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Effect on insulin sensitivity of angiotensin converting enzyme
inhibitors with or without a sulphydryl group:
bradykinin may improve insulin resistance in dogs and humans
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Summary The present study compared the effect onin-
sulin sensitivity of ACE inhibitors with a sulphydryl
group (captopril) or those without a sulphydryl group
(delapril and enalapril) during the hyperinsulinaemic
euglycaemic clamp test in both animal and clinical ex-
periments. A possible contribution of bradykinin to the
improvement of insulin sensitivity by ACE-inhibition
was also studied. In healthy control and depancreatized
dog experiments, administration of captopril either
intravenously (3.0 mmol-kg™') or orally (5.0 mmol-
kg~!) increased insulin sensitivity indices and plasma
bradykinin concentrations. In comparison, intrave-
nous administration of an active metabolite of delapril
(3.0 mmol-kg~") and oral administration of either de-
lapril or enalapril (5.0 mmol-kg~') showed slight, but
not significant increases in insulin sensitivity indices
and plasma bradykinin concentrations. Infusion of
a bradykinin antagonist (N-o-adamantaneacetyl-p-
Arg-[Hyp®, Thi*®,p-Phe’]-bradykinin) (0.5 nmol-kg'-
min ') abolished the effect of captopril on insulin sen-
sitivity. Furthermore, intravenous administration of
bradykinin (0.1 nmol-kg~'-min~') increased insulin

sensitivity indices. In clinical experiments, insulin sen-
sitivity indices decreased in the following order: nor-
motensive healthy subjects, hypertensive non-diabetic
patients, normotensive NIDDM patients and hyper-
tensive NIDDM patients. In these four groups, oral ad-
ministration of captopril (2.0 mmol - kg ') significantly
increased insulin sensitivity indices, and a concomitant
increase in plasma bradykinin concentrations was ob-
served. By contrast, oral administration of enalapril or
delapril showed slight, but not significant effects on in-
sulin sensitivity indices and plasma bradykinin concen-
trations. From these studies, it is concluded that ACE
inhibitors with a sulphydryl group have more potent
action on the improvement in insulin sensitivity than
those without a sulphydryl group. Bradykinin may also
possibly be involved in the mechanism underlying the
improvement in insulin sensitivity associated with
ACE-inhibition. [Diabetologia (1994) 37: 300-307]
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Hypertension commonly occurs in patients with diabe-
tesmellitus [1]. Although a number of antihypertensive
drugs are currently available for the treatment of hy-
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pertension, most of these drugs, except for ACE inhibi-
tors, o-adrenergic blockers and Ca? * -channel blockers,
are known to impair glucose metabolism [2]. Therefore,
ACE inhibitors are often used to treat hypertension
associated with diabetes because of their manageabil-
ity, efficacy and low frequency of side effects.

Currently available ACE inhibitors can be divided
into two categories: those with a sulphydryl group (cap-
topril) or those without a sulphydryl group (enalapril
and delapril) [3]. The sulphydryl group of ACE inhibi-
tors is associated with a number of characteristics in-
cluding an anti-atherogenic effect, suppression of free
radical production and adverse skin reactions [4-6].
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Table 1. Clinical characteristics of patients enrolled in the study
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Age (years) Sex(male/ BMI Duration of X IRI HbA,.  Systolic/diastolic Treatment
female)  (kg/m?) diabetes (nmolt) (%) blood pressure
(years) (mm Hg)
Normotensive healthy
subjects (1 = 8) 532+26 62 23.0£11 - 12401 54102 130+50/80+£3.2 -
Hypertensive non-
diabetic patients 563140 53 22.8+10 - 12+£01 35.6+02 150+4.8492+3.4 Nodrug
(n=8)
Normotensive NIDDM Diet only or
patients (n = 8) 555144 53 239+3.0 103+06 07£01* 7.1+0.5 13414.2/86+2.8 sulphonylurea
Hypertensive NIDDM
patients (r = 8) 572£73 53 22524 112406 07£0.1* 8.0+0.8° 156%£6.2%/94 +£3.6 Sulphonylurea

¥ IRI, integrated immunoreactive insulin (IRI) values of five sampling points from 0 to 120 min during 75-g oral glucose tolerance test.

