  Northern blotting with a clone D03 probe further
confirmed that the cDNA cloned was derived from the pollen

Figure 1.  The core subgroup cut off from the large group VIII
clustered from 478 allergens obtained from SWISS-PROT. The con-
served regions in Q9XF40, O81982 and Q9XF37 were used for pan-
degenerate primer (Sg1P5/P3) design. Q9XF40 and O81982 were
selected for their clustering priority, whereas Q9XF37 was selected
for its amino acid length of 133 aa. All allergens shown were from
SWISS-PROT. The numbers on the right-hand sides of each allergen
denote absolute distance.
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mRNA (Figure 2).  Bridging the 3' end and the corresponding
fragment genes produced 6 novel full-length coding genes,
among which LCS13, LCM20 and LCM9 were from H
scandens, whereas A0418, D106 and D03 were from A
artemisiifolia.  They are all available in GenBank under ac-
cession Nos AY268422-AY268427.

Sequence analysis Sequence analysis revealed that there
were several altered nucleotides in the cDNA sequences
compared with the degenerate primers used in the fragment-
gene cloning process (data not shown), which means that
the degeneracy was effectively expanded.  The predicted
amino acid sequences of the 6 genes were acidic proteins (pI
of approximately 5.0) with molecular weights of approximately
14 kDa.  Multiple sequence alignment demonstrated that
these 6 novel sequences shared a high homology, up to
83%.  Moreover, cDNA and protein sequence searches with
Blastn and Blastx programs in GenBank showed that the new
genes were homologous to profilin genes from more than 10
plant families including Rosaceae, Euphorbiaceae, Phaseo-
leae, Liliaceae, Poaceae, Urticaceae, Apiaceae, Oleaceae, Sola-
naceae, Brassicaceae, and Compositae.  Alignment of the
cognates derived from this search produced a phylogenetic
tree, which showed that the 6 novel genes cloned were clearly
separated into 3 subgroups, but with high homology (Figure 3).

Of the 6 clones, A0418, D106 and LCM9, 3 closely related
clones that encoded 131-amino acid residues, exhibited high
homology with apple pollen allergen Q9XF41 (Mal d 4;
GenBank accession number: AF129427).  LCS13 and LCM20,
2 clones from H scandens, had only differences in the cDNA
non-coding regions and therefore encoded the same protein,
which had 80% and 85% identity with Q8L5D8 from date
palm pollen and Q9XF40 from apple pollen, respectively.
Clone D03 encoded 133 amino acid residues, and had an
identity of 79% and 72% with O81982 (Hela 2)[19] and
CAD12862[20], 2 profilin proteins from common sunflower
and mugwort.  Hel a 2 and D03, along with the timothy grass
profilins O24282, P35079, O24650, were clustered into one

subgroup (Figure 3).  Furthermore, D03 was quite different
from the other 5 clones in 4 regions of its amino acid
sequence, which represents an approximately 90% difference
between D03 and other profilins (Figure 4).

Protein expression and purification, and immunoblotting
After detecting the correct reading frame of the target pro-
tein gene in the expression vector, the in-frame plasmids
were then successfully transformed into E coli RosettaBlue
(DE3) cells.  Following induction and further incubation at
30 ºC for 6 h, the recombinant non-fusion proteins were visu-
alized using SDS-PAGE, and had an apparent molecular mass
of ~14 kDa (Figure 5A).  The N-terminal sequence of 10 amino
acids of rAmb a 8(D03) confirmed that the recombinant pro-
tein was the same as that deduced from the cDNA sequence.
The yield of purified protein was approximately 8 mg per L of
cultured bacteria.

IgE antibodies from 6 of 8 sera (75%) from the A  artemisi-
ifolia allergic patients reacted with recombinant protein rAmb
a 8(D03) in the immunoblot experiments.  The bands occurred
at approximately 14 kDa (Figure 5B).  Other recombinant pro-
teins were also very efficiently expressed and purified in
non-fusion form (Figure 5C, 5D).  As a representative from H
scandens, the immunoblotting profile of rHum s 1(LCM9) is
shown in Figure 5E.  Interestingly, rHum s 1(LCM9) not only

Figure 2.  Northern blot results of the total RNA extracted from the
A artemisiifolia pollen at different times. Total RNA of 20 µg was
electrophoresed, blotted onto Nytran SuPerCharge nylon transfer
membranes (Schleicher & Schull BioScience) and stained with meth-
ylene blue to confirm the transferred RNA quality. After destaining,
Psoralen-Biotin labeled probes for D03 were applied for hybridization.

Figure 3.  Phylogenetic relationship between the profilin cognates
and the 6 novel allergens cloned in the current study as analyzed by
using the Mega2 software with amino acid sequences. The amino acid
sequences of the 6 new allergens (LCS13, LCM20, LCM9, A0418,
D106, D03) are available from GenBank (accession numbers:
AAP15198, AAP15199, AAP15200) and SWISS-PROT (accession
numbers Q64LH2, Q64LH1, Q64LH0).
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reacted with the sera from 5 patients with H scandens allergy,
but also reacted with sera from patients with A artemisiifolia
allergy, which suggests that cross-reactivity occurred for
rAmb a 8(D03) and rHum s 1(LCM9).

Discussion

In the past, most allergen genes have been cloned by
cDNA library screening[7–9], and hundreds of pollen allergen
genes from more than 170 species are available in online
databases, which can be sorted into several groups.  This
means that homologous genes exist in many related or unre-

lated species, which provided support for the current method.
In this study, we designed pan-degenerate primers and suc-
ceeded in cloning pollen allergen cDNAs from different
weeds, thus showing that there is a way to clone homolo-
gous genes from distantly related species or little-studied
species.  Furthermore, by using a combination of the gradi-
ent PCR process and touchdown steps, the genes with some
divergence in their primer regions could be obtained in the
weed genome; that is, the degeneracy of the primers was
expanded.  The method could therefore be used to clone the
same allergens in other species or to clone other kinds of
allergen genes.

Figure 4. ClustalX (1.8) alignment of
the deduced amino acid sequences of the
6 clones obtained from the pollen of H.
scandens and A. artemisiifolia . The
amino acid residues shown represent the
specific region in clone D03 that was
markedly different from the profilin
proteins of other species. The conser-
vative domains in each clone are shown
in bold, and the different amino acid
residues are in gray.

Figure 5.  Non-fusion expression, purification and immuno-
logical characterization of recombinant proteins. A: 15% SDS-
PAGE analysis of the no-fusion expression profile of rAmb a 8
(D03). Lanes 1 and 2, purified target protein in non-reducing
loading buffer; Lane M, broad range prestained SDS-PAGE stan-
dards (Bio-Rad, catalog No 161-0318), similar to Lane M in all
other panels; Lanes 4 and 5, re-purified target protein in non-
reducing loading buffer; Lane 6, re-purified target protein in
reducing loading buffer; Lanes 7 and 8, cell lysate in loading
buffer; Lanes 9 and 10, supernatant and sediment of the cell
lysate. B: Western blot of rAmb a 8(D03). Fifteen micrograms
of the purified rAmb a 8(D03) was loaded into each lane and
blotted. Lanes 3–8, sera  from patients with a llergy to A
artemisiifolia; Lanes 1, 2 and 9, healthy control sera. C: Repre-
sentative presentation of non-fusion protein expression of
rHum s 1(LCS13) (Lane 1) and rHum s 1(LCM9) (Lane 2)
(arrowhead). D: Recombinant proteins purified by affinity
chromatography. Lanes 1–5 represent rAmb a 8(D03), rHum s
1(LCS13), rHum s 1(LCM9), rAmb a 8(D106) and rAmb a 8
(A0418), respectively. E: Western blot of rHum s 1(LCM9),
which was detected in sera from both patients with H scandens
allergies (lanes 1–5) and patients with A artemisiifolia allergies
(lanes 6–9).
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It has been argued that allergenicity cannot be rational-
ized on the basis of either overall folding pattern or biologi-
cal function, and thus any protein should be regarded as a
potential allergen[19].  According to alignment studies, the
proteins coded by our new clones had more than 60% iden-
tity over the full-length peptide with the known allergens,
suggesting that the proteins would be allergenic.  Thus, D03
and LCM9, the most different variants of the 6 clones
obtained, were expressed as recombinant proteins.  Through
efficient expression in a pET-44 system, ideal solubility of all
the recombinant proteins was obtained, which facilitated
protein purification through affinity chromatography, and
would ensure efficiency in commercial production.

The molecular basis of cross-reactivity has been of pri-
mary concern in numerous publications[19–21].  The relation-
ship between sequence similarity, as obtained by pair-wise
alignment, and structural or functional properties has been
the goal of much research[22–24].  Recent studies have con-
firmed a widely accepted rule-of-thumb that 30% or 35% iden-
tity over aligned regions suffices for structural or functional
deduction[25,26].  A remote homologue study[27] demonstrated
that allergens from diverse sources have a common struc-
tural motif, namely a groove located inside an α-β motif,
which could potentially serve as a ligand-binding site, thus
leading to the stimulation of the T cell helper type 2 (Th2)
response and a subsequent bias towards the synthesis of
IgE.  This result expanded cross-reactivity to between mi-
crobes and higher plants.  In the present study, the clones
were different from each other in their cDNA or protein
sequence, suggesting open pollination and/or large genetic
variation in the weeds.  This was also consistent with other
studies on ragweed and timothy grass sequence polymor-
phism[28,29].  However, multiple sequence analysis demon-
strated that the newly cloned genes had up to 83% homol-
ogy with each other and 60%–90% identity with previously
described allergen profilins from latex, food, and pollens from
various organisms, which can produce extensive cross-
reactivity[30,31].  This result demonstrated that proteins from
H  scandens and A artemisiifolia would have cross-reactivity.
In a previous study we also inferred that the proteins coded
by clone D106 would have cross-reactive properties for food-
and/or pollen-sensitive allergic individuals[32,33].  All of these
results imply that the newly cloned genes would function
the same way as pan-allergen profilins.  Based on the issues
described herein and the results obtained in the current
study, we assume that cross-reactivity would occur so widely
that atopic individuals would be surrounded by a dynamic
network of allergens, and would be predisposed towards
allergic diseases.
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Role of arachidonic acid in hyposmotic membrane stretch-induced
increase in calcium-activated potassium currents in gastric myocytes1
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Abstract
Aim: To study effects of arachidonic acid (AA) and its metabolites on the
hyposmotic membrane stretch-induced increase in calcium-activated potassium
currents (IKCa) in gastric myocytes.  Methods: Membrane currents were recorded
by using a conventional whole cell patch-clamp technique in gastric myocytes
isolated with collagenase.  Results: Hyposmotic membrane stretch and AA in-
creased both IK(Ca) and spontaneous transient outward currents significantly.
Exogenous AA could potentiate the hyposmotic membrane stretch-induced in-
crease in IK(Ca).  The hyposmotic membrane stretch-induced increase in IK(Ca) was
significantly suppressed by dimethyleicosadienoic acid (100 µmol/L in pipette
solution), an inhibitor of phospholipase A2.  Nordihydroguaiaretic acid, a
lipoxygenase inhibitor, significantly suppressed AA and hyposmotic membrane
stretch-induced increases in IK(Ca).  External calcium-free or gadolinium chloride, a
blocker of stretch-activated channels, blocked the AA-induced increase in IK(Ca)

significantly, but it was not blocked by nicardipine, an L-type calcium channel
blocker. Ryanodine, a calcium-induced calcium release agonist, completely blocked
the AA-induced increase in IK(Ca); however, heparin, a potent inhibitor of inositol
triphosphate receptor, did not block the AA-induced increase in IK(Ca).  Conclusion:
Hyposmotic membrane stretch may activate phospholipase A2, which hydrolyzes
membrane phospholipids to ultimately produce AA; AA as a second messenger
mediates Ca2+ influx, which triggers Ca2+-induced Ca2+ release and elicits activa-
tion of IK(Ca) in gastric antral circular myocytes of the guinea pig.
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gastric myocyte; arachidonic acid; hyposmotic
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current.
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Introduction
Mechanical stretch is an important physiological stimu-

lus in gut smooth muscles.  It is well known that mechanical
stretch induces myogenous contraction of gut smooth
muscle, but the mechanism underlying this ionic channel
process remains unknown.  Mechanical stretch regulates the
activities of ionic channels, which exist widely in the mem-
branes of various cells and activate many signal transduc-
tion pathways.  A hypothesis was proposed that membrane
stretch induces alterations in the lipid bilayer, which trans-
mits membrane tension to channel proteins or generates lipid-
soluble second messengers, such as arachidonic acid (AA)

and other endogenous fatty acids, by membrane-bound
phospholipases[1,2].  Unsaturated fatty acids are major com-
ponents of membrane lipids and they are mainly released by
phospholipase A2 (PLA2) activation.  AA in the cell mem-
brane is esterified in phospholipids and can be released by
PLA2 in response to various extracellular stimuli[3,4].  AA and
other unsaturated fatty acids modulate the activities of vari-
ous ion channels and enzymes through direct or indirect
pathways.  For example: AA potentiates hKir2.3 in part by
decreasing inward rectification of the channel[5]; AA induces
membrane depolarization by inhibiting KATP currents in mu-
rine colonic smooth muscle cells[6]; and AA increases cho-
line acetyltransferase activity in spinal cord neurons, and
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this effect is mediated by protein kinase C (PKC)[7].  In
addition, it was shown that AA induces endothelium-depen-
dent hyperpolarization and relaxation of rabbit aorta through
activation of apamin-sensitive K+ currents[8].  Abundant evi-
dence has revealed that AA is an important mediator in
hyposmotic stress.  It was observed that swelling induces
AA release via the 85 kDa cell phospholipase A2 (cPLA2) in
human neuroblastoma cells[9], and that cell swelling activates
PLA2 in ehrlich ascites tumor cells[10].  Tinel et al[11] also
reported that AA acts as a second messenger for hypotonic-
induced calcium transients in rat inner medullary collecting
duct (IMCD) cells.

The calcium-activated potassium current (IK(Ca)) has been
considered to play an important role in excitability and func-
tional regulation in excitable cells.  In our previous study,
AA and other unsaturated fatty acids directly inhibited cal-
cium currents[12] and muscarinic currents[13].  For both AA
and hyposmotic membrane stretch-activated IK(Ca)

[14,15], acti-
vation by hyposmotic membrane stretch is associated with
calcium-induced calcium release (CICR)[16], which is triggered
by extracellular calcium influx through the stretch-activated
channels (SAC) in gastric antral circular myocytes of the
guinea pig.  However, the roles of AA and other unsaturated
fatty acids in the process of IK(Ca) activation by membrane
stretch in gastric myocytes remains unclear.  In the present
study, we therefore investigated the effects of AA and its
metabolites on hyposmotic membrane stretch-induced increases
in IK(Ca) in gastric antral circular myocytes of guinea pig.

Materials and methods

Preparation of cells  EWG/B guinea pigs (obtained from
the Experimental Animal Department of Norman Bethune
University, Changchun, China; Certificate No 10-6004) of
either sex, weighing 250–350 g, were killed by lethal dose of
pentobarbital sodium (50 mg/kg, iv).  The antral part of the
stomach was cut rapidly, and the muscosal layer was sepa-
rated from the muscle layer.  Circular muscle was dissected
from the longitudinal layer using fine scissors, and cut into
small segments (1 mm×4 mm).  These segments were kept in
a modified Kraft-Bruhe (K-B) medium at 4 ºC for 15 min.  The
muscle segments were incubated at 36 ºC in 4 mL of diges-
tion medium [calcium-free physiological salt solution (Ca2+-
free PSS)] containing 0.1% collagenase (II), 0.1% dithioery-
threitol, 0.15% trypsin inhibitor and 0.2% bovine serum
albumin for 25–35 min.  The softened muscle segments were
then transferred into the modified K-B medium, and cells
were dispersed individually by gentle agitation with a wide-
pore fire-polished glass pipette.  Isolated gastric myocytes

were kept in modified K-B medium at 4 ºC until use.
Electrophysiological recording  Isolated cells were trans-

ferred to a small chamber (0.1 mL) on the stage of an inverted
microscope (IX-70 Olympus, Tokyo, Japan) for 10–15 min to
settle down.  The cells were superfused continuously with
isosmotic PSS by gravity (0.9–1.0 mL/min).  An 8-channel
perfusion system (L/M-sps-8, List Electronics, Darmstadt,
Germany) was used to change solution.  Experiments were
carried out at 20–25 ºC and the whole-cell configuration of
the patch-clamp technique was used.  Patch-clamp pipettes
were manufactured from borosilicate glass capillaries (GC
150T-7.5, Clark Electromedical Instruments, Kent, UK) using
a 2-stage puller (PP-83, Narishige, Japan).  The resistance of
the patch pipette was 3–5 MΩ when filled with pipette
solution.  Liquid junction potentials were canceled before
seal formation.  Whole-cell currents were recorded with an
EPC-10 patch-clamp amplifier (HEKA Instrument, Darmstadt,
Germany) and command pulses were applied by using the
Pentium IV-grade computer and pCLAMP software (Version
6.02; Axon Instruments, USA).

Drugs and solutions  All drugs were purchased from
Sigma (Sigma-Aldrich Corp  St  Louis, MO, USA).  Tyrode’s
solution contained 147 mmol/L NaCl, 4 mmol/L KCl,
1.05 mmol/L MgCl2·6H2O, 2 mmol/L CaCl2·2H2O, 0.42 mmol/L
NaH2PO4, 1.81 mmol/L Na2HPO4·2H2O and 5.5 mmol/L
glucose, and the pH was adjusted to 7.35 with NaOH.  Ca2+-
free solution contained 134.8 mmol/L NaCl, 4.5 mmol/L KCl,
10 mmol/L HEPES, 1 mmol/L MgCl2 and 5 mmol/L glucose,
and the pH was adjusted to 7.4 with TRIZMA BASE (Tris).
The isosmotic solution (290 Osmmol/kg) contained 80 mmol/L
NaCl, 4.5 mmol/L KCl, 1 mmol/L MgCl2·6H2O, 2 mmol/L
CaCl2·2H2O, 5 mmol/L glucose, 10 mmol/L HEPES and
110 mmol/L sucrose, and the pH was adjusted to 7.4 with
Tris.  Hypoosmotic solution (200 Osmmol/kg) contained
30 mmol/L sucrose, with the other ingredients at the same
concentrations as in the isosmotic solution.  Modified K-B
solution contained 50 mmol/L L-glutamate, 50 mmol/L KCl,
20 mmol/L taurine, 20 mmol/L KH2PO4, 3 mmol/L MgCl2·6H2O,
10 mmol/L glucose, 10 mmol/L HEPES ,and 0.5 mmol/L egtazic
acid, and the pH was adjusted to 7.4 with KOH.  The pipette
solution contained 110 mmol/L K-aspartic acid, 5 mmol/L Mg-
ATP, 1 mmol/L MgCl2·6H2O, 20 mmol/L KCl, 0.1 mmol/L or
10 mmol/L egtazic acid, 2.5 mmol/L di-tris-creatine phosphate
and 2.5 mmol/L disodium-creatine phosphate, and the pH
was adjusted to 7.3 with KOH.  AA, nordihydroguaiaretic
acid (NDGA) and  dimethyleicosadienoic acid (DEDA) were
all prepared as aqueous stock solutions (1 mmol/L).

Data analysis  Data were expressed as mean±SD.  Statis-
tical significance was evaluated using the Student’s t-test.
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Differences were considered to be statistically significant
when P<0.05.

Results

Effects of hyposmotic membrane stretch and AA on IK(Ca)

and STOC  Under whole-cell configuration, membrane po-
tential was clamped at -60 mV, and IK(Ca) was elicited by a
single-step command pulse from -60 mV to +60 mV for 400 ms
at 15 s intervals.  IK(Ca) started increasing at 139.3 s±11.3 s
after cells were exposed to hyposmotic solution (200 mOsm),

and at 165.0 s±25.1 s after cells were exposed to 10 µmol/L
AA (Figure 1A,1B).  There was no significant difference
between the 2 latent periods.  Hyposmotic membrane stretch
and 10 µmol/L AA increased markedly in peak current of
IK(Ca) to 168.3%±16.1% and 158.5%±20.5%, respectively (n=6,
Figure 1B.).

The calcium-activated potassium current is activated by
intracellular Ca2+ and can be monitored by spontaneous tran-
sient outward currents (STOC)[17].  We therefore observed
STOC to investigate effects of hyposmotic membrane stretch
and AA on IK(Ca).  In whole cell configurations, the holding

Figure 1.  Effects of hyposmotic membrane stretch and arachidonic acid (AA) on calcium-activated potassium currents (IKCa). (A) Raw traces
of hyposmotic membrane stretch and AA-induced increase in IK(Ca). (B) The time courses of IK(Ca) increased by hyposmotic membrane stretch and
arachidonic acid. Membrane potential was depolarized from -60 mV to +60 mV at 15 s intervals to elicit IK(Ca). (C) Effects of hyposmotic
membrane stretch and AA on spontaneous transient outward currents.
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potential was clamped at -20 mV, and STOC were elicited
and enhanced by hyposmotic membrane stretch and 10 µmol/L
AA, respectively (Figure 1C).

Effects of exogenous AA on hyposmotic membrane
stretch-induced increase in IK(Ca)  Under whole-cell
configuration, membrane potential was clamped at -60 mV,
and IK(Ca) was elicited by a step voltage command pulse from
-40 mV to +100 mV for 400 ms with a 20-mV increment at 10-s

intervals.  Exogenous AA significantly increased IK(Ca)

elicited by the command step pulse when membrane poten-
tial was depolarized from -40 mV to+100 mV, and hyposmotic
membrane stretch potentiated the AA-induced increase in
IK(Ca) when the membrane potential was depolarized from
-40 mV to+100 mV (Figure 2A, 2B).  Hyposmotic membrane
stretch also increased IK(Ca) elicited by the command step
pulse when the membrane potential was depolarized from

Figure 2.  The effect of exogenous arachidonic acid (AA) on the hyposmotic membrane stretch-induced increase in calcium-activated potassium
currents (IKCa). (A) Raw traces of exogenous AA on the hyposmotic membrane stretch-induced increase in IK(Ca). (B) I/V relation curves. (C) Summary
of the effects of exogenous AA on the hyposmotic membrane stretch-induced increase in IK(Ca) and those of hyposmotic membrane stretch on the
exogenous AA-induced increase in IK(Ca) at +60 mV. (D) The effect of exogenous AA on the hyposmotic membrane stretch-induced increase in
spontaneous transient outward currents. bP<0.05, cP<0.01 vs control. eP<0.05, fP<0.01 vs 10 µmol/L AA.  hP<0.05, iP<0.01 vs 202 mOsm.
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-40 mV to +100 mV, and AA potentiated hyposmotic mem-
brane stretch-induced increase in IK(Ca) when membrane po-
tential was depolarized from -40 mV to +100 mV (Figure 2A,
2B).  The peak current of IK(Ca) was increased to 184.2%±17.
7% by hyposmotic membrane stretch and then the
hyposmotic membrane stretch-induced increase in IK(Ca) was
potentiated by 10 µmol/L AA, and the peak current increased
to 281.3%±28.3% at +60 mV (n=8, Figure 2C).  In another
way, the peak current of IK(Ca) was increased to 171.8%±20.3 %
by 10 µmol/L AA, and the AA-induced increase in IK(Ca) was
potentiated by hyposmotic membrane stretch, with the peak
current increasing to 311.5%±44.4% at +60 mV (n=8; Figure
2C).  However, there was no significant difference between
the potentiated effects of AA on the hyposmotic membrane
stretch-induced increase in IK(Ca) and hyposmotic membrane
stretch on the AA-induced increase in IK(Ca) (P>0.05, Figure
2C).  As with the protocol above, the effects of hyposmotic
membrane stretch and AA on STOC were investigated.

Hyposmotic membrane stretch markedly increased STOC,
and 10 µmol/L AA potentiated this effect (n=2, Figure 2D).

Effects of endogenous AA and its metabolites on hypos-
motic membrane stretch-induced increase in IK(Ca)  Intrac-
ellular free AA are metabolized by 3 enzymes: cycooxygenase,
lipoxygenase and epoxygenase.  To determine the effects of
endogenous AA and its metabolites on the hyposmotic mem-
brane stretch-induced increase in IK(Ca), DEDA, a non-selec-
tive inhibitor of PLA2, and NDGA, a lipoxygenase inhibitor,
were used to inhibit the hydrolyzation of AA from membranes
and to decrease the production of AA metabolites.  DEDA
(100 µmol/L in pipette) significantly suppressed the hyposmotic
membrane stretch-induced increase in IK(Ca) (Figure 3A,3B),
and the increased percentage was reduced from 164.3%±9.8 %
of the control to 113.4%±3.6% at +60 mV (n=15, Figure 3C).
When cells were pretreated for 15 min with 10 µmol/L NDGA,
AA (Figure 4A,4B) and hyposmotic stretch-induced in-
creases in IK(Ca) could be significantly suppressed (Figure 5A,

Figure 3.  The inhibitory effect of dimethyleicosadienoic acid (DEDA),
an inhibitor of phospholipase A2 (PLA2), on calcium-activated po-
tassium currents (IKCa) increased by hyposmotic membrane stretch.
(A) Raw traces of the hyposmotic membrane stretch-induced in-
crease in IK(Ca) in the presence of DEDA. (B) I/V relation curves of the
hyposmotic membrane stretch-induced increase in IK(Ca) in the pres-
ence of DEDA and control. Peak values of the currents were normal-
ized to the values at +100 mV under control conditions. (C) The
inhibitory effect of DEDA on IK(Ca) increased by hyposmotic mem-
brane stretch at +60 mV. bP<0.05, cP<0.01 vs control.  eP<0.05 vs
200 mOsm.
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5B).  The AA-induced increase in IK(Ca) was decreased from
145%±10% to 110%±4% by NDGA (n=8, Figure 4C).  NDGA
also suppressed the hyposmotic membrane stretch-induced
increase in IK(Ca) (Figure 5A,5B) and the increased percent-
age was reduced from 170%±10% to 142%±3% at +60 mV
(Figure 5C).  These results showed that endogenous AA and
its metabolites were involved in the hyposmotic membrane
stretch-induced increase in IK(Ca).

Effect of calcium mobilization on AA-induced increase
in IK(Ca)  It is well known that IK(Ca) is activated by intracellu-
lar free calcium, while extracellular calcium is necessary for
efficiently controlling calcium homeostasis.  To determine
whether the AA-induced increase in IK(Ca) was mediated by
calcium influx, the effect of AA on IK(Ca) was observed fol-
lowing the removal of extracellular calcium and the addition
of 10 µmol/L EGTA in bath solution.  The AA-induced in-
crease in IK(Ca) was completely blocked by the removal of
extracellular calcium, and the changes in the percentage of
IK(Ca) were 146.30%±10.4% and 95.64%±11.7% in the pres-
ence or absence of extracellular calcium, respectively (n=6,

Figure 6A).  Our previous study indicated that hyposmotic
membrane stretch activated L-type calcium currents[12] and
calcium-activated potassium currents via extracellular cal-
cium influx through SAC in gastric myocytes of guinea
pig[15,16].  We therefore examined the relationship between
the AA-induced increase in IK(Ca) and L-type calcium chan-
nels or SAC.  However, 5 mmol/L nicardipine, an L-type cal-
cium channel blocker, did not block the AA-induced increase
in IK(Ca), but gadolinium (Gd3+), a blocker of SAC, completely
suppressed the AA-induced increase in IK(Ca).  The changes
in the percentage of IK(Ca) were 146.3%±10.4%, 151.1%±14.4%
and 102.5%±2.2% in the control, nicardipine and Gd3+ groups,
respectively (n=6, Figure 6A).

Intracellular free calcium has 2 sources: extracellular cal-
cium influx and intracellular calcium release from calcium
stores.  Intracellular calcium is released through 2 pathways,
one is CICR and the other is inositol-triphosphate-induced
calcium release (IICR).  We therefore investigated the role of
intracellular calcium release in the AA-induced increase in
IK(Ca).  Heparin (3 mg/mL), a potent inhibitor of IICR, could

Figure 4.  The inhibitory effect of nordihydroguaiaretic acid (NDGA),
a lipoxygenase inhibitor, on calcium-activated potassium currents
(IKCa) increased by arachidonic acid (AA). (A) Raw traces of tThe AA-
induced increase in IK(Ca) in the presence of NDGA. (B) I/V relation
curves of the AA-induced increase in IK(Ca) in the presence of NDGA and
control. The peak values of currents were normalized to the values at
+100 mV under control conditions. (C) The inhibitory effect of NDGA
on IK(Ca) increased by AA at +60 mV.  bP<0.05, cP<0.01 vs control.
eP<0.05 vs NDGA.
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Figure 6.  The effect of calcium mobilization on IK(Ca) increased by arachidonic acid (AA) 10 µmol/L. (A) Summary of IK(Ca) increased by AA at
+60 mV under conditions of no external Ca2+, administration of nicardipine (Ni) and gadolinium (Gd3+). (B) Effect of inositol triphosphate-
induced calcium release on the AA-induced increase in spontaneous transient outward currents (STOC) and effect of calcium-induced calcium
release on the AA-induced increase in STOC. bP<0.05 vs control. eP<0.05 vs Ni.

Figure 5.  The inhibitory effect of nordihydroguaiaretic acid (NDGA),
a lipoxygenase inhibitor, on calcium-activated potassium currents (IKCa)
increased by hyposmotic membrane stretch. (A) Raw traces of the
hyposmotic membrane stretch-induced increase in IK(Ca) in the pres-
ence of NDGA. (B) I/V relation curves of the hyposmotic membrane
stretch-induced increase in IK(Ca) in the presence of  NDGA and control.
The peak values of currents were normalized to the values at +100 mV
under control conditions. (C) The inhibitory effect of NDGA on IK(Ca)

increased by hyposmotic membrane stretch at +60 mV. bP<0.05 vs
control; eP<0.05 vs NDGA; hP<0.05 vs 200 mOsm.
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inhibit STOC significantly, but did not block the AA-induced
increase in STOC (Figure 6B).  Ryanodine (10 µmol/L), a spe-
cific CICR inhibitor, binds to CICR channels and locks them
in a subconductance state, thereby functionally depleting
calcium stores[18].  In the present study, ryanodine increased
STOC, and STOC were then almost abolished by ryanodine
after approximately 8 min with caffeine, a CICR activator; AA
could not then enhance them again (Figure 6B).  These re-
sults indicated that CICR, but not IICR, was involved in the
AA-induced increase in IK(Ca).

Discussion

Our previous study demonstrated that IK(Ca) was acti-
vated by hyposmotic membrane stretch and Ca2+ signaling
played an important role in the process in gastric antral cir-
cular myocytes of guinea pig[15,16].  Under hyposmotic
conditions, extracellular calcium influx through SAC triggered
CICR, and intracellular free calcium then activated IK(Ca).
However, it remains obscure how the membrane stretch is
turned into the signal for Ca2+ entry from the extracellular
space.  We therefore investigated whether AA is involved in
the hyposmotic membrane stretch-induced increase in IK(Ca).

In the present study, both hyposmotic membrane stretch
and AA significantly increased IK(Ca) with a similar latent
period.  Moreover, exogenous AA potentiated the hypos-
motic membrane stretch-induced increase in IK(Ca) (Figure 1).
The results indicated that there may be a similar mechanism
for the IK(Ca) activated by hyposmotic membrane stretch and
AA.  Activation of various signaling pathways may induce
an increase in the production of AA, for example, phospho-
lipase C, phospholipase D and PLA2.  In mammalian tissues
AA is mainly liberated directly from phospholipids by PLA2,
which is a ubiquitous enzyme[4].  We have observed that
when cells are exposed to DEDA, a non-selective inhibitor
of PLA2, the hyposmotic membrane stretch-induced increase
in IK(Ca) is significantly blocked by DEDA (Figure 3).  The
results suggest that hyposmotic membrane stretch activates
PLA2, which hydrolyzes membrane phospholipids to pro-
duce AA, and AA as a second messenger mediates the
hyposmotic membrane stretch-induced increase in IK(Ca) in
gastric myocytes of guinea pig.  Many experiments also sup-
port our results.  It was observed that hyposmotic cell swell-
ing induced AA release from cell membranes in human neu-
roblastoma cells[9] and Ehrilich ascites tumor cells[10].  In rat
inner medullary collecting duct cells, AA acted as a second
messenger in hypotonicity-induced calcium transients[11].
AA was also a second messenger in cultured rabbit principal
cells[19] and ciliary epithelial cells under hyposmotic condi-

tions[20].  Meanwhile, many reports have described that AA
is able to affect cell functions, via its metabolites, under
hyposmotic conditions in several cell systems.  Leucotrienes,
for example, appeared to mediate the inositol efflux in glial
cells[21], and to activate chloride and potassium conductances
as well as taurine transport in Ehrlich ascites cells[22].  In the
present study, we also examined the possibility that AA
metabolites could be involved in activating potassium cur-
rents under hyposmotic conditions by using NDGA, a
lipoxygenase inhibitor.  NDGA significantly inhibited AA
and the hyposmotic membrane stretch-induced increase in
IK(Ca) (Figure 4).  These results suggest that AA metabolites
generated by lipoxygenase mediate the hyposmotic mem-
brane stretch-induced increase in IK(Ca) in gastric myocytes.

In various cell types, AA was found to induce Ca2+ flux
and to mobilize intracellular calcium to trigger different Ca2+-
dependent physiological functions in cells.  For example,
AA or its metabolites mobilized Ca2+ from intracellular stores,
and intracellular Ca2+ then activated ion transport[19].  In sev-
eral cell types, for example, in rat IMCD cells[11], human em-
bryonic kidney (HEK293) cells[23] and Dictyostelium
discoideum[24], AA released Ca2+ from the stores to trigger
extracellular Ca2+ entry, and Ca2+ released from calcium stores
was a prerequisite for extracellular Ca2+ entry.  However,
Murthy et al[20] found that AA induces Ca2+ influx, which
triggers CICR in longitudinal smooth muscle of the intestine.
Our previous study also demonstrated that hyposmotic mem-
brane stretch activates IK(Ca) via CICR in gastric myocytes[15].
In the present study, the roles of AA and its metabolites in
the relationships among hyposmotic membrane stretch-in-
duced increase in IK(Ca), extracellular Ca2+ and intracellular
calcium mobilization were investigated.  Under extracellular
calcium-free conditions, IK(Ca) was not increased by AA or
hyposmotic membrane stretch (Figure 6).  It was elucidated
that extracellular calcium is necessary for AA and the
hyposmotic membrane stretch-induced increase in IK(Ca), and
some ionic channels participate in extracellular calcium influx.
McCarty and O’Neil indicated that there are 2 alternative
kinds of channel activated by hyposmotic swelling: voltage-
activated Ca2+ channels and stretch-activated channels[25].
We observed previously that hyposmotic membrane stretch
increases L-type current in gastric myocytes of guinea pig[12],
and Yamamoto and Suzuki[26] also observed that there are 2
kinds of SAC in gastric myocytes of guinea pig.  In the
present study we examined whether these 2 channels are
associated with extracellular calcium influx.  Nicardipine, an
L-type calcium channel blocker, could not block the AA-
induced increase in IK(Ca).  However, it was completely blocked
by Gd3+, which blocks not only SAC but also store-operated
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Ca2+ channels (Figure 6).  A similar effect of Gd3+ in blocking
AA-induced Ca2+ entry has also been observed in other cell
types, such as IMCD[11] and HEK293 cells[23].

Intracellular Ca2+ release from Ca2+ stores is the primary
source of the increase in intracellular calcium.  It was found
that the entry of extracellular calcium via activating stretch-
sensitive channels is amplified by calcium release from inter-
nal stores in toad gastric myocytes[26].  Sutko and Airey[27]

suggested that ryanodine-sensitive calcium stores were po-
sitioned near the surface membrane in some smooth muscle
cells, Ca2+ release from which was found to influence the
activity of IK(Ca).  Our previous study also indicated that
hyposmotic membrane stretch activates IK(Ca)

[15,16] and car-
bachol currents[13], and the activations are associated with
CICR, which is triggered by extracellular calcium influx[15,28].
In the present study, heparin, a potent inhibitor of inositol
triphosphate receptor, did not block the AA-induced increase
in IK(Ca); however, ryanodine, a CICR agonist, completely
blocked the AA-induced increase in IK(Ca) (Figure 6B).  The
results suggest that AA mobilizes intracellular calcium via
triggering CICR and activates IK(Ca) in gastric antral circular
myocytes of guinea pig.  The potassium efflux through IK(Ca)

hyperpolarized the membrane potential of smooth muscle
cells, thereby limiting depolarization-dependent calcium and
promoting relaxation.  CICR can thus participate in both the
contraction and relaxation of smooth muscle cells.  Therefore,
AA may be involved in both the contraction via activating
extracellular Ca2+ influx and relaxation via activating IK(Ca) in
gastric antral circular myocytes of the guinea pig.

In summary, hyposmotic membrane stretch may act on
cell membranes to activate PLA2 and then generate AA.  AA
may then act as a second messenger to mediate extracellular
calcium entry and trigger CICR to activate IK(Ca) in gastric
myocytes of the guinea pig.  AA and its metabolites may
play an important role in regulating many cell functions un-
der the hyposmotic conditions in gastric antral circular
myocytes of the guinea pig.
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Abstract
Aim: To investigate the anti-implantation effect of droloxifene and study the pos-
sible relationship between the anti-estrogenic activity of droloxifene and its anti-
implantation effect.  Methods: Pregnant rats were treated orally with droloxifene at
10:00 AM on d 2 at doses of 1.25–20 mg/kg to observe anti-implantation effects,
and then doses of 14 mg/kg or 2.5 mg/kg were given at different time on d 2 to d 5
to determine the optimal administration time for anti-implantation effects.  Preg-
nant rats were treated with a combination of droloxifene (2.5 mg/kg, ig) and E2
(0.5–8.0 µg/kg, sc) on the optimal administration time to observe the antagonistic
effect of external estrogen on the anti-implantation effect of droloxifene.  Serum
estrogen and progesterone levels were measured by carrying out radioimmunoas-
says on d 1 to d 6 in droloxifene-treated and control rats to determine the surge
time for nidatory estrogen and the effect of droloxifene on ovary function.  Results:
Droloxifene has anti-implantation effects in rats.  The optimal oral administration
time was at 22:00 PM on d 4, which was after the surge time for nidatory estrogen
(on d 4 at 10:00 AM).  This suggests that the anti-implantation effect of droloxifene
is not attributable to antagonism of the surge in secretion of nidatory estrogen.
External estrogen did not antagonize the anti-implantation effect of droloxifene.
Droloxifene had no effect on the serum levels of estrogen and progesterone on d
5 or d 6 when administered on d 4 at 22:00 PM.  Conclusion: Droloxifene has an
anti-implantation effect in rats, and the effect appears to be not completely due to
its anti-estrogenic activity.
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Introduction
Droloxifene, a derivative of the triphenylethylene drug

tamoxifen, is a novel selective estrogen receptor modulator
(SERM)[1].  Its higher affinity to the estrogen receptor, higher
anti-estrogenic to estrogenic ratio, more effective inhibition
of cell growth and division in estrogen receptor-positive cell
lines, and lower toxicity give it theoretical advantages over
tamoxifen in the treatment of human breast cancer[2].
Droloxifene may also be a potentially useful agent for the
treatment of postmenopausal osteoporosis because it can
prevent estrogen deficiency-induced bone loss without caus-
ing uterine hypertrophy[3].  Droloxifene may have an effect
on bone and breast tissue because it induces apoptosis[4].

The corpus luteum is an ovarian tissue that synthesizes and
secretes progesterone, which plays a key role in the estab-
lishment and maintenance of pregnancy in mammals.  Ab-
normal regression of the corpus luteum will disturb or even
terminate both the implantation process and early pregnancy.
Apoptosis is involved in the regression of the corpus lu-
teum in many species[5].  Therefore, better understanding
the compounds that induce the apoptosis of luteal cells may
contribute to the development of new anti-implantation
agents.  Our laboratory was the first to report that droloxifene
induceed the apoptosis of rat luteal cells in vitro and the
pre-implantation luteal cells in pregnant rats[6–8].  Moreover,
droloxifene facilitates the apoptosis of luteal cells and short-
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ens the period of pseudopregnancy in pseudopregnant rats[9].
These results suggest that droloxifene induces the regres-
sion of the corpus luteum and has potential anti-implanta-
tion effects.  Exact equilibrium of estrogen and progesterone
is essential for implantation, and any disturbance in the ef-
fects of these hormones can cause infertility[10].  As a novel
selective estrogen receptor modulator with greater anti-es-
trogenic effects, droloxifene seems to interfere with the ef-
fect of estrogen and cause anti-implantation effects.
However, the anti-implantation effect of droloxifene has not
been evaluated and reported on.  Therefore, in the present
study, the anti-implantation effect of droloxifene was evalu-
ated and the relationship between the anti-estrogenic activ-
ity of droloxifene and its anti-implantation effect was ana-
lyzed in rats.

Materials and methods
Drugs and reagents  The droloxifene was synthesized

by Prof Peng XIA (Department of Organic Chemistry, Col-
lege of Pharmacy, Fudan University, Shanghai) and was sus-
pended in 1% sodium carboxymethylcellulose (CMC).  Es-
tradiol (E2) was purchased from the Shanghai 9th Pharma-
ceutical Factory (Shanghai, China) and was suspended in
corn oil.  Serum estrogen and progesterone radioimmunoas-
say (RIA) kits were obtained from DEPU Ltd (Tianjin, China).

Animals and treatment  Sprague-Dawley rats (body
weight: female, 220–250 g an male 300–350 g, SIPPR/BK
LtdShanghai) were kept in a temperature-controlled (24–26 °C)
and light-regulated (12 h light, 12 h dark) room, and were
given ad libitum access to standard chow and water.  The
female animals were cohabited with male animals at a ratio of
2:1.  The day that sperm were found in the vaginal smear was
designated as d 1 of pregnancy.

Evaluation of anti-implantation efficacy  Confirmed
pregnant female rats were randomly assigned into different
groups and were treated with droloxifene (ig), estradiol (E2,
sc), or 1% CMC (as a control, ig).  The doses and treatment
times of the different experiments are shown in the results
section.  At autopsy on d 9, the number of animals with
implantation sites in each group was recorded.  The Bliss
method was used to calculate the ED95, ED90, and ED50 of the
anti-implantation effect of droloxifene.

Assay of the serum levels of estrogen and progesterone
The pregnant rats were treated orally with 2.5 mg/kg
droloxifene or 1% CMC at 22:00 PM on d 4.  Blood samples of
0.5 mL were obtained from the tail veins of pregnant rats at
10:00 AM on d 1, d 2, d 3, d 4, d 5 and d 6, and at 22:00 PM on
d 4.  The serum levels of estrogen and progesterone were
measured by RIA according to the manufacturer’s inst-

ructions.
Statistical analysis  Differences in pregnancy rates be-

tween the groups were tested by using the χ2 test.  Serum
levels of estrogen and progesterone are expressed as
mean±SD and Student’s t-test was used to calculate signi-
ficance.

Results
Optimal administration time for the anti-implantation

effect of droloxifene  Pregnant rats were treated orally with
droloxifene with doses ranging from 1.25 to 20.0 mg/kg at
10:00 AM on d 2.  Within the treatment time, droloxifene had
an anti-implantation effect in rats (ED95=17.62 mg/kg and
ED50=5.34 mg/kg; Table 1).  To determine the optimal admin-
istration time for the anti-implantation effect of droloxifene,
pregnant rats were treated orally with droloxifene at either a
high dose (14 mg/kg) or a low dose (2.5 mg/kg) at 10:00 AM
on d 2, d 3, d 4, or d 5, or at 22:00 PM on d 4.  Although the
differences in the anti-implantation rates in different groups
were not significant for the 14 mg/kg groups, the anti-im-
plantation rates of rats treated with droloxifene at 22:00 PM
on d 4 were the highest in the two dose groups (Table 2).
These results suggest that droloxifene has anti-implantation
effects in rats, and that the optimal administration time is at
22:00 PM on d 4.

ED95, ED90, and ED50 for the anti-implantation effect of
droloxifene  Pregnant rats were treated orally with drol-
oxifene at various doses (10, 5.0, 2.5, 1.25, 0.62, 0.31, or 0.15
mg/kg) at 22:00 PM on d 4.  The anti-implantation rates of the
droloxifene groups (0.62–10 mg/kg) were higher than that
observed in the control group (P<0.01; Table 3).  There was
a dose-dependent relationship between the anti-implanta-
tion rates and droloxifene doses from 0.15 mg/kg to 5.0 mg/
kg.  The values of ED95, ED90 and ED50 were 3.70 mg/kg, 2.63

Table 1.   Anti-implantation effects of droloxifene in rats treated in
at 10:00 AM on d 2. n=10. Mean±SD. bP<0.05, cP<0.01 vs control.

Droloxifene       Pregnant       Rate of anti-       ED50           ED95

 (mg/kg)                rats           implantation    (mg/kg)       (mg/kg)
                                                    (%)

2 0 0c 100
1 0 3c   70
  5 5b   50 5.34 17.62
  2.5 8   20
  1.25 1 0     0
  0 1 0     0
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mg/kg and 0.79 mg/kg, respectively.
Antagonistic effect of external E2 on the anti-implanta-

tion effect of droloxifene  To investigate the antagonistic
effect of external E2 on the anti-implantation effect of
droloxifene, the anti-implantation effect of external E2 only
was first evaluated.  When rats were treated at 22:00 PM on
d 4 with external E2 at doses of 2.0 µg/kg or 8.0 µg/kg (sc),
significant anti-implantation effects were observed (P<0.05),
whereas at doses of 0.5 µg/kg or 1.0 µg/kg, there was no anti-
implantation effect.  For rats treated at 22:00 PM on d 4 with
2.5 mg/kg droloxifene alone or 2.5 mg/kg droloxifene com-

bined with various doses of E2, there was no difference in
implantation rates, although E2 at higher doses (2.0 or 8.0 µg/
kg) reduced the anti-implantation rates (Table 4).

Effect of droloxifene on the serum level of estrogen dur-
ing early pregnancy  Pregnant rats were treated orally with
2.5 mg/kg droloxifene or 1% CMC at 22:00 PM on d 4.  The
rate of implantation was 100% and 0% in the control and
droloxifene groups, respectively.  In the control group, the
serum level of estrogen remained at low levels from d 1 to d
3, began to rise on d 3, reached the maximum at 10:00 AM on
d 4, then declined sharply, such that the levels on d 5 and d
6 were similar to those on d 3.  The serum estrogen levels in
the droloxifene group between d 1 and d 6 were not signifi-
cantly different from those in the control group (Figure 1).
These results indicate that there was a surge of estrogen in
the pregnant rats at 10:00 AM on d 4, and that treatment with
droloxifene at 22:00 AM on d 4 had no effect on the level of
estrogen; however, a significant anti-implantation effect was
induced.  Therefore, the anti-implantation effect of droloxifene
in rats appears not to be due to antagonism of a surge in the
secretion of nidatory estrogen.

Effect of droloxifene on serum levels of progesterone
during early pregnancy in rats  Pregnant rats were treated
orally with 2.5 mg/kg droloxifene or 1% CMC at 22:00 PM on
d 4.  The rates of implantation were 100% and 0% in the
control and droloxifene groups, respectively.  In the control

Table 2.   Anti-implantation effects of droloxifene on rats treated
at various times. bP<0.05, cP<0.01 vs control. fP<0.01 vs droloxifene
(at 22:00 PM, on d 4).

Droloxifene    n               Time of          Pregnant       Anti-
(mg/kg)              treatment             rats      implantation
                                                                                      rates (%)

1 4 1 2 10:00 AM, d 2   3c 75.0
1 4 1 2 10:00 AM, d 3   3c 75.0
1 4 1 2 10:00 AM, d 4   2c 83.3
1 4 1 2 22:00 PM, d 4   1c 91.7
1 4 1 2 10:00 AM, d 5 1 0 16.7

2.5 1 0 10:00 AM, d 2 10f    0
2.5 1 0 10:00 AM, d 3   8b,f 2 0
2.5 1 0 10:00 AM, d 4   4b 6 0
2.5 1 0 22:00 PM, d 4   1b 9 0
2.5 1 0 10:00 AM, d 5 10f    0

0 1 2 22:00 PM, d 4 1 2    0

Table 3.  Anti-implantation effects of various doses of droloxifene
in ra ts treated at 22:00 PM on d 4. n=10. bP<0.05, cP<0.01 vs
control.

Droloxifene     Number of    Rates of anti-    ED50     ED90     ED95

  (mg/kg)       pregnant rats  implantation    mg/kg   mg/kg   mg/kg
                                                 (%)

1 0   0c 100
  5   0c 100
  2.5   1c 9 0 0.79 2.63 3.70
  1.25   4c 6 0
  0.625   6b 4 0
  0.312   8 2 0
  0.15 1 0 0
  0 1 0 0

Table 4.  Antagonistic effects of E2 on the anti-implantation effect
of droloxifene (2.5 mg/kg) in rats. Pregnant rats were treated with
only E2 (sc) or with a combination of droloxifene (ig) and E2 (sc) at
22:00 PM on d 4 . bP<0.05, cP<0.01 vs  vehicle control group.
dP>0.05 vs droloxifene (2.5 mg/kg) group.

Droloxifene        E2          Number of     Number of    Rate of anti-
 (mg/kg)         (µg/kg)      treated rats    pregnant rats    implantation
                                                                                        (%)

0.0 0.5 8 8   0
0.0 1.0 8 7 12.5
0.0 2.0 7 4b 42.9
0.0 4.0 8 2c 75.0
0.0 8.0 7 1c 85.7
2.5 0.5 8 0b,d 100.0
2.5 1.0 8 1c,d 87 .5
2.5 2.0 8 0c,d 100.0
2.5 4.0 1 0 4c,d 60 .0
2.5 8.0 9 4c,d 55 .6
2.5 0.0 9 1c 88.9
0.0 0.0 9 9   0
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groups, the serum levels of progesterone rose from 10:00
AM on d1 to 22:00 PM on d 4 and remained at high levels
until d 6.  In groups treated with droloxifene at 22:00 PM on
d 4, the levels of progesterone were similar to that of con-
trols (Figure 2).  These results indicate that treatment with
droloxifene at 22:00 PM on d 4 had no effect on the level of
progesterone in early pregnancy.

Discussion
It is well established that an exact equilibrium of estro-

gen and progesterone is indispensable for implantation in
rats[10].  A nidatory c surge that occurs on d 4 is essential for
the sensitization of the uterus to induce decidual cell reaction,
the most specific function of the progestational endom-
etrium[11,12].  As a novel selective estrogen receptor modula-
tor with considerable anti-estrogenic effects, droloxifene
might disturb the hormonal effects and cause an anti-im-
plantation effect.  The present study found that droloxifene
had anti-implantation effects in rats (Tables 1–3) and that 22:00
PM on d 4 was the optimal oral administration time.  At this
time there was a good dose-effect relationship between the
anti-implantation rates and droloxifene doses from 0.31 mg/kg
to 5.0 mg/kg.  The ED95, ED90 and ED50 of droloxifene were 3.70
mg/kg, 2.63 mg/kg, and 0.79 mg/kg, respectively.

We found that the serum levels of estrogen in pregnant

rats reached a peak at 10:00 AM on d 4, which indicates that
the nidatory estrogen surge before implantation occurs at
approximately this time.  However, the optimal oral adminis-
tration time of droloxifene for anti-implantation effects was
at 22:00 PM on d 4, 12 h later than the nidatory estrogen
surge.  Therefore, we propose that the anti-implantation ef-
fect of droloxifene is not caused by its interfering with the
nidatory estrogen surge via its anti-estrogenic effect.  The
effects of droloxifene are different from those of tamoxifen, a
triphenylethyl compound, which antagonizes the nidatory
estrogen surge[13,14].

In order to further clarify the relationship between the
anti-implantation effect and the anti-estrogenic activity of
droloxifene, the antagonistic effect of external E2 on the anti-
implantation effect of droloxifene was observed in rats.  At
first, the anti-implantation effect of external estrogen (0.5–8.0
µg/kg, sc) was examined after administration at 22:00 PM on
d 4.  We found that E2 at doses of 0.5–1.0 µg/kg produced no
anti-implantation effect (Table 4), and had no antagonistic
effect on the anti-implantation effect of droloxifene (P>
0.05; Table 4).  When droloxifene was combined with E2 at
higher doses (4.0 or 8.0 µg/kg), the anti-implantation effect
of droloxifene was reduced, but the difference was not sig-
nificant according to the χ2 test.  Therefore, it seems that the
anti-implantation effect of droloxifene may be not related to
its anti-estrogenic activity, especially at physiological doses.

Because an exact equilibrium of estrogen and progester-
one is essential for implantation, and any disturbance in the
effects of these hormones can cause infertility, we investi-
gated whether droloxifene inhibited implantation by affect-
ing the serum levels of estrogen and progesterone.  We found
that droloxifene had no effect on the serum estrogen and
progesterone levels in early pregnancy when treated at 22:00
PM on d 4.  However, in our previous study, we found that
apoptosis of luteal cells and decreases in serum progester-
one levels were induced by treatment with droloxifene at a
dose of 20 mg/kg on d 2 in pregnant rats[8].  The differences
between the two experiments can be explained by the differ-
ent doses and administration times.  In addition, the period
of observation was too short in the present study.

In conclusion, droloxifene can inhibit implantation in rats
and the optimal oral administration time is 22:00 PM on d 4.
ED90 was 2.63 mg/kg.  The anti-implantation effect of
droloxifene is not related to its antiestrogenic activity, or an
antagonistic effect on the nidatory estrogen surge.  The di-
rect inhibition of endometrial receptivity to blastocyst signal
(s) and the apoptosis of luteal cells might be involved in the
anti-implantation mechanism of droloxifene.  This charac-
teristic may make droloxifene useful in developing new

Figure 1. Nidatory estrogen surge and effect of droloxifene on
serum levels of estrogen during early pregnancy in rats. n=4. Mean±SD.

Figure 2. Effect of droloxifene on the serum levels of progesterone
during early pregnancy in rats. n=4. Mean±SD.
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contraceptives.
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Anticancer activity of sodium caffeate and its mechanism1
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Abstract
Aim: To study the anticancer activity of sodium caffeate (SC).  Methods: A nucleo-
side transport assay was used to analyze the inhibitory effects of SC on nucleo-
side rescue.  The MTT assay was used to measure cell proliferation.  Flow cytometry
was used to measure the apoptosis of BEC-7402 induced by SC and the cell cycle
distribution change .  Western blotting analysis was employed to investigate Bcl-
2, caspase and Bax expression.   Intracellular Ca2+ and mitochondrial membrane
potential were determined by flow cytometry.  In vivo anti-tumor activity was
measured using a tumor transplantation model in mice.  Results: SC inhibited the
nucleoside transport of BEL-7402 cells with an IC50 of 1.02 mg/mL.  SC inhibited
tumor cell proliferation with an IC50 between 100 µg/mL and 200 µg/mL.  SC in-
duced BEL-7402 cell apoptosis in a time- and dose-dependent manner, which was
induced by arresting cells in S phase.  The in vivo study showed that tumor
growth was inhibited in a dose-dependent manner.  Activated caspase-3 and Bax
expression were up-regulated after treatment with SC, while Bcl-2 expression was
down-regulated.  Intracellular Ca2+ was increased while mitochondrial membrane
potential was decreased by SC.  Conclusion: SC is a new anticancer agent with
promising potential.
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Introduction
There have been an increasing number of anticancer

phytochemicals identified in our daily diet.  Some of the most
promising and extensively investigated are those present in
the cruciferous family of vegetables, alliums and tea.
Phytochemicals should be considered as an inexpensive and
readily applicable, acceptable and accessible approach to
cancer control and management for general populations.  This
is particularly important considering the sluggish progress
made in cancer treatment.  It is still an urgent task to seek
new anticancer drugs from natural resources in oncology
pharmacology.

Cinnamic acid is one of the phytochemicals with poten-
tial chemopreventive effects in preventing carcinogenesis[1,2].
Cinnamamide, a natural compound containing the cinnamic
acid structure, is a new antitumor agent that acts on matrix
metalloproteinase, which has been demonstrated by previ-
ous work in our laboratory[3].  Caffeic acid (3,4-dihydroxy-

cinnamic acid) is a polyphenol that is found in coffee, fruits,
vegetables, grains and many others plants[4–7].       It is also
particularly abundant in propolis beehives  with 20%–25%
content and has various pharmacological activities, such as
antioxidant and antiviral effects[8].  The anticancer effect of
caffeic acid, however, has not been reported up to now.
Because caffeic acid is prone to air oxidation and is only
slightly soluble in water, its stable sodium salt (sodium
caffeate, SC) was prepared in our laboratory and used in the
present study.  Here we report the antitumor effect of SC
both in vitro and in vivo.

Materials and methods
Reagents   RPMI-1640 medium was purchased from

Gibco BRL (Gaithersburg, Maryland, USA ).  Fetal calf serum
(FCS) was purchased from Hyclone (Logan, Utah, USA).
MTT, nonidet P-40(NP-40), phenylmethylsulfonyl fluoride
(PMSF), aprotinin, ponceau S, Triton X-100, propidium
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iodide, Fluo-3, rhodamine 123, RNase A, proteinase K,
Hoechst 33342 and other reagents were purchased from Sigma
( StLouis , Missouri, USA).    [H3]TdR was purchased from
Chinese Atomic Energy Institutes (Beijing, China). Annexin
V-FITC/PI apoptosis detection kit was purchased from
BioVision company (Hannover, Germany).   Mouse anti-Bcl-2
monoclonal antibody, mouse anti-caspase-3 monoclonal an-
tibody and rabbit anti-bax polyclonal antibody were prod-
ucts of Calbiochem (San Diego, California, USA).   Horserad-
ish peroxidase-conjugated secondary anti-mouse antibody
and anti-rabbit antibody were products of Santa Cruz
Biotechnology, Inc(Santa Cruz, California,USA).  Enhanced
luminol reagent and oxidizing reagent were products of NEN
Life Science Products (Boston, Massachusetts, USA).   Dr
Dan-qing SONG in Department of Chemistry, Institute of Me-
dicinal Biotechnology (Beijing, China) synthesized the SC.

Cells and carcinoma  Human oral cavity epidermis
squamocellular  carcinoma cell line (KB), human
hepatocarcinoma cell line (BEL-7402) and human acute
promyelocytic cell line (HL-60) were purchased from the
Shanghai Institute of Cell Biology, Chinese Academy of Sci-
ences (Shanghai, China), and were grown routinely in RPMI-
1640 supplemented with 10% heat-inactivated FCS.  The me-
dium was supplemented with 100 U/mL penicillin, 100 µg/mL
streptomycin and 2 mmol/L glutamine, and the cells were
incubated in a humidified atmosphere, with 5% CO2 in air at
37 °C.

Mouse-transplanted hepatocarcinoma H22 and mouse
colorectal cancer C26 cell lines were maintained by serial
transplantation into mice in our laboratory.  Kunming spe-
cies mice were supplied by the Experimental Animal Center,
Chinese Academy of Medical Sciences (Beijing, China).

Nucleoside transport assay[9]  Briefly, cells in the loga-
rithmic growth phase were harvested.  The cell suspension
was prepared with RPMI-1640 medium at 5×106 in 0.9 mL in
each test tube.   Different concentrations of SC in 0.1 mL
RPMI-1640 were added and the tube was kept in a water bath
at 37 °C for 5 min.  Phosphate-buffered solution (PBS) was
used as a control. RPMI-1640 0.1 mL (containing 3.7×104 Bq
of [3H]TdR in medium free of serum) was added for 30 s and
5 mL ice-cold normal saline was added to terminate the
reaction.  The reaction was filtrated through a GF/B glass
fiber filter (Whatman International, Maidstone, UK) under
vacuum.  The filters were washed with 0.2 mL of 1 mol/L
NaOH and 0.5 mL ethanol, dried under vacuum and placed
in scintillation vials containing 2 mL of dimethylbenzene with
0.4% PPO/0.01% POPOP.  The cpm (counts per minute) were
measured using an LS-9800 scintillometer (Beckman
Instruments, Fullerton, California, USA).

MTT assay  Briefly, cells in the logarithmic growth phase
were harvested and seeded in 96-well plates (Costar,
Cambridge, Massachusetts, USA) overnight.  The test com-
pound was added and cells were further incubated for 72 h.
The viability of cells was determined using the MTT assay
according to the method described by Carmichael et al [10].

Long-term clonogenicity  Cell survival was tested using
a clonogenic assay, as described by Valduga et al[11].
Briefly, cells in the logarithmic growth phase were harvested
and 250 cells/mL of a single-cell suspension was prepared
with medium. The cell suspension 200 µL was seeded in 96-
well plates (50 cells/well) overnight, and the test compound
was added.  After 1 week of incubation at 37 °C in air with 5%
CO2, colonies were counted.

Flow cytometry  After appropriate treatment, cells were
harvested by centrifugation and washed with PBS.  The cells
were fixed with ice-cold 75% ethanol for 18 h at 4 °C.   The
cell apoptosis was measured according to the protocol of
Annexin V-FITC/PI apoptosis detection kit.  Cell cycles
change was measured by treatment of the fixed cell suspen-
sions which were washed with PBS and stained with 80 µL of
50 µg/mL propidium iodide and 50 µg/mL RNase A for 30 min
in the dark.  Samples were run through an EPICS XL flow
cytometer (Coulter, Miami, Florida, USA). Results are pre-
sented as the number of cells versus the amount of DNA as
indicated by the intensity of fluorescence[12].  The results on
flow cytometry represented the average of 3 individual
experiments.

Western blotting assay   The cells were lysed in lysis
buffer at 4 °C with sonication.  The lysates were centrifuged
at 15 000×g for 15 min and the concentration of protein in
each lysate was determined using Coomassie Brilliant Blue
G-250.  Loading buffer was added to each lysate, which was
subsequently boiled for 3 min and then electrophoresed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Proteins were transferred to nitrocellulose and incubated with
anti-Bcl-2, anti-caspase-3 or anti-Bax antibodies and then
with peroxidase-conjugated secondary antibodies.  Detec-
tion was carried out using an enhanced chemiluminescence
agent[13,14].  The results on Western blot analysis represented
the average of 3 individual experiments.

Intracellular Ca2+ and mitochondrial membrane
potential (∆Ψ)  Following appropriate treatment, cells were
collected by centrifugation and incubated at 37 °C with Fluo-
3 for 40 min and then with rhodamine 123 for 20 min.  Cells
were then washed 3 times with cold PBS, and the intracellu-
lar Ca2+ concentration and ∆ψ were measured by flow
cytometry[15–17].

Tumor transplantation and drug administration  H22 as-
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Figure 1.   Inhibition of proliferation by SC in BEL-7402 cells. n=3.
Mean±SD.

Table 2.  SC-induced apoptosis (%) in BEL-7402 cells. n=3. Mean±SD.

     SC /µg·mL-1            24 h  48 h       72 h

     0   2.3±1.2   2.4±1.1   7.8±5.2
  25 13.2±4.5 15.0±2.8 42.7±15.5
100 27.4±3.9 44.4±10.1 55.9±16.3
400 41.1±10.1 62.4±12.5 77.7±18.5

Table 3.   Effect of sodium caffeate on cell cycle of BEL-7402 cells.
n=3. Mean±SD.

    SC /µg·mL-1               G1               S             G2/M

     0 55.0±7.2 22.3±2.3 22.7±2.3
  10 64.4±10.0 26.7±5.6   8.9±2.2
  25 65.1±11.1 28.8±6.9   6.1±1.7
100 65.7±8.9 34.3±7.5   0.0±0.0
400 66.5±7.1 33.5±5.6   0.0±0.0

cites were diluted to 7.5×105/mL suspension and 0.2 mL of
the cell suspension was inoculated subcutaneously into the
right axilla of each mouse of the Kunming species (weighing
20±2 g).  A C26 tumor-cell suspension was prepared by gen-
tly suspending tumor tissue in normal saline (1 g of tumor
tissue with 3 mL of normal saline) in a cold water bath and
inoculated as above.  After 24 h of tumor cell inoculation, SC
was administered intraperitoneally for 10 d.  Normal saline
was used as a control.  On the d 11 the mice were killed, and
body weight and tumor tissue were weighed.

Statistical analysis  The data are the mean values of at
least 3 experiments and are expressed as mean±SD.  The
Student’s t-test was used to compare data.  P<0.05 was con-
sidered to be statistically significant.

Results
Inhibition of nucleoside transport by SC  SC inhibited

nucleoside transport in the hepatocarcinoma BEL-7402 cell
line with an IC50 of 1.02 mg/mL.  However, the inhibiting ef-
fect on nucleoside transport was not very strong.

Inhibition of proliferation and induction of apoptosis by
SC   SC inhibited tumor-cell proliferation with an IC50 of be-
tween 100 µg/mL and 200 µg/mL (Table 1).  Inhibition of BEL-
7402 cells proliferaction by SC was dose-dependent and time-
dependent (Figure 1).

Table 1 .   Inhibition of proliferation by sodium caffeate treatment
for 72 h in different cell lines. n=3. Mean±SD.

        Cell line                                            IC50 /µg·mL-1

HL-60 135±19
KB 157±22
BEL-7402 192±28

Table 4.   Clonogenicity inhibition by sodium caffeate. n=3. Mean±SD.

                Cell line                               IC50 /µg·mL-1

KB 0.45±0.04
BEL-7402 2.89±0.07

Flow cytometry  showed that SC induced BEL-7402 cell
apoptosis in a time- and dose-dependent manner (Table 2).
After 24 h of treatment with SC, the cell cycle changed.  The
percentages of cells in S phase increased markedly while
percentages of cells in G2/M phase decreased, which sug-
gested the apoptosis was induced by arresting the cells in S
phase (Table 3).

Inhibition of clonogenicity by SC  SC inhibited cell
clonogenicity with an IC50 between 0.5 µg/mL and 3 µg/mL
(Table 4).  SC was capable of inhibiting the different cell lines
to different extents.

Effect of SC on transplanted tumor growth  H22 and C26
were inoculated subcutaneously into mice.   After SC admin-
istration for 10 d, tumor growth was inhibited in a dose-de-
pendent manner.  No significant difference in body weight
was found between the groups, suggesting that SC does
not show toxicity in vivo (Table 5 and 6).
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control.  The results showed that SC increased intracellular
Ca2+ levels and decreased ∆ψ.

Discussion
Most anti-metabolites in tumor chemotherapy inhibit

nucleoside de novo synthesis but can not block nucleoside
rescue in cancer cells.  It is therefore important to control
nucleoside rescue by inhibiting nucleoside transport.  Previ-
ous work found that dipyridamole enhanced the anticancer
effect of acivicin by inhibiting nucleoside transport[9].The
present study demonstrated that SC was a new member of
the nucleoside transport inhibitor family.

Caffeic acid is an active phytophenol that has been found
to inhibit rat glutathione-S-transferase isoenzymes both
in vitro and in vivo[18].  A large number of population-based
studies have found that consumption of wholegrains, veg-
etables and fruits abundant in caffeic acid reduces the risk of
cancer[19−21].  The aqueous extract of Salvia miltiorrhiza, a
traditional Chinese herb containing caffeic acid was found
to strongly inhibit the proliferation of human hepatoma HepG2

cells.  It was also observed that its crude extract caused
apoptotic cell death[22]. Salvianolic acid A, a caffeic acid
trimer, showed synergistic effects in combination with other
antitumor agents.  Further, salvianolic acid A could increase
the antitumor effects of 5-flurouracil without increasing its
toxicity in an animal study [2].  However, no report has been
published on the anticancer effects of caffeic acid either
in vitro or in vivo.  We are the first to report that the sodium
salt of caffeic acid inhibits proliferation of cancer cells, with
IC50 between 100 µg/mL and 200 µg/mL.  Further, we showed
that it induced the apoptotic cell death and changed cell-
cycle distribution by arresting cells in S phase.  The in vivo
study showed that SC inhibited the tumor growth of trans-
planted H22 and C26 cells in mice with an inhibition rate of
42%–54% when treated with 1 g/kg SC for 10 d.

Preliminary studies on the anticancer mechanism of SC
demonstrated that after treatment with SC, Bcl-2 expression
was down-regulated and mitochondrial membrane permeabi-
lity was changed.  The mitochondrial permeability transition
pore was opened and the mitochondrial membrane potential
was broken up.  The mitochondrion was swelled and in α
state of hyperosmosis before apoptosis was induced.   Mean-
while cytochrome c was released, caspase-3 was activated in
the presence of Apaf-1 and caspase-9, and apoptosis was
induced[23–27].
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Abstract
Aim: To study the expression of  proline-rich Akt-substrate PRAS40 in the cell
survival pathway and tumor progression.  Methods: The effects of three key
kinase inhibitors on PRAS40 activity  in the cell survival pathway, serum withdrawal,
H2O2 and overexpression of Akt were tested. The expression of PRAS40, Akt, Raf
and 14-3-3 in normal cells and cancer cell lines was determined by Western blot.
Results: The PI3K inhibitors worthmannin and Ly294002, but not rapamycin,  com-
pletely inhibited the phosphorylation of Akt and PRAS40.  The phosphorylation
level of Akt decreased after serum withdrawal and treatment with the MEK inhibi-
tor Uo126, but increased after treatment with H2O2 at low concentration, whereas
none of  these treatments changed PRAS40 activity.  14-3-3 is a PRAS40 binding
protein, and the expression of 14-3-3, like that of PRAS40, was higher in HeLa cells
than in HEK293 cells; PRAS40 had a stronger phosphorylation activity in A549
and HeLa cancer cells than in HEK293 normal cells.   In the breast cancer model
(MCF10A/MCF7) and lung cancer model (BEAS/H1198/H1170) we also found the
same result: PRAS40 was constitutively active in H1198/H1170 and MCF7 pre-
malignant and malignant cancer cells, but weakly expressed in MCF10A and BEAS
normal cell.   We also discussed PRAS40 activity in other NSCLC cell lines.
Conclusion: The PI3K-Akt survival pathway is the main pathway that PRAS40 is
involved in; PRAS40 is a substrate for Akt, but can also be activated by an Akt-
independent mechanisms.   PRAS40 activation is an early event during breast and
lung carcinogenesis.
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Introduction
Chemoprevention is a logical and obvious strategy to help

alleviate the effects of cancer[1,2].  Much effort has been focused
on the discovery and development of new chemopreventive
agents, especially agents targeted at mechanisms known to be
involved in the process of carcinogenesis[3,4].

The PI3K-Akt signaling pathway regulates many normal
cellular processes including cell proliferation, survival,
growth and motility, which are critical for tumorigenesis.  The
role of the PI3K-Akt signaling pathway in oncogenesis has
been extensively investigated and altered expression or mu-
tation of many components of this pathway have been impli-
cated in human cancer[5] .  Akt functions as a major down-

stream target of phosphatilylinositol-3-kinase (PI3K), carry-
ing out functions including stimulation of glucose uptake
and cell growth as well as inhibition of apoptosis[6,7].

Kovacina et al used a combination of the 14-3-3 protein
and anti-pAkt substrate antibodies to screen and isolate a
substrate of Akt, the major 14-3-3 binding protein observed
in cells after insulin treatment (a 40 kDa molecule)[8].  This
protein contains a consensus Akt phosphorylation site (Thr-
246) but not other recognizable motif.  It is highly proline-
rich, with 15% of its amino acids being proline (versus 5%
for a typical protein), and these proline-rich regions are po-
tential SH3 and/or WW domain binding partners.  The pro-
tein has therefore been named PRAS40, which stands for the
“proline-rich Akt substrate of 40 kDa”.  Activation of induc-
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ible Akt alone was sufficient to stimulate PRAS40
phosphorylation, and phosphorylation of this protein was
reduced in cells lacking Akt1 and Akt2.  Thus PRAS40 is a
novel substrate of Akt, the phosphorylation of which leads
to binding of this protein to 14-3-3[8].  Saito et al demon-
strated that the expression of PRAS40, PRAS40/Akt and
PRAS40/14-3-3 increased in Nerve Growth Factor (NGF)
treated mice but decreased with inhibition of PI3K and the
NGF receptor after transient focal cerebral ischemia (tFCI) [9].

However, the critical role of PRAS40 in the biological
processes of cell proliferation and carcinogenesis remains
unknown.  The aim of our study was to examine the expres-
sion of PRAS40 in the cell survival signaling pathway, tumor
progression and its relationship with Akt and 14-3-3.  Infor-
mation from this study will be helpful for further functional
studies of PRAS40.

Materials and methods
Plasmids and expression  The constitutively active Akt

plasmid HA-Akt-∆pH and kinase mutation Akt plasmid HA-
Akt-Km were the gift of Prof Dr Haian FU (Emory university,
USA).  After transfection into human embryonic kidney cell
HEK293, the supernatant was boiled for 5 min in sodium
dodecylsulfate (SDS) sample buffer and resolved using SDS-
polyacrylamide gel electrophoresis (SDS-PAGE, 12.5%), The
proteins were transferred to polyvinylidene difluoride (PVDF)
membranes (BIO-RAD, CA, USA).  The primary antibodies
were 1:2000 dilution of mouse monoclonal antibody against
HA-Prob, Western blots were performed with horseradish
peroxidase-conjugate anti-mouse IgG.  Cross-reacting mate-
rials were visualized using ECL Detection Reagents
(Amersham Biosciences, UK).

Source of antibody  Rabbit polyclonal antibody against
phosphorylated PRAS40(T246), and mouse monoclonal an-
tibody against PRAS40 were purchased from BioSource In-
ternational (Camarillo, CA, USA); Rabbit polyclonal antibod-
ies against phosphorylated Akt (S473), Akt, phosphorylated-
Raf (S338) and Raf were purchased from Cell Signaling Tech-
nology (Beverly, MA, USA); Rabbit polyclonal antibody
against 14-3-3 (Pan-14-3-3), mouse monoclonal antibody
against tubulin and HA-Prob, goat anti-mouse IgG-HRP and
goat anti-rabbit IgG-HRP were purchased from Santa Gruz
Biotechnology (CA, USA).

Reagents  Ly294002/worthmannin (PI3K inhibitor) were
purchased from Cell Signaling Technology; rapamycin
(mTOR inhibitor) was purchased from Calbiochemistry
(USA); hydrogen peroxide and U0126 (MEK inhibitor ) were
obtained from Sigma-Aldrich (St Louis, MO, USA).

Cell culture and DNA transfection  HEK293, A549, HeLa

and other cancer cells were provided by the Winship Cancer
Institute (Atlanta, GA, USA) and maintained in Dulbecco’s
modified Eagle’s medium (DMEM) or RPMI1640 (GIBCO
Invitrogen, CA, USA) with 10% heat inactivated fetal bo-
vine serum (FBS) and 5% CO2 at 37 oC.  The confluent cells
were separated and trypsinized with 0.05% trypsin-ethyl-
enediamine tetraacetic acid (EDTA) to produce single cells.
They were then seeded at 1×105 per cm2 and allowed to form
subcultures.  Cells were transfected with plasmids using the
FuGENE6 reagent (Roche Applied Science, USA) according
to the manufacturer’s instructions.

Western blot  After the cells were transfected, harvested
and lysed  by in 1% NP-40 lysis buffer [0.15 mol/L NaCl, 0.01
mol/L N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(HEPES), 1% NP-40, 5 mmol/L sodium pyrophosphate, 5
mmol/L sodium fluoride, 2 mmol/L sodium orthovanadate, 10
mg/L aprotinin, 10 mg/L leupetin, 1 mmol/L phenylmethlsul-
fonyl fluoride (PMSF)] at 4 oC for 20 min,  cell extracts were
clarified by centrifugation, prepared in SDS sample buffer,
boiled for 5 min, and resolved using SDS-PAGE (12.5%) for
Western blot.  The enzyme-linked immunoblotting procedures
were performed essentially as described previously[10].  Cor-
responding secondary antibodies were used against each
primary antibody: horseradish peroxidase-conjugated goat
anti-mouse IgG was used for monoclonal antibodies and
horseradish peroxidase-conjugated goat anti-rabbit IgG was
used for polyclonal antibodies.  Cross-reacting materials were
visualized using ECL detection reagents.

Saito et al suggested that PRAS40 might play a critical
role in the neuronal cell survival pathways mediated by NGF
after cerebral ischemia[9].  In order to test which cell survival
signal cascade PRAS40 is involved in, we used three key
kinase inhibitors (Worthmannin/Ly294002, Uo126, rapamycin)
and cell death or apoptosis induction factors (serum withdrawal,
H2O2) to treat normal cell line HEK293 and cancer cell line
A549 and HeLa.  The expression of PRAS40, Akt, Raf and 14-
3-3 were analyzed by Western blot.

Results
PRAS40 was mainly involved in the PI3K-Akt survival

pathway  After treatment with the PI3K inhibitor Worthmannin
(2 µmol/L) or Ly294002 (25 µmol/L) in HEK293 for 2 h,
Worthmannin and Ly294002 almost completely blocked
phospho-PRAS40 and phospho-Akt activity, compared with
total expression of PRAS40 and Akt.  However, inhibition of
Akt phosphorylation was also induced by serum withdrawal.
Overexpression of constitutively active Akt (Akt-∆pH) pro-
moted the expression of phopho-PRAS40 in HEK293, com-
pared with negative control Kinase mutation Akt (Akt-Km)
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(Figure 1).  Therefore, the main pathway that PRAS40 is in-
volved in is the PI3K-Akt pathway, and Akt is the upstream
kinase of PRAS40 .

MEK-ERK pathway is not necessary for PRAS40 activ-
ity  The Raf-dependent activity of the MEK-ERK pathway
promotes cell survival by targeting various death pathways[11].
To test whether MEK-ERK is involved in the regulation of
PRAS40/Akt activity, we used the MEK antagonist U0126
to treat HEK293, A549 and HeLa cell lines. Western blot analy-
sis revealed that U0126 had no effect on PRAS40 activity
(Figure 1, 2), which implies that PRAS40 does not contribute
to the MEK-ERK pathway.

ROS induced phosphorylation of Raf/Akt activity but
not PRAS40 at low concentration  ASK1 is known to play an
important role in the apoptotic response induced by ROS, in
particular H2O2.  Goldmann et al showed that phosphoryla-
tion of ASK1 at Ser-976 by H2O2 stimulation was dose-
dependent, and that treatment with 1 mmol/L H2O2 for 30 min
could completely dephosphorylate ASK1 at Ser-967[12].  In
our experiment, the increase in phospho-Akt and phospho-
Raf expression was induced by treatment with 1 mmol/L H2O2

for 20 min in HEK293 and A549, but there was no change on
PRAS40 activity (Figure 1, 2).

Akt was not the only upstream kinase of PRAS40  Akt
phosphorylation could be blocked by worthmannin, U0126
and serum withdrawal in A549 and HEK293 cells; however,
only worthmannin and Ly294002 inhibited phospho-PRAS40
activity (Figure 1, 2), Therefore, Akt was not the only up-
stream kinase of PRAS40. PRAS40 could also be activated
by an Akt-independent mechanism.  Western blot analysis
showed that the phospho-PRAS40 and phospho-Akt activ-
ity in A549 cancer cells were stronger than in HEK293 normal
cell line (Figure 2).

Expression of PRAS40 and 14-3-3 was higher in HeLa
than in HEK293 cells  The 14-3-3 protein is an anchor pro-
tein for some Akt substrates, and it is also a PRAS40 binding
protein.  Therefore, we investigated the relationship between
PRAS40 and 14-3-3 expression in normal and cancer cells.
HEK293 and HeLa cells were treated with serum withdrawal,
H2O2, rapamycin (mTOR inhibitor), worthmannin and U0126.
Western blot demonstrated that, except for worthmannin,
these treatments produced no significant difference with re-
gard to PRAS40 activity in HEK293 and HeLa cells.  We
found that HEK293 was more sensitive: treatment with
worthmannin only decreased the phosphorylation of
PRAS40 in HeLa cells, but completely blocked PRAS40 phos-
phorylation in HEK293 cells.  We also found that phospho-
PRAS40 and 14-3-3 were expressed more strongly in HeLa
cells than in HEK293 cells, and the total expression of PRAS40

Figure 1.   Western blot analysis for endogenous expression of
PRAS40, Akt and Raf activity in HEK293, which were treated with
different drugs or overexpression of Akt (n=3). Overexpression of
constitutively active Akt (Akt-∆pH) and kinase mutation Akt (Akt-
Km). HEK293 were treated with serum withdrawal for 24 h, 1 mmol/L
H2O2 for 20 min, 2 µmol/L Worthmannin for 2h, 25 µmol/L Ly294002
for 2 h, or 25 µmol/L U0126 for 20 min. Tubulin  analysis is shown
as an internal control.

Figure 2.  Western blot analysis for PRAS40, Akt and Raf expression
in the A549 cell line. A549 cells were treated with serum withdrawal, 1
mmol/L H2O2 for 20 min, 2 µmol/L worthmannin for 2 h, 25 µmol/L
Ly294002 for 2 h, 25 µmol/L U0126 for 20 min, or untreated HEK293
as a control, the cells were than lysed, followed by Western blot.
Tubulin analysis is also shown as an internal control.
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was almost the same in the two cell lines (Figure 3).

We also noticed that there was a difference in sensitivity
to worthmannin between normal cells and cancer cells
(HEK293 and HeLa) and among cancer cells (A549 and HeLa).

PRAS40 phosphorylation activity was stronger in can-
cer cells than in normal cells  In order to determine if PRAS40
activity is different in normal cells, different types and differ-
ent development phases of cancer cells, we used Western
blot analysis to determine the expression of phospho-
PRAS40, PRSA40, Akt and Raf in vitro.  Because Akt and
Raf are the key control factors in the cell survival pathway

(PI3K-Akt pathway and Raf-MEK pathway), we used them
to find a expression relationship between PRSA40, Akt and
Raf.

  For a breast cancer model, we  used the MCF10A/MCF7
cell lines.  MCF10A is a normal breast cell line and MCF7 is a
breast carcinoma line. For a lung cancer model, we used the
BEAS/H1190/H1170 cell lines.  BEAS cells are Human bron-
chial epithelial cells, immortalized with the hybrid adenovi-
rus/simian virus 40.  H1198 and H1170 are both derived from
BEAS cells; H1198 is pre-malignant, because 1) it is sensi-
tive to serum in that it was growth inhibited and terminally
differentiates into squamous cells similar to normal HBE and
BEAS-2B cells; 2) in vitro invasiveness was detected after
exposure of BEAS cells to either phorbol myristate acetate
or cigarette smoke condensate (CSC).  H1170 is defined as a
malignant cell line because it exhibits several features that
are typical of invasive adenocarcinomas, including increased
expression of epidermal growth factor receptor (EGFR) and
transforming growth factor-α (TGFα)[13].  We also investi-
gated other non-small cell lung cancer (NSCLC) cell lines:
H460, H1299, H596, H157, H552, H1944, H1792.  The details
of each cancer cell lines are given in Table 1.

We found that the expression levels of phospho-PRAS40
were higher in pre-maligment and maligmant cells than in
normal cell lines (eg MCF10A); Later phase cancer cells,
such as H1198/H1170, showed stronger PRAS40 activity than
pre-cancer cell lines (eg BEAS) except H460, H1299, H1944,
in which there were no p53 mutations.  We also noticed that
there was no difference in the total expression of PRAS40
and Akt, whereas the total expression of Raf was different in
different types of cancer cell lines, for example, there was no
expression in BEAS and H1944, and weak expression in H460

Figure 3.  Western blot analysis for endogenous expression of PRAS40
and 14-3-3 in HEK293 and HeLa cell lines. Cells were treated with
serum withdrawal for 24 h, 1 mmol/L H2O2 for 20 min, 2 µmol/L
worthmannin for 2 h, 25 µmol/L Ly29004 for 2 h, or 25 µmol/L
U0126 for 20 min, followed by Western blot.

Table 1.  Cancer cell lines.

     Name                        Tumor histology   p53 mutation         Ras mutation        Reference

MCF10A Normal breast cell line
MCF7 Breast carcinoma cell line
BEAS Human bronchial epithelial cell + adenoriuns Kyung-Hee,Chun,2003
H1198 Pre-malignant BEAS Kyung-Hee,Chun,2003
H1170 Malignant BEAS Kyung-Hee,Chun,2003
H460 Large cell carcinoma N o Yes Mitsudomi et al 1991
H1299 Large cell carcinoma N o Yes Mitsudomi et al 1992
H596 Adenosquamous carcinoma Yes N o Mitsudomi et al 1992
H157 Squaqmous cell carcinoma Yes Yes Mitsudomi et al 1992
A549 Adenocarcinoma N o Yes Crespo NC et al 2002
H552 Adenocarcinoma Yes Yes Mitsudomi et al 1992
H1944 Adenocarcinoma N o Mitsudomi et al 1992
H1792 Adenocarcinoma Yes Yes Mitsudomi et al 1992
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and H157 (Figure 4).

Discussion

The PI3K-Akt pathway has been implicated in the deve-
lopment of multiple human cancers[14,15].  PI3K has an active
role in oncogenic transformation.  Akt, an important and prob-
ably essential downstream component of PI3K-mediated
oncogenic signaling[16], provides a critical cell survival sig-
nal for tumor progression by phosphorylating a number of
proteins involved in cell cycle regulation and proapoptotic
factors[17].  Because only a subset of the cellular processes
regulated by the PI3K-Akt pathway, are involved in
tumorigenesis, the choice of drug targets must take into ac-
count the adverse effects resulting from the inhibition of
other PI3K-Akt-dependent cellular processes.  For example,
the effects of insulin on metabolism are mediated through
the PI3K-Akt pathway, so inhibitors of PI3K or Akt are there-
fore likely to perturb glucose homeostasis.  It would be desirable,
therefore, to target components of branches further down-
stream in the PI3K-Akt pathway[18].

Our data provided evidence that the proline-rich Akt-
substrate PRAS40 showed higher expression levels in can-
cer cells (eg A549 and HeLa) than in normal cells (eg HEK293).
In our breast cancer model (MCF10A/MCF7) and lung can-
cer model (BEAS/H1198/H1170) we also found the same

result: PRAS40 was constitutively active in pre-malignant
and malignant cancer cells (H1198/H1170 and MCF7), but
only weakly expressed in normal cells (MCF10A and BEAS).
In the NSCLC cell line, we found some interesting results: a
higher expression level of phospho-PRAS40 was found in
lung cancer cells with p53 mutations (eg H596, H157, H522
and H1792) than in other lung cancer cells.  PRAS40 activity
in lung cancer cells with only Ras mutations was almost the
same as in the MCF10A normal cells (eg H460, H1299 and
H1944).  The strongest activity of PRAS40 was in H157, which
had both the p53 mutation and the Ras mutation.  The p53
mutation could be related to PRAS40 activity, but further
studies are needed to clarify this relationship.  These results
suggested that PRAS40 activation is an early event during
breast and lung carcinogenesis, PRAS40 could be used as a
early detection marker in carcinogenesis.

We tested the effect of key kinase inhibitors on PRAS40
activity: PI3K inhibitors Worthmannin or Ly294002, MEK
inhibitor Uo126 and mTOR inhibitor rapamycin.  Only the
PI3K inhibitors inhibited or decreased PRAS40 activity, there-
fore the PI3K-Akt survival pathway is the main pathway that
PRAS40 is involved in; The Raf-MEK pathway probably
doesn’t contribute to PRAS40 activity.  Also, PRAS40 is the
substrate of Akt, but it can be activated by an Akt- indepen-
dent mechanism, for example, serum withdrawal decreases
Akt activity, but has no effect on PRAS40.

Figure 4.  Western blot analy-
sis for PRAS40, Akt and Raf in
the cytosolic fraction in differ-
ent types and different devel-
opment phases of cancer cell
lines. Tubulin was used as an in-
ternal control for the cytosolic
fraction. n=3. Mean±SD.
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14-3-3 is also a PRAS40 binding protein.  A striking fea-
ture of the 14-3-3 proteins is their ability to bind a multitude
of functionally diverse signaling proteins.  This plethora of
interacting proteins allows 14-3-3 to play important roles in a
wide range of vital regulatory processes, such as mitogenic
signal transduction, apoptotic cell death and cell cycle con-
trol[19].  Our data show that the expression level of 14-3-3, like
that of PRAS40, is higher in the HeLa cell line than in HEK293,
but exactly how 14-3-3 helps PRAS40 in the PI3K-Akt path-
way is unknown and warrants further investigation.

To our knowledge, our results provide the first evidence
that PRAS40 is constitutively active in pre-malignant and
malignant breast and lung cancer cell lines, and that PRAS40
is mainly involved in the PI3K-Akt survival pathway.  However,
PRAS40 can also be activated by Akt- independent mechanisms.
We suggest that PRAS40 could be chosen as an early detec-
tion marker in carcinogenesis, but it is also a protein that can
be targeted by anti-tumor drugs, that is a “druggable” protein.
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Radioimmunotherapy of carcinoma of colon with [131I]-labeled recombi-
nant chimeric monoclonal antibodies to carcinoembryonic antigen
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Institute of Radiation Medicine, Beijing 100850, China

Abstract
Aim: To study the distribution of [131I]-labeled anti-CEA MoAbs and its therapeu-
tic effect on the human colonic cancer model in nude mice.  Methods: A nude mice
model of human colonic cancer was established.  [131I]-labeled anti-CEA MoAbs
were injected intravenously into mice.  The distribution of the MoAbs was then
determined and the effect of RIT on human colonic cancer was observed.  Results:
The [131I]-labeled anti-CEA MoAbs had a specific distribution after injection.  Tu-
mor/non-tumor ratios for [131I]-labeled anti-CEA MoAbs were 10–20 times higher
than [131I]-labeled IgG 96 h after injection.  Thirty days after injection, significant
inhibition of the volume and weight of tumor was observed in the treated mice
compared with the control.  The tumor growth inhibition rate of 3.1 mCi/kg CEA
MoAbs group (LS180, LS174T, SW1116) was 47.8%–64.0%. This was 69.6%–78.6%
in the 6.25 mCi/kg CEA MoAbs group, and 81.8%–86.2% in the 12.5 mCi/kg [131I]-
labeled anti-CEA MoAbs group.  The plasma CEA level was also lower in treated
mice.  Conclusion: The results indicate that [131I]-labeled anti-CEA MoAbs can be
effective in RIT on colonic cancers.
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Introduction
Human colonic carcinoma is one of the most common

cancers.  The 5-year survival rate of patients with chemo-
therapy is zero.  More than half of the patients with this
tumor experience metastasis or reoccurrence after treatment.
The liver is the most common metastasis foci[1].  Radiola-
beled MoAbs offer the prospect of a localized, highly tar-
geted radiation treatment for these cancers.  The range of
action for radionuclides is defined predominantly by the
nature of the particle and energy of the emission.  One of the
earliest radioisotopes to be coupled to antibodies for thera-
peutic purposes was Iodine 131 (131I).  Its high-energy α
particles can penetrate approximately three tumor cells, so it
can be effective even when only deposited near the tumor
cells and has minor toxicology to normal cells[2].  There are
several antibodies for a variety of human tumors that have
been used to localize human tumors in xenograft models as
well as in patients.  Several of these antigens have served as
targets for testing whether MoAbs as conjugates with ra-
dionuclides can act as selective therapeutic agents.  For

example, antibodies directed against CEA, α-fetoprotein,
ferritin, melanoma, and epithelial-specific antibody have been
radiolabeled with 131I and used in the treatment of human
cancers[3,4].

In histological classifications, colon cancers are over 90%
adenocarcinoma.  CEA can be observed in either the cancer
cell surface or patients blood serum in this type of tumor[5].
Until recently, three products have been approved world-
wide for the treatment of tumors in patients: Bexxar, Zevalin
and ChTNT.  The antibody used in this experiment is a new
product awaiting permission for clinical trial, provided by
Beijing Second Pharmaceutical Co, Ltd (Beijing).  We under-
took this study to determine the antitumor effect of the [131I]-
labeled anti-CEA MoAbs and its distribution in nude mice
bearing xenografts.

Materials and methods
Mice  Athymic nude female BABL/c nu/nu mice, 4–6 weeks

old, were obtained from the Institute of Laboratory Animals,
Chinese Medical Science Academy.  Mice were kept under
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SPF conditions and were fed with a diet of sterile mice chow
and water.  Animals were given 10% Lugol’s (5% Iodine and
10% KI) water from 2 d before the start of the experiment
beginning until the experiment was completed.

Cell lines  Three colonic carcinoma derivative cell lines
were used: LS180 (ATCC No: CL-187) with a cell surface CEA
expression rate of 81%; LS174T (ATCC No: CL-188) with a
cell surface CEA expression rate of 66%; SW1116 (ATCC
No: CCL-233) with a cell surface CEA expression rate of 2654
ng/106 cells[6].  LS180 was grown in DMEM/F-12 (Hyclone)
medium, LS174T and SW1116 in MEM (Invitrogen
Technologies, Inc, Carlsbad) essential medium, supplemented
with 10% FBS, 2 mmol/L L-glutamine, 100 U/mL penicillin
and 100 U/mL streptomycin.

[131I]-labeled anti-CEA MoAbs  [131I]-labeled anti-CEA
humanized chimeric recombinant MoAbs ([131I]-labeled-
rch24) were supplied by Beijing SaiKe Pharmaceutical.  Ra-
dioactivity was 5 mCi/mg.  Radiochemical purity was more
than 98.5%.

Establishing colon tumors in nude mice  The three tu-
mor cells were harvested and suspended in sterile PBS at a
concentration of 25×106 cells/mL.  Cell viability was deter-
mined by trypan blue dye exclusion.  Cells (5×106) in sterile
PBS were inoculated subcutaneously into the flank of nude
mice[7].  Tumors became apparent in 8–10 d.

Radiolabeled antibody treatment of tumors  Mice bear-
ing tumors were randomly divided into groups outlined in
Table 1.  Mice were administered i.v.  in the tail vein.  Anti-
bodies were given 2 times with the interval of 10 d.  The
positive chemotherapy drug (5-FU) was given 2 weeks, 6
times a week.

Radiolabeled antibody effect  The tumor growth rate was
determined by measuring the length (a) and width (b) (mm)
of each tumor using a caliper.  Tumor volume=a×b2/2.  The
relative tumor volume (RTV), RTV=Vt/Vo.  Vo is the tumor vol-

ume when the experiment started.  Vt is the measured tumor
volume at different experiment time.  The relative tumor
growth rate was calculated by % of T/C=TRTV (treated group)/
CRTV (control group)×100%.  The effective criterion is T/C (%)
above or equal to 60%.  Tumor growth inhibition rate was
calculated by S%=(mean weight of treated group-mean
weight of control group)/(mean weight of control group)
×100%[8].

To evaluate peripheral plasma CEA levels, mice in each
group were bled from the eye using heparinized capillary
tubes.  The plasma CEA level was determined by ELISA
(Hoffmann-La Roche Ltd).

Radiolabeled antibody biodistribution  Two animals from
each group were bled, killed, and dissected at 24 h, 48 h, or 96 h
after treatment, respectively.  Tissues and organs were im-
mediately dissected, rinsed with saline, blotted dry, and
placed in plastic tubes and weighed.  The radioactivity of
each sample of blood, liver, heart, lung, kidney, and tumor
tissue was measured using a well-type gamma counter.  From
the data, [131I]-labeled anti-CEA MoAbs biodistributions
(%ID/g) were calculated: %ID/g=(tissue or organ cpm)/(total
injected cpm)/ (tissue or organ weight).

Statistical analysis  Differences among the groups were
tested using a one-way ANOVA.  Results are given as
mean±SD unless indicated otherwise.

Results

Distribution studies  Tables 2, 3 and 4 summarize the
tumor/non-tumor ratios found with either [131I]-labeled anti-
CEA MoAbs or [131I]-labeled-IgG in mice with tumors.  The
results confirmed the tumor-specific targeting and retention
of [131I]-labeled anti-CEA MoAbs in tumor tissues in con-
trast to [131I]-labeled-IgG.  While the percentage of injected
dose per gram (%ID/g) in the normal tissues continued to

Table 1.  Animal group and treatment.

                Group name         Drug and dosage

A Model control Saline
B Low dosage “nude” anti-CEA MoAbs control 156.2 µg/kg
C High dosage “nude” anti-CEA MoAbs control 625.0 µg/kg
D Low dosage human IgG control 3.1 mCi/kg 131I labeled-IgG
E High dosage human IgG control 12.5 mCi/kg 131I labeled-IgG
F Low dosage 131I labeled anti-CEA MoAbs 3.1 mCi/kg 131I labeled-rch24
G Middle dosage 131I labeled anti-CEA MoAbs 6.25 mCi/kg 131I labeled-rch24
H Low dosage “nude” anti-CEA MoAbs 12.5 mCi/kg 131I labeled-rch24
F Positive chemotherapy control 5-fluorouracil (5-FU) 10 mg/kg
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decrease over time for both [131I]-labeled anti-CEA MoAbs
and [131I]-labeled-IgG, the percentage of [131I]-labeled anti-
CEA MoAbs increased in the tumor between d 1 and 4.  This
caused the T/NT ratios continue to increase in this period.
T/NT ratios for [131I]-labeled anti-CEA MoAbs were 2–2.5
times higher than [131I]-labeled-IgG on d 1 and continued to
increase so that T/NT ratios were 10–20 times higher than
[131I]-labeled-IgG by day 4.

Inhibition of tumor growth  The biological effect of [131I]-
labeled anti-CEA MoAbs in mice bearing three tumor types
was assessed.  The tumor growth curves are summarized in
Figures 1, 2 and 3.  The volume of both [131I]-labeled anti-
CEA MoAbs groups was less than the control group.  As
the administrative dosage increased, the tumor volume in-
crement rate became slow or was not obvious.

The relative tumor growth rate of three tumor types was

Table 2.  Distribution of [131I]-labeled anti-CEA MoAbs (LS180).  cP<0.01 vs IgG-low. fP<0.01 vs IgG-high. iP<0.05 vs 3.1 mCi/kg. lP<0.01 vs
6.25 mCi/kg.  n=7.  Mean±SD.

      Group        Time                                          Distribution of radioisotope in tumor and non-tumor (% ID/g)
                                                 IgG-low         IgG-high                3.1 mCi/kg              6.25 mCi/kg             12.5 mCi/kg

Blood 24 h 0.299±0.038 0.496±0.022 0.439±0.037cf 0.656±0.075cf 0.474±0.089cf

48 h 0.538±0.166 0.584±0.037 0.694±0.036cf 0.834±0.037cf 0.568±0.042cf

96 h 0.694±0.222 0.759±0.062 1.874±0.160cf 1.325±0.179cf 2.337±0.224cfi

Heart 24 h 0.881±0.019 1.079±0.019c 0.663±0.008cf 1.255±0.007cfi 1.210±0.001cfi

48 h 2.147±0.105 1.550±0.011 1.129±0.003cf 1.828±0.114cf 1.867±0.066cfil

96 h 2.934±0.033 3.336±0.294 3.095±0.027cf 2.729±0.079cf 2.839±0.004cfl

Liver 24 h 0.772±0.090 1.050±0.036 0.670±0.036cf 0.678±0.002cfi 1.217±0.057cfi

48 h 1.324±0.035 1.203±0.093 0.946±0.042cf 1.439±0.086cf 1.764±0.131cfi

96 h 3.245±0.124 5.717±0.383 4.646±0.132cf 3.763±0.064cf 3.905±0.212cf

Lung 24 h 0.528±0.024 0.688±0.016c 0.426±0.016cf 0.676±0.013cf 0.604±0.019cfi

48 h 0.754±0.007 0.767±0.053 0.586±0.020cf 0.857±0.028cfi 0.829±0.059cf

96 h 1.506±0.136 2.377±0.241 2.080±0.086cf 1.509±0.158cfi 1.580±0.004cfi

Kidney 24 h 0.972±0.089 1.256±0.047 0.935±0.144cf 1.148±0.071cf 1.110±0.115cfi

48 h 1.536±0.003 1.736±0.049 1.434±0.015cf 2.121±0.010cf 2.214±0.107cfi

96 h 2.734±0.394 5.424±0.051 5.391±0.107cf 2.997±0.121cfi 4.078±0.124cfl

Table 3.  Distribution of [131I]-labeled anti-CEA MoAbs (LS174T).  cP<0.01 vs IgG-low. fP<0.01 vs IgG-high. iP<0.05 vs 3.1 mCi/kg. lP<0.01
vs 6.25 mCi/kg. n=7. Mean±SD.

      Group        Time                                          Distribution of radioisotope in tumor and non-tumor (% ID/g)
                                                 IgG-low         IgG-high                3.1 mCi/kg              6.25 mCi/kg             12.5 mCi/kg

Blood 24 h 0.320±0.008 0.503±0.016 0.403±0.028cf 0.623±0.089cf 0.530±0.038cf

48 h 0.583±0.014 0.679±0.042 0.824±0.070cf 1.010±0.131cf 0.619±0.023cfil

96 h 0.686±0.003 0.766±0.118c 1.738±0.103cf 1.196±0.049cf 2.038±0.138cfi

Heart 24 h 0.913±0.033 1.048±0.043c 0.693±0.014cf 1.277±0.015cfi 1.259±0.005cfi

48 h 2.471±0.172 1.706±0.082 1.188±0.034cf 1.946±0.030cf 2.103±0.038cfi

96 h 3.153±0.014 3.385±0.012 3.097±0.064cf 2.920±0.151cf 2.915±0.096cfil

Liver 24 h 0.786±0.024 1.026±0.008 0.656±0.016cf 0.686±0.014cfi 1.210±0.021cf

48 h 1.433±0.017 1.331±0.091 1.033±0.028cf 1.577±0.049cf 1.869±0.004cf

96 h 3.379±0.143 5.734±0.081c 4.802±0.104cf 3.766±0.079cf 4.019±0.112cfi

Lung 24 h 0.546±0.010 0.707±0.035c 0.436±0.001cf 0.686±0.001cf 0.623±0.010cf

48 h 0.853±0.061 0.905±0.002 0.664±0.027cf 0.923±0.120cf 0.952±0.020cfi

96 h 1.433±0.019 2.441±0.209 2.153±0.058cf 1.562±0.016cf 1.636±0.020cfi

Kidney 24 h 0.920±0.099 1.275±0.032 0.888±0.012cf 1.111±0.045cf 1.085±0.028cfi

48 h 1.789±0.046 1.904±0.018 1.616±0.096cf 2.335±0.155cf 2.575±0.049cfil

96 h 2.827±0.553 5.594±0.072c 5.561±0.025cf 3.073±0.017cfi 4.229±0.085cfi



1262

 Acta Pharmacologica Sinica ISSN 1671-4083Lu QJ et al

calculated.  The growth of tumors were inhibited significantly
at the dosage groups of 3.1 mCi/kg, 6.25 mCi/kg, and 12.5
mCi/kg in nude mice bearing LS180 or LS174T (T/C%<60%).

Figure 1.  The effect of [131I]-labeled anti-CEA MoAbs on tumor
growth curve of LS180.  n=7. Mean±SD.

Figure 2.  The effect of [131I]-labeled anti-CEA MoAbs on tumor
growth curve of LS174T. n=7. Mean±SD.

Figure 3.  The effect of [131I]-labeled anti-CEA MoAbs on tumor
growth curve of SW1116.  n=7. Mean±SD.

Table 4.  Distribution of [131I]-labeled anti-CEA MoAbs (SW1116).  cP<0.01 vs IgG-low. fP<0.01 vs IgG-high. iP<0.05 vs 3.1 mCi/kg. lP<0.01
vs 6.25 mCi/kg. n=7. Mean±SD.

      Group        Time                                          Distribution of radioisotope in tumor and non-tumor (% ID/g)
                                                 IgG-low         IgG-high                3.1 mCi/kg              6.25 mCi/kg             12.5 mCi/kg

Blood 24 h 0.640±0.035 0.514±0.005* 0.437±0.068cf 0.684±0.086 0.447±0.031cfi

48 h 0.641±0.026 0.735±0.096 0.561±0.022cf 0.942±0.135 0.630±0.041cfi

96 h 0.831±0.048 0.760±0.169 1.865±0.111cf 1.357±0.262cf 0.860±0.075cfi

Heart 24 h 1.886±0.022 2.314±0.035 1.420±0.003cf 2.707±0.068cfi 2.647±0.003cfi

48 h 2.986±0.115 2.733±0.089 1.569±0.019cf 2.910±0.084cf 2.795±0.089cfi

96 h 3.386±0.198 2.801±0.067 2.820±0.211cf 3.278±0.049cfi 2.829±0.021cfi

Liver 24 h 1.644±0.137 2.250±0.101 1.438±0.059cf 1.470±0.011cf 2.559±0.028cf

48 h 1.831±0.034 2.300±0.111 1.529±0.096cf 1.951±0.019cf 2.702±0.125cfi

96 h 3.413±0.007 4.154±0.243c 3.268±0.104cf 3.725±0.025cf 3.915±0.227cfil

Lung 24 h 1.146±0.065 1.669±0.064 0.816±0.004cf 1.112±0.004cf 1.141±0.026cf

48 h 1.175±0.024 1.707±0.003c 1.202±0.061cf 1.130±0.037cfi 1.145±0.043cfi

96 h 1.517±0.053 2.471±0.021c 2.059±0.034cf 1.539±0.064cfi 1.561±0.023cfi

Kidney 24 h 2.100±0.041 2.716±0.072 1.858±0.055cf 2.506±0.019cfi 2.417±0.114cfi

48 h 2.119±0.012 2.771±0.048c 1.998±0.008cf 2.819±0.101cfi 3.081±0.148cfi

96 h 2.707±0.389 5.371±0.049c 5.339±0.105cf 2.968±0.120cf 4.039±0.123cfil

For SW1116, only the 6.25 mCi/kg and 12.5 mCi/kg dosages
were effective.  With the increasing dosage, more obvious
inhibition of the tumor growth was observed.

Tumor weight and tumor growth inhibition rate (TIR) were
calculated.  The data is shown in Table 5.  The tumor weights
of three dosage [131I]-labeled anti-CEA MoAbs groups were
all less than that of the control.  With the increase in dosage,
the tumor growth inhibition rate was more obvious.  The
tumor growth inhibition rate of the 3.1 mCi/kg CEA MoAbs
group (LS180, LS174T, SW1116) was 47.8%–64.0%.  This
was 69.6%–78.6% in the 6.25 mCi/kg CEA MoAbs group,
and 81.8%–86.2% in the 12.5 mCi/kg [131I]-labeled anti-CEA
MoAbs group.

Plasma CEA level  The plasma CEA level is shown in
Table 6.  Three groups’ CEA levels were lower than the con-
trol group.  This shows a relationship between the CEA level
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Our data show that [131I]-labeled anti-CEA MoAbs at
different dosages can significantly inhibit the growth rate of
tumors (LS180, LS174T, SW1116) in a dose-dependent
manner.  We are encouraged by the finding that the destruc-
tion of tumors was apparent in approximately 50% of tumors
in the animals given 3.1 mCi/kg of radiolabeled rch24 antibody.
This suggests that we may be able to use a low dosage to
produce slight toxicity.

With one exception, most therapeutic studies with [131I]-
labeled antibodies in experimental animals have failed to in-
hibit completely the growth of well-established tumors[10–12].
However, Cheung et al were able to ablate 0.5–2.0 cm3 neu-
roblastoma xenografts in nude mice with a single injection of
1 mCi of [131I]-labeled 3F8 MoAbs[13].  Whether these results
are a result of a property of the antibody, radiosensitivity of
the tumor or some other factor, is unclear, but all current
experimental evidence indicates that radiolabeled antibod-
ies can be effectively used to inhibit tumor growth.

In this report we examined the distribution of [131I]-
labeled anti-CEA MoAbs.  Targeting was observed 24 h after
the drug was administered.  It was more obvious 96 h after
administration.  The blood and liver have the main uptake
and the kidney has a low uptake.  Toxicity was measured by
the change in bodyweight and by determination of the total
peripheral white blood cells (WBC).  There was no signifi-
cant difference in the bodyweight and peripheral WBC counts
between the treated groups and model control (data not
shown).

Because [131I] is not an as effective radionuclide as other
isotopes, other radioconjugates are being pursued[14,15].  One
of the best candidates for convenient coupling to antibod-
ies is Yttrium-90 [90Y].  But there are difficulties in the
application.  These include high uptake in normal tissue,

Table 5.  Tumor weight and tumor inhibition rate (TIR) of  [131I]-labeled anti-CEA MoAbs on mice bearing tumor.  cP<0.01 vs model.  fP<0.01
vs rch24-low.  iP<0.01 vs rch24-high.  lP<0.01 vs IgG-low.  oP<0.01 vs IgG-high.  rP<0.05 vs 3.1 mCi/kg.  n=7.  Mean±SD.

      Group                                            LS180                                                   LS174T                                             SW1116
                   Tumor Weight (g)         TIR (%)          Tumor Weight (g)             TIR (%)        Tumor Weight (g)       TIR (%)

Model 2.8±0.8 − 2.5±0.2 − 2.2±0.1 −
rch24-low 1.7±0.5 39.3 1.6±0.3 36.0 1.6±0.2 27.3
rch24-high 1.4±0.3 50.0 1.3±0.2 48.0 1.4±0.2 36.4
IgG-low 1.1±0.2 60.7 1.1±0.2 56.0 1.2±0.2 45.5
IgG-high 0.9±0.2 67.9 1.0±0.2 60.0 1.0±0.1 54.5
3.1mCi/kg 0.8±0.2cfl 71 .4 0.9±0.1cfl 64 .0 0.9±0.2cfl 59 .1
6.25mCi/kg 0.7±0.2cr 75 .0 0.7±0.1cr 72 .0 0.8±0.2cr 63 .6
12.5mCi/kg 0.4±0.1cior 85 .7 0.5±0.1cior 80 .0 0.7±0.1cior 68 .2
5-FU 1.6±0.3c 42.9 1.4±0.2c 44.0 1.5±0.2c 31.8

Table 6. Plasma CEA levels of mice bearing different types of tumor.
cP<0.01 vs model.  fP<0.01 vs rch24-low.  iP<0.01 vs rch24-high.
lP<0.01 vs IgG-low. oP<0.01 vs IgG-high.  rP<0.05 vs 3.1 mCi/kg.
n=7. Mean±SD.

     Group                                CEA level (ng/mL)
                 LS180         LS174T           SW1116

Model 39.2±4.5 36.1±1.7 36.7±3.7
rch24-low 33.0±5.9 33.3±1.2 34.1±4.4
rch24-high 28.5±4.3 28.9±1.9 29.1±1.5
IgG-low 28.8±5.0 27.1±1.6 27.7±1.8
IgG-high 25.1±5.7 24.0±1.6 27.1±1.2
3.1 mCi/kg 23.4±4.1cf 22.8±2.9cf 24.2±2.6cf

6.25 mCi/kg 21.0±4.7c 20.8±1.5c 21.0±1.7c

12.5 mCi/kg 17.4±3.7cil 17.3±1.2cil 18.8±1.0cil

5-FU 25.4±1.2c 21.1±1.5c 26.6±1.0c

and dosage.  Compared with the “nude” antibody and [131I]-
labeled-IgG, [131I]-labeled anti-CEA MoAbs was more effec-
tive in lowering the CEA level.

Discussion

A new approach in radiation therapy for cancer involves
the use of radiolabeled MoAbs raised against tumor-associ-
ated antigens[9].  The approach adopted in this study was
the use of [131I]-labeled anti-CEA MoAbs at different doses
to produce tumor growth inhibition in groups of athymic
nude mice bearing human colon adenocarcinoma xenografts.
The two principal objectives of this study were to examine
the biodistribution and antitumor activity of the [131I]-labeled
anti-CEA MoAbs.
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especially the liver, and problems associated with obtaining
high specific activity [90Y].  In addition, [90Y] are known to
concentrate in the bone[16].  This may cause severe problems.
Each radionuclide antibody tumor system has advantages
and disadvantages, but [131I] label is the most promising
method at present.

Overall, the results of the present study indicate that
tumor growth inhibition using radiolabeled antibodies can
be confirmed.  Using selectively localizing antitumor anti-
bodies conjugated with suitably cytotoxic radionuclides may
provide a useful new approach to the treatment of dissemi-
nated cancers.
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Deguelin regulates nuclear pore complex proteins Nup98 and Nup88 in
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Abstract
Aim: To investigate the anticancer effects and the molecular mechanisms of
deguelin on human U937 leukemia cells, and to explore the underlying mechanism
regulating nucleoporin 98 (Nup98) and nucleoporin 88 (Nup88) in vitro.  Methods:
The effects of deguelin on the growth of U937 cells were studied by MTT assay.
The effect of deguelin on the cell cycle of U937 cells was studied by using a
propidium iodide method.  The localization of the nuclear pore complex proteins
Nup98 and Nup88 was investigated by using immunofluorescence and
immunoelectron microscopy.  The expression of Nup98 and Nup88 in U937 cells
was investigated by using flow cytometry and Western blot.  Results: The prolif-
eration of U937 cells was inhibited in the deguelin-treated group, with a 24-h IC50

value of 21.61 nmol/L and a 36-h IC50 value of 17.07 nmol/L.  U937 cells treated with
deguelin had reduced percentages of cells in the G0/G1 phase, whereas cells accu-
mulated in the S and G2/M phases.  Nup88 and Nup98 were found on both the
nuclear and cytoplasmic sides of the U937 cells by using immunofluorescence
and immunoelectron microscopy.  The expression of Nup98 was upregulated and
that of the Nup88 protein was downregulated in U937 cells treated with deguelin.
Conclusion: Deguelin is able to inhibit the proliferation of U937 cells by regulat-
ing the cell cycle such that cells are arrested at the S and G2/M phases, so that the
proportion of cells in the G0/G1 phase decreases.  The antitumor effects of deguelin
are related to upregulating the expression of Nup98 and downregulating the ex-
pression of Nup88 protein in U937 cells.
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Nup88

1 Project supported by the National Natural
Science Foundation of China (No 30472267).
3 Correspondence to Prof Yan CHEN.
Ph n 86-27-6604-6609.
Fax 86-27-8572-6916.
E-mail liuhl60@tom.com

Received 2005-04-25
Accepted 2005-06-25

doi: 10.1111/j.1745-7254.2005.00192.x

Introduction
The nuclear pore complex (NPC) comprises a central eight-

fold symmetrical ring and spoke assembly, cytoplasmic fibers,
and a filamentous nuclear basket[1].  Molecular trafficking
between the nucleus and the cytoplasm of interphase cells
occurs via the NPC, which are large molecular assemblies
that are embedded in the double-membraned nuclear enve-
lope (NE)[2].  The NPC provide peripheral channels of ap-
proximately 9 nm in diameter, which allow the diffusion of
ions and small molecules, and mediate the selective trans-
port of nuclear proteins, RNA, and ribonucleoprotein (RNP)
particles by energy-dependent mechanisms.  Several inter-

actions between individual FG (Phe-Gly) repeat-containing
nucleoporins and transport factors have been reported, lead-
ing to the idea that such interactions may play a pivotal role
in the docking, translocation, and/or termination steps of
the transport process[3].  Recent research has shown that
Nup98 can dynamically associate with the nuclear pore and
shuttle between the NPC and intranuclear bodies, and addi-
tionally between the nucleus and the cytoplasm in a tran-
scription-dependent manner.  The most common oncogenic
fusions involve a segment of the gene encoding the FG-
repeat domain of Nup98, which, in turn, becomes linked to
genes of the homeobox family of transcription factors[4].
Nucleoporins are involved in several types of acute myeloid
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leukemia and a few other hematological malignancies, as well
as rare cases of other tumors.  Overexpression of nucleoporin
88 (Nup88) is associated with malignant tumors, whereas in
most other cases the role of the Nup proteins in tumorigen-
esis stems from chromosomal rearrangements that results in
oncogenic fusion proteins[5].  Nup98 and Nup88 play impor-
tant roles in nucleocytoplasmic shuttling activity in carci-
noma cells.

Several natural compounds, in particular plant products
and dietary constituents, have been found to have chemo-
preventive activities both in vitro and in vivo[6].  Deguelin
has been isolated from several plant species, including
Mundulea sericea (Leguminosae).  Recent experiments have
verified that deguelin can lead the cell cycle to block and
induce apoptosis; however, the mechanism by which it acts
is not yet completely clear[7–9].  In our previous studies, we
found that deguelin was able to inhibit the proliferation of
Burkitt’s lymphoma cell line Daudi cells by regulating the
cell cycle such that cells were arrested at the G0/G1 phase,
and apoptosis was induced.  Moreover, deguelin has low
toxicity in human peripheral blood monocular cells (PBMC),
but selectively induces the apoptosis of Daudi cells.
Deguelin has antitumor effects because it downregulates
the expression of cyclin D1 and the pRb protein[10].  In the
present study, we chose human myeloid precursor cell line
U937 cells as the target.  This study was designed to explore
the mechanism by which deguelin regulates Nup98 and
Nup88 in U937 cells.  We focused on changes in the expres-
sion of Nup98 and Nup88, and analyzed the underlying mecha-
nism by which molecular trafficking between the nucleus
and the cytoplasm is carried out.

Materials and methods

Drugs and reagents  Deguelin was purchased from the
Sigma (St Louis, MO, USA) and was initially dissolved in
dimethylsulfoxide (Me2SO), and stored at -20 °C, and was
then thawed before use. 3-(4,5-dimethyl-2 thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) was purchased from
Janssen Chimica Company (New Brunswick, NJ, USA).
RPMI-1640 medium, propidium iodide (PI), Hoechst 33258,
and Me2SO were purchased from Sigma.  Fetal calf serum
(FCS), anti-Nup88 and anti-Nup98 antibodies were purchased
from Santa Cruz (California, USA).  Fluorescein isothiocyanate
(FITC)-labeled secondary antibodies were purchased from
Zhongshan Company (Beijing, China).  Chemiluminescence
(ECL) reagent kits were purchased from Pierce Biotechnol-
ogy (Rockford, IL, USA).  The U937 cell line was obtained
from the China Center for Typical Culture Collection (Wuhan,

China).  All cell groups were grown in an RPMI-1640 culture
medium containing 10% FCS and 2 mmol/L L-glutamine at
37 ºC in a 5% CO2 incubator.

