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Abstract

Background: The widespread use of clopidogrel alone or in combination with aspirin may result in gastrointestinal mucosal
injury, clinically represented as recurrent ulceration and bleeding complications. Our recent work suggested that
clopidogrel significantly induced human gastric epithelial cell (GES-1) apoptosis and disrupted gastric mucosal barrier, and
that a p38 MAPK inhibitor could attenuate such injury. However, their exact mechanisms are largely unknown.

Methods: The GES-1 cells were used as a model system, the effects of clopidogrel on the whole gene expression profile
were evaluated by human gene expression microarray and gene ontology analysis, changes of the mRNA and protein
expression were determined by real-time PCR and Western blot analysis, and cell viability and apoptosis were measured by
MTT assay and flow cytometry analysis, respectively.

Results: Gene microarray analysis identified 79 genes that were differentially expressed (P,0.05 and fold-change .3) when
cells were treated with or without clopidogrel. Gene ontology analysis revealed that response to stress and cell apoptosis
dysfunction were ranked in the top 10 cellular events being affected, and that the major components of endoplasmic
reticulum stress-mediated apoptosis pathway – CHOP and TRIB3– were up-regulated in a concentration- and time-
dependent manner when cells were treated with clopidogrel. Pathway analysis demonstrated that multiple MAPK kinases
were phosphorylated in clopidogrel-treated GES-1 cells, but that only SB-203580 (a p38-specific MAPK inhibitor) attenuated
cell apoptosis and CHOP over-expression, both of which were induced by clopidogrel.

Conclusions: Increased endoplasmic reticulum stress response is involved in clopidogrel-induced gastric mucosal injury,
acting through p38 MAPK activation.
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Introduction

Clopidogrel, an antiplatelet agent, has been widely used to

reduce the risk of cardiovascular events in patients with acute

coronary syndromes (ACS) or those who underwent percutaneous

coronary intervention (PCI) [1]. Concomitant use of clopidogrel

and aspirin is a standardized dual antiplatelet therapy regimen for

these patients. However, accumulated evidence has documented

that the widespread use of clopidogrel is associated with a series of

gastrointestinal (GI) side effects, such as recurrent gastric ulcer and

GI bleeding complications [2–7]; however, the mechanism

underlying clopidogrel-associated gastric mucosal injury has not

been fully delineated.

Under normal circumstances, a dynamic balance between cell

proliferation and apoptosis will maintain the integrity of gastric

mucosal barrier. Studies have shown that apoptosis of gastric

epithelial cells, induced by drugs, alcohol, H. pylori infection, and

stress, is involved in the initiation and development of gastric

mucosal injury [8–11], and that decreased apoptosis may result in

attenuated gastric mucosal injury [12–14]. Therefore, further

elucidation of the mechanism underlying clopidogrel-induced

apoptosis would be helpful to better understand how clopidogrel

could induce gastric mucosal lesions.

In human body, apoptosis may occur in response to various

factors that exist simultaneously, rather than separately as they are

investigated. In order to systematically identify which factors could
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be responsible for cell apoptosis, gene microarray analysis of the

cultured cell is an optimal approach because many potential

confounding factors could be minimized or even avoided in vitro.

When cells are exposed to various stresses, including drugs, they

would induce expression of a large number of proteins (so-called

stress proteins) to protect themselves against stress-associated

injury. When these stress proteins are severely impaired due to

over-whelmed challenges, the cell organelle would elicit apoptotic

signals, which may be associated with a variety of common

diseases [15–18]. For example, in gastric epithelial cells, certain

non-steroid anti-inflammatory drugs have been well demonstrated

to induce endoplasmic reticulum (ER) stress response [19],

resulting in increased cytosolic free Ca2+ levels [20] and/or

increased oxidant stress [20,21]. The ER is a cell organelle, where

secretary proteins and membrane proteins are synthesized and

folded. Correctly folded proteins in the ER are transported to the

Golgi, whereas proteins that fail to be folded properly will be

retained in the ER, and their further accumulation may constitute

a form of stress to the affected cells (so-called ‘‘ER stress’’) [22].