? p <0.05 vs normotensive healthy subjects

Recent studies indicate that ACE inhibitors can im-
prove insulin sensitivity during either short-term or
long-term administration. Rett et al. [7] reported that
insulin sensitivity increased in normotensive patients
with NIDDM about 20 min after oral administration of
captopril. Torlone et al. [8] reported that a 2-day treat-
ment with captopril improved insulin sensitivity in hy-
pertensive NIDDM patients. On the other hand, there
are confusing results regarding long-term administra-
tion of ACE inhibitors. Paolisso et al. [9] demonstrated
that a 2-week treatment using either ACE inhibitors
with or without a sulphydryl group increased insulin
sensitivities in elderly hypertensive non-diabetic pa-
tients. However, other studies have shown that treat-
ments of 3 to 9 weeks using ACE inhibitors without a
sulphydryl group did not increase insulin sensitivity in
patients with hypertensive NIDDM or IDDM [10-12].
Tt is possible, therefore, that the presence of the sul-
phydryl group in ACE inhibitors affects insulin sensi-
tivity. However, the mechanism for this improvement
of insulin sensitivity during ACE-inhibition remains to
be elucidated. Rett et al. [7] have suggested the con-
tribution of bradykinin, although this is still not widely
accepted.

The present study was designed to compare the
acute, short-term effects on insulin sensitivity of ACE
inhibitors with or without a sulphydryl group using the
euglycaemic clamp test in both animal and clinical ex-
periments. In addition, the possible effect of brady-
kinin on insulin sensitivity was also evaluated.

Materials and methods
Animal experiments

Twenty-four male dogs weighing between 10 and 15 kg were
used before and after total pancreatectomy. After the com-
pletion of control experiments, they were totally pancreatec-
tomized and then maintained in a moderately hyperglycaemic
state for at least 2 weeks using daily subcutaneous long-acting

insulin injections (Monotard MC; Novo Nordisk Pharma. Inc.,,
Copenhagen, Denmark). Their body weights did not change
significantly during the experimental periods. Each healthy
control or diabetic dog was anaesthetized after an overnight
fast with an i.v. bolus infusion of 20 mmol-kg~! pentobarbi-
tal sodium and connected to the AEP (Model STG-22; Nik-
kiso Co., Ltd., Tokyo, Japan) which we originally developed
[13]- A jugular vein catheter was used for insulin and glucose
infusions. A femoral vein catheter was used for continuous
monitoring of blood glucose by the AEP. A heparinized sterile
cannula was also inserted in the opposite femoral vein for
sampling venous blood. A hyperinsulinaemic euglycaemic
clamp was performed and the glucose infusion rate was con-
tinuously monitored for more than 2 h after treatment with an
ACE inhibitor.

To evaluate the effectiveness on insulin sensitivity of ACE
mnhibitors with or without a sulphydryl group, either captopril
(ACE inhibitor with a sulphydryl group) or an active metabolite
of delapril (ACE inhibitor without a sulphydryl group) dissolved
in 0.15 mol/l NaCl at a dose of 3.0 mmol-kg~! (0.6 mg-kg ! or
1.5 mg-kg "}, respectively) was injected as a bolus 90 min after
the equilibration of glucose infusion rate during the hyperinsu-
linaemic euglycaemic clamp (experiment 1). Captopril, delapril
and enalapril (ACE inhibitor without a sulphydryl group) were
also administered orally at a dose of 5.0 mmol - kg1 (1.0,2.5 and
2.5 mg-kg !, respectively), (experiment 2). Compared to capto-
pril, the antihypertensive potencies of delapril and enalapril
used in the dog experiments were estimated to be 4 and 12 times
more potent, respectively; the study of the pharmacological ef-
fects on antihypertensive potencies among these A CE inhibitors
has demonstrated that 25 mg of captopril is equivalent to 15 mg
of delapril or 5 mg of enalapril [14].

To evaluate the possible effect of bradykinin on insulin sensi-
tivity, a bradykinin antagonist (N-o-adamantaneacetyl-p-Arg-
[Hyp*, Thi*® p-Phe’]-bradykinin, 0.5 nmol- kg - min 1) was in-
fused 30 min before captopril injection (experiment 3). To con-
firm the effect of bradykinin on insulin sensitivity, bradykinin
was infused i.v. at a low or high dose rate of 0.03 or 0.1 nmol-
kg~!-min ~Y, respectively, 90 min after equilibration of the glu-
cose infusion rate during the hyperinsulinaemic euglycaemic
clamp (experiment 4).

