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Abstract

Post-translational methylation of arginine residues in proteins leads to generation of N6-monomethylarginine (MMA) and both symmetric and
asymmetric dimethylarginine (SDMA and ADMA), that are released into the cytosol upon proteolysis. Both MMA and ADMA are inhibitors
of nitric oxide synthase and especially elevated levels of ADMA are associated with endothelial dysfunction and cardiovascular disease. Plasma
concentrations of ADMA and SDMA are very low, typically between 0.3 and 0.8 wM, making their quantification by HPLC an analytical challenge.
Sample preparation usually involves a cleanup step by solid-phase extraction on cation-exchange columns followed by derivatization of amino acids
into fluorescent adducts. Because ADMA and SDMA concentrations in healthy subjects show a very narrow distribution, with a between-subject
variability of 13% for ADMA and 19% for SDMA, very low imprecision is an essential assay feature. Procedures for sample cleanup, derivatization,
and chromatographic separation of arginine and its methylated analogs are the main topics of this review. In addition, important aspects of method
validation, pre-analytical factors, and reference values are discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Production and elimination of methylated arginine
analogs

N-Methylation of the amino acids lysine, histidine, and argi-
nine in proteins is a specific form of post-translational mod-
ification allowing the cell to expand the functional repertoire
of its proteome. The terminal nitrogen atoms of the guanidino
group of arginine can be methylated by a family of protein argi-
nine methyltransferases (PRMTs), of which two classes exist
[1]. To date, nine members of the PRMT enzyme family have
been identified, most of them belonging to class 1 [2]. Both
classes of PRMT catalyze the monomethylation of arginine,
but when a second methyl group is attached to monomethy-
larginine (MMA), the reaction product is PRMT dependent.
Class 1 PRMTs catalyze the formation of asymmetric dimethy-
larginine (ADMA), whereas class 2 PRMTs lead to the for-
mation of symmetric dimethylarginine (SDMA). Structures of
these methylated arginine species are shown in Fig. 1. Both
classes of PRMT preferentially methylate arginine located in
arginine—glycine-rich sequences of proteins [1,3]. Heteroge-
neous nuclear ribonucleoproteins are a primary target for argi-
nine methylation, but a recent proteomic analysis has identified
more than 200 proteins that are putatively arginine-methylated
[4]. In general, arginine-methylated proteins show strong inter-
actions with nucleic acids and are involved in the processes of
transcription, splicing of pre-mRNA, translation, and nucleocy-
toplasmic transport [1,3—7]. With a few exceptions [8—10], pro-
tein methylation is irreversible and methylated arginine residues
remain an integral part of the protein until it is degraded by pro-
teolysis.