C/EBP homologous transcription factor (or called C/EBP

homologous protein, also known as CHOP), or named as either

DDIT3 (DNA damage induced transcript 3) or GADD153 (G1

arrest and DNA damage 153), is known to be involved in ER

stress-induced apoptosis [23]. When the cell is experiencing ER

stress, CHOP is significantly activated [24,25] and is bound to C/

EBP or Jun/Fos protein family to form a heterodimer, triggering

apoptosis through regulating expression of apoptosis-related genes

[26]. Up to date, a number of studies have demonstrated that the

ER stress may lead to apoptosis or cell death through activation of

MAPK (mitogen-activated protein kinase) family members, such

as ERK (extracellular signal-regulated kinase), JNK (c-Jun- N-

terminal kinase), and p38 [27,28] in apoptotic pancreatic beta-

cells, breast cancer cells, and gastric cancer cells [29–31].

In a recent report, we demonstrated that clopidogrel signifi-

cantly induces apoptosis of human gastric epithelial cells (GES-1),

disrupts cellular tight junction structure, and increases gastric

epithelial permeability that could be partially abolished by the

pretreatment of a p38 MAPK inhibitor [32]. However, the exact

mechanism by which clopidogrel could induce apoptosis of gastric

epithelial cells is largely unknown. In order to further delineate

how clopidogrel could induce GES-1 cell apoptosis, we used an

extensively recognized Agilent one-color microarray-based gene

expression technique to measure altered mRNA expression in

clopidogrel-treated gastric epithelial cells as compared with

vehicle-treated cells and confirmed several most important genes

involved.

Materials and Methods

Chemicals and Solutions
Clopidogrel powder (purity 99.18%), purchased from Beijing

Nordhuns Chemical Technology Co. Ltd., China (lot #
NDS11003), was dissolved in DMSO, whose final concentration

present in working culture medium was restricted to be less than

0.1% (v/v) as used elsewhere [32]. Three MAPK-specific

inhibitors – SB-203580, SP-600125, and U-0126– were purchased

from Sigma (St Louis, MO, USA), and their working solutions

were prepared as 1 mM in the culture medium containing less than

0.1% of DMSO. In addition, the working culture medium

containing 0.1% DMSO was used as the vehicle control for all

cell studies.

The Cell Line Used in the Study
Human gastric epithelial cell line (also known as GES-1) with a

phenotype similar to the gastric mucosal cell was obtained from

the Shanghai Cell Bank, Chinese Academy of Sciences (Shanghai,

China) [33]. DMEM-HG (Hyclone, Logan, UT, USA) was

supplemented with 10% FBS and 1% antibiotics. The culture

medium was changed every 48–72 h.

MTT Assay
Cell proliferation or viability was determined with MTT (5 mg/

ml, Sigma) as described elsewhere [32]. In brief, 20 ml MTT

reagent was added into each well and incubated at 37uC for 4 h in

the dark. The supernatant was aspirated, and formazan crystals

were dissolved in 100 ml DMSO at 37uC for 10 min with gentle

agitation. Absorbance of each sample was measured at 570 nm.

Data were analyzed based on three independent experiments, and

then normalized to the absorbance of the well that contained

either media only (0%) or untreated cells (100%).

Annexin V/Propidium Iodide Double Staining
Annexin V/propidium iodide double staining was used to detect

apoptosis. GES-1 cells were plated in 60-mm dishes (3 ml,

16106/well) and incubated for 24 h at 37uC. After 24-h treatment

with clopidogrel or an inhibitor of the MAPK, the cells were

collected and washed twice with ice-cold PBS, and then were re-

suspended in binding buffer at a concentration of 16106 cells/ml

and incubated with 10 ml of PI (50 mg/ml) solution and 5 ml of

FITC-conjugated AV (17.6 mg/ml) at 37uC for 5 min in the dark

to achieve double staining. After staining, 400 ml of binding buffer

Table 1. The websites of seven public databases used in this
work.

Name of the web page URL

NCBI Entrez Gene http://www.ncbi.nlm.nih.gov/gene/

Gene Ontology http://www.geneontology.org/

KEGG http://www.genome.jp/kegg/

Biocarta http://www.biocarta.com/

Human Protein Reference
Database

http://www.hprd.org/

Molecular INTeraction database http://mint.bio.uniroma2.it/mint/

Sanger microRNA http://www.mirbase.org/

NCBI, National Center for Biotechnology Information; KEGG, Kyoto Encyclopedia
of Genes and Genomes.
doi:10.1371/journal.pone.0074381.t001

Table 2. Primer sequences for real-time PCR.

