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Abstract

Afully validated gas chromatographic—mass spectrometric (GC-MS) method for the accurate and precise quantifi€anGrdifethyl-
L-arginine (asymmetric dimethylarginine, ADMA), an endogenous inhibitor of the NO synthase, in cell culture supernatants and in small
volumes of plasma is described. ADMA was concentrated by solid phase extraction and converted to its methyl ester pentafluoropropionic
amide derivative. The derivatives were analyzed without any further purification. Using gas chromatography—chemical ionization mass
spectrometry, fragment ions mifz 634 andn/z 640 were obtained for ADMA and fdd®,NC®-[2Hg]-dimethyl-L-arginine (FHs]-ADMA) as
internal standard, respectivelyHs]-ADMA was synthesized by reaction efornithine fastened at bromcyan-agarose with dimethylamine.

The limit of detection of the method was 2 fmol, while the limit of quantitation for cell culture supernatants was\.0%e method was
validated in a concentration range of O—fi? in cell culture medium and 042M in 50 wl aliquots of human plasma. The precision was
>97% and the accuracy was determined to-Bd%. This method is fast, rugged and an alternative to high performance liquid chromatography
(HPLC) analysis of ADMA in cell culture supernatants and small volumes of human plasma.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction laminohydrolase (DDAH) ta-citrulline and dimethylamine
[10,11] Further investigations concerning the biological ef-
Asymmetric dimethylarginine (ADMA) is an endogenous fects of ADMA have been performed in cell culture, e.qg.
inhibitor of nitric oxide synthasfl]. It has been suggested as in endothelial cell§12]. Thus far, high performance lig-
a novel independent risk factor for endothelial dysfunction uid chromatography (HPLC) has been applied to determine
and coronary heart diseaf&3]. Plasma levels of ADMA ADMA in biological sampleq13]. However, measurement
are elevated, e.g. in patients with hypertriglyceridemia, hy- of ADMA in cell culture supernatants is quite difficult due
pertension and occlusive vascular disefdsé]. This eleva- to the high concentration of other interfering amino acids. In
tion is associated with reduced NO production and impaired addition, small amounts of plasma cannot be analyzed with
endothelium-dependent vasodilati@r9]. The biosynthesis  the HPLC method.
and metabolism of dimethylarginines are not completely un-  Therefore, we developed a method for the quanti-
derstood. ADMA is most probably formed posttranslation- tation of ADMA in biological samples applying gas
ally by methylation of arginine incorporated into protej@k chromatography—mass spectrometry (GC—-MS). For this pur-
and metabolised by the enzyme dimethylarginine dimethy- pose N®,NC-[3,3,4,4,5,5¢H¢]-dimethyl-L-arginine (EHe]-
ADMA) was synthesized and utilized as internal standard.
The high selectivity and sensitivity of this GC-MS method
* Corresponding author. Tek:49 42803 3178; fax:-49 42803 9757.  facilitates the measurement of ADMA in small sample
E-mail address: schwedhelm@uke.uni-hamburg.de (E. Schwedhelm). volumes and difficult matrices.
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2. Experimental
2.1. Chemical reagents

Pentafluoropropionic anhydride (PFPA) was obtained
from Pierce (Rockford, IL, USA).L-[3,3,4,4,5,5%Hg]-
Ornithine was from Euriso-top (>98%, atom%{ isotopic
purity, Saint Aubin, France).-[Guanidino3®N,]-arginine
hydrochloride (98%, atom%°N isotopic purity) was pur-
chased from Cambridge Isotope Laboratories (Andover,
MA, USA). N€ NC-Dimethyl+-arginine hydrochloride
(ADMA), dimethylamine and bromcyan-agarose were sup-
plied by Sigma (Deisenhofen, Germany). All other solvents
and reagents of analytical grade were from Merck (Darm-
stadt, Germany). Carboxy acid (CBA) cartridges (500 mg)
were supplied from Macherey—Nagel (Diren, Germany).
Dulbecco’s Modified Eagle Medium was from Invitrogen
(Karlsruhe, Germany).

