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Abstract

Background The underlying molecular mechanism that
leads to development of chronic pancreatitis remains elu-
sive. The aim of this study is to understand the downstream
inflammatory signaling involved in progression of chronic
pancreatitis, and to use withaferin A (WA), a small mole-
cule inhibitor of nuclear factor kB (NFkB), to prevent
progression of chronic pancreatitis.

Methods Two different protocols were used to induce
pancreatitis in mice: standard and stringent administration
of cerulein. The severity of pancreatitis was assessed by
means of pancreatic histology and serum amylase levels.
Immunohistochemistry and flow-cytometric analysis was
performed to visualize immune cell infiltration into the
pancreas. Real-time PCR and Western blot were used to
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analyze the downstream signaling mechanism involved in
the development of chronic pancreatitis.

Results The severity of cerulein-induced pancreatitis
was reduced significantly by WA, used as either pre-
ventive or curative treatment. Immune cell infiltration
into the pancreas and acinar cell death were efficiently
reduced by WA treatment. Expression of proinflamma-
tory and proapoptotic genes regulated by NFxB acti-
vation was increased by cerulein treatment, and WA
suppressed these genes significantly. Sustained endo-
plasmic reticulum stress activation by cerulein admin-
istration was reduced. NLRP3 inflammasome activation
in cerulein-induced pancreatitis was identified, and this
was also potently blocked by WA. The human pancre-
atitis tissue gene signature correlated with the mouse
model.

Conclusions Our data provide evidence for the role of
NFxB in the pathogenesis of chronic pancreatitis, and
strongly suggest that WA could be used as a potential
therapeutic drug to alleviate some forms of chronic
pancreatitis.

Keywords Nuclear factor kB - Pancreatitis -
Inflammation - Withaferin A

Introduction

Chronic pancreatitis (CP) is an inflammatory disease
characterized by irreversible structural alterations in the
pancreas due to inflammation, fibrosis, and acinar atrophy,
leading to debilitating abdominal pain, exocrine and
endocrine insufficiency, and severely compromised qual-
ity of life [1, 2]. CP is primarily a result of repeated
episodes of acute pancreatitis (AP) involving intra-acinar
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trypsinogen activation, vacuole formation, necrosis, and
apoptosis of acinar cells and severe inflammation [3].
Currently, there is no treatment for CP nor a unified
approach to control disease progression.

Several reports have identified the significant role
played by nuclear factor kB (NFxB) in the pathogenesis of
CP [4, 5], but the downstream mechanisms associated with
disease progression remain unclear. Tamoxifen-induced
activation of NFkB and/or overexpression of the active
form of inhibitor of kB (IxkB) kinase B (IKKP) in the
pancreatic acinar cell increased the severity of CP [6, 7]. A
high-fat-diet-induced CP model demonstrated the require-
ment of increased NFkB activity for disease development
[8]. A cerulein-induced experimental mouse model of
pancreatitis has been widely used to investigate the
mechanism of CP [9, 10].

Endoplasmic reticulum (ER) stress or unfolded protein
response is a cellular mechanism to overcome protein
overload and regulate protein folding more efficiently to
regain homeostasis [11]. Sustained or uncontrolled ER
stress leads to apoptosis of the cell, which is mainly
regulated by the transcription factor C/EBP homologous
protein (CHOP) [12, 13]. During the pathogenesis of
pancreatitis, acinar cell death is prominent, and this may
lead to an overwhelming amount of protein production in
remaining acinar cells, which could result in ER stress.
ER stress has been identified as an early event in pan-
creatic injury, and prolonged administration of cerulein to
mice results in sustained activation of ER stress, leading
to CP [14].

Cells of the innate immune system use special
receptors such as Toll-like receptors (TLRs) and/or
nucleotide-binding oligomerization domain like recep-
tors (NLRs) to sense damage or pathogen invasion.
NLRP3 (also known as NALP3) is an extensively
investigated member of the NLR family that is respon-
sible for the formation and activation of an inflamma-
some. The NLRP3 inflammasome has been reported to
play a role in chronic inflammatory diseases such as
cryopyrin-associated  periodic  syndromes,  gout,
atherosclerosis, and type 2 diabetes [15].

Withaferin A (WA) is a natural steroidal lactone used in
ancient ayurvedic medicine as an anti-inflammatory drug.
It has been shown to inhibit NFkB activation by binding to
IKKp and preventing phosphorylation of IxB [16]. In this
study, we investigated the downstream mechanisms lead-
ing to CP, including ER stress and inflammasome forma-
tion. Furthermore, we used WA in vitro and in vivo to
investigate whether blocking of NFkB would reduce pro-
gression of CP.

Materials and methods
Mice

C57BL/6 mice purchased from Jackson Laboratories
were used throughout the study, and all experiments
were conducted on age- and sex-matched littermates. All
mice were housed in filter-topped shoe box cages with
autoclaved food and water. Mice were randomly
assigned to control and experimental groups. All
experiments were performed in accordance with Baylor
Research Institute’s Institutional Animal Care and Use
Committee regulations.