Twenty-four dogs were divided into four groups. Each group
(rn = 6) was assigned in either a healthy or diabetic state to one
of the four experiments described. For control animals,
0.15 mol-1-! NaCl in water was infused i.v. Dogs were studied
on two or three separate days within a 2-week period before and
after pancreatectomy.
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Clinical experiments

Eight normotensive healthy subjects and 24 patients were stu-
died to compare the effects on insulin sensitivity of ACE inhibi-
tors with or without a sulphydryl group. The group of 24 patients
consisted of hypertensive non-diabetic patients (n = 8), normo-
tensive NIDDM patients (n = 8) and hypertensive NIDDM pa-
tients (n = 8). Their clinical characteristics are shown in Table 1.
Hypertension in both the non-diabetic and NIDDM patients
was diagnosed using the definition of the United States Joint
National Committee which includes patients with more than
140 mmHg systolic or more than 90 mm Hg diastolic pressure
[15]. Patients were on a salt restrictive diet and showed mildly
elevated blood pressures. Diabetic patients had been treated
with diet therapy or sulphonylurea. The study was approved by
the ethical committee at the Kumamoto University School of
Medicine. Informed consent was obtained from each subject.

Hyperinsulinaemic euglycaemic clamp tests were conducted,
and insulin and glucose were infused through the antecubital
vein using the AEP. The ACE inhibitor [2.0 mmol-kg ! of cap-
topril (0.4 mg-kg™?), 2.0 mmol-kg~! of delapril (1.0 mg-kg™")
or 0.67 mmol-kg~! of enalapril (0.3 mg-kg™!)] was adminis-
tered orally 90 min after equilibration of the glucose infusion
rate during the hyperinsulinaemic euglycaecmic clamp. The anti-
hypertensive effect of delapril or enalapril used in clinical ex-
periments was 4 times more potent than that of captopril [14].
Blood samples were taken from the contralateral cannulated
cubital veins. Blood pressures and pulse rates were measured be-
fore and after administration of ACE inhibitors at 30-min inter-
vals for 2 h. Patients were studied on 3 separate days within a
2-week period.

Euglycaemic clamp study

In animal and clinical experiments, hyperinsulinaemic eugly-
caemic clamp tests were performed using the method of De-
Fronzo et al. [16].

The glucose infusion unit of the AEP kept blood glucose at
the basal level during the entire study by means of an adequate
i.v. glucose infusion. This was programmed by the computer of
the system according to the control algorithm: GIR(t) = Cp
[BGp~BG(t - 7)] + Cd[ - ABG(t — 7)], where GIR(t) is glucose
infusion rate; BGp is the projected value of blood glucose con-
centration; BG(t) and ABG(t) are blood glucose concentrations
and the rate of change in blood glucose concentration at time t;
Cp and Cd are coefficients for glucose infusion; and 7(min) is the
time delay constant for glucose infusion [17]. Optimal parame-
ters of Cp, Cd and rwere selected as 0.2, 20 and 3, respectively.
The projected value of blood glucose concentration was set at
5.5 mmol-1~1. No empirical correction was superimposed to re-
duce glucose variations during the tests.

After an initial 50 mU -kg ! injection of a short-acting in-
sulin (Actrapid MC; Novo Nordisk Pharma. Inc.), it was then
continuously infused at a rate of 1.12mU-kg~!-min ~}, during
which the blood glucose concentration was held constant at the
fasting level or 5.5 mmol-1~! by AEP. During the euglycaemic
clamp study, venous samples were drawn at the time of —30, 0,
30, 60 and 90 min after the ACE inhibitor or bradykinin admin-
istration in animal and clinical experiments, and their plasma
glucose, insulin and bradykinin concentrations were measured.
The insulin sensitivity index (1072-pU~'-mi®-kg ! -min~1),
which was calculated by dividing the glucose infusion rate by the
incremental plasma insulin and clamped glucose value [18], was
evaluated and compared. As a control in each experimental
group, the results were expressed as a mean of two determina-
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Fig.1A,B. Effects on plasma concentrations of glucose, insulin
and bradykinin, and glucose infusion rates of i.v. or oral admin-
istration of ACE inhibitors during hyperinsulinaemic eugly-
caemic clamp in healthy control dogs. After an initial
50mU-kg " injection of a short-acting insulin (1), it was then
continuously infused at a rate of 1.12 mU-kg~!'-min~". ACEin-
hibitors were administered i.v. or orally ({) after the equilibra-
tion of glucose infusionrate. (A) Captopril (O ) or an active me-
tabolite of delapril (®) was injected as a bolus i.v. at a dose of
3.0 mmol-kg~1(0.6 or 1.5 mg - kg, respectively). (B) Captopril
(O), delapril (@) or enalapril (A) was administered orally at a
dose of 5.0 mmol-kg~' (1.0, 2.5 or 2.5 mg-kg~?, respectively).
Values are mean £ SEM (n =6). * p <0.05, before vs after treat-
ment

tions at —30 and 0 min before administration, and compared
with those of a mean of two determinations at 30 and 60 min after
administration of ACE inhibitors.

