
ardiovascular disease is the leading cause of mortal-
ity in patients with diabetes mellitus (DM).
Although established macroangiopathy is charac-

terized by morphological changes of the arterial wall
typical of atherosclerosis, it has been suggested that the
earliest phase of atherogenesis is caused by dysfunction of
the vascular endothelium.1

Endothelium-derived nitric oxide (NO) is a potent
vasodilator that plays a critical role in regulating vascular
resistance and flow,2 as well as inhibiting key processes 
in atherogenesis, such as monocyte adhesion, platelet
aggregation and vascular smooth muscle proliferation.3 In
disorders associated with atherosclerosis (eg hypertension,
hypercholesterolemia, DM), there is less endothelium-
dependent NO-mediated vasodilation.3 Impairment of the
NO synthase system adversely affects vascular reactions
and blood flow and, in addition, because NO inhibits key
processes in atherogenesis, an NO deficiency state may
contribute to the initiation and the progression of athero-
sclerosis.3,4

Although the mechanisms of endothelial vasodilator
dysfunction are likely multifactorial, one contributing
abnormality appears to be increased levels of asymmetric
dimethylarginine (ADMA).5,6 ADMA is an endogenous
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competitive inhibitor of NO synthase (NOS)7 and serum 
or plasma levels of ADMA are elevated in individuals 
with hypertension,8 hypercholesterolemia,5 DM,6 peripheral
arterial occlusive disease9 or congestive heart failure.10

Elevation of ADMA is associated with impaired endothe-
lium-dependent NO-mediated vasodilation in the brachial
artery5 and is also significantly correlated with the intima–
media thickness of the carotid artery, a noninvasive
measure of atherosclerosis.6 ADMA is thought to derive
from proteins that have been posttranslationally methylated
and subsequently hydrolyzed to release ADMA.11 A number
of cells elaborate ADMA, including vascular endothelial
cells,12 and it may be excreted in the urine or metabolized
by the enzyme dimethylarginine dimethylaminohydrolase
(DDAH)13 to L-citrulline and dimethylamine. We recently
reported that dysregulation of DDAH induced by lipids14

or hyperglycemia15 may play an important role in the
elevation of ADMA in hypercholesterolemia or DM,
respectively. However, it is not well understood how the
serum concentration of ADMA becomes elevated in
humans in vivo.

It has been reported that angiotensin-converting enzyme
(ACE) inhibitors improve endothelial function in patients
with hypertension16 or DM,17 suggesting that the activation
of the renin-angiotensin system (RAS) may contribute to
the endothelial dysfunction in those individuals. We have
recently demonstrated that RAS plays an important role in
the elevation of ADMA as well as endothelial injury in
hypertensive patients.18 Therefore, we investigated whether
ACE activity is involved in the mechanisms of endothelial
injury associated with ADMA elevation in patients with
type 2 DM (NIDDM).
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The renin–angiotensin system plays an important role in the elevation of asymmetric dimethylarginine (ADMA),
an endogenous inhibitor of nitric oxide synthase, in hypertensive patients, so the present study was designed to
examine whether angiotensin-converting enzyme (ACE) activity is also involved in the mechanism of ADMA
elevation in type 2 diabetes mellitus (NIDDM). A crossover study was performed to determine if ACE inhibition
with perindopril (4mg/day) for 4 weeks decreases serum ADMA concentration and plasma von Willebrand
factor (vWF) level (a marker of endothelial injury) in 11 patients with NIDDM. None of the patients was treated
with insulin or oral hypoglycemic drugs, and none had major diabetic complications. Before the protocol began,
serum ADMA and plasma vWF were significantly higher in the 11 NIDDM patients, when compared with 8
control subjects without diabetes. Perindopril did not affect blood pressure or glucose metabolism, but did signifi-
cantly decrease serum ADMA and plasma vWF. These results suggest that endothelial injury associated with
ADMA elevation may be present even in patients with non-complicated NIDDM, and that increased activity of
ACE may be involved in such endothelial dysfunction. (Circ J 2002; 66: 811– 815)
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Methods
Patients

