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Abstract

Human obesity, which is very common in Polycystic Ovaries Syndrome and in “X Syndrome”, constitutes an insulin-
resistance state in which multiple clinical, biochemical and hemodynamic alterations coexist. Insulin resistance in the obese has
been recently associated with an endothelial dysfunction. To investigate the possibility that clinical and metabolic derangements
related to insulin resistance could induce changes in vascular blood flows, we have studied the levels of mesenteric (MBF), renal
(RBF) and femoral (FBF) blood flows in Beagle dogs kept for 2 years on a normal (control group) or high fat diet (obese
group). This experimental model exhibits many of the abnormalities with the human syndrome. In addition, we have tested the
effects of chronic treatment with captopril (capto group) in monotherapy or in association with pravastatin (prava+ capto
group) on the hemodynamic changes associated with this diet. After the two year follow-up, Transonic flow probes were placed
around the three arteries to measure basal blood flows and their response to a hyperinsulinemic-normoglycemic test in
anesthetized animals. During this test the degree of insulin sensitivity was estimated. In association with higher body weight,
blood pressure, insulin resistance, and fasting levels of insulin and total cholesterol, the obese group exhibited decreased basal
levels of FBF and a greater femoral vasoconstriction during hyperinsulinism (P < 0.05 vs control). Combined therapy with
captopril and pravastatin ameliorated the reduction in basal FBF and hyperinsulinism-induced vasoconstriction (P < 0.05), in
addition to the beneficial effects on insulin sensitivity, and clinical and metabolic parameters. Synergistic beneficial effects of
both drugs on lipid and carbohydrate profiles may account for this positive outcome, by attenuating the atherogenic process
associated with this model. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction dependent vasodilation [6,7]. Coexistence of diverse

pathogenic circumstances can converge to present this

In several disorders, as Polycystic Ovaries Syndrome
and “X Syndrome”, it is a common finding that the
presence of obesity and insulin resistance, may predis-
pose to coronary heart disease [1]. Obesity can be con-
sidered an insulin-resistant state which comprises a
constellation of clinical, biochemical and hemodynamic
abnormalities. As in other insulin-resistant situations,
like aging [2], hypertension [3] or noninsulin-dependent
diabetes mellitus (NIDDM) [4,5], obesity is character-
ized by defective insulin-mediated and endothelium-
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final picture in humans. In this respect, increased
blood pressure levels, chronic hyperinsulinemia and an
abnormal lipid profile are major risk factors with a
high incidence in the obese population [8,9]. These risk
factors have the capacity to induce hemodynamic and
structural modifications in the vasculature, thereby
contributing to the genesis and/or maintenance of
insulin resistance [10]. Furthermore, this clustering of
arterial hypertension and dyslipidemia in obese sub-
jects wusually requires combined pharmacological
therapy. However, several studies have pointed out
differential effects on the lipid and carbohydrate pro-
files with diverse antihypertensive therapies [11].
Angiotensin-converting enzyme inhibitors [12] and
selective a-receptor blockers [13,14] have shown posi-
tive effects on insulin sensitivity in hypertensive
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patients. On the other hand, it is also well-known that
chronic dyslipidemia can hasten the atherogenic pro-
cess thus leading to the onset of vascular pathologies
of hypertension and atherosclerosis. In a recent publi-
cation, chronic use of pravastatin has been reported to
induce a positive effect on reducing both cholesterol
and insulin levels in elderly hypertensive hypercholes-
terolemic subjects regardless of the type of antihyper-
tensive therapy used [15]. Furthermore, chronic
treatment with pravastatin has provided improvement
in endothelium-dependent coronary vasomotion in
hypercholesterolemic patients [16]. The mechanisms
underlying this protection are not completely under-
stood. However, cumulative data point to the periph-
eral vasculature as the main target for the deleterious
actions associated with insulin resistance, since skeletal
muscle is the tissue responsible for glucose disposal.
Indeed, decreased peripheral blood flow, secondary to
increased sympathetic activity and vessel rarefaction
and hypertrophy, has been suggested as one of the
steps in the cascade of events leading to insulin resist-
ance [10]. In addition, recent evidence has suggested
the possibility that endothelial dysfunction (mainly re-
lated with nitric oxide) might account for insulin resist-
ance in the obese [7].

