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ARTICLE INFO ABSTRACT

Handling editor: Shoji Nakayama Background: Thirdhand smoke (THS) is the accumulation of tobacco smoke gases and particles that become
embedded in materials. Previous studies concluded that THS exposure induces oxidative stress and hepatic
steatosis in liver. Despite the knowledge of the increasing danger of THS exposure, the metabolic disorders
caused in liver are still not well defined.

Objectives: The aim of this study is to investigate the metabolic disorders caused by THS exposure in liver of male
mice and to evaluate the effects of an antioxidant treatment in the exposed mice.

Methods: We investigated liver from three mice groups: non-exposed mice, exposed to THS in conditions that
mimic human exposure and THS-exposed treated with antioxidants. Liver samples were analyzed using a mul-
tiplatform untargeted metabolomics approach including nuclear magnetic resonance (*H NMR), liquid chro-
matography coupled to high-resolution mass spectrometry (LC-HRMS) and laser desorption/ionization mass
spectrometry imaging (MSI), able to map lipids in liver tissues.

Results: Our multiplatform approach allowed the annotation of eighty-eight metabolites altered by THS exposure,
including amino acids, nucleotides and several types of lipids. The main dysregulated pathways by THS exposure
were D-glutamine and D-glutamate metabolism, glycerophospholipid metabolism and oxidative phosphorylation
and glutathione metabolism, being the last two related to oxidative stress. THS-exposed mice also presented
higher lipid accumulation and decrease of metabolites involved in the phosphocholine synthesis, as well as
choline deficiency, which is related to Non-Alcoholic Fatty Liver Disease and steatohepatitis. Interestingly, the
antioxidant treatment of THS-exposed mice reduced the accumulation of some lipids, but could not revert all the
metabolic alterations, including some related to the impairment of the mitochondrial function.

Conclusions: THS alters liver function at a molecular level, dysregulating many metabolic pathways. The mo-
lecular evidences provided here confirm that THS is a new factor for liver steatosis and provide the basis for
future research in this respect.
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1. Introduction fatty liver (NAFL) and non-alcoholic steatohepatitis (NASH) which can

progress to more severe and irreversible stages of the disease such as

Non-Alcoholic Fatty Liver Disease (NAFLD) is becoming the most
common chronic liver disorder in the western countries affecting both
adults and children. The prevalence of NAFLD in Europe has reached
very high levels (20-30%) (ELPA European Liver Patients’ Association,
2019) and it is expected to grow across many countries in the years to
come. NAFLD comprises different stages starting with non-alcoholic

fibrosis, cirrhosis and hepatocellular carcinoma (HCC) (Haas et al.,
2016). As a result, NAFLD is becoming a leading indication for liver
transplantation and cause of hepatocellular carcinoma (Adam et al.,
2012; Bertuccio et al., 2017). Due to the importance of the early
detection at previous stages by non-invasive techniques, current
research focuses on finding reliable biomarkers to predict disease stages
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and development (Pirola and Sookoian, 2018). Since NAFLD is seen as a
lifestyle condition, it is vital to determine all the risk factors associated
with its prevalence. Previous research demonstrated that tobacco con-
sumption is a risk factor in NAFLD development (Akhavan Rezayat et al.,
2018; Hamabe et al., 2011; Kim et al., 2018; PeiYi et al., 2017), and that
the exposure to secondhand smoke (SHS) also increases this risk (Liu
et al. 2013; Yuan et al. 2009).

Nevertheless, exposure to tobacco smoke toxicants goes beyond SHS
exposure. A less studied path of exposure is the so-called thirdhand
smoke (THS) that is formed by the accumulation of tobacco smoke
toxicants that settle on furniture, fabrics and surfaces in places where
SHS was present (Jacob et al., 2017; Matt et al., 2011). These toxicants
can also react with atmospheric oxidants to form secondary pollutants
that could have increased toxicity (Sleiman et al., 2010), such as
tobacco-specific nitrosamines, a leading class of carcinogens that affect
humans (TARC International Agency for Research on Cancer, 2007).
Recently, several studies have presented undeniable evidences of THS
health hazards, including liver damage in in vitro and in vivo models
(Flores et al., 2017, 2016; Hang et al., 2017; Jacob et al., 2017). THS
exposure of mice caused abnormal lipid metabolism in liver, enhancing
the accumulation of lipids in larger lipid droplets in the hepatocytes with
higher concentrations of triglycerides that is induced by oxidative stress.
This accumulation of lipids can result in the development of NAFLD
(Adhami et al., 2016; Flores et al., 2016; Martins-Green et al., 2014).
After four weeks of THS exposure, male mice presented an increase of
the liver damage biomarker aspartate aminotransferase (AST), and from
two months there were signs of molecular damage induced by oxidative
stress, including an increase of hydrogen peroxide (H20,) and super-
oxide dismutase (SOD) (Adhami et al., 2017). The decrease of the
oxidative stress with antioxidants ameliorated the THS-induced damage
(Adhami et al., 2016; Chen et al., 2018; Flores et al., 2016). Moreover,
acute and chronic exposure to THS of human liver cancer cells (HepG2)
significantly increased DNA strand breaks (Hang et al., 2013). In view of
these results, THS exposure could be a new risk factor for the develop-
ment of hepatic steatosis. Nevertheless, the extent of the molecular al-
terations in liver induced by THS exposure remains to be fully
elucidated.

Here we present a novel approach for the comprehensive molecular
characterization of THS-induced liver damage based on multiplatform
untargeted metabolomics of liver samples from male mice exposed to
THS in conditions that mimic exposure of humans in the homes of
smokers. In order to determine if antioxidants could completely revert
THS-induced molecular damage, some of the THS-exposed mice were
treated with antioxidants. Untargeted metabolomics is a powerful tool
that allows the simultaneous determination of hundreds of metabolites
in biological samples and, therefore, is key to elucidate metabolic
changes and disorders (Siuzdak et al., 2012). We have performed
untargeted analysis of aqueous and lipidic liver extracts using two
complementary analytical platforms to cover a wider range of metabo-
lites: proton nuclear magnetic resonance (lH NMR) and liquid chro-
matography coupled to high resolution mass spectrometry (LC-HRMS).
Furthermore, we have also explored the spatial distribution of lipids in
the liver samples by acquiring mass spectrometry images of liver sec-
tions using an innovative methodology based on sputtered gold nano-
layers and laser desorption ionization mass spectrometry (LDI-MS). To
our knowledge, this is the first study that assess the potential of a mul-
tiplatform metabolomics approach to unravel the molecular alterations
of THS-induced liver damage.

