
ORIGINAL ARTICLE

GC–MS and GC–MS/MS measurement of the cardiovascular risk
factor homoarginine in biological samples

Arslan Arinc Kayacelebi • Bibiana Beckmann •

Frank-Mathias Gutzki • Jens Jordan • Dimitrios Tsikas

Received: 10 May 2014 / Accepted: 27 May 2014 / Published online: 13 June 2014

� Springer-Verlag Wien 2014

Abstract L-Homoarginine (hArg) has recently emerged

as a novel cardiovascular risk factor and to herald a poor

prognosis in heart failure patients. Here, we report on the

development and thorough validation of gas chromatogra-

phy–mass spectrometry (GC–MS) and gas chromatogra-

phy–tandem mass spectrometry (GC–MS/MS) methods for

the quantitative determination of hArg in biological sam-

ples, including human plasma, urine and sputum. For

plasma and serum samples, ultrafiltrate (10 lL; cutoff,

10 kDa) was used. For urine samples, native urine (10 lL)

was used. For sputum, protein precipitation by acetone was

performed. hArg is derivatized to its methyl ester tri(N-

pentafluoropropionyl) derivative; de novo synthesized tri-

deutero-methyl ester hArg is used as the internal standard

(IS). Alternatively, [guanidino-15N2]-arginine can be used

as an IS. Quantitative analyses were performed after

electron-capture negative-ion chemical ionization by

selected-ion monitoring in GC–MS and selected-reaction

monitoring in GC–MS/MS. We obtained very similar hArg

concentrations by GC–MS and GC–MS/MS, suggesting

that GC–MS suffices for accurate and precise quantification

of hArg in biological samples. In plasma and serum sam-

ples of the same subjects very close hArg concentrations

were measured. The plasma-to-serum hArg concentration

ratio was determined to be 1.12 ± 0.21 (RSD, 19 %),

suggesting that blood anticoagulation is not a major pre-

analytical concern in hArg analysis. In healthy subjects, the

creatinine-corrected urinary excretion of hArg varies con-

siderably (0.18 ± 0.22 lmol/mmol, mean ± SD, n = 19)

unlike asymmetric dimethylarginine (ADMA,

2.89 ± 0.89 lmol/mmol). In urine, hArg correlated with

ADMA (r = 0.475, P = 0.040); in average, subjects

excreted in the urine about 17.5 times more ADMA than

hArg. In plasma of healthy humans, the concentration of

hArg is of the order of 2 lM. hArg may be a low-abun-

dance constituent of human plasma proteins. The GC–MS

and GC-MS/MS methods we report in this article are useful

to study the physiology and pathology of hArg in experi-

mental and clinical settings.
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SRM Selected-reaction monitoring

TSQ Triple-stage quadrupole

Introduction

L-Homoarginine (hArg) is a non-essential, non-proteino-

genic cationic amino acid, a homologous of L-arginine

(Arg); the structural difference between hArg and Arg is a

methylene (CH2, 14 Da) group (Fig. 1). hArg and Arg

behave similarly in vivo and in vitro (Ryan and Wells

1964; Ryan et al. 1969; Drechsler et al. 2011). Arg plays an

important role in metabolism and nutrition in growth,

health and disease (Wu et al. 2009). Arg also serves as the

substrate for nitric oxide synthases (NOS) which catalyze

the conversion of Arg to nitric oxide (NO) and L-citrulline.

hArg may also serve as a substrate for NOS; yet, hArg has

also been suggested as an inhibitor of NOS (Moali et al.

1998, 2000; Bretscher et al. 2003). NO possesses various

biological activities including inhibition of vascular

inflammation and platelet aggregation, prevention of

adhesion of immune cells, and vasodilation (Moncada and

Higgs 1993; Leiper and Vallance 1999). Low plasma hArg

concentrations were found to be associated with cardio-

vascular and all-cause mortality in patients (März et al.

2010; Pilz et al. 2011; Choe et al. 2013; Kayacelebi et al.

2014). Mean plasma and serum hArg concentrations are of

the order of 2 lM. hArg homeostasis has been reported to

be altered in pregnancy and it is assumed that hArg is

involved in the pathology of preeclampsia (Valtonen et al.

2008; Khalil et al. 2013). Recently, lower hArg concen-

trations were measured in plasma of male smokers com-

pared to male nonsmokers, while ADMA plasma

concentrations were higher in smokers compared to non-

smokers (Sobczak et al. 2014).

The biosynthesis of hArg and its biological activities in

humans are incompletely understood (Ryan and Wells

1964; Ryan et al. 1969). L-Arginine:glycine amidino-

transferase (AGAT; EC 2.1.4.1) has recently been dem-

onstrated to play a pivotal role in hArg biosynthesis.

AGAT catalyzes the transamination of L-lysine by glycine

to form hArg (Davids et al. 2012a; Choe et al. 2013).

Increased AGAT expression was found to be associated

with increased hArg synthesis in a cell model (Choe et al.

2013).

Because of the particular scientific interest in Arg and its

involvement in numerous biological processes, including

protein synthesis and the Arg/NO pathway, a variety of

chromatographic and mass spectrometric methods are

currently available for Arg and its derivatives, including

asymmetric dimethylarginine (ADMA) and symmetric

dimethylarginine (SDMA) (Schwedhelm 2005; Horowitz

and Heresztyn 2007; Schwedhelm et al. 2007; Teerlink

2007; Martens-Lobenhoffer and Bode-Böger 2014; Tsikas

2008; Wu et al. 2009). In principle, analytical methods

currently available for Arg should also be useful for its

homologue hArg. However, the concentration of hArg in

biological samples, notably plasma, is severalfold lower

than of Arg, and this may represent an analytical challenge.

