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Purpose: Although the presence of cannabinoid type 1 (CB1) receptor in islets has
been reported, the major contributor to the protective effect of rimonabant on islet
morphology is unknown. We determined whether the protective effect of rimonabant
on pancreatic islet morphology is valid in established diabetes and also whether any
effect was independent of decreased food intake. Materials and Methods: After di-
abetes was confirmed, Otsuka Long-Evans Tokushima Fatty rats, aged 32 weeks,
were treated with rimonabant (30 mg/kg/d, rimonabant group) for 6 weeks. Metabol-
ic profiles and islet morphology of rats treated with rimonabant were compared with
those of controls without treatment (control group), a pair-fed control group, and rats
treated with rosiglitazone (4 mg/kg/d, rosiglitazone group). Results: Compared to
the control group, rats treated with rimonabant exhibited reduced glycated albumin
levels (p<0.001), islet fibrosis (p<0.01), and improved glucose tolerance (p<0.05),
with no differences from the pair-fed control group. The retroperitoneal adipose tis-
sue mass was lower in the rimonabant group than those of the pair-fed control and
rosiglitazone groups (p<0.05). Rimonabant, pair-fed control, and rosiglitazone
groups showed decreased insulin resistance and increased adiponectin, with no dif-
ferences between the rimonabant and pair-fed control groups. Conclusion:
Rimonabant had a protective effect on islet morphology in vivo even in established
diabetes. However, the protective effect was also reproduced by pair-feeding. Thus,
the results of this study did not support the significance of islet CB1 receptors in islet
protection with rimonabant in established obesity-associated type 2 diabetes.
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INTRODUCTION

Sequential hypertrophy and atrophy of pancreatic islets, accompanied with pro-
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gressive disorganization and fibrosis, is characteristic of ro-
dent obese type 2 diabetes mellitus models such as Otsuka
Long-Evans Tokushima Fatty (OLETF) rats' and Zucker
Diabetes Fatty rats.” To date, only few drugs such as thiazo-
linediones'? and rimonabant, a cannabinoid type 1 (CB1) re-
ceptor antagonist with full inverse agonist activity and high
binding affinity at CB1,>* have been proven to preserve islet
architecture in these rodent models. Recently, safety issues
have been raised regarding the clinical use of thiazolinedio-
nes™® and there is an increasing interest in alternative drugs
with protective effects on islets.

Although rimonabant was withdrawn from the market
for adverse psychological effects,” several strategies to
avoid the unwanted effect are under investigation.'® Use of
neutral antagonist or partial agonist of CB1 receptor, that
does not block or impair constitutive CB1 activity, could
maintain the metabolic benefit of rimonabant while avoid-
ing adverse psychological effects.!!"'> Another strategy is
the use of peripheral CBI1 receptor antagonists, which do
not pass through the blood-brain barrier. Recently, it was
reported that one of the peripheral CB1 receptor antagonists
led to weight-independent improvements in glucose ho-
meostasis, fatty liver, and plasma lipid profiles in a rodent
pre-diabetic obesity model.!?

While some of these strategies would be promising, there
are some uncertain areas in the protective effect of rimonabant
on islet. Firstly, previous studies have not adequately ad-
dressed whether rimonabant can protect pancreatic islets
from the typical progressive disorganization and fibrosis seen
in established diabetes. For example, one study focused on
metabolic profiles in a pre-diabetic model without analyzing
pancreatic histology,"* which other studies showed that
rimonabant preserves islet architecture in rodent obese type 2
diabetes mellitus models, but the animals were not confirmed
to be diabetic before the initiation of rimonabant.>* Secondly,
previous studies did not include pair-feeding control groups
in their analyses of islet morphology.>* Although the pres-
ence of CBI receptors in islets'*'* and favorable direct ef-
fects of CB1 antagonism on insulin secretion in an ex vivo
model'*!” have been reported, their importance in vivo has
not been adequately addressed. If the protective effect of
rimonabant on islet is not reproduced in pair-fed animals, it
might suggest the role of islet CB1 receptor in protective
effect of rimonabant on islet morphology.