Free methylated arginines are released into the cytosol upon
proteolysis of methylated proteins. ADMA is actively degraded
by the intracellular enzyme dimethylarginine dimethylaminohy-
drolase (DDAH) into citrulline and dimethylamine (DMA) [11].
Two isoforms of DDAH have been identified that are widely
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expressed in rat and human tissues [12—14]. It has been esti-
mated that humans generate approximately 300 wmol of ADMA
per day, of which more than 80% is metabolized by DDAH
to DMA which is excreted in the urine [15]. The remainder
escapes degradation by DDAH and enters the plasma com-
partment after export from the cell. It should be noted that
DDAH is also active towards MMA, but cannot metabolize
SDMA. This may in part explain why plasma concentrations
of SDMA are similar to ADMA concentrations, despite the
fact that probably much more ADMA is formed during methy-
lation of arginine. In humans, the kidneys play an important
role in the elimination of dimethylarginines from the body,
by excreting both ADMA and SDMA into the urine [16,17].
However, net renal extraction from the arterial supply was sig-
nificantly higher for ADMA compared to SDMA (16.2 versus
10.5%, respectively; P=0.001), indicating that for ADMA not
only excretion but also intra-renal metabolism, most likely by
DDAH, is involved [18]. For SDMA, which is not degraded
by DDAH, renal excretion is the major eliminatory pathway,
whereas for ADMA both renal and extra-renal degradation
by DDAH constitutes the major route of disposal. It should
be noted that there are a striking inter-species differences in
the metabolism of methylated arginines (see also Section 2.5).
Although rat kidneys extract both ADMA and SDMA from the
circulation, urinary excretion of ADMA is almost negligible
[19]. Acute total nephrectomy in rats was recently shown to
lead to a dramatic increase in plasma levels of SDMA, whereas
ADMA levels were hardly influenced, indicating that in this
species the kidneys play only a minor role in the elimination
of ADMA [20]. Studies in rats have shown that the liver takes
up large amounts of ADMA, but not SDMA, from the circu-
lation [21,22], whereas the human liver clears both ADMA
and SDMA [23]. Several lines of evidence confirm the impor-
tant role of the liver in the metabolism of ADMA. Plasma
and urine levels of ADMA were shown to be increased in
patients with end-stage liver disease [24]. In patients under-
going liver transplantation, preoperative ADMA levels were
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Fig. 1. Structures of arginine, monomethylarginine (MMA), asymmetric dimethylarginine (ADMA), and symmetric dimethylarginine (SDMA).
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highly elevated and decreased significantly after transplantation
[25].

1.2. Role of ADMA in cardiovascular disease

Although many clinical conditions are associated with ele-
vated ADMA concentrations (reviewed in [26]), the link
between ADMA and cardiovascular disease has been estab-
lished most firmly. Endothelium-derived nitric oxide (NO) is an
important regulator of vascular homeostasis due to its pleiotropic
effects on the vessel wall. In addition to its properties as a power-
ful endogenous vasodilator, NO inhibits the adhesion of inflam-
matory cells to the vascular wall, the aggregation of platelets,
and the proliferation of smooth muscle cells [27]. These effects
of NO are generally considered to act as a brake on the pro-
cess of atherogenesis. Consequently, accumulation of ADMA
may lead to endothelial dysfunction [28,29] and accelerate the
development of atherosclerosis. Many other risk factors for car-
diovascular disease are also associated with a reduced availabil-
ity of NO and endothelial dysfunction and it has been suggested
that ADMA is the ultimate mediator of the adverse effect of
these risk factors on the vascular endothelium [30]. ADMA
is positively associated with carotid intima-media thickness,
a surrogate marker of generalized atherosclerosis, in healthy
subjects and patients with renal disease [31-33]. Compelling
evidence for the adverse role of ADMA in the cardiovascular
system is provided by prospective studies showing an associa-
tion between ADMA and cardiovascular events and/or mortality.
In several high-risk populations, i.e. critically ill patients [34],
and patients with end-stage renal disease [35], coronary artery
disease [36,37], or idiopathic pulmonary arterial hypertension
[38], increased plasma levels of ADMA were shown to pre-
dict adverse outcome, independent of traditional risk factors.
Recently, elevated ADMA has also been implicated in diseases
that are characterized by a high incidence of cardiovascular dis-
ease that is not fully accounted for by traditional risk factors,
such as systemic lupus erythematosus and sickle cell anemia
[39,40].

It is striking that in most prospective studies even slightly
raised plasma concentrations of ADMA were found to be
associated with increased risk. However, because the between-
subject variation of ADMA is very small (see Section 5),
even an increase of a few percent may be regarded as mod-
erate in terms of effect size. In addition, it may very well be
that ADMA in plasma originates from cellular spillover and
that small changes in plasma concentrations of ADMA reflect
much larger changes in intracellular concentrations. Measure-
ment of the intracellular concentration of ADMA probably
would be more relevant than measurement of its concentration
in plasma, because both generation of ADMA and inhibition
of NO synthesis are intracellular processes. Unfortunately, it
is virtually impossible to measure intracellular ADMA con-
centrations in large numbers of subjects in epidemiological
studies. These considerations notwithstanding, the results of
studies published to date convincingly demonstrate that mean-
ingful results can be obtained by measurement of ADMA in
plasma.

