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Abstract: Methyl arginine derivatives such as asymmetric
dimethylarginine (ADMA), symmetric dimethylarginine
(SDMA), L-N-monomethyl arginine (L-NMMA) are formed
by proteolytic catalysis following methylation of arginine
residues in proteins. These metabolites reduce NO pro-
duction. Methylated arginines are an important biomarker
for various diseases such as cardiovascular and renal dis-
eases. Therefore, many methods have been developed to
reliably and accurately measure the levels of these me-
tabolites. This review, HPLC and LC-MS/MS methods
developed for the measurement of methylarginine de-
rivatives are discussed. In HPLC methods, solid phase
extraction, derivatization and subsequent separation by
reverse phase chromatography were performed. Since
these metabolites are polar, they are difficult to retain in
conventional reverse phase columns. In addition, as serum
levels of these metabolites are low, sensitivity problems
have been observed in HPLC methods. Derivatization has
been applied to eliminate these problems. However, there
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have been problems with the stability of derivatives
formed. Another important problem is that the separation
of stereoisomer ADMA and SDMA can only be achieved
chromatographically. Tandem mass spectrometric
methods are accurate, selective, sensitive and rapid since
analytes are separated depending on m/z ratios rather than
chromatographic separation. Therefore, tandem mass
spectrometry methods might be considered as the goal
standard for these analytes.

Keywords: chromatography; methodology; methylated
arginine; nitric oxide; tandem mass spectrometry.

0z: Asimetrik dimetilarjinin (ADMA), simetrik dimeti-
larjinin (SDMA), L-N-monometil arjinin (L-NMMA) gibi
metil arjinin tiirevleri, proteinlerdeki arjinin rezidiilerinin
metilasyonunu takiben proteolitik katalizleri ile olusmak-
tadir. Bu metabolitler NO iiretimini azaltir. Metillenmis
arjininler kardiyovaskiiler ve renal hastaliklar gibi ¢esitli
hastaliklar icin énemli bir biyobelirtectir. Bu nedenle, bu
metabolitlerin seviyelerini giivenilir ve dogru bir sekilde
Ol¢mek icin bircok yontem gelistirilmistir. Bu derlemede,
metilarjinin tiirevlerinin 6l¢limii icin gelistirilen HPLC ve
LC-MS / MS yontemleri tartisilmistir. HPLC yontemlerinde
kat1 faz ekstraksiyonu, tiirevlendirme ve bunlar takiben
ters faz kromatografisi ile ayrim uygulanmistir. Bu meta-
bolitler polar oldugundan, geleneksel ters faz kolonlarinda
tutulmasi zordur. Ayrica, bu metabolitlerin serum seviye-
leri diisiik oldugundan, HPLC yotntemlerinde duyarlilik
problemleri go6zlenmistir. Bu sorunlan gidermek icin
tlirevlendirme uygulanmistir. Bununla birlikte, olusan
tlirevlerin stabilitesi ile ilgili sorunlarla karsilasilmistir. Bir
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baska 6nemli problem, sterecizomer ADMA ve SDMA’nin
ayrilmasinin sadece kromatografik olarak gerceklestirile-
bilmesidir. Tandem kiitle spektrometrik yontemler dogru,
selektif, hassas ve hizlidir, ciinkii analitlerin ayrimi kro-
matografik ayrim yerine m / z oranlarina bagh olarak ger-
ceklesmektedir. Bu nedenle, tandem kiitle spektrometrisi
yontemleri bu analitler igin altin standart olarak kabul
edilebilir.

Anahtar Kelimeler: kromatografi; metillenmis arjininler;
metodoloji; nitrik oksit; tandem kiitle spektrometri.

