Journal Pre-proof % Food and

Chemical
Toxicology f=:-

Transcriptional and biochemical changes in mouse liver following exposure to a
metal/drug cocktail. Attenuating effect of a selenium-enriched diet

Paula V. Huertas-Abril, Maria-José Prieto-Alamo, Juan Jurado, José Pérez, Veronica o i Ty
Molina-Hernandez, Tamara Garcia-Barrera, Nieves Abril |
PII: S0278-6915(24)00411-3

DOI: https://doi.org/10.1016/j.fct.2024.114845

Reference: FCT 114845

To appearin:  Food and Chemical Toxicology

Received Date: 8 April 2024
Revised Date: 13 June 2024
Accepted Date: 27 June 2024

Please cite this article as: Huertas-Abril, P.V., Prieto-Alamo, M.-J., Jurado, J., Pérez, J., Molina-
Hernandez, V., Garcia-Barrera, T., Abril, N., Transcriptional and biochemical changes in mouse liver
following exposure to a metal/drug cocktail. Attenuating effect of a selenium-enriched diet, Food and
Chemical Toxicology, https://doi.org/10.1016/j.fct.2024.114845.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2024 Published by Elsevier Ltd.


https://doi.org/10.1016/j.fct.2024.114845
https://doi.org/10.1016/j.fct.2024.114845

Graphical Abstract

Huertas-Abril et al., Pollutants interact...




Transcriptional and biochemical changes in mouse liver
following exposure to a metal/drug cocktail. Attenuating

effect of a selenium-enriched diet

Paula V. Huertas-Abril* *: Maria-José Prieto-Alamo® ™
Juan Jurado?®; José Pérez?; VVeronica Molina-
Hernandez?; Tamara Garcia-Barrera®: Nieves Abril® 8

1. Departamento de Bioquimica y Biologia Molecular, Universidad de Cordoba, Edificio
Severo Ochoa, Campus de Rabanales, Ctra. Madrid-Cadiz Km 396, 14014, Cérdoba,
Spain.

2. Departamento de Anatomia y Anatomia Patologica Comparadas y Toxicologia, Facultad
de Veterinaria, UIC Zoonosis y Enfermedades Emergentes ENZOEM, Universidad de
Cordoba, Edificio de Sanidad Animal, Campus de Rabanales, Ctra. Madrid-Cadiz Km
396, 14014, Cordoba, Spain.

3. Centro de Investigacion de Recursos Naturales, Salud y Medio Ambiente (RENSMA).
Departamento de Quimica, Facultad de Ciencias Experimentales, Campus El Carmen,
Universidad de Huelva, Avda. Fuerzas Armadas, 21007, Huelva, Spain.

* PVHA and MJPA have equally contributed to this work and should be regarded as joint
first authors

8 Corresponding author: Nieves Abril. Departamento de Bioquimica y Biologia Molecular,
Universidad de Coérdoba, Edificio Severo Ochoa, Campus de Rabanales, Ctra.
Madrid-Cadiz Km 396, 14014, Cordoba, Spain. Tel.: +34 957218139;
Fax.: +34 957218688; E-mail: bblabdim@uco.es.


mailto:bb1abdim@uco.es

Abstract

Real-life pollution usually involves simultaneous co-exposure to different chemicals.
Metals and drugs are frequently and abundantly released into the environment, where they
interact and bioaccumulate. Few studies analyze potential interactions between metals and
pharmaceuticals in these mixtures, although their joint effects cannot be inferred from their
individual properties. We have previously demonstrated that the mixture (PC) of the metals
Cd and Hg, the metalloid As and the pharmaceuticals diclofenac (DCF) and flumequine
(FLQ) impairs hepatic proteostasis. To gain a deeper vision of how PC affects mouse liver
homeostasis, we evaluated here the effects of PC exposure upon some biochemical and
morphometric parameters, and on the transcriptional profiles of selected group of genes. We
found that exposure to PC caused oxidative damage that exceeded the antioxidant capacity
of cells. The excessive oxidative stress response resulted in an overabundance of reducing
equivalents, which hindered the metabolism and transport of metabolites, including
cholesterol and bile acids, between organs. These processes have been linked to metabolic
and inflammatory disorders, cancer, and neurodegenerative diseases. Therefore, our findings
suggest that unintended exposure to mixtures of environmental pollutants may underlie the
etiology of many human diseases. Fortunately, we also found that a diet enriched with

selenium mitigated the harmful effects of this combination of toxicants.

Keywords: pollutant cocktail; metals/drug mixture; hepatotoxicity; absolute qRT-PCR;

oxidative/reductive stress; Se-enriched diet.



1. Introduction

The continuous exposition of the human population to chemicals generates serious
concern worldwide derived from the well documented relationship between exposure and
disease (Gonzélez et al. 2019). The chemical risk derives not only from the toxicity of these
compounds but also from their persistence and capacity for deposition in body tissues, which
leads to their accumulation along the trophic chain and the biomagnification of their effects
(Peters et al. 2022). Heavy metals are part of this group of pollutants whose presence in the
ecosystem is one of the most serious and widespread environmental problems today
(Rehman et al. 2018). These elements are generally non-biodegradable, highly resistant to
conventional disposal treatments, and toxic due to their ability to substitute essential
elements in the active site of some enzymes and for generating oxidative stress in cells
(Carneiro et al. 2018). In recent years, there has also been increasing concern about the
presence of pharmaceuticals in the natural environment. The environmental concentration
of these emerging pollutants is usually low enough to be considered non-toxic. However, a
large body of evidence suggests that they may cause endocrine, epigenetic and
developmental changes in aquatic organisms and in humans under conditions of prolonged

exposure [e.g., (Wilkinson et al. 2016)].

Epidemiological and experimental studies indicate that metals and pharmaceuticals co-
occur within the environment and interact in a manner that may both increase or decrease
their impact on human health [e.g., (Fiati Kenston et al. 2018, Lin et al. 2016, Matejczyk et
al. 2020)]. However, the studies analyzing the potential synergistic/antagonistic interactions
between these two groups of chemicals are scarce, despite co-exposure is a frequent event,
as they are released into the environment from multiple anthropogenic activities and

bioaccumulated by organisms (Chormare &Kumar 2022, Nagpal et al. 2018, Nilsen et al.



2019, Zenker et al. 2014). We have previously evaluated the toxicity of a mixture of
metals/metalloids and pharmaceuticals that commonly contaminate food and water (Fekadu
et al. 2019, Gonzalez-Gaya et al. 2022, Thompson &Darwish 2019). All the components
(arsenic, cadmium, mercury, diclofenac, flumequine) of our pollutant cocktail (PC) have
been selected because of their abundance and dangerous effects on ecosystems and their
inhabitants, including humans. Arsenic (As) is a ubiquitous, naturally occurring metalloid
element that may enter the body through dermal contact, ingestion, or inhalation. Even at
low concentrations, As can cause negative health consequences, from inflammation to
cancer [(Shiek et al. 2023) and references herein]. Cadmium (Cd), used in various industrial
activities, has an extremely long biological half-life (approximately 20-30 years in humans),
a low excretion rate from the body, and is predominantly stored in soft tissues (mainly liver
and kidney) (Rani et al. 2014). Diet is the second most important cause of exposure to Cd
after cigarette smoking, and dietary exposure to cadmium has been linked to liver and kidney
damage, bone demineralization, and thyroid and metabolic disease [reviewed in (Schaefer et
al. 2020)]. Mercury (Hg) is also a ubiquitous and harmful metal that occurs naturally in the
Earth's crust and whose environmental levels have been greatly increased by human
activities in recent centuries. This increase is of concern to public health due to the known

toxic effects of Hg exposure on human health (Munthe et al. 2019).

Diclofenac (DCF) is a widely utilized pharmaceutical for its analgesic, anti-
inflammatory, and antipyretic properties (Gan 2010). Due to its high usage and low removal
rate in water treatment processes, DCF is one of the most ubiquitous pharmaceuticals
detected in aquatic and soil environment (He et al. 2017), reaching average environmental
concentrations of almost mg/L level (Li et al. 2023). Diclofenac has garnered increased
attention due to its harmful potential (Li et al. 2023), as DCF exposure can result in a number

of serious side effects, including renal damage, liver toxicity, gastrointestinal damage, and



increased cardiovascular risks (Elbaz et al. 2022). Flumequine (FLQ) is a synthetic
fluoroquinolone antibiotic mainly active against Gram-negative bacteria. This antibiotic is
used in intensive farming to control animal diseases, resulting in massive use and a
considerable environmental load of the antibiotic and/or its metabolites (Ungemach et al.
2006). Increasing data exists on FLQ adverse effects in humans, with serious and disabling
consequences (e.g. renal toxicity, tendinopathies, development of bacterial resistance)

(Tennyson &Averch 2017).

The results of our previous studies showed that PC significantly alters the taxonomic
structure of the gut microbiome and affected the mouse plasma (Arias-Borrego et al. 2022)
and brain (Parra-Martinez et al. 2022) metabolomes. Moreover, by using a thorough
proteomic approach, we reported alterations in the mouse hepatic proteostasis indicating a
sustained expression of the antioxidative response through NRF2 leading to reductive stress
(RS) in the liver. In this scenario of RS, the synthesis of antioxidant enzymes was impaired,
inflammation worsened, and cholesterol biosynthesis increased (Huertas-Abril et al. 2023).
The present work aimed to investigate whether these alterations caused by PC exposure at
the molecular level translate into histopathological liver damage and systemic changes, and

to explore other possible consequences of RS.