In the present study we have tested the hypothesis
that experimental obesity, induced by long-term high
fat diet, could trigger chronic hemodynamic alterations
in different vascular beds (mesenteric, renal and
femoral), in association with metabolic disorders. In
addition, we have studied the effectiveness of chronic
antihypertensive therapy with captopril, a converting
enzyme inhibitor (CEI), alone or in combination with
pravastatin, a HGM-CoA reductase inhibitor, in the
prevention of possible deleterious blood flow altera-
tions in these vascular territories, related to weight
gain.

2. Materials and methods
2.1. Animals

Twenty male Beagle dogs with initial body weight of
13.4 + 1.2 kg were randomly divided into four groups
(n=15) matched for initial values of the following par-
ameters: body weight (BW), and fasting levels of
plasma glucose (PG), insulin (PI), total cholesterol
(Chol) and triglycerides (TG). The control group was
maintained for 2 years on a regular dog pellet chow
diet. The remaining fifteen animals were kept through-
out the follow-up on a high fat diet consisting of beef
fat and lard in addition to their regular diet. During
this period, five of these animals received no pharma-
cological treatment (obese), while five animals received
25 mg/12 h of captopril p.o. (capto), and a fourth

group received the same dose of captopril plus 10 mg/
day of pravastatin p.o. (prava+ capto).

At the end of the 2-year follow-up and after over-
night fasting, the conscious animals were weighed, and
blood pressure was measured by a tail-cuff method
(Dynamap 845, Critikon Inc., Tampa, FL), previously
validated by our group [17]. In addition, blood
samples were collected for biochemical and hormonal
determination.

2.2. Surgical procedure

The animals were anaesthetised with 30 mg/kg of
intravenous sodium pentobarbital and, after endotra-
cheal intubation, they were ventilated according to the
nomogram of Kleiman and Radford [18]. The right
femoral artery was catheterized for continuous blood
pressure monitoring and blood sample withdrawal,
while the vein was cannulated to infuse additional
anaesthesia. A third catheter was inserted into the
right cephalic vein for the infusion of the solutions of
the insulin suppression test (IST). Through a left flank
incision, Transonic flow probes (Transonic System
Inc., NY) were placed around the mesenteric and renal
arterial segments proximal to the aorta for continuous
blood flow monitoring. An additional blood flow
probe was set in the contralateral femoral artery to
estimate blood supply to the hindlimb skeletal muscle
bed.

2.3. Insulin suppression test

After the surgical procedure, saline infusion was
started through all the catheters at the same rates used
during the test. Then the animals were allowed to
stabilize for 45-60 min, and care was taken to observe
steady values of the hemodynamic parameters before
any further manipulation. At that point, basal levels of
the three blood flows and blood pressure were continu-
ously recorded during the 15 min basal period.
Thereafter, a modification of the IST technique,
described by Shen et al. [19], was performed by intra-
venous infusion of the following solutions for 3 h: 1
mU/kg/min of insulin, 1.5-9 mg/kg/min of glucose
and 0.05 pg/kg/min of somatostatin. Glucose rate was
adjusted for each animal to achieve an euglycemic re-
sponse. Under these conditions, steady state levels of
plasma glucose (SSPG) and insulin (SSPI) were
reached after 120 min and maintained throughout the
test. Arterial blood samples for analytical determi-
nations were drawn every 10 min along the last hour.
Along this last hour, continuous recordings of blood
pressure and mesenteric (MBF), renal (RBF) and
femoral (FBF) blood flows were made. Insulin sensi-
tivity index (ISI) was calculated by the formula: ISI
(dl/kg x min)=glucose infusion rate (mg/kg/min) x
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Table 1

