
The observation that hyperinsulinaemia and insulin
resistance are present in subjects with essential hy-
pertension has led to the hypothesis that insulin is in-
volved in the pathophysiology of this disease [1–3].
When considering possible pathogenetic mechanisms
that could mediate the prohypertensive effect of insu-
lin, particular attention has been paid to the renal ac-
tions of the hormone. Insulin decreases urinary so-
dium excretion in rats [4], dogs [5, 6], and humans [7,
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Summary Both the density and level of mRNA en-
coding insulin receptors in the kidney are inversely
related to the dietary sodium content, suggesting a
feedback mechanism that limits the insulin-induced
sodium retention when extracellular fluid volume is
expanded. Because angiotensin II affects tissue sensi-
tivity to insulin in humans, we investigated whether
angiotensin II affects insulin receptor binding and
mRNA levels in the kidney, liver, and renal arteries
of normal rats and rats with streptozotocin-induced
diabetes mellitus. Non-diabetic and diabetic rats
were infused for 7 days with either vehicle or angio-
tensin II at a rate of 200 ng ⋅ kg−1 ⋅ min−1. In a separate
experiment, normal rats were treated with an angio-
tensin converting enzyme inhibitor (captopril,
100 mg/dl in the drinking water) or vehicle for
7 days. Regional analysis of insulin receptor binding
in the kidney and renal arteries was performed by an
in situ technique using computerized microdensitom-
etry and emulsion autoradiography. Insulin receptor
mRNA levels were determined in renal and hepatic
tissue by Northern blot hybridization and normalized
with 28S rRNA. No differences in blood pressure
were observed among diabetic and non-diabetic rats
infused with either vehicle or angiotensin II, whereas
captopril-treated rats had significantly lower blood

pressure levels than their respective controls. Angio-
tensin II significantly decreased plasma renin concen-
tration in both non-diabetic and diabetic rats. Insulin
receptor number was significantly greater in the renal
cortex of diabetic rats than in non-diabetics, whereas
no significant differences were found in the outer me-
dulla, inner medulla, or renal arteries. Angiotensin II
infusion did not affect either the number or affinity of
insulin receptors in any of the renal regions studied.
Insulin receptor mRNA levels were significantly
greater in the kidney and liver of diabetic rats than
in non-diabetics and were not affected by angiotensin
II infusion. Similar to angiotensin II infusion, capto-
pril treatment did not affect either renal insulin re-
ceptor binding or mRNA levels. Thus, diabetic rats
have increased insulin receptor binding and mRNA
levels in comparison to non-diabetic rats. Angio-
tensin II infusion and captopril treatment do not af-
fect insulin receptor binding and mRNA levels in
the kidney, arguing against a role for this peptide in
the modulation of renal sensitivity to insulin. [Dia-
betologia (1997) 40: 770–777]
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8], without affecting renal haemodynamics or glomer-
ular filtration rate [6, 9]. Recent experiments have
shown that, in normal rats, there is an inverse rela-
tionship between dietary sodium intake and renal in-
sulin receptor density and mRNA levels [10], suggest-
ing the existence of a feedback mechanism that limits
insulin-induced sodium retention when extracellular
fluid volume is expanded. In addition to a direct ef-
fect of sodium in the kidney, changes in angiotensin
II circulating levels, occurring as a consequence of
changes in extracellular fluid volume, might be in-
volved in the relationship between dietary salt and re-
nal insulin receptors.

A possibile link between angiotensin II and insulin
receptors is suggested also by recent studies per-
formed in normal and diabetic humans in which it
has been demonstrated that acute infusion of angio-
tensin II, administered in both pressor and subpressor
doses, increases insulin sensitivity, as evaluated by
measurement of glucose disposal rate during eugly-
caemic-hyperinsulinaemic clamp [11, 12]. Our aim in
the present study was to investigate insulin receptor
number and mRNA levels in tissues of rats studied
under experimental conditions known to alter the ac-
tivity of the renin-angiotensin system.