The aim of this study was to reproduce the protective ef-
fect of rimonabant against morphological disintegration of
islets in an animal model with established diabetes, further-

more, if the effect is reproducible, we planned to determine
whether the protective effect of rimonabant is independent
of reduced food intake. To this end, we analyzed the protec-
tive effect of the CB1 receptor antagonist rimonabant on is-
let morphology in OLETF rats which were confirmed to be
diabetic before treatment. The results were compared to
those in pair-fed controls to determine if a protective effect
exists that is independent of reduced food intake. In addi-
tion, we also compared the results for rimonabant-treated
rats to those of rats treated with rosiglitazone, an insulin-
sensitizer with a known protective effect on the disintegra-
tion of islets in a rodent obese type 2 diabetes model.'?

MATERIALS AND METHODS

Animals

Male OLETF rats and Long-Evans Tokushima Otsuka
(LETO) rats, which are the lean non-diabetic counterparts to
OLETF rats, were supplied at 4 weeks of age by the Otsuka
Pharmaceutical Company (Tokushima, Japan). Rats were
maintained at ambient temperature (22+1°C) with 12h: 12 h
light-dark cycles. We used 32-week-old male OLETF rats as
an obese, overt type 2 diabetes model, since the known cumu-
lative incidences of diabetes in male OLETF rats are 67%,
78%, and 81.2% at 4, 6, and 10 months of age, respective-
ly.!% In OLETF rats (n=20), an oral glucose tolerance test
(OGTT) was performed, and pretreatment glycated albu-
min level was measured at 32 weeks. The definition of overt
diabetes was a glucose level greater than or equal to 230
mg/dL at 120 min after glucose challenge. Only rats with
overt diabetes were included in this study (n=17). All ani-
mal procedures were approved by the Institutional Animal
Care and Use Committee of the Kangbuk Samsung Hospi-
tal, Seoul, Republic of Korea.

Experimental design and treatment

At 32 weeks of age, diabetic OLETF and LETO rats were
randomized into four groups and treated for 6 weeks: the
control group (n=4 for OLETF rats, n=5 for LETO rats),
rimonabant group (n=5 for OLETF rats, n=5 for LETO rats),
pair-fed control group (n=4 for OLETF rats, n=5 for LETO
rats), and rosiglitazone group (n=4 for OLETF rats, n=5 for
LETO rats). Food intake and body weight were monitored
daily during the treatment period. Rats were treated by oral
gavage once a day for 6 weeks with either vehicle (PBS)
for the control and pair-fed control groups, rimonabant (30
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mg/kg/day, Sanofi-Aventis R&D, Paris, France) for the rimo-
nabant group, or rosiglitazone (4 mg/kg/day, GlaxoSmith-
Kline Pharmaceuticals, Philadelphia, PA, USA) for the rosi-
glitazone group. The dosage of each drug was determined
based on the rat pharmacokinetic data provided by the manu-
facturers and previous literatures that showed metabolic effi-
cacy with the same drugs in rat.**! Animals were fed stan-
dard rodent chow ad libitum except for the pair-fed control
group, and all animals had free access to water throughout
the experiment. The pair-fed control group did not receive
rimonabant, and food intake was restricted to the same
amount as the rimonabant group. After 6 weeks of treatment,
we compared the results for glycated albumin, OGTT, ho-
meostasis model assessment of insulin resistance (HOMA-
IR), and adipokine levels. HOMA-IR was calculated using
the following formula: HOMA-IR=[fasting serum insulin
(LWU/mL)]x[fasting serum glucose (mmol/L)]/22.5. Serum
glycated albumin levels were measured by an enzymatic
method using a Hitachi 7600 P module analyzer (Hitachi
High-Technologies Corporation, Tokyo, Japan). In this meth-
od, endogenous glycated amino acid elimination reaction
was followed by the glycated albumin assay using albumin-
specific proteinase and ketoamine oxidase. After albumin
was measured by a bromocresolpurple method, glycated al-
bumin value was calculated as the percentage of glycated
albumin in total albumin. The detailed method of this tech-
nique has been published elsewhere.?>?* Serum adiponectin
levels were determined using an enzyme-linked immuno-
sorbent assay (ELISA) kit (Adipogen Inc., Incheon, Korea),
according to the manufacturer’s recommendations. After
sacrificing the rats by anesthetizing with carbon dioxide,
we compared the masses of epididymal, mesenteric, subcu-
taneous, and retroperitoneal adipose tissues in each group.

