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Abstract

We evaluated whether ramipril, one of long-acting ACEIs, has a direct effect on pancreas islets in animal model of type 2 di-

abetes. OLETF rats were treated with ramipril for 24 weeks. We assessed the body weight, glucose tolerance, and the amount of islet

fibrosis. RT-PCR and Western blot analysis of transforming growth factor-b with its downstream signals were performed from the

pancreas. Ramipril treatment remarkably reduced weight gain and the area under the curve of glucose. Islet fibrosis and the ex-

pression of TGF-b with its downstream signal molecules were significantly reduced in the pancreas of ramipril-treated group than in

control and paired-feeding group. These beneficial effects of ramipril might be related to the downregulation of TGF-b and its

downstream signals in OLETF rats. To our knowledge, this is the first report suggesting the potential effect of ramipril on the

prevention of islet destruction by fibrosis in the animal model of type 2 diabetes mellitus.

� 2004 Elsevier Inc. All rights reserved.
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Diabetes mellitus is a common group of metabolic

disorders resulting from hyperglycemia. The chronic

complications of diabetes affect many organ systems and

are responsible for most morbidity and mortality.

Considering the recent dramatic increase in the number

of type 2 diabetic patients and the enormous costs for

their medical care, many clinical trials have been un-
dertaken to prevent type 2 diabetes mellitus before onset

[1]. Recently reported Heart Outcomes Prevention

Evaluation (HOPE) study and Losartan Intervention

for Endpoint reduction in hypertension study (LIFE)

clearly showed that ramipril and losartan remarkably

reduced the incidence of diabetes [2–4]. But their exact

mechanism is not clarified.

Otsuka Long–Evans Tokushima fatty (OLETF) rats
form a well-known animal model of type 2 diabetes
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mellitus, developing extensive atrophy with connective

tissue proliferation of the pancreas [5,6]. Morphologi-

cally, the glomerular sclerotic changes seen in diabetic

nephropathy are similar to those of the pancreatic islets

of OLETF rats, and TGF-b1 is involved in the patho-

genesis of pancreatic fibrosis in this model [6]. In addi-

tion to this animal model, fibrotic change of pancreas,
especially amyloid deposition with islet fibrosis, is often

observed in humans with long-standing diabetic mellitus

[7,8]. Until now, so many evidences exist that angio-

tensin converting enzyme inhibitors (ACEIs) prevent the

progression of diabetic nephropathy or renal fibrosis. In

addition, previous reports demonstrated that ACEIs

attenuated pancreatic inflammation and fibrosis in rats,

and pancreatic stellate cells expressing a-smooth muscle
actin (a-SMA) are also associated with the development

of pancreatic fibrosis [6,9,10].

Moreover, some studies have described the presence

of angiotensin II (AT II) receptors on the surface of
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pancreatic islet b-cells in rats [11–13]. In the human
pancreas, the AT1 receptor has been identified in islets

[14], especially on b-cells and endothelial cells, although

this requires additional clarification. Thus, ACEIs might

have a direct influence on pancreatic islets in animal

models or in patients suffering type 2 diabetes mellitus.

We hypothesized that long-term treatment using

ACEI might attenuate the progression or development

of type 2 diabetes mellitus through its direct effect on
pancreatic islets. This study aimed to determine whether

ramipril could prevent the deterioration of glucose tol-

erance and the fibrotic changes in pancreatic islets by

modulating the gene expression of TGF-b and its

downstream signal molecules in OLETF rats.
Materials and methods

Materials. Forty-eight male OLETF rats (Otsuka Pharmaceutical,

Tokushima Research Institute, Japan) aged 20 weeks, weighing be-

tween 400 and 450 g, were randomly allocated to either treatment with

ramipril (Aventis Pharmaceutical, Germany) or no treatment for 24

weeks (O-RAM5, 5mg/kg ramipril dissolved in their drinking water,

n ¼ 16: O-PF, paired-feeding group to O-RAM5 without ramipril

treatment, n ¼ 8: O-RAM1, 1mg/kg ramipril, n ¼ 8: and O-CON,

control rats fed ad libitum without ramipril, n ¼ 16). Long–Evans

Tokushima Otsuka (LETO) rats, weighing between 350 and 400 g,

were also randomized as OLETF rats (L-RAM5, n ¼ 16; L-PF,

paired-feeding group, n ¼ 8; L-RAM1, n ¼ 8; and L-CON, n ¼ 16)

and used as non-diabetic controls. We added the paired-feeding group

to clarify the effect of ramipril, independent of body weight. For

paired-feeding, the amount of consumed chow in O-RAM5 and

L-RAM5 groups was calculated and this amount of food was used for

O-PF and L-PF groups to match with their corresponding groups.