Reagents

Cerulein was purchased from Sigma-Aldrich (St Louis,
MO, USA), and WA was purchased from Enzo Life Sci-
ences (Farmingdale, NY, USA). The amylase activity kit,
picro Sirius red staining kit, and anti-neutrophil and anti-
Ki-67 antibodies were obtained from Abcam (Cambridge,
MA, USA). Mouse CD45, CD11b, CD14, and Ly6g anti-
bodies were purchased from BioLegend (San Diego, CA,
USA). Anti-NFkB antibody was bought from Santa Cruz
Biotechnology (Dallas, TX, USA). RNAlater and TRIzol
were purchased from Life Technologies (Carlsbad, CA,
USA). The high-capacity complementary DNA reverse
transcription kit was obtained from Applied Biosystems
(Waltham, MA, USA), and the qRT-PCR SYBR Green/
ROX master mix and custom-made human inflammatory
gene array kit were obtained from Qiagen (Valencia, CA,
USA). The IL-6 and monocyte chemotactic protein 1
Luminex multiplex kit was obtained from Millipore
(Darmstadt, Germany).

Acute pancreatitis

The mice were made to fast overnight before induction
of pancreatitis by cerulein; water was given ad libitum.
Cerulein (50 pg/kg intraperitoneally) or saline was
injected into the mice every hour for a total of seven
injections and the mice were sacrificed 1 h after the last
injection. WA (1.25 mg/kg) was administered 1 h before
the first cerulein injection (five mice per group)
(Fig. 1a). Blood was collected from the inferior vena
cava for analysis of serum markers of pancreatitis, and
the pancreas was harvested immediately afterward. The
pancreas was divided for immunohistochemistry, RNA
extraction, protein extraction, and immune cell infiltra-
tion analysis.
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Fig. 1 Protocol for development and treatment of pancreatitis in
mice. a Acute pancreatitis was induced by seven hourly injections of
cerulein (50 pg/kg). One group of mice received withaferin A (WA)
1 h before the first cerulein injection. The control group received
vehicle and saline injection. b Preventive approach. Chronic pancre-
atitis was induced by repeated episodes of acute pancreatitis for

Chronic pancreatitis

Mice were subjected to repeated episodes of AP caused by
a supramaximal dose of cerulein. In the preventive model,
CP was induced when cerulein was injected intraperi-
toneally (50 pg/kg) every hour for a total of seven injec-
tions. This process was repeated once a week for 4 weeks.
Saline was injected into control mice as sham treatment.
Another group of mice received WA (1.25 mg/kg) 1 h
before the first cerulein injection every week (six mice per
group) (Fig. 1b). In the curative model, CP was induced
when cerulein was injected intraperitoneally (50 pg/kg)
every hour for a total of seven injections. This process was
repeated twice a week (Mondays and Thursdays) for
8 weeks. WA (0.625 mg/kg) was injected 1 h before the
first cerulein injection, but administration was initiated at
week 5 and continued until the end of the experiment
(Fig. 1c). In both models, mice were sacrificed and tissue
was harvested 1 week after the last cerulein injection.

Amylase activity assay

After treatment, serum samples were harvested from mice
and stored at —80 °C until further analysis. Serum was
analyzed for amylase activity as per the manufacturer’s
protocol (Abcam, Cambridge, MA, USA). Serum collected
from mice undergoing AP was used to measure trypsinogen
activation peptide as per the manufacturer’s protocol
(Cloud-Clone Corp., Houston, TX, USA).
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4 weeks. As a preventive approach, mice were given WA once a
week 1 h before the first cerulein injection. ¢ Curative approach. The
severity of chronic pancreatitis was increased by induction of acute
pancreatitis twice per week for 8 weeks. Mice received WA starting
in the fifth week 1h before cerulein administration. i.p.
intraperitoneal

Histology and immunohistochemistry

Pancreas was placed in 10 % formalin immediately after
being harvested and fixed for at least 48 h at 4 °C before it
was processed. Tissue was embedded in paraffin, and 5-pum
sections were taken and mounted on slides for staining.
Hematoxylin and eosin staining was performed for
histopathological evaluation, and a pathologist blinded to the
study groups scored the tissue from O (normal) to 5 (severely
inflamed). Sirius red staining was performed according to
the manufacturer’s protocol on sections to evaluate fibrotic
change. The sections were deparaffinized in xylene and
rehydrated with ethanol. The slides were incubated in a
citrate buffer of pH 6 at 97 °C for 20 min. Following an
antigen retrieval process, slides were carefully washed three
times for 5 min in Tris(hydroxymethyl)aminomethane-buf-
fered saline (TBS) containing 0.025 % Triton X-100. Slides
were blocked in 1 % bovine serum albumin (BSA) in TBS
for 2 h at room temperature to block nonspecific binding of
the antibodies. Then slides were incubated overnight with
primary antibodies, which were diluted in TBS with 1 %
BSA. The next day, slides were gently rinsed three times for
5 min in TBS containing 0.025 % Triton X-100. Tetram-
ethylrhodamine-labeled or fluorescein isothiocyanate
labeled secondary antibodies from Invitrogen were diluted in
TBS with 1 % BSA. The slides were counterstained with
4’ ,6-diamidino-2-phenylindole and mounted for microscopic
analysis. Image] was used to perform semiquantitative
analysis of the staining.
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Immune cell infiltration assay

A single cell suspension was prepared from the pancreas
after thorough digestion with collagenase (2 mg/mL) at
37 °C for 15 min. Tissue was further mechanically diges-
ted by pipetting several times. The suspension was then
washed and filtered to obtain only the single cell fraction.
The cell suspension obtained was used for flow-cytometric
analysis of infiltrated immune cells. Pancreatic cells
(1 x 106) were labeled with anti-CD45, anti-CD11b, anti-
CDI14, and anti-Ly6 g antibodies. Stained cells were
detected with a FACSCanto II system, and data were
analyzed with FlowJo.