OGTT

OGTTs were performed on non-anesthetized rats at 32 and
38 weeks of age. After a 16-h fast, glucose (2 g/kg as a 50%
solution, w/v) was administered by oral gavage. Blood sam-
ples were obtained from snipped tails to measure blood glu-
cose levels at 0, 15, 30, 60, 90, and 120 min after glucose ad-
ministration. Glucose levels were determined using a glu-
cometer (Glucocard X-Meter; Arkray, Kyoto, Japan). Blood
samples were obtained after overnight fasting for measur-
ing fasting serum glucose and insulin concentrations. Se-
rum samples were immediately frozen and stored at -80°C.
Glucose concentrations were measured by enzymatic assay
(Sigma-Aldrich, St. Louis, MO, USA), and insulin levels

were determined by an ELISA kit (Crystal Chem, Downers
Grove, IL, USA).

Determination of relative beta-cell area and beta-cell
proliferation

At 6 h before pancreas removal, animals were injected intra-
peritoneally with 100 mg/kg 5-bromo-29deoxyuridine
(BrdU; Amersham, Oakville, ON, USA). Staining for insulin
(DAKO, Glostrup, Denmark) and BrdU (Amersham Phar-
macia Biotech, Buckinghamshire, UK) was used to assess
beta-cell mass and proliferation. Paraffin-embedded pancreas
tissues were sectioned serially (4 um), and three randomly
selected slides per rat tissue were used for each staining.
Each section of the rat pancreas contained the whole pancre-
as in longitudinal dimension. After overnight incubation with
rat anti-BrdU antibody (1 : 200, MCA-2060; ABd Serotec,
Oxford, UK), sections were reacted with diaminobenzidine
tetrahydrochloride. After overnight incubation with guinea
pig anti-swine insulin antibody (1 : 500, DAKO, Glostrup,
Denmark), sections were treated with a Blue Alkaline Phos-
phatase Substrate kit (SK-5300, Vector) and counterstained
with hematoxylin. Areas with beta-cells and pancreas were
determined with an aid of a ScanScope Slide Scanner (Ape-
rio, San Diego, CA, USA) connected by video camera to a
computer equipped with Image-Pro Plus software version
5.1 (Media Cybernetics, Bethesda, MD, USA). The relative
cross-sectional area of beta-cells was determined by quantifi-
cation of the area occupied by beta-cells and the area of all
tissue in multiple fields per slide. Tissue areas were deter-
mined by marking the threshold of the captured image for
brown tissue (beta-cells) and for brown and blue tissue (total
tissue). In all, -70% of each section was analyzed to estimate
beta-cell and total tissue area. For beta-cell proliferation,
BrdU"/insulin” cells were determined as a percentage of total
insulin® cells. Beta-cells incorporating BrdU (BrdU") had
blue/black nuclei and were counted with an aid of an Olym-
pus BX50 microscope connected by video camera to a com-
puter equipped with Image-Pro Plus software (Media Cyber-
netics, Bethesda, MD, USA).

