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Summary. Our understanding of in vivo tyrosine nitration has been con-

founded by problems associated with the analytical approaches that have

been employed to quantify 3-nitroyrosine (3-NT). Trace analysis is a

demanding task under the best of circumstances, but 3-NT offers some

special concerns. This review examines some of these concerns and discusses

approaches to ensuring that carefully validated analytical data are generated.
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Introduction

The superoxide anion (O2
��) can react with nitric oxide

(NO�) to produce the powerful oxidant peroxynitrite

(ONOO� ) (Beckman et al., 1990).

O2
�� þ NO� ðnitric oxideÞ�!ONOO� ðperoxynitriteÞ

It is believed that peroxynitrite is produced by inflammatory

cells to defend against cancer cells or infection caused by

parasites, viruses, bacteria and cancerous cells, but at the

same time it can be damaging to host cells and tissues.

Nitration of the amino acid tyrosine, to produce 3-nitroty-

rosine, is reportedly a reliable index of damage left by per-

oxynitrite (see Fig. 1). Peroxynitrite-mediated damage has

been implicated in a range of disease pathologies, and con-

sistent with this, elevated levels of 3-nitrotyrosine have

been reported in atherosclerosis (Beckman et al., 1994;

Cromheeke et al., 1999), multiple sclerosis (Cross et al.,

1998; Oleszak et al., 1998; van der Veen et al., 1997), Alz-

heimer’s disease (Hensley et al., 1998; Smith et al., 1997;

Teunissen et al., 2002; Tohgi et al., 1999), Parkinson’s and

animals models of the disease (Ferrante et al., 1999;

Giasson et al., 2000; Good et al., 1998; Good et al., 1996;

Pennathur et al., 1999), cystic fibrosis (Balint et al., 2001;

Morrissey et al., 2002), asthma (Hanazawa et al., 2000),

other lung diseases (Haddad et al., 1994; Hansen et al.,

2000; Kharitonov and Barnes, 2002), myocardial dysfunc-

tion (Cesselli et al., 2001; Feng et al., 2001; Ferdinandy

et al., 2000; Mihm et al., 2001; Zweier et al., 2001), stroke

(Forster et al., 1999), trauma (Liu et al., 2000; Nag et al.,

2001), organ rejection (Akizuki et al., 2000; Albrecht et al.,

2002; De Andrade et al., 2000; Ravalli et al., 1998; Sakurai

et al., 1999; Szabolcs et al., 1996; Szabolcs et al., 1998;

Yamaguchi et al., 1999), amyotrophic lateral sclerosis

(Abe et al., 1995), inflamed human colonic epithelium

(Singer et al., 1996), chronic hepatitis (Cuzzocrea et al.,

1998; Garcia-Monzon et al., 2000), cirrhosis (Cuzzocrea

et al., 1998), experimental osteoarthritis (Hashimoto et al.,

1999; Pelletier et al., 1999), diabetes (Ceriello et al., 2001)

and a string of other disorders. While peroxynitrite also

damages lipids, DNA and other cellular constituents, most

investigators have concentrated on protein damage for both

analytical and biological reasons. In addition to 3-nitroty-

rosine serving as a marker of exposure to peroxynitrite,

tyrosine nitration itself may impair cell function.

The role of peroxynitrite in biological systems con-

tinues to be intensively examined, but establishing its

significance is more complicated than first anticipated.

This complexity arises for two main reasons. First, 3-

nitrotyrosine was originally believed to be a specific mark-

er of peroxynitrite, but recent data do not support this

assumption (Hurst, 2002). It is now evident that nitration

can occur in vivo independently of peroxynitrite exposure,

e.g., via hypochlorous acid and peroxidase enzymes (Gaut



et al., 2002b). Second, additional confusion has been gen-

erated because sub-optimal analytical methods have been

applied to the quantification of trace levels of 3-nitroty-

rosine in biological tissues and fluids and the importance

of these analytical data in defining a role for peroxynitrite

cannot be over-emphasized.

