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Summary
The rough endoplasmic reticulum (RER) is a central organelle for synthesizing and processing
digestive enzymes and alteration of ER functions may participate in the pathogenesis of acute
pancreatitis (AP). To comprehensively characterize the normal and diseased RER subproteome, this
study quantitatively compared the protein compositions of pancreatic RER between normal and AP
animals using isobaric tags (iTRAQ) and 2D LC-MALDI-MS/MS. A total of 469 unique proteins
were revealed from four independent experiments using two different AP models. These proteins
belong to a large number of functional categories including ribosomal proteins, translocon subunits,
chaperones, secretory proteins, and glyco- and lipid-processing enzymes. 37 RER proteins (25 unique
in arginine-induced, 6 unique in caerulein-induced and 6 common in both models of AP) showed
significant changes during AP including translational regulators and digestive enzymes whereas only
mild changes were found in some ER chaperones. The six proteins common to both AP models
including a decrease in pancreatic triacylglycerol lipase precursor, Erp27, and prolyl 4-hydroxylase
beta polypeptide as well as a dramatic increase in fibrinogen alpha, beta and gamma chains. These
results suggest that the early stages of AP involve changes of multiple RER proteins that may affect
the synthesis and processing of digestive enzymes.

Keywords
Pancreas; Acute pancreatitis; Rough endoplasmic reticulum; iTRAQ; Organellar proteomics;
Quantitative proteomics

* Corresponding author: Xuequn Chen, Department of Molecular & Integrative Physiology, 7703 Medical Science Building II, The
University of Michigan, Ann Arbor, MI 48109, Tel.:734-7649456, Fax: 734-9368813, xuequnc@umich.edu.
Supporting Information Available: three supplemental tables containing all identified pancreatic RER proteins and their quantifications
between normal and pancreatitis as well as a figure with higher magnification of immunocytochemistry results are available free of charge
via the Internet at http://pubs.acs.org.

NIH Public Access
Author Manuscript
J Proteome Res. Author manuscript; available in PMC 2011 February 5.

Published in final edited form as:
J Proteome Res. 2010 February 5; 9(2): 885. doi:10.1021/pr900784c.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org


Introduction
Acute pancreatitis (AP) is a common clinical condition with a high morbidity and significant
mortality 1-3. It is generally believed that AP is initiated within acinar cells 1. However, the
cellular mechanisms of AP are not fully understood. In order to elucidate the initiating cellular
events causing AP, several laboratory animal models mimicking human AP have been
developed 4-9. These models share several common features of the early stage disease including
secretory blockade, edema, intracellular trypsin activation, high levels of digestive enzymes
in blood, cytoplasmic vacuolization, activation of NFκB followed by the induction of an
inflammatory response 10-13. One of the most common models of AP is induced in rodents by
administration of the cholecystokinin (CCK) analog caerulein in supermaximal physiological
doses. This rapidly induces a relatively mild form of edematous pancreatitis 5. By contrast,
administration of a large amount of the amino acid arginine by intraperitoneal injection induces
a slower but more severe, necrotizing pancreatitis 8, 14, 15. The use of these models has
advanced our understanding of the early cellular events that underlie the development of acute
pancreatitis 16. However, there is still no specific answer for a common triggering mechanism
of the disease, especially at the subcellular level.

Pancreatic acinar cells are highly specialized for digestive enzyme synthesis, storage, and
secretion 17, therefore they have abundant endoplasmic reticulum (ER) to meet the protein
synthesis rate, the highest among all adult human tissues 18-21. Disruption of ER homeostasis
can cause ER stress which has been found to play critical roles in a number of diseases states,
such as diabetes mellitus and Alzheimer disease 22, 23. More importantly, it has been indicated
that ER stress accompanied acute pancreatitis 24, 25 with the activation of major ER stress
markers detected in the arginine model of experimental AP 25. In addition, an earlier study
showed the inhibition of global protein synthesis, predominantly digestive enzymes synthesis,
during caerulein-induced pancreatitis in mice 26. Due to the accumulating evidence, ER has
become a reasonable target organelle for studying the intracellular triggering mechanism of
AP. In this study, we conducted the first organellar proteomics study of pancreatic RER in
normal and AP rats. The quantitative comparison was focused on isolated RER in order to
enrich for the protein machinery involved in protein synthesis and protein folding. We wanted
to test whether alteration of the protein composition of the RER could participate in the
initiating cellular events during early AP.

Organellar proteomics represents an analytical strategy that combines biochemical
fractionation and comprehensive protein identification 27. Initial purification of organelles
leads to reduced sample complexity and links proteomics data to functional analysis. Because
of its central role in the secretory pathway, the ER has been the subject of several recent
organellar proteomics studies 28, 29. Using a bioinformatics approach, a human ER protein data
base termed “Hera” has also been established which contained 499 human ER proteins 30. In
spite of the above comprehensive analyses for ER protein profiling, most of the proteomics
studies to date have been focused on a single tissue source, the liver. Since tissue specific
differences of organellar protein composition have been demonstrated in recent large scale
comparative proteomics studies of mitochondria 29, 31, a comprehensive analysis of ER protein
composition in other tissues such as pancreas is expected to provide additional insight into ER
functions.

Recently, organellar proteomics has become more quantitative 32. Among the quantitative
proteomics approaches, iTRAQ is one of the recently developed chemical labeling reagents
33. The commonly used version of iTRAQ reagent contains four isobaric tags and the most
recent version of iTRAQ reagent contains eight tags. Therefore the tryptic peptides from up to
eight different samples can be simultaneously quantified 34. Quantitative proteomics analyses
have been performed comparing total tissue proteins between normal pancreas and chronic
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pancreatitis or pancreatic adenocarcinoma samples 35, 36. However, very few studies have been
applied to acute pancreatitis of animal models using whole pancreas tissue extract 37. To our
knowledge, no proteomics study focusing on subcellular organelles in animals of acute
pancreatitis has been reported. In the current study, we applied organellar proteomics
approaches to the analysis of the RER of the pancreas from normal and acute pancreatitis rats.
A set of 469 pancreatic RER proteins is reported in this study among which a significant number
showed changes in two different models of acute pancreatitis.

