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Localization of Hedgehog Signaling Pathway
Components During Exocrine Regeneration
in L-Arginine-Induced Acute Pancreatitis in Rats
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Abstract: Background and Aim: Elucidating the molecular and cellular mechanisms
underlying exocrine pancreatic regeneration represents a key step in developing
treatment for exocrine pancreatic insufficiency. The aim of this study was to investigate
the localization of Hedgehog (Hh) signaling pathway components during exocrine
regeneration in L-arginine-induced acute pancreatitis in rats. Acute pancreatitis was
induced by single intraperitoneal injection of L-arginine (450 mg/100g). Before sacrifice,
5-bromo-2'-deoxyuridine was intravenously injected to label proliferating cells in exocrine
regeneration. Localization of the Hh receptors Smoothened (Smo) and Patched 1 (Ptchl)
and of the Hh transcription factor glioblastoma (Gli) 2 and pancreatic progenitor marker
pancreatic and duodenal homeobox factor-1 (Pdx1) was assessed by immunostaining.
Proliferation of Pdx1-positive cells to form tubular complexes and replace necrotic tissue
occurred by day 3 after L-arginine injection; acinar cell proliferation was predominant
while the number of tubular complexes decreased on day 5, and exocrine regeneration
was almost complete on day 14. In the control pancreata, Smo, Ptchl, and Gli2 were
localized to islet and ductal cells. During exocrine regeneration, these proteins were also
localized to tubular complexes. These results suggest that the Hh pathway plays an
important role in regulating Pdx1-positive progenitor cell activity during exocrine

regeneration.

Key Words: Hedgehog signaling pathway, Exocrine regeneration, Acute pancreati-
tis, Progenitor cell, Pdx1.

Introduction

The mechanisms involved in exocrine regeneration in response to acute pancreatitis or other acute
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pancreatic injury in humans are not fully understood. However, previous studies based on animal
models have provided increasing evidence that exocrine regeneration in the adult pancreas can be
induced in response to acute pancreatic injury, although the normal adult pancreas has a low rate of cell

9" The major mechanism involved in exocrine regeneration of the adult pancreas is self-

turnover
duplication of acinar cells. Previous studies using various models of acute pancreatic injury have
proposed that exocrine regeneration may also involve the proliferation and differentiation of

*¥. Understanding the mechanisms that drive the proliferation and differentiation

stem/progenitor cells
of these progenitor cells represents a key step in generating a new therapy that involves the use of stem
cells for exocrine insufficiency caused by acute necrotizing pancreatitis or chronic pancreatitis.

There are several candidate markers for progenitor cells that participate in exocrine regeneration,
a commonly used marker being pancreatic and duodenal homeobox factor-1 (Pdx1). Pdxl, a member
of the large family of homeodomain-containing proteins, is a transcription factor expressed in embryonic
pancreatic progenitor cells that subsequently give rise to differentiated acinar, islet, and ductal cells.
Pdx1 is involved in the differentiation of embryonic pancreatic progenitor cells and is essential for
pancreatic development”. In the adult pancreas, Pdx1 expression is restricted to S cells and is required
for maintaining mature f-cell function. Previous studies have shown striking proliferation of Pdx1-
positive cells and newly formed duct-like structures called tubular complexes during exocrine
regeneration and have suggested that Pdxl-positive cells within the tubular complexes are the
progenitors of acinar cells. However, the origin of pancreatic acinar cells remains controversial, with
putative pancreatic stem cells, ductal progenitors, acinar transdifferentiation, or circulating progenitors
all having been suggested as sources”'?.

The Hedgehog (Hh) signaling pathway plays an important role by regulating critical cell fate
decisions, including proliferation, apoptosis, migration, and differentiation during embryonic
development, adult tissue homeostasis, and regeneration of many organs; activation of this pathway is
widely observed in many cancers"®. In mammals, there are 3 types of Hh ligands: Sonic hedgehog
(Shh), Indian hedgehog (Ihh), and Desert hedgehog (Dhh). Hh signaling is induced by ligand binding
to the Patched 1 (Ptchl) Hh receptor on target cells, with the subsequent release of Smoothened (Smo)
leading to activation of the glioblastoma (Gli) 1 and Gli2 transcription factors and upregulation of Gli

