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Abstract
Previous GCMS methods determining nitrate in biological samples involve either hazardous
chemicals or produce multiple isomers that can be difficult to quantitate. Modification of these
methods, by the nitration of mesitylene instead of benzene and in the presence of trifluoroacetic
anhydride rather than sulphuric acid, should enable simple isotopic quantitation for use in tracer
studies, for example, in the measurement of nitric oxide production.

Desiccated urine and saliva samples, in addition to aqueous labelled and unlabelled nitrate
standards, were treated with trifluoroacetic anhydride and mesitylene at 70 °C for one hour,
cooled, then sequentially washed with deionised water and aqueous sodium bicarbonate. The
solution of nitromesitylene in mesitylene was separated, dried and analysed by GCMS.

Full mass spectra exhibited strong signals at m/z 165 and 166 corresponding to the unlabelled and
labelled molecular species of nitromesitylene respectively. Selected ion monitoring of these
masses for a series of gravimetrically prepared standards indicated good agreement with isotopic
enrichments in the range 0.0625 – 5 mole % excess, and at nitrate concentrations within the
physiological range of 0.078 - 2 mmol/L. Derivatised samples were stable with respect to isotopic
enrichments and nitrate concentrations at −20 °C for up to 21 days and exhibited excellent
repeatability.

Nitration of mesitylene proved to be a simple and rapid method for the measurement of isotope
ratios in aqueous nitrates by GCMS, which has applications in both tracer studies and
concentration determinations by isotope dilution techniques for nitric oxide production.
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Introduction
Endogenous nitric oxide (NO) is an important modulator of many physiological processes in
man. It controls neurotransmission, immune function, hormonal secretion, haemostasis,
vascular tone, cardiac contractility and intestinal peristalsis and, as a result, plays a key role
in pathological conditions such as obesity, diabetes, septic shock, inflammatory disorders,
atherosclerosis and hypertension.1-6 Consequently, the measurement of NO production is
important in understanding the mechanisms involved in the development of several diseases.
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Nitric oxide is tonically released by endothelial and neuronal cells and is derived
endogenously from the conversion of L-arginine and molecular oxygen to L-citrulline and
NO in the presence of nitric oxide synthases (NOS). NO is highly reactive and rapidly
oxidised to nitrite (NO2

−), which in turn is metabolised to the unreactive nitrate (NO3
−) ion.

The proportions are variable and hence it could be argued that the best indication of NO
production is the sum of both nitrite and nitrate. Nitrate is present in most body fluids
reflecting the multi-systemic production of NO; the primary pool being plasma with an
average concentration of 10 - 60 μmol/L plasma,7-9 and the most accessible pools being
urine and saliva in which nitrate is present at levels of between 200 – 2,000 μmol/L.7, 9, 10
Although much of the circulating nitrate is eventually excreted in the urine, up to 25 % is
actively taken up by the salivary glands and secreted in saliva.11 The metabolism of nitrate
is further complicated by a large dietary-derived component, as exogenous nitrate is a
natural part of the diet,12-14 and may be influenced by dietary habits such as vegetarianism,
fasting, and dieting. As a consequence, daily intake will fluctuate and influence the systemic
nitrate pool, making the measurement of NO production difficult with dietary restriction. To
overcome these issues, stable isotope techniques have been used to study NO production
kinetics by combining dietary nitrate restriction with administration of 15N-arginine,15, 16
requiring robust methods to measure nitrate isotopic enrichments and ultimately
concentrations in biological samples.

Previous studies quote a variety of techniques for measuring nitrate concentration in
biological samples; the most popular of which is the Griess reaction, measuring total nitrate
and nitrite concentration after reduction of the nitrate to nitrite. There are however issues
with the specificity and the pre-analytical and analytical factors, such as proteins and other
plasma constituents interfering with the accuracy of the Griess reaction, which puts this
method in doubt.9, 17 Such interference is not seen with GCMS and as a result many groups
opt for this technique for measuring nitrate.7, 8, 16, 18, 19