Gene Primer sequence (59R 39)

CHOP/DDIT3 F: gcc aaa atc aga gct gga acc t

R: aca gtg tcc cga agg aga aag g

TRIB3 F: att agg cag ggt ctg tcc tgt g

R: agt atg gac ctg gga ttg tgg a

b-actin F: gcg gga aat cgt gcg tga cat t

R: cta cct caa ctt cca tca aag cac

F, forward; R, reverse.
doi:10.1371/journal.pone.0074381.t002
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were added to the cells, and then analyzed by flow cytometry (BD,

FACSCantoTM, USA).

RNA Extraction and Purification
Total RNA was extracted from cultured cells using the single-step

Trizol RNA extraction kit (Invitrogen, CA, USA), and its concen-

tration and quality were determined by spectrophotometry and

Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA) accord-

ing to their respective manufacturer’s instructions. Only the samples

that had no degradation were used to generate the labeled targets.

Finally, total RNA was purified using an RNeasy mini kit (Qiagen).

Figure 1. Hierarchical cluster analysis of 79 differentially expressed genes in all 6 samples. Hierarchical cluster analysis was performed as
described in the Materials and Methods section. Each column represents one sample, and each gene is depicted by one row, where red denotes an
increase in gene expression and green denotes a decrease in gene expression as compared with the other group. The brighter the color, the higher
the gene expression level.
doi:10.1371/journal.pone.0074381.g001
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Figure 2. The GO category for the up-regulated genes in clopidogrel group. A P value ,0.05 was used as a cut-off threshold to select
significant GO categories. The higher the enrichment, the more significant the biological processes.
doi:10.1371/journal.pone.0074381.g002

Figure 3. The GO category for the down-regulated genes in clopidogrel group. A P value ,0.05 was used as a cut-off threshold to select
significant GO categories. The higher the enrichment, the more significant the biological processes.
doi:10.1371/journal.pone.0074381.g003

Table 3. The top 10 pathways that could be affected by clopidogrel in the GES-1 cells.

Pathway P-value* FDR** Gene involved

1. ECM-receptor interaction 0 0 AGRN, COL1A1, COL5A1, LAMA5

2. Focal adhesion 2.00E-04 1.00E-04 COL1A1, COL5A1, LAMA5, VEGFA

3. MAPK signaling pathway 6.00E-04 2.00E-04 DDIT3, DUSP10, DUSP2, MYC

4. Nitrogen metabolism 6.00E-04 2.00E-04 ASNS, CTH

5. Alanine, aspartate and glutamate
metabolism

0.001 2.00E-04 ASNS, GPT2

6. Glycine, serine and threonine metabolis 0.001 2.00E-04 CTH, PSAT1

7. Pathways in cancer 0.0012 2.00E-04 LAMA5, MYC, VEGFA, WNT7B

8. Bladder cancer 0.0017 3.00E-04 MYC, VEGFA

9. p53 signaling pathway 0.0044 5.00E-04 PMAIP1, SESN2

10. Metabolic pathways 0.0046 5.00E-04 ASNS, CTH, DHRS3, GPT2, PCK2

*Enrichment P-value of the corresponding pathway as determined by Fisher’s exact test.
**FDR of the corresponding pathway.
Bold, up-regulated; non-bold, down-regulated.
doi:10.1371/journal.pone.0074381.t003
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Microarray Hybridization
The Agilent Whole Human Genome Oligo Microarray

(4644 K, Agilent, San Diego, CA, USA), which represents more

than 41, 000 human genes and transcripts, was used in this study

to further systematically screen the differentially expressed genes

between vehicle- and clopidogrel-treated cells. Single- and double-

stranded cDNA was synthesized from total RNA samples (2 mg)

according to Agilent Gene-Chip Expression Analysis Technical

Manual. The cRNA was purified and fluorochrome labeled with

Cy3, and then fragmented and hybridized to the gene chip at

65uC with rotation for 17 h. The Gene-Chips were washed and

then scanned by Agilent scanner (G265BA; Agilent). Microarrays

were provided by Shanghai Biochip Co. Ltd., China. All

microarray datasets were submitted to the ‘‘Gene Expression

Omnibus’’ with an accession number of GSE47591.

