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Abstract
a-Tocopheryl succinate (a-TOS) has been shown to be a potent apoptosis inducer and growth inhibitor in a variety of cancer cells. Our
previous studies showed the important role of endoplasmic reticulum (ER) stress and reactive oxygen species (ROS) generation in the apoptosis induced by a-TOS. However, the relationship of oxidative stress with ER stress is still controversial. The objective of the present study
was to investigate the interplay between the two stress responses induced by a-TOS in SGC-7901 human gastric cancer cells. In response to
a-TOS, cytological changes typical of apoptosis, induction of glucose-regulated protein 78 (GRP78) and CCAAT/enhancer-binding protein
(C/EBP) homologous protein transcription factor (CHOP), and activation of caspase-4 were observed. And the antioxidant N-acetylL -cysteine inhibited induction of both GRP78 and CHOP by a-TOS transcriptionally and translationally. Furthermore, knocking down
CHOP by RNA interference decreased ROS generation, increased glutathione level and induced glutathione peroxidase mRNA expression
in a-TOS-treated cells, whereas catalase and superoxide dismutases mRNA expression were not altered. The results imply that a-TOS
induces ER stress response through ROS production, while CHOP perturbs the redox state of SGC-7901 cells treated with a-TOS.
Key words: Apoptosis: Endoplasmic reticulum stress: Oxidative stress: a-Tocopheryl succinate: C/EBP homologous protein
transcription factor

Gastric carcinoma is one of the most common malignancies
and represents the major cause of death worldwide. New
therapeutic strategies are urgently needed for treating gastric
carcinoma. The successful eradication of cancer cells through
apoptosis is the ultimate aim of chemotherapy and chemoprevention(1,2). Recently, it has been suggested that endoplasmic
reticulum (ER) stress and oxidative stress can trigger apoptotic
signalling, although the interplay between the two is still
controversial.
The accumulation of unfolded or misfolded protein in ER
can induce ER stress. To cope with accumulated unfolded or
misfolded ER proteins, mammalian cells trigger a specific
response termed the unfolded protein response, which

regulates the expression of ER chaperone genes, such as glucose-regulated protein 78 (GRP78)(3). During prolonged ER
stress, the C/EBP homologous protein transcription factor
(CHOP) is one of the most highly up-regulated genes,
which has been implicated in ER stress-induced apoptosis(4,5).
Caspase-12, localised in the ER, is also cleaved and activated,
which results in pro-apoptotic actions of ER stress(5,6).
Oxidative stress is caused by the imbalance between reactive oxygen species (ROS) production and the elimination of
toxic intermediates by antioxidant systems(7). The ER is a
place where ROS are generated, and provides an environment
that is highly optimised for oxidative protein folding(8,9). It has
been reported that the induction of ER stress response by
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dehydroxymethylepoxyquinomicin is an event downstream of
oxidative stress in hepatoma cells(10). Sodium seleniteinduced ER stress requires ROS generation in human acute
promyelocytic leukaemia NB4 cells(11). Moreover, Younce &
Kolattukudy(12) have reported inhibition of ER stress with
the ER-stress-specific inhibitor tauroursodeoxycholate, which
results in reduced ROS production in H9c2 cells. Nevertheless,
it has been showed that glucose-induced ER stress is independent of oxidative stress, and antioxidants can ameliorate
oxidative stress without altering the ER stress induced by
hyperglycaemia(13,14). Interestingly, a study has also revealed
that the suppression of ER stress did not attenuate Cdtriggered oxidative stress in renal tubular cells(15). Therefore,
there is still no conclusive demonstration of the precise interplay between ER stress and oxidative stress.
a-Tocopheryl succinate (a-TOS), a derivative of natural vitamin E, has been shown to effectively induce apoptosis in a
variety of cancer cells as well as suppress tumour growth in
animal models(16 – 20). Our previous studies showed that
a-TOS-induced apoptosis is coupled to ER stress and ROS
generation in SGC-7901 human gastric cancer cells(21,22). In
the present study, we sought to determine whether CHOP
down-regulation inhibits oxidative stress induced by a-TOS
and whether reduced ROS production by the antioxidant
N-acetyl-L -cysteine (NAC) decreases ER stress in SGC-7901
cells treated with a-TOS. To our knowledge, this is the first
report that the relationship between ER stress and oxidative
stress induced by a-TOS is elucidated in SGC-7901 human gastric cancer cells.

Materials and methods
Cell culture
SGC-7901 human gastric cancer cells were grown as monolayers in Roswell Park Memorial Institute (RPMI)-1640
medium containing 10 % fetal bovine serum, 60 mg/ml penicillin, 100 mg/ml streptomycin and 2 mM -L -glutamine in a humidified 5 % CO2 incubator at 378C. For experiments, the level of
fetal bovine serum was reduced to 2 %. a-TOS (Sigma) was
dissolved in sterile absolute ethanol to make 10 mg/ml stock
solution, and diluted in RPMI-1640 complete condition
media correspondingly to the indicated concentrations. An
equal amount of ethanol was used as a solvent control.

