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Abstract

Patients with chronic kidney disease have an increased cardiovascular morbidity and mortality. It 

has been recognized that the traditional cardiovascular risk factors could only partially explain the 

increased cardiovascular morbidity and mortality in patients with chronic kidney disease. 

Asymmetric dimethylarginine (ADMA) and N-monomethy L-arginine (L-NMMA) are 

endogenous inhibitors of nitric oxide synthases that attenuate nitric oxide production and enhance 

reactive oxidative specie generation. Increased plasma ADMA and/or L-NMMA are strong and 

independent risk factor for chronic kidney disease, and various cardiovascular diseases such as 

hypertension, coronary artery disease, atherosclerosis, diabetes, and heart failure. Both ADMA 

and L-NMMA are also eliminated from the body through either degradation by dimethylarginine 

dimethylaminohydrolase-1 (DDAH1) or urine excretion. This short review will exam the 

literatures of ADMA and L-NMMA degradation and urine excretion, and the role of chronic 

kidney diseases in ADMA and L-NMMA accumulation and the increased cardiovascular disease 

risk. Based on all available data, it appears that the increased cardiovascular morbidity in chronic 

kidney disease may relate to the dramatic increase of systemic ADMA and L-NMMA after kidney 

failure.
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Introduction:

Chronic kidney disease (CKD) is generally described as the presence of kidney damage and 

reduced kidney function over 3 months. Cardiovascular diseases (CVD) are the leading 

cause of death in North America (28,32,37), and patents with CKD show an increase of 

prevalence of CVD such as hypertension, peripheral vascular disease, and congestive heart 

failure (CHF) (40,67,71). In addition, the cardiovascular morbidity and mortality are 

markedly increased in patients with CKD (67,71). It is reported that up 25 to 47% patients 

are with CVD such as the CHF, ischemia cardiomyopathy, or ventricular hypertrophy in 

patients with severe CKD (40,67,71). However, the mechanism of the increased 

cardiovascular risk in CKD is not very clear.

Asymmetric dimethylarginine (ADMA) and N-monomethy L-arginine (L-NMMA) are 

endogenous nitric oxide synthase inhibitors. ADMA and/or L-NMMA are recognized as a 

strong and independent risk factor(s) for various cardiovascular diseases such as 

hypertension, coronary artery disease, atherosclerosis, pulmonary hypertension, atrial 

fibrillation, stroke, peripheral vascular diseases, diabetes and CHF (2,3,4,8,15, 55,76,94). 

ADMA and L-NMMA attenuate nitric oxide (NO) production by inhibition of nitric oxide 

synthase (NOS) activity (10,11,12,41,62) (Figure 1). ADMA and L-NMMA also enhance 

NOS uncoupling to produce reactive oxidative species (ROS) such as superoxide anion (O2
-) 

and peroxynitrite (ONOO–), which could further reduce the cardiovascular NO 

bioavailability. ADMA and L-NMMA are eliminated from the body by either DDAH1 

degradation (58,61) or renal excretion (1,47). Unlike other cardiovascular disease conditions, 

CKD often causes a dramatic increase of circulating ADMA and/or L-NMMA 

(48,63,59,66,92,93). NMMA metabolism, their renal elimination, their effect on NO 

bioavailability and ROS production, and their important roles in promoting cardiovascular 

diseases. Based on the dramatic increase of circulating ADMA and/or L-NMMA in CKD 

patients (48,63,59,66,93), and the role of ADMA and L-NMMA in promoting 

cardiovascular diseases (2,3,4,8,54,73,74), the dramatic elevation of plasma ADMA and L-

NMMA levels might be the major culprits for the increased cardiovascular morbidity and 

mortality in patients with CKD (Figure 2).

Basic role and mechanism of NO in regulating cardiovascular function.

NO plays an important role in regulating various cardiovascular function (14,38,46). NO is 

produced by NOS by using L-arginine as a substrate. There are 3 well-recognized enzymes 

for NO production are neuronal nitric oxide synthase (nNOS or NOS1) and inducible nitric 

oxide synthase (iNOS or NOS2), and endothelial nitric oxide synthase (eNOS or NOS3) 

(14,38,39) (Figure 1). eNOS is mainly expressed in vascular endothelial cells, while nNOS 

is mainly expressed in neuronal cells. Since both eNOS and nNOS are constitutively 

expressed at lower levels in many other cell types (17,38), they are also called as constitutive 

NOS (cNOS). Under normal unstressed conditions, iNOS is mainly expressed in leukocytes 

such as macrophages and T cells, but it is also greatly induced in various cell types in 

response to inflammation or other stress conditions (38,39,96). NO production is regulated 

by L-arginine availability, NOS protein content, NOS activity, NOS cofactor 
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tetrahydrobiopterin (BH4), and endogenous NOS inhibitors ADMA and L-NMMA etc. 