Body weights were measured weekly. After 24 weeks of ramipril

treatment, all experimental rats were sacrificed except for a half of

those of O-RAM5 (n ¼ 8) and O-CON (n ¼ 8) of OLETF rats and L-

RAM5 (n ¼ 8) and L-CON (n ¼ 8) of LETO rats. Remnant OLETF

and LETO rats were then fed with an additional 30% sucrose in their

drinking water to exacerbate their hyperglycemic status from the 24th

to the 32nd week. Oral glucose tolerance test (OGTT) was performed

before and after this loading period, and all animals were euthanized.

Oral glucose tolerance test. After overnight fasting, an oral glucose

tolerance test using 25% glucose solution (2 g/kg) was performed.

Blood samples were obtained by tail snipping. Blood glucose levels

were measured using a glucose oxidase method (Glucometer Precision,

MEDISENSE Contract Manufacturing, UK). The area under the

curve of glucose (AUCg) was calculated by trapezoidal estimation

from the values obtained at OGTT.

Fasting insulin level and homeostasis model assessment of insulin

resistance index. For measuring fasting plasma insulin concentrations,

blood samples were obtained after overnight fasting, at the same time

as the first OGTT sample. The plasma insulin level in the sample was

measured in duplicate by radioimmunoassay (Dainabot Corporation

kit, Tokyo, Japan).

For estimation of the degree of insulin resistance, we calculated the

homeostasis model assessment of insulin resistance (HOMA-IR) as

follows: HOMA-IR¼ fasting insulin concentration (lIU/ml)� fasting

glucose concentration (mmol/L)/22.5 [15]. HOMA of b-cell function
(HOMA-B) was calculated as 20� fasting insulin concentration/(fast-

ing glucose concentration )3.5) [16].
Immunohistochemistry. Pancreases were removed and weighed. One

set (approximately one-third of the tissues) was stored at )70 �C for

subsequent reverse transcription polymerase chain reaction (RT-PCR)
analysis. One-third of the pooled tissues were used for Western blot

analysis. The remaining tissues were fixed and then embedded in

paraffin. For the measurement of b-cell mass, an immunohistochemical

staining was performed using the streptavidin–biotin–peroxidase

method. After overnight incubation with insulin antibody (Linco Re-

search, St. Charles, MO, USA), sections were developed with diami-

nobenzidine tetrahydrochloride (DAB) and then counterstained with

hematoxylin. To investigate the degree of matrix accumulation and

fibrosis in the pancreatic islets, sections were stained using Masson’s

trichrome method [17]. Sections were also stained using a polyclonal

rabbit anti-human TGF-b antibody (Santa Cruz, CA, USA) [18] and

mouse smooth muscle a-actin (a-SMA, Sigma, St. Louis, MO) using a

commercial kit (DAKO, Denmark), and developed with DAB.

b-Cell mass quantification in pancreatic islets. The relative volumes

of the b-cells were measured by the point counting method [19] using

an Olympus BH-2 microscope connected to a video camera equipped

with a color monitor with a 90-point transparent overlay under 200�
magnification. The b-cells were counted in the slide after immuno-

staining with anti-insulin antibody. An average of 398.8 fields and

35896.3 points in non-overlapping fields were counted systematically

from each section; one section was counted per tissue block. The rel-

ative b-cell volume in pancreatic tissue was described as follows:

number of points corresponding to the anti-insulin antibody-stained

area/number of points corresponding to the remaining pancreatic area.

Cell masses were calculated by multiplying the relative percentages of

b-cells by the total pancreatic weight [20].

Measurement of fibrosis and of the a-SMA-stained area in pancreatic

islets. To calculate the relative percentage of blue-stained areas within

islets in trichrome-stained slides, each section was processed by pla-

nimetry using an image analyzer (Optimas 6.51, Media Cybertics,

Tempe, AR, USA). The amount of collagen deposition was calculated

from a mean of 496 non-overlapping islets per pancreas. The amount

of islet fibrosis is presented as a percentage of the total islet area and

was determined as (area of fibrosis/total area of islets)� 100.