The mechanism of toxicity of each of the five PC chemicals involves the generation of
redox stress leading to oxidation of DNA, proteins and lipids, disruption of cellular
membranes and impairment of mitochondrial function (Hazelhoff & Torres 2018, Jagadeesan
&Pillai 2007, Kenmochi et al. 2007, Matovic et al. 2011, Mezynska &Brzoska 2019, Thai
et al. 2023). Therefore, several studies demonstrated the efficacy of antioxidants like
selenium (Se) in counteracting individual PC component toxicity. In example, Se provides
a protective effect against Hg toxicity by covalently bonding with this element (Heath et al.
2010). Similarly, Se antagonizes the toxicity of As and Cd through sequestration of these
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elements into biologically inert complexes and/or through the action of Se-dependent
antioxidant enzymes (Zwolak 2020). Some studies also report that Se mitigates DCF-
induced oxidative stress, inflammation, and hematological abnormalities in the liver and

kidney of treated rats (Owumi &Dim 2019).

Reductive stress also led to net ROS production and oxidative cytotoxicity (Korge et
al. 2015). Therefore, not surprisingly, we found that Se also attenuated the effects of the
pollutants, reducing its negative effects on the plasma/brain metabolome and intestinal
dysbiosis (Arias-Borrego et al. 2022, Parra-Martinez et al. 2022) and restoring, at least
partially, the hepatic proteostasis in mice. The incorporation in this work of a mouse group
fed with a diet supplemented with selenium will strengthen the suitability of using this
essential element as a nutraceutical intervention able to prevent or ameliorate the
consequences of human exposure to these pollutant mixtures, something that is currently
difficult to avoid due to the high use of metals and pharmaceuticals and the inefficiency of

water purification plants to remove them.



2. Material and methods

2.1. Bioethics, experimental design, and sample collection

This work was approved by the Animal Experimentation Ethical Committee of the
University of Cordoba (UCO), and by the General Direction of Agricultural and Livestock
Production (Regional Government of Andalusia, Ref. 02-01-2019-001) and complied with
the ARRIVE guidelines, the European Community guidelines EU Directive 2010/63/EU for
animal experiments and the Spanish Government Royal Decree 1386/2018. Animal handling

was conducted by qualified staff in the Experimental Animal Facility of the UCO (SAEX).

Forty-eight male BALB/c mice (Charles River Laboratories), aged 8 weeks with an
average body weight of 23-25 g, were randomly assigned to two groups. Mice in the control
group (C, n=12) had unrestricted access to water and food (standard rodent chow with
sodium selenite, Se, at 0.21 mg/kg) for the duration of the experiment (3 weeks). Mice in the
pollutant cocktail (PC) groups (PC, n=20 and PC+Se, n=16) simultaneously received a
mixture of metals (As, Cd, and Hg) in the drinking water and two drugs (flumequine, FLQ;
diclofenac, DCF) in the chow during the last two weeks. The diet of PC+Se mice was
additionally supplemented with Se (final concentration of 0.65 mg/kg) during exposure to
PC (weeks 2 and 3) (More details in the Suppl. Material & Methods section). Suppl. Table

1 lists the compounds in PC and the doses used.

2.2. Histopathological analyses

Liver samples were immersed in 10% buffered formalin for fixation and a standard
histological processing procedure with hematoxylin-eosin (H-E) was followed for

histopathological evaluation (More details in the Suppl. Material & Methods section).


https://www.nc3rs.org.uk/arrive-guidelines
https://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm
https://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm

2.3. Biochemical determinations in plasma

Plasma was used for quantification of aspartate transaminase (AST), alanine
transaminase (ALT), total bile acids (BA), total and free cholesterol (CHO) and triglycerides
(TAG), glucose (Glc), lactate (Lac), total protein (Prot), albumin (Alb), urea (UREA/BUN-
UV) and creatinine (Creat). In all cases, commercial kits from BioSystems were used and

the determinations were carried out on an Atom A-15 analyzer (BioSystems).

2.4. Determination of hepatic transcriptional profiles by real-time gRT-PCR.

2.4.1.RNA isolation from liver samples and cDNA synthesis

Total RNA was extracted with the commercial kit AllPrep® DNA/RNA/Protein
(QIAGEN), following the manufacturer's instructions. Only RNAs with 260nm/280nm
absorbance ratios of ~2.0 and RIN values greater than 8.5 were used. Synthesis of cDNA
was carried out from 2 pg of total RNA isolated from each sample, using the iScript™ cDNA
Synthesis Kit (BioRad), following the manufacturer's instructions, in a GeneAmp PCR

System 9700 thermal cycler (PE Applied Biosystems).

2.4.2. Primers used to quantify M. musculus liver transcripts.

The primers used here are listed in Suppl. Table 2 and their amplification efficiencies

were close to 100%.

2.4.3.Real-time gPCR amplification conditions

PCR reactions were carried out in triplicate using 50 ng of cDNA per reaction in a final
volume of 20 pL and the SsoAdvanced Universal SYBR Green Supermix (BioRad) under

the conditions indicated by the manufacturer.



In this work we performed absolute gRT-PCR for the quantification of the changes
caused by the treatments on the transcript amounts of the target genes. The absolute
guantification relates the PCR signal (Ct value in real-time PCR) to input copy number using
a calibration curve (Prieto-Alamo et al. 2003). The calibration curve used in this study (Ct =
- 3.32 x log N+ 39.69) was linear over 7 orders of magnitude and demonstrated a 100% PCR

efficiency (explained in more detail in the Suppl. Material & Methods section).

2.5. Enzyme activity assays.

Proteins were quantified by the Bradford method (Bradford 1976) using the Protein
Assay Dye Reagent Concentrate Reagent (BioRad), following the manufacturer’s protocol.
Bovine serum albumin (BSA) was used to generate a standard curve to convert absorbance

values into protein concentration.

The assay of superoxide dismutase (SOD) (McCord &Fridovich 1969), catalase (CAT)
(Beers &Sizer 1952), glutathione peroxidase (GPX) (Flohé &Gumzler 1984) and glucose-
6-phosphate dehydrogenase (G6PDH) (Lohr &Waller 1974), followed methods previously
described with some modifications (explained in more detail in the Suppl. Material &

Methods section).

2.6. Quantification of lipid peroxidation in the mice liver

Lipid peroxidation as malondialdehyde (MDA) was quantified by using the Cayman’s
TBARS (thiobarbituric acid-TBA-Reactive Substance) Assay Kit, following the
manufacturer’s indications. Fluorescence was read at an excitation wavelength of 530 nm
and an emission wavelength of 550 nm. A standard curve was generated with an MDA
Standard solution contained in the kit. Total protein was estimated by the Bio-Rad Protein
Assay method. The TBARS/MDA concentration was expressed in pmol/pug protein.
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2.7. Quantification of NADPH, cholesterol, and bile acids in the mice liver

We used commercially available kits to fluorometrically measure the concentration of
NADP/NADPH (Abcam, ab176724 NADP/NADPH Assay Kit) and total bile acids (Cell
Biolabs, STA-631 Total Bile Acids Assay Kit) and colorimetrically determine the
concentration of total and free cholesterol (Cell Biolabs, STA-384 Total Cholesterol Assay
Kit) in liver tissue. In all cases we used a 96-well plate reader (Varioskan LUX Plate Reader,

Thermo) and followed the manufacturer indications.

2.8. Statistical analysis

The statistical significance of the differences between the experimental samples was
determined by a Dunnett's test with Bonferroni correction to compare the data of the different
experimental groups with those of the control and a bilateral t-Student test to compare
experimental groups with each other. The Dunnet test include the Bartlett statistic test for
analyzing the homogeneity of variances and the Kolmogorov and Smirnov test for assessing

normality. Both tools were included in the InStat software (v. 2.05/00, GraphPad) .

10



3. Results and Discussion

Assessing the toxicity of contaminants mixtures is essential since exposure to pollution
experienced in "real life" includes combinations of several chemicals. In this study, we have
evaluated the effects of a mixture (PC) of metals and pharmaceuticals on various
biochemical parameters and the transcriptional abundance of a selected group of mouse liver
genes. The components of the PC were chosen because of their abundance in water and food
and the risk they pose to human health [e.g., (Carneiro et al. 2018, Elbaz et al. 2022, Gan
2010, Hazelhoff &Torres 2018, He et al. 2017, Hu et al. 2021, Li et al. 2023, Munthe et al.
2019, Rani et al. 2014, Schaefer et al. 2020, Shiek et al. 2023, Tennyson &Averch 2017,
Ungemach et al. 2006, Wilkinson et al. 2016)]. In previous works we found that this
particular mixture produced dysbiosis of the mice gut microbiota, alterations in the plasma
and brain metabolome, and impairment of the hepatic proteostasis (Arias-Borrego et al.
2022, Huertas-Abril et al. 2023, Parra-Martinez et al. 2022). These previous results indicated
that continued exposure to PC induced in the liver the so-called integrated stress response
(ISR), an intracellular signaling network which results to a transient inhibition of
global protein synthesis and the transcriptional reprogramming (Costa-Mattioli &Walter
2020). We also found that the mixture promoted the sustained NRF2 mediated expression
leading to reductive stress (RS) by an excess of reducing equivalents. Much less studied than
oxidative stress, but no less important, RS can affect cellular redox homeostasis, alter
biomolecules (e.g., reduction of disulfide bonds in proteins and loss of their structure and/or
function) and processes (e.g., membrane structure and function), and ultimately cause certain
pathological conditions (Chatgilialoglu &Ferreri 2021). To gain a deeper vision of how IRS
and RS affect mouse homeostasis, we considered it interesting to quantify the changes that
continued exposure to PC induces in the expression, at the transcription level, of a selected

group of genes involved in antioxidant defense and lipid metabolism, with particular interest
11
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in the biosynthesis and transport of cholesterol and its derivatives bile acids, and to measure
other parameters (liver histology, plasma biochemistry) that could reflect the consequences
of PC exposure on liver function. In addition, we studied the ability of a selenium-enriched

diet to attenuate the detrimental effect of this mixture of environmental pollutants.