MTT assay  The antiproliferative effect of deguelin
against different group cells was determined by using the
MTT dye uptake method as described previously[11].  Briefly,
the final concentrations of deguelin were 0, 5, 10, 20, 40, 80,
and 160 nmol/L.  Each concentration of deguelin was added
to 6 wells, respectively.  The plates were in the presence or
absence of the indicated test samples for 0 h, 12 h, 24 h, 36 h,
48 h, 60 h, and 72 h.  Thereafter, 20 µL MTT solution [5
mg/mL in phosphate-buffered saline (PBS)]was added to each
well.  After incubation for 4 h at 37 °C, the supernatant was
removed and 150 µL Me2SO was added.  When the blue
crystals were dissolved, the optical density (OD) was de-
tected in a microplate reader at a wavelength of 570 nm using
a 96-well multiscanner autoreader (Biotech Instruments
µQuant, NY, USA).  The following formula was used: cell
proliferation inhibited (%)=[1–(OD of the experimental
samples/OD of the control)]×100% (n=6. Mean±SD).

DNA content and cell cycle analysis  Untreated and
treated cells were collected, after being cultured in the pres-
ence or absence of deguelin for the indicated time, rinsed
with PBS, and suspended in 75% ethanol at -20 ºC overnight.
Fixed cells were centrifuged at 1200×g and washed twice
with PBS.  For detecting DNA content, cells were incubated
in the dark with 50 mg/L PI and 0.1% RNase A in 400 µL PBS
at room temperature for 30 min.  Stained cells were analyzed
using FACSort (Becton Dickinson, New Jersey, USA).  The
percentage of cells was determined using the CellQuest soft-
ware program (Becton Dickinson, New Jersey, USA).  Cells
were grouped as follows: the control group; and those treated
with deguelin at concentrations of 5, 10, 20, 40, and 80 nmol/L
for 24 h, respectively (n=3).

Immunofluorescence with confocal microscopy  For the
immunofluorescence experiments, cells were fixed in 4%
paraformaldehyde for 10 min and permeabilized with 0.2%
Triton X-100 on ice for 10 min.  Samples were blocked with
3% bovine serum albumin plus 0.02% Triton X-100 in PBS
for 30 min, incubated with anti-Nup88 (1:200) and anti-Nup98
(1:100) antibodies overnight at 4 ºC, and washed 4 times with
1.5 % bovine serum albumin plus 0.02% Triton X-100 in PBS.
FITC-labeled secondary antibodies diluted in PBS were ap-
plied for 30 min, and cells were washed 3 times every 15 min.
Hoechst 33258 (1 µg/mL) and PI (50 mg/L) were included in
the penultimate wash step to visualize the DNA.  Coverslips
were mounted with 3-amino propyltriethoxy silane (APES).
Images were captured using a FV500 confocal microscope
(Olympus, Tokyo, Japan).
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Nup98 and Nup88 protein analysis using flow cytom-
etry  Flow cytometry was performed to determine the expres-
sion of Nup98 and Nup88 in cells by using primary antibod-
ies to the peptide-binding domain.  A total of 1×106 cells were
collected, washed with PBS, and anti-Nup88 antibody (1:50)
and anti-Nup98 antibody (1:50) were added, then the mixture
was kept at 4 ºC overnight.  Mouse IgG1 (1:50) antibody was
the isotype control group.  FITC-labeled secondary anti-
body diluted in PBS (1:100) was applied for 30 min at room
temperature.  Stained cells were analyzed by using FACSort.
A total of 10 000 cells were analyzed from each cell group.
The percentage of cells was determined using the CellQuest
software program.  Cells were grouped as follows: the nega-
tive group; the blank group; those treated with 10 nmol/L
deguelin for 24 h; those treated with 20 nmol/L deguelin for
24 h.

Immunoelectron microscopy  U937 cells on coverslips
were fixed in 4% paraformaldehyde and 0.2% glutaraldehyde
and washed with 0.1 mol/L phosphate buffer (PB; pH 7.4),
followed with PB containing 0.1% sodium borohydride to
inactivate residual aldehyde groups.  The cells were
permeabilized with PB containing 0.05% Triton X-100 for 20
min at room temperature and washed with PB.  The blocking
solution was PBS (pH 7.4) containing 4% normal goat serum
(NGS).  After blocking, cells were incubated with affinity-
purified goat anti-Nup98 antibody (1:100) and affinity-puri-
fied mouse anti-Nup88 antibody (1:100) in PBS containing
1% NGS at 4 ºC overnight.  After 6 washes with PBS, cells
were incubated with a biotinylated respondent secondary
antibody (1:200) in PBS and 1% NGS.  Immunoreactivity was
visualized by incubation with 0.05% diamino-benzidine (DAB;
Sigma) and 0.003% hydrogen peroxide in 0.05 mol/L Tris (pH
7) for 2 min.  Cells were washed, postfixed with 2.5% glutaral-
dehyde in PB, washed again, fixed with 0.5% osmium tetrox-
ide for 15 min, dehydrated, and embedded in Leica ultracut
UCT (Wetzlar, Germany) for sectioning.  Sections were ob-
served on an electron microscope (Tecnai F12; FEI,
Eindhoven, the Netherlands).

Western blot analysis  Lysates were prepared from 1×107

cells by dissolving cell pellets in 100 µL of lysis buffer [20
mmol/L Na2PO4 (pH 7.4), 150 mmol/L NaCl, 1% Triton X-100,
1% aprotinin, 1 mmol/L phenylmethylsulfonyl fluoride, 10
g/L leupeptin, 100 mmol/L NaF, and 2 mmol/L Na3VO4].  Ly-
sates were centrifuged at 18 000×g for 15 min and the super-
natant was collected.  Protein content was determined using
a Bio-Rad protein assay (Bio-Rad laboratories, Hercules, CA,
USA).  Sodium dodecylsulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) sample buffer [10 mmol/L Tris-HCl (pH
6.8) 2% SDS, 10% glycerol, 0.2 mol/L 1,4-Dithiothreitol,

(DTT)] was added to the lysates.  Lysates were heated to 100 ºC
for 5 min, and 100 µg of protein was loaded into each well of
a 10% SDS-PAGE gel.  Resolved proteins were electrophoreti-
cally transferred to nitrocellulose and blocked with 5% non-
fat milk.  After incubation with the Nup88 antibody (at a
1:2500 dilution) and the Nup98 antibody (dilution
1:1000) at 4 °C overnight, the blots were washed 3 times with
TBS/Tween [TBST; 25 mmol/L Tris-HCl (pH 8.0), 125 mmol/L
NaCl, 0.1% Tween 20], and exposed to horseradish peroxi-
dase (HRP)-conjugated corresponding secondary antibod-
ies for 1 h, and finally detected by using ECL.  Quantification
of the bands was carried out using the Quantity One densi-
tometric analysis software (Bio-Rad).

Statistical analysis  All data are expressed as mean±SD,
and analyzed using SPSS 10.0 for Windows 98.  Linear t-test
were used for statistical analyses, and P<0.05 was consid-
ered to be statistically significant.

Results
Effects of deguelin on proliferation of U937 cells  U937

cells treated with different concentrations of deguelin (0, 5,
10, 20, 40, 80, or 160 nmol/L) for 0 h, 12 h, 24 h, 36 h, 48 h, 60
h, and 72 h, respectively, resulted in the inhibition of cell
proliferation in a dose- and time-dependent manner.  The OD
value of the deguelin-treated group was significantly lower
than that of the untreated group (Figure 1).  The IC50 value for
24 h for the U937 cells was 21.61 nmol/L, whereas the IC50

value for 36 h was 17.07 nmol/L.
Effects of deguelin on the cell cycle of human leukemia

U937 cells  Figure 2 illustrates the changes in DNA content

Figure 1.  Antiproliferation effect of deguelin on U937 cells.  U937
cells were treated with various concentrations of deguelin as indi-
cated for 0, 12, 24 , 36, 48, 60, or 72 h.  Growth inhibition was
determined using an MTT assay and is shown as an inhibitory rate.
n=6.  Mean±SD.
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distribution in cells treated with 0, 5, 10, 20, 40, or 80 nmol/L
deguelin for 24 h.  As the treatment dose increased, the per-
centage of cells in S phase and G2/M phase increased,
whereas the number in the G1/G0 phase decreased accordingly.
After treatment with 0, 5, 10, 20, 40, or 80 nmol/L deguelin for
24 h, the proportion of cells in the G1/G0 phase were 73.01%,
71.15%, 68.42%, 53.83%, 43.99%, and 22.82%, respectively;
the proportion decreased in a dose-dependent manner.  The
proportion of S phase cells were 17.18%, 16.30%, 18.09%,
27.56%, 31.21%, and 46.85%, respectively; the proportion
increased in a dose-dependent manner.  The proportion in
the G2/M phase was 9.75%, 12.31%, 13.99%, 18.99%, 24.83%,
and 27.79%, respectively.  These results show that deguelin
arrested the U937 cells at the S phase and the G2/M phase,
and decreased the number of cells in the G1/G0 phase in vitro.

Effects of deguelin on Nup98 and Nup88 in U937 cells
In this study, FITC-labeled secondary antibodies marked

Nup98 and Nup88 with green fluorescence, and Hoechst
33258 and PI labeled the DNA of U937 cells with blue and red
fluorescence, respectively.  In Figure 3, part Ad is merged
parts Ab and Ac, and part Bd is merged parts Bb and Bc
using confocal microscopy.  We found that Nup98 had low
fluorescence intensity, with an OD value of 50.23 in U937
cells, and the fluorescence was located both within the
nucleoplasm and nucleus in intensely fluorescent dots.  Af-
ter treatment with 20 nmol/L deguelin for 24 h, Nup98 had
greater fluorescence intensity, with an OD value of 252.28,
and its distribution was mainly within the nucleus.  In U937
cells, Nup88 had high fluorescence intensity, with an OD
value of 215.16.  After treatment with 20 nmol/L deguelin for
24 h, Nup88 had lower fluorescence intensity, with an OD
value of 63.24.  Compared with the control group, expression
of Nup98 and Nup88 after treatment with 20 nmol/L deguelin
for 24 h was significantly different (P<0.05).  When these

Figure 2.  Distribution of cells in phases of the cell cycle caused by deguelin.  Data were obtained using FACSort (Becton Dickinson).  A is the
control; B, C, D, E, F are cells treated with 5, 10, 20, 40, or 80 nmol/L deguelin for 24 h, respectively (n=3).

                                                               Concentration/nmol·L-1

                             Control         5           10            20          40           80

G0/G1 (%) 73.01 71.15 68.42 53.83 43.99 22.82
S (%) 17.18 16.30 18.09 27.56 31.21 46.85
G2/M (%)   9.75 12.31 13.99 18.99 24.83 27.79
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data are considered together, we conclude that Nup98 and
Nup88 are regulated by deguelin, but the mechanism by
which this occurs is not completely clear.

Nup98 and Nup88 protein analysis in U937 cells  We
used flow cytometry to measure the expression of Nup98
and Nup88 in untreated U937 cells, and in U937 cells treated
with deguelin.  In untreated cells, the average fluorescence
intensity of Nup98 in the blank controls was 23.55.  In cells
treated with 10 nmol/L and 20 nmol/L deguelin for 24 h, the
average fluorescence intensity of Nup98 was 189.58 and
249.32, respectively.  The average fluorescence intensity of
Nup88 in the blank controls was 53.92.  When cells were
treated with 10 nmol/L and 20 nmol/L deguelin for 24 h, the
average fluorescence intensity of Nup88 was 11.12 and
10.03, respectively (Figure 4; n=3).

Location of Nup98 and Nup88 in U937 cells  To visualize
the subcellular location of Nup98 and Nup88, untreated and
treated U937 cells were detected by using immunoelectron
microscopy.  In Figure 5, the nuclear pore proteins are indi-
cated by arrowheads and are mainly located within the
nuclear membrane.  The density of the nuclear pore protein
is based on DAB staining.  In Figure 5, the electronic density
of Nup98 in untreated cells is lower than that in deguelin-
treated U937 cells.  The electronic density of Nup88 in un-
treated cells was higher than that in deguelin-treated U937
cells.

Expression of Nup98 and Nup88 in U937 cells  Our
results reveal that deguelin can induce antiproliferation and
apoptosis in U937 cells.  However, it is unclear how U937
induces these effects.  U937 cells treated with 10 nmol/L and
20 nmol/L of deguelin for 24 h were lysed and resolved using
10% SDS-PAGE, and then Western blot analysis was carried
out using anti-Nup98 and anti-Nup88.  Figure 6 shows the
marked change in Nup98 and Nup88 expression following
deguelin treatment.  Deguelin is related to upregulating the
expression of Nup98 and downregulating the expression of
the Nup88 protein.  This indicates that Nup98 and Nup88 are
related to the deguelin-mediated nucleocytoplasm shuttling
activity, which is related to cell proliferation and apoptosis.

Discussion

Deguelin, a natural plant extract, is commonly used as an
insecticide in Africa, South America and China.  Deguelin
belongs to a class of compounds called rotenoids, which
have chemopreventive activity[6].  In fact, deguelin has al-
ready been shown to prevent skin and breast tumors in ex-
perimental models[7].  It has chemopreventive activity, and
acts by inhibiting NADH:ubiquinone oxidoreductase activity,
and by regulating the cell cycle and inducing apoptosis[7].
Chun et al found that deguelin inhibited the growth of and
promoted apoptosis of premalignant and malignant cells[8].

Figure 3.  Deguelin regulates the expression of Nup98 and Nup88 proteins in U937 cells.  Images were obtained using an FV500 confocal
microscope.  In part A, a, b, c, and d correspond to the expression of Nup98 in control U937 cells, treatment with 20 nmol/L deguelin for 24 h,
DNA staining with Hoechst 33258, and merged parts Ac and Ad, respectively.  In part B, a, b, c, and d correspond to the expression of Nup88
in control U937 cells, treatment with 20 nmol/L deguelin for 24 h, DNA staining with PI, and merged parts Bc and Bd, respectively.  Scale
bars=20 µm.
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In contrast, the compound had little effect on normal HBE
cells.  The drug’s antineoplastic effects and specificity ap-
peared to be due to its ability to inhibit phosphatidylinositol
3-kinase (PI3K)/Akt-mediated signaling pathways[9,10].  Bortul
et al  found that deguelin enhanced the sensitivity of U937
leukemia cells and acute myeloid leukaemia (AML) blasts to
chemotherapeutic drugs with an activated PI3K/Akt network[10].
In the present experiment we found that deguelin  suppressed
the proliferation of U937 cells, and that deguelin may have
potential as an anti-tumor medicine.  After treatment with
different doses of deguelin, U937 cells accumulated in the S
and G2/M phases, whereas the number of cells in the G0/G1

phase decreased in a dose-dependent manner.  We also found
that deguelin upregulated the expression of Nup98 and
downregulated the expression of Nup88 in U937 cells.  This
suggests that changes in the ratio of Nup98 and Nup88 might
contribute to the apoptosis-promoting activity of deguelin
in these cells.  The changes effected in nucleoporin in U937

cells by deguelin offer new possibilities for exploring the
underlying anti-tumor mechanism of deguelin.

The various events of nuclear division, cytoplasmic
division, cell growth, and cell maturation are repeated in each
generation of cells[12].  The periods of time and the sequence
of events from one cell division to the next are collectively
referred to as the cell cycle.  Severe defects in chromosomes
block progression through the cell cycle, and can lead to cell
suicide or apoptosis[13].  Deguelin plays an important phar-
macological role by acting on different stages of the cell
cycle in tumor cells.  In this study, U937 cells were arrested
mainly in the S and G2/M phases by deguelin, whereas the
proportion of cells in the G0/G1 phase gradually declined.
After treatment with different doses of deguelin for 24 h,
cells in the G0/G1 phase were earliest influenced, and the
proportion of cells in this phase decreased gradually in a
dose-dependent manner.  At the same time, the proportion
of cells in the S phase increased gradually, with treatment

Figure 4.  Deguelin regulates the expression of Nup98 and Nup88 protein in U937 cells. Data were obtained using FACSort (Becton
Dickinson).  A and E are the negative controls (1); B and F are the Nup98 blank control and the Nup88 blank control (2); C and G are cells
treated with 10 nmol/L deguelin for 24 h (3); D, H are cells treated with 20 nmol/L deguelin for 24 h (4).  n=3. Mean±SD.  bP<0.05 vs blank
control.
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with 80 nmol/L deguelin resulting in the highest value.  The
proportion of cells in the G2/M phase increased in a dose-
dependent manner.  These data show that deguelin usually
regulates the G1/S and G2/M checkpoints in U937 cells.  Cell
cycle checkpoint controls at the G1 to S transition and the G2
to M transition prevent the cell cycle from progressing when
DNA is damaged[14].  That deguelin regulates the cell cycle
checkpoints has been verified in other tumor cells.  Chun et
al found that after treatment with deguelin, the proportion of
premalignant cells in the G0/G1 phase increased and the pro-
portion of malignant HBE cells in the G2/M phase increased
from 9.6% to 40.2%[8].  Bortul et al  found that deguelin (10
nmol/L) induced S phase arrest by interrfering with the pro-
gression to G2/M[10].  In our previous studies [11], we found
that deguelin was able to inhibit the proliferation of Daudi
cells by regulating the cell cycle that arrests cells at the G0/G1

phase, and had no effect on the G2/M phase.  The mecha-
nism by which deguelin causes these different cell cycle
changes is not yet completely clear, but it is mainly related to
the sensitivity of tumor cells to deguelin.

Transport between the nucleus and the cytoplasm oc-
curs through NPC embedded in the nuclear envelope.

Figure 5.  Regulation of Nup98 and Nup88
in U937 cells by deguelin.  Images were
obtained by immunoelectron microscopy.
Nuclear pore proteins are indicated by ar-
rowheads and are mainly located within
the nuclear membrane.  A and B show the
localization of Nup98 in the untreated and
deguelin-treated U937 cells.  C and D show
the localization of Nup88 in the untreated
and deguelin-treated U937 cells.  B and C
show images with higher electronic den-
sity than A and D.  In all panels, orienta-
tion is with cytoplasm up, nucleus down.
Bars=800 nm.

Figure 6.  Effect of deguelin regulating the expression of Nup98 and
Nup88 in U937 cells.  Cells were treated with different concentra-
tions of deguelin for 24 h, and Nup98 and Nup88 expression was
evaluated by using Western blot analysis.  1, 2, and 3 are the control,
10  nmol/L deguelin and 20 nmol/L deguelin, respectively. n=3.
Mean±SD.  bP<0.05 compared with the control.
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Nucleoporins are involved in several types of acute myeloid
leukemia and a few other hematological malignancies, as well
as rare cases of other tumors[15].  An expanding subgroup of
chromosomal translocation-generated oncoproteins in hu-
man acute myeloid leukemias (AML) involve the FG repeat-
containing NPC proteins Nup98 and CAN/Nup214[16].  The
Nup98 gene is found at the breakpoints of two distinct chro-
mosomal rearrangements: t (7;11)(p15;p15) and inv(11)(p15;
q22), which link Nup98 to the class I homeotic transcription
factor HOXA9 and the putative RNA helicase DDX10,
respectively.  The most common oncogenic fusions involve
a segment of the gene encoding the FG-repeat domain of
Nup98, which, in turn, becomes linked to genes of the
homeobox family of transcription factors.  The Nup98-de-
rived FG-repeat segments of the resulting oncogene interact
with the transcriptional coactivators CBP (CREB binding
protein) and P300, thereby leading to increased gene tran-
scription[17].  FG-repeat segments of two other nucleoporins,
Nup153 and CAN/Nup214, can substitute for the Nup98 seg-
ment in the oncogenic fusion protein.  When Nup98 is
disrupted, it selectively impairs discrete protein import
pathways, which supports the idea that transport of distinct
import complexes through the NCP is mediated by specific
subsets of nucleoporins.  Because Nup98 plays a role in
RNA export, its mobility suggests that Nup98 might associ-
ate with RNA close to its transcription site and then further
accompany the processed RNA through the NPC into the
cytoplasm[18].  Using confocal microscopy, we found that
Nup98 was present on both sides of the NPC in U937 cells,
and was localized inside the nucleus.  When cells were treated
with 10 nmol/L and 20 nmol/L deguelin for 24 h, the average
fluorescence intensity of Nup98 was 189.58 and 249.32.
Deguelin can regulate the expression of Nup98, and this
shows that deguelin participates in Nup98 leading nucleo-
cytoplasmic traffic.

Nup88 is a NCP protein; the Nup88 gene is localized at
17p13 and the Nup88 protein is involved in nuclear–cyto-
plasmic transport and cell growth[19].  Overexpression of
Nup88 has been found in human tumors of the stomach,
colon, liver, pancreas, breast, lung, ovary, uterus, prostate
and kidney[20].  The Nup88 protein is also overexpressed in
malignant tumor tissue relative to normal surrounding tissue.
Recent studies have found that the Nup88 protein is en-
hanced in most metastatic melanomas relative to their corre-
sponding primary tumors[21].  Both RNA transcription and
protein expression levels are higher in malignant tumor cell
lines compared with non-transformed cells.  The Nup88 pro-
tein is strongly expressed in the invasive margins of both
primary and metastatic breast, endometrial and colorectal

carcinomas[22].  Overexpression of Nup88 in malignant tu-
mors is probably due to the enhanced nucleocytoplasmic
transport required to meet the increased demand for pro-
teins in the tumor cells.  Nup88 is considered to be a tumor
growth factor, and is a positive regulator in the cell cycle.
For this reason, we devised the present study on Nup88
expression in U937 cells and studied the regulative effects of
deguelin on Nup88.  Our data support the idea that Nup88
might be involved in the tumor progression of U937 cells,
and these findings  show that deguelin participates in Nup88
leading nucleocytoplasmic traffic.

In summary, our results show that deguelin can inhibit
U937 cell proliferation in a dose- and time-dependent manner,
with an IC50 value for 24 h of 21.61 nmol/L and an IC50 value
for 36 h of 17.07 nmol/L.  Deguelin usually regulates the G1/
S and G2/M checkpoints.  In addition, deguelin causes
upregulation of the expression of  Nup98, and downregulation
of the Nup88 protein in U937 cells.  The reasons for this
effect, and the mechanisms for this regulation of Nup98 and
Nup88, and whether these mechanisms are linked to inhib-
ited cell proliferation, are unknown, but our findings sug-
gest that Nup98 and Nup88 may be involved in nucleocyto-
plasmic shuttling in carcinoma cells.
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Introduction
Human immunodeficiency virus (HIV) infection is now a

major public health problem for both developing and deve-
loped countries as it has dramatically increased the global
burden of disease[1–5].  Many efforts have been made on
research and discovery of anti-HIV drugs; however, it still
remains difficult to develop more effective, affordable, and
less toxic anti-HIV drugs for the increasing number of HIV-
infected patients[6].

In recent years, more and more researchers have fixed

their eyes on preventing the entry of HIV into a host cell at
the step of gp41-mediated viral and cellular membrane fusion,
which was denoted as fusion inhibitors[7].  The Food and
Drug Administration of the United States announced, in 2003,
the accelerated approval of enfuvirtide, the first fusion
inhibitor, for use in combination with other anti-HIV medica-
tions to treat advanced HIV-1 infection in adults and chil-
dren aged 6 years and older[8].  Enfuvirtide is administered
twice daily by subcutaneous injection into the abdomen, the
upper arm, or the anterior thigh for clinical therapeutics[9].

Sifuvirtide is a linear 36-amino acid peptide with an amino

Abstract
Aim: To study the pharmacokinetics of sifuvirtide, a novel anti-human immunode-
ficiency virus (HIV) peptide, in monkeys and to compare the inhibitory concentra-
tions of sifuvirtide and enfuvirtide on HIV-1-infected-cell fusion.  Methods: Mon-
keys received 1.2 mg/kg iv or sc of sifuvirtide.  An on-line solid-phase extraction
procedure combined with liquid chromatography tandem mass spectrometry (SPE-
LC/MS/MS) was established and applied to determine the concentration of
sifuvirtide in monkey plasma. A four-127I iodinated peptide was used as an internal
standard. Fifty percent inhibitory concentration (IC50) of sifuvirtide on cell fusion
was determined by co-cultivation assay.  Results: The assay was validated with
good precision and accuracy. The calibration curve for sifuvirtide in plasma was
linear over a range of 4.88–5000 µg/L, with correlation coefficients above 0.9923.
After iv or sc administration, the observed peak concentrations of sifuvirtide were
10 626±2 886 µg/L and 528±191 µg/L, and the terminal elimination half-lives (T1/2)
were 6.3±0.9 h and 5.5±1.0 h, respectively.  After sc, Tmax was 0.25–2 h, and the
absolute bioavailability was 49%±13%.  Sifuvirtide inhibited the syncytium forma-
tion between HIV-1 chronically infected cells and uninfected cells with an IC50 of
0.33 µg/L.  Conclusion: An on-line SPE-LC/MS/MS approach was established for
peptide pharmacokinetic studies.  Sifuvirtide was rapidly absorbed subcutane-
ously into the blood circulation. The T1/2 of sifuvirtide was remarkably longer than
that of its analog, enfuvirtide, reported in healthy monkeys and it conferred a
long-term plasma concentration level which was higher than its IC50 in vitro.
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acid sequence of Acetyl-SWETWEREIENYTRQIYRILEE-
SQEQQDRNERDLLE.  It is a novel antiviral peptide that has
been classified as a fusion inhibitor.  The profiles of
absorption, distribution, metabolism and excretion of
sifuvirtide have been characterized in rats and monkeys by
using radioactive 125I-sifuvirtide combined with radioactivity
detection of samples derived from trichloroacetic acid pre-
cipitation or size-exclusion chromatography.  For the require-
ment of clinical pharmacokinetic (PK) study, we have devel-
oped an advanced and validated on-line solid-phase extrac-
tion procedure combined with liquid chromatography tan-
dem mass spectrometry (SPE-LC/MS/MS) approach for
determination of non-labeled sifuvirtide in monkey plasma[10].

In the present study, an in vitro fusion inhibitory experi-
ment was used to determine the 50% inhibitory concentra-
tion (IC50) of sifuvirtide.  According to the results of 50 times
lower IC50 value than enfuvirtide and the pharmacological
experiments in monkeys, a relatively low clinical dosage was
set at about 10 mg per adult, per day (while that of enfuvirtide
was 180 mg[9]).  The PK profiles and bioavailability of
sifuvirtide following single sc or iv dosage of 1.2 mg/kg in
rhesus monkeys were investigated.  The preliminary results
indicated that sifuvirtide made a difference in antiviral activity
in vitro and PK behaviors in vivo compared with enfuvirtide.

Materials and methods

Drugs and reagents  The sifuvirtide standard was pro-
vided by FusoGen Pharmaceuticals (Tianjin, China).
Enfuvirtide was obtained from Hoffmann-La Roche (Nutley,
NJ, USA).  RPMI-1640 complete culture medium containing
10% heat-inactivated newborn calf serum (NCS), L-glutamine
2 mmol/L, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) 10 mmol/L, 2-mercaptoethanol  50 µmol/L, ben-
zylpenicillin 100 kIU, and streptomycin sulfate 100 mg/mL
were purchased from Gibco BRL (Gaithersburg, Maryland,
USA) .  C8166 and HIV-1IIIB chronically infected H9 cell lines
(HIV-1IIIB/H9) were kindly donated by the Medical Research
Council of United Kingdoms (AIDS Reagent Project)
(London, UK).  Drug-free monkey plasma was collected from
6 healthy rhesus monkeys of both sexes.  Acetonitrile (ACN)
and other solvents were of HPLC-grade and purchased from
Fisher Scientific (Pittsburgh, PA, USA).  A protease inhibitor
cocktail tablet,  Complete Mini (Roche Diagnostics,
Mannheim, Germany), without ethylene diamine tetraacetic
acid, was used to prevent peptide degradation in biological
matrixes.  Formic acid (FA), trifluoroacetic acid (TFA) and
sodium iodine were obtained from Aldrich Chemical Co
(Milwaukee, WI, USA).  Highly purified water was produced

by a Millipore Simplicity 185 Unit (Millipore, Bedford, MA,
USA).  Mobile phase A (MPA) was 0.1% (v/v) FA in water.
Mobile phase B (MPB) was 0.1% (v/v) FA in ACN.

Synthesis of the internal standard  In this study, a novel
strategy, non-radioactive iodination of peptides, was used
to acquire an internal standard (IS) for the quantitative assay.
Reaction of iodination was carried out mainly as described
previously[11].  To acquire the highest productivity of pep-
tide iodide, the molar ratio of iodine-127 to peptide standard
was at least 20:1.  The reaction was carried out at room tem-
perature for 10 min.  The reaction mixture was then desalted
and purified by a RP-HPLC method utilizing a Vydac analyti-
cal C18 column (5 µm, 300 Å, 4.6 mm×150 mm; Vydac, Hesperia,
CA, USA) with a gradient of MPB increasing from 25% to
75% in 20 min, coupled with fraction collection equipment
(Pharmacia, Uppsala, Sweden).  The purified product was
stored at 4 °C and identified using LC/MS/MS to be the goal
peptide (purity >97%) with the 4-127I modifications (127I4-
sifuvirtide) on tyrosine (Y) residues [SWETWEREIENY(I2)
TRQIY(I2)RILEESQEQQDRNERDLLE].

Cell fusion assay  The inhibition of sifuvirtide on cell-to-
cell transmission of HIV-1 was determined by co-cultivation
of uninfected normal cells and HIV-1IIIB chronically infected
cells, as described previously[12].  Briefly, 3×104 C8166 cells
were mixed with 1×104 HIV-1IIIB chronically infected H9 cells
in 96-well plates in the presence or absence of sifuvirtide at
various concentrations.  Enfuvirtide was used as the control.
After co-culture for 24 h at 37 ºC in 5% CO2, the number of
syncytia was counted using an inverted microscope.  The
percentage inhibition of cell fusion was calculated by divid-
ing the number of syncytial cells in compound-treated cul-
tures by those in untreated cultures.  The IC50 was deter-
mined from a dose-response curve.

On-line sample preparation  The on-line extraction col-
umn was prepared using an empty stainless steel column
(size of 50 mm length×2.1 mm ID, 2 µm frit; GEA Co, Beijing,
China) packed with reversed-phase materials.  The packing
materials used for SPE were obtained from Agilent (Zorbax
C18; spherical; average particle size 50 µm; pore size 80 Å;
Agilent; Waldbronn, Germany).  Aliquots of calibrators or
unknown samples (100 µL) were introduced onto the extrac-
tion column for on-line preparation and LC/MS/MS analysis.
The plasma samples were diluted 5 times on-line, based on
the design of an on-line splitter, between the sample loop
and bypassing branch at a ratio of approximately 1:4.  The
whole process, including sample loading, extraction, separa-
tion and analysis, was carried out based on the column-
switching program.  Programmed events corresponding to
valve switching were set up using the ChemStation (version
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9.02) for Agilent 1100 series HPLC system and XcaliburTM

(version 1.4) for LTQ-MS system.
LC/MS/MS system  The separation and detection

section, the LC/MS/MS system used for the assay, was made
up of the Agilent 1100 series HPLC system (including an on-
line degasser), a 100-vial autosampler, a temperature control
compartment equipped with a 6-port/2-position switching
valve, and a binary solvent delivery pump, coupled to a novel
linear ion trap mass spectrometer, LTQ-MS (Thermo Finnigan,
San Jose, CA, USA), equipped with a new atmospheric pres-
sure ionization interface, Ion MAX™.  MS/MS detection
was operated in electrospray ionization positive ion mode.
The representative parameters of MS were as shown below.
The spray voltage was 4.5 kV and the temperature of the
heated capillary was set at 200 °C.  The flow rates of sheath
gas, auxiliary gas and sweep gas were set (in arbitrary
units/min) to 20, 5, and 4, respectively.  Other parameters
were optimized automatically by infusing the analyte in water:
ACN:formic acid (49.9:50:0.1, v:v:v) at a flow rate of 200
µL/min.  Quantitation was carried out using selected reac-
tion monitoring (SRM) of the transitions m/z 946.5→ m/z 871.8
for sifuvirtide and m/z 1047.2→m/z 972.3 for the IS (127I4-
sifuvirtide).

Preparation of stock solutions and calibration standard
samples  Stock solutions of sifuvirtide were prepared at con-
centrations of 1.0 g/L in a MPA:MPB (90:10, v/v) solvent
system.  The drug-free monkey blood was deactivated by
spiking with protease inhibitor cocktail tablets (2 tablets/
5 mL whole blood).  All blood samples collected from mon-
key sources were transferred immediately into tubes coated
with calculated heparin and an inhibitor mixture of protease
and peptidase on the tube surface.  After incubation on ice
for 30 min, they were centrifuged at 1000×g for 10 min.  The
supernatant of each was then harvested and stored at -80 °C
until analysis.  The deactivated drug-free plasma from mon-
key sources was used as the standard dilution for the cali-
bration samples.  Each calibration curve consisted of blank
samples, zero samples (plasma sample processed with IS),
and 6 non-zero samples, ranging from 4.88 µg/L to 5000 µg/L.
Before the assay, the frozen samples were thawed at ambient
temperature, vortex-mixed and centrifuged at 1000×g for 5
min.  For each of the calibrators or unknown samples, 100 µL
aliquots of supernatant were added to vials containing 10 µL
127I4-sifuvirtide working solution (5 mg/L) and 10 µL 2.5%
ammonia solution (NH3·H2O, w/v).  The vials were vortex-
mixed for 30 s, placed immediately in the autosampler tray
and kept at room temperature for assay.

Method validation  The calibration curve and the con-
centration of unknown sample were acquired using LCQuan

software (version 2.0) from Thermo Finnigan.  A weighting
of 1/x2 (where x is the concentration of a given standard)
was used for curve fit.  The intra-day and inter-day accuracy
and precision of the method presented here was investi-
gated by analyzing plasma samples at the whole calibration
concentration levels.  The regression equation for the cali-
bration curve was used to back-calculate the measured con-
centration for each standard, and the results were compared
to the theoretical concentration to calculate the accuracy,
expressed as a percentage of the theoretical value, for each
standard measured.

Animal experiments Three rhesus monkeys (2♀ and 1
♂, body weight of 4.1±0.4 kg) were provided by the Animal
Center of the Academy of Military Medical Sciences, with
certificate number 97083.  The monkeys were fasted over-
night prior to dosing and given free access to food and wa-
ter 48 h post dosage.  A dosing solution (1.0 g/L) was formu-
lated in saline.  Sifuvirtide was administered iv to monkeys at
1.2 mg/kg via a side femoral venous catheter.  Blood samples
(0.5 mL) were collected from a femoral venous catheter on
the opposite side at 0 min, 1 min, 5 min, 15 min, 30 min, 1 h,
2 h, 4 h, 6 h, 8 h, 12 h, 24 h, and 48 h after dosing.  After a 7-d
washout period, the monkeys were administered the same
dosage and blood samples were harvested at 0 min, 10 min,
15 min, 30 min, 1 h, 2 h, 4 h, 5 h, 6 h, 8 h, 10 h, 12 h, 24 h, 36 h,
and 48 h following dosing.  All samples were harvested and
treated in the same way as calibrators.  A 200 µL aliquot from
each time point was used for the assay.  The plasma samples
from 1 min, 5 min, and 15 min after iv were diluted 5 times
because their concentrations were suspected to be higher
than detectable levels.  The curve according to plasma
sifuvirtide concentration versus time after dosing was ob-
tained using Origin software (Version 5.0; Microcal,
Northampton, MA, USA).

Estimation of pharmacokinetic parameters  Pharmaco-
kinetic modeling and estimation of PK parameters were car-
ried out using Excel XP software (Microsoft, Redmond, WA,
USA).  Cmax and Tmax were observed values.  Other PK
parameters, including area under the concentration-time
curve (AUC), apparent plasma terminal elimination T1/2, mean
residence time (MRT), volume of distribution (Vd) and sys-
tematic clearance (CL), were calculated according to a previ-
ous description of the non-compartmental approach[13].  In
addition, the absolute bioavailability (Fabs, %) was calculated
by the following equation: [(subcutaneous AUC0-t/intrave-
nous AUC0-t)×100%].

Results
Effects of sifuvirtide on HIV-1 entry  Sifuvirtide inhib-
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ited syncytium formation between HIV-1IIIB/H9 cells and
C8166 cells with an IC50 value of 0.33 µg/L.  The IC50 of
sifuvirtide was approximately 50-fold lower than that of
enfuvirtide (16.8 µg/L).  The results suggested that sifuvirtide
was more effective than enfuvirtide in blocking HIV-1 entry
into cells.

Mass spectrometry detection of sifuvirtide and 127I4-
sifuvirtide  The mass spectrum obtained by infusing 10 mg/L
solution of sifuvirtide and 127I4-sifuvirtide in water:ACN (50:
50, v/v) at a flow rate of 5 µL/min is shown in Figure 1A.  A
series of multiply charged ions, [M+5H]5+ at m/z 946.5,
[M+4H]4+ at m/z 1182.9 and [M+3H]3+ at m/z 1576.6 for
sifuvirtide, and [M+5H]5+ at m/z 1047.2, [M+4H]4+ at m/z 1308.7
and [M+3H]3+ at m/z 1744.6 for 127I4-sifuvirtide, were observed
in positive ion mode.  Deconvoluted mass obtained auto-
matically utilizing the Bioworks software (Ver 3.1 SR1,
Thermo-Electron, San Jose, CA, USA) showed a difference
of 503.3 u (theoretical value was 503.6 u) between sifuvirtide
and 127I4-sifuvirtide, which demonstrated that a complete io-
dination had been performed and reached the goal product.
The most abundant ions of sifuvirtide and 127I4-sifuvirtide,
[M+5H]5+ at m/z 946.5 and m/z 1047.2, respectively, were se-
lected as parent ions for a collision-induced dissociation

experiment.  The most intensive product ions for sifuvirtide
and IS were observed at m/z=871.87 (b335+) and m/z=972.6
(b335+), respectively, both with optimized normalized colli-
sion energy of 28%[10].

Method validation  Under the established SPE-LC/MS/
MS conditions, the typical retention times for sifuvirtide and
IS were 7.68 min and 7.91 min, respectively, without interfer-
ence from endogenous plasma components.  The limit of
detection was 1.22 µg/L, which represented 122 pg on-col-
umn injected analyte (approximately 26 fmol in drug-free
monkey plasma, absolute recovery was seen as 100%), with
a signal to noise (S/N) ratio above 10.  The typical chromato-
grams of sifuvirtide in monkey plasma are illustrated in
Figure 2.  Calibration curves exhibited excellent linearity over
a range of 4.88 µg/L to 5000 µg/L, and the typical regression
equation for sifuvirtide was y=0.01736–0.003759x, with a r2

of 0.9929.  The intra-assay and inter-assay precision and
accuracy values of the method were assessed using spiked
plasma samples at whole calibration concentration levels for
sifuvirtide, shown in Table 1.  The mean accuracy of back-
calculated concentrations of the standards compared with
theoretical ones ranged from -5.36% to 4.61%.  The inter-
batch CV ranged from 2.9% to 8.8%, and the intra-batch CV

Figure 1.  Electrospray ionization mass spectra (left) and deconvoluted spectra (right) of (A) sifuvirtide and (B) the internal standard 127I4-
sifuvirtide in positive ion mode.  The observed masses (m/z) of multiply charged ions are given in this figure.
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did not exceed 10.5%.  The stability of sifuvirtide in solution
and in plasma samples was also evaluated[10].  The areas
ratios of SRM chromatography spectra of sifuvirtide versus
IS were investigated in stock solution kept in 4 °C for ap-
proximately 15 d and in plasma samples left at 15 °C over-

night (12 h–14 h).  No real change in the area ratio of sifuvirtide
to IS was observed.

Phamacokinetics of sifuvirtide in rhesus monkeys  The
individual concentration-time profiles of sifuvirtide after iv
or sc administration are shown in Figure 3.  Plasma concen-

Figure 2.  Selected reaction monitoring of sifuvirtide (left) and the internal standard (IS) 127I4-sifuvirtide (right) in (A) blank drug-free monkey
plasma and (B) plasma samples at zero concentration (with IS), (C) lower limit of quantitation (4.88 µg/L sifuvirtide) and (D) upper limit of
quantitation (5000 µg/L sifuvirtide).
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tration versus time data was analyzed and the PK parameters
are shown in Table 2.  After administration of sifuvirtide at
doses of 1.2 mg/kg, the observed peak concentration was
10 626±2886 µg/L for iv at 1 min, and 528±191 µg/L for sc at
0.25 h–2 h, respectively.  The terminal elimination plasma half-
lives (T1/2) after iv or sc were 6.3±0.9 h and 5.5±1.0 h,
respectively.  Following sc administration, sifuvirtide was
absorbed and distributed rapidly, and meanwhile was elimi-
nated quickly in plasma.  The bioavailability after sc injec-
tion was 49%±13%.  In the present study, a remarkable inter-
individual variability of the PK parameters, such as AUC,
Cmax, Tmax, and Fabs, of sifuvirtide was observed in both iv
and sc administration groups.

Discussion
In the present study, the advanced on-line SPE-LC/MS/

MS system was validated as being reliable, reproducible,
and highly sensitive for the quantitative determination of
sifuvirtide in monkey plasma.  The programmable column-
switching technique was the core of this fully automatic
system.  Based on the design of on-line splitting injection

Table 1.   Accuracy and precision of a solid-phase extraction proce-
dure combined with liquid chromatography tandem mass spectrom-
etry method to determine sifuvirtide concentra tions in monkey
plasma.

Calibration level      1    2          3        4           5            6
Nominal concen-
tration/µg·L-1        4.88    19.5    78.1    312.5     1250      5000

               Back-calculated concentration
                                       in pooled monkey plasma/µg·L-1

Intra-batch number
1   4.76 18.3 8 3 289 1179 5022

   2   5.44 17.5 7 4 310 1223 4872
   3   4.21 21.6 8 3 323 1334 5521
   4   4.92 18.2 6 8 332 1386 4915

Mean   4.83 18.9 77.1 314 1281 5083
SD   0.51   1.8   7.0   18    96   299
CV/% 10.5   9.6   9.1    5.9      7.5      5.9
Accuracy/%  -1.04  -3.33  -1.34    0.36      2.46      1.65

Inter-batch number
   1   4.76 18.3 8 3 289 1179 5022
   2   5.47 17.4 7 1 323 1275 5078
   3   5.09 20.9 8 4 275 1218 4832

Mean   5.1 18.9 7 9 296 1224 4978
SD   0.4   1.2   5.7   23     70   144
CV/%   8.8   6.1   7.2     7.8       5.7      2.9
Accuracy/%   4.61  -3.40   1.63    -5.36      -2.09    -0.45

Table 2.  Pharmacokinetic parameters of sifuvirtide after iv or sc
administration at 1.2 mg/kg weight in rhesus monkeys.  n=3.  Mean±SD.

     Parameter       Intravenous              Subcutaneous

Tmax/h            –     1.1± 0.9
  (0.25–2.0)

Observed peak 10626±2886    528±191
concentration/µg·L-1  (7503–11180)  (318–692)
AUC0-t/µg·h·L-1   4703±413  2263±452

 (4230–4987) (1758–2632)
AUC0–∞/µg·h·L-1   4763±425  2355±421

 (4276–5059) (1889–2709)
MRT/h      2.2±0.5     4.7±0.9

   (1.6–2.7)    (4.1–5.8)
CLS/L·h-1·kg-1  0.253±0.024   0.52±0.10

(0.237–0.281)  (0.44–0.64)
Vd/L·kg-1    0.55±0.19     2.5±1.0

 (0.39–0.76)    (1.8–3.7)
Terminal T1/2/h     6.3±0.9     5.5±1.0

   (5.5–7.2)    (4.6–6.6)
Fabs/%            –      49±13

    (35–62)

AUC, area  under the concentration-time curve; CL, systematic
clearance; Fabs, absolute bioavailability; MRT, mean residence time;
Vd, volume of distribution.

mode (OSIM), this novel on-line SPE system showed a pow-
erful performance and capability for sample preparation of
more than 300 raw plasma samples.  The addition of pH ad-
justing solvent is very important for increasing the extrac-
tion efficiency of sifuvirtide.  Coupled with LTQ-MS, a novel
quadrupole ion trap mass spectrometer, a satisfactory sensi-

Figure 3.  Concentration-time profiles of sifuvirtide in 3 monkeys
after intravenous or subcutaneous administration at 1.2 mg/kg.
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tive and good calibration curves yielding a wide linearity
range over 3 orders of magnitude with correlation coeffi-
cients higher than 0.9923 were obtained.

Due to the lack of effective vaccines for the prevention
of HIV infection, development of potent and affordable anti-
HIV drugs is an international priority.  As the first fusion
inhibitor, enfuvirtide has been considered to have the disad-
vantages of short elimination half-life (2.5 h–3.5 h in the
monkey via sc route[14]), which is administered twice at a
high cost.  A lower IC50 value of sifuvirtide for cell-to-cell
transmission inhibition of HIV-1 in vitro was determined at
around 0.33 µg/L, which is lower than that of enfuvirtide
(16.8 µg/L).  Therefore, a relatively lower dosage of sifuvirtide
is recommended for future clinical treatments.  In addition,
the PK parameters of sifuvirtide after sc or iv dosing at
1.2 mg/kg weight in rhesus monkeys were below those of
enfuvirtide (0.8 mg/kg in cynomolgus monkey[14]).  Although
the average observed concentration of sifuvirtide at 10 min
after dosing was lower than that of enfuvirtide, the plasma
concentration profiles of sifuvirtide after iv or sc were sus-
tained at a relatively higher ratio to the in vitro IC50, even at
36 h after dosing.  The terminal half-life of sifuvirtide was
estimated as 5.5 h–7.2 h after iv and 4.6 h–6.6 h after sc
administration, which is longer than that of enfuvirtide.  A
lower average AUC0-∞ and higher mean Vd and CL (normalized
by animal weight) was found for sifuvirtide compared with
enfuvirtide, which indicated that sifuvirtide was widely dis-
tributed to tissues or organs via circulation of blood and
showed the benefit of antiviral action in vivo.  These results
were in accordance with those derived from tissue distribu-
tion experiments by radioactive determination (data not
shown).  The comparative MRT and Fabs (%) of two peptides
were estimated in monkeys by the non-compartmental
approach.  All of these results derived from inhibitory activity
in vitro and PK characteristics provide an important reference
for future clinical studies.
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Abstract
α1-Adrenergic receptors (AR) play an important role in the regulation of physi-
ological responses mediated by norepinephrine and epinephrine, particularly in
the cardiovascular system.  The three cloned α1-AR subtypes (α1A, α1B, and α1D)
are G protein-coupled receptors that signal through the Gq/11 signaling pathway,
each showing distinct pharmacological properties and tissue distributions.
However, due to the lack of highly subtype-selective drugs, the functional roles
of individual subtypes are still not clear. Development of new subtype-specific
drugs will greatly facilitate the identification of the functions of each subtype.
Conopeptide ρ-TIA has been found to be a new α1B-AR selective antagonist with
different modes of inhibition at α1-AR subtypes.  In addition, recent studies using
genetically engineered mice have shed some light on α1-AR functions in vivo,
especially in the cardiovascular system and brain.  Several proteins have been
shown to interact directly with particular α1-AR, and may be important in regulating
receptor function.  Receptor heterodimerization has been shown to be important
for cell surface expression, signaling and internalization.  These new observations
are likely to help elucidate the functional roles of individual α1-AR subtypes.
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Introduction
α1-Adrenergic receptors (AR) are members of the G pro-

tein-coupled receptor (GPCR) superfamily that mediate physi-
ological responses to norepinephrine (NE) and epinephrine
(EPI).  Pharmacological analysis and molecular cloning have
shown that this receptor family has three subtypes (α1A, α1B,
α1D), which have different pharmacological properties and
amino acid sequences[1].  Four C-terminal splice variants of
the α1A-AR have been found[2,3].  Stimulation of all three
subtypes results in activation of the Gq/11 signaling pathway,
involving activation of phospholipase C, generation of the
second messengers inositol (1,4,5) triphosphate and
diacylglycerol, and mobilization of intracellular calcium.  Be-
cause of their clinical importance, research on α1-AR has
been very active for many years.  Several recent reviews
have summarized this research from different perspectives[4–9].
In this review, we mainly focus on recent developments in
subtype-selective drugs, genetically engineered mouse
models, interacting proteins, receptor dimerization, and fac-
tors controlling receptor cell surface expression.

α1-AR subtype selective drugs
Although all three α1-AR subtypes activate the same Gq/11

protein signaling pathway, their different tissue distributions
suggest that they play distinct functional roles.  For example,
the α1A-AR subtype has been considered to be the dominant
receptor subtype controlling benign prostatic hypertrophy,
and is an important therapeutic target for treatment of this
disease[10].  Therefore, identifying the specific functions of
individual α1-AR subtypes is of considerable therapeutic
interest.  Unfortunately, this has proved difficult because of
difficulties in identifying highly subtype-selective drugs.
Despite extensive efforts to address this difficulty, only a
few subtype-selective compounds have been characterized[11,12].
WB 4101[13], (+)-niguldipine[14], and 5-methylurapidil[15] have
been used extensively as α1A-AR selective antagonists, and
BMY7378[16] is widely used to characterize α1D-AR.  However,
there has been little progress in identifying α1B-AR selective
antagonists.  Chlorethyclonidine was originally character-
ized as an α1B-AR selective site-directed alkylating agent[17];
however, it has limited selectivity in alkylating the cloned
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subtypes, and is no longer widely used.  Recently, a
conopeptide isolated from a sea snail, known as ρ-TIA, was
identified as a non-competitive α1B-AR antagonist[18,19] that
may serve as an allosteric modulator, but acts as a competi-
tive inhibitor at the other two subtypes[20,21].  This suggests
that ρ-TIA may interact with a novel antagonist binding site
specific to the α1B-AR and serve as a template for develop-
ment of highly selective α1B-AR drugs.

Genetically engineered mouse models
Since attempts to elucidate the function of individual re-

ceptor subtypes has been limited by a lack of agonists,
antagonists, and antibodies with adequate subtype selectivity,
recent studies using genetically engineered mice have shed
some light on the contributions of each subtype to physi-
ological responses to NE and EPI.  In general, α1-AR knock-
out mice do not show overt physical abnormalities (Table 1).
Studies in knockout mice lacking a single α1-AR subtype
have shown that all three subtypes seem to be involved in
the regulation of blood pressure.  Consistent with previous
pharmacological characterization in vitro, studies in α1D-AR
knockout mice have shown that the α1D-AR subtype plays a
dominant role in aortic contraction[22].  Not only do geneti-
cally engineered mouse models help clear up some of the
confusing cardiovascular effects mediated by individual
subtypes, they also provide clues as to the functional roles
of each subtype in the central nervous system, where these
receptors are expressed in high concentrations, but their func-
tions have been difficult to determine.  The involvement of
α1B-AR in the regulation of locomotion has been suggested
by pharmacological manipulation[23].  Interestingly, knock-
out mice lacking α1B-AR also showed decreased locomotor
hyperactivity in response to psychostimulants and opiates,
suggesting that targeting the α1B-AR might be a useful thera-
peutic strategy in the treatment of drug abuse[24].  In addition
to the altered phenotypes being examined in the knockout or
transgenic models, the underlying molecular mechanisms
have been investigated using olignucleotide microarrays.
Alteration in the expression of NMDA receptors, GABAA

receptors, and apoptotic and calcium regulatory genes shown
in transgenic murine brains may provide a potential molecu-
lar basis for neurodegeneration induced by overexpressed
constitutively active α1B-AR[25].  Despite the new insights
provided by the genetically engineered studies, some dis-
crepancies have been noticed from different studies, such
as the contribution of α1B-AR in the aortic contractile re-
sponse[26,27].  In addition, some of the altered phenotypes
observed in the α1B-AR knockout model may result from com-
pensatory effects of other receptor subtypes[28].  Further

investigation using classic pharmacological approaches with
highly subtype-selective drugs would be useful to facilitate
future interpretations of those data.

Receptor interacting proteins
Recent studies have revealed that GPCR can interact with

various cellular proteins in addition to the cognate G proteins,
thereby expanding the receptor signaling network and es-
tablishing the distinct functional roles of closely-related re-
ceptor subtypes within the same family[29,30].  Those interact-
ing proteins include cytoplasmic and membrane proteins that
may play regulatory roles in receptor pharmacology, traf-
ficking and signaling[31].  Although all three α1-AR subtypes
couple to Gq/11 signaling pathways, previous studies have
shown that the three subtypes can activate distinct down-
stream signaling components in the Gq/11 signaling pathway
or couple to different signaling pathways[1].  Because of their
relatively long C-termini, which have the least sequence ho-
mology among the three subtypes, most attention has been
focused on finding binding partners interacting with this
region.  In addition, the sequence diversity in the third intra-
cellular loop (I3 loop) is also attractive due to its importance
in coupling to Gq/11.  In a similar manner, it has been shown
that the three β-AR subtypes differentially associate with a
variety of proteins other than G proteins[32].  However, only
a handful of interacting proteins have been identified for α1-
AR subtypes (Table 2).  A few of these interactions have
been shown to have functional consequences, but most of
them require further evaluation.  For example, gC1qR and the
mu2 subunit of the AP2 clathrin adaptor complex are involved
in α1B-AR trafficking or  internalization.  Although
transglutaminase II (Gh) is the first non-Gq/11 binding partner
found to specifically associate with the α1B- and α1D-AR[33, 34],
the α1-AR signaling pathways seem to remain intact in Gh
knockout mice[35].  Nevertheless, the search for novel bind-
ing partners should be considered as an alternative approach
to study the molecular differences among the three α1-AR
subtypes.

Receptor dimerization

Unlike the conventional view that GPCR are monomers, a
growing body of evidence indicates that GPCR are able to
form dimers or oligomers that are required for their
pharmacology, function and/or cell surface expression.  This
concept has gained great appreciation for the class III GPCR
subfamily, including the GABAB receptors[36,37] and taste
receptors[38].  However, the significance of class I GPCR dimer-
ization has been under debate, due to difficulties in identify-
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Table 1.  Characteristics of α1-AR knockout or overexpression models.

                                 No alteration                                                    Altered phenotype                                      Reference

Knockout
α1A Cardiac output and renal function Decreased basal blood pressure; reduced blood pressure response [55]

to α1 agonist (PE)

α1B Basal blood pressure Reduced blood pressure and aorta contractile responses to α1 agonists [26]
(NE, PE)

General physical mobility Impaired modulation of memory consolidation and fear-motivated [56]
(motor activity) exploratory activity

Increased exploratory response to novelty [57]
Attenuated hypertrophic growth after vascular injury [58]

Blood glucose, insulin and free fatty Elevated leptin concentration in the fed state; impaired glucose [59]
acid levels in the fed state homeostasis and free fatty acid levels in the fasted state; increased

parasympathetic activity
Basal dopaminergic activity and Reduced locomotor responses induced by psychostimulants and opiates [24]
basal locomotor behavior

α1D Cardiac function Decreased basal blood pressure; decreased aorta contractile [22]
response to α1 agonists (NE, PE)

Renal function Attenuated increase in blood pressure in salt-induced hypertension [60]
Mechanical and chemical nociception Impaired thermal nociception [61]
Basal locomotor activity Better motor coordination; impaired working memory or attention [62]
Hypertrophic growth after vascular [58]
injury

α1A/α1B Heart sizes for female mice; basal Smaller heart sizes for male mice; decreased heart rate [63]
blood pressure

Increased myocardial contraction; decreased responsiveness to [64]
β-AR stimulation

Overexpression
α1A Basal blood pressure Enhanced cardiac contractility [65]
α1B Basal blood pressure Cardiac hypertrophy [66]

Granulovascular neurodegeneration; locomotor impairment and seizure [67]
Myocardial hypertrophy and hypertension [68]

Basal cardiac parameters (heart rate, Decreased inotropic response to PE [69]
blood pressure)

NE, norepinephrine; PE, phenylephrine.

ing unique functional responses or pharmacological
properties.  Our group has shown that the three α1-AR sub-
types can  form homodimers and subtype-specific
heterodimers with other AR[39,40], which has been confirmed
by data from other groups[41,42].  Because truncation of either
the amino or the carboxyl terminus of the receptor does not
affect receptor dimerization[40], the transmembrane domains
or associated loops have been proposed to be involved in
this interaction.  Because the pharmacological analyses of
the three cloned α1-AR subtypes in heterologous expres-
sion systems have not yet recapitulated all the receptor sub-

types previously defined by pharmacological criteria in
tissues, such as the α1L-AR[43], the newly found receptor
dimers have been hypothesized to perform atypical α1-AR
pharmacology, which has been seen in the opioid receptor
family[44].  Although the homo- or heterodimers formed by
α1A-AR C-terminal splice variants have failed to show any
novel pharmacology when studied with existing selective
drugs[45], it is still hard to conclude that the dimerization does
not have effects on receptor pharmacology, because the
available drugs are limited and the particular receptor dimers
may yet be identified.  On the other hand, the α1-AR sub-
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type-specific dimerization has been found to be important
for receptor trafficking and signaling (summarized in the next
section).

α1D-AR cell surface expression
Theoretically, all three α1-AR subtypes should be present

at the cell surface to be recognized by their highly hydro-
philic natural ligands that are unlikely to cross cell
membranes.  However, when expressed in recombinant
systems, the α1D-AR subtype has been noted to show al-
most exclusively intracellular expression[46,47], which makes
them difficult to characterize.  We recently reported that cell
surface expression of the α1D-AR could be specifically res-
cued by coexpression with the α1B-AR but not the α1A-AR[48].
The coexpressed receptors seem to form a new receptor entity,
and then modulate signaling and internalization of each re-
ceptor subtype in the complex.  Recently, the β2-AR was
also reported to be able to translocate α1D-AR[49].  Besides
receptor dimerization, removal of the long amino-terminus of
the α1D-AR has also been shown to facilitate translocation
of intracellular receptors to the cell surface[50].  Subsequent
studies using receptor N-terminal chimeras showed that this
N-terminal domain might convey a retention signal to pre-
vent receptor cell surface expression[51].  Moreover, the den-
sity of α1D-AR cell surface expression was shown to increase
upon sequential truncation[52].

Future directions
In the past few years, our knowledge of the functional

roles of the α1-AR family has been dramatically expanded
using many different approaches.  These findings generate
several interesting directions that may be worth pursuing.

1  Further development of highly subtype-selective
drugs, especially non-competitive antagonists: most of the
specific α1-AR drugs available are competitive antagonists
with moderate subtype-selectivity, which also target other
cell surface proteins.  Since the three α1-AR subtypes have
relatively high homologies among the transmembrane do-
mains that are believed to form the ligand binding pocket,
designing new subtype-selective drugs that compete for this
site has not been easy.  However, development of noncom-
petitive drugs may be a good strategy because those drugs
normally recognize a different site with less homology.  This
strategy has been successfully applied in designing highly
subtype-selective drugs for other GPCR[53].

2  Investigate the physiological relevance of receptor
oligomers: the success of this direction requires the advance
of two other research fields, characterization of subtype-
specific antibodies and development of new α1-AR drugs.
Although receptor dimerization and protein–protein interac-
tions have been identified in recombinant systems, and their
importance in advancing our knowledge of the α1-AR family
has been recognized, their physiological relevance in vivo
cannot be confirmed and exploited without subtype-specific
antibodies.  On the other hand, new subtype-selective drugs
may recognize the discrete pharmacology of receptor dimers,
therefore expanding the existing cloned α1-AR family and
providing new therapeutic targets.

3  Characterize subtype-specific interacting proteins: the

Table 2.  Receptor interacting proteins other than Gq/11 with potential functional roles.

  Subtypes                 Interacting proteins                                    Interacting domains           Roles                        Reference

α1A Regulator of G protein signaling 2 (RGS2) I3 loop Signaling [70]
Bone morphogenetic protein-1 (BMP-1) C-terminus Unknown [71]
nNOS Unknown Unknown [72]
Active Bcr-related protein [73]
Filamin C C-terminus Unknown [73]
Tissue transglutaminase (Gh) I3 loop Signaling [33,34]

α1B Spinophilin I3 loop Signaling [74]
gC1qR C-terminus Cellular localization [75]
AP2 clathrin adaptor complex, µ2 subunit C-terminus Internalization [76]
nNOS Unknown Unknown [72]
Filamin C C-terminus Unknown [73]
Tissue transglutaminase (Gh) I3 loop Signaling [34]

α1D gC1qR C-terminus Unknown [77]
nNOS Unknown Unknown [72]
Filamin C C-terminus Unknown [73]
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growing list of GPCR interacting proteins has elucidated the
molecular mechanisms of the differences among subtypes,
which could lead to the development of drugs specifically
targeting to such interactions.  Because previous evidence
suggests that the three α1-AR subtypes might couple to
different signaling pathways, it is likely that more interacting
proteins would be identified through the approaches that
have been successfully used, such as yeast two-hybrid
screenings and pull-down assays with fusion proteins.

4  Study the functional role of α1-AR in the central ner-
vous system[5].  In fact, almost all typical and atypical
antipsychotics are α1-AR antagonists, although they show
little, if any, subtype selectivity[54].  In addition, tricyclic an-
tidepressants are also α1-AR antagonists, and it is possible
that this property may contribute to their therapeutic efficacy.
We believe that studies focusing on those directions would
further improve our understanding of the functional roles of
each α1-AR subtype.
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Comment

Pharmacological attenuation of blood pressure variability
Claude JULIEN1

Laboratoire de Physiologie, Faculté de Pharmacie, Université Claude Bernard Lyon 1, Lyon 69373, France

Over the past few years, the research team of Professor
Ding-feng SU has reported an impressive quantity of experi-
mental data about the relationships between blood pressure
variability (BPV) and end-organ damage, a topic of obvious
clinical interest.  This research work has been summarized in
a paper that appeared in the August issue of the renowned
journal Trends in Pharmacological Sciences[1].  The studies
by Su et al provide convincing evidence that BPV is an inde-
pendent cardiovascular risk factor that should be consid-
ered as such and, therefore, might become an important tar-
get for therapeutic interventions.  Besides these exciting per-
spectives in the prevention and treatment of cardiovascular
diseases, the work by Su et al raises a series of physiologi-
cal questions.

In most, if not all, studies by Su et al, BPV is expressed as
the standard deviation of beat-to-beat blood pressure data[2,3].
The standard deviation provides an index of overall BPV
that incorporates all kinds of blood pressure (BP) variations,
from those resulting from the respiratory cycle to the slow
trends occurring over the whole recording period.  However,
when studied in the frequency domain, it becomes apparent
that the bulk of BPV is concentrated at low frequencies
(<0.15 Hz in rats)[4].  In other words, the standard deviation
of BP essentially corresponds to the low-frequency compo-
nent of the BP spectra.  In the low frequency band, BPV is
mainly the result of opposing interactions between hemody-
namic perturbations and the corrective feedback provided
by the arterial baroreceptor reflex.  Hemodynamic studies in
conscious rats with neonatal chemical sympathectomy[5],
chronic sinoaortic baroreceptor denervation[6], and acute neu-
rohumoral blockade[7] have revealed that one major source

of slow (or low frequency) hemodynamic perturbations is
the myogenic response of vascular smooth muscle cells that
promotes vasoconstriction in regional circulations when BP
increases and vasodilatation when BP decreases (Figure  1)[8].

Taking into consideration this fundamental underlying
physiology of BPV, the soundest pharmacological approach
to reducing BPV is twofold.  First, it would be beneficial to
enhance baroreflex function.  Chronic treatment with a non-
antihypertensive dose of ketanserin increases baroreflex
sensitivity while reducing BPV in spontaneously hyperten-
sive rats[3].  This effect was observed for the cardiac compo-
nent of the baroreceptor reflex.  It is not known whether this
also applies to the sympathetic component.  The second

Figure 1.  Schematic diagram of opposing interactions between myo-
genic and baroreflex responses. The relative importance of these
responses determines the net change in vascular resistance (VR) in
regional vascular beds as well as in the systemic circulation.
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approach would be to attenuate myogenic responses of re-
gional circulations (Figure 1).  This can be achieved with
dihydropyridine L-type calcium channel blockers.  Su et al
have demonstrated that nitrendipine can selectively reduce
BPV[2].  However, this strategy is more problematic than the
first because although the reduction of BPV afforded by
calcium channel blockers would be beneficial in terms of
arterial stiffness and left ventricular workload, this would
probably be achieved at the cost of a reduced protection of
capillary vascular beds (eg in the brain and kidney)[9].  Fur-
ther investigations including regional hemodynamic measure-
ments are required to clarify this issue.  Finally, it should be
noted that the research team of Professor Su will soon make
available a rat strain with a spontaneous deficiency in
baroreflex function[10], which will undoubtedly facilitate the
study of pharmacological modulation of BPV.
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Changes of brain neuropeptide Y and its receptors in rats with flurazepam
tolerance and dependence1

Li-ping ZHANG, Li WANG2

Department of Pediatrics, Peking University First Hospital, Beijing 100034, China

Introduction
Benzodiazepines (BDZ) have been widely used as

anxiolytics, sedatives, hypnotics and anticonvulsants.  BDZ
produce therapeutic effects through the major fast inhibi-
tory neurotransmitter receptors, GABAA receptors, in the
central nervous system (CNS).  BDZ positively modulate
GABAA receptors by increasing their affinity for GABA and
thus reduce the excitability of the post-synaptic neurons.

However, long-term treatment with BDZ often leads to
drug tolerance, which means the therapeutic efficacy of the
drug decreases after a period of continuous administration.
Another consequence of chronic administration of BDZ is
the dependence manifested by the aggravation of primary
symptoms and/or appearance of abstinence syndrome, which
includes anxiety, discomfort, diarrhea, loss of bodyweight
and salivating when the drug is withdrawn abruptly.  Toler-

ance and dependence are frequently encountered in the clini-
cal use of BDZ as an antiepileptic medicine.  The usefulness
of BDZ is therefore limited, although most have primarily
satisfactory antiepileptic efficacies.

Many studies have focused on the mechanisms of toler-
ance and dependence.  Changes of binding capacity, gene
expression and metabolism in neural receptors, including
GABAA receptors[1], glutamatergic receptors[2] and periph-
eral BDZ receptors[3], were studied in the presence of toler-
ance and/or dependence.  Other factors, such as nitric oxide[4],
calcium-channel blockers[5], protein kinases[6] and bicarbon-
ate radicals[7] were also studied.  However, the exact mecha-
nism underlying the tolerance and dependence is still
unknown.

Neuropeptide Y (NPY) is a polypeptide of 36 amino acid
residues widely distributed in the nervous system.  This
neuropeptide regulates various functions such as food
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uptake, blood pressure, circadian rhythm and anxiety.  It
induces the central and peripheral activities through at least
six receptor subtypes called Y1−Y6 that belong to the G-pro-
tein coupled receptor superfamily[8].

After a period of BDZ treatment, the glutamatergic sys-
tem was modified, which was thought to be one of the rea-
sons underlying tolerance to BDZ.  For example, an increase
of 206% in in vitro glutamate release was found in the hip-
pocampus of animals chronically treated with lorazepam[2].
Based on the facts that the NPYergic system inhibited the
release of glutamate from presynaptic membranes[9] and that
NPY was reduced in the CNS in alcohol dependence[10], the
changes of NPYergic system in rat models with BDZ toler-
ance and dependence attracted our attention.

In this study, rat models of anticonvulsant tolerance and
dependence to flurazepam (FZP, a BDZ) were established
and the changes of NPY and its receptors (Y1, Y2, and Y5) in
the hippocampus of these rat models were investigated.

Materials and methods

The establishment of rat models and the experiments on
rats in this study were approved by the Ethics Committee of
Animal Experiments of Peking University First Hospital.

Rat model of FZP tolerance  The rat model of FZP toler-
ance used was produced by following the method devel-
oped by Rosenberg[11].  Male Sprague-Dawley rats (initial
weight 180–200 g) were housed in a climate-controlled room
with free access to standard rat food.  FZP dissolved in a
0.02% saccharin solution was given as drinking water for 1
week (FZP-tolerant group, n=10).  The concentration of FZP
was adjusted to provide a daily dose of up to 100 mg/kg for
the first 3 d and 150 mg/kg for the next 4 d.  All rats consumed
an average concentration of more than 100 mg/kg FZP daily.
Control rats (n=10) were handled identically, but received
0.02% saccharin solution without the drug.  After one week
of treatment, rats were given saccharin solution as drinking
water.  Withdrawal signs such as overt ataxia, anxiety and
hyperactivity were not found with this treatment[12].

Tolerance to FZP was evaluated 12 h after discontinua-
tion of FZP intake.  Because of the very rapid biotransforma-
tion of FZP and its metabolites in rats, and the correspond-
ing plasma half-life (T1/2) of less than 2 h, the residual drug
should not interfere with the anticonvulsant test at this
time[13].  FZP dissolved in distilled water (100 mg/mL) was
diluted to 20 mg/mL with normal saline for injection.  This
solution was injected intraperitoneally to deliver a dose of
20 mg/kg.  After 30 min, 20 mg/mL pentylenetetrazol (PTZ,
freshly prepared in normal saline) was infused at a con-

stant rate of 0.5 mL/min into a tail vein, and clonus of the
front legs was monitored to determine the threshold of PTZ-
induced seizures.  The onset time of clonus was recorded,
and the PTZ threshold (mg/kg) was then derived.  Rats in the
control group were tested along with those in the FZP-toler-
ant group using the same procedure.  FZP tolerance was
determined by the decrease of PTZ threshold as compared
with that of the control group.  After the PTZ threshold test,
the brain was removed and stored at -70 ºC immediately.  

Rat model of FZP dependence  We integrated the meth-
ods reported by Rosenberg[11] and Izzo et al[14] to establish a
rat model of FZP dependence.  The animals used, drug
dosage, method of drug intake and PTZ threshold test were
from the method reported by Rosenberg[11], but the days of
drug administration and the dependence test were from the
method reported by Izzo et al[14].  To obtain a more stable
blood concentration, male Sprague-Dawley rats were given
FZP dissolved in 0.02% saccharin solution as drinking water
instead of an oral gavage of diazepam three times daily[14].
For rats in the FZP-dependent group (n=10), FZP was given
at increasing doses for 14 d: d 1–3, 100 mg·kg-1·d-1; d 4–7, 150
mg·kg-1·d-1; d 8–10, 200 mg·kg-1·d-1; and d 11–14, 250
mg·kg-1·d-1.  Control rats (n=10) were handled identically,
but received 0.02% saccharin solution without the drug
as drinking water.  The emergence of dependence was de-
termined by the susceptibility to PTZ-induced seizures 96 h
after termination of the 14-day FZP administration.  PTZ (20
mg/mL) was infused at a constant rate of 0.5 mL/min into a
tail vein and the infusion was discontinued at the first sign
of tonic-clonic seizures.  The PTZ threshold (mg/kg) was
derived from the amount of PTZ used to induce tonic-clonic
seizures.  Rats in the control group were treated identically.
FZP dependence was determined by the decrease of the PTZ
threshold as compared with that of the control group.  After
the PTZ threshold test, the brain was removed and stored at
-70 ºC immediately.

PTZ-induced seizures themselves may also cause
changes in the brain.  To minimize these interferences, we
killed rats immediately after the PTZ threshold test and com-
pared the changes in the hippocampus with those from the
respective control rats.

Reagents  FZP was purchased from DaZhong Pharma-
ceutical (Shanghai, China).

Rats were from the Animal Department of Peking Univer-
sity Health Sciences Center.  PTZ and anti-NPY antibody
were from Sigma-Aldrich (Saint Louis, MO, USA).  RNase-
free DNase I was obtained from Promega (Madison, WI, USA),
Trizol reagent and M-MuLV reverse transcriptase were from
Gibco (Rockville, MD, USA).  The sequences of oligonucle-
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otide primers for the amplification of preproNPY (386 bp), Y1

(426 bp), Y2 (393 bp), and Y5 (391 bp) cDNA are: NPY-F, 5'-
TATCCCTGCTCGTGTGTTTG-3'; NPY-R, 5'- AACGACAA-
CAAGGGAAATGG-3'; Y1-F, 5'- ACTCTCACAGGCTGTC-
TTAC-3'; Y1-R, 5'- ATAGTCTCGTAGTCGTCGTC-3'; Y2-F, 5'-
AGCCTTTCCACCCTGCTAAT-3'; Y2-R, 5'-GTGAATGGCA-
TCCAACCTCT-3'; Y5-F, 5'-CACCTAGCCGTTCCAGAA-
AA-3'; Y5-R, 5'- GGGCTCTCAAGTCTGCTTTG-3'.

Measurement of preproNPY and NPY receptor cDNA in
hippocampus by competitive RT-PCR    Animals were decapi-
tated immediately after the PTZ threshold test.  The hippoc-
ampus was quickly removed and stored at -70 ºC until use.
Brain tissue was homogenized in Trizol reagent in a pre-
cooled mortar following manufacturer’s protocol[15].  Total
RNA samples were treated with RNase-free DNase I to elimi-
nate genomic DNA contamination before reverse transcrip-
tion.  Total RNA of 3 µg was reversely transcribed into cDNA
using oligo d (T)15 as the primer and M-MuLV reverse
transcriptase.

The internal competitive standards for the measurement
of preproNPY, Y1, Y2, and Y5 cDNA were made using PCR.
These DNA fragments had the same sequences as their re-
spective PCR products, except that approximately 80 bp at
the downstream site of the forward primers were deleted.
Quantitative PCR was performed in a 0.2 mL tube containing
brain cDNA 1 µL, internal competitive standard 1 µL, 5 µmol/L
each primer mixture 1µL, 2.5 mmol/L each dNTP mixture 1 µL,
1.5 mmol/L MgCl2, 10×PCR buffer 2.5 µL, and 1.25 unit Taq
DNA polymerase, in a total volume of 25 µL.  PCR was run at
94 ºC 30 s, 62 ºC 30 s, and 72 ºC 40 s (93 ºC 1 min, 65 ºC 2 min
and 72 ºC 2 min for the amplification of Y1 cDNA) for 35
cycles.  PCR products were separated in a 1.5% agarose gel
and stained using ethidium bromide.  The ratio of the optical
density of the two DNA bands under UV light was measured
by a gel image analysis system.  A standard curve of the ratio
was drawn using the same conditions as described above,
except that brain cDNA was changed to a serial dilution of
the purified PCR product.  The relative amount of the cDNA
in a sample was then obtained from the standard curve.

Immunohistochemistry of NPY in hippocampus  After
anesthesia, rats were perfused through the left ventricle with
0.9% sodium chloride followed by 4% paraformaldehyde in
phosphate buffer solution for approximately 30 min.  The
removed brain was sequentially soaked in 4% paraformalde-
hyde in phosphate buffer solution for 24 h and 30% sucrose
at 4 ºC for 72 h.  Frozen sections of 8-mm thickness in a
coronal plane were used for immunohistochemistry.  One
brain section from the treated rat and one from the respec-
tive control rat were placed on one slide and processed

together.  After treatment with 0.3% H2O2 to block the en-
dogenous peroxidase, sections were incubated with 1:50
polyclonal anti-NPY antibody overnight at 4 ºC.  The sec-
ondary antibody was biotinylated anti-rabbit IgG antibody
(Vector, Burlingame, CA, USA).  Signals were visualized by
horseradish peroxidase conjugated avidin and diamino-
benzidine.  The relative density of NPY-immunoreactive ma-
terial in neurons in the pyramidal cell layer of CA1, CA3
region and granular cell layer of the dentate gyrus region was
measured in a defined area by a densitometer.

Statistical analysis  Data were expressed as mean±SD.
Paired t-tests were used to evaluate the significance of inter-
group differences.  P<0.05 was considered as significant.

Results

Rat models of FZP tolerance and dependence
FZP-tolerant model  The rat model of FZP tolerance was

evaluated by studying the FZP anticonvulsant efficacy after
discontinuing the 7-d FZP treatment for 12 h when the brain
FZP should have been metabolized[13].  Anticonvulsive effi-
cacy of a single dose of 20 mg/kg FZP was measured by
studying the threshold of PTZ-induced seizures after 30 min.
In comparison with the control group, the average PTZ
threshold decreased by more than 3 times in the FZP-toler-
ant group, indicating the successful establishment of an FZP-
tolerant model in rats (Table 1).

FZP-dependent model  In contrast to the evaluation of
FZP tolerance, FZP dependence was estimated by studying
the PTZ threshold after discontinuing the 14-d FZP treat-
ment for 96 h when maximum withdrawal signs were expected
to occur[14].  As shown in Table 1, the average PTZ threshold
in the FZP-dependent model was lower than that in its con-
trol group by more than 2 times, indicating that the FZP-
dependent model is acceptable for further study (Table 1).

Changes of preproNPY cDNA in hippocampus of FZP-
tolerant  and -dependent rats  In the hippocampus, preproNPY

Table 1.   Extent of FZP tolerance and dependence evaluated by the
threshold of PTZ-induced seizures.  n=10.  bP<0.05 vs the respective
control groups.

           Group                                 Threshold of PTZ-induced
                                            seizures/mg·kg-1

FZP-tolerant 22.47±10.24b

Control 71.74±23.68
FZP-dependent   5.69±1.77b

Control 15.91±2.45
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cDNA was dramatically reduced both in FZP-tolerant and
-dependent groups, as compared with that of the respective
control groups (Table 2, Figure 1).

NPY-immunoreactive cells were found in many brain
regions, with the hippocampus showing the most remark-
able changes in FZP tolerant and dependent rats.  In the
hippocampus of control animals, NPY-immunoreactive cells
were mostly located in CA1, CA3, and dentate gyrus regions.
NPY-immunoreactive cells were large multipolar or fusiform
neurons, and NPY positive material was found in their cyto-
plasm and processes (Figure 2A, 2B).  In the hippocampus
from FZP-tolerant and FZP-dependent rats, NPY-immunore-
active material in the cytoplasm and processes was signifi-
cantly reduced as compared with that in the same regions of
the respective control rats (Figure 2C, 2D, Table 3).

Changes of NPY receptor cDNA in hippocampus of FZP-
tolerant  and -dependent rats  Y1 and Y5 cDNA were de-
creased in the tolerant group as compared with those of the
respective control group.  However, no quantitative changes
of these two cDNA were found in the FZP-dependent group.
In contrast, Y2 cDNA was increased significantly in the FZP-
tolerant group, but was decreased in the FZP-dependent

Figure 1 .  Representative electrophoresis profiles of competitive
PCR for the quantification of preproNPY, Y1, Y2, and Y5 cDNA in
the hippocampus of FZP-tolerant model (A) and FZP-dependent
model (B).  The density ratio of the upper/lower bands in a lane is
positively proportional to the amount of the cDNA in the hippo-
campus.  Lane T, samples from FZP-treated rats; lane C, samples
from control rats.

Table 2.  Relative amount of preproNPY, Y1, Y2, and Y5 cDNA in
hippocampus of rats with anticonvulsant tolerance and dependence
to FZP.  n=8. Mean±SD.  bP<0.05 vs those of the respective control
groups.

  Group       PreproNPY         Y1             Y2             Y5

FZP-tolerant 0.09±0.01b 0.99±0.13b 16.32±6.26b 0.64±0.16b

Control 5.37±1.06 3.67±1.10   3.11±1.13 3.75±1.33
FZP-dependent 0.78±1.56b 2.89±1.31   0.54±1.59b 3.41±1.66
Control 5.16±1.70 3.61±1.79   3.33±1.37 3.51±0.86

Figure 2.  NPY-immunoreactive cells in py-
ramidal cell layers of CA1 region detected by
immunohistochemistry (counterstained by he-
matoxylin ×400).  (A), A sample from a con-
trol rat for FZP-tolerant group and (B), a
sample from a control rat for FZP-dependent
group show plenty of NPY-immunoreactive
material (brown-red colour) in the cytoplasm
of most neurons as well as neurofibers in white
matter.  (C), A sample from an FZP-tolerant
rat and (D), a sample from an FZP-dependent
rat show reduced NPY-immunoreactive mate-
rial in the neuronal cytoplasm and neurofibers.
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lower the expression of NPY in the hippocampus, the higher
degree of tolerance and dependence the rat showed.  The
PTZ threshold was negatively correlated with the level of
hippocampal Y2 cDNA in the FZP-tolerant group and was
positively correlated with the level of hippocampal Y2 cDNA
in the FZP-dependent group (Figure 3C, 3D).  No correlation
between the PTZ threshold and the changes of Y1 and Y5

cDNA were found (data not shown).

Discussion
Pharmacologically, BDZ produce their sedative, anxiolytic

and antiepileptic activities through a modulation action on
GABAA receptors.  However, tolerance to BDZ and depen-
dence on BDZ are the two major adverse reactions in clinical
practice.  Neuronal hyperexcitability may be the common
basis for the tolerance and dependence, although they may
have different manifestations.

Hippocampus is implicated in the generation and modu-
lation of seizure activities, and plays a central role in control-
ling excitability of the CNS[16].  In the present study, the
hippocampus was separated to investigate the changes of
NPY and its receptors (Y1, Y2, and Y5) in rat models with

Table 3.  Relative density of NPY-immunoreactive material in neu-
rons of the hippocampus (area  of 0 .05  mm2).  n=6.  bP<0.05 vs
control groups.

  Group                CA1   CA3  Dentate gyrus

FZP-tolerant   31.12±5.43b   33.04±7.13b   30.58±5.99b

Control 209.47±11.18 221.84±14.05 218.58±13.94
FZP-dependent   75.33±9.86b   71.65±7.25b   72.97±6.34b

Control 202.51±10.09 214.59±13.28 227.76±11.62

group, as compared with that of the respective controls
(Table 2, Figure 1).

Correlations between the threshold of PTZ-induced sei-
zures and the levels of preproNPY, Y1, Y2, and Y5 cDNA in
hippocampus of FZP-tolerant and -dependent rats  The cor-
relations were examined to show whether changes of NPY
and its receptors in the hippocampus were related to the
pathogenesis of FZP tolerance and dependence.  The PTZ
threshold was positively correlated with the level of
preproNPY cDNA in the hippocampus both in FZP-tolerant
and -dependent groups (Figure 3A, 3B).  In other words, the

Figure 3 .  Correla tions between the PTZ threshold and the level of hippocampal preproNPY cDNA: (A), in the FZP-tolerant group
(r=0.9855, P<0.01) and (B), in the FZP-dependent group (r=0.9295, P<0.01).  Correlation between the PTZ threshold and the level of
hippocampal Y2 cDNA: (C), in FZP-tolerant group (r=-0.8986, P<0.01) and (D), in FZP-dependent group (r=0.9414, P<0.01).
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anticonvulsant tolerance and dependence to FZP.
We found that preproNPY cDNA in the hippocampus

was significantly decreased in both the FZP-tolerant and
FZP-dependent groups.  Immunohistochemistry also showed
the reduction of NPY-immunoreactive material in the neu-
ronal cytoplasm and neurofibers of CA1, CA3, and dentate
gyrus regions.  Y1 and Y5 receptor cDNA were decreased in
the tolerant group but were not changed in the dependent
group.  Y2 receptor cDNA was increased in the tolerant group
but was decreased in the dependent group.

To date, only one paper has been published on the rela-
tionship between the NPYergic system and drug tolerance
and/or dependence[17]: contingent tolerance to carbamazepine
after repeatedly giving the drug may be associated with the
down-regulation of NPY.  However, no data about the
changes of the NPYergic system following long-term treat-
ment of BDZ have been found in the published literature.

The level of preproNPY cDNA in the hippocampus re-
versely relating to the degree of tolerance and dependence
may suggest that the changes of preproNPY cDNA are in-
volved in the pathogenesis of FZP tolerance and dependence.
NPY, one of the most abundant and widely distributed neu-
ropeptides in the central and peripheral nervous systems,
acts as an endogenous modulator to reduce seizure activities.
In the hippocampus, the inhibition of epileptiform discharges
after NPY treatment was attributed to the decrease of
glutamate released from the presynaptic nerve terminals
through blocking of the G-protein dependent calcium chan-
nel[18].  Therefore, the decrease of cellular NPY we found
may result in neuronal hyperexcitability that is the funda-
mental pathological state of BDZ tolerance and dependence.

Six subtypes of NPY receptors, Y1−Y6, have been
identified.  Their pharmacological characteristics are very
similar, although the identity of amino acid sequences is as
low as 30% among these receptor subtypes[19].  Of the six
receptor subtypes, Y1, Y2, and Y5 are the major functional
receptors and are expressed abundantly.  In rodents, changes
in the Y1 receptor and its mRNA in the CNS can be induced
by various stimuli, suggesting the multiple functions of the
Y1 receptor[20].  The Y2 receptor demonstrates a predominant
role in modulation of seizure activity[21].  The Y5 receptor
may also be involved in the modulation of anticonvulsant
activity in rodents[22,23].  Theoretically, drug tolerance and
dependence are caused by the imbalance of excitation over
inhibition in the brain, and NPY receptors would decrease in
association with the decrease of NPY.  The different changes
to NPY receptors between the FZP-tolerant and FZP-depen-
dent group and the increase of Y2 in FZP-tolerant rats in this
study can not be satisfactorily explained because of the in-

sufficient and conflicting data regarding Y1, Y2, and Y5 recep-
tors in the regulation of neuronal excitability at the present
time.  More experiments should be performed on the distri-
bution and ligand binding capacity of the three subtype re-
ceptors in FZP tolerance and dependence.

Our preliminary results suggest that the decrease of NPY
in the hippocampus plays an important role in the genera-
tion of anticonvulsant tolerance and dependence following
long-term FZP treatment.  The NPYergic system may be a
new target for the comprehension of these adverse effects
of BDZ.
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Histidine enhances carbamazepine action against seizures and improves
spatial memory deficits induced by chronic transauricular kindling in rats1
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Abstract
Aim: To investigate whether histidine can enhance the anticonvulsant efficacy of
carbamazepine (CBZ) and simultaneously improve the spatial memory impairment
induced by transauricular kindled seizures in Sprague-Dawley rats.  Methods:
Chronic transauricular kindling was induced by repeated application of initially
subconvulsive electrical stimulation through ear-clip electrodes once every 24 h
until the occurrence of 3 consecutive clonic-tonic seizures.  An 8-arm radial maze
(4 arms baited) was used to measure spatial memory, and histamine and γ-amino-
butyric acid levels were measured by high performance liquid chromatography
(HPLC).  Results: Chronic transauricular kindling produced a significant impair-
ment of spatial memory and a marked decrease in histamine content in the hypotha-
lamus, the brainstem, and the hippocampus.  Injection of histidine (1000 mg/kg or
1500 mg/kg, ip) significantly inhibited transauricular kindled seizures.  Injection of
histidine at lower doses (200 mg/kg or 500 mg/kg, ip) had no appreciable anticon-
vulsant effect when administered alone, whereas it significantly potentiated the
protective effects of CBZ against kindled seizures.  CBZ had no ameliorative effect
on memory deficit, but, in contrast, histidine (200 mg/kg or 500 mg/kg, ip) alone or
co-administered with CBZ significantly ameliorated the memory deficits induced
by the seizures.  Conclusion: Chronic transauricular kindling is a very useful
animal model for evaluating memory deficits associated with epilepsy, and histi-
dine has both a potentiate effect on the anticonvulsant efficacy of CBZ and an
ameliorative effect on the spatial memory deficits induced in this model.  Histidine
at a specific dosage range might serve as a beneficial adjuvant for the clinical
treatment of epilepsy, especially when accompanied by impaired spatial memory.
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Introduction
Epilepsy is frequently accompanied by impairments in

various cognitive functions.  More than 45% of epileptics
have psychological or social problems with behavioral mani-
festations and are completely or partly disabled[1].  Although
the causes of cognitive impairment in patients with epilepsy
have not yet been completely elucidated, 3 factors are
proposed: the underlying etiology of the epilepsy, the ef-
fects of seizures themselves, and the side-effects of
antiepileptic drugs (AEDs) at therapeutic doses[2].  There is
a need for drugs or adjuvants that can simultaneously sup-

press seizures and ameliorate the concomitant cognitive
impairment.

Brain histamine levels might play an important role in the
regulation of seizure susceptibility.  Injection of histidine ip,
a precursor of histamine, and metoprine, a histamine
N-methyltransferase inhibitor, or icv injection of histamine,
inhibited seizures induced by pentylenetetrazol, maximal elec-
troshock (MES) or amygdaloid kindling in mice or rats[3–6],
whereas α-fluoromethylhistidine, a selective and irrevers-
ible histidine decarboxylase inhibitor, increases the duration
of clonic convulsions induced by MES in mice[3] and causes
severe seizure development in pentylenetetrazol-induced
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kindling[7].  In contrast, the involvement of histamine in learn-
ing and memory processes has also been well documented.
Histamine significantly ameliorates memory deficits induced
by aging, dorsal hippocampal lesions, scopolamine and
MK-801, as determined in rats using passive and active avoid-
ance tasks and the 8-arm radial maze[8–12].  It is proposed that
histamine and histaminergic compounds might be useful
adjuncts for conventional AEDs, with dual advantages: one
for enhancement of the anticonvulsant efficacy of AEDs,
and the other for improvement of the memory deficits occur-
ring with epilepsy.

The objectives of the present study were to further clarify
whether histidine can both enhance the anticonvulsant effi-
cacy of AEDs and ameliorate the spatial memory impairment
induced by seizures.  The chronic transauricular kindling
procedure was used in rats as a new animal model of epilepsy,
and an 8-arm (4 arms baited) radial maze paradigm was used
to evaluate spatial memory and differentiate between short-
term and long-term memory.

Materials and methods

Animals  All experiments were carried out in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.  Male Sprague-Dawley rats (220–
270 g, Grade II, Certificate No  22-9601018, Experimental Ani-
mal Center, Zhejiang University) were maintained in an air-
conditioned room at 22−26 °C and 40%–70% humidity, and
housed in individual cages with a 12-h light-dark cycle (lights
on from 8:00 to 20:00).  Animals were given free access to
water and kept at 80%–85% of their free feeding body weight
throughout the radial-arm maze experiments.  Experiments
were carried out each day between 10:00 and 17:00.

Radial-arm maze training  The apparatus used is de-
scribed in our previous reports[9,10,13].  The rats were familiar-
ized with the radial maze once per day for 2 d prior to training.
Food pellets (45 mg each, Bio-Serv) were scattered over the
entire maze surface, and 3 or 4 rats were simultaneously
placed in the maze and allowed to explore and take food
freely for 10 min.  After adaptation, all rats were trained with
1 trial per day.  In each trial, only 4 arms (3, 5, 6, and 8) were
baited, and the sequence was never changed throughout
the experiment.  One rat was placed on the center platform
that was closed off by a door.  After 15 s, the door was
opened and the rat was allowed to make an arm choice to
obtain food pellets until all 4 pellets had been eaten or 5 min
had elapsed.  The number of entries into unbaited arms was
regarded as the total error (TE).  The number of entries into
never-baited arm was taken as reference memory error (RME),

whereas re-entry into arms where the pellet had already been
eaten was considered as a working memory error (WME).
Rats continued training until reaching a criterion of less than
1 error per trial for 5 consecutive trials.  Memory retrieval
was tested in the same maze.

Chronic transauricular kindling  After successful train-
ing in the radial maze, each rat in the experimental group was
given 1 subconvulsive electrical stimulation daily via ear-
clip electrodes (40 mA, 0.2 s, Hugo Saches type 221) until
fully kindled.  Animals in the sham group had the electrodes
applied, but no current was delivered.  Each rat was placed
separately under a glass funnel, and the appearance of clonic-
tonic seizures was recorded.  When rats exhibited clonic-
tonic seizures after each of 3 consecutive stimulations, they
were regarded as fully kindled and used for the drug study.
The endpoint of efficacy was taken as the inhibition of tonic
hindlimb extension (HLE).  The number of animals showing
complete abolition of tonic HLE was expressed as percent
protection.

Measurements of brain histamine and γ-aminobutyric
acid (GABA) content

Sample preparation  Rats were sacrificed by decapita-
tion.  The brain was quickly removed, placed on an ice-cold
stainless steel plate, and dissected into the cortex, hippo-
campus, brainstem and hypothalamus according to the meth-
ods of Glowinski and Iversen[14].  The brain tissues were
stored at -80 ºC until assayed.  The tissue was homogenized
in 3% perchloric acid containing 5 mmol/L disodium EDTA
and 5-hydro-Nω-methyltryptamine in a Polytron homogenizer
(Kinematica) at the maximum setting for 20 s in an ice bath.
The homogenate was centrifuged at 15 000×g at 4 ºC for
20 min.  Then, the supernatant was removed and filtered with
a 0.22 µm polyvinylidene difluoride membrane.

Chromatographic conditions  Tissue samples were ana-
lyzed by high performance liquid chromatography (HPLC)
combined with electrochemical detection using a technique
developed in our laboratory for the simultaneous and sensi-
tive analysis of histamine and GABA.  The system consisted
of a model 582 pump, a model 540 autosampler and a 4-chan-
nel CoulArray electrochemical detector.  The HPLC was con-
trolled and the data acquired and analyzed using CoulArray
software.  All of the above equipment was obtained from
ESA.  After reacting with the derivate o-phthalaldehyde,
analytes were separated on a 3  µm, 3 mm×50 mm Capcell Pak
MG C18 column from Shiseido.  A 2-component gradient elu-
tion system was used, with component A of the mobile phase
being 100 mmol/L Na2HPO4, 13% acetonitrile, and 22%
methanol, pH 6.8, and component B being similar to A except
with 5.6% acetonitrile and 9.4% methanol.  The gradient elu-
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tion profile was as follows: 0–3.5 min, isocratic 100% B; 3.5–
20 min, linear ramp to 0% B; 20–22 min, isocratic 0% B; 22–
23 min, linear ramp to 100% B; 23–30 min, isocratic 100% B.
Flow rate was set to 0.75 mL/min.  The first cell was set
at +250 mV, whereas the second cell was set at +350 mV.  All
standards were obtained from Sigma.  The retention times of
GABA and histamine were 15.16 min and 18.36 min,
respectively.

Drugs  Histidine monohydrochloride and carbamazepine
(CBZ) were obtained from Sigma.  Histidine was dissolved in
saline, and CBZ was suspended in a 1% solution of Tween 80.
All drugs were injected ip in a volume of 1 mL/kg of body
weight.  Histidine was injected 1 h before and CBZ was in-
jected 0.5 h before transauricular electrical stimulation or
before the radial maze test.  Drugs were given once a week.
The same animals were used repeatedly, and they experi-
enced all doses of each drug given in ascending order.

Statistical analysis  Results were expressed as mean±
standard error of the mean and analyzed by one-way analy-
sis of variance followed by Dunnett’s t-test.  For percentage
incidence, the χ2-test with Fisher’s exact test was used.  All
statistical analyses were carried out using SPSS 11.5 for
Windows.  P<0.05 was considered as statistically significant.

Results
Effects of histidine and CBZ on transauricular kindled

seizures in rats  Both histidine and CBZ inhibited
transauricular kindled seizures in a dose-dependent manner,
as reflected by the increase in percentage protection against
tonic HLE.  Histidine at doses of 200 mg/kg and 500 mg/kg
slightly inhibited tonic HLE, but had no significant effect,
whereas at doses of 1000 mg/kg and 1500 mg/kg, it signifi-
cantly inhibited tonic HLE (P<0.05).  CBZ at doses of 1
mg/kg and 2 mg/kg showed a tendency to inhibit tonic HLE,
but no significant effect was observed, whereas at doses of
5 mg/kg and 10 mg/kg, it provided significant protection
against tonic HLE (P<0.01).  In addition, histidine at a low
dose of 200 mg/kg showed a tendency to potentiate the an-
ticonvulsant effects of 1 mg/kg CBZ and it significantly po-
tentiated the anticonvulsant effects of 2 mg/kg CBZ (P<
0.05).  At a dose of 500 mg/kg histidine significantly potenti-
ated the anticonvulsant effects of CBZ (1 mg/kg or 2 mg/kg)
(P<0.05 and P<0.01, respectively) (Figure 1).

Effects of histidine and CBZ on radial maze performance
in rats with spatial memory deficits induced by chronic
transauricular kindled seizures  The chronic transauricular
kindling resulted in a significant increase in the number of
TE, WME, and RME in the spatial memory retrieval process
(P<0.01).  Histidine at doses of 200 mg/kg and 500 mg/kg

significantly decreased the number of TE and WME (P<
0.05), but not the number of RME.  However, histidine at
doses of 1000 mg/kg and 1500 mg/kg had no ameliorative
effect on  the spatial  memory deficits induced by
transauricular kindled seizures.  In contrast, CBZ (2, 5, 10,
and 20 mg/kg) had no effect on memory impairment.  The co-
administration of CBZ also did not influence the improve-
ment of spatial memory deficits induced by 500 mg/kg histi-
dine (Table 1).

Effects of histidine and CBZ on brain histamine content
Compared with control rats, chronic transauricular kindling
produced a significant decrease in the histamine content of
the hypothalamus (41.8%), hippocampus (43.6%), and
brainstem (57.3%) (P<0.05).  Histidine (500 mg/kg, ip) signifi-
cantly increased the histamine content of the hypothalamus
(157.9%) (P<0.05) and slightly increased that of the cortex
(114.7%), hippocampus (112.7%) and brainstem (122.7%).
CBZ (2 mg/kg) had no effect on the increased histamine con-
tent induced by histidine treatment (Table 2).

Effect of histidine and CBZ on brain GABA content
Neither treatment with histidine (500 mg/kg) or CBZ (2
mg/kg) alone, nor co-administration of the 2 drugs had any
effect on brain GABA levels (Table 3).

Discussion
In the present study, we provide evidence for the first

time that chronic transauricular kindling can induce not only
generalized tonic-clonic seizures but also spatial memory
deficits in rats.  So far, few animal models are suitable for
studing the memory deficits associated with epilepsy, espe-

Fig ure 1 .  E ffects  of histid ine and carbama zepine (CBZ) on
transauricular kindled seizures in rats.  Histidine was injected ip at 1 h
and CBZ 0.5 h before chronic transauricular electrical stimulation.
n=14–18 rats.  Mean±SEM.  bP<0.05, cP<0.01 vs saline group.  eP<0.05
vs CBZ (1 mg/kg) group.  hP<0.05, iP<0.01 vs CBZ (2 mg/kg) group.
HLE: hindlimb extension.
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cially for the form with generalized tonic-clonic seizures[15].
MES is a representative animal model of generalized tonic-
clonic seizures[16]; however, it has no appreciable effect on
cognitive behaviors, such as in passive avoidance learn-
ing[17,18].  This might be because MES is a model of acute

seizures (reactive or provoked), rather than a model of epi-
lepsy[19].  In the present study, we developed a chronic
transauricular kindling model that was relatively simple and
required neither expensive equipment nor highly skilled
personnel.  We found that chronic transauricular kindled

Table 1.  Effects of histidine and carbamazepine (CBZ) on radial maze performance in rats with spatial memory deficits induced by chronic
transauricular kindled seizures.  CBZ and histidine were injected ip 0.5 h and 1 h before the radial maze test, respectively.  Saline was injected
1 mL/kg  ip 0.5 h before the radial maze test.  n=10−15 rats.  Mean±SEM.  cP<0.01 vs pre-kindled group.  eP<0.05, fP<0.01 vs kindled group.
TE: total errors; WME: working memory errors; RME: reference memory errors.

             Group                                          Dose/mg·kg-1, ip            TE                       RME                   WME

Pre-kindled+saline      – 0.4±0.1 0.3±0.1 0.1±0.1
Kindled+saline      – 5.1±0.4c 2.8±0.2c 1.4±0.2c

Kindled+CBZ       2 5.3±1.4 2.7±0.4 1.5±0.6
      5 5.5±0.8 3.0±0.4 1.5±0.4
    10 5.2±1.0 2.8±0.4 1.4±0.3
    20 5.2±0.9 3.1±0.4 1.2±0.5

Kindled+histidine   200 3.1±0.8e 2.1±0.6 0.9±0.2e

  500 2.8±0.3e 2.0±0.3 0.7±0.3e

1000 5.2±0.6 3.1±0.3 1.2±0.3
1500 4.8±0.7 2.9±0.3 1.8±0.5

Kindled+histidine 500 mg/kg+CBZ       2 2.2±0.6f 1.8±0.5 0.4±0.1f

      5 2.5±0.5f 2.1±0.3 0.4±0.2f

Table 2.  Effects of histidine and carbamazepine (CBZ) on brain histamine content.  Histamine levels were measured at 1 h and 0.5 h after ip
injection of histidine and CBZ, respectively.  Saline was injected 1 mL/kg ip at 0.5 h before decapitation.  n=6–8 rats.  Mean±SEM.  bP<0.05
vs control group.  eP<0.05 vs kindled group.

       Group                                                  Dose/                                                Concentration/ng·g-1 tissue
                                                                      mg·kg-1, ip Cortex                Hypothalamus Brainstem            Hippocampus

Control+saline     – 123.1±8.8 446.6±30.3 115.6±8.4 138.7±14.3
Kindled+saline     – 112.6±12.5 259.8±30.9b   49.4±8.4b   78.2±3.0b

Kindled+CBZ     2 118.1±11.4 285.1±29.3   53.8±5.8   81.8±14.6
Kindled+histidine 500 129.2±29.1 410.1±29.2e   60.6±5.5   88.1±8.5
Kindled+histidine 500 mg/kg+CBZ     2 146.5±12.1 429.2±40.1e   65.3±6.0   87.9±4.5

Table 3.  Effects of histidine and carbamazepine (CBZ) on brain γ-aminobutyric acid (GABA) content.  GABA levels were measured at 1 h and
0.5 h after ip injection of histidine and CBZ, respectively.  Saline was injected 1 mL/kg ip 0.5 h before decapitation.  n=6–8 rats.  Mean±SEM.

          Group                                                  Dose/                                                Concentration/µg·g-1 tissue
                                                                      mg·kg-1, ip           Cortex                Hypothalamus            Brainstem            Hippocampus

Kindled+saline     – 207.1±11.9 956.3±42.8 197.6±13.3 264.6±15.4
Kindled+CBZ      2 204.2±10.4 979.0±134.1 201.3±9.5 286.5±42.2
Kindled+histidine 500 185.0±7.2 846.2±32.3 157.2±7.9 206.8±10.8
Kindled+histidine 500 mg/kg+CBZ      2 216.2±13.9 864.8±55.0 197.7±14.9 280.8±43.3
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seizures produced spatial memory deficits, which remained
in a steady state for approximately 3 weeks after fully kindled
(data not shown).  Therefore, it is likely that the chronic
transauricular kindling model is a very useful animal model
for evaluating memory deficits associated with epilepsy, and
in drug screening for both anticonvulsant and memory-im-
proving actions.

In the present study, high doses of histidine (1000 mg/kg
and 1500 mg/kg), a precursor of histamine, significantly in-
hibited chronic transauricular kindled seizures, but had no
ameliorative effect on the spatial memory deficits induced
by these seizures in rats.  However, at doses of 200 mg/kg
and 500 mg/kg, although it had no appreciable anticonvul-
sant effect, histidine significantly ameliorated spatial memory
deficits.  Therefore, it is proposed that at a lower dose, histi-
dine combined with CBZ can simultaneously enhance the
anticonvulsant effects and ameliorate spatial memory impair-
ment in rats.  Interestingly, we found that the lower doses of
histidine significantly potentiated the protective effects of
CBZ against transauricular kindled seizures and the cogni-
tive improvement was not affected by co-administration of
CBZ.  Therefore, our results indicate that histidine, at a spe-
cific dosage range, potentiates both the anticonvulsant effi-
cacy of CBZ and ameliorates the spatial memory deficits in-
duced by chronic transauricular kindled seizures in rats.  This
indicates that histidine might serve as a beneficial adjuvant
for the clinical treatment of epilepsy.

In addition, we found that chronic transauricular kindling
resulted in a marked decrease of histamine content in the
hypothalamus (41.8%), hippocampus (43.6%) and brainstem
(57.3%).  Consistent with our findings, decreased histamine
content of the amygdala and hypothalamus has been re-
ported to follow amygdaloid kindling[20].  The observed de-
crease in histamine levels following chronic transauricular
kindled seizures further supports the concept of histamine
as an endogenous anticonvulsant[21].  However, in contrast
to our data, Vohora et al reported that acute MES signifi-
cantly increased histamine concentration in the brainstem[22].
We have no data to explain this difference, which might be a
result of different mechanisms underlying the seizures (acute
vs chronic).  Therefore, our results might at least partly eluci-
date why acute MES has no appreciable effect on cognitive
behavior, whereas chronic transauricular kindling induces
significant spatial memory deficits in rats[17,18].

It remains unclear why and how histidine potentiates the
anticonvulsant effect of CBZ.  A possible pharmacokinetic
interaction is unlikely, because the plasma levels of CBZ
remain unchanged in the presence of histidine[17].  Further-
more, we found the GABA levels in the brain after treatment

with histidine and/or CBZ were not significantly different
from the values in the control group, which suggests that
the enhancement of the anticonvulsant effect of CBZ at the
doses used is independent of GABA levels.  However, treat-
ment with histidine (200 mg/kg or 500 mg/kg) significantly
increased brain histamine content in the hypothalamus.  The
significant increase of brain histamine content induced by
injection of histidine might at least partly contribute to the
observed enhanced anticonvulsant efficacy of CBZ.

It is interesting that the effects of histidine on perfor-
mance in the radial maze showed a bell-shaped inhibition.
These results are in accordance with the reports by Sakai
et al[23] and Ghi et al[24], who found dose-dependent biphasic
effects of histamine on locomotor activity.  Alvarez et al  also
reported that treatment with a lower dose of histamine
(45 nmol) in the hippocampus improved memory retrieval in
contrast to the effect of a higher dose (90 mg/kg)[25].  These
findings suggest that the biphasic effects of histamine in the
brain might be mediated through different mechanisms, and
the memory improvement induced by histidine only occurs
within a specific lower range of dosage.

We were further interested to find that histidine signifi-
cantly decreased both the number of TE and WME, but not
the number of RME induced by transauricular kindled sei-
zures in rats.  Our data suggests that histidine can only ame-
liorate the short-term memory deficit induced by the kindled
seizures.  Similar findings show that histidine, at doses that
cause a significant increase of brain histamine content, im-
proves the working memory deficit induced by 8-OH-DPAT
and 7-chlorokynurenic acid in rats[26,27].  Our previous work
also shows that the H3-antagonist clobenpropit facilitates
deficits of working memory induced by intrahippocampal
application of MK-801, and we demonstrate that the effects
on working memory are a result of an increase in endog-
enous histamine, whereas the effects on reference memory
are most likely a result of neurotransmitters other than hista-
mine[28].  From the above evidence, it is likely that different
mechanisms underlie working memory and reference memory,
and brain histamine mainly participates in the former.  Be-
cause short-term memory complaints are frequent in patients
with epilepsy[29], the improvement in working memory in-
duced by co-treatment with CBZ and histidine appears po-
tentially useful.

In conclusion, we found that chronic transauricular kin-
dling in rats was a very useful animal model for evaluating
memory deficits associated with epilepsy.  Histidine at rela-
tively low doses significantly enhanced the anticonvulsant
efficacy of CBZ against the kindled seizures and also had a
significant ameliorative effect on the spatial memory impair-
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ment induced by these seizures.  It is proposed that histidine,
at a specific range of dosages, might serve as a beneficial
adjuvant for the clinical treatment of epilepsy, especially
when it is accompanied by impairment of spatial memory.
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Synergistic effects of atenolol and amlodipine for lowering and stabiliz-
ing blood pressure in 2K1C renovascular hypertensive rats1

Fu-ming SHEN2, He-hui XIE2, Gang LING, Li-ping XU, Ding-feng SU3

Department of Pharmacology, Second Military Medical University, Shanghai 200433, China

Abstract
Aim: To test the synergistic effects of atenolol and amlodipine on lowering blood
pressure (BP) and reducing blood pressure variability (BPV) in 2-kidney, one-clip
(2K1C) renovascular hypertensive rats.  Methods: Forty-eight 2K1C renovascular
hypertensive rats were randomly divided into 6 groups.  They were respectively
given 0.8% carboxymethylcellulose sodium (control), atenolol (10.0 mg/kg),
amlodipine (1.0 mg/kg), and combined atenolol and amlodipine (low dose: 5.0+0.5
mg/kg; intermediate dose: 10.0+1.0 mg/kg; high dose: 20.0+2.0 mg/kg).  The drugs
were given via a catheter in a gastric fistula.  BP was recorded for 25 h from 1 h
before drug administration to 24 h after administration.  Results: Compared with
BP before medication, all 3 doses of combined atenolol and amlodipine signifi-
cantly decreased the BP at 24 h after administration, except for the low dose on
diastolic BP.  Compared with the control group, all 3 doses of combined atenolol
and amlodipine significantly reduced the average BP levels for the 24 h period
after administration; furthermore, the high and intermediate doses also signifi-
cantly decreased the BPV levels for the same period.  The q values calculated by
probability sum analysis for systolic and diastolic BP for the 24 h period after
administration were 2.29 and 1.45, respectively, and for systolic and diastolic BPV
for the same period they were 1.41 and 1.60, respectively.  Conclusion: There is
significant synergism between atenolol and amlodipine in lowering and stabilizing
BP in 2K1C renovascular hypertensive rats.
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Introduction
Blood pressure (BP) is not constant, and can vary

spontaneously.  This variation is defined as blood pressure
variability (BPV).  BPV is increased in hypertensive humans
and animals[1-3].  Furthermore, BPV is positively related to
the severity of organ damage in hypertensive humans and
rats[4–6].  In other words, increased BPV can produce organ
damage.  Therefore, it has been proposed that antihyperten-
sive drugs with a BP-stabilizing effect would act to protect
organs in the treatment of hypertension.  We have demon-
strated that long-term treatment with ketanserin, candesartan,
nitrendipine , a combination of nitrendipine and atenolol,
and a hydrochlorothiazide mixture not only decrease BP, but
also decrease BPV, and have obvious effects on organ protec-

tion in spontaneously hypertensive rats as well.  Importantly,
organ protection was attributed to the decrease in BPV[7–10].

Clinically, combination therapy against hypertension
using 2 or more drugs from different classes can produce
better drug efficacy[11].  Furthermore, the use of such syner-
gistic therapy is also recommended for the initial treatment
of hypertension[12].  Both β-blockers and dihydropyridine
calcium antagonists are widely used in the treatment of
hypertension.  Atenolol and amlodipine are examples of long-
acting drugs from these 2 classes.  We hypothesized that
these 2 drugs combined would produce a synergistic effect
in the treatment of hypertension.  Therefore, this study was
designed to investigate the synergistic effects of atenolol
and amlodipine on both lowing and stabilizing BP in 2K1C
renovascular hypertensive rats (RVHR).
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Materials and methods
Drugs and drug administration  Amlodipine (Nanjing

Pharmaceutical Co, Nanjing, China), atenolol (Shanghai
Second Pharmaceutical Co, Shanghai, China) and a combi-
nation of these 2 drugs were dissolved in 0.8% carboxym-
ethylcellulose sodium (CMC).  The doses used were as
follows: atenolol 10.0 mg/kg , amlodipine 1.0 mg/kg  and 5.0+
0.5 mg/kg, 10.0+1.0 mg/kg, and 20.0+2.0 mg/kg combinations
of the 2 drugs.  Five groups of rats received antihyperten-
sive drugs and one group of rats received 0.8% CMC as
control.  Drugs were administered by a catheter in a gastric
fistula implanted 3 days before treatment.

Animals and RVHR preparation  Male Sprague–Dawley
rats (160–180 g), purchased from the Sino-British SIPPR/BK
Lab Animal Ltd (Shanghai, China), were anesthetized with a
combination of ketamine (40 mg/kg) and diazepam (6 mg/kg).
The right renal artery of each animal was isolated through a
flank incision as described previously[13], and a silver clip
(0.2 mm internal gap) was placed on the renal artery.  Five
weeks after placement of the clip, the systolic blood pres-
sure (SBP) of rats was measured by using the tail-cuff method
(CB10; Alcott Biotech Co, Shanghai, China).  In total, 48
RVHR whose SBP was greater than 160 mmHg were used in
this study.  Rats were kept in a controlled temperature (23 °C–
25 °C) and lighting (light 08:00–20:00, dark 20:00–08:00)
environment, and had free access to food and tap water.  All
the animals used in this work received humane care in com-
pliance with institutional animal care guidelines.

BP and BPV measurement  SBP, diastolic blood pres-
sure (DBP) and heart period (HP) were continuously recorded
using a previously described technique[10].  Briefly, rats were
anesthetized by injection (ip) with a combination of ketamine
(40 mg/kg) and diazepam (6 mg/kg).  A floating polyethylene
catheter was inserted into the lower abdominal aorta via the
left femoral artery for BP measurement, and another catheter
was placed into the stomach via a mid-abdominal incision
for drug administration.  The catheters were exteriorized
through the interscapular skin.  After a 2-d recovery period,
the animals were placed for BP recording in individual cylin-
drical cages containing food and water.  The aortic catheter
was connected to a BP transducer via a rotating swivel that
allowed the animals to move freely in the cage.  After ap-
proximately 14-h habituation, at 9:00 o’clock the BP signal
was begun to be digitized by a microcomputer.  One hour
later, at 10:00 o’clock the drug was given via the catheter in
the gastric fistula.  SBP, DBP, and HP values were recorded
beat-to-beat for 25 h, up to 10:00 o’clock on the second day.
The mean values of these parameters during a designated

period were calculated and served as SBP, DBP and HP
values.  The standard deviation of all values obtained over
24 h was denoted as the quantitative parameter of variability;
that is, SBP variability (SBPV), DBP variability (DBPV), and
HP variability (HPV) for each rat.

Probability sum test  To determine whether the drugs
were acting synergistically, we used the probability sum test.
This test comes from classic probability analysis and is use-
ful for evaluating the synergistic interactions between 2 drugs
(q test)[10,14,15].

In the present work, we used the following criteria.  Com-
pared with the mean values from control rats, treated rats
with a decrease in BP (SBP or DBP) >20 mmHg were defined
as responders and rats with a decrease in BP≤20 mmHg were
defined as non-responders.  For BPV (SBPV or DBPV), the
criterion was 2 mmHg.  The formula used is as follows:
q=PA+B/(PA+PB–PA×PB).  Here, A and B indicate drug A and
drug B; P (probability) is the percentage of responders in
each group.  PA+B is the real percentage of responders and
(PA+PB–PA×PB) is the expected response rate.  PA+PB is the
sum of the probabilities when drug A and drug B are used
alone.  PA×PB is the probability of rats responding to both
drugs when they were used alone.  When q<0.85, the combi-
nation is antagonistic, when q>1.15, the combination is
synergistic, and when q is between 0.85 and 1.15, the combi-
nation is additive.

Statistical analysis  Data were expressed as mean±SEM.
Comparisons between values obtained in the same group
before and after drug administration were made using the
paired t-test.  Comparisons among groups were carried out
using ANOVA followed by Duncan’s test.  P<0.05 was con-
sidered statistically significant.

Results
Effects of atenolol and amlodipine on BP and HP at 24 h

after treatment   The effects of atenolol and amlodipine alone
and in combination on BP and HP at 24 h after administration
in 2K1C RVHR are shown in Table 1.  The mean values of
these variables 1 h before administration serve as the con-
trol values and are defined as “before”; the mean values at
24 h after administration are defined as “after”.  We found
that SBP was significantly decreased in all 3 groups treated
with both atenolol and amlodipine when compared with
“before”.  A significantly lower DBP was also found in 2
groups of rats treated with both atenolol and amlodipine (10.0+
1.0 mg/kg and 20.0+2.0 mg/kg) when compared with “before”.
Relative to “before” , the mean HP value at 24 h after admin-
istration was higher only in rats treated with atenolol (10.0
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mg/kg) alone.  Of the 3 groups treated with both atenolol and
amlodipine, we found that both the intermediate and the high
doses reduced SBP at 24 h after administration more effec-
tively than the low dose.

Effects of atenolol and amlodipine on BP and HP for the
24-h period after administration  We found that the average
SBP in control rats during the 24 h after administration was
171.0±3.5 mmHg.  The average SBP over this time was sig-
nificantly lower in all 5 groups treated with either atenolol, or
amlodipine, or both when compared with the control group
(Figure 1).  The minimal decrease (-13.0 mmHg) was found in
rats treated with amlodipine alone and the maximal decrease
(-39.0 mmHg) was found in rats treated with both atenolol
and amlodipine at a high dose (20.0+2.0 mg/kg).  Compared
with control, the decrease in average DBP in the experimen-
tal groups during the 24 h after administration was also sig-
nificant but not so profound.  The mean value of HP during
this time was only increased in the group treated with atenolol
(10.0 mg/kg) alone.  Of the 3 groups treated with both atenolol
and amlodipine, both the intermediate and the high doses
reduced SBP more obviously than the low dose (Figure 1).

Effects of atenolol and amlodipine on BPV and HPV for
the 24-h period after administration  Compared with the
control group (13.00±0.53 mmHg for SBPV and 9.40±0.64
mmHg for DBPV), a significant decrease in BPV was found in
groups treated with both atenolol and amlodipine at an inter-
mediate (8.80±0.85 mmHg for SBPV and 7.60±0.53 mmHg for
DBPV) and high dose (8.50±0.71 mmHg for SBPV and 7.30±
0.53 mmHg for DBPV) (Figure 2).

