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MicroRNAs: a novel class of potential therapeutic
targets for cardiovascular diseases
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Currently, cardiovascular diseases remain one of the leading causes of morbidity and mortality in the world, indicating the need for
innovative therapies and diagnosis for heart disease. MicroRNAs (miRNAs) have recently emerged as one of the central players in reg-
ulating gene expression. Numerous studies have documented the implications of miRNAs in nearly every pathological process of the
cardiovascular system, including cardiac arrhythmia, cardiac hypertrophy, heart failure, cardiac fibrosis, cardiac ischemia and vascular
atherosclerosis. More surprisingly, forced expression or suppression of a single miRNA is enough to cause or alleviate the pathological
alteration, underscoring the therapeutic potential of miRNAs in cardiovascular diseases. In this review we summarize the key miRNAs
that can solely modulate the cardiovascular pathological process and discuss the mechanisms by which they exert their function and
the perspective of these miRNAs as novel therapeutic targets and/or diagnostic markers. In addition, current approaches for manipu-

lating the action of miRNAs will be introduced.
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Introduction
MicroRNAs (miRNAs) are endogenous, conserved ~22-nu-
cleotide non-coding RNAs that anneal to inexactly comple-
mentary sequences in the 3’-untranslated regions (3’"UTR)
of target mRNAs of protein-coding genes to cause mRNA
cleavage or repression of the translational machinery for
protein synthesis!"l. The first miRNA lin-4 was discovered
in 1993, which regulates C elegans development by inhibiting
the protein expression of lin-14 via binding to the 3'UTR of its
mRNAP. In 2000, the second miRNA let-7 was identified as a
21-nucleotide small RNA that has a complementary sequence
to the 3’UTR of lin-14 and participates in the regulation of
C elegans development?. After that, a large number of miR-
NAs have been found and a series of research uncovered
the functional role of miRNAs in diverse biological and
pathophysiological processes”*. Among them, the involve-
ment of miRNAs in the pathogenesis of cardiovascular dis-
eases has recently been intensively investigated®®.

MiRNAs are initially transcribed as long RNA precursors
called primary miRNAs that require the RNase III enzyme
Drosha in the nucleus to trim them into precursor miRNAs.
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The latter, characterized by a stem loop or hairpin structure of
70-100 nt, is exported by the nuclear export factor exportin-5
to the cytoplasm where they are subsequently cropped to
become mature miRNAs of 21-26 nt long by another RNase
11T enzyme Dicer®". Mature miRNAs can interact with Argo-
naute to form the RNA-induced silencing complex (RISC) and
then guide the RISC to their target mRNAs, most favorably to
the 3'UTR. In order for a miRNA to produce functional con-
sequences, its 5’-end 2 to 8 nts must have exact base pairing
to the target mRNA, the “seed” region, and partial comple-
mentarity with the rest of the sequence. An miRNA can either
inhibit translation or induce degradation of its target mRNA,
primarily depending upon the overall degree of complemen-
tarity of the binding site, number of binding sites, and the
accessibility of the bindings sites (determined by free energy
states). The greater the complementarity of the accessible
binding sites, the more likely an miRNA degrades its targeted
mRNA, and those miRNAs that display imperfect sequence
complementarities with target mRNAs primarily result in
translational inhibition!"". MiRNAs are an abundant RNA
species constituting >2% of the predicted human genes (>1000
genes), which regulates ~30% of protein-coding genes. Some
miRNAs are expressed at >1000 copies per cell!”).

With the recent surge of research into miRNAs, this cat-
egory of endogenous non-coding small ribonucleic acids



www.nature.com/aps
Pan ZW et al

®

has emerged as one of the central players of gene expression
regulation. The research on miRNAs in relation to cardiovas-
cular disease has become a most rapidly evolving field. The
dysregulation of many individual miRNAs has been linked to
the development and progression of cardiovascular disease.
Forced expression or suppression of a single miRNA is enough
to cause or alleviate the pathological change. The role of miR-
NAs in the pathogenesis of the heart and vessels points to a
possibility of miRNAs as targets for treatment of cardiovascu-
lar disease. In this review, the aberrantly expressed miRNAs
that underlie the development of cardiovascular diseases will
be discussed. The therapeutic potential of miRNAs as new
targets for cardiovascular diseases and strategies for manipu-
lating miRNAs by influencing their expression, stability, and
function will be introduced.

Therapeutic implications of miRNAs in cardiovascular
diseases
miRNA and cardiac hypertrophy and heart failure
In response to stress (such as hemodynamic alterations associ-
ated with myocardial infarction, hypertension, aortic stenosis,
valvular dysfunction, etc), the adult heart undergoes remod-
eling process and hypertrophic growth to adapt to altered
workloads and to compensate for the impaired cardiac func-
tion. ‘The remodeled heart frequently progresses into overt
heart failure. Hypertrophic growth manifests enlargement
of cardiomyocyte size and enhancement of protein synthesis
through the activation of intracellular signaling pathways and
transcriptional mediators in cardiac myocytes. The process is
characterized by a reprogramming of cardiac gene expression
and the activation of “fetal” cardiac genes™. In light of the
role of miRNA in gene regulation, miRNAs may be involved
in cardiac hypertrophy and heart failure. This concept was
confirmed by a number of reports which demonstrated that
dysregulation of a single miRNA is sufficient to induce this
pathological alteration, pointing to miRNAs as potential novel
therapeutic targets in cardiac hypertrophy and heart failure.
To date, 11 miRNAs have been experimentally estab-
lished to determine this pathological process. These include
miR-1, 133, 129, 18b, 195, 21, 23a, 23b, 24, 208, and 212. Of
them, miR-1 and miR-133 are anti-hypertrophic, and miR-
129, 18b, 195, 23a, 23b, 24, 208, and 212 are pro-hypertrophic.
However, the role of miR-21 in cardiac hypertrophy is still

controversiall*>-?!,

The first group of miRNAs regulating
cardiac hypertrophy were identified in Olson’s lab®’. They
described a typical signature pattern of miRNAs in cardiac
tissue from mice in response to transverse aortic constric-
tion (TAC) or expression of activated calcineurin, stimuli that
induce pathological cardiac remodeling hypertrophic. They
further showed that forced overexpression of individual
stress-inducible miRNAs eg. miR-195, 23a, 23b, 24, or miR-
195 alone induced hypertrophy in cultured cardiomyocytes.
More interestingly, transgenic overexpression of miR-195 in
mice was sufficient to induce pathological cardiac growth and
heart failure as indicated by thinning of the left ventricular
walls, increase in left ventricular diameter and deterioration
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in cardiac function. Olson’s group then investigated the effect
of miR-208"", a cardiac-specific miRNA that is encoded by
an intron of the a-MHC gene, on cardiac hypertrophy. They
found that miR-208 is required for cardiomyocyte hypertro-
phy, fibrosis, and expression of 3-MHC in response to stress
and hypothyroidism. Mice homozygous for miR-208 deletion
failed to undergo stress-induced cardiac remodeling, hyper-
trophic growth, and B-MHC upregulation, whereas transgenic
expression of miR-208 was sufficient to induce 3-MHC and
hypertrophy. The thyroid hormone receptor associated pro-
tein 1 (THRAP1), a cofactor of the thyroid hormone receptor,
was verified to be the target mRNA of miR-208. By repressing
THRAP1, miR-208 regulates the expression of p-MHC and,
thereby, the development of hypertrophy to stress. A recent
study by Wang DZ et al confirmed the action of miR-208 by
discovering that transgenic overexpression of miR-208a in the
heart induced hypertrophic growth in mice, which resulted in
pronounced repression of the miR-208 regulatory targets thy-
roid hormone-associated protein 1 and myostatin, 2 negative
regulators of muscle growth and hypertrophy'®,

Sayed et al™!
miRNA, in pressure-overload induced cardiac hypertrophy.

explored the role of miR-1, a muscle-specific

They found that miR-1 was singularly downregulated as early
as day 1, persisting through day 7, after TAC-induced hyper-
trophy in a mouse model. Moreover, the aberrant expressed
miR-1 is a causative factor of hypertrophy. Overexpression of
miR-1 carried by adenovirus vector prevented hypertrophic
growth of neonatal cardiac myocytes by inhibiting its growth-
related targets, including Ras guanosine-triphosphatase-
activating protein, cyclin-dependent kinase 9, fibronectin, and
Ras homolog enriched in brain. Consistently, Caré et al**lcon-
firmed the down-regulation of miR-1 in three different hyper-
trophic models, including transverse aortic arch-constricted
mice, transgenic mice with selective cardiac overexpression of
a constitutively active mutant of the Akt kinase, and exercised
rats, and the inhibitory role of miR-1 on cardiac hypertrophy
in vitro. miR-1 was also reported to negatively regulate the
expression of hypertrophy-associated genes, Mef2a and Gata4,
and attenuate cardiomyocyte hypertrophy in cultured neona-
tal rat cardiomyocytes and in the intact adult heart™!.

The antihypertrophic action of another muscle-specific
miRNA, miR-133, was described in two studies. Caré et al*
found that the expression of miR-133, which transcribed
together with miR-1 as a bicistronic cluster, was decreased in
the left ventricle of the above mentioned three hypertrophic
models. In vitro overexpression of miR-133 inhibited cardiac
hypertrophy. In contrast, suppression of miR-133 induced
hypertrophy, which was more pronounced than that after
stimulation with conventional inducers of hypertrophy. In
vivo inhibition of miR-133 by a single infusion of a chemically
modified antisense RNA oligonucleotide (termed ‘antagomiR")
targeted to miR-133 lead to one month miR-133 knockdown
and caused marked and sustained cardiac hypertrophy. To
elucidate the molecular mechanism underlying miR-133’s con-
trol on cardiac hypertrophy, they identified specific targets of
miR-133: RhoA, a guanosine diphosphate-guanosine triphos-



phate exchange protein regulating cardiac hypertrophy;
Cdc42, a signal transduction kinase implicated in hypertrophy;
and Nelf-A/WHSC2, a nuclear factor involved in cardiogen-
esis. Li PF’s group found that miR-23a is a pro-hypertrophic
miRNA, which is regulated by the transcription factor, nuclear
factor of activated T cells (NFATc3). Under hypertrophic
stimuli the expression of miR-23a was up-regulated, which
leads to cardiac hypertrophy via targeting the muscle specific
ring finger protein 1, an anti-hypertrophic protein. More excit-
ingly, they demonstrated that knockdown of miR-23a using
antagomir technique could significantly attenuate hypertro-
phy induced by isopropranolol, suggesting the potential of
miR-23a as an anti-hypertrophic target™. Sucharov et al dem-
onstrated that over-expression of miR-133b prevents changes
in gene expression patterns mediated by -adrenergic receptor
stimulation,

Simultaneous overexpression of three fetal miRNAs up-
regulated in the failing heart (miR-21, miR-129, and miR-
212) resulted in hypertrophic morphological changes of neo-
natal cardiomyocytes similar to that observed in the failing
heart. Meanwhile, a number of both established (ANP, BNP,
B-MHC, a-skeletal actin) and newly identified fetal genes (vil-
lin2, cspg?2, phldal, hsp90, RASA1, MEF2a, cradd, dtna) were
reactivated or silenced by this modulation of the miRNA envi-
ronment. Interestingly, overexpression of a single miRNA
(miR-21, miR-129, or miR-212) had only minor effects, indicat-
ing that certain pathological changes may require an alteration
of the miRNA environment”). Another study also confirmed
the upregulation of miR-21 in hypertrophic heart and in cul-
tured neonatal hypertrophic cardiomyocytes stimulated by
angiotensin II or phenylephrine, and the antihypertrophic
action of miR-21 was obtained by suppressing its aberrant
expression via antisense-mediated depletion™). However, a
contradictory result was also reported®, namely that miR-21
produced antihypertrophic rather than prohypertrophic
action.

miRNA and arrhythmia

Arrhythmias are electrical disturbances that can result in
irregular heart beating, which is the leading cause of sudden
cardiac death. Alterations of the three intrinsic properties of
the heart, including impaired excitation conduction/propaga-
tion, enhanced automaticity, or abnormal repolarization lead
to disturbed excitability, manifesting as arrhythmias. Cardiac
ion channels are fundamental determinants of cardiac intrinsic
properties. Malfunction of these ion channels either caused
by mutations in the genes encoding the channel proteins or
altered expression under proarrhythmic conditions, such as
cardiac remodeling, ischemia etc, can predispose to arrhyth-
mias. Conventional pharmacologic agents targeting ion chan-
nels remain the major therapeutic tools in treating cardiac
arrhythmias. However, the limited efficacy and proarrhythmic
potential of antiarrhythmic agents restricts their application.
Recent findings that miRNAs regulate expression of cardiac
ion channels strongly indicate a role of these miRNAs to influ-
ence arrhythmogenicity and a potential of these miRNAs being
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the new antiarrhythmic targets®. Life-threatening ischemic
arrhythmias are common clinical complications in ischemic
heart diseases. Our group found that the expression level of
miR-1 in the myocardium of coronary artery disease patients
was significantly increased. In vivo application of miR-1 into
the myocardium induces arrhythmias in both healthy normal
hearts and a rat model of myocardial infarction. Knock
down of miR-1 using its specific inhibitor antisense oligonucle-
otides (AMO) reversed these effects. GJA1/Cx43 and KCNJ2/
Kir2.1 are the two targets of miR-1, which explains the arrhyth-
mogenic action of miR-1, as decreased expression of Cx43 and
Kir2.1 during cardiac ischemia underlies the occurrence of
ischemic arrhythmia. These data indicated that myocardial
infarction upregulates miR-1 expression via some unknown
factors, which induces post-transcriptional repression of GJA1
and KCNJ2, resulting in conduction slowing that finally lead-
ing to ischemic arrhythmias®.

an exciting step in the dissection of new molecular signaling
132]

This work was regarded as
pathways for arrhythmias and sudden death™. Dmitry Ter-
entyev et al® further confirmed the arrhythmogenic action
of miR-1. They found that in the presence of isoproterenol,
rhythmically paced, miR-1-overexpressing myocytes exhibited
spontaneous arrhythmogenic oscillations of intracellular Ca*,
events that occurred rarely in control myocytes under the
same conditions. Protein phosphatase PP2A was validated as
a new target of miR-1. Suppression of PP2A by miR-1 selec-
tively leads to CaMKII-dependent hyperphosphorylation of
RyR2, enhances RyR2 activity, and promotes arrhythmogenic
SR Ca™ release.

Atrial fibrillation is another most commonly encountered
cardiac arrhythmia and is directly or indirectly responsible
for considerable mortality and morbidity in cardiovascular
disease patients. Elucidation of the molecular mechanisms
underlying the development of atrial fibrillation may provide
novel targets for future therapy. Our group found that miR-
133 and miR-590 are involved in atrial structural remodeling,
which is the major pathological basis for the development of
atrial fibrillation®. In the atrium of nicotine treated dogs,
TGF-p1 and TGF-p RII were upregulated at the protein level,
while miR-133 and miR-590 were downregulated. TGF-{31
and TGF-PBRII were verified as the targets of miR-133 and
miR-590, respectively, as transfection of miR-133 or miR-590
into cultured atrial fibroblasts decreased levels of TGF-p1
and TGF-BRII and collagen content, which were abolished
by the antisense oligonucleotides against miR-133 or miR-
59014,
using small silencing RNAs or antisense oligonucleotides has

This study indicates that interference with miRNAs

the potential to be developed as novel therapeutic approach to
AF®! Interestingly, the cardiac specific miRNA miR-208a was
demonstrated to participate in both cardiac conduction abnor-
mality and the occurance of AF, as miR-208a transgenic mice
manifested first-degree atrial-ventricular block, while miR-
208a knockout mice developed AF, which strongly indicates
the importance of maintaining the physiological balance of
miRNA levels™.

Pacemaker channels, which carry the nonselective cation
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currents, are critical in generating sinus rhythm and ectopic
heart beats under various pathological settings such as car-
diac hypertrophy. Luo et al showed that miR-1 and miR-133
also targeted pacemaker channels, HCN2 and HCN4, with
HCN2 modulated by miR-1 and miR-133 and HCN4 by miR-
1P¢ Forced expression of miR-1/miR-133 by transfection
prevented overexpression of HCN2/HCN4 in hypertrophic
cardiomyocytes, indicating its antiarrhythmic capability.
Rapid delayed rectifier K" current (Iy,), encoded by human
ether-d-go-go-related gene (HERG), and slow delayed rectifier
K" current (Iy,), encoded by KCNQ1 assembles with KCNE1,
are two potassium currents responsible for the repolarization
of cardiac myocytes and play a critical role in governing car-
diac APD. Impairment of these repolarization current chan-
nels can cause substantial prolongation of APD or QT interval
prolongation, which is associated with an increased risk of
sudden cardiac death consequent to lethal ventricular arrhyth-
mias. Xiao et al tested the involvement of miRNAs underlying
the discrepancy expression of ERG channels in a rabbit dia-
betic model. They found that repression of ERG by miR-133
in diabetic hearts likely underlies the differential changes of
ERG protein and transcript, thereby causing depression of Iy,
and repolarization slowing, resulting in QT prolongation and
arrhythmias™). In addition, they experimentally established
that KCNQ1 and KCNEL are targets of miR-133 and miR-1,
respectively®.
bution of miR-133 and miR-1 transcripts within the heart is

More importantly, they found that the distri-

also spatially heterogeneous with the patterns corresponding
to the spatial distribution of KCNQ1 and KCNEI1 proteins and
Ixs. Zhao et al® found that targeted deletion of the muscle-
specific miRNA, miR-1-2, lead to abnormal propagation of
cardiac electrical activity, manifested as slower heart rate, a
shortened PR interval, and a broadened QRS complex, indica-
tive of bundle branch block. They further validated the miR-
1-2 targets, including the cardiac transcription factor, Irx5,
which represses KCND?2, a potassium channel subunit (Kv4.2)
responsible for transient outward K* current (I,,). Clearly, the
multi-target effects of muscle-specific miR-1 and miR-133 on
ion channels supports a central role of miRNA for fine tuning
the regulation of cardiac electrophysiology and the potential
of them as novel therapeutic targets.

miRNA and cardiac fibrosis

Cardiac fibrosis, a process of excessive extracellular matrix
(ECM) protein accumulation, also called ECM remodeling, is
an important feature of cardiac adaptation to numerous patho-
logical stimuli, such as hypertension and cardiac infarction.
This process alters mechanical stiffness and electric properties
of the heart and contributes to diastolic dysfunction, cardio-
myocyte loss, arrhythmias, and the progression to heart fail-
ure. Alleviation of ECM remodeling was considered a reason-
able strategy to improve cardiac function and prevent heart
failure associated with cardiac infarction and hypertension.
Interestingly, several miRNAs including miR-133, miR-21,
miR-29 and miR-30 have been demonstrated to participate in
the regulation of ECM remodeling. Olson’s group™” found
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that the miR-29 family of miRNAs, which consists of three
members expressed from two bicistronic miRNA clusters
(miR-29b-1 is co-expressed with miR-29a, and miR-29b-2 is
co-expressed with miR-29¢), are downregulated in the region
of the heart adjacent to the infarct in chronic cardiac infarc-
tion rats. In vivo knockdown of cardiac miR-29b by tail vein
injection of cholesterol-modified oligonucleotides (antagomiR
miR-29b) modestly increased collagen expression in the heart,
whereas over-expression of miR-29 in fibroblasts reduced col-
lagen expression, indicating the potential role of miR-29 as a
negative regulator of collagen expression. A large number of
mRNAs that encode proteins involved in fibrosis, including
multiple collagens, fibrillins, and elastin were found to be tar-
gets of miR-29.

The role of miR-21 in the process of fibrosis has been investi-
gated in-depth®”*). miR-21 was reported to be progressively
upregulated in cardiac fibroblasts during cardiac ischemia/
2 4 Upregula-
tion of miR-21 in cardiac fibroblasts results in inhibition of

reperfusion'” or the later stages of heart failure
SPRY1 protein expression, augmentation of ERK-MAP kinase
activity, which in turn enhances cardiac fibroblast survival
and thereby the interstitial fibrosis and cardiac remodeling
that is characteristic of the failing heart*. More importantly,
blocking of endogenous miR-21 by antagomiR-21, which is
a chemically modified antisense oligonucleotide specific for
miR-21, in pressure overload mice reduced genes encoding
collagens and extracellular matrix molecules that are highly
upregulated during cardiac fibrosis, and significantly attenu-
ated the increased interstitial fibrosis, cardiomyocyte size and
heart weight. This finding may provide a new remedy for the
treatment of fibrosis.

Different from miR-29 and miR-21, another two miRNAs,
miR-133 and miR-30c, are down regulated during ventricular
hypertrophy!®. Overexpression of miR-133 or miR-30c in
cultured fibroblasts decreased the production of collagens by
suppressing connective tissue growth factor (CTGF), which is
a powerful inducer of ECM synthesis and contributes to myo-

cardial remodeling.

miRNA and cardiac ischemic disease

Ischemic/reperfusion injury is one of the most common car-
diovascular diseases that requires intensive research to fully
elucidate the underlying mechanisms and improve the thera-
peutic outcomes. Oxidative stress and apoptosis are the key
pathological processes that medicate ischemic/reperfusion
injury. Induction of neovascularization and ischemic precon-
ditioning has been established as effective cardioprotective
strategies. Increasing evidence indicates that miRNAs, such
as miR-1/106, miR-133, miR-21, miR-320, miR-199a and miR-
92a, are also implicated in ischemic cardiac disease. We have
recently shown that miR-1 level is markedly elevated in isch-
emic myocardium where apoptotic cell death plays an impor-
tant role in the detrimental changes of the diseased heart®".,
Coincidently, another study from our laboratories revealed
a novel aspect of cellular functions of the muscle-specific
miRNAs miR-1 and miR-133, ie regulation of apoptosis and
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survival in cardiomyocytes. A unique feature of this regula-
tion is the opposing actions with miR-1 being pro-apoptotic
and miR-133 being anti-apoptotic, suggesting a possible role
of relative miR-1 and miR-133 levels in regulating the cell fate.
Post-transcriptional repression of heat shock protein 60 and
heat shock protein 70 by miR-1 and of caspase 9 by miR-133 is
probably one of the mechanisms underlying their regulation
of apoptosis versus survival™!. Our results therefore suggest
that the ischemic elevation of miR-1 level may contribute to
the enhanced apoptotic cell death in myocardial infarction,
in addition to the enhanced arrhythmogenicity. This con-
ception was proven by two studies from other researchers.
Yu et al™ reported that miR-1 is a key mediator of glucose
induced apoptosis!*!
factor-1 expression represents a new mechanism underlying

and suppression of insulin-like growth

its proapoptotic action. Furthermore, we found that miR-1
also participates in the regulation of beta-blocker produced

cardioprotection”.,

Administration of propranolol reversed
the up-regulation of miR-1 nearly back to the control level
during ischemia, which then lead to relieving of myocardial
injury by restoring the membrane depolarization and cardiac
conduction slowing, and rescuing the expression of inward
rectifying K* channel subunit Kir2.1 and gap junction channel

connexin 43 (Figure 1).
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Figure 1. Summary of beta-adrenergic blocker produced protective
effects against ischemic arrhythmias and cardiac injury”. Beta-blockers
reduced miR-1 level via inhibiting beta-adrenoceptor-cAMP-PKA pathway
and a transcriptional factor-serum response factor (SRF), which led to up-
regulated expression of Cx43 formed gap junctions and inward rectifier
potassium channels (ly,).

Another miRNA, miR-21, was found to prevent cell dam-
age subjected to H,O,, which mimics the pathological condi-

tion of high levels of reactive oxygen species (ROS) that act as

an important inducer of cardiac cell injury™.

Consistently,
another study proved that miR-21 demonstrated a significant
increase in mice heart subjected to cytoprotective heat-shock
(HS). Moreover, overexpression of chemically synthesized
miR-21 reduced infarct size which was associated with the
inhibition of pro-apoptotic genes and increase in anti-apop-
totic genes, whereas a miR-21 inhibitor abolished this effect!*”).
In a mouse model of myocardial infarction, systemic adminis-
tration of an antagomiR designed to inhibit miR-92a resulted
in enhanced blood vessel growth and functional recovery of
damaged tissue®™. miR-92a appears to target mRNAs cor-
responding to several pro-angiogenic proteins, including the
integrin subunit alpha5””. Ren et al® demonstrated that miR-
320 is involved in the regulation of ischemia/reperfusion
(I/R)-induced cardiac injury and dysfunction via antithetical
regulation of Hsp20. Transgenic overexpression of miR-320
increased apoptosis and infarction size in the hearts on I/R,
whereas in vivo treatment with antagomir-320 reduced infarc-
tion size relative to the administration of mutant antagomir-
320 and saline controls. These studies not only elucidated the
complex molecular mechanisms of cardiac injury in a new
level, but also presented valuable therapeutic targets in the
setting of ischemic disease.

miRNA and vascular disease

Aberrant proliferation of vascular smooth muscle cells
(VSMCs) and the formation of neointimal lesion is a key
pathological process of a variety of proliferative vascular dis-
eases, such as atherosclerosis, coronary heart diseases, post-
angioplasty restenosis and transplantation arteriopathy'™.
Recently, Zhang’s group demonstrated the regulative role
of miRNAs including miR-21, miR-221, and miR-222 in the
(53341 They found
that miR-21, miR-221, and miR-222 were significantly upregu-

process of aberrant VSMCs proliferation

lated in carotid arteries after angioplasty. Depletion of the
aberrantly overexpressed miR-21, miR-221, or miR-222, via
antisense-mediated knockdown, has a significantly nega-
tive effect on neointimal lesion formation in rat artery after
angioplasty, while forced overexpression of these miRNAs
promotes VSMCs proliferation. They further confirmed that
PTEN and Bcl-2, two important signal molecules associated
with VSMC growth and apoptosis, are the targets of miR-21,
through which miR-21 exerts its function™. They then elu-
cidated that p27(Kip1) and p57(Kip2) are related to miR-221-
and miR-222-mediated effect on VSMC proliferation, as in the
VSMCs deficient of these genes the inhibitory effect of miR-
221 and miR-222 on VSMC proliferation is decreased". These
results indicate that miRNAs are important regulators in the
development of proliferative vascular diseases and the poten-
tial therapeutic targets in vascular diseases.

MiRNAs based therapeutic strategies

The recent studies on the role of miRNAs in cardiovascular
diseases imply: (1) miRNAs are key regulators of a variety of
cardiovascular diseases, including hypertrophy, heart failure,
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cardiac injury, arrhythmia and asthersclerosis etc; (2) Down-
or up-regulation of one particular miRNA is enough to cause
the pathogenesis of specific cardiovascular disease, which can
be reversed by correcting the aberrant expressed miRNA, indi-
cating the potential of miRNAs as pharmacological targets.
Therefore, approaches to manipulate either positively or nega-
tively the expression of miRNAs can be taken for therapeutic
purposes. For those miRNAs that are downregulated under
disease states, forced miRNA re-expression strategy is used
to recover miRNA expression, whereas for those miRNAs
upregulated, anti-miRNA strategy is employed to suppress
their expression.

miRNA re-expression strategy

To recover the decreased miRNA levels in cardiovascular
diseases and thus prevent the pathological process, the exog-
enous miRNAs either synthesized artificially or constructed
in virus vectors have been often used in previous studies to
achieve optimistic outcomes™ *I. Generally, these miRNAs
are double-stranded and have the same sequence as endog-
enous miRNAs.

However, as one miRNA can target hundreds of mRNAs,
the inhibitory action of a particular miRNA can be nonspecific
and the off-target effect by an exogenous miRNA seems inevi-
table. In order to circumvent the problem of non-gene speci-
ficity of miRNA actions, a technology named miRNA Mimic
technology was developed, which utilizes synthetic, non-
natural nucleic acids that can bind to the unique sequence of
target mRNAs in a gene-specific manner and elicits post-tran-
scriptional regulatory effects as a miRNA does®™. A miRNA
mimic must be complementary to, only to, the 3’UTR of the
target gene to elicit miRNA action, that is repressing the target
gene at the post-transcriptional level with minimal effects on
the mRNA level. Meanwhile, the 3'UTR of the target gene
must contain a unique sequence distinct from other genes to
elicit gene-specific action. This technique was successfully
verified by applying it to cardiac pacemaker genes HCN2 and
HCN4™!, After identifying a stretch of sequence in the 3'UTR
unique to the HCN2 (or HCN4) gene that is expectedly long
enough for miRNA action, a 22-nt miRNA mimic complemen-
tary to the HCN2 (or HCN4) sequence was designed, which
has eight nucleotides (nucleotides 2-8) at the 5" end, and seven
nucleotides at the 3’end. These miRNA mimics substantially
repressed HCN channel protein expression, with concomitant
depression of pacemaker activities and reduction of heart rate
but with minimal effects on their mRNA levels. The results
demonstrated a promise of utilizing the technology for gene-
specific repression of expression at the protein level based on
the principle of miRNA actions.

Anti-miRNA strategy

For those miRNAs that are aberrantly upregulated and play a
causal role in disease states, the anti-miRNA techniques that
suppress their expression should be employed. Inhibiting of
miRNAs expression can be achieved by using antisense inhibi-
tor oligonucleotides (AMO) technique. AMOs are artificially
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designed oligonucleotides fully complementary to their target
miRNAs, which act to breakdown the targeted miRNAs with
unknown mechanisms. AMOs are a necessary tool for study-
ing miRNAs and have also been proposed as potential thera-
peutic agents®™ >, The function of a series of AMOs has been
investigated in cardiovascular diseases, and demonstrated
favorable therapeutic results’® !, The application of AMOs,
to some extent, possesses similar characteristics to that of gene
therapy.

Delivery method is a key obstacle that must be overcome
before AMOs can be used clinically. To increase the tissue
uptake of AMOs, cholesterol moieties that facilitate cell pene-
tration can be attached to AMOs to form “antagomiRs”, which
can strongly inhibit the expression of target miRNAs after in
vivo application®. More strikingly, the studies have validated
the therapeutic effects of antagomiR in cardiac hypertrophy®
and infarction™®” *** by intravenous bolus injection, indicating
its promising clinical application perspective.

As one miRNA may act on multiple targets, its inhibitor
AMO can also influence the expression of a large number of
proteins leading to non-gene-specific action and “off-target”
effects. To tackle this problem, a technique termed miRNA-
masking antisense oligodeoxynucleotides (miR-Mask) was
developed™, which was validated by testing its application
to the cardiac pacemaker channel encoding genes HCN2 and
HCN4. One of the major advantages of this technology is that
it offers a gene-specific miRNA-interfering strategy. A miR-
Mask is designed to be exactly antisense to the binding site for
a given miRNA in the target mRNA, which can form duplex
with the target mRNA. In this way, the miR-Mask acts as a
target protector masking the binding site to stop the action
of that miRNA. A recent study™ confirmed the efficiency of
this technology in which the authors investigated the role of
zebrafish miR-430 in regulating expression of TGF-Nodal ago-
nist squint and antagonist lefty, the key regulators of mesend-
oderm induction and left-right axis formation. They designed
target protector morpholinos complementary to miRNA bind-
ing sites in target mRNAs in order to disrupt the interaction
of specific miRNA-mRNA pairs. Protection of squint or lefty
mRNAs from miR-430 resulted in enhanced or reduced Nodal
signaling, respectively™.

Another innovative approach termed “miRNA sponges”
was invented by Ebert et al®”). The idea behind it is to produce
a single piece of RNAs containing multiple, tandem-binding
sites for a miRNA seed family of interest, in order to target all
members of that miRNA seed family, taking advantage of the
fact that the interaction between miRNA and target is nucle-
ated by and largely dependent on base pairing in the seed
region (positions 2-8 of the miRNA). The authors constructed
sponges by inserting tandemly arrayed miRNA binding sites
into the 3'UTR of a reporter gene encoding destabilized green
fluorescent protein driven by the cytomegalovirus promoter,
which can yield abundant expression of the competitive inhib-
itor transcripts. Binding sites for a particular miRNA seed
family were perfectly complementary in the seed region with
a bulge at positions 9-12 to prevent RNA-interference-type



cleavage and degradation of the sponge RNA. When vectors
encoding these miRNA sponges are transiently transfected
into cultured cells, they depress miRNA targets as strongly
as the conventional AMOs. The major advancement of this
technique over the AMO technique is that it can better inhibit
functional classes of miRNAs than do AMOs that are designed
to block single miRNA sequences.

It has become clear that a particular condition may be asso-
ciated with multiple miRNAs, eg miR-29 and miR-21 in car-
diac fibrosis and a given gene may be regulated by multiple
miRNAs. Thus, simultaneously targeting multiple miRNAs
relevant to a particular condition may offer an improved
approach than targeting a single miRNA. To investigate
this possibility, we developed an innovative strategy, the
multiple-target AMO (MT-AMO) technology, which confers
a single AMO fragment the capability of targeting multiple
miRNAs®". We have validated the technique with two sepa-
rate MTg-AMOs: anti-miR-21/anti-miR-155/anti-miR-17-5p
and antimiR-1/anti-miR-133*Y. The MTg-AMO targeting
miR-21, miR-155 and miR-17-5p produced a greater inhibitory
effect on cancer cell growth, compared with the regular single-
target AMOs. Moreover, while using the regular single-target
AMOs excluded HCN2 as a target gene for either miR-1 or
miR-133, the MTg-AMO approach is able to reveal HCN2 as
the target for both miR-1 and miR-133".

Perspectives and limitations

miRNAs are a group of key regulators that modulate the
development of various diseases, including cardiovascular dis-
eases. Some individual miRNAs can dictate the pathogenesis
of a specific disease, such as cardiac hypertrophy, arrhythmias,
ischemia and atherosclerosis, etc. Moreover, manipulating the
expression of the disease-causing miRNAs can prevent the
disease progression, strongly indicating the therapeutic poten-
tial of miRNAs. Furthermore, several miRNA manipulation
techniques have been created to accomplish “gain-of-function”
or “loss-of-function” management on miRNA expression.
The constructs designed based on these techniques have all
demonstrated their efficacy in treating cardiovascular disease,
which makes miRNAs step closer to clinical therapeutic appli-
cation. Thus, it is not surprising that miRNAs have been con-
tinually attracting attention of researchers from nearly every
areas of life sciences, which will inevitably impel the progress
in miRNA biology and therapy. Additionally, miRNAs have
also demonstrated their potential as diagnostic and prognos-
tic markers®. Recent evidence supports the use of specific
miRNA signatures to predict clinical outcomes of relevant

[62]

conditions'™. Our pervious work has validated miR-1 as a

B n a recent

proarrhythmic miRNA in ischemic heart disease
study, we found that the serum miR-1 level is closely linked to
the severity of cardiac infarction and the occurrence of lethal
arrhythmias in coronary artery disease patients (unpublished
data), which represents a new diagnostic marker.

However, we have merely made a first step towards the
application of miRNA-interfering technologies. We still face

many unanswered questions and unsolved problems. First, as
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®

a particular disease condition may be associated with multiple
miRNAs, and a given gene may be regulated by multiple miR-
NAs. Thus, interactions between miRNAs may have impact
on the protein expression of the target genes and may compli-
cate the potential role of miRNA as therapeutic targets in car-
diovascular disease. We should further validate the specificity
of the established miRNA targets before application. Second,
the detailed molecular mechanism under which miRNAs
regulate cardiovascular diseases still requires further eludicita-
tion. Third, the biggest obstable on the way to miRNA-based
clinical therapy is how to efficiently deliver miRNA mimics
and inhibitors to the target organs. Not until we will have had
rational answers to these questions after rigorous fundamental
and clinical studies, will we have better ideas about miRNAs
as targets for the development of therapeutic agents for car-
diovascular disease.
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Kruppel-like factor (KLF) 5 mediates cyclin D1
expression and cell proliferation via interaction with
c-Jun in Ang ll-induced VSMCs
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Aim: To elucidate how kruppel-like factor (KLF5) activates cyclin D1 expression in Ang ll-induced vascular smooth muscle cells (VSMC)
proliferation.

Methods: An adenoviral vector containing the full-length cDNA of KLF5 and a recombinant plasmid expressing c-Jun were constructed.
MTT assay and flow cytometric analysis were used to determine the effect of Ang Il on cell growth. The luciferase assay and chromatin
immunoprecipitation were used to detect the relationship between KLF5 and c-Jun in transactivation of cyclin D1 gene expression.
Results: Ang Il upregulated the expression of KLF5 with concurrent acceleration of the cell cycle progression in VSMCs. Ang Il induced
KLF5 activation via the ERK and p38 MAPK pathways triggered by AT-1 receptor. High DNA binding activity and functional interaction

of KLF5 and c-Jun were found in Ang ll-induced VSMCs. Cotransfection of KLF5 and c-Jun expression vectors significantly increased

cyclin D1 promoter activity.

Conclusion: KLF5 is a downstream signal of the ERK 1/2 and p38 MAPK pathways, and activates the transcription of cyclin D1 gene
via functional interaction with c-Jun in Ang Il-induced VSMC proliferation.

Keywords: Krippel-like factor 5; cyclin D1; angiotensin Il; proliferation; vascular smooth muscle cells
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Introduction
Multiple lines of experimental and clinical evidence indicate
that angiotensin II (Ang II) not only induces hypertension,
but also directly contributes to pathophysiological vascular
thickening and atherosclerosis in humans™. A large number
of studies of the functions of Ang II in vitro and in vivo have
indicated that Ang II activates multiple intracellular signal-
ing cascades, such as those mediated by mitogen-activated
protein kinase (MAPK), and regulates various transcription
factors, and causes cell growth in vascular smooth muscle cells
(VSMCs)". A growing body of evidence shows that Ang II
type 1 (AT-1) receptor but not AT-2 is involved in the signal
transduction underlying Ang Il-induced VSMC growth!, such
as activation of JNK" and p38F. However, little is known
about the role of these signal cascades in Ang II-induced pro-
liferative response.

Kriippel-like factor 5 (KLF5), a member of the Sp/KLF fam-
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Received 2009-06-30 Accepted 2009-11-20

ily of zinc finger factors, is a key regulator of cardiovascular
remodeling!. One mechanism by which KLF5 accomplishes
its proliferative effect is to transcriptionally activate several
cell cycle-promoting genes, including cyclin D1, cyclin B1,
and Cdc2"). Our recent study has demonstrated the interac-
tion of KLF5 and c-Jun in Ang Il-induced suppression of p21
expression’. In view of involvement of KLF5 and cyclin D1
in VSMC proliferation, we hypothesize that KLF5 might be
required for Ang II-mediated expression of cyclin D1 and cell
proliferation in VSMC.

In this study, we report that KLF5 plays a crucial role in Ang
II-induced cyclin D1 expression and proliferation of VSMCs.
We show that Ang II induces KLF5 expression and activation
via ERK and p38 MAPK pathways. A functional interaction
was found between KLF5 and c-Jun, which enhanced the
transactivating activity of the both proteins, and consequently
led to a synergistic increase in the expression of cyclin D1
gene. These results indicate that KLF5 is a downstream target
of the ERK 1/2 and p38 MAPK pathways and enhances the
transcriptional ability of cyclin D1 gene to promote prolifera-
tion in Ang Il-induced VSMCs.



Materials and methods

Construction of recombinant plasmids and adenoviral vectors
The pGL3-CD1-Luc luciferase reporter plasmid containing the
cyclin D1 promoter (from -1745 to +134) was a generous gift
from Dr Richard G PESTELL (Northwestern University Medi-
cal School, Chicago, IL). Full-length mouse KLF5 cDNA was
cloned into pEGFP-N1 and pAd/CMV/V5-DEST Gateway
Vector (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s protocol to obtain the pEGFP-KLF5 and Ad-KLF5 con-
structs, respectively. To construct the c-Jun expression plas-
mid, c-Jun cDNA was obtained from the pBIISK(-)-Jun plas-
mid via EcoR I digestion and then inserted into the pcDNA3.1
vector and sequenced. All clones were verified by sequencing
(data not shown).

Cell culture and treatment

VSMCs were isolated from the thoracic aorta of 90-110 g male
Sprague-Dawley rats as described previously!. VSMCs and
the COS-7 cell line were grown in low glucose DMEM (Dul-
becco’s modified Eagle’s medium) (Invitrogen), supplemented
with 10% FBS (fetal bovine serum) under 5% CO, at 37 °C.
VSMCs grown to 70% confluence were serum deprived for
24 h, then treated with 107 mol/L Ang II following pretreat-
ment with or without valsartan (antagonist of AT-1 receptor)
and PD123319 (antagonist of AT-2 receptor) (Sigma)® ' in
DMEM containing 2% FBS for the indicated time periods.

Transfection and infection

The cultured VSMCs grown to 60% confluence were serum
deprived for 24 h and then transfected with rat KLF5-specific
siRNA (5'-AACCCGGAUCUGGAGAAGCGA-3’) or non-
specific NS-siRNA (5'-GCGCGCUUUGUAGGAUUCG-3)"
using the Lipofectamine 2000 reagent (Invitrogen), according
to the manufacturer’s protocol. Twenty hours after transfec-
tion, the VSMCs were treated with Ang II (107 mol/L) or
vehicle for 24 h. Alternatively, VSMCs were infected with Ad-
KLF5 or empty Ad for 48 h and then treated with Ang II. Cells
were then collected for assays, which are described below.

MTT assay

After treatment, the viability of VSMCs cultured in 96-well
plates was measured using MTT (3-[4,5-dimehyl-2-thiazolyl]-2,
5-diphenyl-2H-tetrazolium bromide). In brief, after cells were
collected and incubated in medium containing 2 mg/mL MTT
reagent (Sigma Chemical Co) at 37 °C for 4 h, the formazan
crystals converted from tetrazolium salts by viable cells were
dissolved in DMSO (200 pL/well) and the absorbance was
measured at 570 nm using a microplate reader to reflect cell
viability. The experiment was repeated three times.

Cell number assay

Cell count experiments were performed as described
previously*. Briefly, a suspension of VSMCs (0.5x10°
cells/mL) was prepared and treated with or without Ang II
(107 mol/L) for different time periods. Cells were counted in
a hemocytometer using a light microscope.

www.chinaphar.com
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Flow cytometric analysis

Cells were plated in 100-mm dishes at a density of 3x10° per
dish. The medium was removed and pooled with trypsinized
adherent cells. Cells were washed and resuspended in cold
PBS at a density of (1-3)x10°cells/mL, and then 500 pL of pro-
pidium iodide (PI) buffer (0.1 mg/mL PI in PBS) and 500 pL of
RNase A (2 mg/mL) were added, respectively. After 30 min
incubation at room temperature in the dark, cells were filtered
through a nylon mesh filter and subjected to flow cytometry.

RNA isolation and reverse transcription (RT)-PCR

Total RNA was isolated from VSMCs using the TRIzol reagent,
according to the manufacturer's instructions (Invitrogen,
Carlsbad, CA). Reverse transcription was performed with the
Superscript First Strand Synthesis System for RT-PCR (Invit-
rogen, Carlsbad, CA). The cDNA was then used as a tem-
plate for PCR using specific primers for cyclin D1 (forward,
5-ACCAATCTCCTCAACGACC-3’; reverse, 5-TTGTTCT-
CATCCGCCTCT-3") and B-actin (forward, 5-CAGGGTGT-
GATGGTGGG-3'; reverse, 5'-GGAAGAGGATGCGGCAG-3').
The amplified products were separated on a 2% agarose gel
containing ethidium bromide, and the band intensities were
quantified using the Image ] software provided by the NIH.

Western blot and immunoprecipitation

Lysates from VSMCs were prepared with lysis buffer (1%
Triton X-100, 150 mmol/L NaCl, 10 mmol/L Tris-HCI, pH
7.4, 1 mmol/L EDTA, 1 mmol/L EGTA, pH 8.0, 0.2 mmol/L
Na,;VO,, 0.2 mmol/L phenylmethylsulfonyl fluoride and
0.5% NP-40). Equal amounts of protein (60~100 pg) were
separated via 8% SDS-PAGE and transferred to a PVDF mem-
brane. Membranes were blocked with 5% BSA for 2 h at room
temperature and then incubated with anti-KLF5 (1:400), anti-
cyclin D1 (1:300), anti-PCNA (1:400), anti-SM22a (1:400) (Santa
Cruz), anti-AT-1 (1:400), anti-ERK (1:400), anti-phospho-ERK
(1:400), anti-JNK (1:200), anti-phospho-JNK (1:200), anti-p38
MAPK (1:400), anti-phospho-p38 MAPK (1:400) or anti-p-actin
(1:1000) antibodies (Cell Signaling) overnight, and then with
the HRP-conjugated secondary antibody (1:10000) for 2 h.
Bands were detected using the enhanced chemiluminescence
(ECL) detection system. The experiments were repeated three
times. Immunoprecipitation was performed as described
previously™
with protein A-agarose. The supernatant was incubated with

. Briefly, the cell extract was first pre-cleared

1-2 pg of anti-phospho-Ser or anti-KLF5 antibodies and sub-
sequently incubated with protein A-agarose overnight at 4 °C.
Protein A-agarose-antigen-antibody complexes were then ana-
lyzed via Western blot as described above. The experiments
were repeated at least three times.

Chromatin immunoprecipitation (ChIP) assay

VSMCs were treated with Ang IT (10”mol/L) for 1 h and fixed
with 1% formaldehyde. ChIP assays were then performed
using 2 pg of anti-KLF5 and anti-c-Jun antibodies (Santa Cruz)

[16]

as described previously" ™. An aliquot of the cell lysate was

used to isolate total DNA. PCR amplification of the immuno-
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precipitated DNA was performed using the following primers:
KLF5, 5'-CACCTTATCGGCTCACACAT-3" and 5-GAGA-
CACGATAGGCTCTTTG-3" (-868~-1094); 5-GGATAAACCG-
GTCACTGTAA-3 and 5-CCAGACGAGCCCTAAGTTTT-3'
(-538~-801); 5'-CGCTCTTTCCCAGCTTAGA-3" and
5-CAACTTCAACAAAACTCCCCT-3" (-10~-245); AP-1,
5-CGCTCTTTCCCAGCTTAGA-3" and 5'-CAACTTCAA-
CAAAACTCCCCT-3 (-10~-245).

Luciferase assay

COS-7 cells were grown to 70% confluence and then trans-
fected in triplicate with pGL3-CD1-luc, pEGFP-KLF5,
pcDNAB3.1-c-Jun or pGL3-Basic, along with pRL-TK in the
absence of serum medium. Twenty-four hours after transfec-
tion, cells were treated with Ang II (107 mol/L) for 24 h. Cell
lysates were harvested and then the luciferase activity was
measured with the Dual-Luciferase® Reporter Assay System
(Promega, Madison, WI) according to the manufacturer’s
manual. The relative luciferase activities compared with the
luciferase activities of pRL-TK were presented as means+SEM.

Statistical analysis

The experiments were repeated three times with similar
results. The data shown are derived from replicated measure-
ments obtained from a single VSMC culture. Data are pre-
sented as means+*SEM. Statistical analyses were carried out
with the SPSS 11.5 statistical software package (Chicago, IL).
The primary statistical test used was the one-way ANOVA.
P<0.05 was considered statistically significant.

Results

Ang Il promotes cell cycle progression to stimulate growth of
VSMCs

Ang II functions as a growth factor in VSMCs"". Thus, we
tested the effects of Ang I on VSMC growth. The results from
MTT, cell number and flow cytometric analyses, were used to

[17]

indirectly and directly determine cell viability, were expected
to reflect the regulation of cell growth by Ang II. The results
of the MTT and cell number assays showed that Ang II treat-
ment caused a concentration-dependent stimulation of VSMC
growth at 10°mol/L and higher. Significant stimulation was
observed from the dose of 107 mol/L Ang II (Figure 1A, 1B).
These results indicate that Ang II exerts a growth-stimulating
effect on VSMCs. Furthermore, the proliferative effect of Ang
II was verified by evaluating the fate of Ang II-treated VSMCs
with regard to cell cycle progression. Cells were synchronized
via 24-h serum starvation and then induced by treatment with
Ang II to re-enter the cell cycle. Flow cytometric analysis was
performed after propidium iodide staining. After 24 h of treat-
ment, Ang II significantly reduced the proportion of cells in
the Gy/G;-phase, and increased the proportion of S-phase cells
in a dose-dependent fashion (10°*~10° mol/L; Figure 1C). The
level of proliferating cell nuclear antigen (PCNA), a marker of
cell growth, paralleled the number of cells that re-entered the
cell cycle, while the level of SM22a (a marker of differentiated
VSMCs) inversely correlated with this number (Figure 1D).
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These results suggest that Ang II promotes cell cycle progres-
sion to stimulate growth of VSMCs.

KLF5 is involved in Ang ll-induced cyclin D1 expression and VSMC
proliferation
Cyclin D1 is a growth sensor that is induced by growth factors

and mitogens to accelerate G, progression™®l

. To investigate
the observed G;-phase progression after Ang II treatment, we
first examined the effect of Ang II on cyclin D1 expression. In
VSMCs, the amounts of cyclin D1 protein detected via West-
ern blot analysis gradually increased with increasing doses of
Ang II (Figure 2A). To determine the mechanism of cyclin D1
induction, total RNA was isolated from VSMCs, and RT-PCR
was performed. Ang II (107 mol/L) induced the expression
of cyclin D1 at the mRNA level in a time-dependent manner,
with a maximum of a 4-fold increase at 12 h, and maintenance
at this level at least for 24 h, with concurrent changes in the
level of cyclin D1 protein expression (Figure 2).

KLF5 has previously been shown to increase cell growth
and cell cycle progression in NIH3T3 cells by accelerating
both the G,/S transition and entry into mitosis®?. To inves-
tigate whether KLF5 is involved in Ang II-induced cyclin D1
expression and cell proliferation, the level of KLF5 protein
in VSMCs was detected via Western blot analysis following
Ang II treatment. As shown in Figure 2B, Ang II increased
KLF5 protein levels in a dose-dependent manner, which cor-
related with Ang Il-induced cell proliferation and cyclin D1
expression. The level of KLF5 protein began to increase at 3 h
after Ang II treatment, peaked at a maximum of 4-fold at 12 h,
and declined thereafter, consistant with cyclin D1 expression
profiles.

To confirm the role of KLF5 in Ang II-induced cyclin D1
expression and cell proliferation, VSMCs were infected with
Ad-KLF5 to overexpress KLF5 or with KLF5-specific siRNA to
knockdown endogenous KLF5 expression (Figure 2C). Over-
expression of KLF5 increased endogenous cyclin D1 protein
levels (Figure 2C). As shown in Figure 2D, in response to Ang
II, the level of KLF5 protein was significantly attenuated in
VSMCs transfected with KLF5-specific siRNA as compared to
cells transfected with non-specific siRNA (NS-siRNA). Simi-
larly, KLF5-specific siRNA abolished Ang II-induced cyclin
D1 protein expression. However, these changes were not
observed in the cells treated with NS-siRNA. MTT and flow
cytometric analysis showed that KLF5 overexpression resulted
in increased proliferation, and a reduction in the proportion
of cells in the Gy/G;-phase, compared with empty vector con-
trols. In addition, knockdown of KLF5 expression dramati-
cally reduced cell growth and the number of S-phase cells,
even after Ang II treatment (Figure 2E, F), indicating that KLF5
is critical for Ang II-mediated VSMC proliferation. Taken
together, KLF5 is required for both Ang Il-induced cyclin D1
expression and VSMC proliferation.

Ang Il induces KLF5 activation via the ERK 1/2 and p38 MAPK
pathways
Protein phosphorylation plays a major role in modulating the
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Figure 1. Ang Il promotes cell cycle progression to stimulate growth of VSMCs. (A and B) VSMC proliferation induced by Ang Il was tested using MTT (A)
or cell number (B) assays. °P<0.05, °P<0.01 vs PBS control. (C) Cell cycle of VSMCs was tested by flow cytometric analysis. °P<0.05, °P<0.01 vs PBS
control. (D) Expression of PCNA and SM22a in VSMCs was detected by Western blotting. B-actin was used as an internal control.

activity of transcription factors!. As Ang II induced both

KLF5 and cyclin D1 expression in same profile manner, KLF5-
mediated cyclin D1 expression may result from KLF5 activa-
tion but not its expression. For this, the phosphorylation status
of KLF5 was tested via cross-immunoprecipitation using anti-
phospho-Ser and anti-KLF5 antibodies. As shown in Figure
3A, Ang II effectively increased the level of phosphorylated
KLF5, and effect that was significant at 0.5 h and peaked at 1 h.
In contrast, Ang II treatment had little influence on total KLF5
protein levels. Ang II regulates cell growth through ERK 1/2,
which is a key mediator of growth™. ERK 1/2 mediates the
transmission of signals elicited by extracellular stimuli acting
on plasma membrane proteins to the nucleus by phosphory-
lating and activating a variety of transcription factors. KLF5
has been shown to be phosphorylated by ERK 1/2°. To
determine whether ERK 1/2 is involved in KLF5 phosphoryla-
tion in VSMCs stimulated by Ang II, the phosphorylation of

three MAPKs (ERK 1/2, JNK, and p38 MAPK) in response to
Ang II treatment was analyzed via Western blot, using specific
anti-phospho-kinase antibodies. After treatment of VSMCs
with Ang II, phosphorylated ERK 1/2 and phosphorylated
p38 MAPK increased and reached a maximum at 15 min,
and then decreased gradually within 30 min after treatment,
while phosphorylated JNK levels did not change (Figure 3B).
Importantly, blockade of ERK activity with PD98059 and p38
MAPK using SB203580 depressed both Ang II-induced KLF5
phosphorylation and cyclin D1 protein expression (Figure 3C),
indicating that either ERK 1/2 or p38 MAPK are involved in
Ang IlI-induced KLF5 activation. To address the role of either
AT-1 or AT-2 receptors in Ang II-induced KLF5 phosphoryla-
tion and cell proliferation, VSMCs were pretreated by AT-1
antagonist valsartan and AT-2 antagonist PD123319, respec-
tively, and then stimulated by Ang II. The KLF5 phosphoryla-
tion induced by Ang II was abolished in valsartan-pretreated
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Figure 2. KLF5 is involved in Ang ll-induced cyclin D1 expression and VSMC proliferation. (A) cyclin D1 expression induced by Ang Il was detected by
Western blotting (left and middle) and RT-PCR analysis (right), respectively. The graphs represent the relative level of the protein and mRNA of four
independent experiments. °P<0.05, °P<0.01 vs PBS control. (B) KLF5 protein was detected by Western blotting. B-actin was used as an internal
control. The graphs represent the relative level of KLF5 protein of four independent experiments. "P<0.05, °P<0.01 vs PBS control. (C and D)
Expression of KLF5 and cyclin D1 was detected by Western blotting. B-actin was used as an internal control. (E and F) Cell proliferation of VSMCs was
analyzed by MTT assay (E) and flow cytometry (F). °P<0.05, °P<0.01 vs Ad or NS-siRNA.
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Figure 3. Ang Il induces KLF5 activation via the ERK 1/2 and p38 MAPK pathways. (A) Phosphorylated KLF5 was immunoprecipitated with anti-
phospho-Ser and then analyzed by Western blotting. The graphs represent the relative level of p-KLF5 of four independent experiments. °P<0.05,
°P<0.01 vs O h. (B) Phosphorylation of ERK, JNK and p38 MAPK in VSMCs was analyzed by Western blotting. The graphs represent the relative activity
of these kinases of four independent experiments. °P<0.05, °P<0.01 vs O min. (C) KLF5 phosphorylation and cyclin D1 expression were analyzed by
immunoprecipitation and Western blotting, respectively. B-actin was used as an internal control. The graphs represent the relative level of p-KLF5 and
cyclin D1 protein of four independent experiments. °P<0.01 vs no inhibitors. (D) The expression and phosphorylation of KLF5 and AT-1 were analyzed
by immunoprecipitation and Western blotting, respectively. B-actin was used as an internal control. VSMC proliferation was tested using MTT. °P<0.01
vs control.
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Figure 4. KLF5 mediates Ang Il-induced cyclin D1 expression via interaction with AP-1. (A) Schematic representation of the KLF5 and AP-1 binding sites
in the cyclin D1 promoter regions. (B) COS-7 cell lysates co-transfected using pGL3-CD1-Luc with expression vectors expressing KLF5 and/or c-Jun were
subjected to luciferase activity assays. The graphs are expressed as the relative luciferase activity (n=3). °P<0.05, °P<0.01 vs empty vector control.
(C) The chromatin fragments were immunoprecipitated (IP) with anti-KLF5 or anti-c-Jun antibodies, and then the cyclin D1 promoter regions containing
KLF5 (-538~-801 and -868~-1094) or AP-1 (-10~-245) binding sequences were amplified by PCR. The graphs represent the relative binding activity of
KLF5 or AP-1 to DNA elements of four independent experiments. °P<0.01 vs O h.

cells with decrease in cell proliferation (Figure 3D), suggesting
that AT-1 receptor triggers the mechanism by which KLF5
mediates Ang II-induced VSMC proliferation.

