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Abstract

Among the numerous unknown metabolites representative of our exposure, focusing on toxic
compounds should provide more relevant data to link exposure and health. For that purpose, we
developed and applied a global method using data independent acquisition (DIA) in mass spectrometry
to profile specifically electrophilic compounds originating metabolites. These compounds are most of
the time toxic, due to their chemical reactivity towards nucleophilic sites present in bio-
macromolecules. The main line of cellular defense against these electrophilic molecules is conjugation
to glutathione, then metabolization into mercapturic acid conjugates (MACs). Interestingly, MACs
display a characteristic neutral loss in MS/MS experiments, that makes possible to detect all the
metabolites displaying this characteristic loss, thanks to the DIA mode, and therefore to highlight the
corresponding reactive metabolites. As a proof of concept, our workflow was applied to the

toxicological issue of the oxidation of dietary polyunsaturated fatty acids, leading in particular to the
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formation of toxic alkenals, which lead to MACs upon glutathione conjugation and metabolization. By
this way, dozens of MACs were detected and identified. Interestingly, multivariate statistical analyses
carried out only on extracted HRMS signals of MACs yield a better characterization of the studied

groups compared to results obtained from a classic untargeted metabolomics approach.
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INTRODUCTION

Throughout their lives, humans are exposed to many substances, natural or not, in varying amounts
depending on their environment, lifestyle or diet. In particular through diet, people are exposed to a
wide variety of compounds mostly essential (e.g. nutrients, vitamins, etc...), but also, in a much lesser
extent, to compounds with possible harmful effects such as pesticides,® mycotoxins,? or neo-formed
compounds produced during the processing, cooking and digestion of food.? Since the concept of
exposomics has been introduced,* new approaches aim at assessing this exposure in the most
comprehensive way by the implementation of untargeted methods.> However, in front of the number
and complexity of these contaminants representing our chemical exposome, focusing on toxic
compounds appears essential to estimate the impact of this exposure on health. Many of these
toxicologically relevant compounds are toxic due to their electrophilicity, which makes them reactive
towards nucleophilic sites of biomolecules such as DNA, RNA, proteins..., and lead to the formation of
various adducts with potential harmful effects. Structure-activity relationships analyses carried out by
Ashby and Tennant® on the basis of carcinogenesis data from US-NTP showed that more than 80% of
genotoxic agents are electrophilic compounds or compounds that are able to be bioactivated into
electrophilic metabolites. In particular, meat represents a complex matrix that may contain a variety
of contaminants, some of which being involved in colon cancer development according to a commonly
accepted hypothesis involving the formation of DNA adducts.”®

In terms of food safety, the cooking of meat at high temperature induces the formation of numerous
electrophilic compounds from heterocyclic amines (HCAs) and polycyclic aromatic hydrocarbons
(PAHSs), such as 2-amino-3,8-dimethylimidazo-[4,5-f]-quinoxaline (MelQx) or benzo[a]pyrene (BaP),
respectively, which are known to be pro-mutagenic by giving rise to DNA adducts after the formation
of reactive metabolites.? Alternatively, curing processes lead to the formation of N-nitroso compounds
(NOCs).19 Some of these NOCs are known to be mutagenic because of their ability to form DNA
adducts.*! Finally, several studies showed convincing evidence that heme iron contained in red meat,

could be one of the main factors of carcinogenesis promotion.?7'* The main hypothesis to explain

ACS Paragon Plus Environment



oNOYULTL B WN =

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Analytical Chemistry

heme iron toxicity relies on its ability to promote the formation of radical species by Fenton-like
reactions, which leads to the peroxidation of dietary polyunsaturated fatty acids into secondary lipid
peroxidation electrophilic products such as 4-hydroxynonenal (4-HNE).%® As reported by Sesink et al.1®
and further confirmed by Bastide et al.,'” heme-iron as such does not participate to carcinogenesis
promotion, which is mainly mediated through lipid peroxidation product formation in the colon lumen.
Targeted methods are commonly used to monitor these reactive metabolites, able to covalently bind
to biomolecules.'® Concerning lipid peroxidation, 4-HNE has been one of the most studied lipid
peroxidation secondary product.’*?! However, depending on the fatty acid precursor, lipid
peroxidation may induce the formation of many other reactive compounds (potentially unknown) with
various abundance and reactivity. Developing untargeted methods are then necessary to get a more
comprehensive view of their formation.

One of the main detoxification routes employed to detoxify such reactive/electrophilic compounds is
the enzymatic conjugation with glutathione, a tripeptide known as an efficient scavenger of
electrophilic species. Those glutathione conjugates are then cleaved by y-glutamyltransferase and
cysteinylglycine dipeptidase, respectively, and finally N-acetylated to form mercapturic acid conjugates
(MACs) that are mostly urine-excreted.?? Thus, MACs are the result of detoxification processes of
reactive electrophilic species and can be considered as biomarkers of exposure to these harmful
compounds. Monitoring MACs could therefore be useful for a more accurate characterization of
exposure to reactive compounds and a better evaluation of the role of reactive metabolites in
toxicology in general.?

