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A B S T R A C T

Background and purpose: Curcumin, an active constituent of rhizomes of Curcuma longa Linn, exhibits a variety of
biological activities such as anti-inflammation and anti-oxidant. The present study aims to examine the effects of
curcumin on oxidative stress, inflammation and apoptosis in L-arginine induced acute pancreatitis (AP) in mice.
Methods: Male ICR mice were randomly divided into 4 groups. Control group received intraperitoneal injection
(i.p.) of 1% DMSO as a vehicle. AP group received two doses of i.p. L-arginine (L-Arg) 450 mg/100 g body weight
(BW) at 1-hour interval. AP plus low-dose curcumin group received i.p. curcumin 50 mg/kg BW 1 hour before L-
Arg injection and then once daily for 3 days. AP plus high-dose curcumin group received i.p. curcumin 200 mg/kg
BW 1 hour before L-Arg injection and then once daily for 3 days. All mice were sacrificed at 72 hours. Pancreatic
tissue was obtained for histological evaluation, immunohistochemical studies for nuclear factor-kappa beta (NF-
kβ), apoptosis and myeloperoxidase (MPO), and Western blot analyses for 4-Hydroxynonenal (4-HNE). Blood
samples were collected for amylase analysis.
Results: Mean body weight was significantly lower in AP group than in control group, while in curcumin group,
body weight was maintained. The serum amylase, number of MPO positive cells, NF-kB positive cells, TUNEL
positive cells, and 4-HNE expression significantly increased in AP group when compared with control group, but
decreased in low and high-dose curcumin groups. Mice in AP group developed severe pancreatic inflammation,
edema and fat necrosis. While mice in low and high-dose curcumin groups showed a significant improvement in
histopathological scores. There was no significant difference between low and high doses of curcumin.
Conclusion: Curcumin could attenuate acute pancreatitis via anti-oxidant, anti-inflammation and anti-apoptosis
property leading to the improvement in pancreatic damage.
1. Introduction

Acute pancreatitis (AP) is one of the most common gastrointestinal
causes for hospital admissions in the US with rising incidence globally
(Shah et al., 2018; Yadav and Lowenfels, 2006). Severe acute pancreatitis
(SAP) is associated with high morbidity, mortality (Whitcomb, 2006;
Zerem, 2014) and significant financial burden (Andersson et al., 2013).
Due to the lack of disease-specific therapies, the treatment of SAP is
mainly supportive care. The pathophysiology of SAP involves a cascade
of events from trypsinogen activation, acinar cell injury/death, systemic
inflammatory responses and multi-organ dysfunction (Bhatia et al.,
2005). The ongoing search for specific treatment of SAP by targeting one
erawatganon).
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of these pathogenic steps has not yielded fruitful results.
Curcumin or diferuloylmethane is the principle bioactive component

of rhizomes of Curcuma longawhich is accounted for 77% of curcuminoids
present in turmeric (Lestari and Indrayanto, 2014). It exerts several bio-
logical activities including anti-inflammatory, anti-oxidant, and
anti-microbial effects (Amalraj et al., 2016; Maheshwari et al., 2006).With
these properties, we hypothesized that curcumin would be beneficial in
the treatment of AP by acting directly at the pathogenesis of AP. To prove
this hypothesis, we used the mice model of L-arginine (L-Arg) induced AP.
This experimental model has been consistently shown to produce acute
necrotizing pancreatitis and a good model to study the effects of curcumin
in several aspects of AP (Hegyi et al., 2004; Tashiro et al., 2001).
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2. Materials and methods

2.1. Animal preparation

Four-week-old male ICR mice weighing 25–30 grams were purchased
from the National Laboratory Animal Center, Salaya Campus, Mahidol
University. All animal procedures were approved by Animal Care and Use
Committee, Faculty of Medicine, Chulalongkorn University (IRB No 12/
2560). Animals were housed in a temperature-controlled room at 25–30
�C with a 12-hour light and dark cycle and had free access to drinking
water and standard rat chow. All animals were allowed to acclimate to
the new environment for 1 week prior to the initiation of the experiment.
2.2. Preparation of L-arginine and curcumin

