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Abstract

This review briefly summarizes recent progress in fundamental understanding and analytical profiling of the L-arginine/nitric oxide (NO) pathway.
It focuses on key analytical references of NO actions and the experimental acquisition of these references in vivo, with capillary electrophoresis
(CE) and high-performance capillary electrophoresis (HPCE) comprising one of the most flexible and technologically promising analytical platform
for comprehensive high-resolution profiling of NO-related metabolites. Another aim of this review is to express demands and bridge efforts of
experimental biologists, medical professionals and chemical analysis-oriented scientists who strive to understand evolution and physiological roles
of NO and to develop analytical methods for use in biology and medicine.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Avalanche of findings triggered by the discovery of nitric
oxide (NO) signaling in the mammalian circulation [1] exposes
afundamental role of this versatile free radical as essential inter-
mediate of intra—extra-cellular signaling and a key factor of
endogenous toxicity [2,3], apoptosis [4,5] and pathogen-induced
cellular defense [6-9]. It has been recognized that NO missions
in signaling and toxicity have emerged with earlier life [10] and
were greatly diversified on acquisition of aerobic metabolism.
NO has been recruited as a primary and auxiliary signal mes-
senger by virtually all life forms and a variety of biological
mechanisms ranging from quorum sensing and metabolic sui-
cide in bacteria [11,12] to immune responses [13] and memory
formation in human [14-16]. Remarkable progress has been
made to understand structure and chemistry of NO-mediated
reactions. However, concentrations, gradients, time of life and
spatial profile of NO messengers, substrates and products in
biological systems and biological processes often remain vague.
These values remain to be difficult to obtain directly with accept-
able temporal and spatial resolution.

Detection and quantification of NO are especially complex
tasks. NO has small active concentrations, moderate stability and
high reactivity with biogenic free radicals, metal coordinating
molecules and other biogenic-active species in vivo. These bio-
logical factors together result in short time of life and complex
analytical signature of this molecule. Nevertheless, important
roles of NO in human health and animal physiology have gen-
erated a strong persistent effort to determine NO in biological
matrices, leading to the development of a variety of direct and
indirect analytical assays. Many of these approaches require
resources which exceed analytical expertise and instrumental
capacity of a universal biological laboratory accumulating sys-
tematic understanding of mechanisms of action of NO. It is
essential to consider that after 19-year expansion of NO research,
the availability of an easy accessible and comprehensive ana-
lytical tool for evaluation of substrates and products of NO
metabolism in biological matrices remains to be a key limitation.

NO is a short-lived species; however, evident synergy of
several reciprocally coupled redox cascades in a circulating

NO pool revealed over the last decade suggests the existence
of a coordinated network of enzymatic, non-enzymatic and
membrane transport events which together integrate NO recy-
cling/buffering system and lead to essential homeostasis of
a NO pool in spatial and temporal dimension. This system
remains to be resolved theoretically and practically on acqui-
sition of new data on reversible and irreversible interactions
of NO and proximal NO metabolites with its molecular envi-
ronment. Several new ideas about reactive nitrogen species
(RNS) mediated NO actions in biological systems have also
raised demand for new analytical parameters. These analytes
are becoming increasingly important to refine understanding of
NO-mediated mechanisms, and perhaps would be absolutely
necessary for understanding exact scenarios of NO actions.
An expanding set of such biochemical parameters includes
NO, nitrite, nitrate, higher nitrogen oxides, L-arginine and
its dimethylarginine analogs, L-citrulline, small and peptide-
incorporated nitrosothiols, and a variety of nitrated aromatic
motives closely interacting in biological matrices. Several cap-
illary electrophoresis (CE) applications have recently been
developed that address each of these analytes in biological matri-
ces. However, primary effort and progress has been made to
determine nitrite and nitrate which are currently considered as
the most important members of the L-arginine/NO pathway ana-
lyzed by CE. The determination of the NO metabolites nitrite
and nitrate in relevant biological matrices is emphasized in
the present review. Other members of the L-arginine/NO fam-
ily which are not derived from NO, such as L-arginine and its
dimethylarginine analogs, will also be addressed in this work.
For simplicity, these analytes, nitrite and nitrate will be collec-
tively named NO metabolites.

2. Biological properties of NO pathways

NO is a free radical gas which is produced and circulated in
biological systems as an average result of NO-generating and
NO-scavenging pathways (Fig. 1). NO diffuses freely through
cellular membranes and cytoplasm and interacts with redox
components of biological matrices. It triggers specific signal-
ing cascades and mediates translational and posttranslational
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Fig. 1. Simplified schematic of the L-arginine/NO pathway along with key
analytical references. Enzymatic components are shown as a black box with
white text. NO metabolic references are indicated by gray background boxes.
ASL, arginine succinat lyase; DDAH, dimethylarginine dimethylaminohydro-
lase; NRA, nitrite reductase activity; CC, citrate cycle; UC, urea cycle; 3-ntY,
3-nitrotyrosine; N-ntW, N-nitrosotryptophan; ADMA, asymmetric dimethy-
larginine; RSNO, S-nitrosothiols; PRMT, protein-arginine methyltransferase.

changes of enzymatic activity directly or via RNS. It may also
interact with biogenic free radicals as a potent protective free rad-
ical scavenger/terminator and antioxidant or as a radical-induced
toxicity-amplifying precursor. It may escape rapid oxidative fate
by binding to metalloporphyrins and thiol and aromatic moieties
of proteins and small molecules which together level, extend
and buffer NO activity in spatial and temporal dimensions. NO
autooxidizes to nitrite. NO and nitrite are enzymatically oxi-
dized in erythrocytes to nitrate which may undergo ion transport
and renal excretion. Understanding oxygen-induced and redox-
dependent reactions of NO along with kinetic and capacity of
NO-producing cascades is essential for the quantification of
L-arginine/NO pathway and validation of analytical results.

2.1. NO production

High-capacity production of NO in eukaryotic systems has
two dominant but not unique routes: (1) the primary produc-
tion is through enzymatic oxygenation of the guanidine group
of L-arginine to form NO and L-citrulline by a specific enzyme,
NO synthase (NOS) [17]; and (2) the secondary production is
through enzymatic reduction of nitrite [18,19] via nitrite reduc-
tase activity (NRA) of xanthine oxidase [20,21], mitochondrial
cytochrome complexes [22,23], deoxyhemoglobin [24-26] and
some NOS isozymes under anoxic conditions [27]. It is gen-
erally assumed that the primary NO synthesis from L-arginine
oxidation by NOS and followed by retrograde diffusion of the
gaseous messenger is responsible for focal “neurotransmitter-
like” actions of NO [28], as well as for pathogen-induced
escalation of cytotoxic defense [29]. In contrast, the secondary
NO formation route from nitrite anion is believed to be a basis
of tonic circulation and retrograde “hormone-like” action of NO

in organisms [30]. The latter also appears to be a fundamental
mechanism for recycling of NO in cell, tissue and whole organ-
ism [18,19]. Since NO synthesis from L-arginine oxidation and
nitrite reduction varies in time and space, the contributions of
both pathways should be considered in each particular bioana-
lytical scenario.

The capacity of intracellular NO synthesis depends on mul-
tiple factors (reviewed by Nathan and Xie [31]). It includes
transcriptional [32], translational and posttranslational [33-35]
regulations of NO-synthesis mechanisms, negative feedback
regulation of NOS by NO [36—-39], membrane transport of sub-
strates [40—43], intracellular metabolic recycling of substrates
[43-51], availability of molecular oxygen and cell respiration
[52-57], and intracellular redox state [58-60].

2.1.1. Enzymatic NO synthesis by NOS

The primary enzymatic NO production occurs in two consec-
utive monooxygenations of L-arginine to L-citrulline with a toll
of 1 L-arginine, 1.5 NADPH, 2 O; and typically 5 electron trans-
fer events [61] (Fig. 2). However, stoichiometry of entire process
may vary depending on the enzyme type, status and redox con-
ditions. It may involve either two- or one-electron oxidation in
the terminal reactions giving distinct nitroxy products [62,63].
Subsequent monooxygenation is catalyzed by an axially sym-
metrical homodimmeric NOS complex in which each subunit
collaborates with five essential cofactors—prosthetic groups:
FAD, FMN, iron coordinated haem, (6R)-5,6,7,8-tetrahydro-L-
biopterin (BH4) and Ca”*-calmodulin [64,65].

There are three well-characterized and functionally, morpho-
logically and structurally distinct NOS isoforms encoded by
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Fig. 2. Enzymatic NO production by NOS. In this reaction, one guanidino
nitrogen of L-arginine undergoes a five-electron oxidation via NOHLA (NS-
hydroxy-L-arginine) as the intermediate to yield one molecule of NO. PPrx-Fe,
iron coordinated proto-porphyrin XI, a prosthetic group which functions in the
turnover of L-arginine.
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Table 1

Summary of experimentally determined NOS kinetic parameters

Type Alias Form? Cam? Ca%+a Kﬁrg (LM) Kl(\),fo (LM)P VNO (mols~! g1
NOS1 nNOS c,m + + 1.5-3 400 [36] 1.6 x 1077 [76]
NOS II (HE)iNOS i,s + - 3-32 135 [36,78] 27 %1073

NOS III (u)eNOS c,m + + 3 4[36] 2.5x 1077

Type I like. mtNOS c,m + + 71791 7[79] 1.1x 1077 [34]
AtNOS1¢ plantNOS c,m + + 12.5 N.A. 8.3x 108 [77]
Type I like insectNOS c,m + + 2 N.A. 2

N.A.: not available.

 ¢: constitutive; i: inducible; m: membrane bound; s: soluble; Cam: calmodulin-dependent; Ca?*: calcium dependent.
b K, for purified enzymes in vitro; close values were reported in vivo, e.g., Kl(\),fo for NO synthase in the intact human lung was 190 pM [78].

¢ AtNOSI, Arabidopsis thaliana Nitric Oxide Synthase 1 [77].

three specific genes in mammals; these NOS isozymes are mem-
bers of the P450-containing monooxygenase system, which has
a subfamily of the P450 enzyme superfamily [66,67] at its core.
Earlier metazoan lineages obviously utilize a smaller number of
separate genes which, however, may expand to large isozymes
number through an alternative splicing of a pair of genes (e.g., in
genomic fishes and birds) or single gene (e.g., in genomic insects
and some other invertebrates) per genome. NOS expansion in
mammals is consistent with functional specialization of differ-
ent isoforms. Mammalian NOS I (neuronal, nNOS) and NOS
IIT (endothelial, eNOS or universal, uNOS) are constitutively
expressed. The constitutive isoforms (cNOS) generate NO in
the nanomolar range (Table 1). In contrast, NOS II (hepatocyte,
HE-NOS or inducible, iNOS) is transiently inducible on cellular
responses to some exogenous factors [32] and usually represents
aterminal unit of a Ca®*-driven up-regulation cascade. Inducible
isoforms generate a local NO pool in a micromolar range [68].
Names of NOS retrospect a location and action of particular
isozymes from earlier reports. Consequently, essentially broader
roles and distributions as well as synergetic activity of different
NOS isozymes were established. All NOS isoforms act under
tight transcriptional, translational and posttranslational control,
and likely participate in poly-enzymatic protein—protein interac-
tion domains [32,69,70]. A putative mitochondrial form of NOS,
mtNOS, has been recently reported ([34,71]; see also reviews
[72-74]). Apparently, mtNOS acts in close collaboration with
mitochondrial electron transport pathways; however, a unique
molecular identity and organelle assembling of such enzyme
has remained under consideration [75].

2.1.2. Enzymatic reduction of nitrogen oxides

The secondary NO production results from enzymatic reduc-
tion of nitrite which is catalyzed by a specific nitrite reductase
(NIR; presently identified in bacteria, fungi and plants [79])
or/and auxiliary NRA of multiple metalloenzymes in interac-
tion with reducing environments and electron transport cascades,
e.g., cytochrome oxidase in mitochondria, cytochrome P-450 in
EPR, and deoxyhemoglobin in erythrocytes [19,80-82]. Enzy-
matic reduction of nitrite typically occurs with participation of
the electron donors NADH, NADPH, flavoproteins and some
other heme-containing proteins [19,23].

