
Gastrointestinal, Hepatobiliary and Pancreatic Pathology

Grp78 Heterozygosity Regulates Chaperone Balance
in Exocrine Pancreas with Differential Response to
Cerulein-Induced Acute Pancreatitis

Risheng Ye,*† Olga A. Mareninova,‡

Ernesto Barron,§ Miao Wang,*† David R. Hinton,§

Stephen J. Pandol,‡ and Amy S. Lee*†

From the Departments of Biochemistry and Molecular Biology,*

and Pathology,§ USC Norris Comprehensive Cancer Center,† Keck

School of Medicine of the University of Southern California,

Los Angeles; and the Department of Medicine, Department of

Veterans Affairs,‡ University of California,

Los Angeles, California

The endoplasmic reticulum (ER) is abundant in the acinar
cells of the exocrine pancreas. To test the role of ER ho-
meostasis in acute pancreatitis, we manipulated GRP78
levels, a major ER chaperone, in mice. Grp78�/� and �/�

littermates were fed either a regular diet (RD) or a high-fat
diet. Acinar cells were examined for ER structure by elec-
tron microscopy, and ER chaperone levels were as-
sessed by immunoblotting. Pancreatitis was induced by
cerulein injection, and multiple pathological parame-
ters were analyzed. Grp78�/� mice showed decreased
GRP78 expression in acinar cells. Exocrine pancreata of
RD-fed Grp78�/� mice in an outbred C57BL/6 � 129/sv
genetic background exhibited ER lumen dilation, a re-
duction in chaperones calnexin (CNX) and calreticulin
(CRT), and exacerbated pancreatitis associated with
high CHOP induction. With the high-fat diet regimen,
Grp78 heterozygosity triggered GRP94 up-regulation
and restoration of GRP78, CNX, and CRT to wild-type
levels, corresponding with mitigated pancreatitis on
cerulein insult. Interestingly, after backcrossing into
the C57BL/6 background, RD-fed Grp78�/� mice ex-
hibited an increase in GRP94 and levels of CNX and CRT
equivalent to wild type, associated with decreased ex-
perimental pancreatitis severity. Administration of a
chemical chaperone, 4-phenolbutyrate, was protective
against cerulein-induced death. Thus, in exocrine pan-
creata, Grp78 heterozygosity regulates ER chaperone
balance, in dietary- and genetic background–dependent
manners, and improved ER protein folding capacity
might be protective against pancreatitis. (Am J Pathol
2010, 177:2827–2836; DOI: 10.2353/ajpath.2010.100368)

The exocrine pancreas is highly specialized for produc-
tion and secretion of digestive enzymes. In response to
meal stimulation, acinar cells of the exocrine pancreas
exhibit the highest protein synthesis rate among human
tissues.1 Consistent with this cellular function, acinar cells
are morphologically characterized by abundant endo-
plasmic reticulum (ER). The normal function of exocrine
pancreas depends on balance between protein load and
folding capacity of the ER.2,3 Protein folding in ER is
mediated by multiple chaperoning systems. The 78-kilo-
dalton glucose regulated protein (GRP78), also known as
BiP (immunoglobulin heavy chain binding protein), is a
general chaperone recognizing the unfolded proteins by
its hydrophobic residues.3–5 GRP94, another major ER
chaperone, forms a large complex with GRP78 and other
chaperones to process nascent peptides.5–7 Calnexin
(CNX) and calreticulin (CRT) are lectin chaperones, com-
posing a system specifically targeting proteins with
monoglucosylated N-glycan for subsequent assembly.5,8

Acute pancreatitis is pathologically characterized by
inflammation, edema, and cell necrosis of exocrine pan-
creas. ATP depletion and premature activation of diges-
tive enzymes contribute to necrosis of pancreatic acinar
cells.9 To study the pathogenesis of pancreatitis, multiple
experimental models for pancreatitis have been estab-
lished in rodent. Administration of cerulein, a cholecysto-
kinin analogue, leads to activation of digestive proen-
zymes, severe acinar cell necrosis, and inflammation in
mouse.9 Recently, activation of ER stress signaling was
observed in pancreas of rats treated with secretagogues
or following arginine-induced acute pancreatitis.10,11 ER
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stress caused by misfolding of mutant digestive zymo-
gens has been linked to hereditary chronic pancreatitis in
human.12 However, the pathophysiological role of ER
stress in the pathogenesis of acute pancreatitis remains
unknown.

Not only is GRP78 a major molecular chaperone, it is
also a quencher of ER stress signaling transducers under
non-stress status.3 GRP78 also maintains ER homeostasis
by targeting misfolded proteins to ER-associated protein
degradation, and ER Ca2� storage by serving as a Ca2�

binding protein.13 In a Grp78 heterozygous mouse model
with C57BL/6 � 129/sv genetic background, we observed
abnormal ER morphology and down-regulated ER chaper-
ones in exocrine pancreas, associated with an exacer-
bated experimental pancreatitis response. Interestingly,
after high-fat diet (HFD) regimen, ER structure as well as
chaperone levels were restored in Grp78�/� acinar cells,
which correlated with improvement in experimental pan-
creatitis. Fortuitously, we discovered that Grp78�/� mice
backcrossed into the C57BL/6 background also exhib-
ited improved ER chaperone profile in pancreas, and no
greater severity of experimental pancreatitis compared to
wild-type littermates. Furthermore, we showed that ad-
ministration of 4-phenolbutyrate (4-PBA), a chemical
chaperone assisting protein folding,14 protected against
cerulein-induced acinar cell death. Taken together, our
studies suggest a protective role of ER chaperone bal-
ance against pancreatitis.

