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Abstract. This study was performed to examine the
effect of chronic renal impairment and renin-angio-
tensin system (RAS) activation induced by unilateral
nephrectomy (UNX) on the development of pancre-
atic islet b-cell deficit and glucose intolerance. Spra-
gue-Dawley rats were randomized into three groups:
untreated UNX (n = 10), UNX treated with the
angiotensin-converting enzyme inhibitor lisinopril
(n = 8) and sham operation (n = 10). Blood glucose,
serum insulin, renal function and histological changes
of kidney and pancreas were examined 8 months post-
operation. Compared with the sham rats, UNX rats

developed renal impairment, insulin deficiency and
glucose intolerance. Histological staining revealed an
islet b-cell deficit associated with increased immunor-
eactivity for angiotensin and angiotensin type 1
receptor in UNX rats. Treatment with lisinopril
significantly improved renal dysfunction, hyperglyce-
mia, insulin secretion and islet RAS expression. These
data suggest that chronic renal impairment and RAS
activation may contribute to islet b-cell loss and
glucose intolerance. RAS blockade may therefore
prevent these disorders.

Keywords. Glucose intolerance, hyperglycemia, pancreas morphology, RAS blockade, rat, renin-angiotensin
system, unilateral nephrectomy.

Introduction

The kidney is an important organ for glucose homeo-
stasis. Approximately 20–30% of the systemic glucose
production [1] and glucose utilization is attributed to
the kidney [2, 3]. Chronic renal disease compromises

insulin degradation as well as glucose production and
utilization [4]. Disturbed carbohydrate metabolism
has been recognized as a common feature amongst
human subjects with renal failure [4, 5] and animal
models of uremia [6, 7], with the underling mechanism
believed to be due to peripheral insulin resistance [6, 8,
9]. Whether renal impairment can cause islet b-cell
damage is unknown; the relationship between the
pancreatic islets and kidney is undoubtedly complex.* Corresponding author.
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The uninephrectomized (UNX) rat model has long
been used for studies on the activation of the renin-
angiotensin system (RAS) and renal impairment [10,
11]. Moreover, UNX rats demonstrate insulin resist-
ance [6, 12] and elevated expression of angiotensin
type 1 receptor (AT1R) [13]. Animal studies have
revealed significantly beneficial effects of RAS in-
hibition with angiotensin-converting enzyme inhibitor
(ACEI) or angiotensin receptor blockade (ARB) in
the prevention and treatment of diabetes character-
ized by pancreatic b-cell dysfunction [14, 15]. Clinical
trials have, however, provided conflicting results with
regard to the impact of RAS inhibition on new onset
of diabetes [16]. In addition, transforming growth
factor-b1 (TGF-b1) has been recognized as a main
factor in promoting fibrosis [17]. TGF-b1 is activated
by RAS [18, 19] and induces expression of a-smooth
muscle actin (a-SMA) [20], which in turn enhances
extracellular matrix production and consequently
leads to arteriosclerosis, glomerulosclerosis and fib-
rosis. Therefore, we hypothesize that chronic renal
dysfunction and RAS activation lead to islet fibrosis
associated with TGF-b overexpression and islet b-cell
deficit, which subsequently contributes to glucose
intolerance. In this study, we used UNX rats to
investigate the role of chronic RAS activation and
renal impairment in the development of islet b-cell
deficit and glucose intolerance.

Materials and methods

Animals. Three-month-old male Sprague-Dawley rats
weighing initially between 300 and 350 g were ob-
tained from the Laboratory Animal Services Centre at
the Chinese University of Hong Kong. The animals
were caged in pairs, housed at 23 � 18 C with a 12-h
dark/light cycle, having free access to water and fed on
a standard laboratory rat diet (5001 Rodent Diet,
LabDiet, USA). The total duration of studies was
8 months.
Ethical approval for animal studies was according to
the Animal Experimentation Ethics Committee of
The Chinese University of Hong Kong and in accord-
ance with the Animals (Control of Experiments)
Ordinance of the Department of Health of the Hong
Kong SAR Government.

