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Abstract

NC-Monomethyli.-arginine (-NMMA), N¢ NC-dimethyli-arginine (ADMA), andN®,N® -dimethyl4.-arginine (SDMA) are emerging
cardiovascular risk factors. A high-performance liquid chromatographic method with fluorescence detection for the simultaneous determi-
nation ofL.-NMMA, ADMA and SDMA is described. The assay employed 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) as a fluorescent
derivatization reagent. After solid phase extraction with cation-exchange column, the methylated arginines were converted to fluorescent
derivatives with NBD-F, and the derivatives were separated within 32 min on a reversed-phase bishEnopyli-arginine was used as an
internal standard. Extrapolated detection limits were 12 nM (12 fmol per injection)f¥dMA and 20 nM (20 fmol per injection) for ADMA
and SDMA, respectively, with a signal-to-noise ratio of 3. The calibration curves-fivIMA, ADMA and SDMA were linear within the
range of 50-5000 fmol. The method was applied to the quantitative determinatieMMA, ADMA and SDMA in 200 pl of rat plasma.

The concentrations a-NMMA, ADMA and SDMA in rat plasma were 0.14 0.03, 0.8Gt 0.25 and 0.4@& 0.21uM, respectively (=5).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction has no biological activity like-NMMA and ADMA, it can
interrupt the transportation of cationic amino acids such as
Nitric oxide (NO), synthesized from-arginine by nitric L-arginine into cell5]. Thus, high concentrations of SDMA
oxide synthase (NOS), plays important roles in the regula- in plasma may reduce NO productif§.
tion of blood flow and blood pressure, inhibition of platelet Increased concentration of methylated arginines in plasma
aggregation, and neurotransmissjth N¢-Monomethyls.- is associated with hypertensi¢ri, renal failure[8], hyper-
arginine (-NMMA), N€ NC-dimethyl+.-arginine (ADMA), cholesterolemi§f], and diabetes mellit40]. Furthermore,
and NC N®-dimethyli-arginine (SDMA) Fig. 1) are previous data on the impairment of arginine metabolism or
formed from the degradation of methylated protej@s. pools in spontaneously hypertensive rats prompted us to in-
Asymmetrical methylarginines-NMMA and ADMA, pre- vestigate the involvement of the methylated arginines in the
sented in plasma are inhibitors for NC&4]. Though SDMA hypertensive rat§l1,12] Therefore, measurements of the
concentration of these methylated arginines are important
mponding author. Tel.: +81 3 5841 4761. Tor .the study of the arginine—NO_ system and endOge.nous
E-mail addressmakotot@mol.f.u-tokyo.ac.jp (M. Tsunoda). inhibitors for NOS. However, a reliable and highly sensitive
1 These authors contributed equally to this work. analytical method is lacking.
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NH,

0oH NH, b St cation-exchange SPE columns (1 ml) were supplied by Wa-
HO N\n/N\CHB ”O\H)\/\/N\H/N\CHS ters (Milford, MA, USA). Water was used after purification
o NH

o NH by a Milli-Q reagent system (Nihon Millipore, Tokyo, Japan).
L-NMMA ADMA
2.2. Biological samples
NH, NH,
HO HYH\CH HOMHYH\C ., Male Sprague—Dawley (SD) rats (8 weeks old) were pur-
o . o | P chased from Charles River Japan (Kanagawa, Japan). The

blood samples were collected into heparinized polyethylene
SDMA N-PLA tubes, and were immediately centrifuged at 1%1 for

Fig. 1. Chemical structures of methylated argininesN\MMA, ADMA, 10 mmoat 4OC.' The p'asmf." fraction was collected and stored

SDMA and N-PLA). at—80°C until the analysis.