The emerging importance of hArg as a novel biomarker of

cardiovascular diseases and its step motherly investigated

biology prompted many scientists in recent years to

develop specific and sensitive analytical methods for the

quantitative determination of hArg in basic and clinical

research.

The usefulness of liquid chromatography–tandem mass

spectrometry (LC–MS/MS) for the analysis of hArg in

biological samples (Atzler et al. 2011; Davids et al. 2012b),

gas chromatography–mass spectrometry (GC–MS) and gas

chromatography–tandem mass spectrometry (GC–MS/MS)

methods for Arg and its relatives have been reviewed and

discussed recently (Martens-Lobenhoffer et al. 2009;

Martens-Lobenhoffer and Bode-Böger 2014).

In previous work, we showed that GC–MS/MS allows

for accurate and sensitive quantitative determination of

Arg, ADMA and SDMA in human plasma and urine

(Tsikas et al. 2003, 2011). Because no stable isotope-

labeled analogs of ADMA were commercially available at

that time, we synthesized [2H3]methyl ester ADMA (d3Me-

d0ADMA) for use as internal standard (IS). In the present

work, we report on the development and validation of GC–

MS and GC–MS/MS methods for the quantitative deter-

mination of hArg in various biological samples. These

approaches involve separate O-methylation of the carbox-

ylic group of endogenous hArg using HCl in CH3OH to

generate the methyl ester of endogenous hArg (i.e., d0Me-

Fig. 1 Chemical structures, molecular formula and molecular weight

(MW) of L-arginine and its homolog L-homoarginine
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d0hArg), and of the carboxylic group of synthetic hArg

using HCl in CD3OD to generate the [2H3]methyl ester of

hArg (i.e., d3Me-d0hArg) for use as IS (Fig. 2). After

methylation the samples containing d0Me-d0hArg and

d3Me-d0hArg are combined to a single sample for sub-

sequent derivatization (i.e., N-pentafluoropropionylation)

with pentafluoropropionic anhydride (PFPA). The utility of

these methods to measure hArg in human biological sam-

ples including plasma, serum, urine and sputum is

demonstrated.

Materials and methods

Materials and chemicals

L-Homoarginine hydrochloride and L-arginine hydrochlo-

ride were purchased from Sigma (Deisenhofen, Germany).

PFPA was obtained from Pierce (Rockford, IL, USA).

Tetradeuterated methanol (CD3OD, 99 % at 2H) was sup-

plied by Aldrich (Steinheim, Germany). All other chemi-

cals were obtained from Merck (Darmstadt, Germany).

Vivaspin 2 Hydrosart cartridges (cutoff, 10 kDa) were

supplied by Sartorius (Göttingen, Germany).

Biological samples: recovery of blood, plasma

and ultrafiltrate

Blood (5–7 mL) was drawn from antecubital veins of

healthy volunteers using syringes containing EDTA and

put immediately on ice. Blood samples were centrifuged

(1,5009g, 4 �C, 15 min) and the plasma generated was

separated and analyzed immediately or stored at -78 �C

until further analysis. Routinely, ultrafiltrates (approx.

200 lL) from 0.5-mL aliquots of plasma samples were

obtained by centrifugation (15,0009g, 4 �C, 30 min) using

the Vivaspin cartridges. Plasma ultrafiltrate (10 lL) was

used for the quantification of plasma hArg. Urine from

healthy volunteers was obtained from spontaneous mictu-

rition. Urine samples were analyzed immediately or stored

at -20 �C until analysis.

Sputum was collected by a routine procedure, put

immediately on ice and stored at -80 �C until analysis.

After thawing on ice, portions of sputum were weighed

(range 30–240 mg) and treated under vortexing with the

fourfold volume of ice-cold acetone to inhibit enzymatic

activity and precipitate proteins. After centrifugation

(8009g, 2 �C, 5 min), 100-lL aliquots of the supernatants

were evaporated to dryness under a stream of nitrogen, and

the residues were subjected to analysis as described below.

Analytical methods

Procedures for the quantification of homoarginine

in biological samples

Figure 2 shows schematically the procedures used for the

quantitative determination of hArg in plasma and other

biological samples using de novo synthesized d3Me-d0-

hArg. Aliquots (10 lL each) of plasma ultrafiltrate or

native urine and of an aqueous solution of hArg (5 lM if

not otherwise specified), serving as the IS, were transferred

each into a 1.5-mL glass vial and the samples were evap-

orated to dryness by means of a nitrogen stream. The res-

idues of biological samples were treated with 100-lL

aliquots of a 2 M HCl solution in CH3OH. Analogous, the

residue of the standard hArg solution was treated with a

100-lL aliquot of a 2 M HCl solution in CD3OD. Esteri-

fication was performed by heating the samples for 60 min

at 80 �C. After cooling to room temperature, the metha-

nolic solutions were combined. To ensure quantitative

Fig. 2 Schematic of the procedures used in the GC–MS analysis of

homoarginine in biological fluids. PFP pentafluoropropionyl, PA

peak area
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transfer, the residue of each sample was taken up with a

