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ORIGINAL RESEARCH
Ethanol Induced Disordering of Pancreatic Acinar Cell
Endoplasmic Reticulum: An ER Stress/Defective Unfolded
Protein Response Model

Richard T. Waldron,1,2 Hsin-Yuan Su,1 Honit Piplani,1 Joseph Capri,3 Whitaker Cohn,3

Julian P. Whitelegge,3 Kym F. Faull,3 Sugunadevi Sakkiah,1 Ravinder Abrol,1 Wei Yang,1

Bo Zhou,1 Michael R. Freeman,1,2 Stephen J. Pandol,1,2 and Aurelia Lugea1,2

1Department of Medicine, Cedars Sinai Medical Center, Los Angeles, California; 2Department of Medicine, or
3Psychiatry and Biobehavioral Sciences, University of California Los Angeles David Geffen School of Medicine,
Los Angeles, California
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SUMMARY

Heavy alcohol consumption is associated with pancreas
damage, but light drinking shows the opposite effects,
reinforcing proteostasis through the unfolded protein
response orchestrated by X-box binding protein 1. Here,
ethanol-induced changes in endoplasmic reticulum protein
redox and structure/function emerge from an unfolded
protein response–deficient genetic model.

BACKGROUND & AIMS: Heavy alcohol drinking is associated
with pancreatitis, whereas moderate intake lowers the
risk. Mice fed ethanol long term show no pancreas damage
unless adaptive/protective responses mediating proteostasis
are disrupted. Pancreatic acini synthesize digestive enzymes
(largely serine hydrolases) in the endoplasmic reticulum
(ER), where perturbations (eg, alcohol consumption) acti-
vate adaptive unfolded protein responses orchestrated by
spliced X-box binding protein 1 (XBP1). Here, we examined
ethanol-induced early structural changes in pancreatic
ER proteins.
METHODS: Wild-type and Xbp1þ/- mice were fed control
and ethanol diets, then tissues were homogenized and fraction-
ated. ER proteins were labeled with a cysteine-reactive probe,
isotope-coded affinity tag to obtain a novel pancreatic redox ER
proteome. Specific labeling of active serine hydrolases in ERwith
fluorophosphonate desthiobiotin also was characterized pro-
teomically. Protein structural perturbation by redox changes
was evaluated further in molecular dynamic simulations.

RESULTS: Ethanol feeding and Xbp1 genetic inhibition altered
ER redox balance and destabilized key proteins. Proteomic data
and molecular dynamic simulations of Carboxyl ester lipase
(Cel), a unique serine hydrolase active within ER, showed an
uncoupled disulfide bond involving Cel Cys266, Cel dimeriza-
tion, ER retention, and complex formation in ethanol-fed, XBP1-
deficient mice.

CONCLUSIONS: Results documented in ethanol-fed mice lack-
ing sufficient spliced XBP1 illustrate consequences of ER stress
extended by preventing unfolded protein response from fully
restoring pancreatic acinar cell proteostasis during ethanol-
induced redox challenge. In this model, orderly protein
folding and transport to the secretory pathway were disrupted,
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and abundant molecules including Cel with perturbed
structures were retained in ER, promoting ER stress-
related pancreas pathology. (Cell Mol Gastroenterol Hepatol
2018;5:479–497; https://doi.org/10.1016/j.jcmgh.2018.01.001)
Keywords: Alcohol Pancreatitis; Carboxyl Ester Lipase; Disulfide
Bond; Unfolded Protein Response.

lthough heavy drinking is a risk factor for both acute
1

Abbreviations used in this paper: ATPase, adenosine triphosphatase;
Cel, carboxyl ester lipase; DTT, dithiothreitol; ER, endoplasmic retic-
ulum; ERAD, endoplasmic reticulum–associated degradation; FAEE,
fatty acid ethyl esters; FP, fluorophosphonate; ICAT, isotope-coded
affinity tags; LC-MS/MS, liquid chromatography-tandem mass spec-
trometry; MW, molecular weight; %-ox, percentage oxidized; RER,
rough ER; sXBP1, spliced X box-binding protein 1; UPR, unfolded
protein response; WT, wild type.
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Aand chronic pancreatitis, only a small minority of
alcohol abusers acquire pancreatic diseases.2 Pancreatitis is
initiated in the pancreatic acinar cell upon acinar cell
dysfunction.3 The acinar cells are specialized secretory cells
with a prominent role as biosynthetic factories producing
and secreting digestive enzymes. An extensive ribosome-
studded endoplasmic reticulum (ER) network in these cells
enables high rates of enzyme production.4 Several studies
have indicated that disorders in ER function are associated
with acute and chronic pancreatitis,5–10 but the precise al-
terations in ER components and ER protein processing
during pancreatitis are poorly defined.

Protein folding in the acinar cell ER requires balanced
redox conditions.11 We previously found adverse effects of
chronic ethanol feeding in pancreas ER, such as an increased
oxidized-to-reduced-glutathione ratio.12,13 This perturbs
protein folding and induces an unfolded protein response
(UPR) involving up-regulation of the UPR transcription fac-
tor, spliced X box-binding protein 1 (sXBP1) that limits
ethanol-mediated damage.10,12 In this respect, genetic dele-
tion of XBP1 in mice prevented increases in sXBP1, associ-
ated with severe ER stress, disordered autophagy, decreased
secretion of digestive enzymes from acinar cells, acinar cell
death, and pancreas damage.12,14 More recently, we also
found that cigarette smoke extracts reduced sXBP1 levels,
and increased ethanol-induced ER stress and cell death in
acinar cells.10 Moreover, rats exposed to cigarette smoke
showed lower pancreatic sXBP1 levels and more severe
alcoholic pancreatitis than control animals.10 These studies
led us to propose that sXBP1 plays an essential role to pre-
vent ethanol-induced ER dysfunction. Here, our goal was to
identify novel ethanol feeding–induced changes in protein
processing in the ER that precede and sensitize the pancreas
to frank pathologic damage.

Because ethanol altered ER redox, and XBP1 genetic
deficiency (in Xbp1þ/- mice) increased damage in the
context of ethanol feeding, we focused on the role of
ethanol-induced protein oxidation in pancreatic pathology.
We hypothesized that the ethanol feeding-induced increase
in sXBP1 in the acinar cell supports normal protein pro-
cessing and trafficking in wild-type mice by correcting
redox-induced changes in ER proteins. We further predicted
that ethanol would lead to accumulation of redox-driven
misfolding or other alterations in ER proteins in Xbp1þ/-
mice (with a deficient UPR). We used liquid
chromatography–tandem mass spectrometry (LC-MS/MS)
to characterize effects of ethanol feeding and XBP1
deficiency on pancreatic ER proteins, and OXICAT15,16 to
quantify protein disulfides after reaction of cysteine
sulfhydryls with isotope-coded affinity tags (ICAT). To
complement this approach, we also searched for peptides
with cysteines modified by other biochemical residues.

Many abundant secretory proteins synthesized in the ER
of the acinar cell belong to the serine hydrolase enzyme
family.17 Although most serine hydrolases (eg, trypsin) are
produced as inactive proenzymes, aberrant activation
within the cell has been mechanistically linked to pancreas
pathology. Altered cysteine oxidation and disulfide bond
formation might overtly change serine hydrolase activity by
altering protein structure. We therefore also investigated
the activity of serine hydrolases in the ER fraction to show
their potential to act as causal links between ethanol
feeding, deficient UPR, and pancreatic pathology.