Detection of apoptosis
Apoptosis was assessed as described previously, based on
changes in the nuclear morphology by staining the cells
with the fluorescent DNA dye 40 ,6-diamidine-20 -phenylindole dihydrochloride (DAPI). Briefly, the cells were treated
with a-TOS at 20 mg/ml for 24 h. After fixing and permeabilisation, the cells were incubated with 2 mg/ml DAPI in methanol
for 30 min at 378C. Apoptotic nuclei were observed using an
Olympus X70 fluorescence microscope (Olympus) with UV
excitation at 300– 500 nm.

Western blot analysis
SGC-7901 human gastric cancer cells were treated with 5, 10
or 20 mg/ml a-TOS and 3 mg/ml tunicamycin for 24 h or
20 mg/ml a-TOS for up to 24 h. Tunicamycin (Sigma) was
used as a positive control. The cells were lysed in the lysis
buffer (150 mM -NaCl, 0·1 % NP-40, 0·5 % sodium deoxycholate,
0·1 % SDS, 50 mM -Tris, 1 mM -dithiothreitol, 5 mM -Na3VO4,
1 mM -phenylmethylsulfonyl fluoride, 10 mg/ml trypsin, 10 mg/
ml aprotinin, 5 mg/ml leupeptin; pH 7·4). After incubation
for 15 min at 48C, the sample was centrifuged at 15 000 g for
8 min at 48C, and the supernatant was collected as whole
cell lysate and stored at 2808C until use. Equivalent amounts
of protein were separated on 10 % SDS-PAGE and electrophoretically transferred to a nitrocellulose membrane. The following primary antibodies were used: b-actin antibody (Santa
Cruz), GRP78, CHOP antibodies (Cell Signaling), caspase-4
antibody (Abcam). After washing with PBS-Tween 20 (PBST),
membranes were incubated with the secondary alkaline phosphatase-conjugated IgG and detected with the Western Blue
Stabilized Substrate for alkaline phosphatase (Promega).
Bands were analysed using the ChemiImager 4000 instrument
(Alpha Innotech).

Transient transfections
Predesigned small interfering RNA (siRNA) against human
CHOP and control scrambled siRNA were purchased from
Santa Cruz Biotechnology. For siRNA transfection, SGC-7901
cells were plated in six-well culture plates at density of
2 £ 105 and transfected with siRNA using X-tremeGENE
siRNA Transfection Reagent (Roche), according to the manufacturer’s protocol. Briefly, for each well, 10 ml transfection
reagent was diluted in 90 ml serum-free Opti-MEMw-1
medium (Invitrogen). This mixture was carefully added to a
solution containing 2 mg siRNA in 100 ml dilution medium.
The solution was incubated for 20 min at room temperature,
and then gently dripped into the SGC-7901 cells in 2 ml antibiotic-free medium. Then, 36 h after transfections, the cells
were treated with a-TOS.

RT-PCR
Total RNA was extracted from SGC-7901 human gastric cancer
cells with the TRIzol reagent (Invitrogen). RT-PCR was performed according to the manufacturer’s protocol (RNA PCR
kit, TaKaRa Shuzo Company, Limited). For each reaction,
approximately 1·0 mg of total RNA was used to synthesise the
complementary DNA using a thermal program of 258C for
10 min, 428C for 30 min and 958C for 5 min. Forward and reverse
sets of RT-PCR primers were designed as follows: b-actin, forward primer 50 -GTGGGCCGCTCTA GGCACCAA-30 , reverse
primer 50 -CTCTTTGATGTCACGCACG ATTTC-30 (generates a
540 bp PCR product); CHOP, forward primer 50 -GCACCTCCCAGAG CCCTCACTCTCC-30 , reverse primer 50 -GTCTACTCCAAGCCTTCCCCCTGCG-30 (generates a 422 bp PCR product);
superoxide dismutases (SOD), forward primer 50 -CATCATCAATTTCGAGCAG-30 , reverse primer 50 -CTTTCTTCATTTCCACCTTT-30
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Cellular reactive oxygen species assay
The cellular production of ROS was measured using confocal
microscopy and flow cytometry. Briefly, the cells were plated
into six-well cell culture plates and exposed to 20 mg/ml
a-TOS for 12 h in the presence or absence of NAC (Sigma)
antioxidant (20 mM ). The cells were subsequently washed
with PBS and incubated with 10 mM 20 ,70 -dichlorfluoresceindiacetate (Beyotime) for 15 min. And then, the cells were
washed twice with PBS and visualised using a confocal microscope (Nikon EZ-C1). Fluorescence intensity was measured by
flow cytometry (FACSCalibur, BD Biosciences).

Reduced glutathione assay
The intracellular reduced glutathione (GSH) were determined
using a GSH detection kit (Nanjing Jiancheng). Briefly, treated
and untreated cells were collected, lysed and then centrifuged
at 3000 g for 15 min. The supernatant fractions were incubated
according to the manufacturer’s instructions. The reaction kinetics was followed spectrophotometrically by monitoring the
increase in absorbance at 420 nm for 5 min. The results were
expressed in mM .

