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Abstract
Peripheral arterial disease (PAD) is associated with major cardiovascular morbidity and mortality. Abnormalities in nitric 
oxide metabolism due to excess of the NO synthase inhibitor asymmetric dimethylarginine (ADMA) may be pathogenic 
in PAD. We explored the association between ADMA levels and markers of atherosclerosis, function, and prognosis. 
A total of 133 patients with symptomatic PAD were enrolled. Ankle–brachial index (ABI), walking time, vascular func-
tion measures (arterial compliance and flow-mediated vasodilatation) and plasma ADMA level were assessed for each 
patient at baseline. ADMA correlated inversely with ABI (r = –0.238, p = 0.003) and walking time (r = –0.255, p = 0.001), 
independent of other vascular risk factors. We followed up 125 (94%) of our 133 initial subjects with baseline measure-
ments (mean 35 months). Subjects with ADMA levels in the highest quartile (> 0.84 μmol/l) showed a significantly greater 
occurrence of a major adverse cardiovascular event (MACE) compared to those with ADMA levels in the lower three 
quartiles (p = 0.001). Cox proportional-hazards regression analysis revealed that ADMA was a significant predictor of 
MACE, independent of other risk factors including age, sex, blood pressure, smoking history, diabetes and ABI (hazard 
ratio = 5.1, p < 0.001). Measures of vascular function, such as compliance, flow-mediated vasodilatation (FMVD) and blood 
pressure, as well as markers of PAD severity, including ABI and walking time, were not predictive. In conclusion, circulat-
ing levels of ADMA correlate independently with measures of disease severity and major adverse cardiovascular events. 
Agents that target this pathway may be useful for this patient population. Clinical Trial Registration – URL: http://
www.clinicaltrials.gov. Unique identifier: NCT00284076
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Introduction
Peripheral arterial disease (PAD) of the lower extremities 
affects 8 to 12 million individuals in the United States.1,2 PAD 
is an arterial occlusive disease that is typically secondary to 
atherosclerosis. Atherosclerosis begins with a loss of endothe-
lial homeostasis, and persistent endothelial dysfunction con-
tributes to the progression of vascular disease. Endothelial 
dysfunction is reflected by a reduction in bioactive endothe-
lium-derived nitric oxide (NO).3,4 By virtue of its ability to 
suppress platelet adhesion, immune cell infiltration and vas-
cular smooth muscle proliferation, endothelial NO is vaso-
protective.5–8 Individuals with an impairment of this pathway 
are at increased risk of adverse cardiovascular events.9,10 
Endothelial vasodilator dysfunction, as assessed by brachial 
artery flow-mediated dilation in PAD patients referred for 
vascular surgery, is an independent predictor of cardiovascu-
lar events.11 One cause of this endothelial dysfunction may be 
an elevation in plasma levels of the endogenous inhibitor 
of NO synthase, asymmetric dimethylarginine (ADMA).12 

Endogenous ADMA is derived largely from the degradation 
of proteins containing methylated arginine residues. 
Approximately 20% of ADMA is cleared by the kidney, 
whereas the remainder is metabolized by the enzyme dimeth-
ylarginine dimethylaminohydrolase (DDAH). Accordingly, 
in mice overexpressing DDAH, plasma ADMA levels are 
reduced, NO synthesis is enhanced, and vascular resistance is 
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reduced.13 Notably, these animals have enhanced endothelial 
regeneration and resistance to vascular lesion formation.14,15 
By contrast, in DDAH deficient mice, plasma ADMA levels 
are increased, NO synthesis is reduced, and vascular resis-
tance is increased.16 These studies indicate that by suppress-
ing NO synthesis, increased plasma ADMA levels may 
increase the susceptibility to vascular disease. An intriguing 
link between cardiovascular risk factors and endothelial dys-
function is suggested by evidence that elevated levels of glu-
cose, homocysteine, or oxidized low-density lipoprotein 
(LDL)-cholesterol impair endothelial DDAH activity and 
thereby increase ADMA levels.17–19

Plasma levels of ADMA are increased in individuals with 
cardiovascular risk factors.18,20 Because of the link between 
plasma ADMA, vascular function and cardiovascular disease, 
we hypothesized that elevated plasma ADMA levels may 
adversely affect vascular patency and function, functional 
capacity and/or event-free survival in patients with PAD.

