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Abstract

The performance of a new ELISA assay kit (DLD Diagnostika GmbH, Hamburg, Germany) for the determination of asymmetric dimethylarginine
(ADMA) was evaluated against a reversed phase HPLC method. ADMA concentrations of 55 serum samples were measured with both methods.
The intra-assay CV for ADMA-ELISA was 19% (n = 10). Inter-assay CVs for ADMA-ELISA were 9% for kit control 1 (0.410± 0.037�M)
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nd 14% for kit control 2 (1.174± 0.165�M). The intra- and inter-assay CVs for HPLC assay for ADMA were 2.5% (0.586± 0.015�M) and
.2% (0.664± 0.028�M), respectively. There was no correlation between these two methods (R2 = 0.0972). The effect of storage conditions of
amples on ADMA concentrations was investigated by HPLC. ADMA concentration was stable after four freezing and thawing cycles
he HPLC method offered better sensitivity, selectivity and, very importantly, simultaneous determination of ADMA, SDMA,l-homoarginine an
-arginine.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Asymmetric dimethylarginine (ADMA) has been demon-
trated to be an endogenous competitive inhibitor of nitric
xide synthase (NOS) (EC 1.14.13.39) that competes with

he binding of the natural substratel-arginine [1]. ADMA
s produced from methylated arginine residues in proteins
y protein methyltransferases[2,3] and it is metabolized by

he enzymeNG,NG-dimethylarginine dimethylaminohydrolase
and 2 (DDAH)[4,5]. ADMA has a stereoisomer, symmet-

ic dimethylarginine (SDMA), which is not an NOS inhibitor.
herefore, the ADMA assay methods should be able to distin-
uish between these two isomers. Increased ADMA levels are
ssociated with reduced nitric oxide (NO) synthesis as assessed
y impaired endothelium-dependent vasodilatation. ADMA has
een reported to accumulate in the plasma of patients with hyper-
holesterolemia[6], atherosclerosis[7], hypertension[8,9], dia-
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betes[10–12], renal failure[1,13] and chronic heart failur
[14,15]. In addition, ADMA might be an independent pred
tor of future vascular events[16].

The measurement of the ADMA concentrations in pla
has been of interest, since its association with NO metab
was discovered in 1992[1]. Several HPLC methods ha
been reported for the analysis of ADMA[9,17,18]. The
HPLC methods utilize several detection techniques, bu
most common method for ADMA analysis has been fl
rescence detection with ortho-phthaldialdehyde (OPA
naphthalene-2,3-dicarboxaldehyde (NDA) derivatization
to their high sensitivity. In addition, a few other methods
the determination of ADMA have been published such
capillary electrophoresis[19], liquid chromatography–ma
spectrometry (LC–MS)[20,21] and gas chromatograp
coupled with mass spectrometry (GC–MS)[22] or tandem
mass spectrometry (GC–MS–MS)[23]. Only a few commercia
ELISA kits are available for ADMA measurement[24,25].

The aim of the present study was to evaluate the perform
of a ADMA-ELISA kit (DLD Diagnostika GmbH, Hamburg
Germany) for the determination of ADMA against an optimi
570-0232/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2005.09.023
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HPLC method for ADMA, SDMA andl-arginine according to
the method described by Teerlink et al.[18]. ADMA concentra-
tions in serum samples of 55 patients were measured with both
methods. The effect of storage conditions of samples on ADMA
concentration was also investigated.

2. Experimental

2.1. Reagents

l-NMMA ( NG-monomethyl-l-arginine), l-homoarginine
and 3-mercaptopropionic acid were obtained from Fluka
(Buchs, Switzerland). ADMA (NG,NG-dimethyl-l-arginine),
boric acid and OPA were obtained from Sigma (St. Louis, MO,
USA). l-Arginine was obtained from Calbiochem (Merck Bio-
sciences, Darmstadt, Germany). Hydrochloric acid was obtained
from Riedel-deHäen (Sigma–Aldrich Laborchemikalien GmbH,
Seelze, Germany). Ammonium hydrochloride, methanol and
HPLC-grade acetonitrile were obtained from Merck (Darmstadt,
Germany). Potassium dihydrogenphosphate was obtained from
FF-Chemicals (Yli-Ii, Finland). ADMA-ELISA kits were pur-
chased from DLD Diagnostika GmbH (Hamburg, Germany).