Unilateral nephrectomy. Rats were anesthetized with
ketamine (75 mg/kg; Alfasan, Holland) and xalyzine
(10 mg/kg; Alfasan) and subjected to a sham oper-
ation (n = 10), left nephrectomy (UNX, n=10) or
UNX treated with ACEI-lisinopril (UNX+Lis,
n = 8). Lisinopril was dissolved in distilled water and
used for 8 months with a once daily dosage of 4 mg/kg

body weight. All the sham and UNX rats were also
gavaged with distilled water (3 ml) as a placebo
control. The left kidney was exposed via a 1 – 1.5 cm
incision in the flank and removed, leaving the adrenal
gland intact. Sham-operated rats underwent anesthe-
sia and ventral laparotomy without removal of the left
kidney. The abdominal incisions were closed with 4 – 0
silk sutures, followed by anesthetic recovery of the
animals under a heating lamp with food and water
freely available.

Metabolic and biochemical studies. Body weight and
average 24-h intake of water and food were monitored
monthly. At 3, 6 and 8 months post-operation, fasting
blood glucose (FBG) was monitored and oral glucose
tolerance tests (OGTT) were conducted by gavage of
dextrose (2.5 g/kg body weight) following 8 h of
fasting. Blood glucose levels were measured with a
blood glucose meter (Onetouch Ultra, LifeScan, Inc.
USA) with blood collected from the tail vein, whereas
24-h urine samples were collected using metabolic
cages (Su-Zhou, China).
Fasting blood samples were taken for measurement of
glucose, insulin and renal functions. Fasting plasma
glucose (hexokinase method), serum urea (enzymatic
method) and serum/urine creatinine (Jaffe kinetic
method) were measured using a Modular Analytics
analyzer (Roche Diagnostics GmbH, Mannheim,
Germany) and reagent kits supplied by the manufac-
turer. Analytical performances of these methods were
within the manufacturer�s specifications.
Fasting serum insulin, urine insulin and 2-h OGTT
serum insulin concentrations were measured using
enzyme immunoassay and a rat insulin ELISA kit
(Enzyme immunoassay, MERCODIA, Sweden).
Briefly, enzyme conjugate and substrate TMB were
added to the calibrator 0, 0.15 – 5.5 mg/L and serum
samples. After incubation and wash, the absorbance at
450 nm and insulin concentrations were read and
demonstrated by an ELISA Analyzer (mQuant, Bio-
Tek Instruments Inc., America). Serum insulin con-
centrations are expressed as mU/L. Insulin resistance
(IR) was estimated using the homeostasis model
assessment (HOMA) [6, 15]. HOMA-IR was calcu-
lated with the following formula:

HOMA-IR = Fasting insulin (mU/L)
� Fasting blood glucose (mmol/L) /22.5

Histological studies of pancreatic islets and kidneys.
Rats were sacrificed at 8 months post-operation.
Kidneys and pancreata were removed from all rats,
weighed and processed for light microscopy. Half of
the right kidneys and whole pancreata including both
splenic and duodenal parts were fixed in 10% neutral
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formaldehyde and embedded in paraffin. Serial cross-
sections (4 mm) were cut perpendicular to the long axis
of the pancreas, whereas serial longitudinal sections
(4 mm) were spliced parallel to the longest axis of the
kidney. Sections were stained with periodic acid-Schiff
(PA) and examined with a Zeiss Axioplan 2 imaging
microscope (Carl Zeiss, Inc, Germany), with repre-
sentative images being automatically captured using a
digital Spot Camera (Version 3.1 for Windows 95/98/
NT; Diagnostic Instruments Inc, Sterling Heights, MI,
USA).

Morphometry of pancreatic b-cells. Pancreatic b-cells
were stained with a polyclonal guinea pig anti-porcine
insulin antibody (Dako, cat. no. N1542, Denmark) at a
dilution of 1 : 100. The antibody was specific for insulin
and has no cross-reactivity with the other islet
hormones, glucagon and somatostatin. Paraffin sec-
tions of rat pancreas were cut at a thickness of 4 mm
and deparaffinized for immunofluorescence. Briefly,
after blocking with bovine serum albumin, the pan-
creas sections were incubated with insulin antibody
for 45 min, and nuclei were counterstained with
DAPI. Sections of human pancreases were used as
positive controls, whereas insulin antibody was re-
placed by 5% normal rabbit serum as a negative
control.