2. HPLC analysis
2.1. General analytical considerations

Plasma concentrations of methylated arginine analogs are in
the submicromolar range in healthy individuals and at most a
few micromolar in diseased states. Because the concentrations
of other amino acids are two to three orders of magnitude higher,
the quantification of methylated arginine analogs in plasma is an
analytical challenge. Traditionally, amino acid analysis is per-
formed by ion-exchange chromatography with detection after
post-column derivatization. This technique is not only suitable
for the analysis of the twenty amino acids occurring in proteins,
but also for the analysis of a large number of non-protein amino
acids and post-translationally modified amino acids, includ-
ing ADMA and SDMA [17]. An inherent disadvantage of this
technique is that often very long run times are required to
obtain adequate resolution. Shorter run times can be achieved by
using reversed-phase HPLC separation after pre-column deriva-
tization. Derivatization serves several purposes [41]. First, it
increases the detectability of the amino acids by converting them
into adducts that can be detected with high sensitivity using
UV absorbance, fluorescence, or electrochemical detection. Sec-
ond, derivatization usually increases the hydrophobicity of the
very polar amino acids, making them amenable to separation by
HPLC in reversed-phase mode. Third, for amino acids that con-
tain reactive groups in their side chain, e.g. the sulthydryl group
in cysteine and homocysteine, selectivity can be increased dra-
matically by selective labeling of that functional group with a
proper derivatization reagent. Unfortunately, selective reagents
for the derivatization of methylated arginine species have not
been described, and therefore selectivity is most often increased
by solid-phase extraction (SPE). Most published HPLC meth-
ods are suitable for the simultaneous determination of arginine,
ADMA, and SDMA. Plasma concentrations of MMA are usually
very low, and determination of this analyte in plasma is usually
not performed. However, intracellular concentrations of MMA
may be much higher and have been shown to be of similar mag-
nitude as ADMA concentrations in endothelial cells [42], and
even higher than ADMA concentrations in neuronal cells [43].
Measurement of MMA may thus provide additional information
if intracellular metabolism is studied.

2.2. Sample cleanup

Almost all published methods were specifically developed
for the analysis of plasma or serum samples and require sam-
ple volumes of 0.02-1.5ml. In a small number of methods,
sample cleanup is limited to precipitation of proteins with 5-
sulfosalicylic acid, followed by centrifugation and filtration
[44—46], or precipitation with ethanol, followed by lyophiliza-
tion of the supernatant [47]. Although simple to perform, this
procedure leads to complex chromatograms with long run times.
Most methods rely on a more elaborate cleanup by SPE on
cation-exchange columns, exploiting the basic character of both
arginine and its methylated analogs. After conditioning of the
SPE columns by sequential washing steps with methanol and
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water or buffer, diluted plasma is applied to the columns,
although in some methods a protein precipitation step is included
in the protocol [48,49]. Tissue homogenates prepared in perchlo-
ric acid should be neutralized before application to the columns
[50]. Tissue or protein hydrolysates, that are usually prepared
by heating in 6 M hydrochloric acid, can be neutralized by evap-
oration of the hydrochloric acid and dissolving the residue in
a suitable buffer [51]. After sample loading, the bulk of the
matrix components, including neutral and acidic amino acids,
is removed from the SPE column by a series of washing steps.
In the final step, basic amino acids, including the analytes of
interest, are eluted from the column. This is achieved by low-
ering the pH in the case of weak cation-exchange columns or
increasing the pH in the case of strong cation-exchange columns.
In the latter case, an ammonia/methanol mixture is often used,
although triethylamine has been used as well [49,52]. To allow
subsequent removal of the solvent by evaporation, only volatile
buffers should be used. Furthermore, the eluting solvent should
not only effectively break the interaction between the analytes
and the stationary phase, but also be a good solvent for the ana-
lytes. We have for instance noted that a mixture of ammonia with
pure methanol is effective in eluting ADMA and SDMA, but
leads to a low recovery of arginine, because of limited solubility
[53]. Although this can be overcome by increasing the polarity of
the solvent by adding some water, it should be carefully checked
that all analytes, including the internal standard, are recovered
to the same extent. Most SPE columns are silica based, but poly-
meric columns (e.g. Oasis MCX from Waters or Strata-X-C from
Phenomenex) are equally effective and have the advantage that
preconditioning is not essential and their performance is not
adversely affected if the columns run dry between the sample
application, washing, and elution steps [53,54]. However, blank
chromatograms should be checked for the presence of spurious
peaks, because some batches of columns may contain impuri-
ties, necessitating a conditioning step before use [55]. Sample
cleanup by SPE is labor intensive, but the procedure can be fully
automated [55]. The use of small SPE columns in microtiter plate
format also holds promise for increasing throughput.

