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Regulation of immune responses is
a complex process that involves
many signaling molecules in their spe-
cific interactions and interplays. For
instance, the leukocytic integrin CD11b/
CD18 plays a crucial role in leukocyte
infiltration, which is commonly found in
most inflammatory diseases.

The highly abundant integrin CD11b/
CD18 is a heterodimer of the a,, (CD11b)
and B, (CD18) subunits. CD11b/CD18
is located in the cell surface of circulat-
ing leukocytes and can undergo active
conformational change to mediate leu-
kocyte adhesion, migration and accu-
mulation at the sites of inflammation!!.
Current approaches for prevention of
leukocyte infiltration focus on inhibiting
the adhesion of leukocytic integrins to
their respective ligands. For example,
the specific integrin antibody M1/70
mAD blocks the binding of integrins
to ligands found on the vascular wall,
thereby reducing the infiltration of leu-
kocytes into the inflamed tissues (Figure
1) Despite the intensive research on
identifying potent inhibitors for CD11b/
CD18, such inhibitors had limited suc-
cess in treating inflammatory diseases
in humans. This may be because of the
large intracellular pool of CD11b/CD18
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that can be mobilized to leukocyte sur-
face and hinder the complete blockade
of CD11b/CD18 with specific antibod-
ies!, or because it is crucial to have
over 90% occupancy of active integrin
receptors by inhibitors for suppression
of leukocyte recruitment”. Moreover,
unexpected adverse effects of antibodies
against (3, integrins also prohibited the
use of such blocking agent in clinical tri-
als’®!. Recently, Maiguel and colleaguesm
reported a new approach that involves
the pharmacological activation, rather
than blockade of CD11b/CD18 by small
molecules, which has enlightened as
promising treatment strategy for inflam-
matory diseases.

Maiguel and colleagues™ successfully
identified several potent small-molecule
agonists (termed as leukadherins),
which specifically target and enhance
CD11b/CD18-dependent cell adhesion
to fibrinogen or inflamed endothelium,
leading to reduction of leukocyte migra-
tion and recruitment in both in vitro and
in vivo models (Figure 1). Their data
provide scientific insight that instead
of identification of blocking agents for
integrin, discovery of potent integrin
CD11b/CD18 agonists could also be
another effective strategy in reducing
leukocyte infiltration and subsequent
inflammation in humans. Through the
high-throughput screening (HTS) of a
chemical library (>100000 small mol-
ecules), three leukadherin compounds
were identified to target the ligand-

binding aA domain and allosterically
stabilize the active conformation of
CD11b/CD18. In addition, leukadherins
enhanced CD11b/CD18-dependent cell
adhesion and reduced leukocyte motil-
ity, which led to a substantial reduction
in leukocyte transendothelial migration
and recruitment into inflamed tissues.
Several clinically relevant diseases mod-
els such as thioglycolate-induced perito-
nitis mice model, arterial balloon injury
rat model and zebra-fish tailfin injury
model were adopted to demonstrate the
physiologically relevant settings for anti-
inflammatory effects of leukadherins,
The results suggest that leukadherins are
therapeutic lead compounds for future
optimization. Most importantly, a com-
parison between M1/70 mAb, a well-
characterized CD11b/CD18 antibody",
and one of these compounds revealed
that leukadherin shows better efficacy
and well preserves organ function upon
inflammatory injury. Collectively,
Maiguel’s data suggested that integrin-
specific, small-molecule agonists rep-
resent an effective pharmacological
approach for the treatment of inflamma-
tory and autoimmune diseases.

The phenotype of reduced migration
and recruitment of inflammatory cells
and cellular adhesion due to the increase
of constitutively active integrins was
firstly demonstrated in knock-in mice
expressing constitutively active mutants
of the integrins!®. However, it is not
known whether the activation of wild-
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Figure 1. Schematic showing integrin antagonists and agonists differ in their ability to reduce inflammatory disease.
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Integrin antagonists (central

panel), such as blocking mAbs, prevent leukocyte adhesion to the inflamed endothelium, thereby reducing leukocyte migration and tissue recruitment
as compared to the untreated situation (left panel). On the other hand, integrin agonists (such as leukadherins), promote the adhesion of leukocytes
and reduce their lateral and transendothelial migration, leading to an even greater decrease in the tissue recruitment of leukocytes. Thus, small-
molecule integrin agonists (such as leukadherins) represent an alternative strategy for modulating leukocyte recruitment and inflammatory diseases!™.
Reprinted with permission from AAAS: Science Signaling, copyright 2011.

type integrin receptors in normal ani-
mals could have a similar phenotype in
vivo and could reduce inflammation in
physiologically relevant disease models.
In this respect, Maiguel and colleagues
highlighted the use of chemical-bio-
logical approach in demonstrating the
endogenous, wild-type integrin protein
perturbed by a specific small-molecule
agonist, and provided an appropriate
channel to analyze the effects of integrin
activation on cellular functions in vivo.
On the other hand, treatment of integrin
agonists in vivo would increase adhesion
of inflammatory cells to the vascular
endothelium that may lead to vascular
damage and leakage. Although Maiguel
and colleagues found no systemic signs
of vascular injury or leakage from the
animals administrated with compounds
for more than 3 months, the bio-markers

for atherosclerosis can also be monitored
in animals treated with integrin agonists
for a longer treatment duration”. Now,
the identification of potent anti-inflam-
matory compounds has become a hot
topic in Chinese herbal drug research!”,
therefore, Chinese medicinal herbs may
serve as a potential source for the identi-
fication of novel integrin agonists in the
future.
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The cell cycle, which is precisely controlled by a number of regulators, including cyclins and cyclin-dependent kinases (CDKs), is crucial
for the life cycle of mammals. Cell cycle dysregulation is implicated in many diseases, including cancer. Recently, compelling evidence
has been found that microRNAs play important roles in the regulation of cell cycle progression by modulating the expression of cyclins,
CDKs and other cell cycle regulators. Herein, the recent findings on the regulation of the cell cycle by microRNAs are summarized, and
the potential implications of miRNAs in anti-cancer therapies are discussed.
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Introduction

The cell cycle, which is involved in many cellular processes
such as proliferation, development and differentiation, is a
crucial process in mammals. In a normal cell, the maintenance
of cell cycle fidelity is strictly controlled by surveillance pro-
teins, including cyclins and cyclin-dependent kinases (CDKs).
After receiving mitogenic signals, the cells exit from the G,
phase and enter the G, phase. Subsequently, cyclin D binds
to CDK4 and CDKG®, leading to the partial inactivation of Rb
family proteins. Inactivation of Rb proteins results in the tran-
scription of E2F1-related genes. Cyclin E1, which is encoded
by an early E2F1 responsive gene, then binds to CDK2 and
completely inactivates Rb protein, driving the cells to enter
the S phase. When the cells enter the S phase, cyclin A binds
to CDK2 and promotes the phosphorylation of many proteins
involved in DNA synthesis. Prophase is then initiated after
cyclin A binds to CDK1. At the end of interphase, breakdown
of the nuclear envelope leads to the interaction of cyclin B with
CDK1, which in turn allows the cells to undergo mitosis. In
addition to the positive regulation by cyclins/CDKs, the cell
cycle is also controlled by negative regulatory proteins, such as
CDK inhibitors, which mainly include two families: the INK4
and Cip/Kip families™. Additionally, cell cycle regulation is
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monitored by many checkpoints, such as the ATM/ATR path-
way?. As summarized above, proper progression through the
cell cycle is strictly monitored by various positive and negative
surveillance factors. Improper progression through the cell
cycle results in many diseases, including cancer. Indeed, the
disruption of normal cell cycle progression is a very important
event in the initiation and development of cancer. Cancer
cells often show genomic instability, which is usually caused
by cell cycle dysfunction and leads to unscheduled prolifera-
tion®, Moreover, genomic instability predisposes cancer cells
to acquire more genetic alterations, which contributes to a
more aggressive cancer phenotype. Thus, understanding cell
cycle dysregulation in cancers will facilitate the development
of improved and novel anti-cancer therapies.

MicroRNAs (miRNAs) are small, non-coding RNAs that
regulate gene expression mainly by binding to the 3’ untrans-
lated regions (3’-UTRs) of target genes!. After miRNAs bind
to a target gene, the target protein is down-regulated owing
to mRNA degradation or translation termination. Currently,
there are 1424 known human microRNAs, and it is predicted
that approximately 30% of human protein-coding genes are
regulated by miRNAsP!. In the past five years, compelling
studies have demonstrated that miRNAs are involved in
many physiological and pathological processes, such as can-
cer. In 2005, He L and co-workers found that expression of
the miR-17-92 cluster was increased in B-cell lymphoma and
cooperated with c-myc to accelerate tumor formation in vivo'.
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Additionally, Cimmino A et al demonstrated that miR-15 and
miR-16 induced apoptosis by targeting BCL-2". These stud-
ies indicated that microRNAs can act as potent oncogenes or
tumor suppressors and can regulate the progression of cancer.
Since then, an increasing number of studies have clarified the
role of miRNAs in cell cycle control, proliferation and tumor
metastasis. In this review, we will focus on the regulation of
tumor cell cycle progression by miRNAs, how miRNAs alter
cell cycle regulatory networks and the implications of this
regulation in anti-cancer therapy.

The macro-management of miRNAs in cell cycle progres-
sion

Evidence for the importance of miRNAs in regulating the cell
cycle originated in studies of the miRNA target gene lin-4"*),
which acts to modify latent reiterative cell lineages and cell
division in C elegans. In the past five years, increasing evi-
dence has indicated that miRNAs directly control cell cycle
progression by targeting cell cycle regulators. Additionally,
miRNAs indirectly control cell cycle progression by targeting
signal transduction pathways. Therefore, miRNAs affect cell
cycle progression by targeting various genes that span the cell
cycle regulatory network.

Let-7 family

The let-7 miRNA was first discovered to be essential for
development in C elegans, possibly by targeting the lin-41
genel. It was reported that let-7 is downregulated in human
lung cancer, and enforced expression of let-7 in lung cancer

cells inhibits proliferation!.

A subsequent study indicated
that let-7 not only inhibits proliferation but also alters the cell
09 In that study, Johnson et al
demonstrated that let-7 overexpression retains cells in the G;
phase and alters cell cycle-related pathways. CDK6, CDC25A,

and cyclin D2 have been validated as direct downstream tar-

cycle progression of cancer cells

gets of let-7 in lung cancer cells. Schultz et al found reduced
expression of let-7b in melanoma cells, and let-7b also delays
the G,/S transition by down-regulating cyclin D1, cyclin D3,
cyclin A, and CDK4"™,  Another let-7 family member, let-7a,
is down-regulated in prostate cancer and induces G; arrest by
reducing the levels of the downstream targets E2F2 and cyclin
D212, In addition to regulating the G, /S transition, the let-7
family also affects the G,/M phase. In human primary fibro-
blasts, let-7 expression is reduced in the dividing cells. Ecto-
pic expression of let-7 in fibroblast cells decreases prolifera-
tion and increases the cell fraction in the G,/M phase. Let-7
induces G,/M arrest by down-regulating the CDC34 protein,
which then increases weel protein levels and subsequently
increases the inhibitory phosphorylation of CDC2™. In sum-
mary, the let-7 family members negatively control cell cycle
regulators, which results in reduced proliferation and other
cell-type specific phenotypes.

miR-17-92 and miR-106b/25 clusters
Another versatile miRNA family that controls the cell cycle
includes the miR-17-92 and miR-106b/25 clusters. This
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miRNA family is composed of three miRNA clusters located
on three different chromosomes. The miRNAs include
miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-
92a-1, which are encoded on chromosome 13; miR-106b,
miR-93, and miR-25, encoded on chromosome 7; and miR-
106a, miR-18b, miR-20b, miR-19b-2, miR-92a-2, and miR-
363, encoded on the X chromosome. The miR-17-92 cluster
is amplified in B-cell lymphoma, and enforced expression of
miR-17-92 antagonizes c-myc-induced apoptosis and acts with
c-myc to increase tumor development in a B-cell lymphoma
animal model. These results indicate that the miR-17-92 clus-
ter functions as an oncogene!®. Expression of the miR-17-92
cluster is also elevated in lung cancer and promotes the prolif-
eration of lung cancer cells"". Recently, miR-17-92 was found
to be induced by c-myc and to promote tumor angiogenesis!"”.
In addition to c-myc, miR-17-92 is induced by E2F transcrip-
tion factors and forms a negative regulatory loop by directly
targeting E2Fs"* 7.
cycle regulation by miR-17-92, it was reported that c-myec-
induced miR-17 and miR-20a cooperate with the RB/E2F

signaling pathway to control the accurate timing of the G;/S
18]

As a potential mechanism of cancer cell

transition”. Cloonan et al reported that miR-17-5p regulates

more than 20 G,/S transition-related genes"”, and RBL2 was
identified as a functional downstream gene of miR-17-5p"*"
1 1t should be noted that the targets of miR-17-92 depended
on the cellular context, which results in diverse functions of
the miR-17-92 cluster in different cells. For example, in c-myc-
overexpressing Raji cells, miR-17-19b-1 reduces the expression
of Bim. In BCL-2-overexpressing SUDHLA4 cells, miR-17-19b-1
decreases the expression of CDKN1A/p21 and facilitates the
G, /S transition™. In contrast to the function of miR-17-19b-1
in SUDHLA cells, miR-17/20a inhibits the G;/S transition in
breast cancer cells by reducing the expression of cyclin D1,
It has been reported that miR-17-92 regulates a set of G;/S
transition-related genes, including pro-proliferation genes,
such as cyclin D1 and E2F1, and anti-proliferation genes,
such as CDKN1A (p21), PTEN, RB1, RBL1 (p107), and RBL2
(p130)Y. The dual regulation of pro-proliferation and anti-
proliferation target genes by miR-17-92 may explain the varia-
tion in the reported functions of miR-17-92.

In addition to the miR-17-92 cluster, E2F1 also regulates the
expression of the miR-106b/25 cluster and is suppressed by
the miR-106b/25 cluster, thereby forming a negative regula-
tory loop™. Moreover, up-regulation of the miR-106b/25
cluster impairs the transforming growth factor (TGF)-B tumor
suppressor pathway by targeting CDKN1A (p21 Wafl/
Cipl) and BCL-2L11 (Bim), which in turn reverses G, arrest
induced by the TGF-beta signal™!. Therefore, up-regulation
of the miR-106b/25 cluster negatively modulates the TGF-beta
tumor suppressor pathway and facilitates the development of
tumors.

miR-34 family

The miR-34 family includes important p53-responsive miR-
NAs, and when upregulated, the miRNAs induce p53-medi-
ated processes, such as cell cycle arrest and apoptosis®® 7.,
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In human A549 cells, miR-34a induces G, arrest by targeting
cyclin D1 and CDK6, which in turn affects the phosphoryla-
tion of Rb protein®. In neuroblastoma, miR-34a reduces the
expression of BCL-2 and MYCN to block the G,/S transition®!,
E2F3 is also a target of miR-34a in neuroblastoma™. However,
in human glioma and medulloblastoma cells, miR-34a induces
G, arrest by reducing c-MET, Notch1, Notch2, and CDK6""; in
human astrocytes, however, overexpression of miR-34a does

B Another member of the

not alter cell cycle progression
miR-34 family, mir-34b, also regulates cell cycle regulators. In
acute myeloid leukemia, miR-34b targets the CREB protein
and decreases various CREB downstream proteins, such as
BCL-2, cyclin A1, cyclin B1, cyclin D, nuclear factor-kappa B,
Janus-activated kinase 1 and signal transducer and activator of
transcription 3", miR-34 also regulates cell cycle progression
independent of the p53 signal. In p53-null K562 cells, phorbol
esters induce miR-34a expression by activating an alternative
phorbol ester-responsive promoter to produce a longer pri-
miR-34a transcript. Additionally, enforced expression of miR-
34a in K562 cells inhibits proliferation and G;/S transition by
targeting CDK4 and CDK6™. Another p53 family member,
p63 positively regulates cell cycle progression by repressing
the expression of miR34a and miR34c™. In the absence of p63,
miR-34a and miR-34c are increased in primary keratinocytes
and embryonic skin, with concomitant G, arrest and inhibi-
tion of the cell cycle regulators cyclin D1 and CDK4”!, Taken
together, these data indicate that the miR-34 family modulates
the expression of various cell cycle-related genes and is there-
fore important in the cell cycle progression of numerous cell

types.

Other miRNAs regulating cell cycle progression
Cell cycle regulators are also modulated by many other miR-
NAs. One example is cyclin D1, which is regulated by miR-
4492, miR-193b"!, miR-15/16""-*", miR-19a", miR-195"",
and miR-302a!*?. The cyclin D1 binding proteins CDK4 and
CDKG6 are also regulated by a number of miRNAs, including
miR-107"*, miR-449a*!, miR-129""!, miR-125b*, miR-15/16"",
miR-24", miR-195"", and miR-124a"**.
G,/S regulator cyclin E, is down-regulated by miR-16!

Another important
7 and
miR-195"". In addition to the positive G,/S regulators, nega-
tive G;/S regulators are also targeted by various miRNAs.
The CDK inhibitor p21 is targeted by miR-17-92 and miR-
106b/93% *!in addition to many other miRNAs®”*". The p27
and p57 proteins are regulated by miR-221/222*** and miR-
92b°*. The INK family member p16 is regulated by miR-24"",
The number of miRNAs regulating the entry and progression
through G,/M is much fewer than those regulating the G,;/S
transition. The G,/M-related cyclin A is targeted by let-7!""l,
miR-132/212 reduces the expression of RB1, which leads to
an increase in E2F1 levels and G,/M arrest®. Dihydrofolate
reductase (DHFR), an enzyme regulating the S phase, is also
regulated by miR-24""" and miR-192"). In addition, PLK1, a
critical regulator of many stages of mitosis, is targeted by miR-
100" and miR-593* !, Ectopic expression of miR-100 and
miR-593* causes G,/M arrest and reduces proliferation. Wee

1 kinase, a nuclear protein that delays mitosis by negatively
regulating the cyclinB-CDK1 complex, has been identified as a
target of miR-128a, miR-155, and miR-516a-3p!*’. A summary
of the miRNAs regulating the cell cycle is given in Table 1 and
Figure 1.

MicroRNAs add to the complexity of the cell cycle
regulatory network

As mentioned above, the cell cycle is monitored by an intri-
cate network of positive and negative regulatory signaling
pathways. An imbalance between the positive and negative
regulatory pathways is common in cancers. With the addition
of miRNAs as cell cycle regulators, new pathways have been
discovered, and the context of the network has been remark-
ably enriched. Additionally, crosstalk between miRNAs and
signaling pathways essential to cell cycle progression adds
complexity to the cell cycle regulatory network.

RAS/Raf/MEK/Erk signaling pathway
When cells receive exogenous mitogenic signals, such as
growth factor stimulation, the receptor tyrosine kinases (RTKs)
will activate RAS and its downstream signaling pathways.
One important signaling pathway induced by RAS activation
is the Raf/MEK/Erk pathway, which leads to the activation
of many cyclin/CDK complexes related to the G;/S transi-
tion. The hyperactivation of RAS is common in many tumors.
In addition to mutation and constitutive mitogenic stimula-
tion, many studies have indicated that tumor suppressor
miRNAs targeting RAS are down-regulated in many cancers,
which may contribute to the abnormal RAS activation. Let-7
family miRNAs*> ®, miR-18* *, miR-1431", miR-181 ¢},
miR-96!Y, and miR-214"" directly target RAS and inhibit the
proliferation and cell cycle progression of cancer cells, which
are down-regulated in various cancers. The down-regulation
of these miRNAs may be caused in part by the activation of
the RAS signaling pathway, which forms a positive feedback
loop. In pancreatic cancer cell lines, the expression of the miR-
143 /145 cluster is frequently lost. Molecular analysis indi-
cated that RREB1, a transcriptional factor downstream of RAS,
can directly bind to the promoter of miR-143/145 and repress
their expression””. Interestingly, RAS and RREB1 were found
to be targets of miR-143 and miR-145, respectively. Thus, in
pancreatic cancer, activation of RAS activates RREB1, which in
turn represses the expression of the miR-143/145 cluster. The
repression of miR-143/145 in turn potentiates RAS signaling,
which forms a feed forward circuit. Moreover, some mol-
ecules downstream of RAS/MAPK/Erk, such as c-myc, cyclin
D2, and CDKG®, are also repressed by the miR-143/145 clus-
ter”. In addition to tumor suppressive miRNAs, RAS signal-
ing also controls the expression of tumor-promoting miRNAs
to facilitate its biological functions. miR-21 is a direct target of
AP-1, a transcription factor downstream of the RAS/MAPK/
Erk pathway. miR-21 inhibits the expression of several mol-
ecules that negatively regulate the RAS/MAPK/Erk pathway,
such as Btg2, Spry1, and spry2.

In addition to the regulation of specific miRNAs, the RAS/

Acta Pharmacologica Sinica



www.nature.com/aps

Liang LH et al
1314
Let-7
miR-15/16
miR-421 miR-193b miR2a
- - [ miR17-92 miR-195 M) - miras gy
miR-221/222  MiR-26a miR-15/
miR-34 miR-21
miR-100 miR-302a miR-449a
mik 593* miR-449a Let-7

i

|
T

/

miR-155 “-

miR-516a-3p

Let7 — (cde34 )

p21¢ikt
miR-1285 —
miR-33 p53
miR-504

Figure 1. MicroRNAs in the control of cell cycle progression.

MAPK/Erk pathway also can control the expression of all
miRNAs through phosphorylation of the HIV TAR RNA bind-
ing protein (TRBP), a critical protein of the miRNA generat-
ing complex”. The phosphorylation of TRBP by MAPK/Erk
signaling enhances the expression of proliferation-promoting
miRNAs and represses the expression of the let-7 tumor sup-
pressor family. Together, these studies suggest that the RAS
pathway can interact with the miRNA network to exert its bio-
logical functions.

PISK/AKT pathway

The PI3K/AKT pathway is another important signaling cas-
cade induced in response to mitogenic stimulation. PI3K/
AKT can transduce multiple extracellular signals during G,
and induce the cell to commit to DNA replication and division.
In cancers, the aberrant activation of the PI3K/AKT pathway
results in the up-regulation of cyclin D1, activation of the
CDK2/cyclin E complex and down-regulation of p21 and p27,
coordinately promoting cell cycle progression and the uncon-
trolled proliferation of cancer cells. PTEN and SHIP are nega-
tive regulators of the PI3K/AKT pathway. Many members of
the PI3K/AKT pathway are regulated by miRNAs. miR-29a
and miR-126 target the p85a and p85@ subunits of PI3K"* 7,
respectively. The down-regulation of miR-126 in colon cancer
is associated with the up-regulation of the p85f subunit, which
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induces the phosphorylation of AKT and promotes the prolif-
eration of colon cancer cells””. The AKT family is also regu-
lated by miRNAs. For example, AKT1 is suppressed by miR-
149* V¥, AKT2 is suppressed by miR-184 and miR-150""", and
AKTS3 is suppressed by the miR-15/16 cluster”. PTEN is an
important tumor suppressor that antagonizes PI3K activity by
inhibiting the transformation of PIP2 to PIP3. In cancers, the
expression of PTEN is repressed by many oncogenic miRNAs,
including miR-21%"#, miR-221/2F, miR-301%"), miR-1444,
miR-136"", and miR-19". SHIP is another lipid phosphatase
that inhibits the generation of PIP3. The expression of SHIP
can be suppressed by miR-155 in leukemia and lymphomal®.
The down-regulation of SHIP and up-regulation of miR-155
initiates a series of events that lead to leukemia/lymphoma
in a transgenic mouse model. Furthermore, the reduction of
SHIP by miR-155 activates PI3K/AKT activation®. mTOR is
a direct target of PI3K/AKT activation, which is activated by
AKT phosphorylation. The activation of mTOR promotes the
translation of cell cycle-related proteins, such as c-myc, and
represses the expression of p21 and p27. In src-transformed
tumor cells, miR-99a is down-regulated, which results in the
up-regulation of mTOR™.. Moreover, the expression of miR-
99a is inversely correlated with mTOR expression in lung can-
cer, and the re-expression of miR-99a in cancer cells inhibited
the growth of tumors. Two other miRNAs that target mTOR
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MicroRNAs Cell cycle regulators Reference
miR-124a CDK2, CDK6 48
miR-132/212 RB1 56
miR-107 CDK®6, RBL2 43
miR-137 CDC42 121
miR-26a Cyclin D1, Cyclin D2 112
miR-593* PLK1 60
miR-410/650 CDK1 122
miR-449a Cyclin D1, CDK6, CDC25A 35,44
miR-33 p53 123
miR-193b Cyclin D1 36
miR-221/2 p27, p57, PTEN 52,53
miR-331-3p E2F1 124
miR-29 CDC42 125
Let-7 E2F2, CyclinD1, Cyclin D2, Cyclin D3, Cyclin A, CDK4, CDC34 9-13
miR-17-92, miR-106b/93 p21, p63, p57, E2F1, E2F2, E2F3, RBL2 15-17, 19-25, 54
miR-129 CDK6 45
miR-125b CDKN2A, CDK6, CDC25A 46
miR-34 c-myc, Cyclin D1, CDK4, CDK6, E2F3, MYCN 28-34
miR-421 ATM 126
miR-223 E2F1 94
miR-15/16 Cyclin E1, Cyclin D1, Cyclin D2, Cyclin D3, CDC25A, c-myb, CDK6 37-39
miR-21 CDC25A 127
miR-24 E2F2, MYC, CCNA2, CDC2, CDK4 47,57
miR-100 PLK1 59
miR-195 CDK®, Cyclin D1, E2F3, Cyclin E1 41
miR-128a E2F3a, Wee 1 61, 128
miR-302a Cyclin D1 42
miR-1285 p53 129
miR-504 p53 130
miR-155, miR-516a-3p Wee 1 61

are miR-101 and miR-199a-3p, which suppress the expression
of mTOR in lymphoma®® and hepatocarcinoma™
tively.

, respec-

Myc and E2F family

Myec is a transcription factor that integrates various extracel-
lular signals and initiates transcriptional events to control
proliferation, apoptosis and cell cycle progression. The dys-
regulation of myc is a common event in cancer development.
In recent years, studies on miRNAs in the myc regulatory net-
work have contributed to the understanding of the mechanism
of myc activities. As a transcription factor, myc regulates the
expression of many miRNAs"”". It has been determined that
myc-induced miRNAs directly participate in the down-regu-
lation of myc-repressed genes. For instance, myc activation
induces the expression of miR-221 and miR-222, which target
p27 and p57. p27 and p57 are known to be repressed by myec.
Thus, myc-induced miRNAs can interact with myc target
genes to regulate cell cycle progression. In addition to regulat-
ing the miRNAs, myc is also directly targeted by miRNAs. In
neuroblastoma, let-7e and miR-101 directly target the 3’-UTR,

repress the expression of myc and inhibit the growth of tumor
2 In non-small cell lung cancer, miR-145 inhibits prolif-
eration and the G, /S transition by directly targeting c-myc®™.
The E2F family members are direct targets of myc and regu-
late the expression of many genes controlling cell cycle pro-
gression. As mentioned above, the expression of the E2F fam-
ily members is tightly controlled by the miR-17-92 family. The

cells

interaction between the miR-17-92 and E2F family members is
complex. E2F1, E2F2, and E2F3 directly bind to the promoter
of miR-20a and activate its transcription; however, miR-20a
modulates the translation of E2F2 and E2F3, which suggests
an autoregulatory feedback loop between the E2F family
members and miR-20a™®. The rest of the members of the miR-
17-92 and miR-106b/93 clusters also interact with the E2F fam-
ily members and form autoregulatory feedback loops!”*.. In
addition to the miR-17-92 family members, E2F1 also binds to
the promoter of miR-223 and represses its transcription, and
E2F1 is also targeted by miR-2230".

p53 network
p53 is one of the central players in the response to DNA dam-
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age and other cellular stresses. p53 is a tumor suppressor that
is frequently deleted and/or mutated in tumors. When cells
encounter genotoxic insults, p53 controls the transcription of
many target genes, among which p21 is the major response
molecule that induces cell cycle arrest. The miR-34 family
members are direct targets of p53©** %
p53 to suppress cell cycle progression and tumor growth.
miR-107 is another target of p53'*”. p53 can bind to the pro-
moter of PANKI, the host gene of miR-107, and activate the
transcription of PANK1 and miR-107. Interestingly, miR-107
suppresses the expression of two important G;/S regulators,
CDK6 and RBL2. These studies show that miRNAs act as
important players in the p53 network.

and coordinate with

Implications of cell cycle-related miRNAs in anti-cancer
therapies

Cell cycle-related miRNAs can act as oncogenes or tumor sup-
pressors

Cell cycle deregulation and the resulting uncontrolled prolif-
eration is one of the hallmarks of cancer. miRNAs have been
shown to be crucial regulators of cell cycle progression, and
aberrant expression of miRNAs is universal in human cancer.
The first evidence of an aberrantly expressed miRNA was the
miR-15/16 cluster, which is frequently deleted and/or down-
regulated in chronic lymphocytic leukemia (CLL)™!. Through
microarray technology, the miRNA expression profiles of

lung™, liver™ *! breast™™, colon!' 1 {105]
g

and gastric cancer
have been reported, and the results indicate that miRNAs are
abnormally expressed in various cancers. Many cell cycle-
related miRNAs are specifically deregulated in cancer and
function as oncogenes or tumor suppressors. It has been
reported that the miR-17-92 cluster is frequently amplified™* ',
and let-7 is frequently down-regulated” "™ in various cancers.
miR-17-92 exerts oncogenic functions through positively regu-
lating cell cycle-related proteins, including p21, p63, p57, and
RBL2"™2, whereas let-7 exerts its tumor suppressive function
by down-regulating RAS, cyclins and CDK4*". miR-21 is
activated by RAS signaling and suppressed by several nega-
tive regulators of RAS signaling and the PI3K/AKT pathway,
which in turn potentiates RAS activation and PI3K/AKT
activities”. The crosstalk between miR-21 and cell cycle regu-
lation contributes to the development of a cancer phenotype.
In summary, the cell cycle-related miRNAs can act as onco-
genes or tumor suppressors by affecting cell cycle progression,
which causes uncontrolled proliferation and more aggressive
cancer phenotypes.

miRNAs may serve as therapeutic targets/candidates in cancer

As oncogenes or tumor suppressors, cell cycle-related miRNAs
may serve as therapeutic targets in cancers. By specific inhibi-
tion or selective re-introduction of miRNAs in cancers, miR-
NAs may have therapeutic effects. Approaches to the delivery
of miRNAs in vivo include anti-miRNA oligonucleotides,
antagomiRs, locked nucleic acid (LNA), miRNA sponges and
nanoparticles, which each have their advantages and disad-
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vantages that have been elegantly reviewed elsewhere!'™,

Importantly, some miRNAs have been shown to suppress
tumor growth in vitro and in vivo. Let-7 inhibits the prolifera-
tion of hepatocellular carcinoma cells (HCC)™™, prostate can-

1971 and melanoma cells™ in vitro

[108] [109]

cer cells"”, lung cancer cells
and the tumor growth of lung cancer'™ and breast cancer
in vivo. Therapeutic studies on miRNAs in vivo have revealed
promising results. miR-21 is up-regulated by RAS in vitro
and in vivo and is frequently overexpressed in human cancers.
LNA directed against miR-21 reduced tumor growth in vivo",
which suggests a therapeutic role for anti-miR-21 in treating
cancers. In addition, miR-16, which is frequently deleted and/
or down-regulated in human cancers, significantly inhibits
prostate tumor growth in vivo when delivered by atelocollagen
" These results indicate that the deliv-
ery of miR-16 could be used to treat patients with advanced

via tail vein injection[

prostate cancer. Notably, miR-26a is down-regulated in HCC,
and the restoration of miR-26a in vitro induces cell cycle arrest
by targeting cyclin D2 and cyclin E2. Intriguingly, the delivery
of miR-26a using adeno-associated virus (AAV) inhibits the
proliferation of cancer cells, induces tumor-specific apoptosis
and results in dramatic protection from disease progression
without toxicity!'?. Together, these in vitro and in vivo studies
suggest that miRNAs can be targeted or directly delivered in
vivo to suppress tumor growth, which may provide new strat-
egies for developing next-generation anti-cancer therapeutics.
miRNAs are also associated with chemosensitivity and
radiation sensitivity. miR-221/222 are overexpressed in
fulvestrant-resistant breast cancer cells and are associated
with the acquisition of fulvestrant resistance’””. Further-
more, up-regulation of miR-221/222 in breast cancer cells also
causes tamoxifen resistance by targeting p27"'*. miR-221/222
is a promising candidate for breast cancer with chemoresis-
tance. Another miRNA that has been shown to be involved in
chemoresistance is miR-21. miR-21-transfected HCC cells are
resistant to 5-fluorouracil/ interferon-a'”, which suggests that
anti-miR-21 may increase the chemosensitivity of cancer cells.
Indeed, anti-miR-21 improves the cytotoxicity induced by
5-FU in glioblastoma cells™*,
chemosensitivity of cells to arsenic trioxide

Anti-miR-21 also increases the
M7 and taxol™®,
These findings suggest that anti-miR-21 could be used in
combination with chemical reagents to increase the cytotoxic
effects of cancer therapeutics.

miRNAs are also involved in the radiation sensitivity of
cancers. In prostate cancer, multiple miRNAs, including miR-
106b, have demonstrated altered expression in response to
radiation”. The up-regulation of miR-106b in prostate cancer
overrides p2l-activated cell cycle arrest and growth inhibi-

1 providing a potential target for

tion induced by radiation!
radiation-resistant prostate cancer. In contrast to miR-106b,
miR-101 sensitizes tumor cells to radiation in vitro and in vivo
by targeting DNA-PKCs and ATM™. Collectively, studies
on the involvement of miRNAs in chemo- and radio resistance
and sensitivity provide new targets and candidates for cancer

treatment.



Conclusion

Herein, we summarized the current understanding of miR-
NAs in regulating cell cycle progression. Many cell cycle reg-
ulatory proteins are regulated by miRNAs, and these proteins
also control the expression of miRNAs, which display a com-
plex interaction network. The deregulation of this network is
tightly associated with the progression of human cancers. The
discovery and thorough understanding of this complicated
network will open an avenue for developing novel, promising
therapeutics for the treatment of cancer.
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Protective effect of Bu-7, a flavonoid extracted from
Clausena lansium, against rotenone injury in PC12

cells
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Aim: To investigate the protective effect and underlying mechanisms of Bu-7, a flavonoid isolated from the leaves of Clausena lansium,

against rotenone-induced injury in PC12 cells.

Methods: The cell viability was evaluated using MTT assay. The cell apoptosis rate was analyzed using flow cytometry. JC-1 staining
was used to detect the mitochondrial membrane potential (MMP). Western blotting analysis was used to determine the phosphoryla-
tion of c-Jun N-terminal kinase (JNK), p38 mitogen-activated protein kinase (p38), tumor protein 53 (p53), Bcl-2-associated X protein

(Bax), B-cell ymphoma 2 (Bcl-2), and caspase 3.

Results: Treatment of PC12 cells with rotenone (1-20 umol/L) significantly reduced the cell viability in a concentration-dependent
manner. Pretreatment with Bu-7 (0.1 and 10 umol/L) prevented PC12 cells from rotenone injury, whereas Bu-7 (1 umol/L) had no
significant effect. Pretreatment with Bu-7 (0.1 and 10 umol/L) decreased rotenone-induced apoptosis, attenuated rotenone-induced
mitochondrial potential reduction and suppressed rotenone-induced protein phosphorylation and expression, whereas Bu-7 (1 umol/L)
did not cause similar effects. Bu-7 showed inverted bell-shaped dose-response relationship in all the effects.

Conclusion: Bu-7 protects PC12 cells against rotenone injury, which may be attributed to MAP kinase cascade (JNK and p38) signaling
pathway. Thus, Bu-7 may be a potential bioactive compound for the treatment of Parkinson’s disease.

Keywords: Bu-7; Clausena lansium; neuroprotection; Parkinson’s disease; rotenone; apoptosis; PC12 cells
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Introduction

Parkinson’s disease (PD) is a major age-related neurodegen-
erative disorder which is accompanied primarily by motor
symptoms, such as resting tremor, rigidity and bradykinesia.
It is pathologically characterized by the loss of dopaminergic
neurons in the substantia nigra pars compacta (SNpc) and the
accumulation of aggregated alpha-synuclein in brain stem,
spinal cord, and cortex!.
verged to suggest that environmental neurotoxins, such as
rotenone', and mutant proteins, such as DJ-1, PINK1, and
LRRK2®, may be importantly involved in the etiopathogenesis
of PD.

Long-term, systemic administration of rotenone, a natural
substance which is widely used as a pesticide, produces the
selective degeneration of dopaminergic neurons and PD-like
locomotor symptoms in rats”. Among the various animal

Several lines of evidence have con-

*To whom correspondence should be addressed.
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Received 2011-05-11 Accepted 2011-07-20

models of PD, the rotenone model has its own advantages.
Firstly, unlike the other models, it reproduces most of the
movement disorder symptoms and the histopathological fea-
tures of PD, including Lewy bodies" . Secondly, rotenone is
a powerful inhibitor of complex I in the mitochondrial respira-
tion, and recent epidemiological studies suggest the involve-
ment of these toxic compounds in the higher incidence of spo-
radic Parkinsonism!®®, Observations have shown that a defect
in mitochondrial complex I activity may induce the apoptosis
of dopaminergic cells, which may contribute to the neurode-
generative process in PDP. Administration of rotenone has
been used extensively to create PD models to screen for neuro-
protective agents both in vivo"” ™ and in vitro™> ™.
Therapeutic efforts aimed at providing protection against
apoptosis may be beneficial in PD. In this regard, natural
products are attractive sources of chemical structures that
could exhibit potent biological activities. Clausena lansium is
a fruit tree native to the south of China, and a decoction of its
dried leaves was used to treat acute and chronic viral hepa-

titis in local folk medicine™. More recently, there has been
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renewed interest in the neuroprotective potential of the leaf
extracts of Clausena lansium; for example, research has been
carried out on the effects of clausenamide in enhancing learn-

ing and memory[ls’ 16l

In a previous attempt to detect more
information about the biological activities of Clausena lansium,
we separated the natural chemicals systematically from the

leaves™!.

After preliminary screening, we found that one
compound, termed Bu-7, was a biologically active substance.
This is a known compound™, and the chemical structure of

Bu-7 is shown in Figure 1.

"’OH

Figure 1. The chemical structure of Bu-7.

PC12 cells, a cell line established from a rat pheochromocy-
toma, have many properties in common with primary sym-
pathetic neurons and chromaffin cell cultures, and these cells

have been used primarily as neuron models™. In this article,
we report the protective effect of Bu-7 in PC12 cells against

rotenone injury.

Materials and methods

Drugs and reagents

Bu-7 was provided by the Department of Medicinal Chemis-
try, Institute of Materia Medica, Chinese Academy of Medical
Sciences & Peking Union Medical College (Beijing, China).
Rotenone, 6-OHDA and 1-methyl-4-phenylpyridinium (MPP")
were purchased from Sigma-Aldrich (St Louis, MO, USA).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bro-
mide (MTT) and propidium iodide (PI) were purchased from
Sigma Chemical Company (USA). JC-1 and Rhodamine 123
were purchased from Beyotime (China). Primary antibodies
and secondary antibodies were purchased from Cell Signal-
ing Technology (USA). All other chemicals were of analytical
grade and commercially available.

Compound preparation

The Bu-7 compound was prepared as previously described”,
Briefly, the air-dried leaves (0.8 kg) of Clausena lansium were
extracted with 70% ethanol for 2 h under reflux conditions,
and the 70% ethanol extract was concentrated under reduced
pressure. Subsequently, it was partitioned with petroleum
ether (60-90 °C), ethyl acetate and butyl alcohol, respectively.

Acta Pharmacologica Sinica

The butyl alcohol portion (50 g) was chromatographed over
a silica gel column using ethyl acetate-methanol as the gradi-
ent eluent (50:1-1:1, v/v) to produce 32 fractions. Fractions
20-27 were subjected to RP-18 column chromatography and
eluted using a gradient of methanol-H,O (30%-70%, v/v) to 20
fractions. Fraction 11 (1.1 g) was subjected to column chroma-
tography on silica gel and eluted with CHCl;-methanol-H,O
(8:2.5:0.3, v/v/v) to yield several fractions. Fractions 6-8 (502
mg) were again subjected to RP-18 column chromatography
and eluted using a gradient of methanol-H,O (20%-50%, v/v)
to yield fractions A and B. Fraction A was subjected to a Sep-
hadex LH-20 column using 70% methanol-H,O and purified
using high-pressure liquid chromatography (HPLC) (YMC-
Pack ODS-A column [20 mmx*250 mm, 5 pm]) with 13% ace-
tonitrile-H,O (0.05% TFA) to yield Bu-7 (17 mg).

Cell culture

PC12 cells were purchased from the American Type Culture
Collection (ATCC). The cells were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen, Gibco, USA) supple-
mented with 5% heat-inactivated fetal bovine serum (Invit-
rogen, Gibco, USA), 5% equine serum (Thermo Scientific,
Hyclone, USA), 100 U/mL penicillin and 100 pg/mL strepto-
mycin. The cultures were maintained in a humidified incu-
bator at 37 °C in an atmosphere of 95% air and 5% CO,. The
media were changed every two or three days.

Drug treatments

Rotenone and Bu-7 were reconstituted fresh in dimethyl sul-
foxide and distilled water, respectively, prior to each experi-
ment. Bu-7 (0.1, 1, 10 pmol/L) was added 0.5 h prior to the
rotenone treatment in the cell cultures to evaluate its protec-
tive effect.

Cell viability assay

Cell viability was determined using the MTT assay. After
incubation with MTT solution for 4 h, the cells were exposed
to an MTT-formazan dissolving solution for 8-12 h. The opti-
cal density (OD) was then determined using an absorbance
microplate reader (Molecular Devices, Toronto, Canada) at a
wavelength of 570 nm. The cell viability was expressed as a
percentage of the OD value of the control cultures.

Analysis of apoptosis by flow cytometry

The apoptosis rate was measured by flow cytometry, as
reported previously™. Briefly, PC12 cells were washed with
PBS (pH 7.4), fixed in cold 70% (v/v) ethanol, and incubated
at -20 °C for at least 2 h. The fixed cells were harvested by
centrifugation at 250xg for 5 min. The cell pellets were resus-
pended in PBS at room temperature for 10 min, and after
another centrifugation, the cell pellets were resuspended in
PBS containing 0.2 g/L RNase A and incubated at 37 °C for 30
min. The cells were then stained with propidium iodide (PI)
at a final concentration of 100 pg/mL at 4 °C for 30 min. The
suspensions were analyzed using a FACS scan flow cytometer
(Becton Dickinson).



Measurement of mitochondrial membrane potential (MMP)
Changes in the inner MMP were determined by incubating
with 10 pg/mL of Rhodamine 123 for 30 min at 37 °C in the
dark. The cells were then washed with PBS three times, and
the fluorescence intensity was determined using flow cytom-
etry. JC-1 was also used to measure the change of the inner
MMP. PC12 cells were incubated with 10 pg/mL JC-1 at 37 °C.
JC-1 accumulates in the mitochondria, forming red fluores-
cent aggregates at high membrane potentials; at a low mem-
brane potential, JC-1 exists mainly in the green fluorescent,
monomeric form. After incubating for 20 min, the cells were
washed with PBS for 3 times and submitted to fluorescence
microscopy analysis. The JC-1-loaded cells were excited at 488
nm, and the emission was detected at 590 nm (JC-1 aggregates)
and 525 nm (JC-1 monomers). Mitochondrial depolarization
was indicated by an increase in the green/red fluorescence
intensity ratio, which was calculated with Image J software.

Western blot analysis

After treatment, the cells were washed with PBS and lysed
in lysis buffer (50 mmol/L Tris-HCI, 150 mmol/L NaCl, 1%
NP-40, 1 mmol/L PMSF, 50 pg/mL leupeptin, 1 ug/mL pep-
statin A, 20 pg/mL aprotinin, 1 mmol/L EDTA, 1 mmol/L
EGTA, 1 mmol/L DTT, 1 mmol/L Na;VO,, 50 mmol/L NaF,
and 20 mmol/L B-glycerophosphate Na,, pH 8.0). The protein
concentrations were measured with a BCA kit (Pierce). The
cell lysates were solubilized in SDS sample buffer, separated
by SDS-PAGE and transferred to a PVDF membrane (Mil-
lipore). The membrane was blocked with 3% BSA and incu-
bated with the primary antibody, anti-JNK/p-JNK MAPK,
anti-p38/p-p38 MAPK, anti-p53, anti-Bax, anti-Bcl-2, or anti-
caspase 3, followed by a horseradish peroxidase (HRP)-
conjugated secondary antibody. The proteins were detected
using the enhanced chemiluminescence plus detection system
(Molecular Device, Lmax) and analyzed with Science Lab 2005
Image Gauge software. B-Actin served as an internal control.

Statistical analysis

All of the data obtained in the experiments were represented
as the meantstandard deviation (SD). The statistical analysis
was performed using the SPSS 13.0 software package. Dif-
ferences were determined using one-way analysis of vari-
ance (ANOVA), and P values of less than 0.05 and 0.01 were
regarded as statistically significant.

Results

Bu-7 protects against rotenone-induced PC12 cell death

To investigate how rotenone influences neuronal cytotoxicity,
PC12 cells were treated with various concentrations of rote-
none (0, 0.1, 1, 5, 10, or 20 pmol/L) for 24 h. As shown in Fig-
ure 2A, rotenone induced a dose-dependent cytotoxicity in the
PC12 cells. The cells were then treated for 24 h with various
concentrations of Bu-7 with or without rotenone (1 pmol/L) to
determine the effect of Bu-7 on the rotenone-induced cytotox-
icity. The cells treated with rotenone demonstrated a viability
of 69.2%+3.0%. We found that Bu-7 had a dose-dependent
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Figure 2. Bu-7 reduces rotenone (Rot)-induced cell death. (A) PC12 cells
were treated with various concentrations of Rot for 24 h. (B) The effect
of Bu-7 was examined on PC12 cells treated with 1 ymol/L Rot for 24 h.
PC12 cells were exposed to different concentrations (0.1, 1, and 10 ymol/
L) of Bu-7 and Rot. The cell viability was evaluated by MTT assay. n=6.
Mean+SD. °P<0.01 vs control. °P<0.05, P<0.01 vs Rot-treated group.

effect on cell viability after the rotenone treatment (Figure
2B), increasing the viability of the PC12 cells to 83.6%*3.2%,
72.3%+2.4%, and 87.3%+2.3% at a concentration of 0.1, 1 and
10 pmol/L, respectively, compared with the control group.

Bu-7 protects against rotenone-induced apoptosis

To determine how Bu-7 protects cells against rotenone, the
PC12 cells were stained with propidium iodide (PI) and then
analyzed using flow cytometry. The PCI12 cells treated with
rotenone (1 pmol/L, 24 h) showed an obvious apoptosis rate
of 30.0%+1.0%, whereas Bu-7 treatment of the cells (0.1, 1, and
10 pmol/L) significantly attenuated rotenone-induced apop-
tosis (21.6%+0.2%, 26.2%+1.4%, and 21.2%+0.4%, respectively,
Figure 3).

Bu-7 attenuated the rotenone-induced mitochondrial potential
reduction in PC12 cells

Normal PC12 cells stained with the JC-1 dye emitted a mito-
chondrial orange-red fluorescence with a small amount of
green fluorescence. These JC-1 aggregates within the normal
mitochondria were dispersed to the monomeric form (green
fluorescence) after the addition of 1 pmol/L rotenone in the
culture medium for 24 h (122.1%+8.2%). However, Bu-7
relieved the rotenone-induced mitochondrial depolariza-
tion, as shown by the fluorescent color changes from green
to orange-red (87.1%+5.3%, 107.0%%4.7%, and 90.2%%2.6%,
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respectively, Figure 4). These data showed that rotenone
induced mitochondrial membrane permeabilization and
caused collapse of the MMP in PC12 cells, whereas Bu-7 sig-
nificantly attenuated this response.

Bu-7 suppresses the levels of apoptotic proteins associated with
p53 in rotenone injured PC12 cells, which is partly through the
MAPK signaling pathway

The MAPK signaling pathway may be involved in the intrinsic
mitochondrial apoptosis pathway. The effect of Bu-7 on the
expression levels of apoptotic proteins was determined using
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group.

Western blot analysis in PC12 cells exposed to rotenone. The
rotenone treatment (1 pmol/L, 24 h) increased the phosphory-
lation status of JNK (218.0%+11.1%) and p38 (215.6%+42.0%),
increased the expression of p53 (496.1%+10.0%) and the ratio
of Bax/Bcl-2 (264.2%+16.1%), and increased the expression lev-
els of cleaved (presumably active) caspase 3 (219.1%%25.0%).
The pretreatment with Bu-7 (0.1, 1, or 10 pmol/L) prevented
the rotenone-induced increase of the above proteins in the
same dose-dependent manner as was observed in the cell
viability and apoptosis experiments (Figure 5).
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1.0 f f
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0.44

0.24

Fluorescence ratio (Green/Red)

Con Rot 0.1 1 10

Rot+Bu-7 (umol/L)

Figure 4. Bu-7 protected MMP of PC12 cells injured by Rot (1 umol/L). (A)
Bu-7 prevented the decrease of MMP by JC-1 staining. (B) Quantitative
analysis of the fluorescence ratio of green/red. °P<0.01 vs control,
P<0.01 vs Rot-treated group.
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Figure 5. Effect of Bu-7 on the phosphorylation of JNK/p38 MAPK, the
expression of p53, Bax, Bcl-2, and caspase 3 in PC12 cells exposed to
Rot. (A) PC12 cells were lysed after treatment with Bu-7 and Rot (1 ymol/L).
Protein expressions were detected by Western blotting. (B) Quantitative
analysis of the phosphorylation of JNK/p38 MAPK, the expression of p53,
Bax, Bcl-2, and caspase 3 by Science Lab 2005 Image Gauge software.
n=3. Mean+SD. °P<0.05, °P<0.01 vs control. °P<0.05, 'P<0.01 vs Rot-
treated group.

Discussion

In our previous study, we found that Bu-7 increased the cell
viability of PC12 cells injured by rotenone, 6-OHDA, and
MPP* by MTT assay (unpublished observations). It is well
known that rotenone, 6-OHDA, and MPP* cause neurotox-
icity in cells in vitro® *; thus, our previous data suggested
that Bu-7 may have a positive effect on anti-apoptosis and
mitochondrial protection. Therefore, in our present study, we
utilized rotenone to create an in vitro cell model to study the
protective effects of Bu-7 in PC12 cells and tried to find the
possible underlying mechanisms.

Mitochondria are involved in cell survival and play a central
role in apoptotic cell death signaling through the control of
cellular energy metabolism, the generation of reactive oxygen
species (ROS), and the release of apoptotic factors into the
cytosol. Evidence showed that ROS are involved in the apop-

totic mechanism of rotenone-mediated neurotoxicity!”™. The
mitochondrial membrane permeability transition induces the
formation of ROS by the inhibition of the respiratory chain
and vice versa®. Our data showed that Bu-7 protected PC12
cell viability, decreased the apoptosis rate and attenuated the
collapse of the MMP induced by rotenone in a manner that
resembled an inverted bell-shaped curve. The results dem-
onstrated that Bu-7 had a protective effect against rotenone
injury in PC12 cells.