Methods
Reagents and Materials

Sequencing grade modified trypsin was from Promega (Madison, WI, USA). iTRAQ™
reagents were from Applied Biosystems (Foster City, CA). Caerulein and α-cyano-4-
hydroxycinamic acid and other reagents were obtained from Sigma Chemical (St. Louis, MO,
USA). SCX MicroSpin™ columns were from The Nest Group, Inc. (Southborough, MA).
Zorbax C18 reversed-phase cartridge and Zorbax 300 SB C18 reversed-phase analytical column
were purchased from Agilent (Palo Alto, CA). HPLC grade water and acetonitrile were
purchased from Fisher Scientific (Pittsburgh, PA). All chemicals were of analytical grade and
used as received. A number of antibodies were used in this study: anti-amylase from Sigma
Chemicals, anti-chymotrypsin from Cortex (San Leandro, CA), anti-fibrinogen alpha and beta
chains from Santa Cruz (Santa Cruz, CA), anti-BiP, anti-eEF1a1, anti-calreticulin, anti-VDAC
1 were from Abcam (Cambridge, MA), anti-S6 from Cell Signaling (Danvers, MA) and anti-
cyclophilin A from Millipore (Temecula, CA).

Induction of Pancreatitis
Male Wistar rats (Harlan, Indianapolis, IN), 150-200 g were used in this study. To induce acute
pancreatitis with arginine, rats were fasted overnight with ad libitum access to water and
administered 4.0 g/kg body weight L-arginine by i.p. injection in saline (pH 4.0) after which
food and water were available ad libitum. Control animals followed the same experimental
timing pattern but were injected with saline. Rats were euthanized in a CO2 chamber, blood
obtained by cardiac puncture and pancreas samples for cell fractionation were collected 24 h
after arginine administration. To induce pancreatitis with caerulein, rats were injected i.p. with
3 hourly injections of 50 μg/kg synthetic caerulein dissolved in saline. Control animals
followed the same experimental timing pattern but were injected with saline. Blood and
pancreas were collected from control and caerulein-injected rats 6 hours after the first injection.
To evaluate earlier time points, tissue was taken 30 min after a single injection or after 3 hourly
injections. In each experimental group four to six animals were used to yield adequate statistical
power based on power analysis of our previous experiments. Pancreatitis was characterized by
biochemical and morphological criteria similar to our previous work.

Measurement of parameters for evaluating acute pancreatitis
Trypsin activity assay—Intracellular trypsin activity in pancreatic acinar cells was
measured fluorimetrically using Boc-Gln-Ala-Arg-MCA as the substrate according to the
method of Kawabata et al. 38. The trypsin activity in the samples was calculated using a standard
curve generated by assaying purified trypsin and expressed as ng of trypsin/mg of total protein.

Determination of pancreatic water content (edema)—The water content of the
pancreas was quantified by weighing the freshly harvested tissue (wet weight) and compared
with the weight of the same sample after desiccation at 90° C for 48 h (dry weight). The results
were calculated and expressed as a percentage (wet weight-dry weight/wet weight ×100).
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Determination of plasma amylase—Blood was collected by cardiac puncture with
heparinized needles after previous exposure of rats to CO2. The blood was centrifuged at 7,500
× g for 15 min and plasma (supernatant) stored at −20° C until assayed for amylase activity.
Amylase assay was performed using the Phadebas Amylase Reagent.

Histology—Upon collection of pancreas, a portion of the tissue was fixed in 4% formaldehyde
and embedded in paraffin for morphological evaluation by Hematoxylin and Eosin staining.
Microscopic images were taken and effects of treatments on pancreatic inflammation, acinar
atrophy and vacuolization were evaluated.

Immunocytochemistry—Pancreas from normal and cerulein-induced pancreatitis rats
were fixed for 2 h with 4% formaldehyde. Immunofluorescence localization of alpha- and beta-
fibrinogen was performed with cryostat sections using previous described methods 39.
Fibrinogen antibodies were diluted 1:100 to 1:200. Digital images were collected with an
Olympus BX-51 epifluorescence microscope.

Isolation of RER
Pancreatic RER were isolated by established cell fractionation techniques as previously
described 40. Each pancreas was homogenized in ice cold buffered isotonic sucrose: 300 mM
sucrose containing 20 mM HEPES, pH 7.4, 1 mM MgCl2 and protease inhibitors (PMSF,
aprotinin, and leupeptin) by use of a glass-Teflon motor-driven homogenizer. The homogenate
was first centrifuged at 600 × g for 10 min at 4°C and then 12,000 × g for 20 min to remove
all cell debris, nuclei, ZG and mitochondria. To isolate RER the post mitochondrial supernatant
was centrifuged at 150,000 × g for 1 hour in a Beckman Ultracentrifuge using a Ti70 rotor to
obtain a total microsomal pellet which was then re-suspended in 1 ml of resuspension buffer
(20 mM HEPES, 1.28 M sucrose). A discontinuous sucrose gradient was prepared containing
from top to bottom: 6 ml 0.3 M sucrose, 1.5 ml 1.15 M sucrose, 0.5 ml 1.28 M sucrose with
the total microsomes, 1.5 ml 1.35 M sucrose and 2 ml 2 M sucrose. The tubes were then
centrifuged for 90 min at 180,000 × g in a SW41 swinging bucket rotor and the RER collected
at the 1.35 to 2 M sucrose interface. Purified RER microsomes were obtained as a pellet. To
remove ribosomes from RER in a nondestructive manner, the purified RER was suspended in
sucrose with 1.0 M KCl and 1 mM puromycin for 60 min at room temperature followed by 30
min on ice after which the stripped membranes were collected by centrifugation. ER pellets
were stored at -80°C until use. Purity of the RER preparation was assessed by Western blotting
for known marker proteins of different organelles and by electron microscopy as described
previously. This stripping procedure also helps remove other contaminant molecules.