Several years ago Halliwell suggested:

‘‘. . . an 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 HPLC methods are

susceptible to artifacts. Exposure of biological mate-

rial to low pH (e.g., during acidic hydrolysis to liberate

nitrotyrosine from proteins) or to H2O2 might cause

artifactual generation of nitrotyrosine from NO2
� in

the samples. This may be the origin of some of the very

large values for tissue nitrotyrosine levels quoted in the

literature.’’ (Halliwell et al., 1999)

That was certainly the case in 1999, and in reality, it has

changed little since then. Our perception of the impor-

tance of 3-nitrotyrosine in biological systems has been

formulated, in large part, based on the analytical data

and some of these are of questionable merit. It is only

recently that the analytical task has gained the attention to

detail that it rightly deserves.

In this chapter, the analytical issues associated with the

quantification of 3-nitrotyrosine are discussed with an

emphasis on fitness-for-purpose. An important underlying

principle in this chapter is that 3-nitrotyrosine analysis

presents special challenges and these exist independent

of the specific hardware that might be employed. To put

this another way, without consideration of these funda-

mental issues, it is possible to generate erroneous data,

even with the most sophisticated of hardware.

Quantitative analysis in a biological setting:

definitions and general considerations

Introduction

The detection, identification and quantification of a target

compound, especially at low concentrations, are some of

the most challenging tasks the scientist undertakes. The

goal of analysis should therefore be to develop a method

that is both reliable and appropriate to the task (i.e., fit for

the purpose), not the least because the analytical data

frequently underpin the biological argument, and if there

are errors in the analysis, our understanding of the system

and its function is flawed. While we tend to place equal

merit on all published quantitative data, in reality, analyt-

ical work varies enormously in quality. Accuracy, preci-

sion and the limit of quantification vary based on the

method employed, and the skill and attention to detail

of the investigators. These issues are nowhere more

important or evident than in the literature on 3-nitroty-

rosine determinations. This analyte presents special chal-

lenges because of the low levels present in vivo and the

potential for artifactual formation.

Assay validation is the process by which the ability of an

assay to achieve its purpose is assessed, i.e., to quantify

analyte concentrations with a degree of accuracy and pre-

cision fit for the intended purpose. The process of validation

certifies that the analytical method performs as intended,

and ensures that no quantitative data are compromised

by errors in procedure (Green, 1996). The validation also

defines the performance criteria that will be used to accept

or reject analytical data generated in subsequent applica-

tions of the assay, as well as the conditions necessary to

ensure analyte stability during sample storage and work-

up. While validation is tedious and places severe restraints

on the analyst, this process is essential if meaningful data

are to be generated. A serious criticism that can be directed

at much of the 3-nitrotyrosine work undertaken so far is that

validation has not been undertaken, or if it has been per-

formed, it has been compromised.

Definitions

Some key parameters are critical to the discussion that

follows, and for this reason, they are defined below. Their

relevance in the context of 3-nitrotyrosine determinations

is discussed in the sections that follow.

The limit of detection (LOD) is the lowest concentra-

tion of analyte that can be detected under the stated

experimental conditions. No levels below the limit of

detection can be reported or quantified. The term ‘‘sensi-

tivity’’ is often used in a vague or poorly defined manner

in place of this term. Sensitivity is the lowest concentra-

tion (or amount) that can be distinguished from back-

ground noise. Traditional measuring devices link concen-

tration with such properties as absorption of ultraviolet

light (spectroscopic techniques), absorption of visible

light (colorimetric techniques), or current (electrical

Fig. 1. 3-Nitrotyrosine, MW 226.2 and molecular formula: C9H10N2O5

352 M. W. Duncan



techniques). For most instrumental methods there is a

linear response to some physical stimulus with respect

to the amount of that analyte introduced over an amount

or concentration range and therefore: R¼mCþ Sbl where

C¼ concentration, R¼ response, m¼ sensitivity and

Sbl¼ blank signal.

The lower limit of quantification (LLOQ or LLQ) is the

smallest amount or lowest concentration that can be quan-

tified with the accuracy and precision required by the

assay.

Precision is a measure of the ability to reproducibly

return the same value for a sample that is repeatedly ana-

lyzed. The precision decreases as the analyte concentra-

tion decreases, ultimately reaching unacceptable values at

the point at which the measured signal approaches the

limit of quantification.

Accuracy measures the closeness with which an individ-

ual measurement approaches the true value. Because all

actual measurements are estimates of the real value, only

by producing replicate measurements of the concentration

of a given sample can the true value be approached. Accu-

racy can be determined when samples containing known

concentrations of analyte are measured. These quality

control (QC) samples are used to mimic the way

unknowns will be treated and as a means of assessing

the adequacy of storage for preserving sample integrity.