Introduction

The formation, metabolism and elimination
of methylated arginines

Arginine is a conditional essential amino acid and is
involved in many important biological processes. Main
metabolic pathways involved arginine: (1) protein synthe-
sis; (2) nitric oxide (NO) and citrulline synthesis via the
nitric oxide synthase (NOS) pathway; (3) ornithine and
urea synthesis through arginase 1 in the urea cycle; (4) the
formation of methylated arginine derivatives; (5) synthesis
of ornithine, proline, glutamate through the arginase 2; (6)
synthesis of polyamines and creatine [1]. Methylation of
arginine residues in proteins is one of the post-
translational modification mechanisms of proteins that
affect important cellular functions in eukaryotic cells [2].
These reactions are catalyzed by the transfer of the methyl
group from S-adenosine methionine (SAM) to the guani-
dine groups of arginine residues through enzymes called
protein-arginine methyl transferase (PRMTs) [3]. Asym-
metric dimethyl arginine (ADMA), symmetrical dimethyl
arginine (SDMA) and N-monomethyl-L-arginine (L-NMMA)
are released to cytosol by proteolytic catalysis of methyl-
ated proteins [4]. The molecular structures of arginine,
ADMA, SDMA and L-NMMA are shown in Figure 1 [5].

To date, nine human PRMT genes have been cloned,
and these enzymes have been classified as those with type
1, type 2 and type 3 activity. Type 1 PRMTs are responsible
for the production of ADMA and L-NMMA, while Type 2
PRMTs are responsible for the production of SDMA and
L-NMMA [6]. The plasma concentrations of ADMA are
variable and are associated with cardiovascular diseases or
many other conditions. In a healthy person, 60 mg of
ADMA is produced daily, and other methylarginine de-
rivatives are 20-50% of ADMA [7]. ADMA is removed from
the body through catabolism and renal excretion. Two
catabolic pathways have been defined for methylarginines.
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Figure 1: The molecular structures of arginine, ADMA, SDMA and
L-NMMA [5].

The first is the pathway catalyzed by the dimethylamino-
hydrolase (DDAH) enzyme, which is specific for L-NMMA
and ADMA, and the second is the transamination pathway
catalyzed by alanineglyoxylate aminotransferase 2
(AGXT2), which contributes to asymmetric as well as
symmetric methylarginines [8]. While ADMA and L-NMMA
are mainly metabolized to citrulline and monomethyl-
amine or dimethylamine by DDAH, a small amount is un-
dergoing renal elimination [9]. The DDAH enzyme has two
isoforms, DDAH1 and DDAH2, and the ADMA metabolism
rate of DDAH?2 is 70 times less than DDAH1 [10]. SDMA is
almost exclusively removed by renal excretion, so it is
considered an endogenous indicator of renal function [11].
The metabolism of ADMA, SDMA and L-NMMA, which are
derivatives of methylarginine, are shown in Figure 2.

The role of methyl arginine derivatives in the
regulation of NO production

Vallance et al. showed for the first time in 1992 that ADMA
inhibits NO synthesis and is higher in end-stage kidney pa-
tients than the control group. This study has been a milestone
and after these findings, many studies on ADMA and NO
pathways have been conducted [12]. Endothelium-derived
NO is synthesized from L-arginine through the endothelial
isoform of the NOS (eNOS) enzyme. eNO relaxes vascular
smooth muscles and regulates blood pressure, suppresses
vascular disease processes involving leukocyte adhesion and
platelet aggregation and it is important in vascular regener-
ation [13]. ADMA and L-NMMA are endogenous competitive
inhibitors of the eNOS enzyme. SDMA decreases NO pro-
duction by competing indirectly with the uptake of arginine
into endothelial cells and re-absorption in the kidney without
directly inhibiting NOS [14]. Plasma L-NMMA concentrations
are approximately 10% of ADMA, so ADMA is considered a
major endogenous NOS inhibitor, therefore ADMA is a strong



DE GRUYTER

PRMT’s
—_—

NOSl /
NO and citrulli\

Proteins Methylated arginine residues

Proteolysis J/

ADMA, L-NMMA ] [ SDMA ]

DDAH l

Methylamines and citrulline

Arginine

and independent risk factor for cardiovascular diseases and
in the presence of cardiovascular risk factors [15]. In addition
to eNOS, ADMA inhibits two other isoforms of NOS, neuronal
and inducible NOS (nNOS and iNOS). Although the effect of
ADMA on NO synthesis inhibition has been well studied in
cells, data on purified enzymes are few and contradictory.
Komori reported that ADMA has a weak inhibitory effect on
iNOS and nNOS (Ki > 300 pmol/L in both cases) [16]. However,
later studies have revealed that ADMA strongly inhibits the
nNOS enzyme with 0.4 umol/L Ki and 1.5 pmol/L IC50 values.
It has been shown to be a weak competitive inhibitor of eNOS
enzyme with 3.9 pmol/L Ki and 12 pmol/L IC50 values [17]. Its
experimental application as a tool to modulate NOS activity is
very limited.