Enzymatic production of NO via NOS and NIR/NRA path-
ways is most capacitive and universal, but perhaps a very

small fraction in a variety of NO synthesis cascades. Alter-
native mechanisms of NO production exist in eukaryotic and
prokaryotic systems, and may occasionally become a dominant
mechanism of NO production under particular physiological
conditions. For example, a large pool of NO and nitrogen oxides
may be generated on symbiotic and pathogenic interactions of
organisms with prokaryotes which utilize specific nitrate/nitrite
reductase mechanisms [20,83]. Intriguing diversity of orphan
multi-copper proteins, which share a common ancestor with
prokaryotic NIR, also exists in metazoan organisms [79], but
the potential role of those enzymes in nitrite reduction catalysis
remains to be analyzed. Bacterial nitrate/nitrite reductase mech-
anisms also provide a “side-door” for bioavailable nitrogen in
nitrite/nitrate form escaping a identification cascade and being
recycled instead. In mammals, nitrate is generated on oxidation
of NO and nitrite. In general, nitrate is formed on interaction
of NO and nitrite with oxyhemoglobin or through some other
oxidation mechanisms. Nitrate is considered as irreversible loss
for NO recycling cascades, and is subsequently removed via
active transport and excretion in organisms [30]. In bacteria,
intracellular nitrate concentration is regulated by active mem-
brane transport and identification cascades [84]. However, in
hypoxic condition of upper alimentary canal, bacterial conver-
sion of dietary nitrate to nitrite may be a prevalent source of
nitrite and consequently of NO for proximal tissues and entire
organism [85,86]. For example, eNOS itself may effectively
reduce nitrite to NO under anoxic conditions [27], and similar
biases are quite possible in other tissues.

2.1.3. Non-enzymatic production of NO

In addition to the enzymatic NO production routes from
L-arginine and nitrite, several important non-enzymatic routes
which may account for burst of NO production in vivo have been
identified. These routes include spontaneous reduction of tissue
nitrite to NO under acidotic conditions, e.g., in the ischaemic
heart [87,88], and reaction between L- or D-arginine and some
arginine derivatives with hydrogen peroxide to form NO [89,90].
There are other “non-enzymatic” sources which may contribute
to the local levels of NO, although to a less extent and some
times in conquer to the enzymatic production. These include
spatial buffering and redistribution of NO and nitrite in organ-
isms via reversible interaction with circulatory proteins and cells
[30,91]. For example, NO may interact with haem-binding pro-
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teins in erythrocytes [26,92,93], other metal-binding proteins
of cells and plasma [94,95], as well as with sulthydryl (R-SH)
and aromatic (R, indole or phenol) [96-98] groups of proteins,
biopolymers and free amino acids (see also above).

2.2. NO precursors, metabolites and analytical references

Intracellular L-arginine and nitrite are major and essential
precursors of endogenous NO. Governing evidence suggests that
both NOS- and NIR/NRA-coupled NO production mechanisms
undergo substrate- and product-dependent modulations. The fact
that enzymatic availability of primary substrates is limited by
biological membranes, while gaseous product NO diffuses freely
in biological matrices, has important consequences for intracel-
lular and extracellular NO concentration and activity. It suggests
that both NO synthesis pathways may rapidly consume sub-
strates which are available in a frame of substrate diffusion
domain and respectively may release NO only in equilibrium
with a passive or, most likely, active delivery of the substrates,
e.g., via specific membrane transport of nitrite, L-arginine or its
metabolic precursors. Depletion of NO substrates at the cellu-
lar level is partly compensated by substrate recycling cascades.
For example, L-citrulline conversion to L-arginine in the urea
cycle may act as substrate-recycling mechanism for NOS. Enzy-
matic conversion of intracellular NO to nitrite anion provides
substrate for NRA pathways and also reduces loss of NO on dif-
fusion of this molecule out of cell. Both, nitrite generation and
L-arginine synthesis de novo would stabilize an intracellular NO
pool. Obviously, specific transporters and substrate-recycling
mechanisms act in synergy as a NO-generated and NO-regulated
metabolic network.

2.2.1. NOS substrate, L-arginine

L-Arginine is a primary substrate of the NOS-mediated
biosynthesis of NO. It has higher affinity to NOS-reactive cen-
ters and apparent selectivity to generate NO in comparison to
other guanidine group-containing substrates [61]. It also partici-
pates in protein synthesis and detoxification of ammonia formed
during the nitrogen catabolism of amino acids (urea cycle).
In addition, L-arginine serves as a metabolic precursor in the
formation of creatine, polyamines, the excitatory neurotrans-
mitter L-glutamate, the neuromodulator L-proline, the putative
neurotransmitter agmatine, and the putative immunomodulator,
arginine-containing tetrapeptide tuftsin. On apparent bottleneck
in the L-arginine anabolism, L-arginine is usually considered to
be a conditionally essential amino acid in specific tissues of adult
organisms and an essential amino acid in developing organisms.
Such an essentiality profile at the level of individual cells is often
associated with constitutive or inducible NOS activity.

Normal vL-arginine concentrations in human and animals
plasma vary from 60 to 250 uM [99]. It is present in endothelial
and neuronal cells at relatively steady state high concentra-
tions of up to 1-2mM [100,101], which implies existence
of an active and regulated transport system. The intracellu-
lar L-arginine pool is generated by mean activity of protein
digestion/synthesis pathways, amino acid metabolism [102],
and secondary plasma membrane transporters. First two sources

have been reported to be often insufficient to satisfy NO pro-
duction demands [103]. L-Arginine has been shown to be a
key or preferable substrate in several reminiscent mammalian
transport systems, including system y* and in the lesser capac-
ity systems b%*, B%* B0 and y*+l [40,104]. Most of these
transport systems that have been identified in a close alliance
with elevated synthesis of NO belong to SLC7 family (HUGO;
phylogenetically driven Solute Carrier family nomenclature)
[105], except for the sodium-dependent BO-+ [106,107] which
represents a unique mammalian member Al4 of the sodium
neurotransmitter symporter family (SNF, SLC6A14). Three
transporters comprising a cationic amino acid transporters sub-
family of SLC7, CAT (member SLC7A1-A4), are considered as
high-capacitance essential substrate providers for normal NOS
activity in different tissues [42]. CAT-1 and CAT-3 are associ-
ated with constitutive eNOS and nNOS activity, respectively,
while both low- and high-affinity isoforms of CAT-2 (A and
B isoforms respectively) were found to be co-induced with
iNOS in macrophage—pathogen interaction responses and some
other tissues [41,105]. A protein—protein interaction metabolon
involving NOS and L-arginine transporters have been identified
to facilitate NO production [45,108].

Intracellular L-arginine is substrate and product in the urea
cycle [109]. This cycle is important for the waste disposal
of ammonia, high-capacity L-citrulline-to-L-arginine recycling
and a TCA-bridged L-arginine synthesis pathways in which L-
arginine is synthesized de novo in the second part of the cycle
via argininosuccinate synthetase (ASS)-catalyzed and argini-
nosuccinate lyase (ASL)-catalyzed reactions. ASS catalyzes
the formation of argininosuccinate from L-citrulline and aspar-
tate, whereas ASL cleaves argininosuccinate to yield fumarate
and L-arginine [110]. Therefore, the transport and subsequent
metabolism of various amino acids could benefit L-arginine
synthesis indirectly.

2.2.2. NO oxidation product and nitrite reductase
substrate, nitrite anion

Circulating nitrite pool in organisms is primarily a result of
combined activity of NOS and NO oxidation pathways. In oxy-
genated biological environment NO may undergo a number of
spontaneous and enzymatically facilitated oxidative and radical
reactions [111], unequivocally leading to the relatively stable
nitrite and to the inert nitrate. The half-life of NO under nor-
moxic conditions in vitro can be up to 30 s, however it may differ
in vivo [112]. The oxidation kinetics in vivo depends on local
redox conditions as well as on nature and status of metalloen-
zymes which may interact with NO and oxygen. The half-life
may increase at low NO concentrations and under hypoxic and
reducing intracellular conditions up to 100-500s [113]. The
half-life of NO decreases in the presence of oxidized forms of
haem-binding proteins participating in the cellular respiration
and relevant electron transport systems [1,114—116]. NO oxida-
tion represents a major source of intracellular nitrite since other
capacitive sources are unknown and perhaps absent in organ-
isms. In contrast, nitrate- and nitrite-specific transport coupled
to nitrate reductases is most prominent and apparently essen-
tial for regulation of nitrite pool in prokaryotes [117] and plants
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[118]. Homologous components for nitrate/nitrite transport are
largely unknown in organisms, but there is some evidence of
nitrite transport via a CI"/HCO3™~ exchanger [119] which is
member of the bicarbonate transporter family (SLC4). Nev-
ertheless, it has been shown that dietary nitrate [86,120,121]
as well as symbiotic and/or pathogenic bacteria immobilized
nitrate [88,122—124] may play an important role in the forma-
tion of nitrite at pathogenic and normal levels and consequently
in regulating NO pools in higher organisms.

2.2.3. Peroxynitrite

NO undergoes a variety of oxidative and radical reactions
generating a number of stable reaction products and interme-
diates with a wide range of stability and reactivity [125]. One
such a product, the peroxynitrite anion (ONOO™), has attracted
wide attention in the area of NO research. ONOO™ is the dis-
sociation product of peroxynitrous acid, ONOOH, pK, 6.5-6.8.
Although it is a frequent key word in scientific literature, data
on biogenesis, action and role of this extremely reactive anion
with a half-life of <1 s [126] remain very fragmented and often
are controversial. Peroxynitrite is the primary product of the
reaction of superoxide anion and NO, with other reactions also
being capable of producing peroxynitrite (see equations below
and Ref. [125]).

(1)°NO + 0,*— — ONOO™

*NO, +*OH <> ONOOH <> ONOO™ +H™ 2)
*NO + HO,* - ONOOH < ONOO~ +H* (3)

ONOO™ has been identified as a universal factor of cellular tox-
icity, causing oxidative mispairing and scission of DNA strands
[2,127-130], degenerative oxidation and nitration of proteins
[131,132], and oxidative damage to lipids [133,134]. Peroxyni-
trite undergoes homolysis to the free radicals *NO; and *OH
(Eq. (2)). Peroxynitrite also rapidly reacts with CO; to yield
nitrosoperoxycarbonate (ONOOCO; ™), which is the supposed
predominant fate of peroxynitrite undergoing homolysis to form
carbonate and nitrogen dioxide radicals. These radicals can
recombine to finally form carbon dioxide and nitrate. Carbon-
ate and nitrogen dioxide free radicals are likely responsible for
peroxynitrite-induced toxicity. Peroxynitrite can nitrosate thiols
with low yield, however, there is some controversy about the
putative mechanisms [135,136].

Another potent nitrogen oxide of the RNS family, i.e. dini-
trogen trioxide (N2O3), is produced on autooxidation of NO
[137-139] (Egs. (4) and (5)).

2°NO + Oy — 2°NO» 4)
*NO2 4+°NO « N»O3 (%)

It has been suggested that the majority of nitrosation occurs via
a series of reactions between dinitrogen trioxide and thiols or
aromatic moieties [137-139]. It was also proposed that a hetero-
geneous, NO-derived pool of higher nitrogen oxides (i.e., NO»,
N»0O3, and N,O4) and intermediate organic NO derivatives may

be responsible for a given profile of NO-dependent modifica-
tions in vivo [140]. Recently, HPCE with UV excitation and
an array diode detector was employed to identify peroxynitrite,
nitrite, and nitrate in standard samples. The limit of detection
(LOD) of peroxynitrite reported in this work was suitable for
detection of contaminations in peroxynitrite preparations from
commercial sources but not in biological samples [141]. Authors
mentioned that use of electrochemical detection (ECD) may
improve analysis of peroxynitrite in biological samples with CE.

