Journal of Hazardous Materials 438 (2022) 129444

Contents lists available at ScienceDirect

HAZARDOUS
MATERIALS

Journal of Hazardous Materials

o %

ELSEVIER journal homepage: www.elsevier.com/locate/jhazmat

Check for

Impact of “chemical cocktails” exposure in shaping mice gut microbiota ol
and the role of selenium supplementation combining metallomics,
metabolomics, and metataxonomics

A. Arias-Borrego ™", M. Selma-Royo ¢, M.C. Collado “', N. Abril®', T. Garcia-Barrera™ '

@ Research Center of Natural Resources, Health and the Environment (RENSMA). Department of Chemistry, Faculty of Experimental Sciences, University of Huelva,
Fuerzas Armadas Ave., 21007 Huelva, Spain

Y Department of Analytical Chemistry, Faculty of Chemistry, University of Sevilla, 41012 Sevilla, Spain

¢ Institute of Agrochemistry and Food Technology (IATA-CSIC), Department of Biotechnology, Agustin Escardino 7, 46980 Paterna, Valencia, Spain

4 Department of Biochemistry and Molecular Biology, University of Cordoba, Campus de Rabanales, Edificio Severo Ochoa, E-14071 Cérdoba, Spain

HIGHLIGHTS GRAPHICAL ABSTRACT

e “Chemical cocktail” exposure affected

plasma selenoproteome and gut
microbiota. BIOLOGICAL (=eee——————) ANALYSIS

INTERPRETATION

e “Chemical cocktail” exposure affected
ARSENIC SPECIATION

plasma metabolome and arsenic
metabolization. I 1]
e Selenium partially antagonize the  plasma

exposure to antibiotics and “chemical
cocktails”.

o The potential beneficial role of selenium
could be intertwined with gut
microbiota.

e Crucial role of microbiota in the physi-
ological response to ‘“chemical cock-
tails” is suggested.

e » ° SELENOPROTEINS
Analysis

Abx

+*
As, Cd, Hg + drugs

Cchemical cocktails”

GC/MS Analysis

ARTICLE INFO ABSTRACT
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and arsenic metabolization. At the molecular level, Se decreased the concentration of the antioxidant glutathione
peroxidase in plasma and increased the arsenic methylation rate, possibly favoring its excretion, but not in the
Abx and also plasma metabolomes of Abx, and Abx-Se were not differentiated. Moreover, numerous associations
were obtained between plasma selenoproteins and gut microbes. Se-supplementation partially antagonizes the

gut microbiota alteration caused by Abx, and slightly by CC, but strongly altered profiles were observed in CC-
Abx-Se, suggesting synergistic deleterious effects between pollutants, Abx and Se. Moreover, although CC and
Abx changed gut microbiota, several common taxa were enriched in CC-Abx and control mice, indicating
possible synergistic effects. Our results suggest a potential beneficial impact of supplementation, but mediated by
gut microbes being reversed in their absence.

1. Introduction

Free-living environmental bioindicators or laboratory animal models
are frequently used to assess the physiological response to biomarkers of
environmental pollution (Garcia-Barrera et al., 2012). Mammals are
usually preferred to be compared with humans since the digestive tract
is also present, which is an important biological filter for the absorption
of pollutants that finally reach the bloodstream and are distributed to
the organs (Garcia-Barrera et al., 2018). Exposure experiments to
“chemical cocktails” (CC) that incorporate environmental pollutants
from different compound classes allow evaluating the real effects of
contaminants in the environment (Van Genderen et al., 2015) since they
usually interact through antagonistic or synergistic mechanisms (Gar-
cia-Barrera et al., 2012). Selenium (Se) is a non-metal with certain
metalloid properties very important for health (e.g., cancer, diabetes)
(Rayman, 2012) and a well-known antagonist against many pollutants
in mammals. Likewise, Se antagonizes cardiovascular damages (Park
and Mozaffarian, 2010), neurotoxicity (Choi et al., 2008), and renal
toxicity (Beyrouty and Chan, 2006) induced by mercury (Hg) as well as
skin cancer (Kolachi et al., 2011) and DNA hypomethylation (George
et al., 2013) caused by arsenic (As). Synergistic interactions have been
described between cadmium (Cd) and As producing more marked renal
toxicity in humans than the isolated exposure to each of them (Nordberg
et al., 2005) and inducing lipid peroxidation, glutathione and metal-
lothionein, and redistribution of essential elements in rats (Yanez et al.,
1991). Otherwise, Se prevents oxidative stress (Messaoudi et al., 2009),
nephrotoxicity, hepatotoxicity (Flora et al., 1982), and chromosomal
aberrations (Mukherjee et al., 1988) induced by Cd. Se also presents
protective roles against the deleterious effects induced by organic pol-
lutants, such as the lipid peroxidation and oxidative stress triggered by
organophosphorus pesticides (Milosevic et al., 2017), the metabolic
damages triggered by the pesticide p,p’-dichloro diphenyl trichloro-
ethane (DDE) (Rodriguez-Moro et al., 2019) and diclofenac (DCF)-in-
duced decreases in testicular function enzymes, sperm motility and
count and the concentration of serum testosterone and luteinizing hor-
mone (Owumi et al., 2020). Numerous metallomic and metabolomic
studies in mice demonstrated the role of Se against the isolated exposure
to Hg (Garcia-Sevillano et al., 2015), As (Garcia-Sevillano et al., 2013,
2014a), and Cd (Garcia-Sevillano et al., 2014b), but little information is
available on joint exposure to these contaminants as it is likely to occur
in the environment.

The human microbiota is formed by a complex and dynamic bacte-
rial community that plays key roles in health, intervening in important
physiological, metabolic, and immunological functions of the host.
Recent studies demonstrate the influence of Se-supplementation on mice
gut microbiota, plasma selenoproteome, and metal homeostasis (Call-
ejon-Leblic et al., 2021) as well as on gut metabolites (Callejon-Leblic
et al., 2022). Moreover, the link between metal oral exposure and mice
gut microbiota has been pointed out (Zhai et al., 2017), as well as the
potential role of the latter against the absorption of heavy metals (Col-
lado et al., 2015). However, limited information is available on the CC of
contaminants to delve into the global influence of those on the micro-
biota nor the interaction with Se intertwined with the latter.