100-lL aliquot of CH3OH. Subsequently, solvents and

reagents of the combined solutions were evaporated to

dryness by a stream of nitrogen gas. The common residue

was then treated with a 100-lL aliquot of a solution of

PFPA in ethyl acetate (1:4, v/v), and the sample was heated

for 30 min at 65 �C. After cooling to room temperature, the

sample was evaporated to dryness, the residue was recon-

stituted with a 200-lL aliquot of 0.4 M borate buffer, pH

8.5, and the sample was mixed by vortexing immediately

for 60 s with 200-lL aliquots of toluene. Aliquots

(100 lL) of the upper organic layer were taken and

transferred into glass vials, from which 1-lL aliquots were

analyzed by GC–MS in the selected-ion monitoring (SIM)

mode or by GC–MS/MS in the selected-reaction monitor-

ing (SRM) mode as described below.

Method validation and comparison

Accuracy (recovery %) and precision (RSD %) of the

method were determined using freshly obtained and pooled

plasma and urine samples from spontaneous micturition

from volunteers. Intra- and inter-assay precision was

determined by working up in quadruplicate (plasma) or in

duplicate (urine) of unspiked and spiked pooled plasma

samples on four consecutive days. Recovery was calculated

using the Formula (1):

Recovery %ð Þ ¼ found½ � � basal½ �= added½ �ð Þ � 100 ð1Þ

whereas, [found] is the measured hArg concentration in the

samples, [basal] is the measured concentration of hArg in

the unspiked samples, and [added] is the concentration of

hArg added to the sample.

For comparison, biological samples were analyzed for

hArg by GC–MS and GC–MS/MS using the TSQ 7000

instrument, as well as by GC–MS using the DSQ instru-

ment. These data were analyzed by linear regression and

the Bland–Altman method.

Contribution of plasma proteins to homoarginine

To test the presence of hArg in plasma proteins, pooled

plasma samples (100 lL) were incubated for 24 h with

distilled water (900 lL) at room temperature, with 6 M

HCl (900 lL) at room temperature, and with 6 M HCl

(900 lL) at 110 �C in sealed glass vials. After sample

ultrafiltration (15,0009g, 4 �C, 30 min), 10-lL aliquots of

the ultrafiltrates were treated as described above except for

the concentration of the IS hArg which was 0.5 lM. This

procedure is the same recently applied to ADMA analysis

in biological samples (Tsikas et al. 2010) and corresponds

to generally valid protocols (Dai et al. 2014).

An alternative quantification mode for homoarginine

Due to the close physicochemical properties of hArg and

Arg, we tested the utility of Arg as an IS for the quantifi-

cation of hArg. Aliquots of aqueous solutions of hArg and

Arg were mixed to obtain solutions containing hArg at the

fixed concentration of 5 lM and Arg at the varying con-

centrations of 0, 25, 50 and 100 lM. Each two 10-lL

aliquots were derivatized as described above and analyzed

by GC–MS in the SIM mode.

GC–MS and GC–MS/MS conditions

Gas chromatography–mass spectrometry and GC–MS/MS

analyses in the electron-capture negative-ion chemical

ionization (ECNICI) mode were performed on a triple-stage

quadrupole (TSQ) mass spectrometer model ThermoQuest

TSQ 7000 (Finnigan MAT, San Jose, CA) directly inter-

faced with a Trace 2000 series gas chromatograph equipped

with an autosampler AS 2000 (CE Instruments, Austin,

TX). If not otherwise stated, the gas chromatograph was

equipped with a 30-m-long fused-silica capillary column

Optima 17 (0.25 mm I.D., 0.25-lm film thickness) from

Macherey–Nagel (Düren, Germany). The following oven

temperature program was used with helium (at a constant

flow rate of 1 mL/min) as the carrier gas: 1 min at 90 �C,

then increased to 225 and 320 �C at a rate of 15 and 30 �C/

min, respectively. Interface (280 �C), injector (280 �C) and

ion-source (180 �C) were kept at constant temperatures.

Electron energy was set to 200 eV and electron current to

300 lA. Methane (530 Pa) and argon (0.13 Pa collision

pressure) were used as reagent and collision gases, respec-

tively. Routinely, collision energy and electron multiplier

voltage were set to 18 eV and 1.6 kV, respectively.

Gas chromatography–mass spectrometry analyses in the

ECNICI mode were also performed on a double-stage

quadrupole (DSQ) mass spectrometer model ThermoQuest

DSQ (ThermoFisher, Dreieich, Germany) directly inter-

faced with a Focus series gas chromatograph equipped with

an autosampler AS 3000 (CE Instruments, Austin, TX). If

not otherwise specified, the gas chromatograph was

equipped with a 15-m-long fused-silica capillary column

Optima 17 (0.25 mm I.D., 0.25 lm film thickness) from

Macherey–Nagel (Düren, Germany). The following oven

temperature program was used with helium (at a constant

flow rate of 1 mL/min) as the carrier gas: 0.5 min at 90 �C,

then increased to 210 and 320 �C at a rate of 15 and 35 �C/

min, respectively. Interface, injector and ion-source were

kept at 280, 280 and 250 �C, respectively. Electron energy

was set to 70 eV and electron current to 100 lA. Methane

(2.4 mL/min) was used as the reagent gas.

