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Abstract Increased blood concentrations of the endoge-
nous nitric oxide synthase (NOS) inhibitor asymmetric
dimethylarginine (ADMA) can be found in patients with
cardiovascular risk factors such as age, hypertension,
diabetes, insulin resistance, hypercholesterolemia, hyper-
triglyceridemia, chronic kidney disease, and hyperho-
mocystinemia. ADMA has been shown to be a strong
and independent predictor of cardiovascular and overall
mortality in selected patient populations. Furthermore, in
patients with chronic kidney disease, it is a strong and
independent risk marker for decrease of renal function,
progression to end-stage renal disease, and mortality.
Infusion of exogenous ADMA in humans helped to elu-
cidate its role in the pathogenesis of endothelial dys-
function. Pathophysiologically relevant concentrations of
ADMA have been shown to decrease heart rate and car-
diac output and to increase systemic vascular resistance
and pulmonary vascular resistance. ADMA decreases ef-
fective renal plasma flow and increases renovascular
resistance in a dose-related manner. Moreover, adminis-
tration of ADMA causes significant sodium retention and
blood pressure increase. These studies also revealed that
ADMA is less potent than the synthetic NOS inhibitor
NG-nitro-L-arginine methyl ester (L-NAME) and behaves
differently in respect to onset of action, which can be ex-
plained by the different routes of elimination as well as
different cellular transport mechanisms. Collectively these

results document that ADMA has well-defined effects
on cardiovascular and renal function in healthy subjects.
It is therefore conceivable that ADMA causes sustained
changes in vascular function through an intracellular ac-
tion in endothelial cells at blood concentrations found in
patients with cardiovascular pathology.
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Asymmetric dimethylarginine (ADMA)—a novel marker
for cardiovascular disease

Dimethylarginines had been known to biochemists for
decades [1, 2]. The medical community however started
to gain interest in these substances, especially in the en-
dogenous inhibitor of nitric oxide synthase, asymmetric
dimethylarginine (ADMA), as late as 1992. In that year
Vallance and coworkers published their landmark paper on
the elevation of dimethylarginines in patients with end-
stage renal disease [3]. They speculated that impaired NO
synthesis due to accumulation of ADMA might contribute
to the hypertension and immune dysfunction associated
with chronic renal failure. Since then more than 350 pub-
lications on ADMA have been published. Elevated cir-
culating ADMA levels in patients with end-stage renal
disease were confirmed by many authors, although the
absolute levels of ADMA differ up to one order of mag-
nitude [4–8]. Early on it had been speculated that decreased
renal function might not be the sole mechanism for the
elevation of ADMA in this patient population, since he-
modialysis patients with manifest atherosclerosis had
higher ADMA plasma levels than hemodialysis patients
without clinically manifest atherosclerosis [5]. Many
studies showed this to be true. ADMA correlates with tra-
ditional and nontraditional risk factors for atherosclerosis
such as hypertension [9, 10], age, mean arterial pressure and
glucose tolerance [10], hypercholesterolemia [11], hyper-
homocysteinemia [12–14], increased salt intake [15–17],
insulin resistance [18], and plasma catecholamines [19].
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ADMA also correlates with carotid intima media thickness
[10, 20], an established marker for the severity of athero-
sclerosis. Furthermore, elevated ADMA levels were found
in patients with heart failure [21, 22] and in women with
preeclampsia [23–25]. In senescent individuals ADMA
seems to be involved in the decrease of renal perfusion and
increase of blood pressure [9]. Also, prospective studies
showed that ADMA is a strong and independent predictor
of cardiovascular events and mortality in patients with end-
stage renal disease [8], and that ADMA predicts acute
coronary events in middle-aged nonsmoking men [26] and
mortality in patients with idiopathic pulmonary arterial
hypertension [27].

Pathophysiological importance of ADMA

Data from several experimental studies suggest that ADMA
concentrations in a pathophysiological range (3–10 μmol/l)
significantly inhibit vascular NO production [28–30].
ADMA given to rings of human middle cerebral artery at
concentrations of 10–300 μmol/l cause concentration- and
endothelium-dependent contraction [31].

