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PUMA mediates ER stress-induced apoptosis in portal
hypertensive gastropathy

S Tan1,3, X Wei1,3, M Song2, J Tao1, Y Yang1, S Khatoon1, H Liu1, J Jiang1 and B Wu*,1

Mucosal apoptosis has been demonstrated to be an essential pathological feature in portal hypertensive gastropathy (PHG).
p53-upregulated modulator of apoptosis (PUMA) was identified as a BH3-only Bcl-2 family protein that has an essential role in
apoptosis induced by a variety of stimuli, including endoplasmic reticulum (ER) stress. However, whether PUMA is involved in
mucosal apoptosis in PHG remains unclear, and whether PUMA induces PHG by mediating ER stress remains unknown. The aim
of the study is to investigate whether PUMA is involved in PHG by mediating ER stress apoptotic signaling. To identify whether
PUMA is involved in PHG by mediating ER stress, gastric mucosal injury and apoptosis were studied in both PHG patients and
PHG animal models using PUMA knockout (PUMA-KO) and PUMA wild-type (PUMA-WT) mice. The induction of PUMA expression
and ER stress signaling were investigated, and the mechanisms of PUMA-mediated apoptosis were analyzed. GES-1 and
SGC7901 cell lines were used to further identify whether PUMA-mediated apoptosis was induced by ER stress in vitro. Epithelial
apoptosis and PUMA were markedly induced in the gastric mucosa of PHG patients and mouse PHG models. ER stress had a
potent role in the induction of PUMA and apoptosis in PHG models, and the apoptosis was obviously attenuated in PUMA-KO
mice. Although the targeted deletion of PUMA did not affect ER stress, mitochondrial apoptotic signaling was downregulated in
mice. Meanwhile, PUMA knockdown significantly ameliorated ER stress-induced mitochondria-dependent apoptosis in vitro.
These results indicate that PUMA mediates ER stress-induced mucosal epithelial apoptosis through the mitochondrial apoptotic
pathway in PHG, and that PUMA is a potentially therapeutic target for PHG.
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Portal hypertensive gastropathy (PHG) occurs as a serious
complication of liver cirrhosis and is a potential cause of
gastric hemorrhage in patients afflicted with cirrhosis.1–3

Numerous studies have determined that in PHG, the gastric
mucosa has an increased susceptibility to injury caused by
alcohol, non-steroidal anti-inflammatory drugs (NSAIDs) and
other noxious factors.4,5 Furthermore, the alterations in critical
factors accompanying portal hypertension (PHT) such as
prostaglandins, tumor necrosis factor-a (TNF-a), nitric oxide
(NO), Endothelin-1 and transforming growth factor-a (TGF-a)
have also been described to participate in the formation of
PHG.6–8 However, the pathogenesis of this disorder has not
been fully explored.
Our previous data demonstrated that gastric mucosal

apoptosis was involved in PHG, and many other studies also
showed that cell death has a pivotal role in the development of
PHG.7,8 Apoptosis has been implicated in tissue damage
under a number of pathological conditions.9,10 The Bcl-2

family proteins include evolutionarily conserved key
modulators that mediate apoptosis through the mitochondrial
pathway. p53-upregulated modulator of apoptosis (PUMA),
a BH3-only Bcl-2 family protein, is one of the most potent
mediators of p53-dependent and p53-independent apoptosis
induced by various stimuli.11,12 PUMA transduces death
signals primarily to the mitochondrial membrane, where
it spurs the translocation of Bax and Bak, the release of
cytochrome c then leads to caspase activation, and ultimately
the cells die.13 PUMA knockout (PUMA-KO) in human colon
cancer cells or in mice leads to marked attenuation of
mitochondrial apoptosis induced by multiple stimuli such as
DNA damage, gamma irradiation, kinase inhibition, oncogene
activation and endoplasmic reticulum (ER) stress.14

The mitochondrial apoptotic pathways have also been
widely shown to be linked to ER stress in recent studies.15,16

ER stress, also known as the unfolded protein response
(UPR), is a phenomenon that occurs when excessive protein
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misfolding accumulates during biosynthesis. The key compo-
nent of the UPR, glucose regulated protein 78 (GRP78),
dissociates from three types of ER stress initiators to lead to
their activation due to viral infections, ischemia/reperfusion,
hypoxia and other factors.17,18 These initiators include inositol
requiring-1a (IRE-1a), protein kinase RNA-like endoplasmic
reticulum kinase (PERK) and activating transcription factor-6a
(ATF-6a), which promote correct folding and eliminate faulty
protein. IRE-1a has kinase and endoribonuclease (RNase)
activities, whose autophosphorylation activates RNase
activity to splice X-box binding protein 1 (sXBP1) mRNA,
which produces the active transcription factor sXBP1. PERK
phosphorylates eukaryotic initiation factor 2 alpha (eIF2a),
resulting in arrested protein translation. This arrest reduces
the load entering the ER and concurrently selectively
increases the translation of several mRNAs, which promotes
the restoration of ER homeostasis. ATF-6a transits to the
Golgi compartment where it is cleaved by intra-membrane
proteolysis to generate a soluble active transcription factor to
affect protein folding and degradation. Endoplasmic reticulum
protein 72 (ERp72), a member of the protein disulfide
isomerase family, like GRP78, is also one of the ER
chaperones and is the hallmark of UPR activation. Prolonged
or severe ER stress impairs the protective mechanisms and
ultimately activates caspase-12 or caspase-4 to mediate
apoptosis.19–21