Clinical and fasting biochemical parameters. Basal and after 2 year follow-up®

BW (kg) MAP (mmHg) PG (mg/dl) PI (WU/ml) tChol (mg/dl) TGs (mg/dl)
Control basal 13.4+1.8 96+8 95+8 10.1+3.9 102+19 27.4+6.1
24 months 149+1.8 106 +6 9748 82+1.7 9+17 29.2+8.0
Obese basal 13.5+1.9 94+6 97+6 9.3+3.2 98 +22 28.6+4.9
24 months 21.743.3** 116+9* 11449* 25.149.2* 201 433" 34.5+12.6
Capto basal 13.6+1.5 9+7 96+7 9.7+2.9 103+30 29.2+6.1
24 months 19.6+4.2* 109+ 7" 109+7 14.2+9.6 195475 36.1+6.8
Prava + capto basal 13.84+1.9 98+5 9743 9.6+34 101420 30.1+54
24 months 16.6+2.1%F 110+ 6 107+6 13.5+8.1F 152+42"+44 3521104

& BW: bodyweight; MAP: mean arterial pressure; PG: plasma glucose; PI: plasma insulin; tChol: total cholesterol; TGs: triglycerides. *P < 0.05

vs basal; **P < 0.01 vs basal; TP < 0.05 vs obese; #£0.05 vs capto.

10°/SSPG (mg/dl). Higher ISI indicates lower resist-
ance to insulin-stimulated glucose uptake and vice
versa.

Finally, as somatostatin (SS) was used to inhibit en-
dogenous insulin release during the IST, the possible
action of this peptide on the parameters under study
was determined in a preliminary study. In this acute
experiment (n=5) and after the same surgical pro-
cedure, the per se effects of somatostatin were charac-
terized by infusing the same SS dose used in the IST,
together with a low dose of insulin (0.1 mU/kg/min) to
maintain basal insulinemia. Under this protocol,
measurements of all the parameters were made in the
basal state and during the SS infusion, but no signifi-
cant change was observed except for the MBF which
decreased significantly (unpublished data).

All data shown in the present paper for blood flow
(_% BF) in response to the IST result from subtract-
ing averaged percent changes obtained in the SS infu-
sion protocol (_% BFss) from values obtained during
the performance of the IST (_% BFsr). By means of
this calculation (_% BF=_% BF;st — _% BFsg), we
consider that no effect attributable to SS can be con-
sidered in our study.

2.4. Analytical determinations

Biochemical determinations of plasma total choles-
terol (tChol) and triglycerides (TG) were made by a
Hitachi autoanalyzer (model 747) and plasma glucose
(PG) levels were measured with a glucose analyzer
(YSI 23A, Yellow Springs Instrument Co). Plasma
insulin (PI) was quantitated by a commercial radio-
immunoassay kit (Linco Research Inc., St Charles,
MO).

2.5. Statistical analysis

Comparisons between periods within each group
were performed by two-tailed paired ¢ tests.

Differences between the four groups were tested by
ANOVA and the Bonferroni correction for multiple
comparisons. A P < 0.05 was considered statistically
significant. Values in the figures are expressed as mean
+ SE, while in the Tables values are expressed as mean
+SD.

3. Results

3.1. Clinical and biochemical results after 2 year follow-
up

Conscious dogs showed differences in the levels of
clinical and biochemical parameters among groups, as
depicted in Table 1. Animals on a high fat diet exhib-
ited higher mean body weight values compared with
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Fig. 1. Insulin sensitivity index after 2 years follow-up.



