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A double-blind, placebo-controlled, 4-week trial was performed to determine the antihypertensive and metabolic effects of 
enalapril (20 to 40 mg/d) in 16 hypertensive patients with non-insulin-dependent diabetes mellitus (NIDDM) aged 55 -+ 2 years 
and with a body mass index of 29 -+ 1 kg/m 2. Glucose utilization was determined after an overnight fast and during insulin 
stimulation at 0 and 4 weeks (methods: euglycemic clamp, [3-3H]glucose infusion, indirect calorimetry). Enalapril decreased 
systolic [166 _+ 4 v 152 -+ 5 mm Hg, P < .05) and diastolic (102 _+ 2 v 95 -+ 2 mm Hg, P < .05) blood pressure. Peripheral insulin 
sensitivity, ie, insulin stimulation of glucose utilization, increased approximately 30%, or by 4.3 _+ 1.7 ~mol/kg • min (13.1 _+ 2.0 
v 17.4 _+ 3.5 ~mol / kg • min, P < .05, 0 v 4 weeks) during enalapril treatment, but remained unchanged during placebo treatment 
(15.4 _+ 2.8 v 15.3 -+ 2.7 i~mol/kg • min, respectively). The increase in glucose utilization during enalapril treatment was fully 
explained by an increase of 4.1 -.+ 1.7 I~mol/kg. min in glucose storage (4.1 _+ 1.2 v 8.1 -+ 2.9 i~mol/kg • min, P < .05) while 
glucose oxidation remained unchanged. High-density lipoprotein (HDL) cholesterol increased by 8% (P < .05) and hemoglobin 
Alc (HbAlc) improved slightly (7.7% --!- 0.7% v 7.3% -- 0.7%, P < .05) in the enalapril group, but not in the placebo group. We 
conclude that enalapril improves insulin sensitivity by increasing glucose storage in hypertensive patients with NIDDM. These 
data indicate that the beneficial metabolic effects of angiotensin-converting enzyme (ACE) inhibitors are not restricted to 
nondiabetic patients, and that insulin resistance is partially reversible in hypertensive NIDDM patients. 
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E SSENTIAL HYPERTENSION, ~,2 non-insulin-depen- 
dent diabetes mellitus (NIDDM), 3 and hypertriglyceri- 

demia 4 are associated with insulin resistance and hyperinsu- 
linemia. Both hypertriglyceridemia 5 and hyperinsulinemia 6,7 
are established and independent risk factors for coronary 
heart disease (CHD). It has been proposed that the 
smaller-than-predicted benefit of antihypertensive therapy 
on CHD incidence could be due to adverse metabolic 
effects of antihypertensive drugs. Specifically, both [3-block- 
ers and thiazide diuretics, the drugs most commonly used in 
trials examining the effect of antihypertensive medication 
on CHD incidence, induce insulin resistance and hypertri- 
glyceridemia in nondiabetic 8 and diabetic patients. 9 As 
shown by Pollare et al, 1° these adverse effects have not been 
observed with angiotensin-converting enzyme (ACE) inhibi- 
tors in nondiabetic subjects with essential hypertension. 
Indeed, ACE inhibitors actually have been reported to 
enhance insulin sensitivity and to induce potentially antiath- 
erogenic changes in blood lipids in patients with essential 
hypertension. 1° 

In patients with NIDDM, recent data have suggested 
insulin resistance to be a partially familial, perhaps genetic 
rather than secondary phenomenon. 11,1z As in nondiabetic 
individuals, both insulin resistance a3 and hypertension ~4 
contribute to the twofold to threefold increase in CHD risk 
in NIDDM. I5 In hypertensive patients with NIDDM, insu- 
lin resistance may be more severe than in normotensive 
patients. ~6 

Data are controversial regarding the effect of ACE 
inhibitors on insulin resistance in patients with NIDDM. 17,18 
In the short-term study by Torlone et al., 17 captopril 
increased whole-body glucose utilization by 30% 17 and 
doubled forearm glucose uptake.19 In contrast, in a sequen- 
tial single-blind study where 4 weeks of hydrochlorothia- 
zide treatment was followed by 6 weeks of low-dose 
enalapril (10 to 20 mg) therapy, Prince et aP s found no 
improvement in insulin sensitivity in hypertensive NIDDM 
patients. Whether this was due to a carryover effect of 

hydrochlorothiazide, the dose of enalapril, or the type of 
ACE inhibitor used is unclear. To resolve this issue, we 
performed a double-blind, placebo-controlled study using 
standard doses of enalapril to determine whether insulin 
resistance can be ameliorated in hypertensive patients with 
NIDDM. 