Mitochondrial apoptosis, as a classical death-signaling
pathway, has an important role in ER stress-induced cell
death. In addition, a significant fraction of endogenous Bcl-2
family proteins including Bax, Bak and PUMA have been
shown to be associated with ER stress-induced mitochondrial
apoptosis.21 Although the function of PUMA in ER
stress-mediated apoptosis has been extensively illustrated
in different tissues, whether PUMA is involved in mucosal
apoptosis in PHG remains still poorly understood, and
whether PUMA induces PHG by mediating ER stress remains
unclear.
In this study, we used a partial portal vein ligation

(PVL)-induced PHG mouse model, a carbon tetrachloride
(CCl4)-induced PHG mouse model and patient samples to
study the role of PUMA-mediated apoptosis in PHG.We found
that PUMA was induced by ER stress in PHG patients and
mice PHGmodels. Targeted deletion of PUMA attenuated ER
stress-induced gastric injury and mucosal epithelial apoptosis
in PHG. These data suggest that PUMA has a pivotal role in
PHG and mediates ER stress-induced mucosal epithelial
apoptosis through the mitochondrial apoptotic pathway in
PHG. The results indicate that PUMA is a potentially
therapeutic target for PHG.

Results

PUMA was involved in PHG in humans. To study the role
of PUMA in PHG patients and its associated gastric
apoptosis, gastric mucosal specimens were analyzed in
PHG patients without Helicobacter pylori infection and
healthy volunteers. Histopathological analysis showed a loss
of preserved architecture, edema and vasodilatation with
inflammation cell infiltration in PHG mucosal samples

compared with normal mucosa (Figure 1a). PUMA immuno-
histochemistry (IHC) staining showed that PUMA expression
was markedly increased in PHG mucosal tissues compared
with normal mucosa (Figure 1b). Although plentiful inflam-
matory cell infiltration was observed in mucosal tissues
of PHG, only the gastric mucosal epithelium showed a
significant expression of PUMA. Real-time PCR data showed
that increased PUMA expression was observed in the gastric
mucosa of PHG and that PUMAmRNA expression increased
6-fold in the gastric mucosa of PHG patients compared with
normal mucosa (Figures 1c and d). Furthermore, western
blotting analysis showed that the expression of PUMA in
PHG was significantly upregulated in the gastric mucosa
compared with the normal tissues (Figures 1e and f). On the
basis of these results, we conclude that PHG induces a
significant gastric mucosal damage and PUMA expression
and that PUMA is involved in PHG.

PHT induced gastric mucosal PUMA expression and
PHG in PVL mice. We found that PUMA expression
showed a significant upregulation in the mucosal tissue of
PHG. However, it remained unknown whether PUMA
expression was induced by PHT in animals. We established
a portal hypertensive mouse model by PVL. After PVL for 2
weeks, the spleens in PVL mice showed significant
megalosplenia and splenemia compared with sham-operated
(SO) mice (Figure 2a). Histological analysis revealed little
damage or inflammation in the gastric mucosa of SO mice
but obvious inflammatory cell infiltration and destruction
of the normal architecture with edema and vasodilatation
were observed in the gastric mucosa of PVL mice
(Figure 2b). To determine whether PUMA is involved in
gastric mucosal injury in PVL mice, the gastric mucosal
tissues from PHG and SO mice were examined. Immuno-
fluorescence (IF) staining revealed that the gastric mucosal
PUMA expression was remarkably higher in PVL mice
compared with SO mice (Figure 2b). Real-time PCR revealed
that the gastric mucosal PUMA mRNA level increased 5-fold
in PVL mice compared with SO mice (Figures 2c and d).
Consistent with the above findings, the mucosal PUMA
protein level also showed a significant increase in PVL mice
compared with SO mice (Figures 2e and f). These results
indicate that PHT induced gastric mucosal PUMA
expression.

PHT enhanced gastric mucosal PUMA expression in
CCl4-treated mice. Considering that PHG is a serious
complication of liver cirrhosis following the classical
PVL model, we then analyzed another independent PHG
mouse model induced by cirrhosis to verify the role of PUMA
in the pathogenetic mechanism of PHG. After intraperitoneal
injection of 20% CCl4 for 12 weeks in mice accompanied with
little ascites, a large number of nodules were observed on the
surface of the liver. Histopathological analysis showed that
compared with vehicle-treated mice, the regular hepatic
lobules in CCl4-treated mice disappeared and connective
tissue hyperplasia formed pseudolobules in varying degrees
of inflammatory cell infiltration (Figure 3a). These pathologi-
cal alterations showed that liver cirrhosis has been induced in
CCl4-treated mice. Similar to PHG mice from PVL-induced
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model, liver cirrhosis-induced PHT also caused gastric
mucosal damage with an inflammatory response. PUMA
expression of the gastric mucosal tissues was significantly
higher in CCl4-treated mice compared with vehicle-treated
mice (Figure 3b). Real-time PCR showed that the gastric
mucosal PUMA mRNA expression was significantly
increased (Figures 3c and d), and the mucosal PUMA
protein level was also markedly upregulated in CCl4-treated
mice compared with vehicle-treated mice (Figures 3e and f).
These results further indicate that similar to the samples
from PHG patients and PVL mouse model, PUMA is
substantially required in PHT-induced gastric injury to lead
to the development of PHG in the CCl4-treated liver cirrhosis
model.