L-arginine solution was prepared by dissolving L-arginine powder
(Sigma Aldrich Co Pvt. Ltd., USA) in 0.9% normal saline and adjusting
the pH to 7 with 5 N HCl. Curcumin powder (Cayman Chemical Com-
pany, USA) was dissolved in 1% dimethyl sulfoxide (DMSO) to make a
solution.
2.3. Experimental protocols

Male ICR mice were randomly divided into 4 groups (n ¼ 6 in each
group). Control group received intraperitoneal (i.p.) injection of 1%
DMSO once daily for 3 days. AP group received two i.p. injections of L-
Arg (total dose of 450 mg/100 g body weight) at an interval of 1 hour to
induce AP. This model was modified from Dawra and colleagues (Dawra
and Saluja, 2012). AP plus low-dose curcumin (APþ low dose cur) group
received i.p. curcumin 50 mg/kg body weight 1 hour before L-Arg in-
jection followed by i.p. curcumin 50 mg/kg body weight once daily for 3
days. AP plus high-dose curcumin (AP þ high dose cur) group received
i.p. curcumin 200 mg/kg body weight 1 hour before L-Arg injection
followed by i.p. curcumin 200 mg/kg body weight once daily for 3 days.
We chose curcumin 200 mg/kg body weight based on a study by
Samuhasaneeto and colleagues with slight modification to fit the current
model (Samuhasaneeto et al., 2009) and the purpose of using curcumin
50 mg/kg body weight was to evaluate whether a lower dose had similar
effects to a higher dose (Shafik and Abou-Fard, 2016).

All mice were sacrificed at 72 hours after L-Arg administration by
intraperitoneal injection of overdosed sodium thiopental (50 mg/kg
body weight). Pancreas was rapidly removed and separated from the
surrounding lymph nodes and fat. Pancreatic tissue samples were divided
Fig. 1. The delta body weight between groups. (*P < 0.0
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into 2 parts. The first part was fixed in 10% formalin solution for histo-
logical evaluation and immunohistochemical studies for nuclear factor-
kappa beta (NF-kβ), myeloperoxidase (MPO), and apoptosis. The sec-
ond part was placed in liquid nitrogen and stored at -80 �C until further
measurement of 4-Hydroxynonenal (4-HNE) by Western blot analysis.
Blood samples were obtained by cardiac puncture and allowed to clot for
30 minutes at 25 �C. Clotted blood was then centrifuged at 4 �C with the
speed of 3,000 x g for 10 minutes. Serum samples were obtained and
stored at -80 �C until amylase analysis. Serum amylase levels were
measured using a Hitachi 7600-020 automatic biochemical analyzer
(Hitachi Ltd., Tokyo, Japan).
2.4. Pathological examination of pancreas and assessment of apoptotic
acinar cells

Histological slides were reviewed under light microscope by an expe-
rienced pathologist who was blinded to the experiment. A histopathologic
scoring system suggested by H. E. V. DE COCK (De Cock et al., 2007) was
modified to grade the severity of acute pancreatitis. In brief, the grading
system was based on a point system for 3 lesions: neutrophilic inflam-
mation, interstitial edema and mesenteric fat necrosis. The sum of the
points for each lesion was calculated with a maximal score of 9. A score of
0 was considered normal. A score of 1–3 total points was considered mild
AP; 4–6, moderate; and 7–9, severe AP. This scoring system was also used
by another study from our group (Sriko et al., 2018).

Percentage of apoptotic acinar cells were determined by Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) method
using ApopTag® Peroxidase In Situ Apoptosis Detection kit (Millipore,
CA, USA). The procedure was performed according to the manufacturer's
instruction. The number of TUNEL positive cells, defined by cells with
dark brown nuclei, was counted by the Aperio ImageScope software
(Leica Biosystems Imaging, Inc., MD, USA) and expressed as percentage
of positive cells.
2.5. Immunohistochemistry for NF-kβ expression

After pancreatic tissue samples were fixed in 10% formalin for 24–48
hours, they were embedded in paraffin and sliced at a thickness of 4 μm.
Tissue sections were then deparafinized with xylene and ethanol for 10
minutes and the antigen was retrieved with citrate buffer pH 6.0 in mi-
crowave for 13 minutes. Slides were incubated with 3% hydrogen
peroxide to block endogenous peroxidase activity for 5 minutes and with
3% normal horse serum to block nonspecific binding for 20 minutes.
5 versus control group; #P < 0.05 versus AP group).