Materials and methods

Animals. Male Sprague-Dawley rats (Bantin and Kingman,
Fremont, Calif., USA) weighing 200–300 g, were housed in cli-
mate-controlled conditions (70 ± 5 ° F and 55 % relative hu-
midity) with a 12-h light-dark cycle (06.00 to 18.00 hours) and
provided standard rat chow and water ad libitum. Diabetes
(n = 20) was induced by intravenous administration of strepto-
zotocin (STZ; Sigma Chemicals, St.Louis, Mo., USA), 60 mg/
kg body weight, dissolved in sodium citrate buffer (0.1 mmol/l,
pH 4.5). Non-diabetic rats (n = 20), which were matched for
age and weight, received an equal volume of the vehicle. Ani-
mals were considered to be diabetic if blood glucose levels
were 20 mmol/l or more 72 h after the injection. Diabetic rats
received a fixed dose (2 IU/day) of human recombinant insu-
lin (Humulin U; Lilly, Indianapolis, Ind., USA) which was ad-
ministered at 20.00 hours. Blood glucose levels were checked
every other day by tail vein sampling (Accu-check bG; Bio-
Dinamics, Boehringer Mannheim, Indianapolis, Ind., USA).
Ten days after administration of STZ or vehicle, rats were an-
aesthetized with sodium pentobarbital, 50 mg/kg i. p., and an
osmotic minipump (model 2001; Alza, Palo Alto, Calif.,
USA) was implanted intraperitoneally. Ten rats from each
subgroup received a pump containing angiotensin II (Human
angiotensin II; Peninsula Laboratories, Belmont, Calif.,
USA) in a concentration designed to deliver at an infusion
rate of 200 ng ⋅ kg−1 ⋅ min−1, and the other 10 rats a pump con-
taining the vehicle. One diabetic rat died during surgery. An-
giotensin II was dissolved in saline containing bovine serum
albumin (48 mg/ml) to avoid loss of peptide by adherence to
the osmotic membrane. Rats were infused for 7 days. Systolic
blood pressure was measured in conscious, prewarmed (light
lamp), restrained rats by the tail-cuff method using plethys-
mography and a physiograph recorder (Pulse Amplifier;
ITTC Life Science, Woodland Hills, Calif., USA). For these

measurements, rats were trained before the study. Under
such conditions, this indirect technique has been shown to be
as reliable as direct arterial cannulation in both acute and
chronic experiments [13, 14]. At the end of the infusion peri-
ods, rats were fasted for 8 h, killed by decapitation, and trunk
blood was collected in 3K-EDTA and immediately chilled.
Plasma was separated by centrifugation and stored at −20 °C
for later determination of glucose, insulin, and renin concen-
trations. Kidneys were removed, weighed, and snap frozen in
liquid nitrogen for both in situ insulin receptor assay and total
RNA isolation. Liver was also removed and frozen for total
RNA isolation.

In a separate experiment, rats received either captopril dis-
solved in the drinking water at a concentration of 100 mg/dl
(n = 6), or vehicle (n = 6). After 7 days, rats were decapitated,
and the kidneys handled as described above. In a separate
group of captopril-treated rats (n = 6) and controls (n = 6) the
efficacy of angiotensin-converting enzyme inhibition was as-
sessed by determination of the pressor response to an i. v. bolus
injection of 200 ng of angiotensin I (Sigma Chemicals).

Plasma glucose, plasma insulin, and renin concentrations. Glu-
cose was determined using a YSI model 23A glucose autoana-
lyser (Yellow Springs Instruments, Yellow Springs, Ohio,
USA). Plasma insulin levels were determined by radioimmu-
noassay, using a double antibody technique [15]. Plasma renin
concentration was determined as the rate of angiotensin I gen-
eration in plasma incubated for 2 h at pH 6.5 in the presence of
excess rat angiotensinogen using the method of Menard and
Catt [16].

Insulin receptor binding studies. The distribution and binding
characteristics of renal insulin receptors were assessed by an
in situ autoradiographic technique associated with computer-
ized microdensitometry, as previously described [10, 17].
Scatchard analysis of equilibrium binding data was obtained
using the LIGAND program of Munson and Rodbard [18]
and resulted in curvilinear profiles indicating either two
classes of receptors (high-affinity, low-capacity and low-affin-
ity, high-capacity), or the presence of a single class of recep-
tors with a negative cooperative hormone-receptor interac-
tion. In all the experiments data were analysed for a two-site
model.

