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Abstract

The ability to conduct validated analyses of glutathione (GSH)-adducts and their metabolites is
critically important in order to establish whether they play a role in cellular biochemical or
pathophysiological processes. The use of stable isotope dilution (SID) methodology in
combination with liquid chromatography—tandem mass spectrometry (LC-MS/MS) provides the
highest bioanalytical specificity possible for such analyses. Quantitative studies normally require
the high sensitivity that can be obtained by the use of multiple reaction monitoring (MRM)/MS
rather than the much less sensitive but more specific full scanning methodology. The method
employs a parent ion corresponding to the intact molecule together with a prominent product ion
that obtained by collision induced dissociation. Using SID LC-MRM/MS, analytes must have the
same relative LC retention time to the heavy isotope internal standard established during the
validation procedure, the correct parent ion and the correct product ion. This level of specificity
cannot be attained with any other bioanalytical technique employed for biomarker analysis. This
review will describe the application of SID LC-MR/MS methodology for the analysis of GSH-
adducts and their metabolites. It will also discuss potential future directions for the use of this
methodology for rigorous determination of their utility as disease and exposure biomarkers.
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Introduction

GSH is a tripeptide ()-L3Glutamyl-Lscysteinylglycine) with the chemical structure (25)-2-
amino-5-[[(2 R)-1-(carboxymethylamino)-1-oxo-3-sulfanylpropan-2-ylJamino]-5-oxo-
pentanoic acid (Blair, 2006). The analysis of endogenous GSH-adducts and their metabolites
is often very challenging due to the target analyte’s presence in the biofluid of interest.
There is also a fundamental uncertainty as to whether the endogenous signal is actually the
analyte of interest and not some interfering substance with similar physicochemical
properties. To best distinguish between chemical background peaks and the target analyte,
assays have to be conducted with the maximal specificity and sensitivity possible using
stable isotope analogs as internal standards. Gas chromatography- and LC-MS/MS are the
two most widely used instrument platforms to employ SID methodology. LC-MS/MS is
more applicable to the analysis of GSH-adducts and their metabolites than gas
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chromatography-MS/MS and is also inherently easier to use for rigorous validation. Hence,
the present review will focus on the use of LC-MS/MS methodology. However, the
underlying principles relating to the specificity of SID-based approaches are relevant to both
techniques.

Quantitative studies often require the most sensitive means of detection possible. The MS
platform and analysis mode best suited for a particular analysis needs to be determined
empirically and will depend on the molecule and matrix involved. In general, a triple
quadrupole (TQ) operated in the multiple reaction monitoring (MRM)/MS mode will have
adequate sensitivity and selectivity when coupled to LC. In this mode of operation, a
precursor ion is resolved in Q1 of the TQ, fragmented by collision-induced dissociation
(CID) in Q2, and the resultant product ion is resolved in Q3. Under optimal operating
conditions, the precursor to product ion is monitored many times per second, resulting in
extremely reproducible chromatographic peak shape and intensity. In this way, a heavy
isotope-labeled standard is used in SID LC-MRM/MS to establish the presence of an
endogenous analyte using both the LC retention time and MS/MS mass selection of the TQ
instrument. This level of specificity cannot be attained with any other bioanalytical
technique employed for endogenous metabolites.

An authentic isotope labeled analog of a compound is identical to the endogenous molecule
except for mass. The use of structural analogs as internal standards, rather than authentic
isotope labeled analogs, is undesirable because they will have different retention times and
ionization properties compared with the analyte of interest. Therefore, differential ionization
can occur between an analyte and a structural analog in the source of the mass spectrometer.
This difference arises in part from suppression of ionization by constituents present in the
biofluid that is being analyzed and can lead to significant imprecision during quantitative
analyses (King et al., 2000). Unfortunately, suppression effects can vary with
chromatographic retention time and with biofluid samples from different individuals. It is
therefore impossible to standardize the amount of suppression occurring within any
particular sample. The ideal control offered by an authentic isotope labeled internal standard
is not always possible because for many biomarkers only deuterated and structural analogs
are available. Deuterated forms of a compound are not perfect internal standards, since there
is a small but significant separation of the deuterium analog internal standards and their
corresponding endogenous protium forms during chromatography. This slight difference in
retention times during chromatography can result in differential suppression or enhancement
of ionization and affect the quality of the analytical data. Structural analogs are even less
representative of the endogenous compound, since in addition to differences in LC retention
time, the structural analog can show different absorptive loss. Selective binding to active
sites on glassware or other surfaces can occur during extraction and chromatography,
leading to significant analyte loss. Whereas a structural analog might not account for this
loss, an isotope-labeled internal standard has identical physicochemical properties, and is
therefore lost at the exact rate as the endogenous analyte. Because of this feature of stable
isotope analogs, they may act as a carrier, preventing the loss of trace amounts of analyte
during extraction and analyses (Oe et al., 2006). This is an often overlooked benefit offered
by the isotope-labeled internal standard. Finally, variability introduced during compound
isolation can be fully controlled by an authentic isotope labeled standard. In many cases,
compound enrichment is required to improve analytical performance, as was found with the
difficult amyloid Speptides (Oe et al., 2006) and DNA-adducts (Mangal et al., 2009), which
required immunoaffinity purification.
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Role of Glutathione in Cellular Biochemistry