Synergistic interaction of atenolol and amlodipine on
BP and BPV for the 24-h period after administration Based
on the results presented in Figure 1, the effectiveness of the

decrease in BP was calculated for rats individually.  Rats
with a decrease in BP >20 mmHg (relative to controls) were
defined as responders and those with a decrease in BP ≤20
mmHg as non-responders.  The results of probability testing
are presented in Table 2.  We arrived at q values of 2.29 for
SBP and 1.45 for DBP for the combination of both atenolol
and amlodipine (10.0+1.0 mg/kg).  Compared with the mean
values for control rats, rats with a decrease in SBPV or DBPV
>2 mmHg were defined as responders.  According to this
criterion, the q values were 1.41 for SBPV and 1.60 for DBPV
for the combination of both atenolol and amlodipine (10.0+
1.0 mg/kg).

Table 1.  Effects of atenolol (Ate) and amlodipine (Aml) alone and in combination on 1-h blood pressure and heart period (HP) in 2K1C
renovascular hypertensive rats.  n=8.  Mean±SEM.  bP<0.05, cP<0.01 vs before administration. eP<0.05, fP<0.01 vs Ate+Aml (5+0.5 mg/kg).

     Groups         Dose/mg·kg-1       SBP/mmHg                                      DBP/mmHg                                         HP/ms
                                                      Before                   After              Before                    After                 Before                 After

Control   0 170.0±3.2 172.0±4.2   99.0±2.8 100.0±3.9 172.0±5.7 178.0±4.2
Ate 1 0 172.0±3.9 161.0±4.2 101.0±3.5   94.0±3.5 167.0±3.9 207.0±6.7c

Aml   1 172.0±3.9 162.0±3.5 102.0±3.2   92.0±3.9 168.0±7.1 172.0±4.9
Ate+Aml   5+0.5 174.0±4.2 159.0±3.9b 102.0±3.9   89.0±4.6 175.0±6.0 180.0±7.0
Ate+Aml 10+1 171.0±3.2 146.0±4.2ce   98.0±2.8   83.0±5.0b 178.0±3.2 179.0±4.2
Ate+Aml 20+2 172.0±3.2 141.0±2.5cf 104.0±3.2   82.0±4.2c 176.0±5.3 170.0±5.7

SBP, systolic blood pressure; DBP, diastolic blood pressure; Before, the mean value of 1-h blood pressure and HP before administration; After,
the mean blood pressure and HP value at 24 h after administration.

Table 2.  Results of probability sum tests for the combination of
atenolol (Ate; 10.0 mg/kg) and amlodipine (Aml; 1.0 mg/kg) on
blood pressure and blood pressure variability for the 24-h period after
administration in 2K1C renovascular hypertensive rats.  n=8.

   Groups     Dose/        SBP P      DBP P       SBPV P    DBPV P
                     mg·kg-1

Ate 1 0 2/8 1/8 2/8 1/8
Aml   1 2/8 2/8 3/8 1/8
Ate+Aml 10+1 8/8 4/8 6/8 3/8

q values 2.29 1.45 1.41 1.60

SBP P, percentage of responders for systolic blood pressure; DBP P,
percentage of responders for diastolic blood pressure; SBPV P, per-
centage of responders for systolic blood pressure variability; DBPV P,
percentage of responders for diastolic blood pressure variability.
q=PAte+Aml/(PAte+PAml–PAte×PAml) .  If q<0.85, the combination is
antagonistic, if q>1.15, the combination is synergistic, if q  is be-
tween 0.85 and 1.15, the combination is additive.
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Discussion
The purpose of using fixed-dose combinations of 2 dif-

ferent kinds of antihypertensive drugs in the treatment of
hypertension is to obtain increased BP control and to en-
hance compliance by using a single tablet that is taken once
or twice daily[16].  Furthermore, by combining 2 different
agents at lower doses, the clinical and metabolic side effects
that would be produced by either drug at higher doses can
be minimized[17].  Therefore, fixed-dose combinations of anti-
hypertensive drugs could potentially increase BP control,
simplify dosage regimens, improve compliance, decrease

dose-dependent side effects, and reduce costs as the first-
line treatment for hypertension[18].  These advantages make
combination antihypertensive therapy the recommended ini-
tial treatment, particularly in patients with end-organ dam-
age (EOD) or more severe initial hypertension[19,20].  However,
high BP is not a unique factor determining hypertensive EOD.
Parati et al found that for patients with similar mean hyper-
tension levels for the 24 h after treatment, those whose BPV

Figure 1.  Effects of atenolol (Ate) and amlodipine (Aml) alone and
in combination on blood pressure and heart period (HP) in 2K1C
renovascular hypertensive rats for the 24-h period after administra-
tion.  SBP, DBP, and HP are the mean values of systolic blood
pressure, diastolic blood pressure, and heart period, respectively, and
were calculated from each beat during the 24-h test period.  The
numbers shown after the compounds are dosages (mg/kg). n=8 rats.
Mean±SEM.  bP<0.05, cP<0.01 vs control.  fP<0.01 vs Ate+Aml (5+
0.5 mg/kg).

Figure 2.  Effects of atenolol (Ate) and amlodipine (Aml) alone and
in combination on blood pressure variability and heart period vari-
ability (HPV) in 2K1C renovascular hypertensive rats for the 24-h
period after administration.  SBPV, DBPV, and HPV are the standard
deviations of systolic blood pressure, diastolic blood pressure, and
heart period, respectively, and were calculated from each beat during
the 24-h test period.  The numbers shown after the compounds are
dosages (mg/kg).  n=8 rats.  Mean±SEM.  bP<0.05, cP<0.01 vs control.
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levels were lower had less severe organ damage than those
with higher BPV levels[4].  Our previous study found that in
60-week-old spontaneously hypertensive rats , the severity
of organ damage was positively related to BP (r=0.31–0.32,
n=50, P<0.05) and BPV levels (r=0.63–0.65, n=50, P<0.01),
and BPV was positively related to the extent of organ damage,
so BPV might be a new determinant of EOD[6,21,22].

Therefore, it seems very important to emphasize the role
of BPV in antihypertensive therapy.  However, it is not clear
how BPV can be controlled in the treatment of hypertension.
We have previously proposed 2 ways to reduce BPV in anti-
hypertensive therapy[6]: (1) find antihypertensive drugs that
decrease BPV even at a dose that does not affect BP, for
example ketanserin; and (2) treat patients with long-acting
antihypertensive drugs, for example candesartan or amlo-
dipine.  In the present work, we investigated a third way to
control BPV in the treatment of hypertension, that is, combi-
nation therapy.

Both β-blockers and dihydropyridine calcium antagonists
are widely used in antihypertensive therapy.  The combina-
tion of a β-blocker and a dihydropyridine calcium antagonist
is a logical choice[23], and is effective for treating hyperten-
sive patients with chronic renal insufficiency and left ven-
tricular hypertrophy[24].  Theoretically, calcium antagonists
are vasodilators and tend to increase plasma renin, therefore
combining them with β-blockers is a good idea[25].  A combi-
nation of these compounds can also neutralize the side ef-
fects of both, for example the initial heart rate increases in-
duced by dihydropyridine calcium antagonists, and the rise
in peripheral resistance elicited by some β-blockers[26].

In terms of the synergistic effects of atenolol (10.0
mg/kg) and amlodipine (1.0 mg/kg) on BP reduction, the find-
ings of the present work are: (1) the combination of atenolol
and amlodipine significantly decreases BP 24 h after
administration, whereas neither drug alone had an obvious
influence; (2) both atenolol or amlodipine alone reduced the
average BP for the 24 h period after administration by less
than 15 mmHg, but in combination they decreased SBP by
up to 35 mmHg and DBP by approximately 25 mmHg.  The q
values for SBP and DBP for the 24 h period after administra-
tion were 2.29 and 1.45, respectively, which are higher than
1.15, the threshold value for synergistic effects.  Concerning
the synergism of combined atenolol and amlodipine on the
reduction in BPV for the 24 h period after administration, we
found that BPV was not influenced by treatment with atenolol
or amlodipine alone, but was markedly reduced when they
were used in combination.  The q values for SBPV and DBPV
for the 24 h period after administration were 1.41 and 1.60,
respectively.  These findings demonstrate that the combina-

tion of atenolol and amlodipine has a significant synergistic
effect on lowing BP and stabilizing BPV in RVHR.

Our previous studies have demonstrated that long-term
(4 months) treatment with a hydrochlorothiazide mixture,
which consisted of 5 drugs at low doses, markedly reduced
BP and BPV in spontaneously hypertensive rats[9].  Long-
term (3 months) treatment with atenolol and nitrendipine had
a significant protective effect on organs in spontaneously
hypertensive rats[8].

We conclude that atenolol and amlodipine in combina-
tion have a synergistic effect in lowering and stabilizing BP
in RVHR.  Combination therapy is likely to be the optimal
way to control BP and reduce BPV in the treatment of
hypertension.
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CPU 86017, p-chlorobenzyltetrahydroberberine chloride, attenuates
monocrotaline-induced pulmonary hypertension by suppressing
endothelin pathway1

Tian-tai ZHANG, Bing CUI, De-zai DAI2, Wei SU

Research Division of Pharmacology, China Pharmaceutical University, Nanjing 210009, China

Abstract
Aim: To elucidate the involvement of the endothelin (ET) pathway in the patho-
genesis of monocrotaline (MCT)-induced pulmonary arterial hypertension (PAH)
and the therapeutic effect of CPU 86017 (p-chlorobenzyltetrahydroberberine
chloride) in rats.  Methods: Rats were injected with a single dose (60 mg/kg, sc) of
MCT and given CPU 86017 (20, 40, and 80 mg·kg-1·d-1, po) or saline for 28 d.  The
hemodynamics, mRNA expression, and vascular activity were evaluated.  Results:
Right ventricular systolic pressure and central venous pressures were elevated
markedly in the PAH model and decreased by CPU 86017.  In the PAH group, the
endothelin-1 (ET-1) in serum and lungs was dramatically increased by 54% (79.9 pg/
mL, P<0.01) and 93% (166.2 pg/mL, P<0.01), and mRNA levels of preproET-1,
eNOS, and iNOS also increased dramatically compared with control. Compared
with PAH group, CPU 86017 decreased the content of ET-1 to the normal level in
lung tissue, but was less effective in serum.  The level of NO was significantly
increased in CPU 86017 at 80 and 40 mg·kg-1·d-1 groups in tissue, whereas the
difference in serum was not significant. A significant reduction in MDA produc-
tion and an increase in the SOD activity in the serum and lungs was observed in all
three CPU 86017 groups. CPU 86017 80 mg·kg-1·d-1 po increased the activity of
cNOS by 33% (P<0.01). The up-regulation of eNOS and iNOS mRNA levels in-
duced by MCT was significantly reversed in 3 CPU 86017 groups, and preproET-1
mRNA abundance was also reduced notably in CPU 86017 80 mg·kg-1·d-1 group vs
the PAH group. The KCl-induced vasoconstrictions in the calcium-free medium
decreased markedly in PAH group but recovered partially after CPU 86017
intervention.  The constrictions in the presence of Ca2+ was not improved by
CPU 86017.  The phenylephrine-induced vasoconstrictions in the calcium-free
medium decreased markedly in PAH group but not recovered after CPU 86017
intervention.  The constrictions in the presence of Ca2+ completely returned to the
normal after CPU 86017 intervention. Conclusion: CPU 86017 suppressed MCT-
induced PAH mainly through an indirect suppression of the ET-1 system, which
was involved in the pathogenesis of the disease.

Key words
pulmonary artery; hypertension; endothelin-1;
nitric-oxide synthase; reactive oxygen species;
monocrotaline; CPU 86017

1 Project supported by the National Natural
Science Foundation of China (No 30230170).
2 Correspondence to Prof De-zai DAI.
Ph n 86-25-8327-1270.
Fax 86-25-8330-2827.
E-mail dezaidai@vip.sina.com

Received 2005-07-08
Accepted 2005-08-02

doi: 10.1111/j.1745-7254.2005.00214.x

Introduction
Pulmonary arterial hypertension (PAH) is a common dis-

ease induced by many etiological factors.  Pulmonary vas-
cular remodeling by monocrotaline (MCT) affects both vas-

cular smooth muscle and vascular wall connective tissue at
the molecular level[1].  Endothelium plays an important role
in controlling vascular tone as well as vascular remodeling
by releasing endothelium-derived relaxing factors [EDRF,
nitric oxide (NO)] and contracting factors mainly endothelin-1
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(ET-1)[2].  ET-1 is a potent endothelium-derived vasoconstric-
tor peptide, which possesses mitogenic effects to proliferate
the vascular smooth muscle cells (VSMC) in the develop-
ment of PAH[3].  NO, which is released from the endothelium,
attenuates proliferation of VSMC[4] and is opposed func-
tionally to ET-1[5].

Monocrotaline (MCT), a pyrrole alkaloid, causes sub-
stantial and sustained inflammatory damage to the pulmo-
nary arterial system and, therefore, causes PAH in rats[5].
CPU 86017, p-chlorobenzyltetrahydroberberine (Figure 1), a
new compound derived from berberine, possesses a calcium
channel blocking effect[6], combined with an antioxidative
effect[7].  CPU 86017 ameliorates the progression of chronic
congestive heart failure in relation to suppression of the ET-
1 system[8].  Therefore, it is hypothesized that CPU 86017
might relieve the pulmonary hypertension, with an indirect
effect on the overactive ET pathway underlying the pulmo-
nary hypertension induced by MCT.  We intend to explore
the pathogenesis of PAH induced by MCT in relation to an
activated ET pathway, and its downstream events (iNOS and
ROS activity) in response to the medication of CPU 86017.

Materials and methods
Experimental protocol  Sixty-five male Sprague-Dawley

rats (weighing 250 g-300 g, from the Experimental Animal
Center of Nanjing Medical University) were randomized into
5 groups (n =13).  Animals (apart from the normal group)
were injected with a single dose 60 mg/kg, sc) of MCT
(Promega).  p-Chloro-benzyl-tetrahydro-berberine chloride
(CPU 86017) was first synthesized by the New Drug Center
of China Pharmaceutical University and provided by Shan-
dong Xinhua Pharmaceutical Industry Co.  The 5 groups
were the normal group (Ctl), PAH untreated group (PAH), and
the 3 treatment groups (CPU 86017  20, 40, and 80 mg·kg-1·d-1,
po, daily for 28 d from the day of MCT, sc).  CPU 86017 was
suspended freshly in 0.5% CMC-Na of  0.4%, 0.8%, and 1.6%
(20, 40, and 80 mg·kg-1·d-1, sc).  The normal and PAH groups
were given an equal volume of CMC-Na.

The investigation was performed in accordance with the
Guide for the Care and Use of Laboratory Animals in Jiangsu
Province.

Hemodynamic analysis and heart weight index  After 4
weeks of MCT medication and interventions with CPU 86017,
rats were killed with urethane (1.5 mg/kg, ip).  RVSP (right
ventricular systolic pressure), CVP (central venous pressure),
and blood pressure were measured using 2 catheters
separately, as described previously[9].  Animals were then
exsanguinated, and the hearts and lungs were dissected and
weighed.  The right ventricular remodeling was assessed by
measuring the RVWI (right ventricle weight index): the RV
weight to body weight ratio (RVW/BW, mg/g) and the RV-
to-left ventricular (LV) plus septal (S) weight ratio [RVW/
(LVW+SW), mg/g].  The improvement after drug interven-
tion was calculated as follows: improvement % = (PAH-
Treated)/(PAH-Normal)×100%.

ET-1, NO, NOS, superoxide dismutase (SOD), and
malondialdehyde (MDA) assays  Blood samples were col-

Table 1.  Primer sequences used for determination of prepro endothelin-1 (ET-1), iNOS, eNOS, and β-actin expression.

        Name             GenBank Number              Primers nucleotide sequence                             Location, nt            Size/bp

PreproET-1 NM_010104 Sense: 5'-AGCAATAGCATCAAGGCATC-3'   550–569 465
Antisense: 5'-TCAGACACGAACACTCCCTA-3'   995–1014

iNOS D12520 Sense: 5'-ATCCCGAAACGCTACACTT-3' 2261–2279 314
Antisense: 5'-TCTGGCGAAGAACAAATCC-3' 2557–2574

eNOS NM_008713 Sense: 5'-TGGCAAGACAGACTACACGA-3' 3077–3096 422
Antisense: 5'-CGCAATGTGAGTCCGAAA-3' 3481–3498

β-actin AF421789 Sense: 5'-GAAGATCCTGACCGAGCGTG-3'   632–651 518
Antisense: 5'-CGTATTCCTGCTTGCTGATCC-3' 1129–1149

Figure 1.  The chemical structure of CPU 86017.
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lected in chilled vials containing 30 mL EDTA2Na and 20 mL
Aprotinin.  ET-1, NOS activity, SOD, and MDA in serum and
lung tissue were measured using radioimmunoassay or the
kits supplied by Nanjing Jiancheng Biotechnological Co,
following the practice described previously[9].

Assessment of pulmonary artery remodeling  Transverse
sections of lungs, 4 µm in thickness, were cut at the right
middle zones and stained with hematoxylin-eosin, then the
wall thickness of small pulmonary arteries (diameter<150 µm)
was analyzed using a colorful picture analysis system
(Quantment 500), as described in a previous report[9].  The
thickness (µm) and WT (wall thickness ratio) percentage
value were determined as the average data of 10 fields per
slice and the WT was calculated as below: WT%=
(diameterext-diameterint)/diameterext×100.

mRNA expressions of preproET-1, iNOS, and eNOS in
lung tissue  Lung tissue was homogenized in TRIZOL, and
then extracted with hydroxybenzene-chloroform.  Reverse
transcription-polymerase chain reaction (RT-PCR) was per-
formed in 25 µL final volume under the following conditions:
initial denaturalization at 94 oC for 5 min, denaturalization at
94 oC for 40 s, annealing for 40 s at 64 oC for preproET-1, at
58 oC for eNOS, at 58 oC for iNOS, and at 60 oC for β-actin, all
extension at 72 oC for 1 min.  The circular numbers of β-actin,
preproET-1, eNOS, and iNOS were 25, 28, 26 and 28,
respectively.  The sequences of primers are shown  in Table 1
and the procedures were the same as described previously[9].
The PCR products were electrophoresed and determined
semi-quantitatively.

Functional assessment of isolated pulmonary arterial
rings  The pulmonary arteries were carefully isolated and
cleaned of outer connective tissue in cold K-H solution satu-
rated with 100% oxygen.  The rings from each pulmonary
artery (approximately 3 mm in length) were mounted verti-
cally between 2 hooks in organ chamber myographs, which

were filled with K-H solution and kept at 37 oC.  Isometric
tension was measured with force transducers (MPA-V).  Con-
strictions of the isolated pulmonary arterial rings by KCl
100 mmol/L or phenylnephrine 1 µmol/L were performed in
calcium free KH solution and after adding up to 2.5 mmol/L
Ca2+ in the presence of either KCl or phenylephrine, sepa-
rately[10–12].

Statistical analysis  Data are presented as mean±SEM.
For statistical evaluation one-way analysis of variance was
used, following Dennett’s test.  The Student Newman Keuls
test was performed when the variance was equal, and the
Games-Howell test was performed when variance was not
equal.  Pearson correlation analysis was also carried out on
some indices.  A value of P<0.05 was considered statistically
significant.

Results
Hemodynamic changes  The RVSP and CVP in MCT PAH

group were elevated markedly by 79% (P<0.01) and 2400%
(P<0.01) compared with normal, respectively.   CPU 86017  20,
40, and 80 mg·kg-1·d-1 po decreased the RVSP by -18.5%, -37.2%,
and -15.1%, compared to the PAH (P<0.01), respectively, and
the reduction in CVP was by -66.7%, -73.3%, and -80.0%,
respectively (P<0.01, Table 2).

Regression in RVWI  The RVWI in the control group
was increased by 50.0 % in RVW/BW and 53.3 % in
RVW/(RVW+SW) (P<0.01), respectively.  Reduction in RVW/
BW by CPU 86017  20, 40, and 80 mg·kg-1·d-1, po was -30.5%,
-33.3%, and -25.9%, respectively, compared to the untreated
group and in RVW/(RVW+SW) was -28.2%, -30.4%, and
-28.2% (P<0.01), respectively.  The remodeling of the right
ventricle was regressed remarkably in each intervention
group (Table 3).

Regression in the vasculature of the pulmonary arteriole
In PAH group, the thickness (µm) and the relative value of

Table 2.  Effect of CPU 86017 on pulmonary hemodynamics in monocrotaline-induced pulmonary arterial hypertension (PAH). Mean±SEM.
cP<0.01 vs control. fP<0.01 vs PAH.

          Dose/mg·kg-1·d-1   n                 RVSP/kPa                    CVP/kPa                       BP/kPa                     HR/min-1

Control 1 0 2.92±0.16 0.03±0.01 15.44±0.44 350±11
PAH 1 0 5.24±0.19c 0.75±0.05c 15.01±0.51 360±12
PAH+CPU 20 1 0 4.27±0.18f 0.25±0.07f 15.90±0.69 378±11
PAH+CPU 40 9 3.29±0.14f 0.20±0.03f 15.69±0.28 362±15
PAH+CPU 80 1 0 4.45±0.18f 0.15±0.04f 16.13±0.72 367±12

CPU: CPU 86017. RVSP: right ventricular systolic pressure. CVP: central venous pressure. BP: blood pressure. HR: heart rate.
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Table 3.  Effect of CPU 86017 on right ventricular hypertrophy in
monocrotaline-induced pulmonary arterial hypertension (PAH).
cP<0.01 vs control. fP<0.01 vs PAH.

Dose/mg·kg-1·d-1      n          BW             RVW/BW       RVW/(LVW
                                          (g)                (mg/g)         +SW) (mg/g)

Control 1 0    305±8 0.72±0.03 0.30±0.01
PAH 1 2    252±8 1.08±0.05c 0.46±0.02c

PAH+CPU 20 1 1    267±6 0.75±0.03f 0.33±0.01f

PAH+CPU 40 1 1    281±9 0.72±0.03f 0.32±0.02f

PAH+CPU 80 1 1 272.0±0.9 0.80±0.03f 0.33±0.01f

CPU: CPU 86017. BW: body weight. RV: right ventricle. LV: left
ventricle. S: septum.

Table 4.  Effect of CPU 86017 on wall thickness in small pulmonary
artery in ra ts with monocrotaline-induced pulmonary arteria l
hypertension (PAH) . n = 60  vessel s.  Mean±SEM. cP< 0.0 1 v s
control. dP>0.05, eP<0.05, fP<0.01 vs PAH.

         Dose/mg·kg-1·d-1        Thickness/µm       WT/%

Control 11.20±0.27 31.6±2.5
PAH 23.14±0.39c 57.1±4.1c

PAH+CPU 20 20.03±0.27d 48.2±3.6d

PAH+CPU 40 17.69±0.27e 41.5±4.7e

PAH+CPU 80 11.64±0.19f 29.5±2.9f

WT, wall thickness (%) of the total area of the vascular transactions.

Figure 2.  Morphological analysis of the wall thickness of pulmo-
nary arteriole transactions in monocrotaline-induced pulmonary
artery hypertension (PAH) in ra ts.  (A) Normal; (B) PAH; (C)
CPU 86017  80 mg·kg-1·d-1 for 28 d; (D) CPU 86017 40 mg·kg-1·d-1 for
28 d; (E) CPU 86017  20 mg·kg-1·d-1 for 28 d. HE stain. ×900.

WT% (wall thickness percentage) of small pulmonary arter-
ies (<150 µm in diameter) were increased by 106.0% and 80.7%
(P<0.01) compared with the control group.  In CPU 86017  80,
40, and 20 mg·kg-1·d-1 groups, thickness (µm) and the relative
value of WT percentage of small pulmonary arteries
decreased significantly compared with the untreated group
(Table 4, Figure 2).

NO, ET-1, cNOS, SOD, and MDA in serum and lung
tissue  In the PAH group, the ET-1 in the serum and lungs
was dramatically increased by 53.9% (P<0.01) and 93.7%
(P<0.01), respectively.  CPU 86017 decreased the content of
ET-1 to the normal level in lung tissue, but was less effective
in serum.  The NO content was increased by 60.0% (P<0.01)
in serum, but decreased by -52.5% (P<0.01) in pulmonary
tissue, compared to that of the normal group.  The level of NO
was significantly increased in CPU 86017  80 and 40 mg·kg-1·d-1

groups in tissue, whereas the difference was not significant
in serum.  Activity of cNOS in tissue decreased by -38.5%

(P<0.01) in the PAH group compared to the normal.  The
activity of cNOS was increased by 33.0% (P<0.01) in CPU
86017 80 mg·kg-1·d-1 po group compared to the PAH (Table 5,
6).  The MDA was significantly increased in both the serum
and lungs, whereas the activity of SOD decreased markedly.
A significant reduction in MDA production was observed in
all three CPU 86017 groups, which was associated with an
increase in the SOD activity in the serum and lungs.

PreproET-1, iNOS, and eNOS mRNA expression
Twenty-eight days after MCT injection, the mRNA expres-
sion of preproET-1, eNOS, and iNOS in the PAH group was
upregulated by approximately 4, 6.5, and 2.7 times, respec-
tively, against the normal lung tissue.  The upregulation of
eNOS and iNOS mRNA levels was significantly reversed in
three CPU 86017 groups, and preproET-1 mRNA abundance
was also reduced notably in CPU 86017 80 mg·kg-1·d-1 group
versus the PAH group (Figure 3).

Isolated pulmonary artery activity  Two sorts of pulmo-
nary vascular activities were assessed using high KCl and
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Table 5.  Effect of CPU 86017 on the contents of SOD, MDA, and NO in serum and pulmonary tissue in monocrotaline-induced pulmonary
arterial hypertension (PAH) in rats. Mean±SEM. cP<0.01 vs control. dP>0.05, eP<0.05, fP<0.01 vs PAH.

    Dose/mg·kg-1·d-1            n                      SOD                                      MDA                                            NO
                                           Serum             Pulmonary              Serum               Pulmonary             Serum             Pulmonary

                                                       /U·mL-1      tissue/U·mg-1          /nmol·L-1               tissue/nmol·g-1        /µmol·L-1             tissue/µmol·g-1

       protein                                      protein                                        protein

Control 1 0 117±12 150.0±3.1 5.40±0.23 1.40±0.07 35.0±2.6 0.40±0.01
PAH 1 0   61±13c 105.0±2.3c 6.90±0.34c 2.60±0.18c 56.0±6.8c 0.19±0.01c

PAH+CPU20 1 0   67±17d 116.0±3.9e 5.90±0.52d 1.70±0.18f 57.0±5.2d 0.20±0.02d

PAH+CPU40 9   78±23e 145.0±8.7f 5.00±0.49f 1.60±0.06f 58.0±6.1d 0.29±0.04f

PAH+CPU80 1 0   80±12f 153.0±4.1f 4.80±0.28f 1.50±0.08f 52.0±4.8d 0.31±0.02f

SOD, superoxide dismutase. MDA, malondialdehyde. NO, nitric oxide.

Figure 3.  The RT-PCR analysis of the mRNA expression of preproET-1, eNOS, and iNOS in lung tissue, respectively.  (A, B) mRNA of
preproET-1; (C, D), mRNA of eNOS; (E, F): mRNA of iNOS. Lane 1, 2, 3, 4, 5 represents control, pulmonary artery hypertension, CPU 86017
20, 40, 80 mg·kg-1·d-1 for 28 d po , respectively.  (B, D, F) showed the densitometry readings normalized to β-actin for preproET-1, eNOS, and
iNOS transcripts in lung tissue.  n=10.  Mean±SEM. cP<0.01 vs control. dP>0.05, fP<0.01 vs PAH.

phenylephrine in separate experiments.  Each was evaluated
in 2 phases of constriction of the isolated pulmonary artery

rings in calcium-free medium, and up to 2.5 mmol/L calcium
was added to the calcium-free medium in the presence of
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either high KCl or phenylephrine.  The KCl induced vaso-
constrictions in the calcium-free medium decreased mark-
edly in the PAH group and recovered partially after
CPU 86017 intervention.  The constrictions by the calcium
influx on adding calcium into calcium-free medium in the pres-
ence of KCl 100 mmol/L were impaired markedly in the un-
treated group, whereas there was no improvement in the CPU
86017-treated groups (Figure 4).  The contractions by phe-
nylephrine in the calcium-free medium were notable in the
untreated group, and no improvement could be found after
CPU 86017 treatments.  A markedly impaired vascular tone of
contractions by calcium influx resulting from an addition of

Ca2+ into the medium in the presence of phenylephrine 1
µmol/L was found and vascular tension completely returned
to normal in the CPU 86017 groups of 80 and 40 mg·kg-1·d-1,
po (Figure 5).

Discussion
CPU 86017 is derived from chemical modification of the

moiety of berberine and possesses a blocking effect on the
K+ and Ca2+ channels[13], together with an improvement in
the water solubility and availability in pharmacokinetics.  The
chemical reformation leads to a reinforcement of calcium
antagonism, providing a potential beneficial use in the treat-
ment of cardiovascular disorders[12].

The chronic inflammation of the lung tissue by MCT con-
tributes to an insult to vascular endothelium and myocardium,
consequently resulting in a substantial increase in ET-1
release, which promotes the pathological progression of
PAH.  The voltage-dependent calcium channels are coupled
to ETA receptors by G proteins; therefore, an enhancement of
the calcium influx is anticipated to follow an excess ET-1
release, as we found in the PAH.  The activation of the
L-type Ca2+ channels caused by an excess ET-1 in the myo-
cardium and vasculature is an important etiological factor
resulting in maladjustment and remodeling changes in the
pulmonary vessels and the right ventricle.

The ET-1 closely linked with the ROS system is an impor-
tant pathway involved in cardiovascular derangement[14].  One
of the up-stream events in the pathway to the tissue ET-1 is

Table 6.  Effect of CPU 86017 on the activity of cNOS in pulmo-
nary tissue and content of ET-1 in plasma and pulmonary tissue of
monocrotaline-induced pulmonary artery hypertension (PAH) rats.
n=8 for ET-1.  n=10 for cNOS.  Mean±SEM.  cP<0.01 vs control.
dP>0.05, fP<0.01 vs PAH.

  Dose/mg·kg-1·d-1             ET-1                             cNOS
                      Plasma             Tissue                  Tissue

                                  /pg·mL-1           /pg·mL-1         /U·mg-1 protein

Control 51.9±3.6   85.8±8.9 1.87±0.06
PAH 79.9±5.3c 166.2±6.8c 1.15±0.05c

PAH+CPU 20 75.9±6.4d   98.7±12.7f 1.21±0.10d

PAH+CPU 40 74.1±3.9d 102.2±6.8f 1.39±0.05f

PAH+CPU 80 64.7±2.8e   90.6±14.8f 1.53±0.06f

ET-1, endothelin-1; cNOS, constructive nitric oxide synthase.

Figure 4.  Contraction of pulmonary artery ring induced by KCl
isolated from the rats with monocrotaline-induced pulmonary artery
hypertension (PAH). Left: Contractions is induced by KCl in Ca2+

free K-H solution. Right: Contraction is induced by adding Ca2+ 2.5
mmol/L in the Ca2+-free K-H solusion in the presence of the KCl. Ctl:
control;  CHU 20, CPU 40, CPU 80: CPU 86017 20, 40, and 80
mg·kg-1·d-1, po , for 28 d.  cP<0.01 vs  control. eP<0.05, fP<0.01 vs
PAH.

Figure 5.  Contraction of pulmonary artery ring induced by phe-
nylephrine 1 µmol/L isolated from rats with monocrotaline-induced
pulmonary artery hypertension (PAH). Left: contractions by phe-
nylephrine in Ca2+ free K-H solution. Right: contraction is induced by
adding Ca2+ up to 2.5 mmol/L in the Ca2+-free K-H solusion in the
presence of phenylephrine. Phe, phenylephrine; Ctl, control; CPU20,
CPU40, CPU80: CPU 86017 20, 40, and 80 mg·kg-1·d-1, po , for 28 d.
bP<0.05, cP<0.01 vs control. eP<0.05 vs PAH.
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the mRNA of preproET-1, which is also elevated significantly.
An excess of ET-1 binding to the ETA receptors stimulates
the protein kinase C (PKC), mitogen-activated protein ki-
nase (MAPK) pathway, finally leading to an abnormality of
phenotype of genes encoding the preproET-1, iNOS, and
cNOS, matrix formation, as well as to pulmonary VSMC pro-
liferation[15–17].

A low level of NO and elevated ET-1 in the pulmonary
tissue is a result of endothelial damage and dysfunction by
MCT.  MCT selectively damages pulmonary endothelium,
reducing NO production and secretion.  The vascular NO is
biosynthesized and released in a constant manner, which is
necessary to maintain the normal vascular vasodilatation
response.  The bioavailability of NO (ie basal release) is com-
promised significantly, resulting in impaired vascular activ-
ity in the PAH group.  An abnormally low NO exerts a sup-
pressive effect on the proliferation of smooth muscle cells,
because of an excess of ET-1, which mediates an activation
of MAPK pathway.  An increased serum NO in the PAH
group is a result of activated activity of the iNOS resulting
from the stimulation of chronic inflammation by MCT, which
accelerates both pulmonary artery hypertension and portal
hypertension[18].

The ROS play an important role in remodeling of the small
pulmonary artery, as they proliferate smooth muscle cells by
activating the phosphorylation of ERK/MAPK.  The ET-1
stimulates the downstream events in the pathway; that is,
activation of iNOS and ROS.  It is likely that a circulated
activation mechanism takes place between the upstream and
the downstream to exacerbate an activation of the ET path-
way involved in the pathological process.  An increment of
ROS causes an increase in the abundance of mRNA of prepro-
ET-1, eNOS, and iNOS, attributable to the enhancement of
the transcription process in the nucleus[19,20].  This is easily
reversed by suppression of  the ET–ROS pathway after treat-
ment with CPU 86017.

An intervention to interrupt the targets located at either
the upstream or the downstream of the ET pathway is ca-
pable of relieving the disturbance in the PAH by MCT.  The
insult to the pulmonary endothelium and the later developed
myocardial insufficiency of the right ventricle are the main
factors contributing to excess ET-1 and the over-stimulation
of the ET pathway.  The overactivated ET pathway can be
reversed indirectly by the calcium antagonism and antioxida-
tive effects of CPU 86017.  Actually an attenuation of the
activated ET pathway by CPU 86017 in the MCT PAH in rats
can not be ascribed to a direct blocking action on ET receptors,
but ascribed to a calcium antagonism relieving an injury of
the pulmonary endothelium and the myocardium and rebal-

ancing an interruption of the ROS formation.  A reduced
formation of the ET-1 and an indirect blockade of endothelin
receptors to alleviate its downstream events are achieved
using CPU 86017 chronic medication.

Plasma ET-1 was less responsive than the pulmonary ori-
gin ET-1to CPU 86017 treatment.  The ET can be sourced
from the two:  physiological  and pathological conditionas,
sush as the ET in the affected lung is totally from the insult
from MCT.  In the blood stream the majority of ET is released
from the organ under normal conditions such as the central
nervous system, the kidney, endometrium, and normal tis-
sue[21], but ET from the affected lung contributes to a small
portion of plasma ET-1.  So only a heavy inhibition of the
release from the pathological lung by the high dose of CPU
86017 could provide a reduction in the seral total ET, but not
the middle and small doses.  In contrast, paracrine and
autocrine ET-1 is effective in the local region.  The pulmo-
nary origin of ET-1 was the main pathological factor and
responded well to the CPU 86017 treatment.

We found that eNOS mRNA expression was significantly
increased in MCT-induced PAH, and was up to 6.5 times
higher than that in normal group, whereas both NOS activity
and NO content decreased in the same way as reported by
Resta et al[22].   Such a contradiction might be contributed to
damage to endothelium by MCT with which the eNOS can
not be converted into a normally active form.  The maladjust-
ment resulted from phosphorylation of threonine[23], which
causes defective activity of the eNOS, contributing to PAH
progression[24].

In conclusion, an activated ET-ROS pathway damages
the endothelium system which results in consequent pulmo-
nary vasculature derangement in PAH by MCT in rats.  By
suppressing the ET pathway, CPU 86017 relieves MCT PAH.

References
1 Jeffery TK, Morrell NW.  Molecular and cellular basis of pulmo-

nary vascular remodeling in pulmonary hypertension.  Prog
Cardiovasc Dis 2002; 45: 173–202.

2 Tuder RM, Cool CD, Yeager M, Taraseviciene-Stewart L, Bull
TM, Voelkel NF.  The pathobiology of pulmonary hypertension.
Endothelium.  Clin Chest Med 2001; 22: 405–18.

3 Wort SJ, Woods M, Warner TD, Evans TW, Mitchell JA.  Endog-
enously released endothelin-1  from human pulmonary artery
smooth muscle promotes cellu lar proliferation: relevance to
pathogenesis of pulmonary hypertension and vascular remodeling.
Am J Resp Cell Mol Biol 2001; 25: 104–10.

4 Michelakis ED.  The role of the NO axis and its therapeutic
implications in pulmonary arterial hypertension.  Heart Fail Rev
2003; 8: 5–21.

5 Alexandru B, Bogdan MA.  Monocrotaline induces pulmonary
hypertension in animal models.  Pneumologia 2001; 50: 85–9.



1316

 Acta Pharmacologica Sinica ISSN 1671-4083Zhang TT et al

6 Wang HL, Li SB, Dai DZ.  Effects of CPU 86017 on L-type
calcium current in single guinea pig hypertrophic ventricular
myocytes.  J China Pharm Univ 2004; 35: 259–62.

7 Hao JM, Dai DZ, Yu F.  The oxidative stress is enhanced after
L-thyroxin medication and suppressed by CPU 86017.  Prog
Pharm Sci 2005; 29: 417–21.

8 Wang YQ, Shi YP, Dai DZ.  The therapeutic effects of CPU
86017 on acute and chronic congestive cardiac failure mediated
by reducing ET-1, NOS and oxidative stress in rats.  Drug Dev Res
2004; 63: 22–32.

9 Zhang TT, Dai DZ.  Therapeutic effects of nifedipine on pulmo-
nary hypertension and mechanism involved.  Prog Pharm Sci
2003, 27: 227–9.

1 0 Dai DZ, Feng Y, Li HT.  Blockade on sodium, potassium, and
calcium channels by a new antiarrhythmic agent CPU 86017.
Drug Dev Res 1996; 39: 138–46.

1 1 Dai DZ, Jiang JM.  p-Chlorobenzyltetrahydroberberine inhibits
vascular smooth muscle contractions caused by Ca2+.   Acta
Pharmacol Sin 1998; 19: 543–7.

1 2 Dai DZ, He Y, Huang FH.  Comparison of inhibitory activity of
berberine derivate CPU 86017 and berberine on vascular
contraction.  J China Pharm Univ 2000; 31: 447–50.

1 3 Dai DZ, Hu HJ, Zhao J, Hao XM, Yang DM, Zhou PA, et al.
Blockade of L-type calcium channel in myocardium and cal-
ciu m-indu ced contract ions of vascular smooth muscle  by
CPU 86017.  Acta Pharmacol Sin 2004; 25: 416–23.

1 4 Xu FP, Chen MS, Wang YZ, Yi Q, Lin SB, Chen AF, et al.  Leptin
induces hypertrophy via endothelin-1-reactive oxygen species
pathway in cultured neonatal rat cardiomyocytes.  Circulation
2004; 110: 1269–75.

1 5 Mazzocchi G, Rossi GP, Malendowicz LK, Champion HC,
Nussdorfer GG. Endothelin-1 [1-31], acting as an ETA-receptor
selective agonist, stimulates proliferation of cultured rat zona
glomerulosa cells.  FEBS Lett 2000; 487: 194–8.

1 6 Piacentini L, Gray M, Honbo NY, Chentoufi J,  Bergman M,

Karliner JS.  Endothelin-1 stimulates cardiac fibroblast prolifera-
tion through activation of protein kinase C.  J Mol Cell Cardiol
2000; 32: 565–76.

1 7 Herman WH, Simonson MS.  Nuclear signaling by endothelin-1:
a Ras pathway for the activation of the c-fos serum response
element.  J Biol Chem 1995; 270: 654–61.

1 8 Perazzo J, Eizayaga F, Romay S, Bengochea L, Pavese A, Lemberg
A.  An experimental model of liver damage and portal hyperten-
sion induced by a single dose of monocrotaline.  Hepatogastro-
enterology 1999; 46: 432–5.

1 9 Bai XC, Lu D, Liu AL, Zhang ZM, Li XM, Zou ZP, et al.  Reac-
tive oxygen species stimulates receptor activator of NF-kappaB
ligand expression in osteoblast.  J Biol Chem 2005; 280: 17497–
506.

2 0 Rodriguez JA, Nespereira B, Perez-Ilzarbe M, Eguinoa E, Paramo
JA.  Vitamins C and E prevent endothelial VEGF and VEGFR-2
overexpression induced by porcine hypercholesterolemic LDL.
Cardiovasc Res 2005; 65: 665–73.

2 1 Hsu YH, Huang SC.  Immunohistochemical localization of
endothelin-converting enzyme-1 in neuroendocrine tumors and
normal human tissue.  Kaohsiung J Med Sci 2003; 19: 555–62.

2 2 Resta TC, Chicoine LG, Omdahl JL, Walker BR.  Maintained
upregulation of pulmonary eNOS gene and protein expression
during recovery from chronic hypoxia.  Am J Physiol 1999; 276:
H699–H708.

2 3 Fleming I, Fisslthaler B, Dimmeler S, Kemp BE, Busse R.  Phos-
phorylation of Thr495 regulates Ca2+/calmodulin-dependent en-
dothelial nitric oxide synthase activity.  Circ Res 2001; 88: E68–
E75.

2 4 Murata T, Sato K, Hori M, Ozaki H, Karaki H.  Decreased endot-
helial nitric-oxide synthase (eNOS) activity resulting from ab-
normal interaction between eNOS and its regulatory proteins in
hypoxia-induced pulmonary hypertension.  J Biol Chem 2002;
277: 44085–92.



1317

Acta Pharmacologica Sinica   2005 Nov; 26 (11): 1317–1321

©2005 CPS and SIMM

Full-length article

Chemokine RANTES is upregulated in monocytes from patients with
hyperhomocysteinemia1

Wei SUN2,5, Guang WANG3,5, Zhen-min ZHANG4, Xiao-kun ZENG2, Xian WANG2,4,6

2Institute of Vascular Medicine; 3Department of Gerontology, Peking University Third Hospital; 4Department of Physiology and Pathophysiology,
Key Laboratory of Molecular Cardiovascular Science, Ministry of Education, Basic Medical College, Peking University, Beijing 100083,
China

Abstract
Aim: To investigate the changes in plasma level of the chemokine RANTES
(regulated upon activation, normal T cells expressed and secreted) and the
responsiveness of lipopolysaccharide (LPS)-induced RANTES secretion from
monocytes in patients with hyperhomocysteinemia (HHcy).  Methods: The plasma
levels of homocysteine (Hcy), folate, and RANTES were measured in 38 control
patients with normal Hcy levels and 40 patients with HHcy and the mRNA synthe-
sis of RANTES in isolated human monocytes was determined by RNase protec-
tion assays.  Results: The plasma level of RANTES was elevated in HHcy pa-
tients compared with controls (median 5.3 vs 3.5 ng/mL, P<0.01).  LPS-induced
RANTES production from monocytes of HHcy patients was also increased
significantly. In addition, Hcy directly increased the mRNA level of RANTES in
isolated normal human monocytes in a time- and dose-dependent manner.
Conclusion: Upregulated RANTES from monocytes in HHcy patients may be
involved in the atherogenesis of HHcy-induced atherosclerosis.
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Introduction
Elevated plasma homocysteine (Hcy) concentration is

an independent risk factor for cardiovascular disease[1,2].
Although the exact mechanism by which hyperhomo-
cysteinemia (HHcy) induces cardiovascular disease is still
uncertain, recent evidence suggests that HHcy may induce
the process of atherogenesis by initiating inflammation.  Hcy
may affect inflammatory cells, such as mononuclear
leukocytes, monocytes, and T cells, as well as multiple
cytokines, to alter the inflammatory status of endothelial cells,
smooth muscle cells (SMC) and intimal macrophages during
the formation of lesions[3,4].  Hcy induces the expression and
secretion of monocyte chemoattractant protein -1 (MCP-1)
and interleukin-8 (IL-8)in human aortic endothelial cells, SMC
lines, and monocyte cells[5–8].  Furthermore, we have shown
that Hcy not only promotes the secretion of MCP-1 and IL-
8 but also enhances their gene expression in primary cul-
tured human monocytes[7].  Holven et al[9] also reported that

the plasma level of the chemokine epithelial neutrophil-acti-
vating peptide-78 (ENA-78) and growth-regulated oncogene
(GROα) was elevated in patients with HHcy.  This evidence
suggests a role of pro-inflammatory chemokines in HHcy-
initiated atherogenesis.

RANTES (regulated upon activation, normal T cells ex-
pressed and secreted) is a CC chemokine, normally derived
by T lymphocytes.  It is also produced by mono/macrophages.
It plays an important role in the inflammatory process.  It has
been found to play an important role in autoimmune dis-
orders such as asthma or systemic lupus erythematosus and
is nearly as potent a chemoattractant for monocytes as
MCP-1[10,11].  To date, no evidence exists on the relation be-
tween HHcy and RANTES.  In the present study, we deter-
mined the plasma level of RANTES and the responsiveness
of monocytes to low-dose lipopolysaccharide (LPS)-induced
RANTES secretion in patients with HHcy and elucidated the
direct effect of Hcy on RANTES mRNA level in human
monocytes.
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Materials and methods
Subjects  Two groups of subjects were studied: 40 pa-

tients with HHcy (plasma Hcy level more than 15 µmol/L)
and 38 control patients with normal blood Hcy level (NHcy).
All subjects had no infectious diseases, malignancies or im-
munologic or hematological diseases; were not being treated
with anti-inflammatory drugs other than low-dose aspirin;
did not use any vitamins including folic acid during the study
period; had no depressed cardiac function (ejection fraction
<40%); were younger than 75 years; had no renal failure;
and had not had acute myocardial infarction in the previous
3 months.

Venous blood samples were obtained from fasting sub-
jects to assay the chemokines from plasma and isolated mono-
cytes stimulated by low-dose LPS.  All subjects gave their
written, informed consent.  This study was approved by the
Ethics Committee of the Health Science Center, Peking
University.

Measurement of RANTES  The supernatant of cultured
monocytes and plasma stored at -70 °C were used to mea-
sure the chemokines.  The concentration of RANTES was
determined by ELISA according to the manufacturer’s pro-
tocols (R&D Systems, Minneapolis, MN, USA).

Measurement of plasma level of Hcy and folate  A plas-
mid-encoding human placental AdoHcy hydrolase (pPROK-1)
kindly provided by the University of Kansas (USA) was
overexpressed in E coli JM109 cells transformed with
pPROK-1 and purified as described in a previous study[12].
Total Hcy level in plasma was determined with the use of an
assay based on the conversion of Hcy to S-adenosyl-homo-
cysteine (SAH) in the presence of adenosine and
SAH hydrolase as described from our previous study[8].
Briefly, plasma samples from fasting subjects were collected.
Protein-bound circulating Hcy was reduced to free Hcy with
the use of dithioerythreitol as a reductant.  The free Hcy was
then converted to SAH by using SAH hydrolase and excess
adenosine.  Samples were quantified by HPLC.  The range of
measurement was 1–100 µmol/L, with a sensitivity of less
than 0.5 µmol/L.  The within-assay and between-assay coef-
ficients of variation were 3.5% and 4.9%, respectively.

Plasma folate was measured by radioisotope dilution as-
say with use of a kit from Nanjing Jiangcheng Bioengineer-
ing Institute (Nanjing, China).

Responsiveness of human monocytes to LPS  Blood of
HHcy and NHcy patients was drawn into heparinized
syringes.  The whole blood was separated into peripheral
blood mononuclear cells and neutrophils by use of the den-
sity gradient from Nycoprep 1.077 (Life Technologies, Grand
Island, NY, USA).  Monocytes were then isolated from the

peripheral blood mononuclear cells by their adherence to a
serum-coated culture flask for 2 h.  Adherent cells were then
detached and resuspended in RPMI-1640 medium contain-
ing 5% autologous plasma.  Freshly isolated monocytes
(5×105) were incubated at 37 ºC and treated with or without
LPS (final concentration 0.01–0.1 µg/mL) for 24 h.  The cell-
free supernatant was harvested and stored at -70 ºC for
chemokine analysis.  Cellular viability was determined with
Trypan blue exclusion.  Only cell preparations with 95% vi-
ability or greater were used.

RNase protection assays  Total RNA was isolated from
healthy human monocytes with Trizol Reagent (Life
Technologies).  Assays involved use of a nuclease protec-
tion assay kit (Riboquant, Pharmingen, San Diego, CA, USA)
as used in our previous published report[7].  In summary, the
isolated RNA (2 mg) was hybridized with 32P end-labeled
RANTES oligonucleotide probes overnight at 30 °C, followed
by nuclease digestion.  A  GAPDH and L-32 rRNA oligo-
nucleotide probe was used as an internal control.  After
digestion, the protected fragments were resolved on a dena-
tured 12% polyacrylamide gel containing 8 mol/L urea, then
transferred to filter paper, which was later exposed to X-ray
film.  The bands corresponding to RANTES, L-32 or GAPDH
mRNA were analyzed by use of a gel documentation system
(Cold-Spring Eletro Doc and Analyst Edas 290, New York,
USA).

Statistical analysis  Because chemokine and Hcy values
do not follow a normal distribution in patients, comparisons
between groups involved the use of the Mann-Whitney test.
Values are expressed as median, 25th and 75th percentile,
and 10th and 90th percentile.  Patients’ age, body-mass in-
dex and plasma level of cholesterol, triglycerides and creati-
nine were analyzed with use of the Student’s t-test and ex-
pressed as mean±SD.  Proportions were analyzed by use of
the Chi-squared test.  P<0.05 (two-tailed) was considered
statistically significant.

Results
Clinical characteristics of the study participants   The

NHcy control and HHcy groups did not differ significantly
with respect to age, sex, and body-mass index.  The preva-
lence of smoking, coronary artery disease, hypertension and
diabetes, as well as base-line demographic characteristics
and laboratory values, were also similar in the two groups
(Table 1).

Plasma level of Hcy, folate, and RANTES   The Hcy level
was significantly higher in HHcy subjects than that in NHcy
controls, while the folate level was lower in HHcy subjects
than that in NHcy controls.  In the HHcy group, the plasma
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level of RANTES was significantly elevated (median 5.3
ng/mL) compared with NHcy controls (3.5 ng/mL) (Table 2).

Chemokine secretion from isolated monocytes in re-
sponse to LPS  To test whether monocytes isolated from
patients with HHcy exhibited enhanced inflammatory re-
sponse of RANTES production, monocytes were incubated
with low-dose LPS (0.01 µg/mL) for 24 h.  As shown in Figure 1,
RANTES production was not significantly increased in HHcy
patients without LPS stimulation, but LPS treatment (0.01
µg/mL) significantly increased the level of RANTES secre-
tion of monocytes from HHcy patients compared with that
of  NHcy controls.  Thus, monocytes from patients with HHcy
may show an enhanced RANTES secretion response in a
pro-inflammatory condition.

Effect of Hcy on RANTES mRNA expression  To deter-
mine whether Hcy modulates the expression of RANTES
mRNA, total RNA was isolated from normal human mono-
cytes treated with Hcy at various times and at different
concentrations.  As shown in Figure 2, RNase protection

assays revealed that the expression of RANTES mRNA was
significantly enhanced after Hcy treatment.  Cultured mono-
cytes incubated with Hcy (10–1000 µmol/L) for 8 h showed
significantly increased RANTES expression as compared with
untreated cells (Figure 2A), beginning as low as Hcy 10 µmol/L.
The increased level of RANTES mRNA after incubation with
Hcy 100 µmol/L peaked at 4–8 h after incubation (Figure 2B).

Discussion
The results from the present study demonstrated that

the plasma RANTES level was elevated in HHcy individuals
and RANTES secretion from monocytes was increased.  We
also provided evidence that Hcy directly induced RANTES
mRNA synthesis from isolated human monocytes.

Atherosclerosis is a chronic inflammatory disease char-

Table 2.  Plasma level of Hcy, folate, and chemokine RANTES in
NHcy controls and HHcy subjects.  Values are expressed as medians
and ranges.  The comparison was made by Wilcoxon’s matched-pairs
signed ranks test or Kruskal-Wallis one-way ANOVA test.  bP<0.05 vs
NHcy control group.

                                  NHcy control          HHcy             P value
                                        n=38                  n=40

Hcy/µmol·L-1  9.5  20.6b <0.01
(5.8−11.3) (18.0−57.1)

Folate/ng·mL-1  5.6  4.2b <0.05
(3.8−7.2) (3.6−5.6)

RANTES/ng·mL-1  3.5  5.3b <0.01
(0.5−6.4) (2.1−8.4)

Figure 1.  LPS-induced RANTES production in isolated monocytes
from NHcy controls and HHcy human subjects.  Cells were incubated
with LPS (0.01 µg/mL) for 24 h, and the production of RANTES
from monocytes was assessed by ELISA.  Data are presented as me-
dian and ranges (Kruskal-Wallis one-way ANOVA test).  n=38 in
NHcy control group.  n=40 in HHcy group. Mean±SD.

Table 1.   Clinical characteristics of the study participants. Mean±SD.

                                                                       NHcy        HHcy
                                                                      Control      Group
                                                                        n=38         n=40

Age    53±9    57±8
Body-mass index (BMI) 24.0±3.0 25.0±3.1
Sex (M/F)    25/13   27/13
Risk factors     4 (10)     5 (12)
No patients with family history of CAD/%  4.9±0.9  5.0±1.0
Cholesterol level/mmol·L-1  1.2±0.2  1.2±0.2
HDL level/mmol·L-1  2.9±0.8  3.1±1.1
LDL level/mmol·L-1  1.5±0.6  1.4±0.6
Triglyceride level/mmol·L-1   95±12   99±15
Creatinine level/µmol·L-1   16 (42)   20 (50)
No patients with CAD/%     6 (15)     7 (17)
No patients with diabetes/%   12 (31)   15 (37)
No of patients with hypertension/%   20 (52)   23 (57)
No patients smoking/%   10 (26)     9 (22)
No patients on medication/%   10 (26)     8 (23)
Nitrates   13 (34)   15 (37)
Calcium antagonists   14 (36)   17 (42)
β-Blockers     6 (15)     8 (20)
Aspirin     8 (21)     7 (18)

The diagnosis of diseases is guided by definitions from the World
Health Organization or authorized textbooks.  Especially, the diag-
nosis of coronary artery disease (CAD) determined by coronary
angiography; at least 50% stenosis in at least 1 main coronary vessel.
The continuous variables were compared by Student’s t-test.  Propor-
tions were compared by chi-squared test.   HDL, high density
lipoprotein; LDL, low density lipoprotein.
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acterized by the recruitment of monocytes and lymphocytes
to the artery wall.  Increasing evidence supports the involve-
ment of inflammation in the early phases of atherogenesis.
Recruitment of leukocytes within the vascular wall is an es-
sential process in the development of this common disease,
which is mainly regulated by adhesion to molecules and
chemokines[3,4].  In the classic inflammatory response, adhe-
sion is followed by transmigration of the leukocytes through
the endothelial layer into the intima.  This process is also
mediated by chemotactic factors.

A number of studies have determined the important role
of chemokines such as MCP-1 and IL-8 in the initial stages
of atherosclerotic plaque formation[5,6].  RANTES, a CC
chemokine, has been found to play an important role in au-
toimmune injury to several tissues.  RANTES is generated
by circulatory lymphocytes and some kinds of tissue cell
monocytes.  RANTES is nearly as potent a chemoattractant
for monocytes as MCP-1.  RANTES induces leukocyte
transendothelial migration, implicated in the initial stages of
the inflammatory part of the atherosclerotic process[13].
Furthermore, evidence implies the important role RANTES
plays in atherosclerosis.  Simeoni et al[14] reported that a
mutant RANTES genotype was associated with the increased
coronary heart disease death rate, independent of conven-
tional risk factors.  A causal role for RANTES in atheroscle-
rosis was also shown by a protective effect of the blockage
of RANTES receptors with the CC chemokine antagonist
Met-RANTES in an ApoE-deficient hypercholesterolemic
mouse model[15].  These data suggest that the alteration of
the level of the chemokine RANTES may affect the progress

of atherogenesis through the inflammatory pathway.
Hyperhomocysteinemia is found in 30% of patients with

premature atherosclerosis of carotid and peripheral arteries.
Elevated plasma Hcy levels have been implicated as an inde-
pendent risk factor for coronary heart disease[16,17].  Therefore,
intensive studies have focused on whether HHcy is the cause
or merely a marker for cardiovascular disease.  Hcy signifi-
cantly enhances MCP-1 and IL-8 levels in healthy human
monocytes, which can increase leukocyte chemotaxis[7].
However, compared with studies of MCP-1 and IL-8, little
study has focused on RANTES secretion in HHcy.
Economou et al[17] reported the negative association of cir-
culating Hcy and RANTES in prepubescent lean children.
Until now, no direct evidence of the relation between HHcy
and RANTES in human monocytes exists.

In the present study, we found that both the plasma level
of RANTES and low-dose LPS-induced RANTES produc-
tion in isolated monocytes from patients with HHcy were
significantly elevated.  Hcy not only increased the RANTES
level in HHcy patients but also increased RANTES gene
expression in primary human monocytes.  Thus, our results
support our hypothesis that HHcy may play an important
role in the pathogenesis of atherosclerosis through a mecha-
nism involving an increase in RANTES secretion in human
monocytes.

Our recent published data show that folate acid treat-
ment in HHcy patients can reverse the hyper-responsive-
ness of MCP-1 and IL-8 secretion from monocytes[8].  On the
basis of the current results, further study should focus on
whether the intervention of HHcy influences monocyte-de-
rived RANTES secretion and also the exact mechanism un-
derlying the Hcy-upregulated RANTES production.
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Introduction
A majority of drugs used today are taken orally, so the

drugs must traverse several semipermeable cell membranes
before reaching the systemic circulation[1].  These membranes
are biological barriers that selectively inhibit the passage of
drug molecules and are composed primarily of a bimolecular
lipid matrix, containing mostly cholesterol and phospholipids.
The lipids provide stability to the membrane and determine
its permeability characteristics.  Drugs can cross a biological
barrier by passive diffusion, facilitate passive diffusion, ac-
tive transport, and pinocytosis, but passive diffusion is the
most common method[1].  In the small intestine, in which the
major part of oral drug absorption occurs, the barrier to drug
absorption is a membrane comprising intestinal columnar

epithelial cells. For any novel drug that is developed, it is
necessary to examine how it is absorbed in the small intestine.
In the absorption process, transport across a cell membrane
depends on the concentration gradient of the solute. Most
drug molecules are transported across a membrane by simple
diffusion from a region of high concentration (eg gastrointes-
tinal fluids) to one of low concentration (eg blood)[2].  Be-
cause drug molecules are rapidly removed by the systemic
circulation and distributed into a large volume of body fluids
and tissues, drug concentration in the blood is initially low
compared with that at the administration site, producing a
large gradient. The diffusion rate is directly proportional to
the gradient, but also depends on the molecule’s lipid
solubility, degree of ionization, and the size and the area of
the absorptive surface[3]; that is, the diffusion rate depends

Abstract
Aim: To use membrane-interaction quantitative structure-activity relationship
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on the characteristics and area of the intestinal membrane
and the drug’s properties, as well as the drug concentration
gradient on both sides of the membrane.

Given the limitations of biomembranes, artificial mem-
branes are usually used instead of biomembranes to study
the absorption of drugs in the intestine.  In vitro studies
show that artificial membranes have some properties that are
similar to those of biomembranes in vivo; that is, artificial
membranes can be good mimics of biomembranes[3–5].  The
Caco-2 cell monolayer is commonly used as an artificial
membrane.  When cultured on semipermeable membranes,
Caco-2 cells, which are derived from a human colon
adenocarcinoma, differentiate into a highly functionalized
epithelial barrier with remarkable morphological and biochemi-
cal similarity to small intestinal columnar epithelium.  The
Papp values obtained from Caco-2 transport studies have been
proven to correlate with those of human intestinal absorption,
and the Caco-2 monolayer model has been proven to be ex-
tremely useful as a tool for mechanistic studies of drug ab-
sorption[3].  However, although the Caco-2 model is well char-
acterized and has been proven to be useful, assays using
the system are not perfect.  The system requires a 3-week
growth period and regular maintenance feeding, so it remains
a relatively low throughput method. Irvine and co-workers
tried another system using Madin-Darby canine kidney
(MDCK) cells and found that it was possibly a useful tool
for testing rapid membrane permeability[3].  MDCK cells are
commonly used for studying cell growth regulation,
metabolism, and transport mechanisms in distal renal
epithelia.  They can also differentiate into columnar epithelia
and form tight junctions when cultured on semipermeable
membranes. Irvine and co-workers studied a large number of
compounds using both MDCK and Caco-2 assays to evalu-
ate the suitability of MDCK cells as a possible tool for as-
sessing membrane permeability and found that they were
well suited.  Others have also pointed out that MDCK cells
are good candidates for modeling simple epithelia[6].

Based on the study carried out by Irvine and coworkers,
we built membrane-interaction quantitative structure-activ-
ity relationship analysis (MI-QSAR) models to predict drug
permeability through MDCK cells.  The QSAR approach in-
volves statistical analysis of various molecular descriptors
for a series of biologically active molecules.  The result of a
QSAR study provides useful clues regarding the type of
substituents that should be tested to improve the activity
further.  QSAR can play a vital role in lead exploitation. One
successful example is the transformation of nalidixic acid
with the help of QSAR into an important family of drugs: the
quinolone carboxylates[7].  Since the method was established

in the 1960s, QSAR equations have been used to describe
the biological activities of thousands of different drugs and
drug candidates[8,9].  Some new approaches have been used
in QSAR since its initial development, for example, principal
component analysis (PCA), partial least squares (PLS ),  arti-
ficial neural network (ANN)[10].  MI-QSAR is an advanced
form of QSAR, in which membrane-interaction properties are
added to the descriptor pool.  MI-QSAR models predicting
drug permeability through Caco-2 cells have been built by
Kulkarni and co-workers[11].  In the present study, we built
MDCK cell models for MI-QSAR analysis.

Materials and methods

MDCK cell permeation coefficients  The dependent vari-
able used in MI-QSAR analysis is the MDCK cell permeabil-
ity coefficient, Papp.  Irvine and co-workers performed perme-
ability experiments on a data set of 55 structurally and chemi-
cally diverse drugs ranging in molecular weight from 130 to
470 and varying in net charge at pH 7.4[3].  MDCK cells were
obtained from the American Type Culture Collection (ATCC;
Rockville, MD, USA).  MDCK cells were maintained in mini-
mal essential medium containing 10% fetal bovine serum and
fresh L-glutamine 2 mmol/L. Culture inserts were preincubated
with culture medium at 37 °C for 1 h and then seeded with
6.64×105 cells per cm2.  MDCK monolayers were washed and
fed with fresh medium 1 h post-seeding and again 24 h post-
seeding.  After 3 d of culturing, MDCK monolayers could be
used to test the permeability of compounds. All compounds
were tested in 6 replicate monolayers.  Monolayers were
incubated with donor and acceptor solutions for 60 min at
37 °C, 95% humidity, with 30 r/min reciprocal shaking[3,12].
The permeability coefficient was calculated according to the
following equation[3]:

In this equation dQ/dt is the permeability rate, C0 is the
initial concentration in the donor compartment, and A is the
surface area of the filter.

Table 1 contains the Papp values for 22 structurally di-
verse drugs used as a training set of compounds and 8 drug
compounds as a test set.  The 22 training set compounds
and 8 test compounds were selected according to the crite-
rion that members of the test set were to be representative of
all members of the training set in terms of the range of Papp

values, molecular weights, and structural and chemical
diversities, to achieve a composite representative subset.
Table 1 also contains a composite summary of the human

(1)
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percentage absorption values of many of the drugs in the
table.  These data were obtained from published values. Com-
pared with the Papp value and the human percentage absorp-
tion value, it is obvious that the Papp values are indicative of
in vivo drug uptake.  Figure 1 shows the structures of these
thirty molecules.

Building solute molecules and a dimyristoyl-phosphati-
dyl-choline (DMPC) monolayer  All the solute molecules of
the training set and test set were built using HyperChem
software[13].  A single DMPC molecule was built using
HyperChem from the published crystal structure data[14].  The

DMPC molecule was selected as the model phospholipid in
this study.  The structure of the DMPC molecule is shown in
Figure 2.  An assembly of 25 DMPC molecules, 5×5×1 in x, y,
and z directions, respectively, was used as the model mem-
brane monolayer.  The size of the monolayer simulation sys-
tem was selected based on the work done by van der Ploeg
and Berendsen[15]. These workers built 2 decanoate bilayers,
with 2×8×2 and 2×16×2 phospholipid molecules, respectively,
and performed a molecular dynamic simulation for each of
them.  It was found that the estimated order parameters for
these 2 model bilayers agreed with one another, which sug-
gests that the smaller assembly is adequate for modeling
short-range properties.  Other researchers have obtained simi-
lar geometric and energetic equilibrium property values with
regard to the size of the simulation system that permits a
minimum effective size (phospholipids) of the monolayer to
be defined[16].

To prevent unfavorable van der Waals’ interactions be-
tween solute molecules and the membrane DMPC molecules,
the single DMPC molecule in the center of the monolayer,
which was located at position x, y=3,3 of the 5×5 DMPC
monolayer model, was taken out[11], creating a space for the
test solute molecules to insert into. Each of the test solute
molecules of the permeation data set was inserted at 3 differ-
ent positions or depths in the DMPC monolayer, with the
most polar group of the solute facing toward the head group
region of the monolayer.  Three corresponding MDS
(molecular dynamic simulation) models were generated for
each solute molecule with regard to the trial positions of the
solute molecules in the monolayer.  The 3 trial positions
were as follows[4,5,17]: solute molecule in the head group
region, solute molecule between the head group region and
the aliphatic chains, and solute molecule in the tail region of
the aliphatic chains.

The energetically favorable geometry of the solute mol-
ecule in the monolayer was sought after using each of these
trial positions.  The 3 different positions of AZT, one of the
training set solute molecules, are shown in Figure 3A to il-
lustrate this modeling procedure. The most energetically fa-
vorable geometry of this solute molecule in the model DMPC
monolayer is shown in Figure 3B.

Molecular dynamic simulations  MDS were carried out
using the Discover module in Material Studio[18] with com-
pass force field and NVT ensemble(an ensemble in which
the dynamics are modified to allow the system to exchange
heat with the environment at a controlled temperature). The
selection of the simulation temperature was based on the
phase transition temperature for DMPC, which was 297 K[11].
A simulation temperature of 311 K was selected because it is

Table 1.  Molecular weight, MDCK permeability coefficient, and
corresponding percentage of drug absorbed (as available) for the drugs
of the training set and test set.

    ID     Drug                  Molecular    Perme-   Percent-
                                                          weight        ability      age
                                                                            (µm/s)   absorbed

Training Set
  1 Acetaminophen 151.16 0.35   80
  2 Acetylsalicylic acid 180.16 0.074 100
  3 Acyclovir 225.21 0.0021   16
  4 Alprenolol hydrochloride 285.81 1.6   93
  5 Amoxicillin 365.4 0.0024   94
  6 Atenolol 266.34 0.18   50
  7 Bupropion hydrochloride 276.20 1.3   87
  8 Cefatrizine propylene glycol 462.5 0.025   76
  9 Corticosterone 346.47 1.4 100
1 0 Lamotrigine 256.09 0.88   70
1 1 Methylprednisolone 374.48 0.16   82
1 2 Nadolol 309.4 0.014   34
1 3 Ondansetron 293.37 1.1 100
1 4 Penicillin V 350.39 0.0015   45
1 5 Phenytoin 252.27 1.2   90
1 6 Pindolol 248.32 0.59   90
1 7 Practolol 266.34 0.013 100
1 8 Progesterone 314.46 1.6   91
1 9 Propranolol hydrochloride 295.80 1.7   90
2 0 Salicylic acid 138.12 0.1 100
2 1 Testosterone 288.43 1.4 100
2 2 Trimethoprim 290.32 0.52   97

Test set
2 3 Antipyrine 188.22 1.5 100
2 4 Dexamethasone 392.46 0.2 100
2 5 Guanabenz 231.08 1.9   75
2 6 Hydrocortisone 362.46 0.31   91
2 7 Propylthiouracil 170.22 0.41   75
2 8 AZT 267.24 0.06 100
2 9 Cephalexin 347.39 0.0048   98
3 0 Gabapentin 171.24 0.0036   50
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body temperature, and it is also above the DMPC phase
transition temperature.  Temperature was held constant in
the MDS by coupling the system to an external fixed tem-
perature bath. The trajectory step size was 0.001 ps over a
total simulation time of 10 ps for each solute of the training
set and test set.  After 10 ps of simulation, molecule-mem-
brane interactions arrived at an energetically stable phase
(Figure 4).  Two-dimensional periodic boundary conditions
were used (a=32 Å, b=32 Å, c=80 Å, and γ=96.0º) for the

Figure 1.  Structures of training set compounds and test set compounds.

Figure 2. Chemical structure of a DMPC molecule.
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Figure 3 . (A) “Side” view of an AZT molecule inserted at 3 different positions in the DMPC model monolayer, prior to the start of each
simulation; (B) “Side” view of the most energetically favorable geometry of AZT in the DMPC model monolayer.



Http://www.chinaphar.com Chen LL et al

1327

DMPC molecules of the monolayer model, but not the test
solute molecule.  Only a single solute molecule was explicitly
considered in each MDS.  The angle γ is the angle that an
extended DMPC molecule makes with the “planar surface”
of the monolayer.  Each of the solute molecules was placed
at each of the 3 different positions in the monolayer, as de-
scribed earlier, with the most polar portion of the solute “fac-
ing” toward the head group region.  A snapshot of molecule
AZT and the membrane around it was taken after MDS, as
shown in Figure 3b.

Calculation of descriptors  Both intramolecular physi-

cochemical properties and features of the solute molecules
and intermolecular solute-membrane interaction properties
were calculated. These properties and features will both be
referred to as descriptors from this point forward because
they constitute the trial pool of independent variables used
to build the QSAR models. The descriptors used in the MI-
QSAR analysis can also be divided into the following 3 kinds:
1) solute aqueous dissolution and solvation descriptors; 2)
solute-membrane interaction descriptors; and 3) general in-
tramolecular solute descriptors.  Table 2 and Table 3 report-
ing the trial pool of descriptors used in the MDCK cell per-
meation MI-QSAR modeling use both classifications of the
descriptors.

  The general intramolecular solute descriptors included
as part of the trial descriptor pool are defined in Table 2.  The
term “general” is used because solute descriptors in this
class may be useful in describing different aspects of the
bioavailability (in this case the MDCK cell permeation
process) of a solute. There are other intermolecular proper-
ties computed using intramolecular computational methods,
which are not included in Table 2, for example ClogP (the
logarithm of 1-octanol/water partition coefficient), MP
(melting point), Tc (critical tempeture), Sol (water solubility).
All of these descriptors are intermolecular properties.  They

Table 2.  General intramolecular solute descriptors used in the MI-QSAR descriptor pool.

   Descriptors                                         Explanation of descriptors

HOMO Highest occupied molecular orbital energy
LUMO Lowest occupied molecular orbital energy
D p Dipole moment
Vm Molecular volume
SA Molecular surface area
M W Molecular weight
MR Molecular refractivity
PM(x,y ,z) Principal moment of inertia along the x,y,z axis in the rectangular coordinate
HF Heat of formation (∆hf) for the structure at 298.15 K and 1 atm
H The logarithm of Henry’s law constant
G Standard Gibbs free energy
Ovality The ratio of the molecular surface area to the minimum surface area, which is the surface area of a sphere having a volume

   equal to the solvent-excluded volume of the molecule
Eb Sum of the angle bending terms of the force-field equation
Ec Sum of the electrostatic energy representing the pairwise interaction of charged atoms
Ev Sum of pairwise van der Waals’ interaction energy terms for atoms separated by more than 3 chemical bonds
Es Stretch energy, the energy contribution associated with the deformation of a bond from its equilibrium bond length
Esb Sum of the stretch-bend coupling terms of the force-field equation
E t Sum of the dihedral bond rotational energy term of the force-field equation
E14 Sum of pairwise van der Waals’ interaction energy terms for atoms separated by exactly 3 chemical bonds
NRE Repulsion energy
Ct A kind of index defined according to the number of atoms and bonds and how they connect together

Figure 4 .  Total potential energy vs trajectory step number for
acyclovir embedded in the model DMPC monolayer.
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are classified as solvation and dissolution intermolecular de-
scriptors and are reported in Table 3b.  In Table 3a, there are
solute-membrane interaction descriptors extracted directly
from the MDS trajectories.  These intermolecular descriptors
were calculated using the most stable (lowest total potential
energy) solute-membrane geometry from the 3 positions
sampled for each of the solutes.  For example, Figure 3b
shows the lowest potential energy state of AZT in the mem-
brane monolayer, which was used to estimate the solute-
membrane interaction descriptors. Other solute-membrane
interaction descriptors used in the QSAR descriptor trial set
were determined using data from the MDS trajectories.

Construction and testing of MI-QSAR models  Indepen-
dent and useful descriptors can be extracted from all de-
scriptors calculated earlier.  The methods in common use are
forward regression, backward regression and stepwise
regression.  Stepwise regression is the method used most
frequently.  The resulting regression equation from the
stepwise regression method is not the best, rather it is an
optimized result.  SPSS was used to obtain the regression
equation; it selected proper variables according to the par-
tial sum of squares of regression in every step.  The partial
sum of squares for regression means that the sum of squares
for regression increased or decreased after one variable was

added to or deducted from the present regression equation.
A parameter, F, is defined to check whether to introduce a
variable or reject it when partial sum of squares for regres-
sion is of some value.

The stepwise regression method was used in this study,
which was the combination of forward regression and back-
ward regression methods. The single worst variable was
picked out after each new variable was added.  Two thresh-
old constants, Fentry and Fremoval (Fentry<Fremoval), were given
before the regression. If the F value of one variable, which
had the largest partial sum of squares for regression of all
the variables not included in the regression equation, was
larger than or equal to Fentry, the variable could be intro-
duced into the equation. Conversely, if the F value of one
variable, which had the smallest partial sum of squares for
regression among all the variables included in the regres-
sion equation, was less than or equal to Fremoval, the variable
should be removed from the regression equation. These steps
were carried out alternately until there was no variable to be
introduced into the regression equation and none to be re-
moved from it. The adjustment of the threshold values Fentry

and Fremoval could affect the result of the selection of variables.
If the prepared variables were few, it was appropriate to in-
crease Fentry in order to introduce variables to the regression

Table 3.  Intermolecular interaction descriptors in the trial MI-QSAR descriptor pool.

Part a

   Membrane-solute descriptors       Description of the membrane-solute descriptors

Potentia l The energy of a particle or system of particles derived from position, or condition, rather than motion
Electrostatic The energy created by the interaction of charges between the molecule and the membrane
Enb The energy of interactions between non-bonded atoms
Angle Valence angle bending
Bond Bond stretching
Torsion Dihedral angle torsion
Out-of-plane Part of nearly all force fields for a covalent system

Part b

Dissolution and solvation-solute Description of the dissolution and solvation–solute descriptors
    descriptors

ClogP The logarithm of l-octanol/water partition coefficient
M P The melting point for the structure at 1 atm
Tc The temperature above which the gaseous form of the structure cannot be liquefied,

   no matter what pressure is applied
Sol Solubility of the structure in water at 25 °C

Note: Part a includes the membrane-solute interaction descriptors and Part b lists the intermolecular dissolution and solvation descriptors of
the solute.
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equation as much as possible. If the prepared variables were
too many, Fremoval could be decreased to cut down the num-
ber of variables introduced into the regression equation.

SPSS was used to carry out the regressions and con-
struct the models[19].

Results and Discussion

The best MI-QSAR models for MDCK cell permeability
were realized by considering the combination of general in-
tramolecular solute, intermolecular dissolution/solvation
solute, and intermolecular membrane-solute descriptors pre-
sented as a function of the number of terms, that is,
descriptors, included in a given MI-QSAR model:

Papp=115.657+319.687ClogP
n=22   R2=0.646  S=0.396                                                         (2)
Papp=3113.84+374.691Clog P+338.881EHOMO

n=22   R2=0.719  S=0.362                                                         (3)
Papp=3115.743+399.894Clog P+374.586EHOMO +35.07Es

n=22   R2=0.764  S=0.341                                                         (4)
Papp=3453.482+409.333Clog P+391.596EHOMO +48.403Es–

0.0971PMY

n=22   R2=0.813  S=0.312                                                         (5)
Papp=3609.933+387.817ClogP+356.922E HOMO+

32.256Es–0.163PMY –16594Ct

n=22   R2=0.866  S=0.272                                                          (6)
Papp=1029.094+398.972Clog P+459.781EHOMO+24.048Es–

0.174PMY–18164.4Ct +2.594Enb

n=22   R2=0.896  S=0.248                                                          (7)
where n is the number of compounds, R2 is the coefficient of
determination, and S is the standard error of the estimate
(and its value could be different if the unit of the variables
changed). The descriptors found in the best MI-QSAR mod-
els are as follows: 1) Clog P is the logarithm of the l-octanol/
water partition coefficient; 2) EHOMO is the highest occupied
molecular orbital energy; 3) Es is stretch energy, the energy
contribution associated with the deformation of a bond from
its equilibrium bond length; 4) PMY is principal moment of
inertia Y, the inertia along the y axis in the rectangular
coordinates; 5) Ct is total connectivity, which is a kind of
index defined according to the number of atoms and bonds
and their connecting sequence (Ct is a structural parameter;
molecules with different structures have different connec-
tivity indices according to a given definition); and 6) Enb is
the energy of interactions between all of the non-bonded
atoms.

The values of the 6 descriptors found in the 1–6 term MI-
QSAR models for each compound in the training set and test
set are given in Table 4.

The observed and predicted (using the 3–6 term MI-
QSAR models) MDCK cell permeation coefficients of the
training and test set compounds are listed in Table 5 and
plotted in Figure 5.  Corticosterone, ondansetron, phenytoin,
progesterone, propranolol hydrochloride, and testosterone
are observed to permeate better than predicted by each of
the MI-QSAR models, whereas acetylsalicylic acid,
bupropion hydrochloride, methylprednisolone, and nadolol
have a lower permeation coefficient than the one predicted
by any of the models.  Nevertheless, none of the compounds
in either the training or test sets are outliers for the 3–6 term
MI-QSAR models.  Figure 6 contains plots of R2 and S for
the training set.  R2 increases with increasing numbers of
descriptor terms, whereas the value of S decreases when the
number of descriptor terms increases.

Figure 6.  Diagnostic plot of the MI-QSAR. R2 is the correlation
coefficient and S is standard error of the estimate in the regression
progress.

Figure 5.  Observed versus predicted MDCK cell permeability coef-
ficients for all the compounds of the tra ining and test sets in the
corresponding MI-QSAR model.

Analyzing Equations 2−7, it appears that ClogP in the 1-
term model accounts for much of the variance of Papp across
the training set.  Both principal moment of inertia Y and total
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connectivity have a negative effect on the permeation
coefficient.  In 1-term to 5-term models, the descriptors are all
intramolecular descriptors, but in the 6-term model, one mem-
brane-solute interaction descriptor, Enb, is added in.

Eight compounds from the parent MDCK cell permeation
coefficient data were selected to construct a test set to vali-
date the MI-QSAR models.  The molecules of the test set
were selected so as to span the entire range of MDCK cell
permeability for the composite training set.  At the bottom of
Table 5 are the observed and predicted Papp values for this
test set.  Figure 5 plots the test set as the last 8 compounds.
There are no outliers, but antipyrine and guanabenz, com-
pounds 1 and 3 of the test set, are predicted to have lower
permeability coefficients than observed.  Conversely,

dexamethasone, hydrocortisone, propylthiouracil and AZT
have higher predicted Papp values in all the models than the
observed value.

 The most important descriptor in the models is ClogP.
ClogP is the computed logarithm of the l-octanol/water par-
tition coefficient, and it has been ubiquitously used as a
quantitative measure of hydrophobicity/lipophilicity since
the 1960s[20,21].  A high ClogP value of a molecule implies that
the molecule dissolves easily in hydrophobic materials and
dissolves poorly in water. In the MI-QSAR models we built,
ClogP had a positive effect on Papp, which implies that chemi-
cals with high lipophilicity have better permeability through
membranes than hydrophilic structures. It is easy to see why
this is the case, because biomembranes are mainly composed

Table 4.  Values of the 6 descriptors found to be the significant MI-QSAR terms in Equations 2–7.

    ID   Structure name         ClogP          EHOMO/eV      Es/kcal·mol-1    PMY
1)                     Ct                Enb/kcal·mol-1

Training set
  1 Acetaminophen   0.61   –8.62   6.10 942.88 3.40E–02 1393.32
  2 Acetylsalicylic acid   1.24   –9.72   3.38 765.36 1.96E–02 1404.13
  3 Acyclovir –1.45   –8.74   9.80 1663.84 4.01E–05 1392.69
  4 Alprenolol hydrochloride   3.81   –8.85   6.50 3020.37 3.47E–03 1384.42
  5 Amoxicillin –0.15   –9.27   7.61 3030.93 2.57E–04 1408.59
  6 Atenolol   0.56   –9.11   7.08 5650.81 2.84E–03 1432.93
  7 Bupropion hydrochloride   4.05   –8.95   5.19 2792.27 9.82E–03 1305.57
  8 Cefatrizine propylene glycol –0.89   –8.75 18.43 4873.42 1.52E–05 1456.15
  9 Corticosterone   3.08 –10.15 12.51 3983.53 1.36E–04 1471.39
1 0 Lamotrigine   2.39   –8.84   6.15 1897.16 4.63E–03 1391.16
1 1 Methylprednisolone   2.78 –10.03 13.56 5053.62 9.65E–05 1398.77
1 2 Nadolol   1.27   –9.07   5.81 4280.39 8.18E–04 1370.14
1 3 Ondansetron   0.97   –8.66 16.00 2238.49 2.23E–04 1396.91
1 4 Penicillin V   0.57   –9.13   6.36 5382.44 2.73E–04 1442.01
1 5 Phenytoin   2.26   –9.59   3.77 1432.63 8.68E–04 1371.56
1 6 Pindolol   1.01   –8.24   7.22 3405.34 2.00E–03 1401.22
1 7 Practolol   0.64   –8.53   5.08 5380.10 2.84E–03 1274.31
1 8 Progesterone   4.63   –9.99   8.68 3716.02 2.36E–04 1423.14
1 9 Propranolol hydrochloride   2.80   –8.23   5.60 3766.75 1.42E–03 1401.56
2 0 Salicylic acid   1.46   –9.45   2.64   412.02 4.81E–02 1401.56
2 1 Testosterone   3.84   –9.95   7.98 2910.24 4.09E–04 1423.14
2 2 Trimethoprim   0.51   –8.63 11.61 2604.18 9.45E–04 1274.31

Test set
 23 Antipyrine   0.79   –8.27   8.62 1063.6 8.02E–03 1344.44
 24 Dexamethasone   2.65 –10.25 16.84 4504.26 8.35E–05 1449.02
 25 Guanabenz   2.95   –8.71   6.82 1547.79 1.39E–02 1293.76
 26 Hydrocortisone   2.37 –10.02 12.88 4435.55 1.18E–04 1527.47
 27 Propylthiouracil   3.25   –9.10   6.19  860.4 3.40E–02 1301.05
 28 AZT –1.54   –6.22   3.52 2232 1.89E–03 1376.28
 29 Cephalexin –0.54   –8.86   5.33 3630.21 2.57E–04 1571.03
 30 Gabapentin   0.96 –10.08   3.96   807.524 2.55E–02 1431.10
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of double phospholipid layers, so small hydrophobic mol-
ecules can pass through the layer with little obstruction.
Commonly, lipophilic drugs permeate the small intestinal
columnar epithelium quicker and easier than hydrophilic
drugs.

In Equation 3, another descriptor, EHOMO appears, which
represents HOMO energy.  HOMO energy is the energy of
the highest occupied molecular orbit, which is the opposite
of LUMO energy, the energy of the lowest unoccupied mo-
lecular orbit[22].  The greater EHOMO is, the greater the elec-
tron-donating capability; conversely, the smaller ELUMO is,
the smaller the resistance to accept electrons. Compounds
that present larger values of EHOMO are more electron donor
and the compounds that present smaller values of ELUMO are

more electron acceptor.  These variables are interpreted as
measures of molecular reactivity and stability.  As EHOMO

increases (relative to other molecules), the molecule is less
stable and more reactive.  For ELUMO, the situation is the
opposite.  HOMO energy is relevant because Equation 3
measures the electron-donating character of the drug
molecules.  Papp has a positive relationship with HOMO
energy, which means that drug molecules with higher elec-
tron-donating capacities can permeate membranes better.

As seen in the literature, energy is often discussed in
many research programs. There is another energy descriptor,
stretch energy, which influences Papp as EHOMO does in our
models.  Stretch energy is the energy contribution associ-
ated with the deformation of a bond from its equilibrium bond

Table 5.  Observed and predicted MDCK permeability coefficients for the 3–6 term MI-QSAR models.

           Structure name                      Observed Papp                 3-term                   4-term               5-term         6-term

Training set
1    Acetaminophen   350.0   343.16   529.78   246.92  286.17
2    Acetylsalicylic acid     74.0     89.80   244.65   280.48  289.21
3    Acyclovir       2.1 –393.51 –248.96   –26.92    –8.91
4    Alprenolol hydrochloride 1600.0 1550.53 1566.97 1586.89 1636.99
5    Amoxicillin       2.4 –150.74 –165.04   –10.67     10.81
6    Atenolol     18.0   177.07   –89.12 –162.70   –81.56
7    Bupropion hydrochloride 1300.0 1566.62 1588.50 1537.19 1379.35
8    Cefatrizine propylene glycol     25.0   127.43    80.46   –59.50     21.67
9    Corticosterone 1400.0   985.72  959.89   935.15 1015.25
10  Lamotrigine   880.0   977.29 1085.06 1195.33 1262.35
11  Methylprednisolone   160.0   946.65   830.13   720.90   600.99
12  Nadolol     14.0   428.39   285.60   339.90   297.99
13  Ondansetron 1100.0   821.84 1017.46 1043.64 1050.40
14  Penicillin V       1.5   147.21 –102.81 –104.00     11.30
15  Phenytoin 1200.0   559.43   666.59   937.19   904.82
16  Pindolol   590.0   686.72   659.43   705.59   823.54
17  Practolol     13.0   356.30   100.34     55.06 –195.28
18  Progesterone 1600.0 1528.22 1494.60 1508.96 1530.93
19  Propranolol hydrochloride 1700.0 1348.61 1281.68 1301.12 1450.92
20  Salicylic acid   100.0   253.68   439.76     24.13     21.74
21  Testosterone 1400.0 1204.89 1233.46 1324.80 1357.07
22  Trimethoprim   520.0   494.62   592.32   662.24   379.69

Test set
23   Antipyrine 1500.0   635.25   851.38   935.33   904.85
24   Dexamethasone   200.0   924.92   900.40   785.27   750.10
25   Guanabenz 1900.0 1271.01 1428.98 1381.52 1198.71
26   Hydrocortisone   310.0   760.79   691.49   642.19   864.34
27   Propylthiouracil   410.0 1225.72 1438.47 1119.10   900.19
28   AZT     60.0   292.54   340.14   510.15   785.71
29   Cephalexin       4.8 –230.65 –330.13 –184.49   308.96
30   Gabapentin       3.6 –137.18     12.50 –42.70   –18.71
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length.  It is a kind of vibration energy, which is composed of
bend energy and stretch energy.  From Models 3–6, we can
see that stretch energy is positively correlated with the value
of Papp.  Increasingly positive stretch energy values corre-
spond to increasing Papp.  Drug molecules with higher stretch
energies metamorphose better and can permeate membranes
more easily.

PMY is the principal moment of inertia along the y axis. It
gives information about how the product of force and dis-
tance influence the value of Papp.  Papp decreases as the value
of PMY increases.  The coefficients of PMY in Models 4–6
are very small when contrasted with the coefficients of other
variables.  This indicates that a change in PMY value has
comparatively little effect on the value of Papp and the perme-
ability of the drug molecules.

Compared with the descriptors discussed earlier, con-
nectivity is an element that rarely appeared in QSAR models
constructed by other researchers.  Connectivity is a param-
eter defined according to the conformation of a molecule,
and presumes that there is some functional relationship be-
tween molecule properties and connectivity.  One standard
definition of connectivity is as follows[23,24]:

Figure 7 is the structure of isopentanol without
hydrogens. The figures are the bond numbers of each car-
bon connected with other carbons.

From the foregoing equation, we can see that connectiv-
ity reflects the connection and ramification conditions of the
molecules.  Connectivity is the quantitative description of
the molecular structure.  Molecules with different structures
have different connectivity values. The connectivity method
has been widely used in structure-activity analyses. In the
models we constructed, connectivity is included in Model 5
and Model 6 and it has a negative effect on the  Papp value.
The larger the connectivity value, the more complicated the
structure will be, and there will be more branch chains.  There-
fore an increase in connectivity will decrease the permeabil-
ity of a molecule.

  Enb is the energy of interactions between non-bonded
atoms.  It includes van der Waals’ energy, electrostatic en-
ergy and hydrogen bond terms in some older forcefields, as
the following equation describes[25],

                        Enon-bond=EvdW+Ecoulomb+Ehbond                                                             (8)
The non-bond energy terms in Equations 6 and 7 sug-

gest that permeability increases with increasing binding of
the solute to the phospholipid regions of the membranes.

Kulkarni and coworkers carried out MI-QSAR analysis
using the permeability coefficients of some drug molecules
tested by Caco-2 cells.  Thirty molecules were included in
their training set, and significant MI-QSAR models were built.
Twenty-three intramolecular descriptors, and 11 membrane-
solute interaction descriptors were calculated.  In our study,
we calculated more than 70 descriptors for every drug mol-
ecule in the training set, including electronic, steric, and ther-
modynamic properties.  MI-QSAR models were built based
on the analysis of these descriptors. In addition, the present
study confirmed the conclusion of Irvine and coworkers,
that MDCK cells are suitable for studying drug permeability
through biomembranes.
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Introduction
Berberine, also known as huangliansu, is an isoquinoline

alkaloid derived from the Chinese herb Huanglian, Huangbai
and other plants.  It has multiple pharmacological actions,
such as antibacterial activity and anti-inflammatory effects,
and is used in the treatment of diarrhea and other digestive
disorders[1].  Berberine has been found to protect the gastric
mucosa and inhibit gastric ulcers[2], but the pharmacological
mechanisms for the protective effect of berberine are not
clear.  Accumulating evidence from both animal and human
studies indicates that nitric oxide (NO) plays a key role in
normal wound repair.  The beneficial effects of NO on wound
repair may be attributed to its functional influences on
angiogenesis and inflammation[3].  A recent study demon-

strated that NO generated from endothelial nitric oxide syn-
thase (eNOS) played an important role in gastric ulcer forma-
tion and gastric healing[4].  However, NO generated from
inducible nitric oxide synthase (iNOS) participates in ulcer
formation through the production of peroxide free radicals
and their cytotoxic action[5].  At the same time, it was re-
ported that berberine could induce the thoracic aorta of rats
to release endothelial NO[6], and 13-methylberberine and 13-
ethylberberine reduced the production of NO and the ex-
pression of iNOS protein in a concentration-dependent man-
ner in lipopolysaccharide (LPS)-stimulated macrophages[7].
We therefore inferred that it was possible for berberine to
protect the gastric mucosa and accelerate the healing of peptic
ulcers through the NO pathway.  In the present study, we

Abstract
Aim:   To investigate the protective effects of berberine on ethanol-induced gas-
tric ulcer in mice.  Methods:   Gastric ulcers were induced by oral ingestion of
ethanol.  Nitric oxide (NO) content was measured, and mRNA expression of endot-
helial nitric oxide synthase (eNOS) and inducible nitric oxide synthase (iNOS)
were analyzed by reverse transcription-polymerase chain reaction (RT-PCR).
Results:    The ulcer index (UI) at 1 h, 2 h, 3 h and 6 h after oral administration of
ethanol was 23.8±1.4, 23.3±2.2, 22.3±1.2 and 20.8±1.1, respectively.  The UI in the
berberine-treated groups (5 mg/kg and 50 mg/kg) was less than the control group.
The content of NO in the control group was 73.3±7.3 µL/L, 94.0±9.2 µL/L, 109.6±
6.4 µL/L and 138.2±10.2 µL/L in gastric juice and 5.8±1.1 µmol/g protein, 8.3± 
1.1 µmol/g protein, 9.8±1.1 µmol/g protein and 11.9±1.2 µmol/g protein in gastric
tissue at 1 h, 2 h, 3 h and 6 h, respectively, after the oral administration of ethanol.
The content of NO in the berberine-treated groups (5 mg/kg and 50 mg/kg) was
higher than the control group at 1 h after the oral administration of ethanol
(P<0.05), and was lower at 6 h (P<0.05).  Analysis by RT-PCR showed that expres-
sion of eNOS was inhibited but iNOS expression was enhanced by ethanol.
However, the expression of eNOS could be enhanced and iNOS expression could
be inhibited by berberine (P<0.01).  Conclusion:   Berberine could significantly
protect gastric mucosa from damage by ethanol.  This effect may be related to the
increased expression of eNOS mRNA and inhibited expression of iNOS mRNA.
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attempted to investigate whether the protective effect of
berberine on gastric mucosa was related to NO and nitric
oxide synthase (NOS).

Materials and methods
Drugs and reagents  Berberine was supplied by Prof Jia-

lin WANG (Department of Pharmacology, Tongji Medical
College, Huazhong University of Science and Technology,
Wuhan, China).  The NO kit was supplied by Nanjing Jian
Cheng Bioengineering Company (Nanjing, China).

Animals  The present study was carried out using 72
Kunming mice (Certificate No SYXK 2004-0028) weighing
18 g–22 g from the Experimental Animal Center of Tongji
Medical College.  Both sexes were used.  They were kept in
separate cages at room temperature and deprived of food
24 h before oral administration of ethanol but were allowed
free access to water.

Induction of gastric ulcer  Gastric ulcers were produced
by oral administration of ethanol 24 h after starvation.  Each
of the mice was given 0.1 mL ethanol (100%, anhydrous
alcohol).

Drugs treatments and measurement of ulcer size  Ani-
mals were divided into 3 groups of 24 mice each.  Group I
received saline at a dose of 0.1 mL/kg (ip) and served as the
control group.  Group II received berberine at a dose of 5
mg/kg (ip) while group III received berberine at a dose of
50 mg/kg (ip).

Drugs were given 30 min before the oral administration
of ethanol.  The mice were killed by cervical dislocation 1 h,
2 h, 3 h and 6 h after oral administration of ethanol, and the
gastric juice was sucked from the stomach before the stom-
ach was removed.  It was then opened along the greater
curvature and the mucosa of the glandular portion of the
stomach was rinsed gently with saline.  Macroscopic dam-
age was assessed and the number of ulcers, ulcer severity
and ulcer index (UI) were recorded.  Because each mouse
had many lesions or ulcers and most gastric mucosal lesions
were punctate or linear, each ulcer was graded according to
severity using a scale of 1–4, as follows: 1, punctate ulcer; 2,
linear ulcer of length ≤2 mm; 3, linear ulcer of length 2 mm–
4 mm; and 4, linear ulcer of length ≥4 mm.  The UI was calcu-
lated by summing the total number of ulcers, as described
previously[8,9].  The gastric tissues were stored at -70 °C
until biochemical analysis.

Measurement of nitric oxide  The content of nitric oxide
in the gastric juice and gastric tissue was measured through
the method of nitric acid reductase, and the operational pro-
cesses were carried out strictly in accordance with the NO
kit instructions.

Reverse-transcription polymerase chain reaction for the
detection of eNOS and iNOS mRNA   The stomachs were
removed from the saline-treated (0.1 mL/kg) and berberine-
treated (50 mg/kg) groups both before and after ulcer induc-
tion (1 h, 3 h and 6 h) for the determination of eNOS and
iNOS mRNA expression by reverse transcription-polymerase
chain reaction (RT-PCR) using specific primers.  Total RNA
was isolated from gastric tissues using Trizol reagent (Gibco
BRL, Gathersburg, MD, USA).  First-strand cDNA was syn-
thesized from 5 µg of total cellular RNA using oligo-(dt)20

primers with the thermoscript RT-PCR system (Gibco BRL).
PCR cycles were carried out for amplification of eNOS, iNOS
and β-actin cDNA using a thermal cycler (Perkin-Elmer Cor-
poration 850 Lincoln Centre Drive, Foster City, California,
USA) and oligonucleotides (Boya, Shanghai, China).  The
primers for eNOS were 5'-TTC CGG CTG CCA CCT GAT CCT
AA-3' (sense) and 5'-AAC ATA TGT CCT TGC TCA AGG
CA-3' (antisense)[10].  The β-actin primer sequences for iNOS
were 5'-CGG GCA TTG CTC CCT TCC GAA AT-3'(sense) and
5'-CTT CAT GAT AAC GTT TCT GGC TCT-3' (antisense)[11].
The oligonucleotide primer sequences for β-actin were 5'-
TCA CCC ACA CTG TGC CCA TCT ACG A-3'  (sense) and 5'-
GGA TGC CAC AGG ATT CCA TAC CCA-3' (antisense).  The
number of PCR cycles was adjusted carefully to avoid satu-
ration of the amplification system.  In the RT step, the cellu-
lar mRNAs were reverse-transcribed into a “library” of
cDNAs.  This cDNA library was then used for the analysis
of various genes in the PCR step.  Briefly, total RNA (2.5 µg)
from each of the tissues was reverse transcribed into single-
stranded cDNA in a 20-µL reaction mixture containing: 4 µL
5' buffer, 20 IU ribonuclease inhibitor, 10 mmol/L dNTP, 0.5
µg oligo-(dt)20 primer, 20 IU RNasin and 200 IU M-MLV re-
verse transcriptase.  After incubation for 1 h at 42 °C, the RT
mixture was incubated at 70 °C for 10 min to inactivate the
reverse transcriptase.  PCR was then carried out using 5 µL
cDNA in a final reaction volume of 50 µL.  The assay mix
contained 50 mmol/L KCl, 10 mmol/L Tris-HCl (pH 8.3),
1.5 mmol/L MgCl2, 0.2 mmol/L dNTP, 1 mmol/L of the respec-
tive primers and 1.5 IU of Taq DNA polymerase.  The PCR
cycling program was set for 1 cycle of pre-denaturation at
94 °C for 1 min, and then 35 cycles at 94 °C for 30 s, 55 °C for
30 s, 72 °C for 1 min, followed by 1 cycle at 72 °C for 5 min.
PCR products were visualized by UV illumination after elec-
trophoresis on a 2% agarose gel containing 0.5 µL ethidium
bromide.  The location of a predicted product was confirmed
using a 100 bp DNA ladder (Gibco BRL) as a standard size
marker.  The gel photographs were scanned with a comput-
erized densitometer (SYNGENE, London, Britain).  The sig-
nals for eNOS and iNOS mRNA were standardized against
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the β-actin signal for each sample and the results are ex-
pressed as eNOS and iNOS mRNA/β-actin mRNA ratio.

Statistical analysis  All of the data were expressed as
mean±SD and the analysis was carried out using the t-test.
Values of P < 0.05 were considered statistically significant.

Results
Effects of berberine on ethanol-induced gastric lesions

The UI of ethanol-induced gastric lesions are shown in
Figures 1 and 2.  In the control group, the UI at 1 h, 2 h, 3 h
and 6 h after oral administration of ethanol averaged 23.8±
1.4, 23.3±2.2, 22.3±1.2 and 20.8±1.1, respectively.  The UI in
the berberine-treated groups (5 mg/kg and 50 mg/kg) were
less than the control group and this effect was time-dependent

Table 1.   The content of nitric oxide in gastric juice and gastric tissue. n=6. Mean±SD. bP<0.05, cP<0.01 vs NS group. fP<0.01 vs 1 h.

    Group                                       NO in gastric juice/µmol·L-1                                   NO in gastric tissue/µmol·g-1 protein
                              1 h                     2 h                 3 h                   6 h                   1 h                2 h          3 h      6 h

NS 73.3±7.3   94.0±9.2f 109.6±6.4f 138.2±10.2f 5.8±1.1 8.3±1.1f 9.8±1.1f 11.9±1.2f

Berberine (5 mg/kg) 88.2±11.0b   95.0±6.2 100.8±8.9   99.3±8.8c 6.8±1.6b 7.8±0.8 8.3±1.0b   8.3±2.2c

Berberine (50 mg/kg) 91.9±8.4c 101.1±9.8 109.3±12.3 110.9±7.8b 7.9±2.1c 9.2±0.8 9.4±1.3   9.3±1.5b

NO, nitric oxide; NS, normal saline.

Figure 1.   The appearance of gastric mucosa in mice 1 h, 2 h, 3 h and 6 h after being given 0.1 mL ethanol. After oral administration of
ethanol, the gastric mucosa had many lesions, which were punctate or linear. Ulcer severity was graded using a score of 1 to 4. 1, punctate ulcer
(white arrow); 2, linear ulcer of length =2 mm (yellow arrow); 3, linear ulcer of length 2–4 mm (blue arrow); and 4, linear ulcer of length =4 mm
(black arrow).

Figure 2.   The ulcer index (UI) of ethanol-induced gastric lesions in
the different treatment groups. n=6. Mean±SD. bP<0.05, cP<0.01 vs
NS group.
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(P< 0.05 and P<0.01, respectively).
Change in nitric oxide content with the time   The con-

tent of NO in gastric tissue and gastric juice is shown in
Table 1.  In the control group, the content of NO in gastric
juice at 1 h, 2 h, 3 h and 6 h after oral administration of etha-
nol was 73.3 ±7.3 µL/L, 94.0±9.2 µL/L, 109.6±6.4 µL/L and
138.2±10.2 µL/L, respectively, while the NO content in gas-
tric tissue averaged 5.8±1.1 µmol/g protein, 8.3±1.1 µmol/g
protein, 9.8±1.1 µmol/g protein and 11.9±1.2 µmol/g protein,
respectively.  However, in both gastric tissue and gastric
juice the content of NO in the berberine-treated groups (5 
mg/kg and 50 mg/kg) was higher than that in the control
group at 1 h after oral administration of ethanol (P<0.05,
P<0.01), but lower at 6 h after oral administration of ethanol
(P<0.05, P<0.01).

Expression of eNOS and iNOS mRNA   Expression of
iNOS and eNOS mRNA is shown in Figures 3 and 4.  In the
base statement the mRNA of eNOS could be expressed while
that of iNOS could almost not be expressed.  In the control
group the expression of eNOS was inhibited and iNOS was
enhanced by ethanol, while in the berberine-treated groups
the expression of eNOS could be enhanced and iNOS could
be inhibited. Discussion

Nitric oxide plays an important role in the host defense
and inflammatory response[12,13].  It also plays an important
role in the mechanism of gastric mucosal protection and in-
jury induced by pressure, ethanol, stress and endo
toxins[14–17].  Endogenous NO has a dual action in the gas-
trointestinal tract: protective effects by constitutive nitric
oxide synthase (cNOS)/NO and proulcerogenic effects by
iNOS/NO[8].

cNOS lies in gastric endotheliocytes in the gastric tissue,
also called eNOS[18].  NO derived from eNOS is a pivotal
mediator to accelerate gastric ulcer healing; it maintains the
integrity of the gastric epithelium, regulates gastric mucosal
blood flow, and stimulates gastric mucus secretion and syn-
thesis[19].  On the other hand, NO stimulates the release of
vasoactive intestinal peptide (VIP) in gastric tissue and in-
creases the concentration of cGMP[20].  NO/cGMP plays a
central role in producing relaxation of mouse gastric fundus
smooth muscle, and cGMP protects gastric parietal cells from
ethanol-induced cytotoxicity, implicating a basolateral Cl-

channel in the plasma membrane or that pepsinogen secre-
tion stimulated by a Ca2+-mediated agonist is modulated by a
NO/cGMP pathway[8].  The results of the present study have
shown that the content of NO in tissue from the berberine-
treated group was higher than control group at 1 h after oral
administration of ethanol, and further study has shown that
expression of eNOS is higher.  Therefore, we might conclude

Figure 3.   Determination of endothelial nitric oxide synthase (eNOS)
and inducible nitric oxide synthase (iNOS) mRNA by reverse tran-
scription-polymerase chain reaction in mouse gastric mucosa treated
with saline before ulcer induction (lane 1), 1 h (lane 2), 3 h (lane 3)
and 6 h after ulcer induction (lane 4), treated with berberine (50 
mg/kg) before ulcer induction (lane 5), and 1 h (lane 6), 3 h (lane 7)
and 6 h after ulcer induction (lane 8). M=100 bp ladder molecular
weight DNA marker.

Figure 4.   Determination of endothelial nitric oxide synthase (eNOS)
and inducible nitric oxide synthase (iNOS) mRNA expression by the
ratio of eNOS and iNOS mRNA over β-actin mRNA, as in experi-
m e n t s  p r e s e n t e d  i n  F i g u r e  2 . n=6. Mean±SD. cP<0.01 vs saline-treated
group. fP<0.01 vs before ulcer induction.
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that berberine can increase NO production through improv-
ing eNOS mRNA expression.  The effect of berberine on NO
formation in the vascular system was also demonstrated[6,21].

High expression of iNOS was found in ulcer tissue of the
control group at 3 h and 6 h after ulcer induction.  A similar
phenomenon was also found by Peng et al[22].  Large amounts
of NO synthesized from the inducible isoform have been
implicated in tissue injury in the gut during inflammatory
reactions[23].  Guo et al[24] also reported that high expression
and activity of iNOS were found to coincide with severe
inflammation in ulcer tissue.  It is known that induction of
high-output iNOS usually occurs in an oxidative environment,
and thus high levels of NO have the opportunity to react
with superoxide anion (O2

–) leading to peroxynitrite (ONOO–)
formation and cell toxicity, protein tyrosine nitration, hy-
droxyl radical production and tissue damage[24,25].  The re-
sults of the present study have shown that iNOS is under
low-expression conditions at all times in the berberine-treated
groups, as the content of NO had no peak and it was kept at
a relatively steady level.  This demonstrated that berberine
might decrease NO production through inhibition of iNOS
expression in the gastric ulcer tissue, prevent the abundant
release of NO that aggravates gastric mucosal injury and,
ultimately, improve the healing of ulcers.  The study of Lee
et al[7] also showed that 13-methyberine and 13-ethyberberine
both inhibited iNOS expression in LPS-stimulated
macrophages.  In conclusion, the protective effect of ber-
berine results in an increase in eNOS mRNA expression, which
inhibits the iNOS mRNA expression process.
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Chemopreventive effect of dimethyl dicarboxylate biphenyl on malignant
transformation of WB-F344 rat liver epithelial cells1
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Abstract
Aim: To study the potential chemopreventive effect of dimethyl dicarboxylate
biphenyl (DDB), an anti-hepatitis drug, on hepatocarcinogenesis in vitro.
Methods: The anti-carcinogenesis effect of DDB was assessed on a two-stage
chemical oncogenesis model induced by 3-methylcholanthrene and 12-O-
tetradecanoyl phorbol 13-acetate (TPA) with WB-F344 rat liver epithelial cells
(WB-F344 cells) in vitro.  A soft-agar colony formation assay was used to deter-
mine the tumorigenic potential of the transformed WB-F344 cells. The gap junc-
tional intercellular communication (GJIC) was detected using the scrape loading/
dye transfer technique.  Results: DDB at 1 µmol/L, 2 µmol/L, and 4 µmol/L signifi-
cantly prevented the malignant transformation of WB-F344 cells induced by 3-
methylcholanthrene and TPA.  The average number of transformed foci decreased
dramatically by 10.0%, 37.2%, and 47.4%, respectively.  In soft agar, a remarkable
decrease in colony numbers was observed in transformed cells treated with 2 µmol/L
and 4 µmol/L DDB. DDB at 1 µmol/L, 2 µmol/L, and 4 µmol/L inhibited the
downregulation of GJIC induced by TPA in a dose-dependent manner.  The GJIC
recovered to 25.6%, 34.6%, and 44.9%, respectively, of the control WB-F344 cells
by DDB.  Conclusion: DDB has a potential chemopreventive effect on hepato-
carcinogenesis induced by carcinogens in vitro.
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Introduction
Human hepatocellular carcinoma (HCC) is one of the most

frequent malignant cancers.  The carcinogenesis of HCC is a
multifactorial event.  Chronic hepatitis B virus (HBV) and
hepatitis C virus (HCV) infections are the most frequent
causes of HCC[1].  Approximately 80% of human HCC are
attributable to HBV infection[2].  Chronic HBV carriers are
100–400 times more likely to develop HCC than non-carriers[3].
HCV is the second most common cause of HCC after HBV[4].
Currently, HCC represents more than 4% of all cancer cases
worldwide and causes at least 315 000 deaths every year[5].
Although early HCC can be cured by surgical resection, many
HCC are asymptomatic, so most HCC patients are not diag-
nosed in time.

An effective approach to cancer control is chemo-

prevention.  It is known that the therapy of both chronic
HBV and HCV generally involves a long-term course.  An
anti-hepatitis drug with an inhibiting or a suppressing effect
on the development of hepatocarcinogenesis, besides its
improvement of abnormal liver function, would be of great
clinical value.

Dimethyl dicarboxylate biphenyl (DDB) is a synthetic ana-
logue of Schizandrin C, which was isolated from Fructus
Schizandrae chinensis[6].  Since 1983, DDB has been widely
used to treat hepatitis B patients in China and is exported to
Korea, Egypt, Vietnam, Indonesia, Pakistan, and Burma for
the treatment of HBV and HCV.  The results of the clinical
application indicated that DDB markedly improved impaired
liver functions, such as the elevated serum transaminase,
bilirubin, α-fetal protein, and symptoms of the patients.
Pharmacologically, DDB has a protective action against
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experimental liver injury in mice and rats[7,8,9].  DDB also had
anticancer activity and differentiation-inducing effect  on
cancer cells[10].   In the present paper, the chemoprevention
effect of DDB on hepatocellular carcinogenesis in vitro is
studied.

Materials and methods
Chemicals  DDB with 99% purity was provided by the

Beijing Union Pharmaceutical Plant.  As DDB is not water-
soluble, it was dissolved in dimethyl sulfoxide (Me2SO) for
in vitro use.  3-Methylcholanthrene (3MC), 12-O-
tetradecanoyl phorbol 13-acetate (TPA), MTT, and Lucifer
yellow CH were obtained from Sigma Chemical Company.
Other chemicals were of analytical grade and purchased from
Beijing Chemical Company.

Cell culture  WB-F344 cells were grown in DMEM
(GIBCO) media containing 10% newborn calf serum, 100 kU/L
penicillin, and 100 mg/L streptomycin in a 37 °C humidified
incubator containing 5% CO2 and 95% air, and passaged
using 0.25% trypsin plus 0.02% EDTA treatment.  The cul-
ture medium was changed every other day.

MTT assay  Cytotoxicity was determined by MTT assay
according to the method of Mosmann[11].  WB-F344 cells
(3×103cells per well) were plated on 96-well plates, and 24 h
later various concentrations of DDB were added (0.5 µmol/L–
100 µmol/L).  The cells were incubated at 37 °C in a CO2 incu-
bator for 72 h.  The culture supernatant was sucked out and
MTT 0.5 g/L stock solution was added to each well.   After
4 h of incubation, Me2SO was added.  The optical density of
each well was determined by a microplate reader at a wave-
length of 570 nm.  The values of absorbance were expressed
as relative viable cell number.

In vitro transformation of WB-F344 cells  WB-F344 cells
were seeded on 25-cm2 tissue culture flasks containing the
complete medium at a density of 4×103cells per flask.  The
medium was replaced with the complete medium containing
3MC (2 mg/L) or 0.1% Me2SO 24 h after seeding, and the

cells were incubated for another 72 h.  After the removal of
the medium, the cells were washed twice with sterile phos-
phate-buffered saline (PBS) and incubated in fresh medium
for 4 d.  The cells were then incubated with medium contain-
ing 100 µg/L TPA.  The TPA-containing medium was changed
every 2–3 d for 14 d.  After sucking out the TPA-containing
medium, the cells were washed twice with sterile PBS and
then incubated in fresh medium containing 10% newborn
calf serum.  The fresh medium was changed every 2 d until
d 30.  DDB was added to the medium from 24 h after cell
seeding until the end of the experiment.  At d 30, three of
these flasks from each group were stained with Wright-
Giemsa, and scored for transformed colonies.  The remain-
ders were used for soft-agar assay.

Soft-agar colony formation assay  Cells derived from each
group were seeded separately.  Agar (0.6%) in the complete
medium was kept at 44 °C and poured into 6-well plates (2 mL
per well) as to form the lower layer.  After the agar medium
had set, 1×104cells per well in 2 mL of 0.3% agar (44 °C) were
layered onto the gelled agar as the form of the upper layer.
The cells were incubated in a humidified atmosphere of 95%
air and 5% CO2 at 37 °C.  On d 9 and d 18, 1 mL of 0.3% agar
in the complete medium was added.  After 28 d, colonies of
more than 20 cells were counted under contra-phase
microscope.

Cell-cell communication assay The scrape loading/dye
transfer (SL/DT) technique was used to detect GJIC accord-
ing to the method of E1-Fouly et al[12].  WB-F344 cells were
pretreated with various concentrations of DDB for 1 h at
24 h prior to the addition of TPA (100 µg/L) for 1 h.   The
other cells were pretreated with 4 µmol/L DDB for 24 h, 48 h,
and 72 h before treatment with TPA.  Following incubation,
the cells were washed twice with PBS.  Then Lucifer yellow
CH (a fluorescent dye permeating gap-junctional channels)
was added and several scrapes were made with a surgical
steel-bladed scalpel at low light intensities.  These scrapes
were performed to ensure that the scrape traversed a large
group of confluent cells.  After 3 min incubation, the cells
were washed with PBS again.  Dye migration was observed
and photographed with an inverted fluorescent microscope
(Olympus, Japan) at ×200 magnification.  The number of dyed
cells represents the ability of cells to communicate via  GJIC.
GJIC data are reported as a percentage of the corresponding
mean control value.  The data are obtained from 3 views per
plate, pooled 4 separate plates for each point.

Statistical analysis  Results are expressed as mean±SD.
To compare mean values between 2 groups, the Student’s
t-test was used.  P<0.05 was considered statistically signifi-
cant.
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Results

Cytotoxicity of DDB to WB-F344 cells  To select the
appropriate doses of DDB for the present study, the cyto-
toxicity of DDB to WB-F344 cells was assessed using the
MTT assay.  No significant cytotoxic effect on the cells was
observed when the concentrations of DDB were below 4 µmol/L
(Table 1).  Therefore, 1 µmol/L, 2 µmol/L, and 4 µmol/L of
DDB were used in the subsequent experiments.

Effect of DDB on two-stage transformation of WB-F344
cells  A two-stage (initiation and promotion) chemical induc-
tion oncogenesis model with WB-F344 cells was established.
The WB-F344 cells became transformed after 3-MC (2 mg/L)
initiation for 72 h and then TPA (100 µg/L) promotion for
14 d.  The transformed cells were grown in a disorganized
multilayer instead of in a monolayer (Figure 1).  DDB at con-

centrations of 1 µmol/L, 2 µmol/L, and 4 µmol/L markedly
inhibited transformation of WB-F344 cells in a dose-
dependent manner.  The average number of transformed foci
decreased dramatically by 10.0%, 37.2%, and 47.4%, respec-
tively, after DDB treatment (Table 2).

Effect of DDB on colony of transformed WB-F344 cells
in soft agar  To evaluate the tumorigenic potential of the
treated WB-F344 cells, the efficiency of their soft-agar colony
formation was determined.  As shown in Table 3, no colony
formed in soft agar in untreated WB-F344 cells, whereas the
cells initiated with 3-MC and promoted with TPA developed
the transformed phenotype of colony formation in soft agar.
A remarkable increase in colony numbers was observed.
The cells treated with 2 µmol/L and 4 µmol/L DDB also de-
veloped the transformed phenotype of colony formation, but
the colony numbers significantly decreased compared with

Table 1.  Cytotoxicity of dimethyl dicarboxylate biphenyl (DDB) to
WB-F344 rat liver epithelial cells. n=9. Mean±SD. bP<0.05 vs con-
trol group.

       Group           Dose/µmol·L-1           Survival rate/%

Control      0 100.0±0.0
DDB     0.5   97.9±13.6

     1 105.1±9.3
     2 104.9±12.4
     4   90.2±4.7
     5   79.4±6.9b

  10   78.4±17.6b

  50   79.2±5.1b

100   61.8±5.4b

Figure 1.    Morphology of WB-F344 cells treated with 3-methylcholanthrene (3-MC)/12-O-tetradecanoyl phorbol 13-acetate (TPA) or the
vehicle dimethyl sulfoxide. (A) control cells, (B) cells treated with TPA 100 µg/L plus 3-MC 2 mg/L. At d 30 of incubation, cell morphology
was examined under a microscope (×200). Cells treated with 3-MC and TPA were highly transformed in appearance with the formation of foci.