2.2. Chemical synthesis of N¢ NY-[2 Hg] -dimethyl-L-
arginine ([2Hg]-ADMA)

Synthesis of {He]-ADMA was performed according
to a modification of the procedure published by Pundak
and Wilchek[14]. In brief, bromcyan-agarose (0.4 g) was
suspended in 10ml of 1 mM HCI in methanol and incu-
bated for 30 min. After incubation, the mixture was filtered
and repeatedly washed with 5ml of 1mM HCI and 5ml
of water. To prepare a copper—ornithine-complex, 0.125¢g
[2Hg]-ornithine—HCI was solved in 1.25 ml of water. Small
amounts of CuC@were added until a blue colour was ob-
tained. After filtration of the solution the filtrate was brought
to pH 10 with 10M KOH. The washed bromcyan-agarose

was suspended in 1.25 ml of the copper—ornithine-complex

and was shaken over night at@. The next morning the
suspension was filtered and washed one time with 1M
HCI and with an appropriate amount of water for several
times. The {Hg]-ornithine—bromcyan-agarose was sus-
pended in a 20% solution of dimethylamine in water and
stirred for 24 h at 50C. The suspension was filtered and
washed two times with 10 ml water. The filtrate together

with the washings was concentrated to dryness in vacuum.
The residue was solved in water again and concentrated to.
dryness in vacuum for a second time. The residue was dis-

solved in water to yield a stock solution which was stored
at—20°C.

2.3. Extractions and derivatization procedures

[2Hg]-ADMA was added for use as internal standard
to 500pl aliquots of Dulbecco’s Modified Eagle Medium
(DMEM) resulting in a final concentration of 0.375.
The samples were diluted with 5p0 water and supplied
to CBA-cartridges preconditioned with 3 ml methanol and
3 ml water. Cartridges were washed twice with water, and
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compounds were eluted with 1ml 1M HCOOH. After
evaporation to dryness, analytes were converted to their
methylester derivatives adding 1202 M HCI in methanol

at 80°C for 1h. After evaporation a volume of 1Q0
reagent solution (PFPA in ethylacetate, 1:4 (v/v)) was added
and the samples were heated for 1 h at X00The reagent
solvent was evaporated and the derivatives were extracted
with toluene and borate buffer (0.2 M, pH 8.5). After vor-
texing and centrifugation, the toluene phase was supplied
to a 0.3 ml microinsert in an autosampler vial and stored at
4°C until analysis.

The plasma samples were treated the same way for deriva-
tization, but they were not extracted on CBA-cartridges. A
volume of 50ul of a freshly prepared plasma sample was
spiked with EHg]-ADMA and L-[guanidinol®N;]-arginine
to reach a final concentration of 2.4 and8@. Acetone was
added for protein precipitation to a final volume of 380
and the supernatant obtained after centrifugation was evapo-
rated under nitrogen. The residue was treated with 2M HCI
in methanol and PFPA as described above without previous
solid phase extraction (CBA-cartridges).