Statistical analysis
All data are presented as mean values and standard deviations
of at least three independent experiments. Statistical analysis
was performed by one-way ANOVA, with P, 0·05 considered
significant.

Results

a-Tocopheryl succinate induction of apoptosis in
SGC-7901 cells
SGC-7901 cells were treated with 20 mg/ml a-TOS for 24 h and
the apoptotic effect of a-TOS was investigated by DAPI staining using fluorescence microscopy. Compared with the control, 20 mg/ml a-TOS induced 41·1 % of SGC-7901 cells to
undergo apoptosis and resulted in morphological changes
with typical apoptotic characteristics, including cell shrinkage,
chromatin condensation, chromatin crescent formation/margination, DNA fragmentation and apoptotic body formation
(Fig. 1(a) and (b)).
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(generates a 354 bp PCR product); catalase (CAT), forward primer
50 -TGAAGATGCGGCGAGAC-30 , reverse primer 50 -CGAGCACGGTAGGGACA-30 (generates a 405 bp PCR product); glutathione
peroxidase (GPX), forward primer 50 -AGTCGGTGTATGCCTTCTCGG-30 , reverse primer 50 -GCACCGTTCACCTCGCACT-30
(generates a 319 bp PCR product). The amplification cycles
were 948C for 30 s, 568C for 30 s and 728C for 30 s. Amplified
PCR products were separated by electrophoresis on a
1·5 % agarose after thirty-six cycles and visualised with ethidium
bromide.
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Fig. 1. a-Tocopheryl succinate (a-TOS) induces apoptosis in human
stomach cancer cells. (a) SGC-7901 cells were treated with 20 mg/ml a-TOS
for 24 h. Apoptosis was examined by staining the cells with DNA dye 40 ,6-diamidine-20 -phenylin-dole dihydrochloride and visualised using a fluorescence
microscope. (b) The level of apoptosis was estimated by scoring apoptotic
cells as indicated in (a). Values are means from three independent experiments, with standard deviations represented by vertical bars. * Mean values
were significantly different compared with control (P# 0·05). (A colour version
of this figure can be found online at journals.cambridge.org/bjn)

Endoplasmic reticulum stress is associated with
a-tocopheryl succinate-induced apoptosis
To determine whether a-TOS-induced apoptosis is mediated by
ER stress in SGC-7901 cells, several ER-stress-associated molecules were examined using Western blot analysis. In these
experiments, the glycosylation inhibitor tunicamycin, a conventional inducer of ER stress, served as a positive control(23). First,
the expression of GRP78/Bip, which serves as a gatekeeper to
the activation of ER stress transducers, was assessed(24). Our
data showed that treatment of SGC-7901 cells with 20 mg/ml
a-TOS led to an increase in the protein levels of GRP78 in a
time-dependent manner (Fig. 2(a) and (b)). The ER-related
apoptotic proteins CHOP/growth arrest and DNA damage
induced gene-153 (GADD153), caspase-4 were also evaluated.
We found that a-TOS significantly increased the expression of
CHOP, and induced cleavage of caspase-4 in a dose- and
time-dependent manner (Fig. 2(a) and (b)).

The antioxidant N-acetyl-L -cysteine abrogates
a-tocopheryl succinate-induced endoplasmic
reticulum stress response in SGC-7901 cells
Our previous studies demonstrated that a-TOS induced a concentration-dependent generation of ROS in SGC-7901 cells(22).
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specific for CHOP for 36 h, and then the levels of ROS, GSH
and antioxidant enzyme genes were examined after 12 or
18 h of treatment with a-TOS. When the cells were transfected
with CHOP siRNA, the CHOP mRNA was down-regulated,
which was not observed in the negative control using a
non-silencing siRNA, indicating high efficacy of this approach
(Fig. 5(a)). We then found that down-regulation of CHOP significantly reversed a-TOS-induced decrease of GPX mRNA
expression; on the other hand, the alterations of CAT and
SOD mRNA expression were not reversed by CHOP downregulation (Fig. 5(a)). Knockdown of CHOP also decreased
ROS generation and increased GSH level in a-TOS-treated
cells (Fig. 5(b) and (c)). These results suggest that CHOP
has an important role in a-TOS-induced oxidative stress in
SGC-7901 cells.
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Fig. 2. The main endoplasmic reticulum-stress-associated molecules are
involved in a-tocopheryl succinate (a-TOS)-induced apoptosis in SGC-7901
cells. (a) SGC-7901 cells were treated with a-TOS at 20 mg/ml for 6, 12, 18
and 24 h. Cell lysates were subjected to Western blotting using anti-C/EBP
homologous protein transcription factor (CHOP), anti-glucose-regulated protein 78 (GRP78) and anti-caspase-4 (Casp-4) IgG. (b) Cells were treated
with 5, 10, 20 mg/ml a-TOS and 3 mg/ml tunicamycin (TM) for 24 h and subjected to immunoblotting. b-Actin and TM were used as a loading control and
positive control, respectively. The data are representative of at least three
independent experiments.

