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Abstract: Asymmetric dimethylarginine (ADMA) is a competitive endogenous inhibitor of nitric ox-

ide synthase with a key role in the pathophysiology of endothelial dysfunction, in the progression of 

atherosclerosis and in cardiovascular diseases. Statins, renin-angiotensin-aldosterone system inhibitors, 

blood glucose lowering agents, insulin sensitizers, beta-blockers, estrogen replacement therapy, anti-

oxidants, complex B vitamins, L-arginine and acetylsalicylic acid have been evaluated for their ability 

to reduce ADMA levels or inhibit its actions. Despite the major beneficial effects of these agents in 

cardiovascular disease, research has shown that their favorable actions are only partially mediated by 

reducing ADMA levels or by bypassing its effect in nitric oxide synthesis. Novel therapeutic ap-

proaches targeting selectively ADMA are encouraging, but have only been tested in vitro or in animal studies and further 

research is needed in order to conclude on how therapeutic strategies modulating ADMA actions can affect atherosclerosis 

progression and cardiovascular diseases. 
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INTRODUCTION 

Vascular endothelium is a monolayer of cells, which 
lines the interior surface of blood vessels forming an inter-
face between the vessel lumen and the underlying vascular 
smooth muscle cells. Apart from being a single barrier be-
tween blood flow and the intimal wall, endothelium plays a 
role of crucial importance in the regulation of vascular func-
tion and structure via modulating vascular tone, blood flow, 
platelet function and coagulation [1, 2]. Nitric Oxide (NO) 
has a central role in vascular homeostasis and is not only a 
potent vasodilator but acts also as an anti-atherogenic and 
anti-proliferative molecule [1, 3]. 

The central role of NO is further highlighted as most of 
the cardiovascular risk factors, including hypertension, hy-
percholesterolemia, smoking, diabetes mellitus and hyper-
homocysteinemia, have been found to mediate their effects 
on the vessels through dysfunction of the pathway of endo-
thelial-derived NO synthesis, leading to inactivation or re-
duced bioavailability of it [4].  

Endothelium-derived NO is synthesized from L-arginine  
by the endothelial isoform of NO synthase (eNOS). Asym- 
metric dimethylarginine (ADMA), which is formed as a  
metabolic byproduct of continuous cellular protein turnover, 
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is an endogenous competitive inhibitor of eNOS. Conse-
quently, elevated ADMA levels are found in the presence of 
cardiovascular risk factors and are associated with athero-
sclerosis progression and cardiovascular events [5]. In addi-
tion, ADMA inhibits NO generation by the two other iso-
forms of nitric oxide synthase (NOS): neuronal and inducible 
NOS (nNOS and iNOS). Hence, it affects other organs and 
tissues, and specifically brain and immune system, as well 
[6].  

In the current review we shortly present the evidence 
concerning the role of ADMA in endothelial dysfunction, in 
cardiovascular disease and in systemic pathological condi-
tions and we further focus on established and novel therapeu-
tic approaches aiming to modulate ADMA’s function or syn-
thesis. Finally, we discuss the clinical significance and use of 
currently available treatments.  

BIOSYNTHESIS OF ADMA 

Methylation of arginine residues constitutes a mechanism 
of post-translational modification of proteins in eukaryotic 
cells influencing various cellular functions [7, 8]. A family 
of enzymes, termed protein arginine methyltransferases 
(PRMTs) catalyzes this reaction utilizing a methyl group 
derived by S-adenosyl-L-methionine and adding it to the 
guanidino nitrogen atoms of arginine side chains, while pro-
ducing S-adenosyl-L-homocysteine as a by-product [8, 9]. In 
a two-step process, PRMTs first catalyze monomethylation 
of arginine residues and subsequently a second methylation 
reaction.  
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After proteolysis, monomethylarginines, asymmetric di-
methylarginine (ADMA) and symmetric dimethylarginine 
(SDMA) are released into the cytosol. Monoethylarginines 
are found in the form of NG-monomethyl-L-arginine (L-
NMMA), which is formed by arginine residues that escaped 
second methylation [8-10]. 

Nine members of PRMTs family have been identified in 
the mammalian genomes [8]. Based on their substrate, reac-
tion and by-product specificity they are classified as types 
I, II, III and IV PRMTs. Types I, II and III PRMTs all cata-
lyze the first methylation reaction of arginine residues re-
sulting in formation of L-NMMA. Subsequently, in the 
second methylation reaction, type I PRMTs (PRMT 1, 2, 3, 
4, 6, 8) add a methyl group to the already methylated gua-
nidino nitrogen atom, leading to asymmetric dimethylation 
(formation of ADMA), whereas type II PRMTs (PRMT 5 
and 7) can methylate both atoms leading to symmetric di-
methylation (formation of SDMA) [8]. PRMT 7 also acts as 
a type III enzyme catalyzing monomethylation [11], while 
PRMT 9, also called FBXO11, is believed to act as a type 
II enzyme [12], but its function has not yet been determined 
[8, 12]. While type I, II and III PRMTs catalyze the methy-
lation of terminal guanidino nitrogen atoms, a type IV en-
zyme, methylating the internal guinidino nitrogen atom of 
arginine residues has been described in yeast, but never 
been identified in humans [13]. PRMT 1 is the predominant 
member of PRMTs family catalyzing protein arginine 
methylation, since its activity accounts for approximately 
85% of arginine methylation reactions [14].  

However, it is still under investigation whether protein 
arginine methylation is a potentially reversible reaction. Two 
mechanisms have been identified through which protein 
methylarginine residues may be modified. First, peptidyl-
methylarginine residues are deaminated to peptidyl-citrulline 
by peptidyl-arginine deiminase enzymes and specifically 
peptidyl-arginine deiminase 4 [15, 16]. However, it has been 
shown that peptidyl-arginine deiminases are unlikely to re-
move methyl groups from peptidyl-arginines [17] and there-
fore it is unknown whether they play a demethylation role in 
vivo. Secondly, Jumonji domain-containing 6 protein, has 
been reported to exert true demethylation action in histone 
methylarginine residues [18]. Though, a more recent study 
did not detect arginine demethylase activity for Jumonji do-
main-containing 6 protein [19]. 

METABOLISM, INTER-ORGAN TRANSPORT AND 

EXCRETION OF ADMA 

ADMA is removed from the body via catabolism and re-
nal excretion. Two catabolic pathways have been identified 
for methylarginines: the first includes their hydrolysis by 
NG-dimethylarginine dimethylaminohydrolase (DDAH) 
enzymes, which is specific for asymmetric methylarginines 
(L-NMMA and ADMA) [20-22]; the second contributes to 
the metabolism of asymmetric as well as symmetric methy-
larginines and includes their transamination by alanine-
glyoxylate aminotransferase 2 (AGXT2) [23, 24]. 

DDAH are mostly cytosolic enzymes that catalyze the 
hydrolytic degradation of L-NMMA and ADMA to citrulline 
and monomethylamine or dimethylamine respectively [22]. 
Two isoforms of DDAH exist: DDAH-1 and DDAH-2 [25]. 

Heart, endothelium, kidney, lung, pancreas, liver, brain and 
placenta as well as immune tissue, including macrophages 
and neutrophils, have been reported to have significant 
DDAH activity [22]. Based on specific tissue mRNA expres-
sion of DDAH isoforms and NOS types, it has been con-
cluded that DDAH-1 is the predominant isoform in tissues 
with nNOS activity, whereas DDAH-2 tissue expression 
overlaps in a greater extent with the expression of eNOS and 
iNOS [22]. Therefore, the catabolism of ADMA in the brain, 
where only nNOS activity is detected, is believed to be pre-
dominantly catalyzed by DDAH-1, while in cardiovascular 
and immune tissues, where eNOS and iNOS are respectively 
highly expressed, by DDAH-2 [22]. The primary locations 
for ADMA metabolism are the kidney and the liver [26, 27]. 
In the kidney all three isoforms of NOS, namely nNOS, 
eNOS and iNOS, as well as both DDAH-1 and 2 are highly 
expressed. Both DDAH and NOS expression within the dif-
ferent sites and cells of the nephron are highly isoform-
specific, thus providing discreet cellular localization pat-
terns. This could serve different site-specific regulation of 
NO generation in different parts inside the nephron [22]. 

AGXT2 is a pyridoxal phosphate-dependent aminotrans-
ferase and one of the two mammalian alanine-glyoxylate 
aminotransferases, along with AGTX1. AGTX2, but not 
AGTX1, catalyzes the transamination of ADMA by utilizing 
it as an amino donor for the formation of α-keto-δ-(N,N-
dimethylguanidino) valeric acid [23, 24, 28]. Although re-
cent in vivo evidence suggests that this mechanism applies in 
mice [29] as well as in humans [29] its contribution to 
ADMA metabolism has not yet been evaluated.  

The synthesized ADMA may remain intracellularly 
where it exerts its action by inhibiting NOS or is catabolized 
by the aforementioned mechanisms, but it can also be ex-
ported from its site of origin to the extracellular fluid, plasma 
and subsequently distant tissues. This inter-organ trans-
membrane transport is an active procedure mediated by cati-
onic amino acid transporters (CATs) of system y+ [30, 31].  

Methylarginines that have passed out from the cell to cir-
culation may be eliminated through renal excretion [32]. It is 
believed that 300 μmol of ADMA are generated in a daily 
basis, of which approximately 80% is metabolized by 
DDAH. The rest is removed from the body through urinary 
excretion [33]. Since SDMA catabolism is not catalyzed by 
DDAH, renal excretion is believed to be the major elimina-
tory pathway for SDMA [31, 32].  

ADMA: MECHANISMS OF ACTION  

Functional NOS proteins are homodimers that transfer 
electrons from nicotinamide-adenine-dinucleotide phosphate 
(NADPH) in the carboxyterminal reductase domain via fla-
vin adenine dinucleotide and flavin mononucleotide to the 
amino-terminal oxygenase domain. Electrons interact with 
heme iron and the co-factor (6R)-5,6,7,8-tetrahydrobiopterin 
(BH4) and are utilized to reduce and activate molecular oxy-
gen and to oxidize L-arginine to L-citrulline and NO [34, 
35]. Three different isoforms of NOS have been identified in 
mammals: nNOS, eNOS and iNOS. NO derived by nNOS 
participates in synaptic plasticity and central controlling of 
blood pressure in the central nervous system, while it serves 
as a neurotransmitter in the peripheral nervous system medi-
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ating autonomic functions, like gut peristalsis, penile erec-
tion and vasodilation [36]. iNOS activity is induced by in-
flammatory response and cytokines. It has been reported to 
be crucial in the elimination of intracellular bacteria, while 
iNOS-derived NO is believed to mediate the vasodilation 
observed in inflammation as well as other inflammatory re-
actions [37]. Lastly, eNOS catalyzes formation of NO in the 
endothelium. NO is not only a potent vasodilator but also 
acts as an anti-atherogenic and anti-proliferative molecule 
and is considered crucial for the maintenance of vascular 
homeostasis [1]. Protein interacting with NIMA (never in 
mitosis-A)-1 (Pin1) has been found to bind to eNOS at ser-
ine-116, enabling its dephosphorylation which leads also to 
an increase of NO generation [38-40]. Therefore decrease 
levels of Pin1 can be used diagnostically in hypertension and 
inhibition of this factor can act beneficially against Alz-
heimer’s disease [41, 42] as we discuss in the specific sec-
tion.  

Asymmetric methylarginines (L-NMMA and ADMA) 
are endogenous competitive inhibitors of all three NOS iso-
forms. Their action is attributed to their ability to bind to the 
active site of NOS enzymes, thus competing endogenous L-
arginine [43, 44]. Plasma concentration of L-NMMA is ap-
proximately 10% compared to ADMA and therefore, ADMA 
is considered to be the predominant endogenous NOS inhibi-
tor. However, since inhibition of NOS is conducted intracel-
lularly, the effect of L-NMMA in some tissues may be of 
comparable importance [6]. The competitive inhibition of 
NOS enzymes by ADMA has been reported to be dose-
dependent [45]. 

L-arginine concentrations in vivo are much higher than its 
Michaelis constant (Km) for NOS. However, excess exoge-
nous L-arginine supplementation increases NO bioavailabil-
ity through a NOS-dependent pathway, a phenomenon called 
“the L-arginine paradox” [46]. The basic mechanism under-
lying the L-arginine paradox is believed to be the tissue co-
existence of L-arginine and asymmetric methylarginines that 
activate or inhibit NOS [47, 48]. Indeed, ADMA concentra-
tions in the brain and endothelial cells are also much higher 
than the respective inhibitor dissociation constant (Ki) of 
nNOS and eNOS. Therefore, the intracellular L-arginine: 
ADMA concentration ratio potentially reflects the NOS acti-
vation state [31].  