We then further investigated the protective mechanisms of
Bu-7 against rotenone-induced apoptosis. Previous evidence
from both postmortem PD brain tissues and cellular and ani-
mal models suggested that pathways involving p53/Bcl-2-
family members may represent suitable targets in apoptosis
in PD* 1, The activation of JNK and p38 were reported to be
responsible for p53-dependent apoptosis including the inhi-
bition of the anti-apoptotic Bcl-2 protein, which further pro-
moted the caspase process, which had a general role in rote-
none-induced apoptosis in neuronal cells®. It was observed
in SH-SY5Y cells that rotenone induced apoptosis through
the activation of the JNK and p38 signaling pathways, which
indicated their role in neuronal apoptosis® . Our results
showed that rotenone (1 pmol/L) induced the phosphoryla-
tion of JNK and p38 after treatment for 24 h. Bu-7 pretreat-
ment inhibited the rotenone-induced phosphorylation of both
JNK and p38 and decreased the p53 level that was increased
by rotenone. Bu-7 also prevented the increase of the Bax/Bcl-2
ratio and the increase of caspase 3 activity in the rotenone-
treated PC12 cells. These results indicated that Bu-7 prevented
the rotenone-induced apoptosis that is associated with the p53
pathway, which might occur through the inhibition of JNK
and p38 activities.

Our experiments showed that the dose-response relation-
ship of Bu-7 resembled an inverted bell-shaped curve. This
kind of dose-response relationship has been reported previ-
ously® * I It is common that a chemical binds to two or
more targets/receptors with different affinities. At different
doses, the compound may activate different receptors and
produce different effects, even opposite ones, in which case,
the dose-response relationship is irregular. Further research
is required to identify the receptors in an effort to explain the
inverted bell-shaped dose-response relationship for Bu-7.

In conclusion, we isolated Bu-7 from extracts of Clausena lan-
sium leaves and our present observations identified a benefi-
cial role of Bu-7 against rotenone-induced apoptosis in PC12
cells that may operate via an inhibition of the p38/JNK path-
way. Epidemiological studies revealed a correlation between
general pesticide (ie, rotenone) exposure and an increased
risk of PD; therefore, our findings suggested that Bu-7 could
be used as a leading compound that might be useful for the
treatment of PD. Because our research demonstrated the util-
ity of the bioactive substances in Clausena lansium, we are sys-
tematically extracting and separating additional compounds
from Clausena lansium leaves to find out chemicals which
have higher bioactivities than Bu-7; at the same time, we are
attempting to chemically modify Bu-7 to obtain an increased
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bioactivity.
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Over-expression of Slit2 induces vessel formation
and changes blood vessel permeability in mouse

brain
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Aim: To investigate the effect of the axon guidance cue Slit2 on the density of blood vessels and permeability of the blood-brain barrier

in mouse brain.

Methods: hSlit2 transgenic mouse line was constructed, and the phenotypes of the mice were compared with wild-type mice in
respect to the lateral ventricle (LV), ventricle pressure, and the choroids plexus. An in vivo Miles permeability assay and an amyloid-3
permeability assay were used to assess the permeability of brain blood vessels. Brain vessel casting and intracerebral hemorrhage
models were built to investigate vessel density in the transgenic mice. An in vitro permeability assay was used to test whether Slit2
could change the permeability and tight junctions of blood vessel endothelial cells.

Results: Hydrocephalus occurred in some transgenic mice, and a significantly larger lateral ventricle area and significantly higher
ventricle pressure were observed in the transgenic mice. The transgenic mice displayed changed construction of the choroids

plexus, which had more micro vessels, dilated vessels, gaps between epithelial cells and endothelial cells than wild-type mice. Slit2
significantly increased brain vessel density and the permeability of brain vessels to large molecules. These blood vessels were more
sensitive to cues that induce brain hemorrhage. At the cellular level, Slit2 disturbed the integrity of tight junctions in blood vessel
endothelial cells and improved the permeability of the endothelial cell layer. Thus, it promoted the entry of amyloid-B peptides from the
serum into the central nervous system, where they bound to neurons.

Conclusion: Slit2 increases vessel density and permeability in the brains of transgenic mice. Thus, Slit2 induces numerous changes in

brain vessels and the barrier system.

Keywords: Slit2; blood-brain barrier; permeability; vessel endothelial cell; tight junction
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Introduction

Vasogenic brain edema, which is defined as the translocation
of proteins and fluid from the vascular space across the blood-
brain barrier (BBB)!", is a major life-threatening complication
of various injuries to the central nervous system (CNS)® 3.
Endothelial cells of the brain vasculature form the BBB and
maintain the homeostasis of the central nervous system (CNS).
Pathological conditions such as brain tumors and head injuries
increase the permeability of the brain microvasculature and
destroy the BBB". Vascular endothelial growth factor (VEGF)
is well known as the major inducer of angiogenesis, and it also
increases the permeability of the microvasculature and stimu-

*To whom correspondence should be addressed.
E-mail genglaboratory@gmail.com
Received 2011-03-31 Accepted 2011-06-29

lates endothelial cell growth®®. Increased VEGF expression

may cause vascular leakage in the CNS in vivo”. However,
the underlying molecular and pathogenic mechanisms behind
edema and blood-brain vessel leakage are poorly understood.
The Slit family of guidance cues interacts with the Round-
about (Robo) family of transmembrane receptors in physi-
ological and pathological processes requiring cell migra-
tion!"". During development of the nervous system, Slit-
Robo signaling regulates the repulsion or attraction of project-
ing axons and migrating neurons!" . Vascular endothelial
cells secrete Slit2, which binds to Robol on leukocytes and
acts as an endogenous inhibitor of leukocyte chemotaxis!*".
Additionally, Slit2 mediates directional migration of malig-
nant cells®?!. We and others have previously reported that
Slit proteins secreted by solid tumors bind to Robol, which
is expressed on vascular and lymphatic endothelial cells, to
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. Slit2 is
expressed in the CNS while Robol is expressed in blood ves-

stimulate angiogenesis and Iymph angiogenesis

sel endothelial cells. However, whether expression of these
proteins can change the permeability of blood vessels and
whether abnormal expression can induce vessel leakage and
edema remain to be determined.

In this study, we constructed a transgenic mouse line that
over-expresses human Slit2 and observed that hydrocephalous
occurs in some of these transgenic mice. The transgenic mice
also had larger lateral ventricles and higher ventricle pres-
sure than wild-type mice. Comparison of the choroids plexus,
where cerebrospinal fluid (CSF) is secreted, revealed that there
was a change in the construction of the choroids plexus, with
the transgenic mice having more microvessels, dilated ves-
sels, gaps between epithelial cells and endothelial cells. We
also found that Slit2 could improve brain vessel density and
promote the permeability of brain vessels to large molecules.
These blood vessels were also more sensitive to cues that
induced brain hemorrhage. At the cellular level, Slit2 dis-
turbed the integrity of tight junctions in blood vessel endothe-
lial cells and increased the permeability of the endothelial cell
layer. The ability of Slit2 to increase the permeability of the
BBB resulted in an increase in the transfer of amyloid-p pep-
tides from the serum to the CNS, where they bound to neu-
rons.

Material and methods

Generation of hSlit2 transgenic mice and detection of hSlit2
over-expression

hSlit2 transgenic mice were generated according to standard
procedures. The transgene was constructed by cloning cDNA
encoding full-length human Slit2 between the BamH I and
Xbo I restriction sites of the MCS (multi clone site) of pCEP4F.
Genotypes were confirmed by Southern blot and PCR analysis.
PCR screening of hSlit2 heterozygotes was performed on stan-
dard tail genomic DNA preparations using a pair of primers
specific for human Slit2 cDNA (forward: 5'-GGTGACGGATC-
CCATATCGCGGTAGAACTC-3'; reverse: 5'-GGACACCTC-
GAGCGTACAGCCGCACTTCAC-3"). PCR cycles were as
follows: 95°C, 4 min (1 cycle); 94°C, 45 s; 55°C, 45 s; and 72°C,
1 min (63 cycles); and 72 °C, 10 min (2 cycles). PCR products
were analyzed on 1% agarose gels. Slit2 homozygosity was
confirmed by genetic methods based on the principle that the
progeny of Slit2 homozygotes mated to wild-type C57 mice
should all be heterozygotes. The brains from C57 control lit-
termate mice and hSlit2 transgenic mice from founder #9 were
snap frozen in liquid N, and pulverized. The brain powder
was homogenized in 1 mL RIPA lysis buffer [50 mmol/L Tris-
HCI, pH 7.4, 150 mmol/L NaCl, 1% Nonidet P-40, 0.5% deoxy-
cholid acid, 0.1% sodium dodecyl sulfate (SDS), 5 mmol/L
EDTA, 2 mmol/L phenylmethylsulfonyl fluoride (PMSF), 20
pg/mL aprotinin, 20 ng/mL leupeptin, 10 ng/mL pepstatin
A, and 150 mmol/L benzamidine] in a Dounce tissue homog-
enizer. After homogenization, the samples were centrifuged
at 12000xg for 10 min to remove tissue debris and boiled in
SDS sample buffer for 5 min. They were then subjected to 7%

Acta Pharmacologica Sinica

SDS-PAGE electrophoresis, transferred to blotting membranes,
probed with 1 pg/mL anti-Slit2 monoclonal antibody (5A5)
and detected with the horseradish peroxidase-conjugated goat
anti-mIgG Ab using a chemiluminescent detection system.

Comparison of the LV area and the choroid plexus

The mouse brains were fixed in 4% PFA (Sigma) and cut
into consecutive longitudinal sections. A photo was taken of
every longitudinal sections from each brain with an Olympus
MVX10. Then the area of the lateral ventricle was calculated
by Image Tool 3 (UTHSCSA), and the average area of con-
secutive sections from each mouse was calculated. The data
represent the means for groups of six mice. For histological
examination of the choroid plexus, brains were isolated from
age-matched C57 and Slit2 adult mice, cut into small coronal
blocks, fixed in 4% formaldehyde, embedded in paraffin, and
cut into 0.5-mm sections following standard procedures. Tis-
sue sections were counterstained with hematoxylin. The same
regions of the choroid plexus in all mouse brains were photo-
graphed.

Electron microscopy

The choroid plexuses used for TEM were fixed in 2% glutar-
aldehyde and 1% sucrose in 0.1 mol/L cacodylate buffer for
3 h. The samples were washed in 0.1 mol/L cacodylate buf-
fer and then post-fixed in 1% osmium tetraoxide in 0.1 mol/L
cacodylate buffer for 2 h, all at pH 7.0 and 25°C. The chor-
oid plexuses were embedded in epon after dehydration in
a graded series of ethanol. Epon was polymerized at 60°C
for 48 h. Serial sections of 80 nm were cut on a Leica Super
Nova ultramicrotome with a diamond knife and collected on
formvar-coated nickel grids. Sections were contrasted with
uranylacetate and stained with 1% toluidine blue. The sample
grids were observed using a Hitachi 600 TEM.

In vivo Miles permeability assay and amyloid-B permeability
assay

To investigate the effects of over-expression of hSlit2 in the
brain on vascular permeability, a Miles assay was performed.
Mice received an iv injection of sterile 0.5% Evans blue dye
(200 pL) via the tail vein. Mice were killed 20 min after the
injections by cervical dislocation after anesthesia. The brains
(weighted) were cut into small pieces and incubated in 500 mL
of formamide at 37°C for 48 h to extract the Evans blue dye.
The absorbance of the extracts was read at 630 nm in a spectro-
photometer (Beckman DU 640). For the amyloid-p permeabil-
ity assay, mice received an iv injection of 6.9 pymol/L FITC-AP
(100 pL) via the tail vein. Mice were killed 48 h after the injec-
tions by cervical dislocation after anesthesia. The brains of
the mice were prepared on crystal slides, and the nuclei were
stained with DAPL

LV pressure assay

Mice (12 weeks of age) were anesthetized by ip injection of
sodium pentobarbital (70 mg/kg). A small hole 0.5 mm pos-
terior and 1.0 mm lateral of the bregma was drilled to perfo-
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rate the skull. A pressure transducer linked to a monitor was
injected into the brain at a depth of 2.3 mm unilaterally. Then
the LV pressure was read on a computer that was linked to
the monitor (Powerlab 4/30). The pressure was measured as
mmH,0.

Immunohistochemical staining

Antibodies against vVWF (Antibody Diagnostica Inc; a 1:200
dilution for paraffin-embedding), Slit2 (5 pg/mL for paraffin-
embedding sections), and Robol (20 pg/mL for paraffin-
embedding sections) were used for immunohistochemical
staining as described previously.

Brain vessel casting
After systemic heparinization with 750 IU/kg intravenous
heparin, the common carotid arteries were cannulated and
perfused with approximately 100 mL of 27 °C saline, followed
by a 2.5% buffered glutaraldehyde solution (Sigma) at pH 7.4.
The casts were made by perfusion of the arteries with 100
mL of Mercox (SPI, West Chester, PA, USA) diluted with 20%
methyl methacrylate monomers (Aldrich Chemical, Milwau-
kee, WI, USA). After complete polymerization, the brains
were harvested and macerated in 5% potassium hydroxide,
followed by drying and mounting for scanning electron
microscopy. The microvascular corrosion casts were imaged
after being coated with gold with a Hitachi 5-450 scanning
electron microscope.

Intracerebral hemorrhage (ICH) model

Mice (12 weeks of age) were prepared for surgery and anesthe-
tized by ip injection of sodium pentobarbital (70 mg/kg)®. A
small hole 1.0 mm posterior and 3.0 mm lateral of the bregma
was drilled to perforate the skull. A 1-pL Hamilton syringe
was used to deliver 500 nL of collagenase/saline (150 U/uL) to
the caudate/putamen at a depth of 4.0 mm unilaterally. After
the injection of collagenase/saline (~30 s), the needle remained

A SV40 polyA D c57
S hslit2
588bp 50bp| 4689bp [241bp
Xhol BamH | Tubulin
B o#
E c57
hslit2
Actin
+ o+ aT#
G TH  O#  25# ATH# F

hSlit2

in place for another 2 min to prevent reflux of fluid. Then the
scalp skin was closed using 4.0 nylon sutures. Twenty-four
hours later, the mice were perfused with PBS, the brains were
harvested, and 14-pm sections were prepared using a cryostat
and mounted on glass slides. An Olympus BX100 upright
systems microscope with a digital camera was used to capture
images. The hemorrhage volume was measured using the Ste-
reologer software system.

In vitro permeability assay

We coated transwell inserts (Corning, 48-well, 3-mm pore)
with collagen and seeded HUVEC cells at a density of 30000
cells per well. Cells were then cultured for another 24 h. One
hour later, Slit2, VEGF, R5, and FITC-DEXTRAN (25 mg/mL,
Sigma) were added to the top of the inserts. The absorbance of
the solution in each well was measured at 492 nm (n=6 wells
each).

Statistical analysis

Statistical significance was determined by Student’s f-test.
P-values of 0.05 and 0.01 were considered statistically signifi-
cant and very significant, respectively.

Results

Generation of hSlit2 transgenic mice and over-expression of
hSlit2 in mouse brains

To study the function of Slit2 in the whole blood vessel sys-
tem, we constructed a Slit2 over-expressing mouse transgenic
plasmid, for which a schematic display is shown in Figure
1A. The full-length human Slit2 cDNA, which is 4689 bases,
was inserted between the BamH I/ Xbo I restriction sites of
the MCS of the pCEP4F vector, which has a pCMV promoter
and an N-terminal flag-tag. The plasmid was linearized
with restriction enzymes, injected into the pronuclei of fertil-
ized C57xCBA F1 oocytes and transplanted into the mother
mouse. The offspring mice were analyzed by dot blot (Figure

Figure 1. Generation of hSlit2 transgenic mice and over-
expression of hSlit2 in hSlit2 mouse brains. (A) Schematic
display of the human Slit2 (hSlit2) transgene. The transgene
was constructed by cloning cDNA encoding full length human
Slit2 between the BamH 1/Xbo | restriction sites of the MCS of
pCEP4F. (B) Dot blotting of DNA isolated from hSlit2 transgenic
mice. The presence of the transgene in mice was verified by
dot blotting using a [**P]-labeled fragment of the hSlit2 plasmid.
(C) Southern blotting of hSlit2 transgenic mice. The presence
of the transgene was further confirmed by Southern blotting of
DNA isolated from mice that were shown to be positive for the
transgene based on the dot blot analysis with a [*’P]-labeled
fragment of the hSlit2 plasmid. (D) Expression of the hSlit2
protein in the hSlit2 transgenic mice compared with C57 mice.
The expression of Slit2 (~200 kDa) in the brains of C57 and
Slit2 mice was detected with anti-Slit2 IgG 5A5. (E) RT-PCR of

hSlit2

Brain
C57 hSlit2
IP:  10D10  MIgG

IB: Anti flag antibody

hSlit2 in mRNA extracts from C57 and hSlit2 mouse brains.
(F) Western blot analysis of flag-tagged proteins. Brain lysates
from C57 and hSlit2 mice that were ip injected with an anti-Slit2
antibody, 10D10, and probed with an anti-flag tag antibody.

hSlit2
10D10
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1B). Mouse lines 9, 25, and 47 were shown to express human
Slit2. The presence of the human Slit2 transgene was also
confirmed by Southern blot analysis (Figure 1C). Among the
three transgenic strains, we found that strain 9 had the stron-
gest signal in dot blot and Southern blot assays, so we focused
our research on strain 9. We observed that the transgenic mice
expressed more Slit2 in the brain compared with C57 mice at
the transcriptional and translational levels (Figure 1D, 1E).
We used the Slit2 antibody 10D10 to immune-precipitate the
mouse brain lysate and detected the precipitate with anti-flag
antibody, and we found that flag-Slit2 was expressed in the
transgenic mouse brain (Figure 1F).

The phenotype of Slit2 mice and comparison of the LV area
Most of the transgenic mice initially appeared normal (Figure
2A), but about 5% of the transgenic mice had an intumescent
head (Figure 2B). This phenotype appeared at the age of 4-6
weeks in all three of the transgenic mouse lines, line 9, line
25, and line 47. Mice with an intumescent head died within 2
weeks, at the age of 6-8 weeks. Anatomical analysis of these
mice revealed high levels of encephalopathic edema. In mice
where this brain phenotype was observed, the brain edema
was serious and the brain tissue was destroyed to such a
degree that the structure of the brain could not be recognized.
Thus, we focused our research on the transgenic mice that did
not have this phenotype. Brain edema is linked to the CSF
system, including the production, circulation and absorption
of CSF. We therefore examined brain structures related to the
CSF system. In the brain, CSF is produced in the lateral ven-
tricle, so we compared the lateral ventricle of transgenic mice
and non-transgenic mice. We found that the lateral ventricle
area was larger in the brains of transgenic mice (Figure 2C,
2D) than in control mice (Figure 2E, 2F). For this study, the
mice were all 8 weeks old, and the same result was seen in
male and female mice. Figure 2G shows a schematic display
of the mouse brain. The arrow indicates the lateral ventricle.
We calculated the entire area of the LV in slides created from
the brains of each mouse with Image Tool 3 (UTHSCSA) and
found that the LV area was larger in transgenic mice (n=6,
P<0.01) (Figure 2H). LV pressure was also detected in the
lateral ventricles of the mouse brains. In transgenic mice,
the pressure was 128 mmH,O, and in control mice, it was 81
mmH,O (Figure 2I) (n=7, P<0.01). Thus, the LV pressure was
higher in the brains of transgenic mice compared with control
mice.

Changes in the structure and function of the choroid plexus

In mouse brains, the choroid plexus produces CSF. The struc-
ture of the choroids plexus was obviously different between
transgenic and control mice. In control mice, it was a tight,
mono-cell layer covered with microvessels (Figure 3A); how-
ever, in transgenic mice, there were gaps between the epithe-
lial cell layer and the vessels (Figure 3B, 3C), the vessels were
enlarged and had gaps, and the epithelial cells were crenated
(Figure 3C). The mice used in these experiments were all
10 weeks old. Examination under an electron microscope
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Figure 2. The phenotype of hSlit2 mice and comparison of the LV area.
(A and B) Comparison of a C57 mouse (A) with a hSlit2 mouse (B) with a
megahead. The forebrain of the hSlit2 mouse is much larger than that of
the C57 mouse. (C, D and E, F) Slides of longitudinal sections of brains
from hSlit2 mice (C, male; D, female) and C57 mice (E, male; F, female).
The lateral ventricle area was larger in hSlit2 mice than in C57 mice.
Scale bar: 2 mm. (G) Schematic diagram of the mouse brain. The arrow
indicates the lateral ventricle (black). (H) Measurement of the lateral
ventricle area in brain longitudinal section slides of C57 and hSlit2 mice.
The data represent the mean results from groups of six mice; bars, SEM.
°P<0.01. (I) LV pressure in C57 and hSlit2 mice. The data represent the
mean results from groups of seven mice; bars, SEM. °p<0.05.

revealed gaps between the epithelial tight junctions in trans-
genic mice (Figure 3E); such gaps were not observed in control
mice (Figure 3D). ZO-1 is an important component of cell-cell
tight junctions and can be used as a marker for the complete-
ness and density of tight junctions. We used fluorescence
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hSlit2

immunostaining to detect ZO-1 in the choroid plexus. In con-
trol mice, ZO-1 had an equal and continuous distribution (Fig-
ure 3F), while in transgenic mice, the distribution of ZO-1 was
disturbed (Figure 3G) and the tight junctions were destroyed.

More vessels are present in the choroid plexus and the brain of
transgenic mice

Staining of slides of the brain cortex with anti-CD31 antibody
showed that more micro-blood vessels were present in the
brains of hSlit2 transgenic mice (Figure 4B) compared with
C57 mice (Figure 4A). The gray density was 1.7% in C57 mice
and 4.6% in hSlit2 transgenic mice (P<0.01, Figure 4C). We
also stained the brain cortex slides with anti-vWF antibody
and found that hSIlit2 transgenic mice had an increased num-
ber of vessels (Figure 4E) compared with C57 mice (Figure
4D). Calculating the numbers of vessels present on the slides
revealed that C57 mice had about 200 micro-vessels/mm?,
while hSlit2 transgenic mice had about 450 micro-vessels/mm?
(Figure 4F), and most of these brain micro-vessels consisted of
only one endothelial cell. Furthermore, we performed brain
vessel casting, which also showed that hSlit2 transgenic mice
had more brain vessels (Figure 4H) compared with C57 mice
(Figure 4G).

Slit2 changes the permeability of cell-cell adhesions

To evaluate whether Slit2 improves the permeability of blood
vessels, we performed a Miles assay on hSlit2 transgenic mice.
An increased amount of Evans blue dye was detected in the
brain tissue of transgenic mice compared with C57 mice (Fig-
ure 5A), which indicates that the blood vessels in the brains
of transgenic mice are more permeable, allowing the entry of
Evans blue dye into the tissue. Previous research has indi-
cated that hyperplastic vessels are incomplete, more perme-
able, and more sensitive to destructive mechanism compared
with normal vessels. Thus, we induced intracerebral hemor-
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Figure 3. Changes in the structure and the function of the choroid plexus.
(A, B and C) The structure of the choroid plexus of a C57 mouse (A), a
hSlit2 mouse (B) and a hSlit2 mouse with megahead (C). hSlit2 mice had
structurally different choroid plexuses compared with C57 mice. Scale
bar: 150 ym. (D and E) Electron micrograph of choroid plexus epithelial
cells from the mouse lateral ventricle. Some vacuoles appear between
the junctional complexes linking the epithelial cells in hSlit2 mice. Scale
bar: 1.5 um. (F and G) Immunofluorescence of the choroids plexus probed
with an anti ZO-1 antibody. Cell-cell adhesion was different in hSlit2 mice
compared with C57 mice.

rhaging in the transgenic mice. This was accomplished by
injecting collagenase into the mouse brains, which destroys
blood vessels in the brain and causes intracerebral hemorrhag-
ing. Examination of brain slides from mice in which intracere-
bral hemorrhaging was induced showed that transgenic mice
have a larger hemorrhage area compared with the control
mice (Figure 5C, 5D). Next, we measured the hemorrhage
volume using the Stereologer software system and found that
the hemorrhage volume also was increased in the transgenic
mice (Figure 5B). These results indicate that the blood ves-
sels in the brains of the transgenic mice are more permeable
and much more sensitive to collagenase, which destroys the
vessel structure. Thus, Slit2 may not only promote angiogen-
esis but could also increase the permeability of blood vessel
endothelial cells, which are the most important component
of blood vessels. VE-cadherin is a member of the cadherin
family, which is expressed specifically in endothelial cells and
plays important roles in endothelial cell cell-cell adhesion.
Immunofluorescent detection of HUVECs using an anti-VE-
Cadherin antibody revealed that, without incubation with
Slit2, VE-Cadherin expression was equal, continuous and
mostly localized to the conjunction sites of cell-cell adhesions
(Figure 5E), while HUVECs incubated with the Slit2 protein
had a disturbed distribution and lacked continuous expression
of VE-Cadherin (Figure 5F). To verify that Slit2 can affect the
permeability of blood vessels, we performed an in vitro perme-
ability assay. We coated transwell inserts (Corning, 48-well,
3-mm pore) with collagen and seeded HUVECs at a density of
30000 cells per well. Once these cells formed a monolayer, we
added Slit2 protein and other stimulating factors to the upper
well. FITC-dextran was added 1 h later, and fluorescence was
detected in the bottom wells. Our results show that VEGF-A
can improve the permeability of HUVECs and Slit2 by 1.5 fold
and 2 fold, respectively, and that a blocking antibody against
the Slit2-Robo signal, R5, can block the effect of Slit2 on cell
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permeability, returning it to basal levels (Figure 5G).

The presence of amyloid-p peptide in the brains of Slit2 mice
Amyloid- 40 peptides were detected on slides of the trans-
genic mouse brains (Figure 6A) but not slides of C57 mouse
brains (Figure 6D). In the cortex and hippocampus, amyloid-
42 was detected in granual and pyramid cells in transgenic
mice (Figure 6B, 6C) but not in C57 mice of the same age (Fig-
ure 6E, 6F). Furthermore, we injected FITC-Amyloid-p40 into
the circulation by ip to see if the circulating peptides could
enter the CNS. Florescence was observed on brain cortex
slides prepared from the transgenic mice 1 h (Figure 6G), 24 h
(Figure 6H), and 48 h (Figure 6I) after injection. The flores-
cence was higher with increasing time, but even 48 h after
injection, no florescence was detected on brain cortex slides
prepared from C57 mice (Figure 6], 6K).

hSlit2 transgenic mice have normal aqueduct and subarachnoid
space, and Slit2 over-expression does not alter VEGF expression
levels

To determine the course of the enlarged lateral ventricles
observed in Slit2 transgenic mice, we compared the aque-
duct and the subarachnoid space of transgenic and C57 mice.
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Figure 4. More vessels are present in the choroid plexus and the brain of
transgenic mice. (A, B and C) ICH of CD31 in C57 (A) and hSlit2 mice (B).
Gray density statistics of CD31 staining (C), °P<0.01. Scale bar: 150 um.
(D, E and F) ICH of vVWF in C57 (D) and hSlit2 mice (E). The difference
in the number of stained vessels in the same area was statistically
significant (F), °P<0.01. Scale bar: 50 ym. (G and H) Scanning electron
microscopy of corrosion casts of the brain vessel of C57 (G) and hSlit2
mice (H).

However, there were no obvious differences in these two areas
between transgenic and C57 mice. The aqueduct was smooth
and clear, and the aqueduct tube had the same inside diameter
and did not contain any clogs (Figure 7A-7D). The SAS also
had a complete and clear structure with no clogs or signs of
collapse in the transgenic mice (Figure 7E-7H). We also found
that Slit2 over-expression did not alter VEGF expression at
either the protein or mRNA level (Figure 71, 7]). These results
show that the structures linked to circulation and absorp-
tion of CSF were complete and normal in the transgenic mice
and that the enlargement of the lateral ventricle is caused by
the abnormal production of CSF in the choroid plexus. On
the other hand, the normal circulation and absorption of CSF
could compensate for the abnormal production of cerebrospi-
nal fluid, which could explain why edema was only observed
in a small percentage of the transgenic mice.

Discussion

The brain barriers, including the blood-brain barrier, the
blood-CSF barrier and the ventricular wall, provide a stable
micro-environment for the proper functioning of the central
nervous system. At the bases of the barrier structures are the
junction structures, such as adherence junctions and tight junc-
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Figure 5. hSlit2 expression changes blood vessel permeability at sites of
cell-cell adhesion. (A) Permeability of C57 and hSlit2 mouse brains. The
data represent the mean results from seven mice; bars, SEM. °P<0.01. (B)
Measurement of the ICH area in brain longjtudinal section slides from C57
and hSlit2 mice. The data represent the mean results from six mice; bars,
SEM. °P<0.01. (C and D) Longitudinal section slides of mouse brains in
which ICH was induced. The ICH area was bigger in Slit2 mice (D) than
in C57 mice (C). (E and F) Immunoflorescence of HUVECs with anti VE-
cadherin antibody. Cell-cell adhesion was different in hSlit2 stimulated
HUVECs (F) compared with cells not stimulated with hSlit2 (E). (G) hSlit2
increases the permeability of HUVECs in in vitro permeability assays. The
Robo blocking antibody R5 could block this effect.

tions between endothelial cells, epithelial cells and pericytes™.

These junction structures are dynamic structures that consist
of transmembrane proteins, cytoplasmic accessory proteins

and scaffold proteins. Under different physiological and path-
ological conditions, changes occur in the expression, distribu-
tion, modification and interaction of these proteins™. These
changes are regulated by several cell signaling pathways,
and to date, the calcium channel pathway, the phosphoryla-
tion signaling pathway and the G-protein signaling pathway
have been shown to change the expression and distribution
of junction proteins, further affecting the function of barrier
structure®. The brain blood vessel system is the structural
basis of the blood-brain barrier, and the junctions between
vessel endothelial cells have the most important effect on
the permeability of the BBB. Many molecules, such as small
chemical molecules, signaling proteins and inflammatory fac-
tors, can change the permeability of blood vessels. VEGF is an
important angiogenic cue, and some reports have shown that
VEGF improves the permeability of blood vessels and the BBB.
VEGEF binds to its receptor on blood vessel endothelial cells
and triggers signaling pathways in the cell cytoplasm. This, in
turn, alters the expression, phosphorylation and distribution
of VE-cadherin and thus changes the permeability of blood
vessels by disturbing the junction structures®. However, bar-
rier structures are very complex and have many components.
Therefore, whether other cues that induce angiogenesis have
some effect on the permeability of the blood-brain barrier
should be investigated.

The guidance cue Slit2 has been reported to regulate a num-
ber of physiological processes, mostly in the central nervous
system, by controlling cell migration. Previous research from
our lab indicated that Slit2 promotes tumor angiogenesis in a
manner similar to VEGF™!. In this paper, we found that Slit2
improved blood vessel density in the brain and promoted
the permeability of brain blood vessels to large molecules. In
addition, these blood vessels were more sensitive to cues that
can induce brain hemorrhage. At the cellular level, Slit2 dis-
turbed the integrity of blood vessel endothelial cell tight junc-
tions and improved the permeability of the endothelial cell
layer, thus promoting the entry of amyloid- peptides from
the serum into the central nervous system, where they bind
to neurons. We also found that hydrocephalous occurred in
some of the hSlit2 transgenic mice. In addition, we observed a
larger lateral ventricle area and higher ventricle pressure in the
transgenic mice. A comparison of the choroids plexus, where
CSF is secreted, revealed that transgenic mice have changes
in the structure of the choroids plexus, including more micro-
vessels, dilated vessels, and gaps between epithelial cells and
endothelial cells. Thus, Slit2 could bind to its receptor Robol
on endothelial cells and affect the junction through signaling
in the cytoplasm. It has been reported that Slit2 modifies the
activity of cytoplasmic GTP enzymes, which affect tight junc-
tion structures by regulating adherence proteins and cell scaf-
fold proteins™. However, the signaling pathway by which
Slit2 affects cell-cell adhesion structures requires further
investigation. Because adherent structures consist of a large
number of proteins, it is unclear which proteins are affected
by Slit2. For example, which changes in protein expression
or function are the direct results of Slit2 signaling, and which
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protein changes are the result of subsequent disturbances of
junction structures? These are all important questions that
need to be answered to understand the molecular mechanism
by which Slit2 alters the permeability of barriers.

In the brains of transgenic mice of 6-week-old, we observed
binding of the amyloid-p peptide to neurons. This suggested
that Slit2 promotes the entry of amyloid-p peptides from the
serum into the central nervous system, where they then bind
to neurons. The binding of amyloid-p peptides to neurons is a
phenotype of the early stage of Alzheimer’s disease. However,
whether Slit2 is over-expressed in patients with Alzheimer’s
disease and the relationship between Slit2 and Alzheimer’s
disease need to be further investigated and will be the focus of
future work in our lab.

Slit2 improves the permeability of the blood-brain barrier
and thus may have some medical application for the delivery
of drugs to the central nervous system, a problem that has
puzzled many researchers because drugs targeting the central
nervous system often cannot penetrate the blood-brain bar-
rier at sufficient therapeutic doses®™. In our study, we found
that Slit2 promotes the entry of a fluorescent-labeled peptide
into the central nervous system. This result suggests that
Slit2 may promote the penetration of large-molecule drugs
from the peripheral circulation into the central nervous sys-
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Figure 6. The presence of the AB peptide
in the brain of Slit2 mice. (A and D)
Detection of AB 40 in Slit2 and C57 mouse
brains. IHC of Slit2 mouse brain slides (A)
stained with AB 40 antibody. No staining
was observed in slides prepared from
C57 mouse brains (D). (B, Cand E, F)
Detection of AB 42 in Slit2 and C67 mouse
brains. IHC of Slit2 mouse brain slides
(B, C) stained with AB 42 antibody. No
staining was observed in slides prepared
from C57 mouse brains (E, F). (G, H, |
and J, K) Blood-borne FITC-labeled AB42
crosses the blood-brain barrier, enters into
the brain tissue and binds selectively to
neurons in Slit2 mice (G). Within 1 h post-
injection, FITC-labeled AB42 leaked from
local vessels and bound to the surfaces
of neurons (H, I). At 24 and 48 h post-
injection, neurons bound with FITC-labeled
AB42 were abundant in the indicated brain
regions. NO FITC-labeled AB42 bound to
neurons in C57 mice (J, K).

FITC
DAPI

tem by increasing the permeability of the blood-brain barrier.
Whether manipulation of Slit2 levels or activity can be applied
to the field of central nervous system drug delivery requires
further investigation, which we plan on pursuing in the future.
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dependent signaling

Yi CHANG" > *, Yih-Huei UEN®**, Chang-Chih CHEN", Song-Chow LIN?, Shiao-Yun TSENG?, Yi-Hsuan WANG?, Joen-Rong
SHEU? *, Cheng-Ying HSIEH* *

Department of Anesthesiology, Shin Kong Wu Ho-Su Memorial Hospital, Taipei, Taiwan, China and School of Medicine, Fu-Jen Catholic
University, Taipei, Taiwan, China; *Department of Pharmacology, Taipei Medical University, Taipei, Taiwan, China; *Department of
Surgery, Chi-Mei Medical Center, Tainan, Taiwan, China; *Department of Surgery, Mackay Memorial Hospital, Taipei, Taiwan, China and
School of Dentistry, Taipei Medical University, Taipei, Taiwan, China

Aim: To examine the inhibitory actions of the immunoregulator platonin against proliferation of rat vascular smooth muscle cells
(VSMCs).

Methods: VSMCs were prepared from the thoracic aortas of male Wistar rats. Cell proliferation was examined using MTT assays. Cell
cycles were analyzed using flow cytometry. c-Jun N-terminal kinase (JNK)1/2, extracellular signal-regulated kinase (ERK)1/2, AKT, and

c-Jun phosphorylation or p27 expression were detected using immunoblotting.

Results: Pretreatment with platonin (1-5 pmol/L) significantly suppressed VSMC proliferation stimulated by PDGF-BB (10 ng/mL) or
10% fetal bovine serum (FBS), and arrested cell cycle progression in the S and G,/M phases. The same concentrations of platonin
significantly inhibited the phosphorylation of JNK1/2 but not ERK1/2 or AKT in VSMCs stimulated by PDGF-BB. Furthermore, platonin
also attenuated c-Jun phosphorylation and markedly reversed the down-regulation of p27 expression after PDGF-BB stimulation.
Conclusion: Platonin inhibited VSMC proliferation, possibly via inhibiting phosphorylation of JNK1/2 and c-Jun, and reversal of p27
down-regulation, thereby leading to cell cycle arrest at the S and G,/M phases. Thus, platonin may represent a novel approach for
lowering the risk of abnormal VSMC proliferation and related vascular diseases.

Keywords: platonin; cell cycle; JINK1/2; PDGF-BB; p27; vascular smooth muscle cells
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Introduction

Abnormal proliferation of vascular smooth muscle cells
(VSMCs) is implicated in the pathogenesis of several dis-
eases, including atherosclerosis, restenosis after angioplasty,
transplant vasculopathy, and failure of vein graft bypasses!".
Numerous growth factors and cytokines are reported to be
released in human vascular lesions by dysfunctional endothe-
lial cells, inflammatory cells, platelets, and VSMCs, and these
mediate chemoattraction, cell migration, proliferation, apop-
tosis, and matrix modulation™. Basic fibroblast growth fac-
tor initiates medial proliferation of VSMCs, whereas platelet-
derived growth factor (PDGF) induces subsequent migration
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of VSMCs toward the intima. Intimal proliferation and matrix
accumulation have been reported to occur under the influ-
ence of PDGF, transforming growth factor-p, angiotensin II,
epidermal growth factor, and insulin-like growth factor 1%,
Although all of these factors may play roles in driving cellular
events that lead to vascular proliferative diseases, PDGF is
considered to be the main cause!*.

PDGEF is a peptide growth factor that provides signals for the
proliferation of target cells. PDGF isoforms consist of different
combinations of two polypeptide chains (the A- and B-chains),
including PDGF-AA, -AB, and -BB. a- and P-receptors of
PDGEF have specific affinities for their isoforms, a preference
of the B-receptor for the PDGF-B chain, for example®. PDGF
receptor (PDGFR)-p expression increases in atherosclerotic
lesions and is primarily limited to VSMCs!®. PDGF-BB propa-
gates mitogenic signals through the autophosphorylation of
the PDGFR-f tyrosine residues. Tyrosine-phosphorylated
PDGEFR-p interacts with several other cytoplasmic proteins
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that constitute Src homology 2 (SH2) domains, including phos-
pholipase Cy (PLCy), ras guanine 5'-triphosphatase-activating
protein, phosphatidyl-inositol 3-kinase (PI-3K), and tyrosine
phosphatase SHP-2. These signaling molecules mediate cel-
lular activities, including proliferation, migration, and differ-
entiation in response to PDGF in VSMCs!”!
well known that PDGF transmits its signal into the intracellu-

. Furthermore, it is

lar space through the activation of AKT and mitogen-activated
protein kinases (MAPKs)®,

Platonin (4,4’,4”-thrimethyl-3,3",3”-triheptyl-7-[2”-thia-
zolyl]-2,2’-trimethinethiazolocyanine-3-3”-diiodide) (Figure 1),
a cyanine photosensitizing dye, is an immunomodulator!” ")
currently in use as an effective medicine for rheumatoid

arthritis ',

Administration of platonin is known to inhibit
the up-regulation of inflammatory molecules, including inter-
leukin (IL)-1pB, IL-6, tumor necrosis factor (TNF)-a, and induc-
ible nitric oxide synthase (iNOS) in endotoxin-activated mac-
rophages” ™. Furthermore, platonin also reduces circulatory

failure and mortality in septic rats""!

. The anti-inflammatory
mechanisms of platonin may be due to the suppression of
MAPKSs, nuclear factor (NF)-xB, and activator protein (AP)-
11, Recently, platonin was also reported to be capable of
inhibiting cell growth and inducing extensive autophagy-

associated cell death in leukemic cells™®.

CHs

.

Ak T~(CH.)sCHs

K

2)6CHs

Figure 1. Chemical structure of platonin (4,4',4"-thrimethyl-3,3’,3"-
triheptyl-7-[2"-thia-zolyl]-2,2"-trimethinethiazolocyanine-3-3"-diiodide).

Considering the pivotal roles of VSMC proliferation in the
development of atherosclerosis and restenosis, this study was
designed to examine the action mechanisms of platonin in
inhibiting VSMC proliferation stimulated by PDGF-BB.

Materials and methods

Materials

Platonin was synthesized by Kankohsha (Osaka, Japan) and
obtained from Gwo Chyang Pharmaceuticals (Tainan, Taiwan,
China). Male Wistar rats were purchased from BioLASCO
(Taipei, Taiwan, China). Dulbecco’s modified Eagle’s medium
(DMEM), trypsin (0.25%), L-glutamine, penicillin/streptomy-
cin, and fetal bovine serum (FBS) were purchased from Gibco
(Gaithersburg, MD, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and sp600125 (an inhibi-
tor of JNK1/2 phosphorylation) were from Sigma-Aldrich
(St Louis, MO, USA). Recombinant PDGF-BB was purchased
from PeproTech (Rocky Hill, NJ, USA). The anti-phospho-
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ERK1/2 (Thr’?/Tyr*), anti-phospho-AKT (Ser*”), and anti-
phospho-c-Jun N-terminal kinase (JNK) (Thr'®/Tyr'®) mono-
clonal antibodies (mAbs) were purchased from Cell Signaling
(Beverly, MA, USA). The phospho-c-Jun mAb was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The
anti-p27 polyclonal antibody (pAb) was purchased from Gene-
tex (Irvine, CA, USA). The anti-a-tubulin mAb was purchased
from NeoMarkers (Fremont, CA, USA). The Hybond-P poly-
vinylidene difluoride (PVDF) membrane, enhanced chemi-
luminescence (ECL) Western blotting detection reagent and
analysis system, horseradish peroxidase (HRP)-conjugated
donkey anti-rabbit immunoglobulin G (IgG), and sheep anti-
mouse IgG were purchased from Amersham (Buckingham-
shire, UK). Platonin was dissolved in phosphate-buffered
saline (PBS) and stored at 4 °C until use.

VSMC isolation and culture

All animal experiments were carried out according to the
Guide for the Care and Use of Laboratory Animals (National
Academy Press, Washington, DC, USA, 1996). VSMCs were
enzymatically dispersed from the thoracic aortas of male
Wistar rats (250-300 g). The thoracic aorta was removed and
stripped of the endothelium and adventitia. VSMCs were
obtained using a combination of collagenase and elastase
digestion”). The cells were grown in DMEM supplemented
with 20 mmol/L HEPES, 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin, and 2 mmol/L glutamine at 37°C
in a humidified atmosphere of 5% CO,. VSMCs at passage
4-8 were used in all experiments. Primary cultured rat aor-
tic VSMCs showed the “hills and valleys” pattern, and the
expression of a-smooth muscle actin was confirmed (data not
shown).

Proliferation assays

VSMCs (2x10* cells/well) were seeded on 24-well plates and
cultured in DMEM containing 10% FBS for 24 h. The medium
was then replaced with serum-free medium for 24 h. Serum-
starved VSMCs were pretreated with platonin (1-5 pmol/L),
sp600125 (5 and 10 pmol/L) or an isovolumetric solvent con-
trol (PBS) for 20 min and then stimulated with PDGF-BB (10
ng/mL) or 10% FBS for 48 h. The cell number was measured
using a colorimetric assay based on the ability of mitochondria
in viable cells to reduce the MTT as previously described""
The cell number index was calculated as the absorbance of
treated cells/control cellsx100%.

Cell cycle analysis

For cell cycle analysis, starved VSMCs (2x10° cells/dish) were
pretreated with platonin (2 and 5 pmol/L), sp600125 (5 and 10
pmol/L) or PBS for 20 min and then stimulated with PDGF-BB
(10 ng/mL) for 24 h. After 24 h, cells were detached from the
plate using trypsin, washed with PBS, and fixed in 70% etha-
nol for 30 min. Cells were then washed with PBS and resus-
pended in a solution containing RNase (50 pg/mL), propid-
ium iodide (PI; 80 pg/mL) and Triton-X-100 (0.2%). Samples
were incubated for 20 min and subjected to flow cytometric
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analysis (Beckman Coulter, Ramsey, MN, USA).

Immunoblotting

Immunoblotting analysis was performed to determine the
expression of proteins in VSMCs as described previously!”.
Serum-starved VSMCs (2x10° cells/dish) were treated with
platonin (1-5 pmol/L) or PBS for 20 min, followed by the
addition of PDGF-BB (10 ng/mL) or 10% FBS for the indicated
times. After treatment, proteins were extracted with lysis
buffer. The lysates were centrifuged, the supernatant protein
(50 pg) was collected and subjected to sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE), and the sepa-
rated proteins were electrophoretically transferred onto 0.45-
pm polyvinylidene difluoride (PVDF) membranes. The blots
were blocked with TBST (10 mmol/L Tris-base, 100 mmol/L
NaCl, and 0.01% Tween 20) containing 5% bovine serum albu-
min (BSA) for 1 h and were then probed with various primary
antibodies. The membranes were incubated with HRP-linked
anti-mouse IgG or anti-rabbit IgG (diluted 1:3000 in TBST) for
1 h. Immunoreactive bands were detected by an enhanced
chemiluminescence (ECL) system. The bar graph depicts the
ratios of quantitative results obtained by scanning reactive
bands and quantifying the optical density using videodensi-
tometry (Bio-profil; Biolight Windows Application V2000.01;
Vilber Lourmat, France).

Confocal microscopy

Confocal microscopy was used to evaluate the expression of
phospho-JNK1/2 in VSMCs. VSMCs (1x10° cells/cover slip)
were placed on cover slips and allowed to adhere in a cell
culture incubator overnight and then were starved for 24 h.
VSMCs were treated as per the design of the experiment and
were then fixed with 4% paraformaldehyde for 30 min and
permeabilized with 80% methanol for 15 min. After incuba-
tion with 3% skimmed milk in PBS for 60 min, the preparation
was incubated for 1 h with a primary Ab (1:80). Cells were
then washed three times with PBS and exposed to the second-
ary Ab [FITC-conjugated anti-rabbit immunoglobin G (IgG)
at 1:100, 1% BSA/PBS] for 60 min. The slides were prepared
with a mounting buffer (Vector Laboratories, Burlingame, CA,
USA) under a glass cover slip on a Leica TCS SP5 Confocal
Spectral Microscope Imaging System using an argon/krypton
laser (Mannheim, Germany).

Statistical analysis

The experimental results are expressed as mean+SEM and are
accompanied by the number of observations. The data were
assessed by analysis of variance (ANOVA). If this analysis
indicated significant differences among the group means, then
each group was compared using the Newman-Keuls method.
A P value of <0.05 was considered statistically significant.

Results

Effects of platonin on VSMC proliferation stimulated by PDGF-BB
or FBS

Figure 2 (panels A and B) shows that VSMC proliferation

induced by PDGF-BB (10 ng/mL) or 10% FBS increased by
approximately 89% and 94%, respectively. Furthermore,
pretreatment with platonin inhibited cell proliferation after
both PDGF-BB (66.3%, 96.6%, and 122.4%, respectively) and
FBS (57.4%, 67.3%, and 84.3%, respectively) stimulation in a
concentration-dependent (1, 2, and 5 pmol/L) manner, indi-
cating that the inhibitory effects of platonin on VSMC prolif-
eration are not specific to PDGF-BB. Morphological analysis
also showed a similar effect as exhibited in the MTT assay of
PDGF-BB-stimulated VSMCs (Figure 2C). These results sug-
gest that platonin inhibited both PDGF-BB- and FBS-induced
VSMC proliferation in a concentration-dependent manner.

Effects of platonin on cell cycle progression in PDGF-BB-
stimulated VSMCs

To investigate the effect of platonin on cell cycle progression
in VSMCs, the DNA content was analyzed using PI staining.
After stimulation with PDGF-BB (10 ng/mL), the percent-
age of cells in the S (6.7%+0.2% to 9.3%+0.8%, P<0.05; n=5)
and G,/M phases (19.9%%1.0% to 23.1%+0.8%, P<0.05; n=>5)
increased, while the proportion of cells in the G,/G,; phase
was reduced (70.6%+1.3% to 64.4%+1.9%, P<0.05; n=5) (Table
1). Platonin (5 pmol/L) treatment resulted in an accumula-
tion of cells in the S and G,/M phases, and a reduction was
noted in the G,/G; phase compared to the PBS-treated group
(S phase, 9.3%+0.8% vs 14.2%+0.9%, P<0.01; n=5; G,/M
phase, 23.1%+0.8% vs 26.7%+0.9%, P<0.05; n=5; G,/G; phase,
64.4%%1.9% vs 56.9%+1.1%, P<0.01; n=5) (Table 1). These
results indicate that platonin was effective in arresting the
cell cycle in the S and G,/M phases in PDGF-BB-stimulated
VSMCs.

Table 1. Effects of platonin on cell cycle progression in platelet-derived
growth factor (PDGF)-BB (10 ng/mL)-stimulated vascular smooth muscle
cells (VSMCs).

Sub-G; (%) Go/Ga (%) S (%) Go/M (%)
Resting 1.6+0.5  70.6+1.3 6.7£0.2  19.9+1.0
PBS+PDGF-BB 1.8+0.3  64.4+1.9" 9.3+0.8° 23.1+0.8°
Platonin (2 ymol/L) 15+0.3  62.6+1.7 9.5+1.0 26.3+1.1
+PDGF-BB - - - -
Platonin (5 umol/L) 2.2+0.4 56.9+1.1"  14.2+0.9" 26.7+0.9°
+PDGF-BB - - - -

The cell cycle distribution was assessed by flow cytometry as described in
“Materials and methods”. Data are presented as the mean+SEM. n=5.
°P<0.05, compared to the resting group. °P<0.05, 'P<0.01, compared to
the PBS+PDGF-BB group.

The effects of platonin on AKT, ERK1/2, and JNK1/2 phosphoryl-
ation in PDGF-BB-stimulated VSMCs

The PDGF-BB-induced activation of several signaling proteins,
including AKT (Figure 3), ERK1/2 (Figure 4A), and JNK1/2
(Figure 4B), was detected to unravel the mechanisms of pla-
tonin in VSMC proliferation. In the present study, phospho-

Acta Pharmacologica Sinica
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Figure 2. The effects of platonin on cell proliferation in vascular smooth muscle cells (VSMCs) stimulated by platelet-derived growth factor (PDGF)-BB
or fetal bovine serum (FBS). VSMCs (2x10* cells/well) were treated with only PBS (resting) or were preincubated with PBS and platonin (1, 2, and 5
umol/L), followed by the addition of PDGF-BB (10 ng/mL) (A) or 10% FBS (B) for 48 h to stimulate cell proliferation. Cell numbers were evaluated by an
MTT assay as described in our methods. The data are presented as the mean+SEM. n=5. °P<0.01, compared to the resting group. ‘P<0.01, compared
to the PBS+PDGF-BB (A) or PBS+FBS (B) group. (C) Morphological photographs of VSMC proliferation that show (a) resting cells (treated with only PBS)
or cells preincubated with (b) PBS, (c) platonin (1 pmol/L), (d) platonin (2 pmol/L), and (e) platonin (5 pmol/L), followed by the addition of PDGF-BB (10

ng/mL) for 48 h. The black bar represents 50 ym.

rylation of JNK1/2, but not ERK1/2 or AKT, stimulated by
PDGF-BB (10 ng/mL) for 10 min was markedly inhibited by
platonin (2 and 5 pmol/L) (Figures 3, 4). Confocal microscopy
provided further evidence of the inhibitory effect of platonin
on JNK1/2 phosphorylation in VSMCs. As shown in Figure
4C, minimal expression of phospho-JNK1/2 was detected in
resting cells (Figure 4Ca) and was more pronounced in the
PDGEF-BB (10 ng/mL)-treated cells (Figure 4Cb). However,
pretreatment with platonin (2 pmol/L) resulted in a signifi-
cantly decreased expression of phospho-JNK1/2 (Figure 4Cc)
in PDGF-BB-stimulated cells. These findings are consistent
with the results described in Figure 4B. In addition, as shown
in Figure 4D, treatment with platonin (2 and 5 pmol/L) signifi-
cantly inhibited JNK1/2 phosphorylation in 10% FBS-treated
cells but not resting cells. This result indicates that platonin
may inhibit J]NK1/2 phosphorylation in activated VSMCs but
not in resting cells. These results suggest that the JNK1/2 sig-
naling pathway may play an important role in platonin-medi-
ated inhibition of PDGF-BB-stimulated VSMC proliferation.

