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Abstract

Pancreatitis is a common and potentially lethal necro-inflammatory disease with both acute and
chronic manifestations. Current evidence suggests that the accumulated damage incurred during
repeated bouts of acute pancreatitis (AP) can lead to chronic disease, which is associated with an
increased risk of pancreatic cancer. While parathyroid hormone-related protein (PTHrP) exerts
multiple effects in normal physiology and disease states, its function in pancreatitis has not been
previously addressed. Here we show that PTHrP levels are transiently elevated in a mouse model
of cerulein-induced AP. Treatment with alcohol, a risk factor for both AP and chronic pancreatitis
(CP), also increases PTHrP levels. These effects of cerulein and ethanol are evident in isolated
primary acinar and stellate cells, as well as in the immortalized acinar and stellate cell lines AR42]
and irPSCc3, respectively. Ethanol sensitizes acinar and stellate cells to the PTHrP-modulating
effects of cerulein. Treatment of acinar cells with PTHrP (1-36) increases expression of the
inflammatory mediators interleukin-6 (IL-6) and intracellular adhesion protein (ICAM-1),
suggesting a potential autocrine loop. PTHrP also increases apoptosis in AR42J cells. Stellate cells
mediate the fibrogenic response associated with pancreatitis; PTHrP (1-36) increases procollagen |
and fibronectin mRNA levels in both primary and immortalized stellate cells. The effects of
cerulein and ethanol on levels of IL-6 and procollagen | are suppressed by the PTH1R antagonist,
PTHrP (7-34). Together these studies identify PTHrP as a potential mediator of the inflammatory
and fibrogenic responses associated with alcoholic pancreatitis.
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1. Introduction

It is well established that acute pancreatitis (AP) can be precipitated by exposure to risk
factors such as smoking, hypertriglyceridemia, and, most commonly, ethanol. At the cellular
level, ethanol induces acinar cell injury and stellate cell activation [1-3]. Damaged acinar
cells are responsible for releasing the first inflammatory signals in response to pancreatic
injury, leading to activation of the immune system [4-6]. Cytokines, chemokines and
adhesion molecules are all produced by acinar cells in response to injury. Factors released
from damaged acinar cells in turn activate the pancreatic stellate cells (PSC). These cells are
key participants in pancreatitis after transforming from a quiescent into an “activated or
myofibroblastic” state [7]. Activated PSC produce high levels of extracellular matrix (ECM)
proteins, which most likely play a critical role in tissue repair following injury, but can also
contribute to the pathologic fibrosis characteristic of chronic pancreatitis (CP) if unregulated
[7]. Unfortunately, our current knowledge of the initial mediators of the ethanol-induced
pathophysiology in pancreatic cells is still limited.

Parathyroid hormone-related protein (PTHrP), a peptide hormone with sequence homology
to parathyroid hormone (PTH) at the N-terminus, is known to exert multiple effects in both
normal and disease states, where it modulates critical cellular functions such as proliferation,
apoptosis and differentiation, in part through paracrine and/or autocrine activation of the
PTH/PTHTrP receptor (PTH1R), a G protein-coupled receptor (GPCR) [8-10]. In the normal
pancreas, PTHrP is expressed by islet cells and regulates cell proliferation, apoptosis, and
insulin release [11,12]. PTHrP has also been reported to induce a proinflammatory response
in a number of pathophysiological settings, including the injured kidney, atherosclerosis and
rheumatoid arthritis [13-17]. Furthermore, PTHrP plays a role in tubulointerstitial apoptosis
and fibrosis after folic acid-induced nephropathy [18]. These effects of PTHrP are mediated
via both autocrine and paracrine pathways [13-18]. In this study, we asked whether PTHrP
plays a role in the inflammatory response and fibrosis which accompany alcohol-induced
pancreatitis. We show that PTHrP levels are transiently elevated in a mouse model of
cerulein-induced AP. Treatment with ethanol also increases PTHrP levels. These effects of
cerulein and ethanol are evident in primary and immortalized acinar and stellate cells. In
addition, ethanol sensitizes the pancreas to the PTHrP-modulating effects of cerulein.
Treatment of acinar cells with PTHrP (1-36) increases expression of the inflammatory
mediators interleukin-6 (IL-6) and intracellular adhesion protein (ICAM-1), as well as
apoptosis. PTHrP (1-36) also increases procollagen | and fibronectin mRNA levels in
primary and immortalized stellate cells. The cerulein- and ethanol-induced upregulation of
IL-6 and procollagen | are suppressed by the PTH1R antagonist PTHP (7-34). These studies
identify PTHrP as a potential mediator of the inflammatory and fibrogenic responses evident
in alcoholic pancreatitis.

2. Materials and Methods

2.1. Materials

Fetal bovine serum (FBS) was obtained from Atlanta Biologicals (Norcross, GA). Tissue
culture supplies were purchased from Gibco (Carlsbad, CA). Antibodies for Western blot
analysis, immunohistochemistry and immunofluorescence were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). PTHrP (1-36) and PTHrP (7-34) were purchased from
Bachem (Torrance, CA). Alexa Fluor 488 and Alexa Fluor 594 were obtained from
Invitrogen (Carlsbad, CA).
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2.2. Treatment with ethanol in vivo

All animal experiments were carried out under an Institutional Animal Care and Use
Committee-approved protocol. C57BL/6 mice (Harlan Laboratories, Indianapolis, IN)
received ethanol (3.2 g/kg; administered in a 33.3% ethanol:67.7% water solution) by ip
injection once a day for 7 days [19]. Control mice received water. Mice were sacrificed 2
days after the last ethanol injection. A portion of the pancreas was flash frozen and stored at
—80°C for Western blot analysis. The other portion was fixed for immunohistochemistry
(IHC) and immunofluorescence analyses.