To assess whether a-TOS induced ER stress via ROS
generation, we tested the effects of NAC on the expressions
of the ER stress markers GRP78 and CHOP. Cells were pretreated with 20 mM -NAC for 2 h and subsequently treated
with 20 mg/ml a-TOS for an additional 12 h; thereafter, ROS
generation was measured using confocal microscopy and
flow cytometry. As shown in Fig. 3(a) and (b), pretreatment
with NAC drastically decreased a-TOS-induced ROS production in SGC-7901 cells. Cells were pretreated with 20 mM NAC for 2 h and then treated with 20 mg/ml a-TOS for 15
and 24 h; GRP78 and CHOP were determined by RT-PCR
and Western blot. As shown in Fig. 4(a) and (b), NAC significantly inhibited the induction of GRP78 and CHOP mRNA and
protein expression. These results indicate that ER stress
response is an event downstream of the oxidative stress
induced by a-TOS in SGC-7901 cells.

C/EBP homologous protein transcription factor small
interfering RNA transfection reduces a-tocopheryl
succinate-induced oxidative stress in SGC-7901 cells
To determine whether CHOP perturbs the cellular redox state,
SGC-7901 cells were first transiently transfected with siRNA

a-TOS has spurred much recent interest, which can selectively
induce apoptosis(16 – 18). Apoptosis induction is arguably the
most potent defence against cancer(1). Recently, the role of
redox mechanisms in apoptotic signalling and control attracts
great attention, as it is well known that ROS plays a central
role in cell signalling. It has been demonstrated that ROS
can induce death receptor and mitochondrial apoptotic
signalling(25). ER stress has just been identified as a third apoptotic pathway(26 – 28). However, the relationship of oxidative
stress with ER stress is still controversial, which is perhaps as
a result of the differences in cell types, treatments and treatment conditions. The present results demonstrated that: (1)
after exposure to a-TOS, the main ER-stress-associated molecules – GRP78, CHOP and caspase-4 – were found to be
induced and activated, suggesting that ER stress was involved
in a-TOS-induced apoptosis of SGC-7901 cells. (2) The antioxidant, NAC, significantly inhibited the induction of GRP78 and
CHOP by a-TOS, which indicated that a-TOS induced ER
stress response through ROS production in SGC-7901 cells.
(3) CHOP down-regulation reversed the alteration of ROS,
GSH and GPX levels induced by a-TOS; thus CHOP perturbed
the redox state of SGC-7901 cells treated with a-TOS.
ER stress results from the alteration of ER homeostasis
brought about by various pathological conditions and treatments with a variety of agents(29). There are three distinct signalling pathways that are triggered in response to ER stress,
mediated by RNA-dependent protein kinase-like ER kinase
(PERK), activating transcription factor 6 (ATF6) and inositolrequiring enzyme 1(30,31). Under non-stress conditions,
GRP78 binds to the three components and renders them inactive. During ER stress, GRP78 preferentially associates with the
unfolded proteins instead of PERK, ATF6 and inositol-requiring enzyme 1, leading to activation of their downstream signalling(32). A number of molecules, including CHOP,
caspase-12 and c-Jun N-terminal kinase, are involved in ER
stress-induced cell death(33 – 35). However, the human caspase-12 gene contains several mutations in the recent adaptation process of humans, which makes it enzymatically
inactive. But, it has recently been shown that caspase-4 performs the function of caspase-12 and plays an important role
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Fig. 3. N-acetyl-L -cysteine (NAC) significantly decreased a-tocopheryl succinate (a-TOS)-induced reactive oxygen species production in SGC-7901 cells. (a) SGC7901 cells were pretreated or not with the antioxidant NAC (20 mM ) for 2 h, and then with 20 mg/ml a-TOS for 12 h. The cells were incubated with the fluorescent
probe 20 ,70 -dichlorfluorescein-diacetate (DCFH-DA) and visualised by a confocal microscope. (b) Cells were pretreated or not with the antioxidant NAC at 20 mM
for 2 h, and then with 20 mg/ml a-TOS for 12 h. The cells were harvested and incubated with DCFH-DA, and the fluorescence was measured by flow cytometry.
Values are means of three separate experiments, with standard deviations represented by vertical bars. * Mean values were significantly different compared with
control (P# 0·05). † Mean values were significantly different compared with a-TOS-treated cells (P# 0·05). (A colour version of this figure can be found online at
journals.cambridge.org/bjn)