(6,14,22,45,49, 90).

NO stimulates soluble guanylate cyclase to produce cGMP, and cGMP will cause activation 

of cGMP dependent Protein Kinase G (PKG) (30,38). PKG activation results in smooth 

muscle cell relaxation, reduction of vascular resistance, and consequently increase of blood 

perfusion in tissues (14,29,39,78). After development of chronic heart failure, coronary 

artery dilatation in response to agonists or shear stress are attenuated, in part due to the 

reduced vascular NO cGMP and PKG signaling (7,17,19). Reduced NO-cGMP-PKG 

signaling can also impair angiogenesis, vascular endothelial cell growth and proliferation, 

platelet disaggregation, myocardial oxygen consumption, and vessel injury repair etc. 

(14,19,29,38,39). In addition to the well-established role of NO-cGMP-PKG signaling in 

maintaining normal vascular endothelial function, NO also protects against cardiac 

remodeling and dysfunction under stress conditions such as aging (53), myocardial 

infarction, hypertension, and stroke etc. (46,55). Reduced NO-cGMP-PKG signaling may 

also promote various cardiovascular diseases such as hypertension, coronary disease, 

atherosclerosis, diabetes, stroke, pulmonary hypertension, chronic heart failure, and chronic 

renal failure. The protective effects of eNOS and nNOS are largely attributed to NO-cGMP-

PKG signaling, which also targets several proteins involved in cardiac contractility, and 

cardiac remodeling (7,14, 29,38,39).

Besides promoting cGMP-PKG signaling, NO also regulates cardiovascular function 

through post-translational modification of proteins via S-nitrosylation. For instance, S-

nitrosylation of L-type calcium channels reduces ventricular arrhythmias and mortality in 

mice (11), and S-nitrosylation of the ryanodine receptor can reduce diastolic calcium leak 

(31). S-nitrosylation of G-protein coupled receptor signaling regulates cardiac ischemic 

injury (33). PDE5 and PDE9 degrade cGMP to reduce cGMP-PKG signaling 

(14,20,50,56,78), S-nitrosylation of PDE5 reduces its stability to enhance cGMP-PKG 

signaling (87). Since NO production is regulated by ADMA and L-NMMA (14,22,45,49, 

90), factors that regulate ADMA and L-NMMA biological levels can directly regulate NO 

bioavailability and cardiovascular endothelial function.

Because NO signaling is often impaired in cardiovascular diseases, strategies or methods to 

enhance NO-cGMP-PKG signaling (such as administration of NO donor, pharmacological 

activation of guanylate cyclase, and blocking cGMP degradation using PDE5 and PDE9 

inhibitors) have being explored as the potential treatments for various cardiovascular 

diseases such as pulmonary hypertension, hypertension, erectile dysfunction, CHF, and 

stroke etc. (24,30,50,54,56,78).

ADMA and L-NMMA production, transportation and elimination.

Protein methylation plays an important role in many cellular functions and occurs 

constitutively in various cells under both normal control conditions or after stresses. The 

production of ADMA and L-NMMA is the result of proteolysis of proteins containing 

methylated arginines (57,65,72). L-NMMA is formed when protein-incorporated L-arginine 

is methylated by the enzymes protein arginine methyltransferases type-I (PRMT-I) or type-II 

(PRMT-II) (57,65). PRMT-I can further methylate L-NMMA, resulting in the formation of 
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ADMA, whereas PRMT-II can methylate L-NMMA into symmetric dimethylarginine 

(SDMA) (57,65). L-arginine, ADMA, L-NMMA and SDMA can be transported into 

circulation as well as be taken up by other cells using cationic amino acid transporter (CAT). 

Both ADMA and L-NMMA directly compete with L-arginine for the active site of eNOS, 

nNOS and iNOS to attenuate NO production. While SDMA does not directly inhibit NOS 

activity, it could attenuate NOS function indirectly by inhibition of the CAT (21). ADMA 

and L-NMMA are eliminated from the body through either DDAH1 degradation (58,61) or 

renal excretion (1,47). The important roles of DDAH1 and kidney in regulating ADMA and 

L-NMMA will be further described separately.