2.3. Treatment with cerulein in vivo

Pancreatitis was induced in C57BL/6 mice (Harlan Laboratories) by intraperiton eal
(ip) in jection o f cer ulein (50 pg/kg) at 1 h intervals [20]. Different groups of mice
received 1 to 9 injections, and mice were sacrificed 1 h after the last injection. For longer
term studies, mice were sacrificed 16 h after the last injection. Control mice were injected
with PBS, using the same injection schedule. Pancreata were harvested and processed as
described in Section 2.2.

2.4. Preparation of primary acinar and stellate cells

Primary pancreatic acinar and stellate cells were isolated as described [21,22]. Briefly,
pancreata were removed from 2-3 mice sacrificed under anesthesia, and washed quickly
with 3 ml isolation buffer (0.1% BSA-PBS with 10 pg/ml trypsin inhibitor). Pancreatic
tissue was finely minced with scissors and digested with collagenase type 1V (1 mg /ml)
(Invitrogen) for 15 min at 37° C with vigorous shaking. Collagenase was inactivated by
addition of 6 ml cold isolation buffer. Cells were washed 3 times in cold isolation buffer.
The cell suspension was filtered through 70 pum mesh and cells were spun and resuspended
in 10 ml of 10% FBS-DMEM containing 0.025% trypsin inhibitor. The identity of acinar
cells was verified by measuring secreted amylase levels, using the Phadebas® Amylase Test
kit (Lund, Sweden).

The identity of stellate cells was verified by staining with Oil Red O (Sigma) and a-smooth
muscle actin (a-SMA). The absence of acinar cell contamination in stellate cells cultures
was verified by measuring amylase levels in the stellate cell culture medium. For acinar cell
culture, cells were plated onto 6-well dishes coated with 50 pg/ml laminin (Invitrogen).
Treatment was initiated 24 h after plating. Stellate cells were plated onto 6-well dishes.
Treatments were initiated when cells reached 70-80% confluence.

2.5. Cell culture and treatment

AR42] and Saos-2 cells were obtained from the American Type Culture Collection (ATCC,
Manassas, VA). AR42] cells were grown at 37 °C in a humidified 95% 0,/5% CO5
atmosphere in F12-K medium supplemented with L-glutamine and 20% FBS. Saos-2 cells
were grown under the same conditions in McCoy’s 5a medium supplemented with L-
glutamine and 15% FBS. The irPSCc3 rat pancreatic stellate cell line was obtained from Dr.
Raul A. Urrutia (Mayo Clinic Cancer Center, MN) [23] and was grown under the same
conditions in DMEM high glucose medium supplemented with 10% FBS and L-glutamine.

For all experiments requiring the preparation of RNA, AR42J, irPSCc3 and Saos-2 cells
were plated in 6-well dishes. When the cells were ~ 70% confluent, they were serum-starved
for 16 h. The cells were then treated with cerulein (1072 M to 10~ M), ethanol (5 mM to 50
mM), cerulein (1078 M) plus ethanol (10 mM), or PTHrP (1-36) (10~7 M) for the time-
intervals indicated in the Results section. The treatment protocols utilized in the Results
section were chosen for further studies after performing the dose-response and time-course
experiments. Cerulein (1078 M) and ethanol (10 mM) represent the highest dose at which

Regul Pept. Author manuscript; available in PMC 2013 April 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bhatia et al.

Page 4

individual treatment had no effect. An effect was observed after individual treatment with a
dose of 107 M cerulein or doses of 25 mM or higher of ethanol. In some experiments, the
cells were pre-treated for 1 h with the PTH1R antagonist PTHrP (7-34) (107> M) prior to
treatment with cerulein, ethanol or PTHrP (1-36).

2.6. Immunohistochemistry

Portions of the dissected pancreata were fixed immediately in 10% neutral buffered formalin
for 24 h at room temperature after harvesting, and then placed in 70% ethanol. Formalin-
fixed tissues were embedded in paraffin, and sections (5 um) were cut from the paraffin
blocks. The sections were deparaffinized in xylene, and rehydrated in descending ethanol
series. Protein staining was performed using the DAKO EnVision Kit (Dako Corporation,
Carpinteria, CA). Briefly, sections were incubated overnight at 4 °C with monoclonal
antibodies (diluted in 0.05 mol/L Tris-HCI + 1% BSA) against PTHrP (N-19 and H-137),
PTH1R or a-SMA (Santa Cruz Biotechnology, Inc.). After 3 washes with TBST, the
sections were incubated for 30 min with secondary antibody labeled with peroxidase, then
washed 3 times with TBST. Lastly, peroxidase substrate DAB was added for staining. All
sections were counterstained with haematoxylin and observed by light microscopy. For
negative controls, sections were incubated with rabbit 1gG (Santa Cruz Biotechnology) in
place of the primary antibody. To detect the presence of markers of pancreatitis, sections
were stained with hematoxylin and eosin. Images were recorded using an Olympus BX51
microscope microscope at 40 x and 100 x magnification.

For IHC staining of primary stellate cells and the AR42J and irPSCc3 cell lines, the cells
were grown to 70% confluence in 8-well chamber slides before treatment. Primary acinar
cells were treated 24 h after plating. After treatment, the cells were fixed in 95 % ethanol
and stained as described above.

2.7. Immunofluorescence

Pancreas sections and cells were processed as described in Section 2.6. They were then co-
incubated with anti-PTHrP antibody and anti-GFAP antibody overnight. After washing 3
times with TBST, the sections were incubated in the dark for 1 h with Alexa Fluor 488 and
Alexa Fluor 594. The sections were then washed 3 times with TBST in the dark. Nuclei
were counterstained with DAPI.