2.2. Samples

Serum samples for ADMA and ELISA comparison test were
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reader (Tecan SPECTRAFluor, Tecan Group Ltd., Maennedorf,
Switzerland) using a wavelength of 450 nm (reference wave-
length 620 nm). All samples, kit controls and standards were
analyzed in duplicate.

2.4. HPLC assay

2.4.1. Sample extraction and chromatographic conditions
ADMA, SDMA, l-homoarginine andl-arginine concentra-

tions were determined by HPLC using precolumn derivatiza-
tion with OPA according to the method described by Teerlink
et al. [18] with small modifications. In order to optimize the
HPLC method, we modified that of Teerlink et al. by using
longer total run time (38 min versus 30 min) and 35 vol.% ace-
tonitrile instead of 50 vol.% for column washing after elution
of the last analyte. Our injection volume was two-fold com-
pared to Teerlink’s method and autosampler derivatized every
sample just before each HPLC run instead of derivatization
of all purified samples at the same time. Calibration stan-
dard containingl-arginine (21�M), l-homoarginine (2�M),
ADMA (3 �M) and SDMA (2�M). l-NMMA (6 �M) was
used as an internal standard. Plasma pool (58.6± 4.3�M for l-
arginine, 1.2± 0.03�M for l-homoarginine, 0.643± 0.029�M
for ADMA and 0.654± 0.028�M for SDMA) was used as
quality control. Prior to analysis standards, quality controls
and samples were extracted on Oasis MCX solid phase extrac-
t ds,
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ollected from the subjects of Kuopio Ischaemic Heart
ase Risk Factor Study (KIHD)[26] or their relatives[27]. For
ethod evaluation and sample type comparison, EDTA-pla
nd serum samples were collected from healthy volunteer
lood samples were drawn after a 12 h overnight fast. S
as allowed to clot at room temperature for 30 min. The b
amples were centrifugated at 1500× g for 10 min and plasm
r serum were separated and stored frozen in−70◦C until anal-
sis.

.3. ELISA assay

.3.1. Sample preparation
Acylation was conducted in the 96-well reaction plate s

lied with the kit according to the instructions of the manu
urer. Standards, kit controls and samples (20�l) were mixed
ith 25�l acylation buffer and 25�l equalizing reagent. Su
equently, 25�l acylation reagent was added and the reac
late was incubated for 30 min at room temperature on an o
haker. Diluted equalizing reagent (100�l) was added and th
ncubation was continued for 45 min. After the incubation,
amples were ready for the ELISA analysis.

.3.2. Performance of assay
The ADMA-ELISA kit consists of a split-type reaction pla

12× 8) coated with ADMA, six standards (0–5�M), rabbit
nti-ADMA antiserum, goat anti-rabbit-IgG-peroxidase co
ate, TMB substrate solution, stop solution and wash bu
liquots (50�l) of the acylated standards, kit controls or sa
les were processed according to the instructions of th
anufacturer. Absorbances were measured with a micro
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ion cartridges (Waters, Milford, MA, USA). Briefly, standar
uality controls and samples (200�l) were mixed with inter
al standard (100�l l-NMMA) and 700�l phosphate buffere
aline (PBS), pH 7.2 and then applicated onto the colu
he columns were washed with 1 ml of 100 mM HCl a
ml of methanol. Dimethylarginines were eluted with 1
mmonia–water–methanol (10:40:50, v/v). The eluents
ried under nitrogen (+55◦C) and dissolved in 100�l ion
xchanged water (Milli Q, Millipore, Billerica, MA, USA) fo
PLC analysis.
HPLC analysis was carried out on a Merck Hitachi liq

hromatography system (Hitachi, Tokyo, Japan) consistin
gradient pump (D-6200), an autosampler (AS-4000) a

uorescence detector (F1000). Standards, quality control
amples (100�l) were incubated for 2 min with the 100�l OPA
eagent (1 mg/ml OPA in borate buffer, pH 9.5, contain
.1 vol.% 3-mercaptopropionic acid) before automatic in