ADMA and L-NMMA attenuate NO-cGMP-PKG signaling and cardiovascular endothelial 
function.

ADMA and L-NMMA regulate cardiovascular function through attenuating NO production 

and increase NOS-derived superoxide anion production (Figure 1, Figure 2). As ADMA is 

more abundant than L-NMMA, most of the studies have focused on the physiological or 

pathological effects of ADMA in various biological or clinical conditions. ADMA and L-

NMMA not only attenuate NO production, but also promote NOS-derived superoxide anion 

production (13,89,90). The superoxide anion can further bind NO to generate peroxynitrite, 

a far more toxic free radical. Many experimental studies have demonstrated that ADMA 

and/or L-NMMA attenuate vascular endothelial NO production (36), vascular endothelial 

cell growth, proliferation and migration (97). ADMA also attenuates vascular endothelial 

cell tube formation (97), and the vascular endothelial cell outgrowing capacity in isolated 

vessel rings (95,97). Moreover, chronic ADMA and L-NMMA accumulation in vascular 

endothelial specific DDAH1 knockout mice resulted in hypertension, decreased vascular NO 

production (36), and a reduced vascular endothelial injury repair similar to eNOS deficient 

mice (95). We demonstrated that global DDAH1 knockout attenuated angiogenesis or micro-

vessel growth into the gel plugs in mice (95,97), while another group demonstrated that 

global DDAH1 knockout attenuated the hind limb angiogenesis in mice after permanent 

femoral artery ligation in mice (26). Chronic ADMA and L-NMMA accumulation in global 

DDAH1 knockout mice caused moderate hypertension and aging related cardiac 

hypertrophy without decreasing left ventricular function (91). However, selective deletion of 

DDAH1 in cardiomyocytes had no detectable effect on hypertension and aging-dependent 

cardiac hypertrophy, but exacerbated aortic banding induced left ventricular hypertrophy and 

heart failure (91), suggesting an important role of compartmentalized DDAH1 in protecting 

heart against hypertrophy and dysfunction. Furthermore, acute infusion of ADMA caused 

increase of blood pressure and decrease of endothelium-dependent vasodilation in both 

human subjects (1) and experimental animals (23,36). In addition, chronic ADMA infusion 

resulted in increase vascular angiotensin-converting enzyme, increase of oxidative stress, as 

well as vascular and perivascular fibrosis (75). These studies demonstrate that ADMA 

and/or L-NMMA can cause cardiovascular endothelial dysfunction that may contribute to 

the development of various cardiovascular diseases such as CHF and hypertension.
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Effect of ADMA and L-NMMA on NOS uncoupling:

Studies have also demonstrated that endogenous NOS inhibitors ADMA and L-NMMA can 

also enhance NOS-derived O2
- production and ONOO– production through a process called 

NOS uncoupling (Figure 1). NOS uncoupling generally occurs when NOS is exposed to 

oxidant stress (including peroxynitrite), when it is deficient of cofactor BH4 (22,49), or 

when it is deprived of its substrate L-arginine (90). Since BH4 stabilizes the dimeric forms 

of eNOS, nNOS and iNOS (6,23), oxidation of BH4 to BH2, or BH4 depletion can 

exacerbate NOS-derived O2
- production (6,22). L-arginine deficiency can also exacerbate 

eNOS or nNOS to generate O2
– and ONOO– (90, 98). Moreover, studies have demonstrated 

that addition of ADMA or L-NMMA also exacerbated O2
- generation in purified NOS 

protein (13,54,62), in cultured human endothelial cells (13), isolated rat arterioles (82), and 

in murine lung epithelial cell line LA-4 (89). Reduced NO production or increased ROS 

generation is also known to increase PDE5 activity (56) through attenuating PDE5 

nitrosylation (87), suggesting a further indirect reduction of cGMP signaling by NOS 

derived ROS. Thus, ADMA and L-NMMA also attenuate NO-cGMP bioavailability through 

promote ROS production and PDE5 activity.