The study was performed in 11 patients with NIDDM, 8
of whom had been treated with antihypertensive agents
other than ACE inhibitors or angiotensin II type 1 receptor
blockers, and 8 patients without DM (4 treated for chronic
atrial fibrilation (AF) with warfarin and digitalis; paroxys-
mal AF treated with cibenzoline in 1; essential hyperten-
sion treated with amlodipine or atenolol in 3). All the
patients gave informed consent to be enrolled in the study,
which has been approved by the hospital’s Ethics Com-
mittee. None of the NIDDM patients was treated with
insulin or oral hypoglycemic drugs, and none had major
diabetic complications, such as retinopathy, nephropathy,
neuropathy, history of stroke, suggestive coronary artery
disease or peripheral arterial occlusive disease. The 8 pa-

tients with NIDDM who were treated with antihypertensive
agents (6 with a calcium channel blocker, 1 with aβ-blocker
and 1 with a combination of the both drugs) had well
controlled blood pressure (BP): systolic BP <140mmHg
and diastolic BP <90mmHg.

Measurements
The following measurements were performed in all the

patients.
(1) BP was measured in the seated positions after

several deep breaths.
(2) Serum ADMA concentration was measured by high-

performance liquid chromatography. The variability of the
method was less than 7%, and the detection limit of the
assay was 0.15mmol/L.

(3) Plasma concentration of von Willebrand factor

NIDDM (n=11) Control (n=8) p value

Age (years) 74±2  71±2  NS
M/F 5/6 4/4 NS
Mean blood pressure (mmHg) 97±3  93±4  NS
Total cholesterol (mg/dl) 198±7    209±14  NS
Triglyceride (mg/dl) 114±15  148±23  NS
Fasting blood sugar (mg/dl) 132±7    89±3  <0.001
Glycated hemoglobin (%) 6.8±0.3 – –
Urea nitrogen (mg/dl) 16±1  15±2  NS
Creatinine (mg/dl) 0.74±0.08 0.79±0.12 NS
ADMA (μmol/L) 0.53±0.03 0.42±0.01 <0.01
vWF (%) 219±22  146±15  <0.05
Lipoperoxide (μmol/L) 3.0±0.2 3.0±0.4 NS

Table 1 Clinical Characteristics of Patients With Noninsulin-Dependent Diabetes Mellitus and Control Subjects

ADMA, asymmetric dimethylarginine; vWF, von Willebrand factor. NS, not significant.

Fig3. Changes of plasma vWF concentration by 4 week treatment
with (A) or without (B) add-on perindopril. vWF, von Willebrand
factor. NS, not significant.

Fig1. Changes of mean blood pressure by 4 week treatment with
(A) or without (B) add-on perindopril. NS, not significant.

Fig2. Changes of serum ADMA concentration by 4 week treatment
with (A) or without (B) add-on perindopril. ADMA, asymmetric
dimethylarginine; NS, not significant.

Fig 4. Changes of serum lipoperoxide concentration by 4 week
treatment with (A) or without (B) add-on perindopril. NS, not signifi-
cant.
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(vWF, a marker of endothelial injury) was measured by an
enzyme immunoassay technique. The within-run coefficient
of variation was 2–3%. It has been reported that an in-
creased level of vWF is associated with impaired endothe-
lium-dependent vasodilation.19

(4) Serum lipoperoxide was also determined as a marker
of oxidative stress by spectrophotometric measurement of
thiobarbituric acid reactivity.

Study Protocol
Five NIDDM patients were treated with add-on perindo-

pril (4 mg/day) for the first 4 weeks, and then the preceding
measurements were repeated. Perindopril was stopped for 
4 weeks, and then the measurements were repeated again
and after the second 4 week interval. The other 6 NIDDM
patients were treated without add-on perindopril for the first
4 weeks, and after a 4 week interval, add-on perindopril
was started for 4 weeks. The measurements were performed
before and after the first and the second 4-week treatment.

Statistical Analysis
Values are expressed as mean ±SE. Differences between

NIDDM patients and patients without DM were tested by
unpaired Students’ t test. Between before and after addi-
tional perindopril or no additional treatment, differences
were evaluated by paired Students’ t test; p<0.05 was
considered statistically significant.