276 E. Villa et al. | Journal of Steroid Biochemistry and Molecular Biology 69 (1999) 273-279

Table 2
Values of basal mean arterial pressure, mesenteric and renal blood flows, and their response to acute hyperinsulinism induced by an Insulin
Suppression Test (IST)*

Basal IST
Groups MBF (ml/min) RBF (ml/min) MAP (mmHg) MBF (A% vs Basal) RBF (A% vs basal) MAP (mmHg) SSPI (uU/ml)
Control (n=15) 1194+47.0 101 +47 109+7 —-32+1.6 —54+3.7 11348 127+7.5
Obese (n=15) 115435 109455 11148 —89+54 —72144.6 11849 1254+23.6
Capto (n=5) 109+17 103+46 108+ 6 —7.1+4.9 —82+54 112+7 119+36.2
Prava+capto (n=5) 108143 99+ 21 110+9 —29+26 —9.0+5.6 11316 120+19.9

4 MBF: mesenteric blood flow; RBF: renal blood flow; MAP: mean arterial pressure; SSPI: steady state plasma insulin.

the control group, although a significant difference was
only attained in the obese and capto groups. The high
fat diet was also associated with elevations in fasting
plasma levels of glucose and triglycerides. Total choles-
terol was elevated in the three groups receiving fat, but
significantly lower values were exhibited by the pra-
va +capto group. Finally, obese dogs showed increased
blood pressure levels, while the blood pressures of
treated dogs were comparable to control.

3.2. Basal blood flows and hemodynamic response to an
IST

3.2.1. Insulin sensitivity index

In the present study the IST was designed to induce
a hyperinsulinemic situation around the postprandial
physiological range, with a normoglycemic state. The
mean insulin level achieved during the tests (SSPI),
ranged from 119 to 127 uU/ml, without differences
between groups. Under these conditions, the three
groups on high fat diet showed a decrease insulin sen-
sitivity, estimated by a lower ISI compared with con-
trol group (Fig. 1). An intermediate degree of insulin

resistance was observed in the prava-+capto group vs
control and obese groups.

3.2.2. Mean arterial pressure and mesenteric and renal

flows, basal and during hyperinsulinemia

From a hemodynamic point of view, there were no
differences in the basal levels of mesenteric and renal
blood flows nor in mean arterial pressure. During
hyperinsulinemic state, no differences between groups
were observed (Table 2), although a slight trend of
mean arterial pressure was observed in the obese
group.

3.2.3. Femoral blood flow

As expression of skeletal blood flow, we used the
measures in femoral bed. In basal situation (Fig. 2)
significant differences were observed between captopril
and obese groups versus control (P < 0.05-0.01), while
prava +capto group showed significant differences ver-
sus obese group (P < 0.05). Systemic hyperinsulinemia
induces a differential decrease in femoral flows versus
basal situation that was significantly higher in obese
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Fig. 2. Basal femoral blood flow after two years follow-up.

Fig. 3. Decrement (%) of femoral blood flow during hyperinsuline-
mia.
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and capto groups, while the decrease of control and
prava+capto groups do not attain significant differ-
ences (Fig. 3).

4. Discussion

Increasing evidence has accumulated during recent
years favouring the hypothesis that insulin resistance,
mainly in the obese syndrome, is associated with an
endothelial dysfunction. This alteration could be an
early and important feature in the development of vas-
cular disease [20]. Our results suggest the possibility
that this endothelial derangement, together with meta-
bolic abnormalities linked to obesity, contribute to sus-
tained reductions in peripheral blood flow.

In the present study we have demonstrated that per-
ipheral vessels constitute preferential targets for vascu-
lar alterations associated with this long-term obesity
model, as basal mesenteric and renal blood flows
remained comparable in the control and obese groups,
while the femoral blood flow was significantly reduced
in the obese. These data are associated with an
enhancement of the degree of insulin resistance in this
group.

Obese humans have been shown to possess altered
insulin-mediated and endothelium-dependent vasodila-
tion [6,7]. Maximal expression of this peripheral altera-
tion was detected in our obese group, as these dogs
exhibited significantly higher reductions of FBF com-
pared with control during the IST.

