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Summary. The effect of the new ACE-inhibitor, fosino-
pril, on insulin sensitivity (S;), glucose homoeostasis and
lipid profile has been examined in 24 young, healthy,
normotensive men. S;, fasting plasma glucose and in-
sulin, serum total triglycerides (Tg) and lipoprotein cho-
lesterol (C) fractions, and ACE activity were assessed
after subjects had taken placebo for 1 week and after 3
further weeks either on placebo (12 subjects) or fosino-
pril 20 mg daily (12 subjects), administered in a double-
blind, randomized order. Measurements were made after
3 days on a standard diet (2500 kcal/d, 45% carbohy-
drates, 40% fat and 15% proteins) and after an over-
night fast.

Compared with control values at the end of the run-
in placebo phase, fosinopril reduced plasma ACE activ-
ity (from 106 to 24 nmol-ml~'-min~'), Significantly
increased plasma potassium and lowered upright systolic
blood pressure. It also improved the k-value of the glucose
disappearance rate after glucose load (from -1.70 to
~1.88 % -min ') andtended toincrease S;slightly although
not significantly (from 10.2 to 12.0-10"* min~'-pU~!.
ml~"). Fasting plasma glucose, insulin, serum total, high-,
low-, and very-low density lipoprotein cholesterol frac-
tions and total triglycerides were unchanged following
fosinopril and placebo.

The findings indicate that in healthy lean humans,
ACE inhibition with fosinopril is neutral with regard to
lipoprotein and carbohydrate metabolism, and that it
may slightly enhance cellular glucose disposal. This
calls for further evaluation in individuals at high risk of
developing insulin resistance and in patients with
impaired insulin sensitivity related to hypertension,
obesity, decreased glucose tolerance and diabetes melli-
tus.
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Foundation
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The sensitivity of tissues to insulin is of physiological, pa-
thophysiological and therapeutic relevance. The magni-
tude of and the response to insulin jointly determine the
maintenance of metabolic equilibrium, and they modu-
late lipoprotein metabolism [1], the growth and migration
of vascular smooth muscle cells [2, 3] and, under certain
pathophysiological conditions, they probably also affect
the blood pressure [4, 5]. The frequent association of im-
paired insulin sensitivity, hyperinsulinaemia, altered car-
bohydrate and lipoprotein metabolism, and certain car-
diovascular disorders [6] demonstrates the intimate
interrelationship of these factors.

Angiotensin converting enzyme (ACE) inhibitors
have found widespread use in the treatment of hyperten-
sion {7, 8], particularly in hypertensive diabetics [9, 10]
and patients with heavy proteinuria [11], and for the
possible prevention or retardation of renal dysfunction
[12]. Captopril and enalapril do not appear to alter fasting
or post-glucose-load plasma glucose or insulin concentra-
tions, or serum lipoproteins, in nondiabetic [7, 31] and in-
sulin-dependent and non-insulin-dependent diabetic pa-
tients [9,10]. Captopril slightly improved the insulin
responsiveness of the tissues in some non-insulin-depend-
ent diabetic patients [13] and insulin sensitivity in non-
diabetic, essential hypertensive patients [14]. Fosinopril is
a new, potent, long-acting ACE inhibitor, that can be
given once daily [15]. It is a prodrug ester, which is rapidly
hydrolyzed to the active phosphinic diacid form following
systemic administration. Unlike captopril, it contains a
phosphorus group, which plays an important role in spe-
cific binding to ACE, but no sulphhydryl group. Excretion
of fosinoprilate, unlike that of other ACE inhibitors, is
balanced via biliary and renal mechanisms [15].

A randomized, double blind, placebo-controlled study
was designed to investigate the influence of fosinopril on
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insulin sensitivity, plasma insulin and glucose and lipopro-
tein composition in normal humans.

Material and methods

Subjects

The study group consisted of 24 young [25 (1)y, mean (SEM)]
healthy, normotensive men. None had a family history of diabetes
mellitus in first degree relatives. All were nondiabetic volunteers in
excellent physical and mental condition, and their blood pressure
consistently was < 140/90 mm Hg; they were all lean with a body
mass index (BMI) of less than 25 kg-m~? [22.6 (0.3) kg-m~?], and
their waist to hip ratio ranged from 0.70 to 0.92 [0.84 (0.01)]. None
was taking any drugs. Information on the family history of diabetes
mellitus in parents and any siblings was obtained by direct question-
ing of the subjects and from their family doctors. Each subject pro-
vided written informed consent, and the study was approved by the
local Ethics Committee.