Herein we describe the evaluation of the impact of a mixture

including As, Cd, Hg, and pharmaceutically active compounds (PACs,
flumequine, and DCF) on mice gut microbiota and the role of Se sup-
plementation on its effect. Plasma selenoproteome, As species, and
metabolites were analyzed and compared between mice exposed to the
pollutants fed a regular rodent diet and Se supplemented diet. Non-
targeted metabolomics analysis was accomplished by gas chromatog-
raphy coupled to mass spectrometry (GC-MS), while speciation of As and
selenoproteins was performed by ultra-high performance liquid chro-
matography (UHPLC) with inductively coupled plasma mass spectrom-
etry (ICP-MS). Gut microbiota profiling was determined by 16S rRNA
amplicon sequencing using Illumina technology. We combined the use
of conventional mice and microbiota-depleted mice with antibiotics to
delve into the potential role of Se-supplementation in mice models after
exposure to the pollutant mixture.

2. Experimental section
2.1. Animals, dosage information and experimental design

Mus musculus BALB/c (8 weeks old, n = 60) male mice, obtained
from Charles River, were allowed to acclimate to a conventional facility
for 3 days with a 12-hour light-dark cycle and ad libitum access to both
drinking water and regular rodent diet. Mice were then randomly
divided into five groups: C, CC, CC-Se, CC-Abx, CC-Abx-Se, and hosed in
pairs. During the first next week, all mice were fed a standard murine
diet (Se content: 0.2 mg/kg), and mice in groups CC-Abx, CC-Abx-Se also
received a mixture of antibiotics in the drinking water. The antibiotic
cocktail contained metronidazole 1%, ampicillin 1%, vancomycin 0.5%,
neomycin 1%, and an antifungal (amphotericin B, 10 mg/L), enough to
change gut microbiota and affect the host metabolism (Callejon-Leblic
et al., 2021; Zarrinpar et al., 2018; D’Amato et al., 2020). During the
next two following weeks, all mice except those included in the C
(control) group received an up to five pollutants in the chow (diclofe-
nac-DCF and flumequine-FLQ) and in the drinking water (As, Cd, and
Hg) and the mice in the groups CC-Se and CC-Abx-Se, also received a Se
supplement (0.65 mg/kg) (Zarrinpar et al., 2018; D’Amato et al., 2020).

The concentrations of DCF and FLQ in the diet were calculated for
mice receiving daily doses of 20 mg/kg and 625 mg/kg, respectively.
The concentrations of Cd, As and Hg in the drinking water were calcu-
lated for mice ingesting daily doses of 0.1 mg/kg, 3 mg/kg, and 1 mg/kg,
respectively. For the selection of metal and drug doses, we relied on the
literature and our previous work (Garcia-Sevillano et al., 2013; Call-
ejon-Leblic et al., 2022; Zhai et al., 2017; Collado et al., 2015; Zarrinpar
et al., 2018; D’Amato et al., 2020; Lopez-Pacheco et al., 2019; Kashida
et al., 2006; Trombini et al., 2021; Rodriguez-Moro et al., 2020). These
used doses are consistent with the concentrations of environmental
relevance (Fekadu et al., 2019; Gonzalez-Gaya et al., 2022; Huygens
etal., 2022) and also they are a compromise between the concentrations
that are likely to provoke an effect and semi-realistic environmental
conditions. In all cases, doses of contaminants below their LD50 were
used, as their possible synergistic effects could enhance their toxicity.
Finally, mice were anesthetized (isofluorane inhalation) and blood was
drawn by cardiac puncture into a heparinized tube. The animals were
sacrificed by cervical dislocation and immediately dissected to remove
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organs. The investigation was performed in accordance with the current
European Union rules and the ARRIVE Guideline (https://arriveguide-
lines.org/arrive-guidelines) and with the consent of the Ethical Com-
mittee of the University of Cérdoba (Spain) and the regional government
(Ref. 02-01-2019-001).

2.2. Mice plasma selenoproteome

Speciation of plasma selenoproteins was carried out by a previously
developed method that allows quantifying the absolute concentration of
main plasma selenoproteins namely, selenoprotein P (SELENOP),
glutathione peroxidase (GPx), and selenoalbumin (SeAlb). The method
is based on a two-dimensional chromatographic separation combining
affinity and size exclusion chromatography (2D-SEC-AFC) with induc-
tively coupled plasma mass spectrometry (ICP-MS). Thus, selenopro-
teins are determined using Se as a “tag” in a sensitive atomic detector
instead of a molecular one, which is called heteroatom-tagged prote-
omics (Sanz-Medel, 2016). The use of an ICP-MS allows the absolute
quantification of selenometabolites and selenoproteins by
species-unspecific isotopic dilution analysis (IDA) at very low detection
limits, which overcome instrumental drift corrections, matrix effects,
and preconcentration/dilution factors (Rodriguez-Gonzalez et al.,
2005).

Mice plasma was analyzed as described by Callején-Leblic et al
(Callejon-Leblic et al., 2021). (see the Supporting Information).

2.3. Arsenic speciation in mice plasma

An anion-exchange Hamilton PRP-X100 column (250 length x 2.1
mm LD., 10 um particle size) was used to separate arsenic species in
mice plasma. A volume of 100 uL of plasma or standard solutions was
injected into a sample loop. As species were separated by using a
gradient with two mobile phases at 40 °C: (i) 12.5 mM NH4HCO3, pH 9.0
(adjusted with NH4OH), and 1% MeOH (mobile phase A) and (ii) 60 mM
NH4HCOs3, pH 9.0 (adjusted with NH4OH), and 1% MeOH (mobile phase
B). The mobile phase gradient was as follows: initially, NH4HCO3 at 2.5
mM was pumped for 3 min, and then increased to 60 mM in 0.5 min,
held for 4.5 min, and decreased to 12.5 mM in 0.5 min. Finally, it was
held at this lower concentration for 3.5 min for column re-equilibration
before the next injection. The flow rate was maintained at 1.2 mL min?
during a total time of 12 min, required for the separation of all the ar-
senicals. An 8800 Triple Quad ICP-MS (Agilent Technologies, Tokyo,
Japan) coupled with an Agilent 1290 Infinity model UHPLC was used as
a specific elemental detector. The operational parameters of ICP-MS
were controlled by using a daily tuning solution. As optimized oper-
ating conditions were accomplished via direct infusion of 100 pg As L™}
standard solution (Merck, Singapore) in 2% (v/v) HNOs. A PEEK tube
was used to connect the UHPLC column to the ICP-MS nebulizer.

