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Abstract
BACKGROUND & AIMS—Endoplasmic reticulum (ER) stress responses (collectively known
the unfolded protein response, UPR) have important roles in several human disorders, but their
contribution to alcoholic pancreatitis is not known. We investigated the role of X box-binding
protein 1 (XBP1), an UPR regulator, in prevention of alcohol-induced ER stress in the exocrine
pancreas.

METHODS—Wild-type and Xbp1+/− mice were fed control or ethanol diets for 4 weeks.
Pancreatic tissue samples were then examined by light and electron microscopy to determine
pancreatic alterations; UPR regulators were analyzed biochemically.

RESULTS—In wild-type mice, ethanol activated a UPR, increasing pancreatic levels of XBP1
and XBP1 targets such as protein disulfide isomerase (PDI). In these mice, pancreatic damage was
minor. In ethanol-fed Xbp1+/− mice, XBP1 and PDI levels were significantly lower than in
ethanol-fed, wild-type mice. The combination of XBP1 deficiency and ethanol feeding reduced
expression of regulators of ER function and the upregulation of pro-apoptotic signals. Moreover,
ethanol feeding induced oxidation of PDI, which might compromise PDI-mediated disulfide bond
formation during ER protein folding. In ethanol-fed Xbp1+/− mice, ER stress was associated with
disorganized and dilated ER, loss of zymogen granules, accumulation of autophagic vacuoles, and
increased acinar cell death.

CONCLUSIONS—Chronic ethanol feeding causes oxidative ER stress, which activates a UPR
and increases XBP1 levels and activity. A defective UPR, due to XBP1 deficiency, results in ER
dysfunction and acinar cell pathology.
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Introduction
Alcohol abuse is a key factor in the development of chronic pancreatitis.1 Despite the
evidence supporting toxic effects for alcohol on pancreas 2–4, only a small number of
alcohol abusers eventually develop pancreatitis.4 Long-term ethanol feeding to animals
causes only minor pancreatic damage, but sensitizes the pancreas to develop pancreatitis at a
lower threshold to stressors.5–7 These observations suggest that the pancreas mobilizes
adaptive responses that restore normal function in the presence of alcohol.

The acinar cell is a chief participant in the pathobiologic responses of pancreatitis. 8 This
cell specializes in the production and secretion of large amounts of digestive enzymes. To
fulfill these functions, the acinar cell has an extensive endoplasmic reticulum (ER) network
that regulates the folding and trafficking of proteins in the secretory pathway. Multiple
chaperones and foldases assist protein folding within the ER. Quality control systems ensure
the progress of correctly folded proteins into the secretory pathway or direct misfolded
proteins for degradation by ER-associated degradation (ERAD) mechanisms.9 Alterations in
the ER environment including oxidative stress, overloading of the ER’s protein folding
capacity, or the presence of mutant proteins causes aberrant protein folding, accumulation of
misfolded proteins and “ER stress”.10

ER stress plays an important role in the disease progression of several disorders including
diabetes, cardiovascular diseases, neurodegenerative disorders, intestinal inflammation and
alcoholic liver disease.11–14 However, whether alcohol abuse causes ER stress or alters ER
stress responses in the exocrine pancreas has not been addressed.

ER stress responses are collectively known as unfolded protein response (UPR).15 The UPR
has three main outputs: a transient reduction in protein translation to decrease ER protein
load; upregulation of ER regulators to augment the folding and export capacity of the ER,
and activation of ERAD. The UPR can also activate cell death programs under severe or
prolonged ER stress, when adaptive responses are exceeded and/or a dysfunctional UPR is
unable to correct ER stress.12, 16 The UPR is initiated by ER sensors that detect the presence
of misfolded proteins within the ER. Activation of the ER sensor protein kinase RNA
(PKR)-like ER kinase (PERK) results in phosphorylation of eukaryotic translation initiation
factor 2α (eIF2α), which leads to general decrease in protein translation,17 and preferential
translation of activating transcription factor 4 (ATF4) that targets genes involved in
regulation of intracellular redox status and glutathione synthesis.18 While transient PERK
activation alleviates ER stress, prolonged PERK activation leads to sustained blockade in
protein translation, and upregulation of C/EBP homologous protein (CHOP) that triggers
apoptotic responses. 19