Intracellular GSH provides one of the major defenses against oxidative stress in mammalian
cells. During oxidative stress, reduced GSH is converted to GSSG. GSH is the most
abundant small molecule thiol in cells with concentrations in the millimolar range (Blair,
2006). In contrast, concentrations of GSSG in mammalian cells are usually two orders of
magnitude lower (Schafer and Buettner, 2001). The high abundance of GSH and low
abundance of GSSG helps to maintain cells under a reducing environment and prevents
oxidative damage to cellular macromolecules. Hydrogen peroxide and lipid hydroperoxides
undergo GSH peroxidase-mediated reduction to water and lipid hydroxides, respectively
with GSH providing the reducing equivalents (Arthur, 2000; Blair, 2008). GSH also readily
forms adducts with a great variety of both exogenously- and endogenously-derived
electrophilic reactive intermediates (Fig. 1) (Blair, 2006; Doss and Baillie, 2006). Formation
of the GSH-adducts is generally facilitated by GSH S-transferases (GSTs) and is normally
considered to represent a detoxification of the relevant reactive intermediate. The resulting
GSH-adducts are then exported from cells by ATP binding cassette transporters and/or non-
ATP binding cassette transporters (Awasthi ef a/., 2007; Deeley et al., 2006). GSH/GSSG
homeostasis plays an important role in maintaining cellular redox status (Schafer and
Buettner, 2001). Changes in the half-cell reduction potential of the 2GSH/GSSG couple
correlate with the biological status of the cell. Therefore, determinations of the reduction
potential can be used to more fully understand the redox biochemistry that results from
oxidative stress. The redox potential of the 2GSH/GSSG couple can be readily obtained
from the Nernst equation: &, = £, + RTInF % In [(GSSG)/(GSH)?] with lower (more
negative) redox potential representing more reducing conditions. According to this equation,
the cellular redox potential is a second-order function of GSH concentration, which means
that a change in concentration of GSH even without a change in GSH/GSSG ratio could
alter the cellular redox status.

Determinations of the cellular redox state require methodology for accurately determining
the intracellular concentrations of both GSSG and GSH. Many different methods have been
published for the quantitative analysis of GSH and GSSG. Despite the large variety of
methods that are available for GSH and GSSG analysis, many of them still have limitations.
It is well known that GSH oxidation is a serious problem, which can lead to overestimation
of GSSG, particularly in cell lysates where redox cycling with abundant protein thiols can
readily occur. This stimulated the development of a SID LC-MRM/MS method for the
simultaneous quantitation of cytosolic GSH and GSSG (Fig. 2) (Zhu et al., 2008). The
method utilizes 4-fluoro-7-sulfamoylbenzofuran as a thiolderivatizing reagent that can
rapidly and completely derivatize GSH. This fast and efficient derivatization was essential
for preventing oxidation and enabling reliable measurements of GSSG to be made in the
presence of a large excess of GSSG. The method was validated and shown to give parallel
GSH standard curves when GSSG was added in increasing amounts to cell lysates and
buffer samples (Zhu et al., 2008). This parallelism experiment is illustrative of a general
method to determine whether a SID LC-MRM/MS method is quantifying the correct
endogenous analyte or some interfering substance. The assay was able to detect subtle
changes in the redox potentials of two macrophage cell lines with different phenotypes when
they were treated with the endogenous reactive electrophile, 4-o0xo-2(£)-nonenal (ONE)
(Zhu et al., 2008). It is currently being employed to examine the redox status of epithelial
cells from different animal models and circulating lymphocytes from different human
disease states. Elaboration of the SID LC-MRM/MS biomarker methodology for GSH and
GSSG to other important cellular thiols such as homocysteine, cysteine and coenzyme A,
together with their corresponding disulfides is currently under development. This will then
provide a comprehensive method to monitor thiol biomarkers of oxidative stress to
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complement other biomarkers of oxidative stress such as the isoprostanes (Milne et al.,
2008).