Islet area and percentage of proportional islet b-cell
area. For each pancreas, one section was cut and
immunostained with insulin for image analysis. The
entire section was viewed using a microscope, and
each alternative field of view was captured. First, a
field containing an insulin-positive b-cell or islet at
20 � magnification was chosen at random, and then
this field and the immediately adjacent fields contain-
ing insulin-positive b-cell clusters or islets were
captured as images until 20 – 30 fields had been
evaluated. Islets consisting of more than four insulin-
immunoreactive cells [21] with blood vessels were
studied. Each of these islets was evaluated to obtain
the total b-cell area or islet cross-sectional area using
image analysis software (MetaMorph 4.0 image ac-
quisition program for Windows, 1999; Downingtown,
PA, USA). A mean islet area and a mean percentage
of proportional b-cell area within the islet area were
therefore determined.

Immunofluorescence, immunohistochemistry and
morphometry. Kidney tissue sections for immuno-
fluorescence microscopy were stained using goat anti-
rat renin antibody (Santa Cruz Biotechnology, Inc.,
CA; cat. no. E-17, dilution 1 :400). Pancreatic tissue
sections for immunofluorescence microscopy were
stained using goat anti-rat angiotensin I/II (Angio-

tensin, Santa Cruz; cat. no. SC-7419, dilution 1 :200),
rabbit anti-rat TGF-b1 (Santa Cruz; cat. no. SC-146,
dilution 1:200) and mouse anti-rat a-SMA (Dako; cat.
no. N1584, dilution 1 : 10). Pancreatic tissue sections
for immunohistochemistry were stained with rabbit
anti-rat angiotensin type 1 receptor (AT1R, Santa
Cruz; cat. no. SC-579, dilution 1 :200). Briefly, paraffin
pancreas sections were cut at a thickness of 4 mm and
deparaffinized for immunostaining. After blocking
with bovine serum albumin, the kidney and pancreas
tissue sections were incubated with the primary
antibodies for 45 min. Nuclei were counterstained
with DAPI for immunofluorescence or with hema-
toxylin for immunohistochemistry. Sections of human
kidney and pancreases were used as positive controls,
while goat, rabbit and mouse serum were used to
replace the primary antibodies as negative controls.
To evaluate the degree of renal renin expression, a
total of 50 adjacent glomeruli per rat were randomly
chosen. The degree of renin expression in each rat was
graded as the percentage of renin-positive glomeruli
in the 50 glomeruli. To evaluate the immunostaining of
angiotensin and AT1R in pancreas, a total of 10 – 20
adjacent islets in each pancreas were randomly
chosen. The degree of angiotensin and AT1R expres-
sion in each islet was based on staining intensity and
graded as follows: 0, absent staining; 1, weak staining;
2, moderate staining; 3, strong staining. TGF-b1
expression in each pancreas was graded as follows:
0, 0 – 5 %; 1, 5 – 15 %; 2, 15 – 25%; 3, >25 % staining
area within each islet.

Statistical analysis. Data are shown as mean �
standard deviation unless otherwise specified. The
statistical significance of differences noted in the
biochemical parameters was evaluated using one-way
ANOVA. Post hoc multiple comparisons were eval-
uated using the Bonfferoni test. A p value of less than
0.05 was taken as criterion for a statistically significant
difference.

Results

Uninephrectomy-induced renal impairment. First we
assessed the UNX-induced renal impairment with
renin activation at 8 months post-operation. Com-
pared with sham rats, UNX rats had significantly
higher serum urea and creatinine, lower creatinine
clearance, and lower serum total protein and albumin.
Treatment with lisinopril prevented the development
of renal dysfunction (Table 1). Body weight and daily
food consumption at 0, 3, 6 and 8 months post-UNX
were similar among the untreated UNX rats, UNX
rats treated with lisinopril and sham rats. Daily water
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intake and urine volume were higher in UNX rats than
in both sham rats and UNX rats treated with lisinopril.
The weight of the remnant kidney and the ratio of the
remnant kidney weight to total body weight in UNX
rats were approximately 2-fold greater of those of the
corresponding right kidney in sham rats. Treatment
with lisinopril significantly reduced the remnant
kidney hypertrophy, whereas the increase in weight
of the remnant kidney correlated with increased blood
urea (r = 0.732, p = 0.003) and creatinine (r = 0.713,
p = 0.004). Histopathological examination revealed
glomerulosclerosis, glomerular hypertrophy, arterio-
lar hyalinosis, basement membrane thickening, chron-
ic inflammatory infiltrates and tubular casts in the
remnant kidneys (Fig. 1). Immunofluorescence mi-
croscopy revealed moderate to strong immunoreac-
tivity of renin in arteriolar smooth muscle cells,
juxtaglomerular apparatus cells and tubular epithelial
cells in UNX rats. In contrast, only scattered juxta-