Materials and Methods
Experimental Animal Model of Impaired Oxidative
Refolding in Pancreas

XBP1-deficient (Xbp1þ/-) and wild-type ([WT] Xbp1þ/þ)
mice were used for the study. Detailed information about
Xbp1þ/- mouse genotype and phenotype, diet composition,
and intragastric feeding procedure is provided later.
Pancreas and pancreatic acinar cell pathology in this model
was reported previously.12,14

XBP1-Deficient Mice
We used mice with a null mutation in 1 Xbp1 allele

(Xbp1þ/-) and littermate WT controls (Xbp1þ/þ, BALB/c
background). Xbp1þ/- mice were generated by Ozcan
et al,18 and have been described previously.12 We used Xbp1
heterozygous mice because complete Xbp1 deletion results
in embryonic lethality, and pancreas-specific deletion
results in rapid, extensive acinar cell death.19 In regular
housing conditions and compared with WT mice, protein
levels of sXBP1 and unspliced (u) XBP1 in pancreas are
reduced w40% and w30%, respectively, in Xbp1þ/-
mice.12 Xbp1þ/- mice are fertile and healthy, and grow at a
rate similar than their WT littermates when maintained on
standard chow diets. However, compared with WT, Xbp1þ/-
mice show increased hepatic ER stress and insulin resis-
tance when placed on a high-fat diet for 16 weeks.18

Moreover, Xbp1þ/- mice fed intragastrically with ethanol-
containing diets show in pancreatic acinar cells signs of
ER stress, decreased numbers of zymogen granules,
increased autophagy, and 10%–15% loss of acinar cells.12

https://doi.org/10.1016/j.jcmgh.2018.01.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Intragastric Ethanol Feeding in Mice
Chronic ethanol feeding was performed at the Animal

Core of the Southern California Research Center for Alcoholic
Liver and Pancreatic Diseases and Cirrhosis. Ethanol and
control diets were provided using the Tsukamoto-French
intragastric ethanol infusion model as previously
described.20 This model was selected because it allows ac-
curate control of nutrient intake and alcohol consumption
patterns. In this model, mice are pair-fed isocaloric amounts
of liquid diet containing ethanol (ethanol diet) or dextrose as
a substitute for ethanol (control diet) by a continuous intra-
gastric infusion method. Control and ethanol diets had the
same protein (lactoalbumin hydrolysate) and fat (corn oil)
composition and only differed in the content of ethanol and
dextrose. The diets also contained citric acid, choline chloride,
and a mix of salts, vitamins, and minerals at concentrations
recommended by the Committee on Animal Nutrition of the
National Research Council (Dyets, Inc, Bethlehem, PA).
Nutrients were purchased from Invitrogen Corporation
(Carlsbad, CA), Sigma Chemical Co (St. Louis, MO), and Dyets,
Inc. All experimental procedures were approved by the
Institutional Animal Care andUse Committees of Cedars-Sinai
Medical Center and the University of Southern California.

For this study, we used a total of 14 male WT mice and
13 male Xbp1þ/- mice. Mice were housed under controlled
conditions of temperature, humidity, and a 12-hour light/
dark cycle with free access to water and rodent chow diet
before ethanol feeding. At the age of 12–14 weeks, mice
underwent surgery aseptically under general anesthesia
(ketamine and xylazine) for implantation of long-term gas-
trostomy catheters. After a 4- to 6-day acclimatization
period on chow diet, mice were distributed randomly into
the control or the ethanol diet group, and continuous
ethanol infusion was initiated in the ethanol group at the
initial ethanol dose of 22.7 g/kg/day, and incrementally
increased to 30–33 g/kg/day over a 4-week period. Control-
fed animals were infused simultaneously with isocaloric
amounts of dextrose. At the initial ethanol dose, total
calories derived from the diet and ethanol was set at
568 cal/kg/day, and the caloric percentages of ethanol,
dextrose, protein, and fat were 29%, 11%, 25%, and 35%,
respectively. The highest ethanol dose at the end of 6 weeks
accounted for approximately 34%–37% of calories.

After 6 weeks on diets, animals were killed and tissue
samples were taken for analysis. Blood ethanol levels at
death, determined by an Analox GM7 analyzer (Analox
Instruments, Atlanta, GA), were comparable between WT
(means ± SEM, 220 mg/dL ± 5 mg/dL) and Xbp1þ/- mice
(means ± SEM, 280 mg/dL ± 10 mg/dL), suggesting that
XBP1 deficiency does not alter ethanol metabolism.

Body weight was monitored through the ethanol feeding
period. Mice in the 4 treatment groups had similar
body weight at the beginning of the diets: WT control diet,
25.7 g ± 0.4 g; Xbp1þ/- control diet, 25.6 g ± 1.6 g; WT
ethanol diet, 25.0 g ± 0.8 g; Xbp1þ/- ethanol diet, 25.4 g ±
1.2 g (means ± SEM, n ¼ 5–8). After 6 weeks on diets, body
weight gain was significantly lower in ethanol-fed Xbp1þ/-
mice compared with ethanol-fed WT mice. Body weight gain,
expressed as a percentage of body weight at death vs initial
body weight (means ± SEM, n), was as follows: WT control
diet, 116.9 ± 2.3 (n ¼ 7); Xbp1þ/- control diet, 113.1 ± 0.6
(n ¼ 5); WT ethanol diet, 105.4 ± 2.6 (n ¼ 7); Xbp1þ/-
ethanol diet, 96.4 ± 2.1 (n ¼ 8) (P ¼ .029 vs WT ethanol diet,
2-way analysis of variance and Tukey post-test).

Isolation of Endoplasmic Reticulum Fractions
Mice were euthanized by CO2 asphyxiation, and pancreas

tissue was immediately isolated and homogenized in 1.8 mL
buffer (buffer A) comprising 5 mmol/L (2-(N-Morpholino)
ethanesulfonic acid, 5 mmol/L MgCl2, pH 7.0, with 1 mmol/
L dithiothreitol (DTT) using a rotary homogenizer with a
polytetrafluoroetheylene (PTFE) pestle, for 6 strokes at
80% of full speed. This low amount of DTT was included in
buffer A to prevent widespread oxygenation and cross-
linking of mostly extracellular proteins. Its reducing capac-
ity should be consumed before complete cell lysis and
separation of membrane fractions. The homogenate was
diluted to 5 mL with buffer A (without further DTT) and
further homogenized in a 7-mL Dounce (Wheaton, Millville,
NJ) glass homogenizer. The homogenate was brought to
0.25 mol/L sucrose, and sequentially spun at 150 � g for 10
minutes, 1300 � g for 10 minutes, and 10,000 � g for 15
minutes, with the supernatant carried forward. The rough
ER fraction was pelleted from this supernatant by centri-
fuging at 85,000 � g for 30 minutes. Centrifugation was
performed in thick-walled Beckman (Beckman Coulter,
Brea, CA) tubes in a TY-65 rotor (Beckman). Pellets were
resuspended in Buffer A (no DTT) containing 0.25 mol/L
sucrose, and snap frozen in N2(l) for later analysis. Protein
concentration in the RER samples was obtained using the
Pierce BCA (Thermo Fisher Scientific, Asheville, NC) protein
assay system.

Western Blot and ER Protein Reaction With
Biotinylated Serine Hydrolase Activity Probe

Pancreatic ER fractions as well as total tissue lysates
were examined by Western blot as follows: ER fractions
(10–20 mg) were separated on Invitrogen Tris-glycine
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
4%–20% gradient gels, transferred to nitrocellulose
membranes using Bio-Rad (Hercules, CA) TransBlot Turbo
rapid transfer system (15 minutes at a constant current of
1.25 A per minigel), and blocked with 5% bovine serum
albumin in Tris-buffered saline buffer with 0.075% Tween
20. Subsequent incubations and washes were performed in
Tris-buffered saline with 0.075% Tween 20. Primary
antibodies used against lipase, carboxyl ester lipase (Cel)
(sc-34878), signal recognition particle 72 were from Santa
Cruz Biotechnologies (Santa Cruz, CA). Extracellular signal-
regulated kinase 1/2 antibody was from Cellular Signaling
Technologies (Beverly, MA). ActivX Desthiobiotin-FP Serine
Hydrolase Probe and streptavidin–horseradish peroxidase
were from Thermo Fisher Scientific. ER fractions (50 mg)
were incubated with probe (2 mg/mL) in 10 mmol/L
Tris-HCl, pH 7.4 for 20 minutes at room temperature,
then Triton X-100 (Bio-Rad) was added to 1% and the
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clarified mixture was incubated for a further 20 minutes at
room temperature. Samples then were prepared by addition
of gel loading buffer and further processed for Western blot
as described earlier.