KLF5 mediates Ang ll-induced cyclin D1 expression via its
functional interaction with AP-1

To study the involvement of the KLF5 in cyclin D1 gene acti-
vation, a cyclin D1 promoter fragment spanning positions
-1745 to +134 was analyzed via sequence comparison. These
data showed that the cyclin D1 promoter contains multiple
KLF5 and AP-1 regulatory elements that may be involved in
the transcriptional regulation of gene expression (Figure 4A).
To further characterize this, the pGL3-CD1-Luc construct con-
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taining the cyclin D1 promoter (from -1745 to +134) was trans-
fected into COS-7 cells and the promoter activity was assayed
following Ang II treatment. Ang II increased cyclin D1
promoter activity significantly over the level observed in the
untreated cells, and cotransfection of KLF5 with the c-Jun
expression vectors significantly increased cyclin D1 promoter
activity 5-fold over that seen with the reporter alone follow-
ing Ang II treatment (Figure 4B). Further, the ability of KLF5
to bind to the promoter of cyclin D1 gene was assessed via
a ChIP assay. As shown in Figure 4C, Ang II significantly
increased KLF5 and c-Jun binding to the cyclin D1 promoter.
The two distal KLF5 binding elements of the cyclin D1 gene
promoter were amplified by PCR in the immunoprecipitates



pulled down by the anti-KLF5 antibody. However, a DNA
fragment containing two AP-1 binding sites and one proximal
KLF5 element (-10~-245) was amplified only in pellets immu-
noprecipitated using anti-c-Jun, but not anti-KLF5 antibody
(Figure 4C). These observations were consistent with the
results of the reporter gene assay, suggesting that there is a
functional interaction between KLF5 and c-Jun in transactivat-
ing expression of cyclin D1 gene.

Discussion

The major purpose of the present study was to examine the
action mechanism of KLF5 during Ang II-induced cyclin D1
expression and VSMC proliferation. We demonstrated the
direct effect of Ang II on the induction of cyclin D1 expres-
sion and the stimulation of VSMC growth. We also showed
that Ang II increased the activity of KLF5 by inducing both
its expression and phosphorylation via the ERK 1/2 and p38
MAPK pathways activated by AT-1. Evidence for a functional
interaction between KLF5 and c-Jun was provided by ChIP
and the reporter gene assays. After Ang II treatment or KLF5
and c-Jun overexpression, there is a increased activity of cyclin
D1 promoter, with increased binding ability of KLF5 and AP-1
on cyclin D1 promoter. Our results support a physiological
role for Ang Il as a positive regulator of KLF5.

It has been demonstrated that the molecular and cellular
actions of Ang II in cardiovascular are almost exclusively
mediated by AT-1 receptor and AT-1 regulate cell growth
through the ERK 1/2 pathway™ which is required for mediat-
ing Ang Il-induced proliferation in rat aortic SMCs"*. In the
present study, we also showed that AT-1 receptor mediated
Ang Il-induced KLF5 activation and cell proliferation by ERK
1/2 signaling pathway.

The role of KLF5 in the vasculature is first suggested when
it is isolated as a transcription factor that binds the promoter
of the embryonic smooth muscle myosin heavy chain SMemb
gene™.. In vascular tissues, KLF5 is abundantly expressed in
embryonic SMCs and is downregulated with vascular devel-
opment, but notably, it is reinduced in proliferating neointi-

mal SMCs in response to vascular injury®!.

The previous
study has shown that KLF5 and c-Jun cooperatively inhibit
p21 expression in Ang Il-stimulated VSMCs"”, indicating
the mechanism by which KLF5 promotes cell proliferation.
Recently, KLF5 has been demonstrated direct binding to the
promoter and up-regulated gene expression of cyclin D1 in
cardiovascular cells™. Meanwhile, our findings also indicate
a novel mechanism by which KLF5 mediates Ang II-induced
cyclin D1 expression and proliferation of VSMCs via func-
tional interaction with c-Jun.

The activity of KLF5 is regulated by a variety of transcrip-
tional regulators and nuclear receptors through phosphoryla-
tion and/ or acetylation”***].  Ang II has been shown to acti-
vate the ERK 1/2 pathway™®. Moreover, KLF5 is activated via
an ERK 1/2-dependent mechanism under certain conditions®.
We show that Ang II induces both KLF5 and cyclin D1 expres-
sion in same profile manner, and cyclin D1 protein expression
depends on KLF5 phosphorylation via ERK and p38 MAPK
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signaling pathway, suggesting that KLF5-mediated cyclin D1
expression may result from KLF5 activation but not its expres-
sion.

In summary, KLF5, as a target of Ang II-mediated signal-
ing, plays an important role in the expression of cyclin D1 and
the proliferation of VSMCs. The AT-1 receptor mediates the
activation of KLF5 via ERK 1/2 and p38 MAPK pathways in
Ang Il-induced VSMCs. KLEF5 activates the transcription of
cyclin D1 gene via functional interaction with c-Jun in Ang II-
induced VSMC proliferation.
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Reduction in extracellular Ca*" attenuates endothe-
lium-dependent relaxation more than nitroprusside-
induced relaxation

Shigehiro HAYASHI™, R Kelly HESTER

Department of Medical Pharmacology and Toxicology, and Microcirculation Research Institute, College of Medicine, Texas A&M Univer-
sity, College Station, Texas 77843-1114, USA

Aim: To quantitatively assess the effect of lowering external Ca** ([Ca*'],) on both endothelium-dependent and -independent relax-
ations in rabbit aorta.

Methods: Isometric contractions and relaxations of isolated aortae were recorded. When assessing the effect of reduced [Ca*'], on
relaxations, the normal [Ca®'], solution was substituted with one of the reduced [Ca?'], solutions for one aorta, while a paired aorta
was replenished with normal [Ca*'], solution.

Results: The extent of acetylcholine (ACh)-induced relaxation, which is dependent on an intact endothelium, is time-dependent, and
inversely related to [Ca*'], in a range of 0.02—2 mmol/L. ACh-induced relaxations were not significantly altered by the magnitude of
the precontraction induced by PGF,,. Nitroprusside-induced relaxations, which are independent of the endothelium, are also attenu-
ated by reduced [Ca®"],. Relaxant responses to ACh were significantly more susceptible to reduced [Ca*'], than nitroprusside-induced
relaxations. A maximally effective relaxing concentration of D600, an L-type Ca channel blocker methoxyverapamil, (10° mol/L) atten-

uated ACh-induced relaxations, whereas nitroprusside-induced relaxations were unaffected by D600.
Conclusion: Thus, endothelium-dependent relaxation is more dependent on [Ca*'], than endothelium-independent relaxation, and it
seems likely that [Ca'], plays an important role not only in contractile processes, but also in relaxant processes as well.

Keywords: calcium; relaxation; vascular smooth muscle; aorta; endothelium; nitroprusside; D600
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Introduction

Extracellular Ca** ([Ca**],) is required for full contractile
responses of vascular smooth muscle! %, and this Ca** depen-
dence varies depending upon specific stimulants and blood
vesselsPl. In contrast to a large number of investigations con-
cerned with delineating the relationship between Ca>" and the
excitation/contraction coupling processes in vascular smooth
muscle, it has not been clearly elucidated what general role
[Ca®*], might play in relaxant responses.

There is clear evidence that some vasodilators such as ace-
tylcholine (ACh) cause relaxation by liberating an endotheli-
um-derived relaxing factor (EDRF)”, nitric oxide (NO) which
was identified later™?. On the other hand, other vasodilators
such as nitroprusside, are generally regarded as endothelium-

* To whom correspondence should be addressed. Faculty of Pharmaceu-
tical Sciences, Ohu University, 31-1 Tomitacho-Misumido Koriyama 963-
8611, Japan

E-mail s-hayashi@pha.ohu-u.ac.jp

Received 2009-08-20 Accepted 2009-10-10

independent, and have direct inhibitory effects on vascular

smooth muscle!™ !,

It has been recently demonstrated that
the presence of extracellular Ca**is required for release of
EDRF!",

endothelium-dependent relaxation, whereas different. Ca*

In these studies, Ca**-free conditions abolished

entry blockers had varied effects on similar endothelium-de-
pendent relaxations. The use of Ca**-free solutions frequently
employed in these types of studies usually results in a notice-
ably diminished tension response which is generally required
for quantitative analyses of relaxations, and this may have
made it difficult to quantitatively assess the role of [Ca®"], in
relaxation processes. Thus, the present study was undertaken
to quantitatively assess the effect of reducing [Ca™], in a con-
centration-dependent fashion on both endothelium-dependent
and -independent relaxations in rabbit aorta.

Materials and methods

Isolated aortae

New Zealand white rabbits of either sex were anesthetized
with 50 mg/kg (iv) of sodium pentobarbital, and then sacri-
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ficed by exsanguination from the common carotid arteries.
Rabbits used in this study were 10-12 weeks old with a mean
body weight of 1.86+0.03 kg (1=60). Thoracic aortae were
quickly removed, isolated and cleaned, and cut into opened
aortic rings 3 mm wide similar to the method of Carrier et
al™. Tissues were fixed vertically between stainless steel clips
in a tissue bath containing 20 mL nutrient solution, aerated
with 95% O,+5% CO,, and maintained at 36-37 °C. The clip
anchoring the upper end of the strip was connected to the
lever of a force-displacement transducer (Grass FT 03). Using
previously described procedures for passive force-active
force relationships™, near optimum resting tension at which
actively developed contractions were maximized in rabbit
aortae was found to include a broad range (2.0-6.0 g) of pas-
sive forces (Authors, unpublished data). A resting force of
2.0 g was placed on each tissue to be consistent with previous
studies"”.

Procedures of aortic contraction/relaxation experiment in the
bath

Constituents of the nutrient solution (normal Ca**) were as fol-
lows (mmol/L): NaCl, 142; KCl, 5.4; CaCl,, 2.0; NaHCO;, 18.0;
and dextrose, 11.0. The modified solutions of reduced [Ca*],
contained the following concentrations of CaCl, instead of 2.0
mmol/L: 1.0 mmol/L (1/2); 0.5 mmol/L (1/4); 0.2 mmol/L
(1/10) ; 0.06 mmol/L (3/100); and 0.02 mmol/L (1/100 ). The
pH of continuously aerated solutions at 37 °C was 7.35-7.45.
Osmotic adjustment was not made when KCl was increased
up to 80 mmol/L. Before specific experimental protocols were
initiated, preparations were allowed to equilibrate for 60-90
min in the bathing medium, during which time the solution
was replaced every 10 to 15 min.

Isometric contractions and relaxations were recorded on an
inkwriting oscillograph (Gould 2600S). Concentration-effect
relationships were obtained by adding drugs directly to the
bathing medium in a cumulative fashion. For studies on relax-
ant responses to ACh and nitroprusside, preparations were
initially contracted with PGF,, (4x107-10° mol/L). At the end
of each series of experiments, papaverine (10 mol/L) plus
nitroprusside (10 mol/L) was added to obtain the maximum
relaxation. In experiments conducted in reduced [Ca®'],, 2
mmol/L CaCl, was added with papaverine plus nitroprusside.
Some aortae were dragged slowly for one min with intimal

surface down!”

over a sheet of sandpaper (3M, #320) wetted
with nutrient solution to remove the endothelium. Abolition
of relaxant responses to ACh was used to verify functional
damage of endothelial cells in these intimal-rubbed prepara-

tions.

Substitution with reduced [Ca*'], solutions

When assessing the effect of reduced [Ca®'], on relaxations, the
normal Ca* solution was substituted with one of the reduced
[Ca®], solutions for one aorta, while a paired aorta was replen-
ished with normal Ca** solution. Before substitution, modified
solutions were maintained at 37 °C and continuously aerated.
In every experiment, it was confirmed that substitution with
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normal Ca™ solution did not appreciably alter resting tension.
A substitution of normal Ca** solution with a low Ca was care-
fully made, since somewhat mechanical agitation of strip with
change in the nutrient solution may alter aortic tension and/
or endothelial activity as well as potential activation of some
ion channels. However, no osmolarity adjustment was posed
for Ca™ within a small range of 2 mmol/L. KCl was added in
a concentration of 80 mmol/L without osmorality adjustment,
but this procedure and response was made at first in every
aortic strip for checking the reactivity, suggesting a separate
experiment from the low Ca study.

In experiments utilizing a 1/100 [Ca*"], solution, responses
to ACh were examined 30 min, 60 min, or 120 min after the
substitution. PGF,, was added 15 min before the ACh-test
relaxation to attain and maintain precontraction in 30 min
studies and 15-30 min prior in 60 or 120 min studies. In all
other studies using solutions with varied [Ca®], or added
D600, aortae were exposed to either procedure for 120 min,
including exposure to PGF,, for 15-30 min, prior to ACh- or
nitroprusside-induced relaxations. Results are expressed as
mean+SEM. Statistical analyses were made using Student’s
unpaired t-test.

Drugs

Drugs used were acetylcholine chloride (Sigma, St Louis,
MO), sodium nitroprusside (Sigma), prostaglandin F,.-
tromethamine (Upjohn, Kalamazoo, MI), methoxyverapamil
(D600, Knoll AG, Ludwigshafen, West Germany) and hista-
mine dihydrochloride (Sigma).

Results

Effect of reduced [Ca®'], on ACh-induced relaxations

ACh elicited a relaxation of PGF,, -precontracted aortae that
was readily abolished in endothelial rubbed preparations.
The maximum relaxation due to 10° mol/L ACh was 68%+6%
(n=8) of the papaverine plus nitroprusside-induced relaxation
in aortae with intact endothelium, but -35£8% (1=8) (contrac-
tion) in aortae with damaged endothelium. Reducing [Ca®],
to 0.02 mmol/L attenuated the ACh-induced relaxation in
endothelium intact aortae. Significant attenuation occurred
30 min after the initial substitution with this reduced [Ca*],
solution, reaching a maximum within 2 h (Figure 1). Thus in
the following experiments concerned with defining the effects
of various reductions in [Ca*'], on relaxation, a 2 h exposure
to the reduced [Ca*'], solution was used. ACh-induced relax-
ation was attenuated by reducing [Ca*’], from 2 to 0.2-0.02
mmol/L. The degree of attenuation was inversely related
to [Ca™],, where reducing [Ca™], to 0.02 mmol/L essentially
eliminated any ACh-induced relaxation (Figure 2). In a few
experiments Ca®* was added after the maximum ACh-induced
relaxation without the concomitant addition of nitroprusside
plus papaverine, and further relaxation ensued.

When the level of precontraction was raised or lowered by
increasing or decreasing the concentration of PGF,, rather
than reducing [Ca*],, ACh-induced relaxation, expressed as a
percent of the maximal papaverine plus nitroprusside-induced
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Figure 1. Inhibition of ACh-induced relaxation by reduced [Ca*'], as a

function of the duration of exposure to reduced [Ca®'],. Preparations
in normal Ca®" or reduced [Ca®'], (0.02 mmol/L) solutions were
precontracted with PGF,, before adding ACh; contractions were 1825+233
mg (normal Ca®") , 1284+386 mg (30 min), 1250+439 mg (60 min), and
13844347 mg (120 min). Relaxant responses to ACh were expressed
as a % of the papaverine plus nitroprusside-induced relaxation attained
at the end of each experiment; relaxations were 2067+256 mg (control),
13681400 mg (30 min), 1343+483 mg (60 min), and 1434+348 mg (120
min). °P<0.05, °P<0.01 vs control.
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Figure 2. Effects of reduced [Ca*'], on relaxant responses to ACh in
preparations precontracted with PGF,,. Contractions were 1541+128
mg (normal Ca?*), 1211+365 mg (1/4), 978+180 mg (1/10), 1341+361
mg (3/100), and 1249+178 mg (1/100). Papaverine plus nitroprusside-
induced relaxation at the end of each experiment was taken as 100%;
18254154 mg (normal Ca**), 14004356 mg (1/4), 12084232 mg (1/10),
15821347 mg (3/100), and 1331+188 mg (1/100).
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relaxation, did not differ (Figure 3). Also, if the level of ten-
sion in reduced [Ca*'], was increased to approximate the same
level as precontraction levels in normal Ca* by increasing the
concentration of PGF,, accordingly, ACh-induced relaxatlon
was still similarly depressed by reducing [Ca*], (data not
shown).
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Figure 3. Effects of varying the initial level of tone by altering the concen-
tration of PGF,, on ACh-induced relaxations in a normal Ca?* solution. Pre-
parations were precontracted with 107 mol/L (1), 7x107 mol/L (ll) or 10°
mol/L (Ill) PGF,,; relative contractions shown at right in which contraction
to concentration Il was taken as 100%: 563+149 mg (1), 1792+194 mg (ll),
and 2258+155 mg (Ill).

When precontraction was induced by histamine (1x10°-
3x10° mol/L) instead of PGF,,, reducing [Ca®], to 0.02
mmol/L also attenuated the maximum ACh-induced relax-
ation; 72%+4% of papaverine plus nitroprusside-induced
relaxation in normal Ca*" and 8%+8% in reduced [Ca*'], (n=4).

Effects of reduced [Ca®'], on nitroprusside-induced relaxations
Reducing the [Ca®"], also attenuated relaxant responses to
nitroprusside (Figure 4), which is not affected by endothelial
damage (Figure 5, left). However, the attenuation was not
apparent until [Ca*"], was reduced to 0.06 mmol/L. Even in
aortae without intact endothelium, reducing [Ca®"], to 0.02
mmol/L depressed the nitroprusside-induced relaxation (Fig-
ure 5, right). Attenuation of the nitroprusside-induced relax-
ation by reducing [Ca*], to 0.02 mmol/L was also observed
in aortae precontracted with histamine (1x10°-3x10° mol/L);
maximum response to nitroprusside was 95%+1% in normal
Ca* and 4%+1% in reduced [Ca®']..

Inhibitory effects of reduced [Ca®'], on relaxant responses
to nitroprusside were also compared to the inhibitory effects
on ACh-induced responses (Figure 6). In terms of maximum
responses, inhibition of nitroprusside-induced relaxations in
a reduced [Ca™], solution was significantly less than that of
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Figure 4. Effects of reduced [Ca®'], on relaxant responses to nitroprus-
side in PGF,,-precontracted aortae. Precontractions were 17841172 mg
(normal Ca?"), 1842+392 mg (1/4), 1048+300 mg (1/10), 664+179 mg
(3/100), and 1157+207 mg (1/100). Papaverine-induced relaxations at
the end of each experiment were taken as 100%: 1979+198 mg (normal
Ca?"), 2108+446 mg (1/4), 1214+318 mg (1/10), 794+175 mg (3/100),
and 1271+243 mg (1/100).

ACh-induced relaxations. Furthermore, the relaxant response
to 107 mol/L nitroprusside, which caused a similar degree
of relaxation as the maximum effective concentration of ACh
(71% vs 73%, respectively), was less attenuated by reduced
[Ca®'], than the ACh-induced relaxation.

Effects of Mg?* and reduced [Ca®*], on relaxant responses to ACh
and nitroprusside
Mg® (0.6 mmol/L) did not significantly affect the ACh-
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Figure 6. Inhibitory effects of reduced [Ca®'], on ACh-induced relaxations
compared with similar effects on nitroprusside-induced relaxations.
Comparisons were made based on data noted in Figure 2 and 4. The
ordinate is expressed as inhibition (%) which represents the percent that
maximum relaxant responses to ACh or nitroprusside in a reduced [Ca?'],
solution were to the maximum papaverine plus nitroprusside-induced
relaxations divided by the same relationship in normal Ca®" solution.
Control maximum responses to ACh and nitroprusside were 73%+2%
and 94%+1%, respectively, of papaverine plus nitroprusside-induced
relaxations. Responses to 107 mol/L nitroprusside (closed triangles) were
compared in normal and reduced [Ca®'], solutions; relaxations in control
were 71%+2% of the papaverine plus nitroprusside-induced relaxation.
Significantly °P<0.05, °P<0.01 vs values of ACh (max).

induced relaxation in normal Ca* ; responses to ACh at
concentrations of 107 and 10 mol/L were 63%+5% and
74%%5%; respectively, in the presence of Mg™, and 63%%5%
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Figure 5. Relaxant responses to nitroprusside
in aortae with and without intact endothelium
(left), and the effect of reducing [Ca®'], to
0.02 mmol/L on relaxations in aortae without
endothelium (right). Precontractions were
1547+285 mg and 2213+335 mg in aortae
with (+) and without (-) endothelium (Endo),
respectively, and 1833+223 mg (normal
Ca®') and 1230+317 mg (1/100 without
endothelium) (right). Papaverine-induced
relaxations after nitroprusside were taken as
100%: 17371292 mg (Endo+), 24771369 mg
(Endo-), and 21044241 mg (normal Ca®"), and
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(right). °P<0.05, °P<0.01 vs control.



and 72%+4% in the absence (7=9). Mg** also did not prevent
the inhibitory effects of reducing [Ca*"], to 0.02 mmol/L on
ACh-induced relaxations; maximum responses to ACh were
73%%4% in normal Ca®* in the absence of Mg, and 14%*4%
in reduced [Ca™], (0.02 mmol/L) plus Mg** (n=8) (P<0.001).
Additionally, Mg®* did not prevent the inhibitory effects of
reduced [Ca®*], on nitroprusside-induced relaxations; maxi-
mum responses to nitroprusside were 93%+2% in normal Ca*
in the absence of Mg, and 41%+19% in the reduced [Ca™"],
(0.02 mmol/L) plus Mg (n=5) (P<0.05).

Effects of reduced [Ca®'], on contractile responses and resting
tension

Reducing [Ca™], to 0.02 mmol/L for 2 h suppressed contrac-
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tile responses to either PGF,, or KCI (Figure 7). Additionally,
reducing [Ca®"], to 0.02 mmol/L for 2 h resulted in a small, but
appreciable and slow developing contraction of 255£74 mg,
while tissue remaining in a normal Ca** solution for the same
time period lost 63+28 mg (n=20) (P<0.001).

Effects of D600 on ACh- and nitroprusside-induced relaxations

Addition of D600 to preparations precontracred with KCI (15
mmol/L) produced a concentration-dependent relaxation,
reaching a maximum at 10° mol/L D600; which is 91%+2% of
the papaverine plus nitroprusside-induced relaxation (n=7).
Prior treatment with D600 (10° mol/L) for 120 min attenuated
relaxant responses to ACh to a smaller extent than in normal
[Ca™], (Figure 8). In contrast, nitroprusside-induced relax-

Figure 7. Effect of reducing [Ca®'], to
0.02 mmol/L on contractile responses to
PGF,, and KCl. Maximum contractions
of control and Ca*" deficient preparations
in the presence of 2 mmol/L Ca®" were
taken as 100%. In the latter, Ca®" was re-
admitted at the end of each experiment.
They were 2579+289 mg (control, left),

3093+453 mg (1/100, left), 3514+204

20 40 60 80  mg (control, right) and 3986+290 mg
KCI (mmol/L) (1/100, right). °P<0.01 vs control.
QO— Control (8)

@--- D600 10° mol/L (8)

Figure 8. Effect of D600 on relaxant
responses to ACh and nitroprusside.
Preparations with or without prior
D600 (10®° mol/L) were precontracted
with PGF,, prior to relaxants; contrac-
tions were 1771+218 mg (control, left),
1191+291 mg (D600, left), 1583+219
mg (control, right), and 680+237 mg
(D600, right). The papaverine plus nitro-
prusside-induced relaxation was taken
as 100%. Relaxations were 19991238
mg, 14094321 mg, 1939+286 mg, and
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ations were not affected by prior D600.

Discussion

The current study clearly illustrates in a quantitative man-
ner, the concentration-dependent effects of lowering [Ca™],
on ACh-induced relaxations in rabbit aorta, emphasizing
the importance of extracellular Ca®" in ACh-mediated
release of EDRF and/or its subsequent action on the smooth
muscle. This is an agreement with previous studies that
noted a marked reduction in, or elimination of endothelium-

M-131 when

dependent relaxation in both rabbit"* and rat aorta
these tissues were exposed to solutions from which Ca** had
been omitted. All of these supports the original proposal by
Furchgott and co-workers"” that Ca®* plays a critical role in
endothelium-dependent relaxations. In addition, this study
has demonstrated the obvious importance of Ca** also in
endothelium-independent relaxations, since nitroprusside-
induced relaxations are depressed by reducing [Ca*], .

Since the level of precontraction generated by PGF,, was
depressed by reduced [Ca®],, the lowered state of contraction
could be responsible for depression of subsequent relaxation.
However, ACh-induced relaxations were not different in a
normal Ca” solution when the magnitude of the maintained
contraction was varied by utilizing different concentrations
of PGF,, (Figure 3). Inhibition by reduced [Ca*], of ACh-
induced relaxation was still observed, when the depressed
precontraction was similarly increased. Thus, a lower mag-
nitude of contraction is unlikely to account for the depressed
relaxant responses to these vasodilators noted when [Ca*'], is
reduced. Furthermore, both ACh- and nitroprusside-induced
relaxations in aortae precontracted with histamine instead of
PGF,, were also attenuated by a reduction in [Ca®"],, illustrat-
ing that attenuation of relaxant responses in reduced [Ca™], is
not unique for PGF,,-induced contractions.

Since membrane Ca’* controls its own entry into smooth

[ an increased conductance to Ca** following a reduc-

muscle
tion in [Ca*], may effectively increase cytoplasmic Ca™ lev-
els, resulting in functional antagonism of relaxant responses.
Furthermore, membrane potential may be altered by reduced
[Ca*],l*”, and Casteels et al® have demonstrated in rabbit
mesenteric artery that a reduction in [Ca®"], from 2.5 mmol/L
to 0.16 mmol/L results in a progressive decrease in resting
membrane potential. In the present study, in fact, a small but
appreciable contraction was observed following 2 h exposure
to a reduced. [Ca™], solution that may be attributed to this
proposed membrane depolarization and increased permeabil-
ity to Ca™.

Webb and Bohr™ suggested that high concentrations of
Ca’ (>4 mmol/L) stimulate the Na*-K* ATPase, resulting
in relaxation in rat tail artery. Thus in opposition to raising
[Ca™],, lowering [Ca®"], might depress the Na*-K* ATPase.
Conditions that inhibit the Na’~-K* ATPase in smooth muscle,
eg K'-deficient solutions or cardiac glycosides, cause contrac-
tion through direct excitatory actions on the smooth muscle

[22-24]

membrane , and can physiologically antagonize both

ACh-"! and nitroprusside-induced relaxations”. Nitrop-
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russide stimulates guanylate cyclase and increases cGMP,
which has been suggested to result in activation of the Na*-K"
ATPase™. However, neither nitroprusside-induced increases
in the levels of cGMP nor concurrent effects on Na'-K*
ATPase appear to be dependent on [Ca*],'**!. In addition,
lowering [Ca”], also depresses relaxant response to isoprot-
erenol (Authors, unpublished observations), which is appar-
ently mediated through an increase in cellular cAMP level™.
Therefore, the depressant actions of reduced [Ca*‘], are not
unique for relaxants that concomitantly increase the levels of
c¢GMP (ACh and nitroprusside). On the other hand, since both
increases in cGMP™ and cAMP™ may stimulate Ca** ATPase-
mediated extrusion mechanisms in vascular smooth muscle,
an effect of reduced [Ca®"], on this system cannot be ruled out.

It has been recently shown that dichlorobenzamil, a pro-
posed inhibitor of Ca influx via the Na'-Ca®* exchange system
depressed endothelium-dependent relaxations but did not
affect nitroprusside-induced relaxations. Thus, the Na'-
Ca®" exchange system would not be contributing to the gen-
eral attenuation of these two relaxant responses that occurs in
reduced [Ca*'], solutions.

Since there was an initial absence of Mg in control and
reduced [Ca®], solutions, the Mg”* deficiency could contribute
to increased tone. It has been shown that acute Mg™* defi-
ciency can contribute to increased tone and reactivity to vaso-
constrictors in coronary arteries®™. However, the lack of Mg**
in the present study is not likely to contribute to the actions of
reduced [Ca*],, since the presence of Mg®* neither modified
the ACh-induced relaxation in a normal Ca** solution nor pre-
vented the attenuating effects of reduced [Ca™"],,.

Sex related differences in cardiovascular function™! are
raised particularly for variation of existing hormonal status in
female, while no specific comparison was made in this study.
Greater endothelial responses to ACh in small femoral arteries
of female mice than male mice are attributable to endothelium-
derived hyperpolarizing factor (EDHF) in female®. Tt is of
interest whether endothelial susceptibility to low Ca is linked
to EDHF in female.

ACh at a high concentration of 10° mol/L elicited a contrac-
tion after the preceded relaxant responses. A contractile effect
of ACh without relaxation effect occurs in newborn baboon
cerebral artery™. The aorta may have excitatory muscarinic
receptors that are different from M1 and M2 receptor bind-
ing sites as suggested in porcine coronary arteries™. As
Vanhoutte and his colleagues proposed, it is conceivable that
endothelium-derived contracting factor (EDCF) is attributable
to the ACh-induced contraction, via endothelial cyclooxige-
nase-1, which stimulates thromboxane A, on vascular smooth
B3l Tt remains to clarify whether change in the contract-
ing factor is involved in the low Ca”" effect on the relaxing fac-
tor.

Quantitative analyses clearly reveal that reduced [Ca®'],
resulted in greater inhibition of ACh-induced relaxation than
nitroprusside-induced (Figure 6). Likewise nitroprusside-
induced relaxations were unaffected by D600, whereas relax-
ations to ACh were attenuated. Thus, it is apparent that

muscle



endothelium-dependent relaxation is more dependent on
[Ca™],. The greater inhibition of ACh-induced relaxations
than nitroprusside-induced ones is probably directly related
to the dual sites apparently affected by reduced [Ca™],: (1)
obvious requirement of the endothelium for Ca®* in produc-
tion and/ or release of EDRF resulting in less EDRF for a given
stimulus and less relaxation, and (2) an apparent requirement
of vascular smooth muscle for a critical amount of extracellu-
lar Ca* for full expression of the direct action of EDRF, as well
as other vasodilators on smooth muscle. Thus, endothelium-
dependent relaxation is more dependent on [Ca*"], than on
endothelium-independent relaxatlon, and it seems likely that
[Ca*], plays an important role in vascular smooth muscle
responsiveness not only to vasoconstrictors, but also to vascu-
lar relaxants as well.
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Antifibrotic effects of ZK,,, a novel nitric oxide-
donating biphenyldicarboxylate derivative, on rat
HSC-T6 cells and CCl,-induced hepatic fibrosis
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Aim: To study the pharmacologic effect of ZK,4, a novel nitric oxide-donating biphenyldicarboxylate (DDB) derivative, on HSC-T6 cells

and on CCl,-induced hepatic fibrosis.

Methods: Inhibition of HSC-T6 cell growth by ZK,, was evaluated by MTT assay. The effect of ZK,, on the percentage of HSC-T6 cells
undergoing apoptosis was measured using Annexin-V/Pl double-staining and TUNEL assay. Mitochondrial membrane potential (MMP)
and caspase activities were tested. Hepatic fibrosis was induced in Sprague-Dawley rats by intraperitoneal injection with 14% CCl,.
Rats with hepatic fibrosis were randomly divided into four groups: model control, ZK,, (20 mg/kg), ZK., (10 mg/kg) and DDB (5

mg/kg). Levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), hyaluronic acid (HA), type lll collagen (PCIll), and
nitric oxide (NO) were assessed, and liver samples were stained with hematoxylin-eosin. The NO level in cells treated with ZK,, in vitro
was also measured.

Results: The effect of ZK,, on HSC-T6 cell apoptosis was concentration- and time-dependent, with up to 50% of cells becoming apop-
totic when exposed to 100 umol/L ZK4, for 18 h. ZK,, treatment resulted in mitochondrial membrane depolarization and activation of
caspases 3 and 9. At a dose of 20 mg/kg, ZK4, significantly decreased serum transaminase (AST, ALT) activities and fibrotic index (HA,
PCIlI) levels and significantly inhibited fibrogenesis.

Conclusion: These data indicate that ZK,,, a novel NO-donating DDB derivative, promotes HSC-T6 apoptosis in vitro through a signaling
mechanism involving mitochondria and caspase activation and it inhibits CCl,-induced hepatic fibrosis in vivo. The results suggest that

ZK,4 has potential therapeutic value in the treatment of hepatic fibrosis.

Keywords: nitric oxide; apoptosis; hepatic fibrosis; HSC-T6; CCl,; biphenyldicarboxylate; ZK4,4
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Introduction
Hepatic fibrosis is a dynamic process resulting from chronic
liver injury of diverse etiology (viral, toxic, metabolic, auto-
immune) and eventually leads to cirrhosis™.
chronic injury, the perisinusoidal retinoid-storing quiescent
hepatic stellate cells (HSCs) transform into retinoid-free prolif-
erating myofibroblast-like cells, which give rise to subpopula-
tions of stellate cells with discrete cytoskeletal and phenotypic
profiles and thereby promote a net increase in extracellular
matrix?.

Attention is increasingly focused on the mechanism by

During such

which liver fibrosis regresses, and in particular on the fate of
activated stellate cells as fibrosis recedes®. Liver tissue can
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undergo regression of fibrosis after withdrawal of the damag-
ing stimulus®, even at advanced stages of cirrhosis®  Glio-
toxin, a fungal toxin, can provoke selective apoptosis in HSCs
in culture and in vivo, leading to reduced fibrosis'®”
ever, the clinical usefulness of apoptosis-inducing drugs is
limited due to the lack of cell specificity and the risk of severe
adverse effects®*. Thus, although selective induction of apop-
tosis in HSCs is desirable, it is also important to find drugs
that can prevent severe adverse effects such as further loss of
liver function during progression of disease.
Biphenyldicarboxylate (DDB), a traditional therapeutic in
the treatment of hepatic disease, is an intermediate in the syn-
thesis of schizandrin. It can reduce the activity of glutamic-
pyruvic transaminase in serum, is targeted to the liver and
can protect injured hepatocytes and increase liver detoxify-
ing function” . DDB showed a better hepatoprotective
effect than ursodesoxycholic acid and it has been suggested

. How-
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that it might prove of benefit in the therapy of chronic liver
disease™ ",

With these considerations in mind, we conjugated DDB to
the nitric oxide (NO) donor furoxan, using amino acids as
spacers in compound synthesis. We hypothesized that NO-re-
leasing derivatives of DDB might have dual functions, induc-
ing apoptosis in HSC-T6 cells by means of releasing NO and
causing protection in hepatocytes by DDB.

Pharmacological analysis of 55 NO-donating DDB deriva-
tives revealed that 4,4’-dimethoxy-5,6,5",6"-dimethylenedioxy-
2-methoxycarbonyl-2’-{N-[alanine 2-(3-phenylsulfonyl-1,2,5-
oxadiazole-2-oxide-4-) oxyethoxyethyl ester]} carbamoyl
biphenyl (ZK,,, Figure 1) had the strongest apoptosis-inducing
activities in vitro™l. It was therefore selected as the target
compound. This study investigates the biological activity and
mechanism of action of ZK;, in HSC-T6 cells in vitro and also
evaluates the activity of ZK;, in CCl,;-induced male hepatofi-
brotic rats in vivo.

OCHj
IO
o COOCH;
<° O COOCH;
o

OCHj

DDB

OCH;

0

<o O COOCH;

0

g

o N. N

OCHs 0" o
ZKas

CONHGHCOO(CHz),0(CH2),0,  SOzPh
CHz ]\

Figure 1. Chemical structure of DDB and ZKg,.

Materials and methods

Reagents

ZK4, DDB and furoxan monomer (furoxan) were gifts of Prof
Yi-hua ZHANGY. ZK,, was obtained in good yield (98%) and
confirmed by "H NMR spectra™l. It was dissolved in dimethyl
sulfoxide (DMSO) at a final concentration of 100 mmol/L and
stored at -20 °C. At use, it was freshly diluted with phosphate-
buffered saline containing 0.1% DMSO. For each experiment,
controls were treated with an identical amount of DMSO.

Cell culture

The HSC-T6 cell line was obtained from Prof SL FRIEDMAN
(Liver Disease Research Center of San Francisco General
Hospital, CA, USA). HSC-T6 cells were routinely cultured in
DMEM (Gibco, USA) supplemented with 10% heat-inactivated
fetal bovine serum, 100 IU/mL penicillin and 100 pg/mL
streptomycin. Cultures were maintained in a humidified
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atmosphere of 95% air and 5% CO, at 37 °C; 0.25% trypsin was
used for cell passage. The human liver cell line L-02 (Nanjing
KeyGen, China) was cultured in RPMI-1640 medium (Gibco,
USA).

Viability tests and in vitro screening of compounds

HSC-T6 cells were cultured at a density of 5x10* cells/mL in
100 pL culture medium in 96-well microplates. After 6, 12,
and 18 h of treatment with different doses of various com-
pounds, the culture medium was removed and 20 pL MTT
[3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bro-
mide, 5 mg/mL) (MTT, Sigma, USA) was added. Four hours
later, the supernatant was discarded and 100 pL. DMSO was
added to each well. The mixture was shaken and OD values
were measured at 570 nm using a Universal Microplate Reader
(EL800, BIO-TEK Instruments Inc). The extent of inhibition of
HSC-T6 proliferation and the ICs, of 55 compounds were cal-
culated using the results of the MTT assay; primary screening
and evaluation were also performed.

Annexin-V/PI double-staining assay

After treatment with 50 pmol/L ZK,, for 12 h, cells were
washed and resuspended in PBS. Apoptotic cells were identi-
fied using the Annexin V-FITC Apoptosis Detection kit (BD,
USA) according to the manufacturer’s instructions; early
apoptotic cells were labeled with Annexin-V*/PI".

Terminal deoxynucleotidyl transferase-mediated digoxigenin-11-
dUTP nick end labeling (TUNEL) assay

After treatment with ZK,,, HSC-T6 cells were collected and
50-100 pL of cell suspension was spread onto glass slides.
Air-dried samples were fixed with freshly prepared fixation
solution for 1 h at 15-25 °C; the slides were then washed with
phosphate buffered saline (PBS), incubated with blocking solu-
tion for 10 min at 15-25 °C, washed with PBS, incubated in
permeabilization solution for 2 min on ice (2-8 °C) and rinsed
twice with PBS. The area around the samples was dried and
50 pL TUNEL reaction mixture from the TUNEL Apoptosis
Detection Kit (Nanjing KeyGen, China) was added to each
sample.

Assessment of mitochondrial membrane potential (MMP)
Pretreated HSC-T6 cells were collected and suspended in 1 mL
of complete medium containing 10 pg/mL JC-1 (5,5,6,6’-tetra-
chloro-1,1",3,3’-tetraethylbenzimidazolylcarbocyanineiodide),
a fluorescent dye (purchased from Nanjing KeyGen, China),
for 30 min at 37 °C. To assess the mitochondrial potential
transition, 10000 cells/sample stained by JC-1 were observed
using fluorescence microscopy (Leica, Germane) and flow
cytometry.

Colorimetric assay for caspase activities

HSC-T6 cells treated with ZK;, were collected and caspase
activity of effectors of caspase 3 and 9 was determined using
the Caspase Colorimetric Assay Kit (Nanjing KeyGen, China).



Animals and treatments

Male Sprague-Dawley rats weighing 150-180 g were
obtained from the animal facility of Nanjing Military Hospital
(SCXK2003-0004). All animals were housed in conventional
cages under controlled conditions of temperature (23+3 °C)
and relative humidity (50%#+20%), with light illumination for
12 h/day. The animals were allowed access to food and tap
water ad libitum throughout the acclimatization and experi-
mental periods. All experimental protocols described in this
study were in accordance with the NIH Guide for the Care
and Use of Laboratory Animals, NIH publication No 85-23,
1985.

Following acclimatization for one week after arrival, forty-
eight rats were randomly divided into two groups, a normal
control group (1=6) and an administration group (n=42). Ani-
mals in the administration group were given drinking water
containing phenobarbital sodium (350 mg/L)!"!
injected intraperitoneally with 0.025 mL CCl, (1:6 with olive

and were

oil) three times weekly. Rats in the normal control group
were injected with the same volume of vehicle. After six
weeks, four rats were dead including two that did not tolerate
modeling and two that were sacrificed to confirm successful
modeling. The remaining thirty-eight rats with successful
modeling were randomly divided into a model control group,
a ZKy, high dose group (20 mg/kg), a ZK,, low dose group (10
mg/kg) and a DDB (5 mg/kg) group. All compounds were
suspended with 0.5% sodium carboxymethylcellulose and
intragastrically administered. To maintain etiology stimula-
tion, CCl, was injected once a week during drug administra-
tion. After four weeks, blood was collected from all rats by
bleeding from the ophthalmic artery and vein. Serum samples
were prepared by centrifugation and stored at -70 °C. Liver
tissue specimens were fixed in neutral formalin and embed-
ded in paraffin.

Serum activities of AST and ALT were assayed by stan-
dard enzymatic methods, HA and PCIII concentrations were
measured with radioimmunoassay (RIA) using a commercial
kit (Navy Medical Institute, Shanghai, China). Liver tissue
samples were fixed in 40 g/L paraformaldehyde and embed-
ded in paraffin. Hematoxylin and eosin (HE) staining was
performed according to standard procedures by the pathology
department of Southeast University. The semi-quantitative
method used for scoring severity of fibrosis has been previ-
ously described™. Slides were scored independently by two
pathologists with no knowledge of liver sources. The degree
of fibrosis was expressed as the mean of ten different fields in
each slide.

Measurement of nitrite/nitrate levels in vitro and in vivo

Because of its active chemical properties, NO was metabo-
lized to NO, and NOj™ in the culture medium, and NO,” was
transformed to NO;". NO;” was deoxidized to NO,™ by nitrate
reductase in the NO assay kit (JianCheng, Nanjing, China),
and the concentration of total NO,”, representing the level
of NO released from ZK;,, was measured by optical density
(OD) assay. A solution of ZK;4 (20 pL) in DMSO was added to
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phosphate buffer (pH 7.4). The final concentration of the com-
pound was 1 pmol/L. After different times of incubation at
37 °C, the OD at 540 nm, which represented NO level released
from ZK,, in vitro, was measured. The serum NO level in
hepatic fibrosis rats, representing NO released from ZK;, was
also assessed.

Statistical analysis

Quantitative data were presented as mean+SD and compared
using the Student’s t-test. The rank-sum test was used for his-
topathological fibrosis scores. P<0.05 was considered statisti-
cally significant.

Results

NO donor ZK,, inhibited HSC-T6 proliferation

HSC-T6 cells were exposed to different compounds in vitro
and proliferation of the cells was assessed using the MTT
method. Several compounds showed inhibitory effects on
HSC-T6 cells; ZK;,, which had the lowest ICs, (half-maximal
inhibitory concentration) (17.83 pmol/L; data not shown) was
selected as the target compound.

NO donor ZK,, induced HSC-T6 apoptosis

HSC-T6 cells were exposed to NO donor ZK,, at different
concentrations and for different amounts of time and apop-
tosis was quantitated via TUNEL and Annexin-V/PI double-
staining assays (Figure 2A, 2B). The apoptosis was both con-
centration- and time-dependent, with up to 70% of the cells
becoming apoptotic when exposed to 100 pmol/L ZK;, for
18 h (Figure 2C). In all subsequent experiments, the dose of
ZKi4 (50 pmol/L) consistently resulted in an apoptosis rate of
about 40% on 18 h exposure (Figure 2C, 2D). ZKy, of 1 pmol/L
generated a concentration of 0.06 pmol/L of nitrite in 350 min,
as measured by nitric reduction assay.

Since NO is a highly reactive free radical, we sought to test
whether induction of apoptosis by an NO donor could result
in injury to normal liver tissue cells. When exposed to 50
pmol/L ZK,,, the apoptotic rate of L-02 cells was relatively
low (17%) compared with that of HSC-T6 (Figure 2E). Expo-
sure to ZKy, resulted in a higher rate of apoptosis (45%) than
exposure to either furoxan (28%) or DDB (9%); these experi-
ments also revealed a synergistic effect of furoxan and DDB on
apoptosis induction in HSC-T6 cells (Figure 2F).

NO donor ZK,,-mediated apoptosis is related to mitochondrial
dysfunction and caspase activation

It has been shown that integrity of mitochondria plays an
important role in programmed cell death and that disruption
of MMP enhances apoptosis”. To probe the mechanism by
which NO donor ZK,, induced HSC-T6 apoptosis, HSC-T6
cells were treated with ZK,, (50 pmol/L) for 12 h and stained
with JC-1, a potential-sensitive fluorescent dye. When apop-
tosis was induced in cells, the mitochondrial membrane was
depolarized and JC-1 was released from mitochondria to
cytoplasts that gave off weak red and green fluorescence. In
normal cells, JC-1 bound to the inner membrane of mitochon-
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Figure 2. Effect of ZK,, on HSC-T6 cells in
50 - b vitro. (A) TUNEL assay of DNA integrity. HSC-
b L T6 cells were pretreated with 50 pmol/L
ZK,, for 12 h. 3'-OH DNA ends were stained
30} dark brown with DAB. (B) Flow cytometry of
apoptosis. HSC-T6 cells displayed increased
Annexin-V positivity after exposure to ZKy,
50 ymol/L for 12 h. (C) Concentration-
dependent apoptosis. HSC-T6 cells were
exposed to increasing concentrations of
ZK44 (0-100 pmol/L) for 18 h. Apoptosis
was quantitated by flow cytometry. (D) Time-
dependent apoptosis. HSC-T6 cells were
exposed to ZKy4 50 pmol/L for increasing
times. Apoptosis was quantitated by flow
cytometry. (E) Apoptosis of HSC-T6 cells
and hepatocytes L-02 exposed to ZK,, 50
umol/L for 18 h. (F) HSC-T6 cells were
exposed to 50 ymol/L ZK,,, furoxan, and
DDB. n=3. Mean+SD. °P<0.05 vs control.
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dria and gave off bright red fluorescence as polymers. FCM the percentage of cells labeled by JC-1 decreased to 59.7%
analysis showed that the percentage of normal cells labeled by  (Figure 3B). The decreased number of cells labeled by JC-1 in
JC-1 was 96.2% (Figure 3A). However, in apoptotic cells, due the ZK;,-treated group indicated loss of MMP.

to depolarization of MMP, JC-1 was released from mitochon- Caspases (cysteinyl aspartate proteinases) play a major role
dria to cytoplasts and decomposed to monomers; as a result, in apoptosis. Caspase 9 is an upstream molecule, while cas-

A Control B ZKys
10°3 10°
1
10* g 104
T E T
w T L
e 10° 3 e 108 Figure 3. (A, B) Normal HSC-T6 cell per-
3 03 centage labeled with JC-1 in the inner
10% 3 102 membrane of mitochondria was 96.2%,
=| T T |.|||||| r and decreased to 59.7% when treated with
10? 103 104 10° 50 ymol/L ZK,, for 18 h. The decreased
FITC-H FITC-H cells labeled with JC-1 revealed the loss of
¢ MMP and subsequently with the apoptosis
C 25 2 D 257 of HSC-T6 cells. (C, D) Caspase 9 and 3
wo o | o o | b activity was measured and represented by
Sk b © 3 b .
k= 8 ratios of ODyeatea/ ODcontror @fter exposure to
£ g | )
g’ ;- 15¢ 8":‘: 15 ZK,, for 18 h. After treated with 25, 50,
3 % 1t 3 @ 1t and 100 umol/L of ZK,, for 12 h, caspase 9
T © s ©
Qg 3 Qg 3 activity increased to 1.26, 1.55, and 2.36,
S8 05¢ 88 o5} D e
and caspase-3 activity increased to 1.64,
0 1.85 and 2.38. n=3. MeanxSD. °P<0.05,
Control 25 50 100 Control 25 50 100

°P<0.01 vs control.
Concentration of ZKy4 (Wmol/L) Concentration of ZKi4 (umol/L)
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pase 3 is the key executive molecule in the cascade reaction,
coupling caspase-specific peptides to chromophoric groups.
After treatment with ZK;, (0, 25, 50, or 100 pmol/L) for 12 h,
the activity of caspase 9 increased from 1 to 1.26, 1.55, and
2.36, respectively (Figure 3C), and the activity of caspase 3
increased to 1.64, 1.85, and 2.38 (Figure 3D). This result shows
that the apoptosis induced in HSC-T6 cells was related to
enhanced activity of caspases 3 and 9.

NO donor ZK,, ameliorated liver injury and fibrosis in CCl,-
induced rats

Table 1 shows levels of liver enzymes and fibrosis markers in
CCl,-treated male rats. Serum levels of ALT and AST are sen-
sitive markers of hepatocyte function. Serum levels of HA and
PCIII are surrogate markers of liver fibrogenesis. Compared
with normal rats, the model control rats had obvious liver
inflammation and formed hepatic pseudolobules due to col-
lagen deposition; these animals also exhibited higher levels of
serum ALT, AST, HA, and PCIII (Table 1 and Figure 4). These
results show that hepatic fibrosis was successfully induced
in rats. ZKy, (20 mg/kg) and DDB (5 mg/kg) significantly
decreased elevated serum ALT and AST levels, while ZK,,
(10 mg/kg) had no obvious effect. ZK;, (20 mg/kg) caused
a significant decrease in serum levels of HA and PCIII, while
DDB (5 mg/kg) and ZK;4 (10 mg/kg) did not have significant
effects (Table 1).

On hepatic histological examination, it could be seen that
high dose of ZK;; (20 mg/kg) significantly inhibited the pro-
duction of collagen fibers in the livers of rats (Table 2). As
shown in Figure 4, the structure of liver tissues was normal in
the normal group (Figure 4A). In tissues of the hepatic fibrosis
model group, shown in Figure 4B, fibrous septa encircled the
hepatic lobule, hepatic pseudolobules were formed, and severe
centrilobular fibrosis and fatty changes were also observed.
There was mild collagen proliferation. In animals of the
model group that received high dose of ZKj,, the structure of
the hepatic lobules was renewed (Figure 4C). There was no
obvious amelioration either in the low dose ZK;, group or in
the DDB group (Figure 4D, 4E); in these animals, significant
fatty change and pseudolobule were observed.

ZK,, released NO effectively in vitro and in vivo
As Figure 5 shows, NO could be stably released from ZKj, in
vitro. The content of NO reached a maximum value of about
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Figure 4. The photomicrographs of liver section taken from rats. (A)
Normal group, saline injection only, normal hepatic lobule (arrow 1). (B)
Model group, CCl, (0.025 mL) injection only, obvious hepatic pseudolobule
(arrow 2). (C) ZK4, high dose group, CCl,+ZK,, (20 mg/kg), centrilobular
fibrosis (arrow 3). (D) ZK,, low dose group, CCl,+ZKy, (10 mg/kg),
centrilobular fibrosis (arrow 4) and fatty degeneration (arrow 5). (E) DDB

group, CCl,+DDB (5 mg/kg), hepatic pseudolobule (arrow 6).
x200.

HE stain,

0.06 pmol/L and maintained stable levels over the subsequent
350 min. As shown in Table 1, serum NO level increased
significantly in ZKy, (20 mg/kg) and ZKy, (10 mg/kg) groups
compared with the normal group, while NO levels in the
model and DDB groups did not change.

Discussion
The pharmacological effects of compound ZK;4, a novel nitric
oxide-donating DDB derivative, were examined in vitro and

Table 1. Effects of ZK,, on serum ALT, AST, HA, PCIIl, and NO level in hepatic fibrosis rats induced by CCl,. Mean£SD. °P<0.05, °P<0.01 vs normal.

®P<0.05, 'P<0.01 vs model.

Groups (n?;/s:g) n ALT (U/L) AST (U/L) HA (ng/mL) PCIIl (ng/mL) NO (ug/L)
Normal / 6 22.73+3.5 113.35+11.35 248.19+37.53 7.85+2.15 50.69+15.37
Model / 8 50.12+12.56" 222.83+25.36° 1017.45+52.84° 35.36+9.70° 42.34+14.21
ZKiy 20 10 35.74+7.05° 145.19+34.77° 422.27+56.23' 20.93+6.73 154.84+29.49°
ZKiy 10 10 47.16425.72 208.41+32.45 957.62+52.01 39.88+8.45 96.67+20.45°
DDB 5 10 27.47+30.37° 136.79+30.43° 967.46+66.32 32.72+8.78 46.88+12.20
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Table 2. Effects of ZK,, on the pathologic grading of hepatic fibrosis
rats induced by CCl,. P<0.01, compared with normal group. P<0.05,
compared with model group.

G Dose Pathologic grading of hepatic fibrosis
OUPS - me/kg) 0 | I Il v
Normal / 6 10 0 0 0 0 -
Model / 8 0 0 3 4 3 <0.01
ZKs 20 10 0 1 6 3 0 <0.05
ZKis 10 10 0 1 2 5 2 -
DDB 5 10 0 3 6 2 -
0.06
0.05
- 0.04r
~
o
g 0.03
o
Z 0.02f
0.01
0 . . . . . )
0 50 100 150 200 250 300
Time (min)

Figure 5. NO releasing from ZK,, in vitro. ZKi, was dissolved in DMSO
and reached the concentration of 1 ymol/L. The maximum releasing
content of NO was about 0.06 ymol/L, and maintained stable levels in
subsequent 350 min.

in vivo. Our studies showed significant apoptosis-inducing
activity of ZK;4in HSC-T6 in vitro, as reflected by decreased
MMP and increased caspase-3 and 9 activities. Furthermore,
high doses of ZK,, (20 mg/kg) showed anti-fibrotic as well as
hepatocyte-protective activity in CCli-induced male hepatofi-
brotic rats.

NO is a highly reactive free radical capable of mediating
a multitude of reactions; it is produced by the catalytic reac-
tion of L-lysine via nitric oxide synthases or generated from
synthetic NO-releasing compounds such as furoxan, nitrate,
diazeniumdiolate and others. Compound ZK,,, which we syn-
thesized with the NO donor furoxan, could release NO stably
in vitro in 350 min. Furthermore, serum NO level increased
remarkably in animals treated with high or low doses of ZKj,.
These results show that NO can be released from ZK,, both in
vitro and in vivo, and demonstrate that ZK,, is an efficacious
NO donor.

NO generated from endothelial NO synthase (eNOS) in
turn exerts paracrine effects on adjacent HSCs, culminat-
ing in the inhibition of vasoconstriction, proliferation, and
migration®?". Recent studies suggest that NO promotes
HSC apoptosis through a signaling mechanism that involves
mitochondria and that occurs independently of caspase
activation™,

Our study in vitro showed that the apoptosis induced by
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NO donor ZK,, was both concentration- and time-dependent.
When exposed to ZK;, (50 pmol/L), the apoptotic rate in
HSC-T6 cells was about 40%, while that in L-02 cells was mod-
erately low (17%). This shows that apoptosis induced by ZK,,
is not cell-specific, and that to improve cell-selectivity, synthe-
sis of a different compound is needed.