Despite the interest of this approach, only a few studies have focused on the global analysis of MACs.?*~
%6 These studies aimed at evaluating the electrophilic burden of the organism by screening
mercapturates in an untargeted way by liquid chromatography coupled with mass spectrometry (LC-
MS) using constant neutral loss-like acquisition mode. Other available studies of MACs were based on
MS targeted analysis to study specific exposure situations like atrazine?” or neo-formed products in

food such as acrylamide or acrolein.?® All these works use the characteristic loss of 129 Da observed
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from MACs in urine samples by the cleavage of the thioether bond, and rely on low-resolution mass
spectrometry.

Inthe present study, we present an original method for the global screening of MACs. A high-resolution
mass spectrometry (HRMS) based workflow was developed using a data-independent acquisition
mode (DIA) for monitoring the specific neutral-loss of mercapturates through gas phase fragmentation
in mass spectrometry. As a proof of concept, this paper presents results from a study based on an
animal experiment conducted with different diets containing various oils (fish oil, safflower oil and
hydrogenated coconut oil) with different polyunsaturated fatty acids profiles, in combination with
heme iron to catalyze lipid peroxidation. Thus, monitoring urinary MACs in these animals provided an
accurate overview of their exposure to lipid peroxidation products conjugated with glutathione.
EXPERIMENTAL SECTION

Chemicals

All solvents were purchased from Fisher Scientific (Thermo Fisher Scientific, lllkirch, France) and were
LC-MS grade. Standard 4-hydroxynonan-1-ol mercapturic acid (DHN-MA), 4-hydroxyoctan-1-ol-MA, 4-
hydroxyheptan-1-ol-MA,  4-hydroxyhexan-1-ol-MA  (DHH-MA),  4-hydroxynonanal-MA,  4-
hydroxyoctanal-MA and 4-hydroxyheptanal-MA, were synthetized in the laboratory as previously
described?®. Standard N-acetyl-S-phenylcysteine was purchased from Sigma-Aldrich (Saint Quentin
Fallavier, France) and the MS calibration mix solution was purchased from Waters (Manchester, UK).
Heme iron (Hemin from bovine) was purchased from Sigma-Aldrich, and fish oil (Refined Menhaden
oil), safflower oil and hydrogenated coconut oil came from MP Biomedicals (lllkirch-Graffenstaden,
France).

Animals and diets

Young adults Fischer male rats (6 rats/group) were housed individually in plastic metabolic cages. They
were allowed for 3 days of acclimatization to their cage. The room was kept at a temperature of 22 °C
on a 12h light-dark cycles. Animals had free access to tap water and to their respective diet for 15 days.

Diets were given each day at the end of the afternoon in order to limit oxidation, and 24h-urine
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samples were collected at day 12 and frozen (-20°C) until analysis. A first set of diets contained 5% fish
oil (containing long chain w-3 fatty acids). A second set of diets contained 5% safflower oil (containing
w-6 fatty acids). A last set of control diets contained 5% hydrogenated coconut oil (containing almost
only saturated fatty acids). All diets contained heme iron (0.094% w/w) to catalyze lipid peroxidation.
All animal experiments were performed in accordance with EU directive 2010/63/EU and approved by
the local Animal Care and Use Committee of Toulouse Midi-Pyrénées (agreement TOXCOM/0006/FG).
Sample preparation

Urine samples were allowed to thaw at room temperature. Aliquots of 500 uL were prepared for each
urine sample and diluted in 500 pL of mobile phase A (95% H,0, 5% CH;0H, 0.1% CH;CO,H). After
dilution, the aliquots were vortex-mixed and centrifuged at 10,000 rpm for 5 minutes. The
supernatants were transferred into vials to be directly used for analyses. This sample preparation
protocol was previously developed for mass spectrometric detection of urinary metabolites of
xenobiotics, including conjugated metabolites.3°