in ER-stress-induced apoptosis in humans(36,37). In this study,
our results showed that a-TOS enhanced the cleavage of caspase-4 and induction of CHOP, GRP78 in a time-dependent
manner. Furthermore, in our previous studies, we demonstrated that PERK/activating transcription factor 4 (ATF4),
ATF6 and inositol-requiring enzyme 1/X-box binding protein
1 pathways were activated by a-TOS treatment, and phosphorylation of c-Jun N-terminal kinase were responsible for
the induction of apoptosis in SGC-7901 cells(21). Taken
together, our data have confirmed that a-TOS-induced apoptosis of human gastric cancer cells was coupled to ER stress
and unfolded protein response.
Oxidative stress, a cytopathic consequence of excessive
ROS production and the inhibition of ROS scavenging by antioxidant defence system, is known to induce apoptosis(38,39).
This antioxidative system includes antioxidant enzymes such
as SOD, CAT, GPX and low-molecular antioxidants such as
GSH(40,41). Our previous studies showed that production of
ROS and depletion of GSH were induced in a dose-dependent
manner in a-TOS-treated cells(22). And the enzyme activities of
GPX, SOD and CAT were significantly decreased by a-TOS
( Jia, unpublished results). Mitochondrial complex II, an
important driver of ROS production, has been identified as a
molecular target for a-TOS in vitro and in vivo (20,42). Therefore, oxidative stress has the potential to induce apoptosis in
SGC-7901 cells exposed to a-TOS. In the present investigation,
we disclosed that the induction of GRP78 and CHOP mRNA
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Fig. 4. The antioxidant N-acetyl-L -cysteine (NAC) reverts a-tocopheryl succinate (a-TOS)-induced endoplasmic reticulum stress response. (a) SGC-7901
cells were pretreated or not with 20 mM -NAC for 2 h, and then treated with
20 mg/ml a-TOS for 24 h. Immunoblotting was used to analyse glucose-regulated protein 78 (GRP78) and C/EBP homologous protein transcription factor
(CHOP) protein expression in the cell lysate. (b) SGC-7901 cells were pretreated or not with 20 mM -NAC for 2 h, and then treated with 20 mg/ml a-TOS
for 15 h. GRP78 and CHOP mRNA were detected by RT-PCR. b-Actin was
used as a loading control. The data are representative of at least three independent experiments.
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Fig. 5. C/EBP homologous protein transcription factor (CHOP) perturbs the redox state in a-tocopheryl succinate (a-TOS)-treated SGC-7901 cells. (a) Following
36 h transfection with CHOP small interfering RNA (siRNA) or non-silencing (NS) siRNA and exposure of the cells to 20 mg/ml a-TOS for 18 h, the expressions of
CHOP, glutathione peroxidase (GPX), catalase (CAT) and superoxide dismutases (SOD) were examined using RT-PCR. (b) Glutathione (GSH) contents were
measured in the cells treated as described in (a). Values are means of three independent experiments, with standard deviations represented by vertical bars.
* Mean values were significantly different compared with control (P# 0·05). † Mean values were significantly different compared with a-TOS-treated cells
(P# 0·05). (c) NS and CHOP siRNA- transfected cells were treated with 20 mg/ml a-TOS for 12 h, and reactive oxygen species generations were examined by
staining the cells with 20 ,70 -dichlorfluorescein-diacetate and visualised using a confocal microscope. (A colour version of this figure can be found online at journals.
cambridge.org/bjn)

and proteins were inhibited in the presence of NAC, indicating
that a-TOS induced ER stress in a ROS-dependent manner in
SGC-7901 cells. Consistent with the present results, some
research also reported that ROS generation may be an early
event that triggers ER stress. Kadara et al.(43) have showed
that enhanced ROS formation in human head and neck
cancer cells treated with N-(4-hydroxyphenyl)retinamide
induces ER stress response. The antioxidants such as ascorbic
acid or NAC blocked bovine serum albumin-induced increases
in GRP78 activation and eukaryotic initiation factor 2 (eIF2a)
phosphorylation in renal proximal tubule cells(44). TNFainduced-activation of unfolded protein response was inhibited