ion (40�l) into the HPLC. The OPA-derivatives of ADM
nd internal standard were separated on Symmetry C18 co
4.6 mm× 150 mm, 5�m, Waters, Milford, MA, USA) with flu-
rescence monitor set atλex = 340 nm andλem= 455 nm. The
olumn temperature was kept at +30◦C. Standards, quality co
rols and samples were eluted from the column with 50
-phosphate buffer, pH 6.5 and 8.7 vol.% acetonitrile, at a

ate of 1.1 ml/min. After elution of the last analyte, the colu
as washed with stronger solvent (35 vol.% acetonitrile from

o 29 min). After washing, the column was equilibrated for 8
ith separation buffer, resulting in a total run time of 38 m
-Arginine was analyzed with the same method, but in
ase the injection volume was 10�l and the total run time wa
horter (33 min). Data acquisition and analysis were perfo
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using D-7000 HPLC System Manager software (Hitachi, Tokyo,
Japan).

2.4.2. Standard curves and recovery
Calibration standards (0.09, 0.18, 0.38, 0.74, 1.47, 2.96 and

7.5�M) were prepared for ADMA and SDMA from the stock
solutions (3.64 mM) diluted in PBS. Calibration standards for
l-arginine were 1.5, 3.1, 6.3, 12.5, 25, 50, 100 and 200�M.
Calibration curves were calculated by graphing the ratio of peak
heights of the standard to peak heights of the internal stan-
dards versus concentration. The recovery of ADMA, SDMA
andl-arginine was studied by spiking three plasma samples from
healthy volunteers with known quantities of standard, extracting
and quantitating spiked analyte.

2.4.3. Sample type and storage stability
To test the influence of sample collection tube on the analy-

sis, blood samples from healthy volunteers were collected into
different Vacutainer tubes (Becton Dickinson Diagnostics, Ply-
mouth, UK). Tubes with anticoagulant (heparin, LH 68 I.U., ref
368884 and LH PST II, ref 367374 or EDTA, K2E 5.4 mg, ref
368856) and tubes without anticoagulant were tested (serum,
CAT, ref 369032 and SST II Advance, ref 367957). The results
of plasma samples were compared with serum values. To study
the storage stability of ADMA in frozen sample and the effect of
variable freezing and thawing cycles, the plasma samples were
d
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was 0.05�M according to manufacturer kit instructions for use.
Absorbance of the ADMA-ELISA standards was from 0.3 to
1.8 AU as reported by Schulze et al.[24]. Concentrations of the
kit control 1 (0.410± 0.037�M) were between the target range
values (0.24–0.45�M) in every analyzed plate, whereas the con-
centrations of the kit control 2 (1.174± 0.165�M) were higher
than the target range values (0.6–1�M) in two of three plates.
The intra-assay CV of the plasma pool (0.436± 0.083�M,
n = 10) was 19% in the ADMA-ELISA assay. The inter-assay
CV of ADMA was 9% for kit control 1 and 14% for kit control
2 (n = 3).

3.2. HPLC assay

Method validation was done for the HPLC method and
parameters including calibration linearity, recovery, repro-
ducibility and stability were studied.

3.2.1. Sample preparation and recovery
Solid phase extraction was performed for the standards, qual-

ity controls and the samples before HPLC separation. For the
ADMA, SDMA andl-homoarginine quantitation, only 0.2 ml of
plasma or serum is needed in order to accurately determine nor-
mal low levels of the analyte. The mean recoveries for ADMA,
SDMA, l-homoarginine andl-arginine from plasma were 95,
95, 100 and 113% (Table 1), respectively, which agrees well
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ivided into aliquots and were placed into a freezer (−20◦C).
he aliquots were analyzed after one, two, three or four free
nd thawing cycles. Time between freezing and thawing c
as 24 h.

.5. Statistics

Data are presented as mean± standard deviation (S.D.). S
istical analyses were performed with the regression ana

probability level of <0.05 was considered statistically sig
cant.

. Results and discussion

.1. ELISA assay

Three different microtiter plates were tested, and stand
it controls and samples were analyzed in duplicate. Quality
rols from the ADMA-ELISA kit were analyzed in every pla
n ELISA test, the mean linearity from the dilutions is 90%,
ean recovery was 95% from spiked samples and sens

able 1
ecovery of ADMA SDMA,l-arginine andl-homoarginine (�M) from huma

ADMA SDMA

Mean± S.D. Recovery (%) Mean± S.D. Re

lasma 0.390± 0.010 0.379± 0.021
piked plasma 2.252± 0.101 95 2.246± 0.092 95

pike added ADMA 1.97�M, SDMA 1.97�M, l-homoarginine 3.65�M and
.

