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Abstract

Abnormalities in glucose metabolism and insulin action are frequently
detected in patients with essential hypertension. Spontaneously hyper-
tensive rats (SHR) have been used as an experimental model to
understand this pathological condition. The objective of the present
study was to assess glucose metabolism and insulin action in SHR and
Wistar rats under fed and fasting conditions. Peripheral glucose
utilization was estimated by kinetic studies with [6-3H]-glucose and
gluconeogenetic activity was measured during continuous [14C]-bi-
carbonate infusion. Plasma glucose levels were higher in the SHR
group. Plasma insulin levels in the fed state were higher in the SHR
group (99.8 ± 6.5 µM) than in the control group (70.4 ± 3.6 µM).
Muscle glycogen content was reduced in SHR compared to control
under the various experimental conditions. Peripheral glucose utiliza-
tion was slightly lower in the SHR group in the fed state (8.72 ± 0.55
vs 9.52 ± 0.80 mg kg-1 min-1 in controls). Serum free fatty acid levels,
hepatic glycogen levels, hepatic phosphoenolpyruvate carboxykinase
activity and gluconeogenetic activity were similar in the two groups.
The presence of hyperglycemia and hyperinsulinemia and the slightly
reduced peripheral glucose utilization suggest the presence of resis-
tance to the action of insulin in peripheral tissues of SHR. Hepatic
gluconeogenesis does not seem to contribute to the metabolic alter-
ations detected in these animals.
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Introduction

Abnormalities in glucose metabolism and
in peripheral tissue sensitivity to the action
of insulin have been reported for patients
with arterial hypertension (1,2). Epidemio-
logical evidence has supported the hypo-
thesis which proposes the existence of a
syndrome in which hyperinsulinemia may
precede the development of arterial hyper-
tension and changes in glucose and lipid
metabolism (3-5). Several animal models,

among them the spontaneously hypertensive
rat (SHR) strain, have been used as experi-
mental models in order to clarify the rela-
tionship between insulin resistance and arte-
rial hypertension (6). However, studies con-
ducted in order to assess the deficiency of
insulin action in peripheral tissues of SHR
have presented conflicting results (7-9). On
this basis, the objective of the present study
was to assess various parameters of glucose
metabolism and insulin action as well as the
peripheral utilization of glucose in SHR and
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Wistar rats, as estimated by kinetic studies
with [6-3H]-glucose and by gluconeogenetic
activity measured during continuous infu-
sion of [14C]-bicarbonate. We also measured
the activity of hepatic phosphoenolpyruvate
carboxykinase (PEPCK), a key enzyme in
the control of gluconeogenetic pathways,
and blood glucose, free fatty acid and insulin
levels, as well as hepatic and muscle glyco-
gen content in SHR and Wistar rats under
different experimental conditions.

Material and Methods

Male Wistar rats and SHR (Taconic
Farms, Inc., Germantown, NY, USA) aged
16 to 20 weeks and weighing 230 to 280 g
were kept in individual cages with free ac-
cess to food and water. Fed and fasted rats
were used in all experiments. To ensure
uniform food intake and to decrease varia-
tion in metabolic parameters, the animals
were fasted for about 6 h (from 11:00 p.m. to
5:00 a.m.) during the previous night until 3 h
before the beginning of the experiments (at
8:00 a.m.), when they were permitted free
access to the diet. Fasting was started after
the end of this morning meal and blood was
collected after 8 and 24 h of food restriction.
The animals had access to water during this
period. The fed and fasted protocols were
used in all experiments.

Mean arterial pressure was measured by
tail plethysmography. Blood (0.5 ml) was
collected from the tip of the tail of awake
animals to determine plasma glucose and
insulin. In the experiments in which sacri-
fice was necessary, the animals were decapi-
tated. Blood samples for the determination
of serum free fatty acids were collected when
the animals were decapitated. Blood samples
were centrifuged at 2,000 rpm to remove red
cells and plasma was stored no longer than
one week at -20oC.

Glycemia was determined by the glucose
oxidase method (10), free fatty acids were
measured by the colorimetric method of

Novak (11), and plasma insulin was esti-
mated by double-antibody immunoassay
(12). Hepatic and muscle glycogen was de-
termined by the method of Sjörgren et al.
(13). After decapitation, the liver and muscle
of the abdominal wall were removed and
500 mg of these tissues were placed in a tube
with 30% KOH.