In addition, the CAT system has also been implied as a 
second explanation to the L-arginine paradox. It has been 
shown that CAT1 and eNOS are both located in membrane 
caveolae. Therefore, high plasma levels of L-arginine after 
supplementation could through CATs directly reach eNOS 
due to their proximity and enhance NO generation [49]. This 
could possibly explain why serum ADMA levels have been 
associated with a number of diseases despite the fact that 
ADMA exerts its action mostly intracellularly. ADMA, as 
well as the other methylarginines, compete with L-arginine 
for transmembrane transport in the intracellular levels 
through CATs [50-53]. Nevertheless, a study by Strobel et 
al., declared that based on their properties, ADMA in its 
physiological concentration is unlikely to inhibit transport of 
L-arginine through CAT1 [54]. 

In addition to being a competitive inhibitor of NOS, 
ADMA has also been implicated to play a role in NOS-

derived superoxide generation. Previous studies have re-
ported that NOS isoforms generate superoxide instead of 
NO, under condition of L-arginine or BH4 depletion [55, 
56]. Presence of oxidative stress induces this phenomenon 
which has been referred to as “NOS uncoupling”. ADMA 
serum levels have been associated with the ex vivo genera-
tion of superoxide, associated with eNOS uncoupling [57]. 
Evidence suggests that when BH4 is absent, ADMA and L-
NMMA increase superoxide production in a dose-dependent 
manner by uncoupled eNOS [58]. However, the effects ob-
served for the neuronal isoform of NOS were not similar: 
Cardounel et al. demonstrated that ADMA has no impact on 
superoxide production by nNOS under depletion of BH4, but 
L-NMMA increased superoxide generation [59].  

Although it remains unclear whether ADMA induces 
NOS uncoupling and subsequent superoxide generation, a 
relationship between ADMA and oxidative stress is well 
established [60]. It has been implicated that oxidative stress 
may lead to reduced DDAH [61] and increased PRMTs ac-
tivity [62], thus decreasing ADMA degradation and increas-
ing ADMA synthesis. On the other hand, ADMA has also 
been found ex vivo [63] and in vitro [64] to increase superox-
ide radical generation. Therefore, oxidative stress and 
ADMA may share a relationship of bidirectional causality. 

Intriguingly, a feedback regulatory mechanism has been 
reported for the DDAH-2/ADMA/NOS/NO pathway. Spe-
cifically, NO through a cGMP-mediated process increased 
DDAH-2 gene expression and thus reduced ADMA levels 
[65].  

ADMA IN SEVERAL PATHOLOGICAL CONDI-

TIONS 

Increased ADMA levels have been found in several car-
diovascular diseases and in the presence of cardiovascular 
risk factors. To name some of them hypertension [66], 
chronic heart failure [67], chronic renal failure [45], coro-
nary artery disease [68], stroke [69], diabetes mellitus [70], 
are conditions in which elevated serum ADMA levels have 
consistently been measured. However, association of ADMA 
with other disease state beyond cardiovascular system has 
also been observed. Table 1 summarizes the literature evi-
dence for the relationship between ADMA and several dis-
eases. 

Atherosclerosis and Cardiovascular Disease  

ADMA plays a significant role in endothelial dysfunction 
and atherogenesis, by suppressing eNOS and consequently 
NO production. In the endothelium, NO acts as a potent 
vasodilator, reduces monocytes adhesion, inhibits oxidation 
of lipoproteins and smooth muscle cells proliferation, sup-
presses aggregation of platelets and reduces superoxide radi-
cal release. Indeed, ADMA has been reported to induce ac-
cumulation of oxidized LDL [109], increase adhesiveness of 
monocytes [110], stimulate expression of chemotactic cyto-
kines [111], facilitates platelet aggregation, induce smooth 
muscle cell migration [112] and increase vascular resistance 
[113], leading to atherosclerosis. Intriguingly, long-term 
infusion of ADMA caused vascular lesions in mice [114], 
implying that ADMA is an important in vivo atherogenic 
molecule.  
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Table 1. Asymmetric dimethylarginine in several pathological conditions. 

Author/Year Type of Study Subjects Results/Conclusion Underlined Mechanism 

Atherosclerosis and cardiovascular disease 

Bai et al. 2013 [71] Meta-analysis 
6168 subjects (derived from 

22 studies) 

ADMA levels are positively 

related with carotid IMT. 

Juonala et al. 2007 

[72] 
Cross-sectional 2096 adults 24-39 years old 

ADMA levels are inversely re-

lated to brachial FMD 

Willeit et al. 2015 

[73] 
Meta-analysis 

19842 subjects (derived from 

22 prospective studies) 

Increased ADMA levels are 

associated with increased risk for 

CAD and stroke 

Lu et al. 2003 [68] 

Prospective (me-

dian follow up 16 

months) 

153 subjects with stable CAD 

undergoing PCI 

Higher ADMA levels are inde-

pendently associated with a 

higher risk of adverse cardiovas-

cular events after PCI 

Yoo et al. 2001 [69] Case control 
52 subjects with stroke and 35 

healthy subjects 

ADMA is elevated in subjects 

with stroke 

Meinitzer et al. 2007 

[74] 

Prospective (me-

dian follow up 5.5 

years) 

3148 subjects (2453 with 

CAD and 695 without CAD) 

ADMA concentration predicts 

all-cause and cardiovascular 

mortality in individuals with 

CAD 

ADMA inhibits the generation of 

NO by eNOS and induces accumula-

tion of oxidized LDL cholesterol, 

increases adhesiveness of mono-

cytes, stimulates expression of che-

motactic cytokines, facilitates plate-

let aggregation, induces smooth 

muscle cell migration and increases 

vascular resistance. These lead to 

endothelial dysfunction and subse-

quently atherosclerosis 

Hypertension 

Perticone et al. 2010 

[66] 
Case control 

84 (63 hypertensive/21 

healthy) 

Hypertensive subjects have 

higher ADMA levels 

Surdacki et al. 1999 

[75] 
Case control 

19 newly diagnosed male 

hypertensive subjects and 11 

normotensive controls 

Circulating ADMA levels are 

increased in hypertensive sub-

jects 

Goonasekera et al. 
1997 [76] 

Case control 

38 hypertensive with impaired 

renal function and 9 healthy 

control children (median age 

7.7 years) 

Increased ADMA levels among 

children with nephrogenic hyper-

tension 

Curgunlu et al. 2005 

[77] 
Case control 

102 subjects (34 with white 

coat hypertension, 34 with 

hypertension, 34 controls) 

ADMA levels are increased 

among subjects with white coat 

hypertension and hypertension 

compared to controls. 

By inhibiting formation of NO, 

ADMA leads to vasoconstriction and 

increased arterial blood pressure. 

ADMA also decreases urinary so-

dium excretion by suppressing the 

inhibitory effect of NO on tubular 

sodium re-absorption. 

Hypercholesterolemia 

Boger et al. 1998 

[78] 
Case control 

49 hypercholesterolemic and 

31 normocholesterolemic 

subjuects 

ADMA levels are more than 2-

fold higher in subjects with hy-

percholesterolemia 

Jehlicka et al. 2009 

[79] 
Case control 

32 children with familiar 

hypercholesterolemia, 30 

children with diabetes mellitus 

type 1, 30 healthy age-

matched controls 

Baseline ADMA is elevated in 

children with familiar hypercho-

lesterolemia compared to diabe-

tes mellitus and controls 

Chobanyan-Jurgens 

et al. 2012 [80] 
Case control 

64 children with hypercholes-

terolemia type II and 54 

healthy controls 

Plasma concentration and urinary 

excretion of ADMA are not 

different between two groups. 

Increased DDAH activity is 

observed. 

LDL cholesterol up-regulates gene 

expression of PRMTs, thus leading 

to an increase of ADMA synthesis. 

This mechanism may mediate part of 

the atherogenic effects of hypercho-

lesterolemia. 
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(Table 1) contd…. 

Author/Year Type of Study Subjects Results/Conclusion Underlined Mechanism 

Hyperhomocysteinemia 

Korandji et al. 2007 

[81] 
Cross-sectional 

138 patients hospitalized for 

AMI 

ADMA is associated with total 

plasma homocysteine, but the 

association is attenuated after 

controlling for eGFR 

Homocysteine suppresses activity of 

DDAHs. 

Wilcken et al. 2006 

[82] 
Case control 

23 cystathionine beta-synthase 

deficient subjects and 24 age-

matched controls 

ADMA levels are increased only 

in cases with elevated cystatin C 

but not in those with normal renal 

function 

Jonasson et al. 2003 

[83] 
Cross sectional 

60 patients with ischemic 

heart disease 

ADMA levels are not different 

among subjects with higher or 

lower homocysteine levels 

 

Chronic heart failure  

Saitoh et al. 2003 

[84] 
Case control 

25 subjects with exacerbated 

chronic heart failure, 23 with 

compensated chronic heart 

failure and 26 healthy controls 

ADMA levels are increased 

among subjects with exacerbated 

heart failure 

Usui et al. 1998 [67] Cross sectional 
84 heart failure subjects 

(NYHA 1 to 4) 

ADMA is elevated according to 

NYHA status 

Hsu et al. 2012 [85] Cross sectional 
285 patients with ischemic 

chronic heart failure 

ADMA plasma levels are posi-

tively correlated with NYHA 

functional class and NT-proBNP 

levels and predict major cardio-

vascular adverse outcomes and 

cardiac decompensation 

Selijeflot et al. 2011 

[86] 
Cross sectional 

80 patients with chronic heart 

failure of NYHA II-IIIb on an 

optimal treatment 

ADMA levels are higher in 

NYHA III than II 

ADMA via inhibiting eNOS de-

creases cardiac output and heart rate 

and increases blood pressure. Oxida-

tive stress observed in heart failure 

may lead to decreased DDAH and 

increased PRMT activity, thus ele-

vating ADMA. 

Chronic kidney disease 

Zoccali et al. 2001 

[87] 

Prospective (mean 

follow-up 33.4 

months) 

225 hemodialysis patients 

ADMA levels independently 

predict overall mortality and 

cardiovascular events 

Ravani et al. 2005 

[88] 

Prospective (mean 

follow-up 27 

months) 

131 patients with chronic 

kidney disease 

ADMA levels are inversely re-

lated to eGFR and predict pro-

gression to end-stage renal dis-

ease and death 

Filser et al. 2005 

[89] 

Prospective (fol-

low-up up to 7 

years) 

227 relatively young patients 

(mean age 45.7 years) with 

nondiabetic chronic kidney 

disease 

Baseline ADMA levels are corre-

lated with creatinine levels and 

predict progression rate of the 

disease 

Sesti et al. 2013 [90] Cross sectional 2852 white European subjects 

Carriers of the C allele with the 

rs9267551 variant in the DDAH2 

gene have significantly lower 

likelihood of renal dysfunction, 

possibly due to increased DDAH-

2 activity and decreased ADMA 

Suppression of DDAHs in chronic 

kidney disease leads to an increase of 

ADMA levels. Kidney excretion of 

ADMA is reduced in renal failure 

and this may explain the susceptibil-

ity of these patients to atherosclero-

sis. 
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 (Table 1) contd…. 

Author/Year Type of Study Subjects Results/Conclusion Underlined Mechanism 

Diabetes and insulin resistance 

Altinova et al. 2007 

[91] 
Case control 

40 patients with type 1 diabe-

tes and 35 controls 

ADMA is elevated among dia-

betic subjects 

Päivä et al. 2003 

[70] 
Case control 

86 subjects with type 2 diabe-

tes and 65 control 

Increased ADMA in diabetic 

subjects with increased glycosy-

lated hemoglobin 

Stühlinger et al. 
2001 [92] 

Cross-sectional 64 healthy volunteers 
Serum ADMA is positively cor-

related with insulin resistance 

Boger et al. 2009 

[93] 

Prospective (mean 

follow-up 

10.7years) 

3320 participants 

ADMA is associated with all-

cause mortality among non-

diabetic but not among diabetic 

subjects 

Lu et al. 2011 [94] 

Prospective (me-

dian follow-up 2.4 

years) 

997 individuals referred for 

coronary angiography 

ADMA is increased in subjects 

with CAD, predicted long-term 

adverse clinical outcomes only in 

non-diabetic subjects 

Andersohhn et al. 
2014 [95] 

Prospective (fol-

low-up of 4 years) 
783 diabetic subjects 

Risk of incident CVD is not 

associated with ADMA levels 

Hyperglycemia induces oxidative 

stress and decreases DDAH activity 

leading to increased ADMA. In-

creased ADMA may ameliorate 

insulin resistance. Insulin increases 

the expression of CATs, thus in-

creasing intracellular transport of L-

arginine and ADMA. Hence, hyper-

insulinemia counteracts the increase 

of serum ADMA caused by hyper-

glycemia. 

Pulmonary hypertension 

Zhang et al. 2015 

[96] 
Case control 

35 cases with pulmonary 

hypertension and 35 healthy 

controls 

ADMA concentration is in-

creased in cases and was posi-

tively correlated to mean PAP 

and PVRI 

Parikh et al. 2014 

[97] 
Cross sectional 214 HIV- infected subjects 

ADMA is positively associated 

with mean PAP and PASP. 