In-solution digestion, iTRAQ™ Labeling and 2D LC-MALDI-MS/MS
For in-solution digestion, the ER pellets prepared from control and pancreatitis rats were
solubilized on ice in 50 μl buffer containing 500 mM TEAB (triethyl ammonium bicarbonate),
8 M urea and 0.4% SDS. After removing insoluble materials, protein concentrations were
determined using the Bio-Rad Bradford assay kit. 50 μg ER protein from each group was
reduced and then cysteines were blocked as previously described 39, 41. The protein solution
was diluted four times with 0.5M TEAB containing 5 μg trypsin (Promega sequencing grade,
1:10 w/w) and incubated at 37 °C overnight. To quantitatively compare protein abundance in
the control and pancreatitis rats, tryptic digests from each rat were labeled with iTRAQ
reagents. 4-plex reagents were used in the single time point studies of arginine- and caerulein-
induced pancreatitis, two tags for two control rats and the other two tags for two pancreatitis
rats. For the time course study of caerulein-induced pancreatitis, 8-plexed iTRAQ reagents
were used to label two animals at each time point at 0, 30 min, 3 and 6 hours. The labeling
procedure was according to the protocol provided by the manufacturer 33. The reaction was
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stopped by diluting the mixture with 10 volumes of strong cation exchange (SCX) buffer
containing 10 mM KH2PO4 and 15% acetonitrile with pH adjusted to 3.

As previously described 39, 41, the iTRAQ™ labeled peptide mixture (∼100 μg) was separated
by 2D liquid chromatography. In the first dimension, the peptide mixture was fractionated on
a strong cation exchange MicroSpin™ column with sequential elution of bound peptides in
eight salt steps of 50 μl of 10mM potassium phosphate buffer (pH 3.0) containing 20, 50, 75,
100, 125, 150, 200 and 500 mM NaCl. The eluate from each salt step was dried in a SpeedVac,
reconstituted with forty microliters 0.1% TFA and then separated by reversed phase
chromatography using a Zorbax 300 SB C18 column, 75 μm × 150 mm, 3.5 μm particles on
an Agilent 1100 HPLC system at 300 nl/min fow rate with the following binary gradient: 0
min, 6.5% B; 9 min, 6.5% B; 12 min, 15% B; 92 min, 45% B; 97 min, 60% B; 102 min, 100%
B; 104 min, 100% B; 105 min, 6.5% B; 115 min, 6.5% B. Solvent A was 0.1% TFA and solvent
B was 90% acetonitrile and 0.1% TFA. Column effluent was mixed with MALDI matrix (2mg/
ml α-cyano-4-hydroxycinnamic acid) through a 25 nl mixing tee and spotted on 192 well
MALDI target plates which were later analyzed by tandem mass spectrometry. The matrix was
delivered to the mixing tee by an external infusion pump at 800 nl/min. The MS and MS/MS
spectra were acquired on an Applied Biosystems 4800 Proteomics Analyzer (TOF/TOF)
(Applied Biosystems/MDX Sciex, Foster City, CA) in positive ion reflection mode. Each
MALDI plate was calibrated on nine calibration wells using seven peptide standards
(angiotension III, 931.5148 Da, angiotensin II, 1046.5418 Da, angiotensin I, 1296.6851 Da,
substance P, 1347.7354 Da, bombesin, 1619.8223 Da, ACTH 18-39, 2465.1983 Da, ACTH
7-38, 3657.9289 Da) with a 20 ppm mass accuracy in the MS mode. Both MS and MS/MS
data were then acquired in the sample wells using the instrument default calibration. Typical
MS spectra were obtained with the minimum possible laser energy in order to maintain the
best resolution. Single-stage MS spectra for the entire samples were collected first and in each
sample well MS/MS spectra were acquired from the 12 most intense peaks above the signal to
noise ratio threshold of 60.

Database search and statistic analysis of iTRAQ results
Protein identification and quantification for iTRAQ experiments was carried out in the
ProteinPilot™ software v2.0 (Applied Biosystems; MDS-Sciex) using the Paragon™
algorithm 42. This software interacts directly with the Oracle database in which the mass
spectrometer stores its data, and submits monoisotopic peak lists in batch to a local instance
of the search engine for protein identities. No additional peak list filtering was specified. Peak
lists were generated by the mass spectrometer during data acquisition based on a specified
signal to noise threshold (30 in this case). To estimate the false positive discovery rate of peptide
identification, a target decoy database was generated by manually concatenating the forward
and reverse sequences in IPI rat database (version 3.34, with 38873 of Rattus norvegicus
proteins) and used in all database searches. All reported proteins were identified with 95% or
greater confidence as determined by ProteinPilot™ Unused scores (≥1.3) with the
corresponding false positive discovery rate below 1%. The Paragon™ algorithm in ProteinPilot
software was used as the default search program with iTRAQ-labeled peptide as sample type,
trypsin as the digestion agent, methyl methanethiosulfonate for cysteine modification and 4800
TOF/TOF as the instrument. The Peptide Summary results obtained from ProteinPilot v2.0
software were exported to Microsoft Excel.

The peak areas of the iTRAQ reporters in each peptide were used in the in-house statistical
analysis to calculate ratios of pancreatitis vs. control, their standard errors and the
corresponding p-values as previously described 43, 44. First, in order to compensate for the
minor differences in actual total protein labeled in each sample it was necessary to normalize
the raw peak areas. This was accomplished by matching the quantiles of the distributions of
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the 115, 116, and 117 measurements to the quantiles of the 114 measurements using a monotone
piecewise linear function. After normalization, the four peak area measurements exhibit similar
statistics (mean, variance, quartiles). For the analysis of protein abundance changes using
iTRAQ, the organization of the data was modeled as previously described 44 to account for
variability of the observed MS/MS measurements both at the MS/MS spectrum level and at
the peptide level. The peak area measurements from control or AP samples (114 &116 and
115 &117) were averaged prior to calculating ratios of treatment vs. control. Outlying
observations (2%) at the peptide level were excluded based on the concept of relative data
depth. Then, the observed ratios were modeled on a log2 scale, to overcome the lack of
symmetry around 1 of the original scale and then transformed back to normal scale. The
hypothesis of interest is whether the relative abundance (ratio) of protein R = 1.0, versus the
alternative hypothesis that R ≠ 1.0. To incorporate biological significance in the testing
procedure, we chose cut points for the null hypothesis as follows: H0: 0.75 ≤ R ≤1.50,
corresponding to a decrease/increase of at least 25% and 50% before a change is called
statistically significant. Previous experimental validation has demonstrated that as low as 23%
differential expression of proteins could be detected by Western immunoblotting 44.