Table 2.  The inhibitory effect of dimethyl dicarboxylate biphenyl
(DDB) on transformed foci in WB-F344 rat liver epithelial cells
undergoing initiation with 3-methylcholanthrene (3-MC) followed
by promotion with 12-O-tetradecanoyl phorbol 13-acetate (TPA).
n=3. Mean±SD. bP<0.05, cP<0.01 vs the model group.  Transformed
foci/flask: colonies containing >~100 cells were scored positive.

   Group                  3-MC+TPA       Transformed         Inhibitory
                                                         foci/plate               rate/%

Control –   4.5±1.3   –
Model + 53.8±8.2   –
DDB 1 µmol/L + 48.4±13.4b 10.0
        2 µmol/L + 33.8±5.1c 37.2
        4 µmol/L + 28.3±3.3c 47.4
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the model group.
Effect of DDB on GJIC  The GJIC of normal WB-F344

cells was well- characterized and did not decrease during the
experimental incubation period (Figure 2Aa).  After expos-
ing the cells to TPA (100 µg/L) for 1 h, over 85% inhibition of
GJIC was detected.  The Lucifer yellow CH only stayed at
the incision sites or artificially damaged cells (Figure 2Ab).

When the cells were pretreated with DDB 1 µmol/L, 2 µmol/L,
and 4 µmol/L, respectively, for 24 h, a dose-dependent inhi-
bition of TPA-induced downregulation of GJIC was observed.
The GJIC recovered to 25.6%, 34.6%, and 44.9% of the con-
trol group, respectively (Figure 2B).  The time-dependent
inhibitory effect of 4 µmol/L DDB on TPA-induced down-
regulation of GJIC is shown in Figure 3.  By the addition of
4 µmol/L DDB for 24 h, 48 h, and 72 h, TPA-induced
downregulation of GJIC was markedly reversed in a time-
dependent manner.

Discussion
WB-F344 cells have often been used in the study of

hepatocarcinogenesis[13].  In the present study, we found
that the anti-hepatitis drug DDB at non-toxic doses mark-
edly prevented the transformation of WB-F344 cells induced
by 3-MC and TPA in vitro, which expressed as significant
decrease of the number of transformed foci and the malig-
nant degree of transformed cells.

It is well known that carcinogenesis is a multistage and
multimechanism process, involving the irreversible alteration
of a stem cell (the initiation phase), followed by the clonal

Table 3. Effect of dimethyl dicarboxylate biphenyl (DDB) on tum-
origenicity of transformed WB-F344 rat liver epithelial cells using
the soft agar culture assay. n=3. Mean±SD. cP<0.01 vs the model
group. Colony forming rate/1×104cells: colonies containing >~20
cells were scored positive. 3-MC, 3-methylcholanthrene; TPA, 12-
O-tetradecanoyl phorbol 13-acetate.

   Group                 3-MC+TPA      Colony forming        Inhibitory
                                                      rate/1×104cells           rate/%

Control –    0.0±0.0    –
Model + 231.0±17.1    –
DDB 2 µmol/L + 136.0±19.1c 41.1
        4 µmol/L +   85.0±7.9c 63.2

Figure 2.  Dose-response of dimethyl dicarboxylate
biphenyl (D DB) on 12-O-tetra decanoyl phorbol
13-acetate (TPA)100 µg/L-induced downregulation of
gap junctional intercellular communication(GJIC) in
WB-F344 rat liver epithelial cells. (A)(a) control, (b)
cells treated with TPA 100 µg/L, (c) cells treated with
DDB 1 µmol/L plus TPA, (d) cells treated with DDB
2 µmol/L plus TPA, (e) cells treated with DDB 4 µmol/L
plus TPA (×200). (B) Quantification of recovery rate.
Data were expressed as percentage of control. n=4.
Mean±SD. cP<0.01 vs the TPA model group.
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proliferation of the initiated stem cell (the promotion phase),
from which the acquisition of the invasive and metastasis
phenotypes are generated (the progression phase).  Inter-
vention to prevent cancer can occur at each step.  For
chemoprevention of carcinogenesis, the development of anti-
tumor promoting agent has been regarded as the most effec-
tive pathway.

 Intercellular communication is necessary in multicellular
organisms to maintain tissue homeostasis and to control cell
growth and differentiation.  Gap junction channels play an
important role in intercellular communication by providing a
direct pathway for the movement of molecular information,
including ions, polarized and non-polarized molecules up to
a molecular mass of 1 kDa between adjacent cells[14,15].
Much evidence has been documented to support the hy-
pothesis that the downregulation of GJIC is a cellular event
underlying the tumor promotion process, and that any treat-
ment to prevent downregulation of GJIC is important in pre-
vention of tumor promotion[16,17].  Many tumor promoters
have been shown to inhibit gap junctional communication

in vitro[18,19].  TPA is a well-known classical inhibitor of cell
communication in most cells, including the WB-F344 cell[20].
In the present study, the underlying mechanisms of DDB
against hepatocarcinogenesis were investigated during the
promotional phase using TPA to inhibit GJIC.  The WB-F344
cells are known to have high GJIC.  The treatment with TPA
significantly inhibited GJIC, as was determined using the
SL/DT assay.  The counteracting effect of DDB on GJIC
inhibition caused by TPA suggests that DDB has a signifi-
cant action in maintaining GJIC function, and that it might be
beneficial in preventing tumor promotion.

In summary, the results of the present study suggest
that DDB can prevent the malignant transforming of WB-
F344 cells induced by 3-MC and TPA in vitro.  The restora-
tion of GJIC in the promotion phase should contribute, at
least in part, to the anti-hepatocarcinogenic property of DDB.
We conducted other experiments and found that DDB sig-
nificantly inhibited liver carcinogenesis induced by DEN/PB
in mice; the data from these experiments will be published in
another paper soon.  Both in vitro and in vivo experiments

Figure 3.  Time course of the inhibitory effect of
dimethyl dicarboxylate biphenyl (DDB) on 12-O-
tetradecanoyl phorbol 13-acetate (TPA)100 µg/L-
induced downregulation of gap junctional intercellu-
lar communication(GJIC) in WB-F344 rat liver epi-
thelial cells.  (A) (a) control,  (b) cells treated with
TPA 100 µg/L, (c) cells treated with DDB 4 µmol/L
for 24 h plus TPA, (d) cells treated with DDB 4 µmol/L
for 48 h plus TPA, (e) cells treated with DDB 4 µmol/L
for 72 h plus TPA as described in the Materials and
Methods (×200). (B) Quantification of recovery rate.
Data were expressed as percentage of control. n=4.
Mean±SD. cP<0.01 vs the TPA model group.
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demonstrated that DDB had a chemopreventive effect on
hepatocarcinogenesis.  It is worthy to pay attention to
whether DDB potentially prevents liver carcinogenesis in
patients with chronic viral hepatitis.
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Effects of specific interleukin-1β-converting enzyme inhibitor on ischemic
acute renal failure in murine models1
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Abstract
Aim: To study the effect of selective interleukin-1β-converting enzyme (ICE,
caspase-1) inhibitor on ischemic acute renal failure (ARF).  Methods: Mouse mod-
els of ischemic ARF were treated with the specific ICE inhibitor AC-YVAD-CMK.
A renal function assay and renal morphological studies were employed to esti-
mate the renal protective effect of AC-YVAD-CMK.  The survival rate of mouse
models was also analyzed by a time series test.  Furthermore, renal ICE activity,
mature interleukin-18 (IL-18) protein expression and interferon-γ (IFN-γ) mRNA
expression were also detected by fluorescent enzyme-linked immunosorbent as-
say (ELISA), ELISA, and semi-quantitative reverse transcription-polymerase chain
reaction, respectively.  Results: The levels of blood urea nitrogen (BUN) and
serum creatinine (Scr) increased remarkably in the model controls compared with
the sham-operated groups (P<0.01).  Typical renal tubular necrosis was found in
the model controls.  Renal ICE activity, mature IL-18 protein expression, and IFN-γ
mRNA expression were also increased significantly in the model controls com-
pared with the sham-operated groups.  The levels of BUN and Scr in the
AC-YVAD-CMK therapy group were decreased significantly compared with the
untreated model controls (P<0.01).  Renal tubulointerstitial lesion was also
attenuated significantly (P<0.05).  AC-YVAD-CMK therapy alleviated the clinical
features of ARF, and increased the survival rate (P<0.01).  Furthermore, AC-YVAD-
CMK therapy also decreased ICE activity, mature IL-18 protein expression, and
IFN-γ mRNA expression in renal tissue (P<0.05).  Conclusion: The selective ICE
inhibitor AC-YVAD-CMK can effectively protect the kidney from acute ischemic
lesions.  This protective effect is associated with decreased renal ICE activity and
suppressed IL-18 maturation and IFN-γ mRNA transcription.
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Introduction
Acute renal failure (ARF) is a clinical syndrome with high

morbidity and mortality.  The incidence of ischemic ARF has
been rising rapidly, especially with the rapid development of
various difficult surgical operations and kidney transplanta-
tion[1,2].  Unfortunately, up to now, there was no really effec-
tive medicine available to treat this disease.

Several recent studies have reported that, aside from tu-
bular injury directly caused by renal abnormal hemodynamic
states, the recruitment and activation of numerous inflam-
matory cells after ischemia, and immune inflammatory re-

sponses mediated by the expression and secretion of inflam-
matory cytokines are the main causes of ischemic acute
renal injury[3–5].  Among the various cytokines produced dur-
ing renal ischemia, interleukin-18 (IL-18), interleukin-1β
(IL-1β) and interferon-gamma (IFN-γ), a group of proinflam-
matory cytokines with closely related function, play an im-
portant role in the inflammatory reaction and renal tubuloin-
terstitial impairment[6–9].  Other studies have reported that
applying antibodies or soluble receptors to block the roles
of these cytokines can alleviate ischemic ARF[10,11].  It has
been demonstrated that both IL-1β and IL-18 are members of
the IL-1 family, which can be activated by interleukin-1β-
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converting enzyme (ICE) via cleaved precursor peptide, and
furthermore, that IL-18 is the strongest inducing factor of
IFN-γ[12,13].  We therefore postulated that it would be more
effective to protect the kidney from acute ischemic injury by
regulating the whole cytokine network, including IL-1β, IL-
18, and IFN-γ, with selective ICE inhibitors, instead of only
blocking any one of the cytokines using antibodies or soluble
receptors.  More significantly, several kinds of ICE inhibi-
tors with simple structure and low antigenicity have been
synthesized by chemical methods.  The inhibitors are supe-
rior to cytokine antibodies and soluble receptors, which are
difficult to produce, expensive, hypersensitive and require
injection.

The present study aimed at exploring the role of selec-
tive ICE inhibitors in preventing the kidney from ischemic
ARF by the combined inhibition of IL-1β, IL-18, and IFN-γ in
mouse models of ischemic ARF.

Materials and methods

Materials  All reagents were obtained from Sigma (St
Louis, MO, USA), unless otherwise indicated.

Ischemic ARF model induction  Male Kunming mice (SPF
grade, Experimental Animal Center of Guangdong Medical
College, Zhanjiang, China) weighing 22.1±1.3 g (20 g–25 g)
were used.  After being anesthetized with an injection of
0.3% sodium pentobarbital (5 mL/kg–10 mL/kg, ip), an ab-
dominal mid-line incision was made and the renal pedicles
were clamped bilaterally for 45  min with non-traumatic mi-
croaneurysm clamps.  Restoration of blood flow was con-
firmed when the kidneys returned to their original color after
the clamps were removed.  Afterward, the abdomen was
closed and the mice were allowed to recover.  The mice were
observed for 2 h after the operation was finished.  A model
was considered to be developed successfully if the animal’s
behavior returned to normal.  Those that failed to return to
normal behavior after operation or those in which any 1 of
the kidneys failed to return to normal color after the clamps
were removed were regarded as unsuccessful models and
were removed from the experiment.  The sham-operated group
consisted of the same surgical procedure except that clamps
were not applied.

Experimental groups  Animals were kept in a clean envi-
ronment at 24 °C–29 °C with free access to standard food
and water after model induction.  The study was composed
of 3 parts as follows.  Experiment I: Thirty-nine mice were
distributed randomly into the sham-operated group, the
model control group or the therapy group.  After post-opera-
tive elimination, these groups contained 13, 13, and 11 mice,

respectively.  The therapy group was administered
AC-YVAD-CMK (6.25 mg/kg, ip; Calbiochem, Darmstadt,
Germany), which was dissolved in 2% Me2SO saline, at 2 h,
8 h, and 16 h after surgery. The other 2 groups received the
vehicle; an equal volume of  2% Me2SO saline at the same
times as the therapy group.  All of the mice were killed at 24 h
after surgery.  Experiment II: Forty-five mice were enrolled
in this part of the experiment and were also distributed ran-
domly into 3 groups as in Experiment I.  Each group con-
tained 13 mice after model construction and elimination.  The
mice underwent similar procedures as those in Experiment I,
except that either AC-YVAD-CMK or the vehicle were ad-
ministered to the mice at 2 h, 8 h, 14 h, 20 h, 28 h, and 36 h,
and the mice were killed at 48 h after surgery.  Experiment
III: Thirty-nine mice were distributed randomly into the 3
groups as in Experiment I and Experiment II, and each group
contained 12 mice.  AC-YVAD-CMK or the vehicle was ad-
ministered in the same way as in Experiment II, but the ani-
mals were not killed.  Their clinical features were observed
and recorded twice per day for 14 d after surgery.

Sample collection and pretreatment  Blood samples were
obtained via orbital cavity after removing eyeballs.  The blood
samples were then centrifuged to separate the serum.  The
kidneys were collected, each of which was divided into 4
equal sections.  One section was fixed in 10% neutral forma-
lin solution while the others were frozen immediately in liq-
uid nitrogen and preserved at -72 °C until use.

Blood biochemical parameters assay  The levels of blood
urea nitrogen (BUN) and serum creatinine (Scr) were mea-
sured using an automatic biochemical analyzer (Beckman
Instruments, Fullerton, CA, USA).

Renal histological examination  The 4% paraformalde-
hyde-fixed and paraffin-embedded kidney samples were sec-
tioned at 3 µm and stained with hematoxylin-eosin (HE) and
periodic acid-Schiff (PAS) using standard methods.  Histo-
logical examinations were carried out in a single blinded
fashion.  Histological changes due to acute renal tubulo-
interstitial injury were quantitated using the method of Paller
et al[14].  Five fields (×200) were reviewed for each slide.  The
scores included: diffuse tubular epithelial cell flattening and
tubular lumen dilatation (1 point), lesion of brush border (1
point), loss of brush border (2 points), cell membrane bleb
formation (1 point), cytoplasmic vacuolization (1 point), in-
terstitial edema (1 point), necrotic cells in tubular lumen but
no cast formation (1 point), and casts or cell pieces forma-
tion (2 points).  Higher scores represented more severe
damage.

Renal ICE activity assay  Renal ICE activity was mea-
sured using a ICE fluorescent assay kit (Calbiochem),
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according to the manufacture’s protocols.  Briefly, 1 mL of
tissue lytic buffer (containing 1×phosphate-buffered saline,
1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium
dodecylsulfate, 10 µg/mL phenylmethylsulfonylfluoride and
10 µL/mL Aprotinin) was added to approximately 100 mg re-
nal tissue.  The renal tissues were then homogenized artifi-
cially and incubated on ice for 1 h.  The tissue lysate was
then centrifuged at 4 °C at 12 000×g for 5 min.  The superna-
tant was collected in a separate microfuge tube and stored
immediately at -72 °C until use.  The protein concentration of
each tissue lysate was measured by spectrophotometry
after being dyed with Coomassie brilliant blue G250.  Super-
natants were adjusted to a final protein concentration of 150
µg/µL–200 µg/µL.  The enzymatic activity was measured as
follows: 50 µL of 2×ICE assay buffer, 5 µL of substrate
(1 mmol/L YVAD-AFC) and 50 µL protein solution were added
to a 96-well polyvinyl plate.  The reaction system, kept in
darkness, was incubated at 37 °C for 90 min.  The absor-
bance of each well was then read by a DA620 fluorescence
microplate reader (Bio-Tek, Winooski, Vermont, USA) at an
excitation wavelength of 380 nm and an emission wavelength
of 460 nm.  Tissue lytic buffer was replaced with tissue ly-
sate as a negative control.  A ICE standard curve was deter-
mined for the experiment at the same time.  ICE activity was
expressed as units per mg protein.

Assay for expression of mature renal IL-18 protein  The
level of mature IL-18 protein expressed in renal tissue was
measured using a mouse IL-18 enzyme-linked immunosorbent
assay kit (MBL, Nagoga, Japan), which was only specific for
mature IL-18.  Renal tissue total protein was extracted as
described above.  The assay procedures strictly followed
the manufacturer’s instructions.  Every sample was measured
by double parallel wells, and was remeasured when the intra-
error was over 10%.

Assay for renal IFN-γ mRNA expression  Approximately
100 mg of frozen kidney sample was homogenized in a muller
by adding liquid nitrogen to crisp the tissue.  Total RNA was
extracted from kidney tissue using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA).  cDNA was synthesized
with the SuperScriptionTM First-Strand Synthesis System
(Invitrogen) according to the manufacturer’s protocol.  The
primers used for the IFN-γ polymerase chain reaction (PCR)
were as follows: 5'-AGG AAC TGG CAA AAG GAT GGTG-3'
(sense), and 5'-GTG CTG GCA GAA TTA TTC TTA TTG-3'
(anti-sense), and the product was 353 bp.  The primers used
for the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) PCR were as follows: 5'-AAC GAC CCC TTC ATT
GAC-3' (sense), and 5'-TCC ACG ACA TAC TCA GCAC-3'
(anti-sense), and the product was 191 bp.  Primers were syn-

thesized and purified by Shanghai Biological Engineering
(Shanghai, China).  The PCR-amplified system included
1.2 µL of 25 mmol/L MgCl2, 0.4 µL of 10 mmol/L dNTP mix,
0.8 µL of 5 µmol/L sense and anti-sense primers, 2 U of Taq
DNA polymerase, 1 µL of cDNA and sterile purified water to
20 µL.  The IFN-γ PCR was carried out in a thermal cycler
(Eppendorf, New York city, New York, USA) at 95 °C for 60 s,
58 °C for 60 s, and 72 °C for 60 s.  The GAPDH PCR was
carried out at 94 °C for 60 s, 58 °C for 60 s, and 72 °C for 60 s.
IFN-γ  was amplified for 35 cycles and GAPDH for 28 cycles.
Equal volumes of each PCR product were loaded into gels
and electrophoresis was carried out.  The ethidium bromide-
stained gels were analyzed semiquantitatively using a gel
imaging system (UVP, Cambridge, UK).  The quantity of IFN-γ
expression in every renal tissue was the integral absorbency
of the IFN-γ amplification band divided into GAPDH amplifi-
cation band.

Statistical analysis  SPSS version 11.0 software was used
to obtain data statistics.  Measurement data were expressed
as mean±SD.  One-way ANOVA was used for statistical analy-
sis among multiple groups.  Kaplan-Meier was used for sta-
tistical analysis of survival rates among multiple groups.

Results

Effect of AC-YVAD-CMK on renal function in ischemic
ARF mice  The levels of Scr and BUN in model controls
were increased significantly compared with sham-operated
groups both in experiment I and experiment II.  The levels of
Scr decreased significantly but that of BUN did not decrease
significantly in the AC-YVAD-CMK therapy group compared
with the vehicle-treated group in experiment I; the levels of
both Scr and BUN decreased significantly in the therapy
group in experiment II (Table 1).

Effect of AC-YVAD-CMK on renal tubulointerstitial in-
jury in ischemic ARF mice  Kidneys from sham-operated
groups were normal in form and rubicund color while those
from model control groups were swollen with pale cortex and
congested medulla.  These anatomical changes were also
observed but were significantly less in kidneys from
AC-YVAD-CMK therapy groups.  Renal tissues from sham-
operated groups had a basically normal microcosmic struc-
ture except for focal vacuolation of tubular epithelial cells
(TECs).  Renal tissues from model control groups showed
severe damage in microcosmic structure, including exten-
sive TECs vacuolation, scattered TECs brush border flatting,
shrinkage and loss as well as focal TECs nucleus nakedness
and necrosis.  Dilated lumens and cast formation were also
found in parts of the tubules.  Interstitial inflammatory cell
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infiltration was also found, especially with neutrophil cells.
Renal tissue damage was relieved significantly in AC-YVAD-
CMK therapy groups.  The main histological changes in-
cluded extensive TECs vacuolation, focal TECs nucleus na-
kedness and very rare TECs necrosis.  The basement mem-
branes were basically integrated; casts were seldom.  Inflam-
matory infiltration in interstitial areas was slight.  The mean
histological score for the kidney tissue of model control
groups was significantly higher than that of the sham-oper-
ated groups, both in experiment I and experiment II.  The
mean score for the AC-YVAD-CMK therapy groups was much
lower than that for the vehicle-treated groups, again in both
experiment I and experiment II (Figure 1, Table 2).

Effect of AC-YVAD-CMK on survival rate in ischemic
ARF mice  In Experiment III, Sham-operated groups had no
apparent abnormal appearance, activity or ingestion during
the whole observation period, and all of them had survived
at the end of observation.  Model controls were cachexia in
different extents, with reduced activity and ingestion.  Ana-
sarca and dyspnea occurred gradually.  The survival rate
was 83.3% on d 7, 58.3% on d 10, and only 8.3% on d 14.
However, the clinical features were relatively improved in
the AC-YVAD-CMK therapy group during the period of
observation compared with model controls.  The survival
rate was 100.0% on d 7, 91.6% on d 10, and 25.0% on d 14.

All together, the 2-week accumulated survival rate in the
AC-YVAD-CMK therapy group was higher than that of the
vehicle-treated group by survival analysis for time (P<0.01,
Figure 2).

Effect of AC-YVAD-CMK on renal ICE activity in
ischemia ARF mice  ICE activity in renal tissue from model
controls was 347.0±97.5 U/mg protein in experiment I and
536.1±43.0 U/mg protein in experiment II, both much higher
than that for the sham-operated groups, which was 239.5±
56.5 U/mg protein in experiment I and 237.2±27.4 U/mg pro-
tein in experiment II.  The ICE activity for the therapy group
was 314.0±56.0 U/mg protein in experiment I and 412.2±

Table 1.  Effect of AC-YVAD-CMK on renal function in an ischemic acute renal failure model. Mean±SD. bP<0.05, cP<0.01 vs sham-operated
group. eP<0.05, fP<0.01 vs model control group.

      Group                                                       Experiment I                                                          Experiment II
    n              Scr/µmol·L-1        BUN/mmol·L-1         n               Scr/µmol·L-1      BUN/mmol·L-1

Sham 1 3 27.8±5.3   8.9±1.3 1 3 13.5±2.4   7.4±1.6
Model 1 3 53.5±18.8b 13.9±3.0b 1 3 41.7±5.9c 21.0±4.1c

AC-YVAD-CMK 1 1 35.1±8.2e 11.5±2.2 1 3 34.8±5.1f 14.2±2.9f

Table 2.  Effect of AC-YVAD-CMK on renal tubulointerstitial inju-
ries in an ischemic acute renal failure model.  Mean±SD.  bP<0.05,
cP<0.01 vs sham-operated group. eP<0.05 vs model control group.

  Group                         Experiment I                 Experiment II
                             Score for renal               Score for renal

                                   n   tubulointerstitial       n   tubulointerstitial
                                              damage            damage

Sham 1 3 13.5±5.4 1 3   5.6±1.4
Model 1 3 22.6±4.6b 1 3 20.9±4.9c

AC-YVAD-CMK 1 1 17.0±5.3e 1 3 16.6±2.2e

Figure 1.  Effect of AC-YVAD-CMK on renal tubulointerstitial injuries in an ischemic acute renal failure model (experiment II).  Periodic acid-
Schiff stain, ×400.  (A) Sham-operated group, basically normal structure of renal tissues.  (B) Model control group, tubular epithelial cell (TEC)
necrosis and detachment (arrow).  (C) AC-YVAD-CMK therapy group, TEC vacuolation (arrow).
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12.5 U/mg protein in experiment II.  ICE activity was decreased
significantly compared with the model control group in ex-
periment II, but not in experiment I (Figure 3).

Effect of  AC-YVAD-CMK on expression of renal mature
IL-18 protein in ischemia ARF mice  Interleukin-18 expres-
sion in renal tissue from model controls was 28.9±11.6 
pg/mg protein in experiment I and 15.2±9.4 pg/mg protein in
experiment II, both much higher than for the sham-operated
groups, which was 13.1±3.5 pg/mg protein in experiment I
and 7.3±3.5 pg/mg protein in experiment II.  Mature IL-18
protein expression was 16.7±4.8 pg/mg protein in experiment
I and 6.9±3.5 pg/mg protein in experiment II in AC-YVAD-
CMK therapy groups; both were decreased significantly
compared with model control groups (Figure 4).

Effect of AC-YVAD-CMK on renal IFN-γ mRNA expres-
sion in ischemia ARF mice  Model controls had a signifi-
cantly higher expression of IFN-γ mRNA in renal tissues than

sham-operated groups.  The expression level in the AC-
YVAD-CMK therapy group was decreased significantly com-
pared with the vehicle-treated group (Table 3, Figure 5).

Figure 4.   Effect of AC-YVAD-CMK on renal mature interleukin-18
(IL-18) expression in ischemic acute renal failure mice.  SO, sham-
operated groups; MC, model control groups; T, AC-YVAD-CMK
therapy groups.  n=11–13.  Mean±SD.  bP<0.05, cP<0.01 vs SO.
eP<0.05, fP<0.01 vs MC.

Figure 2.  Effect of AC-YVAD-CMK on survival rate in an ischemic
acute renal failure model.  SO, sham-operated groups; MC, model
control groups; T, AC-YVAD-CMK therapy groups.  n=12.  Mean±SD.
cP<0.01 vs MC.

Figure 3 .  Effect of AC-YVAD-CMK on renal ICE (caspase-1)
activity in ischemic acute renal failure mice.  SO, sham-operated
groups; MC, model control groups; T, AC-YVAD-CMK therapy groups.
n=11–13.  Mean±SD.  bP<0.05, cP<0.01 vs SO.  eP<0.05 vs MC.

Figure 5.  Effect of AC-YVAD-CMK on renal interferon-γ (IFN-γ)
mRNA expression in ischemic acute renal failure mice.  M, marker;
A, sham-operated groups; B, model control groups; C, AC-YVAD-CMK
therapy groups.  GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Discussion
The present study developed a successful ischemic ARF

model according to the dynamic changes of the kidneys color
during operation and the changes in renal function and mor-
phological structure after operation.  However, we also found
that renal function parameters, especially the level of Scr,
and renal histological scores in experiment I were higher than
those in experiment II in the sham-operated group.  This
phenomenon may be caused by muscle lesion during perito-
neotomy and incomple recovery from stress after anesthesia
and surgical operation.  The difference might also result from
the variation between experiments at different times.

Based on a successful mouse model of ischemic ARF, we
first studied the renal protective effects of AC-YVAD-CMK
dynamically using a renal function assay and renal morpho-
logical study at different times.  The results showed that
renal function and morphological impairment were signifi-
cantly improved in the ischemic ARF mouse model after be-
ing treated with specific ICE inhibitor.  The findings demon-
strate that a specific ICE inhibitor can exert remarkable renal-
protective effects against acute ischemic lesion.

However, the ultimate objective of ischemic ARF therapy
is to increase patient survival from the disease.  In the past
decade, different kinds of medicines, such as prostaglandins,
“renal-dose” dopamine and atrial natriuretic factor, have been
tried to treat patients with ischemic ARF and these animal
models.  Although some of these agents have improved re-
nal function, urine output and even renal histological impair-
ment in patients and animal models, few studies have dem-
onstrated that these medicines can reduced the mortality of
the disease[15–18].  In the present study, we found that apply-
ing this specific ICE inhibitor in the initial term of the disease
remarkably increased the survival rate in this animal model.
If it were applied continually for a longer period of time, the
model’s survival rate might be further improved.  Thus, we

Table 3.  Effect of AC-YVAD-CMK on renal interferon-γ (IFN-γ)
mRNA expression in ischemic acute renal failure mice.  Mean±SD.
bP<0.05 vs sham-operated group.  eP<0.05 vs model control groups.

 Group                          Experiment I                Experiment II
                      n       IFN-γ mRNA/        n      IFN-γ mRNA/

                                          GAPDH mRNA       GAPDH mRNA

Sham 1 3 0.53±0.17 1 3 0.44±0.12
Model 1 3 1.15±0.28b 1 3 1.06±0.24b

AC-YVAD-CMK 1 1 0.65±0.21e 1 3 0.74±0.18e

speculate that this medicine might be superior in some way
to traditional medicines with regard to protection against
ischemic ARF.

Caspases are a group of protein-cleaving enzymes, and
play an important role in cell apoptosis and inflammatory
responses.  ICE, also known as interleukin-1β-converting
enzyme, is a member of the inflammatory group in the caspase
family.  It is a key initiative factor and an important inducer of
inflammatory chain responses secondary to an organ’s is-
chemic impairment[19].  Kaushal et al[20] reported that expres-
sion of the ICE gene and protein were up-regulated in an
ischemic ARF rat model.  In the present study, ICE activity
was also increased in renal tissue of an ischemic ARF mouse
model.  All of the evidence above strongly revealed that
gene transcription, protein synthesis and enzyme activation
of  ICE were up-regulated during the progression of ischemic
ARF.  Melnikov et al[11] reported that renal tubular impair-
ment and renal interstitial inflammatory infiltration were much
slighter in ICE gene knock-out mice than in wild-type mice
after renal ischemia reperfusion.  The present study also
found that ICE inhibitor alleviated the impairment of renal
tissue and down-regulated the activity of renal ICE.  We
conclude that excessive ICE activity prompts the develop-
ment of ischemic ARF, and selectively inhibiting sham-oper-
ated groups ICE activity can exert renal-protective effects
on the disease.  ICE activity was not suppressed to normal
levels by the dose of inhibitor used in the present study.  We
presume that a better protective effect would be achieved if
a larger dose were administered.

Precursors of IL-18 and IL-1β are the main substrates of
ICE[12,13], and many reports have proved these 2 cytokines
can prompt acute ischemic organ impairment[21–23].  Recent
reports seem to emphasize the role of IL-18.  Mice with is-
chemic ARF have increased renal mature IL-18 expression,
and IL-18 antiserum can significantly improve the state of
the illness[11,22].  It was reported recently by Parikh et al[7]

that urinary IL-18 level was increased almost 50-fold in pa-
tients with ARF, and the urinary IL-18 level in patients trans-
planted with corpse kidney was 10-fold that in patients trans-
planted with living kidney.  These studies prove that IL-18
plays an important role in prompting renal impairment during
acute ischemia.  Does ICE mediate the acute renal impair-
ment through prompting activation of IL-18 and IL-1β?  In
the present study we detected the expression of mature
IL-18 in renal tissue.  The results showed that expression of
activated IL-18 increased remarkably in model controls and
decreased significantly after the models were treated with
ICE inhibitor, which demonstrates that the excessive activa-
tion of IL-18 resulting from ICE hyperactivity is one of the
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main mechanisms causing renal tissue impairment.  We infer
that IL-1β was also over-activated by ICE in this model.  Spe-
cific ICE inhibitor indirectly inhibits activation of IL-18 and
IL-1β through inhibiting the activity of ICE, and thereby pro-
tects against acute ischemic ARF.

Because IL-18 is the strongest IFN-γ inducer[13], we then
detected the expression of the IFN-γ gene in renal tissue.
We found that renal IFN-γ mRNA expression was up-regu-
lated significantly in model controls, and decreased after the
mice were treated with specific ICE inhibitor.  The results
again demonstrate that IFN-γ plays an important role in
ischemic ARF, and ICE inhibitor suppresses the expression
of IFN-γ mRNA through inhibiting activation of IL-18, thus
further protecting against ischemic ARF.

In summary, the present study demonstrates that spe-
cific ICE inhibitors are promising agents in the treatment of
ischemic ARF.  It exerts renal-protective effects by inhibiting
strong ICE activity, thereby regulating the activation of
IL-18 and IL-1β, and further regulating abnormal expression
of IFN-γ.
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Introduction
Artemisinin is extracted from the herb Artemisia annua L,

and various forms of the drug are used as anti-malarial
agents[1,2].  Artemisinin is a potent anti-malarial agent with
low toxicity, and its derivatives have improved efficacy in
malaria treatment relative to artemisinin itself.  In addition to
anti-malarial effects, anti-lymphocytic effects have also been
reported for artemisinin derivatives[3,4].  Since the 1980s, the
immunosuppressive actions of artemisinin and its deriva-

tives have been studied in China.  Artemisinin derivatives
have also been tested for the treatment of dermatoses such
as photoallergic skin diseases and systemic lupus erythema-
tosus, and promising results have been reported[5–7].

Researchers have demonstrated that the anti-malarial
activity of artemisinin and its derivatives is associated with
their endoperoxides[8,9].  When catalyzed by the ferrous ion
in heme, cleavage of peroxy bonds produces free radicals
and thus causes damage to malarial DNA and proteins.
However, the underlying mechanism of the anti-lymphocytic

Abstract
Aim: To study the immunosuppressive activity of SM735 {[3-(12-β-artemisininoxy)]
phenoxyl succinic acid}, a synthetic artemisinin derivative with nonsteroidal anti-
inflammatory drug structure, with the aim of finding potential immunosuppressive
agents.  Methods: Concanavalin A (ConA), lipopolysaccharide (LPS), and mixed
lymphocyte reaction (MLR), were used to induce the proliferation of splenocytes,
and [3H]-thymidine incorporation was used to evaluate the proliferation of
splenocytes.  Cytokine production was promoted with ConA, LPS, or PMA plus
ionomycin, and was detected with the enzyme-linked immunosorbent assay.
Dinitrofluorobenzene (DNFB) and sheep red blood cells (SRBC) were used to
induce delayed-type hypersensitivity and quantitative hemolysis of SRBC (QHS)
mouse models, as criteria for the evaluation of in vivo immune activity.  Results:
SM735 strongly inhibited the proliferation of splenocytes induced by ConA, LPS,
or MLR, with IC50 values of 0.33 µmol/L, 0.27 µmol/L, and 0.51 µmol/L, respectively.
When compared with a CC50 value of 53.1 µmol/L, SM735 had a favorable safety
range. SM735 dose-dependently inhibited proinflammatory cytokine production
[including interleukins (IL)-12, interferon (IFN)-γ and IL-6] induced by LPS or
PMA plus ionomycin. Upon ConA stimulation, SM735 suppressed IFN-γ in a
dose-dependent manner, but did not affect IL-2 secretion.  SM735 also strongly
suppressed both T-cell-mediated delayed-type hypersensitivity (DTH) and B-
cell-mediated QHS reactions. Conclusion: SM735 had strong immunosuppres-
sive activity in vitro and in vivo, suggesting a potential role for SM735 as an
immunosuppressive agent, and established the groundwork for further research
on SM735.
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action of artemisinin and its derivatives is poorly understood.
Despite their anti-lymphocytic mechanisms being poorly

understood, we hypothesized that artemisinin derivatives
might be promising immunosuppressive agents, because
some clinical studies have shown that they are effective in
the treatment of immune dysfunction diseases.  When con-
sidering an optimal molecular structure (higher efficacy and
lower toxicity) for artemisinin derivatives for use as immuno-
suppressants, we noticed that nonsteroidal anti-inflamma-
tory drugs (NSAIDs) remained the first-line therapy for most
people with arthritis and other inflammatory diseases.  Com-
pared with other anti-inflammatory or immunosuppressive
drugs such as steroids and cyclosporine, the molecular struc-
tures of NSAIDs are relatively simple and easy to synthesize.
In addition, NSAIDs have few side effects, and a low level of
toxicity, which are clinically desirable features.  Given the
relevance of the structure of NSAIDs to their immunosup-
pressive activity, we became interested in combining
artemisinin and NSAIDs to develop a new class of immuno-
suppressive agents.  Therefore, we synthesized and studied
more than 100 different artemisinin derivatives.  As a result
of this screening program and subsequent medicinal chem-
istry studies, we obtained some derivatives that have sig-
nificant immunosuppressive activity.  Previous studies indi-
cated that SM735 ([3-(12-β-artemisininoxy)]phenoxyl succinic
acid, C25H32O9·1/2H2O, MW: 485.5, Figure 1) is a representa-
tive compound, with markedly lower toxicity and higher im-
munosuppressive activity than artemisinin[10].  Here, we fur-
ther investigate its immunological characteristics both in vitro
and in vivo.

The discovery of cyclosporine (cyclosporin A; CsA) and
its successful utilization in organ transplantation was a mile-
stone in clinical transplantation.  CsA has produced a new
era in transplantation in terms of both efficiency and quality
of life for patients.  In addition, research into the mecha-

nisms by which CsA acts has been rewarding in that we now
have a better understanding of the mechanisms leading to T
lymphocyte activation[11,12].  Recently, Noori et al reported
that the immunosuppressive activity of artemisinin was even
greater than that of CsA, as indicated by both in vivo and in
vitro studies[13].  Therefore, in the present study, we demon-
strate that SM735 has strong immunosuppressive effects in
vitro and in vivo, and explore its possible mechanism of action.

Materials and methods

Reagents Concanavalin A, lipopolysacchar ide
(Escherichia coli 055:B5), ionomycin, phorbol 12-myristate
13-acetate (PMA), 3-[4,5-dimethylthylthiazol-2-yl]-2,5-diphe-
nyl-tetrazolium bromide (MTT), and 3,3',5,5'-tetramethyl-
benzidine were purchased from Sigma (St Louis, MO, USA).
Mitomycin-C was purchased from Kyowa Hakko (Tokyo,
Japan).  RPMI-1640 and fetal bovine serum (FBS) was pur-
chased from Gibco (Life Technology, NY, USA).  1-Fluoro-2,
4-dinitrobenzene (DNFB) was purchased from Merck (Hong
Kong, China).  Mouse enzyme-linked immunosorbent assay
(ELISA) kits of interleukin (IL)-2, IL-12p40, interferon (IFN)-γ
and IL-6 were purchased from Pharmingen (San Diego, CA,
USA).

Cyclosporine (Sandimmun) was purchased from Novartis
Pharma AG, Switzerland.  Cyclophosphamide was purchased
from Hualian Pharma (Shanghai, China).  SM735 [3-(12-β-
artemisininoxy)phenoxyl succinic acid] was synthesized by
us.  Before use, SM735 was dissolved in pure dimethyl sul-
foxide (Me2SO; 100 g/L) as a stock solution, and stored at
4 oC.  The stock solution was diluted to the needed concen-
trations with RPMI-1640 supplemented with 10% FBS.  The
final concentration of Me2SO in the culture medium was less
than 0.01%, which had no influence on the assays[10,14].  For
in vivo experiments, both SM735 and the reference drugs
were dissolved in 0.5% Tween-80, 0.33% Me2SO in saline.

Animals and housing conditions  Inbred 7−9-week-old
BALB/c, C57BL/6 mice were obtained from the Shanghai
Experimental Animal Center of the Chinese Academy of Sci-
ences (Certificate No 99-003).  The mice were housed in spe-
cific pathogen-free conditions with a room temperature of
24±2 oC, a 12-h light/dark cycle, and provided with sterile
food and water ad libitum.  All mice were allowed to acclima-
tize in our facility for 1 week before any experiments were
started.  All experiments were carried out according to the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals, and were approved by the Bioethics
Committee of the Shanghai Institute of Materia Medica.

Preparation of splenocytes  Splenocytes were prepared

Figure 1.  Chemical structure of 3-(12-β-artemisininoxy) phenoxyl
succinic acid (SM735).
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aseptically from inbred 7−9-week-old BALB/c, C57BL/6 mice,
and cultured in RPMI-1640 supplemented with 10% endot-
oxin-free, heat-inactivated FBS, 100 kU/L penicillin, 100 mg/L
streptomycin, 10 mmol/L N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES), and 50 µmol/L 2-mercapto-
ethanol (2-ME).

Lymphocyte proliferation and cytotoxicity assay
Lymphocyte proliferation was carried out as described else-
where[15].  Briefly, 7–8-week-old male BALB/c mice were killed
and splenocytes were prepared aseptically to a single-cell
suspension.  Splenic lymphocytes were stimulated with ConA
(5 mg/L) or lipopolysaccharide (LPS 10 mg/L), plus the re-
quired concentrations of drugs.  The cell cultures were then
incubated for 48 h at 37 oC in a humidified 5% CO2 incubator.
Cells were pulsed with 0.5 µCi/well [3H]-thymidine 8 h prior
to the end of the culture.  After 48 h, cells were harvested
onto a glass fiber filter using a HARVESTER96® (TOMTEC ,
USA) 96-well cell harvester and incorporated radioactivity
was counted with a Beta Scintillation counter (1450
MicroBeta Trilux, PerkinElmer Life Sciences, Boston, MA,
USA ).

Cytotoxicity was assessed by using the MTT assay.
Briefly, 15 µL of 5 g/L MTT was pulsed 4 h prior to the end of
the culture (in a total volume of 160 µL), and then 80 µL
solvent [10% sodium dodecylsulfate (SDS), 50% N,N-dim-
ethyl formamide, pH 7.2] was added to dissolve the precipitate.
The solution was incubated for another 7 h and OD570 nm was
read by using a microplate reader (Bio-Rad, Model 550,
Tokyo, Japan).

Mixed lymphocyte reaction proliferation assay  The
mixed lymphocyte reaction (MLR) was carried out as previ-
ously described, with some modifications[16].  Briefly, spleen
cells from 7–9-week-old BALB/c mice were prepared in a
1×1010 cells/L suspension, which was inactivated for 2 h with
50 mg/L of mitomycin C.  Cells were washed and co-cultured
with freshly prepared splenocytes from C57/BL6 mice (the
ratio of stimulator to responder was 1.0) in a final concentra-
tion of 1.5×109 cells/L for 96 h.  The desired concentrations
of each compound were added in cultures for immunological
activity assays.  [3H]Thymidine (0.5 µCi/well) was pulsed 24 h
prior to the end of the culture and then cells were harvested
onto a glass fiber filter for measurement of incorporated
radioactivity.

Cytokine production and analysis  Splenocytes (5×106)
were prepared from 7–9-week-old BALB/c mice, added to
1 mL of RPMI-1640 media, and then were incubated with 5
mg/L of ConA, 10 mg/L of LPS, or 10 µg/L of PMA plus 1
µmol/L of ionomycin, for 24 h of culture in 48-well microc-
ulture plates.  The supernatants were harvested and stored

at –80 oC before the assay was carried out.  Cytokine lev-
els in supernatants were measured by ELISA, according to
the manufacturer’s instructions (Pharmingen, San Diego, CA,
USA).  3,3',5,5'-Tetramethylbenzidine was used to develop
the color reaction.  The absorbance was read at 450 nm by a
microplate reader (Bio-Rad, model 550, Tokyo, Japan).
Cytokine concentrations were calculated based on a stan-
dard curve created using standard murine cytokines.

DNFB-induced delayed-type hypersensitivity re-
sponse  Female BALB/c mice were randomized into 6 groups
and sensitized with 20 µL of 0.5% DNFB dissolved in ac-
etone-olive oil (4:1) on each hind foot on d 0 and d 1.  Me2SO
vehicle, CsA and SM735 were administered to each group
(n=10) by intraperitoneal injection on 4 consecutive days
(d 7–d 10).  On d 9 mice were challenged with 10 µL of 0.2%
DNFB on both sides of the right ear, using the method de-
scribed by Phanuphak et al, with some modifications[17].  The
extent of ear swelling was expressed as the difference be-
tween the weight of punches taken from the left and right
ears by using an 8-mm punch 48 h after the second challenge.

Quantitative hemolysis of sheep red blood cells  Fe-
male BALB/c mice were immunized by ip injection with 0.2
mL of 16.7% sheep red blood cells (SRBC) on d 0.  Me2SO
vehicle, 25 mg/kg of cyclophosphamide and SM735 were
administered to each group (n=6) by ip injection on 4 con-
secutive days (d 1–d 4).  On d 5, mice were killed, and mixed
suspensions of 2×109 spleen cells/L were made.  A total of 1
mL of cell suspension was incubated with 1 mL of 0.5% SRBC
and 1 mL of 1:10 dilution of guinea pig complement for 0.5 h
at 37 oC.  The suspension was then centrifuged (3 min at
3000×g) and the extent of hemolysis in the supernatant was
determined at 520 nm, according to the method used by
Simpson and Gozzo with some modifications[18].

Statistical analysis  Three independent experiments were
performed with similar results.  We counted the 50% cyto-
toxic concentration (CC50) and the 50% inhibitory concentra-
tion (IC50) values using the Origin software package (Microcal
Software).  Student’s t-test and one-way analysis of vari-
ance (ANOVA) with Newman-Keuls multiple comparisons
on post-tests were used to analyze data and compare groups.
P<0.05 was considered significant.

Results

Cytotoxicity of SM735 for murine splenocytes  To
determine the safe dose range of SM735, we first examined
the cytotoxic effect of the compound.  As Figure 2A shows,
in a 48-h culture, SM735 had a typical S-shaped concentra-
tion-toxicity relationship for murine splenocytes.  SM735 at



Http://www.chinaphar.com Zhou WL et al

1355

a dose of 25 µmol/L showed no cytotoxicity (inhibitive rate
<10%, P>0.05).  The 50% cytotoxic concentration (CC50) value
of SM735 was 53.1±7.8 µmol/L for a 48-h culture.

SM735 inhibits mitogen-induced murine splenocyte
proliferation  Concentration-dependent suppression of mu-
rine splenocyte proliferation in response to ConA and LPS
was observed when SM735 was added to cell cultures.  Fig-
ure 2B, 2C shows that proliferation induced by ConA or LPS
was significantly inhibited by SM735 exposure.  Both con-
centration-dependencies fitted typical S-shaped curves.
Comparisons with a vehicle control showed that this effect
was statistically significant (P<0.05) when concentrations
of SM735 were above 0.04 µmol/L in response to ConA and
above 0.02 µmol/L in response to LPS.  In response to ConA,
the IC50 value of SM735 inhibition of lymphocyte prolifera-
tion was 0.33±0.06 µmol/L, and in response to LPS, the IC50

value was 0.27±0.02 µmol/L.
SM735 inhibits splenocyte proliferation in MLR  Mito-

mycin C-inactivated splenocytes from BALB/c mice (H-2d)
were applied as allogeneic stimuli to proliferating splenocytes
of C57BL/6 mice (H-2b).  As shown in Figure 2D, SM735
strongly suppressed T cell proliferation in MLR in a dose-
dependent manner, with an IC50 value of 0.86±0.18 µmol/L
for a 96-h co-culture.  When concentrations of SM735 were
above 0.08 µmol/L, comparisons with the vehicle control
showed that this effect was statistically significant (P<0.05).
The IC50 values were comparable to those when ConA-stimu-
lated T cell proliferation was suppressed.

Effects of SM735 on cytokine production  We used ConA
alone, LPS alone, or PMA plus ionomycin as stimuli to pro-
mote cytokine secretion in mouse splenocytes.  Then the
effects of SM735 on the production of proinflammatory
cytokine IL-6, and Th1-type cytokines IL-2, IL-12, and IFN-γ,
were examined.  The results are summarized in Table 1.  The
production of IL-12, IFN-γ, and IL-6 was significantly
decreased in a concentration-dependent manner when the
splenocyte cultures were exposed to SM735, upon stimula-
tion with LPS or PMA plus ionomycin.  We also detected a
strong inhibitive effect of SM735 on IFN-γ production in-
duced by ConA.  Unexpectedly but interestingly, we did not
observe a significant effect of SM735 on IL-2 production.

SM735 suppresses DNFB-induced delayed-type hy-
persensitivity reaction  Figure 3 illustrates the dose-depen-
dent inhibitory effect of SM735 on DNFB-induced DTH ear
swelling.  When SM735 was administered for 4 consecutive
days, at doses of 7.5, 15, and 30 mg/kg, SM735 significantly
suppressed ear swelling by 19.6%, 35.5%, and 55.4%, respec-
tively.  The inhibition was comparable to that of CsA, which
exerted 55.2% suppression at a dose of 50 mg/kg.

SM735 suppresses anti-SRBC specific immunoglo-
bulin production  Quantitative hemolysis of SRBC (QHS) is
a model of primary antibody production in response to anti-

Figure 2.  (A) Cytotoxicity of SM735 was tested in BALB/c mice
splenocytes using the MTT assay on a 48-h culture, with a CC50 value
of 53.1±7.8 µmol/L.  (B) SM735 inhibited ConA-induced splenocyte
proliferation in a 48-h culture, with an IC50 value of 0.33±0.06 µmol/L.
(C) SM735 inhibited LPS-induced splenocyte proliferation in a 48-h
culture, with an IC50 value of 0.27±0.02 µmol/L.  (D) SM735 sup-
pressed the mixed lymphocyte reaction, with an IC50 value of 0.86±
0.18 µmol/L.  Mitomycin C-inactivated splenocytes from BALB/c
mice were co-cultured with splenocytes from C57BL/6 mice for 96 h
in the presence of SM735.  Three independent experiments were
performed with similar results.  Mean±SEM.  The data were fitted
with sigmoidal functions and the IC50 values were counted by using
the Origin software package.  Correlation indices: (A) R2=0.960; (B)
R2=0.993; (C) R2=0.997; (D) R2=0.984.
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genic stimulation.  Because CsA specifically blocks T cell
activation by suppressing IL-2 production, with little effect
on B cells, we chose cyclophosphamide (CTX) as a refer-
ence drug in the present study[19].  As Figure 4 shows, ad-
ministration of 15 and 30 mg/kg SM735 for 4 consecutive
days significantly suppressed QHS in a dose-dependent
manner.  The inhibitive rates were 15.3% (P<0.05) and 25.4%
(P<0.01), respectively, slightly less potent than the 31.8%
inhibition effected by CTX (P<0.01).

Discussion
Patients who receive organ grafts are principally treated

with immunosuppressive agents.  In addition, there are a
number of other autoimmune chronic inflammatory disorders
that might be able to be treated with immunosuppressive
drugs.  In the 1970s and 1980s, the discovery and clinical use
of CsA and tacrolimus (FK506) enabled the successful trans-
plantation of major organs in human patients.  However, it
seems now that neither are able to be tolerated in the long
term[20,21].  These drugs cause systemic immunosuppression
that greatly increases the risks of tumors arising and lethal
fungal infections occurring.  Therefore, new immunosuppres-
sants are required that possess better therapeutic effects or
can be combined with currently used drugs to reduce long-
term tolerance and side effects.

Previous studies have indicated that artemisinin pos-
sesses anti-lymphocytic activities.  There are numerous re-
ports of clinical cases in which autoimmune diseases have
been treated with artemisinin and artesunate; therapeutic

Table 1.  Effects of SM735 on cytokine production by stimulated
splenocytes.  Splenocytes from BALB/c mice were stimulated for
24 h.  Cytokine production was measured in cell-free supernatants
using ELISA.  n=3.  Data are mean±SEM.  bP<0.05, cP<0.01 vs stimu-
lated-cells without SM735.

 SM735/     Stimulus          Cytokine production/µg·L-1

 mol·L-1                                  IL-2      IFN-γ

  –    –     27±2     83±7
  – ConA 2321±33 1523±22
1×10-7 ConA 2250±77 1219±33c

1×10-6 ConA 2343±154   976±18c

1×10-5 ConA 2053±162   322±18c

                                            IL-12     IFN-γ     IL-6

  – –   145±17     97±21   397±27

  – LPS   707±8   240±13 1013±43
1×10-7 LPS   592±33b   207±13b   840±10c

1×10-6 LPS   565±18c   172±2c   792±42c

1×10-5 LPS   292±26c   103±7c   522±1c

  – PMA+Ion   699±29   844±36 3256±176
1×10-7 PMA+Ion   586±52b   768±6c 2886±26b

1×10-6 PMA+Ion   487±37c   557±31c 2663±52c

1×10-5 PMA+Ion   198±35c   144±21c 1465±35c

Figure 3.  BALB/c mice were initially sensitized with DNFB on d 0
and d 1, and then challenged with DNFB on d 9.  Vehicle, CsA or
SM735 was administered on d 7–d 10.  Ear punches were taken 48 h
post challenge, and ear swelling was calculated as the difference be-
tween the weights of the punches taken from the left ear (DNFB
treated) and the right ear (untreated).  n=10.  Mean±SD.  bP<0.05,
cP<0.01 vs vehicle group.  Three independent experiments were per-
formed with similar results.

Figure 4.  BALB/c mice were immunized with SRBC for testing
immunoglobulin secretion.  Vehicle, 25 mg/kg CTX and SM735 were
administered to each group for 4 consecutive days.  Supernatant
hemolysis at 520 nm was read to assess the immunoglobulin-secret-
ing activity of B cells.  n=6.  Mean±SD. bP<0.05, cP<0.01 vs vehicle
group.
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effects were achieved in these cases, thus encouraging us
to study artemisinin and its derivatives.  To improve the
efficacy of the drug, we optimized artemisinin by linking it
with various NSAID structures.  Here, we report that a newly
synthesized artemisinin derivative, SM735, possesses po-
tent immunosuppressive activity both in vitro and in vivo.

Lymphocyte proliferation is a crucial event in the activa-
tion cascade of both cellular and humoral immune responses.
Treatment with SM735 can dose-dependently reduce both
the T and B cell proliferation promoted by mitogens.  Be-
cause it has a relatively high CC50 value, SM735 has a favor-
ably large safety range.

A mixed lymphocyte reaction is induced by allogeneic
stimuli, and T lymphocytes are the main responders, indicat-
ing an immune response very similar to that which occurs in
post-transplantation graft-versus-host diseases[22,23].  MLR
is often used clinically for tissue typing to identify the com-
patibility of donor organs and recipients.  Furthermore, the
suppression of MLR by immunosuppressants also helps
improve the success of transplantation[24,25].  Here we show
that SM735 also potently inhibited MLR, with an IC50 value
comparable to that for the inhibition of T cell proliferation.
At concentrations above 10 µmol/L, SM735 almost com-
pletely abrogated MLR.  This suggests that SM735 would
probably act as an immunosuppressant in physiological
conditions.

Cytokines are important modulators and effectors in the
immune system.  In particular, multiple proinflammatory
cytokines have been proved to be closely associated with
many autoimmune diseases.  It is critical to silence proinflam-
matory cytokines to maintain successful immunosuppres-
sion[26–28].  In the present study, we used mitogen ConA,
bacterial LPS, and PMA plus ionomycin, which agitated the
whole cell population by activating protein kinase C, to pro-
mote cytokine production in splenocytes.  The results showed
that SM735 significantly inhibited IL-12, IFN-γ and IL-6 pro-
duction with LPS or PMA plus ionomycin stimulation.  When
using ConA as a stimulant, we also observed a dose-depen-
dent inhibition of IFN-γ production.  Unexpectedly, the IL-2
level was not obviously altered.  Although the two corner-
stone immunosuppressants, CsA and FK506, are putatively
regarded as IL-2 inhibitors, it seems that SM735 acts totally
differently, on some event(s) downstream of IL-2-mediated
naive T cell activation.  IL-2 is widely considered to be a key
cytokine in T-cell-dependent immune responses.  However,
the main non-redundant activity of this cytokine centers on
the regulation of T cell tolerance, and recent studies have
indicated that a failure in the production of CD4+CD25+ regu-
latory T cells is the underlying cause of autoimmunity in the

absence of IL-2[29].  Thus, the fact that SM735 does not in-
hibit IL-2 indicates that further research is necessary on the
induction of long-term immune tolerance by SM735.

To examine the immunoregulatory effects of SM735 in
vivo, we used a mouse DTH model and the QHS model.  Ear
swelling in DTH is primarily the result of antigen-specific
CD4+ T cell activation[30].  Administration of SM735 for 4
consecutive days significantly suppressed ear swelling, in-
dicating that SM735 is capable of inhibiting the T-cell-de-
pendent immune response in vivo.  In our experiments, the
effect of SM735 was comparable to that of cyclosporine at a
curative dose.  The QHS model reflects the antibody-pro-
ducing capacity of plasma cells in response to SRBC[18,19].
The suppressive effect of SM735 in QHS indicated that it
also suppressed antibody-secreting B cells in vivo.

In conclusion, our results demonstrate that SM735, a
newly synthesized artemisinin derivative, has strong immu-
nosuppressive effects in vitro and in vivo.  Because artemi-
sinin and its derivatives potentially have low toxicity and
few side effects[4,31], our study suggests the possibility of
developing SM735 and other artemisinin derivatives as novel
safe immunosuppressants, probably with a different mecha-
nism from that of CsA or FK506.  However, further studies
are necessary to elucidate the details of the mechanism.
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Effects of CpG-ODN on gene expression in formation of foam cells1
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Abstract
Aim: To investigate the effects of CpG-oligodeoxynucleotide (CpG-ODN) on the
formation of macrophage foam cells and related gene expression.  Methods: A
gene expression profile was examined by microarray techniques, and mRNA ex-
pression was detected by reverse transcriptase polymerase chain reaction (RT-
PCR).  The cholesterol and cholesteryl ester contents of cells were determined by
high performance liquid chromatography.  Results: CD36, LPL, and Fcγ2b, which
were related to lipid metabolism and the formation of macrophage foam cells, were
upregulated after CpG-ODN stimulation.  The mRNA expression related to the
formation of foam cells was confirmed by semiquantitative RT-PCR.  Moreover,
histochemical analysis confirmed that lipid deposits inside cells increased after
CpG-ODN treatment.  However, using flow cytometry, we found that CpG-ODN
had no effect on the expression of membrane receptors.  Conclusion: CpG-ODN
up-regulated the expression of genes in macrophage foam cell formation.
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Introduction
CpG-oligodeoxynucleotides (CpG-ODN), the synthetic

oligodeoxynucleotides containing unmethylated CpG di-
nucleotides in specific sequence contexts, are novel im-
mune enhancers for systemic and mucosal immunization[1].
Animal studies suggest that CpG-ODN could be used as
vaccine adjuvants, or antiallergenic, chemotherapeutic, or
immunoprotective agents[2–5].  Although the immunological
effects of CpG-ODN have been widely studied[6–9], including
the mechanism by which CpG-ODN binds to the cell surface
and the way in which its immunostimulatory activity is modu-
lated by extracellular pH[10], its biological activities are not
comprehensively understood.  To improve our knowledge
of the biological activities of CpG-ODN, we used a DNA
microarray to profile the gene expression in an immune cell
line after CpG-ODN treatment, and found that some genes
related to the formation of macrophage foam cells were
upregulated.  We therefore reasoned that CpG-ODN might
affect the lipid metabolism and the formation of foam cells.
Foam cells are characteristic pathological cells in atheroscle-
rotic lesion.  An excess lipid loading in macrophages results
in the formation of foam cells, and this is a key process in the
early stages of atherosclerotic lesions[11].  Therefore, it is

very important to investigate how CpG-ODN affects the for-
mation of foam cells.  In the present study, we investigated
the effects of CpG-ODN on the gene expression of the re-
lated receptors or enzymes involved in atherosclerosis, and
further confirmed the results by using semiquantitative RT-
PCR.  Furthermore, by histochemical and high performance
liquid chromatography (HPLC) analysis, we demonstrated
that CpG-ODN could affect the formation of foam cells.

Materials and methods
CpG-ODN  ODN-1826 (5'-TCC ATG ACG TTC CTG ACG

TT-3') and ODN-2006 (5'-TCG TCG TTT TGT CGT TTT GTC
GTT-3') were synthesized by Sangon Biotechnology Co in
Shanghai, China.

Cell culture  The mouse macrophage line RAW264.7 and
the human monocyte line U937 were obtained from the Cell
Bank in the Shanghai Institutes of Biochemistry and Cell
Biology, Chinese Academy of Sciences, and were cultured
in RPMI-1640 medium (Gibco/BRL, Rockville, USA), supple-
mented with 10% fetal bovine serum, 2 mmol/L glutamine,
and 50 mg/mL gentamycin in 5% CO2 at 37 oC.  The culture
medium was changed every 48 h.

Analysis of gene expression profile of immune cells by
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using a cDNA microarray  The MGEC-80s microarray ob-
tained from Biostar Genechip (Shanghai) was used.  RAW264.7
cells were stimulated with ODN-1826 6 µmol/L for 6 h, and
total RNA was isolated from cultured cells using TRIzol re-
agent (Gibco).  mRNA was purified using the Oligotex mRNA
midi Kit (Qiagen, Germany).  The fluorescent cDNA probes
were synthesized from total RNA by reverse transcription
and then purified, referring to the protocol of Schena et al
and Shalon D et al[12,13].  The probes from the control were
labeled with Cy3-dUTP; those from the stimulated cells by
ODN-1826 were labeled with Cy5-dUTP.  The probes were
mixed and precipitated with ethanol, and resolved in 20 µL
hybridization solution [5×SSC+0.4% sodium dodecylsulfate
(SDS)+50% formamide+5× Denhardt’s solution].  Chips were
prehybridized with the hybridization solution+3 µL dena-
tured salmon sperm DNA at 42 oC for 6 h.  After denaturing at
95 oC for 5 min, the probe mixture was added to the
prehybridized chip and covered with glass.  Hybridization
was performed at 60 oC for 16 h.  After hybridization of a
sample to the microarray, the sample was removed, and ar-
rays were washed in solutions of 2×SSC + 0.2% SDS, 0.1%
SSC + 0.2% SDS, and 0.1×SSC at 60 oC, respectively, for 10
min each, then dried at room temperature.  Arrays were
scanned with a laser scanner (ScanArray4000, General Scan-
ning Inc, Watertown, Massachusetts) at 2 wavelengths.  The
acquired images were processed using a modification of
GenePix Pro 3.0 software.  The intensity of each spot at the 2
wavelengths represented the quantity of Cy3-dUTP and Cy5-
dUTP, respectively.  Each ratio of Cy3 to Cy5 was computed.
The overall intensity was normalized by a coefficient ac-
cording to the ratios of the 40 housekeeping genes that were
also located.

Semiquantitative RT-PCR  Total RNA of the U937 cells
was extracted, purified using the Tissue/Cell Total RNA Iso-
lation Kit (Watson, Shanghai), and quantified spectro-
photometrically.  A total of 200 ng RNA was reverse tran-
scribed to cDNA in a volume of 20 µL using oligo(dT) prim-

ers and a commercially available kit (Reverse Transcription
System, Promega, USA) according to the manufacturer’s
instructions.  For transcription, the RNA was denatured at
70 oC and then transcribed for 1 h at 42 oC.  After inactivation
of the avian myeloblastosis virus (AMV), (1 min at 99 oC),
the transcript was cooled down to 4 oC.  Four microliters of
the reaction mixture was subjected to a final PCR reaction in
a total volume of 20 µL, containing 0.5 µL of Taq polymerase
(Takara Biotechnology, Dalian, China), 2 µL of 10×PCR Buffer
(Mg2+ Plus, Takara, Dalian), 2 µL dNTP mix (2.5 mmol/L), 0.5
µL of each of the 5' and 3' primers, and 10.5 µL of H2O.  All
gene-specific PCR primers were designed based on the DNA
sequences in GenBank (National Center for Biotechnology
Information, Bethesda, MD, USA).  The sequence of the
primers and the annealing temperatures are shown in Table 1.
The amplification was carried out over 35 cycles of the
following: denaturation, 1 min at 94 oC; annealing, 30 s, at
temperature see Table 1; elongation, 1 min at 72 oC.  PCR
products were separated by agarose gel electrophoresis.
β-actin was used as a control.  The intensities of the gene-
specific PCR products were quantified from scanned images
using the AlphaEase FC software (Alpha).

Preparation of ox-LDL  Low-density lipoprotein (LDL)
(d=1.019 to 1.063 kg/L; Sigma) was sterilized by filtration
through 0.45 µm Millipore membranes, and stored at 4 oC as
described previously[14].  After edetic acid was removed by
dialysis, LDL were oxidized by incubation in CuSO4 10  µmol/L
at 37 oC for 12 h, and then dialyzed in phosphate buffered
saline (PBS) containing edetic acid 0.1 mmol/L at 4 oC for 24 h.

In vitro induction of foam cell formation  Confluent U937
cells were pretreated in serum-free RPMI-1640 for 24 h and
then incubated with ox-LDL 80 mg/L for 48 h.  The foam cell
model was thus established.  In the experiments, U937 cells
were cultured with ODN-2006 6 µmol/L and ox-LDL 80 mg/L
for 48 h, which were added to the medium simultaneously.
The control group was the U937 cells without ODN-2006
treatment.  The morphological form of the foam cells was

Table 1. Primers used for RT-PCR.

                      5  Primer (5'–3')                              3  Primer (5'–3')                              Length/bp                   Annealing
                                                                                                                                                                                      temperature/oC

CD36 cctttgcctctccagttgaa tgtttgccttctcatcacca 390 6 4
FcγR aaggacaagcctctggtcaa ctgaaatccgctttt tcctg 295 6 4
LPL gaggacacttgccacctcat ggaccctctggtgaatgtgt 498 5 6
β-actin tcaccctgaagtaccccatc aggaaggaaggctggaagag 607 6 4

LPL, lipoprotein lipase.
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analyzed by histochemical methods.
Histochemical analysis of foam cells  The foam cells

were collected and fixed with 4% paraformaldehyde for 12 h
on the slides as described previously[15].  The slides were
rinsed in water and placed in fresh 0.3% oil red O (Amresco,
Solon, USA) solution for 20 min.  The slides were rinsed in
50% isopropyl alcohol and examined.

Lipid extraction  Lipids were extracted by using the
method of Hara and Radin[16] with modifications.  The cells
were collected from the culture flasks into 0.9% NaCl (2 mL
per 75 cm2 flask) and homogenized on ice by sonication for
10 s with a Sonifier 450 sonicator (Branson Ultrasonics,
Danbury, USA) set to maximum power.  The protein concen-
tration of the cell lysate was determined by the method of
Lowry et al[17].  To a volume of cell suspension known to
contain 1 mg of protein was added 100 µg of cholesteryl
heptadecanoate in chloroform as an internal standard.  An
equal volume of freshly prepared cold (-20 oC) KOH in etha-
nol (150 g/L) was then added and the cell lysate was repeat-
edly vortexed until clear with 6% trichloroacetic acid.  An
equal volume of 4:1 hexane-isopropanol (v/v) was added and
the mixture was vortexed for 5 min followed by centrifuga-
tion at 800×g and 15 oC for a further 5 min.  The extraction
procedure was repeated twice (a total of three extraction
procedures).  The combined organic phase was transferred
to clean tapered glass tubes and thoroughly dried in a
vacuum freeze dryer at 65 oC.  The tubes were allowed to cool
to room temperature, 100 µL of the mixture of isopropyl alco-
hol-n-heptane-acetonitrile at 35:12:52 (v:v:v) was added, and
the sample was solubilized by placing it in an ultrasound
water bath for 5 min at room temperature.  After centrifuga-
tion at 800×g for 5 min, 20 µL of the sample was introduced
into the HPLC device.

Determination of cholesterol and cholesteryl ester con-
tent of U937 cells by HPLC  The cholesterol and cholesteryl
ester content of cells were analyzed by HPLC as described
previously[18].  HPLC was performed using a Waters device

(Milford, USA) equipped with a model 1525 binary pump, a
model 717 plus autosampler, a model 2487 dual λ absorbance
detector, and a 4.6 mm×100 mm Gen-Pak FAX column
(Waters).  Waters’ Breeze software was used to control the
HPLC system.  Cholesterol and cholesteryl esters were eluted
isocratically at a flow rate of 0.5 mL/min and at a temperature
of 4 oC using an eluent consisting of isopropanol-n-hep-
tane-acetonitrile at the ratio of 35:12:52 (v:v:v) and detected
by ultraviolet absorption at 206 nm.

Statistics  Every experiment was repeated at least 3 times.
All values are expressed as mean±SD.  Differences were con-
sidered statistically significant when P<0.05 as determined
by the paired t-test.

Results
Gene expression profile in immune cells  By using the

cDNA microarray, 119 genes related to cell cycle, immune
modulation, and signal transduction were found to be differ-
entially expressed, of which 3 genes related to the formation
of macrophage foam cells had increased expression after
ODN-1826 6 µmol/L stimulation (Table 2).

Confirmation of foam cell-related gene expression by
RT-PCR  According to the 3 genes in Table 2, we designed
primers and performed semiquantitative RT-PCR.  The ex-
pression of these genes in the ODN-2006 treated group was
markedly increased, compared with the control group (Figure 1).

Table 2. Genes upregulated in RAW264.7 cells after  ODN-1826
6 µmol/L stimulation.

 GenBank ID                        Definition

NM_007643 Mus musculus CD36 antigen (Cd36)
NM_008509 Mus musculus lipoprotein lipase (Lpl)
NM_010187 Mus musculus Fc receptor, IgG, low affinity IIb (Fcγ2b)

Figure 1.  Confirmation of foam cell-related gene expression in U937 cell line by RT-PCR. M: DL2000 marker; 1: Control; 2: ODN-2006  6 µmol/L.
(A) CD36; (B) LPL; (C) Fcγ2b
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Effect of CpG-ODN on lipid deposition in cells  Lipid
drops inside the foam cells were stained with oil red O, and
some of the red pellets were found in the plasma of the U937
cells after being incubated with ox-LDL, indicating that the
foam cell model was formed.  After ODN-2006 6 µmol/L was
added to the medium, lipid deposition in U937 foam cells was
enhanced (Figure 2).

Effect of CpG-ODN on cholesterol and cholesteryl ester
in foam cells  After incubation with ODN-2006 6 µmol/L and
ox-LDL 80 mg/L for 48 h, the level of cholesteryl ester in foam
cells increased markedly compared with the controls (Figure
3).  This suggests that CpG-ODN can also increase lipid
accumulation (based on the assay of the concentrations of
cholesteryl ester and the ratio of cholesteryl ester to total
cholesterol; Table 3).  Cholesterol concentration has a strong
linear relationship with its peak area within 0.05–1.0 mg/L
(r2 in each case was >0.998).

Discussion
Previous reports have suggested that CpG-ODN is mainly

involved in immunomodulation[19,20].  Nevertheless, in the
study presented here, we investigated immune cells treated
with CpG-ODN using cDNA microarray technology and,
surprisingly, found that the expression of 3 genes (CD36
[NM_007643], LPL [NM_008509], and Fcγ2b [NM_010187])
increased markedly.  These results were further confirmed
by semiquantitative RT-PCR.  CD36, LPL, and Fcγ2b are
thought to be closely related to lipid metabolism and the
formation of macrophage foam cells, therefore CpG-ODN is
able to modulate gene expression in foam cells, and  increase
lipid accumulation in foam cells.  Our findings suggest that
CpG-ODN has a novel biological activity.

Atherosclerosis, and the resulting coronary heart dis-
ease and cerebral stroke, is the most common cause of death

Figure 2.  Effect of ODN-2006 on lipid deposition in U937 cells. Lipid drops (red pellets in the plasma of the cells) were stained by oil red O
(×400). (A) CpG-ODN 6 µmol/L and ox-LDL 80 mg/L treated group. (B) ox-LDL 80 mg/L treated group. (C) Normal U937 cells.  The three
photos from the top to the bottom in each group represented different fields at the same treatment.
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Table 3. Effect of ODN-2006 on lipid deposits (mg/g) in U937 monocytes. n=9. Mean±SD. cP<0.01 vs control group.

       Group                            Total cholesteryl           Free cholesterol               Cholesteryl ester      Cholesterol ester/
                                                                                                                                                                 total cholesterol (%)

Control group 374±21 181±14 191±17 51.6±3.1
CpG group 357±42 128±18 228±35 63.8±3.8c

in industrialized nations.  Mammalian cells have evolved com-
plex feedback mechanisms to ensure a sufficient supply of
cholesterol and to prevent its excessive accumulation.  Dur-
ing the process of atherosclerosis, these homeostatic mecha-
nisms fail in macrophages.  Uncontrolled cholesterol depo-
sition is promoted by scavenger functions of the macroph-
ages and the adaptive mechanisms elicited are not sufficient
to process the lipid load.  Consequently, a lipid-laden “foam
cell” is formed.  The active stages of atherosclerotic lesions
are characterized by the extensive infiltration of blood-de-
rived monocyte/macrophages through the endothelium into
the arterial intima.  The monocytes migrate into the arterial
intima where they internalize ox-LDL through scavenger re-
ceptors and become macrophage-derived foam cells results
in the formation of fatty streaks, which are believed to repre-
sent the earliest type of atherosclerotic plaque.  CpG-ODN
can upregulate the related gene expression in foam cells,
which implies that CpG-ODN might function as a facilitative
atherosclerotic factor.  This suggests that the clinical appli-
cation of CpG-ODN might be risky in cases of atherosclerosis.

Macrophage-derived foam cells in atherosclerotic lesions
are generally thought to play a major role in the pathology of
the disease.  The uptake of ox-LDL by macrophages is a key
event implicated in the initiation and development of athero-

sclerotic lesions.  Two macrophage surface receptors, CD36
(a class B scavenger receptor) and the macrophage scaven-
ger receptor (a class A scavenger receptor), have been iden-
tified as the major receptors that bind and internalize
ox-LDL.  CD36 is an 88 kDa transmembrane glycoprotein
that is expressed on monocytes, platelets, and microvascu-
lar endothelium.  The expression of CD36 in monocytes/mac-
rophages in tissue culture is dependent both on their differ-
entiation state and exposure to soluble mediators (cytokines
and growth factors).  Modified lipoproteins such as LDL
immune complexes can also enter the macrophage through
the Fcγ receptor, which is a classic inhibitory receptor that is
widely expressed on B cells, macrophages, neutrophils, and
mast cells.  Once LDL immune complexes combine with the
Fcγ receptor, it may enhance LDL oxidation and expression
of the scavenger receptor[21].  Lipoprotein lipase (LPL) is the
enzyme primarily responsible for the hydrolysis of core trig-
lycerides in circulating chylomicrons and very low density
lipoproteins (VLDL) to generate cholesterol-enriched rem-
nants[22].  LPL is synthesized by many cell types, including
vascular smooth muscle cells (VSMC) and macrophages, and
associates with the vascular endothelium.  Increased LPL
activity in the arterial wall correlates with increased areas of
lipid deposition and increased atherosclerotic lesion forma-

Figure 3. Effect of ODN-2006 on cholesterol and cholesteryl ester inside foam cells detected by HPLC. (A) The ox-LDL 80 mg/L loaded
U937 cell; (B) The ODN-2006 6 µmol/L and ox-LDL 80 mg/L stimulated U937 cell. (a) The peak of cholesterol; (b) The peak of cholesteryl
ester.
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tion[23].  The activity of LPL in promoting atherosclerosis
may depend on its dual role as an enzyme and as a bridging
protein that increases the binding of lipoproteins to the cell
surface[22].

Our data suggest that CpG-ODN upregulates the expres-
sion of CD36, Fcγ2b, and LPL in foam cells, which indicates
that CpG-ODN might have some influence on the formation
of foam cells and related gene expression.
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Effect of protein kinase C alpha, caspase-3, and survivin on apoptosis of
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Abstract
Aim: To elucidate  inhibition of protein kinase C α (PKC α) activity by staurosporine
on apoptosis of oral cancer cell line tongue squamous cell carcinoma (TSCCa)
cells and to clarify the role of survivin and caspase-3 in mediating apoptosis.
Methods: TSCCa cell viability was measured by MTT assay after 100 nmol/L
staurosporine treatment.  Apoptotic cells were identified by using phase contrast
microscopy, acridine orange/ethidium bromide staining, and flow cytometry.  Level
of PKC α and its subcellular location were investigated using Western blot analysis.
Expression of survivin and caspase-3 were evaluated using immunocytochemistry.
Results: Staurosporine significantly inhibited the cell viability of TSCCa cells in a
dose- and time-dependent manner.  Marked cell accumulation in G2/M phase was
observed after 100 nmol/L staurosporine exposure for 6 h and 12 h.  In addition,
the percentage of apoptosis increased in a time-dependent manner, from 2.9% in
control cultures to approximately 27.4% at 100 nmol/L staurosporine treatment for
24 h.  Staurosporine displayed difference in inhibitory efficacy between cytosolic
and membrance-derived PKC α.  The content of PKCα in membrane versus cyto-
sol decreased quickly, from 0.45 in ethanol-treated control cultures to 0.18 after
staurosporine exposure for 24 h (P<0.01).  After treatment with staurosporine, a
time-dependent reduction of survivin and an activation of caspase-3 were ob-
served in TSCCa cells.  Conclusion: Staurosporine inhibited cell viability and
promoted apoptosis in TSCCa cells.  Inhibition of PKCα activity might be a poten-
tial mechanism for staurosporine to induce apoptosis in this cell line.  The clea-
vage of survivin and activation of caspase-3 signaling pathway might contribute
to PKC α inhibition-induced apoptosis.
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Introduction
Cell proliferation, differentiation and apoptosis are cen-

tral features of tissue homeostasis, and inhibition of
apoptosis might be involved in the pathogenesis of cancer
by prolonging cell life and sustaining growth of malignant
tissues[1,2].  Protein kinase C (PKC) is a family of phospho-
lipid-dependent serine/threonine kinases and participates in
many cellular responses, including cell apoptosis, which can
be inhibited by staurosporine[3–5].  The family contains at
least 12 isoforms, and specific roles in cell cycle progression
and in apoptosis have been hypothesized for the different

PKC isoenzymes.  Of these PKC isoforms, PKCα is distrib-
uted in almost all tissues and is involved in various signal
transductions.  Considerable evidence suggests that PKCα
plays an important role in the apoptosis of some tumor cells
and that the inhibition of PKCα might induce apoptosis[5,6].
In contrast, one recent study reported that elevated expres-
sion of PKCα might promote the apoptosis of gastric cancer
cells[7].  However, little is known about the protein level and
subcellular distribution of PKC α in the apoptosis of oral
cancer cells.  Elucidating the patterns of PKCα action will
lead to a better understanding of the molecular mechanism
of the PKCα signal pathway involved in the apoptosis of
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oral cancer cells.
The activation of caspases, particularly caspase-3, ap-

pears to be a central part in most apoptotic pathways and
most types of cells[8,9].  Caspases have been shown to be
cleaved and possibly activated by PKCs suggesting that
they act downstream of PKCs as effectors in the apoptotic
machinery[6].  Survivin, a recently characterized inhibitor of
apoptosis protein (IAP), is abundantly expressed in oral squa-
mous cell carcinoma (OSCC), but undetectable in normal oral
tissues[10,11], suggesting a potential role in oral carcinogenesis.
However, no direct molecular interaction has been described
so far between PKCα, survivin and caspase-3 in mediating
apoptosis of oral cancer cells.

In the present study, we investigated the functional and
molecular interactions among PKCα, survivin and caspase-3
in apoptosis induced by staurosporine with the aim of fur-
ther highlighting their relevance in OSCC biology.

Materials and methods

Reagents  Fetal bovine serum (FBS) and Dulbecco’s modi-
fied Eagle’s medium (DMEM) were obtained from Gibco Labo-
ratories (Gibro/BRL, Grand Island, NY).  MTT, acridine or-
ange (AO), ethidium bromide (EB), propidium iodide (PI) and
staurosporine were obtained from Sigma Biotechnologies
(Sigma-Aldrich, Inc, Saint Louis, Missouri, USA).
Staurosporine was dissolved in ethanol to make a stock so-
lution of 1 mmol/L and diluted to their final concentrations in
the culture medium.  The final concentration of ethanol never
exceeded 0.01%, a concentration at which there is no dis-
cernible effect on tongue squamous cell carcinoma (TSCCa)
cells in comparison with the control.  Primary antibodies in-
cluding mouse monoclonal antibodies to PKCα (H-7, sc-
8393), β-actin (C-2, sc-8432), caspase-3 (E-8, sc-7272) and
rabbit polyclonal antibody against survivin (FL-142, sc-1081)
were obtained from Santa Cruz Biotechnology (Santa Cruz,
California, USA).  An enhanced chemiluminescent detection
system (ECL kit) from Amersham international Plc (Amersham
Biosciences, Buckinghamshire, UK) was used for Western
blot analysis.  All other reagents were analytical reagents.

Cell culture  TSCCa cell line was established by Dr  Hui-
xi JIN from a patient with OSCC of the tongue[12].  TSCCa
cells were cultured in DMEM, supplemented with 10% heat-
inactivated FBS, 100 kU/L penicillin, and 0.1 g/L streptomycin.
The cells were maintained at 37 °C in a humidified atmo-
sphere of 5% CO2.  TSCCa cells were cultured and treated
with either 0.01% ethanol (vehicle) or 1–100 nmol/L stauro-
sporine.  The treated cells were examined by phase contrast
microscope (Nikon Instech Co Ltd, Kanagawa, Japan) for

evidence of morphological changes induced by staurosporine
treatment.

MTT assay  Cell viability and activity were detected us-
ing MTT dye assay, in which the dye was converted into
formazan granules in the presence of reactive oxygen.  TSCCa
cells were plated at a density of 5×103 cells per well on a
96-well plate.  At 24 h after seeding, straurosporine (1–100
nmol/L) was added to the culture medium.  At 6 h, 12 h, and
24 h after drug treatment, MTT was added to each well at a
concentration of 500 mg/L and incubated for 4 h at 37 °C.
After that, media were aspirated and cells were solubilized in
400 µL Me2SO.  Cells were incubated for 10 min at 37 °C with
gentle shaking.  Absorbance was measured at 540 nm using
a computerized microplate analyzer.

AO/EB staining  To assess apoptosis, cells were stained
with AO/EB.  In brief, after TSCCa cells were treated with 100
nmol/L straurosporine for 24 h, nonadherent cells in the
medium and trypsinized adherent cells were centrifuged at
200×g for 10 min at 4 °C and all but 50  µL media was removed.
The pellet was resuspended with 2 µL for each 0.1 g/L AO
and EB.  Cells were immediately viewed using a fluorescence
microscope (Leica Microsystems AG, Wetzlar, Germany).
Morphology was defined according to descriptions from Kern
and Kehrer for general apoptotic characteristics[13].

Flow cytometry  For flow cytometric assessment of
apoptosis and cell cycle phases, TSCCa cells were fixed with
ice-cold 75% ethanol following 100 nmol/L staurosporine
treatment for 6 h, 12 h or 24 h, and washed twice with phos-
phate-buffered saline (PBS).  Cells were incubated at 37 °C
for 30 min  in PBS containing 1 g/L RNase, then stained with
100 mg/L PI.  Cellular DNA content was measured by Beckman
Coulter Epics Altra II cytometer (Beckman Coulter, California,
USA).

PKCα subcellular fractionation and Western blot analy-
sis  TSCCa cells treated with 100 nmol/L staurosporine for 12
h and 24 h were washed twice with PBS and were then scraped
from the culture vessels and collected.  Harvested cells were
suspended in 0.5 mL of hypotonic buffer [10 mmol/L N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES, pH
7.4), 1.5 mmol/L MgCl2, 10 mmol/L KCl, 0.2 mmol/L phenyl-
methylsulfonyl fluoride (PMSF), 0.5 mmol/L DTT] and homo-
genized with a Dounce homogenizer at 4°C.  Unlysed cells,
nuclei and cell debris were pelleted by centrifugation at
1000×g at 4 °C for 5 min .  The supernatant was centrifuged at
100 000×g  at 4 °C for 1 h .  The 100 000×g supernatant was
designated as a cytosol fraction.  The 100 000×g pellet was
suspended in hypotonic buffer containing 1% Triton X-100
and centrifuged at 10 000×g for 10 min, and the resulting
supernatant is referred to as the membrane fraction.  Protein
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samples were mixed with an equal volume of 2×sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer, boiled for 5 min, and then separated
using 10% SDS-PAGE gels with 20 µg of protein loaded per
lane.  After electrophoresis, proteins were transferred to
PVDF membranes by semi-dry electrophoretic transfer.  The
membranes were blocked in 5% dry milk (1 h), rinsed and
then incubated with primary antibody of PKCα (1:1000
dilution) overnight at 4 °C.  The primary antibody was
removed, membranes were washed 4 times, and 0.1 mg/L
peroxidase-labeled goat secondary antibody was added for
1 h.  Bands were then visualized by ECL kit and exposed to
X-ray film.  Percentage of membrane or cytosol band was
calculated by a Bio-Rad (Richmond, CA) model GS-670
Imaging Densitometer.

Immunocytochemistry  TSCCa cells were seeded on
8-chamberred glass slides and treated with 100 nmol/L stauro-
sporine for 12 h and 24 h as described above.  Cells were
fixed for 10 min in 100% methanol at room temperature.  Then,
cells were washed with PBS, treated with 3% hydrogen per-
oxide to block endogenous peroxidase activity and incubated
with normal serum.  After a 2-h incubation with primary
antibodies, cells were washed 3 times with PBS and incu-
bated with biotin-labeled anti-mouse or anti-rabbit immuno-
globin G for 20 min.  After washing 3 times with PBS, cells
were stained using the UltraSensitive streptavidin-peroxi-
dase detection system (Maixin Biotechnology, Fuzhou,
China).  Positive reaction was seen as brown staining.  One
hundred cells were counted to determine the intensities of
protein expression of caspase-3 and survivin by using
HPLAS-2000 analysis software (Qianping Biotechnology,
Wuhan, China).

Statistical analysis  Data were expressed as mean±SD.
Statistical significance was assessed with one-way ANOVA
followed by Duncan’s multiple-range test. P<0.05 was con-
sidered statistically significant.

Results

Effect of staurosporine on cell viability in TSCCa cells
In the present study, the effect of staurosporine on TSCCa
cell viability was evaluated using a MTT assay.  Stauro-
sporine exerted a marked dose- and time-dependent inhibi-
tory effect on the viability of TSCCa cells.  The effect was
observed at 12 h after treatment, and increased with time, so
that after 24 h with 100 nmol/L staurosporine cell viability
was reduced to only 24% of the control (Figure 1).

Morphological changes in TSCCa cells induced by
staurosporine  To address the ability of staurosporine to

induce cell death, we first investigated the effect of stauro-
sporine on cell morphological changes using a phase con-
trast microscope.  Numerous TSCCa cells exhibited a flat
appearance in the absence of staurosporine (Figure 2A).  After
incubation with 100 nmol/L staurosporine, TSCCa cells pre-
sented remarkable morphological changes.  TSCCa displayed
a long spindle shape 6 h after stimulation (Figure 2B).  Then
the number of TSCCa cells decreased, with an increased,
large amount of intracellular vesicles (Figure 2C).  After 24 h
of staurosporine stimulation, we observed that treatment
resulted in cells exhibiting evidence of apoptosis, including
cell detachment, loss of cell processes and membrane shrin-
kage, as evidenced by curling up of cells (Figure 2D).

Morphological changes of TSCCa cells were also inves-
tigated by AO/EB staining using fluorescence microscopy.
Live cells stain only with AO, which shows up green inside
the cell.  Apoptotic cells induce fragmentation of the yellow
organelle.  Necrotic cells stain with EB, and are detected by
their red color.  The images in Figure 3 show that with a dose
of 100 nmol/L staurosporine treatment for 24 h, there were
increasing amounts of swollen and distorted cells coupled
with organelle disintegration and a rise in necrotic cells.

DNA content analysis of TSCCa cells treated with
staurosporine  To determine the effects of staurosporine on
cell cycle progression and apoptosis, TSCCa cells were
stained with PI and subjected to flow cytometric analysis.  A
representative cell cycle profile of control cells is shown in
Figure 4A.  Treatment with 100 nmol/L staurosporine for
various periods of time resulted in changed DNA content
profiles.  Staurosporine treatment for 6 h and 12 h caused an

Figure 1.  Effect of staurosporine on cell viability of tongue squa-
mous cell carcinoma cells by colorimetric methylthiazol tetrazolium
(MTT) assay.  n=4.  Mean±SD.  aP>0.05, bP<0.05, cP<0.01 vs control.
(○) control; (●) staurosporine 1 nmol/L; (×) staurosporine 10
nmol/L; (□)staurosporine 100 nmol/L.
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accumulation of the cells in G2/M phase of approximately
26.6% and 34.0%, respectively; and that of the control was
approximately 9.9% (Table 1).  This indicates that the
appearance of a G2/M arrest of staurosporine in TSCCa cells
is time-dependent.  With the time prolonged, the G2/M arrest
caused by staurosporine released and cells returned to
G0/G1 phase and S phase.  After 24 h of staurosporine treat-
ment, the percentage of cells in G2/M decreased to 19.8%;

Figure 2.  Morphological changes of TSCCa cells caused by 100
nmol/L staurosporine incubation and photographed with a phase-
contrast microscope.  (A) control ; (B) staurosporine exposure for 6
h; (C) staurosporine exposure for 12 h; (D) staurosporine exposure for
24 h. ×200.

Table 1.   Effect of staurosporine on cell cycle distribution and
apoptosis of tongue squamous cell carcinoma cells. n=3. Mean±SD.
aP>0.05, cP<0.01 vs control.

  Groups                                   Cell cycle/%                   Apoptosis/
                 G0/G1              S               G2/M             %

Control 58.9±1.0 31.2±2.1   9.9±1.2   2.9±0.3
Staurosporine 6 h 58.4±1.9a 15.0±0.4c 26.6±1.8c   7.3±0.4c

Staurosporine 12 h 56.0±0.7a   9.9±0.4c 34.0±1.0c 10.6±1.5c

Staurosporine 24 h 59.5±1.0a 20.7±0.1c 19.8±0.9c 27.4±0.7c

Figure 3.  Fluorescence micrographs of TSCCa cells stained with
acridine orange/ethidium bromide treated with or without 100 nmol/L
staurosporine.  (A) control TSCCa cells; (B) staurosporine exposure
for 24 h. ×400.
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however, this was still higher than that of the control (Figure 4).
The percentage of cells or cell fragments with DNA con-

tent less than 2 N (hypodiploid or apoptotic shift) increased
in a time-dependent manner, from 2.9% in control cultures to
approximately 27.4% at 100 nmol/L staurosporine exposure
for 24 h (Table 1, Figure 4).

Changes in PKC α content and subcellular distribution
in TSCCa cells  Because the translocation of PKC α from
cytosol to the membrane is a hallmark of PKC α activation,
Western blot experiments were performed to detect the pro-
tein level of PKC α in cytosol and membrane of TSCCa cells
treated with 100 nmol/L staurosporine for different periods
of time.  We found that PKC α is expressed in both cytosol
and membrane in ethanol-treated control TSCCa cells.  After
treatment with staurosporine for various periods of time,
PKC α content in cytosol and membrane decreased in a time-
dependent manner (Figure 5).  In addition, the percentage of
PKC α content in membrane versus cytosol decreased quickly
in staurosporine treated cells, from 0.45 in ethanol-treated
control cultures to 0.18 at staurosporine exposure for 24 h
(Table 2).

Effect of staurosporine on the activation of caspase-3
and the protein level of survivin  To further characterize the
mechanisms that control apoptosis in TSCCa cells, protein
levels of caspase-3 and survivin in TSCCa cells treated with
100 nmol/L staurosporine for 12 h and 24 h was measured by
immunocytochemical staining.  In untreated TSCCa cells,
there was a faint brown cytoplasmic staining for caspase-3
(Figure 6Aa).  After incubation with staurosporine for 12 h
and 24 h, cytoplasmic caspase-3 staining was substantially

Figure 4.  Effect of staurosporine on cell cycle and apoptosis
of tongue squamous cell carcinoma cells measured by flow
cytometry.  (A) control; (B) 100 nmol/L staurosporine
exposure for 6 h; (C) 100 nmol/L staurosporine exposure for
12 h; (D) 100 nmol/L staurosporine exposure for 24 h.

Figure 5.  Subcellular localization of protein kinase Cα in tongue
squamous cell carcinoma cells treated with or without 100 nmol/L
staurosporine examined by Western blot.  Cell lysates were fraction-
ated into cytosol and membrane fractions, and 20 µg of protein was
loaded in each lane.  An antibody against β-actin was used as a loading
control.  Lane 1, control; Lane 2, staurosporine exposure for 12 h;
Lane 3, staurosporine exposure for 24 h.

Table 2.  Effect of staurosporine treatment on subcellular localiza-
tion of PKCα in tongue squamous cell carcinoma cells detected by
Western blot. n=3. Mean±SD.  aP>0.05, cP<0.01 vs control.

 Groups                                   Protein level of PKCα
                                      Cytosol   Membrane      Membrane/
                                                                                      Cytosol

Control 1.00±0.10 0.45±0.03 0.45±0.01
Staurosporine 12 h 0.72±0.01c 0.31±0.02c 0.43±0.02a

Staurosporine 24 h 0.55±0.02c 0.09±0.01c 0.18±0.01c
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increased in a time-dependent manner (Figure 6B).  TSCCa
cells with fusiform shape, numerous intracellular vesicles
and shrinking cells showed deep brown cytoplasmic gran-
ules of caspase-3 staining (Figure 6Ab).

Furthermore, a strong cytoplasmic staining of survivin
was observed in control cells, especially in nuclear division
cells (Figure 6Ac).  After incubation with staurosporine for
24 h, survivin expression was diminished (Figure 6Ad, 6B).

Discussion

The molecular mechanisms associated with apoptosis
have been widely explored, but are not yet precisely under-
stood[14].  Staurosporine has been shown to induce apoptosis
in a wide variety of cell types, such as rat cardiomyocytes,
human dermal papilla fibroblasts and luteinized granulose
cells.  Therefore, staurosporine-induced apoptosis has been
recognized as a useful model for investigating the mecha-
nism of apoptosis in mammalian cells[15].  To assess whether
staurosporine induces apoptosis in oral cancer cells, 3 spe-
cific methods were used in the present study to evaluate
apoptosis.  The presented data demonstrate that apoptotic
changes induced by staurosporine were confirmed by mor-
phological changes observed under phase contrast micro-
scopy, AO/EB staining and flow cytometric analyses of cel-
lular DNA content.  A significant proportion of cells at G2/M

phase were also observed after 6 h treatment with stauro-
sporine, and appeared at peak after 12 h of treatment.  With
the time prolonged, the G2/M arrest caused by staurosporine
released and cells returned to G0/G1 phase and S phase after
24 h of treatment, whereas a significant proportion of cells
appeared at sub-G0/G1 apoptotic peak.  Another report showed
that staurosporine induced apoptosis in Chang liver cells by
a mitochondria-caspase-dependent pathway, which can be
suppressed by z-VAD-fmk, a general inhibitor of caspases;
whereas the arrest of cells in G2/M phase of cell cycle was
not modified by z-VAD-fmk, suggesting that apoptosis and
G2/M arrest caused by staurosporine might be controlled in
different independent pathways[16].  Although cells with typi-
cal apoptotic morphology were observed after the treatment,
we cannot exclude the possibility that some necrosis occurr-
ed with the high staurosporine dose.  However, our findings
were consistent with other reports showing that stauro-
sporine at 100 nmol/L concentration can trigger apoptosis
regardless of the cell cycle status[15].

To explore more precisely the mechanisms of stauro-
sporine-induced TSCCa cells apoptosis, we investigated
whether the PKCα signal pathway was involved, as it has
been shown that perturbation of PKCα activity can induce
or repress apoptosis[5–7].  We determined, using Western blot
analysis, that cultured TSCCa cells expressed PKC α both in
cytosol and membrane under 10% serum concentration.

Figure 6.  Protein levels of caspase-3 and survivin in tongue squamous cell carcinoma cells cultured for 12–24 h following 100 nmol/L
staurosporine exposure were examined by immunocytochemical staining.  (Aa) staining for caspase-3 in control cells; (Ab) staining for
caspase-3 with staurosporine exposure for 24 h; (Ac) staining for survivin in control cells; (Ad) staining for survivin in staurosporine exposure
for 24 h.  (B) Time-dependent changes of caspase-3 and survivin in TSCCa cells after staurosporine exposure.  Original magnification, ×400.
n=100.  Mean±SD.  bP<0.05, cP<0.01 vs intensity of caspase-3 in control cells.  dP>0.05, eP<0.05 vs intensity of survivin in control cells.  (○)
intensity of caspase-3; (●) intensity of survivin.



Http://www.chinaphar.com Zhang YX et al

1371

When TSCCa cells were treated with staurosporine, content
of PKC α in cytosol and membrane decreased dramatically,
especially in membrane.  One important factor in determining
specific functions of PKC isoforms is their intracellular
localization.  PKC isoforms show different patterns of sub-
cellular localization, which can vary for the various isoforms
according to tissue and cell type.  PKC α typically reside in
the cytosol in an inactive state.  After cell stimulation, they
are often translocated to other compartments.  Our results
suggest that inhibition of PKC α translocated from cytosol
to membrane might mediate staurosporine-induced TSCCa
cells apoptosis.  It is not clear, however, how the complex
isoform-specific subcellular distribution and stimulus-in-
duced redistribution can be achieved.  As staurosporine was
a wide inhibitor of PKC, we could not exclude the possibility
that other PKC isoenzymes could also mediate staurosporine-
induced TSCCa cells’ apoptosis.

Caspase-3 has been reported to play a key role in apopto-
sis[8,9].  Caspase-3 normally exists in the cytosolic fraction of
cells as an inactive precursor, activating proteolytically when
cells are signaled to undergo apoptosis.  Multiple apoptotic
signals, including serum withdrawal and treatment with a
variety of pharmacological agents, activate caspase-3.  The
role of caspase-3 in apoptosis of oral cancer cells has not yet
been reported.  Lewis et al report that PKC inhibition in-
duces DNA fragmentation in the colon cancer cell line, COLO
205 cells, which is blocked by cysteine protease inhibition
but not mediated through caspase-3[17].  However, we have
examined the caspase-3 content changes in TSCCa cells af-
ter staurosporine exposure for various periods of time, and
have shown that staurosporine activates caspase-3 in a time-
dependent manner.  These results suggest that caspase-3
was activated by staurosporine in TSCCa cells, and might
mediate staurosporine-induced TSCCa cells apoptosis.

Survivin is associated with the microtubules of the mi-
totic spindle.  Disruption of the survivin-microtubule inter-
action leads to loss of survivin function and increased
proapoptotic caspase-3 activity[18].  In the present study,
the majority of ethanol-treated control TSCCa cells over-
expressed survivin, but this was not enough to protect
TSCCa cells from staurosporine-induced apoptosis.  Further-
more, a dose-related decrease of survivin content in TSCCa
cells was associated with the induction of apoptosis by
staurosporine; these results suggest that survivin in TSCCa
cells could not protect TSCCa cells from the lethal effects of
staurosporine.

In conclusion, the present study demonstrates that
staurosporine induces apoptosis in TSCCa cells.  Our re-
sults document, for the first time, the potential roles of the

inhibition of PKC α in TSCCa cells’ apoptosis.  This prop-
erty of PKC α appears to be linked to the cleavage of survivin
and activation of caspase-3.  Previous studies have reported
that PKC activation could cause stimulation of the transcrip-
tion factor NF-κB, which in turn induced expression of the
IAP[19–22].  As discussed in the present study, the IAPs are
known to block caspase-3 activity and apoptosis.  Therefore,
it is possible that PKC α inhibition-mediated staurosporine
causes reduction of survivin and results in the activation of
the caspase-3 signaling pathway.  Further study is needed
to understand the role of other caspases in staurosporine-
induced TSCCa cells apoptosis, which might be a potential
target in the treatment of oral cancer diseases.
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Abstract
Aim: To investigate the antitumor activity and safety of a novel recombinant
mutant human tumor necrosis factor-related apoptosis-inducing ligand (rmh
TRAIL). Methods: Antitumor activity of rmh TRAIL was evaluated by using
several tumor cell lines by MTT assay in vitro, and by using a mouse xenograft
model in vivo. rmh TRAIL-induced apoptosis in tumor cells was detected by cell
death enzyme-linked immunosorbent assay (ELISA), TdT-mediated dUTP nick-
end labeling (TUNEL) assay and flow cytometry. The safety of rmh TRAIL was
also evaluated in several normal human cell lines. Results: At the concentration of
0.32–1 000 ng/mL, rmh TRAIL remarkably inhibited the proliferation of 5 tumor cell
lines from lung, colon, and breast cancer compared with wild type (wt TRAIL) in
vitro, whereas at the concentration of 1 ng/mL–10 µg/mL, rmh TRAIL showed no
or mild cytotoxicity in the normal cell lines. rmh TRAIL (3, 15 mg/kg, ip, once daily
for 10 d) exerted a significant inhibition on the growth of xenograft tumor
NCI-H460 in nude mice compared with the saline group (P<0.01), and was more
potent than wt TRAIL, a positive control. The apoptosis of NCI-H460 cells was
markedly induced in a concentration-dependent and time-dependent manner after
rmh TRAIL treatment. The percentage of apoptotic cells induced by rmh TRAIL in
NCI-H460 cells was significantly higher than that by wt TRAIL. Conclusion: rmh
TRAIL provided potent antitumor activity in vivo and in vitro, whereas most
normal human cells were resisitant to rmh TRAIL. The results suggested that rmh
TRAIL might be a useful anticancer agent in future.
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Introduction
Apoptosis, or programmed cell death, is a regulated pro-

cess that is essential to metazoan development and tissue
homeostasis[1].  Instructive apoptosis plays a physiological
role in deletion of activated lymphocytes at the end of an
immune response and in elimination of virus-infected cells
and oncogenically transformed cells.  Deregulation of pro-
grammed cell death leads to several human diseases, includ-
ing cancer, neurodegenerative disorders, and acquired im-
munodeficiency syndrome[2].  Since the 1980s, biotherapy
has become an important modality for treating cancer[3].
Biotherapy is achieved by inducing apoptosis of tumor cells,
which is the ultimate objective of tumor therapy.  The mem-

bers of the tumor necrosis factor (TNF) family became the
focus of biotherapy of cancer[4].  Despite the potential of
TNF and Fas ligand (FasL; also called CD95L) to induce
apoptosis in many types of tumor cells, severe toxic side-
effects preclude both of these ligand from use in systemic
anticancer therapy[5,6].  TNF infusion causes a lethal inflam-
matory response that resembles septic shock mediated by
activation of the proinflammatory transcription factor
NF-kappaB in vascular endothelial cells and macrophages.
Infusion of agonistic anti-Fas antibody causes lethal liver
damage as a result of the induction of Fas-dependent
apoptosis in hepatocytes. Tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL, also called Apo2 ligand)
is a newly discovered TNF superfamily member initially cloned
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from human heart and lymphocyte cDNA libraries because
of its sequence homology to TNF and FasL[7,8].  The TRAIL
mRNA is constructively expressed at significant levels in
many tissues in humans (eg lung, liver, spleen, kidney,
thymus, prostate, ovary, intestine, periphero-lymphoid nodes,
heart, placenta, and skeletal muscle).  Recent studies have
shown that TRAIL could induce apoptosis in numerous
transformed cell lines of different lineage, but showed
nontoxicity systemically unlike TNF and FasL, ionizing ra-
diation and chemotherapy[9–11].  The combination of TRAIL
and ionizing radiation or chemotherapy appears to have an
enhancing effect on cancer therapy, and consequently re-
duces the dose and side-effects of chemotherapeutants[12–16].
Therefore, TRAIL is considered to be the most promising
among antitumor agents at present.

TRAIL is expressed as a type II transmembrane protein,
as are other members TNF and FasL[8], and its extracellular
region forms a soluble molecule upon cleavage[17].  There are
several forms of recombinant TRAIL: soluble TRAIL fusion
protein (termed LZ-TRAIL) in which the extracellular region
of the ligand (amino acids 95-281) is linked to an exogenous,
modified leucine zipper that drives trimerization[11]; soluble
TRAIL containing just the extracellular region (amino acids
114–281); polyhistidine-tagged soluble form (his-TRAIL,
amino acids 114–281)[8,18]; glutathione S-transferase-TRAIL
(GST-TRAIL, amino acids 95–281); and flag epitope-tagged
form (amino acids 95–281)[8,18].  However, these other forms
have deficiencies in solubility, antitumor activity and security.
Therefore, Beijing Sunbio Biotech developed recombinant
mutant human TRAIL (rmh TRAIL).  The aim of the present
work was to evaluate the antitumor activity of rmh TRAIL in
vitro and in vivo, and to explore its antitumor mechanism.

Materials and methods

Expression and purification of protein  Escherichia coli
BL21 (DE3) strain was used for the expression of rmh TRAIL.
After transformed the plasmid of rmh TRAIL [with a circular
permuted extracellular sequence of native human Apo2L/
TRAIL (amino acid 121-281)], which was built by Beijing
Sunbio Biotech, into the expression vector, expression was
induced by isopropyl-beta-D-thiogalactopyranoside (IPTG)
at 37 °C for 4 h .  Optimized IPTG concentration was 1 mmol/L
for the protein.  Bacteria were harvested and resuspended in
phosphate-buffered saline (PBS, containing 137 mmol/L NaCl,
2.7 mmol/L KCl, 4.3 mmol/L Na2HPO4, 1.4 mmol/L KH2PO4,
pH 7.3), sonicated on an ice bath, and centrifuged before
further analysis.  Purification of rmh TRAIL was performed
with Ni2+-loaded chelating (Amersham Pharmacia Biotech,

Piscataway, USA) and purified protein was subjected to de-
salting with S-200 (Amersham Pharmacia Biotech).  rmh
TRAIL molecular weight is 19 kDa, and purity is >98%.

Reagents  The wild type TRAIL (wt TRAIL) (amino ac-
ids 114–281) used in our experiments was produced by Beijing
Sunbio Biotech, or purchased from Merck (Whitehouse
Station, USA) (used only in vitro).  An Annexin V-FITC
apoptosis detection kit was obtained from Oncogene
(Cambridge, USA).  In situ cell death detection kit (peroxidase,
POD) and cell death detection enzyme-linked immunosorbent
assay (ELISA)PLUS kit were from Roche (Nutley, USA).  DAB
kit was purchased from Beijing Zhongshan Golden Bridge
Biotech.  MTT was from Sigma (St  Louis, USA).  DTT and
proteinase K was from Merck.  All the reagents, including
dimethyl sulfoxide (Me2SO) (Tianjin Fuchen Chemicals Re-
agent Factory), ethanol, methanol, saturated phenol,
paraformaldehyde (Beijing Chemical Reagents Company)
were of analytical grade.

Animals  BALB/c nude mice (female), 6–8 weeks old,
weighing 23–27 g, were supplied by National Institute for
the control of Pharmaceutical and Biological Products.  Ani-
mals were kept at room temperature of 18–22 °C, with a rela-
tive humidity of 70%.

Cell culture  Tumor cell lines: NCI-H460 human non-
small cell lung cancer cells and COLO205 human colon can-
cer cells were obtained from American Type Culture Collec-
tion (ATCC); QG-56 human lung squamous cells were ob-
tained from the cell bank of the Chinese Academy of Sciences;
MDA-MB-231 and MCF-7 human breast cancer cells were
obtained from the Institute of Materia Medica, Chinese Acad-
emy of Medical Sciences and Peking Union Medical College.

Normal cell lines: EC-304 human blood vessel endothe-
lial cells were purchased from Nanjing KeyGen Biotech.
Human embryonic lung fibroblasts (HELF) were obtained
from the Institute of Materia Medica, Chinese Academy of
Medical Sciences and Peking Union Medical College.  HL-
7702 normal human hepatocytes were obtained from the cell
bank of the Chinese Academy of Sciences.  CCC-HEH-1 hu-
man primary embryo myocardium-derived cells, CCC-HEL-1
human primary embryo liver-derived cells, CCC-HBE-2 hu-
man primary embryo trachea-derived cells, MRC-5 human
embryonic lung fibroblasts, CCC-ESF-1 human primary em-
bryo skin fibroblast cells, and HK-2 human primary nephritic
tubular epithelium cells, were all obtained from cell center of
the Chinese Academy of Medical Sciences and Peking Union
Medical College.

NCI-H460, COLO205, QG-56 , EC-304, HELF and HL-7702
were cultured in RPMI-1640 medium (GIBCO, Carlsbad, USA)
supplemented with 10% fetal bovine serum (FBS) (Lanzhou



Http://www.chinaphar.com Fang F et al

1375

National HyClone Bio-engineering, Lanzhou, China).  MCF-7
and MRC-5 were cultured in Minimum Essential Medium
(MEM, GIBCO) supplemented with 10% FBS.  MDA-MB-
231 cells were cultured in Leibovitz’s L-15 medium (GIBCO)
supplemented with 15% FBS.  CCC-HEH-1, CCC-HEL-1, CCC-
HBE-2, and CCC-ESF-1 were cultured in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) medium (GIBCO) supple-
mented with 20% FBS. Insulin 0.2 IU/mL  and hydrocorti-
sone 1 µg/mL  were added to CCC-HBE-2 cells.  HK-2 cells
were cultured in DF-12 medium (GIBCO) supplemented with
10% FBS.

Cell growth inhibition assay  The cytotoxicity of the
rmh TRAIL and wt TRAIL was determined using a colori-
metric MTT assay.  Cells in the logarithmic growth phase
were dispersed to prepare a suspension of cell density of
6×104–20×104 mL-1.  Then cell suspension was seeded in a
96-well plate in total volume of 100 µL per well and incubated
in a 5% CO2 atmosphere at 37 °C for 24 h.  Then, the superna-
tant was removed and the cells were added with 100 µL of
different concentrations of the drugs followed by incuba-
tion at 37 °C for another 24 or 72 h.  For controls, cells were
placed in medium only.  After removal of the supernatant,
the cells were treated with 5.0 g/L MTT for 4 h, the purple
blue sediment was dissolved in 150 µL Me2SO, and the ab-
sorbance at 490 nm was measured using a microplate reader
(BIO-RAD, Hercules, USA, model 550).  The survival rate of
cell growth was calculated using the following formula:

Survival rate (%)=A490(drug)/A490(control)×100%.  Tripli-
cate wells were analyzed for each concentration.

The 50% inhibitory concentration (IC50) is the concentra-
tion required for 50% inhibition, which is calculated from the
linear equation, which was educed by concentration versus
survival rate regression curve.  The experiments were per-
formed in triplicates.

Mouse xenograft tumor model  According to the proto-
col of transplantation tumor research[19], NCI-H460 tumor tis-
sues were chopped into 2 mm3, and then transplanted sc into
the right flank of nude mice.  The diameter of transplantion
tumor was measured with a vernier caliper.  When the tumor
size grew to 280 mm3, the 32 tumor-grafted mice were ran-
domly divided into 4 groups (n=8); that is, negative control
group (treated with normal saline), positive control group
(wt TRAIL, 15 mg/kg) and rmh TRAIL treated groups (3 and
15 mg/kg).  All drugs or saline were injected ip once daily for
10 d followed by another 14 d observation.

The tumor volume (TV) was calculated using the follow-
ing formula:

TV=1/2×a×b2 (in which a is the length and b is the width
of tumor).

The evaluation index of anti-tumor activity was relative
tumor weight inhibition ratio (%), which was calculated by
the following formula:

Tumor weight inhibition ratio (%)=(1–T/C)×100% (T: test
group’s or positive control group’s mean tumor weight; C:
negative control group’s mean tumor weight).

The data were then subjected to a statistical analysis
(t-test) for actual efficiency of the material tested.

Assessment of apoptosis  Various methods, described
below, were used to evaluate NCI-H460 apoptosis.

(a) DNA fragmentation detection by ELISA  A cell death
detection ELISA kit was used according to the manu-
facturer’s instructions for DNA fragment detection[20].  The
DNA fragments are discrete multiples of a 180–200 bp
subunit, which can be detected as a DNA ladder on agarose
gel.  The enrichment of mono- and oligonucleosomes in the
cytoplasm of the apoptotic cells is a result of DNA degrada-
tion that occurs several hours before plasma membrane
breakdown.  The principle on which this test is based is the
detection of mono- and oligonucleosomes in the cytoplas-
mic fractions of cell lysates by using biotinylated antihistone-
and peroxidase-coupled anti-DNA antibodies.  The enrich-
ment of mono- and oligonucleosomes released into the cy-
toplasm is calculated as the ratio of absorbance of sample
cells to absorbance of control cells.  The enrichment factor
was used as a parameter of apoptosis and is shown on the Y
axis as mean±SD of triplicate experiments performed in
triplicates.  An enrichment factor of 1 represents spontane-
ous apoptosis.  NCI-H460 were grown in 96-well plates and
exposed to rmhTRAIL 10 ng/mL for 0.5 to 4 h or 0.0128
ng/mL to 40 ng/mL for 2 h.

(b) TdT-mediated dUTP nick-end labeling (TUNEL)
assay  After incubated with 15 ng/mL rmh TRAIL for 1, 2, and
4 h, NCI-H460 cells were smeared on slides, fixed by 4%
paraformaldehyde in PBS (pH 7.2) for 30 min at room
temperature, washed 3 times with PBS, and blocked by 0.3%
H2O2.  Then, cells were permeabilized on ice using 0.3%
Triton X-100 in PBS for 2 min.  Subsequent operations were
refered to the manufacturer’s instruction of In situ cell death
detection kit and DAB kit.  The samples were dehydrated by
ethanol and cleared in dimethylbenzene, analyzed by micros-
copy and photos were taken using a Nikon 4 500 digital
camera.

(c) Flow cytometry  For apoptotic cell detection analysis,
NCI-H460 cells were treated with rmh TRAIL or wt TRAIL (1,
10, and 100 ng/mL) for 12 h.  All of the attached and the
detached cells were harvested.  Detection of the apoptotic
cells was referred to the manufacturer’s instruction of
Annexin V-FITC apoptosis detection kit.
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Results evaluation:
Non-apoptotic cells: Annexin V negative and PI negative;
Early apoptotic cells: Annexin V positive and PI negative;
Necrotic cells or late apoptotic cells: Annexin V positive

and PI positive.
Statistical analysis  Data were expressed as mean±SD.

Data of the representatives were analyzed for statistical sig-
nificance using a t-test.  P<0.05 was considered statistically
significant.

Results
Various tumor cell lines are sensitive to rmh TRAIL-

induced death in vitro  To explore the antitumor activity of
rmh TRAIL against a spectrum of cancer cell lines, we tested
its effect in vitro on the inhibition of 5 different cell lines
derived from cancers of the lung, colon, and breast (2 lung
cancer cell lines, 2 breast cancer cell lines, and 1 colon can-
cer cell line) by MTT assay.  rmh TRAIL exerted a cytotoxic
effect on these cell lines and inhibited cell growth after cells
being treated for 24 h or 72 h.  Furthermore, the antitumor
activity of rmh TRAIL was notably higher than that of wt
TRAIL, and IC50 for rmh TRAIL against all cell lines were
significantly lower than wt TRAIL (Table 1, P<0.01).  Treat-
ment with rmh TRAIL at the dose of 200 ng/mL caused sub-
stantial cell death.  The morphology of the cells treated by
rmh TRAIL was characteristic of apoptotic cells: blebbing
and shrinkage of cytoplasm (Figure 1).

Antitumor activity of rmh TRAIL in a mouse xenograft
study  To determine whether the tumoricidal activity of
rmh TRAIL observed in vitro could be demonstrated in vivo,
BALB/c nude mice were transplanted sc with NCI-H460
tumor tissue, which showed intermediate sensitivity to
rmh TRAIL in vitro (Table 1), and allowed tumors to establish.
The tumors in the control group grew steadily in an expo-
nential manner.  wt TRAIL treatment gave a 25.7% reduction
in mean tumor volume, which was lower than that of
rmh TRAIL.  In contrast, the rmh TRAIL treated groups
showed a marked reduction in tumor size, especially during
the treatment period (Figure 2, Table 2).  The tumors in some

Table 1.   Antitumor activity of rmh TRAIL and wt TRAIL on
human tumor cell lines in vitro  represented by IC50. n=3. Mean±SD.
cP<0.01 vs wt TRAIL.

   Tumor cell lines                      IC50 /µg·mL-1

                          rmh TRAIL                  wt TRAIL

COLO205 0.007±0.003c 0.260±0.051
MDA-MB-231 0.006±0.004c 0.121±0.038
NCI-H460 0.006±0.003c 0.238±0.052
QG-56 0.012±0.003c 0.804±0.082
MCF-7 0.086±0.038c >1 µg/mL

rmh TRAIL, recombinant mutant human TRAIL; wt TRAIL, wild
type TRAIL.

Figure 1.  Morphological changes of NCI-H460 cells (A–C) and MDA-MB-231 cells (D–F), A and D: control, untreated. B and E: treated with
recombinant mutant human (rmh) TRAIL 200 ng/mL for 24 h. C and F: treated with wild type (wt) TRAIL 200 ng/mL for 24 h. The
photographs were taken using an Olympus CK40 inverted laboratory system microscope (×20). Arrow indicates dead cells.
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mice in the high-dose rmh TRAIL group became invisible
during the treatment period and shortly after withdrawal.
The suppressed tumors recommenced growing 5 d after
withdrawal, but still more slowly than the control group.  The
inhibitory effect of rmh TRAIL on transplantation of tumor
NCI-H460 was in a dose-dependent manner.  Tumor sup-
pression in 3 mg/kg rmh TRAIL-treated group was less than
15 mg/kg group, but greater than 15 mg/kg in the wt TRAIL-
treated group (Figure 2, Table 2).