Liquid chromatography and mass spectrometry analyses

Analyses were performed using ultra performance liquid chromatography (UPLC) (ACQUITY, Waters
Manchester, UK) coupled to a quadrupole time-of-flight mass spectrometer (Q-ToF Synapt G2-Si,
Waters, Manchester, UK). A volume of 10 plL of samples were injected into a Hypersil Gold C18 (1.9
um, 100 x 2.1 mm) analytical column (Thermo Fisher Scientific, Illkirch, France) at a flow rate of 0.3
mL/min, and maintained at 40°C. According to a previously developed chromatographic protocol®, a
linear gradient program was set up with mobile phase A: 95% H20 / 5% methanol / 0.1% acetic acid,
and mobile phase B: 100% methanol / 0.1% acetic acid. Initial conditions were 100% of A, followed by
a linear gradient from 0 to 100% of B in 30 min. These conditions were held for 4 min prior to switching
in 1 min to the starting conditions and held for 5 min to equilibrate the column. MSE acquisitions (i.e.
DIA mode) were achieved with electrospray ionization (ESI) in the negative mode. Parameters were
set-up using two standard compounds (namely DHN-MA and N-acetyl-S-phenylcysteine) as detailed in

the experimental section: capillary voltage 0.5 kV, sampling cone voltage 30 V, source temperature
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120 °C, desolvation temperature 550 °C, cone gas flow rate 30 L/h, desolvation gas flow rate 600 L/h
and a trap collision energy of 15 eV for the high energy spectra. MSE spectra were acquired with a
range of mass-to-charge ratio (m/z) set to 50 — 800. MS? experiments were achieved on a LTQ Orbitrap
XL mass spectrometer (Thermo Scientific, Les Ulis, France).

A quality control (QC) sample corresponding to the pool of all samples was analyzed repetitively (n =
7) along the injection sequence to ensure that no instrumental deviation was observed during the
analysis. The quality of analyses was checked by monitoring the variation the chromatographic
pressure (lower than 10 bars between the first and the last injection), the variation of MS signal
(Relative Standard Deviation (RSD) of signal area of 8.6%), retention time (RSD of 0.15%) and mass
measurement accuracy (lower than 5 ppm) based on the tryptophan signal detected at 3.2 min.

Data processing

Data from MSE experiments were processed with the UNIFI® software (Waters, Manchester, UK).
Extraction of data from full scan mass spectra was carried out using XCMS offline software3! with
centwave algorithm3? (ppm = 10, peakwidth = (10,70), snthresh = 10, noise = 2000, bw = 5, mzwid =
0.01). To avoid urine dilution variation among samples data were normalized using Probabilistic
Quotient Normalization.3? All data analysis steps were performed using workflow4metabolomics, a
collaborative portal dedicated to metabolomics data processing.3*

Statistical analyses were carried out using SIMCA software v15 (Umetrics, Umea, Sweden). Results
were examined using unsupervised principal component analysis (PCA) in order to check the validity
of acquisition and to detect potential outliers. Projection to latent structure discriminant analysis
modeling (PLS-DA) was then carried out to find out diet discriminant features. The PLS-DA Q2
parameter (fraction of samples correctly predicted by the model) was used to assess the quality of
models. Models with Q% > 0.4 were considered as valid. For valid models, a permutation test was
performed to assess the robustness of models. For valid and robust models, significant features were
selected by their variable importance on projection (VIP). A feature displaying a VIP > 1 was considered

significant.

ACS Paragon Plus Environment



oNOYULTL B WN =

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

Analytical Chemistry

RESULTS AND DISCUSSION

Method development

To setup ionization parameters for the profiling of MACs, two standards were used. The first one
corresponds to the reduced conjugate between N-acetylcysteine and 4-HNE, namely DHN-MA. Since
this compound is generated from lipid peroxidation, it is representative of structures we would like to
detect. The second standard corresponds to a smaller structure, which displays no heteroatom other
than those of the N-acetylcysteine moiety, namely N-acetyl-S-phenylcysteine, the conjugate between
a phenyl group and N-acetylcysteine. This compound could be considered as representative of smaller
and less ionizable compounds.

UPLC coupled with HRMS through ESI is an analytical approach particularly suited for the qualitative
and quantitative analysis of urinary metabolites.> ESI in the negative mode gave the most intense
signal, due to the carboxylic acid function of the mercapturate that easily undergoes deprotonation.
Fragment ions were observed in the full MS spectrum of standards even with no collision energy
applied into the collision cell of the mass spectrometer. The [M-H]- ion of DHN-MA was detected at
m/z 320.1531, but another intense ion was observed at m/z 191.1111, corresponding to the loss of
129 Da, representative of the N-acetylcysteine moiety. The same phenomenon was observed with N-
acetyl-S-phenylcysteine. This fragmentation was caused by an excess of internal energy of ions coming
from the desolvation conditions of the electrospray ion source and the conditions of transfer of the
ions into the Triwave and StepWave cells of the Synapt mass spectrometer. Nevertheless, this
fragmentation has to be limited to increase the signal of the deprotonated ions of MACs, and therefore
to increase the sensitivity of the method. For that purpose, we decreased the excess of internal energy
during the steps of ionization / desolvation and ion transfer by limiting the acceleration of ions into
the different cells of the Synapt mass spectrometer where remaining gas was present, i.e. into the
StepWave cell for the last step of desolvation and into the Triwave cell for the transfer of ions.