Assays

Plasma glucose concentrations were measured using the glucose
oxidase method (Autoanalyzer; Technicon Instruments Corp.,
Tarrytown, NY, USA) and plasma insulin concentrations were
determined by radioimmunoassay (Eiken Immunochemical
Laboratory, Tokyo, Japan).

Plasma bradykinin concentrations were measured by radio-
immunoassay (Otsuka Assay Laboratory, Tokushima, Japan)
[19]. Plasma samples were treated with proteinase inhibitors and
EDTA, and then frozen until assayed. The detection limit was
2.5 pmol-171. Intra- and inter-assay variations were 2.2-6.3 and
4.9-12.6 % , respectively.

Captopril, delapril and its active metabolite, and enalapril
maleate were kindly supplied by Sankyo Co. Ltd. (Tokyo,
Japan), Takeda Pharmaceutical Co. Ltd. (Osaka, Japan) and
Banyu Pharmaceutical Co. Ltd. (Tokyo, Japan). respectively.
Bradykinin and bradykinin antagonist (N-a-adamantaneacetyl-
p-Arg-[Hyp®, Thi’# p-Phe’]-bradykinin) [20] were purchased
from Sigma Chemical Co. Ltd. (St. Louis, Mo., USA).
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Table 2. Effects on insulin sensitivity indices and plasma bradykinin concentrations of i. v. or oral administration of ACE inhibitors,
bradykinin antagonist or bradykinin in dog experiments

Treatment Insulin sensitivity index Plasma bradykinin

(1072-pU-*-ml*>-kg~' min~?) concentration (pmol-1-1)
n Before After Before After

Healthy control dogs

Saline (i.v.0.15 mol-1-1) 12.6£0.2 12.7+02 10.7£0:5 10.6+£0.5

Captopril (i.v.3.0 mmol - kg") 12.8+£0.1 17.3+0.2° 10.2+14 23.9+2.4°

Active metabolite (i.v. 3.0 mmol - kg) 126+0.1 141+01 103+0.8 126 0.9

of delapril

Captopril (oral,5.0 mmol-kg") 6 13.2+02 17.1£04° 10.6£0.7 242+1.2°

Delapril (oral, 5.0 mmol-kg=") 6 13.8+£0.2 15103 10.7+04 12.9+0.7

Enalapril (oral,5.0 mmol-kg-1) 6 129402 14.0+04 10.0£04 12.1£0.7

Captopril with (i.v.3.0 mmol-kg*) 6 129+0.1 13.1+03

bradykinin antagonist (i.v. 0.5 nmol-kg~'-min~")

Bradykinin (1.v.0.03 nmol-kg~!-min~7) 6 12.7+0.2 14205 10.8+0.7 141 %25

Bradykinin (i.v.0.1 nmol-kg=!-min~') 6 12.6 £0.2 18.3+0.8° 10.6£0.7 345+42°

Depancreatized diabetic dogs

Saline (i.v.0.15 mol-1-) 6 10302 102104 10.1£0.3 10.0+0.5

Captopril (i-v.3.0 mmol-kg-1) 6 105+£0.3 16.4+0.5° 9.8+04 229+£2.5°

Active metabolite (i.v.3.0mmol-kg) 6 9.7£0.3° 12.5£04 10.7+0.5 12.5+0.6

of delapril

Captopril (oral, 5.0 mmol kg ) 6 9.7+0.3 152+04° 9.8+0.4 226+£2.8°

Delapril (oral, 5.0 mmol - kg=1) 6 9.8+0.3 11.2+04 9.6+04 11.5+£05

Enalapril (oral, 5.0 mmol-kg~*) 6 9.0+£03 10.8+0.4 9.1+03 10.9+0.5

Captopril with (i.v.3.0 mmol -kg1) 6 10.4+0.12 10.0£0.3

bradykinin antagonist (i.v. 0.5 nmol-kg~'-min-")