Apoptosis induced by rmh TRAIL
a.rmh TRAIL-induced cell death of NCI-H460 cells

detected by ELISA  rmh TRAIL 10 ng/mL  was chosen for
DNA fragmentation experiment by ELISA at different time
points.  This concentration of rmh TRAIL-induced apoptosis
showed a time-dependent manner.  At 2 and 4 h after treat-
ment, rmh TRAIL induced a significant increase of cytoplas-
mic nucleosomes (Figure 3A).  The result accords with aga-
rose gel electrophoesis result (data not shown).  More-over,
we examined different concentrations (from 0.0128 ng/mL to
40 ng/mL) of rmh TRAIL-induced apoptosis for 2 h.  The
result showed a dose-dependent manner (Figure 3B).

b.  TUNEL assay  The pictures displayed in the Figure
4 were taken after incubation with rmh TRAIL 15 ng/mL for 1,
2, and 4 h.  The nucleus condensation and segmentation
were observed by microscope.  Lots of apoptotic bodies
were found in rmh TRAIL-treated cells but none in untreated
cells.

c.  Flow cytometry  To confirm that the percentage of
apoptosis induced by various concentration of rmh TRAIL
in NCI-H460 cells, Annexin V and PI double staining and
flow cytometry were performed.  The percentages of apoptosis
induced by rmh TRAIL and wt TRAIL (1 ng/mL, 10 ng/mL,
100 ng/mL) for 12 h were 8.11%, 32.80%, 59.68% and 4.96%,
7.08%, 14.11%, respectively (Figure 5).

Effect of rmh TRAIL on normal cell types  To test whether
rmh TRAIL initiates apoptosis in normal cells, 9 lines of nor-
mal cells, were exposed to rmh TRAIL (1 ng/mL–10 µg/mL) or
wt TRAIL (1 ng/mL–10 µg/mL) for 24 h.  No morphological
evidence of apoptosis was observed as induced by
rmh TRAIL (except for HL-7702); in addition, there was no
decreased cell viability in staining of the cells by MTT (Figure
6), which indicated that rmh TRAIL was not cytotoxic to-
ward these normal cell types.  There was mild injury on HL-
7702 hepatocytes elicited by both rmh TRAIL and wt TRAIL,
and no cytotoxicity on CCC-HEL-1, human primary embryo
liver-derived cells (Figure 6).  The IC50 of rmh TRAIL and wt

Table 2.  The experimental therapeutic efficacy of ip injection of rmh TRAIL and wt TRAIL on xenograft tumor NCI-H460 in nude mice.
n=8. Mean±SD. cP<0.01 vs control. fP<0.01 vs rmh TRAIL 15 mg/kg. iP<0.01 vs rmh TRAIL 3 mg/kg.

      Group                Dose/mg·kg-1  Animal number                               Body weight/g                        Tumor weight/g         Inhibition
                                                 D0                         Dn            D0                                        Dn                                                                                ratio/%

Control   0 8 8 24.1±1.4 29.4±1.9 3.15±0.50
rmh TRAIL 1 5 8 8 26.2±1.0 27.1±1.7 0.42±0.18c 86.7
rmh TRAIL   3 8 8 24.5±1.6 27.4±1.0 1.12±0.36cf 64 .4
wt TRAIL 1 5 8 8 24.6±1.4 29.3±1.3 2.34±0.42ci 25 .7

D0, the day of the start of treatment; Dn, the day of the end of the experiments, which was after a 10 day treatment and a 14 day withdrawal.
rmh TRAIL, recombinant mutant human TRAIL; wt TRAIL, wild type TRAIL.

Figure 2.  Inhibitory effects of rmh TRAIL and wt TRAIL on the
volumes of xenograft tumor NCI-H460 in nude mice. n=8. Mean±SD.
Control: normal saline group; recombinant mutant human (rmh)
TRAIL-15: 15 mg/kg rmh TRAIL-treated group; rmh TRAIL-3: 3
mg/kg rmh TRAIL-treated group; wild type (wt) TRAIL-15: 15
mg/kg wt TRAIL-treated group.  All drugs or saline was injected ip
once daily for 10 d followed by 14-d observation.



1378

 Acta Pharmacologica Sinica ISSN 1671-4083Fang F et al

TRAIL on HL-7702 exceeded 10 µg/mL.

Discussion
Although TNF and FasL have potent cytotoxic activity

against many types of tumor cells, the application of these
death ligands to cancer therapy has been restricted by their
severe toxicity to normal tissues.  The discovery of TRAIL
as a death ligand, with its wide tissue-mRNA distribution
and its unique receptor system, suggests that this ligand
might be more suitable than TNF or FasL for systemic cancer
therapy.

rmh TRAIL, developed by Beijing Sunbio Biotech, is a

mutant form of human native TRAIL, but the functional se-
quences are conservative.  Native TRAIL is expressed as a
type II transmembrane protein that can be cleaved proteolyti-
cally to form a soluble homotrimer[7,8].  The therapeutic po-
tential of a recombinant soluble version of human TRAIL
that can be produced in E coli and purified as a 60-kDa
homotrimer has been evaluated[9,11].  An optimized antine-
oplastic agent can selectively induce apoptosis of cancer
cells while sparing normal cells.  Some scientists have
oppugned the safety of TRAIL on hepatocytes[22,23].  To ob-
tain a form of TRAIL that has higher antitumor activity and
safety, Beijing Sunbio Biotech produced rmh TRAIL with a
circular permuted extracellular sequence of native human
Apo2L/TRAIL.  Our previous work revealed that rmh TRAIL
had a high affinity for its death receptors and water-solubil-
ity (data not shown).  This molecule forms more stable
homotrimers.  The pharmacokinetics research of rmh TRAIL
indicates that the concentration in tumor tissue was higher
than that in plasma.  Furthermore, rmh TRAIL was more re-
sistant to trypsin proteolysis in vitro than wt TRAIL (data
not shown).  All of the above suggests that rmh TRAIL could
contribute to long-standing antitumor activity.

The present study first assesses the antitumor activity
of rmh TRAIL in vitro.  A spectrum of cancer cell lines exhib-
ited sensitivity in vitro to rmh TRAIL.  This finding is
consistent with previous reports that native TRAIL is cyto-
toxic toward cell lines from cancers of the lung, colon, and
breast[9-11].  rmh TRAIL triggers more cell death in vitro than
wt TRAIL.  The study of NCI-H460 xenograft models indi-
cates that rmh TRAIL can cause tumor regression or sup-
press tumor growth, and can initiate tumor cell apoptosis,
which is consistent with its apoptosis-inducing activity in
vitro.  The antitumor activity of TRAIL after ip administra-
tion has been demonstrated in several mouse xenograft mod-
els of human cancers, including colorectal[9], breast[11], and
glioma[24].  rmh TRAIL caused a dose-dependent suppres-
sion of tumor growth, and 15 mg/kg rmh TRAIL resulted in a
86.7% reduction in mean tumor volume, whereas wt TRAIL
only caused a 25.7% reduction using the same dose.
Therefore, in the present study, the antitumor activity of rmh
TRAIL is higher than that of wt TRAIL in the experiments
both in vivo and in vitro.  Compared with wt TRAL, rmh
TRAIL can achieve same antitumor activity under lower
dosages.

Second, rmh TRAIL induced apoptosis in NCI-H460 was
confirmed by cell death ELISA assay, TUNEL assay, and
flow cytometry.  Nucleus condensation, apoptotic body
appearance, and DNA fragmentation are universal charac-
teristics in the cells undergoing apoptosis.  Furthermore, cell

Figure 3.  Quantification of nucleosomal DNA fragmentation. The
cell death detection ELISAPLUS was used to quantify DNA fragmenta-
tion in NCI-H460 cells undergoing apoptosis in the presence of re-
combinant mutant human (rmh) TRAIL; A) rmh TRAIL 10 ng/mL
treated for different t ime (0 .5, 1, 2 and 4 h); B) treatment with
different concentrations of rmh TRAIL (0.0128 ng/mL–40 ng/mL)
for 2 h. The rate of apoptosis is reflected by the enrichment factor
of nucleosomes in the cytoplasm shown on the Y axis. An enrich-
ment factor of 1 is equivalent to background apoptosis. Experiments
were performed in triplicate and repeated 3 times.  n=3. Mean±SD.
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Figure 4.  In situ  detection of DNA fragmentation by TdT-mediated dUTP nick-end labeling (TUNEL) method: showing condensation and
segmentation of nucleus in NCI-H460 cells at different times after treatment with 15 ng/mL recombinant mutant human (rmh) TRAIL. (A)
Control (no TdT); (B) rmh TRAIL 1 h; (C) rmh TRAIL 2 h; (D) rmh TRAIL 4 h; (×20).
     Apoptotic cells: chromatin condensation and present circularity
     Apoptotic cells: small vesicles called apoptotic bodies
 

Figure 5.  The flow cytometry using Annexin-V/PI double staining was performed on NCI-H460 cells. Representative dot plots of recombi-
nant mutant human (rmh) TRAIL 1, 10, 100 ng/mL (A–C) and wild type (wt) TRAIL 1, 10, 100 ng/mL (D–F) treated for 12 h. The numbers
in brackets denote percentage of apoptotic cells. The upper right quadrant represents apoptotic or necrotic cells positive for both Annexin and
PI. Data from 1×104 cell per sample were collected.
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death ELISA assay and flow cytometry showed the quantity
of apoptotic cells.  From the evidence in the present study, it
is elicited that rmh TRAIL could induce NCI-H460 apoptosis,
that and it is time- and concentration-dependent.

Third, MTT assay was used to examine the cytotoxicity
effect of rmh TRAIL on normal cells.  Although rmh TRAIL
was cytotoxic toward many tumor cell lines in vitro,
rmh TRAIL showed no inhibition on normal cells tested in
the experiment from endothelial, fibroblastic, myocardial,
cutaneous, lung, renal, and tracheal origin, supporting the
notion that rmh TRAIL dose did not increase cytotoxicity to
generally nontransformed cells.  The results are consistent
with Ashkenazi et al[9,10,25,26].  rmh TRAIL and wt TRAIL
showed mild cytotoxicity to HL-7702 cells, which are sepa-
rated from adult liver.  The IC50 of rmh TRAIL exceeded 10
µg/mL.  The IC50 for non-small cell lung cancer and colonic
cancer, the main clinical indications, are all 0.01 µg/mL, which

is at least 1000 times lower than the IC50 for HL-7702.
Furthermore, the pharmacokinetics research on nonhuman
primates (cynomolgus monkeys) indicated that the maximal
plasma concentration (Cmax) of rmh TRAIL (iv, 5 mg/kg) was
25 µg/mL (data not shown).  The dose used in humans would
be no more than 5 mg/kg.  Therefore, the Cmax will be no more
than 25 µg/mL, which is less than the IC50 of HL-7702.  The
results suggest that the clinical effective dose of rmh TRAIL
might be safety for human.

In conclusion, rmh TRAIL provided potent antitumor
activity in vitro and in vivo, although it did not exert obvi-
ous cytotoxicity on a wide variety of normal cells.  Therefore,
rmh TRAIL might prove to be a useful new agent in fighting
cancer cells, leaving normal cells unharmed.
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Introduction
Flutamide, 3'-trifluoromethyl-4'-nitro-2-methylpropinoyl-

anilide, is a nonsteroidal antiandrogen[1,2] devoid of other
hormonal activity and is recognized worldwide as the most
beneficial drug for the treatment of patients with advanced
prostate cancer[3–5] when used in combination with various
luteinizing hormone-releasing factor agonists.  This antian-
drogen is also used in combination with oral contraceptives
for the treatment of hirsutism[6] and benign prostatic hyper-
plasia[7, 8].

However, flutamide therapy is associated with hepatitis
in a few subjects.  The incidence of liver toxicity (as defined
by an increase in serum transaminase activity of fourfold
greater than upper normal limits) was found to be 0.36% in
1091 consecutively treated prostate cancer patients[9–11].
Flutamide-induced hepatitis was decreased using piperonyl
butoxide [cytochrome P450 (CYP450) inhibitor] and increased
using β-naphthoflavone (CYP450 1A inducer)[12].

Previous results show that CYP1A2 is involved in fluta-
mide bioactivation[12,13].  CYP1A2 is a cytochrome P-450 en-
zyme constitutively expressed in the liver, which catalyzes
the metabolism of many drugs, such as caffeine, phenacetin,

and propranolol[14].  The enzyme also participates in the meta-
bolic activation of chemical mutagens in cooked food such
as 2-amino-3-methylimidazo[4,5-f]quinoline and 2-amino-3,
8-dimethylimidazo[4,5-f]quinoxaline and 2-amino-1-methyl-
6-phenylimidazo[4,5-b]pyridine[15].  Previous studies have
reported flutamide bioactivation using the P450 enzyme sys-
tem generated a nitro anion free radical after treatment[16].
These radicals can bind covalently to proteins and lipids, or
remove hydrogen atoms from polyunsaturated fatty acids in
lipids, thereby initiating lipid peroxidation and liver cell in-
jury[17].  Therefore, CYP1A2 increase might be a risk factor
for flutamide-associated hepatotoxicity or carcinogenicity.
In the present study, we investigate the modulation of
CYP1A2 expression in adult male rats given flutamide for 2
weeks.

Materials and methods
Chemicals  Flutamide was provided by the Shanghai

Hongqi Pharmaceutics Factory.  Trizol reagent was obtained
from Life Technologies and reverse transcription-polymerase
chain reaction kits were obtained from Sangon Biological
Technique.  Caffeine and its metabolite, and β-hydroxyethyl-
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theophyline (HT) were obtained from Sigma Chemical
Company.  Rabbit anti-rat CYP1A2 monoclonal antibody was
obtained from Santa Cruz Biotechnology (kindly provided
by Dr XC MA).

Animals and treatment  Adult male Sprague-Dawley rats
weighing between 200 g and 250 g (Experimental Animal Cen-
ter of Fudan University, grade II, certification No 01212) were
housed at a temperature of 20 °C–25 °C under a 12 h light/
dark cycle with 50% relative humidity in filtered and patho-
gen-free air.  The animals were acclimatized for 1 week prior
to use.  For CYP1A2 induction studies, rats were divided
into five groups of 10 animals each.  The first group was
given 0.5% carboxymethylcellulose sodium (CMC) as a
control, and the second group of rats received 3-methyl-
cholanthrene (3-MC, 30 mg/kg, ip, for 5 d) as a positive con-
trol for CYP1A2 induction.  Flutamide and 3-MC were also
suspended in 0.5% CMC.  The rats were treated once daily,
ig, for 14 consecutive days.  All rats were killed on d 16.
Livers were excised and immediately frozen on ice and stored
at -80 °C for total RNA and liver microsomal preparation.

RNA extraction and cDNA synthesis  Total RNA was
obtained from frozen rat livers (0.5 g–1 g) using Trizol
reagent.  The RNA concentration was determined spectro-
scopically at 260 nm, and 5 µg of total RNA was taken for
reverse transcription.  Random primer (300 ng) was added
and primer annealing was performed using incubation for
10 min at 65 °C and 10-min progressive cooling on ice.
Deoxynucleotides (dNTP) (4 mmol/L each), 5 µL of
10×reaction buffer, 50 U of block ribonuclease inhibitor, and
200 U of SuperScript II RNase reverse transcriptase were
added to a final volume of 50 µL, and samples were incu-
bated at 42 °C for 30 min.  The reaction was stopped by
heating to 90 °C for 5 min.  Control samples contained dis-
tilled water instead of RNA.  The synthesized cDNA was
stored at -20 °C until use.

Polymerase chain reaction  Reverse transcription sample
of 2.5 mL was added to the corresponding polymerase chain
reaction mixture containing 0.5 µmol/L sense and antisense
primer, 2 mmol/L MgCl2, 10 mmol/L Tris-HCl (pH  9), 50 mmol/L
KCl, 0.1% Triton X-100, and 80 µmol/L dNTP.  After heating
at 95 °C for 5 min and cooling to the primer-annealing tem-
perature for 5 min (60 °C), 2 U of Taq DNA polymerase was
added.  The following primers were used: CYP1A2 forward
(+127 to +147), 5'-GGACCCTGGGGCTTGCCCTTC-3'; reverse
(+484  to  +504), 5'-AGCCTCTTTGCTCACGTGCTC-3'; β-ac-
tin forward (+59 to +69), 5'-CCCAAGTCGCCTCC-GTCCCGC-
3'; reverse (+894 to +914), 5 -́CCCTCCAGGAGCCCCATGAGC-
3'.  The specificity of CYP1A2 primers was confirmed through
alignment with the CYP subfamily DNAs.  Amplification con-

ditions for all primer pairs were used as follows: 94 °C 30 s,
60 °C 30 s, and 72 °C 30 s for 30 cycles.  β-actin segment was
amplified separately and used as an external standard, be-
cause interaction of primer pairs caused a decrease in signal
intensity.  A total 12 µL of each preparation was subjected to
agarose gel electrophoresis in the presence of ethidium
bromide.  The gel was photographed using Polaroid 665 film
and the intensity of each band was quantified using the
software provided with the ABI 7700 system.  Each assay
was performed in triplicate.  Results were expressed as a
ratio of the optical intensity of the CYP1A2 to that of the
β-actin.  This approach allows for the semiquantita-tion of
the expression of the CYP1A2 gene.

Immunoblot analysis  Liver microsomes were prepared
as described by Kamataki and Kitagawa[18].  The protein con-
centration was determined using Bradford’s method[19], us-
ing a protein assay with bovine serum albumin as a standard.
Three micrograms of microsomal protein were resolved sepa-
rately by electrophoresis on 10% SDS-polyacrylamide gel
and then transferred onto a nitrocellulose membrane.  The
membrane was incubated with a rabbit anti-rat CYP1A2 mono-
clonal antibody, and further incubated with goat anti-rabbit
secondary antibody conjugated with horseradish peroxidase,
followed by detection with 3,3'-diaminobenzidine and hy-
drogen peroxide.  The membrane was scanned with an image
scanner, and the signal intensity was quantified using the
software provided with the ABI 7700 system.  In the present
study, the levels of CYP1A2 proteins were in the linear range
for densitometric readings.

CYP1A2 activity  Caffeine was used as a probe for
CYP1A2 activity and plasma caffeine (137X) and its metabo-
lite (17X) were assayed using high performance liquid chro-
matography[20].  After the last dose of flutamide and over-
night fast, each rat received 20 mg/kg (ip) of caffeine.  Blood
samples (2 mL) were drawn after caffeine administration.
Plasma was separated and frozen at -20°C for later analysis.
The mixtures of plasma containing 17X and 137X was
extracted with chloroform/isopropanol (9:1).  The residue re-
maining after evaporation was dissolved in 0.1 mL elution
and 20 µL was injected into the chromatographic system.
HT was chosen as an internal standard (IS).  All components
were separated isocratically on a reversed-phase column
using 0.05% acetic acid:acetonitrile:methanol (82:8:10) as a
mobile phase at a flow rate of 1 mL/min.  Ultraviolet detec-
tion wavelength was 282 nm.  The retention times for 17X,
137X, and IS were 4.50 min, 5.03 min, and 8.13 min, respec-
tively.  The CYP1A2 activity was expressed as a ratio of the
concentration of 17X to that of 137X observed 6 h after giv-
ing caffeine.
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Statistical analysis  The statistical significance of the
difference between the means of the two groups was
assessed using the independent t test (SPSS software package,
1997).  P<0.05 was considered statistically significant.

Results
CYP1A2 mRNA levels  The levels of CYP1A2 mRNA

were normalized using a comparison with β-actin, constitu-
tively expressed in the rat liver.  The increase in CYP1A2
mRNA was expressed as a percentage of the control.  After
flutamide treatment (50 mg/kg) of rats for 14 d, liver CYP1A2
mRNA levels were similar to control levels, but CYP1A2
mRNA levels were increased 1.86 and 3.11-fold relative to
controls in rats in flutamide 100 mg/kg and 200 mg/kg group,
respectively.  CYP1A2 mRNA levels were increased 15.6-
fold by 3-MC treatment (Figure 1).

CYP1A2 protein  Similar results were obtained for the
analysis of the P450 protein.  After 50 mg/kg flutamide
treatment, CYP1A2 protein in rat liver microsomes was simi-

lar to that in the control group.  However, CYP1A2 protein
levels increased 1.78 and 2.89-fold respectively, after 100
mg/kg and 200 mg/kg flutamide treatment as compared to
those in controls.  In contrast, 3-MC treatment increased the
CYP1A2 protein content 13.8-fold (Figure 2).

CYP1A2 enzyme activity  Caffeine is hydroxylated to
form paraxanthine (17X) using CYP1A2.  Concentration ratio
of caffeine metabolite paraxanthine to caffeine (17X/137X)
was used to express the activity of CYP1A2.  After giving
caffeine for 6 h, CYP1A2 activity in rats treated with flutamide
(50 mg/kg) was similar to that in the control group.  In rats
given 100 mg/kg and 200 mg/kg of flutamide, CYP1A2 en-
zyme activity increased 1.65 and 2.83-fold, respectively, as
compared to that in the control group.  3-MC increased
CYP1A2 activity 8.50-fold more than those in the control
group (Figure 3).

Discussion

In the present study, CYP1A2 mRNA, protein, and
enzyme activity were induced by flutamide treatment in rats.

Figure 1.  Effects of flutamide on cytochrome P450 1A2 (CYP1A2)
mRNA levels in rats.  (A) Total RNA was extracted from liver tissues,
CYP1A2 and β-actin mRNA levels were detected using reverse tran-
scription-polymerase chain reaction.  Each lane contains 1 µg total
of RNA from the liver of the control ra ts, flutamide and 3-MC
treated rats.  Lane 1 corresponds to the control liver, whereas lanes
2, 3, and 4 correspond to liver RNA from rats treated with flutamide
at 50 mg/kg, 100 mg/kg, and 200 mg/kg, respectively.  Lane 5 corre-
sponds to liver RNA from the 3-MC treated rats.  (B)Signal intensity
was quantified by a bioimage analyzer (n=10).  The signals were
normalized using β-actin.  The columns represent the induction (fold)
of CYP1A2  mRNA relative to the control.

Figure 2.  Induction of cytochrome P450 1A2 (CYP1A2) protein
in the rat liver after  flutamide treatment. (A) Liver microsomes
(3 g) were separated using SDS-polyacrylamide gel electrophoresis,
blotted onto a nitrocellulose membrane, and then probed with anti-
bodies against rat CYP1A2. Liver microsomes prepared from 3-MC-
treated rats were used as positive control in these analyses (lane 5).
Lanes 2, 3, 4 correspond to liver microsomes from rats treated with
flutamide (50 mg/kg, 100 mg/kg, and 200 mg/kg), respectively. Lane
1 corresponds to liver microsomes from control rats. (B) Immunoblots
were scanned with an image scanner and then analyzed using software
provided with the ABI 7700 system (n=10). The columns represent
the induction (fold) of CYP1A2 protein as compared to the control.
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It is reasonable to speculate that flutamide is a CYP1A2
inducer in rats.  This P450 induction is dose-dependent as it
increases with increasing amounts of flutamide in the liver.
The magnitude of CYP1A2 induction assessed using three
different parameters, that is, mRNA, protein, and enzyme
activity, was found to be comparable.  The differences be-
tween the mRNA and protein induction and between protein
and enzyme activity in rats were less than 2-fold; therefore, it
is highly probable that the CYP1A2 induction occurs mainly
at a pretranslational level, and we speculate that flutamide-
mediated CYP1A2 induction is a result of increased rate of
transcription.

CYP1A2 is one of the major constitutively expressed
P-450 in the liver tissue.  It catalyzes steroid hydroxylations,
such as 17β-estradiol 2-hydroxylation[21,22].  Of considerable
interest is the ability of P4501A2 to catalyze the N-hydroxyla-
tion of carcinogenic aryl amines and heterocyclic amines[23–25].
The oxidized products can modify DNA, either directly or
following conjugation with acryl or sulfate groups[26,27].  The
heterocyclic amines are of considerable interest in that they
are found in charbroiled food and cigarette smoke.  There is
some epidemiological evidence that elevated levels of
CYP1A2 can be a predisposing factor to colon cancer,
although the risk is marginal unless high levels of N-acetyl-

transferase are present along with high charbroiled meat
consumption.

Flutamide can be metabolized by CYP1A2 to form the
reactive metabolites.  Nitro radical and one-electron reduc-
tion products have toxic effects on the liver cells[16].  Induc-
tion of CYP1A2 can increase the formation of toxic metabo-
lites, and increase the incidence of liver toxicity.  This might
explain why flutamide had no significant liver toxicity after
low doses (50 mg/kg), although it caused liver toxicity at
higher doses (100 mg/kg and 200 mg/kg) in previous studies[28].
Therefore, the induction of CYP1A2 might have a large influ-
ence on the therapeutic efficacy and liver toxicity associated
with flutamide treatment.  Induction of CYP1A2 using
flutamide treatment and its possible effects on the metabo-
lism of other drugs and the carcinogenesis of heterocyclic
amines in human beings would be useful topics of further
study.
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Alterations of placental cytochrome P450 1A1 and P-glycoprotein in
tobacco-induced intrauterine growth retardation in rats1
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Abstract
Aim: To investigate the alterations of placental P-glycoprotein (P-gp) and cyto-
chrome P450 1A1 (CYP1A1) at different gestational days (GD), and to explore the
possible significance of placental P-gp and CYP1A1 in tobacco smoke-induced
intrauterine growth retardation (IUGR) in rats.  Methods: An IUGR model was
produced by passive tobacco smoking from GD 7 to parturition (GD 21) and pre-
dicted using fetal development parameters.  Placental structure and function were
monitored by observing pathological alteration and antioxidative function, in-
cluding the content of malondialdehyde and the activities of superoxide dismutase
and catalase (CAT).  The expressions of CYP1A1 and P-gp (mdr 1a and mdr 1b)
were detected using a reverse transcription polymerase chain reaction and
immunohistochemistry.  Results: Placental pathological changes occurred and
the malondialdehyde content increased, whereas the activities of superoxide
dismutase and CAT lowered, when compared to their controls.  In the rat placenta
of the tobacco group, the level of CYP1A1 mRNA increased significantly; the
level of  mdr1a mRNA increased significantly at GD 21 but not at GD 14, whereas
the level of  mdr1b mRNA in different term remained stable; the expression of P-gp
increased significantly only in full-term placenta.  Conclusion: The expression of
placental CYP1A1 and P-gp increased in tobacco-induced IUGR.  Overexpression
of  placental CYP1A1 can attribute to the metabolism of tobacco and the genera-
tion of reactive metabolites, which can trigger IUGR.  As a compulsory mechanism,
upregulation of P-gp might decrease tobacco exposure to a developing fetus with
IUGR.
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Introduction
There is ample epidemiological evidence that individuals

with intrauterine growth retardation (IUGR) carry an increased
risk of prenatal morbidity and mortality[1] and that those born
with IUGR are at a much greater risk of a wide range of medi-
cal problems, such as mental handicaps and neurobehavioral
disorders[2,3].  There are various possible causes of patho-
logically induced IUGR, and it is reported that some
xenobiotic exposure during pregnancy, including to tobacco
and drugs, could be attributable to IUGR[4,5].  Clinically, there
is no generally accepted effective treatment at present and,
therefore, the understanding of the mechanisms for control-

ling fetal growth and the causes for IUGR induced by
xenobiotics is extremely important in the development of
therapeutic options.

The placenta is the organ responsible for the transfer of
nutrients and waste products between the fetal and maternal
circulations, and plays a pivotal role in fetal growth[6]. The
placenta receives oxygen from the maternal circulation and
is positioned in an oxygen gradient between the mother and
fetus.  The placenta provides a link between the circulations
of 2 distinct individuals, but also acts as a barrier to protect
the fetus from xenobiotics in the maternal blood.  Animal
studies, such as embryo transplant and cross breeding
experiments, have shown that, unlike postnatal growth, the
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growth of the fetus is controlled predominately by the uter-
ine environment, and not by fetal or maternal genetic factors[7].
Therefore, placental dysfunction can have an important ef-
fect on fetal intrauterine development and can lead to fetal
diseases such as IUGR.

The placenta can perform xenobiotic transportation and
biotransformation.  The transfer of foreign chemicals across
the placenta can be modified by metabolism in the placenta
itself.  The extent to which drugs cross the placenta is also
modulated by the actions of placental phase I and II drug-
metabolizing enzymes.  Cytochrome P450 enzymes in par-
ticular have been well characterized in the placenta at the
level of mRNA, protein, and enzyme activity[8].  In some cases,
however, the enzymes can activate exogenous compounds,
making them toxic to the fetus[6].  Cytochrome P450 1A1
(CYP1A1) exists mainly in extra-hepatic tissue, and can acti-
vate some xenobiotics with possible deleterious effects.  The
alteration in CYP1A1 expression, for example, as a result of
inducers/inhibitors or maternal diseases, could potentially ad-
versely affect placental function and pregnancy outcome[9].
Studies show that CYP1A1 expresses in the placentas of
women who are exposed to cigarettes[6].  However, little is
known about the possible changes of placental CYP1A1 ex-
pression over the course of pregnancy and its roles in IUGR
formation.

Some drugs are pumped across the placenta by various
active transporters located on both the fetal and maternal
side of the trophoblast layer, and instances of drug-induced
birth defects have been in part blamed on the placenta’s
apparent ‘leakiness’ to maternal blood-borne agents[8].  The
impact of active transporters such as P-glycoprotein (P-gp)
on the disposition of drugs has been demonstrated in some
studies[10–12].  P-gp, which is encoded by the mdr gene, is a
membrane transport protein that functions as an efflux pump
for various cytotoxic compounds and, therefore, reduces the
intracellular concentrations of these compounds[10].  Stud-
ies suggest that P-gp of the trophoblast cells is involved in
the function of the blood–placental barrier and is necessary
in reducing fetal drug exposure[11,12], although little is known
about the expression of placental P-gp in different gesta-
tional time and its significance to IUGR.

It is difficult to correlate toxic chemicals and their trans-
portation and metabolism in the human placenta with IUGR.
The rat placenta is morphologically and histologically simi-
lar to the human one; both of them are of the same
hemochorial type.  Therefore, a rat model of IUGR estab-
lished by tobacco smoking is useful in providing us with
information about the relationships among xenobiotics, pla-
cental transportations/metabolisms, and IUGR.  To under-

stand the toxic mechanism of tobacco in IUGR formation, in
the present study, the alterations of placental CYP1A1  and
P-gp  expressions were investigated in IUGR rats, so as to
explore the possible significance of placental CYP1A1 and
P-gp in tobacco-induced IUGR.

Materials and methods

Chemicals  Thiobarbituric acid (TBA) and 5, 5'-dithio-2,
2'-dinitrobenzoic acid were obtained from Sigma.  Trizol re-
agent was obtained from Molecular Research Center and
One Step RNA PCR Kit was obtained from TaKaRa
Biotechnology.  Oligonucleotide primers were custom syn-
thesized by Sangon Biological Engineering Technology.
Rabbit anti-rat mdr1 and streptavidin-peroxidase (SP) reagent
were obtained from BOSTER Biotechnology.  All other chemi-
cals and reagents were of analytical grade.

Animals  Specific pathogen free(SPF) Wistar rats with
the weights of 190±18 g (female)/280±23 g (male) were ob-
tained from the Experimental Center of Medical Scientific
Academy of Hubei (China, No 2003-0005).  Virgin female and
male rats were left undisturbed for 5 d and then subjected to
experimental conditions.  Overnight, every 2 females was
mated up with 1 male rat and the occurrence date of a vaginal
plug was considered as gestational d 0 (GD 0).  Pregnant
rats were then housed 1 per cage in an environment of con-
stant temperature (21±2 °C) and relative humidity (50%±10%)
with a 12 h L:D cycle.  Ad libitum access to a standard diet
and water was permitted.  The study protocol was in accor-
dance with the guidelines for animal research and was ap-
proved by the Ethical and Research Committee of Wuhan
University.

Tobacco smoke exposure  On GD 7, pregnant rats were
allocated to either a control group or a tobacco group.  A rat
IUGR model was processed, with modification, according to
the procedure of Younoszai and Li[13,14].  From GD 7 till partu-
rition (GD 21), at 8:00, 11:00, 14:00, and 17:00, four pregnant
rats from the tobacco group were subjected to cigarette smoke
in a chamber measuring 40 cm×28 cm×18.5 cm for 15 min,
with the gross smoke concentration set at 9 g·m-3.  The tar
and nicotine yields of commercial cigarettes were 15 and
1.1 mg per cigarette, respectively.  The control group was
sham-treated; that is, a group of 4 pregnant rats were in the
same chamber without cigarette smoke for 15 min.  The preg-
nant rats were weighed at GD 0, GD 7, GD 14, and GD 21.
Animals were killed at 8:00 on GD 14 and GD 21, correspond-
ing to mid and late gestational time[15].  Each feto-placental
unit was removed quickly from the uterus and placenta speci-
mens were excised, rinsed with cold saline, immediately fro-
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zen in liquid nitrogen and stored at -80°C until used.  Pla-
centa weight and fetal development parameters (fetal body
and organ weights, and fetal body and tail lengths) were
recorded.

Placental pathomorphological observations and immu-
nohistochemistry  Fresh placentas were put into 4%
paraformaldehyde in phosphate buffered saline (PBS) for
24 h.  The fixed placental samples were processed using stan-
dard histological techniques and stained with hematoxylin
and eosin.  The slides were observed using light microscopy
(Axiopstar PLUS).

Routine immunohistochemistry SP method was carried
out.  The paraffin slides were deparaffinized with xylene and
rehydrated in a graded series of ethanol.  To quench endog-
enous peroxidase activity 0.3% H2O2 was added for 10 min,
and preimmune goat serum was used to block non-specific
binding sites.  Sections were then incubated at 37 °C for
20 min with a rabbit polyclonal anti-mdr1 antibody diluted in
PBS (1:100).  The slides were then incubated at 37°C for 15
min with an anti-rabbit secondary antibody and visualized
with a DAB chromatogen system.  PBS substituted for anti-
mdr1 antibody for negative staining control.  The slides were
observed under light microscopy (Axiopstar PLUS) and the
average gray level was measured using Photo Imaging Sys-
tem (HMIAS-2000).  The quantitative stereology was per-
formed in triplicates with 5 fields in each slide.

Tissue biochemical analysis  Placentas at GD 21 were
homogenized with saline to be 10% (w/v) homogenates.  Af-
ter the homogenates were centrifuged at 200×g for 10 min,
the supernatants were centrifuged at 9 000×g for 20 min and,
finally, collected and stored at -30 °C for the further assays.
Placental protein concentrations were determined using the
Lowry method[16], with the bovine serum albumin (BSA) as
standard.  The extent of lipid peroxidation was detected by
measuring malondialdehyde (MDA) content using TBA ac-
cording to a modified procedure described by Ondrejickova
et al[17].  The activities of superoxide dismutase (SOD) and
catalase (CAT) were measured as described above[18, 19].

Preparation of placental total RNA  Total RNA was iso-
lated from the frozen placentas according Trizol reagent

instructions.  The protocol involved disruption of cells,
denaturation of nucleoprotein complexes, inactivation of
endogenous ribonuclease (RNase) activity and, finally,
removal of proteins and degradation of residual DNA by
nuclease digestion.  The concentration and purity of RNA
were determined using a spectrophotometer (UV-1601,
Shimadzu) and adjusted to 1 µg/µL.  Total RNA was stored
in DEPC-H2O at -80 °C until used.

Semiquantitative reverse transcriptase-polymerase
chain reaction  The cDNA synthesis and polymerase chain
reaction (PCR) amplification were produced in 1 step using
Promega’s reverse transcriptase-polymerase chain reaction
(RT-PCR) System.  Different primers and  PCR  products are
shown in Table 1.  The final concentrations of reagents in
the RT-PCR reaction system were as follows: 1×One Step
RNA PCR buffer, 5 mmol/L MgCl2, 1 mmol/L of each dNTP,
0.8 U/µL RNase inhibitor, 0.1 U/µL avian myeloblastosis
virus (AMV) RTase XL, 0.1 U/µL AMV-optimized Taq,
0.4 µmol/L of each primer, and 0.02 U/µL placenta RNA in
each 50 µL reaction volume.  For quantitative analysis of
mRNA expression, the housekeeping gene cyclophilin, an
internal loading control[22], was used to amplify together with
the specific target gene in 1 tube.  RT-PCR reactions were
carried out in a thermal cycler: 50 °C for 30 min for reverse
transcription, then 94 °C, 2 min for RT inactivation; finally
72 °C, 5 min for a terminal elongation step following the am-
plification cycles.  PCR cycling conditions were as follows:
94 °C, 30 s; 62 °C, 45 s; 72 °C, 30 s, 45 cycles for CYP1A1.
94 °C, 30 s; 54 °C, 60 s; 72 °C, 30 s, 30 cycles for mdr1a.  94 °C,
30 s; 56 °C, 20 s; 72 °C, 30 s, 25 cycles for mdr1b.  DEPC-H2O
substituted for placental RNA for negative control.  An ali-
quot (4 µL) of the RT-PCR reactions was separated on a 1.5%
agarose gel containing ethidium bromide, visualized under
UV light, photographed, and analyzed by densitometry us-
ing Photo Documentation and Imaging System (Bio-1D).  The
expression level of target gene mRNA was shown as the
ratio of the intensities of the target-specific band and the
CYC band individually.

Statistical analysis  The experimental results were ex-
pressed as mean±SD.  Statistical Packages for Social Sci-

Table 1.   Gene-specific oligonucleotide polymerase chain reaction (PCR) primers. CYP1A1 , cytochrome P450 1A1; CYC, cyclophilin .

     Gene              Forward primer                                               Reverse primer                            PCR product/bp      Reference

CYP1A1 CTGGTTCTGGATACCCAGCTG CCTAGGGTTGGTTACCAGG 331 [20]

mdr1a GATGGAATTGATAATGTGGAC AAGGATCAGGAACAATAAA 351 [21]

mdr1b GAAATAATGCTTATGAATCCCAAAG GGTTTCATGGTCGTCGTCTCTTGA 326 [21]

CYC CTTCGACATCACGGCTGATGG CAGGACCTGTATGCTTCAGG 265 [20]
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ences (SPSS) was used for data analysis.  Analysis of vari-
ance (ANOVA) was used for comparison of means of several
groups and χ-square analysis was performed to test for dif-
ferences in proportions of categorical variables between 2
groups.  The level of significance was set at P< 0.05.

Results

Maternal body weights  The change in pregnant rat body
weight is a useful, indirect indicator of physical development.
During the period of GD 7 to GD 21, there was a significant
decline in the body weight and percentage weight gain after
tobacco exposure (Figure 1).

Neonatal body weights and physical development indexes
Body weight was an important index for diagnosing IUGR
(IUGR was diagnosed by the standard that the mean body
weight in the treated group was less 2 standard deviations
than that in the control group)[23].  The offspring in the

tobacco group showed a lower average body weight (3.20 g)
than the control group (4.30 g) at GD 21, indicating fetal IUGR.
The ratio of IUGR increased to 44.74% (34/76) in the tobacco
group, whereas it was only 5.06% (4/79) in the control group.
In addition, the body and tail lengths, and liver and brain
weights of the tobacco group significantly lagged behind
those of control group at GD 21, with a suppression of
14.2 %, 8.9 %, 22.9 %, and 10.5 %, respectively (P<0.01)
(Table 2).

Placental pathomorphology  The rat placenta is com-
posed of 3 distinct zones: labyrinth, basal, and maternal
deciduas; where the labyrinth zone represents the main area
of maternal-fetal exchange.  According to our results, com-
pared to those in the control group (Figure 2A), the obvious
changes occurred in the labyrinth and basal deciduas of the
full-term placenta in IUGR rats, such as through interstitial
and endovascular hemorrhage in the labyrinth zone, and tro-
phoblast cells necrosis in the basal zone (Figure 2B).  Full-
term placental weight (0.39±0.08 g) of tobacco-induced IUGR

Figure 2.  Effects of prenatal tobacco exposure on placental pathomorphological changes at gestational d 21. A: control group; B: tobacco
exposure group. Black arrowheads indicate between labyrinth and basal zone. Hemorrhage in labyrinth zone and necrosis in basal zone are
represented by H and N, respectively. ×200.

Table 2.    Effects of prenatal tobacco exposure on the body weights
and physical development indexes of rats’ offspring on gestational
d 21. n=8. Mean±SD. cP<0.01 vs control group. IUGR, intrauterine
growth retardation.

       Indexes       Control                  Tobacco

Body weight/g 4.30±0.68 3.20±0.85c

Ratio of IUGR 5.06% (4/79) 44.74% (34/76)c

Body length/cm 3.87±0.26 3.32±0.32c

Tail length/cm 1.35±0.15 1.23±0.13c

Liver weight/mg 0.35±0.07 0.27±0.08c

Brain weight/mg 0.19±0.02 0.17±0.02c

Figure 1.  Effects of prenatal tobacco exposure on the percentage
of maternal body weight gain. n=8. Mean±SD. bP<0.05 vs control
group at gestational d 14 (GD 14). eP<0.05 vs control group at GD 21.
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rats decreased by more than that of the normal placentas
 (0.49±0.06 g).

Placental antioxidative system In the tobacco exposure
group, placental MDA content was significantly increased
by 50.0% (P<0.05), and the activities of SOD and CAT were
notably decreased by 58.2% and 30.6% (P<0.05, P<0.01), re-
spectively (Table 3).

Placental CYP1A1 mRNA expression No PCR product
for CYP1A1 mRNA was detected in normal placentas.
However, expression was detected in the placentas of the
tobacco exposure group; furthermore, the level at GD 21 was
approximately 1.39-fold higher than that at GD 14, with a faint
band (Figure 3).

Placental P-gp and  mdr1 mRNA expression Immuno-
histochemical analysis with anti-mdr specific antibody
showed strong positive staining in placenta trophoblasts

(Figure 4A–D).  The P-gp level at GD 14 in the tobacco group
(Figure 4B) was similar to that of the normal placenta

Table 3.    Effects of prenatal tobacco exposure on full-term placen-
tal antioxidative function in rats. n=8. Mean±SD. bP<0.05, cP<0.01
vs control group.

 Groups       Malondialdehyde         Superoxide             Catalase
                /mmol·mg-1 protein      dismutase          /k·mg-1 protein
                                                 /U·mg-1 protein

Control 30±6 3.9±1.2 0.62±0.16
Tobacco 60±14c 1.6±0.5c 0.43±0.07b

Figure 3.    Effects of prenatal tobacco exposure on expression of
placental CYP1A1  mRNA at different times by the quantitative re-
verse transcriptase-polymerase chain reaction using cyclophilin as
internal control (n=4 per treatment). Lane 1: control group at gesta-
tional d 14 (GD 14); lane 2: tobacco group at GD 14; lane 3: control
group at GD 21; lane 4: tobacco group at GD 21. cP<0.01 vs control
at GD 14. fP<0.01 vs control at GD 21.

Figure 4.    Effects of prenatal tobacco
exposure on the expression of P-glyco-
protein (P-gp) a t different t imes by
immuno-histochemistry. A: control
group at gestational d 14 (GD 14); B:
tobacco group at GD 14; C: control
group at GD 21; D: tobacco group at
GD 21. P-gp (arrow) was detected in the
developing labyrinth zone of the ra t
placenta. ×400.



1392

 Acta Pharmacologica Sinica ISSN 1671-4083Yan YE et al

effect on the placenta that secondarily limits fetal growth.
The placenta is now viewed as a metabolic barrier rather

than a physical barrier[24].  The placenta can perform biotrans-
formation that occurs in the liver.  Numerous foreign com-
pounds reach the placenta through the maternal circulation
and placental tissue is capable of oxidizing several of them.
In present study, the expression of CYP1A1 mRNA was de-
tected in the placentas of the tobacco group, but not in the
normal placentas; furthermore, the expression of CYP1A1
mRNA was higher in full-term placentas than that in mid-
term placentas.  These results demonstrate that an increase
of CYP1A1 with environmental tobacco exposure is obvious
and that a time-response relationship exists during tobacco
consumption.  There are many well-known CYP1A1 induc-
ers in tobacco, and smoking is one important source of expo-
sure to them.  Increased CYP1A1 level might explain the
toxic mechanism because polyarylhydrocarbons can be
bioactivated by CYP1A1 and can generate reactive metabo-
lites[25].  Wu et al  found that placental and fetal tissues were
capable of metabolizing benzo(a)pyrene [B(a)P], albeit to a
lower extent, and that CYP1A1 was involved in metabolism
of inhaled B(a)P[26].  In addition, CYP1A1 can result in free
radical formation and lipid peroxidation, and then affect uter-
ine redox environment and fetal growth.  Oxidative stress
has been increasingly postulated as a major contributor to

(Figure 4A).  However, the level at GD 21 in the tobacco
group (Figure 4D) was higher than that of normal placenta
(Figure 4C), almost 1.24-fold higher (P<0.05).

The levels of mdr1a mRNA at GD 14 and GD 21 in the
placentas of tobacco groups were approximately 1.10-fold
and 1.32-fold higher than those in the normal placentas
(Figure 5).  mdr1b mRNA level, however, was not signifi-
cantly different between the 2 groups (Figure 6).

Discussion

The placenta, which is derived from both fetal and mater-
nal tissues, is considered the first fetal organ to be exposed
to exogenous substances and plays an important role in fe-
tal intrauterine development.  In the present study, gesta-
tional tobacco smoking resulted in significantly delayed fe-
tal growth, as indicated by the fetal development parameters,
especially fetal body weight.  Meanwhile, placental weight
decreased and obvious pathomorphological changes were
observed.  Our result showed that the content of MDA was
higher and the activities of SOD and CAT were lower in IUGR
placentas, suggesting a decreased ability of placental
antioxidative defense.  Therefore, these results suggest that
prenatal tobacco exposure has a specific and deleterious

Figure 5.    Effects of prenatal tobacco exposure on expressions of
placental mdr1a mRNA at different times by the quantitative reverse
transcriptase-polymerase chain reaction using cyclophilin as inter-
nal control (n=4 per treatment). Lane 1: control group at gestational
d 14 (GD 14); lane 2: tobacco group at GD 14; lane 3: control group
at GD 21; lane 4: tobacco group at GD 21. bP<0.05 vs control at
GD 21.

Figure 6.    Effects of prenatal tobacco exposure on expressions of
placental mdr1b mRNA at different times by the quantitative reverse
transcriptase-polymerase chain reaction using cyclophilin as inter-
nal control (n=4 per treatment). Lane 1: control group at gestational
d 14 (GD 14); lane 2: tobacco group at GD 14; lane 3: control group
at GD 21; lane 4: tobacco group at GD 21.
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dysfunction in IUGR[27], and our data indicates a decreased
ability of placental antioxidative defense.  The present find-
ing of significant upregulation of placental CYP1A1 mRNA
subsequent to prenatal tobacco exposure supports a hy-
pothesis that an elevated placental CYP1A1 level can be a
trigger for IUGR.

In P-gp, generally, mdr1a appeared to be the pharmaco-
logically most relevant isotype.  Schinkel et al  also indi-
cated that mdr1a was the critical placental P-gp in mice[28].  In
a study by Lin, Mdr1b was highly induced in the secretary
epithelium endometrium of the uterus in mice during preg-
nancy and might protect steroid secreting cells from poten-
tially damage[29].  In the present study, we analyzed P-gp
expression in the rat placenta during its maturation, using
the methods of immunohistochemistry.  Intensive immunore-
activity for P-gp was found in the developing labyrinth zone
of  normal placentas.  Furthermore, tobacco smoking induced
P-gp expression of the trophoblast cells only in full-term
placentas.  We examined the changes of mdr1 levels in dif-
ferent stages, using the RT-PCR method.  We found different
P-gp members displayed distinct inductive patterns.  Our
PCR data indicates that the expression of mdr1a gene tends
to increase from GD 14 to GD 21 in the normal placenta, which
correlates well with the results of  Novotna et al[30].  During
tobacco smoke exposure, a significant increase in the amount
of mdr1a mRNA has been observed at GD 21, although it
remained steady at GD 14.  The level of mdr1b almost
remained steady at GD 14 and GD 21 between control and
tobacco groups.  These results suggest that tobacco smoke
induced P-gp, especially mdr1a.  The different expressional
patterns of  mdr1a and mdr1b genes show that they were not
co-regulated during pregnancy and signified that the expres-
sion of both genes probably underlied different regulation
pathways, which is supported by the recent data of Lee[31,32].
P-gp was able to extrude a wide variety of structurally and
chemically unrelated compounds out of cells[33].  Researches
have selected B(a)P as a potential P-gp substrate[34].  There-
fore, we suspect that the higher expression of P-gp in rat
IUGR placenta might be caused by the pumping out of part
of the tobacco toxins, to decrease toxicity and, thus, to pro-
tect the fetus from potentially harmful xenobiotics during
tobacco exposure, which might be a compulsory mechanism
of IUGR.  However, we cannot exclude the possibility that
there exist some P-gp inducers in tobacco.  Further experi-
ments are needed to examine this possibility.

In summary, the present study has discussed the abnor-
mal alterations of placental morphology and function in to-
bacco-induced IUGR.  The expression of placental CYP1A1
and P-gp increased in tobacco-induced IUGR.  Overexpres-

sion of  placental CYP1A1 can contribute to the metabolism
of tobacco and can generate reactive metabolites, which can
be a trigger for IUGR.  However, upregulation of P-gp might
pump out part of the tobacco toxins, as a compulsory mecha-
nism of IUGR, to decrease tobacco exposure to the develop-
ing fetus.
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Abstract
Aim: To develop and optimize a sustained release multivesicular liposome (MVL)
formulation of interferon (IFN) α-2b.  Methods: IFN α-2b MVL were prepared
using a typical double-emulsion procedure.  The sustained release effects of IFN
α-2b MVL were investigated by monitoring the blood IFN α-2b concentration
using an enzyme-linked immunosorbent assay test after subcutaneous adminis-
tration to healthy mice.  Results: IFN α-2b was successfully encapsulated in
MVL with high efficiency, and the integrity of encapsulated protein was
maintained.  After subcutaneous injection, the MVL slowly released IFN α-2b into
systemic circulation in a sustained manner.  The estimated serum half-life of IFN
α-2b was approximately 30 h.  In addition, varying the size of the MVL prepara-
tions could further modify the in vivo release profile.  Conclusion: IFN α-2b MVL
may be a useful sustained release formulation in the clinical treatment of viral
diseases.
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Introduction
Interferon (IFN) α-2b is an important cytokine and has

been used widely as a therapeutic agent to treat patients
with viral and oncological diseases.  It is an essential com-
ponent of the treatment of chronic hepatitis B infection[1].
However, in the recommended dosing regimen, the protein
needs to be administered every other day for 3 months, which
brings about much inconvenience to the patients.  The t1/2 of
IFN α-2b, when administered subcutaneously, is only about
4 h[2].The protein was shown to be cleared quickly, therefore
frequent repeated administrations are necessary.

Much effort has been devoted to the development of
IFN α-2b-based products with persistent effects.  One
approach, covalent attachment of polyethylene glycol (PEG)
to the protein surface (PEGylation), has been the most
successful.  Several PEGylated IFNα products are already
on the market.  The half-life of the PEGylated protein is 40 h,
thus it only needs to be administered once a week for similar
therapeutic effects[3].  However, the chemical conjugation
process of PEGylation is rather complex and the PEGylated

products are usually mixtures with different PEG conjuga-
tion sites.  In addition, a few studies have suggested that the
chemical modifications can sometimes affect the structure
as well as the bioactivity of the protein[4].

An alternative approach is to develop sustained-release
depot formulations of IFN α-2b.  Liposome formulations of
IFNγ have been developed and have been reported to have
prolonged release profiles of up to 160 h.  Even so, using
conventional liposome formulations, the drug loading ca-
pacity and encapsulation efficiency are still rather low and
variable[5].

Multivesicular liposomes (MVL), on the other hand, have
a different structure and possess some distinctive properties.
They usually contain a larger internal space, which would
allow more drug to be loaded.  Their larger size would also
deter rapid clearance by tissue macrophages so that they
may act as drug depots to enable sustained release of drugs[6].
The MVL formulation of the anticancer drug cytarabine
(DepocytTM) has been developed successfully and is now
being used widely for the treatment of leukemia[7].

We took a similar approach in the present study and evalu-
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ated the MVL formulation of IFN α-2b and its biopharma-
ceutical properties.  Some of the parameters that affected the
MVL in vivo pharmacokinetic behaviors were further
investigated.  Our data suggest that MVL formulation of IFN
α-2b can be developed with satisfactory sustained release
properties in vivo, which may have useful clinical applica-
tions.

Materials and methods

Materials  1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), cholesterol, triolein and 1,2-dipalmitoyl-sn-3-
phosphoglycerol (DPPG) were all purchased from Sigma (St
Louis, MO, USA).  L-lysine was purchased from Sangon
Biological Engineering Technology and Service Co   (Shang-
hai, China).  IFN α-2b (recombinant human interferon α-2b)
was kindly provided by Pan Asia Bio (Shanghai, China), and
all other reagents were of analytical grade and purchased
from Shanghai Chemical Reagent Co (Shanghai, China).

Multivesicular liposome preparation  The MVL formu-
lations of IFN α-2b were prepared based on the typical
double-emulsion procedure developed by Kim et al[8–12].
Briefly, 1 mL chloroform containing the lipids (molar ratio
DOPC:cholesterol:DPPG: triolein, 7:11:1:1; two other molar
ratios were also used: 7:11:1:4 and 7:11:1: 8) was emulsified
at 10 000 r/min for 10 min with 1 mL aqueous solution con-
taining IFN α-2b in phosphate-buffered solution (PBS) and
various sucrose concentrations to produce a water-in-oil
emulsion.  This water-in-oil emulsion was subsequently emul-
sified with 4 mL of an aqueous solution containing 4% glu-
cose (w/v) and 20 mmol/L lysine at 2500 r/min for 10 s, and
then poured into another 4 mL of the same aqueous solution.
Chloroform was removed by flushing nitrogen over the sur-
face of the double emulsion at 37 °C for approximately 15 min.
The resultant MVL were pelleted at 600 ×g and washed twice
with PBS to remove unencapsulated IFN α-2b.  The IFN α-2b
concentration in MVL was determined by HPLC quantifica-
tion and adjusted accordingly.

For preparing MVL samples with narrower size distribu-
tions, the procedures were further modified.  For large-sized
MVL, a smaller emulsification force (1000 r/min) was applied
during the second emulsification and the chloroform was
removed slowly (over 30 min).  The large MVL were purified
and harvested by centrifugation at 100×g and only the pellet
was collected.  For small-sized MVL, the second emulsifica-
tion step was carried out at 10 000 r/min.  Chloroform was
removed over approximately 15 min.  The resultant MVL were
then centrifuged twice at 100×g for 10 min, and the precipi-
tants were discarded.  Small-sized MVL were then harvested

in the pellet after centrifugation at 600×g for 10 min.  The size
distributions were quite reproducible because of the purifi-
cation-by-centrifugation step.  The IFN α-2b concentration
was determined by HPLC quantification and adjusted
accordingly.

Multivesicular liposome size measurements  The MVL
suspensions were diluted in saline.  The particle size distri-
bution was measured using a CIS100 particle size analyzer
(Ankersmid, the Netherlands).

Encapsulation efficiency determination  IFN α-2b encap-
sulation efficiency was determined by measuring the amount
of encapsulated protein as compared to the total amount
added[13].  Briefly, the MVL were pelleted by centrifugation
at 600×g for 10 min.  The pellet was then treated with extrac-
tion solution (0.2% Triton X-100, 28% ethanol, 71.2% water,
v/v) and quantified using the HPLC assay described below.

IFN α-2b characterization  IFN α-2b was characterized
using reverse phase (RP)-HPLC, sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and enzyme-
linked immunosorbent assays (ELISA).  RP-HPLC was car-
ried out on a Agilent 1100 liquid chromatography system at
45 °C using a linear gradient of 45%–70% solvent B [CH3CN,
0.1% Trifluoroacetic Acid (TFA)] over 11 min, and then a
sharp linear gradient of 70%–100% solvent B over 9 min at a
flow rate of 1.0 mL/min.  Solvent A was water (0.1% TFA).
IFN α-2b was detected by UV absorbance at 280 nm.  The
standard curve showed a linear correlation within the range
of 2.0 µg/mL–100 µg/mL.  The intra-day and inter-day assay
precisions were determined to be less than 3% and 2%,
respectively.  SDS-PAGE analyses of encapsulated IFN α-2b
were carried out using 12% acrylamide gels under reducing
conditions and stained with silver stain.  ELISA were carried
out using the human interferon α ELISA Kit (sandwich
method) from PBL Biomedical Laboratories (Piscataway,NJ,
USA).  The protein control and the MVL samples were both
treated with extraction solution (0.2% Triton X-100, 28%
ethanol, 71.2% water) for 30 min and then applied to the
ELISA plate.  IFN α-2b concentrations were determined ac-
cording to the standard curve supplied with the kit.

In vitro drug release study  Aliquots of IFN α-2b MVL
(500 µL) were pipetted into a 50 mL beaker containing 25 mL
of saline solution.  The beaker was incubated at 37 °C under
constant rotation at 12 r/min.  Three samples were collected
at each time point (0 h, 24 h, 48 h, 72 h, 96 h, 120 h, 144 h, and
168 h) and were centrifuged at 600×g for 10 min.  The protein
concentrations in the pellets were determined using the
RP-HPLC assay[14].

In vivo pharmacokinetic studies  Free IFN α-2b and
IFN α-2b MVL suspensions were injected subcutaneously
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in a single dose in female SD rats.  Three rats were included
in each group.  Blood samples (0.3 mL) were collected at
specific time points (5 min, 30 min, 2 h, 8 h, 12 h, 24 h, 48 h,
72 h, 96 h, and 120 h after injection) and were placed aside
for 30 min at room temperature.  The supernatant (serum)
was collected by centrifugation at 700×g for 10 min.  IFN α-
2b concentrations were determined using ELISA, which has
a detection limit of 30 pg/mL.  Any values lower than 30 pg/
mL were considered undetectable.

Results
Interferon α-2b encapsulation in multivesicular lipo-

somes  Multivesicular liposomes containing IFN α-2b were
prepared according to the standard double-emulsion method.
The preparations were highly reproducible, usually yielding
MVL with similar size distributions and encapsulation
efficiencies.  A representative light microscope image of the
resultant MVL is shown in Figure 1A.  The particle size dis-
tribution analysis is shown in Figure 1B.  The MVL had a
rather broad size distribution ranging from 2 µm to 50 µm in
diameter.  The median size was approximately 18 µm.

The encapsulated proteins were characterized using SDS-
PAGE, ELISA, and HPLC.  There was no chemical degrada-
tion in the peptide chain after the preparation.  The struc-
tural integrity of the protein is considered crucial to its activity.
We used an ELISA to partially characterize the 3-dimensional
conformational change in the protein.  Our data showed that
the antibody binding affinity to the protein was only slightly
reduced, indicating that there was a substantial amount of
native structure remaining in the protein sample after prepa-
ration (Figure 2).

Interferon α-2b encapsulation efficiencies  Several pa-
rameters were evaluated for their effects in optimizing IFN α-2b
encapsulation efficiencies.  Table 1 lists some of the repre-
sentative scenarios.  Using the standard lipid MVL formula-
tion  (48.3 mmol/L DOPC, 70.7 mmol/L cholesterol, 6.7 mmol/L
DPPG and 6.7 mmol/L triolein), the encapsulation efficiency
was approximately 30%.  It can be further increased by add-
ing more lipids.  At a protein-to-lipid ratio of 0.031 (w/w), the
encapsulation efficiency was more than 60%.  In contrast to
the reported development of MVL formulation of progeni-
poietin, we did not find any evident correlation between the
sucrose concentration in the first aqueous phase and IFN α-
2b encapsulation efficiency[15].  Furthermore, the encapsula-
tion capacity only seemed to vary slightly with different tri-
olein contents.

Interferon α-2b release from multivesicular liposomes
in vitro  The MVL were stable when stored in saline in small

Table 1.   Interferon α-2b encapsulation efficiencies in various
multivesicular liposome formulations.  n=3. Mean±SD.

  Sucrose           Protein-to-        Triolein-to-         Encapsulation
concentration     lipid ratio          DOPC ratio           efficiency
  (%, w/v)   (mg/mg)      (molar)              (%)

2.5 0.063 0.139 34.10±0.70
4.0 0.063 0.139 23.60±0.50
5.0 0.063 0.139 36.25±2.15
5.0 0.031 0.139 66.70±1.30
5.0 0.042 0.139   53.0±0.60
5.0 0.126 0.139 21.85±0.55
7.0 0.063 0.139   39.0±1.15
5.0 0.063 0.596 29.60±1.20
5.0 0.063 1.190 27.25±0.85

Figure 1.  (A) Light micrograph of interferon (IFN) α-2b multive-
sicular liposomes (MVL) at 400×magnification.  Scale bar=5 µm.  (B)
Particles size distribution of IFN α-2b MVL.

volumes at 4 °C, with less than 2% protein leaked after
3 months (data not shown).  When the MVL were diluted
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into a large amount of saline (1:50 dilution) under well-mixed
conditions, the encapsulated protein would gradually leak
out (Figure 3).  Approximately 90% of the content was shown
to have been released after 7 d.

In vivo pharmacokinetic profiles   After subcutaneous
injection of a dose of 2.5 mg/kg, free IFN α-2b proteins were
cleared quickly within 1 d (the detection limit of the ELISA
kit was at 30 pg/mL).  The MVL sustained release formula-
tions, however, would provide a continuous supply of IFN
α-2b to the systemic circulation, which lasted more than 2 d.
The detailed pharmacokinetic behavior was found to be re-
lated to the triolein content in the MVL formulation (Figure 4).
Increases in triolein content resulted in longer release times.

Effect of multivesicular liposome size on in vivo protein
release profiles  To further optimize the sustained release
profile of IFN α-2b MVL formulations, we specifically com-
pared the in vivo release properties of MVL with different
sizes.  As the typical MVL preparation procedure yielded
MVL with rather broad size distributions (Figure 1B), we
modified some emulsification parameters and added a final

Figure 3 .  Interferon (IFN) α-2b in v itro  release profile from
multivesicular liposomes (MVL) in saline.  The data represent the
percentage of total IFN α-2b retained in MVL at various incubation
time points.  n=3.  Mean±SD.

Figure 2.  (A) Sodium dodecyl sulphate-polyacrylamide gel electrophoresis of interferon (IFN) α-2b before and after multivesicular liposome
(MVL) encapsulation.  Lane 1, low molecular weight standard; lane 2, IFN α-2b extracted from MVL; lane 3, native IFN α-2b.  (B) Enzyme-
linked immunosorbent assay binding activities of unencapsulated IFN α-2b and IFN α-2b extracted from MVL (2000 pg/mL).  □: Unencap-
sulated IFN α-2b; ■: IFN α-2b from MVL. The data represent the mean±SD (n=3).  (C) Comparison of the reverse phase high performance
liquid chromatography profile of unencapsulated (free form) IFN α-2b to that of IFN α-2b extracted from DepoFoam particles.  Above:
unencapsulated IFN α-2b; below: IFN α-2b encapsulated in MVL.

fractionation step to obtain MVL samples in much narrower
size distributions.  The lipid formulation remained the same.
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Two different-sized populations were obtained and their size
profiles are shown in Figure 5A.  The large MVL had sizes of
approximately 40 µm–60 µm diameter, and the small MVL
were approximately 10 µm–25 µm in diameter.  The samples
were administered subcutaneously at a dose of 1.2 mg/kg
and the IFN α-2b serum concentrations were determined and
plotted in Figure 5B.  It shows that small MVL released the
encapsulated protein content over a longer time compared
with large MVL.

Discussion
Multivesicular liposome formulations have been devel-

oped successfully for the prolonged release of cytarabine,
morphine and other drugs[16,17].  The long-lasting sustained
release properties were most evident when the formulations
were administered in a small confined space, such as the
epidural.  We showed here that MVL could also be used to
achieve reasonable prolonged release properties after sub-
cutaneous administration, and MVL IFN α-2b formulations
may be developed for the treatment of viral infections requir-
ing less frequent dosing.  Our data indicate that MVL can
maintain their structure in the subcutaneous interstitial space
for a few days and slowly release the encapsulated proteins
into the systemic circulation.  There was considerable pro-
tein detected in the circulation for more than 5 d, and the
serum half-life was estimated to be approximately 30 h.

The prolonged serum half-life that we achieved is actu-
ally comparable to what has been reported for the PEGylated

IFN α-2b product currently in clinical use, even though their
mechanisms for sustained serum concentration are quite
different.  PEGylated IFN α-2b requires chemical modifica-
tion of the protein structure, which might affect its bioactivity.
The PEGylated proteins are absorbed into the systemic cir-
culation quickly after administration but remain there for a
long time by avoiding various clearance mechanisms.  In
contrast, the proteins in MVL formulations are unmodified,
which wait inside the subcutaneous MVL depot, slowly leak
out, and enter the circulation.  They should maintain their
original structure, and most likely their full bioactivities.  Their
distribution and clearance mechanisms should also follow
the same pathway as natural IFN α-2b.  Therefore, compared
to the PEGylated product, MVL formulations would have a
more defined safety profile, established manufacture proce-

Figure 4.  Serum interferon (IFN) α-2b concentrations after subcu-
taneous injection of IFN α-2b multivesicular liposomes (MVL) pre-
pared using various molar ratios of triolein to DOPC (0.139, 0.596
or 1.19).  The dosage is 1.6 mg/kg.  □: Unencapsulated IFN α-2b; ●:
tr iolein/DOPC=0.139; ○:  tr iolein/DOPC=0.596; ▼ :  tr iolein/
DOPC=1.19.  Blood samples were collected at 8 h, 24 h, 48 h, 72 h,
96 h, 120 h after administration.  n=3.  Mean±SD.

Figure 5.  (A) Particle size distribution of 2 different preparations
of interferon (IFN) α-2b multivesicular liposomes (MVL).  (B) Serum
IFN α-2b concentrations after subcutaneous injection of IFN α-2b
MVL with different sizes.  ○: Free IFN α-2b; ●: IFN α-2b MVL with
larger sizes (40 µm–60 µm); □: IFN α-2b MVL with smaller sizes
(10 µm–25 µm).  The dosage was 800 µg/kg.  Blood samples were
collected at 5 min, 30 min, 2 h, 8  h, 16 h, 24 h, 48 h, 72 h, 96 h,
and 120 h after administration.  n=3.  Mean±SD.



1400

 Acta Pharmacologica Sinica ISSN 1671-4083Qiu J et al

dures and drug efficacy, and side effects that are easier to
evaluate.  We therefore believe that MVL formulation may
be an attractive candidate for the sustained delivery of IFN
α-2b for the treatment of viral infections.

Another significant advantage of the MVL formulations
is its high drug loading capacity.  Compared with conven-
tional liposomes, which often have limited encapsulation for
hydrophilic proteins, the MVL offer a much larger internal
space and therefore usually have higher encapsulation
efficiencies.  For IFN α-2b, the encapsulation efficiency was
usually more than 30%.  However, the double-emulsion prepa-
ration method has been shown to cause protein degradation
and denaturation[18].  Also, there might exist protein-liposo-
mal bilayer interactions that may affect protein conformation
and activity[19,20].  We used three methods to test protein
chemical and structural changes after encapsulation.  Both
the SDS-PAGE and HPLC analyses showed that the proteins
were chemically intact.  For protein conformational changes,
some studies have used biophysical methods such as
circular dichroism and fluorescence spectroscopy to detect
the secondary structure or local amino acid environment
changes[19].  We adopted a biochemical approach using an
ELISA to probe possible 3-dimensional conformational
changes.  The ELISA may have its limitations because it can
only detect changes of structure near binding sites.  However,
antibody binding has been shown to be very sensitive to
protein denaturing effects, and ELISA are commonly used in
protein formulation studies to assay protein structure integ-
rity[21].  Our data showed that the antibody binding affinity
for the protein after encapsulation was only slightly reduced,
indicating that substantial native structure remained after
preparation.  Further studies are needed to confirm the de-
tailed bioactivity of the encapsulated IFN α-2b.

We also tested several parameters that might affect the
release profile of MVL.  Triolein is used as a hydrophobic
space filler at lipid membrane intersection points and can
stabilize the junctions[11].  The amount of triolein in the MVL
formulation was suggested to be important for MVL mor-
phology and stability[11,22].  We showed that it had a signifi-
cant impact on the in vivo release profiles of IFN α-2b
(Figure 4).  It is possible that when more triolein is present,
the lipid walls are more stable and therefore the protein is
released more slowly.

With a similar argument, we hypothesized that the size of
the MVL would also be important for the drug release profile,
because the inter-compartmental fusion and diffusion of the
proteins in larger MVL would add another rate-limiting step
and would eventually result in faster protein release into the
environment.  However, when we used the typical prepara-

tion procedure, the resultant MVL size distribution was rather
broad, ranging from 2 µm to 50 µm (Figure 1).  It is difficult to
differentiate the release profile of different-sized MVL.
Therefore, we developed a modified procedure to make MVL
with much narrower size distributions (Figure 5).  Based on
our data, the protein release from MVL with smaller sizes
(10 µm–25 µm) was indeed slower than that from larger MVL
(40 µm–60 µm), which is an important observation.  We there-
fore suggest that, in further development of control-released
formulations, MVL sizes will need to be optimized and well
controlled.

In summary, we have demonstrated that IFN α-2b MVL
formulation can achieve high encapsulation efficiency, good
stability and sustained release effects.  The sustained re-
lease effect can be affected by the triolein content and par-
ticle sizes.  Further optimization is needed in order to de-
velop a clinically valuable sustained release formulation of
IFN  α-2b.
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Introduction
Hirudin, a 65–66 amino acid polypeptide (7 kDa), is one

of the most potent inhibitors of thrombin and has proven to
have outstanding anticoagulant and antithrombotic activi-
ties[1].  Recombinant hirudin (rHV), which can now be pro-
duced through DNA techniques, has a similar anticoagula-
tive effect to natural hirudin[2].  Compared with other
anticoagulants, including heparin, rHV possesses many ad-
vantages with respect to safety, antigenicity, and toxicity[3].
Currently, rHV has been used for the prophylaxis and treat-
ment of heparin-induced thrombocytopenia (HIT), venous
and arterial thrombosis, and shunt thrombosis, and the treat-

ment of disseminated intravascular coagulation (DIC)[4,5].
However, because of its susceptibility to protease

degradation and low mucosal permeability, only parenteral
injection (iv or sc) is available for the delivery of rHV.  Fre-
quent injections, especially when rHV is indicated by chronic
symptoms (and during prophylactic usage) would cause con-
siderable discomfort to patients.  Therefore, considerable
effort has been directed towards developing alternative ad-
ministration routes other than injection.   Although recombi-
nant hirudin-1 (rHV1) and rHV2 can be absorbed in the gas-
trointestinal tracts of rats after  duodenal and oral
administration, the absorption was limited or it varied de-
pending on the analytical methods used, which indicated

Abstract
Aim: To investigate the enhancing effects of chitosan with or without enhancers
on nasal recombinant hirudin-2 (rHV2) delivery in vitro and in vivo, and to evalu-
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that the results were unreliable[6,7].  As a convenient method
of administration, nasal delivery has many benefits relative
to oral administration, including the avoidance of the liver
first-pass effect and a higher bioavailability.  Additionally,
for polypeptides, nasal delivery is one of a few non-parenteral
administrative routes that have gained regulatory approval
so far.  Nasal delivery formats for polypeptide drugs such as
calcitonin, insulin, desmopressin and growth hormone are
already commercially available or in clinical trials.  However,
there is limited information about intranasal delivery of rHV.

The main barriers to the nasal administration of hydro-
philic peptides are mucosal penetration and mucociliary
clearance.  Chitosan, a positively charged bioadhesive
polysaccharide, has been found to be able to improve the
nasal absorption of peptides and reduce the clearance of
liquid formulations from the nasal cavity through its
bioadhesive characteristics, while causing negligible dam-
age to the nasal mucosal membrane[8,9].

The present study was therefore intended to investigate
the nasal administration of rHV using chitosan.  To further
improve the enhancing activity of chitosan, we studied the
effects of chitosan with some enhancers on the permeation
of rHV across excised rabbit nasal epithelium in vitro and
the absorption of rHV by nasal delivery in rats.   Furthermore,
the mucosal ciliotoxicity of different formulations was also
evaluated by using an in situ toad palate model[10].  In the
present study, we chose rHV2 as the model drug.  For the
assays, the rHV2 was labeled with fluorescein isothiocyanate
(FITC), which formed a stable covalent conjugate (FITC-
rHV2) that could be assayed by fluorometry.

Materials and methods

Materials  Recombinant  hirudin-2 (rHV2, rHV-Lys47) was
obtained from the College of Life Science (Peking University,
Beijing, China), and chitosan (Mr 250 kDa, degree of
deacetylation >85%) was from Yuhuan Ocean Biochemical
Co (Zhejiang, China).  FITC, Brij35, ethylenediamine
tetraacetic acid (EDTA), lecithin and Sephadex G-25 were
purchased from Sigma (St  Louis, MO, USA), and sodium
dodecylsulfate (SDS), hydroxyl-propyl-beta-cyclodextrin
(HP-β-CD), menthol, l-dodecylazacycloheptan-2-one (Azone)
and Tween 80 were from Beijing Chemical Co (Beijing, China).
Glycyrrhizic acid monoammonium salt (GAM) was the prod-
uct of Xinjiang Tianshan Pharmaceutical Industry Co
(Wulumuqi, Xinjiang, China).  All other chemicals were in
analytical grade.

Animals  Male rats (Sprague–Dawley, weighing 280–
300 g) and male rabbits (Japanese White, weighing 2.5–3.0

kg) were obtained from the Experimental Animal Center of
Weitonglihua (Beijing, China); toads (weighing 30–40 g) were
from the Experimental Animal Center of the Health Science
Center of Peking University (Beijing, China).

The care and handling of animals was performed with the
approval of the Institutional Authority for Laboratory
Animal Care.

Preparation and purification of FITC-rHV2  The
synthesis of FITC-labeled rHV2 was based on the reaction
between the isothiocyanate group of FITC and the tyrosine
in rHV2[11].  FITC in 0.5 mol/L carbonate buffer (pH 9.5) was
added into a 1/10 volume of rHV2 solution (20 g/L in 0.01
mol/L phosphate buffered saline [PBS]; pH 7.1); the molar
rate of the two compounds was 3:1.  After 4 h of reaction with
magnetic mixture in the dark at 0–9 °C, FITC-labeled rHV2
was separated from unreacted FITC in a Sephadex G-25
column (2.0 cm ID×30 cm L) pre-washed with PBS (pH 7.4).
A sample of approximately 1 mL was put on the top of the
column and then washed with PBS as an elution solvent.
The first yellow band was collected.  After the collections
were mixed, FITC-rHV2 was obtained by freeze-drying.  All
experiments were carried out under light exclusion conditions.
The molecular weight of FITC-rHV2 was determined to be
7388.99 by mass spectrometry (data not shown).   This result
indicated that one rHV2 molecule had combined with one
molecule of FITC.  FITC-rHV2 and rHV2 were found to have
similar activities when measured using the chromogenic
thrombin substrate assay[12].

Preparation of FITC–rHV2 formulations   For the in
vitro studies, FITC-rHV2 was dissolved in 0.5% chitosan
(pH 5.0, w/v) at a concentration of 400 mg/L for transport.  In
the in vivo studies, FITC-rHV2 was dissolved in 0.5%
chitosan solution at a concentration of 36 g/L for intranasal
administra-tion.  When required, the enhancers were added
into these formulations (menthol, Azone and lecithin were
initially dissolved in propylene glycol).  The concentration
of FITC-rHV2 for transport control was 400 mg/L in Ringer’s
solution and for subcutaneous administration was 0.5 g/L in
0.9% NaCl.  All the formulations were prepared on the day of
the experiments.

FITC-rHV2 assay  The concentration of FITC-rHV2 was
determined in a fluorescence spectrofluorometer (650–60;
Hitachi, Japan) at an excitation wavelength of 495 nm and an
emission wavelength of 515 nm.  A standard curve was pre-
pared using FITC-rHV2 at concentrations between 4 µg/L
and 200 µg/L.  The FITC-rHV2 concentrations of the test
samples were estimated using the standard curve.

Nasal epithelium preparation  Rabbit nasal epithelium
was prepared as described by previous reports[13].  After
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each rabbit was killed, its nasal septum was surgically re-
moved with a scalpel immediately, and then the epithelium
was carefully excised from the septum and stored in ice-cold
Ringer’s solution (pH 7.4; 125 mmol/L NaCl, 5 mmol/L KCl,
10 mmol/L NaHCO3, 1.2 mmol/L NaH2PO4, 1.4 mmol/L CaCl2

and 11 mmol/L D-glucose).   The epithelium was used within
0.5 h of removal.

In vitro permeability experiments  Prior to the
experiment, Ringer’s solution was added to both sides of the
horizontal diffusion chamber with a 4 mL volume in each
side, and the excised rabbit nasal epithelium was mounted in
the diffusion chamber at 37 °C.  After an equilibration period
of approximately 0.5 h, the buffer was replaced with the FITC-
rHV2 solution on the donor side (mucosal), and fresh buffer
on the receiver side (serosal).  A 200 µL aliquot of sample
was taken from the receiver side at particular times (0, 0.5, 1,
1.5, 2, 3, 4 and 6 h), and at the same time an equal volume of
Ringer’s solution was added to the receiver side.  The FITC-
rHV2 concentration in the receiver side (Cr) was determined
by FITC-rHV2 assay.  All experiments were carried out under
light exclusion conditions.

Calculation of the permeability coefficient  The Cr val-
ues were plotted as a function of time (t) from 0 h to 6 h.  The
permeability coefficient (P) was calculated according to the
following equation:

P = (dq/dt) / (C0 A)
where dq/dt (µg/s) represents the permeability rate, C0

(µg/mL) was the initial concentration in the donor chamber,
and A (cm2) is the effective cross-sectional area available for
diffusion (0.126 cm2).  The transport enhancement ratios (ER)
were calculated using the following equation:

ER = Penh / Pctrl

where Penh and Pctrl refer to the P values with added and
no added enhancers, respectively.  Student’s t-test was used
to determine statistical significance.

In vivo studies  The in vivo studies were performed as
previously described[14].  The rats were fasted overnight be-
fore the study.  Anesthesia was induced by intraperitoneal
injection of 40 mg/kg sodium pentobarbital and maintained
by additional 15 mg/kg doses as required.  The rats were
fixed on their backs on boards and were surgically prepared
by cannulation of the trachea to enable breathing, cannula-
tion of the carotid artery to facilitate blood sample collection,
and ligation of the esophagus to prevent samples being
swallowed.  A 50 µL dose of the formulations was adminis-
tered into the left nares via a flexible polyethylene tube at-
tached to a microsyringe.  In addition, 0.9% NaCl was admin-
istered as a control to ensure that there was no interference
with FITC-rHV2.  For the calculation of Fr, FITC-rHV2 solu-

tion (0.5 mg/kg) was subcutaneously administered by bolus
injection.  Blood samples (400 µL) were withdrawn from the
carotid artery into the plastic microfuge tubes at particular
times (0, 0.5, 1, 1.5, 2, 3, 4 and 6 h).  The blood samples were
anticoagulated with 3.8% (w/v) trisodium citrate solution at
a ratio of 8.25:1.75 (v/v), and plasma was separated after cen-
trifugation at 1 300×g for 5 min .

The fluorescence intensity in the plasma before and after
trichloroacetic acid (TCA) precipitation was determined, and
the intensity of the insoluble portion was used to calculate
the intact FITC-rHV2 concentration[15].

Data analysis  The area under the FITC-rHV2 concentra-
tion time curves (AUC) was calculated by using the trap-
ezoidal method.  The relative bioavailability (Fr) was calcu-
lated by comparing the area under the curve obtained after
intranasal administration with that obtained after subcuta-
neous injection.  Statistical analysis was performed using
Student’s t-test.  Differences were considered to be signifi-
cant for values of P<0.05.

Ciliotoxicity evaluation  An in situ toad palate model[10]

was used.   SDS (1%), Brij35 (5%), HP-β-CD (5%), Tween 80
(5%), EDTA (0.1%), and GAM (1%) were directly dissolved
in a chitosan solution, and menthol (1.5%), Azone (4%), and
lecithin (5%) were initially dissolved in propylene glycol and
then in chitosan solution.  The toads were fixed on their
backs and their mouths were opened with pincers.  The test
formulations (0.5 mL) were applied to the upper palate of the
toads for 30 min, and then the palates were rinsed twice with
0.9% NaCl.  The palates were dissected out, and the mucocilia
were examined with an optical microscope (Olympus, Japan).
The duration of ciliary movement in different formulations
was recorded and then the relative durations compared with
0.9% NaCl were calculated.  Each group was duplicated 3
times and Student’s t-test was used to determine statistical
significance.

Results

The time versus the amount of FITC-rHV2 that had per-
meated across the excised rabbit nasal epithelium after appli-
cation of the chitosan solution with or without enhancers to
the mucosal side is shown in Figure 1.  The corresponding
permeability coefficients and the transport enhancement ra-
tios (ER) are listed in Table 1.  When chitosan or chitosan
with various enhancers was added into the FITC-rHV2
formulation, the amount of FITC-rHV2 moving across the
epithelium increased, and there were significant increases in
the permeability coefficient.  We found that the permeability
coefficient of FITC-rHV2 in various chitosan formulations
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was 1.7-fold to 33-fold higher than that without chitosan.  In
addition, there was a marked increase in the permeability
coefficient of FITC-rHV2 in chitosan formulations with 1%
SDS, 5% Brij35, 5% Tween 80, 1.5% menthol, 1% GAM or 4%
Azone (P<0.05) compared with chitosan alone.  No signifi-
cant difference (P>0.05) in the permeability coefficient was
observed between the chitosan formulations containing 5%
HP-β-CD or 0.1% EDTA and chitosan alone, although there
was a significant decrease in the permeability coefficient in
the formulation containing 5% lecithin.

The mean plasma concentration of FITC-rHV2 versus

time after nasal administration to rats using various formula-
tions is shown in Figure 2, and the Fr values are given in
Table 2.  When administered intranasally, in a formulation
containing neither chitosan nor enhancer (as a control), FITC-
rHV2 was only poorly absorbed, with an Fr value of 1.86%
compared with subcutaneous injection (Figure 2, Table 2).
The addition of chitosan at a concentration of 0.5% resulted
in a significant improvement, with an Fr value of  8.26%,
which is 4-fold that of the control.  After enhancers were

Table 1.  Permeability coefficients (P) and transport enhancement
ratio(ER)values across excised rabbit nasal epithelium with different
FITC-rHV2 formulations in vitro.  Values for P were calculated from
the results of in vitro  experiments and data  are expressed as the
Mean±SD.  n=5–6.  bP<0.05, cP<0.01 vs control (Ringer’s solution);
dP>0.05, eP<0.05, fP<0.01 vs 0.5% chitosan.

     Formulation                          10-7×P/cm·s-1               ER

Chitosan (0.5%)   3.49±0.91   6.98cd

+SDS (1%) 16.59±1.75 33.18cf

+Brij35 (5%)   8.49±1.62 16.98cf

+Menthol (1.5%)   6.55±2.01 13.10ce

+GAM (1%)   6.45±1.93 12.90ce

+Azone (4%)   9.11±1.14 18.22cf

+Lecithin (5%)   0.87±0.31   1.74bf

+HP-β-CD (5%)   4.34±1.03   8.68cd

+Tween 80 (5%) 10.18±3.90 20.36ce

+EDTA (0.1%)   3.53±1.47   7.06cd

Ringer’s solution   0.49±0.08   1.0

Figure 2.  Plasma concentration profiles after intranasal adminis-
tration of FITC-rHV2 formulations (6  mg/kg) to ra ts.  n=5–6.
Mean±SD. (*) 0.5% chitosan; (○) +0.1% EDTA; (▲) +1% GAM;
(●) +5% Tween 80; (△) +5% Lecithin; (–) +5% Brij35; (◇) +1.5%
Menthol; (■) +4% Azone; (＋) +5% HP-β-CD; (◆) +1% SDS; (×)
0.9% NaCl; (□) sc injection.

Table 2.  AUC and relative bioavailability (Fr) of FITC-rHV2 after
intranasal administration of various chitosan formulations in rats. sc
refers subcutaneous administration;  n=5–6.  Mean±SD.  cP<0.01 vs
control (0.9% NaCl); dP>0.05, eP<0.05, fP<0.01 vs 0.5% chitosan.

   Formulations            Dose              AUC0–6 h                     Fr/%
                                  /mg·kg-1          /ng·h·mL-1

Chitosan (0.5%) 6.0 1854.00±966.7      8.26c

+Brij35 (5%) 6.0 2705.95±704.72    12.06ce

+SDS (1%) 6.0 4672.40±1204.39    20.83cf

+Lecithin ( 5%) 6.0 1493.73±422.6      6.66cd

+HP-β-CD (5%) 6.0 2315.68±759.54    10.32cd

+Menthol (1.5%) 6.0 3113.19±854.7    13.50ce

+Tween 80 (5%) 6.0 3869.06±1126.92    17.25ce

+GAM (1%) 6.0 2956.23±634.2    13.18ck

+EDTA (0.1%) 6.0 1504.20±452.8      6.70cd

+Azone (4%) 6.0 3147.18±832.96    14.03ce

NaCl (0.9%) 6.0   417.02±185.45      1.86
sc injection 0.5 1869.45±517.97  100.0

Figure 1 .  Effect of chitosan with or without enhancers on the
transport of FITC-rHV2 across excised rabbit nasal epithelium.  n=5–
6.  Mean±SD.  (■) 0.5% chitosan; (●) +0.1% EDTA; (□) +1%
GAM; (△) +5% Tween 80; (▲) +5% lecithin; (*) +5% Brij35; (◇)
+1.5% menthol; (–) +4% Azone; (×) +5% HP-β-CD; (+) +1% SDS;
(○) Ringer’s solution.
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added to the 0.5% chitosan solution, the Fr values of FITC-
rHV2 changed markedly in some formulations.  Compared
with chitosan alone, the addition of 1% SDS, 5% Tween 80,
4% Azone, 1.5% menthol, 1% GAM or 5% Brij35 significantly
increased the Fr of FITC-rHV2 (P<0.05), whereas the addi-
tion of 5% HP-β-CD, 5% lecithin or 0.1% EDTA did not in-
crease Fr to any significant extent.

Regarding the permeability or absorption of FITC-rHV2
in chitosan formulations with or without enhancers, the
results of the in vitro experiment (ER values) were in agree-
ment with the in vivo results (Fr values), as shown in
Figure 3 (R2=0.9059).

The effects of chitosan with or without enhancers on the
ciliary movement duration in toad palate are shown in Figure 4.
Ciliary movements were significantly inhibited by co-admin-
istration of chitosan with 1% SDS, 5% Brij35, 4% Azone, 5%
lecithin, 0.1% EDTA or 1.5% menthol compared with the
0.9% NaCl control, but not significantly inhibited by 0.5%
chitosan alone or 0.5% chitosan with 5% HP-β-CD, 5%
tween80 or 1% GAM.  Based on these data, the rank order of
ciliotoxicity for different chitosan formulations based on the

relative ciliary movement durations was as follows: no
enhancer<0.5% chitosan<+5% HP-β-CD<+1% GAM<+5%
Tween80<+5% lecithin<+0.1% EDTA<+5% Brij35<+4%
Azone<+1.5% menthol<+1% SDS.

Discussion
For a nasal solution formulation, 0.5%–1.0% chitosan and

a molecular weight greater than 100 kDa are preferred[16,17].
In the present study, we used 0.5% chitosan and found that
at this concentration, the chitosan solution could signifi-
cantly enhance the efflux as well as the nasal absorption of
FITC-rHV2 both in vitro and in vivo.  This result can be
attributed to a combination of bioadhesion and a transient
opening of the tight junctions in the cell membrane to allow
hydrophilic macromolecules to pass through[8,9].

SDS, Brij35, Tween 80 and Azone are all percutaneous
enhancers[18-20].  In our experiments, the addition of any of
these agents into the chitosan solution significantly in-
creased nasal absorption of FITC-rHV2 compared with
chitosan alone.  This result may be due to the fact that these
compounds can all change the arrangement of the epithelial
cell membrane phospholipids and increase the fluidity of the
membrane lipid bilayers or interact with the membrane protein,
therefore resulting in a transcellular pathway transport of
FITC-rHV2.  Chitosan was able to affect the paracellular path-
way transport of FITC-rHV2 by its mucoadhesive properties
and opening of the tight junction effect[8,9].  The combined
effect of the two agents consequently increased the absorp-
tion of  FITC-rHV2 compared with chitosan alone.

When EDTA was added to the FITC-rHV2 solution con-
taining chitosan, EDTA activated protein kinase C by deple-
tion of extracellular calcium via chelation, resulting in an ex-
pansion of the paracellular route[21], and chitosan interacted
with the membrane protein, also causing the tight junctions

Figure 3.  Correlation of the absorption-enhancing effects between
ER (in vitro) and Fr (in vivo) of different formulations.

Figure 4.  Mucosal ciliotoxicity of various chitosan
formulations.  n=5 exper iments.  Mean±SD.
aP>0.05, bP<0.05, cP<0.01 vs 0.9% NaCl.
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to open.  The combination of these two effects could poten-
tially result in a marked enhancement of FITC-rHV2
absorption.  However, the negatively charged carboxyl
groups of EDTA interact with the positively charged amino
groups of chitosan, which may inhibit the enhancing action
of both agents.  Therefore, in the present study we did not
observe any absorption enhancement of FITC-rHV2 with
EDTA added to chitosan compared with chitosan alone.

There exists a controversial explanation for the enhanc-
ing mechanism of cyclodextrins; that is, that the enhancing
effects include the disaggregation of protein aggregates
(insulin), an interaction with lipids and divalent cations on
the membrane surface, and a direct effect on the paracellular
pathway by a transient effect on tight junctions[22,23].
However, in most cases, cyclodextrin systems are used as a
means of enhancing drug solubilisation[24].  In our experiment,
when HP-β-CD was co-administered with chitosan, we did
not observe the reported synergistic effect for FITC-rHV2
absorption[25].  The most likely reason is that FITC-rHV2 is
not like insulin, which usually aggregates in hexamers in
solution, and is more unstable in the presence of proteolytic
enzymes in the nasal mucosa, so addition of HP-β-CD may
lead to insulin deaggregation from hexamers to dimers and
protect insulin from degradation by proteolytic enzymes in
the nasal mucosa.

Phospholipids can bring about enhanced delivery of polar
compounds administered nasally by inhibiting the apical
membrane sodium channels and causing structural changes
in tight junctions[26].  However, in our experiment a signifi-
cant decrease in FITC-rHV2 absorption was observed when
lecithin was added to the chitosan solution.  This was prob-
ably because lecithin is a negatively charged compound,
whereas chitosan has positively charged amino groups, so
the two oppositely charged molecules might interact and
produce no increase in FITC-rHV2 absorption.

Menthol is a monocyclic terpene.  The mechanism of its
enhancing effect is mainly due to it forming a eutectic with
the penetrating compound, thereby increasing its solubility,
and also enhancing the fluidity of the local lipid bilayers[27].
In the present study, the co-administration of menthol with
chitosan markedly increased FITC-rHV2 absorption compared
with chitosan solution alone, suggesting that the co-admin-
istration of the two agents cause the FITC-rHV2 molecule to
more easily penetrate the cell membrane.

Sakai et al found that dipotassium glycyrrhizinate
decreased intracellular calcium ion levels and did not induce
any significant histomorphological changes in the actin fila-
ments[28].   In addition, dipotassium glycyrrhizinate enhanced
the cellular permeability of sodium fluorescein and fluores-

cein isothiocyanate dextran by enhancing the activation of a
protein kinase C via sodium deoxycholate (an enhancer)[29].
Also, the combined use of the two enhancers had fewer toxic
effects.  In the present experiment we found that chitosan
with GAM exerted an obvious enhancing effect on FITC-
rHV2 absorption compared with chitosan alone, but it was
not clear whether this effect was related to the mechanism
described.

Because rat nasal epithelium covers an area that is too
small to fit the device used in the in vitro experiment, we
chose to use rabbit nasal epithelium instead.  As shown in
Figure 3, there is considerable correlation (R2=0.9059) be-
tween ER and Fr, suggesting a relationship between the in
vitro and in vivo studies.  Therefore, in the present study, it
appears that using nasal mucosa from different animal spe-
cies in the in vitro and in vivo experiments did not influence
the correlation between the absorption-enhancing effects of
formulations in vitro and in vivo.

For most absorption enhancers, a direct relationship may
exist between the absorption-promoting effect and local
toxicity, hence it is important to evaluate the local toxic ef-
fect for a prospective novel enhancer system.  An in situ
toad palate model was used in the present study to evaluate
the ciliotoxicity of different formulations.  Although record-
ing the duration of ciliary movement may be less objective
and less accurate than the ciliary beating frequency method,
using a microscope it is possible to directly examine the quan-
tity of fallen cilia, as well as the integrity of the mucosa at the
same time.  This method is especially suitable for the initial
screening of drugs or formulations.  Among the tested
enhancers, chitosan alone and chitosan with HP-β-CD, GAM
or Tween 80 were least ciliotoxic.

In conclusion, chitosan is an effective enhancer for in-
creasing the nasal absorption of FITC-rHV2, and co-admin-
istration of chitosan with other enhancers can improve ab-
sorption further.  Some chitosan formulations were less
ciliotoxic than others.  The chitosan formulation system could
be a useful approach for improving nasal absorption.
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Introduction
Inhibitor of differentiation (Id) proteins are a family of

transcriptional regulators that have been implicated in
several developmental, physiological and pathological
processes.  Their name relates to their ability to inhibit the
differentiation of a variety of cells by inhibiting the DNA
binding activity of many transcription factors that regulate
expression of cell-type specific genes.  Id genes are widely
expressed in the animal kingdom from humans to zebra
fish[1].  Four Id genes, Id1–Id4 have been found in humans
and in rodents.  A homologous Id-like gene, extramacro-
chaetae has been identified in drosophila[2].

The Id proteins are small proteins of approximately 13
kDa–20 kDa.  All 4 Id proteins contain a relatively conserved
helix-loop-helix (HLH) structural motif in the middle of the
protein, but are otherwise quite divergent in sequences.  The
4 Id proteins constitute 1 subclass (Class V) of the large
family of HLH transcriptional regulators.  Unlike other HLH
proteins that can bind to DNA as either homodimers or
heterodimers, the Id proteins lack the basic amino acid do-
main needed for DNA binding.  Instead, they are believed to
function primarily by forming heterodimers with the “ubiqui-

tous” Class I HLH proteins known as E-proteins.  This pre-
vents the E-proteins from interacting with each other and
with the cell-type specific Class II HLH proteins, inhibiting
their binding to DNA and blocks their ability to modulate
gene expression (Figure 1).

The first Id gene, Id1, was identified by virtue of the
ability of its encoded protein to inhibit muscle differentia-
tion and the activation of muscle-specific gene promoters[3].
However, the Id proteins are now known to be important in
other physiological systems and pathophysiological situa-
tions.  In addition to the E-protein partners, Id proteins regu-
late other transcription factors such as ternary complex fac-
tor (TCF)/ETS[4,5], Pax 5 and sterol regulatory element bind-
ing protein-1[6].  Individual Id proteins might also interact
selectively with proteins not recognized by other Id family
members.  For example, Id1 is the only Id protein shown to
bind the proteasomal protein S5a[7].  Similarly, only Id2 binds
to the tumor suppressor retinoblastoma protein Rb and in-
terferes with the ability of hypophosphorylated Rb to sup-
press cell proliferation when both are ectopically expressed
(Figure 1)[8].

Evidence to date indicates that the Id proteins are likely
to carry out both common and distinct biological functions,
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depending in part on when and where the proteins are
expressed.  Consistent with this idea, mice engineered to be
deficient in a single Id gene are viable, albeit with develop-
mental defects in certain specific cell lineages depending on
the particular gene that has been inactivated[9–15].  For
example, Id3-deficient mice have defects in both B cell[14]

and T cell[15] maturation and develop salivary gland defects
reminiscent of the autoimmune Sjogren’s syndrome, but are
otherwise generally normal[16].  In contrast, mice with both
copies of Id1 and Id3 genes inactivated die in utero
(embryonic d 13.5) with severe vascular defects in the
forebrain, aberrant neuronal differentiation[17] and multiple
cardiac abnormalities[18].  In fact, mice with both copies of
any 2 of the 3 Id genes (Id1–Id3) inactivated exhibit similar
cardiac defect and are embryonic lethal.  Mice with loss of 1–3
copies of the Id1/1d3 genes are viable but exhibit increasing
degrees of resistance to tumor-induced angiogenesis[17].  The

lethality of the double knockout mice and the dosage-de-
pendent tumor angiogenesis phenotype clearly indicates that
the Id genes mediate overlapping function in some develop-
mental lineage.  However, the developmental defects in spe-
cific cell lineages manifested in single knockouts suggest
that Id genes are unable to compensate in some cells, per-
haps because they are not co-expressed or, as in the case of
Id2, because of specific dimerization with different protein
partners such as Rb.

Many excellent and extensive reviews covering the Id
family proteins have been published in recent years[19–26].
Most of these reviews have dealt with the Id proteins as a
group and concentrated primarily on the potential biological
functions of the Id proteins.  Relatively less attention has
been devoted to reviewing the molecular mechanisms that
regulate the expression and function of individual Id genes
and proteins.

The present review will focus on the third member of the
Id gene family, Id3, particularly on the mechanisms involved
in its regulation.  The Id3 gene was first identified as a se-
rum-inducible immediate early gene in an established murine
fibroblastic cell line[27].  Subsequent studies have documented
its involvement in various biological processes, including T
and B cell development[15,14], skeletal muscle differentia-
tion[28,29], vascular smooth muscle cell proliferation[30,31], em-
bryonic neurogenesis[17], osteogenesis[32] and tumor-induced
angiogenesis[17].

Expression and function of the protein is under many
complex layers of regulation (Figure 2) and, therefore, could
provide rich targets for therapeutic interventions.

Developmental and cell-type specific expres-
sion pattern of Id3

The most direct way to regulate the function of a particu-
lar protein is to control when and where the gene encoding
the particular protein is expressed.  Several studies have
characterized the expression of Id3 at either the mRNA or the
protein level.  A wide range of techniques have been utilized,
including Northern, in situ hybridization, reverse transcrip-
tion with polymerase chain reaction, various genome expres-
sion profiling assays, Western immunoblots and immunocy-
tochemical staining procedures.

Like other Id genes, the expression of Id3 is dynamically
regulated during embryonic development.  The general ex-
pression level is high at the early embryonic ages, but pro-
gressively declines as the embryo develops[27,33].  Id3 is widely
expressed throughout the embryo proper.  Its expression is
readily detectable within regions that are undergoing active

Figure 1 .  Inhibitor of differentiation (Id) proteins function by
interacting with various protein partners.  Binding of Id proteins to
the class I basic-helix-loop-helix (bHLH) proteins (I) prevents them
from forming homodimers or heterodimers with the class II bHLH
proteins (II).  This leads to the inhibition of gene expression (broken
arrows).  Alternatively, because some class I bHLH proteins repress
transcription, sequestration of these repressor proteins could ame-
liorate their inhibitory effects.  More recent data  suggests that Id
proteins also interact with and inhibit  other transcription factors
(OTF) such as ETS, SREBP-1 and Pax5.  Individual members of the
Id family proteins might interact selectively with specific proteins.
For example, Id2 protein binds to the retinoblastoma protein (Rb)
and prevents it from blocking cell cycle entry, thus stimulating cell
proliferation.  Id proteins also affect cell proliferation, as well as
differentiation and other cell functions indirectly by modulating the
expression of specific genes.  Interaction with other proteins (p204,
GSN5) accelerates Id3 degradation.  Additional protein partners (X)
could exist that might explain the many biological effects of the Id
proteins.
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morphogenesis[34], but can also be detected in some undif-
ferentiated tissues[33].

The expression pattern of Id3 during embryonic devel-
opment overlaps with, but is not identical to that of, the
other Id genes.  At an early embryonic age, Id1 and Id3 are
expressed in the tissues derived from the inner cell mass; Id2
is expressed in tissues derived from trophoblasts; but no Id4
expression is evident.  In the primitive gut, Id1 and Id3 sig-
nals are expressed in the mesenchyme, whereas Id2 expres-
sion occurs within the epithelium[34].  During early spinal
cord development, expression of Id1 and Id2 are restricted to
the roof plate, whereas Id3 is expressed both in the roof and
the floor plate.  At later stages, Id1 and Id3 expression is
detected in the dividing neuroblasts, whereas Id2 and 4 are
expressed in presumptive neurons undergoing matura-
tion[35].  Generally speaking, the pattern of Id3 expression
most closely resembles that of Id1, but the coincidence is
not absolute[33].

Expression of Id3 in adult tissues is widely spread but
not universal and the level of expression varies substan-
tially among different tissues.  Id3 is expressed in many cell
types in vivo and in both primary cultures and established
cell lines (Table 1).  Depending on the cell and tissue type,
the expression might be constitutive or detectable only after
exposure to appropriate stimulus.  The level of Id3 expres-
sion is generally high in proliferating, undifferentiated cells,
but downregulated when cells undergo terminal differentia-
tion[28,29,36–39].  Expression of Id3 also tends to be higher in
immortalized cell lines, consistent with the putative involve-
ment of Id proteins in combating cellular senescence[40,41]

and maintaining the capacity for self-renewal in embryonic
stem cells[42].

Knowing what tissues and cell types express Id3 is,
however, probably akin to just seeing the tip of the iceberg.
The level of Id3 expression is not static, but varies dramati-

Table 1.  Summary of the expression and regulation of Id3 in selected cell types.

               Cell types                                                          Comments                                                                   References

Cultured fibroblasts Inducible by many agents as immediate early gene [27]
Myogenic and osteogenic precursor cells Downregulated with terminal differentiation [93,47]
Preadipocytes Downregulated following adipogenesis and no longer inducible by serum [38]
Sertoli cells Induced by serum but not follicle stimulatory hormone [98]
Lymphoid and monoblastic cell lines Downregulated in mature differentiated cells [73,39,99,100]

Astrocytes Upregulated in astrocytoma [101,54]
Prostate epithelial cells Detectable only following serum stimulation [102]
Human dermal microvascular cells Downregulated by treatment with statins [103]
Ovarian surface epithelial cells Downregulated in ovarian adenocarcinoma [47,104]
Schwann cells Downregulated during nerve maturation [86]
Human keratinocytes Protein localized to nucleus, downregulated with differentiation [45]

Figure 2.  Multiple mechanisms regulating inhibitor of differentia-
tion 3 (Id3) expression and function.  A variety of stimuli and physi-
ological states activate diverse signal transduction pathways (1) to
regulate the expression and function of Id3 at multiple levels.  For
example, DNA methyltransferases (DNMT), histone acetyl trans-
ferases (HAT) and histone deacetylases (HDAC) might work together
to control the silencing of the Id3 gene under certain conditions (2),
whereas a variety of different transcription factors (TF) act in con-
junction with each other to regulate transcription (3).  The Id3
transcripts are also subjected to alternative splicing (4) that results in
protein isoforms with distinct biological properties.  Interaction of
the Id3 transcript with additional factors likely affects its stability
(5) and translation (6).  The protein products undergo phosphoryla-
tion (7) and ubiquitination (8) mediated by specific kinases and ubiquitin
ligases that modulate its function and stability.  Finally, the subcellu-
lar localization and the ultimate biological effect of Id3 might be
dependent on the availability, relative abundance and physiological
significance of its various protein partners (9).
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cally with the growth and physiological state of the cells and
is modulated in response to diverse extracellular stimuli.
There are other layers of regulation superimposed upon the
regulation at the expression level (Figure 2).  Additional
caveats should also be kept in mind when interpreting the
results from the aforementioned studies.  Results using
immortalized cell lines need to be viewed with caution
because the process of immortalization might involve alter-
ations in Id3 expression not seen in vivo.  Direct examina-
tions of tissue sections in vivo or with primary cell cultures
eliminate such concerns.  However, the sensitivity of the
assays used for detecting Id3 expression in various studies
are not precisely known and might not always be comparable.
The specificity of the antibodies used for immunodetection
might not have always been adequately scrutinized.
Therefore, care should be taken in making a firm conclusion
as to whether Id3 is or is not expressed in a certain tissue or
cell type.  Nevertheless, because Id3 is expressed at many,
but not all, cells indicates that its regulation is likely to
involve both ubiquitous as well as cell-type specific regula-
tory mechanisms.

Altered patterns of Id3 expression in diseases
and pathophysiological situations

Perturbation of Id3 expression has been correlated with a
variety of disease states and pathological situations, includ-
ing cancer, aging, atherosclerosis, muscle atrophy, and
inflammation.  Conversely, altered expression of Id3 has been
detected during the regenerative process following tissue
injury.

It is generally believed that members of the Id gene fa-
mily behave like oncogenes.  Overexpression of one or more
Id genes has been detected in various cancers.  The situa-
tion with Id3 is consistent in most part with this generaliza-
tion[43–45], but there are some exceptions.  In certain neuro-
logical tumors, Id3 upregulation is observed not only in the
tumors themselves but also in the vascular tissues surround-
ing the tumors[44].  In contrast, expression is reduced in pap-
illary thyroid carcinoma[46] and ovarian carcinomas[47], and
either increased[48] or absent[49] in seminoma.  The expres-
sion pattern is even more complex during the development
of liver diseases and liver cancer.  Id3 expression is low in
normal liver, increases with the progression of liver diseases
from chronic hepatitis to liver cirrhosis and is expressed at
high levels in well-differentiated hepatocarcinomas, but not
in the more advanced de-differentiated tumors[50].

Variations in Id gene expression have also been corre-
lated with aging in animals.  Expression of Id1, Id2, and Id3

increases in hind limb muscles of aging rats[51].  Because
increased levels of Id proteins are associated with muscle
disuse atrophy[52], the upregulated Id expression in aging
muscle might contribute to the loss of muscle mass that com-
monly accompanies aging.  In contrast, Id3 expression ap-
pears to be reduced in the pituitary gland in aged rats[53].
Taken together, the results suggest that some other aging-
related physiological perturbations rather than aging per se
might be responsible for the altered Id expression in differ-
ent tissues.

Id3 expression level also changes in inflammatory and
atherogenic processes.  Id gene expression is upregulated in
reactive astrocytes activated as part of the inflammatory pro-
cess following spinal cord injury[54].  Id3 expression is also
altered in vascular smooth muscle cells (VSMC) during
atherogenesis.  It is expressed at low level in normal vessels
of the carotid artery, but is increased within 3 d of balloon
injury and remains high through 14 d postinjury[30].  This is
accompanied by the appearance of a novel differentially
spliced Id3 transcript.

Changes in Id3 expression are not limited to pathological
situations: increased Id3 expression has been implicated in
tissue regeneration.  In the African clawed frog, Xenopus
laevis, which does not completely regenerate the missing
limb following amputation, Id3 expression is upregulated tran-
siently but returns to basal level when terminal differentia-
tion of the limb stump tissues is initiated.  In the Japanese
newt, Cynops pyrrhogaster, which is capable of regenera-
ting a complete limb, expression of Id3 persists until the stage
of digit formation[55].  The earlier downregulation of Id3 in
the Xenopus might have contributed to premature differen-
tiation and the aborted regeneration program.  Similarly, Id3
upregulation might also contribute to the liver regeneration
following partial hepatomy in mice[56].

The mechanisms accounting for the perturbation of ex-
pression of Id3 under different conditions are largely
unknown.  The presumption is that it involves changes in
transcription, but the hypothesis is as yet unproven.  No
evidence has been found so far that would implicate either
gene amplification or deletion in the altered pattern of Id3
expression found in different cancers; therefore, the change
is probably epigenetic.  There is some evidence that DNA
methylation or histone acetylation might contribute to Id3
regulation but exactly how such processes affect Id3 expres-
sion is not known (see below).  In most cases, the change in
Id3 expression is likely to be either secondary to changes in
the cell physiology and/or in response to environmental
signals.
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Stimulus and signaling pathways regulating
Id3 expression

Id3 was originally identified as a serum-inducible gene in
Balb/c3T3 fibroblasts and found to be induced in these cells,
to a varying degree, by a variety of other agents[27].  The Id3
transcript was induced rapidly and transiently, with peak
accumulation occurring at about 1 h after stimulation.  In this
system, Id3 appears to behave as “immediate-early” or “pri-
mary response” genes, and can be induced in the absence of
ongoing protein synthesis.

Id3 expression has been shown to be responsive to even
more diverse stimuli in a variety of cell types (Table 2).  Sev-
eral conclusions can be drawn from this plethora of
information.  First, although the ability to regulate Id3 ex-
pression is wide spread, not all agents regulate Id3 expres-
sion in the same manner in all cell types.  For example, the
phorbol ester, phorbol 12-myristate 13-acetate (PMA), stimu-
lates Id3 expression in thyrocytes[46] but downregulates Id3
levels in the SH-SY5Y neuroblastoma cells[57].  This sug-
gests that the regulatory pathways might be different among

Table 2.  Stimuli and signaling pathways implicated in Id3 regulation.

     Stimuli                                            Cell types                            Signaling pathways               Responses                         References

Thyroid stimulating Dog thyrocytes cAMP-dependent Rapid increase [46]
hormone

PMA, insulin Dog thyrocytes ND Rapid increase [46]

PMA SH-SY5Y neuroblastoma ND Downregulation after 24 h [57]

Insulin, methylisoxanthine, 3T3L1 preadipocytes MEK-, PKC- and Rapid increase [105]
dexamethasone PI3K-independent

TGF-β B-lymphocyte progenitor Smad Transient increase, returned to basal [13]
within 24 h

TGF-β Epithelial ND Biphasic, transient increase followed by [58,59]
long term suppression

BMP Mesenchymal stem cells ND Transient increase, returned to basal [60]
within 3 d

BMP Embryonic stem cells ND Increase [42]

BMP Epithelial Smad 4 Sustained induction [59]

TNF-β Astrocytes, microglias ND Rapid and transient increase [54]

B-cell receptor engagement Mature B-cells ND Increase [14]

PMA Mature B-cells ND Biphasic, transient increase with a [61]
secondary peak

B-cell receptor engagement WEHI-231 immature B-cells ND Persistent increase [62]

T-cell receptor (TCR) ligation T lymphocytes RAS, ERK, Egr-1 Increase [63]

Endostatin Endothelial ND Increase [106]

Estrogen VSMC ND Decrease [107]

Angiotensin II, Superoxide VSMC ERK, p38MAPK, Rapid increase [64]
free radical calcium

Hydroxyl free radicals VSMC ND Down increase [69]

ND, not determined; PMA, phorbol 12-myristate 13-acetate; TGF-β, transforming growth factor-β;VSCM, vascular smooth muscle cells.
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different cell types.  Second, the temporal pattern of Id3 ex-
pression is very complex, and differs depending on the cell
type and stimuli.  In many cases, the induction is transient
but biphasic, with an early peak of expression followed
either by a later second peak or conversely by long-term
suppression.  In other cases, the change appears to be more
persistent.  For example, Id3 is induced transiently by trans-
forming growth factor-β (TGF-β) in B-lymphocyte
progenitors, but returns to basal level within 20 h[13]; whereas
in epithelial cells, the transient increase is followed by long-
term suppression[58,59].  Id3 is also transiently induced by
bone morphogenetic proteins (BMP) in mesenchymal stem
cells[60], but a sustained induction is observed following BMP
treatment of epithelial cells[59].  Finally, and perhaps most
importantly, the differences in the patterns of expression
have immense biological significance.  For example, insulin,
which is an adipogenic agent, induces Id3 transiently in
3T3L1 preadipocytes, but adipogenic differentiation itself is
accompanied by long-term downregulation of Id3 in 3T3F24A
cells[38].  Similarly, B cell receptor (BCR) engagement in ma-
ture B cells results in transient Id3 induction and stimulation
of cell proliferation[14].  PMA, which is also mitogenic, re-
sults in a biphasic response with a transient peak at 4 h and
a secondary peak at 24 h, around the time when the stimu-
lated cells are entering S[61].  In contrast, a more persistent
Id3 expression is induced by BCR engagement in immature B
cells and results in the inhibition of cell proliferation[62].

Because Id3 expression is regulated by many cytokines,
hormones and other environmental signals, several different
signal transduction pathways presumably contribute to its
regulation.  Pathways that have been implicated include the
Ras, the ERK1/2 pathway following TCR engagement[63], the
Smad-dependent pathway in response to TGF-β and
BMP[59,13] and the p38, ERK and calcium-dependent path-
ways following superoxide free radical-induced oxidative
stress[64].  In the case of TGF-β, the biphasic response could
reflect the differential actions of 2 classes of TGF-β recep-
tors (Activin receptor-like kinase 1 and Activin receptor-like
kinase 2) that are preferentially coupled to different Smad
proteins[65].  In most cases, the precise signaling pathway(s)
responsible for regulating Id3 expression has not been com-
pletely defined.  In addition, it has not been conclusively
demonstrated that the change in transcript level reflects au-
thentic transcriptional regulation.

Regulatory elements and transcription factors
involved in Id3 promoter regulation

A systematic analysis of the Id3 promoter and the mecha-

nisms involved in its regulation has yet to be carried out.
Yeh and Lim reported in 2000 the cloning and initial charac-
terization of the promoter region of the mouse Id3 gene ex-
tending approximately 1 kb upstream of the transcription
start site[66] and found that a 180 bp proximal Id3 promoter
fragment was sufficient for substantial transcriptional activ-
ity in the proliferating myogenic cell line C2C12[66].  Recently,
a 254 bp Id3 promoter fragment (-200/+54) has been shown
also to be transcriptionally active and responsive to BCR
engagement in the WEHI-231 immature lymphoid cells[67].
Several putative transcription factor binding sites have been
identified by computer-based analysis, but whether they are
bona fide regulatory motifs has not been determined (Figure
3).  Using in vitro DNase protection assay, we have identi-
fied 2–3 protected footprints within this region, at least 1 of
which (site 1) seems to be responsible for much of the Id3
promoter activity seen in proliferating C2C12 cells[67a].
Moreover, electrophoretic mobility shift assays detected
proteins in the nuclear extracts of proliferating C2C12 cells
that bind to the 180 bp Id3 promoter frag-ment[66].  A muta-
tion that eliminates the DNA binding to site 1 reduced the
transcriptional activity of the Id3 promoter, indicating that
the site is likely to be functional.  Consistent with this idea,
protein binding to the site declined substantially when incu-
bated in vitro with nuclear extracts isolated from differenti-
ated muscle cells that no longer express Id3[68].  It is yet to be
determined whether the site in the endogenous Id3 promoter
is occupied by transcription factor in vivo.

The second DNase footprint (site 2) encompasses a pre-
viously identified early growth response factor 1 (egr-1) site
that has been shown to bind recombinant egr-1 in vitro[27];
whether the site binds egr-1 in vivo has not been established.
Others have reported that the upregulation of Id3 upon TCR

Figure 3.  Locations of putative transcription factor binding sites
and footprints identified by computer analysis and DNase protection
assay.  The locations of putative transcription factor binding sites in
the proximal 200 bp region of the mouse Id3 gene is determined by
computer-based search of the TRASFAC database and indicated in
the figure.  Three regions (footprints) that are protected from DNase
digestion following incubation with nuclear extracts of proliferating
C2C12 cells are also indicated (numbered I-III) below the DNA frag-
ment[68].
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engagement involves egr-1, but direct egr-1 binding to the
promoter has not been demonstrated and the egr-1 binding
site responsible for the upregulation of Id3 promoter activity
has not been localized[63].  We have found, however, that
mutating the egr-1 site in footprint 2 does not affect the
promoter activity of the proximal promoter in proliferating
C2C12 cell[68].  Either other sites are involved in mediating
egr-1 dependent activation of the Id3 promoter or the mecha-
nism of promoter regulation differs between the muscle and
T-cell systems.

Several other transcription factors have been reported to
either directly or indirectly regulate Id3 expression.  The zinc
finger transcription factor, gut-enriched kruppel-like factor
(GKLF), downregulates the expression of Id3 in response to
hydroxyl free radicals in VSMC, apparently by binding to a
GKLF site in the Id3 promoter[69].  Likewise, the transcrip-
tional repressor, B lymphocyte induced maturation protein-1,
also appears to act directly on the Id3 promoter region as
demonstrated by the chromatin immunoprecipitation assay
in mature B-lymphoblast cells[70].

Exactly how the other transcription factors affect Id3 ex-
pression is not known. For example, ectopic expression of
myoD in proliferating muscle cells upregulates Id3[71], but it
is not known whether this involves direct binding of myoD
to the Id3 promoter.  We did not find any E-box motif corre-
sponding to myoD binding sites within the 1 kb region that
we have analyzed, but interactions at more distal sites have
not been ruled out.  Other transcription factors, such as the
homeodomain protein AT binding factor 1A (ATBF1A), the
lymphocyte specific transcription coactivator BOB.1/OBF.1,
and the forkhead transcription factor FOXM1B, have all been
shown to either up or downregulate Id3 expression when
overexpressed, but in no case has direct interaction between
these factors and the Id3 promoter been establish-ed[72,73,56].
Cells that are deficient in Smad4 fail to alter their Id3 level in
response to either TGF-β or BMP, suggesting that the Smad
proteins are involved in mediating the regulatory effect of
these cytokines[59,60].  However, direct binding of Smad on
the Id3 promoter has not been demonstrated.

Several lines of evidence suggest that DNA methylation
and histone acetylation might either directly or indirectly
regulate Id3 expression.  In some non-lymphoid hematopoi-
etic cell lines, the lack of Id3 expression has been correlated
with hypermethylation of DNA upstream of the Id3 transcrip-
tion start site[74].  Whether similar methylation events take
place in other cases where Id3 expression is silenced is not
known.  Treatment with 5 azacytidine, an inhibitor of DNA
methyl transferase, blocks the neuronal differentiation of
PC12 cells induced by NGF and inhibits NGF-induced Id3

downregulation that occurs during differentiation[36].
Conversely, Id3 expression is downregulated in lymphoblas-
tic cells from patients with immunodeficiency, centromere
instability and facial anomalies syndrome, a disease syn-
drome caused by a defective DNA methyltransferase
(DNMT3B)[75].  It is not yet known whether the methylation
state of the Id3 promoter itself is directly affected in either
case.  Similarly, addition of histone deacetylase inhibitors to
lung adnocarcinoma cells and the K562 hematoprogenitor
cells upregulates Id3 expression, but whether this represents
a direct effect on the histones associated with the Id3 pro-
moter is not clear[76–78].