For functional categorization of identified RER proteins, the RER protein list was uploaded
into DAVID45 (The Database for Annotation, Visualization and Integrated Discovery)
functional annotation tool using gene symbols as the identifiers and all the Rattus
Norvegicus proteins as the background to perform the functional categorization. The Gene
Ontology chart from the annotation summary results was used as the starting point based on
which a thorough manual curation of each individual protein by an expert in the pancreas field
were conducted using RGD46 (Rat Genome Database) as a reference knowledgebase.

Results
Induction of Pancreatitis using two different animal models

In the current study, acute pancreatitis was induced using two different animal models by bolus
injection of arginine or hyperstimulation by caerulein as in our previous studies 14, 26. Histology
and several commonly used parameters including pancreatic water content (edema), serum
amylase and active trypsin were monitored to evaluate the severity of pancreatitis. As shown
in Fig. 1, arginine injection induced edema (Fig. 1A), intrapancreatic trypsin activation (Fig.
1C) but not an increase in serum amylase (Fig. 1B). Histological evaluation showed
vacuolization starting at 8 hours (data not shown) and necrosis with loss of apical cytoplasmic
structures at 24 hours (Fig. 2D) compared to control pancreas (Fig. 2A). Neutrophils were seen
in extracellular space at 24 hours (Fig. 2D). The small or absent increase in plasma amylase
has previously been ascribed to the cellular damage and loss of apical zymogen granules 14,
26.

Caerulein-induced pancreatitis is a well established and well studied model of acute pancreatitis
5, 6. In this model we injected rats with up to 3 hourly doses of caerulein (50 μg/kg) and then
collected plasma and pancreas at 30 min, 4 hours and 6 hours after the first injection. As shown
in Fig. 1 these animals showed elevated pancreatic edema (Fig. 1A), serum amylase (Fig. 1B)
and intrapancreas trypsin activation (Fig. 1C). Trypsin activity is expected to peak (4 hour in
our experiments and similarly in previous studies) and then decrease due to auto-degradation
process following the activation of trypsin. Trypsin activity levels are still significantly higher
in AP rat pancreas than in control pancreas after 6 hours which is indicative of acute pancreatitis
(Fig. 1C). On histological exam, compared to control (Fig. 2A) intra-acinar vacuolization
appeared as early as 30 min in caerulein-injected rats (Fig. 2B) and it became prominent at 4
hours (Fig. 2C). Infiltration of neutrophils was seen in extracellular space at 4 hours.
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Isolation and Characterization of RER from rat pancreas
In this study, we purified RER from rat pancreas using discontinuous sucrose gradient and
ultracentrifugation. As illustrated in Fig. 3, pancreatic RER was isolated by standard cell
fractionation techniques including sucrose gradient centrifugation to separate RER from
smooth ER and other membranes due to the higher density of attached ribosomes 40. In order
to detect lower abundant proteins, ribosomes were released from RER preparations by re-
suspending RER pellets in buffer containing 1.0 M KCl and 1 mM puromycin. This
nondestructive procedure does not lyse vesicles or remove ER content protein but significantly
reduce the level of ribosomal proteins. An electron micrograph of purified rat pancreas RER
vesicles before and after stripping is shown in Fig. 4A indicating the substantial reduction of
ribosomes on RER membrane. It can also be observed that the RER preparation is free of visible
contaminant organelles such as mitochondria and nuclei. The purity of the isolated RER was
also assessed by Western blotting for known ER marker proteins as well as markers for potential
contaminating organelles (VDAC1 for mitochondria, calreticulin and BiP for RER, cyclophilin
A for cytosol). WB results from a representative RER preparation are shown in Fig. 4B.
Compared to total lysate, the RER preparation was highly enriched for calreticulin and BiP
whereas it was essentially free of mitochondrial and cytosolic proteins. In addition, the high
salt and puromycin based ribosomal removal was 80-90% efficient although some ribosomes
remain as shown by Western blotting for ribosomal protein S6. All together, the above rigorous
evaluations including electron microscopy (Fig. 4A) and Western blotting with ER and other
organellar markers (Fig. 4B) have confirmed the high purity of the RER preparation.

Although the induction of acute pancreatitis in both animal models caused pancreatic edema
and morphological changes in exocrine pancreas (Fig. 1 and 2), we were able to prepare the
RER from AP pancreas using the same procedure as from normal pancreas. The overall band
pattern in the sucrose gradient and the yield of RER band (Fig. 3) were similar between AP
and normal pancreas.

Pancreas ER proteome
The validation of the purity of our RER preparation and the successful induction of acute
pancreatitis set a solid foundation for the subsequent characterization of the RER subproteome
in normal pancreas and the quantitative comparison of RER protein abundances between
normal and pancreatitis animals. Next, we compared the protein abundance of isolated,
ribosome-reduced RER in normal and two models of acute pancreatitis rat pancreas using the
iTRAQ approach. Biological duplication of a 4-plex experiment (two controls, two pancreatitis
rats at 24 hours) was conducted using the arginine-induced AP model. In these two biological
replicates, over 2,500 and 3,500 MS/MS spectra were identified leading to identification of
over 1,500 and 2,200 distinct peptides respectively. For the caerulein-induced AP model, one
4-plex experiment (1,700 spectra and over 800 distinct peptides identified) and one 8-plex time
course experiment (3,500 spectra and 1,800 distinct peptides identified), sharing one common
time point at 6 hours after first injection, have been conducted. Combining all four data sets
collected in this study, a total of over 11,000 MS/MS spectra were identified which accounted
for 469 unique proteins with ProteinPilot Unused score equal to or greater than 1.3
(Supplemental Table 1) corresponding to 95% confidence or higher. This represents the first
comprehensive characterization of the pancreatic ER subproteome.