2. Materials and methods
2.1. Animal models
Animal models were developed at the Molecular, Cell and Systems

Biology Department at the University of California Riverside. Male
C57BL/6 mice model and THS exposure methodology was described by
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Martins-Green et al. (Flores et al., 2016; Martins-Green et al., 2014).
Briefly, different household materials were exposed to secondhand
smoke (SHS) from a smoking machine. Total particulate matter was 30 +
5 ng/m°, which is within the range of fine particles detected in smokers’
homes (Semple et al., 2015). For this study, male mice were randomly
divided into three experimental groups (5 mice for each group): control
(CTRL), which was never exposed to THS; THS-exposed (THS) that were
placed in the exposed cages from weaning (three weeks of age) to 24
weeks; and a third group of mice exposed to THS and then treated
intraperitoneally with the antioxidants alpha-tocopherol (alpha-toc)
and N-acetylcysteine (NAC) for 20 weeks while the mice still continued
to be exposed to THS (THS-AO). THS and THS-AO groups were never
exposed to SHS, and all groups were fed a standard chow diet (percent
calories: 58% carbohydrates, 28.5% protein, and 13.5% fat). In order to
assure the reliability of the THS exposure model, we measured the
concentration of  4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanol
(NNAL) in the urine of mice that is the main metabolite of the tobacco-
specific nitrosamine 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone
(NNK), a well-accepted biomarker of exposure to tobacco toxicants
(Torres et al., 2018). Median urine concentration of NNAL of THS-
exposed mice was 35 pg mL~%, 20% less than NNAL levels in urine of
SHS-exposed infants/toddlers, confirming the suitability of our THS
exposure model (Martins-Green et al., 2014).

Animal experimental protocols were approved by the University of
California, Riverside, Institutional Animal Care and Use Committee
(IACUC). Mice were euthanized with Carbon dioxide (CO) inhalation
which is the most common method of euthanasia used by NIH for mice.
The levels and time for CO, exposure were approved by the University of
California, Riverside IACUC, death was induced quickly and without
pain. Liver samples were snap frozen and kept at —80 °C until analysis.

2.2. Untargeted metabolomics analysis

To cover a wider range of metabolites, we performed untargeted
metabolomics analysis using two complementary analytical platforms:
'H NMR and LC-HRMS.

For 'H NMR analysis, five liver samples of each experimental group
were lyophilized overnight and mechanically pulverized. Twenty mg of
dried liver powder of each sample were extracted twice with 1.5 and 0.5
mL of a precooled acetonitrile-water mixture (1:1) by vigorous vortex-
ing for 30 s, followed by the extraction of the hydrophilic metabolites in
an ultrasound ice bath for 5 min. After centrifugation at 15000 rpm for
15 min at 4 °C, the combined supernatants from both extractions were
dried and redissolved with 700 pL of phosphate buffer (NagHPO4/
NaH3POy, 0.2 M, in D;0) containing 0.7 mM NaNs and 2.3 mM of 3-
(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TSP-d,4) as chem-
ical shift reference. For the extraction of the lipophilic metabolites, the
pellets from the previous extraction were mixed with 1 mL of chloro-
form: methanol (2:1) and extracted as commented above. Lipidic ex-
tracts were dried under a gentle N stream and reconstituted with 700 pL
of a mixture of CDCl3, CD30D and D20 (64:32:4) containing 1.18 mM
tetramethylsilane (TMS). Following centrifugation, 650 pL of each
extract was transferred into a 5 mm NMR tube for 'H NMR analysis.
Liver extracts (aqueous and lipidic) were analyzed using a Bruker
ADVANCE III 600 instrument (Bruker Biospin GmBH, Rheinstetten,
Germany). 'H NMR spectra were recorded at 310 K on a spectrometer
operating at a proton frequency of 600.20 MHz. For the aqueous ex-
tracts, one-dimensional 'H pulse experiments were carried out using a
nuclear Overhauser effect spectroscopy (NOESY)-presaturation
sequence to suppress the residual water peak at around 4.7 ppm for
aqueous extracts. The relaxation delay between scans was set to 5 s.
Spectral width was 16 ppm and a total of 256 transients were collected
for each spectrum. In the case of lipophilic extracts, a 90° pulse with
presaturation sequence (zgpr) was used. Spectral width was 18.6 ppm
and a total of 128 transients were collected for each spectrum.

The acquired one dimensional (1D) 'H NMR spectra were phased,
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baseline-corrected and referenced to glucose signal (5.23 ppm) for the
aqueous extracts and to TMS signal for the lipidic extracts with TopSpin
from Bruker. After baseline correction, peaks in the 1D spectra were
integrated using the AMIX 3.8 software package (Bruker). Metabolites
were annotated with level 1 confidence following the Rank and AssigN
Confidence to Metabolites (RANCM) proposed by Joetsen et al. (Joesten
and Kennedy, 2019), by comparing their chemical shifts with those
obtained from standard compounds from Chenomx NMR Suite Profes-
sional database (Chenomx Inc., Edmonton, Canada), BBioref AMIX
database (Bruker), Human metabolome database, version 3.0 (Wishart
et al., 2012) and previous bibliography (Vinaixa et al., 2010). Relative
concentrations derived from both aqueous and lipidic and extracts were
arranged together in one single data matrix, which was used as the input
matrix to perform the statistical analysis using RStudio (version 3.3.2,
Boston, MA). Student’s t-test FDR-adjusted p-value < 0.05 and absolute
fold change (FC) > 1.1 were considered to indicate statistically signifi-
cant differences between the experimental groups.