Analytical methods for the determination of methylated 2.3. Extraction procedure
arginines include thin layer chromatograpfda3], elec-
trophoresig14], ion exchange chromatograpfib,16], and L.-NMMA, ADMA and SDMA were extracted from
monoclonal antibody assgy7]. Recently, liquid chromato-  plasma samples with Oasis MCX cation-exchange SPE
graphy—mass spectrometry (LC-MA),19] and capillary columns at room temperature. The SPE columns were used
electrophoresis with laser-induced fluorescence (CE-LIF) de- without preconditioning, and all washing and elution steps
tection[20] have been the most sensitive determination meth- were performed by vacuum suction. A Vac-Elut sample
ods. However, these methods are not ideal for routine clinical preparation manifold, with a capacity of 10 columns (Varian,
purposes because the procedures are time-consuming and thidarbor City, CA, USA) was used for the SPE procedure. Oil-
instrumentation is not always available in a routine clinical sealed rotary vacuum pumps GLD-131 C (Ulvac Kiko, Yoko-
laboratory. hama, Japan) and centrifugal concentrator VC-36N (Taitec,

Reversed-phase high-performance liquid chromatographySaitama, Japan) were used for evaporation procedure.
(HPLC) has also been employed for the sensitive analy- Before analysis, 20l of plasma or standard solution
sis of methylated arginines. These methods include fluores-was mixed with 10Qul of N-PLA solution and then diluted
cence detection, anatphthalaldehyde (OPA) was the most by adding 70Q.] of 50 mM borate buffer (pH 9.0). The so-
commonly used fluorescent derivatization readéat-25] lution was applied on the column. The columns were con-
However, OPA derivatives are unstable. Besides the loss ofsecutively washed with 1.0 ml of 50 mM borate buffer (pH
fluorescence during HPLC analysis, methylated arginines 9.0), 3.0 ml of water and 1.0 ml of methanol. Methylated
were not well resolved under certain chromatographic con- arginines were eluted into 2.0 ml tubes with 1.0 ml of con-
ditions [21—-23,25] Furthermore, because the concentration centrated ammonia—water—methanol (10:40:50, v/v/v). The
of L-NMMA is lower than that of ADMA and SDMA, solvent was then evaporated to dryness &t@O0The dried
fluorescence intensities of OPA derivatives were not effi- extract was dissolved in 1Qd of water and used for the
cientto determine three methylated arginines simultaneously.derivatization.
4-Fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) was devel-
oped as a fluorescent derivatization reagent for amino acid2.4. Derivatization procedure
[26]. This reagent has much higher sensitivity and stability
than OPA. The purpose of our study was the development First, 105ul of 100 mM borate buffer (pH 9.0) and 30
of a new method for the simultaneous and sensitive analysisof 40 mM NBD-F in acetonitrile were added to the [B0of
of three methylated arginines using NBD-F as a fluorescentsample. Then, the reaction was incubated &Clbr 3 min.
derivatizing reagent. To stop the reaction, 439 of 0.5% acetic acid (v/v) was

added. A 1Qul aliquot of sample was injected onto the HPLC.

2. Experimental 2.5. Chromatographic conditions

2.1. Materials The chromatographic system was composed of Pump L-
7100 (Hitachi, Tokyo, Japan), 655A-52 Column Oven (Hi-

L-NMMA, ADMA and SDMA were obtained from Sigma  tachi) and FP-920S intelligent fluorescence detector (Jasco,

(St. Louis, MO, USA). A stock standard solution was stored Tokyo, Japan). The column used was Unison UigC

in 10 mM HCl at 4°C.N®-Propyl+i.-arginine (N-PLAFig. 1) (150 mmx 4.6 mm |.D., Imtakt, Kyoto, Japan).

was obtained from Calbiochem (San Diego, CA, USA). Mobile phase A consisted of 50 mM sodium phosphate

