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Abstract

Heavy alcohol consumption is the dominant risk factor for chronic pancreatitis (CP); however, treatment and prevention strat-
egies for alcoholic chronic pancreatitis (ACP) remains limited. The present study demonstrates that ACP induction in C57BL/6
mice causes significant acinar cell injury, pancreatic stellate cell (PSC) activation, exocrine function insufficiency, and an
increased fibroinflammatory response when compared with alcohol or CP alone. Although the withdrawal of alcohol during ACP
recovery led to reversion of pancreatic damage, continued alcohol consumption with established ACP perpetuated pancreatic
injury. In addition, phosphokinase array and Western blot analysis of ACP-induced mice pancreata revealed activation of the
phosphatidylinositol 3 kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) and cyclic AMP response element binding pro-
tein (CREB) signaling pathways possibly orchestrating the fibroinflammatory program of ACP pathogenesis. Mice treated with
urolithin A (Uro A, a gut-derived microbial metabolite) in the setting of ACP with continued alcohol intake (during the recovery
period) showed suppression of AKT and P70S6K activation, and acinar damage was significantly reduced with a parallel reduc-
tion in pancreas-infiltrating macrophages and proinflammatory cytokine accumulation. These results collectively provide mecha-
nistic insight into the impact of Uro A on attenuation of ACP severity through suppression of PI3K/AKT/mTOR signaling pathways
and can be a useful therapeutic approach in patients with ACP with continuous alcohol intake.

NEW & NOTEWORTHY Our novel findings presented here demonstrate the utility of Uro A as an effective therapeutic agent in
attenuating alcoholic chronic pancreatitis (ACP) severity with alcohol continuation after established disease, through suppression
of the PI3K/AKT/mTOR signaling pathway.
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INTRODUCTION

Chronic pancreatitis (CP) is a debilitating disease that is a sig-
nificant source of morbidity in the United States (1). Excessive
alcohol use is associated with 40%–70% of cases and is a domi-
nant risk factor for the development of this disease (2, 3).
Alcohol abuse is known to induce numerous pathological stress
responses, the most common being endoplasmic reticulum
(ER) stress, which leads to the accumulation of unfolded pro-
tein in the ER contributing to alcohol-related disorders (4). The
hallmark of alcoholic CP (ACP) is persistent inflammation of
the pancreas and progressive loss of the endocrine and exocrine
function leading to its atrophy and fibrosis (5). Accumulating
scientific evidence suggests that continued alcohol consump-
tion, with established ACP, instigates irreversible pancreatic

damage due to recurrent episodes of acute pancreatitis (AP) by
fostering a continuous fibroinflammatory microenvironment
within the pancreas (6–8). Themolecularmechanisms involved
in the pathophysiology of ACP with continuous alcohol intake
remain ambiguous; treatment options and preventative care
strategies are restricted due to limited experimental animal
models that successfully recapitulate the human CP arising
from prolonged or continued alcohol use after established pan-
creatic injury (7, 9, 10). Therefore, in this study, using an estab-
lished ACP mice model, we have addressed two of the major
unanswered questions with regards to its pathogenesis; charac-
terization of the pancreas-specific signaling pathways in this
process, and whether utilizing novel therapeutic agents can
attenuate the severity of ACP progression despite continued
alcohol trigger.
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Several signaling pathways, includingmitogen-activated pro-
tein kinases (MAPKs), JAK/STAT, and phosphatidylinositol 3 ki-
nase (PI3K), have been identified as critical mediators of acinar
cell plasticity and the fibroinflammatory microenvironment of
pancreatitis (10–15). Specifically, PI3K and its downstreameffec-
tor kinases, includingAKT andmammalian target of rapamycin
(mTOR) have also been implicated in pancreatitis progression.
However, the role of the PI3K/AKT/mTOR pathway in the
pathogenesis of ACP is poorly understood. In caerulein-induced
CP models, PI3K pathway activation leads to premature activa-
tion of trypsinogen, accelerating acinar cell death, and trigger-
ing deleterious changes to the pancreatic microenvironment
(16–18). In addition, mice lacking the PI3Kc gene, a specific iso-
form of PI3K, were found to be protected from acinar cell
injury/necrosis and displayed reduced severity of pancreatitis
(19, 20), suggesting a promising role for PI3K inhibitors in the
management and prevention of this disease.

In the context of gastrointestinal inflammation, the micro-
biome has been implicated as a critical mediator of overall
gut health. Urolithin A (Uro A) is a natural compound syn-
thesized by gut bacteria from ingested ellagitannins, a class
of hydrolyzable tannins found mainly in pomegranates, ber-
ries, and nuts (21, 22). Previous work from our group has
shown that Uro A is a potent anti-inflammatory agent in sev-
eral preclinical disease models and exhibits antitumor activ-
ity in gastrointestinal cancers (23–25). Furthermore, we have
shown that Uro A targets the PI3K/AKT/mTOR signaling
axis, leading to a significant reduction of tumor burden, and
marked improvement in overall survival in a genetic mouse
model of pancreatic cancer (25, 26). Moreover, our studies
have demonstrated that Uro A is well tolerated and does not
elicit any adverse toxic effects at clinically relevant doses in
these mice. However, despite the promising effect of Uro A
in several malignancies and inflammatory disorders, the
benefit of this microbial metabolite in the prevention of pan-
creatitis has not yet been investigated.