As mentioned above, ADMA is known to damage
vascular integrity through NOS inhibition. However, it is
known that NOS activity is also influenced by the con-
centration of extracellular arginine, the substrate of NOS.
As a result, the level of arginine can modulate the inhibi-
tory effect of ADMA. Therefore, the plasma Arginine/ ADMA
ratio may be a better indicator for the risk of atheroscle-
rosis. In various studies, Arginine/ADMA ratio has been
shown to be related to impaired organ function, cardio,
cerebrovascular diseases and mortality [18].

Relationship between diseases and
methylated arginines

Many studies on ADMA have been conducted and
increased ADMA levels have been reported in many dis-
eases such as atherosclerosis, hypertension, diabetes, in-
sulin resistance, preeclampsia, pulmonary hypertension,
stroke, chronic kidney diseases, chronic heart failure,
fibrotic disorders and Alzheimer [19, 20].

Nitric oxide is a major endothelium-derived vasoactive
substance and plays an important role in the regulation of
endothelial homeostasis. Low NO levels are associated with
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Figure 2: The metabolism of ADMA, SDMA and
L-NMMA, which are derivatives of methyl-

Renal excretion arginine.

impaired endothelial function. ADMA is a non-selective in-
hibitor of NO production. Thus, increased ADMA levels have
been reported in cardiovascular diseases such as coronary
artery disease, peripheral arterial disease, chronic heart
failure, pulmonary hypertension, stroke, hypertrophic
cardiomyopathy, pre-eclampsia and in the presence of car-
diovascular risk factors such as hypercholesterolemia,
hypertension, hyperhomocysteinemia, tobacco exposure,
hyperglycemia and insulin resistance [21]. Increased meth-
ylated arginine levels have been found in masked hyper-
tension [22, 23]. In addition to that poor sleep quality has
been associated with increased ADMA levels in normoten-
sive patients with type 2 diabetes mellitus [24].

Approximately 20% of ADMA and L-NMMA produced
daily are undergoing renal elimination with urine. The
remaining part is metabolized by DDAH and AGXT2 en-
zymes. Both enzymes are expressed in the kidneys. In sum-
mary, the kidneys have an important role in the excretion of
ADMA and L-NMMA through urine and their metabolism
through these enzymes. Almost all of the SDMA is under-
going renal elimination. Thus, elevated methylarginine
levels have been reported in chronic kidney disease [25].

ADMA has also been reported to be involved in the
pathogenesis of neurodegenerative diseases. Studies have
reported that ADMA levels increase in diseases such as
Alzheimer [19] and Parkinson [26]. Although this condition
is thought to be related to impaired cerebral circulation and
vascular endothelium dysfunction, its exact mechanism
has not been elucidated yet.

In addition, studies have shown that plasma ADMA
levels increase with age. Although this is thought to be
associated with decreased DDAH activity with age, there is
no study to evaluate DDAH activity in the elderly yet.
Moreover, ADMA clearance may be secondary to a decrease
in GFR and/or the number of tubular cells containing
DDAH as a result of renal tissue involvement with age [27].

It is thought that dysregulation of NO metabolism may
initiate coagulation anomalies, platelet activation, local
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expression of adhesion molecules and inflammatory me-
diators by promoting endothelial damage. Therefore,
increased ADMA, which play a role in NO metabolism, are
also associated with inflammatory diseases such as anky-
losing spondylitis [28], rheumatoid arthritis [29], ulcerative
colitis and Crohn’s disease [30]. However it has been
also suggested by increasing in ADMA levels by age plays a
role in the decrease of inflammatory attacks in Behcet
disease [31].

