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Abstract

In the Griess reaction, first reported by Johann Peter Griess in 1879 as a method of analysis of nitrite (NO2
−), nitrite reacts under acidic

conditions with sulfanilic acid (HO3SC6H4NH2) to form a diazonium cation (HO3SC6H4–N N+) which subsequently couples to the aromatic
amine 1-naphthylamine (C10H7NH2) to produce a red–violet coloured (λmax ≈ 540 nm), water-soluble azo dye (HO3SC6H4–N N–C10H6NH2).
The identification of nitrite in saliva has been the first analytical application of this diazotization reaction in 1879. For a century, the Griess reaction has
been exclusively used to identify analytically bacterial infection in the urogenital tract, i.e. to identify nitrite produced by bacterial reduction of nitrate
(NO3

−), the major nitrogen oxide anion in human urine. Since the discovery of the l-arginine/nitric oxide (l-Arg/NO) pathway in 1987, however,
the Griess reaction is the most frequently used analytical approach to quantitate the major metabolites of NO, i.e. nitrite and nitrate, in a variety of
biological fluids, notably blood and urine. The Griess reaction is specific for nitrite. Analysis of nitrate by this reaction requires chemical or enzymatic
reduction of nitrate to nitrite prior to the diazotization reaction. The simplicity of the Griess reaction and its easy and inexpensive analytical feasibility
has attracted the attention of scientists from wide a spectrum of disciplines dedicated to the complex and challenging l-Arg/NO pathway. Today, we
know dozens of assays based on the Griess reaction. In principle, every laboratory in this area uses its own Griess assay. The simplest Griess assay
is performed in batch commonly as originally reported by Griess. Because of the recognition of numerous interferences in the analysis of nitrite and
nitrate in biological fluids and of the desire to analyze these anions simultaneously, the Griess reaction has been repeatedly modified and automated.
In recent years, the Griess reaction has been coupled to HPLC, i.e. is used for post-column derivatization of chromatographically separated nitrite
and nitrate. Such a HPLC-Griess system is even commercially available. The present article gives an overview of the currently available assays of
nitrite and nitrate in biological fluids based on the Griess reaction. Special emphasis is given to human plasma and urine, to quantitative aspects,
as well as to particular analytical and pre-analytical factors and problems that may be associated with and affect the quantitative analysis of nitrite
and nitrate in these matrices by assays based on the Griess reaction. The significance of the Griess reaction in the l-Arg/NO pathway is appraised.
© 2006 Elsevier B.V. All rights reserved.
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. The l-arginine/nitric oxide pathway – nitric oxide,
itrite, nitrate

The endothelium-derived relaxing factor (EDRF), discovered
n 1980 [1] and identified as nitric oxide (NO) or a labile nitroso
pecies (R-NO, R unknown moiety) in 1987 [2,3], has been
hown to be produced from the oxidation of one of the terminal
uanidino N atoms of l-arginine (l-Arg) in various cells [4–9].
O has been shown to be an intermediate in the oxidation of
-Arg to nitrite and nitrate in macrophages [9]. By means of
C–MS and orally administered l-[guanidino-15N2]-arginine

o humans it was demonstrated that 15N-labelled nitrate was
xcreted in the urine, thus demonstrating that l-arginine is a pre-
ursor for nitrate biosynthesis in humans [10–14]. NO synthase
NOS, EC 1.14.13.39) is the enzyme responsible for the conver-
ion of l-Arg to NO and l-citrulline (l-Citr), and is expressed
n various cells [15–17]. Investigations on the underlying mech-
nism of NOS-catalyzed conversion of l-Arg to l-Citr and NO
y GC–MS revealed that the O atoms in the ureido group of
-Citr and in NO originate from dioxygen (O2), not from water
18–20].

Chemistry and biochemistry of NO and its redox-activated
orms have been reviewed in the past [21,22]. In aqueous phase,
ree of biological material, NO exclusively autoxidizes to nitrite
23]. In this reaction incorporation of O from H2O into NO
eems to take place during hydrolysis of an intermediate, such
s N2O4 [23,24]. The half-life of NO in aqueous phosphate-
uffered solution of pH 7.4 was estimated to be 130 s [25].

of healthy humans, NO metabolism has been shown to depend
upon the oxygenation of red cell haemoglobin [26]. The uptake
of NO into the red blood cells with subsequent conversion to
nitrate is the major metabolic pathway for endogenously formed
NO [27]. Because nitrate itself is biologically completely inac-
tive, in contrast to nitrite, oxidation of NO in erythrocytes to
nitrate by oxyhaemoglobin is the most effective and definite
inactivating metabolic fate of NO. 15NO has been shown to
oxidize in human blood both to [15N]nitrate and [15N]nitrite,
with [15N]nitrate being by far the major oxidative metabolite of
15NO [24]. Erythrocytes seem to possess a high oxidative capac-
ity for NO and nitrite. The half-life (t1/2) of [15N]nitrite (range
0–109 �M) in whole blood was determined by GC–MS to be
11–13 min [24]. An assay based on the Griess reaction has pro-
vided a similar value for the half-life of externally added nitrite
(at 2.5 �M) in whole blood [28]. The l-Arg/NO pathway has
been shown by GC–MS to be the major source of plasma nitrite
in humans [29] and of urine nitrite in mice [30].

Assessment of NO synthesis is of particular interest, as it may
characterize the status of the l-Arg/NO pathway in health and
disease as well as may allow monitor the progress of pharmaco-
logical interventions. NO can be directly measured in the human
circulation upon stimulation [31], however, endogenous NO at
the basal state has not been reliably quantified in the blood, thus
far. The half-life of NO in vivo in the circulation is most likely
shorter than 0.1 s [32]. By contrast, nitrite and nitrate are stable
metabolites of NO, present both in blood and urine, and accessi-
ble to analysis. Quantitative determination of the concentration
One of the most important reactions of NO is that with
aemoglobin. The ratio of rates of NO binding and release for
e(II)-haemoglobin is 5–6 orders of magnitude greater than that
f O2. NO reacts with oxyhaemoglobin (HbFe(II)O2) to pro-
uce methaemoglobin (MetHb, HbFe(III)) and nitrate. In blood

o
a
v
c
N

f nitrite and nitrate in biological fluids, notably plasma, serum

nd urine, is the most suitable method to assess NO synthesis in
ivo. Studies in vivo in humans and mammals indicate that cir-
ulating nitrite rather than nitrate reflects endothelial-dependent
O synthesis in humans and mammals [33–35]. It is clearly
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stablished that the major urinary metabolite of NO is nitrate.
n general, the excretion rate of nitrate in the urine is a reliable
on-invasive method to assess gradually long-lasting changes
n whole body NO synthesis under basal conditions as well as
pon pharmacological or physical treatment [36–38].

. The Griess reaction

.1. The original Griess reaction – a historical view

The most famous and most frequently used method of anal-
sis of nitrite and nitrate is based on the Griess reaction [39].
ohann Peter Griess (1829–1888) was a German Chemist. In
he original work reporting on the synthesis of novel pigments,
riess described in detail the synthesis of the azo dye “Dia-

obenzolamidonaphtol” starting from diazobenzene and naph-
hylamine [40]. In order to increase the water-solubility of the
zo dye, diazobenzene was replaced by diazobenzene sulfonic
cid which was prepared from sulfanilic acid [39]. In 1879,
riess introduced this reaction for the identification of “traces”
f nitrous acid [39]. In the original Griess reaction, nitrite reacts
ith sulfanilic acid under acidic conditions, i.e. with nitrous acid,

o form a diazonium ion which couples to �-naphthylamine to
orm a readily water-soluble, red–violet coloured azo dye; the
olecular formula of the reaction product had been reported by
riess to be C16H13N3SO3 (Fig. 1). Griess applied this reac-

ion to 5–10-fold diluted saliva which turned red after addition
f the reagents [39]. Because of the easy feasibility of the test,
riess suggested its use as experimental demonstration in lec-
ures. Three decades later, a direct relationship was found by
eans of the Griess reaction between the presence of nitrite

n the urine and the occurrence of urinary tract infection [41].
ince that time and until the discovery of the l-Arg/NO pathway

a
c
a
a

ig. 1. The Griess reaction originally reported by Griess in 1879 [39]. Under acidi
iazonium cation, which couples to �-naphthylamine in para-position to form the az
B 851 (2007) 51–70 53

n 1987, detection of bacteriuria in urology has been the main
pplication field of the Griess nitrite assay [42].

.2. Variants of the original Griess reaction

The original Griess reaction is a diazotization reaction.
nstead of the originally used reagents, i.e. sulfanilic acid and �-
aphthylamine, the so called Griess reagents, derivatives of these
itrosable and coupling components, notably sulfanilamide and
-(1-naphthyl)ethylenediamine (NED or NEDA), can be used

Fig. 2). The use of NED as a coupling component for sulfanil-
mide in the Griess reaction has been first suggested by Bratton
nd Marshall in 1939 [43], although originally intended for the
nalysis of sulfanilamide in blood and urine rather than of nitrite.
he molar absorptivity for the purified azo dye formed in the dia-
otization reaction of aqueous nitrite, sulfanilamide and NED
as been determined to be ε = 47,500 M−1 cm−1 at 545 nm [43].
he molar absorptivity for the azo dye formed in the diazoti-
ation reaction of aqueous nitrite, sulfanilamide and NED has
een reported to be ε = 41,000 M−1 cm−1 at 540 nm [28]. The
zo group, i.e. –N N–, is the most important chromophore group
f the azo dye molecule. NED was found to offer several advan-
ages over other coupling components, such as N,N-dimethyl-
-naphthylamine in terms of reproducibility, greater rapidity of
oupling, increased sensitivity, increased acid-solubility of the
zo dye, and pH-independence of the colour in the pH range
f 1–2 [43]. Introduction of an aqueous solution of NO in an
erobic solution of sulfanilamide (25 mM) and NED (2.5 mM)
n 100 mM phosphate buffer of pH 7.4 was found to yield an

bsorbance band at 496 nm which increased with increasing NO
oncentration. Acidification of the buffered solution resulted in
n absorbance band at 546 nm indicative of the corresponding
zo dye [43]. The molar absorptivity of the diazonium cation

c conditions nitrite reacts with the amino group of sulfanilic acid to form the
o dye.
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range, i.e. around 540 nm.

The diazotization reaction is specific for nitrite and strictly
depending on the presence of acid. Mechanistically, the diazoti-
ig. 2. The modified, currently most commonly used Griess reaction. Under
iazonium cation, which couples to N-(1-naphthyl)ethylenediamine in para-po

ormed was estimated to be ε = 950 M−1 cm−1 [44], i.e. about
0-fold smaller than of the corresponding azo dye [43].