Materials and Methods

Animals

The Grp78�/� mice used in this study were generated as
previously described15 and maintained in C57BL/6 �
129/sv background through sibling mating, unless indi-
cated. Mice were maintained under a 12-hour light–dark
cycle with ad libitum access to water and food. Mice were
fed on regular diet (RD) (11% fat by calories, Harlan
Teklad, Indianapolis, IN) continuously after weaning (at
about 3 weeks old), or changed to HFD (45% fat by
calories, Research Diets, New Brunswick, NJ) at 10
weeks old. Only male mice were used in this study.
Mouse body weight was measured after overnight fast-
ing. Food intake was analyzed by daily food mass mea-
surement for five successive days, during the 10th week
of HFD regimen. Mouse stool was collected during the
20th week of HFD regimen and processed to Oil Red O
staining for lipids as described.16 The Grp78�/� mouse
strain was also backcrossed into C57BL/6 genetic back-
ground for seven generations and analyzed for ER chaper-
one levels in pancreas and severity of experimental pan-
creatitis. All protocols for animal use and euthanasia were
reviewed and approved by the University of Southern Cal-
ifornia Institutional Animal Care and Use Committee.

Tissue Processing

After sacrifice by cervical dislocation following CO2 an-
esthesia, mouse tissues were immediately frozen in liquid

nitrogen and stored at �80°C for immunoblotting or fixed
in 10% formalin for paraffin sections. For GRP78 immu-
nofluorescence, pancreas was fixed for 2 hours with 4%
paraformaldehyde, and tissue pieces were equilibrated
for 2 hours at 4°C in a 15% sucrose-phosphate buffer
solution and then embedded in OCT compound (Miles,
Elkhart, IN).

Islet Isolation

After sacrifice by cervical dislocation following CO2 an-
esthesia, mouse pancreas was digested by injection of
Liberase RI (Roche, Indianapolis, IN) and DNase (Roche)
via the pancreatic duct,17 followed by incubation at 37°C
for 25 minutes. Islets of Langerhans were hand-picked
under a light microscope.

Immunoblotting Analysis

Tissues were homogenized in ice-cold radio-immunopre-
cipitation assay (RIPA) buffer18 containing cocktails of
proteinase inhibitors (Roche) and phosphatase inhibitors
(Roche) with a Dounce homogenizer (Wheaton, Millville,
NJ), followed by centrifugation at 13000 � g at 4°C for 15
minutes. The Western blotting was performed as de-
scribed previously.19 Antibodies used included GRP78
(C20), CHOP, GADD34, XBP-1, EDEM, GAPDH (Santa
Cruz Biotechnology, Santa Cruz, CA); KDEL, GRP94,
calnexin, calreticulin (Stressgen, Ann Arbor, MI); pSer51-
eIF2�, eIF2� (Cell Signaling, Danvers, MA); amylase
(Calbiochem, Whitehouse Station, NJ); trypsin (Chemi-
con, Temecula, CA); and �-actin (Sigma-Aldrich, St.
Louis, MO). For each experimental condition, tissue sam-
ples from three or more animals were examined. The
Western blotting procedure was repeated two to six
times.

Histological Analysis, Immunohistochemistry,
Immunofluorescence, and TUNEL Assay

Formalin-fixed pancreas sections were embedded in par-
affin. Five-micrometer sections were stained with hema-
toxylin and eosin (H&E) for assessment of general mor-
phology. PCNA (PC10) and GADD153 (B-3) primary
antibodies (Santa Cruz Biotechnology) were used for
PCNA immunofluorescence and CHOP immunohisto-
chemistry, respectively. Insulin and glucagon primary an-
tibodies (Signet Labs, Dedham, MA) were also used for
immunohistochemistry. Staining procedure was as previ-
ously described.20 For GRP78 immunofluorescence anal-
ysis, 5-�m frozen pancreatic tissue sections were fixed in
0.1 M phosphate buffer containing 4% paraformalde-
hyde, washed several times in phosphate-buffered saline
(PBS) supplemented with 0.5% saponin, 0.2% Tween-20,
and blocked with 2% donkey serum. Tissue sections
were then incubated overnight with GRP78 (C-20) pri-
mary antibody (Santa Cruz Biotechnology) followed by
incubation with secondary antibody conjugated with FITC
(Jackson ImmunoResearch Laboratories, West Grove,
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PA). Images were visualized using the Zeiss LSM510
laser scanning confocal microscope with a �63 objec-
tive. TUNEL assay was performed on paraffin sections
using the cell death detection kit (Roche), and counted in
an average of 25 fields by the Quantity One software
(Bio-Rad, Hercules, CA).