3.1. Animals and treatments

Mice in the control group (C) received normal water and food during the whole
experimental period (Suppl. Fig. 1). In contrast, after the acclimatization time of one week
receiving a normal diet, mice in the PC and PC+Se groups received the metal mixture (As,
Cd, Hg) in the drinking water and the drug mixture (diclofenac DCF, flumequine FLQ) in
the feed for two additional weeks. Doses selection of the pollutant mixture components was
based in the literature and our previous work (Fekadu et al. 2019, Garcia-Sevillano et al.
2014b, Garcia-Sevillano et al. 2013, Garcia-Sevillano et al. 2014a, Gonzalez-Gaya et al.
2022, Huertas-Abril et al. 2023, Kashida et al. 2006, Ldépez-Pacheco et al. 2019, Parra-
Martinez et al. 2022, Rodriguez-Moro et al. 2020, Trombini et al. 2021), and taking into
account that the doses that humans actually receive may be significantly higher than those
present in the environment due to bioaccumulation phenomena along the food chain
(Chormare &Kumar 2022, Nagpal et al. 2018, Nilsen et al. 2019, Zenker et al. 2014). The
estimated daily intake of As, Cd, Hg, DCF, and FLQ during the treatment period were 3.0,

0.1, 1.0, 625, and 20 mg/kg bw, respectively.

To study the potential protective effect of selenium (Se) against the toxicity of PC, one
of the experimental groups (PC+Se) was fed Se-enriched chow during treatment. Selenium
Is incorporated into numerous human food supplements for its immunoregulatory and
antioxidant properties. However, Se also has a toxic side, so its intake must be controlled

and most dietary supplements for humans usually do not exceed 3 times the minimum
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recommended dose (Morris &Crane 2013). Since the standard mouse diet used in our study
contains 0.21 mg Se/kg, we decided to formulate the Se-enriched diet with 0.65 mg Se/kg
(Raines &Sunde 2011). The estimated Se daily intake was, hence, 40 pg/kg bw for mice fed

the normal diet and about 120 pg/kg bw for those fed the Se-enriched diet.

3.2. Effects of PC on mice survival and morphometric parameters

There were no deaths during acclimation. During the treatment period we found that
PC administered in water (metals) and chow (pharmaceuticals) affected the survival of the

mice that decreased until 83% (Fig. 1a).

(a) - (b)

100 -
25 7 b
O control
%0 . | loPC
i | 2 @ PC+Se
80 : 1=
0 T ; ; 0 T t f

0 10 20 days 0 10 20 days

Fig. 1 Effect of exposure to PC on survival (a) and bodyweight (b). In each case, the mean + SD is
represented (n=12 mice per group). Statistical significance of the differences is expressed with letters:
a for comparisons of control mice vs animals in the PC or PC+Se groups (Dunnett test with the
Bonferroni correction); b, for comparison between PC and PC+Se mice (Student's t-test); and asterisks:
* for p<0.05; ** for p<0.01 and *** for p<0.001.

This result was somewhat unexpected, as the doses used were lower than the individual
LDso values and indicated an interaction between the PC components that induced lethality.
Surviving mice also exhibited a decrease in body weight of up to 20% (Fig. 1b). The impact

of PC on both parameters was less pronounced when mice were fed a Se-enriched diet, which
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reduced lethality and, mainly, increased body weight to values close to those of control
animals (Fig. 1a, b). Metals and pharmaceutical compounds are described to alter energy
metabolism and gut microbiota composition, which hinders digestion, nutrient assimilation,
and weight loss (Assefa &Kohler 2020, Claus et al. 2016, den Besten et al. 2013, Di Gregorio
et al. 2019, Duan et al. 2020, Elbaz et al.). Selenium participates in both processes, thus
preventing the adverse impact of pollutants (Hu et al. 2018). The ability of Se to counteract
the detrimental effects of certain toxic metals such as Cd or Hg and metalloids such as As is
well known (Messaoudi et al. 2009, Rodriguez-Moro et al. 2020). Selenium antagonizes the
effects of Cd through its ability to activate the PI3K/AKT/Bcl-2 pathway, which regulates
the cellular defense system against oxidative damage, as well as cell proliferation, survival
and apoptosis (Bao et al. 2017). This antioxidant capacity also permits Se to mitigate the
damage caused by Hg (Fan et al. 2020) and As (Xu et al. 2013). In addition, Se binds to Hg
generating biologically inactive complexes (Kuras et al. 2018) and favors As trafficking
from metabolically inactive organs (brain, lung and testis) to others with higher metabolic
activity (kidney), which facilitates its excretion (Rodriguez-Moro et al. 2020). The ability of
Se to reduce oxidative stress (OS), inflammation and various hematological abnormalities
in the liver and kidney of DCF-treated rats has also been described (Owumi &Dim 2019).
These could be the cause of the lower effect of PC on the mice fed a Se-enriched diet

(Fig.1a).

3.3. Histopathological analysis of liver samples

Control samples showed normal histologic architecture of the liver (Trefts et al. 2017)
with moderate glycogen accumulation and clear, irregular, poorly defined spaces in the
cytoplasm (Fig. 2a), as well as marginal multifocal inflammatory infiltrates normally found

in the liver. In PC samples (Fig. 2b), glycogen deposits were hardly visible; instead, mild to
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moderate multifocal mixed inflammatory infiltrates within the sinusoids and associated with
the portal space and hematopoietic foci were observed (Fig. 2b, asterisk). Liver cells can
carry out numerous separate and specialized metabolic activities, including glycogen
storage. The decrease or increase in liver glycogen storage is related to diet and the health
of the subject (Ulusoy &Eren 2006). The absence of glycogen deposits in PC mice livers
agrees with the loss of body weight shown in Fig. 1b and indicated that the PC exposure was
affecting both the liver's appearance and its functionality. The known oxidizing capacity of
the components of PC may be causing this oxidative-type liver damage and may also be
responsible for the inflammation shown in Fig. 2b. These PC livers additionally displayed
moderate karyomegaly (Fig. 2b, arrowhead), and occasional large nuclei showing irregular
shape (aberrant nuclei, Fig. 2b, arrow). The mere presence of As in PC by itself could explain
the karyomegaly observed in these mice (Korany et al. 2019). Finally, the PC mice also
showed some level of extramedullary hematopoiesis (EMH), considered to be the body's
compensatory response to deficient bone marrow erythropoiesis or accelerated destruction
of erythrocytes (Chu et al. 1999). Our findings indicate that PC is causing hematosuppression
that elicit EMH as a compensatory reaction like that described for cyclophosphamide in mice

(Wang et al. 2009).

control - PC ,.
a

Fig. 2 Histopathological analysis of hepatic samples. A representative mouse from each group is
shown. The various anomalies found are represented by asterisks (*, extramedular hematopoietic foci);
arrowheads (P, karyomegaly) or arrows (—, aberrant nuclei)
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The dietary Se-supplement prevented PC damage in the liver, and mice in the PC+Se
group showed histologically normal livers with localized cytoplasmic glycogen
accumulation around the centrilobular veins (Fig. 2c), and isolated hepatocytes with
karyomegaly (Fig. 2c, arrowhead) or mononuclear-type inflammatory infiltrates (Fig. 2c,
asterisk) and occasional hematopoietic foci. Hepatocytes with aberrant nuclei were not
observed. These results suggest that PC exposure is causing oxidative damage to the liver,

as the presence of Se, an antioxidant, protects the liver from that damage.

3.4. Plasma biochemical determinations

The results shown in Fig. 3a demonstrate that PC is causing damage to the liver tissue
and the release of intrahepatic enzymes, such as AST (aspartate transaminase) and ALT
(alanine transaminase), markers commonly used as clinical indicators of hepatotoxicity
(McGill 2016). Consumption of a Se-enriched diet, at least partially, avoided the damage
caused by PC, as the ALT and AST levels in PC+Se mice decreased and even approached
control levels (AST), in agreement with the protective role of this trace element against the

toxicity of pollutant mixtures described in rats (Ozardali et al. 2004).

Exposure to PC caused a remarkable increase in the bile acids (BA) concentration
(Fig. 3b), suggesting alterations in their synthesis or transport. The presence of a
Se-supplement in the diet of PC+Se mice partially prevented the effect of PC, confirming
the ability of Se to regulate plasma BA levels (Hu et al. 2018) and to repair liver damage
caused by pollutants (Morales-Prieto et al. 2018, Ozardali et al. 2004, Rodriguez-Moro et al.
2020). Total cholesterol (CHO) was not significantly affected in plasma by PC but the
triglyceride (TAG) levels diminished (Fig. 3b) in agreement with the reported ability of FLQ
and DCF to reduce fatty acid (FA) concentrations in hyperlipidemic rats by decreasing their

export to plasma (Curcelli et al. 2008, Kang et al. 2018).
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Fig. 3 Exposure to PC change several biochemical parameters in plasma. In each case, the mean +
SD (n = 12 mice per group) of three independent technical replicates is represented. Statistical significance of
the differences at the end of the experimental time is expressed with letters: a, for comparisons of control mice
vs animals in the PC or PC+Se groups (Dunnett test with the Bonferroni correction); b, for comparison between
PC and PC+Se mice (Student's t-test); and asterisks: * for p<0.05; ** for p<0.01 and *** for p<0.001

All mice receiving the contaminant mixture (PC and PC+Se groups) showed reduced
blood glucose levels accompanied by high levels of lactate (Fig. 3c). Results suggest that the
combination of these contaminants or some of its components, individually or synergically,
somehow affects mitochondrial functioning and its ability to generate ATP (Genchi et al.
2020, Ghosh et al. 2016, Hosseini et al. 2013, Thai et al. 2021), and forces cell metabolism
into Warburg effect, i.e., coupling lactic fermentation to a high rate of aerobic glycolysis (Fu
et al. 2017, Gwangwa et al. 2018). Under these metabolic circumstances, glycogen is

catabolized to fuel glycolysis, in agreement with the images shown in Fig. 2. This metabolic

17



reprogramming has been described for metals such as As (Hu et al. 2020) and drugs like

DCF (Yang et al. 2021).