As stock solutions for chemical species at 1.0 mg mL™ were prepared
by dissolving separately the appropriate amounts in MilliQ water. So-
dium arsenite (NaAsO,, 'As) and sodium arsenate dibasic heptahydrate
(NayHAsQ4.7 H50, VAs) were purchased by Sigma-Aldrich (Steinheim,
Germany), Arsenobetaine (AB), dimethylarsinic acid (CoH;AsOy, DMA)
and monomethylarsinic acid MA (C3H;AsNaO3) were obtained from
Supelco (Bellefonte, USA). Instrumental six-point external calibration
curves were used for the quantification of As species (0.5-100 pg As L)
under operational parameters of AE-ICP-MS. Figures of merit are
collected in Table S1. The LOQ values were comparable to those pre-
viously reported in the literature for As speciation related to similar
sample matrices and chemical species (Benramdane et al., 1999). The
extraction was performed following a previously described method
(Nguyen et al., 2018) with several modifications. Briefly, an aliquot of
100 pL of plasma sample was accurately weighed, then, 125 uL of 25%
(v/v) trichloroacetic acid was added, it was treated with 20 uL of
acetonitrile and 20 pL deionized water, and then, vortex-mixed for 120 s.
The mixture was then centrifuged at 10,000 g for 10 min at 4 °C and
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filtered using a 0.45 um membrane. The supernatants were injected into
the AE-ICP-MS system.

2.4. Untargeted metabolomic analysis

A gas chromatograph model Trace GC ULTRA coupled to a mass
spectrometer model ITQ900 (Thermo Fisher Scientific) was used for
metabolomics analysis. The chromatographic separation was carried out
into a VF-5 MS Factor Four-column (length 30 m x ID 0.25 mm, film
thickness 0.25 pm, Agilent Technologies). For the chromatographic
separation of metabolites, the oven temperature was initially set at
100°C for 0.5 min, and then ramped to 320 °C at 15 °C/min. In the end,
this last temperature was held for 7 min (total time of analysis 22.17
min). A constant helium flow rate of 1 mL min™' was used in the column
and the injector oven temperature was fixed at 280 °C. The ionization in
the mass spectrometer was carried out by electronic impact (EI) using
70 eV and full scan mode in the 35-650 m/z range. The temperature of
the anion source was set at 200°C. For analysis, 1 pl of the extract was
injected in splitless mode. Plasma sample preparation for untargeted
metabolomic analysis was based on a single-phase procedure described
by Villasenor et al., 2014 (Villasenor et al., 2014), with minor modifi-
cations (see the Supporting Information) and using a Speedvac
concentrator (Thermo Fisher, Waltham, USA). GC-MS raw data were
processed with the free access R platform (XCMS software) as described
by Arias-Borrego et al (Arias-Borrego et al., 2022). The 11.5 version
SIMCA-P software and the 5.0 version MetaboAnalyst (https://www.
metaboanalyst.ca/) were used for partial least-squares discriminant
analysis (PLS-DA). The values of predictive power (Q2) and class sepa-
ration (R?) were used to confirm the quality of the model. Moreover,
data were filtered by a coefficient of signal variation (CV) in quality
controls (QCs), considering values lower than 30% as acceptable.
Version 08 NIST Mass Spectral Library (>80% probability) and Kovats
retention indices (KRIs) were used for the annotation of metabolites.
Finally, to identify the most altered pathways between the sample
groups metabolic pathways were analyzed by MetaboAnalyst 5.0 online
data system.

2.5. Gut microbiota profiling by 16S rRNA amplicon sequencing

Total DNA (100 mg ) was obtained from gut contents using the
Master-Pure DNA Extraction Kit following the manufacturer’s instruc-
tion (Epicentre, Madison, WI, US) with some modifications as previously
described (Callejon-Leblic et al., 2021). DNA was purified by the DNA
Purification Kit (Macherey-Nagel, Duren, Germany) according to the
manufacturer’s protocol and the concentration was assessed by Qubit®
2.0 Fluorometer (Life Technology, Carlsbad, CA, US).

Microbiota profiling was performed following Illumina protocols by
the V3-V4 variable region of the 16S rRNA gene sequencing. Briefly, the
NextEra Index Kit (Illumina, San Diego, CA, United States) was used for
a multiplexing step and the Bioanalyzer DNA 1000 chip was used to
check the amplicons (Agilent Technologies, Santa Clara, CA, United
States). Libraries were sequenced using a 2 x 300 bp paired-end run
(MiSeq Reagent kit v3) on a MiSeq-Illumina platform (FISABIO
sequencing service, Valencia, Spain). Negative controls were included in
the DNA extraction and the amplicon generation steps and they were
also sequenced. Raw sequences were processed as described previously
(Callejon-Leblic et al., 2021). In brief,rResidual adaptors were removed
from the raw sequences by use of Trimmomatic software, DADA2
pipeline was followed including the quality filtering and chimera
removal steps in the R environment (Core and Team, 2020). Amplicon
Sequence Variance (ASV) were taxonomically assigned using Silva v132
database including species-level classification . Samples with less than
1000 reads were eliminated from the final statistical analysis (n = 2).
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2.6. Statistical analysis

The differences between groups of samples were evaluated by one-
way ANOVA and Tukey test using STATISTICA 8.0 from StatSoft to
the concentrations of selenoproteins, arsenic species, and each metab-
olite of plasma mice from groups C, CC, CC-Se, CC-Abx, and CC-Abx-Se.
For multiple comparison corrections, the Benjamini-Hochberg (FDR
correction) method was applied to all p-values to maintain the false
positive rate at the a = 0.05 level. Moreover, Spearman correlations
between gut microbiota (phylum and genus level) and selenoproteins
were calculated using the 4.0.2 version R Software Package Hmisc
(Andy, 2008) and correlation matrix plots were obtained.