Inositol-requiring transmembrane kinase/endonuclease 1 (IRE1) is the most evolutionarily
conserved ER stress sensor. Upon ER stress, IRE1 induces splicing of the X box-binding
protein 1 (XBP1) mRNA,20 resulting in translation of the transcription factor spliced-XBP1
(sXBP1). sXBP1 target genes include chaperones, oxidoreductases of the protein disulfide
isomerase (PDI) family, components of the ERAD pathway, and genes required for lipid
synthesis.21–23 Activation of the IRE1/XBP1 pathway acts as an adaptive response to
restore the folding capacity of the ER and promote degradation of misfolded proteins and
ER-localized mRNAs.15, 24 XBP1 is essential for ER development in secretory cells
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including pancreatic acinar cells.22 Although XBP1 actions vary between different cell
types, genetic alterations of XBP1 are linked to several disorders including diabetes, IBD,
atherosclerosis, and neurodegenerative disorders.13, 22, 25–27

Previous studies have demonstrated UPR activation in acinar cells and during experimental
pancreatitis.28 This study sought to determine whether alcohol activates UPR signals in
exocrine pancreas that are critical for adaptation to the toxic effects of ethanol and its
metabolites. We have examined UPR signals in pancreas from ethanol-fed rats and mice,
and observed changes in the IRE1-XBP1 pathway consistent with protective responses.
Moreover, we found severe ER stress and pathological responses in acinar cells of mice with
genetic inhibition of XBP1 expression during chronic ethanol feeding. Taken together, these
findings establish a critical role for an adaptive UPR involving the IRE1/XBP-1 pathway in
protecting the pancreas from alcohol-induced injury.

Materials and Methods
Animals and ethanol feeding

Xbp1+/− and wild-type (Xbp1+/+, BALB/c) littermate mice were obtained by breeding
Xbp1+/−mice generously provided by L Glimcher. The phenotype of these mice is described
elsewhere26, and in Supplementary Materials. For initial studies, we also used Wistar rats
(Charles River, MA). Both rats and mice were fed control and ethanol-containing diets using
the Tsukamoto-French intragastric ethanol infusion model.29 Animals were placed on diets
for 6 (rats) or 4 (mice) weeks. Pancreatic tissue samples were analyzed by light and electron
microscopy and biochemically by Western blotting and RT-PCR. Blood samples were
analyzed for alcohol levels and markers of pancreatic (amylase and lipase) and liver (ALT)
injury. For more details see Supplementary Materials.

Studies using pancreatic acini
Pancreatic acini were isolated from chow-fed wild-type and Xbp1+/− mice, and Wistar rats,
and cultured as described.2, 30 Cells were treated for up to 24 h without or with
cholecystokinin-octapeptide (CCK-8, 0.01-100 nM) or with 75 mmol/L ethanol, and then
cells and conditioned media were prepared for Western blot analysis and measurements of
amylase secretion. Amylase activity was measured using the Phadebas test (Pharmacia
Diagnostic, NY) following manufacturer’s protocol. Culture conditions and treatments are
detailed in Supplementary Materials.

Histological Analysis
Pancreatic sections of mice and rats fed ethanol or control diets were formalin fixed and
H&E stained to determine parenchymal structure, inflammation, acinar cell necrosis and
apoptosis (by TUNEL). Acinar ultrastructure and autophagy were examined by electron
microscopy. In addition, we performed LC3B immunostaining in mouse pancreatic sections
to assess accumulation of autophagic vacuoles. Details of all these procedures are provided
in Supplementary Materials, and were described before. 5, 30, 31

Real time PCR and XBP1 splicing assay
RNA extracted from pancreas using TRI reagent (Molecular Research Center, OH) was
subjected to RT-PCR (for CHOP, and XBP1 splicing) or qRT-PCR analysis using SyBR
Green (Applied Biosystems, CA) (for ERdj4 and EDEM1) as described previously.2 XBP1
splicing was measured by specific primers flanking the splicing site. PCR products were
visualized using a FluorChem-HD2 imager (Alpha Innotech, CA). Primer sequences are
listed in Table S1.
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Immunoblotting
Pancreatic protein extracts in RIPA buffer containing a mixture of protease and phosphatase
inhibitors were resolved by SDS-PAGE for immunoblot analysis as previously described.2,
30 Antibodies and procedures are described in Supplementary materials.