2.4. Experiments on precision, accuracy and validation of
the method

Standard curves were calculated for DMEM with 10%
FBS (Foetal Bovine Serum) and for human plasma. For
this purpose, 5001 of medium or 5Qul of plasma were
spiked with appropriate amounts of ADMA. For plasma
samples, the-arginine to ADMA ratio is of interest. There-
fore, we also calculated a standard curverfarginine us-
ing L-[guanidino®Ny]-arginine as an internal standard. For
calibration, weighted linear regression analysis was applied.
Inter-day precision was determined in DMEM with 10%
FBS and in human plasma by repeating sample preparation
and GC-MS analysis of one sample at each concentration
level throughout the analytical sequence on five consecutive
days. Intra-day precision was determined by analyzing five
samples at each concentration level throughout the analytical
sequence within one day. The data from inter- and intra-day
precision measurements were used to calculate the accuracy.
For determining instrumental precision and long term stabil-
ity, five spiked samples were analyzed at different concentra-
tion levels immediately after work-up, after standing for 24 h
in the autosampler at room temperature, and after 4 weeks
of storage time at 4C. Concentrations were calculated and
the means were compared. The limit of detection (LOD) of
the method was determined using dilutions of a stock so-
lution of authentic ADMA. For this purpose, ADMA was
converted to its methylesté&t-pentafluoropropionyl (PFP)
derivative as described above and analyzed by GC-MS. The
limit of quantification (LOQ) was determined using 500
DMEM without FBS (containing no ADMA) spiked with
different concentrations of ADMA andfg]-ADMA as in-
ternal standard.
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2.5. GC-MS

A CP-3800 GC coupled to a 1200 Quadrupole MS was
used (Varian, Walnut Creek, USA). The GC was fitted with
a fused-silica capillary column Optima-17 (30xr0.25 mm
i.d., 0.25um film thickness, Macherey—Nagel). The injector
was operated in the split/splitless mode at 260 Helium
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3.2. Sample preparation

The extraction procedure described under section 2.3 has
been applied for the analysis of ADMA in cell culture super-
natant. Proteins and non-polar amino acids were separated
by this procedure. After extraction with borate buffer, the
methylester—PFP derivative in the toluene phase was stable

was used as a carrier gas at a constant flow-rate of 1 ml/min.for at least 4 weeks at& and no degradation occurred for

Initial column temperature was 8C for 2 min, followed by

an increase of 25C/min to 300°C. The mass spectrometer
transfer line was kept to 28C. Cl was performed at an
electron energy of 70 eV and an emission current of 880
Electron multiplier voltage was set to 1.8 kV for ADMA and
1.1 kV for the measurement ofarginine. Aliquots of 1.Gul

of cell culture or plasma samples were injected. During sin-
gle ion monitoring (SIM),m/z 634.3 andn/z 640.3 were
determined for target and internal standard, respectively.

3. Results

3.1. Synthesis of N9 NC-[2?Hg]-dimethyl-L-arginine
([*Hs]-ADMA)

The synthesis of ADMA by methylation of-arginine
results in monomethylated, symmetrically dimethylated
and asymmetrically dimethylatadarginine derivatives. To

24 h at room temperature.
3.3. Mass spectrometry

For the detection of ADMA negative-ion chemical ion-
ization (NICI) mass spectrometry of the PFPA derivative
was used. The NICI mass spectrum of the methylester—PFP
derivative of unlabelled and labelled ADMA with frag-
ment ions atm/z 634.3 andm/z 640.3, for ADMA and
[2Hg]-ADMA, respectively, is shown irFig. 2 These frag-
ment ions were used for quantification. A typical mass
chromatogram of a cell supernatant sample is given in
Fig. 3A. For plasma samples, thearginine concentration
and ther-arginine/ADMA ratio were obtained. Therefore,
we usedr-[guanidino®Ny]-arginine as an internal stan-
dard and detected the fragment ionsrét 586 andm/z 588
within the same SIM experimenEig. 3B).

The mass spectrum of SDMA shows a major fragment
ion atm/z593.9 {Table 1. The retention times were 6.7 min

overcome subsequent purification steps, the synthesis offo” SDMA and of 8.4min for ADMA and {Hg]-ADMA.

deuterated ADMA from deuteratedornithine revealed a
feasible alternativeHig. 1). For this synthesis, a solution of
copper-fHgl-ornithine-complex was bound to bromcyan-
agarose. The washedHg]-ornithine-bromcyan-agarose
was treated with dimethylamine in water. This resulted in the

release of deuterated ADMA from the bromcyan-agarose.