We based our profiling method on the property of MACs to undergo a particular fragmentation during

the collision induced dissociation (CID) process, leading to a neutral loss of CsH;NO3; 129.0426 Da,
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corresponding to the cleavage of the thioether bond as already mentioned in previous works. 2428 In
this study, this fragmentation pattern was investigated from seven MAC standard compounds
originating from lipid peroxidation products conjugated with glutathione, namely 4-hydroxynonan-1-
ol mercapturic acid (DHN-MA), 4-hydroxyoctan-1-ol-MA, 4-hydroxyheptan-1-ol-MA, 4-hydroxyhexan-
1-o0l-MA (DHH-MA), 4-hydroxynonanal-MA, 4-hydroxyoctanal-MA and 4-hydroxyheptanal-MA, as well
as the standard of N-acetyl-S-phenylcysteine. Results summarized in Table 1 show that all MACs
displayed the neutral loss of C;H;NO3 129.0426 Da. As an example, in the case of DHN-MA detected at
a retention time (Rt) of 13.2min, the neutral loss of 129.0426 Da was observed with a resulting
fragment ion at m/z 191.1106. Consecutive losses of H,O and CH,O led to the formation of m/z
173.1000 and 143.0898 ions. The complementary fragment ion [CsH;NO;-H]- detected at m/z
128.0352, was also previously observed for three metabolites of B(a)P3> and used as multiple reaction
monitoring transition (MRM) for detecting some MACs. 3¢ However, this ion was observed only in the
MS/MS spectra of DHH-MA and DHN-MA, and with a weak relative abundance (< 3%).

Table 1: UHPLC-ESI-HRMS/MS of MAC standards, achieved at a collision energy of 15 eV.

MAC m/z Rt Neutral Fragment lons (Relative Abondance)
(min) | Formula
4-hydroxyheptanal-MA | 290.1067 7.74 C12H21NOS5S 290.1061 (20) 161.0637 (53) 143.0532
(100) 125.0426 (3) 115.0579 (25)
4-hydroxyoctanal-MA 304.1223 10.67 C13H23NO5S 304.1219 (23) 175.0792 (68) 157.069
(100) 129.0739 (27)
4-hydroxynonanal-MA 318.138 13.18 | C14H25NO5S 318.1383 (16) 189.0946 (25) 171.0839
(HNE-MA) (100) 143.0880 (17)
4-hydroxyheptanol-MA | 292.1223 | 7.35 C12H23NO5S | 292.1219 (30) 163.079 (100) 145.049 (34)
130.963 (10) 115.0583 (39)
4-hydroxyoctanol-MA 306.138 10.27 C13H25NO05S 306.1373 (27) 177.0949 (100) 159.0847
(23) 129.0741 (32)
4-hydroxyhexanol-MA 278.1068 4.47 C11H21NOS5S 278.1062 (20) 149.0637 (100) 131.053

(DHH-MA) (38) 128.0346 (3) 101.0424 (42)
4-hydroxynonanol-MA | 320.15374 | 13.21 | C14H27NO5S | 320.1536 (4) 191.1106 (100) 173.1000
(DHN-MA) (16) 143.0898 (44) 128.0352 (2)

N-acetylphenylcysteine | 238.0543 9.92 C11H13NO3S 109,0112 (100)

We applied a data-independent acquisition (DIA) process allowing the fragmentation of all ions. In the
Waters’ Q-ToF instruments, the DIA mode is called MSE and is based on the continuous switching

between a low-energy CID scan and a higher energy CID scan without any precursor ion selection. The
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first scan is used to detect the precursor ion, whereas the second scan is used to detect the fragment
ions.3” Data are then processed using the UNIFI® software to associate the two scans, and to build
product ion spectra from the collected data. Within these data, the software also offers the possibility
to screen every ions giving a particular neutral loss. The neutral loss tolerance was set at 5 mDa as it
was the value which gave the most notable results without being too large. The signal threshold of the
low energy scan was set at 2,000 counts to minimize the signals mixed to the background noise
whereas the signal threshold of the high energy scan was set at 20 counts. At the end, only candidates
displaying a neutral loss or a specific fragment ion detected with a mass accuracy below 10 ppm were
kept for subsequent processing.

The limit of detection (LOD) of the method was evaluated by analyzing successive dilutions of DHN-
MA and N-acetyl-S-phenylcysteine standard solutions prepared in blank urine samples. A signal ratio
of 3 was observed at concentrations of 5 ng/mL and 10 ng/mL for DHN-MA and N-acetyl-S-
phenylcysteine, respectively. Although the dynamic range of the detector is limited when working in
the profile mode, it can be increased by using the dynamic range extension (DRE) in the centroid mode.
Since the centroid mode is not compatible with UNIFI®, a parallel untargeted acquisition of data in the
centroid mode should be performed for quantitative purposes. Thus, according to the workflow
displayed in Figure 2, all samples were analyzed by UPLC-ESI-HRMS, and raw data were processed using
XCMS.3! In parallel and using exactly the same chromatographic and ionization parameters, QC
samples were also analyzed by UPLC-ESI-HRMSE to detect MACs. Features of MACs were then
annotated into the XCMS dataset to allow their statistical analyses using unsupervised or supervised
statistical tools.