No significant changes in total protein levels were observed (Fig. 3c), but all animals
exposed to the contaminant cocktail showed >30% reduction in albumin levels (Fig. 3d).
Albumin is synthesized by the liver and rapidly excreted into the bloodstream, where it is
one of the most abundant proteins. Albumin is vital for normal physiological and
pharmacological responses, including the maintenance of vascular permeability and the
transport of various molecules. Its high Cys-residues content gives this protein an important
antioxidant function, so a reduction in its levels may act as a contributing factor in the
development of several diseases related to OS, including liver disease, diabetes, and even
cancer (Levitt &Levitt 2016). All components of PC have been individually associated with
kidney damage (Chang &Singh 2019, Dhanvijay et al. 2013, Hazelhoff et al. 2021,
Rodriguez-Lo6pez et al. 2020). Data in Fig. 3d show that PC exposure elevated plasma levels
of creatinine (>50%) and urea (>200%), two markers widely used in the clinic for the
determination of renal damage. The presence of Se in the diet of mice partially prevented

the effect of PC (Li et al. 2020).

In summary, the analysis of plasma biochemical parameters indicates that mice
exposed to PC suffered hepatic and renal damage. In the case of the liver, PC exposure
probably impairs the correct functioning of the respiratory chain, forcing the cell to adapt its
metabolism to obtain ATP by other mechanisms (aerobic glycolysis coupled to lactate
fermentation). Selenium partially counteracted the effect of PC on most biochemical
parameters, which is consistent with the ability of this trace element to act as an antioxidant
and to regulate metabolism directly or through modulation of gut microbiota

composition (Gao et al. 2021, Parra-Martinez et al. 2022, Qiao et al. 2022, Tang et al. 2020).
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3.5. Effect of PC exposure over the expression level of hepatic genes

The mechanisms of toxicity of the individual components of the pollutant mixture used
in this study are complex and not fully understood to date. Numerous reports indicate that
some elements (As) act by replacing phosphate in certain reactions (Hu et al. 2020); others
(As, Hg, Cd) may interact with the thiol groups of proteins, inactivating them (Hu et al. 2020,
Renu et al. 2021) and all of them (metals, DCF, FLQ) generate reactive oxygen species
(ROS), inflammation, and various epigenetic and metabolic alterations (Kashida et al. 2006,

Owumi &Dim 2019b, Renu et al. 2021).

The results shown in the previous sections suggested damages in the hepatocytes of
mice exposed to PC that result in changes in glucose, lipids, and BA metabolism. To verify
these hypotheses and gain deep insight into the molecular mechanisms underlying these
observations, an absolute quantitative determination by gRT-PCR of some of the transcripts
of genes involved in the different pathways mentioned above was performed. Gene
expression profiles provide valuable information on the coordinated functioning of genes in
response to different environmental, physiological, and pathological variables (Hazzalin
&Mahadevan 2002). To date, the quantitative variant of the reverse transcriptase-polymerase
chain reaction (QRT-PCR) is considered the gold standard for accurate, sensitive, and fast
measurement of gene expression at the transcriptional level (Carter et al. 2020, Costa-Silva
etal. 2017). The absolute quantitative reverse transcription polymerase chain reaction (qRT-
PCR) relates the PCR signal to the transcript copy number by using a calibration curve
obtained under identical conditions. This method exempts the use of reference genes, but
places extreme demands on the quality of the RNA used and the amplification efficiency
(Pfaffl 2006). In this work, we only employed RNAs with RIN (Schroeder et al. 2006) values
higher than 8.5, with Azs0/A2s0 ratios close to 2 and free of genomic DNA or proteins. All

primers used (Suppl. Table 2) generated a single amplicon of the expected size with
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efficiencies close to 100% within a range of 5-7 orders of magnitude, further demonstrating

the absence of polymerase inhibitors in the samples.

3.5.1. PC modulates the antioxidant response mediated by NRF2

Since oxidative damage and/or interaction with thiol groups are involved in the
mechanisms of toxicity of all PC single components, we analyzed the induction of the NRF2
antioxidant response by quantifying the expression levels of some genes included in this
regulon. The transcription factor NRF2 (nuclear factor erythroid 2-related factor 2) is known
to be one of the most important regulators of the cellular response to both OS and xenobiotic
exposure, and recent studies have identified new functions of NRF2 including the regulation
of inflammation, autophagy, metabolism or global proteostasis (He et al. 2020, Liu et al.
2022). The function of NFR2 is tightly regulated, as are the genes under its control, including
proteins with antioxidant ability as metallothioneins (MT) and antioxidant enzymes such as
heme oxygenase (HO-1, encoded by the Hmox1l gene), superoxide dismutases (SOD),
catalase (CAT); peroxiredoxins (PRDX), some biotransforming enzymes both phase I (e.g.,
cytochrome P450 oxidoreductases, CYPs) and phase Il (e.g., glutathione S-transferases,
GSTs), as well as a set of subsidiary enzymes that generate reducing power for these redox
reactions, such as those involved in glutathione or NADPH biosynthesis (e.g., glucose 6-
phosphate dehydrogenase, G6PD) (He et al. 2020, Ma 2013). Fig. 4 shows the expression,
at both the transcriptional and the activity levels, of some NRF2-regulated genes in mice
exposed to PC under the different experimental conditions used here and compared with

mice in the control group.

20



(Transcript molecules/pg total RNA]

0 Hmox1 12 0 Mt1 12000 0 Mt2 6000
. . = , e . ,
I o [ [ i
@o Sod1 1000 0 Sod2 140 0 Cas1 1800
i ' TR —r | —%
0 Gpx1 1500 0 Gpx3 4 Gpx4 400
'| ' ) ' S — '
1 control
. . . PC
[Enzyme activity (U/mg total protein) g PC+Se
(), SOD 1w o CAT & o GPX
T i 5 | T '
- T D o

Fig. 4 Exposure to PC change the expression of several genes controlled by NRF2. See
the legend in Fig. 3 for the meaning of the letters and asterisks.

Hmox1, Mtl and Mt2. The abundance of hepatic Hmox1, Mtl, and Mt2 transcripts
increased significantly in response to PC (Fig. 4a), indicating the activation of the NRF2
antioxidative pathway. HO-1, the product of Hmox1 gene, is a potent antioxidant enzyme
regulated by NRF2 that catabolizes the degradation of the heme group released from its host
proteins by oxidative protein damage and is highly cytotoxic because its iron atom may
catalyze the Fenton reaction, producing free radicals, thus worsening the stress condition
[reviewed in (Liu et al. 2022)]. Heme catabolism by HO-1 generates carbon monoxide,
biliverdin, and free iron, each exerting, in some way, antioxidative and anti-inflammatory

functions responsible for the protective properties attributed to HO-1 against OS and a wide
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range of diseases, including neurodegenerative, metabolic, inflammatory diseases and
cancer (Consoli et al. 2021, Ryter 2022). The increase observed for Hmox1 transcripts is in
agreement with those described in other works in which some of the contaminants used in
this study were administered separately: As (Wang et al. 2019), Cd (Ashino et al. 2003), Hg
(Amara et al. 2013) or DCF (Cantoni et al. 2003). Selenite has been reported to reduce (Abo
El-Magd et al. 2022) or not affect the Hmox1 expression (Wolfram et al. 2021). Accordingly,
we found that the presence of a Se-supplement in the mice diet did not significantly modify

the transcript levels of the Hmox1 gene (Fig. 4a).

Metallothioneins (MT) are small, ubiquitous proteins with a high cysteine content,
transcriptionally regulated by NRF2 and with an important role in the regulation of the
homeostasis of essential metals (e.g., Zn and Cu) and in the defense against heavy metals
(e.g., Cd or As) and against oxidative damage through free radical scavenging (Bensellam
etal. 2021, Dai et al. 2021, Nordberg &Nordberg 2022). The Mt1 and Mt2 genes encode for
metallothioneins 1 and 2, respectively. Both genes, highly expressed in mouse liver (Fig. 4a),
with basal levels ~500-900 transcript molecules per pg of total RNA, were significantly
increased (x 8-9-fold) following PC-exposure. Similar results have been described in
animals exposed to metals (Chen et al. 2014, Guerrero-Castilla et al. 2014, Montes-Nieto et
al. 2007) and DCF (Trombini et al. 2019, Trombini et al. 2021). Selenium has been shown
to induce hepatic MT in mice and facilitate the formation of MT complexes with heavy
metals, thus contributing to their detoxification (Buha et al. 2021, He et al. 2021). However,
we detected only slight, non-significant increases in Mtl and Mt2 transcript levels in the
liver of PC+Se mice, probably because the induction of these genes by PC itself was already

excessively high to be further augmented.

Sod, Cas and Gpx. The endogenous enzymatic antioxidant defense system plays an
important role in protecting cells against oxidative damage. The enzymes superoxide
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dismutase (SOD) and catalase (CAT, encoded by the gene Casl) inactivate, respectively,
superoxide anion (O27) and hydrogen peroxide (H2032), transforming them into water and
oxygen. Glutathione peroxidases (GPX) are also antioxidant enzymes that utilize reduced
glutathione (GSH) to detoxify H202 and lipid peroxides. Induction of the NRF2 response
involves the up-regulation of genes encoding these antioxidant enzymes to counteract the
toxicity of reactive oxygen species (ROS) that damage biomolecules (He et al. 2020). Data
in Fig. 4b demonstrate that PC exposure indeed increased the transcript numbers of Gpx3
(coding the extracellular GPX), but did not affect Sod2 (coding the mitochondrial SOD) and
Gpx4, the gene coding a phospholipid hydroperoxidase protecting cells from lipid
peroxidation (Flohé et al. 2022), and caused the down-regulation of the genes Sod1, Casl
and Gpx1, encoding the major isoforms of these enzymes in mouse liver cells. Data in Fig.
4c¢ shown that PC exposure inhibited CAT and GPX activities, in addition to diminish their
gene expression. The slight differences between the two approaches (QRT-PCR versus
enzyme activity quantification) may be explained by the unequal effect of PC on the
transcript amounts of the different isozymes, which, in contrast, were globally measured in

the enzyme activity assay.