The microbiota analysis was performed in the R environment using
different packages : phyloseq (McMurdie and Holmes, 2013) and vegan
(Jari Oksanen et al., 2020) packages as well as the microbiomeanalyst
online platform (Chong et al., 2020). Other packages were used for
plotting including ggplot2 (Wickham, 2009; Leo Lahti, 2017) ggordi-
plots (Quensen, 2020), PMCMRplus (Thorsten Pohlert, 2021), micro-
biome (Leo Lahti, 2017). Alpha-diversity metrics including Chaol and
Shannon indexes were obtained at the ASV level after rarefaction to the
minimum reads number (51295 reads, one sample was removed as the
number of sequences was <1500). In order to explore the impact of the
different supplementations/treatments on the overall structure of the
mice’s microbiota, permutational multivariate analysis of variance
using Bray-Curtis distance (ADONIS) at the ASV level was performed
using phyloseq package including the CC, antibiotic, and selenium
supplementation as independent variables. The visualization of the beta
diversity of the microbial communities was assessed by Principal Co-
ordinates Analysis (PCoA) and Canonical Correspondence Analysis
(CCA) on the total sum transformed data. To decipher the potential ef-
fect of the treatments in specific taxa from the microbiota composition,
initial taxonomical taxa were filtered, and those taxa present < 3 times
in at least 20% of the samples were removed from the compositional
analysis. Differences between groups were evaluated by the Linear
Discriminant Analysis Effect Size (LEfSe) by the microbiomeMarker
package (Leo Lahti, 2017) using LDA> 3 and FDR>> 0.2 as thresholds for
significance. Furthermore, differences between groups were also
assessed by the Wilcoxon test on the centered log-ratio (CLR) trans-
formed data with multiple test corrections through the False Discovery
test Rate (FDR) (FDR<0.2 was considered significant) (Fig. 1).

3. Results
3.1. Impact of the exposure to the “Chemical Cocktail” on mice plasma
selenoproteome: the role of selenium supplementation and microbiota

depletion

The typical distribution patterns of selenoproteins in plasma present
the majority of Se accounted by SELENOP, followed by GPx, SeAlb, and
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frequently, undetectable concentrations of selenometabolites, which
eluted in a single peak after GPx (Garcia-Sevillano et al., 2014c) This
order in the Se distribution of plasma selenoproteins is the typical one
for mice plasma, but the concentrations of selenoproteins changed be-
tween the different groups. Fig. 2 shows the typical mass flow super-
imposed chromatograms of conventional and antibiotic-treated mice
exposed to the CC fed Se-supplemented or regular rodent diets, using the
approach 2D-SEC-AF-ICP-MS. One-way ANOVA analysis was carried out
to determine statistically significant differences in the concentration of
selenoproteins and the total Se content in the five experimental groups
C, CC, CC-Se, CC-Abx, and CC-Abx-Se. The fold changes (FC) of sele-
noproteins concentrations from different groups (Table 1) were calcu-
lated to check if Se-supplementation (groups CC-Se and CC-Abx-Se)
shapes the plasma mice selenoproteome and modifies the total Se con-
tent in conventional and microbiota depleted mice exposed to the CC.
Table 1 shows the averaged concentration of Se in different selenopro-
teins, the total Se content, and their fold changes in mice plasma. Our
results (Table 1) showed that the exposure of conventional mice fed a
regular rodent diet to the CC, slightly increased plasma GPx (CC/C>1),
while the concentration of SELENOP and especially that of SeAlb,
decreased after the exposure (CC/C<1). In conventional mice fed a
Se-supplemented diet exposed to the CC, results showed that Se reduced
the concentration of GPx in plasma mice (CC-Se/C<1) at lower levels
than in the control, but the concentrations of SELENOP and SeAlb were
also decreased (CC-Se/C<1). In relation to the microbiota-depleted mice
model (Abx), results showed the absence of significant changes in mice
plasma selenoproteome related to Se-supplementation against the
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Fig. 2. Mass flow chromatograms obtained by 2D-SEC-AF-ICP-MS corre-
sponding to control mice and conventional mice exposed to CC in the
different groups.
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Fig. 1. Experimental design showing the studied groups.
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Table 1
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Averaged concentration of selenium in selenoproteins, total selenium and fold changes.

Selenoproteins
Concentration (ng Se per g of plasma) + S.E.M (n = 10 mice per group)

Groups GPx Se metabolites SELENOP SeAlb Total Se
C 152+ 1.6 <LOD 381.4 +£11.2 28.1+22 424.7 +£14.3
cc 16.5+ 0.7 <LOD 100.5 + 2.4 1.9+08 1209+ 1.5
CC-Se 124 +1.3 <LOD 77.8 £2.1 3.3+£0.7 945+1.7
CC-Abx 221 +1.1 <LOD 186.5 +5.3 36.4+1.5 247.9 +£10.4
CC-Abx-Se 27.9+17 <LOD 151.3 + 2.7 146 £ 0.8 199.2 + 3.5
Fold changes
Groups GPx Se metabolites SELENOP SeAlb Total Se
cc/c 1.07 (p = 0.05) - 0.26 (p = 0.003) 0.07 (p = 0.000) 0.28 (p = 0.000)
CC-Se/C 0.81 (p = 0.05) <LOD 0.20 (p = 0.001) 0.12 (p = 0.000) 0.22 (p = 0.003
CC-Abx/C 1.43 (p = 0.01) <LOD 0.49 (p = 0.000) 1.31 0.58 (p = 0.003)

(p > 0.05)
CC-Abx-Se/C 1.81 (p = 0.023) <LOD 0.40 (p = 0.000) 0.53 (p =0.017) 0.47 (p = 0.000)
CC-Abx-Se/CC-Abx 1.26 <LOD 0.81 (p > 0.05) 0.40 (p > 0.05) 0.80 (p > 0.05)

(@ > 0.05)

LOD: Limit of Detection of selenometabolites 0.5 ng g-1; p: p-value from ANOVA followed by Tukey Test (only significant p-values are shown in the table).

exposure to the CC, since the fold changes CC-Abx-Se/CC-Abx were not
significant for any selenoprotein. As in the case of conventional mice,
the exposure to the CC in microbiota-depleted mice showed an increase
in plasma GPx and a decrease in SELENOP, but not in SeAlb. Regarding
the sense of the fold change, the joint effect of Se-supplementation and
microbiota-depletion in microbiota depleted mice, induced the same
changes in mice plasma selenoproteome as when conventional mice
were exposed to the CC (CC-Abx-Se/C vs CC/C).