The a-SMA-stained areas were calculated as (area of a-SMA-

stained area/total area of islet)� 100. Because the fibrosis of islets was

observed predominantly in large islets, we analyzed islet fibrosis and

the a-SMA-stained areas only in islets that were larger than the median

islet size of the LETO control rats (15,957lm2).

RT-PCR analysis of TGF-b and its downstream regulators. Total

RNA from the frozen pancreatic tissues of each group was extracted

using Trizol (Gibco-BRL, Grand Island, NY, USA). Total RNA was

identified using gel electrophoresis and quantified by spectrophotom-

etry. Total RNA (4lg) was used to synthesize first-strand cDNA ac-

cording to the protocol of the SuperScript preamplification system

(Gibco-BRL) [11]. After incubating total RNA with 0.5lg
oligo(dT)12–18 primer at 70 �C for 10min, the reaction was carried out

in a mixture of 5ll first-strand buffer in a final volume of 20 ll. The
mixed contents of the tube were incubated and Superscript II trans-

criptase was added. After denaturation at 70 �C for 15min, the final

mixture was used directly for PCR amplification. The relative ex-

pression levels of genes isolated from pancreatic tissue were determined

according to the expression level of the glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) gene. The gene-specific primers were de-

signed on the basis of published sequences. The PCR primers were as

follows: TGF-b, sense 50-ATCGACATGGAGCTGGTGA-30, anti-

sense 50-TTGGCATGGTAGCCCTTGG-30; connective tissue growth

factor (CTGF), sense 50-CACTCGGTGAGGCTGAAG-30, anti-sense

50-ACTGCCTCCCAAACCAGT-30; anti-sense 50-AGGGAAGAAG

AGGAAGCAG-30; fibronectin, sense 50-GCCTCCAGACCCTACT

GT-30, anti-sense 50-TCCACACGGTATCCAGTC-30; and GAPDH,

sense 50-ACCACAGTCCATGCCATCAC-30, anti-sense 50-TCCACC

ACCCTGTTGCTGTA-30. Reactions were carried out in a volume of

25 ll containing the corresponding sense and anti-sense primer se-

quences using a PCR reagent system (Gibco-BRL). The PCR condi-

tions were as follows: after boiling at 94 �C for 4min, amplification was

repeated for 30 cycles at 94 �C for 1min, 55 �C for 1min, and 72 �C for



Fig. 1. Area under the curve of glucose (AUCg) at 6 months after

ramipril treatment and then 8 weeks after 30% sucrose loading during

OGTT. After exposure to sucrose for 8 weeks, the difference of AUCg

between ramipril-treated group and control group was more exagger-

ated in OLETF rats. *P < 0:05 vs. control group of OLETF rats. j,

OLETF 5mg/kg (O-RAM5); �, OLETF control (O-CON); d, LETO

5mg/kg (L-RAM5); and s, LETO control group (L-CON).
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2min. The mixture was then incubated at 72 �C for 10min to complete

DNA elongation and finally stored at 4 �C. The density of each band

was measured using a VDS densitometer (Pharmacia Biotech, CA,

USA).

Western blot analysis. Frozen pancreatic tissue pieces were ho-

mogenized using a Polytrol homogenizer in ice-cold lysis buffer. Pro-

tein concentrations were measured using the Bradford method.

Proteins (20lg) separated by SDS–PAGE were transferred onto

polyvinylidene difluoride membranes (Hybond-P, Amersham, Buck-

inghamshire, UK). The membranes were blocked and then incubated

with anti-TGF-b (Santa Cruz, CA, USA), anti-CTGF (Santa Cruz,

CA, USA), anti-fibronectin (DAKO, Denmark), and anti-a-SMA

(Sigma, St. Louis, MO). After washing, the membranes were incubated

with a secondary peroxidase-coupled antibody for 1 h at room tem-

perature. An antibody detection system (ECL, Amersham–Pharmacia)

was applied and the membranes were exposed to X-ray films. Protein

band intensities were quantified using a VSD densitometer (Amer-

sham–Pharmacia).