These results support our previous proteomic study (Huertas-Abril et al. 2023) and
suggest that the excess of reducing equivalents resulting from continuous activation of the
NRF2-antioxidative response elicited by the PC components may have led to a situation of
RS in the cell (Bellezza et al. 2018, Ma et al. 2020, Perez-Torres et al. 2017, Wufuer et al.
2022). Furthermore, they demonstrated that the impairment of the antioxidant response in
PC-exposed cells results from a decreased abundance of both antioxidant transcripts and

proteins, as well as a reduced enzymatic activity.

Supplementation of the diet with Se somewhat diminished the inhibitory effect of PC
on-SOb-and GPX activity, although it decreased the expression of Sodl, Casl, Gpx1 and
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Gpx4 (Fig. 4b and c). The effect of the Se-enriched diet on the levels of the three analyzed
GPX isoforms was, again, striking given that they are all selenoproteins whose abundance
and functionality depend on the presence of Se forming part of the cysteines (SeCys) of their
active sites (Minich 2022, Ye et al. 2022). However, although the underlying mechanisms
are not fully understood, it is accepted a "hierarchical” regulation of selenoprotein expression
by Se, resulting in "housekeeping™ members (i.e., Gpx1, Gpx4) being held constant at the
expense of "stress-regulated” members (i.e., Gpx3) that respond to changes in Se level

(Touat-Hamici et al. 2018). Our data would confirm this Se hierarchy.

The cell redox status in the liver of PC-exposed mice. The results in Fig. 4b-c indicate
that PC exposure deprives the cell of its main ROS detoxification mechanisms (e.g., SOD4Z,
CAT, GPX1,-GPX4). The ability of heavy metals present in PC to bind to proteins, including
transcription factors, and to impair their function is well known [e.g., (Ajsuvakova et al.
2020, Shen et al. 2013)]. The observed effects could also be due to the presence of DCF in
PC, as this drug has been repeatedly described to reduce the expression of these antioxidant
enzymes in several aquatic animals and rats (Owumi &Dim 2019b, Trombini et al. 2019,
Zhang et al. 2021), although the underlying molecular mechanisms remain to be unraveled.
In the above, we suggest the possibility that the cell has entered a situation of RS attempting
to mitigate the damage caused by the initiation of the antioxidant response elicited by PC
exposure (Ma et al. 2020, Perez-Torres et al. 2017). This RS may occur in response to
conditions in which reduced forms of important biological redox pairs, such as
NAD*/NADH, NADP* /NADPH and GSH/GSSG, predominate (Ma et al. 2020, Manford et
al. 2021, Manford et al. 2020, Perez-Torres et al. 2017, Wufuer et al. 2022, Xiao &L oscalz
2020). To evaluate the redox status in the liver of PC exposed mice we quantified the

malondialdehyde (TBARS/MDA) levels and the activity of the enzyme glucose 6-phosphate
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dehydrogenase (G6PD) as well as the concentration of NADPH, as markers of a putative RS

situation.

Lipids are primary targets of oxygen free radical attack and quantification of lipid
peroxidation is commonly used to define the magnitude of OS in the cell. By using the
thiobarbituric acid reactive substance (TBARS) assay, one of the most frequently used
methods to assess lipid peroxidation that quantifies TBARS/MDA, we found that PC
exposure reduced the oxidation state of liver cells by 41% compared to the control (Fig.5).
These results reinforce the hypothesis that the cell has tried to mitigate the extreme OS
elicited by the components of the PC by generating an excess of reducing equivalents driving
the cell to RS (Bellezza et al. 2018, Ma et al. 2020, Manford et al. 2021, Perez-Torres et al.

2017, Wufuer et al. 2022).
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Fig. 5 Exposure to PC changes the redox state of cells in mouse liver. See the legend in Fig. 3 for the
meaning of the letters and asterisks

The functioning of GPX and other antioxidant enzymes depends on the level of GSH
which, in turn, depends on the presence of NADPH. Therefore, we tested the effect of PC
exposure on the activity of G6PD, the first enzyme of the pentose phosphate pathway (PPP)
that diverts glucose from glycolysis to NADPH generation. Figure 5 shows that all PC-
exposed mice had elevated levels of this enzyme, probably signifying an excess of NADPH

in the cell. To assess this point, we measured the amount of NADPH in the hepatic cells of
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mice under the different experimental conditions. In agreement with the G6PD activity, we
found increased levels of NADPH without changes in the level of total NADP/NADPH, in
the liver of PC-exposed mice. Such an excess of reducing equivalents could have been
triggered in response to oxidative stress leading to a modification of the Cys residues of the
NRF2 inhibitor KEAP1. The response will deplete ROS below levels required to achieve
redox signaling resulting in expected reductions in TBARS/MDA (Fig.5) (Bellezza et al.
2018, Wufuer et al. 2022). At least the metals components of the PC, Hg, As ad Cd, are
proven modifiers of Cys residues in KEAP1, triggering the persistent activation of NRF2
(Buha et al. 2021, Suzuki &Yamamoto 2017) that modifies the cellular signaling pathways
and the transcriptional activity, induces alterations in the formation of disulfide bonds in
proteins and affects cellular metabolism (Bellezza et al. 2020, Okazaki et al. 2020). Figure 5a
demonstrates the protective character of selenite, as TBARS/MDA levels were less affected
in the liver of mice fed the Se-enriched diet and the NADPH levels were less deviated from
basal values. The results discussed above, obtained at the transcriptional level, completely
align with data of our previous proteomic study (Huertas-Abril et al. 2023) and the induction

of reductive stress in hepatic cells exposed to PC.

3.5.2. Alteration of carbohydrate metabolism in the liver of PC exposed mice

Biochemical parameters shown in Fig. 3 showed reduced blood glucose levels, and
high levels of lactate in all PC mice groups, which suggested cells glucose metabolism
shifting from respiration to aerobic glycolysis coupled to lactic fermentation. From the
results in Fig. 5, we proposed that PC exposure caused RS, compelling the cells to adopt a
highly specialized metabolism favoring the synthesis of reducing equivalents that are
essential for the cellular antioxidant and detoxification capacities (Okazaki et al. 2020). To

study the effect of PC exposure on the glycolytic pathway we analyzed the expression of the
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genes Pfkl (phosphofructokinase 1), the principal regulator enzyme of glycolysis that
converts fructose 6-phosphate to fructose 1,6-bisphosphate; Gapdh (glyceraldehyde 3-
phosphate dehydrogenase), which catalyzes the phosphorylation and oxidation of

glyceraldehyde 3-phosphate to 1,3-bis-phosphoglycerate; and Pk (pyruvate kinase), the

enzyme that catalyzes the last irreversible step of glycolysis, converting

phosphoenolpyruvate to pyruvate. The data in Fig. 6a show that PC exposure caused an
unequal effect on the expression of the three genes analyzed. Pfkl transcripts were

significantly increased in PC mice, whereas Gapdh and Pk transcripts amount diminished.
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Fig. 6 Exposure to PC modifies glucose and lipid metabolism in the liver of mice. See the legend in Fig. 3
for the meaning of the letters and asterisks. Abbrev: tCHO: total cholesterol; fCHO: free cholesterol;

tBA: total bile acids

The increase in Pfkl expression has been linked to aerobic glycolysis and its up-

regulation is indicative of constitutive activation of NRF2 (He et al. 2020). In addition, PK
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and GAPDH, which constitute important checkpoints of glucose flux between PPP and
glycolysis, have been described to be inhibited at the gene and metabolic level in the shunting
of glucose to PPP (Stincone et al. 2015). GAPDH activity reduction in PC cells would also
favor the synthesis of serine/glycine from the glycolytic intermediates 3-phosphoglycerate,
another factor indicative of persistent activation of NRF2 (Okazaki et al. 2020) and reductive
stress generation. Se enrichment of the diet during PC exposure helped to maintain the Pfk1
transcripts at control levels but increased the effect of PC over Gapdh and Pk (Fig. 6a). A
similar effect was described in murine macrophages and would contribute to restoring cell

respiration (Korwar et al. 2021).

In agreement with several recent reports (Jyothidasan et al. 2022, Shanmugam et al.
2017), our results come to show that reducing stress negatively affects some of the NRF2-
regulated genes but not others additionally influenced by other compensatory transcriptional

regulatory mechanism.

3.5.3. PC exposure impairs cholesterol and bile acids metabolism and trafficking in

mice liver.

The analysis of the biochemical parameters (Fig. 3) indicated only small changes in the
levels of CHO but increased amounts of BA in the plasma of PC-exposed mice. To evaluate
how PC exposure affected the hepatic synthesis of these metabolites we quantified the
expression of two cholesterogenesis-related genes, Srebf2 and HmgcR, and four genes
implied in the synthesis (Cyp7Al, Cyp27A1) and trafficking (Oatp1Al, Bsep) of BA in the
liver. Data in Fig. 6b show that PC exposure caused increased transcription of HmgcR, the
gene coding for hydroxymethyl glutaryl coenzyme A reductase that is the key enzyme in
cholesterol biosynthesis, as well as of its regulator Srebf2 (sterol regulatory element binding

protein-2), a main regulator of CHO synthesis and uptake (Lefebvre &Staels 2015). The up-
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regulation of both genes is consistent with the higher amount of total and free CHO detected
in the liver of PC mice (Fig. 6¢) and has been described as a specific feature of non-alcoholic

fatty liver diseases (NAFLD) (Malhotra et al. 2020).