22 - Thus, cells that express Smo, Ptchl, and Gli2 are Hh-responsive.

target genes

Hh signaling plays an important role in embryonic pancreatic development and pancreatic cancer.
A few studies have described the involvement of Hh signaling in exocrine pancreatic regeneration.
Fendlich et al. reported that Hh signaling was upregulated after the induction of cerulein-induced acute
pancreatitis and showed that inhibition of Hh signaling by pharmacological and genetic techniques
resulted in impaired exocrine regeneration, suggesting that Hh signaling is required for exocrine

regeneration®”

. However, these studies did not evaluate the localization of Hh-responsive cells in detail,
and the involvement of Hh signaling in exocrine regeneration has not been investigated in other
experimental models of acute pancreatic injury.

Most previous studies on the mechanism of exocrine regeneration have used experimental models
of acute pancreatic injury, including cerulein-induced acute pancreatitis, partial pancreatectomy, and the
duct-ligation model’®”. The L-arginine-induced acute pancreatitis model is an experimental acute
necrotizing pancreatitis model that is induced by intraperitoneal administration of L-arginine to rats and

mice. In this model, selective damage to pancreatic acinar cell leads to their almost complete depletion,
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followed by acinar cell regeneration. This is therefore a useful model for evaluating the molecular
mechanism that underlies exocrine regeneration®*’.

The aims of the present study were (1) to characterize the involvement of Pdxl-positive
progenitor cells in exocrine regeneration by monitoring the cell proliferation of tubular complexes and
Pdx1 immunolocalization and (2) to characterize Hh-responsive cells by immunolocalization of the Hh
signaling components during exocrine regeneration following L-arginine-induced acute pancreatitis in
rats. These approaches were used to investigate a possible link between Hh signaling and Pdx1-

positive progenitor cells in exocrine regeneration.
Materials and Methods

Animals

Male Wistar rats (Oriental Yeast, Chiba, Japan) weighing 200-230 g were provided with water and
laboratory chow ad libitum. Experimental protocols were approved by the Animal Care Committee of
Kyoto Prefectural University of Medicine.
Induction of Experimental Acute Pancreatitis

To induce acute pancreatitis, rats were given a single intraperitoneal injection of L-arginine
monohydrochloride (450 mg/100 g body weight; Nacalai Tesque, Kyoto, Japan) as a 22.5% solution in
0.1 M NaCl. Control rats were injected with an equal volume of 0.15 M NaCl. The rats were sacrificed
under anesthesia by intraperitoneal injection of sodium pentobarbital (40 mg/kg body weight; Sigma-
Aldrich, St. Louis, MO). L-arginine-treated rats were sacrificed on 3, 5, or 14 days after injection. The
control rats were sacrificed immediately after injection (day0) . One hour before sacrifice, 5-bromo-
2'-deoxyuridine (BrdU) (20 mg/kg body weight; Sigma-Aldrich) was injected intravenously into control
and arginine-treated rats. Their pancreata were excised shortly after death and were immediately fixed
in 4% neutral-buffered paraformaldehyde for immunohistochemical analysis.
Immunohistochemistry

Paraffin-embedded sections (4-um thick) were prepared using standard methodology. After
deparaffinization, antigen retrieval was performed by heating the sections to 95°C for 10 min in REAL
target retrieval solution (Dako, Glostrup, Denmark). For BrdU staining, the sections were then
incubated in 2 N HCL at room temperature for 90 min. For immunostaining, endogenous peroxidase
activity was blocked by incubation for 30 min in 0.3% hydrogen peroxide in methanol. The sections
were then incubated with the primary antibodies in phosphate-buffered saline overnight at 4°C. The
primary antibodies were anti-BrdU (347580; Becton Dickinson, Lincoln Park, NJ; 1 : 100) , anti-Pdx1
(NKR059; Transgenic, Kobe, Japan; 1:250), anti-Gli2 (GTX27195, Genetex, Irvine, CA; 1:250), anti-
Smo (sc-6366; Santa Cruz Biotechnology, Santa Cruz, CA; 1 :250), and anti-Ptchl (sc-6149; Santa
Cruz Biotechnology; 1 : 250). The sections were then incubated with the secondary antibodies for 30
min at room temperature and visualized using diaminobenzidine tetrahydrochloride. The secondary
antibodies were Histofine Simple Stain Rat MAX Peroxidase (mouse) for BrdU, Rat MAX Peroxidase
(rat) for Pdx1 and Gli2 staining, and Rat MAX Peroxidase (goat) for Smo and Ptchl (Nichirei, Tokyo,
Japan). The sections were counterstained with hematoxylin using standard methodology. The primary
antibodies were omitted in the negative controls. The negative controls showed no immunoreactivity.
BrdU Labeling Index