Mass Spectrometric Determination of Protein
and Peptide Content of Pancreas ER Fractions

In-gel digest of Coomassie-stained gels was performed to
generate samples from a single gel (2–3 lanes per condition),
divided into 8 molecular weight (MW) ranges between 15
and 150 kilodaltons. Proteomic analysis was performed by
LC-MS/MS on an Orbitrap Elite (Thermo Fisher Scientific)
mass spectrometer at the Biomarker Discovery Platform at
Cedars-Sinai Medical Center. The data were processed by
Mascot (Matrix Science, Boston, MA) and then by Maxquant
v.1.4.0.0 (Jurgen Cox, Max Planck Institute of Biochemistry).
Results obtained fromWT and Xbp1þ/-mice were pooled to
quantitate differences between control- and ethanol-fedmice
ER fractions (and between WT and Xbp1þ/- mice) using
spectral counting. Protein IDs with least 2 unique peptides
and 2 or more peptide spectra matches were analyzed. Dif-
ferences in spectral count across the 32 LC-MS/MS runs were
normalized as described.21 Briefly, spectral counts were
summed across each chromatogram. Values within each run
were multiplied by a factor comprising the sum of spectral
counts in that run divided by the sum of the maximal spectral
counts in a single run. Normalized values were uploaded to
Qspec Spectral Counter (www.nesvilab.org/qspec.php/)22;
output files enabled us to quantitate the proteins that
increased or decreased by fold-changes. The Orbitrap Elite
also was used to analyze peptide modifications in (avidin
column) flow through from the ICAT experiment, and pro-
vided complementary proteomic data incorporated.

Extraction of Membrane Fractions, Labeling
With ICAT Reagents, and Purification
of Labeled Tryptic Peptides

RER fractions (100 mg) were extracted by shaking for
15minutes at 37�C in buffer comprising 100mmol/L Tris, pH
7.0, containing 25% acetonitrile, 0.1% sodium dodecyl sul-
fate, and 0.05% sodium deoxycholate (Buffer B), in 1.5 mL
Eppendorf (Thermo Fisher Scientific) Protein LoBind tubes
flushed of air using N2 gas. Next, 75 mL of a 1:1 slurry of
Cleanascite (Biotech Support Group, Monmouth Junction, NJ)
delipidizing beads were added, and the tubes were flushed
with N2 gas and rotated end-over-end for 15 minutes at room
temperature. Slurries were spun at 10,000 rpm for 5 minutes
at room temperature, clarified extracts were transferred to
clean tubes, and pelleted beads were discarded. Trichloro-
acetic acid (10% final concentration) was added and the
samples were incubated on ice for 3 hours.15 Precipitated
protein was recovered by centrifugation at 15,000 rpm for 15
minutes at 4�C. The supernatantwas aspirated, and thepellets
were redissolved in 80 mL of Buffer B. Each sample was
labeled using 1 vial of light ICAT reagent (Sciex, Inc, Foster
City, CA), according to the instructions provided. The proteins
then were reprecipitated with 10% trichloroacetic acid,
washed twicewith ice-cold acetone (600mL) to removeexcess
ICAT reagent, redissolved in 80 mL of Sciex, Inc, denaturing
buffer containing 8mol/L guanidine, disulfides were reduced
by addition of tris(2-carboxyethyl)phosphine to 1.25mmol/L,
and heating to 80�C for 1 hour. Next, heavy ICAT labeling was
achieved by combining the reagent with the sample as
instructed and shaking for 1 hour at 37�C. Proteins were again
precipitated using 10% TCA, washed twice with acetone,
redissolved in trypsin solution, and digested overnight at 37�C.
Peptides were recovered by batch chromatography on cation
exchange and avidin columns (Sciex, Inc), dried in a vacuum
centrifuge, redissolved in trifluoroacetic acid solution to cleave
off the biotin, redried, and redissolved in 10% acetonitrile, 1%
formic acid for mass spectrometric evaluation.

Mass Spectrometry of ICAT-Labeled Peptides
ICAT-labeled pancreas ER peptides eluted from avidin

columns were analyzed using a Thermo LTQ Orbitrap XL
mass spectrometer with an Eksigent LC. Intensities obtained
from heavy and light ICAT-labeled peptides were normal-
ized as described earlier. The percentage oxidized (%-ox) of
individual peptides was calculated as the heavy intensity
divided by the sum of light and heavy intensities.
Structural Modeling Computation of Carboxyl
Ester Lipase

The atomic structure of mouse Cel (Uniprot Q64285;
www.uniprot.org/) was built by comparative homology
modeling using Discovery Studio v 3.5 (Accelrys, San Diego,
CA). Two different conformations from crystal structures
(Protein Data Bank ID: 1AKN and 1F6W) were used as a
template to determine the 3-dimensional structure of Cel.
The best monomer structures from each template (model 1
from 1akn and model 2 from 1f6w) were selected from the
10 generated models using the discrete optimized protein
energy score from Discovery Studio. The Cel homodimer
was generated by adopting the dimer topology from the
lipase crystal structure (Protein Data Bank ID: 3DNM).
Model 1 and model 2 were used as starting structures to
generate Cel homodimers: model 1_dimer and model
2_dimer. Both dimer structures were relaxed by implicit
solvent energy minimization using GROMACS (GROningen
MAchine for Chemical Simulations, Uppsala, Sweden) 4.5.6
and the Amber (Assisted Model Building with Energy
Refinement; ambermd.org) force field. Cys266 and Cys277
were both mutated to alanine (reduced) in monomer and
dimer models to mimic the ethanol-induced disruption of
the Cys 266–Cys277 bond (eg, by oxidation of Cys266), as
suggested by our LC-MS/MS data. The WT and reduced
monomer and dimer structures were relaxed in an aqueous
environment by 100-ns molecular dynamics simulations in
the presence and absence of 300 mmol/L Ca2þ. Represen-
tative structures for monomers and dimers were selected as
snapshots closest to the average structure from simulation
trajectories. Analysis of formation of the catalytic triad in
the monomers and dimers, and interactions between the
protomer units in dimers, were performed for selected
representative complexes using Discovery Studio. Template
1 (from PDB ID: 1AKN) was chosen because it led to lower
energy structures for Cel.

http://www.nesvilab.org/qspec.php/
http://www.uniprot.org/
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Culture, Ethanol Treatment, and Protein
Aggregation Assay of Rat AR42J Pancreatic
Acinar Cells

AR42J cells (ATCC, Rockville, MD) were cultured in F-12K
medium (ATCC) supplemented with 17% (vol/vol) fetal
bovine serum and antibiotics/antimycotics (Omega Scientific,
Tarzana, CA) at 37�C in a humidified atmosphere of 95% air
and 5% CO2 and differentiated into an acinar cell–like
phenotype by exposure to (100 nmol/L) dexamethasone for
72 hours. Medium then was replaced with F-12K containing
8.5% fetal bovine serum and cells were treated with ethanol
(100 mmol/L, 459836; Sigma-Aldrich) for 48 hours. Treated
plates were enclosed in a MIC-101 (Billups-Rothenberg;
http://www.brincubator.com/hypoxiachamber.htm) hypoxia
chamber together with 200 mL of ethanol (200 mmol/L) in
uncovered plates to minimize ethanol evaporation. Two open

http://www.brincubator.com/hypoxiachamber.htm
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chamber gas outlets (w7-mm diameter) allowed CO2 ex-
change with culture medium. The chamber was placed inside
a 10% CO2 incubator to preserve medium pH. Cells from 3–4
(100-mm) dishes were combined, hypotonically lysed, and
fractionated into pellets upon sequential centrifugation steps
of 150, 750, 1300, 5000, 12,000, and 100,000 � g, using
buffers containing protease inhibitors and other additives
similar to the tissue fractionation steps described earlier.