NBD-F and boric acid were purchased from Wako (Os- buffer (pH 3.2)-acetonitrile (91:9, v/v), and mobile phase

aka, Japan). Acetonitrile and methanol (HPLC grade) were B was acetonitrile. The gradient program was as follows;

obtained from Kanto Kagaku (Tokyo, Japan). Oasis MCX 0-18 min 100% A, 18-28 min linear change to 70% A,
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28-32min 70% A. The flow rate was set at 0.75 ml/min, and % 80000
the column oven was maintained at4) The wavelengths 5 60000 L
of the fluorescence detector were set at 470 and 530 nm for £
excitation and emission, respectively. % 40000 -
(8
2.6. Examination of stability of the NBD-F derivatives g 20000
>
Standard solution containing 20 L-NMMA, ADMA, - o
SDMA and N-PLA was reacted with NBD-F under the con- A S _
dition expressed above. Stability of the NBD-F derivatives at * Reaction Time (min)
room temperature was examined for 3 days.
2 80000
2.7. Validation £
IS 60000 |
Calibration standards fa-NMMA, ADMA and SDMA S 40000 1
(1, 2, 5, 10, 20, 50 and 1Q0M) were prepared from stock “8’
solutions. Additional calibration curves were performed by £ 20000
mixing 200p! plasma, 10Qul standard solution, 100l of 2 . . . .

40M N-PLA solution and 60Q.l of 50 mM borate buffer 0
(pH 9.0). Concentrations of standard samples were 0.5, 1.0,
and 2.0uM. Calibration curves were calculated by plotting
the peak area ratios of analyte over internal standard versus
analyte concentration.

The intra-day assay precision was determined by five
replicate analyses of the plasma samples on the same day,
while the recovery was evaluated simultaneously. The inter-
day assay precision was determined by analyzing one sample
on five different days.

Plasma data were presented as meatandard deviation.

B

Reaction Time (min)

80000

60000 |

40000 |

20000 |

Fluorescence intensity

0 1 2 3 4 5
3. Results and discussion (C) Reaction Time (min)

3.1. Fluorescent derivatization of methylated arginines Fig. 2. Effect of pH and reaction time of fluorescent derivatization on
with NBD-F the fluorescence intensities of NBDNMMA (), NBD-ADMA (A) and
NBD-SDMA (@): (A) pH 8.0; (B) pH 8.5; and (C) pH 9.0. The precisions
In order to increase the efficiency of derivatization, some for each pointwere less than 2%.

parameters such as pH, temperature and reaction time were . .
examined. bile phase consisted of 50 mM sodium phosphate buffer (pH

It was reported that the optimum pH for the derivatiza- 3.2)—_a_cetonitrile (91:9, v/v). However, under the isocratic
tion of amines with NBD-F was above [26]. Therefore, coqdmpn, SDMA was not separated from a by-product. The
the pH of the derivatization reaction was investigated ranged d€rivatized samples were then separated on an ODS column
from 8.0 t0 9.0. As shown ifig. 2, at pH 9.0, the maximum using a gradient elution system, and SDMA and thg by-
fluorescence intensity was obtained among the pH rangedprOd_UCt could be _separat_ed fr_om each other. The opt|mum
examined. gradient program is described in SectihBabove Fig. 3il-

Then, optimum temperature was studied, ranged from 40 lustrates the typical chromatograms of (A) standard solution
to 60°C. Each fluorescence intensity was similar. Because 2d (B) rat plasma sample:NMMA, ADMA and SDMA
there was less by-products on the chromatogram ac4gs  Were well separated within 32 min.
compared with 60C (data not shown), 40C was selected as ) _ o o
the optimum temperature. Finally, the optimum fluorescent 3.3. Linearity, detection limit, precision and accuracy
derivatization condition for 3min at 4C at pH 9.0 was

chosen. Using the method described here, a validation study on
the methylated arginines in rat plasma samples was carried
3.2. Separation of-NMMA, ADMA and SDMA out. Linearity was assessed by adding known amounts of

