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Nitric oxide, a gaseous free radical, is poorly reactive 
with most biomolecules but highly reactive with other 
free radicals. Its ability to scavenge peroxyl and other 
damaging radicals may make it an important antioxi- 
dant in vivo, parti~darly in the cardiovascular system, 
although this ability has been somewhat eclipsed in the 
literature by a focus on the toxicity of peroxynitrite, 
generated by reaction of O~- with NO" (or of NO-  with 
02). On balance, experimental and theoretical data 
support the view that ONOO- can lead to hydroxyl 
radical (OH') generation at pH 7.4, but it seems un- 
likely that OH" contributes much to the cytotoxicity 
of ONOO-.  The cytotoxicity of ONOO- may have been 
over-emphasized: its formation and rapid reaction with 
antioxidants may provide a mechanism of using NO" to 
dispose of excess O~-, or even of using O~- to dispose of 
excess NO' ,  in order to maintain the correct balance 
between these radicals in vivo. Injection or instillation 
of "bolus" ONOO- into animals has produced tissue 
injury, however, although more experiments generat- 
ing ONOO- at steady rates in vivo are required. The 
presence of 3-nitrotyrosine in tissues is still frequently 
taken as evidence of ONOO- generation in vivo, but 
abundant evidence now exists to support the view that 

it is a biomarker of several Ureactive nitrogen species". 
Another under-addressed problem is the reliability of 
assays used to detect and measure 3-nitrotyrosine in 
tissues and body fluids: immunostaining results vary 
between laboratories and simple I-IPLC methods are 
susceptible to artefacts. Exposure of biological material 
to low pH (e.g. during acidic hydrolysis to liberate 
nitrotyrosine from proteins) or to H202 might cause 
artefactual generation of nitrotyrosirte from NO 2 in the 
samples. This may be the origin of some of the very large 
values for tissue nitrotyrosine levels quoted in the 
literature. Nitrous acid causes not only tyrosine nitra- 
tion but also DNA base deamination at low pH: these 
events are relevant to the human stomach since saliva 
and many foods are rich in nitrite. Several plant 
phenolics inhibit nitration and deamination in vitro, 
an effect that could conceivably contribute to their 
protective effects against gastric cancer development. 

Keywords: Nitric oxide, peroxynitrite, deamination, 
3-nitrotyrosine, xanthine, hypoxanthine, reactive nitrogen 
species, gastric cancer, lipid peroxidation, superoxide, 
hydroxyl radical, nitrous acid, nitrite, catechins 
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652 B. HALLIWELL et al. 

INTRODUCTION: THE BASIC 
CHEMISTRY OF NITRIC OXIDE 

the research on NO" and its derivatives that has 
taken place in our laboratories. 

Nitric oxide (official chemical name nitrogen 
monoxide) is a colourless gas, moderately soluble 
in water (up to 2 mM at 20°C and about 1.6 mM 
at 37°C) and rather more soluble in organic 
solvents Ill (hence NO may, like 02 tend to con- 
centrate within membranes in vivo). [2I Since it 
has an unpaired electron, nitric oxide is by 
definition a free radical and so it is written as 
NO" from now on in this article. If the electron 
is lost, nitrosonium cation results (a non-radical) 

NO" --* e- + NO + 

If an electron is gained, nitroxyl anion (another 
non-radical) is the product 

NITRIC OXIDE IS A GOOD 
FREE RADICAL SCAVENGER 

Nitric oxide is fairly low down on the "reactivity- 
scale" of free radicals. Unlike such indiscrimi- 
nately-reactive species as OH',  NO" reacts slowly, 
if at all, with most biological molecules. However, 
most biological molecules are not free radicals. By 
contrast, NO" is astoundingly reactive with other 
free radicals: some representative rate constants 
are listed in Table I. [9-131 Thus NO" can scavenge 
OH" 

NO" + OH" --* H N O 2  k > 101° M -1 s -1 

NO" + e- --* NO- peroxyl radicals I121 

and this species can react with oxygen to give 
peroxynitrite 

NO- + 02 ~ O N O 0 -  

For example, such reactions happen when NO" 
interacts with ferrous cytochrome c. I3J On expo- 
sure to 02, NO" reacts to form the brown gas nitro- 
gen dioxide NO t, also a free radical and much 
more reactive than is NO'. The overall reaction is 

RO t + NO ° --, ROONO k > 109M -1 s -1 

and tyrosyl radicals, the latter probably by a 
reversible addition reaction. I141 The literature 
on the free radical reactions of NO" has largely 
focussed on its fast reaction with superoxide to 
give peroxynitrite Inl 