NO can pass through cell membranes due to its water-
soluble and lipid-soluble properties; inside cells, it acts on tar-
get molecules and induces apoptosis®™*! in various cells and
tissues. NO can directly induce cytochrome c release through
MMP loss, and released cytochrome c can activate the caspase-
dependent apoptotic signaling cascade™. NO-induced apop-
tosis occurs by two separate pathways: caspase-dependent and
caspase-independent. The caspase-dependent pathway can be
either intrinsic or extrinsic in nature. The intrinsic pathway is
stimulated by apoptotic stimuli, including radiation and the
2-5A/RNase L/RNase L inhibitor (RNI), leading to the loss
of MMP and release of cytochrome c into the cytosol. Along
with ATP, apoptotic protease activating factor-1 (Apaf-1) and
procaspase-9, cytochrome c directs the activation of the initia-
tor caspase 9 followed by the processing of procaspase-3 and
its activation. Thus, apoptosis occurs downstream of active
caspase 3.

When treated with ZK,,, the MMP of HSC-T6 cells decreased
and the activities of caspase 3 and 9 increased. This result
shows that the mechanism of apoptosis induced by ZKj, in
HSC-T6 is related to the intrinsic caspase-dependent path-
way. It is likely that when NO was released from ZK;,, MMP
decreased and cytochrome c activated caspase 9 and subse-
quently caspase-3, which initiated apoptosis in HSC-T6 cells.

Serum levels of HA and PCIII are surrogate markers of
liver fibrogenesis. Significant amelioration in serum mark-
ers of liver fibrogenesis and in hepatic histological pathology
occurred in the ZK,, high-dose group (20 mg/kg), while no
significant effects were observed in the DDB group (5 mg/kg)
or the ZKy, low-dose group (10 mg/kg). This result suggests
that apoptosis induced by NO generated from ZK;, resulted
in subsequent elimination of activated HSCs and extracellular
matrix, with collagen fibers being destroyed and absorbed and
the structure of the hepatic lobules renewed.

Serum levels of ALT and AST are sensitive markers of hepa-
tocyte function. We observed significant decreases in serum
ALT and AST levels in the ZK;, high dose group (20 mg/kg)
and in the DDB group (5 mg/kg), with no obvious effect in
the ZK,, low dose group (10 mg/kg). This suggests a protec-
tive effect of ZK,, on liver function in hepatic fibrosis due to
mother nucleus DDB.

As a synthetic commercial hepatoprotectant, DDB has been
widely used to treat chronic viral hepatitis B patients in China
for more than 20 years. Oral administration of DDB signifi-
cantly prevented the occurrence of erythromycin-induced liver
damage™!. DDB directly inhibited IFN-alpha signaling-medi-
ated replication of HBV in infected hepatocytes™. DDB could
exert its biochemical effects through enhancement of antioxi-
dant enzyme activities and reduction of glutathione levels as
well as by decreasing lipid peroxides™ *). DDB might inhibit



inflammatory responses in association with reduction of NF-
kappa B activation through prevention of I-kappa B alpha
degradation and subsequent TNF-alpha production’.

By contrast, apoptosis induced by ZK;, in HSC-T6 cells in
vitro was attributed to NO; DDB treatment did not induce
apoptosis effectively (Figure 2F). We considered that by vir-
tue of its anti-inflammatory and anti-immune properties, DDB
would exert its role of protecting liver and reducing enzyme
levels in vivo rather in vitro. In animal experiments, high-dose
of ZK,, and DDB exhibited preferable liver protection, while
7K, did not exert its protecting effects against apoptosis of
L-02 cells in vitro.

Depending on its concentration, NO can have pro- or anti-
apoptotic properties. High NO concentrations promote apop-
tosis in most cases, whereas low NO concentrations can result
in resistance to apoptosis®. There was no significant reduc-
tion in liver fibrosis in the ZK;; low-dose group (10 mg/kg).
This might be because a low NO concentration released in
this group was insufficient to induce apoptosis, and instead
inversely induced proliferation of HSC and caused aggrava-
tion of liver fibrosis.

In conclusion, we performed a primary screening and evalu-
ation of ZK;, as a novel NO donor compound and found it
was effective both in vitro and in vivo. ZK,4 promoted apop-
tosis in HSC-T6 cells by releasing NO and activating a signal-
ing mechanism that involved mitochondrial dysfunction and
caspase activation. Furthermore, ZK,, could alleviate the
syndrome of hepatic fibrosis in vivo, and protect liver function
by DDB. These results demonstrate that ZK;,, a novel nitric
oxide-donating DDB derivative, has effective antifibrotic activ-
ity both in vitro and in vivo. We hope our experiments will
provide novel support for the use of apoptosis induction for
active HSC in therapy of hepatic fibrosis.
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Atorvastatin improves insulin sensitivity in mice with
obesity induced by monosodium glutamate

Ning ZHANG, Yi HUAN, Hui HUANG, Guang-ming SONG, Sujuan SUN, Zhu-fang SHEN™

Institute of Materia Medica, Chinese Academy of Medical Science & Peking Union Medical College, Beijing 100050, China

Aim: To examine the mechanisms underlying the effects of atorvastatin on glucose and lipid metabolism.

Methods: Mice with insulin resistance and obesity induced by monosodium glutamate (MSG) were used. Atorvastatin (80 mgkg™*d™) or
vehicle control treatment was given orally once a day for 30 days. Plasma levels of total cholesterol, triglycerides, low-density lipopro-
tein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and free fatty acids were monitored. Serum insulin and glucose
concentrations were used to calculate the insulin resistance index and insulin sensitivity index using a homeostasis model. Body
length, waistline circumference, intraperitoneal adipose tissue mass, and total body mass were measured. Semi-quantitative RT-PCR
and Western analysis were used to determine the expression of inflammatory factors and proteins involved in inflammation signaling
pathways.

Results: Atorvastatin improved insulin sensitivity, ameliorated glucose tolerance, and decreased plasma levels of total cholesterol,
triglycerides, LDL-C, HDL-C and free fatty acids. Semi-quantitative RT-PCR and Western analysis revealed increased expression of inter-
leukin 6 (IL-6) and tumor necrosis factor o (TNF-o) in serum and adipose tissue in MSG obese mice. Atorvastatin treatment decreased
expression of IL-6, TNF-a, nuclear factor kB (NF-kB) and I-kappa-B (IkB) kinase-3, but increased the expression of kB, in adipose tissue.
Conclusion: Atorvastatin is a potential candidate for the prevention and therapy of diseases associated with insulin resistance such
as type 2 diabetes mellitus and cardiovascular disease. One possible mechanism underlying the effects of atorvastatin on glucose and

lipid metabolism may be to ameliorate a state of chronic inflammation.

Keywords: atorvastatin; insulin resistance; HMG-CoA reductase inhibitor; monosodium glutamate; obesity

Acta Pharmacologica Sinica (2010) 31: 35-42; doi: 10.1038/aps.2009.176; published online 21 December 2009

Introduction
Obesity is frequently associated with metabolic syndrome, a
disease state that includes glucose intolerance, insulin resis-
tance, hypertension, hypertriglyceridemia, low level of high-
density lipoprotein cholesterol (HDL-C), and type 2 diabetes
mellitus (T2DM). Low-grade inflammation is associated
with insulin resistance and precedes the onset of T2DM in
obese individuals®”. Adipose tissue is an important endocrine
organ that regulates the insulin sensitivity of other peripheral
insulin target tissues”. Excess adipose tissue, especially in the
visceral compartment, results in excess secretion of peptide
hormones and cytokines, which leads to whole-body insulin
resistance and predisposes to T2DM"],

Tumor necrosis factor a (TNF-a), interleukin 6 (IL-6), and
monocyte chemotactic protein 1 (MCP-1) are some of the
inflammatory signaling molecules that may contribute to

*To whom correspondence should be addressed.
E-mail shenzhf@imm.ac.cn
Received 2009-08-03  Accepted 2009-11-12

insulin resistance. TNF-a may enhance Ser*” phosphorylation
of insulin receptor substrate 1 (IRS-1) proteins or other down-
stream effectors of the insulin signaling cascade that play
negative regulatory roles in insulin action. Serine phosphory-
lation impairs insulin-stimulated tyrosine phosphorylation of
IRS proteins, uncouples insulin signal transduction, and has
been implicated in the development of insulin resistance”!.

Previously, Hong™ implicated the signaling pathway of the
transcription factor, nuclear factor kB (NF-xB), in the induc-
tion of insulin resistance. I-kappa-B (IkB) kinase (IKK) plays
an important role in this pathway. IKKs, together with their
upstream activating kinases, mediate signaling to NF-«kB from
a diverse array of stimuli, including TNF-a. TNF-a activates
IKKs, which can in turn phosphorylate IkBs (the inhibitors
of NF-xB) and activate NF-«xB. Increased NF-«B activity up-
regulates multiple inflammatory factors that aggravate insulin
resistancel”.

Statins, the inhibitors of 3-hydroxy-3-methyl glutaryl coen-
zyme A reductase (HMG-CoA) appear to have a number of
potentially beneficial effects!"”, some of which are indepen-
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dent of their cholesterol-lowering effect. Some effects include
improved endothelial function, anti-thrombotic and anti-
proliferative effects, stabilization of atherosclerotic plaque,
anti-cancer and anti-oxidant effects, and anti-inflammation.
Regarding anti-inflammatory activity, statins may down-reg-
ulate activation of NF-«xB in human endothelial and vascular
smooth muscle cells"". By reducing the activity of this stimu-
lator of IKK signaling, the anti-inflammatory consequences
of statins may have benefits in insulin resistance. Therefore,
we investigated the effects of atorvastatin, an HMG-CoA
reductase inhibitor, on insulin resistance, glucose concentra-
tion, and lipid levels in an insulin-resistant mouse model of
obesity.

Materials and methods

Reagents

Atorvastatin was obtained from Aifeimu Chemical Co (Zhe-
jiang, China). Monosodium glutamate (MSG) was obtained
from Huaboyuan Technologic Development Center (Beijing).
RNA;, protection liquid was from Applygen Technologies
(Beijing). TRIzol reagent, random hexamer primers, and
Superscript II reverse transcriptase were obtained from Invit-
rogen (Carlsbad, CA). Primary antibodies for NF-xB p65 and
IxkB-a were from Santa Cruz Biotechnology, Inc (Santa Cruz,
CA). All other regents used in this paper were from Sigma
Aldrich (St Louis, MO).

Animals and experimental protocol

Pregnant ICR mice were purchased from the Experimental
Animal Center, Chinese Academy of Medical Sciences (Bei-
jing), and cared for in accordance with the standards for labo-
ratory animals established by the People’s Republic of China
(GB14925-2001). Monosodium glutamate (MSG) was subcu-
taneously injected in neonatal mice at 4 g/kg body weight
once daily for 7 consecutive days after birth to induce obesity.
Only mice with impaired insulin tolerance were used in this
study™
groups (n=8 mice each) for treatment with vehicle (water) or

. Female and 6 months mice were divided into two

atorvastatin (80 mg/kg), by oral administration. Treatment
was given orally for 30 consecutive days, and mice underwent
an insulin tolerance test (ITT) and oral glucose tolerance test
(OGTT) and monitoring for plasma levels of cholesterol and
triglycerides. On the last day of the experiment, mice were
sacrificed by decapitatation. Plasma was collected for mea-
surement of LDL-C, HDL-C, IL-6, and TNF-a. Body length,
whole body mass, intraperitoneal adipose mass and waistline
circumference were measured. The waistline index (waistline
to body length) was calculated. Samples of plasma and adi-
pose tissue were stored at -70 °C. Intraperitoneal adipose tis-
sue was stored in an RNA protection liquid, RNA,,, at -70 °C
for later semi-quantitative RT-PCR analysis. Eight female ICR
mice were used as normal non-obese controls.

Oral glucose tolerance test (OGTT) and insulin tolerance test (ITT)
After 10 days of oral atorvastatin treatment, obese mice were
fasted 2 h before the OGGT. Two hours after atorvastatin (80
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mg/kg) or vehicle (water) treatment, initial blood samples
were drawn. Then, glucose (2 g/kg) was administered orally.
Subsequent blood samples were taken at 0, 30, 60, and 120
min. The ITT was preceded by 20 days of atorvastatin or
vehicle treatment. Fasted mice were given 0.4 U of insulin
intraperitoneally, and then blood samples were taken at 0, 40,
and 90 min. Plasma glucose concentrations were measured by
the glucose oxidase method. The areas under the curve (AUC)
from blood glucose recordings were calculated.

Biochemical analysis

Plasma levels of total cholesterol, triglycerides, LDL-C,
HDL-C, and free fatty acids (FFAs) were determined by enzy-
matic colorimetric methods with commercial kits (Biosino Bio-
Technology and Science Inc, Beijing). Plasma insulin (PI) was
measured with a radioimmunoassay kit (Chinese Institute of
Atomic Energy, Beijing). Adipose tissue samples were homog-
enized in ice-cold PBS buffer containing 10 mmol/L sodium
fluoride, 10 pg/mL leupeptin, and 10 pg/mL aprotinin and
centrifuged at 14000xg for 15 min and the supernatants were
collected for assay. The concentrations of TNF-a and IL-6 in
plasma and adipose tissue were measured with a radioimmu-
noassay kit (North TZ-Biotech, Beijing).

Insulin resistance and insulin sensitivity index calculations

The homeostasis model assessment was used to calculate the
insulin resistance (HOMA-IR) index and insulin sensitivity
index (ISI) using the values of fasting plasma glucose (FPG)
and PI as follows: ISI=1/(FPGxPI)*x1000, with FPG expressed
as mg/dL and PI as mU/L; HOMA-IR=FPGxP1/22.5, with
FPG expressed as mmol/L and PI as mU/L.

RNA preparation and semi-quantitative RT-PCR

Total RNA was isolated from mouse adipose tissue with TRI-
zol reagent (Invitrogen, Carlsbad, CA). First-strand cDNA
was synthesized from 5 pg of total RNA with random hex-
amer primers and Superscript II reverse transcriptase (Invit-
rogen). The reaction mixture was amplified with primers
specific for inflammatory factors and proteins (Table 1) in a
total volume of 20 pL. Linearity of the PCR amplification was
tested with amplification cycles between 32 and 40. The PCR
products were analyzed on a 2% agarose gel, and the intensity
of the corresponding bands was determined using a Kodak
image station 440CF and 1D image analysis software (Eastman
Kodak; Rochester, NY). mRNA expression of the genes was
normalized to that of GAPDH™!,

Adipose tissue homogenization and Western analysis

Adipose tissue samples were homogenized in ice-cold buffer
containing 50 mmol/L HEPES (pH 7.6), 150 mmol/L sodium
chloride, 20 mmol/L beta-glycerophosphate, 10 mmol/L
sodium fluoride, 2 mmol/L EDTA, 10% glycerol, 1 mmol/L
magnesium chloride, 1 mmol/L calcium chloride, 10 pg/mL
leupeptin, and 10 pg/mL aprotinin. Tissue homogenates were
clarified by centrifugation at 14000xg for 15 min, and protein
concentrations in the supernatant were determined with a



Table 1. Primers used for RT-PCR of inflammatory factors and proteins in monosodium glutamate (MSG)-induced obese mice with insulin resistance.
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Target gene

Forward primer

Reverse primer

GAPDH 5-AGGTCGGTGTGAACGGATTTG-3'
NF-kB p65 5-AGGCTTCTGGGCCTTATGTG-3'
IkB-ot 5"-TGAAGGACGAGGAGTACGAGC-3'
IKK-B 5-ACAGCCAGGAGATGGTACG-3'
TNF-o 5-CCCTCACACTCAGATCATCTTCT-3"
IL-6 5"-TAGTCCTTCCTACCCCAATTTCC-3'

5"-TGTAGACCATGTAGTTGAGGTCA-3’
5"-TGCTTCTCTCGCCAGGAATAC-3’
5-TTCGTGGATGATTGCCAAGTG-3'
5-CAGGGTGACTGAGTCGAGAC-3'
5'-GCTACGACGTGGGCTACAG-3’
5-TTGGTCCTTAGCCACTCCTTC-3'

Bradford assay. Proteins in the supernatants of the tissue
homogenates were resolved by SDS-PAGE and transferred
to PVDF membrane. Bound proteins were blocked with 1%
nonfat dry milk in Tris-buffered saline with 0.1% Tween 20,
and probed with specific primary antibodies (NF-xB p65 and
IkB-a from Santa Cruz). The membranes were washed with
Tris-buffered saline with 0.5% Tween 20, then incubated with
horseradish peroxidase-conjugated secondary antibody (Pro-
mega Corp, Madison, WI). Proteins were visualized by chemi-
luminescence reactions, and the intensity of the corresponding
bands was analyzed with a Kodak image station 440CF and
1D image analysis software (Eastman Kodak). The expression
of proteins was normalized to that of GAPDH!,

Statistical analysis

Results are presented as means+SEM. Statistical significance
of differences was assessed by ANOVA, followed by the t-test.
P<0.05 was considered statistically significant. All analyses
were performed using SPSS version 13.0.

Results

Insulin tolerance

Plasma glucose levels after insulin injection were significantly
lower in the obese mice treated with atorvastatin (80 mg/kg)
than those in the vehicle-treated control obese mice at all times
tested. As shown in Figure 1B the mean AUC for glucose was
significantly reduced after atorvastatin treatment, compared to
the control treatment (n=8, P<0.01, Figure 1).

Oral glucose tolerance

Compared to the control treatment, atorvastatin treatment
produced lower blood glucose concentrations before and 30,
60 and 120 min after glucose loading (Figure 2A), and reduced
the mean glucose AUC (Figure 2B).

Effect of atorvastatin on plasma lipid profile

On day 12, obese mice treated with atorvastatin showed sig-
nificantly lower plasma levels of total cholesterol, LDL-C and
HDL-C than the control obese mice (P<0.01). The atorvastatin
treated mice also had markedly lower levels of triglycerides
and FFAs (P<0.05, Table 2).

Characteristics of MSG-induced obese mice
The physical characteristics of the normal non-obese mice and
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Figure 1. Effect of atorvastatin on insulin tolerance in MSG-induced
obese mice with insulin resistance. (A) Mean blood glucose; (B) Mean
area under the curve (AUC) by insulin tolerance test (ITT). Obese mice
were challenged with oral glucose as described in the materials and
methods, and blood glucose measured at the indicated times by tail
blood sampling. Obese mice (n=8 /per group) were treated and untreated
with atorvastatin (80 mgkg™d™®) for 20 d. Results show means+SEM.
°P<0.05, °P<0.01 compared with groups untreated with atorvastatin.

the obese mice treated with either atorvastatin or vehicle con-
trol are shown in Table 3. Normal non-obese mice were lean
and had a smaller waistline circumstance, body weight and
smaller waistline index than MSG-induced obese mice treated
with vehicle control (P<0.01). Vehicle control-treated obese
mice had more intraperitoneal fat and a greater intraperitoneal
fat index than did non-obese mice (P<0.01). Atorvastatin treat-
ment had no effect on body weight, body length, waistline, or
intraperitoneal fat weight and index as compared with vehicle
control treatment in obese mice.

Effect of atorvastatin on inflammatory factors in plasma and
adipose tissue
The concentrations of IL-6 and TNF- a in serum and adipose
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Figure 2. Effect of atorvastatin on glucose tolerance in MSG-induced
obese mice with insulin resistance. (A) Mean blood glucose; (B) Mean
area under the curve (AUC) by oral glucose tolerance test (OGTT). Mice
(n=8/per group) were treated with atorvastatin (80 mg-kg™d™) for
10 d. n=8. All data are represented by means+SEM. °P<0.05, °P<0.01
vs control group.

tissue are shown in Table 4. The serum concentration of IL-6
and TNF-a in vehicle control-treated obese mice was similar to

that in normal non-obese mice. The atorvastatin-treated obese
mice showed no difference in content from the vehicle-control
treated obese mice. The adipose-tissue concentrations of IL-6
and TNF-a were significantly greater in vehicle-treated control
obese mice than in normal non-obese mice (1=8, P<0.01). Thir-
ty-day atrovastatin treatment produced significantly lower
adipose-tissue concentrations of IL-6 and TNF-a compared to
vehicle control treatment in the obese mice (n=8, P<0.05).

Homeostasis model assessment of insulin resistance (HOMA-IR)
index and insulin sensitivity index (ISI)

The calculated values for the insulin resistance index and
insulin sensitivity index are shown in Table 5. Fasting serum
insulin levels were significant higher in vehicle treated control
obese mice than in normal non-obese mice. The HOMA-IR
index was also higher in vehicle treated control mice than in
normal non-obese mice (n=8, P<0.001). The ISI for vehicle
treated control mice was lower than that for normal non-obese
mice (n=8, P<0.001). Atorvastatin treatment decreased the
HOMA-IR index and increased the ISI compared to vehicle
control treatment in obese mice (P<0.05, P<0.01, respectively)
(Table 5).

Semi-quantitative RT-PCR analysis of inflammatory factors

A semi-quantitative analysis of the expression of factors
involved in inflammation pathways are shown in Figure 3.
The expression of TNF-a and IL-6 was higher in the vehicle-
treated control obese mice than in normal non-obese mice
(Figure 3B, 3C), and the expression of IxB was lower in vehicle
treated obese controls than in normal non-obese mice (Fig-
ure 3E). Atorvastatin treatment decreased the expression
of TNF-a, IL-6, NF-xB, and IKK-p (P<0.01, P=0.08, P<0.05,
P<0.01, respectively) and enhanced of the expression of IxB

Table 2. Effect of atorvastatin on lipid metabolism in MSG-induced obese mice with insulin resistance. All data are represented by mean+SEM. Mice
were treated with atorvastatin for 30 d. n=8 mice/group. °P<0.05, °P<0.01 vs control-treated obese mice.

Gro Triglycerides Total cholesterol LDL-C HDL-C Free fatty acids
u

P (mg/dL) (mg/dL) (mg/dL) (mg/dL) (MEa/L)
Control 79.945.1 103.9+7.8 16.7+1.0 77.7+6.4 415.7+15.9
Atorvastatin (80 mg/kg) 63.8+4.1° 59.3+5.4° 10.4+0.8° 37.5+2.9° 352.0+24.3°

LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.

Table 3. Effect of atorvastatin on body characteristics of MSG-induced obese mice with insulin resistance. Data are mean+SEM. Mice were treated
with atorvastatin for 30 d. n=8 mice/group. "P<0.05, °P<0.01 vs control obese mice.

ar Body weight Body length Waistline Intraperitoneal Waistline Intraperitoneal

oup © (cm) (cm) fat (g) index fat index
Normal non-obese 30.7+2.4 10.1+0.3° 8.73+0.42° 0.600+0.100° 0.86+0.062° 0.02+0.003°
Control 63.0+7.5 10.9+0.5 13.24+0.77 6.650+1.753 1.21+0.090 10.54+2.416
Atorvastatin (80 mg/kg) 59.7+6.2 10.5+£0.3 12.80+0.85 6.600+1.125 1.22+0.077 11.05+1.413

Waistline index=waistline circumference/body length. Intraperitoneal fat index is intraperitoneal fat/body weight.
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Figure 3. Effect of atorvastatin on inflammatory factors gene expressions at transcriptional levels in adipose tissue of MSG-induced obese mice with
insulin resistance. Mice (n=5) were treated with atorvastatin (80 mgkg™d™) for 30 days. Non-obese mice (n=3) and vehicle control-treated obese mice
(n=5) were normal and MSG respectively. (A) The products of semi-quantitative PCR were run on 2.0% agarose gels and stained with ethidium bromide.
The expression level of each inflammatory factors mRNA was normalized to that of GAPDH shown in panel A. Atorvastatin inhibited the expression of
TNF-a and IL-6 in the adipose tissue (B, C), meantime atorvastatin decreased the expression of IKK-B and NF-kB p65 (D, F). Futhermore, atorvastatin

increased the IkB-a expression in adipose tissue (E).
control-treated obese mice.

Values show means+SEM as ratio. "P<0.05 vs normal non-obese mice; °P<0.05, P<0.01 vs

Table 4. Effect of atorvastatin on levels of TNF-a and IL-6 in MSG-induced obese mice with insulin resistance. Data are mean+SEM. Mice were treated
with atorvastatin for 30 days. n=8 mice/group. *P>0.05, °P<0.05, °P<0.01 vs control-treated obese mice.

G Serum IL-6 IL-6 in adipose tissue Serum TNF-« TNF-a in adipose tissue
roup (ng/mL) (ng/mg protein) (ng/mL) (ng/mg protein)
Normal non-obese 0.096+0.007 0.127+0.025° 1.21+0.071 1.44+0.029°
Control 0.091+0.007 0.341+0.039 1.19+0.039 3.79+0.062
Atorvastatin (80 mg/kg) 0.069+0.007° 0.232+0.032° 1.34+0.025 2.20+0.021°

(P=0.08) compared to vehicle control treatment in obese mice
(Figure 3).

Western blot analysis of NF-kB p65 and IkB-a

The level of NF-xB p65 and IkB-a proteins were analyzed by
Western blot analysis, and the results shown in Figure 4. The
protein level of NF-xB was higher in vehicle treated control

obese mice than in normal non-obese mice. Atorvastatin
treatment reduced the protein level of NF-xB in obese mice
compared to vehicle-treated control mice (P<0.05, Figure 4A,
4B). The level of IkB-a protein was lower in vehicle treated
controls than in normal non-obese mice, and atorvastatin treat-
ment enhanced the protein expression of IkB-a in obese mice
(P<0.05, Figure 4A, 4C).
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Table 5. Effect of atorvastatin on homeostasis model assessment of insulin resistance (HOMA-IR) index and insulin sensitivity index (ISI) in MSG-
induced obese mice with insulin resistance. Data are meantSEM. Mice were treated with atorvastatin for 30 days. n=8 mice/group. °P<0.05,
°P<0.01 vs control-treated obese mice.
Group Fasting blood glucose Serum insulin ISl (x10%) HOMA-IR
(mg/dL) (miu/L)
Normal non-obese 101.8+4.0° 39.6+2.1° 2.6+0.18° 178.8+10.5°
Control 135.6+6.1 177.3+34.2 0.6£0.11 1071.3+225.7
Atorvastatin (80 mg/kg) 116.8+4.8" 85.0+£10.4° 1.2+0.20° 429.0+55.5"
) have a role in this process, such as adipokines, defects in the
A Normal MSG Atorvastatin K i . . i . i
S 165 — DD - ——— ?nsuhn SIgnallng pathway, mltochondrlall dysfunction and
- — inflammation"* . In the past few years it has been shown
L0 _ -- - -. clearly that obesity, along with diabetes, is characterized by
GAPDH S S s sy s S | | w—" v— — a state of chronic low-grade inflammation"*?", implying that
approaches designed to improve state of chronic low-grade
B 180 c inflammation should be useful in attenuating insulin resis-
160 I tance with obesity.
2 140 The effects of statins on insulin sensitivity had been reported
é 138 in the past years, simvastatin and atorvastatin may improve
% 80 insulin sensitivity in diabetic patients[m; however, others have
@ 60 e reported that simvastatin either did not change or worsened
Lo 40 insulin sensitivity in diabetic patients®™ *. And there are no
22 - - reports exist of their mechanism of action in insulin resistance,
Normal MSG  Atorvastatin obesity animal models. We investigated the effect of atorvas-
tatin on glucose metabolism and insulin resistance and the
C 120} mechanism of action in MSG-induced obese mice, a model
o 100A of T2DM with obesity, hyperinsulinemia, insulin resistance,
§ - . hyperlipidemia and hyperglycemia.. Atorvastatin signifi-
= cantly inhibited the plasma glucose and decreased the plasma
% 601 insulin level and the HOMA-IR index but increased the ISI
@ 40 in obese mice. These findings suggest that atorvastatin may
o0 b improve insulin resistance in MSG-induced obese mice.
I_T_l As mentioned before, mounting evidence indicates that
0 — SG | Aloradiarn adipose tissue is an important cytokines-secretory organ'!
and that adiposity contributes to a chronic state of systemic
Figure 4. Effect of atorvastatin on the expression of NF-kB p65 and IkB-a inflammation™. Actually, the molecular connection between
at translational levels in adipose tissue of MSG-induced obese mice with  obesity and inflammation was documented in 1993, after the
insulin resistance. Mice were treated with atorvastatin (80 mgkg*d™) for ~ demonstration of enhanced expression of TNF-a in adipose tis-
30 days. Normal: non-obese control mice; MSG: vehicle control-treated  gye of obese rodents, and more importantly, the amelioration
obese mice; Atorvastatin: atorvastatin-treated obese mice. The protein ¢ insulin sensitivity after neutralization of this multi-potent
expressions of NF-kB p65, |.KB—0(, and GAPDH were analyzed by Western inflammatory cytokine. Inflammatory mediators derived from
blot assay (A), the expressional levels of NF-kB p65, IkB-a, and GAPDH . . . . . I
were normalized to that of GAPDH, respectively. Atorvastatin significantly adlpose tissue and increased in level in Obe51ty include IL-6,
. . A ) IL-1B, and monocyte MCP-1%"*I. Further, growing evidence
reduced the expression of NF-kB p65 in adipose tissue compared to R .
MSG group (B), but induced the expression of IkB-a (C). Values are suggests that, similar to TNF-a, these and other inflammatory
meansSEM as ratio. "P<0.05, °P<0.01 vs normal mice: °P<0.05 vs MsG ~ Molecules negatively affect insulin sensitivity through activa-
mice. tion of NF-kB, a transcription factor, which triggers the pro-
duction of numerous inflammatory mediators such as TNF-a
and IL-6. These factors can sustain and heighten inflamma-
Discussion tory activation, thus leading to local and systemic insulin
Insulin resistance is the critical pathological feature of type 2 resistance™. In our study, atorvastatin significantly decreased
diabetes mellitus, obesity, metabolic syndrome, and aging"™”.  the secretory level of TNF-a and IL-6 in adipose tissue. This
Although the precise pathogenesis of insulin resistance finding suggests that atorvastatin may inhibit the generation
remains ill-defined, several factors have been proposed to of inflammatory factors, thereby improving insulin resistance
Acta Pharmacologica Sinica



in MSG-induced obese mice.

Furthermore, atorvastatin decreased the mRNA level of
TNF-a and IL-6 but not significantly (P=0.08) in adipose tis-
sue, which is consistent with the results of their secretory
levels in adipose tissue. In addition, atorvastatin significantly
decreased the expression of IKK-p and NF-xB and increased
that the expression of the inhibitor of NF-«B, IxB-a. IKK-p is
an important kinase that can affect insulin signaling through
serine phosphorylation of IRS-1 and by phosphorylation of
IxB-a, which leads to stimulation of the NF-xB pathway.
IxB -a inhibits the transcriptional activity of NF-xB in the cyto-
plasm by preventing the nuclear translocation of NF-«B. In the
nucleus, it dissociates NF-xB from DNA and transports it back
to the cytoplasm®
vastatin action through inflammatory factors, we analyzed the

. To further support the mechanism of ator-

protein level of NF-xB and IxB-a and found that atorvastatin
significantly reduced the level of NF-«B protein and increased
protein levels of IkB-a. These findings support our hypothesis
that atorvastatin inhibits the activity of IKK-p and NF-xB, and
increases that of IkB-a, which inhibits the activity of NF-xB.
Thus, atorvastatin reduced inflammatory factor activation and
improved insulin resistance in MSG-induced obese mice.
Results from our study and that of others raise questions
about the effects in humans being treated with approved
doses of atorvastatin. We chose doses of atorvastatin compa-
rable to those used for treatment of hypercholesterolemia in
humans. The dose of 80 mg-kg™ -d™ for mice is estimated to be
slightly higher than the maximal approved dose for humans.
Atorvastatin has a high LD, (5000 mg/kg) in the micePso
the dose used was safe for the mice in our study. Atorvasta-
tin can adversely affect liver function in some patients with

liver dysfunctionml.

In our study, we also assayed AST and
ALT levels in serum and found the liver function of MSG-
induced obese mice with atorvastatin treatment had no differ-
ence from that of the treated control mice (data not shown).
Interesting, we found a decrease in plasma HDL-cholesterol
after atorvastatin treatment. This result seems to be conflict-
ing with other reports about the role of increasing HDL with
atorvastatin. However, compared to humans, mice and rats
transport most of their serum cholesterol in the HDL-C frac-
tion, not the LDL-C fraction™!. In this mouse model, when
atorvastatin decreased the plasma level of total cholesterol, the
plasma level of HDL was decreased. However, we have used
the mice with MSG-induced obesity as a model of obesity-
associated insulin resistance for many years, and many char-
acteristics of this animal model have a striking resemblance
to human disease. The most important characteristic of such
mice is abdominal obesity. A large amount of abdominal fat
in MSG-induced obese mice with insulin resistance could be
related to chronic inflammation, so MSG-induced obese mice
are suitable for study of the effect of atorvastatin on improv-
ing insulin resistance to ameliorate the state of chronic inflam-
mation and inhibit the activity of proteins in the inflammatory
pathway.

In conclusion, atorvastatin treatment decreased lipid lev-
els, improved glucose metabolism after glucose loading, and

www.chinaphar.com
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improved insulin resistance in MSG-induced obese mice. Pos-
sible mechanisms of the improved glucose metabolism with
atorvastatin treatment may include ameliorating the state of
chronic inflammation by inhibiting synthesis of inflammatory
factors through inhibiting the expression of NF-xB and IKK-g,
as well as increasing the expression of IkB-a in adipose tissue.
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PPARy agonists inhibit TGF-3-PKA signaling in
glomerulosclerosis

Rong ZOU>*, Gang XU*, Xiao-cheng LIU*, Min HAN?, Jing-jing JIANG?, Qian HUANG®, Yong HE, Ying YAO"™
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China; 2 Department of Nephrology, Wuhan Integrated TCM & Western Medicine Hospital, Tongji Medical College, Huazhong University
of Science and Technology, Wuhan 430030, China

Aim: To study the probable mechanisms of the anti-glomerulosclerosis effects induced by peroxisome proliferator-activated receptor
gamma (PPARYy) agonists in rat intraglomerular mesangial cells (MCs).

Methods: Cells were transfected with the pTAL-PPRE-tk-Luc" plasmid and then treated with different concentrations of PPARy agonist,
either troglitazone or telmisartan, for the indicated times. Promega luciferase assays were subsequently used for the detection of
PPARYy activation. Protein expression levels were assessed by Western blot, and PepTag® assays were used for the non-radioactive
detection of protein kinase A (PKA) activity. The deposition of a-smooth muscle actin (x-SMA) and p-cyclic AMP responsive element
binding protein (0CREB) were analyzed by confocal laser scanning.

Results: Both troglitazone and telmisartan remarkably inhibit the PKA activation and pCREB expression that is stimulated by TGF-S.
The PPARy agonists also inhibited a-SMA and collagen IV protein expression by blocking PKA activation.

Conclusion: PPARYy ligands effectively suppress the activation of MCs and the accumulation of collagen IV stimulated by TGF-B in vitro.
The renal protection provided by PPARy agonists is partly mediated via their blockade of TGF-3/PKA signaling.

Keywords: PKA signal pathway; glomerulosclerosis; PPARYy; rat intraglomerular mesangial cells; troglitazone; telmisartan

Acta Pharmacologica Sinica (2010) 31: 43-50; doi: 10.1038/aps.2009.174; published online 28 December 2009

Introduction
Glomerulosclerosis, characterized by as a phenotype transi-
tion of mesangial cells and an increase in extracellular matrix
formation! %, is a final common pathway leading to the loss
of renal function in a variety of underlying kidney diseases.
Multiple injuries to the glomerulus stimulate the glomerular
intrinsic cells to proliferate, secrete pro-inflammatory factors,
undergo cell death or necrosis, and lay down extracellular
matrix’l

TGE-B, known as a pivotal driver of glomerulosclerosis and
tubulointerstitial fibrosis, is a multifunctional cytokine that
regulates cell proliferation, differentiation, and production
of extracellular matrix proteins in a variety of cells includ-
ing mesangial cells"”. Many different cellular responses are
elicited by TGF-B, and these are often cell-type specific”®. The
classic cellular response pathway involves Smad-mediated
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changes in target gene transcription, which have become well
understood in the past few years. Other signaling pathways,
including mitogen activated protein (MAP) kinases, PI3
kinases, and Rho-like GTPases, can modulate Smad-depen-
dent or independent cellular responses!®”). In particular, it has
been proven that TGF-f also mediates protein kinase A (PKA)
signal transduction in vivo®. After TGF-B combines with its
receptor, the receptor phosphorylates PKA directly, with the
formation of complexes between Smads and the regulatory
subunits of PKA. Inhibition of the PKA signal pathway could
block the matrix protein synthesis stimulated by TGF-.

Multiple drugs with different pharmacological profiles are
employed in the experiments on glomerulosclerosis, because it
is one of the major pathological features of primary glomeru-
lar diseases. The more recently introduced drugs include the
peroxisome proliferator-activated receptor (PPAR)y agonists
(thiazolidinediones or glitazones).

PPARY, a nuclear receptor that regulates specific gene
transcription"” is involved in the regulation of lipid and
glucose metabolism!"! , and inflammatory responses’”.
Through PPARY activation, PPARy agonists exert some
beneficial effects on different renal diseases, such as anti-
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inflammatory effects™, anti-fibrotic effects™!, and vascular

protective effects™

16

, although the exact mechanism is not
well understood"®. Recently, it has been reported that the
promoter activity and phosphorylation levels of cyclic AMP
responsive element binding protein (CREB) could be inhibited
by the activation of PPARYy, although it is still unclear what
the exact regulation mechanism is and whether additional
regulation exists at the level of CREB Ser133 phosphorylation.
Because CREB phosphorylation is mainly modulated through
PKA activation, similar modulation effects are also performed
by the PPARYy agonist, raising the possibility that PPARYy acti-
vation might mediate the PKA signal pathway. These obser-
vations allow the speculation that a probable direct modula-
tion on PKA signaling by PPARY exists in the complex cellular
signal networks. Therefore, the interaction between PPARy
and PKA signaling was examined. The probable mechanisms
of anti-glomerulosclerosis effects mediated by PPARy agonist
in mesangial cells (MCs) were also investigated in vivo. On
the other hand, telmisartan, a subclass of angiotensin receptor
blockers (ARBs), has been reported to associate with PPARy as
a partial agonist”. Therefore, we chose both troglitazone and
telmisartan as PPARYy ligands for these experiments.

Materials and methods

Reagents

Recombinant TGF-p; was purchased from R&D Systems (Min-
neapolis, MN). Telmisartan was obtained from Boehringer
Ingelheim (Ingelheim, Germany). Troglitazone, a selective
ligand for PPARY, was kindly provided by Dr Ming HAN
(Sankyo, Tokyo, Japan). Telmisartan and trogalitazone were
dissolved in DMSO, with a final concentration of 0.05% in the
culture medium. Polyclonal anti-PPARY (sc-7196) and anti-
collagen IV (sc-9301) were purchased from Santa Cruz Biotech-
nology (California, USA). Monoclonal antibodies against CRE
binding protein (CREB, #9197) and phospho-CREB (#9198),
which recognizes phosphorylated Ser133, were obtained from
Cell Signaling Technology (Boston, USA). Monoclonal anti-al-
pha smooth muscle actin (a-SMA, ab32575) was obtained from
Abcam (Cambridge, UK), and horseradish peroxidase (HRP)-
conjugated anti-mouse, anti-rabbit immunoglobulin were
obtained from Dako (Glostrup, Denmark). The ECL detection
system was obtained from Pierce Biotechnology (Rockford,
USA). GW9662, a specific PPARy antagonist, was from Cay-
man chemical (Michigan, USA). H89, a selective inhibitor of
PKA, was from Alexis Biochemicals (San Diego, USA).

Cell culture

Rat intraglomerular mesangial cells were cultured in Dulbec-
co’s Modified Eagle’s Medium (DMEM) supplemented with
10% fetal bovine serum (GIBCO, USA), at 37 °C in 95% air /5%
CO,. Throughout this study, cells from passages 5 to 15 were
used. All treatments were done in a serum-free medium in
confluent cells that had been cultured in medium without FBS
for 24 h before stimulation.
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Transient transfection and luciferase assay

To assess the PPARYy activation, MCs at 80% confluence were
transiently transfected with 2.0 pg of luciferase reporter plas-
mids containing either three consensus PPARy response ele-
ments (pTAL-3xPPRE-TK-Luc) or the corresponding empty
vector (pTAL-Luc) (a kind gift from Dr Qiu-jun LU) along with
a pB-galactosidase vector (Promega) for 4 h using Lipofectamine
(Invitrogen Life Technologies, USA). The PPREx3-Luc
reporter plasmid was designed to contain PPRE sites (5-GTC-
GACAGGGGACCAGGACAAAGGTCACGTTCGGGAGG
TCAC-3', three copies) attached to a luciferase vector (pTAL-
Luc) as described". After a 16-h recovery period in serum-
free medium, cells were treated with trogalitazone or telmis-
artan. The transfections were done in triplicate and repeated
at least three times to ensure the reproducibility of the results.
Firefly luminescence and {-galactosidase values were mea-
sured in cell lysates according to the instructions of the manu-
facturer from Promega. PPRE activities were expressed as the
ratio of relative light units to the f-galactosidase values. In all
cases, the luciferase activity of the empty vectors was negli-
gible. Results (mean+SD) were expressed as the fold increase
in relative luciferase units, corrected to B-galactosidase, and
compared with unstimulated cultures.

Western blotting

After being intervened with trogalitazone or telmisartan,
washed cells (PBS, 4 °C) were harvested under non-denatur-
ing conditions (4 °C/30 min) with lysis buffer (50 mmol/L
Tris-HCI, pH 8.0, 150 mmol/L NaCl, 1% TritonX-100, 0.1%
SDS, 1% NP-40, 0.5% deoxysodium cholate, 1 mmol/L EGTA,
0.5 mmol/L benzamidine, 1.5 mmol/L sodium fluoride, 30
pmol/L sodium vanadate, 10 pmol/L sodium pyrophosphate,
2 mmol/L PMSF, 10 pg/mL aprotinin, 10 pug/mL leupep-
tin). Proteins were separated by electrophoresis (10% sodium
dodecyl sulfate-polyacrylamide gel) and electroblotted to
a nitrocellulose membrane (Schleicher and Schuell, Keene,
NH). The membranes were blocked with 5% nonfat dry milk
in TBST (25 mmol/L Tris, 140 mmol/L NaCl, 3 mmol/L KCl,
0.05% Tween-20, pH 8.0, 37 °C, 1 h), and then were incubated
with anti-PPARYy (1:200 dilution), anti-CREB (1:200 dilution),
anti-pCREB (1:200 dilution), anti-a-SMA (1:200 dilution), and
anti-collagen IV (1:100 dilution) antibodies at 4 °C overnight
with continuous shaking in TBST containing 5% nonfat dry
milk. Membranes were then washed with TBST (10 minx3
times) and were incubated with appropriate horseradish
peroxidase-conjugated secondary antibodies (1:1000 dilu-
tion) at room temperature for 1 h. Appropriate bands were
identified with ECL Chemiluminescence Reagent and were
followed by exposure to X-ray film (X-OMAT, Kodak, USA).
Subsequently, immune complexes were removed from the
membrane (5% NaOH, 37 °C, 5 min). Then, the immune
complexes were re-blocked with 5% non-fat milk (37 °C, 1 h).
Protein was assessed by re-blotting with anti-actin antibody
(1:200 dilution) and a horseradish peroxidase-conjugated anti-
rabbit secondary antibody (1:1000 dilution). The bands were



photographed using Chemilmager 5500 (Alpha Innotech, San
Leandro, CA).

In vitro kinase assay for PKA activity

After treatment with TGF-B,, trogalitazone, telmisartan, or
H89 for the indicated time periods, the cells were washed with
ice-cold PBS and were harvested on ice. Then, cells were sus-
pended in 0.5 mL of cold PKA extraction buffer (25 mmol/L
Tris-HCI, pH 7.4, 0.5 mmol/L EDTA, 0.5 mmol/L EGTA, 10
mmol/L B-mercaptoethanol, 1 pg/mL leupeptin, 1 pg/mL
aprotinin) and homogenized using a cold homogenizer. The
supernatant was mixed with other compositions after centri-
fuge (5 min, 4 °C, 14000 r/min). Subsequently, all reaction
components were added on ice in a final volume of 25 pL of
the following mixture: PKA Reaction 5xBuffer 5 pL, Al Pep-
tide (0.4 ng/uL) 5 pL, PKA Activator 5xSolution 5 pL, Peptide
Protection Solution 1 uL, cAMP-Dependent Protein Kinase (2
pg/mL in PKA dilution buffer) 5 uL. The mixture was incu-
bated for 30 min at room temperature. Then, the reaction was
stopped by heating at 95 °C for 10 min, and the samples were
loaded onto the agarose gel (0.8% agarose in 50 mmol /L Tris-
HCI, pH 8.0) for electrophoresis. The phosphorylated peptide
migrates towards the negative electrode (cathode) while the
non-phosphorylated one migrates toward the positive elec-
trode (anode). The negative control lacks PKA enzyme and
contains only buffer, while only the positive control contains
the PKA catalytic subunit (final concentration 16 U/mL) sup-
plied with the kit. The intensity of the bands was quantified
as above.

Confocal microscopy

Extracellular matrix accumulation and the p-CREB transloca-
tion into the nucleus were determined using confocal micros-
copy of monolayers stained with antibodies to collagen IV and
p-CREB. The cells were plated in a chamber-slide for 24 h in
regular medium and 24 h in serum-free medium. Accompa-
nied with TGF-p; stimulation, treatments with trogalitazone,
telmisartan, or H89 were applied for 24 h. This was followed
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by thorough washes with PBS. Then, the cells were fixed with
4% fresh paraformaldehyde at 4 °C for 30 min and were per-
meabilized in PBS containing 0.2% TritonX-100. To block the
nonspecific reaction, the cells were incubated with 5% BSA
in PBS for 60 min. Then, the cells were incubated with the
specific primary antibodies against collagen IV at a dilution
of 1:50 at 4 °C overnight. After washes, cells were incubated
with FITC conjugated donkey anti-goat IgG (1:50) for 1 h in
the dark at room temperature. Cells were double stained
with PI (propidium iodide) to visualize the nuclei. Slides
were washed three times with PBS and glass coverslips were
applied after the addition of one drop of mounting media.
Confocal microscopy was performed using a Zeiss confo-
cal laser scanning microscope (Carl Zeiss, Inc, Thornwood,
NY). Basal and apical membrane locations were determined
visually in the Z-plane using light field microscopy. Two to
three photomicrographs per monolayer at the basal and api-
cal membranes were then scanned with an omnichrome laser
filtered at 480 nm to detect FITC and 530 nm to detect PL

Statistical analyses

Data were expressed as meantSD. Difference of means was
compared by one-way ANOVA and Student-Newman-Keuls
post hoc test for the comparison of multiple means using SPSS
13.0 software. Statistical significance was defined as P<0.05.

Results

PPARYy ligands enhanced activity of PPARy response elements
(PPRE) in MCs

As shown in Figure 1, treatment with different concentrations
of PPARYy agonist caused an effective activation of promoter
plasmid. The differences of luciferase levels between the treat-
ment group and the control group were statistically signifi-
cant. Both troglitazone and telmisartan enhanced luciferase
expression in a dose-dependent manner. Figure 1C shows
the time course of the effects of 5 pmol/L trogalitazone or 10
pmol/L telmisartan on PPRE activities. The PPARYy activation
was detected as early as 12 h after the start of incubation, and
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Figure 1. Both troglitazone and telmisartan activated PPARy response elements (PPRE) effectively. MCs were transfected with 2.0 pg tk-PPREx3-Luc
and 0.2 pg B-galactosidase vectors. After transfection, cells were treated with 1, 2.5, 5 ymol/L troglitazone (A) or 0.1, 1, and 10 pmol/L telmisartan
(B) for 24 h. Meanwhile, transfected cells were treated with 5 umol/L troglitazone or 10 ymol/L telmisartan for the indicated periods of time (C).
Luciferase and B-galactosidase assays were performed at least three times, and the results were expressed as percentage of control considering the
values in untreated samples as 100%. Luciferase activity represents data that have been normalized with -galactosidase activity. The data represent
the mean+SD of three independent experiments. °P<0.05 vs the un-stimulated controls.
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enhanced remarkably in 24 h after treatments. Both troglita-
zone and telmisartan enhanced luciferase expression in a time-
dependent manner.

The suppression on PKA signaling induced by PPARy agonists in
normal MCs

To elucidate whether the influence on PKA pathway by
PPARYy agonist existed in MCs, we measured the expression of
major proteins of the PKA signal pathway. The inhibition of
PKA activity was accelerated between 12 and 24 h after trogal-
itazone or telmisartan exposure and then performed moder-
ately. Meanwhile, both troglitazone and telmisartan inhibited
PKA activation in variety of concentrations (Figure 2). Because
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control control -

Phosphorylated

Non-phosphorylated

Time (h)
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control control - + + +
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C Posit
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Figure 2. PPARy agonists inhibited PKA signaling in normal MCs. (A)
Time course 1. MCs were treated with troglitazone (Tro, 5 ymol/L) for
the indicated time periods, and PKA activity was measured by PepTag®
Non-Radioactive Protein Kinase Assays (promega) as described. Purified
PKA catalytic subunit was used as a positive control (negative control
contained only buffer), while all other samples contain cell lysates from
treated and untreated cells. (B) Time course 2. Telmisartan (Tel, 10
pmol/L). PKA activity was estimated as in (A). (C) Dose response 1. MCs
were treated with troglitazone (1, 2.5, and 5 pmol/L) for 24 h. (D) Dose
response 2. Telmisartan (0, 0.1, 1, and 10 pmol/L, 24 h).
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the CREB phosphorylation depends on the PKA activation, we
extended our observations by measuring the pCREB expres-
sion levels in response to the PPARy agonist. Accordingly,
significant pCREB signals at Ser-133 were detected within 24 h
of stimulation by troglitazone or telmisartan (Figure 3A). The
PCREB expression was suppressed markedly after exposure
to either troglitazone or telmisartan. The inhibition of pCREB
stimulated by PPARYy agonist could be abolished by a specific
PPARy antagonist-GW9662 (Figure 3B). However, PPARy
agonist had little effect on the total CREB expression (Figure
3). These findings indicated that PPARy activation could
directly influence the activation of PKA/CREB signaling in
normal mesangial cells.

Inhibition of TGF-B,-PKA signaling by PPARy agonists

Because CREB cooperates with Smads to mediate TGF-f3;-
induced glomerulosclerosis process, we tested whether the
PKA signal pathway, under the influence of TGF-f3,, was
suppressed by PPARy agonist. In harmony with the former
results, PPARYy agonist remarkably suppressed PKA activation
induced by TGF-f, (Figure 4A). pCREB expression was also
suppressed after PPARy agonist treatments (Figure 4B), which
was recovered by GW9662 (Figure 4B). We also examined the
inhibition effects on PKA signaling performed by H89, a selec-
tive inhibitor of PKA. The mimic effects were also obtained
after pre-incubation with 10 pmol/L H89 (Figure 4C, 4D).
Similar results were also obtained by confocal microscopy
assays. It is demonstrated that a visible expression of pCREB
in TGF-P;-treated MCs (Figure 4F) and noticeable suppression
in PPARY agonist-treated (Figure 4G) and H89-treated MCs
compared with control (Figure 4E).

PPARYy agonists suppressed TGF-B1-induced MCs phenotype
alteration

The induction of a-SMA is a hallmark for MCs phenotype
alteration in glomerulosclerosis process. As shown in Figure
5, both troglitazone and telmisartan dramatically suppressed
the a-SMA expression mediated by TGF-p1. The suppres-
sion effects performed by PPARy agonists were abolished by
GW9662 pre-incubation.

PPARYy agonists inhibit TGF-B1-mediated collagen IV expression
ECM accumulation is a dynamic process that results from
the delicate balance between matrix synthesis and degrada-
tion. The collagen VI distribution, which was characterized as
the important component of ECM!"”, was shown by confocal
microscopy. As shown in Figure 6, TGF-p1 ma rkedly induced
collagen IV expression in the extracellular matrix. Either telm-
isartan or troglitazone significantly abolished collagen IV over-
production stimulated by TGF-f1 (Figure 6A). In harmony
with immunoblotting, similar results were obtained when the
MCs were stained with a specific antibody against collagen IV
(Figure 6B—6F). The collagen IV over-expression induced by
TGF-p; was notably reduced after both PPARy agonists and
H89 treatments.
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Figure 3. Both troglitazone and telmisartan inhibited the phosphorylation levels of cyclic AMP responsive element binding protein (CREB). Cells lysates
were subjected to Western analysis with the pCREB and CREB antibody. B-actin was used as a loading control. (A) MCs were treated with troglitazone (0—-5
umol/L) or telmisartan (0—10 pmol/L) for 24 h. The expression levels of pCREB were represented as mean+SD. °P<0.05 vs control (untreated cell),
n=3. (B) MCs were treated with either troglitazone (5 pmol/L) or telmisartan (10 umol/L) in the presence or absence of GW9662 (20 umol/L). n=3.
The data was represented as mean+SD. °P<0.01 vs control (untreated cell). *P<0.05 vs troglitazone group. "P<0.05 vs telmisartan group.

Discussion

PPARYy is a ligand-activated transcription factor belonging to
the nuclear hormone receptor superfamily. Like other nuclear
receptors, PPARy has a modular structure consisting of an
agonist-dependent activation domain (AF-2), a DNA bind-
ing domain, and an agonist-independent activation domain
(AF-1)®! . Many of its biological effects are mediated by
receptor regulation of target gene transcription in a ligand-
dependent manner. It has been recognized increasingly that
PPARYy agonists have protective effects on the progression of
glomerulosclerosis™ *, possibly by a mechanism that is inde-
pendent of insulin/glucose effects and associated with the
regulation of glomerular cell proliferation, hypertrophy, and
decreased PAI-1 and TGF-f expression”. Through a PPARy-
dependent manner, PPARY agonists exert some beneficial
effects on the kidney, although the molecular mechanism is
not well understood.

In this paper, we demonstrated that both troglitazone and
telmisartan suppressed PKA signal transduction in both dose-
dependent and time-dependent manners in normal MCs. Pre-
incubation with GW9662 abolished the suppression effects
induced by both troglitazone and telmisartan, suggesting that

the suppression effects were caused by PPARYy activation. It
suggest that PPARy agonists indeed influenced PKA signaling
cascades in MCs by PPARy dependent mechanisms.

The inactive holoenzyme PKA consists of two regulatory
(R) and two catalytic subunits. Unlike many protein kinases
whose activity is regulated by the transient addition of a
phosphate to the activation loop, PKA is assembled as a fully
active enzyme that is kept in its inactive state by inhibitory
proteins™!. There are two classes of inhibitors: the heat-stable
protein kinase inhibitors (PKIs) and the regulatory subunit.
PKI binds with high affinity to the free catalytic subunit, but,
unlike the R subunit, it includes a nuclear export signal (NES)
that mediates active nuclear export of the catalytic subunit.
The NES at the C terminus of the PKI provides a mechanism
for rapidly exporting the catalytic subunit from the nucleus™.
Protein-protein interactions are important for many signal-
ing processes. The research focused on PPARYy localizations
disclosed the protein-protein interactions between PPARy and
MEKSs in its nuclear translocation™ . Indeed, several nuclear
receptors were reported to interact with regulatory proteins
via the AF2 domain of PPARY, including glucocorticoid
receptors, estrogen receptors, and NF-xB interactions with
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Figure 4. PPARy agonists inhibited TGF-B1 /PKA signaling. (A and B) MCs were treated with troglitazone or telmisartan after exposure to TGF-B1, in

the presence or absence of GW9662. PKA activation was measured in MC lysates as described (A).