Regulation of Id3 isoform expression by
differential splicing

The Id3 gene is composed of three exons and two introns.
The first exon includes the 5' untranslated region (UTR) and
the coding region corresponding to the first 100 amino acid
residues.  The coding region is interrupted by a 105 bp in-
tron at the +357 position of the mouse Id3 gene.  The second
exon contains the last 19 amino acid coding region and 26 bp
of the 3' UTR of the mouse Id3 transcript.  In the mouse gene,
this is followed by a 506 bp second intron and the third exon
coding for the rest of the UTR[66].  Both the human and rat
Id3 genes appear to be similarly organized, although the
length and exact nucleotide sequence of the introns vary
substantially among species.

It has been shown in both rats and human that an alter-
native transcript can be generated under certain conditions
by the retention of the first intron[79,31], resulting in the pro-
duction of a novel Id3 protein isoform with an altered C-
terminus.  However, because of the divergent nucleotide
sequences in the intron, the novel Id3 C-terminal peptides
vary substantially in both length and sequences across
species.  In humans, the novel terminus is 60 amino acids in
length; whereas in mice and rats it is only 29 amino acids
long, with 7 out of the 29 amino acids differing between the
two species.  In contrast, the original protein isoform from
the mouse and rat differs by only 1 amino acid substitution
out of 119.

With such divergence in sequence among closely related
species, one might have predicted that the novel isoforms
(referred to as Id3L in humans and Id3a in rats) would have
dubious biological significance.  Contrary to this expectation,
in situ hybridization and immunolocalization using isoform-
specific antibody indicates that the novel variant is not pro-
duced in normal vasculature, but is dramatically upregulated
during the later stages of vascular lesion formation, whereas
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the original Id3 variant is upregulated earlier in the neoin-
tima[30].  Furthermore, the 2 Id3 protein variants appear to be
functionally distinct.  The human Id3L protein is a weaker
inhibitor of the binding of E-proteins to DNA in vitro than
the original shorter Id3 isoform[31].  Overexpression of the
original shorter rat Id3 protein in VSMC promotes prolifera-
tion and S-phase entry and inhibits transcription of the cyclin
dependent kinase (cdk) inhibitor p21Cip1, whereas overpro-
duction of the novel Id3a does not inhibit p21 transcription,
and causes a decrease in cell number, presumably by pro-
moting apoptosis[30].

What accounts for the unique biological functions of
the novel Id3 isoform is perplexing, because the C-termini
encoded by the non-spliced Id3 variants would be very dif-
ferent between humans and rats and differ substantially even
between the more closely related rodent species.  One pos-
sible explanation of this conundrum is that the altered C-
termini might lead to a protein that acts essentially like a
“dominant negative” mutant.  In support of this possibility,
we have shown that truncation of the Id3 C-terminal to a site
roughly corresponding to the spliced junction resulted in a
protein that was incapable of blocking E-protein binding,
and the inhibition of E-box dependent transcription was com-
promised[80].  Swapping the Id3 C-terminal with the corre-
sponding region of the Id2 C-terminal likewise reduced the
ability of the fusion protein to block E-protein activity.  Why
the C-terminus of the Id3 protein is so critical for its activity
is presently unknown.  Much remains to be learned about
how the alternative splicing is regulated and when and where
else the novel Id3 variant might be expressed.  Because most
of the earlier studies did not take into account the existence
of the novel isoform, some of the expression data might need
to be revisited.

Regulation of Id3 transcript and protein
stability

Like many other immediate early genes, the Id3 transcript
has a rather short half-life[81].  Examination of the cDNA se-
quence revealed the presence of instability elements in the 3'
UTR that bind to RNA-binding protein[82,83]; sequence ele-
ments that regulate cytoplasmic polyadenylation are also
present[84].  These sequence motifs are likely to contribute to
the regulation of the stability and/or translation of the Id3
transcripts, but detailed studies have yet to be reported.

The Id3 protein is also rather short lived, with a half-life
of approximately 20 min when overexpressed in 293 cells.  As
with other short-lived proteins, Id3 appears to be degraded
by proteasomes in an ubiquitination dependent manner[85].
Treatment with proteasome inhibitors stabilizes Id3, allow-

ing it to accumulate.  Cells with mutations in the E1 ubiquitin
activating enzyme show increased Id3 stability.  Co-expres-
sion of the bHLH protein E47 with Id3 significantly reduces
the rate of degradation of Id3[86].  In contrast, interaction
with the interferon-inducible protein p204, which is
upregulated during terminal muscle differentiation, enhances
Id3 degradation[87], suggesting that the stability of the Id3
protein might be affected by its dimerization partner.

Whether and how ubiquitination of Id3 is regulated by
the cellular environment is not known.  Id3 has been shown
to interact physically with CSN5, a subunit of the COP9
signalsome complex that has been implicated in the regula-
tion of the ubiquitination of a large number of cellular proteins.
Inhibitors of the COP9-associated kinases increase the
ubiquitination of Id3 and accelerate its degradation, whereas
overexpression of another COP9 subunit CSN2 stabilizes the
Id3 protein.  Given these data, it has been speculated that CSN-
mediated phosphorylation inhibits ubiquitination of Id3[88].

Although the role of ubiquitination in Id3 degradation is
now well-documented, we found that replacing all 4 lysine
found in the mouse Id3 protein with arginine failed to stabi-
lize the protein.  This suggests that Id3 might be added to an
increasing list of proteins like myoD[89], Id2[90], and p21cip1[91],
that gets ubiquitinated at the α-amino group of the N-termi-
nal residue instead of an internal lysine residue.

How much the regulation at the level of protein stability
contributes to the overall regulation of Id3 expression level
is not presently known.  In one study, experimental denerva-
tion to the muscle of young rats results in an increase in Id3
protein levels in both the soleus (900%) and gastrocnemius
(80%) without apparently affecting the mRNA level[51].  Simi-
lar regulation might occur under other conditions.

Regulation of protein localization and function
Although Id3 preferentially interacts with the class I HLH

proteins (E proteins) and exhibits little or no affinity towards
the class II bHLH proteins[92], it also binds to other tran-
scription factors such as TCF[4] and the homeodomain pro-
tein Pax5[6] through the HLH domain.  Co-expression of E-
proteins competes with Pax5 for binding to Id3.  Other pro-
tein partners might also compete with each other for binding.
The relative abundance of the various protein components
could, therefore, affect the precise compositions of the pro-
tein complexes that are formed.  This might in turn determine
the biological effects of Id3 under conditions where Id3 level
is limiting.  In addition, because some E-protein isoforms can
act as transcriptional inhibitors[93], Id3 might even be ex-
pected to activate gene expression under certain circums-
tances.
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Dimerization between Id3 and its target proteins might
also affect its subcellular localization.  When expressed alone
in COS cells, Id3 is predominantly cytoplasmic/perinuclear.
Co-expression with E-proteins causes it to accumulate in the
nucleus[94].  Whether other proteins or mechanisms might
control the subcellular distribution of Id3 is presently
unknown.  Interestingly, the Id3 protein has been reported
to be localized to specific subcellular locations in some cell
types[48,95], but the mechanism responsible remains unknown.

The Id3 protein contains several potential phosphoryla-
tion sites for various protein kinases[96], including a con-
served putative cdk2 site around Ser5 in the N-terminus,
which is phosphorylated in a cell cycle-dependent manner
(during late G1 to S).  Id3 proteins with a mutation of Ser5 to
Asp5 to mimic phosphorylation are better able to block the
formation of heterodimers between E-protein and myoD but
are less able to block E-protein homodimerization.  Phospho-
rylation by cdk2 also interferes with the ability of Id3 to bind
to TCF proteins[5], suggesting that Ser5 phosphorylation
might alter the dimerization specificity of Id3.  In fibroblasts,
the Id3 Asp5 mutant (mimicking phosphorylation) is unable
to promote S-phase transition, whereas the non-phosphoryla-
table Ala5 mutant is more effective than the wild type[61].
In contrast, in VSMC, the non-phosphorylatable Id3 Ala 5
mutant activates the cdk inhibitor p21cip1 promoter and is
unable to promote an increase in cell number when over-
expressed[97].  Why the behavior is different between the
two cell types is unknown.

Conclusions
It is clear from this brief review that the expression and

function of the Id3 protein are regulated in a very complex
manner.  Much remains to be learned about how the Id3
gene is regulated transcriptionally.  Almost nothing is known
about how the alternative splicing event that generates a
potentially dominant negative protein is controlled.  Post-
translational modifications might impact the stability, dimer-
ization specificity and/or subcellular localization of the
protein, which might then affect the function of the protein.
In view of the many physiological and pathophysiological
situations where Id protein function is involved or perturbed,
understanding these issues will, no doubt, provide a fertile
ground for the development of potential therapeutic
interventions.
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Abstract
Autophagy is a major cellular pathway for the degradation of long-lived pro-

teins and cytoplasmic organelles in eukaryotic cells.  A large number of intracellu-
lar/extracellular stimuli, including amino acid starvation and invasion of
microorganisms, are able to induce the autophagic response in cells.  The discov-
ery of the ATG genes in yeast has greatly advanced our understanding of the
molecular mechanisms participating in autophagy and the genes involved in regu-
lating the autophagic pathway.  Many yeast genes have mammalian homologs,
suggesting that the basic machinery for autophagy has been evolutionarily con-
served along the eukaryotic phylum.  The regulation of autophagy is a very com-
plex process.  Many signaling pathways, including target of rapamycin (TOR) or
mammalian target of rapamycin (mTOR), phosphatidylinositol 3-kinase-I (PI3K-I )/
PKB, GTPases, calcium and protein synthesis all play important roles in regulating
autophagy.  The molecular mechanisms and regulation of autophagy are dis-
cussed in this review.
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Introduction
Cell homeostasis is maintained by a precisely regulated

balance between synthesis and degradation of cellular
components.  There are 2 powerful hydrolytic mechanisms
in eukaryotic cells: the proteasome and the lysosome/
vacuole.  More than 90% of cellular proteins are long-lived.
These proteins and some cytoplasmic organelles are believed
to be degraded within a specific compartment, the lysosome/
vacuole[1].  There are at least 3 different pathways for lyso-
somal protein degradation: Cvt (cytosol to vacuole target-
ing pathway)[2], Vid (vacuolar import and degradation path-
way)[3] and autophagy[4].  Autophagy plays important roles
in physiology and pathophysiology in all cell types.  In ad-
dition to its role in protein and organelle degradation, au-
tophagy may induce a type of programmed cell death that is
different from apoptosis, namely type II programmed cell
death[5].  Recently it has been found that autophagy may be
a transitory tactical response, and that it affects a range of
normal developmental processes, such as sporulation in
yeast and pupa formation in Drosophila melanogaster[6,7].
Furthermore, autophagy may contribute to the extension of

lifespan induced by caloric restriction[8].  Autophagy might
also act as a means of defense against invasion by various
bacteria and viruses.  There is a potential link between au-
tophagy and a number of diseases in humans.  For example,
cancer, cardiomyopathy and neurodegenerative disorders
such as Alzheimer’s, Parkinson’s and Huntington’s diseases,
amyotrophic lateral sclerosis and prion diseases are all asso-
ciated with increased autophagy activity[9].  Consequently,
study of the molecular basis of autophagy would result in a
better understanding of the role of autophagy in cell death
and ageing, and would also result in proposals for new thera-
peutic approaches for neurodegenerative diseases.

The morphology of autophagy was first characterized in
studies of mammalian cells.  With a few exceptions, however,
the molecular components of autophagy were initially eluci-
dated in yeast because of the convenience of gene analysis.
Recent studies in various eukaryotic systems have revealed
a conservation of the autophagic mechanism[10].  In the past,
the many terms used in the autophagy field have been highly
confusing: Aut (autophagocytosis), Apg (autophagy), Vps
(vacuolar protein-sorting) all have been used.  Recently, the
autophagy-related genes and the products of these genes
were named ATG and Atg, respectively[11].
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Classification of autophagy
Autophagy is a ubiquitous physiological process that

occurs in all eukaryotic cells.  There are three primary forms
of autophagy: macroautophagy, microautophagy and chap-
erone-mediated autophagy (CMA).  Macroautophagy is the
most prevalent form of autophagy.  It comprises the follow-
ing processes: initially, a “C” shape double-membrane struc-
ture appears in the cytoplasm, and then at both ends of this
membrane a structure grows, and finally closes to form a
vacuole.  The bulk of the cytoplasm and some organelles are
wrapped into the vacuole (autophagosome).  Then the
autophagosome targets the lysosome/vacuole, where its
outer membrane fuses with the lysosomal membrane and the
inter sac (autophagic body) enters the lysosome/vacuole.
The autophagic body is degraded in the lysosome/vacuole
so the carrying constituent components can be recycled[12].
Microautophagy is a form with few features.  In this pathway,
the membrane of the lysosome/vacuole invaginates, and then
finally pinches off to form an internal vacuolar vesicle that
contains material derived from the cytoplasm, akin to the
autophagic bodies formed in macroautophagy.  The notable
difference between macroautophagy and microautophagy
is that in the latter the cytoplasm is directly up taken into the
lysosome/vacuole[13].  CMA differs from the other lysosomal
degradation pathways in that vesicular traffic is not involved.
Cytosolic proteins with particular peptide sequence motifs
are recognized by a complex of molecular chaperones, then
bind to a receptor in the lysosomal membrane, the lysosome-
associated membrane protein (Lamp) type 2a.  Proteins are
delivered to lysosomes with the help of molecular chaper-
ones and Lamp 2a[14].

Autophagy is basically a non-selective process, in which
bulk cytoplasm is randomly sequestered into the cytosolic
autophagosome.  However, in some cases it may select its
target.  For example, autophagy can selectively eliminate some
organelles, such as injured or excrescent peroxisomes, en-
doplasmic reticulum (ER) and mitochondria[15].  A recent re-
port shows that in yeast, Saccharomyces cerevisiae, the
cytosolic protein acetaldehyde dehydrogenase (Ald6) is de-
livered to the vacuole and degraded by means of specific
autophagy[16].

Molecular mechanisms of macroautophagy
Macroautophagy, a major form of autophagy, is relatively

well characterized at present.  Autophagy and the related
processes are dynamic, and many molecules involved in the
autophagic process have been identified.  At least 25 spe-
cific yeast genes are exclusively involved in autophagy, and

there are more than 40 additional yeast genes required for
autophagy, but they also play roles in other pathways[11].
However, the physiological functions of many of these genes
need to be further clarified.

Origin of the autophagosomal membrane  There is still
debate on the origin of autophagosome membranes.  Initially,
the ribosome-free region of the rough ER and Golgi were
proposed as the source of autophagosomal membranes[17,18].
Now, it is generally accepted that the phagophore, a poorly
characterized organelle, may be the major source of the
autophagosomal membrane and related structures[19].

Autophagosome formation
Two ubiquitin-like conjugation systems  In yeast, au-

tophagy almost completely shuts off under growing
conditions, although every ATG gene is expressed.  Mo-
lecular biological and biochemical analyses of these gene
products uncovered the genetic and biophysical interactions
among the Atg proteins.  One of the most remarkable find-
ings regarding the Atg proteins is the discovery of two
ubiquitin-like conjugation systems, Atg12-Atg5 and Atg8-
phosphatidylethanolamine (PE) (Figure 1).  In fact, half of
the APG genes essential for autophagy are involved in these
conjugation systems, and these two conjugation systems
are well conserved among eukaryotes.  Furthermore, Atg12-
Atg5 and Atg8 conjugation systems are somehow related to
each other[20–22]: if the former is defective, the latter can not
target to the pre-autophagosomal structure (PAS); the lev-
els of Atg8-PE also play an important role in the conjugation
of Atg12-Atg5.

 Atg12-Atg5 conjugation system  Atg12, a small hy-
drophilic protein of 186 amino acids with no apparent homol-
ogy to ubiquitin, can covalently link to a unique target
protein, Atg5[23].  The mode of conjugation of Atg12 and
Atg5 is quite similar to that of ubiquitination.  Atg12 is first

Figure 1.  Two ubiquitin-like conjugation systems are involved in
autophagosome formation.



Http://www.chinaphar.com Yang YP et al

1423

activated in an ATP-dependent manner by Atg7 (it functions
as an ubiquitin-activating enzyme, E1), leading to the forma-
tion of a thioester bond between the C-terminal glycine in
Atg12 and a cysteine residue in Atg7[24].  The C-terminal
glycine in Atg12 is then transferred to the cysteine in Atg10
(it functions as a ubiquitin-conjugating enzyme, E2), form-
ing a new thioester bond, and Atg7 is released[25].  Finally,
the C-terminal glycine in Atg12 forms an isopeptide bond
with the ε-amino group of lysine 149 in Atg5, and Atg10 is in
its free state again.  The formation of the Atg12-Atg5 conju-
gate is indispensable to autophagosome formation.  It seems
that this ubiquitin-like system is a constitutive process, be-
cause the formation of the Atg12-Atg5 conjugate is not de-
pendent upon starvation or other autophagy-inducing con-
ditions[26].  Atg12 and Atg5 form a conjugate immediately
after their synthesis, and free forms of these are hardly
detectable.  The conjugation reaction between Atg5 and
Atg12 is irreversible, and so far no protease has been found
to deconjugate this conjugate.  Atg16 also binds preferen-
tially to the Atg12-Atg5 conjugate.  Atg16 links with Atg12-
Atg5 through self-oligomerization, and its C-terminal coiled-
coil region may be responsible for this oligomerization.
Therefore, Atg16 forms a 350 kDa multimeric complex with
the Atg12-Atg5 conjugates.  It should be pointed out that
Atg16 only binds to Atg5, and not to Atg12[27,28].  This new
complex is necessary for the elongation of the isolation mem-
branes (used for  formation of the autophagosomal
membrane).  A small fraction of the Atg12-Atg5·Atg16 com-
plex initially associates with a small crescent-shaped vesicle
evenly.  As the membrane elongates, Atg12-Atg5 shows
asymmetric localization and most of these proteins associ-
ate with the convex surface of the isolation membrane.  This
complex will dissociate from the membrane upon completion
of autophago-some formation; thus, it is not present in the
mature autophagosome[29].  The molecular basis of this tran-
sient association of Atp12-Atg5 conjugates with the
autophago-some membrane is not yet known.

In mammalian cells, Atg5 and Atg12 are conjugated to
each other in the same way as they are in yeast, but the
complex interacts with Atg16L, forming an ~800 kDa struc-
ture instead of a 350 kDa complex in yeast[27].  Atg16L is a 63
to 74 kDa protein, which has a binding region and coiled-coil
region similar to that of Atg16.  However, Atg16L has a long
C-terminal extension containing 7 WD repeats, but the role
of the WD repeats in autophagy has not yet been elucidated.

Atg8 conjugation system  The second ubiquitin-like
protein essential for autophagy is Atg8 (Aut7/Apg8).  Atg8
is a 117-amino acid protein and is present in the early isola-
tion membranes, autophagosomes and autophagic bodies[30].

This feature makes Atg8 a good marker for studying mem-
brane dynamics during autophagy.  Cell fractionation stud-
ies have shown that Atg8 is mostly membrane-bound; ap-
proximately half of it is peripherally bound to the membrane
and the other half behaves like an intrinsic membrane protein.
Atg4, a novel cysteine protease, is responsible for process-
ing Atg8 by cleaving a single Arg residue from it, conse-
quently exposing Gly in the C-terminus of Atg8[31].  Atg8 can
be activated by Atg7 (E1) in an ATP-dependent manner and
transferred to a conjugating E2 enzyme, Atg3[32].  Atg7 is a
unique enzyme that activates two different ubiquitin-like
proteins, Atg12 and Atg8, and assigns them to their proper
E2 enzymes, Atg10 and Atg3, respectively.  Interestingly, in
the final step, Atg8 does not form a conjugate with other
proteins, but interacts with PE, an abundant membrane phos-
pholipid[32].  This lipidation reaction leads to a conforma-
tional change of Atg8 that is necessary for the membrane
dynamics of autophagy[33].  In addition, Atg8-PE is
deconjugated by Atg4, which cleaves the lipid-protein link-
age and provides a new source of cytoplasmic Atg8.  The
cycle of conjugation and deconjugation is important for the
normal progression of autophagy.

 Microtubule-associated protein 1 light chain 3 (LC3), the
mammalian orthologue of Atg8, targets to the autophago-
somal membranes in an Atg5-dependent manner and remains
there even after Atg12-Atg5 dissociates.  Thus LC3 is the
only credible marker of the autophagosome in mammalian
cells[12].  In wild-type cells, LC3 is detected in 2 forms: LC3-I
(18 kDa) and LC3-II (16 kDa)[34].  Twenty-two amino acids in
the C-terminus of the newly synthesized LC3 are cleaved
immediately by the mammalian orthologue of the yeast cys-
teine proteinase Atg4, autophagin, to produce an active cy-
tosolic form, LC3-I[35].  Then with the catalysis of Atg7 and
Atg3, LC3-I undergoes a series of ubiquitination-like
reactions, and is modified to LC3-II.  LC3-I is located in the
cytoplasm, while LC3-II is a tightly membrane bound protein
and is attached to PAS and autophagosomes.  The relative
amount of membrane-bound LC3-II reflects the abundance
of autophagosomes, so the induction and inhibition of au-
tophagy can be monitored through measuring total and free
LC3-II levels by means of immunoassay[34].  In addition, stud-
ies have shown that the Atg12 and LC3 systems have a func-
tional relationship.  In ATG5–/– cells, LC3-II is not generated
at all[21].  As a result, LC3 cannot target the autophagosomal
membranes.  The recent generation of transgenic mice ex-
pressing green fluorescent protein (GFP) fused to LC3 pro-
vides a useful tool to investigate autophagy in various mam-
malian organs in vivo[36].

In addition to LC3, at least another two mammalian
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orthologs of yeast Atg8 have been identified[37,38]: γ-
aminobutyric acid type A receptor-associated protein
(GABARAP) and Golgi-associated ATPase enhancer of 16
kDa (GATE-16).  The 2 proteins also covert to membrane
bound forms (form II), which are recovered in membrane frac-
tions[39].  These results suggest that all mammalian Atg8 ho-
mologues receive common modifications to associate with
autophagosomal membranes, but the functions of these
orthologs and their modified form II need to be further
studied.

Two kinase complexes
 Atg 1 protein kinase  Atg1 is a serine/threonine protein

kinase, which forms a protein complex with different regula-
tory proteins such as Atg13, Vac8, Atg17 and Cvt9.  The
complex controls the switch between Cvt and autophagy
pathways (Figure 2).  The composition of this complex is
dynamic and it may vary depending on nutrient condi-
tions[40].  Under nutrient-rich conditions, Atg13 is hyperphos-
phorylated so that its association with Atg1 is blocked.  On
the other hand, under nutrient starvation conditions or after
treatment with rapamycin, Atg13 becomes partially dephos-
phorylated.  This dephosphorylation leads to an Atg1-Atg13
interaction and subsequent generation of autophagosomes
instead of Cvt vesicles and, thus, activates autophagy.  Vac8,
the vacuolar inheritance protein that acts in the Cvt pathway
is not essential for starvation-induced autophagy[41].  Vac8
is also a phosphoprotein and may help to facilitate the phos-
phorylation of Atg13.  Atg1 also interacts with 2 other
proteins.  One of these is Cvt9, which is only required for the
Cvt pathway[42].  Cvt9 is a large coiled-coil protein, and it
interacts with itself, possibly through the coiled-coil domain.
This could potentially crosslink the Atg1 complex into a
higher-order structure required early in the sequestration
process of autophagy.  The other protein, Atg17, is only

required for the autophagic import and has been proposed
to play a role in Atg1-Atg13 interactions[43].  Recently, Atg17
has been found to interact with 2 Cvt pathway-specific
components, Atg24/Cvt13/Snx4 and Atg20/Cvt20, proteins
that contain PI3P-binding PX domains[44,45].  But it remains a
challenge to evaluate the meaning of interactions between
the autophagic-specific Atg17 protein and Cvt pathway-spe-
cific Atg24 and Atg20 proteins.  Genetic analysis suggests
that the Atg1 complex functions at a rather late stage of
autophagosome formation[22].  The Atg1 complex may con-
trol membrane dynamics, rather than act as a signal
transducer.  The kinase activity of Atg1 is upregulated dur-
ing induction of autophagy, thus the levels of kinase activ-
ity seem to be important for the regulation of autophago-
some formation[43].  A recent report has shown that Atg1 may
only have a non-kinase structural role in autophagy
induction, although the kinase activity of Atg1 is involved
in autophagy; however, it plays more important roles in the
Cvt pathway[46].

Two putative human homologs of Atg1 have been iden-
tified[47]: the UNC-51-like kinases ULK1 and ULK2.  ULK1
has been shown by yeast two-hybrid screening to interact
with GATE-16 and GABARAP, two homologs of the yeast
autophagy protein Atg8.

Vps34/PI3K  Early in 1982, it was found that 3-MA (3-
methyladenine) inhibits the formation of autophago-
somes[48].  3-MA is a PI3K inhibitor[49].  Several studies have
demonstrated that PI3K inhibitors interfere with the forma-
tion of autophagosomes in rat hepatocytes[50].  Yeast is
known to contain only one PI3K, Vps34[51].  Vps34 function
is regulated by the protein kinase activity of Vps15, with
which it forms a stable, membrane-associated complex under
normal conditions.  This complex links the Vps34 kinase to
cytoplasmic membranes.  Vps34-Vps15 is present in 2
complexes, which are involved in a variety of membrane trans-
port events (Figure 3)[52]: complex I, which is composed of
Vps34-Vps15, Atg6 and Atg14, controls autophagy, whereas
complex II, which is composed of Vps34-Vps15, Atg6 and
Vps38, is essential for sorting of carboxypeptidase Y (CPY)
into the vacuole.  Atg6 is a possible coiled-coil protein and is
associated with the membrane through Vps15 and Vps34.
Atg14 is a specific factor in the autophagy-specific PI3K
complex.  Complex I functions primarily, but not exclusively,
at the PAS, whereas complex II functions at the endosome.
The lipid kinase activity associated with Vps34 is thought to
create lipid patches of PI3-P, the reaction product of class III
PI3K, at specific trans-Golgi locations, and these patches
then function in protein sorting into vesicles that travel from
the Golgi to the endosome.

Figure 2.  The Atg1 kinase complex includes components that are
specific for the Cvt pathway or autophagy.
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In mammalian cells, there are 3 classes of PI3K.  Class I
PI3K is an inhibitor of autophagy[53].  Class II PI3K activity is
thought to have no relevance to autophagy control.  Class
III PI3K, a functional orthologue of yeast Vps34, is an acti-
vator of autophagy and plays a crucial role at an early step
of autophagosome formation in mammalian cells[54], and it is
required for increasing the size of the sequestering membrane,
presumably through fusion events.  PI3-P interacts with pro-
teins containing FYVE or PX motifs, thus recruiting such
proteins from the cytosol for autophagosome biogenesis[55].
The activation of a population of PI3K located in a deter-
mined membrane domain may be r esponsible for
autophagosome biogenesis.  In addition, the presence of
PI3-P in a specific membrane location may generate signifi-
cant asymmetries and drive membrane curvature of PAS[54].
Finally, PI3-P may be converted to higher-order polyphos-
phoinositides (PI), which are involved in diverse signaling
functions.  The mammalian cell orthologue of Vps15 is p150.
It is associated with class III PI3K, and interacts with beclin-1,
a functional orthologue of yeast Atg6 in mammalian cells[56].
Beclin1, which is the first autophagy-related tumor suppres-
sor gene reported so far, is required for both autophagy and
Cvt pathways.  The characterization of the tumor suppres-
sor activity of beclin-1 could establish an important relation-
ship between cancer and the autophagic pathway.  Beclin-1
was originally isolated as a bcl-2-interacting protein that can
downregulate bcl-2, but it is still unclear whether this inter-
action is instrumental in autophagy[57].

Atg 9 complex  Atg9 is an integral membrane protein,
containing several potential transmembrane domains[58].  A
fraction of Atg9 is located in the PAS together with other
autophagy proteins, but it is absent in the membranes of
mature autophagosomes[59,60].  If cells lack Atg9, neither the
Cvt pathway nor autophagy can take place.  However, Cvt

and autophagy can still accumulate protease-sensitive
prApe1 (the precursor to aminopeptidase I), indicating that
Atg9 has an effect prior to closure of the double-bilayer
vesicle[61].  A soluble protein, Atg2 physically interacts with
Apg9, and this interaction is indispensable to autophago-
some formation[62].  The localization of Atg2 to the PAS re-
quires the activity of several proteins, such as Atg1 and
Atg9, but the kinase activity of Atg1 seems to be of ques-
tionable importance to this function.  Atg18 is also indis-
pensable to correct Atg2 localization, suggesting that there
is a potential link between this protein and the Atg9 system[63].

Mammalian orthologs of Atg2 and Atg9 are present in
the genome sequence databases, but they have not been
studied in detail.

PAS  All the abovementioned Atg proteins have a func-
tion before or during the formation of autophagosomes.
Thus, it is important to find out the distribution of these Atg
proteins in cytoplasm.  By using fluorescent protein fused
with Atg proteins, it has been shown that Atg8 stains
autophagosomes, autophagic bodies in the vacuoles, and
also the intermediate isolation membrane.  However, Atg5
shows a single bright dot structure next to the vacuole.  This
structure has been named the PAS, and Atg8 also co-local-
izes with it[64,22].  In addition, no Golgi, ER or late-endosomal
markers has been found in the PAS, suggesting that this is a
novel structure that has not been described so far[59].
However, little is known about the existence of a PAS-like
structure in mammalian cells.  Almost all Atg proteins are co-
localized in the PAS, suggesting that it is an organizing cen-
ter of the autophagosome.  The autophagy-specific PI3K
complex, PI3-P, may recruit different proteins such as Atg18,
Atg20, Atg21, Atg24, and Atg27 to the PAS[54,65,66].  The in-
teraction between PI3-P and these proteins is a requisite for
the re-recruitment of Atg proteins to the PAS.  None of these
proteins contains PX or FYVE motifs, so the domain of the
lipdation has not been identified.  Atg9 also has a strong
effect on organization of the PAS, whereas defects in the
Atg1 kinase complex show little effect on the PAS structure.
Indeed, a recent study suggests that, in nutrient-rich
conditions, the PAS does not form in the absence of prApe1,
Atg19 or Atg11[67].

Autophagosome fusion with the vacuole/lysosome  In
yeast, the fusion of autophagosomes with the vacuole re-
quires several factors that are involved in other types of
vesicular transport.  Molecular genetic studies have indi-
cated that the machinery required for homotypic vacuole
fusion is also required for the fusion of autophagosomes
with the vacuole.  This machinery includes: the SNARE pro-
teins Vam3, Vam7, Vti1, and Ykt6; the NSF, SNAP, and GDI

Figure 3.  Two different PI3-kinase complexes participate in vacu-
olar protein targeting.
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homologs Sec17, Sec18, and Sec19; the Rab protein Ypt7;
members of the class C Vps/HOPS complex; and Ccz1 and
Mon1[68].  However, it remains to be determined whether dif-
ferent SNARE and/or other fusion components operate dur-
ing autophagy.  If the fusion process begins prior to comple-
tion of the double-membrane vesicle, the cargo will remain in
the cytosol, so the timing of vesicle fusion with the lyso-
some/vacuole must be precisely regulated.  Atg8-PE, which
is located on the outer surface of the autophagosome, is
removed prior to fusion as a result of a second cleavage by
Atg4.  Removal of Atg8-PE from autophagosomes can pre-
vent premature fusion with lysosomes.  Atg12-Atg5•Atg16
may have the same function.  The expression of Atg8∆R is a
mutated form of Atg8 lacking the ultimate arginine residue,
bypassing the need for the initial Atg4-dependent cleavage
step.  However, the mutation causes a loss of ability of Atg
to carry out the second cleavage event that releases Atg8
from PE and results in a partial defect in autophagy[31].

In mammalian cells, autophagosome fusion with lysos-
omes is a more complex process in which the autophagosome
requires a series of maturation steps prior to its fusion with
the lysosome.  Similar to yeast, the activity of monomeric
GTPases (Rab22, Rab24) and mammalian orthologs of
SNARE protein family members and the NSF protein are
needed for correct autophagosome maturation[69,70].  Prior to
their fusion with lysosomes, autophagosomes have to fuse
with endosomes or endosome-derived vesicles.  Overexpres-
sion of a mutant form of the regulator of endosome sorting,
SKD1 ATPase, which is unable to hydrolyze ATP, hampers
endosome function and causes a massive accumulation of
nascent autophagosomes[71].  Rab7, which is associated with
autophagic vacuoles, is involved in maturation of autophago-
somes.  Overexpression of a Rab7 dominant negative mutant
hampers fusion between autophagosomes and the late en-
dosome/lysosomal compartment, leading to the accumula-
tion of autophagosomes with a concomitant decrease in the
degradation of long-lived proteins[72].  In addition, the cyto-
skeletal elements are also involved in either autophagosome
maturation or autophagosome-lysosome fusion.  The micro-
tubule is another important factor for this event, because
treatment of cells with microtubule-destabilizing drugs
blocks autophagosome maturation.  For example, cells treated
with cytochalasin D, an agent that disrupts actin filaments,
display a significant reduction in autophagosome formation[73],
whereas the microtubule stabilization mediated by a new
antitumor drug, taxol, increases the fusion of amphisomes
with lysosomes[74].

Degradation of autophagic body  The main purpose of
autophagy in yeast is to degrade cytoplasm and recycle the

resulting macromolecules for use in the synthesis of essen-
tial components during nutrient stress.  Degradation of au-
tophagy bodies requires a low pH, proteinase B (Prb1) and
Atg15/Cvt17[75,76].  Prb1 is a hydrolase that is involved in the
activation of many other vacuolar zymogens, which indi-
rectly affects the vesicle breakdown.  Atg15/Cvt17 has se-
quence similarity to a family of lipases, and seems to func-
tion directly in vesicle breakdown.  It is the only putative
lipase that has been identified that has a role in the degrada-
tion of autophagic bodies[76].  So far, we know that the ex-
pression of Atg15 is low in the vesicle, but the mechanism or
site of action of Atg15 is unknown.  Another protein, Atg22,
has also been implicated in this last step.  Atg22 is an inte-
gral membrane protein, and is needed only for the degrada-
tion of autophagic bodies[77].

Molecular mechanisms of CMA
CMA is one of several lysosomal pathways of proteo-

lysis.  CMA is activated by physiological stressors such as
prolonged starvation.  During starvation, macroautophagy
is activated first, but this process quickly declines and CMA
is then activated.  The mechanisms by which these 2 lysoso-
mal protein degradation pathways interact, if any, are
unknown.  We now know that cytosolic proteins can be de-
graded by CMA in rat liver, kidney, heart, and other tissues.
However, to date, there are no physiological phenomena simi-
lar to CMA found in yeast.  Only the cytosolic proteins with
exposed pentapeptide sequence motifs related to KFERQ
can act as substrate proteins, and be recognized by a com-
plex of molecular chaperones whose major constitutive form
is the heat shock 70 kDa protein (hsc70)[78].  The substrate
protein and molecular chaperone complex bind to the lyso-
somal membrane and interact with lamp2a.  The protein is
unfolded by the molecular chaperone complex prior to im-
portation into the lysosome.  The protein is pulled into the
lysosomal lumen with the help of lysosomal hsc70 (ly-
hsc70)[14,79].  The level of lamp2a can be a rate-limiting step in
CMA.  A lamp2 knockout mouse without any of the lamp2
isoforms showed a reduction in rate of protein degradation
and an increase in accumulation of autophagic vacuoles in
heart, skeletal muscle, and other tissues[80].  The amount of
lamp2a in the lysosomal membrane is regulated, in part, by
changes in its degradation rate.  For example, during starva-
tion lamp2a levels increase due to a decrease in lamp2a
degradation.  The mechanisms of lamp2a degradation include
an initial cleavage by the lysosomal protease cathepsin A.
In fact, cathepsin A knockout mice had elevated levels of
lamp2a in the lysosomal membrane and showed higher ac-
tivity of CMA[81].  A metalloprotease yet to be identified also
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contributes to lamp2a degradation and works in cooperation
with cathepsin A.  A more rapid adjustment of lamp2a in the
lysosomal membrane occurs through changing the propor-
tions of lamp2a sequestered in the lysosomal matrix.

Regulation of autophagy
Autophagy is probably the main mechanism for degra-

dation of long-lived proteins and cytoplasmic organelles.  A
great number of extracellular stimuli (starvation, hormone or
therapeutic treatment) as well as intracellular stimuli
(accumulation of misfolded proteins,  invasion of
microorganisms) are able to modulate the autophagic
response.  In yeast and mammalian cells, autophagy is a
fundamental biological event that occurs under normal
growth conditions.  Thus, there must be an array of mecha-
nisms by which extracellular and/or intracellular signals can
be accepted and transmitted to the regulatory factors to pro-
mote or inhibit autophagy when it is needed.

TOR/mTOR  There are a number of signaling complexes
and pathways involved in the initiation and maturation of
autophagy.  The central player in these signaling pathways
is TOR, the target of rapamycin.  TOR is a serine/threonine
kinase involved in most regulatory pathways that control
the response to changes in nutrient conditions and energy
metabolism.  TOR acts as a good gate-keeper in autophagy
and exerts an inhibitory effect on autophagy (Figure 4).  TOR
kinase may inhibit autophagy through two general
mechanisms.  First, TOR acts in a signal transduction cas-
cade through various downstream effectors to control both
translation and transcription[82].  Second, TOR appears to
directly or indirectly affect the Atg proteins, resulting in in-

terference with the formation of autophagosomes[83].  In mam-
malian cells, there is a TOR orthologue, mTOR, which ap-
pears to modulate autophagy in a manner similar to that ob-
served in yeast.

Protein phosphatase 2A (PP2A)  In yeast, TOR phos-
phorylates the protein Tap42, causing its association with
PP2A[84].  This interaction significantly reduces the enzyme
activity of PP2A.  Inhibition of TOR by nutrient stress or
rapamycin results in the dephosphorylation and dissocia-
tion of Tap42 from PP2A.  PP2A may then dephosphorylate
its targets, which eventually leads to a variety of antiprolifera-
tive responses and induction of autophagy.  PP2A is a phos-
phatase that acts on several TOR substrates, including
glutaminase (Gln3).  Dephosphorylation of Gln3 by PP2A
promotes its dissociation from urease 2 (Ure2) and its suc-
cessive translocation into the nucleus, where it activates the
transcription of several genes[85,86].  Some of those genes are
parts of the autophagy machinery such as Atg8 and
Atg14[87,88].

4E-BP1  mTOR has a serine/threonine kinase activity,
and eukaryotic initiation factor 4E binding protein-1 (4E-BP1)
is one of its substrates[89].  4E-BP1 is an inhibitor of transla-
tion and can be directly phosphorylated by mTOR.  After
phosphorylation, 4E-BP1 will dissociate from eukaryotic
initiation factor 4E (eIF4E).  Free eIF4E binds to the 5' termi-
nal cap structure of RNAs and promotes the progress of
translation.

p70S6 kinase  p70S6 kinase (p70S6) is also a candidate
of the substrates of mTOR, which can be called S6K for short.
S6K is a protein kinase of ribosomal 40S subunit S6.  Phos-
phorylation of S6 upregulates the translation of mRNAs con-
taining 5' terminal oligopyrimidine tract (5' Top).  The 5' Top
mRNAs account for approximately 20% of all cell mRNAs
and are foundations of protein biological synthesis.  The
major products of 5' Top mRNAs include ribosomal protein,
elongation factor (EFla, EF2), and polyA binding protein.
When nutrition is sufficient, TOR is turned on and the activ-
ity of the enzyme S6K increases.  Recently, it has been found
that S6K is needed for the entire process of autophagy
activation, and it must be activated first for maximal activa-
tion of autophagy[90].  However, there is a contradictory
phenomenon, in that TOR, an activator of S6K, is an inhibi-
tor of autophagy.  The possible explanation is that S6K needs
to be active under starvation conditions in which its
activator, TOR, is turned off.  Perhaps, after TOR is switched
off, any active S6K remains active for some time, ensuring
maximal autophagy induction can be achieved, but other
mechanisms might then gradually deactivate the p70S6
kinase, thereby preventing excessive autophagy, which

Figure 4.  TOR/mTOR and PI3K-I/PKB signaling in the regulation
of autophagy.
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could be harmful.
Hormones  The hormones glucagon and ecdysone in

Drosophila larvae inhibit TOR by downregulating PI3K-I,
resulting in an increase in autophagy.  Conversely, the hor-
mone insulin appears to have an inhibitory effect on the
autophagic pathway[91,92].  In response to food, insulin is
produced; insulin binds a receptor on the surface of cells
and triggers a signaling cascade.  Insulin first activates its
tyrosine kinase receptors, causing these receptors to phos-
phorylate themselves.  P85 as a regulatory subunit of PI3K
activates PI3K by association with these phosphorylated
insulin receptors.  The active PI3K transfers to the inter sur-
face of the cell membrane and phosphorylates the lipid
phosphatidylinositol, leading to the activation of protein ki-
nase B (AKT/PKB) and other enzymes.  This is followed by
the activation of TOR.  The latter then negatively regulates
Atg proteins to prevent autophagy activation.

Amino acids  Amino acids, which are the final products
of autophagic protein degradation, act as negative feedback
regulators for the process.  In almost all cell types, especially
in hepatocytes, a combination of leucine and a few other
amino acids is very effective in inhibiting autophagy[93–95].  It
was discovered that the addition of amino acids (leucine in
particular) in the absence of insulin or other growth factors
resulted in a strong and fairly rapid stimulation of the phos-
phorylation of ribosomal protein S6K[96,97].  Phosphorylation
of 4E-BP1, similar to that of S6K, requires the presence of
amino acids, and amino acids alone, but not insulin alone,
stimulate phosphorylation of this protein in a rapamycin-
sensitive manner[98,99].  Furthermore, leucine activates
glutamate dehydrogenase, which contributes to the ability
of leucine to potentiate insulin production in β-cells[100].
Amino acids and insulin act synergistically on both pro-
cesses to inhibit autophagy[96,97].  The amino acid/TOR sig-
naling pathway can be confronted by the AMP-dependent
protein kinase (AMPK).  However, this effect can be blocked
by rapamycin and two inhibitors of PI3K, wortmannin and
LY294002[101].  Recently, it has been found that amino acids
can modulate activation of the kinase Raf-1.  Raf-1 acts up-
stream of the mitogen-activated protein kinase (MAPK) and
extracellular signal-regulated kinase (Erk1/2) cascades[102].
However, the mechanism by which amino acids regulate the
activation of Raf-1 remains to be elucidated.

ATP  Autophagic sequestration is ATP-dependent, and
the depletion of ATP inhibits autophagic sequestration[103].
Because of adenylate kinase equilibrium in the cell, a fall in
ATP is often associated with an increase in AMP.  AMPK,
which serves as a general integrator of metabolic responses
to changes in energy availability, is activated in response to

elevations of the AMP/ATP ratio.  Thus, autophagy can be
suppressed by AMP through activation of AMPK.  In
addition, high levels of AMP can be reached under hypoxia
and other conditions of energy depletion, which also sup-
press autophagy[104,105].  Different studies suggest that in
liver and muscle cells AMPK negatively modulates protein
synthesis by impairing the mTOR-dependent signals to
p70S6 kinase and 4E-BP1[106], interfering with the occurrence
of autophagy.  Although AMPK is involved in the control of
mTOR signaling, its role in autophagy needs to be clarified.
However, Snf1, the yeast homologue of AMPK, has been
identified as a positive regulator of autophagy[107].

Atg proteins  TOR signaling negatively regulates the
association between Atg1 and Atg13.  Under nutrient-rich
conditions, active TOR causes hyperphosphorylation of
Atg13, preventing or modulating its association with Atg1[43].
It is not clear whether TOR directly phosphorylates Atg13.
TOR inactivation by starvation or rapamycin treatment pro-
motes the rapid dephosphorylation of Atg13, a process that
seems to be independent of PP2A.  Dephosphorylated Atg13
binds to Atg1.  This association promotes autophosphoryla-
tion and activation of Atg1, leading to the induction of
autophagy.  The inhibition of TOR signaling also promotes
the assembling of other regulatory proteins in the membrane
of PAS due to increased Atg1 kinase activity.  In other words,
inactivation of TOR is necessary for the prolongation of pre-
autophagosomal membranes and enhancement of the expres-
sion of autophagic specific genes such as Atg8.

PI3K-I/PKB  The PI3K-I/PKB pathway is involved in the
negative modulation of autophagy (Figure 4).  If PI3K-I is
activated, it will phosphorylate PI4P and PI(4,5)P2 to pro-
duce PI(3,4)P2 and PI(3,4,5)P3

[108].  These lipids have a role in
the PAS structure to recruit proteins necessary for the bio-
genesis of autophagosomes.  These lipids bind to protein
kinase B (Akt/PKB) and its activator phosphoinositide-de-
pendent kinase-1 (PDK1) via its pleckstrin homology (PH)
domains.  Upon lipid binding, Akt/PKB is then activated[108].
Furthermore, PDK1 phosphorylates other kinases, includ-
ing p70S6 kinase, making them acquire kinase activity[109].
Activation of this pathway by expression of a constitutive
active form of PDK1 and PKB has an inhibitory effect on
autophagy.  The phosphatase PTEN, which selectively hy-
drolyzes PI(3,4,5)P3, has a stimulatory effect on autophagy
by relieving class I PI3K/PKB inhibition[55].  Rapamycin can
reverse most of the inhibition of autophagy because of acti-
vation of the class I PI3K pathway, which suggests that
mTOR is a downstream target.  The activation of PI3K/PKB
has been shown to relieve the inhibitory effects of the tuber-
ous sclerosis complex (TSC1/TSC2, hamartin/tuberin) on
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mTOR/p70S6 kinase signaling[110].  TSC2 has a GTPase-acti-
vating activity towards monomeric Rheb, which controls
mTOR/p70S6 kinase signaling[111], so TSC2 can promote the
conversion of Rheb from the GTP-bound state (inhibitor of
TOR) to the GDP-bound state (activator of TOR).

Beclin1/PI3K- III  The beclin 1/PI3K-III complex is in-
volved in the formation of autophagosomes and initiation of
autophagy.  3-MA, wortmannin, and LY294002, three PI3K-
III inhibitors, interfere with this pathway[50].  Recently, it has
been shown that in muscle cells, amino acids can negatively
regulate autophagy by interference with the activity of class
III PI3K[55].  Further studies showed that all beclin forms a
complex with PI3K, whereas ~50% of PI3K remains free from
beclin.  Indirect immunofluorescence microscopy demon-
strated that the majority of beclin and PI3K localized to the
trans-Golgi network (TGN).  Some PI3K also distributed in
the late endosome[112].  This suggests that beclin and PI3K
control autophagy by functioning in PI3-P sorting into
vesicles that travel from the Golgi to the endosome as a
complex at the TGN.  In addition, an increase in the class III
PI3K product, PI3-P, can also stimulate autophagy[49].  Beclin-1,
as an important element of mammalian autophagy, is consis-
tently mono-allellically deleted in 40–75% of human spo-
radic breast, prostate and ovarian cancers.  In in vitro cul-
tured MCF-7 cells, overexpression of beclin-1 induces au-
tophagy and is associated with inhibition of MCF-7 cell pro-
liferation[56].  The protein beclin-1 is able to shuttle between
the nucleus and the cytoplasm[113].  Its role in the nucleus is
unknown, but nuclear beclin-1 does not control autophagy
and does not inhibit tumorigenicity of breast carcinoma cells.
Beclin-1 contains a leucine-rich nuclear export signal that is
required for its autophagy and tumor suppressor functions[113].
This nuclear export traffic is modulated by nuclear export
protein chromosome region maintenance 1(CRM1)[113].  The
CRM1-dependent nuclear export traffic plays an important
role in the regulation of autophagy.  However, when the
traffic is inhibited by daunomycin B or a mutation of the
nuclear export signal, beclin-1 exists almost exclusively in
the nucleus.  Thus, autophagy induction by starvation can-
not be initiated and its anti-tumor effect is also blunted.

GTPases
Heterotrimeric G proteins and partners  In the human

colon cancer cell line HT-29, it was found that the trimeric Gi3

(αi3βγ) control the autophagic pathway at the sequestration
step[114].  The activity of autophagy was low when the Gαi3

protein was in the GTP-bound form, and it was stimulated
when GDP was bound to the Gαi3 protein[115].  The localiza-
tion of the Gai3 protein is also essential in controlling
autophagy.  It must first associate with the ER or Golgi in

order to control autophagy.  The guanine nucleotide cycle
of the Gαi3 protein is dependent upon the activity of the G
alpha interacting protein (GAIP).  GAIP belongs to the regu-
lators of the G-protein signaling (RGS) family and is a GTPase-
activating protein towards the Gαi3 protein.  The phosphory-
lation of a conserved serine residue in the RGS domain of
GAIP stimulates its GAP activity, and consequently the au-
tophagic pathway[116].  In addition, GAIP is a cytoplasmic
substrate for the MAP kinase Erk1/2 and its phosphoryla-
tion is reduced in the presence of amino acids.  The different
domains of the activator of G-protein signaling 3 (AGS3) are
all involved in the regulation of autophagy[117]: its N-termi-
nal part containing 7 tetratricopeptide regulatory (TPR) re-
peats can decrease the occurrence of autophagy; its C-ter-
minal part containing G-protein regulatory (GPR or GoLoco)
motifs can interact and stabilize the Gαi3 protein in its GDP-
bound conformation.  Recently, investigators showed that
AGS3 had a stimulatory effect on autophagy in human colon
cancer cells[118], but this stimulatory effect could be counter-
acted by GoLoco motifs.  The Gαi3 protein and its partners
(GAIP and AGS3) act prior to the formation of the
autophagosome.  They may be involved in the control of
membrane flux to the autophagic pathway.  What is notice-
able is that the Gαi3 protein and its partner proteins can con-
trol the balance between the flow of membranes in the
exocytic pathway and the delivery of membrane constitu-
ents to the macroautophagic pathway.

Monomeric G proteins  Rab proteins are monomeric
GTPases necessary for vesicular transport in the exo/
endocytic pathway, in which Rab22a is associated with early
and late endosomes.  However, Rab22aQ64L, a mutant with
low GTPase activity of Rab22a co-localizes with the autoph-
agic vacuoles[69].  In addition, another monomeric GTPase,
Rab24, existing preferentially in a GTP-bound state when
expressed in cultured cells, is redistributed and co-localized
with MAP1-LC3 during starvation.  It has been shown that
Rab24 has a role in autophagy.  The GTP membrane-bound
forms of Rab proteins are able to recruit cytosolic proteins,
which target vesicles to appropriate sites on the acceptor
membrane[119].  Whether or not this function of Rab proteins
is essential for membrane fusion, transport, and the matura-
tion of autophagic vesicles is still to be investigated.

 Calcium  Autophagy is dependent on the presence of
sequestered Ca2+ in some intracellular storage compartments
that are sensitive to interference by a number of Ca2+-per-
turbing agents[120].  ER is the major reservoir for intracellular
calcium, thus thapsigargin, which inhibits the ER calcium/
ATPase promotes the release of intracellular calcium from
ER and thereby lowers ER calcium levels leading to notable
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inhibition of autophagy.  This implies that depletion of
sequestered, rather than of cytosolic, intracellular Ca2+ should
be responsible for the common mechanism of autophagy
inhibition.  Inhibitors of Ca2+-activated protein kinases (KN-
62, H-7, W-7) had little or no effect on autophagy, indicating
that the Ca2+ requirement of autophagy was not mediated by
these kinases.  Recent studies have shown that elements
that modify the lysosomal calcium levels, such as phorbol
myristate acetate, ionophore A23187, and phentolamine, may
modulate the total volume of autophagic vacuoles[121].

Protein synthesis pathway   In rat hepatocytes, the phos-
phorylation of the ribosomal S6 protein, a p70S6 kinase
substrate, is also related to the inhibition of autophagy.  The
degree of S6 phosphorylation determines the degree of oc-
cupancy of the endoplasmic reticulum by ribosomes, and
thus determines the rate of autophagic sequestration and
the rate of ER-linked protein synthesis[97].  So it is possible
that there is a relationship between the control of protein
synthesis and of autophagy.  Furthermore, the finding of the
involvement of eukaryotic initiation factor-2 alpha (eIF2α)
kinases in autophagy strengthens this view.  The eIF2a
kinases are members of a family of evolutionarily conserved
serine/threonine kinases that regulate stress-induced trans-
lational arrest.  Recently, it was demonstrated that two eIF2α
kinases (GCN2 and PKR) positively controled autophagic
sequestration in yeast and mammalian cells in response to
nutrient deprivation by phosphorylating the translation
factor eIF2α[122].  However, a general inhibition of protein
synthesis does not trigger autophagy.  For example, when
translation is inhibited by cycloheximide, autophagy is not
induced, but the formation of smaller autophagosomes is
observed.  These results indicate that protein synthesis is
required for the expansion of the preautophagosome
vesicle[123].  In addition, the de novo synthesis of proteins is
also required after the sequestration step during the matura-
tion of autophagosomes.

Other regulatory factors  The regulation of autophagy
is very complex.  In addition to the above mentioned molecu-
lar mechanisms, microtubule-associated protein, integrin, and
some other kinases such as tyrosine protein kinase II,
naringin-sensitive protein kinase, death-associated related
protein kinase-1 (DRP-1), death-associated protein kinase
(DAPK) all have a role[124].  However, the molecular mecha-
nisms by which these regulatory factors contribute to the
control of autophagy are still largely unknown and their down-
stream targets also remain to be identified.

Autophagy and diseases
Autophagy is an important gate-keeping mechanism for

the stabilization of cell homeostasis, which is required for
eliminating discarded or damaged organelles and/or cyto-
plasmic components and remodeling cytoplasm.  Autoph-
agy has been studied for more than 40 years, but it is only in
the last 10 years that the molecular basis of autophagy has
been gradually understood through the utilization of yeast
genes.  The discovery of the ATG genes and the dissection
of the signaling pathways involved in the regulation of au-
tophagy have greatly increased our knowledge of the occur-
rence and development of this lysosomal degradation
pathway.  In yeast, many questions about the molecular
mechanisms of autophagy have already been investigated,
but there are a great number of tasks ahead, such as clarifica-
tion of the putative links between the different signaling
complexes and elucidation of the specific mechanisms medi-
ating autophagosome biogenesis, transport, fusion and au-
tophagic degradation.  Although the molecular machinery of
the autophagic pathway is well conserved during evolution
in multicellular organisms, especially in mammals, this pro-
cess is much more complex in mammals than it is in yeast.  At
present, many autophagic genes in mammals still remain un-
known and their functions in autophagy also remain
undiscovered.  The creation and analysis of transgenic and
knockout animal models will help to understand the evolu-
tionarily-acquired complexity of autophagy-mediated pro-
cesses in mammals.  Some gene (beclin-1, ATG5, and ATG7)
knockout mice have already been used in experiments to
explore the functions of these genes and the relationships
between autophagy and some diseases[21,125,126].  For example,
with a targeted beclin-1 mutant mouse model, it has been
shown that heterozygous disruption of beclin-1 increases
the frequency of spontaneous malignancies and accelerates
the development of hepatitis B virus-induced premalignant
lesions.  In addition, it has also been demonstrated that
beclin-1 is a haplo-insufficient tumor-suppressor gene, and
therefore it is possible that the genetic disruption of
autophagy, either by mutations of downstream autophagy-
execution genes or by mutations in upstream autophagy-
regulatory signaling pathways, may be an important mecha-
nism of oncogenesis[126].  Thus, mutation of beclin-1 or other
autophagy genes might contribute to the pathogenesis of
human cancers.  A growing number of pathological
conditions, including cancer and neurodegenerative
disorders, are associated with autophagy, so it is very im-
portant to reveal the molecular relationships between au-
tophagy and diverse diseases.  In our laboratory, we found
that autophagy may have dual functions in cultured tumor
cells.  On the one hand, it may delay the apoptotic process in
one cell type; but on the other hand, it may promote cell
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death in other cell types (Yan et al, unpublished observa-
tions).  Autophagy plays important roles in the degradation
of misfolded or aggregated proteins and, therefore, may play
a role in certain neurodegenerative diseases that feature the
misfolding and aggregation of disease proteins, such as
Huntington’s disease and Parkinson’s disease.  We have
studied the degradation of mutant huntingtin by autophagy.
We found that autophagy upregulated cathepsins and en-
hanced the clearance of huntingtin fragments, but mutant
huntingtin was relatively resistant to degradation by cathe-
psin D[127].  Over-stimulation of autophagy by mutant
huntingtin resulted in mislocalization and dysfunction of mi-
tochondria (Qin et al, unpublished observations).  In our
recent studies, we also found that an autophagic mechanism
was involved in excitotoxicity.  Activation of the NMDA (N-
methyl-D-aspartate)- and KA (kainic acid)-type glutamate
receptors stimulated autophagy and lysosomal enzymes.  The
apoptotic death of striatal neurons was blocked by 3-MA
and a cathepsin B inhibitor, suggesting that the activation
of autophagy probably contributes to excitotoxicity[128].
These studies have opened  a new field for investigating the
pathogenic mechanisms in neurodegenerative diseases re-
lated to protein misfolding, aggregation and excitotoxicity.
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Two ligands for a GPCR, proton vs lysolipid1
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Abstract
Recently, two different chemicals have been matched as ligands with the same G-
protein-coupled receptor (GPCR). Double-pairing of OGR1 family GPCRs with pro-
ton and lysolipid raises several questions.  First, whether both are the real ligands
for the GPCRs.  Second, whether modulation of a GPCR by two chemicals could be
possible.  Third, one of the chemicals is proton.  Proton-sensing not only is a new
action mode of GPCR activation, but also it could be generalized in other GPCRs.
In this review, I’d like to summarize the issue and discuss questions with pharma-
cological criteria.
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Introduction
G-protein-coupled receptor (GPCR) is the largest gene

family of human genome.  GPCR is glaringly obvious by the
fact that more than 50% of drugs on the market are either
agonists or antagonists on GPCRs[1].  Positive or negative
modulation of GPCRs with drugs has been successful tools
to treat many diseases such as allergy, gastric ulcer, and
hypertension.  The common structural feature of all GPCRs
is a seven-helical transmembrane region.  GPCR activations
are evoked by stimuli as diverse as light, Ca2+, odorants,
amino acids, nucleotides, proteins, polypeptides, steroids,
and fatty acid derivatives.

The completion of the human genome project has identi-
fied about 865 GPCR genes[2].  Except sensory receptors, 367
GPCRs have been considered as receptors for endogenous
ligands in the human genome[3].  However, identification of
novel members of GPCRs by genome sequencing faces or-
phan receptor problem, that is, ligands are not yet found[1].
About 150 orphan GPCRs are waiting for discovery of their
ligands[4].  Pairing orphan GPCRs with their own ligands
(endogenous or surrogate) would advance scientific know-
ledge and induces discovery of new drugs[5–9].  However,

recent double-pairing of OGR1 subfamily GPCRs with two
different chemicals, proton and lysolipid, raises several
questions.

First, whether both chemicals are the real ligands for OGR1
subfamily.  Second, whether modulation of a GPCR by two
chemicals could be possible, because classic pharmacologi-
cal concept is one ligand for one GPCR.  Third, one of the
chemicals is proton.  Although it has been well established
for ion channel receptors such as transient receptor poten-
tial/vanilloid receptor subtype-1 (TRPV1)[10] and acid-sens-
ing ion channels (ASICs)[11], in GPCR area, not only proton-
sensing is a new action mode of GPCR activation, but also it
could be generalized in other GPCRs.

OGR1 subfamily and lysolipids
OGR1 subfamily is composed of four members (OGR1,

GPR4, G2A, and TDAG8) and has previously been identified
as receptors for lysolipids; sphingosylphosphorylcholine
(SPC), lysophosphatidylcholine (LPC) and psychosine
(galactosylsphingosine)[12–14].  In 2000, Xu et al reported
Ovarian cancer G-protein-coupled Receptor 1(OGR1, GPR68)
to be a high-affinity receptor for SPC (Kd = 33 nmol/L) and
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SPC was shown to inhibit cell growth of OGR1-transfected
HEK293 as well as various ovarian cancer cell lines[12,15].  In
2001, Zhu et al reported GPR4 to be the second high affinity
receptor for SPC and GPR4 was shown to be activated by
structurally-related LPC[13].  However, in contrast to OGR1,
GPR4 activation stimulated cell growth and cell migration of
GPR4-transfected Swiss3T3 cells[13].  TDAG8 (T-cell death-
associated gene 8, GPR65) was reported to be activated by
psychosine and its activation was shown to result in multi-
nuclear cell formation[14].  G2A (G2 accumulation protein,
GPR132), the last member of the subfamily, was character-
ized to cause cell cycle arrest in the G2/M phase[16].  LPC was
initially reported as a ligand of G2A and T cell chemotaxis to
LPC was shown to be mediated through G2A[17].

Yan et al reported macrophage chemotaxis to LPC is de-
pendent on G2A function and mutation of the conserved
DRY motif of G2A results in loss of function[18].  Wang et al
demonstrated that murine G2A was spontaneously internal-
ized and accumulated in endosomal compartments, whereas
its surface expression was enhanced and stabilized by LPC
treatment[19].  Han et al reported G2A-mediated up-regula-
tion of CXCR4 in human helper T cells[20].  Murakami et al
reported G2A-dependent actin stress fiber formation and its
inhibition by LPC in G2A-NIH3T3 cells[21].  Also LPC en-
hances dose-dependently intracellular cAMP accumulation
and G2A-induced apoptosis in Hela cells[22].  Ikeno et al
reported that secretary phospholipase A2 induce neurite
outgrowth in PC12 cells through LPC generation and activa-
tion of G2A receptor[23].  Lin and Ye reported that G2A dis-
plays a significant level of intrinsic signaling via Gαq, Gαs,
and Gα13 pathways[22].

Lum et al showed that inflammatory stress increases GPR4
expression and LPC binding in human microvascular endot-
helial cells[24].  Recently, Kim et al reported that GPR4 plays
a critial role in SPC-induced angiogenesis and SPC trans-
activates VEGF receptor 2 in endothelial cells[25].

Maghazachi  et al  reported that psychosine and
glucosylsphingosine induce multinuclear cell formation and
apoptosis in TDAG8-expressing natural killer cells[26].
Malone et al reported that activation of TDAG8 by psycho-
sine enhanced dexamethasone-induced apoptosis in a
TDAG8-dependent manner in lymphomas[27].  Tosa et al re-
ported critical function of TDAG8 in glucocorticoid-induced
thymocyte apoptosis[28].

These ligand chemicals have similar lysolipid structures
(Figure 1) and their significance in pathological conditions
and pharmacological application has been discovered.
Especially, G2A deficient mouse developed an autoimmune
syndrome similar to systemic lupus erythematosus (SLE)[29],

and therapeutic application of LPC for sepsis was proposed
in relation with G2A receptor[30].

Overexpression of G2A, GPR4, and TDAG8 in human
cancers has been found to play a role in driving or maintain-
ing tumor formation, however, transformation was achieved
without addition of lysolipids[31,32].  Bektas et al reported
ligand-independent signaling of GPR4 and its inability to
respond to SPC and LPC in several assay systems, that is,
GTPγS binding, receptor internalization, and arrestin trans-
location[33].  Additionally, the original paper that reported
G2A-LPC pairing was recently retracted by authors, because
they could not confirm the LPC-binding experiments[34].  Con-
stitutive activation of GPCR and lipid-independent responses
raises a possibility, that is, another activator of GPCR is
present in the culture medium or secreted from GPCR-trans-
fected cells.  Such a possibility has been suggested and
supported with proton by five independent groups[21,35–38].

OGR1 subfamily as proton-sensing GPCRs
Ludwig et al (2003) reported OGR1 and GPR4 to be pro-

ton-sensing receptors.  At pH 7.8, OGR1 was inactive, but
activated fully inositol phosphate (IP) formation at pH 6.8.
Ludwig et al predicted several hydrogen-bond interactions
occurring between unprotonated histidines by using a com-
putational 3D model of OGR1.  Under alkaline conditions
these interactions could stabilize the receptor in an inactive
state.  Exposure to an acidic pH would destabilize the hydro-
gen bonds, switching the receptor to its active conformation.
Indeed, mutation of several histidines (H17, H20, H84, H169,
and H269) to phenylalanines reduced proton-sensing ability
of OGR1 (Figure 2)[35].  In the same paper, authors observed
that a very similar activation of GPR4 by pH change, but
GPR4 activates the Gs-adenylyl cyclase-cAMP pathway[35].

Figure 1. Structures of LPC and other lysolipids.
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However, they were not able to observe any effect of SPC
and LPC, previously reported ligands, on OGR1 and GPR4.
In 2004, Murakami et al reported that G2A functions as a
proton-sensing GPCR[21].  Transient transfection of G2A
caused significant activation of the zif 268 promoter and IP
accumulation at pH 7.6 and lowering extracellular pH aug-

mented the activation only in G2A-expressing PC12h cells[21].
Site-directed mutation of His-174, which is predicted to be
located at the extracellular part of the transmembrane helix IV
(Figure 2), reduced partially G2A-dependent signaling at
lower pH.  They found that LPC and SPC did not cause IP
formation at pH 7.6, but LPC inhibited IP formation at pH 6.8

Figure 2. Sequence alignment of OGR1 subfamily GPCRs. Histidine residues that have been reported to be involved in proton-sensing are
bolded and underlined in OGR1 (H17, H20, H84, H169, and H269), TDAG8 (H10 and H14), and G2A (H174). Residues in GPR4 that are
assumed to be critical for proton-sensing based on alignment with OGR1 are also marked. Suggested basic amino acids in G2A instead of
histidines in OGR1 are underlined. A histidine in TMVI conserved in all four members of GPCRs is starred. Potential transmembrane regions
are overscored; gaps are indicated by dashes.



1438

 Acta Pharmacologica Sinica ISSN 1671-4083Im DS

in a dose-dependent manner, suggesting that LPC acts as an
antagonist not an agonist.  Wang et al reported that TDAG8
is also a proton-sensing GPCR stimulating cAMP accumula-
tion[36].  They found that psychosine and SPC are antagonis-
tic on pH-dependent responses in the cells transfected with
TDAG8.  Psychosine-sensitive and pH-dependent cAMP
accumulation was also observed in mouse thymocytes, where
TDAG8 is endogenously expressed[36].  Radu et al conducted
experiments with all 4 members of OGR1 subfamily to test
proton-sensibility and confirmed previous reports on OGR1,
GPR4, and TDAG8[38].  However, G2A was insensitive or less
sensitive to extracellular pH change in their experimental con-
ditions[38].  They suggested that lack of many histidine
residues, defined to be involved in pH-sensing of OGR1,
could be a cause for insensitiveness of G2A to acidic pH
(Figure 2)[38].  Also they suggested that the constitutive ac-
tivation of G2A in neutral pH might be resulted from main-
taining active conformation of G2A via positively charged
amino acids in human and mouse G2A instead of conserved
histidines (Figure 2)[38].  Ishii et al reported that TDAG8 is a
proton-sensing GPCR, however, they were not able to ob-
serve any inhibitory effect of psychosine on pH-dependent
TDAG8 activation[37].  Therefore, a series of publications
propose that extracellular proton could be an activator of the
OGR1 subfamily of GPCRs.  More than two independent
groups reported proton-sensing properties of OGR1, GPR4,
and TDAG8 (Table 1).  In the case of G2A, constitutive acti-
vation at pH 7.4 has been observed in many transfected cells
by many research groups, however, pH-dependent activa-
tion was supported only by one group[21] and was not fully
reproduced by another group[38].  Dependence of pH sens-
ing on the histidine residues on the extracellular domains of
GPCRs has been tested on OGR1, TDAG8, and G2A[21,35–37].

However, site-directed mutagenesis study of the histidines
on GPR4 has not been experimentally reported.

In summary, there are four opinions in the published
reports, that is agonism of lysolipid, antagonism of lysolipid,
agonism of proton, and no confirmation of lysolipid action
on OGR1 subfamily GPCRs.  Table 1 shows list of publica-
tions supporting each opinion except negative observation
or constitutive activation.

Two ligands for a GPCR, proton vs lysolipid

As for lysolipids as ligands, Ludwig et al could not con-
firm such activation of GPCRs with lysolipids[35], and three
research groups observed antagonistic effects of LPC, SPC
and psychosine on the GPCRs in acidic conditions rather
than agonism (Table 1)[21,36–38].  In summary, lysolipids have
been suggested as ligands for the OGR1 subfamily GPCRs,
however, all four members of the GPCRs have also been pro-
posed as proton-sensing GPCRs.  OGR1 subfamily has been
considered as a contentious GPCR subgroup, because pair-
ing it with lysolipids has been controversial in the scientific
society[4,21,33,35,36].  Additionally, the original G2A paper was
retracted[34] and GPR4 paper would be retracted (Y  XU,
FASEB conference, 2005).  However, there are growing num-
bers of reports supporting actions of lysolipids on OGR1
subfamily GPCRs (Table 1).  As proposed by Kim et al it can
be dependent on cell types.  Kim et al recently confirmed
pH-dependent cAMP production in GPR4-transfected
HEK293 cells but not in GPR4-transfected HUVEC or HMEC-1
cells[25].  Cell-type specific functions remind us RAMPS
(receptor activity-modulating proteins) which are essential
proteins for expression and function of GPCRs such as CGRP
(calcitonin gene-related peptide) and adrenomedullin[39].  If

Table 1. Summary of publications.

                                   Receptor                                                                         Agonist                                    Antagonist
           Name                                   Expression                               Lysolipid                  Proton             Lysolipid

OGR1 (GPR68) Spleen, testis, small intestine, PBL, (SPC)[12] (H+)[35,36,38] (Psy and SPC)[36]

brain, heart, lung, placenta, kidney[53]

GPR4 Ubiquitous (ovary, liver, lung, kidney, (LPC and SPC)[13] (H+)[25,35,36,38] (Psy and SPC)[36]

lymph node, subthalamic nucleus)[13] (LPC)[24], (SPC)[25]

TDAG8 (GPR65) PBL, spleen, thymus, lymph nodes[14] (Psy)[14,26,27] (H+)[36–38] (Psy and SPC)[36]

G2A (GPR132) Spleen, thymus, T-lymphocytes, (LPC)[17,18,21,30] (H+)[21,38] (LPC)[21,38]

B-lymphocytes, monocytes,
macrophages[16]
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there are RAMP-like proteins specific for OGR1 subfamily,
the complicated results may be solved.  Wang et al recently
observed spontaneous internalization of murine G2A and
reported that LPC induces surface redistribution and stabili-
zation of murine G2A[19].  Such an action of LPC may support
spontaneous activation of G2A and explain agonistic and
antagonistic effects of LPC.  If spontaneous activity of G2A
was presumed as control level in neutral pH, LPC-induced
action might be interpreted as agonism.  However, if sponta-
neous activation or proton-activated effect was thought as
agonism, LPC-induced action might be considered as
antagonism.  Further investigation on cell-type specificity
and receptor distribution in the cells may clarify action mode
of OGR1 subfamily GPCRs by both chemicals, proton and
lysolipids.

Therefore, it is not easy to say which chemical is the real
ligand, although both chemicals could be called as modula-
tors of the GPCRs.  Finding of antagonistic effects of
lysolipids on the receptors at acidic conditions may advance
our understanding and might reconcile the controversy in
the future.  If both chemicals could activate the same GPCRs
in certain conditions, another issue might be two ligands for
a GPCR.  Dual actions may be a rare example in the GPCR
area.  However, considering that TRPV1 could be activated
by capsaicin, proton, heat and lipids, two chemicals for a
GPCR could not be a surprising action mode in biological
sciences[10].  Investigation of physiological roles and patho-
logical implications of the GPCRs in the future may lighten
importance of discovery of proton-sensing GPCRs, because
acidosis is related with many diseases such as cancer[40],

asthma[41], atherosclerosis[42], arthritis[43], and osteopenia[35,44].

Proton as an agonist

Another issue remains; could proton be a ligand? To be
an agonist, it should bind to GPCR specifically and revers-
ibly[45].  Furthermore, it should dose-dependently activate
GPCR.  In five publications, proton has been shown to fulfill
all the above criteria, except specificity[21,35–38] .  Basal activ-
ity of many other GPCRs has been observed in neutral pH
without apparent presence of endogenous ligands as like δ-
opioid receptor[46,47].  Such basal activity of GPCR has fur-
ther been confirmed by inverse agonists, which reduce the
basal activity in a dose-dependent manner[46,47].  Many GPCRs
have histidine residues in extracellular loops and outer seg-
ments of GPCR helixes.  Thus, if change of extracellular pH
could change basal activities of many GPCRs, although the
magnitude of change varies, this means lack of specificity.  If
many GPCRs are activated or inactivated by change of pH
without presence of any agonists, proton can not be an
agonist, because it lacks specificity, even though OGR1 sub-
family activation with proton was the greatest response
among GPCRs activated with proton.  Indeed, modulation of
GPCRs by extracellular pH has been reported in P2Y4 ATP
receptor and calcium-sensing receptor[48,49].

Four research groups have used the term “proton-sens-
ing GPCR” for OGR1 subfamily, however, the term for proton,
the counterpart, is omitted or the term “ligand” has been
used for proton.  However, it is inadequate, because of the
above-mentioned reason, lack of specificity.  GPCR modula-

Figure 3. Illustration of suggested modulators of OGR1 subfamily. Lysolipids have been suggested as agonists of OGR1 subfamily in neutral pH
and as an agonist in acidic pH. Proton has been suggested as agonists of OGR1 subfamily. Two possibilities are also included. One is another
chemical activating OGR1 subfamily in neutral pH. The other possibility is proton action on other GPCRs positively and/or negatively. The
symbol (+) means activation of GPCR and (-) inactivation.
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tor may be the good term for proton, because it changes
activity of GPCRs, but it can not be an agonist.  So far, the
smallest particle ever reported to be a GPCR activator is
photon.  In this case, photon energy in light activates
rhodopsin GPCR by isomerisation of 11-cis-retinal to trans
conformation within the rhodopsin helixes[50,51].  Now, pro-
ton might become the second small molecule activating
GPCRs.  Although lysolipids as the ligand of OGR1 subfam-
ily still remain controversial, proton as a ligand for the GPCRs
also need to be considered with caution, because an endog-
enous ligand might be waiting to be discovered, suggesting
possible presence of another chemical to activate OGR1 sub-
family in neutral conditions (Figure 3).  It may not be a sur-
prise if there is another chemical activating OGR1 subfamily
in neutral pH such as prostaglandins and capsaicin modu-
lating TRPV1[52].

In summary, proton activates OGR1 subfamily GPCRs
and lysolipids modulate activity of OGR1 GPCRs positively
or negatively.  However, we need to consider other two
possibilities.  One is that modulation by proton could be
generalized in other GPCRs even though the magnitude var-
ies (Figure 3).  Second, there could be another chemical acti-
vating OGR1 subfamily in neutral pH (Figure 3).
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Introduction
Orexin-A and orexin-B, also known as hypocretin-1 and

hypocretin-2, are members of a new family of neuropeptides
synthesized in the lateral hypothalamus and perifornical area
neurons[1,2].  Orexins have been shown to participate in many
functions, including sleep-wakefulness, feeding, and neu-
roendocrine function[3–5].  In addition, many studies have
found that orexins also participate in the neural control of
cardiovascular functions.  And, although most studies have
focused on the excitatory effect of orexins on cardiovascular
sympathetic activity[6–11], some evidence suggests that
orexins might also have a role in the parasympathetic control
of heart rate and cardiac functions.

Cardiac vagal nerves predominate over cardiac sympa-
thetic nerves in the control of heart rate and cardiac functions,
and their preganglionic fibers primarily originate from the
cardiac vagal neurons (CVN) in the nucleus ambiguus (NA)
and the dorsal motor nucleus of the vagus (DMNX)[12–15].
CVN are intrinsically silent and their activity relies completely
on their synaptic inputs[15].  CVN receive excitatory gluta-

matergic and cholinergic inputs[16,17], and inhibitory GABAergic
and glycinergic inputs[14,17,18].  Although previous studies
have suggested that orexins are involved in the vagal con-
trol of heart rate and cardiac functions, the reported effects
are largely contradictory.  Microinjection of orexin-A into
the NA of adult male rats elicited a dose-related decrease in
heart rate[19].  Microinjection of orexin-A into the nucleus
tractus solitarius (NTS), where GABAergic neurons and
glutamatergic neurons monosynaptically project to
CVN[14,16], elicited a decrease[20] or increase[21] in heart rate.
In a very recent in vitro study using brainstem slices of new-
born rats, orexin-A was found to inhibit CVN indirectly, via
presynaptic enhancement of the actionpotential-dependent
GABAergic and glycinergic inputs, and via presynaptic
attenuation of the actionpotential-dependent glutamatergic
inputs[22].

The actual concentration of orexin-A in rat brainstem that
acts to modulate the physiological synaptic control of CVN
is not clear; however, the experimentally measured concen-
tration of orexin-A in the cerebrospinal fluid is less than
1 nmol/L in rats[23], and is even less in dogs and human

Abstract
Aim: To test the effect of orexin-A (hypocretin-1), a neuropeptide synthesized in
the lateral hypothalamus and the perifornical area, on the glycinergic inputs and
the GABAergic inputs of cardiac vagal neurons (CVN).  Methods: The effects of
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beings [24,25].  Surprisingly, the concentration of orexin-A used
in the in vitro study of Dergacheva et al[22] was 1 µmol/L,
and was as high as 1 µmol/L in microinjection studies[19–21].
It is possible that these previous studies have used over-
doses of orexin-A, which might have resulted in a non-spe-
cific effect.

The response of each kind of synaptic input of CVN to
orexin-A might be different at different concentrations.  At
the same concentration, the sensitivity of each kind of syn-
aptic input to orexin-A might also be different.  These possi-
bilities make it necessary to reevaluate the effect of orexin-A
on CVN at lower and more divided concentrations.  The pur-
pose of the present study is to reevaluate the effect of orexin-
A on the glycinergic and GABAergic spontaneous inhibi-
tory postsynaptic currents (sIPSC) at lower concentrations
(20 nmol/L, 100 nmol/L, and 500 nmol/L).  Using retrograde
fluorescent labeling of CVN and the voltage patch-clamp
technique, we have demonstrated that orexin-A dose-depen-
dently increases the frequency of both the glycinergic and
the GABAergic sIPSC.  However, at a lower concentration
(20 nmol/L) of orexin-A, although the frequency of the
glycinergic sIPSC was significantly increased, the frequency
of the GABAergic sIPSC was not significantly changed.
These results suggest that the glycinergic inputs and the
GABAergic inputs have different sensitivities to orexin-A,
and suggest that the two kinds of inhibitory inputs might
play different roles in the synaptic control of cardiac vagal
functions.

Materials and methods

Retrograde fluorescent labeling of CVN  The inhalation
agent halothane (0.5 mL) was dripped into a glass box
(5 cm×5 cm×5 cm) with a lid and a bottom cotton pad.  Three
to four-day-old Sprague-Dawley rats (Shanghai Institute for
Family Planning) were put in the box for 30 s with the lid
covered.  This procedure anesthetized the rats but main-
tained their breathing in a relatively normal state.  The rats
were then buried in ice-filled bags to decrease the rats’ body
temperatures and slow their hearts.  After autonomic breath-
ing stopped (usually within 2 min) a right thoracotomy was
carried out to expose the heart, and rhodamine (2% solution,
20−50 µL; XRITC, Molecular Probes, Carlsbad, California,
USA) was injected into the pericardial sac with a glass pi-
pette (tip diameter 50 µm).  The incision was sutured and the
animals were heated with a thermo-pad to help recovery.
After the surgery (about 5 min) the animals usually started
autonomic breathing within 3 min and started free moving
within another 5 min.  The animals were allowed 1−2 d to

recover, and experiments were performed when animals were
4−6 d old.  Rats at this age have been shown to have similar
respiratory-related and reflex-related parasympathetic heart
rate control as adult rats[17,26].  Similar surgical procedures
that selectively labeled CVN have been described previously
by Mendelowitz and Kunze[27], who proved that no brainstem
neurons were labeled if rhodamine was injected into the chest
cavity while the pericardial sac was kept intact, and if rhoda-
mine was injected into the pericardial sac while the cardiac
branch of the cardiac vagal nerve was sectioned.  In addition,
it has also been proved that intravenous injection of up to 10
mg of rhodamine failed to label any CVN[27].

Slice preparation  The animals were anesthetized deeply
with halothane and decapitated at the supracollicular level.
The hindbrain was exposed, isolated, and submerged in cold
(4 ºC) artificial cerebral spinal fluid (ACSF) of the following
composition (in mmol/L): NaCl (124), KCl (3.0), KH2PO4 (1.2),
CaCl2 (2.4), MgSO4 (1.3), NaHCO3 (26), D-glucose (10), su-
crose (10), and constantly bubbled with gas (95% O2, 5%
CO2; pH 7.4).  The cerebellum was removed and the brainstem
was dissected using a dissection microscope.  With the ros-
tral end facing upwards and the ventral surface facing the
razor, the brainstem was then secured in the slicing chamber
of a vibratome (Leica VT 1000 S, Heerbrugg, Switzerland)
filled with the same ACSF, and sequentially sectioned in
variable thickness in the transverse plane.  Once the NA and
other landmarks[17] emerged under the microscope, a single
slice of 400 µm thickness was taken for experimentation.  A
medulla slice of this thickness from a 4−6-d-old rat actually
includes the full range of the medulla, and such slices have
been used in many studies (eg, respiratory rhythm studies)
that require relatively intact in vitro neuronal networks.  The
slice was transferred into the recording chamber and sub-
merged in the ACSF maintained at 22 ºC.

Electrophysiological recording  Individual CVN in the
NA were identified by the presence of the fluorescent tracer
using an Olympus (Tokyo, Japan) upright microscope
through a 40×water immersion objective.  These identified
CVN were then imaged with differential interference contrast
(DIC) optics, and infrared illumination and infrared-sensitive
video detection cameras to gain better spatial resolution and
to visually guide and position the patch pipette onto the
surface of the identified neuron.  The pipette (2.0−5.0 Ω) was
advanced until a high resistance seal was obtained (>1 GΩ)
between the pipette tip and the cell membrane of the identi-
fied neuron.  The membrane under the pipette tip was then
ruptured with a brief suction to obtain whole-cell patch-clamp
configuration, and the cell was voltage-clamped at a holding
potential of -80 mV.  The pipette resistance and capacitance
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was not compensated either before or after gaining intracel-
lular access.  To record GABAergic and glycinergic synaptic
events, the patch pipettes were filled with a solution con-
sisting of (in mmol/L): KCl (150), MgCl2 (2), ethyleneglycol-
bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) (2),
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES) (10), Mg-ATP (2), at pH 7.35.  With this pipette
solution the Cl– current induced by activation of the GABA
(γ-aminobutyric acid) receptors and/or glycinergic receptors
was recorded as an inward current.  In some experiments a
2 ms, 5 mV, hyperpolarizing current was injected with a fre-
quency of 0.25 Hz to calculate and monitor the membrane
resistance change of CVN throughout the recording.  All
animal procedures complied with the institutional guidelines
of Fudan University, and were in accordance with the Na-
tional Administration Guidelines for Experimental Animals.

Drug application  GABAergic synaptic currents were iso-
lated by inclusion in a perfusate of strychnine (1 µmol/L),
D-2-amino-5-phosphonovalerate (AP5, 50 µmol/L), and 6-
cyano-7-nitroquinoxaline-2,3-dione (CNQX; 50 µmol/L) to
block glycine, NMDA (N-methyl-D-aspartate), and non-
NMDA receptors, respectively, and were confirmed by block-
ade of the synaptic currents by 1 µmol/L picrotoxin at the
end of the experiment.  Glycinergic synaptic currents were
isolated by inclusion in a perfusate of picrotoxin (1 µmol/L),
AP5 (50 µmol/L), and CNQX (50 µmol/L) to block GABA,
NMDA, and non-NMDA receptors, respectively, and were
confirmed by blockade of the synaptic currents by 1 µmol/L
strychnine at the end of the experiment.  Orexin-A (20 nmol/L,
100 nmol/L, 500 nmol/L) was used to activate the orexin-A
receptors.  The duration of orexin-A application was 2 min
and each slice was applied only once to avoid desensitiza-
tion.  All drugs were purchased from Sigma Aldrich (St Louis,
MO, USA).

Data analysis  Spontaneous GABAergic and glycinergic
sIPSC were analyzed with MiniAnalysis (Synaptosoft, ver-
sion 4.3.1, Decatur, GA, USA) with a minimal acceptable
amplitude of 10 pA.  Results are presented as mean±SEM,
and are statistically compared by using the nonparametric
Kolmogorov-Smirnov (K-S) test.  Significant difference was
set at P<0.05.

Results

Responses of the glycinergic sIPSC to different doses
of orexin-A  Orexin-A significantly increased the frequency
of the glycinergic sIPSC at all three concentrations tested.
At a concentration of 20 nmol/L orexin-A increased the aver-
age frequency of the glycinergic sIPSC by 63%±4%, from

3.04±1.01 Hz to 4.97±0.91 Hz (P<0.01, n=6).  This frequency
increase was observed in all the 6 CVN tested.  At a concen-
tration of 100 nmol/L, orexin-A increased the average fre-
quency of the glycinergic sIPSC by 167%±5%, from 3.60±
0.90 Hz to 9.64±0.86 Hz (P<0.01, n=8).  At a concentration of
500 nmol/L orexin-A caused a frequency increase by
149%±7%, from 3.55±1.21 Hz to 8.85±2.71 Hz (P<0.05, n=8),
which was similar in degree to that produced by 100 nmol/L
orexin-A.  These results indicate that orexin-A dose-depen-
dently increases the frequency of the glycinergic sIPSC, and
a maximal effect can be achieved at 100 nmol/L.  A typical
CVN with an increased frequency of glycinergic sIPSC in-
duced by orexin-A at 100 nmol/L is shown in Figure 1A, 1B,
and the changes in average frequency caused by the three
concentrations of orexin-A are shown in Figure 1C, 1D.

In most CVN and at all the three concentrations of orexin-
A used, an increase in the amplitude of the glycinergic sIPSC
was also observed.  Because Dergacheva et al proved that
this amplitude increase was presynaptically caused by sum-
mated action-potential-dependent release of glycine[22], the
amplitude data were not statistically analyzed and were not
presented in this article.  In addition, at no concentration of
orexin-A used in this study was there any significant change
in the membrane resistance, or visible change in the baseline
currents of CVN.  The average membrane resistance before
and after 500 nmol/L orexin-A was 370.24±16.17 MΩ and
382.66±20.87 MΩ, respectively (P>0.05, n=8).

Responses of the GABAergic sIPSC to different doses
of orexin-A  Orexin-A significantly increased the frequency
of the GABAergic sIPSC only at 100 nmol/L and 500 nmol/L.
At a concentration of 20 nmol/L orexin-A changed the fre-
quency of the GABAergic sIPSC from 3.40±0.75 Hz to 2.88±0.53
Hz (P>0.05, n=6).  In none of these 6 CVN was obvious fre-
quency change observed.  At a concentration of 100 nmol/L
orexin-A increased the frequency of the GABAergic sIPSC by
97%±11%, from 2.58±0.63 Hz to 5.07±1.22 Hz (P<0.05, n=6).
At a concentration of 500 nmol/L orexin-A increased the fre-
quency of the GABAergic sIPSC by 173%±14%, from 2.59±0.
82 Hz to 7.08±0.86 Hz (P<0.01, n=5).  These results indicate
that although orexin-A also dose-dependently increased the
frequency of the GABAergic sIPSC, a relatively higher con-
centration (>20 nmol/L) is needed to cause a significant
change, and the maximal frequency increase could not be
reached at a concentration of 100 nmol/L.  A typical CVN
with an increased frequency of the GABAergic sIPSC in-
duced by orexin-A at 100 nmol/L is shown in Figure 2A, 2B,
and the changes in average frequency caused by the three
concentrations of orexin-A are illustrated in Figure 2C, 2D.

Orexin-A at concentrations of 100 nmol/L and 500 nmol/L
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also caused an amplitude increase of the GABAergic sIPSC
in most CVN tested.  Because Dergacheva et al have proved
that this amplitude increase is also presynaptically caused
by summated action-potential-dependent release of
GABA [22] the amplitude data were not statistically ana-

lyzed and are not presented in this article.

Discussion
There are two major findings in the present study.  One is

that the frequency increase of both the glycinergic and the
GABAergic IPSC caused by orexin-A is dose-dependent.  The

Figure 1.  Orexin-A dose-dependently increased the frequency of
the glycinergic sIPSC.  (A) Traces that show the glycinergic sIPSC
during control, during application of 100 nmol/L orexin-A and during
application of 1 µmol/L strychnine, respectively.  (B) Frequency
histogram that shows the frequency increase of the glycinergic sIPSC
during application of 100 nmol/L orexin-A in a representative CVN.
(C) The increase in the average frequency of the glycinergic sIPSC
during application of 20 nmol/L, 100 nmol/L, and 500 nmol/L orexin-
A.  bP<0.05, cP<0.01  vs control.  (D) Frequency increase of the
glycinergic sIPSC as a percentage of control caused by orexin-A at 20
nmol/L, 100 nmol/L, and 500 nmol/L.

Figure 2.  Orexin-A dose-dependently increased the frequency of
the GABAergic sIPSC.  (A) Traces that show the GABAergic sIPSC
during control, during application of 100 nmol/L orexin-A and during
application of 1 µmol/L picrotoxin, respectively.  (B) Frequency
histogram that shows the frequency increase of the GABAergic sIPSC
during application of 100 nmol/L orexin-A in a representative CVN.
(C) The increase in the average frequency of the GABAergic sIPSC
during application of 20 nmol/L, 100 nmol/L, and 500 nmol/L orexin-
A.  aP>0.05, bP<0.05, cP<0.01  vs control.  (D) Frequency change of
the GABAergic sIPSC as a percentage of control caused by orexin-A
at 20 nmol/L, 100 nmol/L, and 500 nmol/L.
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other is that orexin-A at a lower concentration (20 nmol/L)
significantly enhances the glycinergic inputs but does not
cause significant alteration in the GABAergic inputs.

Ever since the discovery of the GABAergic inputs and
the glycinergic inputs in CVN, these two inhibitory inputs
have shown identical roles in the regulation of CVN.  The
synaptic activities of both kinds of inputs are action-poten-
tial-dependent and are absent in the presence of tetrodo-
toxin (TTX)[14,18]; both kinds of inputs are enhanced by en-
dogenous acetylcholine and exogenous nicotine[18], are in-
hibited by opioids, and are rhythmically augmented during
inspiration[17,28].  Little is known about whether and how these
two inhibitory inputs play different roles in the synaptic con-
trol of CVN, except that dihydro-β-erythroidine, a nicotinic
antagonist, prevents the inspiratory-related augmentation
of the GABAergic, but not the glycinergic, inputs to CVN
when focally applied at 3 mmol/L, a concentration under
which dihydro-β-erythroidine specifically binds to the α4β2
type of nicotinic receptors [17].  The present study demon-
strated that orexin-A at a lower concentration (20 nmol/L)
significantly increased the frequency of the glycinergic
sIPSC, but did not cause a significant frequency alteration in
the GABAergic sIPSC.  These results indicate that the
glycinergic inputs and GABAergic inputs might have differ-
ent roles in the orexinergic control of CVN.  At lower concen-
trations (≤ 20 nmol/L) of orexin-A, glycinergic inputs might
dominate, and at higher concentrations (≥20 nmol/L) of
orexin-A, a synergistic action of both kinds of inputs might
occur.

Although in the present study lower concentrations of
orexin-A were used, the results were still quite consistent
with those from the study of Dergacheva et al[22].  The re-
sults of the present study as well as the results of Dergacheva
et al indicate that the responses of the glycinergic inputs
and the GABAergic inputs to different concentrations of
orexin-A differ in degree, but do not differ in the direction of
responses.  The present study still cannot reveal why CVN
are excited by microinjection of orexin-A into the NA in vivo
and are inhibited in vitro.  Further study is necessary.

The physiological roles of the glycinergic and the
GABAergic inputs to CVN in cardiac vagal control are not
fully understood.  Currently, the only confirmed function of
these two inputs to CVN is that they are involved in the
generation of respiratory-related heart rate rhythm.  During
the inspiratory phase of the respiratory cycle, both the
GABAergic and the glycinergic inputs are facilitated by ace-
tylcholine to inhibit CVN and speed up the heart[18,27].  These
two inhibitory inputs to CVN have also long been postu-
lated to be involved in the reflex parasympathetic control of

the heart.  The serotonergic neurons in the brainstem or in
the nodose ganglion have been reported to be activated
during activation of the cardiovascular chemo- or baro-re-
flex[29].  The activation of the serotonergic system, via inhibi-
tion of both the GABAergic and the glycinergic inputs to
CVN, possibly excites CVN and mediates the reflex parasym-
pathetic inhibition of the heart.  The physiological signifi-
cance of the modulation of the GABAergic and the glycinergic
inputs to CVN by orexin-A is also not clear, and nothing is
known about why the glycinergic neurons preceding CVN
were more sensitive to orexin-A than the GABAergic neurons.
Perhaps the receptors for orexin-A binding in these two kinds
of neurons are different in density.  Orexin-A is known to
strengthen preying behavior and increases food uptake.
Because the action of orexin-A on CVN is assumed to accel-
erate the heart, orexin-A might help mammals to adapt to
their preying and eating behavior via speeding up the heart.

In conclusion, the present study demonstrated that
orexin-A dose-dependently increased the frequency of both
the glycinergic and the GABAergic sIPSC of CVN; the
glycinergic neurons and the GABAergic neurons preceding
CVN had different sensitivities to orexin-A, which might in-
dicate that these two kinds of inhibitory neurons play differ-
ent roles in the synaptic control of cardiac vagal functions.
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Histamine ameliorates spatial memory deficits induced by MK-801 infu-
sion into ventral hippocampus as evaluated by radial maze task in rats1

Li-sha XU, Li-xia YANG, Wei-wei HU, Xiao YU, Li MA, Lu-ying LIU, Er-qing WEI, Zhong CHEN2

Department of Pharmacology, School of Medicine, Zhejiang University, Hangzhou 310031, China

Introduction
Recently, the differentiation of functions along the lon-

gitudinal axis of the hippocampus (dorsal–ventral in the rat
and posterior–anterior in humans) has attracted interest[1,2].
Anatomically, the hippocampus includes CA1, CA2, CA3,
and dentate gyrus subfields, with the pattern of efferent and
afferent connectivity changing between the dorsal and ven-
tral hippocampus[3].  Identification of distinct functional roles
for the dorsal and ventral hippocampus may help to resolve
differences among the various theoretical accounts of hip-
pocampal involvement in learning behavior[2].

Considerable evidence shows that the dorsal hippocam-
pus plays an important role in spatial memory[4–6].  Ablation
of the dorsal hippocampus, in which between 20% and 37%
of the total hippocampal volume is removed, results in pro-
found impairment of spatial location of a submerged plat-
form in the Morris water maze[5].  Bannerman et al also found
that performance in the water maze and elevated T maze was
impaired by selective dorsal but not ventral hippocampal
lesions[4].  On the other hand, ventral hippocampal lesions

are considered to affect anxiety but not spatial learning[7,8].
However, Ferbinteanu et al demonstrated that the ventral
hippocampus might also be involved in acquisition of spa-
tial memory in Long–Evans rats[9].  So far, little is known
about the functions performed by the ventral hippocampus
in spatial memory.

 Both histamine and its precursor histidine facilitate
memory retrieval deficits induced by aging, dorsal hippoc-
ampal lesions and scopolamine, as determined by passive
and active avoidance tasks and an 8-arm radial maze test for
rats[10–12].  α-Fluoromethylhistidine (FMH), a selective histi-
dine decarboxylase (HDC) inhibitor, produces significant
memory deficits in an active avoidance task and the 8-arm
radial maze in rats[13,14].  Furthermore, N-methyl-D-aspartate
(NMDA) receptors play an important role in learning and
memory[15,16].  Bekkers[15] and Vorobjev et al[17] found that
histamine could dramatically enhance NMDA receptor-me-
diated synaptic transmission and facilitate the induction of
long-term potentiation in cultured hippocampal pyramidal
cells.  Our previous studies indicate that histamine in the

Abstract
Aim: To investigate the role of histamine in memory deficits induced by MK-801
infusion into the ventral hippocampus in rats. Methods: An 8-arm radial maze (4
arms baited) was used to assess spatial memory. Results: Bilateral ventral
intrahippocampal (ih) infusion of MK-801 (0.3 µg/site), an N-methyl-D-aspartate
(NMDA) antagonist, impaired the retrieval process in both working memory and
reference memory. Intrahippocampal injection of histamine (25 or 50 ng/site) or
intraperitoneal (ip) injection of histidine (25, 50 or 100 mg/kg) markedly amelio-
rated the spatial memory deficits induced by MK-801. Both the histamine H1 an-
tagonist pyrilamine (0.5 or 1.0 µg/site, ih) and the H2 antagonist cimetidine (2.5 µg/site,
ih) abolished the ameliorating effect of histidine (100 mg/kg, ip) on reference memory
deficits, but not that on working memory deficits induced by MK-801. Conclusion:
The results indicate that histamine in the ventral hippocampus can ameliorate
MK-801-induced spatial memory deficits, and that histamine’s effect on reference
memory is mediated by postsynaptic histamine H1 and H2 receptors.
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dorsal hippocampus ameliorates spatial working memory and
reference memory deficits induced by MK-801, and the ac-
tion is mediated by postsynaptic histamine H1 receptors[18,19].
However, whether histamine in the ventral hippocampus is
involved in spatial memory deficits induced by MK-801
remains unclear.

Therefore, the objectives of this investigation were to
use the radial maze task with 4-arms baited to further clarify
the effects of the histaminergic system in the ventral hippo-
campus on the regulation of spatial memory in rats.

Materials and methods
Animals  All experiments were carried out in accordance

with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.  Male Sprague-Dawley rats (220−
270 g, grade II, certificate No 22-9601018, Experimental Ani-
mal Center, Zhejiang University) were maintained in an air-
conditioned room at 22–26 ºC and 40%–70% humidity, and
housed in individual cages with a 12-h light–dark cycle (lights
on from 8:00 AM to 20:00 PM ).  Animals were given free
access to water and kept at 80%–85% of their free-feeding
body weight throughout the experiments.  Experiments were
carried out between 10:00 AM and 17:00 PM.

Surgical procedures  The rats were anesthetized with
sodium pentobarbital (35 mg/kg, ip), and fixed in a stereo-
taxic apparatus (Narishige, SR-5, Tokyo, Japan).  Two guide
cannulas made of stainless steel tubing (700 µm in outer
diameter), were implanted bilaterally into the ventral hippoc-
ampus according to the following coordinates measured from
the bregma: antero-posterior: -4.52 mm; medio-lateral: ±5.0
mm; dorso-ventral: 8.0 mm from the skull surface.  The can-
nula was fixed to the skull with three screws and dental acrylic.

A stylet was inserted into the cannula to keep it patent prior
to injections.  At least 10 d were allowed for recovery from
the surgery.  After the behavioral tests, Evans blue (1 µL)
was injected bilaterally into the ventral hippocampus and
the rats were killed by decapitation.  The accuracy of the
injection site was carefully determined (Figure 1).  Based on
histological examination, data from nine rats with incorrect
injections were excluded from the results.

Intracerebral microinfusion  Rats were manually re-
strained and the stylets were carefully removed from the
guide tubes.  Infusion cannulae, connected via flexible
polyetheretherketone tubing to 5 µL Hamilton microsyringes
mounted on a microinfusion pump (KN-201, Natsume, Tokyo,
Japan), were then inserted into the guide tubes.  Drugs in
1 µL vehicle (0.9% saline) or 1 µL vehicle per side were in-
fused into the ventral hippocampus at a rate of 1 µL/min.  To
allow absorption of the infusion bolus, infusion cannulae
were left in the brain for 60 s after infusion before being
replaced by the stylets.

Radial-arm maze training  The apparatus used is de-
scribed in our previous reports[18,19].  The rats were familiar-
ized with the radial maze once per day for 2 d prior to training.
Food pellets (45 mg each, Bio-Serv, Frenchtown, NJ, USA)
were scattered over the entire maze surface, and three or four
rats were simultaneously placed in the maze and allowed to
explore and take food freely for 10 min.  After adaptation, all
rats were trained with one trial per day.  In each trial, only 4
arms (3, 5, 6, and 8) were baited, and the sequence was never
changed throughout the experiment.  The rat was placed on
the center platform that was closed off by a door.  After 15 s,
the door was opened and the rat was allowed to make an arm
choice to obtain food pellets until all 4 pellets had been eaten

Figure 1. Schematic of the locations of the tips of injection cannulae in rats (closed circles). The numbers beside each brain section show the
antero-posterior distance (mm) from bregma.
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or 5 min had elapsed.  The number of entries into never-
baited arms was regarded as reference memory error (RME),
whereas re-entry into arms where the pellet had already been
eaten was considered as working memory error (WME).  Rats
continued training until reaching a criterion of less than 1
error per trial for 5 consecutive trials.  Once a rat reached
criterion, training for that rat was reduced to 2 trials per week
until all rats reached criterion (range 35–50 d).  After each
trial, the maze was wiped clean using paper towels that were
dampened with 10% ethanol and rotated 180º.

Drugs  During the drug test, (+) MK-801 hydrogen male-
ate (Sigma, St Louis, MO, USA), histamine dihydrochloride
(Sigma), cimetidine dimaleate (Sigma), or pyrilamine
dihydrochloride (Sigma) were dissolved in saline and injected
bilaterally into the ventral hippocampus.  Histidine
monohydrochloride (Sigma) was dissolved in saline and in-
jected ip.  Studies for drug effects were carried out once a
week, on Tuesday or Friday.

Statistics  All results are expressed as mean±SEM.  Sta-
tistical significance was assessed by one-factor analyses of
variance (ANOVA) or the Kruskal-Wallis non-parametric
ANOVA test (when the data were not normally distributed or
the variances of the groups differed significantly), followed
by Dunnett’s test or the Mann-Whitney U test as a post hoc
analysis.  The software SPSS 11.5 (SPSS, Chicago, IL, USA)
was used.  P<0.05 was considered statistically significant.

Results
Effect of MK-801 on memory retrieval as evaluated by

4-arm baited radial maze performance   Non-parametric
ANOVA (Kruskal-Wallis) showed that bilateral ih injection
of MK-801 caused a significant impairment of working
memory and reference memory {WME: H[3]=13.873, P=0.003;

RME: H[3]=25.161, P<0.01}.  MK-801 at a dose of 0.1 µg/site
slightly increased the memory error, but this was not signifi-
cant (Mann-Whitney U test; WME: P=0.335; RME: P=0.145).
At a dose of 0.3 µg/site it significantly increased the number
of both WME and RME (Mann-Whitney U test; P<0.01; Fig-
ure 2).  However, at a dose of 0.5 µg/site MK-801 did not
significantly impair spatial working or reference memory
(Mann–Whitney U test; WME: P=0.338; RME: P=0.061).

Effects of histamine and histidine on MK-801-induced
memory deficits  Intrahippocampal injection of histamine
antagonized the effects of MK-801 {WME: H[3]=8.846, P=
0.031; RME: H[3]=8.004, P=0.044}.  At doses of 25 or 50 ng/
site it significantly decreased the number of RME (Mann–
Whitney U test; P<0.05; Figure 3), whereas histamine at a
dose of 50 ng/site significantly decreased the number of
WME(Mann-Whitney U test; P<0.05; Figure 3).  Intraperito-
neal injection of histidine produced an effect similar to hista-
mine (WME: H[3]=11.314, P=0.010; RME: H[3]=20.415,
P<0.01).  At doses of 25, 50 or 100 mg/kg, histidine signifi-
cantly inhibited MK-801-induced spatial reference memory

Figure 2. Effect of bilateral intrahippocampal injection of MK-801
on spatial memory of rats in the 8-arm radial maze. MK-801 was
injected 10 min before the maze test. Each value represents the
mean±SEM from 15–18 rats. cP<0.01 vs Saline-treated group. WME:
working memory errors; RME: reference memory errors.

Figure 3.  Effects of histamine on memory deficits induced in 8-arm
radial maze performance by MK-801 injected into ventral hippo-
campus. MK-801 was injected ih 10 min before the maze test. Hista-
mine was injected ih 15 min before the test. Each value represents
the mean±SEM from 15–18 rats. bP<0.05 vs Saline-treated group.
eP<0.05 vs MK-801+Saline-treated group. WME: working memory
errors; RME: reference memory errors.
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deficits (Mann-Whitney U test; P<0.01; Figure 4).  It signifi-
cantly reversed the spatial working memory deficit induced
by MK-801 only at the dose of 100 mg/kg (Mann-Whitney U
test; P<0.01; Figure 4).

Effects of pyrilamine and cimetidine on memory amelio-
ration of histidine on MK-801-induced memory deficits
Intrahippocampal injection of pyrilamine, a representative
central histamine H1 antagonist, significantly antagonized
the ameliorating action of histidine on RME (H[3]=7.811, P=
0.04) at doses of 0.5 and 1.0 µg/site (Mann-Whitney U test;
P<0.05; Figure 5), but not on WME.  In addition, cimetidine,
a histamine H2 antagonist, at the high dose of 2.5 µg/site,
also significantly antagonized the ameliorating action of his-
tidine on RME (Mann-Whitney U test; P<0.05; Figure 5), but
not on WME (Mann-Whitney U test; P=0.974).

Discussion
Previously, we observed that bilateral injection of MK-

801, an NMDA receptor antagonist, into the dorsal hippoc-
ampus impaired both working and reference memory[18].  Our
present results are consistent with previous studies as as-
sessed by performance in the 8-arm (4-arm baited) radial maze.
We found that blockade of NMDA receptors in the ventral
hippocampus impaired the retrieval of spatial working and
reference memory, which suggested that the ventral hippoc-
ampus might be involved in the spatial memory process in
rats[9,20], although a chemical lesion study demonstrated that
the ventral hippocampus was less involved in spatial memory
modulation[5,7].  The different findings may arise from the
different experimental procedures (eg using the Morris wa-
ter maze, the T-maze, and the 8-arm maze).  In addition, the
lesion method is less specific than local delivery of com-
pounds.

Figure 4. Effects of histidine on memory deficits in 8-arm radial
ma ze performa nce induced by MK-80 1 in jected  into ventr a l
hippocampus. MK-801 was injected ih 10 min before the maze test.
Histidine was injected ip 1 h before the test. Each value represents
the mean±SEM from 15–18 rats. cP<0.01 vs Saline-treated group. fP
<0.01 vs  MK-801+Saline-treated group. WME: working memory
errors; RME: reference memory errors.

Figure 5 . Effects of bila teral intrahippocampal (ih) injection of
pyrilamine and cimetidine on the amelioration by histidine (100 mg/
kg, ip) of MK-801-induced memory deficits in rats. MK-801 was
injected ih 10 min before the maze test. Pyrilamine and cimetidine
were injected ih 5 min before MK-801 treatment. Histidine was in-
jected ip 50 min before MK-801 treatment. Each value represents
the mea n±SEM from 1 5– 1 8  r a t s.  bP< 0 .0 5  vs  Sal ine-t r eated
group.  eP<0 .05  vs  MK-801 +Sal ine-t reated group. hP<0 .05  v s
MK-801+Histidine+Saline-treated group. WME: working memory
errors; RME: reference memory errors.
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Intrahippocampal application of MK-801 (0.3 µg/site) did
not lead to obvious changes in running time per choice
(locomotor activity) or other behaviors, such as ataxia (data
not shown), which usually occurs after systemic or
intracerebroventricular (icv) treatment with MK-801[16].
However, we found that MK-801 at a dose of 0.5 µg/site did
not impair spatial memory.  A few rats exhibited epileptic
symptoms or even died when given a dose of 0.5 µg/site,
phenomena resembling those following systemic or icv treat-
ment with MK-801[16].  Therefore, we used MK-801 (0.3
µg/site) to induce the spatial memory deficits in the fol-
lowing experiments.

Both histamine and histidine ameliorated the memory re-
trieval deficits induced by MK-801, including working
memory and reference memory.  Intraperitoneal injection of
histidine significantly increased histamine levels in the cor-
tex and hippocampus (data not shown).  This was consis-
tent with previous studies showing that ip or icv injection of
histidine increased hippocampal histamine levels[11,12].  Our
results were consistent with previous findings in which MK-
801 was delivered to the dorsal hippocampus[18].  In addition,
Chen et al reported that histidine at higher doses of 200, 500,
and 1 000 mg/kg improved the impairment of radial maze per-
formance induced by MK-801 (0.1 mg/kg)[14].  Our results
indicate that histidine at lower doses (25, 50 and 100 mg/kg)
can ameliorate the impairment induced by MK-801.  The dif-
ference can be attributed to the different injection routes,
different species, and different learning models.  But these
present results at least suggest that ventral hippocampal
histamine may participate in the amelioration of both short-
term and long-term spatial memory deficits.

In the present study, the amelioration of reference memory
elicited by histidine was completely reversed by pyrilamine,
a central histamine H1 antagonist.  However, this result is
different from those for the dorsal hippocampus in that pyril-
amine infused into the ventral hippocampus produced no
appreciable inhibition of the amelioration of working memory
by histamine.  This result suggests that the ameliorating
effect of histidine on the working memory deficit induced by
MK-801 is independent of histamine.  Histamine can act di-
rectly on the NMDA receptor, as suggested by Bekkers[15]

and Vorobjev et al[17].  Because the polyamine site of the
NMDA receptor may be a binding site for histamine[21], the
facilitating effect of histidine on MK-801-induced working
memory deficit may be attributed to histamine acting directly
on this site.  So far, we have no explanation of why histamine
H1 receptors in the dorsal and ventral hippocampus have
different actions.  We previously reported that the improve-
ment of both working and reference memory induced by

dorsal hippocampal histamine were antagonized by pyril-
amine[18].  Our present data, at least in part, suggest that the
histamine H1 receptors in the dorsal and ventral hippocam-
pus participate in different components of memory.  Hista-
mine H1 receptors in the dorsal hippocampus are involved in
both working and reference memory, but those in the ventral
hippocampus are mainly related to reference memory.

Moreover, we were surprised to find that cimetidine, a
histamine H2 antagonist, also blocked histamine-induced
amelioration of reference memory.  So far, most reports show
that histamine H2 receptors are less involved in the learning
and memory process[18,19,21,22].  For example, the ameliorating
effect of histamine on scopolamine-induced learning deficit
is antagonized by pyrilamine but not by the selective hista-
mine H2 antagonists cimetidine and zolantidine[10,11].  Intra-
cerebroventricular injection of the histamine H1 agonist, 2-
thiazolylethylamine, but not the histamine H2 agonist, 4-
methylhistamine, reverses the working memory deficits in-
duced by MK-801 as evaluated by the 8-arm baited radial
maze in rats[14].  However, Flood et al have recently reported
that increased histamine H1 and H2 receptor activity in the
septum facilitated memory retention, whereas decreased his-
tamine receptor activity resulted in impaired memory pro-
cesses as evaluated by T-maze behavior[23].  Giovannini et al
also provided evidence that bilateral post-training injection
of the histamine H2 agonist amthamine into the dorsal hip-
pocampus improved memory consolidation[24].  These find-
ings combined with our present data suggest that the hista-
mine H2 receptor in certain brain regions may be involved in
learning behavior.  Further experiments are needed to eluci-
date the function of the histamine H2 receptor.

In conclusion, histamine in the ventral hippocampus is
involved in spatial memory, and histamine ameliorates the
memory deficits of both working memory and reference
memory induced by MK-801.  The ameliorating action on
reference memory is mediated by postsynaptic histamine H1

and H2 receptors, whereas the effect of histamine on working
memory may be mediated by other neuronal pathways.
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Introduction
Cerebral ischemia is accompanied by a marked inflamma-

tory process, which is initiated by higher levels of expres-
sion of cytokines, adhesion molecules, and other inflamma-
tory mediators, including nitric oxide[1,2].  Recent studies have
demonstrated that nitric oxide (NO) and pro-inflammatory
cytokines released by microglial cells, which act as resident
macrophage-like cells in the brain, are partly responsible for
neuronal cell death.  NO levels are associated directly with
the development of brain injury in strokes and other neuro-
pathological disorders in humans[3,4].

Following acute ischemic or hypoxic injury to the brain,
over-entry of Ca2+ into cells causes the activation of nitric
oxide synthase (NOS), which catalyzes an enzymatic reaction,
leading to the synthesis of nitric oxide[5–7].  Three kinds of
distinct NOS isoforms have been identified, including neu-

ronal nNOS, endothelial eNOS, and an inducible isoform,
iNOS, originally isolated from macrophages.  nNOS and eNOS
are constitutively expressed and calcium-dependent, whereas
iNOS is expressed in response to various inflammatory stimuli,
and its activity is independent of intracellular calcium
concentrations.  NO can be neuroprotective or neurotoxic
during cerebral ischemia, depending on the NOS isoform
involved.  eNOS produces NO with beneficial effects
(vasodilation, inhibition of platelet aggregation and poly-
morphonuclear neutrophil adhesion)[7–9], whereas NO over-
production by nNOS or iNOS during ischemia is cytotoxic.
Based on these findings, it thought that the NO-synthases
could be attractive targets for treating cerebral ischemia-in-
duced neuronal damage[10,11].

Scutellarin, a flavonoid, is the major active ingredient
extracted from Erigeron breviscapus Hand Mazz, a plant used
in Chinese herbal medicine, which is a Ca2+-channel-block-

Abstract
Aim: To investigate the neuroprotective effect and mechanisms of scutellarin, a
flavonoid extracted from Erigeron breviscapus Hand Mazz, against neuronal dam-
age following cerebral ischemia/reperfusion.  Methods: Rats were pretreated ig
with scutellarin for 7 d and then subjected to cerebral ischemia/reperfusion (I/R)
injury induced by a middle cerebral artery occlusion (MCAO).  The infarct volume
and neurological deficit were determined by TTC staining and Longa’s score.  The
permeability of the blood-brain barrier was evaluated by measurement of the Evans
blue (EB) content in the brain with a spectrophotometer.  The total NOx content
was determined.  Nitric oxide synthase (NOS) isoforms (iNOS, eNOS, nNOS) and
the key angiogenic molecules, vascular endothelial growth factor (VEGF) and
basic fibroblast growth factor (bFGF), were detected by Western blotting.  Results:
Scutellarin significantly reduced infarct volume (P<0.05 or P<0.01), ameliorated
the neurological deficit and reduced the permeability of the blood-brain barrier
(BBB) (P<0.05).  When rats were pretreated with scutellarin (50 or 75 mg/kg),
upregulation of eNOS expression and downregulation of VEGF, bFGF, and iNOS
expression was observed, whereas scutellarin had no effect on nNOS expression.
Conclusion: Scutellarin has protective effects for cerebral injury through regulat-
ing the expression of NOS isoforms and angiogenic molecules.
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ing agent used for the clinical treatment of cerebrovascular
disorders.  Studies have demonstrated the protective effects
of scutellarin on brain injury induced by cerebral ischemia/
reperfusion (I/R) through interaction with a wide variety of
targets because of its anti-oxidative and anti-inflammatory
actions, and its ability to attenuate neuronal damage[12,13].  It
is presumed that these effects might be related to the effects
of scutellarin on the NO synthases.  Therefore, the objective
of the present study was to elucidate the effects of scutellarin
on the expression of the NOS isoforms (iNOS, eNOS, nNOS)
in a model of cerebral I/R in rats.  Moreover, the key angio-
genic molecules, vascular endothelial growth factor (VEGF)
and basic fibroblast growth factor (bFGF), were also studied.

Materials and methods

Chemicals and drugs  Scutellarin was supplied by Yuxi Phar-
maceuticals (Kunming, China).  The purity of this compound
was more than 96% and it was dissolved in saline before use.  2,
3,5-Triphenyltetrazolium chloride (TTC, No 20010201) was ob-
tained from the Shanghai Chemical Agent Company.  All other
chemicals and solvents were of analytical grade.

Animal treatment and administration Male Sprague-
Dawley rats (Grade II, Certificate No 19-050 ), weighing 230–
280 g, were obtained from the Experimental Animal Center of
Tongji Medical College.  Rats were housed at a constant
temperature of 22 ºC under a 12 h light-dark cycle with free
access to food and drinking water.  Rats were divided into 5
groups.  The sham-operated and vehicle-treated I/R groups
were pretreated with 0.5 mL/kg ig saline for 7 d before ischemia,
and the scutellarin-treated I/R groups were pretreated with
25, 50, 75 mg/kg ig scutellarin for 7 d before ischemia.

Cerebral I/R procedure   Rats were anesthetized with chlo-
ral hydrate (300 mg/kg, ip).  Brain I/R injury was induced by a
middle cerebral artery occlusion (MCAO) as described previ-
ously[14].  Briefly, the right common carotid artery, external
carotid artery (ECA) and internal carotid artery (ICA) were
isolated via a ventral midline incision.  A 50 mm length of
monofilament nylon suture (φ 0.22–0.24 mm), with its tip
rounded by heating near a flame, was introduced into the ECA
lumen and advanced into the ICA for a distance of 18−20 mm
in order to block the origin of the MCA.  The body tempera-
ture of the rats was maintained at 36.5–37.5 ºC during the sur-
gical procedure with an infra red heat lamp.  Sham-operated
animals were not exposed to I/R.  After 2 h of ischemia, the
nylon suture was withdrawn to establish reperfusion.  After
arousal from anesthesia, the rats were returned to the cages.