The modified Griess reaction using sulfanilamide and NED
s currently the most frequently used Griess assay in quantitative
nalyses. This method has been established as a European stan-
ard for determining nitrite in water (European standard, water
uality–determination of nitrite–molecular absorption spectro-
etric method. 1993. EN 26777). Sulfanilic acid or sulfanil-

mide can be replaced by sulfathiazole (a sulfanilamide derivate)
45] or by 4,4′-diamino-diphenylsulfone (i.e. dapsone) [46].
nterestingly, endogenous substances present in human feces,
resumably nitrosamides and N-nitroso compounds, can form
pon incubation with nitrite at physiological pH ether-soluble
riess reagent-positive material [47].
The Griess reaction, carried out in acidic solution with sul-

anilic acid and NED, played an important role, in addition
o GC–MS, chemiluminescence and spectrophotometry using
aemoglobin, in the identification of NO released from endothe-
ium and formed in macrophages [3,5,8]. It was reported that
nder the experimental conditions used, the Griess assay was
00-fold more sensitive for NO and labile nitroso compounds
han for nitrite [3]. However, another group found that the Griess
ssay consisting of an HCl acid solution of sulfanilic acid and
ED was not adequately sensitive to measure NO at submi-

romolar concentrations, and that EDRF is best considered a
easure of nitrite and mixed nitroxides [48]. For discussion of

his and related issues concerning NO measurement in biologi-

al models, see the review article by Archer [49]. In principle,
he Griess assay can also be used to determine NO trapped by
aemoglobin after separation of nitrosylhaemoglobin by gel fil-
ration chromatography [50].

F
c

conditions nitrite reacts with the amino group of sulfanilamide to form the
to form the corresponding azo dye.

The diazotization reaction can also occur intra-molecularly,
.e. by using a single compound that contains two amino
roups in ortho-position, such as 2,3-diaminonaphthalene
DAN) [51,52], or one amino group and a nitrosable nitro-
en atom, such as hydralazine [53]. Remarkably, Griess
eported the first intra-molecular diazotization reaction of
itrite with 1,2-diaminobenzene (phenylendiamine) leading
o benzotriazol [39]. Interestingly, the diazotization of 2,3-
iaminonaphthalene yields the stable and highly fluorescent
ompound 2,3-naphthotriazole (NAT) (Fig. 3), while diazoti-
ation reactions involving sulfanilic acid and naphthylamine or
heir derivatives produce azo dyes absorbing light in the visible
ig. 3. The intra-molecular diazotization reaction of nitrite in acidic solution
arried out with 2,3-diaminonaphthalene.
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ation reaction represents an electrophilic aromatic substitution
eaction, with the diazonium ion (e.g. produced from sulfanil-
mide) being the electrophilic agent and the second aromatic
mine (e.g. NED) being the nucleophilic base. The electrophilic
ttack of the diazonium ion takes place at para-position with
espect to the amino group of the aromatic base, i.e. the cou-
ling component, (Figs. 1 and 2). Diazotization reactions are
lso feasible with aliphatic amines. However, the corresponding
iazonium ions are unstable due to the lack of mesomerization –
nlike the aromatic diazonium ions – and release readily molec-
lar nitrogen (N2).

Diazonium ions are targets for many nucleophiles including
ater and inorganic anions, such as chloride. In some circum-

tances, such as in the presence of high concentrations of CuCl2
e.g. 100 mM) and long incubation times (e.g. 1 h) [54], the
iazonium ion formed from HCl-acidified, nitrite-containing
atrices and an externally added aromatic amine, such as

-bromoaniline can be converted into p-bromochlorobenzene
hich can be analyzed by GC and electron capture detection

ECD) with high sensitivity. An interesting case for an alterna-
ive fate of a diazonium ion is represented by 5-aminofluorescein
5AF) which is highly fluorescent. 5AF has a primary amino
roup which can be diazotized by nitrite in acidic solution. After
ompletion of the diazotization – preferably performed in 1–2 M
Cl solution, the reaction mixture is alkalinized with NaOH

1 M final concentration), with the diazonium cation being con-
erted into the hydroxylamine which stays in equilibrium with
ts conjugate base anion [55]. The LOD of this method has been
eported to be about 5 nM of nitrite [49]. A similar reaction lead-
ng to a highly fluorescent (LOD, 0.65 nM) and alkaline-stable
iazotate anion has been reported more recently [56].

Further interesting variation of the Griess reaction is that
eported by Saltzman [57]. In this method, a mixture of sul-
anilic acid, NED and acetic acid is used to trap nitrogen dioxide
NO2) from the atmosphere by drawing the air directly through
he Griess reagent mixture and measuring the colour formed
550 nm). Nitric acid was found not to react with the Griess
eagents, and it is likely that NO does not produce the azo dye
n the absence of air under the experimental conditions used
57]. The reaction of NO2 with Griess type reagents has also
een investigated by Huygen [58]. Atmospheric NO2 was also
rapped using an alkaline solution and determined spectrophoto-

etrically using a modified version of the Saltzman procedure as
ell as spectrofluorometrically using 5AF in HCl acid solution

59], with both methods having produced comparable concen-
rations for atmospheric NO2 of the order of 1 ppbv [59].

Besides vicinal aryl diamines, such as 1,2-diaminobenzene
nd DAN, the Griess reaction has also been performed using
single “classical” Griess reagent. Thus, performance of the
riess reaction with 1-naphthylamine has been reported to pro-
uce an azo dye that can be extracted with chloroform and
etected at 560 nm [60], suggesting that 1-naphthylamine serves
oth as the diazotizing and the coupling component. Recently, it

as reported that performance of this reaction with NED instead
f 1-naphthylamine produced a new compound that possesses
eak fluorescence [61]. By this method as little as 1.5 nM of
itrite could be detected in water.

i
w
N
q
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.3. Spectrophotometric and spectrofluorometric methods
f nitrite and nitrate

Until 1963 over 50 colorimetric methods had been reported
or the determination of nitrite and nitrate in a variety of matrices;
any based on the Griess reaction [62]. At that time, more than

0 of the newer methods had been reported to give higher molar
bsorptivity, e.g. ε = 620,000 M−1 cm−1, with nitrite than any of
he Griess type of reagents [62]. To discuss the currently avail-
ble spectrophotometric and spectrofluorometric methods for
he analysis of nitrite and nitrate is beyond the aim of the present
rticle. Here, it is referred to some selected research papers
62–69], as well as to selected review articles [22,49,62,70–73].

any of these methods are based on the nitrosation/nitration
f compounds producing strongly UV–vis absorbing or highly
uorescent species. Some more recently reported spectrofluoro-
etric methods are based on the diazotization reaction.
Of particular interest are methods that involve an intra-

olecular diazotization reaction in fluorogenic species, such as
,5-diaminofluorescein-2 (DAF-2) or its cell-permeable diac-
tate (DA) derivate (DAF-2 DA) that produce the highly flu-
rescent DAF-2-triazol (DAF-2T) [73–77], analogous to the
iazotization reaction occurring in DAN (Fig. 3). In contrast
o the methods aiming at producing specifically fluorescence
r increasing native fluorescence, there have also been reported
ess selective methods, the fluorescence quenching methods, in
hich diazotization and other reactions, such as oxidation of the
uorogenic species by NO suppress considerably fluorescence,
llowing thus indirect analysis of nitrite or NO [60,78–83].

.4. Analysis of nitrate by the Griess reaction

Analysis of nitrate by assays based on the Griess reaction
equires reduction of nitrate to nitrite prior to diazotization. As a
esult of the preceding reduction step, the Griess assay provides
he sum of nitrite and nitrate both in batch and in automated
riess assays not separating nitrite from nitrate, and nitrate
uantity has to be calculated by difference. In Griess assays
sing various reagents including the DAN and in some related
itrite-specific assays, reduction of nitrate to nitrite in various
atrices including biological fluids is accomplished by means

f chemicals [35,46,84–108] and the enzyme nitrate reductase
EC 1.6.6.2.) from different sources, such as Aspergillus species
46,52,109–133] (Table 1).

Most frequently used chemical reductors include cadmium
Cd) in various forms, such as powder, sponge, wire and acti-
ated columns, and vanadium chloride (VCl3 or VCl3/VCl4)
Table 1). Reduction with Cd can be performed under acidic
HCl acid or acetic acid) and alkaline (ammonium chloride
uffer, e.g. pH 8.8) conditions, in batch and automated Griess
ssays. Reduction with vanadium chloride is performed under
Cl-acidic conditions (Table 1). Nitrate reductase-catalyzed

eduction of nitrate to nitrite is most frequently performed

n the presence of the cofactor NADPH, the concentration of
hich may vary from 1 up to 1000 �M (Table 1). Oxidized
ADPH, i.e. NADP+, has been shown to interfere in the subse-
uent diazotization of nitrate-derived nitrite [114]. Application
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Table 1
Summary of selected chemical and enzyme-based methods of reduction of nitrate to nitrite used in assays based on the Griess reaction

(A) Chemical reduction

Reductor pH Batch/automated Species/matrix Efficiency (%) “Lifetime” Reference

Cd column Alkaline Batch A/P ≈100 Indefinite [84]
Cd wire Alkaline Automated Water ≈100 1000 samples [85]
Cd filings/sponge N.R. Batch Water ≈100 N.R. [86]
Cd column Alkaline Automated A, H/U, P, Se, Sa ≈100 800–1000 samples [87]
Cd column Alkaline Automated; FIA A/Se ≥ 95 N.R. [88]
Cu-plated Cd column Alkaline Automated; HPLC A/U, Se ≈100 N.R. [90]
Cd powder Alkaline or acidic Batch H/U, P 30–80 N.A. [95]
Cu-plated Cd filings N.R. Automated; HPLC H/P ≈100 (as recovery) N.R. [98]
VCl3 Acidic (5% HCl) 96-well plate H/S N.R. N.A. [100]
Cu–Cd alloy Alkaline 96-well plate A, H/S ≈100 N.A. [102]
VCl3/VCl4 (0.05 M in 1 M HCl) Batch Water N.R. N.A. [108]

(B) Enzymatic reduction

Enzyme/organism Cofactor/recycling system Batch/automated Species/matrix Efficiency (%) Reference

K. pneumoniae No/no Batch H/Se ≈100 [109]
NR from Aspergillus NADPH (40 �M) 96-well plate H/P ≈90 [52]
NR from Aspergillus NADPH (≈130 �M) Batch H/Se N.R. [111]
NR from Aspergillus NADPH (50 �M); FAD (5 �M) Batch H/P 85–100 [113]
NR from Aspergillus NADPH (1 �M)/G6PDH 96-well plate A, H/U N.R. [114]
NR from Aspergillus NADPH (500 �M)/no Batch A, H/B ≈100 [116]
NR from Aspergillus NADPH (950 �M)/G6PDH Batch EC culture ≈100 [118]
NR from Aspergillus NADPH (80 �M)/no Batch H/U, S, CSF N.R. [119]
NR (commercial kit, Cayman) 96-well plate A/P N.R. [120]
NR from Aspergillus NADPH (3 �M)/no 96-well plate A/brain tissue ≈100 [121]
NR from P. stutzeri Dissimilatory enzyme 96-well plate H/P ≈100 (as recovery) [125]
NR from Aspergillus NADPH (1 �M)/G6PDH Batch; HPLC A/brain tissue N.R. [126]
NR from E. coli MC1061 No/no Batch A/Se 60–70 [132]

A R, n
g fluid.
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, animal; H, human; U, urine; P, plasma; Se, serum; Sa, saliva; B, blood; N
lucose-6-phosphate dehydrogenase; EC, endothelial cells; CSF, cerebrospinal

f NADPH at very low concentrations (e.g. 1 �M) in nitrate
eductase incubates minimizes interferences originating from
he NADPH/NADP+ system. NADPH-recycling enzymes, such
s glucose-6-phosphate dehydrogenase (G6PDH) are frequently
sed to continuously provide sufficient reduction equivalents
73,114,121,126] (Table 1). For the sake of completeness, it
hould be mentioned that in few assays using nitrate reductase
oncentration of nitrate is estimated indirectly, i.e. on the basis of
xidation of NADPH (added at 100 or 240 �M) in the presence
f FAD (added at 2.5 or 5–10 �M) by measuring the decrease
n absorbance at 340 nm, but not by measuring nitrate-derived
itrite by the Griess reaction [110,112].