The expression levels of pCREB and total CREB

were measured by Western blot (B). °P<0.05, n=3. (C and D) MCs were pre-incubated with or without 10 pmol/L H89, then exposed to TGF-B1. PKA
activation was measured (C). The expression levels of pCREB were measured by Western analysis (D). "P<0.05 vs TGF-B1-treated cells. n=3. (E-H)
Assess nuclear distribution of pCREB by confocal microscopy in TGF-B1-treated cells without or with PPARy ligands. (E) normal group; (F) TGF-B1-
treated group (2 ng/mL); (G) troglitazone (5 pmol/L) with TGF-B1; (H) telmisartan (10 pmol/L) with TGF-B1.

PPARyY™. How did PPARy affect the PKA activities? One
speculation is, through nuclear export processes of catalytic
subunits, an interaction may exists in the protein complexes
of the catalytic subunit and PKI caused by PPARy. Whether
the protein-protein interaction indeed exists between PPARy
and the catalytic subunit, and how it works, are questions that
require further research.

As a multi-functional factor, TGF-p is a pivotal driver of
glomerulosclerosis and tubulointerstitial fibrosis. The classical
TGF-B/Smads pathway in the fibrotic process has been well
illustrated”). In recent years, some signaling molecules other
than Smads were found to be involved in TGF-f signaling. For
example, p38 MAPK was previously recognized to play a criti-
cal role in the apoptosis of AML-12 cells induced by TGF-p.
Additionally, interactions between the TGF-f3/Smads pathway
components with the PKA/CREB signal pathway have been
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widely reported™ >,

The phosphorylation of Smad3 and
Smad4 by TGF-P have a direct protein-protein interaction with
the regulatory subunit of PKA, leading to the release of the
PKA catalytic subunit from the regulator subunit. When the
PKA catalytic subunit translocates into the nucleus to phos-
phorylate its cellular substrate (CREB), the pCREB binds to
conserved CREs in the promoters of many cAMP-responsive
genes and regulates related gene transcription.

TGF-B/PKA signaling plays an important role in many
aspects of physiologic and pathologic processes. For example,
TGF-p induced apoptosis and Epithelial-to-Mesenchymal
Transition (EMT) in AML-12 murine hepatocytes was associ-
ated with PKA activation™. Singh et al reported that laminin
and fibronectin (Fn) expression induced by TGF-p1 could be
down-regulated by PKA signaling blockage; however, the
inhibition of PKC did not have significant effects on TGF-p1
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Figure 5. PPARYy ligands inhibit the activation of MCs mediated by TGF-31.
The expression of aSMA mediated by TGF-B1 was measured by Western
blot. MCs were treated with troglitazone (5 pmol/L), telmisartan (10
umol/L) or H89 (20 umol/L) after exposure to TGF-B1. °P<0.05 vs TGF-B1
treated group. n=3.

mediated laminin synthesism]. With these observations, it was

also reported that the secretion of Fn was downregulated by
PPARYy activation in lung carcinoma cells, which was medi-
ated by antagonizing the transactivating activity of CREB
binding to one CRE site in the Fn promoter™. These results
indicate a potential involvement of PKA signaling in TGF-f3
mediated pro-glomerulosclerosis process.

In our study, we proved that PPARy agonists remarkably
suppressed the PKA signaling stimulated by TGF-p,. The sup-
pression effects were dependent on PPARYy activation. These
results suggest that the suppression of PKA signaling cascades
induced by PPARy agonists not only in normal MCs, but also
in TGF-f stimulated cells. Because of the tight interaction
between TGF-p and the PKA /CREB pathway, which is impor-
tant for the glomerulosclerosis process, these observations
provided possibilities that PPARy agonists might inhibit the
TGEF-p mediated glomerulosclerosis process through the sup-
pression of the PKA pathway.

Furthermore, the inhibition of TGF-p/PKA signaling
enacted by the PPARy agonists efficiently blocked the aSMA
expression and collagen IV accumulation. The results demon-
strate that TGF-P1 itself could stimulate MCs to differentiate
into myofibroblasts; and that treatment with PPARy agonists,
accompanied by TGF-B1-stimulated differentiation, could
inhibit the differentiation of MCs. Moreover, the inhibition
effects of both telmisartan and troglitazone were mediated by
PPARYy activation.

In summary, PPARYy activation in MCs leads to beneficial
effects for TGF-p-associated glomerulosclerosis. These reno-
protective effects combine to suppress the activation of MCs
and ECM accumulation. The relevant regulation mechanisms

www.chinaphar.com
Zou R et al

A Collagen IV (170 KDa) e ———

B-actin (42 kDa) = “w—

| —
6
I
5 b

£ b

=1

s 4 b

o8

s s

=

%

& 2

°

© 1 m

o]

TGF-B1 - + + + +
Troglitazone - - + - -
Telmisartan - - - +

H89 - - - -

Figure 6. PPARy agonists inhibited the collagen IV accumulation. (A) The

expression levels of collagen IV were measured by Western blot. MCs
were treated with troglitazone (5 pmol/L), telmisartan (10 ymol/L) or H89
(20 umol/L) after exposure to TGF-B1. °P<0.05 vs TGF-B1 treated group,
n=3. (B-F) The localization of collagen IV in MCs was shown by confocal
laser scanning microscopy. (B) Normal group; (C) TGF-B1-treated group
(2 ng/mL); (D) Troglitazone (5 pmol/L) with TGF-B1; (E) Telmisartan (10
umol/L) with TGF-B1; (F) H89 (20 umol/L) with TGF-B1.

act through the suppression of PKA signaling, which is tightly
associated with TGF-p. Our study thus suggests a novel inhi-
bition of PKA signaling that is mediated by PPARy activa-
tion, and explores the role of the reno-protective mechanisms
induced by PPARy agonists. This pathway will provide an
additional therapeutic approach for the treatment of TGF-p-
mediated glomerulosclerosis.
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Effect of prototypical inducers on ligand activated
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Aim: The aim of this study was to investigate the impact on expression of mRNA and protein by paradigm inducers/activators of
nuclear receptors and their target genes in rat hepatic and intestinal cells. Furthermore, assess marked inter laboratory conflicting
reports regarding species and tissue differences in expression to gain further insight and rationalise previously observed species dif-

ferences between rodent and human based systems.

Methods: Quantitative real time-polymerase chain reaction (QRT-PCR) and immunoblots were used to assess messenger RNA (mRNA)
and protein expression for CYP2B2, CYP3A1, CYP3A2, CYP3A9, ABCB1a, ABCB1b, ABCC1, ABCC2, pregnane X receptor (PXR), farne-
soid X receptor (FXR) and constituitive androstane receptor (CAR) in rat hepatoma cell line H411E, intestinal cells, lec-6, and rat pri-
mary hepatocytes, in response to exposure for 18 h with prototypical inducers.

Results: Dexamethasone (DEX) and pregnenolone 16« carbonitrile (PCN) significantly induced PXR, CYP3A9, ABCB1a and ABCB1b.
However, when co-incubated, DEX appeared to restrict PCN-dependent induction. Chenodeoxycholic acid (CDCA) was the only ligand to
induce FXR in all three cell types. Despite previously reported species differences between PCN and rifampicin (RIF), both compounds

exhibited a similar profile of induction.

Conclusion: Data presented herein may explain some of the discrepancies previously reported with respect to species differences from
different laboratories and have important implications for study design.

Keywords: nuclear receptors; hepatic cells; intestinal cells; prototypical inducers; rodents; dexamethasone; pregnenolone 16a carbo-
nitrile; cytochrome P450; pregnane X receptor; constituitive androstane receptor
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Introduction
Constituitive androstane receptor (CAR), pregnane X
receptor(PXR), and farnesoid X receptor (FXR) are key tran-
scription factors regulating transcription of drug metabolising
enzymes and transporters in response to prototypical inducers
and activators such as PCN (rodent PXR), RIF (human PXR),
PB (CAR) and CDCA (FXR). We have previously shown
the impact of various prototypical inducers on expression of
human isoforms of their genes. The purpose of this study
was to investigate the similarity and differences with rodent
homologues using identical methodology.

Several important rodent homologues of human drug
metabolising enzymes of CYP3A4/5 and CYP2B6 have been

*To whom correspondence should be addressed.
E-mail P.Martin@liverpool.ac.uk
Received 2009-07-20 Accepted 2009-12-01

characterised in rodents: CYP3A1%° CYP3A2¥, CYP3A9P
and CYP3A18" 7. These CYPs are inducible by glucocorti-
coids such as DEX, antibiotics such as RIF and other steroids
such as PCNB In addition, CYP2B2 has been studied
extensively! ™ and is known to be induced by many structur-
ally divergent compounds" incuding phenobarbital (PB).
PXR and CAR regulate overlapping sets of genes in a tis-
sue specific fashion. In rodents, common activators of PXR
and CAR upregulate ABCC2 in the liver via CAR, and in the
intestine via PXR, while ABCBla and ABCB1b are upregulated
via PXR in the liver and intestine, with an additional effect
via CAR in the intestine confined to ABCB1al"l. A compari-
son of the PXR sequences from different mammalian species
indicates that the PXR proteins share less than 80% amino
acid identity in their ligand binding domains (LBD), while the
DNA binding domain (DBD) is ~95% similar!"”.. The species
differences in these LBDs are believed to be responsible for the
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selectivity in ligand binding, and thus the marked differences
in the induction profiles between species™.

FXR is a ligand-activated transcription factor regulating
cholesterol and fatty acid metabolism and also functions as an

19211 The relative contribu-

endogenous sensor for bile acids!'
tion of FXR to induction of disposition genes is still unclear.
However, the observation that lithocholic acid (LCA) induces
CYP3A in PXR-null mice and that FXR activates human
CYP3A4 promoter in vitro, implies CYP3A gene expression
may also be controlled by FXR* ). Furthermore, ABCC2 has
also been shown to be a target of FXR**#,

To date, analysis of gene expression and regulation of drug
disposition genes utilise either immortalised or primary cell
cultures. However, important differences have been reported
between laboratories utilising the same strains of cells® >,
The aim of this study was to investigate the impact of pheno-
barbital (PB:CAR), CDCA (FXR), PCN (rodent PXR) and RIF
(human PXR) on mRNA and protein expression of ABCBla,
ABCB1b, ABCC1, ABCC2, CYP2B2, CYP3A1l, CYP3A2,
CYP3A9, PXR, CAR, and FXR in rat hepatic and intestinal cell

lines (H411E and Iec-6) and rat primary hepatocytes.

Materials and methods

Cell culture

Rat hepatoma cell line H411E and rat intestinal cell line, Iec-6,
were purchased from the American Tissue Culture Collection
(ATCC, USA) and maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich company, UK) supple-
mented with 10% fetal bovine serum (FBS; Bio-Whittaker,
Europe). Cell lines were incubated at 37 °C and 5% CO, and
subcultured every 4 days.

For isolation of fresh rat primary hepatocytes, rats were
anaesthetised and the liver isolated and perfused for 10 min
with wash buffer containing 10% v/v Hanks’ balanced salt
solution (HBSS; Sigma, UK), 0.138% w/v Hepes (Sigma, UK)
and 0.5% ©v/v sodium hydrocarbonate (Sigma, UK) in deionised
H,O. The rat liver was further perfused for 6—10 min with
500 mL of pre-warmed (37°C) digestion buffer containing
wash buffer, 0.5% v/v calcium chloride, 250 mg Collagenase
A (Sigma, UK) and 34 mg trypsin inhibitor (Sigma, UK). The
digested rat liver was then placed into a petri dish contain-
ing 20 mg DNase and 200 mL wash buffer. The residual
tissue was removed and the cells filtered through a 125 pm
nylon blotting cloth and resuspended in DNase wash buffer
and allowed to settle for 10 min, the supernatant was then
removed and cells were washed and centrifuged at 50xg for
2 min and finally resuspended in wash buffer. Viability was
determined based on Trypan blue exclusion® >}
be 85%- 90% viable.

and found to

Assessment of protein binding

Equilibrium dialysis was used to determine protein bind-
ing of PB, CDCA, PCN, and RIF (all compounds purchased
from Sigma, UK) within the culture supernatant. Briefly,
Dianorm dialysis membranes (GmbH, Munich, Germany)
with molecular weight cut-off (MWC) of 5000 were soaked
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for 1 h in DMEM (Sigma-Aldrich, UK). PB, CDCA, PCN, and
RIF were then individually added to DMEM containing 10%
FBS (H411E, Iec-6 and primary hepatocyte media) to a final
concentration of 10 pmol/L. An aliquot (1 mL) was then dis-
pensed into one side of the dialysis block divided by the pre-
soaked membrane, the other side containing control (without
additions) media. The dialysis block was then sealed and
rotated in a water bath for 24 h at 37 °C. A 200 pL aliquot was
subsequently removed from the control side of the dialysis
block and placed in quench tubes containing 200 uL of ice-cold
methanol. After centrifugation at 400xg for 20 min, the super-
natant was transferred into 96-well plates and analysed using
liquid chromatography/mass spectrophotometry (LC-MS/
MS) (AstraZeneca in-house methodology).

Treatment of cell lines for induction

H411E and lec-6 were seeded into Nunclon™ Surface 6
well plates (Nunc A/S, Denmark) at a density of 5x10° (per
well) containing DMEM and FBS (10%). Initial experiments
assessed the effect of DEX on expression of CYP3A9, ABCBla,
ABCB1b, and PXR and the inducibility of CYP3A9, ABCBla,
ABCB1b, and PXR by PCN in H411E and Iec-6 cells. After 24
hours the prototypical inducers, PB, CDCA, PCN, and RIF
were added to give final concentrations of 0.01, 0.1, 1.0, 10, and
100 pmol/L. The control used was the test compound vehicle,
methanol for RIF or Dimethyl sulfoxide (DMSO) (0.1% v/v for
both vehicles) for PB, CDCA or PCN. Cells were incubated
for a further 18 hours at 37 °C and 5% CO,, total RNA isolated

and cDNA constructed as described previously™”.

Treatment of rat primary hepatocytes for induction

Rat primary hepatocytes were seeded at a density of 1x10°
per well into 10% FBS supplemented DMEM in Nunclon™
Surface 6 well plates (Nunc A/S, Denmark) and allowed to
grow for 24 h prior to treatment. Test compounds, PB, CDCA,
PCN and RIF were added to give a final concentration of 1.0
umol/L and a time course was conducted. Cells were then
incubated at 37 °C and 5% CO,and sampled at 0, 2, 4, 6, and 18
hours. DMSO treated controls were used for PB, CDCA, PCN
and methanol treated controls were used for RIF (0.1% v/v for
both vehicles).

Toxicity

All test compounds were assayed for toxicity by 3-(4,5-dim-
ethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
assay®™ for both cell lines at final concentrations of 0.01 to 100
pmol/L. These assays were performed at 18 h to assess cell
death at the point of analysis. Toxicity of test compounds was
also assessed after 5 days as toxic concentrations would not
necessarily be evident after 18 hours.

Quantitative real-time PCR

For H411E, Iec-6 and rat primary hepatocytes, total RNA was
isolated utilising Tri-reagent (Sigma, UK) and cDNA con-
structed as previously described®”. Real-time PCR assays
were developed for quantification relative to B-actin (house-



keeping gene) for each transcript in each cell set (H411E, Iec-6,
and primary hepatocytes). Formation of primer dimer was
optimised and eliminated out of the reaction to ensure no
false positive amplification data was incorporated as a result
of non-specific intercalation of picogreen (Molecular Probes,
Paisley, UK). Relative expression against housekeeping gene
B-actin (AACy) of transcripts were performed in an Opticon2™
Fluorescence Detector (M] Research, Bio-Rad, Hertfordshire,
UK). Amplification was performed in a final reaction volume
of 25 uL utilising pico green intercalating fluorescence dye.
The reaction mixture consisted of, 2.5 uL 10xTaqman Buffer
II, 0.5U Taq polymerase, 1.25 pmol/L MgCl, (Amplitaq Gold;
Applied Biosystems, UK), 1.25 pmol/L dNTPs (Promega, UK),
20 ng cDNA, 0.5 pL pico green (final concentration 1:5000) and
0.03 pmol/L of forward and reverse primer, with the excep-
tion of constitutive androstane receptor and CYP3A9 which
required 0.3 pmol/L (final concentration) and nuclease-free
water was added to a final volume of 25 pL (Sigma-Aldrich,
UK). Primer sequences and full assay conditions can be found
on supplementary Table 1 and Table 2 respectively.

Immunoblotting

Western blotting analysis was performed in parallel with
quantitative real time PCR using crude protein homogenates
for CYPs, and for transporter proteins, crude membrane frac-
tions which were purified as described previously®™. In all
cases, protein concentration was determined using the bicin-
choninic acid assay (BCA)®. Samples were normalised to 5
pg/pL and stored at -80°C prior to use. Western blotting of all
proteins was performed using NuPage 4%—12% Bis-Tris Gels
(Invitrogen, Paisley, UK). Blotting was conducted using nitro-
cellulose membranes and iBlot™ Gel Transfer System (Invitro-
gen, UK), as per manufacturer’s instructions, and membranes
were blocked in 10% non-fat-dried milk (NFDM) overnight at
4°C.

For CYP2B2, CYP3A1, CYP3A2, CYP3A9 (1:1000), mouse
anti-rat CYP2B2 [sc-53242 (Santa Cruz Biotechnology, USA)],
rabbit anti-rat CYP3A1 [AB1253 (Chemicon, USA)], rabbit
anti-rat CYP3A2 [458223 (BD Gentest, USA)] and rabbit anti-
rat CYP3A9 [AB1276 (Chemicon, USA)] were diluted in 0.1%
T-TBS and 2% NFDM. For ABCBla/b (1:4000), ABCC1 and
ABCC2 (1:1000), mouse anti-rat ABCC2 [ab3373 (M2 III-6)
(abcam, UK)], mouse anti rat ABCC1 [ab24102 (MRPmb5)
(abcam, UK)], goat anti rat P-gp [mdr(C-19) (Santa Cruz
Biotechnology, USA)] were diluted in 0.05% T-TBS. p-actin
loading control was used for all proteins (anti $-actin (1:5000)
(Sigma, UK). All primary antibodies were incubated for 2 h at
room temperature and all intermediate wash steps were per-
formed with 0.05% T-TBS.

Horse radish peroxidise (HRP) conjugated secondary anti-
bodies; STAR88P Donkey anti-sheep HRP conjugated (Serotec,
USA), ab6701 Donkey anti-rabbit HRP conjugated (abcam,
UK), P0449: rabbit anti-goat HRP conjugated (DakoCytoma-
tion, Denmark), sheep anti-mouse HRP conjugated (Amer-
sham Biosciences, UK) were diluted 1:10000 and incubated for
1 hour at room temperature in 2% NFDM and 0.03% T-TBS.
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All subsequent washing steps were performed with 0.05%
T-TBS, with the exception of ABCBla/b which required 0.1%
T-TBS.

Protein band visualisation was performed using enhanced
chemiluminescence (ECL) technology (PerkinElmer, USA) and
quantification was achieved using BioRad GS710 scanner and
BioRad Quantity One™ densitometric analysis software (Bio-
Rad, USA). Optical density and relative protein expression of
bands was determined against B-actin loading controls. Back-
ground saturation of ECL treated nitrocellulose membranes
was corrected by subtraction of measurements taken from ran-
dom sections of membrane (n=4) and subtracted from protein
band density.

Statistical and data analysis

All reported data are for 18 hour incubations. The minimum
concentration at which induction was observed and maximum
fold change (excluding toxic concentrations) versus control are
presented throughout this manuscript. Caution was taken in
interpretation from data generated with concentrations of test
compound shown to be toxic at 5 days for H411E and Iec-6.
Specifically, concentrations that produced toxicity after 5 days
are illustrated in the figures as dashed lines and statistical
analysis is only presented for data at which significant induc-
tion was observed below this threshold. Therefore robust
ECy, and E,,,, estimates were compromised and thus not used.
Normality was assessed using a Shapiro-Wilk statistical test.
Differences in mRNA and protein expression were assessed
using a paired f-test. Logarithmic and/or linear regression
was used to determine the relationship between change in
mRNA and protein in cell lines.

Results

Cell line characterisation

All CYPs were expressed at higher levels in liver tissue com-
pared to intestine and primary hepatocytes (Figure 1A, 1B,
and 1C), whereas transporters ABCBla and ABCB1b were
expressed at relatively higher levels in intestinal tissue com-
pared to liver and primary hepatocytes (Figure 1D, 1E, and
1F). Lower basal levels of expression of nuclear receptors were
found in the intestinal tissue compared to liver tissue and pri-
mary cells, specifically for PXR (Figure 1G, 1H, and 1I). Basal
level of expression of transcripts were approximately 13 fold
(NRs), 14 fold (transporters) and 6 fold (CYPs) higher in liver
tissue compared to H411E and primary hepatocytes (Figure 1a,
d and g respectively). 8 fold (NRs), 14 fold (transporters) and
4 fold (CYPs) higher in intestinal tissue compared lec-6 and
primary hepatocytes (Figure 1B, 1E, and 1H). Despite some
minor oscillations in basal level of expression during passage,
all transcripts were found to be stable from passage 5 to pas-
sage 21 after receipt from ATCC for both cell lines. However,
for analysis, cell lines were only used between passage 11 and
13.

Toxicity
After 18 h, there was no significant toxicity observed for any
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Figure 1. Basal level of expression and stability of CYPs, transporters (ABC) and nuclear hormone receptors in rodent liver versus rodent hepatic cell
line H411E (A, D, and G) and rodent intestinal tissue versus rodent intestinal cell line lec-6 (B, E, and H) during passage. Basal level of expression
and stability of CYPs, transporters and nuclear hormone receptors in rat primary hepatocytes over time. Data are the mean+SD. n=4 experiments

conducted in duplicate.

test compounds. However, after 5 days significant toxic-
ity was detected for both H411E and lec-6 (data not shown)
implying that induction studies above certain concentrations
may not be physiologically relevant ie for H411E, PB, PCN,
CDCA, and RIF were all toxic at 100 pmol/L (P<0.0001).
For lec-6, CDCA, and PB were toxic at 10 pmol/L (P=0.0001
and P<0.0001 respectively) and PCN and RIF at 100 pmol/L
(P=0.0027 and P<0.0001 P= 0.0027 respectively).

Protein binding

For DMEM containing 10% FBS, PB, PCN, RIF, and CDCA
were determined as 98%, 97%, 98%, and 82% unbound respec-
tively, indicating low levels of binding to FBS and a similar
free drug concentration was present for incubations for all cell

types.

Effects of DEX on CYP3A9, ABCB1a, ABCB1b, and PCN

DEX was a potent inducer of all transcripts in H411E (Figure
2A) and lec-6 (Figure 2B).
tion was observed for all transcripts in both cell lines, with
significant induction for ABCBla and ABCB1b in H411E and

Concentration dependent induc-
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ABCBla, ABCB1b, and CYP3A9 in Iec-6 at 0.01 pmol/L. Sig-
nificant induction of PXR was detected at 0.1 umol/L DEX
in both cell lines. With the exception of ABCBla in H411E
(10 pmol/L), all transcripts were maximally induced at 100
umol/L DEX.

In H411E and Iec-6 cells, PCN significantly induced CYP3A9
mRNA (Figures 2C and 2D), ABCB1a (Figures 2E and 2F),
ABCB1b (Figures 2G and 2H) and PXR (Figures 2I and 2J)
when compared to DEX-free control. However, when DEX
was included in the culture media no significant induction of
ABCB1b in H411E (Figure 2G) or CYP3A9 in lec-6 (Figure 2D)
was observed compared to DEX-free control.

Induction of PXR, FXR, and CAR mRNA in H411E, lec-6, and
primary hepatocytes

A summary of the impact on all genes of interest by prototypi-
cal inducers in H411e, lec-6, and rat primary hepatocytes can
be found in Table 1. The impact of CDCA, PCN, PB, and RIF
on PXR, FXR, and CAR mRNA expression in H411E, Iec-6, and
primary hepatocytes are shown in Figure 3. CDCA signifi-
cantly increased expression of PXR, FXR, and CAR in H411E
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(Figure 3A) and Iec-6 (Figure 3B), but only for FXR and CAR
in primary hepatocytes (Figure 3C). PCN caused significant
induction of PXR and CAR in H411E (Figure 3D), lec-6 (Figure
3E) in primary hepatocytes (Figure 3F). However, there was
no significant increase of FXR by PCN in any cells used. For
PB, there was no significant increase in mRNA expression for
FXR in H411E, Iec-6 or primary hepatocytes (Figures 3G, 3H,
and 31 respectively). However, significant induction of PXR
and CAR was observed for all three cell types. This effect
by PB was more marked with respect to magnitude of fold
change for CAR in lec-6 cells (Figure 3H) compared to H411E
and primary hepatocytes. RIF upregulated FXR, PXR, and
CAR in H411E (Figure 3]), PXR and CAR in Iec-6 (Figure 3K)
and primary hepatocytes (Figure 3L).

PCN concentration (umol/L) incorporated into the media.

Induction of CYP2B2, CYP3A1, CYP3A2, and CYP3A9 mRNA in
H411E, lec-6, and primary hepatocytes

The effect of CDCA, PCN, PB, and RIF on mRNA expression
of CYP2B2, CYP3A1, CYP3A2, and CYP3A9 can be seen in Fig-
ure 4. Statistical analysis is only given for the lowest concen-
tration at which a significant induction was observed. CDCA
significantly upregulated CYP2B2, CYP3A1, and CYP3A9
in H411E (Figure 4A), CYP2B2 and CYP3Al in lec-6 (Figure
4b) and CYP2B2, CYP3A1l, CYP3A2, and CYP3A9 in primary
hepatocytes (Figure 4C). For PCN, all CYPs were significantly
increased at 0.1 umol/L in H411E (Figure 4D), whereas in
Iec-6 (Figure 4E), CYP3A1 and CYP3A9 were induced at 0.01
umol/L, CYP2B2 at 0.1 pmol/L and CYP3A2 at 10 pmol/L
PCN. In addition, all CYP transcripts were induced in pri-

Acta Pharmacologica Sinica



®

www.nature.com/aps
Martin P et al

56

Table 1. Summary of the impact of prototypical inducers (Chenodeoxycholiic acid; CDCA, Pregnane 16a-carbonitrile; PCN, Phenobarbital; PB and
Rifampicin; RIF), on gene expression in H411e, lec-6, and rat primary hepatocytes. For clarity, statistical analyses for cell lines H411e and lec-6 are
given only for the lowest concentration at which a significant difference was observed. For primary hepatocytes, the incubation time (in hours) when

significant induction was detected: 5P<0.05, °P<0.01.

H411le
Test compound (umol/L)

lec-6
Test compound (umol/L)

Primary hepatocytes
Test compound at 1 pmol/L
(Incubation time in hours)

Gene CDCA PCN PB RIF CDCA PCN PB RIF CDCA  PCN PB RIF
CYP2B2 0.1° 0.1° 10° NS 1° 0.1° NS NS 2° 2° 2° NS
CYP3A1 10° 0.1° 10° 1° 0.1° 0.01° 1° 0.1° 2° 2° 2° 2°
CYP3A2 NS 0.1° 10° 1° NS 10° 1° 1° 2° 2° 2° 2°
CYP3A9 0.1° 0.1° 10° 0.01° NS 0.01° 0.01° 0.1° 2° 2° 2° 2°
ABCC1 1° 1° NS 1° 1° 1° NS 1° 4° 2° 2° 4°
ABCC2 1° 1° 10° 1° NS NS 1° 1° 2° 2° 2° 2°
ABCB1a 0.01° 0.01° 0.01° 0.01° 0.01° 0.01° 0.01° 0.01° 2° 2° 2° 4°
ABCB1b 0.1° 0.01° 0.01° 0.1° 1° 0.01° 0.01° 0.1° 2° 2° 2° 2°
FXR 1° 0.1° NS 1° 0.1° NS NS NS 2° NS NS NS
PXR 10° NS 0.1° 1° 1° 0.1° 0.1° 0.1° NS 2° 2° 2°
CAR 1° 1° 10° 1° 1° 0.1° 0.1° 0.1° 2° 4° 2° 2°

mary hepatocytes (Figure 4F). With the notable exception of
CYP2B2 in lec-6 cells (Figure 4H), all CYPs were significantly
induced in H411E cells (Figure 4G), lec-6 cells (Figure 4H)
and primary hepatocytes (Figure 4i) by PB. Finally, RIF had
a potent effect on CYP3A1, CYP3A2, and CYP3A9 in all three
cell types (Figure 4], 4K, and 4L). This effect occurred at lower
concentration in lec-6 (Figure 4K), requiring only 0.1 umol/L
RIF to elicit a significant effect.

Induction of ABCB1a, ABCB1b, ABCC1, and ABCC2 mRNA in
H411E, lec-6, and primary hepatocytes

The impact of CDCA, PCN, PB, and RIF on the expression of
rat transporters can be seen in Figure 5. With the exception of
ABCC1 in Iec-6 cells (Figure 5B), CDCA significantly upregu-
lated all transporters in all three cell types (Figures 5A, 5B,
and 5C). PCN significantly induced all transporters in H411E
and primary hepatocytes (Figure 5f). ABCBla, ABCB1b, and
ABCC1 were also significantly upregulated in Iec-6 (Figure 5E)
when incubated with PCN. However, there was no significant
induction of ABCC2 in Iec-6 below toxic concentrations (Fig-
ure 5E). For PB, there was a significant increase observed for
mRNA expression of ABCBla, ABCB1b, and ABCC2 in H411E
(Figure 5G) and lec-6 (Figure 5H) cells and all transporters in
primary hepatocytes. However, PB did not elicit a significant
effect on ABCC1 in H411E or lec-6 below toxic concentrations.
RIF had a potent effect on all four transporters in all three cell
lines (Figure 5], 5K, and 5L). However, this effect was more
marked with respect to magnitude of fold change for trans-
porters in H411E (Figure 5]), significantly for ABCBla com-
pared to ABCB1b, ABCC1, and ABCC2.

Induction of CYP2B2, CYP3A1, CYP3A2, CYP3A9, ABCB1a/b,
ABCC1, and ABCC2 protein in H411E and lec-6 cells
The effects of CDCA, PCN, PB, and RIF on protein expres-
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sion of CYP2B2, CYP3A1, CYP3A2, ABCBla/b, ABCC1, and
ABCC2 in H411E and Iec-6 is shown in Figure 6. CDCA sig-
nificantly upregulated CYP2B2, CYP3A1, ABCBla/b, ABCCI,
and ABCC2 in H411E and CYP2B2, CYP3A1, and ABCC2
in Tec-6 cells. With the exception of ABCC1 and ABCC2 in
Iec-6, PCN significantly upregulated all proteins in both
H411E and lec-6. PB upregulated CYP2B2, CYP3A2, CYP3A9,
ABCBla/b, ABCC1, and ABCC2 in H411E cells and CYP3A9
and ABCBla/b in Iec-6. RIF increased protein expression of
CYP3A1, CYP3A2, ABCC1, and ABCC2 in H411E cells and
CYP3A2, CYP3A9, ABCBla/b, and ABCC2 in Iec-6.

Relationship between mRNA and protein expression

The relationship between mRNA induction and protein
expression for H411e and lec-6 can be seen in Figure 7 and Fig-
ure 8 respectively. In order to assess the relationship between
mRNA induction and protein expression, Ipmol/L mRNA
data for each transcript were plotted against the correspond-
ing protein data. Correlations for ABCBla and ABCB1b were
collated as no primary antibodies were available to differenti-
ate the individual proteins. In H411E, a significant logarithmic
correlation was observed for mRNA and protein for CYP2B2,
CYP3A1, CYP3A2, ABCBla/b, ABCC1, and ABCC2. For lec-6
cells, significant logarithmic relationships were observed for
CYP2B2, CYP3A2, CYP3A9, ABCBla/b, and ABCC2. Interest-
ingly, the relationship between mRNA and protein expression
was linear for CYP3AL.

Discussion

There are clear limitations associated with the use of rodent
systems when extrapolating to human. For example, spe-
cies differences often make it difficult to extrapolate rodent
observations directly™>* and conventional reporter based
assays demonstrate that species differences are apparent for
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Impact of typical activators on nuclear receptors. Effect of chenodeoxycholic acid (CDCA) (A-

Incubation time with 1 ymol/L RIF (h)

C), pregnenolone 16a-carbonitrile (PCN) (D-F),

phenobarbital (PB) (G-1) and rifampicin (RIF) (J-I) in H411E, lec-6 and primary hepatocytes. Data are mean+SD of four experiments conducted in dupli-
cate. In cell lines, concentration dependency was investigated, whereas, in primary cells, time dependency was assessed at 1 uymol/L of each compo-
und. Dotted lines indicate concentrations at which toxicity was observed following 5-day incubations with drug. For clarity, statistical analyses are given
only for the lowest concentration at which a significant difference was observed: °P<0.05, °P<0.01.

some ligands for PXR®, Tmportantly, PCN has been shown to
activate rodent PXR but not human and the converse true for
RIF",
ment of rat hepatocytes increases CYP3A protein and PCN
induces CYP3A mRNA in 50% of human cultures® and has
also been shown to activate PXR in some human systems®.

However, other studies have reported that RIF treat-

Cell lines have been reported to express decreased lev-
els of certain transporters and CYP isoforms compared to
primary cells” *l. Previously, we have reported instability
and variability of expression of some CYPs, transporters and
nuclear receptors in the human hepatic (HepG2) and intestinal
(Caco-2) cells over time!". Therefore, we conducted an initial
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Figure 4. Impact of typical activators on CYP isoforms. Effect of chenodeoxycholic acid (CDCA) (A-C), pregnenolone 16a-carbonitrile (PCN) (D-F), phen-
obarbital (PB) (G-1) and rifampicin (RIF) (J-I) in H411E, lec-6 and primary hepatocytes. Data are mean+SD of four experiments conducted in duplicate.
In cell lines, concentration dependency was investigated, whereas, in primary cells, time dependency was assessed at 1 pmol/L of each compound.
Dotted lines indicate concentrations at which toxicity was observed following 5-day incubations with drug. For clarity, statistical analyses are given only
for the lowest concentration at which a significant difference was observed: 5pP<0.05, °P<0.01.

screen of the studied transcripts in H411E and Iec-6 in order
to assess basal levels of expression and stability of transcripts.
However, unlike HepG2 and Caco-2, all CYPs, transporters
and nuclear receptors were found to be stable in the rodent
cell lines used here.

Isolated primary hepatocytes can be used in suspension or

Acta Pharmacologica Sinica

they can be cultured”*l. In suspension they exhibit meta-

bolic activity for a period of 4 to 6 h'*”, thus remaining useful
for the study of drug metabolism or toxicity!®l.
gene expression changes taking place in primary hepatocyte

However,

cultures over time (0—18 h) in the absence of treatment were
assessed and were consistent with previous studies involving
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Figure 5. Impact of typical activators on transporters. Effect of chenodeoxycholic acid (CDCA) (A-C), pregnenolone 16a-carbonitrile (PCN) (D-F), phen-
obarbital (PB) (G-1) and rifampicin (RIF) (J-I) in H411E, lec-6 and primary hepatocytes. Data are mean+SD of four experiments conducted in duplicate.
In cell lines, concentration dependency was investigated, whereas, in primary cells, time dependency was assessed at 1 pmol/L of each compound.
Dotted lines indicate concentrations at which toxicity was observed following 5-day incubations with drug. For clarity, statistical analyses are given only
for the lowest concentration at which a significant difference was observed: °P<0.05, °P<0.01.

hepatocytes in pure cultures”” *.

The glucocorticoid DEX, is a widely used component in cul-
ture media and has been reported to exert a protective role on
cell survival, prolonging cell viability, inhibiting the develop-

ment of an apoptotic morphology, and stabilising expression

of procaspase-3 in both human and rat hepatocytes!
ever, DEX is a known inducer of the human PXR target gene
CYP3A4 and has also been shown to affect p-glycoprotein

1 How-
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Figure 6. Effect of chenodeoxycholic acid (CDCA), pregnenolone 16a-carbonitrile (PCN), phenobarbital (PB) and rifampicin (RIF) on protein expression
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°P<0.01.
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(P-gp) activity™ and expression in primary rat hepatocytes®'.

In addition, DEX is believed to be a prerequisite for PCN
inducible genes in rodent hepatocytes®™. Previously we have
shown that PCN upregulates expression of human CYP3A4,
ABCB1 and PXR mRNA and inclusion of DEX as a media
supplement resulted in a loss of ability to detect induction by
PCN in human cells™. Generally, data presented herein show
DEX had a similar effect in rat cells, where DEX significantly
upregulated CYP3A9, ABCBla, ABCB1b, and PXR. This is in
broad agreement with similar observations in rat liver slices™.
Furthermore, these data indicate a maximal response to PCN.
Therefore, the addition of DEX increases the relative baseline
but, as the maximum is fixed, a reduction in the potential effect
is observed. This may allow competition in order to enable
the biological system to prevent over-activation. Interestingly,
a previous study indicated that the effects of DEX and PCN
on rodent PXR target gene CYP3A1 were partially dependent
upon the order these compounds were administered™.

The mechanisms controlling this PCN/DEX response cur-
rently remain unclear. However, previously it has been
shown that sub-micromolar concentrations of PCN activate
rodent PXRP but antagonise the glucocorticoid receptor (GR).
Furthermore, activation of GR by DEX increases PXR expres-
sion and increases CYP3A1, whereas PCN activates PXR

for all CYPs and transporters.

directly™. In addition, the proposed existence of a cascade of

signal transmission: GR-[PXR/CAR]-metabolising enzymes-
transporters™! may explain the xenobiotic-mediated induction
of CYP2B and CYP3A by prototypical activators of PXR and
CAR in the presence of DEX”®. Importantly, this cascade
would imply processes affecting the transcriptional activity of
GR would subsequently affect the expression of PXR, CAR and
FXR, and thus the expression of their target genes™. There-
fore, it is not possible to assume that the induction reported
here is necessarily due to discrete activation of individual
nuclear receptors. However, the issues involving the DEX
effect, coupled with attempts to facilitate comparisons with
our human data™ led us not to include it as a supplement in
subsequent experiments.

Significant induction of mRNA and protein of many tran-
scripts in cell lines H411E and lec-6 and primary hepatocytes
in response to the nuclear receptor ligands were observed.
Interestingly, for some of the genes investigated, a change
in mRNA was observed with no corresponding change in
protein and vice-versa. For example, mRNA was induced
with no increase in protein for CYP3A9 by CDCA in H41le
and CYP3A1 by PB in lec-6, whereas increases in protein for
ABCC1 by PB in H411e and ABCC2 by CDCA in Iec-6 with no
corresponding increase in mRNA. However, recent work util-
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ising microarray analysis has indicated that total mRNA levels
do not always reflect protein levels’®. For example, a study
by Ideker et al, 2001, calculated an overall Pearson correlation
coefficient between mRNA and protein expression of 0.61,
although no change in protein expression was observed for
almost 80% of genes reported as having a significant change in
mRNA, indicating that a complex relationship exists between
mRNA and protein expression. This work supporting data
from a previous study® where they observed a poor correla-
tion between mRNA and protein for all but the most abundant
proteins examined. Some similarities and important differ-
ences were seen in the profiles of induction in H411E versus
lIec-6 cells. However, our data are in broad agreement with
previous studies conducted in rat cells incubated with PB® 4,
PCNI % and RIF P, Where differences were observed, it
is unclear whether this is due to inherent differences associ-
ated with specific tissue type (hepatic or intestinal) or whether
they are due partly to the dedifferentiation process that occurs
when generating and passaging continuously dividing cell
systems. Specifically, because drug metabolism is a hallmark
of highly differentiated, nondividing hepatocytes!™.

For rat primary hepatocytes, our study conflicts with pre-
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described by linear regression.

vious studies which indicated that RIF had no effect on rat
PXR™. However, these investigators included DEX as a cul-
ture supplement and our observations that rat CYP3As are
inducible by RIF is in agreement with another study'®!. Taken
together these observations reinforce the probability that cul-
turing conditions, including commonly used culture supple-
ments i.e. antibiotics, FBS concentration, and DEX, play a
major role in the variability of results between laboratories.
Several interesting observations have emerged from this
study. Of note, all compounds were potent inducers of
ABCB1la and ABCB1b, ABCC1 and ABCC2. Importantly,
CDCA and RIF were more potent with respect to magnitude
of fold change and drug concentration for ABCBla compared
to ABCB1b, generally requiring the lowest concentration (0.01
pumol/L) to elicit a significant effect. This response is consis-
tent with observations by!®), who reported preferential induc-
tion of ABCB1la versus ABCB1b. While it is difficult to directly
link specific regulation of ABCBla and ABCB1b to PXR and
CAR and thus their relative contribution, from data presented
herein. However, PCN and PB were more potent inducers of
PXR than CAR in H411E and primary hepatocytes than for
CAR in Iec-6 intestinal cells. Indeed, these observations are



similar to a previous study!® where they noted CAR had an
additional effect on ABCBla. Also of note, ABCC2 mRNA
levels were found to be markedly increased in primary rat hepa-
tocytes exposed to all test compounds. In addition, a previous
study also observed that ABCC2 was up-regulated at higher
concentrations of PB than that needed for induction of rat
CYP2B and CYP3A genes”. This confirms the PB-mediated
up-regulation of ABCC2""! and suggests that ABCC2 and
CYPs are differentially regulated in response to PB.

CDCA had a potent effect on transporters, including
ABCC2, in this study. Interestingly, it has also been reported
that activation of FXR by CDCA is dependent upon the spe-
cies examined, with CDCA having both an increased potency
and magnitude of induction through human FXR than rodent
FXR". This is in partial agreement with this study and our
previous observations” where we found the effect of CDCA
on FXR more potent for HepG2 than for H411E and a higher
magnitude of induction for Caco-2 than for lec-6. Further-
more, in both studies, human and rodent, we observed that
CDCA was the only compound to significantly induce FXR
mRNA.

Conclusion

In summary, induction of key transcriptional regulators PXR,
CAR, and FXR by paradigm nuclear receptor ligands PB, PCN,
RIF and CDCA in rat hepatic (H411E) and intestinal (Iec-6) cell
lines and primary hepatocytes has been shown. In addition,
a consequence of their induction is a corresponding induction
of their target genes. Importantly, purported species specific
PXR activators RIF (human PXR) and PCN (rodent PXR)
showed comparable induction profiles of PXR and PXR target
genes in all cells in the absence of DEX. Therefore, although
species differences in activation of nuclear receptors are clearly
evident, a similar spectrum of induction of target genes occurs
in human and rat cells.
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Effect of betulinic acid on the regulation of Hiwi and
cyclin B1 in human gastric adenocarcinoma AGS

cells
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Aim: To investigate the effect of betulinic acid (BA) on the proliferation, apoptosis and cell cycle of gastric adenocarcinoma cell AGS in

vitro and elucidate the underlying mechanisms.

Methods: The effect of BA on the proliferation of AGS cells was measured by using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium (MTT) assay. Apoptosis was analyzed by using Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) double-labeled
flow cytometry (FCM) and Hoechst 33258 staining. The influence of BA on cell cycle of AGS cells was tested by Pl staining. Both FCM
and reverse transcription-PCR (RT-PCR) technologies were applied to detect the expression of Hiwi and Cyclin B1.

Results: BA exhibited significant cell proliferation inhibition, as well as its potency of inducing apoptosis in AGS cells in vitro in a time-
and dose-dependent manner. The ICg, value for 24 h was 18.25 pg/mL (95% confidence interval: 15.16 to 27.31 ug/mL). Cells treated
with BA showed increased cell population in G,/M phase, with decreased S phase population. The expression of Hiwi and Cyclin B1
was down-regulated in BA-treated AGS cells in a dose-dependent manner.

Conclusion: BA exerted potent effect on growth inhibition, G,/M cell cycle arrest and induction of apoptosis in AGS cells in vitro, pos-
sibly associated with the down-regulation of Hiwi and its downstream target Cyclin B1 expression. The potent antitumor capacity of BA
suggested that it could be a promising new experimental anticancer agent in human gastric adenocarcinoma treatment.

Keywords: betulinic acid; gastric adenocarcinoma AGS cells; Hiwi; cyclin B1; cell cycle; apoptosis
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Introduction
Betulinic acid (BA), isolated from birch trees, is a natural pen-
tacyclic triterpene which has demonstrated anti-HIV, anti-HBV
and anti-malarial abilities!"™. In addition, BA is believed to
play an important role in delaying or preventing carcinogen-
esis. It was proved to be able to kill melanoma cells via induc-
tion of apoptosis™”. Many other cancer cell lines derived from
a variety of different malignancies such as leukemia, prostate,
ovarian, breast, lung, and colon cancers were also found to be
sensitive to apoptosis induced by BA®7. BA did not induce
apoptosis in normal cells. And in animal studies, no adverse
effect was observed at concentrations up to 100 mg/kg body
weight®®., However, whether BA can inhibit the proliferation
of human gastric adenocarcinoma AGS cell remains unknown.
The cytotoxic mechanism of BA, which is linked to its alter-
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ation in cell apoptosis and cell cycle, is controversial. Treat-
ment with BA resulted in up-regulation of the pro-apoptotic
Bax in neuroblastoma, glioblastoma and melanoma cells,
whereas anti-apoptotic Bcl-XS was found at elevated levels in

[9-11]

BA-treated neuroblastoma cells An increase in Bcl-2 pro-

tein levels was reported in glioblastoma cells™.

BA also trig-
gered up regulation of Mcl-1, another anti-apoptotic Bcl-2 fam-
ily protein, in melanoma cells, whereas no changes in Mcl-1
levels were detected in squamous cell carcinoma cells™ ™,
While BA was found to reduce the expression of p21 protein in
melanoma cells, an increase of p21 protein was observed upon

1014 Therefore how

treatment with BA in glioblastoma cells
BA-mediated cell cycle changes are linked to its antitumor
activity remains to be addressed. Since bcl-X;, p21, Cyclin D1,
and Cdc2-Cyclin B complex expression modulated by BA are

-[15-17

also regulated by Hiwi 1 it is very possible that BA exerts
its antitumor effect through directly affecting a major target
Hiwi and then indirectly impacting other factors.

The Piwi family comprises Hili, Hiwil, Hiwi2 and Hiwi3 in
humans, Mili, Miwi and Miwi2 in mice and Piwi, Aubergine



(Aub) and Ago3 in flies. This family is united via a common
domain structure - PAZ and PIWI - and a common molecular
mechanism: short, guide-strand-mediated target recogni-
tion and, in the majority of cases, a capacity for target slicing.
Genetic and biochemical studies first linked Piwi proteins
to signaling processes that affect cellular differentiation and
development™. In addition, numerous groups have shown
that Piwi proteins function as part of the RNAi machinery
to mediate posttranscriptional gene, chromatin silencing

[17, 19]

and cell cycle regulation . Moreover, Piwi proteins are

proved to serve as effector molecules that provide specificity

in gene-silencing pathways®.

Dicer processed micro-RNAs
or small interfering RNAs (siRNA) bind Piwi proteins to form
ribonucleoprotein complexes termed RNA induced silencing
complexes (RISCs), which are thought to mediate mRNA deg-
radation, translational repression, or chromatin silencing in a
homology-dependent manner®. It has been estimated that
Piwi protein-dependent RNAi controls the expression of more
than 30% of genes in the human genome!™*

It has recently been observed that seminoma tumors are

U Coin-

often associated with increased levels of Hiwi mRNA
cidentally, Hiwi was first reported as a gene that is expressed
in undifferentiated haematopoietic stem cells, but not in differ-
entiated cells™. Likewise, the expression of the D melanogaster
orthologue of Hiwi, Piwi, had previously been reported to
promote mitosis in stem cells™. In addition, the chromosomal
locus 12q24.33 that includes the Hiwi gene has been linked

to testicular germ cell tumors®. Conversely, deletion of this
P4 Together, these

observations are consistent with a scenario in which overex-

region is associated with hypogonadism

pression of certain Piwi proteins is associated with increased
mitosis in undifferentiated cells. So Hiwi plays a critical core
role in the carcinogenesis and can be served as a new thera-
peutic target for human cancer. Mechanisms regulating Hiwi
may provide novel opportunities for anti-tumour drug devel-
opment.

In this study, we examined the efficiency of BA on gastric
adenocarcinoma AGS cell proliferation and apoptosis, and
explored its relationship with the regulation of Hiwi and
Cyclin B1 gene expression. We demonstrated that BA down-
regulated the expression of Hiwi and its downstream targets
Cyclin Bl in AGS cells, accompanied by apoptosis induction,
cell cycle arrest and proliferation inhibition.

Materials and methods

Reagents and cell cultures

BA (C3HyOs, molecular weight 456.7), from the Alexis Co,
(USA), was initially dissolved in 100% demethylsulfoxide
(DMSO), stored at -20 °C, and thawed before use. Dulbecco’s
modified Eagle’s medium (DMEM) was from Gibco Co,
(USA). Fetal bovine serum (FBS) was from Hangzhou Sijiqing
Biological Engineering Materials Co, Ltd (China). 3-(4,5-Dim-
ethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium (MTT), DMSO,
propidium iodide (PI), Hoechst 33258, RNase A, and Ficoll-
Hypaque were from Sigma Co, (USA). Annexin V-fluorescein
isothiocyanate (FITC)/PI reagent Kit was from Nanjing Key-
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Gen Biotech Co, Ltd (China). Trizol reagent kit was from
Invitrogen Co (USA). Reverse transcription-PCR (RT-PCR)
reagent kit was from TOYOBO Co (Japan). Primers were syn-
thesized by Shanghai Sangon Biological Engineering Technol-
ogy & Services Co, Ltd (China). Anti-Hiwi antibody was from
Abcam Co (UK). Anti-Cyclin B1 antibody and FITC-labeled
secondary antibody were from Santa Cruz Biotech Co (USA).
Peripheral blood monouclear cells (PBMCs) were obtained
by Ficoll-Hypaque density gradient centrifugation. AGS cells
were a present from Department of Immunology, Tongji Med-
ical College, Huazhong University of Science and Technology,
Wuhan, China and cultured in DMEM supplemented with
10% FBS, 100 U/mL penicillin, 100 pg/mL streptomycin and
placed in a humidified incubator with 95% air and 5% CO, at
37°C.

MTT assay

The effect of BA on proliferation of AGS cells was examined
using a MTT assay. AGS cells were maintained in DMEM
medium until mid-log phase and plated at a density of 1x10*
cells per well in 96-well plate in triplicates. Cells were allowed
to attach overnight, then incubated with various concentra-
tions of BA for 24 h, 36 h and 48 h, respectively. PBMCs were
plated at a density of 5000 cells per well in 96-well plate as
control cells, followed by adding BA immediately. The final
concentrations of BA were 9, 12, 15, 18 and 21 pg/mL, while
the group dissolved with maximal DMSO concentration
served as the control. After incubation, 20 pL MTT solution
(b mg/mL) was added and the cells were further incubated
at 37 °C for 4 h. The supernatant was discarded and 150 pL
DMSO was added. The plate was gently shaken until the blue
crystals were dissolved. Absorbance (A) at 570 nm wavelength
was read using a 96-well multiscanner autoreader (Biotech
Instruments, NY, USA). Relative cell proliferation was calcu-
lated with the following formula: cell proliferation inhibition
of =[1-( A of experimental samples/A of the control)]x100%.

Annexin V-FITC/PI double-labeled flow cytometry

For detection of apoptotic cells treated with BA, the expression
of Annexin V-FITC and exclusion of PI were detected by two-
color flow cytometry (FCM). Cells incubated with different
concentrations of BA (9, 12, 15 and 18 pg/mL) for 24 h were
collected and washed with PBS, then resuspended in 100 pL
binding buffer. Samples were incubated with 5 pL Annexin
V-FITC in dark for 10 min at 4 °C, then volume was adjusted to
500 pL with binding buffer. PI (5 pL) was added and samples
were incubated for another 10 min at 4 °C. Fluorescence was
measured with a flow cytometer (Becton Dickinson, USA).

Hoechst 33258 staining

Nuclear fragmentation of AGS cells treated with 15 pg/mL
BA was visualized by Hoechst 33258 staining. AGS cells were
plated in 6-well plates at the density of 1x10° cells. After being
allowed to attach overnight, cells were treated with 15 pg/mL
BA for 24 h and collected by trypsin digestion method. Cells
were fixed in 4% paraformaldehyde for 10 min at room tem-
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perature and re-suspended in 50 pL PBS before deposition
on poly lysine-coated cover slips. After 30 min, the adhered
cell were permeabilized with 0.1% Triton X-100 for 5 min
at 4 °C and incubated with Hoechst 33258 for 30 min at room
temperature. Cover slips were rinsed with PBS, mounted on
slides with glycerol, and imaged with an Olympus BH-2 fluo-
rescence microscope (Tokyo, Japan).

Cell cycle analysis

AGS cells treated with BA at various concentrations were
collected, washed with PBS, and then suspended in 70% etha-
nol at 4 °C overnight. Cells were incubated with 20 pL 0.1%
RNase A for 15 min at room temperature, and incubated with
50 pg/mL PI for 15 min. DNA content was examined by
using FCM and the cell cycle analysis was performed using
CellQuest software (Becton Dickinson, USA).

Detection of the expression of Hiwi and Cyclin B1 protein

AGS cells at 1x10° treated respectively with 0, 9, 12, 15 and
18 pg/mL BA for 24 h were collected, washed with PBS, and
then fixed in 4% paraformaldehyde for 10 min at room tem-
perature. Fixed cells were resuspended in PBS containing
1% heat-inactivated FBS and incubated for 1 h, then incubated
with anti-Hiwi or anti-Cyclin B1 antibody (1:100) at 4 °C
overnight. Cells were washed with PBS containing 1% heat-
inactivated FBS and incubated with FITC-labeled secondary
antibody (1:100) at 37 °C for 30 min. Samples were analyzed
with a FACSort (Becton Dickinson, USA). In each test, 1x10*
cells were collected and the mean fluorescence intensity rep-
resented the expression level of protein in the BA-treated AGS
cells.

Reverse transcriptional RCR

2x10° AGS cells per well in 6-well plates were incubated with
0,9, 12,15, 18 and 21 pg/mL BA for 24 h, respectively. Cells
were lysed with Trizol reagent and total RNA was extracted.
cDNA was synthesized according to the manufacturer’s
instruction of TOYOBO kit. The primers were as follows:
Hiwi (Genebank accession No AF104260.2), 5-TCTGTT-
GTCAAGTAATCGGAAGG-3’, 5'-AGACTTTGAGCCCA-
TCTACCAG-3’, the PCR products were 359 bp; Cyclin Bl
(Genebank accession No NM_031966.2), 5'-GCCTATTTTGGT-
TGATACTGC-3, 5-ATCTGTCTGATTTGGTGCTTAGT-3’,
the PCR products were 501 bp; B-actin (Genebank accession
No NM_001101.3), 5-CTGTCCCTGTATGCCTCTG-3', 5"-AT-
GTCACGCACGATTTCC-3, the PCR products were 218 bp.
The following PCR conditions were used: 94 °C for 30 s; 94 °C
for 30 s, 57 °C (Hiwi) or 53 °C (B-actin and Cyclin B1) for 30
s, 72 °C for 1 min, 30 cycles; 74 °C for 10 min; 4 °C for 30 min.
After amplification, 5 pL aliquots of products were electro-
phoresed on 1.7% agarose gel. DNA bands were quantified
using Smart View Bio-electrophoresis Image Analysis System.
The ratio between Hiwi (or Cyclin B1) and p-actin band den-
sity represented the relative expression level of the target gene.
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Statistical analysis

All experiments were repeated three times. All data were
expressed as mean+SD and processed by SPSS 13.0 statistical
software for Window. One-way ANOVA and Student-New-
man-Keuls (SNK) test were applied for comparison between
each group and P<0.05 was considered to be statistically sig-
nificant.