PUMA-mediated epithelial apoptosis contributed to
PHG. To investigate the effect of PUMA on PHG, we next
analyzed whether PUMA-mediated mucosal apoptosis
contributes to PHG. The terminal deoxynucleotidyl transfer-
ase-mediated deoxyuridine triphosphate nick end labeling
(TUNEL) assay showed that evident gastric mucosal
apoptosis was found in PHG patients, and double staining
of TUNEL and PUMA indicated that PUMA is involved in
mucosal apoptosis in PHG (Figure 4a). Furthermore, we
labeled gastric mucosal epithelial cells with cytokeratin
staining which is a marker of epithelial cells, double staining
of TUNEL and cytokeratin demonstrated that the apoptotic
cells were mucosal epithelium in PHG (Figure 4a). In PVL
mice, gastric mucosal epithelial apoptosis was significantly

Figure 1 PUMAwas involved in PHG in humans. (a) H&E staining of uninvolved normal gastric mucosal tissues and gastropathic mucosal tissues from three PHG patients
(� 200). (b) PUMA immunohistochemistry (IHC) staining (brown) of uninvolved normal gastric mucosal tissues and gastropathic mucosal tissues from three PHG patients
(� 200). (c) PUMA mRNA expression in the gastric mucosa was evaluated by real-time PCR in three pairs of different specimens. U: uninvolved normal gastric mucosa,
P: PHG mucosa. (d) Real-time PCR showed a relative PUMAmRNA fold change in uninvolved normal gastric mucosa and PHG gastric mucosa. The values are expressed as
the means±S.D. (n¼ 3 in each group) for real-time PCR. (e) PUMA protein expression in the gastric mucosa was determined by western blotting in three pairs of different
specimens. b-Actin was used as the loading control. U: uninvolved normal gastric mucosa, P: PHGmucosa. (f) The ratio of densitometry units of PUMA/b-actin is represented.
The values are expressed as the means±S.D. (n¼ 3 in each group) for western blotting
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increased, and PUMA expression was also markedly
upregulated compared with SO mice (Figure 4b). Further,
marked gastric mucosal epithelial apoptosis and higher
PUMA expression were synchronously observed in CCl4-
treated mice but not in vehicle-treated mice (Figure 4c).
These data suggest that PUMA is involved in gastric mucosal
epithelial apoptosis in PHG.

Targeted deletion of PUMA attenuated PHG by inhibiting
epithelial apoptosis. To confirm PUMA-mediated gastric
mucosal epithelial apoptosis in PHG, we analyzed the
effect of PUMA using PUMA-KO mice in a PVL model.
The genotyping of mice was determined by PCR (Figure 5a).
After PVL for 2 weeks, the spleens in PVL mice showed
significant megalosplenia and splenemia compared with SO
mice; however, no significant difference between PUMA-WT
and PUMA-KO mice was observed (Figure 5a). Pathological
analysis showed that in PVL mice, marked gastric mucosal
damage with mucosal erosion and edema was observed

compared with SO mice; however, the damage was
significantly attenuated in the PUMA-KO mice (Figure 5b).
These results demonstrated that the targeted deletion of
PUMA relieved the gastric damage induced by PHG but did
not reduce PHT. To further confirm the effect of PUMA on
mucosal apoptosis in PHG, TUNEL staining was performed
to determine the location and percentage of the apoptotic
cells in situ. Few TUNEL-positive cells were detected in
the gastric mucosa in SO mice from both PUMA-WT and
PUMA-KO mice; however, in PVL mice, the number of
apoptotic cells was found in the gastric mucosa (Figure 5c).
Apoptosis was significantly attenuated in the PUMA-KO mice
with the apoptotic index reduced by over 50% following
PVL (Figures 5c and d). These results demonstrated that
PUMA is an important mediator in PHG.

PUMA-mediated apoptosis depended on mitochondrial
apoptotic signaling in PHG. Above these results
have demonstrated that PUMA is an important mediator in

Figure 2 Portal hypertension induced gastric mucosal PUMA expression and PHG in PVL mice. (a) Portal hypertension induced significant congestive splenomegaly,
and H&E staining showed splenemia with splenitis in PVL mice at 2 weeks compared with SO mice (� 200). (b) Portal hypertension significantly induced gastric mucosal
injury (upper panel H&E staining, � 200) and upregulated PUMA (red) expression (lower panel immunofluorescence staining, � 200) in PVL mice. Cell nuclei (blue) were
counterstained by 40,6-diamidino-2-phenylindole (DAPI). (c) PUMA mRNA expression in the gastric mucosa was evaluated by real-time PCR in three different mice in each
group. (d) Real-time PCR showed relative PUMA mRNA fold changes. The values are expressed as the means±S.D. (n¼ 3 in each group) for real-time PCR. (e) PUMA
protein expression in the gastric mucosa was determined by western blotting in three different mice. b-Actin was used as the loading control. (f) The ratio of densitometry units
of PUMA/b-actin is represented. The values are expressed as the means±S.D. (n¼ 3 in each group) for western blotting
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PHT-induced gastric mucosal injury and apoptosis. PUMA is
one of the most potent mediators that transduce death
signals primarily to mitochondrion. During mitochondria-
mediated apoptosis, several mitochondrial pro-apoptotic
proteins, such as cytochrome c, are released into the cytosol
to facilitate the formation of the apoptosome and subsequent
activation of the caspase cascade.22 Consistent with the
above results, in the PVL mouse model, PUMA-positive cells
and apoptotic cells were noticeably increased in the gastric
mucosa after PVL (Figure 6a). To investigate the mechan-
isms of PHT-induced and PUMA-mediated apoptosis,
mitochondrial and cytosolic fractions were purified through
differential centrifugation from the mucosa of the SO and
PVL animals (Figure 6b). The release of cytochrome c was
examined by western blotting. In the SO mice, cytochrome c
was detected in the mitochondrial fractions but not in the