In DIA mode, no precursor ion is selected and fragmentation patterns are built in-silico. Thus, false
positive MACs might be detected by the profiling of the considered neutral loss. A first possible origin
of artefactual detection could be chromatography. However, since features detected by DIA are
matched to features detected by XCMS, only features displaying chromatographic characteristics in

agreement with parameters used for XCMS (i.e. signal to noise ratio, peak width, peak resolution) are
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kept. The second origin of potential false positive MACs could be the non-specificity of the
fragmentation (i.e., neutral loss of CsH;NO; 129.0426 Da not specific of MACs), or if the deconvolution
algorithm of DIA is not enough robust to align the right fragment ion with the right precursor ion.
However, since next steps of the method aim at highlighting discriminant features with statistical tools,
and then identifying them with targeted MS/MS, false positive MACs will be eliminated at this last

step.

Untargeted _ ustof
peak picking | metabolites

Features
[ validation

Identification

uuuuu

Datobases, Standards,

ms etc.

uuuuu

Figure 1. Workflow of the untargeted profiling of mercapturic acid conjugates.

Application

This method was validated on a proof-of-concept application on urine samples coming from rats fed
diets containing representative lipid peroxidation prone fatty acids expected to yield various
glutathione conjugates, further metabolized into MACs. Thus, the global profiling method of MACs
should be more adapted to detect MACs by comparison with an untargeted metabolomics approach.
Since lipid peroxidation products depend on their precursor unsaturated fatty acid, three different
diets were selected. The first one was based on hydrogenated coconut oil known to contain almost
only saturated fatty acids and which should produce no MACs (except those possibly observed coming
from endogenous peroxidation), the second one was based on fish oil containing long chain omega-3
fatty acids, and finally the third one was based on safflower oil, which is rich in omega-6 fatty acids.
Thus these three contrasted diets were expected to lead to specific peroxidation products, that are
detoxified by conjugation with glutathione, and finally eliminated as specific MACs in urine. Urine
samples coming from the different diets were randomly analyzed by UPLC-ESI-HRMS. Since the
detection of standard MACs analyzed for the set-up of the method was more sensitive in the negative

ionization mode, samples were analyzed only with this mode. After data acquisition, features were
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detected using XCMS. Raw data were filtered according to a blank sample of mobile phase A, to keep
only features whose signal intensity is at least three times higher in the QC samples than in the blank
samples. A total of 9614 features were detected by this untargeted metabolomics approach
(Supporting information, Table S1). In parallel, the QC sample was also analyzed according to our
designed MSE workflow. By MSE, eighty-two MACs candidates were detected. Twenty-six of them
displayed poor chromatographic characteristics, including a low signal to noise ratio, a large peak width
or a very low chromatographic resolution. All these false positive MACs arising from chromatography
were not present in the XCMS data matrix (Supporting information, Table S2) illustrating the relevant
data curation achieved by using a parallel processing of data using XCMS.

An unsupervised statistical analysis by PCA was achieved on all the features detected with XCMS in all
samples and in the QC. No outlier sample was detected, and a good correlation of the injections of the
QC sample demonstrated that no deviation has occurred along the analysis (Supporting information,
FigureS1). The resulting PCA shows in Figure 2A a discrimination of the fish oil diet (FO), but a weak
separation of coconut oil diet (CO) and safflower oil diet (SA). By comparison, the same PCA achieved
on features filtered thanks to our MSE approach obviously displays a better discrimination of diets
(Figure 2B). Results match perfectly the expected effects of the lipid peroxidation induced by heme

iron according to the composition of oil in poly-unsaturated fatty acids.
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38 275

40 276  Figure 2. Principal Component Analyses of (A) all features detected with XCMS and (B) features
42 277  detected by MSE. Yellow dots (SA) represent samples from safflower oil diet, blue dots (FO) represent
44 278 samples from fish oil diet, and green dots (CO) represent coconut oil diet.

