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In mammals, DNA methylation plays
a crucial role in the regulation of
gene expression, telomere length, cell
differentiation, X chromosome inactiva-
tion, genomic imprinting and tumori-
genesis'. DNA methylation patterns
are established de novo by DNA meth-
yltransferases (DNMTs) 3a and 3b,
whereas DNMT1 maintains the parent-
specific methylation from parental cells
to their progeny™. After DNA replica-
tion, the new DNA strand is unmethy-
lated. Thus with the mother methylated
strand, the DNA is hemimethylated.
The protein UHRF1 (ubiquitin-like, con-
taining PHD and RING finger domains
1) recognizes and binds to the hemi-
methylated sites by its SRA domain.
Then DNMT1 is recruited to the sites by
the same domain, thereby it methylates
the newly synthesized DNA strand®™ *.
Increased DNMT1 abundance has been
seen in many human cancers, and the
roles of DNMTT1 in tumorigenesis have
been shown by some genetic knockout
and RNA interference-mediated knock-
down studies™ .. Seeing that the mRNA
abundance of DNMT1 contributes less
to DNMT1 abundance, the stability
of DNMT1 protein therefore plays an
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important role in human cancers” %.

Ubiquitin-proteasome pathway is sig-
nificant in the stability of DNMT1® but
ubiquitin-mediated protein degradation
can be enhanced or attenuated by some
modifications like acetylation/deacety-
lation, protein methylation/demethyla-
tion, phosphorylation and S-nitrosy-
lation”""l. Esteve et al demonstrated
that SET7-mediated lysine methylation
of DNMT1 decreased DNMTT1 level
by ubiquitin-mediated degradation!’.
Furthermore, an early study!” showed
that HDAC inhibitors could induce
degradation of DNMT1. These suggest
that DNMT1-associated proteins may
play key roles in DNMT1 stability. In a
recent issue of Science Signaling, Du et al
reported™ that some DNMT1-associated
proteins can ubiquitinate/deubiquiti-
nate and acetylate/deacetylate DNMT1.
These modifications make the regulation
of DNMTT1 stability more coordinated
(Figure 1).

They identified deubiquitinase HAUSP
(herpesvirus-associated ubiquitin specific
protease) as a DNMT1-associated pro-
tein. Knockout or knockdown of HAUSP
increased DNMT1 ubiquitination and
reduced its abundance, then they dem-
onstrated the direct deubiquitination
of DNMTT1 in vitro by purified HAUSP
recombinant proteins. They also found
that overexpression of DNMT1-associ-
ated E3 ligase UHRF1 led to increased
ubiquitination of DNMT1 and decreased

abundance of DNMT1 mutant lacking
the HAUSP interaction domain, but not
the full-length protein. These results
show the coordination between ubiquit-
ination of DNMT1 by UHRF1 and deu-
biquitination by HAUSP. Furthermore,
they found that knockdown of HDAC1
increased DNMT1 acetylation, and
reduced DNMT1 abundance. Addition-
ally, acetyltransferase Tip60 which was
found to acetylate DNMT1 promoted its
ubiquitination, then destabilized it. At
last, Tip60 and HAUSP were found to
regulate DNMT1 protein stability dur-
ing the cell cycle. The following clinical
samples of human colon cancer also
revealed the correlation between the
abundance of HAUSP and the abun-
dance of DNMT1.

Drugs targeting epigenetic modifica-
tions have been edging toward anti-
cancer therapies. DNMT1 also pro-
vides a candidate anti-cancer target!"!.
Although global genomic DNA hypo-
methylation and tumor suppressor genes
hypermethylation have been frequently
observed in different human cancers,
this methylation change is not caused
simply by increased levels of DNMT1".
This paper shows that DNMT1, HAUSP,
UHRF1, Tip60, HDACI1, and PCNA
(proliferating cell nuclear antigen) can
interact with each other, thus they regu-
late DNMTT1 stability and activity by a
more coordinated way. Consequently,
the current or future epigenetic drugs
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Figure 1. A model of posttranslational regulation of DNMT1 stability!*®. DNMT1 physically
interacts with HAUSP, Tip60, UHRF1, HDAC1, and PCNA on chromatin. After the completion of DNA
methylation in S phase, HAUSP dissociates from DNMT1 to enable DNMT1 degradation. Moreover,
increased abundance of Tip60 results in increased acetylation of DNMTZ1, which in turn triggers the
ubiquitination of DNMT1 by UHRF1. This sequence of events results in proteasomal degradation of
DNMT1. In contrast, HAUSP and HDAC1 protect DNMT1 from degradation through deubiquitination
and deacetylation, respectively. Reprinted with permission from AAAS: Science Signaling, copyright
2010.

such as 5-aza CdR (DNMT1 inhibi- a potential combination for effective
tor), HDAC inhibitors, HAUSP inhibi- cancer therapy. And equally, the drug
tors, and UHRF1 inhibitors may have interactions and side effects should be
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taken into account, as one of the inhibi-

tors may affect the other targets.
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Active ingredients in Chinese medicines promoting
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The positive inotropic effect of cardiac glycosides lies in their reversible inhibition on the membrane-bound Na“/K*-ATPase in human
myocardium. Steroid-like compounds containing a core structure similar to cardiac glycosides are found in many Chinese medicines
conventionally used for promoting blood circulation. Some of them are demonstrated to be Na'/K*-ATPase inhibitors and thus puta-

tively responsible for their therapeutic effects via the same molecular mechanism as cardiac glycosides. On the other hand, mag-
nesium lithospermate B of danshen is also proposed to exert its cardiac therapeutic effect by effectively inhibiting Na*/K"-ATPase.
Theoretical modeling suggests that the number of hydrogen bonds and the strength of hydrophobic interaction between the effective
ingredients of various medicines and residues around the binding pocket of Na“/K*-ATPase are crucial for the inhibitory potency of
these active ingredients. Ginsenosides, the active ingredients in ginseng and sanqj, substantially inhibit Na*/K*-ATPase when sugar
moieties are attached only to the C-3 position of their steroid-like structure, equivalent to the sugar position in cardiac glycosides.
Their inhibitory potency is abolished, however, when sugar moieties are linked to C-6 or C-20 position of the steroid nucleus; presum-
ably, these sugar attachments lead to steric hindrance for the entrance of ginsenosides into the binding pocket of Na'/K'-ATPase.
Neuroprotective effects of cardiac glycosides, several steroid-like compounds, and magnesium lithospermate B against ischemic stroke
have been accordingly observed in a cortical brain slice-based assay model, and cumulative data support that effective inhibitors of
Na*/K*-ATPase in the brain could be potential drugs for the treatment of ischemic stroke.
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Introduction

In an aging population cardiovascular diseases, such as con-
gestive heart failure, have gradually become serious health
challenges. Congestive heart failure, generally defined as
incapability of the heart to supply sufficient blood flow
to meet the body’s needs, frequently leads to significantly
adverse influences on physical and mental health, resulting in
a markedly decreased quality of life and even death. While
cardiac glycosides, such as digoxin, digitoxin and ouabain,
have been a cornerstone of the treatment of congestive heart
failure for more than two centuries, severe side effects have

231 The nar-

been reported for these steroid-like compounds
row therapeutic index (the margin between effectiveness
and toxicity) of cardiac glycosides further limits their clinical

applications. The limited benefit with certain side effects of
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the existing remedies has prompted investigators to search for
complementary and alternative therapies and drugs.

Many traditional Chinese medicines have long been used
in the treatment of various cardiovascular diseases, such as
coronary heart disease, heart stroke and myocardial infarction,
and some of them are effective in promoting blood circulation,
removing blood stasis and supplementing vital energy! .
Although these medicines display considerable therapeutic
effects with low toxicity, little is known about their primary
active ingredients and detailed pharmaceutical mechanisms.
Nevertheless, these traditional Chinese medicines, dating back
2000 years, have been regarded as valuable sources to screen
potential drugs for the treatment of cardiovascular diseases.

With the rapid development of technology, numerous con-
stituents in traditional Chinese medicines have been isolated
and structurally determined”. Abundant steroid-like com-
pounds, structurally similar to cardiac glycoside, have been
found in many Chinese medicines used for promoting blood

circulation™ . Tt is likely that these steroid-like compounds
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are responsible for the therapeutic effects of these medicines
via the same molecular mechanism triggered by effective inhi-
bition of Na*/K'-ATPase. On the other hand, no appreciable
contents of steroid-like compounds are found in danshen
(Salvia miltiorrhiza), a well-known Chinese herb tradition-
ally regarded as an effective medicine for promoting blood

circulation™”

. Instead, magnesium lithospermate B (MLB), the
major soluble ingredient in danshen, is assumed to be respon-
sible for the therapeutic effect by inhibiting Na*/K'-ATPase in
a manner comparable to that of cardiac glycosides.

This review summarizes recent research on Na“/K*-ATPase
inhibitory potency of some active ingredients identified in
the Chinese medicines used for promoting blood circula-
tion. Molecular modeling and docking of these compounds
to Na“/K"-ATPase resolve at molecular level the difference
in their inhibitory potency. Potential usage of these active
ingredients as inhibitors of Na"/K"-ATPase in the brain for the
treatment of ischemic stroke is also discussed.

Structure and function of Na*/K*-ATPase
Na’/K"-ATPase, a P-type ATPase also known as sodium
pump, is an active transport system of sodium and potassium
ions that is highly conserved in all animal cells. It commonly
consumes 20%-30% of the adenosine triphosphate (ATP)
energy generated in animal cells at rest to actively transport
three Na* out of and two K" into cells™".
structure of Na'/K'-ATPase recently resolve

The X-ray crystal
d™ ™ shows
that it is composed of three subunits (a, f and y subunits)
with distinct properties™"”); and the a catalytic subunit, a 112
kDa protein, contains sites important for ATP binding and
phosphorylation as well as ion occlusion (Figure 1A) and an
ouabain-binding site (Figure 1B), the primary binding site for
many pharmacological agents, such as cardiac glycosides, that
affect pump activity™.

Physiological functions of Na*/K"-ATPase have been
deduced from its role as an ion pump. Specifically, the abil-
ity of Na'/K"-ATPase to establish and maintain ion gradients
makes it essential for the generation and maintenance of elec-
trical membrane potentials, which are necessary for neuronal
excitability, transmission™ and cardiac muscle contraction®”,
Na'/K*-ATPase also generates the Na" gradient that is critical
for the reabsorption of sodium ion and water from the glom-

erular filtrate in the nephron®!

[22]

and absorption of fluid from
the lungs and intestine'™™. It can also drive secondary active
co-/countertransporters, which are coupled to the gradient
of extracellular to intracellular Na* concentration, such as the
sodium glucose cotransporter and the Na*/Ca®" exchanger!™'.
In addition, recent findings have suggested additional signal-
ing modes of action of Na*/K"-ATPase* !

regulation of several important cellular processes and high-

, implicating its

lighting potential therapeutic roles of its inhibitors (such as
cardiac glycosides) in various diseases.

Inhibition of Na*/K*-ATPase by cardiac glycosides
leading to a positive inotropic effect
Cardiac glycosides, such as ouabain and digoxin, are a diverse

Acta Pharmacologica Sinica

Extracellular

Figure 1. (A) Crystal structure of ouabain binding to the extracellular
pocket of shark rectal gland Na'/K*-ATPase (PDB code 3A3Y) o subunit™*".
Amino acid residues of Na‘/K'-ATPase « subunit are shown in ribbon
structure, and ouabain in scaled ball and stick. K" binding sites are
shown in purple balls. (B) Enlarged diagram without the membrane
bilayer shown in the blue box of (A).

family of naturally derived compounds that bind to and
inhibit Na*/K*-ATPase. While they show considerable struc-
tural diversity, all members of this family share a common
steroidal framework, regarded as the pharmacophoric moiety
responsible for the activity of these compounds?”. Generally,
this steroid core is double-substituted with an unsaturated
lactone ring at position 17 and a sugar portion at position 3;
and this lactone moiety of cardiac glycosides is critical for
their potent inhibition of Na'/K*-ATPase. Although the sugar
moiety does not greatly influence their biological activity, the
addition of sugars to the steroid core affects the pharmacody-
namic and pharmacokinetic profile of each glycoside®™.
Cardiac glycosides have been in clinical use for many years
for the treatment of congestive heart failure and cardiac
arrhythmia, and the mechanism of their positive inotropic
effect is well characterized. According to the most widely
accepted molecular mechanism responsible for the therapeutic
effect of cardiac glycosides, they act through reversible inhibi-
tion of Na'/K*-ATPase in the membrane of heart muscle



cells® . In human heart, inhibition of the Na* /K*-ATPase
leads to the accumulation of intracellular sodium ion, which
decreases the sodium gradient across the membranes of car-
diac muscle cells. This reduced sodium gradient in turn limits
the activity of the Na*/Ca®> exchanger in the cell membrane,
which normally uses the sodium gradient for energy in the

extrusion of calcium ion®'.

Each cardiac action potential
is thus followed by elevated levels of residual intracellular
calcium ion, and the net effect of which is to strengthen suc-

cessive heart contractions®.

In this way, inhibition of the
Na“/K"-ATPase by cardiac glycosides produces beneficial
effects in patients with congestive heart failure. However,
severe side effects and narrow therapeutic index of cardiac
glycosides have apparently limited their clinical applica-

tions®.

Steroid-like compounds in Chinese medicines for
promoting blood circulation and their inhibitory potency
on Na'/K*-ATPase

Many Chinese medicinal products traditionally used in the
treatment of cardiovascular diseases seem to achieve their
therapeutic effects via promotion of blood circulation. A
number of steroid-like compounds, such as triterpenoids,
steroids and saponins, have been found in Chinese medici-
nal products used for promoting blood circulation (Table 1),
and regarded as the active ingredients responsible for their
therapeutic effects™ .
between the core structure of these steroid-like compounds

In light of the structural similarity

and the steroidal framework of cardiac glycosides, we pro-
pose that some of these medicines may possess therapeutic
effects via inhibition of Na*/K"-ATPase by their steroid-like

www.chinaphar.com
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compounds'®!

. Some of the steroid-like compounds listed in
Table 1 are commercially available and thus subjected to Na*/
K*-ATPase inhibition assay (Figure 2). The results show that
all examined steroid-like compounds found in Chinese medi-
cines for promoting blood circulation displayed more or less
inhibitory potency on Na'/K*-ATPase. Among these steroid-
like compounds, bufalin (structurally almost equivalent to
ouabain) exhibits significantly higher inhibitory potency (ICs,
value around 1 umol/L) than the others while ginsenoside
Rh2, ursolic acid and oleanolic acid are relatively moderate
inhibitors of Na*/K*-ATPase with ICs, values around 50-100
pmol/L. Based on the experimental observation of inhibitory
potency of steroid-like compounds on Na"/K*-ATPase, the
therapeutic effects of many cardiac Chinese medicines may
be partly attributed to various steroid-like compounds that
promote blood circulation via the same molecular mechanism
triggered by cardiac glycosides, that is, accentuating the force
of myocardial contraction by elevating calcium concentration
via the inhibition of Na*/K"-ATPase.

Inhibition of Na*/K'-ATPase by MLB, a non-steroid
compound, leading to the therapeutic effect of danshen

Danshen, the dried roots of medicinal plant Salvia miltiorrhiza,
is one of the most popular Chinese medicines widely used in
many medicinal preparations and formulae taken by people
in several Asian countries. Traditionally it is regarded as
an effective herb for promoting blood circulation, removing
blood stasis, relieving pain, stimulating menstrual discharge,
and relaxing the mind. Therefore, danshen has also been
extensively used in the treatment of coronary heart disease,
myocardial infarction, heart failure, menstrual disorders, and

Table 1. Steroid-like compounds in Chinese medicines used for the promotion of blood circulation.

Compound Chinese medicinal sources References
Bufalin The dried venom of Bufo bufo gargarizans Cantor or B bufo melanostictua Schneider 33,34
Ginsenoside Rh2 The dry root of Panax ginseng or P notoginseng F H Chen 35-37
Ursolic acid Whole plant of Prunella vulgaris L with dry flowers 38, 39
Oleanolic acid Whole plant of Prunella vulgaris L with dry flowers 38,39
Saikosaponin A The dry root of Bupleurum chinense DC or B scorzonerifolium Willd 40, 41
Cholic acid The dried bile of Ursus arctos Linnaeus or Selenarctos thibetanus G Cuvier 42,43
Sarsasapogenin The dry root of Anemarrhena asphodeloides Bge 44
Polygalacic acid The dry root of Platycodon grandiflorum (Jacq) A DC 45
Jujuboside B The mature seeds of Ziziphus jujube Mill var spinosa (Bunge) Hu ex H F Chou 46
Glycyrrhizin The root of Glycyrrhiza uralensis Fisch - G inflata Bat or G glabra L 47,48
Astragaloside Il The dry root of Astragalus membranaceus (Fisch) Bge or var mongholicus (Bge) Hsiao 49
Betulinic acid The dried root cortex of Paeonia suffruticosa 50
Inokosterone The dry root of Achyranthes bidentata Blume 51
Dehydrocorydaline The tuber of Corydalis yanhusuo W T Wang 52,53
Rhynchophylline The hook of Uncaria rhynchophylla (Miquel) Jacks 54,55
Hirsutine The hook of Uncaria rhynchophylla (Miquel) Jacks 56-58
Cucurbitacin D The fruit of Trichosanthes kirilowii Maxim or T rosthornii Harms 59, 60
B-Boswellic acid The oleogum resin of Boswellia carterii Birdwood 61
Isolimonoic acid The fruit of Citrus aurantium L 62
B-Sitosterol The rhizome of Sparganium stoloniferum Buch-Ham 63
Pachymic acid The sclerotium of Poria cocos (Schw) Wolf 64

Acta Pharmacologica Sinica
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other cerebrovascular diseases®. Ingredients in danshen

are mainly divided into water-soluble and lipid-soluble com-
pounds. Although some lipid-soluble constituents in this
herb, such as tanshinones, have been conventionally consid-
ered the active ingredients®” *, the major water-soluble com-
ponent MLB, a derivative of caffeic acid tetramer, recently has
also been demonstrated to possess several medicinal effects,
such as vasodilating, antihypertensive, antioxidative, and free
radical scavenging activities®™ . MLB possesses a relatively
rigid structure due to the formation of salt bridges between
Mg and the four oxygen atoms of carboxyl groups from the
four caffeic acid fragments.
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Figure 2. (A) Chemical structures of ouabain and 11 steroid-like
compounds found in Chinese medicinal products used for the
promotion of blood circulation. (B) Inhibition of porcine Na*/K*-
ATPase by 0.1 mmol/L of ouabain and the selected 11 steroid-like
compounds. Data represent mean+SEM of 5 replicates. "P<0.05,
°P<0.01 vs control group (CON: deionized water only). (Adopted
and modified from Figures 1 and 2 of Chen et al, Acta Pharmacol
Sin 2010; 31: 696-702).

In spite of being a non-steroid compound, MLB possesses
potent inhibition on Na*/K"-ATPase in vitro”. The molecular
organization and configuration of MLB in the 3D structure is
somewhat similar to ouabain, a cardiac glycoside with a rigid
steroid backbone (Figure 3A), although they are totally dif-
ferent compounds with distinct molecular weights (584.65 for
ouabain and 740.67 for MLB). Based on experimental observa-
tion and theoretical modeling, we propose that MLB acts as
the active component responsible for the cardiac therapeutic
effect of danshen by the same molecular mechanism triggered
by cardiac glycosides, ie, inhibition of Na*/K*-ATPase (Figure
3B). In agreement with this proposal, the intracellular Ca*
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Figure 3. (A) Chemical structures of ouabain and
MLB. The 3D structures of ouabain and MLB (in dark
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background) were displayed using RasWin Molecular
Graphics Windows Version 2.6. Gray, red, and green
colors represent C, 0, and Mg>" atoms, respectively. (B)
Proposed molecular mechanism responsible for the
therapeutic effects of cardiac glycosides, ginsenosides,
MLB, and other steroid-like compounds in cardiac cells.
Step 1: Inhibiting the cellular exchange of Na* and K* by
drugs binding to Na“’/K'-ATPase. Step 2: Accumulation
of Na® in the intracellular space due to the inhibition of
Na‘/K*-ATPase activity. Step 3: Promotion of the cellular
exchange of Na* and Ca®' via the Na*/Ca®" exchanger
system. Step 4: Increasing the intracellular Ca®"
concentration owing to the activation of the Na*/Ca*"
exchanger system. Step 5: The elevated intracellular
Ca** concentration leads to an increased inotropism and
accentuates the force of myocardial contraction. (Adopted
from Figure 1 and the cover page of Tzen et al, Acta

llig

Extracellular space

levels of SH-SY5Y neuroblastoma cells treated with MLB are
substantially elevated in a manner similar to that observed in
cells treated with ouabain. The elevated Ca*" levels seem to
be supplied by both extracellular influx through the Na*/Ca*
exchanger and intracellular release from endoplasmic reticu-
lum.

Cell toxicity caused by cardiac glycosides at high concentra-
tions has been noticed and blamed to their putative triggering
of several signaling cascade responses that lead to cell death”.
In contrast, MLB is generally regarded as an antioxidant
without notable toxicity”". Similar results were found in our
studies: severe cell toxicity accompanied with dendritic shrink
was observed in SH-SY5Y cells treated with ouabain, but not

Pharmacol Sin 2007; 28: 609-15).

in those treated with MLB". Therefore, we surmise that MLB
has a great potential, with extensive clinical trials, to become a
safer drug than cardiac glycosides.

Molecular modeling: the binding mode of potential
inhibitors to Na'/K'-ATPase

Molecular modeling and docking of steroid-like compounds
and MLB to the a subunit of Na*/K*-ATPase revealed the
observed difference in their Na*/K"-ATPase inhibition at
molecular level. The drastic difference observed in the inhibi-
tory potency of these active ingredients is ascribed mainly
to the number of hydrogen bonds (H-bonds) and partially
to the strength of hydrophobic interaction between the com-

145
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pounds and residues around the deep cavity close to the two
K" binding sites of Na'/K"-ATPase (Figure 4). As expected
from structural similarity, the interaction of bufalin with the
binding pocket of Na"/K"-ATPase nearly matched to that of

ouabain reported previously!®!

with the unique lactone ring
penetrating deeply into the cavity close to two K* binding
sites. For ouabain, three H-bonds are formed between the lac-
tone ring and I1e328 and Ala330 of Na'/K"-ATPase, and two
H-bonds between the hydroxyl group at C-14 and Thr804 of
Na'/K*-ATPase. In contrast, one H-bond is formed between
the lactone ring of bufalin and Ala330 of Na'/K'-ATPase, and
two H-bonds between the hydroxyl group at C-14 of bufalin
and Thr804 of Na"/K*-ATPase. Two H-bonds are formed
between the hydroxyl groups at C-12 and C-20 of ginsenoside
Rh2 and Asn129 and Thr804 of Na'/K"-ATPase, respectively.
Strong hydrophobic interaction is found between the lac-
tone ring of ouabain or bufalin and six hydrophobic residues
(I1e327, 11e328, Val329, 11e787, Phe790, and I1e807) around the
deep cavity of Na’/K"-ATPase. A hydrophobic interaction
between the alkyl group of ginsenoside Rh2 and the same six
hydrophobic residues of Na’/K"-ATPase is also found. Only
one H-bond is formed between the carboxyl group of ursolic
acid and I1e322 of Na“/K"-ATPase, and a moderate hydropho-
bic interaction is found between the ring E of ursolic acid and
four hydrophobic residues (Ile327, Val329, Phe790, and I1e807)
of Na"/K*-ATPase. On the whole, no H-bond is formed
between those steroid-like compounds with weak inhibitory
potency and the binding pocket of Na*/K"-ATPase!®. How-
ever, hydrophobic interaction of similar strength is observed
between the hydrophobic steroidal core of all 12 steroid-
like compounds examined and 8 other hydrophobic residues
(Leu132, Tyr315, 11e322, Phe323, 11e325, Phe793, 11e794, and
Leu802 located in the upper portions of the figures) around
the binding pocket of Na“/K"-ATPase.

Three H-bonds are formed between the hydroxyl group
at C-4 position of MLB and Lys912 (forming two H-bonds)
and Glu915 (forming one H-bond) of Na*/K"-ATPase, one
H-bond between the carbonyl group at C-9 position of MLB
and Thr804 of Na"/K"-ATPase, and one H-bond between
the hydroxyl group at C-4 position of MLB and Leu110 of
Na'/K*-ATPase. Similar to the hydrophobic steroidal core of
ouabain, the four aromatic rings of MLB form strong hydro-
phobic interaction with hydrophobic residues (Leu132, Tyr315,
I1e322, Phe323, 11e325, Phe793, 1le794, and Leu802) around the
binding pocket of Na*/K*-ATPase.

Effects of different sugar attachments to ginsenosides
on Na‘’/K'-ATPase inhibitory potency

Ginsenosides are triterpenoidal saponins that have a com-
mon four ring hydrophobic steroid-like structure with various
sugar moieties attached mostly at the C-3, C-6, or C-20 position
(Figure 5). To date, more than 80 ginsenosides have been iso-
lated from over ten Panax taxa, and most of them are derived
from four types of aglycones: protopanaxadiol, protopanaxa-
triol, oleanolic acid, and ocotillol””). Several biological activi-
ties, such as neuroprotective effects, antitumour activity, and
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cardiac therapeutic effects, have been documented for many

ginsenosides” 7,

Ginsenosides have also been regarded as
the active ingredients in many Chinese herbs, for instance,
ginseng and sanqi (the roots of Panax ginseng and Panax notog-
inseng), two well-known traditional Chinese herbs commonly
used for the treatment of coronary heart disease and cerebral
vascular disease® .

Based on experimental observation and theoretical model-
ing, the therapeutic effects of ginseng and sanqi in promoting
blood circulation should be at least partly attributed to the
effective inhibition of Na*/K"-ATPase by ginsenosides®™, such
as ginsenoside Rh2. However, different sugar moieties in gin-
senosides affect their inhibitory potency on Na'/K"-ATPase.
In our study, ginsenosides with sugar moieties attached only
to the C-3 position of the steroid-like structure, equivalent
to the sugar position in cardiac glycosides, possess inhibi-
tory potency on Na“/K'*-ATPase. However, their inhibitory
potency is significantly reduced or completely abolished when
a monosaccharide was linked to the C-6 or C-20 position of the
steroid-like structure; the inhibitory potency is lost completely
when the monosaccharide is replaced by a disaccharide mol-
ecule at either positions. Molecular modeling and docking
show that sugar attachment to the C-6 or C-20 position of the
steroid-like structure apparently causes steric hindrance to the
entrance of ginsenosides into the extracellular binding pocket
of the Na"/K'-ATPase a subunit, and thus greatly reduces or
completely abolishes their inhibitory potency.

Paradoxically, most ginsenosides found in ginseng and sanqi
do not seem to be competent inhibitors of Na"/K"-ATPase
due to their sugar attachment to the C-6 or C-20 position of
the steroid-like structure. Nevertheless, ginsenosides might
act as prodrugs, as they tend to be metabolized to their active
forms by intestinal bacterial deglycosylation after oral admin-

istration®

. Generally, the metabolites, easily absorbed by the
intestines due to an increase of hydrophobicity after deglyco-
sylation, might display the same or different pharmacologi-
cal actions in comparison with their parent compounds!®'.
Therefore, the cardiac therapeutic effects of ginseng and sanqi
could very possibly be attributed to the effective inhibition of
Na’/K"-ATPase by the metabolized ginsenosides, with sugar
moieties attached only to the C-3 position of the steroid-like

structure.

Combinational usage of danshen and sanqi for the
treatment of cardiovascular diseases

In contrast with Western medicines, combinational usage
of traditional Chinese medicines with similar or different
therapeutic effects is a common practice. Currently, several
commercial products for cardiovascular diseases comprise
mainly danshen and sangi in variable ratios, mostly with dan-
shen as the major and sanqi the minor constituents®. The
active ingredients in danshen and sangqi for cardiac therapeu-
tic effects are MLB and ginsenosides, respectively. MLB, a
polyphenolic compound, is metabolized within a few hours

[87]

after consumption™”. In contrast, it takes a couple of days to

metabolize the steroid-like ginsenosides in human body™ *.
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Ouabain

)

Figure 4. Detailed molecular interactions
between the extracellular binding pocket of
Na®/K'-ATPase and ouabain, bufalin, ginsenoside
Rh2, ursolic acid, or MLB. (Left panels) Modeling
is displayed for ligand compounds, ouabain,
bufalin, ginsenoside Rh2, ursolic acid, and MLB
binding to the extracellular pocket of Na*/K"-
ATPase o subunit. Amino acid residues around
the binding pocket of Na*/K*-ATPase are shown in
ribbon structure, and ligand compounds in stick
structure. (Right panels) Amino acid residues of
Na“/K*-ATPase close to ligand compounds (ball-
and-stick structure) are shown in line structure.
Green box or oval represents one or two hydrogen
bonds formed between Na'/K*-ATPase and ligand
compounds. (Adopted and modified from Figure 6
of Chen et al, Acta Pharmacol Sin 2010; 31: 696-
702 and Figure 5 of Chen et al, Acta Pharmacol
Sin 2010; 31: 923-9).
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R*: Prefers no sugar R:
attachment (one sugar
results in extremely

low inhibition)

R2: Prefers sugar I|?3
attachment (no
sugar results in
lower inhibition)

R®: Allows no sugar
attachment (one sugar
results in no inhibition)

Figure 5. A summarized diagram for the effects of sugar attachments
in three different positions of the steroid nucleus of ginsenosides.
Detailed 3D diagrams are shown in Figures 4, 5, and 6 of Chen et al, Acta
Pharmacol Sin 2009; 30: 61-9.

In light of our recent studies, we rationalize that the combina-
tional usage of danshen and sangqi for the treatment of cardio-
vascular diseases takes the advantages of the non-toxic and yet
strong Na'/K'-ATPase inhibitory potency of MLB to relieve
the symptoms promptly and the moderate Na*/K*-ATPase
inhibitory potency of ginsenosides to provide a relatively
long-term basal therapeutic effect.

Inhibition of Na'/K*-ATPase and its potential neuro-
protection

In brain cells, approximately half of all energy is spent for
the active exchange of cytosolic sodium for extracellular
potassium, a process carried out by Na*/K*-ATPase for the
maintenance of transmembrane ionic gradients for all mam-
malian cells™ . As the brain’s primary consumer of ATP,
Na®/K'-ATPase is particularly vulnerable to ATP depletion
commonly observed in ischemic stroke. This vulnerability
suggests that pharmacological inhibition of the Na'/K*-AT-
Pase in brain cells should further compromise ATP-depleted
neurons. Indeed, there is accumulating evidence that inhibit-
ing the brain Na'/K"-ATPase can actually provide neuropro-
tection in the context of ischemia™.

Cardiac glycosides, being potent inhibitors of Na*/K"-
ATPase, have been demonstrated to provide neuroprotec-
tion against ischemic stroke in a cortical brain slice-based
compound screening platform”. Moreover, it has been
hypothesized that blockade of Na'/K"-ATPase may provide
neuroprotective effect in ischemia-reperfusion through ATP
conservation and modulating intracellular calcium levels just
as the cardiac glycosides do in the heart contraction cycle™.
Similar neuroprotective effects have also been documented for
ginsenosides against ischemic stroke, and some of the results
were observed using the same brain slice assay model™ .
Oleanolic acid, a steroid-like compound and moderate inhibi-
tor of Na*/K"-ATPase, also displayed neuroprotective effect
against focal cerebral ischemic injury®. Furthermore, the
same phenomenon was observed when we examined the neu-
roprotective effect of MLB against ischemic stroke in a similar
brain slice assay model”. Taken together, these experimental
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data support that inhibiting Na*/K"-ATPase may provide neu-
roprotection in the context of ischemia as well as other neuro-
degenerative conditions. It is more than likely that effective
inhibitors of Na*/K"-ATPase in the brain are potential drugs
for the treatment of ischemic stroke.

Conclusions and perspectives

With a history of at least 2000 years, traditional Chinese
medicines have long been regarded as precious resources for
screening new drugs. Our recent studies have shown that
steroid-like compounds in many Chinese medicines used for
promoting blood circulation display more or less inhibitory
potency on Na"/K*-ATPase, and may thus provide the thera-
peutic effects of corresponding medicines via the same molec-
ular mechanism triggered by cardiac glycosides. Except bufa-
lin in ChanSu, steroid-like compounds in traditional Chinese
medicines used for promoting blood circulation are expected
to exert less severe side effects than cardiac glycosides. Nev-
ertheless, side effects have to be expected of a continuous con-
sumption of these steroid-like compounds for a long period
of time. In contrast, MLB, the non-steroid active ingredient
responsible for the cardiac therapeutic effect of danshen by
effective inhibition of Na*/K'-ATPase, is generally regarded
as a non-toxic antioxidant without apparent adverse effects.
Therefore, we believe that MLB is of great potential to replace
cardiac glycosides for the treatment of congestive heart fail-
ure, provided it undergoes necessary clinical trials. Moreover,
searching from traditional Chinese medicines for additional
antioxidant polyphenolic compounds possessing inhibitory
potency on Na*/K"-ATPase may lead to the discovery of novel
drugs for the treatment of cardiovascular diseases without
side effects.
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Embryonic stem cell application in drug discovery

Yi-jia LOU™, Xing-guang LIANG
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Embryonic stem (ES) cells and their differentiated progeny offer tremendous potential for regenerative medicine, even in the field of
drug discovery. There is an urgent need for clinically relevant assays that make use of ES cells because of their rich biological utility.
Attention has been focused on small molecules that allow the precise manipulation of cells in vitro, which could allow researchers to
obtain homogeneous cell types for cell-based therapies and discover drugs for stimulating the regeneration of endogenous cells. Such
therapeutics can act on target cells or their niches in vivo to promote cell survival, proliferation, differentiation, and homing. In the
present paper, we reviewed the use of ES cell models for high-throughput/content drug screening and toxicity assessment. In addition,
we examined the role of stem cells in large pharmaceutical companies’ R&D and discussed a novel subject, nicheology, in stem cell-

related research fields.
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Introduction
Stem cell research promises to make significant progress in
regenerative medicine to replace damaged tissues and organs.
An outstanding landmark in the past decade has been the
development between stem cell biology and chemistry!™l.
The combination of the two fields will likely provide an impe-
tus for revealing intricate molecular interactions and functions
under complex cellular differentiation, which offers systems
for drug discovery and sources for potential cell therapy” .

Embryonic stem (ES) cells can mimic embryogenesis and
differentiate into cells of the three embryonic germ layers
(endoderm, mesoderm, and ectoderm) from which various
specialized cell types of the entire organism are produced™.
Human ES (hES) cells can also differentiate into all terminal
cell types of the human body. Small molecules with inducing
ability in vitro are expected to possess their own mechanism of
promoting differentiation in vivo. This makes them potentially
valuable for pharmaceutical development and safety assess-
ment. Indeed, small molecules can be screened using hES
cell models to find new chemical entities that modulate the
fate of adult stem cells, or they could be used directly in cell
therapiest® '™,

Mouse ES (mES) cells have been in use for several years in
drug discovery to develop genetically modified mice for target
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Received 2010-06-10 Accepted 2010-10-12

validation, target selectivity, model development and toxicity
evaluation™". Combined with advances in hES cell technol-
ogy, the drug discovery community may soon have a physi-
ologically relevant screening tool (with limitless availability)
that shows normal growth and genetic structure.

Understanding molecular mechanisms that determine stem
cell fate (ie, self-renewal or differentiation) will significantly
promote the realization of the therapeutic potential of stem
cells" 1 To date, much attention has been paid to signal
transduction and the related molecular events during ES cell
differentiation. ES cells probably had some novel drug targets,
especially in a definite differentiation medium containing low-
molecular-weight compound(s). Studies have suggested that
a stem cell niche is dynamic, not static, and can be modified or
even created™ . Therefore, the stem cell niches regulated by
small molecules can control the cell fate, which offers a suit-
able microenvironment to screen drugs.

A chemical approach of differentiation by small molecules
has currently been developed. This review will address ES
cell lines that could potentially be used to discover low-molec-
ular-weight agents for the control of differentiation and drugs
for the treatment of degenerative diseases. In addition, small
molecules could participate in producing induced pluripotent
stem (iPS) cells for lower oncogenic and higher reprogram-
ming efficiency by small-molecule hitting.

ES cell models for drug screening
The development of new drugs is costly and time-consuming.
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In particular, the initial stages of research and development
(R&D) require in vitro models to screen the activity and toxicity
of a large number of compounds. Thus, a suitable model that
can be used for both effects and safety assessment is extremely
important. Cell-based in vitro assays with high human rel-
evance are urgently needed for pre-clinical activities. Previous
studies have suggested that ES cells could serve as a screening
platform to identify low-molecular-weight compounds that
affect endogenous stem cell populations and repair damaged
tissue[4, 8,10, 11, 28, 29]
(ie, the primary screen and the secondary assay). In addition,
several cell lines, such as D3 mES cells and H1, H7, and H9
hES cells, are available for drug screening>** !, Table 1 lists
some characteristics of ES cell and other cell types and their

, and a set of screening protocols is available

respective advantages and disadvantages.

High-throughput/content screening (primary screen)
Small-molecule libraries can contain millions of compounds.
Thus, screens must be employed to effectively eliminate
molecules that are toxic or do not have any biological activ-
ity. High-throughput screening (HTS) technologies already
allow the rapid testing of thousands of compounds. Studies
have suggested, however, that screening against a defined
molecular target usually exploits a protein’s function and
results in expression or transcription of differentiation-related
genes™ * ¥ For instance, HTS assays usually use 96- or 384-
well plates, and the assays can be performed on chemical com-
pounds in various formats.

Generally, enzymatic activity, signal transduction, or molec-
ular interactions with partners that contain reporter systems
have been used to assess whether compounds activate par-

ticular signaling pathways of interest"™.

Recently, a notable
report demonstrated an image-based, high-content assay for
detecting compounds that affect hES cell survival or pluripo-
tency[35]

an hES cell colony-based assay. The assay was designed to

. In that study, 1040 compounds were screened using

detect changes in the phenotype of hES cell colonies by quan-
tifying multiple parameters, including the number of cells in
a colony, colony area and shape, intensity of nuclear staining,
the percentage of cells in the colony that expressed a marker of
pluripotency, and the number of colonies per well. As a result,
several steroids that promoted hES cell differentiation were
identified, and the antihypertensive drug pinacidil was shown
to affect hES cell survival. Phenotypic screens can be advanta-
geous because they can be carried out in cells by examining
multiple markers and functional changes (for example, cell
morphology and behavior) using automated high-content
imaging technologies in a high-throughput manner " ** %1,

HTS based on receptors in ES cell-derived neurons have
also been reported™. That study described an mES cell-based
screen of a library of 2.4x10° compounds, as well as the identi-
fication of novel chemical “hits” for alpha-amino-3-hydroxyl-
5-methyl-4-isoxazolepropionate-subtype glutamate receptors,
structure-function relationships of compounds and receptors,
and validation of lead compounds. The emergence of auto-
mated cellular systems has allowed rapid visualization of
large groups of cells and phenotypic analysis in a quantitative
manner.

Primary screens can also be directly evaluated under a
contrast-phase microscope to examine cell differentiation into
terminal cells. One protocol for hES cell differentiation into
neuroepithelial cells has been recommended, and evaluation

Table 1. Advantages and disadvantages of different cells available for drug screening.

Cell types Advantages Disadvantages
Immortalized * Homogeneous cell population * Lack important aspects of native function
cell lines * Growth and maintenance cheap * Genetic mutations that cause permanent and heritable
* Time- and labor-saving change in the phenotype
Primary cells * Close approximation of native function * Require fresh preparation
 Reflect in vivo physiological or pathological condition « Difficult to procure in sufficient quantity
* prone to batch-to-batch variability in quality
Stem cells * Continuously propagated in vitro and retain the * Limited potential for expansion and are lineage restricted
potential to generate all the cell types of the body (adult stem cells),
(ES cell). e Growth and maintenance expensive
e Compounds can modulate more than one target to * Alot of time needed to obtain
achieve a desired biological effect. fully differentiated cell types
* High quantity * Require more effort to achieve
* Readily available source of all cell types purified populations
* Both develop-dependent and fully differentiated cell
types
iPS cells e With genetic information of the patients  Very low efficacy for harvest, (<1%), expensive for

cell types

Reflect in vivo physiological or pathological condition
Mimic both develop-dependent and fully differentiated

preparations,

¢ Growth and maintenance expensive

* A lot of time needed to obtain fully differentiated
cell types

¢ Require more effort to achieve purified populations
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under a contrast-phase microscope has been described™.

Recent studies in hES cells have identified a novel neural stem
cell stage (ie, the rosette stage). In this stage, cells exhibit plas-
ticity by generating a broad range of neuronal cell types in
response to appropriate developmental signals. Such rosette-
stage neural stem cells can also be distinguished from other
neural stem cell populations with a contrast-phase microscope
because of their specific rosette cytoarchitecture (“morphol-
ogy”)*. The striking cytoarchitecture of rosettes could
become a powerful tool for translational medicine and appli-
cations in HTC assays that require large numbers of homo-
geneous cell populations. Recently, a study reported that
light microscopy could be used to evaluate embryoid body
(EB) structure and size, and the number of wells containing
contracting cardiomyocytes was determined™'.
hepatocytes containing two morphologically distinct popula-

In addition,

tions, a mononuclear population and a binuclear population,
were clearly identified under light microscopy. Another study
used immunohistochemical analysis to confirm that albumin-
positive cells (ie, hepatocytes) were present in the outgrowths
of EBs with binuclear cells*”. Examining differentiation into
terminal cells under a contrast-phase microscope can save
both time and labor during a primary screen. Indeed, this
approach has been shown to be helpful for successful screen-
ing™.

More recently, a screen for chemical mediators of repro-
gramming has been reported™. So far, most studies of direct
reprogramming have been performed with lentiviruses/retro-
viruses, which encode the reprogramming factors. This rep-
resents a major limitation to therapeutic applications because
viral integration in the host genome increases the risk of
tumorigenicity. Low-level residual expression of reprogram-
ming factors may alter the differentiation potential of human
induced pluripotent stem (iPS) cells. Indeed, both the viral
vectors used for gene transfer and the encoded reprogram-
ming factors are probably oncogenic and possess low trans-
duction efficiency!*.
scription factors, and the combined activity of transcription

Some small molecules can replace tran-

factors can reprogram adult cells into iPS cells. For example,
one study using a high-throughput/content screen showed
that a TGF-f inhibitor replaced Sox2 in reprogramming and
produced unmodified iPS cell lines!*!
cule replacement of transcription factors may be one potential

. Therefore, small-mole-

solution to lower the oncogenic potential and increase the
reprogramming efficiency™ ***,

Another valuable report demonstrated a strategy to adapt
hES cells to HTS conditions, which resulted in an assay that
is suitable for the discovery of small molecules that drive the
self-renewal or differentiation of hES cells'®. Use of this new
assay (ie, global gene expression analysis) has led to the iden-
tification of several marketed drugs and natural compounds
that promote short-term hES cell maintenance and direct early
lineage choice during differentiation. Desbordes et al demon-
strated the feasibility of hES cell-based HTS and enhanced the
repertoire of chemical compounds that can manipulate hES

Acta Pharmacologica Sinica

cell fate.

A series of secondary assays

It has also been recommended that, in general, hit compounds
identified from a primary screen be further confirmed using a
series of more functional secondary assays and analyzed using

informatics tools® * %!,

Before a compound enters mechanis-
tic studies, it is normally optimized through structure-activity
relationship studies to improve its properties, such as increas-
ing its potency and specificity and enhancing its pharmacoki-
netic properties. All these data can be expected to be obtained
via secondary assays.

To identify the molecular targets and pathways of an
unknown compound, biochemical and cellular or sub-cellular
experiments are commonly used. One study reported that
phosphoserine (P-Ser) increased neurogenesis in hES cell-
derived neural progenitors'™. It also confirmed that the effects
of P-Ser are mediated by the group III metabotropic glutamate
receptor 4 (mGIluR4). Saxe and colleagues highlighted the
tremendous potential of developing effective small-molecule
drugs for use in regenerative medicine or transplantation
therapy.

Similarly, protein interactions can be mapped in ES cells
to enable systematic discovery of regulatory pathways!*” *l,
Indeed, a method for defining the proteome of stem cell popu-
lations using isobaric tags for relative and absolute quantita-
tion has been developed. This allows simultaneous analysis
of samples to be analyzed simultaneously, which can give
relative quantification for hundreds of proteins from a rela-
tively small (1-5 million) cell number. It is a rapid secondary
assay system that precedes more-focused, hypothesis-driven
research. The available techniques to study translational regu-
lation of protein levels have decreased the reliance on pro-
teomic confirmation of mRNA-based analyses. In addition,
these techniques offer opportunities to develop new quantita-
tive biological approaches to investigate stem cell self-renewal
or differentiation, which increase the probability of discover-
ing proteins that regulate development.

During the early stage of development, differentiation-
related gene expression or transcriptomics can be regulated,
and a genome-wide transcriptional analysis has been used as
a powerful assay®**
tional analysis has shown more than just the effects of Mespl

. For example, genome-wide transcrip-

dramatically accelerates and enhances multipotent cardiovas-
cular progenitor specification through an intrinsic and cell-
autonomous mechanism. In addition, analysis at various time
points identified 1355 genes that were significantly regulated,
and the differentiation track was described in a principal
component analysis®. Differentiation cultures exposed to
monobutyl phthalate or 6-aminonicotinamide (from the EB
stage onward) for 24 or 96 h showed RNA expression patterns
that deviated from the differentiation track. Studies like these
demonstrate that secondary assays can be used as informatics
tools and are involved in further functional evaluation.

ES cell models for drug toxicity assessment
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Stem cells have been used to evaluate cardiotoxicity for
more than 10 years. ES cells are an important in vitro model
to test drugs, and they have the potential to predict toxic-

ity in humant® 350

. For example, a stem cell-based reporter
assay was developed to detect drug-induced alterations in
the canonical Wnt/[-catenin signaling pathway, which is
involved in the regulation of early embryonic development.
The so-called ReProGlo assay allows simultaneous determina-
tion of cell viability and luciferase reporter activity in a high
throughput 96-well microtiter format®. Several test chemicals
were analyzed in the new assay system, and known embryo
toxicants like retinoic acid and lithium chloride induced
concentration-dependent increases in reporter activity. The
potency of valproic acid and a series of structural analogs that
activate the Wnt pathway correlated well with their reported
teratogenic activity in the mouse. The new test may help to
predict embryotoxic potential of chemicals in drug discovery.

Studies have also utilized differentiated fibroblastic prog-
enies of hES cells for in vitro toxicological screening”. These
cells were generated through random spontaneous differentia-
tion within standard culture media over several passages. The
cytotoxic response of the differentiated hES cell fibroblastic
progenies to mitomycin C was observed to be more sensitive
than the 1929 cell line. Therefore, ES cell tests represent reli-
able, scientifically validated in vitro systems for the detection
and classification of compounds according to their teratogenic
poten, Cy[41, 51-57]

Using contrast-phase microscope is a simple way to examine
cell differentiation into terminal cells. One study used light
microscopy to determine the number of wells containing con-
tracting cardiomyocytes and evaluate EB structure and size!*'l.
The results indicated that a decrease in the pH may be the
mechanism by which the alkoxyacetic acid metabolites of gly-
col ethers cause embryotoxicity. Interestingly, scientists have
developed a new molecular approach based on an analysis of
the expression of certain marker proteins specific for develop-
ing heart tissue™.
quantitative flow cytometry, to measure marker proteins (ie,

The approach involves a combination of

sarcomeric myosin heavy chain and a-actinin) in mES cells on
day 7, and concurrent cell viability analysis. This approach
was subsequently referred to as a molecular fluorescence-
activated cell sorting (FACS)-ES cell test, which offered the
same sensitivity as the validated protocol, but did not require
as much time. This new molecular method has the potential to
be a sensitive, rapid and reproducible screening tool, which is
highly suited to predict developmental toxicity in vivo from in
vitro data. This protocol was also suitable for in vitro embryo-
toxicity assays by measuring the disturbance of the differen-
tiation of ES cells into endothelial cells (ie, the reduction in the
expression of platelet/endothelial cell adhesion molecule-1,
ie PECAM-1 and vascular endothelial cadherin)®®. High-
content image analysis was used to assess the utility of dis-
sociated humen N2TM (HN2TM) cultures as an in vitro model
for neurite outgrowth®. In addition, the molecular pheno-
type of these cells was examined using immunocytochemical
staining. The hN2TM cultures are amenable for examining

morphological changes and effects on neural outgrowth in
high-to-medium-throughput developmental neurotoxicity
screening because they possess cellular homogeneity, a rapid
rate of neurite outgrowth, and low inter-experiment variabil-
ity in automated morphological counting by FACSP* *l. The
hepatocyte-like cells derived by analysis of the expression of
certain marker proteins specific for development method may
prove to be useful as an in vitro model of hepatotoxicity!,
which would provide a novel and promising alternative for
obtaining large numbers of functional hepatocyte-like cells
for in vitro drug metabolism and hepatotoxicity screening of
potential drug candidates®™.

The applications of extracellular matrix are relevant to the
evaluation of drug efficacy and drug toxicity. To promote
both in vitro and in vivo growth, healthy cellularized 3-D tis-
sues are summarized as follows. Primary cells and cell lines,
including ES cells constitute a new 3-D method for rapid
evaluation of hepatotoxicity in vitro®™). In addition to address-
ing the roles and advantages of ES cells in the aforementioned
toxicity models, this review also examined how genetic selec-
tion has been employed to overcome major limitations to the
implementation of stem cell-based in vitro models for toxicol-

ogy.

ES cells with novel drug targets result in “hits” by small-
molecular probes

ES cell differentiation, which involves modulation of the
transcription and translation of a vast number of genes and
proteins, respectively, offers a desirable model for screen-
ing small-molecular probes. This system, which is modeled
as a network of regulatory circuits that direct multiple steps
of gene expression and mediate spatiotemporal control of a
cell’s proteome, can determine both cellular phenotype and
plasticity[Zl, 27, 39, 49, 58, 59]
eages has been considered to be a stepwise process. To guide

. Commitment to developmental lin-

stem cells towards defined fates, researchers will need to know
how these changes are regulated so that they can manipulate
cells to change in a predictable and reproducible way'®!. To
address this, it is necessary to identify the molecular target(s)
bound by the drug leads, which may be responsible for their
pharmacological activity. Direct approaches, such as affinity
chromatography, expression cloning and protein microarrays,
have analyzed compounds bound to their targets. Indirect
approaches are based on a comparison of the genome-wide
activity profile of the compound with databases of the activity
profiles of other compounds with known targets or activity
profiles following specific genetic changes. A variety of tech-
nologies and approaches have been explored for target identi-
fication after phenotypic screening!™ ** >l
to describe our recent work, which took advantage of chemical

. Here, we would like

probing to identify signaling pathways involved in the differ-
entiated state of ES cells (Figure 1). In the schematic drawing,
we have reported at least six events initiated by small-mole-
cule compounds (icariin, icaritin, and partly unpublished).
Differentiation is accompanied by a global increase in both
transcript levels and efficiency of protein translation. Mul-

Acta Pharmacologica Sinica
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tiple vital genes have been identified where protein levels
are exclusively regulated at the translational level during
differentiation ). For example!", high-throughput iden-
tification of small molecules revealed that the orphan ligand
phosphoserine (P-Ser) was an enhancer of neurogenesis. Saxe
et al selectively modulated molecular, cellular, and system-
level properties of the mammalian brain. Phosphoserine has
been shown to inhibit neural stem cell/progenitor prolifera-
tion and self-renewal, enhance neurogenic fate commitment,
and improve neuronal survival. Another group! described a
chemical screening platform to investigate hES cell differentia-
tion and identified a small molecule, (-)-indolactam V, which
specifically works at one stage of pancreatic development to
induce pancreatic progenitors from the definitive endoderm.
These examples have shown that small molecules that target
these regulatory processes are valuable tools for probing and

MEF2C

FAO genes mtTFA
(M-CPT-B&AD-ACO) Oxid.phos.genes \v

Small molecular compol

manipulating the molecular mechanisms by which stem cells
self-renew, differentiate, and arise from somatic cell repro-
gramming.

Niche-mediated control of stem cell fate

Complexity in the spatial organization of ES cell cultures
creates heterogeneous microenvironments (niches) that influ-
ence ES cell fate. Studies have demonstrated that™ the rate
and trajectory of hES cell differentiation can be controlled
by engineering hES cell niche properties. ES cells provide
an in vitro system that closely resembles what would occur
in vivo™™. Significant advances in defining adult stem cell
niches and understanding how they regulate stem cell func-
tion in vivo have provided new strategies for controlling
cell fate (ie, by pharmacologically manipulating the niches).
Typically, homogeneous and functional cell types generated

i
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(ERK1/2
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Nucleus
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Figure 1. Schematic drawing with proposed mechanisms by which small molecules from a screening library can probe signal transduction and
molecular events during stem cell differentiation. The drawing compiles the conclusions of signaling transduction and the possible molecular events.
Green stars represent supposed targets for small molecular probe hits. NOX: NADPH oxidases; EGFR:_epidermal growth factor receptor; MAPK: mitogen-
activated protein kinase; PPAR: peroxisome proliferator-activated receptor; PI3K: phosphatidylinositol 3-kinase.
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in chemically defined conditions can be used for cell-based
therapy. Alternatively, conventional chemical and biological
therapeutics can be developed to target patients’” own cells or
their niches to stimulate regeneration in vivo.

Therefore, the creation of “nicheology” in stem cells is a
completely novel concept. Niche originally referred to the
maintenance of nearby stem cells in a self-renewing state.
Cells without direct contact with the niche were shown to dif-
ferentiate in vivol®). The state of stem cell differentiation can
be accomplished by supplying outside signals and extracel-
lular factors instead of genetic manipulation®. The suffix
“-ology” is used to describe the study of a specific science sub-
ject. Therefore, we defined nicheology as a branch of chemi-
cal biology or basic medicine that deals with heterogeneous
microenvironments for stem cell fate, regenerative medicine,
and drug discovery.

Chemically defined medium conditions for controlling hES
cell fate will facilitate the practical application of hES cells in
research and therapy. In addition, defined medium conditions
will provide an excellent system for studying the molecular
mechanisms underlying self-renewal and differentiation with-
out the multiple unknown and variable factors associated with
feeder cells and serum. From an in vivo nicheology point of
view, these outside signals and the micro-environment consti-
tute a niche in which adult stem cells are present and compete
for limiting concentrations of growth factors or drugs, which
maintains a balance between self-renewal and differentiation
of the cells™!,

Role of stem cells in large pharmaceutical companies
The development of new drugs is costly and requires a tre-
mendous amount of resources. The large pharmaceutical
companies are currently facing increasing developmental costs
and a lower success rate of bringing new compounds to the
market. Lowering costs and increasing the success rate can be
accomplished by increasing the predictability of the candidate
drugs in the pipeline and lowering the number of drugs that
fail in later stages of testing.