PDI Redox State
PDI redox state was determined by electrophoretic migration shift in PDI after alkylation of
thiol groups with AMS.32 Pancreatic protein extracts in RIPA buffer were treated with the
reducing agent TCEP (10 mM) in 1% SDS for 10 min on ice, and then with 25 mM AMS
for 60 min in the dark. AMS-treated proteins were separated on 8% Tris-glycine SDS-PAGE
gels, and PDI was detected by Western blot using an anti-PDI antibody (Assay Designs).
Since AMS increases MW by 500 daltons per thiol group, changes in electrophoretic
mobility of PDI indicates different numbers of thiol-groups associated with changes in PDI
redox state.

Statistical analysis
Data, presented as mean±SEM, were analyzed using SigmaStat software (SPSS Inc).
Comparisons between 2 groups were performed by the Student t test. Two-way ANOVA
(for normally distributed data) and post-hoc Tukey tests were used for group comparisons
when two variables were present. The Kruskal–Wallis test followed by Dunn post-hoc tests
were used when group data were not normally distributed. P values <0.05 were considered
statistically significant.

Results
Ethanol feeding induced activation of UPR and XBP1 in rat pancreas

As reported previously, 5, 6 rats fed for 6 weeks ethanol diets using the Tsukamoto-French
intragastric infusion model did not exhibit evidence of pancreatitis or acinar cell damage in
H&E-stained tissue sections. Levels of blood lipase, and intrapancreatic trypsin activity
were similar in ethanol-fed and control-fed rats (not shown). However, electron microscopy
analysis revealed structural changes, the most prominent being an extensive distension in the
endoplasmic reticulum (ER) of acinar cells (Fig. 1A). By observational analysis of several
randomly selected fields, these morphological changes were estimated to affect up to 35% of
the acinar cells. We also found that ethanol feeding altered ER redox status, as indicated by
a 2-fold increase in the GSSG/GSH ratios in ER-enriched pancreatic fractions (Fig. S1).
Taken together, these data suggested oxidative ER stress in ethanol-fed rats.

Ethanol feeding induced UPR activation in rat pancreas, as indicated by significant increases
in mRNA and protein levels of sXBP1 and small increase of the ER chaperone Grp78 (Figs.
1B-1C). Because XBP1 is essential for ER development in the acinar cell,22 we
hypothesized that XBP1 activation (sXBP) promotes adaptive signals in response to ER
stress induced by ethanol or other stressors. In support of this, we found that sXBP1 levels
increased in rat pancreatic acini in response to toxic concentrations of CCK-8 and during
culture conditions (Fig. S2).

XBP1 deficiency enhanced ER stress in pancreatic acinar cells
Our data obtained from rat pancreas prompted us to investigate the role of sXBP1 in
protecting the pancreas against ethanol-induced damage. We reasoned that, if sXBP1 indeed
protects the pancreas, genetic deletion should unmask the toxic effects of ethanol. For
subsequent studies, we used Xbp1+/− mice because Xbp1−/− mice are not viable. 33 Xbp1+/−

mice exhibit a 30% decrease in pancreatic levels of XBP1 (spliced + unspliced XBP1) in
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steady state conditions, and a partial decrease in PDI, a XBP1 target required for disulfide
bond formation during protein folding (Fig S4). These data substantiate that these mice are
indeed deficient in XBP1. Xbp1+/− mice on standard chow diet are fertile and healthy, with
growth and pancreatic function similar to wild-type littermates (Table S2 and Fig S4), but
display hepatic ER stress when placed on long-term high fat diets.26

We first examined whether Xbp1+/− acinar cells are prone to acute ER stress induced by
toxic concentrations of CCK (100 nM). Pancreatic acini isolated from wild-type and
Xbp1+/− mice were treated for 30 min with CCK-8 (0.01–100 nM). In wild-type cells, 100
nM CCK-8 elicited UPR activation, as indicated by a 2-fold increase in sXBP1 over that in
unstimulated cells, and marked phosphorylation of PERK and eIF2α (Fig. 2A). CCK-
stimulated Xbp1+/− cells had up to 50% less sXBP1 and displayed greater susceptibility to
ER stress, as demonstrated by activation of PERK in response to concentrations of CCK-8
(0.1 nM) that did not induce this activation in wild-type cells (Fig. 2A). XBP1 deficiency
also led to reduced amylase secretion in response to CCK or after 24 h culture (Figs 2B-C).
Moreover, after 24 h in culture, Xbp1+/− cells exhibited lower levels of sXBP1 and PDI as
compared to control cells (Figs. 2C-2D).