The percentage of BrdU-positive nuclei was quantified in tubular complexes and acinar cells. For
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each time point, sections taken randomly from 5 L-arginine-injected and 5 control animals were
examined at 200 X magnification. At least 150 nuclei were counted for each experimental condition.
Statistical Analysis

Data were expressed as the means + SEM. Statistical analyses were performed using one-way
analysis of variance followed by Dunnett's post-hoc test using JMP11 software (SAS Institute, Cary,
NC). P-values of <0.05 were considered statistically significant.

Results

Histological Changes in the Pancreas in L-Arginine-Induced Acute Pancreatitis

On day 3, necrotic tissues were replaced by the characteristic features of exocrine regeneration,
including the formation of duct-like tubular complexes, which appeared as cylindrical tubes containing
flattened cuboidal cells surrounding a large lumen (Fig. 1B and 1C). On day 14, acinar cell regeneration
was nearly complete and only a few tubular complexes were observed (Fig. 1D).
Proliferating Cells in L-Arginine-Induced Acute Pancreatitis

BrdU labeling was performed to evaluate the cell proliferation of tubular complexes and acinar cells
after the induction of pancreatitis. In the control pancreata, very few BrdU-labeled acinar cells were
detected (Fig. 2A). In all, 0.18% % 0.01% of acinar cells were BrdU-positive in the control group (Fig.
3B). In contrast, on day 3 after L-arginine injection, many cells within the tubular complexes were
BrdU-positive (17.81% *+3.18%; Fig. 2B and 3A) and the percentage of BrdU-labeled acinar cells had
slightly increased to 6.16% *1.05% (Fig.2B and 3B). On day 5, BrdU-labeled acinar cells were
significantly increased compared with the control group(23.00% = 3.79% vs. 0.18% = 0.01%, P<0.05;
Fig. 2C and 3B), whereas fewer tubular complexes contained BrdU-labeled cells (3.81% = 0.53%; Fig.
2C and 3A). On day 14, far fewer acinar cells were labeled with BrdU (2.00% =+ 0.80%; Fig. 2D and
3B).
Immunohistochemical Analysis of Pdx1 in L-Arginine-Induced Acute Pancreatitis

In the control pancreata, Pdx1 was detected in the nucleus of islet and ductal cells but not in acinar
cells (Fig.4A). On day 3 after L-arginine injection, Pdx1 was detected in the nucleus of tubular
complexes and in the nucleus of islet and ductal cells (Fig.4B); on day 14, it was detected in the
nucleus of the remaining tubular complexes and in the nucleus of islet and ductal cells but not in acinar
cells (Fig. 4C).
Immunohistochemical Localization of Hh Signaling Components in L-Arginine-Induced Acute
Pancreatitis

In the control pancreata, Gli2 was detected mainly in the nucleus of islet and ductal cells, with weak
staining in some acinar cells (Fig.5A). On day 3 after L-arginine injection, Gli2 was detected in the
nucleus of tubular complexes and in the nucleus of islet and ductal cells, whereas on day 14, it was
detected in the nucleus of the remaining tubular complexes, islet and ductal cells, and some acinar cells
(Fig. 5B and 5C). In the control pancreata, Smo was detected in the cytoplasm of islet cells but not
acinar cells and duct cells (Fig.6A). On day 3 after L-arginine injection, Smo was detected in the
cytoplasm of tubular complexes and islet cells, with weak cytoplamic staining in ductal cells (Fig. 6B).
On day 14 after L-arginine injection, Smo was detected in the cytoplasm of islet cells, with weak
cytoplasmic staining in tubular complexes and ductal cells (Fig. 6C). In the control pancreata, Ptchl was
detected in the cytoplasm of islet and ductal cells but not in acinar cells (Fig. 7A). On day 3 and day
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Fig. 1. Histological progression of exocrine regeneration in L-arginine-induced acute pancreatitis. (A) Pancreatic tissue
injected with saline as a control. (B) On day 3, necrotic cells were replaced by tubular complexes. (C) Tubular
complexes appeared as cylindrical tubes with flattened cuboidal cells surrounding a large lumen. (D) On day 14,
acinar cell regeneration was nearly complete and there were fewer tubular complexes. Hematoxylin and eosin
staining. Scale bar, 100um (A, B, and D); 200um (C).