The use of stem cells amongst the top 20 pharmaceutical
and top 10 biotech companies was 70% (64% with hES cells)
and 50% (20% with hES cells), respectively'® ®?. The screening
of small molecules will be the predominate and most excit-
ing approach for developing new therapeutics. The pharma-
ceutical industry has identified the use of stem cells for drug
screening as a new and imminently necessary resource. To
date, three European pharmaceutical companies, Roche Hold-
ing AG, GlaxoSmithKline and AstraZeneca, have announced
that they are starting to develop ways to use stem cells for
drug screening.

Prospects

Although it seems like there are extensive opportunities to
use hES cells in combination with HTS systems for elucidation
of differentiation pathways, there are essential complexities
in these biological systems that need to be taken into consid-
eration. For example, automated high-content analysis can

provide information about multiple properties and quantita-
tive data of individual cells, and these analyses are well suited
to study non-homogenous cell populations. From a pharma-
ceutical perspective, the identification of small-molecule com-
pounds regulating cellular differentiation may provide chemi-
cal tools that can be translated into clinical applications. Small
molecules can replace transcription factors and/or enhance
efficiency during somatic cell reprogramming!®.
also expected to be one potential solution for decreasing the

They are

oncogenic potential of iPS cells.

Endogenous adult stem cells exist in multiple tissues
throughout the human body. Small molecules with inducing
ability in vitro are expected to possess their own promoting
differentiation nature in vivo. A novel regenerative medicine
approach for tissue repair is focused on direct manipulation of
these stem cell pools in situ using drugs from hES cell-based
HTS to stimulate regeneration.
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Enhanced NMDA receptor NR1 phosphorylation
and neuronal activity in the arcuate nucleus of
hypothalamus following peripheral inflammation
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Aim: To investigate the role of glutamate and N-methyl-D-aspartate (NMDA) receptors in central sensitization following peripheral
inflammation in the arcuate nucleus (ARC) of the mediobasal hypothalamus.

Methods: Mediobasal hypothalamic slices were prepared from rats undergoing peripheral inflammation, which was induced by a uni-
lateral injection of complete Freund’s adjuvant (CFA) into hind paw. Neuronal activation levels in the ARC were monitored by recording
extracellular unit discharges. The NMDA receptor NR1 subunit (NR1) was measured using Western blot analysis.

Results: Enhanced NR1 phosphorylation was observed in the ARC of CFA-inflamed rats. Compared with the control rats, the firing rate
of spontaneous discharges in ARC neurons of inflamed rats was significantly higher, and it was significantly reduced both by an NMDA
receptor antagonist (MK-801, 300 pymol/L) and by a non-NMDA receptor antagonist (CNQX, 30 umol/L). Application of exogenous
glutamate (200 pmol/L) or NMDA (25 umol/L) resulted in increased neuronal discharges for ARC neurons, which was enhanced to a

greater extent in inflamed rats than in control rats.

Conclusion: Glutamate receptor activation in the hypothalamic ARC plays a crucial role in central sensitization associated with periph-

eral inflammation.

Keywords: arcuate nucleus (ARC); NMDA receptor; NR1 phosphorylation; inflammation; central sensitization; MK-801; CNQX
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Introduction

Glutamate is a major excitatory neurotransmitter in the central
nervous system (CNS). The receptors for glutamate comprise
two large families: the ionotropic glutamate receptors (iGluRs)
and the metabotropic glutamate receptors (mGluRs). The
iGluRs are classified into the following receptor subtypes:
N-methyl-D-aspartate (NMDA), kainate (KA) and alpha-
amino 3-hydroxy-5-methyl-4-isoxazole propionate (AMPA).
KA and AMPA receptor subtypes are collectively classified as
non-NMDA receptors. Molecular studies have indicated that
functional NMDA receptors contain a heteromeric combina-
tion of NR1 subunits (essential for channel-formation) and one
or more NR2A to D subunits .,
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NMDA receptors have been shown to play an important
role in several physiological processes, such as long-term
potentiation, learning and memory, as well as in some patho-
logical conditions, including neurodegenerative diseases,
ischemia and persistent nociception. The NMDA receptor has
also been shown to be involved in the development of central
sensitization, which is believed to underlie hyperalgesia dur-
ing inflammatory pain and neuropathic pain?. The major-
ity of the data describing central sensitization were derived
from studies in the dorsal horn of spinal cord, which is the
first station to receive and integrate nociceptive information
in the CNSP.. However, studies investigating the molecular
mechanisms of central sensitization in the supraspinal centers
of nociceptive regulation remain elusive!* .

Previous studies have demonstrated that the arcuate
nucleus (ARC) of mediobasal hypothalamus, which exhibits
large clusters of B-endorphinergic neurons, is one of the criti-
cal structures in the modulation of nociception. Electrical



or chemical stimulation of ARC can elicit antinociceptive

[12-14]

effects , while electrolytic or chemical lesioning of ARC

attenuates the morphine-induced analgesia, acupuncture-

121516] By

induced analgesia and stress-induced analgesia
thermore, peripheral noxious stimulation modulates the
spontaneous discharges of neurons in ARC, indicating that
peripheral nociceptive information is sent to the hypothalamic
nucleus and can result in neuronal activation in ARC". In
addition, glutamate and glutamate receptors, such as NMDA
receptors, are highly expressed in the nuclei of the medial
hypothalamus, including ARC™2*,

Based on these observations, we hypothesized that hypo-
thalamic ARC, a supraspinal center in pain modulation,
might be a locus for central sensitization induced by injuries
in peripheral tissues. We investigated the function of the
NR1 subunit of the NMDA receptor and neuronal activation
in ARC in mediobasal hypothalamic slices from rats suffer-
ing from peripheral inflammatory injury. We found that
peripheral inflammation enhanced NR1 phosphorylation and
increased neuronal activation in ARC. These findings provide
new insights into how noxious signals are centrally processed
during persistent nociception, which may be important in the
development of novel analgesic strategies.

Materials and methods

Animals

Adult male Wistar rats (180 to 220 g) were housed in a light-
(lights on 06.00-18.00 h) and temperature- (22+1 °C) controlled
room and were fed rat chow and tap water ad libitum. All
experiments were approved by the Institutional Animal Care
and Use Committee at the Medical College, Soochow Univer-
sity and were in accordance with the ethical standards of the
Helsinki Declaration and the guidelines of the International
Association for the study of Pain for pain research in animals.

Drugs and reagents

In this study L-glutamic acid (glutamate), NMDA, MK-801 (a
non-competitive NMDA receptor antagonist), CNQX (a non-
NMDA receptor antagonist), rabbit anti-mouse NR1 antibody
and rabbit anti-serine-897-phosphorylated-NR1 (pNR1) anti-
body were purchased from Sigma Chemical Co. The avidin-
biotin complex and the biotinylated goat anti-rabbit IgG sec-
ondary antibody were purchased from Vector Laboratories
Inc. All other chemical reagents were purchased from Sinop-
harm Chemical Reagent Co, Ltd.

Inflammatory pain model

Inflammatory pain was induced by injecting complete Fre-
und’s adjuvant (CFA, 50% in saline, with 5 mg/mL heat-killed
Mycobacterium tuberculosis, 0.1 mL) into the plantar surface of
the left hind paw. Western blotting and electrophysiological
experiments were conducted one week after CFA injection,
when symptoms of inflammatory pain were evident, such as
redness, swelling of the ankle joint, hyperalgesia and impair-
ment in motor activity. Normal rats injected with an equal
volume of saline were prepared as a control.
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Western blot analysis

One week after CFA injection, rats (including control rats)
were deeply anesthetized and decapitated to quickly isolate
the ARC region. Three (anterior, middle and posterior) ARC
slices (500 pm thick) were isolated from each animal and trans-
ferred into the ice-cold artificial cerebrospinal fluid (ACSEF).
The ARC slices were then homogenized in the presence of pro-
tease and phosphatase inhibitors. The homogenate was cen-
trifuged twice at 13000xg for 10 min at 4 °C. The supernatant
was used for Western blot analyses. The concentration of pro-
tein in the homogenate was measured using a bicinchoninic
acid (BCA) kit and was used to calculate volume for equal
protein loading in the gel. Proteins were separated and were
transferred onto PVDF membranes (Invitrogen) by SDS-PAGE
using Criterion XT Precast 6% Bis-Tris gels (Bio-Rad, Hercules,
CA) in standard transfer buffer (25 mmol/L Tris, 192 mmol/L
glycine, 10% v/v methanol, pH 8.3) for 1.5 h at room tempera-
ture. After being blocked with 5% milk in Tris-buffered saline
and 0.1% Tween 20 (TBS-T) for 1 h, the membranes were
incubated in specific antibodies against NR1 (1:2000, rabbit
affinity-purified polyclonal antibody, Sigma), pNR1-Ser897
(1:500, rabbit affinity-purified polyclonal antibody, Upstate)
and f-actin (1:20000, mouse monoclonal, Sigma) overnight at
4°C. After extensive washing in TBST, the membranes were
incubated in goat anti-rabbit horseradish peroxidase (HRP)
secondary antibody (1:5000, Jackson Immunoresearch Co) for
1 h at room temperature. After extensive washing, signals
were detected by Western Lightning ECL and were quanti-
fied relative to a B-actin control by densitometry on Image-Pro
Plus 6.0.

Mediobasal hypothalamus slice preparation

Hypothalamic slices (400 pm) were prepared as described pre-
viously™ . In brief, hypothalamus slices containing ARC in a
recording chamber were continuously perfused with ACSF (3
mL/min) saturated with 5% CO, and 95 % O, at 33£1 °C. The
ACSF media (pH 7.35-7.40) contained the following reagents:
NaCl (124 mmol/L), NaHCO; (26 mmol/L), KCI (5 mmol/L),
CaCl, (2.4 mmol/L), MgSO, (1.3 mmol/L), NaH,PO, (1.24
mmol/L), and D-glucose (10 mmol/L). After 1 h of ACSF per-
fusion, extracellular single unit recordings were collected.

Electrophysiological recording

The spontaneous unit discharges from the ARC were recorded
extracellularly with glass microelectrodes containing 0.5
mol/L sodium acetate and 2% pontamine sky blue (10-20
MgQ). Using a stereomicroscope and a microelectrode manipu-
lator, the glass microelectrode was lowered into the ARC,
which was located anatomically with respect to the third ven-
tricle (3V) and medium eminence (Figure 1). The electrical
signals were amplified (microelectrode amplifier, MEZ-8201,
Nihon Kohden, Japan) and sent to a dual-beam oscilloscope
(VC-10, Nihon Kohden, Japan). Neuronal unit discharges
were continuously recorded online. The firing rate and inter-
spike interval of neuronal discharges were analyzed with
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Figure 1. Schematic drawing of a mediobasal hypothalamic slice that
contains the ARC. Dashed lines indicate the boundaries of the nucleus,
as indicated. DMN: dorsomedial nucleus; VMN: ventromedial nucleus;
ME: medium eminence; 3V: third ventricle; f: fornix.

Powerlab/4SP (AD Instruments, Australia).

Drug application

All the drugs used in our experiments were freshly prepared,
dissolved in ACSF saturated with 5% CO, and 95% O,, and
perfused hypothalamic slices via a three-way stopcock near
the recording chamber. The baseline activity of neuronal
discharges was recorded for 5 to 10 min as control. After
establishing a good baseline, glutamate receptor agonists (glu-
tamate 200 pmol/L, NMDA 25 pmol/L) or antagonists (MK-
801 300 pmol/L, CNQX 30 pmol/L) were applied. The drug
effects were observed continuously for 8 min after application.

Statistical analysis

The ARC neuron responses to glutamate or NMDA were
determined according to the critical ratio criterion (CR), using
the following formula: CR=(E-S)/(S+E)"/* (where E is dis-
charge frequency after drug application and S is discharge
frequency before drug application). The response was consid-
ered excitatory, if the ratio exceeded 1.96%). All data are pre-
sented as mean+SD. Statistical comparisons were performed
using one-way ANOVA or student’s f-test. P<0.05 was con-
sidered statistically significant.

Results

Expression of NMDA receptor in ARC

NMDA receptors are composed of NR1 subunits, which are
essential, and one of the NR2 subunits (NR2A, NR2B, NR2C,
or NR2D). In the present study, we used Western blotting to
measure the relative amounts of NR1 and pNR1 in ARC iso-
lated from control and inflamed animals. Figure 2 illustrates
that the relative amount of pNR1 in CFA-induced inflamed

rats was significantly increased as compared with control
rats (n=6, P<0.01, Figure 2A and 2B). Meanwhile the relative
amounts of NR1 in inflamed and control rats were not statisti-
cally different (n=6, P>0.05, Figure 2A, 2C). These data sug-
gest that peripheral inflammation increased NR1 phosphoryla-
tion in ARC, but it had no effect on NR1 subunit upregulation.
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Figure 2. Enhanced pNR1 but not NR1 expression in the ARC from CFA-
inflamed rats. (A) Immunoblots of phosphorylated NR1 (pNR1) and NR1
in the ARC of control and CFA-inflamed rats. B-actin was as control. (B)
The relative density of pNR1 protein was significantly increased in the
ARC of CFA-inflamed rats (n=6) compared to control rats (n=6; °P<0.01,
unpaired t-test). (C) There was no significant difference in NR1 protein
expression between control (n=6) and CFA-inflamed (n=6) rats.

The discharge patterns of ARC neurons

We also measured the neuronal discharge activity in ARC.
We found that the spontaneous discharges of ARC neurons in
the slices could be divided into three firing patterns: regular,
irregular and burst firing (Figure 3). Irregular discharges were
observed in the majority of recorded neurons. As indicated in
Table 1, the number of neurons exhibiting regular, irregular
and burst firing was similar across control and inflamed rats
(Table 1).

Discharge frequency in ARC neurons

The frequency of spontaneous discharge in ARC neurons was
calculated for each discharge pattern, as well as for the mean
of the three discharge patterns. The mean firing rate and the

Table 1. Frequency of spontaneous discharges of ARC neurons from control and inflamed rats. °P<0.05, °P<0.01 vs control. The number of neurons in

each firing pattern is indicated in parenthesis.

Regular firing (Hz) Irregular firing (Hz) Burst firing (Hz) Mean (Hz)
Control 1.59+0.34 (21) 1.07+0.13 (86) 1.54+0.29 (16) 1.22+0.24 (123)
CFA-inflamed 2.36+0.38° (14) 1.52+0.11° (95) 1.94+0.36" (33) 1.70+0.27° (142)
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Figure 3. The discharge patterns of arcuate neurons. Examples of
electrical signals (left) and their inter-spike interval histograms (right)
recorded from arcuate neurons in control and inflamed rats are shown in
A and B, respectively. a, b, and ¢ show examples of regular, irregular and
burst firing, respectively.

firing rate of each discharge pattern in ARC neurons from
inflamed rats were significantly elevated as compared with
the normal group (P<0.05, Table 1). This significant difference
was also observed for the inter-spike interval histograms. As
shown in Figure 3, as the firing rate increased, the inter-spike
intervals shifted to the left in the inflamed animals.

Effect of glutamate on the electrophysiological activities of ARC
neurons

We investigated the response of ARC neurons to application
of exogenous glutamate (200 pmol/L) to monitor their electric
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activities. In control animals, neuronal discharges increased
significantly following glutamate application with a latency
of 28.5£5.9 s (n=26). The firing rate increased by 44.5%%9.9%,
and this increase persisted for up to (152.5£15.3) s. In inflamed
rats, the glutamate-induced excitatory response was more
rapid, with a latency of (19.842.8) s (n=23), and was more
long lasting (188.5 s+20.1 s). The firing rate increased by
84.0%+32.7%. These results indicate that the glutamate-in-
duced excitatory response in ARC neurons from inflamed rats
exhibited a shorter latency (P<0.05), longer duration (P<0.05)
and an enhanced firing rate (P<0.01) as compared with control
rats (Figure 4).

Effect of NMDA on the electric activities of ARC neurons

Similar to application of exogenous glutamate, application of
an NMDA receptor agonist, NMDA (25 pmol/L), also induced
an excitatory response in ARC neurons in both the control and
inflamed rats. In inflamed rats (n=24), the excitatory response
exhibited a shorter latency, larger increment and longer dura-
tion, all of which were significantly different (P<0.05) from
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Figure 4. Effects of exogenous glutamate and NMDA on neuronal
discharges in the ARC. Relative increases in neuronal discharge frequency
following glutamate (200 pmol/L, n=26 in control rats, n=23 in inflamed
rats) or NMDA (25 umol/L, n=29 in control rats, n=24 in inflamed rats)
application are shown in A. The baseline discharge frequency before
glutamate application in control and inflamed rats were 1.26+0.31 Hz and
1.58+0.22 Hz, respectively; before NMDA application they were 1.27+0.22
Hz and 1.69+0.34 Hz, respectively. The latency and duration of glutamate
or NMDA-induced increases in neuronal discharges are shown in B and C,
respectively. °P<0.05, °P<0.01 as compared with control rats.

Acta Pharmacologica Sinica



www.nature.com/aps
Peng JM et al

@

164

ARC neurons in control animals (n=29, Figure 4). These
results indicate that both NMDA and glutamate could induce
a stronger excitatory response in inflamed rats than in control
rats.

Effects of MK-801 and CNQX on the spontaneous discharge of
ARC neurons

It is well known that the increased excitability of nociceptive
neurons in the spinal cord during persistent inflammation is
mediated by glutamate receptors, including NMDA and non-
NMDA receptor subtypes. To examine the role of glutamate
receptors in the neuronal activation of ARC neurons during
peripheral inflammation, we tested the effects of MK-801
(NMDA receptor antagonist) and CNQX (non-NMDA recep-
tor antagonist) on the increased spontaneous discharges
of ARC neurons from inflamed rats. Application of either
MK-801 (300 pmol/L) or CNQX (30 pmol/L) resulted in a sig-
nificant reduction in the discharge frequency of ARC neurons
from inflamed rats. After MK-801 application, the discharge
frequency was reduced from (2.32+0.29) Hz to (1.23£0.17) Hz
(n=11, P<0.01, Figure 5A). After CNQX application, the dis-
charge frequency decreased from (2.17+0.25) Hz to (1.32+0.15)
Hz (n=11, P<0.01, Figure 5B). In control rats neither antago-
nist induced a significant reduction in the discharge frequency
of ARC neurons (Figure 5A, 5B). These results suggest that
the increase in spontaneous discharges of ARC neurons from
inflamed rats was mediated by NMDA and non-NMDA recep-
tors.

o Predrug
25} = MK-801

0.5}

Discharge frequency (Hz)

Control CFA

3 o Predrug
2.5 = CNQX

15 e

0.5

Discharge frequency (Hz)

Control CFA

Figure 5. MK-801 (NMDA receptor antagonist) and CNQX (non-NMDA
receptor antagonist) inhibit spontaneous discharge of ARC neurons in
inflamed rats. (A) A significant decrease in neuronal discharge frequency
was observed following MK-801 application (300 pmol/L) in inflamed
rats (n=11; P<0.01, unpaired t-test) but not in control rats (n=12). (B)
A significant decrease in neuronal discharge frequency was observed
following CNQX application (30 umol/L) in inflamed rats (n=11; °P<0.01,
unpaired t-test), but not in control rats (n=10).
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Discussion
The results of this study were threefold: 1) CFA-inflamed
rats exhibited elevated levels of phosphorylated NR1 but not
unphosphorylated NR1; 2) ARC neurons from CFA-inflamed
rats exhibited a higher frequency of neuronal discharges,
which was both NMDA and non-NMDA receptor depen-
dent; and 3) ARC neurons from CFA-inflamed rats exhibited
enhanced responses to exogenous glutamate and NMDA.
NMDA receptors in spinal dorsal horn have been shown to
play a critical role in nociceptive transmission®*. Peripheral
tissue injury dramatically enhances the function of spinal
NMDA receptor that is involved in the initiation and main-
tenance of central sensitization, a persistent increase in the

excitability of nociceptive neurons?* .

The hyperfunction
of the NMDA receptor could result from phosphorylation,
upregulation, or a combination of both® ', Our western blot
analysis indicated that the NMDA receptor NR1 subunit was
phosphorylated but not upregulated in the ARC, and this
effect was enhanced in inflamed rats. These results are con-
sistent with previous studies. Yang ef al found that CFA treat-
ment in mice did not affect total NR1 levels, but it did result
in a marked increase in NR1 phosphorylation®™. Bird et al
demonstrated that mono-arthritis induced by an injection of a
kaolin suspension with carrageenan into the knee joint in rats
resulted in increased NR1 phosphorylation rather than recep-
tor upregulation in the amygdala®!. Similarly, Maneepak et
al reported that dural stimulation by topical application of an
inflammatory soup enhanced phosphorylation but not expres-
sion of NR1 in the trigeminal nucleus caudalis of the spinal
cord in rats®.

Phosphorylation of NR1 has been shown to induce NMDA
receptor trafficking from storage sites in the endoplasmic
reticulum to the synaptic plasma membrane, leading to
a hyperactivation state of NMDA receptor in nociceptive

transmission® *,

Furthermore, NR1 phosphorylation has
been correlated with hyperalgesia and allodynia, which are
characteristic behavioral manifestations of central sensitiza-

tion® 37,

Previous investigations have demonstrated that
the blockage of NR1 phosphorylation could reverse allo-
dynia®”

an important role in the initiation and maintenance of central

. These data indicate that NR1 phosphorylation plays

sensitization. In the present study, NR1 phosphorylation was
enhanced in ARC neurons from inflamed rats, thereby sug-
gesting that central sensitization during peripheral inflamma-
tion might also occur in this supraspinal center.

Many studies have demonstrated that increased excitability
of nociceptive neurons in the spinal dorsal horn is an impor-
tant manifestation of central sensitization®.
central sensitization has been shown to result from glutamate-

In addition,

induced activation of multiple signaling pathways in dorsal
horn neurons, which involve both ionotropic (NMDA and

38,39 p

non-NMDA) receptors and metabotropic receptors!
present study we also observed increased excitability of
ARC neurons from CFA-inflamed rats, as evidenced by the

increased frequency of spontaneous discharges that was



NMDA and non-NMDA receptor dependent. The enhanced
responsiveness of ARC neurons from inflamed rats by gluta-
mate and NMDA application indicates that the excitability of
ARC neurons increased following peripheral inflammation.

In the present study, hypothalamic ARC neurons from
CFA-inflamed rats exhibited enhanced NR1 phosphorylation,
increased excitability and increased responsiveness. These
data suggest that the hypothalamic ARC may be important
in the development of central sensitization associated with
inflammatory injuries.
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Kynurenic acid attenuates multiorgan dysfunction in
rats after heatstroke
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Aim: To assess whether systemic delivery of kynurenic acid improves the outcomes of heatstroke in rats.

Methods: Anesthetized rats were divided into 2 major groups and given vehicle solution (isotonic saline 0.3 mL/kg rat weight) or
kynurenic acid (30-100 mg in 0.3 mL saline/kg) 4 h before the start of thermal experiments. They were exposed to an ambient
temperature of 43 °C for 68 min to induce heatstroke. Another group of rats were exposed to room temperature (26 °C) and used as
normothermic controls. Their core temperatures, mean arterial pressures, serum levels of systemic inflammatory response molecules,
hypothalamic values of apoptotic cells and neuronal damage scores, and spleen, liver, kidney and lung values of apoptotic cells were
determined.

Results: The survival time values during heatstroke for vehicle-treated rats were decreased from the control values of 475-485 min to
new values of 83-95 min. Treatment with KYNA (30-100 mg/kg, iv) 4 h before the start of heat stress significantly and dose-depend-
ently decreased the survival time to new values of 152-356 min (P<0.05). Vehicle-treated heatstroke rats displayed hypotension,
hypothalamic neuronal degeneration and apoptosis, increased serum levels of tunor necrosis factor-o (TNF-o), intercellular adhesion
molecule-1 (ICAM-1), and interleukin-10 (IL-10), and spleen, liver, kidney, and lung apoptosis. KYNA preconditioning protected against
hypotension but not hyperthermia and attenuated hypothalamic neuronal degeneration and apoptosis during heatstroke. KYNA precon-
ditioning attenuated spleen, kidney, liver, and lung apoptosis and up-regulated serum IL-10 levels but down-regulated serum TNF-& and
ICAM-1 levels during heatstroke.

Conclusion: Our results suggest that systemic delivery of kynurenic acid may attenuate multiorgan dysfunction in rats after heatstroke.

Keywords: heatstroke; tumor necrosis factor-a; interleukin-10; intercellular adhesion molecule-1; N-methyl-D-aspartate receptor;
kynurenic acid; hypothalamus; spleen; kidney; liver

Acta Pharmacologica Sinica (2011) 32: 167-174; doi: 10.1038/aps.2010.191

Introduction
Heatstroke is defined as a form of excessive hyperthermia
(>40 °C) associated with a systemic inflammatory response
that leads to multi-organ dysfunction in which central nervous
system (CNS) disorders such as delusion, convulsion and
coma predominate!”. Our recent results have demonstrated
that heatstroke rodents display hypotension, systemic inflam-
matory responses, hypothalamic ischemia and neuronal dam-
age, and multi-organ dysfunction®™.

Kynurenic acid (KYNA) or its metabolic precursor L-kynure-

*To whom correspondence should be addressed.
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Received 2010-06-14 Accepted 2010-09-27

nine may be of therapeutic value in neurodegenerative dis-
eased models™ ‘. For example, systemically administered
high doses of KYNA had a neuroprotective effect in the gerbil
model of global ischemia”. Both the homocysteine-induced
impairment of endothelial cells® and the motility and inflam-
matory activation in the early phase of acute experimental
colitis in the rat®™ were significantly reduced by administration
of KYNA.

The aim of this study was to investigate whether the
heatstroke induced hypotension, systemic inflammatory
responses, hypothalamic ischemia and damage, and multi-
organ dysfunction could be attenuated by KYNA precondi-
tioning. Accordingly, the temporal profiles of the apoptotic
cell numbers of spleen, kidney, liver, lung, and hypothalamus,
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the serum levels of systemic inflammatory response molecules
(eg, tumor necrosis factor-a [TNF-a], intracellular adhesion
molecule-1 [ICAM-1], and interleukin-10 [IL-10]), body core
temperature (Tco), and mean arterial pressure (MAP) dur-
ing heatstroke were assessed in rats treated with or without
KYNA (3-30 mg/kg of body weight, intravenously, 4 h before
the start of thermal experiments).

Materials and methods

Animals

Adult male Sprague-Dawley rats (weight 263+15 g) were
obtained from the Animal Resource Center of the National
Science Council of China (Taipei, Taiwan). The animals were
housed 4 in a group at an ambient temperature of 22+1 °C,
with a 12-h light/dark cycle. Pellet rat chow and tap water
were available ad libitum. All protocols were approved by
the Animal Ethics Committee of the Chi Mei Medical Center
(Tainan, Taiwan, China) in accordance with the Guide for the
Care and Use of Laboratory Animals of the National Institutes
of Health, as well as the guidelines of the Animal Welfare Act.
Adequate anesthesia was maintained to abolish the corneal
reflex and pain reflexes induced by tail pinching throughout
all experiments (approximately 6 h) by a single intraperitoneal
dose of urethane (1.4 g/kg body weight). At the end of the
experiments, control rats that had survived heatstroke were
killed with an overdose of urethane.

Surgery and physiological parameter monitoring

The right femoral artery and vein of rats were cannulated with
polyethylene tubing (PE50), under urethane anesthesia, for
blood pressure monitoring and drug administration. The Tco
was monitored continuously by a thermocouple, while MAP
and heart rate (HR) were monitored continuously with a pres-
sure transducer.

Induction of heatstroke

The Tco of the anesthetized animals were maintained at about
37 °C with an infrared light lamp, except during the heat stress
experiments. Heatstroke was induced by placing the animals
in a folded heating pad maintained at 43 °C by circulating hot
water. Survival time values (interval between the start of heat
stress and animal death) were determined.

Experimental groups

Animals were assigned randomly to one of three groups. One
group of rats, treated with an intravenous dose of vehicle solu-
tion (0.3 mL normal saline per rat) was exposed to 26 °C for
up to 480 min (or to the end of the experiments). This group
of rats was used as normothermic controls. The second group
was treated with the same dose of vehicle solution 4 h before
the initiation of heat exposure (43 °C for 68 min) and was used
as vehicle-treated heatstroke animals. The third group of rats
was intravenously treated with KYNA (30-100 mg/kg of body
weight in 0.3 mL saline; Sigma Chemical Co, St Louis, MO,
USA) 4 h before the start of thermal experiments. The last two
groups of rats were exposed to heat stress (43 °C) for exactly
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68 min to induce heatstroke and were then allowed to recover
at 26 °C. Physiological parameters and survival time were
observed for up to 480 min (or to the end of the experiments).
In Experiment 1, the survival time values for normothermic
rats, vehicle-treated heatstroke rats, and KYNA-treated heat-
stroke rats were determined randomly.

In Experiment 2, values of both Tco and MAP for normo-
thermic rats (NT), vehicle-treated heatstroke rats (VEH+HS),
and KYNA-treated heatstroke rats (KYNA+HS) were deter-
mined at 0 min, 68 min, or 85 min after the initiation of heat
exposure in heatstroke rats or the equivalent times in NT
group. All heatstroke groups had heat exposure (43 °C) with-
drawn exactly at 68 min and were then allowed to recover at
26 °C temperature.

In Experiment 3, values of neuronal damage score, apoptolic
cell numbers of hypothalamus, spleen, kidney, liver, and lung,
and serum levels of TNF-a, ICAM-1, and IL-10 were deter-
mined at 85 min after the initiation of heat exposure in heat-
stroke rats or the equivalent time in normothermic controls.

Neuronal damage score

Eighty-five minutes after the start of heat stress, animals were
killed by an overdose of urethane, and the brains were fixed in
10% neutral-buffered formalin for at least 24 h. The brain was
removed and embedded in paraffin blocks. Serial sections (10
pm thick) through the hypothalamus were stained with hema-
toxylin and eosin for microscopic evaluation. The extent of
neuronal damage was scored on a scale of 0-3, modified from
the grading system of Pulsinelli et al"”
1 indicates approximately 30% of the neurons are damaged, 2

, in which 0 is normal,

indicates that approximately 60% of the neurons are damaged,
and 3 indicates that 100% of the neurons are damaged. Each
hemisphere was evaluated independently by an examiner
blinded to the experimental conditions.

The terminal deoxynucleotidyl transferase-mediated and dUTP-
biotin nickened-labeling, TUNEL, staining

The TUNEL assay was performed using the apoptotic cells
in different tissue samples including the spleen, kidney,
liver, lung and hypothalamus. Color was developed using
3,3’-diaminobenzidine tetrachloride (Sigma chemical Co, St
Louis, MO, USA). Sections were treated with xylene and etha-
nol to remove paraffin and for dehydration. They were then
washed with phosphate buffered saline (PBS) and incubated
in 3% hydrogen peroxide solution for 20 min. The sections
were treated with 5 pg/mL proteinase k for 2 min at room
temperature, and rewashed in PBS (0.1 mol/L, pH 7.4). The
sections were then treated with a TUNEL reaction mixture
(terminal deoxynucleotidyl transferase nucleotide mixture,
Roche, Mannheim, Germany) at 37 °C for 1 h, and the sections
were washed with distilled water. They were then incubated
in anti-fluorescein antibody conjugated with horseradish
peroxidase at room temperature for 30 min, washed and visu-
alized using the avadinbiotin complex technique and 0.05%
3,3’-diaminobenzidine tetrachloride as a chromogen. The
numbers of TUNEL-positive cells were counted by a patholo-



gist at 200x magnification, 30 fields per section. Blinding was
performed for the pathologist’s grading of results.

Measurement of serum TNF-a, ICAM-1, and IL-10 levels
Eighty-five minutes after the start of heat stress, blood samples
were collected, immediately separated, and stored at -80 °C
until they could be assayed. We used commercially available
ELISA kits for the determination of serum TNF-a, ICAM-1,
and IL-10 levels (Quantikine, R&D Systems Inc, Minneapolis,
MN, USA) according to the manufacturer’s instructions.

Statistical analysis

All data are expressed as meanststandard deviation. One-
way analysis of variance with Tukey’s multiple comparisons
test was used for serum markers, Tco, MAP, survival time, and
apoptotic cell numbers. The Wilcoxon test was used for histo-
logical assessment. Significant differences were established at
P<0.05. For all statistical analyses, SPSS software version 10.0
(SPSS Inc, Chicago, IL, USA) was used.

Results

KYNA prolonged survival time values during heatstroke

As depicted in Figure 1, body Tco and MAP increased to val-
ues of about 41 °C and about 140 mmHg, respectively at 68
min after the start of heat exposure (43 °C). However, 85 min
after the start of heat stress, the Tco and MAP reached new
values of about 41 °C and about 40 mmHg, respectively. The
instant (85 min after heat exposure) in which Tco rose above

50+
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Figure 1. Values of both core temperature (Tco) and mean arterial
pressure (MAP) for normothermic controls (NT), heatstroke (HS) rats
treated with vehicle solution (VEH+HS) and HS rats treated with KYNA
(KYNA+HS). The values were obtained at O (empty bar), 68 (diagonally
shaded bar), or 85 (cross-hatched bar) min after the initiation of heat
exposure in heatstroke rats or the equivalent times in NT. °P<0.05 in
comparison with NT group; °P<0.05 in comparison with time “0” group;
"P<0.05 in comparison with (VEH+HS) group. All HS groups had heat
exposure (43 °C) withdrawn exactly at 68 min and were then allowed to
recover at room temperature (26 °C). Bars were the mean+SD of six rats
for each group.
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41 °C and MAP dropped about 40 mmHg was arbitrarily
defined as the time point for the onset of heatstroke™ ™', At
68 min, the heating pad was removed, and the animals were
allowed to recover at room temperature (26 °C). The survival
time values during heatstroke for vehicle-treated rats were
decreased from the control values of 475-485 min (1=6) to new
values of 83-95 min (n=6). Treatment with KYNA (30-100
mg per kg of body weight, intravenously) 4 h before the start
of heat stress significantly (P<0.05) and dose-dependently
decreased the survival time to new values of 152-356 min
compared with normothermic rats (Table 1).

Table 1. The survival time values for normothermic rats, vehicle-treated
rats, and KYNA-treated rats. Data were mean+SD. n=6. "P<0.05, in
comparison with group 1; °P<0.05, in comparison with group 2.

Treatment groups Survival time (min)

Normothermic rats 48015
Vehicle-treated heatstroke rats 89+6°
KYNA (10 mg/kg, iv)-treated heatstroke rats 152+7°¢
KYNA (30 mg/kg, iv)-treated heatstroke rats 191+9°
KYNA (100 mg/kg, iv)-treated heatstroke rats 356+17°¢

All heatstroke rats which had heat exposure (43 °C) were withdrawn
exactly at 68 min and then allowed to recover at room temperature
(26 °C). Heatstroke rats were killed 85 min after the start of heat stress,
where as the normothermic rats were killed about 480 min after the start
of experiment (or at the experiment end). Vehicle or KYNA was injected 4
h before the start of experiments.

KYNA protected against hypotension but not hyperthermia during
heatstroke

As shown in this Figure 1, heat stress induced significant
(P<0.05) increase in both Tco and MAP in vehicle-treated heat-
stroke rats at 68 min. However, 17 min after termination of
heat stress (or 85 min after the initiation of heat exposure), the
values of MAP but not Tco were significantly (P<0.05) lower
than those of the normothermic rats (40 mmHg vs 98 mmHg;
Figure 1). The heat-induced hypotension, but not hyper-
thermia, was significantly (P<0.05) reduced by KYNA precon-
ditioning.

KYNA attenuated hypothalamic neuronal degeneration and
apoptosis during heatstroke
As shown in Table 2, after the onset of heatstroke, the hypo-
thalamic neuronal damage scores were higher in animals
treated vehicle compared with the normothermic controls.
Histopathologic verification revealed that heatstroke caused
cell body shrinkage, pyknosis of the nucleus, loss of Nissl sub-
stance, and disappearance of the nucleus in the hypothalamus
of vehicle-treated rats (Figure 2). The figure also showed that
the heat-induced hypothalamic neuronal degeneration were
greatly reduced in KYNA-treated heatstroke rats (P<0.05).
Figure 3 showed the effects of heat exposure on the number
of TUNEL-positive cells in the hypothalamus of normothermic
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Table 2. The neuronal damage scores for normothermic rats, vehicle-
treated heatstroke rats, and KYNA-treated heatstroke rats. °P<0.05,
compared with group 1; °P<0.05, compared with group 2.

Treatment groups Neuronal damage

score (0-3)
Normothermic rats 0(0,0)
Vehicle-treated heatstroke rats 2(2,2)P
KYNA (30 mg/kg, iv)-treated heatstroke rats 1(0.25, 0.75)¢
KYNA (100 mg/kg, iv)-treated heatstroke rats 0 (0, 0)°

Values represented the median with the first and third quartile in
parentheses of 6 rats per group. For determination of neuronal damage
score, heatstroke rats were killed 85 min after the start of heat stress,
whereas the normothermic rats were killed 480 min after the start of
heat exposure (or at the experiment end). All heatstroke rats which had
heat exposure (43 °C) were withdrawn exactly at 68 min and then allowed
to recover at room temperature (26 °C). The data were evaluated by a
Wilcoxon signed rank test followed by the Duncan test when appropriate.

controls, vehicle-treated heatstroke rats, and KYNA-treated
heatstroke rats. After the onset of heatstroke (or 85 min after
the start of heat stress), the number of TUNEL-positive cells
of the hypothalamus was greater (P<0.05) in vehicle-treated
heatstroke rats than in the normothermic controls. However,
increase of TUNEL-positive cells in the hypothalamus of
heatstroke rats was greatly attenuated by KYNA. A typical
example of TUNEL staining of the hypothalamus was shown
in the top panel of Figure 3.

KYNA attenuated spleen, kidney, liver, and lung apoptosis during
heatstroke

Figures 4-7 summarized the effects of heat exposure on the
number of TUNEL-positive cells in the spleen, the kidney, the
liver, and the lung, respectively, of normothermic controls,
vehicle-treated heatstroke rats, and KYNA-treated heatstroke
rats. After the onset of heatstroke, the number of TUNEL-
positive cells of these organs were greater (P<0.05) in vehicle-
treated heatstroke rats than in the normothermic controls.
However, increase of TUNEL-positive cells in these organs
of heatstroke rats was greatly (P<0.05) attenuated by KYNA
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Figure 3. Mean number of TUNEL-positive cells per hypothalamic section
for normothermic controls (NT), vehicle-treated heatstroke rats (VEH+HS),
and KYNA-treated heatstroke rats (KYNA+HS). The values were obtained
85 min after the start of heat exposure for heatstroke groups or the
equivalent time period for normothermic group. °P<0.05, in comparison
with NT group. °P<0.05, in comparison with (VEH+HS) group. All
heatstroke groups had heat exposure (43 °C) withdrawn exactly at 68 min
and were then allowed to recover at room temperature (26 °C). Bars were
the mean+SD or six rats per group. Top panels showed the hypothalamic
staining for a NT rat (A), a (VEH+HS) rat (B), and a (KYNA+HS) rat (C).

preconditioning. The typical examples of TUNEL stainings
of these organs were shown in the top panel of Figures 4-7,
respectively.

KYNA up-regulated serum IL-10 levels but down-regulated serum
TNF-o and ICAM-1 levels during heatstroke

Figure 8 showed the serum levels of ICAM-1, TNF-a, and
IL-10 among the three experimental groups. Compared with
the normothermic controls, vehicle-treated heatstroke rats had
higher levels (P<0.05) of ICAM-1 and TNF-a after the onset
of heatstroke. The increase in the serum levels of these two
markers caused by heatstroke were significantly reduced by
KYNA preconditioning. However, compared with the vehi-
cle-treated rats, KYNA-treated rats had higher (P<0.05) serum
levels of IL-10 after the onset of heatstroke.
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Figure 2. Histological examination of neuronal damage. The photomicrograph of the hypothalamus for a normothermic rat (A), a heatstroke rats
treated with vehicle solution (B), or a heatstroke rat treated with KYNA (C). Heatstroke rats were killed 85 min after the start of heat stress, whereas
the normothermic rats were killed at the equivalent time period. The hypothalamus of the vehicle-treated rats showed cell body shrinkage, pyknosis
of the nucleus, loss of Nissl substance, and disappearance of the nucleolus (B). However, heat-induced neuronal damage was reduced in group “C”.
Magnification x400
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Figure 4. Values of renal TUNEL-positive cells for NT rats, (VEH+HS)
rats, and (KYNA+HS) rats. The values were obtained at 85 min after the
initiation of heat exposure in heatstroke rats or the equivalent times in
NTs. °P<0.05 in comparison with (NT) group; °P<0.05 in comparison with
(VEH+HS) group. All HS groups had heat exposure (43 °C) withdrawn
exactly at 68 min and were then allowed to recover at room temperature
(26 °C). Bars were the mean+SD of six rats for each group. Top panels
depicted the kidney TUNEL-positive cells for a NT rat (A), a (VEH+HS) rat (B),
and a (KYNA+HS) rat (C).
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Figure 5. Values of spleen TUNEL-positive cells for NT rats, (VEH+HS)
rats, and (KYNA+HS) rats. The values were obtained at 85 min after the
initiation of heat exposure in heatstroke rats or the equivalent times in
NTs. °P<0.05 in comparison with (NT) group; °P<0.05 in comparison with
(VEH+HS) group. All HS group had heat withdrawn exactly at 68 min and
were then allowed to recover at room temperature (26 °C). Bars were the
mean+SD of six rats for each group. Top panels depicted the TUNEL stai-
nings for a NT rat (A), a (VEH+HS) rat (B), and a (KYNA+HS) rats (C).

Discussion

A hypothesis of how heat stress leads to multi-organ dysfunc-
tion has been proposed” . Heat stress stimulates metabolism
and progressively reduces blood flow to critical splanchnic
and brain tissues. Increased metabolic demand coupled with
reduced splanchnic and brain blood flow generates cellular
hypoxia, compromises cellular energy production, and pro-
duces derangements in intracellular Ca®* homeostasis. As
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Figure 6. Values of liver TUNEL-positive cells for NT rats, (VEH+HS) rats,
and (KYNA+HS) rats. The values were obtained at 85 min after the
initiation of heat exposure in heatstroke rats or the equivalent times in
NTs. °P<0.05 in comparison with NT group; °P<0.05 in comparison with
(VEH+HS) group. All HS groups had heat withdrawn exactly at 68 min and
were then allowed to recover at room temperature (26 °C). Bars were

the mean+SD of six rats for each group. Top panels depicted the TUNEL
stainings for a NT rat (A), a (VEH+HS) rat (B), and a (KYNA+HS) rat (C).
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Figure 7. Values of lung TUNEL-positive cells for NT rats, (VEH+HS) rats,
and (KYNA+HS) rats. The values were obtained at 85 min after the
initiation of heat exposure in heatstroke rats or the equivalent times in
NTs. °P<0.05 in comparison with NT group; °P<0.05 in comparison with
(VEH+HS) group. All HS groups had heat withdrawn exactly at 68 min and
were then allowed to recover at room temperature (26 °C). Bars were
the mean+SD of six rats for each group. Top panels depicted the TUNEL
stainings for a NT rat (A), a (VEH+HS) rat (B), and a (KYNA+HS) rat (C).

heat stress continues, hypoxic cells can produce multiorgan
dysfunction and inflammation. Although the severity of
heatstroke depends on the degree of hyperthermia and its
duration™, normal volunteers can passively endure a core
temperature of about 42 °C with none or minimal tissue
injury™ . Indeed, as demonstrated in the present results,
KYNA treatment significantly prevented the occurrence of
heat-induced multi-organ damage and inflammation without
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Figure 8. Serum levels of tumor necrosis factor-a (TNF-&), intercellular adhesion molecule-1 (ICAM-1), and interleukin-10 (IL-10) for NT rats, (VEH+HS)
rats, and (KYNA+HS) rats. The samples were obtained at 85 min after the initiation of heat exposure in heatstroke rats or the equivalent times in NTs
group. °P<0.05, in comparison with NT group; °P<0.05 in comparison with (VEH+HS) group. All heatstroke group had heat exposure (43 °C) withdrawn
exactly at 68 min and were then allowed to recover at room temperature (26 °C). Bars were the meanSD of six rats for each group.

affecting the induced hyperthermia. It should be mentioned
that, in the present study, all these heatstroke animals were
under the general anesthesia of urethane. Although the sur-
vival time values of these heatstroke animals were prolonged
by KYNA preconditioning, but all the animals died. To deter-
mine whether there was durable improvement in survival,
unanesthetized and unrestrained animals with or without
KYNA should be exposed to heat stress in future studies.

Recent findings have documented that unanesthetized,
unrestrained rodents display thermoregulatory deficits (eg,
the heatstroke animals showed hypothermia when exposed
to room temperature, 26 °C) 4 h after the initiation of heat
stress!"” .
may have resulted from neuronal apoptosis and cell degen-
eration in the hypothalamus (as demonstrated in the current
study). The current results further showed that the hypo-
thalamic apoptosis and neuronal degeneration that occurred
during heatstroke in rats could be significantly ameliorated by
KYNA treatment.

KYNA is a tryptophan metabolite formed as part of the
kynurenine pathway. It has been shown that KYNA is an
antagonist of the glycine site of NMDA and of the a-7 nico-
tinic acetylcholine receptors!"” >’
orphan G-protein coupled receptor, GPR 35", Excessive or
persistent activation of glutamate receptors in the mammalian

The heatstroke-induced thermoregulatory deficits

as well as a ligand for the

central nervous system results in neuronal death, contributing

221 or other neuro-

to brain damage in stroke, trauma, epilepsy
degenerative disorders™™. Most glutamate effects are medi-
ated by the N-methyl-D-aspartate (NMDA) receptor, although
a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid
(AMPA) or kainite™ receptors, and metabotropic G-protein-
coupled receptors™! may also be involved. Only high doses of
KYNA proved to be neuroprotective in neonatal rats by reduc-

1 or hypoxia-ischemia-induced™ brain edema and
[28]

ing anoxia-
in adult rats
For example, KYNA exerted a neuroprotective effect at very
high doses (1000-1200 mg/kg, ip), which induced a marked
increase in the whole brain concentration of KYNA in gerbils
subjected to transient forebrain ischemia'”.
observations together, KYNA might cause the attenuation of
heat-induced multiple organ dysfunction via the mechanisms
of the glycine site of NMDA and of the a-7 nicotinic acetyl-

and gerbilsm given before ischemia induction.

Based on these
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choline receptors as well as a ligand for the orphan G-protein
coupled receptor, GPR35. Altered blood-brain-barrier (BBB)
permeability and brain injury occurred during heatstroke in
rats®), In addition, human umbilical cord derived CD34" cells
were found to be able to pass into the hyperthermic brain to
attenuate heat-induced brain injury and damage in rats®. It
could be derived from the foregoing statements that systemic
delivery of KYNA might ameliorate multiorgan dysfunc-
tion that occurred during heatstroke via both the central and
peripheral components of inhibition. In particular, KYNA
might have achieved its central action via passing through the
disrupted blood-brain-barrier.

It is generally believed that activation of the excitatory
amino acid receptors plays an important role in neuronal
death in stroke®, as well as in the grey matter ischemia®.
Kynurenic acid is one of the few known endogenous NMDA

*# Our data and theoretical consideration

receptor inhibitors!
suggest that KYNA or its metabolic precursor L-kynurenine
may be of therapeutic value in heatstroke syndromes. How-
ever, the use of KYNA as a neuroprotective agent can be
excluded because it is barely able to cross the BBB, whereas
L-kynurenine is transported much more readily across the
BBB™.

In additional to inducing neuronal damage to brain tis-
sues, heatstroke caused severe damage to the lung, kidney,
liver, and spleen®™. The current results further demonstrated
that heat-induced multi-organ damage could be significantly
ameliorated by KYNA preconditioning in the rat. In fact, the
glutamate receptors are also present in pancreas, gut, kidney,
liver, lung, spleen, and testis®™ *!. Experiments performed
on bovine aorta endothelial cell cultures showed that KYNA
exerted a protective activity against the homocysteine-induced
impairment of endothelial cells®®. The addition of KYNA
significantly increased endothelial cell migration and prolif-
eration, which was diminished by homocysteine. KYNA also
protected cells against homocysteine-induced cytotoxicity.
KYNA was also shown to decrease motility and inflammatory
activation in the early phase of acute experimental colitis in
the rat.

A high affinity glutamate/aspartate transport system exists
in pancreatic islets of langerhans and that this system contrib-

utes to a glutamatergic signaling pathway that can modulate



]

glucose-inducible insulin secretion®, 7l

Our previous results
showed that, after the onset of heatstroke in the rat, hypoten-
sion accompanied by no change in blood levels of glucose
were observed.

It has been documented that the pathophysiological
responses exerted during heatstroke are the results of a sys-
temic inflammatory response that ensues following thermal
injury rather than a direct effect of hyperthermia'. The serum
TNF-a and ICAM-1 levels can be regarded as markers for the
systemic inflammatory response as they indirectly reflect the
whole body production of both TNF-a and ICAM-1 in vari-
ous organs®®*. The expression of adhesion molecules can
be induced by TNF-a®. The adhesion molecule ICAM-1
mediates firm adhesion between leukocytes and endothelial
cells and contributes to the migration of leukocytes from post-
capillary venues into the reperfused tissue*>*. ICAM-1 initi-
ates adhesion and transendothelial migration of circulating

[42]

leukocytes Evidence has also suggested that IL-10 may

have a therapeutic potential in acute and chronic inflammatory

[44]

disease Exogenous administration of recombinant IL-10

protects mice from lethal endotoxemia by reducing TNF-a

release!.

In the present study, we showed that KYNA pre-
conditioning increased the serum levels of IL-10 and decreased
the serum levels of both TNF-a and ICAM-1, and prolonged
the survival time during heatstroke. These observations sug-
gested that KYNA might improve survival of heatstroke rats
via reducing systemic inflammatory response in the rat.

In summary, the present data indicated that KYNA might
exert a protective role on multiple organs during heatstroke
through the following mechanisms: (A) Anti-inflammation:
KYNA inhibited the up-regulation of systemic inflammatory
response molecules such as TNF-a and ICAM-1 but enhanced
the up-regulation of IL-10: (B) Anti-hypotension: KYNA
reduced heat-induced splanchnic and brain ischemia; (C)
Anti-apoptosis: KYNA inhibited heat-induced hypothalamic
neuronal apoptosis and degeneration and multi-organ dys-
function.
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Alteration of synaptic plasticity in rat dorsal striatum
induced by chronic ethanol intake and withdrawal
via ERK pathway
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Department of Physiology, Nanjing Medical University, Nanjing 210029, China; Department of Pathophysiology, Nanjing Medical Uni-
versity, Nanjing 210029, China

Aim: The dorsal striatum has been proposed to contribute to the formation of drug-seeking behaviors, leading to excessive and com-
pulsive drug usage, such as addiction. The current study aimed to investigate the involvement of extracellular signal-regulated kinase
(ERK) pathway in the modification of striatal synaptic plasticity.

Methods: Ethanol was administered to rats in drinking water at concentration of 6% (v/v) for 30 days. Rats were sacrificed on day 10,
20, or 30 during ethanol intake or on withdrawal day 1, 3, or 7 following 30-d ethanol intake. The striata were removed either for elec-
trophysiological recording or for protein immuno-blot analysis. Extracellular recording technique was used to record population spikes
(PS) induced by high-frequency stimulation (HFS) in the dorsolateral striatum (DLS).

Results: Corticostriatal long-term depression (LTD) was determined to be dependent upon ERK signaling. Chronic ethanol intake (CEl)
attenuated ERK phosphorylation and LTD induction, whereas withdrawal for one day (W1D) potentiated ERK phosphorylation and LTD

induction. These results showed that the impact of chronic ethanol intake and withdrawal on corticostriatal synaptic plasticity was
associated with ethanol’s effect on ERK phosphorylation. In particular, pharmacological inhibition of ERK hyper-phosphorylation by
U0126 prevented LTD induction in the DLS and attenuated ethanol withdrawal syndrome as well.

Conclusion: In rat DLS, chronic ethanol intake and withdrawal altered LTD induction via ERK signaling pathway. Ethanol withdrawal
syndrome is mediated, at least partly, by ERK hyper-phosphorylation in the DLS.

Keywords: long-term depression; ethanol; synaptic plasticity; dorsal striatum; extracellular signal-regulated kinase; U0126
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Introduction

Addiction is increasingly viewed as a pathological process of
learning, involving cell signaling and synaptic mechanisms
similar to those implicated in neural models of learning and

memory ",

Synaptic plasticity is required for neuroadap-
tations that result from a variety of environmental stimuli.
Therefore, it is attractive to hypothesize that drug abuse causes
long-term changes in behavior by altering synaptic function
and plasticity in relevant brain circuits.

The involvement of the ventral striatum, or nucleus accum-
bens (NAc), in mediating drug reward and reinforcement is
well established™ . Recently, it has also been proposed that
the dorsal striatum (caudate nucleus and putamen) is likely
to be involved in advanced stages of addiction when drug

use progresses toward a compulsive, habitual pathology™® .
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Previous work from our lab” has shown that synaptic plastic-
ity in the rat dorsal striatum was altered by chronic ethanol
exposure and withdrawal. However, the relevant underlying
molecular mechanism remains unclear.

It has been reported that extracellular signal-regulated
kinase (ERK1/2, also known as p44 and p42 MAPK) signaling
plays an important role in the induction of long-term potentia-
tion (LTP). For example, stimuli inducing LTP in area CA1 of
the hippocampus potently activate ERK®], whereas pharma-
cological inhibition of MEK, an upstream activator of ERK,
inhibits LTP® !, The participation of ERK in synaptic plastic-
ity has also been found in other brain regions"" " (eg, LTD
in the cerebellum and LTP in the visual cortex).

Furthermore, several studies™ " have suggested that the
ERK signaling pathway is one of the targets of ethanol. For
example, acute application of ethanol has been shown to
attenuate MAPK activation in cultured cortical neurons and
in mouse cerebral cortex in vivo™. A reduction of MAPK
activation by chronic intermittent ethanol treatment was
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observed in the amygdala, the cerebellum, the striatum and
the hippocampus!.

Based on these results, we hypothesized that changes in
ERK activation by ethanol may contribute to the modulation of
corticostriatal plasticity following chronic ethanol intake (CEI)
treatment. In the present study, we first investigated whether
corticostriatal LTD, as indicated in other brain regions, was
ERK dependent. We then compared the effects of CEI and
withdrawal treatment on ERK activation and corticostriatal
LTD induction. The results showed that the ERK signaling
pathway was involved in both striatal LTD induction and
the impairment of synaptic plasticity produced by CEI/with-
drawal treatment.