Mechanisms of Endogenous GSH-adduct Formation

As noted above, intracellular GSH is present at concentrations that range from 3—-4 mM
(Blair, 2006). Most of the GSH is found in the cytosol (85-90%), with the remainder being
found in the mitochondria, nuclear matrix, and peroxisomes (Lu, 2000). This means that
intracellular reactions with endogenous electrophiles occur with a large molar excess of
GSH. With the exception of bile, which contains up to 10 mM GSH (Griffith, 1999),
extracellular concentrations of GSH are much lower. For example, GSH concentrations in
plasma are in the range of 2-20 uM (Jones, 2002). This enormous concentration difference
coupled with the presence of numerous intracellular GSTs facilitates the detoxification of
endogenous reactive metabolites through the formation of GSH-adducts within the cellular
milieu (Blair, 2006).

Mammalian GSTs are a family of enzymes with more than 20 human cytosolic forms and
five that are membrane bound (Dourado et a/., 2008; Hayes et al., 2005). Mutations in
specific GSTs have weak associations with increased in hepatocellular and lung cancer risk
with (Hosgood et al., 2007; White et al,, 2008). Their central importance in detoxification
arises from a unique capacity to form adducts with both endogenous and exogenous reactive
intermediates (Rinaldi ef a/,, 2002). GSTs also display GSH peroxidase activity and can thus
help protect cells from oxidative damage (Coles and Kadlubar, 2005; Sharma et a/., 2004).
Microsomal GST1 (MGST1) is unusual in that it can be activated by a large variety of
electrophilic reactive intermediates (Rinaldi ef a/., 2002). It is a member of a superfamily
named membrane-associated proteins in eicosanoid and glutathione metabolism (MAPEG)
(Jakobsson et al,, 2000; Lam and Austen, 2002; Murakami and Kudo, 2006). The MAPEG
family includes six human proteins: 5-lipoxygenase (LOX)-activating protein, leukotriene
(LT) C4 synthase, MGST1, MGST2, MGST3 and prostaglandin-E synthase, earlier known
as microsomal glutathione transferase 1-like-1 (MGST1-L-1). Members of the MAPEG
superfamily are involved in the transformation of reactive lipid intermediates to bioactive
eicosanoids (Fig. 3) or unreactive products such as lipid alcohols or GSH-adducts. MGSTs 2
and 3 have both been shown to act as GSH peroxidases as well as LTC,4 synthases
(Jakobsson et af., 2000).

Many years ago 15-oxo-ETE was identified as a metabolite from 15-hydroxyprostaglandin
dehydrogenase (PDGH)-mediated metabolism of 15(S)-HETE (Fig. 3) (Bergholte et al,
1987). It was subsequently shown to arise from 15-PGDH-mediated metabolism of
cyclooxygenase (COX)-2- and 15-LOX-derived 15(S)-HETE (Lee et al., 2007; Wei et al.,
2009). It is noteworthy that 15-PGDH is down-regulated in colon cancer tissue (Backlund et
al., 2005), suggesting a potential role for 15-oxo-ETE in the inhibition of carcinogenesis.
Recent studies have established that 15-0xo-ETE can inhibit endothelial cell proliferation /n
vitro and that it rapidly forms a GSH-adduct, 15-OEG (Fig. 3), although the biological
relevance of this finding remains to be evaluated (Wei et al., 2009).