Vascular insulin receptor density was quantitated in the ma-
jor branches of the renal artery by emulsion autoradiography
[10] performed in 20 mm thick renal tissue sections. The num-
ber of silver grains in five 0.083 mm2 squares within the artery
wall was averaged after subtraction of the background number
of grains from equivalent areas outside of the tissue perimeter
on the same slide [19].

Insulin receptor mRNA studies. Total RNA was isolated from
frozen tissue by a modification of the guanidine thiocyanate
method of Chirgwin et al. [20] as described previously [10,
21]. Insulin receptor mRNA levels were quantitated by
Northern blot hybridization analysis [10, 21, 22]. To assure
equivalent loading conditions, duplicate blots were prepared
and hybridized with a 32P-labelled oligonucleotide probe com-
plementary to bases 4011–4036 of human 28S ribosomal RNA
[10, 21].

Statistical analysis. Data are presented as means ± SEM. Com-
parisons between groups were done by analysis of variance
(Statview; Abacus, Berkeley, Calif., USA). Differences were
considered to be statistically significant with a p value less
than 0.05.
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Results

Plasma glucose, plasma insulin, body and kidney
weight, blood pressure, and plasma renin concentra-
tion (Table 1 and Table 2). Plasma glucose increased
promptly after administration of STZ and remained
significantly higher than control in diabetic rats that
received low-dose (2 IU/day) insulin therapy. Plasma
insulin levels and body weight were significantly low-
er in diabetic rats as compared to non-diabetics.
Chronic angiotensin II infusion did not affect plasma
glucose, plasma insulin and body weight in either dia-
betic or non-diabetic rats. The kidney weight/body

weight ratio was significantly greater in diabetic than
non-diabetic rats and was significantly increased by
angiotensin II infusion in diabetic rats. Plasma renin
concentration was comparable in non-diabetic and
diabetic rats and was reduced significantly by angio-
tensin II in both groups, indicating effective suppres-
sion of the circulating renin-angiotensin system. Sys-
tolic blood pressure was comparable in diabetic and
control rats and was not affected significantly by an-
giotensin II infusion.

Captopril treatment decreased blood pressure,
increased plasma renin concentration and did not af-
fect body and kidney growth. Captopril treatment
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Table 1. Plasma glucose, plasma insulin, body weight, kidney/
body weight ratio, systolic blood pressure, plasma renin con-
centration, and renal an hepatic 28S ribosomal RNA levels in

non-diabetic and STZ-diabetic rats infused with either vehicle
or angiotensin II

Groups n Plasma
glucose
(mmol/l)

Plasma
insulin
(pmol/l)

Body
weight
(g)

Kidney/body
ratio (× 1000)

Blood
pressure
(mmHg)

Plasma renin
concentration
(ng ⋅ l−1 ⋅ s−1)

28S rRNA

kidney liver

Non-diabetic+vehicle 10 7.3 ± 0.2 7.9 ± 0.5 286 ± 7 7.31 ± 0.16 142 ± 3 4.6 ± 1.8 12.1 ± 1.8 14.9 ± 2.3
Non-diabetic+ANG II 10 6.9 ± 0.2 7.3 ± 0.4 280 ± 8 7.49 ± 0.19 145 ± 3 1.1 ± 0.4a 13.0 ± 2.1 14.8 ± 2.0
Diabetic+vehicle 9 27.4 ± 2.2b 3.1 ± 0.7b 236 ± 4b 9.84 ± 0.32b 144 ± 2 5.9 ± 2.0 12.7 ± 1.2 15.6 ± 1.7
Diabetic+ANG II 10 28.5 ± 1.5b 3.8 ± 0.5b 230 ± 4b 10.25 ± 0.23a,b 145 ± 3 0.6 ± 0.3a 12.4 ± 1.7 14.4 ± 2.2