For protein aggregation assays, a Proteostat aggresome
detection kit (Enzo Life Science, Farmingdale, NY) was used
according to the manufacturer’s instructions to visualize
protein aggregates by confocal microscopy. AR42J cells were
plated on glass cover slips, treated with ethanol at the
indicated concentrations, then fixed and incubated with re-
agents before analysis. Confocal images were acquired using
a Zeiss (Carl Zeiss Microscopy, Thornwood, NY) LSM 710
confocal microscope with a 63� oil objective (numeric
aperture, 1.4). Laser (diode) excitation was at 561 nm, and
the emission window was at 580–690 nm.
Bioinformatics
Venny 2.1 (http://bioinfogp.cnb.csic.es/tools/venny/

index.html) was used to create the Venn diagram shown
in Figure 7. DAVID (The Database for Annotation, Visuali-
zation and Integrated Discovery; https://david.ncifcrf.gov/)

http://bioinfogp.cnb.csic.es/tools/venny/index.html
http://bioinfogp.cnb.csic.es/tools/venny/index.html
https://david.ncifcrf.gov/
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interface23,24 was used to assess the gene ontology of ER
proteomic data (Figures 4 and 7).

Quantitation and Statistical Analysis
The data were presented as the means ± SEM with

comparisons by the Student t test with unequal variance
using SigmaStat 3.5 (Systat Software, San Jose, CA). P values
< .05 were considered to confer statistical significance. In
data compared by spectral counting using Qspec,22 a cut-off
value of 0.05 for false discovery rate was used for statistical
significance. For all protein identifications, FDR was applied
using a cut-off value of 0.01 to minimize false positives. See
the Materials and Methods and Results sections for addi-
tional details of quantitation and statistical evaluation.

All authors had access to the study data and reviewed
and approved the final manuscript.

Results
Ethanol Feeding and XBP1 Insufficiency Promote
Redox Changes in ER Proteins

For these studies, we used Xbp1þ/- and littermate WT
mice (Balb/c background), intragastrically fed control or
ethanol-containing diets. We reported that ethanol feeding
in rats and mice induced pancreatic ER oxidation, mild ER
stress, and marked up-regulation of sXBP1, but not acinar
cell pathology.12 In contrast, in pancreas of Xbp1þ/- mice,
ethanol-induced up-regulation of sXBP1 was blocked, lead-
ing to exacerbated ER stress, sustained activation of the
Protein kinase RNA-like Endoplasmic Reticulum Kinase -
CCAAT/-enhancer-binding protein HOmologous Protein
(PERK/CHOP) branch of the UPR, limited expression of ER
chaperones and foldases, and increased ER oxidation,
associated with acinar cell pathology. Compared with WT
mice, ethanol-fed Xbp1þ/- mice showed fewer zymogen
granules (containing digestive enzymes), impaired secretory
capacity, accumulation of autophagic vacuoles, and cell
necrosis.12,14 We subsequently found that a subthreshold
proinflammatory signal (3 hourly intraperitoneal injections
of 1 mg/kg cerulein), which was very mild when adminis-
tered to ethanol-fed WT mice, triggered an acute pancrea-
titis response in Xbp1þ/- mice. For example, cerulein
increased blood lipase levels (a marker of pancreatitis) by
only 2.3-fold in ethanol-fed WT mice, but by 6.6-fold in
ethanol-fed Xbp1þ/- mice. These data suggest that the
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impact of ethanol diet–induced redox or other changes on
ER protein structure in WT mice is limited by an sXBP1-
mediated adaptive response that prevents acinar cell
pathology in WT animals.12

Here, we sought to elucidate whether ethanol intake
perturbs ER protein structure more in Xbp1þ/- mice than
in WT mice. Mice were fed control and ethanol-containing
diets for 6 weeks, as in our previous study,12 then pan-
creata were harvested, and ER fractions were processed
(Figure 1). We first examined the redox status of ER
proteins by OXICAT. This method reliably quantifies the
%-ox as the ratio of disulfide-bonded (or otherwise
reversibly oxidized) to free sulfhydryl cysteines.15 In
Supplementary Table 1, we report a novel exocrine
pancreatic redox proteome, comprising 500 peptides
from 264 proteins, mainly from ER and vesicles (both
luminal and membrane-associated). Proteins present
were involved in biological processes such as translation
(66 of 264; 25.0%), transport (56 of 264; 21.2%), oxida-
tion reduction (23 of 264; 8.7%), proteolysis (15 of 264;
5.7%), and protein folding (10 of 264; 3.8%), as indicated
by DAVID analysis.23,24 We found that peptides from
highly disulfide-bonded ER proteins, such as ribonuclease
1, were almost exclusively labeled with heavy ICAT,
indicative of high (>90) %-ox, whereas those from
peripherally ER-associated proteins were as low as w30%
(not shown).

To evaluate the influences of experimental conditions,
we calculated the peptide %-ox values in Xbp1þ/- relative
to WT mice (Figure 2A and Supplementary Table 1), and
ethanol relative to control feeding (Figure 2B and
Supplementary Table 1) in peptides that were detected
and quantified 3 times or more during analysis of replicates,
with all data comparisons, with P < .1 included for com-
parison. A log10 plot of the Xbp1þ/-/WT data distribution
showed changes in many ER proteins, including statistically
significant lowered %-ox in the abundant digestive enzyme
trypsinogen 7, which is attributed to impaired disulfide
bonding (Figure 2A and Supplementary Table 1). In
contrast, ethanol relative to control feeding increased %-ox
in virtually all proteins, with the largest shifts at sites in
Snd1, Rab3d, and OstC (Figure 2B), all of which were
statistically significant (Supplementary Table 1). To illus-
trate major shifts in redox status, we plotted the propor-
tional distribution of peptide %-ox in each condition
Figure 4. (See previous page). Changes in pancreas ER pro
performed to identify FP-desthiobiotin–labeled peptides (shown
described in the Results and Materials and Methods sections.
through of the OXICAT experiment (see Supplementary Tables
this analysis. (A) Spectral counts of combined Xbp1þ/- vs WT
spectral counting (shown in Supplementary Table 5) and subjec
Spectral counts of combined ethanol- vs control-fed mice pancr
in Supplementary Table 6) and subjected to DAVID analysis. (C)
fed Xbp1þ/- with ethanol-fed WT mice by spectral counting
interaction network was established among 6 ER stress respon
ethanol-fed WT mice (P4hb, Pdia3, Pdia4, Pdia6, Sel1l, and E
proteins obtained by LC-MS/MS. Legends show the fold-chang
red (increased), and by a range of text sizes from small (decrea
signal recognition particle; tRNA, transfer RNA.
(Figure 2C). WT control peptides were distributed with a
large symmetric peak at w70%-ox and a smaller peak near
100%-ox. In ethanol-fed WT mice, the main peak was higher
at w80%-ox. Together, data in Figure 2B and C establish a
central finding of this study: that the ethanol diet shifts
many ER proteins toward a more oxidizing redox status. In
contrast, in control-fed Xbp1þ/- mice, the main peak was
shifted to less oxidized levels (w50%). This reducing shift
reflects the preponderance of data below the zero line in the
y-axis of Figure 2A. Consistent with this, in ethanol-fed
Xbp1þ/- samples, the peak was shifted toward a highly
oxidizing (w90%-ox) value, indicating more severe ethanol-
induced oxidation in the Xbp1þ/- mice ER. These results are
consistent with our previous observations that ethanol
feeding reduces the ratio of reduced/oxidized glutathione
and induces reversible oxidation of the ER foldase Pdi/P4hb
in Xbp1þ/-mice.12 Figure 2D illustrates the ethanol-induced
%-ox increase in ER-associated peptides. Thus, ethanol
feeding increased peptides with >80%-ox from w25% to
w45% in WT mice. This contrasted with a much larger
increase, from w20% to w80% in Xbp1þ/- mice
(Figure 2D). Thus, many (non–disulfide-bonded) sulfhydryls
in the ER of Xbp1þ/- mice are highly susceptible to ethanol-
induced oxidation, some of which may represent aberrant
disulfide bonds.