Methods
Subjects
A total of 133 patients with symptomatic PAD were enrolled 
as part of the Nitric Oxide in Peripheral Arterial Insufficiency 
(NO-PAIN) study.21 In the NO-PAIN study, subjects were 
recruited by advertisements targeting individuals with leg 
pain that limited their ability to walk.21 After informed
consent, subjects underwent a physical examination, and 
ankle and brachial systolic blood pressure measurements. 
Venipuncture was performed in a fasting state, and serum 
and plasma samples were stored at –75°C.

Exercise treadmill testing (ETT) employed the Skinner–
Gardner protocol.22 The baseline values for initial claudication 
distance (ICD) and absolute claudication distance (ACD) were 
the average of values obtained from two consecutive treadmill 
tests. Subjects underwent two to four ETTs in the run-in period 
to obtain two consecutive ETTs where the lower of the two 
ACD values was within 25% of the higher value. Subjects 
with persistent variability in ACD greater than the acceptable 
range were excluded after four ETTs. Other exclusion criteria 
are as published previously.21 The NO-PAIN study was funded 
by the National Heart, Lung and Blood Institute (NHLBI) and 
approved and monitored by the Stanford University Committee 
for the Protection of Human Subjects.

Ankle–brachial index (ABI)
ABI is defined as the ratio of systolic blood pressure (SBP) at 
the ankle to that in the brachial artery, and an ABI < 0.90 is an 
established criterion for PAD.23 The limb pressures were 
obtained using a hand-held Doppler and blood pressure cuff 
as previously described and the ABI was calculated for each 
leg by dividing the highest ankle SBP (posterior tibial or dor-
salis pedis) by the higher of the two brachial pressures.24

Exercise performance and walking ability
Subjects performed an ETT using the Skinner–Gardner 
protocol, which consists of a graded workload with a 
constant speed of 2 mph (3.2 km/h) and an increase in grade 

of 2% every 2 minutes.15 During the ETT, standardized
verbal encouragement was given, and all subjects were 
continuously monitored for hemodynamic responses to 
exercise (heart rate, rhythm and blood pressure).

Initial claudication distance (ICD) was measured as the 
distance in meters walked on the ETT at the onset of claudi-
cation, regardless of whether this was manifested as muscle 
pain, ache, cramps, numbness or fatigue. The peak walking 
time (PWT) for this study was defined as the time walked on 
the ETT before having to stop due to claudication.

Vascular function
Vascular function was assessed by measurement of vascu-
lar compliance and flow-mediated vasodilatation (FMVD). 
These studies were carried out with the subject in a supine 
position in a quiet room with low illumination. All studies 
were conducted in the morning, after a 12-hour fast and 
with medications withheld for 12 hours. Additionally, all 
participants were placed on a low nitrate diet for 24 hours 
preceding the endothelial function tests.

Vascular compliance was measured as previously 
described25 using the HDI Cardiovascular Profilor® (model 
DO 2020; Hypertension Diagnostics, Inc., Minneapolis, MN, 
USA), which combines non-invasive pulse waveform com-
pliance. A modified Windkessel formula is used to determine 
capacitive compliance (C1), which reflects a large vessel (i.e. 
proximal aorta and major branches) compliance, and oscilla-
tory compliance (C2), which is a measure of small vessel (i.e. 
distal arteries) compliance that can be used as a marker of 
endothelial function. The results are expressed in ml/mmHg 
× 10 (C1) and ml/mmHg × 100 (C2). C2 has been shown to 
correlate moderately with FMVD in patients with type 2 dia-
betes and healthy controls.26 FMVD of the brachial artery 
was measured using a Siemens Acuson Sequoia C256 high-
resolution ultrasound machine (Siemens Medical Solutions 
USA, Inc., Malvern, PA, USA) using a 14 mHz probe and 
established techniques.8 The diameter of the brachial artery 
was assessed at rest and after reactive hyperemia. A blood 
pressure cuff was placed on the forearm below the transducer 
and inflated to a pressure of 50 mmHg above the patient’s 
systolic pressure for a period of 5 minutes. Measurements of 
brachial artery diameter were performed 30, 45 and 60 sec-
onds after cuff deflation. Prior studies have shown that the 
peak blood flow occurs within 60 seconds after cuff defla-
tion.27 Arterial diameter was measured using electronic cali-
pers. FMVD is expressed as a percentage change in vessel 
diameter from rest to post-reactive hyperemia.