2.2.4. S-Nitrosothiols (RSNO)

In biological systems, pools of thiols and RSNO may act as
scavenger of RNS [135], NO donors [94] and/or NO transport
vehicles [91,139,142]. For example, concentrations of thiols in
the forms of albumin, cysteine, homocysteine and glutathione
in the human vascular system are 680 uM [143], ~10 uM
[144], 5 up to 15 wM in healthy versus diseases subjects [145],
and 7 uM [146], respectively. While a small fraction of circu-
lated thiols of <1% is accessible to S-nitrosation, it may be
sufficient to compensate a basal RNS level in healthy sub-
jects. The S-transnitrosation of protein cysteinyl moieties is a
reversible facile modification that plays an important role in
posttranslational alterations of protein function and signal trans-
duction [147]. S-Transnitrosation has been reported to be equally
important like phosphorylation, myristylation, palmitylation and
sialytation [147]. The S-nitrosation of proteins and peptides can
produce guanylyl cyclase-independent signaling via reversible
protein modification. It can also produce exchange and retro-
grade scattering of nitrosyl group in the network of cysteinyl
and aromatic residuals of proteins [148—-151].

A basal level of RSNO is always present in biological systems
[91,152,153], and it increases during inflammation [154—157]. It
can be regulated via intracellular traffic and active plasma mem-
brane transport of S-nitroso-L-cysteine by an L-type amino acid
transport system (LATs of the SLC7 family) [158-160]. RSNO
may be important component of the NO pathway, but this issue
is problematic and controversially discussed with regard both to
concentration and biological roles. Additional analytical effort
would be necessary to justify RSNO as a systemic biomarker of
NO activity in biological systems.

2.2.5. Aromatic nitrosation, 3-nitrotyrosine and
N-nitrosotryptophan

In addition to peroxynitrite, higher nitrogen oxides pro-
duced from the autooxidation of NO can interact with aromatic
moieties of proteins and small biological molecules such as
amino acids, monoamine neurotransmitters, and peptides. Dur-
ing the last decade, an increasing volume of evidence suggests
the important physiological role of tyrosine and tryptophan
nitrosation. It appears that the efficiency of such an aromatic
nitrosation is comparable to that of S-nitrosation. At the same
time, the cumulative frequency of these amino acids in pro-
tein sequences, e.g., 1.47% W and 3.6% Y versus 1.69% C
as well as their good accessibility in a 3D protein pocket,
except for tryptophan, result in a relatively high probability of
modification by RNS attack. The nitrosation of aromatic moi-
eties may play important roles in buffering NO-RNS actions
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[139,140] conformational alteration of protein functions [167],
and additional source providing NO and nitrosyl groups to ther-
modynamically favorable reactions (e.g., nitrosation of thiols
[140]); however, a major effort has been made to understand
the role of 3-nitrotyrosine [161-165], and to a lesser extent of
N-nitrosotryptophan [138,139,166—-168], in pathological condi-
tions and diseases.

The experimentally determined extent of peroxynitrite-
induced nitration of tyrosine has proved the concept that
biogenic RNS can promote aromatic nitration [163-165,169].
However, the role of peroxynitrite as a nitration agent has been
questioned [170,171], and an alternative has been suggested: the
more potent nitrosation via NO; interaction facilitated by the
presence of transition metal centers [171-173]. In addition to
nitration, inflammatory conditions can facilitate other oxidative
modifications in tyrosine, including chlorination, bromination,
and hydroxylation with efficiencies comparable to S-nitrosation,
e.g., 1078 to 1077 mol/g protein [174]. The protein nitration
yield in vivo is low, e.g., 1-5 NO-Tyr per 10* Tyr residues [174].
Values from 6 to 80 pmol/mol (Tyr/NO-Tyr) were reported in
Ref. [175], and ~10 ng NO-Tyr/mg protein in plasma and tissue
up to 170 ng/mg in actin-enriched fractions of tissue proteins
have been reported in Ref. [176]. It has been demonstrated
recently that N-terminal-blocked tryptophan moieties can effec-
tively be nitrosated by NoO3 [138,139], outlining the pivotal role
of high nitrogen oxides in aromatic nitrosation.

Nitration and oxidation of aromatic moieties may impact
enzymatic function [138,139,166—168]. On the contrary, these
reactions may destabilize protein structure, making them more
accessible to cellular proteolysis [174]. Presumably, nitrosated
amino acids are less efficient substrates in metabolic and protein
synthesis pathways, which may lead to increases of nitrosated
and oxidized aromatic compounds in the cytoplasm, specific
tissues, circulation and urinary excretion. From the analytical
perspective, the detection of nitrosated small molecules can be
used to qualify systemic as well as organ- and tissue-specific
NO-induced toxicity [177-179].

2.2.6. Asymmetric dimethylarginine (ADMA)

ADMA is a biogenic analogue of L-arginine and a potent
inhibitor of NOS-catalyzed NO production [180]. It is a
regular sub-product of enzymatic methylation of polypepti-
des on the guanidino group of internal L-arginine residues.
This methylation reaction is catalyzed by enzymes protein-
arginine N-methyltransferases (PRMTs), which interacts with
specific methyl acceptor motifs in peptide chain and yields
NS-monomethylarginine (L-NMMA), NS NC-dimethylargin-
ine (asymmetric dimethylarginine, ADMA) and NS NC-
dimethylarginine (symmetric dimethylarginine, SDMA) [181].
PRMTs utilize an intermediate of the homocysteine pathway,
S-adenosylmethionine, as a donor of methyl groups. These
enzymes are now categorized into two categories, type I and
type 1I, which yield ADMA and SDMA, respectively. Both
enzymes can form L-NMMA as an intermediate in the formation
of dimethylated species. Subsequent degradation of irreversibly
methylated arginine-containing peptides is responsible for the
formation and accumulation of ADMA and SDMA which are

present both in cells and in systemic circulation. ADMA, but
not SDMA, produces local and general NOS inhibition. These
inhibitory ADMA actions have been associated with a variety
of NO-related disorders including atherosclerosis [182], other
cardiovascular diseases [183,184], diabetes mellitus [185,186],
erectile dysfunction [187], kidney disease [188,189] and aging
[190-192].

The systemic clearance of ADMA occurs on catalytic hydrol-
ysis by the dimethylarginine dimethylaminohydrolase (DDAH)
to L-citrulline and dimethylamine (DMA), membrane transport
by SLC7 family members, and urinary excretion of ADMA as
well as DMA [193,194]. A correlation between ADMA plasma
levels and the severity of disease has been suggested as an
analytical reference for disease risk factors [195]. An experimen-
tally determined ADMA concentration of 3—10 pM was found
to inhibit vascular NOS [196-199], while ADMA concentra-
tions of 10-300 wuM were found to cause endothelial collapse
[200]. The effect of ADMA infusion in humans and analytical
approaches used in the quantification of ADMA have recently
been reviewed [201,202]. Effective HPCE techniques for the
quantification of L-arginine derivatives, including ADMA, in
biomedical samples have been reported [203,204]. Example of
CE-LIF analysis of ADMA in serum samples from healthy and
memorialized human subjects are shown in Fig. 3.

2.3. NO targets

NO plays important biological roles as a signal messenger,
protective agent, and cytotoxic factor without strict boundaries
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Fig. 3. Example of HPCE-LIF detection of ADMA in standard and human
subject. (A) Electropherogram of standard methylated arginines: (peak 1)
SDMA, 6.25 nM; (peak 2) ADMA, 6.25 nM; (peak 3) MMA, 6.25 nM; (peak 4)
L-homoarginine (internal standard), 6.25 nM; (5) L-Arg, 5.0 nM. Migration con-
ditions: boric acid 50 mM, 3-cyclohexylamino-1-propanesulfonic acid (CAPS)
20mM at pH 10, +20kV (35 wA). Electropherograms of artificial serum stan-
dards (B), healthy subject serum containing low (C) concentration (0.31 uM)
of ADMA and hemodialysed subjects serum containing high (D) concentration
(2.26 pM) of ADMA (peak 1), using L-homoarginine (LH, peak 2) as an internal
standard and L-arginine (peak 3). Electrophoretic conditions: boric acid 50 mM,
CAPS 20mM, at pH 11.5, 30kV. Serum samples were diluted 1000-fold in
water prior to the analysis derivatized with FITC. Separation conditions were
50 mM boric acid and 20mM CAPS adjusted to high pH. A Zeta automatic
CE instrument (Picometrics, Ramonville, France) equipped with a modular LIF
detector and a 20 mW argon laser (wavelength nanometer) was used. Reprinted
from [203], with permission from Elsevier.
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between those actions. A degree of its impact on cellu-
lar metabolism transiently depends on multiple and equally
important components including generation, buffering, and
degradation of the NO pool, local redox environment, as well
as presence and accessibility of NO-specific molecular tar-
gets. One of the most important mechanisms of NO action
leading to biological activity is the soluble guanylyl cyclase
(sGC) cascade. Other important mechanisms of action involve
S-transnitrosylation, and disulfide formation in proteins and
nitration of aromatic residues (see above).

2.3.1. Soluble guanylyl cyclase

High-sensitivity and high-amplification of NO signal-
ing involves sGC that converts guanosine-5'-triphosphate
(GTP) into the second messenger, cyclic guanosine-3’,5'-
monophosphate (cGMP) [205,206]. sGC enzyme comprises
an heterodimer a1B1 and a single Fe’*-haem moiety with
the haem-binding site located to the (-subunit, where his-
tidine residue 105 forms a covalent link to the Fe**-centre
of the haem group [207-209]. Structures of several bacte-
rial orthologs of sGC which now are solved reveal molecular
basis of sGC/NO interaction [210,211]. NO forms a five-
coordinated NO complex with haem cofactor of 3-sGC subunit
which leads to a hundred-fold more active conformation of
the heterodimer, e.g., 10-100nmol cGMP/mg x min versus
1040 pmol cGMP/mg x min [212-214]. Assays of sGC/NO
interaction have revealed complex kinetics with specific acti-
vation, deactivation, desensitization and resensitization indexes
(reviewed in Ref. [215]). Briefly, purified sGC in vitro has an
EC50 of 85-250nM of NO [216,217], is fully activated by NO
within a few milliseconds [218], remains constantly active on
available substrate and ligand, and deactivates in a seconds-
to-minutes range after NO disappears from the reaction scene
[219,220]. sGC in vivo exhibits ECsy of 45 nM of NO and an
approximately 25-fold faster deactivation [221]. Downstream
c¢GMP signaling cascades include stimulation of G-family pro-
tein kinases, altering cGMP-gated ion channels, and modulation
of ¢cGMP-binding phosphodiesterases [205]. Termination of
c¢GMP signaling occurs on metabolic deprivation of the cGMP.
This reaction is catalyzed by phosphodiesterase-5 which is often
co-expressed and spatially colocalized with NOS [222].

3. Analytical approaches to study NO metabolites

The important role of NO in human physiology and health
maintains a steady effort to determine NO and proximal metabo-
lites in biological matrices leading to the development of an
immense variety of analytical approaches which may be catego-
rized as (1) optical methods including spectral colorimetric and
ultraviolet spectrophotometric methods, fluorometric assays and
chemiluminescence; (2) separation techniques including HPLC,
HPCE and GC coupled with various detectors; (3) electro-
chemical methods including cyclic voltammetry, amperometric
sensors and analyte-selective exchange potentiometric sensors;
(4) mass spectrometry (MS)-based methods; and (5) electron
paramagnetic resonance spectroscopy EPR (for comprehensive
reviews see Refs. [223-225]). Many of these approaches require

resources and expertise which exceed the potential of regular
biological laboratories. Hence, after 19-year expansion of NO
research, the availability of simple and easily accessible ana-
Iytical tools for evaluation of substrates and products of the
L-arginine/NO pathway in relevant biological matrices remains
to be a key limitation. HPLC and HPCE play increasingly
important role in the NO research, primarily because it is most
universal with respect to analytes. In addition, these separation
techniques become increasingly accessible in regular biological
and medical laboratories. HPLC analysis with focus on nitrite
and nitrate in biological samples is subject of another review
[226]. The present review focuses on the current status and
trends in the development of HPCE applications for profiling
the NO pathway with some emphasis on applications of various
CE approaches in biomedical and life sciences.