279  To evaluate the contribution of the MSE profiling approach to discriminate populations, PLS-DA were
49 280  achieved on both dataset validated by permutation tests. Samples were discriminated according to a
51 281  two components model (Q? = 0.94) of 3944 features with a VIP > 1 from the dataset generated by
53 282  XCMS (Supporting information, FigureS2). Conversely, a two components model (Q2 = 0.95) of 22
283 features with a VIP > 1 was obtained from the dataset generated by MSE (Supporting information,
sg 284  FigureS3). In the XCMS dataset, discriminating MACs were ranked between the 21 and 4354 position
60 285 of VIP in component 1, and between the 13 and 2929 position in component 2 (Supporting information
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Table S3). This shows that the discriminating MACs were diluted into thousands of features
representative of other metabolites using the whole metabolomics dataset, making it very difficult to
identify them. At the opposite, the PLS-DA achieved on the MSE dataset allowed to directly highlight
discriminating MACs and to detect two more significant MACs. This better discrimination can be
explained by the fact that the drastic data matrix reduction, enabling to focus the dataset only on a
class of metabolites of interest. The studied populations were expected to be discriminated according
to the lipid peroxidation products, detoxified by conjugation with glutathione and finally metabolized
into MACs. Therefore, by looking only at MACs, which include lipid peroxidation products conjugates,
the data matrix was filtered only on metabolites of interest, excluding other potential interfering
signals.

Another interesting issue of the analysis of metabolites, is the identification of discriminating
compounds. Since a fragmentation pattern highly specific of MACs is monitored, this identification
criteria can be proposed in a first attempt. To validate the loss of 129.0425 as representative of MACs,
targeted MS/MS analyses were attempted on the 56 MACs candidates detected in the XCMS data
matrix. Some MS/MS spectra could not be generated likely due to a loss of sensitivity related to the
decrease of the scan time which has to be set to allow numerous parallel MS/MS acquisitions, and/or
the weak signal of corresponding precursor ions. In all others MS/MS spectra, the expected neutral
loss was successfully observed, showing that no interference occurred during its detection by MSE. To
assess the possible detection of a potential loss of 129.0425 from a metabolite that was not a MAC,
the chemical formula of each candidate was generated. Only two candidates displayed a loss of
129.0425 from a chemical formula bearing no sulfur atom (n230.1032T4.9 and n261.0879T5.7). The
list of features detected by MSE was also matched with the HMDB database. Some features matched
with metabolites that are not a MAC. However, none of these other potential metabolites had MS/MS
spectra in HMDB displaying a [(M — H) — 129]- fragment ion.

Based on this proposed identification of MACs, a further hypothesis of the reactive metabolite before

its conjugation with glutathione can also be formulated (Table 2), with a particular focus on lipid
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peroxidation products in this study. A chemical formula of the precursor reactive metabolite can be

hypothesized from the formula of the corresponding MAC, to which the N-acetylcysteine formula was

subtracted. Then, putative lipid peroxidation products were matched with the LIPID MAPS database.

In the case of unknowns or not well characterized lipid peroxidation products, annotation was

performed from bibliography of lipid peroxidation products. 23839

Table 2. Annotated MACs of lipid peroxidation products detected by UPLC-ESI-HRMSE in urine

samples of rats

Annotation of reactive

Identification

XCMS feature m/z Rt (min) [M-H]- Formula ppm annotation of MACs
metabolite level*

n248.0955T6.5 | 248.0955 6.40 C10H18NO4S 2.8 pentanol-MA pentenol 3
n262.111379.5 | 262.1114 9.51 C11H20NO4S 1.6 hexanol-MA hexenol 3
n266.0849T13.8| 266.0847 13.78 C13H16N0O3S 34 ethylbenzene-MA styrene 3

n274.0746T6 274.0737 5.44 C11H16NO5S 6.6 ethyllactone-MA hydroxyhexenoic ac 3
n276.0905T10 | 276.0908 10.02 C11H18NO5S 1.0 4-hydroxyhexanal-MA (HHE-MA) 4-hydroxyhexenal (HHE) 2
n276.1271712.5| 276.1270 12.50 C12H22NOA4S 1.8 heptanol-MA heptenol 3
n278.1054T4.6 | 278.1059 4.52 C11H20NOS5S 3.1 4-hydroxyhexanol-MA (DHH-MA) 4-hydroxyhexenol (DHH) 1
n278.1054T75.6 | 278.1062 4.64 C11H20NO5S 2.0 hydroxyhexanol-MA hydroxyhexenol 3
n288.1269T13.2 | 288.1271 13.17 C13H22N0O4S 15 octanal-MA octenal 3
n288.1269T12.5| 288.1269 12.81 C13H22NO04S 2.1 octanal-MA octenal 3
n288.1271T11.5| 288.1268 11.50 C13H22N04S 23 octanal-MA octenal 3