L-NMMA, ADMA and SDMA to rat plasma such that the
First, the separation af-NMMA, ADMA and SDMA concentrations ranged from 0.5 tqu®. The results were
was investigated under isocratic condition using the mo- r2>0.99 each. Limits of detection (LOD) for the method were
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Fig. 3. (A) Chromatogram of a standard mixture containing (1p80L-
NMMA; (2) 10 uM ADMA,; (3) 10 uM SDMA; and (4) 5.0uM N-PLA as
internal standard. (B) Chromatogram of rat plasma sampleyB@®ntain-
ing (1) 0.17uM L-NMMA; (2) 0.63 .M ADMA,; (3) 0.30 M SDMA; and
(4) 1.5n.M N-PLA as internal standard. A 10 aliquot of sample from reac-
tion mixture (60Qul) was injected onto the HPLC. Other HPLC conditions
are described in Sectich

12 fmol for .-NMMA, and 20 fmol for ADMA and SDMA
at signal-to-noise ratio of 3 with standard samples, while
the LODs for ADMA and SDMA using OPA derivatization
and fluorescence detection were reported to be 50-200 fmo
[21-23,25]

Intra-day assay CVsni=5) for .-NMMA, ADMA and
SDMA were 2.89, 5.56 and 2.44%, respectively. Inter-day as-
say CVs (1=5) for.-NMMA, ADMA and SDMA were 9.50,
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3.4. Stability of the NBD-F derivatives

In previous report$21,23], OPA derivatives were found
to be unstable, which may lead to a loss in precision and ac-
curacy of the assay. Marra et al. found that naphthalene-2,3-
dicarboxaldhyde (NDA) derivatives were more stable than
the OPA derivative$27]. In this study, we focused on the
improvement of the stability of derivatives by using NBD-F
as fluorescent derivatizing reagent.

Each fluorescence of the NBD-F derivatives of standards
(L-NMMA, ADMA, SDMA and N-PLA) was stable for at
least 3 days at room temperature. This data clearly demon-
strate that our method has much better stability of fluores-
cence derivatives over time compared to the previous meth-
ods. Thus, a large number of samples could be derivatized in
one time, and stored at room temperature for at least 3 days
before analysis.

3.5. Concentration of-NMMA, ADMA and SDMA in
rat plasma

The concentrations of-NMMA, ADMA and SDMA
in rat plasma were 0.160.03, 0.8G+0.25 and 0.4&
0.21uM, respectively i=5). The mean rat plasma levels
of methylated arginines were in agreement with an earlier
report (0.18, 0.60 and 0.3(M for L.-NMMA, ADMA and
|SDMA, respectively]24].

4, Conclusions

A method for the simultaneous determination of

6.73 and 8.58%, respectively. Data on accuracy, expressed afiIMMA, ADMA and SDMA was developed using NBD-F

recovery of analyte from spiked plasma samptes §), are
depicted inTable 1 These data showed good reproducibility
of the present HPLC method.

Table 1
Accuracy and precision data for determinationeMMA, ADMA and
SDMA

Concentration Precision Recovery

(meant SD, pM) (RSD, %) (%)

L-NMMA added,uM (n=3)

0 0.17+ 0.005 2.89

0.5 0.68+ 0.004 0.58 102

1.0 1.2+ 0.006 0.52 99

2.0 2.2+ 0.008 0.37 101
ADMA added,pM (n=3)

0 0.72+ 0.04 5.56

0.5 1.2+ 0.04 3.25 102

1.0 1.7+ 0.06 3.51 99

2.0 2.8+ 0.09 3.19 105
SDMA addeduM (n=3)

0 0.41+ 0.01 2.44

0.5 0.90+ 0.03 3.33 98

1.0 1.4+ 0.05 3.60 98

2.0 2.4+ 0.06 2.47 101

as a fluorescent derivatization reagent. Fluorescent deriva-
tives of methylated arginines with NBD-F were highly sensi-
tive and stable compared with other fluorescent derivatives.
The method may be useful in the investigation of the role
of methylated arginines in a large number of pathological
conditions.
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