In the present study, using an experimental animalmodel,
we have demonstrated that with established ACP, continued
alcohol intake promotes persistent pancreatic injury, activa-
tion of pancreatic stellate cells (PSCs), and infiltration of
macrophages, thereby promoting an irreversible fibroinflam-
matory milieu within the pancreas. Mechanistically, our
results also demonstrate pancreas-specific activation of
PI3K/AKT/mTOR signaling as one of the major pathways
driving these changes associated with ACP. Most impor-
tantly, we found that Uro A treatment can ameliorate the
characteristic hallmarks of this disease even with alcohol
continuation by suppressing activation of AKT and p70S6K
signaling. These results provide preclinical rationale for
using this anti-inflammatory agent to reduce the severity
and progression of ACP in a translational setting and can
benefit patients suffering from chronic alcohol abuse.

MATERIALS AND METHODS

Animals

Wild-type C57BL/6 mice were purchased from Jackson
Laboratory and maintained in the animal core facility at the
University of Miami. Male and female mice (8–10 wk old,
weighing 20–25 g) were used in this study and were housed

in pathogen-free conditions under a 12-h light-dark diurnal
cycle with a controlled temperature of (21�C–23�C) andmain-
tained on standard rodent chow diet (Harlan Laboratories)
before the onset of the experimental treatment protocol.

All animal experiments were approved and performed in
compliance with the regulations and ethical guidelines for
experimental and animal studies of the Institutional Animal
Care (IACUC) and the University of Miami (Miami, FL;
Protocol No. 15-057, 15-099, and 18-081).

Animal Model of Alcoholic Chronic Pancreatitis

C57BL/6 mice at 8–10 wk old were pair-fed with alcohol for
14 wk using Lieber-DeCarli alcohol-based liquid diet (A) (Cat.
No. F1259SP; Bioserv, Inc.), containing 5% vol/vol ethanol,
whereas control mice received a standard control-liquid diet
containing 28% carbohydrates instead of ethanol. This feeding
regimen has previously been reported to mimic pancreatic
damage due to chronic alcohol use in humans (27, 28). During
the last 4 wk of this alcohol exposure, chronic pancreatitis (CP)
was established in C57BL/6 mice by administrating caerulein
(solubilized in PBS at a final concentration of 10 mg/mL).
Caerulein was given at a dose of 50 μg/kg by intraperitoneal
hourly injections (6 times a day for 3 days a week) for 4 wk.
With the combination of the effect of alcohol and caerulein, this
group is referred to as ACP (n = 7 mice in each group). Animals
were euthanized at the end of alcohol withdrawal/continuation
period of 3 and 21 days, also referred to as ACP recovery phase,
and peripheral blood and pancreata were collected for study.
The detailed description of all the treatment groups from the
induction and recovery phase is shown in Table 1.

Pancreata removed were fixed in 10% neutral buffered for-
malin (pH 7.2–7.4) for histological analysis or snapped frozen
in liquid nitrogen for molecular analyses. Blood samples har-
vested frommice were centrifuged at 1,500 rpm for 10min to
separate the serum. Pancreas weight for each mouse was
measured and plotted relative to its corresponding body
weight (as mg/g).

Serum Alcohol Estimation

Peak alcohol concentration inmouse serumwas estimated
using an ethanol assay kit (Abcam, ab65343) as per the man-
ufacturer’s protocol. Alcohol oxidase oxidizes ethanol to gen-
erate H2O2 in the assay reaction, which reacted with a probe
and generated color recorded at absorbance max of 570 nm
using amicroplate reader.

Serum Amylase Analysis

Serum amylase in the blood samples of C57BL/6 mice
from different study groups was estimated using a quantita-
tive colorimetric amylase assay kit (Cat. No. ab102523,
Abcam) as per the manufacturer’s protocol. The a-amylase
in the serum cleave the substrate ethylidene-pNP-G7 to pro-
duce smaller fragments that were eventually modified by
a-glucosidase. This caused the release of a chromophore and
was measured at optical density (O.D.) = 405 nm using a 96-
well multimode plate reader.

Histological and Immunohistochemical Analysis

Pancreatic tissues obtained were fixed in 10% neutral-buf-
fered formalin, embedded in paraffin, and sectioned at 4 mm
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for routine hematoxylin and eosin (H&E) examination.
Histological assessment of fibrotic milieu was done using
special stains, including Sirius red and Masson’s trichrome
blue. Immunohistochemistry (IHC) and immunofluores-
cence (IF) staining analyses were done as described previ-
ously using primary antibodies listed in Supplemental Table
S1 (29, 30). Immunostained tissues were imaged using
DM750 Leica microscope (Leica Microsystems). IF-images
were acquired using the Leica DMi8 microscope system
(Leica Microsystems). Quantitative histological assessment
for each stain was done by choosing multiple random, nono-
verlapping fields for eachmouse tissue. Image J analysis tool
was used to quantify the percent positive area staining for all
protein markers as described previously (25, 29, 31).

