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Abstract

Asymmetrical dimethylarginine (ADMA), an endogenous in-
hibitor of nitric oxide synthase, is increasingly recognized as
a putative biomarker in cardiovascular and renal disease. El-
evated plasma levels of ADMA are the consequence of in-
creased synthesis, reduced renal clearance or reduced en-
zymatic degradation. Based upon the metabolic fate the
highest plasma concentrations of ADMA have been report-
ed in patients with renal failure in whom this molecule ac-
cumulates. However, the range of published ADMA levels in
patients with chronic renal failure as well as in patients with
end-stage renal failure undergoing maintenance hemodi-
alysis, peritoneal dialysis or kidney transplant recipients is
widely scattered and overlaps with the levels reported in
healthy individuals. This wide distribution can in part be ex-
plained by different bioanalytical techniques and the lack
of standardization of such assays. This review summarizes
available literature on ADMA in patients with kidney disease
and stresses the urgent need for a consensus regarding ref-
erence values for different analytical methods in order to ap-

preciate the prognostic significance of elevated ADMA lev-
els. At present, one cannot advocate this molecule for risk
assessment or individual patient prognosis in the clinical
work-up of patients with renal impairment.

Copyright © 2007 S. Karger AG, Basel

Background

Since the seminal observation by Vallance et al. [1] in
1992 there has been considerable interest in the patho-
physiological relevance of asymmetrical dimethylargi-
nine (ADMA), an endogenous inhibitor of all three iso-
forms of nitric oxide synthase (NOS), especially in the
field of nephrology where its role in chronic kidney dis-
ease (CKD) and end-stage renal disease (ESRD) has been
extensively investigated.

The dimethylarginines ADMA and symmetric di-
methylarginine (SDMA) were first isolated from human
urine by Kakimoto and Akazawa [2] in 1970 by ion ex-
change chromatography. Methylarginines derive from
the posttranslational methylation of L-arginine residues
within proteins catalyzed by a family of enzymes called
protein arginine methyltransferases (PRMT) [3]. To date,
nine PRMT genes have been cloned (PRMT1-9), based

© 2007 S. Karger AG, Basel

KARGER

Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

Accessible online at:
www.karger.com/ajn

Philip S. Tsao, PhD

Division of Cardiovascular Medicine

Stanford University School of Medicine, Falk Cardiovascular Research Center
300 Pasteur Drive, Stanford, CA 94305 (USA)

Tel. +1 650 498 6353, Fax +1 650 725 2178, E-Mail ptsao@stanford.edu



K

L-citrulline + NO]

NN s)

CH3
e

[ L-arginine
“V ® ®
_ CH, cH,
HN NH CH3\ 2 CH, HN N <
Y N NH Y CH,
NH Y NH
& NH
H,N  COOH H,N  COOH
A H,N  COOH A
L-NMMA H ADMA H
(Né-monomethyl-L-arginine) E SDMA A (NS, NG dimethyl-L-arginine) E
(NS, NS dimethyl-L-arginine) ™ "
|
DDAH DDAH
OY NH,
NH
CHy== NH, + NH
CH; CHs
H,N*  COOH H,N*  COOH
monomethylamine L-citrulline L-citrulline dimethylamine

urinary excretion

PRMT

[ L—arginine L-citrulline + NO]

Fig. 1. Generation and metabolism of methylarginines. SAM = S-adenosyl-methionine; SAH = S-adenosyl-ho-
mocysteine; PRMT = protein arginine N-methyltransferase; DDAH = dimethylarginine dimethylaminohydro-
lase. Dashed lines and arrows in gray indicate expected changes of methylarginines in renal failure.

on substrate and product specificity PRMTs are divided
into enzymes with type I or type II activity. Both types
form monomethyl L-arginine (L-NMMA), but differ in
that type I enzymes produce ADMA whereas type II en-
zymes generate symmetrical dimethylarginine (SDMA).
Monomethylation seems to be an intermediate step in
type I or type II PRMT reactions. Upon proteolysis,
methylarginines are released into the circulation where
ADMA competes with L-arginine for NOS (fig. 1). Ini-
tially, it was believed that methylarginines are cleared
from the circulation by renal excretion and do not un-
dergo metabolism.

This was supported by the notion that these molecules
accumulate in patients with renal failure [1]. However,

ADMA in Renal Disease: Limits of
Variation or Variation Limits?

McDermott [4] noted that the urinary recovery of meth-
ylarginines following intravenous injection in rabbits
was 0.14% for L-NMMA, 5.1% for ADMA and 66% for
SDMA, indicating that especially L-NMMA and ADMA
must undergo extensive metabolism. Later, Ogawa et al.
[5] identified and purified an enzyme termed dimethyl-
arginine dimethylaminohydrolase (DDAH) that catalyz-
es the hydrolysis of L-NMMA and ADMA into L-cit-
rulline and mono- or dimethylamine (fig. 1). In 1999 a
second isoform with distinct tissue distribution was iden-
tified by Leiper et al. [6]. It was estimated that the daily
generation of ADMA is ~300 pwmol. Approximately 50
pmol are excreted via the urine, and therefore, 80-85%
of ADMA is estimated to be degraded by DDAH [7]. No-
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tably, SDMA is not metabolized by DDAH and appears
to be solely eliminated via the urine (fig. 1).

Based on the generation and metabolism of ADMA,
elevated levels are the consequence of increased synthesis
(enhanced activity or expression of PRMTs), reduced re-
nal clearance or reduced enzymatic degradation (de-
creased activity or expression of DDAH). The latter two
mechanisms have been shown to contribute to elevations
of ADMA in renal disease whereas the role of PRMT un-
der this condition remains unknown.