3.1. High-performance capillary electrophoresis (HPCE)
of the NO pathway

Modern HPCE comprises an interplay of analytical sampling,
separation and detection techniques [227-229]. The sample is
loaded and separated in a 10-100 wm bore of 0.1-1m long
fused silica capillary or anisotropicaly etched silicon microchan-
nel (microchip capillary electrophoresis, MCE, reviewed in
Ref. [230]). The spatial separation of analyte is a subject
of analytical performance. It occurs on application of high-
voltage steady-state electric field as a result of differential
electrophoretic motility (EM) of analytes and electroosmotic
flow (EOF) of separation media. Key advantages of HPCE over
slab gel electrophoresis are efficient and uniform dispassion
of current-induced heat and rapid separation with application
of remarkable electrical field and current densities, typically
200-500 V/mm and 10-60 p.A, respectively. In a variety of bio-
analytical applications HPCE is comparable to HPLC. Major
advantages of HPCE over HPLC are simplicity of separa-
tion framework in parallel with a wide variety of separation
mode available, minor if any requirements for sample treatment,
opportunity to measure analytes in submicroliter volumes of
samples, and several orders of magnitude better resolution com-
pared to HPLC, e.g., >50,000-500,000 versus 5,000 theoretical
plates [231]. Resolution can be as high as 6.1 million theoreti-
cal plates on separation with an ultrahigh voltage CE at 120kV
[232]. This unprecedented resolution results from virtually flat
electrophoretic and electroosmotic velocity profiles across the
capillary channel and absence of mass transfer which limits res-
olution in HPLC. In addition, the technological progress in the
development of HPCE hardware follows the rapid progress in
electronics and optics design including developing integrated
high-voltage power supplies, miniaturizing and expanding range
of light-emitting sources and improving high-resolution, low-
noise analog electronic technologies. With reduction of price and
increase of availability of such technologies, HPCE has becom-
ing one of the most technological, cost-efficient and flexible
analytical framework which can be easily modified at sample
injection, separation and detection sites. For the same reason,
HPCE became one of the most potent techniques for future
integration into high-throughput microanalytical devices and
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lab-on-the-chip platforms prepared in an integrated technolog-
ical process and suitable for routine biomedical and biological
laboratories with a convenient analytical expertise. Factors influ-
encing EM and EOF include complex equilibrium of analytes
with additives, ion pairing, pH, interaction of analytes and cap-
illary surface modification and can be employed to improve
separation properties.

There are six separation modalities in HPCE, three of which
are proven to be very useful for analysis of the L-arginine/NO
pathway. The capillary zone electrophoresis (CZE) is the most
simple and convenient method which is widely used for sep-
aration of inorganic ions [233-236] and small biomolecules
[237], and even both categories simultaneously [238]. Because
nitrite and nitrate are easily accessible to CZE, this methodology
became a generally employed HPCE technique to analyze these
anions in biological samples. Isotachophoresis (ITP) can be used
for preconcentration of charged analytes from diluted samples or
from samples containing low amounts of analytes (for review see
Ref. [239]). Micellar electrokinetic chromatography (MEKC) is
almost exclusively used for analysis of small molecules such as
drug and their metabolites. MEKC is a very potent technique to
determine small organic members of the NO pathway includ-
ing L-arginine, ADMA and SDMA [203,204,240]. Other HPCE
modes, including capillary isoelectric focusing (CIEF), capil-
lary electrochromatography (CEC) and gel-sieving CE generally
used for separation of medium and large size molecules, and
specific analytical tasks were not included in this review.

In HPCE sample can be loaded using hydrodynamic displace-
ment (pressure or gravity enforced), electrokinetic (electrical
field enforced, including electro migration and EOF) or mixed
injection modes. Isoelectric focusing or staking of analyte in
a pre-loaded, low-conductivity plug is often used to improve
detection of trace analytes, e.g., in highly diluted samples. Sep-
aration conditions depend on the concentration and pH of a
separation buffer and additives which modify properties of inner
silica surface of the capillary and impact EOF (summarized
in Table 2 ). Optimization of loading, separation and detec-
tion may lead to remarkable improvement of separation and
precision of the analysis. HPCE ability to snapshot a set of
analytes with similar electrophoretic properties, e.g., inorganic
anions, is particularly important to obtain a comprehensive ana-
lytical profile of complex metabolic processes such as those of
the L-arginine/NO pathway. Not surprisingly, HPCE analysis
of NO-related metabolites is one of most rapidly progress-
ing area of separation assays. To that date, there are over 200
reports describing different aspects of HPCE analysis of the L-
arginine/NO pathway. Among those, over 50 reports describe
usage of different detector modalities and optimized HPCE pro-
cedures to analyze biological and biomedical samples.

3.2. HPCE detection

Microscale dimension and high separating voltage conditions
associated with HPCE require special adjustments on the detec-
tor including electrical isolation of its hardware or “0” voltages
clamp at the detector site plus adequate miniaturization of the
detection cell. The detection modalities that were employed in

HPCE separation of the NO metabolites include direct or indirect
UV and visible light absorbance detection (UV/VIS), conven-
tional UV source-induced fluorescence (CIF), laser-induced
fluorescence (LIF), contact conductivity (CD) or contact-less
conductivity (capacitively coupled conductivity detector, CCD),
electrochemical amperometry, and electrospray ionization mass
spectrometry (ESI-MS). The variety of HPCE detection tech-
niques have been comprehensively reviewed recently [241,242].
Modification of basal electrolyte and physicochemical proper-
ties of analytes are essential to enable a particular detection
mode and improve resolution. For example, reduced conductiv-
ity basal electrolyte would be necessary for direct conductivity
detection; similarly, optically active additives or derivatization
of non-fluorescent analytes with fluorogenic agents would be
essential for UV/VIS-AE or CIF/LIF detection respectively.

3.2.1. Direct UV absorbance detection

Direct UV absorbance detection with UV-transparent carrier
electrolytes and UV-absorbing analytes is the traditional way to
quantify separated analytes and it is the most commonly used
HPCE detection mode for the measurement of NO metabolites
in biological samples. UV absorbance detection was first used
with CZE to detect simultaneously nitrate and nitrite in biologi-
cal samples [243,244] at about the same time as HPLC technique
was used for similar analyses [245]. Minor detection interference
with other anions was observed by using various electrophoretic
and separation modalities and buffers, except for chloride which
may interfere with electrokinetic sample loading and nitrite
detection in biological liquid and tissue samples [246-248]. A
range of 210-220 nm for UV absorbance detection with appar-
ent efficiency maximum at 214 nm is commonly used for the
detection of nitrite and nitrate. In general, CZE with direct UV
absorbance detection does not require pretreatment of biological
sample, and use of organic solvents makes this technique useful
for “direct sampling”. However, selectivity may be dramatically
improved after ultrafiltration and stacking of homogenized and
diluted biological samples. An limit of quantification (LOQ) of
~25ng/mL was achieved during earlier assays for both ions in
biological samples when they were analyzed in ultrafiltrates of
plasma, urine and brain tissue extracts [244]. This sensitivity
was sufficient to quantify nitrate and nitrite in the mammalian
brain extracts, but was insufficient to detect the nitrite ion in
biological fluids with apparently low nitrite content. Other bio-
analytical examples and improvements of this technique have
been reported subsequently [249-260].

Sensitivity and number of detected NO metabolites in com-
plex biological matrices with direct UV approach may be
increased by extending excitation band in the short wave-
length UV range and band-pass filtration of appropriate spectral
windows in combination with a spectra-resolving devise such
as array multianode PMT assembly, photodiode array, high-
sensitivity line scan or square matrix scan CCD camera.
Applicability of UV detection also expanded with develop-
ing new technologies such as light-emitting diodes and lasers
with different spectral properties. For example, HPCE/direct
UV/diode array bundle have been used for the simultaneous
detection of nitrite and nitrate as well as N-nitroso-L-



Table 2

Analytical characteristics of selected CE/HPCE methods for analysis of L-arginine/NO pathway metabolites in biological samples

Analytes Matrix Sample dilution, Detection mode  Capillary ~ Separation buffer Determined concentrations, LOD or LOQ?, Reference
derivatization comments comments
L-Arg, L-Cit, Isolated neurons, 1:10%*; fluorescamine LIF 350-6 nm; FC 30 mM borate buffer 20 mM L-Cit/L-Arg ratios 2.5 LODs Arg/Cit [101]
L-argininosuccinate  ganglia and PMT SDS, pH9.5 (NO-positive B2 cell) and 11/15nM
hemolymph from 0.1-0.2 (NO-naive cells).
molluscs
3-ntY; nitrosated and Standard mixture Native fluorescence UVF 200 nm FC 50 mM borate buffer, variable Large volume sample LOD 2.5-10nM [178]
chlorinated amino pH and EOFM spermine stacking
acids
ADMA and other Human serum control FITC LIF FC 50 mM boric acid 20 mM ADMA control 0.3 uM, LOD 50 nM (plasma) [203]
arginines versus hemodialysed 3-cyclohexylamino-1- coronary stenosis 1.2 uM
subjects propanesulfonic acid pH 9.5,
10or11.5
Human blood plasma 4-Fluoro-7- LIF FC Borate buffer at pH 9.4, Includes a MEKC LOQ 20 pM (UV) [204]
nitrobenzofurazan MEKC optimization 100 nM (LIF); LOQ
plasma 125 nM
NO;~ Human urine 1:50 UV 254nm FC Chromate, Nice-Pak OFM ND [243]
Anion-BT, pH 8.0
NO,~,NO3~ Human serum, urine, 1:10, 1:100 UV 214 nm FC 10 mM sodium sulfate, 2.5% LOD 25 pg/L [244]
brain tissue OFM-OH
homogenate
Rat dorsal root ganglia, 1 :103; 1:10* SPME CD FC 81.5 mM sodiumborate, NO,/NO3~ were LOD=8.9/3.54nM [246]
biopsy, tissue CI~ cleanup 25 mM arginine, 0.5 mM 96-24/231 £29nM;
homogenate TTAH, pH 9.5, ITP injection
Pheochromocytoma Cell culture UV 214nm FC 150 mM Tris-phosphate, 6 wum  Synergistic stimulation of LOD NO; ~ 25 pM [253]
cell line PC12 supernatant hexadecyltrimethy-ammonium  tumor necrosis
chloride, pH 7.0
Rat brain perfusate Microdialysis UV 214nm FC 20 mM phosphate buffer, Brain perfusate LOD 0.96/2.86 uM [255]
50 nl/min 2mM CTAC, pH 3.5 [NO,/NO3]=3.4/15.5 uM;
1.5 min separation
Human serum 1:10 UV 214; LPA MCE 2mM NapHPOy4, 12mM KCl, 6.5 s separation LOD [263]
412mM NaCl, 5.43 mM urea, NO,/NO3 =24/12 pM
4.72 mM glucose
3-ntY Diabetic and control rat  1:1 Acetonirile UV 214nm FC 150 mM phosphoric acid, Large volume sample LOD [291]
urine 0.5mM CTAB, pH 6.4 stacking normal/stacking =
1.77/0.08 pM
NO;,;7,NO3™ Identified molluscan 1:1, 1:10, 1:50 UV 214nm FC 100 mM NacCl, 2 mM CTAC Highest NO,/NO3;~ foundin ~ LODs <4 pM [386]
neurons, ganglia and NO positive neurons
hemolymph 2-12 pM
Rat ASF, plasma 1:1 CD ConCap FC 100mM CHES, 40 mM LiOH, Repeatability range 5.3-9.8% ND [399]
pH 9.3, 80 mM spermine, 8% for various ions
propan-2-ol
Human serum 1:10 UV 214 nm FC 25 mM sodium sulfate, 5% Repeatability, 6.4—10%; ND [405]

