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The objective of this study was to assess the capacity of adipose-
derived mesenchymal stem cells (ASCs) to mitigate disease
progression in an experimental chronic pancreatitis mouse
model. Chronic pancreatitis (CP) was induced in C57BL/6
mice by repeated ethanol and cerulein injection, and mice
were then infused with 4� 105 or 1� 106 GFP+ ASCs. Pancreas
morphology, fibrosis, inflammation, and presence of GFP+

ASCs in pancreases were assessed 2 weeks after treatment.
We found that ASC infusion attenuated pancreatic damage,
preserved pancreas morphology, and reduced pancreatic
fibrosis and cell death. GFP+ ASCs migrated to pancreas and
differentiated into amylase+ cells. In further confirmation of
the plasticity of ASCs, ASCs co-cultured with acinar cells in
a Transwell system differentiated into amylase+ cells with
increased expression of acinar cell-specific genes including
amylase and chymoB1. Furthermore, culture of acinar or
pancreatic stellate cell lines in ASC-conditioned medium atten-
uated ethanol and cerulein-induced pro-inflammatory cyto-
kine production in vitro. Our data show that a single intrave-
nous injection of ASCs ameliorated CP progression, likely by
directly differentiating into acinar-like cells and by suppressing
inflammation, fibrosis, and pancreatic tissue damage. These
results suggest that ASC cell therapy has the potential to be a
valuable treatment for patients with pancreatitis.
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INTRODUCTION
Chronic pancreatitis (CP) is characterized by continuous or recurrent
inflammation, fibrosis, and irreversible morphological changes in the
pancreas.1 Chronic abdominal pain is the principal symptom of CP,
and has been reported in the majority of patients.2 Progressive loss of
exocrine and endocrine function occurs during disease progression.3

Many patients require hospitalization at some stage in their illness.4

The etiology of CP is complex and not completely understood. For
example, although development of CP is associated with alcohol
use, only a small percentage of heavy drinkers develop CP.5,6 An un-
derlying genetic disorder has been identified in a minority of patients
with CP.4 The poorly understood pathophysiology of CP makes
identification of means to treat the underlying cellular disorder prob-
lematic. New insights into the pathogenesis of CP on a cellular level
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have focused attention on altering the mechanistic pathway from
acute to CP. Current treatments for CP mainly target the symptoms
rather than the cause of the disease and, apart from alcohol and
smoking cessation, are not effective in controlling disease progression
or inducing remission.7 Among all patients, 40%–75% will eventually
require surgery, but only 34%–52% attain pain relief after pancreas
resection.8 Thus, more effective therapies are needed to diminish
the substantial CP disease burden.

Mesenchymal stromal/stem cells (MSCs) are a rare population of
adult stem cells that can be isolated from multiple tissues of meso-
dermal origin including bone marrow, umbilical cord, dental pulp,
and other organs.9,10 MSCs can be expanded rapidly ex vivo and
can be differentiated into osteocytes, chondrocytes, and adipocytes.
They have immune-privileged and tissue-protective functions. MSC
and hematopoietic stem cell therapy have been used in clinical
trials for the treatment of pancreatic disorders including type 1 dia-
betes.11,12 Protective roles of MSCs are thought to be mediated
through their paracrine secretion of growth factors having anti-
apoptotic, immunoregulatory, and angiogenic functions; cell-to-cell
contact is also important.13

White adipose tissue is a promising source of MSCs because of its
ease of sampling and ability to be expanded to clinically useful cell
numbers in a short period of time. For example, 1 in 100,000 mono-
nuclear bone marrow cells are MSCs, and their frequency decreases
with age. In contrast, more than 108 adipose-derived mesenchymal
stem cells (ASCs) can be obtained from 30 mL of initial liposuction
in 2 weeks, even from patients with diabetes.14 Similar or even better
therapeutic effects can be achieved with lower numbers of ASCs than
bone marrow MSCs, which reduces the risks associated with ex vivo
cell expansion.14 Compared with MSCs from other tissues, ASCs
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Figure 1. Ethanol and Cerulean-Induced CP Mouse Model