Thyroid hormones play an essential role in the regu-
lation of cardiac function and cardiovascular hemody-
namics [32]. Even minor changes in the reference range of
thyroid hormones are associated with an increased risk of
cardiovascular disease [33]. ADMA and L-NMMA is an in-
dependent risk factor for cardiovascular diseases [34]. In
studies based on these findings, increased ADMA levels
have been reported in both hypothyroidism and hyper-
thyroidism [35, 36].

Recent studies have shown that plasma ADMA levels
are elevated in various types of cancer, such as lung,
cancer, gastric cancer, breast cancer, colon cancer, he-
matological malignancies. ADMA is mainly metabolized
through DDAH and increased expression of DDAH-1 has
been shown to promote tumor growth in in vivo studies.
Therefore, although it is thought that dysregulation in the
DDAH/ADMA/NO pathway may be related to tumor
development, its mechanism has not been fully elucidated
yet [37].

Increased levels of methylated arginines were also
shown associated with cardiovascular disease in the
environmental toxicology studies. Increased methylated
arginines have been found in manganese exposed welders
[38], cadmium exposed people [39] and in trichloroethy-
lene exposure [40].

Analysis of methylated arginines

To date, many methods have been developed that allow
the measurement of methyl arginines in urine, serum,
plasma, tissues. These methods include high-performance
liquid chromatography (HPLC), enzyme-linked immuno-
sorbent assay (ELISA), capillary electrophoresis (CE),
gas chromatography-mass spectrometry (GC-MS), liquid
chromatography-mass spectrometry (LC-MS), liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
[41]. Although ELISA methods allow a large number of
samples to be run in a short time, the risk of cross reactivity
is high and ADMA values are approximately 20-50%
higher than chromatographic methods. Although GC-MS
methods provide good separation between ADMA and
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SDMA, it requires various extraction and derivatization
steps, and pretreatment steps take approximately 2.5-3 h
[42]. HPLC and LC-MS/MS based methods frequently used
biological fluid samples such as plasma, serum and urine
as the biological material for the measurement of methyl-
arginine derivatives, these methods have also been applied
successfully in tissue extracts, cell culture supernatants.

HPLC and LC-MS or LC-MS/MS measurement
methods for methylated arginines

Traditionally, amino acid analyses were performed after
post-column derivatization with ion-exchange chroma-
tography. Apart from amino acids, this technique has also
been used for post translational modified amino acids such
as ADMA and SDMA. However, the disadvantage of this
method is that long analysis times of up to 40 min are
required to provide sufficient resolution [5, 43].

Although many measurement methods have been
developed for ADMA and related metabolites in the process
until today, various difficulties have been encountered in
the measurement of these analytes. These difficulties are
result from not well retained in conventional RP columns
due to being polar compounds, difficult to separate due to
their physicochemical and structural similarities, differ-
ences in plasma concentrations, lack of chromophores that
enable their specific determination, thermally unstable
and non-volatile compounds. HPLC and LC-MS/MS are
among the most widely used among these methods. HPLC
and LC-MS/MS methods published for measurement of
ADMA and related metabolites are summarized in Tables 1
and 2, respectively.

Measurement methods have been developed using UV,
fluorescent and mass detectors for the determination of
ADMA and related metabolites. UV detectors provide
measurement based on the absorbance of the molecules at
a certain wavelength. Often the analysis of amino acid
levels is based on the light absorbance of the carboxyl
group at a wavelength of 200-210 nm. Amino acids with
benzene rings can be determined in the wavelength range
of 250-280 nm. In addition to amino acids, most organic
molecules provide strong UV absorbance at wavelengths
less than 210 nm. Therefore, determination of amino acids
with sufficient sensitivity and selectivity in UV detectors is
very difficult, and it is not possible to specifically define
ADMA, SDMA, arginine with HPLC-UV detector. Therefore,
fluorescent detectors have been widely used to provide
more specific and sensitive determination of the de-
rivatives of methylarginine. However, methylarginines do
not have an endogenous fluorescence character. Therefore,
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the use of a fluorescent chromophore will allow these
analytes to be detected in the fluorescence detector.
Analysis of low levels of molecules can be facilitated by
derivatization. So this step is a feature that increases
sensitivity. However, the formation of similar derivatives of
methylarginines has led to the problem of specificity in
fluorescent and UV detectors. On the other hand, the use of
mass spectrometers increased the analysis specificity by
allowing analytes to be determined according to mass to
charge (m/z) ratios and characteristic fragmentation pat-
terns, if any [43]. However, difficulties were encountered in
mass spectrometers in the separation of strict isobaric
molecules with the same molecular weight and chemical
formula. Succinic and methylmalonic acid are strict iso-
bars with the same chemical formula (C,H¢O,) and mo-
lecular weight (11,809 g/mol). Such compounds can not
only be distinguished by MS, often MS is combined with a
separation method or tandem MS is used [96].