2.3. Derivatization reagents

Although underivatized arginine, ADMA, and SDMA have
been quantified in plasma by UV detection at 200 nm [56], most
HPLC methods employ pre-column derivatization. Reported
derivatization reagents include o-phthaldialdehyde (OPA) [44,
45,47,52,53,57,58], naphthalene-2,3-dicarboxaldehyde (NDA)
[59], 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate
(AQC) [46,49], 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-
F) [54], and phenyl isothiocyanate (PITC) [60]. OPA is by far
the most widely used fluorogenic reagent. Major advantages
of this reagent are the almost instantaneous reaction at room
temperature and the fact that OPA itself is non-fluorescent,
leading to relatively clean chromatograms. It is of note that
the reaction between OPA and amino groups depends on the
presence of a thiol. For this purpose both 2-mercaptoethanol
(ME) and 3-mercaptopropionic acid (MPA) can be used. OPA-
ME adducts are rather unstable, necessitating fully automated

derivatization in order to obtain reliable results. OPA-MPA
adducts are more stable, allowing off-line derivatization. It is
very important to realize that both ME and MPA do not merely
allow the reaction between OPA and the amino acid to proceed,
but are also incorporated in the final adduct (Fig. 2). Therefore,
these adducts not only differ in stability, but also with respect
to their chromatographic properties. In general, at neutral
pH, OPA-MPA derivatives are slightly more polar then their
OPA-ME counterparts due to the presence of the additional
carboxylate group.

2.4. Choice of internal standard

Both sample cleanup by SPE and the derivatization reac-
tion are sources of random errors, necessitating the use of an
internal standard that should be added at the very beginning of
the analytical procedure, i.e. before sample cleanup. A suitable
internal standard should meet a number of requirements. First,
it should be a basic compound to ensure recovery by cation-
exchange SPE. Second, it should contain a primary amino group
to allow its derivatization together with the analytes of interest.
Third, the polarity of the derivatized internal standard should be
similar to that of the derivatized analytes, but differ enough to
allow full chromatographic resolution. Finally, the compound
chosen should preferably not be present in biological samples.
If the latter requirement cannot be met, it should be ensured
that concentrations of endogenous substances are at least two
orders of magnitude lower than the concentration used as inter-
nal standard. In most published methods for the quantification
of arginine, ADMA, and SDMA, either homoarginine or MMA
is used as internal standard. MMA is an obvious choice, because
endogenous plasma levels of this compound are very low. How-
ever, because intracellular MMA concentrations are much higher
[42,43], measurement of this compound in cells and tissues may
be of interest. In that case, homoarginine can be used as internal
standard. N“-Propyl-L-arginine (N-PLA), a selective inhibitor
of neuronal nitric oxide synthase (NOS) that does not occur
endogenously, has also been successfully used as internal stan-
dard [59].