Phosphokinase Array Analysis

Screening for phosphorylation profiles of multiple effector
kinases was done using phospho-kinase antibody array (Cat.
No. ARY003B, R&D System). Briefly, pancreatic tissue
lysates containing 200 mg of equal protein were exposed on a
nitrocellulose membrane containing capture antibody spots
in duplicate. Levels of phosphorylated protein were assessed
using phospho-specific antibodies and detected using chem-
iluminescent-based reaction. The density of each spot blot-
ted on the membrane was calculated using HLþ þ image
analysis software.

Inflammation Antibody Array Analysis

Lysates prepared from pancreatic tissue homogenate were
used for bicinchoninic acid (BCA)-based protein estimation.
Pooled lysates collected from each group containing an
equal amount of protein (300 mg) were subjected to inflam-
mation antibody array profiling as per the manufacturer’s
protocol (Cat. No. ab133999, Abcam).

Enzyme-Linked Immunosorbent Assay

Serum levels of cytokines were assayed using commer-
cially available sandwich enzyme-linked immunosorbent
assay (ELISA) kits specific for mouse TNF-a (MTA00B, R&D
Systems), IL-1b (MLB00C, R&D Systems), IL-6 (M6000B, R&D

Systems), and stromal cell derived factor-1 (SDF-1)(MCX120,
R&D Systems) as per themanufacturer’s instructions.

Western Blot Analysis

Snapped frozen pancreatic tissue proteins were ana-
lyzed using Western blot as previously detailed (29, 31).
Immunoreactive bands were developed using Pierce ECL
Western blotting substrate (Cat. No. 32106, Thermo
Scientific) or Super Signal West Pico PLUS chemiluminescent
substrate (Cat. No. 32132, Thermo Scientific). Densitometric
analysis for quantification of protein expression was per-
formed using ImageJ software (NIH, Bethesda, MD).

Uro A Treatment in Mice

ACP-induced C57BL/6 mice were treated with vehicle or
Uro A (20 mg/kg/day) as detailed previously (25). Mice in the
Uro A arm received treatment by oral gavage 5 days/wk.
Mice were euthanized at day 3 and day 14 at the end of alco-
hol withdrawal/continuation recovery period. Mice were eu-
thanized and pancreatic tissues along with blood were
harvested for molecular and serum analysis, respectively.

Statistical Analysis

Descriptive statistics were calculated using Prism soft-
ware (GraphPad Software Inc). Results are shown as values
of means ± SD unless otherwise indicated. Multiple com-
parisons were performed using one-way ANOVA followed
by Tukey’s or Dunnett’s multiple comparisons tests where
appropriate. A two-tailed Student’s t test was used for two-
group comparisons. Statistical significance was defined
using a cutoff of 0.05.

RESULTS

Animal Model of Alcoholic Chronic Pancreatitis

The experimental murine model of ACP was established
as described in the methodology section (Fig. 1A). All mice
cohorts gained weight during alcohol and CP induction,
and the rate of weight gain was consistent among the

Table 1. List of treatment groups from induction and recovery phases

Groups Induction Phase Recovery Phase Group Abbreviation

1 Control diet
(14 wk)

Continued control diet Ctrl

2 Alcohol diet
(14 wk)

Control diet
(3 or 21 days)

A

3 Control diet þ caerulein injections (for 4 wk) Continued control diet CP
4 Alcohol diet þ caerulein injections Control diet (�A)

(3 or 21 days)
ACP (�A)
(3- or 21-days recovery)
= ACP�A

5 Alcohol diet þ caerulein injections Continued alcohol diet (þA) (3 or 21 days) ACP (þA)
(3- or 21-days recovery)
= ACPþA

6 Alcohol diet þ caerulein injectionsþ Uro A treatment Control diet (�A)
(3 days or 2 wk)

ACP þ Uro A (�A)
(3 days or 2 wk)
= (ACPþUro A)�A

7 Alcohol diet þ caerulein injections þ Uro A treatment Continued alcohol diet (þA) (3 days or 2 wk) ACP þ Uro A (þA)
(3 days or 2 wk)
= (ACPþUro A)þA

ACP, alcoholic chronic pancreatitis; CP, chronic pancreatitis; Uro A, urolithin A.
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experimental cohorts (Supplemental Fig. S1A). Notably, ACP
mice with continued exposure to alcohol during the recovery
phase showed maximum weight loss as compared with ACP-
induced mice without alcohol, suggesting that the ACP
induction with alcohol continuation causes heightened lev-
els of toxicity (Supplemental Fig. S1B).

ACP Induction with Prolonged Alcohol Exposure Causes
Persistent Pancreatic Exocrine Insufficiency and
Promotes PSC Activation and Fibrosis

Intake and metabolism of alcohol were confirmed in mice
receiving an ethanol-based liquid diet by an increased
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concentration of blood alcohol levels compared with control
mice fed with a regular diet (Fig. 1B). Furthermore, mice
exposed to alcohol displayed a significant increase in pan-
creas weight compared with the control group. However,
caerulein alone or in combination with alcohol exposure
demonstrated significant atrophy of the pancreas and loss in
its mass as compared with control or alcohol-exposed mice
alone (Fig. 1, C and D). Overall reduction in the pancreas
weight was found to be highest in mice, which continued
alcohol diet for 3 and 21 days after initial ACP induction
when compared with control, A, or CP alone. Conversely,
withdrawal of alcohol after ACP induction resulted in the re-
covery of pancreas weight to normal at the end of 21 days,
thus implying resolution of pancreatic damage associated
with ACP after removal of alcohol (Supplemental Fig. S1C).

