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Captopril Enhanced Insulin-Stimulated Glycogen Synthesis in Skeletal Muscle
But Not Fatty Acid Synthesis in Adipose Tissue of Hereditary

Hypertriglyceridemic Rats

Monika Cahová, Hana Vavrinková, Milada Tutterova, Elen Meschisvilli, and Ludmila Kazdova

n addition to their hypotensive action, angiotensin-converting enzyme (ACE) inhibitors exert a beneficial effect on glucoregu-

ation. In the present study, the effect of ACE inhibition by captopril on glucose utilization in peripheral tissues was

nvestigated in non-obese rats with hereditary hypertriglyceridemia (HHTg) associated with hyperinsulinemia and insulin

esistance. Normotriglyceridemic Wistar rats served as controls (C). Rats of both groups received a high-sucrose diet, and a

alf of each group also captopril in drinking water (10 mg/kg body weight [bw]) for 2 weeks. Captopril administration reduced

asting glycemia and postprandial triglyceridemia in HHTg rats, while the fasting levels of nonesterified fatty acids (NEFA),

lycerol, and lactate were decreased in both groups. The sensitivity of skeletal muscle to insulin action evaluated as in vitro
4C-glucose incorporation into glycogen was significantly increased by captopril treatment both in HHTg (3.51 � 0.48 v 2.0 �
.12 �mol glucose/g wet weight [ww]) and C (3.32 � 0.21 v 2.48 � 0.09 �mol glucose/g ww). In isolated adipose tissue, the

nsulin-stimulated 14C-glucose incorporation into neutral lipids was increased, after captopril administration, by 137% in C and

y 35% only in HHTg. After captopril treatment, insulin-stimulated de novo fatty acid synthesis rose significantly in C while

emaining low in HHTg. The increase in esterification was comparable in both groups. Separate experiments were designed

o assess the possible involvement of bradykinin in mediating captopril action. Both C and HHTg rats fed a high-sucrose diet

or 2 weeks were treated with captopril (50 mg/kg orally) for 1 hour; half of each group received the specific inhibitor of

radykinin receptor HOE-140 (100 �g/kg intraperitoneally [IP]) 1 hour before captopril administration. In C, captopril admin-

stration enhanced the insulin-stimulated in vitro glucose incorporation into lipids in adipose tissue by 255%, and into

lycogen in the musculus soleus by 45%; this effect was eliminated by HOE-140. In HHTg, neither a single dose of captopril

or HOE-140 had any effect. We conclude that long-term captopril administration increased the insulin sensitivity of

eripheral tissue in both C and HHTg rats, but with different efficacy. While the insulin-sensitizing action of captopril on

keletal muscle was comparable in HHTg and C rats, there were differences in the effect of captopril on adipose tissue. The

ifference became particularly manifest in de novo fatty acid synthesis.
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YSLIPIDEMIA, hyperinsulinemia, peripheral tissue re-
sistance to insulin action, glucose intolerance, and hy-

ertension often cluster into a condition referred to as insulin
esistance syndrome.1 A frequently used intervention for the
reatment of high blood pressure have been angiotensin-con-
erting enzyme (ACE) inhibitors. Several studies have demon-
trated that, besides their main effect, ACE inhibitors improve
lucose homeostasis and insulin action on peripheral glucose
isposal. Enhanced insulin-stimulated whole-body glucose dis-
osal after chronic treatment with ACE inhibitors has been
eported in several clinical studies.2-6 The beneficial effect of
hronic treatment with ACE inhibitors (not depending on the
resence or absence of a sulfhydryl group) on skeletal muscle
lucose transport7-10 and whole-body glucose disposal10 has
een described in obese Zucker rats, spontaneously hyperten-
ive (SHR) rats,11 and in fructose-fed Sprague-Dawley rats.12,13

he effect of captopril on the plasma lipid profile is controver-
ial—while, in humans, some studies2,6,14 found no improve-
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ent in the plasma lipid profile after ACE inhibition, other
tudies reported a reduction in plasma nonesterified fatty acid
NEFA) content in humans5 and in obese Zucker rats.10 The
mprovement of insulin sensitivity of isolated adipocytes has
lso been reported in SHR rats after long-term enalapril treat-
ent.15 ACE inhibitors, in addition to inhibiting conversion of