Table 4. Microarray analysis for the differentially expressed genes involved in ER stress.

Gene ID Gene symbol Name of the gene (or gene product) Fold-change*

A_23_P21134 CHOP/DDIT3 DNA-damage-inducible transcript 3 21.79

A_23_P210690 TRIB3 tribbles homolog 3 (Drosophila) 14.97

A_23_P145694 ASNS asparagine synthetase 7.27

A_23_P121064 PTX3 pentraxin-related gene, rapidly induced by IL-1 beta 5.08

A_23_P207520 COL1A1 collagen, type I, alpha 1 24.55

A_23_P25194 HRK harakiri, BCL2 interacting protein (contains only BH3 domain) 4.48

A_23_P356755 CEBPG CCAAT/enhancer binding protein (C/EBP), gamma 4.47

A_23_P70398 VEGFA vascular endothelial growth factor A 4.36

A_23_P90172 PPP1R15A protein phosphatase 1, regulatory (inhibitor) subunit 15A 3.7

A_23_P158593 COL5A1 collagen, type V, alpha 1 23.7

A_23_P169494 ORM1 orosomucoid 1 3.57

A_23_P54846 HERPUD1 homocysteine-inducible, endoplasmic reticulum stress-inducible,
ubiquitin-like domain member 1

3.33

A_24_P182494 DUSP10 dual specificity phosphatase 10 23.13

*Fold-change, clopidogrel/control; minus sign (2) denotes down-regulated genes.
doi:10.1371/journal.pone.0074381.t004

Table 5. Microarray analysis for the differentially expressed genes involved in cell apoptosis and growth.

Gene ID Gene symbol Gene description Fold-change*

Apoptosis-related genes

A_23_P21134 CHOP/DDIT3 DNA-damage-inducible transcript 3 21.79

A_23_P210690 TRIB3 tribbles homolog 3 (Drosophila) 14.97

A_24_P270728 NUPR1 nuclear protein 1 10.92

A_23_P145694 ASNS asparagine synthetase 7.27

A_23_P25194 HRK harakiri, BCL2 interacting protein (contains only BH3 domain) 4.48

A_23_P356755 CEBPG CCAAT/enhancer binding protein (C/EBP), gamma 4.47

A_23_P70398 VEGFA vascular endothelial growth factor A 4.36

A_23_P379649 BMF Bcl2 modifying factor 24.35

A_23_P90172 PPP1R15A protein phosphatase 1, regulatory (inhibitor) subunit 15A 3.7

A_23_P108871 ZC3H8 zinc finger CCCH-type containing 8 3.43

A_24_P154948 GARS glycyl-tRNA synthetase 3.39

A_23_P54846 HERPUD1 homocysteine-inducible, endoplasmic reticulum stress-inducible,
ubiquitin-like domain member 1

3.33

A_23_P207999 PMAIP1 phorbol-12-myristate-13-acetate-induced protein 1 3.22

Cell growth-related genes

A_24_P270728 NUPR1 nuclear protein 1 10.92

A_23_P126103 CTH cystathionase (cystathionine gamma-lyase) 7.66

A_23_P75811 SLC3A2 solute carrier family 3 (activators of dibasic and neutral
amino acid transport), member 2

4.35

*Fold-change, clopidogrel/control; minus sign (2) denotes a down-regulated gene.
doi:10.1371/journal.pone.0074381.t005
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Analysis of Differentially Expressed Genes
To elucidate the mechanisms of clopidogrel-induced apoptosis

in gastric epithelial cells, the differentially expressed genes

obtained from the primary analysis (see the Microarrays section)

were further analyzed by SBC analysis system (http://www.

ebioservice.com/), the web-based statistical software, provided by

the Shanghai Biochip Co., Ltd. The core arithmetic of the SAS

system was R software, which could accomplish the statistical

analysis of the microarray data, combining seven public databases

as summarized in Table 1 to explore their biological meanings

[34]. The significantly differentially expressed genes between

vehicle-treated cells and clopidogrel-treated cells were identified

based on the pre-specified criteria of a P value ,0.05 and fold-

change .3. The P value and FDR (false discovery rate) were

calculated using the t-test modified from random variance model

(RVM-t-test). FDR was calculated to correct each P value. The

unsupervised hierarchical cluster analysis was performed using the

Cluster 3.0 software (Berkeley, CA, USA).