2.8. Analysis of mRNA levels

Total RNA was extracted using the RNAqueous® isolation kit (Ambion Inc., Austin, TX),
per the manufacturer’s protocol. RNA concentrations were determined by
spectrophotometry. RNA (2.0 .g) was reverse transcribed into cDNA using the Applied
Biosystems cDNA synthesis Kit, per the manufacturer’s protocol. The first-strand cDNA was
then used as a template for real-time PCR on an Applied Biosystems 7500 Real-Time PCR
System using Sybr green Supermix (Applied Biosystems) and the primers described in
Table 1 [24-39]. The threshold cycle (Cy) values for each target gene were normalized to
levels of B-actin or GAPDH (Table 1), and the relative expression level of each target gene
was calculated using the formula 7-fold change = 27A€7, where A Crrepresents Cr (target
sample) — Cy(control).

2.9. Western blot analysis

Frozen pancreatic tissue was homogenized in cold 1 x lysis buffer as described [40]. Cells
were washed twice with cold PBS on ice and lysed in RIPA buffer containing a Protease
Inhibitor cocktail and Phosphatase Inhibitor cocktails A and B (Santa Cruz Biotechnology).
Protein concentrations were estimated using the Bio-Rad protein assay. Protein levels were
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analyzed by Western blot analysis as previously described [41]. GAPDH was used as
loading control. The signals were detected using the SuperSignal West Pico Substrate kit
(Pierce Biotechnology Inc., Rockford, IL). Densitometric analysis was performed using the
Alpha Innotech Image Analysis system (Alpha Innotech Corporation, San Leandro, CA).

2.10. Measurement of apoptosis

To measure apoptosis, cells were plated in 96-well dishes (1 x 104 cells/well) in medium
containing 10% FBS. When the cells were ~ 70% confluent, they were serum-starved for 16
h. They were then treated with 10~ M PTHrP (1-36) for the indicated time intervals. The
level of apoptosis was measured using the Cell Death Detection ELISA PLUS kit (Roche
Applied Science, Indianapolis, IN). Briefly, the cells were lysed for 30 min at room
temperature by incubation with 200 pl of lysis buffer. After centrifugation (10 min at 200 x
g), 20 I of the supernatant was transferred onto a streptavidin-coated microplate for
quantitation at 405 nm per the manufacturer’s protocol.

2.11. Statistics

Results

Numerical data are presented as the mean + standard error of the mean (S.E.M). The data
were analyzed by one-way analysis of variance (ANOVA) followed by a Tukey-Kramer
multiple comparisons post-test to determine the statistical significance of differences. All
statistical analyses were performed using INSTAT Software (GraphPad Software, Inc., San
Diego, CA).

3.1. Cerulein increases PTHrP levels in the exocrine pancreas

To assess whether PTHrP levels are altered during the process of AP, experimental
pancreatitis was induced by repeated hourly injection of cerulein [20]. One hour after 4
cerulein injections (t = 5 h), necrosis and edema were observed in the pancreatic sections
(Fig. 1A). No necrosis or edema was observed in control mice given hourly injections of an
equivalent volume of PBS (Fig. 1A).

In control mice, robust PTHrP immunostaining was limited to the pancreatic islets (Fig. 1B).
As previously reported [11], no detectable staining was evident in the acinar and stellate
cells (Fig. 1, B and C). In contrast, the pancreata of mice treated with cerulein (4 cerulein
injections, t = 5 h) showed significantly elevated levels of PTHrP in both acinar cells (Fig. 1,
B and C) and stellate cells, which surround or are located in the interstitial spaces between
the acini (Fig. 1C). PTHrP levels in islets were not visibly altered after cerulein treatment
(Fig. 1B). These data, generated using the N-19 antibody, were reproduced with a second
anti-PTHrP antibody (H-137), confirming the specificity and reproducibility of the response
(data not shown). Co-staining with PTHrP and glial fibrillary protein (GFAP), a stellate cell
marker expressed in both quiescent and activated stellate cells [7], confirmed an increase in
PTHTrP levels in stellate cells after cerulein treatment (Fig. 2). PTHrP levels were also
elevated in the acini, as evident by an increase in green (PTHrP) fluorescence (Fig. 2).

Western blot analysis showed that PTHrP levels increased transiently, with maximal
expression observed at the 3 h and 5 h time points, or after 2 and 4 injections of cerulein,
respectively (Fig. 1D). At 10 h, 1 h after 9 injections of cerulein, PTHrP levels had declined
(Fig. 1D). PTHrP levels returned to baseline levels by 14 h after the last cerulein injection (t
= 24 h) (data not shown).
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3.2. Ethanol increases PTHrP levels in the exocrine pancreas

Mice injected with ethanol showed physiological signs of intoxication within minutes of the
injection, manifested as decreased motor activity. A low level of fibrosis was evident in the
pancreata of mice injected with 3.2 g/kg of ethanol once daily for a total of 7 days (Fig. 3A).
Mice injected with an equivalent volume of water had no evidence of fibrosis (Fig. 3A).
Similar to cerulein, treatment with ethanol significantly increased PTHrP levels in acinar
and stellate cells (Fig. 3, B - D). Co-staining with PTHrP and GFAP confirmed the increase
in PTHrP levels in stellate cells after ethanol treatment (Fig. 2). PTHrP levels were also
elevated in the acini after ethanol treatment, as evident by an increase in green (PTHrP)
fluorescence (Fig. 2).