Transmission Electron Microscopy

The procedure was similar with that previously de-
scribed.20 Pancreas tissues were fixed in half-strength
Karnovsky’s fixative (final concentrations: 2% paraformal-
dehyde, 2.5% glutaraldehyde in 0.1 M cacodylate buffer,
pH 7.4) overnight at 4°C, then post fixed in 1% osmium
tetroxide for 2 hours on ice. Samples were dehydrated in
a graded ethanol series and infiltrated with Eponate resin
(Ted Pella Inc., Redding, CA). Ultrathin sections were cut
at 70 nm and stained with uranyl acetate and lead citrate.
Sections were examined on a JEM 2100 electron micro-
scope (JEOL, Peabody, MA) and photographed with the
Orius SC1000B digital camera (Gatan, Pleasanton, CA).

Experimental Pancreatitis

Mice were subjected to seven hourly intraperitoneal (IP)
injections of cerulein (Sigma-Aldrich) at a dosage of 50
�g/kg body weight per injection. Mice subjected to com-
parable injections of PBS served as controls. One hour
after the last injection, mice were sacrificed and collected
for tissues.

Quantitation of Neutrophil Infiltration, Edema,
and Necrosis

H&E-stained pancreas sections were examined by Nikon
Eclipse TE2000-S inverted phase microscope (Nikon
Corp., Tokyo, Japan). Neutrophils were identified by their
histological characteristics as described previously.21

The number of infiltrating neutrophils was obtained by
counting the neutrophils at �40 magnification in an av-
erage of 50 fields covering at least 1000 acinar cells. For
each animal, neutrophil numbers were expressed as a
percentage of acinar cells. For quantitation of edema, the
percentage area of non-parenchymal space was ana-
lyzed in an average of 50 fields, using the ImageJ soft-
ware (National Institutes of Health, Bethesda, MD). Quan-
tification of necrosis was performed as described
previously.22 Cells with swollen cytoplasm, loss of
plasma membrane integrity and leakage of organelles
into interstitium were considered necrotic. A total of at
least 1000 acinar cells were counted on pancreatic tissue
sections from each animal.

Serum Amylase and Lipase

Serum amylase and lipase levels were measured in a
Hitachi 707 analyzer (Antech Diagnostics, Irvine, CA), as
described previously.22

Cell Culture and Treatment Conditions

NIH3T3 cells were cultured in Dulbecco’s modified Ea-
gle’s medium containing 10% fetal bovine serum and
antibiotics. To induce ER stress, cells were treated with
300 nmol/L thapsigargin (Sigma-Aldrich) for 16 hours.
Rat exocrine pancreas cell line AR42J was cultured in
F-12K medium supplied with 20% fetal bovine serum and
antibiotics. After administration with cerulein (Sigma-Al-
drich) and/or sodium 4-phenolbutyrate (Calbiochem),
cells were subjected to trypan blue exclusion assay for
cell viability.23

Statistical Analysis

Two-tailed Student’s t-test was applied for all pairwise
comparisons.

Results

ER Lumen Dilation and Chaperone Reduction in
Grp78�/� Exocrine Pancreas

Consistent with the normal growth and organ develop-
ment in the heterozygous Grp78 (Grp78�/�) mice re-
ported previously,24 their general pancreatic morphology
was comparable with that of the wild-type (Grp78�/�)
mice, as revealed by H&E staining (Figure 1A). Confocal
microscopy of immunofluorescence staining revealed the
reduction of GRP78 in the exocrine pancreas (Figure 1B).
As professional cells in protein production and secre-
tion,25 pancreatic acinar cells might have specific de-
mands on GRP78, the major chaperone and master regu-
lator of ER homeostasis.3 To investigate whether decreased
level of GRP78 would lead to changes in subcellular or-
ganelles in pancreatic acinar cells, transmission electron
microscopy (TEM) was used to examine the organelle struc-
ture and organization (Figure 2A). In contrast to the tightly
packed ER in wild-type (0 with dilated ER out of 35 cells
from 10 random fields), notable dilation of ER lumen was
observed in �35% (12 out of 34 cells from 10 random fields)
of Grp78�/� acinar cells, suggesting GRP78 mediates
maintenance of normal ER structure. There was no appar-
ent difference in number or appearance of secretory gran-
ules between the two genotypes.

To address whether the abnormal ER structure asso-
ciates with changes in ER homeostasis, we measured
protein levels of ER chaperones, including GRP78,
GRP94, calnexin (CNX), and calreticulin (CRT), in pan-
creas (Figure 2B). Grp78 heterozygosity led to notably
reduction of not only GRP78 (by 63%, P � 0.008), but
also CNX (by 49%, P � 0.004) and CRT (by 34%, P �
0.011). GRP94 level in Grp78�/� and �/� pancreas was
comparable (P � 0.91). Considering that endocrine islet
cells represent only a few percentage of total pancreatic
cells, these data inferred reduction of specific ER chap-
erones GRP78, CNX, and CRT in exocrine pancreas,
which resulted from Grp78 heterozygosity. The depleted
chaperones might correlate with the abnormal ER struc-
ture, representing disturbance in ER homeostasis.

