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The spontaneously hypertensive/NIH-corpulent (SHR/N-cp) rat is a genetic model that exhibits both non-insulin-dependent
diabetes mellitus (NIDDM) and hypertension. To determine the impact of long-term treatment with the long-acting
angiotensin-coverting enzyme (ACE) inhibitor perindopril (PE) on the glucose metabolism, lipid levels, and heart in this model,
studies were performed in three groups of SHR/N-cp rats maintained on a diet containing 54% carbohydrate with 18% sucrose
and 36% starch. One group of obese rats received PE {0.5 to 1.0 mg/kg body weight/d) for 3 to 4 months, a second group of
obese rats received no treatment, and a third group of lean rats were used as controls. The mean systolic blood pressure (SBP)
increased gradually in both untreated obese and lean rats, with lean animals showing slightly higher levels compared with
untreated obese rats. By contrast, SBP was reduced to normal levels in PE-treated obese rats throughout the treatment period.
Compared with lean rats, obese rats showed significantly higher body weight and fasting serum levels of glucose, insulin, total
cholesterol (TC), and triglyceride (TG). However, no significant differences were observed in these metabolic parameters
between PE-treated and untreated obese rats. Plasma renin activity measured at the end of the treatment period was
significantly higher in PE-treated rats compared with untreated obese and untreated lean rats. The mean heart weight and left
ventricular weight, expressed in absolute terms or indexed to body weight, were significantly lower in PE-treated versus
untreated obese and untreated lean rats. To further determine whether glucose metabolism is directly affected by PE
treatment, in vitro glycogen synthesis was evaluated in isolated soleus muscles obtained from three additional groups of
animals. The basal rate of muscle glycogen synthesis was significantly lower in obese compared with lean rats (P < .05}, but
did not differ between PE-treated and untreated obese rats. Maximal insulin-stimulated glycogen synthesis increased
threefold in PE-treated obese rats, but this increase did not differ from the increases observed in untreated obese and lean rats.
In conclusion, the present study shows that long-term PE treatment in obese SHR/N-cp rats with NIDDM and hypertension
effectively controlled systemic arterial pressure and resulted in a significant reduction in left ventricular weight. However,
these favorable effects of PE were not associated with significant improvement in glucose tolerance, hyperinsulinemia, and
hyperlipidemia in this model. PE also had no direct stimulatory effects on either basal or insulin-mediated glycogen synthesis
in the isolated soleus muscle of obese rats, perhaps because of the severe insulin-resistant state of the animals. Our results
support the clinical observations that antihypertensive therapy with ACE inhibitors has neutral effects on glucose metabolism
and insulin sensitivity in patients with combined hypertension and NIDDM.
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YPERTENSION and non-insulin-dependent diabetes mel-
litus (NIDDM) are two common conditions that often
occur in the same individual, each predisposing to increased
cardiovascular morbidity and mortality.!-? These two conditions
also have in common the metabolic features of glucose intoler-
ance, hyperinsulinemia, and insulin resistance,*” which have
been shown in epidemiologic studies to be independent predic-
tors of coronary heart disease.®12 In addition, both hypertensive
and diabetic patients frequently have associated lipid and
cardiovascular abnormalities, including dyslipidemia, atheroscle-
rosis, and left ventricular hypertrophy, which further increase
the risk of cardiovascular events. Therefore, current strategies
in the treatment of both hypertension and diabetes have placed
great emphasis on not only the normalization of blood pressure
or blood glucose but also the impact of therapy on glucose
metabolism, insulin resistance, and coexistent risk factors.
Angiotensin-converting enzyme (ACE) inhibitors have be-
come established agents in the treatment of hypertension and
are increasingly used in both hypertensive and diabetic patients
with complications such as congestive heart failure and diabetic
renal disease. However, controversy exists as to whether ACE
inhibitors have additional beneficial effects on glucose metabo-
lism in patients with hypertension and diabetes. Some studies
have shown that ACE inhibitors improve glucose control and/or
insulin sensitivity in hypertensive and diabetic patients,'3-1? but
other studies do not show such effects.?9-?° The reasons for these
conflicting reports are not entirely clear. It is also uncertain
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whether the influence of ACE inhibitors on glucose control and
insulin resistance is related to their direct action on glucose
metabolism in skeletal muscle tissue or their vasodilatory effect
on muscle blood flow.