Fig. 2. Changes in pancreatic BrdU immunostaining in L-arginine-induced acute pancreatitis (scale bar =100 gzm).
(A) In control pancreata, very few BrdU-labeled acinar cells were detected. (B) On day 3 after L-arginine injection,
many tubular complex cells were positive for BrdU staining. (C) On day 5, many acinar cells were positive for
BrdU, whereas fewer tubular complex cells were positive for BrdU. (D) On day 14, a few BrdU-labeled acinar

cells were detected.
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ig. 3. BrdU labeling indices for tubular complexes(A)and acinar cells (B)in L-arginine-induced
acute pancreatitis. Data represent the mean = SEM (n =5 in each group). *P<0.05 vs.
controls (day 0).

14 after L-arginine injection, Ptchl was detected in the cytoplasm of tubular complexes and in the
cytoplasm of islet and ductal cells (Fig. 7B and 7C).

Discussion

In the present study, we demonstrated that exocrine regeneration after L-arginine-induced acute
pancreatitis was initiated by Pdx1-positive progenitor cell proliferation for tubular complex formation,
acinar cell proliferation, and acinar cell-mediated regeneration coincident with the disappearance of
tubular complexes. We also demonstrated that expression of these Hh signaling components was
almost completely restricted to islet and ductal cells in the control pancreata; however, expression of
these proteins was also observed in tubular complexes during exocrine regeneration, indicating that the
Pdx1-positive progenitor cells within tubular complexes are Hh-responsive.

Previous studies in various rodent experimental models of acute pancreatic injury have suggested
that Pdx1-positive progenitor cells forming tubular complexes have stem cell-like properties that allow
them to differentiate into acinar cells based on the following: 1) the coincidence of the proliferation
of acinar cells and the disappearance of tubular complexes; 2) the continuum of differentiation from
tubular complex to acinar cells; and 3) expression of markers of other embryonic pancreatic
progenitor cells, such as Tcf2 and Sox9, Hnflb, and Foxa2*'?". We first examined the proliferation of
Pdx1-positive progenitor cells that occurred during exocrine regeneration. Our results indicated that
exocrine regeneration after L-arginine-induced acute pancreatitis was initiated by the appearance and
proliferation of Pdx1-positive progenitor cells to form tubular complexes and acinar cells and the
coincidence of the progression of acinar cell proliferation and the disappearance of tubular complexes.
These results indicate that exocrine regeneration in L-arginine-induced acute pancreatitis involves both
transiently proliferating Pdx1-positive progenitor cell proliferation to form tubular complexes and acinar
cell proliferation, supporting previous notions that Pdx1-positive progenitor cells may have the potential
to differentiate into acinar cells.

Elucidating the mechanism that regulates Pdx1-positive cells in exocrine regeneration may provide
an important basis for understanding how Pdx1-positive progenitor cells proliferate and differentiate
into new acinar cells. Hh signaling regulates the regeneration of many organs and tissues through its
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Fig. 4. Immunohistochemical analysis of Pdx1 expression in L-arginine-induced acute pancreatitis (scale bar
=100 um). In control pancreata (A), Pdxl was expressed in islet and ductal cells. During exocrine
regeneration, Pdx1 was also expressed in tubular complexes on day 3 (B) and day 14 (C) after L-
arginine injection.

