Asymmetric dimethylarginine: a new player in the pathogenesis

of renal disease?

Carmine Zoccali® and Jan T. Kielstein®®

Purpose of review

This review summarizes current knowledge on asymmetric
dimethylarginine, renal function in health and disease, and
renal disease progression and examines interventions that
may modify the plasma concentration of this methylarginine.
Recent findings

Nitric oxide deficiency may occur in patients with chronic
kidney disease and may contribute to accelerate
progression of chronic kidney disease, hypertension and
cardiovascular complications. An increase of endogenous
nitric oxide inhibitors like asymmetric dimethylarginine
seems to play a major role in this process. The kidneys are
crucial in both, in reabsorbing and generating L-arginine as
well as in eliminating asymmetric dimethylarginine primarily
by the enzyme dimethylarginine dimethylaminohydrolase
and to a minor degree by urinary excretion. Asymmetric
dimethylarginine accumulation predicts both accelerated
renal function loss and death in patients with chronic kidney
disease and incident cardiovascular complications in
patients with end stage renal disease.

Summary

Asymmetric dimethylarginine is a new risk factor potentially
implicated in the progression of renal insufficiency and in
the high rate of cardiovascular complications of patients
with chronic kidney disease.
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Abbreviations

ACE angiotensin-converting enzyme
ADMA  asymmetric dimethylarginine
CKD chronic kidney disease

DDAH dimethylarginine dimethylaminohydrolase
EPC endothelial progenitor cell

GFR glomerular filtration rate

NADPH nicotinamide adenine dinucleotide phosphate
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Introduction

The mounting epidemics of chronic kidney disease
(CKD) and the strong association between minor and
moderate degrees of renal insufficiency and cardiovascu-
lar risk are the major problem that contemporary nephrol-
ogy faces. The high risk associated with moderate renal
insufficiency is well demonstrated in various populations
[1,2] and in disparate clinical situations, from hyperten-
sion [3] and cardiac ischemia to heart failure [4], stroke
[5], and cognitive impairment [6]. Undoubtedly demo-
graphic factors such as age and sex are of primary
importance for renal and cardiovascular disease as
well. Observations made within the framework of the
NHANES III (National Health and Nutrition Examin-
ation Survey) have shown that CKD is linked to diabetes
and to the metabolic syndrome [7], and recent analyses of
the Atherosclerosis Risk in Communities study have also
documented that this syndrome predicts the incidence
rate of CKD [8°°]. Furthermore, smoking has now fully
emerged as a relevant environmental risk factor for renal
disease [9]. Hypertension and proteinuria are the stron-
gest modifiable risk factors for renal disease progression
[10], whereas old age [11], male sex, ethnicity, and
genetic factors represent the main nonmodifiable risk
factors for CKD. The ‘hyperfiltration theory’ has marked
a paradigm shift in the interpretation of renal diseases
[12] and the potential for prevention or interventions
based on the inhibition of the renin—angiotensin system
is now a cornerstone of modern nephrology [13]. Estab-
lished risk factors, however, completely account for
neither the epidemics of CKD nor renal disease pro-
gression. Even considering the metabolic syndrome and
smoking and the full set of known risk factors, we are still
unable to explain more than 50% of the variance in renal
disease progression in patients who do not have diabetes
[14]. The incomplete knowledge on risk factors is also
epitomized by data showing that altogether sociodemo-
graphic factors, lifestyle, and Framingham risk factors
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explain only 44% of the excess risk for CKD experienced
by African Americans [15]. Thus the challenge of modern
nephrology is twofold: first, to identify and overcome
barriers that still hinder large-scale application of effective,
well established treatments [16], and second, to identify
new modifiable risk factors for renal disease progression.

Nitric oxide and the kidney: from renal
hemodynamics to renal sodium handling
Nitric oxide is a major player in the regulation of renal
function and a primary factor in the long-term regulation
of blood pressure [17], a concept well supported by the
fact that intrarenal suppression of nitric oxide synthesis
eventuates in systemic hypertension in experimental
models [18]. Nitric oxide produces both afferent and
efferent arteriolar vasodilation, increases the glomerular
filtration rate (GFR), and interferes with sodium reab-
sorption in the thick ascending limb, in the distal tubule,
and in the collecting duct [19]. The renal effects of nitric
oxide are integrated with those of the renin—angiotensin
system because nitric oxide affects renin secretion. Nitric
oxide synthase inhibition by N-nitro-L-arginine methyl
ester (L-NMA), is an experimental manoeuvre to unravel
the physiological role of nitric oxide synthesis both at
systemic [20] and at organ [21] level. Observations made
with this nitric oxide synthase inhibitor are of relevance
because the system is endowed with endogenous nitric
oxide synthase inhibitors such as asymmetric dimethyl-
arginine (ADMA). Acute elevation of plasma ADMA
levels by infusion of exogenous ADMA in healthy
humans leads to a dose-dependent decrease in renal
plasma flow and to an increase in renal vascular resistance
[22], whereas the GFR remains unchanged.