In HPLC-based methods derivatization was per-
formed in the pretreatment steps due to the poor retain of
polar compounds in reverse phase columns and lack of
intrinsic chromophores for these analytes. Various
methods have been developed for the analysis of these
analytes without derivatization to shorten the time
required for sample preparation. However, these polar
analytes are difficult to retain on RP columns, the sepa-
ration of ADMA and SDMA is insufficient, they have
poor peak shapes, high background noises and ques-
tionable quantitations [79]. The start of the analysis
process under high pressure with UPLC technology
and narrow diameter columns were able to solve some of
these problems. Derivatization increases the column
retention of the analytes, detectability and sensitivity
of analysis. Pre-column derivatization is commonly
used in chromatographic methods. For this purpose,
agents such as o-phthalaldehyde (OPA), naphthalene-
2,3-dicarboxaldehyde (NDA), o-phenylenediamine, AccQ-
FluorTM (6-aminoquinolyl-N-hydroxysuccinimidyl
carbamate), 4-fluoro-7-nitro-2,1,3-benzoxadiazole
(NBD-F), ninhydrin, phenylisothiocyanate have been
used [44, 45, 51, 52, 63, 64]. Among these derivatives, OPA
is the most widely used. OPA has advantages such as its
ease of use, rapid derivatization reaction at room tem-
perature, giving clean chromatograms since itself is non-
fluorescent and it is a cost-effective reagent however, it
has some disadvantages [97]. OPA-based methods require
complex gradient systems to provide can separate ana-
lytes due to their poor selectivity. Therefore, the elution
time is long. Moreover, since the derivatives formed with
OPA are rapid decomposed, strictly standardized injec-
tion times are required [44, 66]. The reaction between OPA
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and amino acids depends on the presence of thiol groups.
For this purpose, both 2-mercaptoethanol (ME) and
3-mercaptopropionic acid (MPA) are used. In addition,
ME and MPA were added to increase the stability of
methylarginine OPA derivatives. However, OPA-ME de-
rivatives are quite unstable, and OPA-MPA derivatives
are much more stable. It has been shown that the peak
area of the OPA derivatives still decreases by 5-10% in
20-25 h and by 35% in 72 h. These reductions can affect
the precision and recovery of the method. Derivatives
formed with NDA are more stable than OPA. OPMA-ME and
OPA-MPA derivatives of ADMA are shown in Figure 3 [5].
The stability of NDA derivatives has been shown to
decrease by approximately 6% in 24 h and 13% in 72 h.
Also, in derivatization with NDA, ADMA and SDMA could
be separated without the risk of overlap. However, since
the chemical reaction is slower in derivatization with NDA
(20 min), longer incubation time is required than OPA
(1 min). [44, 64]. NBD-F is another fluorescent derivative
used in amino acid analysis. L-NMMA concentration is
lower than SDMA and ADMA. In previous studies, plasma
arginine, ADMA and SDMA concentrations of healthy vol-
unteers were reported to be approximately 65, 0.4 and
0.5 pM, while L-NMMA levels were reported to be approx-
imately 10% of ADMA [43]. Another problem with de-
rivatives with OPA is that OPA derivative intensities are
insufficient to detect methylarginines simultaneously.
NBD-F based methods have higher sensitivity and stability
than OPA. It has been shown that the peak area of the OPA-
mercaptopropionic acid derivatives still decreases by 5—
10% in 20—-25 h and by 35% in 72 h. NBD-F derivatives have
been shown to be stable for at least three days at room
temperature. Therefore, NBD-F derivatives are more stable
than others. At the same time, derivatization with NBD-F is
much more sensitive. In the method developed by Nonaka
et al. in derivatization with NBD-F, LOD values for
L-NMMA, SDMA, ADMA were 12, 20, 2 fmol respectively,