3.3. Cerulein and ethanol increase PTHrP levels in primary acinar cells and AR42J cells

Using primary mouse acinar cells, here we asked whether the effect of cerulein and ethanol
on PTHrP levels in vivo (Figs. 1-3) is direct or mediated indirectly, as may occur through
the release of factors from the immune cells secondary to pancreatic injury. The identity of
the primary acinar cells was confirmed by measuring amylase secretion. The human
osteosarcoma cell line Saos-2 and stellate cells were used as negative controls. Both primary
acinar cells and the acinar cell line AR42J secreted amylase (Fig. 4A). No amylase was
detected in the supernatant from Saos-2 cells and stellate cells (Fig. 4A). Primary acinar
cells express the CCK-1 receptor [42]. Treating these cells with cerulein (107 M) or ethanol
(50 mM) increased PTHrP mRNA levels, as determined by reverse transcription/real time
PCR. The effect of cerulein and ethanol was comparable, with a 3 to 5-fold increase in
PTHrP mRNA levels observed at the 4 h and 6 h time-points (Fig. 4B). No significant effect
was observed after 2 h treatment (data not shown). Ethanol and cerulein also increased
PTHTrP protein levels, as determined by Western blot analysis and immunostaining (Fig. 4, C
and D),

We also measured the response of AR42J cells to cerulein and ethanol. These cells also
express the CCK1 and CCK2 receptors [43] and secrete amylase (Fig. 4A). Treatment of
these cells with cerulein (10~ M) or ethanol (50 mM) for 4 h or 6 h resulted in an increase
in PTHrP mRNA and protein levels (Fig. 4, E and F). However, the magnitude of the
increase was lower than that in primary acinar cells (Fig. 4, B and C vs. E and F). As in
primary cells, no significant effect was observed after 2 h treatment (data not shown).

Autocrine/paracrine PTHrP action is mediated through activation of the PTH1R [8-10]. Here
we show that mouse primary acinar cells and AR42J cells express the PTH1R, as shown by
reverse transcription/real time PCR and IHC (Fig. 5, A and B). PTH1R mRNA levels are
presented relative to those in Saos-2 cells, which express high PTH1R levels [44]. Treatment
with cerulein or ethanol had no effect on PTH1R levels in the acinar cells (Fig. 5A and B),
indicating that the increase in PTHrP levels after cerulein and ethanol treatment does not
result in downregulation of PTHR1 levels. The presence of PTH1R in these cells confirms
the potential for autocrine/paracrine PTHrP signaling, as well as the capability for the
increased PTHTrP signaling that occurs secondary to the elevated PTHrP levels observed
after cerulein and ethanol treatment.

3.4. Cerulein and ethanol increase PTHrP levels in primary stellate cells and irPSCc3 cells

In vivo administration of cerulein and ethanol also increases PTHrP levels in stellate cells
(Figs. 1-3). Using primary mouse stellate cells, here we asked whether this effect is direct.
These primary cells also express the PTH1R (Fig. 5, A and C), as well as the CCK-1 and
CCK-2 receptors [45]. To confirm absence of acinar cell contamination in the primary
stellate cell cultures, we measured secreted amylase levels in the conditioned medium from
the stellate cells. No amylase was detected in the conditioned medium from stellate cell
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cultures (Fig. 4A). Staining with Oil Red O and a-SMA was used to distinguish the relative
levels of quiescent and activated cells. In control cells, ~5% of the cells were in a quiescent
state (Fig. 6A). No quiescent cells were detected after treatment with 10~/ M cerulein or 50
mM ethanol (Fig. 6A). Treatment with cerulein or ethanol also resulted in an increase in a-
SMA levels (Fig. 6A), indicating activation of the stellate cells. Treating these cells for 4 h
or 6 h with the doses of cerulein or ethanol indicated above increased PTHrP mRNA levels,
as determined by reverse transcription/real time PCR. The effect of cerulein and ethanol was
comparable (Fig. 6B). No effect was observed after 2 h treatment (data not shown). Ethanol
and cerulein also increased PTHrP protein levels as determined by Western blot analysis and
immunofluorescence (Fig. 6, C and D). Immunofluorescence demonstrated co-localization
of PTHrP and GFAP in the stellate cells (Fig. 6C).

We also measured the response of the rat stellate cell line irPSCc3 to cerulein and ethanol.
These cells have been extensively characterized [23]. They also express the CCK1 and
CCK2 receptors at levels comparable to those observed in primary stellate cells (data not
shown). Treatment of these cells with cerulein (10~7 M) or ethanol (50 mM) for 4 h or 6 h
resulted in an increase in PTHrP mRNA and protein levels (Fig. 6, D and E). No effect was
observed after 2 h of treatment (data not shown).

As observed in acinar cells, treatment with cerulein or ethanol had no effect on PTH1R
levels in stellate cells (Fig. 5, A and C). These data again confirm the potential for the
increased PTHrP signaling that is likely to occur secondary to the elevated PTHrP levels
observed after cerulein and ethanol treatment.

3.5. PTHrP increases IL-6 and ICAM-1 mRNA levels in AR42J and primary acinar cells

The inflammatory response in pancreatitis is accompanied by an increase in cytokine and
chemokine levels. PTHrP exerts pro-inflammatory effects in the injured kidney,
atherosclerosis and rheumatoid arthritis [13-17]. Here we measured the effects of PTHrP on
IL-6 and ICAM-1 mRNA levels.

Treating AR42J cells with PTHrP increased IL-6 mRNA levels (Fig. 7A). This effect was
evident after 30 min of treatment with 10~/ M PTHrP (1-36) and had returned to baseline
levels within 1 h of treatment (Fig. 7A). A similar profile was observed in primary acinar
cells, except that IL-6 mRNA levels returned to basal levels within 1.5 h of treatment with
PTHrP (Fig. 7A). Treatment with PTHrP (1-36) also resulted in an increase in ICAM-1
MRNA levels (Fig. 7B). This effect reached a peak after 30 min of treatment and was back
to basal levels within 1 h (Fig. 7B). Similar effects were again obtained in primary acinar
cells (Fig. 7B).