ngiotensin I to angiotensin II, inhibit kininase II, which leads
o decreased bradykinin degradation. Several lines of evidence
uggest bradykinin involvement in the mechanism of captopril
ction on insulin-stimulated glucose disposal. Acutely admin-
stered bradykinin improved glucose disposal in obese Zucker
ats during a glucose tolerance test.8 In insulin-resistant dogs,
nfusion of a bradykinin antagonist abolished the positive effect
f captopril during a hyperinsulinemic euglycemic clamp,4 and
radykinin increased insulin-stimulated glucose uptake into
solated dog adipocytes.16 Damas et al17 showed that captopril
ad no effect, during the clamp, on kininogen-deficient rats
nable to synthesize bradykinin.
A unique model of insulin resistance, the non-obese hered-

tary hypertriglyceridemic rat (HHTg), was selected in our
aboratory for the current study. This strain exhibits elevated
riglyceridemia, especially when fed a simple carbohydrate-rich
iet. A number of other previously recognized facets of the
etabolic syndrome, such as hyperinsulinemia, resistance to

nsulin action, impaired glucose tolerance, and elevated blood
ressure, have been observed in this HHTg strain.18 The HHTg
at is a model different from the usual rat models of insulin
esistance such as Zucker obese rats, SHR rats, or short-term
ucrose-fed rats. They are non-obese, do not exhibit hyperpha-
ia, and show milder hypertension compared to SHR rats. The
2003 Elsevier Inc. All rights reserved.
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pecific aim of the present study was to compare the effect of
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long-term captopril administration on Wistar and HHTg rats
fed a high-sucrose diet. A novel feature of our work, besides
the use of the unique HHTg rats model, is the in vitro use of
intact adipose tissue and a detailed study of the effect of
captopril on 2 different pathways of glucose utilization in intact
adipose tissue (de novo fatty acid synthesis and fatty acids
esterification). Our study was designed: (1) to asses the effect
of chronic captopril treatment on some parameters of carbohy-
drate and lipid metabolism in vivo; (2) to determine the effect
of chronic captopril treatment on glucose utilization in adipose
tissue in vitro, especially its division between esterification and
de novo fatty acid synthesis; (3) to determine the effect of
chronic captopril treatment on in vitro nonoxidative glucose
utilization (glycogen synthesis) in the musculus soleus; and (4)
to investigate the role of bradykinin in mediating captopril
action in skeletal muscle and adipose tissue in HHTg and
controls.

MATERIALS AND METHODS

Animals and Experimental Protocol

All procedures described here were approved by the Ethics Com-
mittee of the Institute for Clinical and Experimental Medicine. Male
HHTg and control Wistar rats (C) were kept in a temperature-con-
trolled room. Animals had free access to drinking water and diet.
Wistar rats were obtained from the Institute of Physiology, Czech
Academy of Sciences, Czech Republic. The strain of HHTg rats was
originally selected from Wistar strain rats in our laboratory.18 Starting
at 4 months of age (C: 335 � 14 g; HHTg: 325 � 15 g), all animals
were fed a high-sucrose diet (70% of calories as sucrose) for 2 weeks.
Half of the animals of each group received captopril in drinking water
(100 mg/L) during this period. The captopril was provided in a water
bottle. Before the experiment, the amount of water consumed daily by
rats of similar weight on high-sucrose diet was determined to be 33 �
5 mL. This amount and the weight of the animals at the beginning of
the experiment were taken as the basis for calculating the actual amount
of captopril consumed. When using starting weight, the actually con-
sumed amount of captopril per day was 9.85 � 0.5 mg/kg in C and 10.2
� 0.3 mg/kg in HHTg. One day before the experiment, postprandial
triglyceridemia was determined in tail-vein blood. All experiments
were performed after overnight fasting (16 hours).

In separate experiments designed to study the role of bradykinin, rats
were fed a high-sucrose diet for 2 weeks. On the day of experiment,
half of the animals after overnight fasting were pretreated, for 1 hour
before the commencement of captopril administration, with HOE-140
(100 �g/kg intraperitoneally [IP]). Captopril (50 mg/kg) was adminis-
tered by gavage to all animals 1 hour before decapitation.