In addition, levels of amylase were increased in the serum
of alcohol-exposed mice (Fig. 1E) suggesting acinar damage
compared with control liquid diet-fed mice. ACP-induced
mice showed the highest reduction in serum amylase levels
compared with control, A, and CP alone (Fig. 1E), demon-
strating an overall significant acinar atrophy during ACP
induction.

Next, histological assessment of pancreas tissues har-
vested after ACP induction (both after 3 and 21 days of recov-
ery period with continued alcohol exposure demonstrated
cell death, glandular atrophy, and loss of acinar-specific am-
ylase expression as compared with control or alcohol alone
(A) exposed mice pancreata (Fig. 1, F and G). Notably, these
morphological changes within the pancreas were found to
be less prominent in mice exposed to A or CP alone when
compared with ACP induction. Interestingly, in concordance
with the previous findings by Vonlaufen et al. (7) withdrawal
of alcohol after established ACP, resulted in recovery of the
damaged acinar compartment and displayed histological
architecture identical to control mouse pancreas when com-
pared with ACP mice cohort fed with alcohol during the 3
and 21 days of recovery period (Fig. 1H and Supplemental
Fig. S2). Taken together, these results demonstrate that ACP
induction with continued alcohol triggers significant and
persistent damage to the exocrine acinar cell compartment
of the pancreas.

One of the hallmarks of ACP induction is the presence of
parenchymal fibrosis associated with increased collagen
deposition in the pancreas (32). To assess this feature, we
performed Masson’s trichome staining analysis. Evaluation

of fibrotic content revealed maximal collagen deposition
within the pancreas after ACP induction (both after 3 and 21
days of recovery period with continued alcohol) as compared
with control, A, or CP mice pancreata (Fig. 1, F and G).
Interestingly, when animals were switched to a control
diet for a period of 21 days of recovery after establishing
ACP, we observed a drastic reduction of fibrosis after alco-
hol withdrawal. Conversely, continuation of an alcohol
diet led to a persistent fibrotic response within the mice
pancreas (Fig. 1H).

An underlying mechanism of fibrosis associated with ACP
induction is the activation of PSCs toward myofibroblasts.
Our immunohistochemical analysis demonstrated a signifi-
cant increase in the PSC activation markers vimentin and
aSMA in ACP-induced pancreatic tissues (both after 3 and 21
days of recovery period with continued alcohol) as compared
with pancreata harvested from control, A, or CP mice (Fig. 1,
F andG). Overall, these findings confirm that only continued
alcohol intake with established ACP promotes irreversible
damage to mouse pancreas and promotes fibrosis, possibly
through persistent activation of PSCs, whereas withdrawal of
alcohol after ACP induction leads to the reversion of these
alterations during recovery.

ACP Induction Promotes Infiltration of Intrapancreatic
Macrophages and Release of Proinflammatory
Cytokines

Leukocytic infiltration, particularly of macrophages, has
been shown to play an important role in CP fibrogenesis
within the pancreatic milieu (33). However, the innate
immune response during the pathogenesis of ACP with pro-
longed exposure to alcohol remains poorly understood.
Therefore, we next assessed the changes in the immune
compositions within the pancreatic tissues following ACP
induction in C57BL/6 mice. Immunohistochemical analysis
of immune cell macrophages (F4/80þ ) demonstrated a sig-
nificant and maximum increase in the infiltration of these
immune subsets at the site of pancreatic injury after ACP
induction (with continued alcohol intake) as compared with
control, A or CP alone (Fig. 2A). Next, we sought to investi-
gate the changes in the intrapancreatic levels of inflamma-
tory mediators, which are often associated with enhanced
immune cell infiltration. Multiplex inflammation array anal-
ysis of mice pancreata obtained after ACP induction showed
a significant upregulation in key inflammatory cytokines

