
Summary. Three classical rodent models of acute
pancreatitis were created in an effort to identify potential
pre-clinical models of drug-induced pancreatitis (DIP)
and candidate non-invasive biomarkers for improved
detection of DIP. Study objectives included designing a
lexicon to minimize bias by capturing normal variation
and spontaneous and injury-induced changes while
maintaining the ability to statistically differentiate
degrees of change, defining morphologic anchors for
novel pancreatic injury biomarkers, and improving
understanding of mechanisms responsible for
pancreatitis. Models were created in male Sprague-
Dawley rats and C57BL6 mice through: 1)
administration of the cholecystokinin analog, caerulein;
2) administration of arginine; 3) surgical ligation of the
pancreatic duct. Nine morphologically detectable
processes were used in the lexicon; acinar cell
hypertrophy; acinar cell autophagy; acinar cell
apoptosis; acinar cell necrosis; vascular injury;
interstitial edema, inflammation and hemorrhage; fat
necrosis; ductal changes; acinar cell atrophy. Criteria
were defined for scoring levels (0= absent, 1= mild, 2=
moderate, 3= severe) for each lexicon component.
Consistent with previous studies, histopathology scores
were significantly greater in rats compared to mice at
baseline and after treatment. The histopathology scores
in caerulein and ligation-treated rats and mice were

significantly greater than those of arginine-treated rats
and mice. The present study supports a multifaceted
pathogenesis for acute pancreatitis in which intra-acinar
trypsinogen activation, damage to acinar cells, fat cells,
and vascular cells as well as activation/degranulation of
mast cells and activated macrophages all contribute to
the initiation and/or progression of acute inflammation
of the exocrine pancreas.
Key words: Acute pancreatitis, Arginine, Caerulein,
Ductal ligation, Lexicon of histopathology 

Introduction

Drug-induced pancreatitis (DIP) is an adverse event
reported with a large number of commonly prescribed
drugs (Badalov et al., 2007). More recently, DIP
associated with glucagon-like peptide-1 drugs has
elevated concern in regulatory agencies (Cohen, 2013),
pharmaceutical companies (Noel et al., 2009; Wenten et
al., 2012), institutes of pharmacy (Nitsche et al., 2012),
and public health (Singh et al., 2013). In response, an
FDA project was created to identify pre-clinical models
and non-invasive biomarkers for improved detection of
DIP. Toward those objectives, three classical rodent
models of acute pancreatitis, caerulean-, duct ligation-,
and arginine-induced pancreatitis were created in both
mice and rats. The specific objectives of the project were
(1) to evaluate the consistency and comparability of
acute exocrine pancreatic injury of differing etiologies
for use in future DIP studies, (2) to provide morphologic
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evidence for the validation of candidate pancreatic injury
biomarkers and (3) to better understand pathogenic
mechanisms underlying pancreatic injury. This report
addresses the similarities and differences between
models, possible pathways and mechanisms involved in
injury evolution, and morphological description of the
common and disparate changes seen in the models.
Discussion of novel biomarkers and their relationship to
the morphological changes in the models will be the
subject of a future report.
Materials and methods

Animal experiments

Male C57BL6 mice 6 to 8 weeks of age and male
SD rats of approximately 250 g were purchased from
Harlan Laboratories (Fredrick, MD). Animals were
housed individually in an environmentally controlled
room (18-21°C, 40-70% relative humidity) with a
twelve-hour light/dark cycle. Animals received Certified
Purina Rodent Chow #5002 (Ralston Purina Co., St.
Louis, MO, USA) and water ad libitum. The
experimental protocol (WO-2012-123) was approved by
the Institutional Animal Care and Use Committee,
Center for Drug Evaluation and Research, FDA and
conducted in an AAALAC accredited facility in accord
with the Guide for the Care and Use of Laboratory
Animals, 8th Edition. 

Pilot experiments for biomarker studies in the three
classic rodent models of acute pancreatitis were used to
study morphologic changes and create a lexicon and
scoring system that encompassed and described the
observed changes in the pancreas. This lexicon was then
used in biomarker studies across models and rodent
species. Those models were created (1) by intra-
peritoneal injection of the cholecystokinin analog,
caerulein, given hourly to rats (total of 1, 2, or 3 doses at

50 mg/kg) and mice (total of 2, 4, or 6 doses at 50
µg/kg) to produce caerulein-induced pancreatic injury;
(2) by surgical ligation of the pancreatic duct in rats and
mice to created obstructive pancreatic injury; and (3)
through single intra-peritoneal doses of arginine at 1 or 2
g/kg or two doses at 2 g/kg one hour apart in rats and
mice to produce a range of arginine induced pancreatic
injury. Caerulein treated animals were sacrificed at 1, 3,
6, 18-24, or 42-48 hours after final dosing. Surgical
animals were sacrificed 3, 6, 24, or 48 hours post-
surgery. Arginine animals were sacrificed 1, 3, 5, 23-24,
or 47-48 hours following their final dosing. Appropriate
saline treated controls and sham surgery animals were
included at each time point. Table 1 reflects all treatment
groups, times, and animal per group. At necropsy, the
pancreas was collected from each animal and fixed in
10% buffered formalin, then.subsequently embedded in
paraffin, sectioned at a thickness of 5 µm, and stained
with hematoxylin-eosin. 
Lexicon for evaluating experimental acute pancreatic
injury

Pilot studies revealed similar highly reproducible
lesions within the pancreas of animals from all of the
models. Because of this similarity, a common lexicon
was established to comprehensively evaluate exocrine
pancreatic lesions. The lexicon was created for
identification of spontaneous, caerulein-, arginine-, and
ligation-induced morphologic changes, but with
anticipated future investigations of DIP, was conceived
as a potential universal method for evaluation of
exocrine pancreatic injury of any etiology. Importantly,
this lexicon enables definition of the normal range of
histopathology alterations in control groups for blinded
evaluation. Consequently, all evaluations with this
lexicon were blinded to treatment and biomarker 
data.
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Table 1. Experimental groups and animal numbers.

Number of animals per group (n)
Times (hours) 1 3 6 24 48
Species M R M R M R M R M R

Caerulein Con 6 6 6 6 6 6 6 6 6 6
Low 6 6 6 6 6 6 6 6 6 6
Med 6 6 6 6 6 6 6 6 6 6
High 6 6 6 6 6 6 6 6 6 6

Ligation Lig 8 8 8 8 8 8 8 8
Sham 8 8 8 8 8 8 8 8

Arginine Con 6 6 6 6 6 6 6 6 6 6
Low 6 6 6 6 6 6 6 6 6 6
Med 6 6 6 6 6 6 6 6 6 6
High 6 6 6 6 6 6 6 6 6 6

Con, control; Low, low dose; Med, medium dose; High, high dose; agent concentrations that constitute low, medium, and high doses are described in
Materials and Methods.



Definition of lexicon components and scale values for
pancreatic injury

Definitions used in the Lexicon are detailed below.
Each component is briefly defined followed by a
description of the criteria for scoring (0-3). The
complete lexicon is summarized in Table 2. In all
scoring, score 0 indicates no detectable changes. Score
1, 2, and 3 represent mild, moderate, and severe changes,
respectively. The component categories and their
relevance to pancreatitis will be thoroughly addressed in
the discussion section.