Muscle and Adipose Tissue Incubation Procedure

Tissue sensitivity to insulin was measured in vitro by 14C-glucose
incorporation into lipids (adipose tissue) or glycogen (musculus
soleus). The animals were killed after overnight fasting by decapitation
and tissues were collected for incubation. Distal parts of epididymal
adipose tissue (150 � 25 mg) and the m. soleus (160 � 20 mg) were
rapidly dissected. The m. soleus was attached to a stainless steel frame
in situ at in vivo length and separated from other muscles. The tissues
were incubated for 2 hours in Krebs-Ringer bicarbonate buffer with 5
mmol/L glucose, 0.1 �Ci (U-14C)-glucose /mL (UVVR, Prague, Czech
Republic) and 2% (adipose tissue) or 0.5% (m. soleus) bovine serum
albumin, gaseous phase 95% O2 and 5% CO2 in the presence (250
�U/mL) or absence of insulin in incubation medium. All incubations
were performed at 37°C in sealed vials in a shaking water bath.

Glycogen Synthesis in Isolated Muscle

Glycogen synthesis was determined by 14C-glucose accumulation in
glycogen as previously described.19 After 2 hours of incubation, mus-
cles were removed from incubation medium, briefly rinsed in ice-cold
physiological solution, and immediately put into chlorophorm:metha-
nol (2:1). Muscles were digested by boiling in 1 mL 30% KOH
containing 10 mg/mL oyster glycogen. After digestion, 2.5 mL of 96%
ethanol was added and glycogen was allowed to precipitate at 4°C
overnight. The precipitate was centrifuged, washed with 1 mL of 80%
ethanol, and dissolved in 1 mL H2O. Aliquots (0.2 mL) were used for
scintillation counting.

Measurement of Lipogenesis and Esterification in Adipose
Tissue In Vitro

Estimation of 14C-glucose incorporation into neutral lipids was per-
formed as described previously.20 Briefly, adipose tissue was removed
from incubation medium, rinsed in saline, and immediately put into
chlorophorm. The pieces of tissue were dissolved using a Teflon peastle
homogenizer, methanol was added (chlorophorm:methanol 2:1), and
lipids were extracted at 4°C overnight. On the next day, the rest of
tissue was removed and clear extract was taken for further analysis. An
aliquot was evaporated, reconstituted in scintillation liquid, and the
radioactivity measured by scintillation counting.

The site (glycerol v acyl moiety) of glucose incorporated into neutral
lipids was determined as described previously21,22 with slight modifi-
cations. Briefly, an aliquot of clear extract was evaporated and sapon-
ified in ethanolic 15% potassium hydroxide at 70°C. Saponification
was terminated by adding 5.4 mol/L H2SO4. After cooling, the released
fatty acids were extracted repeatedly into petroleum ether. The pooled
petroleum ether fractions of each sample were evaporated, reconsti-
tuted in scintillation liquid, and the radioactivity measured by scintil-
lation counting. The amount of radioactivity incorporated into glycerol
residue was calculated as the difference of total activity incorporated
into neutral lipids and petroleum ether fraction of the same aliquot.

Biochemical Analysis

Serum NEFA, triglyceride, glycerol, and blood glucose contents
were determined using commercially available kits (NEFA: FFA half
micro test, Roche Diagnostics GmbH, Mannheim, Germany; triglycer-
ides and glycerol: Triglyceride [GPO-Trinder] Sigma Diagnostics, St
Louis, MO; glucose: Bio-La-Test Glucose GOD, Lachema, Brno,
Czech Republic). Lactate was assayed as described.23

Statistical Analysis

Data are presented as the mean � SE of multiple determinations.
Two-way analysis of variance (ANOVA) was used to test for the effect
of strain-drug-treatment, and strain-treatment effect. Differences within
strain and treatment groups were evaluated by t test using InStat
(GraphPad Sofware, San Diego, CA). Statistical significance was de-
fined as P � .05.