SUBJECTS AND METHODS 

The study consisted of a 4-week, single-blind run-in period and a 
4-week, double-blind (placebo v enalapril) study period. Sixteen 
patients participated in the study. Their clinical characteristics are 
shown in Table 1. Groups were matched for hemoglobin Ale 
(HbAlc) levels (Table 1). The inclusion criteria were (1) NIDDM 
and hypertension (systolic blood pressure >_ 160 mm Hg and 
diastolic blood pressure >_95 mm Hg at least twice during the 
run-in period); (2) fasting C-peptide exceeding 0.33 nmol/1; (3) no 
history of insulin therapy; (4) weight-stable for 6 months before the 
study; (5) aged 35 to 70 years. Exclusion criteria were (1) diseases 
other than diabetes, abnormal liver, kidney, or thyroid function or 
serum cortisol; (2) history of myocardial infarction, unstable 
angina, or heart failure; (3) macroscopic proteinuria, elevated 
serum creatinine, proliferative retinopathy, or symptomatic neu- 
ropathy; (5) alcohol or drug abuse; and (6) pregnancy. 

Antihypertensive treatment was withdrawn 4 weeks before the 
run-in period in all except two patients, whose medicatio n (meto- 
prolol, n = 1; diltiazem, n = 1) was continued unchanged. Five 
patients in the enalapril group and three patients in the placebo 
group were treated with oral hypoglycemic agents (sulfonylurea 
and metformin, n = 4; sulfonylurea only, n = 4), which were 

From the Second and Third Departments of Medicine, University of 
Helsinki, Helsinki, Finland. 

Submitted October 18, 1993; accepted April 7, 1994. 
Supported by grants from the Finnish Academy of Science (H.Y.) 

and the Finnish Diabetes Research Foundation (H.Y.). 
Address reprint requests to H. Vuorinen-Markkola, MD, Second 

Department of Medicine, Haartmaninkatu 4, SF-00290 Helsinki, 
Finland. 

Copyright © 1995 by W.B. Saunders Company 
0026-0495/95/4401-0015503.00/0 

Metabolism, Vol 44, No 1 (January), 1995: pp 85-89 85 



86 VUORINEN-MARKKOLA AND YKI-JARVINEN 

Table 1. Baseline Characteristics of the Patients 

Enalapril Group Placebo Group 

n (M/F) 4/4 6/2 

Age (yr) 53 -+ 3 57 -+ 3 

Duration of diabetes (gr) 8 +- 2 8 +- 2 
Body mass index (kg/m 2) 28 .+ 1 30 ± 1 

Waist to hip ratio 1.00 -+ 0.01 0.98 +- 0.02 

HbAlc (%)* 7,7 + 0.7 7.6 _+ 0.2 

Serum C-peptide (nmol /L) t  1.0 .+ 0.1 1.0 _+ 0.1 

Urinary albumin excretion (ixg/min) 8 .+ 1 5 -+ 2 

*Reference range 4.0% to 6.0%. 

1"Reference range 0.3 to 0.7 nmol/L. 

continued unchanged. The other eight patients were treated with 
diet alone. The weight of the patients was stable during the study. 

During the 4-week run-in period, all subjects received one tablet 
of placebo per day. Blood pressure, HbAlc (Fully Automated 
Glycosylated Hemoglobin Analyzer System, BioRad, Richmond, 
CA; reference range, 4.0% to 6.0%), serum free insulin (Phad- 
eseph Insulin RIA kit, Pharmacia, Uppsala, Sweden; precipitation 
with polyethylene glycol2°), triglyceride, total cholesterol (kits from 
Boehringer Mannheim, Mannheim, Germany21), high-density lipo- 
protein (HDL) 22 and low-density lipoprotein 23 cholesterol, creati- 
nine, and electrolyte concentrations were determined at -4 ,  -2 ,  
and 0 weeks. Insulin sensitivity measurements were performed at 0 
and 4 weeks as detailed below. At 0 weeks, patients were randomly 
allocated to receive either enalapril (20 mg per day) or placebo 
(one tablet per day) for 4 weeks, and then were discharged from 
the hospital. The patients visited the outpatient clinic at 2 weeks 
for the same tests as during the run-in period. If the systolic 
pressure exceeded 180 mm Hg or diastolic pressure exceeded 90 
mm Hg, the enalapril/placebo dose was doubled. This was insti- 
tuted in four patients in the enalapril group and six patients in the 
placebo group. 