ER Chaperone Balance and Pancreatitis 2829
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Recovery of ER Structure and Chaperone
Levels in Grp78�/� Exocrine Pancreas After
High-Fat Diet

Previous studies revealed that high-fat diet (HFD) en-
hances the synthesis and secretion of digestive enzymes
from exocrine pancreas.26,27 With reduced GRP78 level
in the Grp78�/� mice, the increased demand on diges-
tive enzyme synthesis in the pancreatic acinar cells might
lead to mild chronic ER stress, which is known to trigger
adaptive up-regulation of ER chaperones.28 To test this,
Grp78�/� and �/� male littermates were fed HFD (45% fat
by calories) from 10 weeks old, for 20 weeks (Figure 3A).
HFD regimen elevated body weight in both genotypes at
a similar level (Figure 3B). Food intake of Grp78�/� mice
was approximate to that of Grp78�/� mice (Figure 3C).
There was no evidence of fat malabsorption in these
mice, as determined by Oil Red O staining of stool
smears (Figure 3D).

Strikingly, after HFD regimen, Grp78�/� mice exhibited
well-organized, tightly-packed ER in pancreatic acinar
cells, as revealed by TEM (Figure 4A). Noting the asso-
ciation between dilated ER lumen (Figure 2A) and re-
duced chaperones (Figure 2B) in exocrine pancreas of
Grp78�/� mice fed RD (11% fat by calories), the ER
chaperone levels in pancreas of the HFD-fed mice were
examined (Figure 4B). Interestingly, despite the haploin-

sufficiency of Grp78 gene, GRP78 protein level in
Grp78�/� pancreas was comparable with that in the
Grp78�/� mice (94%, P � 0.69), suggesting that HFD
triggers recovery of GRP78 level in the pancreas of the
heterozygous mice. In contrast to the unaltered GRP94,
reduced CNX and CRT in the RD-fed mice (Figure 2B),
HFD regimen led to up-regulation of GRP94 (3.1-fold, P �
0.002), as well as recovery of CNX (87%, P � 0.15) and
CRT (110%, P � 0.15) in Grp78�/� pancreas in the levels
comparable to the Grp78�/� mice (Figure 4B). The res-
toration of the GRP78 level and up-regulation of GRP94
responses were mainly contributed by the exocrine pan-
creas, because the Grp78�/� islets showed reduced
GRP78 (52%, P � 0.002) and GRP94 (43%, P � 0.001)
but comparable levels of CNX (108%, P � 0.50) and CRT
(102%, P � 0.82) with that of Grp78�/� mice (Figure 4C).
Collectively, these studies showed that GRP78 protein
level is restored in Grp78�/� pancreas after chronic
HFD, which is accompanied by the reinforcement of
other ER chaperones and relative normal ER structure
in pancreatic acinar cells. These findings further sup-
port the link between ER chaperone balance and ER
structure maintenance.

Figure 1. Reduction of GRP78 protein levels in pancreatic acinar cells of
adult Grp78�/� mice. A: Representative H&E staining of pancreatic sections
from 7-month-old Grp78�/� and �/� mice fed regular diet (RD, n � 3 for
each genotype). B: Confocal microscopy of GRP78 (green) immunofluores-
cence (IF) on pancreatic acinar cells. N, nucleus. n � 2 (�/�) or 4 (�/�).

Figure 2. Dilated ER lumen and ER chaperone reduction in Grp78�/�

exocrine pancreas. A: Representative transmission electron micrographs
(TEM) of pancreatic acinar cells of 6-month-old Grp78�/� and �/� mice fed
RD (n � 2 for each genotype). Lower panels demonstrate higher magnifi-
cation of the boxed area of the corresponding upper panels. Arrowheads
indicate endoplasmic reticulum (ER). N, nucleus; G, secretory granules. B:
Protein levels of ER chaperones GRP78, GRP94, calnexin (CNX), and calre-
ticulin (CRT) were examined in pancreas from 7-month-old Grp78�/� and
�/� mice fed RD (n � 3 for each genotype) by Western blotting. Left panel:
representative blots. Right panel: quantitative levels normalized against
�-actin. Data are presented as the mean � SEM. *P � 0.05, **P � 0.01.
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Differential Response to Experimental
Pancreatitis in Grp78�/� Mice Is Associated
with ER Chaperone Balance in Pancreas

Toward further understanding of the role of ER homeosta-
sis in pancreatitis, we used cerulein-induced acute pan-
creatitis as an experimental model. After seven hourly
intraperitoneal (IP) injections of cerulein (50 �g/kg body
weight), Grp78�/� and �/� mice continuously fed RD, or
after 20 weeks of HFD, were sacrificed for analyses (Fig-
ure 5A). Corresponding to the abnormal ER structure
(Figure 2A) and decreased chaperone levels (Figure 2B)
under physiological conditions, the exocrine pancreas
from Grp78�/� mice showed greater morphological
changes of pancreatitis compared to wild-type. There
was conspicuous augment of cell necrosis, edema, and
inflammation observed pancreas from Grp78�/� mice
compared to wild-type mice (Figure 5B, left panels).
Chaperone profile was improved (Figure 4B) and ER
structure was reinstated (Figure 4A) in the pancreas of

Grp78�/� mice after HFD regimen. Consistently, there
was much less severe experimental pancreatitis ob-
served in the HFD-fed Grp78�/� mice (Figure 5B, right
panels) than in the RD-fed Grp78�/� mice.