.5. Analysis of thionitrites – S-nitrosothiols – and alkyl
itrites by the Griess reaction

Special analytical attention has been paid to endogenous
ow- and high-molecular-mass S-nitrosothiols or thionitrites
R-S-N O), such as S-nitrosocysteine, S-nitrosoalbumin and
-nitrosohaemoglobin, because of their potent NO-related bio-
ogical actions including vasodilation and inhibition of platelet

ggregation [134–139]. It is noteworthy that besides NO, labile,
O–releasing nitrosothiols, notably S-nitrosocysteine [140],
ave been considered to be identical with EDRF [2,3]. The
riess reaction has been applied by several groups to analyze

w
r
f
h

itrate reductase; N.A., not applicable; FIA, flow injection analysis; G6PDH,

arious S-nitrosothiols in biological fluids and tissues. Prereq-
isite for the application of the Griess reaction is the chemical
onversion of the S-nitroso group into nitrite, either directly or
ndirectly via NO formation. The most frequently used method
s based on the use of an aqueous solution of HgCl2 as proposed
y Saville [141]. The most crucial point in such assays is the
limination of ubiquitous S-nitrosothiol-unrelated nitrite [135].
ne of the most frequently used reagents to remove endogenous

nd blank nitrite, the concentration of which may exceed by far
hat of S-nitrosothiols, is ammonium sulfamate which strictly
equires acidic conditions [43,135]. However, acidic conditions
avour artifactual formation of S-nitrosothiols from nitrite and
biquitous thiols, so that preceding addition of thiol-alkylating
pecies, such as N-ethylmaleimide (NEM) becomes mandatory
135]. As a result of this and because of the very low content
f biological material on S-nitrosothiols and the instability of
he S-nitroso group, specific and sensitive measurement of this
lass of NO metabolites/derivates by Griess assays gets very
ifficult. Both batch and automated Griess assays using spec-
rophotometric and fluorometric detection have been applied to

easure various S-nitrosothiols [46,116,142–145]. It is note-

orthy that for S-nitrosoglutathione (GSNO) the diazotization

eaction, carried out in phosphate-buffered saline both with sul-
anilamide/NED and DAN, in the presence of HgCl2 or CuCl2,
as been reported to proceed at neutral pH [145].
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Table 2
Summary of the results from a literature search in PubMeda in relation to the
reaction of Griessb and other related diazotization reactions, to nitrite and nitrate
with special emphasis to the l-arginine/nitric oxide pathwayc and analytical
chemistry

Search term(s) Citations
In toto

Related to
l-Arg/NO
Pathway

Related to
analytical
chemistry

I. Griess
Griess 1009 893 (89%)d 71 (8%)e

Griess and assay 608 588 (97%) 67 (11%)
Griess and blood 333 322 (97%) 32 (10%)
Griess and HPLC 50 50 (100%) 11 (22%)
Griess and nitric oxide 833 832 (100%) 41 (5%)
Griess and nitrate 270 252 (93%) 49 (19%)
Griess and nitrite 583 535 (92%) 58 (11%)
Griess and plasma 136 134 (99%) 14 (10%)
Griess and reaction 565 533 (94%) 41 (8%)
Griess and reagent 164 144 (88%) 31 (22%)
Griess and serum 134 112 (84%) 18 (16%)
Griess and urine 57 40 (70%) 25 (63%)

(92 ± 9%) (17 ± 16%)

II. Greiss
Greiss 245 121 (49%) 4 (3%)
Greiss and assay 95 75 (79%) 5 (7%)
Greiss and reaction 61 60 (99%) 3 (5%)

(76 ± 25%) (5 ± 2%)

III. Nitrite
Nitrite and DAFf 10 10 (100%) 1 (10%)
Nitrite and DANg 15 15 (100%) 9 (60%)
Nitrite and

diaminofluorescein
16 16 (100%) 2 (13%)

Nitrite and fluorescence 317 121 (38%) 39 (32%)
Nitrite and fluorometry 179 119 (66%) 23 (19%)
Nitrite and

spectrophotometry
694 177 (26%) 61 (34%)

(86 ± 34%) (28 ± 18%)

IV. Nitrate
Nitrate and DAF 5 2 (40%) 1 (50%)
Nitrate and DAN 11 7 (64%) 4 (57%)
Nitrate and

diaminofluorescein
5 5 (100%) 1 (20%)

Nitrate and fluorescence 392 47 (12%) 18 (38%)
Nitrate and fluorometry 171 33 (19%) 9 (27%)
Nitrate and

spectrophotometry
694 97 (14%) 34 (35%)

(42 ± 35%) (38 ± 14%)

(77 ± 31%) (23 ± 18%)

a PubMed, Public Medline (http://www.ncbi.nlm.nih.gov/entrez/query).
Period under review: 1950–2006.

b Greiss: in the Anglo-Saxon countries, the name Griess sometimes is written
as Greiss.

c Articles related to diagnosis of urinary infection were considered unrelated
to the l-Arg/NO pathway.

d Percentage of total.
e Percentage of “l-Arg/NO Pathway”.

r
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Eventually, it should be mentioned that alkyl nitrites, the
omologous of thionitrites, may interfere with the analysis of
itrite or S-nitrosothiols. Thus, treatment of solutions of decyl
itrite in acetone, acetonitrile, dioxane or tetrahydrofuran with
queous sulfanilamide (290 mM) for 1 min followed by aqueous
ED (13.5 mM) and spectrophotometric detection at 550 nm has
een shown to produce the azo dye [146]. Organic nitrate drugs,
uch as pentaerythrityl tetranitrate (PETN) have been shown to
ontribute artefactually to endogenous nitrite and nitrate when
dded to serum but not to urine [147] as measured by GC–MS
148]. So far, alkyl nitrites and nitrates from endogenous sources
ave not been reported. Potential artefactual contribution of alkyl
itrites to nitrite and nitrate during sample treatment and analy-
is by the Griess assay, GC–MS and other techniques should be
onsidered when organic nitrites and nitrates are used or admin-
stered.

.6. The significance of the Griess reaction in the
-arginine/nitric oxide pathway of the human organism – a
iterature search

In addition to the assays based on the Griess reac-
ion and the other spectrophotometric and spectrofluoromet-
ic assays mentioned above, reported methods of analysis of
itrite, nitrate and S-nitrosothiols include chemiluminescence,
PLC with various detection techniques, CE, CZE, GC, and
C–MS (reviewed in refs. [22,24,28,49,62,70–73,93,103,115,
39,144,145,149–155]). However, no other methodology like
hat utilizing the Griess reaction has been so frequently and
idely used, impressively underlining the popularity of this ana-

ytical approach among scientists from various disciplines. A
iterature search in the database PubMed in the period under
eview between 1950 and 2006 showed that about 90% of the
isted articles obtained by using the search term “Griess” were
elated to the l-Arg/NO pathway, with about 8% of which being
ound to be closely related to analytical chemistry (Table 2). In
his search, articles related to the diagnosis of urinary infection
ere considered unrelated to the l-Arg/NO pathway. A search
sing the term “Greiss”–in the Anglo-Saxon countries some-
imes “Greiss” is used instead of the correct name “Griess”
n relation to the diazotization reaction discovered by Johann
eter Griess–resulted in 245 articles of which approximately
0% were related to the l-Arg/NO pathway. Combination of the
erm “Griess” or “Greiss” with other frequently used expres-
ions in this context, such as “Assay”, “Reaction” or “Reagent”,
ielded articles in high percentage portions being related to the
-Arg/NO pathway, of which even considerably higher rates of
p to 63% for the combination “Griess AND Serum” dealt with
nalytical issues. Considering all single “Griess” or “Greiss” and
ll combined search terms, containing or non-containing these
erms, in average 77% of the articles obtained were found to be
onnected to the l-Arg/NO pathway, with 23% of which being
ublished in chemical analysis-oriented journals or having dealt

ignificantly with analytical issues (Table 2).

Interestingly, a search in PubMed using combinations of the
erm “Griess” with a variable search term representing a human
isease or condition revealed that assays based on the Griess

s
u
[
“

f DAF, Diaminofluorescein.
g DAN, Diaminonaphthalene.

eaction have been and are currently frequently applied to mea-

ure nitrite and nitrate in human biological fluids in the period
nder review (1950–2006). Thus, the search term “Griess AND
name of disease]” resulted in the following entries (n): n = 91 for
cardiovascular disease”, n = 85 for “infection”, n = 60 for “can-

http://www.ncbi.nlm.nih.gov/entrez/query
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The results of the study of Fox [159] showed that the recovery
of the azo dye formed from the reaction of nitrite with SAN and
NED is dependent upon a number of factors, namely: (1) relative
concentration of SAN and NED (Fig. 4); (2) reaction of nitrite

Fig. 4. Final absorbance at λmax 535 nm of the azo dye formed from the reaction
of nitrite (10 �M) in 1.5% acetic acid with sulfanilamide (SAN) and N-(1-
naphthyl)ethylenediamine (NED) at varying concentrations and molar ratios.
8 D. Tsikas / J. Chroma

er”, n = 32 for “rheumatism”, n = 25 for “eye disease”, n = 24 for
kidney diseases”, n = 15 for “bacteriuria”, n = 7 for “helicobac-
er”, n = 4 for “schizophrenia”, n = 3 for “Alzheimer disease”,
nd each n = 1 for “Parkinson disease” and “erectile dysfunc-
ion”, to name a few. The wide spectrum of diseases connected
ith the use of Griess assays and the high search rate obtained

or cardiovascular and kidney diseases in particular emphasize
hich important role researchers attributed to the l-Arg/NO
athway in diseases in general and in NO-related endothelial
ysfunctions in particular.

The application of the Griess reaction to the quantitative
etermination of nitrite and nitrate in human body fluids, notably
lood and urine, in the frame of the l-Arg/NO pathway is the
ocus of attention of the next sections of this article. For a review
f analytical methods beyond the Griess reaction-based assays
or the measurement of nitrite and nitrate in body fluids and
heir clinical applications from the clinical biochemistry point
f view, see the article by Ellis et al. [72].

. Nitrite and nitrate concentrations in human
iological fluids measured by assays based on the Griess
eaction

.1. General aspects

In 1996, Viinikka described in his review the state of art
f the assessment of NO production on the basis of the mea-
urement of nitrite and nitrate in human blood and urine [93].
iinikka noticed that “The scientific literature on NO is exten-

ive, but our knowledge of its (patho)physiological role in man
s still fragmentary”. On the basis of the observation that the
ean concentrations of nitrite in the blood of healthy adults

eported until 1996 varied from non-detected to 4.2 �M, and
hose of nitrate from 19.7 to 44 �M measured by various method-
logies including those based on the Griess reaction, Viinika
tated that “Problems concerning the measurement of NO pro-
uction in vivo are one reason for this lack of knowledge”.
n his review article, Viinikka ascertained that “the technical
easurement of nitrite/nitrate is obviously reliable, but there

re problematic pre-analytical factors”, with the most signifi-
ant and not totally avoidable being the confounding effect of
iet-derived nitrate. Viinikka concluded that “better methods
or measuring the production of NO in vivo would be welcome”
93].