The nature and potential risks of the study were explained to 
patients before they gave their voluntary consent to participate. 

The study protocol was approved by the Ethical Committee of the 
Helsinki University Central Hospital. 

Insulin Sensitivity Measurements at 0 and 4 Weeks 

Glucose production and utilization. For measurement of insulin 
sensitivity, patients were admitted to the hospital 1 day before the 
study. They ingested a diet containing 25 kcal/kg, with 55%, 30%, 
and 15% of the calories from carbohydrate, fat, and protein, 
respectively. The last meal was served at 7:30 PM. 

At 4:00 AM, a primed-continuous intravenous infusion of 
[3-3H]glucose (Amersham, Buckinghamshire, England) was started 
and continued until 11:00 AM to determine rates of glucose 
production and utilization in the basal state ( -30  to 0 minutes, or 
7:30 to 8:00 AM) and during hyperinsulinemia (0 to 180 minutes, or 
8:00 to 11:00 AM). The priming dose was calculated as follows: 
priming dose (txCi) = 20 ixCi x blood glucose (mmol/L)/5 
mmol/L. The rate of the continuous infusion was 0.2 txCi/min. At 
-60  minutes (7:00 AM), a catheter was inserted retrogradely in a 
heated hand vein for sampling of arterialized venous blood. 24 
Blood samples for measurement of glucose specific activity were 
taken from arterialized venous blood at -30, -15, 0, 120, 150, and 
180 minutes. 

To determine hepatic and peripheral insulin sensitivity, ie, the 
ability of insulin to suppress hepatic glucose production and 
stimulate glucose utilization, a primed-continuous infusion of 
insulin (Actrapid HM, Novo, Copenhagen, Denmark) was started 
at 0 minutes to increase and maintain plasma insulin at approxi- 
mately 450 pmol/L. 24 Comparable plasma glucose and serum 
free-insulin concentrations were achieved in both groups at 0 and 4 
weeks (Table 2). After starting the insulin infusion, the plasma 
glucose level (Beckman Glucose Analyzer II, Beckman Instru- 
ments, Fullerton, CA) was measured every 5 minutes in blood 
samples taken from arterialized venous blood. During the insulin 
infusion (0 to 180 minutes), plasma glucose was allowed to 
decrease until 120 minutes and was maintained constant thereafter 
(120 to 180 minutes) by a variable infusion of 20% glucose. The 
plasma free-insulin level was measured at -30, -15, 0, 30, 60, 90, 

Table 2. Glucose Metabolism and Serum Lipid, Creatinine, and Electrolyte Concentrations in Enalapril and Placebo Groups 

