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Activin A is a differentiation factor for �-cells and is effective to promote �-cell neogenesis. Activin
A is also an autocrine activator of pancreatic stellate cells, which play a critical role in fibrogenesis
of the pancreas. Conophylline (CnP) is a natural compound, which reproduces the effect of activin
on �-cell differentiation and promotes �-cell neogenesis when administered in vivo. However, its
effect on stellate cells is not known. We therefore investigated the effect of CnP on stellate cells
both in vitro and in vivo. Unlike activin A, CnP inhibited activation of cultured stellate cells and
reduced the production of collagen. We then analyzed the involvement of stellate cells in islet
fibrosis in Goto-Kakizaki (GK) rats, a model of type 2 diabetes mellitus. In pancreatic sections
obtained from 6-wk-old GK rats, CD68-positive macrophages and glial fibrillary acidic protein- and
�-smooth muscle actin-positive stellate cells infiltrated into islets. Later, the number of macro-
phages was increased, and the �-smooth muscle actin staining of stellate cells became stronger,
indicating the involvement of stellate cells in islet fibrosis in GK rats. When CnP was administered
orally for 4 wk, starting from 6 wk of age, invasion of stellate cells and macrophages was markedly
reduced and islet fibrosis was significantly improved. The insulin content was twice as high in
CnP-treated rats. These results indicate that CnP exerts antifibrotic actions both in vitro and in vivo
and improves islet fibrosis in Goto-Kakizaki rats. (Endocrinology 153: 621–630, 2012)

Islet fibrosis can be observed in the pancreas of patients
with advanced diabetes. It can also be observed in

various rodent models of type 2 diabetes mellitus
(T2DM) (1– 8). Goto-Kakizaki (GK) rats are nonobese,
noninsulin-dependent diabetic rats characterized by hy-
posecretion of insulin (1). Kakizaki et al. (2) and others
(3–5) described the presence of large disrupted islets
separated by connective tissue in GK rats. In humans,
pancreatic fibrosis was frequently found in diabetic pa-
tients with islet amyloid (9, 10). Fibrosis often follows
inflammatory reactions, and the number of macro-
phages into islets was increased in GK rats and in pa-
tients with T2DM (5, 11).

Pancreatic stellate cells (PSC), which resemble hepatic
stellate cells (12), is critical in fibrogenesis of chronic pan-
creatitis and pancreatic cancer. Fat-storing cells in the pan-
creaswere firstobserved in1982(13).Tworeportsdescribed
identification, isolation, and characterization of PSC (14,
15). Since then, involvementofPSC inpancreatic fibrosishas
been extensively studied. Quiescent PSC store vitamin A-
containing lipiddroplets intheircytoplasm.PSCexpressglial
fibrillary acidic protein (GFAP) and desmin, an intermediate
filament protein. Upon exposure to pancreatic damages and
inflammation,PSCare transformed intoactivatedmyofibro-
blast-like cells. Activated PSC lose lipid droplets and express
�-smooth muscle actin (�SMA). They migrate to sites of tis-
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sue damage, proliferate, phagocytose, and synthesize large
amounts of extracellular matrix proteins leading to promo-
tion of fibrosis (for review, see ref. 16).

Activin A acts as an autocrine activator of PSC and
increases the expression of �SMA and collagen (17). In
this regard, activin A may promote pancreatic fibrosis by
activating PSC. On the other hand, activin A is a factor to
promote differentiation of pancreatic �-cells. Thus, it in-
duces differentiation of pancreatic AR42J cells and con-
verts them to insulin-secreting cells (18). Activin A also
promotes regeneration of pancreatic �-cells and improves
glucose metabolism in neonatal streptozotocin-treated
rats (19, 20). Despite its efficacy in vivo, activin A has
adverse effects, for example, induction of apoptosis in
some types of cells (21). We attempted to search for a new
differentiation-inducing compound that mimics the action
of activin A and found the compound conophylline (CnP)
(22). CnP is a vinca alkaloid extracted from leaves of a
tropical plant (23). It promotes differentiation of �-cells
and improves glucose metabolism in animal models of
diabetes (24, 25). Unlike activin A, CnP does not induce
apoptosis (22). Hence, it may be a potential candidate
factor in promotion of �-cell regeneration in vivo. In this
regard, determination of whether or not CnP activates
PSC as activin A does and whether it promotes pancreatic
fibrosis is a critical issue.