O t -  + NO" -~ O N O O -  k > 109 M -1 s -1 

2NO" + 02 ~ 2NOt 

although it proceeds as the sum of several stages. 
The final oxidation product of NO" in aqueous 
solution is mostly nitrite, ~41 according to the 
overall equation 

4NO ° + 02 + 2H20 --, 4H + + 4NO 2 

Extensive reviews have been written on the basic 
chemistry of NO*, its biosynthesis and its multi- 
tude of biological roles, t1~-81 so we will not dwell 
on these issues here. The focus of this review is 'on 

TABLE I Some rate constants for reaction of 
nitric oxide with other free radicals [9-131 

Radical Rate constant 
(M-1 s-l) 

Superoxide/HO~ > 109 
Peroxyl > 109 
Tyrosyl > 109 
Tryptophanyl > 109 
Ethanol > 109 
Hydroxyl (OH') > 10 l° 
e -  (aq) > 101° 
H" > 101° 
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NITRIC OXIDE: GOOD AND BAD 653 

but reactions of NO" with other free radicals are 
equally fast (Table I). Another potentially-delete- 
rious effect of NO" is its ability to reversibly inhi- 
bit ribonucleotide reductase by reaction with a 
tyrosyl radical essential for catalytic function. I141 
However, we would argue that the free radical 
reactivity of NO" is, overall, beneficial in vivo. 
Thus the ability to scavenge RO~ radicals makes 
NO" a powerful inhibitor of lipid peroxida- 
tion. [15'161 Evidence suggests that NO" may have 
an anti-atherosclerotic effect, Is"6j perhaps by 
inhibiting lipid peroxidation. Nitric oxide also 
antagonizes the pro-oxidant properties of haem 
proteins in the presence of peroxides, quenching 
both haem ferryl species and amino acid radicals 
on the protein. |~7'~81 

NITRIC OXIDE, SUPEROXIDE 
AND PEROXYNITRITE 

The bioactivity of NO" (e.g. its EDRF activity) in 
many biological systems is enhanced by addition 
of SOD, suggesting that interactions of O~- and 
NO" may be a frequent occurrence. Indeed, it was 
suggested in 1989 I19I that the vascular endothe- 
lium may generate O~- as a means of regulating 
the bioactivity of NO'. There is now considerable 
evidence that vascular endothelial cells are capable 
of generating O~- using NAD(P)H oxidases or 
xanthine oxidase, and that excess Of- generation 
can contribute to the pathology of hypertension 
and atherosclerosis and to the development of 
nitrate tolerance. I2°-26l However, evidence for 
release of Of- under normal physiological condi- 
tions in the vascular endothelium is, to date, less 
convincing (reviewed in Ref. [27]) In any case, the 
seminal paper of Beckman e t al., I28I published in 
1990, diverted attention away from the possibil- 
ity of physiological O~-/NO" antagonism to the 
likelihood of damage by the reaction product, 
ONOO-. Addition of ONOO- to biomolecules, 
cells and tissues at pH 7.4 was soon shown to 
lead to nitrosylation, nitration and oxidation of 
biomolecules, cytotoxicity, cell death and tissue 

injury (reviewed in Ref. [1,29-32]). Some of the 
damage caused by ONOO- addition to biological 
systems was initially suggested to be due to for- 
mation of OH', or a species resembling OH" 

ONOO- + H + ~ NO~ + OH" 

and experiments involving aromatic hydroxyla- 
tion, deoxyribose degradation, spin-trapping and 
other techniques gave some evidence consistent 
with generation of OH" or a species closely 
resembling it. I2s'33-37l However, other evidence 
did not support this view. I3s'4°l The data seemed 
equally matched, but unfortunately the negative 
studies tended to be given more weight because 
of a powerfully-presented thermodynamic argu- 
ment that homolysis of ONOOH is a very unlikely 
reaction pathway. I41J However, equally-powerful 
arguments by expert chemists support the oppo- 
site view. [42'43] Not being convinced of the appli- 
cability of classical thermodynamics to living 
systems, t44j we opted to continue experimenta- 
tion. [45] Detailed aromatic hydroxylation studies 
supported OH" generation, although were not 
totally conclusive of its production. ~4sl. Our cur- 
rent view is that the balance of evidence does 
favour some OH" generation from ONOO- at 
pH 7.4, although it is only a minor reaction 
product t36"4s-471 and may be, at best, a small 
contributor to the damage caused when ONOO- 
is generated in.vivo. Peroxynitrite generated in 
extracellular fluids may preferentially react with 
the HCO3/CO 2 system (simply because of the 
high concentration of HCO 3 present in such 
fluids in vivo), I47~ whereas ONOO- produced 
in the intracellular environment might be pre- 
dicted to react with GSH (present at millirnolar 
levels) in addition, t32'481 Reactions with urate 
and ascorbate are also feasible in some cases, t481 
The end-products ~49-sll of such reactions include 
NO'. Is it possible, therefore, that ONOO- is not 
very toxic in vivo, and its high reactivity with a 
wide range of intracellular and extracellular 
antioxidants I1"32"4s~21 means that it is quickly 
disposed of? Have we been wrong in focusing 
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654 B. HALLIWELL et al. 