Luminex assay

Pancreas was homogenized, and the total lysate concen-
tration was measured. Lysate was analyzed directly
according to the manufacturer’s protocol, and the results
were normalized to the total lysate concentration.

Western blotting

Pancreatic tissues were sonicated in radioimmunoprecipi-
tation assay lysis buffer containing phenylmethylsulfonyl
fluoride at 0.2 mg/mL , 0.1 M NaF, 2 mM NazVOy,
aprotinin at 10 pg/mL , pepstatin A at 5 pg/mL , and
leupeptin at 5 pg/mL. Equal amounts of protein lysates
were subjected to sodium dodecyl sulfate—polyacrylamide
gel electrophoresis, electrotransferred to nitrocellulose
membranes, and blocked with 5 % milk in TBS containing
0.1 % Tween 20 (pH 7.4). Primary antibodies for CHOP
(Thermo Fisher Scientific, MA, Waltham, USA) or B-actin
(Cell Signaling Technology, Danvers, MA, USA) were
then added, and membrane was incubated overnight at 4 °C
and washed three times with TBS containing 0.1 % Tween
20. Membranes were then incubated with horseradish
peroxidase secondary antibodies (Abcam, Cambridge, MA,
USA) to detect proteins by SuperSignal West Dura
enhanced chemiluminescence (Thermo Fisher Scientific,
Waltham, MA, USA) with a G:BOX system (Syngene,
Cambridge, UK).

Quantitative real-time PCR

Pancreas was stored in RNAlater at —80 °C until the
extraction procedure. Total RNA from the pancreas was
extracted with TRIzol reagent. Tissue was homogenized
with a handheld homogenizer, and debris was removed by
centrifugation. Chloroform was added to separate the RNA
from other biomolecules and it was further precipitated with
2-propanol. The RNA pellet was washed with ethanol and
quantified with a NanoDrop2000 system. Complementary

DNA synthesis was performed with a high-capacity com-
plementary DNA reverse transcription kit as per the manu-
facturer’s protocol. PCR primers for 18S ribosomal RNA,
proline-rich extensin-like receptor kinase, activating tran-
scription factor 6, endoplasmic reticulum to nucleus signal-
ing 1, activating transcription factor 4, X-box binding protein
1, CHOP, high mobility group box 1 (HMGB-1), PYCARD,
NLRP3, IL-18, IL-1, IL-6, tumor necrosis factor o (TNFa),
nitric oxide synthase 2, caspase 3, and Bax were purchased
from Qiagen. qRT-PCR was performed with a Stratagene
3000p QPCR system (Stratagene, La Jolla, CA, USA) with
use of the SYBR Green/ROX master mix from Qiagen as per
the manufacturer’s protocol. Data were analyzed by the
AACt method.

Gene array

Healthy human pancreatic tissue was obtained from cadav-
eric donors. CP tissue was obtained from patients undergo-
ing total pancreatectomy with islet autotransplant who
consented to provide samples for research. All protocols
were performed according to the regulations of Baylor
Research Institute’s Institutional Review Board. Pancreatic
tissue was used for RNA extraction by TRIzol and com-
plementary DNA synthesis, as previously described. A
custom PCR array for inflammatory and NFxB-regulated
genes was obtained from Qiagen, with performance and
analysis as per the manufacturer’s recommendations.

Statistical analysis

Statistical analysis was performed with GraphPad Prism6
(GraphPad Software, La Jolla, CA, USA). Statistical sig-
nificance for more than two groups was determined by one-
way analysis of variance and Tukey’s multiple comparison
test. Statistical analysis of two groups was determined by
an unpaired Student’s ¢ test. Differences were considered
significant when p values were less than 0.05.

Results
Effect of WA on the AP model

Administration of the cholecystokinin analog cerulein has
been widely established as a model for induction of AP and
CP [17, 18]. AP was induced in C57BL/6 mice by seven
hourly intraperitoneal injections of cerulein (50 pg/kg)
(Fig. 1a). The mice were sacrificed 1 h after the last
injection to harvest plasma and pancreas for analysis. The
severity of AP was determined by analysis of serum
amylase levels and histopathological examination of the
pancreatic sections.
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To test the ability of WA to inhibit cerulein-induced
pancreatitis, WA was administered 1 h before cerulein
injection. Histopathological examination revealed signifi-
cant necrosis of the pancreatic parenchyma and increased
infiltration of inflammatory cells in cerulein-treated mice
(Fig. 2a, b). WA treatment prevented damage to the pan-
creatic parenchyma and also reduced inflammatory cell