Data are means ± SEM of the values obtained 14 days after in-
travenous administration of STZ (60 mg/kg) or vehicle and 7
days after intraperitoneal infusion of angiotensin II (ANG II)
(200 ng ⋅ kg−1 ⋅ min−1) or vehicle. Diabetic rats received a low
dose of insulin (2 IU/day) to maintain a moderate hyperglycae-
mic state. Plasma glucose, plasma insulin, and plasma renin

concentration were measured on trunk blood obtained at the
time of killing. Plasma insulin and plasma renin concentration
were measured in 5 rats in each group. RNA data are ex-
pressed in arbitrary scanner units (SU). Intergroup compari-
sons were done by ANOVA. a p < 0.05 vs non-diabetics infused
with vehicle; b p < 0.001 vs respective or diabetic controls

Table 2. Body weight, kidney/body weight ratio, systolic blood pressure, plasma renin concentration, and blood pressure response
to intravenous administration of angiotensin I in captopril-treated and control rats

Groups n Body weight
(g)

Kidney/body
ratio (× 1000)

Blood pressure
(mmHg)

Plasma renin concen-
tration (ng ⋅ l−1 ⋅ s−1)

D Blood pressure
(mmHg)

28S rRNA
kidney

Control 6 348 ± 8 7.42 ± 0.08 143 ± 4 3.9 ± 1.4 42 ± 4 10.7 ± 3.2
Captopril 6 345 ± 5 7.36 ± 0.05 133 ± 2b 16.5 ± 6.4a 4 ± 1b 11.2 ± 2.7

Data are means ± SEM of the values obtained in captopril-
treated (100 mg/dl in the drinking water, for 7 days) and con-
trol rats. Plasma renin concentration was measured on trunk
blood obtained at the time of killing. The efficacy of angio-
tensin-converting enzyme inhibition was assessed by determi-

nation of the pressor response to an i. v. bolus injection of
200 ng of angiotensin I (D Systolic blood pressure). RNA data
ar expressed in arbitrary scanner units (SU). Intergroup com-
parisons were done by ANOVA. a p < 0.05 vs control;
b p < 0.01 vs control

Table 3. Insulin binding characteristics in kidneys of non-diabetic and STZ-diabetic rats infused with either vehicle or angiotensin
II, and in captopril-treated and control rats

Groups n R1 R2

Kd
× 10−10 mol

Bmax
× 1010 receptors/mm3

Kd
× 10−7 mol

Bmax
× 1013 receptors/mm3

Non-diabetic+vehicle 6 4.1 ± 1.1 6.7 ± 1.5 3.1 ± 0.9 7.3 ± 2.3
Non-diabetic+ANG II 6 3.9 ± 1.4 6.7 ± 0.7 2.6 ± 1.4 8.2 ± 2.0
Diabetic+vehicle 6 3.7 ± 0.9 8.4 ± 1.1a 3.1 ± 1.8 7.8 ± 1.7
Diabetic+ANG II 6 4.0 ± 1.0 8.2 ± 1.7a 3.3 ± 1.3 8.0 ± 1.9

Control 6 4.5 ± 0.8 5.9 ± 1.2 2.7 ± 0.6 9.4 ± 1.8
Captopril 6 4.6 ± 1.3 5.5 ± 0.9 3.1 ± 0.9 8.7 ± 1.1

Values are means ± SEM. Binding parameters were derived
from Scatchard analysis of equilibrium binding data from com-
petition experiments performed on adjacent kidney sections.
R1, high-affinity, low-capacity insulin binding site. R2, low-af-

finity, high-capacity insulin binding site. Kd, apparent dissocia-
tion constant. Bmax, maximum binding capacity. a p < 0.05 vs re-
spective control



markedly reduced the pressor response to a bolus in-
jection of angiotensin I, indicating effective suppres-
sion of the angiotensin-converting enzyme.