PEPCK activity was determined in he-
patic cytosol by the method based on the
[H14CO3]-oxaloacetate exchange reaction
(14). The liver was homogenized in ice-cold
0.25 M sucrose with a Teflon pestle homog-
enizer. The homogenate was centrifuged for
10 min at 600 g and recentrifuged at 12,000
g for 15 min. The supernatant fluid obtained
was decanted and centrifuged at 105,000 g
for 1 h. All steps were carried out at 0-3oC.

In vivo gluconeogenetic activity was de-
termined by continuous [14C]-bicarbonate
infusion. Anesthetized rats were submitted
to cannulation of the jugular veins and the
experiments were performed on the morning
of the next day, with the animals awake and
freely moving in their cages. NaH14CO3 dis-
solved in bicarbonate-free Krebs-Ringer so-
lution, pH 7.8, was infused into one of the
cannulas inserted into the jugular veins with
a Harvard type infusion pump at a rate of 60
µl (0.3 µCi [14C]-bicarbonate)/min. Blood
samples (0.3 ml) were obtained from the
contralateral catheter at 5, 10, 15, 20, 25, 30
and 40 min after the beginning of infusion.
[14C]-Glucose was isolated and its radioac-
tivity measured according to a previously
described method (15).

Peripheral glucose utilization was estimated
by analysis of the exponential curve for the
disappearance of the radioactivity of injected
[6-3H]-glucose. The jugular vein and femoral
artery were cannulated in animals anesthe-
tized with Nembutal (40 mg/kg body weight).
After injection of 0.25 ml physiological saline
containing 5 µCi of [6-3H]-glucose, 0.3 ml
samples of arterial blood were collected at 15,
20, 30, 40, 60, 80 and 100 min. The measure-
ment of sample radioactivity and the calcula-
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tion of glucose metabolism parameters were
based on the method of Katz et al. (16).

Data were analyzed statistically by the
Student t-test, with the level of significance
set at P<0.05.

Results

Mean arterial pressure was significantly
higher in SHR than in Wistar rats (194 ± 3 vs
120 ± 0 mmHg). In the fed state, mean body
weight was 260.0 ± 1.1 g for Wistar rats and
255.6 ± 3.1 g for SHR. In the fasting state,
body weight was similarly reduced in Wistar
rats and SHR (240.0 ± 1.5 and 231.6 ± 2.7 g,
respectively).

Plasma glucose levels were significantly
higher in SHR (7.95 ± 0.24 mM) than in the
control group (7.21 ± 0.18 mM) (P = 0.0163).
Food restriction caused a significant and simi-
lar fall in glycemia in both groups, with the
hypertensive animals continuing to present
higher levels after a 24-h fast (Table 1). Serum
insulin was significantly higher in SHR both in
the fed state (99.8 ± 6.5 vs 70.4 ± 3.6 µM) (P =
0.0003) and after an 8-h fast (58.9 ± 6.5 vs 35.9
± 5.0 µM) (P = 0.0073) compared to the
control group (Table 1). Free fatty acid levels
were low in the fed state and increased after
the 24-h fast, with similar behavior in the two
groups (Table 1).

Muscle glycogen concentrations in the
fed state were significantly lower in the hy-
pertensive group (0.262 ± 0.018 g/100 g
muscle) than in the control group (0.394 ±
0.029 g/100 g muscle) (P = 0.0055). After
the period of food restriction, there was a
similar fall in both groups, so that in the
fasting state SHR continued to have a lower
content of muscle glycogen. Hepatic glyco-
gen levels were similar for both groups in the
fed state (4.878 ± 0.195 g/100 g liver in SHR
and 4.538 ± 0.191 g/100 g liver in Wistar
rats) and were similarly and markedly re-
duced after the period of food restriction
(Table 1).

PEPCK activity did not differ between

groups in the fed state and was similarly and
significantly increased in both groups after
the 24-h fast (Table 1).

Gluconeogenetic activity was significant-
ly increased in both groups during the fasting
state compared to the fed state. These data
again showed a similar behavior in the Wistar
and SHR groups (Figure 1).
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Figure 1 - [14C]-Bicarbonate incorporation into circulating glucose during continuous infusion
of [14C]-bicarbonate in SHR and Wistar rats (Wr) in the fed state and after a 24-h fast.