The identified proteins were categorized according to several core ER functions (Fig. 5). These
categories include protein translation & translocation, protein folding/chaperone, membrane
trafficking, cytoskeleton, transporter proteins/calcium store, oligosaccharide biosynthesis,
lipid & sterol biosynthesis, secretory and zymogen granule membrane proteins and
metabolism. In addition, there is a group of proteins in the “Unknown functions” category
which do not have functional information available in the public database or literature and

Chen et al. Page 7

J Proteome Res. Author manuscript; available in PMC 2011 February 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



includes many hypothetical proteins. As an indication of the high purity of the RER preparation
in this study, only 8% of the proteins were from known contaminating organelles such as
mitochondria and nuclei (Supplemental Table 1 and Fig. 5). Since the nuclear envelope is
continuous with ER membrane, the presence of some nuclear proteins in our RER samples
might be expected. The largest category of proteins in the list is ribosomal proteins which
account for 21% of total proteins. Although puromycin treatment has been shown to
dramatically reduce ribosomes on ER membrane (Fig. 4A and 4B), essentially all the ribosomal
small and large subunit proteins (86 total) have been identified. This is likely due to the
overwhelming abundance of ribosomal proteins in pancreatic RER.

Determining changes in the relative abundance of individual proteins during the course of
acute pancreatitis

By quantitatively comparing pancreatitis RER samples with controls, thirty-seven proteins, 25
in arginine-induced AP, 6 in caerulein-induced AP and 6 common in both models, have been
found to increase or decrease based on the following criteria: changed in at least one of the two
experiments with a ratio (treatment vs. control) ≤ 0.75 or ≥ 1.50 and p≤0.05 (Table 1, Table 2
and Supplemental table 2). It is worth noting that 4 proteins (Hsd17b13, Erp29, Fkbp11 and
Ssr1) in arginine-induced AP model and another 4 proteins (Pdia2, Amy2, Prss1 and Pdia3)
in caerulein-induced AP model showed significant changes (Supplemental table 2) with their
mean ratios (treatment vs. control) meeting the above criteria. However, when considering
their standard errors, their ratios could fall between 0.75 and 1.50. For this reason, they were
not included in Table 1 and 2. In arginine AP, almost all the digestive enzymes showed dramatic
reduction (decreased 50% to over 80%) and this was fully reproduced in duplicate experiments
(Table 1). Compared to the large decrease of digestive enzymes, several ER chaperone proteins
including 78 kDa glucose regulated protein precursor (BiP), prolyl 4-hydroxylase beta
polypeptide and ERp27 showed a relatively mild decrease (Table 1) while other ER chaperones
including Erp29, GRP 98 and GRP 150 did not change. Among the proteins that showed
increase in AP animals, there are several clusters of proteins having different functions (Table
1). One cluster involved in protein translation includes eukaryotic translation initiation factor
4A and elongation factor 1 alpha 1. Another cluster, having the greatest increase in AP, includes
fibrinogen alpha, beta and gamma chains. In addition, four tubulin chains were found increased
2 fold or more in AP rats (Table 1). Compared to the significant changes in arginine AP,
caerulein-induced AP showed similarities as well as differences (Table 2). Common features
between these two different animal models include mild decrease of ER chaperones prolyl 4-
hydroxylase beta polypeptide, Erp27 and digestive enzyme, pancreatic triacylglycerol lipase
precursor, as well as substantial increases for fibrinogen alpha, beta and gamma chains. In
contrast to arginine-induced AP, only a few digestive enzymes showed a mild decrease in
caerulein-induced AP at the 6 hour time point. In addition, several proteins functioning in
protein translocation including signal recognition particle receptor (Srpr) and translocon
associated protein subunit gamma (Ssr3) showed slight decreases (Table 2) whereas no
significant changes were detected in arginine-induced AP in either of the two experiments
(Srpr: 0.94 ± 0.05, 0.72 ± 0.26; Ssr3: 1.05 ± 0.05, 0.47 ± 0.48). The differences of protein
changes in two animal models indicate that in addition to their common features these two
models may represent different molecular mechanism in AP pathogenesis which requires future
investigation.

As an initial effort to elucidate more complete dynamics of the protein changes during the
pathogenesis of acute pancreatitis, we conducted a time course study using 8-plex iTRAQ
reagents in the caerulein-induced AP model. The time course included four time points each
with 2 rats: time 0, an early time point at 30 min after injection, an intermediate time at 3 hours
and a later time point at 6 hours which was also used to confirm the result of caerulein-induced
AP in the 4-plexed iTRAQ study (Table 2). The results of significant changes are shown in
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Supplemental Table 3 and two clusters of proteins with different time course patterns are also
shown in Fig. 6. It can be seen that a group of peripheral ER membrane proteins including
Tram 1, Rrbp1, Srpr and Sptbn 5 increased as early as 30 min and returned to control level or
went down at later time points. Different from this pattern, another group of proteins including
three chains of fibrinogen showed a delayed change, with no detectable changes at 30 min, a
dramatic increase at 3 hours then a reduction in levels at 6 hours. Our initial time course study
provided additional information about protein dynamic changes during the course of AP and
this work will be actively followed up in the near future studies.

Validation of up- or down-regulated proteins
To validate the significant changes found in the iTRAQ-based quantitative proteomics
analyses, Western blotting analyses were performed on pancreatic RER samples from two
control and two AP rats using antibodies against a number of representative proteins. In
arginine AP, two proteins, amylase and chymotrypsin, were selected to represent the digestive
enzyme group. It can be seen in Fig. 7 that these two proteins were dramatically reduced in
two separate acute pancreatitis animals when compared with those of controls. In contrast to
digestive enzymes, eEF1a1 and fibrinogen beta, representing translational machinery and
fibrinogen subunits respectively, showed dramatic increases during AP. BiP which represents
ER chaperons had little change in AP samples compared with normal samples. In caerulein
AP, fibrinogen beta also showed dramatic increase in pancreatitis samples whereas amylase
had only mild decrease in AP samples (the densitometry ratios of the four bands of C1, C2, P1
and P2 for amylase are 1.00:1.13:0.88:0.89) (Fig. 7). All the proteins tested in the WB studies
confirmed the findings in the iTRAQ-based quantitative proteomics results (Table 1 and 2).