Higher values are found in sub-

jects with pulmonary hyperten-

sion 

Dimitroulas et al. 
2008 [98] 

Case control 

66 patients with systemic 

sclerosis (24 of whom with 

pulmonary hypertension) and 

30 controls 

ADMA is elevated in subjects 

with pulmonary hypertension 

Kielstein et al. 2005 

[99] 
Case control 

57 subjects with idiopathic 

pulmonary hypertension and 

22 controls 

Significantly increased serum 

ADMA levels in cases with idio-

pathic pulmonary hypertension 

Decreased DDAH activity in pulmo-

nary hypertension leads to an in-

crease of ADMA. ADMA causes 

pulmonary vasoconstriction via 

inhibiting of NO synthesis, but also 

increases permeability of pulmonary 

endothelium via inhibition of con-

nexin 43 (gap junctional protein) and 

acts as a pro-proliferative molecule. 

Preeclamspia 

Pettersson et al. 1998 

[100] 
Case control 

12 pregnant women with 

severe preeclampsia and 12 

normotensive pregnant con-

trols 

ADMA levels are elevated in the 

preeclamptic group during the 

third trimester 

Mao et al. 2010 

[101] 
Case control 

62 preeclamptic women and 

30 healthy pregnant controls 

Serum ADMA levels are in-

creased in women with 

preeclampsia 

Maas et al. 2004 

[102] 
Case control 

67 women with preeclampsia 

(49 moderate, 18 severe) and 

93 healthy pregnant controls 

No significant difference is ob-

served in ADMA levels of 

preeclamptic and non-

preeclamptic pregnant women 

Decreased mRNA expression of 

DDAH1 and DDAH2 in placenta of 

preeclamptic women explains the 

accumulation of ADMA. PRMTs are 

not upregulated. 
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(Table 1) contd…. 

Author/Year Type of Study Subjects Results/Conclusion Underlined Mechanism 

Bian et al. 2015 

[103] 

Prospective (from 

12-16 weeks of 

gestation up to 6 

weeks after deliv-

ery) 

740 pregnant women 

First trimester ADMA levels are 

increased among women who 

later developed preeclampsia 

Anderssohnn et al. 
2012 [104] 

Case control 
18 preeclamptic women and 

28 controls 

Expression and activity of 

DDAH2 enzyme are undetectable 

in preeclampsia, but PRMT1 

expression is similar among the 

two groups 

 

Alzheimer’s disease 

Arit et al. 2008 [105] Case control 

80 patients with Alzheimer’s 

disease and 80 age- and gen-

der-matched controls 

ADMA levels are increased in 

plasma, but decreased in CSF. 

Severity of cognitive impairment 

is inversely associated with CSF 

ADMA concentration. 

Selley 2003 [106] Case control 

25 subjects with Alzheimer’s 

disease and 25 healthy con-

trols 

Plasma ADMA levels are in-

creased in patients 

Abe et al. 2001 [107] Case control 
14 Alzheimer’s disease pa-

tients and 15 controls 

ADMA is significantly decreased 

in CSF of patients 

McEvoy et al. 2014 

[108] 
Cross-sectional 

483 community-dwelling 

subjects aged between 55 and 

85 years 

Higher ADMA levels are inde-

pendently associated with subjec-

tive memory impairment 

ADMA may ameliorate Aβ-induced 

toxicity in Alzheimer’s disease, but 

overactivation of the 

DDAH/ADMA/NOS/NO pathway 

leads to overproduction of NO, lead-

ing to oxidative stress, neurotoxicity 

and neurodegeneration. 

ADMA: Asymmetric dimethylarginine; IMT: Intima- media thickness; Flow-mediated dilation; CAD: Coronary artery disease; PCI: Percutaneous coronary 

intervention; NO: Nitric oxide; eNOS: Endothelial nitric oxide synthase; LDL: Low-density lipoprotein; DDAH: dimethylarginine dimethylaminohydrolase; 

PRMT: protein arginine methyltransferases; eGFR: Estimated glomerular filtration rate; NT-proBNP: N-terminal prohormone of brain natriuretic peptide; 

NYHA: New York heart association (functional classification); CAT: Cationic amino acid transporter ; CVD: Cardiovascular disease; PAP: Pulmonary artery 

pressure; PVRI: pulmonary vascular resistance index; PASP: Pulmonary artery systolic pressure; CSF: Cerebrospinal fluid; NOS: Nitric oxide synthase. 

 

In humans, brachial artery flow-mediated dilatation 
(FMD), a marker of endothelial function has been inversely 
and independently associated with serum ADMA levels even 
among healthy young individuals [72], outlining the signifi-
cance of ADMA in the initiation of endothelial dysfunction 
which finally progress to atherosclerosis. In addition, ADMA 
levels have been positively related to carotid intima-media 
thickness, a proxy of subclinical atherosclerosis in cross-
sectional and prospective studies [71]. Besides ADMA, the 
L-arginine: ADMA serum levels ratio has been associated 
with intima-media thickness as well [115], indicating the 
significance of their imbalance.  

Prospective studies have further highlighted the prognos-
tic value of serum ADMA regarding its association with ad-
verse cardiovascular outcomes. Specifically, a recent meta-
analysis combining 22 prospective studies [73] revealed a 
statistically significant association between high baseline 
ADMA serum levels and risk for subsequent cardiovascular 
disease, coronary artery disease and stroke. Furthermore, 
there is adequate evidence supporting that elevated ADMA 
is a significant predictor of cardiovascular mortality in high-, 
intermediate- and low-risk populations [50].  

 Lastly, higher plasma ADMA levels in stroke-free indi-
viduals have been associated with subsequent magnetic reso-
nance imaging markers of subclinical vascular brain injury 
(silent brain infarcts and large white-matter hyperintensity 
volumes), indicating ADMA as a potential new biomarker 
for risk of stroke [116].  

Taken together ADMA can be considered a novel cardio-
vascular risk factor. Nevertheless, the existing methods for 
serum ADMA levels quantification do not fulfill the criteria 
to be characterized as “gold standard”, since they do not rep-
resent a reliable measurement and we must also further 
evaluate his additive predictive value in top of classical risk 
factors before its clinical applicability. 

Chronic Heart Failure 

Experimental as well as human data suggest that conges-
tive heart failure is associated with elevated serum ADMA 
levels [67, 84, 117]. These observations have raised suspi-
cion whether ADMA has any etiological role in congestive 
heart failure. In the study by Seljeflot et al, the association 
with severity of heart failure was stronger for L-arginine: 
ADMA serum concentration ratio than for ADMA levels 
[86]; this may indicate that the competitive inhibition of 
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eNOS is the main underlying mechanism of the observed 
association. Studies in humans further imply that ADMA 
infusion at low doses has the ability to decrease cardiac out-
put and heart rate and increase blood pressure [33, 113]. On 
the other hand, it could be possible that increased oxidative 
stress observed in congestive heart failure [118] increases 
ADMA levels by decreasing DDAH and increasing PRMT 1 
activity. Therefore, the mechanism of increased ADMA lev-
els in congestive heart failure as well as the hypothesis that it 
may be a risk factor for the disease should be further ex-
plored.  

Hypertension 

Hypertension is a major risk factor for cardiovascular 
disease. Human studies have shown that adults as well as 
children and adolescents with hypertension have higher 
plasma ADMA levels as compared to controls [66, 75, 76]. 
Similarly, higher levels of serum ADMA have been observed 
in subjects with white coat hypertension [77] as well as in 
children and adolescents with nephrogenic hypertension 
[76]. ADMA infusion increases also blood vessels resistance 
and arterial hypertension [33, 113]. Beyond vasoconstriction, 
due to inhibition of NO synthesis in the endothelial cells, 
ADMA affect also renal sodium handling. Specifically, 
ADMA has been shown to decrease urinary sodium excre-
tion by suppressing the inhibitory effect of NO on tubular 
sodium re-absorption [119]. Moreover, experimental and 
human studies have suggested that ADMA is involved in the 
mechanism of salt sensitivity in hypertensive subjects; they 
showed that ADMA mediates the increase in blood pressure 
observed after salt intake [120, 121]. Therefore, accumulat-
ing evidence indicates that ADMA is involved in the mo-
lecular mechanisms of hypertension in humans.  

Diabetes and Insulin Resistance 

It is well established that diabetes mellitus and insulin re-
sistance are conditions associated with endothelial dysfunc-
tion and atherosclerotic cardiovascular disease [122]. How-
ever, the association of ADMA with diabetes mellitus and 
insulin resistance is rather complex. Experimental studies 
have tried to give insight in this complicated relationship. In 
vitro as well as in vivo data report that hyperglycemia in-
duces oxidative stress which decreases DDAH activity lead-
ing to accumulation of ADMA in cultured endothelial cells 
and in diabetic rats [61]. Similarly, transgenic mice overex-
pressing DDAH-1 have been found to have lower levels of 
ADMA and significantly improved insulin sensitivity com-
pared to mice with normal DDAH-1 activity [123]. On the 
contrary, based on in vitro findings, insulin stimulates 
mRNA expression of CAT, thus resulting in increased L-
arginine intracellular transport and NO production [124]. 
However, ADMA is also transported through CATs. There-
fore, increased ADMA transport intracellularly could be re-
sponsible for the lower serum ADMA levels observed in 
acute hyperinsulinemia [125]. These mechanisms could pos-
sibly explain why in patients with insulin resistance, that is 
characterized by both hyperglycemia and hyperinsulinemia, 
ADMA levels are not always found elevated; the hypergly-
cemia-induced elevation of ADMA could be counteracted by 
the opposing effect of hyperinsulinemia. 

More precisely, clinical studies have reported that serum 
ADMA levels are increased among patients with type 1 dia-
betes mellitus [91] and are associated with diabetic neph-
ropathy [126]. However, concerning type 2 diabetes mellitus 
findings are rather equivocal. Some studies have found ele-
vated ADMA levels in diabetic subjects [127, 128], while 
other reported higher ADMA levels in non-diabetics subjects 
compared to diabetic individuals or no significant differences 
between subjects according to the presence of diabetes melli-
tus type 2 [70, 93, 95]. In insulin resistant patients increased 
ADMA levels have also been observed [92, 129] but not in 
women with gestational diabetes [130]. While, in men with 
coronary artery disease ADMA levels but not insulin resis-
tant was associated with the coronary atherosclerotic burden. 
Moreover, ADMA and insulin resistance were mutually un-
related [131]. On the other hand, it has been shown that insu-
lin therapy decreases ADMA levels in critically ill humans 
[132]. An interesting finding was described by Boger et al, 
regarding the association between ADMA and diabetes. In 
3320 participants of the Framingham Offspring Study cohort 
ADMA levels were predictors of mortality only among non-
diabetic participants [93]. Similarly, ADMA serum levels 
were associated with adverse cardiovascular outcomes and 
all-cause mortality among non-diabetic individuals, but the 
relationship attenuated in subjects with diabetes [94].  

Therefore, clinical data imply that the relationship be-
tween diabetes mellitus, insulin resistance, ADMA levels 
and atherosclerotic burden is not strait forward but rather 
complicated.  

Hypercholesterolemia 

Hypercholesterolemia and LDL-cholesterol has a central 
role in the pathogenesis of endothelial dysfunction and the 
formation of atherosclerotic plaques. Experimental as well as 
clinical studies have tried to assess whether high levels of 
cholesterol exert part of their detrimental effects through 
changes in ADMA levels. In a study in monkeys fed with an 
atherogenic diet the induced hypercholesterolemia raised 
ADMA levels [133]. This effect of hypercholesterolemia 
may be partly regulated by the impact of LDL cholesterol on 
PRMTs. Specifically, it was found in vitro that LDL choles-
terol up-regulates the expression of PRMTs, thus leading to 
increased ADMA synthesis and reduced NO production 
[134]. Elevation of ADMA in hypercholesterolemia may 
further lead to impaired angiogenesis, as shown in a study of 
apolipoprotein E- deficient hypercholesterolemic mice [135]. 

In view of epidemiological studies, Boger et al. were the 
first to demonstrate elevated serum ADMA levels among 
hypercholesterolemic patients compared to healthy controls 
[78] and similar findings were observed in hypercholes-
terolemic children [136] and children with familiar hyper-
cholesterolemia [79]. However, not all human studies have 
confirmed the aforementioned observation which may be 
attributed to age related changes in ADMA concentration 
and enhance DDAH activity with age [80, 137, 138].  