In the last two decades, a variety of studies investigat-
ed the role of ADMA in patients with different stages of
CKD, patients with ESRD undergoing hemodialysis (HD)
or peritoneal dialysis (PD) as well as kidney transplant
recipients. All studies demonstrated a marked increase of
ADMA levels in patients with renal failure; however, the
range of reported ADMA levels varies considerably (up
to 10-fold). In addition, there is an overlap between
ADMA levels in patients with ESRD and healthy control
individuals between different studies despite the fact that
similar detection methods were used. Furthermore, the
ratio of SDMA/ADMA which should rise in renal failure
based on the fact that SDMA appears to be solely cleared
from the circulation via the urine also shows great varia-
tion. To make things even more complicated, the role of
HD to lower ADMA levels remains all but clear with
clearance rates ranging anywhere between 0 and 80%.

Thus, although there is accumulating body of evi-
dence that ADMA has the potential to become a novel
cardiovascular biomarker, a critical appraisal of ADMA
in renal disease seems mandatory. The aim of this review
was to summarize and compare available literature on
ADMA in patients with CKD, ESRD (HD or PD) and
kidney transplant recipients. In addition, this review
briefly focuses on therapeutic interventions to modulate
ADMA levels in humans as well as on the role of ADMA
as a potential biomarker in renal disease. Finally, we com-
ment on some of the pitfalls associated with ADMA mea-
surement.

Study Design and Selection Criteria for Studies

We performed a comprehensive search using Medline
database (January 1970-August 2007). The following
search criteria were used: asymmetric dimethylarginine,
symmetric dimethylarginine, ADMA, SDMA, renal fail-
ure, CKD, ESRD, HD, PD, transplantation, creatinine,
GFR. Exclusion criteria were reviews, case reports and
studies investigating the role of ADMA in acute renal
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failure or in pediatric patients. Except for one Chinese
article, there was no restriction to language.

Based on the fact that many studies were underpow-
ered with respect to sample size and given the wide range
of ADMA levels using different analytical methods that
would cause statistical heterogeneity, we deliberately re-
frained from performing a meta-analysis but rather de-
cided to summarize available literature. Apart from se-
lection bias the relationship with patient averages across
trials may not be the same as the relationship for patients
within trials. Thus, results from meta-analyses can be
misleading and hard to interpret.

Serum creatinine levels that were indicated as mg/dl
were converted to pmol/l by multiplication with the fac-
tor 88.4. Since the ratio of L-arginine/ADMA, which is
crucial with regard to NOS enzyme inhibition, was not
specified by all authors it was estimated by using the
mean values of L-arginine and ADMA.

In cases of missing information the abbreviation n.i.
(not indicated) was used. To calculate mean values of
variables that were expressed as subgroup analyses the
mean from these groups were multiplied with the num-
ber of subjects, subsequent values of different subgroups
were added and the sum was divided through the total
number of subjects to obtain the mean of the entire sam-
ple. Under such circumstances and in studies in which
mean values had to be extrapolated from bar graph fig-
ures, an asterisk (¥) was added behind the estimated
mean.

Pearson correlation coefficients were calculated using
SPSS software package (Version 14.0).

Results and Discussion

Plasma ADMA Levels in CKD

We identified 17 studies in which plasma ADMA lev-
els were determined in patients with CKD [8-24]. These
studies included >500 control individuals as well as
>1,500 patients with renal impairment spanning the en-
tire spectrum of CKD1-5 (table 1). In studies with control
groups, plasma ADMA levels were significantly elevated
in CKD patients, the increase versus controls ranged
from 1.13- to 3.36-fold. Compared to HD patients (ta-
ble 2), ADMA levels were considerably lower in patients
with CKD. ADMA levels were in the range of 0.36-1.40
in controls and 0.46-4.20 in patients with CKD (table 1).
In 4 studies, ADMA levels were considerably higher both
in controls as well as in patients [14, 21, 22, 24] whereas
in all the remaining studies ADMA levels were rather
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Table 1. ADMA levels in patients with CKD