(A) Body weight changes in mice after saline (CTR) or ethanol and cerulein (E+C) injections (n = 10 per group). (B) Food intake in mice treated with saline or ethanol and

cerulein 2 weeks after CP induction. (C) Representative H&E staining of pancreatic tissue from mice receiving saline (control) or ethanol and cerulein 1 and 3 weeks after

injection. Scale bars, 100 mm. Data presented are mean ± SEM. Differences were compared by one-way ANOVA; *p < 0.05.
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display greater regenerative capacity based on their differentiation and
paracrine activities.15 The protective effects of ASCs have been shown
in rodent models of severe acute pancreatitis,16 type 1 diabetes,17,18

experimental autoimmune encephalomyelitis,19 rheumatoid arthritis,
systemic lupus erythematosus, and other disorders.20,21 ASCs are
currently being tested in clinical trials for the treatment of Crohn’s-
related rectovaginal fistula,22 refractory rheumatoid arthritis,23 severe
osteoarthritis of the knee,24 systemic sclerosis,25 and other diseases.26

The pancreas is a logical target for cell therapy because it has an
extremely low capacity to regenerate both exocrine and endocrine
components. MSC therapy can intervene in multiple disease path-
ways because of their multifactorial protective functions.27 MSC ther-
apy has been attempted in rodent models of severe acute pancreatitis
and has been shown to promote regeneration of damaged pancreatic
tissue.28–30 However, ASCs have yet to be attempted in patients with
acute or CP in clinical trials. Here, we studied the ability of ASC
therapy to rescue the pancreas from disease progression in a
mouse model of CP. We found that ASCs effectively reversed CP
progression. They migrated to the diseased pancreas, where they
directly differentiated into amylase+ acinar-like cells. ASCs sup-
pressed inflammation in acinar cells and in pancreatic stellate cells.

RESULTS
CP Mouse Model

The CP mouse model was generated by repeated intraperitoneal
injections of ethanol and cerulein. At 3 weeks after the initial injection,
mice showed significantly reduced body weights (Figure 1A) and
reduced food intake (Figure 1B), which is consistent with typical signs
in CP patients. H&E staining showed vacuolization consistent with
fatty degeneration of acinar cells within the pancreas at 1 week post-
injection (Figure 1C), a typical pancreas injury induced by ethanol.31

At 3weeks afterCP induction,more severe damage including pancreas
edema and fibrosis within the pancreas parenchyma was observed
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Figure 2. Characteristics of CP Mice

(A) Micrographs of GFP+ ASCs observed by light or fluorescent microscopy. Scale bars, 100 mm. (B) Schematic diagram of CP induction, cell infusion, and tissue collection

and analysis. (C) Images of pancreases collected from normal control, CP control, or CPmice treated with ASCs (4� 105 or 1� 106 cells/mouse). (D and E) Pancreas weights

(D) and percent ratio of pancreas weight to body weight (E) in control, CP control, or CPmice treated with ASCs (4� 105 or 1� 106 cells/mouse). Data presented are mean ±

SEM. Differences were compared by one-way ANOVA; *p < 0.05.
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(Figure 1C). These data indicate that the CP mouse model exhibited
typical characteristics of CP.

ASC Infusion Restores Physical Activity and Ameliorates

Pancreas Damage in CP Mice

Mouse ASCs were collected from wild-type or C57BL/6-Tg (CAG-
EGFP) mice. Phenotypic analysis showed that ASCs used in this study
attached to cell culture plates (Figure 2A); expressed CD29, CD105,
and CD166; lacked expression of CD45; and could be differen-
tiated into adipocytes, chondrocytes, and osteocytes as we reported
previously.32 ASCs (4 � 105 or 1 � 106 cells/mouse) were infused
into CP mice via the tail vein. Control normal and CP mice received
PBS on the same schedule (Figure 2B). CP mice demonstrated
reduced physical activity compared with normal control mice. Phys-
ical activity of CP mice that received ASCs increased slightly at
2 weeks after cell injection, although the increase did not reach signif-
icance compared with CP mice receiving PBS (Figure S1).
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CP induction led to irreversible pancreas damage in control mice.
Pancreas size, pancreas weight, and pancreas weight per body weight
in saline-treated CP mice were significantly reduced compared with
normal controls (Figures 2C–2E). In contrast, mice that received ASCs,
at either concentration, showed significant increases in both pancreas
size (Figure 2C) and pancreas weight (Figure 2D). Although body
weights of mice from both control or ASC-treated mice were increased
after termination of ethanol and cerulein injections, mice that received
ASCs had higher pancreas-to-body weight ratios (Figure 2E), suggest-
ing that ASC treatment attenuated ethanol and cerulein-induced
pancreas damage. We observed that treatment with 4 � 105 ASCs
per mouse provided slightly better protection from pancreas damage;
therefore, we used 4 � 105 cells per mouse in all mechanistic studies.