In the current study, all three chains (alpha, beta and gamma) of fibrinogen were among the
most increased proteins in both AP animal models and this observation has been confirmed by
Western blotting analysis of fibrinogen beta chain (Fig. 7). The fact that all three chains of
fibrinogen were found highly increased in pancreas during acute pancreatitis made it intriguing
to investigate the origin of the fibrinogen in AP rat pancreas. To elucidate whether fibrinogen
was synthesized in acinar cells or it could have infiltrated from the external environment, we
quantified the amount of mRNA for Fibrinogen alpha, beta and gamma by qRT-PCR using
liver samples as a positive control. The messages for all fibrinogen chains were readily
detectable in liver and increased in liver during AP. In contrast, in both control and AP rat
pancreas, levels of mRNA for fibrinogen alpha and gamma were below the limits of detection
and the levels for fibrinogen beta were detectable but extremely low (CT > 35) and we also
considered them nondetectable (data not shown). We concluded that the fibrinogen chains
detected in proteomics studies were not likely synthesized in pancreas. Instead, they are likely
the result of infiltration from blood. Consistent with this possibility, our immunocytochemistry
results (Fig. 8 with a higher magnification view in Supplement Fig. 1) using anti-fibrinogen
α and β antibodies clearly demonstrated that the immunofluorescence was low in normal
pancreas (Fig. 8 A, E) whereas in AP rats, the signals were very strong and mainly in the areas
near blood vessel and intercellular spaces surrounding acini (Fig. 8 C, G). In addition, staining
for fibrinogen beta chain was clearly enhanced over the basal cytoplasm of acinar cells
following pancreatitis. These observations are all consistent with the fact that fibrinogen is a
major acute response protein involved in the inflammation of pancreas.

Discussion
The endoplasmic reticulum (ER) is a central subcellular organelle for protein and lipid
synthesis as well as Ca2+ regulation and maintaining ER homeostasis is critical for cell survival.
For better understanding of its function, the ER has been the subject of several recent organellar
proteomics studies. An early study using a 2D gel approach identified 141 proteins from
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purified mouse liver ER vesicles 47. Two new members of the thioredoxin family, Erp19 and
ERp46, were identified in that study. In a more recent study 48, a protein correlation profiling
strategy was applied to map proteins to ten subcellular locations in mouse liver by
quantitatively comparing fractions collected from continuous density gradient centrifugation.
A total of 229 proteins were clustered together with known ER markers and therefore assigned
as ER proteins. In another recent effort to quantitatively define the subcellular components of
the secretory pathway using individually purified RER, smooth microsomes and Golgi, over
800 proteins were assigned uniquely to the ER 28. Since all the above studies utilized mouse
or rat liver as the source of organelles, the knowledge gained about ER subproteome has been
limited to a single tissue origin. Large scale proteomics studies comparing organelles across
multiple organs have indicated the presence and functional importance of tissue specific
organellar proteins 29, 31.

In this study, we obtained the first extensive catalog of pancreatic RER proteins with very
minor contamination from other organelles including mitochodria and nuclei. This extensive
list includes a full coverage of the key functional categories of ER (Figure 5 and Supplement
table 1). Among these proteins, the largest functional group accounting for about 30% of total
identified proteins is related to protein synthesis and translocation into ER. These include the
protein translational machinery, essentially all the ribosomal subunits and major translation
initiation and elongation factors. It also includes the entire machinery responsible for
translocation of newly synthesized protein to ER membrane or lumen: components of signal
recognition particle (SRP) and its receptor subunits to bind nascent polypeptides; the
heterotrimeric SEC61 complex, SEC62 and SEC63 to function as the translocase; signal
sequence receptor subunits and SEC11 signal peptidases to bind and remove signal peptides
in ER lumen. One of the key functions of ER is to maintain a subcellular environment critical
to correct protein folding. Consistent with this important function of ER, a major category of
proteins identified are ER chaperones playing essential roles in protein folding and quality
control. These include eight members of protein disulfide isomerases as well as the ER
chaperones calreticulin, calnexin, BiP and several heat shock proteins. Given the high protein
synthesis rate in exocrine pancreas and the importance of these proteins in protein folding, it
is not surprising that all of these proteins were among the most abundant proteins in identified
RER proteins when the relative protein abundance was estimated by spectral counting
approach49. Since all the secretory proteins need to traffic through the ER, as expected a group
of secretory proteins were detected in the ER samples including all the digestive enzymes and
major zymogen granule membrane proteins such as GP2 and syncollin. Other categories of
identified proteins were involved in other important functions of the ER including membrane
trafficking, calcium storage, oligosaccharide, lipid & sterol biosynthesis. Many of these
identified proteins are reported in pancreatic RER for the first time. One example is hypoxia
up-regulated 1 which was one of the most abundant proteins found on RER in our study
(Supplemental table 1). This protein has first been identified in astrocytes 50 and more recently
has been shown to be induced during hypoxia or ER stress 22.

In an effort to search for the potential tissue specific ER proteins, we compared our list of
pancreatic RER proteins with published results of liver ER lists 28, 48. Protein sequences from
two supplemental tables in that paper, one with 832 proteins unique to ER (Supplemental table
S5A) and the other with 405 proteins (shared between ER and COPI vesicle) were retrieved
from the NCBI database using batch Entrez and blasted on our local server against our
pancreatic RER protein sequences. 162 proteins in the pancreatic RER were found not present
in the liver ER data set (Supplemental table 1). Not surprisingly, all the pancreatic secretory
proteins including all digestive enzymes and zymogen granule membrane proteins are uniquely
found in our data set which demonstrate the validity of our comparison. Our data set comprises
a more comprehensive set of protein translational machinery including ribosomal proteins and
translation initiation factors. This might be attributed to the higher protein synthesis rate of
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exocrine pancreas. There are also tissue specific ER lipid modifying enzymes and chaperones
in exocrine pancreas. Endoplasmic reticulum protein 27 is of particular interest because it has
been found decreased dramatically in RER of both models of acute pancreatitis.