infiltration significantly. Flow-cytometric analysis revealed
a significant increase in the percentage of leukocytes present
in the pancreas 1 h after the last cerulein injection compared
with controls, which was effectively reduced by WA
(Fig. 2c, d). The levels of myeloid cells, neutrophils, and
macrophages were found to be increased in the mouse pan-
creas after cerulein administration, but this increase was
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Fig. 2 Withaferin A (WA) reduces the severity of acute pancreatitis
and abolishes immune cell infiltration. a Hematoxylin and eosin
staining of pancreatic sections from control, cerulein-treated, and
cerulein-plus-WA-treated mice. Representative sections of pancreases
from at least five mice per group. Microscopic images were taken at
%200 magnification. b A histological score of 0 to 5 was assigned in a
blinded fashion to the study groups, where O represents healthy
pancreas morphology and 5 represents severe pancreatitis morphol-
ogy. At least four different loci per pancreas were visually inspected
and scored; the data are represented as the mean =+ standard deviation
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(SD) of five independent experiments. ¢ For flow-cytometric analysis,
pancreatic cells were stained with antibodies to CD45, CD11b, Ly6G,
and CD14. The data are representative of five independent experi-
ments. d Representative bar graph showing the percentage of CD45-
positive leukocytes infiltrating the pancreas. The data are expressed as
the mean = SD of five mice per group. e Serum amylase was
measured by ELISA. The data are expressed as the mean £ SD of
five independent experiments. One asterisk P < 0.05, three asterisks
P < 0.001, four asterisks P < 0.0001 (one-way analysis of variance
with multiple comparison)
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abolished by WA pretreatment. Cerulein administration
increased serum amylase levels by almost four-fold com-
pared with controls (498.4 + 87.05 mU/mL vs 1894.04 +
72.91 mU/mL; p < 0.001). WA significantly reduced cer-
ulein-induced serum amylase level elevation (Fig. 2e).
Activation of intra-acinar trypsinogen has been regarded as a
pathological event in pancreatitis. We measured levels of
trypsinogen activation peptide in serum of mice to see if WA
administration affects trypsinogen activation. We found that
trypsinogen activation peptide level was unaffected by
treatment with WA (Fig. S1),suggesting that WA has no
effect on intra-acinar trypsinogen activation.

CP progression was attenuated by WA

Two different models of CP were investigated, a preventive
and a curative model. In the preventive model, CP was
induced by seven hourly injections of cerulein (50 pg/kg)
performed once a week for 4 weeks, and WA was
administered 1 h before the cerulein injections every week
(Fig. 1b). Vehicle-treated control mice exhibited a normal
pancreatic morphology, and WA administration alone did
not cause any structural change in the pancreatic tissue
compared with controls (Fig. 3a). The WA dose (1.25 mg/
kg) was well tolerated by the mice. CP induced by repeated
episodes of AP caused a significant morphological change
in the pancreatic parenchyma, as evidenced by hema-
toxylin and eosin staining of pancreas. The acinar tissue
was atrophic with significant infiltration of inflammatory
cells, ductal metaplasia, and hemorrhage.

WA administration 1 h before cerulein injection sig-
nificantly abolished progression of CP. Histological
examination confirmed that WA protected the pancreatic
parenchyma from cerulein-induced damage and maintained
pancreas morphology. Inflammatory cell infiltration and
acinar atrophy were reduced or completely absent in the
WA-treated group (Fig. 3b).

There was basal amylase level in the serum of control
and WA-treated groups. However, cerulein injection
caused a significant increase in serum amylase concentra-
tion. WA pretreatment reduced the serum amylase levels,
suggesting a significant reduction of acinar damage caused
by cerulein stimulation (Fig. 3c).

In most cases, CP is diagnosed after several attacks or
episodes of AP. Therefore, to make the experiment clini-
cally relevant, the curative potential of WA was tested with
a stringent CP protocol in mice. CP was induced by seven
hourly injections of cerulein (50 pg/kg) performed twice
per week for 8 weeks. Cerulein was injected into mice in
the WA treatment group for the first 4 weeks, and WA
(0.625 mg/kg) administration was initiated from week 5
until the end of the experiment (Fig. 1c). CP development
before WA administration was evaluated; morphological

analysis and the fibrosis score in cerulein-treated mice
revealed development of CP (Fig. S2). The histopatho-
logical examination revealed a normal morphology in
pancreas of vehicle-treated mice, whereas pancreas from
mice that underwent cerulein administration with a strin-
gent protocol exhibited pronounced destruction of pancre-
atic parenchyma, which was efficiently attenuated by WA
administration (Fig. 3d). The acinar cell number dropped
significantly in pancreas of cerulein-treated mice, and WA
treatment protected cells from further damage by cerulein

Fibrotic change is one of the hallmarks of advanced CP.
To visualize fibrotic changes, pancreatic sections were
stained for collagen fibers with Sirius red. Mice into which
cerulein alone had been injected demonstrated distinct
fibrosis compared with both control and WA-treated mice.
Quantification of the fibrotic area revealed noticeable
fibrosis in cerulein-treated mice compared with control
mice. Treatment with WA significantly reduced the fibrosis
area (Fig. 3d). Inflammation in the tissue was scored his-
tologically by a pathologist blinded to sample identity, and
the WA treatment group had a significantly lower score
than the cerulein treatment group (Fig. 3e).

A major characteristic of advanced CP is the lack of
enzyme production due to exocrine insufficiency. There-
fore, in a stringent model, the level of pancreatic amylase
in serum after cerulein treatment was lower or unde-
tectable (data not shown). Local inflammation was evalu-
ated by measurement of protein levels of IL-6 and
monocyte chemotactic protein 1 in pancreas. Both were
increased by cerulein injection, and WA treatment restored
the levels of both proteins back to control levels. Together
these data suggest that WA has a preventive effect on CP
progression. A similar effect was seen in a curative pan-
creatitis model (Fig. 3f).