As anticipated, nitric oxide inhibits sodium reabsorption
along various tubule segments [23]. Although some of the
effects of this substance at tubular level remain unclear,
the large majority of experimental data /» vitro and in vivo
are in line with the natriuretic and diuretic actions of
nitric oxide 7z vivo and with the antinatriuretic effect of
nitric oxide synthase inhibition. The three nitric oxide
synthase isoforms are expressed with different intensity
in the proximal and in the distal nephron, suggesting
specific roles for each isoform, an issue that remains to be
investigated [24°°]. The activity of nitric oxide synthase 1
and 2 is directly related to intracellular pH [25] so that
acidosis inhibits nitric oxide formation. This depends on
a direct effect of protons on these enzymes and on
availability of nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase. During acidosis, because it is
saturated by the high H" concentration, NADPH is
unable to take up electrons from nitric oxide synthase
during production of nitric oxide. This nitric oxide
synthase—NADPH uncoupling switches nitric oxide
synthase activity from nitric oxide to superoxide pro-
duction, a reactive species that scavenges any nitric oxide
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produced. Thus superoxide is a major control factor of
nitric oxide bioavailability [26,27]. This might be aggra-
vated by the fact that the optimal pH for the enzyme
that degrades the endogenous nitric oxide synthase
inhibitor ADMA, dimethylarginine dimethylaminohy-
drolase (DDAH), is approximately 7.4 [28]. Hence acido-
sis is likely to increase the concentration of ADMA
in vivo, thereby inhibiting nitric oxide production.

Acidosis, superoxide production, and nitric oxide
synthase inhibition are common features of salt-sensitive
hypertension both in experimental models [29] and in
human hypertension [30]. In salt-sensitive rats, sodium
loading augments NADPH oxidase activity, leading to
superoxide production, a phenomenon that eventuates in
reduced nitric oxide synthesis. Oral L-arginine supple-
mentation normalizes NADPH activity in the kidney
cortex [31]. This effect suggests that L-arginine may
recouple the nitric oxide synthase—NADPH oxidase
activities by specifically reestablishing the production
of nitric oxide by nitric oxide synthase. It is important
to note that high salt in Dahl rats triggers a marked
increase in the urinary excretion of ADMA, reflecting
an increased renal synthesis of this nitric oxide synthase
inhibitor [32]. Altered nitric oxide synthesis in this model
is of relevance because Dahl rats display the typical
lesions of nephrosclerosis [33]. Overall nitric oxide is a
fundamental counterregulatory factor buffering vasocon-
strictor hormone—induced reduction of medullary blood
flow [34]. As previously suggested, when nitric oxide
synthase activity is reduced within the renal medulla,
experimental animals become exceedingly sensitive to
vasoconstrictors and develop hypertension. Reduced cel-
lular uptake of L-arginine in the medullary tissue may
play a role in the hypertensive renal-dependent mech-
anisms [35]. ADMA is perhaps the most important
endogenous regulator (inhibitor) of renal nitric oxide
synthase. Although less potent than the synthetic nitric
oxide synthase inhibitor L-NAME (N-nitro-L-arginine
methyl ester), ADMA exerts sustained effects on renal
circulation that persist at least 2 hours after the end of an
exogenous infusion. High plasma ADMA concentrations
have been found in salt-sensitive individuals [36,37].
Subpressor doses of ADMA cause a significant decrease
in urinary sodium excretion that leads to sodium reten-
tion [38], supporting the notion that increased ADMA
blood levels may cause persistent renal vasoconstriction
and sodium retention.

Nitric oxide, nitric oxide synthase inhibition,
and renal senescence

Old age brings a very high risk for CKD. In the NHANES
III study [39], the risk of moderate CKD was 12.5 times
higher in individuals older than 60 years than in those in
the 40-59 years range. Renal histology in senescent
kidneys typically shows arteriolar thickening and
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hyalinosis [40], segmental glomerulosclerosis, glomerular
obsolescence, tubular atrophy and interstitial infiltration
by lymphomonocytes, and fibrosis [41]. Senescence of
renal cells is characterized by progressive telomere short-
ening, a phenomenon that contributes to regressive
changes [42]. Elderly people are unable to rapidly adjust
the renal excretion of salt in situations of salt excess or salt
deficiency and are therefore predisposed to a salt-sensi-
tive form of hypertension [43]. Likewise, failure by aged
renal tubules to properly concentrate urine makes poly-
uria and nocturia common complaints in old age [44].

Reduced nitric oxide bioavailability is considered a major
factor in the multiple functional and structural alterations
of the aging kidney. Endothelial function, measured
either on the basis of the hemodynamic response to
acetylcholine [45] or by biomarkers [46], is progressively
reduced with aging, and this unrelenting process does not
spare the renal endothelium. The maintenance of vas-
cular tone in kidney vessels is indeed critically dependent
on nitric oxide because nitric oxide synthase inhibition by
L-NAME triggers a more pronounced vasoconstriction in
renal vessels of old kidneys than in those of young
kidneys [47,48]. ADMA may be a causative factor in
the functional and structural alterations of the kidney
in the elderly (Fig. 1) because in old rats high plasma
concentration of this compound is accompanied not only
by reduced whole body nitric oxide generation [49,50]
but also by declining renal plasma flow [51] and sustained
proteinuria [52]. Data in elderly subjects [53] are con-
cordant with observations in the rat [54], suggesting that
ADMA accumulation may have a prominent role in the
decline of renal perfusion in the elderly. Finally, recent
data from Scalera ¢f a/. [55] show that ADMA accelerates
cell senescence by increasing the activity of telomerase,

Figure 1 Potential mechanisms whereby asymmetric
dimethylarginine (ADMA) may engender or aggravate renal
insufficiency
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i.e. that it triggers a biologic chain of events that accel-
erates senescence. These intriguing results indicate that
this substance may participate by multiple mechanisms
in the disturbances of renal function in old age. The close
relationship of nitric oxide, ADMA, DDAH, and the
kidney was nicely documented by histologic studies
[56]. The kidney is the organ in which DDAH, the
key enzyme for regulating ADMA levels, was first dis-
covered [57] and in which it is highly expressed [58].
Furthermore 20% of the 300 wmol of ADMA produced
per day is excreted by the kidney [59], making it one of
the key organs for regulating the plasma ADMA levels.