Bradykinin (i.v.0.03 nmol - kg~!-min~1) 6 102 £0.3¢ 12.8+0.4 10.2£0.5 13.1x11

Bradykinin (i.v.0.1 nmol-kg~!-min-?) 6 10.5+0.3 16.9£0.5° 9.4+04 263 £2.7°

ACE inhibitors at a dose of 1.0 mmol -kg ! are equivalent to 0.2,0.5 and 0.5 mg- kg ~* in captopril, delapril and enalapril, respectively.
# p <0.05 vs healthy control dogs. ° p < 0.05 vs before treatment

Statistical analysis hyperinsulinaemic euglycaemic clamp tests in healthy
control dogs. Table 2 summarizes the effects on insulin
sensitivity indices and plasma bradykinin concentra-
tions of ACE inhibitors, bradykinin antagonist or bra-

dykinin in healthy control and depancreatized diabetic

All data are expressed as mean + SEM. Statistical analysis was
performed using the Student’s f-test.

Results dogs. .
As shown in Figure 1 and Table 2, in healthy control
Animal experiments dogs, glucose infusion rates increased from the basal

During hyperinsulinaemic euglycaemic clamp studies
in the dog experiments, plasma glucose concentrations
were clamped at 5.3+£0.2mmol-17! (5.2+0.2 and
5.4+0.2mmol-17! in healthy control and depancre-
atized diabetic dogs, respectively). Plasma insulin
concentrations were clamped at 550+ 35 pmol-1-!
(559+41 and 545%35pmol-1! in the two groups,
respectively).

Effect on insulin sensitivity of ACE inhibitors. Fig-
ure 1 shows the effect on plasma concentration of glu-
cose, insulin and bradykinin, and glucose infusion rates
of i.v. or oral administration of ACE inhibitors during

steady-state levels of 31.3+2.1 to the significantly
higher levels of 42.2 £3.9 umol-kg~'-min~' at 20 min
after iv. administration or from 344132 to
49.4+4.7 umol-kg~!-min~! at 30 min after oral ad-
ministration of captopril, respectively. Accordingly, in-
sulin sensitivity indices increased significantly from
12.8 £0.1 to 17.3 £ 0.2 after i. v. administration or from
132+02 to 17.1£04 1072-pU 1 mi®-kg~! min~*
after oral administration of captopril, respectively
(Table 2). Concomitantly with these increases in in-
sulin sensitivity indices, plasma bradykinin concentra-
tions increased significantly from 10.2+1.4 to
239424 pmol-1-! after i.v. administration or from
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Table 3. Effects on insulin sensitivity indices and plasma bradykinin concentrations of oral administration of ACE inhibitors in clinical

experiments
Treatment Insulin sensitivity index Plasma bradykinin concentration
(1072-.pU-'-mP-kg~!-min-?) (pmol-1-1)

n Before After Before After
Normotensive healthy subjects
Captopril (2.0 mmol-kg1) 8 13.7+£04 17.3+£0.5¢ 10.6 £04 228+2.3
Delapril (2.0 mmol-kg™?) 8 13.4+0.4 154104 112+04 13.340.5
Enalapril (0.67 mmol - kg*) 8 131+£04 149+0.6 11.5+0.6 13.0x£1.1
Hypertensive non-diabetic patients
Captopril (2.0 mmol-kg-1) 8 9.1+0.6° 12.8 £0.7° 102+04 223+2.0
Delapril (2.0 mmol-kg1) 8 9.7£0.3 10.8+0.4 10.6 £0.4 12403
Enalapril (0.67 mmol-kg~1) 8 9.6+0.3 10.0+0.5 10.1+0.5 11.9+x04
Normotensive NID DM patients
Captopril (2.0 mmol-kg) 8 7.4+0.4° 9.2£0.7° 92£03 202 £1.8°
Delapril (2.0 mmol-kg) 8 6.8 +0.2° 8.4+02 9.8+0.5 11.6£0.5
Enalapril (0.67 mmol-kg~?) 8 6.5£02° 7.6+£0.3 9.7£0.5 11.4+0.6
Hypertensive NID DM patients
Captopril (2.0 mmol-kg!) 8 5.0+ 0.4%0 75105 8.6+04 19.6 £ 1.8
Delapril (2.0 mmol-kg™1) 8 5003 6.6+0.3 9.3+£04 11.8+04
Enalapril (0.67 mmol-kg1) 8 5240320 6207 89+03 102+03

ACE inhibitors at a dose of 1.0 mmol -kg ! are equivalent to 0.2,0.5 and 0.5 mg - kg~ in captopril, delapril and enalapril, respectively.
® p <0.05 vs before treatment in normotensive healthy subjects. ® p < 0.05 vs before treatment in normotensive NIDDM patients.