However, unlike eNOS and nNOS, iNOS expression can be detrimental to cardiovascular 

system (14,32,55,96), likely due to the unmitigated production of NO and superoxide by 

iNOS uncoupling in the inflammatory setting of cardiovascular damage (32,96). Thus, 

genetic deletion or selective inhibition of iNOS often exert protective effects against the 

development of cardiovascular diseases (39,55,96). A recent study showed that genetic and 

pharmacological inhibition of DDAH1 protected mice against endotoxic shock (60).

Effect of ADMA and/or L-NMMA on cardiovascular diseases.

ADMA and/or L-NMMA accumulation also occurs in hypertension (74), atherosclerosis 

(43,73), cardiac valve disease (2), idiopathic cardiomyopathy (3), renal failure (44), diabetes 

(4,54), aging, atrial fibrillation, and CHF (27, 81) (15,16), a group of diseases cause CHF 

(Figure 2). Elevated plasma ADMA and/or L-NMMA level is associated with an increased 

risk for developing angina pectoris, myocardial infarction or cardiac death (9,10). Plasma 

ADMA and/or L-NMMA level is a strong and independent predictor of all-cause mortality 

in the community (9). Moreover, ADMA and/or L-NMMA level is strongly associated with 

CHF development (27, 55,81). The common clinical symptoms of CHF include shortness of 

breath, profound reduced exercise capacity and swelling (edema) in legs and feet etc. 

(28,37). Chronic CHF also causes WHO class-2 pulmonary hypertension, and severe lung 

vascular remodeling and inflammation (16). Interestingly, except in chronic kidney disease, 

plasma ADMA and/or L-NMMA levels are generally increased less than 20% in patients 

various cardiovascular diseases such as coronary disease (8,73), idiopathic cardiomyopathy 

(3), diabetes (4,54), and CHF (27, 55,81).

Experimental studies showed that infusion of exogenous ADMA resulted in reduced 

vascular endothelium-dependent coronary vasodilation in pacing-induced CHF dogs (20), a 

decrease of cardiac output in normal human subjects (1), and an increase of blood pressure 

in normal mice (36,52). In addition, chronic infusion of ADMA resulted in increased 

vascular angiotensin-converting enzyme, oxidative stress, and vessel lesions, suggesting that 
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ADMA can cause vessel injury at least partially through modulating oxidative stress (75). 

Interestingly, we recently found that systolic pressure overload significantly exacerbated 

cardiac fibrosis and dysfunction in cardiomyocyte specific DDAH1 KO mice, a strain 

showed only moderate increase of myocardial ADMA content without affecting plasma 

ADMA content (91). Thus, chronic systemic ADMA or local myocardial ADMA 

accumulation can exacerbate CHF development by enhancing cardiovascular risk factors 

such as hypertension, diabetes, atherosclerosis, and coronary disease as summarized in 

Figure 2.

The essential role of DDAH1 in degrading ADMA and L-NMMA.

As ADMA was first isolated from human urine by Kakimoto and Akazawa in 1970 (47), 

renal excretion was initially recognized as the major route for ADMA elimination in human 

subjects. However, a study from McDermott subsequently showed that the urinary recoveries 

of L-NMMA and ADMA following intravenous injection in normal rabbits were 0.14% and 

5.1%, respectively, indicating that both L-NMMA and ADMA undergo extensive 

metabolism in healthy animals (58). It was then reported that less than 17% of ADMA was 

excreted via urine in normal human subjects (1). Ogawa et al further identified the enzyme 

DDAH1 that catalyzes hydrolysis of L-NMMA and ADMA into L-citrulline and mono- or 

dimethylamine (61). A second DDAH isoform (DDAH2) was reported in 1999 (51). The 

initial study demonstrated that DDAH1 and DDAH2 have comparable activities for 

degrading ADMA and L-NMMA (51). Since DDAH1 is minimally expressed in the heart 

(51,83), vessels (51) and vascular endothelial cells (5), for years, it was believed that 

DDAH2 plays a major role in regulating ADMA and L-NMMA degradation in 

cardiovascular system. However, recent studies clearly indicate that DDAH1 exerts the 

essential role in ADMA and L-NMMA degradation, and DDAH2 exerts no detectable role in 

ADMA and L-NMMA metabolism (35,36,52). Thus, we observed that DDAH activity was 

abolished in tissues obtained from global DDAH1 knockout (KO) mice while the expression 

of DDAH2 was unaffected in these tissues (35). In other words, tissues obtained from global 