Subjects  Stages of CKD Creatinine or GFR L-Arginine ADMA  L-Arginine/ SDMA SDMA/  Detection
M M ADMA M ADMA  method
MacAllister (1996)
Control 9 - n.i. 75 0.36 208.3 0.39 1.08 HPLC
CKD 4 CKD5 >500 pmol/l 35 0.77 45.5 3.20% 4.16
Marescau (1997)
Control 66 - 73.0 pmol/I* 110 0.41 268.3 0.38 0.93 HPLC
CKD 135 CKD 2-5, 16% diab. 426 pmol/l* 122* 0.76* 160.5 2.08* 2.74
Al Banchaabouchi (2000)
Control 37 - 68 pmol/l n.i. 0.41 n.i. 0.38 0.93 HPLC
CKD 135 CKD 2-5 426 pmol/lI* n.i. 0.76* n.i. 2.08* 2.74
Schmidt (2000)
Control 9 - 71 wmol/l 68 0.40 170.0 0.14 0.35 HPLC
CKD 13 CKD n.i., 38% diab. 274 pmol/l 67 1.26 53.2 0.60 0.48
Fleck (2001)
Control 22 - 88 wmol/l 75% 0.73 102.7 0.50 0.68 HPLC
CKD 111 CKD n.i. 256 pwmol/l 55% 0.85 64.7 2.05 2.41
Wahbi (2001)
Control 9 - n.i. 118 0.61 193.4 0.41 0.67 HPLC
CKD 13 CKD 3-5 553 wmol/l 125 1.04 120.2 2.47 2.37
Kielstein (2002)
Control 16 - 88 wmol/l 59.0 1.40 54.3 0.64 0.46 HPLC
CKD 44 CKD 1-5, non-diab. 199 pmol/1* 52.0*% 4.20 13.1 0.83* 0.20
Schiel (2003)
Control 51 - n.i. n.i. 0.7% n.i. 0.5*% 0.71 HPLC
CKD 99 CKD n.i. 381 pmol/l n.i. 0.9*% n.i 2.1* 2.33
Saran (2003)
Control 6 - <88 wmol/l n.i 0.55 n.i. 0.40 0.73 HPLC
CKD 8 CKD 4-5, non-diab. 354 pmol/l n.i. 1.85 n.i. 1.18 0.64
Tarnow (2004)
Control 192 type 1 diab. normoalb. 76 pmol/l 62.3 0.40 156 0.41 1.02 HPLC
CKD 408 CKD 1-5, type 1 diab. 102 pmol/l 72.8 0.46 160 0.59 1.28
Fliser (2005)
CKD 227 CKD 1-4, non-diab. 179 pmol/l n.i 0.46 n.i 0.91 1.98 LC-MS
Ravani (2005)
Control 22 - n.i. n.i. 0.69 n.i n.i. n.i ELISA
CKD 131 CKD 2-5, 24% diab. 212 pmol/l n.i. 0.78 n.i. n.i. n.i.
Nanayakkara (2005)
Control 53 - n.i. 94.0 0.42 223.8 0.47 1.12 HPLC
CKD 93 CKD 2-4, non-diab. 205 pmol/l 96.4 0.52 185.4 1.12 2.15
Yilmaz (2006)!
Control 30 - GFR ~109 ml/min n.. 1.07 n.i. n.i. n.i. HPLC
CKD 123 CKD 1-4, non-diab. GFR ~59 ml/min* n.. 2.34% n.i n.i. n.i
Caglar (2006)
Control 38 - 76 pmol/1 n.i. 1.08 n.i. 0.90 0.83 HPLC
CKD 78 CKD 1, non-diab. 70 pmol/l n.i. 1.92 n.i. 1.81 0.94
Busch (2006)
Control 22 - n.i. 74.8 0.73 102.5 0.50 0.68 HPLC
CKD 82 CKD 2-5, 29% diab. 385 pmol/l 55.6 0.88 63.2 2.00 2.27
Yilmaz (2007)
Control 36 - GFR ~112 ml/min 94.1 0.88 105.8 0.82 0.93 HPLC
CKD 66 CKD 1-4, non-diab. GFR ~43 ml/min 81.5 1.55 55.6 1.64 1.06

HPLC = High-performance liquid chromatography; LC-MS = liquid chromatography mass spectrometry; ELISA = enzyme-linked immunosorbent
assay. An asterisk indicates the estimated mean.
! Patients with CKD5 were excluded since they were on hemodialysis.

ADMA in Renal Disease: Limits of
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Fig. 2. Scatterplots showing the correlation between serum creatinine and ADMA (a) or SDMA (b) levels in
patients with CKD. Creatinine as well as ADMA and SDMA values are depicted in table 1; numbers next to each
circle reflect the corresponding reference. The studies by Yilmaz et al. [21, 24] are not included since they lack

information on serum creatinine levels.

low. SDMA levels were also higher in patients versus con-
trols in all studies and ranged from 0.14 to 0.90 in controls
and from 0.59 to 3.20 in patients with CKD. Except for 3
studies [11, 14, 16] the ratio of SDMA/ADMA was in the
range of ~1 or greater in patients with CKD (table 1). The
ratio ranged from 0.35 to 1.12 in controls and from 0.20
to 4.16 in patients with CKD (table 1).

In agreement with a recent meta-analysis [25], we ob-
served a strong correlation between serum creatinine and
SDMA but not ADMA levels in patients with CKD
(fig. 2).

Plasma ADMA Levels in Patients with ESRD

Published ADMA levels in dialysis patients vary any-
where between non-detectable [26] to 8.0 wM [27]. Even
after excluding these extremes, levels are widely scattered
between 0.59 and 6.0 M (table 2). Due to different renal
replacement therapies we separately summarized plasma
ADMA levels in patients undergoing HD, PD and in trans-
plant recipients. Studies performed in patients on HD
were further subdivided into those that included a control
group and those that did not. Studies lacking important
information for controls were added to the latter group.

ADMA Levels in HD Patients (Studies with Control

Groups)

We identified a total of 17 studies in which plasma
ADMA levels were measured in patients on HD as well as
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in control individuals [1, 8, 12, 13, 15, 21, 28-38]. These
studies included a total of 339 control subjects and 533
dialysis patients. In all studies, plasma ADMA levels were
elevated in patients versus controls (table 2). However,
there was a wide distribution of ADMA both in controls
as well as in dialysis patients between different studies. In
control groups, plasma ADMA levels ranged from 0.30 to
1.41 pM, in dialysis patients levels between 0.59 and 6.0
M were reported (table 2). Compared to control groups
a 1.4- to 10.3-fold increase of ADMA levels was observed
in dialysis patients. Similarly, plasma SDMA levels that
were reported in 11 out of 17 studies ranged from 0.12 to
0.80 wM in controls and from 1.41 to 6.30 wM in dialysis
patients. Compared to control groups a 5.0- to 11.7-fold
increase of SDMA levels was observed. The ratio of
SDMA/ADMA ranged from 0.30 to 1.31 in controls and
from 0.34 to 4.83 in dialysis patients (table 2). Plasma L-
arginine levels that were analyzed in 10 studies ranged
from 75 to 118 wM in controls and from 35 to 127 wM in
dialysis patients. Given the wide distribution of ADMA
levels, the estimated L-arginine/ADMA ratio showed a
wide range from 74 to 461 in controls and from 13 to 117
in dialysis patients (table 2).