by the antioxidant, butylated hydroxyanisole in L929 cells(45).
In contrast, high ambient dextrose concentration induces ER
stress in human umbilical endothelial cells, and cannot be
reversed by treatment with the antioxidants, ascorbic acid
and a-tocopherol(14). Mooradian & Haas have also reported
that ER stress in endothelial cells can be uncoupled from oxidative stress(13). Currently, the mechanisms underlying ROSinduced ER stress remain elusive. One possibility is that ROS
might cause ER stress through inhibition of Ca2þ-ATPase, leading to disturbances in Ca homeostasis(15). Our previous data
showed that exposure to a-TOS resulted in an increase in the
cytosolic Ca2þ concentration in a dose-dependent manner(21).
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CHOP is a transcription factor involved in ER-stressinduced apoptosis through various mechanisms such as
down-regulation of B-cell lymphoma 2 (Bcl-2)(4). Brains
from Bcl-2-deficient mice had a higher content of oxidised
proteins and higher activities of the antioxidant enzymes(46).
It has been reported that the PERK-eIF2a-ATF4 pathway, the
main inducer of CHOP transcription, has a special role in protecting cells against oxidative stress(47). Namba et al.(48) have
showed that an increase in ROS production was suppressed
in CHOP-null mice. These reports indicate that CHOP probably plays a certain role in the regulation of oxidative stress.
We report here that a decrease of ROS formation and increase
of GSH level were observed in a-TOS-exposed cells with
down-regulated CHOP using the RNA interference technology. Data presented here also show that the decrease of
GPX mRNA expression by a-TOS, but not the decrease of
SOD and CAT, was selectively counteracted by the knockdown of CHOP. All these data provide strong evidence for
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the first time that CHOP may perturb the cellular redox state
via regulating ROS production, GSH level and GPX expression
in a-TOS-treated SGC-7901 cells. An interesting question
raised here is how CHOP leads to redox imbalance. The possible explanation is that CHOP down-regulates Bcl-2 in a-TOSexposed cells. Bcl-2 over-expressing has been shown to
increase the levels of antioxidant enzymes and GSH, whereas
the effects of Bcl-2 on the expression or activity of antioxidant
enzymes are cell type-specific and context-dependent(49 – 51).
In the present study, only the antioxidant enzyme GPX is
regulated by CHOP in SGC-7901 cells.
Taken together, we conclude that ER stress response and
oxidative stress are all involved in a-TOS-induced apoptosis
in human gastric cancer cells, and that there is a crosstalk
between the two pathways, as depicted in Fig. 6. However,
the detailed molecular mechanisms that couple these processes are still unclear. Further investigation will be required
to elucidate how and what kinds of ROS induce ER stress.
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Fig. 6. A scheme of proposed mechanisms of a-tocopheryl succinate (a-TOS)-induced apoptosis in the SGC-7901 cells depicting the interplay between oxidative
stress and endoplasmic reticulum (ER) stress responses. a-TOS induced reactive oxygen species (ROS) production, and decreased glutathione (GSH) level
and the enzyme activities of glutathione peroxidase (GPX), superoxide dismutases (SOD) and catalase (CAT), leading to oxidative stress in SGC-7901 cells.
And ROS generation was an early event that triggered ER stress, activating branches of unfolded protein response (UPR), including RNA-dependent protein
kinase-like ER kinase (PERK)/activating transcription factor 4 (ATF4), activating transcription factor 6 (ATF6), and inositol-requiring enzyme 1 (IRE1)/X-box binding protein 1 (XBP1) pathways. The apoptotic molecules, C/EBP homologous protein transcription factor (CHOP), caspase-4 and c-Jun N-terminal kinase (JNK),
were involved in a-TOS-induced apoptosis, while CHOP perturbs the cellular redox state via regulating ROS production, GSH level and GPX expression in
a-TOS-treated SGC-7901 cells. NAC, N-acetyl-L -cysteine; siCHOP, small interfering CHOP. (A colour version of this figure can be found online at journals.
cambridge.org/bjn)

Downloaded from https://www.cambridge.org/core. IP address: 3.214.184.196, on 14 Oct 2019 at 06:36:24, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0007114512001882

Endoplasmic reticulum stress and oxidative stress

X. Huang et al.

Acknowledgements
The authors’ contributions to the present study were as
follows: K. W. conceived and designed the experiments. X. H.
and Z. Z. performed the experiments. X. Z. and L. Z. analysed
the data. L. L., X. W. and L. H. contributed reagents, materials
and analysis tools. X. H. wrote the paper. This work was supported in part by grants from the National Natural Science Foundation of China (no. 81172651) to K. W. There is no potential
conflict of interest related to this study.

References
1.

2.