Accordingly, we have used the spontaneously hypertensive/
NIH-corpulent (SHR/N-cp) rat, a genetic animal model that
expresses both hypertension and NIDDM, 303! to further address
some of these issues. Specifically, we determined the long-term
effects of antihypertensive treatment with perindopril (PE), a
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long-acting ACE inhibitor, on glucose metabolism and lipid and
cardiac abnormalities in this model. To obviate the possible
influence of blood flow on glucose metabolism, we also
examined the effects of PE treatment on basal and insulin-
stimulated glucose metabolism in the isolated soleus muscle of
these animals.

MATERIALS AND METHODS
Animals

Male obese SHR/N-cp rats and lean littermates were obtained from
the National Institutes of Health (Bethesda, MD) at approximately 5 to 6
weeks of age. All procedures were approved by the Institutional Animal
Care and Use Committee of George Washington University and the
Agricultural Research Service, US Department of Agriculture. Animals
were housed individually in stainless steel wire cages in laminar airflow
enclosures with a controlled temperature (21° to 25°C) and relative
humidity (40% to 50%) and were maintained on a reverse 12-hour dark
(9 aM to 9 pm)-light (9 pMm to 9 am) cycle. Rats were fed a 54%
carbohydrate diet containing 36% starch and 18% sucrose plus the
following: 10% casein, 10% lactalbumin, 5.9% cellulose, 4% beef
tallow, 4% lard, 4% corn oil, 4% hydrogenated coconut oil, 3.1% AIN
76A (American Institute of Nutrition, Rockville, MD) salt mix (pre-
pared without sucrose), and 1% vitamin fortification mix (no. 40060;
Teklad Test Diets, Madison, WT). Animals were maintained on this diet
throughout the study.

Long-Term Studies

After 2 months on the diet, obese rats were randomly assigned to
treatment (n = 11) or no treatment (n = 11) with the ACE inhibitor PE
for 3 months (12 to 14 weeks). PE is an orally active, long-acting,
nonthiol ACE inhibitor, with its active metabolite perindoprilat having
an climination half-life of longer than 30 hours in humans.’? In
preliminary studies using SHR/N-cp rats, we found that oral administra-
tion of PE at a dose of 0.25 to 0.5 mg/kg body weight effectively
decreased the systolic blood pressure (SBP) for at least 24 hours after
dosing (Striffler JS and Velazquez MT, unpublished observations, April
1992). Lean rats were assigned to no treatment and served as controls
(n = 8). PE was provided in the drinking water at a set concentration.
The PE dose was adjusted to maintain SBP below 140 but above 110
mm Hg. This amounted to a dose range of 0.5 to 1.0 mg/kg body
weight/d for the treated group, due to different requirements for
individual rats. Food intake, body weight, and SBP by the tail-cuff
method® using a Physiograph MK IV (Narco BioSystems, Houston,
TX) were measured biweekly in each animal throughout the study.
Blood samples were obtained by tail bleeding at 4- to 6-week intervals
with the animals in the fasting state for determinations of glucose,
insulin, total cholesterol (TC), and triglyceride (TG) in the serum.
Blood pressure measurements and blood sampling were petformed in
the morning from 9 aM to noon during the dark period of the cycle,
when rats are normally active.

Oral Glucose Tolerance Test

An oral glucose tolerance test was performed in both untreated and
PE-treated obese rats before and during treatment. After an overnight
fast of 12 to 14 hours, blood samples for basal and response levels of
serum glucose and insulin were obtained before and 1 hour after an oral
glucose load of 250 mg/kg body weight.>* Tolerance tests were also
performed in the morning between 9 AM and noon (dark period).