Lipid peroxidation can occur non-enzymatically through the action of ROS on
polyunsaturated fatty acids or enzymatically by the action of COXs and LOXs (Blair, 2001,
2005, 2008; Lee and Blair, 2001). Decomposition of the resulting lipid hydroperoxides
results in the formation of HPNE, an a,f-unsaturated aldehyde that is then either oxidized to
ONE or reduced to HNE (Fig. 4) (Lee et al., 2001; Schneider et al., 2001). There is also
evidence that other unsaturated aldehydes such as acrolein, crotonaldehyde,
malondialdehyde (MDA, shown as fhydroxyacrolein), trans,trans-2,4-decadienal (DDE)
and 4,5-epoxy-2(£)-decenal (EDE), are also formed by the decomposition of lipid
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hydroperoxides (Chung et al.,, 2003; Minko et al., 2009) (Fig. 4). Base propenals, which are
formed by ROS-mediated oxidation of the sugar backbone of DNA, contain the o,
unsaturated aldehyde MDA (Zhou et af., 2005). All of these reactive a,funsaturated
aldehyde bifunctional electrophiles are detoxified by GST-mediated metabolism to form
GSH-adducts. HNE-GSH-adducts (Fig. 5) exist as a mixture of eight potential hemiacetal
diastereomers (Uchida, 2003) four of which can be separated by LC-MS analysis (Fig. 6)
(Volkel et al., 2005).

Catechol estrogens are formed as a consequence of cytochrome P-450 1A1, 1B1, 1A2, and
3A4-mediated metabolism of estradiol and estrone. Redox cycling to the corresponding 2,3-
and 3,4-quinones can then readily occur in the absence of further metabolism by catechol -
methyl transferases, uridine diphosphate glucuronosyltransferases, or sulfotransferases
(Blair, 2009; Bolton and Thatcher, 2008). The estrogen quinones readily form endogenous
GSH-adducts that can act as biomarkers of quinone formation (Bolton et a/., 2000).

Metabolism of Endogenous GSH-adducts

GSH-adducts are secreted from cells by various transporters (Awasthi et al., 2007; Deeley et
al., 2006) and then metabolized by GGT, an enzyme that resides on the extracellular surface
of the plasma membrane and is present in plasma (Lee and Jacobs, 2009). This results in the
formation of a cysteinylglycine adduct, as exemplified in the case of LTCy4, which is
converted to LTDy4 by GGT (Fig. 3). LTD,4 then undergoes dipeptidase-mediated
metabolism to LTE,4, and NAT-mediated metabolism to A-acetyl-LTE,4. Mercapturic acid
(MA) derivatives (N-acetyl-cysteine adducts) can be used as biomarkers of formation of the
originally formed endogenous GSH-adducts (Blair, 2006). HNE-derived GSH-adducts
contain a terminal aldehyde moiety that can cyclize to form a hemicacetal. Therefore, both
reductive metabolism of the aldehyde to give 1,4-dihydroxynonanol (DHN) and oxidative
metabolism to give 4-hydroxynonanoic acid (HNA) lactone can occur (Fig. 5). The first
biosynthetic pathway is mediated by aldoketo reductases (AKRS) of the 1C family
(Burczynski et al., 2001), whereas the latter pathway involves the action of aldehyde
dehydrogenase (Alary et al., 2003). The resulting DHN-GSH-adduct and HNA-lactone—
GSH-adduct, together with their GGT, dipeptidase, and NAT-mediated MA metabolites can
also potentially serve as biomarkers of HNE-GSH-adduct formation. The lipid
hydroperoxide-derived thiadiazabicyclo-ONE-GSH-adduct (TOG) is formed through a
novel GST-mediated reaction (Fig. 7) (Jian et al,, 2007). TOG does not contain a free
aldehyde and, in addition, the glutamate residue is relatively inaccessible to hydrolases. As a
consequence, TOG is not a substrate for GGTs or AKRs (Blair IA, unpublished) and so it
can provide a specific biomarker of lipid hydroperoxide-derived ONE formation.

Analysis of Endogenous GSH-adducts

Positive ion LC-MRM/MS has been used extensively to detect GSH-adduct biomarkers in
cell culture and perfused organs. Analyses are performed either in the full scanning more or
by using constant neutral loss scanning for 129 Da ()~glutamyl moiety) to detect GSH-
derived metabolites followed by CID and MS/MS analysis of MH* Although this technique
has primarily been used to detect drug-derived GSH-adducts (Levsen et al., 2005) it can be
very useful for endogenous adducts as well. Negative ion ESI methodology in combination
with precursor ion scanning of /2272 (M-H-H,S) can provide a complementary method
for detecting GSH-adducts in cellular incubations (Dieckhaus et a/., 2005). It proved to be
particularly useful for detecting HNE-derived GSH-adducts. Recently, stable isotope
dilution methodology was used in combination with an isotope pattern-dependent scanning
method was applied to the data acquisition of GSH-adducts from drug-derived reactive
metabolites (Ma et al., 2008). Recorded full-scan MS and MS/MS data sets were further
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processed with neutral loss filtering, product ion filtering and extracted ion chromatographic
analysis to search for protonated molecules and MS/MS spectra of GSH-adducts. This
approach was very effective in detecting low levels of drug-derived GSH-adducts,
regardless of their fragmentation patterns. It clearly also has potential utility for the
characterization of endogenous GSH-adducts.