British Journal of Nutrition

3.
4.
5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

Sun SY, Hail N Jr & Lotan R (2004) Apoptosis as a novel
target for cancer chemoprevention. J Natl Cancer Inst 96,
662–672.
Ghobrial IM, Witzig TE & Adjei AA (2005) Targeting
apoptosis pathways in cancer therapy. CA Cancer J Clin
55, 178– 194.
Lee AS (2007) GRP78 induction in cancer: therapeutic and
prognostic implications. Cancer Res 67, 3496 –3499.
Oyadomari S & Mori M (2004) Roles of CHOP/GADD153 in
endoplasmic reticulum stress. Cell Death Differ 11, 381– 389.
Boyce M & Yuan J (2006) Cellular response to endoplasmic
reticulum stress: a matter of life or death. Cell Death Differ
13, 363– 373.
Badiola N, Penas C, Minano-Molina A, et al. (2011) Induction
of ER stress in response to oxygen-glucose deprivation of
cortical cultures involves the activation of the PERK and
IRE-1 pathways and of caspase-12. Cell Death Dis 2, e149.
Billia F, Hauck L, Konecny F, et al. (2011) PTEN-inducible
kinase 1 (PINK1)/Park6 is indispensable for normal heart
function. Proc Natl Acad Sci U S A 108, 9572 –9577.
Takano K, Kitao Y, Tabata Y, et al. (2007) A dibenzoylmethane derivative protects dopaminergic neurons against
both oxidative stress and endoplasmic reticulum stress.
Am J Physiol Cell Physiol 293, C1884–C1894.
Tu BP & Weissman JS (2004) Oxidative protein folding in
eukaryotes: mechanisms and consequences. J Cell Biol
164, 341– 346.
Lampiasi N, Azzolina A, D’Alessandro N, et al. (2009) Antitumor effects of dehydroxymethylepoxyquinomicin, a novel
nuclear factor-kappaB inhibitor, in human liver cancer cells
are mediated through a reactive oxygen species-dependent
mechanism. Mol Pharmacol 76, 290 –300.
Guan L, Han B, Li Z, et al. (2009) Sodium selenite induces
apoptosis by ROS-mediated endoplasmic reticulum stress
and mitochondrial dysfunction in human acute promyelocytic leukemia NB4 cells. Apoptosis 14, 218 – 225.
Younce CW & Kolattukudy PE (2010) MCP-1 causes cardiomyoblast death via autophagy resulting from ER stress
caused by oxidative stress generated by inducing a novel
zinc-finger protein, MCPIP. Biochem J 426, 43– 53.
Mooradian AD & Haas MJ (2011) Glucose-induced endoplasmic reticulum stress is independent of oxidative stress: a
mechanistic explanation for the failure of antioxidant
therapy in diabetes. Free Radic Biol Med 50, 1140– 1143.
Sheikh-Ali M, Sultan S, Alamir AR, et al. (2010) Effects of antioxidants on glucose-induced oxidative stress and endoplasmic reticulum stress in endothelial cells. Diabetes Res Clin
Pract 87, 161– 166.
Yokouchi M, Hiramatsu N, Hayakawa K, et al. (2008) Involvement of selective reactive oxygen species upstream of
proapoptotic branches of unfolded protein response. J Biol
Chem 283, 4252 –4260.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

Neuzil J, Tomasetti M, Zhao Y, et al. (2007) Vitamin E analogs, a novel group of “mitocans,” as anticancer agents: the
importance of being redox-silent. Mol Pharmacol 71,
1185 –1199.
Tomasetti M, Gellert N, Procopio A, et al. (2004) A vitamin E
analogue suppresses malignant mesothelioma in a preclinical model: a future drug against a fatal neoplastic disease?
Int J Cancer 109, 641– 642.
Zhang Y, Ni J, Messing EM, et al. (2002) Vitamin E succinate
inhibits the function of androgen receptor and the
expression of prostate-specific antigen in prostate cancer
cells. Proc Natl Acad Sci U S A 99, 7408– 7413.
Neuzil J, Weber T, Schroder A, et al. (2001) Induction of
cancer cell apoptosis by alpha-tocopheryl succinate: molecular pathways and structural requirements. FASEB J 15,
403– 415.
Dong LF, Freeman R, Liu J, et al. (2009) Suppression of
tumor growth in vivo by the mitocan alpha-tocopheryl succinate requires respiratory complex II. Clin Cancer Res 15,
1593 –1600.
Huang X, Zhang Z, Jia L, et al. (2010) Endoplasmic reticulum
stress contributes to vitamin E succinate-induced apoptosis
in human gastric cancer SGC-7901 cells. Cancer Lett 296,
123– 131.
Jia L, Huang XL, Zhao Y, et al. (2010) Vitamin E succinate
(VES) inhibits cell growth and induces apoptosis by mitochondrial-derived ROS in SGC-7901 cells. Med Sci Monit
16, BR131 – BR139.
Patil C & Walter P (2001) Intracellular signaling from the
endoplasmic reticulum to the nucleus: the unfolded protein
response in yeast and mammals. Curr Opin Cell Biol 13,
349– 355.
Wu Y, Zhang H, Dong Y, et al. (2005) Endoplasmic reticulum
stress signal mediators are targets of selenium action. Cancer
Res 65, 9073 –9079.
Circu ML & Aw TY (2010) Reactive oxygen species, cellular
redox systems, and apoptosis. Free Radic Biol Med 48,
749– 762.
Tabas I & Ron D (2011) Integrating the mechanisms of apoptosis induced by endoplasmic reticulum stress. Nat Cell Biol
13, 184– 190.
Zhu GY, Li YW, Tse AK, et al. (2011) 20(S)-Protopanaxadiol,
a metabolite of ginsenosides, induced cell apoptosis through
endoplasmic reticulum stress in human hepatocarcinoma
HepG2 cells. Eur J Pharmacol 668, 88– 98.
Selimovic D, Ahmad M, El-Khattouti A, et al. (2011) Apoptosis related protein-2 triggers melanoma cell death by a mechanism including both endoplasmic reticulum stress and
mitochondrial dysregulation. Carcinogenesis 32, 1268– 1278.
Schroder M & Kaufman RJ (2005) The mammalian unfolded
protein response. Annu Rev Biochem 74, 739–789.
Haynes CM & Ron D (2010) The mitochondrial UPR – protecting organelle protein homeostasis. J Cell Sci 123,
3849 –3855.
Rutkowski DT & Hegde RS (2010) Regulation of basal cellular physiology by the homeostatic unfolded protein
response. J Cell Biol 189, 783– 794.
Lai E, Teodoro T & Volchuk A (2007) Endoplasmic reticulum
stress: signaling the unfolded protein response. Physiology
(Bethesda) 22, 193–201.
Xu C, Bailly-Maitre B & Reed JC (2005) Endoplasmic reticulum stress: cell life and death decisions. J Clin Invest 115,
2656 –2664.
Kim R, Emi M, Tanabe K, et al. (2006) Role of the unfolded
protein response in cell death. Apoptosis 11, 5 –13.