Hyperhomocysteinemia 

Hyperhomocysteinemia is a condition characterized by 
increased levels of serum total homocysteine and is caused  
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by genetic defects in homocysteine or methionine metabo-
lism, nutritional depletion of B complex vitamins, renal fail-
ure, hypothyroidism and alcoholism [139]. Moderate hyper-
homocysteinemia has been associated with decrease NO 
bioavailability, endothelial dysfunction [140] and increased 
cardiovascular risk [141, 142]. Besides generation of oxida-
tive stress, hyperhomocysteinemia has been proposed to 
cause endothelial dysfunction through ADMA-mediated 
mechanisms. As shown in Fig. (1), methylation of protein 
arginine residues by PRMTs leads to formation of S-
adenosyl-L-homocysteine as a by-product which is further 
hydrolyzed to L-homocysteine. L-homocysteine is remethy-
lated to L-methionine which is activated to S-adenosyl-L-
methionine that could be used as a substrate for PRMTs to 
catalyze protein arginine methylation [140]. Therefore, a 
reasonable hypothesis would be that situations associated 
with increased ADMA synthesis would in parallel induce 
homocysteine production, while increased bioavailability of 
homocysteine via its remethylation would provide adequate 
S-adenosyl-L-methionine as a methyl donor for protein ar-
ginine methylation and ADMA formation. In experimental 
studies homocysteine has been also found to inhibit DDAH 
activity through an oxidative reaction in its active cysteine 
residue [143], as well as through methylation in the promoter 
region of DDAH-2 gene [144]. DDAH-1 and DDAH-2 over-
expression has also been reported to ameliorate endothelial 
dysfunction induced by hyperhomocysteinemia [145, 146]. 
However, Dayal et al., demonstrated that the observed down-
regulation of DDAH activity in mice with endothelial 
dysfunction is tissue-specific, applying mostly in the liver 
and is not capable of reducing ADMA levels [147] and a 
more recent study showed that methionine loading cause 
hyperhomocysteinemia and endothelial dysfunction but not 
ADMA elevation in a rat model [148]. Interestingly, clinical 
studies have not revealed a direct relationship between the 
endothelial dysfunction caused by hyperhomocysteinemia 
and ADMA [149-151] whereas it has been indicated that the 
observed association between increased ADMA levels and 
hyperhomocysteinemia applies only among subjects with 
renal failure and is secondary to the impaired renal function 
[81-83]. In conclusion, the role of ADMA-homocysteine 
interplay in the pathogenesis of endothelial dysfunction is 
yet unclear, but current data do not support a direct in-
teraction. 
Chronic Kidney Disease 

Since methylarginines are partially eliminated through 
renal excretion it is not surprising that elevated ADMA lev-
els have been reported among subjects with renal failure 
[45]. This increase in ADMA may explain the susceptibility 
of end-stage renal disease patients to cardiovascular disease 
and atherosclerosis [152]. Indeed, in hemodialysis patients, 
serum ADMA levels have been found to be a significant 
predictor of all-cause as well as cardiovascular mortality 
[87]. Furthermore, ADMA, besides increasing risk for car-
diovascular adverse outcomes in renal failure, is a strong 
predictor of the progression of chronic kidney disease, as 
shown by clinical studies [88, 89]. This is also supported by 
experimental data in rats that have revealed an association of 
higher plasma ADMA levels with peritubular capillary loss, 
tubulointerstitial fibrosis and proteinuria. Interestingly, over-
expression of DDAH-1 ameliorated these effects [153]. In 

human studies, specific genetic polymorphisms of DDAH-1 
and DDAH-2 have been associated with chronic kidney dis-
ease progression, an effect possibly exerted due to renal mi-
cro-vascular damage caused by ADMA accumulation [90, 
153]. However, the respective DDAH-1 polymorphism was 
unexpectedly related to decrease ADMA levels [153]. 
ADMA possibly plays a role in the pathophysiology of renal 
disease via mechanisms other than competitive inhibition of 
eNOS. In particular, it was revealed that ADMA inhibits 
eNOS phosphorylation at Serine-1177, via suppression of 
extracellular signal-related protein kinase (ERK), a major 
kinase for eNOS phopshorylation, thus leading to decreased 
eNOS activation [154]. Another molecule, fibroblast growth 
factor 23, that has been previously linked to renal failure, 
was reported to interact in the relationship between ADMA 
and kidney injury progression [155]. In conclusion, current 
literature supports the role of ADMA in progression and 
possibly generation of chronic kidney disease as well as in 
the endothelial dysfunction and atherosclerotic adverse out-
comes accompanying it, but further research is required to 
understand in depth the pathophysiology of these phenom-
ena. 

Preeclampsia 

Despite the fact that the pathogenesis of preeclampsia 
remains obscure, it is well established that it is a disorder 
associated with vascular pathology and endothelial dysfunc-
tion of the placenta [156]. Human studies have explored 
whether ADMA plays a role in the pathophysiology of 
preeclampsia. The majority of the relevant literature demon-
strates elevated ADMA levels among women with 
preeclampsia [100, 101, 157], but there are also references 
reporting no significant difference between preeclamptic and 
non-preeclamptic pregnant [102, 158]. Interestingly, elevated 
ADMA levels during the first and second trimester of preg-
nancy may have predictive value in recognizing women at 
higher risk of developing preeclampsia [103, 159, 160]. It is 
possible that elevated ADMA levels are attributed to its de-
creased degradation by DDAH enzymes, since DDAH-1 and 
DDAH-2 mRNA expression is significantly lower in the 
placental cells of preeclamptic pregnant women [104]. The 
same study also explored PRMT-1 expression in preeclamp-
sia but no significant difference with healthy pregnant was 
detected, implying that this pathway does not contribute to 
ADMA accumulation in this settings [104]. It is anticipated 
that further research will clarify the clinical significance of 
circulating ADMA as a biomarker for prediction of 
preeclampsia and will give insight to its pathophysiological 
role in the disease. 

Alzheimer’s Disease 

Alzheimer’s disease is a neurodegenerative disease and 
the most common type of dementia in the elderly population. 
As aforementioned, ADMA inhibits nNOS and NO forma-
tion in the neurons, which is considered significant for syn-
aptic plasticity. However, over-production of NO may lead 
to neurodegeneration, implying therefore that its metabolism 
is critical for balancing its levels [161].  

Experimental data show that accumulated ADMA in the 
neurons stimulates pathogenesis of Alzheimer’s disease. 
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Specifically, a recent study demonstrates that increased 
ADMA levels in neurons promote beta-amyloid (Αβ) secre-
tion, Αβ-induced oxidative stress and neurotoxicity. In this 
study, overexpression of DDAH-1, but not knockdown of 
type I PRMT, attenuated these phenomena [162]. In addition, 
Pin1 inhibits the production of amyloid-beta besides enhanc-
ing eNOS activity which further inhibits accumulation of 
amyloid-beta, showing that Pin1 may act beneficially against 
Alzheimer’s disease [42]. Furthermore, it was found that 
increased homocysteine, which shares an established asso-
ciation with risk for Alzheimer’s disease, blocks DDAH ac-
tivity resulting in accumulation of ADMA and decrease of 
NO production in the brain. It is not clear though, whether 
this mechanism plays a significant role in vivo for the patho-
genesis of Alzheimer’s disease [163]. Nevertheless, protein 
tyrosine nitration, that constitutes a post-translational modi-
fication associated with neurodegenerative diseases, was 
found to induce oxidative stress and neurotoxicity through 
activation of the DDAH/ADMA/NOS/NO pathway leading 
to accumulation of NO [164].  

However, only a few clinical studies of small samples 
have assessed serum and cerebrospinal fluid levels of 
ADMA in patients with Alzheimer’s disease compared to 
controls. These studies show equivocal findings. Regarding 
serum ADMA levels, they have been reported higher among 

Alzheimer’s disease patients in two of the three studies ex-
amining this relationship [105, 106], while the third study 
revealed no significant difference [165]. In another study 
increased levels of ADMA were associated with subjective 
memory complaints, a common symptom of dementia [108]. 
On the other hand cerebrospinal fluid levels of ADMA were 
decreased among patients with Alzheimer’s disease compare 
to controls in two studies [105, 107], while no association 
was found in a third study [166]. Despite these findings 
come from studies with relatively small samples they possi-
bly imply two different mechanisms for participation of 
ADMA in Alzheimer’s disease pathogenesis. First, increased 
ADMA in the endothelium of cerebral vessels leads to endo-
thelial dysfunction and cerebral angiopathy that is a known 
risk factor for Alzheimer’s disease. Secondly, through de-
creased ADMA in the cerebral parenchyma, it is possible 
that nNOS is induced to form NO in levels of toxicity lead-
ing to neurodegeneration.  

In conclusion, future research is in need in order to clar-
ify the role of ADMA on neurodegeneration. Current evi-
dence suggests that ADMA levels in the brain parenchyma 
should be kept at middle levels in order to settle a balance 
between activation and inhibition of NO production and pre-
serve neuronal health.  

 

Fig. (1). Overview of biosynthesis, metabolism, excretion and actions of Asymmetric dimethylarginine. Arginine residues within pro-

teins are methylated by PRMTs in a two-step reaction leading to the asymmentric and symmetric dimethylation, respectively. PRMTs cata-

lyze these reactions utilizing a methyl group by SAM while producing SAH as a by-product. L-methionine is activated to SAM, while SAH 

is hydrolyzed to L-homocysteine. L-homocysteine can be further re-methylated to L-methionine. Proteolysis of proteins containing mono-

methylated arginine residues, which escaped second methylation, results in production of L-NMMA, while proteolysis of proteins containing 

dimethylated arginine residues leads to the formation of ADMA and SDMA. ADMA may be hydrolyzed by DDAH-1 and -2 to L-citrulline 

and dimethylamine or transaminated by AGTX2 to DMGV in the mitochondria. ADMA is also transported through cell membrane via CATs 

to extracellular fluid, circulation and subsequently other tissues. ADMA (and L-NMMA) are competitive inhibitors of all three isoforms of 

nitric oxide synthase (neuronal, endothelial and inducible), thus blocking the generation of NO. PRMT: Protein arginine methyltransferase; 

L-NMMA: N-monomethyl-L-arginine; ADMA: Asymmetric dimethylarginine; SDMA: Symmetric dimethylarginine; eNOS: Endothelial 

Nitric Oxide synthase; nNOS: Neuronal Nitric Oxide synthase; iNOS: Inducible Nitric Oxide synthase; DDAH: dimethylarginine dimethy-

laminohydrolase; AGXT2: Alanine glyoxylate aminotrasferase; DMGV: dimethyl-guanidino valeric acid; CAT: Cationic amino acid trans-

porter; SAM: S-adenosyl-L-methionine ; SAH: S-adenosyl-L-homocysteine; NO: Nitric oxide; “Me” indicates methyl groups and “(Me)2” 

asymmetric dimethylation; “A” within proteins indicates arginine residues. 
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Pulmonary Angioproliferative/Fibrotic Disorders 

A significant number of studies have associated ADMA 
levels with idiopathic pulmonary hypertension, and secon-
dary pulmonary hypertension due to HIV and systematic 
sclerosis [96-99, 167, 168]. In addition, a recent meta-
analysis showed that among patients with pulmonary hyper-
tension due to congenital heart disease, serum ADMA levels 
were significantly higher compared to healthy controls and 
demonstrated that it has the potential to be a useful bio-
marker of the disease [169]. Interestingly, Pullamsetti et al. 
showed that ADMA is not only elevated in the serum of pa-
tients with pulmonary hypertension, but also in the intracel-
lular level in lung tissue [170]. The same authors reported 
reduced mRNA and protein expression of DDAH in pulmo-
nary hypertension [170], a finding further supported by ex-
perimental research [171-173]. DDAH-1 deficiency or inhi-
bition also leads to increase of right ventricular pressure re-
vealing an association with pathology of pulmonary vascula-
ture [174]. In addition to vasoconstriction of pulmonary ves-
sels, ADMA has also been reported to act via other mecha-
nisms on the pulmonary endothelium. Particularly, ADMA 
inhibited protein expression and membrane localization of 
connexin 43, a gap junctional protein in the endothelium, 
increasing permeability, and decreasing angiogenesis [175]. 
Lastly, in pulmonary endothelium ADMA may act as a pro-
proliferative molecule, since it has been reported to enhance 
urea production resulting in more viable cells [176].  

Idiopathic pulmonary fibrosis is characterized by fibro-
blast proliferation as well as injury and inflammation of the 
alveolar epithelium [177]. NO has been reported to increase 
after bleomycin-induced acute lung injury in response to an 
increase of eNOS and iNOS expression [178], while it has 
also been implied to induce fibro-proliferation [179]. Hence, 
an increase in NO bioavailability may play a significant role 
in the pathogenesis of idiopathic pulmonary fibrosis. In mice 
and patients with idiopathic pulmonary fibrosis, an up-
regulation of DDAH enzymes was detected in alveolar 
epithelial type II cells which was accompanied by an in-
crease of the expression of colocalized iNOS through an 
ADMA-dependent pathway [180]. Administration of a 
DDAH inhibitor reduced collagen deposition and abnormal 
epithelial proliferation while enhanced lung function in mice 
[180]. ADMA may therefore have a beneficial effect against 
pulmonary fibrosis by decreasing NO generation.  