The matrix is the collection of all chemical species

among which the analyte is found.

Stability is an index of the propensity for the chemical

integrity of the analyte to change, for example during

freezing=thawing, and during sample work-up and analysis.

Selectivity is the ability to measure the response arising

from one analyte independent of any other sample

component(s).

Linearity is the range over which test results are pro-

portional to the concentration of the analyte.

Approaches to 3-nitrotyrosine analysis

General introduction

The detection and quantification of 3-nitrotyrosine have

employed a variety of methods including immunoassay,

HPLC with a variety of detection methods, and gas or

liquid chromatography coupled to either single stage or

tandem mass spectrometry. Each individual assay and the

data it generates need to be assessed mindful of the cri-

teria introduced above. Assays applied to the analysis of

3-nitrotyrosine in biological samples must offer a low

limit of detection, accuracy and precision, and how well

these objectives are met is defined by the validation

parameters. When these are not reported, the ability of

the assay to yield appropriate values for the analyte con-

centration cannot be objectively assessed. This becomes

particularly significant when the assay is operated near the

limit of detection and especially when quantitative com-

parisons are made. In this region, false positive and false

negative identifications are common and quantitative

determinations can display very large errors. As discussed

later, the additional issue of artifactual formation further

complicates the situation and has the potential to invali-

date all data.

Some of the reported analytical strategies are discussed

below with particular attention focused on assay validity.

Antibody-based quantitative methods

A surprisingly large proportion of the data available on 3-

nitrotyrosine in tissues and fluids has been derived from

antibody-based methods. For example, immunohisto-

chemical staining methods (Viera et al., 1999) have been

used to demonstrate increased levels of 3-nitrotyrosine in

lung tissue from patients with cystic fibrosis (Morrissey

et al., 2002); inflamed human colonic epithelium (Singer

et al., 1996); in the lower motor neuron of amyotrophic

lateral sclerosis patients (Abe et al., 1995; Beal et al.,

1997), chronic hepatitis (Cuzzocrea et al., 1998; Garcia-

Monzon et al., 2000), cirrhosis (Cuzzocrea et al., 1998),

experimental osteoarthritis (Hashimoto et al., 1999;

Pelletier et al., 1999), Parkinson’s disease (Good et al.,

1998), Alzheimer’s disease (Smith et al., 1997) and in

atherosclerotic plaques (Cromheeke et al., 1999). By

employing ELISA assays, others have reported increased

3-nitrotyrosine formation in diabetic plasma (Ceriello

et al., 2001). Other ELISA assays (Oldreive et al., 2001;

ter Steege et al., 1998) and solid phase immunoradio-

chemical methods to measure 3-nitrotyrosine have been

developed (Banks et al., 1998). In all these studies, in

the absence of rigorous assay validation, the differential

appearance of immunoreactive proteins (i.e., ‘‘nitrated

proteins’’) in disease or treatment samples provides the

investigators with some confidence in the selectivity of

the assay. However, in much of this work, the reliably

of the method is difficult to assess and key parameters,

such as LOD, LLOQ and linearity, are not defined. In

addition, the ability of the method to specifically measure

only nitrated substrates, even in a complex matrix, is often

not addressed. Because it is dependent on a wide range of

parameters, including the nature of the antibody, sample

type, amount, other components present and time, selec-

tivity must be determined in each setting. When assays

that are not rigorously validated are applied to real-world
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problems, a statistically significant change in levels can-

not be attributed to the target analyte(s) without ambigu-

ity. While changes may be evident, the source of the

change is questionable. Further, if no apparent change is

evident, this may be because a lack of specificity has

obscured it. In short, when the selectivity of the assay is

poor, invalid data result. Methods that do not carefully

address selectivity, accuracy and precision in a range of

control samples should be considered semi-quantitative

and the results interpreted accordingly. Khan and col-

leagues have acknowledged the limitations of their own

competitive ELISA approach and accordingly described it

as semi-quantitative (Khan et al., 1998).

Methods based on gas chromatography

with thermal energy analysis

Early analytical reports of 3-nitrotyrosine in tissue and

blood proteins were performed by gas chromatography

(GC) with a thermal energy analyzer (GC-TEA). It was

found that free and protein-bound tyrosine residues easily

react with nitrating=nitrosating agents to yield 3-nitroty-

rosine (Ohshima et al., 1990). Later, a method for 3-nitro-

tyrosine analysis in human plasma was developed and

tested in cigarette smokers and healthy control subjects.