Cytoprotective and antiinflammatory actions of WA

Cerulein-induced necrotic damage to acinar cells triggers a
regenerative response and proliferation of cells to repair and
replace dead cells. Ki67, a marker of proliferation, was used
to assess cellular response. There were few to no Ki67-
positive cells in the pancreas of control mice, but repeated
cerulein injections resulted in a significant increase in the
number of Ki67-positive cells in the pancreas (Fig. 4a). With
WA administration, the percentage of Ki67-positive cells
was significantly lower (Fig. 4b), indicating less cellular
damage that required a lesser regenerative response. Com-
parison of the preventive and curative CP models revealed
more pronounced damage to the pancreas in the curative
model, but WA was able to potently reduce the damage
caused even in this model (Fig. 4c, d).

Pancreatic tissue was stained for infiltration of neu-
trophils after CP had been induced. Mice into which
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Fig. 3 Withaferin A (WA) can prevent development and abrogate
progression of chronic pancreatitis (CP). a—c¢ Preventive CP model.
d—e Curative CP model. a Hematoxylin and eosin (H&E) staining of
pancreas from control, cerulein-, WA-, or cerulein-plus-WA-treated
mice. Representative sections of pancreas from at least six mice per
group. Microscopic images were taken at x100 magnification. b,
e The histological score was evaluated as described in the legend for
Fig. 2 from at least five different loci per pancreas, with a total of six
independent experiments per group. ¢ Serum amylase was measured
by ELISA after cerulein injections for 4 weeks. The data are
expressed as the mean =+ standard deviation (SD) of six independent
experiments. d H&E staining of pancreatic sections from stringent-
CP-induced mice. Fibrosis is a hallmark of severe CP, and Sirius red

cerulein had been injected demonstrated a plethora of
granulocytes infiltrating the pancreas, but WA pretreatment
significantly reduced neutrophil infiltration (Fig. 4e, f).
Neutrophils, one of the first responder cells to reach the site
of injury, initiate the inflammatory cascade [19]. Thus, the
lack of neutrophils in pancreas of WA-pretreated mice
suggested reduced inflammation.

WA blocks translocation of the p65 subunit
and prevents inflammatory cytokine transcription

Overexpression or sustained activation of NFxB in acinar
cells increases the severity of cerulein-induced pancreatitis
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staining was used to visualize fibrotic changes in the pancreatic
parenchyma. Microscopic images were taken at x 100 magnification.
Image] was used to quantitatively determine the percentage of fibrosis
area by measurement of the red stained area divided by the total tissue
area. f Luminex analysis of IL-6 and monocyte chemotactic protein 1
(MCP-1) present in the pancreatic homogenate was performed and the
data were normalized to the total protein concentration in the lysate.
The data are expressed as the mean £ SD of six independent
experiments. The images are representative of six different experi-
ments. NS not significant, one asterisk P < 0.05, two asterisks
P < 0.01, three asterisks P < 0.001, four asterisks P < 0.0001 (one-
way analysis of variance with multiple comparison)

[4, 6, 7]. WA is known to bind to IKK[p and inhibit
phosphorylation of IkBa, hence preventing activation of
NFkB and its translocation into the nucleus [16]. Admin-
istration of cerulein to mice resulted in activation and
translocation of the NFxB p65 subunit in pancreatic acinar
cells as shown with the preventive CP model (Fig. 5a). WA
treatment not only reduced expression but also prevented
translocation of the active subunit of NFkB into the
nucleus. Quantification of the percentage of acinar cells
showing p65 translocation revealed cerulein-treated mice
had more than 40 % NF«xB activation, whereas control and
WA-treated groups had significantly lower activation (12
and 14 % respectively) (Fig. 5a). Furthermore, WA
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Fig. 4 Withaferin A (WA) reduces cerulein-induced acinar damage
and blocks neutrophil infiltration. a, ¢ Immunohistochemical staining
of mouse pancreatic tissue for Ki67, a marker of proliferation,
demonstrates the severity of damage. 4',6-Diamidino-2-phenylindole
(DAPI) was used to stain the nucleus blue and anti-Ki67 antibody
with anti-rabbit fluorescein isothiocyanate labeled secondary antibody
was used. b, d ImageJ was used to determine the percentage of Ki67-
positive cells per frame. The data are expressed as the mean =+ stan-
dard deviation (SD) representative of three different loci in three
independent experiments. e Neutrophil infiltration into the pancreas

reduced messenger RNA expression of proinflammatory
cytokines (IL-6, TNFa) and proapoptotic molecules (nitric
oxide synthase 2, caspase 3) that were upregulated by
cerulein administration (Fig. 5b—e). In the curative model,
inhibition of IL-6, TNFa, nitric oxide synthase 2, and Bax
by WA was observed in a similar fashion (Fig. S3).
Together these data provide substantial evidence for the
anti-inflammatory and protective role of WA against cer-
ulein-induced CP.