Treatment with ASCs Suppresses Pancreatic Fibrosis

One of the hallmarks of CP is the destruction and replacement of
acinar tissue by fibrotic tissue.We assessed the effects of ASC infusion



Figure 3. Effects of ASC Injection on Pancreas Damage, Fibrosis, and Macrophage Infiltration

(A) Histological analysis of pancreas tissue sections from normal control or CPmice treated either with PBS or ASCs at 4� 105 cells/mouse. H&E staining, Masson-Goldner-

trichrome staining, and staining with antibodies against collagen, a-SMA, and F4/80 are shown. Scale bar, 100 mm. (B–D) Percentages of positive area in total pancreatic area

of (B) Masson-Goldner, (C) collagen, and (D) a-SMA. Data are means ± SEMs. *p < 0.05 compared with normal control; #p < 0.05 compared with CP-PBS group, one-way

ANOVA test.
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on pancreatic fibrosis. The extent of fibrosis was clearly visible in the
pancreas from CP mice treated with saline as analyzed by H&E and
Masson-Goldner trichrome stains (Figure 3A). In contrast, pancreatic
structure of mice treated with ASCs was better preserved and showed
significantly reduced Masson-Goldner-positive staining (Figures 3A
and 3B), indicating a potential role of ASCs in reversing fibrosis in
the pancreas of CP mice.

Fibrosis in the CP pancreas is mainly caused by the activation of
pancreatic stellate cells (PSCs) within the pancreas. Activated PSCs
secrete extracellular matrix proteins, including collagen type 1 and
a-smooth muscle actin (a-SMA), that contribute to fibrosis. This
was also observed in our model; CP induction resulted in significantly
increased collagen and a-SMA expression in the pancreas. Again,
ASC infusion significantly attenuated ethanol and cerulein-induced
collagen deposition and a-SMA expression in the CP pancreas (Fig-
ures 3A–3C), suggesting a protective role of ASCs in reducing
pancreas fibrosis.
During CP progression, necrosis of acinar cells leads to infiltra-
tion of monocytes/macrophages into the injured pancreas.33 We
observed increased macrophage (F4/80+) infiltration in CP mice
(Figure 3A). In contrast, when CP mice were treated with ASCs,
the numbers of infiltrating macrophages in the pancreas were
significantly reduced (Figure 3A). We also measured serum tumor
necrosis factor alpha (TNF-a) and interleukin (IL)-6 levels in
normal controls, CP controls, and ASC-treated CP mice. No detect-
able amounts of TNF-a or IL-6 were observed in mice from any
group (data not shown).

ASC Infusion Protects against Pancreatic Cell Death

Next, we measured the impact of ASC infusion on pancreatic cell
death. Treatment with ethanol and cerulein caused dramatic cell
death among pancreatic cells shown by increased terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL)+ staining
within the pancreatic parenchyma (Figures 4A and 4B). In contrast,
TUNEL+ staining was significantly reduced in CP mice receiving
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Figure 4. ASC Infusion Protects against Pancreatic Cell Death

(A) Immunostaining of TUNEL+ cells in the pancreas from normal control, CP mice treated with PBS, or ASCs (4 � 105 cells/mouse) 2 weeks after infusion. Scale bars,

100 mm. (B) Average numbers of TUNEL+ cells in pancreas sections. Data presented are mean ± SEM. Differences were compared by one-way ANOVA; *p < 0.05 compared

with normal control; #p < 0.05 compared with CP-PBS group.
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ASCs (Figures 4A and 4B), indicating that ASCs protected pancreatic
cells from ethanol and cerulein-induced cell death.

ASCs Migrate to the Injured Pancreas and Differentiate into

Amylase+ Cells

MSCs have been shown to migrate to injured tissues after systemic
injection. To determine whether ASCs migrated to the injured
pancreas in CP mice, we measured expression of GFP in lung, liver,
and pancreas tissues harvested from normal controls, CP controls,
and GFP+ ASC-treated CP mice 2 weeks after cell injection. GFP
expression was found in the pancreas, but not in liver or lung tissues,
of mice receiving GFP+ ASCs and not in any tissue from control mice
(Figure 5A). GFP+ cells in the pancreas of GFP+ ASC-treated CPmice
were further investigated by immunohistological staining using the
anti-GFP and the anti-amylase antibodies. GFP+ cells were observed
in the pancreas, and most GFP+ cells also stained positive for amylase,
suggesting that GFP+ ASCs not only migrated to the injured pancreas,
but also differentiated into amylase+ acinar-like cells (Figure 5B).