In order to unveil the cellular mechanisms responsible for the initiation, propagation and
limitation of the inflammatory response in the early phase of acute pancreatitis, several
systemic profiling studies have been carried out recently using established animal models for
AP. Microarray analysis was utilized to identify genes commonly induced in rat pancreatic
acinar cells within 1-4 h in two in vivo AP models, caerulein and intraductal taurocholate
administration 51. This strategy yielded 51 known genes representing a complex array of
molecules as well as identifying EGR-1 and several other novel genes likely to be important
in the development and severity of acute pancreatitis. In a previous proteomics study, a 2D gel
electrophoresis and MS/MS analyses were performed to compare whole pancreatic tissue
extracts following AP induced by caerulein with pancreas from healthy rats 37. A total of 125
proteins were identified from both diseased and control samples on the 2D gel and 42 proteins
or protein fragments were found to be differentially expressed in diseased pancreas
representing potential pathobiological pathways involved in this disease. These included
activated digestive enzymes, increased expression of various inflammatory markers and
changes related to oxidative and cellular stress responses. Three ER proteins were present
among the 42 proteins, elongation factor 1-γ (decrease), 40S ribosomal protein SA (decrease)
and PDI A6 (probable PTM) 37.

In this study, we conducted the first organellar proteomics study of normal and AP RER. We
found 37 proteins that showed significant changes in at least one of the two experiments with
ratios (treatment vs. control) ≤ 0.75 or ≥ 1.50 and p≤0.05. This corresponds to an 11% change
out of the 320 proteins with 2 or more unique peptides. This is significantly above the 5%
chance to detect a random change. Furthermore, many of the 37 proteins showed similar
changes in duplicate experiments and a number of them were further validated by Western
blotting and immunocytochemistry. The quantitative comparison was focused on isolated RER
in order to enrich for the protein machinery involved in protein synthesis and protein folding.
We wanted to test whether alteration of protein synthesis and induction of ER stress are
initiating cellular events during early AP. Endoplasmic reticulum (ER) stress mechanisms have
been found to play critical roles in a number of diseases, such as diabetes mellitus and
Alzheimer's disease, but whether they are involved in acute pancreatitis is still uncertain. It has
been shown that major ER stress sensing and signaling proteins including PERK, eIF2α, ATF6
and BiP are present in pancreatic exocrine acini and were activated early in the arginine model
of experimental AP. For example, BiP was reported up-regulated within 4 h of injection of
arginine and remained elevated for 24 hours 25. We found BiP had little change in one
experiment and decreased slightly in another experiment in the arginine AP model (Table 1).
These observations do not support the induction of this compensatory mechanism in AP at
least not in this model of pancreatitis. In terms of the other ER stress indicators such as PERK
and ATF6, they were not identified with required confidence (95%) in our RER samples nor
have been reported in other published proteomics studies 28, 48. This is likely due to their very
low abundance on the ER membrane. The decrease in digestive enzymes in the ER however,
could be the result of the inhibition of their translation by PERK and exit from the RER as part
of their maturation. An earlier study showed inhibition of global pancreatic protein synthesis
during caerulein-induced pancreatitis in mice 26. It is worth noting that Erp27, a non-catalytic
ER-located protein disulfide isomerase family member 52, was found decreased in both animal
models of acute pancreatitis. The exact function of this recently discovered protein in exocrine
pancreas as well as its role in AP is not clear and is worth further investigation.

Translation initiation and elongation factors are proteins necessary for the regulation of protein
synthesis in cells. Some of them play an important role in the association or dissociation of the
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ribosomal subunits for the translation of the mRNA into protein and can be involved in cell
stress mechanisms 53. Others, as is the case for the eukaryotic initiation factor 4A (eIF4A), can
be part of a functional subunit, the eukaryotic initiation factor 4F (eIF4F) complex, that recruits
and unwinds the mRNA with an RNA-dependent ATPase activity. eIF4A is the most abundant
initiation factor in cells and it has been shown to be involved with and increased in the response
to cell stress 54-56. Elongation factors, such as eukaryotic elongation factors 1 and 2 (eEF1 and
eEF2), regulate translation elongation steps. In particular, eEF1α forms the ternary complex
(eEF1α*GTP*aa-tRNA) which is then bound to the ribosomal A site in a codon-dependent
manner. eEF1A has also been shown to be involved in cell stress 57, 58 and cancer processes
59. In our studies these two translation factors, eEF1a1 and eIF4a1, increased in the RER after
arginine pancreatitis, in correlation with the ER stress mechanisms that have already been
demonstrated in this model of pancreatitis 25. The fact that these molecules do not increase in
the caerulein model is most likely related to the degree of cell damage which is less than that
caused by arginine. Several other ER proteins, including the eukaryotic initiation factor 2α
(eIF2α), the ER stress transducers PERK (PKR-like endoplasmic reticulum kinase), IRE1α
(inositol requiring element-1α) and ATF6 (activating transcription factor 6), are expected to
be phosphorylated rather than up-regulated in the ER stress response. Because this modification
was not specifically targeted in our proteomics study of the ER, the potential changes of their
phosphorylation were not observed. The reduction seen in the amount of ER chaperone
molecules, such as BiP, ERp27, and P4hb in the development of arginine pancreatitis could
be associated with the induction of apoptotic processes; the latest step in the ER stress and
UPR (unfolded protein response) mechanisms, when chaperoning for unfolded proteins is no
longer needed.

It has been demonstrated that during the induction of experimental models of acute pancreatitis
the tubulin cytoskeleton is disrupted and degraded 60, 61. In a proteome analysis of rat
pancreatic acinar (AR42J) cells, tubulin β-chain was found to be differentially expressed 62 in
caerulein-treated cells. In another study, the induction of two different models of acute
pancreatitis to Balb/c and FVB/n mice, caused a slight increase of mRNA levels for tubulin in
the pancreatitis groups 63. In our study, the caerulein model of pancreatitis did not show any
significant change in the amount of these tubulin isoforms in the ER. The arginine model, in
contrast, exhibited an increase in several tubulin isoforms. Since the results (no change or
decrease) found in the caerulein model are in concordance with what it has been found before
in other studies 60, 61, we hypothesize that changes in the tubulin cytoskeleton of acinar cells
are model-specific and indicative of differences in pathologies between the two models. It has
been speculated that microtubules are most likely involved in the transport of zymogen granules
from the Golgi to the apical pole of the cell and this process is disrupted during pancreatitis
61, but the role of microtubules in pancreatitis has not yet been fully determined. Thus, the
differences between the caerulein and arginine models could likely be dependent upon the
degree of cell damage in these two models of pancreatitis.