2.5. Chromatography

Chromatographic separation of the derivatives of arginine
and its methylated analogs is usually performed by reversed-
phase chromatography using either isocratic or gradient elution.
Because ADMA and SDMA are structurally very similar, sepa-
ration of this pair of compounds is most difficult to accomplish.
Using OPA as derivatization reagent, the ADMA adduct usually
elutes before the SDMA adduct on a C18 column. If separation
is performed on a phenyl column, this elution order is reversed
[57,61]. This reversal of elution order on phenyl columns has
also been observed for NDA derivatives of ADMA and SDMA
[59]. Total run time of the separation is usually around 30 min or
even longer, which severely limits the throughput of these meth-
ods. We have recently succeeded in decreasing the analysis time
of the HPLC separation by using a silica-based monolithic col-
umn (Chromolith Performance RP18-e from Merck) [55]. These
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Fig. 2. Reaction products of ADMA with o-phthaldialdehyde (OPA) reagent, containing either 2-mercaptoethanol (ME) or 3-mercaptopropionic acid (MPA).

columns, consisting of a silica rod with a bimodal pore structure,
are highly permeable and can be operated at high flow rates. Most
important, monolithic columns have a high separation efficiency
and the backpressure is much lower in comparison to conven-
tional columns packed with silica particles [62,63]. Comparison
of a separation of OPA derivatives on a monolithic column with
separation on a conventional C18 column [51,53], shows that
the retention times are reduced 2-fold without loss of resolu-
tion (Fig. 3). Likewise, the total run time, including a strong
solvent wash to elute strongly retained compounds and column
re-equilibration, was reduced from 30 to 15 min. The high flow
rate that can be used with monolithic columns may lead to a loss
of resolution if the separation is performed at an elevated temper-
ature. The reason for this decreased separation efficiency is not
a decrease in plate count, but the development of a temperature
gradient across the column, caused by insufficient temperature
equilibration of the mobile phase. The magnitude of this effect
depends not only on flow rate and temperature, but also on the
design of the column oven.

Sufficient separation of ADMA and SDMA in standard solu-
tions does not guarantee that these compounds can be mea-
sured free from interference in biological samples. Analyte
concentrations, but also interference by endogenous compounds
may differ between matrices, patient groups, and even between
species. In healthy subjects, plasma concentrations of ADMA
and SDMA are almost equal, but in patients with moderate
renal failure the increase of SDMA is more pronounced than the
increase of ADMA (Fig. 4). This reflects the fact that SDMA is
exclusively eliminated by renal excretion, whereas degradation
by DDAH is the major route of disposal for ADMA. Conversely,
plasma concentrations of ADMA in healthy dogs are approx-
imately 3- to 5-fold higher than in humans, whereas SDMA
concentrations are comparable [64] (Fig. 4). In human urine,
ADMA and SDMA concentrations are approximately equal, but
10- to 100-fold higher than concentrations in plasma, whereas
the concentration of arginine is lower than in plasma (Fig. 5).
Apparently, tubular reabsorption, which is highly efficient for
arginine, is less efficient for its methylated analogs. It is of
interest that concentrations of ADMA in rat urine are almost