At enrolment all subjects underwent routine clinical examin-
ation and were given a placebo tablet to be taken once daily at
08.00 h. One week later, the subjects were randomly allocated to re-
ceive a matched tablet containing either placebo or 20 mg of the
ACE inhibitor, fosinopril, for a further 3 weeks.

Insulin sensitivity and other variables were assessed at the end of
the run-in placebo phase and after the consecutive placebo or active
drug phase. The subjects followed a standardized diet [16], contain-
ing 2500 keal, with 45 % carbohydrate, 40 % fat and 15 % protein, for
3 days before each study day. No alcohol was ingested during that
period. Sodium intake was also standardized at 160 mmol daily, and
24 h urine specimens were collected to monitor compliance. None of
the subjects engaged in heavy physical activity on the day before the
study; caffeine and smoking were avoided that least 12 h before the
tests. Supine (10 min) and upright (2 min) blood pressure and heart
rate were recorded at weekly intervals throughout the study.

Subjective adverse effects were assessed by open questioning
after the run-in placebo and during the consecutive treatment
phases.

Procedures

The subjects entered the research unit after an overnight fast of 12 h.
They emptied the bladder for completion of the 24 h urine collection,
and body weight was recorded. Thereafter, the subjects remained
supine throughout the entire procedure. Insulin sensitivity was as-
sessed dynamically by the minimal model approach {17, 18], with the
use of the modified frequent sampling intravenous glucose tolerance
test (FSIGT)[19]. Intravenouscannulas were placed in an antecubital
vein in each arm. One was used for the injection of glucose and tol-
butamide (the latter enhances the correlation of this model with the
euglycaemicclamptechnique [17]). Blood was sampled from the can-
nula in the contralateral arm, which was kept patent with aslowsaline
drip (1.0 ml-min~'). After needle placement, 30 min rest were
allowed for resumption ofbasal conditions. Basal samples were taken
at —20 and —10 min; at 08.45 h (t = 0) the modified FSIGT was begun
by injection 0f 50 % D-glucose (300 mg-kg ! body weight), adminis-
tered steadily over 60 s. At t =20 min, 300 mg tolbutamide (Orinase®
Diagnostic, The Upjohn Co., Kalamazoo, Michigan) was injected in
to the same vein. Post-injection samples (4 ml) were collected over
180 min, according to the modified FSIGT protocol [19]. Venous
blood samples for the determination of haemoglobin, haematocrit,
white blood cell andplateletcounts, serum lipidsand lipoproteinfrac-
tions, plasma ACE activity, sodium, potassium, creatinine, urea, total
protein and albumin were collected at t = 20 min.

Analytical methods

Radioimmunoassays of plasma insulin were performed in duplicate,
using guinea pig antiporcine insulin antibody (NOVO Biolabs,
Sweden) and I porcine insulin as tracer in a working buffer of

12.1 g Tris-HCl pH 7.4, 0.2 g neomycin sulphate, 0.1 g sodium azide,
1 g EDTA and 0.3% bovine serum albumin in a final volume of 1 1.
Plasma samples 100 ul were incubated overnight in a final volume of
600 ul working buffer containing antibody and tracer. Bound and
free ligand were separated using dextran coated charcoal. Standard
curves were constructed using dog insulin. Intra- and inter-assay
coefficients of variation were 6.5% (N =30) and 10.1 % (N =30), re-
spectively. Plasma glucose was measured in triplicate by the glucose
oxidase technique with a Technicon AAITl autoanalyzer (Tarrytown,
NY, USA). The intra-assay coefficient of variation was 1.3 %. Total
serum cholestero] and triglycerides were measured by enzymatic
methods (Boehringer-Mannheim, FRG). Lipoproteins were quanti-
fied according to the Lipid Research Clinic recommendations [20].
Very-low-density, lipoproteins (VL.DL) were separated by ultracen-
trifugation (Airfuge). In the infranatant, cholesterol was measured
(LDL +HDL) and LDL precipitated by phosphotungstate (Mg2*)
[21]. HDL-cholesterol was then measured in the supernatant. LDL-
cholesterol was calculated as the difference between the two meas-
urements. ACE-activity was measured by the radioenzymatic
method of Ryan, using a synthetic Hip-Gly-Gly substrate (Ventrex-
Kit, Portland, Maine) [22].