The Impact of CP Induction and ASC Infusion on Endocrine Cells

within the Pancreas

To assess the impact of CP induction and ASC therapy on the endo-
crine compartment, we measured blood glucose levels in normal
controls, CP controls, and ASC-treated CP mice 2 weeks after cell
infusion. All mice were normoglycemic during the course of the
experiment, exhibiting well-preserved pancreatic b cell mass and
similar numbers of islets per pancreatic section (Figure S2). These
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data further indicated that ethanol and cerulein treatment selectively
destroyed the exocrine compartment but had little effect on b cell
mass, the endocrine compartment of the pancreas in this model.

GFP+ ASCs Differentiate into Amylase+ Cells In Vitro When

Co-cultured with Acinar Cells or in Acinar Cell-Conditioned

Medium

MSCs possess considerable plasticity, and they can differentiate into
multiple cell types.34 To confirm that ASCs can differentiate into
amylase+ cells, we co-cultured GFP+ ASCs with AR42J cells in the
Transwell system. We also cultured ASCs in acinar cell-conditioned
medium. After 7 days of co-culture, ASCs were stained with anti-
GFP and anti-amylase antibodies. GFP+ amylase+ cells were observed
among ASCs co-cultured with acinar cells or cultured in acinar cell-
conditioned medium, but were not seen among ASCs cultured in
medium alone (Figure 6A). These results suggest that ASCs differen-
tiated into acinar-like cells when exposed to acinar cells directly or to
acinar cell-conditioned medium. In a separate set of experiments, we
measured expression of acinar cell markers, amylase 1 and chymoB1,
and stem cell markers, fibronectin and vimentin, in ASCs after 7 or
14 days of co-culture. ASCs co-cultured with acinar cells or in acinar
conditionedmedium exhibited increased expression of amylase-1 and
chymoB1 (Figure 6B) and decreased expression of fibronectin and
vimentin (Figure 6C). Thus, when cultured in F-12K medium alone,
ASCs retained their expression of stem cell markers, but when
cultured in the presence of acinar cells or acinar cell-conditioned
medium, ASCs gradually lost their stem cell attributes and progressed



Figure 5. Differentiation of Infused ASCs into Amylase+ and Insulin+ Cells in the Treated Pancreas

(A) Real-time RT-PCR analysis of mRNA expression of GFP in the pancreas, liver, and lungs from normal controls, CP controls, and ASC-treated CP mice 2 weeks after

injection. (B) Immunohistochemical staining of pancreatic tissues from mice receiving ASCs (upper panels) or PBS (lower panels) with the anti-GFP and the anti-amylase

antibodies. Green represents GFP+ cells, and red identifies amylase+ cells. Nuclei are stained blue (DAPI). Scale bar, 50 mm. Data presented are mean ± SEM. Differences

were compared by one-way ANOVA.
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toward other cell fates. Changes in gene expression profiles in ASCs in
the presence of acinar cells were consistent with differentiation into
acinar-like cells.

Co-culture in ASC-Conditioned Medium Suppresses Ethanol

and Cerulein-Induced Production of Proinflammatory Cytokines

by AR42J Cells and imPSCs

To determine the capacity of ASCs to suppress ethanol and cerulein-
induced inflammation in AR42J cells and immortalized mouse PSCs
(imPSCs), we measured expression of TNF-a, IL-6, and fibronectin
mRNA in cells cultured in normal or ASC-conditioned medium in
the presence or absence of ethanol and cerulein. The results indicated
that culture of AR42J cells with ASC-conditioned medium signifi-
cantly suppressed expression of TNF-a, IL-6, and fibronectin (Figures
7A–7C). Similarly, culture of imPSCs with ASC-conditioned medium
significantly suppressed expression of TNF-a, IL-6, and fibronectin
(Figures 7D–7F). These data suggest that co-culture with ASCs sup-
presses ethanol and cerulein-induced pro-inflammatory cytokine
production in both acinar cells and imPSCs.