Materials and methods

Animals and drug application

Male Sprague-Dawley rats (grade II) from the Experimental
Animals Center of Jiangsu Province (Certification No 97001)
weighing 150-170 g were housed in cages on a 12-h dark/
light cycle (light on at 7:00 am) with ad libitum access to food
and water. Upon arrival in the laboratory, the animals were
allowed to acclimate to the housing facilities for 3 d before use.
All procedures were performed in accordance with the guide-
lines for the care and use of animals provided by the Experi-
mental Animal Center of Jiangsu Province.

Ethanol was administered in drinking water at a concentra-
tion of 6% (v/v) for 30 consecutive days. Rats were sacrificed
on day 10, 20 or 30 during ethanol intake or on withdrawal
day 1, 3 or 7 following 30 days of ethanol intake.

U0126, a selective inhibitor of MEK (ERK kinase), was
dissolved in 1% dimethyl sulfoxide (DMSO) and delivered
through intracerebroventricular (icv) injection (100 ng/rat)
or bath application. DMSO was diluted with saline (steril-
ized 0.9% sodium chloride solution, pH 7.0). In contrast to icv
injection, a final DMSO concentration of 0.1%, instead of 1%,
was used in bath application.

For icv injection, rats were anesthetized with pentobarbital
sodium (50 mg/kg, ip). Guide cannulas (2.5 mm in length,
23 gauge) were implanted bi-ventricularly (A-P -0.3 mm from
bregma; M-L£1.2 mm from the midline) and anchored to the
skull with stainless steel screws and dental cement. A wire
stylet was inserted in the guide until microinjection was made.
Freshly prepared reagents (U0126 or DMSO) were injected
using a stepper-motorized micro-syringe (Stoelting, Wood
Dale, IL, USA) at a rate of 1 pL/min (final volume=>5 pL/side).
The left half of the striata was used for phospho-ERK/ERK
detection, whereas the right half of the striata was used for
electrophysiological recording.

Brain slice preparation

Rats were anesthetized with halothane and killed by decapi-
tation. The brains were then rapidly removed and cooled in
ice-cold artificial cerebrospinal fluid (ACSF) containing (in
mmol/L): 126 NaCl, 2.5 KCl, 1.2 NaH,PO,, 25 NaHCO;, 11
D-glucose, 2.4 CaCl,, and 1.2 MgCl, at pH 7.4. The brains
were fixed to a silicone stage with cyanoacrylate. Coronal
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slices (400 pm thick) were cut with a manual vibratome
(Campden Instruments, Loughborough, Leics, UK). The slices
were immediately transferred to a holding chamber contain-
ing ACSF that was constantly oxygenated with 95% O, and
5% CO, and maintained at room temperature 22-25 °C for 1-h
equilibration prior to recording. A hemi-slice containing cor-
tex and striatum just anterior to the globus pallidus was then
transferred to a recording chamber (TC-202A, Medical Systems
Corp, NY), maintained at 32 °C and perfused with oxygenated
ACSF (95% O,, 5% CO,) at a flow rate of 2 mL/min.

Field potential recording

Extracellular recording electrodes, pulled on a horizontal
micropipette puller (Sutter P97; Sutter Instruments, Novato,
CA, USA) and filled with 2 mol/L NaCl (electrode imped-
ance 3-8 MQ), were placed within the striatum, located 1-2
mm ventral from the white matter, and set at the depth
where maximal evoked population spike (PS) amplitude was
observed. Field potentials were evoked by a constant current
stimulus (50-200 pA, 100 ps duration) applied to the white
matter via a glass-coated tungsten bipolar stimulating elec-
trode placed dorsally with respect to the recording electrode.
Baseline responses were set to half-maximal amplitude. Stable
responses were recorded for 20 min prior to high-frequency
stimulation (HFS; four bursts consisting of 100 pulses at 100
Hz delivered every 20 s). Stimulus intensity was adjusted to a
level evoking maximal response during HFS.

The majority of the slices were also subjected to maximal
stimulation at the end of the experiment to ensure that no
significant deterioration of the slices had occurred during the
experiment, as determined by the presence of a maximal PS in
response to such stimulation.

Data were filtered (high-pass, 0.1 Hz; low-pass 3 kHz),
amplified and digitized using an Axoclamp 2B amplifier and
Digidata 1200 interface (Axon Instruments, CA), and then
stored in a computer by pClamp 6.0 software and analyzed
using Clampfit software.

Western blot assays

Dorsolateral striata were micro-dissected on ice using estab-
lished anatomical landmarks. They were then immediately
frozen in liquid nitrogen and stored in a -80°C freezer until
use. For experiments, all of the samples were homogenized
in lysis buffer containing the following: 50 mmol/L Tris-HCl
(pH 7.5), 150 mmol/L NaCl, 5 mmol/L EDTA, 10 mmol/
L NaF, 1T mmol/L sodium orthovanadate, 1% TritonX-100,
0.5% sodium deoxycholate, 1 mmol/L phenylmethylsulfonyl
fluoride and protease inhibitor cocktail (Complete; Roche,
Mannheim, Germany). Protein extracts were quantified using
BCA assay (Pierce, Rockford, IL, USA), normalized, size-frac-
tionated by 10% SDS polyacrylamide gel electrophoresis (50
pg/lane) and transferred to nitrocellulose membranes. Then
blots were blocked for 1 h with 5% bovine serum albumin or
skim milk in 0.1% TBS-Tween at room temperature. Phospho-
rylated forms of ERK were determined by immunodetection
with a specific antibody against Thr202 and Tyr204 phospho-



rylation sites (Cell Signaling Tech, MA) at a dilution of 1:1000
in the same solution used for blocking. After incubation over-
night at 4 °C with the primary antibody, blots were repeatedly
washed in 0.1% TBS-Tween and incubated with a 1: 2000 dilu-
tion of a HRP-conjugated secondary antibody in 0.1% TBS-
Tween for 1 h. Following further washes and incubation with
a chemiluminescent substrate (Pierce), the blots were exposed
to Kodak Biomax MR film. Western blots probed for phospho-
rylated ERK were stripped in 62.5 mmol/L Tris-HCI (pH 6.8),
2% SDS, and 100 mmol/L 2-mercaptoethanol for 30 min at
50 °C. As a control, the blots were then blocked and reprobed
to detect total ERK (non-phosphorylated + phosphorylated).
Autoradiograms were scanned and quantified using Quantity-
One software.

Data analysis

LTD was defined as a stable decrease in field potential ampli-
tude (>15%) 40 min post-HFS. The percentage change in field
potential amplitude was determined by normalizing the mean
response measured 50-60 min post-HFS to the mean response
measured over the 10-min period immediately prior to tetanic
conditioning.

Statistical analyses were performed using ANOVA followed
by Student-Newman-Keuls post-hoc test. To evaluate differ-
ences between two treatments, two-tailed Student’s t-test com-
parison was performed. Values of P<0.05 were considered sta-
tistically significant. All values are expressed as means+SEM
(unless otherwise stated).

Results

Induction of corticostriatal LTD was blocked by U0126

U0126 is a specific membrane-permeable inhibitor of MAPK
kinase (MAPKK, also known as MEK), which phosphorylates
and activates ERK1/2". To assess whether ERK activation
plays a role in striatal synaptic plasticity, as has been sug-
gested for other brain regions, U0126 was bath applied to the
recording slices. Four rats, weighing 250+£8.2 g, were used in
this experiment.

As shown in Figure 1A, Western blot analysis revealed that
basal ERK phosphorylation in DLS was markedly reduced
following 30-min bath application of 20 pmol/L U0126
(0.41+£0.08, n=4, P<0.05 vs control), as we expected, whereas the
basal ERK phosphorylation remained unchanged (0.93+0.06,
n=4) following 30-min bath application of 0.1% DMSO com-
pared to control.

The baseline PS amplitude (mean responses of 10 min
immediately prior to HFS) was -0.8+0.15 mV (n=8 slices) in the
control group, -0.7740.18 mV (n=8 slices) in the DMSO group,
and -0.75+0.14 mV (n=7 slices) in the U0126 group. There was
no significant difference between baseline PS amplitude in the
control group and DMSO/U0126 group, which indicates that
bath application of either DMSO or U0126 had no direct effect
on basal synaptic transmission in DLS.

In DMSO-treated slices, the mean PS amplitude, measured
at 50-60 min post-HFS, decreased (relative to baseline) to
54.4%+5.2% (n=8 slices, Figure 1B), which was similar to that

www.chinaphar.com

Cui SZ et al
177
A U0126 DMSO/\ [
: Py
vErK T i — W\ﬂ f\Pre W
HFS
ERK :
—_——_— TV et N H
CTL DMSO U0126 HFS
oCTL
5 =DMSO
o 2 128 200126
[0}
< 8 100 i%%% {IHIIIH{I
';\J 1 ® 80 { :
E b S 60 L]
Fos SRR NI T
0 . : ; E 20
CTL  DMSO U0126 o

?20 -10 0 10 20 30 40 50 60
Time (min)

Figure 1. Effects of MEK inhibitor U0126 on striatal LTD induction and
on ERK phosphorylation. (A) Thirty-minute bath application of 20 ymol/L
U0126, but not 0.1% DMSO, inhibited ERK phosphorylation (n=4 in each
group) in rat DLS. (B) Mean PS (population spike) amplitudes, expressed
as a percentage of the mean baseline value, in 20 pmol/L U0126-treated
slices (n=7), in 0.1% DMSO-treated slices (n=8), and in control (CTL) slices
(n=8), respectively. U0126 or DMSO was present in the bath for 30 min
before high-frequency stimulation (HFS). HFS was given at time O min.
Upper panel: Sample traces of PS (5 min pre-HFS and 60 min post-HFS,
respectively). Calibration: 2 ms, 0.2 mV. °P<0.05 vs control.

recorded in normal ACSF (49.8%+6.4%, n=8 slices, Figure
1B). This indicates that LTD can be reliably elicited in DMSO-
treated slices, consistent with the above-mentioned results
demonstrating that DMSO had no effect on ERK phosphoryla-
tion. In contrast, the mean PS amplitude post-HFS in U0126-
treated slices was 96.3%%6.9% (n=7 slices, Figure 1B) of base-
line, suggesting that 30-min bath application of 20 pumol/L
U0126 abolished LTD induction.

These data demonstrated that striatal LTD is phospho-ERK
dependent.

ERK phosphorylation was altered during chronic ethanol intake
and withdrawal

Rats were divided into seven groups (n=>5 in each group): CTL
(fed with tap water for 24 days), CEI10, CEI20, CEI30 (fed with
6% (v/v) ethanol for 10, 20, 30 d, respectively), WD1, WD3,
and WD7 (withdrawal for 1, 3, and 7 d after 30 d of ethanol
intake). The body weights (mean+SD in g) of rats in each
group were as follows: CEI10 (205.6+10.9), CEI20 (245.2+11.3),
CTL (262.2£10.2), CEI30 (297£10.5), WD1 (304.4+11.9), WD3
(318.2+14.8), and WD?7 (336.6£16.1). Preliminary studies
showed no significant differences in basal phospho- or total
ERK protein levels within this weight range of rats.

Western blot results (Figure 2) showed that in DLS, chronic
ethanol intake induced a decrease in ERK phosphorylation in
the CEI10 (0.54+0.05, P<0.05), CEI20 (0.43+0.08, P<0.05) and
CEI30 (0.76+0.07, P<0.05) groups, respectively, in compari-
son with the CTL group. In contrast, phospho-ERK Ievels
increased in the WD1 group (1.32+0.08; P<0.05 vs CTL) and
showed no statistically significant changes in either the WD3
group (0.9620.10, n=5) or the WD7 group (0.88+0.12, n=>5).
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Figure 2. Chronic ethanol intake and withdrawal treatment changed
phospho-ERK levels in rat DLS (n=5 in each group). The upper panel is
a representative Western blot. CTL, control; CEI10, CEI20, and CEI30
represent chronic ethanol intake for 10, 20, and 30 days, respectively.
WD1, WD3, and WD7 represent chronic ethanol withdrawal for 1 day, 3
days, and 7 days, respectively, after 30 days of ethanol intake. °P<0.05
vs control.

These results indicate that in the DLS, chronic ethanol intake
reduces ERK phosphorylation, whereas ethanol withdrawal
enhances ERK phosphorylation transiently. Next, we deter-
mined whether chronic ethanol intake- and withdrawal-
induced activities of ERK phosphorylation correlated with
striatal LTD induction.

Changes of striatal LTD induction caused by chronic ethanol
intake and withdrawal were associated with alterations in ERK
phosphorylation

CEI10 (lower phospho-ERK) and WD1 (higher phospho-
ERK) groups were selected to determine whether changes in
corticostriatal LTD induction would coincide with ERK phos-
phorylation following chronic ethanol intake or withdrawal.

U0126 or vehicle (1% DMSO) was delivered through icv
injection for 3 consecutive days prior to decapitation to manip-
ulate ERK activity to verify the relationship between corticos-

triatal synaptic plasticity and ERK phosphorylation. The pair-
fed rats, as the control group, received sham surgery.

As shown in Figure 3, using a tetanus stimulation (four
bursts consisting of 100 pulses at 100 Hz delivered every 20 s),
LTD was readily induced in control brain slices (PS ampli-
tudes post-HFS at 50.1%+5.1% of baseline, n=13. Figure 3B).
In the CEI10+DMSO groups, the PS amplitudes post-HFS
increased to 81.2%%4.4% of baseline (1=11, P<0.05 vs control),
whereas phospho-ERK levels decreased to 0.58+0.11 (n=5,
P<0.05 vs control; Figure 3A), which was consistent with the
results shown in Figure 2. In the CEI10 + U0126 group, the
PS amplitudes post-HFS increased to 101.7%+7.8% of baseline
(n=10, P<0.01 vs control) along with a marked decrease in
phospho-ERK levels (0.31+0.08, n=5, P< 0.01 vs control). These
data demonstrated an increase in the PS amplitudes post-HFS
(in comparison with CTL) that accompanied a decrease in
phospho-ERK levels in the CEI10 group or the CEI10+U0126
group, indicating that the attenuation or blockade of LTD
induction might be related to changes in ERK phosphoryla-
tion.

In the WD1+DMSO group, phospho-ERK levels increased to
1.5340.1 of control (n=5, P<0.05 vs control; Figure 4A). How-
ever, no differences in the PS amplitudes post-HFS were found
between the WD1+DMSO group and the CTL group (data not
shown), as we would have expected.

This discrepancy could be accounted for the increased ERK
phosphorylation as a result of HFS of corticostriatal fibers
because corticostriatal fibers stimulate ERK signaling through
the activation of glutamate receptors and an increase in intra-
cellular calcium. In agreement with our hypothesis, when
a weaker stimulation protocol (two bursts instead of four
bursts) was utilized, a greater depression of the PS amplitudes
post-HFS in WD1+DMSO groups (34.5%+4.8% of baseline vs
58.5%% 5.6% of baseline in CTL group, P<0.05, Figure 4B) was
observed.

When U0126 was infused through icv injection in the
WD1+U0126 group, the PS amplitudes post-HFS increased
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0 min. CTL, control; CEI10, 10 days of chronic ethanol intake.
5P<0.05, °P< 0.01 vs control.
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Figure 4. Effects of one-day withdrawal (WD1) and MEK inhibitor U0126
on both phospho-ERK levels and striatal LTD induction. (A) Phospho-ERK
levels increased in WD1+DMSO group and decreased in WD1+U0126
group (n=5 in each group). (B) Striatal LTD induction was potentiated
by WD1+DMSO treatment (n=10) and was blocked by WD1+U0126
treatment (n=11; n=14 in CTL group). In the lower panel, HFS was given
at time O min. CTL, control; WD1, 1-day withdrawal after 30 days of
ethanol intake. "P<0.05, °P<0.01 vs control; P<0.01 vs WD1+DMSO.

to 91.7%=x7.3% of baseline (n=11, P<0.01 vs control; P<0.01
vs WD1+DMSO, Figure 4A), whereas phospho-ERK levels
decreased to 0.35£0.08 (n=5, P<0.01 vs control; P<0.01 vs
WD1+DMSO, Figure 4B) of control, suggesting that LTD for-
mation was inversely related to ERK activation.

Taken together, these results strongly indicated that chronic
ethanol intake and withdrawal altered corticostriatal LTD
induction via its effect on ERK phosphorylation in DLS.

Ethanol withdrawal syndrome was attenuated by the infusion of
uo126

The ethanol withdrawal scores in both the WD1+DMSO
group and the WD1+U0126 group were evaluated by an
observer unaware of the drug treatment. The rating scale for
the behavioral signs of ethanol withdrawal syndrome was
used as described previously”. In congruence with the find-
ings that icv infusion of U0126 can prevent both ERK hyper-

phosphorylation and LTD induction in WD1 rats (Figure 4),
ethanol withdrawal signs were also alleviated by the infusion
of U0126, which is illustrated in Figure 5.
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Figure 5. Ethanol withdrawal syndrome was attenuated by infusion of
U0126 (n=5 in each group). U0126 or vehicle (1% DMSO) was delivered
through icv injection for 3 consecutive days prior to evaluation. °P<0.05
vs WD1+vehicle.

Discussion

In the present study, we demonstrated that chronic ethanol
intake decreased ERK phosphorylation, whereas ethanol
withdrawal increased ERK phosphorylation transiently in rat
DLS. Moreover, we showed that the alteration in corticostri-
atal synaptic plasticity induced by chronic ethanol intake and
withdrawal occurred through the activation of ERK signaling
pathway.

Both forms of long-lasting synaptic plasticity, LTP and LTD,
can be induced by high-frequency synaptic stimulation of
striatal neurons. In vivo studies demonstrated a preferential
expression of LTP upon stimulation of cortical afferents!” '*l,
In contrast, in striatal slices, LTD is the predominant form of
plasticity observed following high-frequency afferent stimula-
tion"?!, LTP could only be induced in vitro using pharmaco-
logical manipulation, such as the blockade of dopamine recep-
21 Subsequent
investigations delineated two intriguing factors that help to

tors or the removal of extracellular magnesium

determine the direction of changes in synaptic efficacy at stri-
atal synapses, namely the region of the striatum examined and
the age of the animal®™ *!. Accordingly, LTP is preferentially
expressed in dorsomedial striatum in younger rats under
normal physiological conditions. This is consistent with the
fact that synapses within the striatum develop along a lateral-
medial gradient, with the synapses in lateral striatum matur-
ing earlier than those in medial striatum'™. Nevertheless, it is
not surprising that LTD was invariably recorded in our experi-
ment, given the use of older rats (2-3 months) and the record-
ing subregion of striatum (DLS).

Although it has been previously shown that ERK phos-
phorylation is required for both LTP® ' and LTD™ " in hip-
pocampal CA1 as well as LTD in the cerebellum! and LTP in
other cortical areas™, we provide the first evidence that ERK
activation is required for striatal LTD induction.

The ethanol-induced modulation of ERK activity in vitro has
been controversial, with potentiation reported by some® *I
and depression by others™ . However, in vivo exposure data
are more consistent, revealing an ethanol-induced decrease in
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ERK activation™ ™, except in the report from Bachtell et al™?.
Our data are in agreement with previous reports in which
chronic ethanol exposure in vivo decreased ERK phosphoryla-
tion. It should be noted that in CEI30 groups, the suppression
of phospho-ERK levels was, while still significant, attenuated,
which may reflect the adaptation or tolerance to long-term
alcohol consumption. We also demonstrated an enhancement
of ERK phosphorylation briefly after withdrawal™. This may
be related to increased neural activity following disinhibition
or hyperexcitability caused by ethanol withdrawal.

The mechanisms underlying the effects of chronic ethanol
exposure on ERK phosphorylation are still under investiga-
tion. However, studies showing the activation of MAP kinase
by Ca* via NMDA receptors or voltage-dependent Ca®* chan-
nels have been very well documented®!. Since ethanol
inhibits both voltage-gated Ca>" channels and NMDA recep-

tor-associated Ca?" influx®*-®

, it is possible that a decrease
in the Ca®" concentration in striatal neurons might decrease
the phosphorylation of MAP kinase. Future studies will be
required to identify the site and mechanism underlying the
effects of ethanol on this pathway.

Anatomical studies have shown projections from the cortex
to the medial striatum, including visual, auditory and limbic
(ie, hippocampus, entorhinal and piriform cortices) afferents.
In contrast, most cortical projections to the lateral striatum are
of sensorimotor origin and, to a lesser degree, auditory and
visual afferents™. Accordingly, recent studies suggest that the
dorsomedial and dorsolateral striata have differential roles in
different learning and memory paradigms. The dorsomedial
striatum, in particular, has been shown to be critical for the
learning of goal-directed actions. In contrast, the dorsolateral
striatum appears to be involved in the formation of habits™*” *!.
By showing that chronic ethanol intake and withdrawal dif-
ferentially altered synaptic plasticity in dorsolateral striatum
through ERK signaling pathway, our findings suggest that
chronic alcohol abuse could disrupt the habit-formation pro-
cess, and this neural maladaptation may consequently lead to
habitual drug-seeking behavior.

To summarize, our current studies have shown that induc-
tion of corticostriatal LTD in rat is differentially altered by
chronic ethanol intake and withdrawal, which occurs through
ERK signaling pathway. Understanding the biochemical
mechanism underlying chronic ethanol treatment-induced
changes in striatal synaptic plasticity may aid in the develop-
ment of more effective therapeutic agents for alcohol abuse.
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Novel neuroprotectant chiral 3-n-butylphthalide
inhibits tandem-pore-domain potassium channel

TREK-1
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Aim: To study the effects of 3-n-butylphthalide (NBP) on the TREK-1 channel expressed in Chinese hamster ovary (CHO) cells.
Methods: Whole-cell patch-clamp recording was used to record TREK-1 channel currents. The effects of varying doses of I-NBP on
TREK-1 currents were also observed. Current-clamp recordings were performed to measure the resting membrane potential in TREK-

1-transfected CHO (TREK-1/CHO) and wild-type CHO (Wt/CHO) cells.

Results: -NBP (0.01-10 pmol/L) showed concentration-dependent inhibition on TREK-1 currents (IC5,=0.06+0.03 pmol/L), with a
maximum current reduction of 70% at a concentration of 10 umol/L. I-NBP showed a more potent inhibition on TREK-1 current than
d-NBP or dI-NBP. This effect was partially reversed upon washout and was not voltage-dependent. I-NBP 10 umol/L elevated the mem-
brane potential in TREK-1/CHO cells from -55.3 mV to -42.9 mV. However, it had no effect on the membrane potential of Wt/CHO cells.
Conclusion: -NBP potently inhibited TREK-1 current and elevated the membrane potential, which may contribute to its neuroprotective

activity.

Keywords: Tandem-pore-domain potassium channel; TREK-1 channel; whole-cell patch-clamp recording; chiral 3-n-butylphthalide;

membrane potential; neuroprotection
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Introduction
Two-pore-domain potassium (K2P) channels are a novel fam-
ily of potassium channels with four transmembrane segments
and two pore-forming domains located in tandem!"?. These
channels control neuronal excitability through their influence
on resting membrane potential (RMP). Thus, they are clas-
sified as background potassium channels or leak potassium
channels® *. To date, 17 human K2P channel subunits have
been identified according to their amino acid sequence identity
and regulatory mechanisms. They can be divided into six sub-
families: TWIK, THIK, TASK, TALK, TREK, and TRESK® .
TREK-1 is one of the most important members of the K2P
channel family and is expressed throughout the central ner-
vous system (CNS)™*7.. In addition to its unusual gating prop-
erties, such as background channel activity and sensitivity to
membrane stretch, the TREK-1 channel can be modulated by
many different intracellular and extracellular chemical agents.

*To whom correspondence should be addressed.
E-mail wangxl@imm.ac.cn
Received 2010-07-01 Accepted 2010-11-23

For example, TREK-1 is activated by increased temperature,
membrane stretch and internal acidosis and is also sensitive
to the presence of some polyunsaturated fatty acids [such
as arachidonic acid (AA)] and gaseous general anesthetics
(such as halothane and nitrous oxide)®"". It has been recently
reported that the TREK-1 channel is also modulated by neuro-
protective agents such as riluzole and plays an important role
in neuroprotection> ™. In our previous studies, we showed
that the expression of TREK-1 mRNA and protein significantly
increased after acute and chronic cerebral ischemia, suggesting
that the TREK-1 channel may be closely linked to pathological
conditions such as cerebral ischemia!* .

3-n-Butylphthalide (NBP) is a potent neuroprotectant that was
approved by the State Food and Drug Administration (SFDA)
of China at the end of 2002 as a new drug for the treatment of
ischemic stroke™. Pre-clinical and clinical studies have dem-
onstrated that racemic NBP (dI-NBP) is a promising drug for
the treatment of ischemic stroke. This neuroprotectant influ-
ences several pathophysiological processes such as improv-
ing rat brain microcirculation, inhibiting platelet aggregation,
preventing oxidative damage from ischemia and reducing



17211 However, the molecular mechanisms

neuronal apoptosis
underlying the actions of dI-NBP remain unclear. Recently,
we have found that the optical isomer [-NBP is more potent in
terms of neuronal protection against ischemic stroke than di-
NBP!'. This study aimed to compare the effect of dI-NBP and
its optical isomers on the TREK-1 channel and to further eluci-
date the mechanism of the protective effects of I-NBP against

ischemia.

Materials and methods

Materials

[-NBP, dI-NBP, and d-NBP (purity >99%) (Figure 1A) were
provided by the Department of Medical Synthetic Chemistry,
Institute of Materia Medica. HEPES, EGTA, Na,ATP, AA,
penicillin G, and streptomycin sulfate were purchased from
Sigma Chemical Co (St Louis, MO, USA); Dulbecco’s modified
Eagle’s medium (DMEM), trypsin and G418 were purchased
from GibcoBRL (Gaithersburg, MD, USA). Other reagents
were provided by Beijing Chemical Company (Beijing, China).

Cell culture

A stable cell line of wild-type Chinese hamster ovary (Wt/
CHO) cells expressing rat TREK-1 channels was maintained in
culture medium (DMEM) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum, 100 pg/mL penicillin G and
100 pg/mL streptomycin sulfate in a humidified incubator
with an atmosphere of 95% air and 5% CO, at 37 °C. G418 was
added into the culture medium to select for transfected cells.
When the cells were 80% confluent, they were split and plated
onto 35-mm culture dishes. The cells were assayed 24 h later.

Electrophysiology and drug application

Membrane currents were recorded using a whole-cell voltage-
clamp configuration. Recording glass pipettes had a resistance
of 3-5 MQ. The external solution contained the following (in
mmol/L): NaCl, 150; KCl, 5.4; MgCl,, 2; CaCl,, 1.2; glucose,
15; and HEPES, 5 (titrated to pH 7.4 with NaOH). The patch-
pipette solution contained the following (in mmol/L): KCl,
140; MgCl,, 0.5; EGTA, 10; and HEPES, 10 (titrated to pH
7.2 with KOH). Currents were evoked in response to volt-
age ramps, and voltage steps were generated using an EPC-
10 patch-clamp amplifier (HEKA Electronics, Lambrecht,
Germany), filtered at 2.9 kHz, digitized at 10 kHz and stored
on a computer. Data were analyzed using Pulse 8.6 software
(HEKA Electronics, Lambrecht, Germany). Before seal forma-
tion, the voltage offset between the patch electrode and the
bath solution was adjusted to produce zero current. After seal
formation (21 GQ) and membrane rupturing, the cells were
allowed to stabilize for approximately 5 min. The holding
potential during experiments was set at -80 mV. All electro-
physiological measurements were carried out at room tem-
perature (23-25 °C).

Data analysis and statistics
All data were analyzed using Pulsefit 8.6 (HEKA Electronics,
Lambrecht, Germany) and MicroCal Origin software and are
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expressed as meanstSEM. For dose-response experiments,
current amplitudes at +60 mV in the presence and absence
of NBP were measured by evoking the currents with a ramp
pulse protocol from -80 mV to +60 mV over 400 ms. To obtain
concentration-response curves, the percent inhibition of the
current by NBP was quantified at various test concentrations
according to the following equation: percent inhibition=100(1-
Iirug/ Lcontro))- The current density of TREK-1 was calculated by
dividing the current by the whole-cell capacitance (expressed
in pA/pF). Significant differences between groups were
assessed by unpaired Student’s t-test and one-way analysis of
variance (ANOVA). The criterion for significance was P<0.05
in all analyses. 7 values indicate the number of experiments
performed.

Results

Electrophysiological properties of TREK-1 channels

Under the current-clamp configuration, the RMPs of Wt/CHO
and TREK-1/CHO cells were -17.6+4.0 mV (n=7) and -55.3+2.4
mV (n=25), respectively (Figure 1B). A large, depolarizing
voltage step from -80 mV to +80 mV evoked a dramatic, out-
ward, non-inactivating current in TREK-1/CHO cells but not
in Wt/ CHO cells (Figure 1C). We also found that 10 umol/L
AA increased TREK-1 current by 60.0%+3.6% (n=6) (Figure
1Cc). These results are consistent with previous reports
regarding the properties of TREK-1 channels®.

Effect of NBP isomers on TREK-1 channel currents

To investigate whether dI-NBP isoforms modulate transfected
TREK-1 channels, we exposed TREK-1/CHO cells to dI-NBP
and its optical isomers after a 5-min control period and then
washed out the drugs with the control solution. TREK-1
currents were evoked by a ramp protocol from a holding
potential of -80 mV to +60 mV over 400 ms. A typical control
current is shown in Figure 2A, and a comparison of the inhibi-
tory effects of NBP isoforms at +60 mV is shown in Figure 2B
(P<0.05). We found that 10 pmol/L of [-NBP, dI-NBP, and
d-NBP inhibited the current by 70.0%+2.0% (n=8), 50.9%+4.8%
(n=9) and 55.8%%3.4% (n=9), respectively. Current inhibition
was not caused by rundown, which was less than 10% over a
20-min period. This result indicates that I-NBP is much more
potent than dI- and d-NBP in the inhibition of TREK-1 cur-
rents. Therefore, we focused on I-NBP alone for the remainder
of the study. The inhibitory effects of NBP isomers on TREK-1
currents were partially reversed upon washout.

I-NBP inhibited TREK-1 channel currents in a dose-dependent
manner

We elicited TREK-1 currents with depolarizing voltage steps
from a holding potential of -80 mV (Figure 3A). [-NBP-
mediated inhibition of TREK-1 currents was partially reversed
upon washout. This inhibition was concentration dependent
over the range of 0.01 to 10 pmol/L. The maximum inhibition
of TREK-1 current by [-NBP (70.0%+2.0%, n=8) was observed
at a concentration of 10 pmol/L (Figure 3B). This dose-depen-
dent response was well fitted to the Hill equation, with an ICs,
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The transfection of CHO cells with TREK-1 channels hyperpolarized the membrane potential, from -17.6£4.0 mV (Wt/CHO, n=7) to -55.3+2.4 mV (TREK-1/
CHO, n=25). Values are expressed as the mean+SEM; °P<0.05 vs Wt/CHO cells. (C) Electrophysiological verification of the presence of TREK-1 chan-
nels in transfected CHO cells. a: Current elicited from Wt/CHO cells after being depolarized to +80 mV from a holding potential of -80 mV. b: Current

elicited from TREK-1/CHO cells. c: Activation of TREK-1 currents by AA.
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Figure 2. Effect of NBP isomers on TREK-1 channel currents. (A) Whole-cell ramp currents as a function of membrane potential before, during and after
application of (a) 10 pmol/L I-NBP (n=8), (b) 10 umol/L dI-NBP (n=9) and (c) 10 pmol/L d-NBP (n=9). (d) Whole-cell ramp current recording protocol.
The currents were evoked from a holding potential of -80 mV by ramping the membrane potential from -80 mV to +60 mV over 400 ms. (B) Comparison
of the inhibition rates of TREK-1 currents by NBP isoforms (I-NBP n=8, dI-NBP n=9 and d-NBP n=9) measured at +60 mV using TREK-1/CHO cells. The
currents were evoked from a holding potential of -80 mV, and the membrane was ramped from -80 mV to +60 mV over 400 ms. Values are expressed

as percentages of the control (means+SEM); °P<0.05 vs dI-NBP group.

of 0.06£0.03 pmol/L and a Hill coefficient of 0.54+0.13. Figure
3C shows the current-voltage relationship (I-V) curve for the
inhibition of TREK-1 channels by 0.3 pmol/L I-NBP. The inhi-
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bition was gradual and usually reached a peak 3-5 min after
I-NBP exposure. Whole-cell current density was normalized
to control currents, and the voltage dependence of the block-



ade by 10 pmol/L I-NBP was calculated (Figure 3D). The inhi-
bition did not change substantially between -80 mV and +80
mV, indicating a lack of voltage dependence for the effect of
[-NBP. This effect was partially reversed upon washout.

Effects of I-NBP on the membrane potential of TREK-1/CHO cells
Inhibition of TREK-1 channels has been reported to depolar-
ize the cell membrane!” '?. Therefore, we compared the effects
of [-NBP on the RMPs of Wt/CHO and TREK-1/CHO cells in
current-clamp mode. The results show that 10 pmol/L [-NBP
shifted the RMP from -55.3+2.4 mV to -42.9+2.1 mV (n=25, Fig-
ure 4, P<0.05) in TREK-1/CHO cells but not in Wt/CHO cells
(n=7), confirming the role of this channel in the maintenance
of the RMP.

Discussion
Two-pore-domain potassium channels form a novel class of K*

channels identified in various types of neurons® >

. They are
open when membrane potentials are in the physiological range
and are therefore likely to contribute to background or leak
currents. They are also crucial in shaping neuronal excitability
by regulating the RMP. The TREK-1 channel is an important
member of the K2P family and is expressed throughout the
CNS. The TREK-1 channel is voltage independent and is not
inactivated™!.

TREK-1 has been previously reported to play an impor-
tant role in neuroprotection against acid pathological
conditions™” "> *I. In electrophysiological studies, some lipids
substantially increase the probability of these K2P channels
being open, thus hyperpolarizing the membrane potential and
reducing neuronal excitability™*~*". This action on the part of
lipids would be predicted to counteract the neuronal damage
that arises from the increased membrane excitability that often
accompanies CNS insults such as ischemia. A link between
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Figure 3. |-NBP inhibited TREK-1 channel currents in
a concentration-dependent manner. (A) The inhibition
at of TREK-1 currents by I-NBP. Representative current
evoked by 300-ms voltage pulses from -80 mV to +80
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cells. (b) Inhibition of TREK-1 currents by 10 umol/L
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the inhibition of TREK-1 channels by 0.3 ymol/L I-NBP
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expressed as means+SEM. (D) Voltage-independent
inhibition of TREK-1 currents by I-NBP (10 umol/L).
Whole-cell current densities were normalized to control

A a B 120
E 100 1
¢ 5E 80
b g2
= = g2 601
c O
o © 40 A
Cc 2
el
F___._’w 29 201
< S
= ° 0/
300 ms
2nal +80 mV 20
50 ms -80 mV
C —a— Control i
o 1?9 =03 umol/L FNBP <2
o
> 1
=
2 3z 089
o H
- < 06
] 0.4
S
&) 0.2
! o= 5 x )
-120 -60 60 120 -8
-20
Voltage (mV)

Al 00

Voltage (mV)

currents (lonor). The normalized current density for
I-NBP-treated cells did not change significantly.

185

Acta Pharmacologica Sinica



www.nature.com/aps
JiXCetal

®

186

TREK-1 and neuroprotection, although a highly attractive
hypothesis, has not been unequivocally demonstrated, mainly
due to the lack of selective K2P antagonists™ "I,

In this study, we demonstrated that NBP, a neuroprotective
agent, potently inhibited the TREK-1 channel expressed in
CHO cells in a concentration-dependent manner. This study
is the first description of the inhibition of TREK-1 by NBP, and
this property may underlie its beneficial neuroprotective activ-
ity®'. Moreover, the inhibition of TREK-1 currents by I-NBP
was more significant than that by d- and dI-NBP. Therefore,
the optical activity of NBP may have a close relationship with
its biological activities.

Our data stand somewhat in contrast to the neuroprotec-
tion reported for TREK-1 facilitators, such as unsaturated
fatty acids, riluzole and volatile anesthetics. Thus, although
TREK-1 potentiation may be neuroprotective, our data also
suggest that the inhibition of these channels may yield signifi-
cant cell protection, similar to the effects of the neuroprotec-
tive agent sipatrigine on TREK-1 channels®'.

It is well known that K2P channels can modulate the RMP
and that their activity may regulate cell excitability. K2P
antagonism would produce depolarization and increased
membrane excitability, which may induce or enhance neu-
ronal damage. However, recent studies have shown that the
regulation of K2P channels may be complex under pathologi-
cal conditions">*. As reported by Meadows et al®!, TREK-1
antagonism produced greater changes in the excitability of
inhibitory neurons than their excitatory counterparts. An
increase in inhibitory tone could represent a neuroprotective
mechanism. Furthermore, some immunohistochemical studies
indicate that TREK-1 is predominantly expressed in GABAer-
gic interneurons of the hippocampus, isocortex, thalamus and
cerebellum!” %34,

Decreasing glutamate release is a widely accepted neuro-
protective strategy and is also a previously well-demonstrated
activity of NBP'" . Thus, one potential mechanism of K2P
inhibition-related neuroprotection would occur through an
increase in glutamate uptake by astrocytes. It has been dem-
onstrated that TREK-1 is expressed in astrocytes, and the acti-
vators of TREK-1, including arachidonic acid and chloroform,
significantly attenuate glutamate uptake by astrocytes® .
Therefore, -NBP-mediated inhibition of TREK-1 channels
may help to maintain or increase the function of glutamate
uptake by astrocytes during brain ischemia. Furthermore, the
TREK-1 channel is known to be an O,-sensitive K* channel,
and acute hypoxia can occlude its activation by AA and other
activators®™ *. This finding suggests that TREK-1 may not
be activated during systemic hypoxia (as occurs during cere-
bral ischemia). Therefore, it is difficult to explain the role of
TREK-1 in neuroprotection. One possibility is that this prop-
erty may depend on the expression pattern of TREK-1P"% 40411,
Further investigation into the role of TREK-1 in neuronal dam-
age/ protection is needed.

In summary, this study demonstrated that NBP (and espe-
cially I-NBP), a novel neuroprotective agent, potently inhibits
TREK-1 channels. The inhibition of TREK-1 channels results
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in the depolarization of the cell membrane. We suggest that
the effects of NBP on TREK-1 channels are closely related to its
neuroprotective role. TREK-1 channels may represent a target
for NBP in treatment of cerebral ischemia and neurodegenera-
tive diseases. However, the mechanism of protection of neu-
rons via TREK-1 inhibition by NBP requires further study.
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High glucose stimulates TNFax and MCP-1 expression
in rat microglia via ROS and NF-kB pathways
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Aim: To investigate whether high glucose stimulates the expression of inflammatory cytokines and the possible mechanisms involved.
Methods: ELISA and real-time PCR were used to determine the expression of the inflammatory factors, and a chemiluminescence
assay was used to measure the production of reactive oxygen species (ROS).

Results: Compared to low glucose (10 mmol/L), treatment with high glucose (35 mmol/L) increased the secretion of tumor necrosis
factor (TNF)a and monocyte chemotactic protein-1 (MCP-1), but not interleukin (IL)-13 and IL-6, in a time-dependent manner in pri-
mary cultured rat microglia. The mRNA expression of TNFa and MCP-1 also increased in response to high glucose. This upregulation
was specific to high glucose because it was not observed in the osmotic control. High-glucose treatment stimulated the formation of
ROS. Furthermore, treatment with the ROS scavenger NAC significantly reduced the high glucose-induced TNFoa and MCP-1 secretion.
In addition, the nuclear factor kappa B (NF-kB) inhibitors MG132 and PDTC completely blocked the high glucose-induced TNFa and

MCP-1 secretion.

Conclusion: We found that high glucose induces TNFa and MCP-1 secretion as well as mRNA expression in rat microglia in vitro, and

this effect is mediated by the ROS and NF-kB pathways.

Keywords: high glucose; microglia; tumor necrosis factor &; monocyte chemotactic protein-1; reactive oxygen species; NF-kB
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Introduction

Inflammation plays a key role in central nervous system dis-
eases. As the immune cells in the brain, microglia play an
important role in the pathogenesis of central nervous system.
In 2000, using nonradioactive in situ hybridization, Gregersen
reported that microglia were one of the major sources of
TNF after the induction of stroke in mice'. Glutamate was
released by the oxygen and glucose deprivation-stressed
neuron-astrocyte cultures, and then activated microglia by
mGluRlIs to produce and release tumor necrosis factor (TINF)
a, which induced neurotoxicity in this stroke model®?. These
results show that cytokines, such as TNFa, released by micro-
glia contribute to the development of neuronal damage during
a stroke. Other studies have suggested that microglia might
be involved in the pathogenesis of Parkinson’s disease. In the
mesencephalic neuron-glia cultures, extracellular aggregated
human a-synuclein activated microglia, and the activation of

*To whom correspondence should be addressed.
E-mail yqguan226@gmail.com
Received 2010-06-01 Accepted 2010-09-04

microglia enhanced dopaminergic neurodegeneration®. A
loss of a-synuclein expression altered the morphology and
inflammatory response of microglia and impaired microglial
phagocytic ability™. Increased TNFa production from amy-
loid B-stimulated microglia led to elevated iNOS in astro-
cytes and neuronal apoptosis, illustrating that an increase in
microglia-derived TNFa in response to amyloid § may be a
contributor to neuron loss in Alzheimer’s disease”®. Moreover,
the suppression of microglial derived TNFa and interleukin
(IL)-1p by copolymer-1 diminished neurodegeneration in
HIV-1 encephalitis®. Thus, inflammation induced by acti-
vated microglia is one of the major contributors to the patho-
genesis of brain related diseases.

Diabetes causes many complications, including retinopa-
thy, nephropathy, and peripheral neuropathy. In addition,
diabetes has a central nervous system complication, diabetic
encephalopathy, which leads to direct neuronal damage! ®.
Apoptosis-induced neuronal loss and damage in type 1 dia-
betes is associated with cognitive impairment®. Although the
mechanisms of neuronal apoptosis in diabetic encephalopathy
have not been clearly studied, hyperglycemia is thought to be



www.chinaphar.com
QuanY etal

®

189

[10-12]

one of the most important factors™ . An increased level of

glucose in the brain induced by hyperglycemia leads to neu-

%1281 - However, the

ronal apoptosis and impaired cognition!
effect of hyperglycemia on the activation of microglia and the
role of inflammation in the pathogenesis of diabetic enceph-
alopathy is still unclear. We previously reported that high
glucose can activate microglia and significantly increase the
secretion and mRNA expression of growth-regulated onco-
gene (GRO), a member of the IL-8 family, in rat microglia in
vitrol"®. This finding suggests that in the central nervous sys-
tem of patients with diabetes mellitus, high concentrations of
glucose may induce microglial activation and the secretion of
IL-8, thus contributing to the development of diabetic enceph-
alopathy. In this study, we investigated the effect of high
glucose on the inflammatory function of microglia. We found
that compared with low glucose (10 mmol/L), high glucose
(35 mmol/L) increased the secretion and mRNA expression
of TNFa and monocyte chemoattract protein-1 (MCP-1) in rat
microglia in vitro. Reactive oxygen species (ROS) and nuclear
factor kappa B (NF-xB) pathways were involved in this pro-
cess. However, there were no effects of high glucose on the
secretion of IL-1p and IL-6.

Materials and methods

Reagents

The OX-42 antibody was purchased from Serotec (Oxford,
UK). The MCP-1 antibody was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). The glial fibrillary
acidic protein (GFAP) antibody was purchased from Zhong-
shan Goldenbridge Biotechnology (Beijing, China). Poly-L-
lysine, N-acetyl-L-cysteine (NAC), MG132 and pyrrolidine
dithiocarbamate (PDTC) were purchased from Sigma Chemi-
cal Co (St Louis, MO, USA). Culture medium RPMI-1640 was
obtained from Hyclone (Logan, UT, USA). D-glucose was
obtained from Beihua Fine Chemicals (Beijing, China). Manni-
tol was obtained from DCPC (Beijing, China). A TNFa ELISA
kit was obtained from Jingmei Biotech Co (Beijing, China).

Rat microglia primary culture

The treatment of laboratory animals and experimental pro-
tocols adhered to the guidelines of the Health Science Center
of Peking University and were approved by the Institutional
Authority for Laboratory Animal Care. Rat microglial cells
were isolated as previously described™. In brief, cortical tis-
sue was carefully freed from the blood vessels and meninges,
minced, mechanically agitated, and washed. Single cortical
cells were cultured in RPMI-1640 containing 10% fetal bovine
serum (Invitrogen, Karlsruhe, Germany), 2 mmol/L glu-
tamine, 100 U/mL penicillin G sodium and 100 pg/mL strep-
tomycin sulfate (medium was changed every 4 d). After 14 d,
the microglia were separated from the underlying astrocytic
monolayer by gentle agitation and spun down. The cell pel-
let was resuspended and plated on uncoated Costar culture
dishes. Non-adherent cells were removed after 30-60 min by
changing the medium, and the adherent microglia were incu-
bated for 24 h in culture medium before use. The purity of the

microglial cultures was assessed by fluorescence immunocy-
tochemistry with antibodies against OX-42 (microglial marker)
and GFAP (astrocyte marker). This procedure produced pure
primary microglial cultures that were more than 95% micro-
glia (data not shown).

Cytokine and chemokine secretion analysis

After being seeded for 24 h, the cells were stimulated with low
glucose (LG; 10 mmol/L) or high glucose (HG; 35 mmol/L).
The treatment was stopped at different times, and samples of
the supernatants were collected and frozen at -40 °C. MCP-1
secreted into the medium was detected using ELISA, as previ-
ously described™. TNFa and IL-6 were measured with an
enzyme-linked immunosorbent assay (ELISA) kit (Jingmei
Biotech Co, Beijing, China). IL-13 was quantified with a com-
mercial kit (R&D Systems, Minneapolis, MN, USA).

Real-time quantitative RT-PCR

Total RNA was isolated using RNAtrip from Applygene
(Beijing, China) and converted into first-strand cDNA with
AMV reverse transcriptase, 40 U/pL of RNase inhibitor and
500 ng/uL Oligo (dT);s primer (Promega, Madison, WI, USA).
Real-time PCR was performed using 1-3 pL of the reverse
transcription product, 0.5 pL HotStart Taq DNA Polymerase
(TTANGEN, China), SYBR Green I (Molecular Probes, Eugene,
OR, USA), 1 mmol/L dNTPs, and 0.2 pmol/L of each primer.
Cycling conditions were 5 min at 95 °C, followed by 40 cycles
of 30 s at 95 °C, 30 s at 58 °C, and 30 s at 72 °C, and a final incu-
bation for 5 min at 72 °C. The primers for TNFa were 5’-TCC
CAA CAA GGA GGA GAA GT-3 and 5-TGG TAT GAA GTG
GCA AAT CG-3'. The primers for MCP-1 were 5'-GGC CTG
TTG TTC ACA GTT GCT-3" and 5-TCT CAC TTG GTT CTG
GTC CAG T-3'. The B-actin primers were 5-GAG ACC TTC
AAC ACC CCA GCC-3' and 5-TCG GGG CAT CGG AAC
CGC TCA-3'. To assure the specificity of the primers, the
amplicons underwent melting-curve analysis. Quantification
of the PCR product was carried out using the relative quanti-
fication method. Results are expressed as arbitrary units and
normalized against -actin mRNA expression, as previously
described™.

Detection of reactive oxygen species

The production of ROS, especially H,O,, in rat microglia was
detected with luminol plus horseradish peroxide-derived
chemiluminescence in a light tight box using a luminescence
analyzer (BPCL Ultra-weak, Beijing, China) at 37 °C!"" "%,
Photon counts were integrated over 1 s and digitized onto
a computer monitor. Preparation of the reaction buffer was
described previously™
oxide, 0.5 mmol/L luminol and HG or NG were dissolved in a
total volume of 2 mL.

. Briefly, 10 mg/mL horseradish per-

Statistical analyses

The results are expressed as means+SD. The differences
between two groups were analyzed by Student’s t-test. Mul-
tiple comparisons were made using a one-way ANOVA as
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appropriate with Bonferroni post-hoc test. Statistical analysis
was carried out using the Prism program from GraphPad Soft-
ware.

Results

High glucose induces the inflammatory reaction of rat microglia
We used ELISA to examine the level of TNFa in the
culture medium. Treatment with high glucose increased
TNFa secretion from rat microglia in a time-dependent
manner beginning at 6 h and continuing to 24 h. The final
concentration was 2-fold higher than that observed in cells
treated with low glucose (Figure 1A). Incubation with
mannitol for 24 h had no effect on TNFa secretion (Figure
1B). These results demonstrate that the high glucose-induced
TNFa secretion was not due to osmotic pressure.

The level of MCP-1 in the culture medium was also
determined by ELISA. MCP-1 secretion from high glucose-
treated rat microglia increased in a time-dependent manner,
with a final 1.5-fold increase compared to treatment with low
glucose (Figure 1C). Incubation with mannitol for 24 h had no
effect on MCP-1 secretion (Figure 1D). However, treatment

304
_ A 3 3
-
£ b o
w 2
< 204 ke
E - G g
© —*—HG 5
2 10 ®
(2] - —
] o
L (2]
2 g
=
O L) v L) A
0 6 12 18 24 LG

10009 C b 24
2
— ©
3 o
g 7504 2
o ©
= =

-@ 5004 .g 14
8 g
< 250+ ot 3
S —a— HG <
= S

0 T T r v = 04

0 6 12 18 24 LG
Time (h)
1259 159

IL-1B secretion (fold increase)
IL-6 secretion (fold increase)

LG

HG

Acta Pharmacologica Sinica

with high glucose for 24 h had no effect on either IL-1f or IL-6
(Figure 1E, 1F) secretion compared with low glucose.

High glucose elevates TNFax and MCP-1 mRNA expression

We also investigated whether high-glucose treatment could
upregulate the mRNA expression of TNFa. Using real-time
PCR, we found that high glucose treatment induced a 6-fold
increase in TNFa mRNA expression after 1 h and a 3-fold
increase after 3 h compared with low glucose (Figure 2A).
However, there was no difference in TNFa mRNA expression
between low glucose and high glucose treatment after 6 h.
Similarly, the induction of TNFa mRNA by high glucose incu-
bation was independent of hyperosmolality, since equimolar
amounts of mannitol had no effect (Figure 2B).

Treatment with high glucose also induced MCP-1 mRNA
expression in a time-dependent manner (Figure 2C). Rat
microglia treated with high glucose for 3 h showed a 2-fold
increase in MCP-1 mRNA expression compared to low glucose
and an even higher increase after 6 h. Equimolar amounts
of mannitol did not increase MCP-1 mRNA expression; thus,
the high glucose-induced MCP-1 mRNA expression was also

B
SRR

HG Mannitol

Figure 1. High glucose induces an inflammatory
reaction in rat microglia. (A) Time course of TNF«
secretion stimulated by high-glucose treatment.
Rat microglia were cultured under low glucose
(LG; 10 mmol/L) or high glucose (HG; 35 mmol/L),
and the secretion of TNFa in the supernatant
was measured with ELISA at the indicated time
points. (B) The high-glucose treatment increased
TNFa secretion independent of osmotic pressure.
Rat microglia were cultured for 24 h in LG, HG, or
mannitol (25 mmol/L+10 mmol/L glucose). (C)
Time course of MCP-1 secretion stimulated by
the high-glucose treatment. (D) The high-glucose
treatment increased MCP-1 secretion independent
of osmotic pressure. (E, F) High glucose had
no effect on IL-1P3 and IL-6 secretion. The data
represent the mean+SD of three independent
experiments. °P<0.05 vs LG.
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independent of osmotic pressure (Figure 2D).

Reactive oxygen species are involved in high glucose-induced
secretion of TNFa and MCP-1

The ROS pathway is one of the most important contribu-
tors to hyperglycemia-induced cell damage!”. To examine
whether high-glucose treatment induces ROS production in
cultured rat microglia, we measured ROS levels using chemi-
luminescence. After incubation with low glucose and high
glucose for 20 min, we observed ROS production. Compared
with low glucose, high glucose stimulated the chemilumi-
nescence photon production and the photon-signal peak for
high glucose-treated cells occurred at 1500 s (Figure 3A). To
detect the involvement of ROS in the TNFa and MCP-1 secre-
tion induced by high glucose, we tested the effect of a non-
specific ROS scavenger, NAC. Microglia were pretreated with
2 mmol/L NAC for 60 min and then exposed to high glucose
treatment for 24 h. NAC significantly prevented the high glu-
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Figure 2. High-glucose treatment promotes the expression of TNFa
and MCP-1 mRNA in rat microglia. (A) Real-time PCR analysis of the
upregulation of TNFoe mRNA by HG at different time points. °P<0.05
vs 0 h. (B) Treatment with high glucose elevated TNFaa mRNA
independent of osmotic pressure. Rat microglia was treated with LG,
HG or mannitol for 3 h. °P<0.05 vs LG. (C) Real-time PCR analysis
of the upregulation of MCP-1 mRNA by HG at different time points.
°P<0.05 vs O h. (D) Treatment with high glucose increased MCP-1
mRNA independent of osmotic pressure. Rat microglia was treated
with LG, HG or mannitol for 6 h. The data represent the mean+SD of
three individual experiments. °P<0.05 vs LG.

cose-induced secretion of TNFa and MCP-1 (Figure 3B, 3C),
but NAC alone had no effect on TNFa and MCP-1 secretion.

NF-kB plays a key role in high glucose-induced TNFa and MCP-1
secretion from rat microglia

NF-kB is one of the most important transcription factors in the
expression of inflammatory genes® and is associated with
the gene expression of TNFa and MCP-1%"?". High glucose
incubation has been shown to significantly enhance NF-xB
activation by increasing its DNA binding activity!"®. We
investigated the role of NF-xB in high glucose-induced TNFa
and IL-6 secretion at the transcriptional level. We pretreated
rat microglia with the NF-kB inhibitors MG132 (10 pmol/L)
or PDTC (5 pmol/L) for 60 min and then exposed them to low
or high glucose for 24 h. Both MG132 and PDTC completely
blocked the high glucose-induced TNFa and IL-6 secretion
(Figure 4A and 4B), but neither had an effect on TNFa and
IL-6 secretion alone.

Figure 3. ROS play a key role in the high glucose-
induced secretion of TNFa and MCP-1 in rat microglia.
(A) Effect of LG and HG on cellular ROS level. Microglia
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was stimulated with LG and HG for 20 min followed by
a luminol-derived chemiluminescent assay. Cellular
ROS levels were quantified. (B) The role of ROS in
high glucose-induced TNFa secretion. (C) The role of
ROS in high glucose-induced MCP-1 secretion. After
treatment with 2 mmol/L of the ROS scavenger NAC
for 1 h, microglia was cultured in LG or HG for 24 h.
The medium was collected and the levels of TNFa
and MCP-1 were analyzed by ELISA. Data represent
the mean+SD of three experiments. °P<0.05 vs LG.