XBP1 deficiency and ethanol feeding led to ER stress and pancreas pathology
We next examined whether long-term ethanol feeding induces ER stress and UPR activation
in mouse pancreas. Of note, short-term ethanol treatment (24 h) did not induced substantial
activation of UPR pathways in cultured mouse pancreatic acini (not shown), although
markedly increased mRNA levels of unspliced XBP1 (Fig S3).

Xbp1+/− and littermate wild-type mice were placed on the Tsukamoto-French intragastric
ethanol infusion diets for 4 weeks, and then sacrificed (see Supplementary materials for
details). Blood ethanol levels were comparable in ethanol-fed wild-type and Xbp1+/− mice
(Fig. S5). No significant differences in body weight gain were observed in control-fed mice,
irrespective of genotype, or ethanol-fed wild-type mice (Fig. S5). In contrast, body weight
gain in ethanol-fed Xbp1+/− mice declined after the third week, and was significantly
reduced at sacrifice. Blood ALT and amylase levels were elevated in these mice (Fig. S5),
although only ALT levels reached statistical significance compared to wild-type controls.

Pancreas from all control-fed mice and ethanol-fed wild-type mice appeared normal by
H&E staining, and lacked evidence of significant acinar cell necrosis or inflammation (Figs.
3A and 3C). In contrast, ethanol-fed Xbp1+/− mice displayed patchy areas of acinar cell
necrosis and areas where acinar cells were replaced by stromal cells and small tubular
complexes (Fig. 3A, panel c). In these mice, acinar cell necrosis represented 9% of the total
parenchyma area (Fig 3C). Ethanol-fed Xbp1+/− mice also exhibited patchy areas with
marked reduction in zymogen granules (Fig. 3A, panel d), suggesting defects in protein
processing in the secretory pathway. These morphological changes correlated with a 25%
reduction in the number of zymogen granules per cell, assessed by EM analysis (Fig. 3D),
and a 30% reduction in amylase levels, as determined by Western blotting (Fig. 3E). In
ethanol-fed Xbp1+/− mice, few neutrophils could be observed mostly in necrotic areas.
Inflammation, scored as indicated in Supplementary materials, was: control-fed wild-type
and Xbp1+/− mice, 0; ethanol-fed wild-type mice, 0.2±0.2; ethanol-fed Xbp1+/− mice,
0.7±0.2 (mean±SEM; n=5–7 mice).

Electron microscopy revealed morphologic evidence of ER stress in approximately 25-38%
of acinar cells from ethanol-fed Xbp1+/− mice (Fig. 3B). As illustrated in Fig. 3B, the
predominant findings were a disorganized ultrastructure with extensively dilated ER,
occasionally with dense lumenal inclusions, a hallmark of ER stress, a reduction in the
number of zymogen granules (Fig. 3D), and accumulated autophagic vacuoles (Fig. 3,
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panels b-d). Consistent with this, pancreatic levels of the autophagosomal marker LC3B
were significantly higher in ethanol-fed Xbp1+/− mice than in wild-type controls (Fig. S6).

XBP1 deficiency and ethanol feeding increased UPR in mouse pancreas
We next assessed activation of the IRE1/XBP1 and PERK pathways, including expression
of ATF4, a key transcription factor regulating antioxidant programs and amino acid import.
18 In addition, we examined protein levels of Grp78, a critical regulator of ER function. Of
note, although protein levels of Grp78 increase during acute stress and are a good indicator
of UPR activation, steady levels usually are achieved after chronic or mild stress. 34

As we observed in rats, ethanol feeding induced significant XBP1 mRNA splicing, and
upregulated sXBP1 (2.5-fold) as well as IRE1 (1.4-fold) protein levels in wild-type mice
(Fig. 4). We also observed a modest increase in PERK and eIF2α phosphorylation and some
induction of ATF4, without significant changes in protein levels of the chaperone Grp78
(Fig. 5).

In spite of ethanol-induced IRE1 upregulation, both XBP1 mRNA splicing and protein
levels were basal in ethanol-fed Xbp1+/− mice (Fig. 4). In these mice, ethanol-feeding
significantly increased PERK and eIF2α phosphorylation, and ATF4 expression (Fig. 5), an
effect consistent with more severe and prolonged ER stress. As we observed in wild-type
mice, Grp78 protein levels were not elevated in ethanol-fed Xbp1+/− mice.