Behavioral testing and measurement of infarct area   After
24 h reperfusion, the neurological deficit score of each rat

was obtained according to Longa’s method[14] by a single
experimenter, who was blinded to the experimental treatment
groups.  The neurological findings were scored on a 5-point
scale: no neurological deficit=0, failure to extend right paw
fully =1, circling to right=2, falling to right=3, did not walk
spontaneously and had depressed levels of conscious-
ness=4.  Then the rats were anesthetized with 10% chloral
hydrate (350 mg/kg) ip and subsequently decapitated.  The
brains were removed for measurement of infarct volume by
using the TTC staining method.  Five thin sections were
selected from the thick slices at 2 mm intervals (from the
anterior 5 mm to the anterior 13 mm) to determine the infarct
areas.  The slices were immersed in 2% triphenyltetrazolium
chloride in saline and incubated at 37 ºC for 20 min, and then
fixed with 10% formaldehyde (Sigma) neutral buffer solution
(pH 7.4).  At that time, the infarct tissue was unstained,
whereas the normal part was stained red.  Using a computer-
ized image analysis system (NIH Image, Version 1.61), the
infarct areas on each slice were summed and multiplied by
slice thickness to give the infarct volume, and then expressed
as the percentage of infarction per ipsilateral hemisphere.

Evaluation of permeability of blood-brain barrier  The
integrity of the blood-brain barrier (BBB) was investigated
using Evans blue (EB) dye extravasation, according to the
method of Matsuo et al[15].  Briefly, after 6-h reperfusion, the
rats were treated with EB dye (2% in saline, 3 mg/kg iv).
After 45 min, the rats were anesthetized with 10% chloral
hydrate (350 mg/kg ip) and then the rats’ chests were subse-
quently opened.  Physiological saline was perfused through
the left ventricle until a colorless perfusion fluid was ob-
tained from the right atrium.  The cranial vault was opened,
and the brain was removed, weighed (wet tissue) and placed
in a 50% trichloroacetic acid solution.  After homogenization
and centrifugation, the supernatant (extracted dye) was di-
luted with ethanol (1:3) and its fluorescence was determined
(excitation at 620 nm and emission at 680 nm) with a lumines-
cence spectrometer (Hitachi, Tokyo, Japan).  Calculations of
the amount of EB dye in the tissue were based on a linear
standard curve and were expressed per gram of tissue.

Determination of total NOx content in brain tissue  At
the end of 2 h ischemia and 24 h reperfusion, the rats were
decapitated and the ischemic hemispheres were removed for
assay of the NO level in ischemic brain tissue.  The levels of
metabolic products (NO2 and NO3) in vivo were determined
by using a chemiluminescent NO detector (Siever 280i) as
described previously[16].

Western blot analysis  Western blot analysis was performed
after 24 h reperfusion.  The rats’ brains were removed and the
ischemic hemispheres were used for assay of the protein ex-



1456

 Acta Pharmacologica Sinica ISSN 1671-4083Hu XM et al

pression of iNOS, eNOS, nNOS, VEGF and bFGF.  The hippoc-
ampus and the cortex were quickly isolated and rinsed in steril-
ized water on ice, and then stored at -80 °C until use.  Protein
determination was performed according to the Lowry method.
The obtained protein samples were subjected to 15% sodium
dodecylsulfate-polyacrylamide gel electrophoresis, using 7.5%–
15% polyacrylamide gel, and electrotransferred to polyvinyli-
dene difluoride filter (PVDF) membranes.  To reduce non-spe-
cific binding, the PVDF was blocked for 2 h at room temperature
with 5% non-fat milk in phosphate-buffered saline (PBS).  Then
membranes were incubated overnight at 4 °C with the primary
antibodies for iNOS (anti-rabbit iNOS mouse monoclonal
antibody, 1:200 dilution, Santa Cruz), eNOS (anti-human eNOS
rabbit polyclonal antibody, 1:200 dilution, Affinity Bioreagents),
nNOS (anti-human nNOS rabbit polyclonal antibody, 1:200
dilution, Sanying Biotechnology), VEGF (antihuman VEGF rab-
bit polyclonal antibody, 1:200 dilution, Santa Cruz) or bFGF
(anti-human bFGF rabbit polyclonal antibody, 1:500 dilution,
Santa Cruz), respectively.  After incubation with the antibodies,
the membranes were washed with PBS-Tween-20 (PBS-T: 10
mmol/L phosphate buffer, pH 7.4, 150 mmol/L NaCl, 0.05%
Tween 20) for 30 min and incubated in the relevant horseradish
peroxidase-conjugated secondary antibody (1:600 dilution) for
30 min.  The membranes were washed again with PBS-T and
immunoreactive protein bands were visualized using the en-
hanced chemiluminescence detection system.

Statistical analysis  Data are expressed as mean±SD and
analyzed by using Microsoft Excel 2002.  Statistical analyses
were performed by using Student’s t-test.  P<0.05 was con-
sidered significant.

Results
Effects of scutellarin on the infarct area, neurological

score and the permeability of the blood-brain barrier
Scutellarin (50 or 75 mg/kg) significantly reduced the infarct
area and ameliorated the neurological deficit (P<0.05 or
P<0.01 vs vehicle-operated group) (Table 1).  The EB content
of brain tissue after I/R for sham-operated, vehicle-operated
and scutellarin-operated groups (25, 50, or 75 mg/kg) was
3.83±1.03, 8.45±1.67, 7.45±1.77, 5.02±1.12, and 4.45±1.05, re-
spectively (Figure 1).  There was a significant increase in the
permeability of the BBB in rats in the vehicle-treated group
compared with the sham-treated group (P<0.01).  Scutellarin
(50 or 75 mg/kg) obviously inhibited the increased EB content
induced by cerebral I/R, and there was no obvious difference
between the 2 doses.

Effects of scutellarin on total NOx production  After ce-
rebral I/R, total NOx production, as determined by NOx con-
tent in the ischemic brain hemispheres, was markedly in-

creased in the vehicle rats (4.87±0.90) compared with the
sham-treated rats (1.83±0.34) (P<0.01, Figure 2).  Total NOx
production in rats pretreated with scutellarin at concentra-
tions of 50 or 75 mg/kg (3.01±0.68, 2.31±0.48), were signifi-
cantly reduced compared with the vehicle-operated group
(P<0.05 or P<0.01, respectively) (Figure 2).

 After 24 h reperfusion, the expression levels of iNOS,
eNOS and nNOS were detected in the hippocampus and in
the cortex, with molecular masses of 130, 140, 160 kDa,
respectively.  In the vehicle-treated group, the expression
levels of the 3 NO synthases in the hippocampus and in the
cortex markedly increased after cerebral I/R (P<0.01 or
P<0.05, Figure 3A, 3B, lane 2).  Densitometric analysis
showed that the protein levels of eNOS and iNOS in the
scutellarin-treated (50 or 75 mg/kg) rats were 368.0±70.3%
and 278.0%±56.6% in the hippocampus (Figure 3A, lanes
3, 4), and 198.1%±19.2% and 148.3%±17.6% in the cortex

Table 1.  Effects of scutellarin on the cerebral infarct area and neu-
rological score after 2 h ischemia and 24-h reperfusion (I/R) in rats.
n=6.  Mean±SD.bP<0.05, cP<0.01 vs vehicle-operated group (I/R+NS).

  Groups              Dose/         Ratio of infarct         Neurological
                              mg·kg-1              area/%                    scor (on a
                                                                                5-point scale)

Sham   0          –       –
Vehicle   0 31.26±6.02 2.92±1.27

I/R+scutellarin
2 5 25.63±5.12 1.93±0.84

5 0 18.23±3.63b 1.32±0.65b

7 5   9.24±4.11c 0.92±0.64c

Figure 1.  Effects of scutellarin on the blood-brain barrier after 2-h
ischemia and 6-h reperfusion.  See legend of Table 1 for rat treatments.
Scu25, 50, and 75 correspond to 25, 50, and 75 mg/kg scutellarin,
respectively.  Mean±SD.  n=6.  bP<0.05, cP<0.01 vs sham.  eP<0.05,
fP<0.01 vs vehicle (I/R+NS).
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(Figure 3B, lane 3, 4) for iNOS; and 469.0%±40.5% and
523.0%±67.3% in the hippocampus (Figure 3A, lanes 3, 4),
and 188.3%±31.2% and 234.2%±37.8% in the cortex
(Figure 3B, lanes 3, 4) for eNOS, respectively.  The data
indicate that scutellarin downregulated the expression of
iNOS and simultaneously upregulated that of eNOS as com-
pared with the vehicle-operated group (P<0.05 or P<0.01,
respectively), whereas there was no difference in nNOS ex-
pression in the hippocampus or the cortex between the ve-
hicle-treated and scutellarin-treated rats.

Immunoblot analysis showed single bands with molecular
masses of approximately 39 and 18 kDa, which correspond to
VEGF and bFGF in the hippocampus and in the cortex,
respectively.  The bands obtained from the vehicle-operated
I/R rats (VEGF: 278.2%±43.4% in the hippocampus and
256.7%±36.8% in the cortex; bFGF: 432.2%±50.4% in the hip-
pocampus and 289.4%±49.7% in the cortex) (Figure 3C, 3D,
lane 2) were stronger than those from the sham group rats
(VEGF: 111.9%±24.2% in the hippocampus and 123.9%±
16.1% in the cortex; bFGF: 98.8%±15.4% in the hippocampus
and 98.8%±10.9% in the cortex) (Figure 3C, 3D, lane 1, P<0.01).
Scutellarin at doses of 50 or 75 mg/kg (Figure 3C, 3D, lanes 3,
4) significantly decreased the expression of VEGF and bFGF
in the hippocampus and in the cortex, as compared with the
vehicle-operated group (P<0.05 or P<0.01).  When rats were
pretreated with scutellarin at a concentration of 50 or 100 mg/
kg, the VEGF protein levels in the hippocampus were
189.8%±35.4% and 123.5%±30.1%, whereas in the cortex they
were 178.2%±22.1% and 145.7%±11.9%, respectively; bFGF
protein levels in the hippocampus were 212.9%±33.2% and
134.5%±19.1%, while in the cortex they were 212.9%±30.4%
and 145.6%±17.6%, respectively.

Discussion
In the present study, we demonstrated that scutellarin

(at doses of 50 or 75 mg/kg) significantly reduced infarct
volume, ameliorated the neurological deficit and reduced the
permeability of the BBB after cerebral I/R.  Therefore, the
conclusions obtained from the above observations were that
scutellarin has protective effects for the neuronal damage
induced by cerebral I/R in rats.

Evidence has accumulated that NO produced both be-
fore and after cerebral ischemia may be an important factor in
the pathogenesis of neuronal ischemic injury.  NO is a sig-
naling molecule that regulates many biological processes in
the brain.  The present paper also investigated the effects of
scutellarin on the total NOx content in rat brain tissues after
cerebral I/R.  Our results showed that total NOx production, as
determined by NOx content, in the ischemic brain hemispheres
was markedly increased in cerebral I/R rats, which indicates
that NO regulates the severity of cerebral ischemic injury.
However, NOx content markedly decreased in brain tissues
after treatment with scutellarin at doses of 50 or 75 mg/kg.

Numerous studies have been conducted regarding the
differential roles of NOS isoforms and their temporal NO pro-
duction in the pathogenesis of ischemic brain injury[17–19].
eNOS-derived NO is thought to be beneficial for promoting
collateral circulation and microvascular flow, whereas nNOS-
and iNOS-derived NO is detrimental in the ischemic brain.
NO is a nontoxic agent and acts as a second messenger in
normal brain; however, in the presence of O2

–, NO reacts
with O2

– to form ONOO– or nitrogen dioxide (NO2
–), causing

injury to the mitochondrial electron transport system, result-
ing in neuronal damage.  In addition, excess NO stimulates
ADP ribosyltransferase and binds closely to iron-sulfur cen-
ters of enzymes, including enzymes involved in the mito-
chondrial electron transport chain and the tricarboxylic acid
cycle (TCA), and DNA[20–22].  In view of the detrimental and
beneficial roles of NOS isoforms in ischemic brain injury, fur-
ther investigations into the effect of scutellarin on the expres-
sion of NOS isoforms (iNOS, eNOS, nNOS) both in the hip-
pocampus and in the cortex after cerebral I/R were also per-
formed in the present study.  We found that expression of the
NO-synthases in the hippocampus and cortex all markedly
increased after cerebral I/R in the vehicle-operated group, a
similar finding to those of previously studies [22–26].  Scutellarin
at doses of 50 and 75 mg/kg downregulated iNOS expression
and upregulated eNOS expression, which partly account for
its protective effect on brain damage induced by cerebral I/R.

Increasing evidence has shown that some angiogenic
molecules, including VEGF and bFGF, increase in concentra-
tion after cerebral I/R.  VEGF is an angiogenesis and vascu-

Figure 2.  Effect of scutellarin on the total NOx production after 2
h ischemia and 24 h reperfusion.  See legend of Table 1  for rat
treatments.  Scu25, 50, and 75 correspond to 25, 50, and 75 mg/kg
scutellarin, respectively.   n=6.   Mean±SD. bP<0.05, cP<0.01 vs sham.
eP<0.05, fP<0.01 vs vehicle (I/R+NS).  Effects of scutellarin on ex-
pression of the 3 NOS isoforms (iNOS, eNOS, nNOS) and the angio-
genic molecules (VEGF and bFGF).
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lar permeability factor that undergoes transcriptional and
post-transcriptional induction by hypoxia; it couples hypoxia
to angiogenesis in diverse tissues, including the brain[23–26].
VEGF may also play an important role in the vascular re-
sponse to cerebral ischemia, because ischemia stimulates
VEGF expression in the brain, which promotes the formation
of new cerebral blood vessels[27,28].  It is thought that eNOS
is involved in mediating the angiogenic molecules (VEGF
and bFGF).  Both factors induced eNOS expression, so eNOS

may be a downstream messenger in their angiogenic action.
In the present study we also investigated the expression of
the angiogenic molecules VEGF and bFGF in the hippocam-
pus and in the cortex.  In agreement with the results of previ-
ous reports[29,30], our data showed that the expression of VEGF
and bFGF in the hippocampus and cortex were upregulated in
the vehicle-operated group after cerebral I/R.  Scutellarin
downregulated the expression of VEGF and bFGF.  Further
study is needed to shed light on the mechanisms involved in

Figure 3.  Western blot analysis of the effect of scutellarin on the expressions of NO synthase isoforms and angiogenic molecules both in the
hippocampus and in the cortex after 2 h ischemia and 24 h reperfusion in rats.  A, B: Protein expression of iNOS, eNOS and nNOS in the
hippocampus (A) and in the cortex (B); C, D: protein expression of VEGF and bFGF in the hippocampus (C) and in the cortex (D).  Upper panels:
representative Western blot.  Lane 1: sham; lane 2: vehicle; lane 3: 50 mg/kg scutellarin; lane 4: 75 mg/kg scutellarin; β-actin was used as an
internal control.  Lower panels (E, F, G, H): bar graph comparing the immunostained bands for each protein in the 4 groups (the relative abundance
of the immunostaining) determined by the Image Quant program.  E, F: Bar graphs for iNOS, eNOS and nNOS in the hippocampus (E) and in the
cortex (F); G, H: bar graphs for VEGF and bFGF in hippocampus (G) and in the cortex (H).  The levels of the 3 NOS isoforms and the angiogenic
molecules are expressed as percentages of β-actin.  n=6.  Mean±SD.  n=6.  bP<0.05, cP<0.01 vs sham.  eP<0.05, fP<0.01 vs vehicle (I/R+NS).
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the effect of scutellarin on the expression of eNOS (upregula-
tion) and VEGF (downregulation) in I/R brain tissue.

In conclusion, scutellarin alleviated hippocampal neu-
ronal dysfunction after cerebral I/R.  This alleviation was
accompanied by the effects of the molecular features of NOS
isoforms and angiogenic molecules.  These findings sug-
gest that scutellarin exerts neuroprotective effects on brain
injury induced by cerebral I/R, which allows a better under-
standing regarding the potential clinical therapeutic use of
scutellarin.
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Introduction
Glucose and other reducing sugars react with proteins

by a series of reactions to form a class of heterogeneous,
nonenzymatic sugar-amino adducts that are called advanced
glycation endproducts (AGE)[1,2].  Numerous studies have
indicated that the formation of AGE in long-lived connective
tissue and matrix components is a causative factor in the
development of diabetic complications and diseases associ-
ated with aging[3–6].  In the cardiovascular system, the accu-
mulation of AGE on structural tissue proteins is one of the
main mechanisms underlying cardiovascular stiffness[7,8].
Recently, a number of natural or synthetic compounds that

target AGE, including AGE inhibitors and breakers, have been
discovered and are being further developed[9–11].  Amino-
guanidine (AG) was the first compound designed to inhibit
AGE formation and cross-linking in vitro and in vivo, and is
currently undergoing phase III clinical trials[12,13].  ALT-711, a
well-known AGE breaker, has also been reported to be effec-
tive in in vitro and animal studies, and is currently undergo-
ing phase II clinical trials[14–19].  Therefore, treatment target-
ing AGE is believed to be a potential effective therapeutic
option for cardiovascular dysfunction[10].

Based on the hypothesis that AGE crosslinks could be
cleaved with N-phenacylthiazolium bromide[20], the lead com-
pound ALT-711, novel AGE breakers were synthesized in
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our laboratory by using computer-aided drug design.  Pre-
liminary biological screening tests demonstrated that 3-[2-
(4-bromo-phenyl)-1-methyl-2-oxo-ethyl]-4,5,6,7-tetrahydro-
benzothiazol-3-ium bromide (C16; Figure 1) had the ability to
break AGE crosslinks in vitro[21].  C16 produced a concentra-
tion-dependent release of bovine serum albumin (BSA) from
preformed AGE-modified BSA (AGE-BSA)-collagen com-
plexes and C16 treatment decreased the red blood cell (RBC)-
immunoglobulin G (IgG) crosslinks (unpublished data).
Therefore, the aim of the present study was to investigate
the effects of C16 on the cardiovascular system in experi-
mental diabetic rats.  Furthermore, the action site of C16 in
vivo was explored by comparison with that of ALT-711.

Materials and methods

Reagents and compounds  3-[2-(4-Bromo-phenyl)-1-me-
thyl-2-oxo-ethyl]-4,5,6,7-tetrahydro-benzothiazol-3-ium bro-
mide (C16), whose structure (Figure 1) was identified by
nuclear magnetic resonance spectroscopy-mass spectros-
copy and elemental analysis, and ALT-711 were synthesized
at the Beijing Institute of Pharmacology and Toxicology, as
described previously[21].  Streptozotocin (STZ) was pur-
chased from Sigma.  AGE antibody was kindly donated by
the Beijing Institute of Radiation Medicine.  All other chemi-
cals and substances were of analytical grade unless stated
otherwise.

Animals  Diabetes was induced in 9-10-week-old male
Wistar rats by ip injection of 70 mg/kg of STZ after an over-
night fast.  Only animals that developed blood glucose lev-
els >15 mmol/L were used.  After 12 weeks of diabetes, the
animals were used for studies.  For the hemodynamic study
of the left ventricle, diabetic rats were divided into 4 groups
(8 rats in each group) to assess the exact hemodynamic
changes in the left ventricle (LV) that were caused by the
diabetic state.  Rats were given either vehicle or 25 mg/kg per
day of ALT-711, or 25 or 50 mg/kg per day of C16 (ig) for 4
weeks.  In another hemodynamic study, 6 groups of diabetic
rats (n=8) received either vehicle or 12.5 mg/kg per day of

ALT-711, or 12.5, 25 or 50 mg/kg per day of C16 (ig) for 4
weeks, or 50 mg/kg per day of C16 (ig) for 2 weeks to assess
the possible reversal of diabetes-induced cardiovascular
abnormalities.  ALT-711 and C16 were dissolved in distilled
water immediately before administration.  An additional group
of age-matched nondiabetic rats served as normal controls,
and were observed in parallel for each study.

Hemodynamic study of the left ventricle  Details regard-
ing the surgical procedure and hemodynamic measurements
have been described elsewhere[22].  In summary, animals were
anesthetized with 50 mg/kg of pentobarbital (ip).  A fluid-
filled catheter was introduced through the right carotid ar-
tery into the left ventricle.  Tracings of LV pressure were
digitized at a rate of 2000 samples/s with a commercially avail-
able analog-to-digital converter (MP150WS, BIOPAC
Systems) and a personal computer using dedicated software
(Acknowledge, Version 3, BIOPAC Systems).  The digitized
LV pressure recording was used to calculate the maximal rate
of pressure rise (+dp/dtmax) and the maximal rate of pressure
fall (-dp/dtmax).

Hemodynamic study of cardiovascular system  After ani-
mals were anesthetized with 50 mg/kg of pentobarbital (ip), a
midsternal thoracotomy was performed, and the ascending
aorta was dissected free.  The pressure transducer was ad-
vanced into the ascending aorta.  An adapted Doppler probe
was positioned around the vessel to measure phasic aortic
blood flow.  The system was allowed to stabilize for 10 min
before aortic blood flow and pressure were digitized at a rate
of 2000 samples/s with a commercially available analog-to-
digital converter and a personal computer using dedicated
software.  All parameters were calculated on a beat-to-beat
basis for 30 s and then averaged.  In steady-state conditions,
measurements were obtained of systolic and diastolic blood
pressure (SBP, DBP), cardiac output (CO), and heart rate
(HR).  Total peripheral resistance (TPR) was determined as
the quotient of mean arterial blood pressure and CO[23].  Sys-
temic arterial compliance (SAC) was calculated from the quo-
tient of stroke volume and pulse pressure[24].

RBC-IgG assay Detailed methods have been described
elsewhere[14].  Briefly, blood samples were collected, before
hemodynamic studies of the left ventricle and RBC-IgG de-
terminations were performed by using an anti-IgG enzyme-
linked immunosorbent assay (ELISA) adapted for use with
cellulose ester membrane-sealed 96-well microtiter plates
(Multiscreen-HA, Millipore).  Heparinized blood was washed
3 times with phosphate-buffered saline (PBS), then the packed
RBC were diluted 1:250−1:500 in PBS.  Membrane-containing
wells were blocked with 0.3 mL Superblock (Pierce), then
washed with 0.3 mL PBS/0.05% Tween, followed by 0.1 mL

Figure 1. Chemical structure of 3-[2-(4-bromo-phenyl)-1-methyl-
2-oxo-ethyl]-4,5,6,7-tetrahydro-benzothiazol-3-ium bromide.
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PBS.  RBC were gently vortexed and 50 µL aliquots were
pipetted into wells.  Cells were then washed, and 50 µL of a
polyclonal rabbit anti-rat IgG (Sigma, diluted 1:25 000) was
added.  After incubation at room temperature for 2 h, the
cells were washed 3 times with PBS, once with Tris-buffered
saline, and 0.1 mL of p-nitrophenyl phosphate substrate was
added (1 mg/mL in 0.1 mol/L diethanolamine buffer, pH 9.5).
The plates were read in a microplate reader (Bio-Rad 550) at
410 nm.  The content of RBC-IgG was expressed as OD410.

Tail tendon collagen solubility assay The solubility of
tail tendon collagen was measured by using a previously
reported method with modifications[25].  Briefly, after per-
forming a hemodynamic study on the left ventricle, the rats’
tails were removed and the tail tendon was removed by gentle
pulling.  The tendons were cleaned of debris and fat in 0.9%
NaCl over ice.  The tendons were rolled into a ball, patted dry
on paper towels, then lyophilized.  Following lyophilization,
tail tendons were stored at -70 oC in desiccated sealed con-
tainers until use.  Collagen samples (2 mg) were weighed and
digested with pepsin (5.0 µg pepsin/mg collagen in 0.5 mol/L
acetic acid) for 2 h at 4 °C.  After digestion, the samples were
centrifuged at 40 000×g  for 60 min at 4 oC.  The supernatant
was collected and both the volume of the supernatant and
pellet were determined.  Aliquots (500 µL) of the supernatant
and all of the pellets were acid hydrolyzed and analyzed for
their hydroxyproline content[26], which was assumed to make
up 14% of the collagen by weight.  The recoverable collagen
was defined as the sum of collagen in the supernatant and
pellet after digestion and percentage solubility was defined
as the amount of collagen in the supernatant fraction in rela-
tion to the total recoverable collagen.

Morphological study of arterial collagen distribution
After performing the hemodynamic study on the rats’ car-
diovascular systems, 2 to 3 cm segments from the rats’ de-
scending thoracic aortas were fixed in 10% formalin in saline,
and embedded in paraffin for morphological and immunohis-

tochemical studies.  Seven-micron sections of aorta were
stained with picrosirius red (Direct Red 80, Aldrich, in aque-
ous picric acid) for 4 h.  The collagen type III/I ratio for the
aortic media wall was measured by using polarizing light
microscopy (Nikon, E600POL) according to previously pub-
lished methods[27,28].

Immunohistochemistry for AGE  Four-micron sections
of aorta were used for AGE staining.  Briefly, the sections
were rehydrated and treated with 3% H2O2/methanol followed
by incubation in blocking buffer (Superblock, Pierce) for 20
min at room temperature.  The sections were then incubated
with the anti-AGE antibody (diluted 1:100) for 2 h at room
temperature, washed in PBS, and incubated with goat anti-
rabbit IgG/horse radish peroxidase (Zymed).  The staining
was visualized by reaction with diaminobenzidine
tetrahydrochloride (Sino-American Biotechnology).

Statistical analysis  All results are expressed as
mean±SD.  Statistical analysis was performed by one-way
ANOVA analysis with SPSS.  P<0.05 was considered statis-
tically significant.

Results

Hemodynamic study of the left ventricle  Left ventricular
systolic pressure (LVSP), +dp/dtmax, and -dp/dtmax were de-
creased significantly (P<0.01 vs normal control) in the ve-
hicle-treated diabetic group (Table 1).  C16 treatment did not
result in significant weight or fasting blood glucose levels
changes (P>0.05 vs vehicle-treated diabetic rats).  However,
treatment with C16 (25 or 50 mg/kg) for 4 weeks resulted in a
significant increase in all of these 3 parameters (P<0.05 or
P<0.01, Table 1) as compared with vehicle-treated diabetic
rats.  There was no difference between C16-treated groups
(25 or 50 mg/kg) or between the C16-treated groups and the
ALT-711-treated group (25 mg/kg).

Hemodynamic study of the cardiovascular system  In

Table 1.  Effects of C16 on LV function in diabetic rats. n=8. Mean±SD.  bP<0.05,cP<0.01 vs normal control. eP<0.05, fP<0.01 vs vehicle.
LVSP, left ventricular systolic pressure.

                                                              Control        Vehicle        ALT-711 25 mg/kg                 C16
                                                                                                                                                          25 mg/kg                 50 mg/kg

Blood glucose (mmol/L)    3.8±0.4  26.4±2.2c  27.4±4.3  25.1±3.4  26.7±3.7
Body weight (g)   451±41   237±29c   259±26   277±23   270±31
Heart rate (beat/min)   372±36   338±35b   341±39   343±40   343±24
LVSP (mmHg)   152±7   111±16c   130±17e   138±19e   135±20e

+dp/dt (mmHg/s) 4429±232 2750±309c 3489±369e 3587±678e 3789±584f

-dp/dt (mmHg/s) 3914±384 2517±252c 3221±410e 3194±502e 3306±363f
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comparison with the normal controls, the body weights and
HR of the vehicle-treated diabetic rats were lower (P<0.01
and P<0.05, respectively), whereas the TPR and TPR index
were significantly higher (P<0.01).  CO and SAC were sig-
nificantly lower (P<0.01 vs normal control) in vehicle-treated
diabetic rats.  SBP, DBP, and HR were not significantly dif-
ferent in the 6 groups of diabetic rats (Table 2).  Treatment
with C16 for 4 weeks resulted in a dose-dependent signifi-
cant increase in CO and the CO index (P<0.05 or P<0.01), a
reduction in TPR and the TPR index (P<0.05 or P<0.01), and
an increase in SAC (P<0.05 or P<0.01) as compared with the
vehicle-treated rats.  After 4 weeks of treatment, similar re-
sults were found in ALT-711-treated (12.5 mg/kg) rats.  The
effects of C16 on the cardiovascular system resembled those
of ALT-711.  Treatment with C16 (50 mg/kg) for 2 weeks pro-
duced values that were slightly different from those pro-
duced by the other treatment regimen.  Although the differ-
ence did not reach statistical significance for the majority of
the parameters, SAC was significantly increased (P<0.01 vs
vehicle group).

RBC-IgG assay  The RBC-IgG content of normal control
rats was 0.21±0.01 and the content of vehicle-treated dia-
betic rats was 0.61±0.04 (n=6; P<0.01, Figure 2).  Treatment

with C16 (25 or 50 mg/kg) resulted in a significant reduction
of RBC-IgG content (0.51±0.06, 0.41±0.06; P<0.05, P<0.01,
respectively) in comparison with vehicle-treated diabetic rats.
ALT-711 treatment (25 mg/kg) also significantly reduced RBC-
IgG (0.48±0.07,  P<0.01).

Collagen solubility  assay In comparison with normal
control animals, the tail tendon collagen solubility of the
vehicle-treated animals tended to fall (from 63.9%±7.3 % to
37.7%±10.0 %, P<0.01; Figure 3).  Compared with vehicle-

Table 2.  Hemodynamic measurements performed in diabetic rats and diabetic rats treated with C16 for 2 or 4 weeks. n=8. Mean±SD. bP<0.05,
cP<0.01 vs normal control. eP<0.05, fP<0.01 vs vehicle. CO index, CO corrected for body surface area; TPR index, TPR corrected for body
surface area.

                                           Control        Vehicle        ALT-711                            C16 (4 weeks)                  C16 (2 weeks)
                                                                                         12.5 mg/kg        12.5 mg/kg       25 mg/kg        50 mg/kg             50 mg/kg

Blood glucose     4.4±3.6   25.2±4.4b   24.2±5.9   24.8±4.3   23.9±3.6   26.4±3.7   25.0±4.0
  (mmol/L)
Body weight 513.1±23.1 284.6±79.8b 283.8±65.4 288.0±69.4 273.1±47.9 297.9±67.0 260.1±74.2
  (g)
Systolic BP 146.6±17.8 139.2±24.3 127.9±19.7 124.8±28.4 126.3±16.4 132.5±25.8 128.9±18.9
  (mmHg)
Diastolic BP 116.9±20.6 106.6±18.4   97.4±16.3   95.2±25.3   97.9±13.0 104.7±21.6 100.2±17.2
  (mmHg)
Heart rate 321.1±30.4 280.8±34.6b 244.6±42.4 276.0±54.9 249.1±29.3 284.3±26.2 258.3±28.8
  (beat/min)
CO 124.6±20.3   68.8±8.5c   89.4±20.8e   85.7±10.2f   87.3±12.4f   96.3±14.6f   76.0±11.2
  (mL/min)
CO index 0.214±0.040 0.177±0.036 0.229±0.05e 0.219±0.031e 0.229±0.03f 0.239±0.029f 0.211±0.042
  (mL·min-1·per·cm-2)
T PR   83.8±21.1 137.9±23.2c 100.2±25.4f   99.7±32.2e   99.0±9.1f   95.9±11.4f 111.3±27.1
  (10-3odyneo·s·cm-5)
TPR index 142.8±33.8 353.0±74.3c 259.8±74.3e 255.7±91.8e 260.5±29.5f 240.9±44.0f 310.4±86.0
  (dyne·s·cm-3)
SAC   13.8±3.6     8.2±2.0c   12.5±2.8f   11.8±4.2e   12.7±2.2f   12.8±2.3f   12.2±2.4f

  (103×mL/mmHg)

Figure 2. Effects of C16 on IgG crosslinked to the RBC surface in
diabetic rats. n=6.  Mean±SD. cP<0.01 vs normal control. fP<0.01 vs
vehicle.
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treated animals, collagen solubility was increased signifi-
cantly after treatment with C16 (25 mg/kg, 48.0%± 9.0%; 50
mg/kg, 56.8%±7.4%; P<0.05, P<0.01, respectively).  ALT-711
treatment resulted in a significant increase in collagen solu-
bility (57.7%±6.2%, P<0.01).

Morphological study of arterial collagen distribution
When stained with picrosirius red, different types of col-
lagen in the aortic media wall could be distinguished by po-
larizing light microscopy, where type I collagen appeared
yellow or yellow-red, and type III collagen appeared green
(Figure 4).  The collagen type III/I ratio of the aortic media
wall tended to be greater in rats with diabetes (Figure 4B),
but C16 (50 mg/kg) and ALT-711 (12.5 mg/kg) treatment could
reverse this alteration (Figure 4C, 4D).

Immunohistochemistry for AGE  In comparison with nor-
mal control animals, the amount of AGE accumulated in the

Figure 3. Effects of C16 on the solubility of tail tendon collagen in
diabetic rats. n=6.  Mean±SD.  cP<0.01  vs normal control. eP<0.05,
fP<0.01 vs vehicle.

aortic media wall of the vehicle-treated animals was increased.
But the amount of AGE was decreased by C16 (50 mg/kg)
and ALT-711 (12.5 mg/kg) treatment (Figure 5).

Discussion

Nearly a century ago, glycation was first recognized in
the food industry, and became known as the Maillard
reaction: a process in which food proteins crosslink and be-
come brown with age.  In the 1980s, Brownlee et al first
described the harmful consequences of AGE formation on
the cardiovascular and renal systems in humans[1,29] and dia-
betic rats[13].  Recently, it has been thought more and more
likely that AGE and AGE crosslinks are linked to the devel-
opment of many age- and diabetes-related disorders through
structural modifications as well as receptor-mediated path-
ways, which activate growth factors, induce a number of
processes, and initiate inflammatory reactions[30].  Therefore,
targeting AGE, especially breaking established AGE cross-
links, was considered to be a novel and promising therapeu-
tic candidate for reversing AGE-related pathologic conditions.
In the present study, rats with STZ-induced diabetes of 16
weeks duration exhibited a marked increase in AGE and an
abnormal distribution of collagen type in the aorta.  However,
significant decreases in hemodynamic parameters, such as
LV dp/dt, CO, and SAC, were also observed.  These results
demonstrated that AGE-related changes in structure eventu-
ally increased the stiffness of the arterial tree and myocardium,
which, in turn, resulted in functional changes.  Immunohis-
tochemical assays revealed that C16, a potential AGE breaker,

Figure 4. Picrosirius red staining for
collagen distribution in descending tho-
racic aorta  from normal control (A),
vehicle-treated (B), C16-treated (C), and
ALT-711-treated (D) rats. Type I col-
lagen appears yellow or yellow-red, and
type III collagen appears green. ×200.
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could prevent the increase of AGE accumulation in the aortic
media wall of diabetic rats, and could reverse the increase in
the collagen type III/I ratio (prior studies have generally
shown an association between increased collagen type III
and/or the III/I ratio and the accumulation of AGE cross-
links[31,32]).  Furthermore, both the diastolic function, as indi-
cated by -dp/dtmax, and the contractile function of LV, as
indicated by LVSP and +dp/dtmax, were restored significantly
by C16.  The significant improvements in the hemodynamic
parameters could not be attributed to differences in blood
pressure, which did not change significantly during treat-
ment as compared with the vehicle-treated diabetic group.
Therefore, the improvements reflect intrinsic modifications
of the mechanical properties of the arterial wall.  The in-
crease in SAC and the decrease in TPR indicates that through
treatment with C16 the stiffness of the aorta was reduced to
levels comparable to those observed in normal control rats.
Moreover, these effects seemed to be related to the duration
of the treatment, with stronger effects after 4 weeks than
2 weeks, which indicates that the effects of C16 were exerted
through the pathway of structural modification by slowly
breaking the established AGE crosslinks.  The different ap-
proaches used in the present study consistently show that
C16, a novel AGE crosslink breaker, exerted beneficial car-
diovascular actions and restored diabetes-associated car-
diovascular dysfunction in experimental diabetic rats by re-
ducing AGE, and that C16 has similar effects to ALT-711, the
well-known AGE breaker.

The presence of AGE crosslinks is thought to contribute
to increased insolubility and resistance of collagen to enzy-

matic and chemical digestion[25], and IgG crosslinked to RBC
as a structure of AGE crosslinks is formed earlier than other
AGE crosslinks in vivo[14].  Thus, the susceptibility of col-
lagen to digestion by pepsin and the IgG-RBC crosslink con-
tent have previously been used to provide 2 indexes of pro-
tein crosslinking in vivo[13,20,25].  In the present study, the
considerably improved solubility of collagen and decreased
content of IgG crosslinked to RBC after treatment with C16
demonstrated that C16 could reduce AGE crosslinks in vivo.

In summary, the novel compound C16 has the ability to
break established AGE crosslinks and reduce AGE accumu-
lation in tissues in vivo.  Furthermore, C16 can restore diabe-
tes-associated cardiovascular dysfunction in rats.  This pro-
vides a potential therapeutic approach for diabetes- and ag-
ing-related cardiovascular disease.
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Abstract
Aim: To develop an easy, fast, automated, and inexpensive method for construct-
ing short-hairpin-RNA cassettes for RNAi studies.  Methods: Using single
oligonucleotides, a variety of DNA cassettes for RNAi vectors were constructed
in only few minutes in an automated manner.  The cassettes, targeting the eGFP,
were cloned into plasmids driven by RNA polymerase III promoter H1.  Then, the
plasmids were transfected into HeLa cells that were later infected with a recombi-
nant adenovirus encoding the eGFP gene.  The level of eGFP fluorescence was
evaluated by confocal imaging and flow cytometry.  Results: The plasmids con-
structed with the DNA cassettes made by the one-oligonucleotide method inhibi-
ted eGFP with different potencies, ranging from 55% to 75%.  Conclusion: By
using the method reported here, it is possible to simultaneously construct hun-
dreds of different DNA cassettes for RNAi experiments in an inexpensive, auto-
mated way.  This method will facilitate functional genomics studies on mammalian
cells.
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Introduction
RNA interference (RNAi) is a powerful tool for inhibiting

gene expression in a wide variety of organisms.  When
double-stranded RNA is introduced into cells, the ribonu-
clease III Dicer processes the double-stranded RNA into
small fragments of  about 21 nucleotides in length (termed
siRNAs) that trigger the RNAi mechanism[1–3].  Then, the
siRNAs are incorporated into a protein complex, known as
the RNA-induced silencing complex (RISC), which in turn
unwinds the duplex siRNA in an ATP-dependent manner[4].
After the unwinding, RISC uses the siRNA antisense strand
as a guide to specifically cleave the complementary mRNA,
which is further processed for degradation[4–6].

 There are different ways to induce mRNA degradation
using RNAi.  Several methods for preparing siRNA have
been developed, such as chemical synthesis, in vitro
transcription, siRNA expression vectors, and polymerase
chain reaction (PCR) expression cassettes.  For example, short
hairpin RNAs (shRNAs) transcribed by RNA polymerase III

promoter-based vectors have been used as RNAi triggers
in a variety of cell lines[7,8].  These RNA polymerase III (RNA
Pol) vectors have a variety of advantages over the siRNAs.
First, they greatly reduce the cost of RNAi synthesis, mak-
ing RNAi a viable tool for screening the function of large
numbers of genes.  Second, because hairpins are transcribed
inside cells, it is possible to establish inducible systems for
RNAi both in vitro and in vivo[9–11].  Third, it is also pos-
sible to generate knock-down phenotypes to resemble
knock-out animals without affecting the germline, as long
as this strategy is combined with inducible systems[12–14].
Therefore, it is relatively easy to establish cell cultures us-
ing retroviral or adenoviral vectors that stably express the
hairpin for RNAi[10,15–18].

Although there has been much progress in the RNAi
field, it is not completely understood why some sequences
are refractory to RNAi.  Some groups have investigated this
lack of activity, but at present, choosing the most effective
siRNA sequence to knock down an mRNA is still a trial-and-
error task.  Thus, it is generally accepted that several se-
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quences must be designed to achieve the highest RNAi
efficiency, making the silencing experiments costly and slow.
It would be advantageous to have a more efficient method
for the production of a wide variety of sequences in a simple
step, instead of using long DNA oligonucleotides or several
PCR step-specific methods[8,19–21].

Here we describe an inexpensive, easy to implement and
automated method to produce DNA cassettes for RNAi ex-
periments using a single oligonucleotide.  With this method
hundreds of DNA cassettes can be synthesized in a 1-step
reaction.  This method not only reduces the cost of testing
sequences for RNAi experiments, but also accelerates the
exploration of multiple-gene sequences.

Materials and methods
Construction of DNA cassettes and plasmid vectors   To

construct the plasmid vector pBB4H1, the human H1 pro-
moter was PCR amplified from human genomic DNA using
the following primers: forward 5'-CCATGGAATTCGAA-
CGCTGACGT-3' and reverse 5'-GCAAGCTTTGGTCTCA-
TAAGAACTTATAAGATTCCC-3', which contain one EcoRI
and one HindIII restriction site, respectively.  The PCR prod-
uct was subcloned in the pDRIVE vector (Qiagen, Valencia,
CA) following the manufacturer’s instructions.  The pDRIVE-
H1 vector was then digested with EcoRI and HindIII to ob-
tain a DNA fragment of  ~230 base pairs, which contained
the H1 promoter.  This fragment was then cloned into the
EcoRI and HindIII site of the pBlueBac4 vector (Invitrogen,
Carlsbad, CA) to obtain the pBB4H1 vector.

To generate the DNA cassettes the following chemically
synthesized oligonucleotides were used: hpGFP1 5'-GC-
AAGCTTCCCCAAAAACCACTACCTGAGCACCCAGGGG-
CCCC-3',  hpGFP2   5'-GCAAGCTTCCCCAAAAAGGGCGA-
GGAGCTGTTCACCGGGGCCCC-3',  hpGFP3 5'-GCAAGC-
TTCCCCAAAAACGGCCACCAGTTCAGCGTGGGGCCCC-
3', hpGFP4 5'-GCAAGCTTCCCCAAAAAGGAGGACGGC-
AACATCCTGGGGCCCC-3', hpTRPC4 5'-GCAAGCTT-
CCCCAAAAAUUACUCGUCAACAGGCGGACGGGGCC-
CC-3'.  Note that the sequence upstream of the 5 A’s contain-
ed the HindIII restriction site (underlined), followed by
4 C’s, and was included in the oligonucleotide design be-
cause it allows easy cloning of the DNA cassette and allows
the RNA pol III to initiate in the first of the 5 A’s, exactly 30
nucleotides after the TATA box.  The sequence in italics
corresponds to the eGFP mRNA.

To construct the DNA cassettes, 10 µL of each oligo-
nucleotide (~35 µmol/L) were heated for 5  min to 94 °C.
When the temperature reached 40 °C, 10 µL of a reaction mix

was added [reaction mix: 2 mmol/L dNTPs; 5 U Klenow en-
zyme (Invitrogen); 2 µL 10×reaction buffer 2 (Invitrogen);
10% Me2SO; H2O to 10 µL].  All the reactions were performed
identically using a thermo-cycler to precisely control the tem-
peratures (Figure 1).

Then, the Klenow products were heated to 65 °C to inac-
tivate the enzyme, digested with HindIII and cloned into the
HindIII restriction site of the pBB4H 1 vector previously
dephosphorylated with alkaline phosphatase (Roche, Basel
Switzerland).  Only the correct cassettes would be ligated
into the HindIII cohesive ends.  We did not observe clones
with tandem-repeated cassettes.

The sequences targeting the eGFP mRNA were chosen
based on 2 criteria: (i) because they had fewer than 3 G or C
repeats to prevent G-quartet formation; and (ii) because they
were distributed along the eGFP mRNA.

Cell culture and transfection  HeLa cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum and antibiotics, and were seeded
every 3 d following standard procedures at 37 °C.  The day
before transfection, cells were grown without antibiotics in
12 well plates.  Vectors containing the DNA cassette were
transfected using lipofectamine 2000 (Invitrogen) at differ-
ent concentrations following the manufacturer’s instructions.
The day after transfection, the cells were washed once with
phosphate-buffered saline (PBS) and treated with 5 MOI of a
recombinant adenovirus encoding the green fluorescent pro-
tein (eGFP) gene under the transcriptional control of the cy-
tomegalovirus (CMV) promoter[22].  Four hours later, the cells
were washed with PBS and the media was replaced.  Twenty-
four hours later the fluorescence was evaluated using a
FACScan flow cytometer (Becton & Dickinson, Franklin
Lakes, NJ).  To evaluate the fluorescence intensity, 10 000
events were counted in at least 3 independent experiments
for each concentration.

Confocal microscopy  The HeLa cells that were treated
with the plasmids and adenovirus as described were washed
with PBS, trypsinized and plated on sterile coverslips.

Figure 1.  Temperature sequence used in the thermocycler reaction
for the construction of DNA cassettes.
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Twenty-four hours later, the cells were analyzed with a con-
focal microscope (Bio-Rad, Hercules, CA) using a 40×
objective.  The confocal images were analyzed using the
Confocal Assistant freeware software.

Results
Construction of DNA cassettes  For the construction of

the DNA sequence that served as a template for shRNA
transcription, we followed the principle of DNA amplifica-
tion commonly used in PCR reactions (Figure 2A).  That is,
any given sequence that serves as a primer could be ampli-
fied at its 3' end with a proper DNA polymerase.  In RNAi
hairpins, the 2 strands that form the stem are fully comple-
mentary, so it is possible to use only a single oligonucle-
otide that is self-complementary within its 3' end (Figure 2B).
After the self-complementary structure is formed, it is pos-
sible to further amplify the structure so that the oligonucleo-

tide becomes completely double-stranded DNA.
The self-complementary pairing must be strong enough

to allow the DNA polymerase to initiate the reaction at the
selected temperature.  We chose the sequence 5'-GGGGCCCC-
3' due to its high Tm (37 °C) and because its palindrome na-
ture permits the self-complementary structure.  Furthermore,
this sequence allows amplification using the large (Klenow)
fragment of the DNA polymerase, whose working tempera-
ture is 37 °C.  Thus, because the 5'-GGGGCCCC-3' sequence
is amplified and lies between the sense and antisense strand,
it also functions as a loop for the shRNA (Figure 4).

Finally, most RNAi vectors contain an RNA pol III pro-
moter such as U6 or H1, which is used to initiate the tran-
scription of the shRNA.  When the RNA pol III finds 5 con-
secutive T’s, it terminates the transcription and removes the
last three nucleotides on the 3' end[17, 20].  Therefore, we in-
cluded 5 A’s in the 5' end in the oligonucleotide; when the
Klenow fragment synthesizes the antisense strand, it gener-
ated the 5 T’s, which will be needed to terminate the tran-
scription by RNA pol III inside the cell (Figure 2C).  The
expected shRNA structures that will form inside the cells are
shown in Figure 4.  All these structures were modeled using
the Mfold server (see Materials and methods).

To determine if it was possible to construct the DNA
cassette for shRNA vectors with this method, we designed
and tested its ability to amplify different oligonucleotides.
These oligonucleotides were prepared to target sequences
from eGFP and a control oligonucletide containing an eGFP-
unrelated sequence.  eGFP oligonucleotide sequences were
selected to have low GC repeats to prevent G-quartet forma-
tion.  Figure 3 illustrates the result of a typical filling-in
reaction, showing that the Klenow fragment produced
double-stranded DNA from single oligonucleotides.
Therefore, the self-complementary 5'-GGGGCCCC-3'  sequ-
ence is a good template for DNA amplification.  Furthermore,
all cassettes were constructed simultaneously in a single
step reaction, so the 1-oligonucleotide method could be au-
tomated to perform a large number of reactions in a short
period of time (see Materials and methods and Figure 1).  We
cloned the DNA cassettes in the vector under the transcrip-
tional control of an RNA pol III (H1) promoter, and all cas-
settes were sequenced to confirm their integrity.

Efficacy of the 1-oligonucleotide method in RNAi ex-
periments  To test the ability of the DNA cassettes to trigger
RNAi activity, HeLa cells were transfected with the plasmid
vectors containing the cassettes targeting the mRNA from
eGFP and a control construct.  The day after transfection,
cells were incubated with a recombinant adenovirus encod-
ing the eGFP, and 24 h later the cell fluorescence was

Figure 2.  Using the amplification principle (A), an oligonucleotide
can be amplified if it is auto- hybridized by its 3' end (B).  We selected
the sequence 5'-GGGGCCCC-3' to form the secondary structure shown
in (C), and we added it to the 21 nucleotide sequence.  Also, to obtain
the transcription termination, 5 A’s are included in the oligonucleotide.
After a filling-in reaction by the Klenow enzyme, a DNA cassette is
formed.  The optimum enzymatic temperature of the Klenow frag-
ment is approximately 37 °C, which corresponds to the Tm value of
the 5'-GGGGCCCC-3' sequence.  To avoid enzyme denaturation, the
Klenow fragment and dNTP mix is added until the temperature drops
to 40 ºC (see text, and Figure 1).  Temperatures may be automated
with a thermocycler.
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evaluated.  All the tested sequences silenced eGFP expres-
sion and, as expected, there was no gene silencing with the
transfection of the unrelated construct (Figure 4).  A dose–
response experiment showed that the most effective plasmid
concentration to achieve RNAi was 1−3.75 µg/mL.  Of 4 tested
DNA cassette sequences (termed hpGFP1 to 4), hpGFP 2, 3
and 4 inhibited eGFP expression/fluorescence by more than
70%.  The less efficient cassette (hpGFP1) inhibited eGFP
expression by 50% at 1 µg/mL (Figure 5).  The EC50 of each
shRNA confirms this result; the less effective shRNA is
hpGFP1, with an EC50 of approximately 0.5 µg/mL, whereas
hpGFP 2–4 have EC50 values of approximately 0.05 µg/mL
(Figure 5).  The finding that not all DNA cassette sequences
had the same potency confirms the fact that a variety of
sequences must be designed for the same target in order to
find the most effective RNAi inducer.  However, it was sur-
prising that the hpGFP 1 sequence was the least effective of
all tested sequences.  This result was interesting because
this sequence had been shown to be a strong inhibitor of
eGFP expression in a previous study[23].  The dose-response
experiment with the unrelated cassette did not influence the
eGFP fluorescence (data not shown).  Together, these re-
sults suggest that diverse DNA cassettes must be produced
by the 1-oligonucleotide method in order to identify the best

sequence for RNAi.

Discussion
 In the present work we developed a novel, easy and

efficient 1-oligonucleotide method to generate DNA cassettes
for RNAi vectors.  To test the capability of the method, we
designed DNA cassettes to target the mRNA from eGFP.  For
this purpose a recombinant adenovirus encoding the eGFP
gene was used to infect HeLa cells.  Only cells infected with
the virus and transfected with specific anti-GFP cassettes
strongly inhibited eGFP fluorescence.  The level of inhibi-
tion achieved with this method resembles the inhibition when
RNAi is used to knock-down the expression of endogenous
genes, because transfections usually reached 60%–75% of
the cells, and the level of adenovirus infection almost reached
100%.  The results obtained here suggest that eGFP expres-
sion was strongly reduced in the cells that were transfected
with the DNA constructs, as illustrated in Figure 5.  The fact
that hpGFP1 was less efficient at knocking down eGFP
expression suggests that a variety of RNA sequences are
needed in order to find the most effective.  Although this
sequence has already been used by others[23], it is reason-
able that there could exist sequences that are even more
effective; this method is an easy way to construct a large
variety of DNA cassettes for 1 or more genes.  Together,
these results demonstrate that, although eGFP expression is
under the transcriptional control of the strong CMV pro-
moter in the adenoviral vector, it is still possible to induce
gene silencing using the cassettes described here.

Previously reported methods to produce RNAi using
DNA cassettes to generate shRNAs in mammalian cells re-
quire long oligonucleotides or several PCR reactions that
are sequence and step specific[17,20,21,24–28].  For example, in
the method reported by Gou et al, at least three oligonucle-
otides (1 forward and 2 reverse) are used in 2 sequential PCR
reactions to generate the DNA cassette[21].  Once the 2 PCR
reactions conclude, PCR products require further cleaning
before transfection into cells.  Another method previously
reported is based on primer extension, and the DNA cas-
settes are cleaned and introduced in the cells directly[26].
Although the latter method uses only 2 oligonucleotides to
construct each DNA cassette, these oligonucleotides are
fairly long (approximately 100 nucleotides), considerably in-
creasing the cost of constructing multiple cassettes.

There are a number of effective methods that have been
designed over the past few years to produce RNAi in mam-
malian cells[29], but unfortunately none of these methods is
easily automated because they require many step-specific
reactions.  Using the method described here, we simulta-

Figure 3.  Automation of the method.  Using the same conditions as
described in the text, a wide variety of DNA cassettes were generated
simultaneously.  A low melting point 4% agarose gel (w/v) is shown in
the bottom half of the figure, with the filled shDNAs and control
oligonucleotides (controls are on the left  of the shDNA); the ex-
pected length of each filled DNA cassette is ~75 bp.  The 21 nucle-
otide sequences correspond to the enhanced eGFP mRNA.  The tar-
get positions of hairpin GFP1–4 (represented by black boxes) are
shown on top: hpGFP1, nucleotides 595 to 616; hpGFP2 nucleotides
10 to 31; hpGFP3, nucleotides 69 to 90; hpGFP4, nucleotides 394 to
415; the length of the eGFP sequence is 718 bp.  After the Klenow
filling-in reaction, DNA cassettes were cloned into an RNA pol III
vector for transfection.



Http://www.chinaphar.com Flores-Jasso CF et al

1471

neously produced a large number of different DNA cassettes
targeting different mRNAs (unpublished data).  This is pos-
sible because the process can be automated to perform many

different reactions using the same temperature, time and re-
actant conditions using a thermocycler.

The advantages of the method described here over pre-

Figure 4.  Inhibition of eGFP by plasmids that produce shRNAs.  HeLa cells were transfected with 3.5 mg/mL of plasmid DNA.  Confluent cells
(~80%) were infected 24 h later with 5 MOI of a recombinant eGFP-adenovirus, and the next day the fluorescence was evaluated by confocal
microscopy and flow cytometry.  Left panels: Representative experiments measured by flow cytometry; the region marked M1 was considered
to be the cell population expressing eGFP.  Middle panels: Confocal images showing eGFP-positive cells, and the transmitted light shows the
total number of cells in the field.  Right panels: shRNA predicted structures.  The shRNA structures were modeled based on the sequences that
should be transcribed inside the cell after plasmid transfection.  The shRNAs were modeled with the Mfold server: http://www.bioinfo.rpi.edu/
applications/mfold/, and the conditions were 37 °C and 2 mmol/L Mg2+.
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viously reported methods are: (i) a single oligonucleotide is
sufficient to generate a DNA cassette for shRNA production,
significantly reducing the price of testing multiple sequences;
(ii) oligonucleotides for cassette construction are easy to
design: a 21–25 nucleotide sense target sequence is flanked
by 5'-AAAAA- and -GGGGCCCC-3', thus the length of the
oligonucleotide is considerably shorter; and (iii) the method
is automated, allowing the construction of a wide variety of
DNA cassettes in one step in a few minutes.

Recently it was shown that it is also possible to express
synthetic miRNAs using RNA pol II promoters, which al-
lows still more control over stem-loop RNA expression, be-
cause many RNA pol II promoters function in a inducible/
tissue-specific fashion[30].  We are currently constructing
DNA cassettes by using the 1-oligonucleotide method for
use with RNA pol II promoters (unpublished results).  Be-
cause this type of polymerase does not terminate the tran-
scription after 5 consecutive thymidines it is not necessary
to include 5 adenines in the oligonucleotide, which further
reduces the length and price of the DNA cassette.

In conclusion, we reported here a novel method for con-
structing large libraries of RNAi cassettes quickly and in a
cost-effective manner, thus making the exploration of the
function of a large number of genes an easier task and facili-
tating functional genomic studies.
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Introduction
Studies on snake venoms have been proceeding for a

long time.  It is known that fractions of snake venom exhibit
a number of biological activities, such as fibrinogenolysis
and/or fibrinolysis, and anti-platelet aggregation[1].  Approxi-
mately 3 kinds of enzymes from snake venoms can degrade
fibrinogen, these are thrombin-like enzyme (TLE)[2], plasmi-
nogen activator[3], and fibrinolytic enzyme.  Among them,
fibrinolytic enzymes can directly degrade not only fibrino-
gen but also fibrin in vitro and in vivo.  Furthermore, they
are not inhibited by proteinase inhibitors in human blood.
With their potential use for treating thrombotic disease the
fibrinolytic enzymes have been widely investigated.  The
fibrinolytic enzymes have been purified from the venoms of
Agkistrodon acutus[4], A piscivorus piscivorus[5], A contortrix[6],
A rhodostoma[7], Bothrops jararaca[8], Crotalus atrox[9],
Trimeresurus mucrosquamatus[10] and Vipera lebetina[11].

More than 70 kinds of fibrinolytic enzymes have been
isolated, and novel fibrinolytic enzymes continue to be
reported.

The fibrinolytic enzyme from Taiwanese Agkistrodon
acutus venom was first isolated by Ou-yang and Huang[12].
In our previous work, another fibrinolytic enzyme called FIIa

was purified from Anhui Agkistrodon acutus venom.  FIIa

can degrade fibrin and fibrinogen in vitro, and solubilize
thrombus in vivo[4,13].  However, the enzymological charac-
teristics of FIIa have not been shown clearly.  In the present
investigation, we mainly investigate the influences of sev-
eral protease inhibitors, chelating agents, and metal ions on
the fibrinogenolytic activity of FIIa.  The metal content was
also determined.

Materials and methods
Snake venom  Lyophilized Agkistrodon acutus venom
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was collected from Qimen Snake Farm (Anhui, China).
Reagents  DEAE-Sephadex A-50, Sephadex G-75, ethyl-

enediamine tetracetic acid (EDTA), ethyleneglycol tetraacetic
acid (EGTA), phenylmethylsulfonylfluoride (PMSF) and soy-
bean trypsin inhibitor (SBTi) were purchased from GE Health
Care (Little Chalfont, UK).  Bovine fibrinogen and plasmin
were from Sigma (St Louis, MO, USA).  Molecular weight
protein standards were from NEB (Beverly, MA, USA).  All
other chemicals and solvents were of analytical grade from
commercial sources.

Purification of the enzyme  FIIa, a fibrinolytic enzyme
from Agkistrodon acutus venom, was prepared according to
the method described by Liang et al[4].

Fibrinogenolytic activity assay  FIIa (1 g/L, 150 µL) was
incubated with 450 µL of bovine fibrinogen (1 g/L) at 37 oC.
Aliquots were taken at 5 min, 15 min, 30 min, 45 min, 1 h, 4 h
and 8 h intervals, and 600 µL of a denaturing solution (10 mol/L
urea, 4% sodium dodecylsulfate and 4% β-mercaptoethanol)
was added and the mixture was incubated at 100 oC for 4 min.
Each sample (20 µL) was analyzed by sodium dodecyl sul-
phate–polyacrylamide gel electrophoresis (SDS-PAGE) us-
ing a 4% spacer gel and a 12% separation gel[14].  Human
plasmin (50 U/L) was used as positive control.

Effect of inhibitiors on fibrinogenolytic activity  The
effects of EDTA (5 mmol/L), EGTA (5 mmol/L), PMSF (5 mmol/
L), SBTi (0.15 g/L), dithiothreitiol (DTT; 5 mmol/L) and cys-
teine (5 mmol/L) on fibrinogenolytic activity were examined
by incubation with FIIa (1 g/L) at 37 oC for 1 h.  After adding
bovine fibrinogen (1 g/L), the mixture was incubated for a
further 1 h.  Each sample (20 µL) was analyzed by SDS-PAGE.

Reactivation by metal ions on fibrinogenolytic
activity  FIIa (1 g/L, 150 µL) was incubated with EDTA (final
concentration: 5 mmol/L) at 37 oC for 1 h.  MgCl2, CaCl2 and
ZnCl2 (final concentrations: 5 mmol/L) were added to the in-
cubation solution, and the mixture was incubated for a fur-
ther 1 h.  The fibrinogenolytic activity was examined by SDS-
PAGE after a 1-h incubation with 450 µL of bovine fibrino-
gen (1 g/L).  The same experiment was performed with EGTA
(final concentration: 5 mmol/L) instead of EDTA.

Metal content assay  Metal content was determined us-
ing an atomic absorption spectrophotometer.  The absor-
bances of standard solutions were used to draw standard
graphs.  The metal content of FIIa was estimated by compari-
son with the standard curve[14].

Results
FIIa degraded the Aα-chain preferentially, followed by

the Bβ-chain of fibrinogen, but the γ-chain was the most
insusceptible to the enzyme.  At a molar ration of 3:1 (fibrino-

gen: FIIa), the Aα-chain was totally degraded within 5 min,
with relatively lower activity for the Bβ-chain, which disap-
peared within 30 min.  The γ-chain was only degraded fol-
lowing a prolonged 8-h incubation with FIIa (Figure 1A).
Concomitant with the digestion of fibrinogen, major frag-
ments of  Mr approximately 45 000 and 41 000 were observed.

When fibrinogen was incubated with human plasmin, the
Aα- and Bβ-chains disappeared within 15 min, while the γ-
chain disappeared within 1 h.  The major digestion fragment
observed was at Mr 45 000, of which the cleavage pattern
was different from that of FIIa (Figure 1B).

The fibrinogenolytic activity of FIIa was inhibited by
EDTA, EGTA, DTT and cysteine, but not by PMSF or SBTi
(Table 1).  The fibrinogen was still intact after incubation
with FIIa pretreated with EDTA, EGTA, DTT, and cysteine
(Figure 2).  However, the fibrinogen was degraded after in-
cubation with FIIa pretreated with PMSF and SBTi  (Figure 2).
Zn2+, Ca2+, and Mg2+, at concentrations of 5 mmol/L, could
restore the fibrinogenolytic activity of EDTA-treated FIIa.
Only Ca2+ could restore the fibrinogenolytic activity of EGTA-
treated FIIa.  Both 1 mmol/L and 5 mmol/L Ca2+ were effective
(Figure 3).

Zn2+, K+ and Ca2+ were found in significant quantities, at
3171±25 mg/kg, 489±17 mg/kg and 319±13 mg/kg, respec-
tively.  The concentrations of Mg2+, Fe2+ and Cu2+ were only

Figure 1.  Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
analysis of degraded fibrinogen (1 g/L, 450 µL) by (A) FIIa (1 g/L, 150 µL)
and (B) plasmin (50 U/L) at 37 ºC. (A) Lanes 1–8: FIIa+fibrinogen incu-
bated for 5 min, 15 min, 30 min, 45 min, 1 h, 2 h, 4 h and 8 h. (B)
Lanes 1–5: plasmin+fibrinogen incubated for 5 min, 15 min, 30 min,
45 min and 1 h. M, marker; F, fibrinogen.
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at trace amounts (Table 2).  For each mole of FIIa, there was
approximately 1 mole of Zn2+, 0.3 mole of K+ and  0.2 mole of
Ca2+.

Discussion
FIIa is a α,β-fibrinogenase because it degraded both the

Aα-chain and the Bβ-chain of fibrinogen[15].  The Aα-chain
of fibrinogen was very susceptible to FIIa, and it was com-
pletely degraded within 5 min.  Cleavage of the γ-chain of
fibrinogen was observed only with a prolonged incubation
time.  Thus far there have been few reports of fibrin(ogen)
olytic snake venom enzymes that cleave of the γ-chain.  No
enzyme reported has shown cleavage specificity directed
solely at the γ-chain[16].  Because the γ-chain of fibrinogen
was stable when was incubated with snake venom fibrin
(ogen)olytic enzyme, we postulated that the degradation
might occur at either an increased incubation time or at an
increased concentration.  In our previous study, the γ-chain
was unaffected after a 2-h incubation.  However, in the
present study FIIa appeared to degrade the γ-chain after pro-
longed (8 h) incubation.  The same phenomenon was no-
ticed for cerastase F-4 (from Cerastes cerastes venom) and a
fibrin(ogen)olytic enzyme from V lebetina venom, and they
appeared to degrade the γ-chain following 48-h and 24-h
incubations, respectively[17,18].  Plasmin also cleavages the
Aα-, Bβ-, and γ-chains of fibrinogen, but the patterns are
different from those observed when cleaved by FIIa.  It is
interesting that various fibrin(ogen)olytic enzymes seem to
produce different degradation patterns for fibrinogen.  For
example, FIIa mainly yields fragments of 45 kDa and 41 kDa,
while basilase produces fragments of 45 kDa, 36 kDa and
10 kDa, and atroxase gives fragments of 45 kDa and 38 kDa[19].
The studies on some fibrin(ogen)olytic enzymes reveal that
their cleavage preference is commonly directed to the amino-
terminal side of hydrophobic amino acid residues.  They
display distinct and unique cleavage characteristics with
fibrinogen.

The fibrin(ogen)olytic enzymes from snake venoms can
be classified as metalloproteinases or serine proteinases.
Chelating agents (EDTA, EGTA) completely inhibited FIIa,
while serine protease inhibitors (PMSF, SBTi) were

Table 1.  Effect of inhibitors on the fibrinogenolytic activity of FIIa.

 Inhibitor            Concentration/mmol·L-1    Fibrinogenolytic activity

EDTA 1.0 –
0.1 –
0.01 +/–

EGTA 5 –
D T T 5 –
Cysteine 5 –
SBTi 0.15 g/L +
PMSF 5 +

DTT, dithiothreitol; EDTA, ethylenediamine tetracetic acid; EGTA,
ethyleneglycol tetraacetic acid; PMSF, phenylmethylsulfonylfluoride;
SBTi, soybean trypsin inhibitor.

Figure 2.  The effect of inhibitors on the fibrinogenolytic activity of
FIIa by sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis.
Lane 1, FIIa+fibrinogen; lane 2, FIIa+5 mmol/L EDTA+fibrinogen; lane 3,
FIIa+5 mmol/L EGTA+fibrinogen; lane 4, FIIa+5 mmol/L PMSF+fibrinogen;
lane 5, FIIa+0.15 g/L SBTi+fibrinogen; lane 6, FIIa+5 mmol/L DTT+fibrinogen;
lane7, FIIa+5 mmol/L cysteine+fibrinogen. M, marker; F, fibrinogen.

Table 2.  The metal contents of FIIα. n=3. Mean±SD.

              Metal ion                            Content/mg·kg-1

Zn2+ 3171±25
K+   489±17
Ca2+   319±13
Mg2+     26±7
Fe2+     26±2
Cu2+     24±3

Figure 3.  Reactivation by metal ions on fibrinogenolytic activity of
FIIa by sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis.
Lane 1, FIIa+fibrinogen; lane 2, FIIa+1 mmol/L EDTA+fibrinogen; lane
3, FIIa+1 mmol/L EDTA+ZnCl2+fibrinogen; lane 4, FIIa+1 mmol/L
EDTA+MgCl2+fibrinogen; lane 5, FIIa+1 mmol/L EDTA+CaCl2+fibrinogen;
lane 6, FIIa+1 mmol/L EGTA+fibrinogen; lane 7, FIIa+1 mmol/L
EG TA+1 mmol/L CaCl2+fibrinogen ;  la ne 8 , FI Ia+1  mmol/L
EGTA+5 mmol/L CaCl2+fibrinogen. M, marker; F, fibrinogen.
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ineffective, indicating that it belongs to the metalloproteinase
group.  This was supported by data from atomic absorption
spectroscopy.  For each mole of FIIa there was approximately
1 mole of Zn2+, 0.3 mole of K+ and 0.2 mole of Ca2+.  Like
many of the venom fibrinolytic enzymes, FIIa is a zinc
metalloproteinase.  Besides Zn2+, Ca2+ is another metal ion
often found in venom with fibrinolytic enzymes.  Metal analy-
sis has indicated that the calcium content of atroxase (from
western diamondback rattlesnake venom)[9] and lebetase
(from V. lebetina snake venom)[20] is 0.3 mol/mol and 1 mol/
mol, respectively.  In adamalysin from C. adamanteus[21] and
atrolysin c(d) from C. atrox[22] it was found that except Zinc-
binding site, a calcium ion is bound near the carboxy-termi-
nus of the enzyme.  Thus far, only atroxase was reported to
contain 1 mol/mol of K+, while FIIa contains 0.3 mol/mol of
K+.  The functions of calcium and potassium have not been
elucidated, but they may play a role in retaining the stability
of the protein.

Zn2+, Ca2+ and Mg2+ were effective in restoring the activ-
ity of EDTA-treated FIIa, while only Ca2+ could restore the
activity of EGTA-treated FIIa.  The mechanism for this is not
clear.  It is reported that snake venom metalloproteinases
have Zn2+-dependent activities, but some are more active in
the presence of Ca2+[23,24].  This seems probably responsible
in part for this phenomenon.  The effect of Mg2+ on the
activity of FIIa needs to be elucidated.  FIIa is inhibited by
DTT and cysteine, suggesting that disulfide bonds are nec-
essary for holding the structure.

In conclusion, like many venom fibrin(ogen)olytic
enzymes, FIIa is a metalloproteinase.  Both Zn2+ and Ca2+

play important roles in the fibrinogenolytic activity of FIIa.
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Abstract
Aim: The resurgence of severe acute respiratory syndrome (SARS) is still a threat
because the causative agent remaining in animal reservoirs is not fully understood,
and sporadic cases continue to be reported.  Developing high titers of anti-SARS
hyperimmune globulin to provide an alternative pathway for emergent future pre-
vention and treatment of SARS.  Methods: SARS coronavirus (CoV)F69 (AY313906)
and Z2-Y3 (AY394989) were isolated and identified from 2 different Cantonese
onset SARS patients.  Immunogen was prepared from SARS-CoV F69 strain.  Six
health horses were immunized 4 times and serum was collected periodically to
measure the profile of specific IgG and neutralizing antibodies using indirect en-
zyme-linked immunosorbent assay and a microneutralization test.  Sera were col-
lected in large amounts at the peak, where IgG was precipitated using ammonium
sulphate and subsequently digested with pepsin.  The product was then purified
using anion-exchange chromatography to obtain F(ab')2 fragments.  Results: The
specific IgG and neutralizing antibody titers peaked at approximately week 7 after
the first immunization, with a maximum value of 1:14210.  The sera collected at the
peak were then purified.  Fragment of approximately 15 g F(ab')2 was obtained from
1 litre antiserum and the purity was above 90% with the titer of 1:5120, which could
neutralize the other strain (SARS-CoV Z2-Y3) as well.  Conclusion: This research
provides a viable strategy for the prevention and treatment of SARS coronavirus
infection with equine hyperimmune globulin, with the purpose of combating any
resurgence of SARS.
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Introduction
Severe acute respiratory syndrome (SARS) emerged in

Southeast Asia in late 2002 and subsequently spread
internationally.  The causative agent was quickly identified
as a previously unknown member of the Coronaviridae
family[1–3].  According to the World Health Organization, up
to 2004 Apr 21, SARS coronavirus infected more than 8000
people in various countries worldwide and caused approxi-
mately 800 deaths[4].  Although SARS infection of human
beings has been contained through infection-control

measures, resurgence is still a threat because the causative
agent remaining in animal reservoirs is not fully understood,
and sporadic cases continue to be reported in Singapore[5,6],
Taiwan[7] and mainland China[8,9].

There are no specific vaccines and effective drugs cur-
rently available for SARS-CoV[1,2,10,11].  Until an effective vac-
cine is developed, the best hope for the treatment of infec-
tion and the prevention and control of future outbreaks is
the development of passive immunotherapy with SARS-CoV-
specific antibodies[11].  Immunoglobulin is an effective method
used in protection against animal coronavirus: transmissible
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gastroenteritis virus (TGEV)[12,13], mouse hepatitis virus[14],
and bovine coronavirus[15].  There is clinical evidence that
serum from recovered patients is effective in infected indi-
viduals[16,17].  These observations suggest that hyperimmune
serum could be developed for the passive treatment of SARS.
The use of equine antisera for emergent prevention and treat-
ment of infectious diseases has been proven to be an effec-
tive and safe strategy, such as in rabies virus[18,19].  Therefore,
immunoprophylaxis and treatment of SARS coronavirus in-
fection with equine hyperimmune globulin might be a viable
strategy for controlling SARS.

Materials and methods

Virus strains  Severe acute respiratory syndrome co-
rona-virus Z2-Y3 (AY394989) and F69 (AY313906), isolated
from the samples of 2 different Cantonese onset SARS pa-
tients in 2003, were sequenced and compared, showing cer-
tain differences (Table 1).  Viral titres of SARS-CoV Z2-Y3
and F69 strains were determined to be 106.5 50% tissue-cul-
ture-infective doses (TCID50)/mL and 106.7 TCID50/mL with
the Reed-Muench method, respectively[20–22].

Antigen preparation  F69 strain was used as antigen for
immunization.  African green monkey kidney (Vero-E6) cells,
infected with SARS CoV F69 strain, were cultivated in se-
rum-free minimum essential medium (MEM) (GIBCO) and
observed periodically for cytopathic effect (CPE).  When
75%–100% cytopathy was reached, infected Vero-E6 cells

were frozen and thawed 3 times, which was subsequently
centrifuged at 8000×g for 30 min, and then the cell debris
was decanted.  The supernatant was collected and stored at
–70 ºC until used.  The viral supernatant was then centri-
fuged at 30 000×g for 3 h.  The precipitate was diluted with
phosphate buffered saline (PBS), which was used as antigen
for immunization.

Animal immunization  Six 4–9 year-old healthy horses
were provided by the Quartermaster University of PLA.  Im-
munization of horses was performed according to the State
Food and Drug Administration (SFDA) standard operating
procedures.  On d 0 and d 10, all horses were injected with
1.0 mL antigen intramuscularly (SARS-CoV F69) with com-
plete Freund’s adjuvant (FCA, Sigma).  On d 21 and d 28,
horses were injected with the same antigen 2.5 mL im, with
incomplete Freund’s adjuvant (FIA, Sigma).  Eight batches
of sera were collected from trachelo veins on d 0, d 10, d 21,
d 28, d 35, d 42, d 49, and d 55 after the first immunization,
which were stored at -20 °C for the measurement of antibody
titers.

Enzyme-linked immunosorbent assay (ELISA)   Severe
acute respiratory syndrome coronavirus specific IgG was
measured using an indirect enzyme-linked immunosorbent
assay (ELISA) and whole purified SARS-CoV F69 as antigen.
In brief, polystyrene micro well plates were coated with anti-
gen (100 µL/well containing 1.0 µg/mL virus protein) in car-
bonate-bicarbonate buffer (pH 9.6).  The wells were washed
3 times with PBS and then blocked with 15% bovine serum in

Table 1.   Complete genomic sequence comparison between F69 and Z2-Y3.  N1, atattaggtttttac; N2, caagaatgta; –, no nucleotide.

     Locus                1–15            2015            3852           5455             6247               6760              7347             7777           8094

F69 N1 C C T C G A G T
Z2–Y3 – T T C T A C A C

     Locus        8591             9333            10265         11493           13470             14186            16959           17565         20374
                                                                                                                                                                                                   -20383

F69 G C T T A T T T N2
Z2-Y3 A A C C G A C G  –

     Locus       21732           22233          24706          25275          25309             26488           27403        29358

F69 G T G G G G T G
Z2-Y3 A C A A A T C A
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PBS containing 0.05% Tween-20 (PBST) at 37 °C for 1 h.
After 3 washes with PBST, serially twofold diluted serum
samples (from 1:100 to a final 1:51200) were added to the
plates and incubated at 37°C for 1 h.  Horseradish peroxi-
dase (HRP)-conjugated goat anti-horse IgG (Sigma, USA)
diluted 3000-fold in PBS was added, followed by 3 washes.
Following incubation at 37 °C for 1 h, the plates were washed
as above and the substrate tetramethylbenzidine (TMB) so-
lution (Sigma) was added to the wells.  After incubation at
37 °C for 15 min, the reaction was stopped by adding 2.0 mmol/L
sulfuric acid, and the absorbance value at 450 nm (A450)
was measured with a microplate reader (Model 550, BioRad).
IgG antibody titer was defined as the highest dilution of
serum when the A450 ratio (A450 of negative serum) was
greater than 2.0.

Microneutralization assay  The neutralization assay was
performed according to modified operating procedures of
the Manual for the virological investigation of polio formu-
lated by WHO/EPI/GEN/97.01.  (http://www.who.ch/
programmes/gpv/gEnglish/avail/gpvcatalog/catlog.htm).
Each serum sample was serially diluted in twofold 1:10 dilu-
tion in MEM maintenance medium to a final dilution of 1:20
480 and incubated with an equal volume of 100 TCID50/25 µL
of purified F69 or Z2-Y3 strain for 3 h at 36 °C.  The virus-
antibody mix was then inoculated onto Vero-E6 cell (3×105

cells/mL) monolayers in 96-well plates at 37 °C for approxi-
mately 6 d.  Wells for normal cell control and virus control
were added to 100 µL maintenance medium and unneutralized
active virus dilution, respectively.  The plates were incu-
bated until CPE developed in all the virus controls but the
cell control remained normal.  Neutralizing antibody titer was
the highest dilution of serum, which protected 50% of the
cultures against 100TCID50 of the challenge virus, when the
virus control (no serum) showed complete CPE.

Purification of immunoglobulin  Horse antiserum was
thawed in 37 °C water bath, added to 45% saturated ammo-
nium sulphate solution, then mixed gently at 22 °C for 30 min,
centrifuged at 10 000×g, and the precipitation generated was
collected and stored at 4 °C overnight.  The ammonium sul-
phate precipitation was diluted using an equal volume of
0.9% NaCl solution and dialyzed to remove the salt.  Then
pH was adjusted to 3.5 with 0.36 mol/L HCl.  Then horse
serum was added to 2% pepsin (Sigma) solution and digested
at 37 °C for 8 h, 24 h, 36 h, 48 h, 60 h, and 72 h, respectively.
The reaction was stopped by adjusting the pH to 8.0 using
1.0 mol/L NaOH.  Then the digested material was
ultrafiltrated.  Anion-exchange separations of ultrafiltrated
material were further performed using diethylaminoethyl
(DEAE) Sepharose Fast Flow (Pharmacia) Column, pre-equili-

brated with 200 mL of buffer A (50 mmo/L Tris-HCl, pH 8.0).
The ultrafiltrated material was pumped down the column,
while the A280 nm of the eluted material was monitored, fol-
lowed by pumping fresh buffer A until the A280 nm returned
to the baseline.  All the unbounded material, corresponding
to the F(ab')2 fragments was collected and stored at 4 °C.
Bound contaminants can then be eluted to regenerate the
column using a gradient of buffer B (containing 50 mmo/L
Tris-HCl, pH 8.0, 1 mmol/L NaCl, pH 8.0).  The product ob-
tained using anion-exchange chromatography was
ultrafiltrated, concentrated and added to 0.3 mol/L aminoace-
tic acid to obtain stock solution.  According to the demanded
standards of biological product, the product characteristics
(eg, pH, the protein concentration and bacterial endotoxin
content) were detected using serial procedures.

Sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE)  Non-reducing SDS-PAGE gels, using the
buffer system described by Laemmli (1970)[23], were used to
monitor the digestion process and to check for traces of
undigested IgG and other unwanted materials.

Results

Identification of SARS coronavirus  The virus (SARS-
CoV F69) was electron microscopically visualized, and the
characteristic coronavirus particle form was observed
(Figure 1).

Level of the specific IgG antibody  Six health horses were
immunized with purified SARS-CoV F69 strain.  The titers of
total anti-SARS-CoV IgG was measured using an indirect
ELISA.  The dynamic changes of specific anti-SARS-CoV
IgG antibody titers are shown in Figure 2.  On d 10, all sera
distinctly showed positive reactions, with the range of spe-
cific IgG antibody titers from 1:160 to 1:980.  Titers of specific
IgG antibodies increased rapidly from week 4 and peaked at
week 7 after the first immunization; the maximum value was

Figure 1.  The virion form of severe acute respiratory syndrome
coronavirus F69 isolate.  3×40 000.
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1:14210.
Titers of neutralizing antibodies  The antiserum was

measured using a micro-neutralization test.  The kinetics of
formation of neutralizing antibodies following immunization
for horses were observed (Figure 3).  The neutralizing anti-
bodies were partially detectable on d 10 (from 1:10 to 1:60).
After the third immunization, the neutralizing antibody titers
of all the immunized horses increased rapidly on d 28.  On
d 48 after the first immunization, the neutralizing antibody
titers of 4 of 6 equines reached the highest level.  The other
2 continued increasing and reached the highest titer at
1:14240.

Cross neutralization response  Z2-Y3 strain was used in
micro-neutralization test in vitro to measure the hyperimmune
sera from the SARS-CoV F69 strain.  The results indicate

that the horse antiserum induced by the inactivated SARS-
CoV F69 strain is capable of neutralizing the SARS-CoV Z2-
Y3 strain completely.

F(ab')2 preparation  Digestion with pepsin at different
time points was assessed using SDS-PAGE (Figure 5).  The
results indicate that IgG could be digested completely at
pH 3.5 within 48 h and unwanted protein bands (eg albumin
and transferrin) could be eliminated as well.  The reaction
was stopped by adjusting the pH to 8.0 using 1.0 mol/L
NaOH.  The anion-exchange chromatography with a salt gra-
dient was performed to further remove high molecular weight
aggregates and pepsin.  Digested antisera in buffer A are
separated into 3 peaks (Figure 6).  Material from peak I was
then concentrated.  Finally, approximately15 g F(ab')2 frag-
ments were obtained from 1 litre antiserum with the purity

Figure 3.  Kinetics of the specific anti-severe acute respiratory syn-
drome coronavirus neutralizing antibody titers.  H, the immunized
horse.  The inoculation dates are on d 0, d 10, d 21 , and d 28,
respectively.  Neutralizing antibody titers are shown on the highest
dilution of serum, which protected 50% of the cultures against 100
50% tissue-culture-infective doses (TCID50) of challenge virus.

Figure 4.  Comparison of the trend of change in neutralizing anti-
body titers with that of the specific IgG antibody titers.  Each titer
value was denoted as the mean of the titers of IgG and neutralizing
antibody detected.

Figure 5.  The digestion of equine antisera with pepsin, as assessed
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) (10%) under non-reducing conditions.  Digestion samples at
various time points, with molecular weight markers: 97 kDa, 66 kDa,
45 kDa, 30 kDa, 20.1 kDa.  F(ab')2: approximately 100 kDa.

Figure 2.  Changes of the specific anti-severe acute respiratory syn-
drome coronavirus IgG antibody titers.  H, the immunized horse.
The inoculation dates are on d 0, d 10, d 21, and d 28, respectively.
The titers of serum specific IgG antibodies were shown on the highest
dilution of serum at which the A450 ratio was greater than 2.0.
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above 90%.  The titer of neutralizing antibodies after purifi-
cation was detected as 1:5120.

The product obtained above was dissolved in a suitable
volume of 0.9% NaCl to adjust the protein concentration to
10 g/L.  Then pH determined at 20 °C was 7.0.  The bacterial
endotoxin content was also detected at no more than 200 EU/
mL.  The terminal product according with the standard of
SFDA [(2003) No.267], was stored at 4 °C.

Discussion
Severe acute respiratory syndrome has resulted in im-

portant challenges for the medical community.  There are no
available specific vaccines and effective drugs for use against
SARS-CoV[11].  Control depends on prompt detection and
isolation of cases, good infection control in hospitals, and
the tracing and quarantine of contacts[24].  The widespread
clinical successful application of immunoglobulins derived
from heterogenous animals against rabies has a long history[25].
The passive administration of neutralizing antibodies could
be an effective strategy for emergency prophylaxis and the
treatment of SARS[26].

The results of our research indicate that healthy horses
immunized with the SARS-CoV F69 strain can be induced to
generate effective, specific and neutralizing antibodies.
Analysis indicates that sequence difference existed among
SARS-CoVs[27].  The sequence of the SARS-CoV F69 strain
is different from that of the SARS-CoV Z2-Y3 strain (Table 1).
Immunoglobulin prepared from SARS-CoV F69 strain iso-

lated in April, 2003 could neutralize another SARS-CoV Z2-
Y3 strain, which was isolated from SARS patient in February,
2003.  This showed that SARS-CoV F69 and Z2-Y3 strain
owned identical or similar neutralizing epitopes.

Heterogenous antisera used for treatment possibly
result in anaphylactoid severe acute side-effects[28].  To avoid
the side-effects caused by horse antiserum, IgG against
SARS-CoV was digested with pepsin and purified with an-
ion-exchange separations to exclude the immunogenicity of
Fc fragments and to retain the special activity of binding the
antigen of F(ab')2 fraction.  The titers of neutralizing F(ab')2

against SARS-CoV was detected at higher level (1:5120).  And
approximately 15 g F(ab')2 fragments were obtained from 1 li-
tre antiserum, with the purity above 90%.

Until we have an efficacious vaccine and have imple-
mented effective epidemiologic infection control measures,
and given the presence of effective anti-SARS-CoV agents,
SARS is likely to remain a major health threat to the world.  In
this article, we provide an alternative pathway of prevention
and treatment of SARS, with the purpose of combating any
resurgence of SARS.  The profile of the antibody titer was
observed, while an effective, specific and neutralizing
hyperimmunoglobulin was prepared.  The results indicate
that the kinetics of the induced specific IgG and neutralizing
antibodies are similar (Figure 4).  This data paves the way for
the development of an inactivated SARS vaccine.
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Binding of PLCδ1PH-GFP to PtdIns(4,5)P2 prevents inhibition of phospho-
lipase C-mediated hydrolysis of PtdIns(4,5)P2 by neomycin1

Chuan WANG, Xiao-na DU, Qing-zhong JIA, Hai-lin ZHANG2

Department of Pharmacology, Hebei Medical University, Shijiazhuang 050017, China

Abstract
Aim: To investigate the effects of the pleckstrin homology (PH) domain of phos-
pholipase Cδ1 (PLCδ1PH) on inhibition of phospholipase C (PLC)-mediated hy-
drolysis of phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2] by neomycin.
Methods: A fusion construct of green fluorescent protein (GFP) and PLCδ1PH
(PLCδ1PH-GFP), which is known to bind PtdIns(4,5)P2 specifically, together with
laser-scanning confocal microscopy, was used to trace PtdIns(4,5)P2 translocation.
Results: Stimulation of the type 1 muscarinic receptor and the bradykinin 2 recep-
tor induced a reversible PLCδ1PH-GFP translocation from the membrane to the
cytosol in COS-7 cells.  PLC inhibitor U73122 blocked the translocation.
Wortmannin, a known PtdIns kinase inhibitor, did not affect the translocation
induced by ACh, but blocked recovery after translocation, indicating that
PtdIns(4,5)P2 hydrolysis occurs through receptor-mediated PLC activation.
Neomycin, a commonly used phospholipase C blocker, failed to block the recep-
tor-induced PLCδ1PH-GFP translocation, indicating that neomycin is unable to
block PLC-mediated PtdIns(4,5)P2 hydrolysis.  However, in the absence of PLCδ1PH-
GFP expression, neomycin abolished the receptor-induced hydrolysis of
PtdIns(4,5)P2 by PLC.  Conclusion: Although PLCδ1PH and neomycin bind to
PtdIns(4,5)P2 in a similar way, they have distinct effects on receptor-mediated
activation of PLC and PtdIns(4,5)P2 hydrolysis.
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Introduction
Phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2], a

minor phospholipid component of the plasma membrane, is
a key regulator of several cellular processes, and has be-
come the focus of research on intracellular signal trans-
duction.  PtdIns(4,5)P2 is a precursor of important second
messengers, such as the diffusible InsP3, which regulates
Ca2+ release from intracellular Ca2+ stores, and the protein
kinase C activator, diacylglycerol[1,2].  PtdIns(4,5)P2 is also
phosphorylated by class I PtdIns 3-kinases to form
PtdIns(3,4,5)P3, which controls membrane recruitment and
the functions of several important signaling proteins[3].
PtdIns(4,5)P2 itself is a regulator of a great variety of target
molecules, including ion channels[4,5] and several proteins
that regulate actin polymerization and the cytoskeleton[6],
providing a link between the plasma membrane and the cortical

cytoskeleton[7].  PtdIns(4,5)P2 has also been implicated in
several forms of membrane remodeling events, including the
fusion of secretory vesicles with the plasma membrane[8],
clathrin-mediated endocytosis[9], and membrane recovery by
endocytosis during neurotransmitter release[10].  Such di-
verse functions rely upon interaction of the lipid with a large
number of regulator molecules.

Pleckstrin homology (PH) domains have been described
in a large number of signaling proteins, and they show re-
markable specificity in recognizing various forms of
inositides[11].  The PH domain of phospholipase Cδ1 (PLCδ1PH)
binds with high affinity and selectivity to PtdIns(4,5)P2

[12].
Recently, a fusion construct of PLCδ1PH with enhanced green
fluorescent protein (GFP) (PLCδ1PH-GFP) was developed as
a probe to visualize PtdIns(4,5)P2 in single cells because it
binds to PtdIns(4,5)P2 within the plasma and translocates to
the cytoplasm after receptor stimulation.  Subsequently,
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when PtdIns(4,5)P2 is resynthesized, fluorescence returns to
the membrane[13].

It has been demonstrated that neomycin, an aminogly-
coside antibiotic with a large positive charge (about +4.5),
binds with high affinity to PtdIns(4,5)P2

[14].  Later studies
also showed that neomycin bound to and neutralized the
negative charge of PtdIns(4,5)P2

[15].
Phospholipase C (PLC)-induced PtdIns(4,5)P2 hydroly-

sis is an important cell signaling mechanism.  Many mem-
brane receptors couple to PLC, and thus regulate PtdIns(4,5)P2

turnover and subsequent downstream cell signaling[16].  A
few PLC modulators have been developed and they play an
important role in understanding the cell signaling process
involving PLC and PtdIns(4,5)P2.  Neomycin has long been
used as a blocker of PLC, although it actually binds to
PtdIns(4,5)P2 and presumably prevents PtdIns(4,5)P2 from
hydrolysis by PLC[17].  Previous studies have demonstrated
that both PLCδ1PH and neomycin bind PtdIns(4,5)P2 through
an electrostatic interaction[12,14].  This similar nature of inter-
action would indicate a similar consequence for PtdIns(4,5)
P2 hydrolysis by PLC.  However, in the present study, we
demonstrate that although both PLCδ1PH and neomycin bind
to PtdIns(4,5)P2, only neomycin blocks PtdIns(4,5)P2 hydroly-
sis by PLC activation.

Materials and methods
Reagents and plasmids  Acetylcholine (ACh), bradyki-

nin (BK), wortmannin, neomycin and Fluo 3-AM, the cal-
cium indicators, were purchased from Sigma-Aldrich (St
Louis, MO, USA). ACh, BK and neomycin were dissolved in
distilled water.  U73122 was purchased from Calbiochem (San
Diego, CA, USA). U73122 and wortmannin were prepared as
stock solutions in dimethylsulfoxide (Me2SO), with a final
concentration of Me2SO of 0.1%.  Fetal bovine serum (FBS)
and Dulbecco’s modified Eagle’s medium (DMEM) were prod-
ucts of Hyclone (Logan, UT, USA).  COS-7 was obtained
from the Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences.  cDNA from the type 1 muscarinic
(M1) receptor (M1R) and bradykinin 2 receptor (BK2R), pEGFP-
N1(GFP) and the PLCδ1PH construct with GFP (PLCδ1PH-GFP)
were gifts from Prof DE LOGOTHETIS (Mount Sinai Medical
School, NY, USA).  Red fluorescent protein (pDsRed-Express-
C1, pDsRed) was purchased from Clontech (Mountain View,
CA, USA).  All other chemicals were of high performance
liquid chromatography or analytical grade.

Cell culture and transfection  COS-7 cells were seeded
in 24-well plates on 12-mm glass coverslips, and cultured in
0.3 mL of DMEM supplemented with 10% (v/v) FBS, 100
µg/mL streptomycin, and 100 U/mL of penicillin at 5% CO2

and 37 °C.  When they were 60%–70% confluent, the cells
were transiently transfected with DNA constructs for 8 h
using calcium phosphate precipitate, with 1 µg of DNA and
equal proportions for each kind of plasmid per well.  Follow-
ing transfection, cells were incubated in 10% FBS DMEM
for 12–48 h.  For fluorescence detection, cells were washed
twice with a modified Krebs-Ringer buffer containing (in
mmol/L): 120 NaCl, 4.7 KCl, 0.7 MgSO4, 1.2 CaCl2, 10 glucose,
with 10 N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES) added (pH 7.4).  The coverslips were placed into a
flow-through chamber and mounted on an inverted
microscope.

Confocal microscopy and image analysis  For confocal
imaging, a Leica (Wetzlar, Germany) DM-IRBE inverted mi-
croscope with a 20×objective (numerical aperture 0.7) and
fitted with a TCS-SP2 scanhead was used.  Excitation of
PLCδ1PH-GFP and Fluo 3-AM was achieved with a 488 nm
argon ion laserline, and emissions were collected at 500–565
nm.  pDsRed fluorescence was visualized with excitation at
543 nm and a 570–600 nm emission filter.  For translocation
studies, a series of confocal images were taken at 3–10 s
intervals and stored on disk.  Determination of the ratio of
membrane to cytosolic fluorescence was carried out by as-
signing regions of interest for membrane and cytosol.  TCS-
SP2 confocal software (Leica) was used to analyze data off-line.

Measurement of intracellular Ca2+ ([Ca2+]i) of single cells
Cells were seeded onto sterile 12-mm borosilicate coverslips
in 35-mm Petri dishes, and incubated with 5 mmol/L fluo 3-
AM at 37 °C for 45 min.  After loading, cells were washed
twice and maintained in modified Krebs-Ringer buffer until
assay.  [Ca2+]i changes were represented by relative fluores-
cence intensity calculated by using the equation ∆F/F0,
where ∆F and F0 are the change in fluorescence intensity
before and after treatment, and the initial fluorescence
intensity, respectively[18,19].

Statistics  Data were analyzed by using the Chi-square
test.  P<0.05 was considered to be a statistically significant
difference.  All data shown are the mean value of at least 5
experiments and are expressed as mean±SD.

Results
Activation of M1R and BK2R induced PtdIns(4,5)P2

hydrolysis and a reversible translocation of PLCδ1PH-GFP
Both M1R, and PLCδ1PH-GFP or both BK2 and PLCδ1PH-GFP
were expressed in COS-7 cells.  To follow the localization of
PLCδ1PH-GFP within intact cells, we used GFP as a control.
In unstimulated cells, expressed GFP was found to be cyto-
solic and also present in the nucleus (data not shown).
PLCδ1PH-GFP, on the other hand, accumulated strongly at
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the plasma membrane and had a low and homogenous distri-
bution in the cytosol (Figure 1A, 1B, left panel), consistent
with the hypothesis that the large pool of PtdIns(4,5)P2 ex-
ists in the plasma membrane[13].  Next we examined the ef-
fects of ACh and BK, acting through their respective G pro-
tein-linked receptors, and subsequent activation of phos-
pholipase Cβ and hydrolysis of PtdIns(4,5)P2, on the fluores-
cence distribution of the GFP and PLCδ1PH-GFP.  COS-7 cells
were transfected with the GFP or PLC1PH-GFP together with
the cDNA encoding the M1R or BK2R.  After stimulation with
either ACh (5 µmol/L) or BK (0.1 µmol/L), there was a de-
crease of PLCδ1PH-GFP fluorescence in the plasma membrane
and a concomitant increase in cytosolic fluorescence (Figure
1A, 1B, Table 1).  The kinetics of ACh- or BK-induced
PLCδ1PH-GFP fluorescence translocation were characterized
by a rapid onset, with translocation peaking at approximately
30–60 s and returning to baseline approximately 5–8 min af-
ter washout (Figure 1C).  No significant change in fluores-
cence were seen in cells transfected with GFP only (data not

Table 1.   Effects of ACh and its solvent on change in relative fluore-
scence ratios of PLCδ1PH-GFP.  COS-7 cells were transfected with a
PLCδ1PH-GFP fusion construct and M1R.  Fm, average plasma mem-
brane fluorescence intensity; Fc,  average cytosolic fluorescence
intensity, normalized to 1 at time 0 s for each cell.  The solvent of
ACh was a modified Krebs-Ringer buffer solution.  n=5.  Mean±SD.
cP<0.01 vs control.  fP<0.01 vs ACh at the same time point.

   Drug                         Time/s            Relative fluorescence
                                                                             ratios (Fm/Fc)

ACh     0 (Control) 1.00±0.00
  50 0.20±0.12c

100 0.23±0.14c

500 0.95±0.05
ACh solvent     0 (Control)                 1.00±0.00

  50 1.00±0.09f

100 1.00±0.09f

500 1.00±0.09

Figure 1.  Activation of M1R induces re-
versible translocation of PLCδ1PH-GFP from
the membrane to the cytosol.  COS-7 cells
were transfected with the PLCδ1PH-GFP fu-
sion construct and M1R.  (A) The fluores-
cence intensity changes across the white lines
from a representative cell . (B) Plotted as
line intensity histograms.  (C) Shown in up-
per panels are time courses of the relative
fluorescence intensities in the membrane
(Fm) and cytosol (Fc) regions.  Shown in lower
panels are time courses of the relative fluo-
rescence ratios (Fm/Fc) and normalized to 1
at time 0 s.  Bar=8 µm.
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shown).  To exclude the effects of the laser, we used modi-
fied Krebs-Ringer buffer solution as a solvent control of
ACh.  As shown in Table 1, there was no change in the
relative fluorescence ratios (Fm/Fc) in the solvent control
group during perfusion.  To examine whether ACh- or BK-
induced translocation of PLCδ1PH-GFP is due to the hydroly-
sis of PtdIns(4,5)P2, we utilized 2 different PtdIns(4,5)P2

resynthesis and hydrolysis blockers: wortmannin and
U73122.  Wortmannin is known to be able to block the PtdIns
3-kinase at low concentrations and block the PtdIns 4-kinase,
so therefore block the formation of PtdIns(4,5)P2 from
phosphatidylinositol (PI), at high concentrations[20].  As
shown in Figure 2, in COS-7 cells expressing PLCδ1PH-GFP
and the M1R, after the cell was pre-incubated with wortmannin
(at 10 µmol/L, a concentration known to block PtdIns 4-
kinase) for 20 min, ACh induced a similar translocation of
fluorescence from the plasma membrane to the cytosol, which
lasted for more than 10 min after washout of ACh (Figure
2A).  When the cells were pre-incubated with U73122 (10
µmol/L), a relatively specific PLC inhibitor, for 5 min, ACh
failed to induce transient translocation of the fluorescence
signal (Figure 2B).  These data strongly suggest that
PLCδ1PH-GFP translocation induced by membrane receptor
activation is indeed due to PtdIns(4,5)P2 hydrolysis.

Expression of PLCδ1PH-GFP inhibited the effects of neo-
mycin on PtdIns(4,5)P2 hydrolysis  Neomycin binds
PtdIns(4,5)P2 with high affinity and has often been used as
an inhibitor of PLC.  The blocking effect of neomycin on PLC
is believed to be indirect, the result of neomycin binding to

PtdIns(4,5)P2, the substrate of PLC[15].  As we shown earlier,
PLCδ1PH bound to PtdIns(4,5)P2 but did not block receptor-
mediated PLC activation, or PtdIns(4,5)P2 hydrolysis.  Be-
cause both PLCδ1PH and neomycin bind PtdIns(4,5)P2 in a
similar way (electrostatic interaction, see Introduction), we
thought this difference between PLCδ1PH and neomycin was
interesting, and worthy of further investigation.  To deter-
mine whether the binding of PLCδ1PH-GFP to PtdIns(4,5)P2

can disrupt the effects of neomycin on PtdIns(4,5)P2

hydrolysis, COS-7 cells expressing PLCδ1PH-GFP and M1R
were stimulated with ACh in the absence or presence of
neomycin.  Preincubation of the cells with neomycin (5 mmol/L)
for 40 min failed to prevent the release of the fluorescence
signal from the membrane to the cytosol upon the applica-
tion of ACh (Figure 3).  Thus in the presence of PLCδ1PH,
neomycin could not block hydrolysis of PtdIns(4,5)P2

induced by PLC.
Effects of neomycin on PLC activation in the absence of

PLCδ1PH-GFP  To further confirm that binding of PLCδ1PH-
GFP to PtdIns(4,5)P2 excludes the binding of neomycin to
PtdIns(4,5)P2, thus blocking neomycin’s inhibitory effects
on PLC, we used [Ca2+]i as an indicator to reveal the effects
of neomycin on PLC in the absence of PLCδ1PH-GFP.  One of
the downstream products of PtdIns(4,5)P2 hydrolyzed by
PLC is IP3, which acts to release intracellular Ca2+[1,2].  Thus
[Ca2+]i would serve as a good indicator of PLC activation
upon membrane receptor (M1R) stimulation.  ACh induced a
significant increase in [Ca2+]i in COS-7 cells expressing the
M1R alone and pretreated with modified Krebs-Ringer buffer

Figure 2.  Effects of wortmannin and U73122 on translocation of PLCδ1PH-GFP.  (A) Cells were preincubated with wortmannin (10 µmol/L)
for 20 min.  ACh (5 µmol/L) was applied for the indicated period of time.  Shown in upper panels are confocal images from a representative
cell taken at selected times after the application of ACh.  The membrane:cytosol fluorescence ratios were determined (lower panels) as
described earlier.  n=5.  Mean±SD.  Bar=8 µm.  (B) Similar experiments were performed as shown in part A, except cells were incubated with
10 µmol/L U73122 for 5 min before experiments were carried out.
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solution for 40 min (Figure 4A, 4B); pDsRed was co-trans-
fected with M1R as a transfection tag (Figure 4A).  However,
when cells were pretreated with 5 mmol/L neomycin (40 min),
no change was seen upon application of ACh (Figure 4A,
4B).  Similar results were seen with BK as activator of PLC in
cells expressing B2R (data not shown).  Thus, in the absence
of PLCδ1PH, neomycin was able to block activation of PLC.

To further confirm these findings, we next examined
whether neomycin could also exert its inhibitory effects on
[Ca2+]i in the presence of PLCδ1PH-GFP.  In this section of the
study, we imaged the whole-cell fluorescence intensity
changes.  GFP and Fluo 3-AM were excited and imaged at

the same wavelength.  However, as shown in Figure 1C, the
total GFP signal from one cell did not change during
translocation, thus we were able to see an additional fluores-
cence signal from Fluo 3-AM (Ca2+) when Ca2+ was released
from the store by IP3.  Figure 5 shows COS-7 cells trans-
fected with PLCδ1PH-GFP and the M1R.  Three types of cells,
presumably representing different transfection results, can
be identified.  Cells designated a and b (Figure 5A) represent
those cells that had been transfected with both PLCδ1PH-
GFP and the M1R, giving a clear and dominant localization of
the GFP signal on the cell membrane (Figure 5A), which trans-
located into the cytosol upon application of ACh (Figure

Figure 3.  Neomycin failed to block PLC activation in the cells expressing PLCδ1PH-GFP.  Cells were preincubated with neomycin (5 mmol/L)
for 40 min before the addition of ACh (5 µmol/L) for the indicated time.  (A) Confocal images from a representative cell taken at selected times
after the application of ACh.  (B)The membrane:cytosol fluorescence ratios were determined as described earlier.  n=5.  Mean±SD.  Bar=8 µm.

Figure 4.  Neomycin blocked [Ca2+]i increases
upon M1R activation in the cells not express-
ing PLCδ1PH-GFP.  [Ca2+]i responses to ACh
application were analyzed by confocal Ca2+

imaging using Fluo-3-AM and as indicated by
∆F/F0, where ∆F and F0 are the change in
fluorescence intensity before and after treat-
ment (ACh), and the initia l  fluorescence
intensity, respectively.  (A) Confocal images
of a representative cell taken at selected times
during the experiment.  pDsRed was co-trans-
fected with M1R as a tag of transfection (Ab).
The numbers indicate the elapsed time in sec-
onds after ACh application.  (B) ∆F/F0 was
plotted against time; a and b refer to the same
cell measured at different wavelengths.  n=5.
Mean±SD.  Bar=8 µm.
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5A); cell c represents cells that had only been transfected
with M1R, with no visible localization of the PLCδ1PH-GFP
signal on the cell membrane, and a clear rising in [Ca2+]i sig-
nal seen upon application of ACh; cell d represents cells that
had been transfected with PLCδ1PH-GFP but not the M1R, so
that the clear PLCδ1PH-GFP signal was not released from the
membrane, and neither could an increase in [Ca2+]i signal be
seen upon application of ACh (Figure 5A).  When these
cells were pretreated with neomycin, only the response of
cell c to ACh was blocked, whereas the responses of cells a
and b were unaffected.  These results strongly suggest that
neomycin blocks PLC activation only in the absence of
PLCδ1PH-GFP.

Discussion

The main finding of the present study was that in the
cells expressing PLCδ1PH-GFP, neomycin could not exhibit
its inhibitory effects on PtdIns(4,5)P2 hydrolysis by PLC.
There is increasing interest in understanding the actions of
inositol phospholipids, especially PtdIns(4,5)P2, in living
cells[21].  PtdIns(4,5)P2 participates in many cellular functions,
including exocytosis, cytoskeletal function and membrane
transporter and ion channel functions[4].  Many molecules
have been found to be able to bind to phospholipids, and
more specifically to PtdIns(4,5)P2, which forms the basis of
modulation by this lipid[22].  The PH domain of PLCδ1 is one
of these molecules that are believed to selectively bind to

PtdIns(4,5)P2
[12].  Recently, a fusion construct of PLCδ1PH

with enhanced green fluorescent protein (PLCδ1PH-GFP) was
developed as a probe to visualize PtdIns(4,5)P2 in single cells.
This novel methodology allowed imaging and analysis of
spatiotemporal changes in PtdIns(4,5)P2 in single living cells,
and has been used increasingly in efforts to understand the
role PtdIns(4,5)P2 plays in cell signaling, and protein func-
tion regulation[13].  The central idea behind this methodol-
ogy is that the GFP signal that has been linked to PLCδ1PH
will faithfully follow the dynamic changes of PtdIns(4,5)P2

during its metabolism, including during hydrolysis by PLC.
However, because PLCδ1PH also binds to IP3, a downstream
product of PtdIns(4,5)P2 hydrolysis, with higher affinity, some
have proposed that rather than being a faithful PtdIns(4,5)P2

follower, PLCδ1PH-GFP molecules during PtdIns(4,5)P2 hy-
drolysis are more likely to bind to newly produced IP3

[18].
But van der Wal et al showed that physiological increases in
IP3 (10–100 µmol/L) on activation of PLC could not be solely
responsible for the translocation of PLCδ1PH-GFP[23].  Our
data presented in Figure 2 are in agreement with the results
of van der Wal et al.  In the cells expressing PLCδ1PH-GFP as
well as the BK2 or M1 receptors, BK or ACh induced the
reversible translocation of PLCδ1PH-GFP from the plasma
membrane to the cytosol.  Thus, although it bound to
PtdIns(4,5)P2, PLCδ1PH-GFP did not interfere with cleavage
of PtdIns(4,5)P2 by PLC.  On the other hand, neomycin, a
commonly used PLC blocker, is believed to block PLC cleav-
age of PtdIns(4,5)P2 by preventing PtdIns(4,5)P2 from

Figure 5.  Presence or absence of PLCδ1PH-
GFP determines the effect of neomycin on
PLC activation.  [Ca2+]i responses to ACh ap-
plication were analyzed as described in Figure
4 legend.  (A) Confocal image from a repre-
sentative cell taken at selected times in sec-
onds after application of ACh.  (B) ∆F/F0 was
plotted against time.  Bar=8 µm.
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accessing PLC[17].  It is interesting to note that whereas a
smaller molecule such as neomycin would mask PtdIns(4,5)P2

from PLC cleavage, a much bigger molecule such as PLCδ1PH-
GFP would allow the cleavage to happen.  It is also interest-
ing to consider that the expression of PLCδ1PH-GFP blocked
the action of neomycin (Figure 3), suggesting that PLCδ1PH-
GFP and neomycin bind to the same sites on PtdIns(4,5)P2.
Previous studies have demonstrated that both PLCδ1PH-GFP
and neomycin interact with PtdIns(4,5)P2 in an electrostatic
way[12,14].  Thus the charged inositide head group of
PtdIns(4,5)P2 is the binding site for both PLCδ1PH-GFP and
neomycin[24], yet binding of PLCδ1PH-GFP or neomycin to
PtdIns(4,5)P2 has very different consequences for PLC hy-
drolysis of PtdIns(4,5)P2.  Although it is less likely, it needs
to be noted that the GFP, rather than PLCδ1PH, may block the
binding of neomycin to PtdIns(4,5)P2 through a spatial block-
ing effect.  For many cellular proteins that have been known
to interact with, and whose functions are regulated by,
PtdIns(4,5)P2, the molecular basis for the interaction remains
to be elucidated.  Less clear is the mechanism for PtdIns(4,5)P2

hydrolysis by PLC.  The present study provides interesting
and stimulating information for further understanding pro-
tein-PtdIns(4,5)P2 interactions and PtdIns(4,5)P2 hydrolysis
by PLC.  We are currently investigating the mechanism un-
derlying the different consequences of PtdIns(4,5)P2 bind-
ing to PLCδ1PH-GFP or neomycin with respect to its hydroly-
sis by PLC.
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Abstract
Aim: To determine the effects of acetamide-45 on respiratory function, airway
inflammation, and the activity of phosphodiesterase 4 (PDE4) in allergic rats.
Methods: Rats were sensitized by a single intramuscular injection with ovalbumin
(OVA) and were challenged with ovalbumin applied by using an aerosol repeat-
edly for 7 d after 2 weeks.  Acetamide-45 at concentrations of 5, 10, or 30 mg/kg was
then administered by intraperitoneal injection.  Changes in dynamic lung compli-
ance and lung resistance, the accumulation of inflammatory cells in bronchoalveolar
lavage, PDE4 activity, and the concentration of interleukin-4 in rat lung tissue
were determined.  Results: Seven days of treatment with acetamide-45 prevented
eosinophil accumulation in allergic rats. At doses of 5, 10, and 30 mg/kg, aceta-
mide-45 decreased lung resistance to 0.20±0.04, 0.25±0.07, and 0.22±0.05
cmH2O·s-1·mL-1, respectively (P<0.05 vs OVA), and it also increased dynamic lung
compliance to 0.41±0.07, 0.39±0.06, and 0.42±0.09 mL/cmH2O (P<0.05 vs OVA).
After being treated with different doses of acetamide-45, the PDE4 activities in
lung tissue were 281±55, 273±57, and 238±36 nmol·g-1·min-1 (P<0.05 vs OVA), and
the concentrations of interleukin-4 in lung tissue were 6.22±1.13, 5.95±1.20,
and 5.68±2.20 µg/g protein (P<0.05 vs OVA).  Conclusions: Acetamide-45 was
found to improve respiratory function and inhibit airway inflammation in this
animal model, and the PDE4 activity of lung tissue was obviously inhibited.
Acetamide-45 was an effective anti-inflammatory agent in respiratory inflammation,
and the mechanism of its action might depend on inhibition of PDE4.

Introduction
Asthma is a chronic inflammatory disease of the airways,

of which lung inflammation and bronchial hyperactivity (BHR)
are two distinct characteristics[1,2].  Eosinophils are consi-
dered to be the principal inflammatory leukocytes involved
in the asthmatic reaction, due in part to the toxic granular
proteins they secrete and the membrane products that
induce airway epithelial pathology and mucus hypersecre-
tion[3,4].  3',5'-Cyclic-nucleotide (cAMP) has important regu-
latory roles in the process of inflammation.  Phosphodi-
esterase 4 (PDE4), which catalyzes the hydrolysis of cAMP
to the corresponding nucleotide, 5'-monophosphate, appears
to be an attractive target for anti-inflammatory drugs[5,6].

Inhibition of PDE4 results in increased levels of cAMP, which
leads to functional inhibition of inflammatory cells such as
eosinophils and lymphocytes, and reduced release of inflam-
matory cytokines such as interleukin-4 (IL-4)[7,8].  There has
been significant interest in PDE4 inhibitors as potential thera-
peutic agents for asthma.

Because asthma has been the focus of much study effort,
treatment of the disease has been improved by the imple-
mentation of management guidelines in recent years[9].  Such
treatments as corticosteroids, β2-agonists, theophylline and
leukotriene antagonists have been used as anti-inflamma-
tory agents to control asthma[10].  However, the possible
dose-related adverse systemic effects produced by long-
term treatment with these drugs are not acceptable in
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clinical practice[11,12].  Therefore, new anti-asthma agents are
required.

A series of new N-(pyridin-4-yl)-(indol-3-yl) alkylamides
(44-84) have been prepared in the search for novel antialler-
gic drugs.  Initial studies showed that acetamide-45 inhib-
ited IL-4 and IL-5 biosynthesis and histamine release[13].  We
have also previously reported that acetamide-45 has an in-
hibitory effect on histamine- and methacholine-induced con-
tractions of isolated guinea pig trachea, and that it can in-
hibit PDE4 activity[14,15].  It was concluded that acetamide-45
was a new antiallergic agent.  However, little is known about
its effects on eosinophil infiltration in airway and lung func-
tion in asthmatic rats.  There have been no reports regarding
the effect of acetamide-45 on PDE4 activity in the lungs in
any animal model of asthma.

Therefore, in the present study, we examined the inhibi-
tory effect of acetamide-45 on airway inflammation and lung
function in a rat model of asthma, and indicated a possible
mechanism by which the effect might be exerted.

Materials and methods
Animals  Male Sprague-Dawley rats weighing 140–160 g

were obtained from the Laboratory Animal Center of the
Medical School of Zhejiang University (Certificate No
220010027, conferred by the Zhejiang Medical Laboratory
Animal Administration Committee).

Chemicals  Aminophylline, cAMP, and ovalbumin were
purchased from Sigma (St Louis, MO, USA).  Acetamide-45
was kindly provided by the Department of Organic Chemis-
try and Medical Chemistry, Faculty of Pharmacy (Nantes
University, France).  The rat IL-4-specific enzyme-linked
immunosorbent assay (ELISA) kit was purchased from
Jingmei BioTech Co (Shenzhen, China).

Sensitization and challenge procedure  Rats were sensi-
tized by a single intramuscular injection of 10 mg ovalbumin

(OVA) mixed with 100 mg aluminum hydroxide in 1 mL of
saline.  After 2 weeks, these animals were then challenged by
exposure for 20 min to aerosolize 1% OVA in saline generated
by a jet nebulizer once a day for 7 d.  The drugs were admin-
istered by intraperitoneal injection before challenge.  The
doses of acetamide-45 were 5, 10, or 30 mg/kg, respectively,
and the dose of aminophylline was 10 mg/kg per day for 7 d.
At d 21, the animals were killed, and the lung tissues were
immediately removed, frozen in liquid nitrogen, and then
stored at -80 °C until analysis.

Measurement of lung function  At 24 h after the last
antigen challenge, rats were anesthetized with urethane (1 g/kg,
ip).  The trachea was cannulated and placed in a whole body
plethysmograph for the measurement of lung resistance (RL)
and dynamic lung compliance (Cdyn)[16,17].

Cell counts in bronchoalveolar lavage  Bronchoalveolar
lavage (BAL) was performed by flushing the airways with 10
mL/kg saline containing 1% bovine serum albumin and 1000
kU/L heparin sodium through a tracheal cannula.  The BAL
fluid was pooled and immediately centrifuged at 500×g at
4 °C for 10 min.  The supernatant was removed and the cells
were resuspended in 1 mL saline containing 10% bovine se-
rum albumin.  Counts of the total number of leukocytes re-
covered in the BAL fluid were carried out using a Neubauer
chamber, and differential cell analysis was carried out under
a light microscope after Wright-Giemsa staining.

Determination of IL-4 in lung tissue  At a ratio of 1 g to
10 mL, homogenized lung tissue was added to 50 mmol/L
potassium phosphate buffer (pH 6.0) containing 0.05% NaN3

and 0.1% 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate (CHARPS).  The homogenates were cen-
trifuged twice at 19 851×g, each for 30 min[17].  IL-4 in the
supernatants was quantified using a rat IL-4-specific ELISA
kit.

PDE4 activity assay  Frozen 25-mg pieces of lung tissue
were homogenized and PDE4 activity was determined by high
performance liquid chromatography (HPLC) as described
elsewhere[15,18].

Statistical analysis  Data are expressed as mean±SD.
Statistical analysis was performed using one-way analysis
of variance.

Results
Effects of acetamide-45 on inflammatory cells in the air-

ways of allergic rats  In our rat model of allergic asthma,
ovalbumin sensitization and challenge caused an obvious
increase in inflammatory cells in BAL.  As shown in Figure 1,
the total number of leukocytes and eosinophils in the OVA
group was significantly greater than that in the normal group
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(P<0.05), but the number of inflammatory cells was depressed
when aminophylline (Ami) was administered (P<0.05 vs OVA).
Seven days of treatment with acetamide-45 (Ace) at 5, 10, or
30 mg/kg significantly decreased the number of inflamma-
tory cells in BAL caused by sensitization and challenge
(P<0.05 vs OVA; Figure 1).  There was no statistical differ-
ence between the Ace group and the Ami group (P>0.05;
Figure 1).