There is increasing interest in the use of LC-MRM/MS-based methodology for the analysis
of endogenous GSH-adducts as biomarkers of oxidative stress. Analysis of GSH-adducts has
been found to provide insight into the pathological role of 4-hydroxy-2(£)-nonenal (Carini
et al., 2004). HNE-GSH-adducts have also been used as biomarkers for monitoring oxidative
stress in animal models (Vélkel et al., 2005) and in Alzheimer’s disease (Volkel et al., 2006)
(Fig. 8). Intriguingly (as noted above) 13(S)-hydroperoxyeicosatetraenoic acid, a product of
15-LOX-mediated metabolism of linoleic acid, was found to undergo enantioselective
oxidative decomposition to 4(S)-HNE (Schneider er al., 2001). This suggests that by
monitoring the individual HNE-GSH-adduct diastereomers, it could be possible to
distinguish enzymatic (chiral) pathways of lipid peroxidation from those occurring non-
enzymatically (racemic) through ROS-mediated pathways.

SID LC-MRM/MS methodology has been developed for the analysis of TOG and HNE-
GSH-adducts in cellular models of oxidative stress (Fig. 9). Using SID LC-MRM/MS, it
was possible to show that the lipid hydroperoxide 15(S)-HPETE was detoxified more
rapidly and produced less TOG when it was formed in the cytosol of a macrophage cell line
compared with 15(S)-HPETE formed on intact lipids (Zhu et a/., 2009). Furthermore,
[13Cy]-TOG was formed from 15-LOX-mediated metabolism of exogenous [*3Cy0]-
arachidonic acid added to the cells, providing additional speciffcity for the analytical
procedure. It will be interesting to analyze the residual aldehyde that is left on the lipid after
the loss of ONE to determine whether it survives unchanged or whether it forms a GSH-
adduct in the lipid bilayer. This could have particular importance for cell-cell signaling
(Hazen, 2008). Other ONE-like bifunctional electrophiles can be formed from the homolytic
decomposition of lipid hydroperoxides. For example, dioxododecenoic acid (Lee et al.,
2005) and dioxooctenoic acid (Jian et al.,, 2005b) contain the carboxylate terminus from
linoleic acid- and arachidonic-derived lipid hydroperoxides, respectively. Both
dioxododecenoic acid and dioxooctenoic acid also form TOG-like GSH-adducts (Jian et al.,
2005a). Therefore, in the future it might be possible to use these GSH-adduct biomarkers to
identify the particular polyunsaturated fatty acid-derived lipid hydroperoxides that are
involved in the induction of intracellular oxidative stress. GSH-adducts could also
potentially be formed on intact lipids following loss of ONE from the aw-terminus of the
esterified polyunsaturated fatty acid lipid hydroperoxide.

LTC,4 and oxo-ETE-derived GSH-adducts (OEGS) can also be analyzed using SID LC-
MRM/MS methodology (Blair, 2006; Lee et al., 2007; Murphy and Zarini, 2002; Wei et al.,
2009). Many of these studies have been restricted to cell culture models because of the
extensive metabolism of the GSH-adducts that occurs /n7 vivo as described above. However,
Zarini et al. were able to quantify LTC4 by SID LC-MRM/MS in peritoneal lavage fluid
during zymosan-induced peritonitis using bone marrow transplants with transgenic mice
deficient in key enzymes of LT synthesis (Fig. 9). Their results demonstrated the potential
relevance of transcellular exchange of LTA, for the synthesis of LTs mediating biological
activities during inflammatory events /in vivo (Zarini et al., 2009).