¢ p <0.05 vs before treatment

10.6 £0.7 to 24.2+ 1.2 pmol-1~! after oral administra-
tion of captopril, respectively. In comparison, i.v. ad-
ministration of an active metabolite of delapril and oral
administration of either delapril or enalapril showed
slight, but not significant increases in insulin sensitivity
indices and plasma bradykinin concentrations.

In depancreatized diabetic dogs, insulin sensitivity
indices were 10.0£0.2 1072.uU ' ml*- kg~ -min~1,
These values were significantly lower than those of
healthy control dogs (12.9+0.110-2-pU ' mI* kg~ *-
min~!:mean of 24 dogs). As in healthy control dogs, in-
sulin sensitivity indices improved significantly in de-
pancreatized diabetic dogs after i. v. or oral administra-
tion of captopril. These improvements in insulin sen-
sitivities were concomitant with the increases in plasma
bradykinin concentrations. Again, i.v. injection of an
active metabolite of delapril and oral administration of
enalapril or delapril showed slight, but not significant
effects on insulin sensitivity indices and plasma brady-
kinin concentrations.

Effect on insulin sensitivity of bradykinin antagonist
and bradykinin. To test the possible effect of brady-
kinin on the improvement of insulin sensitivities, a
bradykinin antagonist (N-o-adamantaneacetyl-p-
Arg[Hyp?, Thi*® p-Phe’]-bradykinin) was infused i.v.
30 min before captopril injection in healthy control and
depancreatized diabetic dogs.

In both healthy control and depancreatized diabetic
dogs, administration of the bradykinin antagonist abol-
ished the effects of captopril on insulin sensitivity. In
these experiments, venous plasma bradykinin concen-
trations could not be determined because anti-brady-

kinin antibody in the bradykinin assay system cross-
reacted with the bradykinin antagonist,

Furthermore, to reveal the direct action of brady-
kinin on insulin sensitivity, bradykinin was infused i.v.
into both healthy control and diabetic dogs. Intrave-
nous administrations of bradykinin at concentrations
of 0.03 and 0.1 nmol-kg~!-min~! increased plasma
bradykinin concentrations to the levels of 14.1+2.5
and 34.5+4.2 pmol-1~! in healthy control dogs and
13.1+£1.1 and 26.3+2.7pmol-1-! in diabetic dogs.
Concomitant with the increase in plasma bradykinin
concentrations, insulin sensitivity indices increased sig-
nificantly after i.v. administration of bradykinin.

Clinical experiments

During hyperinsulinaemic euglycaemic clamp studies
in clinical experiments, plasma glucose concentrations
were clamped at 5.0 + 0.3 mmol - 171 (5.2 +0.2,4.9 £ 0.2,
48+03 and 52+04mmol-17! in normotensive
healthy subjects, hypertensive non-diabetic patients,
normotensive NIDDM patients and hypertensive
NIDDM patients, respectively). Plasma insulin con-
centrations were clamped at 607 + 48 pmol-1~! (607 £
48, 607 £ 41, 600 + 35 and 614 £ 41 pmol-1-! for these
four groups, respectively).

In normotensive healthy subjects and normotensive
NIDDM patients, after administration of ACE inhibi-
tors blood pressure did not change significantly. How-
ever, in hypertensive non-diabetic patients, blood pres-
sure decreased significantly from 150 £5/92 £3, 152 +
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4/95 +3 and 150 £5/92 £3t0 135+ 4/83 +2,124 £ 6/79

+6and 122 +5/80 £ 4 mm Hg (p < 0.01) at 60 min after
oral administration of captopril, delapril and enalapril,
respectively. Similarly, in hypertensive NIDDM pa-
tients, blood pressures decreased significantly from
156 +6/96 *+4, 154+6/94+t4 and 155+£6/93%t4 to
141 +7/86 15,134 +8/84 £ 5 and 132+ 4/86 +4 mmHg
(p <0.01) at 60 min in captopril, delapril and enalapril,
respectively. However, ACE inhibitors did not influ-
ence the pulse rates in all four groups.

Effects on insulin sensitivity indices and plasma bra-
dykinin concentrations of ACE inhibitors in normo-
tensive and hypertensive patients are summarized in
Table 3.