Many peptides from pancreatic ER proteins showed
significant %-ox fold-changes in response to Xbp1þ/- vs
WT genetic status, ethanol vs control feeding, or both
(Supplementary Table 1). Notably, several of these pro-
teins are from the serine hydrolase enzyme family,
abundant in the ER proteome of the pancreatic acinar cell.
Disturbances in ER folding of these highly abundant
digestive enzymes likely leads to protein misfolding
and ER stress. Moreover, redox changes in proteases or
lipases could detrimentally affect their expression levels,
localization, or intracellular activity in acinar cells. Cys-
containing peptides from digestive enzymes such as
Prss1 show Xbp1þ/- genotype-dependent reducing shifts
and ethanol feeding-dependent increases in %-ox
(Supplementary Table 1 and Figure 2B), representing
bidirectional modulation of disulfide bonds. Thus, the
peptide IVGGYTCR near the amino termini of Prss1 (highly
expressed in Balb/c mice) showed a 1.57-fold increase in
%-ox in ethanol-fed vs control-fed mice. Independently,
the %-ox of the peptide VGCPTEDTGK, containing Cys266
tein levels shown by proteomic data. In-gel digests were
in Supplementary Table 4), and many unlabeled proteins, as
Spectral counts of all unmodified proteins identified in flow-
2 and 3 for modified peptides) also were incorporated into
mice pancreas ER proteins were quantitated label-free by

ted to DAVID analysis to identify gene ontology changes. (B)
eas ER proteins were quantitated by spectral counting (shown
Gene ontologic changes obtained by comparison of ethanol-
and DAVID analysis. (D) Cytoscape interaction network. An
se proteins significantly increased in ethanol-fed Xbp1þ/- vs
ef2), within the context of the larger network of compared
e of each protein as a color range from green (decreased) to
sed) to large (increased). GTP, guanosine triphosphate; SRP,
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Figure 5. Cel protein is differentially distributed among subcellular fractions and total pancreas tissue from ethanol-fed
Xbp1D/- or WT mice, and in cultured AR42J pancreatic acinar cells exposed to ethanol. Pancreas tissue was harvested
and fractionated as in Figure 1, from WT or Xbp1þ/- mice fed control (con) or ethanol (EtOH) diets for 5–6 weeks. Fractions
were obtained by centrifugation at (1) 1500 � g; (2) 10,000 � g; and (3) 85,000 � g. (A) Cel (70 kilodalton) protein was analyzed
by Western blot (upper panels), and quantitated in the different fractions (20 mg/lane) in the graph (lower panels) (optical
density, means ± SEM, n ¼ 3). A Cel protein fragment of w48 kilodaltons also was detected in the fractions. (B) Cel protein
expression is enhanced in total pancreas tissue upon EtOH feeding or in the Xbp1þ/- mice. Pancreas tissue was harvested
from control- or EtOH-fed WT or Xbp1þ/- mice, and total proteins extracted with RIPA buffer without further fractionation. Cel
protein and extracellular signal-regulated kinase 1/2 as a loading control were analyzed by Western blot in tissue extract
(40 mg/lane). In the graph, the optical density of Cel bands was quantitated relative to total extracellular signal-regulated kinase
protein; data indicate means ± SEM, n ¼ 3. (C) AR42J cells were cultured for 48 hours in control medium (K12 medium
supplemented with 12% fetal bovine serum) alone or with 100 mmol/L EtOH. ER membrane fractions were obtained by
centrifugation of hypotonically lysed cells at (1) 150 � g; (2) 750 � g; (3) 1300 � g; (4) 5000 � g; (5) 12,000 � g; and (6)
100,000 � g. Cel protein in the fractions (10 mg/lane) was analyzed by Western blot. Arrows indicate the following: (A) Rat Cel,
w70 kilodaltons; and (B) Cel fragments, w40–60 kilodaltons. (D) Ethanol-induced aggregate formation in AR42J cells. Cells
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from Cel (an abundant lipase produced by acinar
cells), was modestly increased by ethanol feeding
(Supplementary Table 1 and Figure 2B).

Notably, Cys modification of some peptides precluded
them from OXICAT analysis because their sulfhydryls could
no longer be labeled. We found that Cel Cys266 was
reversibly oxidized (sulfenylated) by ethanol feeding by
analysis of flow-through from the OXICAT experiment, as
described in the next section.

Peptides With Modified Cysteine Residues in the
ICAT Affinity Column Flow-Through

Cys residues are important loci for protective,
redox signaling, or damaging modifications.25 Although the



Figure 6. Cel structure
responds to Cys266
disulfide disruption by
stabilizing activity and
dimers. (A) Monomeric
and dimeric 3-dimensional
structures of the WT and
reduced forms of Cel. The
upper pair of structures
illustrate that disruption of
the disulfide bond,
Cys266–Cys277, in Cel is
consistent with preserva-
tion of catalytic activity
because it has little to no
effect on the residue
spacing within the catalytic
triad. The lower pair of
structures depict the
enhanced interaction at the
protomer–protomer inter-
face that result from dis-
rupting the Cys266–
Cys277 disulfide bond in
Cel, consistent with
enhanced formation of a
Cel–Cel dimer. (B) His–Asp
and Ser–His distance plots
in WT and reduced dimer
(a) without Ca2þ; and (b)
with Ca2þ.
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OXICAT method allowed us to determine the proteins
with reducible Cys, a subset of proteins may have
post-translational modifications rendering these residues
unlabeled. To identify modified Cys residues, we screened,
without further enrichment, flow-through of the avidin
columns after ICAT-biotin labeling by LC-MS/MS for
peptides with reversible glutathionyl-, farnesyl-, and
acetyl-labeled Cys, and acetyl-Lys containing peptides
(Supplementary Table 2). Although Hbb-b1 acetyl-Lys60,
was ubiquitous, most were complementary (unique) be-
tween conditions. However, some occurred selectively,
suggesting preferential formation under certain conditions
in vivo. For example, Nav1 acetyl-Lys1832 was absent from
ethanol-fed Xbp1þ/- mice but present in the other 3 groups
under study (Supplementary Table 2).
We also looked for sulfenyl, sulfinyl, sulfonyl, and nitrosyl
Cys modifications that interrupt disulfide bonds
(Supplementary Table 3). Some Cys-oxidized peptides, such
as ITEFCHR from the b’ (chaperone) region of Pdi/P4hb and
LSTLPSDFCGLTHLVK from Lrrc59 (Supplementary Table 2)
appeared in both control- and ethanol-fed samples, sug-
gesting constitutive roles in these proteins. However, Rab1A
was sulfenylated at Cys123, a residue homologous to Cys126
previously reported in the human cervical cancer cell line,
HeLa cells,26 in ethanol-fed WT mice only. A peptide from
Bptf had Cys oxidation/nitrosylation in ethanol-fed WT and
(both control- and ethanol-fed) Xbp1þ/- mice. Finally, pep-
tides from Eef1a1, Acvr1b, and Cel were selectively oxidized/
nitrosylated in ethanol-fed mice, suggesting their selective
modification or damage under this condition. An Mbd-1
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depicting protein folding
and packaging, mediated
by chaperones and oxido-
reductases. Ethanol pro-
motes a pathway for which
protective modifications
and oxidative/nitrosative
(putative signaling modifi-
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peptide, found only in ethanol-fed Xbp1þ/- mice, had 3 Cys
residues modified by both glutathionyl/acetyl and sulfonyl/
nitrosyl groups. Two peptides, 1 from the C-terminal region
of Ift122 and the other in the BIR2 domain of Xiap that in-
teracts with caspases, contained multiple glutathionyl-, far-
nesyl-, or acetyl-Cys residues in control-fed WT mice
(Supplementary Table 3), but were oxidized or nitrosylated
at the same sites only in ethanol-fed Xbp1þ/- mice
(Supplementary Table 2). These data provide evidence that
ethanol feeding and XBP1 deficiency favor multiple changes
in Cys residues in ER proteins, possibly related to the severe
ER stress and pathologic effects in acinar cells induced by the
combination of ethanol feeding and XBP1 insufficiency.5,12
Cel Is a Unique Serine Hydrolase Active in
Pancreas ER, and Severe ER Stress Favors its
Dimerization

Most digestive enzymes are synthesized as zymogens
lacking activity. As a first step toward identifying a func-
tional correlate of redox alterations, we examined whether
ER stress associated with XBP1 deficiency or ethanol
feeding altered serine hydrolase activity. These assays could
show whether changes in ER %-ox lead to inappropriate
intracellular activation of proteases (eg, trypsin), a hallmark
of pancreatitis.27,28 We used fluorophosphonate (FP) des-
thiobiotin, a probe that reacts selectively with catalytic Ser
in active serine hydrolases. Reactive ER proteins, mainly Cel,
were detected and displayed by Western blot (Figure 3).