Inhibition of the ER stress pathway
during pathogenesis of CP

Previous reports have demonstrated the significance of sus-
tained activation of ER stress in the pathogenesis of CP [14].
High ER volume and protein load renders acinar cells sus-
ceptible to ER stress [20]. ER stress leads to overexpression
of proteins, such as proline-rich extensin-like receptor

CP (Curative)

Neutrophil Staining (Curative)
Ly-6G

Kie7 e DAPI

ettt

was visualized by staining for granulocyte marker Ly6G and
tetramethylrhodamine isothiocyanate labeled secondary antibody;
DAPI was used to stain the nucleus. Microscopic images were taken
at x200 magnification. f Image] was used to determine the
percentage of neutrophils per frame. The data are expressed as the
mean + SD representative of three different loci in three independent
experiments. CP chronic pancreatitis, two asterisks P < 0.01, three
asterisks P < 0.001 (one-way analysis of variance with multiple
comparison)

kinase, activating transcription factor 6, and endoplasmic
reticulum to nucleus signaling 1 (also known as IRE1a), in
the ER lumen [13]. On administration of cerulein, mouse
pancreatic tissue showed significant upregulation of these
ER stress proteins (Fig. 6a). WA-treated mice showed sig-
nificant lower expression of these ER stress proteins, and
hence there was reduced damage to the pancreas. Expression
of genes encoding downstream signaling molecules in the
ER stress pathway, including activating transcription factor
4, X-box binding protein 1, and CHOP, was also upregulated
during CP induction, and was significantly abolished by WA
administration (Fig. 6b). Similar results were observed in the
curative model of CP (Fig. S4).

CHOP induction during ER stress in most cases leads to cell
apoptosis [21]. On continuous injection of cerulein, CHOP
expression increased significantly, which may result in apop-
tosis of the acinar cells. Cerulein-induced CHOP expression
was reduced in pancreas of WA-treated mice (Fig. 6¢).
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Fig. 5 Withaferin A (WA) inhibits cerulein-induced nuclear factor
kB (NFkB) in acinar cells and downregulates expression of proin-
flammatory and proapoptotic molecules. a NFkB translocation into
the nucleus was visualized by staining of the the nucleus with 4',6-
diamidino-2-phenylindole (DAPI) (blue) and staining of the p65
subunit of NFkB with anti-p65 and fluorescein isothiocyanate labeled
secondary antibody (green). Translocation of NFxB into the nucleus
was visualized by detection of the overlap of green and blue.
Activation of NFkB was quantitatively determined by measurement
of the percentage of the nucleus showing a green color with use of
Imagel]. Statistical analysis was performed by measurement of NFxB
activation in six mice per group. Mice undergoing standard cerulein

Inflammasome signaling in CP and attenuation
by WA

The inflammasome is a large multimeric protein complex
produced and assembled by myeloid cells in many chronic
inflammatory diseases [22]. The formation of the inflam-
masome and its role in CP have not been investigated.
Tissue damage results in the release of molecules called
“alarmins” or “damage-associated molecular patterns”
(DAMPs) such as HMGB-1, heat shock proteins, double-
stranded DNA, and ATP. Cerulein injection caused a sig-
nificant increase in the expression of the HMGB-1 gene in
acinar cells, but WA administration caused a modest
reduction of this gene expression (Fig. 6d).

Infiltrating immune cells such as macrophages, neu-
trophils, or dendritic cells can be primed by DAMPs to
initiate production and activation of inflammasome mole-
cules [15]. CP induction by cerulein increased the
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treatment were used for staining. Microscopic images were taken at
x200 magnification (top panel) and x600 magnification (bottom
panel). b—e Real-time PCR analysis of proinflammatory cytokines
and proapoptotic signals was performed on RNA extracted from the
pancreases of chronic- pancreatitis-induced mice and control mice.
The data are shown as a box and whisker plot, where the top and
bottom ends of the box indicate the range, the whiskers indicate the
standard deviation, and the line in the middle indicates the median.
The data are representative of at least six mice per group. Casp3
caspase 3, IL-6 interleukin-6, Nos2 nitric oxide synthase 2, TNF-o
tumor necrosis factor o, one asterisk P < 0.05, two asterisks
P < 0.01 (one-way analysis of variance with multiple comparison)

expression levels of NLRP3, and this expression was effi-
ciently blocked by WA treatment (Fig. 6d). Another
important protein required for activation of the inflamma-
some is apoptosis-associated speck-like protein (ASC), and
it has a caspase-binding domain called “CARD”. Expres-
sion of ASC (PYCARD) was also significantly increased
when cerulein was injected to induce CP but was efficiently
inhibited by WA (Fig. 6d). On activation of the inflam-
masome, the inactive caspase 1 is cleaved to become active
caspase 1, and the activated caspase 1 is required for pro-
cessing and release of mature IL-1f and IL-18. The
expression levels of these two cytokines increased in cer-
ulein-treated mice but not in WA-pretreated mice (Fig. 6e).
Similar results were obtained when WA was administered
after CP had been established in the curative model
(Fig. S5). In summary, inflammasome signaling may have
been activated during CP development, which had not been
described previously, and WA administration effectively
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Fig. 6 Withaferin A (WA) reduces expression of endoplasmic
reticulum (ER) stress and inflammasome related genes. Real-time
PCR analysis of a, b ER-stress-regulated and d, e inflammasome-
related genes was performed on RNA extracted from pancreases of
chronic pancreatitis (CP)-induced mice and control mice. The data are
shown as a box and whisker plot, where the fop and bottom ends of
the box indicate the range, the whiskers indicate the standard
deviation, and the line in the middle indicates the median. The data
are representative of at least six mice per group. a Eif2ak3 (which
encodes proline-rich extensin-like receptor kinase, PERK), Atf6
(which encodes activating transcription factor 6) and Ern/ (which
encodes endoplasmic reticulum to nucleus signaling 1, ERNI), b Atf4
(which encodes activating transcription factor 4), Xbpl (which

inhibited this pathway. Further investigation may be
required to identify the role of the inflammasome in the
pathogenesis of CP.