Neoplasms 

There is accumulating evidence that NO production and 
NOS activity are positively correlated with human neo-
plasms [181-187]. Indeed, there is evidence that NO pro-
motes mutagenesis, has anti-apoptotic effects, enhances tu-
mor angiogenesis, suppresses immunological response 
against the neoplasmatic cells and induces neoplasm metas-
tasis. [188]. Therefore, elevation of ADMA levels aiming to 
knockdown NO formation could possibly represent a promis-
ing target for suppressing tumor cell metabolism. Interest-
ingly, over-expression of DDAH-1 has been found to en-
hance neovascularization as well as the growth rate of the 
tumor [189-191]. Furthermore, recent experimental data 
demonstrate that DDAH-1 induces angiogenesis via vascular 
endothelial growth factor stimulation through an ADMA 

dependent mechanism, but its effect on tumor growth is in-
dependent of ADMA metabolism. Hence, it is possible that 
unidentified mechanisms other than degradation of ADMA 
mediate the effects of DDAH-1 on carcinogenesis [192]. The 
issue is more complicated though, since recent studies sug-
gest that patients with cancer have higher serum ADMA 
levels than controls [193-195], while ADMA has been re-
ported to have anti-apoptotic effects and contribute to the 
resistance to chemotherapy of colon cancer cells [195].  

THERAPEUTIC APPROACHES TARGETING ADMA  

Since ADMA has a key role in the pathophysiology of 
endothelial dysfunction and its serum levels have been re-
lated to cardiovascular risk and prognosis, it has been hy-
pothesized that established cardiovascular and cardio protec-
tive treatments as well as novel therapeutic approaches capa-
ble to down regulate its levels would be of clinical benefit. 
However, results from studies are not consistent as signifi-
cant inter-study differences exist concerning the study popu-
lation, the dose and administration way of the therapeutic 
agents etc. Furthermore, it is difficult to directly connect the 
decrease in ADMA levels with the clinical benefits observed 
as most of the studying agents have a broad spectrum of ef-
fects and pleiotropic actions. The complex interplay between 
therapeutic regiments, ADMA levels and clinical effects are 
summarized in Table 2 and are further discuss in the follow-
ing section. 

Statins 

Statins are considered to exert their beneficial clinical ef-
fects via the inhibition of HMG-CoA reductace leading to 
decrease in cholesterol biosynthesis and consequently reduc-
tion of serum LDL-cholesterol levels. However, statins have 
also been suggested to enhance endothelial function through 
pleiotropic actions independent of LDL cholesterol reduc-
tion. These include up-regulation of eNOS expression, anti-
oxidative effects, up-regulation of cyclo-oxygenase-2 and 
prostacyclin, decrease in endothelin-1 bioavailability and 
increase in BH4 levels in vascular endothelium [224-227]. 

The impact of statins on ADMA was firstly documented 
on experimental models. Rosuvastatin significantly de-
creased ADMA levels in spontaneously hypertensive rats 
independently of any lowering in cholesterol levels effect 
[228]. In another experimental study, rosuvastatin decreased 
to normal values the elevated ADMA levels in dogs with 
atrial fibrillation [229]. Atorvastatin has also been reported 
to modulate DDAH/ADMA pathway in insulin-resistant rats 
by reversing low DDAH levels, low DDAH-1 aortic expres-
sion and high ADMA levels, suggesting that DDAH may be 
another target of statins through which they exert their anti-
atherogenic actions [196].  

The effect of statins on ADMA levels has also been ex-
amined in a number of studies on human subjects but the 
results are controversial. In the majority of them no impact 
was observed on ADMA levels with statins [197], but more 
recent randomized-control trials reported opposing findings. 
A significant reduction of ADMA levels after 1 month under 
simvastatin treatment in patients with hypercholesterolemia 
was reported. It is possible that simvastatin effects on 
ADMA levels are dose-dependent since in both studies the 
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Table 2. Synopsis of the main treatments capable to modify asymmetric dimethylarginine levels; main findings. 

Study Treatment Subjects Main Findings 

Chen et al. [196] 
Atorvastatin 30mg/kg/day for 8 

weeks 
Insulin resistant rats 

Atorvastatin inhibits the increase in 

ADMA levels by almost 50% and 

enhances the DDAH activity by 18% 

Young et al. [197] 
Atorvastatin 40mg/day for 6 

weeks 
24 chronic heart failure subjects No change in ADMA levels 

Lu et al. [198] 
Rosuvastatin 10mg/day for 6 

weeks 

46 patients with elevated low density lipo-

protein cholesterol levels 

Rosuvastatin decreases ADMA levels 

by almost 18% 

Yang et al. [199] Fonofibrate 

Cultured human umbilical vein endothelial 

cells incubated with oxidized LDL choles-

terol and pretreated with fenofibrate (3, 10 

or 30 microM) 

Pretreatment with fenofibrate inhib-

ited the oxidized-LDL-mediated in-

crease in ADMA 

Yang et al. [200] 
Fenofibrate 200mg/day for 8 

weeks 
45 subjects with hypertriglyceridemia 

Treatment with fenofibrate decreases 

the levels of ADMA by 15% 

Dierkes et al. [201] 
Fenofibrate 200mg/day for 6 

weeks 
25 hypertriglyceridemic men 

Has no effect on serum ADMA levels 

but increases the plasma L-

arginine/ADMA ratio 

Westphal et al. [202] 

Niacin 375mg/day increased to 

2000 mg/day over a period of 16 

weeks 

26 patients with low HDL cholesterol level 
Treatment decreases ADMA levels by 

almost 10% 

Fujii et al. [203] 
renin-angiotensin system inhibi-

tors for 3 months 

23 normotensive patients with chronic 

glomerulonephritis and normal or mildly 

impaired renal function 

Treatment decrease ADMA levels by 

almost 10% 

Delles et al. [204] Enalapril 20mg/day for 1 week 20 mildly hypertensive young male subjects 
Enalapril significantly reduces 

ADMA levels by 16% 

Wakino et al. [205] Pioglitazone for 4 weeks 
Wister-Kyoto rats and spontaneously hyper-

tensive rats 

Treatment decreases ADMA levels in 

both group by almost 15% 

Wang et al. [206] 
Rosiglitazone (3, 10 or 30mg/kg) 

for 6 weeks 
Streptozotocin-induced diabetic rats 

Rosiglitazone had no impact in the 

ADMA levels 

Wang et al. [207] 
Rosiglitazone 4mg/day for 8 

weeks 

70 non diabetic subjects with metabolic 

syndrome randomized to either rosiglitazone 

or placebo 

Treatment decreases ADMA by 16% 

Asagami et al. [208] 
Metformin at maximal effective 

dose for 3 months 

31 patients with poorly controlled type 2 

diabetes mellitus 

Metformin decreases ADMA levels 

by 27% 

Cakirca et al. [209] 

Vildagliptin 100mg/day was 

added to metformin treatment for 

6 months 

68 patients with type 2 diabetes mellitus (33 

were assigned to Vildagliptin) 

ADMA levels were lower in the Vil-

dagliptin group by 25% 

Khan et al. [210] 

Nebivolol for 24 weeks starting 

with 5mg/day and titrated to 

20mg/day 

42 hypertensive African Americans ADMA levels are decreased by 44% 

Sen et al. [211] 

Nebivolol (5mg/day) versus 

metoprolol (50mg/day) for 12 

weeks 

38 patients with cardiac syndrome X were 

randomized to nebivolol (19 subjects) or 

metoprolol 

Nebivolol reduces ADMA levels by 

37% 

Oguz et al. [212] 

Nebivolol (5mg/day) or me-

toprolol (100mg/day) for 12 

weeks 

54 patients with type 2 diabetes mellitus 

were randomized to nebivolol (28 subjects) 

or metoprolol 

In nebivolol group there is no signifi-

cant changes in serum ADMA levels. 



Assymetric Dimethylarginine in Clinical Setting Current Medicinal Chemistry, 2015, Vol. 22, No. 24    2883 

(Table 2) contd…. 

Study Treatment Subjects Main Findings 

Deng et al. [213] 

Pretreatment with acetylsalicylic 

acid (30 or 100 mg/kg/day) for 5 

days 

Rats with LDL induced vascular endothelial 

injury 

Acetylsalicylic acid inhibits the LDL 

induced increase in ADMA levels (a 

relative decrease by 25%) 

Hetzel et al. [214] 

Treatment with acetylsalicylic 

acid range from 81mg/day to 

1300 mg/day for 12 weeks 

37 patients with stable coronary artery dis-

ease 

A mean reduction of ADMA levels by 

30% is observed 

Holden et al. [215] 

Subcutaneous insertion of a 100-

mg ethynylestradiol implant for 2 

weeks 

15 postmenopausal women 
A decrease in ADMA level by 20% is 

observed 

Post et al. [216] 

Oral 17beta-estradiol 2 mg/day in 

various combination or placebo 

for 12 weeks 

60 healthy early postmenopausal women (16 

in the control group) 
ADMA levels are reduced by 18.7% 

Wu et al. [217] 
Folic acid 5mg/day and vitamin 

12 500μg/fay for 12 weeks 
120 patients with hypertension ADMA levels were decreased by 14% 

Ziegler [218] 

A mixture of vitamin-B (50 mg 

vitamin-B1, 50 mg vitamin-B6, 

0.05 mg vit-B12/day) and folic 

acid (5 mg/day) for 6 weeks 

49 subjects with peripheral arterial disease, 

stable intermittent claudication and fasting 

plasma total Homocysteine concentration > 

15 μmol/liter 

Treatment has no effect on ADMA 

levels 

Mittermayer et al. [219] 

Intravenously administered al-

pha-lipoic acid 600mg/day for 3 

weeks 

30 patients with type 2 diabetes mellitus 
Treatment decreases ADMA levels by 

9% 

Thaha et al. [220] 
N-acetylcysteine intravenously 

infused during hemodialysis 
40 patients with end stage renal disease 

N-acetylcysteine induces a greater 

decrease in ADMA levels by 30% 

Nascimento et al. [221] 
Oral N-acetylcysteine 

(1200mg/day) for 8 weeks 
22 patients on peritoneal dialysis 

Treatment has no effect on ADMA 

levels 

Tain et al. [222] 
Malatonin 0.01% in drinking 

water for 8 weeks 
Spontaneous hypertensive rats 

Plasma ADMA levels are decreased 

by 20% 

Han et al. [223] 

Resveratrol 50mg/litter in drink-

ing water (approximately 7-7.5 

mg/Kg/day) for 12 weeks 

Hypertensive rats 
Resveratrol decrease ADMA levels 

by 50% 

ADMA: Asymmetric dimethylarginine; DDAH: dimethyl-arginine-dimethyl-aminohydrolase LDL: low density lipoprotein; HDL: high density lipoprotein;  

 

dose of 80 mg daily managed to achieve a statistically sig-
nificant reduction in contrast to 40 mg daily [230]. In another 
study including patients with hypercholesterolemia rosuvas-
tatin appeared to reduce ADMA levels as well [198]. Inter-
estingly, a recent trial revealed a potential advantage of ro-
suvastatin versus atorvastatin in decreasing ADMA levels in 
patients with hyperlipidemia and coronary artery disease, 
even though both drugs had a significant effect [231]. Fi-
nally, in ischemic stroke patients statin treatment is associ-
ated with decreased ADMA serum concentration independ-
ently of several atherosclerotic risk factors and this was 
combined with an adequately controlled lipid profile [232].  

ADMA may also modulate the therapeutic response to 
statin treatment regarding endothelium-mediated vasodilata-
tion. As noted above, statins induce vasodilatation via eNOS 
up-regulation. In a study, ADMA was found to be a signifi-
cant determinant of enhancement of endothelial function in 
patients undergoing treatment with simvastatin, since only in 
those with low ADMA serum levels the endothelial function 

was improved [233]. This may suggest that even though 
eNOS is up-regulated after statin therapy, it may be incapa-
ble of acting under elevated ADMA concentration.  

Fibrates 

Fibrates are widely used for the treatment of dyslipide-
mia and specifically hypertriglyceridemia. They mainly act 
through activation of peroxisome proliferator-activated re-
ceptor alpha. Moreover, fibrates have anti-oxidant and anti-
inflammatory effects and therefore act protectively for the 
endothelium. Since ADMA is a key molecule for the main-
tenance of endothelial homeostasis, it has been hypothesized 
that fibrates may modulate endothelial function by influenc-
ing ADMA. It has been found that treatment with fenofibrate 
reduces ADMA levels in rats with endothelial dysfunction 
[234] and this effect has been verified in a clinical trial of 
hypertriglyceridemic patients [200]. A proposed mechanism 
includes the activation of DDAH possibly by the decrease in 
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nuclear factor kappa-beta activity due to the activation of 
PPAR-a, as it was shown in an experimental study of cul-
tured human umbilical vein endothelial cells with LDL-
induced endothelial injury [199]. Nevertheless, a previous 
study had failed to prove that fenofibrate had an impact on 
ADMA levels, but reported improved endothelial function as 
a result of increased L-arginine concentration and L-arginine 
to ADMA ratio [201]. The neutral impact of fenofibrate in 
the ADMA levels may be explained by the increase in the 
LDL cholesterol concentration after treatment with fenofi-
brate, that was observed only in the latest study, as LDL cho-
lesterol tent to increase ADMA plasma concentrations.  