HG °P<0.05 vs HG.
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Figure 4. NF-kB is essential for high glucose-induced TNFax and MCP-1
secretion in rat microglia. After treatment with 10 pmol/L MG132 or
5 umol/L PDTC for 1 h, microglia was cultured in LG or HG for 24 h.
The medium was collected and the secretion of TNFax and MCP-1 was
measured by ELISA. (A) Inhibition of the NF-kB pathway blocked high
glucose-mediated TNFa secretion. (B) Inhibition of the NF-kB pathway
blocked high glucose-mediated MCP-1 secretion. Data represent the
mean+SD of three experiments. °P<0.05 vs control. °P<0.05 vs HG.

Discussion

We have shown that high glucose increases the secretion
and mRNA expression of TNFa and MCP-1 in rat microglia.
These effects are specific to high glucose rather than hyperos-
molality. ROS and NF-«xB pathways mediate the high glucose-
induced secretion of TNFa and MCP-1. However, high glu-
cose has no effect on the secretion of IL-1p3 and IL-6 compared
to low glucose.

TNFa, a proinflammatory cytokine, is synthesized and
released by microglia and can activate the caspase pathway,
leading to neural apoptosis through the TNF receptor™ L. Tt
has been reported that fewer sympathetic and sensory neurons
died during the phase of naturally occurring neuronal death
in TNF-deficient embryos, and neurons from these embryos
also survived in the culture better than wild-type neurons™.
In addition to its role in apoptotic events, TNFa acts as a regu-
lator of synaptic plasticity. Using TNFa knockout mice, Golan
et al showed that TNFa may specifically suppress hippocam-
pal function in adult mice through the suppression of NGF
expression and dentate gyrus development™. MCP-1, one
of the most important chemokines, plays a critical role in the
migration of bone marrow derived and resident cells to sites
of inflammation®. Huang et al found that MCP-1 null mice

Acta Pharmacologica Sinica

exhibited markedly reduced clinical and histological autoim-
mune encephalomyelitis (EAE) compared with wild-type ani-
mals. These results suggest that MCP-1 plays a crucial role in
Th1 immune responses during EAE induction™. MCP-1 has
been shown to inhibit HIV-tat and NMDA-induced apoptosis
in mixed cultures of human neurons and astrocytes by reduc-
ing the extracellular levels of glutamate and regulating the
intracellular trafficking of tat and NMDA receptor 1 expres-
sion in neurons. This finding suggests that MCP-1 may play a
novel role as a protective agent against the toxic effects of glu-
tamate and HIV-tat™. In the CNS of diabetic patients, high
concentrations of glucose may induce microglial activation
and the secretion of TNFa and MCP-1, thus contributing to the
development of diabetic encephalopathy.

Oxidative injury induced by high glucose concentra-
tions plays a central role in the pathogenesis of diabetic
complications™. Recent observations suggest that hyperg-
lycemia-triggered ROS contribute to the development of dia-
betic nephropathy™”*". High glucose-induced ROS activated
NF-xB and increased MCP-1 production, which may cause
macrophage recruitment and activation, resulting in diabetic
renal injury®™. In addition, the formation of oxygen-derived
radicals led to the activation of NF-«xB, which increased the
expression of vascular cell adhesion molecule 1 and MCP-1 in
human aortic endothelial cells. Thus, ROS-mediated NF-«xB
activation may play a role in the onset of atherosclerosis in
diabetic patients™!. The involvement of ROS and NF-kB in
high glucose-induced apoptosis has also been demonstrated in
cultured human endothelial cells®. We found that treatment
with a high concentration of glucose induced ROS formation
and that the ROS scavenger NAC significantly reduced the
high glucose-induced secretion of TNFa and MCP-1. Fur-
thermore, the NF-xB inhibitors MG132 and PDTC completely
prevented the high glucose-induced TNFa and MCP-1 secre-
tion. Thus, ROS and NF-«xB pathways mediate high glucose-
induced secretion of TNFa and MCP-1 from rat microglia.

In conclusion, in our diabetic model, microglia are activated
by high glucose treatment to produce ROS, which, in turn,
activate the transcription factor NF-xB. Activation of NF-xB
leads to the transcription of TNFa and MCP-1, resulting in
an increased expression of TNFa and MCP-1. The release of
inflammatory TNFa and MCP-1 by microglia may be involved
in the pathogenesis of neuronal injury in diabetic encephal-
opathy. Overall, our study demonstrates that microglia might
be a new target for the treatment of diabetic encephalopathy.
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Role of vascular K,;p channels in blood pressure
variability after sinoaortic denervation in rats
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Aim: To investigate the role of ATP-sensitive potassium (Kp) channels on blood pressure variability (BPV) in sinoaortic denervated
(SAD) rats.

Methods: SAD was performed on male Sprague-Dawley rats 4 weeks before the study. mRNA expression of Kir6.1, Kir6.2 and SUR2 in
aorta and mesenteric artery was determined using real-time quantitative polymerase chain reaction, and confirmed at the protein level
using Western blotting and laser confocal immunofluorescence assays. Concentration-response curves of isolated aortic and mesen-
teric arterial rings to adenosine and pinacidil were established. Effects of Kyp channel openers and blocker on BPV were examined in
conscious SAD rats.

Results: Aortic SUR2 expression was significantly greater, while Kir6.1 was lower, in SAD rats than in sham-operated controls. In con-

trast, in the mesenteric artery both SUR2 and Kir6.1 expression were markedly lower in SAD rats than controls. For both arteries,
Kir6.2 expression was indistinguishable between sham-operated and SAD rats. These findings were confirmed at the protein level.
Responses of the aorta to both adenosine and pinacidil were enhanced after SAD, while the mesenteric response to adenosine was
attenuated. Pinacidil, diazoxide, nicorandil, and glibenclamide significantly decreased BPV.

Conclusion: These findings indicate that expression of vascular K, channels is altered by chronic SAD. These alterations influence
vascular reactivity, and may play a role in the increased BPV in chronic SAD rats.

Keywords: ATP-sensitive potassium channels; blood pressure variability; sinoaotic denervation

Acta Pharmacologica Sinica (2011) 32: 194-200; doi: 10.1038/aps.2010.195

Introduction

Sinoaortic denervation (SAD), referring to removal of the
carotid sinus and aortic arch baroreceptorsm, results in barore-
flex failure bringing about increase in blood pressure vari-
ability (BPV) with 24 h mean blood pressure level unchanged
or only slightly increased™ . It has been demonstrated that
BPV was correlated with target-organ damage independent
of mean blood pressure levels in hypertensive subjectives!’.
More recently the importance of BPV in prediction of risk
of vascular events and in accounting for benefits of antihy-
pertensive drugs, especially in prevention of stroke, was
emphasized®”. Multiple studies have investigated the roles
of resting vascular tone changes, arterial pressure levels, the
sympathetic nervous system, and vasoactive substances in the
increased BPV after SAD™ 8. However, the definite mecha-
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nism by which BPV dramatically increase after SAD surgery is
still unclear.

ATP-sensitive potassium (K,rp) channels are critical regula-
tors of vascular tone, forming a focal point for signaling by
many vasoactive transmitters, including adenosine, calcitonin
gene-related peptide, noradrenaline, insulin, prostaglandin
E;, and arginine Vasopressin[15'19].
sensor, responding to local metabolic need and vasoactive
transmitters, altering smooth muscle contractility and so blood
[20-221 1 expression of vascular Kypp
channels was altered in different blood vessels after SAD
surgery, response of K,rp channels to vasoactive transmitters
would be altered too, which might influence vascular tone and
contribute to the increased BPV. Previous studies suggested
that persistent high BPV following SAD led to pathological
changes, the aorta was most sensitive to increased BPV®!, and
BPV was mostly determined by resistance vessels™ .. In this
study, we compared the channel expression in aorta and mes-
enteric artery of sham-operated and SAD rats to demonstrate
our hypothesis that expression of vascular K,rp channels was

It is therefore a molecular

flow to retain homeostasis



altered after SAD surgery. We also examined the effects of
Karp channel openers or blocker to assess the role of K,yp chan-
nels in BPV in chronic SAD rats.

Materials and methods
Animals and drugs
Rats were purchased from the Sino-British SIPPR/BK Lab
(Shanghai, China), housed in controlled conditions (tempera-
ture: 2142 °C and lighting: 8:00-20:00) and received a standard
rat chow and tap water ad libitum. All surgical and experimen-
tal procedures were in accordance with institutional animal
care guidelines.

Pinacidil, diazoxide, nicorandil, glibenclamide, phenyleph-
rine and adenosine were purchased from Sigma Chemical Co
(St Louis, MO, USA).

Sinoaortic denervation

Sinoaortic denervation (SAD) was performed according to the
previously described method™ ',
thetized with a combination of ketamine (50 mg/kg, ip) and

Briefly, rats were anaes-

diazepam (5 mg/kg, ip) and medicated with atropine sulfate
(0.5 mg/kg, ip) and procaine benzylpenicillin (60000 U, im).
After a midline neck incision and bilateral isolation of the neck
muscles, aortic arch baroreceptor denervation was carried out
bilaterally by cutting the superior laryngeal nerves near the
vagi, removing the superior cervical ganglia, including a small
section of the sympathetic trunk, and sectioning the aortic
depressor nerves. The carotid sinus baroreceptors were den-
ervated bilaterally by stripping the carotid bifurcation and its
branches, followed by the application of 10% phenol (in 95%
ethanol) to the external, internal and common carotid arter-
ies and the occipital artery. The sham operation included the
midline neck incision and bilateral isolation of the neck mus-
cles. Animals were allowed to recover spontaneously after
surgery. The completeness of SAD was assessed by intrave-
nous injection of phenylephrine (2-5 ng/kg) via the left femo-
ral vein. If a 50 mmHg pressor response to phenylephrine was
associated with a bradycardia less than 20 beats/min, the SAD
was considered complete. Sham-operated animals exhibited
a bradycardia of 60-100 beats/min in response to phenyleph-
rine.

Tissue preparation

Four weeks after SAD or sham-operation, rats were anaesthe-
tized with sodium pentobarbitone (50 mg/kg, ip) and killed
by exsanguination. Care was taken to ensure that comparable
arteries were examined from sham-operated and SAD rats.
The thoracic aorta was carefully dissected from surrounding
fat and connective tissue. The mesenteric artery was removed
from each rat, and the superior mesenteric artery was located
and cleaned of connective tissue until the sixth branch leading
to the gut wall was exposed.

Real-time quantitive polymerase chain reaction
Total RNA was extracted from aorta (7 aortas from 7 rats, n=7
for both sham-operated and SAD groups) and mesenteric
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artery (including the superior mesenteric artery itself until the
sixth branch: 21 rats were used per group but 3 arteries were
pooled as one sample so that n=7 for both groups) using the
TRIzol method (Invitrogen, Carlsbad, CA, USA). With the use
of 2 pg total RNA, first strand of cDNA was synthesized by the
M-MLV enzyme in a 25 puL reaction mixture (Promega, Madi-
son, WI, USA). With the use of aliquots (2 pL) of reverse tran-
scriptase products, real-time quantitative PCR was performed
in a final volume of 20 pL using the gene-specific primers
listed in Table 1. Amplification was processed as: 95 °C, 10 s,
1 cycle; 95 °C, 5s and 60 °C, 20 s for 40 cycles; then melt curve.
Gene transcripts were quantified with SYBR Premix Ex Taq
Kit (Takara, Otsu, Japan). Data were calculated by the 24"
method, and presented as fold change of transcripts for Kir6.1,
Kir6.2, and SUR gene in aortas and mesenteric arteries of SAD
rats compared with sham-operated group (defined as 1.0-
fold). Rat B-actin was used as an internal control. The relative
expression of the target gene was normalized to the p-actin
level.

Table 1. Nucleotide sequences of primers used for real-time PCR and
expected size of the real-time PCR product.

Expected

mRNA Size Primer sequence (5'—3') Accession

Kire.1 182bp Forward-TCTGCCGTCTGTGTGACCAAT NM 017099
Reverse-ATGCAGCCCAACATGACCG

Kir6.2 118 bp Forward-TCGCCCATGTTAATAGTCCCTAC NM 031358
Reverse-CGATCACGACGGTTGACATTTA

SUR2 129 bp Forward-GCCCTCACGATAACCAATTACCT  NM 013040
Reverse-CATGGTGCCTTCATAGTTCTCAGA

B-actin 113 bp  Forward-AGACCTCATTGCCAACACAGTGC NM 031144

Reverse-GAGCCACCAATCACACACAGAGT

A primer pair specific for B-actin served as efficiency control for RNA
isolation.

Western blotting

Protein level of Kir6.1, Kir6.2, and SUR2 of both aorta (6 rats
were used per group but 2 aortas were pooled as one sample
so that n=3 for both groups) and mesenteric artery (including
the superior mesenteric artery itself until the sixth branch: 15
rats were used per group but 5 arteries were pooled as one
sample so that n=3 for both group) from sham-operated and
SAD rats were determined. Tissues were washed with ice-cold
phosphate-buffered saline (PBS), and then homogenized with
ice-cold lysis buffer (20 mmol/L Tris-HCl, pH 7.4, 2.5 mmol/
L EDTA, 1% Triton X-100, 10% glycerol, and 1 mmol/L PMSF,
1 mmol/L DTT, 10 mg/mL leupeptin), and the supernatant
was obtained by centrifugation at 11000xg for 15 min at 4 °C.
Samples were separated on 8% SDS-PAGE gels, transferred to
a polyvinylidene difluoride (PVDF) membrane, and blocked
by 3 h incubation at 25 °C in TBST (Tris-buffered saline with
0.1% Tween 20, pH 7.4) plus 10% skimmed milk powder. The
PVDF membrane was incubated overnight at 4 °C with pri-
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mary antibodies for Kir6.1 (1:200; Alomone Labs Ltd, Jerusa-
lem, Israel), Kir6.2 (1:200; Alomone Labs Ltd) or SUR2 (1:200;
Santa Cruz, CA, USA). PVDF membranes were washed for 10
min 3 times with TBST and incubated with secondary antibod-
ies conjugated with horseradish peroxidase. The bound anti-
body was visualized on Kodak Biomax film (Eastman Kodak,
Rochester, NY, USA) using a Pierce Supersignal substrate
chemiluminescence detection kit. Results from these analyses
were quantified through densitometry.

Confocal imaging

Frozen sections (4-8 pm) of both aortas and superior mesen-
teric arteries were blocked in 3% normal goat serum/0.3%
Triton X-100/0.1% Bovine serum albumin (BSA) in PBS (room
temperature for 1 h), followed by incubation with either rab-
bit anti-kir6.1 (1:100), rabbit anti-Kir6.2 (1:100), or goat anti-
SUR?2 (1:200) at 4 °C overnight. Subsequently, the sections
were incubated with the affinity-purified second antibody,
goat anti-rabbit or rabbit anti-goat fluorescein isothiocyanate
(FITC) antibody (1:200; Sigma Chemical Co, St Louis, MO,
USA). Sections were then rinsed, dried, and coverslipped
with Dako fluorescence mounting medium. Laser scanning
confocal microscopy was performed with the use of a Leica
TCS SP2 system (Leica, Wetzlar, Germany). The objective was
x20. FITC was excited at 488 nm and emission was detected at
500-600 nm. The imagines were analyzed with Leica Confocal
software.

Vascular reactivity

To determine if vascular reactivity to adenosine (an endog-
enous vasoactive substance, relaxing vascular smooth muscle
cells by opening K,rp channels®) and pinacidil (a nonselec-
tive opener of K,rp channels) was altered in chronic SAD rats.
5 mm long thoracic aortic rings (17-21 aortic rings obtained
from 11 rats for both the sham and SAD groups) or superior
mesenteric arterial rings (12 superior mesenteric arterial rings
from 9 rats for both the sham and SAD groups) were prepared
for assessment of vascular reactivity (IOX software, EMKA
Technology, Inc., Paris, France). Resting tension was 2.5 g or
0.8 g respectively, and contraction was induced by phenyleph-
rine (3x107 mol/L). The relaxant effects of adenosine (107 to
3x10*mol/L) and pinacidil (10® to 3x10° mol/L for aorta, 10*®
to 3x10° mol/L for superior mesenteric artery) were assessed.

Blood pressure measurement

To assess the role of K,p channels in BPV in chronic SAD rats,
the effects of Karp channel openers or blocker on BPV were
examined 4 weeks after the surgery. Four groups (n=8-10 for
each group) were designed: 1) pinacidil, 2 mg/kg; 2) diaz-
oxide, 20 mg/kg; 3) nicorandil, 10 mg/kg; 4) glibenclamide,
20 mg/kg. Blood pressure was recorded by a computer-
ized system (MPA 2000M, Alcott Biotech Co LTD, Shanghai,
China) using a previously described method™. Two 60-min
sampling periods were programmed. Before the beginning
of first period, isotonic saline was administered intravenously
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in a volume of 3 mL/kg over a 5-min period. After a 15-min
equilibration period, arterial pressure was then recorded for
60-min. Before the beginning of the second period, one of the
drug treatments listed above was given as a 5-min infusion,
and after a 15-min equilibration period data were recorded
for 60-min. The final 30-min of each 60-min period was used
for analysis. Systolic and diastolic BP and heart period were
averaged beat-to-beat during the 30-min test period. BPV was
defined as the standard deviation of beat-to-beat systolic or
diastolic BP over the 30-min analysis period.

Statistical analyses

Data are presented as meantSEM. Differences in both mRNA
and protein between sham-operated and SAD group were
analyzed using Student’s un-paired t-test. Differences in vas-
cular reactivity between sham-operated and SAD group were
analyzed by repeated measures analysis of variance. Changes
of BPV, BP and heart period before and after drug infusion
were analyzed by paired t-tests. Two-tailed P<0.05 was con-
sidered statistically significant.

Results

Presence of Kir6.1, Kir6.2, and SUR2

SUR2 mRNA expression was significantly greater in the aorta
of SAD rats (1.67£0.370) compared with controls (1.00+0.084;
n=7, P<0.05). In contrast, aortic Kir6.1 mRNA expression was
lower in SAD rats than controls (0.67+0.052 vs 1.00£0.095,
n=7, P<0.05). In the mesenteric artery both SUR2 (0.45+0.084
vs 1.00£0.141, n=7, P<0.05) and Kir6.1 expression (0.76+0.047
vs 1.00£0.049, n=7, P<0.05) were lower in SAD rats than in
controls. No significant differences were observed in Kir6.2
expression between sham-operated and SAD rats for both
kinds of arteries. Results of protein analysis by Western blot-
ting were in agreement with the mRNA expression (Figure
1). Confocal imaging using fluorescence-labeled antibodies to
Kir6.1, Kir6.2 and SUR2 localized these proteins in both kinds
of arteries, as predicted by the western blot results (Figure
2). These results demonstrate that in chronic SAD rats Kup
channels are altered when compared with the controls, that is,
expression of both Kir6.1 and SUR2 are significantly reduced
in mesenteric artery; decrease in Kir6.1 expression accompa-
nied with increase in SUR2 expression is found in aorta.

Vasodilatation induced by adenosine and pinacidil

In phenylephrine-contracted, endothelium-intact aortic rings,
both adenosine and pinacidil induced concentration-depen-
dent relaxation. Compared to the sham-operated group, the
relaxation response of the aorta to both adenosine and pinaci-
dil was significantly enhanced in SAD rats (Figure 3A and 3B);
the relaxation response of the mesenteric artery to adenosine
was obviously attenuated (Figure 3C). However, pinacidil did
not induce relaxation differences between the sham operated
and SAD group. These data suggest that vasodilatation by
opening K,rp channels may depend on the level SUR2 expres-
sion.
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Blood pressure induced by K,» channel openers and blocker
Table 2 summarizes the effects of pinacidil, diazoxide, nic-
orandil, and glibenclamide on systolic and diastolic BP and
heart period in SAD rats. The K,rp channel openers, pinacidil,
diazoxide and nicorandil, significantly decreased systolic and
diastolic BP, and slightly but significantly shortened heart
period. The K,rp channel blocker, glibenclamide, significantly
increased BP but did not obviously alter heart period.

Blood pressure variability induced by K, channel openers and
blocker

The effects of the different K,yp channel openers and blocker
on BPV in SAD rats are shown in Figure 4. Pinacidil and diaz-
oxide reduced SBPV by 40%+4.9% or 34%=+6.1%, and DBPV
by 40%+5.4% or 38%+6.8% (Figure 4A and 4B). Nicorandil
had a similar effect, reducing SBPV by 45%+5.3% and DBPV
by 45%+4.7% (Figure 4C). The Kurp channel blocker gliben-
clamide also significantly decreased SBPV by 35%%7.0% and
DBPV by 38%+8.3% (Figure 4D), despite the fact that this
agent increased resting BP whereas pinacidil, diazoxide and
nicorandil reduced it (Table 2). These results that either open-
ing or blocking Karp channels reduced BPV suggest that Karp
channels play a role in the increased BPV in chronic SAD rats.

Discussion
The current study provides two new findings. Firstly, we
demonstrate that expression of vascular K,p channels is

Table 2. Effects of K, channel openers and blocker on SBP, DBP, and HP
in sinoaortic denervated (SAD) rats. Values are expressed as mean+SEM.
°P<0.05, °P<0.01 vs isotonic saline by paired t-test.

Groups n SBP (mmHg) DBP (mmHg) HP (ms)
Isotonic saline 10 151+4.3 105+3.5 139+4.6
Pinacidil 10 94+2.8° 58+3.1° 127+4.1°
Isotonic saline 8 137+5.3 98+2.3 149+4.4
Diazoxide 8 90+2.8° 57+2.5° 135+2.9°
Isotonic saline 8 146+3.2 104+3.6 145+5.3
Nicorandil 8 89+5.7° 60+3.9° 128+3.6°
Isotonic saline 10 149+4.1 101+3.1 145+3.6
Glibenclamide 10 160+3.8° 112+3.4° 146+2.3

SBP, DBP, and HP are the average values of these parameters obtained
beat by beat during the 30-min test period. n, number of rats; SBP,
systolic BP; DBP, diastolic BP; HP, heart period.

altered by chronic SAD. The SUR2 subunit was upregulated
in the aorta but downregulated in the mesenteric artery. Con-
sistent with this finding, vasodilator responses to K,rp channel
opener pinacidil were enhanced in the aorta of SAD rats but
blunted in the mesenteric artery. Thus, chronic SAD results
in changes in the expression and function of K,rp channels
that differ according to vascular territory. Our second major
finding was that either opening or blocking K,rp channels
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Figure 2. Representative images of Kir6.1, Kir6.2, and SUR2 expression in aorta (A-C) and mesenteric artery (D-F) from sinoaortic denervated (SAD)
and sham-operated rats using laser scanning confocal microscopy. Aortic SUR2 expression was greater, while Kir6.1 was lower, in SAD rats than in
sham-operated controls (A and C). In the mesenteric artery both SUR2 and Kir6.1 expression were markedly lower in SAD rats than controls (D and
F). For both arteries, Kir6.2 expression was indistinguishable in sham-operated compared with SAD rats (B and E). Similar images were observed in
vessels from at least 3 rats for each group. FITC,fluorescein isothiocyanate; DIC, differential interference contrast. The objective was x20, scale bar:
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decreased BPV in SAD rats. We interpret these findings to
indicate that K,7p channels with a functional state play a role
in enhanced BPV in chronic SAD rats.

Karp channels are hetero-octamers consisting of 4 sulfony-
lurea receptors (SUR) interacting with 4 channel subunits (Kir
channels). The major isoform of the K,rp channel in vascular
muscle cells is composed of Kir6.1 and SUR2B subunits®" >,
In the vasculature, K,rp channels provide a background potas-
sium conductance critical for regulation of arterial tone in

response to local metabolic need and vasoactive factors!™ 2,

and operate as molecular sensors of cellular metabolism®".
Genetic disruption of the abcc9 (SUR2) gene leads to coronary
artery vasospasm and raises resting BP*”). The function and/

or expression of the K,rp channels appears to be altered under
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°P<0.01 vs sham-operated rats by
repeated measures analysis of variance.

7.0 6.5 6.0

Pinacidil (-log mol-L%)

7.5

a range of circumstances such as diabetes mellitus™ *!

cardial ischemia®, and hypertension™ **. We hypothesized
that expression of K,rp channels is altered in chronic SAD rats.
In the present study, the impact of chronic SAD on the expres-
sion of vascular K,p channels was examined. We determined
the expression of SUR2, Kir6.1, and Kir6.2 of both the aorta
and mesenteric artery. In SAD rats, aortic expression of SUR2
was significantly greater than that in control rats while Kir6.1
expression was lower. In the case of mesenteric artery both
SUR2 and Kir6.1 expression were markedly lower in SAD rats
than controls. No significant differences in Kir6.2 expression
were observed between SAD and sham-operated rats for both
kinds of arteries. These results show that expression of vas-
cular K,pp channels is altered after SAD surgery. The factors

, myo-
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é on blood pressure variability (BPV) in sinoaortic
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3 3 diastolic BPV. Data are expressed as mean+SEM.
0 SBPV DBPV 0 SBPV DBPV P<0.01 vs isotonic saline by paired t-test.
leading to these alterations in chronic SAD remain to be deter- metabolism!, regulate vascular tone in response to endog-

mined, but could include enhanced sympathetic drivel® 3%

haemodynamic variability!, and adaptive changes in the func-
tion of local vasoactive substances""*" after loss of baroreflex
control of peripheral resistance.

K channel-opener drugs activate Kurp channels by interact-
ing with the SUR subunit®. Adenosine, a metabolite of ATP,
acts on adenosine A,, receptors in vascular smooth muscle cell
to cause dilatation by opening K, channels®™. In our work,
both pinacidil and adenosine were used to assess vascular
reactivity in sham-operated and SAD rats. We found that
responses of the aorta to both adenosine and pinacidil were
enhanced 4 weeks after SAD, while the mesenteric responses
to adenosine were attenuated. Thus, changes in SUR2 expres-
sion appear to translate into changes in vascular function, this
seems consistent with the idea suggested by Farzaneh et al®":
in Kir6.1/SUR?2, it is the SUR that underlies the metabolic sen-
sitivity. It is tempting to speculate that such changes in SUR2
expression in the vessels may also be present in the microvas-
culature, and so lead to changes in the control of peripheral
resistance and perhaps BPV.

Blood pressure variability has important physiological and
clinical implications"”* *I. The most simple and commonly
held explanation for the rise in BPV after SAD is the loss of
the regulatory feedback function of the baroreceptor reflex.
However, much remains to be understood concerning the
dramatic increase in BPV after SAD!L Alper et al® suggested
that instability of BP was related to fluctuation in sympathetic
vasomotor tone. Julien et al® suggested that the sympathetic
nervous system might directly generate part of the lability
of BP in SAD rats. It has also been suggested that endog-
enous vasoconstrictors, by affecting the level of vascular tone,
increased BPV!'Y. Thus, basal vascular tone may be critical for
the generation of BPV associated with SAD. These observa-
tions suggest that regulation of BPV in SAD rats is rather com-
plex.

Karp channels, working as molecular sensors of cellular

enous substances, such as adenosine, noradrenaline and vaso-
pressin™. We hypothesized that K, channels contribute
to the BPV after SAD. To test this hypothesis we examined
the impact, on BPV in the SAD rat, of eliminating the ability
of vasoactive substances signaling through K,rp channels. To
interfere with K,pp channel signaling we administered K,rp
channel openers or blocker. We found that pinacidil (a nonse-
lective opener of K,pp channels) and diazoxide (being able to
open most of the K,p channels except the cardiac sarcolemmal
Karp channels), and nicorandil (the vascular relevant opener)
all significantly decreased BPV in SAD rats. To further inves-
tigate our hypothesis, the K,yp channel blocker glibenclamide
(a nonselective blocker of K,rp channels) was used. BPV was
significantly decreased even though this agent had the oppo-
site effect on basal BP (increased) to the openers (reduced).
Thus, either opening or blocking K,rp channels decreases BPV
in SAD rats, support our idea that K,rp channels play a role in
the increased BPV in chronic SAD rats.

In summary, this study showed that both expression and
function of vascular K,7p channels was altered by chronic
SAD, and either opening or blocking K,rp channels decreased
BPV in SAD rats. These data support the concept that vascular
Karr channels play a role in the increased BPV in chronic SAD
rats.
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Adeno associated viral vector-delivered and hypoxia
response element-regulated CD151 expression in

ischemic rat heart
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Aim: The aim of this study was to improve the delivery efficacy and target specificity of the pro-angiogenic gene CD151 to the ischemic

heart.

Methods: To achieve the inducible expression of adeno-associated viral (AAV)-delivered CD151 gene in only the ischemic myocardium,
we generated an AAV construct in which CD151 expression can be controlled by the hypoxia response element (HRE) sequence from
the human Enolase gene. The function of this vector was examined in rat HO9C2 cardiac myoblasts and in ischemic rat myocardium.
The expression of CD151 in the areas of ischemic myocardium was confirmed at the mRNA level by real-time PCR and on the protein
level by Western blot, whereas the CD151 expression in the microvessels within the areas of ischemic myocardium was detected by

immunohistochemistry.

Results: HRE significantly enhances the expression of CD151 under hypoxic conditions or in the ischemic myocardium, and forced
CD151 expression increases the number of microvessels in the ischemic myocardium.

Conclusion: The AAV-mediated, HRE regulated delivery of the CD151 gene shows higher expression in the ischemic myocardium and
more efficiently targets CD151 to the hypoxic regions after myocardial infarction.

Keywords: cardiac ischemia; CD151; angiogenesis; gene therapy; gene expression; hypoxia response element
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Introduction
The transfer of angiogenic genes to the ischemic myocardium
likely provides a useful approach for the treatment of coro-
nary artery diseasel'l. The CD151 protein is a member of the
tetraspanin superfamily and contains four hydrophobic trans-
membrane domains, two extracellular loops, and two short
cytoplasmic tails™

other and with other integral membrane proteins, including
[4,5]

. Tetraspanins associate both with each

integrins and members of the immunoglobulin superfamily
CD151 is expressed in various cell types, including epidermal
basal cells, smooth cells, skeletal cells, cardiac muscle cells,
endothelial cells, epithelial cells, platelets, and Schwann cells;
it is also characteristically localized in intracellular vesicles
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and cell adhesion structures™ ®.. Our previous studies have

shown that the direct injection of an AAV vector carrying the
CD151 gene to the ischemic rat myocardium induces neovas-
culature formation, and the CD151 gene delivery increases the
number of microvessels in an ischemic rat hind limb model” ¥
Further studies with a swine myocardial infarction model
indicated that CD151 gene delivery induces both angiogenesis
and arteriogenesis by increasing the capillary and arteriole
density™ ', These observations strongly suggest that CD151
can be used for gene therapy with myocardial ischemia by
promoting angiogenesis.

With the continued progress of gene therapy, there have
been more concerns regarding the safety of gene therapy
and the routes of gene delivery. The current routes of gene
delivery to the heart include direct myocardial, trans-catheter
myocardial, coronary artery, and intravenous injections. Intra-
venous injection is a non-invasive, safe gene-import method;
however, it is not possible to introduce high concentrations
of exogenous genes into the ischemic myocardium to induce
sufficient angiogenesis using this method. If high doses of
exogenous genes are administered, there would be an increase
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in the exposure of the gene to the normoxic myocardium as
well as other organs and also an increase in the potential side
effects in non-ischemic sites such as hemangioma formation

and retinopathy!" '

. Although such complications were not
observed in our previous animal studies on CD151, it is cru-
cial to minimize these complications for the upcoming clinical
applications of CD151. Thus, for intravenous administration,
it is of immediate concern to find a method that will increase
CD151 expression specifically in the ischemia myocardium but
not in the normoxic myocardium and other organs.

For the treatment of ischemic heart disease, an ideal con-
trol for CD151 gene expression seems to be the response to
hypoxia; that is, there is high expression of the CD151 gene
in the ischemic areas and low expression in the non-ischemia
areas. Hypoxia-inducible factor-1 (HIF-1) is induced or
upregulated under conditions of hypoxia and regulates gene
expression by binding to a cis-acting hypoxia-responsive ele-
ment (HRE)™ ™. The HRE has been found in human enolase
(ENO)™, erythropoietin (Epo)'®, and several other genes.
The core consensus sequence is (A/G)CGT(G/C)C. HRE
sequences of ENO and Epo have been used to regulate the
expression of genes such as vascular endothelial growth factor
(VEGF)™ and suicide!” or apoptosis'" genes.

In this study, we use the AAV-HRE-CD151 vector, which
carries one copy of the HRE from ENO, to determine the
applicability and feasibility of the hypoxia-induced, HRE-
driven expression of CD151 in the ischemic myocardium. Our
study demonstrated that the ENO HRE can induce CD151
expression under hypoxic conditions in both cultured cardio-
myocytes in vitro and ischemic rat myocardium in vivo.

Materials and methods

Vector construction and production

The AAV constructs carrying human CD151 or green fluo-
rescent protein (GFP) cDNA were generated as described
previously” . Based on the previous study by Philips et al™,
a 68-bp HRE sequence from the human Enolase 1 gene was
inserted into the pAAV-CD151 construct between the Miul
and BamHI restriction sites upstream of the cytomegalovirus
promotor to generate the pAAV-HRE-CD151 construct.

Cell culture and transfection

Rat cardiac myoblasts (H9C2) were obtained from American
Type Culture Collection, cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum
(FBS) and maintained in 5% CO,/95% air at 37 °C. Hypoxia
conditions were achieved in the tightly sealed hypoxia cham-
bers by repeated evacuation and filling of 5% O,/1% CO,/94%
N, at 37 °C.

To examine the hypoxia-induced expression of CD151,
HO9C2 cells were cultured in 6-well plates to 70%-90% conflu-
ence and then transfected with pAAV-HRE-CD151, pAAV-
CD151, or pAAV-GFP using the FuGENE HD transfection
reagent (Roche, MA, Germany). Non-transfected H9C2 cells
were included as a control. At 48 h after the transfection, the
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infected cells were split into two parts: one part was cultured
under normoxic conditions (95% air, 5% CO,) and the other
part was cultured under hypoxic conditions (94% N,, 5% O,,
and 1% CO,) in serum-free medium for 16 h. The individual
experiments were repeated (n=6).

Ischemic heart model and injection of the plasmids

Adult male Sprague-Dawley Rats (Animal Use and Care
Center, Tongji Medical College, Wuhan, China) with weights
of 200-250 g underwent a coronary artery ligation surgery.
Under the anesthesia of pentobarbital (60 mg/kg, intraperi-
toneally), acute myocardial infarction (AMI) was induced
by ligation of the left anterior descending coronary artery.
Briefly, after intubation of the trachea, an incision was made
in the skin overlying the 4th intercostal space, with the over-
lying muscles separated and kept aside. The animals were
placed under positive-pressure ventilation (frequency 65-70/
min, tidal volume 3 mL), and the thoracic cavity was opened
by cutting the intercostal muscles. The heart was carefully
pushed to the left, and a 6-0 silk suture was looped under the
left descending coronary artery near the origin of the pulmo-
nary artery. Proper occlusion of the coronary artery resulted
in an extensive transmural infarction comprising a major part
of the left ventricle (LV) free wall, with small variations in size.
Coronary occlusion was confirmed by the raised segment
(ST) stages on the electrocardiogram and ventricular arrhyth-
mias within the first 20-30 min after the occlusion. Twenty-
four survived rats were randomly divided into four groups
one day after the surgery. The rats in the control group (n=6)
received a single dose of 1 mL saline solution by the sublin-
gual vein, whereas the rats in the treatment groups (n=6 per
group) were injected through the same route with a single
dose of 1 mL saline solution containing 200 pg of pAAV-GFP,
pAAV-CD151, or pAAV-HRE-CD151 plasmids® *. The ani-
mal protocols used were in compliance with the Guide for the
Care and Use of Laboratory Animals and were approved by
the Chinese Academy of Sciences.

Western blot analysis
Cardiac myoblasts were scraped off the plates and lysed in

RIPA buffer (50 mmol/L Tris-HCI (pH 8.0), 150 mmol/L NaCl,
1% Nonidet-P40, 0.5% deoxycholic acid and 0.1% SDS) and
centrifuged at 14000xg at 4°C for 30 min. Tissues from the
infarcted heart areas were dissected. The tissues were homog-
enized in 500 pL of 25 mmol/L Tris-HCl (pH 7.4) containing
1% Triton X-100, 0.1% SDS, 2 mmol/L EDTA, and 1% protease
inhibitor and centrifuged at 14000xg at 4°C for 30 min. The
protein concentration was measured by the Bradford method
with bovine serum albumin as the standard. The cell and tis-
sue lysates (50 pg protein) were separated in SDS-PAGE, elec-
trically transferred to polyvinyl difluoride membranes, and
probed with antibodies against CD151 (Abcam, CA, UK) and
B-actin (Sigma-Aldrich, MO, USA), followed by incubation
with the horseradish peroxidase-conjugated 2nd antibody and
chemiluminescence detection. The intensities of the protein
bands were quantified by densitometry.
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Real-time quantitative PCR

Tissue samples from the infarcted heart areas were homog-
enized in TRIZOL solution (Invitrogen, CA, USA) and RNA
was extracted from the tissue following the manufacturer's
instruction. CD151 mRNA in the heart tissue was detected by
real-time quantitative PCR. One microgram of total RNA was
reverse-transcribed in a 20-pL reaction mixture containing 4
pL 5xPrimeScript Buffer, 1 pL Primescript RT Enzyme Mix I,
1 pL Oligo dT Primer (50 pmol/L), 1 pL Random 6 mers (100
pmol/L), and 9 pL RNAse-free H,O (TaKaRa, Dalian, China).
The mixture was incubated at 37 °C for 15 min and 85 °C for
5s. Then, real-time PCR was performed in an Mx3000P sys-
tem (Stratagene, CA, USA) using the SYBR® Premix Ex Taq™
(TaKaRa, Dalian, China) and 2 pL of cDNA was amplified
in a 25-pL reaction mixture containing 12.5 pL of the SYBR
Premix Ex Taq, 0.5 pL of the forward primer (10 pmol/L),
0.5 pL of the reverse primers (10 pumol/L), 0.5 pL of the ROX
Reference Dye, and 9 pL of dH,O. Amplifications were as
follows: 95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s,
58 °C for 20 s, and 72 °C for 15 s. The forward and reverse
primers for CD151 are 5'-TGGGTGAGTTCAACGAGAAG-3’
and 5-AGCCAGAAGCAGCAATTGTA-3’, respectively,
and those for p-actin are 5’-CCCATCTATGAGGGTTACGC-3’
and 5'-TTTAATGTCACGCACGATTTC-3’, respectively. The
reverse-transcribed cDNA samples were amplified, and cycle
threshold (Ct) values were determined. The mRNA levels of
CD151 were normalized to the mRNA levels of the housekeep-
ing gene B-actin. The comparative Ct method (2**“)*! was
used to analyze the differences in the level of CD151 mRNA
between each group.

Immunohistochemistry analysis and data acquisition

Heart tissue specimens were taken from the infarcted regions
in the left ventricle 4 weeks after the plasmid administration,
fixed in 10% formalin, embedded in paraffin, and cut into
4-pm thick sections. Some sections were stained with hema-
toxylin and eosin (H-E), and others were used for immuno-
histochemical staining with vWF (Santa Cruz, CA, USA) and
SMa-actin (Sigma-Aldrich, MO, USA) antibodies for capil-
laries and arterioles, respectively. The densities of capillaries
and arterioles were assessed according to the method previ-
ously described"”. Five regions that are rich in blood vessels
were selected, and the vessels of each region that are within
400xmicroscopic field (for capillary) or 100xmicroscopic field
(for arteriole) were counted by two blinded investigators with-
out knowledge of the group identity. The numbers of capil-
laries (VWF positive) and arterioles (SM a-actin positive) in
each field were counted under ocular micrometers (Olympus,
Tokyo, Japan), and a total of five high-powered fields (HPF)
per region per heart were quantified.

Statistical analysis

The statistical comparisons of the data were performed with a
one-way analysis of variance (ANOVA), followed by the New-
man-Keuls test for unpaired data. The results were expressed

as the meanstandard error of the mean (SEM). A probability
value of less than 5% was considered statistically significant.

Results

Construction of pAAV-HRE-CD151 plasmid

To induce CD151 expression in a hypoxia-dependent manner,
we generated a recombinant pAAV-HRE-CD151 vector by
placing the 68-bp HRE sequence from the human ENO gene
between the MIu I and BamH I restriction sites upstream of the
cytomegalovirus promotor in the pAAV-CD151 plasmid. The
correct insertion and intactness of the HRE sequence was con-
firmed by the nucleotide sequencing of the pAAV-HRE-CD151
vector (Figure 1).

220 230 240 250 260
AGATCCGGATCCGGGGCTCCGTCACGTACTCCGAGTCCCGCACGCAC

BamH |
270 0 300

280 29
TCAGCGTCGCTCTGGGGCCCCACGTCCGGCCCTACGCGTGAAT
Mlu'l

Figure 1. lIdentification of pAAV-HRE-CD151 by nucleotide sequencing.
The sequence between the BamH | and Mlu | restriction sites is the HRE
reverse complementary sequence (68 bp).

HRE-induced in vitro CD151 expression in cardiac myoblasts

To determine if the HRE enhancer can conditionally induce
AAV-mediated CD151 gene expression under hypoxic con-
ditions, we expressed the plasmids of pAAV-HRE-CD151,
PAAV-CD151, and pAAV-GFP in H9C2 cardiac myoblasts.
Under the hypoxic conditions, CD151 protein expression was
significantly increased in the pAAV-HRE-CD151 group com-
pared to the pAAV-CD151, pAAV-GFP, and non-transfected
cardiac myoblast groups (P<0.01). Under the normoxic condi-
tions, CD151 protein expression was increased significantly
in the pAAV-HRE-CD151 group compared to the pAAV-GFP
and non-transfected cardiac myoblast groups (P<0.01); how-
ever, there was no significant difference in CD151 expression
between the pAAV-HRE-CD151 and pAAV-CD151 groups.
These results indicated that the HRE of ENO enhanced the
AAV vector-mediated CD151 expression in cultured cardiac
myoblasts under the hypoxic condition (Figure 2). In all
experiments, an equal number of cells were lysed from each
group to level the total protein loading, and actin expression
was used to normalize the CD151 expression in each group.
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www.nature.com/aps

Wei Q et al
204
Hypoxic
B-actin b
Control pAAV-GFP PAAV- PAAV-
CD151 HRE-CD151
B
600+ f
5
@ _ 500
g
2% 4004
5 .
5; 300+
B
ff@ 200+
37 1004
a
(&}
O-
Control  pAAV-GFP PAAV- PAAV-
CD151 HRE-CD151
Normoxic
Control pAAV-GFP pPAAV- pPAAV-
CD151 HRE-CD151
D
300+ c d
s
@ 250
g2
%% 2004
kel
-59 150
<=1
8% 1004
< @
ST 504
=)
o
0-
Control  pAAV-GFP  pAAV- pPAAV-

CD151 HRE-CD151

Figure 2. Hypoxic induction of CD151 expression in HOC2 cells after
CD151-expressing vector transfection. (A) Western blot analysis of CD151
expression in hypoxic conditions. B-actin was used as an internal control.
(B) Quantitative analysis of CD151 protein expression. The mean density
of CD151 in the control group was defined as 100%. Data are presented
as means+SEM (n=4-6 per group). °P<0.01 vs control and pAAV-GFP
groups. 'P<0.01 vs the pAAV-CD151 group. (C) Western blot analysis of
CD151 expression in normoxic conditions. B-actin was used as an internal
control. (D) Quantitative analysis of CD151 protein expression. The mean
density of CD151 in the control group was defined as 100%. Data are
presented as means+SEM (n=4-6 per group). °P<0.01 vs control and
PAAV-GFP groups, “P>0.05 vs the pAAV-CD151 group.

Induction of CD151 expression by HRE in the ischemic myo-
cardium

The ENO HRE-driven in vivo expression of CD151 was
assessed by intravenously injecting pAAV-GFP, pAAV-
CD151, and pAAV-HRE-CD151 vectors into the ischemic rat
heart. CD151 expression was analyzed at the mRNA level
using real time PCR. The CD151 level in the ischemic hearts
of the pAAV-HRE-CD151 group was markedly higher than
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that in the saline control and pAAV-GFP groups (P<0.01)
(Figure 3). In the same model, the CD151 level in the pAAV-
HRE-CD151 group was higher than that in the pAAV-CD151
group (P<0.01). Consistent with the results in vitro, ENO HRE
significantly enhances CD151 expression in the ischemic myo-
cardium in vivo.
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Figure 3. Induction of CD151 expression by HRE in the ischemic

myocardium after CD151 gene delivery. Four weeks after coronary artery
ligation, samples were collected from the same heart regions. (A) Real-
time PCR amplification plots of CD151 and B-actin. (B) The mRNA levels
for CD151 and B-actin after gene delivery. B-Actin was used as an internal
control. In each group, the CD151 mRNA level was normalized to the
B-actin mRNA level. The data are presented as the ratio of the treated
group to the saline control group, which was defined as 100%. The results
are presented as means+SEM (n=4-5 per group); °P<0.01 between the
pAAV-CD151 group and the saline control and pAAV-GFP groups. 'P<0.01
between the pAAV-HRE-CD151 group and the saline control, pAAV-GFP, or
pAAV-CD151 groups.

Western blot analysis demonstrated that the levels of human
CD151 proteins extracted from ischemic myocardium were
increased significantly in the pAAV-CD151 and pAAV-HRE-
CD151 groups compared with the saline control and pAAV-
GFP groups (P<0.01, Figure 4). In contrast, the expression of
CD151 proteins in the pAAV-HRE-CD151 group was higher
than that in the pAAV-CD151 group (P<0.01). There was no
significant difference in the level of CD151 proteins between
the saline control and pAAV-GFP groups (P>0.05). These
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Figure 4. Enhancement of CD151 expression by HRE in the ischemic
myocardium after CD151 gene delivery. Four weeks after coronary artery
ligation, tissue samples were collected from the same heart regions. (A)
Western blot analysis for CD151 and B-actin. B-Actin serves as an internal
protein loading control. (B) Quantification of CD151. The density of the
CD151 band in the saline control group was arbitrarily defined as 100
units, and the densities in other groups are the relative levels to 100
units. Data are presented as means+SEM (n=6-8). °P<0.01 between the
PAAV-CD151 group and the saline control and pAAV-GFP groups. P<0.01
between the pAAV-HRE-CD151 group and the saline control, pAAV-GFP, or
pAAV-CD151 groups.

results indicate that AAV-mediated CD151 gene delivery pro-
motes CD151 protein expression in myocardial tissue and that
ENO HRE can induce higher CD151 expression in the ischemic
myocardium in vivo.

Analysis of arteriole and capillary density
The formation of capillaries and arterioles was evaluated by

vWF and SM a-actin staining, respectively, at 4 weeks after the
plasmid injections. Higher microvessel densities were found
in the pAAV-HRE-CD151 and pAAV-CD151 groups and less
neovascularization was found in the saline control and pAAV-
GFP groups (Figure 5). There were no significant differences
in the numbers of microvessels (P>0.05) between the saline
control and pAAV-GFP groups. In contrast, the capillary and
arteriole densities in the pAAV-HRE-CD151 group were mark-
edly higher than that in the pAAV-CD151 group (P<0.01).
These findings indicate that the ENO HRE-induced higher
CD151 expression is correlated with more neovascularization
in the ischemic myocardium. This further supports our earlier
observation that CD151 gene delivery increases the formation
of capillaries and arterioles.

Discussion

Despite the success of bypass surgery and angioplasty, many
patients have a limited opportunity to accomplish revascular-
ization in the ischemia myocardium because of diffused coro-
nary artherosclerosis, occluded bypass grafts, or excessive risk

of surgery. Hence, ischemic heart disease remains the leading
cause of morbidity and mortality in the world. Therapeutic
angiogenesis, using angiogenic growth factors or cytokines
to stimulate collateral blood vessel formation, has been tested
as an alternative treatment* ***!. The pro-angiogenesis fac-
tors that have been investigated include CD151, VEGFs" 7,
FGFs™, and angiopoietins™!. As a member of the tetraspanin
family, CD151 plays a role in regulating endothelial cell (EC)
motility and angiogenesis in vitro!* . A recent study dem-
onstrates that the mouse lung ECs (MLECs) from CD151-null
mice display marked reduction in the angiogenesis-related
endothelial events including migration, spreading, invasion,
Matrigel contraction, tube and cable formation, and spheroid
sprouting™. Conversely, overexpression of CD151 in human
umbilical vein ECs enhances cell proliferation, migration, and
capillary tube formation on Matrigel . We have reported that
CD151 gene delivery increases the number of microvessels in
a rat myocardial ischemia model and an ischemic rat hindlimb
model” ®. Further studies have underlined that CD151 gene
delivery promotes angiogenesis in a pig myocardial ischemia
model and demonstrated that CD151-induced neovasculariza-
tion effectively enhances the myocardial perfusion and mark-
edly ameliorates the regional myocardial dysfunction based
on ®N-NH, PET imaging and echocardiography '\, All these
observations strongly suggest that CD151 can be useful for
gene therapy to target myocardial ischemia by promoting
angiogenesis.

The adeno-associated virus (AAV) vector belongs to the
nonpathogenic member of the parvovirus family. It has sev-
eral advantages over other viral vectors such as low immuno-
genicity, a long-term expression of transgene, and an ability
to infect both dividing and nondividing cells™. Our previous
studies have also found that AAV is an efficient vector for the
in vivo transfer and sustained expression of the CD151 gene
in the myocardium. AAV-mediated CD151 gene transfer
provides heart with effective and long-lasting protection from
acute myocardial infarction-induced injuries.

A potential problem associated with exogenous gene ther-
apy is that different dosages and durations of the exogenous
gene stimulation may yield different results. A relatively
low level of the angiogenic factor in the myocardium is insuf-
ficient to induce angiogenesis, because transient exposure to
the exogenous genes in humans was insufficient to trigger and
maintain a therapeutically meaningful angiogenic response in
clinical trials, especially when patients also had an extensive
atherosclerotic disease®. The administration or expression
of angiogenic factors for the short term and/or at low levels
either could not stimulate myocardial angiogenesis in ini-
tial clinical trials and induced only a short-lived angiogenic
response® or led to nonfunctional, hypo-perfused capillaries
that regress when the levels of angiogenic factors drop™. For
the treatment of ischemic heart disease, angiogenic therapy
is aimed at stimulating functional and sustainable new blood
vessels. However, an excessively high-level expression of
the angiogenic factor in vivo may result in side effects in non-
ischemic sites such as excessive angiogenesis, which will lead

Acta Pharmacologica Sinica
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Figure 5. Overexpression of CD151 increases the densities of capillaries and arterioles. (A) Immunohistochemical staining of capillaries with antibody
to von Willebrand factor (WF). The ECs are stained in brown. (B) Quantification of the density of myocardial capillaries. (C) Immunohistochemical
staining of arterioles with antibody to SM a-actin. The smooth muscle cells are indicated in brown. (D) Quantification of the density of myocardial
arterioles. Data are projected as means+SEM (n=4-6 per group). °P<0.01 between the pAAV-CD151 group and the saline control and pAAV-GFP
groups. 'P<0.01 between the pAAV-HRE-CD151 group and the saline control, pAAV-GFP, or pAAV-CD151 groups.

to adverse consequences in the retina, synovium, and other
areas™ . Thus, long-lasting and reasonably high levels of
exogenous gene stimulation are needed for clinical success.
More importantly, it is crucial to increase the exogenous gene
expression only in the ischemic myocardium without signifi-
cantly affecting the global level of this gene in the body.

One ideal mechanism to regulate the exogenous gene
expression in the ischemic heart is to allow the expression of
this gene in response to hypoxia. Earlier studies demonstrated
that an increased level of HIF-1a in the ischemic myocardium
was found as early as 2 days after the coronary artery occlu-
sion and lasted until 2 weeks later™. Therefore, the HIF-1a/
HRE is an ideal regulatory system to be used for controlling
exogenous gene expression in the ischemic myocardium. To
maintain a higher level of CD151 expression in the ischemic
regions and meanwhile reduce the side-effects, we chose to
inject a lower level of the CD151 gene and make use of HRE
to induce higher CD151 gene expression in the hypoxic area.

Acta Pharmacologica Sinica

Consequently, the angiogenesis induced by uncontrolled
and persistently expressed exogenous gene can be avoided
by HRE-controlled CD151 expression. We chose to use ENO
HRE in our study because Phillips et al showed that HRE from
ENO yielded the best induction of gene expression under
hypoxic conditions™. CD151 expression under the control
of a HRE enhancer and CMV promoter exhibited marked
upregulation under hypoxic conditions. This upregulation is
likely mediated by HIF-1a in cardiomyocytes because H9C2
cells express HIF-1a in hypoxia™. In accordance with higher
CD151 expression, the formation of capillaries and arterioles
in the ischemic myocardium was also elevated under the
HRE enhancer. These findings together suggest that hypoxia
enhances CD151 expression in the ischemic myocardium in an
HRE-dependent manner and that higher CD151 gene expres-
sion in turn results in increased neovascularization.

In conclusion, we have demonstrated that ENO HRE
enhances the AAV vector-mediated CD151 gene expression in



cultured cardiomyocytes in vitro and ischemic rat myocardium
in vivo. These results further demonstrate that the HIF-1/HRE
axis is a useful system for controlling CD151 expression in the

treatment of ischemic heart disease and potentiates the effi-
cacy of CD151-based gene therapy.
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N-benzyl-5-phenyl-1H-pyrazole-3-carboxamide
promotes vascular endothelial cell angiogenesis and
migration in the absence of serum and FGF-2
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Aim: To investigate the effect of N-benzyl-5-phenyl-1H-pyrazole-3-carboxamide (BPC) on angiogenesis in human umbilical vein endothe-

lial cells (HUVECSs).

Methods: Capillary-like tube formation on matrigel and cell migration analyses were performed in the absence of serum and fibroblast
growth factor (FGF-2). Reactive oxygen species (ROS) were measured using a fluorescent probe, 2’, 7’- dichlorodihydrofluorescein
(DCHF). The nitric oxide (NO) production of HUVECs was examined using a NO detection kit. Morphological observation under a phase
contrast microscope, a viability assay using 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl-tetrazolium (MTT) and a lactate dehydrogenase
(LDH) activity analysis by a detection kit were performed to evaluate the toxicity of BPC on HUVECs in the presence of serum and
FGF-2. The level of hypoxia-inducible factor 1a (HIF-1x) and the release of vascular endothelial growth factor (VEGF) were measured by

Western blot and ELISA, respectively.

Results: In the absence of serum and FGF-2, cells treated with BPC (5-20 pmol/L) rapidly aligned with one another and formed tube-
like structures within 12 h. In the presence of serum and FGF-2, cells treated with BPC for 24, 48 and 72 h had no changes in mor-
phology, viability or LDH release compared with the control group. Cell migration in the BPC-treated group was significantly increased
compared with the control group. During this process, NO production and ROS level were elevated dramatically, and the levels of
HIF-1a and VEGF were increased dependent on the generation of ROS.