XBP1 deficiency and ethanol feeding altered expression of ER regulators in mouse
pancreas

We next analyzed the expression of sXBP1 targets involved in ER protein folding and
degradation. We selected the chaperones ER-localized DnaJ homologue (ERdj4) and ER
degradation-enhancing alpha-mannosidase-like1 (EDEM1), and two members of the PDI
family, PDI and ERp57. ERdj4 stimulates the ATPase activity of Grp78,35 and EDEM1 is
an ERAD component required for degradation of misfolded glycoproteins.36

ERdj4 and EDEM1 expression was measured by qRT-PCR. EDEM1 protein levels were
also assessed by Western blotting. Ethanol slightly reduced mRNA of both ERdj4 and
EDEM1 in wild-type mice, suggesting that ethanol may affect the transcription and/or
stability of these mRNAs. However, XBP1 deficiency reduced further mRNA levels of both
genes (Fig. 6A). Similarly, EDEM1 protein levels were markedly lower in ethanol-fed
Xbp1+/− mice than in wild-type mice (Fig. 6B), indicating that sXBP1 levels were
insufficient to sustain levels of these proteins.

Concomitant with increased sXBP1 protein levels (Fig. 4B), PDI and ERp57 were increased
by 40% in ethanol-fed wild-type mice compared to controls (Figs. 6C-6D). However, for
ethanol fed animals levels of these oxidoreductases were reduced in Xbp1+/− mice compared
to wild-type mice. Overall, these data indicate that sXBP1 is an important regulator of key
ER oxidoreductases and chaperones in mouse pancreas.

Ethanol feeding promoted oxidation of PDI in mouse pancreas
PDI is a ER thiol-rich enzyme that catalyzes the formation and isomerization of disulfide
bonds in folding proteins in the secretory pathway.37 PDI activity depends on the redox state
of catalytic cysteine residues. PDI reduced during oxidative protein folding requires re-
oxidization for further catalytic cycles. These cycles are maintained by electron transfers
between PDI, ER oxidases, molecular oxygen and glutathione.38
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In view of our data showing that ethanol feeding changed GSSG/GSH ratios in pancreas
(Fig. S1), we asked whether ethanol altered PDI redox state. To assess this, pancreatic
samples were subjected to alkylation reactions with AMS as described in Materials and
Methods. We found that, in response to alkylation, PDI from control-fed mice was shifted in
MW, whereas PDI from ethanol-fed mice was less shifted, suggesting fewer free thiol
groups (Fig. 6E). These data provide evidence that PDI is oxidized in ethanol-fed mice, a
state that likely compromises its ability to assist disulfide bond formation resulting in
misfolding. On the basis of these findings, we speculate that both decreased PDI expression
due to XBP1 deficiency and ethanol-induced oxidation of PDI contribute to ER stress
severity in ethanol-fed Xbp1+/− mice.

XBP1 deficiency and ethanol feeding led to CHOP upregulation and apoptosis in mouse
pancreas

Upon ER stress, the UPR activates both survival and pro-apoptotic signals.15 Pro-apoptotic
signals may prevail under circumstances of prolonged ER stress not alleviated by an
adaptive UPR. In particular, CHOP upregulation downstream of ATF4 signaling triggers an
apoptotic response that includes reduced transcription of the anti-apoptotic Bcl-2.39, 40

Compared to wild-type, CHOP mRNA and protein expression were significantly increased
in ethanol-fed Xbp1+/− mice (Fig. 7), consistent with the high levels of ATF4 found in these
mice (Fig. 5). Ethanol also modestly increased protein levels of CHOP in wild-type although
to a lesser extent than in Xbp1+/− mice (Fig 7B), an effect that may be associated with
increased CHOP translation under sustained eIF2α phosphorylation (Fig 5A).27 Protein
levels of Bcl-2 were significantly lower in Xbp1+/− mice than in wild-type controls, and
were reduced further in ethanol-fed Xbp1+/− mice (Fig. 7B). In these mice, CHOP
upregulation and reduced Bcl-2 levels were associated with the appearance of apoptotic
acinar cells, as determined by TUNEL staining. TUNEL-positive nuclei were found mainly
in areas with extensive loss of acinar cells (Fig. 7C), where represent up to 4% of total
nuclei. In contrast, apoptotic nuclei were absent in pancreas from control-fed mice,
irrespective of the genotype (not shown), and in ethanol-fed wild-type mice (Fig. 7C).