glomerular apparatus cells were positive for renin in
sham rats (Fig. 1). Quantitative analysis showed the
percentage of renin-positive glomeruli was signifi-
cantly higher in UNX rats compared with sham rats
(Table 2). These findings suggest an increased expres-
sion of renin in remnant kidneys by 8 months post-
uninephrectomy. Treatment with lisinopril largely
attenuated these renal structural damages without
significantly influencing cellular renin expression.

Uninephrectomy-induced glucose intolerance and
insulin resistance. We then examined the UNX-
induced glucose intolerance and insulin resistance
during an oral glucose tolerance tests (OGTT). OGTT
was performed at 0, 3, 6 and 8 months post-unineph-
rectomy (Fig. 2). At 3 months post-uninephrectomy,
blood glucose levels were not significantly different
between sham and UNX rats. By 6 months post-
uninephrectomy, 2-h OGTT blood glucose was sig-

Table 1. Metabolic and biochemical changes in rats 8 months post-operation.

Sham UNX UNX+Lis

Number of rats 10 10 8

Body weight (g) 612 � 54 620 � 53 605 � 43

Food intake (g/d) 32 � 2 31 � 2 32 � 2

Water intake (g/d) 54 � 11 69 � 15† 53 � 4*

24-h urine volume (ml) 31 � 8 51 � 14† 35 � 5*

Right kidney weight (g) 2.1 � 0.4 4.0 � 0.5‡ 3.4 � 0.3*

Right kidney weight/body weight (%) 0.35 � 0.03 0.64 � 0.10‡ 0.58 � 0.03

Fasting serum urea (mmol/L) 5.8 � 0.6 11.2 � 3.7‡ 6.8 � 0.8#

Fasting serum creatinine (mmol/L) 35.0 � 3.3 59.7 � 12.6‡ 42.1 � 4.4#

Creatinine clearance rate (ml/Min) 5.7 � 1.5 3.4 � 1.2‡ 4.9 � 0.7*

Fasting serum total protein (g/L) 65.6 � 1.5 61.3 � 3.0‡ 64.7 � 2.6*

Fasting serum albumin (g/L) 17.8 � 1.8 14.2 � 1.6‡ 17.9 � 1.5#

Fasting blood glucose (mmol/L) 5.4 � 0.5 6.0 � 0.6† 5.4 � 0.4*

Fasting serum insulin (mU/L) 9.3 � 3.2 11.8 � 4.6 11.7 � 2.1

2-h OGTT serum insulin (mU/L) 26.5 � 5.4 19.6 � 7.1† 27.0 � 4.8*

HOMA-IR 2.2 � 0.8 3.3 � 1.2† 2.7 � 0.4

Urine insulin (mU/L) 0.067 � 0.017 0.029 � 0.007‡ 0.048 � 0.016*

Data are mean � SD (†p < 0.05, ‡p < 0.01 versus sham rats; *p < 0.05, #p < 0.01 versus UNX rats).
HOMA-IR, homeostasis model assessment-insulin resistance; OGTT, oral glucose tolerance test.

Table 2. Renin, angiotensin, AT1R and TGF-b1 gradings semi-quantified by immunostaining.