cytosolic fractions. The amount of cytochrome c was
markedly increased in the cytosolic fractions of the gastric
mucosa after PVL. Concurrently, Bax mitochondrial translo-
cation and Bak alteration were also found to be induced in
the PVL mouse model. As the subsequent executors of
apoptosis of the mitochondrial pathway, cleaved caspase-9
and cleaved caspase-3 were also significantly increased
after PVL for 2 weeks in mice (Figures 6c and d). To further
explore whether this situation also occurs in the gastric
mucosa of PHG patients, human PHG mucosal tissue
samples were purified to investigate the induction of
apoptotic executors. Western blotting data revealed that
the activation of caspase-9 and caspase-3 significantly
increased in PHG mucosal tissues but not in uninvolved
gastric mucosal tissues (Figures 6e and f). To summarize,
these results suggest that alterations in Bax and Bak,

Figure 3 Portal hypertension enhanced gastric mucosal PUMA expression in CCl4-treated mice. (a) Histological analysis showed that CCl4 induced significant liver
cirrhosis. The upper panel is H&E staining (� 200), and the lower panel is Van Gieson staining (� 200). (b) Portal hypertension significantly induced gastric mucosal injury
(upper panel H&E staining, � 200) and upregulated PUMA (red) expression (lower panel immunofluorescence staining, � 200) in mice after CCl4 intraperitoneal injection for
12 weeks. Cell nuclei (blue) were counterstained by DAPI. (c) PUMA mRNA expression in the gastric mucosa was evaluated by real-time PCR in three different mice in
each group. (d) Real-time PCR showed a relative PUMA mRNA fold change. The values are expressed as the means±S.D. (n¼ 3 in each group) for real-time PCR.
(e) PUMA protein expression in the gastric mucosa was determined by western blotting in three different mice. b-Actin was used as the control for loading. (f) The ratio of
densitometry units of PUMA/b-actin is represented. The values are expressed as the means±S.D. (n¼ 3 in each group) for western blotting
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cytochrome c release, caspase-9, and caspase-3 activation
were involved in PUMA-mediated gastric mucosal apoptosis
in PHG.

ER stress-activated mitochondrial apoptotic signaling
by PUMA-induced mucosal apoptosis in PHG. Although
our above results have demonstrated that PUMA was

Figure 4 PUMA-mediated apoptosis contributed to PHG. Apoptotic cells (green) were detected by TUNEL staining (� 400), and PUMA (red) and cytokeratin (red)
expression was determined by immunofluorescence staining (� 400) in the gastric mucosal tissues. Cell nuclei (blue) were counterstained by DAPI (� 400). (a) Gastric
mucosal specimen of PHG patients. (b) Gastric mucosal specimen of PVL mice. (c) Gastric mucosal specimen of CCl4-treated mice

Figure 5 Targeted deletion of PUMA attenuated PHG by inhibiting apoptosis. (a) Genotyping of mice was performed by using PUMA allele-specific primers to analyze
genomic DNA from tail snips (upper panel). P, positive control (PUMAþ /þ ); N, negative control-no template; WT, wild-type (PUMAþ /þ ); KO, knockout (PUMA–/–). Portal
hypertension induced significant congestive splenomegaly after PVL in both PUMA-WT and KO mice (lower panel). (b) Gastric mucosal injury was significantly alleviated in
PUMA-KO mice after PVL compared with PUMA-WT mice (H&E staining, � 200). (c) Gastric mucosal apoptosis (green) was significantly depressed in PUMA-KO mice after
PVL compared with PUMA-WT mice (TUNEL staining, � 200). Cell nuclei (blue) were counterstained by DAPI. (d) The apoptotic index was calculated by counting a minimum
of 20 randomly selected fields following TUNEL staining. The index was obtained by dividing the TUNEL-positive cells by the total number of cells. The values are expressed as
the means±S.D. (n¼ 3 in each group). *Po0.01 versus SO mice, #Po0.05 versus PUMA-WT mice
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essential for gastric mucosal apoptosis, and the PUMA-
mediated apoptosis is mitochondria dependent in PHG, it
remained unclear whether ER stress induced gastric
mucosal apoptosis via PUMA in PHG. Furthermore, we
investigated whether ER stress activates mitochondrial
apoptotic signaling by PUMA in mucosal apoptosis of PHG.
GRP78, commonly used as a marker of ER stress, is a key
element of the trigger for all UPR downstream pathways.19