Nice-Pak (OFM) Anion-BT

reproducibility, 9-11%;
capillaries are stable for over
300 analyses
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Analytes Matrix Sample dilution, Detection mode  Capillary ~ Separation buffer Determined concentrations, LOD or LOQ?, Reference
derivatization comments comments
NO,~,NO3;~, NO, CSF from MS and 1:10; UV 214 nm FC 25 mM sodium sulfate 5% SCF NO,/NO3 level 304/82 ND [420]
control subjects, Nice-Pak (OFM) Anion-BT and 34/134% in active and
lumbar puncture inactive MS respectively
versus control
NO,7,NO3~ Human saliva 1:100 CD suppressed CFS 2 mM sodium tetraborate Repeatability, <5%; LOD=8-10 pg/L [428]
reproducibility, <10%
NO3~ Human serum, urine 1:25, 1:50 UV 250 nm FC 2.25 mM pyromellitic acid, Repeatability, 7-11%; LOD=1-2mg/L [429]
6.5 mM NaOH, 0.75 mM reproducibility, 10-15%
HMH, 1.6 mM
triethanolamine, pH 7.7
Rat urine 1:40 UV 214nm FC 25 mM sodium phosphate, Repeatability, <3%; no LOD=0.5mg/L [430]
0.5% DMMAPS, 1% Brij-35 deterioration of capillaries
was observed for over 300
analyses IS
NO,~,NO3~ Human serum NA UV 214nm FC 750 mM sodium chloride, 5% Repeatability, <5%; LOD=0.1 mg/L [431] ';
Nice-Pak OFM Anion-BT reproducibility, <8%; S
recovery, 97-114% %
NO;~ Human serum, milk Ton exchange UV 235 nm FC 50 mM DoTAB, 18 mM Repeatability, 1.8-13.5% LOD=55.8,2.5 and [432] :
sodium tetraborate, 30 mM 8.7mg/L a
Nap;HPOy4, 10% propan-2-ol, g
pH 7.0 §
NO;,;7,NO3~ Human serum NA UV 200 nm FC 200 mM lithium chloride, Repeatability, <7.3%; ND [433] 0§
0.7mM TTAH, 5 mM reproducibility, <6.4% ;::
triethylamine %
Human serum, urine, 1:5 UV 214 nm FC 8 mM Nap;HPO4, 4 mM Repeatability, <6%; urinary LOD=0.3mg/L [434] =
CSF, human, plant NaH, POy, 1.4% NaCl, 0.1% nitrate analysis was compared §
tissue polyethylene glycol with enzymatic assay N
Human serum, urine 1:100 UV 214 nm FC 15 mM sodium sulfate, 2.5% Repeatability, 3.0-3.3%; LOD=1puM [435] >
(OFM)-OH, pH 8.0 reproducibility, 4.6-5.0%; i
recovery, 92-113% S
NO,~,NO3~ Human plasma, serum NA UV 214 nm FC 150 mM sodium chloride, linearity 0.2—1 mM; ND [436]
xanthine oxidase, 5SmM Tris—HCI, 2mM TTAB, repeatability <3%RSD;
NAD™*, NADH pH7.4 reproducibility <1%
GSH, GSSG, GSNO Human erythrocyte 1:2 UV 200 nm CFS 40 mM sodium phosphate, Mobility GSSG, GSH and ND [437]
extract 0.1 mM GSNO was reported
diethylenetriaminepentaacetic
acid, pH 2.2
NO,™, NO3~ Rat ASF, plasma 1:1 UV 214 nm FC 50 mM sodium phosphate, [NO,/NO3] =basal ASF LOD=30/10 pM [438]

submicroliter samples

0.5 mM spermine, pH 3

83/102, plasma
undetectable/70 wM;
lipopolysaccharide induced
ASF=103/386 plasma
138/377 uM

AA, amino acids; ADMA, asymmetric dimethylarginine; ASF, airway surface fluid; CSF, cerebrospinal fluid; CFS, coated fused silica; CTAC, cetyltrimethylammonium chloride; DMMAPS, 3-(N,N-
dimethylmyristylammonio)propanesulfonate; FS, fused silica; LPA, linear photodiode array; MCE, microchip capillary electrophoresis; ND, not determined; PMT, photomultiplier.

2 LOD and LOQ values listed here are presented as reported in the original publications cited.
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arginine [261], peroxynitrite [141] and NO-hydroxy-L-arginine
[262].

MCE in combination with diode array has also been
employed for the ultra rapid separation detection of NO metabo-
lites [263]. This approach showed excellent stability even within
a very short 6.5 s separation interval. However, described MCE
application demands further development because currently it
provides LOD values of 24 M for nitrite and 12 pM for nitrate,
which are insufficient to quantify these ions in many biological
samples.

3.2.2. Indirect UV absorbance detection

Indirect UV absorbance detection is a generic detection mode
for the HPCE and HPLC analysis of inorganic ions as well
as some organic species. It has been applied to the analysis
of NO metabolites in biological samples, because many mem-
bers of the L-arginine/NO family exhibit limited potential for
UV absorbance detection. In the indirect UV absorbance detec-
tion, analytes are detected as a UV transparent migration band
in UV absorbing background electrolyte (BGE). This tech-
nique is simple and inexpensive. It provides convenient and
reliable assay with a sufficient method detection limit, repro-
ducibility and selectivity in biological matrices. However, it
is mainly applicable when selectivity and LOQ are not crit-
ical issues and analytes of interest are present in the sample
within the submicromolar—-millimolar range (Table 2). Indirect
UV absorbance detection requires the modification of BGE by
an additive (probe) of a relatively high UV absorptivity com-
pared to analytes, which results in reversed recorded peaks.
At the same time, electrophoretic mobility close to that in
analytes (for mobility matching rules see Ref. [264]) and appro-
priate concentration are essential for separation performance
(reviewed in Refs. [249,265]). For example, inorganic anions
including NO, ™ and NO3™ can be efficiently separated in basal
electrolytes with addition of chromate [266], pyromellitic acid
[267] and salicylate [268]. Other useful probes for simulta-
neous separation of a range of inorganic anions and organic
acids include p-aminobenzoic acid [269], phthalic acid [270], 5-
sulfosalicylic acid [271], trimellitic acid (TMA) [272,273] and
1,3,5-benzenetricarboxylic acid [274]. Future development of
HPCE/UV bundle technique may lead to a convenient approach
for determination of nitrite, nitrate and some other NO-related
metabolites in biological samples. Light-emitting diodes (LED)
sources combined detectors can be especially useful for indirect
detection in the UV/VIS region, e.g., detection of anions using a
strongly absorbing electrolyte [275]. LED has excellent stability
enabling very low instrumental noise and detector performance
which in combination with low cost and inerrability comprises
a very promising detection technology in terms of low cost and
integration of disposable CE devises.

3.2.3. Direct/indirect fluorescence and laser-induced
fluorescence (LIF) detection

The vast majority of the members of the L-arginine/NO
pathway are not fluorescent in the easy achievable excitation
range, e.g., deuterium, tungsten or xenon arc sources. How-

ever, because fluorescence detection provides exceptionally high
sensitivity especially in combination with laser-induced exci-
tation, a substantial ongoing effort aims at developing assays
based on the derivatization of NO metabolites by fluorogenic
agents. Alternatively, a chemically inert fluorescent probe can
be added to the BGE for indirect fluorescence detection of sep-
arated analytes. This approach may be useful if derivatization
and other derivatization-induced changes in the separation effi-
ciency are concerned [276]. In addition, a series of laboratory
techniques for post-column derivatization/detection has been
developed (reviewed in Ref. [277]). Detectors with conventional
UV sources that may operate at wavelength above 185 nm allow
a relatively wide selection of derivatising agents, whereas the
selection of fluorophores for LIF detection is limited to a specific
set with excitations corresponding to wavelengths of available
lasers. Commonly used LIF devices utilize Arion (457,488 nm),
HeCd (325, 422 nm), pulsed diode (355, 405 nm), solid state UV
(266 nm) and laser diode double-pumped solid-state (LD-DPSS,
473 nm [278]) lasers.

A variety of derivatizing agents and derivatization tech-
niques was proposed (recently reviewed with respect to amino
acid analysis in Ref. [279]; see also Refs. [280-282] for
detailed derivatization protocols). Floyd with coworkers [283]
have described CZE-LIF system and proposed a fluorescamine
derivatization protocol suitable for separation and simultaneous
quantification of L-arginine, L-citrulline, L-argininosuccinate,
L-ornithine and L-arginine phosphate in isolated neurons of
the marine slugs, Pleurobranchaea californica and Aplysia
californica. They report LOD in the range 5x 107!7 to
1.7 x 10~ mol which were corresponded to 5 x 10~ to 1.7 x
107> M in cells under study, hence, justifying sufficient sen-
sitivity of the method to determine intracellular levels of
these metabolites. The consequent progress in the single-
neuron HPCE-LIF analysis of amino acids in particular showed
this technique to be useful for analysis of L-arginine and L-
citrulline with LOD values of 8.4 x 10~ mol (1.1 x 1078 M)
and 1.1 x 10719 mol (1.5 x 1078 M), respectively, which may
aid in determining NOS activity at the level of individual cells
with high as well as low NOS activity [101,284]. Examples
of inorganic and organic metabolites recordings from identi-
fied individual neurons shown in Fig. 4. In addition, it has been
shown that L-arginine/L-citrulline molar ratio indeed changes on
inhibition of NOS by a specific NOS inhibitor, i.e. L-iminoethyl-
N-ornithine, in the isolated nitrergic neurons. HPCE-LIF assay
has been optimized for analysis of amino acids including L-
arginine and its metabolites in human serum plasma [285,286],
microdialysis samples from rat thalamus [287,288] and cere-
brospinal fluids (CSF) [289,290].

HPCE-LIF was also used to analyze ADMA and SDMA
labeled with fluorescein isothiocyanate (FITC) in plasma sam-
ples from patients with renal failure, peripheral arterial occlusive
disease or clinically asymptomatic hypercholesterolemia [203].
More recently, Trapp et al. [202] have reported the develop-
ment of efficient electrophoretic methods for the separation
and quantification of L-arginine and several related metabo-
lites including dimethylarginine, NO-monomethyl-L-arginine,
L-homoarginine, L-ornithine and L-citrulline. Amino acids were
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Fig. 4. An example of HPCE analysis of NO metabolites in isolated neurons, putative NO-ergic B2, peptidergic B4 and LPeD1 cells examples are shown. (A)
CZE-LIF separation and detection of arginine/citrulline ratio in the samples of isolated B2 and B4 neurons. Arginine and citrulline peaks are identifiable at
electropherograms, but citrulline levels are very low in B4 neuron, see magnified superimposed traces in insertion. Sample was derivitised with fluorescamine and
separated in 40 cm beyond the detector point long capillary using a borate/SDS BGE. LIF setup included 350-356 nm Ar/Kr ion laser microscope objective spatial
filter and photomultiplier tube. (B) Electrophoretic separation/detection of NO, ~/NO3 ~ in selected identifiable molluscan neurons. CZE—contact CD was performed
in arginine/borate BGE (pH 9.5) with addition of 0.5 mM TTAOH electroosmotic modifier. Samples were cleaned up with SPME techniques and introduced using
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ITP staking injection. The separation was carried at —28 kV. Reprinted from [101], with permission from Elsevier.

derivatized with 4-fluoro-7-nitrobenzofurazan, separated using
MEKC with deoxycholic acid added as a surfactant and detected
using LIF. This approach was successful to resolve ADMA and
L-arginine in human plasma samples (LOQ for ADMA, 125 nM)
and suggested to be useful in clinical diagnostic of cardiovas-
cular diseases. Reverse EOF and large-volume sample stacking
have been employed for the quantification of 3-nitrotyrosine in
urine of diabetic rats [291] (Fig. 5). Authors have optimized sep-
aration using a 0.15 M phosphoric acid with 0.5 mM CTAB at
pH 6.4 (NaOH) and reached LOD values for 3-nitrotyrosine of
177 nM for normal and 8 nM for large-volume sample stacking
injection modes. These LOD values were sufficient to distin-
guish 3-nitrotyrosine in urine from diabetic and control rats
[291]. Nitrosated aromatic compounds can be detected using
native fluorescence-induced UV excitation. For example, in the
study on N-nitrosotryptophan-dependent nitrosation of thiols,

NITROTYIROSINE
IN URINE
SAMPLE

I 0.001AU

authors used a commercial CZE apparatus with UV absorbance
detection at 280nm to quantify N-acetyltryptophan and N-
acetyl-N-nitrosotryptophan; LOQ value was ~15 pM at pH 7.4
[139]. Analysis of the decarboxylated L-arginine, agmatine, in
human and rat tissues and urine samples has been achieved
recently by using an optical fiber LED-induced fluorescence
detector [292].