n290.10676.2 | 290.1057 6.07 C12H20NO5S 3.9 hydroxyheptanal-MA hydroxyheptenal 3
n290.1425T15.2 | 290.1425 15.22 C13H24N04S 2.0 octanol-MA octenol 3
n304.0855T4.2 | 304.0854 4.54 C12H18NO6S 2.0 hydroxypropyllactone-MA 4,7-dihydroxyheptenoic ac 3
n306.1019T4.7 | 306.1014 5.12 C12H20NO6S 1.7 hydroxyheptanoic ac-MA hydroxyheptenoic ac 3
n314.1433T14.4| 314.1424 14.45 C15H24N04S 2.1 decenal-MA decadienal 3
n318.1374T10.6| 318.1375 10.70 C14H24NO5S 19 hydroxynonenol-MA hydroxynondienol 3

n320.11777.1 | 320.1170 7.20 C13H22NO6S 1.0 dihydroxyoctanal-MA dihydroxyoctenal 3
n320.1529T12.9| 320.1530 13.07 C14H26NO5S 2.3 4-hydroxynonanol-MA (DHN-MA) 4-hydroxynonenol (DHN) 1
n336.1115T3.6 | 336.1114 3.41 C13H22NO7S 2.3 dihydroxyoctanoic ac-MA dihydroxyoctenoic ac 3
n362.1272T76.4 | 362.1274 6.34 C15H24N07S 1.5 wCOOH-hydroxydecanal-MA wCOOH-hydroxydecenal 3

An interesting feature was detected at m/z 320.1529 and Rt = 13.07 min. This metabolite displayed a

m/z ratio consistent with a [C;4H,7NOsS-H] ion with a precision of 2.3ppm. Four fragment ions were

detected in its MS/MS spectrum (Figure 3B) at m/z 191.1100, 173.0997, 143.0894 and 128.0346.
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Relative abundances of these ions were 100%, 23%, 52% and 2%, respectively, which were highly
similar with those of standard DHN-MA (Figure 3A, Tablel). These two independent and orthogonal
data (i.e. retention time and MS/MS spectrum) comparable with a standard analyzed under identical
experimental conditions allowed us to identify this metabolite as DHN-MA at a level 1 of identification,
in full concordance with the nomenclature of identification proposed by the metabolomics standards
initiative (MSI).%° Interestingly, the consecutive fragmentation of the [(M - H) - 129] ion of DHN-MA
produced the m/z 143.0894 fragment ion by losses of H,0 and CH,O. This loss of CH,O could be
representative of the primary hydroxyl function of DHN-MA, which could give some information on

the structure of others MACs.

100 A n13.21 100 191.1106
|
|
|
|
F ‘ £
\ 143.0808
|
|| 173.1000
|
|
[ 128.03§2 2% |1 0
A 1
5 10 15 50 100 150 200 250 300 350
Retention time (min) miz
100 B ['13.07 100 191.1100
| 143.0894
= ‘ =2
|| 173.0997
| I
[ | hl‘hl, 320.1478
B W H h 128.0346
o il W ; _ |
5 0 . 15 50 100 150 200 250 300 350
Retention time (min) miz

Figure 3: Extracted ion chromatogram and product ion spectrum at a collision energy of 15 eV, of (A)

the standard of DHN-MA, and (B) DHN-MA detected in urine samples.
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Related to DHN-MA, the mercapturate conjugate coming from the glutathione conjugation of HNE
(HNE-MA), before its metabolization into DHN-MA, could also be annotated (n318.1374T10.6 in Table
2). However, its targeted MS/MS spectrum (Supporting information, Table S2) and its retention time
did not match with synthetized standard of HNE-MA (Table 1). The consecutive fragmentation of the
[(M - H) - 129]" ion of the standard produced the m/z 143.0888 fragment ion by losses of H,0 and CO.
This loss of CO could be representative of the aldehyde function of HNE-MA. By comparison, the
consecutive fragmentation of the [(M - H) - 129] ion of the unknown n318.1374T10.6 produced the
m/z 141.0749 fragment ion by losses of H,0 and CH,0. This observation, which is similar with DHN-
MA, suggests that this unknown MAC may include a primary hydroxyl function, another hydroxyl
function and an unsaturation, which can be a ring or a double bond.

Whereas DHN-MA is originating from ®-6 polyunsaturated fatty acids, ®-3 ones are known to lead to
the formation of 4-hydroxyhexenal (HHE), which can be conjugated with glutathione to form HHE-MA.
41 HHE-MA can be metabolized similarly to HNE-MA to generate the 4-hydroxyhexanal-MA (DHH-MA),
which was detected at m/z 278.1054 and Rt = 4.52 min. This latter identification was confirmed at level
1 by analysis of the corresponding standard (Supporting information, FigureS4), which displayed the
same retention time and fragmentation pattern. The mercapturate conjugate coming from the
glutathione conjugation of HHE (HHE-MA), before its metabolization into DHH-MA, could also be
annotated (n276.0905T10 in Table 2). Based on its MS/MS spectra (Supporting information, Table S2)
and the biological context, the HHE-MA was putatively identified (level 2, according to MSI #°). The m/z
290.1057 ion detected at Rt = 6.1 min (Supporting information, Table S2) was not attributed to 4-
hydroxyheptanal-MA, based on the MS/MS spectrum and Rt of the corresponding standard (Table 1).
Some annotated MACs displayed a high degree of unsaturation, which can correspond to double bonds
or rings. This latter possibility has already been described as lactone structures for lipid peroxidation
products.3® For example, the metabolite detected at m/z 304.0854 and Rt = 4.5 min corresponds to a
conjugate formed between N-acetylcysteine and a structure displaying 7 carbon atoms, 3 oxygen