Niacin 

Niacin is an agent used for the treatment of dyslipidemia 
and is the most powerful HDL-raising drug currently avail-
able. In addition, it reduces triglycerides, Lipoprotein-a and 
LDL cholesterol levels. Despite the fact that niacin is used 
for decades, its exact mechanism of action remains unclear. 
It is believed that it enhances endothelial function independ-
ently of the changes in plasma lipids [235]. The only study 
examining the association between niacin treatment and 
ADMA concentration reported a significant dose-dependent 
decrease in ADMA plasma levels of patients with low HDL 
cholesterol levels after 6 weeks intervention with niacin 
[202]. The proposed by the authors’ underlying mechanism 
of this effect is based on the fact that the metabolism of nia-
cin requires a considerable amount of methyl groups. As a 
result, S-adenosylmethionine, serving as the methyl donor, is 
depleted and becomes unavailable for the methylation of 
proteins, including methylarginines. Therefore, niacin may 
reduce ADMA levels by inhibiting its synthesis.  

Inhibitors of the Renin-Angiotensin-Aldosterone System 

Angiotensin Converting Enzyme Inhibitors (ACEIs) and 
Angiotensin Receptor Blockers (ARBs) are antihypertensive 
agents. ACEIs block the formation of angiotensin II by in-
hibiting angiotensin converting enzyme and impede activa-
tion of angiotensin I receptors in the adrenal cortex. There-
fore, they not only reduce vasoconstriction but also aldoster-
one release. Angiotensin II receptor blockers (ARBs) dis-
place angiotensin II from the angiotensin I receptor and re-
duce blood pressure by preventing angiotensin I receptor 
induced vasoconstriction, aldosterone, catecholamines and 
arginine-vasopressin release, water intake and hypertrophic 
responses. However, it has now been established that ACEIs 
and ARBs act as cardio and renal protective agents and en-
hance endothelial function, independently of reducing blood 
pressure levels, through different mechanisms [236]. 

A number of clinical studies have shown that treatment 
with ACEIs and ARBs reduces serum ADMA levels. Spe-
cifically, ADMA levels have been decreased in patients with 
chronic kidney disease, hypertension and other cardiovascu-
lar risk factors [203, 204]. 

It has also been shown that ACEIs and ARBs improve 
endothelial function by increasing NO bioavailability. One 
proposed mechanism is the decrease in ADMA levels which 
is possibly mediated by enhancement of DDAH activity. 
DDAH activity is diminished by ROS [57] and ACEIs and 
ARBs have been reported to decrease ROS generation by 

endothelium [237]. This is reinforced by an experimental 
study in rats with proteinuric nephropathy, in which an in-
crease in DDAH-1 mRNA was observed after treatment with 
losartan (ARB) and this effect was associated with reduction 
of reactive oxygen species (ROS) [238]. It has also been 
suggested that ADMA activates the vascular renin-
angiotensin system leading to activation of NADPH-
nicotinamide-adenine-dinucleotide phosphate oxidase and 
generation of oxidative stress [239]. This phenomenon may 
be mediated by ADMA-induced up-regulation of Angio-
tensin Converting Enzyme [114]. Therefore, ACEIs and 
ARBs could impede ADMA as well. Another study on hy-
pertensive rats claims that reduction of ADMA levels is an 
important pathway through which losartan exerts its cardio-
protective effects [240].  

Due to ACEIs and ARBs inability to completely block 
renin-angiotensin-aldosterone system, they do not provide 
absolute protection against endothelial dysfunction. Al-
iskirin, a renin inhibitor could theoretically provide a better 
blockade. In recent experimental studies, aliskirin reduces 
circulating ADMA levels in hypertensive rats [241]. 

Blood Glucose Lowering Medications  

ADMA and NO have been found to be significant deter-
minants of insulin resistance, a common feature of diabetes 
mellitus type 2 [242]. Moreover, ADMA levels have been 
recorded higher than normal in subjects with diabetes melli-
tus type 2 [70]. Insulin resistance has been related to endo-
thelial dysfunction and accordingly, drugs increasing insulin 
sensitivity may improve endothelial function. Thiazolidine-
dones (or glitazones), which are activators of peroxisome 
proliferator receptor-γ, and metformin, which exerts its ef-
fects via suppressing hepatic gluconeogenesis have been 
proposed to act independently of these major mechanisms in 
a beneficial manner for the endothelium.  

Since ADMA levels may be associated with insulin resis-
tance and thiazolidinedones enhance insulin sensitivity, it 
was investigated whether they decrease ADMA levels. Pio-
glitazone reduces ADMA levels by 20% in both spontane-
ously hypertensive and normotensive rats [205]. Simultane-
ously, it increases DDAH-2 renal expression, implying that 
up-regulation of DDAH-2 in renal tubular cells by pioglita-
zone may lead to ADMA catabolism and ameliorates endo-
thelial function. On the other hand, rosiglitazone has no im-
pact on serum ADMA levels in diabetic rats, but reverses 
endothelial dysfunction by inhibiting the increased activity 
of nuclear factor-kappaB and returned to normal the elevated 
levels of tumor necrosis factor-alpha and intercellular adhe-
sion molecule-1 [206]. It was found though, that these ac-
tions were mediated by the effect of ADMA on the vascular 
wall. Therefore, rosiglitazone may not reduce its plasma lev-
els, but suppresses its deleterious effects. However, in an-
other study, rosiglitazone significantly decreases ADMA 
levels in rats with dyslipidemia and this effect was even 
more profound after combining rosiglitazone with atorvas-
tatin suggesting a possible synergistic role of the two drugs 
[243].  

Data from clinical research studies on the effect of thia-
zolidinediones on ADMA are controversial as well. Al-
though there is evidence that rosiglitazone after 8 weeks of 



Assymetric Dimethylarginine in Clinical Setting Current Medicinal Chemistry, 2015, Vol. 22, No. 24    2885 

treatment reduces plasma ADMA levels in 70 non-diabetic 
patients with metabolic syndrome [207] and 7 insulin-
resistant hypertensive patients [92], in most clinical studies 
no effect on ADMA levels has been observed after treatment 
with either pioglitazone or rosiglitazone [244, 245]. Moreo-
ver, thiazolidinediones present a high risk of liver toxicity 
and detrimental effects in the cardiovascular system and 
therefore the only in use thiazolidinedione at the moment is 
pioglitazone [246]. These side effects of thiazolidinediones 
may also explain the aforementioned discrepancies in studies 
concerning changes in ADMA levels.  

Metformin is a glucose lowering drug from the family of 
biguanides, which is now considered as the first line oral 
drug for the treatment of diabetes mellitus type 2. Its main 
mechanism of action is believed to be the inhibition of glu-
coneogenesis, thus leading to decrease glucose production by 
the liver [247]. Even though the exact target of metformin 
remained unknown for years, there is now evidence that it 
acts in the mitochondria of hepatocytes by inhibiting respira-
tory-chain complex 1 [248, 249]. In particular, this action 
leads to a decrease in cellular energy status, which further 
stimulates the activation of the AMP- activated protein 
kinase resulting in a switching of the cells from an anabolic 
to a catabolic state [250]. Metformin has also been reported 
to reduce ADMA levels, thus acting protectively for the en-
dothelium. Specifically, metformin has been reported to de-
crease ADMA and blood pressure levels in spontaneously 
hypertensive rats. This effect was not mediated by either 
DDAH or PRMT enzymes [251]. In addition, metformin 
administration for one week has been found to reduce 
ADMA tissue levels, increase DDAH activity and attenuate 
histopathological lesions in rat with experimentally induced 
liver injury [252]. Interestingly, it has been suggested that 
metformin acts as a competitive antagonist of ADMA [253]. 
This is based on the fact that the two molecules are chemical 
structural analogues and they have opposing cardio-
metabolic effects [253].  

There is also evidence that metformin decreases plasma 
ADMA concentration in humans with polycystic ovaries 
syndrome [254-256] and in patients with diabetes mellitus 
type 2 [208]. On the contrary, Lund et al., reported no 
change in ADMA levels of patients with type 2 diabetes mel-
litus after administration of metformin for 4 months [257]. 
Moreover, the ADMA levels were similar among patients 
with no difference in their glycemic control receiving either 
metformin either repaglinide [257]. Worth noting, a study 
among patients with diabetes mellitus type 2 and stable 
coronary artery disease revealed that patients receiving met-
formin have higher circulating ADMA levels as compared to 
subjects not receiving metformin [258]. Therefore, it remains 
obscure whether metformin actually exerts part of its benefi-
cial action via regulation of ADMA. 

Lastly, there are references for vildagliptin and amino-
guanidine that they modulate ADMA levels. A recent study 
found that vildagliptin, an anti-hyperglycemic agent belong-
ing to the dipeptidyl peptidase-4 inhibitors, when combined 
with metformin cumulatively reduces plasma ADMA in a 
lower level compared to metformin alone in patients with 
diabetes mellitus type 2 [209]. Aminoguanidine, as shown in 
an experimental study in rats, improves endothelial function, 

increases DDAH activity and prevents elevation of ADMA 
levels [259]. 

Generally, high glucose levels promote impairment of 
endothelial function and this may be mediated in part by 
ADMA. In a study of 24 patients with diabetes mellitus type 
2, it was found that intensive control of glucose levels is 
more effective in enhancing endothelial function and de-
creasing ADMA levels than conventional therapy [260].  

Third Generation β-Blockers (Nebivolol, Carvedilol) 

Nebivolol is a selective β1-adrenoreceptor antagonist, but 
there is evidence that it exerts its cardioprotective activity via 
various different pathways, including NO-dependent vaso-
dilatation and oxidative stress reduction [261]. ADMA is a 
potential target for nebivolol, since several clinical studies 
state that it reduces its circulating levels. Specifically, 
ADMA levels decrease after treatment with nebivolol in pa-
tients with hypertension [210] and in patients with cardiac 
syndrome X [211], but the drug has no impact on ADMA 
levels in patients with diabetes mellitus type 2 [212]. How-
ever, in this trial of diabetic patients, the group treated with 
nebivolol did not have an observable change in ADMA lev-
els, whereas in patients treated with metoprolol (a selective 
β1-blocker) an increase in ADMA levels was observed, im-
plying that nebivolol may inhibit ADMA increase.  

It was first proposed that nebivolol attenuated ADMA 
levels by up-regulating DDAH-2 expression and activity and 
this hypothesis was verified in a double-blind randomized 
study which compared 40 essentially hypertensive patients 
treated with nebivolol or atenolol (a selective β1-blocker) 
[262]. In this study only patients on nebivolol treatment de-
creased ADMA levels, increased DDAH-2 expression, en-
hanced endothelial function (measured by FMD) and in-
creased eNOS activity. Recently an experimental study in 
spontaneously hypertensive rats found that nebivolol not 
only augments ADMA hydrolysis by increasing DDAH-2 
expression, but also inhibits its generation via down-
regulating PRMT-1 expression [263].  

Carvedilol, which is a non-selective β-blocker with addi-
tional α1-adrenoreceptor antagonist activity, has not yet been 
in depth investigated about its actions in endothelial function 
and especially ADMA. In one study that included 22 patients 
with heart failure, a decrease in ADMA levels was observed 
after carvedilol treatment but only in patients that recorded 
treatment response and improvement of heart failure status 
[264]. Nevertheless, in hypertensive patients undergoing 
combined carvedilol-lisinopril therapy, no difference was 
recorded in ADMA levels after seven months [265]. 

Acetylsalicylic Acid 

Acetylsalicylic acid is considered to act cardioprotec-
tively mainly through inhibition of cyclooxygenase (COX)-1 
leading to decrease synthesis of thromboxane-A2 and at-
tenuation of platelet aggregation. Acetylsalicylic acid can 
also improve endothelial function. The proposed mecha-
nisms include ADMA regulation. In a study in rats, acetyl-
salicylic acid at the dose of 30 mg/kg reduced LDL-derived 
endothelium damage through a decrease in ADMA levels via 
increasing DDAH activity [213]. Moreover, acetylsalicylic 
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acid reduces endothelial cell senescence in parallel with ele-
vation of ADMA levels and up-regulation of DDAH activity 
[266]. Since, ADMA promotes cell senescence it is possible 
that reduction of endothelial cell senescence by acetylsali-
cylic acid may be mediated via reduction in ADMA levels. 
However, acetylsalicylic acid inhibits also endothelial cell 
senescence via up-regulation of eNOS expression [267]. The 
aforementioned mechanisms have been further confirmed by 
clinical studies that have found a decrease in ADMA levels 
in coronary artery disease patients when treated with aspirin 
[214]. 

Hormone Replacement Therapy 

Estrogen deficiency after menopause may be responsible 
for the sharp increase in cardiovascular risk in post-
menopausal women. The fact that premenopausal women 
have lower ADMA levels than men of the same age indicates 
a possible effect of estrogens on ADMA levels [268]. It has 
been shown that estrogens increase DDAH activation and 
thus inhibit ADMA accumulation [215]. Estradiol has been 
found in vitro to attenuate the activity of oxidized LDL on 
endothelium, inhibit DDAH activity and as a result increases 
ADMA concentration and reduces NO bioavailability [269]. 
Furthermore, it has been shown that estradiol inhibits DDAH 
through estrogen receptor alpha (ERα), since its effects were 
abolished when this receptor was blocked by antagonists 
[270].  