HN CH3 o] HN CHj
N N/
HO \ HO \
Z HN CHj; HN CHj
S S
— —
N N
. .
0] (0]
HO HO

OPA-ME derivative of ADMA OPA-MPA derivative of ADMA

Figure 3: OPMA-ME and OPA-MPA derivatives of ADMA [5].
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while for OPA derivatization these values were reported as
50-200 fmol [51]. Derivatives formed with AccQ-FluorTM
have been shown to be stable for up to one week at room
temperature. However, the disadvantage of this method is
that AccQ-FluorTM derivatization leads to a long chroma-
tography of up to 50 min [52].

In mass spectrometric methods, agents such as OPA,
NDA, butanol, danysl chloride were used as derivatives.
OPA derivatives have also been used in mass spectrometric
analysis, but SDMA and ADMA have been found to have
the same fragmentation pattern in ESI ionization. The most
popular approach in mass spectrometric methods is
butylation of amino acids to form butyl esters of the acid
residue [67]. Schwedhelm et al. published the first LC-MS
based method to separate butylated metabolites of meth-
ylated arginine’s by specific fragmentation pattern instead
of chromatographic separation [74]. Butylation and frag-
mentation pattern of Arginine, ADMA and SDMA are
shown in Figure 4.

Chromatographic separation of the derivatives of
methylarginine was generally performed using an isocratic
or gradient system using reverse phase chromatography.
Separation of methylarginine derivatives can be achieved
under reverse phase chromatography conditions with
analytical columns packed with octadecyl silica or phenyl
silica [40]. Reasonable retention of non-derivatized amino
acids in phenyl reverse phase columns, as in C18 columns,
can only be achieved with high aqueous content in the
mobile phase. Phenyl-type columns provide complemen-
tary selectivity by providing pi-pi interaction [99]. These
columns have been used especially for the separation of
positional isomers tocopherols, flavonoids, polynuclear
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aromatics and nitroaromatic compounds, active pharma-
ceutical ingredients (APIs) and related compounds [100].
In C18 columns, the OPA derivative of ADMA is eluted
before SDMA, whereas in the phenyl column this order is
inverted. The NDA derivatives showed the same elution
sequence in the phenyl column. Silica-based monolithic
columns have high permeability and can be operated at
higher flow rates. Comparing conventional RP columns
with monolithic columns, the retention time of OPA
derivatives was reduced by two times without loss of
resolution [41]. Hydrophilic interaction liquid chroma-
tography (HILIC) column technology has also been tried
as the separation and retention of analytes in traditional
RP columns is poor. HILIC column is a variation of
normal phase chromatography. The main difference
between normal phase and HILIC is the separation
mechanism and mobile phase. While 100% organic
mobile phase is used in normal phase, HILIC uses
organic mobile phases that can be mixed with water.
However, HILIC methods generally require longer col-
umn equilibration, and sometimes poor retention and
peak shape can be seen in this method [70].

Complex gradient systems have been implemented
that can extend the elution time up to 70 min in order to
enable separation of analytes. In addition to derivatiza-
tion in the pretreatment steps of HPLC and LC-MS/MS
methods, processes such as SPE, protein precipitation,
evaporation and ultrafiltration were applied to prevent
the interfering effect of other components in the sample
matrix, such as proteins. Precipitation was generally
achieved with 5-sulfo salicylic acid, methanol, ethanol,
acetonitrile.

—l m/z 259

m/z 228

Figure 4: Butylation and fragmentation pattern of Arginine, ADMA and SDMA. Butylation and fragmentation pattern of Arginine, ADMA and

SDMA showed in Figure 4 [98].



DE GRUYTER

Another problem in the correct quantitation of methyl-
arginines is the internal standard selection. It is widely used
in HPLC methods as the internal standard of homoarginine.
However, the use of homoarginine an endogenous com-
pound as an internal standard may lead to a systematic error
in the measurement. Again, the use of homologs as an in-
ternal standard is another problem. When these molecules
that are chemically different from analytes are used, they
possess potentially different behaviors during the sample
preparation stages. These differences are matrix dependent
and may also lead to systematic error. The most correct
approach to eliminate such problems is the use of stable-
isotope labeled analogs as internal standards [43].