ADMA Levels in HD Patients (Studies without

Control Groups)

A variety of other investigators analyzed plasma
ADMA levels in HD patients [27, 39-55]. Since the results
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Table 2. ADMA levels in patients on hemodialysis

Subjects  Duration of L-Arginine ADMA L-Arginine/ SDMA SDMA/ Detection
HD, months pM M ADMA M ADMA  method
Vallance (1992) Control 6 - ~971 0.57! 170.2! 0.57! 1.0! HPLC
HD 9 ni ~59! 4.35! 13.6! 435! 1.0}
MacAllister (1996) Control 9 - 75.3 0.36 209.2 0.39 1.08 HPLC
HD 6 ~24 35.4 0.99 35.7 3.78 3.82
Anderstam (1997) Control 7 - n.i. 0.36 n.i 0.37 1.03 HPLC
HD 19 n.i. n.i. 0.59 n.i. 2.85 4.83
Kielstein (1999) Control 37 - 75.5 1.0 79.2 0.80 0.80 HPLC
HD 43 ~38 75.9 6.0 13.7 5.20 0.87
Schmidt (1999) Control 13 - 84 0.40 210.0 0.12 0.30 HPLC
HD 17 n.i. 77 4.14 18.6 1.41 0.34
Fleck (2001) Control 22 - 75% 0.73 102.7 0.50 0.68 HPLC
HD 85 n.i. 60* 1.05 57.1 2.68 2.55
Wahbi (2001) Control 9 - 118 0.61 193.4 0.41 0.67 HPLC
HD 17 n.i. 116 0.99 117.2 4.53 4.58
Raj (2002) Control 6 - 93.7 0.90 105.8 n.i. n.i. HPLC
HD 27 n.i. 105.3 4.00 33.9 n.i. n.i.
Osanai (2002) Control 13 - n.i. 0.80 n.i. n.i. n.i. HPLC
HD 51 n.i. n.i. 3.04 n.i. n.i. n.i.
Schiel (2003) Control 51 - n.i. 0.7* n.i. 0.5% 0.71 HPLC
HD 84 n.i. n.i. 1.0* n.i. 2.5% 2.50
Bergamini (2004) Control 10 - 104.8 1.41 74.3 0.68 0.54 HPLC
HD 11 ~35 126.9 3.62 35.1 6.30 2.38
Martens-Lobenhoffer Control 47 - 63.9 0.35 182.6 0.46 1.31 LC-MS
(2004) HD 30 n.i. 48.1 0.67 71.8 3.16 4.72
Mochizuki (2005) Control 9 - 102.9 0.30 461.5 n.i. n.i. HPLC
HD 10 ~155 66.2 2.20 32.6 n.i. n.i.
Morimoto (2005) Control 20 - n.i. 0.44 n.i. n.i. n.i. HPLC
HD 31 ~76 n.i. 0.72 n.i. n.i. n.i.
Siroka (2005) Control 31 - n.i. 0.82 n.i. n.i. n.i. ELISA
HD 8 n.i. n.i. 1.81 n.i. n.i. n.i.
Yilmaz (2006) Control 30 - n.i. 1.07 n.i. n.i. n.i. HPLC
HD 36 >12 n.i. 4.63 n.i. n.i. n.i.
Aslam (2006) Control 19 - 95.3 0.59 161.5 0.65 1.10 HPLC
HD 19 ~48 86.7 1.94 44.7 3.20 1.65

HPLC = High-performance liquid chromatography; LC-MS = liquid chromatography mass spectrometry; ELISA = enzyme-linked

immunosorbent assay. An asterisk indicates the estimated mean.

! Plasma dimethylarginine levels (= ADMA+SDMA) indicated by Vallance et al. were 1.15 pm in controls and 8.7 pm in dialysis
patients, plasma ADMA/SDMA ratio ~1:1 both for controls and patients; L-arginine/dimethylarginine ratio was 84.3 in controls and

6.8 in dialysis patients.

are almost identical to those studies that included a con-
trol group we did not summarize these studies in a sepa-
rate table. In these studies ADMA levels range from any-
where between 0.8 and 8.0 uM.

Plasma ADMA Levels in PD Patients
We identified 7 studies in which plasma ADMA levels
were measured in patients undergoing PD, these studies

ADMA in Renal Disease: Limits of
Variation or Variation Limits?

included 124 control individuals and 162 patients that
were either treated with continuous ambulatory PD
(CAPD) or different modes of automated PD (APD) [13,
28,29, 56-59]. All but one study included a control group.
Again, plasma ADMA levels were markedly elevated in
PD patients versus controls, however, similarly to studies
in patients with CKD or patients on HD an overlap be-
tween plasma ADMA levels in controls and patients was
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observed between different studies. Plasma ADMA levels
ranged from 0.36 to 1.0 wM in controls and from 0.49 to
2.16 in PD patients, compared to controls ADMA levels
were 1.4- to 5.4-fold higher in PD patients. Thus, com-
pared to patients on HD, plasma ADMA levels appear to
be lower in PD patients which may in part be explained
by more preserved residual renal function and continu-
ous versus intermittent renal replacement therapy. Plas-
ma SDMA levels that were measured in 5 studies ranged
from 0.12 to 0.80 in controls and from 0.75 to 5.10 in pa-
tients on PD, compared to controls SDMA levels were 5.4-
to 9.8-fold higher in PD patients. Except for one study
[56], a marked increase of SDMA/ADMA ratio was ob-
served in patients on PD (0.35-4.18).