Here, 3-nitrotyrosine was determined with a sequential

HPLC-GC-TEA technique. This approach offered a limit

of detection of 0.02 ng=injection and was employed to

demonstrate that 3-nitrotyrosine was elevated in the plasma

of smokers: (n¼ 11; mean� SD: 1.60� 1.24 ng=mg pro-

tein) vs. nonsmokers (present in only 2 of 20 subjects at

levels of 1.10 and 1.20 ng=mg protein) (Petruzzelli et al.,

1997). While an important approach, TEA detection does

not offer the selectivity and sensitivity necessary to mea-

sure 3-nitrotyrosine levels in basal samples.

High-performance liquid chromatography

(HPLC) with electrochemical detection

HPLC is a powerful separation technique, but it must be

combined with a detection method for quantitative analy-

sis. Both UV (Crow and Ischiropoulos, 1996) and fluo-

rescence detection (i.e., following pre-column deriva-

tization with 4-fluoro-7-nitrobenzo-2-oxa-1,3-diazole)

(Kamisaki et al., 1996) have been employed to measure

3-nitrotyrosine, but these approaches prove too insensitive

for the quantification of the low levels found in most

fluids or tissues. Consequently, HPLC coupled with elec-

trochemical detection (HPLC-ECD) has been most com-

monly adopted to measure 3-nitrotyrosine in biological

samples (Crow, 1999; Ishida et al., 2002; Shigenaga,

1999; Shigenaga et al., 1997). This combination offers

good separation and high sensitivity. For example,

Shigenaga elected to reduce 3-nitrotyrosine to 3-amino-

tyrosine and then employed HPLC-ECD analysis

(Shigenaga et al., 1997). Although this strategy involves

chemical modification of the analyte, this markedly

improved the LLOD. One downfall, however, is that 3-

aminotyrosine is reportedly produced via endogenous

tyrosine amination.

Ohshima and colleagues developed an alternative

approach that involves reversed-phase HPLC separation,

subsequent reduction by a platinum column to 3-amino-

tyrosine, and then electrochemical detection. This method

is reportedly simple, selective, and sensitive (detection

limit, 0.1 pmol per 20�L injection) (Ohshima et al.,

1999). Others have used HPLC with array ECD and

applied this to the analysis of 3-nitrotyrosine in brain

tissue of Alzheimer’s patients (Hensley et al., 1997;

Hensley et al., 1998). However, analysis by LC-ECD

can lead to erroneous results even in the hands of experi-

enced scientists. Halliwell and colleagues identified a

peak with a retention time similar to 3-nitrotyrosine in

brain tissue from patients with Parkinson’s disease,

Huntington’s chorea, multiple system atrophy, and Alz-

heimer’s disease, but not in control tissue (Kaur et al.,

1998). Careful review of their data, and a series of well-

conceived studies, demonstrated that this peak was not 3-

nitrotyrosine. Appropriately, these investigators suggested

that analyses performed without careful controls and

attention to detail could confound.

Mass spectrometry-based assays

Mass spectrometry is less readily accessible, requires

skilled operators and the hardware is expensive; neverthe-

less, it is a powerful analytical approach that offers some

unique benefits when applied to the analysis of 3-nitroty-

rosine. The most important of these are the selectivity

available with selected mass (or selected reaction) detec-

tion, the sensitivity of the mass spectrometer as a detector,

and the ability to perform complex studies that take full

advantage of stable-isotope labeled analogs of the com-

pound of interest. In view of the complexity inherent in

the analysis of 3-nitrotyrosine, and the confounding

results evident in the literature, several groups have

adopted mass spectrometry. There is good evidence that

the most carefully constructed of these approaches

are beginning, for the first time, to give us a realistic
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assessment of the levels of 3-nitrotyrosine, both free and

protein bound.

Mass spectrometry is most frequently coupled with one

of two commonly adopted chromatographic options, GC

or HPLC. These two options, and the methods based on

them, are discussed separately.