Laboratory studies
Prior to testing, patients ingested a low-nitrate diet for 24 
hours and fasted overnight. They were also given low-nitrate 
water to consume for 12 hours before blood and urine sam-
ples were collected for safety laboratory studies, urinary and 
plasma nitrogen oxide levels, amino acid analysis and plasma 
ADMA levels. Venous blood was collected into EDTA-
coated tubes on ice. The samples were centrifuged imme
diately and stored at –80°C. Nitrogen oxide measurements 
were performed by Greiss reaction using a colorimetric 
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assay;28 plasma arginine, ornithine and citrulline were mea-
sured using an amino acid analyzer; and plasma ADMA was 
measured by immunoassay.29

Follow-up
Using a standardized questionnaire, two trained interview-
ers conducted follow-up telephone interviews on the sub-
jects. The patients were reminded of the time of their 
baseline measurements and asked when they were hospital-
ized for the following events since that time: heart attack, 
stroke, heart surgery, balloon angioplasty or stenting. If 
subjects had died, their next of kin was contacted to obtain 
the date of death. Major adverse cardiovascular event 
(MACE) was predefined as one of the following: myocar-
dial infarction; stroke; coronary, cerebral, or peripheral 
revascularization procedure; and all-cause mortality.

Statistical considerations
Data was examined for normality of distribution, and log 
transformation and/or non-parametric tests were used where 
appropriate. ADMA levels were skewed and so log trans-
formed. The levels are reported as median and interquartile 

range. Outcome from subject recruitment to the end of the 
study was then compared between subjects with the highest 
quartile of ADMA versus the lower three quartiles of plasma 
ADMA. Censoring was defined by time to MACE or time to 
death. The proportional hazards assumption was tested as 
part of the analysis. Correlations between variables were 
assessed on transformed data and multivariate regression 
was used for assessments of independence of correlations. 
Multivariate models were predefined and variables such as 
cardiovascular disease risk factors which are known or sus-
pected to be associated with changes in ABI, walking time 
and/or MACE were included in models. Predefined vari-
ables for the analysis included ADMA level, age, sex, blood 
pressure, renal function, smoking history, diabetes and ABI. 
A p-value of < 0.05 was taken to indicate statistical signifi-
cance. Cox regression was performed on the patient cohort. 
Data were analyzed using SPSS software. Glomerular filtra-
tion rate (GFR) was estimated by the Modification of Diet in 
Renal Disease (MDRD) study method.30

Results
Subject demographics, medications and biochemistry are 
shown in Tables 1 and 2. The median level of ADMA in this 

Table 1.  Subject demographics and medications

ADMA quartile

< 0.68 µmol/l 0.68–0.78 µmol/l 0.78–0.84 µmol/l > 0.84 µmol/l p-value

Age (years) 71 ± 7 73 ± 9 74 ± 7 72 ± 10 0.68
Sex (% male) 72 73 84 76 0.64
Any smoking (%) 81 94 78 76 0.22
Hypertension (%) 62 73 59 67 0.70
Diabetes (%) 34 24 22 33 0.60
Coronary artery disease (%) 31 55 41 39 0.35
Hyperlipidemia (%) 88 76 66 73 0.24

Medication
Angiotensin converting 

enzyme inhibitor / ARB
40 53 50 57 0.93

Beta blocker 38 42 41 55 0.14
HMG CoA reductase inhibitor 66 64 62 67 0.99
Antiplatelet agent 66 70 50 48 0.20

ADMA, asymmetric dimethylarginine; ARB, angiotensin receptor blocker.