Sham UNX UNX+Lis

Renin-positive glomeruli (%) 8.6 � 1.8 12.8 � 5.1† 10.4 � 2.6

Angiotensin grading 0.79 � 0.28 1.23 � 0.23† 0.72 � 0.30#

AT1R grading 1.2 � 0.2 1.8 � 0.3† 1.3 � 0.3*

TGF-b1 grading 0.49 � 0.21 0.83 � 0.23‡ 0.54 � 0.18*

Data are mean � SD (†p < 0.05, ‡p < 0.01 versus sham rats; *p < 0.05, #p < 0.01 versus UNX rats).
AT1R, angiotensin receptor type 1; TGF-b1, transforming growth factor-b1.
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nificantly higher in UNX rats than in sham rats
(7.7 � 0.9 versus 6.7 � 0.7 mmol/L, p = 0.043). At this
time point, 2-h OGTT blood glucose (6.9 � 1.1 mmol/
L) in lisinopril-treated rats appeared to be reduced,
but the reduction was not statistically significant
(p = 0.177 versus UNX rats).
By 8 months post-uninephrectomy, UNX rats (com-
pared to sham rats) had higher fasting blood glucose
(FBG, 6.0 � 0.6 versus 5.4 � 0.5 mmol/L, p = 0.038),
30-min OGTT blood glucose (8.7 � 1.2 versus
7.7 � 0.8 mmol/L, p = 0.061) and 2-h OGTT blood
glucose (8.2 � 1.3 versus 6.5 � 0.5 mmol/L,
p = 0.001). UNX rats treated with lisinopril (versus
untreated UNX rats) had significantly lower FBG
(5.4 � 0.4 mmol/L, p = 0.043 versus UNX) and 2-h
OGTT blood glucose (6.7 � 0.6 mmol/L, p = 0.006).
UNX rats progressively developed hyperglycemia and
glucose intolerance, and treatment with lisinopril
significantly prevented the development of such
glycemic elevation (Fig. 2).
By 8 months post-uninephrectomy, UNX rats were
shown to have insulin resistance. Compared with sham
rats, UNX rats had a higher homeostasis model
assessment of insulin resistance index (HOMA-IR;
3.3 � 1.2 versus 2.2 � 0.8, p = 0.043). Treatment with
lisinopril appeared to reduce HOMA-IR (2.7 � 0.4),
although the reduction was not significant (p = 0.707
versus UNX rats). Fasting serum insulin levels were
similar among the three groups (UNX, 11.8 � 4.6 mU/
L; sham, 9.3 � 3.2 mU/L; lisinopril, 11.7 � 2.1 mU/L,

p = 0.161). Due to renal impairment, the fasting urine
insulin level was significantly decreased in UNX rats
(0.029 � 0.007 mU/L versus 0.067 � 0.017 mU/L in
sham rats, p = 0.003; lisinopril, 0.048 � 0.016 mU/L,

Figure 1. Renal structural changes and expression of renin. Renal
tissue sections were obtained from sham, untreated uninephrec-
tomy (UNX) and lisinopril-treated UNX rats (UNX+Lis)
8 months post-operation. Sections were stained with periodic acid
Schiff (PAS) and renin. Compared with sham rats, UNX rats
showed glomerulosclerosis and glomerular hypertrophy with peri-
glomerular chronic inflammatory infiltrates. Strong immunoreac-
tivity of renin in glomerular arteriolar walls was observed in UNX
rats. Treatment with lisinopril attenuated glomerulosclerosis and
chronic inflammatory infiltration. Original magnification �400.

Figure 2. Blood glucose levels in relation to the time after
uninephrectomy (UNX). Oral glucose tolerance test (OGTT)
was performed in sham rats (circle, dashed), untreated UNX rats
(square, dark solid) and lisinopril-treated UNX rats (UNX+Lis,
triangle, light solid) at 0, 3, 6 and 8 months post-operation. The 2-h
OGTT blood glucose was significant higher in UNX rats versus
sham rats (†p < 0.05 UNX rats versus sham rats) by 6 months.
Fasting blood glucose and 2-h OGTT blood glucose were signifi-
cant higher in UNX rats versus sham and UNX+Lis rats by 8
months (†p < 0.05 UNX rats versus sham rats; *p < 0.05 UNX rats
versus UNX+Lis rats).
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p = 0.012 versus UNX rats). The serum insulin level at
2-h post-glucose gavage was significantly lower in
UNX rats compared with sham rats (19.6 � 7.1 versus
26.5 � 5.4 mU/L, p = 0.030), and the decrease in the
serum insulin level in UNX rats was completely
normalized by treatment with the ACEI lisinopril
(27.0 � 4.8 mU/L, p = 0.023).