On the basis of the great variability of nitrite and nitrate con-
entrations in human plasma, serum and urine reported during
he last 10 years [155], we must admit that we are confronted
oday largely with the same problem. Moreover, we must assess
hat not only the measurement of nitrite and nitrate is an analyt-
cal challenge, but further members of the l-Arg/NO pathway,
otably the S-nitrosothiols and 3-nitrotyrosine [135,139,156],
ause a lot of worry. In the area of S-nitrosothiol research,
eported basal concentrations in healthy humans range from

on-detectable (i.e. a few nM) to 10 �M, i.e. vary by almost
our orders of magnitude [137,139]. Unlike nitrite and nitrate,
he extraordinary great variability of the S-nitrosothiol concen-
rations cannot be attributed to dietary intake, but it is rather due

T
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B 851 (2007) 51–70

o analytical and pre-analytical issues, notably readily artefac-
ual formation of S-nitrosothiols – even under storage conditions
n the cold [157,158] – and their chemical lability, as well as due
o lack of specificity, selectivity, and sensitivity of the analytical
etection methods.

The following discussion will, therefore, focus on analyt-
cal and pre-analytical issues as a potential source for the
eported diverging nitrite and nitrate concentrations observed
rom the use of the Griess reaction – mostly performed with
he combination of sulfanilamide (SAN) with N-(1-naphthyl)-
thylenediamine (NED) or with 2,3-diaminonaphthalene alone
in the analysis of human plasma, serum and urine rather than

n the effect of diet. It is assumed that the problem of dietary
itrate and nitrite is well-recognized and appropriately consid-
red and documented in clinical and methodological studies. In
his discussion, basal concentrations obtained from the use of
ther methodologies including GC–MS as a reference approach
ill also be considered.

.1.1. Factors influencing formation, stability and reaction
ate of diazonium ions, intermediates and azo dyes in the
riess reaction
Kinetics and mechanism of the Griess reaction have been

ntensely studied and reported in 1979 by Fox [159], who inves-
igated the formation of azo dyes from nitrite and various nitros-
ble substances and coupling reagents including SAN and NED
n different conditions performed in 1.5% acetic acid. In these
nvestigations, SAN and NED (and other Griess reagents) had
een applied at concentrations regularly used at that time for the
nalysis of nitrite in aqueous phase, e.g. 1 and 0.2 mM, respec-
ively [160], with nitrite concentration being fixed at 10 �M.
he Figure was constructed by using the data of Table 5 concerning the combi-
ation of SAN and NED reported by Fox [159]. The number above the symbols
efers to the molar ratio of SAN to NED. The concentration of the reagents SAN
1 mM) and NED (0.033, 0.200 and 0.800 mM; within the dotted rectangle) had
een normally used for the analysis of nitrite at that time [160].
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Table 3
Composition of the Griess reagents sulfanilamide (SAN) and N-(1-naphthyl)ethylenediamine (NED) or its dihydrochloride salt (NEDD) used in selected literature
reports in batch and automated Griess assays for the analysis of nitrite and/or nitrate in biological fluids

Griess reagents SAN/NED Assay Reference

58 mM SAN/0.5 M H3PO4 + 3.9 mM NEDD/water 14.9 Automated Green et al. [87]
100 mM SAN/1.5 M H3PO4 + 8 mM NED 12.5 Batch Oudkerk Pool et al. [111]
5.8 mM SAN/250 mM H3PO4 + 0.5 mM NED 11.6 Batch Moshage et al. [113]
58 mM SAN/0.5 M H3PO4 + 3.9 mM NEDD/0.5 M H3PO4 14.9 Automated/HPLC Muscará and de Nucci [90]
29 mM SAN/1.34 mM NED/0.34 M HCl 21.6 Automated/HPLC Yamada and Nabeshima [94]
232 mM SAN/10.8 mM NED/0.27 M HCl 21.5 Automated/FIA Schulz et al. [162]
29 mM SAN/1.34 mM NED/0.34 M HCl 21.6 Automated/HPLC Kurioka et al. [163]
29 mM SAN/1.34 mM NED/0.34 M HCl 21.6 Automated/HPLC Ishibashi et al. [98]
116 mM SAN/1.35 M HCl + 3.9 mM NEDD/water 29.7 Batch Miranda et al. [100]
58 mM SAN/3 M HCl + 5.4 mM NED/water 10.7 Batch Sastry et al. [102]
348 mM SANa + 10.8 mM NED >32 Batch Giustarini et al. [28]
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a A saturated solution of SAN in ethanol and 0.6 M H3PO4 were used.

ith the sulfonamide group of SAN, and reaction of nitrite with
ED; (3) formation of more than one pigment; (4) oxidation of

he diazonium ion intermediate; (5) oxidation of the azo dye;
6) reduction of the diazonium ion by cysteine (at 200 �M),
ADH (at 10 �M) and ascorbate (at 25 �M); (7) formation of

emistable nitroso-reductant intermediates; (8) pre-reaction of
AN with nitrite, if SAN and NED are not added simultane-
usly; and (9) pH and temperature, with optimum values being
.5–3.5 and room temperature, respectively.

With the exception of acetic acid and consequently of the
H value at which the Griess reaction took place in the inves-
igations of Fox [159], the other experimental conditions are
omparable to those used in various batch and automated Griess
ssays for the quantitative determination of nitrite and nitrate
n biological fluids of humans and animals (Table 3). We may,
herefore, reasonably assume that most of the above mentioned
actors will also influence nitrite analysis in biological fluids.
he observations of Fox [159] may not only explain the pre-
ious findings of this group that Griess assays yielded different
mounts of nitrite [161], but they may also explain diverging val-
es for nitrite reported in the literature (see below). The kinetic
nd mechanistic studies of Fox suggest that measured nitrite is
function of both sample preparation and development of the

olour, with interactions occurring between the two [159]. Even
n “pure” aqueous phase, i.e. in a non-biological matrix, three
hysiological substances, i.e. cysteine, ascorbate and NADH,
ith the latter also being frequently used in nitrate determination
y Griess assays, have been found to interfere with nitrite analy-
is [159]. The foregoing factors are not the entirety of exogenous
nd endogenous factors or reactions – nitrite itself is highly reac-
ive in acidic solutions and nitrous acid may be converted into
O and nitrate – that may affect nitrite measurement.
Fox’s investigations were restricted to aqueous solutions of

itrite. Thus, multiple interfering factors arising from the abso-
utely essential chemical or enzymatic reduction of nitrate as
ell as from the diversity and individuality of the biological

atrices (see below), had not been considered at all in that

tudy [159]. Nevertheless, the conclusions drawn by Fox in
979 are still valid: “Only under identical conditions can inho-
ogenous multiple reactions give identical yields of a given

c
e
s
t

roduct. In view of the many possible reactions involved in the
riess reaction, the importance of control of the reaction con-
itions is readily apparent.” [159]. Thus far, the kinetics and
echanism of the Griess reaction have been investigated almost

xclusively by spectrophotometry. The recent advances made in
he LC–MS technology should allow investigate the Griess reac-
ion and related diazotization reactions using different nitrosable
nd coupling components in aqueous phase.

Most of the conditions of the Griess reaction can be defined,
ontrolled and optimized by the analyst both in batch and auto-
ated assays (Table 3). But conditions and factors dictated

y the individuality of the biological matrix are hard to con-
rol. It is likely that the control of the conditions of the Griess
eaction and the elimination of potentially interfering species
rom endogenous and exogenous sources is best accomplished
y those automated methods, in which additional chromato-
raphic separation steps are included, such as a column packed
ith a Dowex cation-exchange resign [87], or HPLC columns
acked either with an anion-exchanger [90] or with a polystyrene
olymer [94]. In the automated flow injection analysis (FIA)-
riess method, the nitrite-containing sample is subjected to

he Griess reaction without any preceding chromatographic
tep. In this method, the Griess reagent mixture (e.g. 232 mM
AN + 10.8 mM NED in 0.27 M HCl [162]) is continuously
umped through the system by means of an HPLC pump at
constant flow rate. Considering a volume of about 44 �l for

he reaction loop (90 cm × 0.25 mm i.d.) [162], it is calculated
hat the Griess reaction proceeds for only 2.6 s in such a FIA sys-
em. It has been reported that the Griess reaction is incomplete
nder such conditions [162]. Nevertheless, standardized condi-
ions and a 500-fold higher sensitivity compared to the batch
riess assay have been reported to allow reliable determination
f nitrite in biological fluids including blood [162].

.1.2. Methods of quantification
In general, the method of quantification is one of the most cru-
ial procedures in the whole analytical method. With the single
xception of the mass spectrometry methodology that utilizes
table-isotope labelled analogs of the analytes to be quanti-
ated, calculation of concentration of analytes by other analytical
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pproaches is based on the use of calibration curves. Because
f the physiological occurrence of nitrite and nitrate in biolog-
cal matrices, calibration curves for nitrite and nitrate have to
e prepared in matrices different from the biological matrices,
egularly in aqueous solution, mostly in “nitrite-free” distilled
ater or buffers used for dilution. This method of quantifica-

ion is based on the assumption that endogenous and exogenous
ompounds and other factors present in the biological matrix do
ot affect at all the Griess reaction. Commonly, quantification
f nitrate in Griess assays is also based on the use of calibration
urves which are generated by using aqueous solutions of nitrite
ut not of nitrate. Therefore, absolute requirement for accurate
alculation of nitrate concentrations at the basal state is knowl-
dge of the exact reduction recovery rate.

Particularly in batch Griess assays, in which the interference
y numerous known and unknown substances is presumably
aximum, the reduction of nitrate to nitrite is mostly incom-

lete, with the reduction recovery rate being unknown, variable
nd rather low. This has been shown by various groups and
ssays, e.g. by HPLC with on-line post-column Cd reduction and
riess reaction (recovery, 26%) [90], and by GC–MS using 15N-

abelled nitrate as internal standard (recovery, 30–80%) [95]. In
atch Griess assays, recovery rate of nitrate reduction by Cd
as been shown to vary greatly even in diluted urine samples,
ith dilution factors of up to 1:100 (v/v) not completely elimi-
ating interferences [95]. In theory, dilution factors higher than
00-fold could further suppress interference, but the final con-
entration of urinary nitrate could be of the same order of nitrate
resent in water or buffers used for dilution and could therefore
ead to inaccurate concentrations [95].

Interestingly, automated Griess assays involving either a
clean-up” column [87] or a HPLC column for the separation
f nitrite and nitrate [90,98,163], on-line Cd reduction column
nd post-column derivatization utilizing the Griess reaction have
een reported uniformly to provide almost quantitative recov-
ry of excretory and circulating nitrate (Table 1). This could
e due to the use of authentic nitrate for calibration, especially
n the HPLC-Griess method, so that the quantitative reduction
ecovery may become insignificant if the reduction step is repro-
ucible.