GC-MS and GC-MS-MS. Gas chromatography coupled

to mass spectrometry is frequently available to investiga-

tors in a research environment and it offers some impor-

tant advantages. When operated in the electron capture

negative ion (NIEC) mode, this is a uniquely sensitive

analytical combination. The major limitation of GC-MS,

however, is that the analyte of interest has to be converted

to the gas phase prior to separation and ionization. For

polar analytes, even of low mass, this often requires

excessive temperatures and involves significant analyte

degradation. To circumvent this, a wide range of chemical

derivatization strategies have been developed and com-

mercialized that impart volatility. Amongst the most

powerful of these are the perfluorinated reagents that

markedly enhance the electron-capturing properties and

significantly reduce the boiling point of the sample.

Therefore, assays based on GC-MS often make use of

these reagents to gain two advantages: increased volatility

and an improved limit of detection through the generation

of electron-capturing products.

Several groups have developed GC-MS assays for 3-

nitrotyrosine determinations (Crowley et al., 1998; Frost

et al., 2000; Gaut et al., 2002a; Jiang and Balazy, 1998;

Yi et al., 2000). Most recently, Gaut and colleagues

described a specific, sensitive and quantitative method

for detecting 3-nitrotyrosine, together with chlorotyrosine

and bromotyrosine (Gaut et al., 2002a). These investiga-

tors employed stable isotope labeled standards for precise

quantification and to assess artifact generation. In keeping

with the findings of others (Frost et al., 2000), Gaut et al.

found it necessary to use on-column injection to optimize

peak shape and retain sensitivity with repeated analysis.

On-column injection is the method by which a sample is

directly injected manually into the analytical column from

a fine-bore syringe. This approach minimizes problems

arising from the interactions between the analyte and

the glass injection liner of the GC.

Of the other reported methods, one is of special note.

Tsikas and colleagues (Schwedhelm et al., 1999) utilized

the exceptional sensitivity of NIEC in an assay of 3-nitro-

tyrosine that has been rigorously validated. Their

approach employed gas chromatography-tandem mass

spectrometry (GC-MS-MS) for the accurate and precise

quantification of free 3-nitrotyrosine in human plasma in

the basal state. They reported a mean concentration of

2.8 nM (n¼ 11; range 1.4–4.2 nM) for free 3-nitrotyrosine

in plasma. To this point, this represented the lowest con-

centration reported for free 3-nitrotyrosine in the plasma

of healthy humans and this value is consistent with deter-

minations made by others (Yi et al., 2000). To avoid arti-

factual formation of 3-nitrotyrosine during work-up,

Tsikas and colleagues employed HPLC separation, prior

to derivatization, to resolve 3-nitrotyrosine from nitrate,

nitrite and tyrosine. Further, these investigators optimized

precision and accuracy by incorporating stable isotope

labeled internal standards (i.e., isotopomers) and by oper-

ating in the selected reaction-monitoring mode. The key

analytical parameters were all carefully determined. For

example, by utilizing 3-nitro-[14C9]-tyrosine, the overall

recovery was determined as 50� 5%. The LOD was

4 amol, the LLOQ 125 pM, accuracy �80% and preci-

sion �94% (Schwedhelm et al., 1999). There is one

important limitation of this method, however, and that

is that the complexity of the process severely limits the

throughput of the analysis, and consequently, limits the

type of studies that can be performed. Nevertheless, it is

far preferable to have limited good quality data, than it is

to be flooded with complex and confounding results. This

work is therefore an excellent example of the attention

to detail required to generate data fit for the purpose of

assessing the biological role of reactive nitrogen species

and 3-nitrotyrosine.

LC-MS methods

LC-MS (and LC-MS-MS) offer advantages over GC-

based methods, not the least of which is that it is no longer

necessary to modify the analyte to impart volatility.

Because chemical manipulation can be eliminated, sam-

ple handling, the potential for side-reactions, losses and

contamination are also minimized.