Does asymmetric dimethylarginine predict
renal outcomes?

As discussed, the nitric oxide system is central to the
maintenance of normal renal function in health and in
disease [60] states because it appears to protect renal
function from factors that may jeopardize renal hemody-
namics. Experimental data indicate that nitric oxide
synthase inhibition does not modify the GFR in the
normal rat but that it critically reduces the GFR in
diabetic rats [61]. In pregnancy, augmented nitric oxide
production is a major factor sustaining the increased renal
blood flow of this condition [62]. The importance of
adequate nitric oxide production in preventing preg-
nancy-related complications is indicated by the fact that
high ADMA precedes and accurately predicts preeclamp-
sia [63] and by the fact that L-arginine attenuates the
severity of this disease [64]. Molecular genetics studies
support the notion that nitric oxide is nephroprotective
because nitric oxide synthase 3 polymorphisms associ-
ated with reduced nitric oxide synthase activity are more
frequent in patients with end-stage renal disease [65].
Opverall altered nitric oxide bioavailability is deemed to
be a relevant factor in progressive nephropathies [66].

As alluded to previously, there is solid evidence that
ADMA interferes with renal function in humans
(Fig. 1). At levels attained only in pathophysiologic
conditions, ADMA triggers renal vasoconstriction and
reduces renal plasma flow but does not modify the
GFR. Unmodified GFR in the face of reduced renal
plasma flow underlies high glomerular capillary pressure.
Interestingly, Kielstein ¢z @/. [53] pointed out that this
effect is not unique to ADMA because angiotensin I also
exerts vasoconstrictor effects only at supraphysiologic
concentrations. High tissue concentration of angiotensin
IT has strong atherogenic effects in the cardiovascular
system [67] and alters renal function and structure [68].
By analogy, high ADMA at tissue level may engender
arterial and renal damage as well. Of note, ADMA has
been associated with oxidative stress and endothelial
dysfunction in a large series of patients with CKD of
various causes [69°]. The possibility that ADMA is
involved in the evolution of progressive nephropathies
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is suggested by two recent studies. The first study [70°°]
was performed in an incident cohort of patents enrolled in
an Italian centre and the second [71°°] in a prevalent
cohort of patients being followed up in several centres in
Austria, Italy, and Germany. Although patients in the first
study were more than 20 years older and had more
advanced renal failure than those in the second study,
in both studies high ADMA consistently predicted a
faster rate of renal function loss. These consistent, pro-
spective observations, which seem to be independent of
age and degree of renal impairment, lend support to the
hypothesis that ADMA may engender renal damage both
because it triggers glomerular hypertension and because
it sets in motion several effects ultimately leading to
endothelial damage, salt accumulation, and cell senes-
cence. It is of interest that even patients with incipient
renal disease due to autosomal dominant polycystic kid-
ney disease or [gA nephropathy have been shown to have
elevated ADMA plasma levels [72]. This might help to
explain the fact that patients with autosomal dominant
polycystic kidney disease have defective endothelium-
dependent relaxation even when they are normotensive
and have normal renal function [73]. Similar observations
were made in type 1 diabetes, in which ADMA was
inversely associated with the GFR and with atherosclero-
sis [74]. In these patients, however, ADMA failed to
predict renal disease progression [75].

The second hit: asymmetric dimethylarginine inhibits
vascular repair

Besides leading to renal damage, ADMA may also be
involved in inhibiting repair of renal lesions by endo-
thelial progenitor cells (EPCs). EPCs have recently come
into focus in cardiovascular research because they are
thought to be responsible for endothelial repair [76].
EPCs circulate in the cardiovascular system, where they
home and incorporate into sites of active neovascular-
ization [77]. EPCs orchestrate reendothelialization of
damaged vessel walls, also by secreting a large number
of important cytokines that attract and govern cells that
are indispensable in the process of endothelial repair [78].
A recent study suggests that increased endothelial nitric
oxide availability is required for improvement of EPC
mobilization, myocardial repair, and neovascularization
after myocardial infarction [79°°]. Increased ADMA level
and thereby a decreased nitric oxide production may lead
to a deficiency of EPCs. Indeed, a recent study by Thum
et al. [79°°] has shown an inverse correlation between
ADMA plasma concentration and circulating EPC levels
in patients with coronary artery disease [80].

Interventions that may modify asymmetric
dimethylarginine levels

L-Arginine, the substrate of nitric oxide synthase, is
actively transported through the cationic amino acid y+
transporters into cells yielding intracellular concentration
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of L-arginine as high as 2 mM [81]. Because these con-
centrations by far exceed the K(M) values of these
enzymes [82,83], additional L-arginine should not enhance
nitric oxide formation. Iz vive, however, increasing L-
arginine concentration in the plasma has been shown
to increase nitric oxide generation [84]. This phenom-
enon has been named the L-arginine paradox [85]. Doubt
remains as to whether L-arginine supplementation to
patients with ESRD will be beneficial because studies
showed positive [86] as well as no effects [87] on endo-
thelial function. Prospective long-term and large-scale
clinical studies still need to be performed, however.