Acinar cell hypertrophy
Hypertrophy is an adaptive enlargement of acinar

cells in response to stimuli that increase production
and/or storage, and potentially secretion of exocrine
pancreatic enzymes from these acinar cells. These
stimuli may include cholecystokinin, caerulein (a
cholecystokinin analog), high doses of various
xenobiotics (Greaves, 2012), as well as pancreatic duct
ligation. Physiologically, this increase in enzyme
secretory granules can significantly increase the weight
of the pancreas (Greaves, 2012). Morphologically,
hypertrophy is characterized by an increase in acinar cell
size and in the relative volume of the zymogen granular
zone in the cytoplasm of these cells (Zhang et al., 2014).
Severity scoring: See Table 2. 

Acinar cell autophagy
Autophagy is an alternative form of programmed

cell death (type II cell death) (Tsujimoto and Shimizu,
2005; Rikiishi, 2012). Autophagy serves an intracellular
pathway for lysosome-driven degradation and recycling
of organelles and long-lived proteins. Impairment of
autophagy through lysosomal dysfunction could be a key
initiating event in pancreatitis (Gukovskaya and
Gukovsky, 2012). Immunohistochemical studies have
shown that morphological changes in acinar cells
undergoing autophagy include appearance of autophagic
vacuoles, autophagosomes, and autolysosomes (Zhang et
al., 2014). Severity scoring: See Table 2. 

Acinar cell apoptosis
Apoptosis is a programmed cell death (type I cell

death) (Rikiishi, 2012). Mild acute pancreatitis is usually
associated with extensive acinar cell apoptosis (Bhatia,
2004). In contrast, severe acute pancreatitis commonly
displays extensive acinar cell necrosis but very little
acinar cell apoptosis (Bhatia, 2004). On H&E stained
sections from this study, characteristic and stereotypical
morphology of acinar cell apoptosis including cell
shrinkage, nuclear condensation, and fragmentation of
the cytoplasm and nucleus with some nuclear fragments
forming classic apoptotic bodies can be observed (Zhang
et al., 2014). Severity scoring: See Table 2.

Acinar cell necrosis
Necrosis is a loss of cellular integrity and viability

that can be seen in response to severe cellular injury
including injury from toxic exposures, physical trauma,
infection, and inflammation. Morphologically, acinar
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Table 2. The basic components and keys for lesion scores (0-3) for evaluating pancreatic injury in acute pancreatitis models in rats and mice.

Individual injury Score 0 Score 1 Mild injury Score 2 Moderate injury Score 3 Severe injury

The exocrine pancreas: primary acinar cell injury
Acinar cell hypertrophy

No detectable
changes from
normal

Sporadic individual cell involvement Small numbers of cells
involved Groups of cells involved

Acinar cell autophagy
Acinar cell apoptosis
Acinar cell necrosis

The exocrine pancreas: subsequent injury in pancreatic parenchyma and adjacent tissues

Vascular injury

No detectable
changes from
normal

Leukocyte migration and perivascular
inflammatory cells in capillaries,
venules, and small veins

Fibrinoid necrosis in the
walls of arterioles and small
arteries

Fibrinoid necrosis, hemorrhage,
inflammatory cell infiltration in the
walls of arteries

Interstitial edema,
inflammatory, hemorrahage Mild changes Moderate changes Severe changes

Fat necrosis A small focus of fat tissue involved A large area of fat tissue
involved

Extensive and/or multiple areas of
fat tissue involved

Periductal fibrosis,
inflammation, and ductal
dilatation

Mildly centroacinar cell proliferation,
hyperplasia of intercalated ducts,
inflammation of intralobular ducts and
interacinar fibrosis

Moderately dilatation and
periductal inflammation of
the intralobular ducts, and
intralobular fibrosis

Marked duct dilatation, epithelial
cell proliferation, periducatal
inflammation of interlobular ducts,
and inter.lobular fibrosis

Acinar cell trophy <25% of lobules reduced 25-50% of lobules reduced >50% of lobules reduce



cell necrosis is characterized by coagulative changes that
appear as increased cytoploasmic eosinophilia in
conjunction with loss of internal and external cell
membrane integrity on H&E stained sections. Severity
scoring: See Table 2. 

Vascular injury of the pancreatic blood vessels 
Vascular injury is usually damage secondary to

primary acinar cell injury and is often a component of
the inflammatory response. Pathophysiologically, in the
pancreas, vascular injury is characterized by disturbance
of capillary circulation and morphologically is
characterized by vasodilatation and inflammation in
small-sized vessels, arterial medial fibrinoid necrosis,
and hemorrhage, all of which can result in further
vascular permeability and consequently increased
inflammatory infiltrate. Severity scoring: See Table 2. 

Interstitial edema, inflammation, and hemorrahge
Alterations in the interstitium are considered to be

secondary changes resulting directly from microvascular
leakage leading to edema, adhesion of leukocytes to
endothelium, and subsequently increased interstitial
migration of leukocytes, acute inflammation, and
progressive injury to blood vessels often resulting in
hemorrhage. Severity scoring: See Table 2. 

Fat necrosis
Fat necrosis is necrotic cell death of fat cells in

pancreatic interlobular adipose tissue and peri-pancreatic
and mesenteric fat (Aho et al., 1986). Fat necrosis
represents injury secondary to ectopic acinar cell release
of lipase and other lipolytic enzymes leading to
enzymatic destruction of fat cells (Franco-Pons et al.,
2010). Pathophysiologically, fatty acids released from
necrotic fat cells combine with calcium to form
morphologically identifiable insoluble salts in affected
areas. Severity scoring: See Table 2. 

Ductal Changes
Changes to the pancreatic ductal tree could arise

from primary injury to duct cells but are more
commonly thought to evolve secondary to acinar cell
and interstitial injury. The pancreatic ductal tree begins
with small intercalated ducts that represent the terminal
ducts running within lobules. The intercalated ducts are
located near the center of the acinus and are composed
of centroacinar cells. Multiple intercalated ducts join to
form interlobular ducts that join to form the main
pancreatic ducts (Case, 1998; Fisher et al., 2010). Ductal
changes including periductal inflammation and fibrosis
are complex responses that are dependent upon severity
and duration of injury and can be located throughout the
ductal tree. Severity scoring: See Table 2. 

Acinar Cell Atrophy
Acinar cell atrophy secondary to extensive acinar

cell stress or injury can result in complete lobular
atrophy. Microscopically, cytoplasmic zymogen granules
of acinar cells are greatly diminished. Loss of zymogen
granules and altered acinar structure yields smaller
acinar cells, acini, and pancreatic lobules, more loose
connective tissue, and dilatation of ducts (Hashimoto et
al., 1979). It should be noted that distinguishing acinar
cells with loss of zymogen granules from centroacinar
cells may be difficult (Hashimoto et al., 1979). Severity
scoring: See Table 2. 