Fig. 2. Serum amylase level. Data are presented as mean � SD (*P < 0.05 versus
control group; #P < 0.05 versus AP group).

Table 1
Histopathologic scores of the pancreas in each group. The grading scores in each categories (inflammation, edema and necrosis) are presented in the table.

Group N Inflammation Edema Necrosis

0 1 2 3 0 1 2 3 0 1 2 3

Control 6 6 - - - 5 1 - - 6 - - -
AP 6 - - 1 5 - 1 2 3 - 1 1 4
AP þ Low cur 6 6 - - - 5 1 - - 6 - - -
AP þ High cur 6 6 - - - 6 - - - 5 1 - -

Table 2
The sum of pancreatic pathological scores and the severity of pancreatitis in each
group.

Pathologic scores

Group Number Normal
(0)

Mild
(1–3)

Moderate
(4–6)

Severe
(7–9)

Mean
� SD

Control 6 5 1 0 0 0.17 �
0.41

AP 6 0 0 0 6 7.67 �
0.82

AP þ
Low
cur

6 5 1 0 0 0.17 �
0.41

AP þ
High
cur

6 5 1 0 0 0.17 �
0.41
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Tissues were then washed with phosphate-buffered saline (PBS). Subse-
quently, sections were incubated overnight with a polyclonal antibody
against the p65 subunit of NF-kβ (Abcam, MA, USA) at a dilution of 1:150
at 4 �C overnight and washed again with PBS. Slides were then incubated
with secondary antibody (Abcam, MA, USA) for 30 minutes and appro-
priate horseradish-peroxidase–labeled polymers (BioCare, Concord, CA)
were performed. When the development of color with diaminobenzidine
(DAB) was detected, sections were counterstained with hematoxylin.
Under light microscopy, positive cells were pancreatic acinar cells with
dark brown-stained nuclei. The number of positive-stained cells was
Fig. 3. Representative images of pancreatic histopathology by H & E staining (40X). (
curcumin group. Arrows indicate inflammation, edema and fat necrosis.

3

counted by the Aperio ImageScope software (Leica Biosystems Imaging,
Inc., MD, USA) in 10 randomly selected fields at 40x magnification and
expressed as percentage of positive cells.

2.6. Immunohistochemistry for determination of myeloperoxidase (MPO)
activity

The antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, California, USA). Formalin-fixed, paraffin-embedded samples were
cut into 4-μm sections and each tissue section was deparaffinized and
A) Control group, (B) AP group, (C) Low-dose curcumin group and (D) High-dose
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rehydrated with graded ethanol. Antigen retrieval was performed using
EDTA antigen repairing buffer (pH 8.0) in microwave for 13 minutes.
After natural cooling, tissues were placed in phosphate-buffered saline
(PBS) at pH 7.4 twice for 5 minutes each. Tissues were then incubated
with 3% hydrogen peroxide solution at room temperature for 25 minutes
in the dark. Subsequently, slides were incubated with an antibody against
MPO (Dako, Denmark; 1:500) overnight at 4 �C in a humid chamber.
Then tissues were incubated in an anti-goat secondary antibody (Dako,
Denmark; 1:1000) for 30 minutes at 25 �C. Finally, sections were coun-
terstained with hematoxylin. Under a light microscope, the positive cells
were defined as those with dark brown nuclei. The numbers of MPO
positive cells were counted in 10 randomly selected fields at 40x
magnification. The results were expressed as the average number of
positive-stained cells per high-power field (HPF).