In the present study, we investigated the effect of CnP
on activation of PSC. We also examined the effect of CnP
in vivo using GK rats. Our results clearly show that, unlike
activin A, CnP inhibits activation of PSC and improves
islet fibrosis.

Materials and Methods

The CnP was purified from leaves of Ervatamia microphylla
(23). The Crude CnP preparation II (CCP-II) used in the in vivo
study was obtained from leaves of Tabernaemontana divaricata
(25). Briefly, dry leaves (5 kg) were added to 500 liters of 0.025
N hydrochloric acid and heated to 60 C for 30 min. Then, a clear
supernatant was obtained by centrifugation. The supernatant
was subjected to column chromatography using a synthetic ab-
sorbent resin, Diaion HP20 (Mitsubishi Chemical, Tokyo, Ja-
pan). The column was washed with water followed by 30%
ethanol, and CnP was then eluted with pure ethanol. The elute
was concentrated in vacuo and lyophilized. Major contaminant
in CCP-II is conophyllide (25), a related compound with similar
activity as CnP. Consequently, CCP-II is as potent as purified
CnP or slightly more potent compared with CnP when equivalent
amount is administered. CCP-II contained 22 mg/g of CnP. Re-
combinant human activin A was kindly provided by Y. Eto (Aji-
nomoto Co., Inc., Kawasaki, Japan). Recombinant human
TGF�1 was purchased from R&D Systems, Inc. (Minneapolis,
MN). Pronase and Nycodenz were from Sigma-Aldrich Co. (St.
Louis, MO).

Isolation and culture of rat pancreatic stellate sells
All animal experiments were performed under the permission

of the Animal Care and Experimentation Committee, Gunma
University.

Wistar rats were purchased from Clea Japan, Inc. (Tokyo,
Japan). PSC were isolated from adult male Wistar rats by the
method described by Apte et al. (14). PSC were resuspended in
Iscove’s modified Dulbecco’s medium containing 10% fetal bo-
vine serum (FBS), 4 mM glutamine, 100 U/ml penicillin, and 100
mg/ml streptomycin. PSC were cultured in a 5% CO2 atmo-
sphere at 37 C. All the experiments were performed using cells
between passages two and five.

Western blotting
After growing to confluence, PSC were subcultured at equal

densities and incubated with Iscove’s modified Dulbecco’s me-
dium containing 10% FBS for half a day. After serum deprivation
for 24 h, some agents were added to the medium. For in vitro
study, pure CnP was used. CnP was dissolved in MeOH, and the
final concentration of MeOH in culture medium was 0.1%. Af-
ter 48 h of incubation, cultured PSC were scraped off and col-
lected using 2� sodium dodecyl sulfate sample buffer [125 mM

Tris-HCl (pH 6.8), 4% wt/vol sodium dodecyl sulfate, and 20%
glycerol]. Dithiothreitol at a final concentration of 50 mM was
added after the protein assay. Protein concentrations were mea-
sured by a commercial kit (BCA Protein Assay kit; Pierce, Rock-
ford, IL) using BSA as standard. Protein samples (2 �g) were
separated by 10% SDS-PAGE and transferred to polyvinylidene
fluoride microporous membrane (Immobilon-P; Millipore, Bil-
lerica, MA). The membrane was blocked with 5% skim milk in
PBS containing 0.05% Triton X-100 for 1 h at room temperature
and was then incubated overnight at 4 C with the primary
antibodies, anti-�SMA antibody (Sigma-Aldrich Co.) diluted
1:10,000 and anti-�-tubulin antibody (MP Biomedicals, LLC,
Morgan Irvine, CA) diluted 1:2000. After the membranes were
washed with PBS containing 0.05% Triton X-100, they were
incubated with secondary antibody (1:2000) for 1 h at room
temperature. Antibody reactive was detected using an enhanced
chemiluminescence (ECL) system (ECL for �SMA, ECL-plus for
�-tubulin; GE Healthcare, Buckinghamshire, UK), and images
were obtained by a multipurpose charge-coupled device camera
system (LAS 4000; Fujifilm Co., Tokyo, Japan).