Various pathogenic factors, such as hypercholestero-
lemia, hyperinsulinemia, and hypertension, can inde-
pendently and/or synergistically contribute to this
defective hemodynamic response.
Hypercholesterolemia, which was present in our fat-fed
dogs, has been associated with abnormal endothelium-
dependent vasorelaxation in human and experimental
in vivo studies [21-23], and the implication of nitric
oxide in this abnormality has been suggested [22,24].
In vitro experiments have confirmed that hypercholes-
terolemia inhibits production or bioactivity of nitric
oxide [25,26]. A hyperlipidemic situation can be associ-
ated with a decrease in peripheral blood flow because
skeletal muscle lipoprotein lipase activity, a main
determinant of triglyceride uptake, is closely related to
skeletal muscle fibre composition [27] and thereby
blood flow. On the other hand, reduction of serum
cholesterol has rendered positive effects in reversing
impaired endothelium-dependent vasodilation in
humans and in animals [16,28,29]. Our results are in
agreement with these previous reports, as prava+-
capto dogs, with lower cholesterol values, showed sig-
nificantly higher basal levels of FBF, and minor
reductions of this flow during the hyperinsulinemic
period compared with obese dogs.

Hyperinsulinemia is another possible mechanism
involved in the vascular alterations leading to blood
flow changes. Overwhelming evidence has been accu-
mulated during recent years on the acute vasodilator
effect of insulin in the peripheral vasculature of healthy
individuals [30]. This vasodilating role has been attrib-
uted to nitric oxide activity [31,32], a fact confirmed
by a recent study demonstrating insulin’s ability to
stimulate endothelial NO production [33]. However, a
large body of evidence has pointed out that this relax-
ing action is blunted in pathological states of insulin
resistance associated with long-term exposure to hyper-
insulinemia and also with endothelial dysfunction. In
this respect, insulin stimulates various vasoconstrictor
mechanisms that can elevate the vascular tone. For
example, insulin induces sympathetic overactivity, with
increased secretion of norepinephrine [34], enhances in-
tracellular free calcium concentration [35], and elevates
expression and circulating levels of endothelin-1 [36].
Furthermore, hyperinsulinemia, either directly or
mediated by IGF-1 receptors, stimulates vascular
smooth muscle cell hypertrophy and hyperplasia
[37,38] and raises arterial stiffness [39]. Under these cir-
cumstances, in the obese syndrome these vasoconstric-
tor and trophic effects will not be counterbalanced by
the vasodilatory effects of insulin, as a sustained defec-
tive NO production/release is associated with this dis-
ease. In this manner, altered endothelial function may
contribute to the establishment of decreased peripheral
blood flow, which could play an important role in the
process of insulin resistance by limiting capillary
recruitment and thereby reducing glucose uptake and
metabolism [30]. Captopril has been reported to
improve insulin sensitivity in humans [12] and obese
dogs [40]. This beneficial action of CEIs seems to be
related to a non-deleterious effect on the lipid profile,
together with a vasodilatory action on peripheral
blood flow which might be mediated by reduction of
sympathetic activity [40] and stimulation of bradykinin
production and stability [41,42]. In addition, improve-
ment of endothelium-dependent vasodilation and pre-
vention of structural changes in the vascular wall have
been documented with CEIs in animal models [41,43]
as well as in humans [44,45]. Our data showed a posi-
tive trend in the capto group for most metabolic and
hemodynamic parameters. Furthermore, in agreement
with our results, captopril therapy has been shown to
reduce fasting insulin levels [11], which can also play a
role in the prevention of long-term trophic effects of
the hormone. Another mechanism by which captopril
can exert a beneficial action in obesity is by reducing
blood pressure and the trophic effects of angiotensin
II.

In summary, in this chronic (2-year) model, obesity
induces a higher degree of fasting hyperinsulinemia,
deranged lipid profile, and lower ISI, that were ac-
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companied by lower skeletal blood flow and an insu-
lin-mediated femoral vasoconstriction. Combined
therapy with captopril and pravastatin preserved hind-
limb skeletal muscle blood flow and attenuated the
insulin-mediated vasoconstriction observed in this
model. This positive outcome might be related to
synergistic effects of both drugs reducing the cardio-
vascular risk factors (hypertrophic and atherogenic) as-
sociated with this severe obesity model.

Acknowledgements

This research was supported by Research Project
Grant 93/1 (BMS) from Plan Nacional de Fomento a
la Investigacion, Spain.