3.2.4. Contact and contact-less conductivity detection (CD,
CCD, ¢*D)

Conductivity detection comprises a set of well-established
and widely used techniques in combination with various HPCE
separation modes. It is very attractive for developing integrated
and microscale CE platforms since it is well suited for micro-
fabrication technologies, does not require chemical modification
of analytes, and its miniaturization is usually not compromised,
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Fig. 5. An example of HPCE/direct UV absorbance detection analysis of 3-nitrotyrosine in mammalian urine samples. Electrophoretic 3-nitrotyrosine peaks in urine
samples from diabetic (left) and control (right) rats after large-volume sample stacking CE. The samples were spiked with three or two levels of analyte 3-nitrotyrosine
at 1.05, 2.21 and 4.42 uM. BGE was 15 M phosphoric acid, 0.5 mM of CTAB at pH 6.4. Separations were performed in a 75 cm fused silica capillary, i.d. 50 pm,
using —15KkV voltages. Pressure injection and direct UV detection (214 nm) was used. Reprinted from [291], with permission from Elsevier.
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but has positive effects on sensitivity and selectivity (for a com-
prehensive review see Ref. [293]). Conductivity detectors fall
into two major categories: contact and contact-less (CD, CCD
or C*D, capacitively coupled contact-less conductivity detec-
tion). CD design is more straightforward compared to CCD,
enabling higher sensitivity and selectivity, but at the same time
the implementation of electrically coupled low signal electronic
is far more challenging [294]. The recording framework must
be organized to avoid electrical shock and interference from any
HV sources or must be galvanically isolated using a battery-
powered circuit with electrically uncoupled signal transfer, e.g.,
optical (up to 30kV protection) or radiofrequency. In addition,
CD requires precise alignment of the outlet of the separation
capillary or the on-column electrode pair, and may be associ-
ated with significant thermal or temporal drifts as well as active
surface contamination.

Several types of CD have been proposed [295-298]. Analyt-
ical grade CDs utilizing an AC impedance measurement allow
the avoidance of artifacts of sensor surface polarization and
interferences from the galvanically coupled HV source. Post-
column contact CD with a cell-based on a fiber optic coupler
was first commercialized in 1996 as a stand-alone unit (Crys-
tal 1000, Thermobioanalysis Inc.; see also Ref. [294]). This unit
was designed for integration with modular HPCE (PrinCE Tech-
nologies, The Netherlands) using a ConCap capillary assembly
[299]. An example of ion analysis with Crystal 1000 is presented
in Fig. 4B. The commercial CCD TraceDec® with a sensor
head permitting use of fused silica capitally up to 5 wm has
recently become available from Innovative Sensor Technologies
(Strasshof, Austria).

After a prototype of a contact-less conductivity detector was
designed for capillary ITP [300] and a theoretical treatment of
contact-less conductivity measurement was proposed [301,302],
it became increasingly employed in HPLC and HPCE anal-
yses [293]. Slightly different CCD techniques were proposed
for HPCE in 1998 [303,304] and subsequently improved (for
reviews see Refs. [305-309]). In CCD, the impedance is mea-
sured as a function of the cell capacitance value which depends
on multiple factors, including the dielectric (conductivity) pro-
file of environment and the geometry of cell and electrodes.

The optimal output of CCD depends nonlinearly on excitation
frequency, whereas the maximum represents a narrow frequency
range window. Placing a grounded shield between the CCD
electrodes reduces the electrode coupling artifact and can sub-
stantially improve the signal-to-noise ratio (SNR) as well as the
selectivity of the detector. However, it also introduces an addi-
tional technological challenge. Also, CCD will have reduced
sensitivity on a capillary with high external diameter/aperture
diameter values. The optimal measurement frequency of CCD
depends on the BGE conductance; therefore, the optimization
of an HPCE/CCD method may involve a frequency adjust-
ment. In addition, such dependency is nonlinear and may be
problematic in applications with dynamic changes in BGE con-
ductivity. In spite of these difficulties, the popularity of CZE-CD
and CZE-CCD bundles is increasing. In detecting UV-silent
inorganic ions, these techniques provide comparable or 10-fold
better LOQ compared to UV absorbance detection [294,310].
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Fig. 6. CZE-CD analysis of anions profile in epithelial tissue and subepithelial
liquid samples from midgut of mosquito larvae. Orthogonal overlay of typical
electrophoretic traces are shown. Samples were introduced by pressure. The
81.5/25 mM arginine/borate BGE (pH 9.5) with 0.5 mM of TTAOH was used. A
commercial PrinCE HPCE unit with Crystal-1000 CD was used. A fused silica
capillary (50 pm i.d., 70 cm length) was used, and the separation voltage was
—20kV. REM, rearing media; LUM, ectoperitrophic fluid (lumen) sample from
the anterior midgut area; TIS, anterior midgut tissue sample; HEM, hemolymph;
STD, 2 ppm mixture of anion standards. Z-axis is a conductivity signal. Repro-
duced from [248], with permission from the National Academy of Sciences of
the United States of America.

The BGE composition for use in CZE in combination
with CD has been previously investigated, focusing on the
optimization of separation conditions and detector response
[305,311,312]. Conductivity-based assays were also optimized
in a number of practical works relevant to the analysis of the L-
arginine/NO pathway [101,178,246-248,312-316]. The major
challenge of CD/CCD in the determination of nitrite and nitrate
in biological samples is the high concentration of CI1™. In vivo,
the concentration of C1™ is 2-3 orders of magnitude higher, and
its electrophoretic mobility is close to that of NO; ™ and NO3 ™.
Therefore, chloride can interfere with sampling and detection
of low-quantity anions, especially of nitrite. To avoid this, sev-
eral approaches were developed. Kaniansky et al. [313] have
used CZE/CD with integrated ITP cleanup framework, which
allows a reliable detection of nitrite, fluoride, and phosphate in
the presence of a molar excess of chloride, nitrate and sulfate
ions in the model mixture. This study suggests that a similar
technique could be used to determine macroconstituents and
microconstituents at molar ratios <2 x 10*. The type of com-
bination of CZE and ITP sample treatment can be especially
useful for planar chip CE technologies such as the one intro-
duced by Kaniansky et al. [317]. Our group has optimized a
CZE/CD technique to measure nitrite and nitrate concentra-
tions in hemolymph, tissues, and individual neurons samples
from model mollusks [101,314], subepithelial and epithelial tis-
sue microsamples from the midgut of mosquito larvae [248]
(Fig. 6), and submicroliter tissue samples from mammalian
neuronal tissues [246]. To reduce chloride interference and
improve NO, ™ detection, we use sample cleanup with a home-
made solid-phase microextraction (SPME) cartridge filled with
Dionex OnGuard-Ag cationic exchange resin. Samples diluted
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100-10,000-fold were cleaned and analyzed using an ITP stack-
ing procedure that yields LOD values of 8.9 nM (0.41 ppb) and
3.54nM (0.22 ppb) for nitrite and nitrate relative to undiluted
sample matrix [246]. A description of cartridge preparation and
CZE/IPT has been published [247]. Up to 200 cartridges can be
prepared from single DIONEX cartridge and used up to three
times each with highly diluted samples (unpublished personal
observation).

The application of CZE/CCD to the analysis of biomedical
laboratory blood serum and urine samples was demonstrated
by Wan et al. [315]. In this work, potassium, sodium, calcium,
and magnesium cations as well as chloride anion were deter-
mined in human serum; ammonium, nitrate and sulfate ions
were also successfully measured in urine. The problem with the
high molar excess of sodium and chloride in these samples was
reduced by BGE optimization. Optimal separation was achieved
in 6.5 mM maleic acid/7.5 mM L-arginine and in 13 mM maleic
acid/15 mM L-arginine at pH 5.5 for the determination of cations
and anions, respectively. However, in that study, nitrite was not
detectable in the biological samples analyzed using this tech-
nique.

Substantial effort was made to develop new CZE/CCD assays
for organic conductivity-inert substances such as amino acids,
peptides and neurotransmitters that could be relevant to the
future bioanalytical profiling of the L-arginine/NO pathway. For
the separation of amphoteric amino acids, many of which are
zwitterions at neutral pH, a low or high pH of the BGE is
necessary. Similar conditions also enhance conductivity detec-
tion. The optimization of CZE/CCD for the comprehensive
detection of proteinogenic amino acids was first described by
Coufal et al. [318]. An acidic BGE based on 2.3M acetic
acid with 0.1% hydroxyethylcellulose (HEC) allows the sep-
aration and detection of 20 L-amino acids in cationic form
with LOD values ranging between 9.1 and 29 pM. Biomed-
ical samples of urine and saliva have been analyzed with
this technique, which resulted in good separation and detec-
tion in general, including the best LOD value for L-arginine
[318].

In 2003, Tanyanyiwa et al. [319] reported a CZE technique
with a high-voltage CCD especially useful for the detection of
low amounts of non-derivatized amino acids. Using low pH lac-
tic acid-based BGE, these authors were able to optimize the
detection for L-arginine, L-lysine and L-histidine, reaching LOD
values of ~20, 30 and 40 nM, respectively; the remaining pro-
teinogenic L-amino acids showed LOD values in the range of
1073 to 10~ M. Basic conditions (pH 10-11) generally lead to
a more stable baseline and more consistent sensitivity, which
enabled sub-micromolar LOD values for all 20 amino acids.
Tanyanyiwa et al. [319] also showed that 9 of 20 amino acids can
be detected in urine samples, although the quantification of real
samples was not reported. More recently, CZE/CCD was used to
analyze free amino acids and some other metabolites in amniotic
fluid samples [316]. BGE with 1.7 M acetic acid and 0.1 wt.%
of HEC (pH 2.15) was supplemented with acetonitrile. This sig-
nificantly improved separation and sample stacking, resulting in
LOD improvement, e.g., 1.5 uM for L-arginine and 6.7 uM for
aspartate.

The optimization of a biogenic amines assay with CZE/CCD
was recently described by Kvasnicka and Voldrich [320]. Com-
parison of CCD for the analysis of small inorganic ions by
CZE has been also performed recently [321]. In addition to
the rapid progress of CZE/CCD technology for fused silica
capillaries, several on-chip platforms have been proposed (for
recent reviews see Refs. [293,307-309,322]). In summary, CCD
is a very potent and promising technique for both fused sil-
ica capillary- and microchip-based CZE platforms; however,
applications focusing on profiling of L-arginine/NO pathway in
biological samples have yet to be developed.

3.2.5. Electrochemical detection

ECD comprises a series of techniques which quantify ana-
Iytes through an electrical signal from electrolysis, redox or
phase transfer events at the interface between analytes (usu-
ally aqueous) and the surface of specific chemical sensors. This
technique is usually classified by the modality of the recording
conditions, such as cyclic voltammetry, amperometry, poten-
tiometry and conductivity. The last category does not involve an
active electrochemical reaction and has been addressed above.
The sensor of the electrochemical detector is usually electrically
coupled to a capillary outlet, which implies similar requirements
as contact conductivity detection. There is one report of contact-
less integrated ECD with independent battery power and optical
communication interface [323].

Amperometry is the simplest ECD technique. It scales analyte
concentrations through currents between working and reference
electrodes. These currents are generated by an electrochemical
redox reaction of the analyte at the surface of the electrode. Such
a current is described by Faraday’s law.

Amperometric assays employ fixed voltage, whereas the
techniques that utilize scan voltages are classified as voltametric
(e.g., cyclic voltammetry and squire wave voltammetry). The
chemical properties and appropriate electrical potential of the
substrate-interacting surface are employed to reduce the kinetic
barrier of electrochemical reaction and generate detectable cur-
rents. Nobel metals, glassy carbon, allotropes of carbon and
enzymatically modified surface sensors that increase substrate
coordination efficiency are usually used. Cyclic voltammetry
techniques use cyclically adjusted voltage to detect specified
redox reaction currents and analytes. Scanning voltage provides
a comprehensive current/voltage (I/V) profile of the electro-
chemical reactions of the analyte or mixture of analytes [231].
This increases the informative capacity of the assay and elimi-
nates interference between species. For example, with scanning
voltammetry, the concentrations of all redox species in a sam-
ple, including NO, NO, ™ and N,.O, or GSH, GSSG and GSNO,
can be determined by the distribution and amplitude of anodic
current peaks [324,325].