Statistical Analysis
Individual animal scores easily lend themselves to

calculation of group means and standard deviations as
well as use of ANOVA with post-hoc identification of
source of variance. However, results should be
interpreted solely as significant differences and not
represented as interval data. All statistical analyses in
this study were conducted in SigmaPlot 12 (Systat
Software, Inc., San Jose, CA) using ANOVA with Holm-
Sidak post-hoc testing (p<0.5). Results were also
obtained using individual treatment-time groups
compared to their appropriate controls using a non-
parametric test (Mann-Whitney Rank Sum). When
normally distributed and of equal variance, t-tests were
also conducted. The Mann-Whitney data very closely
reflected the ANOVA data in determined significance. In
several instances, significance was attributed by Mann-
Whitney Rank Sum that was not identified by ANOVA
due to intra-group variability (not a consideration in the
Rank Sum non-parametric analysis). In these situations,
we have not reported significance.
Results

Scoring data indicate that the susceptibility to
pancreatic injury was greater in rats than in mice across
all models. In these three models, the mean injury scores
were significantly greater in caerulean and ligation
groups compared with control groups in both species.
Minimal differences were detected between controls and
arginine-treated rats and no differences were noted in
mice. A detailed profile of the scoring for each group is
shown in Tables 3-5 demonstrating not only the
composite score but scoring for each category of the
lexicon by treatment group. Tables 6 and 7 further
describe treatment groups by time. A dose- and time-
dependent increase in mean score was found in the
cerulean model (Tables 3, 6), while a time-dependent
increase in mean score was identified in the ligation
model (Table 4). The arginine model demonstrated a
significant increase in mean score only at the highest
dose (2 g/kg x2) and later time points (24 and 48 hours)
in the rat model with no detectable difference in the
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mouse model (Tables 5, 7). Scoring by lexicon category
reveals that rats have higher baseline (control) levels of
spontaneous acinar cell autophagy and apoptosis and
ductal/periductal changes compared to mice. Although
acinar cell injury was exacerbated in models in both
species, rats began at a higher level of acinar cell and
ductal cell compromise than mice. Following injury both
species demonstrated a response of similar magnitude
resulting in a relatively higher score for rats. Acinar cell
pathophysiology and resultant cellular events are
described in detail in the discussion and are summarized
in Table 8. 

Caerulein-induced acute pancreatitis in C57BL6
mice and SD rats is illustrated in Figs. 1, 2. In saline-

treated mice, the majority of acinar cells showed normal
histologic morphology (Fig. 1A). In caerulein-treated
mice, acinar cell autophagy characterized by
cytoplasmic vacuoles and autolysosomes (Fig. 1B) was
detected consistent with previous findings (Zhang et al.
2014). In saline-treated rats, acinar cells also showed
basically normal histology (Fig. 1C). In caerulein-treated
rats, varying degree of acinar cell autophagy (Fig. 1C,E)
and acinar cell apoptosis (Fig. 1G,H) were observed.
Observations of mast cells and eosinophils associated
with acinar cell injury and duct changes in rats are
depicted in Fig. 2. Pancreatic mast cells increased in
number and in size in the vicinity of a small vein and the
interstitium (Fig. 2A,B). Morphologically, the mast cells
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Table 3. Dose-dependent pancreatic lesion scores in Sprague-Dawley rats and C57BL6 mice treated with saline or caerulein. 

Categories of individual injury Mean category cummulative histopathology score of injury in caerulein-induced acute
pancreatitis in rats and mice across all time points 

Control Saline ip Caerulein 50 µg/kg ip Control Saline ip Caerulein 50 µg/kg ip Control Saline ip Caerulein 50 µg/kg ip
x1 x2 x1 x2 x2 x4 x2 x4 x3 x6 x3 x6

rats n=30 mice n=30 rats n=30 mice n=30 rats n=30 mice n=30 rats n=30 mice n=30 rats n=30 mice n=30 rats n=30 mice n=30

Acinar cell hypertrophy 1.7 0.9 2.5 1.5 1.9 0.9 2.8 2.0 2.1 1.0 2.8 2.1
Acinar cell autophagy 1.0 0.8 2.1 2.3 1.0 0.4 2.4 2.2 1.6 0.2 2.8 2.5
Acinar cell apoptosis 0.2 0.1 1.1 0.9 0.1 0.1 1.5 1.0 0.1 0.0 2.0 0.3
Acinar cell necrosis 0.1 0.2 0.9 0.2 0.0 1.0 1.2 1.1 0.0 0.6 1.2 1.6
Vascular injury 0.0 0.0 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2
Interstitial inflammatory edema 1.2 1.1 2.2 1.7 1.6 0.8 2.4 1.8 1.8 0.9 2.6 2.5
Fat necrosis 0.0 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0
Duct changes 1.3 2.2 1.5 2.0 1.3 1.7 0.1 0.7 0.5 0.9 0.6 1.2
Acinar atrophy 0.0 0.9 0.0 1.4 0.0 2.0 0.3 0.9 0.5 1.6 0.6 2.1
Mean Cummulative Score 5.3 2.6 12.2* 5.0* 6.1 4.5 13.7* 10.1* 6.7 3.9 15.3* 12.4*

n=30 per group (6 per time point; 5 time points); ip: intraperitoneal injection; * significantly different mean cumulative score compared to dose-matched
controls (p<0.5); each category scored 0-3 then summed to give cumulative total.

Table 4. Time-dependent pancreatic injury scores in Sprague-Dawley rats and C57BL6 mice treated with sham operation or duct ligation.

Categories of individual injury Mean category and cummulative histopathology score of injury in ligation-induced 
acute pancreatitis in rats and mice

Sham Ligation Sham Ligation Sham Ligation Sham Ligation
3 hour 3 hour 6 hour 6 hour 24 hour 24 hour 48 hour 48 hour

rats mice rats mice rats mice rats mice rats mice rats mice rats mice rats mice
n=8 n=8 n=8 n=8 n=8 n=8 n=8 n=8 n=8 n=8 n=8 n=8 n=8 n=8 n=8 n=8 

Acinar cell hypertrophy 0.0 0.0 0.0 0.9 0.0 0.6 0.0 1.8 0.0 0.3 0.0 1.3 0.0 0.1 0.0 1.3
Acinar cell autophagy 1.0 0.0 2.6 2.5 1.0 0.0 2.4 2.1 1.1 0.0 3.0 1.3 1.3 0.1 3.0 1.0
Acinar cell apoptosis 0.4 0.0 0.0 0.0 0.5 0.0 0.0 0.0 1.0 0.0 0.9 0.0 1.1 0.0 3.0 0.0
Acinar cell necrosis 0.0 0.3 0.0 0.4 0.0 0.0 0.3 0.1 0.1 0.0 1.0 0.6 0.0 0.0 1.5 2.6
Vascular injury 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.0 2.3 0.6 0.0 0.0 2.6 1.8
Interstitial edema, 0.0 0.3 1.8 1.0 1.0 0.1 1.5 1.3 1.3 0.3 3.0 2.0 1.4 0.0 3.0 2.6
inflammation hemorrhage
Fat necrosis 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.0 1.4 0.8 0.0 0.0 2.6 2.1
Duct changes 1.3 0.0 1.8 0.3 1.0 0.0 1.0 0.3 1.0 0.0 3.0 1.4 1.8 0.0 3.0 2.4
Lobular atrophy 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.3 0.1 0.0 3.0 1.9 0.0 0.0 3.0 2.5
Mean Cummulative Score 2.6 0.8 6.1 5.3* 3.4 0.9 5.5 5.8* 4.8 0.5 17.5* 9.8* 5.5 0.2 21.7* 16.3*

n=8 per group; mouse and rat SEM=0.7; * significantly different (p≤0.002) mean cumulative score compared to time-matched sham surgery animals in
Mann Whitney Rank Sum Test; each category scored 0-3 then summed to give cumulative total from which mean s derived.