No interference with SDMA was observed for the mea-
surement of ADMA. The NICI GC-MS spectra of the
methylester—PFP derivatives of unlabelled and labelled
L-arginine and methylatadarginine analogues are shown in
Table 1

The obtained solution was evaporated to dryness and3.4. Analytical method validation

reconstituted with water to eliminate dimethylamine ex-
cess. No traces of SDMA (symmetric dimethylarginine,
NG N'C-dimethyli.-arginine), monomethylated-arginine,
L-arginine or ornithine were present as confirmed by HPLC
analysis according to Tsikas et §l3]. The isotopic purity

of the deuterated ADMA was found to be 99.0% confirmed
by GC-MS. The overall recovery of the synthesis was
0.59% or 0.736 mg 0ffHg]-ADMA quantified by GC-MS.
However, the unconvertedHig]-ornithine could be recycled
several times.

The standard curves were linear within the range of
0—0.8uM in water and cell culture medium using 0.3
[2He]-ADMA as internal standard, and within the range of
0—2pM plasma using 2.4M [?Hg]-ADMA. The standard
curves with the statistical data are showrfig. 4A and B
The standard curves for ADMA and-arginine in human
plasma samples are shown kilg. 5A and B The coeffi-
cients of inter- and intra-day variations and accuracy of the
spiked samples are given Table 2for cell culture medium

WH CH3 i‘l‘H
[
K\NHZ Agarose—QO— C—NH CH3—N— C_'TIH
I |
CDa. + CDy. CDs.
Agarose—O—-C=N 2 CI)DZ +2H 2 ?Dz +Ccu¥t —» 2 ?Dz + Agarose-OH
CDy._ _NH CDy _NH CD3._ _NHp
CH 2
T P2 Y \cls/
c._./ CH3—NH Co N
e | TOH | TOH
o (o} (o]
Bromcyan-agarose Copper-[2Hg]-Ornithine-Complex [2Hg]-ADMA

Fig. 1. Synthesis of%Hg]-ADMA using a copper—ornithine-complex and bromcyan-agarose. For more details, see text.
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Fig. 2. GC-MS NICI mass spectra of the methylester—PFP derivatives of ADMA %g]-ADMA are shown. lons were observed atz 634 for
ADMA (A) and at m/z 640 for EHg]-ADMA (B).
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Fig. 3. Partial chromatograms from the GC-MS analysis of a (A) cell culture supernatant after spikingHgitADMA (0.375 uM) and (B) a plasma
sample after spiking with?Hg]-ADMA (2.4 pM) and L-[guanidino?°N,]-arginine (80uM). The retention times are 7.2 min fararginine and 8.4 min
for ADMA.
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Table 1

NICI GC-MS mass spectra of the methylester—PFP derivatives of unlabelled and labaligidine, ADMA and SDMA

lon assignment L-Arginine L-[15N]-Arginine ADMA [2Hg]-ADMA SDMA
compound m/z (intensity, %)

[M-HF]~ 605.9 (15) 608.0 (12) 634.1 (100) 640.0 (100)

[M—2HF]~ 586.0 (100) 588.1 (100) 613.9 (17)
[M—3HF]~ 565.9 (27) 567.9 (30) 593.9 (100)
[M—3HF-PFPT 449.9 (21)

Listed are ions withm/z > 200 and intensity> 10%.

with 10% FBS and infable 3for plasma samples. The dif-  Table 2

ference seen iffable 2between O.QLM ADMA added and Intra—da_y (a) and inter—day (b) p_recision and accuracy of the method for
the concentration found can be explained by the content of ADMA in cell culture medium with 10% FBS