A variety of ECD methods were used as stand-alone tech-
niques for in vivo monitoring of NOS activity [326]. A variety of
amperometric sensors specifically developed for the analysis of
NO recently has been reviewed [324,325,327,328]. In combina-
tion with CE, the ECD techniques (CEECD) expand the range of
accessible analytes without derivatization. ECD offers an addi-
tional dimension to optimize the selectivity and sensitivity of
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detection, and it could provide additional information about the
identity of analytes on the basis of their electrochemical prop-
erties. CEECD has rapidly expanded to an attractive alternative
of technologically more changing UV/LIF and CD/CCD-based
technique in both conventional fused silica capillary assay and
microchip-based frameworks; see for example Refs. [329] and
[330-332], respectively.

The remarkable analytical potential of CEECD was reported
by Olefirowicz and Ewing [333] in their pioneering study
that used CE with an amperometric detector to determine
catecholamines in whole-cell and cytoplasmic fractions of iden-
tified molluscan neurons. Microchip-integrated CEECD has
been developed and tested with biomedical samples, showing
excellent analytical performance and good technological poten-
tial for microfabrication [334]. The effort to develop CEECD
applications focuses on the analysis of neurochemically and
metabolically important small biogenic and essential molecules,
including amino acids [335-341], monoamines [342—-351], exci-
tatory and inhibitory neurotransmitters with low electrochemical
activity [341,352], and some vitamins and cofactors such as
ascorbic acid and glutathione [353-363].

Recent improvements in CEECD technique include the
development of lab-on-a-chip devices that integrate sample
cleanup and preconcentration, electrochemical derivatization,
and different types of electrodes for ECD [364]. Interesting
design of in-channel ED for microchip HPCE which uses opti-
cally isolated RS-232 port has recently been published by Martin
et al. [323,365]. Optimization of separation/recordings with
CEECD yields overall LOD values for different analytes in
the 107 to 1077 M range. Hence, this technology could be
valuable in the determination of NO-modified organic metabo-
lites that have yet to be addressed. No HPCE applications
with amperometric, voltammetric, or potentiometric detectors
that directly analyzed nitrite and nitrate have yet been pub-
lished.

3.2.6. Electrospray ionization mass spectrometry detection
The use of CE in tandem with mass spectroscopy is grow-
ing exponentially. This growth reflects the recent increase in
research demand and laboratory accessibility of these tech-
niques. It also reveals the enormous analytical potential of
these approaches in solving some of today’s hottest biologi-
cal problems, including identification and structural analysis of
small metabolites, peptide sequencing, and detection of post-
translational modifications in proteins and nucleotides. Among
the variety of MS techniques used in combination with CE
(for a comprehensive review see Ref. [366]) the ESI inter-
face is the most conventional for integration with HPCE (for a
review see Ref. [367]). One drawback of CE-ESI-MS, however,
is the limited time frame for data-dependent mass determi-
nation. Another CE-MS detection framework without that
limitation is matrix-assisted lased desorption/ionization—time-
of-flight (MALDI-TOF) MS (reviewed in Ref. [368]). This
technique may be especially valuable for the analysis of sub-
miniature cellular and subcellular samples [369,370]. Of the
three most common ESI-MS interfaces in CE to become the
first commercially available technique used coaxial liquid sheath

flow (a.k.a. sheath-flow interface). This was followed by a
sheathless technique with liquid junction and then a technique
with conductively coated tapped capillary tip. The latter two
techniques appear to be especially suitable for low-flow elec-
trospray or nanospray conditions of HPCE (see Fig. 1 in Ref.
[371] for the schematics). ESI-MS techniques are also com-
monly used to analyze biomedical samples in tandem with
HPLC [372]. Both GC-MS and LC-MS were essential tools
in establishing the fine mechanisms of NO production were
increasingly used to analyze intermediate and terminal metabo-
lites of the L-arginine/NO pathway in a variety of biomedical
samples. These MS-based techniques were recently histori-
cally and comprehensively reviewed in Ref. [373]. In contrast,
CE-ESI-MS appears to be just emerging as a bioanalytical
approach for the evaluation of NO-related pathways. At present,
there is a single published report on CE-ESI-MS analysis of
NO-related metabolites [262]. In this work Meulemans used
CE in combination with ESI-MS and photodiode array detec-
tors to analyze products of electrochemically induced oxidation
of NS-hydroxy-L-arginine in vitro. It has been stated that this
assay can be employed for the analysis of biological samples.
Clearly, CE-MS has not yet been established in the field of
NO research as GC-MS and LC-MS have been. However, the
broad implication of this technique in parallel and as an alter-
native to chromatography-based approaches is already evident.
In addition, apparent limitation of LC-MS to perform anal-
ysis in subcellular volumes and to determine traces of NO
action may be relatively easily accessible by CE-MS with
online sample handling such as ITP and cleanup. This pre-
dicts a great niche for CE-MS in the analysis of products of
nitrosylation at the nanomolar level with subcellular resolu-
tion.

4. HPCE profile of NO metabolites in biomedical
samples

There are two analytical problems in evaluating NO func-
tions. The first, which is probably more relevant to clinical
assays, is the challenge of detecting and quantifying small
amounts of specific metabolites in circulation and excretion
samples. The second, which is relevant to biomedical assays
dealing with NO role in biological processes, is the determina-
tion of analytes in small sample volumes, ideally using a single
cell or even part of a cell and preferably non-destructive sam-
pling approaches. For example, density of NO-ergic neurons
varies dramatically across biological species, developmental
stages, tissues and neuronal structures. The study of local NO
action demands measuring concentrations of NO and related
metabolites with a single-cell resolution. With more cells of
different metabolic characteristics to be included into the sam-
ples, the heterogeneity would increase and the assay would be
less precise. The accumulation of chemically stable members
of the L-arginine/NO family such as L-citrulline, nitrite, or 3-
nitrotyrosine in tissue, circulation, or excretion may be good
reference for the evaluation of pathological NO elevation in the
entire organism. It is critical to realize that alternative sources
for some of those metabolites exist. Validation of the potential
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problems in the assay of NO metabolites as well as individual
variation in the concentration of NO metabolites in cell, tissues
and body fluids in health and disease remain very important
parts of HPCE analysis of the NO pathway and may substan-
tially improve assessment of a risk or status in multiple diseases
and disorders.

4.1. Cellular and subcellular resolution HPCE

The ability of HPCE to analyze extremely small and highly
diluted samples (nanoliter to picoliter volumes in a capillary
load; up to 100,000-fold dilution) with an excellent LOD (e.g.,
1071% to 107>’ mol corresponding to 1072 to 107®M) has
a “fatal attraction” for bioanalytical and biomedical use. For
example, HPCE is the technique of choice for high-resolution
spatial and temporal profiling of certain biological phenomena.
It is analytically attractive because it can quantify more than
one analyte per run. For comparison, other single-cell tech-
niques (e.g., electrochemical microelectrodes and fluorescence
labelling) typically resolve a single analyte, with minor excep-
tion. Presently, several HPCE methods have been developed to
analyze single-cell samples (reviewed in Refs. [374-377]). A
few important breakthroughs should be addressed: HPCE of
subcellular metabolic domains including individual mitochon-
drion [378], nuclei [379], tiny cytoplasmic fractions withdrawn
from a single cell [380,381] and subcellular environment
[253,382,383], and exocytosis samples [253,382,383]. The pos-
sibility to perform HPCE analysis of NO-related metabolites
with organelle resolution would be important for the validation
and calibration of new analytical tools such as fluorescent NO
markers (see for example Refs. [384,385]). It also may con-
tribute important information about intracellular distribution of
proximal NO metabolites.

4.2. Single-neuron and neuronal tissue HPCE of NO
metabolites

The brain is the most metabolically heterogeneous tissue
in organisms. Hence, single-cell (single-neuron) assays can
provide most realistic values. This is essential for the funda-
mental understanding of neuronal NO pathways and functions.
Several single-cell HPCE assays have been developed specif-
ically to identify NO metabolites within isolated neurons of
gastropod mollusks, a group of classical neuronal model organ-
isms. Some gastropod species that have large, easily accessible
and identifiable NO-ergic neurons provide experimental advan-
tages for such studies. The first work on determining nitrite
and nitrate levels in individual neuronal cells has been pub-
lished by Sweedler’s group [386]. Individual NO-positive buccal
neurons from the sea slug Pleurobranchaea californica were
electrophoretically separated, and NO,™ and NO3 ™~ were mea-
sured by direct UV absorbance detection. For both ions, the
method provided LOD and LOQ values of <200fmol and
<4 pM, respectively. The NO,™~ and NO3 ™ levels in individ-
ual neurons associated with NOS-specific NADPH-diaphorase
staining were from 2 and 12 uM down to undetectable levels
in NO-naive cells. Neuronal tissue and hemolymph samples

from other gastropod molluscs were also reported in this
work.

Recently, a more comprehensive evaluation was performed
for the simultaneous determination of L-arginine, L-citrulline,
NO;~ and NO3™ in a selected set of NO-ergic and NO-naive
molluscan neurons [101]. HPCE/LIF of OPF-derivatized sam-
ples was used for the amino acid assay, and the CZE-CD
technique was used for inorganic anions (Fig. 4B). LOD and
LOQ values were 84 amol and 11 nM for L-arginine, 110 amol
and 15nM for L-citrulline, and each <200 amol and <10 nM
for NO,™ and NO3 ™, respectively. It has been estimated that
less than 1% of a single cell is required for such assays.
A similar finding was reported in the analysis of isolated
dorsal root ganglia from rat [247]. However, in that case,
an integrated biopsy sample of mammalian tissue was ana-
lyzed. Such sampling procedure would probably be valuable
for laboratory animal experiments and would provide important
information about mammalian neuronal NO. However, the dis-
sociation and analysis of individual cells is more problematic
with a mammalian model. Both these reports used solid-phase
extraction (SPE) cleanup following ITP stacking sample injec-
tion.

4.3. Microdialysis and push—pull sampling HPCE of NO
metabolites

Microdialysis and push—pull sampling in combination with
HPCE has been proposed as a versatile technique to determine
the concentration of neurotransmitters and other biologically
active substances under physiological conditions and on drug
administration in animal models [387-391]. Sakamoto et al.
[392] used in vivo brain dialysis and CZE analysis of NO,™
and NO3™ to study the effects of mild hypothermia on trauma-
induced synthesis of NO in the rat parietal cortex after traumatic
brain injury. They showed a significant increase in NO end-
products in samples from posttraumatic rats. The Kennedy group
has employed a microdialysis-coupled rapid CE-LIF system
which allows a 30s frame scan of the amino acid profile in
the free moving rat [393]. MECC mode allows the quantitative
determination of 15 amino acids in brain perfusate. A similar
technique was also used to identify neurotransmitter pools in
rats with genetic absence epilepsy [394]. Analytical parame-
ters quantified in both of these reports would be sufficient to
identify key organic components of the L-arginine/NO pathway.
Example of microdialysis systems that can be used in combi-
nation with CE-LIF for analysis of human CSF samples with
1 min sampling have been recently described by Parrot et al.
[395].

Certain improvement in the analysis of CSF using HPCE
on low-flow push—pull perfusion samples has been made in
recent years. A 1.5 min approach was proposed by Gao et al.
[255] for the separation and analysis of NO,~ and NO3~ in
rat striatum. This method was especially optimized for NO, ™.
It utilized 20mM phosphate, 2 mM cetyltrimethylammonium
(CTAC) BGE at pH 3.5, electrokinetic injection, and 214 nm
direct UV absorbance detection. Reported LOD values were
0.96 pM for NO, ™ and 2.86 pM for NO3 ™.
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The same group recently proposed an automated nanoliter-
scale injection device which uses 5nl volume injections and
operates with <I-pL sample volume [396]. This system was
employed for the analysis of NO,~ and NO3;~. In addition,
Hadamard transform (HT) and sample overage was used to
improve detection and resolution parameters [396]. HT is a
generalized class of Fourier transforms that is becoming increas-
ingly employed to improve the SNR of analytical recordings.
HPCE detection of NO> ™ in biological samples is a good tar-
get for such an improvement. For example, McReynolds et
al. [250] utilized a pseudorandom alternating sample-buffer
injection according to a Hadamard matrix, using conventional
capillaries with an original “T” connector coupler. By applying
an 83-element injection sequence, they were able to improve
the SNR by a factor of 4.5 over a single injection mode,
leading to an LOQ value of 0.56 uM for nitrite [250]. A
detailed description of HPCE/HT applications with a focus
on planar chip CE techniques has been recently published
[397].