RESULTS

Characteristics of Experimental Groups

Control and HHTg rats fed standard diet differ significantly
in all tested parameters (fasting NEFA, glycerol, lactate, and
postprandial triglyceridemia) except fasting glycemia. The
body weight of animals in both groups did not differ signifi-
cantly either at the beginning (C: 335 � 14 g; HHTg: 325 �
15 g) or at the end (C: 365 � 15.2; C � captopril: 361 � 10 g;
HHTg: 350 � 10 g; HHTg � captopril: 358 � 14.4 g) of the
high-sucrose feeding period. Sucrose feeding worsened all
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tested parametres in both groups except of fasting glycemia and
postprandial triglycerides in controls. Captopril treatment of
sucrose-fed rats lowered the NEFA, glycerol, and lactate con-
tents in serum in both groups to values reached on a standard
diet; in HHTg, lactate and glycerol contents were decreased
even more. Elevated fasting blood glucose and postprandial
serum triglyceride contents in HHTg decreased after captopril
treatment (Table 1).

Effect of Chronic ACE Inhibition on 14C-Glucose
Incorporation Into Glycogen in Skeletal Muscle

Chronic administration of captopril had no effect on in vitro
glucose incorporation into glycogen in the medium without
insulin in C (2.09 � 0.26 v 1.84 � 0.21 �mol glucose/g wet
weight [ww]) and in HHTg (2.26 � 0.42 v 2.3 � 0.12 �mol
glucose/g ww) either. Captopril treatment in both groups sig-
nificantly increased insulin-stimulated glycogen synthesis (C:
3.32 � 0.21 v 2.48 � 0.09 �mol glucose/g ww, P � ,01;
HHTg: 3.51 � 0.48 v 2.0 � 0.12 �mol glucose/g ww, P � .01)
(Fig 1).

Effect of Chronic ACE Inhibition on 14C-Glucose
Incorporation Into Neutral Lipids, Acyl Groups, and
Glycerol Residues of the Lipid Molecule

Data on 14C-glucose incorporation into total lipids in C and
HHTg are summarized in Table 2. The C and HHTg groups
differed in the distribution of incorporated glucose between the
glycerol residue (esterification) and acyl (de novo fatty acid
synthesis) groups of the lipid molecule. Captopril increased
both basal and insulin-stimulated esterification in C; in HHTg,
it raised significantly only insulin-stimulated esterification.
Basal de novo fatty acid synthesis was not influenced by
captopril in C or in HHTg. Captopril highly significantly in-
creased insulin-stimulated de novo fatty acid synthesis in C,
which remained low in HHTg (Fig 2).

Effect of Acute ACE Inhibition With or Without Bradykinin
Receptor Inhibition on 14C-Glucose Incorporation Into
Glycogen in Skeletal Muscle

Single-dose administration of captopril affected only insulin-
stimulated glucose incorporation into glycogen in C (�insulin:
1.78 � 0.12; �insulin: 3.59 � 0.44 �mol glucose/g ww, P �
.001). HOE-140 abolished this increase (�insulin: 2.18 � 0.15;
�insulin: 2.38 � 0.19 �mol glucose/g ww, P � .05). In HHTg,
single-dose captopril administration or concomitant adminis-
tration of captopril and HOE-140 did not induce any significant
changes (Fig 3).

Effect of Acute ACE Inhibition With or Without Bradykinin
Receptor Inhibition on 14C-Glucose Incorporation Into Acyl
Groups and Glycerol Residues of the Lipid Molecule In Vitro

Basal 14C-glucose incorporation into adipose tissue lipids in
vitro was increased in C (P � .05), but was not affected by
single-dose captopril administration in HHTg rats. After adding
insulin into the incubation medium in vitro, glucose incorpo-
ration into lipids after a single dose of captopril rose highly
significantly in C (P � .001). Administration of HOE-140
significantly attenuated the effect of captopril in C (P � .05),
while not exerting an effect on insulin-stimulated glucose in-
corporation into lipids in HHTg (Table 2). In C, single-dose
captopril increased both insulin-stimulated glucose incorpora-
tion into acyl groups of the lipid molecule and insulin-stimu-
lated esterification, and HOE-140 significantly reduced this
effect. In HHTg, de novo fatty acid synthesis was very low and
was not affected by single-dose captopril. Esterification was not