.1.3. External validation
Use of nitrite calibration curves to quantify nitrate in bio-

ogical fluids by Griess assays may add considerably to the
ariability of the basal nitrate concentrations in biological fluids
eported in the literature so far (see next sections). Incomplete
eduction of nitrate to nitrite or inaccurate determination of
he reduction recovery rate in the respective biological matrix
ill inevitably produce inaccurate results. Batch and automated
riess assays and other methods of analysis of nitrite and nitrate

hould be validated in addition by proven and fully validated
ethods independent of the Griess reaction. One of the most

ppropriate methodologies for external evaluation is the GC–MS

echnology, because of its inherent accuracy and unique char-
cteristic of providing “absolute” values in biological fluids,
otably of endogenous substances including nitrite and nitrate
87,95,164,165].

D
t
t
s

B 851 (2007) 51–70

We compared a frequently used batch Griess assay utilizing
AN (37.5 mM), NED (12.5 mM) and 4 M HCl as the Griess
eagents with a GC–MS method [166] by quantitating nitrate
n 33 human urine samples after 1:10- and 1:100-dilution (v/v)
ith NH4Cl buffer and reduction of nitrate by Cd powder under

lkaline conditions (5 wt.% NH4Cl buffer, pH 8.8) [95]. Nitrate
oncentrations in all urine samples subjected to this compari-
on were in a relevant concentration range (128–2298 �M as
easured by GC–MS [166]). The results from the statistical re-

nalysis of the original data [95] by regression analysis and by
he more reliable method of Bland and Altman [167] are shown
n Fig. 5. Linear regression analysis between urinary nitrate
oncentrations measured by the Griess assays and by GC–MS
howed moderate correlation, considerable variability and mean
ecovery rates of the order of 40% (slopes) in the Griess assay
Fig. 5A and B). Plotting of the data by the method of Bland and
ltman revealed inacceptable great deviation and a systematic

rror in the Griess assay, which was pronounced in the 1:100-
iluted urine samples (Fig. 5C and D). Similar results were also
bserved [24] by comparing a batch Griess assay according to
uevara et al. [119] with a GC–MS method [166] for plasma
itrate in the frame of a clinical study as measured in portions
f the same plasma samples by two independent investigator
roups [168].

.2. Nitrite and nitrate in urine

Nitrite and nitrate concentrations have been determined by
arious analytical methods both in urine from spontaneous mic-
urition and in urine collected over a certain period of time, such
s over 24 h. In methodological papers nitrite and nitrate concen-
rations in urine are usually expressed in units of concentration
�M or mM). In clinical studies nitrite and nitrate concentra-
ions in urine are corrected for creatinine excretion (e.g. �mol
f nitrite or nitrate per mmol of creatinine; �mol/mmol), notably
n spontaneous urine, or are expressed as an excretion rate (e.g.
mol of nitrite or nitrate per h or 24 h). Except for urine collected
ver 24 h, comparison of quantitative methods of analysis of
itrite and nitrate on the basis of urinary concentrations of these
nions is only useful and meaningful when comparing data cor-
ected for creatinine excretion and/or time of collection. Thus,
itrate concentration in urine of healthy adults typically ranges
etween 100 and 3000 �M, i.e. 30-fold, whereas creatinine-
nd collection time-corrected values usualy range between 50
nd 150 �mol/mmol, and between 500 and 1200 �mol/24 h, i.e.
bout 3-fold, as reported by various methods including those
ased on the Griess reaction and GC–MS [27,155]. It should
e emphasized that dietary intake of nitrate and nitrite may
onsiderably contribute to circulating and excretory nitrate and
itrite. Thus, healthy young volunteers with uncontrolled nitrate
iet excreted in average 110 �mol/mmol creatinine, whereas the
ame group under standardized low-nitrate diet excreted in aver-
ge 49 �mol/mmol creatinine as measured by GC–MS [166].

ata obtained from the use of Griess assays usually represent

he sum of nitrite and nitrate. In non-infected urine nitrate con-
ributes by approximately 99% to the sum of nitrite and nitrate,
o that the anion measured is largely nitrate.
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Fig. 5. Comparison of a common batch Griess assay (SAN, 37.5 mM; NED, 12.5 mM; 4 M HCl) with a GC–MS method [166] for nitrate in urine samples (n = 33)
from healthy and ill humans. Urine samples were diluted (1:10 and 1:100, v/v) with 5 wt.% NH4Cl buffer, pH 8.8, nitrate was reduced to nitrite by Cd powder
[95], and nitrite was quantified in these samples by measuring absorbance at 540 nm and by GC–MS. (A) and (B), linear regression analysis between the nitrate
concentration observed by the Griess assay and by GC–MS in urine samples diluted 10-fold (A) and 100-fold (B). (C) and (D), plotting according to the method
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f Bland and Altman [167] between the difference in the nitrate concentration
easured by the methods in urine samples diluted 10-fold (C) and 100-fold (D).
ere taken from previous study [95].

.2.1. Nitrite concentrations in urine
Except for bacteriuria [41] and in contrast to nitrate, quan-

itative data on urinary nitrite in physiological conditions from
he application of Griess assays and other analytical methods
re exceptionally rare [155]. The urinary nitrite concentrations
f the order of 0.5 �mol/mmol creatinine or 6 �mol/24 h, which
ere provided by a GC–MS method [166] that allows for direct
etermination of nitrite, i.e. independently of nitrate, may serve
s a reference point in the following discussion on urinary excre-
ion of nitrite by healthy humans with uncontrolled nitrate diet.
hese data correspond to an approximate nitrite concentration of
�M in urine collected for 24 h. Moshage et al. reported nitrite
oncentration of 4 �M in urine of healthy humans, however,
he batch Griess assay used (LOD, 1.5 �M in distilled water)
ad not been validated for urine samples [113]. In our hands,
itrite concentration in urine samples from healthy young vol-
nteers of low-nitrate diet ranges between 200 and 1600 nM,
ith the corresponding nitrate concentrations ranging between
00 and 2200 �M as measured by GC–MS [24]. Thus, this range
f concentration for urinary nitrite is below the range of LOD

alues of the majority of batch Griess assays. This and the obvi-
us need to dilute urine samples in batch Griess assays may
xplain the rarity of urinary nitrite concentrations in physiolog-
cal urine from humans. On the other hand, automated Griess

i
m
t
s

sured by the Griess assay and by GC–MS vs. the mean nitrate concentration
zontal lines show the mean difference (solid) and the ±1 S.D. range (dot). Data

ssays, such as the HPLC-Griess assay have been reported to
ave considerably lower LOD values and to allow quantifica-
ion of nitrite in human plasma at the basal state of the order of
00 nM [98]. In theory, the HPLC-Griess method should allow
uantitative determination of nitrite in urine of healthy humans.
urioka et al. have used the commercially available HPLC-
riess method to measure nitrite and nitrate in urine of healthy
umans [163]. Injection of an aliquot (not explicitly stated by
he authors) of urine samples diluted 1:19 in purified water and
reated with an equal volume of ethanol into the HPLC-Griess
ystem yielded creatinine-corrected nitrite concentrations rang-
ng between 1.9 and 8.2 �mol/mmol for the subjects investigated
163]. These nitrite excretion rates correspond to nitrite concen-
rations of 14 ± 5 �M and are approximately 10–20 times higher
han those measured by GC–MS [147,155,166]. The nitrite con-
entrations repoprted by Kurioka et al. [163] are not supported
y the findings of Li et al. [169] who found by HPLC analysis
nd fluorescence detection using the DAN reagent that nitrite
s present in urine of untreated rats at 682 ± 66 nM, nor by the
ndings of Sohn and Fiala [123] who could not measure nitrite
n urine of untreated rats above 2000 nM, i.e. the LOD of the
ethod. Interestingly, urinary nitrite excretion may increase up

o 2-fold after oral administration for 5 days of organic nitrates,
uch as pentaerythrityl tetranitrate (PETN, 80 mg/day) or isosor-
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id dinitrate (ISDN, 30 mg/day) to healthy humans as measured
y GC–MS [147].

.2.2. Nitrate concentrations in urine
Since early in the 20th century, the origin of nitrate in the urine

as been intensely investigated. Thus, in the study of Mitchell
t al. [170], subjects received for a period of 220 days a diet
onsisting largely of foods containing low amounts of nitrate
quivalent to a daily intake of about 250 �mol of NO3

−. Volu-
etric analysis of urine nitrate after its conversion to NO resulted

n an average daily excretion of about 800 �mol of NO3
−, with

arked individual differences (range 300–1400 �mol of NO3
−)

170]. This order of excretion rate of nitrate in healthy humans
as been confirmed almost 80 years later by methods based on
PLC [27] and GC–MS [166]. The investigations of Mitchell

t al. showed that humans consistently excreted more nitrate
han they ingested, in many cases from 3 to 6 times the amount
aken by food [170]. By means of the automated Griess assay
87] as well as by GC–MS, Green et al. found that under con-
itions of constant low ingestion of nitrate (<180 �mol/day) the
mount of nitrate excreted in urine (range 690–980 �mol/day)
as an average of 4-fold greater than the amount ingested [171].
itchell et al. [170] and Green et al. [171] concluded that nitrate

n human urine is not derived entirely from nitrate in the food,
ut is endogenously synthesized by a relatively constant rate and
ndependently of nitrate ingestion, with the variability in urinary
xcretion being due to differences in the intensity of nitrate pro-
uction [170]. Interestingly, Mitchell et al. reported that in their
tudy no nitrite had been detected in fresh urine [170].

In consideration of the relatively great variation in the nitrate
oncentrations in urine, especially when measured in sponta-

eous urine and expressed in absolute concentrations (i.e. �M
r mM), a reliable appraisal of methods of analysis of nitrate in
rine and a comparison among each other on the basis of mea-
ured and reported concentration values is rather meaningless,

p
i
(
s

able 4
ummary of reported urinary basal concentrations of nitrate in healthy humans and u
elected methodologies

eference Species Sample treatment

itchell et al. [170] Human FeCl3/HCl
adomski et al. [172] Human Nitration
reen et al. [171] Human HCl/Dilution (1:20)
reen et al. [87] Human Dilution (1:20)
hizackerley and Al-Dabbagh [109] Human ZnSO4/NaOH
ibbs et al. [12] Human Dilution (1:10)
anno et al. [36] Human Dilution
illiam et al. [110] Human Dilution (1:40)
ennmalm et al. [27] Human SPE; Dilution

sikas et al. [166] Human Cd reduction
ories and Bories [112] Human Dilution (?)
oshage et al. [113] Human Dilution (?)
uevara et al. [119] Human Dilution (1:50)
urioka et al. [163] Human Dilution (1:19)
i et al. [169] Rat Reductase
onnoly et al. [173] Human Dilution (1:20)
olikov and Nikolaeva [107] Human NaOH/ZnSO4

sikas [165] Human Dilution (1:4)

PE, solid-phase extraction.
B 851 (2007) 51–70

xcept external evaluation is performed by alternative methods
Fig. 5). Nevertheless, reported urinary nitrate concentrations
btained from the use of satisfactorily validated Griess assays
nd some other assays are summarized in Table 4.