2.7. Western blotting for detection of 4-hydroxynonenal (4-HNE)

Western blot analysis was adopted from Levine et al. (1994). For the
detection of protein bound HNE, 100 mL of pancreatic samples were
homogenized in a solution containing 12% sodium dodecyl sulfate (SDS),
6% 2-mercaptoethanol, 50 mM Tris pH 7.8, and 30% glycerol. Protein
concentrations in pancreatic homogenates were measured using bicin-
choninic acid (BCA) assay kit (Pierce®, Thermo scientifric, lnc., IL, USA)
according to the manufacturer's instruction. Samples were divided into
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Fig. 4. a. Representative images of TUNEL staining for evaluation of apoptotic acina
High-dose curcumin. Arrows indicate apoptotic acinar cells. b. The percentage of TU
versus control group; #P < 0.05 versus AP group).
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aliquots of 10 μg, which were then heated at 95 �C for 5 minutes before
being loaded to the gels and subsequently transferred to the PVDF
membrane. The PDVFmembrane was then probedwith primary antibody
against HNE-histidine (clone 1g4) (R&D Systems, Inc., USA) in a 1:500
dilution followed by peroxidase-conjugated antimouse-IgG in a 1:3000
dilution (R&D Systems, Inc., USA). Chemiluminescence was detected on
polaroid-films using the ECL minicamera. Data were presented as relative
ratio between HNE expression and glyceraldehyde 3-phosphate dehy-
drogenase (GADPH), which was used as loading control.

2.8. Statistical analysis

Data were expressed as mean � standard deviation (SD). One-way
ANOVA and post-hoc Tukey HSD were used for comparisons amongst
groups. A p-value of less than 0.05 was considered statistically signifi-
cant. All analyses were performed using the SPSS for windows version
17.0 (SPSS, Inc., Chicago, IL, USA).

3. Results

3.1. Changes in general appearance and body weight of mice

Comparing with the control group, mice in the AP group were less
active with downier fur. Curcumin treatment in both low and high doses
AP+Low cur AP+High cur

# #

r cells (40X). (A) Control group, (B) AP group, (C) Low-dose curcumin and (D)
NEL positive cells in each group. Data are presented as mean � SD (*P < 0.05
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improved general appearance of mice. Body weight at the beginning of
the experiment was similar amongst groups. Body weight changes
before and after experimentation (ΔBW ¼ BW at day 4 – BW at day 0)
are summarized in Fig. 1. Significant weight loss was noted in AP group
compared with weight gain in controls (ΔBW -0.69 � 0.68 vs. 2.23 �
1.52 g, respective, p < 0.01). Mice in low-dose curcumin group gained
significant weight as compared with mice in AP group (ΔBW 1.57 �
0.43 vs. -0.69 � 0.68 g, respectively, p < 0.05). There were no signif-
icant differences in body weight changes between low and high-dose
curcumin groups (ΔBW 1.57 � 0.43 vs. 1.15 � 1.51 g, respectively, p
> 0.05).
3.2. The effects of curcumin on serum amylase

Serum amylase levels in each group are shown in Fig. 2. Serum
amylase levels were markedly increased in AP group when compared
with control group (8438.50 � 2371.55 vs. 5880 � 1561.98 U/L,
respectively, p < 0.05). Curcumin treatment, both in low and high doses,
led to lower amylase levels as compared to those in AP group (4802 �
486.85 U/L in low-dose group and 5069 � 255.73 U/L in high-dose
group, p < 0.01 for both analyses). There were no significant
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Fig. 5. a. Representative images of immunohistochemistry for MPO in mice pancrea
dose curcumin. Arrows indicate MPO positive cells. b. Numbers of MPO positive cell
control group; #P < 0.05 versus AP group).
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differences in amylase levels between low and high-dose curcumin
groups.
3.3. The effects of curcumin on pancreatic histopathology and apoptosis

Table 1 represents the detailed grading of histopathologic changes in
each group, while Table 2 depicts the severity of pancreatitis with mean
scores in each group. All mice in AP group developed severe pancreatitis
based on the scoring system, whereas the majority of mice in control (n¼
5), low-dose (n ¼ 5) and high-dose curcumin groups (n ¼ 5) had normal
pancreatic histology with only 1 mouse in each group developed mild
pancreatitis. Curcumin-treated mice also had similar pancreatitis scores
to control mice. Fig. 3 are representative images of pancreatic pathology
in each group.