Fig. 1. Representative photomicrographs of exocrine pancreas of male C57 BL6 mice and SD rats receiving saline and high dose caerulein. A. Normal
histology of acinar cells in saline-control mouse. B. Caerulein-induced acinar cell autophagy typified by autophagic vacuoles (arrow) and clusters of
small autolysosomes (arrowhead) in mouse. Note: acinar cell hypertrophy appeared as increased zymogen granular zone. C. Normal histology in
saline-treated SD rats. D, E, F. Caerulein-induced acinar cell autophagy characterized by large-sized cytoplasmic vacuoles (arrow) in some cases
containing amorphous material (arrowhead). G, H. Caerulein-induced acinar cell apoptosis exhibiting cellular shrinkage with nuclear condensation and
cytoplasmic and nuclear fragmentation yielding classic apoptotic cell bodies (arrow). H&E stain. x 630



Fig. 2. Representative photomicrographs of mast cells and eosinophils observed in caerulein-induced pancreatic injury in SD rats. A, B. Caerulein
induced an increase in the number of activated mast cells (arrow) in the vicinity of small veins of the pancreas. C. Acinar cell injury (autophagy,
apoptosis and necrosis) occurring in the margin of pancreatic lobule associated with mast cells (arrow). D. Caerulein-induced acinar cell autophagy,
apoptosis, and necrosis. E, F. Expansion of eosinophil numbers (arrow) at the site of acinar cell injury (autophagy, apoptosis, and necrosis). G, H.
Eosinophils associated with epithelial cell mitosis (arrow) and periductal fibrosis (arrowhead) of the intralobular duct and the interlobular duct. H&E
stain. x 630



appeared to have undergone activation or degranulation
(Zhang et al., 2002, 2006, 2008). Acinar cell autophagy,
apoptosis and necrosis were usually present adjacent to
interstitial mast cells at the margin of the lobule (Fig.
2C). Progressively severe acinar cell autophagy,
apoptosis, and necrosis was identified in these areas
(Fig. 2D). Numerous eosinophils in the interstitium may
have also contributed to acinar cell injury and changes in
the ducts, such as epithelial cell proliferation, periductal

fibrosis, and inflammation (Fig. 2E,H). 
Ductal ligation-induced acute pancreatitis in rats at

3, 6 and 24 hours is illustrated in Fig. 3. No significant
morphological change from normal acinar cells was
found in sham surgery rats (Fig. 3A). Rats 3 hours post-
ligation demonstrated early acinar cell autophagy and
trans-endothelial migration of neutrophils (Fig. 3B,C). In
6-hour post-ligation rats, the pancreas displayed acinar
cell necrosis (Fig. 3D), hyperplasia of terminal ducts
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Table 6. Pathophysiological implications of individual pancreatic injury.

Individual pancreatic injury Pathophysiological implications

Acinar cell hypertrophy •Functioning as initiating event leading to acinar cell autophagy and apoptosis.
Acinar cell autophagy, •Leading to acinar cell atrophy and exocrine pancreatic insufficiency (EPI). 
apoptosis, and necrosis •Serving as a source of pancreatic injury biomarkers. 

•Triggering inflammation. 
Vascular injury •Initiating exudation of serous fluid and extravasation of blood cells via increased vascular permeability. 

•Up-regulating vascular adhesion molecules, mediating inflammatory cell transmigration, and inducing inflammatory and immune responses.
•Leading to ischemic necrosis through acinar cell hypoxia. 
•Leading to the transendothelial migration of inflammatory cells and release of inflammatory mediators. 

Interstitial edema •Promoting acinar cell necrosis due to FFA in the fluid. 
•Contributing to production of free radicals, NO, ROS, kinins, tissue kalikrein, and activation of adenosine receptors. 
•Inducing immune responses via complement component C5 and anaphylatoxin (C3a).

Inflammatory cell infiltration •Contributing to acinar cell necrosis and apoptosis via proinflammatory mediators. 
•Propagating the progression of pancreatic injury. 
•Inducing immune system response. 

Fat necrosis •Inducing acinar cell necrosis via high free fatty acids (FFA) liberated from lipase from acinar cells. 
•Promoting acinar cell necrosis by local vascular insufficiency.
•Mediating inflammation through fatty acid, adiponectin, etc. 

Ductal changes •Increasing intraductal pressure and duct permeability and injury from pancreatic and bile enzymes.
•Performing functions in pancreatic repair and remodeling.

Acinar cell atrophy •Potentially inducing subclinical or clinical exocrine pancreatic insufficiency (EPI).
•Reflecting extensive pancreatic remodeling. 

References for this table are available in the discussion section.

Table 5. Exposure-dependent increase in histopathology scoring in arginine-induced acute pancreatitis in Sprague-Dawley rats but not in C57BL6
mice.

Categories of individual injury Mean category and cummulative histopathology score of injury in arginine-induced
acute pancreatitis in rats and mice across all time points

Control Arginine ip 1g/kg x1 Control Arginine ip 2g/kg x1 Control Arginine ip 2g/kg x2
rats n=30 mice n=30 rats n=30 mice n=30 rats n=30 mice n=30 rats n=30 mice n=30 rats n=30 mice n=30 rats n=30 mice n=30

Acinar cell hypertrophy 1.3 1.1 1.4 0.8 1.6 1.1 2.6 1.1 1.7 1.4 2.2 1.2
Acinar cell autophagy 0.8 0.7 0.7 0.3 1.7 0.1 1.8 0.6 1.2 0.2 2.2 0.2
Acinar cell apoptosis 0.4 0.2 0.4 0.7 0.8 0.4 1.1 0.3 0.8 0.2 1.6 0
Acinar cell necrosis 0.0 0.1 0.0 0.1 0.0 0.2 0.0 0.0 0.0 0.4 0.9 0.6
Fat necrosis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Vascular injury 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.1
Interstitial edema & inflammation 0.9 0.8 0.9 0.8 1.0 0.8 2.1 0.7 1.3 1.7 1.8 1.2
Duct changes 0.4 0.3 0.1 0.3 1.0 0.3 2.0 0.4 0.5 1.1 1.2 0.6
Lobular atrophy 0.0 0.0 0.0 0.4 0.0 0.5 0.0 0.4 0.5 0.5 0.8 0.8
Mean Cummulative Score 3.5 3.0 2.6 3.4 6.1 3.0 9.6* 3.5 6.0 5.5 10.9* 5.7

n=30 per group (6 per time point; 5 time points); ip: intraperitoneal injection; *, significantly different mean cumulative score compared to dose-matched
controls (p<0.5); each category scored 0-3 then summed to give cumulative total.