In both instruments, aliquots (1 lL from toluene

extracts) were injected in the splitless mode by means of
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the respective autosampler. In quantitative analyses, the

dwell time was 50 ms for each ion in GC–MS (SIM mode)

and in GC–MS/MS (SRM mode).

Results

Method development and validation

Figures 3 and 4 show the GC–MS and GC–MS/MS spectra

of unlabelled and deuterium-labeled hArg, respectively,

after esterification and N-acylation by PFPA as described

in ‘‘Materials and methods’’. The GC–MS spectra indicate

that under the chosen derivatization conditions hArg is

converted to its methyl ester tri(N-pentafluoropropionyl)

derivative (Fig. 2). The most intense ions in the GC–MS

spectra were m/z 600 and 603 due to consecutive neutral

loss of 2 HF (20 Da) molecules from unlabelled and

labeled hArg, respectively. Subjection of the precursor ions

[M–2xHF]- to collision-induced dissociation (CID) with

argon (at a collision energy of 18 eV) resulted in similar

product ion mass spectra (Figs. 3a, 4a). The most intense

product ion was m/z 366 both for unlabelled and deute-

rium-labeled hArg (Figs. 3b, 4b). These findings suggest

A

B

Fig. 3 a GC–MS and b GC–

MS/MS ECNICI spectra of the

methyl ester tri(N-

pentafluoropropionyl) derivative

of unlabelled hArg. The parent

ion at m/z 600 [M–2xHF]- was

subjected to collision-induced

dissociation (CID) with argon at

a collision energy of 18 eV. The

GC–MS/MS TSQ7000

instrument was used. The

retention time of the GC peak

from which the mass spectra

were obtained was 6.80 min.

Insets indicate the putative

structures of the most intense

ions
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that the product ion m/z 366 does not carry the carboxylic

group of hArg, but it contains the guanidine group.

Expectedly, the derivative of deuterated hArg eluted a few

seconds in front of the unlabelled hArg derivative. In

quantitative analyses by GC–MS, the ions m/z 600 for

unlabelled hArg and m/z 603 for deuterated hArg were

detected in the SIM mode. In quantitative analyses by GC–

MS/MS, the mass transitions m/z 600 to 366 for unlabelled

hArg and of m/z 603 to 366 for deuterated hArg were

detected in the SRM mode.

The results from the validation experiments are sum-

marized in Tables 1 and 2 for plasma and Table 3 for

urine. The imprecision (RSD, %) of the measurements

ranged between 0.5 and 7.6 %. In the pooled plasma used

in these experiments, the mean hArg plasma concentration

was measured to be 1.41 ± 0.05 lM. The lowest hArg

concentration added to plasma, i.e., 1 lM, (71 % of the

hArg basal concentration) was quantitated with high

accuracy and precision (Tables 1, 2). In the pooled urine

sample used for method validation, endogenous hArg was

A

B

Fig. 4 a GC–MS and b GC–

MS/MS ECNICI spectra of the

trideutero-methyl ester tri(N-

pentafluoropropionyl) derivative

of hArg. The parent ion at m/z

603 [M–2xHF]- was subjected

to collision-induced dissociation

(CID) with argon at a collision

energy of 18 eV. The GC–MS/

MS TSQ7000 instrument was

used. The retention time of the

GC peak from which the mass

spectra were obtained was

6.78 min. Insets indicate the

putative structures of the most

intense ions
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measured at about 0.45 lM. The lowest concentration of

hArg externally added to the urine sample was 0.2 lM

(about 44 % of the basal level) (Table 3).

Linear regression analysis between found (y) and added

(x) hArg concentrations revealed straight lines (r [ 0.992)

for plasma (Tables 1, 2) and urine (Table 3). These data

indicate that hArg can be quantitated by these GC–MS and

GC–MS/MS methods with high accuracy and precision

Table 1 Intra- and inter-assay accuracy and precision of the GC–MS

method (DSQ) for hArg in human plasma using d3Me-d0hArg (5 lM)

as internal standard

hArg

added

(lM)

hArg found

(lM)

Recovery

(%)

RSD

(%)

y = a ? bx, r2

Day 1 (1st cycle)

0.0 1.44 ± 0.06 NA 4.14 y = 1.34 ? 0.99x,

r2 = 0.9961.0 2.32 ± 0.14 87.7 5.84

2.0 3.28 ± 0.12 92.2 3.76

5.0 6.27 ± 0.27 96.6 4.32

7.5 8.77 ± 0.34 97.8 3.89

10.0 11.4 ± 0.25 99.2 2.19

Day 1 (2nd cycle)