negligible [19], again showing an inter-species difference in the
metabolism of methylated arginines (see Section 1.1). In culture
medium of human umbilical vein endothelial cells both ADMA
and SDMA can be detected, but ADMA reaches much higher
concentrations than SDMA (Fig. 6).
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Fig. 3. Chromatograms of a combined standard, containing 100 uM arginine,
10.5 uM homoarginine, 10.1 uM ADMA, and 10.8 uM SDMA, separated by
reversed-phase chromatography on a conventional column (Symmetry CI18;
3.9mm x 150 mm; 5 wm particle size from Waters) with a mobile phase of
50 mM potassium phosphate buffer (pH 6.5), containing 8.7% acetonitrile at
a flow rate of 1.1 ml/min and a column temperature of 30 °C [53] (A) or on a
monolithic column (Chromolith Performance RP-18e; 100 mm x 4.6 mm from
Merck) with a mobile phase of 25 mM potassium phosphate buffer (pH 6.5),
containing 7.0% acetonitrile at a flow rate of 2.0ml/min and a column tem-
perature of 30 °C according to [55] (B). The arrow indicates a gain switch of
the fluorescence detector. Peak identification: 1, arginine; 2, internal standard
(MMA; final concentration 20 wM); 3, homoarginine; 4, ADMA; 5, SDMA.
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Fig. 4. Chromatograms of plasma from a healthy volunteer, containing 77 uM
arginine, 0.65 uM ADMA, and 0.55 pM SDMA (A), of plasma from a patient
with moderate renal failure, containing 89 wM arginine, 0.57 uM ADMA, and
2.97 uM SDMA (B), and of plasma from a healthy dog, containing 110 uM
arginine, 2.41 uM ADMA, and 0.50 uM SDMA (C). Sample cleanup and
chromatography were performed according to [55]. See legend to Fig. 3B for
chromatographic conditions. The arrow indicates a gain switch of the fluores-
cence detector. Peak identification: 1, arginine; 2, internal standard (MMA; final
concentration 20 wM); 3, homoarginine; 4, ADMA; 5, SDMA.
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Fig. 5. Chromatogram of urine from a healthy volunteer, containing 66 uM
ADMA, and 73 pM SDMA. Note the almost complete absence of arginine and
homoarginine. Sample cleanup and chromatography were performed according
to [55]. See legend to Fig. 3B for chromatographic conditions. The arrow indi-
cates a gain switch of the fluorescence detector. Peak identification: 1, arginine;
2, internal standard (MMA; final concentration 20 wM); 3, homoarginine; 4,
ADMA; 5, SDMA.
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Fig. 6. Chromatogram of medium of a human umbilical vein endothelial cell
culture, containing 250 wM arginine, 0.53 uM ADMA, and 0.16 uM SDMA.
The medium was harvested 96 h after the start of the culture. Sample cleanup
and chromatography were performed according to [55]. See legend to Fig. 3B
for chromatographic conditions. The arrow indicates a gain switch of the fluo-
rescence detector. Peak identification: 1, arginine; 2, internal standard (MMA;
final concentration 20 wM); 3, homoarginine; 4, ADMA; 5, SDMA.

3. Method validation
3.1. Linearity and lower limit of quantification

HPLC methods using fluorescence detection usually show
a linear detector response over several orders of magnitude,
with the upper limit of the linear range far above the concen-
trations present in biological samples. However, at the high end,
linearity may be limited by the concentration of the derivati-
zation reagent, which can be recognized by a decreased area
of the internal standard. The lower limit of quantification of
most published methods ranges from 0.01 to 0.3 wM, which is
sufficient to allow measurement in plasma and urine samples.
However, in other matrices, such as cerebrospinal fluid [53,65],
ADMA and SDMA concentrations are much lower and can only
be measured by methods with high sensitivity. The lower limit
of quantification is often defined at a signal/noise ratio of 10. It
is important to note that at this signal/noise ratio, assay impre-
cision may be as high as 10%, which is far from optimal (see
Section 3.2.).

3.2. Accuracy and precision

As a first step in ascertaining accuracy of the method, recov-
ery of exogenously added analytes should be investigated. Both
recovery after SPE and recovery of the entire analytical pro-
cedure should be investigated. But even full recovery of added
analytes from biological samples is no proof for accuracy. Coelu-
tion of matrix components with the analytes of interest leads
to measurement of falsely high concentrations in samples but
has no effect on the percentage recovery from spiked samples.
Accuracy is often expressed in terms of bias from the expected
concentration, using a certified reference material. For the time
being such reference material for the analysis of ADMA and
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SDMA is not available, which may in part explain the wide range
of reported values in healthy subjects (see Section 5). On the
other hand, a recent inter-laboratory comparison showed a fair
agreement between reported values, although further improve-
ment is certainly desirable [61].