We have developed an accurate LC=MS=MS assay for

the simultaneous determination of tyrosine and 3-nitro-

tyrosine in physiological samples (Yi et al., 2000). We

adopted LC-MS-MS only after considerable effort direct-

ed at GC-based methods. Our GC-MS work was persis-

tently compromised because of the propensity of reagents

to catalyze the nitration of tyrosine by traces of nitrate

present in samples. We investigated milder conditions

for derivatization, as well as other derivative types, but

could never be confident that the problem was com-

pletely eliminated. The LC-MS-MS assay we developed

allows simultaneous quantification of both tyrosine and

3-nitrotyrosine, and has been optimized so that the
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3-nitrotyrosine peak shape, and that of [13C6]-labeled 3-

nitrotyrosine, were not distorted, even in the presence of a

huge excess of tyrosine. 3-Nitrotyrosine standards were

prepared up to a concentration of 100 pg=�L and the

resulting calibration curves were linear across the range

0.5 and 100 pg=�L (2.2–44.2 fmoles=�L; r2¼ 0.999). The

detection limit (at a S=N¼ 5) for standard samples was

0.5 pg=�L (2.2 fmoles=�L or 10 fmoles on column) and

ca. 1 pg=�L (4.4 fmoles=�L) for 3-nitrotyrosine in biolog-

ical samples.

Kaur and Halliwell (Kaur and Halliwell, 1994) report

3-nitrotyrosine levels up to 272 pg=�L (1.2 pmoles=�L)

when employing a relatively insensitive HPLC analysis

with a detection limit of 50 pg=�L (221 fmoles=�L).

Based on our detection limit of 1 pg=�L (4.4 fmoles=�L),

levels of this magnitude would be easily detected in our

system. However, we could not detect 3-nitrotyrosine in

any of the synovial fluid samples. Therefore, we predict

that 3-nitrotyrosine levels in human synovial fluid are at

least 100-fold lower than those previously reported. We

subsequently spiked each sample – the technique of stan-

dard addition – with 0, 1, and 5 pg=�L of 3-nitrotyrosine

and then re-analyzed them: these analyses unambigu-

ously confirmed that levels of 3-nitrotyrosine in the

synovial fluid samples tested were less than 1 pg=�L

(4.4 fmoles=�L). The chromatograms generated from a

single subject with active rheumatoid arthritis (RA), both

before and after spiking with 3-nitrotyrosine demonstrate

that levels as low as 1 pg=�L could be detected and quan-

tified in synovial fluid samples. (See Fig. 2.)

Similarly, previous studies (Crowley et al., 1998;

Leeuwenburgh et al., 1997) report the presence of high

levels (ca. 150�mole=mole tyrosine) of protein-bound 3-

nitrotyrosine in rat heart tissue, but when we analyzed

tissue from 6 rat hearts by LC-MS-MS, no detectable 3-

nitrotyrosine was found. Because these same samples con-

tained ca. 10�g tyrosine and, based on the detection limit

of 1 pg=�L for the LC-MS-MS assay, we estimate the

amount of 3-nitrotyrosine to be less than 200 pg (i.e.,

<15�mole=mole tyrosine). (See Table 1.)

Subsequent to our own study, several other LC-MS

assays for 3-nitrotyrosine have been reported (Althaus

et al., 2000; Brennan et al., 2002; Delatour et al.,

2002a; Delatour et al., 2002b). The most recent of these

build on the work already undertaken by others and incor-

porate careful controls to avoid artifact formation. While

Fig. 2. LC=MS chromatogram for the determination of free 3-nitrotyrosine in synovial fluid of an RA patient before (A) and after the addition of

1 pg=mL (B) or 5 pg=mL (C) 3-nitrotyrosine. Upper mass trace shows precursor-product reaction 233! 187 (internal standard), lower trace shows

227! 181 (3-nitrotyrosine). From: Yi, 2000 #1392

356 M. W. Duncan



based on LC-MS-MS rather than GC-MS-MS, these stud-

ies still require elaborate sample work-up to ensure good

accuracy and precision. In one of these studies, the inves-

tigators elected to convert 3-nitrotyrosine to its n-butyl

ester prior to analysis (Delatour et al., 2002a). This

approach enhanced sensitivity (LOD¼ 0.07 pmoles on-

column, LLOQ¼ 0.23 pmoles on-column) and aided in

the removal of other components from the sample matrix.

Only in the last year or so are we beginning to see

reports of assays that take full advantage of the sensitivity,

selectivity and flexibility of LC-MS-MS. Because these

more recent studies have paid particular attention to the

issues relating to fitness for purpose, we are starting to

generate a better appreciation of 3-nitrotyrosine levels in

biological tissues and fluids. This trend will undoubtedly

continue, but we have had setbacks because of a lack of

attention to the essential details of trace analysis.