Figure 1. Effect of alcohol continuation on mice pancreatic histology with established alcoholic chronic pancreatitis (ACP). A: schematic showing the pro-
tocol of alcoholic chronic pancreatitis (ACP) induction in C57BL/6 mice exposed to ethanol (alcohol) enriched liquid diet (A) and repetitive caerulein
administration (or recurrent acute pancreatitis) to establish chronic pancreatitis (CP) model. Mice were euthanized after 3 and 21 days of recovery period
after the last episode of CP induction with (þA) or without (�A) continuing alcohol intake to harvest pancreas and blood for analysis (see Table 1). B:
blood alcohol concentration was measured and expressed as (mg/dL), in control, alcohol alone (A), and ACP induced (with continued alcohol for 3 days)
C57BL/6 mice. C: relative pancreas weight (pancreas weight/body weight) measurements of C57BL/6 mice in A, CP, and ACP-induced with continued
alcohol groups. D: representative images of mouse pancreas showing significant atrophy and loss of acinar tissue mass after ACP induction (with contin-
ued alcohol for 3 days) as compared with control mouse pancreas. E: measurements of serum amylase activity in control, A, CP, and ACP-induced
C57BL/6 mice. F: H&E based histological assessment of pancreas harvested from control, A, CP, and ACP-induced C57BL/6 mice groups.
Representative photomicrographs of immunofluorescence (IF)-based imaging analysis of acinar cell specific amylase expression (shown in red) in the
pancreatic tissue sections of A, CP, and ACP-induced mice. Representative histological sections of pancreas showing collagen levels (trichrome blue)
and PSC activation (vimentin and aSMA) immunohistochemical expression in control, A, CP, and ACP-induction with continued alcohol for 3- and 21-
days during recovery phase. Scale bar, 50μm. G: quantitative assessment of amylase expression, collagen deposition, and PSC activation markers in
pancreata harvested from each experimental group is shown. H: quantitative histological assessment analysis of amylase expression and collagen dep-
osition on pancreatic tissue sections obtained from control and ACP with 21 days of recovery phase with and without alcohol. Individual data points with
means ± SD are shown and compared by one-way ANOVA. �P< 0.05; ��P< 0.01; ���P< 0.001; ����P< 0.0001. n = 5�7 mice/group. H&E, hematoxy-
lin and eosin; ns, nonsignificant; PSC, pancreatic stellate cell.
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including IL-1b, IL-6, TNF-a, and SDF-1 compared with con-
trol liquid diet-fed mice (Fig. 2, B and C). Interestingly, se-
rum-based ELISA quantification also demonstrated a
significant increase in the circulating levels of these cyto-
kines with ACP induction (3 and 21 days of recovery period
with continued alcohol intake; Fig. 2D). Overall, these find-
ings demonstrated that experimental induction of ACP with
continuous alcohol exposure led to both a sustained immune
response and the highest inflammatory immune response as
compared with the other groups.

ACP Induction Activates PI3K/AKT and mTOR Cellular
Signaling

Emerging evidence reveals that the process of pancreatic
tissue damage and repair involves the activation of multiple
cellular signaling networks to orchestrate inflammation, PSC
activation, and subsequent fibrosis (34). Within this context,
dysregulation of PI3K signaling with increased phosphoryla-
tion of RPS6, a major downstream effector of PI3K/AKT/
mTOR pathway has been shown in patients with CP, high-
lighting the importance of this pathway in the disease (35).
However, the involvement of this signaling in an inflamed
pancreatic microenvironment, secondary to alcohol abuse-
associated chronic pancreatitis remains unknown. Therefore,
to address this, we first performed Western blot analysis of
pancreatic tissue lysates obtained after alcohol exposure

alone, CP, and ACP induction (Fig. 3A). As shown previously
in multiple models of caerulein-induced CP, our data also
showed an increase in the activation of pAKT in these mice as
compared with control and A alone. Interestingly, exposure to
alcohol and CP induction (ACP) together revealed the highest
activation of pAKT expression (T308) as compared with the
other cohorts (Fig. 3A). This further prompted us to evaluate
the involvement of additional cellular kinases involved in the
pathogenesis of ACP in our model. Intriguingly, phosphoki-
nase array analysis in pancreatic tissue lysates after ACP
induction in C57BL/6 mice showed top upregulated expres-
sion of the Wnt signaling component b catenin, which has
been associated with pancreatitis previously (36, 37). In
addition, we observed upregulated expression of several
key effector kinases, including pAKT (T308), p70S6K
(T421/S424), and pCREB (Ser133; Fig. 3, B and C). These
signaling molecules are part of the intricate PI3K signaling
network. Further validation using Western blot analysis of
pancreatic tissue lysates (n = 4 mice per group) with and
without ACP induction further revealed activation of AKT,
p70S6K, and CREB (Fig. 3, D and E).

Next, we performed immunohistochemical analysis to
identify the dominant cellular compartment within the pan-
creas expressing these signaling molecules in ACP. Our
results revealed significant overexpression and localization
of both pAKT (T308) and pP70 S6K(T421/S424) within the

Figure 2. ACP induction promotes intrapancre-
atic macrophage infiltration and release of
proinflammatory cytokines. A: immunohisto-
chemical localization and expression analysis of
F4/80þ immune subsets within the pancreas
of control, alcohol (A), CP, and ACP-induced
C57BL/6 mice. For the ACP group, pancreata
were harvested after 3 and 21 days of recov-
ery period with continuation of alcohol in
these mice. Quantitative analysis was done
in each group. Scale bars, 50 μm. B and C:
representative image of mouse inflammatory
array membranes (left) and its corresponding
quantification (right) obtained from pancreas
harvested from control and ACP-induced
with 3 days of recovery period with continua-
tion of alcohol in C57BL/6 mice. D: ELISA-
based quantitative protein estimation of
proinflammatory mediators including IL-1b,
IL-6, TNF-a, and SDF-1 levels in serum pro-
cured from control, A, CP, and ACP-induced
(3 and 21 days of recovery period with con-
tinuation of alcohol) in C57BL/6 mice. Data
points shown represent each group with
means ± SD shown and compared by one-
way ANOVA. �P < 0.05; ��P < 0.01; ���P <
0.001; ����P < 0.0001. n = 5 mice/group.
ACP, alcoholic chronic pancreatitis; CP,
chronic pancreatitis; ns, nonsignificant.
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pancreatic acinar cells after ACP induction as compared
with control (Fig. 3F). Taken together, these results con-
firmed the involvement of acinar specific PI3K/AKT/mTOR
axis along with CREB activation as molecular drivers of ACP
in our experimental mousemodel.