Despite numerous studies showing correlation between
ADMA plasma levels and grade of disease and the data
from in vitro studies, the possible role of ADMA in car-
diovascular disease is discussed controversially [32]. One
reason for this was the considerable variation in ADMA
levels between laboratories which may be partly due to dif-
ferent analytical methods [32]. The ADMA levels measured
in plasma are in some cases lower than the concentrations
that are high enough to inhibit NO synthesis in experi-
mental model systems, i.e., 3–10 μmol/l. The main reason,
to question the role of ADMA, was the limited evidence
supporting the pathophysiological role of ADMA in vivo.

In vivo evidence for the pathophysiological role of ADMA

Animal studies

Until today there are only five published studies on the
acute effects of ADMA in animals (Table 1). Vallance et al.
[3] described the effect of an ADMA infusion (3 mg/kg
per h) to guinea pigs that led to an increase in systolic blood
pressure by 15%. A bolus of ADMA (3–30 mg/kg) led to a
dose-dependent increase in mean arterial blood pressure of
up to 53 mmHg [3]. This dose-dependent pressor and bra-
dycardiac effects of ADMA (1–100 mg/kg) in rats was
confirmed by Gardiner and coworkers who showed renal,
mesenteric, and hindquarter vasoconstrictions by ADMA
[33]. Topical application of 10 and 100 μmol ADMA
through cranial windows in anesthetized rats constricted the
basilar artery by 9±2 and 19±1%, respectively [34]. In
contrast to intravenous injection of ADMA that caused dose-
dependent increases in mean arterial blood pressure, in-
tracerebroventricular (i.c.v.) injection of ADMA decreased
mean arterial blood pressure (by 39±6 mmHg) and heart
rate (by 50±8 bpm) [35]. Investigating the diameter of
rat mesenteric arterioles by intravital microscopy, ADMA
(100 μmol/l) caused a maximal constriction to 68% of
baseline diameter and a decrease in blood flow by 44% [36].
A recent study investigated the long-term effects of sub-
cutaneous ADMA infusion (20, 40, and 60 mg/kg per day)
for 4 weeks in mice [37]. In wild-type mice, long-term treat-
ment with ADMA caused significant coronary microvas-
cular lesions. Importantly, in endothelial NOS (eNOS)
knockout mice, treatment with ADMA also caused coro-
nary microvascular lesions the extent of which was com-
parable to that in wild-type mice. These vascular effects of
ADMA in this model could not be prevented by supple-
mentation of L-arginine. Compelling evidence for the impor-

Table 1 Summary of in vivo studies in animals on ADMA application and its effects

Author/reference Animal Application Dose Plasma
concentration

Effect

Vallance et al. [3] Guinea pigs
(n=3)

i.v. infusion 3 mg/kg/h 9.8 μmol/l Increase in systol. BPa by 15%

Vallance et al. [3] Guinea pigs
(n=3)

i.v. bolus 3–30 mg/kg Not reported Increase in BP by up to 53 mmHg

Gardiner et al. [33] Rats (n=8) i.v. bolus 1–100 mg/kg Not reported Dose-dependent increase in BP and
fall in heart rate

Jin and D’Alecy [35] Rats (n=10) i.c.v. 1 mg Not applicable Decrease in mean arterial BP by 39
mmHg decrease in heart rate by 50 bpm

Jin and D’Alecy [35] Rats (n=10) i.v. 0.5–10 mg/kg Increase in mean arterial BP by 37 mmHg
White et al. [36] Rats (n=6) Topical

application
100 μmol/l Not applicable Constriction of mesenteric arterioles

by 32% and decrease in blood flow
by 44% BP, blood pressure

Faraci et al. [34] Rats (n=8) Topical
application

10 and 100
μmol/l

Not applicable Constriction of basilar by 9 and 19%,
respectively

Faraci et al. [34] Rabbits
(n=10)