The effects of platonin on c-Jun phosphorylation and p27 expres-
sion in PDGF-BB-stimulated VSMCs

Several lines of evidence indicate that the JNK-mediated phos-
phorylation of c-Jun is necessary for cell proliferation®” !,
Zhan et al® also reported that the pivotal role of c-Jun in
PDGEF-BB-induced VSMC proliferation is mediated by the
down-regulation of p27 expression, an inhibitor of cyclin-
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Figure 3. The effect of platonin on AKT phosphorylation in vascular
smooth muscle cells (VSMCs) stimulated by platelet-derived growth
factor (PDGF)-BB. VSMCs (2x10° cells/dish) were treated with only PBS
(resting) or were pretreated with PBS and platonin (1, 2, and 5 umol/L),
followed by the addition of PDGF-BB (10 ng/mL) for 10 min to trigger
AKT phosphorylation. The data are presented as the mean+SEM. n=3.
°P<0.05, compared to the resting group.

dependent kinase (CDK). Based on the above results dem-
onstrating that platonin’s inhibition of cell proliferation may
interfere with JNK1/2 phosphorylation, we sought to examine
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Figure 4. The effects of platonin on ERK1/2 and JNK1/2 phosphorylation in vascular smooth muscle cells (VSMCs) stimulated by platelet-derived
growth factor (PDGF)-BB or fetal bovine serum (FBS). (A and B) VSMCs (2x10° cells/dish) were treated with only PBS (resting) or preincubated with PBS
and platonin (1, 2, and 5 ymol/L), followed by the addition of PDGF-BB (10 ng/mL) for 10 min to stimulate (A) ERK1/2 and (B) JNK1/2 phosphorylation.
(C) VSMCs (1x10° cells/cover slip) were incubated with (a) PBS only (resting) or were pretreated with (b) PBS and (c) platonin (2 pmol/L), followed by
the addition of PDGF-BB (10 ng/mL) for 10 min. Confocal images are representative of those obtained in three separate experiments demonstrating
the expression of phospho-JNK1/2 in VSMCs. The white bar indicates 20 ym. (D) VSMCs (2x10° cells/dish) were incubated with only PBS (resting)
or platonin (2 and 5 ymol/L) or pretreated with PBS and platonin (2 and 5 umol/L), followed by the addition of FBS (10%) to stimulate JNK1/2
phosphorylation. The data are presented as the mean+SEM. n=3. °P<0.05, °P<0.01 compared to the resting group. °P<0.05, P<0.01 compared to

the (B) PBS+PDGF-BB group or (D) PBS+FBS group.

whether platonin interferes with c-Jun phosphorylation and
p27 expression. As shown in Figure 5A, PDGF-BB (10 ng/mL)
induced expression of phospho-c-Jun in VSMCs after 30 min
of stimulation. Figure 5B shows that c-Jun phosphoryla-
tion was markedly inhibited by platonin (1-5 pmol/L) in a
concentration-dependent manner. p27 protein was robustly
expressed in resting cells, whereas PDGF-BB (10 ng/mL)
treatment for 24 h caused significant down-regulation of p27
expression. Platonin (2 and 5 pmol/L) markedly reversed this
effect (Figure 5C).

The correlation between the JNK1/2 phosphorylation and cell
proliferation in activated VSMCs
As shown in Figure 6A, pretreatment with sp600125 (5

and 10 umol/L) markedly suppressed cell proliferation in
PDGF-BB-stimulated VSMCs. In addition, sp600125 (10
pmol/L) treatment in PDGF-BB-stimulated cells resulted in
an increase of cells in the G,/M phase and a reduction in the
Gy/G; phase compared to the DMSO-treated group (G,/M
phase, 21.7%%0.7% vs 32.2%+2.4%, P<0.01, n=3; G,/ G, phase,
66.8%%2.9% vs 56.6%=%1.5%, P<0.05, n=3) (Figure 6B). These
results further demonstrate that changes in JNK1/2 phospho-
rylation status play a pivotal role in the regulation of cell pro-
liferation in activated VSMCs.

Discussion
This study demonstrates that platonin, a trithiazole pentam-
ethine cyanine, inhibits PDGF-BB-stimulated VSMC prolifera-
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Figure 5. The effects of platonin on c-Jun phosphorylation and p27
expression in vascular smooth muscle cells (VSMCs) stimulated by
platelet-derived growth factor (PDGF)-BB. (A) VSMCs (2x10° cells/dish)
were treated with PDGF-BB (10 ng/mL) for the indicated times (10, 30,
and 60 min), were incubated with only PBS (resting), or were pretreated
with PBS and various concentrations of platonin, followed by the addition
of PDGF-BB (10 ng/mL) to stimulate (B) c-Jun phosphorylation after 30
min. (C) Down-regulation of p27 expression after 24 h. The data are
presented as the mean+SEM. n=3. °P<0.01 compared to the resting
group. °P<0.05, P<0.01 compared to the PBS+PDGF-BB group.

tion by suppressing JNK-dependent signals, resulting in cell
cycle arrest in the S and G,/M phases. VSMC proliferation
plays an important role in the pathophysiological course
of atherosclerosis and restenosis after balloon angioplasty.
Therefore, the modulation of VSMC proliferation has impor-
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Figure 6. The effects of sp600125 on cell proliferation and cell cycle
progression in PDGF-BB-stimulated VSMCs. VSMCs were incubated with
PBS (resting) or were pretreated with either sp600125 (5 and 10 ymol/L)
or an isovolumetric solvent control (0.1% DMSO), followed by the addition
of PDGF-BB (10 ng/mL) to stimulate (A) cell proliferation by MTT assay and
(B) cell cycle progression by flow cytometry, as described in our methods.
The data are presented as the mean+SEM. n=3. °P<0.05, °P<0.01
compared to the resting group. °P<0.05, P<0.01 compared to the 0.1%
DMSO group.

tant therapeutic implicationsl. In the present study, we

found that platonin inhibited cell proliferation in PDGF-BB-
stimulated VSMCs at 1-5 pmol/L. This result suggests that
platonin could be a potential agent for treating VSMC prolif-
eration-related diseases. Inflammatory processes followed
by the proliferation of vascular components such as VSMCs
and the extracellular matrix are associated with neointimal

[23]

thickening Furthermore, reactive oxygen species (ROS)

are reported to be a key mediator of signaling pathways that

underlie vascular inflammation.

In past studies, platonin
was shown to be a potent antioxidant and exert inhibitory
effects against macrophage activation and inflammatory

responses[lz’l‘”.

The inhibitory effects of platonin can poten-
tially be harnessed and used to treat atherosclerosis or resteno-
sis.

VSMCs proliferate via a mitotic process determined by the
progression of the cell cycle. The cell cycle can be divided into
two distinct phases: the synthesis (S) phase, in which DNA is
replicated, and the mitosis (M) phase, in which cell division
occurs. In animal cells, the components required for these
phases are regulated by extracellular growth factors, and they

are found mainly in the two gap phases, G; (between M and
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S) and G, (between S and M), Platonin has been reported to
induce significant G,/ G, arrest of a panel of human leukemic
cell lines, including U937, HL-60, K562, NB4, and THP-1"".
In this study, we also found that the loss of the proliferative
capacity of VSMCs that had been treated with platonin is asso-
ciated with cells that have been arrested in the S and G,/M
phases. This phenomenon indicates that platonin may have
different effects on the cell cycle in different cell types.
PDGEF-BB is considered to be the most important chemoat-
tractant for VSMCs, and it activates multiple signaling path-
ways, including PI-3K/AKT and MAPKs®. In the present
study, we found that platonin inhibited the phosphorylation
of JNK1/2, but not AKT or ERK1/2, in PDGF-BB-stimulated
VSMCs. The JNK protein kinases include at least three sub-
types: JNK1, JNK2, and JNK3. JNKI and 2 are ubiquitously
expressed, and the expression of JNK3 is restricted to the
brain, heart, and testes™!. Extracellular stimuli lead to the acti-
vation of MAPK kinase kinases (MAPKKKSs) that subsequently
activate MAPK kinases 4 and 7 (MKK4 and MKK?), both of
which phosphorylate JNKs. Activated JNKs result in the
phosphorylation of many transcription factors, including the
c-Jun component of the activator protein (AP)-1 transcription
[26, 27]

family c-Jun is known to be required for PDGF-induced
VSMC migration and proliferation, and JNK knockdown can
attenuate cell migration and proliferation in PDGF-stimulated
VSMCs® #!. Furthermore, dominant-negative c-Jun lack-
ing the transactivation domain of wild-type c-Jun (Ad-DN-c-
Jun), which specifically blocks AP-1 transcriptional activity,
significantly inhibited PDGF-BB-induced VSMC proliferation
and suppressed PDGF-BB-induced down-regulation of CDK
p272Y. In this study, platonin inhibited JNK1/2 and c-Jun
phosphorylation and reversed the down-regulation of p27
expression in VSMCs stimulated by PDGF-BB. These results
indicate that J]NK1/2-dependent signals may play important
roles in the platonin-mediated inhibition of VSMC prolifera-
tion. Furthermore, JNK, c-Jun, and p27 activation have also
been reported to regulate S and G,/M phases of cell-cycle
progression®!,
ing that the platonin treatment arrested cell cycle progression

These studies are consistent with our find-

in the S and G,/M phases, which may have resulted from the
suppression of JNK1/2-dependent signals.

In conclusion, this study demonstrates that platonin inhibits
VSMC proliferation; this inhibition may involve the inhibition
of both JNK1/2 phosphorylation and c-Jun activation and the
reversal of down-regulated p27 expression, thereby leading
to cell cycle arrest in the S and G,/M phases. We suggest that
platonin may be a potential therapeutic agent for treating dis-
eases related to VSMC proliferation.
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Regulation of angiotensin-(1-7) and angiotensin
Il type 1 receptor by telmisartan and losartan in
adriamycin-induced rat heart failure
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jiang CAO, Jun HUANG, Xin-zheng LU*

Department of Cardiology, First Affiliated Hospital, Nanjing Medical University, Nanjing 210029, China

Aim: To investigate the possible effects of telmisartan and losartan on cardiac function in adriamycin (ADR)-induced heart failure in
rats, and to explore the changes in plasma level of angiotensin-(1-7)[Ang-(1-7)] and myocardial expression of angiotensin Il type 1/2

receptors (AT,R / AT,R) and Mas receptor caused by the two drugs.

Methods: Male Sprague-Dawley rats were randomly divided into 4 groups: the control group, ADR-treated heart failure group (ADR-HF),
telmisartan plus ADR-treated group (Tel+ADR) and losartan plus ADR-treated group (Los+ADR). ADR was administrated (2.5 mg/kg,

ip, 6 times in 2 weeks). The rats in the Tel+ADR and Los+ADR groups were treated orally with telmisartan (10 mg/kg daily po) and
losartan (30 mg/kg daily), respectively, for 6 weeks. The plasma level of Ang-(1-7) was determined using ELISA. The mRNA and protein
expression of myocardial Mas receptor, AT,R and AT,R were measured using RT-PCR and Western blotting, respectively.

Results: ADR significantly reduced the plasma level of Ang-(1-7) and the expression of myocardial Mas receptor and myocardial AT,R,
while significantly increased the expression of myocardial AT,R. Treatment with telmisartan and losartan effectively increased the
plasma level of Ang-(1-7) and suppressed myocardial AT,R expression, but did not influence the expression of Mas receptor and AT,R.
Conclusion: The protective effects of telmisartan and losartan in ADR-induced heart failure may be partially due to regulation of circu-

lating Ang-(1-7) and myocardial AT,R expression.

Keywords: angiotensin-(1-7); Mas; angiotensin | receptor; angiotensin Il receptor; adriamycin; heart failure; telmisartan; losartan
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Introduction
Adriamycin (ADR) is an anthracycline antibiotic commonly
used in the treatment of a wide range of cancers, including
hematological malignancies, many types of carcinomas, and
soft tissue sarcomas. Importantly, the use of adriamycin can
cause acute and chronic side effects. The chronic side effects
are represented by the development of cardiomyopathy and
ultimately, irreversible congestive heart failure!?. Great effort
has been expended in preventing or mitigating the cardiotoxic
side effects of ADRE”: however, the mechanisms underlying
ADR-induced heart failure are not fully understood.

The renin-angiotensin system (RAS) is one of the key regu-
lators of blood pressure and cardiovascular disease®®"" and
involves several enzymes and receptors: renin, angiotensin
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*To whom correspondence should be addressed.
E-mail xzlu@njmu.edu.cn

Received 2010-12-31 Accepted 2011-06-21

II (Ang II), the Ang II type 1 receptor (AT;R), the Ang II type
2 receptor (AT,R) and the Mas receptor. Many reports have
demonstrated the critical roles that these factors have in heart
°l. Ang Il is an oligopeptide that causes vasoconstric-
tion, increased blood pressure, and release of aldosterone from
the adrenal cortex, while AT;R and AT,R are the receptors for
Ang II. AT;R mediates the major cardiovascular effects of Ang
11, including vasoconstriction, increased vasopressin secretion,
cardiac hypertrophy, cardiac contractility and extracellular
matrix formation®. Conversely, effects mediated by AT,R
include inhibition of cell growth, neuronal regeneration, cellu-
lar differentiation and possibly vasodilatation”. Angiotensin-
(1-7) [Ang-(1-7)] is a peptide formed from either Ang I or
Ang 1”1, Ang-(1-7) is considered to be an important peptide
fragment of the RAS, and it plays crucial roles that are often
opposite from those of Ang IT". Ang-(1-7) can induce vaso-
dilatation, diuresis and natriuresis, anti-hypertrophy, anti-
proliferation, anti-fibrosis and stimulate bradykinin and NO
release via binding to the Mas receptor™. The Mas receptor is

failurel
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an oncogene as well as a receptor for Ang-(1-7)"\. In a previ-
ous work, Mas receptor-deficient mice showed higher blood
pressure values, impaired endothelial function, decreased
NO production and lower endothelial NO synthetase
expression", indicating that the Ang-(1-7)/Mas receptor axis
plays an important role in cardioprotective and antihyperten-
sive effects. Importantly, Ang-(1-7) can prevent heart failure
after myocardial ischemia!™”.

Some recent studies have reported that angiotensin convert-
ing enzyme inhibitors (ACElIs) and angiotensin receptor block-
ers (ARBs), two classes of drugs that target RAS, may prevent
ADR-induced cardiotoxicity!*"".
mechanisms are largely unclear. In the present study, we

However, the underlying

investigated the regulation of two ARBs (telmisartan and
losartan) on plasma Ang-(1-7) levels and the mRNA and pro-
tein expression of the myocardial AT;R, AT,R and Mas recep-
tors in ADR-induced heart failure.

Materials and methods

Animals

A total of 70 male Sprague-Dawley (SD) rats weighing
(217£18) g were obtained from Slack Laboratory Animal Co
Ltd in Shanghai (SCXK: 2008-0004, China). All experimental
procedures were conducted according to the Institutional Ani-
mal Care guidelines and approved ethically by the Adminis-
tration Committee of Experimental Animals, Jiangsu Province,
China.

Drugs

ADR, telmisartan and losartan were obtained from Hisun
Pharmaceutical Co Ltd (Zhejiang, China), Novartis (Switzer-
land) and MSD Pharmaceutical Co Ltd (Hangzhou, China),
respectively.

Experimental protocol

Rats were randomly divided into four groups: (1) the con-
trol group (n=10, intraperitoneally injected an equal volume
of normal saline); (2) the ADR-treated heart failure group
(ADR-HF, n=20, intraperitoneally injected ADR, a 2.5 mg/kg
dose administered 6 times in 2 weeks, resulting in a cumula-
tive dose of 15 mg/kg); (3) the ADR plus telmisartan group
(Tel+ADR, n=20, intraperitoneally injected ADR as in the
ADR-HF group and administered telmisartan 10 mg/kg per
day orally for 6 weeks, for a cumulative dose of 420 mg/kg);
and (4) the ADR plus losartan group (Los+ADR, n=20, intrap-
eritoneally injected ADR as in the ADR-HF group and admin-
istered Los 30 mg/kg per day orally for 6 weeks, for a cumula-
tive dose of 1260 mg/kg). During the treatment period, body
weights of the rats were measured every three days, and the
doses of ADR, telmisartan or losartan were adjusted accord-
ing to the change in body weight. The death of animals was
recorded daily.

Echocardiography
Four weeks after the last injection, the cardiac function of the
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rats was evaluated by transthoracic echocardiography (Vivid
7, General Electric Co) with a 10-MHz linear-array transducer
as reported previously™®. Briefly, rats were weighed and
anesthetized using 10% chloral hydrate intraperitoneally (30
mg/kg) and placed on a warm blanket. The cardiac long-
axis and short-axis views were obtained in the 2-dimensional
mode, and M-mode tracings were recorded. Left ventricular
internal dimension systole (LVIDs), left ventricular internal
dimension diastole (LVIDd) and left ventricular ejection frac-
tion (LVEF) were recorded in the M-mode tracings by the
same expert, and all measurements were performed by an
observer blinded to the treatments. We defined heart failure
in this rat model according to the cardiac function as assessed
by echocardiography.

Plasma Ang-(1-7) assay

After echocardiography, the abdominal aorta was carefully
isolated, and 5 mL of arterial blood was collected into tubes
containing disodium EDTA. Then, the plasma was obtained
and stored at -80°C until use. Plasma Ang-(1-7) was assayed
using an ELISA kit (Catalog No: F1763, Xitang Biotechnology
Co, Ltd, Shanghai, China) with a microplate reader (Clinibio-
128C). The optical density at 450 nm was obtained within
30 min. The standard curve was constructed by plotting the
mean absorbance obtained for each reference standard against
its concentration”. Using the mean absorbance value for
each sample, the corresponding concentration was determined
from the standard curve.

RNA isolation and RT-PCR

After blood collection, deeply anesthetized rats were sacri-
ficed. Hearts were isolated and rinsed in saline. The cardiac
ventricles were separated from the atria, weighed, cut into two
segments, frozen in liquid nitrogen and stored at -70°C. Total
RNA in the aorta from the four groups of rats was extracted
using Trizol reagent (Invitrogen, USA)®. The RNA concen-
tration was determined by the absorbance at 260 nm. The
mRNA expression of the myocardial Mas receptor, AT;R and
AT,R was determined by RT-PCR (TaKaRa Biotechnology Co
Ltd, Dalian, China). The reaction conditions of RT-PCR were
as follows: 30°C for 10 min, 47°C for 30 min, 99°C for 5 min
and 5°C for 5 min. After reverse transcription, the cDNA was
denatured at 94 °C for 2 min and subjected to 35 cycles of PCR
at 94°C for 30 s, 60°C for 30 s and 72°C for 1 min (Mas recep-
tor) and 35 cycles of PCR at 94°C for 30 s, 59°C for 30 s and
72°C for 1 min (AT,R, AT,R, and B-actin), followed by exten-
sion at 72°C for 7 min. The selected primers designed for Mas
receptor, AT,R, AT,R, and B-actin were as follows: forward:
5-ACTGCCGGGCGGTCATCATC-3, reverse: 5-GGTGGA-
GAAAAGCAAGGAGC-3 for Mas receptor (263 bp); forward:
5-GCCCTGGCTGATTTATGC-3', reverse: 5-GGAAAGG-
GAACACGAAGC-3" for AT,R; forward: 5-TGGCTTGTCT-
GTC CTCAT-3, reverse: 5-AGACTTGGTCACGG GTAA-3
for AT,R; forward: 5-AAGACCTGTACGCCAACACAGT-3,
reverse: 5'-AGAAGCATTTGCGGTGGACGAT-3’ for p-actin.



Western blotting analysis

Western blotting analysis was performed as described
previously™™ >,
sues from the four groups was subjected to 10% polyacryl-

Protein (20 pg) extracted from the heart tis-

amide gel electrophoresis and then transferred onto PVDF
membranes. The membranes were probed using primary
antibodies against the Mas receptor, AT;R and AT,R (all from
Santa Cruz Biotechnology, USA) overnight at 4°C, followed
by horseradish peroxidase-conjugated secondary antibody
(Santa Cruz Biotechnology, USA) for 2 h at room temperature.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Kang
Chen Bio-Tech, Shanghai, China) was used as the loading con-
trol. Antibody binding was visualized using the ECL system
(Yuehua Medical Instrument Co Ltd, Guangdong, China), and
the amount of Mas receptor, AT;R and AT,R were expressed
relative to that of GAPDH™,

Statistical analysis

Results are presented as the mean#standard deviation (SD).
Comparisons between two groups were assessed by Student's
t-test, and comparisons of three or more groups were per-
formed using one-way ANOVA followed by LSD post-hoc
using SPSS 11.5 software (Chicago, IL, USA). Statistical sig-
nificance was set at P<0.05.

Results

Heart failure model

Body weights were comparable among the four groups at the
start of the study. However, after treatment, the weight gain
was less in the ADR-HF group than in controls (304.4+19.8 g
vs 408.6+12.8 g, P<0.01, Table 1, Figure 1). The body weights
of the Tel+ADR and Los+ADR groups were higher than that
of ADR-HF group (P<0.01, Table 1, Figure 1), although these
were still lower than that of the control (P<0.01, Table 1, Fig-
ure 1). No significant differences between the weights of the
Tel+ADR and Los+ADR groups were observed (P>0.05, Table
1, Figure 1). At the end of the treatment (4 weeks after the last
injection), the numbers of rats in each group were as follows:

Table 1. Weight and cardiac functional parameters at the end of the
study (week 6) in four groups. Data are expressed as mean+SD. °P<0.05,
°P<0.01 vs controls. °P<0.05, P<0.01 vs adriamycin-induced heart failure
rats.

Controls ADR-HF Tel+ADR Los+ADR

(n=10) (n=9) (n=12) (n=13)
Weight (g) 408.6+12.8 304.4+19.8° 343.0+32.16" 348.5+31.52
LVIDs (mm) 3.64+0.33  4.53+0.41°  3.99+0.52°  3.79+0.41°
LVIDd (mm) 5.79+0.48  6.81+0.30° 6.08+0.33°  6.14+0.44°
LVEF (%) 81.5+1.4 63.8+4.4' 72.5+1.8 73.9+2.7%

Controls=with normal saline injection; ADR-HF=adriamycin-induced
heart failure rats; Tel+ADR=telmisartan plus adriamycin-treated rats;
Los+ADR=losartan plus adriamycin-treated rats. LVIDs=left ventri-cular
internal dimension systole; LVIDd=left ventricular internal dimensi- on
diastole; LVEF=left ventricular ejection fraction.
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Figure 1. Changes in body weight in each group of rats. Controls=With
normal saline injection; ADR-HF=Adriamycin-induced heart failure rats;
Tel+ADR=Telmisartan plus Adriamycin-treated rats; Los+ADR=Losartan
plus Adriamycin-treated rats. Data are expressed as mean+SD. "P<0.05,
°P<0.01 vs control group. P<0.01 vs ADR-HF group. Control, n=10; ADR-
HF, n=9; Tel+ADR, n=12; and Los+ADR, n=13.

Control, n=10; ADR-HF, n=9; Tel+ADR, n=12; and Los+ADR,
n=13.

The cardiac function of the rats was tested at the end of
the treatment (Figure 2). Compared with the control group,
LVIDs and LVIDd in ADR-HF group increased significantly,
while LVEF decreased significantly (LVIDs: 4.53+£0.41 mm vs
3.64+0.33 mm, P<0.05; LVIDd: 6.81+0.30 mm vs 5.79+0.48 mm,
P<0.05; LVEF: 63.8%+4.4% vs 81.5%%1.4%, P<0.01, Table 1),
indicating that cardiac function was significantly impaired
in the ADR-HF group. Interestingly, while the LVEF of
the ADR-HF was 63.8%+4.4%, those of the Tel+ADR and
Los+ADR groups were 72.5%+1.8% and 73.9%+2.7%, respec-
tively, indicating a significant improvement (P<0.01, for both;
Table 1). No significant differences in the LVIDs, LVIDd,
and LVEF between the Tel+ADR and Los+ADR groups were
observed (Table 1).

Plasma levels of Ang-(1-7)

The plasma level of Ang-(1-7) in the ADR-HF group was
lower than that in the control group (4.27+2.79 ng/mL vs
10.26+2.39 ng/mL, P<0.01, Figure 3). Ang-(1-7) plasma levels
of the Tel+ADR and Los+ADR groups were higher than that
in ADR-HF group (7.16£2.13 ng/mL vs 4.27+2.79 ng/mL;
7.08+1.49 ng/mL vs 4.27+2.79 ng/mL, both P<0.05, Figure 3)
but were still lower than that in control group (P<0.05, Fig-
ure 3). There was no difference in plasma levels of Ang-(1-7)
between the Tel+ADR and Los+ADR groups (P>0.05, Figure
3).

Expression of the Mas receptor, AT,R and AT,R in the heart

The expression levels of the Mas receptor, AT;R and AT,R in
cardiomyocytes were examined by RT-PCR analysis (Figure
4) and Western blotting (Figure 5). The mRNA and protein
expression of the Mas receptor and AT,R were reduced in the
ADR-HF group compared with the control group. Conversely,
mRNA and protein expression of AT,R were increased. Treat-
ment with telmisartan and losartan significantly suppressed
the upregulation of AT,R but did not change the expression of
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www.nature.com/aps
Zong WN et al

1348

Controls

LVIDd
"LVIDs

LVPWd

LVPWs

5.16 mm |
2.93 mm l
1.81 mm ‘
2.39 mm f

EDV (Telch) 0.33 mm?|
ESV (Telch) 0.07 mm?|

EF (Telch)
SV (Telch)
<% FS

,LVIDd

80%
0.26 mm?|
43%

6.22 mm
3.94 mm
1.38 mm
2.02 mm

LVIDs
LVPWd
LVPWs

EDV (Telch) 0.56 mm?
ESV (Telch) 0.15 mm?

ADR-HF

LVIDd
LVIDs

7.02 mm
5.04 mm
LVPWd 1.56 mm
LVPWs 2.27 mm
EDV (Telch) 0.78 mm?
ESV (Telch) 0.31 mm?
EF (Telch) 61%
SV (Telch) 0.47 mm?2
=% FS 28%

Los+ADR

LVIDd
LVIDs

6.28 mm
4.04 mm 1
LVPWd 1.12 mm
LVPWs 2.07 mm
EDV (Telch) 0.57 mm?
ESV (Telch) 0.16 mm?

73%
0.41 mm?
37%

EF (Telch)
SV (Telch)
% FS

EF (Telch) 71%
SV (Telch) 0.41 mm?3
% FS 36%

= 124
£
E’ be
= =10 be
T oel c ] [
Sl
g) N n=12 n=13
c 4
é n=9
a
0 T T T T
Control ADR-HF  Tel+ADR Los+ADR

Figure 3. Plasma levels of angiotensin-(1-7) [Ang-(1-7)] were determined
by ELISA in rats of the control, ADR-HF, Tel+ADR, and Los+ADR groups
at the end of the study. Controls=With normal saline injection; ADR-
HF=Adriamycin-induced heart failure rats; Tel+ADR=Telmisartan plus
Adriamycin-treated rats; Los+ADR=Losartan plus Adriamycin-treated rats.
Mean+SD. °P<0.05, °P<0.01 vs controls. ®P<0.05 vs ADR-HF.

the Mas receptor and AT,R.

Discussion
In this study, we showed that ADR decreased plasma Ang-
(1-7) levels and myocardial Mas receptor and AT,R mRNA
and protein expression, whereas it upregulated the myocardial
mRNA and protein expression of AT;R. Two kinds of ARBs,
telmisartan and losartan, attenuated the ADR-induced reduc-
tion of plasma Ang-(1-7) and suppressed the ADR-induced
enhancement of myocardial AT;R expression. Telmisartan
and losartan did not change the expression of the Mas recep-
tor and AT,R.

Ang-(1-7) is produced from Ang I and AngIl. Under physi-
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Figure 2. Transthoracic echocardiography
to evaluate the cardiac function of rats.
Controls=With normal saline injection; ADR-
HF=Adriamycin-induced heart failure rats;
Tel+ADR=Telmisartan plus Adriamycin-treated
rats; LostADR=Losartan plus Adriamycin-
treated rats.
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Figure 4. The mRNA expression levels of the Mas receptor (A), AT,R (B),
and AT,R (C) in cardiac tissues at the end of the study were determined
by RT-PCR. The amounts are expressed relative to the amount of
B-actin. Controls=With normal saline injection; ADR-HF=Adriamycin-
induced heart failure rats; Tel+ADR=Telmisartan plus Adriamycin-treated
rats; Los+ADR=Losartan plus Adriamycin-treated rats. n=6. Mean+SD.
°P<0.05, °P<0.01 vs control groups. P<0.01 vs ADR-HF.
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Figure 5. The protein expression levels of the Mas receptor (A), AT,R (B), and AT,R (C) in cardiac tissues at the end of the study were determined by
Western blotting. Amounts of Mas, AT;R, and AT,R were expressed relative to the amount of GAPDH in each sample. Controls=With normal saline
injection; ADR-HF=Adriamycin-induced heart failure rats; Tel+ADR=Telmisartan plus Adriamycin-treated rats; Los+tADR=Losartan plus Adriamycin-
treated rats. Data are expressed as mean+SD. °P<0.05, °P<0.01 vs control group. ‘P<0.01 vs ADR-HF.

ological conditions, plasma concentrations of Ang-(1-7) are
similar to the plasma levels of Ang 11 Conversely, under
some pathological conditions, eg, untreated essential hyper-
tensive subjects, the urinary concentrations of Ang-(1-7) is
lower than in normotensive controls, but chronic treatment
with ARBs increases plasma levels of Ang-(1-7) 5- to 25-fold
in both rats and humans™!, Moreover, previous reports have
suggested that Ang-(1-7) is cardioprotective in myocardial
ischemia/reperfusion and heart remodeling after heart infarc-
tion or heat failure®™ *. In our study, the plasma Ang-(1-7)
level was significantly lowered by ADR treatment. Surpris-
ingly, treatment with either telmisartan or losartan resulted in
increases in plasma Ang-(1-7) compared with the untreated
ADR-HF group (both P<0.05). Based on the current results,
we postulate that endogenous Ang-(1-7) could be a positive
physiological protector for the heart, possibly mediating the
beneficial effects of ARBs for ADR-induced heart failure.

AT;R and AT,R both belong to the family of G protein-cou-
pled receptors, but they share only a 32%-34% identity at the
amino acid level®”. ATR is widely distributed in the adrenal
glands, kidneys, blood vessels, heart, brain, liver, bronchial
tissue and other tissues”. After stimulation with Ang II, AT,R
can cause vasoconstriction, Na/H,O reabsorption, inflamma-
tory response, hypertrophy, hyperplasia, cell proliferation
and so on”!. Tt has been reported that the increase in oxidative
stress coexists with AT;R upregulation in models of hyper-
tension™. The data presented in this study showed that in
the ADR-HF group, expression of the AT;R was upregulated
compared with the control group (P<0.05). This phenomenon
may be due to enhanced oxidative stress and an activated RAS
localized to cardiac tissue during heart failure. In addition, in
the telmisartan- or losartan-treated rat heart, expression of the
AT;R returned to control values, suggesting that the inhibitory
effect of ARBs on the AT;R contributes critically to their pro-
tective effect in ADR-induced heart failure.

The AT,R is localized in numerous embryonic and neonatal
tissues, but its expression declines rapidly after birth and is

then restricted to certain organs such as the adrenal glands,
ovary, heart, brain, uterus, vascular endothelium, kidney and
lung[‘;]. Stimulation of the AT,R can cause vasodilation, a
reduced inflammatory response, apoptosis, anti-proliferation
and anti-oxidative stress'”. Previous studies demonstrated
that the amount of AT,R was negatively correlated with
LVIDd and positively correlated with LVEF, suggesting that
left ventricular dysfunction was associated with decreased
expression of myocardial AT,R protein®”. The Mas receptor is
also a G protein-coupled receptor, and it is widely expressed in
some tissues”™. Importantly, it is the receptor for Ang-(1-7)!"*\.
Recently, new evidence has suggested that Ang-(1-7) acts via
NO/cGMP to prevent the Ang II-induced translocation of the
nuclear factor of activated T cells in cardiomyocytes™. More-
over, in both in vitro and in vivo conditions, Mas receptor-
deficient mice showed impairment of cardiac functions such as
hypotonia of myocardial contraction and reduction of cardiac
output™. Our study showed that in ADR-treated rats, both
the mRNA and protein expression of the AT,R and Mas recep-
tor were downregulated. However, treatment with ARBs did
not restore the expression of the AT,R and Mas, suggesting
that although the decreases in the expression level of the AT,R
and Mas receptor may be characteristics of ADR-induced heart
failure, the cardio-protection of ARBs is not mediated by the
AT,R and Mas receptor.

In summary, our results confirmed that ARBs are beneficial
for ADR-induced heart failure and demonstrated that the
influences of ARBs on circulating Ang-(1-7) levels and AT;R
expression in cardiomyocytes may contribute to the cardio-
protection of ARBs in this model. Our data may add new evi-
dence to this research field and provide new mechanisms for
applications of ARBs to reduce cardiotoxicity in ADR-treated
patients.
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Negative association between free triiodothyronine
level and international normalized ratio in euthyroid
subjects with acute myocardial infarction
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Aim: To investigate the relationship between free triiodothyronine (FT3) and the international normalized ratio (the ratio of the
prothrombin time of a patient to the normal sample, INR) in Chinese euthyroid subjects with acute ST-segment elevation myocardial

infarction (STEMI).

Methods: A total of 231 consecutive patients (177 males, 54 females) with STEMI were enrolled. Anthropometric and laboratory mea-
surements, including heart rate, respiratory rate, blood pressure, body temperature, platelet count, INR, prothrombin time, activated
partial thromboplastin time, FT3, free thyroxine (FT4), and thyroid-stimulating hormone, were collected from all the patients. The levels
of FT3 and FT4 were measured with a full-automatic immune analyzer. The INR was determined using a coagulation analyzer.

Results: Patients were classified into 4 groups according to their quartile FT3 and FT4 levels: 0.40-3.09 (n=52), 3.10-3.69 (n=56),
3.70-4.29 (n=64) and 4.30-7.10 (n=59) for FT3; 4.9-14.8 (n=57), 14.9-16.8 (n=58), 16.9-18.7 (n=57) and 18.8-29.0 (n=59)

for FT4. Subjects with a high FT3 level had significantly lower values of INR than those with a low FT3 level (P=0.01). Multiple linear
regression analysis revealed decreased serum FT3 as an independent risk factor for elevated INR values (3=-0.139, P=0.025). The
value of INR was similar among the 4 groups according to the quartile FT4 levels (P=0.36).

Conclusion: Free triiodothyronine was negatively associated with INR in the patients with acute STEMI and normal thyroid function.

Keywords: free triiodothyronine; free thyroxine; prothrombin time; international normalized ratio; acute ST elevation myocardial infarc-

tion; Chinese euthyroid subject

Acta Pharmacologica Sinica (2011) 32: 1351-1356; doi: 10.1038/aps.2011.118; published online 3 Oct 2011

Introduction

In 1878, Greenfield found diffuse atherosclerosis in a 58-year-
old woman with myxedema at autopsy™ ?. Soon after, Kocher
reported that arteriosclerosis commonly occurs after thyroid
extirpation and raised the hypothesis of a causal relationship
between hypothyroidism and atherosclerosis®. This link
between the hemostatic system and thyroid disease was finally
described in 1913, when an episode of cerebral vein thrombo-
sis in a hyperthyroid patient was reported™.

It is now well-known that thyroid dysfunction and autoim-
munity may modify the physiological processes of primary
and secondary hemostasis and lead to bleeding or thrombo-
sis?l. Following levothyroxine treatment, patients with overt
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hypothyroidism display decreased bleeding time, prothrom-
bin time (PT), activated partial thromboplastin time (APTT),
and clotting time as well as increased factor VIII activity, von
Willebrand factor, and platelet count’®. The occurrence of
myocardial infarction (MI) shortly after the initiation of thy-
roid hormone substitution treatment could reflect an acutely
increased risk of thrombosis!” ®.

The association between the thyroid hormone level and the
coagulation system in subjects with acute ST-segment eleva-
tion myocardial infarction (STEMI) and normal thyroid func-
tion has not been definitely elucidated. In the present study,
we prospectively explored this association in Chinese euthy-
roid subjects with STEML

Materials and methods

Study subjects

From 27 July 2010 to 21 March 2011, 231 consecutive euthyroid
patients (177 males), aged 30 to 94 years (mean, 63 years) with
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acute STEMI at the First Affiliated Hospital of Nanjing Medi-
cal University, Nanjing, China, were enrolled in the study.
The current guidelines for the ECG diagnosis of the ST seg-
ment elevation type of acute myocardial infarction require at
least 1 mm (0.1 mV) of ST segment elevation in the limb leads,
and at least 2 mm elevation in the precordial leads”. Because
anticoagulation is an integral part of both fibrinolytic therapy
and percutaneous intervention (PCI) in the reperfusion treat-
ment of STEMI"”, all patients were given antiplatelet therapy
with aspirin and clopidogrel. Exclusion criteria were cardiac
shock, severe liver and/or renal dysfunction, hyperthyroid-
ism, hypothyroidism, severe hypovolemia, thyroid disease,
and concurrent treatment with diuretics or amiodarone.
Complete medical histories, including history of bleeding and
smoking habits, were recorded.

Among the 231 patients with STEMI, the types of MI were
anteroseptal MI in 35 cases, anterior wall MI in 72 cases, exten-
sive anterior wall MI in 20 cases, inferior wall MI in 98 cases,
and lateral wall MI in 6 cases. Patients were divided into 4
groups according to their levels of free triiodothyronine (FT3)
and free thyroxine (FT4). The median (quartile range) for FT3
and FT4 were 3.7 pmol/L (3.1-4.3 pmol/L) and 16.9 pmol/L
(14.9-18.8 pmol/L), respectively.

This study was approved by the Ethics Committee of the
First Affiliated Hospital of Nanjing Medical University, and
informed consent was obtained from each patient.

Clinical characteristics

At admission to the coronary care unit, the patients were
immediately examined by the attending physician, who per-
formed a complete physical examination, including blood
pressure, heart rate, respiratory rate, and body temperature,
and recorded demographic and historical data.

Systolic blood pressure (SBP) and diastolic blood pressure
(DBP) were measured in the right arm with the participant
seated and the arm bared. Three readings were recorded for
each individual, and the average was recorded. After a rest
of at least 5 min, the heart rate was measured by pulse palpa-
tion over a 30-s period and was multiplied by 2 to evaluate
the heart rate per minute. The respiratory rate was measured
by observing the frequency of thoracic ups and downs over a
60-s interval. The axillary body temperature was measured
by placing a thermometer under the armpit, with the arm skin
tightening the thermometer. The thermometer was removed
and read after 5-10 min.

Thyroid level measurements

The 12-h fasting blood samples were collected from every
patient upon admission to the coronary unit. All samples
were collected in serum separator tubes and immediately cen-
trifuged (at 3000 r/min for 20 min at room temperature) and
analyzed. Thyroid-stimulating hormone (TSH), FT3, and FT4
levels were measured with full-automatic immune analyzer
(cobas e601, Roche, Berlin, Germany), with normal reference
ranges of 0.3-4.2 mIU/L, 3.10-6.8 pmol/L, and 12.0-22.0
pmol/L, respectively.

Acta Pharmacologica Sinica

Blood coagulation measurements

Two common coagulation tests, PT and APTT, were per-
formed with a computerized blood coagulation analyzer (CA
7000, Sysmex, Kobe, Japan). The reference ranges for PT and
APTT were 11.043 s and 24.5+10 s, respectively. The inter-
national normalized ratio (INR) is the ratio of the PT of the
patient to a normal (control) sample. The INR was measured
by the coagulation analyzer (CA 7000, Sysmex, Kobe, Japan),
with a reference range of 0.8-1.2. The platelet count was
obtained with an automated blood analyzer (XE-2100; Sysmex,
Kobe, Japan).

Statistical analysis

Significance was defined as a P value of <0.05. Data were
analyzed with Statistics Package for Social Sciences (version
16.0; SPSS Inc, Chicago). All variables were checked by the
Kolmogorov-Smirnov test.

Patients were classified into 4 groups according to their
quartile FT3 and FT4 levels, respectively: 0.40-3.09 (n=52
patients), 3.10-3.69 (n=56), 3.70-4.29 (n=64), and 4.30-7.10
(n=59) for FT3; 4.9-14.8 (n=57 patients), 14.9-16.8 (n=58), 16.9-
18.7 (n=57), and 18.8-29.0 (n=59) for FT4. In every group, the
DBP, body temperature, heart rate, respiratory rate, PT, APTT,
platelet count, and TSH were expressed as median (quartile
range), and comparisons between the 4 groups were analyzed
by Kruskal-Wallis test (for non-normal distribution). Age,
SBP, FT4, FT3, and INR were expressed as the mean+SD, and
comparisons were analyzed by analysis of variance (ANOVA)-
Sheffe’s F test. Categorical variables, including sex, were com-
pared among the groups of patients by chi-squared analysis.

The independent relationship between FT3 or FT4 and other
variables was assessed by stepwise or enter multiple regres-
sion analysis, respectively. Differences were considered to be
significant if the null hypothesis could be rejected with >95%
confidence. All reported P values are two-tailed.

Results
Demographic and clinical characteristics and coagulation
parameters in patients according to the level of FT3 and FT4
Of the 231 patients with STEMI, 177 (76.6%) were male and 54
(23.4%) were female. Table 1 shows the baseline demographic
and clinical characteristics and biochemical and coagula-
tion parameters of the 4 groups. The frequency distribu-
tion of sex (P=0.04) differed significantly among the groups.
Age (P=0.00), SBP (P=0.02), DBP (P=0.01), INR (P=0.01), PT
(P=0.00), and APTT (P=0.00) differed significantly among the
groups. However, platelet count (P=0.21), body temperature
(P=0.55), heart rate (P=0.21), respiratory rate (P=0.53), FT4
(P=0.23), and TSH (P=0.88) were similar among the 4 groups.
Patients were classified into 4 groups according to their
quartile FT4 levels. Sex (P=0.67), age (P=0.85), SBP (P=0.58),
DBP (P=0.83), platelet count (P=0.24), INR (P=0.36), body tem-
perature (P=0.86), heart rate (P=0.25), respiratory rate (P=0.12),
PT (P=0.39), APTT (P=0.17), and TSH (P=0.26) were similar
among the 4 groups (Table 2). FT3 (P=0.04) differed signifi-
cantly among the groups.
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Table 1. Clinical characteristics and biochemical and coagulation parameters in patients according to the level of free triiodothyronine.

Free triiodothyronine (quartile range) Chi-square
Variable 0.40-3.09 3.10-3.69 3.70-4.29 4.30-7.10 or F P
(n=52) (n=56) (n=64) (n=59)
Age (year) 66.9 (54.5-79.5) 69.1 (57.3-81.0) 64.5 (51.9-77.0) 53.5(43.1-63.8) 20.01 0.00
Male/Female 34/18 41/15 50/14 52/7 8.42 0.04
SBP (mmHg) 123 (99-147) 120 (101-139) 131 (110-152) 124 (106-142) 3.28 0.02
DBP (mmHg) 74 (65-80) 70 (65-79) 78 (70-90) 80 (70-85) 16.9 0.01
Platelet count (10%/L) 196 (117-275) 187 (131-244) 206 (110-301) 218 (137-299) 1.52 0.21
INR 1.05 (0.88-1.22) 1.00 (0.88-1.12) 0.97 (0.86-1.08) 0.96 (0.78-1.14) 3.84 0.01
BT (°C) 36.8 (36.5-37.0) 36.6 (36.5-36.8) 36.6 (36.5-36.8) 36.7 (36.5-36.8) 2.09 0.55
HR (beat/min) 81.5 (69.5-91.7) 72.0 (64.0-88.5) 74.0 (66.0-80.8) 75.5 (64.3-84.0) 4.53 0.21
RR (time/min) 18.0 (18.0-20.0) 18.0 (17.8-20.0) 18.0 (18.0-20.0) 18.0 (17.0-20.0) 2.19 0.53
PT (s) 11.4 (10.4-14.0) 11.1 (10.2-12.5) 10.6 (9.8-12.7) 10.1 (9.6-11.8) 13.5 0.00
APTT (s) 33.0 (27.0-42.3) 27.7 (24.1-32.9) 28.9 (24.9-37.5) 27.4 (24.7-34.5) 14.5 0.00
FT4 (pmol/L) 16.0 (14.0-18.4) 16.9 (14.5-19.3) 17.1 (15.2-18.3) 17.4 (15.7-19.5) 4.27 0.23
TSH (mIU/L) 1.03 (0.54-2.64) 1.46 (0.83-2.29) 1.30 (0.72-2.51) 1.43 (0.93-2.24) 0.69 0.88

SBP, systolic blood pressure; DBP, diastolic blood pressure; INR, international normalized ratio; BT, body temperature; HR, heart rate; RR, respiratory
rate; PT, prothrombin time; APTT, activated partial thromboplastin time; FT4, free thyroxine; TSH, thyroid-stimulating hormone.

Table 2. Clinical characteristics and biochemical and coagulation parameters in patients according to the level of free thyroxine.

Free thyroxine (quartile range) Chi-square
Variable 4.9-14.8 14.9-16.8 16.9-18.7 18.8-29.0 orF P
(n=57) (n=58) (n=57) (n=59)
Age (year) 63.4 (50.6-76.2) 62.1 (46.9-77.3) 63.8 (52.0-75.4) 64.2(50.9-77.4) 0.27 0.85
Male/Female 45/12 47/11 42/15 43/16 1.54 0.67
SBP (mmHg) 123 (108-137) 123 (95-151) 127 (106-148) 126 (107-146) 0.66 0.58
DBP (mmHg) 75 (70-80) 74 (64-80) 75 (68-89) 74 (70-85) 0.88 0.83
Platelet count (10%/L) 177 (147-222) 180 (143-247) 200 (167-235) 199 (152-237) 4.19 0.24
INR 1.00 (0.87-1.13) 0.98 (0.85-1.10) 0.97 (0.83-1.11) 1.02 (0.81-1.22) 1.08 0.36
BT (°C) 36.6 (36.5-37.1) 36.6 (36.5-36.8) 36.6 (36.5-36.8) 36.7 (36.5-36.8) 0.74 0.86
HR (beat/min) 71.5 (64.0-82.5) 74.0 (64.0-85.0) 78.0 (65.5-84.5) 78.0 (70.0-95.0) 4.08 0.25
RR (time/min) 18.0 (18.0-20.0) 18.0 (18.0-20.0) 18.0 (16.5-19.5) 18.0 (18.0-20.0) 5.76 0.12
PT (s) 11.1(10.4-12.5) 10.6 (9.8-12.8) 10.5 (9.6-12.9) 11.0 (9.8-13.1) 2.99 0.39
APTT (s) 30.2 (25.9-36.5) 27.8 (24.7-33.7) 27.7 (24.2-34.2) 31.1(25.1-38.5) 5.08 0.17
FT3 (pmol/L) 3.38(2.34-4.42) 3.69 (2.92-4.46) 3.83(3.14-4.52) 3.72 (2.81-4.63) 2.87 0.04
TSH (mlIU/L) 1.19 (0.58-2.06) 1.15 (0.89-2.19) 1.62 (0.75-3.59) 1.62 (0.91-2.49) 4.04 0.26

SBP, systolic blood pressure; DBP, diastolic blood pressure; INR, international normalized ratio; BT, body temperature; HR, heart rate; RR, respiratory
rate; PT, prothrombin time; APTT, activated partial thromboplastin time; FT3, free triiodothyronine; TSH, thyroid-stimulating hormone.

Multiple linear regression analysis with FT3 and FT4 as the
dependent variable

Multiple linear regression analysis was used to examine the
independent association between FT3 or FT4 and INR in
patients with STEMI. In this model, FT3 or FT4 was employed
as the dependent variable, and other variables were consid-
ered as the independent variables. Table 3 shows that INR
(p=-0.139, P=0.025), age (3=-0.344, P=0.000), and DBP (3=0.144,
P=0.020) were significant independent factors associated with
the level of FT3 after adjustment. Figure 1 presents the partial
regression and shows the relationship between FT3 and INR.

Sex ($=0.063, P=0.377), age (=0.120, P=0.097), body tem-
perature (p=-0.020, P=0.763), heart rate ($=0.065, P=0.336),
respiratory rate (f=-0.056, P=0.413), SBP (B=-0.028, P=0.784),
DBP (p=0.126, P=0.215), platelet count ($=0.086, P=0.218), and
INR (B=0.024, P=0.725) were not significantly associated with
the FT4 levels (Table 4).

Discussion

In the present study, we investigated the association between
thyroid hormones and the coagulation system in patients with
STEMI and normal thyroid function. Subjects with high FT3
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Table 3. Multiple linear regression analysis to identify independent variables associated with serum free triiodothyronine levels.

Unstandardized

Standardized

Variable coefficients coefficients T P
B Std. Error (Beta)
Constant 5.199 0.532 - 9.776 0.000
Age (year) -0.023 0.004 -0.344 -5.596 0.000
DBP (mmHg) 0.009 0.004 0.144 2.352 0.020
INR -0.973 0.351 -0.139 -2.261 0.025

DBP, diastolic blood pressure; INR, international normalized ratio. Stepwise multiple linear regression analysis was performed.

Dependent variable: free triiodothyronine

Free triiodothyronine

02 00 02 04 06 08 10 12
International normalized ratio

Figure 1. The relationship between free triiodothyronine (FT3) and the
international normalized ratio (INR) in Chinese euthyroid subjects.

levels had lower INR values than those with low FT3 (P=0.01).
To our knowledge, this is the first study to report that an
increased INR is associated with a decreased FT3 level in
euthyroid patients.

The strong relationship between thyroid hormones and the
coagulation system has been appreciated since the beginning
of the past century""l. For instance, hyperthyroid patients are
known to have an increased prevalence of shortened APTT
and higher fibrinogen levels than those with normal thyroid
function. Because prolonged APTT and PT results indicate a

reduced coagulation response and a bleeding tendency, these
findings indicate that hyperthyroidism might be associated
with hypercoagulability™®. Previous studies largely have
explored patients with clinically overt hypo- or hyperthyroid-
ism who appeared to have an increased risk of bleeding or
thrombosis!".

In contrast, conflicting results have been reported concern-
ing the association between subclinical hyperthyroidism and
coagulation. Bucerius et al reported that subclinical hyper-
thyroidism has no significant impact on coagulation metabo-
lism™, whereas Smallridge reported that subclinical hyperthy-
roidism is associated with various cardiac effects, particularly
atrial fibrillation that increases the thromboembolism risk!.
Recently, a correlation between thyroid hormone levels and
atherosclerosis was suggested in euthyroid patients, in whom
the thyroid hormone levels were found to affect the presence
and severity of coronary atherosclerosis™'. Similarly, logistic
regression analysis in the present study revealed decreased
serum FT3 as an independent risk factor for elevated INR
in patients with STEMI and normal thyroid function, after
adjustment for confounders. Age was also observed to be an
independent risk factor for elevated FT3, consistent with a
previous study showing that the FT3 level in old subjects is
negatively associated with age™.

Female gender by itself had a negative and independent

Table 4. Multiple linear regression analysis to identify independent variables associated with serum free thyroxine levels.