A critical point in the HPLC method is the separation of
ADMA and SDMA. Schwedhelm et al. and Martens-
Lobenhoffer et al. overcame this problem with the use of
tandem mass spectrometry. Schwedhelm et al. has enabled
the separation of methyl arginine derivatives through a
specific fragmentation pattern instead of chromatographic
separation. In this method, specific ion transitions of m/
2 259.3 — 214 and m/z 259.3 — 228 were used for the ester
derivatives of ADMA and SDMA, respectively. These frag-
ment ions related to the neutral loss of dimethylamine and
methylamine, respectively, Martens-Lobenhoffer et al.
used 46.1 fragment ions formed by the loss of dimethy-
lammonium ion for ADMA, and 172.1 fragment ions formed
due to the neutral loss of methylamine for SDMA in the
fragmentation pattern [72,74].

Conclusion

ADMA and L-NMMA reduce the production of NO by
inhibiting the NOS enzyme, while SDMA inhibits the up-
take of arginine, the substrate of this enzyme, into cells.
Therefore, ADMA and related metabolites are an important
risk factor for inflammatory, renal and neurodegenerative
disorders, especially cardiovascular diseases. Various
HPLC, GC-MS, CE, ELISA, LC-MS, LC-MS/MS methods have
been developed to measure the level of these metabolites in
serum, plasma, urine, tissue, and cell culture samples.
Among these methods, HPLC methods are common.
Although many measurement methods have been devel-
oped for ADMA and related metabolites, various diffi-
culties have been encountered in the measurement of these
analytes. These difficulties are result from not well retained
in conventional RP columns due to being polar com-
pounds, difficult to separate due to their physicochemical
and structural similarities, differences in plasma concen-
trations, lack of chromophores that enable their specific
determination, thermally unstable and non-volatile
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compounds. In order to increase the sensitivity of the
analysis, to ensure the retention of the compounds in
conventional reverse phase columns, to increase detect-
ability, derivatization with agents such as OPA, NDA,
NBD-F, AccQ-FluorTM was performed in HPLC methods.
However, in these methods, complex gradient systems that
require long elution times have been used to ensure the
separation of ADMA and SDMA. The stability problems due
to the derivatives formed have disrupted the precision and
recovery of the analysis. In studies conducted with HPLC
methods, it has been reported that there are stability
problems in OPA derivatives, NDA derivatization incuba-
tion time is relatively long, and AccQ-FluorTM causes long
chromatogram. It has been reported that the derivatives
formed with NBD-F are stable for at least three days at room
temperature, the incubation time is short (about 3 min),
and the sensitivity of NBD-F based methods is higher than
other derivatives. When HPLC methods applied to date are
evaluated, separation with conventional C18 columns may
be ideal following solid phase extraction followed by pre-
column derivatization with NBD-F. However, LC-MS/MS is
considered the gold standard in the analysis of these me-
tabolites. The sensitivity and selectivity of LC-MS/MS is
very good compared to HPLC methods. In LC-MS/MS based
methods, these metabolites could be separated by HILIC
column technology following protein precipitation without
derivatization using specific fragmentation pattern. How-
ever, HILIC columns often require long column equilibra-
tion and problems have been observed due to poor
retention of analytes, peak shapes, poor separation of
ADMA and SDMA. In LC-MS / MS based methods, deriva-
tization has been widely applied to further increase the
sensitivity of analysis, to facilitate separation of ADMA and
SDMA, and to increase column retention of analytes. In
LC-MS / MS based methods, butanol derivatization has
been widely applied following protein precipitation. With
butanol derivatization, it was possible to sensitively and
economically analyze a large number of metabolites such
as ADMA, SDMA, L-NMMA, arginine, ornithine, citrulline,
with an average run time of as little as 5 min after an in-
cubation of 20 min.
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Cikar Catismasi: Yazarlar bu yazinin icerigiyle ilgili
herhangi bir ¢ikar catismasi olmadigini beyan eder.
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