Discussion
Our results demonstrate that alcohol feeding in rodents induces UPR activation in pancreas,
as indicated by increased expression of IRE1 and sXBP1. The results further demonstrate
that when sXBP1 levels are diminished, as in Xbp1+/− mice, ethanol feeding induces ER
stress and pancreas pathology. Based on these findings, we conclude that an adaptive UPR
involving IRE1/XBP1 protects against alcohol-induced pathology in the exocrine pancreas.

Oxidative stress is a likely factor causing pancreatic ER stress in ethanol-fed animals, as
shown previously in other organs.14, 41 In support of this, antioxidants reduce ER stress and
improve protein secretion.18, 42 We found evidence of oxidative stress in ethanol-fed
animals, including increased ER GSSG/GSH ratio, and PDI oxidation. PDI catalyzes
disulfide bond formation in folding proteins, a key step for their maturation and stabilization
in the secretory pathway.37 Since PDI requires GSH for catalytic redox cycles, 32 we
conclude that ethanol depletes GSH required to modulate the redox state of PDI and folding
proteins, and subsequently elicits aberrant protein folding, accumulation of misfolded
proteins, and, ER stress. PDI oxidation can be especially critical in the acinar cell, as many
digestive enzymes have multiple disulfide bonds.

Several studies using genetically engineered cells and mice support a protective role for
sXBP1 against ER stress. sXBP1 induces the transcription of genes needed to expand the
ER/Golgi networks and augment the folding capacity of the ER.21, 43 In addition, XBP1
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regulates genes involved in oxidative stress responses including glutathione peroxidases.25

Our work identifies genes downstream of XBP1 that likely contribute to the protective
effects of XBP1 against ethanol-induced ER stress. Ethanol-induced sXBP1 upregulation in
pancreas of wild-type mice was associated with increased levels of PDI and ERp57.
Conversely, PDI and ERp57 were reduced in the absence of sXBP1 upregulation (Xbp1+/−

mice). Similarly, Xbp1+/− pancreatic acini had lower levels of PDI compared to wild-type
cells, an effect associated with reduced amylase secretion, supporting the concept that
sXBP1 is necessary for the secretory machinery of the acinar cell.22 In particular, adequate
levels of PDI may be critical in ethanol-fed animals to compensate for impaired PDI activity
due to ethanol-induced PDI oxidation.

Levels of the XBP1 targets ERdj4 and EDEM1 were reduced in Xbp1+/− mice, an effect that
was more pronounced in ethanol-fed compared to control-fed mice. Since ERdj4 modulates
the ATPase activity of Grp78,35 a ER chaperone critical for folding and export of proteins,
reduced ERdj4 levels can result in ER stress. Similarly, a decrease in EDEM1 leads to
impaired ERAD,36 and has been linked to increased autophagy.44 In this respect, the
increase in autophagic vacuoles found in ethanol-fed Xbp1+/− mice may reflect
compensatory responses to assist the defective ERAD in removing aberrant proteins.

We speculate that impaired chaperone-encoding gene expression due to XBP1 deficiency
and dysfunction of PDIs due to oxidative stress favor illegitimate disulfide bond formation.
The need to re-shuffle such bonds for correct protein folding aggravate ER oxidative stress
by further depletion of reducing equivalents and ROS generation associated with oxidative
re-folding.38 Furthermore, impaired ERAD may compromise degradation of aberrant
proteins leading to accumulation of misfolded proteins, autophagy and dysregulation of the
protein flux through the secretory pathway.

Severe ER stress in ethanol-fed Xbp1+/− mice is supported by the robust activation of PERK
found in these mice and the induction of apoptosis. Our data suggest that activation of the
PERK pathway can be counteradaptive in the context of XBP1 deficiency and ethanol
treatment because triggers CHOP upregulation. Associated with increased CHOP
expression, we found increased cell death, as was shown in other systems. 19, 45 UPR-
induced apoptosis has been also linked to activation of c-jun N-terminal kinase (JNK)
signaling by IRE1. 46 However, we did not find differences in JNK activation between
ethanol-fed wild-type or Xbp1+/− mice (not shown), suggesting that the IRE1 pathway does
not contribute to apoptosis in our experimental model.