To further characterize the severity of acute pancreati-
tis in cerulein-treated animals, infiltrated neutrophil count-
ing (Figure 5C) was used as a key quantitative index of
inflammation.9 Consistent with the morphological abnor-
malities (Figure 5B, left panels), there was a 3.8-fold
increase (24 � 4 vs. 6 � 1) in neutrophilic infiltration
observed in the pancreas of RD-fed Grp78�/� mice, in
comparison to that from Grp78�/� mice. After HFD, the
pancreas from Grp78�/� mice showed fewer neutrophils

Figure 3. HFD-fed Grp78�/� mice gained similar weight as wild types. A:
Scheme of high-fat diet (HFD) feeding. Cohorts of Grp78�/� and �/� male
littermates were fed a RD after weaned at 3 weeks of age, and switched to
HFD feeding from 10 weeks of age. B: Fasting body weight. n � 5 mice per
condition. *P � 0.05, **P � 0.01 for HFD versus RD. C: Food intake mea-
surement during the 10th week of HFD. n � 9 mice for each genotype. Data
are presented as the mean � SEM. D: Oil Red O staining of stool smear from
mice during the 20th week of HFD. Negative control, dH2O; positive control,
white adipose extract. n � 3 (�/�) or 4 (�/�). Figure 4. Recovery of ER morphology and chaperone levels in exocrine

pancreas of Grp78�/� mice after HFD. A: Representative TEM of pancreatic
acinar cells from mice after 12 weeks of HFD (n � 2 for each genotype).
Lower panels demonstrate higher magnification of the boxed area of the
corresponding upper panels. Arrowheads indicate ER. N, nucleus; G,
secretory granules. B and C: Protein levels of ER chaperones GRP78, GRP94,
calnexin (CNX), and calreticulin (CRT) were examined in whole pancreas (B)
and isolated islets of Langerhans (C) from Grp78�/� and �/� mice after 20
weeks of HFD (n � 3 for each genotype) by Western blotting. Left panels:
representative blots. Right panels: quantitative levels normalized against
�-actin. Data are presented as the mean � SEM. **P � 0.01.
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than that from Grp78�/� mice (8 � 2 vs. 12 � 2). When
edema area was quantitated (Figure 5D), RD-fed
Grp78�/� mice displayed a 73% increase compared with
Grp78�/� mice. After HFD, the edema area in the pan-
creas from Grp78�/� mice was comparable with that of
Grp78�/� mice, and 18% lower than that of the RD-fed
Grp78�/� mice (P � 0.02). In the RD-fed group, blood
amylase (Figure 5E) and lipase (Figure 5F) levels were
similar between the two genotypes. In the HFD-fed
group, amylase and lipase levels increased by 2.5- and
fourfold respectively in the Grp78�/� mice (P � 0.03 and
0.00001 respectively); whereas Grp78�/� mice displayed
levels comparable to the RD-fed mice.

Next we determined the extent of cell death contrib-
uted by apoptosis and necrosis. TUNEL assays used for
detection of apoptosis revealed that no apoptotic signal
in PBS-treated mice, whereas after cerulein treatment,
about 7% of Grp78�/� acinar cells were apoptotic, in
either RD-fed or HFD-fed mice, compared with about 4%
apoptotic acinar cells in Grp78�/� mice, either RD-fed or
HFD-fed (Figure 6, A and B). Histological examination
was performed to detect necrosis. While less than 3% of
the acinar cells were necrotic in PBS-treated mice, after
cerulein treatment, about 27% of Grp78�/� acinar cells,
compared with 47% of the Grp78�/� mice (1.7-fold in-
crease, P � 0.004), underwent necrosis (Figure 6C). After
HFD, about 58% of Grp78�/� acinar cells, compared to
27% of the Grp78�/� mice (2.1-fold decrease, P � 0.001)
were necrotic (Figure 6C). PCNA immunofluorescence
assay showed no apparent cell proliferation in the pan-
creas of all of the experimental groups (see Supplemen-
tal Figure S1, A and B at http://ajp.amjpathol.org). Further-
more, no difference in the level of pancreatic digestive
enzymes (amylase and trypsinogen) was detected be-
tween the two genotypes (see Supplemental Figure S2A
at http://ajp.amjpathol.org), and the endocrine production

of insulin and glucagon was also similar (see Supple-
mental Figure S2B at http://ajp.amjpathol.org). Taken
together, Grp78�/� mice exhibited exacerbated necro-
tizing pancreatitis, which was improved after HFD reg-
imen, associating with recovery of chaperone levels
(Figure 4B).