Fig. 3. Representative photomicrographs of exocrine pancreas from sham and ductal ligation surgery in SD rats. A. Normal acinar cell morphology in
sham-treated rat. B. Early acinar cell autophagy (arrow) 3 hours post-ligation. C. Transendothelial neutrophil migration (arrow) 3 hours post-ligation. 
D. Acinar cell necrosis (arrow), interstitial edema and hemorrhage 6 hours post-ligation. E. Hyperplasia (arrow) of intralobular ducts 6 hours post-
ligation. F. Capillary dilatation and neutrophil migration (arrow) including several mast cells 6 hours post-ligation. G. Mast cell activation (arrow) and
acinar cell necrosis at the margin of adjacent lobule 24 hours post-ligation. H. Severe capillary dilatation with migration of neutrophils, mast cells, and
hemorrhage (arrow) 24 hours post-ligation. I. Fibrinoid necrosis (arrow) of an arteriole 24 hours post-ligation. J, K. Fibrin exudation, interstitial edema,
and hemorrhage (arrow), as well as severe acinar cell autophagy and dilatation of the intralobular duct (arrowhead) 24 hours post-ligation. L. Fat
necrosis (arrow) and severe inflammation 24 hours post-ligation. H&E stain. x 400



Fig. 4. Representative photomicrographs of hemorrhagic pancreatic injury in SD rats 48 hours post-ligation. A, B. Fibrinoid necrosis (arrow) of small
blood vessel, fibrin exudation, as well as interstitial edema, inflammation and hemorrhage. C. Rupture of extraordinarily dilated blood vessel (arrow),
severe interstitial hemorrhage, and inflammation. D. Medial arterial hemorrhage (arrow), perivascular inflammation, and fibroblast proliferation. 
E. Severe acinar cell necrosis (arrow) and interstitial hemorrhage. F. Extensive fibrin deposition in the interstitium (arrow) with acinar cell atrophy. 
G. Clusters of activated and degranulated mast cells (arrow). H. Numerous activated macrophages in the interstitium (arrow). I. Fibroblast proliferation
in the interstitium (arrow). J. Interacinar fibrosis (arrow). K. Dilatation of interlobular ducts, periductal fibrosis, and eosinophil infiltration (arrow). 
L. Intracinar fibrosis (arrow) with acinar cell atrophy. H&E stain. x 400



Fig. 5. Representative photomicrographs of exocrine pancreas from saline and arginine treated SD rats. A. Spontaneous acinar cell autophagy (arrow)
of the pancreas in saline control. Note: autophagy appears as tiny sized-vesicles located in the basal cytoplasm of acinar cells. B. Early autophagy as
appearing as extensive diffuse small sized-cytoplasmic vesicles (arrow). C, D. Arginine-induced acinar cell autophagy (arrow) affecting entire lobules
that are sharply demarcated from the surrounding normal lobules (right). Note: an apoptotic cell at the top of the figure (arrowhead). Apoptosis appears
as cell shrinkage and nuclear condensation. E, F. Acinar cell autophagy (arrow), apoptosis (arrowhead), and necrosis with interstitial edema,
inflammation, and mild hemorrhage. G. Acinar cell atrophy (arrow) with interstitial edema and inflammation. H. Lobular atrophy in association with
autophagy (arrow), interstitial edema, and inflammation. H&E stain. A, B, D-H, x 400; C, x 200



(Fig. 3E) and increased mast cell numbers (Fig. 3F). In
24-hour post-ligation rats, large increases in mast cells
were observed in conjunction with adjacent acinar cell
necrosis (Fig. 3G). Vasodilation, adhesion of neutrophils
to endothelial cells, and interstitial edema and
inflammation were apparent in rats 24 hours after
ligation (Fig. 3H). Fibrinoid necrosis of blood vessels,
fibrin exudation, and interstitial edema, inflammation
and hemorrhage (Fig. 3I,J), acinar cell autophagy (Fig.
3J,K), and fat necrosis (Fig. 3L) were dominant features
at the 24 hour time point. 

Fig. 4 demonstrates acinar cell injury and changes to
the pancreatic duct system 48-hours post-ligation.
Fibrinoid necrosis of blood vessels, fibrin exudation, and
interstitial edema, inflammation, and hemorrhage were
more severe at 48 hours than early time points (Fig.
4A,B). The rupture of extremely dilated blood vessels
resulted in interstitial hemorrhage accompanied by
severe inflammation (Fig. 4C). Arterial medial
hemorrhage and perivascular inflammation and
fibroblast proliferation were occasionally present (Fig.
4D). Acinar cell necrosis intermixed with interstitial
hemorrhage (Fig. 4E) and acinar cell atrophy embedded
in extensive interstitial fibrin deposits (Fig. 4F) were
easily identified. Activated mast cells (Fig. 4G), fat
necrosis associated with interstitial inflammation and
fibrin deposit (Fig. 4H), activated macrophages
(indicated by cytoplasmic vaculoles) (Fig. 4I), and
proliferative fibroblasts (Fig. 4J) were observed.
Dilatation of interlobular ducts, periductal fibrosis, and
eosinophil infiltration (Fig. 4K) and interacinar fibrosis
with acinar cell atrophy (Fig. 4L) were also noted. 

Fig. 5 contains representative photomicrographs of
saline control SD rats and SD rats treated twice with
2g/kg arginine. Cytoplasmic vacuoles suggestive of
spontaneous acinar cell autophagy (Fig. 5A) were
occasionally observed in saline controls. In arginine-
treated rats, acinar cell autophagy usually appeared as
small vesicles in the cytoplasm (Fig. 5B,C). Entire
lobules exhibiting acinar cell autophagy frequently with
a clear demarcation between normal and autophagic
lobules were identified (Fig. 5C,D). In more severe
injury, overlapped and intermixed acinar cell autophagy,
apoptosis, and necrosis were accompanied by interstitial
edema, inflammation and fibrosis (Fig. 5E,F). At later
stages, acinar cell atrophy with interstitial edema and
inflammation (Fig. 5G) was commonly observed. In the
ductal tree, hyperplasic centroacinar cells (the terminal
cells of the terminal intercalated ducts) were
occasionally identified (Fig. 5H). The intralobular ducts
also exhibited dilatation, periductal fibrosis, and
inflammation (Fig. 5H). 
Discussion

Although the models employed in this study have
been well described as models of acute pancreatitis,
proposed studies of DIP models and pancreatic injury
biomarkers required more comprehensive information

about exocrine pancreatic toxicity. In creating models,
an effort was made to use injury of different etiologies to
create a range of pathological stages from initiation or
early, to middle, to late phases of primary acinar cell
injury and progression of secondary injury. Because DIP
cases often present as an acute edematous pancreatitis
with a benign clinical course (e.g., subclinical, mild,
moderate or self-limited course) and excellent prognosis
(Ksiadzyna, 2011; Nitsche et al., 2010), searching for
subtle changes in the pancreas was considered essential.
Therefore, during model creation and research design,
emphasis was placed on capturing the earlier and milder
constituents of injury. The pathological findings across 9
morphological changes in the exocrine pancreas
described in the present study may provide a useful
benchmark for blinded and open evaluation of drug-
induced exocrine pancreatic injury. 
Lexicon utility for evaluating acute exocrine pancreatic
injury 

Previous histopathologic studies describing
microscopic (Merkord et al., 1997; Merriam et al., 1996)
and macroscopic (Koh et al., 2009) scoring of the
severity of acute pancreatitis in animal models provided
an excellent starting point for creation of a novel scoring
system. In the present study, the Methods Section
describes the components of a lexicon and scoring
system created in pilot studies in three models of acute
pancreatitis in both rats and mice. Tables 2-5 chronicle
the results obtained from testing this lexicon and scoring
system in full experiments in these models.
Characteristic morphologic features are shown in Fig. 1-
5. Using a more extensive semi-quantitative method
allowed capture of biological variability of control
animals while allowing sufficient granularity to
statistically identify significant differences within and
between models. Importantly, using the lexicon allows
our laboratory to evaluate and compare drug-induced
exocrine pancreatic injury (unpublished data) with that
induced in caerulein, ligation, and arginine based
models. 