Enalapril Group Placebo Group 

0wk 4wk 0wk 4wk 

Glucose metabolism 

Plasma glucose, clamp (mmol /L) t  8.3 .+ 0.9 

Plasma glucose, clamp (mmol/L)$ 6,7 -+ 0.8 

Serum free-insulin, clamp (pmol/L):~ 432 .+ 30 

Basal glucose utilization (~mol/kg • rain)§ 12.6 .+ 1.4 

Basal glucose production (#mol/kg • min)§ 13.1 _+ 1.6 

Serum lipids 

Total cholesterol (mmol/L) 5.4 -+ 0.3 

HDL 1.04 _+ 0.08 

LDL 4.03 _+ 0.27 

Triglycerides, total 1.75 ± 0.31 

Serum creatinine and electrolytes 

Creatinine (ixmol/L) 85 + 4 

Potassium (mmol/L) 4.2 ± 01 

Sodium (mmol/L) 139 ± 1 

Urinary electrolyte excretion rate 

Potassium (}xmol/min) 47 ± 6 

Sodium (p, mol/min) 97 ± 16 

7.9 -+ 0.9 7.2 ± 0.5 7.1 -+ 0.5 

6.8 + 0.8 5.6 ± 0.5 5.7 ± 0.5 

432 ± 54 414 ± 36 462 -+ 36 

11.0 -+ 0.9 10.3 -+ 1.2 10.3 -+ 0.8 

12.1 -+ 0.8 10.2 • 1.5 10.8 ± 0,9 

5.4 -+ 0,3 5,4 .+ 0.3 5.3 + 0.3 

1.12 -+ 0.08* 1.07 -+ 0.08 1.03 -+ 0.09 

3.81 -+ 0.23 3,93 -+ 0.24 3.93 .+ 0.25 

2.13 -+ 0.38 1.96 ± 0.43 1.65 -+ 0,28 

85-+ 5 8 3 - - 3  8 6 ± 4  

4.3 +- 0.1 4.3 .+ 0.1 4.3 -+ 0.1 

139 -+- 1 140 ± 1 140 -+ 1 

50 -+ 4 47 .+ 6 53 +- 7 
109 -+ 17 155 _+ 19 161 -+ 18 

*P < ,05 v 0 weeks. 
tDur ing the first 2 hours of the clamp (O to 120 minutes). 

:l:During the last hour (120 to 180 minutes) of constant glycemia. 
§Basal, measured after an overnight fast before start of  insulin infusion. 
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120, 150, and 180 minutes. Serum ACE activity 25 and C-peptide 
concentration (RIA, the RIA-mat C-Peptide II kit, BYK-Sangtec 
Diagnostica, Frankfurt, Germany) were measured at 0 minutes. 
Urinary albumin, potassium, and sodium excretion were deter- 
mined in urine collected over the 4-hour period (7:00 to 11:00 AM). 

Rates of glucose production and utilization in the basal state 
( -30 to 0 minutes) and during hyperinsulinemia (120 to 180 
minutes) were calculated using the non-steady-state equation of 
Steele 26 assuming a glucose distribution volume of 200 mL/kg and 
a pool fraction of 0.65. Under some conditions, the use of this 
model leads to underestimation of glucose production. 27 To mini- 
mize these errors, the [3-3H]glucose infusion period was started at 
4:00 AM and lasted 240 minutes instead of the usual 120 to 180 
minutes before the insulin infusion was started. The total duration 
of the [3-3H]glucose infusion was 7 hours (from 4:00 to 11:00 AM). 
The rate of glucose utilization was calculated from the glucose 
infusion rate plus residual hepatic glucose production. 

Glucose oxidation and storage. To determine the rate of glucose 
oxidation, indirect calorimetry measurements were performed 
during the last hour of the insulin infusion (120 to 180 minutes) 
using a computerized flow-through canopy gas analyzer system 
(Deltatrac Metabolic Monitor, Datex, Helsinki, Finland) as previ- 
ously described in detail. 2s The protein oxidation rate was esti- 
mated from urinary urea nitrogen excretion. Glucose storage or 
nonoxidative glucose utilization was defined as the difference 
between total and oxidative glucose utilization. The storage compo- 
nent of glucose utilization consists mainly of glycogen synthesis in 
patients with N I D D M .  29 

Blood Pressure Measurements 

Blood pressure was measured between 8:00 and 10:00 AM in the 
sitting position after 5 to 10 minutes of rest from the same arm 
using a random-zero sphygmomanometer (The Random Zero 
Sphygomomanometer, Hawksley & Sons, Lancing, England). 

Statistical Methods 

Comparisons between 0- and 4-week study periods and between 
study groups were performed using paired and unpaired t test 
analyses. All data are shown as the mean _+ SEM. 

RESULTS 

Blood Pressure, Serum ACE, Urinary Albumin Excretion 

The pre t reatment  systolic (166 -+ 4 v 165 _+ 7 mm Hg, 
enalapril  v placebo) and diastolic (102 - 2 v 102 4- 3 mm 
Hg) blood pressures were comparable in the enalapril and 
placebo groups. In the enalapril  group systolic blood 
pressure decreased to 152 _+ 5 mm Hg (P < .05) and 
diastolic to 95 + 2 mm Hg (P < .05). In  the placebo group 
systolic (162 _+ 8 mm Hg) and diastolic (100 _+ 4 mm Hg) 
blood pressures remained unchanged.  Serum ACE activi- 
ties were comparable in the enalapril  (49 + 7 U /L)  and 
placebo (66 +_ 6 U /L)  groups at randomization. Enalapril  
decreased serum ACE activity to 17 _+ 4 U / L  (P < .005), 
whereas there was no change in the placebo group (63 --- 6 
U/L). 