ADMA in FBS. Comparing analytical results for extracted APMA added ~ ADMA measured R.S.D. (%)  Accuracy
samples at three concentrations with unextracted standards(,“M) (M) (%)

the recovery was determined to be 92-2.4%. The lowest (a)o'g“a'day 0.34 - NA

ADMA concentration added to cell culture medium with- ' ' ' 1 q

: _ | 0.1 0.43 4.12 94.1
out FBS, i.e. 0.0p.M, was quantitated with an accuracy 0.2 057 262 114.1
of 110.6+ 10.7% (meant S.D.) and a R.S.D. of 9.7%( 0.4 0.74 4.10 99.9
= 5). GC-MS analysis of 2fmol ADMA in the SIM mode 0.8 119 2.07 105.7
resulted in a peak with a signal-to-noise ratio of 18 1.2 1.64 1.40 108.4
(mean+ S.D.,n = 3). Mean+ S.D. 2.874+ 1.09 1045+ 7.72
(b) Inter-day
0.0 0.33 3.52 N.A.
(A) Water 0.1 0.45 3.75 111.8
25 ¥ = 2.61x40.02 0.2 0.55 2.26 103.9
R’ = 0.9996 0.4 0.77 0.41 107.1
2 0.8 1.20 2.15 107.2
1.2 1.65 2.23 108.8
215 Mean+ S.D. 2.39+ 1.19 107.8+ 2.87
g 1 N.A., not applicable; 0.37aM [?Hg]-ADMA were used as internal stan-
< dard; data are shown as means= 5).
0.5
0 Table 3
0 01 02 03 04 05 06 07 08 09 Intra-day (a) and inter-day (b) precision and accuracy of the method for
ADMA[uM] ADMA in 50 pl plasma
ADMA added ADMA measured R.S.D. (%) Accuracy
(B) Cell culture medium with 10% FBS (uM) (uM) (%)
35 y= 2.99x+0.90 (a) Intra-day
3 R*=0.9999 0.00 0.88 4.71 N.A.
i 0.25 1.16 2.67 111.7
25 0.50 1.36 3.15 95.5
i) 2 1.00 1.99 1.60 110.5
e 2.00 2.93 2.61 102.5
o 1.5
< Mean+ S.D. 295+ 1.14 105.1+ 7.57
1
! (b) Inter-day
0.5 0.00 0.85 3.66 N.A.
0 0.25 1.16 1.08 121.7
0 01 02 03 04 05 06 07 08 09 (l’-gg i-gg g-gg 91’2-206
ADMA[uM ' ’ ' '
(M) 2.00 2.97 0.88 105.7
Fig. 4. Standard curve obtained after analysis of ADMA as its Mean + S.D. 1.62+ 1.17 109.5+ 10.08

methylester—PFP derivative usindHs]-ADMA as internal standard
(0.375pM) for quantification in water (A) and in cell culture medium  N.A., not applicable; 2.4M [2Hg]-ADMA were used as internal standard;
(B) (mean+ S.D.,n = 3). data are shown as means=£ 5).
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(A) ADMA in 50 pl plasma
14 y= 043x +037
12 R =0.9976

1
0.8
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(B) L-Arginine in 50 ul plasma
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y= 0.01x +0.93

2 R? =0.9995

1.5
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1
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L-Arginine [UM]
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Fig. 5. Standard curve for ADMA and-arginine in human plasma
after spiking the samples witt?fls]-ADMA (2.4 uM) and L-[guanidino-
15N,]-arginine (8QuM) as internal standards (mean S.D.,n = 3).

3.5. ADMA basal levelsin cell culture supernatants and in
human plasma

In Table 4 data are summarized from endothelial cell
culture after an incubation time of 12 and 48 h. Endothelial
cells were incubated with cell culture medium at°87and

Table 4
Concentrations of ADMA in cell culture supernatants

Samples of EA.hy 926 cells in two different ADMA pmol/pg

experiments for different incubation times protein
Exp. 1 (12h)
Sample 1 1.83
Sample 2 2.11
Sample 3 2.25
Sample 4 1.90
Mean+ S.D. 2.02+ 0.19
Exp. 2 (48h)
Sample 1 3.04
Sample 2 3.85
Sample 3 3.10
Sample 4 3.09
Mean+ S.D. 3.2 0.39

Endothelial cells (EA.hy 926) were incubated at°8and 5% CQ in
cell culture medium for 12 and 48 h showing the accumulation of ADMA
over time.
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Table 5