Furthermore, the scoring method contained
sufficient detail to speculate on pathophysiological
differences between models/species. The present study
revealed that the incidence and severity of exocrine
pancreatic injury varied from model to model. The
mildest responses were seen in arginine-treated mice and
rats, appearing as mild acute edematous pancreatitis only
in rats dosed twice at the highest concentration of
arginine (2 g/kg) with no significant lesions recorded in
mice. Modest changes described are likely due to the
relatively early times points selected for this model
which typically demonstrates time dependent injury
severity. In both species, moderate to severe injury was
noted in the caerulean model, and the ligation model
produced the most severe responses observed. The
pathologic features in the caerulean model were
characterized by acute edematous and necrotizing
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pancreatitis while those in the ligation model were
characterized by acute necrotizing and/or hemorrhagic
pancreatitis. In the present study, mice required twice as
much exposure of caerulein per kg as rats to yield
approximately the same level of injury. Higher baseline
levels of acinar cell autophagy and apoptosis and ductal
cell and periductal activity were detected in rats relative
to mice. This constitutive contrast in cellular activity
likely reflects inherent species specific metabolic and
physiological differences that yield the diversity between
the species in susceptibility and response to injury. The
differences between the rat and the mouse caerulein
models were consistent with a previous study that
showed rats were more sensitive and developed more
severe injury than did mice and that the differences were
attributable to distinct signaling mechanisms of
caspases, X-linked inhibitior of apoptosis protein, and
receptor-interacting protein (Mareninova et al., 2006). 
Pathophysiological implications of individual pancreatic
injury 

To date, the underlying pathophysiological
mechanisms of DIP in human patients remain unclear
(Ksiadzyna 2011; Nitsche et al., 2010, 2012) and
proposed mechanisms have, in the majority of cases,
represented speculation (Nitsche et al., 2010) because
current knowledge of DIP is largely based on case
reports and critical review (Tenner, 2010; Barreto et al.,
2011). Lack of adequate pathological evidence in
patients makes it difficult to determine exact
mechanisms. Animal models, therefore, fulfill a critical
mission in addressing this knowledge gap. 

The earliest changes in acute pancreatitis are
believed to involve intra-acinar cell events including the
co-localization of lysosomal hydrolases with digestive
enzyme zymogens leading to ectopic trypsinogen
activation and subsequent acinar cell injury (Steer,
1999). The fact that acinar cells are the predominant cell
type in the pancreas and are the initiation point of
pancreatic injury (Steer, 1999; Gulkovsky et al., 2011;
Gukovskaya and Gukovsky, 2012) coupled with the
early role of acinar cell autophagy in caerulein-induced
acute pancreatitis (Hashimoto et al., 2008) suggest that
the sequence of cellular processes in the pathogenesis of
acute caerulein pancreatitis begins with acinar cell
autophagy possibly as a cell salvage or rescue response
that if overpowered is followed by acinar cell death
through apoptosis and necrosis with induction of pro-
inflammatory mediators and inflammatory cell
infiltration (Gulkovsky et al., 2011; Gukovskaya and
Gukovsky, 2012). In the other models, the sequence of
cellular events appears very similar to those of caerulein
regardless of different etiologies and presumably
different mechanisms of injury. 
Acinar cell hypertrophy 

Acinar cell hypertrophy is a recognized adaptive

enlargement of acinar cells in response to dietary factors
(i.e. administration of soya-derived protein and soybean
trypsin inhibitor or raw soya-bean flour) (Oates and
Morgan, 1982; Smith et al., 1989). Administration of
cholecystokinin and its analogs as well as other
naturally-occurring and synthetic peptides also increase
pancreatic size and enzyme secreation (Greaves 2012).
Acinar cell hypertrophy and acinar cell autophagy
usually appeared together in caerulein pancreatitis as
previously reported (Zhang et al., 2014). This
coexistence suggests that a hypertrophic adaptation to
stress (supramaximal caerulein stimulation) can progress
to functionally and pathologically significant acinar cell
injury if the stress is not relieved. The exact mechanisms
through which duct ligation and arginine induced acinar
cell hypertrophy are still unknown but may be related to
early oxidative stress that has been reported in both
clinical acute pancreatitis (Braganza et al., 1995) and
caerulein-induced pancreatitis (Kim, 2008).
Simultaneous occurrence of acinar cell hypertrophy and
hyperplasia has been noted (Crass and Morgan, 1982;
Smith et al., 1989). The hypertrophic response is very
rapid with a significant rise in pancreatic weight while
the hyperplastic response is slower and perhaps more
relevant to carcinogenesis (Crass and Morgan, 1982).
Because of the lack of morphometric analysis of
pancreatic acinar cell hyperplasia using quantitative
digital pathology and the lack of IHC for proliferating
cell nuclear antigen (PCNA) staining and its labeling
index (Yoshizawa et al., 2013), this study did not
conduct or estimate cell counts, no comment is possible
relative to the presence of acinar cell hyperplasia. 
Acinar cell autophagy, apoptosis, and necrosis

Acinar cell autophagy, apoptosis, and necrosis play
an important role in the pathogenesis of acute
pancreatitis (Fortunato et al., 2009). Autophagy serves as
an adaptive response to a variety of extracellular and
intracellular stresses including nutrient deprivation,
hormonal therapy, pathogenic infection, aggregated and
misfolded proteins, and damaged organelles (Rikiishi,
2012). Mild acute pancreatitis exhibits enhanced
apoptosis and attenuated necrosis while severe acute
pancreatitis is associated with exacerbated necrosis and
reduced apoptosis (Fortunato et al., 2009). Therefore, the
severity of experimental pancreatitis correlated directly
with necrosis and inversely with apoptosis as previously
described (Mareninova et al., 2006). Acinar cell
autophagy, apoptosis, and necrosis are intimately related
via signaling pathways that yield different outcomes
dependent upon the cellular environment. Depletion of
several proteins essential to autophagy leads to
intracellular accumulation of damaged molecules and
organelles creating pro-apoptotic signaling that diverts
cells from autophagy to apoptosis and potentially to
necrosis (Gulkovsky et al., 2011; Gukovskaya and
Gukovsky, 2012). Cell autophagy has been proposed as a
salvage mechanism for heavily stressed cells, through
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which these potentially toxic intracellular contents are
sequestered and then eliminated while simultaneously
producing and conserving energy in the form of
adenosine-5-triphosphate (ATP). In acute pancreatitis,
lysosomal dysfunction appears to drive the predominant
process from autophagy to apoptosis. Lysosomal-
associated membrane protein-2 (LAMP-2) and cathepsin
depletion have been identified in heavily stressed or
injured cells. Loss of these proteins results in
cytoplasmic accumulation of autophagomes through an
inability of membranes to fuse (LAMP-2 depletion)
and/or of autolysosomes to digest sequestered material
(cathepsin depletion). The net result of this ineffectual or
insufficient autophagy is pro-apoptotic signaling and
apoptosis (Gulkovsky et al., 2011; Gukovskaya and
Gukovsky, 2012). Roles have been described for
Cathepsin B, Cathepsin D, LC 3, and LAMP2 in
caerulein-induced pancreatitis (Zhang et al., 2014). 