Both intra-assay and inter-assay imprecision are commonly
expressed as a coefficient of variation (CV). Although intra-
assay CV may be important when related samples are to be
compared (e.g. samples from a patient before and after treat-
ment), inter-assay CV is often more relevant, because in most
clinical studies samples are analyzed in multiple series. Reported
inter-assay imprecision for ADMA and SDMA HPLC assays
range from approximately 2% to values exceeding 10%. It
should be noted that imprecision is not solely determined by
the design of the particular HPLC method, but to a large
extent by other factors, such as equipment and skills of the
analytical personnel. Inter-laboratory transfer of a particular
method may therefore result in a change of assay performance
in terms of precision. A widely held view is that desirable
imprecision should be <0.50 times the within-subject variabil-
ity (CVy), and optimal imprecision <0.25 CV7 [66]. For ADMA
and SDMA no solid data on CVj is available, but it is reason-
able to assume that CVj is smaller than the between-subject
variability (CVg). In a large cohort study in the general popula-
tion (n=2311; see also Section 5) we measured mean concen-
trations of 0.497 £ 0.063 uM for ADMA (CVg=12.7%), and
0.526 £ 0.101 pM for SDMA (CVg =19.2%). From these data,
it can be estimated that optimal imprecision is <3% and <5% for
ADMA and SDMA, respectively. It is clear that not all published
HPLC methods meet these criteria. Although methods with
higher imprecision can certainly yield relevant results, their use
may lead to low statistical power in clinical trials and to a severe
underestimation of associations in epidemiological studies
[67].

4. Pre-analytical factors

Analysis of arginine, ADMA, and SDMA is most often
performed in serum or plasma. If plasma is used, the choice
of anticoagulant may affect the measured concentrations to
some extent. We have observed no significant differences in
concentrations of arginine, ADMA, and SDMA in a small
study in which 15 paired EDTA- and heparin—plasma sam-
ples were compared [53]. On the other hand, citrate—plasma
should not be used, because the rather large volume of cit-
rate solution in the blood collection tubes leads to a consid-
erable dilution. Theoretically, allowance for this dilution can
be made, but accurate correction is difficult because dilution
of the plasma depends on both the level of filling of the
tubes and the hematocrit. The additional error introduced by
this correction may be detrimental, considering the very small
biological variation of plasma concentrations of ADMA and
SDMA (see also Sections 3.2 and 5). A comparison of paired
serum and heparin—plasma samples (n = 10) revealed no signif-
icant difference for ADMA concentrations (0.389 £ 0.044 uM
versus 0.387 £0.045 uM; P=0.54), approximately 2% higher
SDMA concentrations in serum (0.405£0.084 uM versus

0.397 £0.085 pM; P=0.010), and 58% higher concentrations
of arginine in serum (115.5 £ 16.1 uM versus 73.3 + 14.3 uM;
P<0.001) [53]. Regarding the quantification of arginine it is
important to avoid hemolysis, because falsely low arginine lev-
els may be obtained in hemolytic plasma due to degradation by
arginase released from erythrocytes.

Storage conditions for plasma are not very critical. Plasma
can be stored indefinitely at —70 °C or below, and at least several
years at —20 °C without alteration in concentration of (methy-
lated) arginine. In addition, it has been shown that repeated
freeze/thaw cycles do not influence ADMA and SDMA con-
centrations [68]. We have observed that even at room tempera-
ture plasma concentrations did not change significantly during
24 h.