DDAH1 KO mice are unable to degrade ADMA or NMMA even though DDAH2 expression 

is not affected in these tissues (35). Consistent with our findings, another study 

demonstrated that tissue DDAH activity was reduced ~50% in heterozygous DDAH1 KO 

mice, in which DDAH1 was reduced 50% (52). Furthermore, we found that selective gene 

silencing of DDAH1 caused accumulation of ADMA and decreased NO production in 

cultured vascular endothelial cells, but selective gene silencing of DDAH2 did not affect 

ADMA and NO production in cultured vascular endothelial cells (35). Moreover, over-

expression of DDAH1 decreased ADMA content in cultured vascular endothelial cells, over-

expression of DDAH2 had no effect on ADMA and NO production in cultured vascular 

endothelial cells (95). These findings clearly indicate that DDAH1 is the enzyme for ADMA 

and L-NMMA degradation, while DDAH2 has no detectable role in ADMA degradation. 

Moreover, three DDAH2 KO strains were independently generated in different groups in 

past 10 years, no data has ever shown that DDAH2 KO could affect tissue DDAH activity, or 

systemic ADMA and/or L-NMMA in these strains. It is reasonable to believe that none of 

these DDAH2 KO strains affect ADMA or L-NMMA metabolism and DDAH activity. 

Several studies indicate that a potential role of alanine-glyoxylate aminotransferase 2 

(AGXT2) in ADMA metabolism (34; 68, 70), a study using AGXT2 deficient animals could 
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further define the significance of AGXT2 in ADMA degradation or systemic ADMA 

accumulation.

Global DDAH1 KO causes increases of plasma and tissue ADMA and L-NMMA, which is 

associated with reduced NO production, moderate hypertension, and endothelial dysfunction 

(35,36). DDAH1 KO also limits angiogenesis and impairs vascular injury repair (26,95,97). 

Conversely, over-expression of DDAH1 results in decreases of plasma and tissue ADMA 

levels, which was associated decrease of systemic blood pressure (25), increase of insulin 

sensitivity (76), increase of angiogenesis (42,95,97), reduced high fat diet induced 

atherosclerosis (42,88) and graft coronary artery disease (80). However, chronic ADMA and 

L-NMMA elevation in DDAH1 KO mice were insufficient to cause cardiac dysfunction in 

mice under unstressed conditions (35, 91). These findings indicate that chronic accumulation 

of ADMA and L-NMMA are sufficient to alter vascular tone and endothelial function, but it 

is insufficient to cause spontaneous cardiac dysfunction at least under control conditions. 

Thus, elevating DDAH1 activity to eliminate ADMA and L-NMMA could be a promising 

strategy for restoring NOS function and increasing NO bioavailability in cardiovascular 

system.

Alteration of systemic ADMA in CKD suggests an important role of kidneys in ADMA 
metabolism.

While two previous studies demonstrated that only small amount of ADMA and/or L-

NMMA are eliminated through urine excretion in normal human subject and experimental 

animals (1,58), enormous evidences obtained from renal failure patients indicate that 

kidneys might exert an important role in elimination of ADMA and L-NMMA in clinical 

conditions. Thus, several studies showed that plasma ADMA and L-NMMA generally 

increases over 4 fold (even increased up to 10 fold in some reports) in patients with end-

stage renal diseases (44,48,59,63,66,93), a group of patients with the highest burden of 

cardiovascular mortality (40,67,71). Patients with end-stage renal diseases or patients require 

hemodialysis generally have higher ADMA and/or L-NMMA contents, while kidney 

transplantation or hemodialysis resulted in a decreased of systemic ADMA and/or L-

NMMA, and improved vascular endothelial function (66,92). While it is reasonable to 

believe that reduced ADMA and/or L-NMMA would contribute the beneficial effect of 

hemodialysis in this population, the relative impact of ADMA and/or L-NMMA reduction 

by hemodialysis on the overall clinical outcome could not be precisely defined. 

Nevertheless, plasma ADMA and L-NMMA levels are recognized as important biomarkers 

for CKD (44,69), and the increased cardiovascular morbidity and mortality in CKD (Figure 

2).