To corroborate the above-mentioned findings of the
cerulein-induced CP model as relevant to a clinical setting,
we tested pancreatic tissue collected from healthy indi-
viduals (deceased organ donors) and CP patients (under-
going total pancreatectomy with islet autotransplant) for
proinflammatory gene expression by a real-time poly-
merase chain reaction array. Most of the proinflammatory
genes were highly upregulated (fivefold to 60-fold induc-
tion) in pancreases from CP patients compared with those
from healthy donors (Fig. 7).

Discussion
Pancreatitis is characterized by inflammation and

parenchymal cell death. These two key pathological
parameters determine the severity of the disease [23]. The

encodes X-box binding protein 1), and Ddit3 (which encodes
C/EBP homologous protein, CHOP), d Hmgbl (which encodes high
mobility group box 1, HMGB-1), Pycard, and Nlrp3 (which encodes
nucleotide-binding oligomerization domain like receptor family
pyrin- domain-containing 3, NLRP3), and e [l18 (which encodes
interleukin-18, IL18) and Il1b (which encodes interleukin-1f, IL-1p)
¢ Western blot analysis of lysates from pancreases of stringent-CP—
induced mice and control mice. Semiquantitative analysis of CHOP in
the lysates. The data are expressed as the mean =+ standard deviation
of three independent experiments. CER cerulein, CTL control, one
asterisk P < 0.05, two asterisks P < 0.01, three asterisks P < 0.001,
four asterisks P < 0.0001 (one-way analysis of variance with multiple
comparison)

identity of the initial insult(s) and the molecular mecha-
nism that lead to pancreatitis is still unclear. Damage of
acinar cell leads to release of several proinflammatory
mediators that instigates a cascade of molecular signaling
and inflammatory events [24, 25]. In most cases, inflam-
mation subsides and results in recovery of the pancreas,
which is called “acute pancreatitis” (AP). In some other
cases, there is persistent chronic inflammation that causes
constant damage of the pancreas, or recurrent AP, and both
conditions may lead to CP. One of the hallmarks of severe
CP is the irreversible replacement of pancreatic acinar cells
by fibrotic tissue [26]. In the severest cases, the CP pro-
gresses to diabetes or in some instances pancreatic ade-
nocarcinoma [27, 28]. Therefore, it is crucial to identify the
trigger and mechanism that causes this life-threatening
illness and to develop an effective therapy for the disease.

Although several causes of CP have been identified,
including alcohol consumption, autoimmunity, genetic
mutation, and pancreas structural abnormality, the perma-
nent damage to the pancreas is inflicted by inflammation.
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Fig. 7 Proinflammatory and proapoptotic genes upregulated in the
pancreas of human chronic pancreatitis (CP) patients. a Heat map
showing upregulation of proinflammatory and proapoptotic genes in
the pancreases of patients with advanced-stage CP (six per group).
Pancreatic tissue from healthy individuals was used as a control to
determine the fold change. b The table shows genes that were

Several mechanisms for pancreatitis pathogenesis have
been identified, such as anomalous calcium signaling [29],
increase in the levels of intracellular reactive oxygen spe-
cies caused by oxidative stress [30], activation of the NFkB
pathway [31], ER stress [14], autophagy signaling in acinar
cells [32], and a pathological role of intracellular and
extracellular pH [33]. Intra-acinar trypsinogen activation
has been presumed to be major cause of pancreatitis
development. However, with use of knockout mice lacking
trypsinogen activity, it was established that this theory is
only partially true. Lack of active trypsinogen reduced
local injury; however, there was no difference in inflam-
mation between trypsinogen knockout mice and wild-type
mice, thus suggesting that trypsinogen activation is only an
early event independent of the inflammatory pathway that
is regulated by NFxB [34]. In this study, using a cerulein-
induced AP model, we identified that WA administration
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8 7.2736 0.0292
nirp3 28.1357 0.0487
Pycard 10.0051 0.0272
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ICAM1 13.1409 0.0161
tgfb1 8.2687 0.0095
ITGAM 12.8112 0.0229
ITGAX 20.2193 0.0099
CD3E 34.9607 0.0196
cD4 40.9558 0.0394
CD8A 24.3243 0.0290
FAS 6.0391 0.0437
ngo1 7.2652 0.0371
HMOX1 37.0824 0.0069

upregulated fivefold or more in CP patient tissue compared with
control tissue and that were identified as having statistically
significant changes among the genes analyzed in the array. Analysis
was performed by and statistics were obtained with SABiosciences-
provided software for custom array plates

reduced disease severity and inflammation in mice. Ini-
tially, we tested if WA could also protect mice from
recurrent episodes of AP that leads to CP. There were
striking histopathological differences between pancreas of
WA-treated and cerulein-treated mice compared with
pancreas of mice receiving cerulein injections alone.
Serum amylase levels, immune cell infiltration, Ki-67
staining, and inflammatory cytokine levels were signifi-
cantly reduced in the WA-treated group, in contrast to
elevations seen in cerulein-treated mice.