atoms, and 2 double bond equivalents. Since it is likely that this metabolite is a product of lipid
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peroxidation, one unsaturation may be involved in a carbonyl function at the carbon in position one.
Then the second unsaturation can be either a carbon-carbon double bond, or another carbonyl
function. It is also possible that a dihydroxylated acid alken, hydroxylated in particular at position 4 can
be conjugated as a dihydroxylated heptanoic acid mercapturate, which could further undergo a
condensation to generate a lactone compound, like the hydroxypropylactone, according to previously
described metabolic processes for HNE. 3839

As observed on the MS/MS spectra of standards (Table 1), MACs display poor fragmentation rates,
which limits available information for unknowns identification. Neutral loss profiling was used to give
a first step of identification (i.e. MAC), and then statistics on particular population highlighted some
particular metabolites to have another hypothesis of identification (i.e. lipid peroxidation products).
Based on these hypotheses and since standard MACs are not commercially available, seven chemical
syntheses were achieved, among which five did not validate corresponding putative annotations. Some
consecutive fragmentations could occur from the [(M - H) - 129] fragment ion, but the weak signal of
the precursor ion prevented their detection in many cases (Supporting information, Table S3). The use
of MS? experiments could be an alternative solution to get more structural information. However, the
analysis of the samples on a LTQ Orbitrap XL mass spectrometer led to the detection of only DHH-MA,
hydroxynonenol-MA, DHN-MA, dihydroxyoctanal-MA and dihydroxyoctanoic ac-MA, and the
corresponding MS?3 spectra displayed only a loss of water.

CONCLUSIONS

Urinary MACs are originated from detoxification conjugates between glutathione and reactive
electrophilic compounds that are able to bind to biomolecules, such as DNA and proteins and to induce
deleterious effects. These compounds can be electrophilic as such or be the result of the bioactivation
of xenobiotics to which we are exposed. Therefore, by monitoring MACs into urine, it is possible to
monitor their precursor electrophilic metabolites and by extension, the molecules from which these
metabolites are produced and which can be considered as toxicologically relevant compounds. The

global profiling of MACs combining the detection of known and unknown MACs by using MSE, and their
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relative quantification, pave the way for addressing new perspectives in toxicology. The application of
this method to the study of lipid peroxidation catalyzed by heme iron, allowed highlighting various
unknown structures of reactive lipid peroxidation products, which may be implicated in the promotion
of colorectal cancer, similarly to 4-HNE 42, This detection of unknown potentially reactive metabolites
was greatly facilitated by the simplification of statistical analyses due to dataset reduction provided by
the specific monitoring of metabolites of interest using the MSE profiling. Although our workflow
suffers from some complexity because of the difficulty to obtained large amount of quantitative data
with the software we used for DIA processing, this approach could be adapted to other mass
spectrometers, DIA approaches, or fast data dependent acquisitions.

This case study was only focused on the study of MACs to demonstrate the proof of concept. However,
the approach could be applied to monitor other classes of metabolites and markers, such as conjugates
with glucuronic acid, sulfate, cysteine, glutathione, as well as DNA and RNA adducts as recently
published,*® which are all displaying characteristic neutral losses.

Furthermore, it is noteworthy that this method is providing not only the profiling of MACs by MSE, but
also in parallel an untargeted analysis of the metabolome by HRMS, in the same samples. Indeed, an
untargeted metabolomics analysis by reversed phase liquid chromatography coupled with HRMS using
electrospray ionization is able to detect amino acids, organic acids, polyols, nucleosides, indoles, etc.
4 which can give access to the metabolome modifications induced by the studied diets. Therefore,
this method allows characterizing a series of toxicologically relevant compounds in one hand, as well
as the study of their effects on the metabolome in the other hand, in the same analysis of samples.
This may represent a valuable way to link exposure to toxics and possible health adverse outcomes.
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detected in the XCMS matrix and validated by targeted MS/MS; Table S3: VIP of the PLS-DA of the
XCMS dataset and the MSE dataset; Figure S1: Principal Component Analysis of all features detected
with XCMS; Figure S3: Projection to latent structure discriminant analysis modeling (PLS-DA) of all
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urine samples.
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