3.6. PTHrP increases apoptosis in AR42J cells

The inflammatory response in pancreatitis is accompanied by induction of cell death
pathways. Here we asked whether PTHrP alters apoptosis in AR42J and irPSCc3 cells.
Treatment with PTHrP (1-36) increased apoptosis in AR42J cells; this effect was observed
after 24 h treatment but was only significant after 48 h treatment (Fig. 7C). There was no
effect in irPCSc3 cells (data not shown).

3.7. PTHrP increases expression of ECM components involved in fibrosis in primary
stellate cells and irPSCc3 cells

The fibrosis observed in pancreatitis is associated with increased deposition of ECM
proteins. Here we asked whether PTHrP regulates expression of ECM components in stellate
cells. Treatment of primary stellate cells with PTHrP (1-36) for 4 h caused a significant
increase in MRNA levels of procollagen | and fibronectin (Fig. 8A). Similar effects were
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observed in the irPSCc3 stellate cell line (Fig. 8B). mRNA levels were still elevated after 8
h of treatment (data not shown).

3.8. PTHrP mediates the effects of cerulein and ethanol on markers of inflammation and

fibrosis

Here we investigated whether PTHrP functions as an intermediate to mediate the effects of
cerulein and ethanol on markers of inflammation and fibrosis. Autocrine/paracrine PTHrP
action was blocked by treatment with the PTH1R antagonist PTHrP (7-34). In AR42] cells,
the presence of the antagonist blocked the PTHrP-mediated effects on IL-6 mMRNA levels
(Fig. 9A). Treatment with 10~/ M cerulein or 50 mM ethanol also resulted in an increase in
IL-6 levels; these effects were again blocked by PTHrP (7-34) (Fig. 9A). A similar profile
was obtained in irPSCc3 cells, in that treatment with PTHrP (7-34) blocked the PTHrP-
mediated increase in procollagen | mMRNA levels, as well as the effects of cerulein and
ethanol on procollagen | mMRNA levels (Fig. 9B).

3.9. Ethanol sensitizes acinar and stellate cells to induce PTHrP expression upon CCK
receptor stimulation

Ethanol sensitizes the pancreas to injury induced by hyperstimulation with cerulein [46, 47].
Here we asked if co-treatment with ethanol enhances the effect of cerulein on PTHrP mRNA
levels. Treatment of AR42J cells with ethanol at 25 mM or higher or with cerulein at 10~/ M
caused a significant increase in PTHrP mRNA levels. These effects were accompanied by an
increase in levels of IL-6 (Fig. 10A). Ethanol (10 mM) or cerulein (1078 M) alone for 4 h
had no significant effect on PTHrP or IL-6 mRNA levels (Fig. 10A). However, co-treatment
with both compounds caused a significant increase in both PTHrP and IL-6 mRNA levels
(Fig. 10A), indicating that ethanol sensitizes these cells to induce PTHrP expression upon
CCK receptor stimulation, and that this effect in turn results in upregulation of IL-6
expression.

Similar effects were observed in irPSCc3 cells, in that combination treatment with cerulein
(1078 M) and ethanol (10 mM) for 4 h caused a significant increase in PTHrP mRNA levels.
These effects were accompanied by an increase in procollagen | levels (Fig. 10B). At these
doses, neither compound alone had an effect on PTHrP or procollagen | mRNA levels (Fig.
10B).

Discussion

AP is a clinical syndrome which begins with an injury to the pancreas that results in an
inflammatory response [1]. Chronic pancreatitis (CP) occurs as a result of relapsing episodes
of AP [recurrent acute pancreatitis (RAP)] and is characterized by destruction of acinar
tissue, a sustained pancreatic inflammatory response and fibrosis [46]. Both acinar and
stellate cells contribute to the inflammatory and fibrogenic response associated with AP.
PTHTrP is normally expressed in pancreatic islets and regulates cell proliferation, apoptosis
and insulin release [11,12]. However, no function for PTHrP has previously been attributed
in the exocrine pancreas. In this study, we show that PTHrP levels are transiently elevated in
a mouse model of AP induced by injection of the CCK analog cerulein. Exogenous addition
of cerulein to primary and established acinar and stellate cells also results in increased
PTHrP mRNA and protein levels. Further, exogenous addition of PTHrP (1-36) to acinar
and stellate cells increases the expression of markers associated with AP. These pro-
inflammatory effects of PTHrP in the exocrine pancreas mirror its effects in rheumatoid
arthritis, atherosclerosis, and the obstructed inflamed kidney, where PTHrP also plays a role
in the inflammatory response [13-17]. In the kidney, PTHrP expression is also associated
with renal fibrosis [18].
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The sentinel acute pancreatitis event (SAPE) hypothesis model of CP [47,48] divides the
pathogenesis of CP into 3 sequential stages: (1) pre-AP; (2) the initial (sentinel) attack of AP
(1t hit), and (3) the progression phase (2"d hit). The pre-AP stage recognizes the presence of
risk factors for CP and their effects on subjects without CP. The sentinel phase is defined as
the 15t episode of AP from any cause that activates the immune system (both pro- and anti-
inflammatory phases). The progression stage is dependent on factors that drive the immune
response through a variety of stressors. In patients with minimal stress, the pancreas
recovers from AP. Progression to CP occurs in patients suffering from repeated bouts of AP.
Both acinar and stellate cell injury have been implicated as contributing to the SAPE model
of CP [1,47,48]. Alcohol abuse contributes to the pre-AP phase and is associated with a
spectrum of pancreatic disease, ranging from acute self-limiting pancreatitis to chronic
unremitting pancreatitis [reviewed in 49]. The pathobiological responses of alcoholic
pancreatitis include acute and chronic inflammation and fibrosis [49]. However, less than
10% of heavy drinkers develop clinical pancreatitis and treatment of mice with ethanol alone
is not accompanied by overt histological characteristics of pancreatitis.