We are indebted to Maria E Vera, Celia Cuasante,
Purificacion Moyano and Javier Barreiro for excellent
technical assistance.

References

[1] M.A. Birdsall, C.M. Farguhar, H.D. White, Association
between polycystic ovaries and coronary artery disease in
women having cardiac catheterization, Ann. Intern. Med. 126
(1997) 32-35.

[2] M. Gerhard, M.A. Roddy, S.J. Creager, M.A. Creager, Aging
progressively impairs endothelium-dependent vasodilation in
forearm resistance vessels of humans, Hypertension 27 (1996)
849-853.

[3] E. Ferrannini, G. Buzzigoli, R. Bonadonna, M.A. Giorico, M.
Oleggini, L. Graciadei, R. Pedrinelli, L. Brandi, S. Bevilacqua,
Insulin resistance in essential hypertension, N. Engl. J. Med.
317 (1987) 350-357.

[4] G.E. McVeigh, G.M. Brennan, G.D. Johnston, B.J.
McDermott, L.T. McGrath, J.W. Andrews, J.R. Hayes,
Impaired endothelium-dependent and independent vasodilation
in patients with type 2 (non-insulin-dependent) diabetes melli-
tus, Diabetologia 35 (1992) 771-776.

[5S] M. Laakso, S.V. Edelman, G. Brechtel, A.D. Baron, Impaired
skeletal muscle blood flow in patients with NIDDM, Diabetes
41 (1992) 1076-1083.

[6] M. Laakso, S.V. Edelman, G. Brechtel, A.D. Baron, Decreased
effect of insulin to stimulate skeletal muscle blood flow in
obese man. A novel mechanism for insulin resistance, J. Clin.
Invest. 85 (1990) 1844-1852.

[71 H.O. Steinberg, H. Chacker, R. Leaming, A. Johnson, G.
Brechtel, A.D. Baron, Obesity/insulin resistance is associated
with endothelial dysfunction. Implications for the syndrome of
insulin resistance, J. Clin. Invest. 97 (1996) 2601-2610.

[8] G.M. Reaven, Role of insulin resistance in human disease,
Diabetes 37 (1988) 1595-1607.

[9] G.M. Reaven, Role of insulin resistance in human disease (syn-
drome X): an expanded definition, Ann. Rev. Med. 44 (1993)
121-131.

[10] L. Lind, H. Lithell, Decreased peripheral blood flow in the
pathogenesis of the metabolic syndrome comprising hyperten-
sion, hyperlipidemia and hyperinsulinemia, Am. Heart J. 125
(1993) 1494-1497.

[11] L. Lind, T. Pollare, C. Berne, H. Lithell, Long-term metabolic

[12]

[13]

[14]

[15]

[16]

(17

(18]

(19]

[20]

(21]

[22]

(23]

[24]

(25]

(26]

[27]

(28]

effects of antihypertensive drugs, Am. Heart J. 128 (1994)
1177-1183.

T. Pollare, H. Lithell, C. Berne, A comparison of the effects of
hydrochlorothiazide and captopril on glucose and lipid metab-
olism in patients with hypertension, N. Engl. J. Med. 321
(1989) 868-873.

T. Pollare, H. Lithell, I. Selinus, C. Berne, Application of pra-
zosin is associated with an increase of insulin sensitivity in
obese patients with hypertension, Diabetologia 31 (1988) 415—
420.

P.E. Andersson, H. Lithell, Metabolic effects of doxazosin and
enalapril in  hypertriglyceridemic,  hypertensive  men.
Relationship to changes in skeletal muscle blood flow, Am. J.
Hypertens. 9 (1996) 323-333.

P. Chan, B. Tomlinsom, C.B. Li, W.H. Pan, Y.S. Lee,
Beneficial effects of pravastatin on fasting hyperinsulinemia in
elderly hypertensive hypercholesterolemic subjects,
Hypertension 28 (1996) 647-651.