Based on previous literature, aliquots of the extracts prepared for the
'H NMR analysis were directly analyzed by LC-MS (Beltran et al., 2012).
Three pL of the aqueous extracts were injected into a 1290 Infinity LC
System coupled to a 6230 ESI-QTOF mass spectrometer (both from
Agilent Technologies, Palo Alto, CA, USA), using an ACQUITY UHPLC
HSS T3 Cy3 column (2.1 mm x 150 mm, 1.8 pm) from Waters (Eschborn,
Germany), kept at 30 °C during the whole analysis. The mobile phases
consisted of ultrapure water containing 0.1% formic acid (A) and
acetonitrile with 0.1% formic acid (B) at a flow rate of 0.45 mL min~ L.
The gradient elution program was as follows: 100% A for 2 min, 100% A
to 100% B from 2 to 9 min, 100% B from 9 to 10 min, and 100% A from
10 to 12 min.

Fifty pL of the lipidic extracts used for the 'H NMR analysis were
evaporated to dryness and reconstituted with 100 pL of methanol:
toluene (9:1). Three pL of these reconstituted extracts were injected into
the same LC-MS instrument. Separation was performed as described by
Pi et al. (Pi et al., 2016) using an ACQUITY UHPLC BEH C18 column
(2.1 mm x 150 mm, 1.7 mm; Waters), and mobile phases: A: acetoni-
trile: water (60:40) with 10 mM of ammonium formate and B: iso-
propanol: acetonitrile (90:10) with 10 mM of ammonium formate.

For both analyses, the mass spectrometer operated in positive elec-
trospray ionization (ESI +) mode in the following conditions: gas tem-
perature, 150 °C; drying gas, 11 L minfl; nebulizer, 35 psi; fragmentor,
120 V; and skimmer, 65 V. The instrument was set to acquire over the m/
z range 100-1000 for the aqueous extracts and 50-1200 for the lipidic
ones, at an acquisition rate of 3 spectra s7L. To assure the quality of the
analysis, the extracts were injected in randomized order and quality
control (QC) samples (prepared by pooling equal volumes of all aqueous
and lipidic extracts, respectively) were injected every 5 samples.

LC-HRMS data was processed using the XCMS software, version 2.9.2
(Smith et al., 2006) to detect and align features. Those features with
intensity lower than 5,000 spectral counts and variation lower than
those found in the QC samples were discarded. Features found in at least
80% of samples were used for univariate statistical analysis. Those
filtered features that were statistically different between the studied
groups (p-value < 0.05, Student’s t-test, FDR corrected, and FC > 2)
were putatively annotated by searching against the HMDB, version 3.0
(Wishart et al., 2012) within 5 ppm mass error threshold. The putatively
annotated features with a candidate for the [M + H]" adduct and rele-
vant biological interest were confirmed by Tandem MS (MS/MS) per-
formed in targeted mode, acquiring over the m/z range 50-1000, with a
narrow isolation width (~1.3 m/z) and a fixed collision energy of 20 V.
Annotation was carried out by comparing the obtained experimental
mass fragmentation spectra with those experimental spectra from open
access databases (HMDB, METLIN (Smith et al., 2005) and LipidMaps
(Fahy et al., 2007), with a level 2 identification confidence, in accor-
dance with Schymanski et al. (coincidence of exact mass of the precursor
ion (MS) and fragmentation pattern (MSZ)) (Schymanski et al., 2014).
Two-way hierarchical clustering was performed using MetaboAnalyst
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software (Chong et al., 2019).

Data obtained from the 1y NMR and LC-HRMS analysis are accessible at
the Zenodo Open Access Repository (https://zenodo.org), under DOI:
https://doi.org//10.5281/zenodo.3986136.

2.3. Pathway analysis

The statistically relevant metabolites annotated by untargeted
metabolomics in the liver extracts (including both, aqueous and lipidic
extracts) were used to determine the metabolic pathways altered by THS
exposure. Pathway enrichment analysis was performed using MBROLE
2.0 (Chagoyen and Pazos, 2011), selecting mus musculus as organism-
based background. Only pathways over enriched with a p-value <
0.05 (FDR-corrected) were considered for the biological interpretation
of the results. Fold enrichment (FE) of each altered metabolic pathway
was calculated using the following formula FE = (m/n)/(M/N) (Huang
etal., 2009), being m: the metabolites annotated in our study that belong
to a specific metabolic pathway; n: the total number of metabolites an-
notated in our study; M: the total number of metabolites in a pathway;
and N: all the metabolites of mice (mus musculus) reported in the
database.

2.4. Mass spectrometry imaging

Mass spectrometry images were acquired using a matrix-free laser
desorption/ionization methodology developed in our research group
that is based on the deposition of gold sputtered nanolayers on tissue
sections (Rafols et al., 2018). Briefly, liver tissues were sectioned at
—20 °C into 10 um thick sections using a Leica CM-1950 cryostat (Leica
Biosystems Nussloch GmbH) and mounted on indium-tin oxide-coated
(ITO) glass slides by directly placing the glass slide at ambient temper-
ature onto the section. Gold nanolayers were deposited onto the 10 um
tissue sections using a sputtering system ATC Orion 8-HV (AJA Inter-
national, N. Scituate, MA, USA). Histological images were acquired by
examining serial liver sections stained with Oil Red O (ORO) using
standard protocols. MSI images were acquired using a MALDI TOF/TOF
UltrafleXtreme instrument with SmartBeam II Nd:YAG/355 nm laser
from Bruker Daltonics (Massachusetts, USA) and a raster size of 20 pm.

LDI-MSI spectra data handling, alignment, calibration, peak picking
(selecting peaks with signal-to-noise ratio > 5) and peak binning were
carried out using the in-house developed R package rMSIproc (Rafols
et al., 2020). MS images reconstruction and visual inspection was per-
formed with rMSI package (Rafols et al., 2017), which allows the
reconstruction of the ion intensity images and the calculation of average
spectra of regions of interest.

3. Results
3.1. Untargeted metabolomics results

Combining untargeted metabolomics analysis by '"H NMR and LC-
HRMS, we were able to annotate 108 relevant metabolites in the
aqueous (52) and lipidic (56) liver extracts. Supplementary Material,
Section S1 and Section S2 present detailed information about the se-
lection of relevant features and metabolite annotation by both analytical
platforms.