There is sparse evidence that plasma ADMA levels
can be reduced by pharmacotherapy. The angiotensin-
converting enzyme (ACE) inhibitor perindopril lowered
the ADMA plasma level in 11 patients with non-insulin
dependent diabetes mellitus [88]. Both the ACE inhibi-
tor enalapril as well as the ARB eprosartan lowered the
ADMA level in 20 patients with primary hypertension
[89]. This was confirmed for the ACE inhibitors zofeno-
pril and enalapril in a larger study involving 96 patients
with essential hypertension [90]. A recent randomized
controlled study by Fliser ez a/. [90], however, failed to
show an effect of a 4-week treatment with the ARB
olmesartan (40 mg/day) on plasma ADMA levels in 35
patients with non-insulin dependent diabetes mellitus
[91]. Whether ACE inhibitors/ARBs have a direct effect
on the ADMA metabolism or whether the change in
ADMA levels is a result of changes in blood pressure
is still unclear.

In contrast to the conflicting data on the effect of ACE
inhibitors and ARBs, oral antidiabetic drugs appear con-
sistently effective in reducing ADMA levels. Improved
glycemic control with metformin reduced ADMA plasma
levels in patients with diabetes [92]. Rosiglitazone
improved insulin resistance and lowered plasma ADMA
levels in seven insulin-resistant subjects with hyper-
tension [92]. This effect likely results from the upregula-
tion of DDAH. Indeed, in the rat the peroxisome
proliferator activated receptor gamma (PPARgamma)
ligand, pioglitazone, increases nitric oxide production
partly by upregulating tissue DDAH II expression and
by decreasing systemic ADMA levels [93°]. That this is
indeed a PPARgamma ligand—specific action on DDAH
rather than an effect of better glycemic control is also
suggested by a recent study in humans using acarbose.
Despite blunting the response to postchallenge hyper-
glycemia in subjects with impaired glucose tolerance,
acarbose did not influence plasma ADMA levels [94].

Estrogen therapy in postmenopausal women, either alone
or in combination with progestogens, modestly reduced
ADMA levels [95,96], probably due to an estrogen-
induced increase in DDAH activity [97].
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Based on our current knowledge, treatment aimed at
reducing oxidative stress should lower ADMA levels
[98]. T'wo preliminary studies on the effect of folic acid
and vitamin E showed a small beneficial effect of this
treatment [99,100], but lowering homocysteine had no
effect on plasma ADMA levels, either in monkeys or in
humans [101,102].

Interestingly, neither pravastatin nor simvastatin [103—
105] lowers ADMA plasma levels, but rosuvastatin does
[106]. Treating 45 patients with erectile dysfunction with
sildenafil for 70 days did not influence plasma ADMA
levels [107].

New, specific therapeutic agents to be designed based on
the structure of DDAH [108] should preferably not only
lower plasma ADMA levels but also influence tissue
DDAH activity in target organs.

Conclusion

The recent advent of gene-manipulated mice either
overexpressing [109] or deleting DDAH [110] will help
to further elucidate the pathophysiologic role of ADMA
in renal disease and will hopefully help to generate
new opportunities for intervention in renal disease pro-
gression.

References and recommended reading

Papers of particular interest, published within the annual period of review, have
been highlighted as:

e  of special interest

ee Of outstanding interest

Additional references related to this topic can also be found in the Current
World Literature section in this issue (pp. 000-000).

1 Arnadottir M, Hultberg B, Nilsson-Ehle P, Thysell H. The effect of reduced
glomerular filtration rate on plasma total homocysteine concentration. Scand
J Clin Lab Invest 1996; 56:41—-46.

2 Stuveling EM, Hillege HL, Bakker SJ, et al. C-reactive protein and micro-
albuminuria differ in their associations with various domains of vascular
disease. Atherosclerosis 2004; 172:107-114.

3 Schillaci G, Reboldi G, Verdecchia P. High-normal serum creatinine con-
centration is a predictor of cardiovascular risk in essential hypertension. Arch
Intern Med 2001; 161:886-891.

4  McClellan WM, Langston RD, Presley R. Medicare patients with cardiovas-
cular disease have a high prevalence of chronic kidney disease and a high
rate of progression to end-stage renal disease. J Am Soc Nephrol 2004;
15:1912-1919.

5 Seliger SL, Gillen DL, Longstreth WT Jr, et al. Elevated risk of stroke
among patients with end-stage renal disease. Kidney Int 2003; 64:603-
609.

6 Seliger SL, Siscovick DS, Stehman-Breen CO, et al. Moderate renal impair-
ment and risk of dementia among older adults: the Cardiovascular Health
Cognition Study. J Am Soc Nephrol 2004; 15:1904-1911.

7 Chen J, Muntner P, Hamm LL, et al. The metabolic syndrome and chronic
kidney disease in U.S. adults. Ann Intern Med 2004; 140:167-174.

8 Kurella M, Lo JC, Chertow GM. Metabolic syndrome and the risk for chronic

ee kidney disease among nondiabetic adults. J Am Soc Nephrol 2005;
16:2134-2140.

An important paper based on the Atherosclerosis Risk in the Community study

database demonstrating that the metabolic syndrome predicts the development of

CKD.

9 Pinto-Sietsma SJ, Mulder J, Janssen WM, et al. Smoking is related to
albuminuria and abnormal renal function in nondiabetic persons. Ann Intern
Med 2000; 133:585-591.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Jafar TH, Stark PC, Schmid CH, et al. Progression of chronic kidney disease:
the role of blood pressure control, proteinuria, and angiotensin-converting
enzyme inhibition: a patient-level meta-analysis. Ann Intern Med 20083;
139:244-252.

Arnadottir M, Hultberg B, Nilsson-Ehle P, Thysell H. The effect of reduced
glomerular filtration rate on plasma total homocysteine concentration. Scand
J Clin Lab Invest 1996; 56:41-46.

Brenner BM, Lawler EV, Mackenzie HS. The hyperfiltration theory: a para-
digm shift in nephrology. Kidney Int 1996; 49:1774-1777.