.3. Nitrite and nitrate in plasma, serum and whole blood

.3.1. Nitrite and nitrate concentrations in plasma, serum
nd whole blood in humans at the basal state

Tables 5 and 6 summarize reported concentrations of nitrite
nd nitrate in the circulation of healthy humans and untreated
nimals as measured by batch and automated Griess assays.
itrite and nitrate have been commonly measured in plasma or

erum and rarely in whole blood. The most frequently used sam-
le treatment procedure was deproteination by means of chemi-
als, such as ZnSO4/NaOH, acids or ultrafiltration. The reported
OD values range between 2 and 10 nM in automated FIA meth-
ds [152,162] and HPLC using DAN [169], and 50 nM [28] to
.5 �M [113] mostly in batch Griess assays. Nitrite concentra-
ion in the circulation ranges from non-detected or 0.1 to 13 �M
Table 5), whereas concentration of circulating nitrate ranges
rom non-detected or 4 to 108 �M (Table 6). Great differences
re found for circulating nitrite even when apparently the same
ethodology was used, e.g. between 0.22 �M [28] and 9 �M

n batch assays, or between 0.1 �M and up to 20 �M in auto-
ated Griess assays, with the majority of them having yielded

learly lower concentrations for plasma of serum nitrite than
atch assays. Measurement of circulating nitrite and nitrate by
nalytical approaches other than Griess assays also yielded sim-
lar ranges and variability even when the same methodology has
een applied [72,93,155]. Typically, the GC–MS methodology

rovides values of about 0.5 �M for nitrite and 42 �M for nitrate
n serum [147], and 1.8 �M (range 1.1–3.3) for nitrite and 38 �M
20–68) for nitrate in plasma of healthy young volunteers on
tandardized low-nitrate diet [166]. Thus, independently of the

ntreated animals measured by assays based on the Griess reaction and by other

Assay Nitrate

Volumetry 300–1400 �mol/day
Colorimetry 768 ± 279 �M
Griess (automated; Cd column) 690–980 �mol/day
Griess (automated; Cd column) 250–2000 �M
Griess (batch; enzymatic) 188–1098 �M
Griess (batch; enzymatic) 690 �mol/day
Griess (automated; Cd column) 124 �mol/mmol creatinine
NADPH oxidation 1111 ± 223 �M
HPLC-UV 470–1130 �M
GC–MS 49–109 �mol/mmol creatinine
NADPH oxidation 480–3000 �M
Griess (batch; enzymatic) 990 �M
Griess (batch; enzymatic) 370–2520 �M
Griess (HPLC; Cd column) 122–335 �mol/mmol creatinine
HPLC (DAN reagent) 605 ± 69 �M
HPLC-UV 2270–4180 �M
Griess (batch; Cd granules) 51 ± 5 �mol/mmol creatinine
HPLC-UV 300–1800 �M
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Table 5
Summary of reported circulating basal concentrations of nitrite in humans and other species by assays based on the Griess reaction and by some selected methodologies

Reference Species Matrix Sample treatment Assay Nitrite (�M) LOD

Rath and Krantz [174] Human Blood ZnSO4/NaOH Batch 2.1 ± 1.4 N.R.
Green et al. [87] Human Plasma SSA Automated N.D. 1 �M
Phizackerley and Al-Dabbagh [109] Human Serum N.R. Batch 3.3 ± 2.1 N.R.
Moshage et al. [113] Human Plasma Dilution; ZnSO4 Batch 1.3–13 1.5 �M
Muscará and de Nucci [90] Rat Serum Ultrafiltration Automated N.R. 75 nM
Dembny et al. [120] Human Plasma Ultrafiltration Batch ≈9 N.R.
Schulz et al. [162] Human Blood NaOH; Ultrafiltration Automated (FIA) 0.1–0.4 2 nM
Ishibashi et al. [98] Human Plasma Methanol (1:1) Automated (HPLC); Cd 0.2 ± 0.1 0.1 �M
Li et al. [169] Rat Plasma Ultrafiltration Automated (HPLC) 0.7 ± 0.1 10 nM
Miranda et al. [100] Human Serum Ultrafiltration Batch; VCl3 4.9 ± 1.2 0.5 �M
Sastry et al. [102] Human Serum NaOH/ZnSO4 Batch; Cu-Cd alloy 3.7 ± 0.6 1.0 �M
Kleinbongard et al. [152] Human Plasma Dilution/ultrafiltr. Automated (FIA) 0.2 ± 0.02 10 nM
Pinto et al. [129] Human Serum Ultrafiltration Automated; enzym. 5–20 0.7 �M
G ; TCA
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iustarini et al. [28] Human Plasma NEM

.D., not determined; N.R., not reported; SSA, sulfosalicylic acid.

ethodology used, concentration of circulating and excretory
itrite (see Section 3.2.1) are almost of the same order, whereas
irculating nitrate concentrations are several times lower than
rinary concentrations (Table 4), regularly 1–2 orders of mag-
itude smaller.

.3.2. Identification of pre-analytical factors influencing
uantitative analysis

Unlike in urine, the Griess reaction cannot at all be performed
n whole or diluted blood. Quantitative determination of nitrite
nd nitrate in whole blood, plasma or serum requires a series of
nalytical procedures to eliminate interfering blood constituents,
otably haemoglobin and plasma proteins. Pioneering work on
he blood-nitrite content has been done in the thirties and forties
f the 20th century. Because of the instability of nitrite in acidic
edia, Rath and Krantz [174] prepared a clear, protein-free

lood filtrate by centrifuging whole blood (10 ml) after treatment
rst with 4.5 wt.% ZnSO4 and then by 1 M NaOH in a proportion
f 1:2.5:1.5 (v/v), which was subjected to the Griess reaction per-

ormed with sulfanilic acid and �-naphthylamine in acetic acid
olution. A study of a series of 170 human subjects (9–91 years of
ge, mean 51 years) hospitalized for traumatic injuries and oper-
tive treatment revealed physiological occurrence of nitrite in

i
[
p
i

able 6
ummary of reported circulating basal concentrations of nitrate in humans and other sp

eference Species Matrix Sample tr

reen et al. [87] Human Plasma SSA
hizackerley and Al-Dabbagh [109] Human Serum N.R.
udjerk Pool et al. [111] Human Serum Dilution (
ratt et al. [88] Dog Serum SSA
ories and Bories [112] Human Serum Dilution (
oshage et al. [113] Human Plasma Dilution;
uevara et al. [119] Human Serum Methanol
embny et al. [120] Human Plasma Ultrafiltra

shibashi et al. [98] Human Plasma Methanol
iranda et al. [100] Human Serum Ultrafiltra

astry et al. [102] Human Serum NaOH/Zn
into et al. [129] Human Serum Ultrafiltra

a Usually, the sum of nitrite + nitrate is reported. SSA, sulfosalicylic acid; dilution,
Batch 0.22 ± 0.07 50 nM

enous blood at 2.05 ± 1.36 �M (mean ± S.D.) within the range
f 0.11 to 6.3 �M. Similar mean blood nitrite concentrations
ere also measured in dogs (2.07 �M, n = 69), steers (2.04 �M,
= 5), and monkeys (2.39 �M, n = 14) [174]. Rath and Krantz

ound that 32 aged subjects (average age, 73.5 years) had clearly
ower blood nitrite concentrations, i.e. 1.27 ± 0.43 �M, with no
orrelation existing between arterial pressure and nitrite con-
entration in blood. The blood nitrite concentrations measured
y Rath and Krantz using the batch Griess reaction are almost
0 times higher than those reported recently by Dejam et al.
175] for blood nitrite in young healthy volunteers measured by
eductive chemiluminescence (see below).

In their article, Rath and Krantz pointed out that “During all
nalytical procedures scrupulous caution must be exercised to
void contamination of the sample with extraneous nitrite from
ir, water and glassware.” [174]. Rath and Krantz recommended
ot to use any anticoagulant if immediately after blood is with-
rawn it is placed in the flask containing the ZnSO4 solution,
nd not to use higher dilution of the blood, “since the nitrite

on is present in extremely minute amounts in normal blood”
174]. Thus, already several decades ago the most important
re-analytical factors had been recognized as potential source of
nterference in the quantitative determination of nitrite in blood

ecies by assays based on the Griess reaction and by some selected methodologies

eatment Assay Nitrate (�M)a LOD

Automated; Cd column 15–60 1 �M
Batch; enzymatic 34 ± 20 N.R.

1:6) Batch; ezymatic 13–108 0.4 �M
Automated (FIA); Cd 6–14 25 nM

1:5) NADPH oxidation 0–42 5 �M
ZnSO4 Batch; enzymatic 4–45 1.5 �M
/ether Batch; enzymatic 35 ± 10 N.R.
tion Batch; enzymatic ≈49 N.R.
(1:1) Automated (HPLC); Cd 27 ± 5 0.1 �M
tion Batch; VCl3 38 ± 8 0.5 �M
SO4 Batch; Cu–Cd alloy 44 ± 4 1.0 �M
tion Automated; enzymatic 14–52 2.3 �M

v/v.
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y the Griess assay: (1) blood volume; (2) proteins; (3) con-
amination; and (4) anticoagulation. We must ascertain whether
he majority of the currently available analytical methods of
itrite and nitrate are susceptible to these basic pre-analytical
actors. Thus, the importance of control of the sample treatment
onditions and the associated phenomena is readily apparent.
inimizing of interferences and sample contamination are deci-

ive in the accurate quantitative analysis of nitrite and nitrate in
lood, plasma and serum.

.3.3. Discussion of the effects of pre-analytical, analytical
nd other factors on the quantitative analysis of circulating
itrite and nitrate

Quantitative determination of nitrite in whole blood neces-
itates immediate processing after blood is withdrawn from a
lood vessel in order to prevent oxidation of nitrite to nitrate.
he need for immediate sample treatment could be one reason

or the very rare measurement of nitrite and nitrate in whole
lood.

Oxidation of nitrite in blood can be prevented by alkali alone
162] or in combination with ZnSO4 for protein precipitation
174], or by other means, such as by ferricyanide [103,175].
n automated Griess assay (FIA), that involved treatment of
lood (1.5 ml) with 0.1 M NaOH and subsequent neutralization
ith 1 M phosphoric acid, and protein separation by ultrafil-

ration [162], as well as a reductive chemiluminescence-based
ethod that involved treatment of human whole blood with

erricyanide [175], resulted in blood nitrite concentrations rang-
ng between 100 and 400 nM [162] and 176 ± 17 nM [175],
hich are about 10 times smaller than those measured by
ath and Krantz [174]. Furthermore, the chemiluminescence
ethod revealed higher nitrite concentrations in erythrocytes

288 ± 47 nM) as compared to plasma (121 ± 9 nM) suggest-
ng that erythrocytes are the major intravascular storage sites
f nitrite in human blood [175]. This apparent accumulation of
itrite in human erythrocytes seems to collaborate with obser-
ations of Recchia et al. [176], who found that in dogs the
atio of the sum of nitrite + nitrate in the erythrocytes to that
n plasma ranges between about 4:1 and 15:1, with decreasing
lasma CO2 pressure and bicarbonate concentration decreas-
ng this ratio, i.e. theoretically shifting it to a ratio of 1:1 for
icarbonate-free plasma. However, the findings of Dejam et al.
175] and Recchia et al. [176] are contradictory to those of Parks
t al. [177], who demonstrated that radioactive 13N-labelled
itrite and nitrate are distributed uniformly on a per-volume
asis between plasma and blood cells in vivo in mice and
abbits.