Gene Ontology (GO) and Pathway Analysis
GO analysis, a key functional classification of NCBI, was used

to analyze the main function of the differentially expressed genes.

Pathway analysis was performed with the KEGG database. Two-

side Fisher’s exact test and x2 test were used to classify the GO

category and pathway analysis; the FDR was calculated to correct

each P value. A two-sided P value ,0.05 was pre-specified as the

threshold to determine statistically significant GO categories and

KEGG pathways.

Real-Time PCR Analysis of Target Genes
Total RNA was extracted using Trizol reagent (Invitrogen, CA,

USA), and reverse transcription was carried out with M-MuLV

reverse transcriptase (Fermentas) according to the manufacturer’s

protocol, respectively. For PCR amplification, the primer

sequences for CHOP and TRIB3 (the target gene each) as well

as b-actin (an internal control gene) are given in Table 2. Real-

time PCR was done using the ABI PRISMH 7500 Sequence

Detection System (Applied Biosystems, Foster City, CA, USA)

according to the manufacturer’s instruction. Finally, the compar-

ative CT (22DDCT) method was used to determine the relative

concentration of the amplified products according to the

instructions supplied by Applied Biosystems.

Western Blot Analysis
Western blot analysis was performed following the procedure as

described elsewhere [32]. Briefly, cell lysates with equal amount of

proteins were loaded, separated by SDS-PAGE gels, and

transferred onto the nitrocellulose membrane. That membrane

was incubated with specific primary antibodies (1:1500) (CST,

Beverley, MA, USA) at 4uC overnight, followed by appropriate

horseradish peroxidase-conjugated secondary antibodies (CST,

Beverley, MA, USA) at ambient temperature for 2 h. Protein

expression was semi-quantified by Image J software (NIH, MD,

USA). All experiments were done three times.

Statistical Analysis
For MTT assay, real-time PCR, and Western blot analysis,

statistical analysis was performed by use of SPSS 13.0 (Chicago,

IL, USA). All data are expressed as mean 6 SD. Data were

analyzed using one-way ANOVA, followed by either the LSD

procedure (if variance was equal) or the Games-Howell procedure

(if variance was unequal). A two-sided P value ,0.05 was

considered statistically significant.

Results

Differentially Expressed Genes in Vehicle- and
Clopidogrel-Treated Cells

To gain insights into the mechanisms underlying the pro-

apoptotic effect of clopidogrel, GES-1 cells were cultivated in the

absence or presence of 1.5 mM clopidogrel for 24 h, followed by

the Agilent Whole Human Genome Oligo Microarray. A total of

79 genes were found to be differentially expressed between vehicle-

and clopidogrel-treated GES-1 cells (P,0.05, and fold-change

.3). A heat map with two-dimensional hierarchical clustering

revealed 79 genes differentially expressed between the two groups

as illustrated in Figure 1. Of them, 52 genes were up-regulated,

and 27 were down-regulated in clopidogrel-treated cells as

compared with the vehicle-treated control cells.

GO and Pathway Analysis of Differentially Expressed
Genes

To further elucidate the potential mechanisms by which

clopidogrel could induce apoptosis of gastric epithelial cells, a

group of differentially expressed genes obtained from the primary

Figure 4. Effects of clopidogrel on CHOP and TRIB3 mRNA
expression in the GES-1 cells. The mRNA expression levels of both
CHOP and TRIB3 were up-regulated in the GES-1 cells in a
concentration- and time-dependent manner when treated with
clopidogrel, as measured by real-time PCR. Data are a representative
of three independent experiments. **P,0.05 vs vehicle control;
*P,0.05 vs clopidogrel (0.5 mM); #P,0.05 vs clopidogrel (1.5 mM);
++P,0.05 vs clopidogrel (1.5 mM for 12 h); +++P,0.05 vs clopidogrel
(1.5 mM for 24 h).
doi:10.1371/journal.pone.0074381.g004