Insulin receptor binding. In all the groups radioligand
binding was more abundant in renal cortex than

medulla. In the cortex, binding intensity was com-
parable in glomeruli and tubules. The distribution of
binding in different kidney regions was comparable
in diabetic and non-diabetic rats (Fig. 1). Non-specific
binding was less than 10% in all of the groups. Bind-
ing data, analysed for a two-site model, showed a
greater number of the high-affinity, low-capacity in-
sulin receptor sites in kidneys of diabetic rats as com-
pared to non-diabetics (Table 3). No significant dif-
ferences were observed in the maximum binding ca-
pacity (Bmax) of the low-affinity, high-capacity site
and in the apparent dissociation constant (Kd) of
both high-affinity and low-affinity receptor sites (Ta-
ble 3). Insulin receptor number was significantly
greater in the renal cortex of diabetic rats than in
non-diabetics, whereas no significant differences
were found in the outer or the inner medulla (Fig. 1).
In both diabetic and non-diabetic rats, chronic angio-
tensin II infusion did not affect Bmax or Kd of either
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Fig. 1. Effect of varying concentrations of unlabelled insulin
on binding of 125I-insulin in cortex, outer medulla, and inner
medulla of kidneys obtained from non-diabetic and STZ-dia-
betic rats after intraperitoneal infusion of angiotensin II
(200 ng ⋅ kg−1 ⋅ min−1) (6 ) or vehicle ( m ) for 7 days. Data
were obtained by computerized microdensitometry and are
means ± SEM of 6 animals in each group. For each rat the
area below the curve was calculated and the average of the
groups compared by analysis of variance. Insulin receptor den-
sity was significantly greater in the renal cortex of diabetic rats
infused with either angiotensin II or vehicle vs the respective
control group (p < 0.02 for both angiotensin II and vehicle in-
fused rats)



insulin binding sites in any of the regions analysed
(Fig. 1 and Table 3). Similar to angiotensin II infusion,
captopril treatment did not affect either the distribu-
tion of insulin receptors nor the binding parameters
of both receptor sites in any of the regions analysed
(Fig. 2 and Table 3).

Vascular insulin receptor density, as measured by
emulsion autoradiography of renal arteries, was com-
parable in diabetic and non-diabetic rats infused with
either vehicle or angiotensin II (Table 4). Similarly,

captopril treatment did not affect insulin receptor
abundance in renal arteries (Table 4).

Insulin receptor mRNA studies. Northern blot analy-
sis of insulin receptor mRNA in kidney revealed
greater levels in diabetic rats in comparison to non-
diabetics. In both diabetic and non-diabetic rats, renal
insulin receptor mRNA levels were not significantly
different in those that had been infused with angio-
tensin II in comparison to those infused with vehicle
(Fig. 3 and Fig. 4). Similar to the kidney, insulin recep-
tor mRNA levels in liver were significantly greater in
diabetic than non-diabetic rats (Fig. 3). Angiotensin
II infusion did not have any significant effect on this
tissue either. Levels of 28S ribosomal RNA were
comparable in kidney and liver tissue of non-diabetic
and diabetic rats infused with both angiotensin II and
vehicle (Table 1). Renal mRNA levels were compa-
rable in kidney tissue of the captopril-treated
(5.6 ± 0.1 scanner units; n = 6) and control (5.5 ± 0.2
scanner units; n = 6) rats.

Discussion

The results of the present study demonstrate that re-
nal insulin receptor number and renal and hepatic
mRNA levels are increased in STZ-diabetic rats in
comparison to controls. Neither chronic angiotensin
II infusion, in doses sufficient to inhibit the circulat-
ing renin-angiotensin system, nor captopril treat-
ment, in doses sufficient to block the pressor response
to i. v. administration of angiotensin I, affected either
insulin receptor binding or tissue mRNA levels.