3.2. Arsenic metabolism in mice plasma

The main species in control mice plasma are DMA followed by MA.
Inorganic arsenic and AB were absent in all the analyzed samples. Fig. 3
shows a typical AE-ICP-MS superimposed chromatogram of As specia-
tion in plasma mice exposed to the CC-fed Se-supplemented and regular
rodent diets. Table 2 shows the concentration of As species in mice
plasma samples of the different groups of regular rodents. Table 2 shows
that DMA and especially MA increased after exposure to the CC (CC/
C>1). However, Se-supplementation ameliorated this effect (CC-Se/C vs
CC/Q), especially for MA, which reached lower levels than in the control
(CC-Se/C<1). Regarding the microbiota-depleted mice model, Se-
supplementation also ameliorated the increase of DMA and, to a
higher extent, MA induced by the CC (CC-Abx-Se/C vs CC/C). Micro-
biota depletion also ameliorated the increase of DMA and MA induced
by the CC and there were no significant differences between both, Se-

supplementation and microbiota depletion (CC-Abx-Se/CC-Abx,
9000
DMA
8000 —CC-AbX
e==((-Abx-Se
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CC-Se
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Fig. 3. AE-ICP-MS chromatograms of arsenic species were obtained from the
plasma of conventional mice exposed to CC in the different groups.

p > 0.05). Besides this significant alteration of the As speciation profile
in mice plasma after Se-supplementation, the levels of iAs were also
altered. Total As increased after CC exposure and also, Se-
supplementation and microbiota depletion ameliorated this effect and
to a similar extent (FC 1.16 vs 1.33, respectively).

3.3. Plasma mice metabolome and the role of selenium supplementation
and microbiota depletion

Different species of amino acids, monoacylglyceride compounds, and
monosaccharides showed significant variations in all groups compared
with the control. Metabolites with statistically significant differences
among the groups versus the control are shown in Table (S2). PCA plots
showed a good clustering of the QCs samples (Fig. S1). Moreover, co-
efficients of variation (CV) of QCs were calculated (Table S3), and only
those metabolites with CV lower than 20% were considered. Fig. 4
shows the PLS-DA obtained by GC-MS comparing mice plasma metab-
olomes pairwise (top) and all the groups under study (bottom). As we
can see, the separation between groups was possible in all pairwise
comparisons, except in the case of the antibiotic-treated mice model
exposed to CC when compared with mice fed a Se-supplemented diet
and regular rodent diet. Moreover, Table S4 shows the values of R? and
Q? of the PLS-DA score plot in all models and Fig. S2 shows the
metabolomic profiles from GC-MS analysis. Fig. 5 shows a heatmap di-
agram with the abundance of the most significant metabolites in C, CC,
CC-Se, CC-Abx, and CC-Abx-Se mice groups compared with the C mice
group. The most impaired classes of compounds found in the groups
under study were eight compounds (Fig. 5 and Table S2). The plots
demonstrated that conventional mice fed a regular rodent diet presented
lower abundance in all the metabolites after CC exposure (CC vs C),
especially for glucose (0.29-fold) and 1-monopalmitin (0.21-fold).
Interestingly, these metabolites increased after Se-supplementation to
higher levels than in the control group. On the other hand, as can be seen
in Fig. 5, there are two areas of metabolites that can be differentiated in
conventional mice exposed to the CC-fed regular rodent diet or sup-
plemented with Se (CC-Se vs CC). Thus, we can observe after Se-
supplementation an increased abundance (red color) of 1-monopalmitin
(1.34-fold) and glucose (1.78-fold) and decreased levels (blue color) of
the other six metabolites (Table S3). We also found the dysregulation of
five metabolites in antibiotic treated-mice fed regular diet exposed to
the CC group compared with mice fed regular diet exposed to the CC
(CC-Abx vs CC), such as glucose, 1-monopalmitin, gluconic acid,
threonic acid, and tyrosine. In this sense, 1-monopalmitin, glucose,
threonic acid, and gluconic acid were the most affected compounds,
with a significantly increased in 1-monopalamitin (1.87-fold), glucose
(1.75-fold), and threonic acid (1.84-fold) while a decreased in gluconic
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Table 2

Averaged concentration of arsenic species in mice plasma and fold changes between groups.
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Arsenic species

Concentration (ng As per g of plasma) + S.E.M (n = 10 mice per group)

AB iAs MA
C <LOD <LOD 2.6 +
cC <LOD <LOD 8.3 +
CC-Se <LOD <LOD 2.3 +
CC-Abx <LOD <LOD 2.2 +
CC-Abx-Se <LOD <LOD 2.7 +
Fold changes

MA DMA AB
cc/C 3.21(p = 0.001) 2.31(p<0.002) -
CC-Se/C 0.82(p = 0.05) 1.39(p<0.002) -
CC-Abx/C 0.77(p > 0.05) 1.19(p<0.019) —
CC-Abx-Se/C 1.03(p = 0.05) 1.25(p<0.021) -

CC-Abx-Se/CC-Abx

0.34(p > 0.05)

1.05(p > 0.05)

0.8

0.4
0.2
1.4

DMA

20.8 + 0.7

48.0 + 0.2

28.8 + 0.4

24.8 + 0.2

26.0 + 0.3
Total As

2.41(p = 0.003)
1.33(p = 0.001)
1.16(p = 0.011)
1.23(p = 0.018)
1.06(p > 0.05)

Total As as sum of species SMI
23.4 8
56.3 6
31.1 13
27.0 11
28.7 10

iAs: inorganic arsenic (sum of As (II) and As(V)). LOD and LOQ of As (Table S1); p: p-value from ANOVA followed by Tukey Test (only significant p-values are shown in

the table). SMI: secondary methylation index (DMA/MA).
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Fig. 4. PLS-DA obtained was showing the comparison of all the metabolites detected in mice plasma from the different groups under study.