Clopidogrel-Induced Apoptosis in GES-1 Cells
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analysis (see above) were analyzed by GO enrichment and

pathway analysis, respectively. The GO enrichment analysis

revealed that the main GO categories for the up-regulated genes

in clopidogrel-treated cells included cell apoptosis, cell growth,

cellular response to stimulus (such as external stimulus, or stress),

metabolic process of nitrogen compound, positive regulation of

cellular process and so on as summarized in Figure 2. Among the

down-regulated genes, extracellular matrix part, cell motion,

multicellular organismal metabolic process, regulation of biolog-

ical process, signal transducer activity, response to external

stimulus and others were enriched as shown in Figure 3.

Subsequently, the KEGG database was used to investigate the

pathways where these differentially expressed genes are located at.

The significantly affected target pathways were designated as those

with a P value ,0.05. A total of 17 pathways were identified, and

top 10 related genes are summarized in Table 3. Among them,

apoptosis-related pathways – MAPKs – were activated signifi-

cantly, leading to up-regulation of stress responsive transcriptional

regulator CHOP.

Figure 5. Effects of clopidogrel on CHOP and TRIB3 protein expression in the GES-1 cells. The protein expression levels of both CHOP and
TRIB3 were up-regulated in the GES-1 cells in a concentration- and time-dependent manner, consistent with their mRNA expression profiles as
measured by real-time PCR. Data are a representative of three independent experiments. **P,0.05 vs vehicle control; #P,0.05 vs clopidogrel
(1.5 mM); ++P,0.05 vs clopidogrel (1.5 mM for 12 h); +++P,0.05 vs clopidogrel (1.5 mM for 24 h).
doi:10.1371/journal.pone.0074381.g005

Figure 6. Effects of ER stress on ATF expression in the GES-1 cells. GES-1 cells were treated with clopidogrel 1.5 mM for 24 h. Data are
expressed as mean 6 SD, representative of three independent experiments. *P,0.05 vs control.
doi:10.1371/journal.pone.0074381.g006

Clopidogrel-Induced Apoptosis in GES-1 Cells
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In this experiment, the genes responsible for cell apoptosis,

growth, and response to stress were most important to match our

research goal. Analysis of our microarray data showed that 13

genes associated with stress response (shown in Table 4) and 16

genes associated with cell apoptosis and growth (Table 5) were

markedly altered after GES-1 cells were treated with clopidogrel.

Clopidogrel-Induced the ER Stress in GES-1 Cells
In this study, cell apoptosis was found to be enriched for the

genes that encode several stress responsive transcriptional regula-

tors like CHOP and TRIB3, further pointing to the role of the ER

stress in clopidogrel-induced apoptosis. The most significant ER

stress-induced apoptotic pathway is mediated through CHOP.

The microarray data showed a 21.79-fold increase in CHOP and

a 14.97-fold increase in TRIB3 levels after GES-1 cells were

treated with clopidogrel for 24 h as shown in Table 4. TRIB3, a

novel target of CHOP, is known to be involved in CHOP-

dependent cell death during the ER stress [35]. In this study, we

observed both TRIB3 and CHOP were up-regulated by

clopidogrel in the GES-1 cells in a concentration- and time-

dependent manner, as measured by real-time PCR and Western

blot analysis (Figures 4 and 5), consistent with our previous

observations [32].

Since the expression of CHOP is regulated at the transcriptional

level through the upstream transcription factor ATFs, we also

determined expression of ATF2, ATF3, ATF4, and ATF6 at

protein levels in the GES-1 cells. As expected, there was .2-fold

increased protein expression of ATF3 in clopidogrel-treated GES-

1 cells as compared with controls. In contrast, there were no

changes in mRNA and protein expression of ATF2, ATF4, and

ATF6, respectively (Figure 6).