Table 1. Characteristics of C and HHTg Groups

Diet

Control HHTg

Standard Sucrose Sucrose � Captopril Standard Sucrose Sucrose � Captopril

Fasting NEFA (mmol/L) 0.78 � 0.03a,e 1.1 � 0.07a,c 0.81 � 0.05c 1.01 � 0.08b,e 1.21 � 0.05b,d 0.92 � 0.04d

Fasting glycerol (mmol/L) 0.29 � 0.02a,e 0.47 � 0.04a,c 0.24 � 0.03c 0.52 � 0.03b,e 0.61 � 0.02b,d 0.34 � 0.04d

Fasting lactate (mmol/L) 3.8 � 0.11a,e 6.01 � 0.33a,c 4.85 � 0.09c 7.8 � 0.35b,e 8.92 � 0.38b,d 4.04 � 0.22d

Fasting glycemia (mmol/L) 3.85 � 0.04 3.8 � 0.09 3.9 � 0.2 4 � 0.1b 4.45 � 0.13b,d 4.11 � 0.09d

Postprandial triglycerides (mmol/L) 1.1 � 0.1e 1.44 � 0.26 1.27 � 0.45 2.7 � 0.23b,e 6.35 � 0.65b,d 4.06 � 0.94d

NOTE. Data are given as means � SE, n � 5 to 7.
Values with the same index are statistically different. aControls on standard v sucrose diet; bHHTg on standard v sucrose diet; ccaptopril-treated

v untreated C on sucrose diet; dCaptopril-treated v untreated HHTg on sucrose diet; eC v HHTg on standard diet.

Fig 1. Effect of chronic ACE inhibition on 14C-glucose incorpora-

tion into glycogen in skeletal muscle (m. soleus) of C and HHTg rats

during incubation in vitro. Captopril (10 mg/kg) was administered for

14 days in drinking water together with a high-sucrose (HS) diet.

Insulin (250 �U/mL) was added into incubation medium in vitro. Data

are given as means � SE for 5 to 7 animals per group. �, Statistically

significant difference (ssd) between samples incubated in the ab-

sence v in the presence of insulin (�P < .05, ���P < .001); #, ssd

between captopril-treated v untreated animals (##P < .01).
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significantly affected with HOE or HOE � captopril adminis-
tration in HHTg (Fig 4).

DISCUSSION

In the present study, the effect of chronic or acute ACE
inhibition by captopril on insulin action in skeletal muscle and
adipose tissue in HHTg rats was compared with that in short-
term sucrose-fed controls (C). What was actually new about our
study was the fact we used a unique model of genetically fixed
insulin resistance, non-obese strain of hereditary hypertriglyc-
eridemic rats. Although most human non–insulin dependent
diabetes mellitus patients are obese, there is a significant sub-
group of non-obese patients24 and a model that offers the
possibility to study the underlying mechanisms of this type of
metabolic disorder may provide relevant data for further clin-
ical study.

We found decreased serum levels of NEFA and glycerol
after chronic captopril treatment in both groups, a finding
suggesting decreased lipolysis in adipose tissue. In vitro exper-
iments showed that, in adipose tissue, chronic captopril treat-
ment stimulated glucose incorporation into glycerol–triglycer-
ide, ie, esterification, which may represent another mechanism
contributing to the lowering of circulating NEFA levels. The
lower serum NEFA content can then lead to improvement of

the insulin-resistant state as the decreased supply of NEFA to
the tissues made the oxidative capacity of the cell available for
glucose oxidation.25-27 This interpretation is supported by the
reduction of serum lactate content seen in both groups. Capto-
pril treatment reduced postprandial triglyceridemia in HHTg,
which may be just another consequence of decreased serum
NEFA levels.

Several studies reported improved insulin sensitivity after
ACE inhibition during clamp studies5,6,17 in both humans and
rats. These in vivo effects of ACE inhibitors may be a combi-
nation of increased muscle blood flow and a direct effect of
ACE inhibitors on tissues. We studied the insulin action in vitro
on isolated tissues of animals treated in vivo with ACE inhib-
itors during incubation, which allows a more precise control of
conditions under which glucose utilization is measured and
eliminates other factors contributing to the final effect in vivo.