In conclusion, our results elucidate adaptive signals of the UPR as key components
protecting the pancreatic acinar cell against ethanol-induced injury. Alterations in the
balance between UPR-induced adaptive and apoptotic signals by environmental or genetic
factors likely lead to alcoholic pancreatitis in humans.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this paper

ARP acidic ribosomal phosphoprotein P0

AMS acetamido-maleimidylstilbene-disulfonic acid

ATF4 activating transcription factor 4

C diet control diet

CHOP C/EBP homoologous protein

E diet ethanol-containing diet

EDEM1 ER degradation-enhancing alpha-mannosidase-like 1

ER endoplasmic reticulum

ERAD endoplasmic reticulum associated degradation

ERdj4 ER localized DnaJ homologue

eIF2α eukaryotic translation initiation factor 2α

PDI protein disulfide isomerase

PERK protein kinase RNA (PKR)-like ER kinase

TCEP Tris-2-carboxyethyl-phosphine

sXBP1 spliced X-box-binding protein-1

uXBP1 unspliced X-box-binding protein-1

UPR unfolded protein response
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Figure 1. Ethanol feeding activates UPR and XBP1 in rat pancreas
Rats were fed control (C) or ethanol (E) diets for 6 weeks. (A) Electron micrographs
showing ultrastructure of pancreatic acinar cells. Ethanol-fed rats exhibit well preserved
acinar architecture (right panel) compared to controls (left panel), but ER is dilated (closed
arrows). Bars, 2 μm. (B) RT-PCR showing higher XBP1 mRNA splicing (sXBP1) in
pancreas from ethanol-fed than in control-fed rats. (C) Western blot analysis of spliced
(sXBP1) and unspliced (uXBP1), Grp78 and GAPDH (loading control). In B and C each
lane represents an individual rat. Graph shows densitometry for XBP1 and Grp78 (means
±SEM; n=5). * P<.05 vs. C diet (Student t-test).
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Figure 2. Pancreatic acini isolated from Xbp1+/− mice are prone to ER stress
(A) and (B) Pancreatic acini isolated from wild-type and Xbp1+/− mice were incubated with
and without CCK-8 for 30 min. (A) Immunoblot shows protein levels of sXBP1 and uXBP1,
phospho-PERK, phospho- and total eIF2α after stimulation with 0.1 nM or 100 nM CCK-8.
(B) Graph shows amylase secretion by acini stimulated with CCK-8 (mean±SEM, 4
independent studies). Immunoblot shows cellular amylase content. * P<.05 vs. wild-type
(two-way ANOVA and Tukey post-tests: CCK, P<.001; genotype, P=0.002, interaction,
P=0.624). (C) Immunoblots show amylase content in media, and cellular levels of sXBP1,
amylase, PDI and ERK1/2 (loading control) in unstimulated acini cultured for 24 h (n=2
independent experiments). (D) Graph shows densitometry for immunoblots depicted in
panel C (mean±SEM, n=3). * P<.05 vs. wild-type (Student t-test).
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Figure 3. Ethanol feeding causes significant pancreatic damage in Xbp1+/− mice
Wild-type and Xbp1+/− mice were fed either control or ethanol diet. (A) Representative
pancreatic H&E staining from ethanol-fed wild-type (panels a-b) and Xbp1+/− mice (panels
c-d) after 4-weeks on diets. Pancreas of ethanol-fed wild-type mice appeared normal.
Pancreas of ethanol-fed Xbp1+/− mice displayed patchy areas of acinar cell necrosis (c,
white arrow), and areas with abundant stroma cells and tubular complexes (c, black arrows).
In panel d, the typical eosin staining in apical areas of acini is decreased, suggesting loss of
zymogen granules. Pancreatic sections from all control-fed mice appeared normal (not
shown). Bars, 20 μm. (B) Electron micrographs from ethanol-fed wild-type (panel a) and
Xbp1+/− mice (panels b-d) demonstrate features of ER stress in Xbp1+/− mice. Acinar cells
in wild-type mice show regular ultrastructure, with a slightly dilated ER (a, closed arrows).
In Xbp1+/− mice, acinar cells often displayed extensively dilated ER (b; higher
magnification in c) with occasional accumulation of dense materials (d). ZG, zymogen
granules (open arrows); AV, autophagic vacuoles (arrowheads); L, acinar lumen; Bars, 1
μm. (C) Graph shows percentage of acinar cell necrosis per total pancreatic area evaluated in