Cholesterol is largely converted into BA in the liver, mainly via two pathways. The
canonical pathway depends on the activity of CYP7AT1 (cholesterol 7a-hydroxylase the first
enzyme of the pathway). The alternative, mitochondrial, pathway is mediated by CYP27A1
(sterol 27-hydroxylase encoding sterol 26-hydroxylase, the first enzyme of the mitochondrial
pathway) and depends on CHO entry through the inner membrane of mitochondria (Sarenac
&Mikov 2018). Gene expression analysis indicated that PC treatment inhibited both the
canonical (represented by Cyp7Al) and the alternative (represented by Cyp27A1l) pathways
(Fig. 6b). Hence, we conclude that the increased CHO levels observed in PC mice (Fig. 6¢)
are caused by the sum of increased de novo synthesis of CHO and its reduced catabolism to
BA. However, we found increased levels of BA in both the plasma (Fig. 3) and the liver
(Fig. 6¢) of PC-exposed mice. Bile acids newly synthetized in the liver (primary BA) are
excreted, mainly as taurine and glycine conjugates, into the bile canaliculi through the bile
salt export pump (BSEP) and then into the intestinal tract, where they are deconjugated and
transformed by gut microbiota (GM) into new BA (secondary BA). Conjugated and
unconjugated BA are reabsorbed by the intestine and effluxed to the portal circulation, which
leads them back to the hepatocytes. The sodium taurocholate cotransporter polypeptide
(NTCP) or the organic anion transporter (OATP) extracts the majority of BA from the blood
into the liver (Katafuchi &Makishima 2022). A marked decrease in the expression levels of
genes encoding the OATP and BSEP transporters was also observed in the livers of PC mice.
Therefore, our data demonstrate that the high levels of BA in the plasma and the liver of
these mice would be a consequence of decreased expression of both transporters. This could

give rise to a situation of cholestasis, with accumulation of primary BA (synthesized in the
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liver) but not secondary BA (synthesized by the GM) (Han 2018) resulting in differential
regulation of the various factors involved in the synthesis of these metabolites. Besides the
increase in CHO synthesis, changes in the pathways involved in the elimination of CHO
were also noted in patients with non-alcoholic fatty liver disease (NAFLD). These changes
included reduced BA synthesis from CHO as well as a decrease in the expression of
transporters responsible for its excretion [reviewed in (Malhotra et al. 2020)]. Hence, our
data indicated that PC exposure might generate NAFLD. The presence of Se in the diet
reduced CHO synthesis and alleviate the accumulation of BA in the liver, so reducing the
possibility of NAFLD disease, in agreement with data in the literature [e.g., (Reja et al.

2020)].

4. Conclusions

The data presented here suggest that the effects on the mouse liver of exposure to
mixtures of common environmental contaminants differ from those described in the
literature for their individual components. Mouse survival was 83% despite the use of doses
of each PC component well below their respective LD50 values. This indicates an interaction
between the PC components that enhanced individual lethality. PC exposure resulted in
decreased body weight of mice, suggesting changes in energy metabolism and/or
composition of gut microbiota that could hinder digestion and nutrient assimilation. Altered
energy metabolism may be caused by the liver damage revealed by histopathological
analysis and measurement of blood biochemical parameters. And this liver damage may well
be the consequence of a level of oxidative damage that would exceed the antioxidant capacity
of the cells. To counteract the severe oxidative stress caused by PC, cells produce an excess
of reducing equivalents. This results in reductive stress. Under this situation, the liver must
adjust its metabolism to glucose fermentation because the excess of reducing equivalents
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impairs the mitochondrial activity and hinder the normal trafficking of metabolites, such as
cholesterol and bile acids, between organs. Given that these processes have been linked to
metabolic and inflammatory disorders, as well as cancerous and neurodegenerative
processes, our findings suggest that unintended exposure to these mixtures of metals and
pharmaceuticals, possibly through food and water, could be the cause of numerous human
health issues. Fortunately, the addition of selenium supplements at a low dose offers

protective effects against the hepatotoxicity triggered by the mixture of pollutants.

31



5. References

Abo EI-Magd NF, Barbosa PO, Nick J, Covalero V, Grignetti G, Bermano G (2022): Selenium, as selenite, prevents
adipogenesis by modulating selenoproteins gene expression and oxidative stress—related genes. Nutrition 93, 111424

Ajsuvakova OP, Tinkov AA, Aschner M, Rocha JBT, Michalke B, Skalnaya MG, Skalny AV, Butnariu M, Dadar M, Sarac
I, Aaseth J, Bjgrklund G (2020): Sulfhydryl groups as targets of mercury toxicity. Coordination Chemistry Reviews
417, 213343

Amara IEA, Anwar-Mohamed A, Abdelhamid G, El-Kadi AOS (2013): Mercury modulates the cytochrome P450 1al, 1a2
and 1b1 in C57BL/6J mice: in vivo and in vitro studies. Toxicology and Applied Pharmacology 266, 419-429

Avrias-Borrego A, Selma-Royo M, Collado MC, Abril N, Garcia-Barrera T (2022): Impact of "chemical cocktails" exposure
in shaping mice gut microbiota and the role of selenium supplementation combining metallomics, metabolomics, and
metataxonomics. J Hazard Mater 438, 129444

Ashino T, Ozawa S, Numazawa S, Yoshida T (2003): Tissue-dependent induction of heme oxygenase-1 and
metallothionein-1/2 by methyl methanesulfonate. The Journal of toxicological sciences 28, 181-9

Assefa S, Kéhler G (2020): Intestinal microbiome and metal toxicity. Current Opinion in Toxicology 19, 21-27

Bao R-k, Zheng S-f, Wang X-y (2017): Selenium protects against cadmium-induced kidney apoptosis in chickens by
activating the PI3K/AKT/Bcl-2 signaling pathway. Environ. Sci. Pollut. Res. 24, 20342-20353

Beers RF, Jr., Sizer IW (1952): A spectrophotometric method for measuring the breakdown of hydrogen peroxide by
catalase. J Biol Chem 195, 133-40

Bellezza I, Giambanco I, Minelli A, Donato R (2018): Nrf2-Keap1 signaling in oxidative and reductive stress. Biochimica
et Biophysica Acta (BBA) - Molecular Cell Research 1865, 721-733

Bellezza I, Riuzzi F, Chiappalupi S, Arcuri C, Giambanco I, Sorci G, Donato R (2020): Reductive stress in striated muscle
cells. Cellular and molecular life sciences : CMLS 77, 3547-3565

Bensellam M, Laybutt DR, Jonas JC (2021): Emerging Roles of Metallothioneins in Beta Cell Pathophysiology: Beyond
and Above Metal Homeostasis and Antioxidant Response. Biology 10

Bradford MM (1976): A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Analytical biochemistry 72, 248-54

Buha A, Barali¢ K, Djukic-Cosic D, Bulat Z, Tinkov A, Panieri E, Saso L (2021): The Role of Toxic Metals and Metalloids
in Nrf2 Signaling. Antioxidants (Basel, Switzerland) 10

Cantoni L, Valaperta R, Ponsoda X, Castell JV, Barelli D, Rizzardini M, Mangolini A, Hauri L, Villa P (2003): Induction
of hepatic heme oxygenase-1 by diclofenac in rodents: role of oxidative stress and cytochrome P-450 activity. J Hepatol
38, 776-83

Carneiro MFH, Barcelos GRM, Barbosa F, Jr., Adeyemi J, Gobe G (2018): Metal and Metalloid-Induced Oxidative
Damage: Biological Importance of Potential Antioxidants. Oxid Med Cell Longev 2018, 3586071

Carter LJ, Garner LV, Smoot JW, Li Y, Zhou Q, Saveson CJ, Sasso JM, Gregg AC, Soares DJ, Beskid TR, Jervey SR, Liu
C (2020): Assay Techniques and Test Development for COVID-19 Diagnosis. ACS central science 6, 591-605

Chang YW, Singh KP (2019): Arsenic induces fibrogenic changes in human kidney epithelial cells potentially through
epigenetic alterations in DNA methylation. Journal of cellular physiology 234, 4713-4725

Chatgilialoglu C, Ferreri C (2021): Reductive Stress of Sulfur-Containing Amino Acids within Proteins and Implication of
Tandem Protein-Lipid Damage. Int J Mol Sci 22

Chen L, MaL, Bai Q, Zhu X, Zhang J, Wei Q, Li D, Gao C, Li J, Zhang Z, Liu C, He Z, Zeng X, Zhang A, Qu W, Zhuang
Z, Chen W, Xiao Y (2014): Heavy metal-induced metallothionein expression is regulated by specific protein
phosphatase 2A complexes. The Journal of biological chemistry 289, 22413-22426

Chormare R, Kumar MA (2022): Environmental health and risk assessment metrics with special mention to biotransfer,
bioaccumulation and biomagnification of environmental pollutants. Chemosphere 302, 134836

Chu KA, Lai RS, Lee CH, Lu JY, Chang HC, Chiang HT (1999): Intrathoracic extramedullary haematopoiesis complicated
by massive haemothorax in alpha-thalassaemia. Thorax 54, 466-8

Claus SP, Guillou H, Ellero-Simatos S (2016): The gut microbiota: a major player in the toxicity of environmental
pollutants? NPJ Biofilms Microbiomes 2, 16003

Consoli V, Sorrenti V, Grosso S, Vanella L (2021): Heme Oxygenase-1 Signaling and Redox Homeostasis in
Physiopathological Conditions. Biomolecules 11

32



Costa-Mattioli M, Walter P (2020): The integrated stress response: From mechanism to disease. Science 368, eaat5314