Uneven distribution of nitrite and nitrate between blood
lasma and red blood cells, bicarbonate-dependent distribution
f nitrite and nitrate in blood compartments, and possibly further,
et unknown factors that may potentially influence nitrite and
itrate transport across the red blood cell membrane [79,178]
ould have two consequencies: (1) they could explain, at least

n part, the greatly diverging nitrite and nitrate concentrations
n plasma and serum reported so far (Tables 5 and 6); and (2)
hey could be strong arguments in favour of measuring nitrite
nd nitrate in whole blood rather than in plasma or serum. This

u
n
i
t

ermany) as measured by GC–MS. Values are taken from ref. [30] and are
resented as mean ± S.E., n = 5 each. Abbreviations: Citr, citrate; LiHep, lithium
eparin; Ser, serum; 3 and 9, monovette volume of 3 and 9 ml.

nsufficiently investigated and contested issue should be further
ddressed in forthcoming investigations.

.3.3.1. Blood, serum or plasma? The role of anticoagulants.
he effects of commercially available monovettes commonly
sed to generate plasma or serum from blood on nitrite and
itrate concentrations have been investigated by several groups.
ost frequently used anticoagulanting agents include EDTA,

itrate and heparin which are placed within monovettes. The
lood volume that can be withdrawn with such monovettes reg-
larly amounts to 3 or 9 ml. Commercially available monovettes
ave been shown to contain considerable and varying amounts
f nitrite and nitrate [30,95,155]. Although all monovettes
ere found to contain considerably higher amounts of nitrate

2–17 nmol) than nitrite (0.17–8.5 nmol, Fig. 6), the relative
ontribution of the monovettes to blood nitrite is several times
igher than to nitrate. The lowest nitrite content was mea-
ured in serum mononovettes followed by monovettes con-
aining heparin, EDTA and citrate. It can be calculated that
hen such monovettes would be filled with blood the nitrite
resent as a contamination in the monovettes would con-
ribute to endogenous nitrite by 0.019 �M in serum monovettes,
.3–0.4 �M in heparin monovettes, 0.94–1.04 �M in EDTA
onovettes, and even 1.2 �M in citrate monovettes. Except

or serum monovettes, the contribution of the other monovettes
o endogenous nitrite may reach and even exceed the endoge-
ous nitrite concentration in dependence upon the blood vol-
me drawn. Indeed, the nitrite concentration in serum and
lasma from blood of a healthy volunteer has been deter-
ined to be 0.796 ± 0.086 �M in serum (9-ml monovettes),

.167 ± 0.086 �M in EDTA plasma (3-ml monovettes) and

.66 ± 0.044 �M in citrated plasma (3-ml monovettes) [155].
n the assumption that exogenous nitrite is evenly dis-

ributed between plasma and erythrocytes consideration of the
onovette-derived nitrite leads to corrected mean nitrite values

f 0.78, 0.82 and 1.26 �M, respectively. Whether commonly

sed anticoagulants may influence distribution of nitrite and
itrate in blood, is at present unknown. Measurement of nitrite
n serum may be associated with the lowest artefactual contribu-
ion. However, precautions should be taken to prevent oxidation
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f nitrite to nitrate during serum generation. It should be pointed
ut that reported serum nitrite concentrations are not generally
ower than plasma concentrations, independently of the assay
sed (see Table 5 and ref. [155]), suggesting that aditional exper-
mental parameters may influence serum nitrite concentrations.
hus, in healthy humans at the basal state mean nitrite con-
entrations have been reported to be 4.9 �M [100] and 3.7 �M
102] in serum, but only 0.22 �M in plasma [28] as measured
y batch Griess assays. Frequently, the procedures used to draw
lood and generate plasma and serum samples are inadequately
eported, and the influence of this important pre-analytical step
n the reported nitrite and nitrate concentrations cannot be reli-
bly evaluated.

Besides contribution to endogenous nitrite, anticoagulants
ave been reported to interfere with the analysis of nitrate in
lasma by alternative mechanisms. Dembny et al. reported that
eparin (at 14.3 U/ml) but not EDTA (at 3.8 mM) interfered
ith the determination of nitrate but not of nitrite in rat and
uman plasma, with the inteference being based on the inhibi-
ion of nitrate reductase-catalyzed reduction of nitrate to nitrite
s observed by using a batch Griess assay [120]. However, this
ethod has not been sufficiently characterized and the plasma

itrite concentrations of about 9 �M are among the highest mea-
ured in rat and humans so far (Table 5). Ricart-Jané et al. inves-
igated the effects of anticoagulants and other pre-analytical
actors in the quantification of nitrate in plasma by a commer-
ially available batch Griess assay involving nitrate-reductase
atalyzed reduction of nitrate [128]. Although this work neither
eported on a final, interference-free and validated method nor
eported on basal concentrations of nitrite and nitrate in rat or
uman plasma, it showed that numerous parameters may inter-
ere and affect quantitative analysis of nitrite and nitrate by the
atch Griess assay by largely unresolved mechanisms [127]. In
ccordance with Ricart-Jané and colleagues these parameters
ay include: (i) kind of anticoagulating agent; (ii) ultrafiltration

f plasma; (iii) stability and amount of nitrate-reductase to be
dded to plasma; (iv) calibration by nitrate instead of nitrite; (v)
nd subtraction of the “background” absorbance at 540 nm in
ase of using plasma without ultrafiltration [127].

.3.3.2. Sample deproteination by protein precipitation, ultra-
ltration or microdialysis. In the absence of any other materials
ormation of azo dyes via the Griess reaction proceeds in aque-
us solutions of nitrite rapidly and is almost quantitative. How-
ver, the presence of even a single additional compound, such as
scorbate, cysteine or NADPH, may significantly affect quantifi-
ation of nitrite [159]. The more complex the nitrite-containing
atrix is the higher is the probability for interferences for nitrite

n the Griess reaction by mechanisms related and unrelated to the
iazotization reaction itself. Thus, the requirement for an addi-
ional step in the analysis of nitrate, e.g. batch nitrate reduction
y Cd, may enormously enhance the susceptibility for inter-
erences [86]. Potential, mechanism-based interferences may

ecome significant in any of the various steps of the diazoti-
ation reaction as discussed by Fox [159]. In protein-containing
atrices, such as plasma, serum or cultured cells, proteins may

onsiderably interfere with the quantitative determination of

i

b
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itrite and nitrate when measured by the Griess reaction. Inter-
ering proteins may “positively” contribute to nitrite due to
ntrinsic absorbance around 540 nm (e.g. by haemoglobin, myo-
lobin, NOS [50,179]). Protein-dependent interference may be
negative” due to reaction of nitrite with reactive moieties of
roteins, notably tyrosine and cysteine, with nitrite nitrosat-
ng and nitrating proteins under the acidic conditions required
or the Griess reaction [95,156]. A major interference seems
o be haemoglobin, which at only 10 �M has been shown to
ompletely abolish the diazotization of nitrite with DAN [52].
ventually, the incompatibility of proteins with assays involving
PLC is readily apparent.
Simple dilution of the protein-rich matrix has also been

erformed, but it is unlikely that it eliminated protein-related
nterferences. Moreover, in particular batch Griess assays may
ecome inapplicable to nitrite in diluted plasma or serum
amples, if sensitivity is insufficient. Therefore, proteins are
ost frequently eliminated either by precipitation using organic

r inorganic chemicals, or by ultrafiltration using commer-
ially available cartridges of various cut-off values, such as
0 or 20 kDa [46,52,100,120,121,125,127,152,162,169]. It is
orth mentioning that measurement of NO formation in vivo

s frequently performed by combining the microdialysis tech-
ique with the Griess reaction [94,126,180–183]. Ultrafiltration
evices with cut-off values of 3, 5, 10, 12, and 30 kDa are
ommercially available from many suppliers. The majority of
uch ultrafiltration cartridges have been shown to be contami-
ated with nitrite and nitrate. Thus, analysis by ion-exchange
PLC with UV absorbance detection at 214 nm on the third
ash of the tested devices with water (0.5–3.5 ml) revealed pres-

nce of nitrite and nitrate from “not detectable” (LOD, each 3
mol) to 0.7 �M nitrite and 13.6 �M nitrate [184]. This HPLC
ethod yielded mean plasma nitrite and nitrate concentrations

n healthy humans of 3.5 and 47 �M, respectively [184]. Con-
amination of ultrafiltration devices with nitrite and nitrate may
ell explain “unexpected” findings showing up to 205% higher
itrite and nitrate concentrations in ultrafiltered as compared
o non-ultrafiltered plasma samples [128]. Inorganic chemi-
als used for deproteination include ZnSO4/NaOH [102,174]
nd HgCl2/Na2CO3 [84]. Organic chemicals used for protein
recipitation include acids, such as trichloroacetic acid (TCA)
28,84] and sulfosalicylic acid [87,88], and organic solvents,
uch as methanol alone [98] or in combination with diethylether
119]. It should be noted that not only inorganic acids, such
s HCl [95], but also strong organic acids, such as TCA may
ause significant loss (of about 85%) of nitrite in plasma under
onditions used for protein precipitation apparently through
itration of proteins [84]. While use of thiol-specific agents,
uch as N-ethylmaleimide may prevent loss of nitrite through S-
itrosylation of thiols, C- and N-nitrosation/nitration of proteins
n acidified samples is difficult to avoid.

.4. Selected applications of Griess reaction-based assays

n clinical and animal studies

In view of the large number of applications of Griess reaction-
ased assays in experimental and clinical studies, here a few
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elected articles will be mentioned and discussed. Two basic
riteria for the selection are a close connection to the l-Arg/NO
athway and a satisfactory description and analytical character-
zation of the applied Griess assays. It is expressly pointed out
hat the following description is not nearly complete.

Rath and Krantz [174] found by a batch Griess assays that
ged subjects (average age, 74 years) had clearly lower blood
itrite concentrations than younger subjects, i.e. 1207 ± 430 nM
ersus 2050 ± 1360 �M (mean ± S.D.), with no correlation
xisting between arterial pressure and nitrite concentration in
lood. Recently, Kleinbongard et al. [185] found by an auto-
ated FIA Griess assay that plasma nitrite concentrations

ecreased with increasing age, i.e. 284 ± 26 nM in 12 young
ealthy volunteers (average age, 30 years) versus 148 ± 27 nM
mean ± S.D.) in 12 older patients (average age, 63 years) suffer-
ng from endothelial dysfunction, while plasma nitrate concen-
rations did not differ among the groups, i.e. 26 ± 3 �M versus
2 ± 4 �M (mean ± S.E.). In a step-wise linear regression model
ean arterial pressure was identified by Kleinbongard et al.

185] as exerting the greatest influence on plasma nitrite con-
entration. The basal plasma nitrite concentrations measured
y Kleinbongard et al. [185] are about 4 times lower than
hose measured by Rath and Krantz in blood [174]. Consider-
ng an almost uniform distribution of nitrite between plasma
nd erythrocytes [175,177], the great discrepancy regarding
he basal concentrations reported by these groups are presum-
bly due to methodological issues despite the clearly differ-
ng populations investigated, unlike the findings concerning
rterial pressure and age. In contrast to Kleinbongard et al.
185], Jedličková et al. [186] found by HPLC and ECD that
2 healthy young volunteers (20–40 years of age) and 26 old
atients (70–95 years of age) suffering from cardiovascular dis-
ases had very similar plasma (heparin as anticoagulans) nitrite
oncentrations, i.e. 1317 ± 840 nM versus 1372 ± 914 nM
mean ± S.D.), but clearly different plasma nitrate concentra-
ions, i.e. 19.2 ± 6.4 �M versus 45.4 ± 10.9 �M (mean ± S.D.).