Insulin sensitivity indices decreased in the following
order: normotensive healthy subjects, hypertensive
non-diabetic patients, normotensive NIDDM patients
and hypertensive NIDDM patients; 13.7 +0.4,9.1 £ 0.6,
74+04 and 5.0+04 1072.pU ' mP-kg~!-min~},
respectively. Insulin sensitivity indices in hypertensive
patients were significantly lower than those in normo-
tensive patients. ‘

Oral administration of captopril (2.0 mmol-kg~!,
0.4 mg-kg ') significantly increased insulin sensitivity
indices from basal values to 17.3£0.5, 12.8+0.7,
92+0.7 and 7.5+ 0.5 10~ 2.pU - mP kg~ min~! in
normotensive healthy subjects, hypertensive non-
diabetic patients, normotensive NIDDM patients and
hypertensive NIDDM patients, respectively. Concomi-
tantly, plasma bradykinin concentrations significantly
increased after oral administration of captopril from
10.6£0.4,102%£0.4,9.2+0.3 and 8.6 + 0.4 pmol-1-! to
22.8+2.3, 223+2.0, 202+1.8 and 19.6 1.8 pmol-
ml~! in normotensive healthy subjects, hypertensive
non-diabetic patients, normotensive NIDDM patients
and hypertensive NIDDM patients, respectively. By
contrast, oral administration of enalapril or delapril
showed slight, but not significant effects on insulin sen-
sitivity indices and plasma bradykinin concentrations.

Discussion

DeFronzo et al. [21] elucidated the decreased insulin
sensitivity in patients with impaired glucose tolerance
or NIDDM using the euglycaemic clamp technique.
Furthermore, using the same technique, Ferrannini et
al. [22] demonstrated decreased insulin sensitivities in
patients with essential hypertension. Compatible with
their findings, the present study in both animal and
clinical experiments demonstrated that insulin sensitiv-
ity was decreased in the hypertensive state whether or
not glucose tolerance was impaired, and that insulin
sensitivity in diabetes was significantly lower than that
observed in the non-diabetic state. Insulin-stimulated
glucose utilization in peripheral tissues is known to de-
crease significantly in hypertensive patients [22, 23].
Nevertheless, hypertension is treated with antihyper-
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tensive drugs which may have adverse metabolic ef-
fects, and in particular may inhibit insulin secretion and
impair the actions of insulin [2]. Among the antihyper-
tensive drugs, however, ACE-inhibitors in addition to
their antihypertensive effect, may improve insulin sen-
sitivity.

Currently available ACE inhibitors were divided
into two categories, those with (captopril) or without a
sulphydryl group (delapril or enalapril). The anti-
hypertensive effect of ACE inhibitors [delapril
(1.0 mg-kg =) or enalapril (0.3 mg-kg~1)] used in our
clinical experiments was 4 times more potent than that
of captopril (0.4 mg-kg™!), comparing the pharmaco-
logical data of these ACE inhibitors [14]. From these
pharmacokinetic data, Ty, values (time to the maxi-
mum serum concentration) were 0.86 h for captopril,
1 h for enalapril and 4 h for enalapril diacid, more po-
tent active metabolite. The Ty, values of delapril and
delapril diacid were similar to those of enalapril. With
delapril or enalapril, however, plasma levels after oral
administration of these agents increased as fast as those
of captopril and were sustained longer than those of
captopril [14]. As a result, more significant blood pres-
sure lowering effects were observed after oral adminis-
tration of delapril or enalapril, compared to those after
captopril administration.

It is widely accepted that captopril has a beneficial
effect on insulin sensitivity [7, 8]. However, there have
been confusing results as to ACE inhibitors without a
sulphydryl group (delapril or enalapril). Using the
minimal models proposed by Bergman et al. [18, 24],
Paolisso et al. [9] reported that a 2-week treatment with
ACE inhibitors either with or without a sulphydryl
group improved insulin sensitivity in elderly hyperten-
sive non-diabetic patients. On the other hand, Seefeldt
et al. [10] demonstrated that treatment with enalapril
had no effect on glucose metabolism in diabetic pa-
tients using the glucose clamp technique. In our evalu-
ation of the acute effect on insulin sensitivity of ACE
inhibitors with or without a sulphydryl group, we have
clearly demonstrated in both dog and clinical experi-
ments that ACE inhibitors with a sulphydryl group
could significantly improve insulin sensitivity. This in-
crease and/or improvement in insulin sensitivity after
captopril administration, either intravenously or orally,
was concomitant with a significant increase in plasma
bradykinin concentration. However, ACE inhibitors
without a sulphydryl group showed slight, but not sig-
nificant effects on insulin sensitivites and plasma bra-
dykinin concentrations. From these experiments, it was
suggested that the increase in plasma bradykinin con-
centrations might play a significant role in the improve-
ment of insulin sensitivity.