Data analysis and statistics

Using the program MINMOD (copyright R. N. Bergman, 1986), the
insulin sensitivity index was calculated from FSIGT results. The pro-
gram accepts as input the temporal pattern of plasma insulin during
the modified FSIGT, and the pattern fits a simple (minimal) model
of insulin-dependent glucose utilization to the measured glucose
pattern. The model is the simplest mathematical representation that
can account for the glucose dynamics during the modified FSIGT.
The equations of the model are as follows [18]: dG(t)/dt=
—[p1+ X(®)]-G(t) +pi Gy,  dX(t)/dt=-p,-X(1) +ps-I(t), where
G(t) and I(t) are the plasma glucose and insulin concentrations at
every time point (t) following the glucose injection, corresponding to
the times when a blood sample is taken. X(t} is a value proportional

Table 1. Clinical and Biochemical Variabies in Normal Subjects
after a Run-in Placebo Phase and after Double-blind Administra-
tion of Placebo (P) or Fosinopril (F) for 3 Weeks. N =12 in each
group. Mean with (SEM)

Treat- Run-in Double-
ment  Placebo blind
Group Phase Phase
Body Weight, kg P 71 (3) 71 (3)
F 72 (2) 72 (2)
Body Mass Index, kg- m= P 224 (0.6) 225 (0.6)
F 227 (04) 229 (04)
Mean Blood Pressure,
mmHg, Supine p 92 (3) 91 (4)
F 90 (2) 83 (2)
Upright P 97 (2) 9% (2)
F 920 (4) 87 (2
Plasma
ACE activity,
nmol-ml~'-min~! P 92 (8) 87 (7P
F 106 (6) 24 (8)**,°
Potassium, mmol -1~ P 3.9 (0.1) 3.9 (0.1)
F 3.7 (0.1) 3.9 (0.1)*
Urinary Sodium,
mmol per 24 h 143 (13) 140 (13)

P
F 140 (16) 145 (12)

* P <0.05,** P <0.001, vs run-in placebo phase by Wilcoxon Test.
@ P<0.05,° P<0.001, vs placebo group by Mann Whitney U-Test




to the insulin concentration above base-line in the remote insulin
compartment at every time point (t) following the glucose injection.
Thus, it represents the time dependent effect of the dynamic insulin
response in accelerating the decline in glucose during the modified
FSIGT. G, is the preinjection glucose concentration. Parameters of
the model are estimated by least-squares fitting of the glucose data;
p1 represents the insulin independent glucose removal, and the in-
sulin sensitivity index S; is calculated as the ratio of two of the fitted
model parameters (ps/pa).

The disappearance rate of glucose in the first 90 min after glucose
injection was expressed as k = 100°log2/t;:t1, is the time (min) re-
quired to halve to glucose concentration, as reported by Ikkos [23].
In this approach, perturbation due to tolbutamide was so slight that
a straight line fitted by a logarithmic procedure allowed meaningful
estimation of the k-value. The areas under the curves for glucose and
insulin during the FSIGT were calculated as the deviations from the
baseline over the sampling time.

Statistical analysis was performed with the help of the Statistical
Analysis System software package (Version 6.03, SAS Institute, Inc.,
Cary, NC) and Statview ™ II (Version 1.03). The Mann-Whitney
U-test was used for the intergroup comparisons and the Wilcoxon
test for intragroup comparisons. P < 0.05 was considered significant.
Assessment of simple relationships between variables was made by
Spearman rank correlation analysis.

Results
Clinical and certain biochemical variables

After the run-in placebo phase, 12 subjects were random-
ly assigned to continue to take placebo and 12 to take fosi-
nopril. The two groups did not differ significantly in age

Table 2. Carbohydrate Indices in Normal Subjects after a Run-in
Placebo Phase and after Double-blind Administration of Placebo
(P) or Fosinopril (F) for 3 Weeks. N =12 in each group. Mean with
(SEM)

Treat- Run-in Double-
ment  Placebo blind
Group Phase Phase
Fasting Plasma
Glucose, mmol <171 P 5.0 (0.1) 50 (0.1)
F 52 (0.1) 51 (0.1)
Insulin, U -ml™! P 9.8 (0.8) 9.0 (1.2)
F 9.7 (0.6) 87 (0.5)
Insulin Sensitivity
10~*x min~!
-uU-ml! P 120 (1.9) 115 (1.5)
F 102 (1.2) 120 (1.4)
Insulin Independent
Glucose Removal,
min~! P 0.020 (0.002) 0.018 (0.002)
F 0.016 (0.001) 0.018 (0.001)
Area Under the Curve
Glucose, mol 17!
-180 min P 1.02 (0.02) 1.03 (0.02)
F 1.08 (0.01) 1.05 (0.02)
Insulin,
U-ml~!-180 min~! P 2.1 (0.2) 22 (0.2)
F 2.0 (0.1) 2.0 (0.1)
K-value, % -min ' P -1.75 (0.08) -1.79 (0.05)
F -1.70 (0.06) -1.88 (0.06)*