Unstandardized

Standardized

Variable coefficients coefficients T P
B Std. Error (Beta)
Constant 18.171 21.557 - 0.843 0.400
Sex 0.489 0.552 0.063 0.885 0.377
Age (year) 0.030 0.018 0.120 1.667 0.097
BT (°C) -0.175 0.581 -0.020 -0.301 0.763
HR (beat/min) 0.003 0.003 0.065 0.964 0.336
Respiratory rate (time/min) -0.031 0.037 -0.056 -0.821 0.413
SBP (mmHg) -0.004 0.016 -0.028 -0.275 0.784
DBP (mmHg) 0.032 0.025 0.126 1.245 0.215
Platelet count (10%/L) 0.004 0.003 0.086 1.235 0.218
INR 0.528 1.498 0.024 0.353 0.725

BT, body temperature; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; INR, international normalized ratio.
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influence on mortality in STEMI patients"”. However, of the

231 patients with STEMI in our study, 177 (76.6%) were male
and 54 (23.4%) were female. Among the subjects with a high
serum FT3 level, there were significantly more males than
females (P=0.04). A typical pattern of altered thyroid hormone
metabolism called nonthyroid illness syndrome (NTI) occurs
after acute MI. This syndrome is characterized by low serum
and free T3 levels, increased serum reverse T3 levels, and, in
the most severe condition, by decreased serum T4 and TSH
levels™,
lower than the normal reference of FT3 (3.1 pmol/L).

In present study, among of 231 patients, 23% were

Thyroid hormones exert various effects on the coagula-

tion system[w]

. Modulation of the levels of T3 in hyper- and
hypothyroidism is extremely important for the capability
to increase or decrease the concentrations of fibrinogen and

[20]

numerous blood clotting factors In particular, a decrease

in active hormone T3 leads to further impairment in cardiac

function.

Recently, Lymvaios et al reported that T3 levels
are closely correlated with the cardiac function after AMI®,
Everts et al also reported that T3, and not T4, is transported
into the myocyte™. However, the exact mechanisms underly-
ing the association between FT3 and cardiac function require
further study. Regardless, these previous findings, combined
with those of the present study, indicate the importance of
assessing the FT3 level of patients. Acute myocardial infarc-
tion was the consequence of the acutely increased coronary
thrombogenesis and the deficient blood. Whether or not sub-
stitution of thyroid hormone should be (routinely) considered
as a treatment in patients with STEMI undergoing surgery
should be considered.

The findings of the present study are consistent with previ-
ous observations that a rise in thyroxine level is associated
with increased levels of factors VIII and IX, von Willebrand
factor, and fibrinogen®!
been proposed to explain this intriguing association, including

. Several biological mechanisms have

the effects of thyroid hormones on the synthesis of coagulation
factors and the thyroid-related autoimmune processes!"> '),
However, the exact mechanism underlying the relationship
between FT3 and INR remains unclear. Deficiency or excess
of thyroid hormone may disturb the production and/or clear-
ance of coagulation factors, such that a patient will bleed or
develop thrombosis®".

Limitations of the present study include a small sample size
and the patient selection. Future large clinical and interven-
tion studies are needed to obtain more definitive information
on the clinical relevance and the effects of pharmacologic
treatment with acute MI. Prophylactic examination of FT3
might be proposed in cases of older people with cardiovascu-
lar disease.

In conclusion, free T3 is negatively associated with INR in
patients with acute STEMI and normal thyroid function.
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Polymorphisms of genes in nitric oxide-forming
pathway associated with ischemic stroke in Chinese
Han population

Jiang-tao YAN**, Lan ZHANG™*, Yu-jun XU*, Xiao-jing WANG?, Cong-yi WANG?®, Dao-wen WANG™" *

Linstitute of Hypertension and Department of Internal Medicine, Tongji Hospital, Tongji Medical College, Huazhong University of Sci-
ence and Technology, Wuhan 430030, China; *Department of Oral Biology, School of Dental Medicine, University of Pittsburgh, Pitts-
burgh, PA 15219, USA; 3Center for Biotechnology and Genomic Medicine, Medical College of Georgia, Augusta, GA 30912, USA

Aim: To investigate the association of polymorphisms in four critical genes implicated in the NO-forming pathway with ischemic stroke
(IS) in a Chinese Han population.

Methods: DNA samples of 558 IS patients and 557 healthy controls from Chinese Han population were genotyped using the Tagman™
7900HT Sequence Detection System. Six SNPs (rs841, rs1049255, rs2297518, rs1799983, rs2020744, rs4673) of the 4 related
genes (eNOS, iNOS, GCH1, and CYBA) in the NO forming pathway were analyzed using the SPSS 13.0 software package for Windows.
Results: One SNP located in the intron of GCH1 (rs841) was associated with IS independent of the traditional cardiovascular risk fac-
tors in co-dominant and dominant models (P=0.003, g=0.027; P=0.00006, g=0.0108; respectively). Moreover, the combination of
rs1049255 CC+CT and rs841 GA+AA genotypes was associated with significantly higher risk for IS after adjustments (OR=1.73, 95%
Cl: 1.27-2.35, P<0.0001, g<0.0001).

Conclusion: The data suggest that genetic variants within the NO-forming pathway alter susceptibility to IS in Chinese Han population.

Replication of the present results in other independent cohorts is warranted.

Keywords: ischemic stroke; nitric oxide; polymorphism; genetics; Chinese Han population
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Introduction

Ischemic stroke (IS), known to be a multifactorial disorder, is
the leading cause of disability and the second leading cause
of death in China"\. IS usually results from hypertension, ath-
erosclerosis, diabetes, smoking, vasculitis or other etiologies.
Beyond the conventional risk factors, evidence is accumulating
that genetic factors may also contribute to the risk of stroke
development®,

Nitric oxide (NO) is synthesized by the enzyme nitric oxide
synthase (NOS) from L-arginine and oxygen in endothelial
Bl NO plays an impor-
tant role in the control of cerebral blood flow, thrombogenesis,

cells, neurons, glia and macrophages

and the modulation of neuronal activity[4]. High concen-
trations of NO originating from cerebral ischemia mediate
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inflammatory and cytotoxic pathways leading to neuronal
death®. NO is also important to protect vessels against ath-
erosclerosis'®. NO bioavailability is tightly regulated by a bal-
ance between its production and detoxification or degradation,
and therefore, cerebral ischemia could be related to abnormali-
ties in the expression and activity of NOS.

Several potential functional polymorphisms in the nitric
oxide-forming pathway have recently been discovered, includ-
ing (1) Leu608Ser (rs2297518) in inducible [iNOS]", (2, 3) Glu-
298Asp (rs1799983) and T-786C (rs2070744) in the promoter
region of endothelial [eNOS]®*, (4, 5) Tyr72His (rs4673) and
C+640T (rs1049255) in the 3’-untranslated region (UTR) of the
cytochrome b-245, alpha polypeptide gene (CYBA)"%, which
encodes the p22phox subunit of the NADPH oxidase, and (6)
G+243A (rs841) in the 3’-UTR of the GTP cyclohydrolase 1
gene (GCH1)™\. With special attention to the biological pro-
cess of cerebral ischemia regulation, we investigated whether
polymorphisms in these genes implicated in the pathway of
NO formation are associated with IS in a large cohort in the
Chinese Han population.
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Materials and methods

Study population and data collection

This was a multicenter, collaborative study for assessment of
risk factors for stroke sponsored by the Ministry of Science
and Technology of China. The study protocol was approved
by the review board of Tongji Medical College at Huazhong
University of Science and Technology and the ethics commit-
tees at all participating hospitals. An informed consent form
was obtained from all participants.

A total of 558 IS patients were recruited between November
2004 and June 2006 from five hospitals in Wuhan, China. Only
2 subtypes of stroke — cerebral thrombosis (atherothrombo-
sis) and lacunar infarction (lacunar) —were included. Subjects
with subarachnoid hemorrhage, embolic brain infarction, brain
tumors and cerebrovascular malformation were excluded from
the study, as were those with severe systemic diseases such as
pulmonary fibrosis, endocrine and metabolic disease (except
diabetes mellitus), severe inflammatory diseases, autoimmune
disease, tumors and serious chronic diseases (eg, hepatic cir-
rhosis and renal failure). Subjects with cardioembolic stroke
and documented atrial fibrillation were also excluded from our
study. Stroke diagnosis was based on the results of neurologi-
cal examination and CT or MRI according to the International
Classification of Diseases, ninth edition. Five hundred fifty-
seven ethnically and geographically matched controls were
randomly selected either from normal individuals of nearby
community-based residents (89.6%) or inpatients (10.4%) with
minor illnesses. All control subjects were free of neurological
diseases following the same exclusion criteria as cases. They
were also asked for a detailed medical history and received a
physical examination of neurological systems, including an
evaluation of body mass index.

DNA isolation and genotyping

DNA was extracted from leukocytes as previously described™.
All samples were genotyped using the Tagman™ 7900HT
Sequence Detection System according to the manufacturer’s
instructions. Each assay was conducted using 10 ng DNA
in a 5 pL reaction consisting of TagMan™ universal PCR
master mix (Applied Biosystems, Foster City, CA, USA), for-
ward and reverse primers and FAM and VIC labeled probes
designed by Applied Biosystems [ABI Assays-on-Demand
(rs841, C_9866639_10; rs1049255, C_7516913_10; rs2297518,
C_11889257_10; rs1799983, C_3219460_20; rs4673, C_2038_20)
and Assays-on-Design (rs2070744)]. Allelic discrimination
was measured automatically using the Sequence Detection
Systems 2.1 software (autocaller confidence level 95%). A total
of 10% of all genotypes were repeated in independent PCRs to
check for consistency and to ensure intraplate and interplate
genotype quality control. No genotyping discrepancies were
detected between the repeated samples. In addition, all the
DNA samples for cases and controls were run in the same
batches.

Statistical analysis
Statistical analysis were performed with the SPSS 13.0 software

Acta Pharmacologica Sinica

package for Windows (SPSS Inc, Chicago, IL, USA). The nor-
mality of quantitative variable distribution was assessed using
the 1-sample Kolmogorov-Smirnov test, and a transformation
was applied to non-normal variables when necessary. Sum-
mary statistics were expressed as the mean#standard error or
as percentages. The x’ test was used to assess the deviation
from Hardy-Weinberg equilibrium for genotype frequencies in
both cases and controls. Continuous variables were compared
between cases of stroke and controls using Student’s t-test.
Frequencies of categorical variables were compared by ¥ test
or Fisher’s exact test. The potential independent role of each
single-nucleotide polymorphism (SNP) on stroke was investi-
gated with multiple unconditional logistic regression analysis
adjusted for age, sex, body mass index, hypertension, hyper-
lipidemia, diabetes mellitus and smoking status. To minimize
the false positive results generated from the multiple statistical
tests used in our analysis, we adopted a method proposed by
Story and Tibshirani to estimate the FDR (false discovery rate)-
based g value using QVALUE software (setting [lambda]=0,
false discovery rate level<0.05)"". All association analyses
were conducted in three genetic models: co-dominant, domi-
nant and recessive. Power calculations were performed using
the QUANTO software program™ (Version 1.2.3).

Results

Baseline characteristics of the subjects

Table 1 summarizes the clinical characteristics of individuals
enrolled in the study. The mean age, gender ratio and total
cholesterol level were similar in cases and controls. Expect-
edly, there were significantly higher percentages of hyper-
tension, diabetes mellitus, hyperlipidemia, and smoking in
overall IS and subtype groups versus the controls (P<0.05).
Body mass index, systolic blood pressure, and diastolic blood
pressure were also higher in cases than controls. Compared to
the control group, patients in both the overall IS and subtype
groups had significantly lower HDL cholesterol (P<0.05).

Genotypes in relation to ischemic stroke and its subtypes
Next, we assessed associations between six SNPs from four
related genes (three at two isoforms of NOS, one at GCHI,
and two at CYBA) and IS in the Chinese Han population. All
genotype distributions were consistent with Hardy-Weinberg
equilibrium (P>0.05). Table 2 lists single SNP allelic frequen-
cies of the four genes among IS subjects (1=558) and control
subjects (n=557). Mutiplicative-type corrections such as
Bonferroni corrections for correlated genetic factors and tests
are highly conservative. Therefore, we present the g value, a
measure of false discovery rate expected for a given P value
in the follow-up analysis. Notably, rs841 in the intron region
of GCH1 demonstrated allelic frequency differences between
overall IS and lacunar stroke subjects compared with controls
(P=0.001 and 0.002, respectively), which maintained statistical
significance after multiple comparison correction (g=0.018 for
both) (Table 2).

To further investigate how each of the SNP alleles interact
in conferring genetic risk for IS, we conducted a genotypic
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Variable Control Ischemic stroke Atherothrombosis Lacunar infarction
n 557 558 410 148
Age, year 62.2+9.3 61.0+9.8 60.0+10.0° 64.1+8.2°
Men, % 62.1 64.7 65.4 62.8
BMI, kg/m? 23.7+£3.2 24.5+3.7 24.4+3.4 24.7+4.4
SBP, mmHg 131.3+20.8 146.6+23.3° 147.1424° 144.9420.9°
DBP, mmHg 78.8+11.1 86.4+13.9° 87+14.2° 84.9+12.9°
TCH, mmol/L 4.6+1.7 4.6+1.1 4.6+1.1 4.6+1.1
HDL-C, mmol/L 1.3+0.4 1.0£0.5° 1.0£0.3° 1.2+0.9
Hypertension, % 19.2 69.7° 69.0° 71.6°
Diabetes, % 3.2 18.0° 19.8° 12.8°
Hyperlipidemia, % 21.0 35.0° 35.5° 33.8°
Smoking, % 37.3 46.9° 45.8° 50.0°

n, number of individuals; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TCH, total cholesterol; HDL-C, high-density
lipoprotein cholesterol. °P<0.05 vs control.

Table 2. Allele distribution of each polymorphism.

SNP ID Function (M>m) Gene Position Population MAF P.icle

rs1799983 (D298E) G>T eNOS Chr7:150327044 Control 0.108

Ischemic stroke 0.119 NS

Atherothrombosis 0.116 NS

Lacunar infarction 0.128 NS
rs2070744 intron T>C eNOS Chr7:150321012 Control 0.104

Ischemic stroke 0.113 NS

Atherothrombosis 0.120 NS

Lacunar infarction 0.095 NS
rs2297518 (L608S) G>A iNOS Chr17:23120724 Control 0.169

Ischemic stroke 0.151 NS

Atherothrombosis 0.132 0.025

Lacunar infarction 0.206 NS
rs841 intron G>A GCH1 Chr14:54380242 Control 0.311

Ischemic stroke 0.377 0.001°

Atherothrombosis 0.367 0.009

Lacunar infarction 0.405 0.002°
rs1049255 3-UTR C>T CYBA Chr16:87237238 Control 0.428

Ischemic stroke 0.389 NS

Atherothrombosis 0.399 NS

Lacunar infarction 0.361 0.038
rs4673 (Y72H) G>A CYBA Chr16:87240737 Control 0.078

Ischemic stroke 0.064 NS

Atherothrombosis 0.068 NS

Lacunar infarction 0.051 0.012

MAF, minor allele frequency; P..., Value of allele was determined by x° test; NS, not significant. "FDR q value<0.05.

association analysis assuming 3 common genetic models (co-
dominant, dominant and recessive). Interestingly, SNP rs841

showed consistent effects using both a co-dominant (without
adjustment for covariates, P=0.001, 4=0.009; after adjustment
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for traditional risk factors, P=0.003, 4=0.027) and a dominant
model (without adjustment for covariates, P=0.0003, g=0.0054;
after adjustment for traditional risk factors, P=0.0006,
q=0.0108) (Table 3).

To test the possible effect of the IS subtypes in detecting an
association, we then re-assessed the association between rs841
and the cerebral thrombosis and lacunar infarction groups
(Supplementary Tables 1 and 2). It is of interest to note that
rs841 was significantly associated with both subtypes (nominal
P<0.05). However, none of these results pass the significance
threshold after multiple corrections. These negative results
could be due to reduced sample size and statistical power for
subtype analysis.

Association of genotype combinations with ischemic stroke

We applied the logistic regression analyses to test potential
interactions among polymorphisms within genes involved in
the NO-forming pathway that may confer IS risk and iden-
tified significant interactions between rs1049255 and rs841
(P<0.001). In comparison with the reference combination of
rs1049255 CC+CT and rs841 GG wild type genotypes, the
combination of the rs1049255 CC+CT genotype together with
the rs841 GA+AA genotype was found to be significantly
associated with IS (P=0.002, g4=0.008; Table 4). The distribution
combinations of other genotypes did not differ from the wild-
type reference in overall IS. The combination of rs1049255
CC+CT and rs841 GA+AA genotypes was associated with
significantly higher risk of IS even after adjustment for sex,
age, and multiple cardiovascular risk factors (OR=1.73, 95%
CI: 1.27-2.35; P<0.0001, q<0.0001) (Table 5). Given that the
reduced sample size for IS subtypes resulted in largely insuf-
ficient power to test potential interactions, subtype analyses
were not performed. Taken together, our data suggest an
interaction of NO-forming pathway genes in the risk of IS.

Discussion

This study is to investigate the association between genetic
polymorphisms in the genes implicated in NO production and
risk for IS development in the Chinese Han population. The
present results indicate that polymorphisms in GCHI (rs841)
are independently associated with an increased risk for IS. In
contrast, we failed to detect significant independent associa-
tion with the rest of SNPs even though they have been sug-
gested to be associated with cardiovascular diseases such as
hypertension, coronary heart disease or stroke® .

Nitric oxide, produced by nitric oxide synthase, is an impor-
tant bioregulatory molecule and displays diverse biological
activities. Tetrahydrobiopterin (BH4) is an essential cofactor
for all three NOS isoforms, and basal enzyme activity corre-
lates with the amount of BH4 bound tightly to NOS*!. BH4
deficiency is proposed to lead to NOS uncoupling associated
with decreased NO bioavailability and increased production
of superoxide radicals from the uncoupled enzymatic form®,
GTP cyclohydrolase 1 (GCH1) is the first-step and rate-limiting
enzyme for BH4 biosynthesis in its de novo pathway. Experi-
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mental mouse models with alterations in systemic or vascular-
specific GCH1 expression have shown that GCH1 is a key

0?51 Low brain levels

regulator of vascular BH4 levels in viv
of BH4 have been shown in the mouse model for dominantly
inherited GCH1 deficiency™. Recent evidence suggests that
one SNP (rs841), located in the 3'-UTR of the GCHI gene, is
also associated with reduced biopterin-dependent effects"”!.
The CYBA gene, located on the long arm of chromosome 16 at
position 24, encodes human p22phox, which is an essential sub-
unit for the functionality of the NADPH oxidase®™. NADPH
oxidase is an important enzymatic source of oxidative stress as
well as uncoupled NOS caused by BH4 deficiency and plays a
key role in the pathophysiology of several major cardiovascu-
lar diseases, including stroke®’. Previous studies have shown
the association between CYBA polymorphisms and vascular
diseases™. Our combined analysis identified GCHI (rs841)
and CYBA (rs1049255) interactions, indicating that these two
functional polymorphisms may confer risk for IS through bio-
logical interactions with each other. Further studies might be
required to ascertain whether CYBA (rs1049255) affects GCH1
expression and how such an effect might be mediated.

To control for potential false-positive results, we took sev-
eral factors into consideration and carefully designed our
study. First, all selected candidate SNPs have substantial
functional effects that are likely involved in the development
of IS. Second, assuming disease prevalence between 0.5% and
1%, our combined sample size can reach >98% power to detect
a susceptibility locus with a genotypic relative risk >1.65 at
the nominal type I error rate of <0.05 for SNPs with minor
allele frequencies >0.31 under the dominant model. Third, we
recruited only ethnically and geographically matched subjects
from Chinese Han cohorts. Given the homogenous study
population, we expect population substructure to be minimal.
However, additional replication of the association signals in
other independent cohorts is warranted.

In summary, genetic variants in the genes implicated in
NO formation could have potentially important effects on the
pathogenesis of vascular diseases, and genotyping of these
variants may provide an additional tool to predict the risk for
ischemic stroke in the Chinese Han population.
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Table 3. Genotype distribution in three models in ischemic stroke.

Controls Ischemic stroke
SNP Genotype n=557 n=558 Crude 95% Cl P value Adjusted 95% CI P value
odd ratio odd ratio

rs1799983 Co-dominant 0.139 0.219
GG 446 417 1.00 1.00
GT 102 123 1.29 0.96-1.73 1.29 0.91-1.85
T 9 5 0.59 0.20-1.79 0.53 0.14-2.05
Dominant 0.165 0.242
GG 446 417 1.00 1.00
GT+TT 111 128 1.23 0.93-1.64 1.23 0.87-1.74
Recessive 0.421 0.312
GG+GT 548 540 1.00 1.00
T 9 5 0.54 0.12-1.71 0.51 0.13-1.93

rs2070744 Co-dominant 0.009 0.126
T 451 434 1.00 1.00
TC 96 122 1.32 0.98-1.78 1.30 0.91-1.87
CcC 10 2 0.21 0.05-0.95 0.31 0.05-2.03
Dominant 0.187 0.269
T 451 434 1.00 1.00
TC+CC 106 124 1.22 0.91-1.63 1.22 0.86-1.74
Recessive 0.015 0.146
TT+CT 547 556 1.00 1.00
CcC 10 2 0.20 0.04-0.9 0.29 0.04-1.93

rs2297518 Co-dominant
GG 382 400 1.00 0.520 1.00 0.985
GA 162 147 0.87 0.67-1.13 0.99 0.72-1.36
AA 13 11 0.81 0.36-1.83 1.08 0.41-2.86
Dominant 0.258 0.98
GG 382 400 1.00 1.00
GA+AA 175 158 0.86 0.67-1.11 1.00 0.73-1.36
Recessive 0.676 0.869
GG+GA 544 547 1.00 1.00
AA 13 11 0.84 0.37-1.89 1.09 0.41-2.86

rs841 Co-dominant 0.001° 0.003°
GG 267 208 1.00 1.00
GA 234 279 1.53 1.19-1.97 1.67 1.23-2.27
AA 56 71 1.63 1.10-2.41 1.60 0.99-2.59
Dominant 0.0003" 0.0006"
GG 267 208 1.00 1.00
GA+AA 290 350 1.55 1.22-1.97 1.65 1.24-2.21
Recessive 0.160 0.381
GG+GA 501 487 1.00 1.00
AA 56 71 1.30 0.90-1.89 1.23 0.78-1.93

rs1049255 Co-dominant 0.103 0.102
CC 188 206 1.00 1.00
CT 261 270 0.94 0.73-1.23 0.96 0.70-1.31
T 108 82 0.69 0.49-0.98 0.65 0.42-0.99
Dominant 0.269 0.329
cC 188 206 1.00 1.00
CT+TT 369 352 0.87 0.68-1.11 0.86 0.64-1.16
Recessive 0.037 0.034
CC+CT 449 476 1.00 1.00
T 108 82 0.72 0.52-0.98 0.66 0.45-0.97

(To be continued)
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Controls Ischemic stroke
SNP Genotype n=557 n=558 Crude 95% Cl P value Adjusted 95% Cl P value
odd ratio odd ratio
rs4673 Co-dominant 0.211 0.37

GG 471 487 1.00 1.00

GA 85 71 0.81 0.58-1.13 0.77 0.50-1.16

AA 1 0 / / / /

Dominant 0.192 0.199

GG 471 487 1.00 1.00 0.50-1.16

GA+AA 86 71 0.80 0.57-1.12 0.76

Recessive 0.499 0.516

GG+GA 556 558 1.00 1.00

AA 1 0 / / / /

Cl, confidence interval; SNP, single-nucleotide polymorphism. Adjusted odd ratios were adjusted for gender, age, body mass index, hypertension,

dia

betes, hyperlipidemia and smoking status. °FDR q value<0.05.

Table 4. Distribution of combined genotypes in overall ischemic stroke.

Genotype Ischemic
Control
stroke P value

rs1049255 rs841 (n=558) (n=557)
CC+CT GG 175 210 reference
CC+CT GA+AA 301 239 0.002
T GG 33 57 0.130
T GA+AA 49 51 0.526

Table 5. Analysis of multiple logistic

regression model for synergism

genotypes in ischemic stroke group.

. Adjusted OR 95% ClI P value
Variable
Lower Upper

Gender (m/f) 0.58 0.39 0.87 0.01
Age (n) 0.96 0.95 0.98 <0.0001
Hypertension (y/n) 7.20 5.11 10.16 <0.0001
Diabetes (y/n) 3.36 1.79 6.32 <0.0001
Hyperlipidemia (y/n) 1.48 1.02 2.15 0.04
Smoking (y/n) 2.18 1.49 3.18 <0.0001
rs1049255(CC+CT)* 1.73 1.27 2.35 <0.0001
rs841(GA+AA)

OR, odd ratio; Variables included in the model were gender, age, body

ma

ss index, hypertension, diabetes, hyperlipidemia and smoking status.

Nonsignificant variables (P>0.05) have not been shown in the table.
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Berberine protects against lipopolysaccharide-
induced intestinal injury in mice via alpha 2
adrenoceptor-independent mechanisms

Hong-mei LI** Yi-yang WANG" ¥, Hua-dong WANG™ % * Wen-juan CAO?, Xiao-hui YU?, Da-xiang LU* 2, Ren-bin QI* 2,

Chao-feng HU*, Yu-xia YAN?

Department of Pathophysiology, Key Laboratory of State Administration of Traditional Chinese Medicine, School of Medicine, Ji-nan
University, Guangzhou 510632, China; “Institute of Integrative Medicine, Ji-nan University, Guangzhou 510632, China; Department of
Biochemistry, School of Medicine, Ji-nan University, Guangzhou 510632, China

Aim: To investigate the mechanisms responsible for the protective action of berberine (Ber) against gut damage in endotoxemic mice.
Methods: Male BALB/c mice were administered intragastrically with distilled water (0.1 mL/10 g), Ber (50 mg/kg) alone, yohimbine (2
mg/kg) alone, or Ber (50mg/kg) in combination with yohimbine (2 mg/kg) for 3 d. On the third day, lipopolysaccharide (LPS, 18 mg/kg)
or normal saline was intraperitoneally injected one hour after the intragastric administration. Following the treatment, intestinal injury
in the ileum was histopathologically accessed; enterocyte apoptosis was examined using TUNEL method; Toll-like receptor 4 (TLR4)
mRNA expression was measured using RT-PCR assay; inhibitor protein-kBa (I-kBa) phosphorylation and myeloperoxidase content were
examined using Western blloting. The macrophage inflammatory protein-2 (MIP-2) production was measured using ELISA assay.

Results: Mice challenged with LPS caused extensive ileum injury, including a significantly increased injury score, decreased intesti-
nal villus height, reduced gut mucosal weight and increased intestinal permeability. Furthermore, LPS significantly induced entero-
cyte apoptosis, increased TLR4 mRNA expression, I-kBa phosphorylation, MIP-2 production and myeloperoxidase content in the
ileum. Pretreatment with Ber significantly alleviated all the alterations in the ileum in the endotoxemic mice. Pretreatment with the
a2-adrenoceptor antagonist yohimbine did not block the protective action of Ber against LPS-induced intestinal injury. In addition,
treatment with yohimbine alone did not prevent LPS-induced intestinal injury.

Conclusion: Pretreatment with Ber provides significant protection against LPS-induced intestinal injury in mice, via reducing entero-
cyte apoptosis, inhibiting the TLR4-nuclear factor kB-MIP-2 pathway and decreasing neutrophil infiltration that are independent of
a2-adrenoceptors.

Keywords: berberine; lipopolysaccharide; intestinal injury; apoptosis; Toll-like receptor 4 (TLR4); NF-kB; macrophage inflammatory

protein-2 (MIP-2); a,-adrenoceptor; yohimbine
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Introduction

Sepsis is one of the principal causes of death in intensive
care units. There are 750 000 new cases of severe sepsis in
the United States every year, and the incidence of sepsis is
expected to continue to grow at a rate of 1.5% per year!'l.
Although the exact mechanisms responsible for sepsis remain
unclear, gut dysfunction has been identified in sepsis, and
increased intestinal permeability is associated with the devel-
opment of multiple organ dysfunction syndrome” . Indeed,
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the intestinal epithelium, which is constantly exposed to bac-
terial products, is the first line of defense against microorgan-
isms. An intact and functioning mucosal barrier, maintained
by the intestinal epithelial cells, is crucial to prevent poten-
tially pathogenic bacteria in the intestinal lumen from trans-
locating to the normally sterile compartments of the body!".
Therefore, it is critical to protect gut barrier function when
providing treatment for sepsis.

Lipopolysaccharide (LPS), a major component of the outer
membrane of Gram-negative bacteria, is recognized as the
most potent microbial mediator in the pathogenesis of sepsis’.
Extensive studies in experimental model systems have estab-
lished that LPS challenge impairs the integrity of the intestinal

mucosa[ﬁ’ 7].
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Berberine (Ber) is an isoquinoline alkaloid found in Coptidis
rhizoma. It is well known that Ber has many biological activi-

8]

ties, such as the regulation of inflammation™. Recently, we

and others have shown that pretreatment with Ber protects

1 How-

against intestinal injury in LPS-challenged animals
ever, the mechanisms involved in the protective effect of Ber
on LPS-induced gut injury are not fully understood. Ber has
also been reported to activate the a,-adrenoceptor™!. We
have also shown that blockage of the a,-adrenoceptor with
yohimbine (Y, 2 mg/kg) enhances the protective effect of Ber
(50 mg/kg) against LPS-induced lethality and that the com-
bination of Ber and Y improves survival in mice subjected to

121 In this context, the role of the

cecal ligation and puncture
a-adrenoceptor in the protection of Ber against LPS-induced
intestinal injury needs to be examined.

Several mechanisms have been shown to be responsible for
LPS-induced intestinal injury. These include the activation
of the Toll-like receptor 4 (TLR4)-nuclear factor-xB (NF-xB)
signaling pathway, expression of macrophage inflammatory
protein-2 (MIP-2), and tissue infiltration by neutrophils and
apoptosis of enterocytes” . Therefore, the purpose of this
study was to investigate the effect of Ber on the TLR4-NF-«B
signaling pathway, MIP-2 expression, neutrophil recruitment
and enterocyte apoptosis in the ileum of LPS-treated mice and,
furthermore, to determine the role of the a,-adrenoceptor in
this process.

Materials and methods

Animals

Male BALB/c mice (6-8 weeks, weighing 21-23 g) were pur-
chased from Guangdong Medical Laboratory Animal Center
(Guangzhou, China). Animals were kept at 24+2 °C and
exposed to a twelve hours light/dark cycle for a minimum of
3 d before the experiment, during which time they had free
access to water and mouse chow. All experiments were con-
ducted in compliance with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health (NIH Publication No 85-23, revised 1996) and were
approved by the Animal Care and Use Committee at School of
Medicine, Ji-nan University.

Experimental design

Male BALB/c mice were randomly divided into 8
groups: control, LPS, Ber+LPS, Ber+Y (an a, adrenoceptor
antagonist)+LPS, Y+LPS, Ber, Ber+Y, and Y. Once a day for 3
days, the mice were treated intragastrically with the following:
distilled water (0.1 mL/10 g), Ber (50 mg/kg), Ber (50 mg/kg)
in combination with Y (2 mg/kg) or Y (2 mg/kg). One hour
after last intragastric treatment, LPS (18 mg/kg, derived from
Escherichia coli O55:B5) or normal saline was injected intraperi-
toneally. Separate experiments were performed for each mea-
surement. Neutral sulfate Ber, Y, and LPS were purchased
from Sigma Chemical Co (St Louis, MO, USA).

Histopathological examination
The animals were anesthetized and sacrificed twelve hours

after the injection of LPS or normal saline, and 1 cm of ileum
tissue, beginning at 1 cm proximal to the ileocecal junction,
was removed and fixed in a 4% formaldehyde solution. The
fixed intestinal tissues were embedded in paraffin wax using
standard techniques. Slices (5 pm) were cut and stained with
hematoxylin and eosin and were examined under a light
microscope. For the histological assessment of intestinal
injury, a 0-4 grading scale was used as follows™: 0=normal
histology; 1=slight disruption of the surface epithelium; 2=epi-
thelial cell loss injury at villus tip; 3=mucosal vasocongestion,
hemorrhage, and focal necrosis with loss of less than one-half
of the villi; and 4=damage extending to more than one-half
of the villi.
performed all assessments of damage. The final score was

An observer who was unaware of the treatment

expressed as a mean rank.
The height of each complete villus in one randomly picked
microscopic field (x100) was determined by measuring the

distance from the crypt-villus junction to the villus tip™.

Intestinal mucosal weight measurement

The animals were anesthetized and sacrificed twelve hours
after the injection of LPS or normal saline. The ileum segment
(10 cm), beginning 1 cm proximal to the ileocecal junction, was
excised, cut longitudinally, washed with cold isotonic saline
and weighed (W1). After the mucosa was scraped off using a
glass slide!®”, the ileum tissue was weighed again (W2). The
weight of the mucosa was calculated as the difference between
W1 and W2 (W=W1-W2), and the result was expressed as mg
per centimeter of ileum length per 10 g of body weight.

Intestinal permeability assessment

Intestinal permeability was assessed using a slightly modified
version of the method described by Yasuda et al™. Mice were
anesthetized and sacrificed twelve hours after the challenge
with LPS or normal saline. A 15-cm segment of ileum was dis-
sected beginning 1 cm proximal to the ileocecal junction. The
intestinal lumen was gently washed with ice-cold PBS (0.01
mol/L, pH 7.4), and one side of intestine was ligated with a
4-0 silk suture. Fluorescein isothiocyanate (FITC)-dextran
powder (FD4, MW 4 kDa, Sigma, St Louis, MO, USA) was
dissolved in PBS (0.01 mol/L, pH 7.4) to a final concentration
of 4 mg/mL. FITC-dextran solution (0.5 mL) was applied to
the intestinal lumen that had a well-protected intestinal wall.
Next, the other side of intestine was ligated. The outside of the
intestinal pouch was washed and gently shaken in 3 mL PBS at
37°C for 60 min. The intestinal permeability of the pouch was
evaluated ex vivo by measuring the amount of FITC-dextran
that leaked out of the intestinal pouch. A standard solution
was prepared as follows: FITC-dextran powder was diluted
at different concentrations (0, 1.56 pg/mL, 3.13 pg/mL, 6.25
pg/mL, 12.5 pg/mL, 25 pg/mL, 50 pg/mL, 100 pg/mL) with
PBS (0.01 moL/L, pH 7.4)®. Sample supernatants (200 pL)
and standard solutions were pipetted into duplicate wells of
a black microtiter plate, and the fluorescence was measured
at an excitation wavelength of 485 nm and an emission wave-
length of 520 nm.
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Apoptotic cell evaluation

The terminal deoxyuridine nick end-labeling (TUNEL) immu-
nohistochemical method (ApopTag in situ Apoptosis Detec-
tion Kit, Roche Co, Basel, Switzerland) was used to identify
and quantitate apoptotic cells in the ileum. Briefly, after
deparaffinization, the sections were treated with 20 pg/mL
proteinase K for 15 min at room temperature and with 0.3%
H,0O, for 10 min. Following incubation with the equilibra-
tion buffer for 10 min at room temperature, the sections were
incubated with terminal deoxynucleotidyl transferase enzyme
reaction mixture for 60 min at 37°C. Further incubation with
peroxidase-conjugated antibody was performed for 30 min
at 37°C. The sections were stained with diaminobenzidine
solution and counterstained with hematoxylin. TUNEL-
positive cells, identified by the brown staining of the nucleus

and their apoptotic mOI‘phOIOgy[”' 2]

, were counted by an
observer, blinded to the experimental conditions, who selected
10 full-length villi in each sample. The apoptosis index (AI)
of enterocytes was calculated as the ratio of the total num-
ber of TUNEL-positive cells to the total number of epithelial

cellsx100%™,

Myeloperoxidase activity assay

Mice were challenged with LPS or normal saline, and twelve
hours later, ileum tissue, beginning 1 cm proximal to the ileo-
cecal junction, was removed, washed with cold isotonic saline
and homogenized thoroughly in a homogenate solution.
Myeloperoxidase (MPO) activity was determined by a spec-
trophotometric method using myeloperoxidase activity detec-
tion kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s specifications.

MIP-2 protein analysis

Ileum tissue was collected two hours after intraperitoneal
injection of LPS or normal saline, thoroughly homogenated
in an isotonic sodium chloride solution and centrifuged at
3000xg for 10 min (4°C). The supernatant was collected, and
the concentration of MIP-2 was determined using mouse
MIP-2 enzyme-linked immunosorbent assay kits (R&D Sys-
tems, Minneapolis, MN, USA). The total protein level was
measured using a commercially available bicinchoninic acid
protein assay kit (ShennengBocai Co, Shanghai, China).

Western blotting

The mice were killed twelve hours after LPS or normal saline
injection. Ileum tissues were removed, washed with cold
normal saline and thoroughly homogenated on ice in RIPA
lysis buffer (Bioteke Co, Beijing, China) that was supple-
mented with the protease inhibitor phenylmethanesulfonyl
fluoride. The lysates were centrifuged at 12000xg at 4°C for
10 min, and the supernatants were aliquoted into fresh tubes
and stored at -80 °C until measurement. Protein concentra-
tions in the lysates were determined using a bicinchoninic
acid protein assay kit (ShennengBocai Co, Shanghai, China).
Protein samples (70 ng) were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred to a
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Hybond-C pure nitrocellulose membrane. After blocking, the
membranes were probed with the following antibodies: rabbit
antibodies against cleaved caspase-3 (Cell Signaling Technol-
ogy, Danvers, USA), inhibitor protein-kBa (I-kBa, Cell Signal-
ing Technology, Danvers, USA), phosphorylated I-xBa (Cell
Signaling Technology, Danvers, USA), or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, Cell Signaling Technol-
ogy, Danvers, USA) or mouse antibodies against MPO (R&D
Systems, Minneapolis, MN, USA). The membranes were incu-
bated overnight at 4°C with primary antibody and were later
incubated with secondary antibody (peroxidase-conjugated
goat anti-rabbit or anti-mice antibodies, Dingguo Changsheng
Co, Beijing, China) at room temperature for one hour. The
antigen-antibody complexes were visualized using a chemilu-
minescence system (Pierce Biotechnology Inc, Rockford, USA)
and exposed to film (Kodak X-OMAT, Guangzhou, China).
The relative densities of the bands were analyzed using a
BI2000 image analysis system (Chengdu TME Technology Co
Ltd, Chengdu, China).

Real-time RT-PCR analysis of TLR4 mRNA expression

Ileum segments were quickly isolated and frozen at -80°C.
Total RNA was extracted from the frozen tissues using Tri-
zol reagent (TaKaRa, Bao Biotec Co, Dalian, China) and was
subjected to reverse transcription using a PrimeScript® RT
reagent kit (TaKaRa, Bao Biotec Co, Dalian, China) according
to the manufacturer’s instructions. Polymerase chain reaction
amplifications were performed using the SYBR® PrimeScript™
RT-PCR Kit II (TaKaRa, Bao Biotec Co, Dalian, China), and
gene-specific polymerase chain reaction products were con-
tinuously measured by means of a LightCycler® 480 (F Hoff-
mann-La Roche, Ltd, Basel, Switzerland) detection system.
The PCR reaction was performed as follows: pre-denaturation
at 95°C for 30 s followed by 45 cycles of 10 s at 95°C, anneal-
ing at 60°C for 10 s and elongation at 72°C for 10 s. The fluo-
rescent signal was collected at 72°C, and the melting curve
procedure was carried out. The purity of the product was ana-
lyzed using a melting curve. The PCR primers were designed
as follows: TLR4 (forward 5'-GCTTTCACCTCTGCCTTCAC-3’
and reverse 5-CCAACGGCTCTGAATAAAGTG-3’) and
GAPDH (forward 5-TCACCACCATGGAGAAGGC-3" and
reverse 5-GCTAAGCAGTTGGTGGTGCA-3"). Every PCR
experiment was carried out in triplicate. A standard curve
was generated using a series of 10-fold dilutions of cDNA
from the LPS group, and the amplification efficiency of each
gene was calculated. It was accepted that the amplification
efficiency of TLR4 and GAPDH was approximately 2.00 and
that the difference between them was lower than 0.02.

Statistical analysis

Statistical analyses were performed using SPSS 13.0 software.
The data are expressed as the mean+SEM. Comparisons
among three or more groups were made by analysis of vari-
ance (ANOVA), and the two pairs of groups were compared
using an LSD test. Ranked data are presented as the mean
rank, comparisons among three or more groups were made
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by a Kruskal-Wallis H test, and the two pairs of groups were
compared using a Nemenyi test. A P value less than 0.05 was
considered statistically significant.

Results

Ber inhibits LPS-induced intestinal injury, which is not reversed
by Y

Figure 1 and Table 1 show histological changes in the ileum
and the injury score of the various groups. Control mice
demonstrated a normal histological architecture, and LPS-
challenged mice showed extensive ileum morphological dam-
age, including villus necrosis, infiltration of inflammatory
cells and hemorrhage. There was a significant increase in the
intestinal injury score compared to control animals (P<0.01).
Pretreatment with Ber or Ber in combination with Y alleviated
the intestinal damage and led to a significant decrease in the
injury score in the LPS-challenged mice. In contrast, there was
no significant difference in histological changes in the ileum
between Ber+LPS and Ber+Y+LPS groups, and Y alone did not
attenuate the intestinal injury caused by LPS (P>0.05).

Table 1. Effects of berberine (Ber) or/and yohimbine (Y) on the mean
rank of intestinal injury score in mice twelve hours after challenge with
LPS. °P<0.01 vs control group. *P>0.05, °P<0.05, 'P<0.01 vs LPS group.

Group n Mean rank
Control 14 23.21
LPS 10 71.90°
Ber+LPS 10 56.70
Ber+Y+LPS 10 59.90°¢
Y+LPS 10 73.50°
Ber 14 23.21
Ber+Y 8 22.75
Y 10 28.90

As shown in Figure 2, the villus height (Figure 2A) and
mucosal weight (Figure 2B) of the ileum was measured twelve
hours after the injection of mice with LPS or normal saline.
Compared to control mice, LPS-challenged mice exhibited a

Figure 1. Photomicrograph of ileum from mice twelve hours after LPS (18 mg/kg) or normal saline injection in control (A), LPS (B), Ber+LPS (C),
Ber+Y+LPS (D), Y+LPS (E), Ber (F), Ber+Y (G), and Y (H) groups. The intestine histological sections were stained with hematoxylin-eosin. Ber: berberine; Y:
yohimbine. Scale bars represent 200 um.
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Figure 2. Effects of berberine (Ber) or/and yohimbine (Y) on intestinal villus height (A), mucosa weight (B) and intestinal permeability (C) in ileum of
mice twelve hours after LPS challenge (18 mg/kg). Values are mean+SEM. n= 8-14. °P<0.01 vs control group. °P>0.05, °P<0.05, P<0.01 vs LPS

group.
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marked decrease in villus height and mucosal weight in the
ileum (P<0.01). The pretreatment of LPS-challenged mice
with Ber or Ber in combination with Y resulted in a significant
increase in villus height and mucosal weight compared to the
LPS-treated group (P<0.05), and there was no remarkable dif-
ference in villus height or mucosal weight between Ber+LPS
and Ber+Y+LPS groups. Y alone did not significantly change
the villus height in LPS-challenged mice (P>0.05).

The gut mucosal permeability was evaluated ex vivo by
measuring the leakage of FITC-dextran from the intestinal
pouch. As shown in Figure 2C, compared to control mice, an
increased permeability of the ileum was observed in LPS-chal-
lenged mice twelve hours after LPS injection. Pretreatment
with Ber or Ber in combination with Y significantly inhibited
the LPS-induced increase in ileal mucosal permeability, and no
significant difference was observed in intestinal mucosal per-
meability between Ber+LPS and Ber+Y+LPS groups. In con-
trast, Y alone did not significantly decrease the ileal mucosal
permeability in LPS-challenged mice (P>0.05). Moreover,
pretreatment with Ber or Y alone or Ber and Y together had no
significant effect on the villus height, mucosal weight or intes-
tinal permeability of normal mice (Table 2).

Table 2. Effects of berberine (Ber) or/and yohimbine (Y) on the intestine
parameters of normal mice. Mean+SEM. n=8-14. °P>0.05 vs control

group.

Group Villus height Mucosa weight FITC-dextran
(M) (mgem™g?) (Mg/mL)
Control 500.89+12.32 0.51+0.03 10.62+1.11
Ber 477.40+12.00° 0.45+0.02° 12.00+1.09%
Ber+Y 472.17+35.05° 0.55+0.04° 12.70+0.84°
Y 456.96+15.99° 0.43+0.02° 9.02+1.02°

Ber protects enterocyte against apoptosis induced by LPS, and Y
does not abolish the anti-apoptosis action of Ber

TUNEL assays were performed to identify apoptotic cells in
the ileum twelve hours after the administration of normal
saline or LPS (Figure 3A-3E). Compared to control mice, a
significant increase in enterocyte apoptosis in the ileum was
observed after LPS challenge (Figure 3B, 4A). Following
pretreatment with Ber or Ber in combination with Y, LPS-
challenged mice showed a marked decrease in the Al in the
ileum compared to the LPS-challenged animals (Figure 3B-3D,
4A). There was no significant difference in the Al in the ileum
of LPS-treated mice following treatment with Ber or Ber in
combination with Y. In addition, treatment with Y alone did
not change the Al in the ileum of LPS-challenged mice (Figure
3E, 4A). Western blot analysis demonstrated that there was
a significant increase in the amount of cleaved caspase-3 pro-
tein, an activated caspase-3, in the ileum of LPS-challenged
mice compared to control animals (Figure 4B). Pretreatment
with Ber or Ber in combination with Y markedly inhibited the
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Figure 3. TUNEL analysis for enterocyte apoptosis in ileum of mice twelve
hours after intraperitoneal injection of normal saline or LPS in control
(A), LPS (B), Ber+LPS (C), Ber+Y+LPS (D), and Y+LPS (E) groups. TUNEL-
positive cells were identified as those with brown staining of the nucleus
and apoptotic morphology (arrows). Scale bars represent 100 ym.

activation of caspase-3 in LPS-treated mice, and there was no
significant difference between the two groups for the levels of
cleaved caspase-3 protein in the ileum (Figure 4B). Moreover,
Y alone did not inhibit the LPS-induced caspase-3 activation in
the ileum (Figure 4B).

Y does not antagonize the inhibitory effect of Ber on neutrophil
infiltration in the ileum of endotoxemic mice

To evaluate the effects of Ber and Y on LPS-induced neutro-
phil recruitment in the ileum, MPO activity, an index of neu-
trophil infiltration™], was determined by spectrophotometric
methods (Figure 5A). Compared to control mice, MPO activ-
ity was significantly increased in the ileum of LPS-challenged
mice twelve hours after injection (P<0.05). Pretreatment with
Ber or Ber in combination with Y significantly reduced MPO
activity in the ileum of LPS-challenged mice (P<0.01), whereas
Y alone did not (P>0.05). However, the MPO activity in the
Ber control group was lower than that in the normal control
(P<0.05). Therefore, we measured the MPO content of the
ileum using Western blotting. As shown in Figure 5B, there
was no significant difference in the content of MPO in the
ileum between the Ber control group and the normal control
group (P>0.05). Compared to control mice, MPO content was
significantly increased in the ileum of LPS-challenged mice
twelve hours after injection (P<0.05). Pretreatment with Ber or
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Figure 4. Yohimbine (Y) did not block the inhibitory effect of berberine
(Ber) on enterocyte apoptosis of ileum of mice challenged with LPS. (A)
Apoptosis index (Al) was calculated as the total number of TUNEL-positive
cells/the total number of epithelial cells of 10 vill. n=9-10. (B) Western
blotting analysis for cleaved caspase-3 protein level in ileum 2 h after
stimulation of LPS. The upper row: cleaved caspase-3 protein expression.
The middle row: GAPDH protein expression. Equal amounts of proteins
were loaded. The lower row: column diagrams represent the ratio of
cleaved caspase-3 to GAPDH. n=6. °P<0.05, °P<0.01 vs control group.
“P>0.05, °P<0.05, P<0.01 vs LPS group.

Ber in combination with Y significantly reduced MPO content
in the ileum of LPS-challenged mice (P<0.01), whereas Y alone
did not (P>0.05).

Ber inhibits TLR4 mRNA expression, NF-kB activation and MIP-2
production in the ileum of endotoxemic mice and this inhibition
is not blocked by Y

As shown in Figure 6, a significant increase in TLR-4 mRNA
expression, NF-xB activation and MIP-2 production was
observed in the ileum of LPS-challenged mice compared
to control mice. Pretreatment with Ber or Ber in combina-
tion with Y, but not with Y alone, significantly decreased
the LPS-induced TLR-4 mRNA expression, NF-kB activation
and MIP-2 production in the ileum. Following the injection
of normal saline, no significant difference in TLR-4 mRNA
expression and NF-xB activation was observed in the ileum of
control, Ber, Ber+Y, and Y control groups (P>0.05), and MIP-2
production in the ileum of control, Ber, Ber+Y, and Y groups
was undetectable.

Discussion
It has been demonstrated that Ber not only protects
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myeloperoxidase (MPO) activity. n=9-12. (B) Western blotting analysis
for MPO content and column diagrams represent mean+SEM for the ratio
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LPS group.

against LPS-induced intestinal injury but also activates the
a,-adrenoceptor™ ™. Our previous studies have shown that
pretreatment with 50 mg/kg Ber once a day for three days sig-
nificantly improves the survival rate of LPS-challenged mice,
and similar pretreatment with 2 mg/kg Y, an a,-adrenoceptor
antagonist, in addition to Ber, enhances the protective effects
B2 Therefore, it was necessary
to investigate whether Y enhances the protective effects of Ber
against LPS-induced injury in the gut.

In this study, we demonstrated that LPS challenge induced
intestinal injury in mice, as evidenced by high gut perme-

of Ber in endotoxemic mice

ability, decreased mucosal weight and typical histological
changes, such as necrosis of the villus, infiltration by inflam-
matory cells and a decrease in villus height. Pretreatment
with Ber protects against intestinal injury that is induced by
LPS, but Y did not block the protective effect of Ber on intes-
tinal injury in endotoxemic mice. In addition, pretreatment
with Y alone did not protect against LPS-induced gut injury,
as evidenced by the increase in gut permeability and the
histological changes. These data indicate that pretreatment
with Ber reduced LPS-induced intestinal injury independent
of a,-adrenoceptor activation. However, the data from this
study also show that Y increases the intestinal mucosal weight
of the ileum in LPS-challenged mice, and the reason for this
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The upper row: phospho-I-kBa protein expression. The middle row: total
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inconsistency remains to be identified. In previous studies,
we demonstrated that Y enhances the protective effects of Ber
in endotoxemic mice!"”. In the present study, we demonstrate
that Y does not enhance the protective effects of Ber against
intestinal damage that is caused by treatment with LPS. It
has been reported that pretreatment with Y once a day for 3
days prevents LPS-induced myocardial dysfunction in micel®".
Thus, the enhanced protection of Ber against endotoxemia by
Y may be related to the improvement of LPS-induced myocar-
dial dysfunction in mice that are pretreated with Y.