Results
The clinical characteristics of the patients are shown in

Table 1. There were no significant differences between
NIDDM patients at baseline and patients without DM
(controls) in age, sex, BP, serum cholesterol, triglyceride,
urea nitrogen or creatinine levels. Although the fasting
blood sugar (FBS) level was significantly elevated in
NIDDM patients, the blood sugar control in these patients
was good (FBS =132±7 mg/dl and glycated hemoglobin =
6.8±0.3%). Serum ADMA concentration and plasma vWF
level were significantly elevated in NIDDM patients, when
compared with the control. There was no significant differ-
ence between the 2 groups in serum lipoperoxide level.

In NIDDM patients, add-on perindopril for 4 weeks 
did not change BP (Fig1A) or glucose metabolism (FBS=
132±7– 134±9mg/dl, p=0.60). However, add-on perindo-
pril significantly decreased serum ADMA concentration
(Fig2A) and plasma vWF level (Fig3A). There were no
significant changes during 4 week observation without add-
on perindopril in BP (Fig1B), serum ADMA (Fig2B) or
plasma vWF (Fig3B). There were no significant changes in
serum lipoperoxide level with or without add-on perindo-
pril (Fig4A,B).

Urinary excretion of ADMA did not significantly change
by add-on perindopril (urinary ADMA/urinary creatinine;
45±5–44±5μmol/mg creatinine).

Discussion
The salient findings of this study are: (1) serum ADMA

concentration and plasma vWF level (a marker of endothe-
lial injury) were significantly elevated in patients with
noncomplicated NIIDDM, and (2) serum ADMA and
plasma vWF were significantly decreased by an ACE
inhibitor (perindopril).

This study provides insight into a novel mechanism by

which activation of ACE may disturb both the NOS
pathway and endothelial function in NIDDM.

Increased levels of ADMA, the endogenous NOS
inhibitor, are observed in individuals with DM6 and may
account in part for the endothelial vasodilator dysfunction
observed in this condition. Increased ADMA levels are
associated with reduced NO elaboration in both hypercho-
lesterolemic5 and atherosclerotic patients,9 as judged by
reduced nitrate excretion and impaired endothelium-depen-
dent, NO-mediated forearm vasodilation.

Elevation of ADMA and vWF in NIDDM
In the present study, the serum ADMA and plasma vWF

concentrations were significantly elevated in patients with
noncomplicated NIDDM, in whom the blood sugar control
was good without insulin or oral hypoglycemic drugs,
when compared with control subjects without DM,
suggesting that endothelial injury associated with ADMA
elevation might be present even in these patients. There
was no significant difference between NIDDM patients and
controls in BP, with or without antihypertensive agents
other than ACE inhibitors or angiotensin II receptor block-
ers. In 8 control subjects without DM, 4 were treated for
chronic AF with warfarin. It has been reported that plasma
vWF concentration is elevated in patients with chronic AF,
and that anticoagulation with warfarin has no effect.20 In the
present study, however, the plasma vWF concentration in
NIDDM patients was further elevated when compared with
control subjects without DM including patients with
chronic AF. Although antihypertensive treatment is known
to improve endothelial function,21 these effects of antihy-
pertensive treatment on the difference of plasma vWF
concentration between NIDDM patients and control
subjects without DM were negligible in the present study,
because hypertensive patients both in NIDDM (n=8) and
control group (n=3) were treated with the same kind of
agents (calcium channel blockers and/orβ-blockers), and
because the BP control was comparable between the 2
groups.

Effects of ACE Inhibition on ADMA and vWF
Four-week treatment with add-on perindopril did not

significantly change BP in NIDDM patients. The dose of
perindopril in the present study (4mg/day) is routinely used
for antihypertensive treatment and known to decrease BP.
We somewhat surprisingly found no change in BP with this
usual dose of perindopril. The mechanism of no reduction
in BP with perindopril in the present study is not under-
stood, although several studies have reported that chronic
treatment with ACE inhibitors did not change BP in well-
controlled hypertensive or normotensive patients with
DM.22–24 Even in hypertensive patients, almost 30% of the
patients in one study were non-responders (no significant
fall in BP) to ACE inhibitors and that the fall in BP by ACE
inhibitors was related to pre-treatment plasma renin activ-
ity.25 However, we did not measure plasma renin activity,
serum ACE activity or plasma angiotensin II level in this
study. Further studies are needed to clarify the mechanisms
of the nonreduction in BP with ACE inhibition in well-
controlled hypertensive or normotensive patients. The
present result that perindopril did not change BP suggests
that the perindopril-induced decrease of serum ADMA and
plasma vWF was not caused by the antihypertensive action
of this drug. Our previous study also demonstrated that
perindopril, but not bisoprolol, significantly decreased
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serum ADMA and plasma vWF concentrations in patients
with essential hypertension, although these 2 drugs
decreased BP to the same extent.18