Serendipitously, we examined the chaperone levels in
pancreas from RD-fed Grp78�/� mice backcrossed into
pure C57BL/6 genetic background for seven genera-
tions. Although decreased GRP78 (59%, P � 0.002) was
observed in these Grp78�/� mice, GRP94 was up-regu-
lated (1.4-fold, P � 0.02) while CNX (108%, P � 0.7) and
CRT (93%, P � 0.3) were comparable to those in the
wild-type littermates (Figure 7A). Cerulein administration
led to similar severity of pancreatitis between the two
genotypes in C57BL/6 background mice (Figure 7B).
These fortuitous findings suggest that the general ER
chaperone balance, rather than GRP78 alone, contrib-
utes to the protection against experimental pancreatitis.

Modulation of ER Stress Response by Cerulein
and Diet in Pancreas of Grp78�/� Mice

To evaluate the effect of cerulein treatment and diet on
ER stress, pancreas lysates from Grp78�/� and �/� mice
(C57BL/6 � 129/sv background), fed RD or HFD, were
prepared and subjected to immunoblot analysis of ER
stress markers. First we examined the phosphorylation
status of the translational initiation factor eIF2�. Com-
pared to mice injected with PBS, cerulein treatment in-
duced eIF2� phosphorylation, in both RD- and HFD-fed
mice of both genotypes (Figure 8A). Cerulein treatment
also induced the nuclear transcriptional factor CHOP and
the spliced form of X-box binding protein (XBP-1s) in
RD-fed Grp78�/� mice (Figure 8B). Interestingly, in the

Figure 5. Diet-induced differential response to experi-
mental pancreatitis in Grp78�/� mice. A: Scheme of
cerulein-induced acute pancreatitis. Thirty-week-old
Grp78�/� and �/� male littermates, fed RD or HFD, were
subjected to seven hourly IP injections of cerulein (50
�g/kg body weight), followed by sacrifice and analysis. B:
Representative H&E staining of pancreatic sections from
mice after cerulein injection (n � 3 for each condition).
Lower panels demonstrate higher magnification of the
boxed area of the corresponding upper panels. C and
D: H&E-stained pancreas sections were counted for neu-
trophils (C) or quantitated for area of edema represented
by non-parenchymal space (D). E and F: Serum samples
were assayed for amylase (E) and lipase (F). Data are
presented as the mean � SEM. n � 3 mice for each
condition. *P � 0.05, **P � 0.01.
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cerulein-treated group, we observed a 4.7-fold increase
(P � 0.00002) in CHOP level in the RD-fed Grp78�/�

mice, compared with Grp78�/� mice. After HFD, CHOP
levels in both genotypes were reduced to that compara-
ble to the RD-fed Grp78�/� mice (Figure 8B). The differ-
ential levels of CHOP induction were further confirmed by
immunostaining of pancreas sections (see Supplemental
Figure S3 at http://ajp.amjpathol.org). On the other hand,
the growth arrest and DNA damage inducible 34 protein
(GADD34) was not detectable in mice of all of the exper-
imental groups, although GADD34 induction was readily
observed in thapsigargin-treated mouse fibroblast
NIH3T3 cells (Figure 8B). For the ER degradation-en-
hancing mannosidase-like protein (EDEM), similar levels
were observed for PBS-treated mice of both genotypes;
after cerulein treatment, reduction in EDEM level was
observed in the RD group but not in the HFD group
(Figure 8B). Collectively, these results show that cerulein
treatment induces ER stress in mouse pancreas, and that
cerulein and diet exert differential effects on selective ER
stress markers in the pancreas of Grp78�/� mice.

Protection Against Cerulein-Induced Cell Death
by 4-PBA

Previous work has established that 4-PBA, a chemical
chaperone, can assist protein folding and alleviate ER
stress.14,29 To test whether improvement in protein fold-
ing capacity can attenuate the severity of acute pancre-
atitis, increasing doses of 4-PBA was administrated to
AR42J, a differentiated rat pancreatic acinar cell line
producing digestive enzymes and a well-established in
vitro model for pancreatitis studies.30,31 The AR42J cells
were treated with cerulein to induce acute pancreatitis.
Treatment of 4-PBA alone did not affect cell viability, and
as expected, cerulein treatment significantly induced cell
death, which was suppressed by 4-PBA in a dose-de-
pendent manner (Figure 9). These results directly sup-
port the protective role of ER protein folding capacity in
cerulein-induced cell death in acinar cells.