on the cytotoxicity of O N O 0 - ?  Reactions of 
ONOO-/ONOOH with several biomolecules 
generate some NO'. Do we then have mecha- 
nisms (additional to SOD) for using NO" to dis- 
pose of unwanted O~-in vivo? 

O~- + NO" --* ONOO- (+ antioxidants) 

--* some NO" regenerated 

This mechanism could also use O~- to dispose of 
excess NO" in situations where NO" or its aut- 
oxidation products are causing damage, ts3's41 
Reaction of ONOO- with some antioxidants 
(e.g. urate [481) can lead to formation of secondary 
damaging species but these may be in turn 
disposed of by reaction with other antioxidants, 
such as ascorbate. ~ss] 

PEROXYNITRITE CYTOTOXICITY/N VIVO 

The suitability of SIN-1 as a generator of ONOO-  
in vivo has recently been questioned. I71] 

TYROSINE NITRATION IS NOT 
EVIDENCE FOR PEROXYNITRITE 
FORMATION IN VIVO 

Despite some cautions in the literature, [65"72] the 
presence of 3-nitrotyrosine (3-NT) in vivo is still 
frequently taken as prima facie evidence of 
ONOO- generation. In some cases, the evidence 
is strengthened by showing that SOD (or SOD 
mimics) and NOS inhibitors can each block 3-NT 
formation, consistent with O~- and NO" being 
both involved in the formation of the tyrosine- 
nitrating species. [s8"67] However, the cases where 
this has been shown are only a minor fraction of 
the published literature (Table II). 

How else could tyrosine nitration occur? 

It is well-established by studies with isolated 
biomolecules and whole cells that ONOO- can 
be cytotoxic at pH 7.4 and its addition can lead 
to cell death, often by apoptosisJ s6-631 Of course, 
bolus addition of ONOO- may not be a good 
model for the events that occur when O~- and 
NO" are co-generated in vivo, I64-67] but in a few 
studies evidence has been presented that ONOO- 
is being generated in vivo to cause damage, m7'67] 

It is important therefore to examine directly the 
effects of ONOO-in  vivo. For example, it is pro- 
inflammatory when introduced into the colon [68] 
and induces airway hyper-responsiveness when 
instilled into guinea pig airways. [69] Ridger 
et al. t7°l showed that intradermal or intraplantar 
injection of ONOO- into rats increased plasma 
extravasation and microvascular blood flow. The 
effects of intradermal injection were not decre- 
ased [7°] by SOD, catalase, indomethacin or an- 
tagonists of histamine, 5-HT or tachykinin NK1. 
More experiments of this type are needed, espe- 
cially (if possible) using "ONOO- donors" so that 
ONOO- is generated at a steady rate rather than 
being added as a (often highly-alkaline) bolus. 

(1) NO" reacts fast with tyr-O" radicals (Table D. 
The addition product(s) may under certain cir- 
cumstances be converted to nitrotyrosine I73] 
by an oxidation process. How often this might 
happen in vivo remains to be determined. 

(2) H202 plus NO 2 can nitrate tyrosine at 
acidic pH, although ONOO- is probably 
involved here. I741 Indeed, addition of H202 
to acidified NO 2 is a standard laboratory 
method for preparation of ONOO- 

HNO2 + H202 -~ HOONO + H20 

HOONO ~ ONOO- 
NaOH 

(3) Cigarette smoke can nitrate tyrosine, t7sl 
although it is again possible that ONOO- 
could be involved. I76] 

(4) Nitrogen dioxide, also a free radical (NO~), 
can nitrate tyrosine in vitro, ~77J although high 
levels of NO~ are required: the levels present 
in polluted air seem insufficient. I72'78] 