Zandi-Nejad K, Brenner BM. Primary and secondary prevention of chronic
kidney disease. J Hypertens 2005; 23:1771-1776.

Hunsicker LG, Adler S, Caggiula A, et al. Predictors of the progression of
renal disease in the Modification of Diet in Renal Disease Study. Kidney Int
1997; 51:1908-1919.

Tarver-Carr ME, Powe NR, Eberhardt MS, et al. Excess risk of chronic kidney
disease among African-American versus white subjects in the United States:
a population-based study of potential explanatory factors. J Am Soc Nephrol
2002; 13:2363-2370.

Lenfant C. Shattuck lecture. Clinical research to clinical practice: lost in
translation? N Engl J Med 2003; 349:868-874.

Persson PB. Nitric oxide in the kidney. Am J Physiol Regul Integr Comp
Physiol 2002; 283:R1005-R1007.

Cowley AW Jr, Mori T, Mattson D, Zou AP. Role of renal NO production in the
regulation of medullary blood flow. Am J Physiol Regul Integr Comp Physiol
2003; 284:R1355-R1369.

Ortiz PA, Garvin JL. Role of nitric oxide in the regulation of nephron transport.
Am J Physiol Renal Physiol 2002; 282:F777-F784.

Panza JA, Garcia CE, Kilcoyne CM, et al. Impaired endothelium-dependent
vasodilation in patients with essential hypertension: evidence that nitric oxide
abnormality is not localized to a single signal transduction pathway. Circula-
tion 1995; 91:1732-1738.

Delles C, Klingbeil AU, Schneider MP, et al. The role of nitric oxide in the
regulation of glomerular haemodynamics in humans. Nephrol Dial Transplant
2004; 19:1392-1397.

Kielstein JT, Impraim B, Simmel S, et al. Cardiovascular effects of systemic
nitric oxide synthase inhibition with asymmetrical dimethylarginine in humans.
Circulation 2004; 109:172-177.

Just A. Nitric oxide and renal autoregulation. Kidney Blood Press Res 1997,
20:201-204.

Herrera M, Garvin JL. Recent advances in the regulation of nitric oxide in the
kidney. Hypertension 2005; 45:1062-1067.

A comprehensive review on the regulation of nitric oxide in the kidney.

25

26

27

28

29

30

31

32

33

34

35

Gorren AC, Schrammel A, Schmidt K, Mayer B. Effects of pH on the structure
and function of neuronal nitric oxide synthase. Biochem J 1998; 331 (part 3):
801-807.

Ortiz PA, Garvin JL. Role of nitric oxide in the regulation of nephron transport.
Am J Physiol Renal Physiol 2002; 282:F777-F784.

Wilcox CS. Redox regulation of the afferent arteriole and tubuloglomerular
feedback. Acta Physiol Scand 2003; 179:217-223.

Knipp M, Braun O, Gehrig PM, et al. Zn(ll)-free dimethylargininase-1 (DDAH-1)
is inhibited upon specific CysS-nitrosylation. J Biol Chem 2003; 278:
3410-3416.

Fujii S, Zhang L, Igarashi J, Kosaka H. L-Arginine reverses p47phox and
gp91phox expression induced by high salt in Dahl rats. Hypertension 2003;
42:1014-1020.

Sharma AM, Kribben A, Schattenfroh S, et al. Salt sensitivity in humans is
associated with abnormal acid-base regulation. Hypertension 1990; 16:
407-413.

Fujii S, Zhang L, Igarashi J, Kosaka H. L-Arginine reverses p47phox and
gp91phox expression induced by high salt in Dahl rats. Hypertension 2003;
42:1014-1020.

Matsuoka H, Itoh S, Kimoto M, et al. Asymmetrical dimethylarginine, an
endogenous nitric oxide synthase inhibitor, in experimental hypertension.
Hypertension 1997; 29:242-247.

Hisaki R, Fujita H, Saito F, Kushiro T. Tempol attenuates the development of
hypertensive renal injury in Dahl salt-sensitive rats. Am J Hypertens 2005;
18:707-713.

Cowley AW Jr, Mori T, Mattson D, Zou AP. Role of renal NO production in the
regulation of medullary blood flow. Am J Physiol Regul Integr Comp Physiol
2003; 284:R1355-R1369.

Kakoki M, Kim HS, Arendshorst WJ, Mattson DL. L-Arginine uptake affects
nitric oxide production and blood flow in the renal medulla. Am J Physiol
Regul Integr Comp Physiol 2004; 287:R1478-R1485.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



36

37

38

39

40

1M

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Fujiwara N, Osanai T, Kamada T, et al. Study on the relationship between
plasma nitrite and nitrate level and salt sensitivity in human hypertension:
modulation of nitric oxide synthesis by salt intake. Circulation 2000; 101:
856-861.

Scuteri A, Stuehlinger MC, Cooke JP, et al. Nitric oxide inhibition as a
mechanism for blood pressure increase during salt loading in normotensive
postmenopausal women. J Hypertens 2003; 21:1339-1346.

Kielstein JT, Simmel S, Bode-Boger SM, et al. Subpressor dose asymmetric
dimethylarginine modulates renal function in humans through nitric oxide
synthase inhibition. Kidney Blood Press Res 2004; 27:143-147.

K/DOAQI Clinical practice guidelines for chronic kidney disease: evaluation,
classification and stratification. Part 4. Am J Kidney Dis 2002; 39:S46—
S64.

Ferder LF, Inserra F, Basso N. Effects of renin-angiotensin system blockade
in the aging kidney. Exp Gerontol 2003; 38:237-244.