As shown in Figure 3A, FP desthiobiotin reacted strongly
with an w140-kilodalton upper and an w70-kilodalton
lower band. Both intense bands corresponded to a single
major serine hydrolase activity (ie, the w70-kilodalton Cel;
as determined by in-gel digest and LC-MS/MS; see later),
indicating active monomers and dimers (Figure 3A). We
quantitated all of the upper and lower gel bands by densi-
tometry (Figure 3B). The ratio of dimeric- to monomeric-
labeled Cel was w0.25 in control- and ethanol-fed WT and
control-fed Xbp1þ/- mice, but substantially higher, w0.42,
in ethanol-fed Xbp1þ/- mice (Figure 3C). Several low in-
tensity bands of w15–65 kilodaltons (Figure 3D), which
could be Cel fragments or distinct, low-activity serine hy-
drolases, were increased (w1.4- to 1.7-fold) by ethanol
feeding in both WT and Xbp1þ/- mice (Figure 3E).
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To identify FP-desthiobiotin–labeled and –unlabeled
proteins, proteins were separated by electrophoresis,
Coomassie-stained, in-gel digested with trypsin, and
analyzed by LC-MS/MS. Of note, the patterns of Coomassie-
stained bands and the distributions of spectral counts
across gel slices were similar, indicating that a similar depth
of mass spectral analysis was achieved under each condi-
tion. The peptides covalently linked to FP desthiobiotin
identified by this approach, including a 34-aa Cel peptide
labeled at its catalytic Ser18, are presented in
Supplementary Table 4. Although the Cel peptide was
detected in both the 70- and 140-kilodalton gel slices in the
ethanol-fed Xbp1þ/- mice (corresponding to the strong
bands in Figure 3A), it was observed at a low gel position
(16–24 kilodaltons) in WT, suggesting that active Cel was
selectively degraded in these mice. Although Cel was the
only active serine hydrolase we found, other proteins with
peptides labeled at Ser or Tyr residues were detected and
are listed in Supplementary Table 4.
Ethanol Feeding and XBP1 Insufficiency Alter the
Protein Expression Levels in ER Fractions

We next assessed the relative expression levels of 1568
ER proteins identified in LC-MS/MS analysis of the (flow-
through of the) OXICAT and serine hydrolase experiments.
In the first analysis, we pooled data sets to analyze Xbp1þ/-
vs WT, and EtOH vs control-fed mice. Data summarized in
Supplementary Table 5 show that the Xbp1þ/- genotype
induced significant changes in 100 proteins, with 63 going
up and 37 going down. Nineteen and 25 proteins went up or
down, respectively, by at least 1.5-fold. Notably, dynactin
and dynein, components of microtubule-dependent vesicu-
lar trafficking, were increased, yet multiple tubulins were
decreased, suggesting uncoupling of this pathway of
zymogen granule apical targeting.29 Shown in Figure 4A are
gene-ontologic categories (Kyoto Encyclopedia of Genes and
Genomes pathways, molecular functions, cellular compart-
ments, and biological processes) of proteins increased or
decreased in ER in response to Xbp1þ/- genotype, as
determined by DAVID analysis. Notable changes included
increased ribosomes and other RNA-binding proteins, and
proteins involved in endoplasmic reticulum–associated
degradation (ERAD), translation, ER-to-Golgi
vesicle–mediated transport, and the response to ER stress.
Proteins that decreased included signal recognition particle
components, guanosine triphosphatase, tubulins, and ribo-
nucleoprotein granule proteins.

As shown in Supplementary Table 6, ethanol feeding also
changed the levels of proteins in the ER fraction, inducing
20 proteins to increase (4 at least 1.5-fold) and 31 to
decrease (30 to 0.67-fold or less). Many of the increased
proteins were secreted enzymes or ER luminal proteins,
whereas the reduced proteins included several vesicular
trafficking and ER regulatory proteins. The important
altered ontology categories are shown in Figure 4B.

Supplementary Tables 5 and 6 also list several
ER-associated proteins that were redistributed into gel
slices different from their predicted MWs. Those proteins
were statistically increased or diminished in higher-MW
complexes or degraded forms. The effects of ethanol
feeding and the Xbp1þ/- genotype were similar and
included increases in 125- to 150-kilodaltons complexes,
and losses of signal recognition particle components Srp68
and Srp72, and the RNA helicases Ddx3x and Ddx3y.

To determine the selective unmasking effect of the
impaired UPR condition on the ethanol feeding-induced
changes, our data allowed us to compare the relative
levels of 777 proteins in ethanol-fed Xbp1þ/- and ethanol-
fed WT animals. By this analysis, a total of 38 proteins
were higher, and 73 were lower in the ethanol-fed Xbp1þ/-
ER samples. These proteins are listed in Supplementary
Table 7, and the Gene ontology categories affected are lis-
ted in Figure 4C. Increased categories included ER stress
response, cell redox homeostasis, ERAD, and protein folding.
Reduced levels of signal recognition particle, microtubule,
and aminoacyl transfer RNA synthases persisted in the
ethanol-fed Xbp1þ/-, compared with ethanol-fed WT sam-
ples. To further illustrate connections between 6 increased
proteins involved in the response to ER stress (Pdia1, Pdia2,
Pdia3, Pdia6 Eef2, and Sel1l) and the larger network of
changes unmasked under this condition, we developed an
interconnected network of interactions using Cytoscape
(www.cytoscape.org/),30 shown in Figure 4D.
Selective Cel Dimer Retention in ER of Ethanol-
Fed Xbp1þ/- Mice

In view of the evidence of ER Cel dimer formation
(Figure 3A and C, Supplementary Table 6), together with
previous reports,31 and our data of ER retention of secreted
proteins including Cel (Figure 4), we next measured the
amounts of Cel in membranes enriched for zymogen gran-
ules (fraction 1), mitochondria (fraction 2), and ER micro-
somes (fraction 3) by Western blot (Figure 5A). Full-length
Cel (w70 kilodaltons) was found in the 3 fractions
(Figure 5A, quantitated in the lower panel). In addition, a
smaller Cel polypeptide ofw40 kilodaltons was enhanced in
all fractions in ethanol-fed mice (Figure 5A). As expected,
significantly more full-length Cel proteins appeared in
zymogen granule than in ER fractions in control-fed WT
mice, and ethanol feeding had only a minor effect on Cel
distribution between fractions in these mice. A pronounced
shift to the ER emerged only in ethanol-fed Xbp1þ/- mice,
suggesting that ethanol feeding-induced changes exacer-
bated by inadequate UPR were responsible for Cel retention
in ER. Consistent with its trafficking, packaging, and/or
release being impeded, the abundance of Cel protein
increased modestly (w1.3-fold) in ethanol-fed WT and all
Xbp1þ/- tissue homogenates (Figure 5B).