Topical
application

300 μmol/l Not applicable Decrease in baseline diameter of
cerebral arterioles by 11%

aAt the end of the infusion



tance of ADMA comes from a transgenic mouse model in
which the activity of dimethylarginine dimethylaminohy-
drolase (DDAH), i.e., the enzyme that metabolizes approx-
imately 80% of the endogenously produced ADMA, is
increased and leads to a decrease in plasma ADMA levels
by 50%. The reduction in plasma ADMA levels is asso-
ciated with a significant increase in NOS activity, as plasma
and urinary nitrate levels are increased twofold. The in-
crease in NOS activity translates into a 15-mmHg reduction
in systolic blood pressure in the transgenic mouse [38].

Infusion of ADMA in men

Part of the pioneer work by Vallance et al. [3] was a small
study on the effect of local i.a. ADMA infusion on the
forearm arteriolar bed of healthy volunteers (see Table 2).
The i.a. application of 8 μmol ADMA into the brachial
artery caused a decrease of forearm blood flow by 28±8%
[3]. This was confirmed by Calver et al. [39] who showed
that i.a. application of 8 μmol and 16 μmol of ADMA into
the brachial artery led to a decrease of forearm blood flow
by 29±2% and 44±3%, respectively.

Controlled trials examining effects of ADMA on dif-
ferent vascular beds at pathophysiologically relevant plas-
ma levels in humans had not been reported for a long time.
The first study on the effect of systemic ADMA infusion in
men was published in 2001. Unexpectedly, low doses of
ADMA (i.e., 0.5 and 1.0 mg/kg per min) had no effects

on blood pressure or renal perfusion [40]. Therefore, we
performed a dose-response study by infusing ADMA intra-
venously in escalating doses to healthy subjects and
measured plasma concentrations as well as the effects on
NO production and renal hemodynamics. We chose this
experimental setting because the human (postglomerular)
renal circulation is very sensitive to NOS inhibition and can
be easily assessed with accurate invasive clearance tech-
niques. Acute increases of plasma ADMA levels within the
pathophysiologically relevant range, i.e., between 2 and
10 μmol/l, were achieved with ADMA doses of 0.5 and
1.0 mg/kg, with which a significant decrease in plasma
cGMP concentrations was observed. A significant effect on
effective renal plasma flow (ERPF) was documented with
infusion of an ADMA dose of at least 3 mg/kg, whereas the
glomerular filtration rate (GFR) remained unaffected [41].
In another study we investigated the effect of ADMA on
systemic cardiovascular parameters, e.g., cardiac output
and systemic vascular resistance, by placing a right heart
catheter in healthy volunteers [41]. Infusion of ADMA to
seven healthy subjects caused a significant and sustained
decrease in cardiac output and a significant increase in
systemic vascular resistance (SVR). In agreement with the
response in the renal circulation, we observed an immediate
effect of ADMA on systemic cardiovascular parameters.
Interestingly, the action of ADMA lasted until 2 h after the
end of the ADMA infusion. In addition, we observed a
significant decrease in heart rate during ADMA infusion
from 58±7 to 54±6 bpm; at the end of the postinfusion

Table 2 Summary of in vivo studies in human on systemic ADMA application and its effects

Author/reference Subjects
(n)

Application Dose Plasma
concentration

Effect

Vallance et al. [3] 5 i.a. bolus 8 μmol Not reported Decrease in forearm blood flow by 28%
Calver et al. [39] 6 i.a. 8 μmol Not reported Decrease in forearm blood flow by 29%

16 μmol Not reported Decrease in forearm blood flow by 44%
Kielstein et al. [41] 6 i.v. infusion

over 40 min
0.5 mg/kg 4.2 μmol/la Dose-dependent decrease in plasma cGMP

of up to 36%
1.0 mg/kg 8.1 μmol/l Dose-dependent decrease in effective renal

plasma flow of up to 11%1.5 mg/kg 11.8 μmol/l
3.0 mg/kg 15.7 μmol/l
6.0 mg/kg 32.9 μmol/l
10.0 mg/kg 42.1 μmol/l