DISCUSSION
Inflammation in CP activates PSCs, leading to pancreatic fibrosis and
exocrine tissue damage, and at late stages, b cell death and endocrine
dysfunction. Current pharmacological and surgical treatments for CP
mainly target the symptoms rather than rescuing damaged pancreatic
tissue from destruction.8 There is a need for more effective therapeu-
tic options that have the capability of repairing damage of multiple
cell types within the pancreas. In this study, we found that ASC ther-
apy has great potential for use as a treatment of CP. A single systemic
infusion of ASCs significantly reduced inflammation, fibrosis, and
pancreatic tissue damage. This effect is likely mediated via their para-
crine secretion of growth factors, which was indicated by the fact
that acinar cell and PSC lines cultured in ASC-conditioned medium
exhibited reduced proinflammatory cytokine production when stim-
ulated with ethanol and cerulein. The most dramatic finding was that
ASCs differentiated into amylase+ cells, which occurred both in vivo
after cell infusion and in vitro when ASCs were co-cultured with
acinar cells or cultured in acinar cell-conditioned medium. This sug-
gests that ASC therapy attenuated pancreas damage through suppres-
sion of inflammation and fibrosis and through direct differentiation
into pancreatic cells.

There have been a number of approaches to generating mouse models
that mimic the symptoms of CP patients, including pancreatic duct
ligation, duct infusion with trinitrobenzene sulfonic acid, injection
of dibutyltin dichloride, and injection of cerulein and/or ethanol.35

Ethanol and cerulein are the most frequently used agents for CP
induction in rodents.36 When repeatedly injected, cerulein can cause
excessive edema, increased levels of pancreatic enzymes, inflamma-
tion, necrosis, and exocrine insufficiency.37 Although ethanol is one
of the major causes of CP, fewer than 10% of chronic alcoholics
develop CP.38 Ethanol is more likely a cofactor for the development
of fibrosis, which is a constant histopathological feature of CP of
all etiologies in “pre-injured” animals.37 Consistent with another
study,36 we found that consecutive injections of ethanol together
with cerulein destroyed the exocrine compartment of the mouse
pancreas and induced fibrosis, enabling us to study the effects of
ASC therapy on both pancreas damage and fibrosis.

As shown in acute pancreatitis models,16,29,39–41 we also found that
the protective effects of MSC therapy were multifactorial and targeted
several cell types in the pancreas. First, ASCs protected pancreatic
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Figure 6. ASCs Differentiate into Amylase+ Cells In Vitro When Co-cultured with Acinar Cells or in Acinar Cell-Conditioned Medium

(A) ASCs cultured alone (CTR), cultured in AR42J-conditioned medium (A-CM), or co-cultured with AR42J cells (ASCAC) were stained for GFP (green) and amylase (red).

AR42J cells were used as a positive control for amylase staining. Nuclei are stained blue (DAPI). Scale bar, 50 mm. (B and C) Relative expression of amylase 1 and chymoB1

(B) and fibronectin and vimentin (C) after 7 or 14 days of culture, in ASCs cultured alone (CTR), in ASCs cultured in low-dose AR42J-conditioned medium (A-CM-L), ASCs

cultured in high-dose AR42J-conditioned medium (A-CM-H), or ASCs co-cultured with acinar cells. Data presented are mean ± SEM. Differences were compared by one-

way ANOVA; *p < 0.05 versus CTR, #p < 0.05 versus ASCAC.
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cells from ethanol- and cerulean-induced cell death. ASCs also pro-
tected acinar cells and PSCs from inflammation in vitro when cells
were challenged with ethanol and cerulein. ASCs suppressed pancre-
atic fibrosis, which was confirmed by immunohistochemical analysis
of collagen and a-SMA and by inhibiting PSC activation. Our data are
consistent with another study, which suggested that fibrosis is not
merely an end product of chronic injury, but is a dynamic process
that could be reversible in its early stages.30

Our study showed for the first time that systemically injected ASCs
migrated and homed to the diseased pancreas and directly differenti-
ated into amylase+ cells. The fate of MSCs after intravenous infusion
is uncertain. In a study that followed the fate of MSCs for 72 hr after
intravenous infusion, Eggenhofer et al.42 showed that MSCs were
short-lived; they were found in the lung 1 hr after infusion and in the
liver 24 hr after infusion, but then disappeared. In contrast, others
have shown that MSCs passed through the liver and migrated to sites
of injury.43,44 We found significant numbers of GFP+ ASCs in the
2496 Molecular Therapy Vol. 25 No 11 November 2017
diseased pancreas at 14 days after cell infusion. The discrepancy
between these studies and Eggenhofer et al.’s42 study might have been
caused by the timing of analysis and different methods used for detec-
tion of MSCs. First, in Eggenhofer et al’s42 study, tissues were collected
only until 72 hr after infusion; it is thus unknown whether DS-red+

MSCs can be found if tissues were analyzed 14 days post-infusion.
Second, Eggenhofer et al.’s42 study cultured cells for 2–7 days before
observation. The cell culture system might have favored growth and
proliferation of some cell types other thanMSCs, and therefore if there
were only small numbers of MSCs, it might not be able to be detected.