The p38 MAPK Inhibitor SB-203580 Attenuated
Clopidogrel-Induced GES-1 Cell Apoptosis and CHOP Up-
regulation

To investigate whether MAPK activation could contribute to

ER stress-induced GES-1 cell apoptosis after exposure to

clopidogrel, three MAPK-specific inhibitors were used. Pretreat-

ment with the p38 MAPK inhibitor SB-203580 (1 mM) for 30 min

significantly attenuated over-expression of CHOP (Figure 7), cell

apoptosis and inhibition of cell proliferation, all of which were

induced by clopidogrel (1.5 mM for 24 h), but pretreatment with

either the ERK inhibitor U-0126 (1 mM) or the JNK inhibitor SP-

600125 (1 mM) had no marked effects (Figure 8). In contrast,

there were no marked changes in cell viability and apoptosis, and

CHOP expression in GES-1 cells when pretreated with SB-

203508, U-0126 or SP-600125 (1 mM for 24.5 h, respectively) in

the absence of clopidogrel treatment (data not shown).

Discussion

To better understand cellular responses to clopidogrel and

potential signaling pathways activated by clopidogrel, the differ-

entially expressed genes were determined in the absence or

presence of clopidogrel treatment by the Agilent one-color

microarray-based gene expression profiling. The major findings

in this study were that some genes associated with ER stress (such

as ATF3, CHOP, and TRIB3) are over-expressed in the GES-1

cells when treated with clopidogrel, and that the p38/MAPK

inhibitor SB-203580 can partially abolish GES-1 apoptosis and

CHOP over-expression, both of which are induced by clopidogrel.

CHOP is a key regulator of the ER-stress response [23]. Under

normal conditions, the level of CHOP in the cytoplasm is very low

[36]. When the ER stress response is triggered by certain cellular

stress, such as hypoxia, oxidant stress, glucose/nutrient starvation,

and drugs, CHOP would be induced and transferred from

cytoplasm to nucleus to regulate expression of its target genes that

may potentiate apoptosis [37–39]. These target genes include BIM

(BCL2-like 11) [40], ERO1-La (endoplasmic oxidoreductin-1-like)

[40], GADD34 (growth arrest and DNA damage gene 34) [41],

and TRIB3 [35]. Tsutsumi et al observed that indomethacin-

induced apoptosis was suppressed in cultured guinea-pig gastric

mucosal cells by expression of the dominant-negative form of

CHOP, or in peritoneal macrophages from CHOP-deficient mice

[19]. To analyze the ER stress response in clopidogrel-induced

GES-1 cell apoptosis, we performed real-time PCR and Western

blot analysis, and found that expression of CHOP and its target

gene TRIB3 was up-regulated in the GES-1 cells in a concentra-

tion- and time-dependent manner in response to clopidogrel

(Figures 4 and 5), consistent with the results of cell viability and

apoptosis experiments in our previous study [32]. These data

suggest that the induction of these genes/proteins may be

important in apoptosis of gastric epithelial cell GES-1 induced

by clopidogrel.

TRIB3, one of the CHOP target genes, can interact with

CHOP, but does not promote degradation of CHOP protein [35].

Some ER-stress inducers, such as tunicamycin, cannabinoids,

thapsigargin and nutrient starvation, can increase expression of

both CHOP and TRIB3 [42,43], leading to apoptosis. In this

experiment, we found that the levels of CHOP increased with

TRIB3 when apoptosis occurred, and that the peak of TRIB3

expression was later than that of CHOP expression as shown in

Figure 5. TRIB3 is also known to cause apoptosis through

inhibiting Akt kinase activity, an anti-apoptotic factor kinase by

altering the phosphorylation of Thr308 and Ser473 [44]. In most

cases, the expression of CHOP in response to stress is regulated at

Figure 7. Suppression of clopidogrel-induced CHOP up-
regulation by the p38 MAPK inhibitor. As expected, only the
p38 MAPK inhibitor SB-203580 significantly attenuated CHOP up-
regulation. Data are expressed as mean 6 SD, representative of three
independent experiments. *P,0.05 vs control; #P,0.05 vs clopidogrel
alone (1.5 mM).
doi:10.1371/journal.pone.0074381.g007
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the transcriptional level through its upstream transcription factors

ATF2, ATF4, and ATF6 [37,42,45]. As shown in Figure 6,

clopidogrel did up-regulate ATF3, but not ATF2, ATF4, and

ATF6, consistent with the findings of others [46–48]. Thus, which

ATFs could regulate CHOP expression may vary by the type of

the cell or tissue being studied or the stimulant used.