The important role of kidneys in regulating ADMA and L-NMMA metabolism may be two 

folds. First, kidneys have the highest DDAH1 content and DDAH1 activity (36,83). Based 

on published microarray data, kidneys have the highest DDAH1 mRNA levels in mice 

(Figure 3), human, rats and dogs. The data in The Human Protein Atlas showed that kidney 

is one of the tissue with highest DDAH1 expression (https://www.proteinatlas.org/

ENSG00000153904-DDAHI/tissue). Kidney is the tissue with the highest DDAH1 protein 

expression (Figure 4), and the tissue with the highest DDAH activity (Figure 5). It appears 
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that tissues with higher DDAH1 protein content also have higher DDAH1 mRNA in mice 

(Figure 3, Figure 4), suggest that DDAH1 protein expression is regulated at the 

transcriptional level. Second, kidneys can excrete ADMA and L-NMMA through urine. The 

ADMA excretion by kidneys would be more important when DDAH1 is impaired by various 

pathological conditions such as oxidative stress. The dramatic increase of plasma ADMA in 

patients with severe CKD (44,48,59,63,66,92,93) is likely a combined outcome of the 

diminished renal ADMA excretion capacity and the decreased DDAH1 protein contents or 

activity in the damaged kidneys. While it is inappropriate to directly compare human and 

mouse data, the markedly increase of plasma ADMA in severe CKD patients clearly suggest 

that the role of kidney in controlling systemic ADMA and/or L-NMMA metabolism might 

have been underestimated by the ADMA field.

ADMA Alteration in CKD experimental animal models.

While the clinic studies clearly show that severe CKD causes a dramatic increase of plasma 

ADMA contents, various experimental animal models of CKD have so far failed to 

recapitulate the apparent elevation of plasma ADMA observed in CKD patients. For 

examples, the commonly used 1/2 or 5/6 nephrectomized wild type mice or rats only caused 

moderate increases of plasma ADMA in mice or rats (43,64,77), suggest a better 

experimental animal model(s) is needed to test the causal role of chronic systemic ADMA 

accumulation in the exacerbated cardiovascular diseases in CKD. One potential approach 

may be using the 5/6 nephrectomized global DDAH1 knockout mice to create a CKD model 

with an increased plasma ADMA similar to the CKD patients.

The mechanism of ADMA and/or L-NMMA accumulation in cardiovascular diseases.

Although the detailed mechanism for increased ADMA and L-NMMA in cardiovascular 

diseases is not totally clear, in principle, the overall ADMA elevation can be a result for 3 

scenario such as (i) an increased ADMA and L-NMMA production in response to stresses or 

increased degradation or turnover of proteins containing methylated arginine (65,72); (ii) a 

decreased ADMA and L-NMMA degradation by DDAH1 dysfunction; or (iii) a reduced 

ADMA and L-NMMA excretion by kidney dysfunction (44,48,59,66,93). Increased protein 

degradation by autophagy or proteasome activity during tissue remodeling and inflammation 

can potentially increase ADMA production (65,72). Study has demonstrated that inhibition 

of proteasome activity in cultured cells reduced free levels of ADMA and SDMA, while 

inhibition of autophagy reduced ADMA without affecting SDMA (82). Both autophagy and 

proteasome activity are affected in various cardiovascular diseases such as CHF (86), while 

protein synthesis is often increased as well. Therefore, protein degradation or protein 

turnover, and subsequent production of ADMA and L-NMMA may elevate in cardiovascular 

diseases. However, the contribution and significance of these pathways to ADMA and L-

NMMA production in cardiovascular diseases are not very clear now. Nevertheless, as 

ADMA and L-NMMA are often increased less than 20% in most cardiovascular diseases 

(3,8,15,33,55,76,94), the increased ADMA and/or L-NMMA production can be largely 

controlled these diseases when renal function is not impaired.

In addition, there is some evidence that accumulation of ADMA and L-NMMA may result 

from depressed DDAH1 expression or activity(17,18), through loss-of-function 
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polymorphisms of the DDAH1 gene (84), or increased DDAH1 degradation through post-

translational modifications such as oxidation of DDAH1 protein (41,54). A previous study 

identified a mutation of the DDAH1 gene that is associated with high plasma ADMA levels 

and an increased risk for coronary heart disease and hypertension (84). DDAH activity can 

be depressed by oxidized LDL and TNFa (41), and high plasma glucose in diabetic rats (54). 

Our previous study demonstrated that chronic mechanical unloading by implant left 

ventricular assistant device caused significant increases of left ventricular DDAH1 mRNA 

and protein content in patients with severe CHF (18), suggesting that mechanical stress or 

pressure regulates cardiac DDAH1 protein expression in the failing heart. In the context of 

the critical role of DDAH1 in ADMA and L-NMMA degradation, reduced DDAH1 activity 

by posttranslational modification may contribute to the moderate increased systemic ADMA 

and/or L-NMMA in cardiovascular diseases such as CHF. Moreover, the reduced renal blood 

perfusion after heart failure or hypertension may also contribute to the moderate ADMA and 

L-NMMA elevation through reducing their renal excretion.