Application of a batch Griess assay involving enzymatic
eduction of nitrate to nitrite by E. coli reductase in 1:10-
iluted urine and in ultrafiltrate from 1:1-diluted serum of
ealthy volunteers and in non-treated patients with malignant
elanoma (MM) or renal cell carcinoma (RCC) revealed sim-

lar 24-h urinary output (690, 600, and 521 �mol/day, respec-
ively) and serum nitrite + nitrate concentrations (32, 32, and
6 �M, respectively) [12]. Interleukin-2 administration to the
atients caused in that study a striking increase in NO gen-
ration as reflected by 24-h urinary nitrite + nitrate excretion
6.5-fold in RCC and 9-fold in MM patients) and by serum
itrite + nitrate concentrations (10-fold in RCC and 8-fold in
M patients). Additional metabolic tracer studies using l-

guanidino-15N2]arginine and GC–MS analysis revealed eleva-
ion in [15N]nitrate concentrations both in urine and in serum
12].

Oudkerk Pool et al. [111] investigated NO synthesis in ulcer-

tive colitis and Crohn’s disease by measuring nitrite + nitrate
oncentrations in serum by means of a batch Griess assay
fter serum dilution (1:6, v/v) with phosphate buffer, enzy-
atic conversion of nitrate to nitrite with the use of nitrate

t
G
t
s
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eductase from Aspergillus and oxidation of excess NADPH
y phenazine methosulfate. Oudkerk Pool et al. [111] found
hat median serum nitrite + nitrate concentrations did not differ
tatistically significantly between ulcerative collitis (34.2 �M,
ange 15.6–229.4 �M, n = 75), Crohn’s disease (32.3 �M, range
3.2–143.2 �M, n = 71) and healthy controls (28.7 �M, range
3.0–108.4 �M, n = 33).

Yamada and Nabeshima [94] applied a HPLC-Griess assay
nd an in vivo brain microdialysis technique to measure simul-
aneously nitrite and nitrate concentrations in the cerebellum of
onscious rats. The concentrations of both nitrite and nitrate
ecreased by intraperitoneal injection of the synthetic NOS
nhibitor NG-nitro-l-arginine methyl ester, while administration
f l-arginine increased nitrite and nitrate concentrations and
iminished the reduction of their concentrations caused by NG-
itro-l-arginine methyl ester [94].

Rao et al. [121] used a batch DAN-based fluorometric assay
o measure nitrite + nitrate in brain tissue of rats before and
fter traumatic brain injury and cerebral ischemia. Nitrate was
educed to nitrite in ultrafiltered (10 kDa, cut-off) cortical and
ippocampal extracts as well as plasma by nitrate reductase in
he presence of an NADPH-regenerating system. Both traumatic
rain injury and cerebral ischemia were found by the method to
levate nitrite + nitrate concentrations in tissue and in plasma.

An HPLC-Griess assay was used by Ishibashi et al. [98] to
easure nitrite and nitrate differences in human coronary cir-

ulation with severe atherosclerotic stenosis. Nitrite and nitrate
ere measured in methanol-deproteinated plasma (1:1, v/v) gen-

rated from arterial blood taken at ostium of left coronary artery
nd from venous blood taken at coronary sinus. The authors
ound no difference for nitrite but a negative nitrate difference
i.e. nitrate concentration was in venous blood smaller than in
rterial blood) in patients with coronary artery disease (CAD)
s compared with patients without CAD [98]. Using the same
PLC-Griess method the same group reported later [187] that

hey found no nitrate difference (34.3 �M versus 34.4 �M) but
positive nitrite difference (140 nM versus 100 nM) between

rterial and venous blood taken from aorta and right atrium,
espectively, in patients with or without ischemic heart disease.

By measuring plasma nitrite by a FIA Griess assay, the
PLC-Griess method and reductive chemiluminescence Klein-
ongard et al. [35,152] investigated in vivo in humans and
nimals changes of nitrite concentrations upon administration
f acetylcholin or NOS inhibitors. Thus, intrarterial infusion of
cetylcholin (10 �g/min) was found to increase plasma nitrite
rom 327 ± 39 to 593 ± 112 nM in humans, while the NOS
nhibitor NG-monomethyl-l-arginine (12 �mol/min) was found
o decrease venous plasma nitrite concentration from 315 ± 57
o 136 ± 21 nM [152]. Kleinbongard et al. suggested that plasma
itrite reflects constitutive vascular NOS activity across mam-
alian species [35].
Interestingly, the Griess assay has also been applied in oph-

halmic research. Okuno et al. [188] investigated NO synthesis in

he optic nerve head in vivo using microdialysis and the HPLC-
riess assay. A concentric microdialysis probe was inserted into

he optic nerve head of a rabbit and was perfused with Ringer’s
olution. The perfusate dialysate was collected, and nitrite and
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itrate concentrations in the dialysate samples were measured
y the HPLC-Griess assay simultaneously. Basal nitrite and
itrate concentrations in the dialysate were determined to be
0 ± 10 and 3959 ± 500 nM, respectively [188]. These concen-
rations were reduced by intravenously administered NG-nitro-l-
rginine methyl ester and restorted by l-arginine. Intravitreally
dministered endothelin-1 (ET-1) was found to significantly
levate the concentrations of nitrate, which was inhibited by
retreatment with NG-nitro-l-arginine methyl ester. Okuno et
l. [188] concluded that NO synthesis in the optic nerve head is
losely connected with the ET-1 signaling pathway.

Eventually, the use of a commercially available nitrite/nitrate
riess assay kit involving nitrate reductase-catalyzed conver-

ion of nitrate to nitrite in citrated venous plasma should be
entioned and discussed. Elherik et al. [189] used this Griess

ssay to investigate circadian variation of NO synthesis in
oung healthy volunteers. This investigator group observed
significant circadian variation in plasma ET-1 concentra-

ions, but only a borderline trend for a circadian variation in
itrite + nitrate plasma concentrations, with higher concentra-
ions at 20.00 h (15.6 ± 8.4 �M), and lower concentrations at
4:00 h (10.9 ± 4.7 �M) [189]. By contrast, quantification of
rinary nitrate by GC–MS revealed a statistically significant
ircadian rhythm of NO synthesis both in healthy and diseased
ubjects, with the maximum and minimum excretion rates in
he urine samples collected from 17:00 to 20:00 h, and 05:00 to
8:00 h, and a 24-h amplitude of approximately 25% [38,155].

. Concluding remarks and future prospects

The reaction of nitrite with sulfanilic acid and �-
aphthylamine under acidic conditions has been discovered by
riess in the 19th century as a method of preparation of pig-
ents, the azo dyes, and has been proposed by him as a method

f analysis of nitrite. First urologists, then cancer researchers
nd more recently investigators from various disciplines are the
ost frequent users of analytical methods based on the Griess

eaction and related diazotization reactions. There is no doubt
hat assays based on the Griess reaction are the most popular
nalytical methods for the analysis of nitrite and nitrate in the
O area of research, both in experimental and in clinical studies.
he diazotization reaction is usually performed in batch, e.g. in
cuvette and on microplates. In modern assays the Griess reac-

ion is increasingly applied in FIA systems as well as in HPLC
ystems for post-column derivatization and visible absorbance
etection using a mixture of sulfanilamide and NED in HCl solu-
ion or for pre-column derivatization with fluorescence detection
sing the DAN reagent. Incorporation of chemical reductors in
he HPLC-Griess and other automated assays based on the dia-
otization reaction allow for the simultaneous detection of nitrite
nd nitrate. Today, both batch and automated Griess assays are
ommercially available and increasingly used in vitro and in
ivo studies.
Despite considerable advance in recent years, accurate quan-
itative determination of nitrite and nitrate in complex biological
uids, such as blood, plasma and urine by assays based on

he Griess reaction is still a challenging analytical task. The

c
t
c
m
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reately differing basal concentrations of nitrite in plasma and
rine of humans are a firm evidence for the existence of unre-
olved analytical problems. In all fairness, we must admit that
itrite and nitrate assays based on distinctly different methodolo-
ies are also associated with analytical difficulties. Many of the
ommon methodological problems arise from pre-analytical fac-
ors including generation and treatment of the biological matrix
o be analyzed and from contamination by ubiquitous nitrite
nd nitrate. The method of quantification remains an inherently
rucial analytical shortcoming in assays based on the Griess
eaction. Therefore, validation of Griess assays by methodolo-
ies based on different principles is essentially important. In
ddition, one important instrument to monitor the overall reli-
bility of the Griess assays used in clinical studies is the use
f a quality control (QC) system. In practice, however, analysis
f QC samples in parallel to study samples is rather very rare.
herefore, establishment of QC systems and co-processing of
C samples for nitrite and nitrate in clinical studies is absolutely

ssential.
There is a general belief that Griess assays are fundamen-

ally reliable for accurate quantitative measurement of nitrite
nd nitrate in biological samples. In particular, the commercial
vailability of “ready-to-use” Griess assays is very tempting, and
O researchers are making increasing use thereof. However,

ommercially availability of Griess assays does not automati-
ally guarantee the accuracy of the results for nitrite and nitrate
btained by these methodologies. Thus, well-recognized and
otentially interfering pre-analytical and analytical factors must
e adequately considered in the whole analytical process, from
ampling to detection. The Griess reaction is very well known in
he area of the l-Arg/NO research and is considered in general
o run routinely. However, accurate measurement of nitrite and
itrate in biological samples by assays based on the Griess and
elated reactions requires use of sophisticated analytical proce-
ures by experienced analysts. Eventually, clinically oriented
ournals have further a responsibility to this area of research to
e more attentive to analytical chemistry both from the method-
logical and the review points of view with regard to authors’
wn, to adopted and, most important, to commercially available
riess assays.
Over the last years, the NO metabolites S-nitrosothiols [136]

nd nitrite [190] have been proposed to play important, almost
dentical physiological roles in mammals, including signal trans-
uction and blood flow regulation. Both S-nitrosothiols [136]
nd nitrite [190] have been proposed to represent each the largest
ntravascular storage form of NO. At present, reported basal
oncentrations of circulating S-nitrosothiols and nitrite range
y two to three orders of magnitude, with Griess assays hav-
ng also contributed to this great divergence. Circulating nitrite
nd S-nitrosothiols have evaded the definition of reference inter-
als to date. In consideration of the potential roles in blood and
issue, the most urgent and important future prospect in this
esearch area is the establishment of reference values for these

losely related NO metabolites. Absolute requirement to reach
his goal is the use of reliable, validated, interference-free, spe-
ific and sensitive analytical methods in clinical studies. Also,
ore attention should be paid to the methods of analysis of nitrite
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nd S-nitrosothiols including particularly the Griess assays, both
rom the analytical and the review point of view, notably in clin-
cal journals.
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J. Sandmann, J.C. Frölich, Anal. Biochem. 244 (1997) 208.
[96] D. Tsikas, I. Fuchs, F.M. Gutzki, J.C. Frölich, J. Chromatogr. B 715 (1998)
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