Fig. 4a are representative images of TUNEL staining in each group.
Apoptotic acinar cells are those with dark brown stain. As shown in
Fig. 4b, the percentage of apoptotic acinar cells in AP group was signif-
icantly higher than in control group (2.72 � 2.72 vs. 0.50 � 0.33%,
respectively, p < 0.05). The percentages of apoptotic acinar cells in both
low-dose (0.46� 0.13%) and high-dose curcumin groups (0.37� 0.08%)
closely resembled that of controls but were much lower than in AP group
AP+Low cur AP+High cur

# #

s (40X). (A) Control group, (B) AP group, (C) Low-dose curcumin and (D) High-
s per HPF in mice pancreas. Data are presented as mean � SD (*P < 0.05 versus
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Fig. 6. a. Representative images of immunohistochemistry for NF-kB expression in mice pancreas (40X). (A) Control group, (B) AP group, (C) Low-dose curcumin and
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(p < 0.05 for low-dose and p < 0.01 for high-dose curcumin).

3.4. Effects of curcumin on MPO activity and NF-kB expression

As shown in Fig. 5a and b, the number of MPO positive cells was
significantly higher in AP mice as compared with control mice (29.57 �
3.18 vs. 0.08 � 0.27 cells/HPF, respectively, p < 0.001). Curcumin
treatment, both in low and high doses, reduced MPO activities signifi-
cantly when comparing with AP mice (1.25� 0.67 cells/HPF in low-dose
group and 0.75 � 0.4 cells/HPF in high-dose group, p < 0.001 for both
comparisons).

As shown in Fig. 6a and b, the percentage of NF-kβ-positive cells in AP
group was significantly higher than in control group (47.95 � 12.98 vs.
6.27 � 2.31%, respectively, p < 0.001). With curcumin administration,
the percentage of NF-kβ-positive cells significantly declined in both low-
dose (3.63 � 1.61%, p < 0.001) and high-dose group (11.68 � 6.44%, p
< 0.001) as compared with AP group.

3.5. Effects of curcumin on 4-HNE expression

The relative ratio of 4-HNE expression was significantly higher in AP
group as compared with control group (2.59 � 0.46 vs. 1.38 � 0.70,
respectively, p< 0.05), whereas the relative ratio of 4-HNE expression in
6

the low-dose (1.01 � 0.73, p < 0.01) and high-dose curcumin groups
(1.46 � 0.23, p < 0.05) were significantly lower than in AP group but
closely resembled that of control group (Fig. 7).

4. Discussion

We found that L-Arg could successfully induce AP as evidenced by
serum amylase elevation and pancreatic histopathological changes. Mice
in AP group lost weight and developed noticeable deterioration in gen-
eral appearance compared with control group. Tani and colleagues also
reported similar findings of which rats with L-Arg induced AP gained
significantly less weight than control rats (Tani et al., 1990). In addition,
the improvement in general appearance, curcumin treatment in both low
and high doses reduced serum amylase to the similar levels of control
group. The decline in serum amylase levels was in line with the
normalization of pancreatic histopathology in curcumin-treated mice.
Similar to our study, Yu and colleagues demonstrated the reduction in
serum amylase levels and histopathological scoring in curcumin-treated
AP mice as compared with caerulein-induced AP mice (Yu et al., 2011).

Attracted to the pancreatic tissues by chemokines, neutrophils are
important players in the development of acute inflammation in AP
(Vonlaufen et al., 2007). Neutrophils exert their action through the
release of MPO, protease and reactive oxygen species (ROS). In this

mailto:Image of Fig. 6|eps


Fig. 7. Western blot analysis of 4-HNE expression in pancreas. (A) Western blot analysis of 4-HNE expression in pancreas. (B) Densitometric analysis of the 4-HNE
relative to GAPDH. All data are presented as mean � SD (*P < 0.05 versus control groups; #P < 0.05, ##P < 0.01 versus AP groups).
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study, we determined neutrophil activities through the measurement of
MPO positivity in pancreatic tissues. Our results demonstrated a signif-
icant rise in MPO activities in AP mice comparing with controls. With
curcumin treatment, the number of MPO-positive cells declined mark-
edly to the level seen in control group. In accordance with our study,
Shafik and colleagues showed lowerMPO activities for both pre- and post
L-Arg treatment with curcumin as compared with AP group (Shafik and
Abou-Fard, 2016).