The most commonly applied derivatisation for GCMS analysis of nitrates in biological
samples has been the nitration of aromatic compounds such as benzene, toluene and
trimethyoxbenzene.7, 8, 16, 18, 19 Tesch et al. initially developed a GC method for nitrite/
nitrate after conversion to nitrobenzene,20 which was subsequently adapted for the analysis
of isotopic enrichments of 15nitrate by Green and co-workers.7 The accuracy and precision
of the method was later improved by opting for trimethoxybenzene in preference to benzene
as the substrate thereby reducing the by-products formed in the nitration of benzene, the
acid-to-sample ratio and the sample volume.21 One disadvantage of all these methods
however is the use of concentrated sulphuric acid as a catalyst for the reaction. Not only is
this a hazardous reagent, but studies also suggest that, under derivatisation conditions,
nitrated arginine analogs can degrade resulting in artificially high nitrate levels.22, 23 It has
been suggested that these interferences can be reduced by replacing benzene with toluene,
which is activated towards electrophilic substitution at the ortho- and para- positions. In this
case, the less aggressive trifluoroacetic anhydride (TFAA) can be used as a catalyst.24 In the
presence of TFAA however, the nitration of toluene produces a mixture of three isomers
differing by the relative position of the methyl- and nitro- groups, ortho- (o-), para- (p-) and
meta- (m-) nitrotoluene, which can be difficult to separate without the use of specific GC
columns. An added complication in the nitration of toluene is the ready loss of an −OH
group from o-nitrotoluene under electron ionisation resulting in a strong signal at m/z
120.24 This is known as the ‘ortho-effect’25 and the amount of formation of this bicyclic
ion (m/z 120) will be dependant on the ion source conditions. Subsequently, Smythe et al.
used only the para- isomer at m/z 137 and ortho-isomer at m/z 120 to detect changes in
isotopic enrichment.24
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Here, we propose a new derivatisation that uses mesitylene (1,3,5-trimethyl benzene) instead
of toluene as the aromatic compound in the presence of TFAA. Unlike toluene, the
symmetry of mesitylene ensures that, under conditions of large excess, a single product,
1,3,5-trimethyl-2-nitrobenzene, is formed. The presence of the three methyl groups strongly
activates the intermediate ring sites to electrophilic substitution, which is catalysed by
trifluoroacetic anhydride. This approach combines the beneficial effects of milder acidic
conditions with the formation of just one isomer.

The aim of the present study therefore was to determine the suitability of this derivative for
the determination of 15NO3 isotopic enrichments in urine and saliva using GCMS.

Materials and Methods
Chemicals and Reagents

Labelled sodium nitrate (15N, +98 %, Cambridge Isotope Laboratories, Inc., Andover, USA)
was obtained from CK Gas Products Ltd, Hook, Hampshire, UK. Mesitylene (puriss. >99 %,
GC), trifluoroacetic anhydride, sodium nitrate (99 % min.), sodium bicarbonate and
anhydrous sodium sulphate were all obtained from Sigma-Aldrich Co. Ltd, Gillingham,
Dorset, UK. Sodium hydroxide was obtained from VWR International Ltd, Lutterworth,
UK. Deionised water was used in the preparation of aqueous solutions of nitrite and nitrate
and of the internal standards.

Sample and Standards Preparation
Morning and afternoon urine samples were collected from 3 healthy subjects in 25 mL tubes
containing 50 μL of 5 mol/L NaOH. Aliquots (1 mL) of the urine were taken and stored at
either −20 °C or −80 °C until derivatised. Immediately after each urine sample was
collected, the subjects also provided saliva samples in 1.5 mL tubes containing 100 μL
1mol/L NaOH; these were stored at −20 °C. Standard solutions of sodium nitrate (labelled
and unlabelled) were prepared from a stock solution (5 mmol/L in deionised water)
representing typical urinary nitrate concentrations.

Derivatisation
The derivatisation used was a modification of the method developed by Smythe et al.,24 in
which toluene was replaced with mesitylene, which following nitration forms
nitromesitylene (1,3,5-trimethyl-2-nitrobenzene).

Desiccated urine samples, saliva samples and aqueous nitrate standards (initial volumes of
100 μL) were treated with 200 μL trifluoroacetic anhydride and 1 mL mesitylene at 70 °C
for one hour, cooled to room temperature and then sequentially washed with 1 mL deionised
water, 1 mL 1 % aqueous sodium bicarbonate, and finally 1 mL deionised water. The upper
layer containing the solution of nitromesitylene in mesitylene was separated, dried over 500
mg anhydrous sodium sulphate and filtered through a Pasteur pipette containing a small wad
of tissue paper, into clean 1.5 mL glass GCMS vials and stored at −20 °C until analysed.