Table 1 shows the complete list of statistically different metabolites
annotated in the aqueous extracts, including their p-values (FDR cor-
rected) and FC for the different comparisons between the experimental
groups (CTRL vs. THS, THS vs. THS-AO) and the analytical platform that
allowed the annotation. As it can be seen in Table 1, the annotated
metabolites in the aqueous extracts included amino acids, coenzymes,
nucleotides, peptides and organic acids, among others. Adenosine
monophosphate (AMP) and glutamine were annotated by both analyt-
ical platforms, giving consistent results in both cases. For these two
metabolites we present the results obtained by LC-HRMS, because this
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Table 1

Metabolites annotated in the aqueous extracts that were statistically relevant
between THS-exposed and non-exposed liver samples (CTRL vs. THS), between
THS-exposed mice and those exposed to THS and treated with antioxidants (THS
vs. THS-AO). For each metabolite, the FDR corrected p-value and fold change
(FC) of each comparison and the determination technique is also indicated.
(Abbreviations: NAD: Nicotinamide adenine nucleotide; NADP: Nicotinamide
adenine dinucleotide phosphate; AMP: Adenosine monophosphate; ADP:
Adenosine diphosphate).

Metabolite CTRL vs. THS THS vs. THS-AO Technique
p-value FC p-value FC
(FDR) (FDR)

Serotonin 2.87 x 12.4 2.90 x -13.1 LC-MS/
1079 1092 MS

Octanoylcarnitine 1.65 x 11.6 LC-MS/
1072 MS

Decanoylcarnitine 4.49 x 6.9 LC-MS/
1072 MS

N-a-Acetyl-arginine 5.13 x 6.8 LC-MS/
1079 MS

N6-Acetyl-lysine 9.20 x 5.1 LC-MS/
107 MS

NAD 7.67 x 4.7 LC-MS/
1079 MS

Leucyl-Isoleucine 1.51 x 3.8 LC-MS/
1072 MS

Adenosine diphosphate 6.82 x 3.5 LC-MS/

ribose 107 MS

Hexanoyl carnitine 2.22 x 2.9 LC-MS/
1072 MS

Na-Acetyl-glutamine 2.62 x 2.9 LC-MS/
1072 MS

AMP 8.83 x 2.4 3.63 x -1.3 LC-MS/
1079 107 MS

Isobutyrylglycine 1.09 x 2.3 LC-MS/
1072 MS

5-Methylcytidine 3.24 x 2.2 3.24 x 2.2 LC-MS/
10792 1072 MS

Xanthine 5.92 x 2.2 LC-MS/
107% MS

Adenine 8.81 x 2.1 LC-MS/
107 MS

7-Glutamylglycine 7.32 x 1.8 LC-MS/
107 MS

Argininic Acid 1.01 x 1.6 LC-MS/
1072 MS

Glutamine 2.21 x 1.6 LC-MS/
107 MS

Pyrrolidone carboxylic 2.19 x 1.6 LC-MS/

acid 1079 MS

NADP 1.80 x 1.5 1.06 x -1.4 1H NMR
10—02 10—02

Xanthosine 3.67 x 1.5 LC-MS/
1079 MS

Glycine 1.80 x 1.1 'H NMR
10—02

Glutathione 1.96 x —~1.2 1H NMR
10—03

3-Hydroxybutyrate 8.51 x -1.3 'H NMR
10 03

Isoleucine 4.30 x -1.3 2.97 x 1.4 'H NMR
10—03 10—02

Phenylalanine 1.02 x -1.3 1.77 x -1.3 'H NMR
10702 10—02

Succinate 1.59 x -1.3 3.41 x 1.5 'H NMR
10—02 10—05

Valine 1.96 x -1.3 'H NMR
10793

Acetate 1.02 x -1.4 227 x 1.3 'H NMR
10 03 10 02

Creatine 4.30 x -1.4 2.68 x 1.3 'H NMR
10—03 10—02

Tyrosine 3.70 x -1.4 'H NMR
1093

3-Methylxanthyne 7.50 x -1.5 1.46 x 1.3 'H NMR
10—03 10—02
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Table 1 (continued)

Metabolite CTRL vs. THS THS vs. THS-AO Technique
p-value FC p-value FC
(FDR) (FDR)
Niacinamide 9.12 x -1.6 4.45 x 1.4 'H NMR
10703 10702
Glutamate 6.48 x -1.7 7.69 x 1.4 'H NMR
10—04 10—05
Uridine 1.67 x -1.7 5.67 x 1.9 'H NMR
10703 10706
Betaine 4.44 x -1.8 2.19 x 1.4 'H NMR
10—04 10—02
Choline 8.65 x -2 3.97 x 1.3 'H NMR
10-04 10-03
Pantothenic Acid 4.66 x -2 LC-MS/
10792 MS
Inosine 1.09 x -2.1 6.52 x 1.7 'H NMR
10—02 10—04
Tryptophan 1.94 x -2.2 LC-MS/
107% MS
1,7-Dimethylguanosine 2.05 x -2.5 LC-MS/
10792 MS
Glutamyl-Lysine 3.15 x —2.6 LC-MS/
108 MS
O-phosphocholine 4.44 x -2.9 2.41 x 1.4 H NMR
10 04 10 02
Cytidine 6.25 x -3 LC-MS/
107% MS
Glycogen 3.36 x -3 LC-MS/
10792 MS
Cytosine 9.54 x -3.1 LC-MS/
107 MS
5- Glutamyl-alanine 6.48 x -3.6 LC-MS/
107 MS
Aminoadipic acid 4.89 x -9.1 LC-MS/
107% MS
ADP 2.82 x -12.9 LC-MS/
107 MS
Glucose 4.33 x 1.2 TH NMR
10702
Lactate 3.07 x -1.1 'H NMR
10—02
Taurine 2.99 x 1.4 'H NMR
10702

analytical platform provided the lower p values. Exposure to THS
resulted in the alteration of forty-nine aqueous metabolites (Table 1,
“CTRL vs. THS” columns), evidencing the impact of THS exposure in
liver at the molecular level. Treatment with antioxidants was able to
regulate the concentrations of twenty of the aqueous metabolites
(Table 1, “THS vs. THS-AO” columns). As an example, serotonin, which
is recognized to affect various liver diseases (Lesurtel et al., 2012), was
the most upregulated metabolite annotated in THS mice livers (FC (cTrL
vs. THS) = 12.4, but the levels of serotonin decreased under the antioxi-
dant treatment of THS exposed mice (FC (rus vs. THS-A0) = —13.1).
Nevertheless, we found that the antioxidant treatment was not able to
revert all the molecular alterations induced by THS exposure. This was
the case, for instance, of the levels of some acylcarnitines (i.e. Octa-
noylcarnitine, Decanoylcarnitine, Hexanoylcarnitine), that were
increased by THS exposure and remained increased with the antioxidant
treatment. Antioxidant treatment was also not able to revert the
decrease of the nucleotides cytidine and cytosine, as well as, tryptophan
and adenosine diphosphate (ADP), among others.