At the end of the 12- to 14-week drug treatment period, all animals
were decapitated and an additional blood sample was obtained for
determination of plasma renin activity. The heart was immediately
removed and dissected free of blood vessels and surrounding fat. The
atria, right ventricle, and left ventricle (LV) were separated, blotted free
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of blood, and weighed. Heart weight and LV weight in grams were
indexed to body weight.

Glucose Metabolism in Soleus Muscle

In separate experiments, in vitro studies were performed in isolated
soleus muscles obtained from additional groups of untreated lean
(n = 5) and obese (n = 5) rats, and obese rats treated with PE 0.5 to 1.0
mg/kg body weight/d (n = 7) for 6 weeks. Glycogen synthesis in the
basal state and in response to insulin was measured in soleus muscle
harvested from the three groups of rats.

Soleus muscles were excised and prepared for in vitro incubation
using the method described by Cuendet et al, s except that muscle strips
were not mounted. Briefly, isolated soleus muscles from each rat were
rinsed in 0.9% physiological saline and then divided into strips of equal
weight (50 to 60 mg) so that assays could be performed in duplicate for
each muscle. Muscle strips were incubated in gassed (95% O4/5% CO;)
Krebs-Ringer bicarbonate buffer containing 1% fatty acid-free bovine
serum albumin (Intergen, Purchase, NY), 5 mmol/L glucose, and
l4C-glucose (0.5 uCi/mL) with or without insulin (10~7 mol/L) for 1
hour at 37°C with continuous shaking. Prior to incubation in complete
medium, two 15-minute preincubations were performed in medium
without 'C-glucose to remove endogenous insulin. Following the
1-hour incubation, incorporation of “C-glucose (15.4 pCi/pmol; NEN,
Dupont, Boston, MA) into “C-glycogen was measured using methods
described by Cuendet et al.33

Analytical Measurements

The serum glucose concentration was measured by the hexokinase
method described by Bondar and Mead.?¢ The serum insulin level was
measured by a radioimmunoassay using the double-antibody procedure
(Linco Research, St Charles, MO). Plasma renin activity was deter-
mined by radioimmunoassay using a kit from Incstar (Stillwater, MN).
Serum cholesterol and triglyceride concentrations were measured
enzymatically in a Centrifichem 600 system (Serono-Baker Diagnos-
tics, Allentown, PA).

Statistical Analysis

Results are expressed as the mean = SEM. Comparisons among
groups were made using two-way ANOVA. Differences between groups
and in time-related measures were tested by paired or unpaired
Student’s ¢ test as appropriate. Differences were considered significant
at a P value less than .05.

RESULTS

Figure 1A and B shows serial measurements of body weight,
food intake, SBP, and fasting serum levels of glucose, insulin,
TC, and TG before and during treatment in untreated lean,
untreated obese, and PE-treated obese SHR/N-cp rats. At
baseline, all three groups (3 to 4 months of age) were
hypertensive, with a SBP between 135 and 145 mm Hg. At this
age, obese rats were already heavier (>>400 g) than the lean
littermates and showed significantly elevated fasting serum
levels of glucose, insulin, TC, and TG, although food intake was
comparable in all three groups.

After 4 to 6 weeks of treatment with PE in obese rats, mean
SBP was reduced to a normal leve] and was significantly lower
than the corresponding level in untreated obese rats. By
contrast, SBP gradually increased in untreated rats, with lean
animals showing slightly higher levels compared with untreated
obese rats. Fasting serum levels of glucose and insulin mea-
sured during the treatment period did not differ between
untreated obese and PE-treated obese rats. Fasting levels of TC
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Fig 1. (A) Serial measurements of body weight, food intake, and systolic blood pressure in untreated lean, untreated obese, and
perindopril-treated obese SHR/N-cp rats. Arrow denotes start of the drug treatment period, which began 1 to 3 days after baseline {time 0)
measurements were made. ¥P < .05, lean v obese untreated rats; TP < .05, perindopril-treated v untreated obese rats. (B} Serial measurements
of fasting serum glucose, insulin, total cholesterol, and triglyceride in untreated lean, untreated obese, and perindopril-treated obese SHR/N-cp

rats. *P < .05, lean v obese untreated rats.