0.0 1.38 ± 0.04 NA 2.97 y = 1.33 ? 0.98x,

r2 = 0.9951.0 2.29 ± 0.11 90.6 4.86

2.0 3.21 ± 0.08 91.2 2.46

5.0 6.29 ± 0.40 98.1 6.31

7.5 8.74 ± 0.32 98.1 3.64

10.0 11.1 ± 0.23 97.2 2.04

Day 2

0.0 1.28 ± 0.04 NA 3.10 y = 1.30 ? 0.87x,

r2 = 0.9971.0 2.13 ± 0.05 84.4 2.56

2.0 2.96 ± 0.10 83.9 3.45

5.0 5.79 ± 0.19 90.2 3.30

7.5 7.82 ± 0.04 87.1 0.54

10.0 9.88 ± 0.25 86.0 2.56

Day 3

0.0 1.23 ± 0.06 NA 5.13 y = 1.20 ? 0.88x,

r2 = 0.9941.0 2.06 ± 0.09 82.6 4.55

2.0 2.96 ± 0.10 86.3 3.20

5.0 5.63 ± 0.30 87.9 5.39

7.5 7.73 ± 0.25 86.7 3.17

10.0 10.1 ± 0.42 88.7 4.13

Day 4

0.0 1.21 ± 0.08 NA 6.97 y = 1.14 ? 0.89x,

r2 = 0.9841.0 2.04 ± 0.06 83.7 2.84

2.0 2.86 ± 0.18 82.5 6.13

5.0 5.51 ± 0.15 86.0 2.74

7.5 7.96 ± 0.54 90.1 6.83

10.0 10.0 ± 0.76 88.1 7.60

NA not applicable

Table 2 Intra- and inter-assay accuracy and precision of the GC–

MS/MS method (TSQ) for hArg in human plasma using d3Me-d0hArg

(5 lM) as internal standard

hArg

added

(lM)

hArg found

(lM)

Recovery

(%)

RSD

(%)

y = a ? bx, r2

Day 1

0.0 1.51 ± 0.02 NA 1.38 y = 1.46 ? 1.07x,

r2 = 0.9971.0 2.54 ± 0.11 102.9 4.46

2.0 3.51 ± 0.09 99.6 2.69

5.0 6.78 ± 0.23 105.3 3.40

7.5 9.67 ± 0.30 108.8 3.09

10.0 12.1 ± 0.44 105.9 3.59

Day 2

0.0 1.54 ± 0.06 NA 3.59 y = 1.33 ? 1.02x,

r2 = 0.9981.0 2.33 ± 0.05 81.7 1.99

2.0 3.94 ± 0.07 121.2 1.66

5.0 6.50 ± 0.09 99.7 1.40

7.5 9.45 ± 0.14 105.8 1.44

10.0 11.5 ± 0.33 99.9 2.86

Day 3

0.0 1.58 ± 0.01 NA 0.91 y = 1.40 ? 0.99x,

r2 = 0.9951.0 2.32 ± 0.10 80.8 4.49

2.0 3.93 ± 0.10 120.9 2.63

5.0 6.47 ± 0.25 99.1 3.92

7.5 9.34 ± 0.34 104.3 3.67

10.0 11.06 ± 0.29 95.4 2.63

Day 4

0.0 1.54 ± 0.05 NA 3.21 y = 1.29 ? 1.02x,

r2 = 0.9931.0 2.29 ± 0.05 77.1 2.33

2.0 3.95 ± 0.13 121.7 3.16

5.0 6.35 ± 0.15 96.6 2.35

7.5 9.18 ± 0.24 102.2 2.64

10.0 11.6 ± 0.67 100.6 5.79

NA not applicable

Table 3 Intra-assay accuracy and precision of the GC–MS method

(DSQ) for hArg in human urine using d3Me-d0hArg (3.45 lM) as

internal standard

hArg

added

(lM)

hArg found

(lM)

Recovery

(%)

RSD

(%)

Day 1

0.0 0.45 ± 0.003 NA 0.74 y = 0.44 ? 1.03x,

r2 = 0.9950.2 0.58 ± 0.004 63 0.69

0.4 0.87 ± 0.010 104 1.15

1.0 1.51 ± 0.016 106 1.06

1.5 2.02 ± 0.039 105 1.93

2.0 2.44 ± 0.051 99 2.09

NA not applicable
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using d3Me-d0hArg as IS in 10-lL aliquots of plasma ul-

trafiltrate or native urine (see also below).

Representative GC–MS and GC–MS/MS chromato-

grams from quantitative analyses of hArg in human

plasma, urine and sputum samples are shown in Fig. 5.

Unlike in human urine, in human plasma samples addi-

tional peaks from unknown, non-interfering substances

appear in the chromatograms.

Testing arginine as an internal standard

for homoarginine

Selected-ion monitoring of the methyl ester pentafluoro-

propionyl derivatives of hArg (5 lM) and Arg (0, 25, 50,

100 lM) and plotting of the ratio of the measured peak areas

of Arg and hArg (y) versus the Arg concentration (x) resulted

in a straight line (r2 = 0.9995) with the regression equation

y = -0.11 ? 0.158x (Fig. 6). The y-axis intercept is close

to zero and the calculated slope of 0.158 deviates from the

theoretical slope of 0.200 (corresponding to a response

factor 1.0) by 21 % (i.e., 0.158/0.200 9 100). This means

that at a molar basis hArg yields peak areas that are by 21 %

smaller that those of Arg, presumably due to the longer

retention time of the hArg derivative (relative retention time,

1.135). Thus, Arg is suitable as an IS for hArg. Calculation

of hArg concentrations can be performed by multiplying the

measured peak area ratio hArg-to-Arg by the concentration

of Arg and by the correction factor of 1.266 (i.e., 0.2/0.158).

For this quantification method, both de novo synthesized

d3Me-d0Arg and commercially available stable isotope-

labeled arginine such as [guanidino-15N2]arginine should be

useful.