Discussion

Although molecular signaling in the pathogenesis of
acute pancreatitis remains incomplete, ER homeostasis
is emerging as a mediator of pancreatic acinar cell func-
tion under both physiological and pathological condi-
tions.32 Using a targeted mutant mouse model of GRP78,
we discovered the potential protective role of ER chap-
erones against experimental pancreatitis. Reduction of
multiple ER chaperones, along with partial ER lumen
dilation, occurred in Grp78�/� mice with C57BL/6 �

Figure 6. Differential cell death in exocrine pancreas of Grp78�/� mice with
experimental pancreatitis. The Grp78�/� and �/� mice were fed with either
RD or HFD and treated with either PBS or cerulein as indicated. A: TUNEL
assay on pancreas sections. Representative fields showing TUNEL signal
alone (upper panels) or merged with DAPI (lower panels). B: Apoptotic
cells (TUNEL merged with DAPI) were counted as percentage of total cells
(DAPI). C: Necrotic cells were counted on H&E-stained pancreas sections as
percentage of total cells. Data are presented as the mean � SEM. n � 3 mice
for each condition. **P � 0.01.

Figure 7. Specific regulation of pancreatic ER chaperones and response to
experimental pancreatitis in Grp78�/� mice backcrossed into a C57BL/6
background. A: Protein levels of ER chaperones were examined in pancreas
from RD-fed 7-month-old Grp78�/� and �/� littermates backcrossed into
C57BL/6 background for seven generations (n � 3 for each genotype) by
Western blotting. Left panel: representative blots. Right panel: quantitative
levels normalized against GAPDH. Data are presented as the mean � SEM.
*P � 0.05, **P � 0.01. B: Representative H&E staining of pancreatic sections
from mice after cerulein injection (n � 3 for each genotype).
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129/sv background, when fed RD. These physiological
changes were associated with an increased severity of
cerulein-induced experimental pancreatitis. Further, in
RD-fed wild-type mice, cerulein treatment induced ER
stress response, including phosphorylation of eIF2� and
induction of CHOP and XBP-1s, as previously reported
for the arginine-induced acute pancreatitis in rats.11 No-
ticeably, CHOP level was significantly elevated in pan-
creas of cerulein-treated, RD-fed Grp78�/� mice, as
compared to wild-type control. Nonetheless, CHOP ele-
vation in the pancreas of the Grp78�/� mice did not result
in GADD34 induction or increase in apoptosis. Rather, we
observed decrease in apoptosis in these mice, associat-

ing with increase in necrosis, neutrophil infiltration, and
pancreatitis severity. This implies that CHOP-mediated
ER stress apoptotic pathway was not activated after
seven hours of cerulein treatment.

More mechanistic insights are provided from our dis-
covery that after chronic HFD regimen, the chaperone
levels (including GRP78) and morphology of ER in pan-
creas from Grp78�/� mice were restored, thus physiolog-
ically mimicking a gain-of-function of ER chaperones.
This is consistent with our hypothesis that partial deple-
tion of GRP78 in the exocrine pancreas of the Grp78�/�

mice leads to adaptive increase in ER protein folding
capacity when challenged with HFD. Accordingly, these
mice showed improvement in acute pancreatitis. Despite
the use of blood digestive enzymes as a measure of
severity in clinical pancreatitis, blood amylase levels do
not always correlate with clinical severity of the disease,
rather the inflammatory and necrosis scores show a
much stronger correlation.33–35 This was also observed in
our mouse model after cerulein treatment. In direct sup-
port of our mechanistic explanation, Grp78�/� mice
backcrossed to C57BL/6 genetic background did not
exhibit general decrease in ER chaperone levels, and
exacerbated acute pancreatitis was not observed in
these mice. Furthermore, 4-PBA treatment rescued pan-
creatic acinar cells from cerulein-induced cell death in a
dose-dependent manner. Taken together, the findings
from our mouse models suggest that ER chaperone bal-
ance in exocrine pancreas protects against severity of
acute pancreatitis.

The impact of Grp78 insufficiency on ER homeostasis
and cellular function could be dose-dependent and tis-
sue-specific. Homozygous knockout of Grp78 sup-
presses proliferation of mouse embryonic blastocysts
and leads to apoptosis of the inner cell mass, resulting in
embryonic lethality at day 3.5,15 but does not affect pros-
tate development when the targeted mutation is re-
stricted to the postnatal prostate epithelium.36 Nonethe-
less, knockout of GRP78 in these same cells blocks
prostate cancer progression.36 Correspondingly, Grp78
heterozygosity did not change superficial phenotypes in
mice, but significantly impedes the growth of MMTVPyVT
transgene-induced mammary tumor progression and tu-
mor angiogenesis,24 implying that GRP78 function is par-
ticularly critical for pathophysiological conditions such as
cancer.37 Knockdown of Grp78 by siRNA results in mas-
sive ER lumen expansion and disorganization in mamma-
lian cell lines HEK293 and HeLa.38 Here we report that
moderate dilation of ER lumen was observed in pancre-
atic acinar cells with Grp78 heterozygosity. Compensa-
tory up-regulation of ER chaperones is observed in liver
and mouse embryonic fibroblasts,15 but not in pancreas.
Our discovery of different ER chaperone profiles in pan-
creas from RD-fed Grp78�/� mice in different genetic
backgrounds also suggests a polygenic response to
Grp78 heterozygosity, which awaits further investigation.