These experimental findings have been verified in vivo, 
since a wide number of clinical studies indicates that hor-
mone replacement therapy regardless of its type, its route of 
administration, its dose and the progesterone addition or 
not, decreases significantly ADMA levels [215, 216]. How-
ever, progesterone addition [216] seem to cause a greater 
decline. Lastly, there is evidence that the relationship be-
tween estrogen therapy and ADMA levels decline is dose-
dependent [215].  

Antioxidants, Folate, Vitamin B12 and Omega-3-

Polyunsaturated Fatty Acids 

Several molecules such as vitamins C and E, beta-
carotene, ascorbic acid and alpha-lipoic acid have been char-
acterized for their antioxidant capacity. It has been demon-
strated that oral administration of vitamin C and/or vitamin E 
improves endothelial function and these vitamins are consid-
ered to have anti-oxidant, anti-thrombotic and anti-
inflammatory effects [271]. It is unclear if they have any 
impact on ADMA levels though. The results from two clini-
cal trials are conflicting. In the first of them that included 
patients with mild to moderate chronic kidney disease, vita-
min E was found to significantly reduce ADMA levels by 
4% [272]. When vitamin E was combined with ascorbic acid 
and beta-carotene and was given to patients with mildly high 
homocysteine levels, ADMA levels were not altered [273].  

Folate and vitamins of complex B are administered as a 
homocysteine-lowering treatment. They have been studied 
about their potential to reduce ADMA levels in cardiovascu-
lar disease. There is evidence that folate either alone either 
when combined with methylcobalamine (a form of vitamin 
B12) decreases ADMA concentration in patients with hyper-
homocysteinaemia [274], and essential hypertension [275]. 

On the contrary, no impact of this treatment on ADMA lev-
els was proven in children with familiar hypercholes-
terolemia or diabetes mellitus type 1 [79], patients with mild 
to moderate chronic kidney disease [272] and patients with 
peripheral artery disease [218]. Nevertheless, folate’s circu-
lating metabolite, 5-methyltetrahydrofolate, when infused in 
patients with chronic heart failure and controls, led to an 
acute significant decline of ADMA levels [276].  

Accumulating evidence suggests that alpha-lipoic acid, a 
molecule naturally produced in animals, possesses antioxi-
dant properties and acts beneficially against endothelial dys-
function [277, 278]. A number of studies have explored 
whether this effect is partially mediated by ADMA. In one of 
them alpha-lipoic acid was found to reverse the increase of 
ADMA levels observed in high fructose-fed rats [279], while 
in cultured endothelial cells, alpha-lipoic acid decreased 
ADMA concentration via activation and promotion of 
DDAH gene expression [280]. Specifically, this effect was 
mediated by increasing activity of signal transducer and acti-
vator of transcription 3, which is bind to DDAH2 gene pro-
moter and amplified the expression of DDAH2 [280]. Like-
wise, clinical studies have reported a decrease in ADMA 
levels after supplementation with alpha-lipoic acid in pa-
tients with end-stage renal disease as well as patients with 
type 2 diabetes mellitus [219, 281]. However, in another 
study of patients with chronic renal failure under hemodialy-
sis, alpha-lipoic acid was not found to have any effect on 
ADMA levels [282].  

N-acetylcysteine is another molecule with reported direct 
and indirect antioxidant effects [283]. In human umbilical 
vein endothelial cells incubated with ADMA, the observed 
stimulation of senescence was reserved if N-acetylcysteine 
was pre-incubated [284]. Moreover, N-acetylcysteine attenu-
ates the increase in ADMA levels observed in vivo in human 
renal proximal tubular epithelial cells after Adriamycin 
treatment [285]. It has also been reported that N-
acetylcysteine inhibits the suppression of DDAH2 expres-
sion induced by advanced glycation end products, thus 
blocking accumulation of ADMA in cultured endothelial 
cells [286]. Similarly, a study of ischemia/reperfusion-
injured mice showed that N-acetylcysteine did not allow 
elevation of ADMA levels by inhibiting the knockdown of 
DDAH1 enzyme in the kidneys [287]. In spontaneously hy-
pertensive rats, N-acetylcysteine restores DDAH activity and 
decreases ADMA levels, oxidative stress and blood pressure 
[288]. Therefore, experimental studies support that N-
acetylcysteine inhibits accumulation of ADMA. It is not 
clear though, whether this is a direct interaction between N-
acetylcysteine and molecules that participate in ADMA me-
tabolism or if this effect is mediated by a decrease in oxida-
tive stress production. Studies in humans are contradictory. 
Thaha et al., reported an approximately 30% decrease in 
ADMA serum levels of end-stage renal disease patients after 
a 4-hour hemodialysis session which was accompanied with 
a 4-hour intravenous infusion of N-acetylcysteine [220]. This 
decrease was significantly 10% greater than the one ob-
served in the control group of patients who did not receive 
N-acetylcysteine [220]. On the contrary, oral administration 
of N-acetylcysteine for 8 weeks did not have any significant 
effect on ADMA levels of peritoneal dialysis patients [221]. 
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Since omega-3-polyunsaturated fatty acids have a well-
recognized clinical benefit, it was explored whether they 
exert their cardioprotective effect through an ADMA-
dependent manner. However, no study that tested the effi-
cacy of supplementary omega-3-polyunsaturated fatty acids 
verified such a hypothesis [289-292].  

Nitrate/Nitrite 

In mammals, NO may be produced via either NOS de-
pendent or NOS independent pathways. The latter includes 
formation of NO by its oxidation products, nitrate (NO3

−
) 

and nitrite (NO2
−
) [293]. Thus, dietary administration of ni-

trate has revealed a new therapeutic perspective. Indeed, oral 
intake of nitrate has been found to reduce diastolic and sys-
tolic blood pressure in healthy volunteers [294, 295], while 
nitrite supplementation has been shown to have cytoprotec-
tive and anti-apoptotic properties in models of acute myo-
cardial infarction and stroke [296-298]. They also act protec-
tively against renal injury in hypertensive rats [299]. Regard-
ing the effect of NO oxidation products on ADMA levels 
few studies have explored their actions. In salt-induced hy-
pertensive rats, nitrate supplementation prevents renal and 
cardiac injury, reduces oxidative stress and normalizes serum 
and urine levels of ADMA and SDMA [300]. Similarly, die-
tary sodium nitrate (as well as L-citrulline) was found to 
decrease ADMA levels in spontaneously hypertensive rats 
[301]. Due to the paucity of relevant studies, whether oral 
intake of nitrate and/or nitrite has any direct effect on 
ADMA needs to be further studied. 

Dietary Intervention 

It has been proven that diet plays a crucial role in the de-
velopment of atherosclerosis and cardiovascular disease. The 
exact mechanism through which the modification of diet 
improves endothelial function has not been revealed yet. 
Some studies indicate that low-calorie dietary intervention, 
specifically for 12 weeks, decreased the concentration of 
circulating ADMA in obese and overweight patients [302, 
303]. This effect was significant even in obese children after 
only a 2-week-long low-calorie dietary intervention along 
with exercise [304].  

Mediterranean diet and low-fat dietary patterns have been 
shown to be efficient in both primary and secondary preven-
tion of cardiovascular events. A clinical trial suggested that 
such an intervention as secondary prevention in patients who 
had suffered an acute coronary syndrome, reduced ADMA 
plasma levels and increased L-arginine/ADMA ratio [305]. 
Olive oil has a central role in Mediterranean diet. Polyphe-
nols, are considered partly responsible for its beneficial ef-
fect. Polyphenol-rich olive oil intake seems to significantly 
decrease serum ADMA levels after 4 months, implying a 
potential explanation for its protective action against endo-
thelial dysfunction [306].  

Moreover, high salt intake has been correlated with 
higher ADMA concentration in normotensive patients [307]. 
Interestingly, it was found that high-salt diet in rats increases 
ADMA levels via up-regulating DDAH expression and this 
effect was independent of the blood pressure measurements 
[308].  

Lastly, in patients with chronic kidney disease a 3-year-
low-protein dietary intervention improves endothelial func-
tion and reduces ADMA levels [309].  

Interferon-a 

Treatment with interferon-a in patients with hepatitis C 
causes depression which is driven by elevated ADMA levels 
linking depression to increased cardiovascular risk. A poten-
tial modification in the expression of interferon-a may also 
result in alteration in ADMA levels [310]. Nevertheless at 
the moment there are no such studies.  

Tumor Necrosis Factor Antagonists 

It is now well established that inflammatory arthropathies 
are associated with increased risk for cardiovascular disease, 
due to impaired endothelial function [311]. Even though the 
exact mechanisms underlying this phenomenon are still un-
clear, ADMA levels have been found elevated in patients 
with rheumatoid arthritis and ankylosing spondylitis [312-
316]. Tumor necrosis factor is a molecule of crucial impor-
tance in the inflammatory process and antagonists of his ac-
tion are used as a treatment. Initially reports noted a decrease 
in ADMA levels after initiation of anti-TNF therapy in pa-
tients with rheumatoid arthritis [317] but later studies with 
higher samples of patients with rheumatoid arthritis and an-
kylosing spondylitis and longer follow-up failed to verify 
such an effect [318-321]. However, one of these studies re-
corded a significant increase in the L-arginine/ADMA ratio 
after 3 and 12 months of anti-TNF treatment [318]. These 
results imply that TNF-antagonists may have an additional 
atheroprotective role mediated by modulation of ADMA/NO 
cascade, but further research is required. 

Retinoic Acid 

Vitamin A derivatives and particularly all-trans-retinoic 
acid are believed to have important effects on cardiovascular 
system and due to their beneficial antiatherogenic action they 
may have therapeutic potential. It has been shown that all-
trans-retinoic acid increases NO production by up-regulating 
DDAH2 expression and reducing ADMA in endothelial cells 
[322]. This effect should be further studied in clinical trials.  

THERAPEUTIC PERSPECTIVE 

Despite the proven ability of current treatments to sig-
nificantly reduce ADMA levels, as shown in Table 2, these 
agents are not exclusively targeting ADMA and there is still 
no established clinical benefit of this reduction. Previous 
reports have already discussed the clinical impact of the de-
crease in ADMA levels caused by classical regimens [6, 
323-325]. Therefore, in the next section, novel approaches 
under investigation, targeting specifically ADMA synthesis 
and metabolism, as well as other innovative ADMA lower-
ing agents, are discussed. 

Gene Therapy Targeting DDAH  

As it has already been mentioned, DDAH metabolizes 
ADMA and this action is a promising pharmaceutical target 
to indirectly reduce ADMA levels and increase NO forma-
tion. It has been reported that DDAH-1 and 2 genes poly-
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morphisms influence ADMA levels in patients with type 2 
diabetes mellitus [326] and recent evidence suggests that a 
specific variant in DDAH-2 gene (polymorphism rs9267551) 
is associated with insulin sensitivity [327]. Therefore, 
DDAH-2 gene was transferred to thoracic aortas of hyperli-
pedemic rabbits and in diabetic rats by recombinant adenovi-
ruses. In both experiments DDAH expression was increased 
and led to improvement in the endothelial-dependent relaxa-
tion by decreasing ADMA levels [328, 329]. Moreover, in 
another study in human umbilical vein endothelial cells in-
fected with recombinant DDAH-1 and DDAH-2 adenovirus 
an increase in DDAH expression and a decrease in ADMA 
levels was observed. Similarly, in the same study, overex-
pression of DDAH-1 or 2 in DDAH-1(+/-) mice increased 
NO production and improved acetylocholine induced relaxa-
tion was observed in carotid vessels [330]. However, such a 
therapeutic prospective is still far away from clinical applica-
tion.  

Modulation of Protein Arginine Methyltransferases Ac-

tivity 

It has already been noted that PRMT catalyzes the forma-
tion of ADMA. There is a number of PRMT isoforms, but 
PRMT-1 is responsible for asymmetrical dimethylarginines 
synthesis [10]. Therefore, PRMT-1 inhibitors would be po-
tential a novel therapeutic agents for cardiovascular disease. 
Despite the fact, that various PRMT inhibitors have been 
developed, most of them are S- adenosylmethionine ana-
logues, such as sinefungin and S–adenosylhomocysteine, and 
inhibit the activity of a wide variety of S-
adenosylmethionine –dependent methyltransferases. As a 
result, they lack specificity for PRMT-1 [9]. However, more 
recent agents, like A9 and A36 seem to be more selective 
against PRMT-1 [331]. In addition, research findings suggest 
that using small molecules targeting the substrates of PRMT-
1 rather than the enzymes themselves provides higher speci-
ficity and more effective inhibition of PRMT-1 activity 
[332]. Development of more effective agents could possibly 
play a key role in the future in the modulation of PRMT-
1/ADMA/NO cascade in order to enhance endothelial func-
tion. For the time being, there is no experimental or clinical 
trial exploring the effect of PRMT-1 inhibitors in cardiovas-
cular disease, though [333]. 