Pancreatic RAS activation and islet b-cell deficit.
Histological immunostaining and morphometry were
used to investigate the UNX-induced pancreatic RAS
activation and islet b-cell loss, which might contribute
to hyperglycemia and glucose intolerance. In this
study, islets were defined as a vascularized cluster of
more than four insulin-secreting b-cells [21]. Islet
b-cells were identified with immunostaining of insulin,
and islet blood vessels were stained with periodic acid
Schiff (PAS) to define the basement membrane and
with a-smooth muscle actin (a-SMA) to demonstrate
vascular smooth muscle cells. A total of 172 islets in
sham rats, 343 islets in UNX rats and 140 islets in
lisinopril-treated rats were analyzed. Since the islet
areas were right skew distributed, we transformed the
data to normal distribution by logarithmic transfor-
mation based on 10. Compared with sham rats,
untreated UNX rats showed islet damage (Fig. 3)
and an approximate 12 % reduction in the b-cell area
fraction per islet (p = 0.007). Table 3 shows a signifi-
cant deficit of islet b-cells in UNX rats versus sham
rats. Treatment with lisinopril significantly improved
islet structures as well as the islet b-cell fraction
(p = 0.006 versus UNX). The difference in islet b-cell
area correlated with fasting blood glucose levels (r = –
0.70, p = 0.017), implying that elevated fasting blood
glucose levels resulted from a reduced islet b-cell
volume.
In parallel to the islet b-cell deficit, the islets in UNX
rats showed capillary basement membrane thickening
and diffuse fibrosis (Fig. 3). The severity of islet
fibrosis increased progressively from sham rats, to
UNX rats with normoglycemia, to UNX rats with
impaired fasting blood glucose (data not shown).
Normal islets usually had a diameter of 50 to 100 mm,
whereas most of the islets with marked fibrosis were
hypertrophic and had a diameter greater than 150 mm.
Sequential sections revealed that bands of expanded

fibrous tissues replaced the normally delicate islet
stroma in UNX rats with impaired fasting blood
glucose. Compared to untreated UNX rats, UNX rats
treated with lisinopril were shown to have substan-
tially less islet fibrosis.
Islet fibrosis and islet b-cell deficit were accompanied
by overexpression of both angiotensin and AT1R
(Table 2). Immunofluorescence of angiotensin
showed strong immunoreactivity in islet cells sur-
rounded by UNX-induced fibrotic tissues but weak
immunoreactivity in normal islet cells from sham rats
and from lisinopril-treated rats (Fig. 3). Fibrotic islets
in UNX rats also exhibited strong expression of
AT1R, whereas normal islets in sham rats and in
lisinopril-treated rats were virtually negative for

Table 3. Pancreatic islet b-cells in rats 8 months after operation.

Sham UNX UNX+Lis

Pancreas weight (g) 1.6 � 0.3 1.8 � 0.3 1.8 � 0.4

Log10 mean islet area (mm2) 4.7 � 0.7 5.0 � 0.3 5.0 � 0.2

b-cell area/islet area (%) 64.2 � 3.0 52.4 � 8.5‡ 64.3 � 2.6#

Data are mean � SE (‡p < 0.01 versus sham rats; #p < 0.01 versus UNX rats).

Figure 3. Pancreatic islet fibrosis and expression of angiotensin I/II
(Angiotensin) and angiotensin type 1 receptor (AT1R). Pancreatic
tissue sections were obtained from sham rats, untreated unineph-
rectomy (UNX) rats and lisinopril-treated UNX (UNX+Lis) rats
8 months post-operation. Sections were stained with periodic acid
Schiff (PAS, pink), Angiotensin (green) and AT1R (brown).
Compared with sham rats, UNX rats showed a marked diffuse
islet fibrosis with diminished endocrine cells. Immunofluorescent
and immunohistochemical staining revealed overexpression of
angiotensin and AT1R in pancreatic islets of UNX rats. Such
abnormalities were attenuated in UNX rats treated with lisinopril.
Original magnification � 400.
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AT1R. The UNX-induced overexpression of angio-
tensin and AT1R in pancreatic islet cells co-existed
with islet fibrosis and islet b-cell deficit.
Since TGF-b is a potent pro-fibrotic factor linking islet
RAS activation and islet fibrosis, sequential pancre-
atic tissue sections were double-stained with TGF-b1
and a-SMA (Fig. 4). Islet cells with overexpression of
angiotensin and AT1R in UNX rats also showed a
marked increase in the immunoreactivity for TGF-b1
(Table 2), whereas in normal islets of sham rats and
lisinopril-treated rats, few islet cells were positive for
TGF-b1. Additionally, expression of a-SMA in islets
corresponded to the degree of islet fibrosis. Dimin-
ished expression of insulin and a reduced volume of
insulin-positive cells within pancreatic islets were also
in correlation with the overexpression of TGF-b1 and
increased number of a-SMA-positive cells (Fig. 4).