Acinar cell apoptosis is induced via activation of
caspase with a shift toward necrosis arising from ATP
depletion (Gukovsky et al., 2011). Apoptosis requires
more energy than autophagy therefore higher levels of
ATP are consumed at the same time that the autophagic
contribution to ATP production is diminished or lost.
Extensive and/or prolonged apoptosis can lead to ATP
depletion. Insufficient ATP levels lead to a switch from
apoptosis to necrosis (Fortunato et al., 2009; Gukovsky
et al., 2011). Acinar cell necrosis releases intracellular
contents that are capable of triggering inflammatory
responses (Hoque et al., 2012) in the extracellular space.
Unregulated release of intracellular contents from
necrotic cells helps perpetuate necrosis. Acinar cell
depletion via necrosis can yield massive loss of
parenchymal cells in the exocrine pancreas and result in
acinar cell atrophy. Wide spread acinar cell atrophy can,
in turn, lead to exocrine pancreatic insufficiency.
Vascular injury

In the present study, vascular injury played an
important role in interstitial edema through increased
vessel permeability, interstitial inflammation by
migration of leukocytes, and interstitial hemorrhage by
the rupture of vessels. Pancreatic vascular injury acts as
a central mechanism in the pathogenesis of acute
pancreatitis (Blackstone, 1995) by creating vascular
insufficiency that leads to ischemic necrosis (coagulative
acinar cell necrosis) via acinar cell hypoxia. Injury
initiates exudation of serous fluid (edema) and
extravasation of red blood cells (hemorrhage) in the
interstitium of the acinar parenchyma and surrounding
tissues through local leakage from capillaries, venules,
and arterioles as a result of opened inter-endothelial
junctions (Nagy et al., 1971). Thus, vascular injury is a
component of acute edematous pancreatitis and acute
hemorrhagic pancreatitis (Anderson and Bergan, 1961).
Vascular injury, or insufficiency, has also reported to
contribute to pancreatic necrosis and thus necrotizing
pancreatitis (Anderson and Bergan, 1961).

With progressive vascular endothelial cell activation,
inflammatory cells adhere to the endothelium due to
increased levels of vascular adhesion molecules
(PECAM-1, VCAM-1, E-selectin, and P-selectin) and
migrate into the acinar parenchyma and the interstitium
of surrounding tissues potentiating pancreatic
inflammation (Frossard et al., 2009; Kleinhans et al.,
2009). The morphology of arterial fibroid necrosis,
hemorrhage, and inflammatory cell infiltration in the
wall of the pancreatic artery in this study are identical to
that of vasodilator-induced pancreatic vascular injury
(Zhang et al., 2002, 2006, 2008). Vasoactive substances
elaborated by the enzymatic digestion of blood have
been cited as responsible for the extensive vascular
injury in acute necrotizing pancreatitis (Anderson and
Bergan, 1961). Further study of acute pancreatitis has
shown that the local release of vasoactive substances by
enzymatic digestion of whole blood is responsible for
increased local vascular permeability (Nagy et al., 1971). 
Interstitial edema

Interstitial edema is one of many factors associated
with the pathogenesis of acute pancreatitis and was a
prominent feature in caerulein and arginine injury
models. Interstitial edema can be mediated by free
radicals generated by lipid peroxidation in rats given
caerulein (Levy et al., 1997), nitric oxide (Takacs et al.,
2002), reactive oxygen species (Krajewski et al., 2005),
immunoreactive kinins and tissue kallikrein
(Griesbacher et al., 2003), activated adenosine A1
receptor (Satoh et al., 2000), and activated adenosine
A2a receptor (Satoh et al., 2002). A common pathway
for edema formation is increased vascular permeability,
microcirculatory disorders, and plasma protein
extravasation. In mice with ligation-induced acute
pancreatitis, activation of complement component C5
and potential anaphylatoxin (C3a) play a major role in
edema formation via capillary leakage (Merriam et al.,
1997). Interstitial edema facilitates the progression of
acinar cell injury to cellular necrosis because edematous
fluid contains free fatty acids (FFAs) liberated from local
adipose tissue via the actions of lipase (Blackstone,
1995) that are toxic to acinar cells. In this study, injury
was most frequently observed as a very early cellular
event without extensive inflammation with the exception
of the later time points following ductal ligation. 
Interstitial Inflammation

Inflammatory cell infiltration in the pancreas is an
important hallmark of acute pancreatitis. Interstitial
inflammation is usually initiated with local production of
pro-inflammatory mediators such as cytokines (IL-1, IL-
6, IL-8, IL-10, and TNFa) from activated neutrophils,
macrophages, lymphocytes, and endothelium (Norman,
1998; Frossard et al., 2009). Cytokine elevation can
appear as early as 30 minutes following leukocyte
activation (Norman, 1998). Although cytokines play
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critical roles in acute pancreatitis, IL-1 and TNFa do not
trigger or induce acute pancreatitis, but merely propagate
pancreatic injury and contribute to acinar cell apoptosis
(Norman, 1998). Recently it has been suggested that the
initial injury in acute pancreatitis is characterized by a
sterile inflammatory response mediated through damage-
associated molecular patterns (DAMPs) released from
necrotic acinar cells (Hoque et al., 2012). 

Pancreatic tissue mast cells have been shown to be
involved in the pathogenesis of acute pancreatitis
(Braganza, 2000; Yonetci et al., 2001; Lopez-Font et al.,
2010). Mast cell activation or degranulation plays a
pivotal role in lethal acute pancreatitis (Braganza, 2000)
and in triggering local and systemic inflammatory
responses in early stages (Lopez-Font et al., 2010). In
acute pancreatitis, activated mast cells have been
implicated in the development of endothelial barrier
dysfunction and alteration of endothelial adhesion
molecules (Dib et al., 2002; Zhao et al., 2005). In
caerulein-induced acute pacnreatitis in rats, mast cells
also play a pivotal role in the initiation and progression
of acute pacreatitis (Yonetci et al., 2001). Proposed
mechanisms include (1) release of inflammatory
mediators upon mast cell activation or degranulation
with these mediators exacerbating inflammatory
responses primarily via neutrophil infiltration; (2) mast
cell mediator/enzyme activation of trypsinogen to
trypsin early in the course of pancreatitis; and (3)
generation of reactive oxygen species, common
intermediates in both mast cell activation and
pancreatitis (Yonetci et al., 2001). In previous studies of
drug-induced cardiovascular injury (Zhang et al., 2002,
2006, 2008), this laboratory has associated mast cell
activation and degranulation with vascular injury in the
mesentery and with apoptosis of vascular cells and
cardiomyocytes. A similar relationship may exist
between mast cell activity and acinar cell apoptosis. In
the present study, activation of pancreatic mast cells and
intra-pancreatic macrophages was identified. In addition,
mast cells have been reported as having a profound
effect promoting further acinar cell death and immune
injury in distant organs (Hoque et al., 2012). Further
investigation of the role of these cells is warranted as
they appear to provide similar responses in disparate
circumstances differing only in magnitude of response
(Norman, 1998). 
Fat necrosis