The untargeted analysis of the lipidic extracts lead to the annotation
of fifty-six metabolites statistically different between the studied groups.
'H NMR analysis also allowed the annotation of five differential groups
of lipids (monounsaturated fatty acids (MUFAs), polyunsaturated fatty
acids (PUFAs), total and free cholesterol and triglycerides (TG)). The
complete list of these metabolites can be found at Table 2, including the
analytical platform that allowed their annotation, as well as, the p values
and FC of each statistical comparison between groups. As it can be seen
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Table 2

Metabolites annotated in the lipidic extracts that were statistically relevant
between THS-exposed and non-exposed liver samples (CTRL vs. THS) and be-
tween THS-exposed mice and those exposed to THS and treated with antioxi-
dants (THS vs. THS-AO). For each metabolite, the FDR corrected p-value and
fold change (FC) of each comparison and the determination technique is also
indicated. (Abbreviations: TG: triglyceride, PC: phosphocholine, LysoPC: Lyso-
phosphocholine, DHA: Docosahexaenoic acid, SM: sphingomyelin).

Metabolites CTRL vs. THS THS vs. THS-AO Technique
p-value  Fold p-value Fold
FDR Change (FDR) Change

TG (52:6) 470 x 9.2 290 x  -35 LC-MS/
1079 10792 MS

PC (42:6) 460 x 6.9 LC-MS/
107% MS

TG (54:7) 506 x 5 711 x  -21 LC-MS/
107 107%% MS

TG (50:4) 1.62 x 4.9 LC-MS/
10792 MS

TG (32:2) 381 x 45 1.65 x  —2.7 LC-MS/
1079 10792 MS

TG (50:2) 317 x 3.4 LC-MS/
1079 MS

TG (54:8) 1.80 x 3.4 446 x  -36 LC-MS/
10792 1079 MS

TG (54:6) 7.37 x 3.3 LC-MS/
1079 MS

PE (36:6) 332x 33 LC-MS/
107% MS

TG (50:2) 119 x 3.2 221 x  -26 LC-MS/
1079 107% MS

TG (56:6) 344 x 31 LC-MS/
1079 MS

TG (52:5) 8.81 x 29 LC-MS/
1079 MS

PC (32:1) 8.08 x 29 LC-MS/
107% MS

LysoPC (16:1) 7.32x 29 LC-MS/
1079 MS

PC (36:6) 1.96 x 2.9 LC-MS/
107%% MS

Triglycerides 580 x 2.7 209 x -1.8 1H NMR
10703 10702

TG (51:3) 543 x 27 LC-MS/
1079 MS

LysoPC (18:1) 1.60 x 2.7 LC-MS/
10792 MS

PC (17:1) 115 x 2.7 LC-MS/
10792 MS

PC (36:4) 1.07 x 25 LC-MS/
1079 MS

TG (51:1) 294 x 2.4 LC-MS/
1079 MS

PC (34:3) 447 x 23 LC-MS/
107% MS

TG (49:2) 431 x 23 LC-MS/
1079 MS

TG (48:1) 1.47 x 2.3 LC-MS/
1079 MS

TG (54:2) 1.49 x 2.2 LC-MS/
1079 MS

PC (38:7) 122 x 21 LC-MS/
107% MS

Oleic acid 7.56 x 1.7 TH NMR
10—03

Linoleic acid 125 x 1.3 TH NMR
10702

DHA 8.03x 12 1.87 x 1.2 1H NMR
10—03 10—02

Monounsaturated Fatty 580 x 1.2 H NMR

Acids 1079
Polyunsaturated Fatty 4.37 x 1.1 2.09 x 1.2 1H NMR
Acids 10792 10792

Free Cholesterol 8.77 x -1.2 1.16 x 1.5 'H NMR
10—03 10—03

Total Cholesterol -1.3 1.5 TH NMR
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Table 2 (continued)

Metabolites CTRL vs. THS THS vs. THS-AO Technique
p-value  Fold p-value Fold
FDR Change (FDR) Change
5.80 x 2.68 x
10703 10703
Coenzyme Q9 1.06 x -2 LC-MS/
107% MS
PC (36:0) 593 x -23 1.37 x 3.2 LC-MS/
107% 10792 MS
SM (42:2) 327 x  -23 LC-MS/
107% MS
SM (36:1) 245x  -23 LGC-MS/
107%4 MS
PC (34:0) 955 x  —3.7 567 x 21 LC-MS/
1079 1079 MS
PC (34:1) 253 x -3.8 LC-MS/
10792 MS
Esterified Cholesterol 358 x 2.8 'H NMR
10704
PC (35:2) 1.56 x 2 LC-MS/
107% MS
PC (36:5) 321 x  -25 LGC-MS/
10793 MS
PC (38:1) 299 x 23 LG-MS/
1072 MS
PC (39:4) 9.29 x  -25 LC-MS/
107%4 MS
PC (40:4) 6.20 x  -3.3 LC-MS/
107% MS
PC(41:7) 1.97 x  -7.4 LC-MS/
107% MS
Phosphatidylcholine 7.48 x 1.3 1H NMR
10—03
Phosphatidylethanolamine 6.49 x 1.2 H NMR
10 03
Phosphatidylserine 2,67 x 2.7 'H NMR
10—04
SM (16:1) 1.96 x 2.9 LGC-MS/
107%% MS
Sphingomyelin 851 x 2.4 'H NMR
10—04
TG (36:2) 155 x -2 LC-MS/
10792 MS
TG(48:2)* 1.12x  -3.7 LC-MS/
1079 MS
TG (51:2) 314 x  -23 LC-MS/
107% MS
TG (56:2) 1.12x  —4.8 LGC-MS/
10792 MS
TG (56:3) 9.58 x  —2.3 LC-MS/
107% MS