K. Egashira, Y. Hirooka, H. Kai, M. Sugimachi, S. Suzuki, T.
Inou, A. Takeshita, Reduction in serum cholesterol with pra-
vastatin improves endothelium-dependent coronary vasomotion
in patients with hypercholesterolemia, Circulation 89 (1994)
2519-2524.

E. Villa, J. Martinez, L.M. Ruilope, F. Mampaso, J.M.
Sancho, R.G. Robles, Cicaprost, a prostacyclin analogue, pro-
tects renal function in uninephrectomized dogs in the absence
of changes in blood pressure, Am. J. Hypertens. 6 (1993) 253—
257.

L.T. Kleinman, E.P. Radford, Ventilation standards for small
mammals, J. Appl. Physiol. 19 (1964) 360-362.

D.C. Shen, SM. Shich, M.M. Fuh, D.A. Wu, Y.D. Chen,
G.M. Reaven, Resistance to insulin-stimulated-glucose uptake
in patients with hypertension, J. Clin. Endocrinol. Metab. 66
(1988) 580-583.

V.J. Dzau, G.H. Gibbons, J.P. Cooke, N. Omoigui, Vascular
biology and medicine in the 1990 s: scope, concepts, potential,
and perspectives, Circulation 87 (1993) 705-719.

M.A. Creager, J.P. Cooke, M.P. Mendelsohn, S.J. Gallagher,
S.M. Coleman, J. Loscalzo, V.J. Dzau, Impaired vasodilation
of forearm resistance vessels in hypercholesterolemic humans,
J. Clin. Invest. 86 (1990) 228-234.

M.A. Creager, S.J. Gallagher, X.J. Girerd, S.M. Coleman, V.J.
Dzau, J.P. Cooke, L-arginine improves endothelium-dependent
vasodilation in hypercholesterolemic humans, J. Clin. Invest.
90 (1992) 1248-1253.

D.M. Gilligan, V. Guetta, J.A. Panza, C.E. Garcia, A.A.
Quyyumi, R.O. Cannon, Selective loss of microvascular endo-
thelial function in human hypercholesterolemia, Circulation 90
(1994) 35-41.

P.R. Casino, C.M. Kilcoyne, A.A. Quyyumi, J.M. Hoeg, J.A.
Panza, The role of nitric oxide in the endothelium-dependent
vasodilation of hypercholesterolemic patients, Circulation 88
(1993) 2541-2547.

H.E. Andrews, K.R. Bruckdorfer, R.C. Dunn, M. Jacobs,
Low-density lipoproteins inhibit endothelium-dependent relax-
ation in rabbit aorta, Nature 327 (1987) 237-239.

L. Kuo, M.J. Davis, M.S. Cannon, W.M. Chilian,
Pathophysiological consequences of atherosclerosis extend into
the coronary microcirculation: restoration of endothelium-
dependent responses by L-arginine, Circ. Res. 70 (1992) 465—
476.

H. Lithell, F. Lindgirde, K. Hellsing, G. Lundqvist, E.
Nygaard, B. Vessby, B. Saltin, Body weight, skeletal muscle
morphology, and enzyme activities in relation to fasting serum
insulin concentration and glucose tolerance in 48-year-old men,
Diabetes 30 (1981) 19-25.

D.G. Harrison, M.L. Armstrong, P.C. Freiman, D.D. Heistad,



[29]

[30]

(31]

(32]

(33]

(34]

(33]

[30]

(371

E. Villa et al. | Journal of Steroid Biochemistry and Molecular Biology 69 (1999) 273-279 279

Restoration of endothelium-dependent relaxation by dietary
treatment of atherosclerosis, J. Clin. Invest. 80 (1987) 1808—
1811.

W.H. Leung, C.P. Lau, C.K. Wong, Beneficial effect of choles-
terol-lowering therapy on coronary endothelium-dependent
relaxation in hypercholesterolemic patients, Lancet 341 (1993)
1496-1500.

A.D. Baron, Hemodynamic actions of insulin, Am. J. Physiol.
267 (1994) E187-E202.