Uro A Treatment in ACP-Induced Mice with Continued
Alcohol Intake Suppresses the Activation of the PI3K/
AKT/mTOR Signaling Axis

Uro A is a gut-derivedmetabolite of pomegranate phenolics
that exhibits potent antioxidant and anti-inflammatory prop-
erties, and it has also been associated with multiple therapeu-
tic benefits (23, 24). Our previous work has shown that
treatment with Uro A successfully attenuated the PI3K/AKT/
mTOR signaling axis in a murine model of pancreatic cancer
(25). Given these properties, we hypothesized that Uro A treat-
ment might ameliorate the progression and severity of estab-
lished ACP even with continuous alcohol exposure through
inhibition of the PI3K/AKT/mTOR signaling axis.

To examine this, we treated ACP-induced mice with Uro
A during the last 3 wk of ACP induction (ACP þ UroA). In

addition, mice pancreata were harvested after day 3 and 2
wk of recovery with either continued alcohol intake or
alcohol withdrawal for subsequent downstream analysis.
Treatment with Uro A significantly attenuated pancreatic
atrophy, as evidenced by an increase in pancreatic weight
compared with untreated ACP mice exposed to continued
alcohol intake during the recovery period (Fig. 4A).
Interestingly, we also observed a drastic recovery in the
pancreas weight (Fig. 4B), almost identical to control with
Uro A treatment in ACP-induced mice with alcohol with-
drawal as well, overall suggestive of the profound thera-
peutic benefit of this compound in ACP (Supplemental
Fig. S3A).

In addition, at the cellular level, Western blot analysis of
pancreatic tissue lysates further revealed a significant and
persistent reduction in the phosphorylated levels of AKT
(T308), which remained reduced even after 2 wk of recovery
period (with continued alcohol intake) as well as of P70S6K
(T421/S424) in Uro A-treated ACP mice as compared with
untreated ACP-induced mice pancreata (Fig. 4, C and D,
Supplemental Fig. S3B). Overall, our results demonstrate the

Figure 3. ACP induction promotes pancreas spe-
cific activation of PI3K/AKT/mTOR/CREB signaling.
A: Western blot analysis of C57BL/6 mice pancreata
demonstrating highest activation of pAKT after ACP
induction as compared with either control, alcohol
(A), or CP-induced mice. B and C: representative
image of phosphokinase array membranes (left)
and its corresponding quantification (right) on pan-
creatic tissue lysates harvested from control, and
ACP-induction with continuation of alcohol for 3
days during recovery period in C57BL/6 mice. D
and E: Western blot analysis and its quantification
to validate increased phosphorylated levels of
pAKT, p70S6K, and CREB in mice pancreata
obtained after ACP induction with continuation of
alcohol for 3 days as compared with controls, n = 4
mice/group. F: representative photomicrographs of
IHC based imaging analysis demonstrating acinar
cell specific expression of pAKT and p70S6K in the
pancreatic tissue sections of control and ACP-
induced mice. Individual data points obtained from
each mouse with means ± SD are reported and
compared by two-tailed unpaired t test. �P < 0.05.
ACP, alcoholic chronic pancreatitis; CP, chronic
pancreatitis; IHC, immunohistochemistry; PI3K,
phosphatidylinositol 3 kinase.
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pivotal role of Uro A in reducing activated AKT/mTOR sig-
naling in alcoholic pancreatitis model.

Uro A Inhibits PI3K/AKT/mTOR Signaling Axis and
Attenuates the Severity of ACP in Mice

To further explore the impact of Uro A on the pancreatic
architecture in alcohol-associated CP, we performed histo-
logical evaluation of these tissue sections obtained after ACP
induction with Uro A treatment (after day 3 and 2 wk of re-
covery period with continued alcohol intake). H&E staining
analysis from Uro A-treated mice revealed a drastic reduc-
tion in acinar cell death as compared with pancreata of
untreated mice with ACP, which exhibited near pan-acinar
cell death in analyzed tissue sections (Fig. 5A). Pancreata
harvested from Uro A-treated mice demonstrated normal or-
ganization of acinar cells and were histologically identical to
the pancreas of control mice, overall suggesting that this nat-
ural gut-derived metabolite promotes regression of ACP
associated pancreatic injury despite continued alcohol expo-
sure in our mice model.