Halloran PF, Melk A. Renal senescence, cellular senescence, and their
relevance to nephrology and transplantation. Adv Nephrol Necker Hosp
2001; 31:273-283.

Melk A, Ramassar V, Helms LM, et al. Telomere shortening in kidneys with
age. J Am Soc Nephrol 2000; 11:444-453.

Weinberger MH, Fineberg NS. Sodium and volume sensitivity of blood
pressure: age and pressure change over time. Hypertension 1991; 18:
67-71.

Bodo G, Gontero P, Casetta G, et al. Circadian antidiuretic hormone
variation in elderly men complaining of persistent nocturia after urinary flow
obstruction removal. Scand J Urol Nephrol 1998; 32:320-324.

Gerhard M, Roddy MA, Creager SJ, Creager MA. Aging progressively
impairs endothelium-dependent vasodilation in forearm resistance vessels
of humans. Hypertension 1996; 27:849-853.

Nash MC, Wade AM, Shah V, Dillon MJ. Normal levels of soluble E-selectin,
soluble intercellular adhesion molecule-1 (sICAM-1), and soluble vascular
cell adhesion molecule-1 (sVCAM-1) decrease with age. Clin Exp Immunol
1996; 103:167-170.

Hill C, Lateef AM, Engels K, et al. Basal and stimulated nitric oxide in control
of kidney function in the aging rat. Am J Physiol 1997; 272:R1747-R1753.

Tan D, Cernadas MR, Aragoncillo P, et al. Role of nitric oxide-related
mechanisms in renal function in ageing rats. Nephrol Dial Transplant
1998; 13:594-601.

Hill C, Lateef AM, Engels K, et al. Basal and stimulated nitric oxide in control
of kidney function in the aging rat. Am J Physiol 1997; 272:R1747-R1753.

Xiong Y, Yuan LW, Deng HW, et al. Elevated serum endogenous inhibitor of
nitric oxide synthase and endothelial dysfunction in aged rats. Clin Exp
Pharmacol Physiol 2001; 28:842-847.

Hill C, Lateef AM, Engels K, et al. Basal and stimulated nitric oxide in
control of kidney function in the aging rat. Am J Physiol 1997; 272:
R1747-R1753.

Reckelhoff JF, Kellum JA, Blanchard EJ, et al. Changes in nitric oxide
precursor, L-arginine, and metabolites, nitrate and nitrite, with aging. Life
Sci 1994, 55:1895-1902.

Kielstein JT, Bode-Boger SM, Frolich JC, et al. Asymmetric dimethylarginine,
blood pressure, and renal perfusion in elderly subjects. Circulation 2003;
107:1891-1895.

Xiong Y, Yuan LW, Deng HW, et al. Elevated serum endogenous inhibitor of
nitric oxide synthase and endothelial dysfunction in aged rats. Clin Exp
Pharmacol Physiol 2001; 28:842-847.

Scalera F, Borlak J, Beckmann B, et al. Endogenous nitric oxide synthesis
inhibitor asymmetric dimethyl L-arginine accelerates endothelial cell senes-
cence. Arterioscler Thromb Vasc Biol 2004; 24:1816-1822.

Tojo A, Welch WJ, Bremer V, et al. Colocalization of demethylating enzymes
and NOS and functional effects of methylarginines in rat kidney. Kidney Int
1997; 52:1593-1601.

Ogawa T, Kimoto M, Sasaoka K. Purification and properties of a new enzyme,
NG,NG-dimethylarginine dimethylaminohydrolase, from rat kidney. J Biol
Chem 1989; 264:10205-10209.

Leiper JM, Santa MJ, Chubb A, et al. Identification of two human dimethylargi-
nine dimethylaminohydrolases with distinct tissue distributions and homology
with microbial arginine deiminases. Biochem J 1999; 343 (part 1):209-214.

Achan V, Broadhead M, Malaki M, et al. Asymmetric dimethylarginine causes
hypertension and cardiac dysfunction in humans and is actively metabolized
by dimethylarginine dimethylaminohydrolase. Arterioscler Thromb Vasc Biol
2003; 23:1455-1459.

Kone BC. Nitric oxide synthesis in the kidney: isoforms, biosynthesis, and
functions in health. Semin Nephrol 2004; 24:299-315.

61

62

63

64

65

66

67

68

69

Asymmetric dimethylarginine Zoccali and Kielstein 319

Thomson SC, Deng A, Komine N, et al. Early diabetes as a model for testing
the regulation of juxtaglomerular NOS I. Am J Physiol Renal Physiol 2004;
287:F732-F738.

Kassab S, Miller MT, Hester R, et al. Systemic hemodynamics and regional
blood flow during chronic nitric oxide synthesis inhibition in pregnant rats.
Hypertension 1998; 31:315-320.

Sawvidou MD, Hingorani AD, Tsikas D, et al. Endothelial dysfunction
and raised plasma concentrations of asymmetric dimethylarginine in
pregnant women who subsequently develop pre-eclampsia. Lancet 2003;
361:1511-1517.

Alexander BT, Llinas MT, Kruckeberg WC, Granger JP. L-Arginine attenuates
hypertension in pregnant rats with reduced uterine perfusion pressure.
Hypertension 2004; 43:832-836.

Noiri E, Satoh H, Taguchi J, et al. Association of eNOS Glu298Asp poly-
morphism with end-stage renal disease. Hypertension 2002; 40: 535-540.

Modlinger PS, Wilcox CS, Aslam S. Nitric oxide, oxidative stress, and
progression of chronic renal failure. Semin Nephrol 2004; 24:354 -365.