Fig. 5. Immunohistochemical analysis of Gli2 expression in L-arginine-induced acute pancreatitis (scale bar =
100um). In control pancreata (A), Gli2 was expressed in islet and ductal cells and weakly expressed in
a few acinar cells. During exocrine regeneration, Gli2 was also expressed in tubular complexes on day 3
(B) and day 14 (C) after L-arginine injection.
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Fig. 6. Immunohistochemical analysis of Smo expression in L-arginine-induced acute pancreatitis (scale bar =
100 #m). In control pancreata (A), Smo was expressed in islet cells. During exocrine regeneration,
Smo was also expressed in tubular complexes on day 3 (B) and day 14 (C) after L-arginine injection.

Fig. 7. Immunohistochemical analysis of Ptchl expression in L-arginine-induced acute pancreatitis (scale bar
=100 zm). In control pancreata (A), Ptchl was expressed in islet and ductal cells. During exocrine
regeneration, Ptchl was also expressed in tubular complexes on day 3 (B) and day 14 (C) after L-
arginine injection.
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1929 Previous studies using a cerulein-induced acute pancreatitis mouse

effects on stem/progenitor cells
model showed that the blocking of Hh signaling inhibited acinar cell regeneration but did not inhibit Pdx-
1-positive progenitor cell proliferation in tubular complexes, suggesting that Hh signaling is involved
in Pdx1-positive progenitor cell differentiation within tubular complexes during exocrine regeneration®.
To gain some insight into a possible link between Hh signaling and Pdx1-positive progenitor cells in
exocrine regeneration, we aimed to identify and localize Hh-responsive cells using a different rodent
model of acute pancreatic injury. Our results indicated that Hh signaling is activated in tubular
complexes during exocrine regeneration, underscoring the importance of Hh signaling in controlling
Pdx1-positive progenitor cells to form tubular complexes during exocrine regeneration, although we did
not investigate the function of Hh signaling in the regeneration of Pdx1-positive progenitor cells in
detail. Further research is needed to elucidate the roles of Hh signaling in regulating cell fate decisions
in acinar cell regeneration, such as Hh target gene responses, which may play important roles in
regulating the proliferation or differentiation of Pdx1-positive progenitor cells.

Previous studies have proposed that the mechanisms underlying exocrine regeneration
recapitulate some aspects of embryonic pancreatic development. Many studies have reported that Pdx1-
positive progenitor cells within tubular complexes have characteristics similar to embryonic pancreatic
progenitor cells during early pancreatic development, e.g., the loss of mature acinar cell markers such as
amylase, co-expression of embryonic pancreatic progenitor cell markers, and activation of other

103050 Hh signaling is also

embryonic signaling pathways such as the Notch and Wnt signaling pathways
essential for embryonic pancreatic development. During the early stages, Hh signaling must
specifically be downregulated in embryonic pancreatic progenitor cells for normal development to

occur?®. In contrast, at later stages of pancreatic development and in adults, Hh signaling is activated

in islet and ductal cells*

. Previous studies on cerulein-induced acute pancreatitis have indicated that
a blockade of Hh signaling results in the inhibition of exocrine regeneration, suggesting the positive role
of Hh signaling in exocrine regeneration, in contrast to its negative role in pancreatic development®.
Our study indicated that Pdx1-positive progenitor cells within tubular complexes during exocrine
regeneration are Hh-responsive, in contrast to the exclusion of Hh signaling in embryonic pancreatic
progenitor cells. These results provide additional insights into the differences between the molecular
mechanisms by which Hh signaling regulates exocrine regeneration and embryonic pancreatic
development. There is accumulating evidence that tight regulation of Hh signaling is essential for adult
tissue regeneration after acute injury. This process involves Hh signaling being transiently and
reversibly activated after acute injury, with the expansion of Hh-responsive cells, as well as the loss of
Hh-responsive cells when recovery is completed” . In contrast, chronic or persistent injury results in
a prolonged increase in Hh signaling, leading to Hh-responsive cell proliferation for as long as the injury
persists and finally resulting in irreversible activation of the signaling pathway, which leads to cancer
formation®. In this study, we demonstrated that transient activation of Hh signaling in exocrine
regeneration is characterized by a transient expansion of Hh-responsive cells to form tubular complexes
and reduction of Hh-responsive cells as regeneration progresses, suggesting that transient activation
and tight control of Hh signaling is important in exocrine regeneration. On the other hand, constitutive
and uncontrolled Hh pathway activation has been implicated in the development of chronic pancreatitis