Many different experimental models have been devised
to understand the mechanism that leads to different types of
pancreatitis [35]. Cerulein-induced pancreatitis has been
widely accepted as a clinically relevant model for recurrent
acute necrotizing idiopathic pancreatitis. Some evidence
accrued over the past few years has implicated the role
NFxB activation in the pathogenesis of pancreatitis
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[6, 7, 31], but several reports have contradicted this
[36, 37]. Knockout studies revealed that absence of NFxB
activity reduced the severity of AP on cerulein injection
[9]. When IKKP was made constitutively active in the
acinar cells of mice, cerulein administration worsened the
disease. To further bolster this result, overexpression of
dominant negative IKKf relieved CP [7]. Another report
published at the same time showed worsening of pancre-
atitis when Rela was knocked down in the acinar cells of
mice [36]. These contrasting studies emphasize that a
better understanding of the NFxB signaling pathway is
required. Gukovsky and Gukovskaya [38] have judiciously
reviewed the role of NF«B in pancreatitis, providing pos-
sible theories behind such contradicting reports. It is
important to take into consideration that different models
and transgenic animals may lead to different outcomes.
Nevertheless, the cerulein model has been shown to acti-
vate NFkB in acinar cells [10], and continuous stimulation
leads to CP in mice [5]. In CP in humans it has been shown
that the p65 subunit of NFkB was localized in the nucleus
[5]. Therefore, we hypothesized that inhibition of NFxB
with use of WA will protect mice from progression to CP.

To make our study clinically relevant, we preestablished
CP before WA treatment was initiated using increased
doses of cerulein each week. Mice receiving WA showed
significantly reduced inflammatory cell infiltration and
fibrosis, but mice receiving cerulein injections progressed
to severe CP, as demonstrated by fibrotic change. The
curative CP model showed an overall increase in the
number of Ki67-positive cells compared with the preven-
tive CP model, albeit the WA-treated group had profoundly
reduced damage. Together these data support the protective
role of WA in the progression of CP.

Recently, ER stress has been recognized as a possible
pathological mechanism in CP progression [14]. Loss of
pancreatic acinar cells by necroptosis caused by autodi-
gestion of trypsinogen enzymes leads to activation of many
inflammatory signaling pathways [39]. This loss may also
result in ER stress in remaining cells because of the
overwhelming amount of protein synthesis and release
required. Cerulein has been shown to activate the ER stress
pathway within 30 min of injection, although the levels of
the stress molecules subside when the pancreas recovers. It
has been shown that repeated injection of cerulein results in
chronic ER stress that promotes CP [14]. In concurrence
with this finding, we observed an increase in the expression
levels of ER stress markers upon cerulein injection to
induce CP. More importantly, WA was able to efficiently
block the upregulation of all ER stress markers analyzed. It
is still unclear if the mechanisms of NF«xB and ER stress
activation are independent of each other in the pathogen-
esis of CP, although activation of NFkB and ER stress
signaling occurs very soon after cerulein administration

[14]. Inhibition of NFxB activation was able to signifi-
cantly inhibit the ER stress pathway that leads to CP.

The role of inflammasome in the development of CP has
not been investigated. Inflammasome activation has been
identified as a major innate inflammatory response in several
chronic diseases [40]. Knockdown of key molecules such as
NLRP3, ASC, and caspase 1 reduced the severity of AP [41].
We have demonstrated, for the first time, the role of
inflammasome in the pathogenesis of CP and have shown
that NFkB inhibition significantly reduced inflammasome
gene expression and reduced pancreatitis severity. NFkB is
required for production of IL-1p, which is processed by the
inflammasome. It is plausible that because of chronic
inflammation, immune cells infiltrating the pancreas are
activated via Toll-like receptor signaling by binding of
DAMPs such as HMGB-1, heat shock proteins, or ATP
released by damaged acinar cells. This may result in
assembly and activation of the inflammasome that escalates
inflammation during CP. An analytical study showed strong
correlation of serum HMGB-1 with pancreatitis progression
[42]. On cerulein administration, we observed significant
upregulation of HMGB-1, a damage marker and initiator of
inflammasome signaling, which was profoundly inhibited by
WA. NLRP3, ASC, IL-1, and IL-18 levels were also sig-
nificantly upregulated, suggesting increased inflammasome
activity in cerulein-induced CP. WA was able to strongly
inhibit the expression levels of all those molecules. There-
fore, on the basis of these results, it is likely that the NLRP3
inflammasome may be partly responsible for enhancing the
severity of CP. Previous reports on WA have demonstrated
antiinflammatory [43], anticancer [44], and also antiangio-
genic [45] properties. One of the widely accepted and largely
studied targets of WA is IKK 3 inhibition causing blockade of
NF«B signaling. Other studies have also reported apoptotic
activity of WA, but only under in vitro conditions and not
in vivo [46]. Both inflammation and cancer development
require NFxB activation [47] and this may be the reason that
WA has both antiinflammatory and anticancer properties.

Uncontrolled progression of CP leads to the develop-
ment of diabetes, which could be fatal. Therefore, total
pancreatectomy with islet autotransplant has been shown to
result in retention of endocrine function in most cases [48].
However, pancreas from advanced CP patients fails to
yield an adequate number of islets to prevent the occur-
rence of diabetes [49]. Treatment of CP patients with WA
to reduce inflammation induced islet damage before sur-
gery may be a potential therapeutic strategy for achieving
improved endocrine function. We have previously reported
the anti-inflammatory role of WA on islets subjected to
inflammatory stress [50].

In summary, the present study strongly supports the use
of WA for therapeutic intervention to relieve both acute
and chronic forms of pancreatitis. Treatment with WA
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reduces NFkB inflammatory signaling and prevents cer-
ulein-induced damage of acinar cells. WA administration
also reduced inflammatory ER stress signaling and
inflammasome gene expression in pancreas of CP-induced
mice.
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