and TG were slightly lower in PE-treated versus untreated obese
rats, but these differences were not statistically significant.
Similarly, 1-hour response levels of serum glucose and insulin
following an oral glucose load did not differ between the two
groups of obese rats throughout the study (Table 1). At the end
of the treatment period, final body weight and food intake were
comparable in PE-treated and untreated obese rats.

Plasma renin activity measured at the end of the treatment
period was significantly higher in PE-treated compared with
untreated obese and untreated lean rats (Table 2). Both the mean
heart weight and left ventricular weight were significantly lower
in PE-treated versus untreated obese and untreated lean rats,
regardless of whether the weights were expressed in absolute
terms or indexed to body weight.

Table 3 summarizes the results for basal and maximal
insulin-stimulated rates of glycogen synthesis in isolated soleus
muscle from the three groups of animals. Basal rates of muscle
glycogen synthesis were significantly lower in both untreated
and PE-treated obese rats compared with the lean rats (P < .03).

Basal rates in the two groups of obese rats were approximately
the same. Maximal insulin-stimulated glycogen synthesis in-
creased threefold in lean rats, whereas it increased fourfold in
untreated obese rats (P = not significant). The increase in
glycogenesis was slightly less in muscle from PE-treated obese
rats compared with untreated obese and untreated lean rats, but
the differences did not reach statistical significance.

DISCUSSION

Obese SHR/N-cp rats exhibited mild hyperglycemia and
marked hyperinsulinemia and showed glucose intolerance when
administered an oral glucose load, as demonstrated in previous
studies.?%3! Obese rats also exhibited hypercholesterolemia and
hypertriglyceridemia, probably as a consequence of the marked
hyperinsulinemia. Because of their genetic (SHR) background,
obese SHR/N-cp rats and their lean counterparts also develop
spontaneous hypertension that could have added to their
insulin-resistant state, as previously documented in spontane-
ously hypertensive rats.37-38
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Table 1. Fasting and 1-Hour Response Levels of Serum Glucose and
Insulin After an Oral Glucose Load in Untreated (n = 11) and
PE-Treated (n = 11) Obese SHR/N-cp Rats
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Table 3. Comparison of Basal and Maximal Insulin-Stimulated
Glycogen Synthesis in Isolated Soleus Muscle of Untreated Lean,
Untreated Obese, and PE-Treated Obese SHR/N-cp Rats

Baseline Drug Treatment Period
—-2-0 4-6 8-10 12-14
Parameter Weeks Weeks Weeks Weeks
Serum glucose (mg/dL)
c
0-h 19023 14515 1388 1378
1-h 362 +32 25619 27826 267 %29
PE
0-hr 182x21 172+27 1309 125*=10
1-h 354 =28 279 *+34 218 +£23 250 =* 17
Serum insulin {(pU/mL)
C
0-h 220 = 31 — 224 + 42 191+ 23
1-h 260 = 45 —_ 312 82 236 + 39
PE
0-h 243 + 26 — 217 + 35 178 £ 25
1-h 286 * 64 — 291 + 60 238 + 25

NOTE. Values are the mean = SE. Values are fasting levels; 1-h
values are response levels obtained 1 hour following an oral glucose
load of 250 mg/kg body weight.

Abbreviation: C, untreated obese rats; PE, perindropil-treated obese
rats.