Quantification of islet fibrosis

Fibrosis levels for each islet were quantitatively expressed
on sections stained with Accustain™ Masson’s Trichrome
stain (HT-15, Sigma-Aldrich, St. Louis, MO, USA). The
relative cross-sectional area of fibrotic change was deter-
mined by quantification of the area stained with Masson’s
trichrome and the area of all tissue in multiple fields per
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slide with a microscope, camera, and software as above.
Tissue areas were determined by marking the threshold of
the captured image for red tissue (fibrotic change) and for
brown and blue tissue (total tissue). Beta-cell and total tis-
sue area estimates were performed as above. The average
of estimated tissue areas from two or three pancreas sam-
ples were analyzed for each rat.

Statistical analysis

Data are presented as mean+standard error of the mean. Stu-
dent’s t-test was used for comparisons between two groups,
and one-way analysis of variance (ANOVA) with post hoc
Tukey’s multiple comparison test was used among multiple
groups. Repeated measures ANOVA was used for analyzing
the difference between repeatedly measured values among
multiple groups. All statistical analyses were conducted using
SPSS version 19.0 (SPSS Inc., Chicago, IL, USA). A p-value
less than 0.05 was considered statistically significant.

RESULTS

Daily food intake and body weight in LETO rats and
diabetic OLETF rats

In OLETF rats, food intake of the rimonabant group was
significantly less than that of both the control and rosigli-
tazone groups over the entire experimental period (Fig.
1A). Although there were no significant differences in body
weight between groups at specific time points, body weight
rapidly decreased in the first week of treatment period in
the rimonabant and pair-fed control groups and no further
weight loss was observed. In contrast, body weight de-
creased throughout the treatment period in the control group
(F565=18.05, p>0.05 for column factor; F,s=5.46, p<0.001
for interaction; Fs¢=21.57, p<0.001 for time by repeated
measures ANOVA) (Fig. 1B). In LETO rats, the rimonabant
group showed decreased food intake over the treatment pe-
riod except in 3rd and 4th weeks, and lower body weight at
Sth and 6th weeks (Fig. 1C and D).

Glucose tolerance, glycated albumin levels, relative beta
cell area, and extent of islet fibrosis

There was no difference in glucose tolerance between dia-
betic OLETF rats in the four groups before treatment (Fig.
1E). However, after 6 weeks of treatment, glucose tolerance
of the rimonabant group was better than that of the control
group at 60 min (F;=1.46, p<0.05 for column factor, p>

0.05 for both time and interaction by repeated measures
ANOVA) (Fig. 1F). After 6 weeks of treatment, glycated
albumin levels of the rimonabant group (16.5+2.0%), pair-
fed control group (13.5+1.9%), and rosiglitazone group
(11.148.0%) were significantly lower than those of the con-
trol group (58.3+7.7%, F;15;=21.96, p<0.001) (Fig. 1G).
The glycated albumin levels of control group after the treat-
ment was also higher than those before treatment in control
group (p<0.001). No such difference was identified in the
other groups. As expected, no significant difference was
seen in glucose tolerance among the experimental groups in
LETO rats (data not shown).

In LETO rats, the relative beta-cell area did not differ be-
tween groups and was similar to that of the rimonabant,
pair-fed control, and rosiglitazone groups in OLETF rats
(Fig. 2A). In OLETF rats, relative beta-cell area of control
group was significantly lower than that of the counterpart
control group in LETO rats (p=0.002) (Fig. 2A). In OLETF
rats, the relative beta-cell area was lower in the control group
than in the pair-fed control group (Fig. 2A). Insulin stain re-
vealed intact islet morphology of LETO rats, whereas sepa-
ration of endocrine cell clusters, which was most extensive
in control group, was observed in OLETF rats (Fig. 2B).
Therefore, further analysis of islet fibrosis and beta-cell
proliferation was performed in OLETF rats. In OLETF rats,
the rimonabant and pair-fed control groups showed less is-
let fibrosis than the control group (Fig. 3A and B). Howev-
er, no difference in the extent of islet fibrosis was observed
between the rimonabant and the pair-fed control groups. No
groups showed differences in BrdU"/insulin” cell number
per beta-cell area (Fig. 3C).