Immunocytochemistry
PSC were cultured on noncoated glass coverslips at a density

of 2 � 104/ml. Cells were fixed with 10% neutral buffered for-
malin, treated with 0.1% (vol/vol) Triton X-100 in PBS for 10
min, and incubated for 1 h with Block Ace (DS Pharma Biomed-
ical Co, Osaka, Japan). After washing, they were incubated with
Alexa Fluor 488 goat antimouse IgG [heavy and light chains
(H�L)] conjugate (1:200) (Invitrogen, Carlsbad, CA) for 1 h and
then with 4� diamino-2-phenylindoke (Pierce).

Measurement of DNA synthesis
DNA synthesis was assessed by measuring [3H]thymidine in-

corporation. After a 24-h serum deprivation, PSC were cultured
in various conditions for 24 h, and 0.5 �Ci/ml [3H]thymidine
was included in the last 4 h. Cells were washed twice with ice-cold
PBS and solubilized, and radioactivity associated with trichlo-
roacetic acid-precipitable materials was counted (17).
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Assay of collagen secretion
Collagen secreted into culture medium was determined by a

dye-binding method using Sircol collagen assay (Biocolor Ltd,
Carrickfergus, UK). After a 24-h serum deprivation, PSC were
incubated in the presence of some regents in a medium containing
5% FBS for 48 h. Then, 100-�l samples were added to 1 ml of
Sircol dye, followed by centrifugation to pack the collagen-dye
complex at the bottom of the tube. The pellet obtained was dis-
solved in an 1-ml alkali reagent. Collagen was measured by spec-
trophotometry at 550 nm.

Measurement of macrophage chemoattractant
protein-1 (MCP-1)

PSC were cultured in the same condition for assay of collagen
secretion. MCP-1 in the culture medium was measured by ELISA
(Endogen).

Measurement of p38 activation
The levels of activated, phosphorylated p38 MAPK were de-

termined by Western blotting using the phosphoPlus p38 MAPK
(Thr180/Try182) Antibody kit (Cell Signaling, Danvers, MA)
according to the manufacturer’s instructions. After 24 h of de-
privation of serum, PSC were cultured with 100 ng/ml CnP for
various periods. The effect of specific inhibitor of p38,
SB203580, on the phosphorylation of mitogen-activated protein
kinase-activated kinase (MAPKAPK-2), a downstream target of
p38, was examined. Serum-deprived PSC were treated with
SB203580 for 30 min and then stimulated with 10% serum for
60 min. Antiphospho-MAPKAPK-2 (Thr222) antibody was
from Cell Signaling.

Animals
Male GK rats and Wistar rats were purchased from Nihon

SLC (Hamamatsu, Japan). They were kept in an air-conditioned
environment, with a 12-h light, 12-h dark cycle, and fed ad li-
bitum a commercial standard pellet diet (Clea Japan, Inc.). For
investigation of the involvement of PSC in islet fibrosis, pancre-
ases of various ages were removed and fixed at 4 C in 10%
neutral buffered formalin for 24 h and embedded in Paraplast
Plus (McCormick Scientific LLC, St. Louis, MO).

Treatment with CnP (CCP-II)
Male GK rats 6 wk of age were divided into two groups, and

each group consists of five rats. The CnP group was treated with
0.9 �g/g of CnP and the control group with vehicle via an oral
cannula every day for 4 wk. In the in vivo study, CCP-II were
used. CCP-II was suspended uniformly in water containing 0.5%
Tween-80 solution.

Nonfasting blood glucose concentrations obtained every
week in samples from the tail vessels were measured by a glucose
oxidase method (FreeStyle, Nipro, Osaka, Japan). An ip glucose
tolerance test (GTT) was performed before and after the treat-
ment. At the end, blood was withdrawn from the heart under
anesthesia, and the whole pancreas was removed and weighed.
A part of the pancreas (upper-tail area) was used for measure-
ment of the insulin content, and the rest of the pancreas was
stored overnight in 4 C 10% neutral buffered formalin for 24 h
before routine paraffin wax processing.

Intraperitoneal GTT
An ipGTT was performed after an overnight fast; 2 g/kg of

glucose were injected into the peritoneum after blood sampling.
Blood samples were collected from the tail at 30, 60, and 120 min
after the injection.