We then assessed whether the treatment with Uro A
impacts the overall fibrotic content and PSCs activation in
ACP-induced mice. Sirius red and trichrome staining
with their corresponding quantification showed a significant
reduction in collagen deposition within the pancreas of
ACP þ Uro A compared with untreated ACP-induced mice
(Fig. 5A). Interestingly, this resolution of fibrosis observed
with Uro A treatment in ACP-inducedmice pancreata was evi-
dent in both groups with either alcohol continuation or

withdrawal during the recovery phase (Supplemental Fig. S4).
In addition, this reduction in collagen levels corresponded
with a marked reduction in aSMA immunoreactivity in the
pancreatic tissue sections obtained from ACP þ Uro A mice
(after day 3 and 2 wk recovery period of alcohol continuation),
(Fig. 5A), further exemplifying the therapeutic efficacy of Uro
A in reducing activated PSCs as well.

Next, we examined the effects of Uro A on the infiltration
of macrophages within the pancreatic microenvironment in
ACP. An immunohistochemical-based assessment revealed a
significant reduction in macrophage (F4/80þ ) populations
in the pancreata of ACP þ Uro (after day 3 and 2 wk of recov-
ery period with alcohol continuation) as compared with
untreated ACP mice (Fig. 5B). Interestingly, these changes in
the immune subsets corresponded with a drastic reduction
in the levels of soluble inflammatory mediators including IL-
1b, IL-6, and SDF-1 in the serum of Uro A-treated mice (Fig.
5C) demonstrating that Uro A can suppress the systemic
inflammatory response during established ACP with contin-
ued alcohol intake. Taken together, these results demon-
strate Uro A inhibits PI3K/AKT/mTOR signaling, remodels
the fibroinflammatory cytokine milieu, reduces infiltration
of inflammatory macrophages, and decreases acinar cell
injury in an experimental mousemodel of ACP.

DISCUSSION

Excess alcohol consumption is one of the major etiologic
factors for alcoholic pancreatitis (38), despite that, an in-

Figure 4. Uro A inhibits PI3K/AKT/mTOR signaling pathway in ACP-induced mouse model. A: relative pancreas weight measurements of C57BL/6 mice
after ACP induction with Uro A treatment. ACP with Uro A-treated mice pancreas weight was measured after 3 days and 2 wk of recovery period with
continued alcohol exposure. B: representative images of mice pancreas showing attenuation of acinar tissue atrophy with Uro A treatment in ACP-induc-
tion with continuation of alcohol for 3 days compared with untreated C57BL/6 mice. C and D: Western blot analysis along with its corresponding quantifi-
cation (right) showing significant reduction in phosphorylated levels of AKT and P70S6K in pancreatic tissue lysates of Uro A-treated mice after ACP-
induction compared with ACP alone. Individual data points with means ± SD are shown in each group. Statistical differences were compared by two-
tailed unpaired t test. ��P < 0.01; ���P < 0.001; ����P < 0.0001. n = 4–7 mice/group. ACP, alcoholic chronic pancreatitis; CP, chronic pancreatitis; ns,
nonsignificant; PI3K, phosphatidylinositol 3 kinase; Uro A, urolithin A.
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depth understanding of the critical cellular drivers involved
in its pathogenesis remains limited. In the present study, uti-
lizing an experimental mouse model of ACP, we show that
while continued alcohol intake perpetuates pancreatic
injury, withdrawal of alcohol led to the resolution of chronic
lesions with the pancreas after established ACP. The present
study also identifies pancreas-specific hyperactivation of
PI3K/AKT/mTOR pathways in the pathogenesis of ACP.
Furthermore, we have shown that Uro A-mediated treatment
substantially ameliorates fibrosis and inflammation, thereby
attenuating this disease progression despite continuous
alcohol trigger (Fig. 6). Therefore, these results establish a

mechanistic rationale for inhibiting this signaling axis with
Uro A, in the context of preventing alcohol-associated
chronic pancreatitis and may benefit patients with difficulty
in alcohol abstinence.

Damage to the acinar cell compartment in CP is often
associated with increased secretion of several inflammatory
mediators. In the present study, we observed elevated levels
of inflammatory cytokines including IL-1b, IL-6, TNF-a, and
SDF-1 after ACP induction. These soluble inflammatory
mediators have been documented to activate several cellular
signaling pathways in a paracrine and autocrine manner
(12). Once bound to their receptors, these cytokines activate