in Table 2, thirty-nine of the metabolites annotated in the lipidic extracts
were altered because of THS exposure (Table 2, “CTRL vs. THS” col-
umns). In accordance with previous works, THS exposure increased lipid
concentrations, being triglycerides the lipid family that presented higher
concentrations in the THS liver samples (Flores et al., 2016; Martins-
Green et al., 2014). The comprehensive untargeted metabolomics
approach presented here allowed the annotation of 21 different tri-
glycerides, as well as other types of lipids such as oleic, linoleic and
docosahexaenoic acids (DHA), MUFAs, PUFAs, seven unsaturated
phosphocholines (PC) and two lysophosphocholines (lysoPC) that were
increased by THS exposure. Conversely, we found that some saturated
phosphocholines (PC) (i.e. PC(36:0), PC(34:0)), sphingomyelins (SM) (i.
e. SM(42:2), SM (36:1)), Coenzyme Q9 and free and total cholesterol
decreased by THS exposure. Interestingly, the concentration of esterified
cholesterol was not affected by THS exposure. In agreement with pre-
vious studies (Flores et al., 2016), the antioxidant treatment of THS
exposed mice, decreased the total concentrations of lipids in liver,
including the total concentration of triglycerides, DHA, and sphingo-
myelin. Nevertheless, the antioxidant treatment could not regulate the
THS induced alterations of many of the altered lipids including
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coenzyme Q9, MUFAs, oleic and linoleic acids and different kind of TGs,
PCs and SMs. It also intensified the increase of PUFAs.

The aqueous and lipidic annotated metabolites significantly different
in the CTRL vs. THS and the THS vs. THS-AO comparisons were subject
to hierarchical clustering, to illustrate the variation of concentrations in
the three studied groups. The obtained heatmap of the relative con-
centrations is represented in Fig. 1. For the metabolites represented
here, CTRL and THS-AO groups clustered together. This figure also
shows the clustered metabolites, such as the represented TGs, NADP and
serotonin (increased by THS exposure and reverted by the antioxidant
treatment), acetate, total and free cholesterol, isoleucine, uridine and
succinate (decreased by THS exposure, but increased by the antioxidant
treatment), or phenylalanine and AMP, whose deficiency caused by THS
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exposure was more pronounced by antioxidants.

To further illustrate the metabolic differences between the studied
groups commented during this section, Supplementary material,
Figure S1 shows the average 'H NMR spectra of the aqueous extracts and
the individual spectra of some metabolites (Figure S1a). The differences
between the 3 studied groups can also be seen in the chromatographic
peaks of the acquired LC-HRMS chromatograms shown in Figure S1b.
Analogously, Supplementary material, Figure S2 shows the acquired 'H
NMR spectra (Figure S2a) and LC-MS chromatograms (Figure S2b) of the
liver lipidic extracts. The detailed signals of some annotated lipids
clearly show how the antioxidant treatment decrease the concentration
of some types of lipids, such as triglycerides. However, it also shows that
the concentrations of other lipids, such as sphingomyelins, were higher

class 3 class
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NADP 2 THS
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TG(50:2) 0

TG(52:6)
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Fig. 1. Heatmap representing two-way hierarchical cluster analysis of the statistically relevant metabolites in both, aqueous and lipidic extracts, for the exposure to
THS (CTRL vs. THS) and for the effect of the antioxidant intake of THS-exposed mice (THS vs. THS-AO). Clustering of samples is shown on the top axis and clustering
of features on the left axis. Colors represent median relative intensity of each studied group.
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in liver samples of THS-AO mice than in those from CTRL and THS mice,
indicating that the concentrations of these types of lipids were more
influenced by the antioxidant treatment rather than THS-exposure. The
combined effects of THS exposure and the antioxidant treatment against
the non-treated group are presented at the Supplementary material,
Section S3 and Table S2.

The findings presented so far suggest, that although the antioxidant
treatment would be able to balance some of the metabolic alterations in
liver induced by THS, the possible side effects associated to the combi-
nation of THS exposure and antioxidants must be object of further study.

3.2. Spatial distribution of lipids

The histological images of liver sections representative of CTRL, THS
and THS-AO stained with oil red O (ORO) at two magnifications (x40
and x100 zoom) are shown in Fig. 2a-f. As it could be seen in these
figures, lipid droplet sizes were between 1.2 and 2.0 yum in CTRL liver
sections, from 2.5 to 3.9 um in THS and between 1.6 and 3.0 pm in THS-
AO liver sections (Fig. 2d-f). In accordance with previous studies
(Martins-Green et al., 2014), lipid droplets were more abundant and
larger in the THS-exposed mice (Fig. 2b & 2e). Furthermore, these im-
ages show that the antioxidant treatment reduced the number and size of
lipid droplets regarding the THS group, but not at the levels of the CTRL
group. The average LDI-MS spectra in the m/z region 750-1000 Da
(corresponding to the majority of lipids) are represented in Fig. 2g-i. In
agreement with the histological images, average MS signals of THS-
exposed liver sections (Fig. 2h) were higher than the MS signals of the
lipids of CTRL and THS-AO liver samples (up to 6-fold higher than those
in the CTRL liver), thus confirming the lipidomic results obtained by
untargeted metabolomics. Similarly, MS signals of THS-AO liver sections
(Fig. 2i) were lower than those for THS, but higher than those in the
control group (up to 2-fold higher).

MS images of liver sections were analyzed to determine the spatial
distribution of the lipids annotated by LC-HRMS that were statistically

a) CTRL d) CTRL g) CTRL
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relevant between the experimental groups. Fig. 3 shows the spatial
distribution of four selected ions (m/z 758.47, m/z 800.51, m/z 873.69
and m/z 899.70, (Fig. 3a, 3b, 3c and 3d, respectively) that were anno-
tated as PE(36:6), PC(36:6), TG(52:6) and TG(54:7) by LC-MS/MS.
These lipids were found in the MSI spectra in the form of their corre-
sponding [M+Na]" adduct within a mass error up to 14 ppm, in
agreement with previous observations (Rafols et al. 2018). These figures
represent the relative abundance of the selected ions in a color scale
(showed on the right of the figure), where red represents the zones with
higher ion signals and dark blue the ones with lower intensities. As seen
in these figures, the relative intensities of these four ions were higher in
THS-exposed liver, thus confirming the results obtained by LC-MS/MS.
Images also show that the different lipid classes represented here (PE,
PC and TG) were similarly distributed in the THS-exposed liver forming
comparable images. Since the spatial resolution of the MS images was
between 10 and 20 um, these images cannot draw individual lipid
droplets, but areas with higher density of them are represented as red
dots. From these images it could be derived that in THS-exposed liver,
PE(36:6) and PC(36:6) might be part of the PC layer that forms lipid
droplets and that TG (52:6), TG (54:7) and TG (52:6) might be in the
core of the lipids droplets, usually formed by TG and stearyl esters (SE)
(Bartz et al., 2007). Fig. 3 also confirms that the treatment with anti-
oxidants drastically reduces the TG accumulation induced by THS
exposure, but cannot completely revert the accumulation of other kind
of lipids, such as PE(36:6) or PC(36:6).