Chronic captopril treatment increased the insulin sensitivity
of skeletal muscle (measured as in vitro 14C-glucose incorpo-
ration into glycogen) comparably both in HHTg and C. Our
findings are in accordance with those of Henriksen et al8,28 and
Dal Ponte et al,10 who reported increased glucose transport into
the cell after captopril treatment in skeletal muscle of obese
Zucker rats.

A growing body of data indicates an important role of

Fig 2. Effect of chronic ACE inhibition on 14C-glucose incorporation into acyl group and glycerol residue in adipose tissue of C and HHTg rats

during incubation in vitro. Captopril (10 mg/kg) was administered for 14 days in drinking water together with HS diet. Insulin (250 �U/mL) was

added into incubation medium in vitro. Data are given as means � SE for 5 to 7 animals per group. �, ssd between samples incubated in the

absence v in the presence of insulin (��P < .01, ���P < .001); *, ssd in the 14C-glucose incorporation into glycerol residue in captopril treated

v untreated animals (**P < .01); x, ssd in the 14C-glucose incorporation into acyl group in captopril-treated v untreated animals (xxP < .01).

Table 2. Incorporation of 14C-Glucose Into Neutral Lipids in Adipose Tissue In Vitro After Chronic or Acute ACE Inhibition

Treatment

C/HS HHTg/HS

� Insulin � Insulin � Insulin � Insulin

� Captopril 1.23 � 0.12a,b 2.33 � 0.26a,c 1.35 � 0.19 1.68 � 0.23e

� Long-term captopril 2.18 � 0.13a,b 5.53 � 0.56a,c 1.25 � 0.04a 2.27 � 0.25a,e

� Single-dose captopril 2.95 � 0.21a 8.29 � 0.04a,d 1.57 � 0.16a 2.28 � 0.21a

� Single-dose captopril � HOE-140 2.58 � 0.2a 4.86 � 0.32a,d 1.73 � 0.16a 2.74 � 0.19a

NOTE. Data are given as means � SE (in �mol of 14C-glucose/g ww), n � 5 to 7.
Values with the same index are statistically different. aSamples incubated without v with insulin; bC without insulin (� captopril v � captopril);

cC with insulin (� captopril v � captopril); dC with insulin (� captopril � HOE-140 v � captopril alone); eHHTg � insulin (�captopril v � captopril).

1409CAPTOPRIL AND GLUCOSE STORAGE IN TISSUES



adipose tissue in the development of insulin resistance.29 Adi-
pose tissue of untreated HHTg rats was almost completely
resistant to insulin action. Chronically administered captopril
increased insulin-stimulated glucose incorporation into lipids
but, in HHTg, this effect was 4 times lower than in controls.
The site of glucose incorporation (glycerol v acyl moiety) was
entirely different in C and HHTg. To our knowledge, no data
are available about de novo fatty acid synthesis after captopril
treatment. Under basal conditions (medium without insulin),
captopril did not influence fatty acid synthesis in vitro in C or

in HHTg. Insulin-stimulated de novo fatty acid synthesis was
significantly enhanced by captopril (�150%) in C, while in
HHTg, captopril had no effect and fatty acid synthesis was
nearly 8 times lower than that in captopril-treated controls. As
expected, captopril did not influence basal esterification. Insu-
lin-stimulated esterification was enhanced by captopril both in
C and in HHTg but with a lower efficacy in the latter (by 115%
and 40%, respectively). Lipogenesis depends on the cell’s
nutritional state. Tozzo et al30 showed, in murine adipocytes
incubated at low glucose concentrations, that, in a situation
when glucose transport into the cell is limited, most of the
transported glucose is metabolized to triglyceride-glycerol and
a very small amount to de novo fatty acid synthesis. On the
other hand, using a model of murine adipocytes overexpressing
GLUT4, Tozzo et al demonstrated that increased glucose trans-
port into cells stimulated fatty acid synthesis. We have previ-
ously shown that the ability of HHTg to translocate GLUT4 to
the plasma membrane after a glucose load is impaired as
against C.31 Recent results suggest that bradykinin delays de-
phosphorylation of the �-subunit of insulin receptor while
intensifying insulin signal.16 The sucrose-fed controls have
probably preserved a functioning insulin cascade, which can be
modulated by bradykinin, whereas insulin signal transmission
is disturbed in HHTg.31 In this setting, insulin receptor stimu-
lation by bradykinin after chronic captopril administration was
less effective in HHTg compared with C. The low rate of fatty
acid synthesis may reflect the limited rate of glucose transport
into the adipocytes in HHTg. Fatty acid esterification was
increased by captopril treatment in both groups, which may
have contributed to the reduction of serum NEFA content, but
de novo fatty acid synthesis rose only in C after captopril
administration. Given these facts, our results can be interpreted
as showing that captopril caused only a mild increase in glu-
cose transport into adipocytes in HHTg, meeting the demands
for esterification. In C, the increase in glucose transport into