acid (0.47-fold) (TableS2). The highest number of altered compounds (7
metabolites) was found in antibiotic treated-mice fed Se supplemented
diet exposed to the CC compared to mice fed regular diet exposed to the
CC (CC-Abx-Se vs CC). In principle, stearic acid was significantly
increased (8.78-fold) and the results also showed a significant increase
in 1-monopalmitin (1.46-fold) and glucose (1.70-fold). In the
microbiota-depleted mice model, unlike the rest of the mice groups,
tyrosine was significantly altered when compared with mice exposed to

the CC-fed regular rodent diet (CC-Abx vs CC; CC-Abx-Se vs CC) (Ta-
bleS2). On the other hand, the pathway analysis showed a total of 10
impaired routes including 25 metabolisms in different groups when
compared with the control. Fig. 6 shows the diagram of the pathway
analysis, and Table S5 describes the numbers of hits, s-values, and the
impact of the affected metabolic routes by the altered metabolites found
in CC, CC-Se, CC-Abx, and CC-Abx-Se groups. As can be seen in Fig. 6A,
the exposure to the CC in conventional mice significantly altered the
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pentose phosphate, galactose, and glycolysis/gluconeogenesis path-
ways, but after Se-supplementation (Fig. 6B), pentose phosphate
pathway impairment disappeared. As can be shown, in microbiota-
depleted mice models, the changes were less evident after Se-
supplementation, but we can highlight that the depleted microbiota
causes disorders in tyrosin metabolism affected in metabolic routes of
phenylalanine, tyrosine, and tryptophan biosynthesis.

3.4. Impact of the chemical cocktail exposure, selenium supplementation
and microbiota depletion on the gut microbiota

Both gut microbiota composition and diversity were affected by the
administration of CC, antibiotics, and Se-supplementation in mice
(Fig. 7). In terms of alpha diversity, the treatments significantly impact
microbial richness (Chao index, p < 0.001) with differences among
groups. Antibiotic treated mice showed a lower Chao index compared to
the C group (C vs CC-Abx, p =0.002) while no differences were
observed in the CC-Se group (C vs CC-Se, p = 0.089). The CC-Abx-Se
group showed significantly lower microbial richness and diversity
than the rest of the groups (p < 0.05) (Fig. 7A).

Regarding beta-diversity, the Adonis test based on Bray-Curtis dis-
tance showed differences between analyzed groups (R? = 0.350, F =
5.034, p = 0.001) as can be observed in the PCoA (Fig. 7B). When the
three treatments were analyzed independently, CC (R2 =0.100,
p = 0.001), antibiotics (R2 =0.073, p = 0.001), and Se supplementation
(R2 =0.033, p = 0.001) showed a significant impact on the overall
microbiota structure. Furthermore, canonical correspondence analysis
(CCA) showed the significant clustering of conventional mice groups
according to the treatments highlighting the differences in microbial

composition between groups (F=2.68, p = 0.001) (Fig. 7C). As can be
observed in both PCoA and CCA plots, the Se-supplemented group after
antibiotic treatment (Abx-Se) showed a fecal microbiota that resembled
more the control group than the group with microbiota depletion (Abx).
However, in the CC treated group, the Se supplementation after the
antibiotic treatment (CC-Abx-Se) was not able to revert the effect of
microbial depletion and the microbial profile of this group is different
from the rest of the groups suggesting a great impact of the CC in the
overall microbiota structure (Fig. 7 B, C).

Thus, conventional mice exposed to the CC-fed regular rodent diet
(CC) are well separated from mice fed Se-supplemented diet (CC-Se) and
to the control (C). Regarding the mice model with microbiota-depleted
by antibiotics, we observed two clusters corresponding to microbiota
depleted mice (Abx) and a mixture between the Abx mice model exposed
to CC fed the Se-supplemented diet and regular rodent diet (Se-Abx-CC
and Abx-CC). Differences in microbiota composition were assessed by
LEfSe analysis (Fig. 8) and Mann-Whitney test on CLR transformed data
(Table S6). At the phylum level, all the most relatively abundant phyla
showed significant differences between groups (Fig. 8D, Table S6).
While all the groups treated with CC showed a diminished relative
abundance in the Actinobacteria phylum, especially those with a
depleted microbiota (CC-Abx), in the CC-Abx-Se group the levels of this
phylum were recovered compared to the non-depleted group (CC). At
the genus level, Lefse analysis was used to compare groups by pairs of
groups to explore the effect of each specific treatment. Regarding the
effect of CC, regular-fed mice were enriched in groups from the Lach-
nospiraceae family and Eubacterium genus while the CC group is char-
acterized by Bacteroidetes genera such as Bacteroides and Alloprevotella
(Fig. 8A). Interestingly, in the microbiota-depleted group exposed to the
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CC (CC-Abx) some of the representative taxa are the same that charac-
terized C mice, such as the mentioned Lachnospiraceae and Eubacterium
groups suggesting a potential interaction between the antibiotic and CC
treatments (Fig. 8B). Similar to what was observed in the alpha and beta
diversity analysis, the microbiota composition of the CC-Abx-Se mice
was greatly impacted by the convention of the treatments showing a
microbial biomarker completely different than the CC-Abx and CC
groups (Fig. 8C, D; respectively). As can be observed, these groups
showed enrichment of Clostridium innocuum group, Escherichia/Shigella,
and Akkermansia genera.

3.5. Associations between gut microbiota and plasma selenoproteome

Specific relations between plasma selenoproteome and gut micro-
biota composition were found in groups C, CC, CC-Se, CC-Abx, and CC-
Abx-Se, specifically at the genus level (Table S7, Fig. 9). It is noteworthy
that microbiota-depleted mice fed a regular rodent diet (CC-Abx) pre-
sented the highest number of associations between gut microbiota and
selenoproteins, while the Se-supplemented group presented the lowest
(CC-Abx-Se). This last fact could be explained by the reduction of the
diversity in the group. Thus, the number of correlations follows the
order: CC-Abx-Se<C<CC<CC-Se<CC-Abx. Remarkably, as can be seen
in Fig. 9, Se-supplementation changed and increased the associations
between selenoproteins and gut microbiota at the genus level. In con-
ventional mice exposed to the CC fed regular rodent diet (CC), the
selenoprotein which correlated with the highest number of genera is
GPx (6 significant and positive associations) is GPx, followed by SeAlb (2
significant correlations, positive and negative) and total Se (2 significant

positive correlations), while SELENOP does not correlate with any
selenoprotein. After Se-supplementation (CC-Se), the number of corre-
lations increased, and GPx significantly correlated with 8 different
genera (2 positives), SeAlb with 3 (2 positives), SELENOP with 1
(negative), and total Se with 4 (2 positives).