As a second model of ethanol-induced pancreas ER
dysfunction, we examined whether Cel was retained in an
ER fraction from cultured acinar AR42J cells. Cells were
cultured for 48 hours in control media either alone or
supplemented with 100 mmol/L ethanol. Then, cells were
hypotonically lysed and fractionated. Consistent with data in
Figure 5A and B, Western blot analysis of membrane frac-
tions showed that Cel is retained within an ER microsomal

http://www.cytoscape.org/
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fraction even with acute ethanol treatment. Again, ethanol
promoted Cel cleavage into an w40 kilodalton polypeptide,
especially in the ER fraction (Figure 5C). Cel tends to form
aggregates when its secretion is impaired, such as when its
C-terminal extension is mutated.6,32

To determine whether ethanol induced complex forma-
tion in AR42J cells, cultures were exposed to 100 mmol/L
ethanol for 48 hours, then fixed and stained with a
protein aggresome detection kit. Results show selective
ethanol-induced complex formation throughout the cyto-
plasm of AR42J cells (Figure 5D).
Modeling of the Cel Monomers and Dimers
to Assess the Structural Effect of Redox
Modifications on Cel

Cel activity produces toxic fatty acid ethyl esters (FAEE)
in acinar cells exposed to ethanol, and recently was high-
lighted as a therapeutic target to modulate ethanol
pancreatitis.33 Indeed, a specific small-molecule inhibitor
that binds to the Cel active site attenuated the severity of
experimental pancreatitis induced by promoting ethanol
metabolism to FAEE.33 This report examines the molecular
structure of the Cel active site in detail, underscoring its
importance. Here, a Cel peptide containing Cys266 that
typically resides in a disulfide bond was selectively oxidized
in our ethanol-fed samples. To assess the requirement of
the Cys266–Cys277 disulfide bond for Cel activity, we
studied inter-residue distances of the Ser214–Asp340–
His455 (catalytic triad) in monomeric forms of both WT
(MonomerWT) and (C266A/C277A) double-mutant (Mono-
merReduced) mouse Cel (Uniprot Q64285). Because Cel
formed dimers under ethanol-fed conditions associated with
a redox imbalance, we also studied the atomic structures
of dimeric WT and C266A/C277A Cel (DimerWT and
DimerReduced, respectively). Monomeric and dimeric struc-
tures obtained (shown in Figure 6A) were relaxed in
molecular dynamics simulations, both with and without
300 mmol/L Ca2þ to approximate the physiologic ER Ca2þ

concentration. In structural stability analysis, average
His–Asp and Ser–His distances calculated without Ca2þ

increased from 6.27 and 3.71 A in MonomerWT, to 6.82 and
10.51 A in MonomerReduced, respectively (data not shown).
This loss of stable Ser–His distance in the –Ca2þ condition
was selective for the MonomerReduced because His–Asp and
Ser–His distances remained close to w4 A (consistent with
activity) under both -Ca2þ and þCa2þ conditions in the
MonomerWT. These data suggest that the activity of Mono-
merWT is more stable than MonomerReduced in a low-Ca2þ

environment such as the cytoplasm.
In contrast, measurement of His–Asp and Ser–His

distances in individual protomer chains A and B of dimers
showed that a stable catalytic triad tended to be more
advantageous in DimerReduced than in DimerWT, both in the
presence and absence of Ca2þ (Figure 6B), suggesting
relatively more stable activity of DimerReduced than DimerWT

in either the cytoplasmic or ER environment. Moreover, in
analysis of protomer:protomer binding energy there is
tighter association in DimerReduced than in DimerWT,
owing to more polar contacts (53 vs 36 hydrogen bond, and
10 vs 2 salt bridge interactions, respectively) across the
protein–protein interface. In summary, our structural
modeling data and simulations indicate that the C266A/
C277A double-mutant Cel achieves lower energy (stabilizes)
and retains catalytic activity as a dimer. These data imply
that ethanol-fed conditions favor disrupted Cys266–Cys277
disulfide bonds, leading to stabilized Cel–Cel dimers that
retain activity.

Murine Pancreas ER Proteome and a Model
of Ethanol-Induced Redox-Mediated
Pancreas Pathology

LC-MS/MS analysis of pancreatic tissues from control-
and ethanol-fed WT and Xbp1þ/- mice provided many
unlabeled peptides that were compiled into a novel murine
pancreas ER proteome (Figure 7A and B and Supplementary
Table 8). Many serine hydrolases including pancreatic
triglyceride lipases (Pnlip, Pnliprp2) and zymogens of
elastase (Cela1a, Cela21, Cela2b), chymotrypsin (Ctrb1), and
trypsin (Prrs2; 2210010C04Rik) were identified.

Figure 7C illustrates a working model fitting our data, in
which ethanol promotes oxidative damage of secreted pro-
teins as they pass through ER. Some of the Cys sulfhydryls
that represent damage sites may be protected by alternative
modifications. Some redox changes, such as in Cel, promote
higher-order structures such as dimers, and complex and/or
aggregate formation and degradation, which we propose to
represent key early changes leading to pancreatic pathology.
A fully functional UPR/sXBP1 response aids the ER to cope
with ethanol-induced redox changes and other post-
translational modifications. However, a dysfunctional UPR
associated with XBP1 deficiency, promotes ethanol-induced
pathology.

Discussion
The major shifts in %-ox induced by ethanol feeding in

peptides from mouse pancreatic ER illustrate pro-oxidizing
effects of ethanol that were exacerbated in mice with a
defective UPR (XBP1-deficient, Xbp1þ/- mice). ER from
control-fed Xbp1þ/- mice showed a reducing shift, consis-
tent with impaired disulfide bonding/protein folding.
These results underscore established links between the
IRE1–XBP1 branch of UPR and expression of disulfide
bonding enzymes such as protein disulfide isomerase and
chaperones such as Grp78.34

We found individual peptide %-ox changes in many
proteins, including foldases (eg, Pdia1), digestive enzymes
(eg, trypsinogen), and vesicle trafficking proteins
(eg, Rab3d). A large oxidizing shift was found in Rab3d
Cys184, a residue conserved within the Rab3 subfamily and
shared with Rab33A.35 Oxidation at this site may compro-
mise interaction with effector(s), altering Rab3d functions in
the regulation of digestive enzyme secretion,36 zymogen
granule formation,37 or Golgi structure and ER-to-Golgi
traffic38 in acinar cells. Likewise, a large oxidizing shift in
the transcriptional co-activator Snd1 may modulate its
signaling or its emerging role in stress granule function39 in
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ethanol-fed and/or Xbp1þ/- mice. Further study of specific
changes in %-ox that were shown here may elucidate de-
fects of trafficking and organellar function in the pathologic
sequence of pancreas disease.3

Protein glutathionylation of Cys residues prevents
irreversible modifications,40,41 as previously modeled in
specific proteins such as Na-K-adenosine triphosphatase
(ATPase)42 and locations including ER.43 Ethanol-induced
protein glutathionylation was shown in liver,44,45 but
not in pancreas. We searched for Cys glutathionylation,
farnesylation, acetylation, oxidation/nitrosylation, and Lys
acetylation in flow-through samples from OXICAT peptide
isolation. Some modifications, such as a trioxidized peptide
within Lrrc59, were found constitutively (ie, in all the flow-
through samples). No peptides were both protectively
modified in the ethanol fed or Xbp1þ/-, and nitrosylated/
oxidized in the control or WT mice. These results suggest
that UPR supports protective modifications to prevent
ethanol-induced S-nitrosylation/oxidation, and justify
future, more comprehensive, analysis of these modifications.

We also monitored serine hydrolase activity in pancreas
ER that might emerge as a final proximal event or point of
no return in triggering pancreatitis. Our data identify Cel as
the only prominent serine hydrolase activity in ER, and its
selective dimerization in ethanol-fed Xbp1þ/- mice. Cel,
among a few other enzymes, is modestly (1.2- to 1.5-fold)
retained in ER of acinar cells during ethanol feeding.
Undefined trafficking defects and secretory blockade in the
acinar cell are hypothesized to culminate in pathologic
proenzyme activation during acute pancreatitis. Although
intrapancreatic trypsinogen activation was long considered
as a hallmark of pancreatitis, in recent years its importance
as a definitive marker or causative factor has been ques-
tioned.28 Because we did not observe active trypsin using
the serine hydrolase activity probe, trypsinogen activation
does not seem to play a role in our model of XBP1
deficiency- and ethanol feeding-induced acinar cell pathol-
ogy. Instead, pancreatitis sensitizing mechanisms were
associated with marked changes in ER protein oxidation and
expression, and severe ER stress.12 Our proteomic and
molecular dynamics simulation data support the possible
participation of Cel in the pathobiology of alcoholic
pancreatitis.