7 i.v. infusion
over 40 min

4.0 mg/kg 23.0 μmol/la Decrease in cardiac output by 14%, increase
in systemic vascular resistance by 11%

Achan et al. [42] 6 i.v. 3.0 mg/kg 2.6 μmol/lb Decrease in heart rate by 9%
Decrease in cardiac output by 15%
Increase in mean arterial blood pressure by 6%
Increase in systemic vascular resistance by 24%

Kielstein et al. [43] 12 i.v. infusion
over 40 min

0.8 mg/kg Not reported Decrease in cGMP by 30%
Decrease in effective renal plasma flow by 10%
Increase in filtration fraction by 17%
Decrease in urinary sodium excretion by 16%

Kielstein et al. [27] 7 i.v. infusion
over 40 min

0.1 mg/kg Not reported Increase in pulmonary vascular resistance by 38 %

aAt the end of the infusion
bThirty minutes after injection



period mean heart rate was 56±8 bpm. Mean plasma
ADMA concentration increased from 0.95±0.27 at baseline
to 22.95±4.91 μmol/l at the end of the infusion period. Two
hours after the end of the ADMA infusion, ADMA plasma
concentration was 5.31±1.43 μmol/l, which is within the
pathophysiologically relevant range.

In general, these data are in accordance with data ob-
tained with noninvasive techniques, i.e., bioimpedance car-
diography [42]. In that study Achan and coworkers showed
that a bolus of ADMA (3 mg/kg) reduced heart rate by 9.2±
1.4% and cardiac output by 14.8±1.2%. ADMA also
increased mean blood pressure by 6.0±1.2% and SVR by
23.7±2.1%. Interestingly, in the study by Achan et al. [42]
the effect of ADMAon heart rate and cardiac output was not
detectable 1 h after the bolus, in contrast to the data we
obtained [41]. In the study byAchan et al. [42] it was shown
that handgrip exercise increased cardiac output in control
subjects by 96%, but in subjects given ADMA cardiac
output increased by only 35%. ADMA plasma level 30 min
after the infusion was 2.6 μmol/l, with baseline value not
being provided [42].

Recently, we found that acute systemic administration of
a subpressor dose of ADMA in healthy subjects reduced
NO generation, renal perfusion, and sodium excretion
without affecting the renin-angiotensin system and sympa-
thetic activity [43]. The absence of changes in blood pres-
sure and in cardiovascular hormones points to a direct effect
of ADMAon renal function. Eventually, ADMA infusion in
healthy volunteers increased pulmonary vascular resistance
(68.9±7.6 versus 95.6±6.3 dyne · s · cm–5; P<0.05) and
decreased stroke volume (101.1±6.7 versus 95.6±6.3 ml;
P<0.05) as measured by right heart catheterization [27].

The results obtained in a series of controlled clinical
studies document that systemic administration of ADMA
has definite effects on cardiovascular and renal function in
healthy subjects. It is, therefore, conceivable that ADMA
causes sustained changes in vascular function through an
intracellular action in endothelial cells at blood concentra-
tions found in patients with cardiovascular pathology.

ADMA and exogenous inhibitors of NO synthase

What is the rationale for infusing the endogenous NO
synthase inhibitor ADMA?

First of all the pathophysiological importance of ADMA
had to be proved at pathophysiologically relevant levels,
i.e., at concentrations measured in selected patient popula-
tions with the same method in the same laboratory as the
blood levels from the infusion studies, with ADMA plasma
levels, however, not necessarily representing the intracel-
lular level. In addition, the effect of ADMA has to be com-
pared with that of synthetic inhibitors of NO synthase such
as NG-nitro-L-arginine methyl ester (L-NAME). Unlike
ADMA, L-NAME is a prodrug and first has to be meta-
bolized to its active form, i.e., NG-nitro-L-arginine [44].
Furthermore, ADMA competes with L-arginine for trans-
port by the inducible human cationic amino acid transporter