Results

Effect of BA on proliferation of AGS cells

The cytotoxicity of BA to AGS cells at 0, 9, 12, 15, 18 and
21 pg/mL for various time was measured using MTT assay.
AGS cells were treated with various concentrations BA for 0,
24, 36 and 48 h, respectively, which resulted in a significant
decrease of cell viability of AGS cells in a dose- and time-de-
pendent manner (Figure 1). The ICs, of BA to AGS cells for 24,
36 and 48 h were 18.25 pg/mL (95% confidence interval: 15.16
to 27.31 pg/mL), 15.86 pg/mL (95% confidence interval: 12.18
to 21.17 pg/mL) and 12.99 pg/mL (95% confidence interval:
8.64 to 16.04 pg/mL), respectively. After being treated with 21
pg/mL BA for 24 h, AGS cells inhibition ratio was 63.2%+3.4%,
while PBMCs inhibition ratio was 10.1%+2.8% (P<0.05).

100+

a24h

o36h AGS cells
< 807 oa4sn AGS cells
E 60- AGS cells
3
o
c 404
o
5 204
% PBMCs
- 0_

-20-

0 9 12 15 18 21
Concentration of BA (ug/mL)

Figure 1. Inhibition of proliferation by BA in AGS cells. Cells were treated
in vitro with various concentrations of BA (9, 12, 15, 18 and 21 pg/mL)
for 24, 36 and 48 h, respectively, while PBMCs treated with BA for 24 h
were served as control. Growth inhibition was detected by MTT assay and
shown as an inhibition ratio. Data were mean+SD of three independent
experiments.

Effect of BA on apoptosis of AGS cells

Apoptosis rate of AGS cells treated with various concentra-
tions of BA (0, 9, 12, 15 and 18 pug/mL) for 24 h was analyzed
by Annexin V-FITC/PI double-labeled flow cytometry. The
degree of early apoptosis was quantitatively expressed as a
percentage of the Annexin V-FITC-positive but PI-negative
cells, while late apoptosis was quantitatively expressed as a
percentage of the Annexin V-FITC-positive and PI-positive
cells. The apoptosis rate was the sum of early apoptosis and
late apoptosis. There was little binding of Annexin V-FITC in
untreated and 9 pg/mL BA treated AGS cells (Figure 2). How-
ever, after treatment of cells with BA at 12, 15 and 18 pg/mL
for 24 h, the apoptosis rate was 9.90%+0.44%, 29.13%=%1.57%
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Figure 2. Effect of BA on apoptosis rate of AGS cells. Apoptosis ratio was detected with FCM using Annexin V-FITC/PI double staining. Q2 quadrant
represented late apoptosis, while Q4 quadrant represented early apoptosis. (A) O pg/mL; (B) 9 yg/mL; (C) 12 pg/mL; (D) 15 pg/mL; (E) 18 pg/mL. The
figures were representative of three separate experiments. °P<0.05 vs control group.

and 48.96%+2.55%, respectively, which were statistically
higher than the control 3.47%+0.21% (Figure 2). The nuclear
fragmentation of AGS cells treated with 15 g/ mL BA for 24 h
was stained by Hoechst 33258 (Figure 3). Apoptotic body con-
taining nuclear fragments was found in BA-treated cells, the
nuclear envelope appeared lytic and the cytoplasm shrunk. In
contrast, the cells in the culture without BA showed normal

cell nuclei morphology.
Figure 3. Effect of BA on apoptosis of AGS cells. Morphological changes

of AGS cells treated with 15 pug/mL BA for 24 h which were stained with
Hoechst33258 and detected using a fluorescence microscope. Frag-
mented or condensed nuclei indicative of apoptosis could be observed
in the BA-treated groups as the arrows indicated (B), while the untreated
cells showed normal cell nuclei morphology (A). White bars: 25 pym
(Magnificationx400).

Cell cycle analysis

After incubation with BA, AGS cells were analyzed using FCM
to analyze alterations in cell cycle distribution. DNA content
distribution in AGS cells was changed after 24 h treatment
with various concentrations of BA (0, 9, 12, 15, and 18 pg/mL)
(Figure 4). As the dose of BA increased, the percentage of
cells in G,/M phase was increased with a concomitant sub-G,
apoptotic peak, and that in S phase decreased in a dose-depen-
dent manner. There were minimal changes in G,/G; phase

cell population. As compared with control sample, the ratio
of apoptotic cells in BA-treated samples was higher. This sug-
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Figure 4. Effect of BA on cell cycle of AGS
60 4 cells. Cells were incubated with various con-
centrations of BA for 24 h, and the distribu-
30 4 tion of cell cycle was detected by Pl assay.
(A) O pug/mL (control group); (B) 9 ug/mL; (C)
0 4 12 pg/mL; (D) 15 pg/mL; (E) 18 pg/mL. n=3

experiments. Mean+SD. °P<0.05 vs control
group; °P<0.05 vs 9 ug/mL BA group.
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gested that BA might inhibit cell proliferation by inducing cell
G,/M arrest, followed by apoptosis in AGS cells.

Expression of Hiwi and Cyclin B1 protein in AGS cells

Extensive investigations have implicated that the overexpres-
sion of Hiwi is known for tumor cell growth and survival
response, which performs multiple functions ranging from
posttranscriptional gene, chromatin silencing and cell cycle
regulation. The present study and other findings have dem-
onstrated that BA potently inhibited cell proliferation and
induced apoptosis of AGS cells and many other cell lines. We
therefore hypothesized that BA might be disrupting these cel-
lular processes by primarily inhibiting the Hiwi gene. To test
this hypothesis, we first examined whether constitutive dereg-
ulation of Hiwi existed in AGS cells. Since CyclinB1, which is
under the control of Piwi protein, also plays a key role in tum-
origenesis including gastric cancer, we further investigated
whether BA could also inhibit Cyclin B1 activity in AGS cells.
FCM was used to detect the expression of Hiwi and Cyclin Bl
protein in AGS cells, and the mean fluorescence intensity rep-
resented the expression levels of Hiwi and Cyclin Bl protein.
The wave crest representing the fluorescence intensity shifted
left after AGS cells were treated with BA for 24 h (Figure 5A).
In this experiment, the mean fluorescence intensity value of
Hiwi protein in untreated group was 1405+21, while that in
the groups treated with 9, 12, 15 and 18 ng/mL BA was down-
regulated to 1159£17, 681£13, 645+10 and 62148, respectively
(Figure 5B). The Cyclin Bl protein expression in AGS cells
was also down-regulated by BA. The mean fluorescence
intensity of Cyclin B1 in the control group was 512+14, while
that in the groups treated with 9, 12, 15 and 18 pg/mL BA was
447+13, 415411, 3848 and 35149, respectively (Figure 5C).
The results indicated that BA down-regulated the expression
of Hiwi and Cyclin-B1 protein in a dose-dependent manner.

Detection of Hiwi and Cyclin B1 mRNA by RT-PCR

In order to identify whether the decrease of Hiwi and Cyclin
Bl proteins was mediated at the transcriptional level by a
decrease of Hiwi and Cyclin Bl mRNA expression, or at the
post-translation level, we performed reversed transcriptase
PCR (RT-PCR). Highest expression of Hiwi mRNA was
detected in control group, with a mean value of 1.319+0.045 as
compared with B-actin. After incubation with 9, 12, 15, 18 and
21 pg/mL BA for 24 h, Hiwi/p-actin ratio in AGS cells was
decreased to 0.822+0.094, 0.674%0.065, 0.506+0.041, 0.272+0.023
and 0.209+0.027, respectively (Figure 6A, Figure 6C). The
Cyclin B1 mRNA expression was also down-regulated. The
expression level of Cyclin B1 mRNA in 9 pg/mL BA-treated
group was not significantly different from that in the control
(1.273+0.017 vs 1.304+0.021, P>0.05), but the differences in
AGS cells treated with 12, 15, 18 and 21 pg/mL were statisti-
cally significant, with mean values of the Cyclin Bl mRNA
expression being 1.124+0.022, 0.945+0.018, 0.875+0.028 and
0.501+0.027, respectively (Figure 6B, Figure 6D).

Discussion

BA is a natural pentacyclic triterpene isolated from birth trees.
It is a very potent anticancer compound that is capable of kill-
ing a plethora of tumor cells. However, antitumor activity
and action mechanism of BA still remains elusive. Our results
indicated that BA possessed significant cytoxitity against
AGS cells in a dose- and time-dependent manner, and ICs,
for 24 h was 18.25 pg/mL (95% confidence interval: 15.16 to
27.31 pg/mL), well below the established tolerance level. BA
also induced distinct G,/M phase arrest and apoptosis in
AGS cells, accompanied with typical apoptotic morphological
changes. It have been revealed numerous pro-apoptosis and
cell cycle proteins (eg, Cyclin B1, CyclinD1 and Bcl-x;) were
targeted by BA®™ | Because Bcl-x;, Cyclin D1 and Cyclin Bl
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BA-treated group.

gene expression modulated by BA is regulated by Piwi pro-
tein, we investigated whether the anticarcinogenic effect of BA
was mediated through modulation of Hiwi and Hiwi-regu-
lated gene products. The significant decrease of the levels of
both Hiwi mRNA and protein in AGS cells upon BA treatment
strongly supported this hypothesis. BA also modulated Piwi-
dependent gene products Cyclin B1 which are believed to be
important for apoptosis and G,/M arrest and serve as a com-
mon target for cancer drug development. It suggests that BA
is an effective anti-gastric cancer reagent through the ability of
inducing growth-arrest and apoptosis and cell cycle arrest via
the downregulation of Hiwi.

Hiwi is human subfamily of Piwi family. PPD (PAZ Piwi
domain) proteins form the core of RNA-induced silencing
complexes (RISCs), which is required for gene silencing.
Previous studies have shown that Piwi performs multiple
functions ranging from epigenetic programming and repres-
sion of transposition to post transcriptional regulation™ >,
Moreover, it has recently become evident that PPD proteins
and Dicer also function in siRNA-independent and dependant
pathways that regulate cell cycle event™. High-level expres-
sion of Hiwi mRNA is related with high risk of tumor-related
death in soft-tissue sarcomas patients™. It had been reported
that Hiwi expression was higher in gastric cancers than in nor-
mal mucosa or in mucosa with atrophic gastritis or intestinal
metaplasia, and the suppression of Hiwi by antisense or RNAi
inhibited the growth of gastric cancer cells and induced cell
cycle arrest in G,/M phase™. These studies suggest that Hiwi
might be an attractive target for future gastric cancer thera-
peutic drugs. Consistent with the above observation, we also
found Hiwi was overexpressed in AGS cells. Moreover, this is
the first report to suggest that BA could downregulate the lev-

els of both Hiwi mRNA and protein, which inhibited growth,
induced apoptosis and cell cycle arrest of AGS cells.

Overexpression of the Piwi in yeast resulted in cell cycle
delay at the G,/M boundary”.. For example in Drosophila,
altering the expression level of Piwi leads to changes in the
proliferation rate of germline stem cells"®. Furthermore, the
Piwi signaling network exhibits cross talk with the Hedgehog
signaling machinery®, a developmental patterning system
that influences the cell cycle through the actions of Patchedl
on cyclin B1®'. Piwi is required for regulated hyperphospho-
rylation of the cyclin-dependent kinase Cdc2"3, which controls
the transition from the G, phase of the cell cycle to mitosis
through binding with Cyclin B. Inhibitory phosphorylation of
Cdc2 is required to prevent the onset of mitosis in situations
where damaged or unreplicated DNA is present™. In our
study, BA induced cell cycle arrest at G,/M and simultane-
ously decreased the expression of Hiwi in AGS cells in a dose-
dependent manner. We could infer that BA down-regulated
Hiwi through inhibiting Cyclin B1. In agreement with this
hypothesis, we found that BA treatment could strongly inhibit
CyeclinB1 concurrently with Hiwi.

Taken together, our results demonstrated that BA presented
potent effect on growth inhibition, G,/M cell cycle arrest and
induction of apoptosis in AGS cells in vitro via down-regulat-
ing Hiwi and Cyclin B. Based on the outcome of this study, it
is suggested that Hiwi might be a novel target for gastric can-
cer treatment and BA could be used as a potent agent for the
management of gastric cancer. However, further studies are
needed to establish a cause-and-effect relationship between
Hiwi/Cyclin B pathway and BA effect. Furthermore, it will
also be important to validate these findings in the in vivo ani-
mal models, which could better relate to human situations.
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Aspirin inhibits proliferation of gemcitabine-resistant
human pancreatic cancer cells and augments
gemcitabine-induced cytotoxicity

Yan-giu OU*, Wen bo ZHU*, Yan LI, Peng-xin QIU, Yi-jun HUANG, Jun XIE, Song-min HE, Xiao-ke ZHENG, Tian-dong LENG,
Dong XU, Guang-mei YAN*

Department of Pharmacology, Zhong-shan Medical College, Sun Yat-Sen University, Guangzhou 510089, China

Aim: To investigate whether aspirin is able to augment gemcitabine-induced cytotoxicity in human pancreatic cancer cells.

Methods: Two gemcitabine-insensitive human pancreatic cancer cell lines, PANC-1 and Capan-1, were used. Cells were treated with
either aspirin or gemcitabine alone or both of them. Cell growth and apoptosis were determined by MTT assay, Annexin V or Hoechest
33258 staining. Cell cycle distribution was examined by flow cytometry. Western blot with specific phosphorylated protein antibodies
was used to detect the activation of protein kinase. RT-PCR and Western blot were applied to assess the transcription and protein level
for cyclin D1 and Bcl-2.

Results: Aspirin alone significantly inhibits the proliferation of PANC-1 cells by causing cell cycle arrest at G, phase. Aspirin potentiates
the anti-survival effect of gemcitabine as well as its pro-apoptotic effect in PANC-1 cells, although aspirin per se does not trigger apop-
tosis. Aspirin inhibits GSK-3p activation and suppresses the expression of its downstream gene products (cyclin D1 and Bcl-2), which
are implicated in proliferation, survival and chemoresistance of pancreatic cancer. The effects of aspirin on Capan-1, were similar to

that on PANC-1.

Conclusion: Our results suggest that aspirin inhibits the proliferation of gemcitabine-resistant pancreatic cancer cells and augments
the antisurvival effect of gemcitabine, probably by suppressing the activity of GSK-3f and its downstream gene products.

Keywords: aspirin; human pancreatic cancer; gemcitabine; apoptosis; GSK-3p3; cyclin D1; Bcl-2
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Introduction
Pancreatic cancer remains a fatal disease with a 5-year sur-
vival rate less than 5%. Besides surgery and radiation,
chemotherapy regimens often fail to improve the outcome of
pancreatic cancer patients. Currently, gemcitabine (difluoro-
deoxycytidine) appears to be the best chemotherapeutic agent
in the treatment of advanced pancreatic cancer”. However,
even with this drug, the objective tumor response rate is less
than 10%, and the impact of the drug on survival is minor®!,
Moreover, gemcitabine is associated with drug resistance and
highly toxic for tumor cells as well as normal cells® . Thus,
there is a need for novel strategies involving less toxic agents
that can sensitize pancreatic cancer cells to chemotherapy.

The transcription factor nuclear factor-xB (NF-xB) plays
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a major role in promoting gemcitabine resistance!, because
NF-«xB mediates transcription of a serial of proliferation and
antiapoptosis genes, such as cyclin D1 and Bcl-2. Recent evi-
dence indicates that glycogen synthase kinase-3p (GSK-3)
positively regulates NF-kB-mediated gene transcription and
cell survival®™ . Tt is reported that pancreatic cancer cells con-
tain a pool of active GSK-3p and that pharmacologic inhibition
of GSK-3p kinase activity using small molecule inhibitors or
genetic depletion of GSK-33 by RNA interference influences
NF-kB-mediated gene (such as cyclin D1, Bcl-2) transcription,
leading to decreased cancer cell proliferation and survival.
Together, this evidence suggests GSK-3 as a potential thera-
peutic target in the treatment of pancreatic cancer. Therefore,
agents that block GSK-3[ activation could reduce chemoresis-
tance to gemcitabine and perhaps be used in combination with
gemcitabine as a novel therapeutic regimen for pancreatic can-
cer.

Aspirin (acetylsalicylic acid, ASA), the traditional non-
steroid anti-inflammatory drug (NSAID), is one such agent
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that is nontoxic to humans, which has become one of the most
commonly utilized therapeutic drugs all over the world since
its introduction into modern medicine in 1897, Dihlmann'®
suggested that ASA was able to induce phosphorylation/
inactivation of GSK-3p in several colon cancer cell lines. Nev-
ertheless, the effect of ASA on GSK-3p activity in pancreatic
cancer cells is never, to our knowledge, investigated before. In
addition, although previous studies report that ASA is capable
of suppressing pancreatic cancers growth in vitro and in vivo,
the exact function and the underlying mechanism of ASA on
pancreatic cancer remain to be further explored.

Thus, the goal of this study was to investigate the impact of
ASA on the growth of human pancreatic cancer cells. Addi-
tionally, we investigate whether ASA can potentiate the gem-
citabine-induced cytotoxicity in pancreatic cancer cells in vitro.

Materials and methods

Cell culture and drug treatment

Human pancreatic cancer cell line PANC-1, Capan-1 were
obtained from Shanghai Cell Bank and maintained in DMEM
(Invitrogen, Grand Island, NY) supplemented with 10% fetal
bovine serum (FBS, Invitrogen), 100x10°> U/L penicillin, and
100x10° U/L streptomycin in 5% CO, at 37 °C. Human pan-
creatic cancer cell line PANC-1, Capan-1 were chosen as in
vitro model, because they are considered relatively resistant to
many chemotherapeutic regimens”. ASA (Sigma, St Louis,
Mo) was dissolved in DMSO (Sigma) and diluted with DMEM
medium to a final concentration of 1% DMSO. The pH value
of the ASA-containing medium was adjusted to 7.2 with 2.8%
NaHCO; (Shanghai Sangon Biological Engineering Technol-
ogy & Services Co, Ltd, China). Vehicle was treated with
an equivalent volume of 10% FBS-medium with 1% DMSO.
Gemcitabine (difluorodeoxycytidine, Lilly, Bad Homburg,
Germany) was stored at 4 °C and dissolved in PBS on the day
of use.

Cell growth and survival assays

All assays were carried out in quintuple of three separate
experiments. Cell growth was tested by 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT, Sigma)
assay. Apoptosis was evaluated with Annexin V-fluoroisothi-
ocyanate apoptosis detection kit according to the instruction
of the manufacturer (Sigma) and analyzed with use of a EPICS
ALTRA flow cytometer (Beckman Coulter, Fullerton, CA) and
CellQuest software as previously described™). Apoptosis was
observed by Hoechst 33258 staining as described™. Apop-
totic cells were characterized by morphological alteration as
condensed nuclei and cell shrinkage. Necrosis was assayed
using the CytoTox96 non-radioactive cytotoxicity assay kit
(Promega, Madison, WI), which quantifies cell death and cell
lysis, based on the measurement of lactate dehydrogenase
(LDH) activity released from the cytosol of damaged cells into
the supernatant.

Cell cycle analysis

Cell cycle was assessed as previously described™

with minor
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modifications. Briefly, cells were plated in parallel in 35-mm?®
culture plates at a concentration of 8x10° cells per plate. After
24 h of serum starve, cells were exposed to 10% FBS-medium
with/without 4 mmol/L ASA for various durations and then
were harvested by trypsinization, washed in cool PBS twice
and fixed in 75% ethanol overnight in 4 °C. After that, cells
were incubated in solution with DNA-binding dye propidium
iodide (PI, 50 g/L), RNase (4x10° kU/L), NaF (0.3 g/L) and
sodium citrate (1 g/L) for 30 min at 37 °C in the dark. Finally,
red fluorescence from 488 mm laser-excited PI in every cells
was analyzed by EPICS ALTRA flow cytometer (Beckman
Coulter, Fullerton, CA) using a peak fluorescence gate to dis-
criminate aggregates. The percentage of cells in G,/G;, S and
G,/M was determined from DNA content histograms by Mul-
ticycle for windows (Phoenix Flow Systems, San Diego, CA).

Preparation of nuclear extracts

PANC-1 cells were incubated with different concentrations
of ASA for 24 h, followed by preparation of nuclear extracts
using nuclear extract kit (Pierce, IL) according to the manu-
facturer’s instructions. In brief, about 3x10° cells per sample
were washed with ice-cold PBS/ phosphate inhibitors, scraped,
and collected by centrifugation at 500xg for 5 min. The pellets
were suspended in 500 pL of hypotonic buffer, incubated on
ice for 15 min and centrifuged at 14000%g for 30 s at 4 °C. The
supernatant (cytosolic extract) was removed and the pellet
(nuclear fraction) was suspended in 50 pL of complete lysis
buffer and incubated on ice for 30 min with frequent mixing.
Finally the suspension was centrifuged at 14000xg for 10 min
at 4 °C and the supernatant (nuclear extract) was subjected to
Western blot analysis.

Western blot analysis

Western blot was performed as previously described™. The
following antibodies were used: antibody against PCNA
(1:15000, Cell Signaling Technology, Beverly, MA), GAPDH,
cyclin D1, Bcl-2, GSK-3p, phosphor-GSK-33-Ser9, Akt, phos-
phor-Akt-Ser473 (1:1000, Cell Signaling Technology), phos-
phor-PP2A-Tyr307 (1:1000, Santa Cruz Biotechnology, Santa
Cruz, CA), PP2A (1:1000, Millipore, Billerica, MA), B-actin
(1:1000, Thermo Scientific IHC, Fremont, CA) and C23 (also as
designated nucleolin, 1:1000, Santa Cruz Biotechnology).

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated with TRIzol reagent (Gibco-BRL)
according to the manufacturer’s instructions. Complementary
DNA was synthesized from 1 pg of total RNA by reverse tran-
scription using the Superscript™ II reverse transcriptase kit
(Gibco-BRL). Sequence of the PCR primers: GAPDH: 5-CCA-
CCCATGGCAAATTCCATGGCA-3 (sense primer), 5-TCTA-
GACGGCAGGTCAGGTCCACC-3’ (antisense primer). Cyclin
D1: 5'-GTCACACTTGATCACTCTGG-3’ (sense primer),
5-TGGCCATGAACTACCTGGA-3’ (antisense primer).
Bcl-2: 5-GTGGAGGAGCTCTTCAGGGA-3’(sense primer),
5-CGGTGCTTGGCAATTAGTGG-3’ (antisense primer). The
PCR conditions contained an initial cDNA synthesis reaction



at 42 °C for 1 h, followed by a denaturation step for 5 min
at 94 °C and 22 cycles: 30 s at 94 °C, 30 s at 50 °C and 30 s at
72 °C. After the last cycle a final extension was performed at
72 °C for 10 min.

Statistics

Data are presented as mean+SEM for three separate experi-
ments. P<0.05 was considered significant using Student’s ¢
test.

Results

ASA inhibits the growth of PANC-1 cells in vitro

Initially, we determined the effect of ASA on the growth of
PANC-1 cells using MTT assay. As the growth curve shown,
ASA treatment attenuates the growth rate of PANC-1 cells
time- and dose-dependently (Figure 1). Compared with the
untreated cells, 4 mmol/L ASA is sufficient to inhibit the cell
growth by about 40% (P<0.01) at 24 h, and the inhibitory effect
of ASA becomes more significant at 72 h. Clearly, ASA alone
is able to slow down the growth of PANC-1 cells.

1.6 - & 0 mmol/L ASA
—o— 0.5 mmol/L ASA
L4 T a1 mmol/LASA
g 12 —#— 2 mmol/L ASA
§ 1 —o— 4 mmol/L ASA
S 08
< 0.6
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O 1 1 ]
0 24 48 72

Time (h)

Figure 1. ASA inhibits growth of PANC-1 cells. Cells were treated with
various concentrations of ASA and cell growth was determined using the
MTT assay at 24, 48, and 72 h. Results represent the mean absorbance
at 570 nm of three different experiments with quintuple wells. SEM bars
are not included for clarity. °P<0.01 compared with untreated cells at all
time points.

ASA decreases proliferation instead of inducing apoptosis or
necrosis in PANC-1 cells

The reduction in growth of PANC-1 cells in response to ASA
could be explained either by increased cell death or by reduced
cell proliferation. Thus, the level of proliferating cell nuclear
antigen (PCNA), an established index for proliferation cells,
was firstly assessed to determine cell proliferation in PANC-1
cells™.
tein expression undergoes a down-regulation change in a
time-dependent manner after exposure to ASA (Figure 2A).

Western blot analysis clearly shows that PCNA pro-

Secondly, Anexin V, Hoechst staining and LDH examination
were used to investigate whether treatment of ASA causes
apoptosis or necrosis. There was no increase of Anexin V
positive cells after ASA treatment during 24 h to 72 h (Figure
2B). Meanwhile, Apoptotic bodies are not observed in either
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Figure 2. Effect of ASA on PANC-1 cells proliferation, apoptosis and
necrosis. (A) PANC-1 cells were treated with 4 mmol/L ASA for various
time and cell lysates were subjected to Western blot using anti-PCNA and
anti-GAPDH antibodies. (B) AnnexinV/propidium iodide double staining for
apoptosis assay. (C) Fluorescent staining of nuclei by Hoechst 33258 in
PANC-1 cells treated with or without 4 mmol/L ASA for 24 h. (D) PANC-1
cells were incubated with 4 mmol/L ASA for the indicated time and
cultured medium was collected for LDH release assay. Results represent
the mean of three different experiments with quintuple wells.
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ASA-treated or untreated cells (Figure 2C). And there is not
any statistically significant difference in the mean LDH absor-
bance between ASA-treated and untreated cells during the
time course of 24 h to 72 h (Figure 2D). Hence, cytotoxicity is
not contributing to the reduction in cell growth. Therefore, we
strongly believe that the inhibitory effect of ASA on PANC-1
growth is based on the reduction of proliferation instead of
induction of cell death.

ASA causes cell cycle arrest at G, phase and decreases S phase
fraction in PANC-1 cells

To determine the mechanism involved in the reduction of
cell proliferation, we analyzed the cell cycle distributions of
PANC-1 cells treated by ASA. ASA hampers the cell cycle
progression by arresting up to three quarters of cancer cells at
G, phase, and by decreasing S phase fraction by about 40% in
24 h compared with the control (Figure 3). Additionally, no
subdiploid (sub-G,/G;) peak in DNA content histograms is
obtained by flow cytometry, which further supports the find-
ings mentioned above that no apoptosis is induced by ASA.

Control ASA
24 h |
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Figure 3. Cell cycle distributions in ASA-treated PANC-1 cells. PANC-1
cells were treated with or without 4 mmol/L ASA for various time and cell
cycle analysis was performed using the fluorescent cytometry.

ASA augments the effect of gemcitabine on cell survival and
induction of apoptosis in PANC-1 cells

To determine the effect of ASA on gemcitabine-induced
cytotoxicity, PANC-1 cells were treated with gemcitabine in
the presence of ASA. Only minor reduction of cell survival
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was observed with the treatment of gemcitabine alone at the
dose of 0.2 pmol/L to 20 pmol/L in 24 h (Figure 4A). Obvi-
ously, human pancreatic PANC-1 cells are not sensitive to
gemcitabine treatment, which is consistent with the previous
report”. However, ASA significantly promotes gemcitabine-
induced cytotoxicity, which is dependent upon concentra-
tions of ASA and gemcitabine (P<0.05). Similar results were
observed with Hoechst staining. Data from Hoechst assays
(Figure 4B) show that ASA pronouncedly increased the apop-
totic effect of gemcitabine, whereas gemcitabine alone, has
minimal apoptotic effect on the PANC-1 cells.
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Figure 4. ASA augments the anti-survival and pro-apoptosis effects
of gemcitabine on PANC-1 cells. (A) Cells were treated with various
concentrations of gemcitabine in the presence/absence of indicated
concentrations of ASA for 24 h and cell growth was measured by MTT
assay. Data are expressed as percentage of cell growth observed in
untreated cultures. Results represent the mean of three different
experiments with quintuple wells. °P<0.05 compared with untreated cells;
°P<0.05 compared with gemcitabine alone-treated cells at corresponding
concentrations. (B) Cells were treated with various concentrations of ASA
in combination with 0.2 ymol/L gemctitabine for 24 h. Apoptosis was
then determined by Hoechst 33258 assay. °P<0.05 compared with 0.2
umol/L gemcitabine-treated cells.

ASA inhibits GSK-3f activation in PANC-1 cells

To explore the molecular mechanism underlying the above
effect of ASA on PANC-1 cells, we investigated whether the
effect of ASA is associated with the inhibition of GSK-3( acti-
vation. Using Western blot analysis of total cell proteins, we
observed that ASA dose-dependently increased phosphory-
lated level of GSK-3p at Ser9, which represents the inactive
form of GSK-3( kinase, while has no effect on the total level of



GSK-3p (Figure 5A). To exactly verify whether this alteration
takes place in the nucleus, we replicated the experiment using
nuclear extracts. Interestingly, the change of GSK-3f activa-
tion in nuclear fractions followed a similar pattern to that in
total extracts (Figure 5B). Thus, we identified that GSK-3p is
inactivated by ASA in the nucleus of PANC-1 cells.
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Figure 5. Inactivation of GSK-3 by ASA. Cells were treated with various
concentrations of ASA for 24 h. Total extracts (A, C) or nuclear extracts (B)
were obtained and subjected to Western blotting analysis. GAPDH and
C23 were loaded to normalized total and nuclear protein.

To further elucidate the signaling pathways that inacti-
vate GSK-3p3, we examined the effect of ASA on Akt and
PP2A, which are both implicated in the regulation of GSK-3[3
activity™.. In untreated PANC-1 cells, phosphorylated Akt at
Ser437 is marginal. After treatment with ASA for 24 h, a very
strong band of the phosphorylated Akt appeared (Figure 5C).
Therefore, ASA stimulates Akt activation via protein phospho-
rylation at Ser437 provided that phosphorylation of the Ser437
residue is required for a maximal Akt activation™. On the
other hand, ASA causes little change on the inactivated phos-
phorylation status of PP2A at Tyr307.

ASA downregulates the expression of cyclin D1 and Bcl-2

We then assessed the expression of cyclin D1, which plays
important role in tumor cell proliferation and cell cycle
progression from G, phase to S phase; and Bcl-2, which is
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involved in tumor survival and chemoresistance in pancreatic
cancer cells”, because both of the genes can be regulated by
GSK-3p in pancreatic cancer cells’®. RT-PCR analysis (Figure
6A) indicates that mRNA level of cylcin D1 and Bcl-2 are sig-
nificantly suppressed by ASA in a dose-dependent manner
in 24 h. Western blotting (Figure 6B) shows that ASA also
reduces the protein level of cyclin D1 and Bcl-2.
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Figure 6. ASA downregulates the expression of cyclin D1 and Bcl-2 in
PANC-1 cells. PANC-1 cells were treated with various concentrations of
ASA for 24 h and harvested for RT-PCR (A) or Western blotting analysis (B).

ASA inhibits growth, decreases S phase accumulation, augments
the effect of gemcitabine and represses GSK-3f activation in
Capan-1 cells

To test whether the effects of ASA in PANC-1 cells are cell-
specific or not, another human pancreatic cancer cell line
Capan-1 cells were used. ASA inhibits cell growth dose- and
time-dependently in Capan-1 cells as in PANC-1 cells (Figure
7A). Moreover, 4 mmol/L ASA decreases S phase accumula-
tion time-dependently (Figure 7B). Furthermore, augment
of gemcitabine-induced apoptosis by ASA was also seen in
Capan-1 cells as in PANC-1 cells (Figure 7C). Mechanically,
after treatment with ASA for 24 h, the levels of GSK-3p and
Akt phosphorylation displayed the same alteration panel as
in PANC-1 cells (Figure 7D). These findings demonstrate that
ASA may have a broad therapeutic potential in human pan-
creatic cancer cells.

Discussion

The aim of this study is to examine the effect of ASA on the
growth of pancreatic cancer cells and determine whether ASA,
the famous NSAID, can sensitize the cells to gemcitabine. We
find that ASA alone inhibits the proliferation of human pan-
creatic cancer cells by hampering cell cycle progressing, and
that ASA enhance the apoptotic effects of gemcitabine; these
effects of ASA may be associated with suppression of the

Acta Pharmacologica Sinica
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activity of GSK-3 and downregulation of cyclin D1 and Bcl-2.
These findings extend our understanding of the function and
molecular basis of ASA on the dismal disease.

ASA is a first-line medication in pancreatic cancer pain con-
trol, intended to keep patients comfortable without resorting
to opioids"™® . Because high concentrations (1-5 mmol/L)
of ASA are achievable in vivo by oral administration of ASA
at 4-10 g/d during treatment of rheumatic disorder and
arthritis™®), accumulating literature is evaluating additional,
COX-independent, biological activities for these high doses of
ASA.

Previous studies suggest that ASA is able to induce apop-
tosis in pancreatic cancer cells®”. However, in our work, we
demonstrated that ASA, even at its relative high dose (4
mmol/L), hardly causes apoptosis in PANC-1 cells. This was
evidenced by the Annexin V and Hoechest 33258 staining and
flow cytometry assays. The pronounced inhibition of growth
of pancreatic cancer cells by ASA, is mainly due to the reduc-
tion of proliferation and retardation of cell cycle progression.

Gemcitabine alone only has a marginal effect on cell growth
and apoptosis in PANC-1 cell line, which fits well with previ-
ous finding that PANC-1, Capan-1 cells are considered rela-
tively resistant to many chemotherapeutic regimens™'”. How-
ever, ASA was shown to significantly enhance the apoptotic
effect of gemcitabine in these cells. This finding is not contra-
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Figure 7. (A) Capan-1 cells were treated with various concentrations of ASA and cell growth was
determined using the MTT assay at 24, 48, and 72 h. Results represent the mean absorbance
at 570 nm of three different experiments with quintuple wells. SEM bars are not included for
°P<0.01 compared with untreated cells at corresponding time points.
cells were treated with or without 4 mmol/L ASA for various time and cell cycle analysis was
performed using the fluorescent cytometry. (C) Cells were treated with various concentrations of
ASA in combination with 0.2 pmol/L gemctitabine for 24 h. Apoptosis was then determined by
Hoechst 33258 assay. "P<0.05 compared with 0.2 ymol/L gemcitabine-treated cells. (D) The
effect of ASA on Akt/GSK-3p signaling pathway in Capan-1 cells.

(B) Capan-1

dictory to the previous report that combination of gemcitabine
and celecoxib did not demonstrate significant improvement in
1 Because PANC-1
and Capan-1 cells are cyclooxygenase-2-negative, most bio-
activities of ASA on this cell line were thought to be COX-2-
independent.

patients with advanced pancreatic cancer

The mechanism by which ASA exerts above bioactivity may
involve the suppression of activity of GSK-3p. Ougolkov*
have reported that GSK-3f3 aberrantly accumulates in human
pancreatic cancer cells and its accumulation in cell nuclear
is associated with its kinase activity and tumor differentia-
tion. GSK-3p positively regulates the activity of NF-«xB, while
NF-xB per se plays a pivotal role in promoting gemcitabine
resistance in pancreatic cancer'?, so it is very likely that the
inactivation of GSK-3 by ASA can sensitize the cells to gem-
citabine. This hypothesis was evidenced by the finding that
LiCl, the pharmacological inhibitor of GSK-3f, can signifi-
cantly sensitize PANC-1 or Capan-1 cells to gemcitabine-in-
duced apoptosis (Supplementary Figure). Additional studies
are needed to determine the necessary role of GSK-3p in the
effect of ASA on pancreatic cancer cells and provide evidence
that this mechanism occurs also in vivo. Our results also dis-
play that ASA inhibits the expression of GSK-3 downstream
genes, Bcl-2 and cyclin D1. Of note, the anti-apoptotic Bcl-2
plays an important role in the development of many chemo-



therapy resistances in cancer cells. It impairs the mitochon-
drial apoptotic function by neutralizing the proapoptotic Bcl-2
family members such as Bax and Bak™™!. Thereby, Bcl-2 may be
the effecter molecule of ASA to regulate gemcitabine-induced
cytotoxicity and apoptosis. Cyclin D1 is overexpressed in
human pancreatic cancer tissue and inversely correlated with

patient survival®!

. It governs the checkpoint of G, to S phase
progression™ and is always responsible for the aberrant cell
cycle in tumor cells®!. In our work, suppression of cylcin D1
expression by ASA seems to contribute to the cell cycle retar-
dation and proliferation reduction in PANC-1 cells.
Admittedly, GSK-3f can also regulate cyclin D1 at the post-
translational level by phosphorylating cyclin D1 on T286 and
inducing its rapid turnover™.
play that ASA significantly inactivates GSK-3p3 and suppresses

In the present work, we dis-

cyclin D1 at the transcription level in pancreatic cancer cells,
which is, to our knowledge, never reported before.

Akt and PP2A pathways are implicated in the activation
of GSK-3B. PP2A dephosphorylates and activates GSK-3p3%")
while Akt can inactivate GSK-3p by phosphorylating GSK-33
at Ser9™!.  Alternatively, PP2A can act upstream of Akt path-
way to indirectly regulate GSK-3p signaling™”
results demonstrate that only Akt activation is involved in the
inactivation of GSK-3 by ASA in PANC-1 cells, which takes
place independently of PP2A pathway. Concerns may be

. However, our

aroused that Akt activation renders the resistance of pancreatic
carcinoma against anticancer drugs®™ *. In fact, Akt does not
seem to be involved in gemcitabine resistance of human pan-
creatic carcinoma cell lines. It is reported that neither did the
basal Akt activity correlate with the sensitivity towards gem-
citabine treatment, nor did the inhibition of Akt by LY294002
alter gemcitabine-induced apoptosis®™. Thus ASA is not likely
to confer chemoresistance to the current clinical regimen for
pancreatic carcinomas.

In conclusion, our results show that ASA inhibits prolifera-
tion and potentiates the apoptosis-inducing effect of gem-
citabine in pancreatic cancer cells, probably by inhibiting
activation of GSK-3p and the expression of its regulated tar-
gets. Thus, the traditional agent ASA may prove to be a novel
candidate to be used in combination with gemcitabine for the
chemotherapy of pancreatic carcinoma.
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4’-Chloro-3,5-dihydroxystilbene, a resveratrol
derivative, induces lung cancer cell death
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Aim: To examine the antitumor effect of 4'-chloro-3,5-dihydroxystilbene, a resveratrol derivative, on lung adenocarcinoma A549 cells.
Methods: The cytotoxic ICsy was determined by direct cell counting. Flow cytometry, monodansylcadaverine (MDC) staining, transfec-
tion, Western blot and a proteasome activity assay were used to study the cellular mechanism of 4'-chloro-3,5-dihydroxystilbene. A
xenograft nude mouse model was used to analyze the antitumor effect in vivo.

Results: 4'-Chloro-3,5-dihydroxystilbene induced a rapid and persistent increase in the intracellular reactive oxygen species in the
cells, but the cell death could not be inhibited by two antioxidant agents. The derivative caused sub-G, formation, a decrease in the
mitochondria membrane potential and poly (ADP-ribose) polymerase degradation, and the caspase inhibitor Z-VAD-FMK could partially
prevent cell death. It also induced a significant increase in intracellular acidic vacuoles, LC3-ll formation and intracellular GFP-LC3
aggregation. An autophagic inhibitor partially reversed cell death. Additionally, 4'-chloro-3,5-dihydroxystilbene induced the accumula-
tion of ubiquitinated conjugates and inhibited proteasome activity in cells. In an in vivo study, 4-chloro-3,5-dihydroxystilbene retarded

tumor growth in nude mice.

Conclusion: These data suggest that the resveratrol derivative 4'-chloro-3,5-dihydroxystilbene could be developed as an anti-tumor

compound.

Keywords: 4'-chloro-3,5-dihydroxystilbene; resveratrol derivative; antitumor effects; apoptosis; lung adenocarcinoma A549 cells
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Introduction

In the search for new cancer chemopreventive and chemo-
therapeutic agents over the past several years, the develop-
ment of novel agents from the fruits and vegetables consumed
by humans has been a desirable goal. Resveratrol (3,5,4'-
trihydroxy-trans-stilbene) is one of the naturally occurring
phytoalexins produced by a wide variety of plants, such as
grapes, peanuts, and mulberries, in response to stress, injury,
ultraviolet, irradiation or fungal infection!!!. Therefore, the
biological function of resveratrol is thought to be protection
of the plants from fungal attack and environmental stress. It
has been reported that tobacco plants reengineered with stil-
bene synthase genes are more resistant to infection by Botrytis
cinerea”. In the study of its biological function in animals and
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humans, resveratrol has been reported to play a role in the
prevention of heart disease!”, the reduction of eicosanoid syn-
thesis in macrophages!"! and the inhibition of LDL oxidation®.
Additionally, resveratrol also exhibits cancer chemopreven-
tive activity in the stages of tumor initiation, promotion and
progression.

In addition to its chemopreventive effect, resveratrol also
has a chemotherapeutic effect. In an in vitro study, resvera-
trol inhibited the growth of several tumor cell lines, including
human promyelocytic leukemia cells, human breast cancer
cells, human colon cancer cells, and human lung carcinoma
cells”. In an in vivo animal study, resveratrol was also shown
to have an anti-tumor effect’”. In view of resveratrol’s anti-tu-
mor potential, it is reasonable to design new chemotherapeutic
agents using resveratrol as a prototype. It has been reported
that a resveratrol derivative, 3,4,5,4’-tetramethoxystilbene, has
stronger anti-proliferative properties in human colon cancer
cells®. Therefore, we synthesized a series of methoxy group-
modified stilbenes and tested their cytotoxicity in human lung
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cancer cells (supplementary information). On the other hand,
the addition of a halogen group during the structural modifi-
cation of resveratrol has seldom been reported. Based on the
fact that the water solubility of a halogen is better than that of
a methoxyl group, we have also synthesized a series of halo-
gen group-modified stilbenes and found that 4’-chloro-3,5-di-
hydroxystilbene has better anti-tumor activity (supplementary
information).

Lung cancer is the leading cause of cancer-related death in
the world and in Taiwan!" "
cytotoxicity of 4’-chloro-3,5-dihydroxystilbene in human lung

. Therefore, we have studied the

adenocarcinoma A549 cells, elucidated the molecular mecha-
nism of cell death and verified its effect in vivo.

Materials and methods

Chemicals

F12 Kaighn’s medium (F12K), bovine serum and Lipo-
fectamine 2000 were purchased from Invitrogen (Grand
Island, NY). 1-[4,5-Dimethylthiazol-2-yl]-3,5-diphenylforma-
zan (MTT), anti-p-actin antibodies, propidium iodide (PI), 2,7-
dichlorofluorescin (DCF), N-acetyl-L-cysteine (NAC), glutathi-
one, monodansylcadaverine (MDC), acridine orange, MG132,
3-methyladenine (3-MA), 4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride (AEBSF), N-CBZ-PHE-ALA fluorom-
ethyl ketone (Z-FA-FMK), N-tosyl-L-phenylalanine chlo-
romethyl ketone (TPCK) and N®-tosyl-L-lysine chloromethyl
ketone hydrochloride (TLCK) were purchased from Sigma-
Aldrich (St Louis, MO). [L-3-trans-(Propylcarbamoyl)oxirane-
2-carbonyl]-L-isoleucyl-L-proline methyl ester (CA074-Me)
was purchased from the Peptide Institute (Osaka, Japan).
Antibodies against cyclins, p21, Bcl-2, and Bax were purchased
from Lab Vision (Fremont, CA). The antibody against procas-
pase-3 was purchased from Active Motif (Carlsbad, CA). The
antibody against poly(ADP-ribose) polymerase (PARP) was
purchased from Cell Signaling Technology (Beverly, MA).
The SuperSignal West Pico Chemiluminescent Substrate was
obtained from Pierce (Rockford, IL). The PRO-PREP™ Protein
Extraction Solution was from iNtRON Biotechnology (Kyung-
ki-Do, Korea). The Bio-Rad protein assay kit was purchased
from Bio-Rad (Hercules, CA). Fluorogenic peptide substrates
for the proteasome activity assay were purchased from Biomol
(Butler Pike, PA).

Cell culture

Human non-small-cell lung adenocarcinoma A549 cells were
obtained from the Bioresource Collection and Research Center
(Hsinchu, Taiwan), and cultured in F12K supplemented with
10% heat-inactivated fetal bovine serum. Cells were main-
tained at 37 °C in a humidified atmosphere with 5% CO,.

Trypan blue dye exclusion method

The cell number was determined by direct cell counting. A549
cells were cultured in 24-well plates at a density of 2x10* cells/
well for 24 h and then incubated with various concentrations
of resveratrol or 4’-chloro-3,5-dihydroxystilbene for 2 days.
The cells were then detached by trypsin-EDTA, stained with

Acta Pharmacologica Sinica

trypan blue dye and counted with a hemocytometer. The
result was expressed as a percentage relative to the solvent-
treated control incubations, and the ICs, values were calcu-
lated.

Measurement of intracellular reactive oxygen species (ROS)

The production of intracellular ROS was detected by flow
cytometry using DCFH-DA. A549 cells were cultured in
60-mm tissue culture dishes at a density of 8x10° cells/dish
for 24 h and then treated with DMSO or 4’-chloro-3,5-dihy-
droxystilbene for various amounts of time. After treatment,
cells were treated with 10 pmol/L DCFH-DA for 30 min in the
dark, washed once with PBS, detached by trypsinization, col-
lected by centrifugation, and resuspended in PBS. The intrac-
ellular ROS, which are indicated by the fluorescence of dichlo-
rofluorescin (DCF), were measured with a Becton-Dickinson
FACScan flow cytometer using CellQuest software.

Measurement of cellular membrane integrity

Cellular membrane integrity was detected by PI staining.
Ab549 cells were cultured in 60-mm tissue culture dishes for
24 h and then incubated with various inhibitors for 60 min.
DMSO or 4’-chloro-3,5-dihydroxystilbene was then added to
the cells for the indicated times. After treatment, trypsinized
cells were resuspended in PBS and stained for 10 min with 5
pg/mL of PI. The stained cells were excited by exposure to
an argon laser at 488 nm, and the fluorescence emission was
collected at 580 nm. At least 10000 cells were counted with a
Becton-Dickinson FACScan flow cytometer using CellQuest
software. Living cells prevent the entrance of propidium
iodide, indicating complete cellular membrane integrity, and
dead cells are stained by propidium iodide, indicating damage
to the cellular membranes.

Cell cycle analysis

Ab549 cells were cultured in 100-mm tissue culture dishes at a
density of 1x10° cells/dish for 24 h and then treated with 80
pmol/L 4’-chloro-3,5-dihydroxystilbene for various amounts
of time. After treatment, cells were collected and washed with
PBS, fixed with a PBS-methanol (1:2, volume/volume) solu-
tion, and stored at 4 °C for at least 18 h. Following two more
PBS washes, the cell pellets were stained with the fluorescent
probe solution containing PBS, 40 pg/mL PI, and 40 pg/mL
DNase-free RNaseA for 30 min at room temperature in the
dark. DNA fluorescence of the PI-stained cells was evaluated
by excitation at 488 nm and detected through a 630/22-nm
bandpass filter using a Becton-Dickinson FACScan flow
cytometer. A minimum of 10000 cells were analyzed per sam-
ple, and the DNA histograms were gated and analyzed further
using Modfit software to estimate the percentage of cells in
various phases of the cell cycle.

Measurement of mitochondria membrane potential

Mitochondria membrane potential (MMP) was detected by
flow cytometry using rhodaminel23 fluorescent dye (Ex/
Em=430 nm/535 nm). A549 cells were cultured in 60-mm tis-



sue culture dishes at a density of 8x10° cells/dish for 24 h and
then treated with 80 pmol/L 4’-chloro-3,5-dihydroxystilbene
for 24 h and 48 h. After treatment, the culture medium was
replaced with fresh medium containing 5 pmol/L rhod-
aminel23 and the cells were incubated for 30 min in the dark.
After the incubation step, the cells were washed with PBS,
detached by trypsinization, collected by centrifugation, and
resuspended in PBS. The MMP, as indicated by the fluores-
cence level of rhodaminel23, was measured with a Becton-
Dickinson FACScan flow cytometer using CellQuest software.

Measurement of acidic vacuoles by MDC staining and acridine
orange staining

Ab549 cells were cultured in 100-mm tissue culture dishes at
a density of 1x10° cells/dish for 24 h and then treated with
80 pmol/L 4’-chloro-3,5-dihydroxystilbene for another 24 h.
After treatment, the culture medium was replaced with fresh
medium containing 50 pmol/L MDC or 1 pg/mL of acridine
orange and the cells were incubated for 30 min in the dark.
For MDC staining, cells were washed with PBS and photos
were taken under a fluorescent microscope. For acridine
orange staining, cells were detached by trypsinization, col-
lected by centrifugation, and resuspended in PBS. The fluo-
rescence level of acridine orange was measured with a Becton-
Dickinson FACScan flow cytometer using CellQuest software.

Measurement of LC3 localization by immunofluorescence
microscopy

The green fluorescent protein-tagged autophagic marker
microtubule-associated protein 1 light chain 3 (GFP-LC3)
plasmid™” was transiently transfected into A549 cells using
Lipofectamine™ 2000 according to the manufacturer’s instruc-
tion. Cells were replated 16 h before transfection at a density
of 5000 cells per 1 mL of culture medium in a 12-well plastic
dish. In transfection, Lipofectamine™ 2000 was incubated
with GFP-LC3 (1 pL Lipofectamine™ 2000/0.5 pg DNA/ well)
in 0.1 mL of OPTI-MEM for 20 min at room temperature. The
mixture was added drop by drop to the cells and then incu-
bated for 6 h. The DNA/Lipofectamine™ 2000 medium was
replaced by 1 mL of fresh culture medium and the cells were
cultured for another 18 h. Then, 80 pmol/L 4’-chloro-3,5-dihy-
droxystilbene was added to the cells in order to observe GFP-
LC3 localization by immunofluorescence microscopy.

Proteasome activity assay

Ab549 cells were treated with DMSO, 4’-chloro-3,5-dihydrox-
ystilbene or proteasome inhibitor MG132 for 30 to 90 min.
Cell lysates were collected and 10 pg of each was incubated
for 2 h at 37 °C with 40 pmol/L fluorogenic peptide substrate
(Suc-Leu-Leu-Val-Tyr-AMC for chymotrypsin-like, Ac-Gly-
Pro-Leu-Asp-AMC and Z-Leu-Leu-Glu-AMC for caspase-like,
and Boc-Leu-Arg-Arg-AMC and Ac-Arg-Leu-Arg-AMC for
trypsin-like) in 100 pL of assay buffer (20 mmol/L Tris-HClI,
pH 8.0). The hydrolyzed AMC was measured by a fluorom-
eter with an excitation filter of 360 nm and an emission filter of
460 nm.
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Animal model

Female nude mice aged five weeks were provided by the
National Laboratory Animal Center (Taipei, Taiwan), and
maintained at our animal care facility for one week prior to
use. The mice were kept in a limited access area at a con-
trolled room temperature with food and water provided ad
libitum. The mice were divided into two groups for two dif-
ferent experiments (vehicle only and 50 mg/kg 4’-chloro-3,5-
dihydroxystilbene). All experiments were approved by the
Institutional Animal Care and Use Committee of National
Chiayi University.

Statistical analysis

Three or more separate experiments were conducted. Statisti-
cal analysis was performed with Student’s t-test. The animal
study was analyzed by one-way ANOVA followed by Tukey’s
test. A P<0.05 was considered to indicate a significant differ-
ence between the treated and control groups.

Results

Effect of resveratrol and 4’-chloro-3,5-dihydroxystilbene on cell
viability

When comparing the cytotoxicity of 4’-chloro-3,5-dihydrox-
ystilbene to that of resveratrol in A549 cells, the ICs, of res-
veratrol (25.5 pmol/L) is about 1.5 times greater than that of
4’-chloro-3,5-dihydroxystilbene (17.4 pmol/L), and the maxi-
mum cytotoxic activity reached was 100% with 4’-chloro-3,5-
dihydroxystilbene, but only 80% with resveratrol (Figure 1A).
In addition to the A549 cells, 4’-chloro-3,5-dihydroxystilbene
also showed higher cytotoxicity than resveratrol in two other
lung cancer cell lines, NCI-H23 and NCI-H1299 (Figure 1A).
Ab549 cells treated with 100 pmol/L resveratrol displayed a
shrunken shape at 24 h and started to detach at 48 h (Figure
1B). With 80 pmol/L 4’-chloro-3,5-dihydroxystilbene, the cells
showed vacuolation at 24 h and became almost rounded and
detached after 48 h of treatment (Figure 1B). This result sug-
gested that 4’-chloro-3,5-dihydroxystilbene was more potent
than resveratrol and that its cytotoxic mechanism might be dif-
ferent from that of resveratrol in human lung carcinoma cells.
4’-Chloro-3,5-dihydroxystilbene induced intracellular ROS
elevation that was not the main inducer of cell death. Because
ROS have been reported to induce cytotoxicity in cancer
cells™, we analyzed the effect of 4’-chloro-3,5-dihydroxystil-
bene on the intracellular ROS production by the DCFH-DA
staining method. The increase in intracellular ROS occurred
after 1 h of treatment with 4’-chloro-3,5-dihydroxystilbene and
gradually increased through the 48 h time period. The intrac-
ellular ROS were increased approximately 1.6, 2.4, 2.7, 3.2, and
5.6 fold after treatment with 4’-chloro-3,5-dihydroxystilbene
for 1 h, 3 h, 6 h, 24 h, and 48 h, respectively (Figure 2A). To
further characterize the relationship of ROS and cell death, two
antioxidant agents, NAC and glutathione, were used to ana-
lyze the protective effect of 4’-chloro-3,5-dihydroxystilbene-
treated cells. 4’-Chloro-3,5-dihydroxystilbene-induced ROS
production was almost completely inhibited by 10 mmol/L
NAC or 10 mmol/L glutathione (Figure 2B); however, these

Acta Pharmacologica Sinica
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Figure 1. The cytotoxic IC5, and morphological changes in resveratrol- and 4'-chloro-3,5-dihydroxystilbene-treated A549 cells. (A) The cytotoxicity I1Csq
of resveratrol and 4’-chloro-3,5-dihydroxystilbene. A549, NCI-H23, and NCI-H1299 cells were treated with various concentrations of resveratrol or 4'-
chloro-3,5-dihydroxystilbene for 48 h. Cell numbers were calculated by the trypan blue dye exclusion method using a hemocytometer. The cell number
of untreated cells was 100%, and the other data were presented as the mean+SD from three independent experiments. (B) The morphological changes
of A549 cells treated with resveratrol or 4’-chloro-3,5-dihydroxystilbene. A549 cells were treated with DMSO, 100 pymol/L resveratrol or 80 umol/L 4'-
chloro-3,5-dihydroxystilbene for 24 h or 48 h. The cells were photographed with an Axio Observer A1 phase-contrast microscope. Magnification x200.

two antioxidant agents could not prevent cell death (Figure
2C). This result indicated that the ROS elevation induced by
4’-chloro-3,5-dihydroxystilbene was not the main reason for
cell death.