H.O. Steinberg, G. Brechtel, A. Johnson, N. Fineberg, A.D.
Baron, Insulin-mediated skeletal muscle vasodilation is nitric
oxide dependent. A novel action of insulin to increase nitric
oxide release, J. Clin. Invest. 94 (1994) 1172-1179.

U. Scherrer, D. Randin, P. Vollenweider, L. Vollenweider, P.
Nicod, Nitric oxide release accounts for insulin’s vascular
effects in humans, J. Clin. Invest. 94 (1994) 2511-2515.

G. Zeng, M.J. Quon, Insulin-stimulated production of nitric
oxide is inhibited by Wortmannin. Direct measurement in vas-
cular endothelial cells, J. Clin. Invest. 98 (1996) 894-898.

JW. Rowe, J.B. Young, K.L. Minaker, A.L. Stevens, J.
Pallota, L. Landsberg, Effect of insulin and glucose infusions
on sympathetic nervous system activity in normal man,
Diabetes 30 (1981) 219-225.

B. Draznin, M. Kao, K.E. Sussman, Insulin and glyburide
increase cytosolic free-Ca®” concentration in isolated rat adi-
pocytes, Diabetes 36 (1987) 174-178.

R.M. Hu, E.R. Levin, A. Pedram, H.J.L. Frank, Insulin stimu-
lates production and secretion of endothelin from bovine endo-
thelial cells, Diabetes 42 (1993) 351-358.

J.R. Sowers, P.R. Standley, J.L. Ram, S. Jacober, S. Simpson,
K. Rose, Hyperinsulinemia, insulin resistance, and hyperglyce-
mia: contributing factors in the pathogenesis of hypertension
and atherosclerosis, Am. J. Hypertens. 6 (Suppl) (1993) 260S—
2708.

(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

R.W. Stout, Insulin as a mitogenic factor: role in the pathogen-
esis of cardiovascular disease, Am. J. Med. 90 (Suppl 2A)
(1991) 62S-65S.

V. Salomaa, W. Riley, J.D. Kark, C. Nardo, A.R. Folsom,
Non-insulin-dependent diabetes mellitus and fasting glucose
and insulin concentrations are associated with arterial stiffness
indexes. The ARIC study. Atherosclerosis Risk in
Communities Study, Circulation 91 (1995) 1432-1443.

R.G. Robles, E. Villa, R. Santirso, J. Martinez, L.M. Ruilope,
C. Cuesta, J.M. Sancho, Effects of captopril on sympathetic ac-
tivity, lipid and carbohydrate metabolism in a model of obes-
ity-induced hypertension in dogs, Am. J. Hypertens. 6 (1993)
1009-1015.

J.V. Mombouli, S. Illiano, T. Nagao, T. Scott-Burden, P.M.
Vanhoutte, Potentiation of endothelium-dependent relaxations
to bradykinin by angiotensin I converting enzyme inhibitors in
canine coronary artery involves both endothelium-derived
relaxing and hyperpolarizing factors, Circ. Res. 71 (1992) 137—
144.

G. Wiemer, B.A. Scholkens, R.H. Becker, R. Busse,
Ramiprilat enhances endothelial autacoid formation by inhibit-
ing breakdown of  endothelium-derived  bradykinin,
Hypertension 18 (1991) 558-563.

M. Clozel, H. Kuhn, F. Hefti, Effects of angiotensin converting
enzyme inhibitors and of hydralazine on endothelial function
in hypertensive rats, Hypertension 16 (1990) 532-540.

Y. Hirooka, T. Imaizumi, H. Masaki, S. Ando, S. Harada, M.
Momohara, A. Takeshita, Captopril improves impaired endo-
thelium-dependent vasodilation in hypertensive patients,
Hypertension 20 (1992) 175-180.

P.J. Bijlstra, P. Smits, J.A. Lutterman, T. Thien, Effect of
long-term angiotensin-converting enzyme inhibition on endo-
thelial function in patients with the insulin-resistance syn-
drome, J. Cardiovasc. Pharmacol. 25 (1995) 658-664.