In vivo models showed that MSCs after infusion can migrate to an
inflammatory or injured site in mouse models of cardiac infarct45

and radiation-induced bone marrow injuries.46 Migration and
homing require that cells can attach to and migrate between endo-
thelial cells to enter the target tissue.47 The binding and rolling of
MSCs were shown mediated by P-selectin, whereas migration
involved the binding of very late antigen (VLA)-4 (or integrin-b1



Figure 7. Co-culture with ASC-Conditioned Medium Inhibits Ethanol and Cerulein-Induced Expression of Proinflammatory Cytokines in AR42J Cells and

imPSCs

(A–F) Expression of TNF-a (A and D), IL-6 (B and E), and fibronectin (C and F) in AR42J cells or imPSCs. Data are representative of at least three individual experiments. Data

presented aremean ± SEM. Differences were compared by one-way ANOVA; *p < 0.05. ASC-CM, cells cultured in ASC-conditionedmedium; ASC-CM+EC, cells cultured in

ASC-conditioned medium challenged with ethanol and cerulein; N-M, cells cultured in DMEM/F12; N-M+EC, cells cultured in DMEM/F12 challenged with ethanol and

cerulein.
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and integrin-a4 dimer) onMSCs with vascular cell adhesionmolecule
(VCAM)-1 and interceullar adhesion molecule (ICAM)-1 found on
endothelial cells.48 The precise mechanisms of MSC homing are
largely unclear. It is believed that receptors and cell adhesion mole-
cules expressed on MSCs facilitate their migration and homing. For
example, the chemokine receptor C-X-C motif chemokine receptors
(CXCR)4 was expressed in a subpopulation of MSCs that aid the
CXCR-12-dependent migration and homing of MSCs.49,50 In addi-
tion, MSCs also express C-C chemokine receptor (CCR)1, CCR7,
and CCR9, as well as CXC chemokines receptors CXCR4, CXCR5,
and CXCR7, integrins that are also involved in MSC migra-
tion.48,51–53 Nevertheless, as shown in the acute pancreatitis model,
an interaction of locally produced stromal cell-derived factor 1 and
CXCR4 receptor-induced migration of bone marrow MSCs to the
injured pancreas54 is a potential molecular mechanism responsible
for the migration of injected MSCs into the diseased pancreas.

The ability of MSCs to mediate tissue repair is believed to be depen-
dent on their paracrine functioning and on interactions with specific
factors present in the microenvironment of the injured tissue.55 We
argue that the impact is mutual, and the microenvironment in the
diseased pancreas also determines the fate of MSCs. In our study,
MSCs, which are of mesodermal origin with high plasticity, differen-
tiated into cells of endodermal origin (i.e., acinar cells) in the diseased
pancreas. ASCs preferably differentiated into acinar cells. The self-
functional repair stimuli of stem cells might have been responsible
for the presence of ASC-derived acinar in our study. However, further
studies beyond the scope of this one have to be conducted to answer
this question. This is consistent with the fact that CP specifically
destroys the exocrine compartment of the pancreas during the
early stages of disease progression.56,57 In addition, we do not exclude
the possibility that ASCs might have differentiated into other cell
types of the pancreas such as endocrine cells and duct cells.

Our in vitro cell culture studies provide further evidence that growth
factors and signaling molecules secreted by acinar cells can lead to
the differentiation of ASCs. Rat bone marrow MSCs, human amni-
otic epithelial cells, and human ASCs have been shown to undergo
Molecular Therapy Vol. 25 No 11 November 2017 2497
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differentiation into salivary acinar cells in vitro when co-cultured with
acinar cells.58–60 However, not all MSCs appear to have equal capacity
for differentiation. Other studies have been consistent with our find-
ings. For example, it has been reported that 13%–18% of ASCs differ-
entiated into amylase+ cells in a salivary gland model.27,61 It will be
important to determine whether there is a subset of the MSC popula-
tion that has the potential to differentiate into specific cell types in
specific disease situations.