The elevated PTHrP levels observed after ethanol treatment may be sensitizing the pancreas
such that its ability to adapt and respond to stressful stimuli is diminished. This may lead to
AP under conditions of further insult. PTHrP may therefore function as an early response
gene that mediates the critical acute phase response in AP, thereby playing a major role in
the sentinel phase of the SAPE hypothesis model. In support of this scenario, we show that
co-treatment of acinar and stellate cells with ethanol and cerulein increases PTHrP mRNA
levels at doses where the individual compounds have minimal or no effect. This effect is
accompanied by increased expression of IL-6 and procollagen I. From these observations,
we postulate that the resulting increase in PTHrP levels at the pre-AP stage initiates a
cascade of events that ultimately leads to the inflammatory and fibrotic response associated
with AP, and that the increase in PTHrP levels after pancreatic injury is not secondary to the
inflammatory response.

Induction of inflammatory signals in pancreatitis, with particular reference to alcoholic
pancreatitis, is accompanied by induction of cell death pathways, resulting in a net loss of
acinar cells [50]. We show that autocrine/paracrine PTHrP action increased apoptosis of
AR42] cells. Similar pro-apoptotic effects of PTHrP via an autocrine/paracrine pathway
have been observed in other cell systems, including the colon cancer cell line, LoVo and the
rat intestinal cell line, IEC-6 [51,52]. PTHrP also functions via an intracrine pathway [53].
While we show an effect of exogenous PTHP on apoptosis in a cell culture system, PTHrP
may also alter pancreatic cell survival via an intracrine pathway /n vivo. Taken together,
these data indicate that the increase in PTHrP expression following pancreatic injury may
contribute not only to the inflammatory response but also to a net loss of acinar cells within
the exocrine pancreas.

Cerulein and ethanol also increase PTHrP mRNA and protein levels in PSC. Increasing
evidence indicates that PSC are major mediators of fibrosis in chronic pancreatic injury and
inflammation [54]. ECM-regulating proteins play a critical role in fibrosis [55]. We show
that PTHrP increases expression of the ECM proteins procollagen | and fibronectin.
Expression of these ECM components is characteristic of chronic pancreatic fibrosis [55].
Thus, the increased release of PTHrP following pancreatic injury may play a role in
development of fibrosis. Since PTHrP increases procollagen | and fibronectin levels at the
MRNA level, its effects are likely mediated via transcriptional and/or post-transcriptional
pathways. However, ECM accumulation also results from alterations in repair and
degradation. Matrix metalloproteinases (MMPs) and tissue inhibitors of matrix
metalloproteinases (TIMPSs) play key roles in these processes. MMP-2 and MMP-9
(gelatinase A and B) regulate fibrogenesis. MMPs are synthesized in an inactive form and
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require activation after they are released from cells [56]. TIMPs play a role in MMP
activation. The TIMP concentration and the MMP/TIMP ratio are critical for actual
pancreatic activity [56]. PSC regulate ECM remodeling during pancreatitis through the
production of MMPs and TIMPs [57]. PTHrP may also regulate ECM levels indirectly,
through modulation of MMP levels and/or activity, and/or TIMP levels. Some pro-
fibrogenic factors are known to inhibit PSC proliferation [45]. Future studies will address
the mechanisms via which PTHrP alters the fibrogenic response.

In conclusion, no function for PTHrP has previously been attributed in the exocrine
pancreas. The results presented here demonstrate that treating pancreatic acinar and stellate
cells with cerulein is accompanied by a transient increase in PTHrP levels. Notably,
treatment with alcohol, a risk factor for pancreatitis, also increases PTHrP levels; this may
lead to sensitization of the pancreas to risk factors associated with pancreatitis. PTHrP may
exert autocrine/paracrine effects in both acinar and stellate cells, leading to increased
expression of pro-inflammatory cytokines and chemokines, as well as ECM proteins
involved in fibrosis. This in turn may lead to the development of AP. Repeated episodes of
AP may eventually result in development of CP (Fig. 11). These studies provide the initial
steps in continuing research that may lead to the development of antagonists of PTHrP
signaling as therapeutic strategies aimed at reducing the severity of alcoholic pancreatitis.
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Figure 1. PTHrP levelsin the pancreas of miceinjected with cerulein to induce acute pancr eatitis
(A) H&E staining of pancreatic sections. (B and C) Immunostaining for PTHrP in pancreatic
sections from cerulein-treated mice. An anti-PTHrP antibody (N-19) was used. 1gG was
used as negative control. (B) Magnification x 40. Representative islets are indicated by
arrows. (C) Magnification x 100. Representative stellate cells are indicated by arrows. (D)
Western blot analysis for PTHrP in the pancreas of cerulein-treated mice, sacrificed at the
indicated time intervals. Treated with: + = injected with cerulein, — = injected with PBS
(control). Equal loading was confirmed by re-probing for GAPDH. Data from three mice/
time-point are shown. The relative PTHrP levels were obtained after densitometric scanning
of the Western blots and normalization to GAPDH. The control value (—) was set at 1.0. The
mean = SEM values represent data from six mice per time-point.
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Figure 2. Co-localization of PTHrP and GFAP in stellate cells of miceinjected with cerulein or
ethanol