Significant differences in insulin binding and insu-
lin receptor mRNA levels between insulinopenic
and control rats have been noted in previous studies.
In both liver and kidney, insulin receptor number
[23–26] and mRNA levels [21] are inversely related

L. A.Sechi et al.: Angiotensin II and insulin receptors774

0
0

C
or

te
x 

(d
pm

/m
m

3 )

500

1000

1500

2000

2500

-11 -10 -9 -8 -7 -6

Insulin Binding

0
0

O
ut

er
 m

ed
ul

la
 (

dp
m

/m
m

3 )

500

1000

1500

2000

2500

-11 -10 -9 -8 -7 -6

0
0

In
ne

r 
m

ed
ul

la
 (

dp
m

/m
m

3 )

Unlabeled insulin (log mol / l)

500

1000

1500

2000

2500

-11 -10 -9 -8 -7 -6

Fig. 2. Effect of varying concentrations of unlabelled insulin
on binding of 125I-insulin in cortex, outer medulla, and inner
medulla of kidneys obtained from captopril-treated (6 ) and
control ( m ) rats. Data were obtained by computerized micro-
densitometry and are means ± SEM of 6 animals in each group.
For each rat the area below the curve was calculated and the
average of the groups compared by analysis of variance. Insu-
lin receptor density did not differ between the groups in any
of the regions analysed

Table 4. Insulin receptor density in renal arteries of non-dia-
betic and STZ-diabetic rats infused with either vehicle or an-
giotensin II, and in captopril-treated and control rats

Groups n silver grains/mm2

Non-diabetic+vehicle 5 1226 ± 129
Non-diabetic+ANG II 5 1122 ± 103
Diabetic+vehicle 5 1130 ± 182
Diabetic+ANG II 5 1189 ± 141

Control 6 1437 ± 228
Captopril 6 1261 ± 202

Values are means ± SEM. Vascular insulin receptor abundance
was quantitated by emulsion autoradiography performed on
20 mm thick renal sections. Two tissue sections from each ani-
mal were evaluated. The number of silver grains in five
0.083 mm2 squares within the wall of the major branches of
the renal artery was counted and averaged after the subtrac-
tion of the background number of grains from equivalent areas
outside of the tissue perimeter on the same slide



to the plasma insulin level, whereas in other tissues,
such as brain [21, 27, 28], this does not occur. Homol-
ogous insulin receptor up-regulation, as a result of de-
creased ambient insulin concentration, is the likely
mechanism accounting for increased insulin receptor
number in liver and kidney. This is confirmed by ex-
periments performed in cultured cells [29, 30]. With
regard to the kidney, the present study demonstrates
that insulin receptors are up-regulated in the renal
cortex of insulin-deficient rats.

At physiological concentrations, insulin increases
sodium reabsorption in the isolated perfused kidney
[6] without affecting renal haemodynamics or glom-
erular filtration rate. The exact site of tubular action
of insulin is still unclear. Previous reports have indi-
cated an effect of the hormone in the proximal tu-
bule [31], distal tubule [5], and the loop of Henle
[32]. Evidence for a sodium-retaining effect of insu-
lin also comes from clinical studies in which in-
creased sodium excretion associated with normaliza-
tion of blood pressure has been observed in non-in-
sulin-dependent diabetic hypertensive subjects after
the reduction of insulin dosage [8]. This and other
observations have led investigators to hypothesize a

role for insulin in the pathophysiology of arterial hy-
pertension [1–3]. In a recent study, we have found
that the number of insulin receptors in normal rat
kidney is down-regulated by high sodium chloride
intake and this effect is mediated by changes of insu-
lin receptor mRNA levels [10]. Because regulation
of receptor number is a mechanism that serves to
modify the response of the cell to circulating insulin,
our findings are consistent with the existence of a
feedback mechanism that could reduce insulin-in-
duced sodium retention when extracellular fluid vol-
ume is expanded. The effect of salt on insulin recep-
tors might be mediated by a direct renal action or,
alternatively, by changes in factors involved in the
regulation of water and electrolyte homeostasis.
One of the aims of the present study was to test the
hypothesis that the relationship between dietary salt
and renal insulin receptors is mediated by changes
in the circulating levels of angiotensin II. In both
control and STZ-diabetic rats, chronic infusion of
angiotensin II induced suppression of plasma renin
concentration and renal hypertrophy, but no change
was observed in renal insulin receptor number and
mRNA levels. In addition, chronic captopril treat-
ment blocked the pressor response to i. v. angio-
tensin I, but did not affect insulin receptor number
and mRNA levels in the kidney. This observation
suggests that angiotensin II has no role in sodium-
dependent insulin receptor regulation and is consis-
tent with the findings of a recent study performed
in normal men, in which it has been demonstrated
that the antinatriuretic action of insulin is unchanged
after chronic blockade of angiotensin I converting
enzyme [33].