Table 1 - Plasma glucose, insulin and serum free fatty acid (FFA) levels, muscle and
hepatic glycogen content and hepatic phosphoenolpyruvate carboxykinase (PEPCK)
activity in SHR and in the control group (Wr) in the fed state and after an 8- and 24-h
fast.

**PEPCK activity: ppm x 10-3 mg of protein-1 min-1 per 106 ppm of added radioactivity.
Data are reported as means ± SEM. *P<0.05 compared to control (Student t-test).

Fed Fasted - 8 h Fasted - 24 h

Glucose (mM) Wr (N = 24) 7.21 ± 0.18 7.41 ± 0.19 4.20 ± 0.14
SHR (N = 24) 7.95 ± 0.24* 7.65 ± 0.22 4.71 ± 0.16*

Insulin (µM) Wr (N = 24) 70.4 ± 3.6 35.9 ± 5.0 22.3 ± 2.9
SHR (N = 24) 99.8 ± 6.5* 58.9 ± 6.5* 28.7 ± 4.3

FFA (µM) Wr (N = 9) 332.2 ± 12.7 - 1051.9 ± 51.7
SHR (N = 9) 447.8 ± 32.3 - 1118.4 ± 39.1

Muscle glycogen Wr (N = 15) 0.394 ± 0.029 - 0.187 ± 0.007
(g/100 g muscle) SHR (N = 15) 0.262 ± 0.018* - 0.137 ± 0.005*

Hepatic glycogen Wr (N = 15) 4.538 ± 0.191 - 0.019 ± 0.001
(g/100 g liver) SHR (N = 15) 4.878 ± 0.195 - 0.027 ± 0.001

PEPCK activity** Wr (N = 9) 3.42 ± 0.25 - 13.00 ± 0.76
SHR (N = 9) 3.54 ± 0.38 - 12.96 ± 0.71
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Plasma glucose concentration measured
in each animal at the various times during the
experiment showed a relatively low varia-
tion in amplitude, and fulfilled the condi-
tions necessary for blood glucose equilib-
rium throughout the period of determination
of peripheral glucose utilization. The corre-
lation coefficients obtained for the time points
studied were close to 1, permitting us to
conclude that the function between log ra-
dioactivity and time was strictly linear. Anal-
ysis of the angular coefficients of the lines,
an estimate of the rate of relative glucose
renewal, showed that the rate of [6-3H]-
glucose disappearance from blood was higher
in fed than in fasted animals, with no differ-
ence between groups. Glucose space and
total glucose mass were similarly decreased
in both groups when the animals were sub-
mitted to the 24-h fast. Peripheral glucose
utilization was reduced in both groups after
food restriction. SHR showed a tendency to
renew their blood glucose in the fed state at
a slightly lower rate than control animals
(Table 2).

Discussion

Epidemiological evidence has demon-
strated that the prevalence of hyperinsuline-
mia is higher in hypertensive patients than in
the general population (3). Ferrannini et al.
(1), using the euglycemic and hyperinsuline-
mic clamp technique, observed a lower utili-
zation of glucose in peripheral tissues of

hypertensive patients. As previously demon-
strated by our group in individuals with arte-
rial hypertension, this alteration is due to a
lower glucose uptake by muscle tissue and to
a lower utilization of this substrate in intra-
cellular non-oxidative metabolism (2).

SHR is a genetic hypertension model
without obesity, sharing common character-
istics with primary hypertension in man. It
was also observed that these animals are
hyperglycemic (17) and the question has
been raised whether these animals could be
considered a model of hypertension and in-
sulin resistance. In agreement with this pos-
sibility, our data showed higher glycemia
values both in the fasted and in the fed state
in SHR (Table 1). Swislocky et al. (18) also
observed hyperglycemia in these animals
after an oral glucose overload.

Serum insulin level was elevated in the
fed state in the SHR group (Table 1). As also
reported for the behavior of glycemia, other
authors demonstrated normal or altered
insulinemia in these animals (19).

Serum free fatty acid levels were similar
for the two groups (Table 1), possibly re-
flecting a differential effect on the various
actions of insulin, as previously observed in
situations of insulin resistance and in human
arterial hypertension itself (2).

Muscle glycogen content was lower in
SHR both in the fed state and after glycogen
mobilization in the fasting state (Table 1).
This may have been due to a lower glucose
uptake by muscle tissue with a consequent

Table 2 - Peripheral glucose utilization (PGU) in SHR and Wistar rats (Wr) in the fed state and after a 24-h fast.