Upper panels: mice received 4 cerulein injections (t = 5 h). PBS was used as vehicle control.
Mice were sacrificed 1 h after the last injection. Lower panels: mice were injected with
ethanol (3.2 g/kg) intraperitoneally once a day for 7 days. Control mice received water. Mice
were sacrificed 2 days after the last ethanol injection. First column, GFAP localization;
second column, PTHrP localization; third column, overlay of the first and second columns.
Increased green immunofluorescence in acinar cells after treatment with cerulein or ethanol
is also evident.
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Figure 3. PTHrP levelsin the pancreas of miceinjected with ethanol

Mice were injected with ethanol (3.2 g/kg) intraperitoneally once a day for 7 days. Control
mice received water. Mice were sacrificed 2 days after the last ethanol injection. (A) H& E
staining of pancreatic sections. Arrows point to islets. (B and C) IHC analysis.
Immunostaining for PTHrP was performed using an anti-PTHrP antibody (N-19). (B)
Magnification x 40. (C) Magnification x 100. Arrows point to stellate cells. (D) Western blot
analysis for PTHrP in the pancreas of ethanol-treated mice. Treated with: + = injected with
ethanol, — = injected with water (control). Equal loading was confirmed by re-probing for
GAPDH. Data from two mice/treatment are shown. The relative PTHrP levels were obtained
after densitometric scanning of the Western blots and normalization to GAPDH. The control
value (=) was set at 1.0. The mean + SEM values represent data obtained from five mice.
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Figure 4. Effect of cerulein and ethanol on PTHrP levelsin pancreatic acinar cells

(A) Amylase secretion from mouse primary acinar cells and AR42J cells. Saos-2 (human
osteosarcoma) cells and stellate cells were used as negative controls. (B-D) Effect of
cerulein and ethanol on PTHTP levels in primary acinar cells. (B) Acinar cells were treated
with cerulein (1077 M) or ethanol (50 mM) for the indicated time intervals. PTHP mRNA
levels were measured by reverse transcription/real-time PCR. Values are expressed relative
to the untreated value, set arbitrarily at 1.0. Each bar is the mean + SEM of three
independent experiments. * = Significantly different from the control value (P < 0.001). (C)
Western blot analysis for PTHrP in acinar cells treated with cerulein (CR) or ethanol (EtOH)
as described in (B) for 6 h. (D) Acinar cells treated as described in (B) for 6 h were fixed
and analyzed by IHC. — = no treatment. IgG = antibody control. The panels other than 1gG
were immunostained with anti-PTHrP antibody. (E-F) Effect of cerulein and ethanol on
PTHrP levels in AR42J cells. Cells were treated with cerulein or ethanol as in (B). (E)
PTHrP mRNA levels were measured by reverse transcription/real-time PCR. Values are
expressed relative to the untreated value, set arbitrarily at 1.0. Each bar is the mean + SEM
of three independent experiments. * = Significantly different from the untreated value (P <
0.001). (F) Western blot analysis for PTHrP in AR42] cells treated with CR or EtOH as
described in (B) for 6 h. In (C) and (F), the relative PTHrP levels were obtained after
densitometric scanning of the Western blots and normalization to GAPDH. The control
value (=) was set at 1.0. The mean + SEM values represent data obtained from three
independent experiments.
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Figure5. PTHIR levelsin acinar and stellate cellstreated with cerulein or ethanol

(A) Primary (19) acinar and stellate cells, AR42J (acinar) and iPSCc3 (stellate) cells were
treated with cerulein (10~7 M) or ethanol (50 mM) for 4 h. Saos-2 cells were used as
positive control. PTHLR mRNA levels were measured by reverse transcription/real-time
PCR. Values are expressed relative to the Saos-2 value, set arbitrarily at 100. Each bar is the
mean = SEM of three independent experiments. (B and C) IHC analysis for PTH1R in cells
treated with cerulein (CR) or ethanol (EtOH) as described in (A). — = no treatment. IgG =
antibody control. The panels other than 1gG were immunostained with anti-PTH1R
antibody.
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Figure 6. Effect of cerulein and ethanol on PTHrP levelsin pancreatic stellate cells

(A) Detection of vitamin A-containing lipid droplets and a-smooth muscle actin (a.-SMA)
in primary stellate cells treated with cerulein (CR) or ethanol (EtOH). Cells were treated
with cerulein (10~7 M) or ethanol (50 mM) for 4 h. Vitamin A-containing lipid droplets
were detected using Oil Red O. Representative positive cells are indicated by arrows. — = no
treatment. In the a-SMA panels, 1gG = antibody control. The panels other than 1gG were
immunostained with anti-a-SMA antibody. (B-E) Effect of cerulein and ethanol on PTHrP
levels in primary stellate cells and iPSCc3 cells. (B and E) Cells were treated with cerulein
(10~7 M) or ethanol (50 mM) for the indicated time intervals. PTHrP mRNA levels were
measured by reverse transcription/real-time PCR. Values are expressed relative to the
untreated value, set arbitrarily at 1.0. Each bar is the mean + SEM of three independent
experiments. * = Significantly different from the control value (P < 0.001). (C) Cells treated
as described in (B and E) for 6 h were fixed and analyzed by immunofluorescence for the
presence of GFAP and PTHrP. — = no treatment. (D) Western blot analysis for PTHrP in
cells treated with CR or EtOH as described in (C).
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Figure 7. Effect of PTHrP on mRNA levelsof IL-6 (A) and ICAM-1 (B), and on apoptosis (C) in
acinar cells