Effect of 4’-chloro-3,5-dihydroxystilbene on cell cycle distribution

Because 4’-chloro-3,5-dihydroxystilbene inhibited the growth
of A549 cells, we then analyzed the cell-cycle population
distribution in A549 cells, with or without 4’-chloro-3,5-dihy-
droxystilbene. As shown in Figure 3A, the sub-G;, fraction in
cells treated with 80 pmol/L 4’-chloro-3,5-dihydroxystilbene
gradually increased to 18% and 43% at 24 h and 48 h, respec-
tively. The data indicated that 4’-chloro-3,5-dihydroxystilbene
caused DNA fragmentation in a time-dependent manner.
Before the formation of the sub-G, fraction, cells were initially
accumulated in the G,/M phase, but those in the G; phase
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did not decrease when they were treated with 4’-chloro-3,5-
dihydroxystilbene. When G,/M phase arrest occurred, the G,
phase ratio should have decreased if cells in G, continued to S
without M-returned cells. In our study, the G, phase ratio was
similar to that of control cells, suggesting that 4’-chloro-3,5-di-
hydroxystilbene arrested cells in the G, and G,/M phases and
that this arrest might result in sub-G; formation. Resveratrol
induced cell cycle arrest at the G, phase, which was different
from the results obtained with 4’-chloro-3,5-dihydroxystilbene
(Figure 3A). Western blot analysis (Figure 3B) showed that
4’-chloro-3,5-dihydroxystilbene decreased the expression of
cyclin D1 and cyclin D3, which might have caused G, phase
arrest. 4’-Chloro-3,5-dihydroxystilbene also decreased cyclin
B1 expression, which might have caused G, phase arrest.
4’-Chloro-3,5-dihydroxystilbene decreased p21 expression,
which suggested that cell cycle arrest was not mediated by the
p53-p21 pathway.
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Figure 2. Effect of ROS on 4’-chloro-3,5-dihydroxystilbene-induced A549 cell death. (A) 4-Chloro-3,5-dihydroxystilbene-induced ROS production. A549
cells were either untreated or treated with 80 pmol/L 4’-chloro-3,5-dihydroxystilbene for 1, 3, 6, 24, and 48 h. Thirty minutes prior to harvesting, cells
were incubated with 10 pmol/L DCF-DA. After incubation, the cells were harvested for analysis by FACS. The data in each panel represent the DCF
fluorescence intensity within the cells. At each time point, the mean intensity of the control cells was at 100 and the other data were measured in
this set condition. The values shown are the meantSD of three determinations. (B) Effect of antioxidants on 4’-chloro-3,5-dihydroxystilbene-induced
ROS. 10 mmol/L NAC or 10 mmol/L glutathione was added 1 h before treatment with 80 umol/L 4'-chloro-3,5-dihydroxystilbene for 3 h. Cells were
harvested for analysis by FACS. The values shown are means+SD of three independent experiments. °P <0.05 vs the 4'-chloro-3,5-dihydroxystilbene-
treated group. (C) Effect of antioxidants on 4’-chloro-3,5-dihydroxystilbene-induced damage of cellular membrane integrity. The cells were exposed to
10 mmol/L NAC or 10 mmol/L glutathione for 1 h before treatment with 80 pmol/L 4'-chloro-3,5-dihydroxystilbene for 36 h. A549 cells were harvested
and stained with propidium iodide and analyzed by FACS.

4’-Chloro-3,5-dihydroxystilbene induced apoptosis, which was a measured the mitochondrial permeability regulatory proteins
minor reason for cell death Bcl-2 and Bax by Western blot analysis. Treatment of A549
Increased mitochondrial permeability is one of the mito- cells with 80 pmol/L 4’-chloro-3,5-dihydroxystilbene caused
chondria-dependent cell death pathways!"l. Therefore, we a significant decrease in the anti-apoptotic protein Bcl-2 in the
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time period from 12 h to 48 h (Figure 4A), as well as a decrease
in the pro-apoptotic protein Bax. Therefore, the detection of
MMP by rodaminel23 was performed, which showed that
4’-chloro-3,5-dihydroxystilbene decreased MMP at 24 h and
48 h (Figure 4B). Because of the formation of the sub-G; frac-
tion and the decrease in MMP in 4’-chloro-3,5-dihydroxystil-
bene-treated cells, we then investigated whether 4’-chloro-3,5-
dihydroxystilbene induced the activation of apoptotic effector
proteins. The breakdown products of PARP and procaspase-3
were analyzed. Figure 5A shows that 4’-chloro-3,5-dihydrox-
ystilbene induced both the cleavage of PARP and a decrease
in procaspase-3. The change in these two proteins started
after 24 h of treatment with 4’-chloro-3,5-dihydroxystilbene
and persisted to 48 h. A pan caspase inhibitor, Z-VAD-FMK,
was then used to identify the relationship of apoptosis and cell
death. It was shown that Z-VAD-FMK inhibited 4’-chloro-3,5-
dihydroxystilbene-induced sub-G1 formation (Figure 5B) and
reversed PARP cleavage in a dose-dependent manner (Figure
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antibodies against cyclin E, cyclin D1, cyclin D3, cyclin B1 and p21.

5C). ROS are one of the reasons for cell apoptosis; we also
analyzed the role of ROS in 4’-chloro-3,5-dihydroxystilbene-
induced sub-G; formation. The results showed that two anti-
oxidants inhibited the 4’-chloro-3,5-dihydroxystilbene-induced
sub-G; formation by 30% and the resveratrol-induced sub-G;
formation by more than 50% (Figure 5D). This result suggests
that ROS are one of the reasons for 4’-chloro-3,5-dihydrox-
ystilbene-induced apoptosis. Because these two antioxidants
could not reverse 4’-chloro-3,5-dihydroxystilbene-induced
cell death (Figure 2C), the reversal effect was further analyzed
with Z-VAD-FMK. The results showed that Z-VAD-FMK only
slightly reversed cell death (Figure 5E), even though apoptosis
was almost completely inhibited by Z-VAD-FMK (Figure 5B,
5C). These data suggested that 4’-chloro-3,5-dihydroxystil-
bene-induced cell death was mediated by caspase-dependent
apoptosis in a minor way. Because Z-VAD-FMK only slightly
reversed 4’-chloro-3,5-dihydroxystilbene-induced cell death,
ROS-inhibitor-reversible cell death might be too low to be
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Figure 4. Effect of 4’-chloro-3,5-dihydroxystilbene on mitochondria
membrane potential. (A) Time course of the 4’-chloro-3,5-dihydroxy-
stilbene-induced degradation of Bcl-2 and Bax. A549 cells were treated
with or without 80 pmol/L 4’-chloro-3,5-dihydroxystilbene for 12, 24,
36, and 48 h. Cell lysates were harvested and analyzed by Western
blotting with antibodies against Bcl-2, Bax and B-actin. (B) 4"-Chloro-3,5-
dihydroxystilbene decreased the MMP. A549 cells were treated with or
without 80 pmol/L 4’-chloro-3,5-dihydroxystilbene for 24 or 48 h. Cells
were harvested and analyzed by FACS. A representative FACS scan chart
shows the percentages of low MMP in each plot. The values shown are
the mean+SD of three determinations.

detected.

Induction of the autophagic early phenomenon by 4’-chloro-3,5-
dihydroxystilbene

If 4’-chloro-3,5-dihydroxystilbene-induced cell death was
not totally mediated by apoptosis, the death could be caused
by a non-apoptotic pathway, such as autophagy, necrosis
or another process”. Based on the morphological changes
induced by 4’-chloro-3,5-dihydroxystilbene, which showed
vacuolation in the cells (Figure 1B), an autophagic process is
likely™. We then attempted to detect the formation of acidic
vacuoles in the cells. As shown in Figures 6A and 6B, 4’-
chloro-3,5-dihydroxystilbene increased the formation of
intracellular acidic vacuoles. Next, we tried to confirm the
autophagic phenomenon by more specific methods. First, we
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showed that 4’-chloro-3,5-dihydroxystilbene induced more
obvious LC3-II formation than resveratrol (Figure 6C). Fur-
thermore, the GFP-LC3 produced by transfected cells was
used to confirm the process of autophagy™>'*. Cytoplasmic
LC3 proteins become localized within autophagic vacuoles
when a cell begins autophagy!” '*l. Transient transfection with
GFP-LC3 plasmid DNA was performed to express the GFP-
LC3 fusion protein in A549 cells. In the GFP-LC3-transfected
Ab549 cells, GFP-LC3 proteins were found diffused through the
whole cell (Figure 6D). After 4’-chloro-3,5-dihydroxystilbene
treatment, GFP-LC3 became aggregated dots in the cells,
suggesting that 4’-chloro-3,5-dihydroxystilbene caused the
localization of LC3 and initiated the autophagic early phenom-
enon. Next, we used a pharmacological inhibitor to identify
the relationship between autophagy and cell death. As shown
in Figure 6E, 3-MA could partially reverse cell death, which
suggested that the 4’-chloro-3,5-dihydroxystilbene-induced
cell death was partially mediated by autophagy. Furthermore,
we used various protease inhibitors to analyze whether cell
death was caused by an acidic lysosomal protease” *. As
shown in Figure 6E, two cathepsin inhibitors (CA074-Me and
Z-FA-FMK), two serine protease inhibitors (TLCK and AEBSF)
and one proteasome inhibitor (MG132) could not prevent
cell death; only one serine protease inhibitor, TPCK, slightly
reversed cell death. This result suggested that the 4’-chloro-
3,5-dihydroxystilbene-induced cell death was partially medi-
ated by lysosome leakage, but not by proteasome activation.
Caspase inhibitor Z-VAD-FMK also partially inhibited resver-
atrol-induced cell death.

'-Chloro-3,5-dihydroxystilbene inhibited proteasome activity in
A549 cells
While observing the morphological changes of MG132-treated
cells, we found vacuole formation similar to that caused by
4’-chloro-3,5-dihydroxystilbene (Figure 7A). Because MG132
is a standard proteasome inhibitor used in anti-cancer stud-
ies, we tried to compare the biochemical effect of MG132 and
4’-chloro-3,5-dihydroxystilbene treatment in cells. Figure
7B showed the accumulation of ubiquitinated conjugates
induced by 10 pmol/L and 50 pmol/L MG132. 4’-Chloro-3,5-
dihydroxystilbene also induced a dose-dependent increase in
ubiquitinated conjugates. In an additional study, we analyzed
the proteasome activity after 4’-chloro-3,5-dihydroxystilbene
or MG132 treatment. This study showed that 4’-chloro-3,5-
dihydroxystilbene partially inhibited substrate cleavage by
chymotrypsin-like and caspase-like proteasomes (Figure 7C).

4’-Chloro-3,5-dihydroxystilbene retarded tumor growth in nude
mice

The anti-tumor effect of 4’-chloro-3,5-dihydroxystilbene was
studied in nude mice inoculated with A549 cells. Figure 8
shows that 4’-chloro-3,5-dihydroxystilbene retarded tumor
growth in vivo, indicating its potential as an anti-tumor drug.

Discussion
Resveratrol has been proposed as a potential chemothera-
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Figure 5. The apoptotic parameters of 4’-chloro-3,5-dihydroxystilbene-treated A549 cells. (A) Time course of the 4'-chloro-3,5-dihydroxystilbene-
induced degradation of PARP and procaspase-3. A549 cells were treated with or without 80 pmol/L 4'-chloro-3,5-dihydroxystilbene for 12, 24, 36, and
48 h. Cell lysates were harvested and analyzed by Western blotting with antibodies against two forms of PARP, pre-cleavage caspase-3 and [-actin.
(B) Effect of Z-VAD-FMK on 4’-chloro-3,5-dihydroxystilbene-induced sub-G, formation. Z-VAD-FMK was added 1 h before treatment with 80 ymol/L 4"-
chloro-3,5-dihydroxystilbene for 48 h. Cells were harvested, fixed and stained with propidium iodide and analyzed by FACS. The values shown are the
meanzSD of three determinations (C) Effect of Z-VAD-FMK on 4'-chloro-3,5-dihydroxystilbene-induced PARP cleavage. Z-VAD-FMK was added 1 h before
treatment with 80 pmol/L 4'-chloro-3,5-dihydroxystilbene for 24 h. Cell lysates were harvested and analyzed by Western blotting with antibodies against
two forms of PARP and B-actin. (D) Effect of NAC and glutathione on 4'-chloro-3,5-dihydroxystilbene-induced sub-G; formation. NAC or glutathione
was added 1 h before treatment with 80 pmol/L 4'-chloro-3,5-dihydroxystilbene or 100 umol/L resveratrol for 48 h. Cells were harvested, fixed and
stained with propidium iodide and analyzed by FACS. The values shown are the meantSD of three determinations. (E) Effect of Z-VAD-FMK on 4'-
chloro-3,5-dihydroxystilbene-induced damage of cellular membrane integrity. Z-VAD-FMK was added 1 h before treatment with 80 pmol/L 4'-chloro-3,5-
dihydroxystilbene for 48 h. A549 cells were harvested and stained with propidium iodide and analyzed by FACS. The values shown are the mean+SD of
three determinations. °P<0.05 vs the 4'-chloro-3,5-dihydroxystilbene-treated group.

peutic compound. Therefore, modification of the functional
group of resveratrol was studied in this work. In the analy-
sis of the structure-activity relationship, substitution of the
hydroxyl group of resveratrol with a methoxy group did not
seem to increase its cytotoxic activity (Supplementary infor-
mation). On the contrary, substitution of the 4’-hydroxyl
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group of resveratrol with a halogen group potentiated cyto-
toxic activity (Supplementary information). When comparing
the ICs of resveratrol and 4’-chloro-3,5-dihydroxystilbene, the
latter showed a higher potency of growth suppression in three
lung cancer cell lines (Figure 1A). In the cell cycle analysis, 4'-
chloro-3,5-dihydroxystilbene induced cell arrest in the G,
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Figure 6. The autophagic parameters of 4’-chloro-3,5-dihydroxystilbene-treated A549 cells. (A) 4’-Chloro-3,5-dihydroxystilbene increased acidic vacuoles
as determined by the MDC staining method. A549 cells were treated with or without 80 umol/L 4'-chloro-3,5-dihydroxystilbene for 24 h. Cells were then
stained with MDC for photography. Magnification x200. (B) 4'-Chloro-3,5-dihydroxystilbene increased acidic vacuoles as determined by the acridine
orange staining method. A549 cells were treated with or without 80 pumol/L 4’-chloro-3,5-dihydroxystilbene for 24 h. Cells were then stained with
acridine orange for flow cytometry analysis. "P<0.05 vs control. (C) 4-Chloro-3,5-dihydroxystilbene induces LC3-Il formation. A549 cells were treated
with or without 80 pmol/L 4’-chloro-3,5-dihydroxystilbene or 100 pmol/L resveratrol for 24 h and 48 h. Cell lysates were harvested and analyzed by
Western blotting with antibodies against LC3 and . (D) Time course of the 4'-chloro-3,5-dihydroxystilbene-induced aggregation of GFP-LC3 in A549 cells.
A549 cells were transiently transfected with the GFP-LC3 plasmid. After transfection, the cells were treated with or without 80 umol/L 4'-chloro-3,5-
dihydroxystilbene for 24 h and 30 h. The cells were photographed with an Olympus IX70 fluorescent microscope. Magnification x200. (E and F) Effect
of autophagy inhibitor (3-MA), protease inhibitors (AEBSF, Z-FA-FMK, TPCK, TLCK, CAO74-Me), caspase inhibitor (Z-VAD-FMK) and proteasome inhibitor
(MG132) on 4'-chloro-3,5-dihydroxystilbene-induced cell death. A549 cells were individually treated with DMSO or various inhibitors for 1 h, then 80
pmol/L 4'-chloro-3,5-dihydroxystilbene or 100 pmol/L resveratrol was added for 36 h. A549 cells were harvested, stained with propidium iodide, and
analyzed by FACS. The values shown are the mean+SD of three determinations.
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Figure 7. 4'-Chloro-3,5-dihydroxystilbene inhibited proteasome activity in A549 cells. (A) Morphological changes induced by 4’-chloro-3,5-
dihydroxystilbene and MG132. A549 cells were treated with 80 umol/L 4’-chloro-3,5-dihydroxystilbene or 10 pymol/L MG132 for 48 h and the cells
were photographed. Magnification x200. (B) Effect of 4'-chloro-3, 5-dihydroxystilbene on the accumulation of ubiquitinated conjugates. A549 cells
were treated with various concentrations of 4’-chloro-3,5-dihydroxystilbene or MG132 for 60 min. Cell lysates were harvested and analyzed by Western
blotting with antibodies against ubiquitin and B-actin. (C) Effect of 4’-chloro-3,5-dihydroxystilbene on proteasome activity. A549 cells were treated
with 80 pmol/L 4'-chloro-3,5-dihydroxystilbene or 10 uymol/L MG132 for 30 min to 90 min. Cell lysates were harvested and analyzed with proteasome

fluorogenic peptide substrates.

and G,/M phases (Figure 3A and 3B), but resveratrol mainly
arrests cells in the G, and S phases™ . This result suggests
that the simple functional group substitution of a natural com-
pound can change its anti-cancer activity.

ROS are one of the factors for the induction of cell death,
which can be prevented by antioxidants™ .. In this study, the
production of ROS induced by 4’-chloro-3,5-dihydroxystilbene
could be reduced by antioxidants (Figure 2B), but cell death
could not be prevented (Figure 2C). Next, we showed that
4’-chloro-3,5-dihydroxystilbene induced apoptosis because it
induced a sub-G, formation (Figure 3A), a decrease in mito-
chondria membrane potential (Figure 4B) and the degradation
of PARP and procaspase-3 (Figure 5A). The decrease in MMP
is one of the reasons for cell death!, and the Bcl-2 family
proteins are one of the groups that regulate MMP!.. Resvera-
trol has been reported to induce apoptosis through the Bcl-2-
mitochondria pathway™), but 4’-chloro-3,5-dihydroxystilbene
induced a reduction of both the Bcl-2 and the Bax proteins
(Figure 4A). Therefore, the MMP was directly analyzed, and
we showed that it was decreased by 4’-chloro-3,5-dihydrox-
ystilbene (Figure 4B). PARP, a ubiquitous housekeeping
enzyme, signals the presence of DNA damage by catalyzing
the addition of ADP-ribose units to DNA, histones and vari-

[29]

ous DNA repair enzymes and facilitates DNA repair In

general, apoptosis is activated by PARP fragmentation, which
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Figure 8. Anti-tumor effect of 4’-chloro-3,5-dihydroxystilbene in vivo. Five-
week-old female nude mice were injected sc with 1x10° A549 cells in
100 pL of Matrigel in one rear flank. When the tumor volume reached
100 mm?, mice were given vehicle (n=7, control) or 50 mg/kg of 4'-chloro-
3,5-dihydroxystilbene (n=7) ip once daily from day 1 to 4 and day 7 to 10.
Tumor volume was calculated by the formula mm?>=(the long axis)x(the
short axis)?/2. °P<0.05 vs control.

occurs through activated caspase-3, therefore, we used the
pan caspase inhibitor Z-VAD-FMK to block caspase activa-
tion. Although Z-VAD-FMK blocked the 4’-chloro-3,5-dihy-
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droxystilbene-induced sub-G; formation (Figure 5B), it only
slightly reduced the 4’-chloro-3,5-dihydroxystilbene-induced
cell death (Figure 5E). This result suggests that there are
other mechanisms besides apoptosis that induce cell death by
4’-chloro-3,5-dihydroxystilbene.

Due to the formation of vacuoles in cells after 4’-chloro-3,5-
dihydroxystilbene treatment, we thought that autophagocy-
tosis might have been induced. Autophagy is a process dur-
ing which intracellular autophagosomes form and sequester
cellular contents for degradation!™. Microtubule-associated
protein light chain 3 (LC3), the mammalian ortholog of yeast
Atg8, is a characteristic protein that aggregates on the mem-

brane of autophagic vesicles”

. Autophagy can promote cell
adaption and survival under stresses such as starvation and
pathogen infection, but it can also induce cell death under
some conditions. In this study, we showed that 4’-chloro-
3,5-dihydroxystilbene induced autophagy in A549 cells
because it caused LC3-II formation (Figure 6C) and GFP-LC3
aggregation (Figure 6D). Chemicals such as tamoxifen”",

B2 and resveratrol™! induce

sodium butyrate®, rapamycin
autophagic cell death, and provide a non-apoptotic cell death
during cancer treatment. In contrast, autophagy has also been
reported to be a protective mechanism in nelfinavir-induced
cell death*. In this study, we showed that 4’-chloro-3,5-
dihydroxystilbene induced the autophagic phenomenon. Like
the apoptosis inhibitor, the autophagic inhibitor 3-MA and
lysosomal protease inhibitor TPCK could partially reverse cell
death (Figure 6E).

Since both 4’-chloro-3,5-dihydroxystilbene and the protea-
some inhibitor MG132 cause specific vacuole formation, they
may use the same mechanism. The ubiquitin-proteasome
system is a new target for cancer therapy™.
types of peptidase activity in the proteolytic core of the 265

proteasome complex, and they include the chymotrypsin-like,
36]

There are three

trypsin-like and caspase-like activities™. In this study, we
found that MG132 and 4’-chloro-3,5-dihydroxystilbene inhib-
ited the chymotrypsin-like and caspase-like proteasome activi-
ties (Figure 7C), but they did not inhibit the trypsin-like pro-
teasome activity (data not shown). Proteasome inhibition by
4’-chloro-3,5-dihydroxystilbene provides additional evidence
of its cytotoxicity. Finally, we studied the anti-tumor activ-
ity in vivo and showed that 4’-chloro-3,5-dihydroxystilbene
significantly retarded tumor growth in mice (Figure 8). These
results suggest that 4’-chloro-3,5-dihydroxystilbene, a resvera-
trol derivative, has the potential to treat human non-small-cell
lung adenocarcinoma through multiple mechanisms.
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Trichostatin A sensitizes cisplatin-resistant A549
cells to apoptosis by up-regulating death-associated

protein kinase

Jun WU?, Cheng-ping HU**, Qi-hua GU?, Ye-peng LI, Min SONG*

Department of Respiratory Medicine, Xiangya Hospital, Central South University, Changsha 410008, China; 2 Institute of Respiration,

Guangdong Medical College, Zhanjiang 524023, China

Aim: To investigate the apoptosis-inducing effect of trichostatin A (TSA) in the human lung adenocarcinoma cisplatin-resistant cell line
(A549/CDDP) and to examine whether TSA can enhance sensitivity to cisplatin treatment and the underlying molecular mechanisms of

such an enhancement.

Methods: Cell viability was evaluated using the Neutral Red assay. Apoptosis was assessed using Hoechst 33258 staining and flow
cytometry analysis. Protein expression was detected by Western blotting. To determine the role of Death-associated protein kinase
(DAPK) in TSA-induced apoptosis in the A549/CDDP cell line, cells were transfected with pcDNA3.1(+)-DAPK, which has a higher
expression level of DAPK compared to endogenous expression, and DAPK activity was inhibited by both over-expression C-terminal frag-
ment of DAPK which may competitive binding DAPK substrates to inhibit the function of DAPK and RNA interference.

Results: TSA induced apoptosis in both A549 cells and A549/CDDP cells. TSA enhanced the sensitivity of A549/CDDP cells to cispla-
tin, along with concomitant DAPK up-regulation. When DAPK was over-expressed, A549/CDDP cells became sensitive to cisplatin and
the cytotoxicity of TSA could be increased. Moreover, the cytotoxicity of TSA could be alleviated by inhibition of DAPK activity by the
expression of a recombinant C-terminal fragment of DAPK or RNA interference.

Conclusion: TSA induced sensitivity to cisplatin treatment in cisplatin-resistant A549 cells. The up-regulation of DAPK is one of the
mechanisms mediating sensitization to TSA-induced apoptosis in cisplatin-resistant cells.

Keywords: trichostatin A; cisplatin-resistance; lung cancer; death-associated protein kinase

Acta Pharmacologica Sinica (2010) 31: 93-101; doi: 10.1038/aps.2009.183

Introduction
Lung cancer is one of the most common cancers worldwide.
About 80% of lung cancers are non-small cell lung cancer
(NSCLC). Although surgery remains the primary treatment
at the early stages of cancer development, chemotherapy has
been widely used in combination with surgery to treat lung
cancer due to a high rate of tumor recurrence!”. For NSCLC,
clinical trial data have demonstrated that cisplatin adjuvant
chemotherapy significantly improves patients” survival™.,
However, the overall 5-year survival rate remains less than
15%, primarily due to resistance to cisplatin in both the pri-
mary and recurrent tumors.

The mechanism of cisplatin-resistance has been associated
with multiple factors, including changes in DNA repair and
cellular accumulation and detoxification of the drug as well

*To whom correspondence should be addressed.
E-mail huchengp28@yahoo.com.cn
Received 2009-06-30 Accepted 2009-11-19

as inhibition of apoptosis'®.

In treating lung cancers, chemo-
sensitivity to cisplatin is affected by changes in gene expres-
sion, including genes known to be associated with cell cycle
regulation and apoptosis'®”.

Epigenetic alterations, such as histone acetylation and
methylation of gene promoters, contribute to the changes in
gene expression. The dys-regulation in epigenetics can affect

the onset and progression of cancer® ‘.

Histone deacetylase
(HDAC) inhibitors have been known to promote transcription
of genes required for cell differentiation and apoptosis; there-
fore, they may also induce differentiation and promote apop-
tosis in various tumors™**.,

Trichostatin A (TSA) is one such HDAC inhibitor. It was
originally isolated from Streptomyces hygroscopicus and identi-
fied as a fungistatic antibiotic that inhibits all class I and II
HDACs. TSA can alter the expression of 2%-5% of genes!""!
and can act as a chemo-sensitizer in cells of ovarian cancer,
gastric cancer, and erythroleukemia™). Although the hyper-

acetylation of histones following inhibition of HDAC activ-
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ity could contribute to a general increase in gene expression
including cell cycle inhibitor gene p21, p53, DAPK and the von
Hippel-Lindau tumor suppressor genes as well as the pro-
apoptotic genes Bax and Bad"**!, the molecular mechanisms
of TSA-sensitized cytotoxicity to chemotherapeutic drugs
remain largely unknown.

Death-associated protein kinase (DAPK), a modulator
of apoptosis, is a cytoskeleton-localized Ca®*/calmodulin
(CaM)-regulated serine/threonine kinase that modulates cell
death™. Recently, it was demonstrated that impaired trans-
lation of DAPK mRNA was involved in the acquisition of
cisplatin resistance in human cancer cells™. However, how it
is involved in the development of resistance to chemotherapy
in cancer cells is unknown. Based on these observations, we
hypothesized that DAPK might play an important role in TSA-
induced apoptosis in the cisplatin (CDDP)-resistant A549 lung
cancer cell line (A549/CDDP).

In this study, we report that TSA enhances the chemosen-
sitivity of A549/CDDP cells, which correlated with the up-
regulation of DAPK.

Materials and methods

Cell culture

Cells from the lung cancer cell line A549 and the CDDP-
resistant derivative A549/CDDP were gifts from Cell Center
of Cell Culture (Central South University, Changsha, China).
They were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco BRL, Grand Island, NY, USA) containing 100
pg/mL penicillin and 100 pg/mL streptomycin and supple-
mented with 10% calf blood serum (Sijiqing Laboratories,
Hangzhou, China) at 37 °C in a humidified atmosphere with
5% CO,. Then 2 pmol/L cisplatin (Qilu Pharmaceutical Co,
Ltd, Shandong, China) was added to the medium of the A549/
CDDP cell line. A549/CDDP cells were cultured in complete
DMEM medium without cisplatin for 3 d before being used in
experiments.

Plasmids and RNA interference

The pcDNA3.1(+)-DAPK, pcDNA3.1(+)-DCTP, pcDNA3.1(+)
and pDsRed1-N1-U6 shRNA vectors were gifts from Dr Hai-
tao ZHANG (Guangdong Medical College, China).

The synthetic sequences (sense, 5-CGTAACCTATATCCTC-
CTAAGTTCAAGAGACTTAGGAGGATATAGGTTATT-
TTTTGGAAG-3’, antisense, 5'-GATCCTTCCAAAAAA
TAACCTATATCCTCCTAAGTCTCTTGAACTTAGGA-
GGATATAGGTTACGGTAC-3") were annealed and cloned
into pDsRed1-N1-U6 shRNA vectors.

Cellular transfection

The cells were transfected with different vectors using Lipo-
fectamine 2000 transfection reagent (Invitrogen) according to
the manufacturer’s guidelines. Stable cell lines were cultured
in medium containing 800 png/mL G418 (Invitrogen). G418
concentration was reduced to 400 pg/mL after three weeks.
Cells were treated with TSA or cisplatin and cell viability was
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determined by cytotoxicity assay using the Neutral Red assay.

Treatment with cisplatin or TSA

Both A549/DDP and A549 cells were cultured in 96-well
plates (1.0x10° cells/well) and treated with different concen-
trations of cisplatin or TSA (Sigma, St Louis, MO, USA) at
37 °C in a humidified atmosphere with 5% CO, for 24 h.

Combined treatment with cisplatin and TSA

A549/CDDP cells were cultured in 24-well plates (3.0x10°
cells/well) and treated with different concentrations of cispla-
tin and TSA at 37 °C in a humidified atmosphere with 5% CO,
for 24 h. The cells were divided into three groups: the first
group was cultured with different concentrations of cisplatin;
the second group was cultured with 31.25 nmol/L TSA and
cisplatin; and the third group was cultured with 62.5 nmol/L
TSA and cisplatin.

Cell viability assays
Following the drug treatments described above, cytotoxicity

assays were performed as described previously*!

. Briefly,
the drug-containing medium from each well was replaced
with 100 pL medium containing 50 mg/L Neutral Red for an
additional 5-h incubation. Then, the cells were rinsed with
PBS three times. A volume of 200 pL of 1% acetic acid/50%
ethanol was added to each well to extract the dye from lyso-
somes of viable cells. The amount of dye was quantified at
540 nm using a Varioskan Flash Reader spectrophotometer
(THERMO, USA). The inhibitory rate of cell growth was cal-

Culated as [1_Atest group/Aconlrol group)] xlOO% N

Flow cytometry analysis

The cells were collected by centrifugating at 1000 r/min for 5
min after treatment, washed twice in PBS and fixed with ice-
cold 70% ethanol overnight. Prior to flow cytometry analysis,
the fixed cells were washed once with PBS and incubated with
100 pg/mL propidium iodide (Sigma, USA) plus 200 pg/mL
Rnase (Promega,USA) for 10 min. The DNA profile was ana-
lyzed by flow cytometry (EPICS XL, Coulter, Fullerton, CA,
USA). The percent of apoptosis is calculated as the percentage
of the sub-G,; peak as determined by FACS analysis cell-cycle

profile following propidium iodide staining!®".

Hoechst 33258 staining

Apoptosis was evaluated by in situ uptake of propidium iodide
and Hoechst 33258 as described by McKeague et al®. In brief,
after being treated with TSA, the cells were washed with PBS,
and incubated in PBS containing 40 pg/mL propidium iodide
and 2.5 pg/mL Hoechst 33258 (Sigma, USA) for 10 min. A
volume of 500 pL of methanol:acetic acid (3:1) fixative was
then added directly to each well. Cells were viewed under
fluorescence microscopy (Nikon Eclipse ET2000-E, Japan).
Four replicate wells were analyzed for each treatment by
quantitative and qualitative examination of four random fields
in each well. The apoptotic index was calculated from the
number of apoptotic nuclei vs total number of nuclei in each



visual field.

Western blot analysis of DAPK expression

The cells were collected, washed twice with PBS and incu-
bated with cell decomposition buffer (pH 8.0) that contained
50 mmol/L Tris-HCl, 150 mmol/L NaCl, 5 mmol/L EDTA,
1% NP40, 0.05% PMSF, 2 pg/mL aprotinin (Sigma, USA), and
2 pg/mL leupeptin (Sigma, USA). The level of proteins was
determined by Western blot with a DAPK monoclonal anti-
body (clone-55, Sigma, USA), anti-DAPK-phosphoserine308
monoclonal antibody (Sigma, USA), and anti-p-actin monoclo-
nal antibody (clone AC-74, Sigma, USA). Primary antibodies
were detected with goat anti-mouse or goat anti-rabbit anti-
bodies conjugated to horseradish peroxidase using enhanced
chemiluminescence (Beyotime Institute of Biotechnology,
Jiangsu, China). Photographs were taken with the FluerChem
SP8900 automatic photomicrograph system (ALPHA, USA)
and analyzed.

Statistical analysis

Data are presented as meantSD and were analyzed using
the Student’s t-test and Student-Newman-Keuls (SNK) test.
P<0.05 was considered to be statistically significant.

Results

Effect of TSA on A549 cells and A549/CDDP cells

Consistent with our previous reports®), here we showed that
the ICs, of cisplatin to A549 cells and A549/CDDP cells was
2.3620.10 pmol/L and 30.27+1.50 pmol/L, respectively (Figure
1A). A549/CDDP cells were 12.8 times more resistant than the
parental A549 cells. Western blot analysis showed that A549/
CDDP cells had a lower expression of DAPK than the A549
cell line (Figure 1B).

As shown in Figure 2A, morphological evaluation using
Hoechst 33258/PI staining with fluorescence microscopy
revealed a significant increase in the number of cells showing
nuclear condensation and fragmentation after incubation with
TSA for 24 h in both A549 and A549/CDDP cells.

A significant decrease in cell viability was detected by the
Neutral Red assay after cells had been treated with different
concentrations of TSA for 24 h. The assay showed that the ICs,
of TSA in A549 cells and A549/CDDP cells was 418.66+25.12
nmol/L and 446.59+27.32 nmol/L, respectively (P>0.05, Fig-
ure 2B). Apoptosis was measured as the percentage of sub-G1
DNA content, as well as DNA condensation with Hoechst
33258 staining. The results showed that TSA induced apopto-
sis in a dose-dependent manner (Figure 3).

TSA enhances the sensitivity of A549/CDDP cells to cisplatin
Low concentrations of TSA (31.25 nmol/L and 62.5 nmol/L)
had little effect on cell viability and apoptosis of A549/CDDP
cells. The inhibitory rate of cell growth was 1.08% and 2.33%,
respectively (Figure 4). Thus, these two concentrations of
TSA were selected to determine whether TSA could sensitize
A549/CDDP cells to cisplatin-induced apoptosis.
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Figure 1. The sensitivity of A549 cells and A549/CDDP cells to cisplatin.
(A) The effect of cisplatin on A549 cells and A549/CDDP cells. The
plot shows the viability of A549 cells and A549/CDDP cells treated with
indicated concentrations of cisplatin. The ICs, of cisplatin to A549 cells
and A549/CDDP cells is 2.36+0.10 ymol/L and 30.27+1.50 pymol/L,
respectively. (B) The expression level of DAPK in A549 cells and A549/
CDDP cells.

The results showed that the IC;, of cisplatin to A549/CDDP
cells was at 31.34+1.23 pmol/L in the absence of TSA, whereas
the 1G5y was 20.61+1.80 pmol/L and 18.48+0.70 pmol/L in the
presence of 31.25 nmol/L and 62.5 nmol/L TSA, respectively
(P<0.05 vs control) (Figure 4). The reverse fold was calculated
according to the formula (ICs, of resisted-drug cell line)/(ICs,
of combining reversal drug to resistanted-drug cell line).The
results showed that the reverse fold was 1.52 and 1.70 in the
presence of 31.25 nmol/L and 62.5 nmol/L TSA, respectively.
This indicates that TSA treatment increases the sensitivity of
A549/CDDP cells to cisplatin.

TSA up-regulates DAPK expression in A549/CDDP cells

The results showed that the expression of DAPK was elevated
when A549/CDDP cells were treated with different concentra-
tions of TSA for 24 h (Figure 5A). In addition, DAPK expres-
sion was up-regulated in a time-dependent manner (Figure
5C). The phosphorylation of Serine-308 deactivates DAPK and
dephosphorylation relieves auto-inhibition and stimulates the
pro-apoptotic activities of DAPKP® *. Our results showed that
the phosphorylation level of DAPK was unchanged or only
slightly increased with TSA treatment (Figure 5A, 5C). How-
ever, the relative phosphorylation level actually decreased
(Figure 5B, 5D). Furthermore, we confirmed that cisplatin had
no effect on DAPK expression in A549/CDDP cells (Figure 6).
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Figure 2. The effect of TSA on A549 cells and A549/CDDP cells. (A) Cells were treated by TSA for 24 h and stained with Hocest 33258/PI to measure
apoptosis. Apoptotic cells were stained with light-blue and pictures were taken under a 400xobjective. n=4. Mean+SD. °P<0.05, °P<0.01 vs A549
control group. °P<0.05, 'P<0.01 vs A549/CDDP control group. (B) Cell viability is measured by Neutral Red assay after 24 h TSA treatment at indicated

concentrations.

DAPK expression and its activity affect the sensitivity of A549/
CDDP cells to cisplatin

Various expression and interference DAPK vectors were
transfected into A549/CDDP cells and the effect of DAPK on
the sensitivity of A549/CDDP cells to cisplatin was evalu-
ated. DAPK expression increased in cells transfected by
pcDNA3.1(+)-DAPK, whereas there was no significant differ-
ence in the DAPK level in cells transfected by pcDNA3.1(+)-
DCTP or pcDNA3.1(+) as compared to un-transfected cells
(Figure 7A). With TSA treatment, DAPK expression increased
in cells transfected by pcDNA3.1(+)-DCTP, pcDNA3.1(+), or
pcDNA3.1(+)-DAPK (Figure 7B). DCTP, a C-terminal frag-
ment of DAPK, has been reported to mediate inhibition of
DAPK activity?*!,

The results showed that the ICs, of TSA to A549/CDDP cells,
transfected by different vectors, was 439.00+21.16 nmol/L
(pcDNA3.1(+)), 1122.05+44.88 nmol/L (pcDNA3.1(+)-DCTP)
and 220.45+9.927 nmol/L (pcDNA3.1(+)-DAPK), whereas the
IG5 of TSA to A549/CDDP cells was 418.33+12.78 nmol/L.
These data indicate that over-expression of DAPK increases
the cytotoxicity of TSA (P<0.05 vs pcDNA3.1(+) control) (Fig-
ure 7C). When DAPK was suppressed by DCTP, the cytotox-
icity of TSA was inhibited. Furthermore, our data also showed
that the ICs, of cisplatin on the transfected A549/CDDP cell
was 31.70+0.93 pmol/L (pcDNA3.1(+)), 47.95+1.06 pmol/L
(pcDNA3.1(+)-DCTP) (P<0.05 vs control) and 19.05+0.57
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pmol/L (pcDNA3.1(+)-DAPK) (P<0.05 vs control) (Figure 7D).
These data suggest that DAPK could mediate A549/CDDP
cell death induced by cisplatin.

In addition, endogenous DAPK expression was decreased by
RNA interference to evaluate the role of DAPK in TSA- or cis-
platin-induced A549/CDDP cell death (Figure 8A, 8B). These
results show that knock-down of DAPK increases the 1Cs, of
TSA on A549/CDDP cells to 869.08+34.73 nmol/L, whereas
the IG5, of TSA on control A549/CDDP cells was 465.99+19.57
nmol/L (non-transfected group) and 485.87+23.16 nmol/L
(control vector group) (P<0.05 vs control) (Figure 8C). Also,
the same results were obtained with cisplatin treatment. The
results showed that the ICs, of cisplatin on the three groups
of A549/CDDP cells was 30.90£1.03 pmol/L (non-transfected
group), 30.14+0.87 pmol/L (control vector-transfected group)
and 40.63+1.00 pmol/L (RNA interference vector-transfected
group, P<0.05 vs control vector-transfected group) (Figure
8D). These results suggest that inhibition of DAPK expression
could cause A549/CDDP cell resistance to cisplatin-induced
cell death.

Discussion

Apoptosis is usually deregulated in cancer because of
increased expression of anti-apoptotic proteins or decreased
expression of pro-apoptotic proteins. In human lung cancers,
resistance to drug therapy has been often found to be associ-
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Figure 3. Apoptosis (sub-G;) analyzed by flow cytometry. DNA profile was analyzed by Pl staining with flow cytometry. The percent apoptosis is
calculated as the percentage sub-G, peak as determined by cell-cycle analysis (arrow indicated sub-G, peak).

ated with the silencing of pro-apoptotic proteins including
pl6INK4a, Bax, and DAPKP* L Therefore, the up-regulation
of apoptosis-inducing factors might be a promising approach
to enhance the efficacy of chemotherapy treatment of multi-
drug-resistant cancer.

HDAC inhibitors have emerged as a new class of anti-cancer
therapeutic agents for both hematologic and solid cancers.
More importantly, these inhibitors also display promis-
ing anti-tumor activity in clinical trials™ *!. A recent report
showed that HDAC inhibitors induced apoptosis in cells of
cisplatin-resistant ovarian cancer associated with overexpres-
sion of Bad®”. Moreover, Muscolini et al also reported that an
HDAC inhibitor overcome apoptosis resistance to cisplatin by
restoring both p73 and Bax"”. These results demonstrate that
HDAC inhibitors overcome resistance to cisplatin by up-regu-
lating the expression of apoptosis-inducing factors. However,
less is known about the role of DAPK in the development of
chemotherapy resistance in cancers cells, although DAPK has
been reported to play an important role in IFN-y, tumor necro-

B7 Previ-

sis factor (TNF)-a, or Fas-ligand induced apoptosis
ous studies have shown that DAPK was expressed at a basal
level in A549 cells®™® but we found that DAPK was down-
regulated in A549/CDDP cells, suggesting its involvement in
the cisplatin resistance of A549/CDDP cells.

In this study, we found that TSA induced dose-dependent
apoptosis in both A549 cells and cisplatin-resistant A549/
CDDP cells. We also provide new evidence that A549 cells
and cisplatin-resistant A549/CDDP cells undergo similar level
of apoptosis with TSA treatment. However, a low concentra-
tion of TSA (31.25 nmol/mL) can sensitize A549/CDDP cells
to cisplatin-induced cell death. We found that DAPK was
up-regulated with TSA treatment in A549/CDDP cells in a
dose- and time-dependent manner. DAPK is known to be
negatively regulated by auto-phosphorylation of serine-308.
The Serine308 phosphorylated DAPK has lower activity than
its non-phosphorylated counterpart. The dephosphoryla-
tion of serine-308 on DAPK can activate DAPK and induce
apoptosis®™ *. Our study demonstrated that the serine-308-

Acta Pharmacologica Sinica
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Figure 4. The effect of TSA on the sensitivity of A549/CDDP cells to
cisplatin, The ICs, of cisplatin to A549/CDDP cells is at 31.34+1.23
pmol/L in absence of TSA, while the ICs, values are at 20.61+1.80 pmol/L
and 18.48+0.70 umol/L in presence of 31.25 nmol/L and 62.5 nmol/L
TSA, respectively. n=4. Mean£SD.

phosphorylation level of DAPK remained about the same after
TSA treatment (Figure 5B, 5D). This observation suggests that
the relative ratio of serine308 phosphorylated DAPK to the
total DAPK decreased with TSA treatment. Therefore, TSA
induces elevation of the active form of DAPK, since the level
of Serine308 phosphorylated DAPK remained unchanged as
compared to the untreated control. However, DAPK expres-
sion did not significantly change in A549/CDDP cells treated
with cisplatin.

Cell-transfection experiments reconfirmed that increased
DAPK expression increased A549/CDDP cells sensitivity to
TSA or cisplatin. We also observed that transient DAPK treat-
ment could promote cell apoptosis. To determine whether
DAP kinase contributes to cisplatin resistance, we generated a
stable-transfection cell line, A549/CDDP/DAPK, which had a
higher expression level of DAPK than A549/CDDP cells. Our
data showed that stable expression of DAPK in A549/CDDP
could sensitize cells to TSA or cisplatin treatment, which is
consistent with previous reports that DAPK is a pro-apoptotic
factor and may be involved in the mechanisms increasing
the chemosensitivity of anticancer drugs of 5-fluorouracil,

16,3 I

paclitaxel and TNF-related apoptosis-inducing ligand!
addition to auto-phosphorylation on Serine-308, the activity
of DAPK is also regulated by its C-terminal fragment (DCTP).
It has been reported that the expression of DCTP can sup-
press DAPK activity without affecting the protein level of
DAPK. Moreover, DCTP was shown to inhibit PC12 apopto-
sis induced by DAPK™. Our results are consistent with these
reports in that DCTP did not affect the protein level of DAPK
in A549/DCCP cells. Although Raveh ef al suggested that
the C-terminus of DAPK could block the interaction between
DAPK and its substrate and suppress the DAPK activity®",
additional information, such as a structural model, is needed
to demonstrate the mechanism. In addition, we also dem-
onstrated that inhibition of DAPK expression causes A549/
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Figure 5. The effect of TSA on DAPK expression and serineS308-phos-
phorylation level in A549/CDDP cells. (A) Western blot analysis of DAPK
expression and serineS308-phosphorylation level induced with indicated
concentrations of TSA. 1: control; 2: A549/CDDP cells treated with 125
nmol/L TSA; 3: A549/CDDP cells treated with 250 nmol/L TSA; 4: A549/
CDDP cells treated with 500 nmol/L TSA; 5: A549/CDDP cells treated
with 1000 nmol/L TSA. (B) The relative level of DAPK serineS308-
phosphorylation induced by indicated concentrations TSA was measured
by gray scale calculating with AlphaEaseFC software. n=3. MeantSD.
°P<0.05, °P<0.01 vs control group. (C) The changes of DAPK expression
and serineS308-phosphorylation level induced with 500 nmol/L TSA
for different times were analyzed with Western blot method. 1: control;
2: A549/CDDP cells treated with 500 nmol/L TSA for 6 h; 3: A549/
CDDP cells treated with 500 nmol/L TSA for 12 h; 4: A549/CDDP cells
treated with 500 nmol/L TSA for 18 h; 5: A549/CDDP cells treated
with 500 nmol/L TSA for 24 h. (D) The relative of DAPK serineS308-
phosphorylation level induced with 500 nmol/L TSA for indicated time
periods was measured by gray scale calculating with AlphaEaseFC
software. n=3. Mean+SD. °P<0.01 vs control group

CDDP resistance to cisplatin-induced cell death. Thus, DAPK
expression might contribute to the increased sensitivity of
A549/CDDP cells to cisplatin.

In summary, our present results reveal that treatment with
TSA induces apoptosis of A549/CDDP cells and enhances the
sensitivity of the cells to cisplatin, possibly mediated by the
up-regulation of DAPK.
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Figure 6. The effect of cisplatin on DAPK expression in A549/CDDP
cells. 1: control; 2: A549/CDDP cells treated with 6.66 pmol/L cisplatin;
3: A549/CDDP cells treated with 13.32 umol/L cisplatin; 4: A549/CDDP
cells treated with 26.64 ymol/L cisplatin; 5: A549/CDDP cells treated
with 53.28 ymol/L cisplatin.
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HIF-1a links B-adrenoceptor agonists and pancreatic
cancer cells under normoxic condition
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Aim: To examine whether B-adrenoceptor (B-AR) agonists can induce hypoxia-inducible factor (HIF)-1a accumulation which then up-
regulate the expression of its target genes in pancreatic cancer cells at normoxia, and to further elucidate the mechanism involved.
Methods: Pulse-chase assay, RT-PCR, and Western blot were employed to detect the effects of B-AR agonists and antagonists, siRNA as
well as several inhibitors of signal transduction pathways on MIA PaCa2 and BxPC-3 pancreatic cancer cells.

Results: Treatment of pancreatic cancer cell lines with B-AR agonists led to accumulation of HIF-1a and then up-regulated expres-

sion of its target genes independently of oxygen levels. The induction was partly or completely inhibited not only by B-AR antagonists
but also by inhibitors of PKA transduction pathways and by siHIF-1a. Both B1-AR and 2-AR agonists produced the above-mentioned

effects, but B2-AR agonist was more potent.

Conclusion: Activation of 3-AR receptor transactivates epidermal growth factor receptor (EGFR) and then elicites Akt and ERK1/2 in a
PKA-dependent manner, which together up-regulate levels of HIF-1a and downstream target genes independently of oxygen level. Our
data suggest a novel mechanism in pancreatic cancer cells that links B-AR and HIF-1a signaling under normoxic conditions, with impli-
cations for the control of glucose transport, angiogenesis and metastasis.

Keywords: [-adrenergic receptor; epidermal growth factor receptor; hypoxia-inducible factor-1«; protein kinase A; ERK1/2; Akt; hypo-

thalamic-pituitary-adrenal axis; pancreatic cancer
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Introduction

Stress can alter immune, neurochemical, and endocrine func-
tions, as well as tumor development, but the underlying bio-
logical mechanisms are not understood™. In response to stres-
sors, activation of the hypothalamic-pituitary-adrenal (HPA)
axis leads to release of catecholamines, glucocorticoids and
other stress hormones from the adrenal gland as well as from
brain and sympathetic nerve terminals. Chronic exposure to
these hormones can promote tumor cell growth, migration
and invasive capacity, and can stimulate angiogenesis via the
induction of pro-angiogenic cytokines.

The effects of catecholamines are primarily mediated by
B-adrenergic receptors (p-ARs). These receptors are known
to modulate diverse cellular processes including the growth
and differentiation of tumor cells. Three p-ARs subtypes

*To whom correspondence should be addressed.
E-mail gyma56@mail.xjtu.edu.cn
Received 2009-06-10 Accepted 2009-11-17

have been reported (B1-AR, p2-AR, and 33-AR) though f2-AR
appears to be the major mediator of the biological effects
of catecholamines™?. Recent studies in human cancer cell
lines and in animal models have shown that adenocarcinoma
growth in lung, pancreas and colon is under -adrenergic
control. The -ARs are widely expressed in adipose tissue,
blood, brain, heart, lung, nose, pancreas, skeletal muscle, skin,
and vessel. A normal pancreatic duct epithelial cell line and
several pancreatic cancer cell lines express 31 and/or 2-ARs
as well as epidermal growth factor receptor (EGFR) including
Panc-1, BXPC-3, PC-2, PC-3, and HPDE6-c7. Moreover, the
EGFR is frequently over-expressed in pancreatic cancer™,
HIF-1 is a heterodimer composed of an inducible HIF-1a
subunit and a constitutively-expressed HIF-1 subunit.
HIF-1a levels and activity are regulated by cellular oxy-
gen concentration. In human cancer cells, both intratumor
hypoxia and genetic alterations affecting signal transduction
pathways lead to increased HIF-1 activity, which in turn pro-
motes angiogenesis, metabolic adaptation, and other critical



aspects of tumor progression!”’. Moreover, pancreatic cancer is
thought to have a poor blood supply and to be able to survive
and proliferate under severe hypoxia. This has been ascribed
to hypoxia-induced over-expression of HIF-1a in pancreatic
cancer', indeed malfunction of the HIF-1a signaling network
has been associated with several types of cancer.

HIF-1a protein degradation is regulated by O,-dependent
prolyl hydroxylation, which targets the protein for ubiquityla-
tion by E3 ubiquitin-protein ligases. These ligases contain the
von Hippel-Lindau tumour-suppressor protein (VHL), which
binds specifically to hydroxylated HIF-1a. Ubiquitylated
HIF-1a is rapidly degraded by the proteasome at normoxia!”).
However, most pancreatic cancer cell lines (75%) have been
shown to weakly accumulate HIF-1a protein under normoxic
conditions"”. It reveals that the existence of HIF-1a protein in
the presence of oxygen is not unimaginable.

Agonist binding to the B-AR receptor can transactivate
EGEFR leading to phosphorylation of Akt and ERK1/2, which

are known to promote tumor progressionm’ 2

. Coincidently,
HIF-1a expression and activity are regulated by major signal
transduction pathways including PI3K/Akt/mTOR and Ras/
Raf/ERK1/2"), We therefore surmised that B-AR activation
might lead to HIF-1a accumulation in pancreatic cancer cells
via above-mentioned pathways.

To investigate this possibility, we analyzed HIF-1a levels
in pancreatic cancer cells exposed to B-AR ligands or hypoxia
and elucidate the underlying mechanism involved. As a
result, we report that 3-AR activation leads to up-regulation of
HIF-1a independently of oxygen levels by Akt and ERK1/2.
The both pathways are elicited from EGFR, whose transactiva-
tion requires PKA. All of above-mentioned pathways further
promote the expression of downstream target genes which are
responsible for glucose transport, angiogenesis, and metastasis
through the heart of this regulatory system-HIF-1a.

Materials and methods
Cell cultures and treatments
The MIA PaCa2 (with K-ras mutation) and BxPC-3 (without
K-ras mutation) human pancreatic cancer cell lines (obtained
from the American Tissue Type Collection, USA) were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM,
GIBCO, USA) supplemented with penicillin (100 U/mL),
streptomycin (100 pg/mL), 0.1 mmol/L nonessential amino
acids, 0.2 mmol/L glutamine, 1 mmol/L pyruvate, and 10%
fetal bovine serum (FBS) and incubated in a 95% air/5%
CO, humidified atmosphere at 37 °C. Cells were grown to
80% confluence prior to treatment. For exposure to hypoxia
experiment, cells were incubated at 37 °C in a sealed cham-
ber flushed with 3% O,, 5% CO,, and 92% N,. To strengthen
the effect, “serum free hypoxic medium” (less than 0.1% O,)
was added to cells during hypoxia. The special medium was
achieved using an anaerobic jar equipped with Anaero Pack
(O, absorbing and CO, generating agent, Mitsubishi Gas
Chemical, Tokyo, Japan). As normoxic control, serum free
medium was added to cells in normoxic condition (21% O,).
For studies of B-AR agonists, antagonists, other signal trans-
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duction pathway inhibitors and hypoxia, media was replaced
with basal medium 6 h prior to drug addition and hypoxia
treatment. All these drugs were obtained from the Sigma
Chemical Co (USA). Inhibitor concentrations employed were
LY294002 (10 pmol/L, PI3K inhibitor), PD98059 (10 pumol/L,
MAPKK inhibitor), SQ22536 (10 pmol/L, adenyl cyclase inhib-
itor), H-89 (10 pmol/L, PKA inhibitor), AG1478 (10 pmol/L,
selective inhibitor of EGFR-specific tyrosine kinase), meto-
prolol (10 pmol/L, selective 1-AR antagonist), butaxamine
(10 pmol/L, selective B2-AR antagonist) or propranolol (10
pmol/L, nonselective B-AR antagonist). These drugs were
dissolved in dimethylsulfoxide (DMSO) and added to the
cells 30 min prior to treatment with 3-AR agonists xamoterol
(1 pmol/L, selective B1-AR agonist), salbutamol (1 pmol/L,
selective 32-AR agonist), isoproterenol (1 pumol/L, B-ARs
agonist) or with the adenyl cyclase activator forskolin (1
pmol/L). Epidermal Growth Factor (EGF, 100 ng/mL) was a
positive control.

Measurements of cyclic AMP levels

MIA PaCa2 and BxPC-3 cells were seeded in complete
medium to reach 80% confluence. The media were replaced
with basal medium for 6 h; cells were then pre-incubated for
30 min with 1 mmol/L 3-isobutyl-methylxanthine (IBMX)
(Sigma). After 3 washes with basal medium, cells were treated
with metoprolol (10 pmol/L), butaxamine (10 pmol/L), pro-
pranolol (10 pmol/L) or SQ22536 (10 pmol/L). Inhibitors
were dissolved in dimethylsulfoxide (DMSO) and added to
the cells in fresh basal medium containing 1 mmol/L IBMX 30
min before treatment with xamoterol (1 pmol/L), salbutamol
(1 pmol/L) or isoproterenol (1 pmol/L) for 10 min. Forskolin
(1 pmol/L) was used as a positive control. After three washes
in cold PBS, the concrete operation of cAMP assay was per-
formed following the manufacturer’s instructions.

siRNA Assay

MIA PaCa2 and BxPC-3 cells 2x10° were transfected with
siRNA targeted against HIF-1a (100 nm/L) or control siRNA
(Qiagen) using Lipofectamine 2000 (Invitrogen). Cells were
recovered overnight before starvation, followed by treatment
with xamoterol (1 pmol/L) or salbutamol (1 pmol/L) for 12 h,
and then harvested for real-time PCR.