Measurement of insulin content and serum insulin
level

A part of the pancreas was weighed and then homogenized in
cold acid-ethanol, shaken overnight at 4 C, heated for 5 min in
a 70 C water bath, and centrifuged, and the supernatant was then
stored at �20 C until assay. The insulin content and serum in-
sulin level were measured by RIA using an insulin RIA kit (Eiken,
Tokyo, Japan). The insulin content was normalized by the
weight of the pancreas.

Histological examination
Each paraffin-embedded block was serially sectioned (5 �m).

Serial sections were stained with hematoxylin-eosin (HE), Mas-
son’s trichrome, antibodies against insulin, glucagon, CD68,
�SMA, GFAP, and masculoaponeurotic fibrosarcoma A
(MafA). Sections for immunostaining were incubated with 0.3%
H2O2 in MeOH for 30 min to block endogenous peroxidases and
1% BSA in PBS for 30 min to prevent nonspecific binding of
antibody. Primary antibodies were used at the following dilu-
tions: guinea pig antiswine insulin, 1:1000 (Dako, Glostrup,
Denmark); rabbit antihuman glucagon, 1:1000 (Dako); mouse
antirat CD68 (ED1), 1:200 (AbD Serotec, Oxford, UK); mouse
antihuman SMA, 1:100 (Dako); rabbit anti-GFAP, 1:500
(Dako); and rabbit anti-MafA 1:100 (Bethyl, Montgomery, TX).
The following immunostaining systems were used: biotinylated
antiguinea pig IgG (H�L), 1:200 (Vector Laboratories, Inc.,
Burlingame, CA); horseradish peroxidase streptavidin, 1:200
(Vector Laboratories, Inc.); Histofine Simple Stain Rat MAX PO
(MULTI) (Nichirei Co., Tokyo, Japan); alkaline phosphatase
conjugated donkey antirabbit IgG (H�L), 1:200 (Chemicon In-
ternational, Inc., Temecula, CA); DakoCytomation Liquid DAB
Substrate Chromogen System (Dako); and Vector Blue Alkaline
Phosphatase Substrate kit III (Vector Laboratories, Inc.). Sec-
tions were counterstained with hematoxylin. To count MafA-
positive cells, slices were stained with anti-MafA and antiinsulin
antidodies, and the numbers of insulin-positive cells and MafA/
insulin double-positive cells were counted. At least 10 islets were
counted for each section, and five sections were selected per
animal.

Quantitative analysis of fibrosis in islets
To calculate the relative percentage of blue-stained area

within islets in Masson’s trichrome-stained sections and areas at
the same time, each section was processed using ImageJ 1.43
image analysis software (National Institute of Health, Bethesda,
MD) by means of a CX41 microscope (Olympus, Tokyo, Japan)
with a DP21 digital camera (Olympus). The amount of collagen
deposition was calculated from 100 nonoverlapping islets per
pancreas. The amount of islet fibrosis is presented as a percentage
of the total islet area and determined as the (area of blue stained/
total area of islet) � 100.
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Measurement of �-cell mass
To determine the �-cell mass, the area of insulin-positive cells

was measured using ImageJ. Nonoverlapping but almost whole
sections (at least 20 fields per section; magnification, �40, three
sections per rat) were measured. To calculate the �-cell mass, this
relative volume of �-cell was multiplied by the pancreatic weight.

Statistical analysis
Results were expressed as means � SE. For comparison be-

tween the two groups, an unpaired t test was used. P � 0.05 was
considered to be significant. To analyze data obtained by GTT,
ANOVA was used.

Results

Effect of CnP on cultured PSC
We examined whether or not CnP affected the activa-

tion of PSC. We first examined the effect of CnP by im-
munocytochemistry. As shown in Fig. 1A, the stress fiber-
like structure was disrupted by CnP, and the expression of
�SMA was reduced in a dose-dependent manner. We
quantified the expression of �SMA by immunoblotting.
As depicted, CnP suppressed the expression of �SMA,
whereas TGF�1 and activin A increased the expression of
�SMA (Fig. 1B). We next examined the effect of CnP on
DNA synthesis by measuring [3H]thymidine incorpora-
tion. As shown in Fig. 1C, thymidine incorporation in-
duced by 10% serum was markedly decreased by CnP. At
a concentration of 100 ng/ml, CnP almost completely
blocked DNA synthesis. Note that the viability of PSC was
not affected at this concentration. TGF�1 or activin A
showed no effect (data not shown). We then measured
secretion of collagen into culture medium. As shown in
Fig. 1D, CnP considerably reduced the secretion of colla-
gen. This effect of CnP was completely different from that
by activin A, which augments collagen production (17).
CnP also inhibited production of MCP-1, a chemokine
which stimulates migration of macrophages (Fig. 1E).