Cells were treated with 10 =/ M PTHrP (1-36) for the indicated time intervals. IL-6 and
ICAM-1 mRNA levels in primary acinar cells and in AR42] cells were measured by reverse
transcription/real-time PCR. Apoptosis was measured using the Cell Death Detection ELISA
PLUS kit. Values are expressed relative to the untreated value, set arbitrarily at 1.0. Each
point is the mean + SEM of three independent experiments. * = Significantly different from
the control value (P < 0.001).
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Figure 8. Effect of PTHrP on procollagen | and fibronectin mRNA levelsin irPSCc3 (A) and
primary mouse stellate cells (B)

Cells were treated with PTHrP (1-36) for 4 h. mMRNA levels were measured by reverse
transcription/real-time PCR. Values are expressed relative to the untreated control value, set
arbitrarily at 1.0. Each bar is the mean = SEM of three independent experiments. * =
Significantly different from the control value (P < 0.001).
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Figure 9. Effect of inhibition of PTHrP action on the cerulein- and ethanol-mediated
upregulation of IL-6 and procollagen | mRNA levels

Cells were pre-treated with 107> M PTHrP (7-34) for 1 h, then treated in the presence of
PTHrP (7-34) with 107 M cerulein (CR) or 50 mM ethanol (EtOH) for 4 h, or with PTHrP
(1-36) for 30 min. — = control (no treatment). IL-6 mMRNA levels (in AR42J cells) and
procollagen I mMRNA levels (in irPSCc3 cells) were measured by reverse transcription/real-
time PCR. Values are expressed relative to the untreated control value, set arbitrarily at 1.0.
Each bar is the mean = SEM of three independent experiments. * = Significantly different
from the control value (P < 0.001); # = significantly different from the - PTHrP (7-34) value
(P <0.001).
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Figure 10. Sensitization of AR42J and ir PSCc3 cellsto the effects of cerulein by co-treatment

with ethanol

Cells were treated with the indicated concentration for cerulein (CR) and/or ethanol (EtOH)
for 4 h. PTHrP mRNA levels (in AR42J and irPSCc3 cells), IL-6 mMRNA levels (in AR42]
cells), and procollagen | mRNA levels (in irPSCc3 cells) were measured by reverse
transcription/real-time PCR. Values are expressed relative to the untreated control value, set
arbitrarily at 1.0. Each bar is the mean £ SEM of three independent experiments. * =
Significantly different from the control value (P < 0.001); ** = significantly different from
the control value (P < 0.05); # = significantly different from the value obtained after
individual treatment with 10 mM ethanol or 108 M cerulein (P < 0.001).
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Figure 11. Proposed pathways via which PTHrP expression contributesto development of

pancreatitis

Pancreatic insult results in a transient increase in PTHrP levels in the exocrine pancreas.
Pathways activated by PTHrP increase cytokine and chemokine release and extracellular
matrix deposition and activate the stellate cells, thereby exacerbating the inflammatory and
fibrogenic responses that accompany AP. Repeated episodes of AP (RAP) may in turn lead
to the development of chronic pancreatitis (CP).
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Table 1

List of primers used in reverse transcription/real-time PCR

Z
II Primers Forward primer 5’- 3’ Reverseprimer 5”- 3’ References
g Human
> PTHR1 CTCTTTGGCGTCCACTACATTG TTGAGGAACCCATCGTCCTTG 24
=
'_:r" GAPDH CATGACAACTTTGGTATCGTGG CCTGCTTCACCACCTTCTTG 25
o
= Mouse
QZJ PTHR1 GCTGTGTGCAGAACTTCCTT TAGGCGGTGGCGATGGGGAC 26
g PTHrP GCTCGTGCCTCTTGCCTACA CGTGTTCTCCTCGTCCTTGA 27
[%2)
Q IL-6 TGGAGTCACAGAAGGAGTGGCTAAG | TCTGACCACAGTGAGGAATGTCCAC 28
-9.. ICAM-1 GGGACCACGGAGCCAATT CTCGGAGACATTAGAGAACAATGC 29
Procollagen-1 | GGTCCCAAAGGTGCTGATGG GACCAGCCTCACCACGGTCT 30
Fibronectin TGCCTCGGGAATGGAAAG TTCCCATCGTCATAGCAGTT 31
CCKR-1 TCTGGAGCTCTACCAAGGAATC GACCACAATGACAATGAGCATG 32
CCKR-2 CTCGTATCCGCGGAACCGGGACCA TATCACCATCAAAGCGGAGCCCTAGG 33
= Actin TCACCCACACTGTGCCCATCTACGA GGATGCCACAGGATTCCATACCCA 28
T Rat
1
g PTHR1 GGGCACAAGAAGTGGATCAT GGCCATGAAGACGGTGTAGT 34
> PTHrP CAGCCGAAATCAGAGCTACC CTCCTGTTCTCTGCGTTTCC 34
% IL-6 TCCTACCCCAACTTCCAATGCTC TTGGATGGTCTTGGTCCTTAGCC 35
2 ICAM-1 CCCCACCTACATACATTCCTAC ACATTTTCTCCCAGGCATTC 36
QZJ Procollagen-1 | AAGGGTGAGACAGGCGAACAA TTGCCAGGAGAACCAGCAGAG 37
g Fibronectin TTATGACGACGGGAAGACCT GCTGGAT GGAAAGATTACTC 38
(8 CCKR-1 GTGCTGATTCGAAACAAGAGG AGATGGCTACCAGGTTGAAGG 39
52
'E{ CCKR-2 ACCTAGGACTCCACTTTGATGG GTGTGGTTAGCGTTGTCATCTC 39
Actin AAGTCCCTCACCCTCCCAAAAG AAGCAATGCTGTCACCTTCCC 35
<
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o
>
>
c
=
>
o
=
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QD
>
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(@]
=b
o
=
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