Data are reported as means ± SEM.

Fed 24-h fast

Wr (N = 9) SHR (N = 10) Wr (N = 7) SHR (N = 10)

Correlation coefficient (r) 0.985 ± 0.005 0.980 ± 0.044 0.973 ± 0.009 0.991 ± 0.002
Angular coefficient (a) 0.0151 ± 0.0008 0.0147 ± 0.0008 0.0123 ± 0.0008 0.0130 ± 0.0009
Glucose space (ml) 165.2 ± 11.5 162.6 ± 6.6 191.9 ± 10.1 164.5 ± 9.9
Total glucose (mg) 181.4 ± 6.4 169.1 ± 6.7 116.2 ± 6.2 128.7 ± 8.4
PGU (mg kg-1 min-1) 9.52 ± 0.80 8.72 ± 0.55 5.32 ± 0.43 5.55 ± 0.42
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lower glucose storage in the form of glyco-
gen. Adequate glycogen synthetase and phos-
phorylase activity was previously demon-
strated in the muscle tissue of SHR (20), thus
indicating alterations in some other steps of
insulin action. The fact that we detected
similar hepatic glycogen levels in both groups
(Table 1) may reflect different metabolic
responses to insulin depending on the tissue
analyzed.

In the fed state the maintenance of glyce-
mia is essentially determined by intestinal
absorption of dietary carbohydrates. During
the postabsorptive period, endogenous glu-
cose production depends on glycogenolysis
and, to a lesser extent, on gluconeogenesis.
Studies conducted by Hulman et al. (8) using
the technique of euglycemic and hyperinsu-
linemic clamp in combination with infusion
of tritiated glucose demonstrated that SHR
adequately suppressed the production of he-
patic glucose. However, gluconeogenetic
capacity was not evaluated in those animals.
Our results show that SHR behave similarly
to the control group in the fed state in terms
of this parameter. With food restriction,
gluconeogenetic activity increased due to a
greater supply of substrates to the liver (Fig-
ure 1). Thus, hepatic glycogen content,
PEPCK activity and gluconeogenetic activ-
ity were adequate in SHR, indicating that the
occurrence of changes in insulin action at
the hepatic tissue level was unlikely in these
animals.

Changes in carbohydrate metabolism may
be due to lower peripheral glucose utiliza-
tion, to lower glucose utilization by the liver
or to increased hepatic glucose production.
Thus, to explain the behavior of glycemia
observed in SHR it would be important to
analyze peripheral glucose utilization. The
only difference observed in peripheral glu-
cose utilization, although nonsignificant, was
that SHR in the fed state tended to renew
blood glucose at a slightly lower rate than
control animals. Reaven (5) demonstrated

that glucose transport was reduced in SHR
adipocytes. In vivo studies using the tech-
nique of glucose, insulin and somatostatin
infusion revealed a lower response to the
action of insulin (19), and studies using eu-
glycemic and hyperinsulinemic clamp tech-
niques demonstrated a reduced peripheral
glucose utilization in SHR (7,8). In contrast,
Buchanan et al. (9), using the clamp tech-
nique, observed peripheral glucose utiliza-
tion similar to that of control animals. The
lack of uniformity of the results obtained
may result from the use of different tech-
niques or of animals of different origin,
weight or age.

One explanation for the correlation be-
tween insulin and blood pressure that has
been proposed is that hypertension causes
insulin resistance and hyperinsulinemia via
increased peripheral vascular resistance and
decreased delivery of glucose and insulin to
peripheral tissues, especially skeletal muscle
(21). However, even large reductions in skel-
etal muscle blood flow did not cause fasting
hyperinsulinemia as occurs in insulin-resist-
ant subjects (22) and essential hypertension
is not accompanied by decreased blood flow
to skeletal muscle (23).

Taken together, the present results show
that the hyperglycemia detected in SHR
seems to be the consequence of a defect at
the muscle tissue level, since a lower muscle
glycogen content was observed in these ani-
mals. The fact that the changes in peripheral
glucose utilization were small in SHR may
reflect a maintenance of adequate levels of
glucose utilization due to greater insulinemia,
thus reflecting a situation of antagonism
against the metabolic action of this hormone.
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