Figure 5.Uro A treatment attenuates ACP severity in C57BL/6 mice even with continuous alcohol uptake by ameliorating acinar cell damage and fibroin-
flammatory milieu. A: representative photomicrographs of pancreas histology in control, ACP, and ACPþUro A treated (both after 3 days and 2 wk of re-
covery period with continuation of alcohol diet) C57BL/6 mice depicted through H&E based analysis, collagen levels (Sirius red and trichrome blue), and
PSC activation (aSMA immunoreactivity), (left). Scale bars, 50μm. Image J based quantitative assessment of collagen levels and aSMA expression in the
pancreas (right). B: immunohistochemical staining and quantification of F4/80 expression in the pancreatic tissue sections of control, ACP, and
ACPþUro A treated with 3 and 14 days of recovery period in C57BL/6 mice. Scale bars, 50μm. C: ELISA based estimation of serum cytokines, IL-1b, IL-6,
and SDF-1, from C57BL/6 mice treated with ACP and ACPþUro A with 3 and 14 days of recovery period. Individual data points with means ± SD are
shown and compared by one-way ANOVA for multiple comparisons or by two-tailed unpaired t test for two group comparison. �P < 0.05; ��P < 0.01;
���P< 0.001; ����P< 0.0001. n = 5 mice/group. ACP, alcoholic chronic pancreatitis; CP, chronic pancreatitis; H&E, hematoxylin and eosin; ns, nonsigni-
ficant; Uro A, urolithin A.
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downstream effector kinases to exert their pleiotropic effects
on the various cellular compartments of the pancreas.
Therefore, an in-depth understanding of the cellular com-
plexities associated with the hallmark features of ACP is key
to designing novel therapeutic strategies. We further
observed activation of PI3K/AKT and mTOR signaling as a
major cellular driver associated with enhanced fibroinflam-
matory response after ACP induction. These findings are in
accordance with the previously reported role of this pathway
in several phenotypic responses of pancreatitis, including
modulation of cell proliferation and survival, activation of
PSCs, extracellular matrix (ECM) production, and inflamma-
tion (11, 39–41).

Over the years, different relevant dietary and naturally
occurring (poly) phenols have been tested as adjuvant thera-
peutic tools due to their high antioxidant and anti-inflam-
matory properties (42). The protective role of Uro A in
suppressing detrimental intestinal inflammation through
blocking inducible nitric oxide synthase (iNOS) and cycloox-
ygenase-2 expression was previously demonstrated in an
animal model of colitis (23). In addition, Singh et al. (24)
showed the anti-inflammatory property of Uro A occurs via
upregulation of tight junction protein claudins. Here, we
have demonstrated that Uro A effectively ameliorates the
fibroinflammatory milieu associated with ACP induction in
C57BL/6 mice through targeted inhibition of PI3K/AKT/
mTOR signaling axis. In addition, Uro A substantially pre-
vented the systemic toxicity and weight loss that are associ-
ated with ACP induction despite continued alcohol intake in
these mice. Importantly, these findings show that treatment
with Uro A is well tolerated by mice and exerts its anti-
inflammatory effects at a physiologically appropriate dose.
These findings may have translational relevance for Uro A
and related compounds in the management of established
ACP disease in patients with difficulty in alcohol abstinence.
However, the protective effects of this regimen are likely to
be highly contingent on the correct timing and duration of
therapy within the progression of acute pancreatitis to CP
and should be clarified in future studies.

Similar to ACP, the fibrotic progression of CP has been
characterized by infiltration of innate immune cells, pre-
dominantly macrophages, at the site of pancreatic injury in
PSCs-mediated fibrosis (39). Previous studies have shown
the immunomodulatory potential of Uro A on neutrophil

and macrophage function by reducing oxidative stress and
inflammation (43, 44). In concordance, with this, our study
demonstrates Uro A treatment suppresses intrapancreatic
and systemic levels of proinflammatory mediators, includ-
ing IL-1b, IL-6, and SDF-1, whereas simultaneously decreas-
ing the infiltration of F4/80þ macrophages in mice with
ACP. These findings suggest that Uro A exhibits its protec-
tive, anti-inflammatory role in part by impacting the innate
immune microenvironment in ACP, which has shown to
be deleterious in the progression of this disease (33).
Importantly, the profound protective benefits of Uro A in
increasing the number of acinar cells, regression of fibroin-
flammatory milieu with ACP, persisted despite continuous
alcohol intake in our experimental model.

Pathophysiology of pancreatitis is driven by the com-
plex interplay of several cell types present within the
inflamed microenvironment, including acinar, stellate,
and immune cells. Currently, we are in the process of
deciphering the compartment-specific role of PI3K/AKT/
mTOR signaling axis in driving the pathogenesis of both
CP and ACP with alcohol continuation. In addition, an in-
depth understanding of how Uro A impacts these differ-
ent cellular constituents is also underway. Overall, our
present study collectively demonstrates that alcohol
alone does not induce overt pancreatic damage, alcohol
continuation with established pancreatitis promotes per-
sistent acinar cell injury and fibrosis. Uro A treatment
with established ACP mimics conditions of alcohol absti-
nence and lead to regression of pancreatic injury along
with attenuation of fibroinflammatory milieu by sup-
pressing PI3K/AKT/mTOR signaling pathway, thereby,
providing substantial evidence for its potential as a thera-
peutic agent in the treatment of this disease.
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Figure 6. Schematic demonstrating that
ACP induction with continuation of alcohol
intake causes severe pancreatic atrophy
and promotes fibroinflammatory milieu in
mice, and withdrawal of alcohol promotes
regression of pancreatic injury. Treatment
with Uro A attenuates ACP disease sever-
ity despite continued alcohol intake in
C57BL/6 mice by inhibiting the PI3K/AKT/
mTOR signaling pathway. (Image created
with Bio-Render with license agreement
number WO249FGLAB). ACP, alcoholic
chronic pancreatitis; PI3K, phosphatidyl-
inositol 3 kinase; Uro A, urolithin A.
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