Pulse-chase assay

After starvation, both cells were treated with p1-AR or f2-AR
agonist for 12 h, hypoxia (3% oxygen, 12 h) or normoxia (12 h),
and then washed and incubated in methionine/cysteine-free
DMEM supplemented with 0.5% FBS and 50 uCi/mL of [*°S]
methionine/cysteine Promix (Amersham Biosciences, Buck-
inghamshire, UK) for 15 min, chased with cold methionine
and cysteine, lysed and immunoprecipitated using antibodies
against HIF-1a.

RT-PCR (Reverse transcription-polymerase chain reaction) and
Real-time PCR
Total RNA from MIA PaCa2 and BxPC-3 cells was iso-
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lated using TRIzol reagent (GIBCO BRL). First-strand
cDNA was synthesized from 2 pg of total RNA using
the RevertAid Kit (Fermentas MBI, USA). The PCR
primers designed for f1-AR (236 bp) were forward
5'-CGCCTCTTCGTCTTCTTCAACTG-3" and reverse 5-ACAT-
CGTCGTCGTCGTCGTC-3’; for f2-AR (526 bp) were forward
5-TGCCAATGAGACCTGCTGTGAC-3" and reverse 5-TGT-
GTTGCCGTTGCTGGAGTAG-3’; for HIF-1a (81 bp) were for-
ward 5-CGCAAGTCCTCAAAGCACAGTTAC-3 and reverse
5-GCAGTGGTAGTGGTGGCATTAGC-3’; for VEGF (140 bp)
were forward CTGGGCTGTTCTCGCTTCG-3" and reverse
5-CTCTCCTCTTCCTTCTCTTCTTCC-3'; for MMP-9 (111 bp)
were forward 5-TGGTCCTGGTGCTCCTGGTG-3" and reverse
5-GCTGCCTGTCGGTGAGATTGG-3’; for GLUT-1 (124
bp) were forward 5’-CCGCTTCCTGCTCATCAACC-3" and
reverse 5'-CATCATCTGCCGACTCTCTTCC-3’; for CXCR-4
(180 bp) were forward 5-ACGCCACCAACAGTCAGAGG-3
and reverse 5’-GGAACACAACCACCCACAAGTC-3’; for
B-actin (179 bp) were forward 5'-ATCGTGCGTGACAT-
TAAGGAGAAG-3" and reverse 5-AGGAAGGAAGGCTG-
GAAGAGTG-3". The concrete operation of RT-PCR and real-
time PCR assay was performed following the manufacturer’s
instructions. The housekeeping gene f-actin was used as an
internal reference.

Western blotting

For immunodetection, the primary antibody preparations
were as following: anti-HIF-1a (120 kDa, 1:1000, CHEMICON,
USA); B1-AR (51 kDa, 1:500, ABCAM, UK); p2-AR (60 kDa,

A MIA PaCa2
M 1 2 3 4 M 5

B2-AR 500
400

300
250
200
150
100

50

B-actin

500
400
300
250
200
150
100

50

B1-AR
B-actin

M 9 10 11 12 M 13

1:500, ABCAM, UK); p-EGFR (Tyr1173, Tyr1608, Tyr992, 175
kDa, 1:1000, CST, USA); EGFR (175 kDa, 1:1000, CST, USA);
p-ERK1/2 (Thr202, Tyr204, 42/44 kDa, 1:1000, CST, USA);
ERK1/2 (42/44 kDa, 1:1000, CST, USA); p-Akt (Ser473, 60 kDa,
1:1000, CST, USA); Akt (60 kDa, 1:1000, CST, USA); B-actin (43
kDa, 1:1000, SANTA CRUZ, USA); and the secondary anti-
body preparation was either anti-rabbit or anti-mouse (1:2000,
PIERCE, USA). After drug treatments, the concrete operation
of Western blot assay was performed following the manufac-
turer’s instructions. And the results were visualized using the
ECL Western blotting substrate (Pierce) and photographed by
GeneBox (SynGene).

Statistics and graphics

Data from at least 3 independent experiments with dupli-
cate determinations are expressed as meanstSEM. One-way
ANOVA and Tukey-Kramer multiple comparison tests were
applied. Statistical significance was set at P<0.05.

Results

B1-AR and B2-AR expression in pancreatic cancer cells

We first addressed whether pancreatic cancer cells express
the B-ARs. RT-PCR and Western blot analysis confirmed that
1-AR and P2-AR were expressed in both MIA PaCa2 and
BxPC-3 cells. The levels of f2-AR mRNA and protein in both
cell lines were significantly higher than of B1-AR, indicating
that p2-AR may be the predominant -adrenergic receptor in
these pancreatic cancer cells (Figure 1).

MIA PaCa2 BxPC-3

B2-AR S

B1-AR e  ———

pactin T

14 15 16

Figure 1. Expression of B1-AR and B2-AR at mRNA and protein levels in MIA PaCa2 and BxPC-3 cells. (A) Expression of mRNA for B1-AR, B2-AR, and
B-actin in MIA PaCa2 and BxPC-3 cells. Total RNA was isolated and subjected to RT-PCR. The B1-AR primers amplified a 236 bp fragment, the B2-AR
primers amplified a 526 bp fragment and the B-actin amplified a 179 bp fragment. Lane 1 MIA PaCa2, B2-AR primers; Lane 2 MIA PaCa2, 32-AR and
B-Actin primers; Lane 3 MIA PaCa2, B-Actin primers; Lane 5 BxPC-3, B-AR2 primers; Lane6 BxPC-3, B2-AR, and B-actin primers; Lane7 BxPC-3, B-actin
primers; Lane 9 MIA PaCa2, B1-AR primers; Lane 10 MIA PaCa2, B1-AR and B-actin primers; Lane 11 MIA PaCa2, B-actin primers; Lane 13 BxPC-3, B1-
AR primers; Lane 14 BxPC-3, B1-AR, and B-actin primers; Lanel5 BxPC-3, B-actin primers; Lane 4, 8, 12, and 16 are negative controls without MMLV
reverse transcriptase. (B) Expression of protein for B1-AR, B2-AR and B-actin in MIA PaCa2 and BxPC-3 cells. Total lysate from untreated cells was
subjected to Western blot with anti-B1-AR and anti-B2-AR antibody. The house keeping protein B-actin was used as a control to ensure equal loading of

the protein.
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B-AR agonists and hypoxia lead to HIF-1x protein other than
mRNA accumulation in pancreatic cancer cells

Both kinds of cells were treated with xamoterol, salbutamol or
isoproterenol for 0, 4, 8, 12, and 24 h. 3% Oxygen was used as
a positive control. Some previous studies have reported stim-
ulatory, inhibitory or no effects of hypoxia on HIF-la mRNA
in different cells"* ™. But in the present study, the mRNA lev-
els of HIF-1a were not significantly affected by either hypoxia
or B-AR agonists using real-time PCR assay (Data not shown),
indicating that HIF-1a protein accumulation was not due to
enhanced mRNA transcription, but rather to later events.

In the absence of 3-AR agonists and hypoxia (=0 time-
point) HIF-1a protein was barely detectable in either cell line
by means of Western blot. Unlike the mRNA level, exposure
(0—24 h) to either B-AR agonists or hypoxia (3% oxygen) led to
HIF-1a protein accumulation in both cell lines. After 12 h of
exposure to hypoxia and B-AR agonists, HIF-1a levels reached
the peak and then decreased. The elevations were statistically
significant in all cases (P<0.05). And the induction efficiencies
were 3% oxygen>isoproterenol>salbutamol>xamoterol in both
cell types (Figure 2). Because induction by the selective f2-AR
agonist salbutamol was greater than with p1-AR-specific xam-
oterol, these results confirm that $2-AR activation is the pre-
dominant mediator of HIF-1a, although simultaneous activa-
tion of both p1-AR and 2-AR produced greater accumulation
than either alone.
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HIF-1a protein stability was analyzed by pulse-chase assay.
Newly synthesized HIF-1a protein declined after 20 min and
was hardly detectable after 60 min in the presence of f1-AR
or $2-AR agonist and hypoxia. The normoxia control showed
HIF-1a protein half-life was merely 5 min. In order to examin-
ing the effects of -AR agonists on HIF-1a protein synthesis, 10
pg/mL cycloheximide (Chx, the protein translation inhibitor)
was used. As a result, HIF-1a protein expression was reduced
by cycloheximide indicating that HIF-1a accumulation is also
dependent on ongoing protein synthesis (Figure 3).

B-AR agonists and hypoxia induce the expression of HIF-1a
target genes

To investigate whether 3-AR agonists and hypoxia modulate
the expression of known HIF-1a target genes, both kinds of
cells were treated with drugs either activating or antagonizing
B-adrenergic receptors for 12 h and we also explored drugs
targeting associated signaling pathways and siRNA targeting
HIF-la. These treatments were applied alone or in combina-
tions. Hypoxia (3% oxygen, 12 h) was as a positive control.

3% Oxygen and the B-AR agonists xamoterol, salbuta-
mol and isoproterenol all increased mRNA levels of VEGF,
MMP-9, GLUT-1, and CXCR4 compared to controls (P<0.05).
The relative efficiencies of inducing effect were isoproterenol>
salbutamol>xamoterol, again indicating that 32-AR is the main
mediator of effect. Interestingly, p-AR agonists increased

A  MIAPaCa2 Time (h) 0 4 8 12 24 BxPC-3  Time (h) 0 4 8 12 24
3% Oxygen L — — — 3% Oxygen —~—
Xamoterol Xamoterol
HIF-1a - - HIF-1a - — -
Salbutamol — — — S Salbutamol — — —
Isoproterenol G — —— —— Isoproterenol e — — —
3% OXVEEN e ———— 3% OXVECN . - -
8 Xamoterol . S a— — — Xamoterol A S S A A
-actin B-actin
Salbutamol G CE G G e— Salbutamol N R WS .
Isoproterenol = T G T S Isoproterenol D Gt S - g
B 12 - 12 7 = Oh
4h
10 10 m 8h
mi12h

o]

BxPC-3 HIF-1« protein (fold increase)

MIA PaCa2 HIF-1a protein (fold increase)

3% Oxygen Xamoterol

Salbutamol Isoproterenol

Xamoterol

Salbutamol Isoproterenol

3% Oxygen

Figure 2. Time course of HIF-1a protein levels following treatment with B-AR agonists. (A) MIA PaCa2 and BxPC-3 cells were treated with xamoterol,
salbutamol and isoproterenol; 3% oxygen provided a positive control. Protein levels were determined using Western blotting. (B) Quantitation of
Western blotting data. Data from at least 3 independent experiments with duplicate determinations are expressed as means+SEM versus controls.
°P<0.05 vs control.
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Figure 3. Pulse-chase assay and cycloheximide (Chx) inhibition test. (A) In both cells, newly synthesized HIF-1a protein declined after 20 min and was
hardly detectable after 60 min in the presence of B1-AR or B2-AR agonist and hypoxia. (B) HIF-1a protein expression was reduced by cycloheximide
indicating that HIF-1a accumulation is also dependent on ongoing protein synthesis.

GLUT-1 mRNA independently of oxygen levels: the encoded
enzyme is thought to be a key mediator of glycolysis triggered
by HIF-1a at hypoxial'®.

When applied alone, the inhibitors failed to exert detect-
able effects on HIF-1a target gene expression; neverthe-
less, they partly or completely blocked the effects of B-AR
agonists. These results indicate that the expression of these
downstream genes may be under controls of pathways
including PKA, PI3K, and ERK1/2. Of all these inhibitors,
the blocking effects of PD98059 and LY294002 were weaker
than AG1478, indicating that PI3K and ERK1/2 together
take part in this process, because the two pathways can be
activated by EGFR signaling!”.. To investigate whether the
up-regulation of these genes in the presence of hypoxia or
B-AR agonists was dependent on HIF-1a transcriptional
activity, siRNA targeting HIF-1a was used. For ruling
out the off-target effect, two siRNA sequences (Qiagen,
No 1 SI00436338 and No 2 SI02778090) were used. Both
siRNAs efficiently blocked 3-AR-agonists-induced enhance-
ment of HIF-1a protein expression in both kinds of cells,
whose inhibition rate ranged similarly from 47% to 61%. The
No 2 sequence was selected to carry out the whole study sub-
sequently (Figure 4). siHIF-la attenuated the effects of f-AR
agonists and led to decrease of these genes (Figure 5).

B-AR agonists and forskolin increase cAMP accumulation

To determine whether B-AR agonists modulate cAMP levels
in pancreatic cancer cells, both kinds of cells were treated with
different drugs alone or in combinations for 10 min. Forskolin
provided a positive control. B-AR antagonists were added to

the cells 30 min prior to addition of agonists.

Adenyl cyclase activator forskolin or with B-AR ago-
nists (xamoterol, salbutamol or isoproterenol) significantly
increased the accumulation of cAMP: levels were increased
16.77, 7.06, 9.97, and 14.90-fold in MIA PaCa2 and 14.85, 6.34,
8.03, and 13.40-fold in BxPC-3 compared to controls (P<0.05).
The relative efficiencies of inducing cAMP accumulation were
forskolin>isoprotereno I>salbutamol>xamoterol. Alone, p-AR
antagonists and SQ22536 failed to influence cAMP accumula-
tion but could completely block the effects of p-AR agonists
(Figure 6). 32-AR still mainly mediated the effect in this assay.

B-AR agonists and EGF increase EGFR phosphorylation
EGEFR transactivation was caused by binding of B-AR agonist
to its receptor®. Both cells were treated with B-AR ligands
alone or in combinations for 10 min. The B-AR antagonists
and H-89 were added to the cells for 30 min before the addi-
tion of agonists; EGF (100 ng/mL) was as a positive control.
B-AR agonists failed to increase EGFR expression levels.
However, increased phosphorylation was recorded at 3 EGFR
sites subjected to tyrosine phosphorylation. All of B-AR
agonists increased phosphorylation at Tyr1173, Tyr1608 and
Tyr992 to varying degrees (P<0.05). The relative efficien-
cies of inducing effect were EGF>isoproterenol>salbutamol>
xamoterol, which were completely blocked by p-AR antago-
nists and H-89 (Figure 7). It indicated that 3-ARs agonists
elicit transactivation of EGFR reflected by phosphorylation at
Tyr1173, Tyr1608, and Tyr992 and this transactivation process
requires the key regulatory site-PKA.

Figure 4. siRNA inhibition assay. Both siRNAs
efficiently blocked B-AR-agonists-induced
enhancement of HIF-1a protein expression in
= - + both kinds of cells, whose inhibition rate ranged

HIF-1a e — — -
Midlhacaz B-actin  e— —‘_ | —— e,
HIF-1a — — —
BxPC-3
B-actin
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Figure 5. Changes in VEGF, MMP9, GLUT-1, and CXCR4 mRNA levels in (A) MIA PaCa2 and (B) BxPC-3 cells following several treatments as indicated
below the panel and 3% oxygen provided a positive control. Cells were treated with the drugs alone or in combinations as indicated below the histogram
and mRNA levels were quantified by Real-time PCR. Data from at least 3 independent experiments with duplicate determinations were are expressed

as means+SEM vs controls. °P<0.05 vs control.
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Figure 6. Intracellular cAMP levels following treatment with B-AR agonists
and antagonists. MIA PaCa2 and BxPC-3 cells were treated with a
range of activators and inhibitors as indicated below the histogram;
forskolin provided the positive control. Data from at least 3 independent
experiments with duplicate determinations were expressed as
meansxSEM vs controls. "P<0.05 vs control.

B-AR agonists and hypoxia increase the expression of p-ERK1/2,
p-Akt, and HIF-1x
Hypoxia can up-regulate both p-ERK1/2 and p-Ak

£l18-20]

. To

investigate whether 3-AR agonists also activate ERK and Akt
pathways, both kinds of cells were treated with different drugs
or their combinations for 10 min and then levels of p-ERK1/2
and p-Akt were measured, whereas levels of HIF-1a were
determined at 12 h after treatment. [-AR antagonists and
other inhibitors were added to the cells 30 min prior to addi-
tion of agonists. Hypoxia (3% oxygen) provided a positive
control.

While hypoxia and B-AR agonists failed to increase total
ERK1/2 and Akt expression levels, they increased p-ERK1/2,
p-Akt and HIF-1a. The increases were statistically significant
(P<0.05) in all cases. The order of efficiency was 3% oxygen>
isoproterenol>salbutamol>xamoterol, again supporting the
contention that these effects are mediated principally by
32-AR.

Alone, LY294002 and PD98059 failed to completely block
the increases of HIF-1a in response to 3-AR agonists (P<0.05),
indicating that HIF-1a is simultaneously under control of both
PI3K and ERK1/2 pathways. As reported by Ratushny et al
that the two pathways can be activated by EGFR signaling!'”,
AG1478 showed a complete inhibitory effect on p-ERK1/2,
p-Akt and HIF-1a in the presence of $-AR agonists, so did
H89 (Figure 8). In addition, we have demonstrated that p-AR
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Figure 7. Phosphorylation
of EGFR (Tyr 1173, Tyr1608,
Tyr992) in response to B-AR
agonists and antagonists. (A)
MIA PaCa2 and BxPC-3 cells
were treated with drugs as
indicated below the panel and
tyrosine phosphorylation at 3
sites within EGFR was assessed
using specific antibodies. EGF

agonists-induced EGFR phosphorylation is dependent on
PKA. Altogether, these finding suggest that -AR agonists
can transactivate EGFR and then elicite Akt and ERK1/2 in a
PKA-dependent manner, which together up-regulate levels of
HIF-1a and downstream target genes independently of oxy-
gen.

Discussion

The transcriptional regulator HIF-1a is crucial for solid tumor
growth and survival, and over-expression has been reported
in many human tumors. Indeed, HIF-1a over-expression
has been linked to poor patient outcome in several kinds of
carcinoma®™. We report here that hypoxia up-regulates the
accumulation of HIF-1a in MIA PaCa2 and BxPC-3 pancreatic
cancer cells through posttranscriptional mechanisms. Expres-
sion of its known target genes was also increased in response
to hypoxia, as was the phosphyorylation of ERK1/2 and Akt,
indicating that hypoxia may lead to HIF-1a accumulation and
then up-regulate its downstream target genes to promote pan-
creatic cancer progression through the both pathways.

Stress was defined physiologically as the state in which the
autonomic nervous system (ANS) and the HPA axis are co-
activated™. The fight-or-flight stress responses in the ANS or
the defeat/withdrawal responses associated with HPA activa-
tion result in the secretion of catecholamines (norepinephrine
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and epinephrine) from sympathetic neurons and the adrenal
medulla and of cortisol from the adrenal cortex™ *!. Most of
the effects of catecholamines are mediated by p-ARs. In addi-
tion, it has been suggested that 3-ARs play a prominent role in
pancreatic cancer, and other studies have implicated -ARs as
important mediators of cancer growth and/or invasiveness in
adenocarcinoma of lungs, prostate, colon, stomach, breast, and
ovary™. In the present study, we showed that 3-AR receptor
occupancy could up-regulate downstream genes in pancre-
atic cancer cells, which are responsible for glucose transport,
angiogenesis, and metastasis. Of all p-ARs, 32-AR is the main
mediator of the effect.

While HIF-1a protein can be weakly detectable in the pres-
ence of oxygen and obviously increased at hypoxia condition
according to prior report!'”, our data demonstrate an inter-
esting phenomenon that B-AR agonists can directly lead to
HIF-1a accumulation in MIA PaCa2 and BxPC-3 cells indepen-
dently of oxygen levels.

Carie and Sebti demonstrated that inhibition of the Raf-1/
Mek-1/ERK1/2 pathway by a p-AR agonist can result in
growth inhibition of MDA-MB-231 breast cancer cells in
vivo'®, Shin et al reported that the catecholamines stimu-
late B2-AR while carcinogens like nicotine can interact with
2-AR to activate the downstream protein kinase C/ERK1/2/
cyclooxygenase 2 pathway, leading to the proliferation of gas-
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determined using Western blotting. 3% oxygen provided the positive control. (

(A) MIA PaCa2 and BxPC-3 cells were treated with drugs as indicated below the panel and protein and phosphoprotein levels were

B) Quantitation of Western blotting. Data from at least 3 independent

experiments with duplicate determinations were expressed as means+SEM vs controls. °P<0.05 vs control.

tric cancer cells®”

ing by receptor-coupled GTP binding proteins (G-proteins);
downstream effectors include adenylyl cyclase, cyclic AMP,

. Agonists binding to B-ARs activate signal-

and c-SRC. And c-SRC participates in signal transduction
mediated by the epidermal growth factor receptor (EGFR)
tyrosine kinase and then leads to activation of the Akt and
ERK1/2 pathways™ *!. Moreover, HIF-1a expression and
activity are regulated by major signal transduction pathways
including Akt and ERK1/2".. Tt is also showed in the present
study that the increase in HIF-1a levels following treatment
with B-AR agonists is dependent on ERK1/2 and Akt by a
posttranscriptional mechanism. The both pathways are elic-
ited from EGFR, whose transactivation requires PKA.

Our results suggest that HIF-1a, as a potential target for
the prevention and therapy, is an interesting and missing
link between B-AR and pancreatic cancer development inde-
pendently of oxygen level. A cohort study of cardiovascular
patients receiving B-AR antagonists found, remarkably, that

the cancer risk declined by 49% in these patients compared
with control patients who did not receive the drugs; there was
a 6% decrease in risk for every additional year of B-AR antago-
nist use®”. In accordance with this, our data also indicate that
the use of 3-AR antagonists significantly attenuate the effects
of B-AR agonists on increased expression of HIF-1a and its tar-
get genes which are related to glucose transport, angiogenesis
and metastasis in pancreatic cancer cells. However, it must be
recognized that cancer is a multifactorial disease and manage-
ment may require multimodal therapy. The potential of p-AR
antagonists as anticancer therapeutics may be best realized in
combination with other treatment modalities including sur-
gery, chemotherapy and radiotherapy.
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Application of RT-PCR in formalin-fixed and paraffin-
embedded lung cancer tissues
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Aim: To analyze gene expression in formalin-fixed, paraffin-embedded lung cancer tissues using a modified method.

Methods: Total RNA from frozen tissues was extracted using TRIZOL reagent. RNA was extracted from formalin-fixed, paraffin-embed-
ded tissues by digestion with proteinase K before the acid-phenol:chloroform extraction and carrier precipitation. We modified this
method by using a higher concentration of proteinase K and a longer digestion time, optimized to 16 hours. RT-PCR and real-time RT-
PCR were used to check reproducibility and the concordance between frozen and paraffin-embedded samples.

Results: The results showed that the RNA extracted from the paraffin-embedded lung tissues had high quality with the most fragment
length between 28S and 18S bands (about 1000 to 2000 bases). The housekeeping gene GUSB exhibited low variation of expression
in frozen and paraffin-embedded lung tissues, whereas PGK1 had the lowest variation in lymphoma tissues. Furthermore, real-time
PCR analysis of the expression of known prognostic genes in non-small cell lung carcinoma (NSCLC) demonstrated an extremely high

correlation (r>0.880) between the paired frozen and formalin-fixed, paraffin-embedded specimens.
Conclusion: This improved method of RNA extraction is suitable for real-time quantitative RT-PCR, and may be used for global gene

expression profiling of paraffin-embedded tissues.

Keywords: lung cancer; formalin-fixed tissues; paraffin-embedded tissues; RNA extraction; RT-PCR
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Introduction

Lung cancer is the leading cause of cancer death in the world;
it accounts for 37% and 26% of the total deaths in men and
women, respectively'. The overall 5-year survival rate for
lung cancer patients is less than 15%. Non-small cell lung
carcinoma (NSCLC) accounts for approximately 75% of all
lung cancers and represents a heterogeneous group of can-
cers consisting mainly of squamous cell, adeno- and large cell
carcinoma. Despite advances in cancer treatment in the past
two decades, the prognosis of patients with lung cancer has
been improved only minimally. Less than 50% of the patients
that have successfully undergone potentially curative resec-
tions survive for 5 years after operation. The TNM staging
system is an important but insufficient prognostic parameter;
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additional prognostic factors still affect the clinical outcomes,
independent of stage.

Gene expression profiling by microarray and RT-PCR have
been used to identify possible prognostic factors to predict
patient outcome® ™. Real-time PCR permits quick, robust and
quantitative measurement of gene expression, leading to the
construction of gene expression-based survival models.

Comprehensive analysis of gene expression using RNA
from fresh or frozen tumor specimens is becoming increas-
ingly important to better understand cancer pathogenesis, dis-
ease progression and prognosis® ®.. However, frozen tumor
specimens are not readily available. In contrast, formalin-
fixed, paraffin-embedded tissues are widely present and usu-
ally have matching clinical data with which to carry out clini-
cal studies.

Recently, several methods to extract RNA from paraffin-em-
bedded tissues have been reported” ®. We have developed an
improved method of RNA extraction from paraffin-embedded
lymphoid tissues and compared it with two other RNA extrac-
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tion methods”. Our method yielded higher amounts of RNA
with longer RNA fragments. Furthermore, real-time RT-PCR
analysis showed that our method for RNA extraction resulted
in significantly better reproducibility and concordance
between the paired frozen and paraffin-embedded samples.
However, the extent of RNA degradation and modification
during the fixation process varied in different tumor tissues.
We modified the RNA extraction method and demonstrated
its efficiency and reproducibility in obtaining RNA from lung
cancer tissues, confirming the purpose of our study. This
improved RNA extraction method can likely be used to study
gene expression profiling of other paraffin-embedded solid
tumor samples.

Materials and methods

Tissue specimens

Formalin-fixed, paraffin-embedded and frozen lung cancer
specimens as well as the corresponding normal lung cancer
tissues were obtained from 8 patients with adenocarcinoma
and squamous cell carcinoma. Fresh surgical specimens were
fixed in 10% neutral-buffered formalin at room temperature
for 4-6 h before being alcohol dehydrated and embedded in
paraffin for 1 year (4 patients), 3 years (2 patients) or 5 years
(2 patients) . The study was approved by the Tianjin Medical
University Ethical Review Board. All patients consented to
the study.

RNA isolation from frozen specimens

Frozen tissues (50—-100 mg) were ground into powder in liquid
nitrogen, and then suspended in 1 mL TRIZOL Reagent (Invit-
rogen, USA). Total RNA was extracted using TRIZOL reagent
according to the manufacturer’s protocol. Briefly, the aqueous
phase was used for RNA precipitation with an equal volume
of isopropanol. The RNA pellet was washed once with 1 mL
75% ethanol, then air-dried and re-dissolved in an appropri-
ate volume of RNase-free water. RNA was quantified using
a spectrophotometer (Beckman, USA), and its quality was
checked by agarose gel electrophoresis.

Extraction of total RNA from formalin-fixed, paraffin-embedded
specimens

Total RNA was extracted from three 10 pm-thick formalin-
fixed, paraffin-embedded sections (corresponding to about 30
mg of tissue). Sections were deparaffinized by two repeated
incubations in 1.5 mL xylene at 37 °C for 20 min, followed
by two repeated incubations in 1.5 mL 100% ethanol at 37 °C
for at least 30 min. Ethanol was aspirated and the pellet was
allowed to air-dry for 5 min at room temperature. Then the
pellet was resuspended in 600 pL of RNA lysis buffer contain-
ing 10 mmol/L Tris/HCI (pH 8.0), 0.1 mmol/L EDTA (pH
8.0), 2% SDS (pH 7.3) supplemented with 50 pL of 60 mg/mL
proteinase K (Promega, USA) and incubated at 60 °C for
16-20 h with occasional agitation, until the tissue was com-
pletely digested. Next, we purified RNA using two sequential
extractions with an equal volume of 70% phenol (pH 4.3):30%
chloroform at room temperature, unlike our previously
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reported method using only one extraction on lymphoid tissue
samples”, Then, the RNA was precipitated with an equal vol-
ume of isopropanol in the presence of 1/10 volume of 3 mol/L
sodium acetate (pH 5.2) and 0.5 pL of a 20 mg/mL solution
of carrier glycogen (Invitrogen, USA) at -20 °C for at least 1 h.
The RNA pellet was washed once in 75% ethanol, dried and
redissolved in 20 pL of RNase-free water. All solutions were
prepared using DEPC-treated water. RNA was quantified
spectrophotometrically, and its quality was assessed by 1.5%
agarose gel electrophoresis and staining with ethidium bro-
mide.

To rule out the possibility of DNA contamination, the
resolved RNA was incubated with 10 pg/mL RNase-free
DNase at 37 °C for 30 min, and then precipitated as stated pre-
viously.

Reverse transcription

Two micrograms of total RNA from paraffin-embedded or fro-
zen tissues was reverse transcribed using the M-MLYV reverse
transcriptase (Promega, USA) according to the manufacturer’s
protocol, with minor modifications. RNA template and ran-
dom primers were incubated at 70 °C for 10 min to melt the
secondary structure within the template, and cooled on ice
for more than 2 min. Then the complete reaction mixture was
incubated at 30 °C for 10 min, 42 °C for 60 min and 70 °C for
15 min.

Determination of the length of specific transcripts by PCR

To compare the maximal length of RNA transcripts extracted
from paraffin-embedded and frozen tissues, we amplified
13 fragments of the B-actin gene, ranging in size from 99 to
705 bp. The primers for B-actin were used as previously
described”. To prevent potential amplification of contaminat-
ing DNA, most primer pairs were designed to span different
exons. PCR was performed in a total volume of 25 pL contain-
ing 1 pL of reverse-transcribed cDNA. After an initial incuba-
tion at 94 °C for 5 min, the reaction mixtures were subjected
to 35 cycles of amplification using the following protocols:
94 °C for 45 s, 55 °C for 45 s and 72 °C for 45 s, followed by
a final extension step at 72 °C for 7 min. PCR products were
analyzed by 1.2% agarose gel electrophoresis and stained with
GoldView nucleic acid dye.

Quantitative real-time RT-PCR

Real-time RT-PCR was performed using ABI PRISM 7500
Sequence Detection System instrument and software (Applied
Biosystems, USA). The relative expression level of four house-
keeping genes and five target genes was measured using SYBR
Green I dye-based method. The sequences of the primers are
presented in Table 1.

PCR reactions were prepared in a final volume of 25 pL,
with a final concentration of 1xPower SYBR Green PCR
Master Mix (Applied Biosystems, USA) and cDNA derived
from 25 ng of input RNA, as determined by spectrophoto-
metric measurement using the OD,¢ value. Thermal cycling
comprised of an initial UNG incubation at 50 °C for 2 min,



AmpliTaq Gold DNA Polymerase activation at 95 °C for 10
min, 40 cycles of denaturation at 95 °C for 15 s and annealing
and extension at 60 °C for 1 min. Each measurement was per-
formed in triplicate and the threshold cycle (Cy), the fractional
cycle number at which the amount of amplified target reached
a fixed threshold, was determined as previously reported '\

Table 1. Sequences of real-time RT-PCR primers.

Gene Amplicon size Primers
GUSB 154 bp Forward: CTCATTTGGAATTTTGCCGATT
Reverse: CCGAGTGAAGATCCCCTTTTTA
PGK-1 75 bp Forward: GGGAAAAGATGCTTCTGGGAA
Reverse: TTGGAAAGTGAAGCTCGGAAA
GAPDH 121 bp Forward: AGCCGAGCCACATCGCT
Reverse: GGCAACAATATCCACTTTACCAGAGT
18S 187 bp Forward: CGGCTACCACATCCAAGGAA
Reverse: GCTGGAATTACCGCGGCT
LCK 62 bp Forward: CTGCCAACATTCTGGTGTCTG
Reverse: GCGTGCTAGGCCAAAGTCT
ERBB3 135 bp Forward: GAGCCTGTGTACCTCGCTG
Reverse: GATCCACCACAAAGTTATGGGG
STAT1 139 bp Forward: AGGAAAAGCAAGCGTAATCTTCA
Reverse: TATTCCCCGACTGAGCCTGAT
MMD 113 bp Forward: ATGGCCGCTACAAGCCAAC
Reverse: GTCATCAGACAGCCGATGGAG
DUSP6 203 bp Forward: TTCCTCGGACATCGAGTCTGA

Reverse: GCAAATTGGGGGTGACGTTC

To compare the expression of endogenous house-keeping
genes between the paired paraffin-embedded and frozen
specimens, the differences in the average Cr values between
these two types of specimens was calculated as follows: Mean
Cr=average Cyparaffin-embedded tissue RNA) ~AVETAZE Citrozen tissue RNA)-
To compare the RNA expression of target genes among differ-
ent specimens, normalization based on GUSB gene expression
was performed, and the averages of the normalized Cy values
(AC;) were calculated as previously reported™® !
mRNA expression of a target gene within a specimen was cal-
culated as 2T, where AC=Crarget gene)_CT(GUSB)[7]'

. Relative

Statistical analysis
The degree of variance in the expression of distinct housekeep-
ing genes was calculated using Excel computer software. Cor-
relation of gene expression analysis was done using Pearson
linear correlation.

Results

RNA extraction

For comparative purposes, we isolated total RNA from form-
alin-fixed, paraffin-embedded lung cancer tissues and frozen
lung cancer tissues. To obtain a yield of amplifiable RNA, we
performed RNA extraction twice with phenol-chloroform in
lung tissues, instead of only once as was done in lymphoid
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tissues previously”. Starting from three 10-pm-thick forma-
lin-fixed, paraffin-embedded tissue samples, we obtained an
average of 44.9 pg (33.1-55.6 pg) of RNA, with OD, 5 ratios
ranging from 2.0 to 2.1, indicating good quality purified RNA;
this ratio is much better than in our previous method in lym-
phoid tissues, in which RNA ODy, 25 ratios were between 1.6
and 1.8. As expected, RNA extracted from the frozen tissues
showed distinct 285 and 18S ribosomal RNA (rRNA) bands
and ODy5 ratios ranging from 1.9 to 2.1, whereas most of
the RNA extracted from formalin-fixed, paraffin-embedded
specimens with our method was between the 28S and 18S
bands (about 1000 to 2000 bases), and appeared smeary (Fig-
ure 1). To rule out the possibility of DNA contamination and
to improve RNA quality, we added RNase-free DNase to the
resolved RNA and incubated samples at 37 °C for 30 min,
then precipitated RNA as stated in the Materials and methods.
Compared to the DNase untreated method, we did not find a
significant improvement in subsequent experiments, and we
found there was less RNA recovered overall (data not shown).

A Frozen tissues B Paraffin-embedded tissues

L e e e ]
R S o ]

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

Figure 1. Agarose gel electrophoresis of total RNA extracted from frozen
lung cancer tissues (A) and the corresponding paired formalin-fixed, para-
ffin-embedded lung cancer tissues (B). Lanes 1-4: one-year old samples;
Lanes 5-6: 3-year old samples; Lanes 7-8: 5-year old samples.

RT-PCR amplification of different B-actin fragments

To assess the ability of the extracted RNAs to generate longer
amplicons by RT-PCR amplification, 13 B-actin amplicons,
ranging in size from 99 to 705 bp, were amplified from the
RNA extracted from the paraffin-embedded and frozen speci-
mens, as well as from the specimens before and after genomic
DNA removal (Figure 2). Compared with frozen lung cancer
tissues, the RNA extracted from the formalin-fixed, paraffin-
embedded lung cancer tissues yielded -actin amplicons with
similar quality, although at a lower quantity. Using DNase-
treated RNA as template did not improve the amplification
efficiency and did not result in amplification of longer frag-
ments (data not shown). Amplification of RT products in
which reverse transcriptase was omitted did not yield PCR
amplicons, thus ruling out the possibility of inadvertent ampli-
fication of contaminating DNA (data not shown).

Real-time RT-PCR gene expression analysis
To compare the consistency of quantitative RT-PCR between
matched formalin-fixed, paraffin-embedded and frozen lung
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cancer tissues, and to identify the appropriate endogenous
control genes for RNA input normalization in lung cancer
tissues, we studied the expression of four commonly used
housekeeping genes (GUSB, PGK-1, GAPDH, and 18S), which
were selected from among those well-known in the literature
as common, constitutively expressed genes across different
conditions. The primers amplified amplicons with relatively
small sizes (less than 150 bp). As expected, the RNA of the
endogenous housekeeping genes extracted from paraffin-em-
bedded specimens was generally lower in quantity (higher Cy)
than those extracted from matched frozen specimens (Figure
3). However, different housekeeping genes exhibited differ-
ent degrees of variation in expression in different specimens.
Of the 4 endogenous control genes, expression of GUSB was
the least variable both in frozen and in paraffin-embedded
specimens, while the expression of 185 was the most variable
(Figure 3).

We next examined the expression of several non-house-
keeping genes in the matched paraffin-embedded and frozen
lung cancer tissues. We selected the following genes: LCK,
MMD, STAT1, ERBB3, and DUSP6, which have been linked
to the relapse-free and overall survival among patients with
NSCLC!. The expression of these target genes was normal-
ized to GUSB due to its minimal variation in expression. We
were able to obtain similar levels of normalized expression
profiles of these target genes in the formalin-fixed, paraffin-
embedded specimens and frozen specimens, as shown in
Figure 4A. AC; values of the paraffin-embedded tissues
and their correlation with that of frozen tissues are shown in
Table 2. Although the absolute quantities of specific RNA
transcripts amplified from similar amounts of starting RNA
were smaller in paraffin-embedded samples compared to the
paired frozen specimens, once the data were normalized to
endogenous housekeeping gene controls, the resulting relative
amounts were very similar. The adjusted Pearson correlation
(r) between the formalin-fixed, paraffin-embedded and frozen
lung cancer specimens for all tested genes was r=0.885 (Figure
4B).

Measurement of the expression of these five genes using
RNA extracted from two 3-year-old and two 5-year-old lung
cancer specimens demonstrated a similar correlation between
the paired formalin-fixed, paraffin-embedded and frozen spec-
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Figure 2. Effects of the method of
total RNA extraction from formalin-
fixed, paraffin-embedded lung can-
cer tissues on amplifiable RNA frag-
ment length. Thirteen primer pairs
were tested that amplify from 99
to 705 bp of B-actin. The expected
product size is given for amplicons
amplified from the frozen (A) and
formalin-fixed, paraffin-embedded
(B) lung cancer specimens.

Table 2. Comparison of average AC, values between formalin-fixed,
paraffin-embedded specimens and frozen specimens by target gene.

Target Average AC, values r (Pearson Sig.
gene Frozen Paraffin- correlation) (2-tailed)
embedded
STAT1 -2.35 -1.38 0.825 0.012
LCK 0.23 0.17 0.806 0.016
MMD 1.76 3.51 0.808 0.015
ERBB3 1.70 4.32 0.838 0.009
DUSP6 -0.42 0.97 0.869 0.005

imens, as was observed for the 1-year old-specimens. The age
of preservation of the formalin-fixed, paraffin-embedded lung
cancer tissue did not have a marked effect on the expression
of the housekeeping genes (such as PGK1 and GUSB) and the
selected five genes (LCK, MMD, STAT1, ERBB3, and DUSP6),
as shown in Figures 3B and 4A (data for other housekeeping
genes is not shown). A comparison of 3- or 5-year-old speci-
mens to 1-year-old specimens showed similar C; differences
and AC; values between the matched formalin-fixed, paraffin-
embedded and frozen specimens.

Discussion
DNA arrays or real-time RT-PCR are important tools in the

12331 However, the

diagnosis and treatment of human cancers
requirement for fresh or snap-frozen tissues has limited their
clinical application. By contrast, specimens collected and pro-
cessed for pathological diagnosis are readily available, many

[14]

with matching clinical data Recently, progress has been

made to extract RNA from formalin-fixed, paraffin-embedded

[ However, these

lymphoid tissues and breast cancer tissues
techniques are subjected to the tissue-specific, fixation-asso-
ciated RNA degradation and modification. Optimization of
RNA extraction for each tissue is therefore required. The aim
of this study was to investigate whether the method of RNA
extraction in formalin-fixed, paraffin-embedded lymphoid tis-
sues we developed can be used on lung cancer specimens. We
also wanted to test if the RNAs extracted with our improved

method can be used in quantitative real-time RT-PCR. We
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Figure 3. RNA expression of housekeeping genes in paired frozen and
formalin-fixed, paraffin-embedded lung cancer tissues. (A) Mean RNA
expression (represented by mean C;) of 4 housekeeping genes (GUSB,
PGK-1, GAPDH, and 18S) in 8 frozen and paired formalin-fixed, paraffin-
embedded lung cancer tissues. Each bar represents gene expression in
an individual specimen. Numbers above the bar represent the variance of
expression of particular gene among the specimens. (B) RNA expression
of PGK-1, GUSB, LCK, STAT1, MMD ERBB3, and DUSP6 in formalin-fixed,
paraffin-embedded lung cancer tissues. The expression of each gene is
normalized to its expression in the matched frozen specimens, as repre-
sented by C; difference between the paraffin and frozen specimens. Each
symbol represents a distinct paired tissue specimen.

also explored the most appropriate endogenous control genes
to use for the normalization of RNA quality and quantity.

The traditional methods of RNA extraction from formalin-
fixed, paraffin-embedded tissues often yield RNAs of insuf-
ficient quality™”!
that are, on average, 200 nucleotides in length[“]. Previous

, which are extensively degraded to fragments

attempts to amplify fragments longer than 200 bp were usu-
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Figure 4. Comparison of RT-PCR expression profiles of 5 genes (LCK,
MMD, STAT1, ERBB3, and DUSP®&) from paired frozen and formalin-fixed,
paraffin-embedded lung cancer tissues. (A) Total RNA was extracted from
frozen and paraffin-embedded lung cancer tissues, mMRNA levels were
determined by real-time SYBR green RT-PCR as described in Material
and Methods. Each bar represents the normalized expression relative to
GUSB and the mean of three measurements: Grey — formalin-fixed, para-
ffin-embedded tissues; Black — frozen tissues. (B) Spearman correlation
for the 5 gene expression in 8 paired frozen and formalin-fixed, paraffin-
embedded lung cancer tissues.

ally unsuccessful. To date, the most successful method for

total RNA extraction from formalin-fixed, paraffin-embedded
tissues utilizes digestion with proteinase K before the acid-
phenol:chloroform extraction and carrier precipitation!".
We modified this method by using a higher concentration of
proteinase K and a longer digestion time, optimized to 16 h,

to obtain higher quality RNA from lymphoid tissues. In
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this study, we applied the RNA extraction method used in
lymphoid tissues to the lung cancer tissues. We were able to
obtain high-yield and high-quality RNAs that could be ampli-
fied to yield long cDNA fragments (>600 bp). Furthermore,
the delta threshold cycle (ACy) values of the formalin-fixed,
paraffin-embedded tissues in our experiments had a high cor-
relation to that of frozen lung cancer tissues (r=0.855, P<0.01)
for all the test genes. Our results indicated that the formalin-
fixed, paraffin-embedded lung cancer tissues may replace
frozen tissues in gene expression analysis using real-time RT-
PCR when our modified RNA extraction method is utilized.
There are no housekeeping genes whose expression is con-
stant in all tissues during normal or malignant growth!” .
To properly control for the variation in expression of RNAs,
endogenous control genes need to be used for each cell type

and tumor type in each experimental design'.

Here, we
chose four housekeeping genes with different abundances that
have been widely cited in the literature, and exhibit relatively
low variation in expression in different lymphoid tissues'” *'l,
Our experiments indicated that the GUSB gene exhibited the
lowest variation of expression in formalin-fixed, paraffin-
embedded and frozen lung cancer specimens, and should be
used as a suitable endogenous gene to control for RNA quality
and quantity.

In this study, we were able to obtain similar levels of nor-
malized expression profiles of five target genes (LCK, MMD,
STAT1, ERBB3, and DUSP6) in formalin-fixed, paraffin-em-
bedded specimens and frozen specimens. Our observations
suggest that real-time RT-PCR measurements of normalized
gene expression in paraffin-embedded lung cancer specimens
using our method may closely reflect the gene expression in
paired frozen specimens and could obviate the need for fro-
zen specimens. Further studies on the applicability of these
methods for prediction, for instance, of lung cancer survival
using models with five genes or more than five genes, are in
progress'®. Recently, we used this method to analyze BAG-1
expression in human lung cancer specimens that were forma-
lin-fixed and paraffin-embedded between 1999 and 2003 from
West China Hospital®.

In summary, we have modified the method of RNA extrac-
tion from formalin-fixed, paraffin-embedded lymphoid tissues
and applied it to lung cancer tissues. Our method will enable
researchers to use RT-PCR and real-time quantitative RT-PCR
to study the pathogenesis, prognosis, and treatment of lung
cancer using formalin-fixed, paraffin-embedded archival tis-
sues.

Acknowledgements

This work was supported by grants from the Key proj-
ect of National Natural Science Foundation of China (No
30430300), the National Natural Science Foundation of
China (No 30500221; No 30500496), the grants from 863
project (2006AA02A401), Tianjin Scientific Innovative Sys-
tem (07YFSZSF05300) and from China-Sweden cooperative
foundation (No 09ZCZDSF04100). We thank Dr Shou-Ching
TANG for his advision.

Acta Pharmacologica Sinica

Author contribution

Jun CHEN, Qing-hua ZHOU designed research; Fan ZHANG,
Zhuo-min WANG and Hong-yu LIU performed research; Yun
BAI, Sen WEI, and Ying LI contributed new analytical tools
and reagents; Min WANG analyzed data; Jun CHEN and
Zhuo-min WANG wrote the paper.

References

1 Jemal A, Siegel R, Ward E, Murray T, Xu J, Thun MJ. Cancer statistics,
2007. CA Cancer J Clin 2007; 57: 43-66.

2 Moldvay J, Scheid P, Wild P, Nabil K, Siat J, Borrelly J, et al. Predictive
survival markers in patients with surgically resected non-small cell
lung carcinoma. Clin Cancer Res 2000; 6: 1125-34.

3 Beer DG, Kardia SL, Huang CC, Giordano TJ, Levin AM, Misek DE, et
al. Gene-expression profiles predict survival of patients with lung
adenocarcinoma. Nat Med 2002; 8: 816—24.

4 Ludwig JA, Weinstein JN. Biomarkers in cancer staging, prognosis and
treatment selection. Nat Rev Cancer 2005; 5: 845-56.

5 Lossos IS, Czerwinski DK, Alizadeh AA, Wechser MA, Tibshirani
R, Botstein D, et al. Prediction of survival in diffuse large-B-cell
lymphoma based on the expression of six genes. N Engl J Med 2004;
350: 1828-37.

6 Chen HY, Yu SL, Chen CH, Chang GC, Chen CY, Yuan A, et al. A five-
gene signature and clinical outcome in non-small-cell lung cancer. N
Engl J Med 2007; 356: 11-20.

7 Cronin M, Pho M, Dutta D, Stephans JC, Shak S, Kiefer MC, et al.
Measurement of gene expression in archival paraffin-embedded
tissues: development and performance of a 92-gene reverse
transcriptase-polymerase chain reaction assay. Am J Pathol 2004;
164: 35-42.

8 Specht K, Richter T, Muller U, Walch A, Werner M, Hofler H.
Quantitative gene expression analysis in microdissected archival
formalin-fixed and paraffin-embedded tumor tissue. Am J Pathol
2001; 158: 419-29.

9 Chen J, Byrne GE Jr, Lossos IS. Optimization of RNA extraction from
formalin-fixed, paraffin-embedded lymphoid tissues. Diagn Mol Pathol
2007; 16: 61-72.

10 Gloghini A, Canal B, Klein U, Dal Maso L, Perin T, Dalla-Favera R, et
al. RT-PCR analysis of RNA extracted from Bouin-fixed and paraffin-
embedded lymphoid tissues. J Mol Diagn 2004; 6: 290-6.

11 Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 2001; 25: 402-8.

12 Davis RE, Staudt LM. Molecular diagnosis of lymphoid malignancies
by gene expression profiling. Curr Opin Hematol 2002; 9: 333-8.

13 van de Vijver MJ, He YD, van’t Veer LJ, Dai H, Hart AA, Voskuil DW, et
al. A gene-expression signature as a predictor of survival in breast
cancer. N EnglJ Med 2002; 347: 1999-2009.

14 Lehmann U, Kreipe H. Real-time PCR analysis of DNA and RNA
extracted from formalin-fixed and paraffin-embedded biopsies.
Methods 2001; 25: 409-18.

15 Paik S, Shak S, Tang G, Kim C, Baker J, Cronin M, et al. A multigene
assay to predict recurrence of tamoxifen-treated, node-negative
breast cancer. N Engl J Med 2004; 351: 2817-26.

16 Krafft AE, Duncan BW, Bijwaard KE, Taubenberger JK, Lichy JH.
Optimization of the isolation and amplification of rna from formalin-
fixed, paraffin-embedded tissue: the armed forces institute of
pathology experience and literature review. Mol Diagn 1997; 2:
217-30.

17 Lewis F, Maughan NJ, Smith V, Hillan K, Quirke P. Unlocking the



18

19

archive--gene expression in paraffin-embedded tissue. J Pathol 2001;
195: 66-71.

Masuda N, Ohnishi T, Kawamoto S, Monden M, Okubo K. Analysis
of chemical modification of RNA from formalin-fixed samples and
optimization of molecular biology applications for such samples.
Nucleic Acids Res 1999; 27: 4436-43.

Bustin SA. Absolute quantification of mRNA using real-time reverse
transcription polymerase chain reaction assays. J Mol Endocrinol
2000; 25: 169-93.

www.chinaphar.com
Zhang F et al

®

20

21

22

Schmittgen TD, Zakrajsek BA. Effect of experimental treatment on
housekeeping gene expression: validation by real-time, quantitative
RT-PCR. J Biochem Biophys Methods 2000; 46: 69-81.

Lossos IS, Czerwinski DK, Wechser MA, Levy R. Optimization of
quantitative real-time RT-PCR parameters for the study of lymphoid
malignancies. Leukemia 2003; 17: 789-95.

Liu HY, Bai Y, Liu BX, Wang ZM, Wang M, Zhou QH, et al. The
expression of BAG-1 and its clinical significance in human lung cancer.
Chin J Lung Cancer 2008; 11: 489-94.

AACR 101st Annual Meeting 2010

April 17-21, 2010, Washington, DC, USA

For detailed information, please login
http:/ /www.aacr.org/home/ scientists / meetings--workshops/aacr-101st-annual-meeting-2010.aspx

117

Acta Pharmacologica Sinica



Acta Pharmacologica Sinica (2010) 31: 118-126
© 2010 CPS and SIMM Al rights reserved 1671-4083/10 $32.00

@

www.nature.com/aps

Original Article

Topical delivery of silymarin constituents via the skin

route
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Aim: Silibinin (SB), silydianin (SD), and silychristin (SC) are components of silymarin. These compounds can be used to protect the skin
from oxidative stress induced by ultraviolet (UV) irradiation and treat it. To this end, the absorption of silymarin constituents via the

skin was examined in the present report.

Methods: Transport of SB, SD, and SC under the same thermodynamic activity through and into the skin and the effects of pH were

studied in vitro using a Franz diffusion assembly.

Results: The lipophilicity increased in the order of SC<SD<SB. Increased lipophilicity of a compound resulted in higher skin deposition
but had a minor effect on permeation across the skin in the less-ionized form (pH 8). It is apparent that compounds in the less-
ionized form showed higher skin uptake compared to the more-ionized form. Hyperproliferative skin produced by UVB exposure
showed increased permeation of silymarin constituents in the less-ionized form, but it did not affect deposition within the skin. With
in vivo topical application for 4 and 8 h, the skin deposition of SB was higher than those of SD and SC by 3.5~4.0- and 30~40-fold,
respectively. The skin disruption and erythema test demonstrated that the topical application of these compounds for up to 24 h

caused no apparent skin irritation.

Conclusion: The basic profiles of silymarin permeation via skin route were established.

Keywords: silymarin; silibinin; skin; topical delivery; ultraviolet B; permeation; absorption
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Introduction

Exposure of skin to ultraviolet (UV) radiation results in a
variety of biological effects, including inflammation, induc-
tion of oxidative stress, formation of sunburned cells, and
0 All of these play important roles
in the development of non-melanoma skin cancer (NMSC),

immunologic alterations

which is the most frequently diagnosed malignancy in Cauca-
sians around the world®?!. Surgical and medical treatments
of NMSC are difficult because of a high recurrence rate, the
occurrence of multiple lesions, and location of tumors on the

head, neck, and outer arms*

. These limitations suggest the
need for additional approaches to protect skin against UV-
caused cellular damage and NMSCF!.

Silymarin, a polyphenolic flavonoid isolated from seeds of
the milk thistle [Silybum marianum (L) Gaertn], has been used
for more than 2000 years as a traditional medicine to treat

liver disorders and to protect the liver against poisoning from

*To whom correspondence should be addressed.
E-mail fajy@mail.cgu.edu.tw
Received 2009-09-28 Accepted 2009-11-20

chemical and environmental toxins”. Silymarin is composed
primarily of silibinin (SB) together with small amounts of
other stereoisomers, such as silydianin (SD) and silychristin
(SC) (Figure 1)"). The UV light that reaches the earth’s surface
comprises primarily UVA wavelengths (315-400 nm) and the
remainder (approximately 5%) contains the (295-320 nm) UVB
radiation. Both UVA and UVB cause wavelength-dependent
damage to human skin including skin cancer, whose incidence
is dramatically increasing!®. Recent studies showed that sily-
marin constituents could strongly protect against photocar-
cinogenesis and inhibit UVB and chemical tumor promoter-
induced skin inflammation and edema!" *"". Silymarin also
attenuates UVA-induced damage to human keratinocytes!.

A previous study™ reported that the skin tissue distribution
of silibinin is low by oral administration in mice. Hence topi-
cal delivery via the skin may be capable of attaining sufficient
pharmacological activity by silymarin constituents. Suitable
absorption is known to be an essential requirement for the
satisfactory application of topical agents. Although silymarin
and its components were demonstrated to have significant
activity on UV-irradiated skin, there is no information on the
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Figure 1. Chemical structures of silibinin (SB), silydianin (SD), and
silychristin (SC).

absorption and permeability parameters of these flavonoids in
skin.

The aim of this work was to establish basic profiles of SB,
SD, and SC permeation via the skin. Another purpose was to
investigate the correlation between skin absorption and physi-
cochemical characteristics of these compounds. Both in vitro
and in vivo skin absorption experiments were performed in
this study. Possible pathways of the compounds via the skin
were elucidated using skin treated by various strategies as
permeation barriers. Moreover, UVB-irradiated skin was used
as a skin barrier for permeation in order to mimic the clinical
situation.

Materials and methods

Materials

SB (CAS: 22888-70-6) was purchased from ChromaDex (Irvine,
CA, USA). SD (CAS: 29782-68-1) was supplied by USP refer-
ence standards (Rockville, MD, USA). SC (CAS: 33889-69-9),
a-terpineol, and oleic acid were obtained from Sigma-Aldrich
(St Louis, MO, USA). All other chemicals and solvents were
analytical grade and were used as received.

Preparation of saturated solutions
Saturated solutions of SB, SD, and SC were prepared in

www.chinaphar.com
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Na,HPO,-citric acid buffer (Mcllvain buffer) with respective
pH values of 6, 8, 9.9, and 10.8. An excess amount of each
compound was added to 1 mL of the selected buffers, and
shaken reciprocally in an incubator at 37 °C for 24 h. The sus-
pension was centrifuged at 10 000 r/min for 10 min, and the
concentration of the compound in the supernatant was deter-
mined by high-performance liquid chromatography (HPLC)
after an appropriate dilution.