In the CC-Abx-Se, only SeAlb correlated negatively with Para-
bacteroides (rho=-0.773, p = 0.024) and Oscillospiraceae UCG-003
(rtho=-0.796, p = 0.018) in CC-Abx-Se group. In CC-Se group, the
concentration in plasma of GPx correlated negatively with the abun-
dance of Lachnospiraceae NK4A136 group (rho=-0.663, p = 0.037),
Roseburia  (tho=-0.632, p =0.05), Anaeroplasma (rho=-0.713,
p = 0.0021) and Butyricicoccus (rho=—0.638, p = 0.047) and positively
with Lactobacillus (rho=0.632, p = 0.05) and Streptococcus (rho=0.693,
p = 0.047). In this group (CC-Se), the concentration of SELENOP in
plasma only correlated with the abundance of Mucispirillum
(rho=-0.709, p = 0.022), while SeAlb was associated to the abundance
of Muribaculum (rho=0.707, p = 0.022), Parabacteroides (rho=—0.616,
p = 0.058) and Bilophila (rtho=-0.744, p = 0.014).

4. Discussion

Our results from chemical speciation of selenoproteins and arsenic in
plasma, plasma metabolomics and gut microbiota profiling, reveals that
in general, Se-supplementation impact significantly on conventional
mice (CC-Se), but it is limited in the microbiota depleted mice model
(CC-Abx-Se) (Fig. S3). Our previous works about Se-supplementation in
both mice models (Callejon-Leblic et al., 2021; D’Amato et al., 2020),
but without exposure to the CC, pointed out that Se-supplementation
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Fig. 7. Effect of chemical cocktails, antibiotic treatment, and selenium supplementation on the microbiota of conventional mice. A) Boxplots showing differences in
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microbiota composition at phylum level in relative abundance according to groups.

significantly modulated gut metabolome (D’Amato et al., 2020), gut
microbiota, plasma selenoproteome and plasma metal homehostasis
(Callejon-Leblic et al., 2021) in both mice models. Thus, herein the
discussion is focused in the CC-Se group where results clearly suggest an
intertwined mechanism between selenoproteins and gut microbiota.

4.1. Mice plasma selenoproteome

All the analyzed mice plasma samples present the same typical
profile for humans and mice in which SELENOP accounts for the highest
content of Se (>50% of total Se) followed by GPx (~15-20% of total Se)
and SeAlb (~15-20%) (Callejon-Leblic et al., 2021; Mostert, 2000;
Busto et al., 2016). Thus, these three selenoproteins account for most of
Se in plasma and are the commonly used biomarkers to assess Se status
in human serum and plasma (Busto et al., 2016). Plasma selenopro-
teomes were significantly altered after the exposure of conventional
mice to the CC. Likewise, as the concentration of plasma GPx increased
after the exposure, it could be related with an increase of the oxidative
stress induced by the pollutants, since the main role of GPx is as an
antioxidant (Bjornstedt et al., 1994). Otherwise, the main roles of
SELENOP and SeAlb are the transport of Se (Saito, 2021; Suzuki et al.,
2013) and thus, the decreased concentrations in mice plasma after the
exposure may indicate the transport of Se to organs prone to damage. In
addition, Se-supplementation decreased the concentration of plasma
GPx to levels below the control, which could be related by its antioxi-
dant action. Moreover, although the concentrations of SELENOP and
SeAlb also decreased in plasma after the exposure in mice fed
Se-supplemented diet when compared to control mice, the change was
significantly less in magnitude for SeAlb than in the case of mice fed

regular rodent diet.

As Se-supplementation did not change mice plasma selenoproteome
in microbiota depleted mice exposed to the CC, an intertwined mecha-
nism between Se, selenoproteins and gut microbiota is suspected. Our
previous work (Callejon-Leblic et al., 2021), demonstrated that
Se-supplementation modulated the concentration of the antioxidant GPx
and the Se-transporter SeAlb in mice plasma (not exposed to the CC) as
well as the metal homeostasis, being influenced by microbiota disrup-
tion, also suggesting an intertwined mechanism.

4.2. Mice plasma arsenic species

As is mainly metabolized in the liver and excreted in the urine after
methylation and accumulated in skin, nails and hair (Rasheed et al.,
2019). The classical metabolic pathway of As is generally accepted to
proceed by oxidative methylation and repetitive reduction (Hayakawa
et al., 2005). In the majority of mammalian species, iAs is methylated to
MA and DMA that are more quickly excreted by urine than iAs, espe-
cially the trivalent form (arsenite, As™), which is highly reactive with
tissue components (Vahter, 1999) Our results demonstrated that iAs is
absent in mice plasma in all the analyzed samples and only methylated
species were detected, which may indicate the methylation of As to be
further excreted by urine. As expected, the exposure to the CC increased
plasma mice As concentrations, but Se-supplementation ameliorated
this effect. Interestingly, the absence of gut microbes also decreased As
concentration in mice plasma. Moreover, in the conventional mice
model exposed to the CC, the DMA/MA ratio increased from 6 (mice fed
regular rodent diet) to 13 (mice fed Se-supplemented diet), that could be
related with an increased methylation for urine excretion
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Fig. 8. Differences in gut microbiota composition between groups according to mice treatment. Linear Discriminant Analysis Effect Size (LEfSe) plot of taxonomic
biomarkers that characterize the gut microbiota of the different groups at the genus level. A threshold of 3 was considered for the logarithmic discriminant analysis

(LDA) and only those taxa with an FDR > 0.2 were included in the plot.

(Torres-Sanchez et al., 2016). This index did not change in microbiota
depleted mice models.

4.3. Mice plasma metabolome

The exposure to the CC significantly impaired mice ’plasma metab-
olome. As shown in Fig. 5, gluconic acid, glucose, galactose and turanose
decreased significantly after the exposure to the CC. Intermediate me-
tabolites in energy metabolism such as glucose have been reported to be
depleted under inorganic arsenic exposure due to perturbations in car-
bohydrate metabolism (Garcia-Sevillano et al., 2014a; Reichl et al.,
1988, 1989; Szinicz and Forth, 1988). Studies also showed that As and
Cd alter the activity of several enzymes related with glycolysis, gluco-
genesis, pentose phosphate pathway and gluconeogenesis (Hu et al.,
2012).