(5) Myeloperoxidase can oxidize tyrosine to 
tyrosyl radicals, and nitrite anion to a 
nitrating species, probably NO~ (although 
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NITRIC OXIDE: GOOD AND BAD 663 

(6) 

NO~- is conceivable if a two-electron oxida- 
tion takes place), t791 The tyrosyl radical and 
NO~ can then combine locally to give 
nitrotyrosine. Breakdown of NO" in aqueous 
solution gives NO 2 as the major end-product 
and micromolar levels of NO 2 have been 
reported in human body fluids (reviewed 
in Ref. [72]) Since NO 2 is a preferred 
substrate for the enzyme, these reactions 
are feasible in vivo. I8°'81j 

Nitrite and hypochlorous acid (HOC1) can 
interact to form a product that can nitrate 
tyrosine and other aromatic com- 
pounds [s°'s2's31 and oxidize lipids in low- 
density lipoproteins J 841 The product is prob- 
ably t831 nitryl chloride, NO2C1. Hypochlor- 
ous acid is readily scavenged by such 
antioxidants as GSH I85J and ascorbate [86J 
which will compete in vivo with NO 2 for 
any HOC1 generated. [81J However, these 
agents are also good inhibitors of ONOO-- 
dependent tyrosine nitration, t48,s71 i.e. per- 
oxynitrous acid and HOC1 have comparable 
degrees of "indiscriminate reactivity". Hence 
phagocytes may promote tyrosine nitration 
in vivo by multiple mechanisms in which 
myeloperoxidase plays an especially impor- 
tant role, both directly and as a source of 
HOC1. To make the situation even more 
complex, HOC1 can destroy nitrotyrosine, 
both free and in proteinsfl z31 

NITROUS ACID AND TYROSINE 
NITRATION 

Another mechanism of tyrosine nitration is H N O  2 

dependent: exposure of tyrosine to nitrite at low 
pH causes nitrotyrosine formation, t29'77~s'891 High 

concentrations of NO 2 are found in saliva 
(> 50 ~M) and in many foods ,  [90'91] SO the genera- 
tion of HNO2 in the human stomach is a likely 
event. It might occur also to some extent in 
ischaemic t issues. [124] The gastric production of 
HNO2 and oxides of nitrogen may have anti- 

bacterial actions, t9°'91] HNO2, or species derived 
from it, can also deaminate DNA bases, convert- 
ing guanine to xanthine and adenine to hypox- 
anthine. [s9"921 No oxidized DNA bases are 
produced (Figure 1). Several phenolic com- 
pounds are inhibitors of tyrosine nitration and 
DNA base deamination and their presence in 
foods of plant origin may serve to modulate any 
potentially-deleterious consequences of excess 
generation of HNO2 in the stomach, f89"92J Several 
plant phenolics can also inhibit ONOO--depen- 
dent tyrosine nitration in vivo. [93] 

3-NITROTYROSINE: A BIOMARKER 
OR A TOXIN? 

3-Nitrotyrosine formation seems to be a biomar- 
ker of the attack of "reactive nitrogen species" on 
tyrosine, either free or within proteins, rather 
than a specific marker of ONOO--dependent  
damage, t721 Is it only a biomarker, or does it have 
metabolic effects in its own right? Nitration of 
tyrosine should affect signal transduction path- 
ways, but this has not been demonstrated in vivo 
(a difficult task). Like many other nitro-com- 
pounds, free nitrotyrosine can be reduced and 
undergo redox cycling to produce O~-, although 
much higher levels than those measured in vivo 

are needed for substantial O~- generation and so 
the physiological significance is as yet unclear. [941 
Major urinary metabolites produced from nitro- 
tyrosine administered to rats were identified as 
3-nitro-4-hydroxyphenylacetic acid (44%) and 
3-nitro-4-hydroxyphenyUactic acid (5%): the 
former metabolite has been detected in human 
urine. [951 Some eukaryotic cell lines can incorpo- 
rate nitrotyrosine into tubulin, causing cytoskele- 
tal distortion and eventual apoptosis. I961 Proteins 
containing nitrotyrosine may turn over at an 
accelerated rate in vivo, [95'97] and/or  there may 
be mechanisms for "de-nitrating" nitrotyrosine 
within proteins without degrading them. I9sl 
These pathways could conceivably explain why 
elevated levels of free, but not protein-bound, 
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664 B. HALLIWELL et al. 