The analysis of GRP78 by western blotting in PUMA-WT
mice revealed that GRP78 expression was markedly induced
in the gastric mucosa of PVL mice, in addition, the
expression of several of its downstream substrates such as
sXBP-1 and phosphorylated eIF2a (p-eIF2a) was distinctly
upregulated following GRP78 induction, and caspase-12, an
ER-localized caspase, was also distinctly activated in
PVL mice (Figure 7a). Furthermore, the result of IHC
staining showed that gastric mucosal GRP78 and cleaved

caspase-12 were significantly increased in PVL mice
compared with SO mice (Figure 7c). These results
suggested that ER stress involved in PHG in response
to PHT.
Although mucosal injury and apoptosis in PVL-induced

PHG have been demonstrated to be alleviated by targeted
deletion of PUMA, the PUMA-KO did not repress
PVL-induced GRP78 and cleaved caspase-12 expression;
however, targeted deletion of PUMA significantly inhibited the
activation of caspase-9 and caspase-3 (Figure 7b). Further-
more, IF double staining of GRP78 and PUMA suggested that
PUMA was a mediator of ER stress in PVL-induced PHG
(Figure 7d). Moreover, using a CCl4-induced PHG mouse
model, we found that the results were in accordance with the
PVL-induced PHG model (data not shown). In the gastric
mucosal specimens of PHG patients, GRP78, sXBP1 and
p-eIF2a were remarkably upregulated, and caspase-4 was

Figure 6 PUMA-mediated apoptosis depended on mitochondrial apoptotic signaling in PHG. (a) Portal hypertension significantly induced PUMA (red) expression and
mucosal apoptosis (green) in gastric mucosal tissues of PVL mice. Cell nuclei (blue) were counterstained by DAPI (� 200). (b) Mitochondrial and cytosolic fractions were
analyzed for Bax, Bak and cytochrome c by western blotting (n¼ 3 in each group). b-Actin and Cox IV were markers of cytosolic and mitochondrial fractions, respectively.
(c and e) Gastric mucosal cleaved caspase-9 and cleaved caspase-3 expression was evaluated by western blotting in both PVL mice and PHG patients (n¼ 3 in each group).
b-Actin was used as the loading control. (d and f) The ratio of densitometry units of cleaved caspase-9/b-actin and cleaved caspase-3/b-actin was represented in both PVL
mice and PHG patients. The values are expressed as the means±S.D. (n¼ 3 in each group) for western blotting
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dramatically activated compared with the uninvolved gastric
mucosal specimens (Figure 7e). IF double staining of
GRP78 and PUMA also indicted that PUMA was an apoptotic
mediator in response to ER stress in human PHG (Figure 7f).
These results suggest that ER stress activated mitochondrial
apoptotic signaling by PUMA to induce mucosal apoptosis
in PHG.

PUMA responded to ER stress-induced apoptosis
in vitro. To investigate mechanism of PUMA mediated
ER stress-induced apoptosis, two gastric cell lines GES-1
and SGC7901 were used in this study. GES-1 cells and
SGC7901 cells were treated with tunicamycin, which blocks
ER protein glycosylation to induce ER stress. Following the

treatment of tunicamycin, GRP78 expression was observably
upregulated after tunicamycin treatment for 4 h in GES-1
cells and SGC7901 cells, and reached maximal levels at 24
and 16 h, respectively. Furthermore, nearly the same
trend was observed in ER-localized caspase and cleaved
caspase-4, PUMA and cleaved caspase-3 were also induced
in both of the two types of cells (Figure 8a). We further
analyzed cellular apoptosis by ER stress inducer tunicamycin
using the TUNEL assay. After tunicamycin treatment for
24 h, cellular apoptosis was observed in the two cell lines,
and the apoptotic index increased to B41 and 26%,
respectively (Figures 8b and c).
To further investigate whether PUMA responded to ER

stress-induced apoptosis in gastric cells lines, we used small

Figure 7 ER stress-activated mitochondrial apoptotic signaling by PUMA induced mucosal apoptosis in PHG. (a) PVL induced significant ER stress signaling in mice.
Three mice were used in each group. b-Actin was used as the loading control. (b) Targeted deletion of PUMA significantly repressed ER stress-induced caspase-9 and
caspase-3 activation by PVL in mice. (c) Immunohistochemistry staining showed that the expression of GRP78 and cleaved caspase-12 was induced by PVL in mice (brown,
� 200). (d) Double immunofluorescence staining of GRP78 and PUMA indicated that PUMA upregulation followed GRP78 induction in the gastric mucosa of PVL mice
(� 200). (e) ER stress signaling pathway was activated in the gastric mucosa of PHG patients. b-Actin was used as the loading control. (f) Double immunofluorescence
staining of GRP78 and PUMA also confirmed that PUMA upregulation followed GRP78 induction in the gastric mucosa of human PHG (� 200)
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interfering RNA (siRNA) to suppress PUMA expression. Two
siRNAs were purchased and tested for anti-PUMA activity,
and ultimately, one of themwas selected based on its ability to
knockdown PUMA (Figure 8d). We next examined whether
PUMA responded to ER stress-induced apoptosis. On the
basis of the above data, we singled out one time point, at 24 h
after tunicamycin, to analyze whether this PUMA-siRNA was

able to effectively suppress the apoptosis inducted by
tunicamycin. PUMA knockdown did not affect the expression
of GPR78 and cleaved caspase-4 after tunicamycin treatment
(Figure 8e). However, the inhibition of PUMA significantly
suppressed its downstream pro-apoptotic elements such as
caspase-9 and caspase-3 activation (Figures 8e and f). In
summary, the PUMA knockdown evidently protected these