H&E tissue sections (median±25th and 75th percentiles; n=4–6 mice). * P<.05 vs. wild-type
mice (Kruskal–Wallis test and Dunn posthoc test). (D). Graph shows number of zymogen
granules per cell section measured in EM pancreatic sections (mean±SEM, n=4–6 mice). *
P<.05 vs. wild-type mice (two-way ANOVA and Tukey post-tests). Criteria for quantification
in C and D are explained in Supplementary Materials. (E) Immunoblots showing pancreatic
levels of amylase and GAPDH (loading control). Each lane represents an individual mouse.
Graph shows amylase quantification relative to control-fed wild-type mice (mean±SEM,
n=5).
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Figure 4. Ethanol-induced XBP1 activation is blunted in pancreas of Xbp1+/− mice
Wild-type and Xbp1+/- mice were fed either control or ethanol diet for 4 weeks. (A)
Pancreatic XBP1 splicing was assessed by RT-PCR. GAPDH was examined as a
housekeeping gene. (B) Immunoblot analyses of spliced and unspliced XBP1, IRE1α, and
ERK1/2 (loading control) in pancreas from wild-type and XBP+/− mice (panels A, B, each
lane represents an individual mouse). (C) Graphs show quantification of sXBP1 and IRE1α
protein expression relative to control-fed wild-type mice (mean±SEM, n=5 mice). * P<.05
vs. wild-type mice; # P<.05 vs. C diet (two-way ANOVA and Tukey post-tests).
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Figure 5. XBP1 deficiency augments pancreatic UPR in ethanol-fed mice
Immunoblot analyses of key UPR regulators in pancreas from wild-type and Xbp1+/− mice
fed control or ethanol diet for 4 weeks. Shown are expression levels of phospho-Thr980-
PERK, total and phospho-Ser51-eIF2α, Grp78 (A), and ATF4 (B). ERK1/2 was used as
loading control. Each lane represents an individual mouse. (C) Densitometric quantification
of phospho-PERK, phospho-eIF2α and ATF4 levels. Graphs show increased protein content
in ethanol-fed Xbp1+/− mice, relative to ethanol-fed wild-type mice. * P<.05 vs. wild-type
mice (Student t-test).
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Figure 6. XBP1 deficiency diminishes ER components involved in protein folding and ERAD
Pancreatic expression of XBP1 targets were determined in wild-type and Xbp1+/− mice fed
either ethanol or control diet. (A) qRT-PCR analyses of the chaperones ERdj4 and EDEM1
(mean±SEM; n=3). mRNA values were standardized to those of mouse ARP and expressed
relative to control-fed wild-type mice. *P<.05 vs. wild-type mice (two-way ANOVA).
Immunoblots show pancreatic protein content of EDEM1 (B) and the ER oxidoreductases
PDI and ERp57 (C). ERK1/2 and GAPDH were used as loading controls. (D) Quantitation
of PDI and ERp57 expression in immunoblots relative to C diet, normalized to those of
GAPDH. * P<.05 vs. wild-type mice; # P<.05 vs. C diet (two-way ANOVA and Tukey post-
tests). (E) Immunoblot shows selective changes in PDI electrophoretic mobility associated
with reduction/alkylation of thiol groups by TCEP and AMS treatment. AMS increases MW
about 500 daltons per thiol group. As judged by the relative mobility of the bands, alkylation
was less in samples from ethanol-fed mice, suggesting oxidation of fewer PDI free thiol
groups. In B, C and E, each lane represents an individual mouse.
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Figure 7. XBP1 deficiency and ethanol feeding induce upregulation of CHOP and apoptosis in
mouse pancreas
(A) CHOP mRNA expression was assessed in pancreas from control- and ethanol-fed wild-
type and XBP+/− mice by RT-PCR. GAPDH was used as a housekeeping gene. (B)
Immunoblots show pancreatic levels of CHOP and the antiapoptotic proteins, Bcl-2 and Bcl-
xL. In A, B, each lane represents an individual mouse. (C) Apoptotic cells were assessed by
TUNEL staining of pancreatic sections. Ethanol-fed wild-type mice lacked apoptotic nuclei
(panel a). Similar results were found for all mice fed control diet (not shown). In Xbp1+/−

mice fed ethanol, TUNEL positive nuclei (brown staining) were found mainly in damaged
areas of parenchyma displaying extensive loss of acinar cells (panel b). Apoptotic cells
comprise acinar and stroma cells. Bars, 20 μm.
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