Potential therapeutic targets or therapies to reduce ADMA.

Since ADMA and L-NMMA are recognized risk factors for cardiovascular disease through 

attenuating vascular NO/cGMP signaling, effects have been undertaken to reduce ADMA 

and L-NMMA. As protein methylation plays an important role in many cellular functions 

and occurs constitutively in various cells under both normal or pathological conditions, 

reduction of ADMA and L-NMMA production is generally regarded as an unattractive 

approach. Thus, most of the effort in the ADMA field is to identify compounds to increase 

DDAH1 expression, or compounds to active DDAH1 activity (55). Unfortunately, no 

effective DDAH1 activator has been identified. Several studies have demonstrated that 

farnesoid X receptors (FXR) agonists such as ursodeoxycholic acid (UDCA, a major 

component of bile) and GW4064 increase DDAH1 expression in the liver and kidney, and 

decreased plasma ADMA (34,55). Currently, UDCA is approved by the FDA for treatment 

of primary biliary cirrhosis (79) and other liver diseases. While a clinical trial demonstrated 

that UDCA significantly improved peak post-ischemic blood flow in the arm (85), it is not 

clear whether the observed beneficial effect of UDCA was associated with alterations of 

DDAH1 protein expression or ADMA content. Since kidney exerts an important role in 

regulating systemic ADMA, methods or treatment(s) to preserve renal function should 

effectively attenuate systemic ADMA level.

Summary.

Cardiovascular diseases such as (hypertension, heart failure, and coronary artery disease) are 

generally associated mild or less than 20% increase of plasma ADMA and/or L-NMMA, 

and increased plasma ADMA and/or L-NMMA is a strong and independent risker factor for 

many cardiovascular diseases. Increased ADMA and/or L-NMMA can cause detrimental 

effects on vascular endothelial cell growth, abnormal angiogenesis and vessel injury repair 

through attenuating NO production or increase of ROS generation. Clinical studies have also 

unanimously demonstrated that severe CKD often causes an increase of plasma ADMA 

and/or L-NMMA over 4 fold (even increased ~10 fold in some reports), and the increase of 

plasma ADMA and/or L-NMAM appears associated with the severity of CKD. Therefore, 

the current literatures clearly suggest that the dramatic increased ADMA and/or L-NMMA 
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might be at least partially responsible for the increased cardiovascular morbidity and 

mortality in patients with CKD.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Patients with chronic kidney disease have an increased cardiovascular 

morbidity and mortality.

• ADMA is endogenous inhibitors of nitric oxide synthases, and is a strong and 

independent risk factor for cardiovascular diseases.

• Chronic kidney disease causes profound increase of systemic ADMA that 

attenuates NO production.

• Increased cardiovascular morbidity in chronic kidney disease may relate to 

the dramatic increase of systemic ADMA and L-NMMA after kidney failure.
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Figure 1. 
Regulation of ADMA NO production through kidney and dimethylarginine 

dimethylaminohydrolase-1 (DDAH1).
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Figure 2. 
The potential role and mechanism of chronic kidney disease and dimethylarginine 

dimethylaminohydrolase-1 (DDAH1) dysfunction in the increased cardiovascular risks 

through ADMA.
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Figure 3. 
The relative mRNA content of dimethylarginine dimethylaminohydrolase-1 (DDAH1) in 

C57/B6J mice. The data are retrieved from GEO profile ID: 49893290 of DataSet ID:3142. 

The data presented here are obtained by using probe ID 1454995_at, 1455400_at, and 

1429298_at, respectively. The relative DDAH1 mRNA signal intensities are varied detecting 

with different probes, but kidney is one of the tissues with highest DDAH1 expression by 

using all of these 3 probes.
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Figure 4. 
The relative dimethylarginine dimethylaminohydrolase-1 (DDAH1) protein content in 

normal mouse tissues. Kidney is the tissue with highest DDAH1 protein content.
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Figure 5. 
The relative dimethylarginine dimethylaminohydrolase activity in normal mouse tissues, or 

the tissue capacity in degrading isotope labeled ADMA.
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