ACE inhibitors without a sulphydryl group have
been developed to eliminate the side effects caused by
the sulphydryl group in captopril. Captopril contains a
modified proline molecule with a mercapto moiety that
binds with the zinc atom of the metalloenzyme ACE,
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thus inactivating ACE [25]. Enalapril, delapril and
other second-generation ACE inhibitors differ from
captopril in that they compete with the renin substrate
for ACE binding sites [25]. The reason why ACE in-
hibitors with a sulphydryl group have more potent ac-
tion on the improvement in insulin sensitivity, concomi-
tant with a significant increase in plasma bradykinin
concentrations, despite similar antihypertensive and
cardiovascular effects remains unanswered. The possi-
bility cannot be excluded that plasma bradykinin con-
centrations increase in the arterial blood stream after
administration of ACE inhibitors without a sulphydryl
group. Since the half-life of secreted bradykinin is less
than 60 s, plasma concentrations of bradykinin might
not be high enough to demonstrate a significant in-
crease in insulin sensitivity after administration of
ACE inhibitors without a sulphydryl group (delapril or
enalapril). After captopril is metabolized in the liver,
the disulphide dimer has been reported to enhance the
bradykinin-induced vasopressor response, although
captopril disulphides are not themselves significant in-
hibitors of ACE [26-28]. Thus, the disulphide dimer
produced after captopril administration might possibly
protect further degradation of bradykinin, resulting in
prolongation of the half-life.

In our present dog and clinical experiments, in-
creases in insulin sensitivity indices after administra-
tion of an ACE inhibitor with a sulphydryl group were
concomitant with a significant increase in plasma bra-
dykinin concentration. In dog experiments, an infusion
of a bradykinin antagonist 30 min before captopril in-
jection abolished the captopril effect on insulin sensi-
tivity. When testing the direct action of bradykinin on
insulin sensitivity by infusing bradykinin at the same
levels as observed after captopril injection, it was found
that insulin sensitivity indices significantly increased.
These findings were in agreement with reports by Hartl
et al. [29] who described that bradykinin infused at the
rate of 0.03 nmol- kg ~*-min~! had a positive effect on
insulin sensitivity in insulin-resistant post-operative
and NIDDM patients without any systemic haemody-
namic changes [30]. Therefore, plasma bradykinin con-
centrations after captopril administration might have
a significant role in the improvement of insulin sensi-
tivity.

The influence of ACE inhibitors with a sulphydryl
group on insulin sensitivity might be explained through
haemodynamic and/or hormonal hypotheses. Vasodi-
lation or constriction may significantly affect periphe-
ral glucose uptake [31]. As suggested by Bergman et al.
[24], vasodilation decreases the distance between feed-
ing capillaries (capillary recruitment) with a secondary
improvement in the insulin concentration gradient
between the capillary and surrounding muscle. This
haemodynamic hypothesis is supported by the finding
of Kodama et al. [32] who have demonstrated that an
increase in forearm blood flow may play a key role in
the increase in glucose handling after captopril admin-
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istration. As a potent vasodilator, increased plasma
bradykinin concentrations after captopril might also be
responsible for vasodilation.

As to the hormonal hypothesis, after ACE-inhibi-
tion, Dietze et al. [33] and Jauch et al. [34] reported that
the reduced degradation of bradykinin might exert an
insulin-like activity. In our preliminary experiments
with adipocytes isolated from dog adipose tissue, in-
creases in glucose uptake and autophosphorylation of
insulin receptors were observed in cells incubated with
bradykinin and insulin, without any significant increase
in receptor numbers.

In the clinical experiments, we studied non-obese
NIDDM patients, a patient group commonly observed
in Japan. Further studies are necessary to elucidate the
beneficial effect of captopril on insulin sensitivity in
obese NIDDM patients with or without hypertension,
who show much more insulin resistance than non-
obese NIDDM patients.

In conclusion, our dog and clinical experiments
demonstrate that ACE inhibitors with a sulphydryl
group have more potent action on insulin sensitivity
than those without a sulphydryl group. This beneficial
effect on insulin sensitivity might be mediated through
plasma bradykinin levels. Captopril, which is an ACE
inhibitor with a sulphydryl group may be the best
choice for the treatment of diabetic patients with
hypertension, unless severe diabetic nephropathy is
present.
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