Dzau VJ. Local expression and pathophysiological role of renin-angiotensin
in the blood vessels and heart. Basic Res Cardiol 1993; 88 (Suppl 1):
1-14.

Matsusaka T, Hymes J, Ichikawa |. Angiotensin in progressive renal diseases:
theory and practice. J Am Soc Nephrol 1996; 7:2025-2043.

Yilmaz MI, Saglam M, Caglar K, et al. The determinants of endothelial
dysfunction in CKD: oxidative stress and asymmetric dimethylarginine. Am
J Kidney Dis 2006; 47:42-50.

A study showing that endothelial dysfunction is associated with oxidative stress
and with plasma ADMA in patients with CKD.

70

Ravani P, Tripepi G, Malberti F, et al. Asymmetrical dimethylarginine predicts
progression to dialysis and death in patients with chronic kidney disease: a
competing risks modeling approach. J Am Soc Nephrol 2005; 16:2449—
2455.

Asymmetric dimethylarginine predicts renal disease progression and death in an
elderly cohort of patients with CKD.

7

Fliser D, Kronenberg F, Kielstein JT, et al. Asymmetric dimethylarginine and
progression of chronic kidney disease: the Mild to Moderate Kidney Disease
Study. J Am Soc Nephrol 2005; 16:2456-2461.

A paper showing that renal disease progression is faster in patients with high
ADMA.

72

73

74

75

76

77

78

79

Kielstein JT, Boger RH, Bode-Boger SM, et al. Marked increase of asym-
metric dimethylarginine in patients with incipient primary chronic renal dis-
ease. J Am Soc Nephrol 2002; 13:170-176.

Wang D, Iversen J, Wilcox CS, Strandgaard S. Endothelial dysfunction and
reduced nitric oxide in resistance arteries in autosomal-dominant polycystic
kidney disease. Kidney Int 2003; 64:1381-1388.

Tarnow L, Hovind P, Teerlink T, et al. Elevated plasma asymmetric di-
methylarginine as a marker of cardiovascular morbidity in early diabetic
nephropathy in type 1 diabetes. Diabetes Care 2004; 27:765-769.

Asahara T, Murohara T, Sullivan A, et al. Isolation of putative progenitor
endothelial cells for angiogenesis. Science 1997; 275:964-967.

Kalka C, Masuda H, Takahashi T, et al. Transplantation of ex vivo expanded
endothelial progenitor cells for therapeutic neovascularization. Proc Natl
Acad Sci U S A 2000; 97:3422-3427.

Urbich C, Heeschen C, Aicher A, et al. Relevance of monocytic features
for neovascularization capacity of circulating endothelial progenitor cells.
Circulation 2003; 108:2511-2516.

Landmesser U, Engberding N, Bahlmann FH, et al. Statin-induced improvement
of endothelial progenitor cell mobilization, myocardial neovascularization, left
ventricular function, and survival after experimental myocardial infarction re-
quires endothelial nitric oxide synthase. Circulation 2004; 110:1933-1939.

Thum T, Tsikas D, Stein S, et al. Suppression of endothelial progenitor cells in
human coronary artery disease by the endogenous nitric oxide synthase inhi-
bitor asymmetric dimethylarginine. J Am Coll Cardiol 2005; 46:1693-1701.

Asymmetric dimethylarginine is an endogenous inhibitor of mobilization, differen-
tiation, and function of EPCs.

80

81

82

Hecker M, Sessa WC, Harris HJ, et al. The metabolism of L-arginine and its
significance for the biosynthesis of endothelium-derived relaxing factor:
cultured endothelial cells recycle L-citrulline to L-arginine. Proc Natl Acad
Sci U S A 1990; 87:8612-8616.

Griffith OW, Kilbourn RG. Nitric oxide synthase inhibitors: amino acids.
Methods Enzymol 1996; 268:375-392.

Pollock JS, Forstermann U, Mitchell JA, et al. Purification and characterization
of particulate endothelium-derived relaxing factor synthase from cultured and
native bovine aortic endothelial cells. Proc Natl Acad Sci U S A 1991;
88:10480-10484.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



320 Special commentary

83

84

85

86

87

88

89

20

91

92

93

Boger RH, Bode-Boger SM, Frolich JC. The L-arginine-nitric oxide pathway:
role in atherosclerosis and therapeutic implications. Atherosclerosis 1996;
127:1-11.

Tsikas D, Boger RH, Sandmann J, et al. Endogenous nitric oxide synthase
inhibitors are responsible for the L-arginine paradox. FEBS Lett 2000;
478:1-3.

Hand MF, Haynes WG, Webb DJ. Hemodialysis and L-arginine, but not
p-arginine, correct renal failure-associated endothelial dysfunction. Kidney Int
1998; 563:1068-1077.

Cross JM, Donald AE, Kharbanda R, et al. Acute administration of L-arginine
does not improve arterial endothelial function in chronic renal failure. Kidney
Int 2001; 60:2318-2323.

Ito A, Egashira K, Narishige T, et al. Renin-angiotensin system is involved in
the mechanism of increased serum asymmetric dimethylarginine in essential
hypertension. Jpn Circ J 2001; 65:775-778.

Delles C, Schneider MP, John S, et al. Angiotensin converting enzyme
inhibition and angiotensin Il AT1-receptor blockade reduce the levels of
asymmetrical N(G),N(G)-dimethylarginine in human essential hypertension.
Am J Hypertens 2002; 15:590-593.

Napoli C, Sica V, de Nigris F, et al. Sulfhydryl angiotensin-converting enzyme
inhibition induces sustained reduction of systemic oxidative stress and
improves the nitric oxide pathway in patients with essential hypertension.
Am Heart J 2004; 148:¢e5.