35-38)

and pancreatic cancer”™”. In chronic pancreatitis, the pancreatic parenchyma is destroyed and replaced

by persistent tubular complexes. These tubular complexes in chronic pancreatitis also express
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embryonic pancreatic progenitor markers (including Pdx1) and exhibit activation of Hh and Notch
signaling, showing morphological and molecular characteristics similar to those of tubular complexes
in acute pancreatic injury. However, aberrant activation of Hh signaling in tubular complexes during
chronic inflammation, which can be induced through NK-« B activation during inflammation, may have
a role in the pathogenesis and progression of chronic pancreatitis, further correlating with pancreatic
cancer development™ . Further studies are required to elucidate the mechanisms underlying the tight
regulation of Hh signaling in exocrine regeneration without uncontrolled activation that possibly
correlates with the development of pancreatic cancer.

Conclusions

We demonstrated that exocrine regeneration after L-arginine-induced acute pancreatitis involves
Pdx1-positive progenitor cell proliferation to form tubular complexes and that transient activation of Hh
signaling is characterized by the expression of Hh components in tubular complexes during exocrine
regeneration. These findings suggest that Hh signaling plays an important role in controlling Pdx1-
positive progenitor cell function during exocrine regeneration, a finding that needs to be explored
further.

Acknowledgments

This work was supported in part by JSPS KAKENHI Grant Numbers 15590673 and 17790461, a grant from the
Research Committee of Intractable Pancreatic Diseases (Principal Investigator: Tooru Shimosegawa) provided by the
Ministry of Health, Labour and Welfare of Japan, and a grant from the Pancreas Research Foundation of Japan.

Conflict of Interests

The authors declare that there is no conflict of interest regarding the publication of this paper.

References

1) Sakaguchi Y, Inaba M, Kusafuka K, Okazaki K, 6) Criscimanna A, Speicher JA, Houshmand G, Shiota
Ikehara S. Establishment of animal models for three C, Prasadan K, Ji B, Logsdon CD, Gittes GK, Esni E
types of pancreatitis and analyses of regeneration Duct Cells Contribute to Regeneration of Endocrine
mechanisms. Pancreas 2006; 33: 371-381. and Acinar Cells Following Pancreatic Damage in Adult

2) Murtaugh LC, Keefe MD. Regeneration and Repair Mice. Gastroenterology 2011; 141: 1451-1462.
of the Exocrine Pancreas. Annu Rev Physiol 2015; 77: 7) Inada A, Nienaber C, Katsuta H, Fujitani Y, Levine
229-249. J, Morita R, Sharma A, Bonner-Weir S. Carbonic

3) Stanger BZ, Hebrok M. Control of Cell Identity in anhydrase II-positive pancreatic cells are progenitors
Pancreas Development and Regeneration. Gastroen- for both endocrine and exocrine pancreas after birth.
terology 2013; 144: 1170-1179. Proc Natl Acad Sci USA 2008; 105: 19915-19919.

4) Bonner-Weir S, Baxter LA, Schuppin GT, Smith FE. 8) Sumi S, Gu Y, Hiura A, Inoue K. Stem cells and
A second pathway for regeneration of adult exocrine regenerative medicine for diabetes mellitus. Pancreas
and endocrine pancreas. A possible recapitulation of 2004; 29: €85-e89.
embryonic development. Diabetes 1993; 42: 1715- 9) Ashizawa S, Brunicardi FC, Wang XP. PDX-1 and the
1720. pancreas. Pancreas 2004; 28: 109-120.

5) Bonner-Weir S, Sharma A. Pancreatic stem cells. ] 10) Jensen JN, Cameron E, Garay MVR, Starkey TW,

Pathol 2002; 197: 519-526. Gianani R, Jensen ]. Recapitulation of elements of



Hh signaling in exocrine regeneration 181

embryonic development in adult mouse pancreatic
regeneration. Gastroenterology 2005; 128: 728-741.

11) Sharma A, Zangen DH, Reitz P, Taneja M, Lissauer
ME, Miller CP, Weir GC, Habener JE Bonner-Weir S.
The homeodomain protein IDX-1 increases after an
early burst of proliferation during pancreatic
regeneration. Diabetes 1999; 48: 507-513.