HPLC analytical method
The HPLC system for silymarin constituents included an
L-2130 pump, an L-2200 sample processor, and an L-2400 UV-
visible detector all from Hitachi (Tokyo, Japan). A 25-cm-long,
4-mm inner diameter stainless RP-18 column (Merck, Darm-
stadt, Germany) was used as the stationary phase. The mobile
phase was an acetonitrile-water (35:65) mixture at a flow rate
of 1 mL/min. The UV-visible detector was set at 288 nm. The
log K’ value (capacity factor) of the compounds was deter-
mined isocratically using HPLC. The retention time of each
compound was measured, and the K’ value was calculated
from the following equation:

Log K" =g [(t: - to)/ tol;
where t, is the retention time of each compound, and f, is the
retention time of the non-retained solvent peak (methanol).

At the range 0.1-100 pg/mL, the concentration of all sily-
marin constituents was linearly proportional to their chro-
matographic peak area. The limit of detection (LOD) of SB,
SD, and SC was determined to be 10 ng/mL, 15 ng/mL, and
15 ng/mL, respectively. The intra- and inter-assay precision
and accuracy values were evaluated at the concentration range
0.1-100 pg/mL. The overall precision, defined by the rela-
tive standard deviation (RSD), ranged from 0.9% to 7.2% on
average. Analytical accuracy, expressed as the percentage dif-
ference between the mean of measured value and the known
concentration, varied from -5.3% to 7.1%.

Preparation of skin membranes

Female nude mice (8 weeks old) were sacrificed, and full-thick-
ness skin was excised from the dorsal region. To obtain deli-
pidized skin, the stratum corneum side was pretreated with
chloroform-methanol (2:1) for 1 h. Five percent a-terpineol or
oleic acid in a 25% ethanol/water vehicle was used to pretreat
skin mounted on a Franz cell for 2 h, followed by the in vitro
skin absorption experiment.

To obtain UVB-irradiated skin, a Bio-Spectra System Illu-
minator (Vilber Lourmat, France) was used to emit UVB at
a wavelength of 312 nm. This method was modified from
Moore et al™. Briefly, mice were exposed to a single UVB
dose of 150 mJ/cm? for 7 d and killed after the last exposure.
The distance between the UVB lamps and the dorsal skin was
about 40 cm. The morphology of the skin was verified by
cyclooxygenase (COX)-2 and proliferating cell nuclear antigen
(PCNA) staining. Each specimen was dehydrated using etha-
nol, embedded in paraffin wax, and stained with COX-2 or
PCNA. For each skin sample, three different sites were exam-
ined and evaluated under light microscopy (Olympus IX70,
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Tokyo, Japan).

In vitro skin absorption
Skin with or without the various treatments was mounted on
the receptor compartment of a Franz cell with the stratum cor-
neum side facing upwards into the donor compartment. Five
and a half milliliters of a 3: 7 (v/v) ethanol-pH 7.4 buffer was
used as the receptor medium to maintain the sink condition of
the three compounds. The donor compartment was occluded
by parafilm and filled with 0.5 mL of the vehicle contain-
ing flavonoids at a dose which ensured saturated solubility.
The available diffusion area between the compartments was
0.785 cm®. The stirring rate and temperature were kept at 600
r/min and 37 °C, respectively. At appropriate intervals,
300-pL aliquots of the receptor medium were withdrawn and
immediately replaced with an equal volume of fresh medium.
At the end of the in vitro experiment (24 h), the skin was
removed from the cell and the skin surface was cleaned with
a cotton wool swab immersed in water and methanol three
times each. The skin was then weighed, cut with scissors,
positioned in a glass homogenizer containing 1 mL of metha-
nol, and homogenized for 10 min at 300 r/min. The resulting
solution was centrifuged for 10 min at 10000 r/min and then
filtered through a polyvinylidene difluoride (PVDF) mem-
brane with a pore size of 0.45 pm. All samples were analyzed
by HPLC.

In vivo skin absorption

For the in vivo experiment, an 8-week-old nude mouse was
used. A glass cylinder with an available area of 0.785 cm”
was placed on the dorsal skin with glue (Instant Super Glue®,
Kokuyo, Japan). An aliquot of 0.2 mL of vehicle with sily-
marin constituents was added to the cylinder. The application
times of the vehicle were 4 and 8 h. The application region of
the skin was excised at the end of the experiment. The proce-
dures for washing and extraction of the compound from the
skin were the same as for the in vitro experiment.

In vivo skin irritation test

A 0.6-mL aliquot of pH 8 buffer with flavonoids was spread
uniformly over a sheet of non-woven polyethylene cloth (1.5
cmx1.5 cm), which was then applied to the back area of a nude
mouse. The polyethylene cloth was fixed with Tegaderm®
adhesive dressing (3M, USA) and Fixomull® stretch adhesive
tape (Beiersdorf AG, Germany). After 24 h, the cloth was
removed, and the treated skin area was swabbed clean with a
cotton wool swab. After withdrawal of the vehicle for 30 min,
transepidermal water loss (TEWL), colorimetric parameters,
and the pH of the applied skin were measured. TEWL was
recorded using a Tewameter® (TM300, Courage & Khazaka,
Koln, Germany). Measurements taken at a stable level were
performed 30 s after application of the TEWL probe to the
skin. The TEWL was automatically calculated and expressed
in gm™h". A spectrocolorimeter (CD100, Yokogawa Electri-
cal, Tokyo, Japan) was used to measure the skin erythema (a*).
The instrument records color reflectance three-dimensionally
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(L*, a* b*) as recommended by the CIE (Commission Interna-
tionale de I'Eclairage). When recording the color values, the
measuring head was held perpendicular to the dorsal skin of
the mouse, and the aperture was fitted with an applicator, to
avoid compression of the subcutaneous capillaries. The read-
ing was obtained within a few seconds on the display. The
skin surface pH was determined by a Skin-pH-Meter® PH 905
(Courage & Khazaka, Germany). An adjacent untreated site
was used as a baseline standard for each determination. The
temperature and relative humidity in the laboratory were kept
at 26 °C and 55%, respectively. The sample number for each
experiment was six (n=6).

Data analysis

To calculate the permeation parameters of Fick’s law from
the plot of the cumulative amount versus time, a graph was
plotted as shown in Figure 2. The flux value at the steady-
state was determined and expressed per unit of diffusion area
in pgem™h™ by a linear regression calculation from the slope
of the linear portion of the cumulative amount-time profiles.
The permeability coefficient (K,, cm/h) was calculated from
the flux divided by the saturated compound concentration
in the donor compartment. The compound amount in the
skin (pg/g) was also calibrated by the saturated solubility
(pg/mL) in the donor compartment (calibrated skin deposi-
tion) to compare the skin absorption among different sily-
marin constituents.

A statistical analysis of differences between different treat-
ments was performed using unpaired Student’s t-test. A 0.05
level of probability was taken as the level of significance. An
analysis of variance (ANOVA) test was also used if necessary.

Results

In vitro skin absorption of SB

The effect of the pH of buffers on skin permeation of SB was
examined from pH 6 to 10.8. The ionization of these com-
pounds increased following an increase in the pH. The satu-
rated solubilities of SB in pH 6, 8, 9.9, and 10.8 buffers were
4.20+0.41, 31.41+1.86, 190.53+6.63, and 565.10+24.64 pg/mL,
respectively. This indicates that the ionic form of SB provided
a more-hydrophilic condition of molecules.

In vitro delivery of SB into/across excised skin was investi-
gated for all buffers from pH 6 to 10.8. The permeation char-
acteristics of SB are summarized in Table 1. Figure 2 shows an
example of an SB permeation profile to illustrate the perme-
ation kinetics during 48 h. Cumulative amount-time profiles
demonstrated the attainment of a steady-state flux of SB across
the skin. SB flux was greatest from the saturated solution at
pH 10.8 and least from that at pH 6. This trend corresponded
to the trend in the concentrations of SB in different saturated
solutions. When calibrated by the saturated solubility (K,), the
SB permeability from pH 6 buffer showed the greatest level,
followed by pH 10.8, 9.9, and 8. For topical formulations, the
drug skin content is considered an important parameter. In
the present work, the skin deposition was determined at the
end of the in vitro experiments as depicted in Table 1. The
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Table 1. Permeation data of SB from aqueous solutions with various pH
values. n=4. Mean+SD.

Table 2. Permeation data of SB from pH 8 and pH 9.9 aqueous solutions
across various skin types. n=4. Mean+SD.

Vehicle Flux K, Calibrated
(ugem2h™x103) (cm/hx10%)? skin deposition
(x10™°
pH 6 buffer 10.92+4.20 2.60+1.00 9.35+0.91
pH 8 buffer 48.18+13.02 0.74+£0.20 8.31+1.09
pH 9.9 buffer 209.58+43.82 1.10+0.23 0.78+0.19
pH 10.8 buffer 858.95+124.32 1.52+0.22 0.17+0.02

?K,, Permeability coefficient=Flux (ugcm>h™)/solubility (ug/mL).
® Calibrated skin deposition=compound amount retained in skin (ug/g)/
solubility (ug/mL).

Cumulative amount (ug/cm?)

Time (h)

Figure 2. Cumulative amount versus time profiles of in vitro topical
silibinin (SB) application permeating across nude mouse skin from
aqueous buffers with different pH values. n=4. Mean+SD.

deposition of SB was noted to have an increasing trend as the
pH of the donor compartment decreased. The calibrated skin
deposition from pH 6 buffer exhibited a 55-fold increase com-
pared to that from pH 10.8 buffer.

In vitro skin permeation of SB across various skin types

Although the examination of drug permeability across the
skin is less advantageous when targeting skin tissue, an
understanding of the permeability may be helpful to elucidate
the mechanisms involved in the skin absorption of the drugs.
Table 2 summarizes the K, of SB across various skin mem-
branes from pH 8 and 9.9 buffers. The K;, of SB with pH 8 buf-
fer across delipidized skin showed a 2.15-fold (P<0.05) increase
compared to that of intact skin. On the other hand, the data
indicated that the K, of SB with pH 9.9 buffer across delip-
idized skin was 11.46-fold higher (P<0.05) than that across
intact skin. To further explore the permeation mechanisms of
SB, a-terpineol and oleic acid were used to pretreat the skin.
Ethanol at 25% was used as the pretreatment medium for solu-
bility considerations. Ethanol had no statistically significant
effect (P>0.05) on SB permeability at pH 8. Similar K, values
(P>0.05) were observed for permeation across skin treated
with a-terpineol or oleic acid and 25% ethanol. Ethanol at 25%

) K, Enhancement
pH value Skin type (cm/hx 102 ratio (ER)?
pH 8 Intact skin 0.74+0.20 -

Delipid skin 1.59+0.15 2.15
25% ethanol treatment 0.93+0.47 1.26
o-Terpineol treatment® 0.85+0.11 1.15
Oleic acid treatment® 1.06+£0.34 1.43
pH 9.9 Intact skin 1.10+0.23 -
Delipid skin 12.61+0.45 11.46
25% ethanol treatment 4.78+2.41 4.35
o-Terpineol treatment® 12.49+0.48 11.35
Oleic acid treatment® 5.39+0.91 4.90

®K,, Permeability coefficient=Flux (ugcm™h™)/solubility (ug/mL).
®Enhancement ratio (ER), K, across treated skin/K, across intact skin.
°The medium is 25% ethanol.

significantly increased (P<0.05) the K, of SB compared to the
control by 4.35-fold. The enhancement ratios (ERs) of K, for
a-terpineol and oleic acid were 11.35 and 4.90, respectively.
This indicated that pretreatment of the skin with a-terpineol
further increased the permeation of SB in a more-ionized form.

Comparison of the in vitro skin absorption levels of SB, SD, and
SC

The aqueous solubility and lipophilicity profiles of SD and SC
were established for comparison with those of SB as shown in
Table 3. The solubility increased in the order of SB<SD<SC
in both pH 8 and 9.9 buffers. The lipophilicity ranking was
evaluated by measuring the capacity factor (log K’), which
indicates the relative retention of a compound in the HPLC
system. The log K’ result confirmed the greater lipophilicity
of SB compared to SD and SC. Although there are similarities
in the structures of silymarin constituents, the K, and skin
deposition of these compounds showed discrepancies as
demonstrated in Figure 3. In the less-ionized form (pH 8), SC
showed the highest K, followed by SB and SD (P<0.05). A
similar trend was observed in the more-ionized form (pH 9.9)
although higher values were detected for pH 9.9 compared
to pH 8. The in vitro skin uptake of SB at pH 8 was ~4-fold
higher than that of SD and SC into intact skin. A correlation

Table 3. Solubility (ug/mL) and capacity factor (log K’) of SB, SD, and SC
in various vehicles. n=6. Mean+SD.

c d Solubility in Solubility in log K'®
ompoun pH 8 buffer pH 9.9 buffer g
Silibinin (SB) 31.41+1.86 190.53+6.63 0.80
Silydianin (SD) 91.08+22.71 440.83+3.13 0.45
Silychristin (SC) 187.89+12.75 821.68+4880  0.41

?log K, logarithm of (t-t,)/t,, t, is the retention time of product peak, t, is
the retention time of solvent peak.
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Figure 3. The permeability coefficient (K,) (A) and in vitro calibrated skin
deposition (B) of silibinin (SB), silydianin (SD), and silychristin (SC) from
pH 8 and 9 buffers across intact or UVB-irradiated skin. n=4. Mean+SD.
°P<0.05 vs pH 8/intact skin.

was noted between K, and skin retention of these compounds
with pH 9.9 buffer.

In vitro skin absorption across UVB-irradiated skin

The appearance, histological morphology, and compound
delivery of UVB-irradiated skin were examined. Figure 4A
and 4B depict representative examples of images of the skin
surface without and with UVB exposure, respectively. UVB
treatment was effective in inducing inflammatory responses
including erythema and edema formation. The skin of mice
was also desquamated after 7 d of UVB irradiation. As shown
in Figure 4C and 4D, COX-2 expression was observed in
epidermal cells of the dorsal skin of mice after UVB irradia-
tion. Skin samples isolated from the treated area revealed an
epidermal thickening in response to UVB-induced injury in
these animals. The UVB irradiation increased the epidermal
thickness by ~5-fold. Marked hyperplastic and hyperkera-
totic changes with acanthosis were also detected. As shown
in Figure 4E and 4F, the expression of PCNA was higher than
without UVB irradiation. The PCNA results confirm cellular
proliferation, reflecting the intense hyperproliferative process
induced by 7 d of UVB exposure.

Figure 3 compares in vitro skin absorption of silymarin
components via normal and hyperproliferative skin. UVB-
irradiated skin exhibited higher K;, values compared to normal
skin (P<0.05) in pH 8 buffer. ER values with UVB treatment
were 2.58, 5.19, and 1.97 for SB, SD, and SC, respectively. The
more-ionized form (pH 9.9) showed no significant differences
(P>0.05) between the two skin types. UVB irradiation did not
influence the in vitro skin uptake of these compounds in either

Acta Pharmacologica Sinica

Figure 4. Images of nude mouse skin before and after UVB irradiation for
7 d: (A) clinical observation before UVB irradiation; (B) clinical observation
after UVB irradiation; (C) COX-2 expression by immunochemical staining
before UVB irradiation, x400; (D) COX-2 expression by immunochemical
staining after UVB irradiation, x400; (E) PCNA expression by immuno-
chemical staining before UVB irradiation, x400; (F) PCNA expression by
immunochemical staining after UVB irradiation, x400.

pH 8 or 9.9 buffers (P>0.05).

In vivo skin absorption of SB, SD, and SC
Levels of flavonoids in the skin were determined following
a single application to the dorsal surface of nude mice. The
pH 8 buffer was selected as the vehicle because of the high
compound accumulation within the skin in the in vitro sta-
tus. Table 4 shows the in vivo skin deposition of SB, SD, and
SC after topical delivery for 4 and 8 h. Similar to the in vitro
results, the in vivo uptake of SB was greater than those of SD
and SC. There was no significant difference (P>0.05) between
the intradermal concentrations of any compound at 4 and 8 h.
Bioengineering methods such as TEWL, colorimetry, and
pH for evaluating the safety of silymarin constituents on skin
were conducted in vivo. The A value (the value of the treated
site minus the value of an adjacent untreated site) of TEWL,
skin redness (a*), and pH were determined after a 24-h admin-



Table 4. In vivo skin deposition of SB, SD, and SC from pH 8 aqueous
solution. n=6. MeanzSD.

Compound Calibrated skin deposition Calibrated skin deposition
at4 h (x10"7 at8h (x10™)°
Silibinin (SB) 8.07+1.93 7.25+1.94
Silydianin (SD) 2.11+0.25 2.03+0.42
Silychristin (SC) 0.20+0.04 0.25+0.07

? Calibrated skin deposition=compound amount retained in skin (ug/g)/
solubility (ug/mL).

istration as shown in Figure 5. No significant skin irritation
was determined when the bar of the standard deviation (SD)
passes across the zero line in Figure 5. Silymarin constituents
produced negligible changes in TEWL, suggesting a tolerance
of the skin to topically applied formulations. Colorimetry
measurements of a* in nude mice did not change during the
full treatment, indicating that erythema formation was not
induced. Only a slight increment (P<0.05) in the skin pH was
observed in the case of SC.

1SB

SD

B SC 4 TEWL
Erythema (a*)
pH

6 -4 2 4 6

AValue

Figure 5. In vivo skin irritation examination determined by transepidermal
water loss (TEWL), erythema (a*), and the pH value after a 24-h
application of topically applied silibinin (SB), silydianin (SD), and
silychristin (SC) from pH 8 buffer. The A value indicates the value of
the treated site minus the value of an adjacent untreated site. n=6.
Mean+SD.

Discussion

Studies focusing on the development of silymarin constituents
with protective activity against UV-induced skin damage are
intensively being carried out. Despite various reports link-
ing the beneficial properties of silymarin to dermal use, no
comprehensive study has been conducted investigating the
skin absorption ability of these compounds. The purpose of
this study was to identify formulation variables including
pH and compounds that influence silymarin absorption via
skin. We found that the structures of silymarin constituents
largely affected their skin absorption. The results showed that
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SB exhibited considerable absorption into the skin, especially
in the non-ionized form. Negligible skin irritation was also
detected.

SB was first selected to evaluate its skin absorption because
SB is the most active and abundant constituent present in
silymarin”!. In the skin absorption studies, the selection of
a skin model is an important prerequisite. The most reliable
skin absorption data are collected from human studies. How-
ever, such studies are generally not feasible during the initial
development of a novel dosage form or system. The availabil-
ity of such systems is also limited. The skin of rodents is most
commonly used for in vitro and in vivo skin permeation stud-
ies. There are a number of hairless species (eg, nude mice and
hairless rats) in which the absence of a hairy coat mimics the

[15]

human skin better than hairy skin Hence nude mice were

used as an animal model in this study. Although nude mouse

skin is more permeable than human skin!*® "

, it is still a good
model for examining the skin transport of permeants because
of the limited variability among individuals and similar hair
follicle density to human skin!®.

Saturated solutions were used for the skin absorption expe-
riment to ensure that there was uniform thermodynamic
activity and thus common activity by the compounds in each

formulation™ 2!,

The pH of the aqueous vehicle was shown
to be one of the major variables that can influence the diffu-
sivity of drugsm’ 2]

have multiple protonation sites. For example, the acidic-

. The structures of silymarin constituents

dissociation constants of SB at 37 °C were determined to be
PK.1=6.86, pK,,=8.77, pK,s=9.62, and pK,,=11.38*!. SB is pre-
dominantly in a non-ionic form in pH 6 buffer, which is bene-
ficial due to its lipophilicity. The neutral form of a compound
always shows higher skin partitioning compared to the ionic
form because of the lipophilic characteristics of the stratum
corneum. The ionized degree of SB increased following an
increase in the donor pH value. The results showed that the
skin deposition of SB from an aqueous solution was directly
related to its lipophilicity.

The higher skin reservoir of non-ionic SB may result in a
high release into the receptor compartment because of the fast
diffusion due to the concentration gradient. However, the
trend of K, values from pH 8 to pH 10.8 somewhat differed
from that of calibrated skin deposition although there was no
significant difference (P>0.05) among K, values from these
three solutions. Increased pH can ionize a greater part of the
intercellular fatty acids of the stratum corneum, changing the
phase behavior and packing of the barrier lipid mixture™!. A
long-term application of an alkaline formulation on the skin
surface might not be suitable for clinical use.

The predominant route for most permeant transport into
or across the skin is the intercellular region of the stratum
corneum. The delipidation process can remove intercellular

201 The stratum corneum is

lipids in the stratum corneum
principally lipophilic in nature and far more resistant to polar
than non-polar compounds. This speculation is consistent
with the permeation profiles of SB with lipid removal which

largely increased the permeation of the more-ionized form
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(pH 9.9) but not the less-ionized form (pH 8). SB in pH 9.9
buffer showed the highest enhancement of skin permeation
across delipidized skin, suggesting that permeation through
the stratum corneum layer was the rate-limiting process. The
permeation of SB in pH 8 buffer was not greatly enhanced by
the extraction of lipid bilayers, or the main barrier to perme-
ation could lie in the lower viable skin layer. Thus, it appears
that the stratum corneum was not the sole significant contribu-
tor to resistance to the less-ionized form of SB. However, it
cannot be neglected that this superficial layer still constitutes
an important barrier for SB in pH 8 buffer.

a-Terpineol and oleic acid are used as permeation enhancers
for topical / transdermal drug delivery. Terpenes are known to
act at the lipid polar heads of ceramides, while fatty acids act
at the lipid tail portion of intercellular lipid bilayers™ . Nei-
ther enhancer in 25% ethanol was able to express any enhanc-
ing activity on the permeation of SB in the less-ionized form
after disruption of the lipid bilayers. This suggests that SB in
pH 8 buffer is easily partitioned into the bilayers. It also dem-
onstrates that the intracellular route might not be important
for lipophilic SB since oleic acid can affect corneocytes.

Ethanol at 25% increased SB permeation in pH 9.9 buf-
fer by 4.35-fold. The ER by enhancers should be normalized
to the value of 25% ethanol to neglect the vehicle influence.
After calculation, it is found that a-terpineol but not oleic
acid increased the permeation of the more-ionized form of
SB. This result confirms that the lipid bilayers are the main
barrier blocking the transit of ionic SB. Terpenes cause loosen-
ing of the lipid bilayers due to breaking of H-bonds between
ceramides as they have the potential to accept or donate
H-bonds™!. The higher enhancement by a-terpineol than by
oleic acid indicates that the diffusion of ionic SB along the
lipid portion was more significant than that along the H-bonds
between ceramides.

Skin absorption of a drug is determined by its physico-
chemical properties, in particular, the molecular weight and
lipophilicity which play major roles in the process™ *. SB,
SD, and SC possess the same molecular weight of 482.4 Da.
Therefore, any difference in skin absorption must have been
attributable to another factor. There was a correlation between
the skin deposition and lipophilicity of the three compounds
in pH 8 buffer. The highest lipophilicity of SB increased parti-
tioning into the stratum corneum, forming a reservoir. On the
other hand, SC has an additional hydroxyl group in its struc-
ture compared to SB and SD. The extra moiety contributes to
the lower lipophilicity of SC. The amount of SC retained in
the skin was also less because of its more-hydrophilic proper-
ties compared to the other compounds. However, lipophilic-
ity is not a common rule for explaining the absorption trend
of these flavonoids. SD generally showed the lowest values
of K, and deposition among the three compounds. A cyclic
ketone moiety forming a steric bridge is seen in SD’s structure
(Figure 1). Both SB and SC show a planar structure. Although
the molecular weights of these compounds are the same, SD
may present a larger molecular volume compared to SB and
SC. This suggests evidence of the selective absorption of SD
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over SB and SC. In order to confirm this hypothesis, molecu-
lar modeling software (Discovery Studio® version 2.0, Accelrys
Inc, San Diego, USA) was used to draw the stereo structure
of the three flavonoids as shown in Figure 6. It is clearly seen
that the three-dimensional structure of SD may hinder its
penetration into skin. Further study is needed to explore the
mechanisms involved in the relationship between the struc-
ture and skin absorption.

Figure 6. The stereo structure of silibinin (SB), silydianin (SD), and
silychristin (SC) pictured by a molecular modeling software (Discovery
Studio® version 2.0, Accelrys Inc, San Diego, USA).

It was expected that permeation through the skin would
be reduced as the permeant is largely retained within the

skin reservoir®'.

This theory can explain the contrary trend
between K, and skin deposition for the three flavonoids in the
less-ionized form (pH 8). This phenomenon was not observed
in pH 9.9 bulffer since a direct correlation between K, and skin
deposition was achieved for the more-ionized form. The con-
centration gradient between the skin and receptor may have
contributed to this result. This suggests that the degree of ion-
ization can influence the delivery behavior via the skin route.
UVB exposure can trigger oxidative damage and inflamma-
tion of the skin, subsequently inducing prominent epidermal
thickening. Inflammation and DNA damage occur with UVB
irradiation which lead to COX-2 and PCNA expressions™ ',
PCNA expression is a marker of DNA repair and indirectly an

" These effects were con-

indicator of UVB-induced damage!
firmed by the histopathlogic profiles of skin tissue in the pres-
ent study. When epidermal hyperplasia was well developed
by UVB, K, values of the flavonoids significantly increased in
pH 8 buffer. The increment in thickness of the epidermis may
have created a longer pathway through which the permeant
had to pass. This was not the case in the present study. The
inflammation produced disruption of the epidermal structure.
As indicated in the previous section, viable epidermis/dermis
is an important barrier for neutral SB permeation. This disrup-
tion may attenuate the barrier function of viable skin, leading
to increased K, values. This result was not observed for ion-
ized SB, indicating a limited alteration of lipid bilayers of the
stratum corneum after UVB irradiation. Although permeabil-
ity across the skin could be enhanced after exposure, retention
within the skin reservoir remained unchanged. This result
indicates that the dermal use of silymarin constituents for topi-
cal aims can minimize absorption differentiation between nor-
mal and disordered skin. Most research papers have utilized



healthy skin to examine drug absorption, and results from
such studies might not be appropriately applied to predict the
skin targeting ability of a drug on disordered skin. The skin
model used in this work may be useful for resolving this prob-
lem.

The in vivo topical application data show that silymarin
constituents were efficiently absorbed into intact skin. A good
in vitro-in vivo correlation was observed for the skin absorp-
tion trends from various formulations. This suggests that the
amount of flavonoids retained in the skin in the in vitro status
can predict the in vivo compound accumulation within the
skin. According to a previous study by Lu et al®, the original
contents of SB, SD, and SC in silymarin determined by HPLC
were 33.40%, 3.51%, and 12.91%, respectively. It is beneficial
for topical silymarin administration since SB, the compound
with the highest percentage, showed greater skin absorption.

Besides the efficiency of diffusion into the skin, the skin tol-
erance is another concern for topical delivery systems. Many
cutaneous reactions to herbal preparations and natural prod-

dP*34. The most common cutaneous

ucts have been reporte
adverse effect is allergic contact dermatitis. By evaluating
established endpoints of skin irritation (TEWL, skin redness,
and pH), the present study demonstrates that the topical
application of SB, SD, and SC for up to 24 h did not cause skin
irritation. Oral administration and cell incubation of silymarin
and the components have shown that they are well tolerated
and do not cause any significant adverse health effects!® ">,

The same phenomenon was also observed in skin tissue.

Conclusions

The incidence of NMSC is directly associated with exposure
to solar UV radiation. Chemoprevention of skin cancer using
natural agents is suggested as a promising approach and
has generated enormous research efforts in recent years. As
demonstrated in this study, the compounds of silymarin were
readily absorbed by the skin in both in vitro and in vivo experi-
ments. SB showed higher skin absorption than SD and SC.
The skin deposition of the non-ionic form was superior to that
of ionic molecules. The viable epidermis/dermis represents
an important barrier for non-ionic SB permeation via the skin.
On the other hand, the stratum corneum is still the predomi-
nant permeation barrier for ionic SB. The uptake of silymarin
constituents into the skin remained the same after UVB
exposure. However, permeation across the skin significantly
increased in pH 8 buffer by this irradiation. The preliminary
safety examination of the skin showed an acceptable skin
tolerance to SB, SD, and SC. This present work indicates the
promise of further in vivo and clinical applications of silymarin
delivery via the skin. Further study is needed to explore the
the delivery vehicles with more-efficient absorption.
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Preparation, characterization and in vivo evaluation
of bergenin-phospholipid complex
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Aim: To prepare a bergenin-phospholipid complex (BPC) to increase oral bioavailability of the drug.

Methods: In order to obtain the acceptable BPC, a spherical symmetric design-response surface methodology was used for process
optimization. The influence of reaction medium, temperature, drug concentration and drug-to-phospholipid ratio on the combination
percentage and content of bergenin in BPC were evaluated. BPC was then characterized by thin-layer chromatography (TLC), high-per-
formance liquid chromatography (HPLC), ultra-violet (UV) spectroscopy, fourier transform infrared spectroscopy (FT-IR), differential scan-
ning calorimetry (DSC) and X-ray powder diffraction. The physicochemical properties such as microscopic shape, particle size, zeta-
potential, solubility, crystalline form, and hygroscopicity were tested. The pharmacokinetic characteristics and bioavailability of BPC
were investigated after oral administration in rats in comparison to bergenin and the physical mixture (bergenin and phospholipids).
Results: BPC was successfully prepared under the optimum conditions [temperature=60 °C, drug concentration=80 g/L and drug-to-
phospholipids ratio=0.9 (w/w)]. The combination percentage was 100.00%+0.20%, and the content of bergenin in the complex was
45.98%+1.12%. Scanning electron microscopy and transmission electron microscopy of BPC showed spherical particles. The average
particle size was 169.2+20.11 nm and the zeta-potential was —21.6+2.4 mV. The solubility of BPC in water and in n-octanol was effec-
tively enhanced. The C,., and AUC,_,., of BPC were increased, and the relative bioavailability was significantly increased to 439% of

bergenin.

Conclusion: The BPC is a valuable delivery system to enhance the oral absorption of bergenin.

Keywords: bergenin; phospholipid complex; spherical symmetric design-response surface methodology; physicochemical properties;

bioavailability
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Introduction

Bergenin (3,4,8,10-tetrahydroxy-2-hydroxymethyl-9-
methoxy-2,3,4,4a-tetrahydropyrano[3,2-c]isochromen-6-
one) is a major component of traditional Chinese medicine
Bergenia crassiflora . Bergenin has been widely used for the
treatment of chronic bronchitis and has other effects such as
antitussive, hepatoprotective, anti-inflammatory, neuroprotec-
tive and weak anti-HIV activities™™. Although bergenin has
been used for more than 30 years, its poor oral bioavailability
is still an obstacle to its further application”. The Biopharma-
ceutics Classification System (BCS) classifies drugs into four
categories depending on their solubility and permeability
characteristics®. According to this scheme, as a class IV com-

*To whom correspondence should be addressed.
E-mail huangyuanO@yahoo.com.cn
Received 2009-07-20 Accepted 2009-10-29

pound, bergenin has neither sufficient solubility nor perme-
ability for complete absorption!. Furthermore, conventional
tablet is the formulation of bergenin on the market, but a high
dose (375 mg/d) has to be used in order to exert therapeutic
effects. Many efforts have been made to enhance its bioavail-
ability, such as structure modification, prodrugging and
new dosage forms such as dripping pills, soft capsules and
B-cyclodextrin inclusion complexes"*. However, no data
has been published in relation to the improved bioavailability
after oral administration.

In this study, a phospholipid complex was adopted to
increase both the water solubility and liposolubility of ber-
genin to enhance its oral bioavailability. The preparation of
the bergenin-phospholipid complex (BPC) was optimized
by a spherical symmetric design-response surface methodol-
ogy. Furthermore, the physicochemical properties and oral
bioavailability of BPC was explored in comparison to bergenin
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and the physical mixture (bergenin and phospholipids).

Materials and methods

Materials

Bergenin was kindly supplied by Sichuan Dihon Medical
Development Co, Ltd (Chengdu, China). Phospholipid was
purchased from Shanghai Toshisun Enterprise Co, Ltd (Shang-
hai, China), and the phosphatidyl content was approximately
80% (w/w). Methanol and water were of HPLC grade. All the
other reagents and solvents were of the highest purity com-
mercially available.

Chromatography

A sensitive HPLC assay was developed to analyze the con-
tent of bergenin. The HPLC instrument employed was an
Alltech™ (manufactured by Alltech Technologies, USA)
LC system with a model 426 pump and model UVIS-201
absorbance detector. The output signal was monitored and
processed using the AllChrom™ Plus Chromatograph Data
System (designed by Multilink Services Co Ltd). The columns
were Dikma Diamonsil® Cjg (150%4.6 mm, 5 pm) and Dikma
EasyGuard 6101 Cys kit guard column. The mobile phase was
a mixture of methanol-water (20:80, v/v, pH 2.50) at a flow rate
of 1 mL/min. The wavelength was set at 275 nm. All analyses
were performed at 30 °C.

Preparation of BPC

A weighed amount of bergenin and phospholipids were
charged in a round bottom flask and dissolved in anhydrous
ethanol. The mixture was refluxed at a controlled temperature
for about 2 h. The resultant clear solution was evaporated and
dried under vacuum (40 °C). The residues were then gathered
and placed in desiccators.

Preliminary investigations of the process parameters
revealed that reaction temperature (X;), drug concentration
(X;) and the drug to phospholipid ratio (X;) highly influenced
both the combination percentage (Y;) and content of bergenin
(Y>). A statistical model incorporating interactive and polyno-
mial terms was used to evaluate the response employing the
equation:

Y=by+b, X, +0, X5+ b X5+ 0, X 2+ bs X >+ b X324+, X, Xt b Xy X5+ 0o Xo X5

where Y was the dependent variable, b, was the intercept
representing the arithmetic average of the 15 runs, and b, to
by were the estimated coefficients for the factors (X, i=1, 2,
3). X;, X, and X; were the coded levels of the independent
variable(s). The interaction terms X;X,, X;X;, and X,X; showed
how the response changed when two factors were changed
simultaneously. The polynomial terms (X;) were included to
investigate nonlinearity. The level values of three factors and
the composition of central composite design batches 1 to 15
are shown in Tables 1 and 2.

The combination percentage of bergenin was calculated
using the following equation: Combination percentage
(%)=(A-B)/A*100%, where A was the weighed amount of
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Table 1. Independent variables and their correspondent values for
optimization of BPC preparation using the spherical symmetric design-
response surface methodology.

Variabl Levels
anavles 4 732 1 0 1 1.732
X 30 38.45 50 61.55 70
X 20 36.91 60 83.09 100
X 0.4 0.57 0.8 1.03 1.2

Table 2. Response values of different variables for the optimization of
BPC preparation using the spherical symmetric design-response surface
methodology.

Formula- Factors Responses
tion Xy X, X3 Y, Y,
1 -1 -1 -1 100.00 34.70
2 -1 -1 1 98.82 47.02
3 -1 1 -1 67.19 26.76
4 -1 1 1 76.19 43.06
5 1 -1 -1 97.82 37.22
6 1 -1 1 90.25 46.13
7 1 1 -1 98.44 35.91
8 1 1 1 96.85 47.07
9 -1.732 0 0 65.27 32.97
10 1.732 0 0 99.12 43.50
11 0 -1.732 0 100.00 45.78
12 0 1.732 0 90.11 45.36
13 0 0 -1.732 100.00 26.94
14 0 0 1.732 90.74 49.85
15 0 0 0 100.00 41.41

bergenin for preparing the complex and B was the content not
forming a complex. The content of bergenin in the complex
was estimated by HPLC. It was calculated as: content (w/
w, %)=C/D*100%, where C was the amount of bergenin that
formed a complex and D was the weight of the BPC.

Thin-layer chromatography (TLC)

Sample solutions were prepared by dissolving bergenin, phos-
pholipids, the physical mixture and BPC in methanol. TLC
plates were precoated with silica gel at a 0.15-0.2 mm thick-
ness. The plates were saturated with a solvent system of acetic
ether:methanol (5:1, v/v), developed to a distance of about 4.5
cm and removed from the chamber to dry in air. Phospho-
lipids were visualized by ninhydrin, and the spot of bergenin
was observed with a ZF-I ultraviolet analysis instrument
(Shanghai Gucun Optic Instrument Factory, China).

Ultraviolet (UV) spectra, HPLC, and Fourier Transform Infrared
spectra (FT-IR)

Tested samples were dissolved in water and then scanned
with a UV spectrometer (Varian Cary 100, America) over the



wavenumber range of 200-600 nm. For HPLC, a 10 pL ali-
quot sample solution was injected into the HPLC. The FT-IR
spectra were recorded on an FT-IR spectrometer (VECTOR 22,
Bruker, Germany) after the samples were compressed into a
KBr pellet.

Differential scanning calorimetry (DSC)

The samples were sealed in an aluminum crimp cell and
heated at 5 °C/min from 0 to 300 °C in a nitrogen atmosphere
at a flow rate of 50 mL/min. The peak transition onset tem-
perature of bergenin, phospholipids, BPC and the physical
mixture were determined and compared with the help of a
differential scanning calorimeter (EXSTAR6000 DSC, Japan).

X-ray powder diffraction

The X-ray diffraction was recorded on an X-ray diffractometer
(PHILIPS X'Pert Pro MPD DY1291, Japan). Samples of certain
weight were added into the slide for packing prior to X-ray
scanning. Spectra of graphs were plotted from 3.00° to 65.00°
of 2 0 with a step width of 0.03° and step time of 0.2 s at room
temperature.

Morphological characteristics

The samples were coated with platinum in a sputter coater,
and their surface morphology was viewed and photographed
with a scanning electron microscope (SEM). A transmission
electron microscope (TEM, H-6001V, Hitachi, Japan) was used
for microscopic characterization of the complex. The com-
plex was suspended in distilled water, and a drop was placed
on a carbon-coated copper grid. The films on the grid were
negatively stained by immediately adding a drop of 2% (w/w)
ammonium molybdate in 2% (w/v) ammonium acetate buffer
(pH 6.8), removing the excess staining solution with a filter
paper and air-drying.

Particle size and zeta-potential

The particle size and zeta-potential of BPC were determined
at 25 °C using photon correlation spectroscopy (Malvern Zeta-
Size Nano ZS90, UK). A proper dilution of the suspension
was prepared with double-distilled water before each analysis.

Solubility studies

Solubility determination was carried out by adding an excess
of sample to 5 mL of water or n-octanol in sealed glass con-
tainers at 25 °C. Each experiment was performed in triplicate.
The liquids were agitated for 24 h and then centrifuged to
remove solid substances (12000xg, 5 min). The supernatant
was filtered through a 0.45 pm membrane. Then, 1 mL of fil-
trate was mixed with 9 mL of solvent, and a 10 pL aliquot of
the resulting solution was injected into an HPLC.

Hygroscopicity

Solid samples were stored under controlled temperature and
humidity conditions to investigate the ability of bergenin
and BPC to take up water from the environment. The rela-
tive humidity (RH) at 25 °C was prepared using saturated
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solutions with known RH values (22.45%, 42.76%, 57.7%,
75.28%, 84.26%, 92.50%, and 98.00%) in desiccators™. Certain
amounts of samples were weighed and put into open clear
glass bottles that were exposed to the desired RH. The gain
in weight of the samples was determined up to saturation
humidity. At each investigated RH, samples were prepared in
triplicate.

Pharmacokinetic study in rats

Experiment design

Male Wistar rats (250+20 g) were obtained from the Laboratory
Animal Center of Sichuan University. All experiments were
approved by the Institutional Animal Care and Use Commit-
tee of Sichuan University. Animals were divided randomly
into three groups (n=5). Each group of rats was given a single
oral dose of free bergenin, the physical mixture or BPC (equiv-
alent to 300 mg of bergenin). Blood samples were obtained at
appropriate time points; 0.2 mL of plasma was separated by
centrifugation (12000xg) for 5 min and then stored at -20 °C
until analysis.

Plasma sample preparation

The preparation method of the plasma samples was devel-
oped in our laboratory to quantify the bergenin concentration
in biosamples™. When the plasma sample was thawed, 20
pL of the IS solution was added and agitated for 20 s. Then
600 pL of ethyl acetate was added and shaken for 2 min, and
sonic oscillation was performed to obtain complete extrac-
tion. The extracts were then centrifuged at 3000xg to achieve
better phase separation. This procedure was repeated three
times, and all of the supernatant was mixed and dried under
vacuum. The residues were reconstituted with 100 pL of
mobile phase and then centrifuged at 12000xg for 2 min. A 20
pL aliquot of the supernatant was then injected into the HPLC
system.

Pharmacokinetic parameters

The pharmacokinetic parameters for bergenin in plasma
were estimated by appropriate compartmental methods. All
parameters were determined from the sample collection times
and the assayed concentrations at these time points. Plasma
concentrations were plotted against time, and the pharmacoki-
netic calculations were performed using the standard software
program DAS 2.0 (Drug and Statistics, Anhui, China). The fol-
lowing parameters were estimated: absorption half-life (t,,,),
elimination half-life (t;,3), maximal plasma concentration
(Ciuav), area under the plasma concentration time curve (AUC),
and mean residence time (MRT). Free bergenin was taken as
the control group to calculate the relative BA values.

Results

Preparation of BPC

The experimental results concerning the tested variables on
the combination or content of bergenin in the complex are
shown in Table 2. A mathematical relationship between fac-
tors and parameters was generated by response surface regres-

Acta Pharmacologica Sinica



www.nature.com/aps
Qin X et al

130

EA

110

10

0355 35 Ya

25

35

75
A5
xk

Figure 1. Response surface plot showing the influence of reaction temperature (X;), drug concentration (X,), drug to phospholipids ratio (X3) on

combination percentage (Y;) and content of bergenin (Y,).

sion analysis in the software STATISTICA 6.0. The three-
dimensional response surface plots for the most statistically
significant variables on the evaluated responses are shown in
Figure 1. The equations represented the quantitative effect
of process variables (X;, X, and X3), and their interactions on
their responses Y; and Y, are listed as follows:

Y,=17.8292+3.9683X;-1.5953X,+59.0044 X;-0.0448 X,%-0.0032 X,
-29.5646 X5>+0.0294 X, X,-0.7960 X, X3+0.3788 X, X5

Y,=-10.7459+1.1372X,-0.6964 X,+74.4763 X5-0.0094X,?+0.0022X,
-22.4228X5>+0.0054.X; X,-0.4008 X, X5+0.1462X, X5

The polynomial models for Y; and Y, were found to be
significant, with F values of 482.45 and 760.97, respectively
(P<0.05). The values of correlation coefficients (R) were found
to be 0.9670 and 0.9892, respectively, indicating a good fit to
the quadratic model.

The response surface and contour plots (Figure 1) clearly
indicated that X;, X,, and X, strongly influenced the combina-
tion percentage (Y;) and content of bergenin (Y;). The com-
bination (%) for the 15 batches showed a wide variation of
65.27% to 100.00%, and the content was in the range of 26.94%

to 49.85% (Table 2). It was found that an increase in reaction
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temperature led to an increase of combination percentage and
drug content. The drug-to-phospholipids ratio was an impor-
tant factor affecting the drug content.

In order to evaluate the optimization capability of the mod-
els generated according to the results of the spherical sym-
metric design-response surface methodology, the BPC was
prepared using the optimal process variable settings, where
X1, X,, and X; were equal to 60 °C, 80 g/L and 0.9, respectively
(Table 3). The combination percentage was 100.00%, and the
content of bergenin in the complex was 45.98%+1.12%. The
results illustrated a good relationship between the experimen-
tal and predicted values, which confirmed the practicability
and validity of the model. The predicted error for all the
response variables was below 3%, indicating that the optimi-
zation technique was appropriate for optimizing BPC.

Table 3. Comparison of the observed and predicted values in BPC
prepared under predicted optimum conditions.

Response variable Predicted value  Observed value Bias (%)
Combination (%) 100.00 100.00+0.20 0
Content (%) 47.37 45.98+1.12 -2.93
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Figure 2. TLC of phospholipids (a), bergenin (b), physical mixture (c), and

Thin-layer chromatography (TLC)

The chromatogram of BPC was the same as the physical mix-
ture. Two spots were observed (Figure 2): one was similar to
the phospholipids (on the starting line), and the other had the
same R; as bergenin (R;=0.58). No new spot was found.

UV, HPLC, and FT-IR spectrum

The UV spectra are shown in Figure 3. The phospholipids
showed only end absorptions close to 200 nm. The absorption
curves of bergenin, the physical mixture and BPC were nearly
the same. Two characteristic absorption bands of bergenin
were observed at 220 and 275 nm, which was in accordance
with the Pharmacopoeia of PRC'"”. The retention time of BPC
was the same as bergenin, and no new peak was present in

BPC (d).
the HPLC chromatogram (Figure 4). As shown in Figure 5, @
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Figure 3. UV spectra of bergenin (A), phospholipids (B), physical mixture (C), and BPC (D).

300 300 300 300
A B &) D
o 200 200 200 200
3
z 100 ]\ 100 - 100 A 100 [\
) ) 0 )
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
Time/min

Figure 4. HPLC of bergenin (A), phospholipids (B), physical mixture (C), and BPC (D). The mobile phase was consisted of methanol-water (20:80, v/v),
pH 2.50.
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Figure 5. FT-IR spectra of bergenin (A), phospholipids (B), and BPC (C).
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the carbonyl absorptions (C=0) of bergenin and the phospho-
lipids were at 1713 cm™ and 1746 cm™, respectively. Bergenin
contains phenolic hydroxyl groups, and hydrogen bonding
interactions between molecules was observed (1695 cm™). The
hydrogen bonds between molecules of phospholipids were
present at 1723 cm™. The hydrogen bonds in BPC (1703 cm™)
were different from the bonds in either bergenin or the phos-
pholipids.

Differential scanning calorimetry (DSC)

DSC thermograms of bergenin (a), phospholipids (b), the
physical mixture (c) and BPC (d) are shown in Figure 6. The
thermogram of bergenin exhibited peaks at 143.0, 153.5, and
240.7 °C. The peak at 240.7 °C was very sharp and appeared
to be due to a phase transition from solid to liquid, which is in
accordance with a report that 232-240 °C is the melting point
of bergenin”l. DSC of BPC showed that the endothermal
peaks of bergenin and phospholipids disappeared.

X-ray powder diffraction

The powder of X-ray diffraction patterns of bergenin, the
physical mixture and BPC are shown in Figure 7. Bergenin
displayed partial sharp crystalline peaks, which is characteris-
tic of a molecule with some crystallinity. The physical mixture
exhibited both crystalline peaks and a wide peak due to the
phospholipids. Compared with the above two, the crystalline
peaks disappeared in the complex.

Morphological characteristics of BPC

The SEM and TEM photographs are shown in Figures 8 and 9.
Bergenin exhibited a distinctive external crystal shape. BPC
did not exist on the appearance of drug but appeared to be
spherical with a smooth surface.

Particle size and zeta-potential

The particle size of BPC was distributed in a narrow range of
169.2+20.11 nm, and the PDI was 0.212+0.032. The zeta-poten-
tial is a key factor that could influence some properties of the
particles, such as the stability in solution and interaction with
other materials. However, no studies have been published
to date in relation to this aspect of phospholipid complexes.
The zeta-potential of BPC prepared in our experiment was
-21.6+2.4 mV, which might be related to the type and composi-
tion of the phospholipids.

Solubility studies

The data showed that the solubility of BPC in n-octanol or
water was increased 177.32- and 6.03-times higher than ber-
genin, respectively (Table 4, 5). The results also indicated that,
for the physical mixture, the phospholipids enhanced the solu-
bility of the drug, but this effect was weaker.

Table 4. Apparent solubility of bergenin and BPC in water at 25 °C. n=3.

Apparent solubility (mg/mL)

Sample 1 2 3 MeanxSD
Bergenin 1.35 1.39 1.36 1.37+£0.02
Physical mixture 1.55 1.46 1.36 1.46+0.08
BPC 10.38 8.96 9.55 9.6310.58

Table 5. Apparent solubility of bergenin and BPC in n-octanol at 25 °C.
n=3.

Apparent solubility (mg/mL)

Sample 1 9 3 Mean+SD
Bergenin 0.71 0.70 0.74 0.72+0.02
Physical mixture 1.15 1.17 1.13 1.15+0.02
BPC 135.40 116.06 133.73 128.39+8.75

Hygroscopicity studies

In our experiments, we found that BPC could absorb moisture
in the air and become viscous. Little information was avail-
able about this aspect, so the critical relative humidity (CRH)
was investigated. The weight increases of bergenin stored
at 22.45%-98.00% RH (25 °C) are shown in Figure 10. It was
demonstrated that the bulk drug gained weight very slightly
(-0.03%-0.19% w/w), which suggested a good stability of ber-
genin in response to moisture during formulation and storage.
When the drug was formed into the complex, the hygroscopic-
ity was stronger. The CRH was about 80% at 25 °C, suggest-
ing that BPC should be stored under relatively dry conditions
(RH<80%).

Pharmacokinetic study in rats
After administration of a single dose (300.0 mg/kg) of ber-
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Figure 6. DSC thermograms of bergenin (A), phospholipids (B), physical mixture (C), and BPC (D).
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genin, the physical mixture and BPC to rats, the plasma ber-
genin levels were analyzed over a 60 h period. The mean
plasma concentration-time profiles are shown in Figure 11,
and the pharmacokinetic parameters calculated from the data
are summarized in Table 6. The concentration-time pro-

133

Figure 7. X-ray diffraction patterns of
bergenin (A), physical mixture (B), and
BPC (C).

files were best described as a two-compartment open model

and a biphasic phenomenon, with a rapid absorption fol-

lowed by a slower elimination phase. As seen in the plasma
curves, both the physical mixture and BPC showed higher
plasma levels than free bergenin. For BPC, the AUC,_,, value
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Figure 9. Transmission electron micrographs of BPC after slightly shaking
in distilled water at x1500 magnification (A) and at x4000 magnification
(B), respectively.
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Figure 10. Moisture adsorption curve of bergenin and BPC.

Table 6. Main pharmacokinetic parameters of free bergenin (300.0
mg/kg), physical mixture and BPC (equivalent to 300.0 mg/kg of free
bergenin) in rats after oral administration. n=5. Mean£SD.

Parameter Bergenin Physical mixture BPC
t1/24 (M) 9.16+3.66 7.98+3.16 1.12+0.16
ty/og (D) 40.78+19.63 20.74+10.84 51.73+8.61
MRT,_; (h) 21.31+£1.70 21.83+2.66 30.30+4.95
Crnex (ME/ML) 0.44+0.06 0.73+0.12 2.87+1.29
AUC,_.. (Mgh/mL) 12.11+3.51 18.91+8.20 53.17+11.81
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Figure 11. Plasma concentration profiles of bergenin in rat after oral
administration of bergenin alone, physical mixture and BPC (equivalent to
300.0 mg/kg of bergenin). n=5. Mean+SD.

was 53.17+11.81 pg-h/mL, and the relative bioavailability
increased significantly to 439% of the control group. The C,,.,
value (2.87+1.29 pg/mL) was almost 6.52 times that of ber-
genin (0.44£0.06 pg-h/mL). When the physical mixture was
administered, a 1.56-fold higher AUC,_,.. (18.91+8.20 png-h/mL)
and 1.66-fold higher C, (0.73%0.12 pg/mL) were observed
compared to the control group.

Discussion

In recent years, it has been reported that some poorly solu-
ble drugs combined with phospholipids could result in an
increase of oral bioavailability and/or improvement of the
biological effects, such as silybin, curcumin and puerarin*2",
However, detailed information about the preparation of these
complexes is limited. Peng et al used a central composite
design approach for the optimization of ursodeoxycholic
acid-phospholipid complex (UDCA). The yield (%) of UDCA
present as a complex was the unique evaluation index for the
preparation®!. However, the content of drug in the complex
that determines the pharmacologic action is another key fac-
tor and should not be neglected. In our experiment, both the
combination percentage and content of the drug were taken
into consideration. The spherical symmetric design-response
surface methodology constitutes an alternative approach
because it offers the possibility of investigating a high number
of variables at different levels, while performing only a limited
number of experiments™. In the experimental design of the



spherical symmetric design-response surface methodology,
the preliminary studies were investigated in detail. Organic
solvents like chloroform, diethyl ether, acetone, methyl-
enechloride, tetrahydrofuran, acetic ether, methanol and etha-
nol were investigated. A high combination percentage was
achieved when methanol and ethanol were used. Considering
that ethanol could be removed easily and is less harmful to
the environment and human body compared with other sol-
vents, it was used as the reaction medium. When the drug-to-
phospholipids ratio was lower than 0.4, the resultant materials
appeared viscous. When the ratio was more than 1.2, crystals
of bergenin could be observed in SEM photographs, and
the combination percentage was low (these results were not
shown).

In the literature, researchers have demonstrated that phos-
pholipid complexes are not new chemical compounds or
simple physical mixtures. Drugs and phospholipids should
have some interactions, such as hydrogen bonding or van der
(18,2524 7o per-

formed some experiments to prove this point. In the structure

Waals interactions, when they form complexes

of bergenin and the phospholipids, there were no chemical
groups that could react with each other under our preparation
conditions. Thus, it is hard for them to form a new substance.
TLC was performed in order to determine whether a new sub-
stance was formed. In the chromatogram, no new spot was
found. The result was further proven by UV and HPLC analy-
ses. The chromatographic behavior of BPC was the same as
bergenin, and no new peaks were found. This indicated that
no new substance was formed in the preparation. However,
the BPC showed different physical properties from bergenin
and the physical mixture, such as increased solubility, differ-
ent morphological characteristics and stronger hygroscopicity.
Some interactions might exist between bergenin and phospho-
lipids. In order to clarify the interactions, Fourier transform
infrared spectral (FT-IR) analysis was performed. From the
FT-IR spectra, the hydrogen bonds in BPC were different from
the hydrogen bonds in either bergenin or the phospholipids.
There are carbonyl groups belonging to phospholipids that
allow the formation of hydrogen bonds with the phenolic
hydroxyl groups of bergenin. This means that, when BPC
was prepared, intermolecular coupling interactions changed
and absorption bands attributed to the vibration of hydrogen-
bonded carbonyl groups were observed in the FT-IR spectra.
With the hydrogen bonds between the molecules gone, the
crystal shape of bergenin disappeared (from SEM photo-
graphs), and the sharp melting peak of bergenin was absent in
DSC thermograms. The results of the X-ray diffraction studies
also confirmed that in the phospholipids complex, bergenin
was either molecularly dispersed or present as an amorphous
form.

Phospholipids are an important component of cell mem-
branes, having low toxicity and good biocompatibility. Due to
their surface-active properties, phospholipids are commonly
used as solubilizers or absorption enhancers to increase the
permeability of some drugs. In the present study, the relative
bioavailability of bergenin was significantly enhanced when
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it was administered as a phospholipid complex. In order to
explore whether the enhanced absorption was the effect of
phospholipids, a physical mixture of the drug and phospho-
lipids was investigated and compared with the complex. The
results showed that phospholipids could enhance both the
Cinax and relative bioavailability of bergenin, but the effect
was weaker than in BPC (P<0.05). It indicated that BPC could
markedly improve the oral absorption of bergenin, and not
just through the action of phospholipids. Small particle size,
good solubility and permeability may be the main reasons for
the improved absorption.

In conclusion, the preparation of BPC was optimized using
the spherical symmetric design-response surface methodol-
ogy by fitting a quadratic model to the response data. The
experimental values of the BPC prepared under the optimum
conditions were close to the predicted values and had a low
percentage bias. The physicochemical properties and phar-
macokinetic characteristics of BPC in rats were explored. Our
results indicate that BPC has greatly enhanced solubility and
improved oral bioavailability compared to bergenin and is
more suitable for oral administration. However, the detailed
mechanism of BPC oral absorption needs further investiga-
tion.
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