Plasma ADMA Levels in Kidney Transplant

Recipients

The role of ADMA in patients after kidney transplan-
tation has received little attention so far. We only identi-
fied 5 studies in which plasma ADMA levels were mea-
sured in renal transplant recipients [12, 15, 23, 60, 61].
Fleck et al. [12], Schiel etal. [15] and Busch et al. [23] stud-
ied patients with similar renal function (serum creatinine
~160 pmol/l) and reported ADMA levels of ~1.0 wM and
SDMA levels of ~1.1 wM. In these 3 studies, ADMA lev-
els were similar to those measured in patients on HD
(~1 wM), however SDMA levels were twice as low as in
dialysis patients (~1.2 vs. ~2.4 uM). Recently, Yilmaz et
al. [60] analyzed 27 patients that received kidney trans-
plants from a living donor. ADMA levels and serum cre-
atinine were markedly elevated before transplantation
(4.42 pM and ~775 pwmol/l, respectively); both parame-
ters rapidly declined over 28 days (1.08 wM and ~100
pmol/l, respectively). The authors also studied flow-me-
diated vasodilation which markedly improved after
transplantation and showed a strong negative correlation
with ADMA levels. Cupisti et al. [61] recently observed
an improvement in flow-mediated vasodilation in 20 re-
nal transplant patients after a 5-week treatment with a
diet rich in soy protein. The amelioration of endothelial
function was associated with an improved L-arginine/
ADMA ratio.

Given the limited data available, further studies are
needed to confirm the role of ADMA in renal transplan-
tation.

Impact of a Single Dialysis Session on Plasma ADMA

Levels

We identified 19 studies in which the impact of a single
HD session on the clearance of ADMA was analyzed [1,
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8, 13,27-31, 33-35,39-43, 59, 62, 63]. The studies includ-
ed 245 patients; in 10 studies reduction of SDMA levels
was also analyzed. Again, there was a wide distribution
regarding the clearances of ADMA and SDMA with
clearance rates ranging from 0 to 80% and from 0 to 70%,
respectively (table 3).

Lack of effectiveness of dialysis to lower ADMA has
been in part attributed to protein binding as well as pos-
sible redistribution of this molecule during HD [42]. In
this context, red blood cells are capable to either buffer or
release ADMA [64]. Such a mechanism may be influ-
enced by the degree of renal anemia as well as the artifi-
cial circulation during dialysis. Kielstein et al. [29] and
Mochizuki et al. [34] observed no immediate decline of
ADMA levels following a regular dialysis session, how-
ever 4-5 h after the end of HD a marked decline by 45-
50% was observed. Intriguingly, SDMA levels remained
elevated at this timepoint (no reduction after 5 h versus
pre-dialysis levels). Based on the low molecular weight of
ADMA (202 Da), which is in the range of urea (60 Da),
HD should be very effective in reducing the blood levels
of this endogenous NOS inhibitor. However, this may not
be the case as pointed out by Kielstein et al. [42] who as-
sessed the dialyzer clearance of ADMA. Thus, opposed to
the dialyzer clearances of urea (~161 ml/min) and creati-
nine (~173 ml/min), that of ADMA was only 92 ml/min.
Approximately 37 pmol ADMA were recovered in the
spent dialysate [42]. This amount roughly averages ~15%
of daily produced ADMA. Interestingly, the daily urinary
excretion of ADMA in healthy humans is ~50 pwmol; ac-
cordingly one would not assume that dialysis should be
more effective than native functioning kidneys.

There is also no evidence that the use of different di-
alysis membrane filters (i.e. biocompatible high-flux fil-
ters) or different dialysis treatment modalities (i.e. hemo-
diafiltration) can improve the clearance of ADMA [43,
63]. Thus, high-flux dialyzers or hemodiafiltration have
no benefit over low-flux HD with respect to lowering
ADMA [43, 63].

Increase of dialysis dose and frequency was also shown
to be ineffective to lower ADMA levels [46]. In their re-
cently published randomized cross-over study in which
the impact of four different dialyzers on ADMA and
SDMA clearance was analyzed in 15 patients on regular
HD, Grooteman et al. [63] could nicely demonstrate that
patient-related factors appear to be far more predictive
regarding ADMA levels rather than different modes of
HD treatment. Thus, interindividual variability of ADM A
levels was ~40% whereas intraindividual variability dur-
ing the entire study period was less than 1% [63].
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Table 3. Impact of a single hemodialysis session on ADMA and SDMA levels

Subjects  Dialysis filter ADMA ADMA % reduction SDMA SDMA % reduction

DM/TT pre, pM post, uM ADMA pre, WM post, uM  SDMA

Vallance (1992) 3 n.i 4.0 2.1 >40% n.i. n.i n.i

Arese (1995) 5 CU/PS ~1.35*% ~0.52* ~61%* ~2.93* ~1.25*% ~57%*
PFD/HD/HDF/4 h

MacAllister (1996) 6 PS 0.99 0.77 ~22% 3.78 2.23 ~41%
HD/4 h

Anderstam (1997) 12 n.i. ~0.59* ~0.45% ~23% ~2.85% ~1.71* ~40%
HD/n.i.

Kielstein (1999) 8 HP ~5.0% ~6.0* 0% 3.97 6.25 0%
HD/4.5h ~50% 5 h post HD* 0% 5 h post HD

vs. pre-dialysis vs. pre-dialysis

Schmidt (1999) 11 n.i. 4.14 1.45 ~65% 1.41 0.62 ~56%
HD/3.5-4h

Kang (1999) 10 PS 8.0 5.0 ~37% n.i. n.i. n.i
HD/4 h

Gomez-Fernandez 6 CU/PAN/SPAN 58 CU 0.9 CU ~84% CU n.i. n.i n.i

(2000) HD/4 h 5.0 PAN 2.4 PAN ~52% PAN
49 SPAN  1.5SPAN ~69% SPAN

Wahbi (2001) 17 n.i. 0.99 0.63 ~36% 4.53 2.95 ~35%
HD/n.i.