Figure 8 PUMA mediated ER stress-induced apoptosis in vitro. (a) GES-1 and SGC7901 cells were treated with the ER stress inducer tunicamycin, and the western
blotting assay showed that GRP78 and cleaved caspase-4 were significantly induced, and PUMA and cleaved caspase-3 were markedly upregulated. b-Actin was used as the
loading control. (b) TUNEL (green) staining showed that tunicamycin remarkably induced apoptosis in GES-1 and SGC7901 cell lines. Cell nuclei (blue) were counterstained
by DAPI (� 200). (c) The apoptotic index was calculated by counting a minimum of 20 randomly selected fields following TUNEL staining. The index was obtained by dividing
the TUNEL-positive cells by the total number of cells. (d) Western blotting showed that PUMA-siRNA significantly knocked down PUMA expression in GES-1 and SGC7901
cell lines. (e) PUMA-siRNA did not affect GRP78 expression and caspase-4 activation after tunicamycin treatment, however, PUMA knocked down evidently inhibited ER
stress-induced caspase-9 and caspase-3 activation by tunicamycin. (f) The ratio of densitometry units of cleaved caspase-3/b-actin was represented in two cell lines.
The values are expressed as the means±S.D., and the values were achieved by three separate experiments. *Po0.01 versus 0 h, #Po0.01 versus 24 h without
PUMA-siRNA treatment
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cells from apoptosis induced by ER stress, which provided
evidence that PUMA is a critical mediator of ER stress-
induced apoptosis.

Discussion

In this study, the gastric mucosa from PHG patients showed a
destruction of architecture, edema with erosion, vasodilata-
tion with lymphocyte infiltration and significant apoptosis
induction compared with the uninvolved normal mucosa.
Furthermore, PUMA expression was significantly increased,
and a number of apoptotic cells were observed in the gastric
mucosa of PHG patients. The results indicated that PUMA
has an essential role in PHG. Several studies have revealed
PHG improvement after transjugular intrajugular intrahepatic
portosystemic shunt (TIPS) and shunt surgery, suggesting an
association between PHG and the severity of PHT; however,
others have failed to show this linear correlation with the
severity of PHT.23,24 On the basis of these findings, we used
two types of PHG mouse models to explore the effect of
PUMA on PHG, which were PVL- and CCl4-induced PHG in
mice. Our previous study demonstrated that PVL induced
evident PHG after PVL for 2 weeks,7 and another report
showed that CCl4 induced prominent PHG.25 In the study, the
results showed that two mouse models led to significant PHT
andPHG, upregulated gastric mucosal PUMA expression and
induced mucosal epithelial apoptosis. The animal model data
were consistent with human PHG. Furthermore, our experi-
ment demonstrated that the PUMA deficiency remarkably
attenuated PVL- and CCl4-induced PHG and gastric mucosal
epithelial apoptosis. Our study suggested that PUMA is
involved in PHG by inducing epithelial apoptosis. PUMA, a
BH3-only Bcl-2 family protein, has an essential role in
p53-dependent and p53-independent apoptosis, and the
BH3-only Bcl-2 family members such as Noxa, Bid and Bim
regulate apoptosis through multiple redundant and parallel
pathways.26,27 Potentially, several BH3-only proteins are
collectively responsible for apoptosis in PHG.
PUMA is normally expressed at a very low level but is

rapidly induced in response to a wide range of stimuli in
different tissues, and after induction, PUMA transduces
death signals to the mitochondria, where it activates the
multi-domain proapoptotic proteins Bax and Bak to
trigger mitochondrial dysfunction and caspase activation.14,28

Mitochondria have a key role in cell life and death. Several
mitochondrial apoptogenic proteins, including cytochrome c,
are released into the cytosol to initiate apoptosis through the
formation of the apoptosome and subsequent activation of the
caspase cascade. Our previous study authenticated that
PUMA mediates the ischemia/reperfusion-induced intestinal
apoptosis via the mitochondria apoptotic pathway.29 In this
study, our data indicated that PUMA-mediated gastric
mucosal epithelial apoptosis in PHG via its regulation of
Bax/Bak, cytochrome c release and caspase activation.
The mitochondrial pathway of apoptosis requires the release
of cytochrome c from the mitochondrion to the cytosol. Once
released, cytochrome c cooperates with the adaptor protein,
pro-caspase-9, to promote the activation of caspase-3, which
is the apoptotic executor leading to cell death. PUMA acts
through the proapoptotic multi-domain Bcl-2 effector proteins,

Bax and Bak, which oligomerize into proteolipid pores and
permeate the outer membrane of the mitochondrion to allow
the efflux of cytochrome c and other intermembrane space
proteins to the cytosol to induce apoptosis.11,30,31 These data
demonstrated that PUMAmediated gastric mucosal epithelial
apoptosis through mitochondria-dependent apoptotic signal-
ing in PHG.
PUMA mediates cell apoptosis by a variety of stimuli

including ER stress. ER stress is a phenomenon that
occurs when excessive protein misfolding occurs during
biosynthesis. ER stress triggers a series of signaling and
transcriptional events known as UPR. The UPR attempts to
restore homeostasis in the ER but prolonged or severe UPR
triggers apoptosis in the stressed cells.19 Gastric cells are
susceptible to ER stress because they produce large amounts
of secretive proteins such as PGE2 and pepsinogen, which
are involved inmucosal defense and digestion, respectively.32