Endogenous catechol estrogens are readily oxidized to give o-quinones (Bolton and
Thatcher, 2008). The half-life of 2-hydroxyestrone-o-quinone is only 47 s, whereas 4-
hydroxyestrone-o-quinone is longer lived with a half-life of 12 min (Bolton and Shen,
1996). In the presence of GSH, 4-hydroxyestrone-o-quinone is efficiently trapped as a GSH-
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adduct, which can be readily analyzed by LC-MS (Chandrasena et af., 2008). The formation
of catecholamine—-GSH-adducts was inferred from studies in which 5-S-cysteinyl derivatives
of dopamine, DOPA, and DOPAC were synthesized and used as reference compounds in
HPLC analyses of extracts from various brain regions of humans and other mammalian
species (Shen et al,, 1996). All three metabolites were detected in the brains of all the
species studied. These findings suggested autoxidation of catechols to quinones had
occurred in a similar manner to that described above for catechol estrogens and that GST-
mediated GSH addition had occurred at C-5 to give a dopamine—-GSH-adduct. Recently, off-
line LC separation followed by MS analysis was employed to show that GSH-adducts were
formed from the reaction of GSH with aminochrome, a dopamine-derived quinone (Zhou
and Lim, 2009).

Analysis of Endogenous Cysteinylglycine- and Cysteine-adducts

LTDy is one of the most potent cysteinylglycine-adducts that is formed /in vivo. Therefore, it
is surprising that there are so few descriptions on the use of LC-MRM/MS methodology for
the analysis of LTDg4. This is probably because the bis-carboxylate cysteinylglycine-adduct
does not ionize very well under conventional ESI conditions. Furthermore, because of the
high potency, of LTDy, it is generally present in only trace amounts in many biological
fluids. In spite of these difficulties Zarini et al. (2009) were able to detect very small
amounts of LTD,4 in mouse peritoneal fluid (Fig. 9). Similarly, there are no reported studies
on the analysis of 15-OEC (Fig. 3) in biological fluids using LC-MRM/MS. In contrast, the
mono-carboxylate containing cysteine-adduct, LTE,4, can be readily analyzed in complex
biological matrices such as mouse peritoneal fluid and urine (Armstrong ef a/., 2009; Hardy
et al., 2005; Hishinuma ef a/., 2001; Mizugaki et al,, 1999; Nakamura ef al., 2001; Stanke-
Labesque et al., 2008; Suzuki et al., 2000; Zarini et al., 2009). The signal for LTE4 in mouse
peritoneal fluid was several orders of magnitude more intense than that for LTD, (Fig. 9)
(Zarini et al., 2009). Immunoaffinity purification coupled with SID LC-MRM/MS analysis
provided impressive chromatograms for urinary LTE,4 with minimal ion suppression (Fig.
10) (Armstrong et al., 2009). This method provides a gold standard by which the specificity
of all other LTE,4 assays can be evaluated. This revealed that an enzyme immunoassay for
LTE, overestimated the amount that was present in urine by over 20-fold (639 pg/mg
creatine to 5685 pg/mg creatine) when compared with the LC-MRM/MS assay (29 pg/mg
creatinine to 145 pg/mg creatine). This highlights the importance of using SID LC-MRM/
MS methodology for the analysis of endogenous cysteine-adducts.

Analysis of Endogenous MA Metabolites

MAs have been used as biomarkers of exposure to many exogenously derived chemicals
(Anders, 2008; Haufroid and Lison, 2005; Hecht, 2002; Keum et a/., 2005; Tang, 2003) and
endogenously derived bioactive substances (Blair, 2006; Pombrio et a/., 2001; Sidell et af,
2001; Stevens and Maier, 2008). For example, DHN-MAs are the major urinary metabolites
of HNE (Fig. 5), which in turn is an important product of lipid peroxidation (Fig. 4). The
urinary excretion of DHN-MA from (S)-HNE was found to be significantly lower in rats
(9.8 + 0.4%) than that observed after the (/)-enantiomer (27.3 £ 6.6%) was injected into rats
(Gueraud et al., 2005). /n vitro studies using rat liver cytosolic incubations revealed that this
was due to differences in the intermediate pathways involved in their metabolism (Fig. 5).
An enantioselective LC-MRM/MS assay has not been developed for the analysis of DHN-
MAs. However, using an achiral SID LC-MRM/MS method, it was possible to show that the
urinary excretion of DHN-MA increased significantly after BrCCls administration to rats
compared with vehicle-treated animals (Peiro et al., 2005). This suggested the DHN-MA
could be a useful biomarker of lipid peroxidation-induced oxidative stress. Urinary excretion
of DHN-MA was also increased when a heme supplemented diet was given to human
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subjects, suggesting that the diet caused an increase in lipid peroxidation (Pierre et al.,
2006).