It is well known that LPS challenge inhibits crypt cell pro-
liferation, increases enterocyte apoptosis in the ileum and
reduces villus height and intestinal mucosal weight. Inhibi-
tion of enterocyte apoptosis can improve intestinal recovery
after LPS exposurel®” *!. These observations suggest that
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increased intestinal apoptosis and diminished cell prolifera-
tion play an important role in LPS-induced intestinal dam-
age. Our previous study showed that enterocyte proliferation
is inhibited during endotoxemia and that Ber promotes the
enterocyte proliferation in the ileum of endotoxemic mice in an

201 Therefore, we fur-

a,-adrenoceptor-independent manner
ther examined the effect of Ber and Y on enterocyte apoptosis
in the ileum in LPS-challenged mice. The results demonstrate
that LPS treatment activates caspase-3 and promotes entero-
cyte apoptosis in the ileum. Pretreatment with Ber decreases
caspase-3 activation and enterocyte apoptosis in the ileum of
LPS-challenged mice, and these effects are not antagonized by
Y. Other studies have demonstrated an increase in the activity
of caspase-3, an increase in the number of apoptotic epithelial
cells and a high gut permeability following the intraperitoneal
injection of LPS™!. These findings indicate that the inhibition
of enterocyte apoptosis may contribute to the protection of Ber
against LPS-induced intestinal injury and that the protective
action of Ber is not associated with the a,-adrenoceptor. How-
ever, the mechanisms responsible for the reduced enterocyte
apoptosis by Ber in endotoxemic mice are unclear. Recent
studies have demonstrated that Ber significantly activates
the adenosine 5 -monophosphate-activated protein kinase
(AMPK) signaling pathway and that AMPK activators protect
against tumor necrosis factor-a-induced cardiac cell apopto-
sis. On the other hand, polymorphonuclear leukocyte tran-
sepithelial migration is sufficient by itself to induce intestinal
epithelial apoptosis®~",
enterocyte apoptosis in endotoxemia may be related to AMPK

Thus, the inhibitory effect of Ber on

activation and the inhibition of leukocyte transepithelial
migration, and these questions remain to be investigated.

In addition to apoptosis and hypoplasia, neutrophil infil-
tration is another important mechanism for intestinal injury
during endotoxemia. As the principal circulating phagocyte,
neutrophils are the first and most abundant of the leukocytes
to arrive at the infection focus™!, and they are ideally suited to

eliminate pathogenic bacterial™.

Indeed, neutrophils contain
numerous potent tissue-damaging substances, such as reactive
oxygen species, bactericidal permeability-increasing proteins
and elastases™, and upon release into the intestinal wall, these
substances may contribute to the disruption of intestinal integ-
rity and the increase in macromolecular passage across the epi-
thelial cell lining. In addition, neutrophils can produce cytok-
ines and chemokines that enhance the acute inflammatory
response during sepsis™

that LPS-associated intestinal leakage in the gut is largely
[16]

. Some studies have demonstrated

regulated by leukocyte accumulation"™®. Thus, we observed
the effects of Ber and Y on MPO activity, a useful indicator of
neutrophil recruitment, in the ileum of LPS-challenged mice
and found that pretreatment with Ber or Ber in combination
with Y, but not with Y alone, significantly decreased MPO
activity in LPS-challenged mice. This suggests that Ber may
inhibit neutrophil recruitment in the ileum during LPS endo-
toxemia via an a,-adrenoceptor-independent pathway. How-
ever, Ber also decreased MPO activity in the ileum in normal
control mice, suggesting that MPO activity may not accurately
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reflect neutrophil recruitment under the conditions presented
here. Therefore, we determined the amount of MPO in the
ileum using a Western blot assay. The results confirmed that
pretreatment with Ber significantly decreased the MPO con-
tent in the ileum in LPS-challenged mice, an effect that was
not reversed by Y, suggesting that Ber protects against LPS-
induced intestinal injury by inhibiting neutrophil infiltration
in an a,-adrenoceptor-independent fashion.

Neutrophil accumulation is thought to be dependent on the
formation and activity of CXC chemokines, such as MIP-210171,
Several studies have shown that LPS-induced MIP-2 expres-
sion is involved in I-xB phosphorylation and NF-«xB activation
via TLR4™ "3 A more recent study suggests that Ber may
reduce LPS-induced intestinal injury by suppressing the acti-
vation of TLR4 and NF-kB in the ileum”, but a quantitative
immunohistochemical assay of TLR4 and NF-«B activation
is needed to confirm this hypothesis. To understand further
the signaling pathway involved in the inhibition of neutrophil
accumulation induced by Ber in the ileum of LPS-challenged
mice, we investigated TLR4 mRNA expression, I-kBa phos-
phorylation and MIP-2 production in the ileum. The results
demonstrate that LPS induced TLR4 mRNA expression, I-kBa
phosphorylation and MIP-2 production in the ileum and that
these effects were reduced by pretreatment with Ber or Ber
in combination with Y, but not with Y alone. Kessel et al also
demonstrated that TLR-4 upregulation might be responsible

131 These inves-

for the harmful effects of LPS on the intestine
tigations indicate that pretreatment with Ber inhibits neutro-
phil infiltration and, in turn, alleviates LPS-induced intestinal
injury by suppressing the TLR4-NF-kB-MIP-2 pathway inde-
pendently of the a,-adrenoceptor.

In conclusion, the results of this study demonstrate that
pretreatment with Ber protects against intestinal damage in
endotoxemia by reducing neutrophil infiltration and entero-
cyte apoptosis in an ay-adrenoceptor-independent manner.
Ber-induced suppression of neutrophil infiltration in the
ileum during endotoxemia is associated with the inhibition of
the TLR4-NF-kB-MIP-2 signaling pathway but not with the
a,-adrenoceptor. These findings may provide a new therapeu-
tic strategy for the treatment of intestinal injury in sepsis.
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Hypomethylation of proximal CpG motif of
interleukin-10 promoter regulates its expression in
human rheumatoid arthritis

Li-hong FU, Chun-ling MA, Bin CONG™, Shu-jin LI, Hai-ying CHEN, Jing-ge ZHANG

Department of Forensic Medicine, Hebei Key Laboratory of Forensic Medicine, Hebei Medical University, Shijiazhuang 050017, China

Aim: The promoter of human interleukin-10 (IL10), a cytokine crucial for suppressing inflammation and regulating immune responses,
contains an interspecies-conserved sequence with CpG motifs. The aim of this study was to investigate whether methylation of CpG
motifs could regulate the expression of IL10 in rheumatoid arthritis (RA).

Methods: Bioinformatic analysis was conducted to identify the interspecies-conserved sequence in human, macaque and mouse /IL10
genes. Peripheral blood mononuclear cells (PBMCs) from 20 RA patients and 20 health controls were collected. The PBMCs from 6
patients were cultured in the presence or absence of 5-azacytidine (5 umol/L). The mRNA and protein levels of IL10 were examined
using RT-PCR and ELISA, respectively. The methylation of CpGs in the IL10 promoter was determined by pyrosequencing. Chromatin
immunoprecipitation (ChlP) assays were performed to detect the cyclic AMP response element-binding protein (CREB)-DNA
interactions.

Results: One interspecies-conserved sequence was found within the IL10 promoter. The upstream CpGs at -408, -387, -385, and
-355 bp were hypermethylated in PBMCs from both the RA patients and healthy controls. In contrast, the proximal CpG at -145 was
hypomethylated to much more extent in the RA patients than in the healthy controls (P=0.016), which was correlated with higher IL10
mRNA and serum levels. In the 5-azacytidine-treated PBMCs, the CpG motifs were demethylated, and the expression levels of IL10
mRNA and protein was significantly increased. CHIP assays revealed increased phospho-CREB binding to the IL10 promoter.
Conclusion: The methylation of the proximal CpGs in the IL10 promoter may regulate gene transcription in RA.

Keywords: rheumatoid arthritis; interleukin-10; DNA methylation; promoter regions; interspecies-conserved sequence; CpG motif; cyclic
AMP response element-binding protein; bioinformatics
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Introduction

Rheumatoid arthritis (RA) is an inflammatory and autoim-
mune diseasel'’. Proinflammatory and anti-inflammatory
cytokines are involved in the initiation and progression of RA;
therefore, a detailed study of the regulatory mechanism of the
production of cytokines during the development of RA is of
utmost importance. Interleukin-10 (IL10), produced mainly by
monocytes, T helper type 2 (Th2) and regulatory T cells (Treg),
plays a crucial role in suppressing inflammation and regu-
lating the immune response™. It contributes to the growth
and differentiation of B cells, but inhibits T cell proliferation.
IL10 can fight inflammation by down-regulating the produc-
tion of proinflammatory cytokines, such as tumor necrosis
factor alpha (TNFa), interleukin-1 beta (IL1p), interleukin-6
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Received 2010-12-24 Accepted 2011-06-21

(IL6), and others; it also stimulates the production of cytokine
inhibitors (eg, the IL1 receptor antagonist and the soluble TNF
receptor). Evidence has indicated that IL10 is involved in the
pathogenesis of RA. Several murine models of RA are mark-
edly exacerbated in IL10-deficient mice™*. Exogenous IL10
can prevent the development of arthritis and regulate immune
cell function®.

The IL10 gene exhibits substantial polymorphism in the pro-
moter region that correlates with transcription. Recent studies
have found that the methylation status of CpG sites is related
to cytokine expression!”
at CpG sites correlates with the level of cytokine production.
Furthermore, the amount of methylation at CpG sites has
been shown to be related to cells” differentiation or activation.
Several CNS regions in the IL10 gene have been identified
by bioinformatic analysis, including the 5’-proximal region,
promoter, and introns®, and the hypomethylation of CpGs
around intron 4 may enhance the expression of IL10".

. Therefore, the extent of methylation
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However, a correlation was not found between the CpG
methylation status of the IL10 promoter and IL10 production.
IL10’s promoter region contains many CpGs and putative tran-
scription factors binding sites, such as Sp-1, CCAAT/enhancer
binding protein (C/EBP-P) and cyclic AMP response element-
binding protein (CREB). Several papers reported that the acti-
vated cAMP/CREB signaling pathway could enhance the IL10
production in human monocytes, and IFN-gamma suppressed
IL10 synergize by regulating CREB/ AP-1 protein expression”
"l CREB is expressed at a higher level in the synovial cells of
patients with RA, and it is implicated in IL6 production from

synovial cells!?,

However, whether the methylation status of
a single CpG site in the IL10 promoter can regulate its tran-
scription through affecting CREB’s binding to this region in
RA remains unclear. Some epigenetic clues to RA have been
revealed. Global hypomethylation of the T cell genome!" and
methylation of the death receptor 3 gene (DR3)™! and the IL6
promoter are related to the pathogenesis of RA". Because
epigenetic alterations are reversible, they may provide new
molecular targets for therapeutic intervention. Therefore, by
bioinformatics analysis, we analyzed the human IL10 gene to
seek CNS and CRE. Then, we investigated whether methyla-
tion of the IL10 promoter could regulate its expression. Fur-
thermore, we studied whether DNA methylation had an effect
on CREB binding to the promoter, thus illustrating the mecha-
nism underlying the regulatory effects of DNA methylation on
gene expression.

Materials and methods

Patients and controls

Peripheral blood from 20 patients with active RA and 20
healthy controls (HCs) were studied. RA patients recruited
from the Second and Third Affiliated Hospitals of Hebei
Medical University (Shijiazhuang, China) were in confor-
mity with the American College of Rheumatology Criteria™®l,
Research ethics approval was obtained from Hebei Medical
University Research Ethics Committee (Shijiazhuang, China),
and informed consent was obtained from individual patients.
Healthy controls were collected from Hebei Province Blood
Center. Of the RA patients, 4 were male, and 16 were female
with their mean+SD age being 39.6+11.4 years old (rang-
ing from 20 to 58 years old). Most of the RA patients in this
study were in moderate disease activity. The mean DAS28
was 4.38%1.8 (range 1.9-8.8), the mean time from onset was
25.33+£22.33 months (ranging from 3 months to 6 years), the
mean erythrocyte sedimentation rate (ESR) was 37.4+28.13
mm/h (range 6-123), the mean C-reactive protein (CRP) was
17.27+20.63 mg/L (range 1.96-92.9), and the mean rheumatoid
factor (RF) was 164.16£122.92 U/mL (range 17.2-447). Of the
healthy individuals, 4 were male, and 16 were female. Their
meantSD age was 38.4+10.2 years old (ranging from 18 to 56
years old).

Peripheral blood mononuclear cells (PBMCs) and cell culture
PBMCs were isolated by Ficoll-Hypaque centrifugation from
peripheral blood of RA patients and HCs. PBMCs from six
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patients and controls were cultured in RPMI-1640 medium
supplemented with 25 mmol/L HEPES, 4 mmol/L L-glu-
tamine, 100 units/mL penicillin/streptomycin, and 5% heat-
inactivated fetal calf serum with 1 pg/mL phytohemaggluti-
nin (PHA; Sigma, USA) and 10 pg/mL lipopolysaccharides
(LPS; Sigma, USA) . In the presence or absence of 5 pmol/L
5-azacytidine (5-azaC) (Sigma, USA) for 72 h, 2x10° cells/well
were cultured according to Mi’s method”,

mRNA and protein expression

After being extracted from PBMCs using TRIzol reagent (SBS,
China), the RNA was reverse transcribed in the presence of
1xPCR buffer, 1 mmol/L dNTPs, 20 units AMYV reverse tran-
scriptase, 20 units RNA guard ribonuclease inhibitor and 2.5
mmol/L random primers (SBS, China) in a final reaction vol-
ume of 20 pL. Reactions were conducted at 30°C for 10 min
and 42°C for 60 min using a PTC-200 PCR system (M] Research,
USA). The level of IL10 mRNA transcripts was determined by
semiquantitative reverse transcription polymerase chain reac-
tion (RT-PCR). P-actin was used as the internal standard for
each RT-PCR. TNFa was measured as a control for cytokine
expression. The specific primers used for the amplification of
IL10 were the following: forward, 5’-TCAGGGTGGCGACTC-
TAT-3’, and reverse, 5-TGGGCTTCTTTCTAAATCGTTC-3’;
B-actin: forward, 5'-CATCCTGCGTCTGGACCT-3’, and
reverse, 5’-TCAGGAGCAATGATCTTG-3’; TNFa: forward,
5-CGAGTCTGGGCAGGTCTA-3’, and reverse, 5-GTGGTG-
GTCTTGTTGCTTAA-3’. PCR amplification was conducted
on a PTC-200 PCR system using 5 pL. cDNA, 1xGeneAmp
PCR Gold buffer (Applied Biosystems), 1.5 mmol/L MgCl,
(Applied Biosystems), 200 pmol/L dNTPs (Shanghai Sangon
Biological Engineering Technology, Shanghai, China), 0.6
pmol/L forward and reverse primers, 1 unit AmpliTaq Gold
DNA polymerase (Applied Biosystems) in a 20 pL total reac-
tion volume. The PCR amplification conditions were dena-
turation for 3 min at 94 °C; amplification for 30 cycles of 45
s at 94°C, 45 s at 50°C for IL10 (or 58°C for {-actin, 55°C for
TNFa), and 45 s at 72°C; and extension for 10 min at 72°C.
PCR products were resolved by 2% agarose gel electrophoresis
with ethidium bromide. The images were recorded and quan-
tified by Hema analyzer (Udine, Italy). The level of IL10 in
serum was measured by ELISA (Bender MedSystems, Austria)
according to the manufacturer's instructions.

Bioinformatics

Alignments between mouse and human IL10 loci, and between
macaque and human JL10 loci were performed, and the extent
of DNA sequence homology was computed with a web-based
program called Regulatory Visualization Tools for Align-
ment (rVISTA; http://www.gsd.lbl.gov/vista)™. The plot
of the percentage of sequence identity referred to the human
sequence. Regions with a length of at least 100 bp, which
showed at least 75 percent sequence identity at each segment
of the alignment between successive gaps, are identified as
CNS and are shown in Figure 1.
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DNA methylation status

DNA was extracted from the PBMCs by the phenol-chloro-
form method. The DNA concentration was measured by a
spectrophotometer (Bio-Rad, USA). One microgram of DNA
was treated with sodium bisulphite as previously described™.
PCR and pyrosequencing primers were designed using PSQ
Assay Design software (Biotage, Sweden) to amplify the CpG
dinucleotides in the IL10 promoter. The primer sequences
used are in Table 1. PCR was performed in a 50 pL reaction
system of GeneAmp 9700 (Applied Biosystems, USA). Each
PCR reaction contained 50 ng bisulfite treated DNA, 1xPCR
buffer, 2.5 mmol/L MgCl,, 0.2 mmol/L dNTPs, 0.2 pmol/L
forward primer, 0.2 pmol/L reverse primer, and 1 unit Ampli-
Taq Gold (Applied Biosystems, USA). The PCR conditions
were initiated with a heated lid at 95°C for 5 min, followed
by 50 cycles of 95°C for 15 s, 51°C for 30 s, 72°C for 30 s, and,
finally, 72°C for 5 min. PCR product quality verification was
performed using 2% agarose gels with ethidium bromide.
Fifty microliters of PCR products was used for each pyrose-
quencing reaction. Pyrosequencing methylation analysis was
conducted by the Pyro Q-CpG system (PyroMark ID, Biotage,
Sweden) according to the manufacturer’s protocol. In brief,
the PCR product was bound to streptavidin-coated Sepharose
beads (GE Healthcare Bio-sciences AB, Sweden). The Sep-
harose beads containing the immobilized PCR product were
purified in 70% ethanol for 5 s, denatured in denaturing buffer
(Biotage) for 5 s, and washed with washing buffer (Biotage) for
10 s using the pyrosequencing Vacuum Prep Tool (Biotage).
Then, 0.5 pmol/L sequence primer was annealed to the puri-
fied, single-stranded PCR product, and pyrosequencing was
fulfilled by the Pyro Q-CpG system. The level of methylation
for each cytosine locus on CpG sites was expressed as the per-
centage of mC/(mC+C) (mC is methylated cytosine, C is unm-
ethylated cytosine). Non-CpG cytosine residues were used as
controls to verify bisulfite conversion.

Table 1. Pyrosequencing primer sequences.

CpG PCR primer Sequecing primer

sites sequences (5'-3’) sequences (5'-3’)

-408 TGTATTTTGGAATGGGTAATTTG GGAATGGGTAATTTGTTT
(Biotin) AAAACCCTCAACTATAAATTCTCA

-387 same to -408 TATTGTGATTTAGGAATA

-385 same to -408 same to -387

-355 GAATACGCGAATGAGAATTTATAG TTTATAGTTGAGGGTTTTTG
(Biotin) TTTCCTAAAAAAACAACTATTCTA

-145  AGAAGGAGGAGTTTTAAGGAGAAA AGGAGAAAAAATTTTGTGT

(Biotin) TCATTCATTAAAAAACCACAATCA

Chromatin immunoprecipitation (ChIP) assay

According to the manufacturer’s instructions, the ChIP assay
was performed to detect phospho-CREB binding to the IL10
promoter in the PBMCs of patients in situ before and after

5-azaC treatment. ChIP was performed with the Chromatin
Immunoprecipitation Assay Kit (Upstate Biotechnology, No
17-295) and anti-phospho-CREB antibody (Ser133) (Upstate
Biotechnology, No 06-519). PCR was performed on IL10’s
upstream promoter and proximal promoter, and an intron was
amplified as internal control. Primer sequences were upstream
promoter primer sequence, forward, 5'-GAAGTCTTGGGT-
ATTCATCC-3’, reverse, 5'-GCTGTGGGTTCTCATTCG-3;
promoter primer sequence, forward, 5'-CTCCCCAGGAAAT-
CAACT-3, reverse, 5-AAAAGCCACAATCAAGGT-3’; intron
primer sequence, forward, 5-TTAGAGCGTTTCCAGACC-3,
reverse, 5-ACCTATGTCAACCCTTCG-3’. PCR was per-
formed in a 20 pL reaction in GeneAmp 9700 (Applied Bio-
systems, USA). Each PCR reaction contained 100 ng DNA,
1xPCR buffer, 2.0 mmol/L MgCl,, 0.2 mmol/L dNTPs, 0.2
pmol/L forward and reverse primers, and 1 unit AmpliTaq
Gold (Applied Biosystems, USA). The PCR conditions were
initiated with a heated lid at 95°C for 3 min, followed by 35
cycles of 94°C for 45 s, 51-55°C for 45 s, 72°C for 45 s, and,
finally, 72°C for 5 min. PCR products were analyzed in an
agarose gel. Values were normalized according to the input.

Statistical analysis

All calculations were performed on a Microsoft computer
using SPSS software (version 14.0). Data were analyzed by
independent-samples t test and paired t test. Correlation coef-
ficients were calculated by Pearson rank correlation (r) and
Spearman rank correlation where applicable.

Results

Bioinformatic approach to the identification of CREs in IL10
locus

We performed a bioinformatic search for CREs in the IL10
locus using web-based software, rVISTA. This program can
identify interspecies-conserved sequences for specific tran-
scription factors by linking to the most widely used database,
TRANSFAC. As shown in Figure 1, four CREs were found
between macaques and humans ranging from introns 1 to 4
and all were interspecies-conserved. As the readily available
macaque IL10 sequence does not contain the upstream pro-
moter region, we did not compare the IL10 promoter region
of macaque with that of humans. Three CREs were found
between mice and humans, including the 5’-proximal region,
promoter and introns 1 to 4, and the interspecies-conserved
CRE was in the promoter and a short fragment of intron
4. This suggested that the CRE in the promoter, designated
as p-CRE, may be important for the regulation of IL10 gene
expression.

Methylation status of IL10 promoter

There are at least five CpG sites in the IL10 promoter region,
four located at -408, -387, -385, -355 bp (upstream) and one at
-145 bp (proximal) relative to the transcription start site. It
was found that methylation of individual CpG sites was simi-
lar in PBMCs from the 20 RA patients and the 20 HCs; that is,
the upstream CpG motifs were hypermethylated, while the

Acta Pharmacologica Sinica
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Figure 1. Bioinformatics analysis of the conserved CREs on the IL10 locus. A web-based program, rVISTA, was used to align the mouse, macaque and
human IL10 loci and compute the extent of DNA sequence homology. The mouse and macaque sequences are used as the query sequences on the
y-axis, and the human sequence is used as the subject sequence on the x-axis.

proximal CpG motif was hypomethylated. However, in the
patients, methylation of cytosine at -145 bp was significantly
less than that in the HCs (18%=%7% versus 33%%6.6%; P=0.016)
(Figure 2).

Methylation status and mRNA expression

We then studied the relationship between the methyla-
tion status of the IL10 gene and mRNA expression. The
mRNA (0.89+0.21 versus 0.70£0.13, P=0.009) and serum level
(71.36%43.25 pg/mL versus 42.85+2.99 pg/mL, P=0.012) of
IL10 was significantly higher in the patients than in HCs.
Furthermore, IL10 mRNA levels of the patients were cor-
related with the RA factor (r=0.526, P=0.016). As for control
cytokine, TNFa mRNA expression was significantly higher in
the PBMCs of RA patients than in controls (0.5143+0.5249 ver-
sus 0.0861+0.1434, P=0.010). Compared with the 20 HCs, the
methylation frequency of -145C was significantly lower in the
20 RA patients, which resulted in inversely higher IL10 mRNA

A HCs RA

AL

levels (Figure 3). Therefore, hypomethylation of -145C was
correlated with higher mRNA expression (r=-0.746, P=0.001).
Furthermore, after PBMCs from the six patients were cultured
in the presence of 5-azaC, all five CpG motifs were demethy-
lated (Table 2), and the mRNA of IL10 (0.2866+0.15 versus
0.4488+0.13, P=0.037) and protein levels (5.30£8.48 pg/mL

Table 2. Comparison of the methylation status of individual CpG sites in
PBMCs from RA patients between 5-azaC untreated group and treated
group.
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CpG sites Untreated group Treated group P
-408 81%+18% 51%+13% 0.04
-387 81%+7% 63%+7.3% 0.015
-385 84%+3.5% 65%+5.9% 0.001
-355 92%+9.3% 73%+15.7% 0.141
-145 19%+4% 15%+3.2% 0.4
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Figure 2. Comparison of the methylation statuses of individual CpG sites in the IL10 promoter in PBMCs isolated from healthy donors and patients with
RA. (A) Pyrosequencing profile. (B) Bar graph obtained by independent-samples t test. The -145 CpG site showed a significant difference in methylation
frequency between the HCs (n=20) and RA patients (n=20). Data were from 3 independent experiments and are expressed as the mean percentage of
methylated CpG at each position in the IL10 promoter of the 20 HCs and 20 RA patients.
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Figure 3. Comparison of the mRNA levels and -145 CpG methylation status of IL10 in PBMCs from RA patients and HCs. (A) IL10 mRNA expression. 1, 2,
3: RA patients; 4, 5, 6: HCs. Shown are the results from 3 representative subjects per group. (B) Correlation between -145 CpG methylation status and
mMRNA expression. (C) Correlation between -145 CpG methylation status and protein levels in serum. Seven milliliters of peripheral blood was collected
from 20 RA patients and 20 healthy individuals, and approximately 5x10°-7x10° PBMCs were isolated by Ficoll-Hypaque centrifugation. RNA was
extracted using TRIzol reagent. The contents of IL10 in RA patients’ serum and positive control from the kit were measured by ELISA according to the
manufacturer’s instructions. The methylation frequency of -145 CpG site was lower in PBMCs from RA (n=20) with higher IL10 mRNA and protein levels

than HCs (n=20).

versus 72.00£7.12 pg/mL, P=0.012) were increased in the
presence of 5-azaC, whereas the mRNA level of B-actin and
TNFa remained constant. IL10 mRNA (1 versus 1.7084+1.8361,
P=0.47) and protein expressions (1.4349+0.5887 pg/mL versus
3.275%2.0533 pg/mL, P=0.093) were increased after the control
cells were treated with 5-azaC, but the difference was not sig-
nificant.

Effects of methylation at IL10 CpG motifs on the binding of a
transcription factor

There are at least three possible binding sites for CREB and
C/EBP family members in the IL10 promoter: one in upstream
sequences at -408C and the others upstream of the promoter
(-292 to -304 bp) or in the promoter region (-49 to -59 bp).
ChIP assay results showed that the density of the IL10 pro-
moter and upstream promoter bands was significantly higher
in the 5-azaC treated group than in the untreated group (Fig-
ure 4).

Discussion
In many murine models of RA, IL10 attenuated arthritis™ ;
however, the clinical improvement of RA patients was unsta-
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ble®, Gene therapies have been attempted to overcome this
defect. The treatment of a single joint by local delivery of
the viral IL10 gene may protect multiple joints of the same
mice with CIAP'. With regard to IL10 production, Im SH et
al analyzed the IL10 gene and showed that the promoter was
highly conserved between humans and mice™. In the pres-
ent study, we found one interspecies-conserved CRE within
the promoter as well. Dong et al®®! analyzed the CpG methyla-
tion pattern of the IL10 locus and detected two slightly dem-
ethylated CpGs in the proximal promoter in IL10" vs IL10" Th
cells. They concluded that there was no correlation between
methylation pattern and IL10 expression. In contrast, our
study revealed a significant methylation of p-CRE for IL10
production. Although we observed that upstream CpG motifs
were highly methylated in both the patients and the HCs, the
methylation levels of the -145 CpG site were lower than that of
upstream CpG motifs in the patients and HCs and were much
lower in the patients, whose IL10 mRNA and serum levels
were elevated. Furthermore, the lower methylation of -145C
correlated with higher mRNA levels in RA. Thus, the hypom-
ethylation of -145C may regulate gene expression at the tran-
scriptional level and be responsible for the development of RA
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Figure 4. ChIP assays of the phospho-CREB binding within the IL10 promoter and upstream promoter region in PBMCs from the RA patients treated
with or without 5-azaC. (A) ChIP assay results. Each sample has its own input DNA, and this picture displays the first sample only. (B) Relative levels
of PCR products analyzed by Gel-pro analyzer software. Data stemmed from 3 independent experiments and are presented as the mean+SD of 6 RA
patients. A paired-samples T test was performed. No 5-azaC: without 5-azaC treatment. w/5-azaC: with 5-azaC treatment.
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in some people.

IL10 is produced mainly by monocytes, B cells, Th2, and
Treg. PBMCs are a mixture of a variety of cells, including T
cells, B cells, and monocytes. The cells in the peripheral blood
interregulate each other’s function through their secreted
cytokines, which form a complicated network. Measuring the
mRNA level of IL10 in PBMCs and the protein level in serum
could reflect the general IL10 expression status and the inter-
regulation among cells. In this study, we detected higher IL10
mRNA and protein levels in RA patients than in controls,
which may be related to patients” varied disease activities and
treatment statuses, and this finding is consistent with other
reports in the field®®!, For example, Iwata et al™ reported
that the mean B10 + progenitor B10 (B10pro) cell frequencies
were significantly higher in patients with RA compared with
healthy controls. Additionally, IL10 production by blood B
cells has been reported to be higher in patients with RAP.,
Sempere-Ortells et al®™ found increased IL10 and a higher
proportion of CD4(+)IL10(+), CD4(+)CD25(int)IL10(+) cells
in peripheral blood of patients with moderately active dis-
ease. Taken together, these findings suggested that during
active disease, these cell subsets produce progressively larger
amounts of IL10 to regulate inflammation in response to the
activity of the disease. The demethylation of -145 CpG in the
IL10 promoter could elevate its mRNA expression, which may
ameliorate the symptoms of RA. In this paper, we completed
a preliminary study of the IL10 expression and promoter
methylation status from the peripheral blood of RA patients.
Further study is needed on the regulation mechanisms of all
IL10-secreting cells after the separation and purification of
individual cell lineages.

Nile et al™ found that the differences identified between
RA patients and healthy individuals could either be a primary
phenomenon, implying that lower methylation at IL6 -1099C
is inversely correlated with development of RA or are sec-
ondary to the disease process or treatment. It was found in
our study that lower methylation of IL10 -145C might lead to
similar results. Medications such as corticosteroids can alter
lymphocyte trafficking and cause relative lymphopenia. It
is increasingly recognized that glucocorticoids change chro-

matin structure!.

Glucocorticoids may lead to the deacetyla-
tion of histones, resulting in the tighter coiling of DNA and
reduced access of transcription factors to their binding sites,
thereby suppressing the activity of DNA methyltransferases.
Methotrexate therapy has been associated with increased
DNA methylation®. Participants in our study had not used
any of these treatments or other immunosuppressants for 3
months before enrollment in the study. Ibuprofen, nimesu-
lide and diclofenac sodium enteric-coated tablets were used
to help patients reduce inflammation and pain, and these
therapies have no effect on DNA methylation. DNA methyl-
transferase activity is proliferation dependent and cell cycle
regulated® *!. Thus, any therapy that affects proliferation
and interferes with DNA methyltransferase activity may affect
the status of DNA methylation, but further study is needed to
confirm this. Prospective studies of patients with recent-onset
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RA will be required to elucidate the potential affects of drugs
on DNA methylation.

Epigenetic alterations are reversible, providing new molecu-
lar targets for therapy. 5-azaC is an inhibitor of DNA meth-
yltransferases. In this study, 5-azaC induced demethylation
of the upstream and proximal CpG sites, and IL10 mRNA
expression increased in PBMCs of the patient. Thus, this
experiment may contribute to overcoming the relative defi-
ciency of IL10 in RA patients and be hopeful for changing RA
progression. To test whether methylation of the CpG motifs
can inhibit transcription factor binding, we performed ChIP
assays. Several transcription factors, such as GRE, CREB, Spl,
and C/EBPs, can bind to the IL10 promoter. It was reported
that cAMP/CREB signaling was involved in IL10 transcrip-
tion in human monocytic cells", and C/EBP and CREB/ATF
were activated as well. CREB, a member of the leucine zipper
family of transcription factors, can be activated by phospho-
rylation at serine residue 133 (Ser-133) and further induces
transcription of genes in response to the cAMP pathway.
C/EBPs, another member of the leucine zipper family, contain
at least six members (C/EBP alpha to C/EBP zeta). C/EBPJ
has been shown to interact with CREB/ATF®". Therefore, an
antibody specific for phospho-CREB can be combined with
phospho-CREB-DNA and the CREB/ ATF-C/EBPB-DNA com-
pound. Our results indicated that 5-azaC treatment increased
CREB and/or C/EBPp binding to the region upstream of the
promoter and to the promoter region, which was consistent
with demethylated CpGs and increased mRNA expression.
-408C was contained in CREB and C/EBPp binding sequences,
and the result indicated its methylation inhibited CREB and
C/EBPp binding to the upstream promoter directly. All other
CpG motifs were also demethylated (Table 1). Therefore,
simultaneous demethylation of upstream and proximal CpG
motifs in the IL10 promoter may allow easier access for tran-
scription factors to their binding sites, thus enhancing IL10
transcription. Other transcription factors, aside from CREB,
may participate in the regulation of the IL10 gene, such as
STAT3"?, another transcription factor that binds near -145,
NF-xB, and GRE. Whether the other transcription factors’
binding activities are regulated by DNA methylation remains
to be investigated.

Until now, there have been very limited data regarding
the epigenetic regulation of genes in RA; only the methyla-
tion status of DR3™! and IL6"! was reported. The histone
deacetylase activity in synovial tissues from patients with RA
was approximately 2-fold lower than that in synovial tissues
from patients with osteoarthritis or from normal controls™. A
single intravenous injection of depsipeptide (FK228), a histone
deacetylase inhibitor, inhibited joint swelling, synovial inflam-
mation and subsequent bone and cartilage destruction in mice
with autoantibody-mediated arthritis (AMA)®!. The authors
also found that intravenous treatment with FK228 induced
the hyperacetylation of histone H3 and H4 in synovial cells.
Furthermore, histone deacetylase inhibitor, trichostatin A
(TSA), in combination with ultrasound, effectively reduces cell
viability and induces apoptosis in the RASFs of RA patients®™.



Analysis of the genes that are epigenetically regulated in RA,
taking into account not only DNA methylation but also his-
tone modifications, is worth exploring.

In summary, we found that the proximal CpG motif -145C
in the IL10 promoter region was hypomethylated in RA
PBMCs, which may regulate gene transcription and be respon-
sible for the pathogenesis of RA. The demethylation of CpG
motifs within the IL10 promoter contributes to its overexpres-
sion; thus, demethylation may remedy the relative deficiency
of IL10 in RA patients and may be a new therapeutic strategy
in the treatment of RA.
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Association of two polymorphisms within and near
SOCS3 gene with obesity in three nationalities in
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Aim: SOCS3 gene plays an important role in the pathogenesis of obesity in animal models, but the data from human studies are rela-
tively limited. To address this issue, a genetic association analysis on nationalities with different genetic background living in the simi-

lar environmental conditions was performed.

Methods: Two thousand seven hundred eleven subjects were randomly recruited from the Kazakh, Uygur and Han nationalities in Xin-
jiang of China. SNP polymorphisms rs4969168 and rs9892622 within or near the SOCS3 gene were genotyped using TagMan-MGB™
assay. Association study between the two polymorphisms and obesity-related traits (body mass index [BMI]; waist-to-hip ratio [WHR];

weight; height, WAIST, and HIP measurements) was conducted.

Results: Significant association was found between rs4969168 and the obesity-related traits, including BMI (25.32+3.49 kg/m?

for AA, 24.60+3.70 kg/m? for AG, 24.39+3.42 kg/m? for GG, P=0.042), weight (65.58+11.42 kg for AA, 63.50+11.30 kg for AG,
62.00+£10.78 kg for GG, P=0.011) in the Han nationality, but not in the Kazakh or Uygur nationalities. Rs9892622 was significantly
associated with BMI, WHR, and WAIST in the Uygur males. Rs9892622 was also associated with BMI in Kazakh males. Linear regres-
sion analysis verified the above findings. However, neither of the two polymorphisms was associated with obesity-related traits in the

total population.

Conclusion: The polymorphism rs4969168 within or near the SOCS3 gene has a significant effect in the Han nationality, while
rs9892622 was associated with obesity in Uygur and Kazakh nationalities in Xinjiang of China.

Keywords: obesity; SOCS3; polymorphisms; rs4969168; rs9892622; China nationality
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Introduction
Obesity is a major public health problem worldwide and
affects individuals across all age groups and ethnicities!".
According to the World Health Organization (WHO), there are
up to one billion overweight individuals worldwide, of which
300 million would be classified as clinically obese (www.who.
int). Moreover, the situation in most developed countries is
more severe. Obesity is a leading risk factor for many health
problems such as heart disease, type 2 diabetes and most
cancers”?; furthermore, it accounts for up to 7.8% of the total
health care expense in developed countries™. Numerous stud-
ies have attempted to illustrate the pathogenesis of obesity.

A multitude of genes associated with obesity have been
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discovered, with one of the most important being SOCS3
(suppressor of cytokine signaling 3), which is located in the
chromosome region 17q24-17q25. SOCS3 works as a feedback
inhibitor for a range of cytokine signals and inhibits the func-
tion of leptin and downstream steps in the insulin signaling
pathway to regulate energy balance™”. Although this func-
tion has been confirmed in animal models, the association
data from human studies are relatively limited. Talbert et
al have shown that the SOCS3 gene is related to body mass
index (BMI), visceral adipose (VAT), and waist circumference
(WAIST) in Hispanic families®. However, in the study per-
formed by Jamshidi et al on the association analyses of com-
mon polymorphisms (rs4969169, rs12953258, and rs8064821) in
SOCS3 between two normal female twins that examined body
weight, insulin sensitivity or lipid profile, none of the three
polymorphisms were found to be associated with obesity. In
addition, the study on the association analysis of two poly-
morphisms in the coding sequence and promoter region of the
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SOCS3 gene (including -920 C>A (rs12953258) and -1044 C>A)
in German children and adolescents with extreme obesity sug-
gested that no association was observed!"”.

This report focuses on the association between the SOCS3
gene and obesity-related traits in the Kazak, Uygur and Han
nationalities from the Xinjiang province of China. Two SNP
polymorphisms were selected according to the data from
tag-polymorphisms of the HapMap project and previous
studies . One polymorphism is the A+930—G (rs4969168)
polymorphism that is located in the 3"UTR of the SOCS3 gene,
which is a haplotype tagging SNP (htSNP) that sufficiently
covers the genetic variation of the entire gene. The other SNP
selected for this study is rs9892622 A—G, a high-frequency
variant near the gene, which is located in the upstream pro-
moter region of the SOCS3 gene and appears to be a reason-
able functional candidate for the SOCS3 locus and obesity.

Materials and methods

Subjects

Subjects (n=2711) were recruited from three races of Xinjiang
in China. All subjects passed the normal medical examina-
tion and were selected randomly, including 1045 Kazakh, 804
Uygur and 862 Han individuals within the age range of 19-87
years old. The local ethics committee approved the study, and
all participants provided informed consent. Standing height
(height) was measured (to the nearest 0.01 m) with a stadiom-
eter. Body weight (weight) was measured (to the nearest 0.01
kg) with a weighing machine. Body mass index (BMI) was
calculated as the weight in kilograms divided by the square
of the height in meters. Lastly, waist circumference (WAIST),
hip circumference (HIP), and waist to hip ratio (WHR) were
determined as previously described.

DNA preparation

Genomic DNA was extracted from peripheral blood leuko-
cytes of all samples by the phenol-chloroform nucleic acid
extraction method. The genomic DNA concentrations of
samples were measured by using a NanoDrop Spectropho-
tometer (Thermo Fisher, Boston, MA, USA) and were qualified
for analysis when the ratio of wavelengths 260/280 ranged
between 1.7-2.0. Next, genomic DNA samples were diluted to
10 ng/pL as the working concentration.

Polymorphisms selection and genotyping

Two SNP variants rs4969168 and rs9892622 were selected.
Rs4969198 was selected as a tagSNP to cover all of the related
polymorphisms on SOCS3 that are based on the recently
released HapMap data. Because common variants are suscep-
tible to common diseases, we chose another potential func-
tional locus with a relatively high frequency, rs9892622, in the
promoter region of SOCS3. Genotyping was performed using
the 5'-nuclease TagMan-MGB™ assay in 384-well plates and
the ABI PRISM 7900HT Sequence Detection system (Applied
Biosystems, Foster City, CA, USA). The raw data were read at
the end-point and were clustered into three groups that repre-
sented the three genotypes.
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Statistical analysis

The data were analyzed with SPSS (version 13.0). Before any
other analysis, the maximum likelihood estimate of allele
frequencies was tested for departures from Hardy-Weinberg
Equilibrium proportions (HWE) using a chi-squared good-
ness of fit test to make sure that there were no typing errors or
bias from population structure. The distribution of obesity-
related quantitative traits (BMI, height, weight, WHR, WAIST
and HIP), characteristic variants (age, gender, etc) and geno-
types among the three nationalities were analyzed by one-
way ANOVA with SNK test. A t-test (independent samples)
was used to investigate the distribution of variants in different
genders. Stratified analysis by nationality and gender was
performed to explore the interaction between environmental
and genetic factors. Additionally, linear regression analysis
was used to determine the importance of obesity-related traits.
To avoid over-correction induced by measuring too many obe-
sity-related traits, only the variants of age, nationality, gender
and genotypes were involved in the regression analysis. The
P-value confidence level was set at 0.05 for the above tests.

Results
Sample characteristics
After removing samples with missing data, a total popula-
tion with n=2667 samples was left, which comprised the three
races, Kazakh, Uygur and Han; the number of samples from
each race and their percentage of the total sample population
were 1017 (38.14%), 798 (29.92%), and 852 (31.94%), respec-
tively. The distribution of sample characteristics (mean+SD
of obesity-related traits and distribution of genotypes of SNP
polymorphisms) in each nationality are displayed in Table 1.
The statistical differences of these variants among nationalities
were determined by the Fisher LSD test. The data showed that
all of the variants (age, BMI, weight, height, WHR, WAIST,
HIP, rs4969168, and rs9892622) were statistically different
among the three nationalities and indicated that analysis of
the interaction of gene polymorphisms and environmental
factors in a total population would be inappropriate; rather, a
separate analysis of the effects of interaction within individual
populations of each nationality would be more appropriate.
The distribution of variants, except polymorphisms, in dif-
ferent genders was also statistically analyzed by independent
samples in a t-test (Table 2). It was found that the variants,
except WHR, were significantly different between males and
females. The distributions of genotypic polymorphisms in
different genders were analyzed by a )* square test; no differ-
ence was found in the genotypic frequencies between genders,
which indicated that no typing bias or error existed.

Genotyping and allele frequencies

The genotyping success rates of both 154969168 and rs9892622
were 97.4%. The allele frequencies of SOCS3 rs4969168 and
159892622 for the total population and each subpopulation
(classified by race) were collected (Table 1). In the Kazakh,
Uygur and Han subpopulations, the allele frequencies of
rs4969168 were 0.582, 0.625, and 0.572, respectively, and the
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Table 1. Sample characteristics.
Total (2658) Kazakh (1016) Uygur (798) Han (844) P
Gender (M/F) 1062/1596 434/582 294/504 334/510 0.039
Age 50.86+11.52 47.9+10.5 52.7+10.3 52.6+12.9 <0.001
BMI (kg/m?) 25.68+4.19 25.64+4.18 26.77+4.54 24.67+3.56 <0.001
Weight (kg) 1.61+0.09 68.64+13.07 67.90+12.76 63.48+11.16 <0.001
Height (m) 66.76+12.59 1.63+0.09 1.59+0.08 1.60+0.08 <0.001
WHR (cm/cm) 0.880+0.073 0.90+0.73 0.88+0.08 0.87+0.07 <0.001
WAIST (cm) 86.57+11.98 91.95+12.59 88.15+11.69 82.64+10.59 <0.001
HIP (cm) 98.26+9.51 102.21+10.09 100.5049.43 94.37+7.75 <0.001
rs4969168 (n/%) 2597 996 (100) 787 (100) 815 (100) 0.001
AA 415 (16.0) 159 (16.0) 115 (14.6) 142 (17.4)
AG 1301 (50.1) 514 (51.6) 360 (45.7) 427 (52.4)
GG 881 (33.9) 323 (32.4) 312 (39.6) 246 (30.2)
rs9892622 (n/%) 2598 (100) 990 (100) 778 (100) 830 (100) 0.009
AA 555 (21.4) 294 (29.7) 198 (25.4) 238 (28.7)
AG 1313 (50.5) 495 (50.0) 384 (49.4) 434 (52.3)
GG 730 (28.1) 201 (20.3) 196 (25.2) 158 (19.0)

Different population sizes between some variants and total were due to different samples of missing data, which was the incomplete data for
rs4969168 or rs9892622. The missing data was excluded with default settings during the analyses.

Table 2. Distribution of variants in different genders.

Male Female P

Age 52.70+11.7 49.63+11.21 0.004
BMI 25.39+3.83 25.86+4.40 <0.001
WHR 0.89+0.07 0.87+0.07 <0.001
Weight 71.40+12.22 63.71+11.89 <0.001
WAIST 87.60+11.92 85.95+11.98 0.003
Height 1.68+0.07 1.57+0.06 <0.001
HIP 97.75+9.39 98.56+9.58 0.064
rs4949168 1062 (100%) 1596 (100%) 0.639
AA 158 (14.9%) 256 (16.0%)

AG 529 (49.8%) 769 (48.2%)

GG 350 (33.0%) 528 (33.1%)

Missing? 25 (2.3%) 43 (2.7%)

rs9892622 1062 (100%) 1596 (100%) 0.405
AA 304 (28.6%) 424 (26.6%)

AG 515 (48.5%) 793 (49.7%)

GG 212 (20.0%) 342 (21.4%)

Missing? 31 (2.9%) 37 (2.3%)

@ Missing value was the number of population with incomplete data for
rs4969168 or rs9892622, and it was excluded with default settings
during the analyses.

allele frequencies of rs9892622 were 0.453, 0.499, and 0.452,
respectively. There was no departure from the Hardy-Wein-
berg equilibrium in any of the groups (P>0.05). One-way
ANOVA was used to determine that the distribution of poly-
morphisms was statistically different among the three nation-
alities.

Association of the SOCS3 gene with obesity-related quantitative
traits

Overall analysis

The association of the two polymorphisms (rs4969168 and
rs9892622) with BMI, WHR, height, weight, WAIST, and HIP
was determined by one-way ANOVA with SNK test, but no
evidence of association was found between each of the two
polymorphisms and the above quantitative traits in the total
population.

Stratified analysis of nationality

Because obesity is due to the interaction of environmental and
genetic factors and the above data showed differences between
nationalities or gender regarding obesity-related traits, it was
supposed that environmental background, race, gender or age
might have a significant interaction with the polymorphisms,
which may lead to obesity or related traits. Therefore, strati-
fied analysis was performed based on the interaction between
nationalities and polymorphisms. Although no significant dif-
ference was observed among the three genotypes of rs4969168
in the total population, the data indicated that a remarkable
difference existed within the subpopulations (Table 3 and 4).
Significant differences were found in the mean of BMI, weight,
and WAIST among the pair-wise comparison of the genotypes
of 1s4969168. Although most compared pairs were not found
to be statistically significant, there were noticeable trends
(Table 3). Based on the data from the Han group, as the fre-
quency of the G allele increased, the BMI, weight and WAIST
measurements decreased, which suggests that the G allele may
play a role in maintaining a reduced body weight in the Han
group. However, the opposite trend was seen in the Kazakh
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Table 3. Mean of BMI, Weight, WAIST and WHR of each genotype of rs4969168 in each nationality.

rs4969168 Genotype (%) BMI Weight WAIST WHR
Kazakh GG (32.4) 25.70+4.21 68.75+12.83 93.30+11.77 0.91+0.08
AG (51.6) 25.62+4.25 68.88+13.38 91.74+12.58 0.90+0.07
AA (16.0) 25.51+3.91 67.73+12.51 89.22+14.01 0.88+0.08
Uygur GG (39.6) 26.75+4.55 68.04+12.72 88.40+11.49 0.884+0.08
AG (45.7) 26.77+4.63 67.76+£13.02 87.84+12.06 0.88+0.07
AA (14.6) 26.95+4.31 68.25+12.45 88.71+11.01 0.87+0.07
Han GG (30.2) 24.39+3.42 62.00+£10.78 82.11+9.90 0.87+0.07
AG (52.5) 24.60+3.70 63.50+11.30 82.46+11.03 0.87+0.07
AA (17.3) 25.32+3.49 65.58+11.42 84.18+10.32 0.88+0.06

Table 4. P-value of pairwised comparison among genotypes of
rs4969168.

Table 6. P-value of pairwised comparison among genotypes of
rs9892622.

rs4969168 BMI Weight WAIST WHR rs9892622 BMI WEIGHT WAIST WHR
Kazakh Total 0.900 0.622 0.078 0.115 Kazakh Total 0.058 0.169 0.072 0.137
Male 0.486 0.362 0.363 0.277 Male 0.025 0.075 0.143 0.151
Female 0.617 0.630 0.094 0.242 Female 0.535 0.454 0.338 0.471
Uygur Total 0.925 0.924 0.763 0.732 Uygur Total 0.852 0.842 0.336 0.594
Male 0.907 0.695 0.663 0.965 Male 0.049 0.040 0.103 0.045
Female 0.996 0.946 0.917 0.503 Female 0.072 0.137 0.310 0.774
Han Tatal 0.042 0.011 0.361 0.157 Han Tatal 0.249 0.364 0.919 0.672
Male 0.044 0.054 0.260 0.752 Male 0.549 0.853 0.775 0.905
Female 0.361 0.352 0.957 0.712 Female 0.285 0.379 0.939 0.585

group but not in the Uygur group. The potential cause of this
trend will be further covered in the latter part of the discus-
sion.

For rs9892622, a significant difference for obesity-related
traits was not observed in the total population. Statistically
meaningful results only appeared in the male subpopulation
of the Uygur group, but no obvious trend could be summa-
rized from the datasets (Table 5 and 6).

Linear regression analysis
Linear regression analysis confirmed the previous results in
which nationality and gender were included, but age and the

two polymorphisms excluded, in the model with P<0.05. In
the following stratified analysis by nationality or gender, the
two polymorphisms were also included with P<0.05, but age
was excluded from the model. Because nationality seemed to
be the most effective factor in our data, we performed a linear
regression analysis for each nationality. In the Han popula-
tion, gender was the first factor involved in the regression
(P=0.004), followed by rs4969168 (P=0.015).

Discussion
With the release of data from the HapMap phase III project
and completion of several whole genome association studies

Table 5. Mean of BMI, Weight, WAIST, and WHR of each genotype of rs9892622 in each nationality.

rs9892622 Genotype (%) BMI Weight WHR WAIST
Kazakhi GG (20.3) 25.20+3.94 67.23+12.11 0.88+0.06 89.49+12.13
AG (50.0) 25.96+4.18 69.31+13.09 0.91+0.08 92.82+12.80
AA (29.7) 25.41+4.35 68.45+13.61 0.9040.07 92.56+12.65
Uygur GG (25.2) 26.91+5.15 67.75+13.58 0.87+0.08 87.98+12.42
AG (49.4) 26.70+4.16 68.10+12.06 0.88+0.08 87.80+11.47
AA (25.4) 26.69+4.63 67.45+13.39 0.88+0.07 88.85+11.56
Han GG (19.0) 24.24+3.49 62.30+£11.10 0.87+0.07 81.96+10.80
AG (52.3) 24.78+3.60 63.70+£11.39 0.87+0.07 82.83+11.01
AA (28.7) 24.75+3.56 63.72+10.70 0.87+0.07 82.4619.70
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on several common diseases, scientists realized that tagSNPs
in target genes could be selected as candidate loci to cover
all of the polymorphisms involved in the haploblocks of the
target gene.