Conclusion: BPC most effectively promoted angiogenesis and migration in HUVECs in the absence of FGF-2 and serum.

Keywords: pyrazole derivatives; angiogenesis; reactive oxygen species; nitric oxide; human umbilical vein endothelial cells; hypoxia-

inducible factor 1a; vascular endothelial growth factor

Acta Pharmacologica Sinica (2011) 32: 209-216; doi: 10.1038/aps.2010.201

Introduction

More and more people are suffering from chronic ischemic
diseases. Ischemia, defined as the insufficiency or even loss of
blood flow to an organ, occurs as a result of various patholo-
gies associated with vascular obstruction or disruption. These
can include myocardial infarction, stroke and pulmonary
embolism™. Newly formed blood vessels provide a route for
supplying metabolic requirements such as nutrients, growth
factors and oxygen to the site of hypoxic or ischemic tis-

sues and organs affected by defective blood circulation and
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functionally improve ischemia-associated tissue damage and
injury™.

The pyrazole unit is a core structure in a number of natural
products. Pyrazole derivatives are known to exhibit a wide
range of biological properties. It has been widely reported
that pyrazole derivatives could inhibit cell proliferation and
promote cell apoptosis. In our laboratory, several pyrazole
derivatives have been synthesized. We found that 1-aryl-
methyl-3-aryl-1H-pyrazole-5-carbohydrazide hydrazone
derivatives could suppress A549 lung cancer cell growth!,
1-(2’-hydroxy-3’-aroxypropyl)-3-aryl-1H-pyrazole-5-carbohy-
drazide derivatives induced A549 cell autophagy™ and ethyl
3-(o-chlorophenyl)-5-methyl-1-phenyl-1H-pyrazole-4-carboxy-
late inhibited human umbilical vein endothelial cell (HUVEC)
apoptosis®. Nevertheless, no reports about the effects of
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multi-substituted pyrazole derivatives on the angiogenesis of
vascular endothelial cells have yet been documented.

In our previous papers, we synthesized a series of pyrazole
derivatives and obtained their crystal structures'®”. After
screening, we identified N-benzyl-5-phenyl-1H-pyrazole-
3-carboxamide (BPC) as a proangiogenic agent (Figure 1).
Reactive oxygen species (ROS) and nitric oxide (NO) played
important roles in angiogenesis. It was reported that ROS
regulated angiogenesis and tumor growth through hypoxia-
inducible factor 1a (HIF-1a) and vascular endothelial growth
factor (VEGF)". However, little is known about the ROS-
HIF-1a-VEGF pathway in angiogenesis under ischemic
conditions. Our current results show that BPC could effec-
tively induce angiogenesis by increasing ROS and NO when
deprived of FGF-2 and serum and that ROS regulates angio-
genesis through HIF-1a and VEGF. The data reveal that BPC
(5 pmol/L) exhibits protective proangiogenic properties. This
suggests that BPC may represent a promising strategy for
treating ischemic diseases.

Figure 1. The structure of N-benzyl-5-phenyl-1H-pyrazole-3-carboxamide
(BPC).

Materials and methods

Materials

HUVECs were obtained in our laboratory using the method
of Jaffe et al™. Fetal bovine serum (FBS) was purchased from
Hyclone Lab (USA). M199 medium was purchased from
Gibco (USA). Matrigel was purchased from BD Biosciences
(USA). The NO detection kit and LDH kit were purchased
from Nanjing Jiancheng Bioengineering Institute (China). A
fluorescent probe, 2’,7’-dichlorodihydrofluorescein (DCHF)
was obtained from Sigma-Aldridch (USA). Chemicals includ-
ing dimethyl sulfoxide (DMSO), 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl-tetrazolium (MTT), N-acetyl-L-cysteine (antioxi-
dant and free radical scavenger, NAC) and protease inhibitor
cocktail were obtained from Sigma-Aldrich (St Louis, MO).
All other chemicals were purchased from original sources and
were of superior grade and purity.

Cell culture

HUVECs were cultured in M199 medium supplemented with
20% fetal bovine serum and FGF-2 (70 ng/mL) in a humidified
incubator at 37 °C with 5% CO,. The medium was refreshed
on every second day. The experiments were performed on
cells with a population doubling level (PDL) of 5-10.

Exposure of HUVECs to BPC
When the cultures of HUVECs reached sub-confluency, the
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medium was replaced with basal M199 medium (without
serum and FGF-2) after one wash with the same medium. The
cells were then treated in two ways: (a) cells deprived of serum
and FGF-2 were cultured in basal M199 medium with DMSO
[<0.1% (v/v)] (control group) and (b) cells cultured in basal
M199 medium (without serum and FGF-2) were treated with
5,10, 20, or 40 pmol/L BPC (test group). BPC was dissolved in
DMSO and applied to cells such that the final concentration of
DMSO in the culture medium was below 0.1% (v/v). DMSO at
a concentration of 0.1% (v/v) does not affect cell viability. The
morphological changes of cells were observed under a phase
contrast microscope (Nikon, Japan) at 24, 48, and 72 h. To fur-
ther investigate the roles of ROS in this process, we treated the
cells with NAC (10 mmol/L) to depress the levels of ROS!".

Cell viability assay

HUVECs were plated in 96-well cell culture plates. When the
cultured cells became sub-confluent, they were washed once
with basal M199 medium. Then the cells were treated with 5,
10, or 20 pmol/L of BPC in the presence of serum and FGF-2.
At 24, 48, and 72 h, cell viability was determined by MTT
assay, as described previously™. The viability was calculated
as: percent=(OD of treated group/OD of control group)x100.

Lactate dehydrogenase (LDH) assay
An LDH assay was performed on the cells treated with BPC
for 48 h using an LDH kit according to the manufacturer’s
protocol. LDH catalyzes the reduction of pyruvate to L-lactate
with a concomitant oxidation of NADH, to NAD. Because the
oxidation of NADH, is directly proportional to the reduction
of pyruvate in equimolar amounts, LDH activity can be cal-
culated from the rate of decrease in absorbance at 440 nm!*.
Light absorption was measured with a Cintra 5 UV-vis spec-
trometer (GBC, Australia), and LDH activity was calculated as
follows:
LDH (U/L)=(AAumple/min=AApiank/min ) XF

F=1000%V 501/ (VsampleXextinction coefficient); where AA=
change in absorbance, min=minute, V=volume in mL and
extinction coefficient=mmol absorptivity of NADH at 440 nm
(which was 6.3).

Capillary-like tube formation assay

The formation of vascular-like structures in HUVECs was
assessed by growth-factor-reduced Matrigel as previously
described™. HUVECs were seeded on 24-well plates coated
with Matrigel at 4x10*-5x10* cells/ well in basal M199 medium
and incubated at 37 °C for 1 h. Cells were treated with or
without 5, 10, or 20 pmol/L BPC in the absence of FGF-2 and
serum, then incubated at 37 °C for 12 h. Tube formation was
observed with an inverted-phase contrast microscope (Nikon,
Tokyo, Japan) at 2, 4, and 8 h. The degree of tube formation
was quantified by measuring the length of tubes in random
fields from each well using the National Institutes of Health
(NIH) Image Program.
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Cell migration assay

The cell migration assay was performed as described previ-
ously™* "7,
reached a post-confluent state, wounds of a 1 mm width were

Cells were seeded on 24-well plates. When cells

created by scraping the cell monolayer with a sterile pipette
tip. Cells were treated with 5, 10, or 20 pmol/L BPC in the
absence of FGF-2 and serum, then incubated at 37 °C for 24 h.
Migration was documented by photos taken immediately after
scraping. Cell migration was quantified by measuring the
distance between the wound edges at 0, 12, and 24 h using the
NIH Image Program.

NO production assay

HUVECs were treated as described above for 3, 6, and
12 h. Then 100 pL of culture solution was used for the NO
assay. NO production was detected with a NO detection kit
following the manufacturer’s protocol. The optical density
was measured at a wavelength of 550 nm. NO production
was expressed as pmol/L.

Intracellular ROS assay

HUVECs were treated as described above for 3, 6, and 12 h.
Intracellular ROS levels were measured using a fluorescent
probe, 2’,7’-dichlorodihydrofluorescein (DCHF) (Sigma),
which could be rapidly oxidized into the highly fluorescent
2',7’-dichlorofluorescein (DCF) in the presence of intracellular
ROS"™.
confocal microscope (Leica, Germany) using an excitation

Fluorescence was monitored with a laser scanning

wavelength of 488 nm. The amount of ROS was quantified as
the relative fluorescence intensity of DCF per cell in the scan
area.

VEGF release assay

HUVECs were treated as described above for 3, 6, and 12 h.
The culture supernatants were collected and the level of VEGF
in the culture media was quantified using a commercially
available ELISA kit (R&D, USA) according to the manufac-
turer’s instructions. The optical density was measured at a
wavelength of 450 nm.

Western blot analysis

Cells with various treatments were lysed in lysis buffer con-
taining 25 mmol/L Tris-HCl (pH 6.8), 2% SDS, 6% glycerol,
1% 2-mercaptoethanol, 2 mmol/L PMSF, 0.2% bromophenol
blue and a protease inhibitor cocktail for 10 min at room tem-
perature and boiled for another 10 min. Protein concentration
was determined by Coomassie brilliant blue protein assay.
Equal amounts of total protein (40 mg) were separated with
15% SDS-PAGE and were electroblotted onto polyvinylidene
difluoride membranes. The membrane was blocked with 5%
(w/v) nonfat dry milk in PBS-Tween 20 (0.05% PBST) for 1 h
and incubated with anti-HIF-1a and anti-GAPDH antibodies
(1/1000) at 4-8 °C overnight. After washing in TBST and TBS,
the membrane was incubated with appropriate horseradish
peroxidase-conjugated secondary antibodies (1/5000) for 1 h
at room temperature. The immunoreactive bands were chro-

mogenously developed with 3,30-diaminobenzidine. GAPDH
was used as a loading control. The relative quantity of pro-
teins was analyzed by use of Quantity One software (Bio-
Rad, Hercules, CA). HIF-1a levels were measured relative to
the loading control (GAPDH). The densitometric analysis of
HIF-1a levels, from experiments performed at least in tripli-
cate, was shown relative to GAPDH levels.

Statistical analyses

Data were expressed as the means+tSEM. (1>3) and analyzed
by t-test. Differences at P<0.05 and P<0.01 were considered
statistically significant and dramatically significant, respec-
tively.

Results

Effects of BPC on endothelial cell morphology in the absence
and presence of serum and FGF-2

When deprived of serum and FGF-2, HUVECs gradu-
ally detach from the dish and undergo apoptosis. This
is an in vitro model commonly used to mimic the in vivo

ischemic condition”.

In this study, we screened proangio-
genic agents using this model of the ischemic condition. When
deprived of serum and FGF-2 for 48 h, cells treated with BPC
were elongated and formed capillary-like structures in mor-
phology compared with control cells (Figure 2A).

To investigate the toxicity of BPC on HUVECs under normal
conditions, we examined the morphology, viability and LDH
activity of HUVECs treated with BPC in the presence of serum
and FGF-2. The results showed no morphological changes
among these groups at each time point (Figure 2B). In addi-
tion the MTT assay showed that under normal conditions, cell
viability was not affected (Figure 2C). As shown in Figure 2D,
the release of LDH from HUVECs was not increased by BPC.
The data showed that BPC was not toxic to cells under normal
conditions.

BPC induces endothelial cell differentiation into capillary-like
tube structures in vitro

To demonstrate the proangiogenic function of BPC on
HUVECs, we performed a capillary-like tube formation assay
on Matrigel. Capillary-like tubes developed in HUVECs
treated with BPC (5, 10, or 20 pmol/L) on Matrigel-coated
24-well plates with basal M199 medium at 2, 4, and 8 h. At the
early stage, HUVECs could not differentiate towards capillary-
like tube structures without BPC. In the presence of BPC, the
cells rapidly aligned with one another and formed tube-like
structures within 12 h (Figure 3). BPC (5 pmol/L) significantly
promoted the capillary-like tube formation compared with
control at 8 h (P<0.01) (Figure 3B).

BPC promotes migration of endothelial cells in vitro

Migration of endothelial cells plays an importnat role in
angiogenesis™. To examine the effect of BPC on cell migra-
tion, we performed the cell monolayer wound healing assay.
As shown in Figure 4, cells without BPC treatment showed
little migratory capacity at the 12 and 24 h time points. Cell
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Figure 2. Effects of BPC on endothelial cells in the absence and presence of serum and FGF-2. (A) Cell morphological micrographs were obtained
under a phase contrast microscope at 24, 48 and 72 h (x200). In the control group (Ctrl), cells were cultured in basal M199 medium (without serum
and FGF-2) with DMSO [<0.1% (v/Vv)]. In the experimental groups, cells were treated with 5 (d—f), 10 (g-i), 20 (j-I), or 40 (m-o0) ymol/L BPC. (B) Cell
morphological micrographs obtained under a phase contrast microscope at 24, 48 and 72 h (x200). In the control group (Ctrl), cells were cultured in
M199 medium with DMSO [<0.1% (v/v)]. In the experimental groups, cells were treated with 5 (d—f), 10 (g-i), or 20 (j—I) umol/L BPC. (C) Cell viability
was determined using MTT assay at 24, 48 and 72 h in the presence of serum and FGF-2 (n=3). (D) LDH assay was performed on cells treated as

described in the text for 48 h in the presence of serum and FGF-2 (n=3).

migration in the BPC treated group was significantly increased
compared with control (P<0.05, P<0.01). BPC at 5 pmol/L
promoted cell migration most effectively (Figure 4B).

BPC enhances ROS levels and intracellular NO generation

ROS plays an important role in modulating angiogenesis. We
detected the levels of intracellular ROS in the cells treated as
described above at 3, 6, and 12 h. As shown in Figure 5A, the
level of ROS in cells treated with BPC increased in a dose-
dependent manner at 6 and 12 h (P<0.05, P<0.01). After incu-
bation with NAC, the cells did not differentiate towards a
capillary-like tube structure compared with those not treated
with NAC 10 mmol/L (Figure 5C), but ROS levels were effec-
tively depressed (data not shown).

It is well known that NO participates in multiple events in
HUVECs, including differentiation and migration. NO pro-
duction was examined after treatment with BPC for 3, 6, and
12 h. The results showed that NO production of HUVECs
treated with BPC was altered significantly at 3 and 6 h (P<0.05,
P<0.01) (Figure 5D). To further analyze the relationship
between ROS and NO, we examined NO production after
incubation with NAC 10 mmol/L. The results showed that
NO generation was not affected (Figure 5E).

BPC enhanced the HIF-1ax level and VEGF release depending on
the generation of ROS

VEGF plays a major role in the induction of angiogenesis
and is transcriptionally regulated by HIF-1 in response to
hypoxia®l. In previous studies, endogenous ROS levels could
regulate HIF-1a expressionm]. In this study, HIF-1a was
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increased after BPC treatment. However, HIF-1a expression
was inhibited when NAC was used to eliminate ROS (Figure
6A, 6B). The results indicate that HIF-1a expression depends
on the generation of cellular ROS.

After treatment with BPC, we examined VEGF levels
using ELISA. As shown in Figure 6C, the release of VEGF
was enhanced by BPC. To test whether ROS affected VEGF
release, we used NAC to eliminate ROS. The results show
that the release of VEGF was inhibited when ROS levels were
depressed (Figure 6D).

Discussion

Angiogenesis generally refers to the growth of microvessels
that sprouts the size of capillary blood vessels™. It plays a
critical role in both physiological processes, such as wound
healing, embryological development and the menstrual cycle,
and the pathogenesis of various diseases, such as cancer, dia-
betic retinopathy and rheumatoid arthritis® *!. In the last
century, emerging evidence suggested that angiogenesis may
be an ideal strategy to treat ischemic diseases. The promotion
of angiogenesis facilitates various physiological processes and
the treatment of diseases including inflammatory diseases,
cardiac ischemia, peripheral vascular diseases and myocardial
infarction. In our study, pyrazole derivatives were synthe-
sized and screened. We identified BPC as a proangiogenic
agent in the absence of serum and FGF-2. Our data showed
that BPC at 5 pmol/L could effectively induce endothelial cell
angiogenesis in the absence of FGF-2 and serum. The identifi-
cation of BPC may contribute to further work in the develop-
ment of a potential drug for treating ischemic diseases.
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Figure 3. BPC induced endothelial cell differentiation into capillary-
like structures in vitro. (A) BPC promoted vascular structure formation
in an in vitro Matrigel assay without FGF-2 and serum (x200). HUVECs
were seeded without BPC (a—c) and with BPC (d-I) for 2, 4, and 8 h.
(B) Quantitative assessment of the extent of tube formation (°P<0.05,
°P<0.01 vs Ctrl, n=5).

ROS generated by endothelial cells include superoxide and
hydroxyl, nitric oxide (NO) and non-radical species such as
hydrogen peroxide (H,O,)?!. Accumulating evidence sug-
gests that high levels of ROS could act as signaling molecules
to mediate various growth-related responses, including angio-
genesis. It has been reported that VEGF (vascular endothelial
growth factor) and angiopoietin-1 (Angl), two angiogenic
growth factors, induce EC migration through an increase in
ROS™ >l Recently, Zhao et al reported that ROS promote
the formation of new vessels in the infracted heart and con-
tribute to cardiac repair™!. In our study, BPC promoted
HUVEC angiogenesis, while ROS were significantly increased.
VEGEF is considered to be the most important growth fac-
tor involved in angiogenesis, which is mainly regulated by
HIF-1 in response to hypoxia. HIF-1 is a heterodimeric basic
helix-loop-helix transcription factor composed of HIF-1a and
HIF-1@ subunits™. It has been reported that endogenous ROS
levels could regulate HIF-1a and VEGF expression to induce
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Figure 4. BPC promotes migration of endothelial cells in vitro. BPC

induced HUVEC migration in the absence of FGF-2 and serum (200x). (A)
Representative photomicrographs of migration. Cells migrated in FGF-2
and serum-free medium at O, 12, and 24 h in the absence (a—c) and
presence of BPC (d-I). (B) Quantitative assessment of migration distance
(°P<0.05, °P<0.01 vs Ctrl, n=4).

angiogenesis in ovarian cancer cells"”. However, the role of

the ROS-HIF-1a-VEGF pathway in angiogenesis under isch-
emic conditions remains to be defined. Our results showed
that the levels of HIF-1a and VEGF were modulated by ROS
during this process. It suggests that BPC promotes angiogen-
esis through the ROS-HIF-1a-VEGF pathway.

Nitric oxide (NO) is a short-lived free radical that acts as a
small biological molecule and exists extensively in the body.
NO, a highly diffusible intercellular signaling molecule with
a wide range of biological effects, is generated by nitric oxide
synthase (NOS), which catalyzes the conversion of L-arginine
to L-citrulline®. Since it was discovered 20 years ago, NO
has been found to play an important role in angiogenesis and
in the nervous and immune systems. The release of NO is of
great importance for regulating endothelial cell function dur-
ing vasodilatation, vascular remodeling and angiogenesis™™!.
It has been reported that NO is required in VEGF-induced
angiogenesis in HUVECs™. Our results showed that BPC
increased the release of NO in this process. NO may act as an
important modulator in BPC-induced angiogenesis.
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Figure 5. BPC induces angiogenesis through increase in ROS and NO. (A) An intracellular ROS assay was performed on the cells treated with BPC 5-20
pmol/L for 3, 6, and 12 h (x200). Relative DCF fluorescence reflected the intensity of ROS in Ctrl and BPC groups. (B) Quantitative assessment of ROS
levels using relative fluorescence intensity of DCF per cell in the scan. °P<0.05, °P<0.01 vs Ctrl. (C) NAC inhibited angiogenesis induced by BPC (x200).
(D)The change of NO production in cells treated with BPC 5-20 pymol/L for 3, 6, and 12 h. °P<0.05, °P<0.01 vs Ctrl, n = 3. (E) NO increase was not af-
fected by NAC 10 mmol/L. Ctrl cells were cultured in M199 medium with DMSO. BPC cells were treated with 10 ymol/L BPC (°P<0.01 vs ctrl, n=3).

Pyrazole compounds can act as inhibitors and cytotoxic
agents. It has been reported that 4’-(6,7-disubstituted-2,4-
dihydro-indeno [1,2-c]pyrazol-3-yl)-biphenyl-4-ol can act as a
potent Chk1 inhibitor and that the pyrazole-based compound
could inhibit the activity of heat shock protein 90°"*!. In our
present study, we found that BPC was not toxic to endothe-
lial cells under normal conditions. Furthermore, BPC could
effectively induce endothelial cell angiogenesis in the absence
of serum and FGF-2. These data reveal that BPC, with its
remarkable biological properties and no toxic properties,
exhibits exceptional characteristics among the multitudinous
pyrazole compounds. This suggests that BPC could be practi-
cally used in clinical trials.

In summary, the results of this study showed that BPC could
induce HUVEC angiogenesis and promote migration in the
absence of FGF-2 and serum in vitro. The results also revealed
that 5 pmol/L BPC significantly promoted angiogenesis and
migration. Angiogenesis induced by BPC was mediated by
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the ROS-HIF-1a-VEGF and NO signal pathways. Moreover,
in the presence of FGF-2 and serum, BPC did not affect cell
morphology and viability and did not increase LDH activity.
The data indicated that BPC at 5 pmol/L exhibited significant
proangiogenic properties and that it might represent a poten-
tial agent for the development of therapeutic drugs to treat
ischemic diseases.
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Fluoxetine inhibited extracellular matrix of
pulmonary artery and inflammation of lungs in

monocrotaline-treated rats
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Aim: To investigate the effects of the selective serotonin reuptake inhibitor (SSRI) fluoxetine on extracellular matrix (ECM) remodeling
of the pulmonary artery and inflammation of the lungs in pulmonary arterial hypertension (PAH) induced by monocrotaline in rats.
Methods: MCT-induced chronic PAH was established in Wistar rats. After treatment with fluoxetine for 3 weeks, pulmonary hemody-

namic measurement and morphological investigation of lung tissues

were undertaken. The main components of the ECM, elastin

and collagen, were detected using Van Gieson stain and Orcein stain, respectively, or using Victoria-ponceau’s double stain. The ECM
proteolytic enzymes matrix metalloproteinase (MMP)-2 and MMP-9, and the tissue inhibitors of metalloproteinase (TIMP)-1 and TIMP-2,
were detected by Western blot. Inflammation of lung tissue was assayed using lung morphology and inflammatory cytokine expression.
Results: Fluoxetine (2 and 10 mg/kg) significantly inhibited MCT-induced PAH, attenuated pulmonary arterial muscularization and ECM
remodeling, and decreased MMP/TIMP expression. Fluoxetine also suppressed inflammatory responses in lung tissue and inhibited
the expression of the inflammatory cytokines interleukin-1p (IL-183), tumor necrosis factor-a (TNF-c), monocyte chemotactic protein

(MCP-1) and intercellular adhesion molecule-1 (ICAM-1).

Conclusion: Fluoxetine inhibited MCT-induced ECM remodeling of the pulmonary artery and inflammation of lung tissue. These effects
were related to its inhibition on MMPs/TIMPs and cytokine productions.

Keywords: extracellular matrix; inflammation; pulmonary arterial hypertension; selective serotonin reuptake inhibitor
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Introduction
Pulmonary arterial hypertension (PAH) is characterized by
a sustained and progressive increase in pulmonary arterial
pressure (PAP) with pathological changes involving vasocon-
striction, vascular remodeling and inflammation, which may
lead to right-heart failure and ultimately death. Whereas the
pathogenesis of PAH is complicated, it is believed that the
main processes lead to progressive pulmonary arterial remod-
eling, including hypertrophy and hyperplasia of pulmonary
arterial smooth muscle cells (PASMCs), muscularization of
normally nonmuscular peripheral arteries, and deposition of
the extracellular matrix (ECM)!',

The ECM, as a biologically active and dynamic composition
of vasculature, plays important roles in maintaining the his-
tological structure of the vessel wall and regulating PASMCs

*To whom correspondence should be addressed.
E-mail hiwang@mail.cmu.edu.cn
Received 2010-05-30 Accepted 2010-09-29

contractility and proliferation”. Collagen and elastin are the

major structural components of the ECM, which interlace in a
complex network and are well adapted to accomplish mechan-
ical tasks™®. The ECM is regulated by specific and unique
proteolytic enzymes, the matrix metalloproteinases (MMPs).
Among the MMPs, MMP-2, and MMP-9 degrade collagen
more efficiently than the others, and they are involved in the
vascular smooth muscle cell activation and neointimal forma-
tion that characterize arterial tissue remodeling after injury ®.
MMPs are modulated by the tissue inhibitors of metalloprotei-
nase (TIMP)-1 and TIMP-2. The imbalance of MMPs/TIMPs
induces matrix abnormality and remodeling, which has been
found in idiopathic PAH patients™. Thus, the integrity and
balance of ECM is essential for normal lung function and
response to injury!'”, and identifying MMP/TIMP changes
will help us better understand the pathobiology of PAH.
Serotonin, as a type of vasoconstrictor and mitogen for
smooth muscle cells, is an important endogenous vasoac-
tive substance involved in PAH. The internalization of
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serotonin into PASMCs by high-affinity serotonin trans-
porters (SERT) promoted smooth muscle cell hyperplasia
and hypertrophy!" 2.

centration in serotonin was significantly increased in PAH
13]

It was reported that the plasma con-
patients! We have previously reported that serotonin
induced PASMCs mitogenesis in vitro, and serotonin selec-
tive reuptake inhibitor (SSRI) fluoxetine inhibited serotonin-
induced PASMCs proliferation via blocking SERT™. We
have also found that SSRI fluoxetine and sertraline protected
against pulmonary vascular remodeling by inhibiting pul-
monary vascular muscularization in monocrotaline (MCT)-
induced pulmonary hypertensive rats">'®. However, whether
SSRI has a protective effect against ECM remodeling in the
pulmonary artery remains unknown.

Inflammatory mechanisms play an important role in the
development of PAH. It has been demonstrated that lympho-
cytes and macrophages were present in the vicinity of remod-
eled pulmonary vessels and that cytokines such as interleukin
(IL)-1, IL-6, IL-8, tumor necrosis factor-a (TNF-a), monocyte
chemotactic protein-1 (MCP-1) and intercellular adhesion mol-
ecule-1 (ICAM-1) were increased in PAH patients” ", We
have also reported previously that chronic lung inflammation
existed in MCT-induced PAH rats”. However, several stud-
ies have shown that fluoxetine had an anti-inflammatory effect
by decreasing cytokine production from peripheral blood

[22]

in patients suffering from major depressive disorder™” and

by attenuating carrageenan-induced inflammation response

in rats®®

. Yet, whether fluoxetine inhibits an inflammatory
response in PAH is not clear.

Therefore, the present study is to investigate the effects of
fluoxetine on the extracellular matrix of the pulmonary artery
and on the inflammation of lung tissue in MCT-induced PAH

rats.

Materials and methods

Animal models

Male Wistar rats (167£18 g) from Animal Resource Center,
China Medical University (Certification No: Liaoning 034)
were divided into four groups, ie, control, MCT, MCT plus
fluoxetine 2 mg-kg'-d! (MCT+F2) and MCT plus fluoxetine
10 mgkg™-d" (MCT+F10). Rats in the MCT, MCT+F2, and
MCT+F10 groups were treated with a single intraperitoneal
injection of 60 mg/kg MCT (Sigma, St Louis, USA), and rats
in the control group were treated with an equivalent amount
of vehicle. Rats in the MCT+F2 and MCT+F10 groups also
received fluoxetine (Eli Lilly, Indianapolis, USA) at doses of 2
mgkg'-d" and 10 mg'kg'-d" by gavage, respectively. Mean-
while, rats in the control and MCT groups received vehicle
only. Rats were fed with solid food and water ad [ib in an
alternating 12 h light/dark cycle under controlled temperature
(18-22 °C) and humidity (50%-65%) for 3 weeks.

Hemodynamic measurement

After 3 weeks, rats were anaesthetized with 3% sodium pen-
tobarbital (40 mg/kg). A polyethylene catheter (PE-50) was
inserted into the right carotid artery to measure systemic arte-
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rial pressure (SAP). A PV-1 catheter was inserted into the
pulmonary artery through the right jugular vein via the right
atrium and ventricle for measurement of pulmonary arterial
pressure (PAP). Hemodynamic variables were measured with
a pressure transducer and recorded on a polygraph system
(RM6000, Kohden, Tokyo, Japan).

Lung morphology

The lower lobe of right lungs and pulmonary arteries were
fixed with formalin solution. After paraffin embedding, 5 um
sections were stained with hematoxylin and eosin for inves-
tigation of inflammation and the thickness of the pulmonary
arterial wall by light microscopy. The external and internal
diameters of 7-10 intra-acinar pulmonary arteries per rat were
measured in 5 rats of each group. The ratio of the medial
thickness of the pulmonary artery was calculated by the equa-

The thickness of pulmonary arterial wall=

External diameter-internal diameter
x100%

External diameter

tion shown as follows!:

Collagen and elastin staining

Serial paraffin sections were stained with Van Gieson stain,
Orcein stain, or Victoria-ponceau’s double stain to localize col-
lagen and elastin in lungs and pulmonary arteries.

Western blot

The left lungs were immediately removed to liquid nitrogen
for measurement of protein expression. Lung samples were
homogenized in lysis buffer. Total protein from each sample
was separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred to nitrocellulose membrane.
The membranes were blocked by TBS-0.05% Tween-20 (TBS-T)
with 5% nonfat dry milk for 60 min and were then incubated
with mouse anti-rat MMP-2 (1:600, Santa Cruz, California,
USA) and TIMP-2 (1:400, Santa Cruz, California, USA); goat
anti-rat MMP-9 (1:600, Santa Cruz, California, USA), TIMP-1
(1:400, Santa Cruz, California, USA) and TNF-a (1:1000, Santa
Cruz, California, USA); rabbit anti-rat IL-1p (1:400, USCN,
Missouri, USA), ICAM-1 (1:800, Santa Cruz, California, USA),
MCP-1 (1:400, Boster, Wuhan, China) and B-actin (1:2000,
Santa Cruz, California, USA) antibodies in TBS-T with 5% BSA
overnight at 4 °C, respectively. After a corresponding second-
ary antibody treatment, the membranes were exposed to a
mixture of enhanced chemiluminescence reagent (Applygen
Technologies Inc., Beijing, China), and the resulting chemilu-
minescent reaction was detected by Fuji X-ray film. Then the
film was scanned, and the intensity of immunoblot bands was
quantified by densitometry using imaging software.

Statistical methods

All data are expressed as the mean+SD. Statistical compari-
sons were made by one-way analysis of variance, and statisti-
cal differences between two groups were established using the
least significant difference test.
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Results

Effect of fluoxetine on hemodynamics and the thickness of the
pulmonary arterial wall

The mean PAP was elevated in the MCT group compared with
the control group (P<0.01). Mean PAPs in the MCT+F2 and
MCT+F10 groups were both decreased significantly (P<0.05,
vs MCT). However, the SAPs in the four groups were not sig-
nificantly different. The muscularization of lung tissue from
the right lower lobe was investigated under light microscope.
The thickness of pulmonary arterial walls in the MCT group
was increased (P<0.01 vs control). Also, fluoxetine decreased
the thickness ratio in the MCT+F2 and MCT+F10 groups com-
pared with the MCT group in a dose-related manner (P<0.01,
Table 1).

Evaluation of elastin and collagen

Figure 1A shows collagen staining of lung tissue, and dem-
onstrates that collagen in the MCT group was significantly
increased and was diffused all around the lungs and pul-
monary arterioles; fluoxetine markedly decreased collagen
deposition and ameliorated structural destruction of lungs in
a dose-related manner. Figure 1B shows elastin staining of
the main pulmonary arteries and demonstrates that the elastic
fibers in the MCT group were significantly increased and dis-
rupted; fluoxetine at doses of 10 mg/kg decreased elastic fiber
hyperplasia and kept the integrity of the arterial structure.
Similar results were also found in Figure 1C and 1D indicating
that fluoxetine markedly decreased remodeling and destruc-
tion of elastin and collagen induced by MCT treatment.

Figure 1. Comparison of elastin and collagen deposition in different groups. (A) collagen deposition (staining red) in lungs. a, b, ¢, and d represent
control, MCT, MCT+F2, and MCT+F10 group, respectively (bars, 100 um). (B) elastin in main pulmonary arteries. a, b, ¢, and d represent control, MCT,
MCT+F2, and MCT+F10 group, respectively (bars, 100 um). (C) Double staining in elastin and collagen in lungs. a, b, ¢ and d represent elastin(staining
bluish green) and collagen (staining red) in control, MCT, MCT+F2, and MCT+F10 group, respectively (bars, 100 ym). (D) Double staining in elastin and
collagen in main pulmonary arteries. a, b, ¢, and d represent elastin (staining bluish green) and collagen (staining red) in control, MCT, MCT+F2, and

MCT+F10 group (bars, 100 pm).
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Table 1. Comparison of hemodynamic measurement and the thickness of pulmonary arteries in different groups. Data were expressed as mean+SD.

°P<0.01 vs control. °P<0.05, P<0.01 vs MCT group.

Control (n=15) MCT (n=10) MCT+F2 (n=9) MCT+F10 (n=9)
Body weight (g) 260+21 23629 226+36 241420
SAP (mmHg) 120.2+10.7 108.3+16.3 110.3+9.3 110.3+13.4
PAP (mmHg) 17.4+1.7 20.8+7.5° 26.9+5.7° 24.5+3.3°
Ratio of medial thickness of pulmonary artery (%) 36.1+10.3 53.5+8.8° 44.749.7° 38.5+10.1
Evaluation of lung inflammation 5
s 1 . . . 1 2 3 4 3 14 c
As shown in Figure 2, marked perivascular and peribronchio- e 12 e
lar inflammatory cell infiltration and angiogenesis of lung tis- ~ MMP? e——————— g 08
sues were found in the MCT group. F.luoxetme pre:domma%ntly ST A — S 04
attenuated MCT-induced inflammation and angiogenesis of - == S0
= Control  MCT MCT+F2 MCT+F10

lung tissues.

'Q;"~ /.1\

;?.71’"
FRhE S
SR

Figure 2. Comparison of lung inflammatory changes illustrated by
representative photomicrographs. A, B, C, and D represent control, MCT,
MCT+F2, and MCT+F10 group, respectively (bars, 100 pm).

MMP-2, MMP-9, TIMP-1, and TIMP-2 protein expressions

As shown in Figure 3, the levels of MMP-2, MMP-9, TIMP-
1, and TIMP-2 in the MCT group were significantly increased
compared with control. Fluoxetine inhibited MCT-induced
increase of MMPs and TIMPs in a dose-dependent manner.

Inflammatory cytokine IL-18, TNF-a, MCP-1, and ICAM-1 expres-
sions

Compared with the control group, the levels of IL-1p, TNF-a,
MCP-1, and ICAM-1 in the MCT group were significantly
increased from 0.74+0.19, 0.58+0.24, 0.64+0.11, and 0.91+0.11
to 1.16+0.22, 1.00+0.22, 0.92+0.12, and 1.04+0.08, respectively.
Fluoxetine inhibited MCT-induced increase of these cytokines
in a dose dependent manner (Figure 4).

Discussion
The present study shows that MCT-induced PAH is accom-
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Figure 3. Comparison of MMP-2, MMP-9, TIMP-1, and TIMP-2 protein
expression in lungs from different groups 1, 2, 3, and 4 represent control,
MCT, MCT+F2, and MCT+F10 group, respectively. Data expressed as
mean+SD (n=4). °P<0.05, °P<0.01 compared with control. °P<0.05,
P<0.01 compared with MCT.

panied by an ECM remodeling of pulmonary arteries and
an inflammatory response of lung tissue, in which there are
marked fragmentation and reconstruction of elastin and col-
lagen, increased expression of MMP-2, 9 and TIMP-1, 2, and
increased expression of inflammatory cytokines. ECM remod-
eling, as an important change in pulmonary arterial recon-
struction, results from a complex interplay between synthesis
and proteolysis of ECM constituents. Early clinical studies
have shown that fragmentation of the internal elastic lamina
and an increase of active MMPs exist in the pulmonary arter-
ies of PAH patients”. In animal PAH models, the progression
of hypoxia-induced PAH is associated with a time-dependent
increase in MMP activity that is mainly related to an increase
of MMP-28!, Higher expressions of MMP-2, 9, TIMP-1 mRNA,
and enzymatic activity of MMP-2, 9 in lungs were also found
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Figure 4. IL-1B3, TNF-a, MCP-1, and ICAM-1 protein expression in lung
tissues from different groups by Western blot. 1, 2, 3, and 4 represent
control, MCT, MCT+F2, and MCT+F10 group, respectively. Data expressed
as mean+SD (n=4). °P<0.05, °P<0.01 compared with control. °P<0.05,
P<0.01 compared with MCT.

in MCT-induced PAH rats™!. It is thought that injection of
MCT causes endothelial cell injury in pulmonary arteries and
inflammatory response in lungs® and induces MMPs to be
secreted from injured endothelial cells and inflammatory cells
(such as mast cells, monocytes, macrophages)® .. The activa-
tion of MMPs initiates ECM degradation, and TIMPs expres-
sion is augmented for keeping a dynamic balance between
ECM construction and destruction. The above mentioned
evidence indicates that the present findings, in which MCT
induced increases of MMP-2, 9/TIMP-1, 2 in lungs, are in
accordance with the results from previous studies.

In the present study, fluoxetine markedly inhibits MCT-
induced pulmonary arterial hypertension and attenuated
pulmonary artery muscularization, as we have reported
previously™!. Furthermore, we also found that fluoxetine
reduced the elastin and collagen deposition and destruction
in pulmonary arteries induced by MCT, in which MMP-2, 9/
TIMP-1, 2 expressions are obviously suppressed. It is known
that serotonin is involved in the pathophysiology of lung
fibrosis via increasing proliferation and collagen synthesis by
fibroblasts™ and that it has reciprocal effects on collagens and
collagenase (a type of MMP)™. Shum JK et al reported that
serotonin induces MMP production via phospholipase C, pro-
tein kinase C, and extracellular signal-regulated kinase (ERK)
1/2 pathway in smooth muscle cells™. Our previous study
showed that the serotonin-induced mitogenesis of PASMCs
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is mediated by SERT, in which the signal transduction for
serotonin is dependent on the ERK1/2 pathway™*. Beneka-
reddy et al also reported that fluoxetine regulates MMP-2/
MMP-9 and TIMP1-4 in the adult rat hippocampus®. Taken
this information and the present results together, we believe
that fluoxetine-induced regulation of MMP-2, 9/TIMP-1, 2 is
closely related to the inhibition of ECM remodeling, in which
the serotonin intracellular signal pathway might be involved.
In the fluoxetine group, we found that both MMP and TIMP
expressions were inhibited. It is known that regulation of
MMP expression also affects TIMP expression, and therefore a
delicate balance exists between MMP activation and inhibition
by TIMPsP. It is thought that a reduction of TIMP expres-
sion is related to the inhibition of MMPs expression and ECM
remodeling by fluoxetine.

We have also shown how fluoxetine remarkably inhibits
MCT-induced pulmonary inflammation and how this inhibi-
tion is accompanied by the decreased expression of inflamma-
tory cytokines. Some studies report that serotonin is closely
linked to inflammatory responses, including the induction
of mast cell adhesion and migration, activation of alveolar
macrophages, and development and maintenance of arterial
remodeling through the release of cytokines™ . It is found
that fluoxetine has anti-inflammatory properties and that there
is a positive correlation between SERT and cytokine mRNA
expression in patients with depression, who are affected by
chronic treatment with fluoxetine™. Also, the present study
found that fluoxetine suppressed inflammatory responses in
MCT-induced PAH rats, in which inhibition of inflammatory
cytokines is involved. Thus, it is thought that the serotonergic
system is likely to be involved in the modulation of peripheral
inflammation, and SSRIs may play an important role in work-
ing against the inflammatory response in PAH. It is known
that MMPs act broadly in physiological and pathological
inflammatory processes via regulating inflammatory cytokines
activity”. MMPs are regulated by many cytokines, notably
TNF-a and IL-1p, that induce MMP activity markedly and
increase their mRNA levels via action through the promoter
region of MMP genes™. Kubera et al also reported that the
anti-inflammatory effects of fluoxetine developed through
suppression of the interferon-gamma/interlenkin-10 produc-
tion ratio in the central nervous system!”. Therefore, there
is a complex interaction between MMPs and inflammatory
response which might be involved in the mechanism of fluox-
etine protection against PAH.

In conclusion, fluoxetine inhibited MCT-induced ECM
remodeling of pulmonary artery and inflammation of lungs,
effects which were related to its inhibition on MMPs/TIMPs
and cytokine productions.
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Isoproterenol-induced FKBP12.6/12 downregulation
is modulated by ET, and ET; receptors and reversed
by argirhein, a derivative of rhein

Guo-lin ZHANG?, De-zai DAI* *, Tao XI* *, Xiao-dong CONG?, Yun ZHANG?, Yin DAI*

1China Pharmaceutical University, Nanjing 210009, China; ?2Zhejiang Chinese Medical University, Hangzhou 311401, China

Aim: To investigate which endothelin receptors mediated isoproterenol (ISO)-induced downregulation of FKBP12.6/12 in
cardiomyocytes and study whether argirhein, a novel compound containing rhein and L-arginine that has anti-inflammatory activity,
could reverse the downregulation of FKBP12.6/12 induced by ISO.

Methods: Neonatal rat cardiomyocytes were incubated with ISO to downregulate FKBP12.6/12. Then the cells were treated with a
selective ET, blocker (PD156707) and a ETg blocker (IRL1038), a dual ET,/ETg antagonist (CPU0213), and argirhein, respectively.
FKBP12.6/12 expression was assayed by RT-PCR, Western blot, and immunocytochemistry.

Results: The expression of FKBP12.6 mRNA was reduced by 37.7% (P<0.01) and 28.9% (P<0.05) relative to the control by ISO 1 and
0.1 umol/L, respectively, but no response to ISO 0.01 umol/L was observed in vitro. FKBP12.6/12 protein expression was reduced
by 47.2% (P<0.01) and 37.8% (P<0.05) by ISO 1 and 0.1 pmol/L, respectively. This decrease was reversed significantly by PD156707,
or IRL1038, and CPU0213. CPU0213 was more potent than either PD156707 or IRL-1038. Argirhein 10 umol/L blunted the down-
regulation of FKBP12.6/12 by ISO, as demonstrated by the rising mRNA and protein levels and by the fluorescent density of the ISO-
incubated cardiomyocytes.

Conclusion: In cardiomyocytes, the ISO induced downregulation of FKBP12.6/12 is modulated by both ET, and ETg. A new compound,

argirein, reversed the down-regulation of FKBP12.6/12 expression in myocardial cells stimulated with ISO.

Keywords: isoproterenol; FKBP12.6/12; ET, receptor; ETg receptor; argirhein; rhein

Acta Pharmacologica Sinica (2011) 32: 223-229; doi: 10.1038/aps.2010.177

Introduction

Severe arrhythmias and congestive heart failure have become
major problems affecting humans, and the annual incidence
of sudden cardiac death (SCD) in the general population is
estimated to be 1 in 1000". Mutations in the potassium chan-
nels KCNQ2 and KCNH2, and in the sodium channel SCN5A
serve as markers only for polymorphism, and severe arrhyth-
mias may occur in the presence of triggering factors”. Trigger
factors, including stress caused by {-adrenergic stimulation
and some medications, affect K* currents during repolariza-
tion, resulting in tachyarrhythmias in patients with mutated
genes. Tricyclic antidepressants may trigger the appearance
of Brugada syndrome (Brugada ECG and life-threatening
ventricular arrhythmias) in patients with the SCN5A poly-
morphism (His558Arg)®. Mutation of the ryanodine receptor
type 2 (RyR2) alone does not appear to cause tachyarrhyth-

*To whom correspondence should be addressed.
E-mail dezaidai@vip.sina.com; xi_tao18@sina.com; azai308@163.com
Received 2010-06-20 Accepted 2010-09-12

mias; however, patients with RyR2 mutations may present
with CPVT (catecholaminergic polymorphism ventricular
tachyarrhythmias) while engaging in physical exercise, which
is always associated with B-adrenoceptor stimulation”. Life
threatening arrhythmias are likely to occur in patients with
cardiac disease such as heart failure, in which multiple steps
are needed to trigger events, including profound activation of
B-adrenoceptor!™ ), and many causal factors are implicated in
the pathogenesis of failing hearts in which an excess of reac-
tive oxygen species (ROS) and inflammatory factors exist,
resulting from the downstream events of -adrenergic stimu-
lation. Some inflammatory factors that have been revealed in
the pathogenesis of congestive heart failure may participate in
mechanisms underlying life threatening arrhythmias in failing
hearts".

FKBP12.6 (calstabin 2) is a key subunit that binds to RyR2
at the sarcoplasmic reticulum (SR) and is involved in calcium
handling activity in the myocardium. FKBP12.6 also plays a
role in the molecular mechanisms underlying severe arrhyth-
mias and cardiac insufficiency®®. CPVT may be the conse-
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quence of dissociated/downregulated FKBP12.6/12 related to
profound P-adrenoceptor activation that keeps RyR2 channels
closed loosely, allowing calcium leaks during diastole. RyR2
is phosphorylated by protein kinase A (PKA). FKBP12.6/12
dissociation from the binding site at RyR2 is likely due to a
decrease in affinity, but this hypothesis is still controversial’.
Elevated free calcium levels during diastole contribute to an
increased risk for both cardiac tachyarrhythmias and exac-
erbated cardiac failure. Downregulation of FKBP12.6/12 in
cardiomyocytes can be reproduced by isoproterenol (ISO) and
can be induced by either endothelin-1 (ET) or H,O,!"". The
resulting calcium leaks can be predicted by the downregula-
tion of FKBP12.6/12""%; therefore, downregulated FKBP12.6/12
may be taken as a surrogate for calcium leaks, indicating an
increased risk for severe arrhythmias and the deterioration of
cardiac performance!™,

ET-1 is a cytokine that actively participates in inflammatory
reactions and ROS genesis through activating NADPH oxi-
dase™l. An activation of the ET system is always associated
with NADPH oxidase, forming the ET-NADPH oxidase path-
way that is implicated in many cardiovascular diseases™”. The
biological activities of ET-1 are the result of the stimulation
of ET receptors A (ET,) and B (ET;). In our previous study,
ET-1 was shown to cause the downregulation/dissociation
of FKBP12.6/12 in cardiomyocytes"; however, it is unclear
whether ET, and ETj} play separate roles in this process.

Argirhein, a new synthetic compound, contains rhein linked
to L-arginine with a hydrogen bond in its moiety (Figure 1).
Rhein relieves liver fibrosis and injury through anti-inflam-
matory activity"® ",
rhein can be released from argirhein and then display its anti-
inflammatory activity, which may protect cardiomyocytes
from ISO-induced insults; therefore, the activity of argirhein
could be relevant in attenuating the downregulation of
FKBP12.6/12 at the SR. We hypothesized that the downregu-
lation of FKBP12.6/12 by ISO causes a disturbance in calcium
homeostasis, which worsens arrhythmogenesis and cardiac
performance. This downregulation could be mediated by ET,
and ET; individually. Given the anti-inflammatory activity
of rhein, argirhein may have an activity similar to that of ET
blockers, which play a role in protecting the myocardium by
alleviating ISO-induced downregulation of FKBP12.6/12.

When argirhein is used as a medication,

OH O  OH
0 0
HN N/\,eJ\OH
H 3

Figure 1. Chemical structure of argirhein.
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Materials and methods

Animals

Animal handling procedures were conducted in accordance
with the Laboratory Animal Regulations of the Bureau of Sci-
ence and Technology, Jiangsu Province, China.

Reagents

Isoproterenol was purchased from Shanghai Hefeng Medicine
Company (Shanghai, China). PD156707, a selective endothelin
receptor A antagonist, and IRL-1038, a selective endothelin B
receptor antagonist, were purchased from Sigma and Gen-
script Corporation, USA, respectively. M-MLV (Promega,
USA) and Taq DNA Polymerase (Tiangne) were purchased
from Nanjing Tianwei Corp, China. Polyclonal goat anti-
FKBP12.6/12 IgG was obtained from Santa Cruz Biotechnol-
ogy Inc, USA. Polyclonal rabbit anti-actin-IgG and FITC-
conjugated rabbit anti-goat IgG were purchased from Boster,
Wuhan, China. HRP-conjugated rabbit anti-goat IgG was
from Dako, USA. Argirhein (AR) was sourced from Zhejiang
Chinese Medical University.

Cell culture

Neonatal Sprague-Dawley rats were obtained from the Experi-
mental Animal Center of Nanjing. Neonatal ventricular myo-
cytes were obtained and cultured as described previously™.
Briefly, myocytes were obtained and cultured in 20% FBS-
DMEM culture medium with BrdU to suppress the growth of
fibroblasts. The culture was changed to serum-free DMEM
medium after three days, at which time the myocytes reached
confluence. Except for the control groups, myocytes were
incubated with ISO (0.01, 0.1, or 1 pmol/L) for 18 h to deter-
mine the appropriate ISO concentration. Cells were incubated
with PD156707, IRL-1038, CPU0213 and argirhein (AR) at the
3 doses to prevent the adverse effects of ISO on FKBP12.6/12
in cardiomyocytes.

Semi-quantitative RT-PCR

After an 18-h incubation, RNA was extracted with Trizol solu-
tion, and cDNA was synthesized as described previously!”.
RT-PCR was performed in a volume of 25 pL, and the prod-
ucts were detected in 2% agarose. The target gene was quan-
tified using -actin as an internal control. The sequences of
the forward and reverse primers for FKBP12.6 (Ilength 427 bp)
and f-actin (580 bp) are listed below: 5'-AAGGAAGGACG-
GAAGTG-3" and 5-GAATAGAAGACAACCGACG-3’; and
5-GCCTCAAGATCATCAGCAAT-3 and 5'-AGGTCCACCA-
CTGACACCTT-3’, respectively. The densities of the bands
were analyzed using a gel imaging analysis system (GeneGe-
nius, Syngene, England), and the relative density of each DNA
band was obtained by dividing by the density of B-actin.

Western blotting
Protein was extracted from the incubated myocytes as
described previously™. Briefly, after determination of the pro-



tein concentration, the supernatant was stored at -20 °C before
use. Aliquots of samples were heated to 98 °C in a loading
buffer and fractionated using 10% SDS-PAGE. The separated
proteins were transferred to a nitrocellulose membrane that
was blocked with nonfat milk (5% w/v). The blocked nitro-
cellulose membranes were incubated at 4 °C overnight with
the specific primary antibody. After 3 washes, the blots were
incubated with horseradish peroxidase (HRP)-conjugated goat
secondary antibody IgG for 1 h at room temperature. Antigen
was detected with a DAB kit, visualized by imaging acquisi-
tion and quantified by densitometry. The relative abundance
was obtained by normalizing the density of the FKBP12.6/12
protein against that of B-actin.

Immunocytochemical analysis

Cardiomyocytes were fixed with cold acetone for 10 min
after incubation with ISO for 18 h. After the cells were dried
at room temperature, the cell membrane permeability was
increased by incubation with 1% Triton X-100 for 1 h. Then,
cardiomyocytes were sealed with 2% bovine serum albumin
for 1 h and incubated overnight with polyclonal goat anti-
FKBP12.6/12-IgG. After being washed 3 times with PBS, the
cardiomyocytes were incubated with FITC-conjugated rabbit
anti-goat IgG for 1 h. Finally, cardiomyocytes were imaged
by fluorescence microscopy and the gray density was assayed
and compared™.

Statistical analysis

All data are presented as the mean+SD and were analyzed
with SPSS version 11.5 (USA). For statistical evaluation, a one-
way analysis of variance was used, following Dunnett’s test.
The Student Newman Keuls test was performed when the
variances were equal, and the Games-Howell test was used
when the variances were not equal. A probability value of
P<0.05 was considered statistically significant.

Results

Downregulation of FKBP12.6/12

The downregulation of FKBP12.6/12 in cardiomyocytes
responded to ISO at 3 doses in vitro. The expression of
FKBP12.6 mRNA was reduced by 37.7% (P<0.01) and 28.9%
(P<0.05) relative to the control at ISO concentrations of 1
pmol/L and 0.1 pmol/L, respectively, but no response to
ISO 0.01 pmol/L was observed. A reduction in FKBP12.6/12
protein expression of the same magnitude was found by West-
ern blotting; the reductions were 47.2% (P<0.01) and 37.8%
(P<0.05) for 1 pmol/L and 0.1 pmol/L, respectively (Figure
2A, 2B). Based on these results, an ISO concentration of 1
pmol/L was adopted for further experiments.

Responses to ET antagonists

The expression levels of FKBP12.6/12 mRNA and protein
were downregulated in the presence of ISO, and then selective
blockade of either ET, or ETy was analyzed. The ET, antago-
nist PD156707 suppressed the changes in protein abundance
significantly at concentrations of 0.1 and 1 pmol/L relative to
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Figure 2. The mRNA (A) and protein (B) expression of FKBP12.6/12 in
neonatal rat cardiomyocytes were downregulated after incubation with
isoproterenol (ISO) for 18 h. n=6. Mean+SD, °P<0.05, °P<0.01 vs control.
The relative expression of MRNA and protein was normalized by B-actin.

ISO alone (Figure 3A, 3B). It was found that the ETy antagonist
IRL-1038 at a concentration of 1 pmol/L only induced a reduc-
tion in the downregulation of FKBP12.6/12 toward the normal
level (Figure 3D). At 0.1 pmol/L, PD156707 was able to upreg-
ulate the abundance of FKBP12.6/12 remarkably; however,
IRL1038 had no significant effect. Thus, ET, was more potent
than ETj in modulating changes in FKBP12.6/12 induced by
ISO. mRNA and protein expression for FKBP12.6/12 were not
changed in the absence of ISO after an 18-h incubation with
either PD156707 or IRL-1038 alone (Figure 3E, 3F).

CPUO0213, a dual ET, and ETj receptor antagonist, was
added at concentrations ranging from 0.01 to 1 pmol/L to
test its effects on the changes in FKBP12.6/12 expression
induced by ISO. CPU0213 was able to significantly reverse
the downregulation of the levels of mRNA and protein of
FKBP12.6/12 at all three ISO concentrations. At a concentra-
tion as low as 0.01 umol/L, CPU0213 was able to elevate the
depressed FKBP12.6/12 levels significantly, while no response
was observed to either PD156707 or IRL-1038. It appears that
a combined blockade of the two subtypes of ET receptors is
more potent than a single selective blockade (Figure 4).