Table 2.  Biochemistry

ADMA quartile

< 0.68 µmol/l 0.68–0.78 µmol/l 0.78–0.84 µmol/l > 0.84 µmol/l p-value

Total cholesterol (mg/dl) 182.4 ± 54.9 188.3 ± 43.7 182.2 ± 39.2 177.7 ± 36.3 0.82
LDL-cholesterol (mg/dl) 101.9 ± 44.8 98.3 ± 28.2 104.9 ± 34.7 102.2 ± 33.2 0.91
HDL-cholesterol (mg/dl) 47.9 ± 11.1 53.9 ± 22.5 47.4 ± 10.7 48.5 ± 15.7 0.32
Triglycerides(mg/dl) 169.3 ± 140.3 180.5 ± 167.4 165.5 ± 119.4 135.1 ± 76.3 0.54
Insulin (IU/ml) 10.5 ± 4.6 12.4 ± 7.9 15.7 ± 12.8 21.2 ± 37.3 0.18
Glucose (mg/dl) 122.4 ± 48.8 124.7 ± 59.9 103.2 ± 22.4 109.2 ± 26.6 0.13
Serum creatinine (mg/dl) 1.2 ± 0.5 1.1 ± 0.3 1.2 ± 0.3 1.4 ± 0.5 0.10

ADMA, asymmetric dimethylarginine; LDL, low density lipoprotein; HDL, high density lipoprotein.
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cohort was 0.78 µmol/l and the interquartile range was 
0.68–0.84. Risk factor modifying therapies are not opti-
mally employed in patients with PAD31,32 and this is true of 
the subjects at the time of entry into this study. Consistent 
with their advanced vascular disease, subjects manifested 
severe endothelial vasodilator dysfunction as assessed by 
FMVD (Table 3). One-third of subjects showed no flow-
mediated vasodilation or even a paradoxical vasocontriction. 

Subjects had elevated pulse pressure and reduced C2 (oscil-
latory arterial compliance), each of which indicate reduced 
arterial compliance.

Plasma ADMA levels correlated inversely with ABI 
(r = –0.238, p =0.003; Figure 1) and with PWT (r = –0.255, 
p = 0.001). These relationships were independent of other 
vascular risk factors in a multivariate model (Table 4); 
however, the relationship with PWT was attenuated by 
including ABI in the model. Other significant correlates of 
reduced ABI included current or any history of smoking 
and elevated pulse pressure, while correlates of reduced 
PWT included age, high fasting glucose and current or any 
smoking history. In terms of other vascular function mea-
sures, C2 related weakly to ADMA (r = –0.166, p = 0.041) 
by univariate correlation, while FMVD did not show any 
association with ADMA in this study (r = 0.023, p = 0.780).

We obtained follow-up on 125 (94%) of 133 subjects 
who underwent the baseline measurements, with a mean 
follow-up duration of 35 months. At least one MACE was 
incurred by 49 (39%) of 125 patients during the follow-up 
period. Subjects with ADMA levels in the highest quartile 
(> 0.84 μmol/l) showed significantly greater occurrence of 
MACE compared to those with ADMA levels in the lower 
three quartiles (Figure 2; p = 0.001). The hazard ratio for 

Table 3. Vascular function measures and ADMA

ADMA quartile

< 0.68 µmol/l 0.68–0.78 µmol/l 0.78–0.84 µmol/l > 0.84 µmol/l p-value

FMD (%) 3.2 ± 6.3 3.8 ± 5.0 2.5 ± 5.9 4.0 ± 7.5 0.79
C2 (ml/mmHg × 100) 3.2 ± 1.8 3.1 ± 1.6 3.2 ± 1.5 3.0 ± 1.8 0.98
ABI 0.55 ± 0.19 0.59 ± 0.16 0.60 ± 0.19 0.56 ± 0.21 0.68
PWT (sec) 363.3 ± 160.8 328.6 ± 149.1 335.2 ± 179.2 319.5 ± 158.1 0.72
SBP (mmHg) 155.8 ± 22.7 155.1 ± 20.9 142.6 ± 20.1 151.0 ± 20.6 0.06
DBP (mmHg) 78.0 ± 10.2 79.3 ± 12.6 75.2 ± 10.8 75.6 ± 10.0 0.39

ADMA, asymmetric dimethylarginine; FMD, flow-mediated dilatation; C2, oscillatory compliance; ABI, ankle–brachial index; PWT, peak walking time; 
SBP, systolic blood pressure; DBP, diastolic blood pressure.