Structural/functional alterations in Cel can mediate
pathobiology of ethanol pancreatitis. Cel is synthesized in
active form and hydrolyzes substances including tri-
glycerides and cholesteryl esters. Furthermore, Cel FAEE
synthase activity mediates pathologic changes in acinar
cells by direct toxic actions of FAEE to mitochondria33; free
fatty acids liberated from triglycerides46 and cholesterol
from cholesteryl esters also may damage the pancreas.
Consistent with prior electrophoretic, chromatographic,47

and crystallographic48 studies, our data show that active
Cel is retained in ER and forms dimers. Although the role(s)
of dimeric Cel remain(s) unknown, Cel dimer formation
might nucleate more general protein aggregation. Toxic
aggregate formation has been identified as a pathogenic role
of mutant forms of Cel.6,49 We detected pronounced
ethanol-induced aggregate formation in cultured AR42J
acinar cells. Selective degradation of Cel in the ER of WT but
not Xbp1þ/- mice may reflect sXBP1-mediated expression
of ERAD proteins.50

Serine hydrolase probe labeled some other targets that
need further study to ascertain their roles in pancreatic
disease. For example, Creld2, an ER stress-responsive pro-
tein with a protein disulfide isomerase-like activity51 was
labeled in all samples except the WT control, suggesting its
fluorophosphonate sensitivity. Ethanol feeding and the
Xbp1þ/- genotype drove changes in the levels of unlabeled
ER-associated proteins, and redistributed some proteins
into gel slices different from their predicted MW. Some of
the proteins that increased in complexes also increased in
lower MW, degraded forms, including signal recognition
particle components Srp68 and Srp72, and the RNA heli-
cases, Ddx3x and Ddx3y. Formation and degradation of
Ddx3 complexes implied messenger RNA–protein structures
associated with RNA splicing.52 We conclude that ethanol
feeding, especially in Xbp1þ/- mice, favored protein com-
plex formation and (perhaps inefficient) degradation
(Figure 7C). Selective aggregation/and or degradation of
proteins such as lipases, Snd1, or vigilin may disrupt
homeostasis.

Further research is needed to understand the broad
pattern of early protein changes in ER in response to
ethanol feeding. The analysis of Figure 4B recapitulated
findings of modest ER retention of secreted proteins such as
trypsin, chymotrypsin, lipase, pancreatic lipase, elastase,
and CEL. Salient proteins down-regulated by ethanol feeding
including multiple signal recognition particle subunits and
other proteins involved in vesicular trafficking, RNA
binding, and membrane fission. Many categories of proteins
up-regulated or down-regulated by ethanol feeding also
were changed in the same direction in Xbp1þ/- vs WT mice.
Taken together, data in Supplementary Tables 5-7 and
Figure 4A and B indicate that both XBP1 deficiency and
ethanol feeding induce selective alterations in ER
proteostasis.

Here, we also specifically explored the effect of EtOH
feeding in the context of Xbp1þ/- genotype, and observed
changes that were unmasked in EtOH-fed Xbp1þ/- vs
EtOH-fed WT mice. Proteins controlling ER stress
response, and protein transport (eg, ERAD) were key
proteins increased, whereas proteins involved in trans-
lation initiation, transfer RNA aminoacyltransferases,
signal recognition particle components, T-complex chap-
eronins, multiple RNA helicases, and tubulins were
decreased. Selective emergence of these changes in our
model of impaired UPR suggests they are among the
specific changes revised when the UPR is intact.

In our model designed to impair UPR resolution of ER
stress, we mapped a network of ER stress proteins selec-
tively unmasked by ethanol feeding in Xbp1þ/- mice to
identify central nodes and unsuspected connections among
the identified proteins using CytoScape. Within the resulting
network, Hspa5/Grp78 (aka BiP) occupies a supermolecular
cluster as previously described.53 Chaperones such as
Hsp90b1, Dnajb11, and redox folding proteins including
Pdia2 and Pdia4 interact directly within this network that
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also extends indirectly to Pdia1, Pdia6, and Hyou1/Grp170.
Hyou1, a chaperone of the heat shock protein 70 family,
acts as a nucleotide exchange factor for Hspa5, mediating
its dissociation from client proteins.54 Our data reinforce
the function of Hyou1 at the intersection of protein
vesicular trafficking and reverse translocation into the
cytosol for degradation.54

ERAD pathway components such as Tera/Vcp, Sel1l and
Sdf1l, and Eef2, a major enzyme in translational elongation,
are increased in the subnetwork, whereas various proteins
such as Rab5C and phospho-regulatory 14-3-3 proteins are
reduced. The central position of characteristically cytosolic
14-3-3 isoforms was unexpected, although these proteins
promote forward secretion.55,56 Pdia1, Pdia3, and Pdia6
were previously detected in proteomic studies enriching
14-3-3 proteins to identify novel binding partners.57,58

Peripheral proteins in the network, such as Atp2a2 and
ATP5c, play important roles in homeostasis, regulating Ca2þ
sequestration and ATP production, respectively. Although
the precise relationships between these proteins are not yet
clear, our data infer a central functional importance of a
novel phosphoregulatory network in the acinar cell response
to ER stress promoted by ethanol feeding.

Some reversible modifications promoted by ethanol
feeding, such as glutathionylation, are temporary and likely
preserve Cys, whereas others such as progressive oxidation
are permanent and represent accumulating damage.
Among peptides selectively modified by glutathionylation/
acetylation/farnesylation or oxidation/nitrosylation, we
detected a Cel fragment oxidized at Cys266. Molecular
dynamics simulations indicated that Cel retains activity, and
dimer formation was promoted in the absence of the
Cys266–Cys277 disulfide bond. Based on these findings, we
propose that ethanol feeding-induced Cel Cys266 oxidation
promotes Cel ER retention/dimerization, a cascade of events
normally limited by sufficient XBP1 that underlies the
emergence of pancreatitis in Xbp1þ/- mice. Modification of
redox-sensitive Cys residues within other key molecules
such as trypsin also may have pathologic consequences.

Although our results support the use of Xbp1þ/- mice as
a model to determine ethanol-induced redox alterations,
this study had some limitations. First, our LC-MS/MS study
of OXICAT-labeled peptides had limited depth, suggesting
that our data show a general mechanism, but not necessarily
all the early targets of redox shift/modification. Next,
because our Western blots using an antibody to Cel did not
detect Cel–Cel dimers, we speculate that the antibody
epitope impinges on the dimer interface, precluding its
detection. Also, some changes we observed in response to
ethanol feeding and/or Xbp1þ/- genotype may occur in the
cytoplasm rather than in the ER.

Although ethanol and/or its metabolites induce toxicity
in pancreatic acinar cells,33,59–62 relatively few heavy
drinkers suffer pancreatitis. These disparate findings suggest
that repair and/or defense pathways in pancreatic acinar
cells are usually sufficiently robust to accommodate ethanol-
induced insults. Recent epidemiologic studies implying that
moderate alcohol consumption reduces the risk of pancrea-
titis63,64 may be explained by a low-dose ethanol-induced
induction of repair and/or defense pathways. However, an
advantage of our model is that it allows us to examine
changes that normally would have been repaired.

In conclusion, our data reinforce the concept that UPR is
an important mechanism of pancreas and other organ
defense and is partly responsible for redox control as
recently hypothesized.65 Proteins identified in the serine
hydrolase discovery experiment and in flow through samples
showed a range of changes and yielded a far more complete
pancreatic ER proteome than previously published. More-
over, our study reinforces suspicions of Cel participation in
ethanol feeding-induced pancreas damage and dysfunction,
while not fully resolving whether altered Cel activity, which
depends on the enzyme localizing with cofactors and sub-
strates, or simply the presence of structurally altered pro-
tein, is required. Our results favor the conclusion that
ethanol accelerates initiation of Cel degradation, but also
inhibits its degradative flux. Further research is needed to
learn the full scope of sensitizing changes and to clarify the
contributions of Cel dimerization to later events. Study of the
novel loci identified in this study where tissue damage is
initiated will illuminate cascades of ethanol-induced
dysfunction leading to the development of pancreatitis.
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