Cross (2001) 16 HP 0.68 0.43 ~37% n.i. n.i n.i
HD/4 h

Schroder (2001) 6 CE/PA n.i. n.i ~40-65%* n.i. n.i. ~50-70%*
HD/HDF/5 h

Raj (2002) 27 PS 4.0 1.6 ~60% n.i. n.i. n.i
HD/4 h

Kielstein (2004) 30 PS 4.35 4.76 0% n.i. n.i. n.i
Genius-HD/~4 h

Bergamini (2004) 11 PS 3.62 2.31 ~36% 6.30 3.61 ~43%
HD/4 h

Mochizuki (2005) 10 PS 2.2 24 0% n.i. n.i n.i
HD/4h 45% 4 h post HD

Morimoto (2005) 10 PS/PSE 0.69 PS 0.41 PS ~41% PS n.i. n.i. n.i
HD/4 h 0.74 PSE 0.41 PSE ~45% PSE

Kalousova (2006) 20 PS 0.81 HD 0.52 HD ~36% HD ~32HD* ~1.8 HD* 44% HD
HD/HDF/4 h 0.79 HDF  0.48 HDF ~39% HDF ~3.1 HDF* ~1.6 HDF*  48% HDF

Soveri (2007) 22 n.i. 0.99 0.73 ~26% n.i. n.i. n.i.
HD or HDF/4 h

Grooteman (2007) 15 CU/PS/PES 0.62 0.43 ~32% 2.55 1.42 ~44%
HD/4-5h no differences in no differences in

dialyzer clearance

dialyzer clearance

DM = Dialysis mode; TT = treatment time; CE = cellulose; CU = cuprophane; HP = hemophane; PS = polysulphone; PSE = vitamin E-coated poly-
sulphone; PES = polyethersulfone; PA = polyamide; PAN = polyacrylnitrile; SPAN = special polyacrylnitrile; HD = bicarbonate hemodialysis; HDF =
hemodiafiltration; PFD = paired filtration dialysis. An asterisk indicates the estimated mean.

ADMA in Renal Disease: Limits of
Variation or Variation Limits?

Am ] Nephrol 2008;28:224-237

231



In a recent review of uremic toxins, Vanholder et al.
[65] pointed out that ADMA belongs to one of the view
solutes for which a substantial gap between mean and
maximum uremic concentrations has been reported. Ac-
cordingly, further well-designed studies are necessary to
determine the clearance rate of ADMA in patients with
ESRD.

Overall, available studies summarized in this review
(table 3) suggest ADMA clearance rates between 20 and
40% during a regular HD.

Therapeutic Strategies to Modulate ADMA in Renal

Disease

Based on the generation and metabolism of ADMA,
specific strategies to modulate its plasma concentrations
should either focus on ways to reduce the synthesis or
improve the clearance or enzymatic degradation. The de-
sign of PRMT inhibitors to target ADMA synthesis ap-
pears an unlikely option since methylation of arginine
residues is a highly regulated, most likely obligatory step
in protein turnover. As shown in table 3, the ability and
effectiveness of dialysis to lower ADMA levels in patients
with ESRD remains controversial but clearly appears to
be lower than expected due to protein binding.

Thus, most investigators have focused on DDAH as a
likely target to modulate ADMA levels since dysregula-
tion of this enzyme appears to be the key mechanism by
which ADMA levels are elevated in various disorders.
DDAH is a highly oxidative sensitive enzyme; oxidation
of a critical sulfhydryl group (CYS249) reduces DDAH
enzyme activity. Accordingly, antioxidants have been
shown to lower ADMA levels by increasing DDAH activ-
ity [66]. Furthermore, recent studies indicate that all-
trans retinoic acid and the farnesoid X receptor (FXR)
agonist GW4064 modulate ADMA levels by regulating
DDAH [67, 68]. Possible explanations are the presence of
a PPAR/RXR binding site within the DDAH2 gene and a
FXR response element within the DDAH1 gene.

A less specific approach to counterbalance the detri-
mental effects of ADMA is to overcome NOS antagonism
by excess substrate supply with the precursor amino acid
L-arginine since the L-arginine/ADMA ratio should the-
oretically determine the degree of enzyme inhibition.
However, even in patients with ESRD plasma concentra-
tions of L-arginine are at least 10-fold higher than that of
ADMA and far exceed the K., of NOS which is in the low
micromolar range. Accordingly, the concept that sub-
strate bioavailability should be a rate-limiting factor for
NO production seems illogical. Nevertheless, some in-
vestigators have shown that L-arginine can improve en-
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dothelial function in humans [69, 70]. Based on these
observations, the term ‘L-arginine paradox’ has been
coined.

In animal models of acute or chronic kidney disease,
modification of dietary L-arginine intake has been asso-
ciated both with beneficial as well as deleterious effects
[71]. Studies in humans indicate that L-arginine supple-
mentation does not modify the course of renal disease in
humans with chronic glomerular diseases [71].