(hCAT-2B), whereas the transport of L-NAME does not
depend on this transporter [45]. Recently, it has been shown
that L-NAME is a weak inhibitor of L-arginine transport
into platelets as compared with ADMA [46]. Due to these
obvious differences we compared the infusion of L-NAME
(120 μg/kg) and ADMA (10 mg/kg) in a double-blind,
placebo-controlled study. Both substances caused a com-
parable decrease in ERPF and a significant increase in
filtration fraction and renovascular resistance (RVR) [41].
Hence, on amolar basis L-NAME is by a factor of almost 80
more effective in inhibiting NOS than ADMA in vivo in
humans. Another difference between ADMA and L-NAME
is that the effect of ADMA on ERPF and RVR is observed
immediately after the start of the infusion, whereas the ef-
fect of L-NAME occurs later, pointing to immediate NOS
inhibition by ADMA. On the other hand, ADMA has, like
L-NAME, a long duration of action. Two hours after dis-
continuation of the infusion mean ADMA blood concen-
tration was below 10 μmol/l. Plasma cGMP concentration
decreased significantly on administration of both NOS in-
hibitors, and was still 30% below baseline values 2 h after
the infusion stopped. This is in accordance with the rela-
tively long ADMA plasma half-life of several minutes as
calculated from plasma decay curves in healthy subjects
(see below).

Elimination kinetics of ADMA from the circulation

The elimination half-life of ADMA was determined in
healthy humans. The study protocol was approved by the
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Fig. 1 Application of the integral method to analyze the elimination
kinetics and to determine the plasma half-life of ADMA in healthy
humans (n=6) who received i.v. infusion of ADMA (1.5 mg/kg over
40 min). Data were taken from the study by Kielstein et al. [41] and
are shown as mean±standard deviation. The finding that plotting of
1/C versus time yields a straight line suggests that ADMA follows an
elimination kinetics of second order with respect to ADMA plasma
concentration. The y-axis intercept provides the mean initial ADMA
concentration (Co) which prevails after the stop of the infusion, i.e.,
11.1 μmol/l. The slope of the straight line provides the mean reaction
rate k which is determined to be 0.006 l/μmol×min. From these data
the mean elimination half-life t1/2 [t1/2=1/(Co×k)] of ADMA is cal-
culated to be 15 min. Separate analysis of the data obtained from each
volunteer offers values of 0.0069±0.0024 l/μmol×min for k and
16.3±6.4 min for t1/2



Ethics Committee of the HannoverMedical School.Written
informed consent was given by all participants, who were
healthy nonsmoking male volunteers. During the study, all
participants adhered to an isocaloric standardized diet. After
a 40-min infusion of 0.025 mg ADMA/kg per min (n=6)
blood samples for measurement of ADMA plasma levels
were taken at 2, 4, 6, 8, 10, 15, 20, 30, 40, 50, and 60 min
after discontinuation of the infusion. The elimination half-
life of ADMA was determined by analyzing the plasma
concentration-time profile of all subjects by the integral
method. Plotting of the reciprocal ADMA concentration,
i.e., 1/C, versus time yielded a straight line (Fig. 1), sug-
gesting that the decay of ADMA concentration in plasma
follows a second-order kinetics. Mean plasma ADMA half-
life was calculated to be 15 min (Fig. 1). Presumably, the
plasma half-life of ADMA is longer in conditions such as in
hypercholesterolemia and diabetes mellitus [18, 47], in
which the main pathway of ADMA degradation, i.e., the
hydrolysis of ADMA to L-citrulline and dimethylamine by
DDAH, may be impaired.

Conclusion

Systemic infusion of ADMA in animals and inmen yielding
pathophysiologically relevant ADMAblood concentrations
causes a significant and sustained decrease in cardiac
output, while increasing systemic vascular resistance and
blood pressure. ADMA infusion also decreases effective
renal plasma flow in a dose-related manner. Thus, chroni-
cally elevated ADMA blood levels may contribute to pro-
gression of vascular disease via endothelial damage. This
effect seems to involve more than just reduced NO avail-
ability secondary to NOS inhibition.
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