Statistical analysis. Data are expressed as means� SD. Differences

between means were evaluated using the SPSS 10.0 program (Chicago,

USA). One-way analysis of variance (ANOVA) with the Bonferroni

correction was used to analyze the quantitative variables among

groups. A P value <0.05 was considered significant.
Results

OGTT at 24 and 32 weeks

At 32 weeks, the mean fasting and 2 h blood glucose

levels of O-RAM5 group were significantly different

from those of O-CON (fasting glucose, O-RAM5 vs.

O-CON, 6.5� 0.7 vs. 8.1� 1.1mmol/L, P < 0:05; 2 h

glucose, O-RAM5 vs. O-CON, 9.9� 2.9 vs.

15.3� 7.0mmol/L, P < 0:05). LETO rats showed a sig-

nificant difference in terms of 2 h glucose levels (L-
RAM5 vs. L-CON, 6.0� 2.9 vs. 7.0� 4.2mmol/L,

P < 0:05).
The mean value of the AUCg was significantly higher

in O-CON group animals than in O-RAM5 group

during OGTT (69.9� 8.8 vs. 63.4� 8.0mmol/L/min,

P < 0:05), but no difference was detected between L-

RAM5 and L-CON group at 24 weeks. After exposure

to sucrose for additional eight weeks, the difference in
AUCg between O-RAM5 and O-CON group was more

exaggerated (O-RAM5, 63.5� 8.5 vs. O-CON,

77.9� 6.6mmol/L/min, P < 0:05, Fig. 1).

Fasting insulin, HOMA-IR, HOMA-B, and insulinogenic

index

At 32 weeks, HOMA-B and DI30/DG30 values (ratio of

changes of insulin to glucose concentration for 30min

following oral glucose challenge) were significantly in-

creased inO-RAM5 group inOLETF rats. In LETO rats,

only DI30/DG30 value was significantly different between

the treated and non-treated groups (Table 1). However,
all the values of fasting insulin, HOMA-IR, HOMA-B,

and insulinogenic index between the OLETF and LETO

rat types were statistically significant (Table 1).
b-Cell mass, islet fibrosis, TGF-b, and a-SMA expression

in pancreatic tissue

The mean value of the b-cell mass in the pancreases

was not different among groups in OLETF and LETO

rats at 24 and 32 weeks. At 24 weeks, the islets were

enlarged, and connective tissue proliferation surround-

ing the islets was evident, especially in O-CON group.
The degree of islet fibrosis declined in the order:

O-CON>O-PF>O-RAM1>O-RAM5 (Figs. 2A–D).

Ramipril treatment was associated with less amount of

islet fibrosis at 24 and 32 weeks in OLETF rats

(O-RAM5 vs. O-CON, P < 0:05, Table 2). A similar

overall pattern was observed in LETO rats, but struc-

tural changes of the pancreatic islets were much less

prominent and islet architecture was relatively well
preserved.

Immunoreactivity for TGF-b was detected in the

relatively preserved or degenerated islets, in duct cells

adjacent to destroyed islets, and in vessels and sur-

rounding connective tissues. However, in O-CON and

O-PF groups, TGF-b expression was noted more ex-

tensively in the whole pancreatic tissues, especially ad-

jacent to disorganized islets and proliferating duct cells
(Figs. 2F and H).

The a-SMA staining showed a characteristic pattern.

In addition to normally expressed a-SMA in the vascular

smooth muscle cells and exocrine tissue, multiple ring-

shaped intra-islet immunostaining, suggestive of prolif-

erating microvessels, was also observed (Figs. 2I–L).

This pattern was more frequent in larger and more de-

generated islets of the O-CON rats (Fig. 2L). a-SMA
expression was also observed in the peri-islet area of

advanced fibrotic islets. The ratio of the a-SMA-stained

area to the total islet area measured by planimetry was

significantly higher in O-CON group than in O-RAM5

group (Table 2).



Fig. 2. Masson’s trichrome method combined with immunostaining of pancreatic tissues in OLETF rats (A–D). Morphological islet fibrosis and

destructive islet changes were more prominent in O-CON (D) compared with O-RAM5 (A), O-PF (B), and O-RAM1 (C) (200�). Representative

findings of immunohistochemical staining of TGF-b (E–H) and a-SMA (I–L) in the pancreatic tissue of OLETF rats. In ramipril-treated groups

(E,G), TGF-b expression (brown color) was relatively confined to the islets and some exocrine tissues. However, in O-CON and O-PF groups, more

extensive TGF-b staining in whole pancreas was detected compared with the ramipril-treated animals (F,H). The a-SMA expression showed a similar

pattern. Compared to O-RAM5 (I), more intense brown-colored a-SMA immunostaining (arrows) was observed in small ring-shaped vessels in the

enlarged and disorganized pancreatic islets of O-CON (L) (200�). O-RAM5 (A,E,I); O-PF (B,F,J); O-RAM1 (C,G,K); O-CON (D,H,L).