* P <0.05, vs run-in placebo phase by Wilcoxon Test
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Fig.1a,b. Mean plasma glucose (a) and insulin (b) levels during
FSIGT procedures after a run-in placebo phase (.....) and after addi-
tional 3 weeks of placebo administration ( ) in 12 healthy, young,
lean men

[mean (SEM) 25 (1) vs 26 (1)y, placebo vs fosinopril
group], body weight, body mass index, blood pressure,
plasma ACE activity and potassium levels, or 24 h urinary
sodium excretion at the end of the run-in placebo phase
(Table 1). Plasma sodium [142 (0.3) vs 141 (0.3) mmol-
171, creatinine [96 (2) vs 99 (2) umol-17'] and heart rate
[supine, 68 (2) vs 63 (3) beats-min~'] also were similar.
The subsequent administration of fosinopril but not of
placebo lowered plasma ACE activity (P <0.001), in-
creased plasma potassium (P < 0.05) and decreased up-
right systolic blood pressure [-14 (3) and 0 (3) mmHg
after fosinopril and placebo, respectively; P < 0.01]. Mean
blood pressure was lower in the fosinopril-treated than in
the placebo-treated group (P < 0.01). Body weight, body
mass index, supine and upright heart rate, plasma crea-
tinine [95 (3) vs 94 (2) umol-17'] and 24 h urinary sodium
did not change after administration either of fosinopril or
placebo.

Indices of carbohydrate metabolism

Carbohydrate indices at the end of the run-in placebo
phase were similar in the two groups (Table 2). Compared
to the run-in placebo phase, the k-value of the glucose dis-
appearance rate was increased (P < 0.05) after 3 weeks on
fosinopril but not after continued placebo administration
(Table 2). A tendency to slightly improved insulin sensi-
tivity and to greater insulin independent glucose removal
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FSIGT procedures after a run-in placebo phase (....) and after
3 weeks of ACE-inhibition ( ) with fosinopril (20 mg/d x 3 wk)
in 12 healthy, young, lean men
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Fig.3. Percentage changes in insulin sensitivity and areas under the
glucose and insulin curves (AUC) after 3 weeks on placebo (1 = 12)
or fosinopril (20 mg/d, n =12). [_] Placebo (n = 12) ¢gf Fosinopril,
20 mg/d (n =12)

in the group receiving fosinopril did not reach statistical
significance (Table 2, Fig.1-3). Mean fasting plasma
insulin and glucose levels did not differ significantly
between the fosinopril and placebo-treated groups
(Table 2).

Serum lipoproteins

Except for slightly higher serum total (P < 0.05) and low
density lipoprotein cholesterol (C) (P < 0.05) levels at the
end of the run-in placebo phase in the group subsequently
receiving fosinopril, cholesterol fractions and total trigly-
cerides (Tg) in the two groups were similar before the
comparison of fosinopril and placebo. They were not sig-
nificantly modified after the subsequent 3 week treatment
with placebo or fosinopril (Table 3).

The basal serum high density lipoprotein cholesterol
(HDL-C) was inversely correlated with total Tg level
(r=-0.44,P <0.03).

Subjective tolerance and safety parameters

No symptoms were reported during the administration
either of fosinopril or placebo after the placebo phase.

Haemoglobin, haematocrit, white blood cell and pla-
telet counts were not altered after 3 weeks on either fosi-
nopril or placebo.

Discussion

The study has demonstrated that in young healthy men
the ACE inhibitor fosinopril, administered in the thera-
peutic dose of 20 mg daily, hardly affected carbohydrate
homoeostasis, and it may even have tended to increase
glucose tolerance, as indicated by a slight increase
(P <0.05) in the k-value of the plasma glucose disappear-
ance rate after an iv glucose load. Compared to placebo
conditions, S; and insulin-dependent glucose removal also
tended to be slightly but not significantly increased during
fosinopril treatment, while basal plasma insulin and glu-
cose levels were not changed.