Fat cells appear to be injured very early in acute
pancretitis (Hoque et al., 2012). Lipase, colipase, and
phospholipase A have long been considered etiologic
factors (Aho et al., 1986) in fat necrosis. Free fatty acids
(FFA) released from necrotic adipose tissue have been
proposed to induce acinar cell necrosis in pancreatitis
through a cascade involving: 1) acinar cell production
and ectopic release of high concentrations of lipase into
pancreatic interstitial fluid; 2) intense intracellular

lipolysis in the intra-pancreatic fat cells; 3) destruction
of cellular membranes through a FFA-created detergent
effect releasing high concentrations of FFA from fat
cells; 4) FFA-induced acinar cell necrosis and further
ectopic release of lipase (Schmidt and Lankisch, 1978).
Blackstone (1995) proposed a different mechanism by
which fat necrosis leads to acinar cell necrosis through
deprivation of nutritive support and oxygenation due to
capillary compression leading to hypoxia, and finally
ischemic necrosis. Both mechanisms, lipolysis and
ischemia, may be relevant. In the caerulein model,
lipolysis appeared to be the prevalent mechanism while
in ligation-induced acute hemorrhagic pancreatitis
vascular compromise appeared the dominant
mechanism. More recently, it has been reported that
areas of fat necrosis are important sources of
inflammatory mediators, generate the fatty acid,
chlorodrin, and activate macrophages leading to release
of pro-inflammatory mediators (TNFa, adiponectin, and
iNOS) (Franco-Pons et al., 2010, 2013). Collectively, fat
necrosis is able to exacerbate or predispose the
inflammatory response during acute pancreatitis. 
Ductal changes

Ductal changes can induce pancreatic injury through
increased intraductal pressure and duct permeability and
the noxious effects of pancreatic enzymes and/or bile
acid on acinar cells. Occlusion of bile and pancreatic
ducts via ligation stimulates cholecystonin (CKK) and
secretin release resulting in subtle acinar cell
proliferation with detectable ductal epithelial
proliferation (Meyerholz and Samuel, 2007). Periductal
fibrosis is caused by duct cell injury, acinar cell necrosis
and apoptosis, and the transformation of fibroblasts and
pancreatic stellate cells (PSC) into myofibroblasts
(Kloppel et al. 2004). Activated PSC (a highly active
matrix-producing cell type) have been shown to increase
inflammatory cytokines, growth factor, and oxidative
stress (Bachem et al., 2006). Fibrosis is accompanied by
the production and deposition of extracelluar matrix
(ECM) (Kloppel et al., 2004) through altered expression
of transforming growth factor ß isoforms leading to
increased ECM synthesis (Riesle et al., 1997). Pancreatic
fibrosis generally represents a series of cellular events
beginning with acinar cell apoptosis/necrosis, followed
by inflammation, activation of PSC and macrophages,
and transformation of fibroblasts (Bachem et al., 2006).
More recently rat and human pancreatic acinar cells have
been shown to produce pro-fibrotic mediators, especially
transforming growth factor ß, in the early onset of acute
pancreatitis (Gu et al., 2013). Acinar cell injury,
activation of mast cells, eosinophils, and macrophages,
and transformation of fibroblasts observed in the present
study are consistent with these reports. Even in the acute
pancreatitis of the models in the present study,
interacinar, intralobular, and interlobular fibrosis were
identified. It is presumable that with ongoing injury
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early interstitial fibrosis will coalesce into larger areas of
fibrosis surrounding a reduced acinar cell mass.
Importantly, progression of fibrosis has been associated
with disturbance of pancreatic functions that can
potentially cause exocrine and/or endocrine insufficiency
(Kloppel et al., 2004). 
Acinar cell atrophy 

Acinar cell atrophy (also known as lobular atrophy
or pancreatic acinar atrophy) results from the depletion
of acinar cells via apoptosis, necrosis, and possibly
autophagy, but without obvious morphologic evidence of
atrophy in the islets of Langerhans although atrophic
islets could be missed within areas of lobular atrophy
due to the extreme collapse of the normal architecture.
The atrophy detected in the present study was not so
extensive as to be associated with loss of function, but it
is uncertain whether it would have continued to progress
to clinical significance if injury persisted. In a juvenile
dog with acinar atrophy, the morphology of islets of
Langerhans had a largely normal appearance but oral
glucose tolerance test demonstrated a significant
increase in plasma glucose consistent with diminished
insulin release (Hashimoto et al., 1979). In 12 cases of
juvenile dogs with lobular atrophy and islet loss,
concurrent exocrine pancreatic insufficiency and insulin-
dependent diabetes mellitus were found (Brenner et al.,
2009). In dogs with apparent immune-mediated atrophic
lymphocytic pancreatitis, subclinical exocrine pancreatic
insufficiency preceded total atrophy of the exocrine
pancreas (Wiberg et al., 2000). 

The common sequence of events leading to
experimental acute pancreatitis in these models appeared
to include (1) initiation of acinar cell hypertrophy, (2)
followed by acinar cell autophagy, apoptosis and
necrosis, (3) microvascular injury resulting in interstitial
edema, inflammation, and hemorrhage, (4) fat necrosis
resulting from vascular injury and/or release of secretory
enzymes, and (5) acinar cell atrophy with potential for
exocrine pancreatic insufficiency. Pathogenic
mechanisms by which caerulein and ligation might
induce experimental acute pancreatitis include
lysosomal-associated membrane protein-2 (LAMP-2)
and cathepsin depletion, activation and degranulation of
pancreatic mast cells, and vascular injury as well as
direct exposure of acinar cells to activated zymogens.
Further molecular and biological study is needed to
elucidate the pathogenesis of arginine-induced acute
pancreatitis.
Conclusion

Although the mechanisms by which pancreatic
injury is initiated may differ, there appears to be a
common sequence of events or pathogenesis to
progression of injury in each of the models of this study.
This study describes the morphological changes
associated with this sequence of events and denotes

differences between models in severity of acinar cell
injury and secondary injury within the pancreas. The
processes behind the morphological changes are
discussed relative to initiation or progression of exocrine
pancreatic injury. Rats demonstrated a greater sensitivity
to development of pancreatitis when compared to mice.
Pancreatic duct ligation resulted in severe irreversible
injury and secondary inflammation in both species while
arginine-induced pancreatic injury was mild in rats and
undetectable in mice. In both species, caerulein induced
moderate acinar cell injury and, as with arginine, this
injury appeared to be reversible. 
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