Unfortunately, the potential of LC-MS(-MS) to contrib-

ute to our understanding of reactive nitrogen species and

3-nitrotyrosine is under-estimated and at times misunder-

stood. For example, Gaut and colleagues used both GC-

MS (ECNI) and LC-MS-MS for their determinations of 3-

nitrotyrosine (discussed previously) (Gaut et al., 2002a)

and concluded that GC-MS (ECNI) is 100-fold more sen-

sitive for analyzing all three analytes (i.e., 3-nitrotyrosine,

chlorotyrosine and bromotyrosine). This conclusion is not

justified and erroneously contributes to ongoing miscon-

ceptions. In the hands of these investigators, and with the

instruments available to them, they were unable to reach

the same LOD by LC-MS-MS that they could by GC-MS.

However, this is not surprising because the ion trap instru-

ment employed to generate the LC-MS-MS data is not

well suited to quantitative work. The failings of their

LC-MS assay are, in large part, a consequence of the

system they employed. By using a more appropriate sys-

tem – ideally a triple quadrupole system – the achievable

LOD (and LLOQ) would improve significantly.

It is also important to recognize that there are ongoing

advances in instrument performance that relate to source

design, analyzer performance and ion detection. Major

changes in source design have markedly improved the

sensitivity of LC-MS systems over just the last few years.

It is therefore likely that performance on a LC-MS system

purchased today will be markedly better than a system

that is just a few years old. While there are ongoing

improvements in GC-MS, this configuration is in a very

different phase of product development. Bench top GC-

MS systems have been available for over 20 years and

on-going developments refine, rather than dramatically

enhance performance. By contrast, over recent years the

consecutive LC-MS(-MS) systems from the major instru-

ment manufacturers exhibit significant performance en-

hancements. In addition, such factors as volume intro-

duced, the specifics of the work-up process, together with

familiarity with the hardware, can all markedly distort a

comparison of this type. Suffice it to say, the available

evidence is consistent with the view that assays with

comparable performance can be developed with either

approach. However, because MS hardware is expensive,

most of us are not in a position to regularly upgrade our

equipment to ensure that performance is always charac-

teristic of the state-of-the-technology.

Sample handling issues: extraction,

derivatization and artifact formation

Finally, it is worth emphasizing that the performance of

any analytical method is only as good as the process in

toto; it is not just the analytical hardware that is important.

Some of the other considerations in the analysis of 3-

nitrotyrosine are discussed in this section. It is noteworthy

that adequate sensitivity is available with either HPLC-

ECD, GC-MS(-MS) or LC-MS(-MS), but as discussed

below, options based on mass spectrometry offer some

significant advantages.

Protein Hydrolysis. 3-Nitrotyrosine exists in two sepa-

rate forms: as the free amino acid and as a constituent

amino acid within a protein backbone. Analytical studies

have measured both forms, and the methods are essen-

tially the same, although, additional steps must be

Table 1. Levels of 3-nitrotyrosine in different sample matrices as reported by several groups. (Units as reported in the original publication)

Sample matrix LC=MS=MS Reported values

Human Plasma <4.4 nmol=L 31.6 � 6 nmol=L (Kamisaki et al., 1996);

2.8 � 0.84 nmol=L (Schwedhelm et al., 1999)

Rheumatoid Arthritis Synovial Fluid <4.4 nmol=L 0–1.2�mol=L (Kaur and Halliwell, 1994)

Rat Cardiac Tissue <15�mol=mol Tyr 110–154�mol=mol (Crowley et al., 1998; Leeuwenburgh et al., 1998)

Basal Rat Plasma <0.44–1.5 nM (Delatour et al., 2002a)
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incorporated when targeting the protein-bound amino

acid. These steps, involving protein isolation and proteol-

ysis, complicate the analysis, and can induce artifactual

formation. Nitration of tyrosine under acidic conditions

and in the presence of only trace quantities of nitrite is

well documented. Shigenaga et al. drew attention to the

potential generation of artifactual 3-nitrotyrosine arising

from HCl-catalyzed nitration of tyrosine, either by nitrite

and nitrate ions, during hydrolysis (Shigenaga et al.,

1997). Similarly, Ohshima et al. demonstrated nitration

of tyrosine residues in protein by nitrite under acidic

and neutral conditions (Ohshima et al., 1999).