An initial comparison of the two derivatisations (toluene vs. mesitylene) was performed on a
range of labelled sodium nitrate standards prior to in-depth assessment of the mesitylene
method.

GCMS Analysis
All standards and biological samples were analysed on an Agilent GCMS 5973N system
(Agilent Technologies Ltd, Stockport, UK) comprising a HP 6890 GC with autosampler and
split/splitless injector. Unless otherwise stated, injection volumes of 1 μL were used in
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splitless mode, with the inlet held at 250 °C. Chromatographic separation was performed
using a DB-1MS capillary column (30 m × 0.25 mm i.d., 0.25 μm film thickness, Agilent
J&W Scientific, Stockport, UK). Oven conditions were 90 °C for 0.5 min, ramped at 30 °C/
min up to 270 °C and finally held for 1 minute to clear the column of any interfering
compounds. Helium was used as the carrier gas with a flow rate of 1.2 mL/min operating at
constant flow. The transfer line to the mass spectrometer was held at 280 °C. The mass
spectrometer was operated in electron ionisation (EI) mode, with electron energy of 70 eV,
ion source temperature of 250 °C and quadrupole temperature of 120 °C.

Full mass spectral data were obtained by scanning the mass range, m/z 50-180, whilst
selected ion monitoring (SIM) at m/z 165 for the molecular ion of unlabelled
nitromesitylene and m/z 166 for labelled nitromesitylene was performed with a dwell time
of 30 msec. Peak areas were determined for m/z 165 and 166, and the isotopic enrichments
calculated. Where necessary, corrections for natural abundance were made for each assay by
the analysis of separate labelled or unlabelled nitrate samples.

In order to calculate the nitrate concentration in the urine and saliva, the biological samples
were spiked with an internal standard of Na15NO3 (0.1 mmol/L unless specified) prior to
derivatisation. The volume of spike added was matched to the volume of sample used. The
amount of internal standard added and the resulting enrichments were used to calculate the
concentration as follows:

Standard curves
To demonstrate the accuracy of the method, a series of standard serial dilution curves were
constructed from a combination of labelled and unlabelled NaNO3 to give the following:

a. a range of unlabelled nitrate concentrations from a stock of 5 mmol/L, representing
typical urinary nitrate values.

b. a range of enrichments from 20 mole % excess to 0.0625 mole % excess.

c. a range of unlabelled nitrate concentrations from 5 mmol/L to 0.078 mmol/L,
spiked with various concentrations of Na15NO3.

All standards were derivatised as previously described.

Repeatability
The intra-run repeatability was assessed using aqueous standards, urine and saliva samples
with 10 injections into the same sample vial. Inter-run repeatability to determine stability
post-derivatisation at −20 °C was assessed using urine and saliva samples analysed 6 times
at regular intervals over a period of 21 days. The stability of the isotopic ratios with various
GCMS injection volumes (0.2, 1, 2, 3, 4, 5 μL) and with a 2-fold serial dilution was also
assessed.

Effect of storage temperature and sample volume of urine
The effects of storage temperature and sample volume were assessed using urine samples
only. To assess the effects of storage temperature, aliquots of urine from the same subjects
were stored at either −20 °C or at −80 °C until analysed. To assess the optimum volume
required for derivatisation, sample volumes ranging from 100 μL to 900 μL were used. All
samples were thawed and derivatised as previously described prior to analysis.
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Effect of spike concentration
To determine whether the concentration of the labelled spike had any effect on the overall
nitrate concentration in samples, 500 μL urine and 100 μL saliva samples were spiked with
either 500 μL or 100 μL respectively of various concentrations (0.1, 0.5, 1.0 mmol/L)
Na15NO3. All samples were derivatised as described above.

Statistical analysis
Standard statistical quantities (mean, standard deviation (SD) and coefficient of variance
(CV)) were calculated. Differences between the theoretical and observed isotopic
enrichments and nitrate concentrations were plotted against the theoretical values of the
respective quantity to determine the extent of agreement. Basic paired T-tests were used to
determine any statistical significant differences where appropriate. All data analysis was
performed in Excel for Windows (Microsoft, Redmond, WA, USA).