Fig 3. Effect of acute ACE inhibition with or without bradykinin

receptor inhibition via HOE-140 on 14C-glucose incorporation into

glycogen in skeletal muscle (m. soleus) of C and HHTg rats during

incubation in vitro. Rats were fed HS diet for 2 weeks. Captopril (50

mg/kg) was administered on the day of experiment by gavage with

or without pretreatment with HOE-140 (100 �g/kg IP). Insulin (250

�U/mL) was added into incubation medium in vitro. Data are given

as means � SE for 5 to 7 animals per group. �, ssd between samples

incubated in the absence v in the presence of insulin (���P < .001);

#, ssd between captopril-treated v untreated animals (#P < .05).

Fig 4. Effect of acute ACE inhibition with or without bradykinin receptor inhibition via HOE-140 on 14C-glucose incorporation into glycerol

residue and acyl group in adipose tissue of C and HHTg rats during incubation in vitro. Rats were fed HS diet for 2 weeks. Captopril (50 mg/kg)

was administered on the day of experiment by gavage with or without pretreatment with HOE-140 (100 �g/kg IP). Insulin (250 �U/mL) was

added into incubation medium in vitro. Data are given as means � SE for 5 to 7 animals per group. �, ssd between samples incubated in the

absence v in the presence of insulin (�P < .05, ���P < .001); *, ssd in the 14C-glucose incorporation into glycerol residue in captopril-treated

v untreated animals (*P < .05); x, ssd in the 14C-glucose incorporation into acyl group in captopril-treated v untreated animals (xxxP < .001).
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cells was apparently much higher, manifesting itself both by an
increase in esterification rates and in the rates of de novo fatty
acid synthesis.

ACE inhibitors enhance bradykinin levels by inhibiting the
kininase II–mediated degradation of this nonapeptide. The in-
creased tissue bradykinin levels after captopril administration
may play a significant role in improving insulin sensitiv-
ity.4,8,16,28,32 Bradykinin has been shown to affect cellular me-
tabolism through B2 receptors, which are expressed in many
cell types,33 including tissues dependent on insulin for glucose
uptake such as skeletal muscle and adipocytes.34 In our exper-
imental design (single-dose administration of captopril with or
without pretreatment with a bradykinin-receptor inhibitor), we
were able to demonstrate bradykinin involvement in captopril
action in sucrose-fed C, but not in HHTg. Nevertheless, in
HHTg, single-dose captopril did not lead to significant im-

provement so we logically could not find any inhibitory effect
of HOE-140. Our results do not allow us to confirm or exclude
the role of bradykinin in mediating captopril action in HHTg.

We conclude that, in HHTg rats, chronic captopril treatment
decreased postprandial triglyceridemia, fasting blood glucose,
and serum NEFA, glycerol, and lactate contents. These changes
are associated with the effect of captopril on in vitro glucose
utilization in tissue. The skeletal muscle responds to chronic
ACE inhibition similarly in C and HHTg. In adipose tissue, we
found major differences between C and HHTg in the response
to captopril. In HHTg, captopril enhanced insulin-stimulated
glucose incorporation into lipids, but only into the glycerol
moiety, ie, esterification. In C, captopril enhanced both insulin-
stimulated esterification and fatty acid synthesis. These differ-
ences can be explained by impaired glucose transport into
HHTg adipose cells.
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