For the reliable analysis of arginine, ADMA and SDMA
in tissues it is important to consider that after tissue homoge-
nization, proteolysis may lead to a very rapid increase in free
ADMA and SDMA [69]. In addition, ADMA and MMA may
be degraded by DDAH, which is present in many tissues. Fur-
thermore, several tissues contain arginase and other enzymes
that either consume or generate arginine. Therefore, in order
to avoid artefactual increases or decreases of arginine and its
methylated analogs, it is important to use low temperatures and
stop enzymatic reactions by the addition of acid as soon as pos-
sible after tissue homogenization. Homogenization of frozen
tissue in 0.6 M perchloric acid is a convenient procedure to pre-
clude these problems [50].
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Fig. 7. Distribution of plasma concentrations of ADMA (A) and SDMA (B)
in the general population. Samples (n=2311) were from participants (aged
between 50 and 75 years) of the Hoorn Study, a population-based cohort study.
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5. Reference values

In most publications on HPLC methods, basal plasma levels
of ADMA in small numbers of healthy individuals are reported.
In the past, these concentrations tended to differ widely, from
values as low as 0.2 uM to values exceeding 1 wM. Values
reported in more recent publications are more consistent and
tend to converge around 0.5 uM (reviewed in [61]). Recently,
Schulze et al. reported reference values for ADMA, that were
derived from measurement of ADMA in plasma of 500 healthy
non-smoking subjects by a commercially available ELISA [70].
A mean value of 0.69 £ 0.20 uM was found in the whole group,
but values were age- and sex-dependent. In the Hoorn Study,
a large cohort study in the general population (n=2311; aged
50-75 years), we have recently measured ADMA and SDMA
by HPLC. Mean concentrations were 0.497 £0.063 uM for
ADMA, and 0.526 £0.101 uM for SDMA, and the 95% ref-
erence intervals were 0.39-0.63 and 0.38-0.73 uM for ADMA
and SDMA, respectively. Histograms of the distributions are
shown in Fig. 7. ADMA concentrations were higher in females
compared to males and showed a positive association with age
(r=0.224; P<0.001), in accordance with the data of Schulze et
al. [70].

6. Concluding remarks

Since the recognition of ADMA as an important endogenous
inhibitor of nitric oxide synthase, described in a landmark paper
by Vallance and colleagues in 1992 [16], many groups of inves-
tigators have studied the role of ADMA and other methylated
arginine analogs in health and disease. A large number of ana-
lytical approaches has been described, most of which are based
on HPLC with fluorescence detection. Reliable quantification of
low plasma concentrations of ADMA and SDMA in the pres-
ence of many other amino acids that are present in far higher
concentrations constitutes an analytical challenge. Considering
the very narrow distribution of ADMA concentrations in healthy
subjects, the importance of low imprecision of the analytical
procedure cannot be overemphasized. Although ADMA holds
promise as a biomarker of cardiovascular disease, it should be
noted that at the moment ADMA does not fulfil all requirements
for clinical use as a biomarker (reviewed in [71]). However, as
the role of ADMA as a risk marker or even risk factor in cardio-
vascular disease is becoming ever more clear, it is conceivable
that in the future ADMA will be used in conjunction with tradi-
tional risk factors to improve cardiovascular risk assessment. By
that time, standardized, rapid, and cost-effective ADMA assays
will be required that can be run in clinical chemistry laborato-
ries, preferably on the same fully automated laboratory platforms
that are used for routine clinical chemistry assays. For the time
being, a commercially available ELISA system is the only way
to perform ADMA assays outside specialized research labora-
tories [68,72,73]. On the other side of the analytical spectrum,
specialized laboratories will increasingly use GC-MS/MS and
LC-MS/MS methods for the analysis of methylated arginines.
The superior selectivity of these techniques allows reliable and
rapid quantification of these compounds, without elaborate sam-

ple cleanup. This approach is described in detail elsewhere in
this issue (see [74,75] for recent examples). However, for many
research laboratories, HPLC with fluorescence detection will
remain the method of choice for the quantification of methylated
arginine analogs. Irrespective of the analytical technique that is
used, quality control aspects, determination of age- and sex-
specific reference values, and both short- and long-term intra-
individual variability remain important issues to be addressed.
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