Other, non-specific pharmacologic interventions that
have been investigated in humans include the use of
statins and blockade of the renin-angiotensin system
(RAS) with either angiotensin-converting enzyme inhib-
itors (ACE inhibitors) or AT1 receptor blockers (ARBs).
With respect to statins, all but one study failed to observe
significant reductions in plasma ADMA levels despite
marked improvement in lipid profiles [66]. The impact of
RAS-blocking agents on ADMA metabolism appears to
be more complex. While some investigators observed sig-
nificant reductions of plasma ADMA levels with these
agents [24, 38, 72-76], more recent studies could not con-
firm this observation [77, 78]. Except for one study in di-
alysis patients that showed a ~40% reduction of ADMA
levels following a 6-week treatment with the ARB valsar-
tan [38], the remaining trials in patients with CKD or
normal renal function revealed reductions of ADMA lev-
els in the range of 15-25% [24, 72-76]. Interpretation of
available studies is complicated due to differences in
study design, study cohorts, the possible confounding
role of underlying cardiovascular co-morbidities, treat-
ment regimen and duration, the use of different bioana-
lytical methods to determine ADMA levels and, more
importantly, the fact that most studies were simply un-
derpowered to address this issue. However, it is notewor-
thy that the two negative studies [77, 78] were the only
trials in which ADMA was measured by mass spectrom-
etry, the gold standard for determination of ADMA. The
observed discrepancies highlight the need for further re-
search in this field, in especially well-designed, adequate-
ly powered, prospective clinical trials using state-of-the-
art techniques. An ongoing trial in more than 800 pa-
tients with diabetic nephropathy treated with either the
ARB telmisartan or valsartan may help to decipher the
role of these drugs on ADMA metabolism [79].

ADMA: A Biomarker in Renal Disease?

Several investigators have proposed ADMA as a po-
tentially useful biomarker in cardiovascular disease. In
order to appreciate this proposal for patients with kidney
disease, one has to address the following questions:
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(1) Is ADMA simply a marker of renal disease or does
it participate in pathobiology, in other words is ADMA
only an innocent bystander associated with renal disease
or is there any causal relationship?

(2) Is ADMA a useful tool to diagnose severity of dis-
ease?

(3) Is ADMA a prognostic marker of complications?

(4) Is ADMA a useful tool to monitor response to ther-
apy?

The prerequisite to answer all these questions is the
availability of standardized bioanalytical assays capable
to measure trace amounts of ADMA with sufficient sen-
sitivity and specificity as well as reproducibility. As point-
ed out in this review, although a variety of investigators
used the same analytical methods the range of reported
ADMA levels in patients with renal disease is wide. Given
the obviouslimitationsregarding the detection of ADMA,
one has to cast doubts that ADMA fulfils the require-
ments of a useful biomarker in renal disease, nevertheless
we want to try to answer the questions raised above.

Until recently, there was no compelling evidence that
ADMA plays a causal role in the pathophysiology of vas-
cular disease. Thus, although elevated ADMA levels have
been frequently associated with various cardiovascular
risk factors it remained elusive whether this molecule is
simply a marker or also a ‘maker’ of vascular disease. The
strongest evidence pointing to the crucial role of ADMA
on vascular biology stems from the generation of DDAH]1
knockout mice [80]. Homozygous disruption of the
DDAHI1 gene leads to an embryonic lethal phenotype
whereas heterozygous mutants are viable. These mice
have higher plasma ADMA levels and an enhanced sys-
temic blood pressure thereby contrasting the phenotype
of DDAH transgenic mice overexpressinghuman DDAH1
[81]. Further characterization of these mice is necessary
to confirm the role of ADMA on vascular biology.

Despite the wide range of reported ADMA levels in
patients with renal disease there is some evidence that
ADMA may be a useful marker to assess severity of kid-
ney disease. Most studies are of limited value since they
were cross-sectional in nature and simply show an asso-
ciation of elevated ADMA levels with renal disease. Rel-
atively few prospective studies have been conducted [18,
19, 23, 47, 49]. These are, however, further limited since
ADMA levels were only determined at baseline. To the
best of our knowledge, there is no large study that has
performed serial measurements of ADMA levels over
time in patients with advancing renal failure. Such intra-
individual dynamics are essential to unequivocally dem-
onstrate a tight relationship between ADMA levels and

ADMA in Renal Disease: Limits of
Variation or Variation Limits?

progression or severity of renal disease. Thus far, two
large clinical trials by Tarnow et al. [17] and Fliser et al.
[18] that included patients with diabetic and non-dia-
betic CKD have demonstrated a gradual increase of
ADMA levels with declining renal function after strati-
fication of patients according to glomerular filtration
rate. These studies support the potential role of ADMA
to predict severity of renal disease. Overall, serum cre-
atinine is not well correlated with ADMA levels (fig. 2)
whereas SDMA shows a close correlation. Accordingly,
SDMA appears to be a better marker of renal function,
most likely because this molecule does not undergo en-
zymatic degradation.

The role of ADMA as a prognostic biomarker in pa-
tients with ESRD undergoing dialysis remains somewhat
controversial. In 2001, Zoccali et al. [47] reported the re-
sults of a prospective cohort study in which 225 HD pa-
tients were followed over approximately 3 years. In this
study, elevated plasma ADMA levels ranked as the sec-
ond most important factor predicting overall mortality
and cardiovascular events outweighing established risk
factors such as diabetes, hypercholesterolemia or elevated
levels of CRP, to name but a few [47]. Surprisingly, in a
prospective cohort study in 200 patients with CKD (n =
81 on dialysis), Busch et al. [23] observed an opposite ef-
fect. Lower ADMA levels emerged as an independent risk
factor for cardiovascular events and the authors proposed
that ADMA might represent a candidate for the phenom-
enon of paradoxical or reverse epidemiology that has
been observed in dialysis patients [23]. Accordingly,
ADMA alone seems to be an inadequate marker for risk
assessment in dialysis patients and should be viewed in
light of other factors such as malnutrition (albumin lev-
els) or inflammation (CRP levels) that have been associ-
ated with poor survival in dialysis patients. These under-
lying co-morbidities may in part explain why low ADMA
levels have been associated with poor outcome.