PUMA is identified as an ER stress-responsive gene in global
gene expression, and PUMA is able to mediate ER stress-
induced apoptosis in a variety of cell types.33,34 The induction
of PUMA in response to ER stress is p53 independent in most
cases.15,35,36

To confirm PUMA as an apoptotic mediator by induction of
ER stress, we used the disulfide bond inhibitor tunicamycin,
which induces the accumulation of misfolded proteins and ER
stress to stimulate two types of gastric epithelial cell lines,
GES-1 and SGC7901, then explored the effect of PUMA on
ER stress-induced apoptosis. After tunicamycin treatment,
GRP78 and cleaved caspase-4 were markedly induced,
PUMA expression and caspase-3 activation were dramati-
cally upregulated, and apoptosis was significantly triggered in
both GES-1 and SGC7901 cell lines. Furthermore, we
knocked down PUMA by PUMA-siRNA and found that the
expressions of GRP78 and cleaved caspase-4 were not
repressed. However, the activation of caspase-9 and cas-
pase-3 was significantly inhibited in the two cell lines. The
results affirmed that PUMA mediates ER stress-induced
apoptosis. In addition, we also found that the PUMA
deficiency significantly ameliorated ER stress-induced muco-
sal apoptosis in PHG using PUMA-KO mice. In PHG patient
samples, we confirmed that PUMA is involved in ER stress-
induced mucosal apoptosis. Overall, the data provided strong
evidence to suggest that PUMA mediates ER stress-induced
mucosal apoptosis in PHG.
In summary, PHT triggered gastric mucosal ER stress, the

ER stress upregulated PUMA expression, and PUMA
significantly mediated mucosal epithelial apoptosis via the
mitochondria-dependent apoptotic pathway. The results
suggest that PUMA mediates ER stress-induced mucosal
injury and epithelial apoptosis in PHG, and indicates that
PUMA is a potentially therapeutic target for PHG.

Materials and Methods
Tissue samples. Frozen gastric mucosal specimens of 10 PHG without
H. pylori infection and 10 uninvolved healthy volunteers were obtained from
Digestive Disease Tissue Resource of The Third Affiliated Hospital of Sun Yat-Sen
University. The acquisition of tissue samples was approved by the Institutional
Review Board at The Third Affiliated Hospital of Sun Yat-Sen University. Written
informed consent was received from each patient and healthy volunteers before
inclusion in the study.
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Animals and induction of PHT. All animal experiments were approved by
the Institutional Animal Care and Use Committee at Sun Yat-Sen University.
Eight- to ten-week-old male mice (20–25 g) were used for all experiments. The
mice were housed in microisolator cages and allowed access to water and chow
ad libitum. PUMAþ /–mice (Jackson Laboratory, Bar Harbor, ME, USA) in the
C57BL/6 background were used to generate PUMAþ /þ and PUMA–/– littermates.
The mice were housed in microisolator cages in a room illuminated from 0800 to
2000 h (12 : 12 h light–dark cycle) and were allowed free access to water and food.
The mice were genotyped by PCR using genomic DNA extracted from tail snips as
previously described.29 PHT was induced by a portal vein constriction as
previously described.7 A laparotomy was performed under halothane anesthesia.
The portal vein was isolated, and calibrated constriction was performed using a
single ligature of 3-0 silk around the portal vein and a 27-gauge blunt-tipped
needle. The needle was then removed, leaving a calibrated stenosis of the portal
vein. This technique involved the initial constriction of the portal vein to B50% of
its diameter. In SO mice, the same operation was performed with the exception
that no ligature was placed after isolating the portal vein. After the operation, the
animals were housed in cages and allowed free access to food and water until the
experiments were performed. The liver cirrhosis model with PHT was established
by an intraperitoneal injection of 20% CCl4 (Sinopharm Chemical Reagent,
Shanghai, China) dissolved in an olive oil solution (Sinopharm Chemical Reagent)
at 5 ml/kg body weight, twice per week for 8 weeks. The vehicle group was only
intraperitoneally injected with olive oil, at 5 ml/kg body weight, twice per week for 8
weeks.

Samples collection and preparation. After PHT was induced from the
two mouse models, the animals were anesthetized and then euthanized.
The entire stomach was carefully removed and then opened on its lesser
curvature longitudinally to expose the gastric mucosa. The mucosal layers were
harvested with a glass slide. The scraping samples were stored at � 80 1C before
the analysis. To prepare paraffin sections, the stomach from each group was
carefully isolated and immediately fixed in 10% neutral buffered formalin before
embedding. Gastric mucosal frozen specimens of matched normal volunteer and
PHG patients with cirrhosis were obtained from the endoscopic unit of The Third
Affiliated Hospital of Sun Yat-Sen University. The acquisition of the tissue samples
was approved by the Institutional Review Board at The Third Affiliated Hospital of
Sun Yat-Sen University. Written informed consent was received from each patient
before inclusion in the study.