Table 1

Fasting insulin levels and the homeostasis model assessment of insulin resistance (HOMA) index after ramipril treatment

24 weeks 32 weeks

Insulin

(pmol/L)

HOMA-B HOMA-IR DI30/DG30 Insulin

(pmol/L)

HOMA-B HOMA-IR DI30/DG30

OLETF

O-RAM5 8.5� 4.4 4.8� 2.9 0.39� 0.2 3.8� 1.8 7.8� 4.4 7.3� 3.4� 0.32� 0.2 2.1� 1.0�

O-CON 5.9� 4.8 4.6� 3.4 0.26� 0.2 2.5� 1.9 5.9� 4.9 3.5� 2.5 0.31� 0.3 1.5� 0.4

LETO

L-RAM5 9.0� 4.9 22.7� 13.2 0.29� 0.2 10.5� 5.7 8.0� 6.1 12.0� 6.4 0.30� 0.2 7.3� 4.3��

L-CON 9.5� 5.3 17.8� 11.7 0.30� 0.2 8.8� 3.1 9.5� 5.3 8.9� 5.2 0.34� 0.2 5.5� 1.6

Data are means�SD. HOMA-IR, homeostasis model assessment of insulin resistance; HOMA-B, homeostasis model assessment of b-cell
function; and DI30/DG30, ratio of changes of insulin to glucose concentration for 30min following oral glucose challenge (pmol/mol/L).

* P < 0:05 vs. O-CON group.
** P < 0:05 vs. L-CON group.
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Table 2

b-Cell mass, islet fibrosis amount, and a-SMA-stained areas after ramipril treatment

24 weeks 32 weeks

b-Cell mass (mg) Fibrosis (%) a-SMA (%) b-Cell mass (mg) Fibrosis (%) a-SMA (%)

OLETF

O-RAM5 12.8� 3.4 19.9� 0.8� 0.4� 0.1 11.4� 1.4 20.2� 4.8� 1.0� 0.2�

O-PF 9.7� 3.6 25.1� 1.2 0.6� 0.1 — — —

O-RAM1 11.8� 4.3 25.8� 1.1 0.4� 0.2 — — —

O-CON 6.8� 1.0 31.5� 1.1 0.6� 0.1 8.3� 0.6 52.7� 6.9 1.4� 0.5

LETO

L-RAM5 9.1� 2.1 5.5� 0.3 0.2� 0.1 11.0� 1.2 10.0� 2.2�� 0.3� 0.1

L-PF 9.5� 3.1 10.6� 0.6 0.2� 0.1 — — —

L-RAM1 8.9� 1.6 10.1� 0.6 0.1� 0.1 — — —

L-CON 7.4� 1.1 11.5� 1.2 0.1� 0.1 10.1� 0.8 13.5� 2.8 0.2� 0.1

Data represent means� SD. Sucrose feeding accelerated the islet fibrosis in control groups while ramipril protected the islet fibrosis by sucrose

feeding especially in OLETF rats.
* P < 0:05 vs. O-CON.
** P < 0:05 vs. L-CON.
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RT-PCR for TGF-b and its downstream signals at 24 and

32 weeks

RT-PCR analysis demonstrated significant up-regu-

lation of TGF-b mRNA in O-CON rats compared with

the other 3 groups of OLETF and LETO rats at 24

weeks (Fig. 3A). The decreased gene expression was

remarkable in the O-RAM5 group, but we did not ob-
serve any difference between O-PF and O-RAM1 group.

The increased expressions of TGF-b and CTGF

mRNAs paralleled the appearance of pancreatic fibro-

sis. In addition, the mRNA of fibronectin was also

higher in the O-CON rats than in the O-RAM5 rats

(Fig. 3A). At 32 weeks, the differences of their gene

expressions were more prominent and significant

(Fig. 3B). In LETO rats, differences in gene expression
were similar to those of OLETF rats (data not shown).