Concentrations of ADMA in plasma of 10 healthy volunteers
Subject/gender Age (years) Plasme\)
I/female 25 0.563
ll/female 27 0.693
lll/female 32 0.666
IV/male 23 0.522
Vifemale 29 0.671
Vl/female 26 0.483
Vllifemale 26 0.678
Vlll/female 43 0.603
IX/male 33 0.609
X/male 33 0.516
Mean+ S.D. 29.7£ 5.8 0.600+ 0.076

5% CQ without any additional chemical agent. These data
show that ADMA accumulates in the cell culture medium of
endothelial cells over time. Mean ADMA in plasma of 10
healthy humans was found to be 0.68®.076p.M ranging
from 0.48 to 0.69wM (Table 5.

4, Discussion

Mass spectrometric quantitation of ADMA was thus far
hampered by the unavailability of an appropriate inter-
nal standard15-17] We, therefore, decided to develop a
GC-MS based analytical method including newly synthe-
sized stable isotope labelled ADMA as internal standard.
Synthesis of deuterated methyl ester of ADMA by esterifi-
cation of the carboxyl group witt?H4]-methanol resulting
in [2Hz]-methyl-ADMA seems to be another possibility to
get a feasible internal standajtb]. However, the reaction
is not complete so that the content of unlabelled ADMA
must be considered for quantitation. Usirfd§]-ADMA,
we demonstrated that our method can accurately quantify a
concentration of 0.0pM ADMA with a limit of detection
of 2fmol. Our GC-MS method is characterized by high
specificity and sensitivity, and by good accuracy of intra-
and inter-day reproducibility. The total analysis cycle in-
cluding cooling of the GC and equilibration time is 12 min
per sample. Herein, our GC-MS method distinguishes by
shorter analytical time from previous HPLC methods which
take up to 45 min per samp[&3].

The measurement of ADMA in plasma samples revealed
a mean concentration of 0. ranging from 0.48 to
0.69uM (n = 10). This mean ADMA concentration in
healthy subjects is similar to that measured by HPLC in
several human studies (range, 0.52-1L.R§ [6,18,19]
They are also in accordance with previous reports based
on GC-MS/MS and LC-MS, i.e. 0.32 0.06p.M [15] and
0.45+ 0.13uM [16], respectively. However, lower plasma
levels have been reported by oth§t¥]. The quantitation
of ADMA in cell culture supernatants is quite difficult due
to the high concentration of other interfering amino acids.
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We, therefore, decided to include a solid phase extraction
step with an anionic exchange resign, i.e. CBA, in the
sample preparation procedure for cell culture supernatants
Interference of other amino acids with the measurement
of ADMA was thus eliminated and we were able to show
a time dependent enrichment of ADMA in cell culture
supernatantst@ble 4.

The second endogenous-arginine analogue, i.e.
NG N'C-dimethyl+-arginine (SDMA), has no influence on
NO production. Levels of SDMA have been shown to be
unaltered in many settings where ADMA was found in-
creased2,6,20] Thus, a discimination between SDMA and
ADMA is of some interest. We, therefore, investigated the
fragmentation pattern and chromatographic behaviour of
SDMA. The methyl ester PFP-amide derivative of SDMA
showed a prominent fragment ion @z 593. However, a
simultaneous quantification of SDMA witt?Hlg]-ADMA
as internal standard was not possible. The SDMA deriva-
tive shows a different retention time possibly due to the
formation of another PFP derivative. Thus, the synthesis of
a specific internal standard for SDMA is a challenge for
future research.

5. Conclusion

These data show that our method provides a highly pre-
cise and accurate assay for ADMA in cell culture super-
natant and small volumes of plasma. This can be attributed
to the use of stable isotope labelled ADMA as internal stan-
dard. Mass spectrometry in combination with stable isotope
dilution is a powerful tool in external quality assessment

schemes and assays based on this technique can be re-
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