Crotonaldehyde, which is thought to be a product of lipid peroxidation, is also present in
many foods and beverages, ambient air and tobacco smoke. Two MA metabolites, 3-
hydroxy-1-methylpropylmercapturic acid (HMPMA) and 2-carboxyl-I-
methylethylmercapturic acid (CMEMA), were excreted in rat urine after subcutaneous
injection of crotonaldehyde (Scherer et al,, 2007). This stimulated the development of a SID
LC-MRM/MS method for determination of HMPMA and CMEMA in human urine. It was
found that cigarette smokers excreted about 3-5-fold more HMPMA, and only slightly
elevated amounts of CMEMA, in their urine compared with nonsmokers. In smokers,
significant correlations were also between the urinary excretion levels of HMPMA (but not
CMEMA) and several markers of exposure for smoking, including the daily cigarette
consumption, carbon monoxide in exhaled breath, salivary cotinine and nicotine plus five of
its major metabolites in urine. Smoking cessation or switching from smoking conventional
cigarettes to experimental cigarettes with lower crotonaldehyde delivery led to significant
reductions of urinary HMPMA excretion, but not CMEMA excretion. Thus, HMPMA is a
potentially useful biomarker for smoking-related exposure to crotonaldehyde (Scherer et af.,
2007). This method could also form the basis for determining inter-individual exposure to
crotonaldehyde from endogenous pathways of lipid peroxidation.

More futuristically, it is reasonable to consider conducting metabolomic profiling for a
number of MA derivatives in order to provide insight into inter-individual exposure to
reactive metabolites. With this concept in mind the Vélkel group performed a control study
using urine samples from 30 healthy male and female human subjects were collected at
intervals of 8 h twice a day for three consecutive days (Wagner et al., 2007). Using LC-
MRM/MS methodology in combination with a column-switching tool for the analysis of the
MA pattern, samples were screened for time and gender differences, the most common
confounders. The results suggested that it could be possible to use of metabolic profiling of
MAs for the detection of disease or toxicity markers in the future. The use of SID
methodology using [13C]-labeled internal standards coupled with improved sensitivity of
detection could provide important insight into various disease processes as well as providing
exposure biomarkers to different environmental chemicals.

Summary and Future Directions

Modern TQ instrumentation can conduct up to 200 MRM transitions every 2 s, which opens
up the possibility of conducting multiple quantitative analyses of MAs as pioneered by the
Volkel group (Wagner et al., 2007) together with rigorous SID LC-MS-based methodology.
Sensitivity in the ESI/MS mode can be further improved by the use of nanoliter and low
microliter per minute flow rates coupled with robust new column technologies such as fused
core stationary phases (Abrahim ef a/., 2010). The improved sensitivity will make it possible
to reduce the amount of individual urine samples that are used. This will preserve important
samples such as those obtained from longitudinal studies as well as reducing potential
interferences from the urine samples. New high-sensitivity TQ instrumentation will make it
possible to conduct simultaneous quantification of free and oxidized thiols in circulating
lymphocytes in order to assess inter-individual differences in oxidative stress (Zhu et al.,
2008) and how this is related to endogenous urinary MA excretion. Additional increases in
sensitivity can also be obtained using pre-ionized derivatives (Blair, 2009). This could prove
to be particularly useful in the analysis of urinary MAs, making it possible to rigorously
evaluate the role of endogenous pathways of MA formation in different disease states. The
use of appropriate [13C]-labeled standards in SID LC-MRM/MS assays is critically
important and is an active area of research within the field. This is because the [13C]-labeled
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standard will define the scope and accuracy of an assay. Without the ability to conduct
rigorous bioanalytical validation of the MA assays, subsequent costly clinical studies will
not attain adequate sensitivity and specificity to distinguish different disease states.
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electrospray ionization

eicosatetraenoic acid
y~glutamyltranspeptidase

glutathione

glutathione disulfide

glutathione- S-transferase

liquid chromatography

leukotriene

hydroxyeicosatetraenoic acid
hydroxynonanoic acid
hydroperoxyeicosatetraenoic acid
4-hydroperoxy-2(£)-nonenal
4-hydroxy-2(£)-nonenal