S0OCS3 is one of several genes involved in cytokine signaling
and regulates the function of proteins downstream, inhibits
the insulin signaling pathway and stimulates the upregulation
of TNFa in adipose tissue!. The protein encoded by SOCS3
is also important in energy balance and regulation*”. This
result has been confirmed in animal models, but the associa-
tion data in humans have been relatively limited. Research by
Talbert et al has shown that the SOCS3 gene is related to body
mass index (BMI), visceral adipose (VAT), and waist circum-
ference (WAIST) in Hispanic families®. However, in a study
reported by Jamshidi” on the association analyses of com-
mon polymorphisms (rs4969169, rs12953258 and rs8064821)
in SOCS3 with body weight, insulin sensitivity or lipid profile
in normal female twins, none of these three polymorphisms
was found to be associated with obesity. In a previous study,
an association analysis of two polymorphisms (-920 C>A
(rs12953258) and -1044 C>A) was performed, one in the cod-
ing sequence and another in the promoter region, in the
SOCS3 gene in German children and adolescents with extreme
obesity.
between the two polymorphisms in SOCS3 and extreme obe-
sity. Weight is a complex phenotype that is affected by several
biological pathways; the most important two pathways are

As a result, there was no association observed

the neural control system of food intake and energy balance
regulation. Thus, one explanation to these ambivalent results
is that the pathogeny of obesity differs among populations.
Another potential explanation is that different haploblock
distributions appear in different ethnic groups or in different
nationalities. Consequently, pathogenic loci linked to tagSNPs
can be partially or totally different, and in some cases, special
ethnic tagSNPs would lose their ability of catching pathogenic
loci in other ethnic studies, which seems to have happened
in our study. Our data suggest that there is no association
between 154969168 and obesity-related traits in the total
population (P>0.05). However, a significant association was
observed for BMI and weight in the Han population and male
subgroup, which indicates that the polymorphism rs4969168
seems to have a different association effect on different nation-
alities and different genders. In addition, the data showed
that the allele A of rs4969168 was associated with increased
BMI and weight in the Han group. Moreover, the popula-
tion with the AA genotype of 154969168 is more susceptible to
weight-gain in the Han population, especially in males. How-
ever, a totally opposite result was discovered in the Kazakh
population, which indicates that the mechanisms may likely
be distinct between these two nationalities. Our results are
reasonable given that SOCS3 serves as both a pivotal and hub
function in a complex regulatory system, which further sug-
gests that SOCS3 may also play a dual role in weight control.
Similar to rs4969168, there was no evidence for an associa-
tion between 159892622 and obesity-related traits in the total
population, but a significant association appeared in the strati-

fied analysis. Interestingly, distinct from rs4969168, rs9892622
was associated with BMI, weight and WAIST in the Kazakh
and Uygur populations rather than the Han population.

In conclusion, whether weight control is attributed to dif-
ferent pathogenic factors or the distribution of ethnic hap-
loblocks, the genetic background seems to certainly play a
basic role. According to our current data, both rs4969168 and
159892622 are associated with obesity, and the association
effect is different according to nationality and gender. Further
study is required to fine-map the pathogenic loci and discover
the functional impact of SOCS3 in obesity.

Acknowledgements

This study was supported by the Science and Technology
Commission of the Shanghai Municipality (No 08DJ1400604
and 10ZR1439400).

Author contribution

Wei TANG designed the research, executed the experi-
ments and wrote the paper; Yong-quan SHI and Zhi-min LIU
designed the research and wrote the paper; Jun-jie ZOU and
Jiao-yang ZHENG contributed analytic tools; and Xiang-fang
CHEN and Hua-zong ZENG analyzed the data.

References

1 Marvelle AF, Lange LA, Qin L, Adair LS, Mohlke KL. Association of
FTO with obesity-related traits in the Cebu Longitudinal Health and
Nutrition Survey (CLHNS) Cohort. Diabetes 2008; 57: 1987-91.

2 Mori MA, Araljo RC, Reis FC, Sgai DG, Fonseca RG, Barros CC, et
al. Kinin B1 receptor deficiency leads to leptin hypersensitivity and
resistance to obesity. Diabetes 2008; 57: 1491-500.

3 Hill JO, Wyatt HR, Reed GW, Peters JC. Obesity and the environment:
where do we go from here? Science 2003; 299: 853-5.

4 Coppari R, Ichinose M, Lee CE, Pullen AE, Kenny CD, McGovern RA, et
al. The hypothalamic arcuate nucleus: a key site for mediating leptin’s
effects on glucose homeostasis and locomotor activity. Cell Metab
2005; 1: 63-72.

5 Howard JK, Flier JS. Attenuation of leptin and insulin signaling by
SOCS proteins. Trends Endocrinol Metab 2006; 17: 365-71.

6 Lebrun P, Van Obberghen E. SOCS proteins causing trouble in insulin
action. Acta Physiol (Oxf) 2008; 192: 29-36.

7 Minzberg H, Myers MG Jr. Molecular and anatomical determinants of
central leptin resistance. Nat Neurosci 2005; 8: 566-70.

8 Talbert ME, Langefeld CD, Ziegler J, Mychaleckyj JC, Haffner SM,
Norris JM, et al. Polymorphisms near SOCS3 are associated with
obesity and glucose homeostasis traits in Hispanic Americans from
the Insulin Resistance Atherosclerosis Family Study. Hum Genet
2009; 125: 153-62.

9 Jamshidi Y, Snieder H, Wang X, Spector TD, Carter ND, O’Dell SD.
Common polymorphisms in SOCS3 are not associated with body
weight, insulin sensitivity or lipid profile in normal female twins.
Diabetologia 2006; 49: 306-10.

10 Holter K, Wermter AK, Scherag A, Siegfried W, Goldschmidt H,
Hebebrand J, et al. Analysis of sequence variations in the suppressor
of cytokine signaling (SOCS)-3 gene in extremely obese children and
adolescents. BMC Med Genet 2007; 8: 21.

11 Fischer-Rosinsky A, Fisher E, Kovacs P, Bliher M, Méhlig M, Pfeiffer
AF, et al. Lack of association between the tagging SNP A+930--
>G of SOCS3 and type 2 diabetes mellitus: meta-analysis of four

Acta Pharmacologica Sinica



www.nature.com/aps
Tang W et al

1386

independent study populations. PLoS One 2008; 3: e3852.

12 Gylvin T, Nolsge R, Hansen T, Nielsen EM, Bergholdt R, Karlsen
AE, et al. Mutation analysis of suppressor of cytokine signalling
3, a candidate gene in Type 1 diabetes and insulin sensitivity.
Diabetologia 2004; 47: 1273-7.

13 Cecil JE, Tavendale R, Watt P, Hetherington MM, Palmer CN. An

Acta Pharmacologica Sinica

14

obesity-associated FTO gene variant and increased energy intake in
children. N Engl J Med 2008; 359: 2558-66.

Emanuelli B, Peraldi P, Filloux C, Chavey C, Freidinger K, Hilton DJ, et
al. SOCS-3 inhibits insulin signaling and is up-regulated in response
to tumor necrosis factor-alpha in the adipose tissue of obese mice. J
Biol Chem 2001; 276: 47944 -9.



Acta Pharmacologica Sinica (2011) 32: 1387-1396
© 2011 CPS and SIMM Al rights reserved 1671-4083/11 $32.00

®

www.nature.com/aps

Original Article

Platinum-(IV)-derivative satraplatin induced G,/M cell
cycle perturbation via p53-p21"**/“*independent
pathway in human colorectal cancer cells
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Aim: Platinum-(IV)-derivative satraplatin represents a new generation of orally available anti-cancer drugs that are under development
for the treatment of several cancers. Understanding the mechanisms of cell cycle modulation and apoptosis is necessary to define the
mode of action of satraplatin. In this study, we investigate the ability of satraplatin to induce cell cycle perturbation, clonogenicity loss
and apoptosis in colorectal cancer (CRC) cells.

Methods: CRC cells were treated with satraplatin, and the effects of satraplatin on apoptosis and the cell cycle were evaluated by flow
cytometry. Western blot analysis was used to investigate the effects of satraplatin on cell cycle and apoptosis-related proteins. RT-
gPCR was used to evaluate p53-related mRNA modulation.

Results: Satraplatin induced an accumulation of CRC cells predominantly in the G,/M phase. Increased p53 protein expression was
observed in the p53 wild-type HCT116 and LoVo cells together with p21*@™/“"* protein up-regulation. However, p21***/"* protein accu-
mulation was not observed in the p53 mutant HCT15, HT29, and WiDr cells, even when p53 protein expression was compromised, sug-
gesting that the cell cycle perturbation is p53-p21***“"* independent. Following a candidate approach, we found an elevated expres-
sion of 14-3-30 protein levels in CRC cells, which was independent of the status of p53, further supporting the role of satraplatin in the
perturbation of the G,/M cell cycle phase. Moreover, satraplatin treatment induced apoptosis along with Bcl-2 protein down-regulation
and abrogated the clonogenic formation of CRC cells in vitro.

Conclusion: Collectively, our data suggest that satraplatin induces apoptosis in CRC cells, which is preceded by cell cycle arrest at
G,/M due to the effect of 14-3-30 and in a p53-p21"“™/“**_independent manner. Taken together, these findings highlight the potential
use of satraplatin for CRC treatment.

Keywords: satraplatin; G,/M phase; 14-3-30; p53; apoptosis; colorectal cancer
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Introduction of various tumors'¥, yet the acquisition of drug resistance

The formation of DNA adducts by platinum analogs is
recognized to be the most prominent effects in cells, block-
ing replication and transcription and inducing tumor cell
death!?. The nature of the DNA adducts formed by these
analogs affects a number of transduction pathways and trig-
gers apoptosis and necrosis”’, thereby mediating cytotoxicity
in these models. The most studied platinum analogs, cisplatin
and oxaliplatin, have been used in the clinic for the treatment
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remains a major obstacle in cancer management. Among the
numerous platinum analogs, satraplatin has been shown to
counteract de novo resistance and acquired resistance in some
resistant human tumors® .,

Satraplatin, also known as JM-216, is the first orally avail-
able active lipophilic platinum (Pt)-(IV) derivative that exhib-
B¢ This
drug is particularly attractive because of its convenience of
administration, its milder toxicities (such as nephrotoxicity,
neurotoxicity, and ototoxicity) and the lack of cross-resistance
with cisplatin. Moreover, satraplatin demonstrates anti-cancer

its antiproliferative activity against various tumors

activity in tumors that are usually non-responsive to platinum
drugs”.

Upon diverse genotoxic stresses, DNA damage and other
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cellular lesions usually activate cell cycle checkpoints that
inhibit cell cycle progression by decreasing the activity of key
regulatory proteins', primarily including cyclin-dependent
kinase (Cdk) complexes” . After DNA damage signaling,
the “p53 — p21"*"/<P! pathway” is activated® 'l Activated
p53 induces the expression of its downstream targets, includ-
ing p2
required to arrest cells at the G; and G, Checkpoints[n’m. The
cells are then arrested at the G;-S or G,/M phase. We have
previously reported cell cycle perturbation following satrapla-

1vafl/ePl which is a universal inhibitor of Cdks and is

tin and oxaliplatin treatment in a panel of CRC cell lines that
differ in their p53 gene status". We observed that satraplatin
induces cell cycle arrest at the G,/M phase and that oxalipla-
tin induces arrest at the G, phase and results in apoptosis. On
the basis of this observation, we proposed that satraplatin is a
remarkably more potent activator of cell cycle and cell death
proteins than oxaliplatin. We speculate that the perturbation
of the G,/M cell cycle phase may be a prominent effect of
satraplatin treatment in CRC cells. Additionally, we demon-
strate that p53-null cells, which are arrested in the same man-
ner as wild-type cells, subsequently induce apoptosis with
satraplatin treatment but not with oxaliplatin treatment.

The aim of this study was to elucidate the effect of satrapla-
tin on modulators of the G,/M cell cycle transition, apoptosis,
and clonogenic formation. We show that satraplatin induces
cell cycle arrest at G,/M at least in part because of the effect of
14-3-30 and in a p53-p21"*"/“Plindependent manner. More-
over, satraplatin treatment affects DNA repair genes at the
mRNA level. It also abrogated the clonogenic formation of
CRC cells in vitro.

Materials and methods

Drug, chemicals, and reagents

Satraplatin was a kind gift from Agennix AG (formerly GPC
Biotech AG), Fraunhoferstr, Germany. A satraplatin stock
solution was prepared in 0.09% saline and stored at -20°C.
Antibodies were purchased from the following companies:
anti-p53 (BD Pharmingen), anti-B-actin (Sigma), anti-Bax
(Millipore), anti-Bcl-2 (Sigma), anti-p21™*"/“" and anti-cyclin
B1 (Santa Cruz) antibodies. Anti-rabbit and anti-mouse sec-
ondary antibodies were purchased from DakoCytomation,
Denmark A/S. ECL detection reagents were purchased from
Perkin-Elmer.

Cell culture

The HCT116 human CRC cell lines (wt, p53~/~, and p217/"),
HT29, HCT15, WiDr, and LoVo were tested for mycoplasma
infection according to UKCCCR guidelines™ and were cul-
tured in monolayer in DMEM (HCT116, p53_/_, p21_/', and
HT29), DMEM:F12 (WiDr), RPMI-1640 (HCT15) and Ham's
Nutrient mix F12 (LoVo) supplemented with 10%-20% FBS
and 1% penicillin/streptomycin. No antibiotics were added
prior to treatment. The cells were trypsinized and subcultured
twice a week. All experiments were conducted at an early
passage as previously described!".
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BrdU cell proliferation assay

A BrdU (5-bromo-2’-deoxyuridine) incorporation assay (Cal-
biochem/Merck, Whitehouse Station, NJ, USA) was used to
assess the antiproliferative effects of satraplatin according to
the protocol of the manufacturer. Briefly, 10000 cells/well
were seeded in 96-well plates followed by satraplatin treat-
ment of 0-50 pmol/L. After cells adhered to the plate BrdU
was added (1:2000 dilution), and plates were incubated for
different time intervals (24 h and 72 h). The plates were then
washed, fixed with anti-BrdU antibody and a peroxidase goat
anti-mouse IgG conjugate was added. Immunocomplex for-
mation was measured using tetra-methylbenzidine solution,
and the reaction was terminated with 2.5 mol/L sulfuric acid.
The measured intensity was proportional to the amount of
incorporated BrdU in the cells. Absorbance was measured at
450 nm using a Microplate Manager (Bio-Rad Laboratories,
Inc) according to the protocol of the manufacturer. The absor-
bance results were expressed as relative to untreated control.

Cell cycle analysis and apoptosis

Cell cycle perturbations and the apoptotic fractions of
untreated and treated cells following satraplatin treatment
were defined by flow cytometry analysis of cells stained with
propidium iodide as described previously™.,

Western blot analysis
Aliquots of whole cell extracts containing 20 pg of protein

were used for Western blot analysis as previously described™.

Clonogenicity assay

Approximately 300 cells were seeded into each well of a 6-well
culture plate, which were treated and then incubated in 2 mL
of medium for 10 d. Subsequently, the medium was removed,
and the cells were fixed for 15 min in 0.5 mL of 0.5% glutar-
aldehyde. The fixing solution was removed, the wells were
rinsed with PBS, the colonies were stained for 30 min in 0.5
mL of 1% (w/v) methylene blue solution in PBS, washed once
again with water, and then photographed!®.

Quantitative PCR

p53 signaling pathway qRT-PCR array

For the p53 Signaling Pathway PCR Array analysis, RNA from
HCT116 (wt, p537/~, and p217") treated and untreated cells
were used to analyze the fold change in expression. A total of
1 pg of total RNA was reverse transcribed, and the cDNA was
analyzed on a human p53 signaling pathway RT> Profiler PCR
Array (SABioscience, Fredrick, MD, USA) using the Stratagene
Real-Time PCR System (Mx3005). The human p53 signaling
pathway RT? Profiler PCR Array profiles the expression of 84
genes that are known to be involved in p53 signaling pathway
regulation. A complete list of the genes assayed by the array
can be viewed at http://www.sabiosciences.com/rt_pcr_
product/ HTML/PAHS-027A . html. PCR amplification was
performed with an initial 10-min step at 95°C, followed by 40
cycles of 95°C for 15 s and 60°C for 1 min. The SYBR green



fluorescent signal was detected immediately after the exten-
sion step of each cycle, and the cycle at which the product was
first detectable was recorded as the cycle threshold. The data
were analyzed using the comparative cycle threshold method
with normalization of the raw data to the normalizer on the
array. The results are presented as n-fold changes versus the
values in the untreated control cells.

mRNA isolation, cDNA synthesis and qRT-PCR for the expression
of DNA damage-related genes

Total RNA was isolated with TRIzol reagent (Invitrogen,
CA, USA). The total RNA integrity was determined by 1%
agarose gel electrophoresis. cDNA synthesis was performed
with the Superscript III cDNA synthesis kit (Invitrogen, CA,
USA) using 1 pg of total RNA as the template according to the
protocol of the manufacturer. The PCR amplification was per-
formed in a final volume of 25 pL containing 12.5 pL of SYBR
green (2x), 0.5 pL of primers that detect MLH1, MSH2, PMS2
and ERCCI1 as previously reported™ (10 pmol/L) and 1 pL of
c¢DNA. The cycling conditions included preheating at 95°C
for 10 min and then 40 cycles of the following: 95°C for 30 s,
60°C for 30 s and 72°C for 45 s followed by a standard disso-
ciation curve. Values that fell below 35 cycles were considered
for the 27441 determination.

Statistical analysis

The gene expression of ACq values from each sample were
calculated by normalizing to ACTB and B2M, and the rela-
tive quantitation values were calculated according to the
2% method. Statistical analyses were performed using the
SPSS statistical software package, version 12.0 (Chicago, IL,
USA). Statistically significant differences in the expression
level between the control and treated samples for each target
were calculated using a paired Wilcoxon test. A comparison
of the mean values of proliferation and the apoptosis levels
in response to satraplatin and oxaliplatin treatment was per-
formed using the Bonferroni post hoc multiple comparisons
ANOVA test. "P<0.05 value was considered significant, and
°P<0.01 value was considered highly significant.

Results

Anti-proliferative effects of satraplatin on CRC cells

The role of p53-p21™*™/9P! in the G,/M cell cycle phase follow-
ing satraplatin treatment was investigated in a panel of CRC
cell lines that differ in their p53 genotype (HCT116", LoVo"',
HT29™", HCT15™", and WiDr™") and isogenic HCT116 cells
that were p537~ and p217". To assess the dose limiting effects
of satraplatin on the rate of DNA synthesis, we performed
a BrdU incorporation assay following satraplatin treatment
for 24 and 72 h. As shown in Figure 1, we found that cells
responded to satraplatin (when added below its IC5, value)
in a dose- and time-dependent manner (Figure 1A). Ata
higher concentration (50 pmol/L), satraplatin decreased the
proportion of S phase cells by about 90% in all seven cell lines
tested (Figure 1B). Consistent with our previous findings on
the effects of satraplatin on cell proliferation and apoptosis™,
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Cell line p53 status ICso (umol/L)
HCT116 Wild type 15.7+0.5
HT29 Mutant 27.2+3.1
HCT116p53** Knockout 14.4+1.6
WiDr Mutant 26.9+2.4
LoVo Wild type 16.3+1.3
HCT15 Mutant 13.3+1.1
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Figure 1. The ICs, value and the effect of satraplatin on CRC cells. (A)
Table showing the ICs, value of satraplatin in a panel of CRC cell lines. (B)
HCT116 (wt, p5377, and p217"), LoVo™, HT29™", HCT15™", and WiDr™"
cell lines were treated with 0-50 umol/L satraplatin, and the effect
of satraplatin on DNA synthesis inhibition was determined by a BrdU
incorporation assay at 24 and 72 h. At higher concentrations, all cells
demonstrated about 90% inhibition, which indicates the optimal activity
of satraplatin in CRC cells. (C) DNA synthesis was inhibited at least 50%
by treatment with 10 ymol/L satraplatin, whereas a different pattern of
inhibition was observed with 5 pmol/L satraplatin. The percentage of DNA
synthesis inhibition was defined as the optimal density at a given drug
concentration divided by the optimal density for untreated control cells
multiplied by 100. Each point is the average of two independent trials;
data are presented as the meanzstandard deviation.

no evidence of cytotoxicity was observed when cells were
exposed to lower drug doses (ie, <50 pmol/L). We also tested
two drug concentrations, 5 and 10 umol/L, that are lower
than previously determined ICs, concentrations (Figure 1A)!".
As expected, treatment with 10 umol/L, but not 5 pmol/L,
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satraplatin led to 36%-47% S phase inhibition as early as 24
h (Figure 1C). For example, 10 pmol/L at 72 h demonstrated
that the wildtype p53 cells (HCT116 and LoVo) were more
prone to S phase inhibition (61.06%+6.61%) than the mutant
p53 HCT15, HT29, and WiDR cells (19.00%+4.02%, P<0.01).
In addition, when comparing the 24 h vs the 72 h analysis,
we noticed that all cells were more prone to S phase inhibi-
tion after as early as 24 h of treatment (43.08%+1.6%) but later
returned to normal cell cycle progression, at least in mutant
p53 cells but not in p53 wild-type cells. Thus, the BrdU incor-
poration assay confirmed the partial accumulation of S phase
cells before cells exhibited a G,/M phase perturbation.
Western blot analysis of proteins from HCT116" and LoVo™
cells treated with 5 and 10 pmol/L satraplatin demonstrated
protein, par-
ticularly at 10 pmol/L (Figure 2A). In contrast, despite an
elevated p53 protein level in HCT15™" and HT29™" cells, no
expression of p21"*"/“P! was detected (Figure 2A, lower panel).

a sustained increased level of p53 and p21"*!/<F!

To further confirm these data, we used the WiDr mutant cell
line (Figure 2B) and showed no evident of p21**"/“"" accumu-
lation. Furthermore, when p53~- cells were treated with satra-
platin, no evidence of p21"*"/“P" accumulation was observed
(Figure 2A, upper panel), which indicates that p21"*/<!
expression requires a p53-dependent mechanism. Moreover,
an accumulation of p53 was observed in p217/~ HCT116 cells
treated at both concentrations (Figure 2), indicating that p53-
dependent expression of p21"*"/“P" has no or only a modest
effect on cell cycle perturbation.

A HCT116
wt p53/- p21-/-
53kDa s D -
21 kDa e p21
42 kDa B-actin
LoVo HT29 HCT15
53 kDa — —c= o= = == ;53
21 kDa — p21
42 kDa B-actin
Control - - - - = S - - -
5 umol/L - + = - + _ _ + _
10 umol/L - -+ - - + _ _ +
B WiDr
53 kDa ~&= = p53
21 kDa p21
42 kDa —— 3-aCtIN
Control - - -
5 ymol/L -+ -
10 umol/L - -+

Figure 2. The effect of satraplatin on a clinically relevant concentration
below its ICs, value on p53-p21"™/°Pt protein expression at 48 h. Whole
cell extracts were prepared from HCT116 (wt, p53~, and p217"),
HCT15™", HT29™" and WiDr™" cells treated with 5 and 10 umol/L
satraplatin for 48 h and subjected to Western blot analysis for the
presence of p53 and p21*™/°** protein accumulation.
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Satraplatin treatment induces G,/M perturbation

Consistent with our previous study™, we found that CRC
cells treated with different satraplatin concentrations were
past the initial entry into G, prior to DNA damage and were
subsequently arrested (Figure 3A and Supplementary Table 1).
The expression of cyclin B1, a marker of the G,/M phase, was
up-regulated following 5 and 10 pmol/L satraplatin treatment
(Figure 3B). Cellular growth inhibition and cell cycle pertur-
bation induced by satraplatin was evident at 10 umol/L (Fig-
ure 3C, right panel) compared with 0.5 pmol/L (Figure 3C, left
panel). Similar perturbations were observed in all six CRC cell
lines when the cells were treated with low and high satrapla-
tin concentrations, and this was independent of their p53 gene
status (Figure 3C).

Satraplatin increases 14-3-3c expression in CRC cells

The results described above demonstrate that the presence of
p21"*1/9Pt and /or p53 following satraplatin treatment played
a minor role in inducing cell cycle perturbation and apopto-
sis. To determine which genes significantly alter the cell cycle
profile at the G,/M phase, we used a candidate approach and
found that 14-3-30 mRNA and protein expression were ele-
vated in CRC cells treated for 24 h (mRNA) and 48 h (protein)
(Figure 4). We found a significant increase in 14-3-30 mRNA
expression in the wild-type p53 HCT116 cells but no signifi-
cant increase in the p53”/~ and p217/~ cells. At 48 h, elevated
14-3-30 protein expression was detected after 5 and 10 pmol/
L satraplatin treatment. We also observed that p53-null cells
demonstrated an increase in 14-3-30 that was independent of
P53 action, particularly after treatment with 10 umol/L satra-
platin. Moreover, a similar protein expression pattern was
observed in other CRC cell lines (Figure 4B, lower panel).

Satraplatin induces apoptosis in CRC cells

The cells that were G,/M arrested also underwent apoptosis
in a dose-dependent and a p53-independent manner (Fig-
ure 2 for p53 protein expression, Figure 5A for apoptosis by
flow cytometry). A higher percentage of apoptotic cells was
observed at 5 and 10 umol/L (P<0.01) than at the lower con-
centrations of 50 and 500 nmol/L (Figure 5A). In particular,
we found that the p537/~ and p217- cells showed a significant
down-regulation of Bcl-2 protein expression (Figure 5B) after
satraplatin treatment. In HT29™" and WiDr™" cells, no Bcl-2
protein accumulation was detected (Figure 5B, upper panel),
whereas significant down-regulation of Bcl-2 protein expres-
sion was observed in HCT15™" and LoVo" cells at 10 umol/L
(Figure 5B, lower panel).

In HCT116" cells, 5 and 10 pmol/L satraplatin induced
apoptosis by at least 16% (P<0.05) and 40% (P<0.01), respec-
tively, versus only 5% in the untreated control. In Lovo™ cells,
we observed 21% and 34% apoptotic fractions at 5 and 10
pumol/L satraplatin, respectively, versus 4.7% in the untreated
control (P<0.01). Moreover, in HT29™" cells, the same concen-
trations affected 15% and 27%, respectively, versus only 4% in
the untreated control (P<0.01). Finally, HCT15™" cells exhib-
ited 26% and 36% apoptosis at 5 and 10 pmol/L satraplatin,
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Figure 3. The effect of satraplatin-induced cell cycle perturbation at the G,/M phase, apoptosis and cyclin-B1 expression in CRC cells at 48 h. (A)
Table showing an accumulation of cells at each phase of the cell cycle following satraplatin treatment at lower and higher concentrations. (B) Cyclin B1
protein expression levels following treatment with 5 and 10 pmol/L satraplatin in CRC cells harvested at 48 h. The results shown are representative
Western blots of at least two independent experiments. Equal loading was confirmed by B-actin detection. (C) The effects of various satraplatin
concentrations on DNA synthesis and cell cycle progression in CRC cells. Typical cytograms are presented that represent the overlaps of the percentage
of cells in each phase (Go/G4, S, and G,/M) compared with untreated (control) cells (red background: untreated control cells; white background: treated
cells) as determined by flow cytometry. This analysis indicates that the cells were substantially past the initial entry to G, after DNA damage and were

subsequently arrested.

respectively, whereas untreated cells showed just 10% (P<0.01)
apoptosis. We also found that p53~~ cells responded in the
same manner following 5 and 10 pmol/L satraplatin treat-
ment, with 9% and 34% (P<0.01) apoptosis, respectively, versus
only 3% in the untreated control. However, in p21”~knockout
cells, the percentage of apoptotic cells was 44% and 53% at 5
and 10 pmol/L satraplatin, respectively, versus only 5% in the
untreated control (P<0.01). We also observed that the cells
responded in a dose- and time-dependent manner.

Satraplatin abrogated clonogenic formation in CRC cells

We also found that CRC cells, particularly HCT116 (wt, p53'/ -,
and p217/°) (Figure 6, right panel), loss the ability to form
colonies when treated with 5 or 10 pmol/L satraplatin as com-
pared with 50 nmol/L treated cells (left panel). However, a
partial clonogenicity loss was observed in all CRC cells when
the cells were treated with 500 nmol/L satraplatin. This was
also observed in the other CRC cell lines, including HCT15™",
LoVo™, WiDr™, and HT29™* (data not shown).
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Figure 4. mRNA and 14-3-3¢ protein levels following satraplatin treatment. (A) 14-3-30 mRNA expression is markedly increased in HCT116 cells
compared with isogenic p53~~ and p21~~ cells. Fold changes in this experiment are based on normalizing ACTB and B2M to untreated control
cells. The results shown are representative of at least two independent experiments at 24 h. (B) 14-3-3c protein levels indicated that the cells were
arrested at the G,/M phase. A marked increase in 14-3-30 levels was also detected in p537~ cells, indicating an activation of cell cycle arrest in a p53-
idependent manner at 48 h. The results shown are representative of at least two independent experiments. Equal loading was confirmed by B-actin
detection. °P<0.01.
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Figure 5. Dose dependent of Bcl-2 protein expression levels during satraplatin sustained treatment in CRC cells. A) Following treatment with different
satraplatin concentrations, the CRC cell apoptotic fractions were measured by FACScan analysis. The bar indicates that a greater accumulation
of apoptotic cells was observed with a clinically relevant satraplatin concentration vs the untreated control cells. Data points indicate the mean
percentages of apoptosis fractions from three independent experiments; bars, standard deviation. B) The cellular extracts were subjected to Western
blot. Satraplatin treatment resulted in markedly decreased Bcl-2 protein expression. The results shown are representative of at least two independent
experiments. Equal loading was confirmed by B-actin detection. °P<0.01.
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G,/M cell cycle arrest and apoptosis occurs in a p53-independent
manner

To further elucidate the ability of satraplatin to perturb the G,/
M phase and subsequently apoptosis, we used a p53 signal-
ing pathway qRT-PCR array containing 86 human p53 related
genes. We compared the gene expression profiles of HCT116
(wt, p537/7, and p217/") cells treated with 5 pmol/L satraplatin
(Supplementary Table 2). We found that the cells responded
independent of p53 activation and its related molecules. The
up-regulation of Bax, BTG2, CDKN1A, FASLG, and MDM2
genes was observed in HCT116" cells but not in p53”~ and
p217/~ cells. Moreover, we found that genes involved in DNA
damage responses were also down-regulated together with
the transcription factor NFKB1 (Supplementary Table 2).

Down-regulation of DNA damage repair genes following
satraplatin induced apoptotic cells

To examine DNA damage repair gene activation, CRC cells
were treated for 24 h with 5 umol/L satraplatin and were
tested for differential expression of mRNA encoding MLHI,
MSH2, ERCC1, and PMS2. Interestingly, we found that all
cells similarly responded to satraplatin treatment, with most
of the DNA damage repair genes being down regulated,
except for MSH1 and ERCC1 in HCT116" cells (Figure 7). We
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Figure 6. Clonogenicity loss following satraplatin induced
DNA damage. Untreated- and satraplatin-treated cells were
cultured in medium for two weeks and then fixed and stained
with methylene blue for the clonogenicity assay. The results
demonstrate that long-term satraplatin incubation leads to a
loss of CRC cell clonogenicity potential.

also found that, based on our human p53 signaling pathway
RT? Profiler PCR data, ATM and ATR expression was almost
unchanged by 5 pmol/L satraplatin treatment in HCT116 (wt,
p5377, and p2177) cells, whereas a 0.5-fold down-regulation
was observed for E2F1 in HCT116"" cells versus an up-reg-
ulation of 2.1-fold in the HCT116 p537~ cells. Moreover, we
found that XRCC5 expression was down-regulated in HCT116
(wt, p5377, and p217") cells (Supplementary Table 2).

Discussion

Satraplatin, which was initially proven to have clinical activity
against small-cell lung"”, ovarian, and prostate cancers"”,
was developed for the treatment of castration-resistant pros-
tate cancer and was found to significantly prolong disease pro-
gression-free survival®.. Satraplatin disrupts DNA replication
and transcription by forming intrastrand/interstrand DNA
adducts; however, the downstream molecular events leading
to G,/M cell cycle perturbation and cell death have not been
well characterized in CRC cells.

Here, we show that exposure of CRC cells to satraplatin
reduced long-term clonogenic survival and induced cell cycle
arrest and subsequently apoptosis. Our previous model sug-
gested that the possible reasons for differences between oxali-
platin- and satraplatin-induced antitumor effectiveness might

Figure 7. mRNA expression of the DNA repair enzymes
ERCC1, MLH1, PMS2, and MSH2 in the CRC cell lines follow-
ing 48 h satraplatin treatment. The CRC cells demonstrated
unrepaired DNA damage owing to a down-regulation of the
expression of DNA damage responsive genes in all cell lines
tested. Only the expression of MSH1 and ERCC1 was up-
regulated in the HCT116 wild-type cells. The fold change is
based on the normalization of ACTB and B2M proteins in the
treated vs the untreated control cells. The results shown are
representative of at least two independent experiments.
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be found at the level of cell cycle regulation*!

. Many studies
have indicated that platinum agents predominantly reduce
the DNA synthesis rate!”! and inhibit cell cycle progression at
the G;-S and/or G,/M phases®]. Using a BrdU incorporation
assay, we found that the treatment of CRC cells with different
satraplatin concentrations delayed the progression of cells in
S phase and altered the G,/M transition. Different drug con-
centrations perturbed the cells differently, particularly when
cells were treated with lower drug concentrations. This find-
ing could result from differences in cell characteristics that
lead to different responses to treatment and the abilities of the
drug to interact with its cellular target. More interestingly, the
progression into mitosis was blocked. In addition, cells that
were null for p53 and p21"*"/“P! also had a delayed cell cycle
progression and G,/ M perturbation.

Since we observed a massive G,/M phase arrest, we focused
our analysis on p53-p21 involvement in the G,/M transition
as p53-p21 being a major regulator of the cell cycle. We found
that satraplatin induced a significant accumulation of p53 pro-
tein in wild-type HCT116 and LoVo cells. In contrast, an accu-
mulation of mutant p53 was also observed by Western blot-
ting in HCT15 and WiDr cells. Bunz et al have reported the
role of p53 at the G, checkpoint by inactivating the p53 gene
with homologous recombination in a derivative of a human

colorectal tumor model™?

. They demonstrated that few cells
entered mitosis initially after exposure to ionizing radiation,
which suggests that the G, checkpoint is intact. Therefore,
they proposed that p53 is not required for the initial arrest but
is essential for long-term arrest maintenance. However, it is
possible that p53 can partially contribute to the initial arrest,
and it is clear that other pathways can cause arrest when p53
is missing".

We detected a marked increase in cyclin B1, a marker for
G,/M cell arrest, in all CRC cell lines tested, and this was inde-
pendent of the p53 gene status. Our data suggest that p53-
independent pathways could inhibit cdc2 activity in response
to DNA damage. In relation to this hypothesis and by follow-
ing a candidate approach, we found that satraplatin increased
the expression of 14-3-30, a conserved phosphoserine binding
protein in CRC cells. We noticed a similar alteration even in
p53-null and mutant cells, which further delineates the action
of this protein in a p53-independent manner. We believed
that 14-3-30 may become a key regulatory modulator in the
G,/M checkpoint that may form a cytoplasmic complex with
cdc2 and sequester cdc2/cyclin Bl in the cytoplasm. Hermek-
ing et al have shown that 14-3-30 overexpression in HCT116
CRC cells causes most cells to arrest in the G, phase®™. Thus,
we assumed that satraplatin-induced 14-3-30 contributes to
the G,/M accumulation. We also observed that, following
satraplatin-induced cell cycle perturbation, the cells eventually
undergo apoptosis in a dose- and time-dependent manner.
We have reported that satraplatin treatment induces the accu-
mulation of apoptotic cells even in the p53-null model, thus
overcoming chemoresistance by a p53-independent mecha-
[14]

nism"*. Generally, the protection of cells against apoptosis

requires the down-regulation of proapoptotic activities or the
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up-regulation of anti-apoptotic mechanisms™®!. The Bcl-2 fam-
ily is an important regulator of cellular apoptosis™!. Thus, we
investigated Bcl-2 involvement in the mitochondrial (intrinsic)
pathway to determine whether the Bcl-2 family was function-
ing as upstream initiators of apoptosis. Notably, the satrapla-
tin effects on Bcl-2 expression in CRC cells (HCT15™, LoVo",
and WiDr™" and p217") were consistent with our previous
findings in HCT116 (wt and p537") and HT29™" cells"". How-
ever, these effects did not only affect Bcl-2-dependent apop-
tosis because the mutant HT29 and Lovo cells significantly
underwent apoptosis, which further suggests that CRC cells
could also undergo Bcl-2-independent apoptosis following
satraplatin treatment. In addition to the Bcl-2-apoptosis analy-
sis, we also demonstrated with the long-term clonogenicity
survival analysis that the cells lose the ability to form colonies.
Remarkably, we found that all cells, particularly the p537~ and
p217/~ cells, lost their clonogenicity potential in a dose-depen-
dent manner. Finally, satraplatin mediated apoptotic activ-
ity is believed to be linked to DNA damage, and the levels of
DNA damage repair genes have been shown to be correlated
with the response to the platinum agent'®. We hypothesized
that the DNA damage inflicted by satraplatin may be repaired
by the nucleotide excision repair (NER) and/or the mismatch
repair (MMR) pathways with kinetics similar to that of the
DNA damage repair that is induced by cisplatin and oxalipla-
tin® *!. Accordingly, we showed that the mRNA expression
levels of ERCC1, MLH1, MSH2, and PMS2 were significantly
down-regulated in CRC cells. In addition to these results,
Vaisman et al and Fokkema et al have suggested that satrapla-
tin-induced adducts, compared with adducts formed by other
platinum drugs, do not bind to high mobility group 1 protein,
which recognizes the DNA damage caused by cisplatin and
inhibits translation replication by certain DNA polymerases.
These differences may provide a mechanism by which some
platinum resistance may be overcome by satraplatin treatment
in this model ™,

Thus far, in vitro and in vivo data have indicated satrapla-
tin efficacy in the treatment of various cancer models” ",
However, the ability of satraplatin to induce G,/M cell cycle
arrest and subsequently apoptosis in CRC cells suggests that
it may have a wide range of clinical applications. In Figure §,
we illustrated the molecular mechanism of satraplatin action
on cell cycle perturbation. In summary, we hypothesize that
satraplatin-induced cell cycle arrest is likely executed via 14-3-
30 in a p53-p21"*/“Plindependent manner (Figure 8). Fur-
thermore, cell death may also be related to the reduced expres-
sion of DNA repair enzymes.

In conclusion, the ability of satraplatin to induce different
modes of cell cycle regulation and cell death in different types
of CRC cells at relatively low concentrations indicates that it
may be highly efficacious in killing tumor cells and warrants
further in vivo clinical investigation.
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expression of its primary cell cycle modulator, p21"*™/°** an inhibitor of Cdks, and its activation sequesters cyclin B1/cdc2 complexes, which can lead
to an accumulation of cells at the G,/M transition. Alternatively, p53 could also be activated through 14-3-30 (a conserved phosphoserine binding
protein) to induce an accumulation of cells at G,/M by sequestering the cyclin B1/cdc2 complexes. (B) In cells that lack p53 or contain mutant p53, we
observed that there was also a G,/M perturbation that was independent of p21"@™/®"* activation because we first identified impaired S phase entry and
then identified arrest at G,/M. (C) These cells might also activate 14-3-3c0 independently of p53 action because p53™' and p53™" cells demonstrated
an elevated expression of 14-3-30 and subsequently arrested at G,/M. (D) Loss of clonogenicity patterns were observed following satraplatin induced
DNA damage, which led to cell mortality.
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Anti-tumor activity of CrTX in human lung adeno-
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Aim: To assess the cytotoxic effect of crotoxin (CrTX), a potent neurotoxin extracted from the venom of the pit viper Crotalus durissus
terrificus, in human lung adenocarcinoma A549 cells and investigated the underlying mechanisms.

Methods: A549 cells were treated with gradient concentrations of CrTX, and the cell cycle and apoptosis were analyzed using a flow
cytometric assay. The changes of cellular effectors p53, caspase-3 and cleaved caspase-3, total P38MAPK and pP38MAPK were
investigated using Western blot assays. A549 xenograft model was used to examine the inhibition of CrTX on tumor growth in vivo.
Results: Treatment of A549 cells with CrTX (25-200 pg/mL) for 48 h significantly inhibited the cell growth in a dose-dependent manner
(IC5o=78 pg/mL). Treatment with CrTX (25 pg/mL) for 24 h caused G1 arrest and induced cell apoptosis. CrTX (25 ug/mL) significantly
increased the expression of wt p53, cleaved caspase-3 and phospho-P38MAPK. Pretreatment with the specific P38MAPK inhibitor
SB203580 (5 umol/L) significantly reduced CrTX-induced apoptosis and cleaved caspase-3 level, but G, arrest remained unchanged
and highly expressed p53 sustained. Intraperitoneal injection of CrTX (10 pg/kg, twice a week for 4 weeks) significantly inhibited A549

tumor xenograft growth, and decreased MVD and VEGF levels.

Conclusion: CrTX produced significant anti-tumor effects by inducing cell apoptosis probably due to activation of P38MAPK and cas-
pase-3, and by cell cycle arrest mediated by increased wt p53 expression. In addition, CrTX displayed anti-angiogenic effects in vivo.

Keywords: crotoxin (CrTX); human lung adenocarcinoma; apoptosis, P38MAPK; caspase-3; cell cycle; p53; angiogenesis
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Introduction

Crotoxin (CrTX) is a potent neurotoxin that is extracted from
the venom of the pit viper Crotalus durissus terrificus. CrTX
possesses phospholipase A2 activity and inhibits neuromus-
cular transmission. Recently, some studies have reported that
CrTX has anti-tumor effects. However, the potential mecha-
nism is unclear®?.,

Lung cancer is the most common cancer worldwide with the
highest mortality rate among cancers. Current drugs cannot
meet the therapeutic needs. Previous study demonstrated
that CrTX has cytotoxic effects on A549 cells, which are human
lung adenocarcinoma cells with the wild type p53 gene, and
shows synergistic effects when combined with Iressa, which
is currently a widely-used drug for lung cancer therapy! ®.
In this study, we further investigated the anti-tumor effects
of CrTX on A549 cells and tried to elucidate the mechanisms
of CrTX-mediated cell growth inhibition and cell apoptosis.

*To whom correspondence should be addressed.
E-mail jkhe001@163.com
Received 2011-05-30 Accepted 2011-07-27

Some evidence has indicated that the P38MAPK pathway
plays an important role in the process of apoptosis and the
cell cycle. Therefore, we detected the expression of apoptotic
proteins and cell cycle-related factors, such as p53, cleaved
caspase-3 and phospho-P38MAPK, to discover the potential
molecular mechanisms that mediate the anti-tumor activities
of CrTX. The anti-tumor activity of CrTX was also analyzed in
the A549 xenograft model.

Materials and methods

Cells and reagents

Ab549 cells, which are human Iung adenocarcinoma cells with
wt p53, purchased from Shanghai Institutes of Biological Sci-
ence), were cultured in RPMI-1640 media containing 10%
fetal bovine serum and maintained in an incubator (5% CO,,
37 °C). Crotoxin (CrTX) was provided by Celtic Biotechnology
(Dublin, Ireland). The anti-phospho-P38MAPK, anti-p53 and
anti-cleaved caspase-3 antibodies were purchased from Cell
Signaling Technology (Woburn, MA, USA). SB203580, which
is a specific inhibitor of P38MAPK, was purchased from Cal-
biochem, Inc (Madison, WI, USA).
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Cell growth viability assay

Based on the results of preliminary experiments, we selected
four different concentrations of crotoxin (25 ug/mL, 50
pg/mL, 100 pg/mL and 200 pg/mL) in the study. After col-
lecting A549 cells in the logarithmic growth period, we pre-
pared 1.0x10° cells/mL of cell suspension after 0.25% trypsin
treatment and seeded them into 96-well plates. Each well
contained 100 pL of cell suspension. The control (cell suspen-
sion) and blank groups (RPMI-1640 medium) were included in
the study. Once cells were allowed to adhere to the plate for
24 h, we removed the medium and applied different concen-
trations of CrTX to treat the cells for 48 h. Then, 20 uL of MTT
(6 mg/mL) was added, and the cells were incubated at 37 °C
for 4 h. The supernatant in each well was replaced with 150
pL DMSO. After 30 min of incubation at room temperature
and gentle agitation for 10 min, the optical density (OD) was
measured with an automatic multiwell spectrophotometer at
570 nm. Three independent experiments were performed to
generate averaged values. The cytostatic rate was calculated
using the following equation: cytostatic rate (%)=(1-average
OD value of experimental group / average OD value of con-
trol group)x100.

Flow cytometry analysis of CrTX-induced cell cycle arrest and
apoptosis

Four experimental groups were included in the study: con-
trol, CrTX (25 ng/ml), SB203580+CrTX and SB203580 only
(5 umol/L). SB203580 was added to the culture medium 1 h
before CrTX. All groups of cells were digested with 0.25%
trypsin and centrifuged at 1000 r/min. The collected cells
were rinsed in PBS (phosphate buffered saline) twice, fixed
with 70% pre-cooled ethanol and stored at 4 °C. The cells were
centrifuged to remove the fixation reagent and suspended in
PBS. The cells were incubated at 37 °C for 30 min after adding
200 uL RNaseA (1 pg/upL). PI (propidium iodide) was added
to the cells and incubated for 30 min in the dark. Finally, the
cell cycle and apoptosis were analyzed using flow cytometry.

Western blot analysis of p53, caspase-3 and cleaved caspase-3,
total P38MAPK and pP38MAPK

Three experimental groups were included in the study as
follows: control, CrTX and SB203580 + CrTX groups. The
dose response and time course studies were performed as
mentioned previously. Cells were washed twice with pre-
cooled PBS. The pellets were lysed on ice with lysis buffer.
The lysates were centrifuged at 12000 r/min for 10 min at
4 °C, and the supernatants were collected. Protein concen-
trations were determined using the BCA protein assay. For
Western blot analysis, proteins were denatured for 5 min by
boiling. Protein extracts were subjected to SDS-PAGE with
10% gels and electroblotted onto nitrocellulose membranes.
Membranes were incubated overnight at 4 °C in 5% non-fat
milk with primary monoclonal antibodies of p53, caspase-3,
cleaved caspase-3, total P3SMAPK, phospho-P38MAPK and
B-actin (Santa Cruz Biotechnology, Inc, Santa Cruz, CA). After
incubating for 2 h at room temperature with a secondary HRP-
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conjugated antibody, antigens were visualized using enhanced
chemiluminescence using ECL (enhanced chemiluminescence)
according to the manufacturer’s instructions.

In vivo anti-tumor efficacy and mechanism study

Female Balb/C nude mice with average body weights of
18-20 g (4-6 weeks) were purchased from a local commercial
vendor and housed in a SPF (specific pathogen free) animal
facility. All manipulations (ie, handling, invasive procedures
and tumor volume measurements) were performed in a
laminar flow hood under strict sterile conditions. Mice were
injected into the right axillary space tissue with 5x10” cells/mL
Ab549 cells that were suspended in 0.2 mL of PBS. Treatment
with CrTX was initiated 8 d after xenotransplantation, and the
tumor reached approximately 5-6 mm in diameter. With the
exception of two no-tumor mice, sixteen remaining mice were
randomly assigned to one of two experimental groups (n=8
per group): the control or CrTX (10 pg/kg, ip, twice a week)
group. After 4 weeks of treatment, the mice were sacrificed,
and the tumor xenografts were removed, sectioned and ana-
lyzed using TEM. The data for tumor growth inhibition were
expressed as the mean tumor weight+standard deviation.
Tumor xenografts were further analyzed using a microscope,
and microvascular density (MVD) was counted using Weidner
methods. Briefly, a microscopic field was defined by a grid
that was placed on the eyepiece. Endothelial cells in distinct
cell clusters showing CD31 staining were considered as a
single, countable microvessel. MVD was determined by calcu-
lating the mean of the obtained vascular counts in 15 random
fields across the tissue section. The MVD data were expressed
as the meantstandard deviation. In addition, 0.5 mL of blood
was harvested from each mouse, and 0.2 mL of serum was col-
lected after centrifuging for 10 min at 3000 r/min. VEGF lev-
els were analyzed in each serum sample using ELISA. VEGF
levels were expressed as the meantstandard deviation.

Statistical analysis

The data were expressed as the meantstandard deviation and
analyzed using the one-way analysis of variance (ANOVA) or
t-test. Differences were statistically significant when P<0.05.

Results

CrTX inhibited A549 cell proliferation in vitro

Ab549 cells were treated with CrTX 25, 50, 100, or 200 pg/mL
for 48 h, and the viability of the cells was determined using the
MTT assay. The results show that CrTX significantly inhibits
the growth of A549 cells with an ICs, value of 78 pg/mL in a
concentration-dependent manner. The CrTX-induced inhibi-
tion rates were 87.5% (200 pg/mL), 53.2% (100 pg/mL), 24.1%
(50 pg/mL), and 15.7% (25 pg/mL) (Table 1).

CrTX induced cell apoptosis and arrested cells in G, phase

To further understand the mechanism of CrTX in cell growth
inhibition, flow cytometric assays were used to analyze cell
apoptosis and cell cycle arrest. After treatment with CrTX
(25 ng/mL) for 24 h, a significantly increased population



Table 1. The effect of CrTX on A549 cell proliferation. °P<0.05 compared
with control group.

CrTX concentration (ug/mL) Inhibition rate (%)

Control

25 15.743.4°
50 24.1+1.0°
100 53.2+12.0°
200 87.5+9.2"

of cells was halted at the sub-G, phase, which is an index
of cell apoptosis, compared to the control group (Table 2).
The results suggest that CrTX potently induces apoptosis in
Ab549 cells, which suggests a potential mechanism for growth
inhibition. To assess this mechanism for apoptosis, A549 cells
were pretreated with SB203580, which is a specific P38MAPK
inhibitor, and then treated with CrTX. No significant
differences were observed in the sub-G, phase cell population
(Table 2). The results show that SB203580 protects A549 cells
from apoptosis, indicating that P38MAPK plays an important
role in CrTX-induced cell apoptosis. In addition, CrTX
significantly increased A549 cells in the G; phase compared
to the control group (Table 2). SB203580 failed to alter CrTX-
induced arrest of A549 cells in the G, phase, suggesting that
inhibition of P3SMAPK has no effect on CrTX-induced cell
cycle arrest (Table 2).

Table 2. Analysis of CrTX-induced apoptosis and cell cycle arrest of A549.
®P<0.05 compared with control group.

Groups Sub-Go(%)  Go/G1 (%) S (%) Go/M (%)
Control 0.70+0.06 55.82+2.15 30.15+1.32 13.95+0.85
CrTX 11.42+1.02° 76.85+2.30" 16.04+0.52 6.80+030
SB203580 0.516+0.03 54.71+1.64 29.45+086 14.68+0.92

SB203580+CrTX 0.87+0.08 75.06+1.83" 15.36+0.71 9.08+0.52

Effects of CfrTX on p53, caspase-3 and cleaved caspase-3, total
P38MAPK and pP38MAPK expression

Ab549 cells were treated with 25 pg/mL of CrTX for 24 h and
harvested for Western blot analysis for pro-apoptotic proteins.
As shown in Figure 1, CrTX significantly increased cleaved
caspase-3 in A549 cells. CrTX also increased the wild type
p53 and phospho-P38MAPK levels without affecting the total
P38MAPK levels in A549 cells. After pre-treating cells with
SB203580, phospho-P38MAPK levels were reduced to control
levels. Meanwhile, CrTX-induced production of cleaved cas-
pase 3 was also inhibited, suggesting that CrTX-induced apop-
tosis was regulated by P38MAPK. However, the expression
of wild type p53 remained high in the presence of SB203580
(Figure 1).

www.chinaphar.com
Ye Betal

1399

A Con SB203580  ¢rTx
+CrTX

P53
PP38MAPK
P38MAPK

Caspase-3

Cleaved
Caspase-3

B-actin

B @ Control
MSB203580+CrTX
BCrTX

Protein expression level

O B N W > O O

Wt p53

p-P38MAPK C-caspase 3

Figure 1. Expression of wild-type p53, caspase-3 and cleaved caspase-3,
total P38MAPK and pP38MAPK protein in A549 cells. Cells were treated
with 25 pg/mL of CrTX or 5 ymol/L of SB203580 plus 25 ug/mL of CrTX
for 24 h. (A) Cell lysates were then collected for Western blot analysis on
p53, caspase-3 and cleaved caspase-3, total P38MAPK and pP38MAPK.
B-actin was used as loading control. (B) Protein levels of p53, phospho-
P38MAPK and cleaved caspase-3 were analyzed and shown in bar graph.