There are several mechanisms that could potentially
explain the effect we observed of ER chaperones on the
severity of acute pancreatitis. As pancreatic acinar cells
are major professional cells in protein production and
secretion, in the C57BL/6 � 129/sv genetic background,

Figure 8. Modulation of ER stress response by cerulein and diet in pancreas
of Grp78�/� mice. Whole cell lysates of pancreas from Grp78�/� and �/�

mice, fed RD or HFD, after seven hourly PBS or cerulein injections (n � 3 for
each condition), were subjected to immunoblotting of the indicated ER stress
response proteins: (A) pSer51- and total eIF2�, (B) CHOP, GADD34, spliced
form of XBP-1 (XBP-1s), and EDEM, with GAPDH serving as loading control.
NIH3T3 cells, either nontreated (�) or treated with 300 nmol/L thapsigargin
for 16 hours (Tg) served as negative and positive controls, respectively. Left
panels: representative Western blots. Lanes for the NIH3T3 samples were
run on the same gel as the tissue samples but were noncontiguous. Right
panels: quantitation of relative protein levels after normalization against
GADPH levels. Data are presented as the mean � SD. **P � 0.01.

Figure 9. 4-PBA protected against cerulein-induced AR42J cell death.
Trypan blue exclusion assay was performed on AR42J cells after 72-hour
treatment of 4-PBA at the indicated doses, with (�) or without (�) simulta-
neous treatment of 1 �mol/L cerulein during the last 24 hours. 120–500 cells
were counted for each sample. Percentage of dead cells is presented as the
mean � SEM from triplicate samples. *P � 0.05, **P � 0.01.
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ER chaperone reduction resulting from Grp78 heterozy-
gosity could reduce protein folding capacity and ER-
associated protein degradation, leading to accumulation
of malfolded proteins, thereby exacerbate pancreatic
acinar cell necrosis. In human hereditary chronic pancre-
atitis, mutation-induced misfolding of chymotrypsinogen
C causes ER stress and cell death.12,39 Additionally, ER
Ca2� homeostasis may also be affected. Reduction of
both CRT and GRP78, the major Ca2�-binding chaper-
ones in ER,5,40,41 might promote ER Ca2� depletion in
Grp78�/� acinar cells on pathological insults. The abnor-
mal elevation of cytosolic Ca2�, in turn, will lead to mito-
chondria dysfunction, ATP depletion, and autoactivation
of digestive enzymes, resulting in necrotic cell death.42

ER stress could also exacerbate acute pancreatitis
through signaling inflammation. Different signaling path-
ways initiated by ER stress have been reported to induce
inflammatory responses.43 For example, a liver-specific
ER membrane–anchored transcription factor CREBH is
activated by site-1 and site-2 protease-mediated cleav-
age in response to ER stress and subsequently initiates
an acute, systemic inflammatory response.44 In intestinal
epithelia cells, inhibition of ER stress contributes to the
antiinflammatory mechanisms of interleukin-10.45 During
the pathogenesis of type 2 diabetes, ER stress activates
inflammation signaling via IKK�/NF-�B and JNK path-
ways, which contribute to insulin resistance in liver and
white adipose.46,47 In the acute pancreatitis, although
molecular signaling between ER stress and inflammatory
response awaits future investigation, our results reveal a
correlation between the ER stress marker CHOP induc-
tion and neutrophil infiltration.

Our studies suggest improving ER protein folding ca-
pacity as a potential target for prevention and therapy of
acute pancreatitis. Administration of chemical chaper-
ones, including 4-PBA, has been shown to attenuate ER
stress and confer improvement in a variety of diseases,
including Parkinson’s disease,29,48 leptin resistance,49

insulin resistance,50 and autosomal dominant familial iso-
lated hypoparathyroidism,51 as well as adipose tissue
differentiation and maturation,52 and palmitate-mediated
hepatocyte cell death.53 Here we report the protective
effect of 4-PBA on pancreatic acinar cell death induced
by cerulein. Enhancement of ER protein folding capacity
might inhibit the vicious signaling leading to severe in-
flammation and cell necrosis, thus reducing the high
mortality rate in patients with necrotizing pancreatitis. A
number of studies now demonstrate that obesity is asso-
ciated with a more severe course and a greater mortality
rate in patients with acute pancreatitis.54 The mecha-
nisms underlying the more severe course are not known,
but hypotheses have been expressed relating the more
severe disease to an exacerbated inflammatory response
and/or contribution of fat necrosis.54 Although our study
was not designed to address the mechanisms of obesity-
regulated severity, there are potentially important find-
ings presented in this work that may provide insights with
further investigation. First, the measures of pancreatitis
were worse in the HFD-fed wild-type mice compared with
the RD-fed ones, consistent with the human reports. Sec-
ond, although HFD does impose stress on exocrine pan-

creas and enhance acute pancreatitis in the wild-type
mice, an adaptive response to the chronic ER stress on
HFD is triggered by Grp78 heterozygosity, resulting in
up-regulation of GRP94 level and recovery of other ER
chaperone levels including GRP78. Future studies creat-
ing new mouse models with gain of chaperone function
will provide direct proof of our hypothesis which has
significant therapeutic implications for acute pancreatitis.
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