Fibrinogen, synthesized by the liver with little evidence for synthesis by other tissues, is the
principal protein of vertebrate blood clotting containing two sets of three different chains (α,
β, and γ) linked to each other by disulfide bonds. Inflammation and blood coagulation has been
shown to be closely linked. The fact that fibrinogen is highly up-regulated in acute pancreatitis
is consistent with it being a major acute response protein during the inflammation of pancreas.
Our RT-PCR results indicated that fibrinogen was not synthesized within the pancreas.
Whether or not the fibrinogen was absorbed into acinar cells via retrograde transport during
inflammation is still an open question and requires further investigation. Interestingly,
fibrinogen was found to be 3.0-fold up-regulated in human pancreatitic juice during pancreatitis
compared with normal pancreatic juice in a proteomics study using ICAT reagent and LC-MS/
MS 64.
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In this study, we isolated highly purified pancreatic RER from normal and acute pancreatitis
rats. Using iTRAQ-based quantitative proteomics approach, we reported the first
comprehensive protein inventory of pancreatic RER which includes 469 proteins with a full
coverage of core ER functional categories and minimal contaminating organellar proteins.
Furthermore, we quantified RER protein changes during the early course of acute pancreatitis
using two different animal models. Significant RER protein changes were found in multiple
functional categories including translational regulator, digestive enzymes, chaperones and
cytoskeleton proteins. These results suggested that the early stages of acute pancreatitis involve
changes of multiple aspects of RER functions including the synthesis and processing of
digestive enzymes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Acute pancreatitis parameters
Rats were treated with a single i.p. injection of L-arginine, or multiple i.p. injections of
caerulein, or saline as indicated in the Material and Methods section; pancreas samples were
collected at different times after acute pancreatitis induction. The groups were as follows:
Control (average of control groups for caerulein and arginine pancreatitis); Arg 24 h (pancreas
collected 24 h after arginine (4g/Kg) injection); Cae 30 min (pancreas collected 30 min after
one single dose of 50 μg/Kg caerulein); Cae 4 h and Cae 6 h (pancreas collected 4 and 6 h after
the first injection of a total of three hourly injections of 50 μg/Kg caerulein). Graphic
representation of Edema (% of water content) in the pancreas (A), serum amylase levels (as
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U/mL) (B) and (C) pancreatic active trypsin (as ng of trypsin/mg of protein). Results shown
are means ± SE, * p<0.05; n=6-12.
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Figure 2. Histology of rat pancreas in normal and acute pancreatitis rats
A. Normal rat pancreas; B. 30 min after injection of caerulein; C. 4 hours after the first injection
of caerulein; D. 24 hours after the injection of arginine. Arrows point to intracellular vacuoles
and arrowheads to neutrophil infiltrations.
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Figure 3. Workflow of RER purification from rat pancreas
Rat pancreas was first homogenized and after two centrifugations, the total microsome pellet
was re-suspended in 1.25 M sucrose. A discontinuous sucrose gradient was prepared with the
re-suspended microsome in the middle. After a 90 min ultracentrifugation at 240,000 g, RER
was collected from the bottom band at the interface between 1.35 M and 2 M sucrose.
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Figure 4. Examination of the purity of the pancreatic RER preparation
A. electron micrographs of RER prepared from rat pancreas (panel A, Left) and after subjecting
to puromycin, high salt treatment to remove ribosomes (panel B, Right). B. Western blots of
selected proteins in pancreatic lysate (total), a 14,000 g pellet (P1), a subsequent 150,000 g
pellet (P2), RER purified on a sucrose gradient and RER stripped with puromycin and high
salt. Note the enrichment of RER proteins and lack of cytoplasmic and mitochondrial marker
proteins in the final stripped RER.
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Figure 5. Functional classification of the pancreatic RER proteins
469 identified RER proteins were classified in 13 categories based on their functions. The
percentage of total proteins in each category is illustrated in the pie chart. All the categories
are listed on the side of the pie-chart each of which is coded with a different color.
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Figure 6. Quantitative proteomics study revealed RER protein changes during AP with different
time courses
In the 8-plexed iTRAQ experiment, RER samples from caerulein-induced AP rats were
prepared at 0, 0.5, 3 and 6 hours after first injection and then protein abundance at different
time points were quantitatively compared. Tram1: translocation associated membrane protein
1; Rrbp1, ribosome binding protein 1; Srpr, Signal recognition particle receptor and Sptbn 5,
spectrin, beta, non-erythrocytic 5. Fga, Fgb and Fgg: fibrinogen alpha chain, beta chain and
gamma chain; ZG16, zymogen granule membrane protein 16.
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Figure 7. Western blotting confirmation of major RER protein changes detected by the iTRAQ-
based quantitative protemics studies
15 μg of RER samples from two control (C1 and C2) and two AP (P1 and P2) were separated
on SDS-PAGE gels and analyzed by Western blotting. Antibodies against five major proteins
showed significant changes in caeruelin- or arginine-induced AP or in both were used to
confirm the iTRAQ ratios.
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Figure 8. Immunocytochemistry of fibrinogen in normal and acute pancreatitis animals
Localization of beta- and alpha-fibrinogen, with corresponding Nomarski images, in normal
rat pancreas (A, B, E, F) and in pancreas after cerulean-induced pancreatitis (C, D, G, H). Beta
fibrinogen is localized primarily to extracellular spaces and vasculature in normal pancreas
(A). This localization was more pronounced in pancreas with pancreatitis (C) in which
disruption of normal morphology, including edema, was readily apparent in Nomarski images
(compare B and D). In pancreas from control rats, alpha fibrinogen was localized weakly to
extracellular spaces, including vasculature (E), and pancreas morphology (F) was normal,
whereas in pancreas from animals with pancreatitis, some acinar cells exhibited cytosolic
staining, particularly in areas with damaged cells and edema (H).
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