Insulin resistance, adiponectin levels, and adipose mass

Insulin resistance in LETO rats after 6 weeks of treatment,
determined by the HOMA-IR, did not differ between groups
(Fig. 4A). In OLETF rats, a markedly high level of HOMA-
IR was observed in control group after 6 weeks of treatment.
Levels of HOMA-IR were lower in the rimonabant, pair-fed
control, and rosiglitazone groups than in the control group
(Fig. 4B). In both LETO and OLETF rats, serum adiponec-
tin levels were highest in the rosiglitazone group (Fig. 4C
and D). In OLETF rats, serum adiponectin levels were also
higher in the rimonabant and pair-fed control groups than in
the control group, with no difference between rimonabant
and pair-fed control groups. In LETO rats, rimonabant and
pair-feeding groups showed significantly lower retroperito-
neal, subcutaneous, mesenteric, and epididymal adipose tis-
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Fig. 1. Food intake and weight change in OLETF (A and B) and LETO (C and D) rats over a treatment period of 6 weeks. Error bars represent standard devia-
tion. *p<0.05 for control vs. rimonabant group; 'p<0.01 for control vs. rimonabant group; *p<0.001 for control vs. rimonabant group. Oral glucose tolerance test
before (E) and after treatment for 6 weeks (F). After treatment, the area under the curve (mg/dLxmin) for each group was 48792+3340 for the control group,
36653+3692 for the rimonabant group, 39223+4156 for the pair-fed control group, and 42850+5885 for the rosiglitazone group (p=0.2591). * p<0.05 for control vs.
rimonabant group. (G) Glycated albumin levels of each group before and after treatment for 6 weeks. 'p<0.01; *p<0.001. LETO, Long-Evans Tokushima Otsuka;

OLETF, Otsuka Long-Evans Tokushima Fatty.
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sue mass than those of rosiglitazone group (Fig. 5A-D).

Rimonabant group also showed lower mesenteric (p<0.001)
(Fig. 5C) and epididymal (p<0.05) (Fig. 5D) adipose tissue
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mass than that of control group. In OLETF rats, the mass of

retroperitoneal adipose tissue of control (p<0.01) and rimo-

nabant groups (p<0.05) was lower than that of pair-feeding
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Fig. 5. Adipose tissue mass of each group after the treatment period. Retroperitoneal (A), subcutaneous (B), mesenteric (C), and eipididymal (D) fat mass in
LETO rats. *p<0.05; 'p<0.01; *p<0.001. Retroperitoneal (E), subcutaneous (F), mesenteric (G), and eipididymal (H) fat mass in OLETF rats. *p<0.05; 'p<0.01.
OLETF, Otsuka Long-Evans Tokushima Fatty; LETO, Long-Evans Tokushima Otsuka.
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and rosiglitazone groups (Fig. 5E). The mass of retroperito-
neal adipose tissue was significantly different between the
rimonabant and pair-fed control groups (p<0.05) (Fig. 5E).
No difference was observed in the other regions of adipose
tissue in OLETF rats (Fig. 5F, G and H).

DISCUSSION

In this study, rimonabant treatment reduced food intake,
glycated albumin levels, and insulin resistance, and tran-
siently improved glucose tolerance in diabetic OLETF rats.
Rimonabant also reduced islet fibrosis in vivo even after the
establishment of diabetes, as shown in pre-diabetic obesity
models of previous studies. However, this protective effect
was not different from that in the pair-fed control group.

In both LETO and diabetic OLETF rats, rimonabant sig-
nificantly reduced food intake. Although difference in body
weight was not significant in diabetic OLETF rats because
the control lost body weight due to severe hyperglycemia
(Fig. 1G), reduced food intake by rimonabant and pair-
feeding was sufficient to cause significant metabolic benefit
such as prevention of post-treatment hyperglycemia, pro-
tection from islet fibrosis, and lower levels of insulin resis-
tance in diabetic OLETF rats. Interestingly, treatment with
rimonabant transiently improved glucose tolerance despite
a lack of significant differences in relative beta-cell area.
This could at least in part be explained by the improved in-
sulin sensitivity in rimonabant group. Another possibility is
that antagonism of the CB1 receptor might potentiate insu-
lin secretion and attenuate glucagon secretion. Although a
previous static incubation study showed conflicting results,
a perifusion study showed that CB1 antagonism can stimu-
late insulin secretion.?* In isolated human islets, CB1 recep-
tor antagonism blocked CB1-induced stimulation of gluca-
gon and somatostatin secretion.”