12) Wang G-S, Rosenberg L, Scott FW. Tubular
complexes as a source for islet neogenesis in the
pancreas of diabetes-prone BB rats. Lab Invest 2005;
85: 675-688.

13) Li WC, Rukstalis JM, Nishimura W, Tchipashvili V
Habener JE Sharma A, Bonner-Weir S. Activation of
pancreatic-duct-derived progenitor cells during pan-
creas regeneration in adult rats. J Cell Sci 2010; 123:
2792-2802.

14) Watkins DN, Berman DM, Burkholder SG, Wang B,
Beachy PA, Baylin SB. Hedgehog signalling within
airway epithelial progenitors and in small-cell lung
cancer. Nature 2003; 422: 313-317.

15) Karhadkar SS, Bova GS, Abdallah N, Dhara S,
Gardner D, Maitra A, Isaacs JT, Berman DM, Beachy
PA. Hedgehog signalling in prostate regeneration,
neoplasia and metastasis. Nature 2004; 431: 707-712.

16) Kang D-H, Han M-E, Song M-H, Lee Y-S, Kim E-H,
Kim H-J, Kim G-H, Kim D-H, Yoon S, Baek S-Y, Kim B-
S, Kim J-B, Oh S-O. The role of hedgehog signaling
during gastric regeneration. J Gastroenterol 2009; 44:
372-379.

17) Lees C, Howie S, Sartor RB, Satsangi J. The
Hedgehog Signalling Pathway in the Gastrointestinal
Tract: Implications for Development, Homeostasis,
and Disease. Gastroenterology 2005; 129: 1696-1710.

18) Omenetti A, Diehl AM. The adventures of sonic
hedgehog in development and repair. II. Sonic
hedgehog and liver development, inflammation, and
cancer. Am ] Physiol Gastrointest Liver Physiol 2008;
294: G595-G598.

19) Parkin CA, Ingham PW. The adventures of Sonic
Hedgehog in development and repair. I. Hedgehog
signaling in gastrointestinal development and disease.
Am ] Physiol Gastrointest Liver Physiol 2008; 294:
G363-G367.

20) Petrova R, Joyner AL. Roles for Hedgehog signaling
in adult organ homeostasis and repair. Development
2014; 141: 3445-3657.

21) Grzelak CA, Sigglekow ND, McCaughan GW. GLI2

as a marker of Hedgehog-responsive cells. Hepatology
2015; 61: 1770.

22) Kang HS, ZeRuth G, Lichti-Kaiser K, Vasanth S, Yin
7, Kim YS, Jetten AM. Gli-similar (Glis) Kruppel-like
zinc finger proteins: insights into their physiological
functions and critical roles in neonatal diabetes and
cystic renal disease. Histol Histopathol 2010; 25: 1481-
1496.

23) Fendrich V, Esni F, Garay MVR, Feldmann G, Habbe
N, Jensen ]N, Dor Y, Stoffers D, Jensen ], Leach SD,
Maitra A. Hedgehog Signaling Is Required for
Effective Regeneration of Exocrine Pancreas. Gastro-
enterology 2008; 135: 621-631.

24) Hyun JJ, Lee HS. Experimental Models of
Pancreatitis. Clin Endosc 2014; 47: 212-216.

25) Hegyi P Rakonczay Z, Jr., Sari R, Gog C, Lonovics
J, Takacs T, Czako L. L-arginine-induced experimental
pancreatitis. World J Gastroenterol 2004; 10: 2003-
2009.

26) Kui B, Balla Z, Vegh ET, Pallagi P Venglovecz V,
Ivanyi B, Takacs T, Hegyi P, Rakonczay Z, Jr. Recent
advances in the investigation of pancreatic inflamma-
tion induced by large doses of basic amino acids in
rodents. Lab Invest 2014; 94: 138-149.

27) Dawra R, Sharif R, Phillips P, Dudeja V,
Dhaulakhandi D, Saluja AK. Development of a new
mouse model of acute pancreatitis induced by
administration of L-arginine. Am ] Physiol Gastro-
intest Liver Physiol 2007; 292: G1009-G1018.

28) Beachy PA, Karhadkar SS, Berman DM. Tissue
repair and stem cell renewal in carcinogenesis. Nature
2004; 432: 324-331.