The prognostic value of ADMA in patients with CKD
has been evaluated by Fliser et al. [18] in the ‘Mild to
Moderate Kidney Disease Study’. In this study, 177 pa-
tients with non-diabetic CKD were followed over a mean
follow-up of 54 months during which time predefined
study endpoints consisting of doubling of serum creati-
nine and/or need for renal replacement therapy were
monitored. A total of 65 patients reached the specified
endpoint, these individuals had significantly higher base-
line ADMA levels compared to the remaining patients
(0.42vs.0.55, p<0.01). Most intriguingly, plasma ADMA
levels were the only independent predictor of progression
of renal disease. Similar findings were made by Ravani et
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al. [19] in 131 patients with CKD (mean follow-up of 27
months) in which ADMA emerged as an independent
predictor of progression to dialysis and death.

Whether measurement of ADMA levels may be a use-
ful tool to monitor response to therapy remains to be
proven. As pointed out above, there are no specific phar-
macologic agents available that can modulate plasma lev-
els of ADMA. Non-specific therapies have either failed to
reduce ADMA levels, yielded indefinite results or need
confirmation in large prospective clinical trials.

Determination of Plasma ADMA Levels in Humans

A variety of techniques have been used for the quanti-
fication of ADMA in human plasma samples [82]. Most
of these are based on solid-phase extraction of basic plas-
ma components followed by derivatization and liquid
chromatography with fluorimetric or mass spectromet-
ric detection [82]. Despite the precision of these devices
the major limitation lies in the time-consuming, cumber-
some and expensive procedure that does not allow high-
throughput analysis which is necessary to make this
marker readily available for the clinical routine. The wide
range of ADMA levels reported in control individuals
and patients with renal failure can only in part be ex-
plained by the different use of bioanalytical methods that
lack standardization. If one accepts differences in abso-
lute levels of dimethylarginines the scatter of the SDMA/
ADMA ratio is still noteworthy and lacks explanation.
Overall, it seems difficult to compare results obtained in
different studies. Despite these limitations the role of
ADMA in renal disease has to remain undisputed. In-
deed, all investigators have unanimously observed ele-
vated levels of this molecule in patients with renal dis-
ease.

Given the obvious pitfalls in the detection of ADMA
an ELISA assay has recently become available that allows
rapid determination of ADMA in human plasma samples
[83]. Whether this assay will allow better comparison of
results between different trials needs to be determined.
The ELISA assay has recently been applied in two large
clinical trials, the CARDIAC and AtheroGene study, in
which the impact of ADMA in patients with coronary
heart disease was analyzed [84, 85]. These studies dem-
onstrate that ADMA is an independent cardiovascular
risk factor and that baseline ADMA levels independently
predict future cardiovascular risk. However, the major
limitation of both studies is that the absolute differences
between cases and controls (0.7 vs. 0.6 wM) or patients
with or without cardiovascular event (0.7 vs. 0.63 wM) is
rather low. Notably, the reference value for this ELISA as-
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say determined in 500 healthy subjects was reported as
0.69 wM [86].

Opverall, plasma ADMA has a very narrow concentra-
tion distribution, with an interindividual coefficient of
variation of approximately 12% [82] which undermines
that one cannot be satisfied with the wide range that has
been reported in healthy individuals as well as in patients
with renal failure. Normal reference values of 0.50-2.20
M have been indicated in the literature [52]. Such a wide
range has to be questioned since small differences in
ADMA levels have been associated with increased car-
diovascular risk.

A recent study has attempted to define reference val-
ues for ADMA in healthy individuals [87]. In this study,
ADMA was measured by HPLC method with pre-col-
umn derivatization and fluorescence detection in 292
males aged 20-75 years. The median ADMA levels varied
from 0.58 M (<35 years) to 0.64 wM (>64 years), indicat-
ing only small differences between different age groups.
Based upon the variation of ADMA levels in healthy con-
trol individuals summarized in this review that were de-
termined with similar HPLC techniques, the study by
Meinitzer et al. [87] highlights the need for further criti-
cal validation of analytical methods. Reference values for
patients with CKD or ESRD will be hard to determine
since multiple factors (residual renal function, mode of
renal replacement therapy, degree of proteinuria and ane-
mia, malnutrition, underlying co-morbidities) may have
a profound impact on ADMA levels in these subjects.

The variability of ADMA levels currently precludes
useful application of this putative biomarker for risk as-
sessment in patients with renal disease. At present, it re-
mains more than questionable whether this molecule will
ever reach the stage of a useful laboratory parameter that
will influence the guidance of patients. Above all, a con-
sensus regarding reference values and analytical meth-
ods seems necessary.

Conclusions

All clinical studies unanimously demonstrate that
plasma ADMA levels are elevated in patients with renal
failure, however the range of reported ADMA and SDMA
levels is substantial. Overall, simple, standardized ana-
lytical techniques are warranted to allow better compar-
ison of this putative cardiovascular risk marker in clini-
cal trials. Furthermore, SDMA and L-arginine levels and
subsequent ratios with ADMA (L-arginine/ADMA and
SDMA/ADMA) should be reported in future clinical tri-
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als in order to determine whether combined analysis of

these three parameters may help to unravel the role of
ADMA in renal disease.

At present, ADMA cannot be advocated as a useful
clinical laboratory parameter or biomarker in patients

with renal disease.

—_
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