6 I z t 5.00 nDNA CONTROL 

4.oo 

~ 3.00 

2.00 

~ 1.00 

0.00 
1 i i 

FIGURE 1 Levels of oxidized and deaminated DNA bases in control (untreated), and nitrite-treated calf thymus DNA at 
pH3.0 as revealed by GC/MS. DNA (0.5mg/ml) was incubated at 37°C for 15min and NO 2 added, the samples mixed and 
incubated for a further 60rain. After this time the samples were dialysed against water for 25h, freeze-dried and hydrolysed 
with 60% (v/v) formic acid for 45min at 150°C. Oxidized and deaminated DNA base products were then analysed by 
GC/MS. Results are expressed as mean+s.d, of 3 or more separate determinations. Nitrite does not affect DNA when 
incubated with it at pH 7.4. 

nitrotyrosine have been detected in patients with 
amyotrophic  lateral sclerosis, I991 and w h y  approx-  

imately 0.5 ~M levels of free nitrotyrosine were 
detected in plasma and synovial fluid f rom some 
patients wi th  rheumatoid  arthritis. [1°°]. 

H O W  TO ASSAY NITROTYROSINE:  
A CONTROVERSIAL AREA 

Nitrotyrosine is most  commonly  identified in 
tissues by  immunosta in ing I3°l a l though vari- 

able results are obtained in different labora- 
tories. [1°1-1°31 For example, we have been unable  

to detect 3-nitrotyrosine in human  athero- 
sclerotic tissue by  immunosta ining or HPLC 
analysis, I1°41 an observation in agreement  with 
the studies of Dean et al. Imsl However ,  several 

other  groups  have detected it in similar material  
by  immunostaining.  Im6--11°1 It is rare to see 

immunosta in ing  reports  conf i rmed by  direct 
chemical analysis for nitrotyrosine: in at least 
one case the two do not  match. Im] Hypoch lo rous  
acid can des t roy nitrotyrosine: hence the extent  
of format ion of HOCI, which  has been repor ted  
in some lesions on the basis of measurements  
of 3-chlorotyrosine, could be an impor tan t  
variable. I1231 

HPLC procedures  for analysis of ni trotyrosine 

(both free, and  released f rom proteins after acidic 
hydrolysis)  have been deve loped  in m a n y  labora- 
tories. [30'100"112-118] However ,  artefactual peaks 

that are dithionite-reducible (a criterion often 
used  to ident i fy  nitrotyrosine, which is reduced  
to aminotyrosine by  dithionite) and co-elute wi th  
3-nitrotyrosine have been described in h u m a n  
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NITRIC OXIDE: GOOD AND BAD 665 

brain tissue. [usl Simple  absorbance  detection of 

nitrotyrosine, or  electrochemical  detection at a 
single voltage, is not  in our  v iew a reliable me thod  

to assay nitrotyrosine: l~s] at the very  least, d iode 
ar ray  lu5l or examina t ion  of electrochemical  be- 

haviour  at several  vol tages (e.g. us ing  coulometr ic  
ar ray  detectors) should  be  carried out. II13"117'1181 

An alternative approach ,  which  p romises  more  
r igorous identification, is the use  of  mass  spectro- 
metric techniques. I~19-~211 An ELISA me thod  to 

measure  ni t ra ted prote ins  in h u m a n  body  fluids 
has been described. [1221 

THE N I T R A T I O N  ARTEFACT 

Analytical techniques  to measu re  ni trotyrosine 
are frequently appl ied  to biological mater ial  after 

acidic hydrolys is  to liberate ni t rotyrosine f rom 

proteins. However ,  there is considerable potent ial  

for artefact if N O  2 is present .  Traces of N O  2 are  
present  in m a n y  tissues and  b o d y  fluids, and  

levels tend to be  higher  in disease states, since 

NO"  product ion  is increased. Exposure  of  N O  2 to 
acid can cause artefactual  nitrat ion of tyrosine via 

HNO2 generat ion (see above).  It is possible that 

this could have  h a p p e n e d  in the studies repor ted  
in Ref. [110], an  appa ren t  chemical  val idat ion of 
the presence of ni t rotyrosine in h u m a n  athero- 

sclerotic lesions. An MS-based assay  for nitrotyro- 
sine that avoids  acidic der ivat izat ion condit ions 
has been described.  [1191 Similarly, the exposure  of 

tissue sections to acidic fixatives, or to H202, could 
conceivably genera te  artefacts in immunohis to -  

chemical s tudies  if N O  2 is present .  For example ,  

t issue mye loperox idase  could use  H202 to oxidize 
NO~ as descr ibed above ]  791 and  acid will gen- 

erate HNO2 f rom N O  2. 
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