The urinary albumin excretion rate decreased from 8 4- 1 
to 4 _+ 1 ~g/min  (P < .05) in the enalapril  group, but  
remained unchanged in the placebo group (5 ± 2 v 6 4- 2 
txg/min, 0 v 4 weeks). Urinary sodium and potassium 
excretion rates and serum creatinine and electrolyte concen- 
trations remained unchanged in both groups (Table 2). 

Glucose Metabolism 
Basal measurements. HbAI~ improved slightly in the enalapril 

group (7.7% _+ 0.7% v 7.3% _+ 0.7%, P < .05, 0 v 4 weeks), but not 
in the placebo group (7.6% _+ 0.2% v 7.4% _+ 0.2%, NS, respec- 
tively). Basal rates of glucose production and utilization remained 
unchanged during the treatment periods (Table 2). 

Insulin sensitivity. Plasma glucose and serum free- 
insulin concentrations were comparable at all study occa- 
sions (Table 2). The rate of glucose utilization during 
insulin stimulation increased in the enalapril  group by 
approximately 30%, or 4.3 4- 1.7 ixmol /kg 'min ,  from 
13.1 4- 2.0 to 17.4 __ 3.5 ixmol/kg . min (P < .05), but  
remained unchanged in the placebo group (15.4 + 2.8 v 
15.3 4- 2.7 ixmol/kg • rain, 0 v 4 weeks; Fig 1). The increase 
in glucose utilization with enalapril  was due to an approxi- 
mately 50% increase in glucose storage (4.1 _+ 1.3 v 8.1 - 2.9 
t zmol /kg 'min ,  P < .05, 0 v 4 weeks). The increase in 
glucose utilization was not different between patients in 
whom the enalapril  dose was 20 or 40 mg/d  (data not  
shown). In the placebo group, glucose storage remained 
unchanged (6.7 + 2.3 v 5.7 -+ 2.0 ~zmol/kg. min, respec- 
tively). Rates of glucose oxidation were similar in enalapril 
(9.0 _ 0.9 v 9.2 _-2- 0.8 ixmol/kg • min) and placebo (8.6 _- 1.2 
v 9 . 6 -  1.0 ixmol/kg, min, respectively) groups. Endog- 
enous glucose production, measured during the last hour of 
the insulin infusion, was not significantly different in the 
enalapril  (4.6 _ 1.4 v 0.8 4- 1.5 ~zmol/kg • min, 0 v 4 weeks) 
and placebo (2.7 -+ 1.6 v 1.4 4- 1.2 ~xmol/kg. min, 0 v 4 
weeks) groups. 

Serum Lipids 

H D L  cholesterol increased from 1.04 _+ 0.08 to 1.12 - 
0.08 mmol /L  (P < .05) in the enalapril  group, but  there 
was no change in the placebo group (1.07--_ 0.08 v 
1.03 _ 0.09 retool/L, NS, 0 v 4 weeks). Total and low- 
density lipoprotein cholesterol and serum triglycerides 
remained unchanged (Table 2). 

DISCUSSION 

The present data indicate that part of the insulin resis- 
tance in hypertensive patients with N I D D M  is reversed 
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Fig 1. Rate of total glucose utilization during insulin stimulation at 
0 and 4 weeks in enalapril and placebo groups, 
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during antihypertensive therapy with enalapril. Further- 
more, we observed slight improvements in glycemic control, 
serum lipids, and urinary albumin excretion during 4 weeks 
of enalapril treatment. These data confirm the findings of 
Torlone et al, 17 who observed a 30% improvement in 
glucose utilization after 2 days of captopril therapy in 
hypertensive NIDDM patients. However, our findings con- 
trast with those of Prince et al, is who found no change in 
insulin sensitivity when measured after 4 weeks of hydrochlo- 
rothiazide and again after 6 weeks of enalapril treatment in 
patients with NIDDM. The open, sequential study design 
used by Prince et aP 8 differs from the present double-blind, 
parallel design and might provide an explanation for the 
different results. Also, in the latter study 18 two of the nine 
patients were on insulin therapy and thus were not com- 
pletely comparable to our patients. 