Several approaches to circumventing artifact formation

during protein hydrolysis have been reported. We adopted

a gas phase HCl hydrolysis and demonstrated that no

artifacts arose during this step (Yi et al., 2000). Addition

of 1% (wnv) phenol to act as a scavenger for nitration has

also been tried. This reduces but does not eliminate the

problem (Shigenaga et al., 1997). Others have employed

enzymatic digestion of proteins to determine the nitration

ratio (ratio of 3-nitrotyrosine to tyrosine) (Shigenaga et al.,

1997), but here proteolysis is rarely complete and autol-

ysis of the protease itself can contribute to the levels of

tyrosine and 3-nitrotyrosine (Yi et al., 2000). Still others

have employed alkaline hydrolysis (Frost et al., 2000).

Derivatization. Derivatization procedures are only an

absolute requirement for GC-MS analysis and it has been

demonstrated that in this setting they can lead to the arti-

factual nitration of tyrosine when performed under acidic

conditions (Yi et al., 2000). However, derivatization has

been incorporated into both HPLC-ECD (Shigenaga et al.,

1997) and LC-MS-MS (Delatour et al., 2002a) assays to

achieve other specific objectives, i.e., to facilitate extrac-

tion or to enhance ionization. For example, Shigenaga and

colleagues employed several separate steps in their anal-

ysis to convert 3-nitrotyrosine to N-acetyl-3-aminotyro-

sine (i.e., via acetylation, O-deacetylation, and dithionite

reduction) to aid in extraction and detection (Shigenaga

et al., 1997). Complex steps of this type are not uncom-

mon when measuring trace levels of a compound in a

complex matrix.

Selection of Internal Standards – benefits of mass spe-

cific detection. Good precision requires the incorporation

of internal standards with HPLC-ECD, GC-MS(-MS) and

LC-MS(-MS). It is in this area that the unique benefits of

mass spectrometry come to the fore. Mass spectrometry

allows the investigator to incorporate isotopomers (stable

isotope analogs) to serve as the standard. Because these

differ from the analyte in physical, but not chemical prop-

erties, they behave in a manner identical to the analyte

during extraction, derivatization and ionization. However,

in the final stage of the analysis – ion detection – signals

unique for the analyte and standard can be measured. In

this manner, the standard serves as a perfect mimic of the

analyte, thereby allowing optimal precision. HPLC-ECD

analyses require that a structural analogue or homologue

serve as the internal standard, but this can be a serious

compromise. First, such a standard may display chemical

properties distinct from those of the analyte; and second,

the analyst is restricted to selecting an internal standard

that has a retention time distinct from all other compo-

nents of the sample. When working at or close to the

LLOQ, isotopomers can offer improved accuracy and pre-

cision, and for this reason alone mass spectrometry offers

an important advantage.

Measuring Artifact Formation – an additional benefit

of mass selective detection. As discussed throughout this

review, artifact formation can confound 3-nitrotyrosine

determinations, but this complication can be difficult to

identify and even more difficult to quantify. However,

isotopomers can serve as reliable markers of chemical

changes during sample handling and provide a solution

to this problem. For example, the chemical properties of

[13C6]-tyrosine are identical to those of native tyrosine

and therefore both substrates (i.e., tyrosine and [13C6]-

tyrosine) undergo transformation (i.e., to 3-nitrotyrosine

and [13C6]-3-nitrotyrosine) with the same propensity.

With a mass-specific detector both species can be moni-

tored, and the extent of conversion of synthetic [13C6]-

tyrosine to [13C6]-3-nitrotyrosine serves as a precise

indicator of ex vivo artifactual 3-nitrotyrosine formation.

Some groups have utilized exactly this approach to assess

the performance of their analytical methods (Yi et al.,

2000).

Conclusions

Quantitative analysis is frequently a challenge, but the

problems posed by 3-nitrotyrosine are particularly signif-

icant. While it is often possible to cut corners and make

compromises in the development and application of an

assay, this has proven a dangerous practice with 3-nitro-

tyrosine. Some of the high levels and dramatic changes

observed in early work may not prove real. It is therefore

prudent to critically review previous studies, particularly

the analytical aspects of the work, and where justified,

replicate those of special significance. Our understanding

of the biological significance of reactive nitrogen species

will only advance when we ensure that validated analyti-

cal data form the foundations of our understanding.
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