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Abstract. The present study aimed to investigate the 
immunomodulatory effects of mouse cathelicidin‑related 
antimicrobial peptide (CRAMP) on experimental acute 
pancreatitis (AP). AP is a common clinical condition char-
acterized by acute abdominal inflammation. Innate immune 
cells and mediators are intrinsically linked to the patho-
genesis of AP. Cathelicidins are innate immunity‑derived 
antimicrobial peptides that exert immunomodulatory effects 
on various host cells. However, how cathelicidins are involved 
and modulate the severity and inflammatory responses of AP 
remains unclear. In the present study, the mouse CRAMP 
gene‑deficient cnlp‑/‑ mice and their wild‑type C57BL/6J 
littermates were induced with AP by multiple hourly injec-
tions of supramaximal doses of caerulein. Serum amylase 
levels, pancreatic myeloperoxidase activity and histological 
examination were performed in order to determine the disease 
severity and the levels of inflammatory cytokines. Disease 
severity and inflammatory markers were subsequently evalu-
ated in the control mice, cnlp‑/‑ C57BL/6J mice with AP, and 
wild‑type C57BL/6J mice with AP. The results demonstrated 
that cnlp‑/‑ mice exhibited a more severe phenotype and 
inflammatory response following AP induction compared 
with the wild‑type mice, as evidenced by increased serum 
amylase levels, pancreatic myeloperoxidase release, and early 
inflammatory mediator tumor necrosis factor‑α production. 

Histological examination confirmed that CRAMP deficiency 
worsened the pancreatic inflammatory condition. These 
results indicate that CRAMP may be considered a novel 
modulatory mediator in mouse experimental AP.

Introduction

Acute pancreat it is (AP) is a common abdominal 
inflammatory disease for which a specific clinical treat-
ment remains elusive  (1,2). The majority of patients with 
AP exhibit a mild form of the disease; however, 20‑25% 
of patients suffer a severe episode and consequently may 
develop multiple organ dysfunction syndrome, a main cause 
of AP‑associated mortality (3,4). Alcoholism and gallstones 
are the most common etiological factors, which lead to 
intrapancreatic trypsinogen activation and cellular injury 
of the pancreas (2,5). Innate immune cells and mediators 
have important roles in the pathogenesis of AP (6,7), and 
prognosis of the disease is directly associated with the inten-
sity of inflammation. Immune cell infiltration and elevated 
serum levels of mediators, including tumor necrosis factor 
(TNF)‑α and interleukin (IL)‑1β, are used as markers of 
inflammatory responses (8). Recently, antimicrobial peptides 
(AMPs), particularly α‑defensins, have been implicated in 
AP (9). AMPs are innate immunity‑derived peptides, which 
are primarily expressed by epithelial cells and infiltrating 
immune cells in mammals under steady state or during 
inflammation  (10). AP is an inflammatory disorder, and 
is therefore associated with altered permeability of the 
AMP‑producing cells, thus suggesting a potential role for 
AMPs in this condition.

Among AMPs, cathelicidins are pleiotropic AMPs that 
possess broad‑spectrum antimicrobial activities and have 
a major role in regulating local inflammation and immu-
nity (11,12). Cathelicidins are characteristically cationic and 
share a conserved N‑terminal pro‑region, which is termed 
the cathelin domain, and a variable C‑terminal antimi-
crobial domain. A single cathelicidin is found in humans 
(hCAP18/LL‑37) and its orthologs in the rat and mouse are 
rat cathelicidin‑related antimicrobial peptide (CRAMP) and 
mouse CRAMP, respectively (13,14). In addition to their anti-
microbial activities, cathelicidins have been reported to exert 
modulatory effects on various host cells, notably epithelial 
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and immune cells (15‑18). Cathelicidins contribute to immune 
cell recruitment and activation, cytokine production, modu-
lation of inflammatory responses during inflammatory bowel 
diseases and gastrointestinal inflammation (12,18). However, 
the role of CRAMP in AP remains clear.

AP is associated with complex episodes of inflammation 
of the pancreatic acinar cells and distant organs. While the 
cellular and molecular regulatory mechanisms underlying 
AP pathogenesis remain to be fully elucidated for the 
identification of a curative treatment, exploration of novel 
innate immunomodulatory mediators may yield a promising 
outcome (19). Therefore, the present study investigated the 
potential effects of CRAMP on caerulein‑induced experi-
mental AP in mice. The results support a modulatory role 
of CRAMP in AP, and suggest CRAMP may be a potential 
therapeutic target for future investigation.