Effects of acetamide-45 on RL and Cdyn in allergic rats
After rats were given 7 aerosolized OVA challenges, a sig-
nificant decrease in Cdyn was induced.  However, through
sensitization and challenge, RL increased to a level that was
significantly greater than that in the normal group.  The ad-
ministration of aminophylline decreased the RL and increased
the Cdyn of sensitized and challenged animals.  At a dose of 5,
10, or 30 mg/kg, acetamide-45 improved both Cdyn and RL

(Figure 2).
Effect of acetamide-45 on IL-4 in lung tissue in allergic

rats  As shown in Figure 3, IL-4 levels in the lungs of rats
from the various groups were measured.  Sensitization and
challenge increased the concentration of IL-4 to a level sig-
nificantly different from that of the normal group (P<0.05).
Seven days of treatment with acetamide-45 at concentra-
tions of 5, 10, or 30 mg/kg, or with aminophylline at a concen-
tration of 10 mg/kg, obviously reduced the increase in the
concentration of IL-4 (P<0.05).

Effect of acetamide-45 on PDE4 activity in lung tissue in
allergic rats  Sensitization and challenge increased the PDE4
activity of lung tissue to 503±125 nmol·g-1·min-1, which was
greater than that of the normal group (P<0.05).  Acetamide-
45 at concentrations of 5, 10, or 30 mg/kg inhibited the hy-

drolysis of cAMP by the PDE4 extracted from lung tissue.
The PDE4 activities of the lung tissue were 281±55, 273±57,
and 238±36 nmol·g-1·min-1, respectively (for acetamide-45 at
concentrations of 5, 10, or 30 mg/kg).  As a non-selective
inhibitor of PDE4, aminophylline suppressed PDE4 activity
to 341±44 nmol·g-1·min-1 at a dose of 10 mg/kg, which was
weaker than the activity produced by treatment with aceta-
mide-45 at concentrations of 10 and 30 mg/kg (P<0.05, Fig-
ure 4).

Discussion
Acetamide-45, N-(pyridin-4-yl)-[1-(4-fluorophenyl) indol-

3-yl] acetamide, is a new anti-inflammatory drug that inhibits
the release of cytokines and the activation of eosinophils[12].

Figure 1. Effect of acetamide-45 on inflammatory cells in rat air-
way after ovalbumin challenge. Rats were sensitized and challenged
with ovalbumin (OVA). Acetamide-45 at concentrations of 5 mg/kg
(Ace5), 10  mg/kg (Ace10), or 30 mg/kg (Ace30), or aminothio-
phylline at a concentration of 10 mg/kg (Ami) were administered
once a day for 7 d during challenge. n=6. Mean±SD. bP<0.05  vs
normal. eP<0.05 vs OVA. gP>0.05 vs Ami.

Figure 2. Effects of acetamide-45 on lung resistance (RL, filled bars)
and dynamic lung compliance (Cdyn, open bars) in allergic rats. Rats
were sensitized and challenged with ovalbumin (OVA). Acetamide-45
at a concentration of 5 mg/kg (Ace5), 10 mg/kg (Ace10) or 30 mg/kg
(Ace30), and aminothiophylline a t a concentration of 10 mg/kg
(Ami) were administered once a day for 7 d during challenge, and then
lung function was measured. n=6. Mean±SD. bP<0.05  vs  normal.
eP<0.05 vs OVA. gP>0.05 vs Ami.

Figure 3. Effect of acetamide-45 on IL-4  concentration in lung
tissue in allergic rats. Rats were sensitized and challenged with oval-
bumin (OVA). Acetamide-45 at concentrations of 5 mg/kg (Ace5),
10 mg/kg (Ace10) or 30 mg/kg (Ace30), and aminothiophylline at a
concentration of 10 mg/kg (Ami) were administered once a day for 7 d
during challenge, and then the IL-4 concentra tions of lung tissue
were measured. n=6. Mean±SD. bP<0.05 vs normal. eP<0.05 vs OVA.
gP>0.05 vs Ami.
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It has also been reported that acetamide-45 inhibits the con-
traction of isolated guinea pig trachea induced by histamine
and methacholine[14].  However, the mechanism by which
acetamide-45 acts remains unknown.  The present study
shows that acetamide-45 can suppress the accumulation of
inflammatory cells in airways and improve the lung function
of allergic rats.  We also found that acetamide-45 could in-
hibit PDE4 activity and reduce the IL-4 level in the lung tis-
sue of allergic rats.  To our knowledge, this study represents
the first investigation of the effect of acetamide-45 on lung
function and PDE4 concentration in the lung in an animal
model of asthma.

Asthma is a syndrome characterized by eosinophil infil-
tration and airway hyperresponsiveness, which occurs via a
mechanism that is very complex.  It is well known that eosi-
nophils play a critical role in airway damage and dysfunction
in asthma.  We found that acetamide-45 had an inhibitory
effect on eosinophil infiltration in the airways of allergic rats.
Not only eosinophils but also other inflammatory cells were
decreased in concentration, so that inflammation of the air-
way in allergic rats was inhibited by acetamide-45.

Inflammation of the airway leads to spasms of the bron-
chial smooth muscles, mucus hypersecretion, and airflow
limitations, which result in pulmonary dysfunction in asthma.
The data obtained by a whole body plethysmograph in this
study indicate that acetamide-45 improves the lung function
of allergic rats produced by sensitization and challenge.  Its
effectiveness has been demonstrated in two ways.  First, the
Cdyn of allergic rats increased obviously relative to normal
rats at a dose of 5 mg/kg  acetamide-45.  Second, the RL of
allergic rats was reduced significantly by acetamide-45 in
the same way.  The improvement in lung function produced
by acetamide-45 is similar to that produced by aminophylline.

The experiments presented here show that both aceta-
mide-45 and aminophylline repress IL-4 production in aller-
gic rats, but that there is no difference between the two
agents.  IL-4 is a key cytokine in the development of allergic
inflammation.  It is associated with the secretion of IgE by B
lymphocytes and the expression of eotaxin and other inflam-
matory cytokines that contribute to inflammation and lung
remodeling in asthma[18,19].  A previous study shows that
acetamide-45 inhibits IL-4 biosynthesis and release, which
is identical to our result[12]. This indicates that acetamide-45
can reduce the release of IL-4 and reduce its concentration
in the lung, which results in the inhibition of airway
inflammation.

Our study of PDE4 activity shows that acetamide-45 has
an inhibitory effect on cAMP hydrolysis of PDE4 in the lung
tissue of allergic rats.  In a previous study, we demonstrated
that acetamide-45 could inhibit the hydrolysis of cAMP by
PDE4 extracted from transfected yeast, and that its inhibi-
tory effect was stronger than that of theophylline[15]. The
present study also shows that at the same dose (10 mg/kg),
the inhibitory effect of acetamide-45 is greater than that of
aminophylline, which is a non-selective PDE inhibitor.  PDE4
is specific for cAMP, and is predominantly expressed in in-
flammatory cells.  It plays an important role in the regulation
of cellular functions in inflammatory and immune cells,  and
inhibition of PDE4 may be one of the anti-inflammatory
mechanisms of acetamide-45.

In conclusion, we have shown that acetamide-45 could
improve the lung function of allergic rats produced by sensi-
tization and challenge, and that production of eosinophils in
those animals could also be repressed.  Acetamide-45 had an
inhibitory effect on PDE4 activity in the lung tissue of aller-
gic rats, and the inhibition was stronger than that produced
by aminophylline.  The present research may provide an ex-
perimental basis for further study of this agent.
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Effect of cholecystokinin octapeptide on diacylglycerol-PKC signaling
pathway in rat pulmonary interstitial macrophages stimulated by li-
popolysaccharide1
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Abstract
Aim: To investigate the effect of cholecystokinin octapeptide (CCK-8) on the
diacylglycerol-protein kinase C (DAG-PKC) signaling pathway in rat pulmonary
interstitial macrophages (PIM) stimulated by lipopolysaccaride (LPS).  Methods:
The PIM from rat lung tissues were isolated using the collagenase digestion
method combined with alveolar lavage and pulmonary vessel perfusion.  DAG
content and PKC activity were measured by radioenzymatic assay.  The transloca-
tion of PKCζ was determined by semi-quantitative immunoblot analysis.  Results:
CCK-8, at high concentrations (1×10-6–1×10-5 mol/L), decreased DAG content and
inhibited PKC activity and PKCζ translocation compared with that in rat resting
PIM of a control group (P<0.01).  LPS increased DAG content, and promoted PKC
activity and PKCζ translocation (P<0.01).  CCK-8 decreased LPS-induced DAG
content and inhibited LPS-induced PKC activity and PKCζ translocation signifi-
cantly at 1×10-8–1×10-5 mol/L (P<0.01).  This inhibitory effect of CCK-8 could be
abrogated partly by proglumide (non-selective CCK receptor antagonist),
CR-1409 (selective CCK-A receptor antagonist), and CR-2945 (selective CCK-B
receptor antagonist) in a concentration-dependent manner (P<0.01).  Conclusion:
CCK-8 was a negative modulator of the DAG-PKC signaling pathway in rat resting
PIM, which is very important for maintaining body homeostasis.  It significantly
inhibited LPS-induced DAG content, PKC activity and PKCζ translocation in a
concentration-dependent manner.  The CCK receptor, especially the CCK-A
receptor, might play a major role in this process.
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cholecystokinin; protein kinase C; transloca-
tion; lung; macrophages; lipopolysaccharides

1 Project supported by the National Natural
Science Foundation of China (No 30270529)
and the Natural Science Foundation of Hebei
Province (No 303452).
2 Now in the Hebei Province Center for Disease
Pre ventio n and Contro l,  Shi jiazhu ang
050021, China.
3 Correspondence to Prof Bin CONG.
Phn/Fax 86-311-8626-5774.
E-mail bincong@263.net

Received 2005-03-30
Accepted 2005-08-15

doi: 10.1111/j.1745-7254.2005.00217.x

Introduction
Cholecystokinin (CCK) is a gut-brain peptide that exerts

a variety of physiological actions in the gastrointestinal tract
and central nervous system (CNS) through activating cell
surface CCK receptors[1].  CCK receptors have been pharma-
cologically classified into 2 subtypes, CCK-A receptors
(CCK-AR) and CCK-B receptors (CCK-BR), according to their
affinity for the peptide agonists CCK and gastrin[2].  Our
previous experiments demonstrated that CCK-8, as an intes-
tinal neuropeptide, not only protected gastric mucosa against
alcohol-induced injury, but also was a potent protective
agent against acute lung injury caused by lipopolysaccha-
ride (LPS)[3,4].  It reduced pulmonary artery hypertension

(PAH) and lessened inflammatory lesions in lung tissues of
endotoxin shock (ES) rats[3,4].  Studies from our laboratory
show that sulfated CCK-8 (sCCK-8) can inhibit  LPS-induced
TNF-α production in vitro, sCD14 release and mCD14 ex-
pression in rat pulmonary interstitial macrophages (PIM)[5].
The production of proinflammatory cytokines, including TNF-α,
IL-1β, and IL-6 in ES rats, was also inhibited by sCCK-8 in
vivo[6,7].  The above data suggest that sCCK-8 has an anti-
inflammatory effect, confirmed by a morphological observa-
tion that sCCK-8 clearly lessened the inflammatory lesions
in the spleen and the liver tissues in endotoxin shock rats[4].
However, the anti-inflammatory mechanisms and signaling
pathways activated by CCK-8 remain unclear.

Several signaling pathways are involved in the activa-
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tion of monocytes/macrophages induced by LPS, including
the mitogen-activated protein kinase (MAPK) and the pro-
tein kinase C (PKC) pathway, and there is a lot of cross-talk
between them.  PKC, as an important message molecule, par-
ticipates extensively in immune regulation and inflammatory
signal transduction.  In particular, PKCζ plays a pivotal role
in the complicated signaling networks induced by LPS[8,9].
Several studies show that LPS-induced activation of the ex-
tracellular signal-regulated kinases (ERK) in alveolar mac-
rophages is mediated by sequential activation of phosphati-
dylcholine-specific phospholipase C (PC-PLC), induction of
cellular diacyglycerol (DAG) and ceramide, and activation of
PKCζ[10].  Previously we reported that CCK-AR and CCK-BR
mRNA expressions were detected by reverse transcription-
polymerase chain reaction.  The presence of functional CCK
receptors was confirmed by radioligand binding assay in rat
PIM, and their expressions were upregulated by LPS[11].  In-
creasing evidence supports the concept that the signal trans-
duction cascades mediated by CCK receptors are cell specific.
For example, CCK was found to activate cAMP and PKC
regulated signaling pathways in pancreatic acinar cells, but
CCK-8 induced a significant decrease in membrane and cy-
tosol PKC activity in murine lymphocytes, neutrophils, and
peritoneal macrophages, as well as an increase of intracellu-
lar cAMP levels[12–14].  As PIM plays an important role in the
inflammatory response to LPS in the lungs and little is known
about the effect of CCK-8 on DAG-PKC signaling pathway
in PIM, the present study was undertaken to investigate the
effect of CCK-8 on DAG contents, PKC activities, and PKCζ
translocation in resting and LPS-stimulated rat PIM, and to
explore the anti-inflammatory molecular mechanisms acti-
vated by CCK-8.

Materials and methods

Chemicals and reagents  Collagenase IA, LPS (Escheri-
chia coli 0111:B4), CCK-8s, proglumide, CR-1409, CR-2945,
aprotinin, leupeptin, and DNaseI were obtained from Sigma
Chemical Co.  RPMI-1640 culture medium, phenylmethyl-
sulfonyl-fluoride (PMSF), and nitrocellulose membranes were
obtained from Gibco BRL.  DAG biotrak assay reagents sys-
tem (RPN 200) and Amprep Si minicolumns (RPN 1906) were
obtained from Amersham Biosciences.  SignaTECT® PKC
assay system and Gel shift assay system were obtained from
Promega.  Diethylaminoethyl cellulose (DE52) was obtained
from Whatman BioSystems.  Affinity purified polyclonal
nPKCζ  antibodies (C-20), peroxidase-conjugated goat anti-
rabbit IgG, and Western blotting luminol reagent (sc-2048)
were obtained from Santa Cruz Biotechnology.  All other

reagents were of analytic pure grade.
Animals  Adult healthy female Sprague-Dawley (SD) rats

(180–220 g, Grade II, Certificate No 04057) were obtained from
the Experimental Animal Center  of Hebei Province
(Shijiazhuang, China).

Cell culture and treatment  PIM were isolated from per-
fused rat lungs with a collagenase digestion technique, modi-
fied as Wizemann et al[15].  PIM were harvested with PBS
containing 0.4 g/L edetic acid, pelleted by centrifugation
(4 ºC, 400×g, 10 min) and resuspended with serum-free
medium.  Cells were incubated with CCK-8 at different con-
centrations or stimulated with LPS (10 mg/L) in the absence
or presence of CCK-8, proglumide, CR-1409, and CR-2945 for
1 h.  At the end of incubation, PIM were centrifuged at 400×g
for 60 s, and the pellets were measured for DAG contents,
PKC activities, and translocation.

Measurement of intracellular DAG contents  Total cell
lipids were extracted using a modification of the method of
Bligh and Dyer[16].  Intracellular DAG contents were mea-
sured using the DAG assay reagents system from Amersham
Biosciences.  A radioenzymatic assay uses the diacylglycerol
kinase and defined mixed micelle conditions to solubilize the
DAG present and allow its quantitative conversion to
[32P]phosphatidic acid in the presence of [γ-32P]ATP.  Fol-
lowing the enzyme-catalyzed phosphorylation of DAG, the
[32P]phosphatidic acid reaction product was extracted and
separated by Amprep chromatography.  The radioactivity
attributable to [32P]phosphatidic acid was determined by
liquid scintillation counting.  The amount of DAG present in
the sample was calculated from the amount of [32P]phospha-
tidic acid produced and the specific activity of the ATP
according to the standard curve was expressed as pmol per
2×106 cells.

Preparation of cytosol and membrane fractions  After
treatment, the PIM were washed with 5 mL ice-cold PBS and
centrifuged at 250×g for 60 s.  The supernatant was discarded
and the cells were suspended in iced 0.5 mL of extraction
buffer [Tris-HCl 25 mmol/L (pH 7.4) containing  edetic acid
0.5 mmol/L, egtazic acid 0.5 mmol/L, β-mercaptoethanol
10 mmol/L,  leupeptin 1 mg/L, and  aprotinin 1 mg/L] and
sonicated on ice with 10-s bursts, each preceded by a 10-s
pause.  The homogenates were centrifuged at 100 000×g for
60 min at 4 ºC and the supernatant was used for assay of
PKC (cytosol fraction).  The pellet (representing the mem-
brane fraction) was suspended in 2 mL of iced extraction
buffer containing 0.05% Triton X-100, shaken for 60 min at 4 ºC
and centrifuged at 100 000×g at 4 ºC for 60 min.  The super-
natant was taken for assay of PKC (membrane fraction).
Cytosol and membrane fractions were partially purified
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using diethylaminoethyl (DEAE)-cellulose chromatography.
The samples were passed over individual 1-mL columns pre-
equilibrated with extraction buffer.  Following washing the
columns 1 time with 5 mL of extraction buffer, the fractions
of PKC were eluted with 5 mL of extraction buffer containing
NaCl 200 mmol/L, stored at 4 ºC, and generally assayed within
24 h.

PKC activity assay  PKC activity was analyzed by mea-
suring the incorporation of 32P from [γ-32P]ATP (185 PBq/mol)
into peptide Neurogranin (28AAKIQAS*-FRGHMA-RKK43),
a specific substrate of PKC.  The standard assay mixture
(25 µL) contained extraction buffer 5 µL, 5 µL PKC co-acti-
vation buffer (5×), 5 µL PKC substrate peptide 0.5 mmol/L,
and 5 µL of ATP mixture containing ATP 0.5 mmol/L and
[γ-32P]ATP 18.  5 GBq (0.5 Ci).  Control reaction used a con-
trol buffer instead of PKC substrate peptide.  The reaction
was terminated by adding ice-cold 7.5 mol/L guanidine hy-
drochloride 12.5 µL at 30 ºC after 5 min.  Each terminated
reaction mixture (10 µL) was then spotted onto an SAM
membrane.  The membrane was rinsed with 2 mol/L NaCl and
2 mol/L NaCl in 1% phosphoric acid and deionized water,
respectively.  Aliquots of 5 µL in any 2 reactions were spot-
ted onto SAM membrane.  All membranes were dried at room
temperature and put into liquid scintillator.  Radioactivity
was counted.  All values represented the mean from 3 sepa-
rate culture dishes, with an average difference between du-
plicates of <±5%.  Proteins were measured using Bradford’s
method by using bovine serum albumin as a standard.

Immunoblot analysis  The effect of CCK-8 on distribu-
tion and on LPS-induced translocation of PKCζ was deter-
mined using quantitative immunoblot analysis.  Crude cyto-
solic and membranous fractions from PIM were prepared as
described above, except that DE52 column chromatography
was omitted.  Protein concentrations of fraction were mea-
sured using Bradford’s method using bovine serum albumin
as standard.  Aliquots of sample eluates were added to sample
preparation buffer [Tris-HCl 0.05 mol/L, pH 6.8, 20% glycerol,
2% sodium dodecylsulfate (SDS), edetic acid 5 mmol/L,
egtazic acid 5 mmol/L, β-mercaptoethanol 10 mmol/L,
leupeptin 1 mg/L,  aprotinin 1 mg/L,  PMSF 0.5 mmol/L, and
0.1% bromphenol blue] and boiled for 5 min.  The proteins
were separated by SDS-polyacrylamide (10% acrylamide) gel
electrophoresis and electrophoretically transferred to nitro-
cellulose membranes.  The completeness of transfer was con-
firmed by staining the gel with Coomassie blue.  The blots
were incubated at room temperature for 2 h with PBS con-
taining 5% nonfat dry milk and 0.05% Tween 20 (bovine se-
rum albumin/Tris buffer saline) to block non-specific sites.
The blots were washed with PBS, and incubated overnight

with affinity purified polyclonal nPKCζ antibodies(1:200) at
4 ºC.  The blots were washed 3 times for 15 min each with
PBS at room temperature and incubated at 37 ºC for 1 h with
peroxidase-conjugated goat anti-rabbit IgG antibody.  The
blots were finally washed 3 times for 15 min each with Tris
buffer saline, incubated with enhanced chemiluminescence
detection reagents for 3–5 min and exposed to X-ray films
for up to 60 s.  The density of the bands on the film was
analyzed by Gel-Pro analyzer version 3.1 software (Media
Cybernetics).  The arbitrary unit (Darea·Ddensity) was used for
expressing the relative level of PKCζ of cytosolic and mem-
branous fractions from PIM.

Statistical analysis Data were expressed as mean±SD
and analyzed using analysis of variance and the least sig-
nificant difference test using an SPSS statistical program.
Statistical significance was accepted when P<0.05.  Half-
maximal inhibition (IC50) was calculated using the log-probit
method.

Results

DAG content  For resting PIM, CCK-8 did not affect DAG
content at low concentrations (1×10-12–1×10-7 mol/L, P>0.05),
but decreased it at high concentrations (1×10-6–1×10-5 mol/L)
compared with that of the control group (P<0.01).  Stimula-
tion of PIM by LPS (10 mg/L) obviously increased DAG con-
tent (P<0.01) (Figure 1).  CCK-8 concentration-dependently
inhibited the LPS-induced DAG content, and a significant inhibi-
tion was observed at high concentrations (1×10-8–1×10-5 mol/L,
P<0.01), but not at low concentrations (1×10-11–1×10-9 mol/L,
P>0.05) (Figure 1).  The inhibitory effect of CCK-8 on DAG
content induced by LPS was abrogated in part by proglumide,
CR-1409, and CR-2945 in a concentration-dependent manner.
Proglumide was so potent that it had an obvious effect on
CCK-8-resultant inhibition of LPS-induced DAG content in-
crease at low concentrations, and even resulted in a full re-
versal of it at high concentrations, and a similar effect was
found for CR-1409, but not for CR-2945, with CR-2945 show-
ing a weak effect only at high concentrations.  The IC50 of
proglumide, CR-1409, and CR-2945 were (1.76±0.19)×10-6   mol/L,
(6.76±0.52)×10-5   mol/L, and (5.45±0.42)×10-3 mol/L, respec-
tively (Figure 2).

PKC activity and translocation  Treating resting PIM
with CCK-8, no changes of cytosolic and membrane-bound
PKC activities were found at low concentrations (1×10-12–
1×10-9 mol/L), but an increase of cytosolic PKC activities and
a decrease of membrane-bound PKC activities were observed
gradually with the increase of CCK-8 concentration, and
significant differences presented at 1×10-6–1×10-5 mol/L
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(P<0.01) (Figure 3).  LPS decreased cytosolic PKC activity
and increased membrane-bound PKC activity (P<0.01), indi-
cating that LPS could promote PKC translocation and change
its distribution, but did not affect its total activity in rat PIM.
Treating PIM with CCK-8 did not affect LPS-induced PKC
translocation at 1×10-11–1×10-10 mol/L, decreased it slightly
at 1×10-9–1×10-8 mol/L (P<0.05), and inhibited it significantly
at 1×10-7−1×10-5 mol/L (P<0.01), suggesting that CCK-8
inhibited LPS-induced PKC translocation in a concentration-
dependent manner (Figure 3).  The inhibitory effect of CCK-8
1×10-6 mol/L on LPS-induced PKC activity translocation in
rat PIM was attenuated by proglumide, CR-1409, and
CR-2945 at 1×10-4 mol/L, and their inverse rate (percentage of
CCK-8) were 58.9%, 48.1%, and 21.5%, respectively (P<0.01)
(Figure 4).

Immunoblot analysis  For resting PIM, CCK-8 inhibited
PKCζ translocation from cytosol to membrane only at high
concentrations (1×10-6 mol/L) (P<0.05) (Figure 5).  LPS pro-
moted PKCζ translocation from cytosol to membrane (P<
0.01) and CCK-8 inhibited LPS-induced PKCζ translocation

significantly at 1×10-8 and 1×10-6 mol/L (P<0.01, Figure 6).
The inhibitory effect of CCK-8 on LPS-induced PKCζ trans-
location was blocked by proglumide, CR-1409 (P<0.01), and
CR-2945 (P<0.05) to some extent (Figure 7).

Discussion
CCK is a neuropeptide expressed in the endocrine I-cells

of the small intestinal mucosa and in widespread central and
peripheral neurons[17].  Whereas intestinal CCK regulates
the release of pancreatic enzymes and the contraction of the
gall bladder, neuronal CCK is a transmitter or modulator
assumed to be involved in a variety of CNS functions, such
as feeding behavior, anxiety, analgesia, memory, immuno-
modulation, and anti-opioid effects[1,18,19].  CCK receptor is a
G protein-coupled receptor with seven-transmembrane
domain that has attracted considerable interest as a target
for drug-discovery efforts, based on its important physi-
ological role in the gastric mucosa, CNS, and immune
cells[20].  CCK acting through its G protein-coupled receptor
is now known to activate a variety of intracellular signaling
mechanisms and, thereby, to regulate a complex array of cel-
lular functions in different types of cells.  Data from several
labs indicates that CCK increases intracellular calcium in

Figure 1.  Effect of CCK-8 on DAG content in rat resting pulmo-
nary interstitial macrophages (PIMs, A) and LPS-stimulated rat PIMs
(B).  PIMs were incubated with CCK-8 at different concentrations in
the absence or presence of LPS for 1 h. DAG content was determined
by radioenzymatic assay. n=3. Mean±SD. cP<0.01 vs control group.
eP<0.05, fP<0.01 vs LPS group.  C: control.

Figure 2.  CCK-receptor non-selective and selective antagonists
abrogated the inhibitory effects of CCK-8 on the increase in
diacyglycerol (DAG) content induced y LPS.  Pulmonary interstitial
macrophages were isolated and pretreated with CCK receptor
antagonists (proglumide, CR-1409, and CR-2945) for 10 min prior to
addition of LPS (10 mg/L) and CCK-8 (1×10-6 mol/L), and then
co-incubated for 1 h.  DAG content was determined by radioenzymatic
assay.  n=3. Mean±SD.
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Figure 3.  Effect of CCK-8 on protein kinase C translocation in rat
resting pulmonary interstitial macrophages (PIMs, A) and LPS-stimu-
lated rat PIMs (B).  PIMs were incubated with CCK-8 at various
concentrations in the absence or presence of LPS for 1  h.  PKC
activities were determined by radioenzymatic assay.  n=3. Mean±SD.
cP<0.01 vs control group. fP<0.01 vs LPS group.  C: control.

Figure 4.  Effects of proglumide, CR-1409, and CR-2945 on LPS-
induced protein kinase C translocation in rat pulmonary interstitial
macrophages (PIMs).  PIMs were isolated and pretreated with CCK
receptor antagonists (proglumide, CR-1409, and CR-2945) for 10 min
prior to addition of LPS (10 mg/L) and CCK-8 (1×10-6mol/L), and
then co-incubated  for 1  h.  PKC activity was determined by
radioenzymatic assay.  n=3. Mean±SD. cP<0.01 vs  control group.
fP<0.01 vs LPS group. iP<0.01 vs LPS+CCK-8 group.

Figure 5.  Effect of CCK-8 on PKCζ translocation in rat resting
pu lmona ry  in terst it ia l  macropha ges.  Upper: Representa tive
immunoblot analysis.  Lower: Relative protein levels of PKCζ of 3
individual experiments. n=3. Mean±SD. cP<0.01 vs control group.

Figure 6.  Effect of CCK-8 on LPS-induced PKCζ  translocation in
rat PIMs.  Upper: Representative immunoblot analysis.  Lower: Rela-
tive protein levels of PKCζ of three individual experiments analyzed
by Gel-pro analyzer software.  n=3.  Mean±SD.  cP<0.01 vs control
group.  fP<0.01 vs LPS group.
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human peripheral blood mononuclear cells and T lympho-
cyte cell lines[21].  sCCK-8 can inhibit the mobility capacity
and the mitogen-induced lymphocytic proliferation, but can
increase the adherence and the spontaneouse proliferation
of lymphocytes[22,23].  In addition, sCCK-8 is a negative modu-
lator of several functions of resting murine peritoneal mac-
rophages and human neutrophils, including the production
of superoxide anion, phagocytosis and mobility, and the
inhibition of these activities is carried out through an in-
crease of intracellular cAMP levels and a decrease in PKC
activity[11].  In the present study sCCK-8 did not affect DAG
content, PKC activities, and PKCζ translocation at low
concentrations, but decreased DAG content and inhibited
PKC activities and PKCζ translocation at high concentra-
tions in rat resting PIM.  Resting PIM were not sensitive to
the stimulation by sCCK-8, and CCK-8 was a negative modu-
lator of the DAG-PKC signaling pathway at physiological
concentrations, which was very important for maintaining
body homeostasis, and inhibited the DAG-PKC signaling
pathway at high con-centrations.

Figure 7.   Effects of proglumide, CR-1409, and CR-2945 on LPS-
induced PKCζ translocation in rat pulmonary interstitial macrophages.
Upper: Representative immunoblot analysis.  Lane 1, control; lane 2,
LPS; lane 3, LPS+CCK-8 1×10-6mol/L; lane 4, LPS+CCK-8+proglumide;
lane 5, LPS+CCK-8+CR-1409; lane 6, LPS+CCK-8+CR-2945.  Lower:
Relative protein level of PKCζ of three individual experiments ana-
lyzed by Gel-pro analyzer software.  n=3.  Mean±SD.  cP<0.01 vs
control group.  fP<0.01 vs LPS group.  hP<0.05, iP<0.01 vs LPS+CCK-
8 group.

LPS is the major component of the outer leaflet of Gram-
negative bacteria and has profound immunostimulatory and
inflammatory capacity.  LPS interacts with LPS-binding
protein, therefore allowing binding to CD14 and association
with the Toll-like receptor 4 (Tlr4) containing an intracellular
signaling domain.  Binding of LPS to these receptors results
in the activation of several signaling cascades, such as PKC
and MAPK[24].  PKC isoforms are involved in a wide variety
of intracellular signaling events and play a significant role in
many aspects of immune response, from development,
differentiation, activation, and survival of lymphocytes to
macrophage activation[25].  PKCζ is a member of the atypical
subfamily and has been widely implicated in the regulation
of cellular functions, particularly in the LPS-induced inflam-
matory response[9].  In the present study, stimulation of PIM
by LPS increased DAG content, promoted PKC activities
and PKCζ translocation, and changed its distribution, but
did not affect PKC total activity.  In resting cells or in the
absence of lipid hydrolysis, PKC are localized primarily to
the cytosol.  Translocation to the membrane from cytosol is
an important step in PKC activation that can be initiated
directly with phorbol esters or by receptor-stimulated in-
creases in DAG.  Activation of the enzyme might also be
influenced by changes in membrane structure or constitu-
ents[9].  Our results suggest that LPS could activate DAG-
PKC signaling pathway in rat PIM, which is in accordance
with previous reports.

Macrophages stimulated by LPS or other inflammatory
factors produce and release large quantities of various
proinflammatory cytokines, including TNF-α, IL-1β, and IL-6.
Overproduction of the cytokines can result in systemic in-
flammatory response syndrome, multiple organ dysfunction
syndrome (MODS) and death.  NF-κB plays a pivotal role in
LPS-induced TNF-α and IL-1β gene expressions.  The PKC
signaling pathway is linked to the upstream regulation mecha-
nism of NF-κB activation.  In particular, recent findings show
that PKCζ can regulate NF-κB through an IκB kinase (IKK)-
independent pathway, by directly phosphorylating Ser311 of
the p65 subunit (RelA), and play an important role in mediat-
ing inflammatory response induced by LPS[26].  The present
study showed that CCK-8 concentration-dependently inhib-
ited LPS-induced DAG content, PKC activities, and PKCζ
translocation, and a significant inhibition was observed at
high concentrations, but not at low concentrations.  Cong
et al reported that CCK-8 inhibited LPS-induced NF-κB bind-
ing activity in a concentration-dependent manner[21].  The
present study demonstrated that CCK-8 significantly inhib-
ited LPS-induced activation of the DAG-PKC signaling path-
way at supraphysiological concentrations, which might be
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one of the upstream mechanisms for modulating NF-κB
activity and exerting the anti-inflammatory effect of CCK-8.

However, it is unknown whether the inhibitory effect of
CCK-8 on DAG-PKC signaling pathway induced by LPS was
mediated through the CCK receptor or through which sub-
type of its receptor.  Cong et al reported that CCK-8 inhib-
ited NF-κB binding activity and decreased IκB-α degrada-
tion through CCK receptors in rat PIM stimulated by LPS[21].
In the present study, the inhibitory effect of CCK-8 on LPS-
induced DAG content, PKC activities and PKCζ transloca-
tion was abrogated in part by proglumide, CR-1409, and CR-
2945 in a concentration-dependent manner.  Proglumide was
so potent that it had an obvious effect on CCK-8-resulted
inhibition of LPS-induced DAG content, PKC activities, and
PKCζ translocation at low concentrations, and even caused
a full reversal of it at high concentrations.  A similar effect
was found for CR-1409, but not for CR-2945.  CR-2945 showed
a weak effect only at high concentrations.  Our results indi-
cate that the inhibitory effect of CCK-8 on the LPS-activated
DAG-PKC signaling pathway in rat PIM was mediated
through the CCK receptor, and that both CCK-AR and CCK-
BR might be involved in this pathway.  However, CCK-AR
might play a major role in this process, which would be of
benefit in the development of receptor-specific drugs in
clinics.

In conclusion, CCK-8 was a negative modulator of the
DAG-PKC signaling pathway in rat resting PIM, which was
very important for maintaining body homeostasis, and sig-
nificantly inhibited LPS-induced DAG content, PKC activity,
and PKCζ translocation in a concentration-dependent
manner.  CCK receptors, particularly CCK-AR, might play a
major role in this process.  Inhibitory effects of CCK-8 on
LPS-induced activation of the DAG-PKC signaling pathway
might be one of the upstream mechanisms for modulating
NF-κB activity and exerting its anti-inflammatory effect in rat
PIM.
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Abstract
Aim: To evaluate the analgesic effects of 2 celecoxib derivatives and their inhibi-
tory effects on cyclooxygenase (COX).  Methods: Four antinociceptive assays
were used: the acetic acid-induced writhing test, hot plate test, hot tail-flick test
and formalin test.  Three doses were used in the analgesic assays and ED50 values
were calculated.  For the selectivity assay, macrophages were incubated with test
compounds at various concentrations and then stimulated with calcimycin or
lipopolysaccharide (LPS).  The amounts of 6-keto-prostaglandin F1α (6-keto-PGF1α)
and prostaglandin E2 (PGE2) in the supernatant were examined by radioimmunoas-
say (RIA).  The selectivity of the test compounds was expressed as the IC50,COX-1/
IC50,COX-2 value.  Results: Celecoxib and its 2 derivatives had a significant analge-
sic effect.  The ED50 values of celecoxib, PC-406 and PC-407 were 94.2, 67.9, and 63.3
mg/kg, respectively, for the acetic acid-induced writhing test; 104.7, 89.1, and 30.0
mg/kg, respectively, for the hot tail-flick response test; 60.7, 56.7, and 86.2 mg/kg,
respectively, for the hot plate response test; 67.1, 55.8, and 68.8 mg/kg, respectively,
for the formalin-induced response.  That is, the ED50 of PC-406 was the lowest for
the formalin and hot plate tests, which focus on changes above the spinal cord
level; however, the ED50 of PC-407 was lowest for the tail-flick and writhing tests,
which focus on changes at the spinal cord level.  Celecoxib and PC-407 inhibited
COX-1 with IC50 values of 39.8 and 27.5 nmol/L, respectively.  PC-406 inhibited
COX-1 with an IC50 value of more than 1000 nmol/L.  The IC50 values for the effect
of celecoxib, PC-406 and PC-407 on COX-2 were 4.8, 8.9, and 1.9 nmol/L respectively.
The IC50,COX-1/IC50,COX-2 ratios for celecoxib and PC-407 were 8.3 and 14.4, respec-
tively.  For PC-406, the ratio was greater than 112.2.  Conclusion: Derivatives of
celecoxib via substitution with an isopropyl or naphthyl group at the 5 position in
the pyrazole ring still have analgesic effects and the ability to selectively inhibit
COX-2.  Substitution with a naphthyl group may have more effect on the periph-
eral pain pathway, whereas substitution with an isopropyl group may have more
effect on the central pain pathway.  This phenomenon occurs partly because
substitution with an isopropyl group is more beneficial for COX-2 selectivity than
is substitution with a naphthyl group.
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cyclooxygenase inhibitors; celecoxib; pain;
selectivity; mice
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Introduction
Humans have been using non-steroidal anti-inflamma-

tory drugs (NSAIDs) for more than 3500 years.  The first real

progress in our understanding of the mechanism of the ac-
tion of NSAIDs occurred 30 years ago, when it was revealed
that these chemically varied drugs reduced the formation of
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prostaglandins.  This ability is associated with the inhibition
of cyclooxygenase (COX), which converts arachidonic acid
to its precursor prostaglandin (PG) H2.  Two isoforms of COX
have been identified.  The constitutively expressed COX-1
is the housekeeping enzyme mainly responsible for the physi-
ological activities of prostaglandins, whereas COX-2, whose
expression is mainly induced under inflammatory conditions,
is responsible for pathological prostaglandins that produce
pain and fever[1].  On the basis of these observations, COX-2-
selective drugs such as celecoxib were rapidly developed
and became one of the most commercially successful classes
of drugs[2].

We synthesized 13 pyrazole derivatives based on the
chemical structure of celecoxib[3,4], including PC-406 and PC-
407, which are derivatives of celecoxib created by changing
the group at the 5 position in the pyrazole ring.  For PC-406,
the phenyl structure at the 5 position is replaced by an iso-
propyl group; for PC-407, it is replaced by a naphthyl group
(Figure 1).  The chemical structures of these derivatives have
been confirmed by infrared absorption spectrum, ultra-
violet absorption spectrum, 1H nuclear magnetic resonance,
13C nuclear magnetic resonance and mass spectrum analysis.
The purity values of PC-406 and PC-407 were found to be 99.5%
and 97.5%, respectively, by high performance liquid
chromatography.  Using the mouse ear edema model, PC-406
and PC-407 were found to have more potential activity than
celecoxib in anti-inflammation.  PC-406 and PC-407 were also
observed to have fewer gastrointestinal side effects.  In the
present study, we tried to evaluate the analgesic effects and
inhibitory effects on COX-1/COX-2 of candidate compounds.

Materials and methods

Animals  BALB/c mice obtained from the Experimental
Animal Center of the Fourth Military Medical University were
used.  Half of the mice were males and half were females.  All
the animals weighed 18–22 g.  Animals were housed in colo-
nial stock following arrival.  Food and water were available
ad libitum.  Temperature and humidity of the environment
were controlled (23±1°C and 50.0%±1.3%, respectively), and

a 12 h day/night cycle was used.  All the experiments were
carried out during the light phase.  The experimental design
was approved by the relevant ethics board of the institution
in which the study was carried out.

Drugs and reagents  PC-406 and PC-407 were synthe-
sized by our group.  The celecoxib was a gift from Pharmacia
(Rockville, MD, USA).  Lipopolysaccharide (LPS) and
calcimycin were purchased from Sigma (St Louis, USA).  The
Brewer thioglycollate medium was from (Difco Company,
Detroit, USA).  Newborn calf serum and RPMI-1640 were
from (Hyclone, Logan, USA).  The 6-keto-PGF1α and PGE2

radioimmunoassay (RIA) kits were from Chemclin Biotech
(Beijing, China).  For the analgesic effect assays, all the test
compounds were dissolved in 3% Tween-80 and adminis-
tered intragastrically in a volume of 0.3 mL.  For the selectiv-
ity evaluation, all the tested samples were prepared in stock
solution (0.01 mol/L) with Me2SO and stored at -20 °C.  Be-
fore use, the stock solution was diluted to a series of con-
centrations in RPMI-1640.

Antinociceptive assays  Four antinociceptive assays were
used: the writhing test, hot tail-flick test, hot plate test, and
formalin test.  Mice were fasted for 24 h with water given ad
libitum, maintained at room temperature and were divided
into 4 groups (n=6): control group, CEL group, PC-406 group,
and PC-407 group, which received pretreatment with 3%
Tween-80, celecoxib, PC-406, and PC-407, respectively.  The
2nd, 3rd, and 4th groups were further divided into 3 sub-
groups (A,B,C), which received test compounds at 100, 50,
and 25 mg/kg, respectively.  Celecoxib was used as a posi-
tive control.

Writhing test  All the pretreatments were carried out 1 h
prior to intraperitoneal injection of 0.1 mL/10 g of 0.6% acetic
acid, which caused a typical writhing response.  The number
of writhing responses was counted for 10 min by observers
who were blinded to the treatment.  The antinociceptive ef-
fects of drugs were measured by calculating the mean reduc-
tion in the number of abdominal constrictions for each drug,
as compared to that produced by the Tween-80 vehicle.

Hot tail-flick test  The antinociceptive effects of the test
substances were determined by the hot tail-flick method as

Figure 1.  Chemical structures of celecoxib,
PC-406, and PC-407.
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described by Sewell and Spencer[5].  The tails of mice (1–2 cm)
were immersed in warm water kept constant at 53 °C, and the
reaction time was measured as the time taken for the mice to
deflect their tails.  The first reading was ignored, and the
reaction time was taken as the mean of the next 2 readings.
The latent period until the tail-flick response was taken as
the index of antinociception and was determined before and
1 h after the administration of drugs.  The maximum reaction
time was fixed at 3 s.  The analgesia percentage (AP) was
calculated as: AP=(ttest reaction-tcontrol reaction)/(3-tcontrol reaction).

Hot plate test  The method used has been described by
Baker et al[6].  A metal hot plate was heated to a constant
temperature.  Behavioral measurements were taken at 55±0.5 °C.
The temperature of the plate was monitored at all times.  To
confine the animals to a certain observation area, a colorless
acrylic cylinder of 20 cm diameter was placed on the hot
plate.  After each measurement the plate was wiped with a
damp cloth to remove traces of urine and feces.  Latency for
the animal to lick its hindpaw was measured before and 1 h
after pretreatment.  The offset time was set at 30 s.  AP was
calculated as: AP=(ttest reaction-tcontrol reaction)/(30-tcontrol reaction).

Formalin test Formalin solution (5 %, 50 mL) was injected
subplantarly into the left hindpaws of the mice using a
microsyringe with a 26-gauge needle.  Animals were then
placed in a Plexiglas chamber and observed for nociceptive
behavior for 1 h.  The amount and duration of licking or
flinching were recorded at 5 min intervals over the next 60
min.  The sum of the amount and duration of licking or flinch-
ing in the early phase (0–10 min, phase 1) and late phase (20–
60 min, phase 2) were calculated, respectively.  To calculate
the ED50, the decrease in the summed amount of licking or
flinching during the whole observation period as compared
with the control group was calculated.

Cell culture  Adherent macrophages were harvested from
the peritoneal cells of male mice 3 d after the intraperitoneal
injection of Brewer thioglycollate medium (50 mL/kg).  Peri-
toneal cells obtained from 2–3 mice were mixed and cultured
in RPMI-1640 supplemented with 5% new-born calf serum.
After settlement for 2 h, non-adherent cells were washed
with cold phosphate-buffered saline (PBS).  Then, macroph-
ages were seeded in 96-well cell culture clusters (Gibco, USA)
at a cell density of 1×109/L.  Almost all the adherent cells
were macrophages as assessed by Giemsa staining.  Cell
viability was examined by Trypan blue dye exclusion.  All
the incubation procedures were performed with 5% CO2 in
humidified air at 37 °C.

COX-1 assay Macrophages were incubated with test
compounds at different concentrations or with the solvent
(Me2SO) for 1 h and were stimulated with calcimycin (1 µmol/

L) for 1 h.  The same volume of RPMI-1640 was added for the
control groups.  The amount of 6-keto-PGF1α in the superna-
tant was measured by RIA, using the manufacturer’s
instructions.  The inhibitory ratio (IR) was calculated as IR =
(Ccalcimycin-Ctest compound)/(Ccalcimycin-Ccontrol), where C is the con-
centration of 6-keto-PGF1α in the supernatants of the
calcimycin, test compound or control groups.

COX-2 assay  Macrophages were incubated with test
compounds at different concentrations or with the solvent
(Me2SO) for 1 h and were stimulated with LPS (1 mg/L) for
9 h.  The same volume of RPMI-1640 was added for the con-
trol groups.  The amount of PGE2 in the supernatant was
measured by RIA, using the manufacturer’s instructions.
The IR was calculated as IR=(CLPS -Ctest compound)/(CLPS-Ccontrol),
where C is the concentration of PGE2 in the supernatants of
the LPS, test compound or control groups.

Statistics  Data are presented as mean±SD of n observa-
tions.  The 95% confidence limits of the ED50 and IC50 values
were also calculated.  Comparisons between the groups were
carried out by using one-way analysis of variance (ANOVA),
followed by the least significant difference multiple compari-
sons test.  A P-value of 0.05 was considered statistically
significant.  Dose-inhibitory effect curves were fitted by us-
ing sigmoidal dose-response curves (variable slope)
(inhibitory effect on COX) or linear regression (analgesic
effect) using Graphpad Prism (version 4.00, GraphPad Soft-
ware Inc , San Diego, USA).

Results

Acetic acid-induced writhing  Intraperitoneally injected
acetic acid produced abdominal constrictions, which were
characterized by a stretching response.  The mean number
of writhing motions observed in the animals of the control
group over 10 min was 10.33±6.03.  All the 3 test compounds
at a high dose (100 mg/kg) significantly (P<0.05) reduced the
number of writhing motions to 5.3±4.0, 1.3±2.3, and 1.7±1.5,
respectively.  However, test compounds at low doses (50 or
25 mg/kg) did not significantly reduce the number of writh-
ing motions induced by acetic acid (Figure 2).  The ED50

values of celecoxib, PC-406 and PC-407 for acetic acid-in-
duced writhing were 94.2, 67.9, and 63.3 mg/kg respectively
(Figure 3, Table 1).

Hot tail-flick response  The animals in the control group
did not show any significant effects with respect to the
latent period until tail-flick response. The antinociceptive
effect of PC-406 at a high dose (100 mg/kg) was evident
(P<0.05) and the duration of the tail-flick response increased
from 0.87±0.27 to 1.92±0.15 s.  PC-406 at lower doses (25 or 50
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mg/kg) did not have any significant analgesic effect as mea-
sured by this assay.  However, PC-407 at all doses produced
significant antinociception (P<0.05, Figure 5).  The ED50 val-
ues of celecoxib, PC-406, and PC-407 as assessed by the hot
tail-flick assay were 104.7, 89.1, and 30.0 mg/kg, respectively
(Figure 4, Table 1).

Table 1.   ED50 values (mg/kg) and 95% confidence limits for test
compounds according to different antinociceptive assays.

Compound  Writhing     Hot tail-flick    Hot plate    Formalin test
                      test        test        test

Celecoxib 94.2 104.7 50.6 67.1
(66.1–234.8) (73.9–211.1) (31.4–70.4) (24.1–157.9)

PC-406 67.9 89.1 46.1 55.8
(24.7–140.5) (73.0–119.3) (30.3–65.2) (15.4–125.0)

PC-407 63.3 30.0 76.8 68.8
(31.6–93.2) (6.4–47.9) (48.6–129.4) (45.8–73.2)

Figure 2.  Effects of test compounds on the number of acetic acid-
induced writhing.  n=8.  Mean±SD.  bP<0.05 vs control group.  CEL,
celecoxib.

Figure 3.   Analgesic effects of test compounds on acetic-acid-
induced writhing.  n=8.  Mean±SD.

Figure 6.  Analgesic effects of test compounds on hot plate response.
n=8.  Mean±SD.

Figure 4.  Analgesic effects of test compounds as measured by the
hot tail-flick response.  n=8.  Mean±SD.

Figure 5.  Effects of test compounds on latent period until hot tail-
flick response.  n=8.  Mean±SD.  bP<0.05 vs control group.  CEL,
celecoxib.

Hot plate response  Animals in the control group did not
show any significant effects with respect to the latent period
until hot plate response.  Both PC-406 and PC-407 produced
a significant analgesic effect as measured by the hot plate
response (P<0.05, Figure 5).  The ED50 values of celecoxib,
PC-406 and PC-407 as measured by hot plate response were
50.6, 46.1, and 76.8 mg/kg, respectively (Figure 6, Table 1).
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Formalin test  All the mice exhibited elevating, shaking,
licking or biting behaviors in the injected left hindpaw after
subcutaneous injection of formalin into the plantar surface.
These behaviors had 2 distinct phases: an early phase (phase
1), which appeared immediately after formalin injection and
lasted 10 min, and a late phase (phase 2), which appeared
about 20 min after injection and lasted 40 min.  PC-406 and
PC-407 (25–100 mg/kg) elicited a dose-dependent inhibitory
effects on licking time, with a maximal reduction of approxi-
mately 85% of the control response (n=8).  For animals treated
with PC-406 or PC-407, the durations and amounts of flinch-
ing or licking were significantly decreased (P<0.05, Figures
8, 9).  The ED50 values of celecoxib, PC-406 and PC-407 were
67.1, 55.8, and 68.8 mg/kg, respectively (Figure 10, Table 1).

COX inhibitory effect  The IC50 values of celecoxib and
PC-407 for COX-1 were 39.8 nmol/L and 27.5 nmol/L,
respectively.  For PC-406, the IC50 value was more than
10 000 nmol/L (Figure 11A).  The IC50 of test compounds for
COX-2 were 4.78, 8.9, and 1.9 nmol/L, respectively (Figure
11B).  The selectivity of the test compounds for COX-1/
COX-2 was expressed as the value of IC50,COX-1/IC50,COX-2.
PC-406 showed a 112.2-fold preference for COX-2 versus
COX-1 (Table 2).

Discussion
The discovery and characterization of the COX-2 enzyme

early in the 1990s led to many studies on selective inhibitors
of this isoform.  It was hypothesized that COX-2 selective
inhibitors would exhibit similar clinical efficacy but reduced
ulcerogenicity relative to traditional NSAIDs.  Less than a
decade after the discovery of COX-2, celecoxib and rofecoxib
were launched, and were very effective analgesics and anti-

Figure 7 .   Effects of test compounds on la tency for hot pla te
response.  n=8.  Mean±SD.  bP<0.05 vs control group.  CEL, celecoxib.

Figure 8.  Effects of test compounds on duration of licking or
flinching in phase 1 (A) and phase 2 (B).  n=8.  Mean±SD.  bP<0.05
vs control group.  CEL, celecoxib.

Figure 9.  Effects of test compounds on the amount of licking or
flinching in phase 1 (A) and phase 2 (B).  n=8.  Mean±SD.  bP<0.05
vs control group.  CEL, celecoxib.
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inflammatory agents.  Furthermore, in recent years, coxibs
have been proved to have potential in the treatment of can-
cer and Alzheimer’s disease.  All things considered, the pros-
pects for COX-2 selective inhibitors are good.  Based on the
chemical structure of celecoxib, we synthesized PC-406 and
PC-407, 2 pyrazole derivatives, by retaining benzenesulfona-
mide, the necessary active component of the molecule.  In
the present study, their analgesic effects and selectivity for
COX-2 were evaluated.

All the antinociceptive assays showed that derivatives
of celecoxib made by substituting groups at the 5 position
exhibited analgesic effects.  However, the results from differ-
ent assays were different.  Four antinociceptive assays were
used in our study.  Among them, the hot plate and hot tail-
flick tests test responses to thermal stimulations, whereas
the writhing and formalin tests test responses to chemical
stimulations.  The pain pathways these tests focus on vary
as well.  The formalin and hotplate tests mainly focus on
changes above the spinal cord level, whereas the tail flick
and writhing tests emphasize changes at or under the spinal
cord level.  In the present study, the results of both the hot
plate test and the formalin test show that PC-406 has the
lowest ED50 value.  However, the results of the writhing and

tail flick test show that PC-407 has the lowest ED50 value.
Thus we can infer that PC-406 exerts more effect on the path-
ways above the spinal cord level, whereas PC-407 exerts
more effect on pathways peripherally.

Detailed data from the formalin test showed the same
results.  The formalin test is a well characterized and vali-
dated evaluation method in mice and rats.  It is an accepted
method for the rapid and easy screening of pharmacological
targets in drug evaluation, because it can be performed in
small animals, and the time course of the noxious stimulation
is limited to 1 h.  Subplantar injection of formalin results in
flinching, licking or biting behavior during an early acute
phase, which resembles acute pain, followed by a quiescent
interphase, and then a second delayed phase representing
chronic pain.  The acute phase is believed to correspond to
the peripheral pain pathways, whereas the second phase
represents more central pain processing mechanisms.  In our
study, both phases of the formalin test were well delineated
and could be quantified.  Celecoxib and its 2 derivatives
could significantly decrease both the duration and amount
of pain behaviors during the formalin test (P<0.05).  Celecoxib
and PC-407 had more effect on behaviors in phase 1, whereas
PC-406 affected behaviors in phase 2 more.  That is, celecoxib
and PC-407 affected the peripheral pain pathways more,
whereas PC-406 affected the central pain pathways more.
This is consistent with what we found in our analysis of

Table 2.  Inhibitory effect of test compounds on COX-1/COX-2.

  Compound                 IC50/nmol·L-1                          IC50,COX-1/
                               COX-1                   COX-2               IC50,COX-2

Celecoxib      39.8  4.8      8.3
(4.9–258.2) (3.1–18.9)

PC-406 >1000  8.9 >112.2
(4.6–18.9)

PC-407      27.5  1.9     14.4
(4.0–140.0) (1.4–8.1)

Figure 10.  Inhibitory effects of test compounds on the amount of
licking or flinching.  n=8.  Mean±SD.

Figure 11.  Dose-response curve of test compounds for COX-1 (A)
and COX-2 (B).
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different ED50 values.
The differences in the different analgesic effects of the

test compounds are related to their different structures.  So
we subsequently investigated the relationships between the
modifications of their chemical structures and their selectiv-
ity for COX-2.  To evaluate the selectivity of compounds for
COX-2, many models have been established[7–10].  Macroph-
ages are known to release prostanoids in 2 kinetically dis-
tinct patterns: the immediate and delayed phases[11].  In the
immediate phase, 6-keto-PGF1α and TXB2 are the major arachi-
donic acid metabolites.  However, in the delayed phase, PGE2

is produced depending on induced COX-2.  Macrophages
can spontaneously secrete low levels of 6-keto-PGF1α and
PGE2.  Stimulation with calcimycin or LPS promotes a dra-
matic enhancement of prostanoid production.  Shen et al
developed a whole-cell assay based on murine peritoneal
macrophages and demonstrated that it was appropriate for
drug design-oriented in vitro assay[12].  This method was
used in the present study.

The results of selectivity evaluation show that PC-407
and PC-406 provide stronger selectivity with respect to the
inhibition of COX-2 than does celecoxib.  PC-406 has the
greatest selectivity.  It might be the reason for their weak
influence on stomach mucosa.  The present study indicates
that test compounds with a non-aryl group or an aryl group
substituted at the 5 position in the pyrazole ring still retain
their anti-inflammatory activity and their ability to inhibit
COX-2 selectively.  Furthermore, substitution at the 5 posi-
tion with a non-aryl group might be more beneficial with
respect to COX-2 selectivity than substitution with an aryl
group.

It has been proved that COX-2 plays a more central role
and is more highly expressed in the central nervous system
than is COX-1, which is the basis of most of its therapeutic
effects.  The higher selectivity for COX-2 of PC-406 contrib-
utes to its central pain pathway effects.  However, identifica-
tion of the exact parts of the pain pathways that the 2 deriva-
tives affect needs further investigation.

In conclusion, derivatives of celecoxib made by substi-
tuting with either a isopropyl or a naphthyl group at the 5
position in the pyrazole ring produced analgesic effects with
respect to both thermal and chemical nociception.  However,
substitution with an isopropyl group improves the effect on
the central pain pathway better, whereas substitution with a
naphthyl group affects the peripheral pathway more.  This is

correlated with the altered selectivity for COX-2.  Both de-
rivatives had greater selectivity than celecoxib.  However,
substitution with an isopropyl group was more beneficial
with respect to COX-2 selectivity than substitution with an
naphthyl group.
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Body distribution and in situ evading of phagocytic uptake by macroph-
ages of long-circulating poly (ethylene glycol) cyanoacrylate-co-n-
hexadecyl cyanoacrylate nanoparticles1
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Introduction
One of the major objectives of advanced drug delivery

today is drug targeting with colloidal drug-delivery systems,
such as nanoparticles and liposomes.  However, these con-
ventional carriers are rapidly cleaned from the systemic
circulation, and end almost exclusively in the mononuclear
phagocyte system (MPS) after iv injection, mainly in the
macrophages in the liver and spleen[1].  Of course, this exten-
sive uptake is advantageous for treating illness of the reticu-
loendothelial system (RES) because it provides high local

concentrations of therapeutic agents.  Unfortunately, deliv-
ering drugs to sites other than RES is often desired.  To meet
this requirement, stealth or long-circulating nanoparticles
have been investigated.

In the past two decades, there has been an increasing
interest in the development of stealth nanoparticles as drug
carrier systems[2,3].  One of the main methods for preparation
of stealth nanoparticles is to modify their surface with a hy-
drophilic and non-ionic polymer, eg, poly methoxy-
ethyleneglycol (PEG)[4] or poloxamer derivatives [5,6].  Previ-
ous studies demonstrate that the hepatic uptake of

Abstract
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nanoparticles can be reduced by coating these particles with
certain modification.  Several mechanisms are discussed for
this modification of the body distribution[6,8]: a dependence
on the nanoparticle surface charge, a reduction in the sur-
face hydrophobicity reducing phagocytic uptake, a steric
hindrance preventing the contact between particles and blood
cells (theory of steric stabilization), and a change in the ad-
sorption of blood components determined by the surface
properties of the particles.  The adsorption patterns differ
depending on the physicochemical properties of the
particles.

According to Peracchia et al, PEGylated polycyanoacry-
late nanoparticles are suitable for giving iv and capable of
circumventing capture by hepatic Kupffer cells[9].  The in-
crement of splenic nanoparticles led the authors to conclude
a splenic targeting mechanism.  However, the investigation
was taken for a duration of only 24 h, and detailed descrip-
tion of body distribution as a function of time in organs
other than liver and spleen was absent.  Other authors have
studied the same vehicle by incorporating a protein drug,
recombinant human tumor necrosis factor α[10].  In contrast
to splenic accumulation, diversion of nanoparticles to tis-
sues other than the liver and spleen, that is tumors, was
observed.

Distribution of stealth nanoparticles to non-hepatic and
non-splenic organs or tissues make them prospective ve-
hicles for the delivery of active ingredients to these sites.  In
the present study, biodistribution of [14C]-labeled poly
methoxyethyleneglycol cyanoacrylate-co-n-hexadecyl cy-
anoacrylate (PEG-PHDCA) nanoparticles was evaluated for
the prolonged duration of 48 h.  Distribution to organs other
than the liver and the spleen was studied, which is also of
interest for target stealth diversion.  An in situ phagocytic
evading was also investigated in mouse peritoneum using
chemically induced macrophages and flow cytometry.

Materials and methods
Materials  Methoxypolyethylene glycol (5000 Da of mo-

lecular weight, MePEG 5000) was obtained from Sigma Chemi-
cal Co.  Cyanoacetic acid was obtained from Fluka Chemical
Co and [3-14C]-cyanoacetic acid was obatined from Moravek
Biochemicals.  N, N’-dicyclo-hexylcarbodimide and 4-
dimethylaminopyridine were obtained from Shanghai Chemi-
cal Reagent Co.  Formaline (37%) was obtained from Shang-
hai Jianxin Chemical Co.  Aqueous dimethylamine (34%) was
provided by Shanghai Linfeng Chemical Co.  Other reagents
were of analytical purity.

Synthesis of  [14C]-labeled PEGylated and non-PEGylated

PHDCA polymers  Synthesis of poly PEG-PHDCA copoly-
mers has been studied previously [11].  The PEG-PHDCA 1:3
copolymer was synthesized by condensation of MePEG 5000
cyanoacetate with [14C]-hexadecylcyanoace-tate in ethanol,
in the presence of formaline and dimethylamine.

[3-14C] Cyanoacetic acid (490.4 mg, 552 µCi=20.4 MBq)
was dissolved in ethyl acetate (5 mL), and a solution of
hexadecanol (697.6 mg, 1.75 mmol) and 4-dime-thylamino-
pyridine (1.1906 g, 1.75 mmol) in dichloromethane (9 mL) was
added.  Then, N, N-dicyclo-hexylcarbodimide (129.38 mg,
0.63 mmol) was added.  After stirring at room temperature for
16 h, the resultant mixture was filtered.  Filtrate was concen-
trated under vacuum, and [14C]hexadecylcyanoacetate was
collected as a waxy solid (1.0386 g, 87.4%, 400 µCi=14.8
MBq).   [14C] Hexadecylcyano-acetate (519.3 mg, 1.68 mmol,
200 µCi=7.4 MBq) and MePEG 5000 cyanoacetate (2.9235 g,
0.56 mmol) was added to a 1:1 mixture of ethanol and dichloro-
methane (10 mL) , sequentially, 37% formaline (305 µL,
3.76 mmol) and 34% aqueous dimethylamine (515 µL,
388 mmol) was added.  After stirring at room temperature for
16 h, the reaction mixture was concentrated under reduced
pressure.  The residue was dissolved by dichloromethane
(100 mL) and washed with 10 mL of water.  The organic phase
was dried over magnesium sulfate, and concentrated under
vacuum.  Non-PEGylated [14C]-polymer PHDCA was also
synthesized by condensing [14C] hexadecylcyanoacetate with
cyanoacetate.

Preparation of [14C]-labeled and fluorescent nanopar-
ticles  [14C]-labeled nanoparticles were prepared by a
nanoprecipitation/solvent diffusion method[11].  The
[14C]labeled PEG-PHDCA (1:3) copolymer (100 mg) or the
[14C]PHDCA polymer was dissolved in 4 mLof tetrahydro-
furan, and the polymer solution was added, under magnetic
stirring, to 100 mL of demineralized water.  Particle formation
occurred immediately.  After solvent evaporation using a
rotatary evaporator, an aqueous suspension of nanoparticles
(1 mg/mL) was obtained.  The nanoparticles were washed
twice with demineralized water after ultracentrifugation, and
then filtered (Millex AP, Millopore, 1.2 µm).  The radioactiv-
ity of the nanoparticle solution was determined just before
injection.

Flurescent nanoparticles were prepared following similar
procedures by incorporating 0.2% rhodamine B.

Characterization of nanoparticles  The morphological
examination of nanoparticles was performed using transmis-
sion electron microscopy (TEM) (HITACHI H-600) follow-
ing negative staining with sodium phosphotungstate
solution.  The particle size and zeta potential of nanoparticles
were determined, respectively, by photon correlation spec-
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troscopy and laser Doppler anemometry (NICOMP 380/ZLS).
Influence of organic solvent, polymer concentration in or-
ganic phase and preparation procedures on nanoparticle
structure were previously reported[11].

In situ evading of phagocytic uptake by macrophages
The phagocytic evading effect of PEG-PHDCA was observed
on chemically induced mouse peritoneal macrophages[12].
The mice were injected with 1 mL of 3% sodium thioglycolate
solution ip as a stimulant for macrophages.  After 3 d of
induction, fluorescent nanoparticles were injected ip and
incubated together with the macrophages for 2 h.  Then, the
mice were killed by cervical dislocation, and each was perito-
neally injected with 5 mL of saline.  The peritoneum of the
mouse was massaged for 1 min and the solution inside the
abdominal cavity was drawn out.  Macrophages were washed
3 times with 1 mL of phosphate buffer.  Cellular uptake of
PEG-PHDCA nanoparticles was examined with a FACScan
flow cytometer, operated under activation wavelength of
585 nm.  Each assay counted 20 000 macrophages.  Non-
stealth PHDCA nanoparticles were also studied as a contrast,
and saline as a control.

In vivo tissue distribution of  [14C]-labeled PEG-PHDCA
nanoparticles  To evaluate the body distribution of PEG-
PHDCA and PHDCA nanoparticles, 2 groups of mice
(6 each) at 1 time interval were treated with [14C]-PEG-PHDCA
and [14C]-PHDCA nanoparticles, respectively.  A total of
200 µL nanoparticle suspension at the dose of 150 mg/kg
were injected into male mice (approximately 20 g in weight)
through the tail vein.  The amount of given radioactivity was
1.7×105 Bq/kg.  Animals were killed after 0.05, 0.5, 3, 6, 15, 24,
36, and 48 h of injection.  Meantime, blood samples were
withdrawn, and hearts, livers, spleens, lungs, kidneys, brains,
and lymph nodes were carefully collected.  The organs were
weighed immediately after removal.  Alkaline tissue solubilizer
(2 mol/L NaOH) was added to organ samples, and heated at
12°C for 30 min, then cooled to an ambient temperature, and
30% H2O2 was added with occasional swirling until the color
subsided.  After addition of 200 µL of acetic acid and 3 mL of
scintillation cocktail (PPO/POPOP), the prepared samples
were stored for approximately 2 d and then counted in the
scintillation counter (LKB 1210).  For determining radioac-
tivity in blood, plasma was separated to exclude interference
of blood cell lysates.  Recovery of radioactivity was found
to be between 95% and 103% for all tissues.

For the calculation of the radioactivity of the total dose
(percentage dose) and of 1 milligram of tissue (Bq/mg), the
injected radioactivity was taken as the total dose.

To evaluate the effect of specific accumulation of
nanoparticles in organs, areas under the radioactivity-time

curve (AUC0–48 h) were calculated and compared.
Statistical analysis  In vivo radioactivity values were

calculated as a mean of the results of 6 mice determined
separately, and presented as mean±SD.  Statistical compari-
sons of the means were performed using multivariate analy-
sis of variance with SARS software.

Results
Synthesis of the [14C] labeled PEGylated and non-

PEGylated polymer  According to our previous findings[11],
PEG-polycyanoacrylate copolymers were prepared by con-
densation of a mixture of MePEG-cyanoacetate and n-
hexadecyl-cyanoacetate with high yields.  After standing at
room temperature for 16 h and drying under vacuum, the
desired copolymers were obtained as pale yellow amorphous
solids.  The structure and ratio between hexadecyl chains
and PEG chains were confirmed by integration of the respec-
tive signals in 1H-nuclear magnetic resonance (1H-NMR)
spectroscopy.  The structure of the material was also con-
firmed by Fourier transform infrared spectrometer (FTIR) and
the molecular weight was determined by gel permeation
chromatography.

The fact that radiolabeling was integrated in the cyano
group, assured a great stability of the radiolabeled copolymer.
PEG-PHDCA and PHDCA were synthesized using similar
techniques, only substituting MePEG-cyanoacetate for
cyanoacetate.

Characterization of [14C]-labeled nanoparticles Nano-
particles prepared with PEG-PHDCA or PHDCA were spheri-
cal in shape and uniform in size of approximately 200 nm
(Figure 1).  PEGylated nanoparticles contrasted greatly with
non-PEGylated nanoparticles, with corolla-like stains.

Figure 1.  Transmission electron microscopy photographs of stealth
PEG-PHDCA (A,×40 000) and non-stealth PHDCA (B, ×50 000)
nanopa rticles. PEG-PHDCA: poly methoxyethyleneglycol cy-
anoacrylate-co-n-hexadecyl cyanoacrylate. PHDCA: polyhexadecyl
cyanoacrylate.
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The zeta potential of PEG-PHDCA and PHDCA nanopar-
ticles was –10.77 mV and –20.57 mV, respectively.  A marked
decrease in the surface charge for PEG-PHDCA nanoparticles
was observed.  Diameter of nanoparticles determined by
photo correlation spectrometry was within the range of
188.7 nm±67.2 nm, in accordance with TEM observation.

In situ evading of phagotytic uptake of PEG-PHDCA
nanoparticles  Incorporation of fluorescent rohodamine B in
nanoparticles was verified under a research inverted system
microscope (IX-71, Olympus).  Loading of rhodamine B was
approximately 0.2%, determined by spectrofluorometer
(LS-55, PerkinElmer), upon which the assumption that toxic-
ity of fluorescent marker to macrophages was negligible was
drawn.  Flow cytometry diagrams are shown in Figure 2.

The value of relative fluorescence intensity of the saline,
PEG-PHDCA nanoparticles and PHDCA nanoparticles
samples were 54.9, 156.5, and 1726.7, respectively, each rep-
resenting the stained cells.  The higher the value was, the
more that the nanoparticles were captured by macrophages.
Fluorescence intensity for PEG-PHDCA nanoparticles was
approximately 3 times as much as that of saline control, indi-
cating limited phagocytosis by macrophages.  For non-stealth
PHDCA nanoparticles, fluorescence intensity was almost 11
times as much as that of stealth PEG-PHDCA nanoparticles,
indicating profound phagocytosis by macrophages.  Evad-
ing of phagocytosis by macrophages was achieved through
PEGylation.

Long circulating in bloodstream  PEG-PHDCA nanopar-
ticles had a remarkably higher accumulation in the blood-

stream than PHDCA (P<0.01).  PEG-PHDCA nanoparticles
exhibited long-circulating characteristics, with sustained high
levels of blood-associated radioactivity, and 31% of the ra-
dioactivity was still found in the bloodstream 48 h after
injection, assuming that radioactivity was still associated
with intact nanoparticles.  In contrast, PHDCA nanoparticles
were cleaned up quickly from the bloodstream, and after
30 min, dropped abruptly to a much lower level, as expected.
At the end of 48 h, only approximately 4% of the radioactiv-
ity was recovered from blood (Figure 3).  The PEG-PHDCA
nanoparticles exhibited a ‘brush’ PEG configuration at the
particle surface, and therefore performed the steric repulsion
efficiently[13].

Figure 2.  Flow cytometry diagrams of cellular uptake of saline (A), stealth PEG-PHDCA (B), and non-stealth PHDCA (C). PEG-PHDCA:
poly methoxyethyleneglycol cyanoacrylate-co-n-hexadecyl cyanoacrylate. PHDCA: polyhexadecyl cyanoacrylate.

Figure 3.   Blood-associated radioactivity as a function of time after
iv in ject ion of s teal th  PEG -PHD CA or non-stea lth PH DCA
nanoparticles. n=6. Mean±SD. cP<0.01 vs PHDCA nanoparticles.
PEG-PHDCA: poly methoxyethyleneglycol cyanoacrylate-co-n -
hexadecyl cyanoacrylate. PHDCA: polyhexadecyl cyanoacrylate.
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Organ accumulation  The distribution of stealth PEG-
PHDCA nanoparticles and non-stealth PHDCA nanoparticals
in mice was poor in lung, kidney, and brain, and a little higher
in heart (Table 1, Figure 4).

There was a relatively higher accumulation in the spleen
and liver for both stealth PEG-PHDCA nanoparticles and non-
stealth PHDCA nanoparticals compared with heart, lung,
kidney, and brain (Table 1, Figure 4).

For stealth PEG-PHDCA nanoparticles, the accumulation
in the spleen was higher than that in the liver (P<0.05).  For
non-stealth PHDCA nanoparticles, the accumulation in the
spleen was lower than that in the liver (P<0.05).  The accu-
mulation of stealth PEG-PHDCA nanoparticles in the spleen
was 1.7 times as much as that of non-stealth PHDCA (P<
0.01, Table 1, Figure 4).  But the accumulation of stealth PEG-
PHDCA nanoparticles in the liver was 0.8 times as much as
that of non-stealth PHDCA (P<0.05, Table 1, Figure 4).

The amount of radioactivity of stealth PEG-PHDCA re-
covered from the spleen was much higher than that from
liver (P<0.01, Figure 5).  Such a high spleen uptake was also
observed by other authors with PEGylated nanoparticles[9].

Accumulation in lymph nodes was unusually higher for
both stealth PEG-PHDCA and non-stealth PHDCA
nanoparticles compared with other organs.  The radioactiv-
ity was maintained at a high level for at least 36 h, typical of
lymphatic capture (Table 1).  Lymphatic accumulation of
stealth PEG-PHDCA was lower than that of non-stealth
PHDCA nanoparticles (P<0.05, Figure 6).

The accumulation of stealth PEG-PHDCA nanoparticles
in the blood was 3.5 times as much as that of non-stealth

PHDCA (P<0.01, Table 1).

Discussion
In the present study, PEG-PHDCA was synthesized as a

diblock copolymer, where PEG chains brought about hydro-

Table 1.  AUC0–48 h for stealth PEG-PHDCA and non-stealth PHDCA
nanoparticles in organs. AUC is the area under radioactivity-time
curve. n=6. Mean±SD. bP<0.05, cP<0.01 vs  non-stealth PHDCA.
eP<0.05 vs  l iver. PEG-PHDCA: poly methoxyethyleneglycol cy-
anoacrylate-co-n-hexadecyl cyanoacrylate. PHDCA: polyhexadecyl
cyanoacrylate.

   Organ          10-3×AUCstealth/          10-3×AUCnon-stealth/         AUCstealth/
                          Bq·h·mg-1                     Bq·h·mg-1             AUCnon-stealth

Heart   29.5±11.2   28.8±23.8 1.0
Liver   52.3±15.6b   69.9±19.2 0.8
Spleen   77.8±18.9ce   46.8±21.0e 1.7
Lung   22.2±8.6   27.1±13.3 0.8
Kidney   26.1±9.0   25.7±20.3 1.0
Brain   15.0±6.2   13.9±11.4 1.1
Lymph 243.9±72.0b 310.6±41.9 0.8
Blood 54.9±27.8c   15.6±2.4 3.5

Figure 5.  Spleen- and liver-associated radioactivity as a function of
time after iv injection of stealth PEG-PHDCA and non-stealth PHDCA
nanoparticles. n=6. Mean±SD. cP<0.01 vs  Liver/stealth. PEG-
PHDCA: poly methoxyethyleneglycol cyanoacrylate-co-n-hexadecyl
cyanoacrylate. PHDCA: polyhexadecyl cyanoacrylate.

Figure 4.  Tissue-associated radioactivity as a function of time af-
ter iv injection of stealth PEG-PHDCA (A) and non-stealth PHDCA
(B) nanoparticles. PEG-PHDCA: poly methoxyethyleneglycol cy-
anoacrylate-co-n-hexadecyl cyanoacrylate. PHDCA: polyhexadecyl
cyanoacrylate.



Http://www.chinaphar.com Huang M  et al

1517

philic modification of the nanoparticle surface, and hexadecyl
cyanoacrylate moieties guaranteed enough hydrophobicity
for the formation of nanoparticles.  Structural importance
was testified by 1H-NMR and FTIR spectrum.  Molecular
weight determination by gel permeation chromatography
showed a strong correlation between theoretical calculation
of total amount of MePEG and hexadecyl cyanoacrylate
present.

The nanoparticles were easily prepared by the nanopre-
cipitation/solvent diffusion method, with limited size distri-
bution as determined by NICOMP 380/ZLS and TEM.  The
value of zeta potential of PEG-PHDCA nanoparticles was
much lower negative than that of PHDCA nanoparticles.  It
should be mentioned that the PEG chains in nanoparticles
would be oriented towards the outer aqueous medium, pro-
tecting the hydrophobic core.  Change in surface zeta poten-
tial was also indicative of modifications by PEG chains.

Particles with hydrophobic surfaces are removed readily
from the circulation through a mechanism of opsonization[6],
a process involving complement adsorption and following
recognition and phagocytosis by macrophages[14].  Stealth
nanoparticles with “water”-like hydrophilic chains poking
out interferred with adsorption of complements, and subse-
quent capture by macrophages.  It was simple and informa-
tive to investigate interaction between vehicles and certain
cell lines before taking out in vivo study.  Stealth properties
of nanoparticles have been studied in vitro in cultured mac-
rophage cell lines with a fluorescent marker[15–17].  To rule out
disturbing uncertainty associated with an in vitro method,
we developed a novel in situ model to study the effect of
stealth evading of phagocytic capture by macrophages.  Pre-
liminary results were encouraging enough for us to take out
in vivo distribution studies.

Findings that the studied vehicles are long-circulating in
the bloodstream are similar to reports by Li et al[10].  Sus-
tained high levels of radioactivity of approximately one-third
of the original injection for 48 h indicated longer circulation
time of the vehicles, making it applicable carriers for deliver-
ing active ingredients to non-RES targets or for sustained
release.  Study on prolonged duration of long-circulating is
needed in the future.  Biodegradation of PEG-PHDCA
nanoparticles has not been evaluated in the present study.
However, rapid degradation was not observed in the present
study, because radioactivity was embedded in the cyano
groups, and if biodegradation took place, it was only associ-
ated with water-soluble small degradation remnants, which
was readily eliminated from the body.  For at least 48 h,
nanoparticles did not undergo enormous degradation.

Splenotropic accumulation was also observed in the
present study, the accumulation of stealth PEG-PHDCA
nanoparticles in the spleen was 1.7 times as much as that of
non-stealth PHDCA.  The propensity of the mouse spleen to
remove such particles from the blood was attributed to its
unique architecture (reticular meshwork of the red pulp and
interendothelial cell slits) and intrasplenic microcirculation
(anatomically open and physiologically closed circulation)[19].
The mode of particle clearance from the blood by the spleen
appeared to be initially of mechanical filtration[20].
Interestingly, large filtered sterically stabilized particles were
eventually phagocytosed by the splenic red pulp macroph-
ages[21].  Phagocytosis of such particles was, presumably,
derived either as a result of intrasplenic loss of the coating,
the steric barrier, or of certain intrasplenic opsonization
processes.  Predosing dramatically decreased the spleen
uptake of splenotropic spheres but had no effect on the
filtration of small sized particles (<150 nm).  It is now evident
that opsonization of a ‘phagocyte-resistant’ particle can even
occur, depending on the in vivo circumstances.  Furthermore,
even stimulated macrophages can effectively recognize and
internalize ‘phagocyte-resistant’ substrates independent of
opsonization processes.  Spleen-targeted stealth nanopar-
ticles have the potential to be used to deliver nuclear sub-
stances and active components for diagnostic purposes and
the therapeutic treatment of spleen-born abnormalities.  In
contrast, because the spleen is the biggest resident site in
the human body for immune cells, such as T and B
lymphocytes, delivery of vaccines into it might cause pro-
found immunoreactions.

In summary, PEGylation leads to long-circulation of
nanoparticles in the bloodstream, and splenotropic accumu-
lation which opens up the potential for further development
of spleen-targeted drug delivery.

Figure 6.  Lymph node-associated radioactivity as a function of
time after iv injection of stealth PEG-PHDCA and non-stealth PHDCA
nanoparticles. n=6.  Mean±SD.  bP< 0.05 vs PHDCA. PEG-PHDCA:
poly  methoxyethylenegly col  cya noa cryla te-co-n -hexa decyl
cyanoacrylate. PHDCA: polyhexadecyl cyanoacrylate
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Identification of some benproperine metabolites in humans and investi-
gation of their antitussive effect1
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Introduction
 Benproperine, 1-[1-methyl-2-[2-(phenylmethyl)phenoxy]

ethyl]-piperidine (BPP, 1, Figure 1) is widely used as a cough
suppressant for non-productive coughs.   It has a peripheral
and central action and can be given to humans po in forms of
embonate or phosphate[1].  The antitussive activity is com-
parable to that of codeine, but is devoid of the undesirable
codeine’s side effects[2].

In general, drugs are metabolized to more polar, hydro-
philic entities, which can be excreted from the body more
easily.  At the same time, drugs can be inactivated, be acti-
vated or become a toxicant.   There is a growing interest in
identifying metabolites and in establishing their pharma-

cokinetic, pharmacological, and toxicological properties.
Activated metabolites are sometimes drug candidates for
the treatment of a variety of diseases.

In our previous research, 5 mono-hydroxylated metabo-
lites of benproperine and their conjugates were detected in
human urine and 2 of them that were hydroxylated in phenyl
rings have been identified.  Mass spectra indicated that the
other 2 mono-hydroxylates were probably hydroxylated in
the piperidyl ring[3].  To identify metabolites, liquid chroma-
tography-tandem mass spectrometry is an efficient approach,
which is used widely[4–6].  A comparison of the high perfor-
mance liquid chromatography (HPLC) retention times, as well
as MS/MS spectra of putative metabolite and authentic
standard, might be sufficient to make a more definitive iden-
tification[4].

Abstract
Aim: To identify 4 unknown metabolites of benproperine (BPP, 1) in human urine
after a po dose, and to investigate the antitussive effect of monohydroxylate
metabolites.  Methods: The putative metabolite references were prepared using
chemical synthesis.   Their structures were identified using 1H and 13C nuclear
magnetic resonance, and mass spectrometry.  The metabolites in human urine
were separated and assayed using liquid chromatography-ion trap mass spec-
trometry (LC/MS/MS), and further confirmed by comparison of their mass spectra
and chromatographic retention times with those of synthesized reference
substances.  The antitussive effects of metabolites were evaluated on coughs
induced by 7.5% citric acid in conscious guinea pigs.  Results: 1-[1-Methyl-2-[2-
(phenylmethyl)phenoxy]-ethyl]-4-piperidinol (2), 1-[1-methyl-2-[2-(phenylmethyl)
phenoxy] ethyl]-3-piperidinol (3) and their glucuronides 4 and 5 were obtained
from chemical synthesis.  Four urinary metabolites in human urine showed peaks
with the same chromatographic retention times and mass spectra in LC/MS/MS as
synthetic substances 2, 3, 4 and 5.   Phosphates of compounds 2 and 3 prolonged
the latency of cough and reduced the number of coughs during the 3 min test
using citric acid, but did not reduce the number of coughs during the 5 min imme-
diately after the test in conscious guinea pigs.  Conclusion: Compounds 2, 3, 4,
and 5 were identified as the metabolites of BPP in human urine.  Among them,
compounds 2 and 3 are inactive in the antitussive effect.
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The purposes of the present study was to synthesize 4
putative benproperine metabolites: 1-[1-methyl-2-[2-(phenyl-
methyl)phenoxy]ethyl]-4-piperidinol (2), 1-[1-methyl-2-[2-
(phenylmethyl)phenoxy]ethyl]-3-piperidinol (3), as well as
their glucuronides 1-O-[1-[1-methyl-2- [2-(phenylmethyl)
phenoxy]ethyl]-piperidin-4-yl]-β-D-glucopyranosiduronic
acid (4) and 1-O-[1- [1-methyl-2-[2-(phenylmethyl)phenoxy]-
ethyl]-piperidin-3-yl]-β-D-glucopyranosiduronic acid (5)
(Figure 1), to identify the chemical structures of the metabo-
lites and to evaluate the antitussive effects of 2 and 3 phos-
phates.

Materials and methods

Instruments and chemicals  Melting points were deter-
mined in open capillary tubes and the thermometer was
uncorrected.   MS/MS spectra were recorded on a Finnigan
LCQ ion trap mass spectrometer via an electrospray ioniza-
tion (ESI) source in positive ion detection mode.   1H and 13C

NMR spectra were recorded on a Bruker ARX-600 instru-
ment with tetramethylsilane as an internal standard.  Ultra-
violet (UV) spectra were recorded on a Shimadzu UV-2201
instrument.

3-Piperidinol hydrochloride and 4-piperidinol were ob-
tained from the Aldrich Chemical Co.  We prepared 1-[2-
(phenylmethyl)phenoxy]-2-propanol p-toluensulfonate (6)
ourselves, according to published procedures[7,8], from o-
benzylphenol, which was kindly supplied by Aosen Pharma-
ceutical Co.  Methyl (2,3,4-tri-O-acetyl-1-O-trichloroaceti-
midoyl)-α-D-glucopyranuronate (7) was prepared by us, ac-
cording to Soliman et al[9] from D(+)-glucuronolactone, which
was obtained from Wako Chemical Co.  The structures of 6
and 7 were identified using 1H and 13C NMR.   Column chro-
matography was carried out on silica gel BW-820MH, which
was obtained from Fuji Silysia Chemical Co.  Benproperine
phosphate capsule was obtained from Shenyang Pharma-
ceutical Co.  Benproperine phosphate was kindly supplied
by Aosen Pharmaceutical Co and was recrystallized by us;
the purity was 98.5% by HPLC.   Citric acid was obtained
from Shenyang Dongxing Reagent Factory.   Test compounds
and citric acid used to investigate antitussive were all dis-
solved in physiological saline.  Methanol was of HPLC grade,
and the other chemicals used were of analytical grade.  Dis-
tilled water, prepared from demineralized water, was used in
LC/MS/MS.

The putative metabolites were synthesized with the pro-
cedure shown in Figure 2.

1-[1-Methyl-2-[2-(phenylmethyl)phenoxy]ethyl]-4-
piperidinol  (2)  A total of 3.64 g (36.0 mmol) of 4-piperidinol
and 3.6 g (9.0 mmol) of 1-[2-(phenylmethyl)phenoxy]-2-pro-
panol p-toluensulfonate (6)[7, 8] were fused on an oil bath at
100°C for 3 h, and stirred.  After cooling to an ambient
temperature, 15 mL of water was introduced.  The resultant
was extracted with dichloromethane (20 mL×3).  The com-
bined dichloromethane extracts were washed with water and

Figure 2.  Synthesis of benpro-
perine metabolites 2, 3, 4, and
5.

Figure 1.  Benproperine and its possible metabolites
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brine, and dried over anhydrous sodium sulfate.  The sol-
vent was removed under reduced pressure, leaving a brown
oil.  The residue was purified using silica gel column chroma-
tography, eluting with CHCl3/MeOH to leave the titled com-
pound 2 (2.49 g, 85.3%) as a pale-yellow oil.  The oil 2 (2.49 g,
0.77 mmol) was dissolved in an aqueous solution of 0.3 mol/L
H3PO4 (25 mL) and the water was removed under reduced
pressure.  The residue was recrystallized from ethanol, leav-
ing phosphate of 2 (2.60 g, 80.2%) as a colorless needle.

1-[1-Methyl-2-[2-(phenylmethyl)phenoxy]ethyl]-3-
piperidinol  (3) 3-Piperidinol was treated as in the procedure
described for 4-piperidinol, leaving 3 as a pale yellow oil
(82.1%) and its phosphate of 3 as a white powder.

1-O-[1-[1-methyl-2-[2-(phenylmethyl)phenoxy]ethyl]-
piperidin-4-yl]-β-D-glucopyrano-siduronic acid  (4) Phos-
phate of 2 (85 mg, 0.20 mmol) was suspended and stirred in
CH2Cl2 (4.0 mL) at -15°C under N2 atmosphere.  BF3 Et2O
(10 µL) was added to in one portion.  After 10 min of stirring,
methyl (2,3,4-tri-O-acetyl-1-O-trichloroacetimidoyl)-α-D-
glucopyranuronate (7) [9] (95 mg, 0.20 mmol) was added.  Stir-
ring was continued for 48 h at an ambient temperature.   EtOAc
(50 mL) was added, and the mixture was washed with satu-
rated Na2CO3 aqueous solution (10 mL×2) and brine (10 mL),
and dried over Na2SO4.  The solution was evaporated and
purified on silica gel column chromatography, eluted with n-
C6H14-EtOAc-MeOH in gradient.  1-O-[1-[1-Methyl- 2-[2-
(phenylmethyl)phenoxy]ethyl]-piperidin-4-yl]-2,3,4-tri-O-
acetyl-β-D-glu-copyranosiduronic acid methyl ester (8, 65
mg, 50.4%) was obtained as a colorless syrup.  Compound 8
was dissolved in MeOH (2 mL), and Na2CO3 aqueous solu-
tion (0.1 mol/L, 1 mL) was added at an ambient temperature
and stirred.  After 2.5 h of stirring, the mixture was desalted
and concentrated.  The titled compound 4 was obtained as a
colorless syrup.

1-O-[1-[1-methyl-2-[2-(phenylmethyl)phenoxy]ethyl]-
piperidin-3-yl]-β-D-glucopyranosiduronic acid (3-OH-BPP
glucuronide, 5)  Phosphate of 3 was treated as in the proce-
dure described above for phosphate of 2 to give the interme-
diate 9.  Then, the titled compound 5 was obtained as a pale-
yellow syrup after hydrolysis.

Urine sample  Seven healthy male volunteers, whose
mean (SD) age and weight were 22.7 (0.6) years and 62.2 (5.6)
kg, gave written informed consent to take part in the study
and local ethics approval was obtained.  Each of the volun-
teers swallowed 3 benproperine phosphate capsules (60 mg
BPP) with 200 mL of water.  Urine samples were collected at
0 h−24 h.  Blank urine was collected from the same volunteer
directly before being given the capsules.  The urine samples
were stored at -20°C until analysis.

A 1.0 mL urine sample was filtered through 0.45 µm of
precut membrane.  The filter was applied to a 3.0-mL Bond-
Elute C18 cartridge (0.5 g silica gel) preconditioned with 2 mL
aliquots of methanol and water.  After loading the sample,
the column was washed with 1 mL of water.   Metabolites
were eluted with 1 mL of methanol.  The eluate was evapo-
rated to dryness at 40°C under a gentle stream of N2.  The
residue was dissolved in 100 µL of the mobile phase.  A 20-
µL aliquot of the resulting solution was injected onto the
LC/MS/MS system for analysis.

A 1.0 mL portion of blank urine sample was treated as in
the above procedure, in which the solutions of putative me-
tabolites (2, 3, 4, or 5) in mobile phase were used instead of
mobile phase to obtain the spiked urine sample for LC/MS/
MS analysis.

LC/MS/MS analysis and identification of metabolites  A
Shimadzu LC-10AD pump was used in the LC/MS/MS system.
Chromatography was performed on a Diamonsil C18 column
(150×4.6 mm inner diameter, 5 µm, Dikma), which was coupled
with a Security Guard C18 guard column (4×3.0 mm inner
diameter, Phenomenex).  The components were eluted with
an isocratic mobile phase of methanol-water-formic acid
(50:50:1, v:v:v), and the flow rate was 0.5 mL/min.   The col-
umn temperature was maintained at 25 °C.  A Finnigan LCQ
ion trap mass spectrometer interfaced with liquid chroma-
tography via an electrospray ionization (ESI) source was used
for mass analysis in positive ion detection mode.  The capil-
lary voltage was fixed at 16 V, and its temperature was main-
tained at 200 °C.  The spray voltage was set at 4.25 kV.  The
HPLC fluid was nebulized using N2 as both the sheath gas at
a flow rate of 0.75 L/min, and the auxiliary gas at a flow
rate of 0.15 L/min.   The MS/MS spectra were produced by
collision-induced dissociation (CID) of the selected precur-
sor ions with He present in the mass analyzer, and the rela-
tive collision energy was set at 30%–40%.  Data were col-
lected and analyzed using the Navigator software (version
1.2).

Animals  Dunkin Hartley guinea pigs of both sexes,
weighing 200–300 g (Experimental Animal Center of Shen-
yang Pharmaceutical University, Shenyang, China) were
used.  All animal studies were in accordance with the Regu-
lations for the Administration of Affairs Concerning Experi-
mental Animals (China, 1988) and Implementing Regulations
of the Administration on Medical Experiments on Animals
(China, 1989).  The guinea pigs were maintained in standard
animal rooms, with food and water freely available, and on a
natural light-dark cycle.  They were allowed to adapt to the
conditions for at least 1 week before being used in experi-
ments.
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Investigation of antitussive effect  The antitussive effect
of BPP, 2 and 3 phosphates was evaluated in conscious
guinea-pigs against citric acid-induced coughs[10,11].   Guinea
pigs were placed individually in a transparent plexiglass cyl-
inder chamber (10 cm×10 cm×21 cm) and exposed to a nebu-
lized solution of 7.5% citric acid for 3 min.  An ultrasonic
nebulizer (402 AI, Shanghai Yuyue Medical Facilities) was
used to produce an aerosol with particles with an aerody-
namic mass median diameter of 1 mm; the volume of solution
aerosolized was approximately 0.6 mL/min.  Animals were
selected for the study according to the number of coughs
observed 24 h before the test, and animals with more than 20
or fewer than 6 coughs during the 3 min test were not used.
The compounds and the vehicle (physiological) saline were
given ip (2 mL/kg) for 1.5 h (for BPP×H3PO4) or for 40 min (for
2×H3PO4 and 3×H3PO4) before the test.  The number of coughs
during the 3 min test and during the 5 min immediately after
the test was determined.  The animals with different doses
(3 mg/kg, 9 mg/kg, 27 mg/kg for 2×H3PO4 and 3×H3PO4, 27
mg/kg for BPP×H3PO4) of drugs and the vehicle were grouped
according to a random table.  Animals were used only once
because of tachyphylaxis of the cough response.  Coughing
sounds were recorded and amplified using a microphone and
loudspeaker.  During the experiment, the animals were con-
tinuously watched by a trained observer who was unaware
of the treatment.  Sneezes and coughs were differentiated by
visual observation of the animals.

Statistical analysis Pharmacological results are repre-
sented as mean±SEM.  Data were analyzed using one-way
analysis of variance (ANOVA).  Whenever ANOVA was
significant, further comparisons between vehicle- and drug-
treatment groups were performed using Dunnett’s t-test.
The above analysis was performed using the software SPSS
V11.0 for Windows.

Results

Chemical synthesis  Compound 6, which was synthe-
sized from 2-benzylphenol[8], was fused with 4-piperidinol to
give 2 in 85% of yield.  3-Piperidinol was treated according to
the procedure for 4-piperidinol to give 3 in 82% of yield.
Glucuronides were synthesized from mono-hydroxylates (2
and 3) treated with trichloroacetimidate donor (7) followed
by basic hydrolysis (Figure 2).  The structures of products
were identified using ESI-MS, 1H NMR, and 13C NMR
(Table 1).

Metabolites of benproperine  Compared with correspond-
ing blank samples, the urine after being given of BPP showed
5 peaks corresponding to hydroxylated metabolites and 5
peaks corresponding to their glucuronides in LC/MS/MS
analysis (Figure 3).

Metabolites M1 and M2  M1 and M2 gave the same
pseudo-molecular ions [M+H]+ at m/z 326, similar MS/MS
spectra (Figure 4), but different retention times (Figure 3),

Figure 3.  Liquid chromatography-ion trap mass spectrometry SIM chromatogram of blank urine spiked with synthetic references 2, 3, 4, and
5 (A and D), urine sample after benproperine administration (B and E), and blank urine sample (C and F).  (SIM: Selected ion monitoring; NL:
Normalized level).
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indicating that they were isomers.  Their pseudo-molecular
ions were 16 u higher than that of the parent drug, indicating
the addition of a hydroxyl group to the parent drug.

The MS2 spectra of M1 and M2 displayed the same frag-
ment ions at m/z 308 and m/z 142 (Figure 4).   The presence of
the prominent ion at m/z 308 was 18 u lower than precursor
ions, indicating the loss of a water molecule from pseudo-

molecular ions and further proving the presence of hydroxyl
group.  The presence of the ion at m/z 142 indicates that the
hydroxyl group was in the piperidylpropanyl moiety.
However, the MS/MS data did not provide useful informa-
tion for assigning the exact site of hydroxylation.  Therefore,
M1 and M2 were definitely confirmed by comparing their
retention time and mass spectra with synthesized 2 and 3

Table 1.    Data of benproperine metabolites. Ultraviolet (UV) and melting point (Mp) data are of corresponding phosphates. MS: Mass
spectrum.

  Compound                                 1H δ (ppm)                                        13C δ (ppm)                             MS           UV-vis        Mp (°C)

2 CDCl3.1.11(3H, d, J 6.8 Hz, H-9), 1.54 (2H, CDCl3. 13.2 (C-9), 34.7 (C-3 and MS1 269 nm, 168–170
m, H-3a and H-5a), 1.67 (2H, m, H-3e and C-5), 36.1 (C-10), 46.8 (C-2 and 326, e 1.9×103

H-5e), 2.41(2H, m, H-2a and H-6a), 2.81 C-6), 58.4 (C-7), 67.9 (C-4), 69.7 MS2 (λmax,H2O)
(2H, m, H-2e and H-6e), 3.05 (1H, m, H-7), (C-8), 111.1 (C-16), 120.5 (C-14), 142,
3.62 (1H, m, H-4), 3.88 (1H, m, H-8), 3.98 125.7 (C-20), 127.4 (C-15), 128.2 308
(2H, s, H-10), 4.02 (1H, m, H-8), 6.88 (2H, (C-19 and C-21), 128.7 (C-18 and
m, ArH), 7.08 (1H, m, ArH), 7.25 (6H, m, C-22), 129.4 (C-12), 130.7 (C-13),
ArH) 141.0 (C-17), 156.5 (C-11)

3 CDCl3. 1.11(3H, d, J 6.8 Hz, H-9), CDCl3. 13.1 (C-9), 21.9 (C-5),31.8 MS1 269 nm, 147−149
1.50-1.75 (4H, m, H-4 and H-5), 2.40-2.64 (C-4), 36.1 (C-10), 50.0 (C-6), 56.4 326, ε 1.9×103

(4H, m, H-2 and H-6), 3.01 (1H, m, H-7), (C-2), 58.4 (C-7), 65.9 (C-3), 69.6 MS2 (λmax,H2O)
3.75 (1H, m, H-3), 3.82 (1H, m, H-8), 3.98 (C-8), 111.1 (C-16), 120.5 (C-14), 308,
(2H, s, H-10), 4.02 (1H, m, H-8), 6.88 (2H, 125.7, 127.4 (C-15), 128.2 (C-19 142
m, ArH), 7.08 (1H, m, ArH), 7.25 (6H, m, and C-21), 128.7 (C-18 and C-22),
ArH) 129.4 (C-12), 130.6 (C-13), 141.0

17), 156.6 (C-11)

4 CD3OD. 1.00 (3H, d, J 7.2Hz, H-9), 1.50 MS1

(2H, m, H-3a and H-5a), 1.84 ( 2H, m, H-3e 502,
and H-5e), 2.25-2.35 ( 2H, m, H-2a and H- MS2

6a), 2.72 (2H, m, H-2e and H-6e), 2.87 (1H, 326,
m, H-7), 3.10 (1H, m, H-3’), 3.31 (2H, m, MS3

H-2’ and H-4’), 3.45 (1H, d, J 9.6 Hz, H-5’), 142,
3.67 (1H, m, H-4), 3.81 (1H, m, H-8), 3.87 308
(2H, s, H-10), 3.93 (1H, m, H-8), 4.27 (1H,
d, J 7.8Hz, H-1’), 6.78 ( 1H, m, ArH), 6.83
(1H, m, ArH), 7.03 (4H, m, ArH), 7.10 (3H,
m, ArH)

5 CD3OD. 1.00 (3H, d, J 7.2Hz, H-9), 1.50 MS1

(2H, m, H-4a and H-5a), 1.68 ( 2H, m, H-4e 502,
and H-5e), 2.42 ( 2H, m, H-2a and H-6a), MS2

2.52 (2H, m, H-2e and H-6e), 2.81 (1H, m, 326,
H-7), 3.13 (1H, m, H-3’), 3.30 (2H, m, H-2’ MS3

and H-4’), 3.45 (1H, m, H-5), 3.70-3.93 308,
(3H, m, H-8 and H-3), 3.87 (2H, s, H-10), 142
4.46 (1H, d, J 7.8Hz, H-1’), 6.97 ( 1H, m,
ArH), 7.03 (1H, m, ArH), 7.09 (4H, m, ArH),
7.10 (3H, m, ArH)
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(Figures 3 and 4).  M1 possessed the same retention time
and mass spectra with 2, and was confirmed as 1-[1-methyl-
2-[2-(phenylmethyl)-phenoxy]ethyl]-4-piperidinol and, in
the same way, M2 was identified as 1-[1-methyl-2-[2-
(phenylmethyl)phenoxy]-ethyl]-3-piperidinol.

Metabolites M3 and M4  M3 and M4 gave the same

pseudo-molecular ions [M + H]+ at m/z 502, which were 176 u
higher than monohydroxylate metabolites, indicating conju-
gation of a glucuronic acid.  The MS2 spectra of M3 and M4
displayed same fragment ions at m/z 326, which possessed
the same mass to charge ratio as the pseudo-molecular ions
of M1 and M2.  The MS3 spectra of M3 and M4 displayed

Figure 4.  MS/MS spectra of benproperine metabolites (synthetic references 2, 3, 4, and 5).
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the fragment ions at m/z 308 and m/z 142, which were consis-
tent with MS2 spectra of M1 and M2, respectively (Figure 4).
It indicated that M3 and M4 were the glucuronides of M1
and M2, respectively.  The further confirmation was obtained
by comparing their retention times and MS/MS spectra with
the synthesized glucuronides 4 and 5 (Figure 3 and Figure 4).
M3 was identified as 1-O-[1-[1-methyl-2-[2-(phenylmethyl)
phenoxy]-ethyl]-piperidin-4-yl]-β-D-glucopyranosiduronic
acid.  In the same way, M4 was identified as 1-O-[1-[1-
methyl-2-[2-(phenylmethyl)phenoxy]ethyl]-piperidin-3-yl]-β-
D-glucopyranosiduronic acid.

The peaks at 4.6 min and 6.7 min (Figure 3) corresponded
to the two identified monohydroxylate metabolites[3].  Two
peaks gave the same pseudo-molecular ions [M + H]+ at m/z
326.  The MS/MS spectra showed the fragment ion at m/z 163
and 126 for the peak at 4.6 min and m/z 126 for the peak at
6.7 min, respectively.

Pharmacology  Exposure to a nebulized solution of 7.5%
citric acid aerosol caused coughing in control animals within
88.1±5.9 s (n=10), and both test compounds prolonged the
latency of cough without dose-dependency as shown in
Table 2.   Immediately after exposure to citric acid, there is a
hypersensitive period and the animals tend to cough
continuously.  For the control group, the number of coughs
during the 3 min test was 8.2±1.2; all three compounds sig-
nificantly decreased the number of coughs during the 3 min
test, but 2 and 3 failed to decrease the number of coughs
during the 5 min immediately after the test (Table 2).

Discussion
In synthesis of putative metabolites 4 and 5, the form of

basic acceptor, reaction promoter, and the order of addition
are all important variables in glucuronidation.  The strong
electron-withdrawing character of the 6β-methoxycarbonyl

group in any activated glucuronate makes such species no-
toriously poor donors[12], so that glucuronidation is difficult.
The phosphate of 2 was treated with a trichloroacetimidate
donor in the presence of BF3×Et2O to give protected glucu-
ronide 4 in 52% of yield.  However, in free form of 2, no
desired product was obtained.  The salt form of the basic
acceptor was better than its free form for glucuronidation,
with Lewis acid used as the promoter in the present study.
When trimethysilyl trifluoromethane sulfonate (TMSOTf)[9]

was used as a promoter instead of BF3×Et2O, more of the by-
product, 2 acetylate, was obtained and the yield of the de-
sired product was increased.  An inverse addition, which
means trichloroacetimidate 7 was added into the mixed solu-
tion of 2 phosphate and BF3×Et2O, improved the yield to
52% from 21%.  This result is consistent with the prior report
for glucuronidation of other compounds[13].

In positive-ion mode, compounds 2 and 3 formed pseudo-
molecular ions [M+H] + at m/z 326.  They are two isomers;
each of them contains a hydroxyl group in the piperidyl ring
and an ether bond.  The same product ions were observed in
the full scan of MS/MS spectra at m/z 308 and 142, with
different relative abundance for 2 compounds.  The frag-
ment ion at m/z 142 was formed by cleavage of the ether
bond (Figure 4).  The fragment ion at m/z 308 was formed by
dehydration, which was easier going in 3 than in 2 because
p- π conjugated system was formed after dehydration in the
former.  Therefore, m/z 308 was the base peak for 3 and m/z
142 was the base peak for 2.

Hydroxylation and glucuronidation are 2 general path-
ways of drug metabolism, by which drug can be metabolized
to more polar, hydrophilic entities, which can be excreted
from the body more easily.  The presence of M1 (2), M2 (3)
and their glucuronides M3 (4) and M4 (5) is consistent with
the general rule of metabolism.  In human urine, some

Table 2.    The antitussive effect of benproperine and its metabolites 2 and 3 phosphates using 7.5% citric acid aerosol in guinea pigs. n=10.
Mean±SD. bP<0.05, cP<0.01 vs vehicle.

      Drug                Dose/mg·kg–1                    Time to onset of                       Coughs during 3 min               Coughs during 5 min
                                                                                  first cough/s                                 challenge                           after the challenge

Vehicle －   88.1±5.9 8.2±1.2 16.5±2.5
BPP×H3PO4 2 7 129.9±14.0b 2.7±1.0c   4.7±1.2c

2×H3PO4 2 7 127.6±14.0b 2.9±0.8c   9.6±2.6
  9 125.2±9.6c 3.6±0.9c 16.2±2.5
  3 132.3±10.3c 3.9±0.9b 16.4±3.3

3×H3PO4 2 7 131.2±13.8b 4.0±0.9b 14.3±3.3
  9 131.3±11.0c 5.0±1.2 16.9±1.9
  3 126.8±10.0b 3.9±0.8c 15.6±1.5
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dihydroxylate metabolites besides monohydroxylate were
detected; no dealkylation metabolite was detected.  In the
present study, 4 monohydroxylate metabolites and 2 glucu-
ronide metabolites were identified.  The chromatogram
(Figure 3) indicates that the hydroxylated metabolites of
benproperine were recovered in urine mainly as glucuronides,
and in very low concentrations as free forms.  M1 and M2
were also found in human plasma.

The free forms of compound 2 (M1) and 3 (M2) are oils,
which are difficult to be weighed, and the water-solubility of
the free forms are poor.  They are not suitable for use in the
study of antitussive activity.  Benproperine is generally used
in clinical treatments as dihydrogenphosphate.  Therefore,
we converted the free form of compounds 2 and 3 to their
phosphates for pharmacological study.

The experimental model to induce coughing using citric
acid is the model most frequently adopted and extensively
studied in animals and in humans[14].  Citric acid can induce
coughing in guinea pigs by increasing the volume of bron-
chial secretion[10], by acting on capsaicin sensitive sensory
neurons[15,16] or by disturbing the pH of the airway surface
liquid[17].  However, it induces the airway hyper-reactivity in
guinea pigs[18].  Although phosphates of 2 and 3 produced
an increase in the latency of the first cough and decreased
the number of coughs during the 3 min test using citric acid,
they did not decrease the number of coughs during the 5 min
immediately after the test.  The results showed that phos-
phates 2 and 3 did not inhibit the coughing induced by citric
acid in guinea pigs.

In conclusion, 8 novel compounds, 2−5, 8, 9, and phos-
phates of 2 and 3 were synthesized successfully for the first
time.  1-[1-Methyl-2-[2-(phenylmethyl)phenoxy]ethyl]-4-
piperidinol (2), 1-[1-methyl-2-[2-(phenylmethyl)phenoxy]
ethyl]-3-piperidinol (3), 1-O-[1-[1-methyl-2-[2-(phenyl
methyl)-phenoxy]ethyl]-piperidin-4-yl]-β-D-glucopyrano-
siduronic acid (4) and 1-O-[1-[1-methyl- 2-[2-(phenylmethyl)
phenoxy]ethyl]-piperidin-3-yl]-β-D-glucopyranosiduronic
acid (5) were identified to be metabolites of benproperine in
human urine.  Compounds 2 and 3 are inactive metabolites of
benproperine.
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Stereoselectivity in metabolic 3-reduction of tibolone in healthy Chinese
female volunteers
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Abstract
Aim: To investigate the stereoselectivity in human metabolic 3-reduction of
tibolone.  Methods: Twenty healthy Chinese female volunteers were given a single
oral dose of tibolone (2.5 mg), and serial blood samples were collected after
treatment.  The plasma concentrations of the two pharmacologically active 3-
hydroxyl metabolites of  tibolone, 3α-hydroxyl-7-methyl- norethynodrel (3α-HMN)
and 3β-hydroxyl-7-methyl- norethynodrel (3β-HMN) in plasma were determined
by using a validated liquid chromatography-mass spectrometry (LC-MS) method.
Results: The apparent elimination half-life (T½) of 3α-HMN was 1.43±0.52 h, and
that of 3β-HMN was 1.53±0.60 h.  Maximum plasma concentrations (Cmax) were
found to be 8.75±4.36 µg/L for 3α-HMN and 3.59±1.81 µg/L for 3β-HMN.  Areas
under the plasma concentration versus time curve (AUC0–t) were 26.30±12.14 µg·
h-1· L-1 for 3α-HMN and 9.89±4.93 µg·h-1· L-1 for 3β-HMN.  Conclusion: Stereo-
selective differences exist in the pharmacokinetics of tibolone metabolism in
humans.
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Introduction
Tibolone, [7α,17α-7-methyl-17-hydroxyl-19-norpregn-5

(10)-en-20-yn-3-one], also called 7-methyl-norethynodrel
(MN), is a synthetic steroid (Figure 1) used in hormone re-
placement therapy (HRT) for postmenopausal women.  Clini-
cal data indicates that tibolone can produce the hormonal

effects needed to treat climacteric symptoms and to prevent
the long-term effects of menopause without stimulating the
breast or endometrial tissues[1–3].  After administration to
women, the compound is quickly metabolized into a 3α-hy-
droxyl metabolite (3α-hydroxyl-7-methyl- norethynodrel; 3α-
HMN) and a 3β-hydroxyl metabolite (3β-hydroxyl-7-methyl-
norethynodrel; 3β-HMN) by the enzymes 3α/β-hydroxyste-
roid dehydrogenase in the intestine and the liver[4,5].  Tibolone
itself has weak binding affinities to human estrogen, proges-
terone and androgen receptors, whereas the two 3-hydroxyl
metabolites bind solely to the estrogen receptor, and 3α-
HMN is approximately 3 times as effective as 3β-HMN[6].
The clinical merits of tibolone are thought to be a result of
the tissue-specific activity of the drug and its main metabo-
lites[7, 8].

The pharmacokinetics of tibolone in female patients have
been studied recently, and the plasma concentrations of 3α-
HMN and 3β-HMN were determined by using a gas chroma-
tography-mass spectrometry (GC-MS) method[9].  However,
the pharmacokinetics of tibolone metabolism in a Chinese
human population have not been studied.  The present study
was undertaken to investigate stereoselectivity in the phar-Figure 1.  Structure of the 3-hydroxyl metabolites of tibolone.
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macokinetics of tibolone metabolism in healthy Chinese fe-
male subjects using a validated liquid chromatography-mass
spectrometry (LC-MS) method.

Materials and methods
Subjects  Twenty healthy Chinese female subjects rang-

ing in age from 30 to 40 years (36.4±3.6 years), in weight from
47 to 67 kg (56.1±5.8 kg), and in height from 143 to 170 cm
(157.1±6.4 cm) were enrolled in the study.  All subjects were
in good health and underwent a pre-enrolment screening
that included ascertaining the subjects’ medical history, a
physical examination, an electrocardiogram (ECG), labora-
tory tests and urinalysis.  No medication was used by the
subjects for at least 2 weeks before the study and alcohol
was forbidden within the 72 h before drug administration.
Approval was obtained from the Institutional Review Board
of the Obstetrics and Gynecology Hospital, Medical Center
of Fudan University, Shanghai, and all subjects gave written
informed consent.

Clinical protocol  After an overnight fast of at least 10 h,
subjects took one tablet of Livial, which contained 2.5 mg
tibolone, with 200 mL water and continued fasting for 2 h.
Blood samples obtained from an antecubital vein prior to
treatment and at 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 6.0, 8.0, 12.0, and
18.0 h after treatment were placed in heparinized tubes.  The
samples were immediately centrifuged at 3000×g for 15 min,
and the plasma was separated and frozen at -20 °C until
analysis.

LC-MS analysis of the metabolites in plasma  Plasma
concentrations of 3α-HMN and 3β-HMN were determined
by using a LC-MS method described elsewhere[10].  Plasma
samples were derivatized with p-toluenesulfonyl isocyanate
after extraction with ethyl acetate.  Separation of the two
derivatized 3-hydroxyl metabolites was carried out on a
Diamonsil C18 column with a linear gradient elution of mix-
tures of methanol and ammonia acetate aqueous solution.
The analytes were detected with a mass spectrometry detec-
tor in the negative selected ion monitoring (SIM) mode.

The limit of quantitation for both 3α-HMN and 3β-HMN
was 100 ng/L, and the accuracy was 91.6%–116% for 3β-
HMN and 90.4%–104% for 3β-HMN.  The inter-day and in-
tra-day coefficients of variation for 3α-HMN and 3β-HMN
were less than 13.8% and 11.3%, respectively, over the con-
centration range 0.1–30 µg/L.

Pharmacokinetic analysis  Pharmacokinetic parameters
were estimated by using non-compartmental analysis of
curves of 3α/β-HMN isomer plasma concentrations versus
time.  Maximum plasma concentrations (Cmax) and the corre-
sponding times (Tmax) were read as the coordinates of the

highest raw data point for each volunteer.  The area under
the plasma concentration versus time curve (AUC0–t) was
estimated by using the linear trapezoidal rule up to the last
measurable time.  AUC0–∞ was obtained by adding the part of
the area extrapolated to infinity (last measurable concentra-
tion/ke) to AUC0-t, where ke is the slope of the linear regres-
sion analysis of natural log concentrations against time.  The
elimination half-life (T½) was estimated from the plasma data
by using the equation T½=0.693/ke.  The values were ex-
pressed as mean±SD.  Differences between 3α-HMN and
3β-HMN in the pharmacokinetic data were evaluated statis-
tically by using the independent-samples t-test.  P<0.05 was
considered statistically significant.

Results
Plasma drug concentration-time curves  After subjects

were given tibolone, the mean plasma concentrations of 3α-
HMN and 3β-HMN were all below 10 ng/mL, and the mean
plasma concentrations of 3α-HMN were much greater than
those of 3β-HMN (Figure 2).  The last time point for which all
subjects had measurable concentrations of 3α-HMN and 3β-
HMN was 18 h.

Pharmacokinetic parameters of the metabolites  After
subjects were given tibolone at a dose of 2.5 mg, Cmax values
for 3α-HMN and 3β-HMN were estimated to be 8.75 and 3.59
µg/L, and the mean AUC0–t values were 26.30 and 9.89 µg·h-1·
L-1, respectively.

There was no significant difference in Tmax and T½ be-
tween 3α-HMN and 3β-HMN (P>0.05, Table 1).  After sub-
jects were given tibolone, the two metabolites both reached
peak concentrations in the blood at 1.5 h, and T½ values for
3α-HMN and 3β-HMN were 7.45±2.03 h and 7.50±1.83 h,
respectively.

Figure 2.  Mean plasma concentration-time curve for 3α-hydroxyl-
7-methyl-norethynodrel (■) and 3β-hydroxyl-7-methyl-norethyno-
drel (○) after a single oral dose of 2.5 mg tibolone.  n=20.  Mean±SD.
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Discussion
The mean pharmacokinetic parameters of 3β-HMN were

similar to those found by Timmer et al[9], whereas the peak
plasma concentration of 3α-HMN in our study (8.75±4.36
µg/L) was much lower than that reported elsewhere for early
(14.6±5.4 µg/L)[9] or late postmenopausal women (16.7±6.6
µg/L)[9].  Moreover, the AUC0–∞ of 3α-HMN in the present
study (30.97±14.10 µg·h-1·L-1) was also lower than that re-
ported elsewhere for early (49.6±14.6 µg·h-1·L-1) or late post-
menopausal women (62.6±17.3 µg·h-1·L-1)[9].

There was a significant difference between the two 3-
hydroxyl metabolites in all mean pharmacokinetic parameters
except for Tmax and T½ (Table 1).  The mean Cmax and AUC0–t

values of 3β-HMN were approximately 59% and 62% lower
than that of 3α-HMN, respectively.  Mean 3α/3β stereoiso-
mer ratios for plasma concentrations of the two metabolites
in 20 subjects ranged from 1.5 to 3.0 after administration
(Figure 3).  These results indicate that a stereoselective dif-
ference exists in the 3-hydroxylization metabolism of tibolone.

Although a 3α-hydroxylization intensive metabolism was

Table 1.  Mean pharmacokinetic parameters of 3α-HMN and 3β-
HMN after a single dose of 2.5 mg tibolone in 20 volunteers.  Data
are mean±SD.  cP<0.01 versus 3α-HMN.

    Parameter           3α-HMN                  3β-HMN

Cmax (µg/L)   8.75±4.36   3.59±1.81c

Tmax (h)   1.43±0.52   1.53±0.60
T½ (h)   7.45±2.03   7.50±1.83
AUC0-T (µg·h-1·L-1) 26.30±12.14   9.89±4.93c

AUC0-∞ (µg·h-1·L-1) 30.97±14.10 11.77±5.63c

found for the metabolism pharmacokinetics of tibolone in
the 20 subjects as a whole (with a mean 3α/3β AUC0–T ratio
of 3.11), two 3α-hydroxyl-poor metabolizers were found in
the present study (with 3α/3β AUC0–t ratios of 0.71 and 0.99;
Figure 4).  Differences in the 3α/β-hydroxylization metabo-
lism of tibolone, as well as desogestrel, by different species
of animals have been confirmed by Verhoeven et al[11,12]:
both drugs had mainly 3α-hydroxyl metabolites in rats, but
3β-hydroxyl metabolites in dogs.  Because 3α-hydroxysteroid
dehydrogenase and 3β-hydroxysteroids dehydrogenase re-
duce 3-keto steroids, polymorphism for 3α/β-hydroxylization
metabolism can be explained by individual differences in 3α-
hydroxysteroid dehydrogenase activity and 3β-hydro-
xysteroid dehydrogenase activity.
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Erratum

Acta Pharmacol Sin 2005 Aug; 26(8):926-33.  An error appeared in the Abstract. “The first selective
COX-2 inhibitor, celecoxib, entered the market in December 1999” should be changed to “The first
selective COX-2 inhibitor, celecoxib, entered the market in December 1998.” The journal regrets the error.
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