The increase in insulin sensitivity in the present study was 
due to an increase in glucose uptake rather than an 
improved suppression of hepatic glucose production by 
insulin. Under the conditions of the present insulin sensitiv- 
ity measurements, the majority of glucose is taken up by 
muscle tissue. 29 In skeletal muscle, the rate of glucose 
uptake is in turn determined by the product of blood flow 
and the glucose arteriovenous difference. Recent data 
would indicate that impaired insulin stimulation of blood 
flow in skeletal muscle characterizes patients with 
NIDDM. 3° This defect might not explain all of the insulin 
resistance in NIDDM, but could be the component ame- 
nable to improvement by agents that increase blood flow. 

Both in patients with essential hypertension 31 and in 
NIDDM, 32 ACE inhibitors increase blood flow in skeletal 
muscle by several mechanisms. These include a decrease in 
the concentration of angiotensin II, a potent vasoconstric- 
tor, 33 and an increase in bradykinin, 32 which has vasodilat- 
ing and insulin-like properties. 34,35 Furthermore, ACE in- 
hibitors appear to decrease the production of noradrenaline 
in the vessel wall and the responsiveness of vascular smooth 
muscle to a-adrenergic vasoconstrictor stimuli. 33 Such alter- 
ations, provided they also occur in patients with NIDDM, 
might increase skeletal muscle blood flow and glucose 
uptake. 

In the basal state, skeletal muscle depends on oxidation 
of free fatty acids for energy production. 36 Consequently, 
even if ACE inhibitors would increase blood flow during 
fasting, one would not expect to observe an increase in 
basal glucose utilization. Consistent with this, fasting plasma 
glucose and insulin remained unchanged in the present 

study. Also, basal hepatic glucose production remained 
unchanged, which is consistent with the exclusive use of 
free fatty acids by the liver in the basal state 37 and with the 
lack of an effect of ACE inhibitors on splanchnic blood 
flow. 31 The slight decrease in HbAlc during enalapril 
therapy is thus likely to reflect improved postprandial 
glucose utilization rather than a change in basal glucose 
metabolism. 

Low HDL cholesterol and high triglyceride concentra- 
tions are commonly observed in insulin-resistant condi- 
tions 38 and constitute a risk factor for CHD. 39,40 The small 
increase in HDL cholesterol in the present study thus might 
reflect improved insulin sensitivity. Enalapril also slightly 
decreased urinary albumin excretion, a change that could 
simply be a consequence of its antihypertensive effect or a 
drug effect that is independent of blood pressure. 41 

In conclusion, antihypertensive therapy with enalapril 
improves insulin-dependent glucose uptake in hypertensive 
patients with NIDDM. Given the known vasodilating ef- 
fects of ACE-inhibitors and the impaired insulin-induced 
increase in blood flow in patients with NIDDM, 3° it is 
possible that ACE inhibitors reverse this hemodynamic 
component of insulin resistance in NIDDM. The failure to 
detect any significant increase in glucose oxidation is not 
incompatible with a predominant increase in blood flow. 
First, the rate of glucose oxidation in the present study ( ~ 9 
~xmol/kg • min) can be almost entirely explained by insulin- 
independent glucose oxidation in the brain (5.6 txmol/ 
kg.  min 42) and by insulin-sensitive but presumably not- 
resistant glucose oxidation in the heart (2.8 /~mol/kg. 
min43-45). Regardless of the mechanism underlying the 
improvement in insulin sensitivity by ACE inhibitors, the 
present data support the choice of ACE inhibitors as 
primary antihypertensive agents for patients with NIDDM, 
since they appear to have favorable effects on many CHD 
risk factors including hypertension, 14 insulin resistance, I3 
and a low HDL cholesterol concentration. 39 Obviously, 
these short-term beneficial metabolic changes need to be 
tested in long-term prospective trials before the final role of 
ACE inhibitors for prevention of CHD can be assessed. 
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