Costa-Silva J, Domingues D, Lopes FM (2017): RNA-Seq differential expression analysis: An extended review and a
software tool. PLoS One 12, 0190152

Curcelli EC, Muller SS, Novelli Filho JLVB (2008): Beneficial effects of diclofenac therapy on serum lipids, oxidized low-
density lipoprotein and antioxidant defenses in rats. Life Sciences 82, 892-898

Dai H, Wang L, Li L, Huang Z, Ye L (2021): Metallothionein 1: A New Spotlight on Inflammatory Diseases. Frontiers in
immunology 12, 739918

den Besten G, van Eunen K, Groen AK, Venema K, Reijngoud D-J, Bakker BM (2013): The role of short-chain fatty acids
in the interplay between diet, gut microbiota, and host energy metabolism. J Lipid Res 54, 2325-2340

Dhanvijay P, Misra AK, Varma SK (2013): Diclofenac induced acute renal failure in a decompensated elderly patient.
Journal of pharmacology & pharmacotherapeutics 4, 155-7

Di Gregorio I, Busiello R, Burgos-Aceves M, Lepretti M, Paolella G, Barletta A (2019): Environmental Pollutants Effect
on Brown Adipose Tissue. Frontiers in physiology 9, 1891

Duan H, Yu L, Tian F, Zhai Q, Fan L, Chen W (2020): Gut microbiota: A target for heavy metal toxicity and a probiotic
protective strategy. Science of The Total Environment 742, 140429

Elbaz EM, Ahmed KA, Abdelmonem M (2022): Resveratrol mitigates diclofenac-induced hepatorenal toxicity in rats via
modulation of miR-144/Nrf2/GSH axis. Journal of biochemical and molecular toxicology n/a, €23129

Fan R-F, Liu J-X, Yan Y-X, Wang L, Wang Z-Y (2020): Selenium relieves oxidative stress, inflammation, and apoptosis
within spleen of chicken exposed to mercuric chloride. Poult Sci 99, 5430-5439

Fekadu S, Alemayehu E, Dewil R, Van der Bruggen B (2019): Pharmaceuticals in freshwater aquatic environments: A
comparison of the African and European challenge. Science of the total Environment 654, 324-337

Fiati Kenston SS, Su H, Li Z, Kong L, Wang Y, Song X, Gu Y, Barber T, Aldinger J, Hua Q, Li Z, Ding M, Zhao J, Lin X
(2018): The systemic toxicity of heavy metal mixtures in rats. Toxicology research 7, 396-407

Flohé L, Gimzler WA (1984): Assays of Glutathione Peroxidase. Methods Enzymol 105, 114-20

Flohé L, Toppo S, Orian L (2022): The glutathione peroxidase family: Discoveries and mechanism. Free Radical Biology
and Medicine 187, 113-122

FuY, LiuS§, Yin S, Niu W, Xiong W, Tan M, Li G, Zhou M (2017): The reverse Warburg effect is likely to be an Achilles’
heel of cancer that can be exploited for cancer therapy. Oncotarget 8

Gan TJ (2010): Diclofenac: an update on its mechanism of action and safety profile. Current medical research and opinion
26,1715-31

Gao P-C, Chu J-H, Chen X-W, Li L-X, Fan R-F (2021): Selenium alleviates mercury chloride-induced liver injury by
regulating mitochondrial dynamics to inhibit the crosstalk between energy metabolism disorder and NF-kB/NLRP3
inflammasome-mediated inflammation. Ecotoxicology and Environmental Safety 228, 113018

Garcia-Sevillano MA, Garcia-Barrera T, Navarro F, Gomez-Ariza JL (2013): Analysis of the biological response of mouse
liver (Mus musculus) exposed to As203 based on integrated -omics approaches. Metallomics 5, 1644-1655

Garcia-Sevillano MA, Garcia-Barrera T, Navarro F, Gomez-Ariza JL (2014a): Cadmium toxicity in Mus musculus mice
based on a metallomic study. Antagonistic interaction between Se and Cd in the bloodstream. Metallomics 6, 672-81

Garcia-Sevillano MA, Garcia-Barrera T, Navarro-Roldan F, Montero-Lobato Z, Gémez-Ariza JL (2014b): A combination
of metallomics and metabolomics studies to evaluate the effects of metal interactions in mammals. Application to Mus
musculus mice under arsenic/cadmium exposure. J Proteomics 104, 66-79

Genchi G, Sinicropi M, Lauria G, Carocci A, Catalano A (2020): The Effects of Cadmium Toxicity. Int J Environ Res
Public Health 17, 3782

Ghosh R, Goswami SK, Feitoza L, Hammock B, Gomes AV (2016): Diclofenac induces proteasome and mitochondrial
dysfunction in murine cardiomyocytes and hearts. International journal of cardiology 223, 923-935

Gonzélez-Gaya B, Garcia-Bueno N, Buelow E, Marin A, Rico A (2022): Effects of aquaculture waste feeds and antibiotics
on marine benthic ecosystems in the Mediterranean Sea. Science of The Total Environment 806, 151190

Gonzalez N, Marques M, Nadal M, Domingo JL (2019): Occurrence of environmental pollutants in foodstuffs: A review
of organic vs. conventional food. Food and Chemical Toxicology 125, 370-375

33



Guerrero-Castilla A, Olivero-Verbel J, Marrugo-Negrete J (2014): Heavy metals in wild house mice from coal-mining
areas of Colombia and expression of genes related to oxidative stress, DNA damage and exposure to metals. Mutation
research. Genetic toxicology and environmental mutagenesis 762, 24-9

Gwangwa MV, Joubert AM, Visagie MH (2018): Crosstalk between the Warburg effect, redox regulation and autophagy
induction in tumourigenesis. Cellular & molecular biology letters 23, 20

Han C (2018): Update on FXR Biology: Promising Therapeutic Target? Int J Mol Sci 19, 2069

Hazelhoff MH, Torres AM (2018): Gender differences in mercury-induced hepatotoxicity: Potential mechanisms.
Chemosphere 202, 330-338

Hazelhoff MH, Bulacio RP, Torres AM (2021): Trimetazidine Protects from Mercury-Induced Kidney Injury.
Pharmacology 106, 332-340

Hazzalin CA, Mahadevan LC (2002): MAPK-regulated transcription: a continuously variable gene switch? Nature reviews.
Molecular cell biology 3, 30-40

He BS, Wang J, Liu J, Hu XM (2017): Eco-pharmacovigilance of non-steroidal anti-inflammatory drugs: Necessity and
opportunities. Chemosphere 181, 178-189

He F, Ru X, Wen T (2020): NRF2, a Transcription Factor for Stress Response and Beyond. Int J Mol Sci 21, 4777

He L, Xie H, Bai X, Zhao J, Cui L, Zhang J, Li B, Li Y-F (2021): MALDI-TOF-MS and XAS analysis of complexes
formed by metallothionein with mercury and/or selenium. BioMetals 34, 1353-1363

Heath JC, Banna KM, Reed MN, Pesek EF, Cole N, Li J, Newland MC (2010): Dietary selenium protects against selected
signs of aging and methylmercury exposure. NeuroToxicology 31, 169-179

Hosseini MJ, Shaki F, Ghazi-Khansari M, Pourahmad J (2013): Toxicity of Arsenic (I11) on Isolated Liver Mitochondria:
A New Mechanistic Approach. Iranian journal of pharmaceutical research : 1JPR 12, 121-38

Hu X, Chandler JD, Orr ML, Hao L, Liu K, Uppal K, Go Y-M, Jones DP (2018): Selenium Supplementation Alters Hepatic
Energy and Fatty Acid Metabolism in Mice. The Journal of nutrition 148, 675-684

Hu Y, LiJ, Lou B, Wu R, Wang G, Lu C, Wang H, Pi J, Xu Y (2020): The Role of Reactive Oxygen Species in Arsenic
Toxicity. Biomolecules 10, 240

Hu Y, Xiao T, Zhang A (2021): Associations between and risks of trace elements related to skin and liver damage induced
by arsenic from coal burning. Ecotoxicology and Environmental Safety 208, 111719

Huertas-Abril PV, Jurado J, Prieto-Alamo MJ, Garcia-Barrera T, Abril N (2023): Proteomic analysis of the hepatic response
to a pollutant mixture in mice. The protective action of selenium. The Science of the total environment 903, 166558

Jagadeesan G, Pillai SS (2007): Hepatoprotective effects of taurine against mercury induced toxicity in rats. J Environ Biol
28, 753-756

Jyothidasan A, Sunny S, Murugesan S, Quiles JM, Challa AK, Dalley B, Cinghu SK, Nanda V, Rajasekaran NS (2022):
Transgenic Expression of Nrf2 Induces a Pro-Reductive Stress and Adaptive Cardiac Remodeling in the Mouse. Genes
13

Kang J, Hossain MA, Choi B, Cho JH, Kang SJ, Ku HO, Jeong SH, Kang HG (2018): Toxicological Evaluation of
Flumequine in Pubertal Male Rats After Oral Administration for Six Weeks. Journal of veterinary research 62, 87-96

Kashida Y, Takahashi A, Moto M, Okamura M, Muguruma M, Jin M, Arai K, Mitsumori K (2006): Gene expression
analysis in mice liver on hepatocarcinogenesis by flumequine. Archives of Toxicology 80, 533-539

Katafuchi T, Makishima M (2022): Molecular Basis of Bile Acid-FXR-FGF15/19 Signaling Axis. Int J Mol Sci 23

Kenmochi Y, Takahashi M, Moto M, Muguruma M, Nishimura J, Jin M, Kohno T, Yokouchi Y, Mitsumori K (2007):
Reactive Oxygen Species Are Possibly Involved in the Mechanism of Flumequine-Induced Hepatocarcinogenesis in
Mice. Journal of Toxicologic Pathology 20, 55-64