Discussion

This study demonstrates the overexpression of RAS in
remnant kidneys and pancreatic islets of male adult
uninephrectomized Sprague-Dawley rats. The activa-

tion of RAS accompanied by TGF-b1 overexpression
causes islet fibrosis and islet b-cell deficit, which leads
to insulin deficiency and results in hyperglycemia and
glucose intolerance. Treatment with an ACEI such as
lisinopril prevented the development of renal impair-
ments associated with RAS activation, hyperglycemia
and glucose intolerance in UNX rats. The beneficial
effects of the ACE inhibition are mainly associated
with islet b-cell protection due to RAS blockade and
improved kidney function, which is central to glucose
homeostasis.
The RAS activation in our study is strongly correlated
with pancreatic fibrosis and islet damage. Pancreatic
intrinsic RAS has been demonstrated in the endocrine
pancreas, and the pathogenic functions of RAS in islet
b-cell damage have been shown in several studies [22,
23]. During impaired status of renal function [24],
RAS is activated and plays an important role in the
mediation of physiological reactions such as stimulat-
ing and inhibiting cell proliferation, inducing apopto-
sis and participating in the increase of some risk
factors including oxidative stress, inflammation and
free fatty acid levels [25]. During a pathological status,
TGF-b1 is activated by RAS [18, 19] and induces
a-SMA expression [20]. Expression of a-SMA en-
ables interstitial fibroblasts, vascular smooth muscle
cells, glomerular mesangial cells and hepatic satellite
cells to produce extracellular matrix, which eventually
leads to fibrotic damage such as fibrosis, arterio-
sclerosis, glomerulosclerosis and cirrhosis. Moreover,
the RAS may affect the function of pancreatic islets as
a result of hemodynamic effects of decreased blood
circulation and reduced insulin secretion. In an in vivo
study, infusion of angiotensin II induced a dose-
dependent reduction in both whole pancreatic and
islet blood flow and delayed the first phase of insulin
release in response to glucose [26]. In this study, both
the structural damage and decreased blood flow in
pancreatic islets are assumed to contribute to the
insufficiency of b-cell function. These data are con-
sistent with in vitro studies of human pancreatic islets
[27, 28] demonstrating that the AT1R and angiotensin
II are expressed by islet b-cells and that locally
produced angiotensin II may be important in regulat-
ing a coordinated insulin secretory response from islet
b-cells. The effects of intrinsic pancreatic RAS on
insulin release have been attributed to its vasocon-
strictive actions on islet blood flow [26] and its direct
regulation of insulin secretion [27, 28].
In our study, the decreased b-cell fraction and 2-h
OGTT insulin secretion in addition to renal impair-
ment and insulin resistance are assumed to be crucial
factors that contribute to the development of hyper-
glycemia and glucose intolerance in UNX rats. This is
similar to results in human studies in which b-cell mass

Figure 4. Expression of transforming growth factor-b1 (TGF-b1)
and a-smooth muscle actin (a-SMA) in pancreatic islet b-cells.
Pancreatic tissue sections were obtained from sham rats, untreated
uninephrectomy rats (UNX) and lisinopril-treated UNX rats
(UNX+Lis) 8 months post-operation. Sections were immunos-
tained with TGF-b1 (green), a-SMA (red) and insulin (green).
Double immunofluorescent staining revealed overexpression of
TGF-b1 and a-SMA in islets from UNX rats with a diminished
number of insulin-positive islet b-cells. In contrast, sham rats and
lisinopril-treated rats showed weak expression of TGF-b1 and
a-SMA in the peripheral region of islets and a normal number of
insulin-positive islet b-cells. Original magnification � 400.