Western blotting at 24 and 32 weeks

Based on band densities, pancreatic TGF-b, CTGF,
fibronectin, and a-SMA protein expressions were sig-

nificantly elevated in O-CON rats compared with the O-

RAM5 and O-RAM1 animals at 24 weeks (P < 0:05,
Fig. 4A). The TGF-b, fibronectin, and a-SMA expres-

sions were reduced more so in O-RAM5 than O-RAM1,

and quantification of density of the band from control

rats was approximately about 2 times greater than in

samples from O-RAM5 animals (P < 0:05). These
findings corresponded with the results of mRNA ex-

pressions. Their protein expressions were also signifi-

cantly elevated in O-CON group at 32 weeks compared

to O-RAM5 group (Fig. 4B).

Body weight change during paired-feeding

Long-term high-dose (5mg/kg) ramipril treatment

significantly suppressed weight gain in OLETF
(9.8� 2.3%) and LETO (14.3� 8.4%) rats compared

with the control groups. Body weights were well mat-

ched in paired-feeding group (O-PF) and high-dose

ramipril-treated group. Thus, it suggested that the effect

of high-dose ramipril (5mg/kg) on body weight was

related to a reduced appetite. One milligram per kilo-

gram of ramipril administration tended to suppress the

weight gain only in OLETF rats but there was no sta-
tistical significance.
Discussion

This study showed that long-term ACE inhibition

caused by high-dose (5mg/kg) ramipril treatment pro-

tected against the pancreatic islet destruction and fi-
brosis caused by chronic hyperglycemia in OLETF rats.

Moreover, these effects correlated with decreased gene

expressions of TGF-b and its downstream signals, such

as CTGF, fibronectin, and a-SMA.

The clinical background of this experimental study

design was based on HOPE study [2]. Remarkably,

the study observed a marked reduction in the inci-

dence of complications related to diabetes and in the
incidence of new cases of diabetes [2,4], although these

results require confirmation. These findings suggest

that ACEIs have an influence on insulin sensitivity,

insulin resistance, and pancreatic function directly or

indirectly.

In general, obesity, one component of metabolic

syndrome, induces more insulin resistant condition. It

may aggravate some burden to pancreatic islets to se-
crete more insulin for compensation of insulin resis-

tance. As a result, it accelerates islet dysfunction. So we

added the paired-feeding group not only to clarify the

effect of ramipril on reduced weight gain in OLETF rats

but also to test the direct effect of ramipril on the islets,

independent of body weight.



Fig. 3. (A) Reverse transcription polymerase chain reaction analysis after ramipril treatment in OLETF rats for the expression of TGF-b, CTGF, and

fibronectin mRNAs at 24 weeks. O-RAM5, lane 1; O-PF, lane 2; O-RAM1, lane 3; and O-CON, lane 4. (B) At 32 weeks, ramipril treatment showed a

clear reduction of expression of mRNAs compared with the control group in the pancreas of OLETF rats. O-RAM5, lane 1; O-CON, lane 4.

*P < 0:05 vs. O-CON group.
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Our preliminary data showed that high-dose ramipril

treatment tended to reduce weight gain in this animal

model of type 2 diabetes. We tried to clarify the drug
effect by adding a paired-feeding group to ramipril

(5mg/kg) group. Reduced weight gain completely dis-

appeared in the paired-feeding. Long-term treatment

with high-dose ramipril, therefore, significantly reduced

weight gain, suggestive of an anorexic effect.

At 24 weeks, the GTT showed no significant differ-

ence between groups. However, after feeding with an

additional 30% sucrose for a further 8 weeks, responses
to exaggerated hyperglycemia revealed some meaningful

results. Fasting and 2 h glucose levels as shown by the

AUCg were clearly lower in the long-term ramipril-

treated OLETF group than in the control rats.

Morphologically, in non-treated group, prominent islet

fibrosis was observed without any differences in fasting

insulin concentration, b-cell mass or the degree of in-

sulin resistance between groups. But HOMA-B and
DI30/DG30 index were significantly improved in ramipril-

treated group. This seems to mean that insulin secretory
function was improved with long-term use of ramipril,

despite no changes of b-cell mass, accompanied by

protection of islet disorganization. This suggests that
islet fibrosis with accompanying secretory impairment of

insulin had an important role in the deterioration of

glucose tolerance status in OLETF control rats.