CrTX inhibited A549 tumor growth in vivo

The anti-tumor activity of CrTX was tested in the A549 lung
tumor xenograft model. As shown in Figure 2A, CrTX at
a biweekly dosage of 10 png/kg for 4 weeks had an efficacy
effect on the A549 xenograft with 36.3% tumor growth inhibi-
tion (TGI) and no significant body weight loss. The observed
in vivo activity of CrTX was consistent with its in vitro anti-
proliferation effect on A549 cells. Further analysis showed
that CrTX destroyed the blood vessels surrounding the tumor
xenograft, which was indicated by the decrease in microvas-
cular density (MVD) from 34.29+8.64 to 13.56+3.27 (Figure
2B). To understand the potential mechanism of CrTX in tumor
angiogenesis, the VEGF level was analyzed using ELISAs with
mouse sera from both groups. Interestingly, the VEGF level
was also decreased in the CrTX treatment group (32.57+10.35
pg/mL) compared to the control group (46.83+13.62 pg/mL)
(Figure 2C), suggesting that anti-angiogenesis might also con-
tribute to the anti-tumor activity of CrTX in vivo.

Discussion

In this study, the anti-tumor effects of CrTX on A549 cells were
verified and appeared to be dose-dependent. The results of
flow cytometry show that CrTX significantly increased the cell
population in the sub-G, and G,/G, phases, which indicates
that the anti-tumor effects of CrTX were closely related to the

Acta Pharmacologica Sinica
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Figure 2. In vivo study of CrTX in A549 tumor xenograft model. Five million A549 cells were implanted into female nude mice subcutaneously. When

the tumor reached about 5-6 mm in diameter, the tumor-bearing mice were randomized into 2 groups with 8 mice in each group and treated with
vehicle control and CrTX (10 pg/kg, ip, twice a week). (A) After 4 weeks treatment, the mice were sacrificed, and the tumor xenografts were removed,
sectioned and weighted. (B) Tumor xenografts were observed under microscope and microvascular density (MVD) was counted by Weidner methods.
(C) In the meanwhile, 0.5 mL of blood was harvested from each mouse and 0.2 mL of serum was collected after centrifuging for 10 min at 3000 r/min.
VEGF level was thus analyzed in each serum sample by ELISA. Data from each mouse sample were analyzed and shown in bar graph with statistic

analysis as mean+SD. "P<0.05.

induction of apoptosis and cell cycle arrest.

Many studies have investigated the signaling pathways that
are mediated by P38MAPK, which is one of the main signal
transduction systems regulating apoptosis'” '”. Cells transmit
extracellular signals to the nucleus using P38MAPK!"!. Ultra-
violet radiation, TNF or anti-tumor drugs induce pathway
activation, which leads to P38SMAPK phosphorylation. There-
fore, these data suggest that P38MAPK plays an important
role in cell apoptosis and cell cycle arrest! ",

Caspase 3, which is a proteolytic enzyme, exists in an inac-
tive proenzyme form in cells. As a central apoptotic effector, it
plays a key role in promoting apoptosis!"l. After cleaving cas-
pase-3, the active form of caspase 3 is released, indicating that
the caspase 3 proenzyme is activated and has begun to execute
its apoptotic function™.

Previous studies have suggested that CrTX induces
autophagy in human breast cancer MCF7 cells as a main
mechanism for CrTX-induced cytotoxic effects!"”. In this
study, we determined that CrTX induced cell apoptosis and
cell cycle arrest in lung cancer A549 cells, suggesting distinct
mechanisms for various types of cells. During the process of
CrTX-induced apoptosis of A549 cells, we found that phos-
pho-P38MAPK was upregulated and that the expression of wt
p53 and cleaved caspase-3 increased. These results indicate
that the anti-tumor effects of CrTX are strongly correlated
with the activation of P38MAPK, the upregulation of wt p53
and the activation of caspase 3. We investigated whether
CrTX-induced apoptosis and G; arrest were mediated by the
P38MAPK pathway by pretreating cells with SB203580, which
is a pyridine glyoxaline compound and specific inhibitor of the
P38MAPK pathway that has been verified using both in vitro
and in vivo models®™. CrTX-induced apoptosis was attenu-
ated in A549 cells following pretreatment with SB203580. The
sub-G, peak decreased from 11.42% to 0.87%. However, G,
arrest did not change. Western blot analysis revealed that
SB203580 pretreatment suppressed the CrTX-induced expres-
sion of active caspase 3, but not wt p53. These results suggest
that the mechanism of CrTX to induce apoptosis is mediated
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by P38MAPK activation, which probably mediates caspase-3
activation.

Ab549 cells are human lung adenocarcinoma cells, which
express wild type p53. The CrTX-induced upregulation of
wild type p53 was confirmed using Western blot analysis. We
propose that the effects of CrTX on G; arrest are probably due
to the upregulation of wt p53. Meanwhile, SB203580 had no
effect on CrTX-induced G; arrest and p53 induction. There-
fore, these results suggest that the P38MAPK pathway is not
involved in p53 upregulation.

A close and complex relationship is evident between tumor
cell apoptosis and cell cycle arrest™. Although apoptosis and
cell cycle arrest complement each other by inhibiting tumor
progression, the effects of CrTX on tumor cell apoptosis and
G, arrest are achieved via distinct intracellular pathways. Our
results demonstrate that the induction of apoptosis by CrTX is
due to the activation of P38MAPK and caspase 3, whereas G,
arrest is possibly due to the upregulation of wt p53.
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Curcumin enhanced antiproliferative effect of
mitomycin C in human breast cancer MCF-7 cells

in vitro and in vivo

Qian-mei ZHOU*, Xiu-feng WANG*, Xin-jun LIU, Hui ZHANG, Yi-yu LU, Shi-bing SU*

Research Center for Traditional Chinese Medicine Complexity System, Shanghai University of Traditional Chinese Medicine, Shanghai

201203, China

Aim: To investigate the efficacy of mitomycin C (MMC) in combination with curcumin in suppressing human breast cancer in vitro and

in vivo.

Methods: Human breast cancer MCF-7 cells were used. Cell viability was measured using MTT assay. The cell cycle phase was detected
with flow cytometric analysis. Cell cycle-associated proteins were examined using Western blot analysis. MCF-7 breast cancer xeno-
grafts were established to monitor tumor growth and cell cycle-associated protein expression.

Results: Curcumin inhibited MCF-7 breast cancer cell viability in a concentration-dependent manner (ICso value=40 pmol/L). Similarly,
MMC inhibited the cell viability with an ICg, value of 5 ymol/L. Combined treatment of MMC and curcumin showed a synergistic anti-
proliferative effect. In the presence of curcumin (40 pmol/L), the I1Cs, value of MMC was reduced to 5 ymol/L. In MCF-7 xenografts,
combined administration of curcumin (100 mg/kg) and MMC (1-2 mg/kg) for 4 weeks produced significantly greater inhibition on
tumor growth than either treatment alone. The combined treatment resulted in significantly greater G, arrest than MMC or curcumin
alone. Moreover, the cell cycle arrest was associated with inhibition of cyclin D1, cyclin E, cyclin A, cyclin-dependent kinase 2 (CDK2)
and CDKA4, along with the induction of the cell cycle inhibitor p21 and p27 both in MCF-7 cells and in MCF-7 xenografts. These proteins

were regulated through p38 MAPK pathway.

Conclusion: The results suggest that the combination of MMC and curcumin inhibits MCF-7 cell proliferation and cell cycle progression

in vitro and in vivo via the p38 MAPK pathway.

Keywords: curcumin; mitomycin C; human breast cancer MCF-7 cells; combined chemotherapy; cell cycle; xenografts; p38 MAPK;

cyclin; cyclin-dependent kinases (CDKs); p21
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Introduction
Cell growth and proliferation are tightly regulated by various
interactions between molecules™. Several major checkpoints
in the cell cycle are controlled by multiple protein kinases™ .
The cyclin-dependent kinases (CDKs) join with regulatory
proteins called cyclins to drive the cell through the cell cycle!!.
Specific complexes regulate each step of the cycle. Cyclin
D1/CDK2 and CDK4 drive progression through G1, cyclin E/
CDK?2 controls entry into S phase, and cyclin A/CDK2 con-
trols S-phase progression. CDK inhibitors (CDKIs) such as p21
and p27"! block specific interactions. In many cell types, aber-
rant expression of cell cycle regulatory proteins can induce cell
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cycle progression® .

The mitogen-activated protein kinase (MAPK) family is
activated in response to proliferative cues®®. P38 MAPK is a
major subfamily of mammalian MAPK. It has been reported
that p38 MAPK activation is involved in the induction of a
G1/S checkpoint” that results in the accumulation of p21™"*'".
Moreover, p21 establishes a G,/S checkpoint by inactivating
CDK2M™. In addition, p38 MAPK can stabilize p21 in vivo™
and can down-regulate the level of cyclin D172

The cell cycle controls cell proliferation and cancer is a dis-
ease of inappropriate cell proliferation. The excess cells initi-
ate a vicious cycle where cells are insensitive to the signals
that are involved in adhesion, differentiation and death in
normal cells!”. Modulation of the cell cycle also contributes
to oncotherapy. The majority of human breast cancers display
deregulated overexpression of cyclin D1, whereas in normal
cells its expression is tightly regulated by mitogenic signal-
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ing involving the p21 Ras pathway" ™. Research on cell cycle

progression and cell cycle regulatory proteins in human breast
cancer cell lines has been performed in recent years"> ',
Curcumin (diferuloylmethane), a yellow colored polyphenol
and a natural plant phenolic food additive, is an active compo-
nent of the perennial herb Curcuma longa (commonly known as

Y1 Curcumin exhibits anti-cancer activities both in

turmeric
vitro and in vivo through a variety of mechanisms. It inhibits
proliferation and induces apoptosis in a wide array of cancer
cell types in vitro, including cells from cancers of the bladder,

breast, lung and other tissues!".

It also controls the cell cycle
and causes cell cycle arrest in various cancers. Curcumin
inhibited cell cycle progression through the downregulation of
cyclin D1 in vitro and its transcriptional and translational lev-
els in vivo and by blocking its association with CDK4""”. It also
induced cell cycle arrest through the upregulation of CDKIs
such as p21 and p277% 21,

Mitomycin C (MMC) is currently used as the third-line che-

221 Previous studies

motherapeutic agent for breast cancers
have shown that there are cell cycle alterations in response to
MMC treatment™ >,

cumin in combination with MMC impacts breast cancer cell

However, it is not clear whether cur-

proliferation and cell cycle progression.

The present study sought to examine the combination treat-
ment of curcumin and MMC-induced inhibition of cell growth
and cell cycle arrest in vitro and in vivo. The p38 MAPK path-
way was identified as a mechanism through which the com-
bination treatment induced cell growth inhibition that was
mediated via p21 and p27-induced cell cycle arrest.

Materials and methods

Materials

MMC was purchased from ICN Company (USA), dissolved in
physiological saline as a 1 mmol/L stock solution and stored
at 4°C away from light. Curcumin, with a purity of more
than 98%, was obtained from the National Institute for the
Control of Pharmaceutical and Biological Products in China.
Curcumin was dissolved in dimethyl sulfoxide (DMSO) as 40
mmol/L solution for use in the treatment of cells, and it was
dissolved in a solution of physiological saline with 1% DMSO
and 10% Tween-80 for use in animal research. SB203580 was
obtained from Biomol (Philadelphia, PA, USA). The antibod-
ies against cyclin D1, cyclin E, cyclin A, CDK2, CDK4, p21
and p27 were obtained from Cell Signaling Inc (Boston, MA,
USA). The antibody against phosphorylated p38 (p-p38) was
obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Propidium iodide (PI) was purchased from Sigma (St
Louis, MO, USA).

Cell culture

Human breast cancer MCEF-7 cells were obtained from the
American Type Culture Collection (ATCC) (Manassas, VA,
USA) and cultured in RPMI-1640 medium from Gibco (San
Francisco, CA, USA) supplemented with 10% heat-inactivated
(56°C, 30 min) fetal calf serum (PAA, Pasching, KA, Aus-
tria), 0.01 mg/mL insulin from Sigma (St Louis, MO, USA),

2 mmol/L glutamine from Gibco (San Francisco, CA, USA),
penicillin (100 U/mL) and streptomycin (100 ug/mL). The cell
culture was maintained at 37°C with 5% CO, in a humidified
atmosphere.

Cell viability assays

MCF-7 cells were seeded in 96-well culture plates (5x10* cells/
mL). After overnight incubation, MCF-7 cells were treated
with various concentrations of MMC, curcumin, or MMC plus
curcumin (the ratio of two compounds was 1:1). DMSO was
adjusted to the same final concentration of 0.01%. Following
incubation, cell viability was measured at different time points
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay (MTT) as described previously™.
zan product was quantified by measuring the absorbance at

The forma-

490 nm. The interaction between curcumin and MMC was
analyzed by isobologram analysis described by Chou and
Talalay™™,
by determining the combination index (CI). From this analy-

The interaction of two compounds was quantified

sis, the combined effects of the two drugs can be summarized
as follows: the CI of less than, equal to or more than 1 indicate
synergistic, additive or antagonistic effects, respectively.

Cell cycle analysis

MCEF-7 cells were seeded into 10-cm dishes and treated with
curcumin, MMC or a combination of the agents at the concen-
trations indicated. Cells were harvested 48 h after treatment.
Detached cells were collected by centrifugation (100xg, 5 min).
The attached cells were harvested by trypsinization. Cell
pellets were washed with PBS and then fixed in ice-cold 70%
ethanol. For cell cycle analysis, cells were recentrifuged and
stained with propidium iodide (PI). Cell-cycle phase analysis
was performed using a Becton Dickinson Facstar flow cytom-
eter (San Jose, CA, USA) equipped with ModFit LT 3.0 soft-
ware.

Western blot analysis

Whole cell lysate was loaded in each lane and separated by
SDS-PAGE. Protein expression was detected using a primary
antibody (1:1000, except p-p38 1:200) and secondary antibody
(1:800) conjugated with horseradish peroxidase. Levels of
cyclin D1, cyclin E, cyclin A, CDK2, CDK4, p21, p27, p38,
p-p38, and GAPDH were analyzed in this manner. Chemilu-
minescence was observed by ECL (Pharmacia, Buckingham-
shire, UK). Quantitative analysis of Western blotting was
performed using Alpha Ease FC (FluorChem FC2) software.
Using the analysis tools, we calculated the density ratio of
each protein to GAPDH, the loading control.

Human tumor xenografts

Female nu/nu athymic mice (7 weeks old) were obtained from
Chinese Academy of Sciences. The mice (five per cage) were
housed in cages equipped with air filter lids and maintained
under pathogen-limiting conditions. MCF-7 cells (1x107/mL)
were inoculated into the mammary fat pads of the mice.
Before inoculation, 17p-estradiol (1.7 mg) was intraperitone-
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ally injected™. Once palpable tumors developed (approxi-
mately 2 weeks), mice were randomized to receive vehicle
(physiological saline with 1% DMSO and 10% Tween-80 for
curcumin, 100% physiological saline for MMC), curcumin
(100 mg/kg), MMC (2 mg/kg), MMC (1.5 mg/kg), MMC (1
mg/kg) and a combination of both curcumin and MMC. All
drugs were administered by intraperitoneal injection. There
were eight tumor-bearing animals in each group and all
tumors were harvested 28 d after treatment. The tumors were
immediately removed, freed from connective and adipose tis-
sue, and weighed. The animal protocols were preapproved by
the ethical committee of our institution.

Statistical analysis

When appropriate, data were expressed as mean+SD. Data
were analyzed by Student’s t-test where appropriate. Statisti-
cal significance was set at P<0.05.

Results

The combined treatment of curcumin and MMC inhibits prolifera-
tion of MCF-7 cells in a synergistic manner

To investigate the inhibitory effect of the combined treatment
of curcumin and MMC, MCE-7 cells were treated with or
without various concentrations of curcumin or MMC for 48 h.
The results of the MTT assay showed that curcumin significantly
inhibited cell viability in a concentration-dependent manner; the
50% inhibiting concentration (ICs,) for curcumin was 40 pymol/L
(Figure 1A). Therefore, the effect of MMC in combination with
curcumin was investigated, and the dose of curcumin was fixed
at the IC5, 40 umol/L dose. Similarly, MMC inhibited the cell
viability with an 1Csy value of 5 pmol/L. Increasingdoses of MMC
inhibited growth in MCF-7 cells, and the IC5, was shown to be 5
umol/L (Figure 1B). Isobologram analysis revealed a Cl<1 for
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Figure 1. Survival of MCF-7 cells by combined treatment with curcumin
and MMC. (A) MCF-7 cells were incubated with curcumin at doses of 5,
10, 20, 40, or 80 umol/L for 48 h. (B) MCF-7 cells were treated with the
combination of curcumin at 40 ymol/L and MMC at 0.1, 0.5, 2.5, 5, or 7.5
umol/L for 48 h. °P<0.05 vs 5 pmol/L MMC alone. Values are mean+SD
from 3 independent experiments.
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curcumin at 40 ymol/L in combination with MMC at 2.5, 5, and
7.5 pmol/L, respectively, indicating a synergistic relationship
between the treatments. Moreover, the combination treat-
ment of 2.5 ymol/L MMC and 40 pmol/L curcumin reduced
the cell viability by 20% as compared to 5 pmol/L MMC alone
(P<0.05) (Figure 1B). Therefore, 40 pmol/L curcumin in com-
bination with 2.5 umol/L MMC was selected for additional
experiments.

The combined treatment with curcumin and MMC induces a
G,/G, arrest in MCF-7 cells

Flow cytometry was performed to determine whether the
cell growth inhibition mediated by the combined treatment
of curcumin and MMC was due to a cell cycle arrest at a spe-
cific point in the cell cycle. Analysis of the untreated control
cells showed 32.66% of cells in S phase and 48.36% of cells
in G;. Treatment with curcumin at 40 umol/L inhibited the
cells from entering S phase (32.66% to 23.79%) and caused a
small increase in the number of cells in G, (48.36% to 51.51%).
MMC at 2.5 umol/L had a similar effect to untreated control
with 33.03% of cells in S phase and 47.47% of cells in G;. The
combined treatment, however, resulted in a more robust G,
arrest; only 18.62% of cells were in S phase and 71.17% of
cells were in G;. This cell cycle profile is indicative of a G; cell
cycle arrest (Figure 2). The combined treatment of curcumin
and MMC had a more complete G,/G; arrest than curcumin
(P<0.05) or MMC (P<0.05) alone in MCF-7 cells.
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Figure 2. Curcumin in combination with MMC suppressed cell prolifera-
tion via a G; cell cycle arrest in MCF-7 cells. MCF-7 cells were treated
with the combination of 40 pmol/L curcumin and 2.5 pmol/L MMC for
48 h. Cells were subjected to flow cytometric analysis to determine the
effect of the combined treatment on cell cycle distribution. °P<0.05 vs
the combination of curcumin and MMC. Values are mean+SD from 3
independent experiments.

The cell cycle arrest is associated with the downregulation
of cyclin D1, cyclin E, cyclin A, CDK2, and CDK4 and with the
upregulation of p21 and p27 in MCF-7 cells

To determine whether the combination-induced growth
inhibition of MCF-7 cells was due to the downregulation of
cyclins and CDKs and the upregulation of CDKIs, the levels
of cell cycle regulatory molecules were examined. The com-
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bined treatment of curcumin and MMC in MCE-7 cells for 48 h
resulted in 52%-68% reduction in the levels of cyclin D1, cyclin
E and cyclin A, as well as CDK2 and CDK4 (Figure 3). The
effect of the combined treatment on the induction of p21 and
p27, which regulate progression of the cell cycle at the G;-S
phase transition checkpoint and are the inhibitors of CDKs,
was also examined. The data showed that the combined
drug treatment resulted in an approximately 2-fold increase
of p21 and p27 as compared to the untreated control (Figure
3). However, the expression of p21 and p27 was increased
approximately 1.4-fold by either curcumin or MMC alone.

To determine whether the effects of the combined treat-
ment include activation of p38 MAPK, cells were exposed to
the combination for 48 h, and an antibody specific for p-p38
was utilized. The results indicated that the level of p-p38 was
reduced by 50% in response to the combined treatment. Both
curcumin and MMC alone resulted in a nearly 20% decrease
in the level of p-p38. These data show that the combined drug
treatment affects p-p38.

The combination of curcumin and MMC regulates the expression
of cell cycle-related proteins via the p38 MAPK pathway in MCF-7
cells

To assess the role of p38 MAPK in the combined treatment,
cells were treated with the p38 MAPK-specific inhibitor,
SB203580, alone or with additional drugs. The data showed
that the combination treatment-decreased p-p38 was reversed
by SB203580 (Figure 4A). Because p38 MAPK activity was
decreased by the combined drug treatment, the role of cell
cycle-related proteins in mediating p38 MAPK activity was
investigated.

MCEF-7 cells were pretreated for 2 h with or without 15
pmol/L SB203580, followed by exposure to 40 umol/L cur-
cumin in combination with 2.5 pmol/L MMC. As shown
in Figure 4A, the combination-induced decrease in cyclin

+ =
+

+ -
+ -

Curcumin 40 ymol/L
MMC 2.5 pmol/L

D1, cyclin E, CDK2 and CDK4 and the increase in p21 were
reversed to the level of the SB203580 treatment alone. How-
ever, under similar experimental conditions, expression of
cyclin A was unaffected, suggesting that cyclin A is not likely
to be involved in the p38 MAPK-mediated cell cycle arrest that
is induced by the combination treatment. Moreover, SB203580
demonstrated a slightly reversed effect on the combination-
mediated p27 expression. These results strongly suggest that
the p38 MAPK-signaling pathway is required for the G, phase
cell cycle arrest in response to the combination treatment.

To investigate the effect of p38 MAPK activation on the com-
bination-induced cell growth inhibition, MCF-7 cells were pre-
treated for 2 h with or without 15 umol/L SB203580, followed
by treatment with both curcumin and MMC alone or together.
Cell viability was determined by the MTT assay (Figure 4B).
After treatment with the combination of curcumin and MMC
or curcumin and MMC alone, cell growth inhibition was
approximately 70%, 51%, or 32%, respectively. However, this
inhibitory effect was reversed by pretreatment with SB203580.
These results suggest that the cell growth inhibition caused
by the individual or combined treatments is dependent on the
p38 MAPK pathway.

The combination of curcumin and MMC produces greater inhibi-
tion of tumor growth than either treatment alone in MCF-7 xeno-
grafts

Our in vitro data suggested a synergistic interaction between
curcumin and MMC, we studied the antitumor activity of
curcumin and MMC in mice bearing MCF-7 breast cancer
xenografts. Animals were treated with MMC at a dose of 1,
1.5, or 2 mg/kg ip, with a curcumin dose of 100 mg/kg ip or
with curcumin in combination with an MMC dose of 1, 1.5, or
2 mg/kg for 4 weeks. As shown in Figure 5A, the 2 mg/kg
dose of MMC treatment alone produced a significant inhibi-
tion of tumor growth. The 2 mg/kg dose of MMC in com-

O Curcumin
® Curcumin+tMMC
: Cyclin A 1.4r I
L b b
S 4 | b b . b
()
g 70
52
S o02f
% W o Q2 DY A 1 D e}
G

Figure 3. The combination treatment-induced cell cycle profile is associated with the downregulation of cyclin D1, cyclin E, cyclin A, CDK2, and
CDK4 and upregulation of p21 and p27 in MCF-7 cells. MCF-7 cells were treated with both curcumin and MMC alone or together at the indicated
concentrations for 48 h and Western blot analysis was performed with antibodies specific to cyclin D1, cyclin E, cyclin A, CDK2, CDK4, p21, p27, and
p-p38. The density ratio of proteins to GAPDH was shown as a relative expression. °P<0.05 vs the combination of curcumin and MMC. Values are

mean+SD from 3 independent experiments.
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Figure 4. SB203580 reversed G, phase cell cycle-associated protein expression and decreased cell growth inhibition that was induced by the
combination of curcumin and MMC. (A) MCF-7 cells were plated into plates and were preincubated for 2 h in the presence of SB203580 (15 umol/L).
Cells were then treated with both 40 uymol/L curcumin and 2.5 pmol/L MMC alone or together for 48 h, followed by Western blot analysis performed
with antibodies specific to cyclin D1, cyclin E, cyclin A, CDK2, CDK4, p21, p27, and p-p38. The density ratio of proteins to GAPDH was shown as a
relative expression. (B) MCF-7 cells were pretreated for 2 h with or without 15 umol/L SB203580 before cells were treated with both 40 umol/L
curcumin and 2.5 ymol/L MMC alone or together for 48 h. The MTT assay was performed as described under materials and methods. Values are
mean+SD from 3 independent experiments. "P<0.05 vs untreated control. °P<0.05 vs the combination of curcumin and MMC treatment.
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Figure 5. MMC treatment at 1, 1.5 or 2 mg/kg in combination with curcumin at 100 mg/kg produced effects on reducing tumor quality and body weight
compared with either treatment alone. (A) The growth-inhibitory effect of MMC at 1 mg/kg (M1), 1.5 mg/kg (M1.5), and 2 mg/kg (M2), curcumin 100
mg/kg (Cur) and their combination on MCF-7 xenografts is shown. °P<0.05 vs 1.5 mg/kg MMC in combination 100 mg/kg curcumin-treated group. (B)
Body weights of MCF-7 xenografts were measured after animals were treated with or without MMC, curcumin or a combination for 4 weeks. *P>0.05 vs
normal group. Experiments were repeated with similar results.

bination with curcumin treatment also revealed a significant
reduction in tumor growth. The combined treatment of a 1.5
mg/kg dose of MMC plus curcumin resulted in 60.4% and
68.6% reduction in tumor weight as compared to monother-
apy with 1.5 mg/kg MMC and with curcumin , respectively.
Treatment with a 1 mg/kg dose of MMC plus curcumin did
not show more significant tumor suppression than curcumin
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alone. Thus, the combination of a 1.5 mg/kg dose of MMC
plus a 100 mg/kg dose of curcumin produced a more robust
and statistically significant tumor regression when compared
with either 1.5 mg/kg MMC (P<0.05) or 100 mg/kg curcumin
alone (P<0.05). Moreover, there was no difference between
the untreated control and the combined treatment on the body
weight of the animals (P>0.05) (Figure 5B). However, the 2
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mg/kg MMC treatment resulted in significant weight loss.
This weight loss suggests that curcumin probably improves
MMC toxicity.

The combination of curcumin and MMC at a dose of 1.5 and 2
mg/kg, respectively, decreases the levels of cyclin D1, cyclin A,
cyclin E, CDK2 and CDK4 and increases the expression of p21
and p27 in MCF-7 xenografts
To determine whether the inhibition of tumor growth of
MCEF-7 xenografts that was mediated by the combined treat-
ment involved the regulation of cell cycle regulatory proteins,
the tumors were harvested from each group and then ana-
lyzed using Western blot. As shown in Figure 6, the levels of
cyclin D1, cyclin E, and cyclin A as well as CDK2 and CDK4
were all reduced by the combined treatment of curcumin
and the various concentrations of MMC relative to either cur-
cumin or various concentrations of MMC alone. Moreover, as
compared to 100 mg/kg curcumin or 1.5 mg/kg MMC alone,
the combined treatment of 100 mg/kg curcumin plus 1.5
mg/kg MMC resulted in a 19.7% or 48.4% decrease in the
level of cyclin D1, 36.7% or 60.8% in cyclin E, 44.3% or 60%
in cyclin A, 45.3% or 67.4% in CDK2 and 34.5% or 58.2% in
CDK4, respectively. Similarly, the combination of 100 mg/kg
curcumin plus 2 mg/kg MMC also decreased the levels of
cyclin D1, cyclin E, cyclin A, CDK2, and CDK4 significantly.
However, the combination of 100 mg/kg curcumin plus 1
mg/kg MMC did not affect the expression of these proteins
significantly. Therefore, curcumin at 100 mg/kg in combina-
tion with MMC at 1.5 or 2 mg/kg alone both decreased the
expression of cell cycle regulatory proteins more significantly
than the other combination or single drug therapy.

Under similar experimental conditions, treatment with the
combination of 100 mg/kg curcumin plus 1.5 mg/kg MMC
resulted in a 15.5% or 48.6% increase in the level of p21 and
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31.1% or 46.9% in p27 as compared to 100 mg/kg curcumin
or 1.5 mg/kg MMC alone, respectively. The level of p21
was increased approximately 42.6% or 74.4%, and p27 was
increased approximately 34.9% or 53.9% by the combination
of 100 mg/kg curcumin plus 2 mg/kg MMC as compared to
100 mg/kg curcumin or 2 mg/kg MMC alone, respectively.
In contrast, the combination of 100 mg/kg curcumin plus 1
mg/kg MMC did not affect the expression of p21 and p27
significantly. These results suggest that the combination of
curcumin at 100 mg/kg plus MMC at 1.5 or 2 mg/kg enhances
tumor growth inhibition by regulating these cell cycle-associ-
ated proteins.

To investigate whether the tumor growth inhibitory effects
of the combination treatment include the activation of p38
MAPK, we analyzed the level of p-p38. Results indicated that
the expression of p-p38 was significantly suppressed by the
combined therapy (Figure 6), suggesting that the combination
treatment also affects p-p38.

Discussion
MMC has been already used in the clinic, but it is currently
used as the third-line chemotherapeutic agent in breast can-
cer™. Currently, much research has addressed the chemother-
apeutic potential of curcumin (diferuloylmethane), which is a
relatively nontoxic plant-derived polyphenol®. It has been
reported that curcumin sensitizes cancer cells to cisplatin®.
Moreover, our study showed that the combined treatment of
curcumin and MMC reduced MMC side effects by inhibiting
GRP58-mediated DNA cross-linking through the ERK/p38
MAPK pathway™. The exact mechanisms mediating the cell
cycle changes that result from the combined treatment of cur-
cumin and MMC have yet to be fully explained.

Treatment of MCF-7 cells with either curcumin (5-80
pmol/L) or MMC (0.1-7.5 pmol/L) alone resulted in cell
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Figure 6. MMC treatment at 1, 1.5, or 2 mg/kg in combination with curcumin at 100 mg/kg downregulated the levels of cyclin D, cyclin E, cyclin A,
CDK2, and CDK4 and upregulated p21 and p27 levels. The MCF-7 xenografts were treated with either curcumin at 100 mg/kg or MMC at 1, 1.5, and 2
mg/kg alone or in combination, and Western blot analysis was performed with antibodies specific to cyclin D1, cyclin E, cyclin A, CDK2, CDK4, p21, p27,
and p-p38. The density ratio of proteins to GAPDH was shown as a relative expression. °P<0.05 vs 1.5 mg/kg MMC in combination with 100 mg/kg
curcumin-treated group. °P<0.05 vs 2 mg/kg MMC in combination with 100 mg/kg curcumin-treated group. Values are mean+SD from 3 independent
experiments.
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growth inhibition in a dose-dependent manner (Figure 1),
which was consistent with previously published data”'. The
combination of 40 pmol/L curcumin (ICs) and 2.5 pmol/L
MMC (ICs) reduced cell viability approximately 20% as
compared to 5 pmol/L MMC (ICs) alone. Furthermore,
isobologram analysis showed a strong synergistic interaction
between 40 umol/L curcumin and 2.5 pmol/L MMC. These
results suggest that curcumin in combination with MMC (at a
reduced dosage) enhances cell growth inhibition more signifi-
cantly than MMC alone.

Cyclins are a family of proteins that control the progression
of cells through the cell cycle by activating CDK enzymes"?.
Cyclin D1/CDK4 and cyclin E/CDK2 regulate transition in
the G, phase. Cyclin A/CDK?2 is activated from the G; phase
to the S phase and from the S phase to the G, phase™!. The
results of this study indicate that the combination of curcumin
and MMC induced a G; phase cell cycle arrest (Figure 2) and
also led to a decrease in cyclin D1, cyclin E, cyclin A, CDK2,
and CDK4, which are involved in cell cycle progression from
the G, phase to the S phase. Moreover, p21 and p27, which
regulate progression of the cell cycle at the G;-S transition
checkpoint, were significantly upregulated during the G,
phase arrest in MCF-7 cells that were treated with the com-
bination therapy. Notably, the combination therapy signifi-
cantly inhibited the activation of p38 MAPK, suggesting that
the combination treatment-induced suppression of p-p38 may
also be responsible for G, phase arrest in MCE-7 cells.

Previous studies have demonstrated that p38 MAPK is
involved in cell growth inhibition and the regulation of the
cell cycle®* . The p38 MAPK pathway induced a G, and
G,/M cell cycle arrest, which was associated with increased
p21 levels and reduced amounts of cyclin AF**’. In this study,
curcumin in combination with MMC resulted in the down-
regulation of phosphorylated p38 MAPK. Moreover, the com-
bined treatment regulated the expression of cyclin D1, cyclin
E, CDK2, CDK4, and p21, and this regulation was reversed by
the p38 MAPK-specific inhibitor SB203580. Robust p38 MAPK
stimulation has been reported to suppress cell cycle progres-
sion via induction of the cell cycle inhibitor protein p217**.
The results of the present study suggest that p38 MAPK sig-
naling is involved in the cell growth inhibition that is induced
by combined therapy through the regulation of cyclin D1,
cyclin E, CDK2, CDK4, and p21 in MCF-7 cells.

It has been reported that both curcumin™” * and MMCH* #1
alone inhibit tumor growth in different cancers. This study
has presented the first example of the effects of the combined
curcumin and MMC therapy in MCF-7 xenografts. In the pres-
ent study, we confirmed the antitumor effect of MMC when
given for a longer period of time and additionally showed that
curcumin also led to tumor stasis. These results were consis-
tent with results of previous studies®™*. Notably, the data
also showed that the combination of 100 mg/kg curcumin and
1.5 mg/kg MMC was more effective than either drug alone at
inhibiting MCF-7 tumor growth (Figure 5).

However, 100 mg/kg curcumin in combination with 2
mg/kg MMC did not show more significant tumor growth
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inhibition than 2 mg/kg MMC alone. The most likely cause
of this condition was that the effects of 100 mg/kg curcumin
were masked by the 2 mg/kg MMC. For the same reason,
the combination of 100 mg/kg curcumin and 1 mg/kg MMC
was not more effective than 100 mg/kg curcumin alone. The
effects of 1 mg/kg MMC might be masked by 100 mg/kg
curcumin. Moreover, the body weight of the animals was
reverted to the level of the untreated control with the addi-
tion of curcumin with a range of concentrations of MMC. In
contrast, treatment of MMC alone reduced body weight sig-
nificantly. These results suggest that the administration of
100 mg/kg curcumin together with 1.5 mg/kg MMC was an
equally effective combination.

To explain the effects and the mechanism of action of the
combined treatment of curcumin and MMC in vivo, the levels
of cyclin D1, cyclin E, cyclin A, CDK2, CDK4, p21, and p27
were examined in MCF-7 xenografts. The data indicated that
the levels of cyclin D1, cyclin E and cyclin A as well as CDK2
and CDK4 were decreased and that the levels of p21 and p27
were increased by the combined treatment with 100 mg/kg
curcumin and 1.5 mg/kg MMC (Figure 6). Moreover, the
activation of p38 MAPK was significantly suppressed by the
combined treatment. Therefore, it further demonstrated that
100 mg/kg curcumin plus 1.5 mg/kg MMC inhibited tumor
growth through regulating the levels of cyclin D1, cyclin E,
cyclin A, CDK2, CDK4, p21, and p27. This regulatory effect
was involved in the p38 MAPK pathway.

We characterized the effects and the mechanism of action of
the combined treatment of curcumin and MMC in breast can-
cer models in vitro and in vivo. The results in this study sug-
gest the following of the combined treatment: (1) it increases
the anti-proliferative ability while reducing the dosage needed
of MMC alone; (2) it enhances G, arrest through the modula-
tion of cyclin D1, cyclin E, cyclin A, CDK2, CDK4, p21, and
p27; and (3) it inhibits MCF-7 cell proliferation and cell cycle
progression in vitro and in vivo via the p38 MAPK pathway.
Therefore, this combined therapy may be beneficial in the
treatment of breast cancer.
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Yeast two-hybrid screening of proteins interacting
with plasmin receptor subunit: C-terminal fragment
of annexin A2
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Aim: To identify proteins that interact with the C-terminal fragment of annexin A2 (A2IC), generated by plasmin cleavage of the plasmin
receptor, a heterotetramer (AA2t) containing annexin A2.

Methods: The gene that encodes the A2IC fragment was obtained from PCR-amplified cDNA isolated from human monocytes, and

was ligated into the pBTM116 vector using a DNA ligation kit. The resultant plasmid (pBTM116-A2IC) was sequenced with an ABI
PRISM 310 Genetic Analyzer. The expression of an A2IC bait protein fused with a LexA-DNA binding domain (BD) was determined
using Western blot analysis. The identification of proteins that interact with A2IC and are encoded in a human monocyte cDNA library
was performed using yeast two-hybrid screening. The DNA sequences of the relevant cDNAs were determined using an ABI PRISM
BigDye terminator cycle sequencing ready reaction kit. Nucleotide sequence databases were searched for homologous sequences
using BLAST search analysis (http://www.ncbi.nim.nih.gov). Confirmation of the interaction between the protein LexA-A2IC and each of
cathepsin S and SNX17 was conducted using a small-scale yeast transformation and X-gal assay.

Results: The yeast transformed with plasmids encoding the bait proteins were screened with a human monocyte cDNA library by
reconstituting full-length transcription factors containing the GAL4-active domain (GAL4-AD) as the prey in a yeast two-hybrid approach.
After screening 1x10’ clones, 23 independent B-Gal-positive clones were identified. Sequence analysis and a database search
revealed that 15 of these positive clones matched eight different proteins (SNX17, ProCathepsin S, RPS2, ZBTB4, OGDH, CCDC32,
PAPD4, and actin which was already known to interact with annexin A2).

Conclusion: A2IC A2IC interacts with various proteins to form protein complexes, which may contribute to the molecular mechanism of
monocyte activation induced by plasmin. The yeast two-hybrid system is an efficient approach for investigating protein interactions.

Keywords: yeast yeast two-hybrid system; human monocyte; plasmin receptor; C-terminal fragment of annexin A2 (A2IC); protein-protein
interaction

Acta Pharmacologica Sinica (2011) 32: 1411-1418; doi: 10.1038/aps.2011.121; published online 3 Oct 2011

Introduction
Experiments with human peripheral blood monocytes and
macrophages have yielded novel insight into plasmin-induced
intracellular signaling™ . Plasmin first binds to the annexin
A2 heterotetramer (AA2t), which triggers cleavage of annexin
A2 at lysine 27. The heterotetramer complex then dissociates,
initiating downstream signaling, which leads to functional
responses such as chemotaxis and TNF-a/IL-6 release® ™.
Several functional roles have been proposed for annexin A2,
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E-mail liqun@sibs.ac.cn
Received 2011-04-25 Accepted 2011-08-04

such as signal transduction, membrane fusion, cell adhesion,
DNA synthesis, and cell proliferation™ . Annexin A2 is a 36
kDa protein that has been found on the surface of endothelial
cells, monocytic cell lines and macrophages” . Annexin A2 is
a member of the annexin superfamily of calcium-dependent,
phospholipid binding, multi-functional proteins™, which
binds acidic phospholipids and actin with high affinity™.
Annexin A2 is cleaved by chymotrypsin and plasmin into
a 33 kDa C-terminal core domain and a 3 kDa N-terminal
domain. The first 14 residues of the N-terminal domain con-
tain a high-affinity binding site for SI00A10, a Ca** binding
protein® ' (Figure 1). Annexin A2 interacts with ST00A10 to
form AA2t™. As S100A10 has a C-terminal lysine, Waisman
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Figure 1. Structure of annexin A2. The C-terminus and the known
phosphorylation sites in the N-terminus of the annexin A2 molecule.

and colleagues proposed that SI00A10 is the subunit that car-
ries the plasmin binding site of AA2t"™. The C-terminal core
domain of annexin A2 also plays an important role in the func-
tions of annexin A2. The core domain contains the intracel-
lular binding sites for Ca*, phospholipids and F-actin™. Ca*
plays a major role in regulating the association of annexin A2
with the membranes and cytoskeleton™ . Tt is possible that
truncated annexin A2, S100A10, or both, are involved in sig-
naling downstream of plasmin or might be novel ligands that
contribute to this signaling.

Protein-protein interactions are critical to most biological
processes. The yeast two-hybrid system utilizes a molecular
genetic approach to detect protein-protein interactions under
native cell conditions to select genes that encode potential
interacting proteins"®.

Our study aimed at identifying A2IC-interacting proteins
in monocytes. We used a yeast two-hybrid approach: LexA-
BD-fused A2IC protein was the bait for screening a human
monocyte cDNA library in which GAL4-AD fusion proteins
were the prey. Our data revealed that nine different proteins
interact with A2IC, including actin which had already been
shown to be an interactor!”], SNX17 and procathepsin S.

Materials and methods

Construction of pBTM116-A2IC yeast expression plasmid

The relevant fragment of the A2IC gene (936 bp, correspond-
ing to carboxy-terminal annexin A2) was obtained by PCR of
c¢DNA isolated from human monocytes, which were purified
by autologous plasma-Percoll gradient centrifugation!® ",
The ¢cDNA was amplified with primers for Anx2-F (5'-TGG-
GATCCTTGCCTATACTAACTTTGATGCT-3") and Bam-
Anx2-R (5"-GGGATCCTCAGTCATCTCCACCACACAG-3).
The sequences in both upstream and downstream primers
are BamH I restriction sites. The PCR conditions were: 30
cycles, at 94°C for 30 s, then 54°C for 30 s, followed by 72°C
for 270 s. The resultant PCR product and the vector pBTM116
[4.8 kbp, containing the sequence for the LexA DNA bind-
ing domain (BD) and the yeast Trpl gene, Clontech] were
treated with restriction endonucleases (New England Biolabs,
Cat#: R3136L) for ligation. The reaction system contained 3
uL 10xNEbuffer, 10 pL plasmid (0.2 pg/uL), 0.3 uL BSA (10
mg/mL), 1 pL BamH I (20000 U/mL) and 15.7 uL MilliQ water
and was incubated for 1 h at 37°C. The vector was addition-
ally incubated with 20 U alkaline phosphatase for further 1
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h at 37°C to prevent religation. The phosphatase was inacti-
vated by incubation at 80°C for 10 min. The fragments and
vectors obtained by digestion were separated by 1% agarose
gel electrophoresis and purified from the gel by the QIAquick
Gel Extraction Kit (Qiagen) according to the manufacturer’s
instructions.

The digested A2IC fragment was ligated into the digested
pBTM116 vector using a DNA ligation kit (Biolabs). The reac-
tion mixture comprised 1 pL insert, 1 uL vector, 2 pL 10xT4
DNA ligase buffer, 1 pL T4 DNA ligase, and 15 pL MilliQ
water. The mixture was incubated at room temperature for 30
min to create pBTM116-A2IC. The plasmid was transformed
into XL1-blue competent cells (Stratagene) as follows: 5 pL
pBTM116-A2IC was incubated with 50 pL XL1-blue competent
cells for 20 min on ice. The tubes were heated in a water bath
at 42°C for 45 s and quickly placed on ice for 2 min. Then, 0.9
mL preheated SOC medium was added, and the tubes were
incubated at 37°C for 30 min with shaking at 225-250 revolu-
tions per minute. After centrifugation at 1000 revolutions per
minute at 4°C for 10 min, part of the supernatant was dis-
carded, and the remaining 200 pL suspension was plated on
LB agar with ampicillin (100 pg/mL) and incubated overnight
at 37°C. Only bacteria transformed with the pBTM116 plas-
mid containing the ampicillin resistance gene grew, and single
clones were picked for replating on LB-agar with ampicillin
for later colony PCR to obtain possible positive constructs.
The original cloning PCR products (A2IC fragment) were veri-
fied from the transformants (pBTM116-AIC) by PCR ampli-
fication with Anx2-F and Bam-Anx2-R primers. In order to
confirm whether the positive constructs were in the sense or
antisense orientation, the extracted plasmids were digested
with BamH 1 followed by EcoR I. To ensure that the resultant
plasmids (pBTM116-A2IC) carried the correct orientation of
A2IC in the proper reading frame without any mutations, they
were sequenced with an ABI PRISM 310 Genetic Analyzer
using primers LexA-F (5-CTGGCGGTTGGGGTTATTCG-3"),
LexA-R (5'-CATAAGAAATTCGAACGG-3’) and Anx2-F1
(5"-ACACATCTGGTGACTTCC-3"). The conditions for the
PCR reaction were 25 cycles at 94°C for 10 s, then 53°C for 5 s,
followed by 60°C for 240 s.

Yeast two-hybrid screens

A human monocyte cDNA library was used (Clontech), and
the cDNA was sub-cloned into pGADT7-RecAB vectors for
yeast two-hybrid screening. Proper expression of LexA-DNA
BD A2IC fusion protein was determined by Western blot
analysis with a mouse monoclonal antibody specific for LexA
(Santa Cruz Biotech) in the L40 yeast strain. The L40 yeast
strain was transformed with LexA-A2IC (clone 6) and empty
vector pPBTM116. The yeasts were harvested by centrifugation
and mixed with 100 ng LexA-A2IC and 100 pg ssDNA (plate
1), 100 ng pBTM116 and 100 pg ssDNA (plate 2, control) or 100
pg ssDNA alone (plate 3, control). These three mixtures were
plated onto SD/-Trpl(without yeast gene Trpl) containing
ampicillin and grown at 28°C for 2-4 d. Selected clones were
grown in 2 mL YPD medium containing ampicillin at 30°C
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overnight with shaking at 225 revolutions per minute. Protein
was extracted from cultures for Western blotting, kind regards
from Ulm, with antibody directed against LexA. The verified
DNA-BD/target protein (A2IC) did not autonomously acti-
vate the reporter gene in a 5-bromo-4-chloro-3-indolyl-p-D-
galactopyranoside (X-gal) (Sigma) assay. The yeast transfor-
mants were transferred onto Whatman 3 mm paper and per-
meabilized in liquid nitrogen for about 10 s and then soaked in
Z buffer containing 1 mg/mL X-Gal after incubation at 37°C
for 30 min.

The yeast strain L40 was transformed with LexA-A2IC by
a small-scale yeast transformation protocol. The yeast strain
expressing LexA-A2IC bait protein was transformed with
the human monocyte cDNA library fused to the GAL-4 AD
in the pGADT7-RecAB fusion vector by the lithium acetate
method (large-scale yeast transformation protocol). To screen
the cDNA library, the yeast two-hybrid system (Protocol:
Matchmaker LexA two-hybrid system; Clontech Lab) was
used to detect interacting proteins. Positive clones were ini-
tially selected and then assayed for lacZ activity using a filter
B-galactosidase assay with X-Gal. Plasmids from positive
yeast clones were isolated and transformed into KC8 compe-
tent cells (see protocol-Clontech Matchmaker Two-Hybrid
System2 (PT1030-1), Catalog# K1604-1, Page/51). Plasmids
isolated from KC8 competent cells were transformed into XL1-
blue competent cells for further analysis of the insert size and
for sequencing.

Confirmation of the interaction between LexA-A2IC and
cathepsin S and SNX17 by small-scale yeast transformation

The yeast strain L40 was transformed with LexA-A2IC (BD)
and pGAD-cathepsin S or pGAD-SNX17 using the small-
scale yeast transformation protocol. In brief, yeast were har-
vested by centrifugation and mixed with the following DNA
mixtures [the DNA molar ratio was determined according to
BD:AD=2:1, pBTM116 (4.8 kbp), pGAD (8.4 kbp)]: 1) Vector
(pBTM116, 100 ng, 1 pL) and ssDNA (100 pg, 50 pL); 2) Con-
struct (pBTM116-A2IC, 100 ng, 1 pL) and ssDNA (100 ug); 3)
Vector (pBTM116, 100 ng) and pGAD-cathepsin S (100 ng, 1
uL); 4) Vector (pBTM116, 100 ng) and pGAD-SNX17 (100 ng,
1 pL) and ssDNA (100 pg); 5) Construct (pBTM116-A2IC, 100
ng, 1 pL) and pGAD-cathepsin S (100 ng, 1 puL); 6) Construct
(pBTM116-A2IC, 100 ng, 1 uL) and pGAD-SNX17 (100 ng, 1
uL) and ssDNA (100 pg); 7-8) pGAD-cathepsin S or pGAD-
SNX17 (100 ng) and ssDNA (100 ng); 9) ssDNA (100 pg). After
addition of 600 uL LiAc/PEG, the mixtures were incubated
at 30°C for 30 min at 200 revolutions per minute, and then 70
uL sterile DMSO (final concentration 10%) was added. These
mixtures were then incubated for 15 min in a water bath at
42°C. Following a short centrifugation, the supernatant was
discarded, and the pellet was resuspended in 500 uL ddH,O
or 1xTE buffer. Finally, 200-250 pL yeast was streaked on a
different plate (150 mm) (for example: SD/-Trpl, -LEU, -His).
Empty vector (pBTM116) with ssDNA, construct (pBTM116-
A2IC) with ssDNA, and ssDNA were plated onto other plates
(small-100 mm, SD/-TRP1 100 uL).

After the clones grew, at least six single clones were picked
from each plate and plated onto one SD/-Trpl, -LEU plate.
The clones were grown again, and the X-gal assay was per-
formed. Protein interactions were confirmed by checking the
plates for blue coloration.

DNA sequence analysis

DNA sequences were determined using the ABI PRISM Big-
Dye terminator cycle sequencing ready reaction kit, according
to the manufacturer’s instructions (PE Biosystems). Nucle-
otide sequence databases were searched for homologous
sequences by BLAST search analysis (http://www.ncbi.nlm.
nih.gov).

Statistical analysis
Mean+SEM are shown. Probabilities calculated with the New-
man-Keuls test were considered significant for P<0.05.

Results

Protein interaction with a proteolytic fragment generated by
plasmin cleavage possibly initiates a downstream signaling
pathway

We have previously identified the annexin A2 heterotetramer,
composed of annexin A2 and S100A10, as a signaling receptor
for plasmin located on the cell surface. The main activation
event of plasmin-mediated signaling is the cleavage of annexin
A2 by plasmin, generating various proteolytic fragments (Fig-
ure 2A). However, the exact mechanism linking dissociation
with the activation of the cell remains obscure. Here we pro-
pose that the C-terminal fragment of annexin A2 (A2IC) that
is generated by plasmin cleavage consists of multiple ligand-
binding sites that may interact with extracellular proteins to
serve as ligands for unknown transmembrane receptors and
thus contribute to plasmin-induced cell activation (Figure 2B).