Figure 1.  Relationship between plasma ADMA and ankle–
brachial index.

Table 4.  Multivariate correlates of ankle–brachial index

Coefficient SE coefficient p-value

Age (years) -0.001956 0.003183 0.540
Sex -0.0003726 0.0006859 0.588
Current smoking -0.0026891 0.0008483 0.002
Ever smoked -0.0023992 0.0006396 < 0.001
Diabetes -0.0006783 0.0007614 0.375
Glucose (mg/dl) -0.12721 0.09324 0.175
LDL-cholesterol (mg/dl) 0.0009141 0.0006242 0.145
Log ADMA -0.7928 0.2750 0.005
HDL-cholesterol (mg/dl) -0.09303 0.09508 0.330
Triglycerides (mg/dl) -0.2774 0.1866 0.139
Glomerular filtration rate (ml/min/1.73 m2) -0.000187 0.001120 0.868
Pulse pressure (mmHg) -0.003785 0.001131 0.001

Significant values bolded.
SE, standard error; LDL, low-density lipoprotein; ADMA, asymmetric dimethylarginine; HDL, high-density lipoprotein.
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incidence of MACE for those with elevated ADMA in the 
highest quartile was 5.1 (95% confidence interval 2.1–12.1, 
p < 0.001) (Table 5). There was no significant difference in 
terms of predicting outcome between the lower three quar-
tiles of ADMA level. Cox proportional-hazards regression 
analysis revealed that ADMA was a significant predictor of 
death, independent of other risk factors including age, sex, 
blood pressure, smoking history, diabetes and ABI (p = 
0.001) (Table 6). In contrast, measures of vascular function 
such as FMVD, C2 and blood pressure as well as markers 
of PAD severity (ABI and PWT) were not predictive of 
subsequent cardiovascular events or death when cardiovas-
cular risk factors and ADMA were included in the model 
(data not shown).

Discussion
In a cohort of subjects with symptomatic PAD and a high 
cardiovascular risk factor burden, we find that plasma 
ADMA is an independent prognosticator of major adverse 
cardiovascular events. In this high-risk population, plasma 
ADMA is a better predictor than the traditional cardiovas-
cular risk factors, other measures of vascular function or 
PAD severity. Plasma ADMA level also correlates with the 
degree of arterial disease, as measured by ABI, and with 

exercise capacity, as measured by PWT. Our study con-
firms and extends previous work suggesting that ADMA 
influences vascular function and the progression of vascu-
lar disease in humans.

Evidence that ADMA influences vascular reactivity and disease.  
In animals overexpressing DDAH, plasma ADMA levels may 
be reduced by 0.4–1.0 μM. These small changes in plasma 
ADMA levels are vasoprotective, and are associated with a 
substantive increase in NO synthesis, improved endothelial 
regeneration, and resistance to vascular lesion formation.13–15 
Increased plasma levels of ADMA appear to suppress NO 
synthesis, and impair vascular functions. In healthy humans, 
ADMA infusion causes increased arterial stiffness, reduced 
cerebral blood flow, increased systemic vascular resistance 
and reduced renal blood flow.33,34 In healthy subjects with 
cardiovascular risk factors, plasma ADMA is elevated and 
correlates with endothelial vasodilator dysfunction.18,20 These 
studies suggest that plasma ADMA may mediate the 
endothelial vasodilator dysfunction induced by cardiovascular 
risk factors. Indeed, administration of methionine to healthy 
young subjects increases plasma homocysteine levels, which 
is associated with an increase in plasma ADMA and a decline 
in flow-mediated vasodilation. Finally, plasma ADMA levels 
are elevated in a spectrum of disease states characterized by 
impaired vascular reactivity, such as pre-eclampsia and 
idiopathic pulmonary hypertension.35,36 These findings are 
consistent with the effect of ADMA to inhibit synthesis of the 
endothelium-derived vasodilator NO.