4.4. Other HPCE assays of NO metabolites

Infrequently, but very effectively, HPCE has been used to
identify NO metabolites beyond the analysis of neuronal sam-
ples. For example, the role of NO in cystic fibrosis and other
lung diseases [398] can be analyzed in a variety of aspects
using HPCE techniques. The first application of the technique
for microanalysis of lung airway surface fluid (ASF) was with
HPCE and CD, and was published in 1997 by Govindaraju et
al. [399]. The use of CD offers an excellent analytical flexi-
bility sufficient to determine important ions including cations
(Na*, K*, Ca>*, Mg?*) and anions (C1~, NO,~,NO3~, SO4>~,
PO43~, HCO;™) in the airway fluid microsamples. Four years
later, Govindaraju et al. reported HPCE of NO, " /NO3™ in sub-
microliter quantities of ASF and plasma using a UV detector
(214 nm). Reported basal concentrations were 102 &= 12 wM for
NO3~ and 83 +28 pM NO, ™ in rat ASF, and 70 &+ 1.0 puM for
NO3™ and below the LOD value for NO, ™ in plasma samples.
After lipopolysaccharide was intratracheally administered, the
concentration of these NO metabolites increased significantly,
e.g., 387 £16/377 £ 88 and 103 +7.0/138 == 17 (all values in
pM) for ASF and plasma, respectively.

Another example of nitrite/nitrate detection in epithelial sam-
ples investigated the profile of these anions in the midgut
epithelia of the tropical disease vector mosquito larvae, Aedes
aegypti [248]. Similar to neuronal model molluscs, this simple
arthropod organism offers remarkable advantages in the study of
epithelial functions at the level of individual cells. Submicroliter
fragments of epithelial tissue (~100 cells) as well as tiny apical
and basal liquid samples were analyzed using CZE, SPE and ITP
staking injection [248]. In addition to major biological anions
present in the samples, nitrite and nitrate were detected. One
order magnitude higher concentrations of NO,7/NO3~ (e.g.,
1.48/0.78 wM) were found in the anterior midgut in comparison
to other parts of the larval alimentary canal. Anterior midgut is
associated with high alkalinization (up to pH 11 [248]), high
expression of NOS and elevated NO production (unpublished).

Despite that, the role of NO in gastrointestinal function and
infection [400—402] has been evident for a long time, so far,
this is the sole report of nitrite and nitrate in intestinal tissue
with HPCE. In addition, the accumulation of nitrite and nitrate
has been determined by HPCE in microdialysis samples from
the wall of the stomach and proximal colon during vagal nerve
stimulation [403].

4.5. Clinical HPCE of NO metabolites

The high sensitivity and resolution of HPCE and the relative
simplicity of various HPCE methods and equipment generate a
strong interest in adapting such assays for the quantification of
NO-related metabolites in human health and disease. In par-
ticular, a large number of methods were developed to assay
nitrite and nitrate in human serum [254,256,257,263,404,405]
and urine [252,406—408] as indicators of systemic and whole
body NO synthesis, respectively. Other biochemical parame-
ters of the L-arginine/NO pathway became increasingly used
in assessing disease risk factors and in laboratory diagnostics
of samples from patients and laboratory mammalian models.
This set includes ADMA [202-204], RSNO [409-415], and
3-nitrotyrosine [178,291,416,417].

NO-related HPCE assays have been reported in growing
numbers relevant to particular human disease diagnostics and
treatment. The severity of neurological symptoms associated
with systemic lupus erythematosus (SLE), an inflammatory dis-
ease in which up to two thirds of patients present neurological
symptoms, and with multiple sclerosis (MS) were extensively
evaluated using HPCE analysis of nitrite and nitrate [418-421].
Svenungsson et al. [422] have used HPCE to determine the con-
centration of NO metabolites in the CSF of patients with varying
severity of neuropsychiatric lupus erythematosus (NPLE). The
determination by HPCE of CSF and plasma concentrations of
NO metabolites in postoperative patients with subarachnoid
hemorrhage has been reported by Sadamitsu et al. [423].

Ischemia-reperfusion myocardial and endothelial damage
after heart surgery was addressed in a clinical study by Carlucci
et al. [424]. In addition to a comprehensive set of assays for the
evaluation of oxidative stress and energy balance in the heart
by analyzing biopsy samples before, during, and after cross-
clamping, they employed HPCE for plasma samples from the
coronary sinus and measured a decrease in the nitrate plus nitrite
levels. Panossian et al. [425] have used CZE to determine plasma
nitrite (as an indicator of inflammatory NO formation) in patients
with family Mediterranean fever (FMF). They also studied its
modulation by Immuno-Guard, a novel herbal preparation which
relieves the severity and longevity of FMF attacks. These authors
demonstrated a relationship between the beneficial effect of
Immuno-Guard in reducing the severity of inflammatory attacks
and the increase in nitrite plasma concentrations. The antiox-
idant effect of sinivastatin, associated or not associated with
alpha-tocopherol, was studied in hypercholesterolemic subjects.
The levels of electronegative low-density lipoprotein (LDL),
nitrotyrosine, thiols (homocysteine, glutathione, cysteine, and
methionine), and lipid-soluble antioxidants in blood plasma
were determined by using multiple techniques, including an
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HPCE-LIF assay of free thiols, as well as HPLC and ELISA
[426]. Danilov et al. [427] compared the concentrations of nitrite
and nitrate in CSF and plasma of 61 MS patients with distinct
stages of multiple sclerosis. They found that the nitrite CSF
levels correlated with clinical progression of the disease. They
concluded that NO is involved in the pathogenesis of MS and
that the determination of nitrite levels may be a useful marker
for disease activity. Some other work related to the detection
of organic NO metabolites is summarized in Table 2 and has
been briefly discussed above, along with particular separation
and detection technology.

5. Concluding remarks

Biological NO is one of the most complex and controversial
phenomena in the life history and physiology of modern organ-
isms. It is also one of the most crucial factors in the study of
human health and disease, including diagnostics and therapeu-
tic efforts. The physiological and pathological actions of NO
involve a variety of direct and indirect biochemical parameters
and targets, and these are briefly summarized in the first part
of this review. An impressive effort has been made to better
understand recognized mechanisms of action of NO, as well as
to identify new potential of this exciting molecule with respect
to interactions with the metabolic and physiological universe of
organisms. Not surprisingly, this effort continues to increase. An
especially critical part of NO actions, i.e. transcellular signaling
messenger, neurotransmitter, and putative retrograde hormone
with small active concentrations and enormous amplification
and biological activity potential, remains to be comprehensively
understood. It was recently recognized that human activity may
generate NO in amounts that could impact the ozone layer of
the planet [439,440], but the effect of this activity on the bio-
sphere is difficult to assay since an infinite variety of possible
interactions between NO and NO-related pathways within the
biosphere exist. Recently, the vital role of NO in virtually all life
forms has been recognized. This has generated a second wave
in the expansion of NO research, with the involvement of new
species from all life kingdoms. The recent post-genomic transi-
tion of biological science and the emerging new high-throughput
technologies for screening molecular and genetic references of
NO action have played an important role in the recognition of
novel and cross-specific NO actions (reviewed by Thum and
Bauersachs in Ref. [441]). Hence, incremental growth of NO
studies in the post-genomic era is predictable.

Almost 20 years have passed since the discovery of L-
arginine-derived NO. The greatest problem in the field remains
the absence of a simple, reliable and inexpensive technology
to measure NO and a variety of auxiliary metabolites produced
on NO reaction and metabolism as well as of other members
of the L-arginine/NO pathway. Most analytical approaches for
the evaluation of NO production and action remain “state of the
art”, with the apparent consensus that they likely will retain the
“state of the art” status for some time. It is obvious therefore,
that progress in the analytical chemistry of the NO pathway
demands an analytical breakthrough. The second part of this
review briefly summarizes recent progress in the development

of HPCE as one of the most promising technologies to pro-
vide this essential breakthrough in the study of NO’s chemistry,
biology, physiology and pathology.

The remarkable research progress that will supply the critical
mass in the predictable expansion of HPCE in the near future
is apparent: (1) there are a number of reports that addressed
and greatly optimized separation and detection conditions for a
variety of NO and NO-related metabolites; (2) there is a set
of good work which assesses a diversity of detection tech-
nologies in combination with HPCE and specifically aimed
practical approaches for the detection of NO metabolites, includ-
ing organic and inorganic compounds of the L-arginine/NO
pathway; (3) there are a number of innovative works that uti-
lize the emerging lab-on-a-chip technology and are directly or
indirectly applicable to high-efficiency and high-throughput pro-
filing of the L-arginine/NO pathway. Apparently, there is only
a single missing component: the absence of persistent indus-
trial effort that would address the commercial development of
analytical HPCE. Despite remarkable progress in microelec-
tronic technologies and in CE “know-how”, most commercially
available HPCE equipment utilizes decades-old electronics,
software, sample load, and separation concepts. In addition,
the commercial framework is over-complicated, bulky, unrea-
sonably expensive, fragile, and difficult to service in a regular
laboratory. There is also an apparent gap in the industrial deploy-
ment of analytical HPCE equipment for metabolic research in
comparison to HPCE for genomic and proteomic research.

In summary, the market comprising experimental biology,
analytical biochemistry and clinical diagnostics is ready to
acquire new CE technology for the study of NO. The current
progress in HPCE of the NO pathway highlights two possible
directions in the future development of this technology: (1) a
flexible analytical framework based on a fused silica capillary
with interchangeable UV/LIF, CCD and ECD detectors, and
a submicroliter automatic sampling device; and (2) disposable
lab-on-a-chip platforms that will include a sample cleanup and
separation micro-fluidic maze integrated with a CCD or contact
CD/ED pattern. New algorithms for separation data analysis,
such as pseudorandom injection and HT, will be integrated in
computer interface to improve method sensitivity by lowering
the SNR.

Nomenclature

ADMA asymmetric dimethylarginine
ASF  airway surface fluid

ASL  argininosuccinate lyase

ASS argininosuccinate synthetase

BGE  background electrolyte

CAPS 3-cyclohexylamino- 1-propanesulfonic acid

CCD, C*D contact-less capacitively coupled conductivity
detector

CDh contact conductivity detector

CE capillary electrophoresis

C/FS  coated/fused silica capillary

CHES 2-(N-cyclohexylamino)ethanesulfonic acid
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CSF cerebrospinal fluid

CTAC cetyltrimethylammonium

CZE  capillary zone electrophoresis

DMF  N,N-dimethylformamide

DMMAPS 3-(N,N-dimethylmyristylammonio)propane-
sulfonate

DoTAB dodecyltrimethylammonium bromide

ECD electrochemical detection

EM electrophoretic motility

EOF electroosmotic flow

ESI electrospray ionization

HBED N,N-di(2-hydroxybenzyl)ethylenediamine-N,N-
diacetic acid

HEC  hydroxyethylcellulose

HIBA hydroxyisobutyric acid

HMH hexamethonium hydroxide

HPCE high-performance capillary electrophoresis

ITP isotachophoresis

LOD  Ilimit of detection

LOQ  limit of quantification

MALDI-TOF matrix-assisted lased desorption/ionization—
time-of-flight

MCE  microchip capillary electrophoresis

MES  2-(N-morpholino)ethanesulfonic acid

MS mass spectrometry

Nice-Pak OFM Anion-BT trademark of EOF modifiers
(Waters)

NIR nitrite reductase

NO nitric oxide

NOS nitric oxide synthase

NRA  nitrite reductase activity

OFM-OH trademark of EOF modifiers (Waters)
PC polyacrylamide-coated capillary
PRMTs protein-arginine N-methyltransferases
RNS  reactive nitrogen species

RSNO  S-nitrosothiols

SDMA symmetric dimethylarginine

SDS sodium dodecyl sulfate

SNR  signal-to-noise ratio

SPE solid-phase extraction

SPME solid-phase microextraction

TCA trichloroacetic acid

TTAH tetradecyltrimethylammonium hydroxide
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