Materials and methods

Animals. Male C57BL/6J (Su Pu Si Biotechnology Co., Ltd., 
Suzhou, China) and CRAMP‑deficient cnlp‑/‑ mice (C57BL/6J 
background; age, 8  weeks; The Jackson Laboratory, 
Sacramento, CA, USA) were maintained at the Animal 
Housing Unit of Jiangnan University (Wuxi, China) under a 
controlled temperature (23‑25˚C) and a 12 h light/12 h dark 
cycle. All of the mice were provided with standard labora-
tory chow and water ad libitum. All experimental protocols 
were approved by the Animal Ethics Committee of Jiangnan 
University, and were performed in accordance with the 
guidelines therein.

Reagents. Caerulein and tetramethylbenzidine substrate 
were used for enzyme‑linked immunosorbent assay (ELISA) 
assays and were purchased from Sigma‑Aldrich (St. Louis, 
MO, USA). Amylase and myeloperoxidase (MPO) activity 
measurement kits were purchased from the Jiancheng 
Bioengineering Institute (Nanjing, China). Mice TNF‑α 
and mice monocyte chemotactic protein (MCP)‑1 ELISA 
kits were obtained from Biolegend, Inc. (San Diego, CA, 
USA). All other reagents were supplied locally by the mate-
rial library of Jiangnan University and were purchased 
from National Medicine Group Chemical Reagent Co., Ltd. 
(Shanghai, China).

Induction of AP. Mice were randomly assigned into the 
control and experimental groups (n=8). The groups were as 
follows: CRAMP gene knockout (cnlp‑/‑) mice and wild‑type 
C57BL/6J mice with the same genetic background were 
randomly assigned into the cnlp‑/‑ control, cnlp‑/‑ mice with 
AP group [AP (cnlp‑/‑)] and C57BL/6J mice with AP group 
[AP (C57)]. The mice received hourly intraperitoneal injec-
tions with normal saline or saline containing caerulein 
(50 µg/kg) for 10 h to induce AP. A total of 1 h after the 
final injection, the mice were sacrificed with a lethal dose 
of pentobarbitone sodium (100 mg/kg). The experiments 
were repeated three times. Blood samples were collected in 
sterilized centrifuge tubes, were centrifuged to separate the 
serum, and were stored at ‑80˚C. The harvested pancreatic 
tissue samples were stored at ‑80˚C for subsequent measure-
ments of MPO activity, and cytokine and chemokine levels.

Serum amylase measurements. Serum was collected by 
allowing the blood to coagulate at ambient temperate 
for 25  min, and subsequently centrifuging the samples 
at 3,000 x g for 10 min at 4˚C. The supernatant was then 
collected for analysis. An iodine‑starch colorimetric method 
was used to measure serum amylase levels. Briefly, serum 
samples were incubated with 0.5 ml pre‑warmed substrate 
buffer for 7.5  min at 37˚C. Absorbance was measured, 
following the addition of 0.5 ml iodine and 3 ml ddH2O to 
the mixture, at 660 nm using a UV‑2450 UV‑VIS spectro-
photometer (Shimadzu Corporation, Kyoto, Japan).

MPO activity. MPO activity was evaluated using an MPO 
assay kit according to the manufacturer's protocol. Pancreatic 
tissues (5%) were homogenized in 0.9% saline using an IKA 
homogenizer (Straufen, Germany). Absorbance was analyzed 
using a UV‑2450 UV‑VIS spectrophotometer (Shimadzu 
Corporation) at 460 nm within 10 min and MPO activities 
are expressed as units/g tissue.

ELISA assays of inf lammatory mediators. Pancreatic 
homogenates were assayed for MCP‑1 and TNF‑α levels 
using sandwich ELISA kits. Previous procedures validated 
by our group were adopted, according to the manufacturer's 
protocols. Absorbance was measured at 450  nm within 
30 min, using an automated microplate reader (Multiskan™ 
GO; Thermo Fisher Scientific Oy, Vantaa, Finland). TNF‑α 
and MCP‑1 concentrations were calculated based on the 
absorbance measurements, and are expressed as pg/ml.

Histological examination. Freshly harvested pancreatic 
samples were fixed with 4% paraformaldehyde overnight. 
The tissues were then washed with ddH2O, dehydrated with 
gradient ethanol solutions and embedded in paraffin and cut 
into 5 µm sections. The sections were subsequently stained 
with hematoxylin/eosin (H&E). Pancreatic injury was exam-
ined under a DM2000 light microscope (Leica Microsystems 
GmbH, Wetzlar, Germany) at x200 magnification, and was 
evaluated based on acinar cell injury, inflammatory cell infil-
tration and structural changes, which are markers of tissue 
damage and inflammation.