Cell. Mol. Life Sci. Vol. 64, 2007 Research Article 3125



in patients with type 2 diabetes shows a 40 – 60 %
reduction in human autopsy studies [29 –31]. The
activation of RAS and the activated TGF-b1 and
a-SMA are proposed to take part in intra-islet fibrosis
formation and are thought to be related to the
insufficient insulin secretion needed to compensate
insulin resistance. It is clear that b-cell mass can be
regulated to maintain euglycemia in various metabolic
conditions, and b-cells change dynamically in mass
and function in response to variations in demand for
insulin [32]. Moreover, b-cell mass is known to be
regulated by a balance between b-cell growth (b-cell
replication and neogenesis) and b-cell death (apopto-
sis) [33, 34]. In this study, most of the islets with
fibrosis were hypertrophic. This may imply that at an
early stage of insulin resistance, islet mass self-
expanded both morphometrically and functionally to
compensate for the insulin resistance and maintain
euglycemia. These compensative reactions were lat-
terly disrupted by the intra-islet fibrosis formation,
and eventually b-cells failed to compensate for insulin
resistance.
Insulin uptake and degradation is a feature of all
insulin-sensitive tissues and contributes partly to
insulin clearance [35]. However, at higher concen-
trations, insulin removed by the liver and kidneys is
assumed to have much importance in insulin clear-
ance. The kidney is the major site of insulin clearance
from the systemic circulation [36], removing approx-
imately 50 % of peripheral insulin [37]. During renal
failure, insulin clearance is reduced, which may result
in hypoglycemia in insulin-treated diabetic patients.
Similarly, in this study, urine insulin concentration
decreased in UNX rats. Moreover, suppressed insulin
degradation in muscle and liver has been demonstrat-
ed in uremic subjects [37]. Taken together, decreased
insulin excretion in urine and suppressed insulin
degradation in muscle and liver are assumed to be
the causes of insulin resistance observed in this study.
The resulting insulin resistance in insulin target organs
is contributable to the hyperglycemia and glucose
intolerance.
The UNX rat model has long been used as an animal
model to study nephropathy, high blood pressure and
glucose metabolism. However, most studies involved
models set up by 5/6 or 90 % nephrectomy, hence the
renal failure was relatively acute and severe, and
observation periods were shorter (<4 months). In our
experiment, we selected a unilateral nephrectomy rat
model and went though an 8-month observation. This
chronic model is closer to the real changes in
pancreatic function and blood glucose metabolism in
human kidney donors and subjects with renal dys-
function. Moreover, uninephrectomy is a severe
procedure that produces a myriad of effects on many

systems including the RAS and the endocrine pan-
creas.
Chronic kidney disease is a common public health
problem that affects approximately 12 % of adults in
the United States [38]. The high prevalence of chronic
renal failure and of living kidney donors for renal
transplantation prompted this study of glucose disor-
der and pancreatic islet damage. Previous studies
showed that patients with chronic renal failure have a
high prevalence of pancreatic damage [39] and islet
amyloid [40]. Reported pancreatic damage included
peri-ductal fibrosis, interstitial fibrosis and inflamma-
tion, which were also observed in this study. Later
studies found insulin resistance in renal failure
patients [41]. All these data imply a higher incidence
of diabetes in patients with renal dysfunction. In this
disorder, the activated RAS is assumed to be the
essential mediator. Although the mechanism of the
effect of the RAS on the occurrence of diabetes was
not illuminated previously, RAS blockades with
ACEI or ARB have been observed to improve islet
structure and function in experimental animal models
of type 2 diabetes [14, 15, 42] and pancreatitis [43, 44].
Moreover, some clinical trials [45, 46] and a subse-
quent meta-analysis [47] also suggested that RAS
blockade had a potential preventive effect on new-
onset diabetes. In this study, treatment with ACEI
prevented UNX rats from developing hyperglycemia
and glucose intolerance through islet b-cell protec-
tion, possibly due to the blocking of RAS activation.
In contrast, a recent clinical study did not show a
protective effect (from progression to diabetes) of
ACEI–ramipril in patients with impaired fasting
glucose or impaired glucose tolerance [16]. One
possible explanation is that pancreatic islet damage
and insulin resistance may have already existed in
subjects with impaired fasting glucose or impaired
glucose tolerance. Once islet damage occurs, RAS
blockade with an ACEI such as ramipril may not be
effective. More studies are ongoing to test the effects
of RAS and its blockades on diabetes [48].
There are some limitations in this study. The beneficial
effects noted are not necessarily attributable to ACEI
but may be related to blood pressure control. A
control with another anti-hypertensive agent and
measurement of blood pressure should be performed
in future studies. Nonetheless, we report an observa-
tion of islet damage with b-cell deficit and glucose
intolerance in rats with uninephrectomy. Clinical
monitoring of blood glucose and islet function in
kidney donors and in patients with chronic renal
disease is therefore strongly recommended.
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