In this study, rimonabant protected OLETF rats against
morphological degradation and fibrosis of islets even when
treatment was initiated after establishment of diabetes. Be-
cause there was no difference between rimonabant and pair-
feeding groups, the mechanism of reduced islet fibrosis in-
volves likely improved systemic insulin sensitivity, rather
than direct action via islet CB1 receptor. Histologic changes
in the pancreas of OLETF rats have been suggested to be the
result of over-activity of beta-cells to compensate for insulin
resistance." The reduced levels of HOMA-IR in rimonabant
and pair-feeding groups in diabetic OLETF rats, which

were comparable to that of rosiglitazone group, could ex-
plain the reduced islet fibrosis. However, there were several
different features in adiponection levels and adipose tissue
mass between rimonabant/pair-feeding groups and rosigli-
tazone group. While rosiglitazone group was characterized
by increased adiponectin levels in both LETO and OLETF
rats, rimonabant and pair-feeding groups showed lower lev-
els of adiponectin than that of rosiglitazone group in both
LETO and OLETF rats. In contrast, rimonabant group was
characterized by reduced epididymal and mesenteric fat
mass in LETO rats, and reduced retroperitoneal fat mass in
diabetic OLETF rats. Interestingly, the retroperitoneal fat
mass of rimonabant group in diabetic OLETF rats was sig-
nificantly lower than that of pair-feeding group. These results
are consistent with previous studies showing that rimonabant
significantly enhances lipolysis in diet-induced obesity, di-
rectly leading to a reduction in adipose tissue mass.?**’ Col-
lectively, the action of rimonabant on adipose tissue, which
was different from that of rosiglitazone, renews the clinical
interest in CB1 pathway as a potential target of new insulin-
sensitizing agent in diabetic patients. In addition, although
the presence of CB1 receptors in islets*** and the favorable
direct effects of CB1 antagonism on insulin secretion in an
ex vivo model'” have been reported, the lack of differences
in islet fibrosis between the rimonabant and pair-fed control
groups in this study did not support significance of their
role in islet protection with rimonabant.

Several limitations of this study should be addressed. First-
ly, the sample size would be insufficient to demonstrate sub-
tle difference between groups, although the results of this
study showed some positive findings in several outcomes.
Secondly, diabetic OLETF rats in this study do not represent
general population with type 2 diabetes. In OLETF rats, sa-
tiety deficit, which might come from the lack of cholecys-
tokinin (CCK)-A receptors, leads to increases in meal size,
overall hyperphagia, and obesity.”® Therefore, the metabolic
benefit of rimonabant in this study is more relevant to the
type 2 diabetes patients with severe obesity, in whom correc-
tion of hyperphagia by education is difficult. Thirdly, the met-
abolic benefit of rimo-nabant in diabetic OLETF groups
should be interpreted in the context that glucotoxicity was
present in the control group in OLETF rats.

In conclusion, rimonabant had a protective effect on pan-
creas islet morphology in vivo, even when the treatment
was initiated after the establishment of diabetes. The main
contributor of this protective effect was reduced food in-
take, which resulted in improved insulin sensitivity and less

1134 YONSEIMED J HTTP://WWW.EYMJ.ORG VOLUME 54 NUMBER S5 SEPTEMBER 2013



Rimonabant in Established Diabetes

glucotoxicity. The present results did not indicate the signif-

icance of islet CB1 receptors in the prevention of morpho-

logical degradation of islets by rimonabant in obesity-asso-
ciated type 2 diabetes.
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