,
-

y

ith other reports[18,28].

.2.2. Sample derivatization and chromatography
For the HPLC method, ADMA, SDMA,l-homoarginine an

-arginine were derivatized into a fluorescent derivative by r
ion of their�-amino group with OPA reagent. Mercaptopro
nic acid was used for the derivatization because of its highe
ility with the OPA reagent compared to mercaptoethanol.
recolumn derivatization procedure was performed autom
ally by the autosampler giving repeatable results. Under
ratic conditions, ADMA and SDMA were almost complet
eparated. The retention times were as follows:l-arginine
10.52± 0.13 min), internal standard (14.87± 0.22 min), l-
omoarginine (16.85± 0.25 min), ADMA (19.76± 0.29 min)
nd SDMA (20.89± 0.30 min). Representative chromatogra
f a plasma sample with and without internal standard are
ented inFig. 1.

.2.3. Linearity and detection limit
Analyte concentrations of the samples were calcul

rom the calibration standard, which was extracted and c

ma (n = 3)

l-Homoarginine l-Arginine

ry (%) Mean± S.D. Recovery (%) Mean± S.D. Recovery (%

5.07± 0.07 106.4± 2.6
8.73± 0.139 100 129.0± 2.9 113

inine 19.95�M.
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Fig. 1. Typical chromatogram of normal plasma with internal standard (l-
NMMA) (A), and without internal standard (B). Peak identity: (1)l-arginine;
(2) l-NMMA; (3) l-homoarginine; (4) ADMA; (5) SDMA. HPLC conditions
are described in Section2.

matographed under the same conditions as the samples. Exc
lent linearity was observed for ADMA and SDMA over
the concentration range 0.1–7.5�M (correlation coefficients
R2 = 0.999, y = 0.2848x + 0.0141 for ADMA andR2 = 0.999,
y = 0.2620x + 0.0153 for SDMA, respectively). The calibration
curve for ADMA and SDMA was linear up to 20�M and
it confirmed the results of Teerlink et al.[18]. The correla-
tion coefficients forl-homoarginine andl-arginine calibration
curve wereR2 = 0.992 (y = 0.1810x + 0.0113) andR2 = 0.999
(y = 0.4432x + 0.0903), respectively. The calibration curve forl-
arginine was linear up to 200�M. For the analysis of samples,
single-point calibration was performed because of the good lin
earity of the calibration curve. The linearity of serum samples
was good (n = 17,y = 0.2005x − 0.0005,R2 = 0.9996,P < 0.001).
The lower limit of detection (LOD) of the HPLC assay based on
a signal/noise ratio of 3 was below 0.1�M for ADMA, SDMA,
l-homoarginine and below 3�M for l-arginine. The lower limit
of quantitation (LOQ) was below 0.3�M for ADMA, SDMA,
l-homoarginine and below 10�M for l-arginine.

3.2.4. Reproducibility
The intra-assay CVs of the plasma pool for ADMA

(0.643�M), SDMA (0.654�M), l-homoarginine (1.2�M) and
l-arginine (58.6�M) were 2.5, 5.6, 1.4 and 2.5% (n = 9), respec-
tively. Inter-assay CVs of 10 series of samples for ADMA,
SDMA, l-homoarginine andl-arginine were 4.2, 3.7, 2.9 and
2.8%, respectively, when two quality controls were analyzed in
the same sequence.

3.2.5. Sample type and storage stability
In order to test the influence of sample collection tube on the

analysis, blood samples from healthy volunteers (n = 3) were col-
lected into five different Vacutainer tube types with and without
anticoagulant. There were no significant differences between the
ADMA (0.5364± 0.015, CV = 2.7%) or SDMA (0.402± 0.010,
CV = 2.6%) concentrations collected to all different test tubes.