Because endothelium-derived NO has vasoprotective 
effects, one might anticipate that long-term elevation of 
plasma ADMA and inhibition of NO synthesis could contrib-
ute to progression of vascular disease. Indeed, plasma 
ADMA levels independently predict the degree of coronary 
artery calcification in young adults. In a nested case–control 
study within the Coronary Artery Risk Development in 
Young Adults (CARDIA) cohort, young adults in the highest 
tertile of plasma ADMA levels had twice the risk of coronary 
artery calcification, after adjustment for all of the traditional 

Figure 2.  Highest quartile of ADMA and MACE. (Highest 
quartile of ADMA versus lower three quartiles; MACE pre-
defined as myocardial infarction, stroke, coronary, cerebral, or 
peripheral revascularization procedure and all-cause mortality; 
p = 0.001, Cox regression, adjusted for age and sex.)

Table 5.  MACE and ADMA quartile

ADMA quartile (µmol/l)	 Hazard ratio (95% CI)	 p-value

< 0.68	 0.4 (0.2, 1.0)	 0.042
0.68–0.78	 0.7 (0.3, 1.4)	 0.261
0.78–0.84	 1.2 (0.6, 2.6)	 0.641
> 0.84	 5.2 (2.3, 11.7)	 < 0.001

ADMA, asymmetric dimethylarginine; CI, confidence interval.

Table 6.  Predictors of major adverse cardiovascular events in 
the NO-PAIN study (Cox proportional hazards regression)

	 Hazard ratio (95% CI)	 p-value

Sex	 1.5 (0.6, 3.5)	 0.366
Age (years)	 1.0 (1.0, 1.0)	 0.794
Smoker	 0.6 (0.2, 1.6)	 0.320
Diabetes	 0.9 (0.4, 1.9)	 0.812
ABI	 0.8 (0.2, 3.8)	 0.733
PWT (sec)	 1.0 (1.0, 1.0)	 0.168
GFR (ml/min/1.73 m2)	 1.1 (0.5, 2.3)	 0.870
LDL-cholesterol (mg/dl)	 1.0 (1.0, 1.0)	 0.966
SBP (mmHg)	 1.0 (1.0, 1.0)	 0.655
DBP (mmHg)	 1.0 (1.0, 1.0)	 0.964
ADMA (highest quartile)	 5.1 (2.1, 12.1)	 < 0.001

ABI, ankle–brachial index; PWT, peak walking time; GFR, glomerular 
filtration rate; LDL, low-density lipoprotein; SBP, systolic blood pressure; 
DBP, diastolic blood pressure;  ADMA, asymmetric dimethylarginine.
Overall model χ2 = 19.8, p < 0.05.
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cardiovascular risk factors, renal function and C-reactive 
protein.37 In asymptomatic middle-aged individuals without 
a history of vascular disease, the plasma ADMA level is an 
independent predictor of carotid intima–media thickness 
(IMT).38 Plasma ADMA is associated with macrovascular 
complications in patients with type 2 diabetes mellitus.39

ADMA predicts vascular morbidity and mortality.  Plasma 
ADMA levels are increased in PAD subjects compared to 
age- and sex-matched controls, in association with a 
reduction in urinary nitrogen oxides.40 Furthermore, plasma 
ADMA appears to be a predictor of cardiovascular morbidity. 
Mittermayer and colleagues prospectively assessed the 
occurrence of MACE (myocardial infarction, percutaneous 
coronary intervention, coronary artery bypass graft, stroke, 
carotid revascularization, death) in 496 patients with PAD 
over a median of 19 months.41 MACE occurred in 39% of 
the patients in the highest quartile versus 26% of those in 
the lowest quartile of plasma ADMA, with an adjusted 
hazard ratio of 1.70 for those in the highest quartile. Our 
investigation confirms the association of plasma ADMA 
with cardiovascular morbidity in PAD patients and extends 
this by showing a relationship with measures of disease 
severity and mortality. We did not find any significant 
difference among the lower three quartiles of ADMA in 
terms of prognostic information, suggesting that the 
relationship between ADMA and future cardiovascular risk 
may not be linear. This type of non-linearity between 
circulating risk factors and prognosis is not uncommon, 
such as in the case of hsCRP. Furthermore, in our longer-
term study, we were able to observe that ADMA is an 
independent predictor of all-cause mortality. Finally, we 
show that plasma ADMA is superior to measurements of 
vascular function (vascular compliance and flow-mediated 
vasodilation) as a prognosticator.