The above results indicate that the effects of CnP on
PSC is completely different from those of activin A. We
previously showed that CnP reproduced the differentia-
tion-inducing activity of activin by stimulating the expres-
sion of neurogenin-3. This effect of CnP and activin A is
exerted through activation of p38 MAPK (22). We there-
fore examined the involvement of p38 in the action of CnP
on PSC. As shown in Fig. 2A, CnP slowly but significantly
activated p38. To block the activity of p38, we used
SB203580. Figure 2B shows that SB203580 nearly com-
pletely inhibited p38-mediated phosphorylation of MAP-
KAPK-2, a substrate of p38, at a concentration of 5 �M.
Using this compound, we then assessed whether or not the
effects of CnP on PSC were mediated by p38. As depicted

in Fig. 2C, the inhibitory effect of CnP on DNA synthesis
was not affected by SB203580. Likewise, SB203580 did
not block the inhibitory effect of CnP on the expression of
�SMA (Fig. 2D).

Involvement of PSC in islet fibrosis in GK rats
We next investigated the involvement of PSC in islet

fibrosis in GK rats. We prepared pancreatic serial sections
obtained from GK rats of various ages and stained with

FIG. 1. Effect of CnP on the expression of �SMA, DNA synthesis, and
secretion of collagen and MCP-1 in cultured PSC. A, After 24 h of
serum starvation, 0 (a), 0.01 (b), 0.1 (c), and 1 �g/ml (d) CnP were
added into the culture medium. PSC were cultured for 48 h and fixed.
PSC were stained with anti-�SMA (green) and 4� diamino-2-
phenylindoke (blue). All immunofluorescence images were taken at the
same magnification (�200). B, PSC were incubated for 48 h with
various agents, and the expression of �SMA was measured by
immunoblotting. Expression of �SMA and anti-�-tubulin as the
control. C, DNA synthesis was assessed by measuring [3H]thymidine
incorporation. After 24 h of incubation in serum-free medium, PSC
were cultured with various agents in the presence of 5% serum, and
[3H]thymidine incorporation was measured. Values are the mean of
four experiments. D, Effect of CnP on collagen secretion from PSC.
PSC were cultured for 48 h with various concentrations of CnP, and
collagen secreted to the medium was measured. Values are the
mean � SE for four experiments. E, Effect of CnP on the Production of
MCP-1. PSC were cultured for 48 h with various concentrations of
CnP, and MCP-1 in the medium was measured. Values are the
mean � SE for four experiments. PDGF, Latelet-derived growth factor.
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HE or antibodies against insulin/glucagon, CD68, �SMA,
and GFAP. CD68 and GFAP are markers for macrophages
and PSC, respectively. �SMA is a marker for activated
PSC. All islets were morphologically normal and were not
stained with anti-CD68, �SMA, or GFAP before 5 wk of
age (Fig. 3). At 6 wk, CD68-positive macrophages were
observed mainly around islets, and �SMA and GFAP-pos-
itive PSC were observed in these islets, although the islets
were morphologically unchanged. Islets 7 wk old had ir-
regular contour. The core of islet was segmented into small
clusters, each of which was surrounded by fibrous tissues.

The number of macrophages was increased, and most of
them were in the periphery of the islets. The number of
PSC was increased markedly. Thereafter, the islets were
disrupted and surrounded by numerous macrophages.
�SMA staining became much stronger, whereas immuno-
reactivity of GFAP was rather decreased. Such inflamma-
tory changes were restricted to inside and around the islets
and other areas, including acinar cells, which were appar-
ently normal. In a 30-wk-old rat, infiltration of macro-
phages and PSC into or around islets disappeared.

To examine the presence of PSC in detail, we compared
islets of 6-wk-old GK and Wistar rats when PSC appear in
islets. Each pancreatic serial section was stained with anti-
GFAP. There were no GFAP-positive cells in the islets of
Wistar rats (Fig. 4A). In contrast, each islet was sur-
rounded by GFAP-positive cells in GK rats, and one
GFAP-positive cell was just migrating into the islet (Fig.
4B, arrow).