Results and Discussion
Previously, the nitration of an aromatic compound in the presence of concentrated sulphur
acid has been used as a method for nitrate analysis on the GCMS. In the present study, a
novel derivative is proposed using the nitration of mesitylene in the presence of the catalyst,
trifluoroacetic anhydride.

Unlike nitrotoluene (Figure 1a), the nitration of mesitylene in the presence of TFAA
produces only a single product. A typical GCMS chromatogram and spectrum of
nitromesitylene obtained from standards and biological samples is shown in Figures 1b, 1c
and 1d. The retention temperature and retention time were approximately 172 °C and 3.32
minutes respectively. The relatively short retention time and clean separation from other
urine and saliva constituents meant that up to 48 samples could be analysed in any 8-hour
period. A preliminary comparison of a range of Na15NO3 standards, derivatised using either
toluene or mesitylene, showed good agreement between the two methods in determining
isotopic enrichment (r =0.996 ± 0.003) and nitrate concentration (r =0.998 ± 0.001).
Nitrotoluene, with the molecular ion at m/z 137, was identified at the retention times of 5.75,
6.02 and 6.15 minutes and in the proportions 56 %: 2 %: 42 % for o-, m- and p-nitrotoluene
respectively (Figure 1a). This was in support of the findings of Smythe and co-workers
where all three isomers were resolved in the proportions 57 %: 3 %: 40 % respectively for
o-, m- and p-nitrotoluene.24 No significant difference was found when comparing
nitromesitylene at m/z 165 to either o-nitrotoluene at m/z 120 or p-nitrotoluene at m/z 137
(m-nitrotoluene being too small a signal to use for comparison purposes) signifying that
mesitylene was a suitable replacement for toluene and worthy of further investigation.

There was a strong signal for the molecular ion of nitromesitylene at m/z 165 with an
intensity of 63 % compared to the base peak at m/z 148, indicating that this ion could be
suitable for isotope work (Figure 1d). The base peak at m/z 148 could possibly be due to the
loss of an −OH group from the molecular ion in a similar manner to the ‘ortho’ effect seen
in nitrotoluene, whilst the subsequent expulsion of CO and re-arrangement to a five-
membered ring could result in the fragment at m/z 120. Although the fragment at m/z 120
has a good intensity (37 % with respect to base peak) and may be of use, the availability of
the molecular ion at a much higher intensity would render this pointless.

Comparison of the isotopomer ratios, expressed as a percentage of the molecular ion m/
z165, obtained from selected ion monitoring of the m/z 165 cluster with those expected
theoretically for natural abundances are given in Table 1. The close agreement between
experimental and theoretical values indicates that there is little interference, and that this
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cluster is suitable for isotope work. All subsequent validation was therefore performed on
the molecular ion at m/z 165.

Many studies have attempted to determine normal ranges for nitrate concentration in
biological fluids by a variety of methods either under free-living conditions or as part of
nitrate controlled diet interventions.26-28 Typical nitrate concentrations are found to be
between 200 and 2,000 μmol/L for urine and saliva7, 9, 10 but much lower, 10 - 60 μmol/L,
for plasma.7-9 In order to determine the suitability of GCMS analysis of nitromesitylene in
urine and saliva, we looked at standard dilution and calibration curves containing nitrate
concentrations indicative of physiological concentrations. Dilution curves of unlabelled
NaNO3 indicated good linearity between peak area at m/z 165 and nitrate concentrations
down to 0.078 mmol/L, with correlation coefficients, r, in excess of 0.999 (Figure 2).
Calibration curves (not shown) containing a combination of 15N-labelled and unlabelled
NaNO3 showed good accuracy and recovery with good agreement between observed and
theoretical values in ranges of enrichments from 20 mole % excess down to 0.0625 mole %
excess (r = 0.999), and of unlabelled nitrate concentrations from 5 mmol/L to 0.078 mmol/L,
spiked with various known volumes and concentrations of Na15NO3. Further analysis
comparing the difference between the observed and theoretical enrichments with the
theoretical revealed little bias at enrichments of 5 mole % excess and below however this
increased significantly (p < 0.001) as enrichment increased (Figure 3). Similarly for nitrate
concentration, the bias increased significantly (p < 0.001) as concentration increased but at
physiological concentrations of 2 mmol/L nitrate and less, there was little bias and good
agreement between theoretical and observed values (Figure 4).