Downloaded from https://www.cambridge.org/core. IP address: 3.214.184.196, on 14 Oct 2019 at 06:36:24, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0007114512001882

734

35.

36.

37.

38.

39.

40.

British Journal of Nutrition

41.

42.

43.

Chiang CK, Hsu SP, Wu CT, et al. (2011) Endoplasmic reticulum stress implicated in the development of renal fibrosis.
Mol Med 17, 1295 –1305.
Pelletier N, Casamayor-Palleja M, De Luca K, et al. (2006)
The endoplasmic reticulum is a key component of the
plasma cell death pathway. J Immunol 176, 1340– 1347.
Hitomi J, Katayama T, Eguchi Y, et al. (2004) Involvement of
caspase-4 in endoplasmic reticulum stress-induced apoptosis
and Abeta-induced cell death. J Cell Biol 165, 347 – 356.
Oka S & Nakabeppu Y (2011) DNA glycosylase encoded by
MUTYH functions as a molecular switch for programmed
cell death under oxidative stress to suppress tumorigenesis.
Cancer Sci 102, 677 – 682.
Acharya A, Das I, Chandhok D, et al. (2010) Redox regulation in cancer: a double-edged sword with therapeutic
potential. Oxid Med Cell Longev 3, 23– 34.
Bouayed J & Bohn T (2010) Exogenous antioxidants –
double-edged swords in cellular redox state: health beneficial effects at physiologic doses versus deleterious effects
at high doses. Oxid Med Cell Longev 3, 228 –237.
Zhang CL, Zeng T, Zhao XL, et al. (2012) Protective effects of
garlic oil on hepatocarcinoma induced by N-nitrosodiethylamine in rats. Int J Biol Sci 8, 363 – 374.
Dong LF, Low P, Dyason JC, et al. (2008) Alpha-tocopheryl
succinate induces apoptosis by targeting ubiquinone-binding sites in mitochondrial respiratory complex II. Oncogene
27, 4324 –4335.
Kadara H, Lacroix L, Lotan D, et al. (2007) Induction of
endoplasmic reticulum stress by the pro-apoptotic retinoid
N-(4-hydroxyphenyl)retinamide via a reactive oxygen

44.

45.

46.

47.

48.

49.

50.

51.

735

species-dependent mechanism in human head and neck
cancer cells. Cancer Biol Ther 6, 705–711.
Lee YJ, Suh HN & Han HJ (2009) Effect of BSA-induced ER
stress on SGLT protein expression levels and alpha-MG
uptake in renal proximal tubule cells. Am J Physiol Renal
Physiol 296, F1405 – F1416.
Xue X, Piao JH, Nakajima A, et al. (2005) Tumor necrosis
factor alpha (TNFalpha) induces the unfolded protein
response (UPR) in a reactive oxygen species (ROS)-dependent fashion, and the UPR counteracts ROS accumulation
by TNFalpha. J Biol Chem 280, 33917– 33925.
Hochman A, Sternin H, Gorodin S, et al. (1998) Enhanced
oxidative stress and altered antioxidants in brains of Bcl-2deficient mice. J Neurochem 71, 741– 748.
Harding HP, Zhang Y, Zeng H, et al. (2003) An integrated
stress response regulates amino acid metabolism and resistance to oxidative stress. Mol Cell 11, 619–633.
Namba T, Tanaka K, Ito Y, et al. (2009) Positive role of
CCAAT/enhancer-binding protein homologous protein, a
transcription factor involved in the endoplasmic reticulum
stress response in the development of colitis. Am J Pathol
174, 1786 – 1798.
Jang JH & Surh YJ (2003) Potentiation of cellular antioxidant
capacity by Bcl-2: implications for its antiapoptotic function.
Biochem Pharmacol 66, 1371 – 1379.
McCullough KD, Martindale JL, Klotz LO, et al. (2001)
Gadd153 sensitizes cells to endoplasmic reticulum stress by
down-regulating Bcl2 and perturbing the cellular redox
state. Mol Cell Biol 21, 1249– 1259.
Franco R & Cidlowski JA (2009) Apoptosis and glutathione:
beyond an antioxidant. Cell Death Differ 16, 1303 –1314.

Downloaded from https://www.cambridge.org/core. IP address: 3.214.184.196, on 14 Oct 2019 at 06:36:24, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0007114512001882

Endoplasmic reticulum stress and oxidative stress