Statistical analysis. Statistical analysis was performed by 
independent t‑test to determine if there was a difference 
between MPO activity levels in the control and AP (C57) group, 
AMY levels between AP (cnlp‑/‑) and AP (C57) groups. When 
multiple comparisons were made, by one‑way analysis 
of variance using GraphPad Prism (version 5; GraphPad 
Software Inc., San Diego, CA, USA). Tukey's honest signifi-
cant difference test was performed as a post‑hoc test. P<0.05 
were considered to indicate a statistically significant differ-
ence.

Results

Effects of CRAMP deficiency on serum amylase levels during 
AP. Serum amylase is measured as a sensitive biochemical 
marker of AP, which is released due to pancreatic acinar cell 
damage. Serum amylase levels were elevated in the wild‑type 
(P<0.001) and cnlp‑/‑ AP (P<0.001) mice compared with in 
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the control mice. In addition, CRAMP‑deficient mice exhib-
ited more pronounced serum amylase levels compared with 
the wild‑type mice (P<0.05; Fig. 1). These findings suggest 
that CRAMP may have a beneficial role in protecting mice 
against AP.

Effects of CRAMP deficiency on pancreatic MPO release. 
Pancreatic MPO levels were evaluated as an indicator of 
neutrophil infiltration into tissues during AP. Caerulein 
hyperstimulation resulted in increased pancreatic MPO levels 
in the wild‑type (P<0.05) and cnlp‑/‑ mice (P<0.01; Fig. 2). 
This increase in MPO was more significant in the pancreatic 
tissues of the cnlp‑/‑ mice compared with the wild‑type mice 
(P<0.05; Fig. 2). These results suggest that CRAMP may be 
involved in early neutrophil recruitment to the pancreas and 
regulating MPO activities during AP.

Effects of CRAMP deficiency on pancreatic production of 
inflammatory mediators. As AP propagates it is associated 

with enhanced production of inflammatory cytokines and 
chemokines at the tissue level. Therefore, the present study 
examined the levels of known early mediators of AP, including 
TNF‑α and MCP‑1. As shown in Fig. 3A and B, experimental 
AP is associated with increased levels of pancreatic TNF‑α 
(P<0.001) and MCP‑1 (P<0.01). A further increase in TNF‑α 
levels (all P<0.05), but not MCP‑1 levels, was observed in 
the pancreas of cnlp‑/‑ mice compared with in the C57BL/6J 
wild‑type AP mice (Fig. 3A and B). These results indicate 
that CRAMP selectively modulates pancreatic cytokine 
production during AP.

Effects of CRAMP deficiency on tissue damage during AP. 
Pancreatic injury in mice with AP was evaluated by H&E histo-
logical examination. The wild‑type and CRAMP‑deficient 
cnlp‑/‑ mice induced with caerulein hyperstimulation exhib-
ited pronounced pancreatic edema, enhanced neutrophil 
infiltration into the pancreas, and pancreatic morphological 
injuries, as compared with the control mice (Fig. 4A‑C). 

Figure 2. Effects of cathelicidin‑related antimicrobial peptide deficiency 
(cnlp‑/‑) on pancreatic myeloperoxidase (MPO) levels. Data are presented as 
the mean + standard error of the mean. *P<0.05 vs. the control mice (CON); 
**P<0.01 vs. CON; #P<0.05 vs. caerulein-treated cnlp-/- mice. AP, acute pan-
creatitis; C57, C57BL/6J wild‑type mice.

Figure 1. Effects of cathelicidin‑related antimicrobial peptide deficiency 
(cnlp‑/‑) on serum amylase (AMY) levels. Data are presented as the 
mean + standard error of the mean. ***P<0.001 caerulein-treated mice vs. 
control; #P<0.05 caerulein-treated cnlp-/- mice vs. caerulein-treated C57BL/6J 
mice. AP, acute pancreatitis; CON, control; C57, C57BL/6J wild‑type mice.

Figure 3. Effects of cathelicidin‑related antimicrobial peptide deficiency (cnlp‑/‑) on the pancreatic production of inflammatory mediators (A) tumor necrosis 
factor (TNF)‑α and (B) monocyte chemotactic protein (MCP)‑1. Data are presented as the mean + standard error of the mean. *P<0.05 vs. the control mice 
(CON); **P<0.01 and ***P<0.001 vs. CON; #P<0.05 vs. caerulein-treated cnlp-/- mice. AP, acute pancreatitis; C57, C57BL/6J wild‑type mice.
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Furthermore, pancreatic injury in the cnlp‑/‑ mice (Fig. 4B) 
was more severe than in the wild‑type mice (Fig. 4C). This 
histological analysis confirmed that CRAMP alleviates 
pancreatic injury and inflammation.