29) Sakagami ], Kataoka K, Ohta A, Nakajima T
Relationship of plasma CCK to acinar cell regeneration
in acute pancreatitis as studied by proliferating cell
nuclear antigen. Dig Dis Sci 1996; 41: 1828-1837.

30) Keefe MD, Wang H, De La O JP, Khan A, Firpo MA,
Murtaugh LC. f-catenin is selectively required for the
expansion and regeneration of mature pancreatic
acinar cells in mice. Dis Model Mech 2012; 5: 503-514.

31) Rooman I, De Medts N, Baeyens L, Lardon ], De
Breuck S, Heimberg H, Bouwens L. Expression of the
Notch Signaling Pathway and Effect on Exocrine Cell
Proliferation in Adult Rat Pancreas. Am J Pathol 2006;
169: 1206-1214.

32) Lau J, Hebrok M. Hedgehog Signaling in Pancreas
Epithelium Regulates Embryonic Organ Formation



182 Norihisa Suzuki

and Adult S-Cell Function. Diabetes 2010; 59: 1211-
1221.

33) Hebrok M, Kim SK, St Jacques B, McMahon AP,
Melton DA. Regulation of pancreas development by
hedgehog signaling. Development 2000; 127: 4905-
4913.

34) Thomas MK, Lee JH, Rastalsky N, Habener JE
Hedgehog signaling regulation of homeodomain
protein islet duodenum homeobox-1 expression in
pancreatic beta-cells. Endocrinology 2001; 142: 1033-
1040.

35) Dosch JS, Pasca di Magliano M, Simeone DM.
Pancreatic Cancer and Hedgehog Pathway Signaling:
New Insights. Pancreatology 2010; 10: 151-157.

36) Kayed H, Kleeff ], Keleg S, Buchler MW, Friess H.

Distribution of Indian hedgehog and its receptors
patched and smoothened in human chronic pancreati-
tis. J Endocrinol 2003; 178: 467-478.

37) Kayed H, Kleeff ], Osman T, Keleg S, Buchler MW,
Friess H. Hedgehog signaling in the normal and
diseased pancreas. Pancreas 2006; 32: 119-129.

38) Wang LW, Lin H, Lu Y, Xia W, Gao J, Li ZS. Sonic
hedgehog expression in a rat model of chronic
pancreatitis. World J Gastroenterol 2014; 20: 4712-
4717.

39) Bhanot UK, Msller P Mechanisms of parenchymal
injury and signaling pathways in ectatic ducts of
chronic pancreatitis: implications for pancreatic
carcinogenesis. Lab Invest 2009; 89: 489-497.

(RIS E%)

IREREHRRBEICE T BN Y DKy T2 TFHIVURERDBEDFH

WK A
ORISR BRI R e L PRl

SRR E R O BRI O FEA B AL CHYE S % Pdx1 FpEMIRE S, BRI & b3 % FibiRi
FADWFEMEATVRIB X, T DX N = A L% fFIHT 5 Z & MRS 7 & ORIV IR EEAN 2 0§
HEAEREHET A ETHEHATHL EEZOND. AR TIET Y P TAVF= v AWEKLEE TV
T, BRI REICB by Vky 7Y 7 FnESR (LUF HhR) & Pdx1 Bk
ORI FHMI L7z, 7VF = P53 H BIBRRISE I ) BREAIRL OB3EH S, Pdx1 Bttiias
5 72 % Tubular complex O I % 7272, %5 5 H B IZMR ML OB SEN N 72 5 — 7,
Tubular complex D % 788, 5 14 0 HICIZEMIEOFAEIZIZIZRT 5. HhiRoL 7%
—T#5 Smo & Ptchl, 5 KT Th 5 Gli2 1&, IEFKETIZ T KE & EFICRB20720, 7V
Fo %543 HH KO 14 H HIZiZ Tubular complex (2 b 38 % 50672, AFFEIZ BT, Hh R2°
Pdx1 Frlifle % flE 52 & L2 & ) BRI O A IZ B G- L T A I REEAVRIZ S 7.

F—T =K~k I T FIGER, EREAIBOME, SbEEE, EEATEGIE, Pdxl.