Recent studies have investigated the effects of
acute angiotensin II infusion on insulin sensitivity in
humans by measurement of the rate of disposal of
glucose during a euglycaemic-hyperinsulinaemic
clamp. Morris et al. [34] and Townsend et al. [35] did
not observe changes in the rate of glucose disposal in
healthy subjects during infusion of low-dose angio-
tensin II (5 and 10 ng ⋅ kg−1 ⋅ min−1). Subsequently,
the same authors, using higher doses of angiotensin
II (15 ng ⋅ kg−1 ⋅ min−1), found that this peptide in-
creases the rate of glucose disposal and therefore
insulin sensitivity both in healthy [11] and non-in-
sulin-dependent diabetic subjects [12]. In another
study, a dose-dependent relationship between angio-
tensin II and insulin sensitivity was demonstrated
over a wide range of peptide doses (from 2 to
20 ng ⋅ kg−1 ⋅ min−1), an effect that was attributed to
redistribution of blood flow from the splanchnic and
visceral circulation toward skeletal muscle [36].
Other studies conducted in both healthy [37] and dia-
betic subjects [12], however, suggested that the
haemodynamic effect of angiotensin II might not be
the sole underlying mechanism. This implies that
angiotensin II may affect insulin action also at the
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SEM of 10 animals in each group. The groups were compared
by analysis of variance



cellular level through a direct biochemical effect. In
the present study, no effects of chronic angiotensin II
infusion were noted on hepatic, renal, and vascular
insulin receptors in non-diabetic and diabetic rats. Al-
though insulin binding was not measured in the liver,
it is known that there is a very good correlation be-
tween the levels of insulin receptor mRNA and the
number of receptors [38]. Although comparison with
previous studies is difficult because of important dif-
ferences in the experimental models, the present
study suggests that angiotensin II does not affect in-
sulin sensitivity through changes in insulin receptor
number. The findings of the present study do not
rule out the possibility that angiotensin II modulates
the effects of insulin at a post-receptor step. To sug-
gest this possibility, a recent study by Velloso et al.
[39] has demonstrated a cross-talk between the insu-
lin and angiotensin signalling systems in cardiac tis-
sue obtained from anaesthetized rats.

There is evidence that administration of angio-
tensin converting enzyme (ACE) inhibitors, which
presumably reduce plasma levels of angiotensin II,
may enhance insulin sensitivity in both non-diabetic
and diabetic subjects [40–42]. This observation ap-
pears to be in conflict with the findings of increased
insulin sensitivity during acute angiotensin infusion
[11, 12, 36, 37]. A possible explanation is that the
facilitatory effects of ACE inhibitors on glucose

disposal might be related to accumulation of kinins
[43] instead of reduction of angiotensin II levels.

In the present study we have not observed signifi-
cant differences in blood pressure, as measured by
the tail-cuff method, between diabetic and non-dia-
betic rats. Other studies have investigated the blood
pressure effect of insulin-dependent diabetes by use
of the STZ-diabetic rat model and the results of these
studies are conflicting inasmuch as increased [44–46],
unchanged [47, 48], and even decreased [49] levels
have been reported in diabetics as compared to con-
trols. Although technical problems related to the tail-
cuff method have been proposed as a possible expla-
nation [44], these discrepancies are independent of
the method of measurement of blood pressure and
appear to be most likely related to differences in the
age of rats, severity and duration of diabetes, presence
of overt diabetic nephropathy, or dietary salt content.

In summary, diabetic rats have increased insulin
receptor binding and mRNA levels in comparison to
control rats. Chronic angiotensin II infusion and cap-
topril treatment do not affect insulin receptor binding
and mRNA levels in the kidney, arguing against a
role for angiotensin II in the modulation of renal sen-
sitivity to insulin.
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