Long-term oral administration of PE in obese rats consis-
tently decreased systemic arterial pressure to normal levels.
However, the antihypertensive effect of PE was not associated
with significant changes in either the fasting or 1-hour re-
sponses (to an oral glucose load) of serum glucose and insulin,
suggesting that glucose metabolism and insulin responsiveness
were not altered by the treatment. PE treatment in obese rats
also had no significant effects on serum cholesterol and TG
levels, in accordance with the lack of effect of the ACE inhibitor
on hyperinsulinemia. These results support previous observa-
tions by Bak et al*® in patients with hypertension and NIDDM
that insulin sensitivity and secretion (as assessed by oral
glucose tolerance and insulin tolerance tests) and serum lipid
levels are unaffected by PE treatment. Our data in the SHR/
N-cp rat with NIDDM and hypertension also complement other
studies in humans showing no effect of ACE inhibitors on
glucose control and serum lipid levels in hypertensive and
diabetic patients.?1,2426:40.41

The effects of various ACE inhibitors on glucose metabolism

Table 2. Final Body Weight, Plasma Renin Activity,
and Heart Weight in Untreated Lean, Untreated Obese,
and PE-Treated Obese SHR/N-cp Rats

Untreated Lean  Untreated Obese  PE-Treated Obese

Parameter (n=8) {n=11) {h=11
Body weight (g} 633 £ 10 802 = 45* 788 =+ 33*
PRA (ng/Al/h) 81 11+2 53 + 8%t
HW (g) 1.60 £ 0.1 1.76 = 1.0 1.42 + 0.6*7
LVW (g) 1.33 £ 0.03 1.46 = 0.10 1.10 = 0.05*t
HW/BW (g/kg) 2.68 * 0.19 2.21 = 0.05* 1.80 * 0.09*t
LVW/BW (g/kg) 221 *0.14 1.83 + 0.08* 1.40 + 0.08*t

NOTE. Values are the mean = SE.

Abbreviations: PRA, plasma renin activity; Al, angiotensin 1; HW,
heart weight; LVW, left ventricular weight; BW, body weight.

*P <.05 vuntreated fean.

1P < .05 vuntreated obese.

Rate of Glycogen
Synthesis (nmol/h/mg)

nsulin
Stimulated Degree of
Rat Group Basal (10~7 mol/L.} Stimulation
Untreated lean (n = 5) 0.73 = 0.05 231032 3.3-fold
Untreated obese (n =5) 0.51 == 0.08* 2.20 + 0.26 4.3-fold
PE-treated obese (n =7) 0.48 = 0.04* 1.48 = 0.1 3.1-fold

NOTE. Values are the mean = SE.
*P < .05 vuntreated lean.

in hypertensive and diabetic patients have been evaluated in
many clinical trials. Some studies have shown that ACE
inhibitors improve either glucose control, insulin sensitivity, or
both in hypertensive and diabetic patients,’>19 but other studies
indicate no significant effects on glucose metabolism in patients
treated with ACE inhibitors.2%-?® The differences in the meta-
bolic effects of ACE inhibitors among these reports are difficult
to interpret, but may relate to differences in the demographics,
experimental design, degree of glycemia or insulinemia among
diabetic patients, concomitant use of agents that influence
glucose metabolism, potassium balance, and dose or duration of
ACE inhibitor treatment. It has been suggested that the in-
creased glucose disposal rate during ACE inhibition is related to
vasodilation induced by ACE inhibitors. An increase in blood
flow to skeletal muscle is thought to increase the availability of
glucose to muscle, the prime target tissue for glucose uptake and
disposal.13*243 One recent study suggests that the improvement
of insulin sensitivity produced by ACE inhibition is dependent
on bradykinin production.*