Argirhein upregulates FKBP12.6/12
Compared with the ISO group, the argirhein group showed
a significant reversal of the ISO-induced downregulation of
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FKBP12.6/12 when argirhein was used at 10 umol/L (Figure
5A, 5B). The activity of argirhein was similar to those of the
ET antagonists and was less effective than either CPU0213 or

(Figure 5C). This result indicates that argirhein counteracts
the adverse effects of ISO on FKBP12.6/12 in cardiomyocytes.

PD156707. Cardiomyocytes incubated with argirhein alone
has not altered expression of FKBP12.6/12 mRNA and protein
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Immunocytochemistry of FKBP12.6/12
In an immunocytochemistry assay, the fluorescence inten-
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Figure 5. Downregulated expression of FKBP12.6/12 mRNA (A) and protein (B) normalized by B-actin were reversed by argirhein, but the expression of
FKBP12.6/12 were not affected when incubation with argirhein in the absence of ISO (C). n=6. Mean+SD. °P<0.01 vs control. °P<0.05 vs ISO.
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sity of FKBP12.6/12 in single incubated cardiomyocytes was
bright in untreated cells but appeared to be faint after expo-
sure to ISO for 18 h (Figure 6A, 6B, 60), clearly indicating the
downregulation/dissociation of FKBP12.6/12 by ISO in car-
diomyocytes. Both ET, and ETj antagonists (PD156707 and
IRL1038, respectively) enhanced the fluorescence intensity of
cardiomyocytes in a dose-dependent manner (Figure 6C-6H,
60). The effect of IRL1038 was impressive but less potent.
Additionally, the novel compound argirhein was shown to
increase the fluorescence intensity of FKBP12.6/12 at concen-
trations of 10° and 10° mol/L (Figure 6], 6K, 60). The dual
endothelin receptor antagonist CPU0213 was potent in escalat-
ing the fluorescence in single cardiomyocytes and the mean

Figure 6. Downregulation of fluorescence intensity of FKBP12.6/12
in neonatal rat cardiomyocytes was induced by isoproterenol and was
blunted by selective ET, antagonist PD156707, ETg antagonist IRL1038,
dual ET antagonist CPU0213 and argirhein. (A) Control; (B) ISO (1 pymol/L);
(C) ISO+PD156707 (0.01 pmol/L); (D) ISO+PD156707 (0.1 umol/L);
(E) ISO+PD156707 (1 umol/L); (F) ISO+IRL1038 (0.01 umol/L); (G)
ISO+IRL1038 (0.1 pmol/L); (H) ISO+IRL1038 (1 pumol/L); (I) ISO+AR (0.1
umol/L); (J) ISO+AR (1 pmol/L); (K) ISO+AR (10 umol/L); (L) ISO+CPU0213
(0.01 ymol/L); (M) ISO+CPU0213 (0.1 umol/L); (N) ISO+CPU0213 (1
umol/L); (0) The gray density of immunocytochemistry of FKBP12.6. n=6.
Mean+SD. °P<0.01 vs control. °P <0.05, P <0.01 vs ISO. éP<0.05 vs
PD156707. “P<0.05, 'P<0.01 vs IRL1038.

gray value was higher than that of either PD156707 or IRL1038
(Figure 6L-6N, 60). These results indicate that ISO-induced
FKBP12.6/12 downregulation is modulated dramatically by
either ET, or ETy and that argirhein significantly reversed
the changes in FKBP12.6/12 expression induced by ISO, but
argirhein was less effective than PD156707 and CPU0213.

Discussion

Profound stimulation of B-receptors is commonly found in
hearts that manifest worsening of arrhythmogenesis and
declines in heart performance® *. Tt is believed that ISO
worsens cardiac function and increases the risk of severe
ventricular tachyarrhythmias. These activities are thought to

Acta Pharmacologica Sinica
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be related to an impairment of the calcium handling protein
FKBP12.6/12 at the SR. Calcium leaks during diastole result
from the downregulation of FKBP12.6/12, which loses the
ability to control the calcium releasing channels (RyR2). This
leads to slow down repolarization followed by prolonged
APD (action potential duration), and causes EAD (early after
depolarization), which predisposes the heart to tachyarrhyth-
mias™?. A significant reversal of the deterioration of cardiac
function and arrhythmogenic trends of affected hearts can be
achieved through rescuing the depressed the FKBP12.6/12
level by blocking the activity of the ET receptors using
CPU0213, a dual endothelin receptor antagonist!> ' */. In
addition to ET antagonists, there are some compounds that
specifically normalize abnormal RyR2 (and FKBP12.6/12)
resulting from calcium and potassium channel blocking agents
such as JTV519%! and CPU86017, which was developed at our
laboratory !,

The downregulation of FKBP12.6/12 induced by ISO is not a
single event and is associated with an increase in other inflam-
matory factors, including ET, ROS, leptin, and an activated
NADPH oxidase, in mediating the adverse effects of strong
B-adrenoceptor stimulation in the heart™ ' . In this regard,
the role of ISO in activating p-receptors to downregulate
FKBP12.6 is mediated by ET receptors and related pathways.
In the present study we show that a selective antagonist of ET
and ETj rescue the downregulation of FKBP12.6/12 individu-
ally, in which ETj exerted an effect comparable to that of ET,.
This phenomenon suggests that ET} is actively implicated in
the hyperadrenergic state and triggers events that worsen car-
diac performance and ventricular tachyarrhythmias. In car-
diac fibroblasts incubated with ISO, ETj plays a minor role in
the upregulation of Cx43, MMP-2, MMP-9, and NADPH oxi-
dase relative to ET,"®. We found that CPU0213 is more effec-
tive than PD156707 and IRL-1038 in modulating FKBP12.6/12,
which is consistent with the findings in a previous study™.
Our findings are supported by evidence that ET, and ETj are
located on the sympathetic nerve ending in the myocardium
and control release of norepinephrine individually™!.

Rhein, an active component of Rheum officinale Baill,
has anti-inflammatory activity and helps to relieve hepatic

[16]

fibrosis With the activity against inflammatory factors

in the kidney, rhein has been shown to be effective in treat-
ing diabetic nephropathy either as a single therapy™ *! or
in combination with benazepril®™. The solubility of rhein is
low, and chemical modification is encouraged to improve its
chemical properties. Di-acetyl-rhein (diacerein, diacerhein)
was produced by adding two acetyl groups to the moiety and
was launched for treating osteoarthritis in Europe®. Rhein
functions as the active metabolite of diacerein in treating
osteoarthritis by suppressing osteoarthritic chondrocytes and

osteoclastic differentiation/survival®”

. Diacerein suppresses
proinflammatory cytokine expression in nonobese diabetic
(NOD) mice. The extracellular matrix activity is modu-
lated by rhein, mediated by inhibiting the ERK and JNK-AP-1
pathways®.

Argirhein is a new compound containing two active mol-
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ecules, rhein and L-arginine. The compound easily dissociates
to form the two compounds in the body. As a consequence,
the pharmacological effects of argirhein are relevant to the
anti-inflammatory activity of rhein. On the other hand, an
improvement in endothelial cells could be achieved by releas-
ing L-arginine, which is beneficial to the recovery of dys-
functions of the vascular endothelium. A normal vascular
endothelium is essential for cardiac function”. Activated ET,
and ETy which participate in inflammatory reactions have
been shown to be inhibited by argirhein.

An increase in ROS, ET and other cytokines is implicated

¥l and in

in the events following the application of ISO!
patients with ventricular tachyarrhythmias, inflammatory
factors are critically involved in the pathogenesis, which
is triggered by P-receptor activation, of conditions such as
hyperthyroidism in which the incidence of cardiac arrhyth-
mias is common, in association with exaggerated stimulation
of B-adrenoceptors® *, As compared to those happened in
acquired heart diseases genetic mutation cover only a small
portion of severe arrhythmias, such as arrhythmogenic cardio-
myopathy™!
drome®, indicating that inflammatory factors are likely the

and arrhythmias in patients with Brugada syn-

major causal factors implicated in the affected myocardium
responsible for arrhythmogenesis.

In conclusion, the downregulation of FKBP12.6/12, a calci-
um-modulating protein at the sarcoplasmic reticulum, is a key
event involved in the worsening of heart dysfunction and in
the arrhythmogenesis caused by stress related to -receptor
stimulation. We demonstrated that both ET, and ET;
played individual roles in mediating the downregulation of
FKBP12.6/12 caused by ISO application. ETj is definitely an
active participant in this regard. We also showed for the first
time that argirhein, a new compound containing rhein and
L-arginine, shared the activity attenuating the ISO-induced
downregulation of FKBP12.6/12 with ET blockers. Argirhein
is potential drug for use in relieving stress related exacerba-
tion of cardiac failure and arrhythmias by rescuing downregu-
lation of FKBP12.6/12.
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173-Estradiol inhibition of PPARy-induced
adipogenesis and adipocyte-specific gene expression

Sunhyo JEONG, Michung YOON*

Department of Life Sciences, Mokwon University, Daejeon 302-729, Korea

Aim: To investigate the molecular interaction of peroxisome proliferator-activated receptor y (PPARy) with 17B-estradiol (E) in the regula-

tion of adipogenesis.

Methods: Female ovariectomized (OVX) mice and differentiated 3T3-L1 adipocytes were treated with combinations of the PPARy ago-
nist troglitazone or E, and the variables and determinants of adipogenesis were measured using in vivo and in vitro approaches.
Results: Troglitazone (250 mgkg™d™ for 13 weeks) decreased the size of adipocytes without the change in white adipose tissue (WAT)
mass and increased the expression of adipocyte-specific genes, such as PPARy, adipocyte fatty acid binding protein, and lipoprotein
lipase, compared with OVX control mice. E (0.05 mg/pellet, sc implanted) significantly reduced WAT mass, adipocyte size, and adipose
marker gene expression. When mice were concomitantly treated with troglitazone and E, E blunted the effects of troglitazone on WAT
mass, adipocyte size, and adipose PPARYy target gene expression. Consistent with the in vivo data, E (10 ymol/L) treatment inhibited
lipid accumulation and the expression of adipocyte-specific genes caused by troglitazone (10 umol/L) in 3T3-L1 cells. E (10 pmol/L)
also decreased troglitazone-induced PPARYy reporter activity through both estrogen receptor (ER) « and ERB. Mechanistic studies indi-
cated that E (0.1 pmol/L) decreased the DNA binding of PPARy induced by troglitazone (1 pmol/L) and inhibited the recruitment of the

PPARYy coactivator CREB-binding protein.

Conclusion: These results suggest that in vivo and in vitro treatment of E interferes with the actions of PPARy on adipogenesis by down-
regulating adipogenesis-related genes, which are mediated through the inhibition of PPARy coactivator recruitment. In addition, it is
likely that the activities of PPARy activators may be enhanced in estrogen-deficient states.

Keywords: PPARYy; adipogenesis; 17 B-estradiol; troglitazone; coactivator recruitment; ovariectomized mice; 3T3-L1 cells
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Introduction

Peroxisome proliferator-activated receptor y (PPARY) is a
ligand-activated transcription factor that plays a central role in
adipocyte gene expression and differentiation. It is expressed
at high levels, specifically in white (WAT) and brown adi-
pose tissue (BAT), and its expression is turned on before
transcriptional activation of most adipose-specific genes!.
The importance of PPARy in adipocyte differentiation has
been extensively studied in vitro using a variety of cell types,
including fibroblasts, adipocytes, and stem cell lines®™*. Thi-
azolidinediones (TZDs) are PPARy agonists that promote adi-
pogenesis, enhance lipid accumulation, and induce the expres-
sion of PPARy-responsive genes during adipogenesis in these
cell types™ .. In adipose tissue, most PPARY target genes are
directly implicated in lipogenic pathways, including lipopro-
tein lipase (LPL), adipocyte fatty acid binding protein (aP2),
acyl-CoA synthase, and fatty acid transport protein. The role
of PPARYy in adipocyte development in vivo is also shown in
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several mouse models’®. Embryonic stem cells lacking PPARy
cannot contribute to fat formation, and the PPARy mutant
mouse is deficient for WAT and BAT® 7!, In adult mice,
PPARYy ablation in WAT and BAT results in adipocyte death
within a few days, demonstrating that PPARYy is also required
for the in vivo survival of mature adipocytes!"”. In addition to
adipocyte development, TZDs induce the apoptosis of large
adipocytes, resulting in adipose tissue remodeling!" .
Adipose tissue is also a target for sex steroids because sex
steroid receptors are expressed in rat and human adipose tis-
sues!"™ ™. In particular, 17p-estradiol (E) has been recognized
as a major factor in regulating adipose tissue metabolism in
females. Ovariectomy in rodents leads to weight gain, primar-
ily in the form of adipose tissue, which is reversed by physi-
ologic E replacement 'l Toss of circulating E is associated
with an increase in adiposity during menopause, whereas
postmenopausal women who receive E replacement therapy
do not display the characteristic abdominal weight gain pat-
tern usually associated with menopause!”. E also plays an
important role in regulating adipocyte differentiation and
development. E represses adipogenic differentiation and
maturation via an estrogen receptor (ER)-dependent mecha-



nism in human and mouse bone marrow stromal cells!"® ],

The phytoestrogen genistein, which has high affinity for ERs,
inhibits adipocyte differentiation, lipid accumulation, and the
expression of adipocyte-specific genes in primary human adi-
pocytes™. E was also reported to stimulate the proliferation
of human preadipocytes, which can remain undifferentiated
cells, into adipocytes®.

Both PPARy and ERs are members of the nuclear hormone
receptor superfamily of ligand-activated transcription factors,
and they share similar cofactors™?!. Transcriptional stimula-
tion and suppression, in response to ligand binding to PPARy
or ERs, are mediated by interactions with coactivator proteins,
such as steroid receptor coactivator-1 (SRC-1) and CREB-bind-
ing protein (CBP), and corepressor proteins, such as nuclear
receptor CoR (a silencing mediator of retinoic acid) and thy-
roid hormone receptor. It has previously been shown that
competition between nuclear receptors for coactivator binding
results in a negative cross-talk between nuclear receptors®™ .

Several studies have suggested that a mutual signaling
cross-talk exists between ERs and PPARy. ERs are capable of
inhibiting ligand-induced PPARY activation in two different
breast cancer cell lines®. Noticeably, it was reported that E
regulates PPARYy activity on adipogenesis in KS483 cells, which
concurrently differentiate into osteoblasts and adipocytes™.
Our previous results showed that PPARy did not induce adi-
pogenesis in female mice with functioning ovaries, indicating
that PPARYy activity on adipogenesis might be influenced by
estrogens™. In addition, there is evidence that lack of E may
potentiate the actions of TZDs on adipogenesis™ *. Thus, we
hypothesized that PPARy-induced adipogenesis might be sup-
pressed by E in females.

The aim of this study was to determine the molecular mech-
anism by which E inhibits the actions of troglitazone, a TZD
PPARYy agonist, on adipogenesis in female mice. Using in vivo
and in vitro approaches, we show that E suppresses the actions
of troglitazone-activated PPARy on adipogenesis and sup-
presses adipose-specific gene expression through inhibition of
PPARY coactivator recruitment.

Materials and methods

Animal treatments

For all experiments, 8-week-old female mice (C57BL/6]) were
housed and bred at the Korea Research Institute of Biosci-
ence and Biotechnology under pathogen-free conditions with
a standard 12-h light/dark cycle. Prior to the administration
of special diets, mice were fed standard rodent chow and
water ad libitum. Female mice were ovariectomized (OVX)
and then randomly divided into four groups (n=8 per group),
which showed uniformity in response to each treatment in the
pilot study. The first group was fed a regular chow diet (CJ,
Incheon, Korea) for 13 weeks. The second group was given
the same chow diet supplemented with troglitazone (Sankyo,
Tokyo, Japan). Troglitazone (250 mg-kg'-d™") was given as
food admixture at the concentration of 0.2%. The third group
was fed a chow diet and subcutaneously implanted with E
(0.05 mg per pellet; Innovative Research of America, Sarasota,
FL, USA). The final group was given the troglitazone-supple-
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mented diet and was also implanted with E.

In all experiments, body weights were measured daily using
a top-loading balance, and the person measuring the body
weight was blind to each treatment group. Animals were
sacrificed by cervical dislocation, and tissues were harvested,
weighed, snap-frozen in liquid nitrogen, and stored at -80 °C
until use. All animal experiments were approved by the Insti-
tutional Animal Care and Use Committee of Mokwon Univer-
sity and followed National Research Council Guidelines.

Histological analysis

For hematoxylin and eosin (HE) staining, WAT was fixed in
10% phosphate-buffered formalin for 1 d and processed in a
routine manner for paraffin sectioning. Tissue sections (4 pm)
were cut and stained with HE for microscopic examination.
To quantify adipocyte size, the HE-stained sections were ana-
lyzed using the Image-Pro Plus analysis system (Media Cyber-
netics, Bethesda, MD, USA).

Induction of preadipocyte differentiation

Mouse 3T3-L1 cells (ATCC) were proliferated in 6-well plates
in DMEM containing 10% bovine calf serum (Invitrogen,
Carlsbad, CA, USA). After cells were kept confluent for 2 d,
they were incubated in an MDI induction medium (d 0) con-
taining 0.5 mmol/L 1-methyl-3-isobutyl-xanthin, 1 pumol/L
dexamethasone, and 1 pg/mL insulin in DMEM with 10%
fetal bovine serum (FBS) (Invitrogen). The cultures were con-
tinued for 2 d to induce adipocyte differentiation. Thereafter,
cells were cultured in DMEM with 10% FBS for the rest of the
differentiation process. All other treatments were adminis-
tered on d 0 to d 2 only, and the medium was changed every
other day. Cells were stained at d 6 with Oil-red O and photo-
graphed.

Analysis of target gene expression

Total cellular RNA was prepared from parametrial WAT and
3T3-L1 cells using Trizol reagent (Invitrogen). For Northern
blot analysis, RNA was analyzed by electrophoresis on 0.22
mol/L formaldehyde-containing 1.2% agarose gels. The
separated RNA was transferred to Nytran membranes (Sch-
neicher & Schuell, Dassel, Germany) by downward capillary
transfer in the presence of 20x SSC buffer (3 mol/L NaCl and
0.3 mol/L sodium citrate, pH 7.0), then UV cross-linked and
baked for 2 h at 80 °C. Probe hybridization and washing were
performed using standard techniques. Blots were exposed to
PhosphorImager screen cassettes and were visualized using
a Molecular Dynamics Storm 860 Phosphorlmager system
(Sunnyvale, CA, USA). The probes used in this study were
*P-labeled by the random-primer method using a Ready-to-
Go DNA Labeling kit (Amersham-Pharmacia Biotech, Piscat-
away, NJ, USA). Densitometric analysis of the mRNA signals
was performed using ImageQuant image analysis software
(Molecular Dynamics).

For RT-PCR analysis, after 2 pg of total RNA was reverse-
transcribed using Moloney murine leukemia virus reverse
transcriptase (MMLV-RT; Promega, Madison, WI, USA) and
an antisense primer, cDNA was generated, the RNA was
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denatured for 5 min at 72 °C and then immediately placed on
ice for 5 min. Denatured RNA was mixed with MMLV-RT,
MMLV-RT buffer, and a ANTP mixture and incubated for 1 h
at 42 °C. Synthesized cDNA fragments were amplified by
PCR in an M] Research Thermocycler (Waltham, MA, USA).
The PCR primers used for gene expression analysis are shown
in Table 1. The cDNA was mixed with PCR primers, Taq
DNA polymerase (Solgent, Daejeon, Korea), and a dANTP mix-
ture. The reaction consisted of 24-34 cycles of denaturation
for 1 min at 94 °C, annealing for 1 min at 52-58 °C, and elon-
gation for 1 min at 72 °C. The PCR products were analyzed
by electrophoresis on a 1% agarose gel. Relative expression
levels were presented as a ratio of target gene cDNA to f-actin
cDNA. PCR products were quantified from agarose gels using
the GeneGenius (Syngene, Cambridge, UK).

Table 1. Sequences of oligonucleotide primers and PCR conditions.

Genes Size Primer sequences Anneal- Cycle
(bp) ing (°C)

PPARy 340 Forward: 5"-attctggcccaccaacttcgg-3' 58 28
Reverse: 5'-tggaagcctgatgetttatccecca-3’

aP2 417 Forward: 5'-caaaatgtgtgatgcctttgtg-3’ 58 24
Reverse: 5'-ctcttectttggetcatgece-3’

LPL 770 Forward: 5'-atggagagcaaagccctge-3’ 52 34
Reverse: 5'-agtcctctctctgcaatceca-3’

B-acitn 350 Forward: 5'-tggaatcctgtggecatccatgaaa-3' 58 28

Reverse: 5'-taaaacgcagctcagtaacagtce-3’

Transfection assays

The expression vectors for pSG5-mPPARy and PPRE;-tk-luc
reporter genes were generously provided by Dr Frank GON-
ZALEZ (National Cancer Institute, NIH, Bethesda, MD, USA).
Expression vectors for pcDNA-ERa and pcDNA-ER( were
generously provided by Dr Matt BUROW (Tulane University
Medical Center, New Orleans, LA, USA). Expression vec-
tors for VP16-mPPARy and GAL-CBP were generously pro-
vided by Steve KLIEWER (University of Texas Southwestern
Medical Center, Dallas, TX, USA), and expression vectors for
VP16-hERa and VP16-hERP were generously provided by Dr
Donald MCDONNELL (Duke University Medical Center, Dur-
ham, NC, USA). The GAL4-UAS luciferase reporter plasmid
(pFR-Luc) was obtained from Stratagene (La Jolla, CA, USA).
The murine preadipocyte cell line 3T3-L1 cells and monkey
kidney cell line CV-1 cells were routinely cultured in DMEM
containing 10% FBS, penicillin G (100 U/mL), streptomycin
sulfate (100 ng/mL), amphotericin B (0.25 pg/mL), and 2-mer-
captoethanol (50 pmol/L). Cells were seeded in 6-well tissue
culture plates (2x10* cells/well) for 24 h prior to transfection.
For all transfections, 200 ng/well of each of the appropriate
plasmids were used. Transfections were performed using
lipofectamine (Invitrogen) according to the manufacturer’s
instructions. After 6 h, the culture medium was changed and
the test compounds, troglitazone and E (Sigma), were added.
After incubation for 24 h in the presence of these chemicals,
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the cells were washed twice with phosphate-buffered saline
and assayed for luciferase and p-galactosidase activities using
commercial kits according to the manufacturer’s instructions
(Promega).

Electrophoretic mobility shift assay

The binding of PPARy to a PPAR-specific oligonucleotide
probe was accomplished by adding 8 pg of crude nuclear
extract from WAT to each gel shift reaction mixture. An oli-
gonucleotide consensus DR-1 element was synthesized with
the following sequence: 5-GAACTAGGTCAAAGGTCATC-
CCCT-3 along with an oligonucleotide of a complementary
sequence (Geno Tech, Daejeon, Korea). The oligonucleotides
were mixed (50 ng/pL final concentration) and denatured
by heating them to 95 °C for 10 min in 0.1 mol/L Tris-HCI
and 50 mmol/L MgCl, (pH 7.9). They were then allowed to
anneal by slowly cooling to room temperature. The annealed
oligonucleotides were end-labeled with [y-*P]ATP using T4
polynucleotide kinase according to the supplier’s instruc-
tions (Promega). In a total volume of 20 pL of binding buffer
[25 mmol/L Tris-HCI (pH 7.5), 40 mmol/L KCl, 0.5 mmol/L
MgCl,, 0.1 mmol/L EDTA, 1 mmol/L dithiothreitol, and 10%
glycerol], the following components were combined: 1 ug of
poly(dI-dC), 2 pL of nuclear extract, and the indicated concen-
trations of troglitazone or E dissolved in DMSO. For a super-
shift experiment, 2 pg of goat anti-human PPARy antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) was added
to the reaction mixture prior to the oligonucleotide probe.
After a 20-min incubation at room temperature, 20000 cpm of
the labeled oligonucleotide was added, and the incubation was
continued for a further 20 min. The samples were analyzed
on a 5% non-denaturing polyacrylamide gel, containing 2.5%
glycerol, in 0.4xTBE (1x=89 mmol/L Tri-HCI, 89 mmol/L
boric acid, and 2 mmol/L EDTA). After drying, the gels were
exposed to PhosphorIlmager screen cassettes and were visual-
ized using a Molecular Dynamics Storm 860 PhosphorImager
system.

Statistical analysis
Unless otherwise noted, all values are expressed as mean+
standard deviation (SD). All data were analyzed by the
unpaired, Student’s t-test for significant differences between
the mean values of each group using SigmaPlot 2001 (SPSS,
Chicago, IL, USA).

Results

Body weight, WAT mass, and adipocyte size

Troglitazone did not cause significant changes in body and
WAT weights; whereas E significantly decreased both com-
pared with controls (Figure 1). A combination of troglitazone
and E significantly reduced body and WAT weights compared
with troglitazone alone, although not to the same extent as E
alone.

Histological analysis showed that, compared with control,
troglitazone and E decreased the size of adipocytes in param-
etrial WAT by 52.3% and 46.6%, respectively (Figure 2). The
adipocyte size was further reduced by concomitant treatment
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with troglitazone and E.

Expression of PPARYy target genes in WAT

To determine whether the effects of E on troglitazone-
regulated adipocyte size and WAT mass are associated with
changes in PPARy and PPARYy target gene expression in WAT,
we measured mRNA levels of PPARy and the PPARYy target
genes aP2 and LPL. As expected, troglitazone substantially
upregulated PPARy, aP2, and LPL mRNA levels by 69.2%,
114.5%, and 81.9%, respectively, compared with controls,
whereas E downregulated PPARYy, aP2, and LPL mRNA levels
by 34.2%, 50%, and 60.4%, respectively (Figure 3). Co-ad-
ministration of troglitazone and E decreased the troglitazone-
induced PPARY, aP2, and LPL mRNA expression by 38.8%,
63.6%, and 81.4%, respectively, compared with troglitazone
alone. These results suggest that E may decrease adipose
mRNA levels of troglitazone-induced PPARY target genes,
thereby preventing in vivo actions of PPARy on body weight,
WAT weight, and adipocyte size.

3T3-L1 differentiation and adipocyte-specific gene expression
Accumulation of triglyceride droplets in 3T3-L1 cells was evi-
dent on the sixth day following 2 d of MDI (Figure 4B) or tro-
glitazone (Figure 4D) treatment, as shown by positive staining
with Oil red O. Treatment of cells with E, however, inhibited
triglyceride accumulation. The percentage of differentiated
cells in the MDI and E-treated cells was approximately 73%
(Figure 4C), and it was 81% in troglitazone and E-treated cells
(Figure 4E).

To quantify changes in differentiation degree by troglita-

zone and E, we analyzed PPARy and PPARy-dependent gene
expression. Troglitazone substantially upregulated PPARy
(Figure 4F) and aP2 (Figure 4G) mRNA levels by 68.8% and
70.8%, respectively, compared with controls. Whereas co-
administration of troglitazone and E significantly decreased
troglitazone-induced PPARy and aP2 mRNA levels by 22.5%
and 13.5%, respectively. Thus, E was inhibitory to MDI- or
troglitazone-induced differentiation, in part through reduc-
tions in PPARYy target gene expression.

PPARYy reporter gene expression

To examine the mechanism by which E inhibited the troglita-
zone-induced PPARy and PPARYy target gene expression, 3T3-
L1 preadipocytes were transiently transfected with PPARYy,
ERa, and ERP expression constructs and a luciferase reporter
gene construct (PPRE;-tk-luc) containing three copies of the
PPRE from the rat acyl-CoA oxidase gene. Overexpression
of PPARY alone significantly increased the expression of the
luciferase reporter gene compared with controls (Figure 5,
lane 2 vs lane 1), potentially due to endogenous ligands. Tro-
glitazone significantly elevated the luciferase reporter activ-
ity induced by PPARYy transfection (Figure 5, lane 7 vs lane
2). Overexpression of ERa or ERP substantially inhibited the
induction of the luciferase activity caused by PPARy (Figure
5, lanes 3 and 5) as well as PPARYy plus troglitazone (Figure 5,
lanes 8 and 10). Moreover, treatment with E led to a further
inhibition of constitutive- (Figure 5, lanes 4 and 6) and ligand-
dependent PPARYy reporter activities by ERa or ERP (Figure 5,
lanes 9 and 11). These results suggest that E inhibits PPARy-
dependent transactivation through ERa and ERp.
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Figure 2. Histological analysis of parametrial WAT stained with hemato-
xylin and eosin (original magnification x200). Adult female mice (n=8/
group) received a chow diet with troglitazone (Tro; 250 mg-kg™*d™),
17B-estradiol (E; 0.05 mg/pellet), or Tro plus E for 13 weeks. (A)
Representative hematoxylin and eosin (HE)-stained sections (4 um thick)
of female parametrial adipose tissue. (B) HE-stained sections were
analyzed with an image analysis system, and the size of the adipocytes
was quantified. All values are expressed as mean+SD. °P<0.05 vs control
group. °P<0.05 vs Tro group.

PPARYy binding to DNA
An electrophoretic mobility shift assay (EMSA) was performed
to determine whether E interfered with the binding of PPARy/
RXRa to a consensus DR-1 sequence (AGGTCAAAGGTCA).
Treatment of a nuclear extract containing the PPARy/RXRa
complex with 1 pmol/L troglitazone increased DNA binding
of PPARy/RXRa compared with vehicle (Figure 6A, lane 3
and Figure 6B, lane 3), whereas 1 pmol/L E decreased DNA
binding to the complex (Figure 6A, lane 8 and Figure 6B, lane
4). However, E decreased the troglitazone-induced DNA
binding of PPARy/RXRa, as shown by the combination of
troglitazone and E (Figure 6B, lane 5 vs lane 3), suggesting that
E prevents PPARy from binding to DNA. To verify the iden-
tity of the PPARy/RXRa complex, we conducted a supershift
assay using an anti-PPARy antibody. The PPARy/RXRa com-
plex disappeared when an anti-PPARy antibody was added
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Figure 3. The mRNA expression levels of PPARy and PPARYy target genes
in WAT of female OVX mice. Female OVX mice (n=8/group) received a
chow diet with troglitazone (Tro; 250 mgkg™d™?), 17B-estradiol (E; 0.05
mg/pellet), or Tro plus E for 13 weeks. Total RNA was extracted from the
parametrial adipose tissue and PPARy, PPARYy target genes, and B-actin
mRNA levels were measured as described in the Materials and methods
section. All values are expressed as meanzSD of RDU (relative density units)
using B-actin as a reference. Insets show representative autoradiograms of
Northern blots used for quantification. °P<0.05 vs control group. °P<0.05
vs Tro group.

(Figure 6B, lanes 6-8).

Cofactor recruitment

To determine whether changes in cofactor recruitment are
involved in the E-mediated inhibition of PPARy binding to
DNA and PPARYy activity, the coactivator CBP was examined
using a mammalian two-hybrid assay. The key components
of this assay include the followings: 1) reporter constructs for
full-length murine PPARYy fused to the transactivation domain
of VP16 and 2) the nuclear receptor-interaction domains of
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Figure 4. Adipocyte differentiation and adipose-specific gene expression in 3T3-L1 cells. 3T3-L1 preadipocytes were differentiated into mature
adipocytes as described in the Materials and methods section. 3T3-L1 cells were treated with an MDI mix (MDI), 10 ymol/L troglitazone (Tro), 10
pumol/L 17B-estradiol (E), or 10 pmol/L Tro plus 10 pymol/L E. (A-E) At d 6 post-induction, cells were fixed and stained for neutral lipids with Oil red O.
Magnification is x10. (F and G) Total cellular RNA was extracted from differentiated cells on d 6, and mRNA levels of PPARy, aP2, and B-actin were
measured using RT-PCR. Insets show representative RT-PCR bands used for quantifictation. °P<0.05 vs control group. ®P<0.05 vs Tro group.
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Figure 5. PPARy reporter gene expression in 3T3-L1 cells. 3T3-L1
preadipocytes were transiently transfected with pSG5-mPPARYy, reporter
plasmid PPRE-TK-Luc, and pcDNA-ERa or pcDNA-ERB. Cells were treated
with 10 umol/L troglitazone (Tro) and/or 10 pmol/L 17B-estradiol (E). After
incubation for 24 h, cells were harvested, lysed, and subsequently
assayed for luciferase and B-galactosidase activities. All values are
expressed as the mean+SD of relative luciferase units/[B-galactosidase
activity. Experiments were performed at least three times. °P<0.05 vs
control group. °P<0.05 vs PPARy group. "P<0.05 vs PPARy/ERB group.
¥P<0.05 vs PPARy/Tro group. "P<0.05 vs PPARy/Tro/ERa group. °P<0.05
vs PPARy/Tro/ER group.

CBP fused to the DNA binding domain of GAL4. In CV-1 cells
transfected with PPARy and CBP, troglitazone caused efficient
CBP recruitment, as evidenced by an increase in luciferase
reporter gene activity (Figure 7, lane 2 vs lane 1). However,
transfection with ERa or ERP reduced the troglitazone-

induced CBP association (Figure 7, lanes 3 and 5), and E mark-
edly decreased the magnitude of the reporter gene inhibition
by ERp (Figure 7, lane 6) but not by ERa (lane 4).

Discussion

The present study demonstrates that in vivo and in vitro treat-
ments with E negatively regulate the troglitazone-activated
PPARYy actions on adipogenesis and adipocyte-specific gene
expression. We further show that these events are mediated,
at least in part, through the E inhibition of PPARYy coactivator
recruitment.

Mice treated with troglitazone for 13 weeks exhibited a sig-
nificant decrease in adipocyte size without changes in body
weight gain and WAT weight compared with chow diet-fed
controls. These data support previous results showing that
troglitazone increased the number of small adipocytes without
affecting body weight gain and WAT mass in obese Zucker
rats®'l. However, a combination of troglitazone and E upset
the effect of troglitazone. Body weight gain and WAT mass
were decreased and adipocyte size was further decreased
compared with troglitazone alone. According to the results
from Kadowaki et al and Yamauchi et al, supraphysiological
activation of PPARy by PPARy agonists stimulated the adipo-
cyte differentiation and apoptosis of large adipocytes, thereby
preventing adipocyte hypertrophy and increasing the small
adipocytes, whereas reductions in PPARYy activity decreased
adipocyte size and WAT mass via activation of fatty acid
oxidation and energy dissipation™*%. Tt is thought that both
supraphysiological activation of PPARy by PPARy agonists
and inhibition of PPARYy activity by E can lead to the reduced
size of adipocytes through different mechanisms of action.
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Figure 6. Binding of PPARy to PPRE. EMSAs were performed using nuclear
extracts from the WAT of female C57BL/6J mice. (A) While the PPARy
activator troglitazone increased PPARy binding to the consensus DR-1
sequence containing PPRE, 17B-estradiol decreased the binding of PPARy.
(B) 17B-estradiol (0.1 umol/L) inhibited the troglitazone (1 pmol/L)-induced
PPARy binding to PPRE. An anti-PPARy antibody was included to show the
identity of the PPARy/RXRa complexes.
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Figure 7. PPARy coactivator recruitment. A mammalian two-hybrid assay
was used to detect the ligand-dependent interaction of PPARy with CBP. CV-1
cells were transiently transfected with expression plasmids for VP16-
mPPARy, GAL-CBP, reporter plasmid pFR-Luc, and VP16-hERa or VP16-
hERB. All values are expressed as the mean+SD for three experiments.
°P<0.05 vs control group. °P<0.05 vs PPARy/Tro group. "P<0.05 vs
PPARy/Tro/ER group.
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Thus, these results suggest that reduced PPARYy activity by E
decreases the size of adipocytes and WAT mass.

The development of fat cells from preadipocytes, or adipo-
genesis, includes the followings: morphological changes, ces-
sation of cell growth, expression of many lipogenic enzymes,
and extensive lipid accumulation™. As expected, troglitazone
increased the accumulation of triglyceride droplets in 3T3-
L1 cells compared with vehicle-treated controls. However, E
treatment prevented this troglitazone-induced lipid accumula-
tion, indicating that E has an inhibitory effect on troglitazone-
induced adipogenesis. Similarly, adipogenic differentiation
and maturation are reported to be reduced by E and genistein
via an ER-dependent mechanism**!. PPARYy transcriptional
activity and its effects on adipogenic differentiation were
enhanced in the absence of E, whereas E inhibited PPARy-
mediated adipocyte differentiation™® **. These results are par-
alleled by enhanced adipogenesis in E-deprived rats treated
with the PPARy agonist rosiglitazone®. Moreover, our
previous study showed that troglitazone treatment did not
significantly increase the smaller size of adipocytes in param-
etrial adipose tissue in female mice with functioning ovaries,
although it did increase the number of small adipocytes in
male animals®. Thus, PPARYy does not seem to be involved in
the regulation of adipogenesis in female mice with functioning
ovaries, suggesting that the effects of troglitazone on adipo-
genesis may be disrupted by a sex-related factor, namely E, in
female mice.

Adipogenesis is initiated by the production of the key tran-
scription factor PPARY, which is responsible for inducing the
expression of adipocyte-specific genes. Consistent with the
effects of E on troglitazone-induced adipogenesis, E decreased
the expression of PPARy and the PPARY target genes aP2 and
LPL, which are directly implicated in lipogenic pathways, in
both WAT of OVX mice and in 3T3-L1 adipocytes. Previous
studies reported that E and genistein may have anti-lipogenic
and anti-adipogenic effects by downregulating the expression
of adipocyte-specific genes, such as PPARy, CCAAT/enhancer
binding protein a, aP2, and LPL, in OVX mice, primary human
adipocytes, and mouse and human bone marrow stromal
cells!"®*#1 Similarly, troglitazone did not affect PPARy
mRNA expression or adipocyte-specific gene expression in
E-producing female mice. Thus, these results suggest that E
can prevent the ability of troglitazone to regulate adipogenesis
and lipogenesis through inhibiting PPARy and PPARYy target
gene expression.

There is evidence to show that a bidirectional signaling
cross-talk exists between PPARy and ERs™?. Keller et al
demonstrated that the PPARy/RXRa complex inhibited tran-
scription by ERs through a competition for estrogen response
element binding in the vitellogenin A2 promoter™!. Wang et al
demonstrated that both ERa and ERP were capable of inhibit-
ing PPARY transactivation in PPARy-expressing MDA-MB-231
and MCF-7 breast cancer cells””. Expression of ERa or ERP
lowered both basal and stimulated PPARy-mediated reporter
activities, and deletion of the ER DNA-binding domain ren-
dered ERs unable to inhibit either basal or stimulated PPAR
transactivation”’. These data suggest that both ERs are capa-
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ble of repressing PPAR transactivation in these cells. Similar
to these results, our results show that E inhibits the levels of
troglitazone-induced PPARYy reporter gene activation through
both ERa and ERp in 3T3-L1 preadipocytes. Overexpres-
sion of ERa or ERP decreased basal and troglitazone-induced
luciferase reporter activities. Moreover, treatment with E led
to a further inhibition of both. Thus, these data indicate that
E inhibits PPARy-dependent transactivation through ERs.
Recently, Foryst-Ludwig et al also reported that ERP inhib-
ited ligand-mediated PPARYy transcriptional activity in 3T3-
L1 preadipocytes transfected with PPARy?. In contrast to
our results, these authors found that pioglitazone-stimulated
PPARYy activity was not blocked by ERa. This difference may
be due to differences in the PPARy agonists used in the trans-
fection assays. While pioglitazone stimulation substantially
increased luciferase activity by 15-fold in their system, trogli-
tazone increased such activity by only three-fold in our sys-
tem. Accordingly, ERa may be able to inhibit the troglitazone-
induced luciferase activity, but not suppress the pronounced
activation of PPARYy by pioglitazone.

The molecular mechanism by which E-activated ERs inhibit
PPARYy transactivation was examined by EMSA and a mam-
malian two-hybrid assay. EMSA revealed that E inhibited
DNA binding of PPARy. Treatment of a nuclear extract with
troglitazone increased PPARy-binding activity, but E inter-
fered with the troglitazone-induced DNA binding of PPARY.
Similarly, other research has shown that E and E-like com-
pounds inhibited the DNA-binding activity of PPARy and that
nuclear extracts isolated from adipose tissues of ERpB-KO mice
showed increased binding of endogenous PPARYy in compari-
son with wild-type mice®!. PPARy-binding activity was also
markedly decreased in the phytoestrogen genistein-treated
cells compared with untreated control™. The mammalian
two-hybrid assay showed that E significantly decreased the
troglitazone-induced CBP association in the presence of ERa
or ERp and that this effect was more prominent by ERP. It
has previously been shown that competition of nuclear recep-
tors for coactivator binding results in a negative cross-talk
between nuclear receptors”. Overexpression of nuclear
coactivators, such as SRC-1 and transcriptional intermediary

Competition between PPARy and estrogen receptors
(ERs) for coactivator binding, which results in decreased
PPRE binding of PPARy. (B) Inhibition of PPARy actions

\

Decreased PPARy

activity on adipogenesis by 17p-estradiol (E). E impairs the

‘l ability of PPARy ligands to induce adipogenesis in

) female ovariectomized (OVX) mice. T, troglitazone; RA,
Impaired

adipogenesis 9-cis-retinoic acid.

factor 2, prevented the ERB-mediated inhibition of PPARy
activity?. Considering that both PPARy and the ERs belong
to the nuclear hormone receptor superfamily and share simi-
lar coactivators®™?**, our data suggest that the suppressive
effects of the ERs may be a result of CBP interaction with ERs,
thereby preventing the binding of PPARy to CBP.

In conclusion, in vivo and in vitro studies demonstrate that E
inhibits PPARy-mediated adipogenesis and adipocyte-specific
gene expression. Our data also suggest that the coactivator
CBP is involved in this inhibition (Figure 8A). In addition, the
use of PPARYy activators may be effective in E-deficient states,
such as in men and postmenopausal women (Figure 8B).
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Aim: To evaluate the effects of the fibrinolytic enzyme Fll, from Agkistrodon acutus venom on acute pulmonary thromboembolism (APT)

in animal models.

Methods: Both rabbit and dog APT models were used. For the rabbit APT model, the thrombi weight before and after administration
was measured. Central venous pressure (CVP) and mean arterial pressure (MAP) were measured before and 15, 30, 60, and 120 min
after the injection of the blood clot. Partial thromboplastin time (APTT), prothrombin time (PT), platelet count, and fibrinogen concen-
tration were measured using auto analyzers. Plasminogen activity was measured based on chromogenic substrates. In the dog APT
model, pulmonary blood flow was recorded using pulmonary angiography.

Results: Intravenous administration of Flla (0.1-5.0 mg/kg) improved the APT-induced hemodynamic derangements and reduced
thrombi weight. The angiography evidence also showed that the pulmonary emboli had almost disappeared after Fll, infusion. Fll, (0.1,
0.5, or 1.0 mg/kg) did not impair the coagulation pathways, although very high doses of Fll, (5.0 mg/kg) could stimulate the produc-

tion of plasminogen and result in impairment of the pathways.

Conclusion: Fll, could effectively protect against APT via degradation of thrombi with less activation of plasminogen, and may provide a
novel fibrinolytic enzyme for targeting the main pathological processes of the disease.

Keywords: snake venom; fibrinolytic enzyme; pulmonary thromboembolism; angiography; plasminogen; central venous pressure; mean

arterial pressure; urokinase; plasminogen
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Introduction

Acute pulmonary thromboembolism (APT) is defined as an
embolic occlusion of a pulmonary artery, which results in
a sudden increase in pulmonary resistance, right ventricu-
lar afterload, and O, consumption with a reduction in right
coronary artery perfusion!’. Despite advances in diagnosis
and therapy, the mortality associated with APT remains
high”?. Various approaches are available for the treatment
of APT, including anticoagulant drugs and thrombolytic
agents. Anticoagulant therapy, such as heparin, is thought to
enhance the effect on thrombolysis by preventing formation

of new thrombi*

. However, anticoagulants have minimal
effects on previously existing thrombi. Enhanced fibrinolysis

prevents disturbances in the circulation to organs by dissolv-

*To whom correspondence should be addressed.
E-mail jiashu_sysu@hotmail.com
Received 2010-07-07 Accepted 2010-10-12

ing thrombi. It may be reasonable to assume that fibrinolytic
therapy is effective against APT!*'. Current thrombolytic
agents, such as tissue plasminogen activator (t-PA) and uroki-
nase, which act as plasminogen activators, are effective at
dissolving intravascular thrombi. These agents act indirectly
on the thrombi by converting plasminogen, both circulating
and fibrin-bound, into plasmin, which is the primary enzyme
responsible for the removal of emboli. These conditions may
“overflow” the systemic circulation and lead to systemic
fibrinolysis and degradation of other clotting proteins!''),
which may increase the bleeding tendency or may result in
local activation of coagulation.

FII, is a novel fibrinolytic enzyme that is purified from
Anhui Agkistrodon acutus venom and is a type of snake venom
metalloproteinase. Based on its crystal structure, binding to
ZnP* is known to be essential for it hydrolytic activity!> '
We have demonstrated that FII, has the ability to directly
degrade fibrin in vitro and effectively dissolve thrombi in vivo
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without activating plasminogen or influencing the activities of
t-PA and plasminogen activator inhibitor-1 (PAI-1)™ ", These
findings show that FII, has a different mechanism of action
from t-PA and urokinase. Additionally, upon examination
of the tissue sections from kidney, liver, heart, and lung,
the thrombolytic activities of FII, did not lead to hemorrhage.
Although many of the fibrinolytic properties of FII, are known,
there are few studies investigating its fibrinolytic effects on
APT. In the present study, we mimicked clinical APT mod-
els and found that FII, could ameliorate the hemodynamic
derangements by degrading fibrin clots.

Materials and methods

Preparation of the enzyme FlI,

FII,, the fibrinolytic enzyme that was isolated from Agkistrodon
acutus venom, was prepared according to the method previ-
[14]

ously described by Liang et al

Reagents

Urokinase was purchased from Sigma (St Louis, USA). The
reagent pack for the plasminogen activity assay was obtained
from Sun Biotechnology Company (Shanghai, China). All
other reagents were of analytical grade and obtained from
commercial sources.

Animals

All animal experiments were conducted in accordance with
the National Guide for the Care and Use of Laboratory Ani-
mals and were approved by Sun Yat-sen University Animal
Care and Use Committee (Guangzhou, China). Adult male
New Zealand white rabbits (weight 2-3 kg, grade II) were
supplied by the Experimental Animal Center of Zhongshan
Medical College, Sun Yat-san University (China). Adult male
Beagle dogs (weight 15-20 kg, grade II) were supplied by the
Experimental Animal Center of Guangdong Province, China.

Experimental model and hemodynamic measurements in rabbits
The APT experimental model in the rabbit was performed
according to the method described by Todd”. An autolo-
gous thrombus was produced in a 10-mL tube (ID=0.2 cm)
by incubation at 37 °C for 2 h with constant agitation using a
clinical rotor (160 r/min). Thrombus fragments (2 cm) were
cut and weighed according to an established protocol. The
extracted blood clots were injected into the lungs through the
right ventricular catheter, which then embolized the pulmo-
nary arteries. Mean artery pressure (MAP) and central venous
pressure (CVP) were measured before and 15, 30, 60, and 120
min after the injection of the blood clot.

Treatment was started simultaneously with the injection of
the blood clots through the left marginal ear vein. Seven dif-
ferent groups were established, each containing 10 animals
as follows: treatment groups were injected with 0.1 mg/kg,
0.5 mg/kg, 1.0 mg/kg or 5.0 mg/kg FII, in 20 mL of saline
solution over a period of 2 h (at a rate of 10 mL/h); the embo-
control group was infused with saline solution (at a rate of
10 mL/h) instead of FII,; the urokinase-control group was
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infused with 100 000 IU/kg over a period of 2 h (10 mL/h);
and the remaining rabbits, which were neither injected with
blood clots nor FII,, were regarded as the sham-operated
group and were infused with saline solution through the left
marginal ear vein.

Two hours after the start of the experiments, the animals
were sacrificed with an intravenous injection of 60 mg/kg
pentobarbital sodium. The blood clots were carefully removed
from the lungs and weighed.

Pulmonary angiography in dogs

This animal model was performed according to the methods
described in Dias-Junior et al'*®!
polyethylene catheter was placed into the right pulmonary

. Under sterile dissection, a

artery through the right femoral vein. An autologous throm-
bus was produced in a 20-mL tube (ID=0.2 cm) by incubation
at 37 °C for 2 h with constant agitation using a clinical rotor
(160 r/min). Then, APT was induced by infusing the pre-
pared clot into the lung through the polythene catheter. A
pigtail catheter was repositioned in the pulmonary trunk. The
extent of pulmonary embolism and the reperfusion rate were
documented by the method of intra-arterial digital subtraction
angiography (DFP-2000A, Toshiba) at 0, 30, and 60 min fol-
lowing the infusion of FII,.

FII, infusions were performed 2 h after the injection of the
blood clots. Two different groups were established, each
containing 6 animals as follows: (1) the dogs in the FII, group
were embolized animals that received FII, infusions (1 mg/kg)
over 1 h (at a rate of 10 mL/h); and (2) the dogs in the embo-
control group were embolized animals that were infused with
saline solution instead of FII,.

Sample collection and handling

Blood samples from rabbits were obtained immediately before
and 2 h after blood clot injection through a catheter that was
inserted into a femoral artery. Blood samples were collected
in 3.8% sodium citrate (1:10 v/v citrate/blood) and centrifuged
at 2000xg for 15 min at 4 °C. All samples were then stored at
-70 °C until assayed.

Laboratory methods

An auto analyzer (Sysmex CA1500, Japan) was used to deter-
mine the partial thromboplastin time (APTT), prothrombin
time (PT), and fibrinogen concentration. An automatic blood
cell analyzer (Sysmex SE-9500, Japan) was used to determine
platelet counts. Plasminogen activity was measured according
to the reagent pack instructions based on chromogenic sub-
strates.

Data analysis

Data at 2 h were converted to percentages, with a value of
100% corresponding to basal data, and were expressed as
mean+SEM. One-way ANOVA, followed by Tukey’s B test
was used for multiple comparisons. A non-parametric test
(Kruskal-Wallis H test) was used to determine the changes in
the hemodynamic and biochemical parameters as well as to



compare the embo-control, FII, and urokinase-control groups.
Differences with P values of less than 0.05 were considered to
be statistically significant.

Results

Effect of Fll, on coagulation in APT in rabbits

To elucidate the effect of FII, on APT, we systematically inves-
tigated its coagulation effects using a rabbit model. Table 1
summarizes the APTT, PT, platelet counts, fibrinogen concen-
tration and plasminogen activity in normal rabbits, embo-con-
trol rabbits, FII, -treated rabbits and urokinase-treated rabbits.
APTT, PT, and plasminogen values in the urokinase-control
group were all significantly higher than those in the sham-
operated group (P<0.05). However, the values for plasma
levels of both fibrinogen concentration and platelet count were
significantly lower than those of the normal rabbits (P<0.05).
No changes were detected in the hemodynamic parameters
that were measured 2 h post-FII, infusion (0.1, 0.5, or 1.0
mg/kg) compared with the sham-operated group. Although
a significant decrease in fibrinogen and platelet count was
observed, APTT, PT, and plasminogen activity increased in
the animals that were treated with the highest dose of FII,
(P<0.05, compared with sham-operated group). No blood loss
was observed at the site of infusion in any treatment group.

Effect of Fll, on APT-induced hemodynamic derangements in
rabbits

Baseline hemodynamic parameters were similar in all experi-
mental groups and showed no significant changes in the sham-
operated animals throughout the study period (Figure 1).
APT caused a sustained reduction in MAP and an increase in
CVP in embolized animals, compared with the sham-operated
group (P<0.05, Figure 1).

The animals treated with urokinase showed a decrease in
CVP throughout the study period. An increase in MAP was
observed 30 min following infusion of urokinase (P<0.05, com-
pared with sham-operated group).

Two-hour measurements taken at all doses of infused FII,
showed the following: a decrease in CVP throughout the
study period (P<0.05, compared with the embo-control group,
Figure 1); an increase in MAP for 60 min following the infu-
sion of FII, in the 0.1 mg/kg and 0.5 mg/kg dose groups; and
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Figure 1. Effects of embolization and thrombolytic agents on mean
arterial pressure (MAP, A) and central venous pressure (CVP, B). The
data demonstrate that (1) embolization leads to an increase in CVP and
a decrease in MAP and (2) Fll, and urokinase consistently ameliorate the
hemodynamic derangements.

an increase in MAP for 30 min following the infusion of FII, in
the 1.0 mg/kg and 5.0 mg/kg dose groups (P<0.05, compared
with the embo-control group, Figure 1).

Thrombolysis effect of Fll, in vivo

The in vivo thrombolysis effect of FII, was studied in the rabbit
APT model. No change in the thrombi weight was observed
in the emboli-control group. The blood clots showed a weight
loss of 79.38%+23.72% at 2 h post-infusion time point in the
urokinase-treated group (Figure 2). FII, dose-dependently
reduced thrombi weight, which ranged from 53.37%*18.67%
for a 0.1 mg/kg dose to 91.36%+7.83% for a 1.0 mg/kg dose
(Figure 2). No blood loss was observed in any of the animals
treated with FII,.

Table 1. Thrombolytic characteristics after infusion of urokinase and Fll, in a rabbit APT model. Data were expressed as percentage of the basal value.
n=10. Mean+SEM. "P<0.05 compared with the sham-operated group. APTT: partial thromboplastin time. PT: prothrombin time.

Fibrinogen (%) Plasminogen (%) APTT (%) PT (%) Platelet counts (%)

Sham-operated 101.28+14.27 97.68+20.74 101.36+6.85 99.29+17.84 101.40+10.19
Embo-control 105.37+13.39 103.831+18.65 99.54+16.16 98.48+12.22 100.83+12.61
Urokinase 69.14+26.09° 180.58+30.96" 283.12+40.37° 242.87+37.63" 59.82+19.07"
Fl1,(0.1 mg/kg) 107.51+20.07 104.48+24.57 97.38110.31 101.69+11.06 99.52+8.52
Fl1,(0.5 mg/kg) 93.41+15.56 109.62+26.74 100.59+9.63 104.19+6.72 93.84+11.93
Fl1,(1.0 mg/kg) 89.37+18.92 115.35+24.90 104.62+11.49 103.94+14.27 90.81+13.29
Fll,(5.0 mg/kg) 75.31+24.15" 143.37+31.42° 173.80+30.62" 143.64+25.33" 70.35+18.98°
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Figure 2. Effect of Fll, on thrombi weight in rabbits (n=10 in each group).
Dose-dependent reduction in thrombus weight by Fll, infusion. Data were
expressed as mean+SEM. °P<0.05, compared with embo-control.