One limitation of our study is that it is unknown whether pain has
been induced in our mouse model, because metrics to measure mouse
pain are problematic. The changes in physical activities we observed
in CP mice and the effect of cell therapy on activity were suggestive
but were not a direct measurement of pain.

In conclusion, systemic infusion of ASCs reduced ethanol and ceru-
lein-induced pancreatic fibrosis and cellular injury in a mouse model
of CP. ASCs exerted their protection both via direct differentiation
into amylase+ cells and via their paracrine effects. ASC therapy has
potential as a treatment option for reversing pancreatic destruction
in patients with CP and other diseases.

MATERIALS AND METHODS
CP Induction in Mice

CP was induced in male C57BL/6 mice at 6–8 weeks of age (The
Jackson Laboratory) by repeated injections of ethanol and cerulein
as previously described.36 In brief, mice received intraperitoneal
(i.p.) injection of ethanol (Life Technology) (3.2 g/kg) once per day,
six times per week for 2 weeks. On the first day of each week, mice
received six i.p. injections of cerulein (Sigma-Aldrich) (50 mg/kg) at
hourly intervals. Mice were housed under a standard light-dark cycle
with ad libitum access to chow and water. Body weight and food
intake were measured daily, and physical activities were measured
weekly using the Accuscan Versamax Analyzer. Blood glucose levels
in mice were measured using a glucometer (Abbott). The Animal
Care and Use Committee at the Medical University of South Carolina
approved all mouse experiments.

ASC Preparation and Infusion

Inguinal fat tissues were collected from C57BL/6 mice or from
C57BL/6-Tg (CAG-EGFP) mice in which GFP expression can be de-
tected in most cell types including the MSCs. Tissues were washed in
PBS and digested in 0.1% collagenase type II at 37�C for 20 min with
occasional shaking. Digestion was stopped by addition of complete
medium containing DMEM/F12 (1:1; Life Technologies) supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin and
streptomycin. Cells were filtered through 100 mm nylon mesh and
cultured at 1,000–3,000 cells per cm2 in 5%CO2 at 37�C. Floating cells
were removed 8 hr later. Cells were split when the population reached
80%–90% confluence. ASCs at passage 3 (4� 105 or 1� 106 cells per
mouse) were infused into CP mice via tail vein injection. CP and
normal mice injected with PBS were used as controls. Two weeks after
cell injection, serum, pancreas, liver, and lungs of treated mice were
collected for further analysis.
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Immunohistochemical Analysis

Paraffin-embedded pancreatic tissues were deparaffinized by treating
with xylene for 5min and then dehydrated. Serial 10 mm sections were
collected for every 100 mm pancreas tissue spanning the entire
pancreas. Consecutive sections were stained with each individual
antibody. Antigen retrieval was performed by treating the slides in
95�C water for 5 min, followed by treatment in 0.5% Triton X-100
in PBS for 30 min. Endogenous peroxidases were blocked by incuba-
tion in 3% hydrogen peroxide for 30 min. Slides were then rinsed in
PBS and blocked with BSA. H&E staining was performed using a
standard protocol. Masson-Goldner trichrome staining was per-
formed using a Masson-Goldner staining kit (Millipore) according
to the manufacturer’s recommendation. Area positive for Masson
trichrome was measured, and the ratio of the Masson trichrome-pos-
itive area to total pancreas area was calculated using ImageJ software.
For detection of a-SMA, samples were incubated with a mouse anti-
a-SMA antibody overnight at 4�C, followed by incubation with a goat
anti-mouse secondary antibody conjugated with horseradish peroxi-
dase (HRP) and 3,3’ diaminobenzidine (DAB) for signal detection.
For collagen detection, slides were incubated withWiegert’s hematox-
ylin, followed by staining with picrosirius red in saturated aqueous so-
lution of picric acid. Slides were observed using an Olympus BX40
microscope. For each pancreas, 30–100 individual slides were stained
and analyzed to calculate SMA+, Masson-Goldner+, and insulin+

areas.

For detection of GFP+ cells within the pancreas, tissue sections were
incubated with a chicken anti-GFP antibody (Abcam) and a rabbit
anti-amylase antibody (Sigma-Aldrich). Secondary antibodies were
Alex Fluor 488 goat anti-chicken and Alexa Fluor 568 goat anti-rabbit
(Life Technologies). Slides were observed using a Leica SP5 confocal
microscope. Percentage of GFP+ amylase+ cells in all amylase+ cells
was calculated. Slides from three to four pancreases were analyzed
in each group.