In the present study, we further evaluated the effects of PE on
glucose metabolism in isolated soleus muscle from SHR/N-cp
rats to exclude any possible influence of blood flow and
circulating hormones on muscle glucose metabolism. Specifi-
cally, we measured basal and insulin-mediated glycogen synthe-
sis in muscle, since a decrease in glycogenesis in skeletal
muscle has been shown to be primarily responsible for the
impaired glucose disposal in human NIDDM.4546 We found that
the basal rate of muscle glycogen synthesis was significantly
lower in obese compared with lean rats. In addition, it should
also be noted that the basal and maximal insulin-stimulated
rates of muscle glycogen synthesis observed in these lean and
obese rats are lower than those reported by other investigators
using soleus muscle from nondiabetic male Wistar rats*’ and
male Sprague-Dawley rats.*® In those studies, maximal insulin-
stimulated rates of glycogen synthesis were 5 to 6 nmol/h/mg
wet weight, approximately twofold to threefold higher than the
rates observed in SHR/N-cp rats used in our study, consistent
with the presence of severe insulin resistance in these obese
animals. Although it is possible that the lower rates of muscle
glycogen synthesis in our rats are also due to a limitation of
glucose diffusion into strips of thicker muscle mass, this is
unlikely, since muscle strips from the three groups of rats were
of comparable weight and the length of incubation in glucose
medium (1 hour) was sufficient to obviate diffusion effects. Our
results further show that PE had no significant effect on either
basal or maximal insulin-mediated glucose conversion into
glycogen in soleus muscle.
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Our findings differ from recent studies in other animal
models. Henriksen and Jacob* have shown that both short-term
and long-term treatment with captopril improves insulin-
stimulated glucose transport activity (as assessed by 2-deoxyglu-
cose uptake) in the epitrochlearis muscle of obese Zucker rats,
and that pretreatment of the animals with a bradykinin antago-
nist abolishes this effect. More recently, Rosenthal et al’®
showed that long-term chronic treatment with enalapril de-
creases ambient blood glucose levels in the Cohen-Rosenthal
diabetic hypertensive rat, an animal model with genetic hyper-
tension and diabetes. However, the dosage for ACE inhibitors
used in these studies was very high (eg, 50 mg/kg/d for captopril
and 30 mg/kg/d for enalapril) compared with the PE dosage (0.5
to 1.0 mg/kg/d) vsed in our rats and the daily dosage usually
used for antihypertensive treatment in patients, although the
dosage for ACE inhibitors used in the cited studies may be
equipotent for blood pressure reduction. Qur in vitro studies in
soleus muscle are consistent with our in vivo data indicating
that treatment with PE at a dosage that effectively normalizes
arterial blood pressure is not associated with improvement in
glucose control or insulin resistance in obese rats. The lack of an
effect of PE on glucose control in obese rats may be related to
their severe insulin-resistant state, which is not easily improved
by ACE inhibitors such as PE. It is possible that ACE inhibitors
used in combination with antidiabetic agents that directly
increase insulin sensitivity to treat NIDDM and hypertension
may produce additive or synergistic effects to enhance glucose
disposal in insulin-resistant tissues. Additional studies in ani-
mals or humans with both NIDDM and hypertension are needed
to examine this point.

In the present study, the antihypertensive effect of PE
treatment in obese rats was associated with a marked increase in
plasma renin activity and a significant reduction in heart weight
and left ventricular weight. The hyperreninemia is most likely
due to a compensatory response to a decrease in angiotensin IT
formation caused by ACE inhibition.’52 The decrease in left
ventricular weight produced by PE is consistent with the known
favorable effect of ACE inhibitors in reversing left ventricular
hypertrophy in experimental and human hypertension.33-5

In summary, the present studies show that long-term PE
treatment in obese SHR/N-cp rats with NIDDM and hyperten-
sion effectively controls systemic arterial pressure and results in
a significant reduction in left ventricular weight. However, these
favorable effects of PE were not associated with significant
improvement in glucose and insulin levels, glucose tolerance, or
serum lipid levels, suggesting that glucose metabolism and
insulin responsiveness are unaffected by PE treatment. These
results are further supported by in vitro data showing that basal
and insulin-mediated glycogen synthesis are not significantly
improved in isolated soleus muscle of obese rats treated with
PE. Our results support clinical observations that antihyperten-
sive therapy with ACE inhibitors has no significant effects on
glucose metabolism and insulin sensitivity in patients with
combined hypertension and NIDDM.
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