D

A B

C

Fig. 5 Partial chromatograms from analyses of hArg in human

plasma by a GC–MS using instrument DSQ and by b GC–MS/MS

using instrument TSQ. c Partial chromatograms from GC–MS

analyses (DSQ instrument) of hArg in human urine. d Partial

chromatograms from GC–MS analyses (DSQ instrument) of hArg in

human sputum. d3Me-d0hArg was used as the internal standard at a

final nominal concentration of 5 lM in plasma and urine. SIM was

performed at m/z 600 for unlabelled hArg (upper traces) and m/z 603

for d3Me-d0hArg (lower traces). SRM was performed of the common

product ion at m/z 366 which was produced by CID of the parent ions

at m/z 600 for unlabelled hArg (upper traces) and m/z 603 for d3Me-

d0hArg (lower traces). Endogenous hArg and internal standard were

analyzed as their Me-(PFP)3 derivatives
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Homoarginine concentrations in human plasma

and serum

In EDTA plasma and serum samples obtained from blood of

10 healthy subjects of a previously reported study (Engeli

et al. 2012) we measured hArg by GC–MS/MS. The plasma

hArg concentrations (y) correlated (r2 = 0.6997) with those

measured in serum (x), however, there were also significant

differences between plasma and serum concentrations in

three subjects (Fig. 7). The hArg plasma-to-serum concen-

tration ratio was determined to be (mean ± SD)

1.123 ± 0.211 (RSD, 19 %). Thus, in average plasma hArg

concentrations were by about 12 % higher than serum hArg

concentrations in these subjects. Considering both plasma

and serum, the circulating hArg concentration in these sub-

jects was determined to be 1.87 ± 0.67 lM (RSD, 36 %).

Homoarginine excretion in urine of healthy humans

In spot urine samples of 19 healthy subjects we measured

hArg, ADMA, SDMA, the ADMA metabolite dimethyl

amine (DMA) and creatinine by GC–MS. The creatinine-

corrected excretion of these biochemical parameters are

summarized in Table 4. Both in males and in females,

hArg excretion varied greatly (range 37–816 nmol/mmol),

unlike ADMA, SDMA and DMA. Males excreted less (by

a factor of 1.3–2.3) hArg, ADMA, SDMA and DMA in the

urine than females, presumably because males excreted in

average 2 times more creatinine than females (12.7 ± 6.5

vs 6.0 ± 2.2 mM). In urine, hArg correlated with ADMA

(r = 0.475, P = 0.040) and SDMA (r = 0.625,

P = 0.004), but did not correlate with body mass index

(BMI; data not shown). In average, the subjects excreted in

the urine about 17.5 times more ADMA than hArg,

although the plasma concentration of hArg is several times

higher than the plasma concentration of ADMA, for

instance about nine times higher in healthy pregnant

women at 11–13 weeks of gestation (Khalil et al. 2013;

Tsikas and Kayacelebi 2014). This finding suggests that

hArg is effectively reabsorbed by the kidneys.

Contribution of plasma proteins to homoarginine

hArg plasma concentration in the samples incubated with

6 M HCl at room temperature was 1.34 ± 0.24 lM and

tended to be higher than that measured in the pooled plasma

samples incubated at 110 �C (1.76 ± 0.18 lM, P = 0.057)

(Fig. 8). Analogous to ADMA (Tsikas and Beckmann 2009;

Tsikas et al. 2010), hArg seems not be a considerable

constituent of human plasma proteins including albumin.

Yet, this issue remains to be investigated on plasma or

serum samples from a large number of subjects.

Comparison between GC–MS and GC–MS/MS

for homoarginine in human plasma

Unspiked plasma samples from 369 humans and 92 plasma

samples spiked with hArg at various concentrations (1, 2,

Fig. 6 Arginine-to-homoarginine peak area ratio measured in aque-

ous solutions of the indicated varying concentrations of Arg and the

fixed hArg concentration of 5 lM. Arg and hArg were measured

simultaneously by GC–MS, i.e., SIM of m/z 586 for Arg and m/z 600

for hArg

A

B

Fig. 7 Plasma and serum concentrations of hArg in healthy subjects

measured by GC–MS (DSQ instrument). d3Me-d0hArg was used as

the IS at a final nominal concentration of 5 lM. SIM was performed

of m/z 600 for unlabelled hArg (upper traces) and m/z 603 for d3Me-

d0hArg (lower traces). Endogenous hArg and IS were analyzed as

their Me-(PFP)3 derivatives
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5, 7.5 and 10 lM) from a previous study (Khalil et al.

2013) were analyzed for hArg by GC–MS on the instru-

ment DSQ and by GC–MS/MS on the instrument TSQ

7000. Linear regression analysis between the hArg con-

centrations measured by GC–MS (x) and those measured

by GC–MS/MS (y) revealed high linearity (r = 0.997) and

good agreement for the unspiked (82 %) and the spiked

(89 %) plasma samples (Fig. 9). GC–MS analysis revealed

lower hArg plasma concentrations than GC–MS/MS ana-

lysis (in average by 18 and 11 %). The Bland–Altman

plotting revealed a systematic error (bias) of about

0.07 lM hArg between GC–MS and GC–MS/MS.

Discussion

For many decades, L-homoarginine (hArg) existed in the

shadow of its homologous L-arginine (Arg). Yet, recent

advances in analytical methodologies and the recognition

of the immense importance of the L-Arg/NO pathway in the

cardiovascular system brought hArg in the focus of current

research. Measurement of hArg in blood (i.e., plasma or

serum) revealed that hArg may play important role(s) in

health and disease. For example, too low circulating hArg

concentrations were found to be associated with cardiac

morbidity and mortality (März et al. 2010; Drechsler et al.