NF-kβ activation is a key event in the development of AP. Pathologic
calcium signaling and ROS generation have been shown to be important
mediators in the activation of NF-kβ (Jakkampudi et al., 2016). NF-kβ
leads to the production of several inflammatory cytokines, such as tumor
necrosis factor (TNF)-α, interleukin (IL)-1b, IL-2, IL-6 and IL-18, and
various chemokines such as IL-8. A study using transgenic mice demon-
strated that the higher level of NF-kβ activity was associated with
increased severity of AP and persistent elevation of NF-kβ levels could
lead to changes seen in chronic pancreatitis (Huang et al., 2013). In this
study, we found the increased NF-kβ expression in mice with AP which
was attenuated by the treatment with both low and high-dose curcumin.
The changes in NF-kβ expression correlated with the severity of
pancreatitis on histopathology. Previous studies showed that curcumin
inhibited NF-kβ activation through the blockage of I kappa B kinase (IKK)
activation and I kappa B (IkB) degradation (Jobin et al., 1999; Pan et al.,
2000). Similar to our findings, Gukovsky and colleagues studied the ef-
fects of curcumin in rat models of AP and found that curcumin inhibited
both the increase in NF-κB binding activity and IκB degradation leading
to the amelioration of pancreatitis (Gukovsky et al., 2003).
7

Oxidative stress is one of the major events that occurs after pancreatic
acinar injury leading to the acceleration of inflammatory responses and
multi-organ dysfunction (Robles et al., 2013; Shi et al., 2005). Lipid
peroxidation of polyunsaturated fatty acids, a consequence of oxidative
stress, produces 4-HNE which can be used as an oxidative stress marker.
In this study, 4-HNE expression almost doubled in mice with AP as
compared with control mice and the administration of curcumin in both
doses could restore the changes in 4-HNE expression indicating the
amelioration of oxidative stress. In animal models of alcohol-induced
liver disease and CCl4-induced liver injury, curcumin was shown to in-
crease glutathione production and reduce 4-HNE expression, thus
improving liver histopathology and biochemical tests in both conditions
(Lee et al., 2016; Varatharajalu et al., 2016). In a clinical study of tropical
pancreatitis, 6-week treatment with curcumin led to the increased levels
of glutathione and decreased levels of malonyldialdehyde, another
marker of oxidative stress (Durgaprasad et al., 2005). The aforemen-
tioned evidence suggested that curcumin worked as an anti-oxidant and
could be used for treatment of several inflammatory conditions including
AP.

An in vitro study using rat pancreatic acinar AR4-2J cells demon-
strated that L-Arg could induce acinar cell apoptosis through the change
in pancreatitis-associated protein (PAP) gene expression (Motoo et al.,
2000). Furthermore, products of lipid peroxidation, such as 4-HNE have
been implicated in the development of apoptosis through the induction of
Fas expression, and induction, phosphorylation, and nuclear trans-
location of p53 and subsequent activation of caspase3 (Awasthi et al.,
2008). Our results confirmed the findings from previous observation that
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the degree of acinar cell apoptosis was significantly higher in L-Arg
induced AP mice than that observed in control mice. With curcumin
treatment in both low and high doses, the number of apoptotic acinar
cells declined to the level seen in control mice. Despite not being studied
directly in AP, curcumin has been shown to reduce apoptosis in other
conditions. Wang and colleagues demonstrated that curcumin reduced
the expression of apoptotic genes, such as CytC, Casp3 and Casp8 in
non-alcoholic steatohepatitis rats that were treated with curcumin (Wang
et al., 2015).

In conclusion, curcumin treatment in both low and high doses could
reduce inflammation, oxidative stress, apoptosis and thus alleviating
pancreatic histopathologic changes in L-Arg induced acute pancreatitis
mice.
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