3.3. Effects of THS exposure in liver metabolism

Pathway enrichment analysis of the relevant metabolites altered in
THS-exposed mice revealed that the exposure to THS significantly dys-
regulated twenty-one metabolic pathways (p-value (FDR corrected) <
0.05) vs. non-exposed mice. Fig. 4a represents these dysregulated
pathways, their p-value and fold enrichment (FE). The most affected
metabolic pathways were purine, glutathione, D-glutamine and D-
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Fig. 2. (A-F) Oil red O stained sections (10 pm of thickness) of liver from CTRL, THS and THS-AO mice, at zooms x40 (A-C) and x100 (D-F). (G-I) Average LDI-MSI
mass spectra in the lipid range area (m/z 750-1000) of consecutive liver slices, the y-axis represents relative intensity in arbitrary units (a.u). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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a) PE(36:6)
mlz: 758.47

PC(36:6) C)
m/z: 800.51
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TG(54:7)

Al d) m/z: 899.70

m/z: 873.69
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1.2e+00
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0

Fig. 3. LDI-MS images of mice liver samples acquired at pixel size of 20 um. Figures A to D plots the relative abundance of four lipids (758.47 Da, 800.51 Da, 873.69
Da and 899.70 Da, respectively), annotated as the [M+Na]™ adducts of (A) PE (36:6), (B) PC(36:6), (C) TG(52:6) and (D) TG(54:7).

glutamate, glycerophospholipid, glycine, serine and threonine, and
oxidative phosphorylation metabolisms. Fig. 4c maps the annotated
dysregulated metabolites involved in the most altered pathways by THS
exposure. D-glutamine and D-glutamate metabolism, oxidative phos-
phorylation, glutathione and glycerophospholipid metabolism were the
metabolic pathways that presented higher FE and, therefore, that have a
higher proportion of dysregulated metabolites.

Pathway enrichment between THS and THS-AO groups showed
twelve dysregulated metabolic pathways (see Fig. 4b). As seen in this
graphic, the most altered pathways because of the antioxidant treatment
were glycolysis and gluconeogenesis, glucose-alanine cycle, glycine,
serine and threonine and taurine and hypotaurine metabolisms. We can
also observe that the antioxidant treatment could only influence five of
the metabolic pathways altered by THS exposure (glutathione; glycer-
ophospholipid; glycine, serine and threonine; alanine, aspartate and
glutamate; and nicotinate and nicotinamide metabolisms), suggesting
that the antioxidant treatment was not able to balance sixteen of the
metabolic pathways altered by THS exposure. The metabolic pathways
not reverted by antioxidants, included pathways related to lipid regu-
lation, such as phospholipid biosynthesis, oxidative phosphorylation
and carnitine synthesis metabolisms and also purine, D-glutamine and
D-glutamate and phenylalanine, tyrosine and tryptophan metabolisms.

4. Discussion

Hepatic triglyceride accumulation in liver samples of THS-exposed
mice clearly confirmed that THS causes abnormal lipid metabolism
known as NAFLD, as it has been previously suggested (Martins-Green
et al., 2014). NASH liver characterizes for oxidative stress and lipid
accumulation, among others (Rein-Fischboeck et al., 2018). The oxida-
tive stress suffered in liver of THS-exposed mice was demonstrated in
previous studies that observed higher superoxide dismutase (SOD)

activity and, as a result, increased levels of HyO, and reactive oxygen
species (ROS) (Adhami et al., 2017; Chen et al., 2018; Flores et al.,
2016). Flores et al., also found that there was no significant increase in
catalase or GPx activity, in consequence HyO, was not properly pro-
cessed and the levels of reactive oxygen species (ROS) remained high in
the liver. They also found that NADP*/NADPH ratio in mice liver, which
is an indicator of the cell reducing potential because GPx activity is
coupled to the reduction of NADPH to NADP*, was decreased signifi-
cantly because of THS exposure, showing that the reduction potential of
these animals was decreased and might result in their inability to reduce
the oxidative stress levels induced by the THS toxins. The increase of
oxidative stress was in accordance with the increased levels of aspartate
aminotransferase (AST) activity found in THS-exposed mice. (Flores
et al., 2016).

Our multiplatform untargeted metabolomic approach allowed the
annotation of eighty-eight metabolites altered by THS exposure,
reporting for the first time some hepatic metabolic alterations caused by
THS. At a metabolic level, glutamate and glutathione deficiency found in
liver of THS-exposed mice could be linked to increased liver oxidative
stress (Wu et al., 2004). Dysregulation of glutathione metabolism
induced by THS exposure, agrees with previous findings in reproductive
male cells (Hang et al., 2017). Lipidomic results also confirmed the
increased oxidative stress in THS-exposed liver, corroborated, for
example, by the higher levels of some lysophosphatidylcholines (LPCs)
(Pyttel et al., 2012), PUFAs and DHA that are linked to higher risks of
lipid peroxidation (Reis and Spickett, 2012).

Our findings also suggest impairment on the hepatic mitochondrial
function including decreased levels of AMP and increased levels of some
acylcarnitines in the THS-exposed liver samples (Hara et al., 2013;
Koves et al., 2008). Besides, THS-exposed mice presented decreased
levels of Coenzyme Q9, which plays an important role in mitochondrial
energy and serves as a potent endogenous antioxidant.
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Fig. 4. (A) Metabolic pathways significantly dysregulated due to THS exposure (CTRL vs. THS) arranged from lowest to higher p value (FDR-adjusted p < 0.05).
Color degradation represents the p-value obtained from the enrichment analysis in MBROLE 2.0 software, and bar length the fold enrichment score. (B) Dysregulated
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web version of this article.)