ADMA, vascular function and prognosis.  One of the strengths 
of our study is that all subjects were highly characterized 
with respect to endothelial function and PAD severity 
markers. We were able to show that plasma ADMA was a 
superior prognosticator by comparison to vascular function 
measures such as FMVD and arterial compliance. Our 
cohort consisted of relatively elderly patients with 
significantly impaired vascular function measures. As a 
group, our subjects had evidence of severely impaired 
FMVD with many exhibiting constrictor responses. Thus, it 
is possible that the expected relationship between ADMA 
and FMVD, and the relationship between FMVD and 
MACE, are lost at such extremes of endothelial dysfunction. 
Of note, plasma ADMA was also a superior prognosticator 
by comparison with the standard measures of PAD severity, 
ABI and PWT.

Correlates of maximal claudication time in patients with 
PAD.   Plasma ADMA, age, fasting glucose and smoking 
history were inversely correlated with PWT, whereas 
there was a modest positive correlation between ABI 
and PWT. The strong association observed with smoking 

history underscores the importance of cigarette smoking 
as a risk factor in PAD. Our analysis suggests that a 
remote history of smoking is a risk factor for reduced 
PWT, even independent of current smoking. While 
smoking cessation improves outcome in PAD with 
respect to its complications,42 it does not in itself 
significantly improve walking distance.30,43 Such a 
finding highlights the importance of inquiring about 
prior, as well as present, exposure to cigarette smoking 
when risk-stratifying patients with PAD.

Significance for therapy.  ADMA is a competitive inhibitor 
of the metabolism of l-arginine by NO synthase. Thus, it 
seems logical to reverse the inhibition by administration of 
the NO precursor. Indeed, short-term administration of 
l-arginine restores endothelial vasodilator function in 
subjects with cardiovascular risk factors or disease.44,45 
Unfortunately, this short-term benefit does not seem to 
persist. Indeed, long-term administration of supplemental 
l-arginine may even impair endothelial vasodilator function 
and increase cardiovascular events.25,46

By contrast, treatment with thiazolidinediones, angio-
tensin-converting enzyme inhibitors or angiotensin recep-
tor antagonists reduce plasma ADMA levels.47 Plasma 
ADMA levels are elevated in patients admitted with acute 
coronary syndrome and fall rapidly with therapy to modify 
cardiovascular disease risk factors.48 In patients with PAD 
and critical limb ischemia, therapy with iloprost was asso-
ciated with a reduction in ADMA and clinical improvement 
in a small observational study.49 It is not known if a reduc-
tion in plasma ADMA contributes to the established benefit 
of these therapies. This question may be answered by the 
development of new pharmacotherapies to specifically 
reduce plasma ADMA levels, such as agonists of DDAH 
expression or activity.

Study limitations
The study was not powered to assess differences between 
ADMA quartiles; however, this relationship between the 
highest levels and risk has been seen with other biomarkers, 
as discussed above, including in the limited number of stud-
ies of ADMA in this field. Such associations do not imply 
causation nor is the direction of the association determined 
by this study. We were not able to correct for the influence 
of all medications and this is an important consideration.

Conclusion
Circulating levels of the NO synthase inhibitor ADMA cor-
relate independently with measures of disease severity, 
with major adverse cardiovascular events in patients with 
PAD. Elevations in plasma ADMA may provide a patho-
physiological link between cardiovascular risk factors and 
their effect on endothelial function and on progression of 
disease. Therapeutic strategies that specifically target and/
or influence the NO synthase pathway may enhance func-
tional capacity and survival of patients with PAD.
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