Cell culture, drug administration and siRNA treatment. The
GES-1 and SGC7901 cell lines were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). The cells were cultured in RPMI medium
1640 supplemented with 10% heat-inactivated fetal bovine serum, 100 units/ml
penicillin and 100mg/ml streptomycin in a humidified incubator at 37 1C with 5%
CO2. Tunicamycin (100 ng/ml, Sigma, St. Louis, MO, USA) was added after these
cells had grown to a density of 90% to induce ER stress. For siRNA treatment, the
cells were transfected with 20mM PUMA RNA oligo kit (GenePharma, Shanghai,
China). Two PUMA-siRNA sequences were purchased and according to the
manufacturer’s instructions, the most effective sequence was selected to be able
to achieve a transfection efficiency of 490%. After incubation for 24 h, the
transfection medium was replaced by regular culture medium before tunicamycin
administration.

Histological and TUNEL staining. For histological and TUNEL analysis,
formalin fixed tissues were embedded in paraffin and sectioned. The 4mm
sections were stained by hematoxylin and eosin (H&E). TUNEL staining was
performed using an in situ cell death detection kit (Roche, Basel, Switzerland)
according to the manufacturer’s instructions. The apoptotic index was determined
by dividing the number of apoptotic cells by the total number of cells in the mucosa
of at least 20 randomly selected fields (� 200). Three mice or human tissues from
each group were studied.

IHC staining, IF staining and Van Gieson staining. The frozen
tissues from three randomly selected animals from each group were used to
prepare the sections. For IHC staining, 4mm frozen sections were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 15min, then permea-
bilized with 1% Triton X-100 for 30min and washed three times with PBS. Next,
the targeted protein was detected using secondary antibodies followed by
detection using the ABC staining system (Santa Cruz, Santa Cruz, CA, USA), and

the sections were counterstained with hematoxylin. For IF staining, the targeted
protein was detected by related secondary antibody. Antibody–antigen complexes
were visualized by incubation with biotin-conjugated secondary antibody and
streptavidin Alexa 488 or 594 (Molecular Probes, Eugene, OR, USA), with the
nuclei counterstained with 2mg/ml of 406-diamidino-2-phenylindole (DAPI)
dihydrochloride (Molecular Probes). For double staining, after finishing the first
protein detection, the slides were used to detect the secondary protein. IHC, IF
and double staining was performed by using antibodies for PUMA (Abcam,
Cambridge, MA, USA), GRP78 (Enzo Life Sciences, Lausen, Switzerland),
cytokeratin (Abcam) and cleaved caspase-3 (Cell Signaling Technology, Danvers,
MA, USA). Fiber and collagen in tissue sections from liver cirrhosis were detected
using the Van Gieson staining kit (Baso, Zhuhai, China) according to the
manufacturer’s instructions.

Analysis of Bax/Bak translocation. To analyze Bax/Bak translocation,
an aliquot of each gastric mucosal scraping sample was used to isolate
mitochondrial and cytosolic fractions by the differential centrifugation method as
previously described.29

Western blotting. Total protein extraction and mitochondrial and cytosolic
fractions were analyzed by western blotting. Antibodies used for western blotting
included antibodies that recognize PUMA, GRP78, sXBP-1 (Novus Biologicals,
Littleton, CO, USA), eIF2a, p-eIF2a, cleaved caspase-12, cleaved caspase-4,
cleaved caspase-9, cleaved caspase-3, Cox IV (all from Cell Signaling
Technology), cytochrome c (Santa Cruz), Bax, Bak (Abcam) and b-actin (Sigma).
Appropriate horseradish peroxidase-conjugated secondary antibodies were used
to detect the primary antibody/antigen complexes. The signal was detected using
ECL Western blotting detection reagents (Amersham Pharmacia Biotech,
Piscataway, NJ, USA). After quantifying the signals by densitometry, the results
are expressed as a ratio to loading control densitometry units.

Total RNA extraction and real-time PCR. Total RNA was isolated from
the gastric mucosal scraping samples using the RNAgents Total RNA Isolation
System (Promega, Madison, WI, USA) according to the manufacturer’s
instructions. First-strand cDNA was synthesized using Superscript Reverse
Transcriptase (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Real-time PCR was performed on a Chromo 4 Detector System (MJ
Research, Sierra Point, CA, USA) using gene-specific primers and DyNAmo
SYBR Green Master Mix (Finnzymes, Espoo, Finland). PUMA was amplified using
primers PUMA-exon 3F, 50-ATGGCGGACGACCTCAAC-30 and PUMA-exon 4R,
50-AGTCCCATGAAGAGATTGTACATGAC-30 to yield the 103-bp product. As the
internal control, the expression of b-actin in each sample was also quantified using
the sense primers 50-GTGGGCCGCTCTAGGCACCA-30 and the antisense primer
50-CGGTTGGCCTTAGGGTTCAGGGGGG-30 (242 bp product). Three mice or
human tissues were used in each group. PCR products were analyzed by agarose
gel electrophoresis.

Statistical analysis. The data are expressed as the means±standard
deviation and were evaluated by one-way ANOVAs in which multiple comparisons
were performed using the method of least significant difference. Differences were
considered as statistically significant if the probability of the difference occurring by
chance was o5 in 100 (Po0.05).
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