There seems to be little consensus in how samples should be stored; previous studies quote
various storage temperatures for biological samples but whether this is purely for practical
reasons rather than any analytical criteria is unclear.10, 16, 29, 30 The present study found
no statistically significant difference in isotopic enrichments (−20 °C vs. −80 °C; 38.95 ±
19.27 % vs. 39.77 ± 19.50 %, p = 0.17) or nitrate concentrations (−20 °C vs. −80 °C; 1.29 ±
0.65 mmol/L vs. 1.26 ± 0.65 mmol/L, p = 0.19) in urine samples when stored at either −20
°C or −80 °C over a short period of time (< 1 month). The standard practice within the
authors’ laboratory is to store urine and saliva samples at −20 °C and this would appear to
be adequate for this type of analysis. It should be noted that the large standard deviations
observed were due to the variation of urinary nitrate concentrations between subjects; the
conditions under which the subjects provided the samples were not controlled i.e. the
subjects were not fasted or fed a diet controlled for nitrate composition therefore reflecting
normal variations in the nitrate concentration due to the everyday routines and diets of the
subjects.

The nitromesitylene derivative proved to be stable and reproducible not only over repeated
injections within batch analysis but also over time after storage. The intra- and inter-run
repeatability for isotopic enrichments and nitrate concentrations of standards and samples is
shown in Table 2. The percentage coefficient of variation (CV) was less than 1.6 % for all
standards and samples. Peak area was positively correlated with injection volume (n = 5, r =
0.999 ± 0.0005) and negatively correlated with dilution (n = 6, r = 0.9998 ± 0.0001). Neither
injection volume nor a 2-fold serial dilution of the sample affected isotopic enrichments or
nitrate concentrations (Table 2).

In optimising the derivatisation, we confirmed that concentration of the internal standard did
not affect isotopic enrichment or nitrate concentration of the sample and, for the purpose of
all future experiments, a concentration of 0.1 mmol/L Na15NO3 was used in volumes
matching that of the sample volume. Equally, it was concluded that the optimum volume of
urine needed to provide a peak of sufficient intensity for the determination of isotope ratios,
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and hence to establish the nitrate concentration of that sample, was 500 μL. This is in line
with sample volumes used by other research groups ranging from 100 μL to 1 mL.7, 10, 16,
31 A smaller sample volume of 100 μL was found to be adequate for saliva.

Overall our data, with regards to nitrate concentrations in urine and saliva, is comparable
with published data elsewhere7, 10 despite doubts that analyses by methods such as the
Griess assay are accurate.9

Conclusion
Mesitylene proved to be a suitable and effective reagent for the nitration of biological
samples in the presence of the catalyst, trifluoroacetic anhydride, producing only a single
end-product, nitromesitylene, which could be well characterised using a standard DB-1MS
column on the GCMS. The derivatisation is simple and rapid and could be of potential in
tracer studies assessing the kinetics of NO production.
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Figure 1.
Typical partial GCMS chromatograms of a) nitrotoluene; b) nitromesitylene from saliva,
urine and standards performed in scan; c) nitromesitylene from saliva, urine and standards
performed in selected ion monitoring; and d) a typical mass spectrum of unlabelled
nitromesitylene showing strong signals at m/z 165, 148 and 120.
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Figure 2.
Standard serial dilution curve indicating good linearity between unlabelled NaNO3
concentration, from 5mmol/L down to 0.078 mmol/L, and peak area at m/z 165.

Jackson et al. Page 10

Rapid Commun Mass Spectrom. Author manuscript; available in PMC 2010 February 08.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 3.
Correlation analysis comparing the difference between the theoretical and observed isotopic
enrichments with theoretical enrichments in range of 20 mole % excess (MPE) down to
0.0625 mole % excess Na15NO3.
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Figure 4.
Correlation analysis comparing the difference between theoretical and observed nitrate
concentrations with theoretical concentrations for a range of unlabelled nitrate standards
from 5 mmol/L down to 0.078 mmol/L, spiked with Na15NO3.
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Table 1

Isotopomer ratios as a percentage of the molecular ion obtained from selected ion monitoring of the m/z 165
cluster.

Molecular ions
(m/z)

Experimental Ratios
(%)

Theoretical Ratios
(%)

165 100.00 100.00

166 10.318 ± 0.223 10.341

167 1.068 ± 0.130 0.887

168 0.065 ± 0.014 0.055
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