Serelaxin 

Relaxin is a small peptide hormone produced mainly dur-
ing pregnancy which is thought to be a vasodilator agent 
among its other actions. There is evidence suggesting that 
relaxin increases NO synthesis both acutely and chronically, 
possibly after connecting to relaxin/insulin-like family pep-
tide receptor (RXFP1) [334]. Serelaxin, a recombinant form 
of human relaxin-2, is a novel investigational drug for the 
treatment of acute heart failure [335]. Whereas it is known 
that serelaxin exerts part of its beneficial effect via inducing 
the activation of NOS, there is no well established proposed 
mechanism for this action. An experimental study reported a 
decrease in ADMA circulating levels and normalization of 
oxidative stress products in drug-induced hypertensive rats 
receiving serelaxin. In addition, serelaxin did not influence  
 

PRMT or DDAH activity and the authors suggested that ser-
alaxin reduces ADMA and increases NO bioavailability 
through its antioxidant action [336].  

Melatonin 

Melatonin is an indoleamine produced form the pineal 
gland. Its main role is the regulation of circadian rhythms but 
antioxidant properties have also been attributed to this in-
doleamine. Experimental evidence support that melatonin 
exerts part of its beneficial action via increasing DDAH ac-
tivity and subsequently decreasing ADMA levels [222, 337-
342]. A possible explanation for this action has been given 
by Tain et al., who showed that melatonin suppresses the 
inhibitory effect of oxidative stress on DDAH, thus not al-
lowing its down-regulation [339]. No clinical studies are 
available for the effect of exogenously administered mela-
tonin on ADMA levels. In a study of 852 community-
dwelling elderly individuals though, a decrease of ADMA 
levels was found to mediate the night-time blood pressure 
decrease caused by endogenous melatonin secretion [343]. 
Further clinical evidence is needed to give insight in the po-
tential beneficial effect of melatonin administration against 
diseases associated with elevated ADMA levels.  

Resveratrol 

Resveratrol is a phytoalexin naturally produced by sev-
eral plants and present in many natural products, including 
red wine [344]. It has been reported to have beneficial effects 
against diabetes, obesity and cardiovascular disease, while it 
possesses anti-ageing and neuroprotective properties [345]. 
Resveratrol was found to act protectively against the high-
glucose-induced senescence of endothelial cells via up-
regulating DDAH and restoring ADMA levels [346]. It was 
found that resveratrol up-regulates DDAH possibly through 
activation of silent information regulator 1 [346]. In line with 
these evidences, resveratrol was found to increase DDAH 
activity and reduce ADMA levels in endothelial cells in a 
dose-dependent manner [347]. Resveratrol was also found to 
act against ADMA accumulation and restore L-arginine in 
rats with vascular dysfunction induced by high fructose sup-
plementation [348]. Similar effects were observed in a more 
recent study, where endothelial cells senescence by high 
glucose intake was inhibited by resveratrol via up-regulation 
of DDAH-2 [349]. In this study it was also reported that ex-
pression of sirtuin 1 was decreased in endothelial cells pre-
treated with high glucose as well as in patients with type 2 
diabetes mellitus [349]. Since resveratrol activates sirtuin 1, 
it was hypothesized that the up-regulation of DDAH-2 may 
be mediated by this phenomenon [349]. Lastly, resveratrol 
has been reported to decrease ADMA levels in rats with de-
oxycorticosterone acetate induced hypertension [223]. Be-
sides endothelial dysfunction, resveratrol has been reported 
to exert a protective effect against gastric mucosal injury in 
rats via increasing DDAH activity and thus decreasing 
ADMA concentration and increasing NO bioavailability in 
the gastric mucosal cells [350]. Studies in humans should 
further investigate the role of resveratrol in the 
DDAH/ADMA/NO pathway, as well as the potential mediat-
ing effect of sirtuin 1 in this phenomenon. 
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L-Arginine 

L-arginine is a semi essential amino acid. It is the sub-
strate for eNOS as the precursor molecule for NO synthesis. 
It has been recently suggested that eNOS inhibition by its 
endogenous competitive inhibitors, the most known and cru-
cial of which is ADMA, leads to eNOS “uncoupling”. As a 
result, instead of NO, ROS are released and oxidative stress 
is generated [351]. Therefore, L-arginine acts beneficially for 
endothelium via competing the harmful results of ADMA on 
eNOS function. Based on this hypothesis, L-arginine sup-
plementation has been tested as a potential therapeutic ap-
proach. It was shown from clinical studies that L-arginine 
only increases NO synthesis when administered to patients 
with baseline elevated ADMA levels [352] and that it has no 
impact on healthy subjects [353]. Moreover, short-term 
treatment with L-arginine prevents the smoking-induced 
impairment of endothelial function and vascular elastic prop-
erties in healthy smokers [354]. The underlying mechanism 
was proposed to be the saturation of eNOS with substrate (L-
arginine) under physiological conditions when ADMA levels 
are low. Indeed, in healthy subjects the physiological con-
centration of L-arginine was found to be much higher than 
the Michaelis-Menten constant Km of eNOS [47]. In addi-
tion to its antagonism with ADMA, L-arginine can further 
enhance endothelial function by stimulating insulin and 
growth hormone which in turn up-regulates eNOS expres-
sion and decreases ADMA levels [355]. Finally, L-arginine 
seems to have anti-oxidant and anti-apoptotic abilities [356]. 

Despite the theoretical protective mechanisms stated 
above, data from clinical studies are inconsistent with the 
theory that L-arginine supplementation acts protectively for 
the heart and the vascular wall in patients suffering from 
cardiovascular disease. It has been found that exogenous L-
arginine is able to restore NO bioavailability, but in patients 
with hypertension or heart failure an enhancement in endo-
thelial function has not been confirmed in all studies. This 
may be explained by the decrease in expression of L-arginine 
intracellular transporter in these diseases [357]. In a random-
ized control trial (VINTAGE MI Study) it was investigated 
whether L-arginine should be administered to post-
myocardial infarction patients [358]. Interestingly, it was 
found that L-arginine not only had no effect on ejection frac-
tion and arterial stiffness but it may increase post-infarction 
mortality when compared to placebo. Therefore they con-
cluded that L-arginine should not be given after myocardial 
infarction. 

L-Citrulline 

L-citrulline is an amino acid that may serve as a precur-
sor of L-arginine. Particularly, L-citrulline is converted to L-
argininosuccinate by argininosuccinate synthetase and sub-
sequently to L-arginine by argininosuccinate lyase [359]. 
Oral administration of L-citrulline has an advantage over L-
arginine because it is not subject of pre-systemic elimination, 
i.e. bacteria of the gastrointestinal tract [359].  

The effect of L-citrulline supplementation on ADMA 
concentration and L-arginine to ADMA concentration ratio 
has been evaluated in experimental and clinical studies. In a 
study of offspring rats whose mothers had been exposed to 
caloric restriction, L-citrulline intake, among others, pre-

vented the increase of plasma ADMA and SDMA and de-
creased the L-arginine to ADMA ratio, thus increasing NO 
concentration [360]. Similar findings were observed in spon-
taneously hypertensive rats when kidney concentrations of 
L-arginine and ADMA were measured [301]. In a more re-
cent study in porcine coronary arteries ADMA-induced en-
dothelial dysfunction was attenuated by L-citrulline due to 
restoration of NO bioavailability [361]. Underlying mecha-
nisms include up-regulation of eNOS expression and stimu-
lation of its activation, inhibition of reactive oxygen species 
formation and enhancement of argininosuccinate synthetase 
expression [361]. 

In a study of 20 heathy volunteers, oral supplementation 
of L-citrulline for 1 week significantly increased L-arginine 
to ADMA circulating ratio in a dose-dependent manner 
[362]. Another study in healthy males reported that despite a 
significant increase of L-arginine to ADMA ratio after L-
citrulline supplementation, this effect was not associated 
with a decrease in ADMA plasma levels [363]. On the con-
trary, in vasospastic angina patients, plasma ADMA de-
creased by approximately 15% after daily intake of 800 
mg/kg of L-citrulline for 8 weeks [364]. As expected, L-
arginine to ADMA ratio was significantly increased [364]. 
Finally, L-citrulline administration may have beneficial 
properties during mid-pregnancy, since it was found to in-
crease L-arginine to ADMA ratio, enhance endothelial func-
tion and lower blood pressure [365]. 

Farnesoid X Receptor Agonists 

Farnesoid X receptor (FXR) is a type of nuclear receptor 
mostly expressed in liver and intestine. Its primary effect is 
the regulation of gene expression in order to reduce bile acid 
toxicity in these tissues [366]. FXR is a promising target for 
pharmacological intervention due to its regulating effect in 
the homeostasis of cholesterol, bile acid and glucose. In vivo 
administration of GW4064, a FXR agonist in Zucker diabetic 
fatty rats stimulated a dose-dependent increase in hepatic 
DDAH-1 gene expression leading to a respective decrease in 
ADMA levels [367]. Another study demonstrated that the 
same FXR agonist, in addition to DDAH-1, increased CAT1 
gene expression in mouse liver and kidney, thus regulating 
ADMA uptake in these tissues [368]. GW4086 was also 
found to protect against ischemia/reperfusion-induced gastric 
lesions via increasing of ADMA [369]. Another FXR ago-
nist, INT-747, has been reported to inhibit DDAH suppres-
sion after high salt intake in rat models with salt-sensitive 
hypertension and insulin resistance [370]. This effect led to 
enhanced insulin sensitivity [370]. Lastly, recent evidence 
suggests that administration of a FXR agonist (obeticholic 
acid) in cirrhotic rats reduces significantly portal hyperten-
sion via up-regulation of DDAH-1 and subsequent decrease 
of ADMA [371].  

CONSIDERATIONS-DRUG INTERACTIONS WITH 

ADMA METABOLIC PATHWAYS 

Proton pump inhibitors are gastric acid-suppressing 
agents widely prescribed for the treatment of gastroesophag-
eal reflux disease. Several studies have documented an in-
crease in cardiovascular events in patients treated with this 
class of agents. Recently, the finding that proton pump in-



2890    Current Medicinal Chemistry, 2015, Vol. 22, No. 24 Tousoulis et al. 

hibitors bind to and inhibit DDAH leading to elevated 
plasma ADMA levels and reduced NO levels and endothe-
lium-dependent vasodilation in a murine model and ex vivo 
human tissues raised concerns about the use of this agents in 
subjects with atherosclerosis and coronary artery disease 
[372].  

Recombinant human erythropoietin is frequently used in 
patients suffering from anemia, specifically due to chronic 
kidney disease. It is known that erythropoietin causes hyper-
tension and it has been suggested that this is the effect of its 
action on endothelial cells. In particular, one study found that 
it impairs DDAH activity thus increasing ADMA levels 
[373]. However, more recent evidences indicate that despite 
its aforementioned action, erythropoietin does not affect NO 
synthesis [374]. In accordance to this finding, a prospective 
study of patients with chronic kidney injury and anemia un-
dergoing treatment with erythropoietin for 6 months demon-
strated a protective role of the agent against atherosclerosis 
and endothelial dysfunction. This study reported a decrease 
in ADMA levels as well [375]. 

It is usual for patients with epilepsy to be treated with 
one or more anti-epileptic drugs for long periods of time, 
possibly life-long. Consequently, findings linking anti-
epileptic agents to atherosclerosis create a dilemma regard-
ing their use. Interestingly, patients under therapy with car-
bamazepine or valproic acid had higher levels of ADMA 
compared to measures before initiation of the treatment 
[376]. A more recent study did not report elevated ADMA 
levels in patients under oxcarbazepine or valproic acid but 
increased risk for hyperhomocysteinemia, which the authors 
implicated as responsible for the higher atherosclerosis risk 
[377]. It is important that these effects have not been studied 
for each agent on a separate basis despite their different 
mechanisms of action. Nevertheless, in future studies it 
should be determined which antiepileptic drugs have the 
least cardiovascular risk. 

CONCLUSION 

The role of endothelial dysfunction in atherosclerosis and 
cardiovascular disease is undoubted and ADMA is a key 
molecule in its pathophysiology. Elevated levels of ADMA 
have been correlated with a number of cardiovascular risk 
factors and diseases. Several established cardiovascular 
treatments such as ACEIs and ARBs, nebivolol, metformin 
and acetylsalicylic acid are among the classic pharmaceutical 
agents that their ability to decrease ADMA levels is almost 
proven, whereas this effect is still controversial for thia-
zolidinedones and statins. However, reducing pharmaceuti-
cally ADMA levels has uncertain clinical benefit and thera-
peutic regimens are not indicated in the absence of other 
cardiovascular risk factors. Consequently, further research is 
needed to give insights in the potential of novel therapeutic 
approaches targeting specifically ADMA synthesis and me-
tabolism to modify atherosclerosis progression.  
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