FIG. 2. Involvement of p38 in the action of CnP in PSC. A, PSC were
incubated for various time periods with 100 ng/ml CnP, and changes
in the expression of phosphorylated p38 (pp38) were measured by
immunoblotting. B, PSC were incubated for 60 min with 10% serum
in the presence and absence of 5 �M SB230508. The amount of
pMAPKAK-2 was measured by immunoblotting. C, PSC were
incubated for 24 h with 10% serum-containing medium with or
without 100 ng/ml CnP in the presence and absence of 10 �M

SB203580 and [3H]thymidine incorporation was measured. Values are
the mean � SE for four experiments. D, PSC were incubated for 48 h in
serum-free medium with or without 100 ng/nl CnP in the presence
and absence of 10 �M SB230580. The expression of �SMA was
measured by immunoblotting.

FIG. 3. Localization of PSC in Islet of GK rats. Pancreatic serial sections
obtained from GK rats of 5, 6, 7, 10, and 30 wk old were stained with
HE, antiinsulin (brown) and glucagon (blue) (anti-ins/glu), anti-CD68,
anti-�SMA, and anti-GFAP. Nuclei were stained with hematoxylin.
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Effect of CnP on islet fibrosis and glucose
metabolism in GK rats

We then examined whether or not administration of
CnP inhibited islet fibrosis and affected glucose metabo-
lism in GK rats. At 6 wk of age, PSC initiate invasion into
islets. Therefore, we started administration of CnP at this
time point. We orally administered 0.9 �g/g CnP or vehicle
for 4 wk. For in vivo experiments, we used CCP-II (25). It
should be mentioned that CCP-II also inhibited in vitro the
activation of PSC as did CnP (data not shown).

There was no difference in body weight and the blood
glucose concentrations in CnP-treated and control groups
during the experiment. After 4 wk of treatment, the ran-
dom plasma glucose concentration and the insulin con-
centration were not significantly different in CnP-treated
rats (Table 1). We then performed a GTT at 10 wk. The
plasma glucose concentration at 60 min after the ip injec-
tion of glucose was slightly decreased in CnP-treated rats
(Fig. 5A), but the difference was not statistically signifi-
cant. In these rats, the serum insulin concentrations tended
to be high, and the insulin content of the pancreas was
twice as high compared with that in control rats (Fig. 5B).

Histological analysis was performed using pancreatic
sections obtained from 10-wk-old rats. The islets of con-
trol GK rats were enlarged, and proliferation of connective
tissue and deposit of collagen fiber were observed (Fig.
6Aa). In contrast, the area of blue staining in Masson’s
trichrome-stained section, which represents the deposit of
collagen fiber, was only observed in the perivascular area
in CnP-treated rats (Fig. 6Ab).

The islets of control GK rats had irregular contour and
were intensely stained in blue (Fig. 6B). �-Cells in the core
of the islets were segmented into small clusters, which were
surrounded by collagen fibers. �SMA was stained strongly
in islets, and many CD68-positive cells were observed in
and around the islets. The islets of CnP-treated rats were
considerably different. The fibrosis of the islets was much
improved, and fragmentation of �-cells in the core of islets
was not observed. The numbers of �SMA and CD68-pos-
itive cells were smaller compared with those in control
rats. Some islets were morphologically almost normal.
The blue staining area was hardly observed in these islets.
In addition, CD68-positive cells and �SMA-positive cells
were rarely observed in and around the islets, and the
mantle-core structure was maintained. The ratio of the
fibrotic area to the total islet area was calculated. As
shown in Fig. 7A, CnP treatment slightly reduced the islet

FIG. 4. Comparison of GFAP-positive cells in 6-wk-old GK and Wistar
Rats. Islets of GK (B) and Wistar (A) rats were stained with anti-GFAP
antibody. Two serial sections are shown in each rat (a and b). GFAP-
positive cells were stained in brown (�400). The arrow shows a GFAP-
positive cell just invading into an islet.