2011; Pilz et al. 2011; Kayacelebi et al. 2014), like ADMA,

Table 4 Creatinine-corrected

excretion of hArg (nmol/mmol),

and ADMA, SDMA and DMA

(all in lmol/mmol) in urine of

19 healthy humans

Correlation (Spearman)

considering all subjects: hArg

vs ADMA: r = 0.475,

P = 0.040; hArg vs SDMA:

r = 0.625, P = 0.004; ADMA

vs SDMA: r = 0.682,

P = 0.001; ADMA vs DMA:

r = 0.604, P = 0.006; SDMA

vs DMA: r = 0.653, P = 0.002
a Mann–Whitney t test between

males and females

hArg ADMA SDMA DMA Age (years) BMI (kg/m2) hArg/ADMA

Males

50.5 2.97 4.08 38.6 28 19.0 0.017

84.5 2.94 3.08 35.7 25 24.8 0.028

43.2 2.63 3.05 25.2 60 24.0 0.016

70.3 2.43 3.33 35.4 47 20.1 0.029

124.6 2.73 4.55 38.9 42 26.4 0.046

221.1 3.44 4.95 36.5 50 27.2 0.064

99.4 2.47 3.81 37.5 33 22.3 0.040

717.5 2.44 4.42 30.6 47 19.8 0.294

37.1 1.79 3.12 30.9 41 26.3 0.021

125.3 1.92 3.52 28.1 30 22.8 0.065

78.8 2.03 3.42 33.3 42 23.3 0.039

67.6 3.00 4.34 27.3 24 22.0 0.023

63.9 2.69 3.31 23.9 47 25.5 0.024

61.0 2.01 3.49 29.8 52 31.0 0.030

131 ± 176 2.54 ± 0.48 3.75 ± 0.62 32.3 ± 5.0 40.6 ± 11 23.9 ± 3.3 0.053 ± 0.071

Females

59.2 3.07 4.50 46.6 40 23.7 0.019

196.7 4.63 5.44 47.4 28 19.8 0.042

279.0 3.21 4.32 38.1 46 20.8 0.087

816.0 5.40 5.97 43.5 43 37.3 0.151

161.1 3.13 4.04 35.1 55 33.1 0.051

304 ± 300 3.89 ± 1.07 4.85 ± 0.82 42.2 ± 5.35 42.4 ± 9.8 26.9 ± 7.8 0.070 ± 0.051

P = 0.0702 P = 0.0035 P = 0.0296 P = 0.0142a P = 0.926a P = 0.711a P = 0.2114a

All

177 ± 219 2.89 ± 0.89 4.04 ± 0.82 34.9 ± 6.67 0.057 ± 0.066

Fig. 8 Concentration of hArg in pooled human plasma upon

incubation for 24 h at room temperature (RT) in the absence of

HCl (distilled water was used instead of 6 M HCl, RT/H2O), with

6 M HCl (RT/HCl) and for 24 h at 110 �C with 6 M HCl
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another L-arginine analog and inhibitor of NOS activity.

However, unlike ADMA (Horowitz and Heresztyn 2007;

Teerlink 2007), the blood concentration of hArg seems not

to be closely regulated. hArg blood concentrations in

healthy and diseased subjects measured by reliable ana-

lytical methods were found to vary considerable in the

range 0.5–5 lM. Given the emerging importance of hArg

as a cardiovascular risk factor, our group aimed at devel-

oping sensitive and reliable analytical methods for the

accurate quantification of hArg in biological samples

including human plasma and urine. In this article, we report

on the development and validation of GC–MS and GC–

MS/MS methods for the precise and accurate quantitative

determination of hArg in biological samples. This method

was validated for human and urine samples. Its applica-

bility is extendable to other biological samples such as

saliva after appropriate treatment and in extracellular fluids

that can be obtained by microdialysis techniques (data not

shown).

The GC–MS-based methods involve a two-step deriva-

tization procedure and the de novo synthesis of deuterium-

labeled hArg for use as IS (Fig. 2). In the first derivatiza-

tion step, the methyl esters of unlabelled hArg (d0Me-d0-

hArg) and deuterium-labeled hArg (d3Me-d0hArg) are

prepared. In the subsequent second derivatization step, the

N-pentafluoropropionyl (PFP) derivatives are produced.

Our results suggest that the a-amino group and the two

guanidine amino groups are N-pentafluoropropionylated.

Thus, the final derivatives are d0Me-(PFP)3-d0hArg and

d3Me-(PFP)3-d0hArg. Similar procedures have been shown

to be useful for the GC–MS analysis of Arg (Tsikas et al.

2003; Albsmeier et al. 2007). However, because the con-

centrations of hArg in plasma and urine are several times

lower than those of Arg, thorough examination of the

utility of existing methods to hArg measurement was

required. Our results show that, due to the 15 strong

electron-capturing fluorine (F) atoms of d0Me-(PFP)3-d0-

hArg and d3Me-(PFP)3-d0hArg, ionization in the ECNICI

mode produces anions in such high yield that sensitive and

reliable quantitative measurement of hArg by GC–MS and

GC–MS/MS is possible in very small volumes (routinely,

10 lL) of plasma ultrafiltrates and native urine samples.