Mechanism of ADMA Elevation in NIDDM
We recently demonstrated that dysregulation of DDAH,

a degradation enzyme of ADMA, by lipids14 or hyper-
glycemia15 plays an important role in the elevation of
ADMA in hypercholesterolemia or DM, respectively.
DDAH has sulfhydryl groups in its structure13 and oxida-
tive stress has been suggested as one of the mechanisms of
its decreased activity.26 ACE inhibitors have been shown to
reduce free radical concentrations in patients with coronary
artery disease.27 In the present study, we measured serum
lipoperoxide as a marker of oxidative stress, and perindo-
pril did not change its serum concentration. Taken together
with our previous finding that perindopril did not change
serum malondialdehyde-modified low density lipoprotein
(another marker of oxidative stress),18 it is possible that
other mechanisms than the reduction of oxidative stress are
involved in the perindopril-induced decrease of serum
ADMA, although we measured only 2 crude markers of
oxidative stress. Further studies are needed to clarify the
role of DDAH in the effects of ACE inhibitors on serum
ADMA levels in patients with NIDDM.

Pathological Meaning of Serum ADMA Elevation 
in NIDDM

There was no correlation between ADMA and vWF, or
between the decrease of ADMA and vWF, and the decrease
of ADMA by perindopril was only 10–20%. These results
suggest that some factors other than those measured in this
study, such as serum homocystein levels etc, might be
related to endothelial function, and that the elevation of
ADMA is just one of the key factors contributing to
endothelial dysfunction. In the present study, circulating
ADMA concentrations in NIDDM patients were less than 
1μmol/L, although they were significantly higher than in
control subjects without DM. It is known that concentra-
tions of L-arginine (substrate for NOS) are in the order of
80μmol/L even in diseased states.28 At these concentrations
of L-arginine, any competitive inhibition of NOS by
ADMA would be overcome. However, it is also known that
L-arginine supplementation can increase NO production by
vascular endothelial cells under certain conditions.3 This
phenomenon ‘arginine paradox’ occurs in spite of the
apparently saturating concentration of L-arginine inside the
cells. It is suggested that in endothelial cells, endothelial
NOS (eNOS) is predominantly localized to a perinuclear
region with a smaller but significant pool localized to 
caveolae on the plasma membrane.29 ADMA enters cells
through the cationic amino acid transporters known as a y+

transporter which also transports L-arginine.28 The recent
finding that a y+ transporter co-locates with caveolin-bound
eNOS suggests that activity of this transporter may be
important to determine local concentrations of L-arginine
and ADMA.30 One explanation of the ‘arginine paradox’
relates to the possibility of ‘compartmentalization’ of amino
acid concentrations. The suggestion that intracellular L-
arginine is sequestered in storage pools which eNOS does
not have access raises the possibility that L-arginine/
ADMA ratio in the immediate vicinity of the enzyme may
be very different from the total cellular L-arginine/ADMA
ratio,28 and ADMA may produce biological effects at low
concentrations as in our patients with NIDDM.

Study Limitations
There are some drawbacks in this study that need to be

mentioned. First, the patient number was small. Further
large-scaled studies are required to evaluate the effects of
ACE inhibitors on circulating ADMA concentration and
endothelial function in NIDDM patients. Second, we
measured plasma vWF concentration as a marker of
endothelial injury, which is thought to be increased in
disorders with endothelial dysfunction,31 but did not evalu-
ate endothelial function itself, for example, by measure-
ment of flow-dependent vasodilation of brachial artery
using an ultrasound technique.32

ADMA is widely distributed in tissues13 and may be the
mechanism for controlling NO synthesis in physiological
and/or pathological states. We have demonstrated that the
ACE activity may be involved in the elevation of serum
ADMA in NIDDM and our results suggest that the vascu-
loprotective actions of ACE inhibitors can be explained 
at least in part by the amelioration of endothelial injury
(dysfunction) through the decreased serum ADMA concen-
tration.
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