Mean concentration measurements of plasma
(0.607± 0.064�M) versus serum (0.603± 0.072�M) samples
gave significantly similar results for ADMA (n = 15, correlation
coefficient = 0.907,P < 0.001, y = 1.0276x − 0.0205). Finally,
the stability of ADMA concentration during the storage of sam-
ples was evaluated. ADMA (0.479± 0.011�M, CV = 2.4%)
and SDMA (0.462± 0.003�M, CV = 0.7%) concentrations
were stable in EDTA-plasma sample after four freezing and
thawing cycles (Fig. 2). The storage stability of ADMA was
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ested by analyzing aliquots of EDTA-plasma seven ti
uring 7 months storage in−20◦C and the mean concentrati
f ADMA was 0.661± 0.008 and the CV was 1.2%.

.3. Method comparison

Fifty-five patient samples were measured with ELISA
PLC methods. Both assays can be used for the mea
ent of ADMA concentrations from serum and plasma sam
he analytical sensitivity was 0.1�M for the HPLC assay an
.05�M for the ELISA assay[24]. The reproducibility of th
LISA assay was worse than that of the HPLC assay and
as no correlation between these assays over the 0.39–0.9�M

ig. 2. The storage stability of ADMA (�) and SDMA (�) in frozen sampl
fter one to four freezing and thawing cycles (24 h). ADMA concentration (�M)

s presented mean concentration of four samples.
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Fig. 3. (A) The correlation between the ELISA and HPLC ADMA methods in
human serum samples (n = 55,P = 0.796). (B) Difference (HPLC-ELISA,�M)
against mean for two ADMA methods.

concentration range (R2 = 0.0972,P = 0.796,Fig. 3A). In addi-
tion, a plot of the difference between the methods against thei
mean shows that there is lack of agreement between these tw
ADMA methods (Fig. 3B). However, Schulze et al. have found
good correlation between this new ELISA assay and GC–MS
(R2 = 0.991,n = 9) and LC–MS (R2 = 0.984,n = 29) assays[24].
There are some important differences in the study settings whic
might at least partly explain these conflicting results. First, in
the study of Schulze et al., the sample number was remark
ably low as there were only two to three samples which had
ADMA concentration below 1�M. Second, in our study, we
used authentic patient samples whereas the work of Schulze et a
[24], spiked samples were used for method comparison. Third
we do not know if the antibody lot used for kit evaluation of kit
manufacturer is the same lot we used in our testing kits. One
potential explanation would be non-specific binding of the anti-
bodies in the ELISA assays; however, the specificity of ELISA
assay was demonstrated to be good with 1.2% cross reactivit
In the HPLC assay, the reproducibility was excellent which sug-
gests that the sample handling and derivatization procedures a
unlikely sources of error. In our hands, the reproducibility for

ADMA-ELISA kit was poor, although we followed strictly the
instructions for use of the kit.

In previous studies, there have been large deviations noted
in ADMA concentrations between the different ADMA meth-
ods. B̈oger and Zoccali have found that ADMA and SDMA are
bound to plasma proteins and it may explain the varying results
from diverse methods due to different sample preparation tech-
niques[29]. Most importantly, the choice of internal standard is
a demanding task. We have found that the concentration of a nat-
urally occurring amino acid,l-homoarginine, which is widely
used as an internal standard in ADMA analysis[30–35], can vary
substantially in normal serum and plasma samples (1.2–6.2�M,
n = 61, unpublished results). Recently, it has been reported that
l-homoarginine is not present in biological samples[35], but in
earlier studies,l-homoarginine has been found in small amounts
also in other body fluids and organs, e.g. urine, cerebrospinal
fluid, liver, kidney and brain[36–38], although its function is
not yet fully resolved. Our choice ofl-NMMA as internal stan-
dard was based on the lower concentration ofl-NMMA (below
0.5�M) [18,21,32]in human blood samples compared to the
concentration ofl-homoarginine (1.2–6.2�M). Other possible
choice for internal standard in ADMA measurement is NG-
propyl-l-arginine which has been used by Nonaka et al.[39].

4. Conclusions
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We compared the commercial ELISA kit for the quantita
nalysis of ADMA concentrations with HPLC method. The c
elation between these assays appeared to be poor. In ad
DMA concentrations between the methods differed wid
herefore, a commercially available standard reference ma
ith traceability is needed against which the calibration of

erent methods could be checked reliably. Overall, compar
he commercial ELISA-ADMA kit, our HPLC method offer
etter sensitivity, selectivity and, very importantly, simulta
us determination of ADMA, SDMA,l-homoarginine andl-
rginine, although a good ELISA method has a higher sa

hroughput than other methods.
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