Pulmonary angiography in the Beagle APT models

Most pulmonary emboli occurred in the lower lobes of the
right lung. Serious obstructions occurred in the branches of
the right lower lobar pulmonary artery in the embo-control
group, following a significant decrease in the perfusion of
the right lower lobes of the lung (the reperfusion rate was
0.6%%0.07%, Figure 3). Administration of 1 mg/kg of FII,
resulted in the gradual disappearance of the emboli. Thirty
minutes after the infusion of FII,, a lower level of obstruction
was detected in the branches of the lower lobar pulmonary

Figure 3. Digijtal subtraction angiography in APT. Arrows indicate thrombi
in the right pulmonary artery. (A) Before pulmonary thromboembolism; (B)
Two hours after pulmonary thromboembolism. The right pulmonary artery
shows a complete obstruction. (C) Fll, treatment for 30 min. A reduction
in obstruction was detected in the lower lobar pulmonary artery branches.
(D) FlI, treatment for 60 min. The pulmonary emboli almost completely
disappeared.

Acta Pharmacologica Sinica

artery, and the reperfusion rate was 70.41%%7.62% (Figure 3).
Sixty minutes after the infusion of FII,, the pulmonary emboli
had almost completely disappeared, and the reperfusion rate
of the upper to lower lobe was 85.34%+8.42% (Figure 3).

Discussion

In the present study, we reported that FII, from Agkistrodon
acutus venom demonstrated significantly protective properties
in APT induced by the injection of preformed blood clots. An
improvement in the APT-induced hemodynamic derange-
ments and a reduction in thrombi weight were observed. The
angiography evidence in the dog APT model also showed that
the pulmonary emboli almost completely disappeared with
the infusion of FII,. In addition, FII, did not impair the coagu-
lation pathways.

APT can produce severe cardiopulmonary dysfunction that
is characterized by pulmonary arterial hypertension, right ven-
tricular failure, and hypoxemia, which is the principal cause
of APT-related death™ . In addition, the major adverse
effect is attributed to the direct mechanical obstruction of the
pulmonary arteries. This evidence suggests that promoting
fibrinolysis might be a promising target for therapeutic strate-
gies for APT!,

In this study, we found that lung embolization resulted in
typical changes associated with APT that were characterized
by a significant decrease in MAP and a dramatic increase
in CVP, which were consistent with the results previously
described by Todd et al'. The angiography evidence in the
dog APT model also showed that the pulmonary blood flow
was almost completely occluded 2 h after pulmonary embo-
lization.

Using the rabbit model of APT, we found that all doses of
FII, not only significantly attenuated the increase in CVP and
the decrease in MAP but also effectively reduced the thrombi
weight in the pulmonary artery. Furthermore, the angiog-
raphy evidence in the dog APT model also showed that the
pulmonary emboli almost completely disappeared after a
60-min FII, infusion, and pulmonary blood flow was almost
fully returned to baseline levels. In our previous study™ ',
we found that fibrin clots were hydrolyzed more efficiently by
FII, than by urokinase in vitro. Because FII, is a snake venom
fibrinolytic enzyme, its proteolytic action should involve the
mechanism of directly degrading fibrin. Furthermore, FII,
lysed fibrin by direct proteolysis without activating intrinsic
plasminogen™ *!, which resulted in a greater effectiveness
than urokinase. These findings suggest that FII, could be
beneficial in improving APT-induced hemodynamic derange-
ments by its direct fibrinolytic effect on thrombi.

Because of the coagulation abnormalities, bleeding is a major
complication of thrombolytic therapy. The risk of hemorrhage
usually occurs at a site of previous surgery or puncture® 7.
As a measure of ongoing coagulation during the infusion of
the agents, we determined the fibrinogen concentration, plate-
let counts, plasminogen activity, PT and APTT.

In this study, the significant changes in these coagulation
parameters in the urokinase-treated group indicated that infu-
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sion of urokinase impaired the intravascular coagulation in
the animals. After a 2-h FII, infusion (0.1, 0.5, or 1.0 mg/kg),
no significant changes in the parameters of coagulation were
detected, and no blood loss was observed at the site of infu-
sion. These results suggest that intravascular administration
of FII, did not impair the coagulation system and produced no
hemorrhages. FII, effectively decreased the thrombi weight in
a rabbit APT model. Because FII, does not activate plasmino-
gen, many complex secondary effects, such as platelet activa-
tion and fibrinogen degradation, are avoided. The advantages
of the plasminogen-independent fibrinolysis induced by FII,
was further demonstrated by the findings of no bleeding in
any of the rabbits treated with FII, in our previous studies™ 'l
and a much wider therapeutic window compared with uroki-
nase.

However, it should be emphasized that FII,, at its extremely
high dose, may result in internal hemorrhaging in some ani-
mals. In this study, the values of plasminogen activity, fibrin-
ogen concentration, platelet count, APTT, and PT showed
significant changes compared to the respective baseline values
in the group with the highest dose of FII,. Our previous study
showed that FII, influenced blood coagulation by inhibit-
ing the platelet aggregation that was induced by adenosine
phosphate and degradation of prothrombin and factor X"
Plasminogen provides an important control of fibrinolysis by
its degradation of blood coagulation proteins®. In addition
to its fibrinolytic activity, FII, is also involved in the degrada-
tion of gelatin and collagen, which are the main proteins that
compose the vascular basement membrane. Plasminogen also
activates collagenases and disrupts the basement membrane

barriers®!

. This evidence suggests that extremely high dose
of FII, might stimulate the production of plasminogen in vivo,
which may be the reason for the impairment of the coagula-
tion pathways. These results suggest that if FII, is employed
in the treatment of APT, it should be utilized in a manner that
does not cause systemic activation of the fibrinolytic system.
Additional work is needed to further characterize this issue.

In conclusion, FII, may have protective effects on TAPT by
it direct degradation of fibrin clots. These therapeutic effects
support the hypothesis that FII, could be used for reducing
thrombi, restoring blood flow in the lung, and improving car-
diovascular function. However, we emphasize that the true
utility of FII, in combating APT will require further direct test-
ing in clinical trials.
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Over-expression of aldehyde dehydrogenase-2
protects against H,0,-induced oxidative damage and
apoptosis in peripheral blood mononuclear cells

Xiu-ying HU*, Qin FANG** ™, Ji-shi WANG® *, Jian-giong XIE*, Bai-sheng CHAI®, Fang-giong LI, Xin CUI*, Yuan YANG"
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China; 3School of Pharmaceutics, Guiyang Medical College, Guiyang 550004, China

Aim: To construct an eukaryotic expression vector containing the aldehyde dehydrogenase-2 (ALDH2) gene, and determine whether
transfection with the ALDH2 gene can provide protection against hydrogen peroxide-induced oxidative damage, as well as attenuate
apoptosis or cell death in human peripheral blood mononuclear cells (PBMCs).

Methods: The ALDH2 gene was cloned from human hepatocytes by RT-PCR. The eukaryotic expression vector containing the gene was
constructed and then transfected into PBMCs via liposomes. RT-PCR, indirect immunofluorescence assay, and Western blot were used
to evaluate the expression of the transgene in target cells. MTT assay and flow cytometry were used to detect the effects of ALDH2 on
PBMCs damaged by hydrogen peroxide (H,0,). The level of intracellular reactive oxygen species (ROS) was determined by fluorescence

spectrophotometry.

Results: The eukaryotic expression vector pcDNA3.1/myc-His-ALDH2 was successfully constructed and transfected into PBMCs. RT-
PCR results showed higher mRNA expression of ALDH2 in the gene-transfected group than in the two control groups (empty vector-
transfected group and negative control). Indirect immunofluorescence assay and Western blot indicated distinct higher protein expres-
sion of ALDH2 in the gene-transfected group. The cell survival rate against H,0,-induced oxidative damage was higher in the ALDH2
gene-transfected group. Moreover, apoptosis rates in gene-transfected PBMCs incubated with 50 and 75 umol/L H,0, decreased by
7% and 6%, respectively. The generation of intracellular ROS was also markedly downregulated.

Conclusion: ALDH2 gene transfection can protect PBMCs against H,0,-induced damage and attenuate apoptosis, accompanied with a
downregulation of intracellular ROS. ALDH2 functions as a protector against oxidative stress.

Keywords: aldehyde dehydrogenase-2; oxidative damage; transfection; peripheral blood mononuclear cells; apoptosis

Acta Pharmacologica Sinica (2011) 32: 245-252; doi: 10.1038/aps.2010.203

Introduction

The rapid development of medical and molecular biology
techniques has resulted in the rise in importance of and
focus on tumor immunotherapy research. In 1989, Komoril"!
reported the first successful infusion of IL-2 activated donor
lymphocytes after the recurrence of allogeneic hematopoietic
stem cell transplantation (HSCT) for acute lymphoblastic leu-
kemia. Since then, adoptive immunotherapy has continued
to show challenging and novel application prospects in the
treatment of malignant tumors. In recent years, great progress
has been made in clinical tests involving adoptive immuno-
therapy, and various studies on phase I and II clinical trials

# These two authors contribute equally to this work.
*To whom correspondence should be addressed.
E-mail fq_fanggin@yahoo.com.cn (Qin FANG);
jswang_yg@yahoo.com (Ji-shi WANG)
Received 2010-01-13 Accepted 2010-07-29

have been conducted. Immune cells participate in immune
response to protect the body during the therapeutic process,
but as first-line cells, they are more vulnerable to oxidative
damage.

lar, neoplastic, and neurodegenerative illnesses, as well as
[6-9]

In different diseases such as renal, cardiovascu-
in aging"”™, an oxidative stress-induced inflammatory event
leading to cellular or tissue injury can be considered a unify-
ing mechanism of injury. Reactive oxygen species (ROS),
including hydroxyl radicals, superoxide anions, hydrogen
peroxide (H,O,), and singlet oxygen, are generated not only
in the process of radiotherapy or chemotherapy before HSCT,
but also during therapy that uses drugs that cause DNA dam-
age and induce subsequent apoptosis with the generation of
ROS"" Excessive accumulation of ROS can induce oxida-
tive damage to donor or recipient immune cells, weakening
the effects of immunotherapy. The protection of immune cells
against oxidative damage is, therefore, extremely important to
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immunotherapy.

At present, many new therapeutic methods are being used
in clinical treatments, and a recent strategy involves transfer-
ring protective genes in normal immune cells via appropriate
vectors to enhance host immunological function against dis-
eases. As a metabolic enzyme of toxic substances, mitochon-
drial aldehyde dehydrogenase (ALDH2) metabolizes acetalde-
hyde and plays a major role in the oxidation of acetaldehyde
and protection against oxidative injury. It is highly expressed
in human liver tissue and lowly expressed in peripheral blood
mononuclear cells (PBMCs). It also varies with individual
genetic diversity. Some people express inactive ALDH2 for
gene mutation. ALDH2 is a nuclear-encoded mitochondrial
enzyme that is localized in the mitochondrial matrix, and
mitochondria are the major source of ROS. Excessive ROS
attacks polyunsaturated fatty acids leading to membrane lipid
peroxidation, thereby generating reactive aldehydes, including
4-hydroxy-2-nonenal (4-HNE) and malondialdehyde. ALDH2
provides protection against oxidative damage through the
oxidation of exogenous and endogenous aldehydes including
4-HNE, which is the product of lipid peroxidation®". Thus,
ALDH2 gene modification may enhance the anti-oxidative
stress capacity of immune cells.

This research aims to determine whether the overexpres-
sion of ALDH2 can protect human PBMCs against H,O,-
induced oxidative damage and attenuate apoptosis. We also
investigated the level of ROS in this process. PBMCs are
rich in immune cells, their activation and proliferation were
studied in this research. This study is a convenient and effec-
tive initial foray into investigations on immune cells in gene
therapy. Our team previously reported that the resistance to
chemotherapeutic agents could be enhanced by transfection
with resistant genes in human peripheral blood hematopoietic
progenitor cells and PBMCs!"* 7.,
the protective effect of the ALDH2 gene and provide reference

In this study, we explored

for further related research on gene therapy in practical immu-
notherapy.

Materials and methods

Construction of eukaryotic expression plasmid

Human ALDH2 ¢cDNA (1.5 kb) was synthesized through
reverse transcriptase polymerase chain reaction (RT-PCR) with
total RNA extracted from normal human hepatocytes. The
ALDH2 ¢cDNA was cloned with DNA polymerase (TaKaRa,
Japan) into pBS-T vector (TTANGEN, China) and sent to Jinsite
Bio Inc (China) for sequencing. The primers used in PCR were
ALDH2 forward 5-GACACGGATCCATGTTGCGCGCTGC-
CGCCCGCTTCGG-3" and ALDH2 reverse 5-GACACGAAT-
TCTTATGAGTTCTTCTGAGGCACTTTGAC-3'". To construct
the eukaryotic expression plasmid expressing the ALDH2
gene pcDNA3.1/myc-His, plasmid (Invitrogen, USA) and
pBS-T-ALDH2 were digested with restriction endonucleases
EcoR and BamH 1, respectively. The refined ALDH2 segments
and linearized pcDNA3.1/myc-His were ligated using T, DNA
ligase with a ratio of 2:1 to construct eukaryotic expression
plasmid pcDNA3.1/myc-His-ALDH?2 (pcDNA3.1(+)-ALDH?2).
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The eukaryotic expression plasmid was verified by PCR and
digestion analysis.

Primary culture and activation of PBMCs

PBMCs from the blood of healthy adult volunteers were
isolated using a Ficoll lymphocyte separating liquid, and
cultivated in an RPMI-1640 culture medium (Gibco, USA)
containing 10% fetal bovine serum in 6-well culture plates
at 37 °C, 95% O, and 5% CO,. Phytohemagglutinin (2.5 ng/
mL) was added into the culture medium. After 8 h, the cells
were moved into fresh medium, into which interleukin-2 (1000
U/mL) was added for activation. The culture medium was
replaced with fresh medium 48 h later when the PMBCs were
ready for use in the experiments.

Transfection of pcDNA3.1/myc-His-ALDH2 into PBMCs

For eukaryotic expression plasmid transduction, PBMCs were
passaged into 6-well plates at a density of 1x10° cells/well.
When the cells reached 50% confluence (typically on the third
day after subculturing), the medium was replaced with 1 mL
fresh medium (without serum) containing 8 pL Lipofectamin
2000 transfection reagent (Invitrogen, USA) and 2 pg plasmid
DNA. Cells in group 1 were transfected with pcDNA3.1/myc-
His-ALDH2, and group 2 with pcDNA3.1/myc-His empty
plasmid. Group 3 was used as the negative control group
(without plasmid transfection). The medium was replaced
with fresh medium after 4 h. Indirect immunofluorescence
assay was used to observe the protein expression of ALDH2
after transfection. Transfection rate was calculated at 12, 24,
48, and 72 h according to the observed fluorescence intensity.

RT-PCR analysis

Total RNA was extracted using TRIzol isolation reagent
(TaKaRa, Japan), and RT-PCR analysis was performed using
a one-step RT-PCR kit ( Bio Shinegene Inc., China). p-actin
was used as internal control. The primers were actin forward
5-GCTCGTCGTCGACAACGGCTC-3" and actin reverse
5-CAAACATGATCTGGGTCATCTTCTC-3". RT-PCR analy-
sis was performed at 42 °C for 60 min, 92 °C for 5 min, then at
30 cycles of 94 °C for 50 s, 70.5 °C for 60 s, 72 °C for 60 s, and
72 °C for 10 min. An aliquot (5 pL) from the RT-PCR product
was subjected to electrophoresis in 1% agarose gel. The antici-
pated B-actin PCR product was 353 bp long and ALDH2 was
1576 bp.

Western blot analysis

For Western blot analysis, the cells were washed three times
with PBS, homogenized in cell lysis buffer, incubated on ice
for 20 min, and then centrifuged for 15 min at 10000xg. The
aqueous supernatant was collected and quantified using a
BCA protein assay kit (Boster, China). Equal amounts (20
pg) of protein extract were loaded and separated by SDS-
polyacrylamide gel electrophoresis. After electrophoresis, the
proteins on the gel were transferred to polyvinylidene difluo-
ride membranes. The blotted membranes were blocked with
5% skim milk powder in TBS buffer and then probed for 1.5 h



with the ALDH2 monoclonal antibody (1:250; H00000217-M01,
Abnova, Chinese Taipei) specific for human cellular ALDH?2.
After three 10-min washing with TBS-Tween 20 buffer (0.05%),
the blots were incubated with a secondary antibody (1:3000;
Goat Anti-Mouse IgG-HRP Conjugate secondary antibody,
Abnova) for 1.5 h. Antibody binding was visualized using
an enhanced chemiluminescence reagent (Santa Cruz, USA)
according to the manufacturer’s instructions.

Cytotoxicity assay

The cytotoxicity of H,O, to cells in groups 1-3 were examined
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) test. Briefly, cells from the three groups were
seeded into a 96-well cell culture plate at a density of 5x10°
cells/well and incubated overnight. The medium was dis-
carded, and new medium containing 1000.000, 100.000, 10.000,
1.000, 0.100, 0.010, 0.001, and 0 pmol/L H,O, were added into
respective wells. Each concentration was tested four times.
After 72 h, the medium was discarded and 20 pL of MTT (5
mg/mL) was added to the medium. After another 4 h, the
medium was discarded through centrifugation, followed by
the addition of DMSO to dissolve the endocellular crystal. OD
value was measured at 570 nm on a microplate reader (B10
TEK ELx800UV, General Corporation, USA), with 485 nm as
reference. Regression analysis was performed with SPSS fol-
lowed by the calculation of ICs, values.

Reactive oxygen species analysis

The measurement of intracellular ROS was based on the ROS-
mediated conversion of non-fluorescent dichlorofluorescin
diacetate (DCFH-DA) into dichlorofluorescin (DCFH). DCFH
is a nonfluorescent compound that is oxidized into fluores-
cent 2, 7-dichlorofluorescin (DCF) in the presence of oxidants,
which can be quantified using a fluorescence spectrophotom-
eter. Briefly, 48 h after transfection, 1x10° cells/well on the
6-well plates were harvested after incubation in the presence
or absence of H,O, for 8 h, and then replaced with serum-free
medium containing 10 pmol /L DCFH-DA for 20 min at 37 °C.
The cells were then rinsed three times with PBS. The fluores-
cence intensity of the cells was measured using a fluorescence
spectrophotometer (Cary Elipse, USA).

Flow cytometric analysis of cell apoptosis

Seventy-two hours after transfection, transfection and expres-
sion of the transgene in target cells were evaluated and
selected in the medium containing different concentrations of
H,0, For quantitative analysis of cell apoptosis, 1x10° treated
cells/tube in 500 pL binding buffer were incubated with
Annexin V-FITC (5 pL) and propidium iodide (5 pL) for 5 min
at room temperature. The ratio of apoptosis was analyzed by
flow cytometry (FCM) (BD FACSCalibur, USA) with CellQuest
research software.

Statistical analysis

Each experiment was performed at least three times. All val-
ues are expressed as means+SD. Data were collected by the
Student’s t-test using SPSS13.0. P<0.05 was considered statis-
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tically significant.

Results

Construction of eukaryotic expression vector

Human ALDH2 was cloned from human hepatocytes by RT-
PCR. The PCR optimum temperature was 70.5 °C (Figure 1A).
The recombinant eukaryotic expression plasmid pcDNA3.1
(+)-ALDH2 was verified by PCR, sequencing, and endonu-
clease digestion. The sequencing results of recombinant plas-
mid showed that the cloned gene was identical to the ALDH2
c¢DNA published in GeneBank (NM_000690, sequence number
Q0468). The fragment digested by endonuclease digestion
analysis was about 1560 bp and the amplified fragment by
PCR confirmation was 1576 bp, as expected (Figure 1B).

4000

1600
1000
800

600
400

200

Figure 1. Detection of ALDH2 expression in normal human hepatocytes
and recombinated plasmid pcDNA3.1(+)-ALDH2. ALDH2 gene in human
hepatocytes was cloned by RT-PCR. (A) Lane M: DNA Marker; Lanes
1-6: RT-PCR-amplified ALDH2 products in different PCR-extending
temperatures, Lane 4 was 70.5 °C; Lane 7: negative control; ALDH2
eukaryotic expression vector was verified by PCR and endonuclease
digestion; (B) Lane M: DNA marker; Lanes 1, 2: PCR-amplified ALDH2
products (1576 bp) of pcDNA3.1(+)-ALDH2 vectors; Lanes 3, 4: results
of endonuclease digestion; Lane 5: PCR-amplified ALDH2 products
(1576 bp) of pcDNA3.1(+)-ALDH2 vectors in bacterial liquid; Lane 6: DNA
fragment of single enzyme digestion; Lanes 7, 8: circular DNA fragments
of pcDNA3.1(+)-ALDH2 and pcDNA3.1(+).

Observation of ALDH2 protein

Creep plates of cultured cells were incubated with an ALDH2
monoclonal antibody and fluorescein isothiocyanate-labeled
second antibody. Fluorescence intensity in cells was deter-
mined using a fluorescence microscope. ALDH2 proteins
expression in group 1 (transgene group) were found 24 h after
transfection and became very bright 48 h later (Figure 2). The

Acta Pharmacologica Sinica
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Figure 2. ALDH2 protein expression in PBMCs by indirect immuno-
fluorescence assay. Fluorescence intensity of cells expressing ALDH2
proteins was observed 24 h after transfection. Cells in negative control
group at 48 h (A) exhibited weak expression of ALDH2; cells in group 1
(pcDNA3.1(+)-ALDH2 group) at 24 h (B); 48 h (C); and 72 h (D) exhibited
considerably stronger fluorescence intensity (P<0.01, n=3). (Original
magnificationx20 NIKON E5400, F3.9, focal length: 14.5, ISO: 200).

fluorescence remained bright for at least one week. Cells
with weak fluorescence intensity was considered the nega-
tive control and those with the brightest density were as the
positive control. The transfection efficiency was calculated.
The transfection efficiency in PBMCs was (33.5+3.5)% at 24 h,
(56.6+2.5)% at 48 h, and 100% at 72 h.

Expression of ALDH2 mRNA

The mRNA expression of ALDH2 in group 1 (transfected with
pcDNA3.1(+)-ALDH2) was considerably high, but there was
no distinct ALDH2 band between groups 2 (transfected with
pcDNA3.1/myc-His) and 3 (negative control group) (Figure
3). These results indicate that the transgene PBMCs had a high
mRNA expression of ALDH2.

Expression of ALDH2 protein

Results of Western blot analysis demonstrated that the
ALDH2-transfected cells in group 1 expressed a very high
level of human ALDH2 protein compared with the empty vec-
tor-transfected group and the negative control group because
the protein strips were distinct in Lane 1, but indistinct in the
other two lanes (Figure 4). These results showed higher pro-
tein expression of ALDH2 in the gene-transfected group after
being transfected for 72 h. PcDNA3.1/myc-His-ALDH2 was
successfully expressed in PBMCs. These results indicate that
the transfection of recombinant eukaryotic expression plas-
mid pcDNA3.1/myc-His-ALDH2 was an effective method for
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Figure 3. ALDH2 gene transfection induced over-expression of the mRNA
of ALDH2 in PBMCs. Products of RT-PCR were analyzed by agarose gel
electrophoresis. Lanes 1, 2, 3: RT-PCR amplified ALDH2 and B-actin
products from experimental groups 1-3, respectively. B-actin was used
as loading control. ALDH2 mRNA expression was considerably increased
in cells transfected with pcDNA3.1(+)-ALDH2, compared with that in
untransfected cells (P<0.01 vs control group, n=3).

B-actin (42 kDa) [

Figure 4. ALDH2 gene transfection induced over-expression of the
protein of ALDH2 in PBMCs. ALDH2 protein expressions were detected
by Western blot. B-actin was used as loading control. ALDH2 protein
expression considerably increased in cells transfected with pcDNA3.1(+)-
ALDH2, compared with that in un-transfected cells (P<0.01 vs control
group, n=3).

inducing overexpression of ALDH2 in cultured PBMCs.

Effect of ALDH2 on cultured PBMCs injured by H,0,

The relationship between the semilogarithm of H,O, concen-
tration and cell survival rate was determined by the MTT test
(Figure 5). The IC;s, of groups 1, 2, and 3 were obtained using
the semilogarithmic regressive equation (calculated with
SPSS). The values were 8.833, 2.138, and 1.99 pmol/L, respec-
tively. The semilogarithmic regressive equation of groups 1-3

1
) ——Group 1
c —a— Group 2
0.8F — —& —Group 3
Q
©
< 06+
2
<
>
2 04
Q
(&}
0.2

0 . , )
0.001 0.01 0.1 1 10 1000

H,0, concentration (umol/L)

100

Figure 5. Effect of ALDH2 on cultured PBMCs injured by H,0,. Cells were
treated with different concentrations of H,0, Semilogarithmic graphs of
concentration-survival rate of PBMCs were drawn based on MTT results
(group 1: pcDNA3.1(+)-ALDH2 group; group 2: pcDNA3.1 group; group 3:

negative control) (P<0.05, n=4).
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were y=0.6261-0.1333 1g x, y=0.547-0.1424 Ig x, and y=0.5413-
0.1381 lg x, respectively. The survival rate data indicated that
ALDH2-modified PBMCs (group 1) had a higher tolerance for
H,0, than did groups 2 and 3 (P<0.01). There was no signifi-
cant difference between groups 2 and 3.

Effect of ALDH2 on ROS generation

Treatment with 0, 50, 75, and 100 pmol/L H,O, on PBMCs of
the transgene group for 8 h produced a significant decrease in
ROS in group 1 compared with that in groups 2 and 3 (P<0.01
or P<0.05; Figure 6A). There was no significant difference
between groups 2 and 3 (P>0.05). ALDH2 transfection mark-
edly decreased intracellular ROS generation, indicating that
ALDH2 could prevent the increase of ROS generation induced
by H,O, at 50, 75, and 100 pmol/L (Figure 6B). ALDH2 trans-
fection could decrease intracellular reactive oxygen species
(ROS) generation within a certain concentration.
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Figure 6. Effect of ALDH2 on the generation of ROS induced by H,0, in
PBMCs. Cells were exposed to 0, 50, 75, and 100 ymol/L H,0, for 8 h.
n=3. Mean+SD. °P<0.05, °P<0.01 vs control. (A) (group 1: pcDNA3.1(+)-
ALDH2 group; group 2: pcDNA3.1 group; group 3: negative control). The
percentage of ROS level in the transgene group of control group is shown
(B). Relative fluorescence intensities were calculated using group 3 cells
as control at different concentrations, and a concentration-dependent
decrease of ROS in pcDNA3.1(+)-ALDH2 group is shown. °P<0.05 vs
control. °P<0.05 vs O pmol/L. "P<0.05 vs 50 ymol/L.

Effect of ALDH2 on H,0,-induced apoptosis

Treatment of PBMCs with 0, 50, 75, and 100 pmol/L H,0O,
for 12 h resulted in cell apoptosis, which can be evaluated by
FCM (Figure 7A). Transgene groups treated with H,O,, how-
ever, showed that ALDH2 could attenuate H,O,-induced cell
apoptosis within a certain concentration (Figure 7B). ALDH2
had markedly protective effect against H,O,-induced (50,
75 pmol/L) apoptosis on PBMCs in group 1 compared with
groups 2 and 3 (P<0.05). ALDH2 transfection could protect

cells against H,O,-induced early and advanced apoptosis at
certain concentrations.

Discussion
In this study, we demonstrated that the overexpression of
ALDH2 protected PBMCs against oxidative damage and con-
siderably attenuated apoptosis. Oxidative damage could be
induced by H,0,, and ALDH2 gene transfection enhanced the
anti-oxidative effect accompanied with the decreased genera-
tion of intracellular ROS in PBMCs.

Adoptive immunotherapy is a new strategy for the treat-
ment of tumors. PBMCs are rich in immune cells, which
play a central role in immunotherapy, especially in adoptive
immunotherapy. PBMCs are the source of various immune
cells, such as natural killer (NK) cells and T lymphocytes. In
fact, HSCT is being developed into a type of immunotherapy.
Donor CD4", CD8", and NK cells have been reported to medi-
ate graft-versus-leukemia effects. Oxidative stress is always
induced in different diseases or the pretreatment of radiother-
apy and chemotherapy before HSCT. However, immune cells
are first subjected to oxidative damage through the generation
of redundant ROS"™*. Considering the improvements in
genetic technology, the use of gene modification appears to
be an attractive approach for the protection of immune cells
against oxidative damage. We propose that ALDH2 could
contribute to the protection of PBMCs against oxidative dam-
age and interpret the mechanism of ALDH2 protection, as
well as assist in immune therapy. We chose activated PBMCs,
which provide abundant unseparated immune cells from
healthy volunteers for the study; however, in clinical applica-
tions, we used isolated immune cells such as NK cells, which
may have presented some limitations.

First, we cloned the ALDH2 gene from normal human
hepatocytes and constructed the eukaryotic expression vec-
tor pcDNA3.1/myc-His-ALDH2, which was successfully
transfected into PBMCs. The ALDH2 strongly affects alcohol
metabolism. Inactive ALDH2 is considered contributory to
alcohol flushing, preventing people from developing alco-
holism™,

induced by endogenous and exogenous toxic substances.

ALDH2 can also protect cells against damage

Several reports have suggested that polymorphism ALDH2
genes have a fundamental relationship with colorectal cancer,
primary hepatocellular carcinoma, and stomach cancer™!,
More important, mitochondrial ALDH2 functions as a protec-

tor against oxidative stress!! 32 %,

Our subsequent research
verified this viewpoint.

As the inductor, H,O, is a central oxygen metabolite during
the complete reduction of oxygen to H,O. It is a biologically
important oxidant due to its ability to generate highly reac-
tive and extremely potent hydroxyl radicals®. The half life
of H,O, is longer than those of other reactive oxygen species;
thus, it is typically used to induce oxidative stress in vitro™.
PBMCs are sensitive to H,O,-induced oxidative stress. In
this study, the treatment of PBMCs with different concentra-
tions of H,O,induced apoptosis in a concentration-dependent

manner. ALDH2 overexpression in PBMCs conferred cellular
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resistance to H,O, and considerably attenuated hyperoxia-
induced cell apoptosis and death. It was proved that ALDH2
could protect PBMCs against H,O,-induced oxidative damage
and apoptosis. The mechanism of these effects is attributed to
the metabolism of 4-HNE and the downregulation of intracel-
lular ROS.

In this study, the ROS production in cultured PBMCs was
elevated after H,O, exposure. Overexpression of ALDH2
decreased intracellular ROS production, indicating that
ALDH2 might have antioxidant and cytoprotective effects on
PBMCs. ROS are the by-products of normal cell metabolism
during enzymatic electron-transporting processes, such as
mitochondrial respiration, and there is an array of antioxi-

[36]

dant systems for maintaining redox balance Excessive

accumulation of ROS, however, can result in the develop-

Acta Pharmacologica Sinica

Figure 7. ALDH2 gene transfection reduced cell apoptosis
rate induced by H,0,. Annexin V and Pl FACS analysis showed
that early- and advanced-stage apoptotic rates decreased
in group 1 (A). Treatment with ALDH2 gene transfection
markedly decreased apoptosis compared with the two control
groups. n=3. Mean+SD. °P<0.05, °P<0.01 vs control. (B)
(group 1: pcDNA3.1(+)-ALDH2 group; group 2: pcDNA3.1
group; group 3: negative control).

ment of oxidative stress. The majority of ROS are produced in
mitochondria, resulting in peroxidation of the mitochondrial
membrane. The mitochondrial inner membrane is rich in
polyunsaturated fatty acids, such as cardiolipin; thus, reac-
tive aldehydes, including 4-HNE, would be easily derived
from peroxidated polyunsaturated fatty acids. Thus, the rapid
elimination of 4-HNE is necessary in mitochondria. Evidence
supports the toxicity of 4-HNE, which results in injury and cell
death through both apoptosis and necrosis®™’. ALDH2 plays
a major role in the oxidation of aliphatic and aromatic alde-
hydes, which are exogenous or endogenous, including 4-HNE.
This study proved that the decrease in intracellular ROS is
involved in the mechanism of protective effects, and mito-
chondrial ALDH2 plays a major role in the clearance of cyto-
toxic aldehydes derived from peroxides. Moreover, there may



be other mechanisms related to these protective effects, such
as the activation of Akt, AMP-activated protein kinase, and
ERK/MAPK and PI3K-Akt pathways. However, further stud-
ies are still needed to shed light on these relationships* .

In summary, this study provides evidence that overexpres-
sion of ALDH2 can protect PBMCs against H,O,-induced
oxidative damage and attenuate apoptosis. Our results also
showed that compared with the control cells, the generation of
intracellular ROS in gene-transfected cells markedly decreased
after ALDH2 transfection. Mitochondrial ALDH2 functions
as a protector against oxidative stress in PBMCs. Gene modi-
fication focusing on overexpression of ALDH2 and proteins
in the immune cells may help elucidate the mechanism of the
protective effect of ALDH2, and suggest potential novel gene
therapies to assist in immunotherapy.
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Over-expression of Gadd45a enhances radiotherapy
efficacy in human Tca8113 cell line
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Aim: To investigate the effect of the growth arrest- and DNA damage-inducible Gadd45a gene on the radiosensitivity of human tongue
squamous cell carcinoma cell line to ionizing radiation (IR).

Methods: Short interfering ribonucleic acid (si-RNA) targeting Gadd45a or an irrelevant mRNA (nonsense si-RNA) was chemically syn-
thesized. The constructed si-RNAs were transfected into Tca8113 cells and Gadd45a expression was determined using quantitative
real-time PCR and Western-blot. After 24-h exposure to IR at a dose rate of 4 Gy/min, apoptosis of Tca8113 cells was detected using
flow cytometry, and radiosensitivity was measured using MTT assays.

Results: IR apparently increased the expression of Gadd45a at mRNA and protein levels in Tca8113 cells. The effect was efficiently
inhibited by transfection with Gadd45a si-RNA (P<0.01). Furthermore, silencing Gadd45a gene significantly increased cell viability
and decreased the percentage of apoptotic cells during irradiation, which indicated that IR-induced Gadd45a over-expression could

increase the radiosensitivity of Tca8113 cells.

Conclusion: These results indicated that targeting Gadd45a may have important therapeutic implications in sensitizing Tca8113 cells

to IR.

Keywords: ionizing radiation; Gadd45a; squamous cell carcinoma; Tca8113 cells; apoptosis; RNA interference
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Introduction

Oral squamous cell carcinoma (SCC) is one of the most fre-
quently diagnosed tumors of the head and neck! ?. Despite
improvements in treatment, the survival rates of patients with
oral SCC have not been significantly improved over the past
several decades.

Radiotherapy is one of the most commonly used treatments
for cancer patients. The responses of tumor cells to ionizing
radiation (IR) are often tissue specific. Some data have con-
firmed that postoperative radiotherapy (PORT) improved
regional control of pathologic N1 neck diseasel’. Identifying
molecules and mechanisms that sensitize tumor cells to IR will
provide new potential therapeutic strategies for cancer treat-
ment.

The growth arrest- and DNA damage-inducible (gadd) 45
gene family, comprising gadd450/gadd45a, gadd45p/qadd45b/
myd118, and gadd45y/qadd45g/cr6, is widely expressed in mam-

*To whom correspondence should be addressed.
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Received 2010-06-12 Accepted 2010-11-14

malian cells responding to stress stimuli. Gadd45a gene was

initially isolated from Chinese Hamster Ovarian cells (CHO)
treated with ultraviolet radiation”. Subsequently, it was
found to be induced by a wide spectrum of DNA-damaging
agents and growth arrest treatments such as IR, methyl-
methane sulfonate (MMS)m, growth factor withdrawal®®,
hydrogen peroxide!, hypoxia and many cancer chemothera-
peutic drugs!"”. For over one decade, the mechanisms of
Gadd45a induction have been the focus of study. Gadd45a was
the first stress-inducible gene determined to be up-regulated
by p53 and is also a target for the p53 homologues, p63 and
p73™M. Among p53-regulated genes, Gadd45a has been shown
to play an important role in DNA damage-induced cell
responses. For example, Gadd45a deficiency caused defective
UV-induced nucleotide excision repair'”. The embryonic
fibroblast cells in Gadd45a-null mouse exhibited increased
aneuploidy accompanied with abnormal centromere ampli-
fication; after exposure to IR, Gadd45a-null mice also showed
increased carcinogenesis compared with control mice”. In
addition to p53, BRCA1 and FOXO3a have also been shown to
activate Gadd45a gene expression!"” ™. Furthermore, Gadd45a
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is also involved in DNA damage-induced apoptosis. Gadd45a
suppresses Ras-induced mammary tumorigenesis by activa-
tion of p38 stress signaling and induces apoptosis of HeLa
cells by promoting Bim translocation to mitochondria® 7.
However, little is known about the role of Gadd45a in control
of apoptosis in the cell response to IR in vitro.

In the present study, we investigated the induction of
Gadd45a gene expression following irradiation in Tca8113 cells,
and assessed its effect on the sensitivity of Tca8113 cells line to

IR treatment.

Materials and methods

Cell culture

Tca8113 cell line was purchased from Culture Collection of
Chinese Academy of Science (Shanghai, China) and routinely
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) supplemented with 10% fetal bovine serum (Gibco) at
37 °C in a humidified air atmosphere containing 5% CO,.

lonizing radiation (IR)

Tca8113 cells were cultured in six-well plates until 70% conflu-
ence and then exposed to IR from a VARIAN clinical 2100C/D
linear accelerator (VARIAN, Palo Alto, CA, USA) at a dose
rate of 4 Gy/min.

Gene silencing with si-RNA

Tca8113 cells were divided into three groups for transfec-
tion: lipofectamine™ 2000 only (mock), nonsense si-RNA or
Gadd4ba si-RNA. Mock and nonsense si-RNA (Gene Chem,
China) were regarded as control groups. Tca8113 cells were
planted in six-well plates. The cells reached 40% confluence,
and then the media was changed to opti-MEM (Invitrogen,
USA). The cells were transfected with the Gadd45a si-RNA
or control si-RNA (100 nmol/L) premixed with the lipo-
fectamine™ 2000 (Invitrogen, USA) in Opti-MEM. At 6 h after
transfection, the cells were placed in fresh complete medium
without penicillin and streptomycin. The sequences of
Gadd45a si-RNA and nonsense si-RNA were listed in Table 1.

Table 1. Si-RNA sequences for gene silencing.

Gene name Si-RNA sequences

Gadd45a Sense, 5'-3'CACTGATGCAAGGATTACA
Antisense, 5-3'TGTAATCCTTGCATCAGTG

Nonsense Sense, 5'-3'UUCUCCGAACGUGUCACGUtt

Antisense, 5'-3'ACGUGACACGUUCGGAGAALt

Quantitative real-time RT-PCR analysis for Gadd45a

Total RNA was extracted from Tca8113 cells using the Trizol
(Invitrogen, USA) method as recommended by the manufac-
turer. The quantity and concentration of the purified RNA
were assessed by 260/280 optical density (OD) measurements
on a spectrophotometer (Biochrom, USA). An equal amount
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of RNA was reverse transcribed with the First Strand cDNA
Synthesis kit (Fermentas, EU). To determine the level of
Gadd45a mRNA, real time quantitative PCR analysis was per-
formed with Light Cycler 2.0 (Roche Diagnostics, Switzerland)
according to the protocol recommended by TaKaRa SYBR_
Premix Ex Tag™ (TaKaRa, Japan). Thermal cycling parame-
ters were as follows: an initial incubation of 95 °C for 30 s, and
then 40 cycles of 95 °C for 5 s and 55 °C for 20 s and 72 °C for
15 s. The Gadd45a mRNA expression level was normalized
to the median expression of B-actin. Gene-specific forward
(F) and reverse (R) primer sequences for Gadd45a and p-actin
were summarized in Table 2.

Table 2. Primer sequences of Gadd45a for quantitative real time RT-PCR.

Gene name Primer sequences

Gadd45a F: 5-CGT TTT GCT GCG AGA ACG AC-3'
R: 5'-GAA CCC ATT GAT CCA TGT AG-3'

B-actin F: 5-AGC GAG CAT CCC CCA AAG TT-3'

R: 5-GGG CAC GAA GGC TCATCATT-3'

Protein extraction and Western blot analysis

Cellular protein extracts were prepared by homogenization in
an ice-cold buffer [50 mmol/L Tris-HCI (pH 7.4), 150 mmol/L
NaCl, 1% Triton X-100, 2 mmol/L EDTA (pH 8.0), 2 pg/mL
aprotinin, 5 mmol/L dithiothreitol and 0.2 mmol/L phenyl-
methylsulphonyl fluoride, 1 mmol/L PMSF, 10 pg/mL leu-
peptin] for 30 min. The lysates were centrifuged at 15000xg
for 15 min at 4 °C and protein concentrations of the superna-
tants were determined by BCA protein assay kit (Calbiochem,
USA). Equivalent amount of protein (80 pg) was electrophore-
sed on a 12% polyacrylamide gel and electrotransferred onto
Immobilon-P (Millipore). After being blocked with 5% non-fat
milk, the membrane was incubated overnight at 4 °C with rab-
bit polyclonal anti-human Gadd45a antibodies (dilution 1:500,
Millipore; 07-1230), then washed and incubated with goat
polyclonal anti-rabbit HRP-labeled secondary antibody (Santa
Cruz, CA) in TBST (TBS containing 0.05% Tween 20) for 2 h.
The bands were detected by enhanced chemiluminescence
(ECL). The intensities of acquired bands were measured by
computerized image analysis and normalized to tubulin as the
internal control.

MTT assays for determination of cellular viability

The antiproliferative effect of Gadd45a gene was evaluated
using the MTT assay as described by Azria®. Exponentially
growing cells were seeded into 96-well plates (6 000/well)
and transfected as mentioned above. Tca8113 cells transfected
with the Gadd45a si-RNA and the control cells were irradiated
in the dose range from 0 to 10 Gy. After 24-h exposure to IR,
the viability of the cells was analyzed using MTT colorimetric
assay. MTT was a pale yellow tetrazolium salt that produces
a dark blue formazan product when incubated with the living



cells. Briefly, 20 pL of 0.5% MTT solution was added to each
well and was incubated with the cells for 4 h at 37 °C to allow
crystal formation. The medium was decanted and the crys-
tals were dissolved by adding dimethyl sulphoxide (DMSO;
200 pL/well). The absorbance at 490 nm was measured using
ELISA Reader (RT-2100C, Rayto, USA). The results were
expressed with respect to control values (cells without any
treatment). Experiments were repeated three times.

Detection of apoptosis by flow cytometry

Apoptosis rates of the experimental group and the control
groups were measured with AnnexinV-FITC kit (BD Biosci-
ences, San Diego, CA, USA) by flow cytometry according to
the manufacturer’s instructions. At 24 h after radiation expo-
sure to 4 Gy or 10 Gy, the cells were harvested by trypsiniza-
tion and washed twice with ice-cold PBS and resuspended in
binding buffer. A total of 5 pL of Annexin V-FITC and 10 pL
of propidium iodide (PI) were added to cell suspensions.
After incubation for 15 min at room temperature in the dark,
400 pL of binding buffer was added to the mixture. The cells
were analyzed by flow cytometry (Becton Dickinson, USA)
and the data were analyzed with WinMDI 2.8 software for cal-
culation of percentage of apoptotic cells.

Statistical analysis

Statistical analysis was performed using SPSS 17.0 version
software package for Windows. All values were presented as
meanztstandard deviation (SD) of replicate samples in single
experiments or replicate experiments. The t test was used to
analyze the data. Differences were considered statistically sig-
nificant at P<0.05.

Results

Basal and IR-induced Gadd45a expression in Tca8113 cells

We initially examined the effect of IR on Gadd45a expression
in human Tca8113 cell lines by quantitative real-time RT-PCR
and Western blot analysis. Gadd45a induction was assessed
by comparing the basal level to that present 24 h following
treatment with 4 Gy or 10 Gy IR. As shown in Figure 1A, IR
obviously induced Gadd45a mRNA expression compared
with the basal level (0.000965+0.00005 vs 0.000387+0.00002
and 0.001644+0.000065 vs 0.000387+0.00002) in the dose range
examined. Consistently, Gadd45a protein level detected
by Western blot was also induced by 10 Gy IR (P=0.0028)
although Gadd4b5a protein level observed in Tca8113 cells
treated with 4 Gy IR had no statistical difference in compari-
son with the basal level (P=0.0513, Figure 1B).

Gadd45a si-RNA suppressed the expression of Gadd45a

Quantitative real-time RT-PCR and Western blot were per-
formed to determine whether the expression of Gadd45a
mRNA and protein were knocked down by Gadd45a siRNA.
The levels of Gadd45a mRNA and Gadd45a protein in the
group transfected with Gadd45a si-RNA were significantly
decreased compared with the control groups (P<0.01),
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Figure 1. Over-expression of Gadd45a in Tca8113 cells was induced by
IR. (A) The level of Gadd45a mRNA after 24-h exposure to IR at 4 or 10 Gy
was significantly higher than the basal level (P<0.01). (B) Over-expression
of Gadd45a protein was not significantly induced in Tca8113 cells after
exposure to 4 Gy IR (P=0.0513), but was markedly induced after exposure
to 10 Gy IR (P=0.0028). n=3. Mean%SD.

demonstrating that the expression of Gadd45a was effec-
tively restrained by si-RNA (Figure 2). Although Tca8113
cells transfected with Gadd45a si-RNA had an increase in
Gadd45a mRNA expression following treatment with 10 Gy
IR (P=0.0489), the level of Gadd45a protein was not markedly
elevated (P=0.0566).

Gadd45a si-RNA inhibited the radiosensitivity of Tca8113 cells
MTT assays were used to examine the effects of Gadd45a si-
RNA on the radiosensitivity of Tca8113 cells. As shown in
Figure 3, irradiation resulted in a dose-dependent reduction in
cell survival fraction, and the effect was significantly inhibited
in the cells transfected with Gadd45a si-RNA compared with
nonspecific control cells (P<0.05).
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Figure 2. Inhibitive effect of si-RNA on Gadd45a expression in Tca8113
cells. (A) The results of quantitative real-time PCR demonstrated that the
expression of Gadd45a mRNA in si-RNA and si-RNA+10 Gy groups was
significantly lower than that in the control groups. (B) The expression
of Gadd45a protein was apparently inhibited in the Tca8113 cells
transfected with Gadd45a si-RNA. n=3. Mean+SD. °P<0.01 vs mock.
P<0.01 vs nonsense.

IR-induced over-expression of Gadd45a increased the apoptosis
of Tca8113 cells

To determine whether the increased expression of Gadd45a
modulated the apoptosis of Tca8113 cells exposed to IR, flow
cytometry measurement was used to quantify the percentage
of apoptotic cells in the total cell population. After 24-h expo-
sure to 4 or 10 Gy radiation, a significantly lower percentage of
apoptotic cells was observed in Tca8113 cells transfected with
Gadd45a si-RNA than the other groups (P<0.01, Figure 4).

Discussion

Squamous cell carcinoma (SCC) accounts for more than 90%
of malignancies of the oral cavity and oropharynx!"”. Patients
with SCC are generally treated with surgery in combination
with radiotherapy™ *l. However, permanent xerostomia is a
common complication of radiation therapy for head and neck
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Figure 3. Effect of Gadd45a silencing on the radiosensitivity of Tca8113
cells. Tca8113 cells transfected with the Gadd45a si-RNA and the control
cells were seeded into 96-well plates and irradiated in the dose range
from O to 10 Gy. After 24 h, the viability of the cells was analyzed using
MTT assay. When the dose was 4 Gy or more, there was significant
difference in the survival level between the cells transfected with
Gadd45a si-RNA and the control cells. n=3. Mean+SD. "P<0.05 vs mock.
°P<0.05 vs nonsense.
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Figure 4. Gadd45a si-RNA reduced the apoptosis of Tca8113 cells after
radiotherapy. (A) Tca8113 cells were harvested for apoptosis analysis
at 24 h after 4 Gy or 10 Gy IR. Flow cytometry was used to examine the
percentage of apoptosis cells. (B) The results of flow cytometry analysis
showed that Gadd45a knockdown caused a significant inhibition of
apoptosis induced by IR treatment. n=3. MeanxSD. °P<0.01 vs mock.
P<0.01 vs nonsense.
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21 Therefore, it is

cancer, reducing the patient’s quality of life
essential to develop more effective radiotherapy regimens for
oral SCC.

The responses of tumor cells to IR are often closely related
to pathway aberrations present in tumors. The Gadd45a gene
is a member of a group of genes that have been characterized
as important players that participate in cellular response to a
variety of DNA damage agents'™.
human Gadd45a has been found to be strongly and rapidly

[6, 24]

In previous studies, the

induced by X rays'”“. In the present study, we explored the
induction of Gadd45a gene in Tca8113 cell line. At 24 h after
radiation treatment, the levels of Gadd45a mRNA and protein
in Tca8113 cells were markedly up-regulated than the baseline
level and graded doses of radiation produced obviously lin-
ear increases of Gadd45a mRNA in the dose range examined.
These results implied that the induction of Gadd45a by IR in
Tca8113 cells was specific and long-lasting. Similar results
have also been shown in human myeloblastic leukemia ML-1
cells™.

Gadd45a was primarily considered as a pro-apoptotic gene,
and has been reported as being able to activate the mito-

chondrial pathway of apoptosis™

. It has been reported that
knockdown of Gadd45a led to increased growth and survival
of FDB1 myeloid cells”!. Moreover, Zhang et al found that
high level expression of Gadd45a sensitized M1 myeloblastic
leukemia and H1299 lung carcinoma cell lines to apoptosis

28]

induced by gamma-irradiation[ However, inactivation

of Gadd45a gene has been reported to sensitize transgenic

tumor mouse to radiation treatment®.

In the current study,
we further reveal the role of Gadd45a in the response of oral
cancer cells to IR treatment using si-RNA. This approach has
been used previously in other cell types, and gene silencing
of Gadd45a led to disruption of functions including its ability
to induce apoptosis®™ . We showed that Gadd45a si-RNA
specifically repressed Gadd45a expression, and the inhibition
reduced cell apoptosis and enhanced proliferation of Tca8113
cells after exposure to radiation. Our results demonstrated
that Gadd45a inactivation reduced the sensitivity of Tca8113
cells to IR and the high level Gadd45a expression induced by
IR might contribute to apoptosis of oral cancer cells. The gene
therapy targeting Gadd45a in tumor cells could have impor-
tant implications for the development of novel strategies in
radiotherapy of oral SCC.

In conclusion, the results not only provided a better under-
standing of the biological function of Gadd45a but also sug-
gested that Gadd45a might be a critical target for enhancing
radiosensitivity of oral SCC. Although Gadd45a expression
is correlated with the apoptosis induced by IR in Tca8113
cells, further research on the mechanism involved in IR-
induced apoptosis is essential for development of therapeutic
approaches for oral SCC.
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Genome-wide analysis of microRNA and mRNA
expression signatures in hydroxycamptothecin-
resistant gastric cancer cells

Xue-mei WU* 3, Xiang-giang SHAO™ 3, Xian-xin MENG?, Xiao-na ZHANG?, Li ZHU*, Shi-xu LIU*3, Jian LIN* 3, Hua-sheng
XIAQY 2 *

The Center of Functional Genomics, Key Laboratory of Systems Biology, Shanghai Institutes for Biological Sciences, Chinese Academy
of Sciences, Shanghai 200031, China; 2National Engineering Center for Biochip at Shanghai, Shanghai 201203, China; 3Graduate
University of Chinese Academy of Sciences, Shanghai 200031, China

Aim: To investigate the involvement of microRNAs (miRNAs) in intrinsic drug resistance to hydroxycamptothecin (HCPT) of six gastric
cancer cell lines (BGC-823, SGC-7901, MGC-803, HGC-27, NCI-N87, and AGS).

Methods: A sulforhodamine B (SRB) assay was used to analyze the sensitivity to HCPT of six gastric cancer cell lines. The miRNA and
mMRNA expression signatures in HCPT-resistant cell lines were then identified using DNA microarrays. Gene ontology and pathway anal-
ysis was conducted using GenMAPP2. A combined analysis was used to explore the relationship between the miRNAs and mRNAs.
Results: The sensitivity to HCPT was significantly different among the six cell lines. In the HCPT-resistant gastric cancer cells, the levels
of 25 miRNAs were deregulated, including miR-196a, miR-200 family, miR-338, miR-126, miR-31, miR-98, let-7g, and miR-7. Their tar-
get genes were related to cancer development, progression and chemosensitivity. Moreover, 307 genes were differentially expressed
in HCPT-resistant cell lines, including apoptosis-related genes (BAX, TIAL1), cell division-related genes (MCM2), cell adhesion- or
migration-related genes (TIMP2, VSNL1) and checkpoint genes (RAD1). The combined analysis revealed 78 relation pairs between the
miRNAs and mRNAs.

Conclusion: Hierarchical clustering showed that the miRNA and mRNA signatures in our results were informative for discriminating cell
lines with different sensitivities to HCPT. However, there was slightly lower correlation between the expression patterns of the miRNA
and those of the predicted target transcripts.

Keywords: hydroxycamptothecin (HCPT); gastric cancer; microRNA; signature; drug resistance; gene expression regulation; cluster anal-
ysis; messenger RNA
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Introduction

Gastric cancer is the second leading cause of cancer death
worldwide and accounts for approximately 10% of newly
diagnosed cancers’. Camptothecins (CPTs) have been
approved for the treatment of various malignancies, including
gastric cancer. By binding to the covalent complex formed by
Topl and DNA, CPTs prevent the re-ligation of DNA, which
leads to persistent DNA breaks, subsequently inducing cell
apoptosis™. Clinical data show that the efficiency of CPTs var-
ies between patients, and the resistance mechanism remains to
be determined®. Previous studies indicated that the resistant
phenotype may be the result of inadequate drug accumulation

*To whom correspondence should be addressed.
E-mail huasheng_xiao@shbiochip.com
Received 2010-06-25 Accepted 2010-11-08

in cancer cells, alterations in the target Topl and alterations
in cellular drug responses including DNA repair and apop-
tosis*®l. Drug transporters that are ATP-dependent, such as
P-glycoprotein, multidrug resistance-related protein (MRP)
and breast cancer resistance protein (BCRP), were involved
in the efflux of CPTs. UDP glucuronosyltransferases, such
as UGT1A1, UGT1A3, UGT1A6, and UGT1A9, were associ-
ated with the glucuronidation of CPTs, which increased the
efflux of this drug. Topl-binding protein nucleolin and small
ubiquitin-like modifier (SUMO) could relocalize TOP1, the tar-
get of CPTs. The checkpoint genes ATM, MEC1, MEC2, CHK1,
RADY, RAD17, and ATR and the DNA repair genes CSA,
CSB36, RAD6, TDP, TRF4, MSM2, MSM3, XRCC, and PNK1
were related to the repair of DNA damage caused by CPTs.
Bax, p53, NF-xB, and survivin participated in the regulation
of cell apoptosis induced by CPTs"™. All of these genes have
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been reported to be related to the resistance to CPTs.