In obese essential hypertensive patients, a slight im-
provement in insulin sensitivity was noted after 4 months
of therapy with captopril [mean dose 81 (24) mg per day]

Table 3. Serum Lipids in Normal Subjects after a Run-in Placebo
Phase and after Double-blind Administration of Placebo (P) or Fo-
sinopril (F) for 3 Weeks. N =12 in each group. Mean with (SEM)

Treat- Run-in Double-
ment  Placebo blind
Group Phase Phase

Cholesterol, mmol-1~*

Total P 42 (02)* 43 (0.2)
F 47 (02) 46 (0.2)
HDL P 1.3 (0.1) 12 (0.1)
F 1.2 (0.1) 1.2 (0.1)
LDL P 2.5 (0.2 2.6 (0.2)
F 31 (0.)* 3.0 (0.1)
VLDL P 0.4 (0.1) 0.5 (0.1)
F 04 (0.1 0.4 (0.1)
Total Triglycerides,
mmol-17! P 1.1 (0.2) 1.1 (0.2)
F 1.0 (0.1) 1.3 (0.2)

* P <0.05, vs placebo group by Mann Whitney U-Test



[14]. The shorter duration of the present study could the-
oretically have contributed to the more discrete effects
observed with fosinopril. However, this seems unlikely,
since captopril, in the high dose of 75-100 mg per day for
10 days itself has been reported to augment insulin sensi-
tivity in a small mixed group of 5 nondiabetic, 1 insulin-de-
pendent and 3 non-insulin-dependent diabetic patients
[24] and insulin responsiveness of forearm muscle tissue in
some non-insulin-dependent diabetics [25]. On the other
hand, insulin sensitivity did not change in 10 insulin-de-
pendent diabetics after administration of 20 mg enalapril
daily for 3 months [27]. The discrepant results in these
studies [14, 24, 25, 27] could reflect, at least in part, a lack
of dietary standardization before testing. Insulin sensitiv-
ity may vary depending on the amount and composition of
food, which here was standardized for the three days prior
to the evaluation.

The potential of ACE-inhibition to influence glucose
regulation may depend on the underlying disease, envi-
ronmental factors, the particular compound and its dose.
Moreover, genetic factors, which co-determine the risk of
diabetes, essential hypertension and obesity, may also in-
fluence insulin sensitivity. Therefore, drug-induced im-
provement in S; may be achiveable only in conditions of
insulin resistance, as in patients with essential hyperten-
sion and obesity [14], but not necessarily in normal hu-
mans with basically intact cellular glucose disposal, such
as the lean normotensive subjects in the present study. In
patients with essential hypertension or either insulin-de-
pendent or non-insulin-dependent diabetes, captopril or
enalapril administered in doses 37.5-150 mg or 2040 mg
per day, respectively, also did not notably modify fasting
or post-glucose load plasma glucose or insulin values
[9, 14]. It follows that various doses of different ACE in-
hibitors do not seem to adversly affect metabolism, while
the clinical relevance of possible discrete regulatory im-
provement in insulin-mediated glucose disposal during
ACE inhibition remains to be clarified.

Several factors should be considered as mechanisms
which may promote insulin sensitivity during ACE inhibi-
tion: for example, local accumulation of bradykinin [25],
decrease of circulating catecholamines [24], potassium
sparing [26], or increased access of insulin and glucose to
the skeletal muscle tissue induced by the vasodilator ac-
tion of the ACE inhibitors [14].

Insulin or insulin sensitivity or both modulate the he-
patic production and secretion of very-low density lipo-
protein, as well as the metabolism of triglyceride-rich lipo-
proteins by lipoprotein lipase [28, 29]. The production of
HDL-C involves the incorporation of remnants of trigly-
ceride-rich lipoproteins [30]. The observed, significant in-
verse correlation between serum HDL-C and total Tg le-
vels (P <0.03) under defined dietary conditions in healthy
lean men is consistent with the latter interaction. On the
other hand, fosinopril did not change the serum total li-
pids or lipoprotein fractions. In patients with essential
hypertension, captopril or enalapril are largely neutral
with regard to serum cholesterol fractions, but tend slight-
ly to decrease Tg levels [31].

Compliance with drug intake in the present study was
acertained by showing distinctly decreased ACE activity
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in each subject randomized to receive fosinopril, by in-
creased serum potassium and by decreased upright sys-
tolic blood pressure in the fosinopril group, and by syste-
matic tablet count. None of the subjects experienced
subjective adverse effects and there were no confirmed,
clinically significant abnormalities in laboratory test re-
sults.

The observed tendency to improved cellular glucose
disposal during ACE inhibition with fosinopril in lean
young men free from pre-existing abnormalities in carbo-
hydrate and lipoprotein metabolism or blood pressure is a
potentially useful characteristic. It deserves further evalu-
ation in individuals at high risk of developing insulin re-
sistance, who are in a age range where other risk factors,
possibly interacting with the drug-S; relationship, may
operate, and in patients with impaired insulin sensitivity
related to hypertension, obesity, decreased glucose toler-
ance and diabetes mellitus.
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