According to these results, the pathway analysis showed that the
pentose phosphate pathway was one of the most affected metabolic
routes by the exposure of CC and Se-supplementation (CC-Se) (Fig. 6 A,
B). This fact can be explained because the Se-supplementation can
restore the glycemic control, largely by modifying the activities of
glycolytic and gluconeogenic enzymes and improving insulin sensitivity
that has been previously altered by the exposure to the CC (Pepper et al.,
2011). On the other hand, the pathway analysis also revealed impair-

ments in tyrosine, tryptophan and phenylalanine metabolism in CC-Abx
and CC-Abx-Se groups (Fig. 6C, D). Gut microbiota induced shifts in the
levels of these amino acids, mainly tryptophan, have been related to

10

alterations in the function of the central and enteric nervous systems
(Callejon-Leblic et al., 2022; Kaur et al., 2019).

4.4. Mice gut microbiota and the associations with plasma
selenoproteome

Se-supplementation induced changes in mice gut bacterial beta-
diversity exposed to the CC, but only in conventional mice. In a previ-
ous work, our results showed that Se-supplementation modulated gut
microbiota diversity and richness, especially in microbiota depleted
mice (Callejon-Leblic et al., 2021). However, this work demonstrated
that this is not possible in the case of mice exposed to the CC as the joint
effect of Abx and CC exposure limited the action of Se-supplementation.
Also, previous results demonstrated that Se increased the relative
abundance of some health relevant taxa (e.g., Lactobacillus genus and
families Ruminococcaceae and Christensenellaceae) (Callejon-Leblic et al.,
2021). In this work, the CC group was enriched in groups from the
Lachnospiraceae family and Eubacterium genus compared to CC-Se
group which was characterized by Bacteroides and Alloprevotella
genera. Eubacterium limosum has been reported to be capable of
O-demethylation of pollutants toward O-methylated isoflavones (Yim
et al., 2008), while Alloprevotella has been related with neuronal synapse
(Balaguer-Trias et al., 2022). Moreover, Lachnospiraceae and Eubacte-
rium taxa were enriched in both CC-Abx and C groups, while most
altered group (CC-Abx-Se) was characterized by Clostridium innocuum
group and Escherichia/Shigella genus suggesting a synergic effect of the
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Fig. 9. Spearman correlation matrix heatmaps for plasma selenoproteins and microbiota at genus level in a) CC group, b) CC-Se group.

CC and the Abx which would interfere in the potential effect of the Se as
microbiota modulator. Clostridium innocuum is a vancomycin-resistant
pathogen that might cause diarrhea related to antibiotics (Chia et al.,
2018). Further studies are needed to evaluate the molecular mechanisms
that play a role in the relation between Se-supplementation and
microbiota composition and how some other chemical substances would
interfere in this effect through an alteration in the microbial pop-
ulations. It would be especially relevant to decipher the interaction
between the antibiotic-related shift in gut microbiota and the potential
diminished effect of the analyzed CC since it could reveal the crucial role
of microbiota in the physiological response to other chemical exposures.

Regarding the associations between plasma selenoproteins and gut
microbiota in the CC-Se group, the concentration in plasma of GPx was
negatively correlated with the abundance of Lachnospiraceae NK4A136
group and positively with Lactobacillus, both considered potential pro-
biotic groups (Wu et al., 2021; Reid, 1999). GPx was also negatively
associated with Roseburia, Anaeroplasma and Butyricicoccus and posi-
tively with Streptococcus. It has been previously reported that correct
levels of Roseburia ameliorates depressive-like behaviors by the regula-
tion of inflammation through the gut-brain axis (Xu et al., 2021), while
several brain metabolites were positively associated with the abundance
of Anaeroplasma (Nguyen et al., 2019), a genus which elicited various
host immune responses in a wide number of human diseases such as
colon cancer (Yang et al., 2012; Xu et al., 2013). Butyricicoccus has been
previously related with stress-induced depressive-like behavior (Tian
et al., 2019a).

In this group (CC-Se), plasma SELENOP was negatively associated
with Mucispirillum. A positive association has been described between
the abundance of Mucispirillum and testosterone and sperm activity in
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Lactobacillus plantarum TW1-1 supplemented mice (Tian et al., 2019b)
as well as with testicular selenoproteome (Ramirez-Acosta et al., 2022).
A decrease in the level of this genus in mice fed supranutritional Se has
been previously reported (Zhai et al., 2018). Finally, SeAlb was associ-
ated with Muribaculum, which decreases in a regular rodent model of
Crohn’s disease (Dobranowski et al., 2019), Parabacteroides, a
gamma-aminobutyric acid (GABA)-producing bacterial genus (Ezeji
et al., 2021) and Bilophila, that has been isolated from several clinical
specimens (Baron et al., 1992).

5. Conclusions

The analytical platform based on metallomics, metabolomics, and
metataxonomics is a powerful tool to have a holistic view of the impact
of pollutants. At molecular levels, CC exposure increased the antioxidant
glutathione peroxidase in plasma and decreased the transporters sele-
noprotein P and selenoalbumin, while Se-supplementation decreased
glutathione peroxidase below those in control conventional mice, but
not in Abx. Se-supplementation increased the As methylation rate,
possibly favoring its excretion. Also, the absence of gut microbes
decreased As in plasma. Moreover, plasma metabolomes differ in all
pairwise comparisons, except in Abx when comparing mice fed Se-
supplemented diet and regular rodent diet, suggesting that, Se
required the presence of gut microbiota to induce metabolic changes.
Regarding gut microbiota profiles, the potential antagonistic role of Se-
supplementation against CC and Abx changed in Se-CC-Abx that present
the most altered gut microbiota suggesting a synergism. Also, Abx and
CC altered gut microbiota, but the joint effect of Abx-CC revealed the
enrichment of several taxa found in the control group.
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Our results suggest numerous interactions between chemicals
mediated by gut microbiota including the potential beneficial role of Se-
supplementation. In addition, the effects of pollutants cannot be studied
in isolation due to the presence of joint effects. However, the precise
links need to be ascertained and further studies targeted to the specific
mechanisms are needed.
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