TABLE 1. Effect of CnP in GK rats

Body weight
(g)

Pancreas weight
(g)

Plasma glucose
(mg/dl)

Serum insulin
(mU/ml)

Control 211 � 4.8 0.58 � 0.017 177 � 41.3 50.7 � 13.5
CnP 214 � 8.7 0.70 � 0.016a 141 � 7.5 62.4 � 6 6

CnP (0.9 �g/g) or vehicle was administered orally to GK rats for 4 wk starting at the age of 6 wk. On wk 10, rats were killed, and the body weight,
pancreas weight, plasma glucose concentration, and serum insulin concentration were measured. Values are the mean � SE for four experiments.
a P � 0.01 vs. control.

FIG. 5. Effect of Administration of CnP on glucose metabolism. A, An
ipGTT was performed after 4 wk of treatment with CnP. Changes in
the plasma glucose concentration in CnP-treated (●) and control (E)
rats are presented. B, Insulin content was measured in the pancreas in
GK rats after 4 wk of treatment. Values are the mean � SE for four
experiments. *, P � 0.05 vs. control.
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area, but the effect was not statistically significant. Treat-
ment with CnP for 4 wk significantly reduced islet fibrosis
(Fig. 7B). Although the insulin content was much higher in
CnP-treated rats, the �-cell mass in these rats was not
different from that of control rats (Fig. 7C). The number
of Ki67-positive �-cells in islets was not different between
the two groups (data not shown). We also measured the
number of terminal deoxynucleotidyl transferase 2�-de-
oxyuridine, 5�-triphosphate nick end labeling-positive
cells in the islets, and there was no difference in the number
of terminal deoxynucleotidyl transferase 2�-deoxyuridine,
5�-triphosphate nick end labeling-positive cells between
the two groups (data not shown). We also measured the
number of MafA-positive �-cells in the islets. As shown in
Fig. 7D, the expression of MafA in �-cells was increased

in CnP-treated GK rats, and the number of MafA-positive
�-cells was greater in CnP-treated GK rats (Fig. 7E). In-
sulin-positive ductal cells were found in both control and
CnP-treated rats. The number of insulin-positive ductal
cells was not different between the two groups, and the
number of islet-like cell clusters was nearly identical be-
tween the two groups (data not shown).

Discussion

Activated PSC express �SMA and type I collagen (26, 27)
and play a critical role in pancreatic fibrosis associated
with chronic pancreatitis (26–28). Islet fibrosis is also ob-
served in various rodent models of T2DM, including GK
rats. We immunohistochemically investigated the involve-
ment of PSC in islet fibrosis in GK rats. Based on our
observation, the changes in islets can be classified into the
following stages. 1) Normal stage: all islets are morpho-
logically normal and not stained with �SMA, GFAP, or
CD68, despite the fact that glucose levels in ipGTT have
already been impaired at 3 wk of age (data not shown). 2)
Infiltration stage: islets are morphologically unchanged
except that CD68-positive macrophages are observed
around islets, and some �SMA and GFAP-positive PSC
were observed in islets. 3) Inflammation stage: islets have
irregular contour, the core of islet �-cells are segmented
into small clusters, and the numbers of macrophages and
PSC are increased. 4) Advanced inflammation stage: islets
are disrupted remarkably and are surrounded by many
macrophages; �SMA staining becomes stronger. 5) Final
stage: islets become starfish-like; infiltration of macro-
phages and PSC disappeared.

We do not have a definite answer as to what initiates
activation of PSC in GK rats, but previous studies have
suggested that high concentrations of glucose, hydrogen
peroxide, and nicotinamide adenine dinucleotide phos-
phate oxidase, which are sources of reactive oxygen
species, activate PSC (29–33). Activated PSC produce
MCP-1, and macrophages migrate around PSC (34, 35).
Macrophage and macrophage-related inflammatory cells
produce cytokines, which further activate PSC. It is
strongly suggested that activated PSC invade into islets of
GK rats and promote inflammation and production of
matrix proteins (36). It should be mentioned that we iden-
tified stellate cells by detecting marker proteins such as
�SMA and GFAP. In a strict sense, we cannot exclude the
possibility that islet fibrosis is caused by similar type of
cells expressing identical marker proteins, including cir-
culating fibrocytes (37). Nevertheless, because we de-
tected invasion of GFAP-positive cells into islets (Fig. 4B),

FIG. 6. Effect of CnP on the production of collagen. A, After 4 wk of
treatment with CnP (b) or vehicle (a), pancreas sections were stained
with Masson’s trichrome. Low-magnification (�40) images are
combined to represent whole pancreas. B, After 4 wk of treatment
with CnP or vehicle, pancreas serial sections were stained with
Masson’s trichrome or antibodies against insulin (brown) and glucagon
(blue) (anti-ins/glu), �SMA, and CD68. All images shown are in the
same magnification (�100).
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most of the GFAP-positive cells islets were PSC invaded
into islets.