The first step to respond to ER stress is to synthesize a large

amount of proteins that may contribute to protein folding through

transcriptional machinery, because the unfolded proteins accu-

mulated in the ER would be degraded easily. If such responsive-

ness failed, the intent would activate MAPKs and/or nuclear

factor kB (NFkB) that induce expression of the genes that encode

the mediators of host defense [49]. If adaptation and alarm all

failed to get rid of ER stress, the cell would undergo apoptosis [50].

Mauro et al demonstrated that ticlopidine, the first-generation

P2Y12 receptor antagonist, could induce endothelial cell apoptosis

by disrupting production of extracellular matrix components

critical to microvascular endothelial cell integrity in vitro, and that

ticlopidine-induced apoptosis could be abrogated by inhibitors of

ERK1/2 and p38 phosphorylation [51]. However, the mecha-

nisms remain to be determined. In a recent study, we found that

ERK, JNK, and p38 MAPKs all were markedly activated in

clopidogrel-treated GES-1 cells as compared with the vehicle-

treated controls, but that only the p38 MAPK inhibitor

(SB203580) could attenuate damaged tight junction structure

and increased paracellular permeability, which of both were

induced by clopidogrel [32]. Furthermore, apoptosis of gastric

mucosal epithelial cells has been demonstrated to be the important

pathological basis for promoting the occurrence of gastric

epithelial barrier dysfunction [52,53]. Therefore, in this work,

we sought to systematically screen how many genes would be

responsible for clopidogrel-induced gastric epithelial cell apoptosis,

and to further determine which genes would be the most

important and whether the p38 MAPK could be also involved

in them. This study demonstrated that p38 MAPK inhibitor

SB203580 could suppress GES-1 apoptosis and CHOP over-

expression (as shown in Figure 7), both of which were induced by

clopidogrel, consistent with previous findings [54–56]. The p38

Figure 8. The p38 MAPK inhibitor suppressed clopidogrel-induced cell proliferation inhibition and apoptosis. After pretreatment of a
p38 MAPK inhibitor SB-203580, clopidogrel-induced cell proliferation inhibition and apoptosis were significantly attenuated. Data are expressed as
mean 6 SD, representative of three independent experiments. *P,0.05 vs control; #P,0.05 vs clopidogrel alone.
doi:10.1371/journal.pone.0074381.g008
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MAPK, a highly conserved proline-directed serine/threonine

protein kinase, plays an important role in mediating stress,

inflammatory and immune response, cell survival and apoptosis

processes [57,58]. Moreover, it has been recognized that two

adjacent serine residues (Ser79 and Ser82) of CHOP can serve as

substrates of the p38 MAPK family [55,59]. In this study, the p38

MAPK inhibitor suppressed GES-1 cell apoptosis and CHOP

over-expression, indicating that p38 MAPK activation may play a

critical role in CHOP-mediated gastric epithelial cell apoptosis

induced by clopidogrel.

There are also studies demonstrating that, besides CHOP-

mediated apoptotic pathways, IRE1-mediated activation of ASK1

(apoptosis signal-regulating kinase 1)/JNK and activation of

caspase-12 are also the major mechanisms of ER stress-induced

apoptosis [23]. In this experiment, we found that the JNK kinase

inhibitor could not alleviate gastric epithelial cell apoptosis. Based

on this evidence, it is concluded that JNK signaling pathway seems

not to be involved in clopidogrel-induced gastric epithelial cell

apoptosis. In addition, caspase-12, a marker of ER stress-induced

apoptosis in mouse, can be activated by ER stress [60]. Caspase-

12, in turn, activates caspase-9 and caspase-3, leading to cell

death. Because humans lack functional caspase-12 homologue

[60], caspase-12 was not measured in this study.

In summary, this study demonstrated that the up-regulation of

ATF3, CHOP, and TRIB3 is the result of clopidogrel treatment in

the GES-1 cells, whose increased expression can lead to ER stress

and gastric epithelial cellular apoptosis through the activation of

the p38 MAPK signaling pathway. In terms of the widespread use

of clopidogrel in patient care, there is the need to further elucidate

the mechanism underlying clopidogrel-induced GI complications.
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