Several reports have presented experimental data on

animal models of diabetes regarding the effects of ACE

inhibition on insulin sensitivity. Some demonstrated that

ACEIs have beneficial effects on insulin sensitivity

[21,22], glucose disposal [23], and increased islet blood
flow of rat pancreas [24]. In rats, the mRNA expressions

of angiotensinogen, renin, and the AT II receptor sub-

types have been determined in the pancreas and localized

to the epithelium of pancreatic ducts and the endothe-

lium of blood vessels [12,13,25]. In the human pancreas,

the AT 1 receptor has been identified in islets [14], es-

pecially in b- and endothelial cells, though this requires

additional clarification. Thus, ACEIs might have a direct
influence on the pancreatic islets in animal models or in

human patients with type 2 diabetes mellitus.



Fig. 4. Western blot analysis of TGF-b, CTGF, fibronectin, and a-SMA proteins in the OLETF rat pancreas. After autoradiography, signals of

appropriate molecular weight were detected. Ramipril treatment showed a clear reduction in the protein expressions compared with their control

group at 24 weeks (A) and 32 weeks (B). *P < 0:05 vs. control group.
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The local role of the renin–angiotensin system in

tissues during the pathogenesis of diabetic complications

is relatively well described in the field of diabetic ne-

phropathy. ACE inhibitors and AT II receptor blockers

attenuate progressive glomerulosclerosis in disease

models and slow disease progression in humans [26],
regardless of their hemodynamic effects. Some vasoac-

tive factors such as AT II, endothelin I, thromboxane,

and hyperglycemia clearly play a part in growth stimu-

lation and profibrotic activity during diabetic renal

disease through the secondary induction of TGF-b, and
the reduced expression of TGF-b receptors following

ACE inhibition [27].

The multifunctional cytokine TGF-b is recognized
as a mediator of matrix accumulation and fibrosis, and

as a regulator of cell growth and differentiation. In

addition to mediating renal fibrosis, TGF-b plays an

important role in the development of pancreatic fi-

brosis, such as chronic pancreatitis, acute necrotizing

pancreatitis, and pancreatic regeneration [28–30].

CTGF, originally identified in human endothelial cells,

is an important downstream mediator of TGF-b ac-
tivity [31]. CTGF seems to be upregulated by TGF-b,
which subsequently modulates fibroblast proliferation,
growth, and extracellular matrix overproduction. Al-

though many pathophysiological mechanisms associ-

ated with the diabetic state interact in concert to

induce the changes, it seems that AT II and TGF-b are

also critical molecules in the pathogenesis of destruc-

tive changes of pancreatic islets in type 2 diabetes
mellitus. In our results, TGF-b, CTGF, and fibronectin

gene expressions were significantly increased in non-

treated group. Even in 1mg/kg ramipril group, these

gene expressions were decreased, suggestive of benefi-

cial effect of anti-hypertensive dose of ramipril on islet

fibrosis.

Pancreatic stellate cells have now been identified and

have been shown to differentiate into myofibroblast-like
cells expressing a-SMA and producing collagen types I

and III, laminin, and fibronectin in response to various

inflammatory cytokines [32,33]. These cells are involved

in the pathogenesis of pancreatic fibrosis and have re-

ceptors for cytokines, growth factors, and inflammatory

mediators, including AT II [34]. Morphologically, dis-

organized or fibrotic changes of pancreatic islets in this

model were correlated with the expression of a-SMA. It
was suggested that a-SMA contributes to the patho-

genesis of islet fibrosis.
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In summary, we observed that long-term treatment
with an ACEI attenuated the destructive changes of

pancreatic islets in an animal model of type 2 diabetes

mellitus. We showed that TGF-b and AT II might act as

key mediators of the pathogenesis of islet fibrosis in this

disease. In addition to the control of hyperglycemia,

therefore, inhibition of TGF-b by ACEIs might be a

promising therapeutic route towards the prevention of

pancreatic islet fibrosis in patients with long-standing
diabetes mellitus. Clarification of the signaling pathways

associated with TGF-b and AT II could assist in de-

veloping therapies for the prevention or treatment of

type 2 diabetes mellitus, although the clinical implica-

tions of these molecules remain to be determined.
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