The most intriguing and unexpected results obtained
in this study are the effects of CnP on PSC activation.
Although CnP reproduces the effect of activin A on dif-
ferentiation of pancreatic progenitor cells, CnP has an
opposite effect on PSC activation. Thus, CnP inhibited
DNA synthesis in PSC, reduced the expression of
�SMA, and inhibited the production of collagen and
MCP-1. The results obtained in the previous studies
indicate that CnP reproduces the differentiation-induc-
ing action of activin A by activating p38, which is crit-
ical in the induction of neurogenin-3 expression (22).
Indeed, the effects of CnP on PSC were not affected by
an inhibitor of p38. Thus, the actions of CnP on PSC were
not mediated by p38. At present, we have not yet identified
the mechanism by which CnP inhibits PSC activation. In this
regard, Atsumi et al. (38) showed that CnP suppressed the
TGF� signaling by up-regulation of c-Jun expression. Fur-
ther studiesareneeded to identify themechanismofactionof
CnP in PSC. In any event, CnP attenuates activation of PSC
not only in an in vitro condition but also in an in vivo con-

dition. CnP significantly reduced islet fibrosis
and increased the insulin content. It has been
shown that peroxisome proliferator-activated
receptor-� (35),blockadeof therennin-angioten-
sin system (39), follistatin (40), serine-protease
inhibitors, and an inhibitor of nicotinamide ad-
enine dinucleotide phosphate oxidase (33) in-
hibit PCS activation in vitro. Of these, peroxi-
some proliferator-activated receptor-� ligands
(41)andablockadeofrennin-angiotensinsystem
(42, 43) suppress islet fibrosis in animal models
of T2DM. CnP is another candidate compound
that prevents islet fibrosis.

It should be mentioned that the dose of
CnP used in this study is modest. We admin-
istered 0.9 �g/g CnP for 4 wk because of the
limited amount of purified CnP available. At
this CnP dose, we could not demonstrate that
CnP promotes differentiation of pancreatic
�-cells or stimulates neogenesis of �-cells.
There were no differences in the numbers of
PDX-1-positive cells in the duct, insulin-pos-
itive cells in the duct, and islet-like cell clus-
ters in the control and CnP-treated rats. CnP
did not significantly promote neogenesis of
�-cells at least at the dose employed in this
study. If we had administered a higher
amount of CnP for a longer period, we could
have observed a higher effect in GK rats. In
this regard, the expression of MafA was up-

regulated in �-cells of CnP-treated GK rats. This may
explain at least partly the increase in the insulin content
in CnP-treated GK rats.

In summary, involvement of PSC in islet fibrosis was
strongly suggested in GK rats. Unlike activin A, CnP
attenuated activation of PSC in culture and reduced the
production of collagen and MCP-1. In addition, orally
administered CnP significantly reduced islet fibrosis in
GK rats. These results suggest the efficacy of CnP to
inhibit islet fibrosis. Given that CnP also induces dif-
ferentiation of �-cells, CnP may be a candidate com-
pound to promote regeneration of �-cells in diabetic
pancreas.
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FIG. 7. Effect of CnP on islet fibrosis and the �-cell mass. A, The mean islet area
was measured in CnP- and vehicle-treated GK rats. Values are the mean � SE (n �
4). B, Pancreatic sections were stained with Masson’s trichrome, and the amount of
islet fibrosis calculated as 100 � (area of blue staining)/(total islet area) is presented.
Values are the mean � SE for four determinations. *, P � 0.05 vs. control. C, The
�-cell mass was calculated in specimen obtained from CnP- and vehicle-treated GK
rats. D, Pancreatic sections obtained from CnP-treated (b) and vehicle-treated GK
rats (a) were stained with anti-MafA (brown) and antiinsulin (purple) antibodies. E,
The number of MafA-positive �-cells was counted in CnP- and vehicle-treated islets.
Values are the mean � SE. *, P � 0.001 vs. control.
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