hydroxysteroid dehydrogenase
lipoxygenase

mercapturic acid

malondialdehyde

multiple reaction monitoring

mass spectrometry

tandem mass spectrometry

N-acetyl transferase

oxoeicosatetraenoic acid cysteinylglycine-adduct
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ONE 4-0x0-2(£)-nonenal
PG prostaglandin
ROS reactive oxygenspecies
SID stableisotopedilution
TOG thiadiazabicylco-4-oxo0-2( £)-nonenalglutathione-adduct
TQ triple quadrupole
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Formation of GSH-adducts and small molecule biomarkers.
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SID LC-MRM/MS chromatograms of lower limit of quantification samples with 0.0005 mM
GSSG and 0.005 mM GSH. MRM chromatograms for GSABD (m/2505.3 - 376.2), GSSG
(m/z613.2 - 355.2), [13C,, 1°N1]-GSABD (m/z508.3 - 379.2) and [13C,4, 15N,]-GSSG
(m/z619.2 - 361.2). Reprinted with permission from Zhu et a/. (2008).
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Figure 3.

Formation of eicosanoids and eicosanoid-derived GSH-adducts. Abbreviations: 5-HEDH, 5-
hydroxyeicosanoid dehydrogenase; EH, epoxide hydrolase; FLAP, 5- lipoxygenase
activating protein; FOG-7, 5-oxo-eicosatetraenoic acid GSH-adduct, LTAH, leukotriene A4
hydrolase; LTAS, leukotriene A4 synthase; PGS, prostaglandin synthase; TX, thromboxane;
TXS, thromboxane synthase.
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Lipid hydroperoxide-derived bifunctional electrophiles that can form GSH-adducts.
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Metabolism of HNE to GSH-adducts and MA derivatives. AD, aldehyde dehydrogenase.
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Figure®6.

HNE-GSH determination (MRM m/z464.3 - 308.1) in rat liver tissue (a) of a vehicle-
treated control rat and (b) 5 h after a single ip dose (15 mg/kg) of Fe(III)NTA. Reprinted
with permission from Vélkel et al. (2005).
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Figure7.
Formation of TOG from a lipid hydroperoxide [15(S)-HPETE].
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Figure8.

Quantitative analysis of TOG and HNE-GSH-adducts after adding 10 pM t-butyl-
hydroperoxide and 500 uM Fe! to EA.hy 926 endothelial cells. The upper chromatogram
shows the MRM signal for endogenously generated TOG /2426 (MH*) — m/z280. The
center chromatogram shows the MRM signal for the [2H3]-TOG internal standard //z 429
(MH*) -~ m/z283 and the lower channel shows the MRM signal for endogenously
generated HNE-GSH-adducts and ONO-GSH-adducts mm/z 464 (MH*) - m/z308 (MH*-
CgH1505). The concentration of intracellular TOG and the HNE-GSH-adduct corresponded
to 8.6 and 0.5 puM, respectively, as determined from a standard curve constructed in blank
cell lysate buffer. Reprinted with permission from Jian et a/. (2007).
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20
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LC/MS/MS profile of LTCy,, its metabolites, and selected eicosanoids in mouse peritoneal
lavage. Mice were treated with 1 mg zymosan for 2 h, and eicosanoids analyzed by SID LC-
MRM/MS, monitoring the specific m/ztransitions indicated. Retention times of deuterated
internal standards (coincided with their cognate metabolites. Reprinted with permission from

Zarini et al. (2009).
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Figure 10.

Evaluation of ion suppression on response of LTE,4 and LTE,4-d3 in urine and water.
Injection experiments: extracted ion chromatogram (EIC) of MRM transitions for LTE4-d3
(mlz443.2 - 304.3) spiked at 200 pg/mL in a human urine sample (A) and water (B), and
MRM transition of endogenous LTE4 (/7/2440.2 - 301.3) in a human urine sample (C,
hatched lines). Data demonstrate that the response of internal standard is not affected by ion
suppression. Data was collected in positive electrospray ionization mode. The peak area for
urine and water spiked with LTE4-d3 was 115754 and 107672, respectively. Post-column
infusion experiments: LTE4 was infused and the 440.2 - 301.2 transition was monitored
during injection of urine (D) and water (E) samples. Data demonstrate the absence of ion
suppression in a urine matrix. Reprinted with permission from Armstrong et a/. (2009).
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