We also found metabolic markers of NAFL and NASH in the THS-
exposed group. For instance, the increased levels of hepatic acylcarni-
tines and linoleic acid found in the THS group were in agreement with
previous findings in human liver samples at the stage of NASH (Lake
et al.,, 2015). Acylcarnitines are considered potential biomarkers for
liver disease (Flanagan et al., 2010) since they are a key factor regulating
the balance of intracellular sugar and lipid metabolism (Li et al., 2019).
In addition, several studies have demonstrated the link of acylcarnitines
with the development of insulin resistance and type I and type II dia-
betes (Koves et al, 2008) (Sun et al.,, 2016). Specifically, dec-
anoylcarnitine and hexanolylcarnitine, which were increased in THS-
exposed liver samples, have been significantly associated with dia-
betes (Sun et al., 2016), increased body fat and waist to hip ratio (Mai
et al., 2013). We have also found that all the annotated metabolites
related to phosphatidylcholine synthesis including choline, betaine,
phosphocholine, PCs and some sphingomyelins (SMs) were decrease in
liver samples of the THS group, in agreement with reduced total hepatic
phosphatidylcholine (PC) content associated to NAFL and NASH (Jacobs
et al., 2013; Rein-Fischboeck et al., 2018). Choline deficiency has an
important role in NAFLD, not only in the deposition of triacylglycerol in
liver and reduced phospholipid synthesis (Sherriff et al., 2016; Michel
et al., 2006), but also in the expression of genes involved in cell prolif-
eration, differentiation and apoptosis, liver dysfunction (Michel et al.,

2006) and cancer (Kwee et al., 2017).

The altered fatty acid profile found in THS exposed liver samples was
in accordance with the profile of smokers’ plasma developed by Miiller
et al. (Miiller et al., 2014) where the metabolomics analysis revealed
that MUFA and oleic acid significantly increased in smokers. The same
study also concluded that PC mostly containing MUFA were up regu-
lated in smokers’ samples and that saturated PC were down regulated.
Our results also show this trend, as the annotated saturated PCs (PC
(36:0) and PC (34:0)) were decreased in THS-exposed mice and phos-
phocholines containing mono and polyunsaturated fatty acids (e.g. PC
(32:1), (36:6), (17:1), (36:4), (34:3) and (38:7)) were upregulated in
liver of THS-exposed mice. Furthermore, our MS images showed that the
lipids forming lipid droplets were unsaturated species consistently with
previous observations in yeast cells by Grillitsch et al. (2011). The same
authors also observed a higher accumulation of TGs in lipid droplets
when cells were grown in oleic acid. Therefore, the increased levels of
oleic acid of THS-exposed mice might also be related to the increase of
triglycerides and unsaturated lipids in lipid droplets of the THS group.

Considering that previous studies found that oxidative stress might
be responsible for most of the THS induced dysregulations in liver, a
treatment with antioxidant should be able to mitigate the effects
induced by this exposure. In fact, Flores et al. found that mice treated
with antioxidants presented HyO5 levels similar to non-exposed mice
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and significantly lower than THS-exposed ones, and higher GPx activity
(Flores et al., 2016). The results of our metabolomics study revealed that
although the antioxidant treatment mitigate some of the reported
metabolic alterations caused by THS exposure, it was not able to
completely revert all of them. This was the case, for instance of gluta-
mate, which is essential in the rate-limiting step of the of glutathione
biosynthesis (Franklin et al., 2009). We found that glutamate levels
decreased because of THS exposure and, although it increased under the
antioxidant treatment, did not returned to the levels found in the control
group. Moreover, decreases of glutathione (key in the pathogenesis of
liver disease), ADP, Coenzyme Q9 and choline were also not reverted by
antioxidants. Further, although antioxidant treatment was able to
reduce lipid droplets and generally decrease the accumulation of tri-
glycerides, it could not decrease some lipid levels such as PUFAs, DHA
and some carnitines, neither the dysregulation of the carnitine synthesis
metabolism found in THS exposed mice, and the health consequences
associated to these lipids dysregulations.

Besides, the THS-AO group presented increased levels of glucose and
unbalanced glycolysis and gluconeogenesis metabolism. This metabolic
pathway was only altered in the THS vs. THS-AO comparison suggesting
that a treatment with antioxidants affects this pathway more than THS
exposure. Accordingly, we have found that the antioxidant treatment
increased glucose levels. This result agrees with increased glucose levels
in fasting blood glucose of THS-AO mice (Adhami et al., 2016), sug-
gesting that the combined effect of THS exposure with antioxidants may
imbalance other metabolic pathways not specifically altered by THS
toxicants.

The results presented here, indicate that THS exposure affects liver
metabolism in a complex way and could be the basis of further research
to elucidate the molecular mechanisms underlaying the toxic effects of
THS exposure in liver.

5. Conclusions

The exposure to THS toxicants caused metabolic disorders in liver of
exposed mice, producing the dysregulation of dozens of metabolites and
several metabolic pathways. Our untargeted metabolomics multiplat-
form approach has been revealed as a powerful tool for the annotation of
metabolites that can potentially serve as biomarkers of early biological
effects involved in THS exposure. We annotated 88 significant metab-
olites included in 21 metabolic pathways dysregulated because of THS
exposure. The exposure to THS toxicants significantly increased the
accumulation of triglycerides in liver, altered the fatty acid, phos-
phocholine and acylcarnitine profiles, increasing the size and occur-
rence of lipid droplets. These findings support the relationship between
THS exposure and NAFLD risk, in addition to the possible evolution to
NASH due to the acute oxidative stress suffered in liver. The results
found in THS exposed livers treated with antioxidants confirmed that
oxidative stress is one of the major causes of THS-induced liver disease.
The intake of antioxidants balanced some metabolite alterations induced
by THS, but it was unable to revert all the molecular damage, including
key metabolites in mitochondrial function and the hepatic metabolism
of phospholipids and carnitines. Our study demonstrates the merit of
multiple analytical platform-based metabolomics as a valuable
approach for the annotation of biomarkers involved in NAFLD as well as
dysregulated metabolites involved in THS exposure.
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