TUNEL Assay

Cell death was measured in situ in deparaffinized tissue using a fluo-
rescein TUNEL Cell Death Detection kit (Roche Life Science) accord-
ing to the manufacturer’s recommendation. On each slide, six areas
were randomly selected for analysis. At least 10 slides were counted
per pancreas, and average percentages of TUNEL+ cells among total
cells were observed and calculated using the Zeiss AxioImager M2
Imaging System.

Beta Cell Mass Measurement

Serial pancreas sections were collected, and islets were identified
by staining with the anti-insulin antibody by immunohistochem-
istry. The number of islets per pancreas section was counted.
For each pancreas, at least 10 slides spanning the pancreas were
analyzed.

Conditioned Medium

For ASC-conditioned medium (ASC-CM), ASCs were grown in
DMEM/F12with 10% FBS until reaching 90% confluence. Cell culture
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medium was then replaced by serum-free DMEM/F12 containing
only antibiotics. Conditioned medium was collected 48 hr after me-
dium replacement, centrifuged at 500 � g for 3 min, filtered through
a 0.22 mm filter, aliquoted, frozen, and stored at�80�C for future use.
For acinar cell-conditioned medium (A-CM), an acinar cell line,
AR42J (ATCC), was cultured in serum-free F-12K, and conditioned
medium was collected using the same protocol.

In Vitro Co-culture of ASCs and AR42J

Mouse ASCs at passage 2 were seeded on a cover slide and co-cultured
with AR42J in a Transwell system in a 12-well plate. ASCs cultured in
DMEM/F12 or AR42J-conditioned F-12K mediums were used as
controls. Media were replaced every 3 days during co-culture. At
7 days of co-culture, ASCs were removed from the co-culture system,
fixed, and analyzed by immunohistochemistry for GFP and amylase
expression. In a separate set of experiments, ASCs were harvested
at 7 and 14 days after co-culture with AR42J or in AR42J-conditioned
media, and total RNA was extracted. Expression of amylase 1, chy-
moB1, and MSC markers, including fibronectin and vimentin, were
analyzed by real-time RT-PCR.

Stimulation of AR42J and imPSCs by Ethanol and Cerulein

AR42J or imPSCs (kindly gifted by Dr. Raul Urrutia, Mayo Clinic)
were seeded into 12-well cell culture plates and were cultured in
F-12K medium. In some wells, cells were pre-incubated with ASC
condition medium. Cells were treated with ethanol (2.4 mg/mL)
and cerulein (0.13 mg/mL), and were collected at 1, 4, 6, and 24 hr
after treatment. Expression of TNF-a, IL-6, and fibronectin were
measured in samples by real-time RT-PCR analysis.

Real-Time RT-PCR Analysis

Total RNA was extracted from cells using the QIAGEN RNA extrac-
tion kit (QIAGEN). Samples were reverse transcribed into cDNA.
cDNA was amplified using a SYBR Green RT-PCR system from
Bio-Rad. Primer pairs used were described previously.60 Expression
of specific genes was normalized to the expression of b-actin in
each sample.

Statistical Analyses

Data presented are mean ± SEM. Differences between groups were
analyzed by one-way ANOVA.
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Supplemental Data: 

 

Fig S1. Physical activity of mice. (A) Distance traveled in 5-minute intervals and (B) total 

distance traveled within 120 min 1 week after treatment. (C) Distance traveled in 5-minute 

intervals and (D) total distance traveled within 120 min 2 weeks after treatment. CTR: Normal 

mice receiving PBS; CP+PBS: CP mice receiving PBS; ASCs: CP mice receiving ASCs. Results 

shown are representative of at least 3 independent experiments (n=6–8 per group for each 

experiment). *P < 0.05 vs. CTR. 
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Fig S2. The impact of ASC injection on pancreatic β cell mass. (A) Blood glucose levels 

determined two weeks after injections. Normal control and CP control mice received PBS; CP 

mice received 4×105 or 1×106 ASCs per mouse. (B) Average number of islets per pancreatic 

section. ASCs: CP mice received 4×105 ASCs per mouse.  (C) Immunohistochemical staining of 

pancreas from normal control mice, CP mice treated with PBS, or CP mice treated with ASCs. 

Green indicates insulin staining. Scale bar=200 μm. At least 3 mice were included in each group.  
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