Identification of sense construction (pBTM116-A2IC) yeast
expression plasmids

To obtain the relevant fragment of the A2IC gene, we per-
formed a PCR reaction with cDNA isolated from human
monocytes and the primers Anx2-F and Bam-Anx2-R. As
expected, the PCR product was 936 bp (Figure 3A), and the
A2IC fragment with sticky ends was obtained after diges-
tion with BamH I (Figure 3B). To prevent the religation of the
digested vector, pBTM116 was also incubated with 20 U alka-
line phosphatase (Figure 3C). The digested A2IC fragment
was ligated into the treated pPBTM116 vector, and the resultant
ligation (pBTM116-A2IC) was subsequently transformed into
XL1-blue competent cells and grown on LB agar plates con-
taining ampicillin for selection. We picked up 18 single clones
for colony PCR. Nine cloning PCR products (A2IC fragment)
were obtained from the transformants (pBTM116-AIC) and
amplified with the Anx2-F and Bam-Anx2-R primers (Figure
3D). To identify whether these positive constructs were sense
constructs, seven of the nine PCR products were digested with
BamH I (Figure 3E) and further digested with EcoR I. Six of the
seven were confirmed as sense constructs (Figure 3F). Next,
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Figure 2. Proteolytic activity of plasmin is required for the cleavage of annexin A2 in monocytes. (A) Monocytes were stimulated for 30 min with 0.43
CTA U/mL plasmin or the equivalent amount of catalytically inactivated plasmin (VPLCK-PL). After treatment, cells were lysed, and proteins were
separated and visualized by immunoblotting with antibodies against annexin A2 and S100A10. The results shown are representative of at least three
independent experiments. (B) Hypothesis of the possible function of the proteolytic cleavage and dissociation of the plasmin receptor. According to
consensus models, the annexin A2 heterotetramer interacts with the extracellular surface of the membrane; however, AA2t is not inserted into the
membrane. After proteolytic cleavage by plasmin and dissociation of the receptor, this receptor may generate four new proteolytic fragments: either
A2NPd and A2Ct, or A2Nt, A2Ct, and S100A10 alone. These fragments may interact with other proteins to form new complexes, or they may serve
as novel ligands for transmembrane receptors. This result may initiate the known downstream signaling via JAKs/STATs, inducing the release of the
inflammatory chemokine MCP-1.

A C
5000 bp DNA
Ladder (bp) pBTM116 (4.8 kb)
5000
4500
A2IC (936 bp)
- A2IC (936 bp)
M

(936 bp) A2IC
—

pBTM116
(4.8 kb)

pBTM116 (4.8 kb)
<—

A2IC (936 bp)

Figure 3. Identification of pBTM116-A2IC yeast expression plasmids. (A) A2IC PCR product. (B) Digested A2IC with BamH I. (C) Digested and
dephosphorylated pBTM116 plasmid with BamH |. All digestions were separated by horizontal 1% agarose gel electrophoresis in 0.5xTBE buffer
containing ethidium bromide (10 pg/mL). (D) Cloning of PCR products (A2IC fragment). Transformants (pBTM116-A2IC) were amplified with the primers
Anx2-F and Bam-Anx2-R. (E) Positive constructs (1-7) (pBTM116-A2IC): extracted plasmid from the transformants was digested with BamH I. (F) Sense
constructs (1-6) (pBTM116-A2IC): extracted plasmid from the transformants was digested with EcoR I.

we sequenced the number 6 (clone 6) construct (pBTM116- the correct orientation and reading frame and without any
A2IC or LexA-A2IC) using the primers LexA-F, LexA-R and mutations (Figure 4).
Anx2-F1. We found that the sense construct was present with

Acta Pharmacologica Sinica



www.chinaphar.com
LiQetal

1415
DNA of colone 6 was sequenced with primer of LexA-F
Homo sapiens annexin A2 mRNA, complete cds
Length = 1020
Identities = 534/534 (100%), Gaps = 0/534 (0%)
Strand = Plus / Plus
Query: 34 gcctatactaactttgatgctgagcgggatgctttgaacattgaaacagccatcaagacce 93
IIIIIIIIIII\ FEETEETETT ettt e et rrrnd
Sbjct: 85 gcctatactaactttgatgctgagcgggatgctttgaacattgaaacagccatcaagace 144
Query: 94 aaaggtgtggatgaggtcaccattgtcaacattttgaccaaccgcagcaatgcacagaga 153
Frrrrerrreerrrreerrrrrerrrree et e et ettt e et e
Sbjct: 145 aaaggtgtggatgaggtcaccattgtcaacattttgaccaaccgcagcaatgcacagaga 204
Query: 154 caggatattgccttcgcctaccagagaaggaccaaaaaggaacttgcatcagcactgaag 213
FEEEEEEr e e e e e e e e e e e e e e
Sbjct: 205 caggatattgccttcgcctaccagagaaggaccaaaaaggaacttgcatcagcactgaag 264
Query: 214 tcagccttatctggccacctggagacggtgattttgggectattgaagacacctgctcag 273
FEEErrrrr et et e e e e e e e e
Sbjct: 265 tcagccttatctggccacctggagacggtgattttgggectattgaagacacctgectcag 324
Query: 274 tatgacgcttctgagctaaaagcttccatgaaggggctgggaaccgacgaggactctcte 333
IIIIIIIIIII \\\\\\\\\\IIIIII FETEEETTTErrr et el
Sbjct: 325 tatgacgcttctgagctaaaagcttccatgaaggggctgggaaccgacgaggactctcte 384
Query: 334 attgagatcatctgctccagaaccaaccaggagctgcaggaaattaacagagtctacaag 393
FEEEErrrerrr e et e e et e e e e e e e e e
Sbjct: 385 attgagatcatctgctccagaaccaaccaggagctgcaggaaattaacagagtctacaag 444
Query: 394 gaaatgtacaagactgatctggagaaggacattatttcggacacatctggtgacttccge 453
FEEEETr et e e e e e e e e e et e e e e
Sbjct: 445 gaaatgtacaagactgatctggagaaggacattatttcggacacatctggtgacttececge 504
(Anx2-F1)
Query: 454 aagctgatggttgccctggcaaagggtagaagagcagaggatggctctggcattgattat 513
PETEETEErr e e e e e e e e e e e e e e e e
Sbjct: 505 aagctgatggttgccctggcaaagggtagaagagcagaggatggctctgtcattgattat 564
Query: 514 gaactgattgaccaagatgctcgggatctctatgacgctggagtgaagaggaaa 567
FErrrerrrrerr e e e et et et et
Sbjct: 565 gaactgattgaccaagatgctcgggatctctatgacgctggagtgaagaggaaa 618
DNA of clone 6 was sequenced with primer of LexA-R
Homo sapiens annexin A2 mRNA, complete cds
Length = 1020
Identities = 394/394(100%), Gaps = 0/394 (0%)
Strand = Plus / Minus
Query: 38 ccacacaggtacagcagcgctttctggtagtcgeeccttagtgtcttgetggatataatag 97
FEEEEEETrrrr e e e e e e e e e e e e e e e
Sbjct: 1007 ccacacaggtacagcagcgctttctggtagtcgcecttagtgtcttgectggatataatag 948
Query: 98 tacagggacttgccgtactttctcttgaattcagacctaattttcaacatgtccacttca 157
FEEETTrrr ettt e e e e e e e e e e
Sbjct: 947 tacagggacttgccgtactttctcttgaattcagacctaattttcaacatgtccacttca 888
Query: 158 ctgcgggagaccatgattctgatcaggaccttatctcgecgtccecttgeccttcatggag 217
PETErrrrreerr et r et r e e e e e e e e rrrd
Sbjct: 887 ctgcgggagaccatgattctgatcaggaccttatctcgegtcecccttgeccttcatggag 828
Query: 218 atacaggggcttgttctgaatgcactgaaccaggttcagg 277
) IIIIIIII||\H\H\\H||IIIIIIIIIIIIIIIIIII||J\HHHIIIIIIIII
Sbjct: 827 tacagccgatcagcaaaatacaggggcttgttctgaatgcactgaaccaggttcagg 768
Query: 278 aaagcattttccaggtctcctttaacctctttcecctgatgctttccaacatgtcataaggg 337
FEEEEEEr et e e e e e e e e e e e e e
Sbjct: 767 aaagcattttccaggtctcctttaacctctttcctgatgctttccaacatgtcataaggg 708
Query: 338 ctgtaactcttgtacctatcaaatactttctggaggtggggcacgctccgectcggge 394
Frrrrrrrererr e e e e et e e e e e e e
Sbjct: 707 ctgtaactcttgtacctatcaaatactttctggaggtggggcacgctcecgecteggte 651 Figure 4. Nucleotide sequences of clone
6. Clone 6 was sequenced with an ABI
Query: 395 atgatgctgatccacttgggaacatcagttcctttcc 431 PRISM 310 Genetic Analyzer using the
IIIIIIIIII\\\\\\H\\IIIIIIIIIIIIIIIH
Sbjct: 650 atgatgctgatccacttgggaacatcagttcctttce 614 primers LexA-F, LexA-R, and Anx2-F1.
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Identification and confirmation of proteins interacting with A2IC
in a human monocyte cDNA library

To evaluate the expression of LexA-A2IC (pBTM116-A2IC),
we transformed LexA-A2IC (BD/target) and the pBTM116
vector into the yeast strain L40 by small-scale transformation.
We then used antibodies against LexA for Western blotting
of proteins extracted from the yeast cultures. The LexA-A2IC
fusion protein was expressed in L40 yeast (Figure 5). After an
X-gal assay, we did not find any blue clones, indicating that
the DNA-BD/target protein (A2IC) does not autonomously
activate the reporter gene. Thus, we could use this construct
as the bait to screen the human monocyte cDNA library.

LexA-A2IC
55 kDa .
—
-_— LexA
25 kDa

Figure 5. Expressed LexA-A2IC protein in the L40 yeast strain. Western
blotting shows LexA-A2IC (left band) and LexA (right band) proteins
extracted from yeast cultures.

To identify proteins that interact with A2IC in the human
monocyte cDNA library, we used a library of human mono-
cyte cDNA encoding fusion proteins ‘pGADT7-RecAB’ fused
to the transcriptional activation domain of GAL4, and we
screened this library with LexA-A2IC using a yeast two-
hybrid approach. Transformants (9x10°) were analyzed with
this bait. Sequence analysis followed by database searching
revealed that 15 positive clones matched eight different pro-

teins: SNX17, ProCathepsin S, RPS2, ZBTB4, OGDH, CCDC32,
PAPD4 and actin, which is already known to interact with
A2IC (Table 1).

After transformation with LexA-A2IC (BD) and pGAD-
cathepsin S or pGAD-SNX17 into the yeast strain L40, we
performed X-gal assays and identified the single blue clones,
confirming protein interactions.

Discussion

In this study, we described serial transformation of a bait into
a pre-made cDNA library in L40 yeast cells. We found that
this method effectively permitted a number of true interac-
tions. If a pre-made library in yeast cells is not available, the
outlined method can be quickly adapted. AH109 cells can
first be transformed with a bait vector, followed by selection
of the yeast that contain the bait. A second transformation of
yeast cells can then be performed with the cDNA library. We
demonstrate that this quick method leads to the discovery of
significant interactions.

Protein interactions can be precisely and efficiently studied
using the yeast two-hybrid system. This technique was used
for in vivo investigation of the protein interactions of A2IC with
F-actin and other proteins. A2IC plays an important role in
the function of annexin A2 and contains an intracellular bind-

ing site for Ca**, phospholipids and F-actin"**"

. In the present
work, we also found that the interaction between A2IC and
actin is essential for maintaining the plasticity of the dynamic
membrane-associated actin cytoskeleton”. The interaction of
A2IC with other proteins could play a critical role in plasmin-
dependent cell activation. The annexin A2-5100A10 complex

and plasmin interacted with TrpRS, which regulates TrpRS

Table 1. The results of matched proteins in yeast two-hybrid screen between A2IC fragment as a bait protein and human monocyte library cDNA

encoding AD of GAL4 as prey protein.

Interaction Functions Amount of
proteins clones

Cathepsin S Increased activity suppresses the CD4" T cell / mediated immune responses 4

RPS2 RNA binding, a therapeutic targeting for the eradication of prostate cancer in preclinical tumor modeling studies 3

ZBTB4 Contains Zinc finger and BTB domain, represses transcription of p21°** and controls the cellular response to p53 2
activation, and plays a crucial role in oncogenesis

OGDH Thiamin pyrophosphate binding, inhibition of OGDH activity alleviates glutamate-induced calcium deregulation, 2
mitochondrial depolarization, and neuronal death

SNX17 Interacts with P-selectin and LDL receptor family 1

Actin Cytoskeletal protein 1

CCDC32 Coil-coiled domain containing 32 1

PAPD4 PAP-associated domain containing 4 (GLD-2), translational regulation of p53 mRNA and cellular senescence is 1

coordinated by GLD2
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retention in the cytosol. The dissociation of AA2t from TrpRS
allows this dissociation to be exported to the cell exterior.
Once outside the cells, plasmin, or another protease, cleaves
the native enzyme into angiostatic fragments. These frag-
ments can inhibit the Akt signaling pathway through interac-
tion with VE-cadherin®™. In this study, we found that eight
different proteins interact with A2IC, by using a yeast two-
hybrid screen, including cathepsin S, SNX17, actin, RPS2,
ZBTB4, OGDH, CCDC32, and PAPD4. An IL-6-gp130-STAT3-
mediated increase in cathepsin S activity reduces the MHCII
alpha/beta dimer in Dendritic cells and suppresses CD4"
T cell-mediated immune responses[23]. SNX17, a non-self-
assembling protein, interacts with KRIT1, which plays a role in
cell adhesion processes and intergrin signaling?®!
been identified as a novel interaction partner for members of
the LDLR family. SNX17 resides in distinct parts of the early
endosomal compartment and enhances the endocytosis rate
of LDLR, and possibly of other surface receptors™. The A2IC
faces the cytosol and is in ideal proximity to interact with the
actin cytoskeleton within the cell®. In preclinical tumor mod-
els, it has been shown that therapeutic targeting of RPS2 is an
excellent approach for the eradication of prostate cancer™.
ZBTB4 binds to methylated CpGs, repressing transcription of
P21CIP1 and controlling the cellular response to p53 activa-
tion, thereby playing a crucial role in oncogenesis™™ *. OGDH
is a well-characterized auto-antigen in primary biliary cirrho-
sis. The activity of the enzyme is much lower in Alzheimer’s
disease, and there are reports of the enzyme’s susceptibility
to modification by oxidative stress™. Inhibition of OGDH
activity alleviates glutamate-induced calcium deregulation,
mitochondrial depolarization, and neuronal death®™. PAPD4
(GLD2) is an important regulator of late spermatogenesis and
is the first example of a GLD-2 family member playing a sig-
nificant role in male gametogenesis®". Translational regula-
tion of p53 mRNA and cellular senescence is coordinated by
GLD2/miR-122/CPEB/GLD4P.

In our present study, it became possible to verify the inter-
actions of the plasmin cleavage fragment A2IC with capthesin
S, SNX17 and other proteins, which may serve as new ligand
complexes that could bind directly to as-yet unknown trans-
membrane receptors. Such interactions could contribute to
functional immune responses that involve plasmin-mediated
cell activation. Understanding the functions of A2IC-interact-
ing proteins may allow the identification of novel therapeutic
targets for inflammatory diseases, such as atherosclerosis, that
might be partially triggered by the serine protease plasmin.

. It also has
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Pharmacokinetics of tacrolimus converted from
twice-daily formulation to once-daily formulation in
Chinese stable liver transplant recipients
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Aim: To evaluate the pharmacokinetics of tacrolimus in Chinese stable liver transplant recipients converted from immediate release
(IR) tacrolimus-based immunosuppression to modified release (MR) tacrolimus-based immunosuppression.

Methods: Open-label, multi-center study with a one-way conversion design was conducted. Eighty-three stable liver recipients (6-24
months post-transplant) with normal renal and stable hepatic function were converted from IR tacrolimus twice-daily treatment to MR
tacrolimus once-daily treatment on a 1:1 (mg:mg) total daily dose basis. Twenty-four hour pharmacokinetic studies were carried out on

d O (pre-conversion), d 1, and d 84 (post-conversion).

Results: The area under the blood concentration-time curve of MR tacrolimus from O to 24 h (AUC,_,4) on d 1 was comparable to that
of IR tacrolimus on d O, with a 90% confidence interval (Cl) for MR/IR tacrolimus of 92%-97%. The AUC,_,, value for MR tacrolimus
on d 84 with the daily dose increased by 14% was approximately 17% lower than that for IR tacrolimus. The 90% Cl was 77%-90%,
outside the bioequivalence range of 80%-125%. There was a good correlation between AUC,_,, and concentration at 24 h (C.,) for IR
tacrolimus (d 0, r=0.930) and MR tacrolimus (d 1, r=0.936; d 84, r=0.903).

Conclusion: The exposure to tacrolimus when administered MR tacrolimus once daily is not equivalent to that for IR tacrolimus twice
daily after an 84-day conversion in Chinese stable liver transplant recipients. The dose should be adjusted on the basis of trough
levels. The therapeutic drug monitoring for patients treated with IR tacrolimus is considered to be applicable to MR tacrolimus.

Keywords: tacrolimus; modified release; clinical pharmacokinetics; liver transplantation
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Introduction

Tacrolimus is an immunosuppressive agent that inhibits cel-
lular and T-cell-dependent humoral responses via the inac-
tivation of the intracellular calcineurin complex. It has been
marketed mainly for preventing or treating graft rejection

(21 Tacrolimus has a narrow

in solid organ transplantation
therapeutic window, and its bioavailability shows high inter-
and intra-individual variability!**. The systemic exposure
AUC is a significant efficacy variable; therefore, therapy is
optimized on an individual patient basis by monitoring trough
levels as surrogate markers of exposure. In clinical practice,
the current immediate release (IR) tacrolimus is administered
twice a day, once in the morning and once in the evening, to
maintain whole blood trough concentrations generally within

*To whom correspondence should be addressed.
E-mail dfzhong@mail.shcnc.ac.cn
Received 2011-05-21 Accepted 2011-08-15

the range of 5-15 pg/L to prevent rejection. Tacrolimus
should be taken 1 h before or at least 2 to 3 h after a meal to
prevent a food effect. This schedule may be an additional bur-
den for the patient, especially for the evening dose, because
it may interfere with daily activities. Transplant recipients
often receive an immunosuppressive regimen consisting of
multiple medications; thus, a formulation that can be taken
once daily is considered to be beneficial to patients. A new
oral modified release (MR) formulation of tacrolimus has been
developed to allow a once-daily dosing regimen. Clinical
studies demonstrate that MR tacrolimus is as efficient and safe

as IR tacrolimus®™®

. This formulation, known commercially as
Advagraf, has been approved in more than 30 countries and
regions as of 2010. The pharmacokinetics (PK) of tacrolimus
have been compared between MR and IR formulations in sta-
ble kidney, liver, and heart transplant patients, and in de novo

[9-13]

kidney and liver transplant recipients® . However, there is

few clinical data on Chinese patients. The present study was
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designed to evaluate the PK profiles of tacrolimus in Chinese
stable liver transplant recipients converted from a twice-daily
IR tacrolimus-based immunosuppression regimen to a once-
daily MR tacrolimus-based immunosuppression regimen.

Materials and methods

Patients

Eligible patients were stable liver transplant recipients who
had undergone a transplant operation between 6 and 24
months prior to the start of the study. They were on a stable
dose of IR tacrolimus (with or without mycophenolate mofetil)
that remained unchanged for two weeks before baseline and
a stable blood trough level concentration of tacrolimus (2-10
ng/L) which was measured before enrollment. Additional
inclusion criteria were age (18-67 years), normal renal function
(serum creatinine in the normal range), and stable liver func-
tion (aspartate aminotransferase or alanine aminotransferase
less than twice the normal value). Patients who had received
other organ transplantation, experienced any rejection epi-
sode within 90 days of enrollment, received antibody therapy
within 6 months of enrollment, or were currently receiving
other immunosuppression therapy such as sirolimus were not
enrolled. Patients who had taken any drug that may interact
with tacrolimus within 28 days of the study or during the
study were also excluded.

Ethics

The clinical study was conducted at six study sites, with the
leadership of Peking University People’s Hospital, following
approval of the protocol by the Independent Ethics Committee
of the leadership hospital. The study was in full compliance
with the principles of the “Declaration of Helsinki” (current
revision) and the “Good Clinical Practice” guidelines issued
by the State of Food and Drug Administration in China. Writ-
ten informed consent was obtained from each patient before
enrollment.

Study design

The research was an open-label, multi-center, one-way conver-
sion study in stable liver transplant recipients being treated
with IR tacrolimus-based [Prograf®, Astellas Pharmaceutical
(China), Inc] immunosuppression. On d 0, patients contin-
ued to receive a stable twice-daily dose of IR tacrolimus. On
d 1, patients were converted to MR tacrolimus [Astellas Phar-
maceutical (China), Inc] on a 1:1 (mg:mg) basis for their total
daily dose. The administration time was similar to that of
those who were administered IR tacrolimus for the first time.
Succeeding doses were adjusted based on whole blood trough
levels, which were expected to be 2-10 pg/L and were moni-
tored using the microparticle enzyme immunosorbent assay
(MEIA) or enzyme linked immunosorbant assay (ELISA)
method.

PK studies
PK study 1 (PK1), PK study 2 (PK2), and PK study 3 (PK3),
were carried out three timesin24 hon d 0, d 1, and d 84 (time
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window %5 d).

Sample collection for the PK studies

In PK1, blood samples (2 mL) were collected from the fore-
arm vein and placed into EDTA plastic tubes prepared in the
morning at pre-dose and at 0.5 h, 1h,2h,3h,4h,6h, 8h,
12 h, 125 h, 13 h, 14 h, 15 h, 16 h, 18 h, 20 h, and 24 h after
oral administration. In PK2 and PKS3, blood samples were
collected in the morning at pre-dose and at 0.5h, 1h, 2 h, 3 h,
4h,6h,8h,12h,14 h, 16 h, 20 h, and 24 h after oral adminis-
tration. Blood samples were frozen at -20 °C within 20 min of
collection. The frozen samples were then sent to the analytical
laboratory and stored at -70°C until analysis.

Determination of tacrolimus in human blood samples

The quantification of tacrolimus was performed using a vali-
dated liquid chromatography-tandem mass spectrometry
(LC/MS/MS) method™. In brief, the blood samples were pre-
pared using liquid-liquid extraction with ethyl ether. Chro-
matography was carried out on a Capcell-Pak CN column
(particle size 5 pm, 100 mmx4.6 mm, Shiseido, Tokyo, Japan)
using a mobile phase of acetonitrile-0.002% ammonia water
(75:25, v/v) at a flow rate of 0.5 mL/min. Column temperature
was maintained at 30°C. An API 4000 triple quadrupole mass
spectrometer equipped with a TurbolonSpray (ESI) source
(Applied Biosystems, Concord, Ontario, Canada) was used for
mass analysis and detection. Quantification was performed
using multiple reaction monitoring (MRM) of the transitions
m/z 802.7 — my/z 560.5 for tacrolimus and m/z 790.9 — m/z 548.5
for the internal standard ascomyecin.

Tacrolimus response was found to be linear (r>0.998) over
the concentration range of 0.200-30.0 pg/L. Intra- and inter-
run precision values for the concentrations of 0.500, 4.00, and
24.0 ng/L were all less than 14.0%, and the accuracy ranged
from 96.2% to 102.5% of the nominal value.

Data analysis

PK parameters were calculated using standard non-com-
partmental methods. Maximum concentration (C,,,,) and
time to reach Cy.x (fnax) Were determined by inspecting blood
concentration-time curves. Concentration at trough level was
determined using the concentration at 24 h (C,,) on days when
PK profiles were obtained. The area under the blood concen-
tration-time curve from 0 to 24 (AUC,,,) at steady state was
calculated using the linear trapezoidal method.

Statistical analysis

The correlation between AUC,_,, and C,; was analyzed for
both MR and IR tacrolimus.
bioequivalence study, the comparisons of PK parameters

As this was not a standard

between the two formulations were conducted with an analo-
gous bioequivalence procedure based on a 90% CI for the ratio
of geometric means and acceptance intervals of 80% to 125%
for AUC) 24, Cinaxy Gy, and dose-adjusted AUC; 4. The param-
eters were In-transformed before statistical analysis.

The software WinNonlin 5.2.1 (Pharsight, Mountain View,
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CA, USA) was used in PK analysis, and SAS 9.1.3 (SAS Insti-
tute Inc, Cary, NC, USA) was used for statistical analysis.

Results
Patients and dose levels
A total of 85 Chinese patients were enrolled in this PK study.
Eighty-three patients (70 males and 13 females) completed
PK1 and PK2 profiles; among them, 81 patients (68 males and
13 females) completed all three PK profiles. The mean age for
the 83 patients was 46x10 years (from 19 to 67 years), and the
mean weight was 66.1+11.4 kg (from 43 to 90 kg).

The mean daily dose of tacrolimus for IR tacrolimus on d
0 and MR tacrolimus on d 1 was 0.063+0.030 mg/kg (from
0.011 to 0.147 mg/kg), whereas the mean daily dose for MR
tacrolimus on d 84 was 0.072+0.035 mg/kg (from 0.014 to 0.196
mg/kg). After conversion, 29 patients did not require any
dose adjustment; 39 patients had an increase in daily doses;
and 15 patients had a decrease.

Pharmacokinetics

The mean whole blood concentration-time curves of tacroli-
mus for IR tacrolimus on d 0, MR tacrolimus on d 1, and MR
tacrolimus on d 84 are shown in Figure 1. The calculated PK
parameters are listed in Table 1, and the statistical results are
summarized in Table 2.

The whole blood tacrolimus concentrations for IR tacrolimus
reflected the twice-daily dose regimen, with a smaller second-
ary peak exhibited on d 0. There was another trough concen-
tration at 12 h in addition to C,,. The mean values of C;, and
Cy were 4.15 and 4.26 png/L, respectively. The mean C,,, was
11.3 pg/L at 1 h, with a secondary C,,., of 8.0 ng/L at 14 h.

The whole blood tacrolimus concentrations for MR tacroli-
mus reflected the profile of the MR formulation. The mean
values of C,, for MR tacrolimus were considerably lower than
that for IR tacrolimus, with 3.72 pg/L on d 1 and 3.31 pug/L on
d 84. The mean C,,,, was 10.4 pg/L at2hond 1 and 9.0 ng/L
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Figure 1. Mean blood concentration-time curves of tacrolimus for IR
tacrolimus on d O, MR tacrolimus on d 1 (h=83, daily dose 0.063+0.030
mg/kg), and MR tacrolimus on d 84 (n=81, daily dose 0.072+0.035
mg/kg) in Chinese stable liver transplant patients. Data indicate
mean+SD.

Table 1. Pharmacokinetic parameters of tacrolimus in Chinese stable
liver transplant patients converted from IR tacrolimus twice daily to MR
tacrolimus once daily (Mean+SD).

IR tacrolimus MR tacrolimus MR tacrolimus
Parameters

(d0,n=83) (d0,n=83) (d 84, n=81)
toact/h 1.0 (0.5-8.0) 2.0 (1.0-16.0) 2.0 (1.0-6.0)
Coran/ HEL™ 11.36.2 10.445.4 9.0+4.3
Con/ugL™t 4.26+1.96  3.72+1.67 3.31+1.47
AUC, oo/ughL® 136459 130459 113+44

0.1 mgkg™ AUC, o/ughl® 259+146 246139 201+193

* Presented by median and range.

Table 2. Comparison between MR and IR tacrolimus. Geometric mean
ratios and 90% Cls.

MR/IR tacrolimus

Parameters d84/d0 d1/d0
Coven 81% (74%-90%) 92% (87%-98%)
Coa 78% (72%-85%) 87% (83%-91%)
AUCq._54 83% (77%-90%) 95% (92%-97%)

(

0.1 mgkg™ AUCq_os 72% (66%-79%) -

at 2 h on d 84, which were also lower than those of IR tacroli-
mus.

The AUC, ,, for MR tacrolimus on d 1 was comparable to
that for IR tacrolimus. The 90% CI for the ratio of geometric
mean was 92%-97%, which was contained entirely in the 80%-
125% limits of equivalence. However, the same parameter for
MR tacrolimus on d 84 was approximately 17% lower than
that for IR tacrolimus, with a 90% CI of 77%-90%. The 90% CI
for dose-adjusted AUC, 4 was 66%-79%, which was also not
within the equivalence limits of 80%-125%.

Correlation between AUC,_,, and C,,

The correlation between AUC,_,, and C,, for IR tacrolimus and
MR tacrolimus is shown in Figure 2. There was a good corre-
lation between AUC,_,, and C,,, with a coefficient r of 0.930 for
IR tacrolimus on d 0, 0.936 for MR tacrolimus on d 1, and 0.903
for MR tacrolimus on d 84. The correlation between AUC,_,,
and C,, for MR tacrolimus was similar to that for IR tacroli-
mus.

Discussion

Before our study, a set of clinical trials had been conducted
to compare the PK profiles of tacrolimus between IR and MR
formulations” ™. The clinical trial in de novo liver transplant
patients showed that the systemic exposure AUCy,, on d 1
was approximately 50% lower for MR tacrolimus than for IR
tacrolimus at equivalent doses, whereas values at steady state
(d 14 and w 6) were similar for both formulations™. The con-
version study in stable liver transplant patients showed that
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Figure 2. AUC,_,,/Cy, correlation for IR (d 0) and MR tacrolimus (d 1 and
d 84).

the AUC,,, at steady state for MR tacrolimus once daily was
equivalent to taking IR tacrolimus twice a day, but on aver-
age an 11% lower AUC,,, was found after a mg-for-mg dose
conversion®. In order to better understand the PK profiles of
MR tacrolimus, we performed a conversion study with a long
period follow up in Chinese stable liver transplant recipients.
In this study, the systemic exposure to MR tacrolimus on the
first conversion day was found to be equivalent to that for IR
tacrolimus. This is not surprising because the exposure on
d 1 reflects mostly the steady state exposure for the IR formu-
lation. However, the steady state exposure of MR tacrolimus
was found to decrease significantly when compared with that
of IR tacrolimus. The AUC,,, value on d 84 decreased by 17%
when the daily dose increased by 14%. The 90% CI for the
ratio of MR/IR tacrolimus was 77%-90%, and the 90% CI for
the ratio in dose-adjusted AUC,,, was only 66%-79%. These
statistics are not in agreement with the previous report!,
which showed that most patients did not require a dose
adjustment when they were converted from IR to MR tacroli-
mus, and the 90% CI for the ratio in AUC,_,, was within the
equivalence range of 80%-125%. The discrepancy between
these results and our findings may be due to the difference in
study design. The reported study™ was a four-period replicate
(IR tacrolimus-MR tacrolimus-IR tacrolimus-MR tacrolimus)
design study in which treatment with tacrolimus was con-
verted on three occasions, and each treatment period was only
14 d. However, the present study was a one-way conversion
from twice-daily IR tacrolimus to once-daily MR tacrolimus,
and it had a longer period at nearly three months of treatment.
In another one-way conversion study with a six months fol-
low up, 68% of patients who converted to MR tacrolimus had
doses adjusted and nearly two-thirds required an increase,
which is similar to our findings™. Dose increases were also
found in kidney and heart transplant recipients!"® .. The rea-
son for the lower exposure for MR tacrolimus on d 84 is still
unclear. It is well known that many factors influence the PK
profiles of tacrolimus!". In this study, the patients were all
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in stable condition, and any drug known to alter the CYP450
enzyme system was prohibited before and during the study
period to avoid drug-drug interaction. Because the treatment
period was relatively long, some other factors that we did not
find or record may have led to the decrease in exposure. Nev-
ertheless, our findings, together with the latest reports“s"m,
indicate that for MR tacrolimus, exposure to tacrolimus will
decrease somewhat, and patients may require a mild dose
increase when they are converted from IR to MR tacrolimus.
Despite the lower exposure to tacrolimus for MR tacrolimus,
the efficacy and safety of MR tacrolimus did not appear to
be different from IR tacrolimus. Simultaneous clinical trials
showed that there was no increase in incidences of acute rejec-
tion, graft loss, and effects on patient survival rates in patients
converted to MR tacrolimus when compared with patients

181 The incidences of adverse events

treated with IR tacrolimus
were also comparable in both treatment groups™. These
observations indicate that MR and IR tacrolimus are therapeu-
tically equivalent in stable liver transplant recipients.

Similar to other reports®?, the present study also showed
that there was a good correlation between AUC,_,, and C,, for
both IR and MR tacrolimus. The fact that the slope of the line
best fit was similar for both formulations indicates that the
same therapeutic drug monitoring for IR tacrolimus could be
applied to MR tacrolimus.

In conclusion, this study indicates that exposure to tacroli-
mus for MR tacrolimus once daily is not equivalent to that for
IR tacrolimus twice daily in Chinese stable liver transplant
recipients after an 84-day conversion, and the dose should be
adjusted on the basis of trough levels. The therapeutic drug
monitoring carried out for patients receiving IR tacrolimus is
considered to be applicable to those receiving MR tacrolimus.
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Classification of 5-HT,, receptor agonists and
antagonists using GA-SVM method
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Aim: To construct a reliable computational model for the classification of agonists and antagonists of 5-HT,, receptor.

Methods: Support vector machine (SVM), a well-known machine learning method, was employed to build a prediction model, and
genetic algorithm (GA) was used to select the most relevant descriptors and to optimize two important parameters, C and r of the SVM
model. The overall dataset used in this study comprised 284 ligands of the 5-HT,, receptor with diverse structures reported in the

literatures.

Results: A SVM model was successfully developed that could be used to predict the probability of a ligand being an agonist or
antagonist of the 5-HT,, receptor. The predictive accuracy for training and test sets was 0.942 and 0.865, respectively. For com-
pounds with probability estimate higher than 0.7, the predictive accuracy of the model for training and test sets was 0.954 and 0.927,
respectively. To further validate our model, the receiver operating characteristic (ROC) curve was plotted, and the Area-Under-the-ROC-
Curve (AUC) value was calculated to be 0.883 for training set and 0.906 for test set.

Conclusion: A reliable SVM model was successfully developed that could effectively distinguish agonists and antagonists among the
ligands of the 5-HT,, receptor. To our knowledge, this is the first effort for the classification of 5-HT,, receptor agonists and antagonists
based on a diverse dataset. This method may be used to classify the ligands of other members of the GPCR family.

Keywords: 5-HT, receptor; support vector machine; genetic algorithm; agonist; antagonists
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Introduction

The neurotransmitter serotonin (5-hydroxytryptamine, 5-HT)
mediates many of physiological responses and pathological
processes in both the peripheral and central nervous system
and has diverse effects on appetite, sleep and general metabo-
lism". The dysfunction of serotoninergic neurotransmission
causes many psychiatric disorders such as depression, anxi-
ety and migraine”. Serotonin exerts its functions primarily
by interacting with different types of serotonin receptors
(5-HT receptors)®*. The 5-HT receptors are a subfamily of G
protein-coupled receptors (GPCRs) with the exception of the
5-HT; subtype, which is a ligand-gated ion channel”. At least
14 distinct 5-HT receptors have been identified to date that
can be divided into seven subtypes (5-HT;~5-HT;) based on
the molecular cloning, amino acid sequence, pharmacologi-
cal properties and signal transduction®. The 5-HT,, recep-
tor, which is mainly distributed in the frontal cortex, septum,
amygdala, hippocampus, and hypothalamus '%, is one of

*To whom correspondence should be addressed.
E-mail wizhu@mail.shcnc.ac.cn
Received 2011-05-16 Accepted: 2011-07-14

the best characterized members in the family and is a crucial
modulator of serotonergic signaling in the central nervous sys-
tem".

Accumulating results indicate that the 5-HT,, receptor
participates in the regulation of various physiological and
pathophysiological processes such as psychosis, cognition,
feeding/satiety, temperature regulation, depression, anxiety,
sleep, pain perception and sexual activity> ™. Tt has become
one of the most attractive targets for the development of drugs
treating numerous neurological and psychiatric disorders.
Currently, five drugs primarily targeting this receptor have
already been launched, and dozens of others are in various
clinical stages. Among these launched drugs, buspirone is
the earliest 5-HT,, receptor agonist that was launched in 1985
by Bristol-Myers Squibb (BMS) for the management of anxi-
ety disorders. Although no 5-HT,, antagonists have been
launched, previous studies have shown that 5-HT;, receptor
antagonists may be useful in the treatment of Alzheimer’s
disease and other cognition disorders™!. In view of the signifi-
cant differences in physiological functions between the 5-HT; 5
receptor agonists and antagonists, identification of agonistic or
antagonistic properties of 5-HT,, receptor ligands has become
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an important issue for drug development.
Some experimental methods have been established to

15161 However, these

identify the function of known ligands!
methods are time-consuming or expensive. Furthermore, the
assays cannot be employed unless a compound is available.
Therefore, a reliable computational model would be beneficial
to accurately predict the physiological function of a compound
before it is synthesized. To the best of our knowledge, no such
model has been reported to date.

In this study, a genetic algorithm optimized the support
vector machine (GA-SVM) method was adopted to construct
a computational model for the identification of agonists or
antagonists of the 5-HT;, receptor using 259 agonists and
antagonists collected from the literatures. The constructed
SVM model displayed high predictive accuracy for training
and test sets. The application of the model to an external data-
set that comprised 25 recently reported ligands revealed that
our predicted data were in good agreement with their biologi-
cal functions of the reported ligands, demonstrating that our
model was reliable for identifying agonists and antagonists of
the 5-HT;4 receptor. This approach may also be employed to
construct models to predict agonists or antagonists of other
GPCR members.

Materials and methods
Data sets
A total of 259 5-HT) , receptor ligands were collected from pre-

vious studies™ >

, which are composed of 137 agonists and
122 antagonists with diverse structural classes such as amino-
tetralins, indolylalkylamines, ergolines, aporphines, arylpip-
erazines and aryloxyalkylamines (Tables S1 and S2 in Supple-
mentary Information). Because we aimed to build a binary
classifier, the partial agonists of the 5-HT;, receptor were clas-
sified as agonists. When provided with biological data con-
taining conflicting information for the same compound from
different research groups, we used the latest results or the
results from the research group with a long history of study-
ing 5-HT,, receptor ligands as our raw data. All of the 259
function-known ligands were randomly divided into training
and test sets with the ratio of 4:1 (207:52) (Table 1). The train-
ing set was used to develop the prediction model, whereas the
test set was used to assess the performance of the generated
model. The structures of these compounds were created and
optimized using Sybyl16.8!*,

Table 1. Number of agonists and antagonists in training set and test set.

Data sets Number of agonists Number of antagonists Total number
Training set 109 98 207
Test set 28 24 52

Support vector machine
The support vector machine (SVM), which was originally

developed by Vladimir Vapnik et al, is based on the structural
risk minimization principle from the statistical learning theory
and is a supervised learning method that can be applied to
¥l Simply speaking, a SVM
model is constructed based on a given set of training inputs

classification and regression

belonging to two different classes. Then, the model is used
to predict the class of a new input. A data input is regarded
as a multi-dimensional vector, and the goal is to determine
a hyperplane to separate the inputs, which are the sets of
agonists or antagonists in this study. In particular, the popu-
lar Library for Support Vector Machines (LIBSVM2.89) was
employed in this study™.

There are two parameters, C and r, that must be carefully
adjusted to develop a robust SVM model. Cis a global param-
eter, which regulates the trade-off between maximization of
the margin and minimization of the training error. Small C
values are prone to highlight the margin and overlook the
outliers in the training set. However, large C values may lead
to overfitting of the training set. The parameter r indicates the
radial basis function (RBF), which is the kernel function used
in this study®. Here, we optimized the value of C and r using
our in-house method (detailed below) to build the best classifi-
cation model.

Molecular descriptors
Molecular descriptors are generally used for quantitative
representation of the structural and physicochemical features

of compounds®®™ >

. Depending on the 3D structure of each
compound, 292 molecular descriptors including topological,
graph-theoretical, quantum-chemical and electro-topological
state (E-state) descriptors were calculated using Discovery
Studio 2.1®. In addition, the value of every descriptor was

scaled to [-1, 1] (see Supplementary Information, Excel S1).

Feature selection and parameter optimization

Usually, only a few of the calculated molecular descriptors are
essential to develop a SVM model. To select the most impor-
tant descriptors and optimize model parameters simultane-
ously, an in-house program was coded in our laboratory using
genetic algorithm (GA)®. GA is a method that randomly ini-
tializes a population of solutions and then improves it through
repetitive operations of mutation, crossover and selection.
Each possible solution is referred to as a chromosome, which
consists of two parts, the feature mask and the SVM parame-
ters (C and r). The value of the feature mask is 0 or 1, where 0
represents the corresponding descriptor is abandoned while 1
indicates to keep the descriptor. Although the value of C and
r are real numbers, only specific discrete values were consid-
ered in this study, where C and r were represented as 2" and
2" with m and n integers.

When developing the classification model, 5-fold cross-
validation was adopted to explore the reliability of the sta-
tistical models. The training set of 207 ligands in this study
was randomly split into five subsets of approximately equal
size. In each validation, one subset was used for test while the
rest four were used for training the model. This process was
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repeated five times so that each subset could be used for the
prediction once.

Model validation

After the model was built, we adopted different means to
evaluate its performance. Receiver-operating-characteristics
(ROCQ) curve is generally used to assess the classification
power of computational models® . To plot a ROC curve,
only the true positive rate (TPR) and false positive rate (FPR)
were required. TPR, which is also called sensitivity and is
calculated with equation (1), defines how many true positive
results appear among all of the positive inputs during predic-
tion. Instead, FPR determines how many false positive results
emerge among all of the negative inputs. FPR is equal to (1-
specificity), where the specificity is calculated with equation

2)-

Sensitivity= % 1)
o TN
Speczﬁczty= m (2)

In these equations, TP represents the number of correctly
predicted agonists, TN represents the number of correctly pre-
dicted antagonists, FP represents the number of antagonists
that are incorrectly predicted as agonists and FN represents
the number of agonists that are incorrectly predicted as antag-
onists.

The quality of our SVM model was also measured using the
Matthews correlation coefficient (MCC), which is defined by
equation (3)P* %,
and 1 (perfect model) while 0 represents a random model.

It returns a value between -1 (worst model)

TPxTN — FPXFN

MM = F 5+ Ep) (TP+ ENY (TN EP) (TN EN) ®)

To fully examine the performance of the developed model, the

overall accuracy is calculated using equation (4).

TP+TN
Accuracy= TP+EP+TN+EN 4)

Results

Feature selection and model performance

Using our in-house feature selection program, 13 descriptors
were finally selected (Table 2), which was roughly divided into
five classes. The optimized values of C and r were both 1 in
the SVM model with a cross-validation #* of 0.826. As shown
in Table 3 (before refinement), the overall predictive accuracy,
sensitivity and specificity for training and test sets were all
higher than 0.8, indicating that the developed model was reli-
able and robust. Indeed, the calculated MCC was 0.783 for the
model.

To view the results more intuitively, the quality of the
results was illustrated using ROC plots (Figure 1). The (0,1)
point in the upper left corner of the ROC space represented
100% sensitivity (no false negatives) and 100% specificity (no
false positives). A random classifier would give us a diago-
nal line (the so-called line of no-discrimination) from the left
bottom to the top right corner. Finally, we explored another
parameter that was represented as the Area-Under-the-ROC-
Curve (AUC). The AUC values for the training and test sets
were 0.883 and 0.906, respectively.

Model refinement

To further improve the performance of the developed model,
the probability estimate factor was used as a criterion to
remove those ambiguous compounds with a threshold of
the factor less than 0.7. Thus, two probability estimates,
namely agonist probability estimate and antagonist prob-
ability estimate, were calculated for each compound, and the
sum of them was equal to 1. The larger probability estimate

Table 2. List of optimized 13 molecular descriptors used in the SVM and their descriptions and classes.

. L Descriptor
Descriptor Description Class
HOMO_Eigenvalue_VAMP The eigenvalue of the highest occupied molecular orbital A
QsumHal_Propgen_VAMP The sum of the electrostatic potential-derived atomic charges on halogen atoms A
No_of_surface_points_with _+ve_ESP_Propgen_VAMP The number of surface points with positive electrostatic potential A
Octupole_XXY_VAMP The XXY component of octupole moment A
ES_Sum_sssCH The sum of the electrotopological state value for atom type sssCH B
ES_Sum_aaaC The sum of the electrotopological state value for atom type aaaC B
ES_Sum_dsN The sum of the electrotopological state value for atom type dsN B
ES_Sum_aaN The sum of the electrotopological state value for atom type aaN B
ES_Sum_sssN The sum of the electrotopological state value for atom type sssN B
Num_Aromatic Bonds Bonds in aromatic ring systems C
Energy The energy of the molecule's current 3D conformation D
Shadow_XZ The area of the molecular shadow in the xz plane E
Shadow_YZ The area of the molecular shadow in the yz plane E

A, semi-empirical quantum mechanical properties (VAMP optimized with AM1, propgen method); B, estate keys (s, sing bond; d, double bond; t, triple
bond; a, aromatic bond); C, molecular property counts; D, molecular properties; E, shadow indices.
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Figure 1. ROC curves for training set (A) and test set (B). The solid line
represents ROC curve and the area under the curve is characterized
by AUC, whose value for training set and test set are 0.883 and 0.906,
respectively. The dash line is diagonal line, which describes a random
model.

is regarded as the probability estimate factor of a specific
compound. Figure 2 shows the probability estimate distribu-
tion for compounds in the training and test sets. There were
195 compounds in the training set and 41 compounds in the
test set that remained in the refined datasets, demonstrating
that the majority of the compounds had a probability estimate
higher than 0.7. Then we reevaluated our model using the
refined datasets, which yielded an improved accuracy, sensi-
tivity and specificity (>0.9, after refinement in Table 3).

1404 —

| O Training set
2l m Test set
100

80
60
40
20

Number of compounds

O.
0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0
Probability estimate

Figure 2. Probability estimate for training set (white) and test set (black).
There are only 12 ligands with probability estimate lower than 0.7 among
all 207 ligands in training set, so the threshold of probability estimate
factor is chosen to be 0.7. Moreover, the probability estimate of 11
ligands from test set are less than this threshold, indicating that the
predicted result may be unreliable.

Table 3. The value of accuracy, sensitivity and specificity before and after
refinement.

Before refinement After refinement

Parameters training set test set training set  test set
Accuracy 0.942 0.865 0.954 0.927
Sensitivity 0.936 0.893 0.943 0.917
Specificity 0.949 0.833 0.967 0.941

Application of the SVM model to an external dataset

To validate the reliability of our SVM model for identifying
agonists and antagonists of the 5-HT;, receptor, we applied
the model to an external dataset including 25 ligands that
were collected from very recently published literatures. In
conclusion, 15 compounds were predicted to be antagonists,
and 3 compounds were predicted as agonists with probability
estimate higher than 0.7 (Table 4).

Discussion

As shown in Table 2, 13 molecular descriptors were selected
as the most relevant descriptors for discriminating between
5-HT;, receptor agonists and antagonists, including VAMP/
AM1 semi-empirical quantum-chemical, electro-topological
state (E-state), molecular property and shadow index descrip-
tors. Several selected descriptors reflected the corresponding
structural information that was closely related to the func-
tion of these ligands. For example, the E-state indices were
efficient descriptors to describe the affinity of 5-HT;, receptor
antagonists®). Our results demonstrate that another impor-
tant descriptor, the “number of surface points with positive
electrostatic potential”, is in agreement with the data that most
of the agonists or antagonists of 5-HT, , receptor are positively
charged. None of the descriptors alone could completely
describe the differences between agonists and antagonists.
However, the collective use of the descriptors yielded a more
accurate model. Thus, a group of diverse, comprehensive and
representative descriptors were used to develop a powerful
SVM model which could effectively distinguish agonists from
antagonists of 5-HT) receptor.

Another highlight of our study was the consideration of the
probability estimate factor while establishing the SVM model.
For example, an agonist with the probability estimate of 0.9 is
more likely to be an agonist than the one with the probability
of 0.6, which is also true for antagonists. Based on the prob-
ability estimate distribution for the compounds of the training
set, the threshold of the probability estimate was set to 0.7
for more reliable classification. Then, the compounds with
probability estimate less than 0.7 were removed from training
and test sets. The predictive accuracy for the refined datasets
was significantly increased, especially for the test set, from
0.865 to 0.927. These results demonstrate an improved predic-
tive power after introducing the probability estimate factor.
Moreover, differences in accuracy, sensitivity, and specific-
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Table 4. Detailed predicted results of 25 external compounds.
Compound Predicted Probability , Namein
name result estimate Ki (M) reference
HTO1 antagonist 0.839 1.69 1°
HTO02 antagonist 0.918 5.19 28
HTO3 antagonist 0.868 4.59 3
HTO04 antagonist 0.789 4.64 42
HTO5 antagonist 0.849 2.75 5°
HTO06 antagonist 0.870 4.1 6°
HTO7 antagonist 0.833 111 7
HTO8 antagonist 0.678 8.53 8°
HT09 antagonist 0.806 6.15 9°
HT10 antagonist 0.790 2.87 10°
HT11 antagonist 0.868 480 5°
HT12 agonist 0.844 120 8"
HT13 agonist 0.843 60 10°
HT14 antagonist 0.846 890 16°
HT15 antagonist 0.781 7980 19°
HT16 antagonist 0.872 2780 21°
HT17 agonist 0.848 4210 23°
HT18 agonist 0.532 36.1 17°
HT19 antagonist 0.660 NA® 23°
HT20 antagonist 0.666 NA® 27°
HT21 antagonist 0.704 41.5 29°
HT22 antagonist 0.647 NA® 33°
HT23 antagonist 0.585 12.7 38°
HT24 antagonist 0.708 11 40°
HT25 antagonist 0.612 5.14 42°

# Compounds collected from reference 61.
® Compounds collected from reference 62.
¢ Compounds collected from reference 63.

“ Data retrieved from the corresponding reference.
¢ No activity data was detected.

ity between the training and test sets after refinement were
much smaller than those before refinement, suggesting that a
more balanced model between the training and test sets was
achieved.

The probability estimate is an important parameter for
judging the reliability of the predicted result. For instance,
HT01~HT10, a series of carboxamide and sulfonamide alky1®",
were predicted to be antagonists with high probability.
Indeed, they are structurally similar to WAY-100635 (Figure
3), a well-known antagonist of the 5-HT;, receptor, indicat-
ing that HT01~HT10 are likely to function as antagonists of
the 5-HT4 receptor. These results show that our SVM model
has an instructive role for exploring agonists and antagonists
of the 5-HT;, receptor. Besides, a group of newly discovered
N-phenylpiperazine derivatives, HT11~HT17, were predicted
to function as agonists or antagonists with high probability
estimate. For example, compound HT13 was predicted to be
an agonist by our model, which was also believed to stimu-
late 5-HT; o receptor activity like an agonist by other research
group'®, indicating that similar structures may play different
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Figure 3. Chemical structures of WAY-100635 (A) and compounds
HT01~HT10 (B). As shown, they are structurally similar, all of them
containing a [4-(2-methoxyphenyl)-1-piperazinyl]ethyl structure fragment.
WAY-100635 is believed to act as a selective 5-HT,, receptor antagonist,
so compounds HTO1~HT10 may also be antagonists of 5-HT,, receptor.

roles in regulating the function of the receptor.

On the other hand, those compounds with only moder-
ate or poor 5-HT,, receptor affinity in biological tests were
predicted to be binders with lower probability estimates. For
instance, the probability estimates of compounds HT18~HT22,
which are weaker binders'®, were approximately 0.7. There-
fore, further biological research on these compounds may not
be urgent. Similarly, the predicted results for compounds
HT23~HT25 with lower probability estimates are contrary
to the known biological functions. Actually, they had been
proved to be weak agonists or partial agonists of the 5-HT;,
receptor®). These conflicts indicate that our SVM model may
have problems with applicability of chemical space similar to
other computational models and requires further optimiza-
tion.

In summary, based on 13 molecular descriptors that were
derived from previously known agonists and antagonists, we
developed a robust SVM model with great predictive capabil-
ity. Moreover, the predictive accuracy for the training and test
sets (especially for the test set) were significantly increased
when we considered the compounds with probability estimate
higher than 0.7. Then we applied the model to an external
dataset for validation, which confirmed that our GA-SVM
method is effective for the classification of agonists and antag-
onists of the 5-HT;, receptor. The strategy and methods used
in this study may be extended to other GPCR members.
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