The HCl-catalyzed methylation of the carboxylic group

of hArg in deuterium-labeled methanol (CD3OD) was

found to be excellently suitable for de novo synthesis of

d3Me-d0hArg and its use as an IS for the quantitative

determination of hArg in human plasma and urine samples

by GC–MS and GC–MS/MS when analyzed as methyl

ester pentafluoropropionyl derivatives. Alternatively, de

novo synthesized d3Me-d0Arg or commercially available

stable isotope-labeled analogs of arginine such as [guani-

dino-15N2]arginine should be useful as ISs for hArg. The

results of our comparison studies on a large number of

plasma samples, i.e., the measurement of hArg by GC–MS

in the SIM mode and by GC–MS/MS in the SRM mode,

demonstrate that hArg can be quantitated in small volumes

of human plasma and urine by GC–MS as accurately and

precisely as by GC–MS/MS.

It is well known that the concentration of many bio-

molecules may differ between plasma and serum, i.e., may

depend on coagulation or anticoagulation. This is true for

Arg of which the serum concentration is considerably

higher than in plasma obtained from blood of human sub-

jects, while ADMA concentrations are virtually identical in

A

B

C

Fig. 9 Comparison between GC–MS and GC–MS/MS for the

analysis of hArg in unspiked plasma samples of 369 humans (a,

b) and in 92 human plasma samples spiked with the hArg

concentrations indicated by arrows (c) by linear regression analysis

(a, c) and by the Bland–Altman method (b)
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human plasma and serum (Teerlink 2007). In the present

study, we investigated this potentially important preana-

lytical issue for hArg. Our results show that with respect to

blood coagulation hArg ranks between ADMA and Arg.

Another possibly important preanalytical issue in amino

acid analysis is the ability of proteins to release their amino

acids upon chemical or enzymatic proteolysis. In this

regard, hArg resembles ADMA (Tsikas and Beckmann

2009; Tsikas et al. 2010). Quantitative hydrolysis of human

plasma proteins and subsequent analysis by GC–MS were

found to yield slightly higher hArg concentrations com-

pared to nonhydrolyzed plasma proteins. From the analyt-

ical point of view, acid-catalyzed hydrolysis of proteins and

peptides present in human plasma are unlikely to contribute

to an appreciable extent to free hArg. From the biological

standpoint, this issue remains to be investigated in detail.

The method, we reported in this article, provides hArg

concentrations in human plasma and urine which are in

accordance with hArg concentrations measured by others

cited in this article. Our observations indicate that the

procedures previously found by us to be optimum for

ADMA are equally useful for hArg. This is most likely due

to comparable concentrations of ADMA and hArg in

human plasma and serum, which are several times smaller

compared to Arg. In principle, Arg, hArg, ADMA and

SDMA can be quantitated in a single run by GC–MS after a

two-step derivatization procedure as described in this work.

However, because of the higher Arg concentrations atten-

uation of the detector sensitivity is required for Arg ana-

lysis. Yet, this can be easily accomplished by modern GC–

MS and GC–MS/MS instruments.

Conclusions

The GC–MS and GC–MS/MS methods reported in this

article allow for accurate, precise and sensitive quantitative

determination of homoarginine in various biological sam-

ples including human plasma and urine. Our current

investigations indicate that these methods are a useful

analytical tool in basic and in clinical research of hArg, an

emerging cardiovascular risk factor. In healthy humans, the

concentration of hArg in plasma and urine lies in the lowest

lM-range. In healthy adult subjects, the hArg/ADMA ratio

in plasma/serum is of the order of 5:1 (Tsikas and Kaya-

celebi 2014), while the hArg/ADMA ratio in the urine is of

the order of 1:20. Obviously, the body seeks to save hArg

and to eliminate ADMA, most likely because hArg is uti-

lized in important pathways which are still undiscovered.
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Fischer J, Winkelmann BR, Böhm BO, Ritz E, Wanner C (2010)

Homoarginine, cardiovascular risk, and mortality. Circulation

122:967–975

Moali C, Boucher JL, Sari MA, Stuehr DJ, Mansuy D (1998)

Substrate specificity of NO synthases: detailed comparison of L-

arginine, homo-L-arginine, their N omega-hydroxy derivatives,

and N omega-hydroxynor-L-arginine. Biochemistry 37:10453–

10460

Moali C, Brollo M, Custot J, Sari MA, Boucher JL, Stuehr DJ,

Mansuy D (2000) Recognition of alpha-amino acids bearing

various C = NOH functions by nitric oxide synthase and

arginase involves very different structural determinants. Bio-

chemistry 39:8208–8218

Moncada S, Higgs A (1993) The L-arginine-nitric oxide pathway.

New Engl J Med 329:2002–2012

Pilz S, Tomaschitz A, Meinitzer A, Drechsler C, Ritz E, Krane V,

Wanner C, Bohm BO, März W (2011) Low serum homoarginine

is a novel risk factor for fatal strokes in patients undergoing

coronary angiography. Stroke 42:1132–1134

Ryan WL, Wells IC (1964) Homocitrulline and homoarginine

synthesis from lysine. Science 144:1122–1127

Ryan WL, Johnson RJ, Dimari S (1969) Homoarginine synthesis by

rat kidney. Arch Biochem Biophys 131:521–526

Schwedhelm E (2005) Quantification of ADMA: analytical

approaches. Vascular Med (London, England) 10(Suppl

1):S89–S95

Schwedhelm E, Maas R, Tan-Andresen J, Schulze F, Riederer U,
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