MiRNAs are a class of non-coding RNAs that are 21 to
25 nucleotides in length and function as regulators of gene
expression. Recently, miRNAs have been identified as onco-

genes or tumor suppressors''” !}

, and they have been regarded
as potential drug targets"” due to many of them being located
at the fragile sites of chromosomes or cancer-associated

31 Bertino et al first introduced the idea of

genomic regions
“miRNA pharmacogenomics,” which is defined as the study
of miRNAs and polymorphisms affecting miRNA function to
predict drug response and improve drug efficiency™. MiRNA
misexpressions or mutations result in a gain or loss of miRNA
function and, therefore, a downregulation or upregulation
of the target protein, which is involved in the drug response.
In previous studies, miR-24, miR-21, let-7a, miR-214, miR-
221, miR-222, miR-328, and miR-27a have been reported to
be involved in the regulation of chemosensitivity™.
ever, there have been no reports regarding miRNAs and their

How-

involvement in the resistance to CPTs of gastric cancer.

To find the miRNAs that are involved in intrinsic resistance
to 10-hydroxycamptothecin (HCPT), we conducted a miRNA
pharmacogenomics study on HCPT by performing a genome-
wide expression profiling of the miRNAs and mRNAs in
six different gastric cancer cell lines. Our study provides a
resource for integrated chemo-genomic studies that aimed to
elucidate the molecular markers for personalized therapy and
to understand the mechanisms of HCPT resistance.

Materials and methods

Cell culture

Six human gastric adenocarcinoma cell lines, BGC-823 (low-
differentiated human gastric adenocarcinoma cell line), SGC-
7901 (moderate-differentiated human gastric adenocarcinoma
cell line), MGC-803 (low-differentiated human mucinous gas-
tric carcinoma), HGC-27 (undifferentiated human mucinous
gastric carcinoma), NCI-N87 (well-differentiated human car-
cinoma cell line) and AGS (low-differentiated human gastric
adenocarcinoma cell line), were obtained from the Shanghai
Institutes for Biological Sciences, Chinese Academy of Sci-
ences, China. The six cell lines were all derived from patients
who had received no prior therapy. The cells were cultured in
RPMI-1640 medium supplemented with 10% fetal calf serum
(Gibco BRL, Grand Island, NY) at 37 °C in 5% CO,.

SRB assay

Cells were seeded in 96-well plates with 100 uL (5000 to
10000 cells/well) for 24 h and then exposed to freshly pre-
pared HCPT (HSFY Pharma, China) at a final concentration
that was 0.01, 0.1, 1, 10, and 100 times the human peak plasma
concentration for HCPT (1.0 ug/mL). Simultaneously, one
plate of each cell line was fixed with TCA. The cells were then
incubated for 48 h, and their viability was assessed using the
Sulforhodamine B (SRB) assay (Sigma, St Louis, MO). The
absorbance at 515 nm (ODs;5) was read using the automated
plate reader. Seven ODs;s were measured: at time zero (Tz),
the growth of control cells (C), and the growth in the presence
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of the drug at the five concentration levels (Ti). The percent-
age growth inhibition was calculated as [(Ti-Tz)/(C-Tz)]*x100,
when Ti>/=Tz; [(Ti-Tz)/Tz]x100, when Ti<Tz. The concen-
tration resulting in a 50% reduction in the net protein increase
in control cells during the drug incubation (GI50) was calcu-
lated using the percentage growth inhibition curve. All of the
experiments were individually performed in triplicate.

Total RNA extraction and quality assessment

The cells were cultured for 24 h and were then collected for
total RNA extraction. Total RNA was isolated using the mir-
Vana™ miRNA Isolation Kit (Ambion, Austin, Texas) follow-
ing the manufacturer’s instructions. Then the RNA quantity
was determined using Nanodrop1000. The RNA quality was
assessed using the Agilent 2100 Bioanalyzer (Agilent, Santa
Clara, California). All of the samples were assayed and quali-
fied in triplicate using the miRNA microarray and DNA oligo-
nucleotide microarray.

MiRNA microarray profiling

The input for Agilent’s miRNA labeling system was 100 ng
total RNA. After dephosphorylation and denaturation, the
total RNA was labeled with cyanine 3-pCp and then hybrid-
ized to Agilent Human miRNA Microarray V2 using the
miRNA Complete Labeling and Hyb Kit (Agilent, Santa Clara,
California). After hybridization for 20 h, the slides were then
washed using the Gene Expression Wash Buffer Kit (Agilent,
Santa Clara, California) and scanned using an Agilent Scanner.
The images were processed and analyzed with Agilent Feature
Extraction Software.

The raw data were normalized using quantile normalization
and then analyzed in GeneSpring GX (zcomSilicon Genetics,
Redwood City, CA, USA). Statistical analysis using ANOVA
was conducted to compare the differentially expressed
miRNAs.

Whole genome gene expression microarray

Gene expression profiles were analyzed using the Affymetrix
HG-U133+PM Array Plate (Affymetrix, Santa Clara, CA).
Three biological replicates of each cell line were assayed. The
probes were labeled, hybridized and scanned according to the
manufacturer’s instructions. The data were extracted through
Expression Console (Affymetrix, Santa Clara, California). Data
normalization and analysis were performed in GeneSpring GX
software as mentioned above.

Quantitative real-time PCR (qRT-PCR)

For the miRNA, the reverse transcription of RNA was con-
ducted using the miScript Reverse Transcription Kit. The
cDNA serves as the template for real-time PCR analysis using
a miScript Primer Assay in combination with the miScript
SYBR Green PCR Kit (Qiagen, Germany). For the mRNA, the
total RNA was reversed transcribed using the OneStep RT-
PCR Kit. Then the cDNA served as the template for the real-
time PCR analysis using the QuantiTect Primer Assay (Qiagen,
Germany). The PCR was conducted using a 7900HT Sequence



Detection System (Applied Biosystems, Austin, TX, USA). All
of the reactions were run in triplicate. The relative expression
levels of the different miRNAs were calculated based on U6
RNA levels and multiplied by 10>. The relative expression
levels of the mRNAs were calculated based on GAPDH levels
and multiplied by 10%

Statistical analysis

Each experiment was repeated at least three times. The con-
tinuous variables were expressed as the mean valueststandard
deviations (SD). The Student’s t-test was used to analyze the
different genes between cell lines with different drug sensitivi-
ties. A P<0.05 was considered statistically significant. All of
the statistical analyses, including the normalization of data,
choosing the differentially expressed genes and hierarchical
clustering, were processed through GeneSpring GX Software.

MiRNAs targets prediction

The target genes of the miRNAs were predicted through miR-
Gen, which incorporates algorithms including TargetScan,
miRanda and PicTar (http://www.diana.pcbi.upenn.edu/cgi-
bin/miRGen).

Gene ontology and pathway analysis

The gene ontology and pathway analysis was conducted
through GenMAPP2 (http:/ /www.genmapp.org/). The per-
mutated P-value cutoff was set below 0.05, and the Z-score
was set higher than 2.

Results

The growth inhibition effects of HCPT on human gastric cancer
cells

Six human gastric cancer cell lines (BGC-823, SGC-7901, MGC-
803, HGC-27, NCI-N87, and AGS) were used for the HCPT
sensitivity analysis. The SRB assay showed a significant
difference in sensitivities among these six cell lines at each
concentration of HCPT. The concentration leading to 50%
growth inhibition (GI50) was significantly different between
the BGC-823 and AGS cell lines (Figure 1A). When exposed to
HCPT at 1.0 pg/mL (the human peak plasma concentration),
the AGS cells died, while the BGC-823, SGC-7901, MGC-803,
HGC-27, and NCI-N87 cell lines displayed 24%, 36%, 65%,
72%, and 90% growth inhibition respectively, compared to the
control (Figure 1B). In terms of percentage growth inhibition,
there were significant differences (P<0.05) among the six cell
lines, and they could be sorted according to their sensitivity
to HCPT in ascending order: BGC-823, SGC-7901, MGC-803,
HGC-27, NCI-N87, and AGS.

MiRNA expression profiling in HCPT-resistant versus HCPT-
sensitive gastric cancer cell lines

To investigate the role of miRNAs in intrinsic HCPT resis-
tance, we conducted a comprehensive miRNA expression
profiling of the six gastric cancer cell lines using the Agilent
Human miRNA Microarray V2.0. This microarray contains
15744 probes representing 723 human miRNAs. After quan-
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Figure 1. Sensitivity of six gastric cancer cell lines to HCPT. (A) Gastric
cancer cells were incubated with HCPT (five different concentrations: 10,
102, 103, 10*, 10° mg/mL) for 48 h, and the viability was evaluated as
described in the Materials and Methods section. The experiments were
performed in triplicate. The six cell lines showed different sensitivities
at each HCPT concentration. The concentrations that resulted in 50%
growth inhibition (GI50) were significantly different between the cell lines.
(B) At the human peak plasma concentration (1.0 pyg/mL), the AGS cells
experienced cell death, while the other cells proliferated at different rates.

tile normalization and filtering on flags (present or marginal),
279 miRNAs were selected for further analysis. ANOVA anal-
ysis revealed that 137 miRNAs were differentially expressed
between the BGC-823 (HCPT-resistant) and AGS (HCPT-
sensitive) cell lines with a more than 1.5-fold change (P<0.05)
(Figure 2A). Further exploration of the other cell lines that
had intermediate HCPT sensitivity (SGC-7901, MGC-823,
HGC-27, and NCI-N87) revealed 25 miRNAs whose expres-
sion levels were also intermediate. Compared with their sen-
sitive counterparts, 12 miRNAs were downregulated and the
rest were upregulated in HCPT-resistant gastric cancer cells
(Table 1). These results indicated that these 25 miRNAs might
play important roles in intrinsic HCPT resistance. Hierarchi-
cal cluster analysis based on the expression patterns of these
25 miRNAs accurately separated the HCPT-sensitive cell line
from the HCPT-resistant cell lines (Figure 2B).

To validate the miRNA microarray results, 12 deregulated
miRNAs were randomly chosen for analysis by qRT-PCR.
These miRNAs were miR-196a, miR-365, miR-424, miR-99b,
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miR-98, miR-224, miR-338-3p, miR-141, miR-200a, miR-200b,
miR-372, and miR-373. The qRT-PCR results confirmed the
miRNA microarray results (Figure 3). MiR-196a, miR-365,
miR-424, miR-99b, and miR-98 were expressed in both the
HCPT-sensitive cell lines and the HCPT-resistant cell lines.
Cells with higher expression levels of miR-196a, miR-365, miR-
424, and miR-98 or lower levels of miR-99b were less sensitive
to HCPT. MiR-224 and miR-338-3p were only expressed in
HCPT-resistant cells, and miR-141, miR-200a, miR-200b, miR-
372, and miR-373 were only expressed in HCPT-sensitive cells.
These results indicated that the sensitivity to HCPT of human
gastric cancer cell lines may be interfered by the intrinsic
expression levels of miRNAs.
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expressions of which correlated with
HCPT sensitivity.

Identification of mMRNA expression profiles in HCPT-resistant
versus HCPT-sensitive gastric cancer cell lines

To explore the impact of gene expression on HCPT sensitiv-
ity, we further studied the mRNA expression patterns of
these human gastric cancer cell lines using the Affymetrix
HG-U133+PM Array Plate. In total, 307 genes were identified
as differentially expressed between the HCPT-resistant cell
lines and the HCPT-sensitive cell lines. The six cell lines clus-
tered into different groups based on the expression profiles of
the 307 genes (Figure 4A). Among these genes, 33 had been
reported to be involved in cancer development, cell progres-
sion and/or chemoresponse (Figure 4B). Some of the genes
are apoptosis-related genes (BAX, TIAL1, TPD52L1, BAG, SP3,



Table 1. miRNAs correlated to intrinsic HCPT resistance in gastric cancer
cells.

. Regulation .
miRNA ) . Chromosome location
in resistant cells

miR-132 Up 17p13.3

miR-224 Up Xq28

miR-338-3p Up 17925.3

miR-452 Up Xq28

miR-141 Down 12p13.31
miR-200a Down 1p36.33
miR-200b Down 1p36.33
miR-200¢c Down 12p13.31
miR-371-3p Down 19913.41
miR-371-5p Down 19q13.41
miR-372 Down 19q13.41
miR-373 Down 19q13.41
miR-429 Down 1p36.33

let-7g Up 3p21.1

miR-126 Up 9q34.3

miR-196a Up 17921.32 129q13.13
miR-196b Up 7p15.2

miR-19b Up 13g31.3 Xq26.2
miR-27a Up 19p13.12

miR-31 Down 9p21.3

miR-365 Up 16p13.12 17q11.2
miR-424 Up Xq26.3

miR-7 Down 9¢21.32 15026.1 19p13.3
miR-98 Up Xp11.22

miR-99b Down 19913.33

RPS27L, PLSCR3, TP53INP1, etc), cell division-related genes
(MCM2, efc), cell adhesion/migration-related genes (TIMP2,
VSNL1, FUTS, TBX3, etc) and checkpoint genes (RAD], efc).

To validate the microarray data, nine differentially
expressed genes were randomly chosen for qRT-PCR. The
results showed that these genes were differentially expressed
between different cell lines (Figure 5). Gene ontology and
pathway enrichment analysis of these 307 genes demonstrated
that two significant pathways (P<0.05) were involved: the iri-
notecan pathway and the IL-3 pathway. The irinotecan path-
way is very important for the biotransformation of CPTs, and
the IL-3 pathway is related to the proliferation and differentia-
tion of hematopoietic cells. In addition, we examined the focal
adhesion pathway and the cell cycle pathway and achieved a
P-value of 0.1.

Integrated analysis of deregulated miRNAs and mRNAs

MiRNAs modulate gene expression through inducing mRNA
degradation or translational repression, or both. Therefore,
we further performed an integrated analysis of miRNA
and mRNA expression patterns in the six gastric cancer cell
lines. The target genes of the 25 deregulated miRNAs were
predicted using the intersections of PicTar and TargetScanS
in miRgen (http://www.diana.pcbi.upenn.edu/cgi-bin/
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Table 2. The miRNA-mRNA regulation pairs.

Regulation miRNA Target genes
in resistant cells

miRNA up-target down let-7g BTG2, VSNL1, MAP4K4, SLC35D2,

CHD7, FRAS1, EPHA4, PGM2L1

has-mir-19b  ADD3, EFNB2, STRN3, GAD1,
SPHK2, VPS37B, TP53INP1,
PGM2L1, BMPR2

has-mir-132 BTG2, SOX2

has-mir-224  SOCS2, JAG1, AMIGO2

has-mir-338 HIATL1

has-mir-365 ADD3, KALRN

has-mir-424  ACTR1A, PSME3, BTG2, EFNB2,
PDLIM5, PTPN3, SLC12A2, EPHA1,
PIK3R1, ATF7IP2, SEH1L, AXIN2,
WDR22, KALRN, PGM2L1

has-mir-452 EIF2S1

has-mir-98 BTG2, VSNL1, MAP4K4, SLC35D2,
CHD7, FRAS1, EPHA4,PGM2L1

miRNA down-target up has-mir-200a OLFM1

has-mir-200b MITF, GABARAPL2, SLC38A2,
FBXL16, NOG

has-mir-200c MITF, GABARAPL2, SLC38A2,
FBXL16, NOG

has-mir-141  OLFM1, GLRX, GABARAPL2,
HOXA11, BCOR

has-mir-429  MITF, PCTK1, GABARAPL2,
SLC38A2, FBXL16, NOG, SP3

has-mir-7 SLC38A2

has-mir-31 0SBP2

has-mir-372 SMAD2, SUV39H1

has-mir-373 SMAD2, SUV39H1

miRGen) to reduce the chance of false positives. For each
deregulated miRNA, 13 to 600 target genes were predicted.
As was expected, many known chemoresistant targets were
found among the candidates, including CDKN1B (p27),
ANXAT1 (p35), PDCD4, UGT1A1, TOP1, CYP3A4, ABCG2
(BCRP), CHEK1, TDP1, BCL-2, and SUMO1. The path-
ways of these predicted target genes were enriched using
GenMAPP 2. We also identified 47 biological pathways (per-
muted P-value<0.05), including classical cancer-related path-
ways (EGFR1, Wnt signaling, MAPK signaling, C-kit receptor,
focal adhesion pathways, etc); drug metabolism-associated
pathways (cytochrome P450, etc) and cell apoptosis-related
pathways (S1P signaling pathway, etc). Fifty percent of these
47 biological pathways had been reported to be implicated in
carcinogenesis or chemoresponse (Figure 6A). Moreover, the
gene ontology terms of these target genes included cell cycle,
cell proliferation, G1/S transition of the mitotic cell cycle,
negative regulation of programmed cell death, cell adhesion,
positive regulation of cell motility, cell-matrix adhesion and
regulation of DNA repair (Figure 6B). These results indicated
that the cells were not sensitive to HCPT partially due to their
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Figure 3. Validation of the differentially expressed miRNAs by real-time PCR. As described in the Materials and Methods, real-time PCR was performed
in triplicate, and the relative expression levels of different miRNAs were calculated based on U6 RNA levels and multiplied by 10°. MiR-196a, -365,
-424, -98, -338, and -224 were markedly upregulated in the resistant cells, but not in the sensitive cells, while miR-99b, -141, -200a, -200b, -372, and

-373 were markedly downregulated.

increased proliferation, anti-apoptosis and/or migration abili-
ties.

Finally, we deciphered the relationship between the deregu-
lated miRNAs and the mRNAs. Among the 307 differentially
expressed mRNAs, 50 genes are the predicted targets of the
25 differential miRNAs, forming 78 relation pairs (Table 2).
These 50 genes included tumor suppressors, protein kinases,
helicases, histone methyltransferases, transcription factors
and proteasome-related proteins. The tumor suppressor gene
BTG2, which inhibits proliferation and promotes the apoptosis
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of gastric cancer cells, was targeted by the highly-expressed
miRNAs let-7g, miR-98, and miR-132 in HCPT-resistant cells.
Another tumor suppressor gene VSNL1, which inhibits cell
migration, was also targeted by let-7g and miR-98. TP53INP1,
which promotes TP53 phosphorylation on “Ser-46” and sub-
sequent apoptosis, was predicted to be a target of miR-19b,
an upregulated miRNA in HCPT-resistant cells. In addition,
we found the components of cancer-related pathways such
as SMAD?2 and PIK3R1 in the relation pairs. Our systematic
analysis revealed that approximately 1.3% of the predicted
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Figure 5. Validation of nine differentially expressed mRNAs. We performed quantitative real-time PCR in triplicate, as described in the Materials and
methods, and the relative expression levels of the different mRNAs were calculated based on GAPDH levels and multiplied by 102.

miRNA targets formed the reciprocal “up-down” or “down-
up” expression relationships with miRNAs. On the one hand,
miRNAs modulate gene expression through both mRNA deg-
radation and translational repression mechanisms, and on the
other hand, miRNA-mRNA regulatory networks are highly
complex.

Discussion

Cancer drug resistance can be classified into acquired and
intrinsic resistance. Acquired drug resistance is induced dur-
ing the process of drug treatment, while intrinsic resistance is
the inherent characterization of the original cells before drug
treatment. For studying acquired resistance, drug-induced
resistant cell lines are used as a model, and the acquired resis-
tance mechanism is determined by comparing the characteriza-
tion before and after drug treatment. However, for studying
intrinsic resistance, untreated original cells are usually used
for drug sensitivity assays, and these results indicate the origi-
nal cell’s drug response and give indications for clinical drug
treatment. Previous studies of cancer drug resistance have
mainly focused on DNA, mRNA and protein levels, includ-
ing mutations, copy number variations, epigenetic changes
at the DNA level and deregulation at the mRNA and protein
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levels®. Different cells appear to achieve the same end result
by modulating a definitive number of genes through different
mechanisms'”. Among these mechanisms, miRNA is a newly
identified mechanism, and this field is potentially promis-
ing. The NCI-60s, a panel of 60 diverse human cancer cell
lines established by the National Cancer Institute, have been
profiled for their miRNA expression®. Using the expression
data of the NCI-60 and their corresponding drug sensitivities,
miRNA profiles were developed to represent the sensitivities
to individual chemotherapeutic agents'™. However, gastric
cancer cell lines were not included in the NCI-60. Therefore,
in this study, we examined the role of miRNAs in the intrinsic
drug resistance of gastric cancer cell lines. Our results will
benefit both the understanding of drug resistance mechanisms
and the prediction of clinical drug responses.

First, to explore this new field, we examined the miRNA
expression profiles of six gastric cancer cell lines. We identi-
fied 25 deregulated miRNAs, and the results were confirmed
by qRT-PCR. The miRNA expression pattern was efficient to
separate the six cell lines in terms of HCPT sensitivity. Inter-
estingly, some of the deregulated miRNAs were from the same
family, and they may produce synergistic effects in mediating
the resistant phenotype. Among the 12 downregulated miR-
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NAs, the miR-200 family was only expressed in the HCPT-
sensitive cell line AGS. The miR-200 family inhibits epithelial-
mesenchymal transition and cancer cell migration through the
direct targeting of E-cadherin transcriptional repressors ZEB1
and ZEB2®Y. In addition, the overexpression of miR-141 in
the gastric cancer cell lines was correlated with the inhibition
of cell proliferation”. MiR-7 inhibits the epidermal growth
factor receptor and the Akt pathway in cancer cell lines (lung,
breast, and glioblastoma), inducing cell cycle arrest and cell
death™ !,
shown to be downregulated in gastric cancer tissues™!. We
predicted that the downregulation of these miRNAs could
promote cancer cell migration and cell proliferation, thus
impairing the HCPT-induced responses. Among the 13
upregulated miRNAs, miR-338 and miR-126 were identified

MiR-31 inhibits breast cancer metastasis and was
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as the signature miRNAs for predicting the survival of gastric
cancer patients™. MiR-98 and let-7g may play roles in both
the apoptotic and cell-proliferation pathways®!, and tumor-
suppressor gene FUSI is a target of miR-98”"). MiR-196a pro-
motes the oncogenic phenotype of colorectal cancer cells by
activating the AKT signaling pathway and promoting cancer
cell detachment, migration and invasion®. MiR-27a functions
as an oncogene in gastric adenocarcinoma by targeting an
anti-proliferative protein prohibitin®, and downregulation of
miR-27a could reverse the multidrug resistance of esophageal
cancer™. The upregulation of these miRNAs may strengthen
cell proliferation or reduce apoptosis and therefore render
cells insensitive to HCPT. Although no related reports have
indicated the involvement of the other deregulated miRNAs
in carcinogenesis and chemoresponses, we believe a detailed
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study on these miRNAs is warranted.

Gene ontology and pathway enrichment analysis based on
the 307 differentially expressed mRNAs revealed only two sig-
nificant pathways with P-values<0.05, including the irinotecan
pathway and the IL-3 pathway. In the irinotecan pathway, we
found that ABCG2 was downregulated in the HCPT-resistant
cell lines; this result was in agreement with a previous report
that the ABCG2 protein mediated drug efflux from resistant
cells and was directly involved in cellular resistance to SN38
(the active metabolite of irinotecan)®. We also found that
UGT1A10 and UGT1A6, which catalyze the glucuronida-
tion of SN-38, were only expressed in HCPT-sensitive cell
lines; this result disagreed with the putative view that SN-38
glucuronidation could lead to cellular resistance to irinotecans.
Therefore, these results indicated that the sensitivity of cells to
HCPT was affected by multiple factors that contribute simul-
taneously.

To study the involvement of miRNA-mediated regulation
of gene expression in HCPT resistance, we analyzed whether
the 307 genes were the predicted targets of the 25 deregulated
miRNAs, and finally, we found 50 genes and 78 relation pairs
between them. However, we could not examine the enriched
pathways of these 50 genes to analyze them individually.
Some of these genes are tumor suppressor genes involved
in regulating cancer cell proliferation or apoptosis. Because
miRNAs are predicted to target multiple unrelated genes that
are not coexpressed and one target gene is predicted to be
targeted by multiple miRNAs, it is not surprising that miRNA
expression levels do not tend to be strongly correlated with
particular target transcripts. This phenomenon was also pre-
sented in Blower’s study on the NCI-60""",

This study was based on six gastric cancer cell lines, and
we gained some information for intrinsic drug resistance, but
more cell lines and clinical samples will need to be analyzed in
a future study.

Conclusions

Our study demonstrated that the intracellular levels of miR-
NAs may interfere the chemoresponses of gastric cancer cells
partially due to the regulation of cancer cell proliferation,
migration and cell death pathways. Hierarchical clustering
based on the expression patterns of 25 miRNAs showed that
cell groupings were generally consistent with HCPT sensitiv-
ity. The mRNA signature we observed was also informa-
tive for discriminating cell lines with different sensitivities
to HCPT. In addition, we found a slightly lower correlation
between the expression patterns of miRNAs and those of their
predicted target transcripts. Our study provides a resource
for integrated chemo-genomic studies aimed to elucidate the
molecular markers for personalized therapy and to under-
stand the mechanisms of HCPT resistance.
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GC-TOF/MS-based metabolomic profiling of estrogen
deficiency-induced obesity in ovariectomized rats

Bo MA™?7# Qi ZHANG?*, Guang-ji WANG" *, Ji-ye A> *, Di WU?, Ying LIU? Bei CAO?, Lin-sheng LIUY, Ying-ying HU?,
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of China; 2Nanjing Sino-US Cancer Research Center, School of Pharmaceutical Sciences, Nanjing University of Technology, Nanjing
210009, China; ®Division of Clinical Pharmacology and Therapeutics, The Children’s Hospital of Philadelphia; Kinetic Modeling and
Simulation Core, Institute of Translational Medicine and Therapeutics, University of Pennsylvania, Philadelphia, PA 19104, USA

Aim: To explore the alteration of endogenous metabolites and identify potential biomarkers using metabolomic profiling with gas chro-
matography coupled a time-of-flight mass analyzer (GC/TOF-MS) in a rat model of estrogen-deficiency-induced obesity.

Methods: Twelve female Sprague-Dawley rats six month of age were either sham-operated or ovariectomized (OVX). Rat blood was col-
lected, and serum was analyzed for biomarkers using standard colorimetric methods with commercial assay kits and a metabolomic
approach with GC/TOF-MS. The data were analyzed using multivariate statistical techniques.

Results: A high body weight and body mass index inversely correlated with serum estradiol (E2) in the OVX rats compared to the sham
rats. Estrogen deficiency also significantly increased serum total cholesterol, triglycerides, and low-density lipoprotein cholesterol.
Utilizing GC/TOF-MS-based metabolomic analysis and the partial least-squares discriminant analysis, the OVX samples were dis-
criminated from the shams. Elevated levels of cholesterol, glycerol, glucose, arachidonic acid, glutamic acid, glycine, and cystine and
reduced alanine levels were observed. Serum glucose metabolism, energy metabolism, lipid metabolism, and amino acid metabolism
were involved in estrogen-deficiency-induced obesity in OVX rats.

Conclusion: The series of potential biomarkers identified in the present study provided fingerprints of rat metabolomic changes during
obesity and an overview of multiple metabolic pathways during the progression of obesity involving glucose metabolism, lipid metabo-
lism, and amino acid metabolism.

Keywords: metabolomics; obesity; gas chromatography coupled a time-of-flight mass analyzer; estrogen deficiency
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Introduction
Obesity is a medical condition in which excess body fat has

enous estrogen remains unclear. Similar to leptin, estrogens

regulate body weight and energy metabolism!™. Moreover,

accumulated to such an extent™ that it becomes linked to

several common diseases, including insulin resistance?,

ovariectomy-induced adiposity is associated with decreased
energy expenditure, adipose tissue expansion, and hepatic

(4] (5-8],

. . 3 .
cardiovascular diseasel®, stroke!, and certain cancers

Apart from the genetic, environmental, and nutritional fac-
tors involved in the occurrence of obesity, endogenous

estrogens play an important role in the regulation of body

[9, 10]

weight and obesity The decrease in estrogen levels

experienced by women after menopause could be associated

with an increased risk of obesity and a series of devastating

[11, 12]

diseases . The relationship between obesity and endog-
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steatosis". Estrogen receptors alpha and beta play essential
roles in controlling the energy metabolism pathways, body fat
distribution, and normal body weight.

Estrogen replacement therapy (ERT), the medical adminis-
tration of estrogen, prevents obesity and estrogen-deficiency-
induced complications"> . In addition, estrogen has favor-
able effects on the lipid profile, significantly increasing high-
density lipoprotein cholesterol (HDL-C) and reducing low-
density lipoprotein cholesterol (LDL-C). ERT helps to relieve
the cardiovascular diseases caused by obesity by decreasing
cardiac mortality, improving endothelial function, and
reducing LDL accumulation!” ¥, However, the safety of ERT
is controversial, although appropriate amounts of estrogen



moderate estrogen-deficiency-induced obesity in postmeno-
pausal women. The extensive use of estrogens results in a

[19]

significant increase in the incidence of breast cancer™' and

ovarian cancer®”

in postmenopausal women. In addition, an
increased risk of deep vein thrombosis (DVT)*! and dementia
has been reported when estrogen alone is used in postmeno-
pausal women aged 65 years or older based on data from the
Women'’s Health Initiative (WHI)"*?.. Therefore, an under-
standing of the comprehensive metabolic disorders and meta-
bolic syndromes of estrogen-deficiency-induced obesity has
become a topic of interest.

Metabonomics/metabolomics is defined as “the quantitative
measurement of the dynamic multiparametric responses of a
living system to pathophysiological stimuli or genetic modi-
fication” .
alterations in the levels of endogenous metabolites in response

It is a novel “-omics” discipline that monitors

to biological stimuli using modern spectroscopic techniques

and statistical approaches.

Compared with genomics,
transcriptomics, and proteomics, metabolomics profiling can
provide a holistic overview and time-dependent snapshots of
the physiologic process of endogenous metabolites in cells,
tissues, organs, or organisms™. As such, metabolomics has
been comprehensively applied in physiology, disease, and
toxicology research fields™.
(NMR) spectroscopy'™, liquid chromatography coupled mass

spectrometry (LC-MS)™, gas chromatography coupled mass

Nuclear magnetic resonance

spectrometry (GC-MS)™, and Fourier transform mass spec-
trometry™ have been successfully used to obtain metabolomic
data. GC coupled to a time-of-flight mass analyzer (GC-TOF/
MS) provides an improvement over conventional GC-MS
analysis due to its high scan rates and the availability of math-
ematic algorithms to deconvolute closely overlapping peaks.
Recent metabolomic approaches utilizing GC-TOF/MS for
high-throughput analysis have been successfully applied to
the study of hypertension®, hyperlipemia®®, colon carcinoma,

[33]

and professional athletes™™ in serum or urine from rat and

humans®™

. Therefore, for accuracy and thoroughness, a GC/
TOF-MS-based metabolomics approach was implemented to
study the biochemical changes in the serum of estrogen-defi-
ciency-induced obesity in female rats in our study. A bilateral
ovariectomy was applied to induce estrogen deficiency in
female rats. A GC/TOF-MS spectrogram of rat serum was
analyzed using a multivariate statistical analysis (MVSA) to
differentiate the stages of obesity in OVX rats. The alterations
of endogenous metabolites were examined under the condi-

tions of estrogen-deficiency-induced obesity.

Materials and methods

Chemicals and reagents

Myristic—1,2-l3C2 acid, 99 atom %'"°C was used as an internal

standard (IS). Methoxyamine hydrochloride (purity 98%),

alkane standard solution (C8-C40), and pyridine (>99.8% GC

grade) were purchased from Sigma-Aldrich Corporation (St

Louis, MO, USA).
N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) plus

1% trimethyl chlorosilane (TMCS) were obtained from Fluka

www.chinaphar.com
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(Buchs, Switzerland). Methanol (Merck, Darmstadt, Germany)
and n-heptane (Tedia, Fairfield, OH, USA) were of high pres-
sure liquid chromatography (HPLC) grade.

Purified water was produced by a Milli-Q system (Millipore,
Milford, MA, USA). Kits for total cholesterol (TC), triglyc-
eride (TG), HDL-C and LDL-C were obtained from Nanjing
Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China).
An ELISA kit for estradiol (E2) was purchased from R&D Sys-
tems (Minneapolis, MN, USA).

Animals, surgery and sample preparation

Twelve virgin specific pathogen-free Sprague-Dawley female
rats (6 months old, body weight 250+10.0 g) were obtained
from the Animal Center of Nanjing Medical University. Rats
were housed under controlled conditions (room temperature
2241°C) with standard solid food and water provided ad libi-
tum during the experiment. This study was reviewed and
approved by the Animal Ethical Committee of China Pharma-
ceutical University.

Bilateral ovariectomy (OVX, n=6) or sham operations (sham,
n=6) were performed after a seven-day acclimatization. A
bilateral (left and right) incision (1-2 cm) that included the
skin, muscle, and peritoneum was performed 2 cm below the
last rib, and the left and right ovaries were extirpated. For the
sham operation, only a small amount of fat around each ovary
was extirpated. The rats were provided with standard solid
food and deionized water following surgery. Body weights
and body mass indexes™ (BMI, a measurement comparing
weight and the height squared) of rats were measured weekly
and blood samples were collected on day 0 prior to the opera-
tion and at the 3rd and 6th week after bilateral ovariectomy.
Serum was immediately separated by centrifugation at 2000xg
for 10 min at 4 °C after whole blood was placed for 20 min, and
was aliquoted into two parts. One aliquot was used to assay
the levels of serum E2 by ELISA and TC, TG, HDL-C, and
LDL-C using standard colorimetric methods with commercial
kits. The other aliquot was used for GC/TOF-MS analysis.
All samples were stored at -80 °C until analysis. All rats were
weighed, anesthetized, and bled from the carotid arteries at
the end of the experiments 6 weeks post-surgery. Uterine tis-
sues were removed and weighed, and uterus indexes were
calculated by dividing the uterus weight by the body weight.

Sample preparation for GC-TOF/MS analysis

Two hundred microliters of methanol containing the internal
standard myristic-1,2-"°C, acid (12.5 pg/mL) was added to
deproteinize a 50-pL serum sample. After vortex mixing for 5
min and centrifugation at 20000xg for 10 min at 4 °C, 100 pL
of supernatant was injected directly into a GC vial and then
evaporated to dryness under vacuum. Subsequently, 30 pL of
methoxyamine in pyridine (15 mg/mL) was added to the resi-
due and vortexed for 2 min. A methoximation reaction was
performed at room temperature for 16 h before trimethylsily-
lation was performed by the addition of 30 pL MSTFA with
1% TMCS as catalyst for 1 h. Finally, the solution was vor-
texed for 30 s after methyl myristate in heptane (30 pg/mL),
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the external standard, was added to a GC vial for GC-TOF/

[33-35]

MS analysis

GC-TOF/MS analysis

An Agilent 6980 GC was equipped with an Agilent 7683 Series
autosampler (Agilent, Atlanta, GA). Chromatographic sepa-
ration was performed on a fused-silica capillary column (10
mx0.18 mm ID) chemically bonded with a 0.18 pum DB5-MS
stationary phase (J&W Scientific, Folsom, CA, USA). Mass
spectra were obtained using a Pegasus III TOF/MS (Leco).
The injector temperature and the constant flow rate of carrier
gas were controlled at 250 °C at a rate of 1 mL/min with the
following parameters: a gradient temperature programming
of 70 °C (2.0 min), 70-310 °C linear (35 °C/min), 310 °C (2.0
min); a purge time and flow rate of 60 s at 20 mL/min for 1
min; transfer line temperature and ion source temperature set
at 250 °C and 200 °C, respectively; ion source voltage and cur-
rent of 70 eV and 3.0 mA. The mass spectrometric data were
acquired in scan mode over a range of m/z 50-800 at a rate of
20 spectra/s, and the acceleration voltage was turned on at
-1650 V with a solvent delay of 170 s.

Data analysis

Automatic peak detection and calculation of the peak area of
specific compounds and IS were analyzed by ChromaTOF
2.00 software (Leco). Peaks with signal-to-noise (S/N) ratios
lower than 30 were rejected™. The retention index for each
peak or compound was obtained by comparing its retention
time against those of the alkane series (C8-C40). Identification
of all of the compounds was performed by comparing their
mass spectra and retention indexes with the authentic refer-
ence standards and the standards listed in the NIST 2.0 (2005),
the Wiley library, and the in-house mass spectra library data-
base established in the Key Laboratory of Drug Metabolism
and Pharmacokinetics at China Pharmaceutical University.
In addition, potential metabolites were searched using the
Human Metabolome Database (http://www.hmdb.ca).

Multivariate statistical analysis (MVSA) was performed
using SIMCA-P 11 software (Umetrics, Umea®, Sweden). The
data matrix was constructed by GC-TOF/MS responses of
each peak as variables with the sample names/IDs as observa-
tions in columns and each of the peaks in rows. Subsequently,
a principal component analysis (PCA) and a partial least-
squares-discriminant analysis (PLS-DA) were used to process
the acquired data from the GC-TOF/MS analysis™.

All data are expressed as means+SD, and statistical analyses
were performed using Student’s t-test for independent two-
sample and one-way ANOVA for the comparison of multiple
means. P<0.05 indicated statistical significance.

Results

Body weight, body mass, and uterine index

Body weight, BMI, and the uterine index were determined;
the results are listed in Figure 1A-1C). A significant increase
(P<0.05) in body weight from the third week post-operation
was observed in the OVX group (Figure 1A). Body weight
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Figure 1. Body weight, body mass index, and uterus index from OVX and
the sham rats. (A) Body weight of the rats was recorded weekly during the
experiment. (B) Body mass index observed in the pre-surgery and weeks
3 and 6 post-surgery groups. (C) Uterus index. Values with a superscript
are significantly different from the sham group (°P<0.05, °P<0.01).

was significantly elevated (P<0.001) in the OVX group com-
pared to the sham group in the 4th, 5th, and 6th weeks after
surgery. In addition, BMI was significantly increased in the
OVX group in the 3rd (P<0.05) and 6th (P<0.001) weeks com-
pared to the sham group (Figure 1B). Week 6 post-operation,
the level of the uterine index was significantly lower (P<0.001)
than those in the sham group (Figure 1C).

Serum biochemical analysis

As shown in Table 1, serum TC levels in the OVX group in
weeks 3 and 6 increased significantly after surgery compared
to the sham group (P<0.05 and P<0.01, respectively). Com-
pared with pre-surgery levels, serum TC (P<0.001) and TG
(P<0.05 and P<0.001, respectively) levels were significantly
increased in weeks 3 and 6 post-bilateral OVX. Similar to TC
and TG, serum LDL-C levels in the OVX group in week 6 post-
operation were significantly elevated (P<0.001) compared to
the sham group and the OVX group prior to surgery. In addi-
tion, HDL-C levels in the OVX group observed at weeks 3 and
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Table 1. Serum biochemical parameters from the sham group and the OVX group prior to and week 3 and 6 post bilateral ovariectomy. The values
represent the means+SD. n=6. "P<0.05, °P<0.01 vs Sham; ®P<0.05, P<0.01 vs the OVX group prior to surgery.

Parameter Group
Sham OvX
Pre-surgery Week 3 postsurgey  Week 6 postsurgey Pre-surgery Week 3 postsurgey Week 6 postsurgey
TC (mmol/L) 1.48+0.207 1.59+0.252 1.59+0.296 1.51£0.222 2.38+0.347¢ 3.09+0.460%
TG (mmol/L) 1.06+0.240 1.08+0.232 1.21+0.159 1.02+0.130 1.3940.162" 1.59+0.216"
HDL-C (mmol/L) 0.85+0.275 0.931+0.227 0.95+0.217 0.86+0.248 0.86+0.190 0.794£0.176
LDL-C (mmol/L) 1.06+0.237 1.14+0.219 1.08+0.230 1.07+£0.279 1.34+0.262 2.15+0.499"
E2 (pg/mL) 40.21+10.27 39.3249.47 38.77+8.32 37.88+8.75 10.72+4.51° 8.65+3.21°

6 post-surgery were slightly reduced but showed no statistical
difference compared with the OVX group prior to surgery or
with the sham group.

Metabolomic analysis of plasma samples in rats with estrogen-
deficiency-induced obesity

The total ion current chromatograms produced by GC-TOF/
MS analysis are shown in Figure 2. More than 110 com-
pounds, including amino acids, organic acids, saccharides, and
fatty acids, were identified in the metabolomic profiling. In
our experiment, the relative standard deviations of the internal
standard and the external standard samples were 4.38% and
3.47%, respectively.

PLS-DA was performed on the acquired metabolomic data-
set. The PLS-DA score plot for the whole data set categorized
serum samples into pre-surgery and weeks 3 and 6 post-sur-
gery in the OVX group (Figure 3A). All of the serum samples
in the metabolomic profile of the OVX group (pre-surgery
and weeks 3 and 6) were calculated using PLS-DA. Subse-
quently, a PLS-DA model of two principal components could
explain 59.8% of the GC-TOF/MS response variables and pre-
dict 72.5% and explain 95.3% according to R*X, R*Y, and QY
parameters (R’X is the percentage of all GC/ TOF-MS response
variables explained by the model. R?Y is the percentage of all
observation or sample variables explained by the model. QY
is the percentage of all observation or sample variables pre-
dicted by the model™)). The scores are plotted in Figure 3A,
in which the x-axis and y-axis are labeled PC1 (the first prin-

cipal component) and PC2 (the second principal component),
respectively. Time-dependent changes of the scores plot in the
serum metabolomic profile are obvious in the 2D plane graph.
The scores plot shows the samples from rats prior to surgery
clustered in the right area of the plot. However, the samples
from rats 3 weeks post-surgery are gathered in the top left
quadrant of the plot. The samples from rats in week 6 are in
the bottom left quadrant of the plot. Our analysis indicated
that the stages of estrogen-deficiency-induced obesity could be
differentiated clearly between pre-surgery and weeks 3 and 6
post-surgery. Fold changes of endogenous metabolites were
further studied by the loadings plot (not shown); the results
are shown in Table 2. Cholesterol, glycerol, octadecadienoic
acid, 3-hydroxy-butanoic acid, glucose, isoleucine, valine, leu-
cine, and glycine were notably increased in plasma at weeks 3
and 6 post-surgery compared to levels in rats prior to surgery,
and glyceraldehyde 3-phosphate, alanine, and arabinofura-
nose were significantly decreased at weeks 3 and 6 after sur-
gery.

Likewise, a two principal components PLS-DA model was
performed between the sham group and the OVX group at
week 6 post-surgery. Figure 3B shows the metabolomic move-
ment of both the sham and the OVX groups 6 weeks after
bilateral OVX, which could be classified clearly with R*X:
51.2%, R?Y: 99.9%, and Q°Y: 90.7%. In addition, estrogen-defi-
ciency-related modifications of metabolites at different time
points are listed in Table 2. The results suggested that estro-
gen-deficiency-induced obesity greatly affects endogenous

15
3.5x10°
— AIC .
Figure 2. GC-TOF/MS chromatograph of
3x10° .
2 a serum sample obtained from a sham-
2 5x10°- operated rat. 1, Alanine; 2, Lactic acid; 3,
B-Hydroxybutyric acid; 4, Valine; 5, Leucine;
2x10°4 4 s 6, Glycerol; 7, Phosphoric acid; 8, Glycine; 9,
! Isoleucine; 10, Cysteine; 11, Glyceraldehyde
1.5x10°% 16 19 3-phosphate; 12, Creatinine; 13, Glutamic acid;
1 14, Glutamine; 15, Glucose; 16, Hexadecanoic
1x10°1 20 21 22 acid; 17, Uric acid; 18, Oleic acid; 19,
: x > > , : ' l_ . Octadecadienoic acid; 20, Octadecanoic acid;
200 250 300 350 400 450 500 550 600 21, Arachidonic acid; 22, Cholesterol.
Time (s)
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Table 2. Fold changes of endogenous metabolites detected by GC/TOF-MS. The values represent the means+SD. n=6.

¢P<0.05, 'P<0.01 vs in the OVX group prior to surgery.

°P<0.05, °P<0.01 vs Sham;

Metabolites Retention Biological role Fold change
index A B C
Cholesterol 3170.2 Biomarker of hyperlipidemia 2.10° 2.77° 2.45f
Glycerol 1290.6 An important component of triglycerides and of phospholipids, 1.67¢ 2.02° 1.34f
Galactose metabolism
Octadecadienoic acid 2216.4 An essential fatty acid 2.02° 2.02° 1.65
Arachidonic acid 2375.2 Precursor of prostaglandins, thromboxanes, and leukotrienes 1.49° 1.47° 1.25'
Oleic acid 2215.3 Saturated fatty acids 2.78° 2.33° 1.83f
Glucose 1935.6 Primary source of energy 1.53° 1.24>  1.27°
Glyceraldehyde-3-phosphate 1547.4 An important metabolic intermediate in both glycolysis and 0.57° 0.55°  0.84°
gluconeogenesis
3-Hydroxy-butanoic acid 1172.8 Ketone body, fatty acid biosynthesis 6.38° 5.14° 2.73f
Alanine 1107.5 An important participant and regulator in glucose metabolism 0.89 0.10° 0.06'
Isoleucine 1305.8 Essential amino acids, stress, energy and muscle metabolism 3.96° 4,99° 2.20'
Valine 1230.8 1.84° 2.05° 156
Leucine 1285.2 1.43° 1.87¢ 1.75'
Glycine 1347.6 y-glutamyl cycle 1.46° 1.67°  1.40°
Glutamic acid 1633.5 A key molecule in cellular metabolism, y-glutamyl cycle 1.12 1.40° 1.46°

A: Ratio of abundance of endogenous metabolites in serum samples between the week 3 post operation to pre-surgery in OVX group
B: Ratio of abundance of endogenous metabolites in serum samples between the week 6 after operation to pre-surgery in OVX group
C: Ratio of abundance of endogenous metabolites in serum samples between the OVX to the sham group at week 6.
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Figure 3. PLS-DA score plots of serum samples. (A) PLS-DA score plots of OVX rats over the whole experiment (pre-surgery, weeks 3 and 6 post-
surgery). (B) PLS-DA score plots of OVX rats and sham rats at 6 weeks post-surgery. The x-axis and y-axis are labeled as PC1 (the first principal
component) and PC2 (the second principal component), respectively. One data point stands for one subject: m, OVX rats prior to surgery; o, OVX rats at
week 6 post-surgery; e, sham rats at week 6 post-surgery; A, OVX rats at week 3 post-surgery.

metabolite levels compared to the sham group, including a
significant increase in the levels of cholesterol, octadecadienoic
acid, arachidonic acid, 3-hydroxy-butanoic acid, glutamic acid,
glucose, and glycerol and a significant decrease in the levels
of glyceraldehyde 3-phosphate, alanine, galactopyranose, and
arabinofuranose.

Discussion
Women now, on average, spend more than a third of their life
post-menopause. The decline of endogenous estrogen levels,
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together with physical inactivity, could account for obesity
post-menopause, which could lead to an increased risk of
cardiovascular diseases (eg, high blood pressure, high blood
cholesterol, and high triglyceride levels), diabetes, stroke, and
depression in postmenopausal women. Bilateral ovariectomy
is the gold standard widely used to simulate postmenopausal

7.3 - Our results showed that rat

obesity in female virgin rats
weight was significantly elevated in the OVX group compared
to the sham group. A higher BMI was observed in estrogen-

deficient rats beginning the third week post-surgery despite
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similar food consumption between the sham and OVX groups.
Body weight and BMI were negatively correlated with levels
of estradiol (E2), indicating that the rat model of estrogen-
deficiency-induced obesity was successfully established.

However, the mechanisms of increases in body weight and
fat content caused by estrogen deficiency remain unclear. It
is generally recognized that rapid decrease in E2 secretion
can bring about a hypothalamic-pituitary-ovarian (HPO) axis
imbalance, which affects insulin, adrenal cortical hormone,
growth hormone, and other hormone metabolism and leads
to in vivo glucose and lipid metabolism disorders. These dis-
orders are likely responsible for the pathogenesis of obesity
among postmenopausal women. In addition, significantly ele-
vated levels of TC, TG, and LDL-C and slightly reduced levels
of HDL-C in the OVX group caused by estrogen-deficiency-
induced obesity could indicate high risk for a series of compli-
cations.

Estrogen-deficiency-induced obesity is associated with fat
accumulation and excessive intake of energy that break down
the balance of energy metabolism (Figure 4). Fats are triesters
of glycerol and fatty acids. Using the metabolomic approach,
glycerol and fatty acid levels (eg, hexadecanoic acid, octa-
decadienoic acid, oleic acid, and arachidonic acid) were sig-
nificantly increased in rats with estrogen-deficiency-induced
obesity. We presumed that estrogen had a key modulator role
in lipid metabolism. Herrero et al reported that myocardial
fatty acid utilization was higher in women taking estrogens
compared to those not receiving estrogens, which might be
attributable to the regulation of B-oxidation of fatty acids®™.
It has been reported that mRNA expression and the activity
of enzymes including medium-chain acyl coenzyme A dehy-

Glucose
N

drogenase and acetyl CoA oxidase, enzymes with fatty acid
B-oxidation, are reduced under estrogen deficiency™’. There-
fore, fatty acid levels may be increased because the estrogen
deficiency interferes with the p-oxidation of fatty acids and
leads to a reduced decomposition rate of fatty acids. Linoleic
acid and essential fatty acids cannot be synthesized by humans
and other animals and are only supplied from food compo-
nents. In our research, linoleic acid was increased 1.4-fold and
1.2-fold compared to pre-surgery levels and to the sham group
in the 6th week, respectively. Increased levels of fatty acids
might be due to reduced B-oxidation of fatty acids. More-
over, levels of arachidonic acid, a precursor of prostaglandins,
thromboxanes, and leukotrienes were elevated in the OVX
rats, and arachidonic acid was biosynthesized by linoleic acid
catalyzed by a series of enzymes. Therefore, estrogen defi-
ciency might cause a lower rate of -oxidation of fatty acids
and greater biosynthesis of fatty acids. Furthermore, elevated
levels of serum glycerol in OVX rats compared to sham rats
might be a consequence of self-regulation because obese rats
have higher basal lipolytic rates than normal subjects*!l.
Likewise, glycolysis is regulated by estrogen and estrogen
receptors. Furman et al observed that estrogens stimulated the
glycolysis process in MCF-7 cells, which could be inhibited by
tamoxifen (TAM)"*?. Using metabolomic analysis, the levels
of glyceraldehyde 3-phosphate and alanine were significantly
decreased in rats with estrogen deficiency. Glyceraldehyde
3-phosphate, an important metabolic intermediate in glyco-
lysis, is bio-synthesized by phosphoglycerate kinase, which
catalyzes the conversion of 1,3-bisphosphoglycerate into glyc-
eraldehyde 3-phosphate, which is the first step of ATP produc-
tion in glycolysis. A decrease in glyceraldehyde 3-phosphate
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suggests that estrogen has an adjustment effect in glycolysis,
and an estrogen deficiency could interfere with this process.
Similar to glyceraldehyde 3-phosphate, the lower alanine lev-
els found in rats with estrogen deficiency would be indirectly
correlated with the glycolysis process because disruption of
glycolysis leads to pyruvate insufficiency. Moreover, alanine
plays a key role in the glucose-alanine cycle between muscle
tissue and the liver; glycolysis in the muscle produces pyru-
vate, which is further converted to alanine. The results of
our study are also suggestive of a modified alanine-glucose
cycle. In addition, endogenous estrogen regulates skeletal
muscle mass in developing rats. Therefore, estrogen loss can
alter skeletal muscle recovery from disuse® *!. As a result,
decreased muscle function may also be a reason for the reduc-
tion of alanine biosynthesis.

Estrogens are involved in the regulation of not only fatty
acid metabolism and glycolysis but also the TCA cycle. The
activity of citrate synthase (CS) in skeletal muscle and cerebral
blood vessels is enhanced by estrogen therapy in OVX rats!*,
Raben et al found that B-hydroxyacyl-CoA dehydrogenase
(HADH) and CS levels were 20% lower in formerly obese
women!*l, Moreover, pyruvate dehydrogenase, aconitase, and

47 Therefore, more

ATP-synthase are regulated by estrogen
precursor acetyl-CoA may enter into the fatty acid, ketone
(eg, acetoacetate, 3-hydroxy-butanoic acid, and acetone), and
cholesterol biosynthesis processes as a result of the TCA cycle
being attenuated under estrogen deficiency. As a result of
the affected metabolic pathway, high levels of cholesterol and
fatty acids were observed in OVX rats, and a marked increase
in the levels of 3-hydroxy-butanoic acid was observed in rats
with bilateral ovariectomy-induced obesity. Furthermore, gly-
colysis, the TCA cycle, and insulin would decrease the levels
of blood glucose in contrast to gluconeogenesis (the generation
of glucose from non-carbohydrates), which could increase the
levels of blood glucose. In our study, the levels of blood glu-
cose were slightly elevated during obesity in OVX rats, which
might be connected with the subdued glycolysis and TCA
cycle caused by estrogen deficiency. Insulin resistance result-
ing from estrogen deficiency is a known risk factor for type 2
diabetes and leads to the high blood glucose levels observed.

Higher cholesterol levels were found in OVX rats compared
to sham rats by metabolomic analysis, which was in agree-
ment with the conventional measurements using commer-
cial kits. High blood cholesterol levels in postmenopausal
women are a biom arker of obesity due to ovarian hormone
deficiency. Mataumoto et al reported that the level of cho-
lesterol 7a-hydroxylase activity, a key enzyme in cholesterol
catabolism, was significantly reduced in the liver in OVX
rats®. Therefore, excessive acetyl-CoA is used for cholesterol
synthesis in OVX rats, but the rate of cholesterol degradation
is attenuated because of the decrease in 7a-hydroxylase activ-
ity. Obviously, the elevated levels of serum cholesterol were a
result of a combination of the above two factors.

The branched-chain aliphatic amino acids (BCAAs), includ-
ing isoleucine, valine, and leucine, are markedly increased
after estrogen deficiency. The BCAAs play important roles in
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protein synthesis, neurotransmitter synthesis, and branched-
chain fatty acid synthesis. They cannot be synthesized by the
animal itself and must be supplied by the diet. In our study
results, serum amino acid levels were elevated in obesity,
which is consistent with previous research!®=". She et al®?
reported that obesity may play a potential role in the regula-
tion of BCAA catabolism. They found that the activities of
the BCATm and BCKD enzyme complex, the key enzymes
in the first two steps of the BCAAs catabolic pathway, were
depressed in obese ob/ob mice and Zucker rats. Therefore, we
presumed that the alternations in BCAA metabolism may con-
tribute to increase in BCAAs in obesity. The y-glutamyl cycle
plays a key role in glutathione synthesis, and the transport
system for amino acids and glutamic acid, glycine, and cystine
take part in the y-glutamyl cycle. Higher glutamic acid, gly-
cine, and cystine levels in estrogen-deficiency-induced obesity
would influence the y-glutamyl cycle.

Conclusions

Metabolomic profiling with multivariate statistical analysis
combined with conventional measurement kit assays indicated
a progression of experimental obesity induced by estrogen
deficiency in rats. The series of potential biomarkers identified
provide fingerprints of rat metabolomic changes during obe-
sity and an overview of multiple metabolic pathways during
the progression of obesity that involves glucose metabolism,
lipid metabolism, and amino acid metabolism.
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