Discussion

The present study demonstrated that mouse CRAMP is a 
novel modulatory mediator during AP, which is particularly 
associated with local pancreatic inflammation. The cnlp‑/‑ 

C57BL/6J mice developed a more severe phenotype and 
inflammatory responses, as compared with their wild‑type 
littermates induced with AP. In addition, the cnlp‑/‑ C57BL/6J 
mice exhibited more pronounced serum amylase levels, 
pancreatic MPO release and TNF‑α production than the 
wild‑type mice. These data indicated that CRAMP may have 
a modulatory role in experimental AP.

A cascade of cellular events, including activation of 
intra‑acinar enzymes, release of inflammatory mediators 

and cytokines, acinar cell apoptosis, and pancreatic micro-
circulation disorder have been reported to underlie the 
pathogenesis of AP  (20‑23). However, AP pathogenesis 
remains to fully elucidated. AMPs represent novel media-
tors of the condition. Intestinal α‑defensin (α‑defensin‑5 
and α‑defensin‑7) levels, but not CRAMP, were shown to 
be elevated in aged rats with AP, and were associated with 
more severe local inflammation (9). The role of cathelicidins 
(human LL‑37 and mouse CRAMP) has been particularly 
documented in other inflammatory processes (24); however, 
its role is unknown in AP. Therefore the present study 
investigated cathelicidins as a potential immunomodula-
tory mediator in a mouse model of experimental AP, using 
CRAMP‑deficient cnlp‑/‑ mice.

The results of the present study demonstrated that 
cnlp‑/‑ mice with AP exhibited more pronounced acinar cell 
injury, as measured by serum amylase levels, MPO activity 
and TNF‑α production, as compared with the wild‑type 
AP mice. Immune cell infiltration into the tissues and 

Figure 5. Graphical summary of the modulatory effects of cathelicidin‑related antimicrobial peptide (CRAMP) on caerulein‑induced experimental acute 
pancreatitis (AP). CRAMP modulates amylase release from acinar cells, myeloperoxidase (MPO) release from neutrophils, and the production of inflamma-
tory cytokines during AP. TNF‑α, tumor necrosis factor‑α; MCP‑1, monocyte chemotactic protein‑1.

Figure 4. Histological examination of tissue damage in the cathelicidin‑related antimicrobial peptide‑deficient (cnlp‑/‑) and wild‑type C57BL/6J mice (C57) 
with acute pancreatitis (AP) using hematoxylin/eosin staining. Representative images (magnification, 200x) from each group from two independent experi-
ments are presented. (A) Wild‑type control mice (B) cnlp‑/‑ mice with AP (C) wild‑type mice with AP.

  A   B   C
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production of inflammatory cytokines (chemokines) are key 
pathological events that determine, to a large extent, disease 
severity  (25,26). During AP, neutrophils are the first‑line 
innate immune cells recruited to the pancreas. TNF‑α, which 
is derived predominantly from activated macrophages, acts 
via cell membrane‑bound receptors (27) to induce proinflam-
matory gene expression of IL‑1, IL‑6, IL‑8 and itself, thereby 
causing pancreatic tissue necrosis and further migration 
of leukocytes (28). The prototypic CC chemokine MCP‑1 
is an early mediator associated with chemo‑attraction of 
macrophages and further propagation of local to systemic 
inflammation (29). Although both TNF‑α and MCP‑1 are 
significantly elevated in the pancreas of cnlp‑/‑ and wild‑type 
AP mice (Fig. 3), only TNF‑α levels were significantly higher 
in the cnlp‑/‑ mice than the wild‑type mice, thus suggesting 
that the regulatory effects of CRAMP may be selective 
towards TNF‑α‑producing cells in the pancreas.

The present study detected a more resistant phenotype 
during AP due to the C57BL/6J genetic background of cnlp‑/‑ 
and wild‑type mice. Different mouse strains have exhibited 
varied susceptibility to caerulein‑induced AP. Serum amylase 
and TNF‑α production in BALB/c mice are significantly 
higher than in C57BL/6J mice upon AP induction (unpub-
lished data). Despite this intrinsic variation of responses, 
CRAMP deficiency still worsens pancreatic inflammatory 
conditions, further suggesting its modulatory role in AP.

In conclusion, the present study is the first, to the best 
of our knowledge, to demonstrate that cathelicidins exert 
immune regulatory effects on AP in mice (Fig. 5). In addition, 
the present study provides novel evidence for the effective 
prevention and treatment of AP in clinical practice.
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