Fliser D, Wagner KK, Loos A, et al. Chronic angiotensin Il receptor blockade
reduces (intra)renal vascular resistance in patients with type 2 diabetes. J Am
Soc Nephrol 2005; 16:1135-1140.

Asagami T, Abbasi F, Stuelinger M, et al. Metformin treatment lowers
asymmetric dimethylarginine concentrations in patients with type 2 diabetes.
Metabolism 2002; 51:843-846.

Stuhlinger MC, Abbasi F, Chu JW, et al. Relationship between insulin
resistance and an endogenous nitric oxide synthase inhibitor. JAMA
2002; 287:1420-1426.

Wakino S, Hayashi K, Tatematsu S, et al. Pioglitazone lowers systemic
asymmetric dimethylarginine by inducing dimethylarginine dimethylaminohy-
drolase in rats. Hypertens Res 2005; 28:255-262.

Pioglitazone reduces plasma ADMA by inducing the enzyme that degrades this
substance.

94

95

Wascher TC, Schmoelzer |, Wiegratz A, et al. Reduction of postchallenge
hyperglycaemia prevents acute endothelial dysfunction in subjects
with impaired glucose tolerance. Eur J Clin Invest 2005; 35:551-
557.

Post MS, Verhoeven MO, van der Mooren MJ, et al. Effect of hormone
replacement therapy on plasma levels of the cardiovascular risk factor
asymmetric dimethylarginine: a randomized, placebo-controlled 12-week
study in healthy early postmenopausal women. J Clin Endocrinol Metab
20083; 88:4221-4226.

96

97

98

929

100

101

102

103

104

105

106

107

108

109

110

Teerlink T, Neele SJ, De Jong S, et al. Oestrogen replacement therapy lowers
plasma levels of asymmetrical dimethylarginine in healthy postmenopausal
women. Clin Sci (Lond) 2003; 105:67-71.

Holden DP, Cartwright JE, Nussey SS, Whitley GS. Estrogen stimulates
dimethylarginine dimethylaminohydrolase activity and the metabolism of
asymmetric dimethylarginine. Circulation 2003; 108:1575-1580.

Sydow K, Munzel T. ADMA and oxidative stress. Atheroscler Suppl 2003;
4:41-51.

Holven KB, Haugstad TS, Holm T, et al. Folic acid treatment reduces elevated
plasma levels of asymmetric dimethylarginine in hyperhomocysteinaemic
subjects. Br J Nutr 2003; 89:359-363.

Saran R, Novak JE, Desai A, et al. Impact of vitamin E on plasma asymmetric
dimethylarginine (ADMA) in chronic kidney disease (CKD): a pilot study.
Nephrol Dial Transplant 2003; 18:2415-2420.

Sydow K, Schwedhelm E, Arakawa N, et al. ADMA and oxidative stress are
responsible for endothelial dysfunction in hyperhomocyst(e)inemia: effects of
L-arginine and B vitamins. Cardiovasc Res 2003; 57:244-252.

Ziegler S, Mittermayer F, Plank C, et al. Homocysteine-lowering therapy does
not affect plasma ADMA concentrations in patients with peripheral artery
disease. J Clin Endocrinol Metab 2005; 90:2175-2178.

Eid HM, Eritsland J, Larsen J, et al. Increased levels of asymmetric
dimethylarginine in populations at risk for atherosclerotic disease: effects
of pravastatin. Atherosclerosis 2003; 166:279—284.

Paiva H, Laakso J, Lehtimaki T, et al. Effect of high-dose statin treatment on
plasma concentrations of endogenous nitric oxide synthase inhibitors. J
Cardiovasc Pharmacol 2003; 41:219-222.

Pereira EC, Bertolami MC, Faludi AA, et al. Effects of simvastatin and
L-arginine on vasodilation, nitric oxide metabolites and endogenous NOS
inhibitors in hypercholesterolemic subjects. Free Radic Res 2003; 37:529—
536.

Lu TM, Ding YA, Leu HB, et al. Effect of rosuvastatin on plasma levels of
asymmetric dimethylarginine in patients with hypercholesterolemia. Am J
Cardiol 2004; 94:157-161.

Wierzbicki AS, Solomon H, Lumb PJ, et al. Asymmetric dimethyl arginine
levels correlate with cardiovascular risk Atherosclerosis 2005 Jul 23 [Epub
ahead of print]

Murray-Rust J, Leiper J, McAlister M, et al. Structural insights into the
hydrolysis of cellular nitric oxide synthase inhibitors by dimethylarginine
dimethylaminohydrolase. Nat Struct Biol 2001; 8:679-683.

Dayoub H, Achan V, Adimoolam S, et al. Dimethylarginine dimethylaminohy-
drolase regulates nitric oxide synthesis: genetic and physiological evidence.
Circulation 2003; 108:3042-3047.

Jones LC, Tran CT, Leiper JM, et al. Common genetic variation in a basal
promoter element alters DDAH2 expression in endothelial cells. Biochem
Biophys Res Commun 2003; 310:836-843.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



	Asymmetric dimethylarginine: a new player in the pathogenesis of renal disease?
	Introduction
	Nitric oxide and the kidney: from renal hemodynamics to renal sodium™handling
	Nitric oxide, nitric oxide synthase inhibition, and renal™senescence
	Does asymmetric dimethylarginine predict renal™outcomes?
	The second hit: asymmetric dimethylarginine inhibits vascular™repair

	Interventions that may modify asymmetric dimethylarginine™levels
	Conclusion
	References and recommended reading