Korany R, Ahmed K, Halawany H, Ahmed K (2019): EFFECT OF LONG-TERM ARSENIC EXPOSURE ON FEMALE
ALBINO RATS WITH SPECIAL REFERENCE TO THE PROTECTIVE ROLE OF SPIRULINA PLATENSIS.
Exploratory Animal and Medical Research 9

Korge P, Calmettes G, Weiss JN (2015): Increased reactive oxygen species production during reductive stress: The roles
of mitochondrial glutathione and thioredoxin reductases. Biochimica et Biophysica Acta (BBA) - Bioenergetics 1847,
514-525

Korwar AM, Hossain A, Lee T-J, Shay AE, Basrur V, Conlon K, Smith PB, Carlson BA, Salis HM, Patterson AD, Prabhu
KS (2021): Selenium-dependent metabolic reprogramming during inflammation and resolution. Journal of Biological
Chemistry 296

34



Kuras R, Janasik B, Stanislawska M, Wasowicz W (2018): Revision of the reciprocal action of mercury and selenium.
International Journal of Occupational Medicine and Environmental Health 31

Lefebvre P, Staels B (2015): SREBF2-Embedded mir33 Links the Nuclear Bile Acid Receptor FXR to Cholesterol and
Lipoprotein Metabolism. Arteriosclerosis, Thrombosis, and Vascular Biology 35, 748-749

Levitt DG, Levitt MD (2016): Human serum albumin homeostasis: a new look at the roles of synthesis, catabolism, renal
and gastrointestinal excretion, and the clinical value of serum albumin measurements. Int J Gen Med 9, 229-255

Li S, Zhao Q, Zhang K, Sun W, Jia X, Yang Y, Yin J, Tang C, Zhang J (2020): Se deficiency induces renal pathological
changes by regulating selenoprotein expression, disrupting redox balance, and activating inflammation. Metallomics
12, 1576-1584

Li X, Xue X, Jia J, Zou X, Guan Y, Zhu L, Wang Z (2023): Nonsteroidal anti-inflammatory drug diclofenac accelerates
the emergence of antibiotic resistance via mutagenesis. Environmental Pollution 326, 121457

Lin X, Gu Y, Zhou Q, Mao G, Zou B, Zhao J (2016): Combined toxicity of heavy metal mixtures in liver cells. J Appl
Toxicol 36, 1163-72

Liu S, PiJ, Zhang Q (2022): Signal amplification in the KEAP1-NRF2-ARE antioxidant response pathway. Redox Biology
54, 102389

Lohr GW, Waller HD (1974): Glucose-6-phosphate dehydrogenase. Methods Enzymol Anal 2, 636-43

Lopez-Pacheco 1Y, Silva-Nufez A, Salinas-Salazar C, Arévalo-Gallegos A, Lizarazo-Holguin LA, Barcel6 D, Igbal HMN,
Parra-Saldivar R (2019): Anthropogenic contaminants of high concern: Existence in water resources and their adverse
effects. The Science of the total environment 690, 1068-1088

Ma Q (2013): Role of nrf2 in oxidative stress and toxicity. Annual review of pharmacology and toxicology 53, 401-26

Ma WX, Li CY, Tao R, Wang XP, Yan LJ (2020): Reductive Stress-Induced Mitochondrial Dysfunction and
Cardiomyopathy. Oxid Med Cell Longev 2020, 5136957

Malhotra P, Gill RK, Saksena S, Alrefai WA (2020): Disturbances in Cholesterol Homeostasis and Non-alcoholic Fatty
Liver Diseases. Frontiers in medicine 7

Manford AG, Rodriguez-Pérez F, Shih KY, Shi Z, Berdan CA, Choe M, Titov DV, Nomura DK, Rape M (2020): A Cellular
Mechanism to Detect and Alleviate Reductive Stress. Cell 183, 46-61.e21

Manford AG, Mena EL, Shih KY, Gee CL, McMinimy R, Martinez-Gonzalez B, Sherriff R, Lew B, Zoltek M, Rodriguez-
Pérez F, Woldesenbet M, Kuriyan J, Rape M (2021): Structural basis and regulation of the reductive stress response.
Cell 184, 5375-5390.e16

Matejczyk M, Ofman P, Dabrowska K, Swistocka R, Lewandowski W (2020): Synergistic interaction of diclofenac and its
metabolites with selected antibiotics and amygdalin in wastewaters. Environ Res 186, 109511

Matovic V, Buha A, Bulat Z, Dukic-Cosic D (2011): Cadmium toxicity revisited: focus on oxidative stress induction and
interactions with zinc and magnesium. Arh Hig Rada Toksikol 62, 65-76

McCord JM, Fridovich | (1969): Superoxide dismutase. An enzymic function for erythrocuprein (hemocuprein). J Biol
Chem 244, 6049-55

McGill MR (2016): The past and present of serum aminotransferases and the future of liver injury biomarkers. EXCLI J
15, 817-828

Messaoudi I, ElI Heni J, Hammouda F, Said K, Kerkeni A (2009): Protective Effects of Selenium, Zinc, or Their
Combination on Cadmium-Induced Oxidative Stress in Rat Kidney. Biological trace element research 130, 152-161

Mezynska M, Brzoska MM (2019): Review of polyphenol-rich products as potential protective and therapeutic factors
against cadmium hepatotoxicity. J Appl Toxicol 39, 117-145

Minich WB (2022): Selenium Metabolism and Biosynthesis of Selenoproteins in the Human Body. Biochemistry (Moscow)
87, S168-S177

Montes-Nieto R, Fuentes-Almagro CA, Bonilla-Valverde D, Prieto-Alamo MJ, Jurado J, Carrascal M, Gomez-Ariza JL,
Lopez-Barea J, Pueyo C (2007): Proteomics in free-living Mus spretus to monitor terrestrial ecosystems. Proteomics
7,4376-87

Morales-Prieto N, Ruiz-Laguna J, Abril N (2018): Dietary Se supplementation partially restores the REDOX proteomic
map of M. spretus liver exposed to p,p'-DDE. Food and chemical toxicology : an international journal published for the
British Industrial Biological Research Association 114, 292-301

Morris JS, Crane SB (2013): Selenium toxicity from a misformulated dietary supplement, adverse health effects, and the
temporal response in the nail biologic monitor. Nutrients 5, 1024-1057

35



Munthe J, Kindbom K, Parsmo R, Yaramenka K (2019): Technical Background Report to the Global Mercury Assessment
2018. IVL Svenska Miljoinstitutet

Nagpal R, Wang S, Solberg Woods LC, Seshie O, Chung ST, Shively CA, Register TC, Craft S, McClain DA, Yadav H
(2018): Comparative Microbiome Signatures and Short-Chain Fatty Acids in Mouse, Rat, Non-human Primate, and
Human Feces. Frontiers in Microbiology 9

Nilsen E, Smalling KL, Ahrens L, Gros M, Miglioranza KSB, Picd Y, Schoenfuss HL (2019): Critical review: Grand
challenges in assessing the adverse effects of contaminants of emerging concern on aquatic food webs. Environmental
Toxicology and Chemistry 38, 46-60

Nordberg M, Nordberg GF (2022): Metallothionein and Cadmium Toxicology-Historical Review and Commentary.
Biomolecules 12

Okazaki K, Papagiannakopoulos T, Motohashi H (2020a): Metabolic features of cancer cells in NRF2 addiction status.
Biophysical Reviews 12, 435-441

Owumi S, Dim U (2019): Biochemical alterations in diclofenac-treated rats: Effect of selenium on oxidative stress,
inflammation, and hematological changes. Toxicology Research and Application 3, 239784731987435

Ozardali 1, Bitiren M, Karakilgik AZ, Zerin M, Aksoy N, Musa D (2004): Effects of selenium on histopathological and
enzymatic changes in experimental liver injury of rats. Experimental and toxicologic pathology : official journal of the
Gesellschaft fur Toxikologische Pathologie 56, 59-64

Parra-Martinez C, Selma-Royo M, Callejon-Leblic B, Collado MC, Abril N, Garcia-Barrera T (2022): Mice brain
metabolomics after the exposure to a "chemical cocktail" and selenium supplementation through the gut-brain axis. J
Hazard Mater 438, 129443

Perez-Torres |, Guarner-Lans V, Rubio-Ruiz ME (2017): Reductive Stress in Inflammation-Associated Diseases and the
Pro-Oxidant Effect of Antioxidant Agents. Int J Mol Sci 18

Peters A, Crane M, Merrington G, Ryan J (2022): Environmental quality standards for diclofenac derived under the
European water framework directive: 2. Avian secondary poisoning. Environmental Sciences Europe 34, 28

Pfaffl M (2006): Real Time PCR (BIOS Advanced Methods). Vol. New York: Taylor & Francis Group

Prieto-Alamo MJ, Cabrera-Luque JM, Pueyo C (2003): Absolute quantitation of normal and ROS-induced patterns of gene
expression: an in vivo real-time PCR study in mice. Gene Expr 11, 23-34

Qiao L, Zhang X, Pi S, Chang J, Dou X, Yan S, Song X, Chen Y, Zeng X, Zhu L, Xu C (2022): Dietary supplementation
with biogenic selenium nanoparticles alleviate oxidative stress-induced intestinal barrier dysfunction. NPJ science of
food 6, 30

Raines AM, Sunde RA (2011): Selenium toxicity but not deficient or super-nutritional selenium status vastly alters the
transcriptome in rodents. BMC genomics 12, 26

Rani A, Kumar A, Lal A, Pant M (2014): Cellular mechanisms of cadmium-induced toxicity: a review. Int J Environ Health
Res 24, 378-99

Rehman K, Fatima F, Waheed I, Akash MSH (2018): Prevalence of exposure of heavy metals and their impact on health
consequences. J Cell Biochem 119, 157-184

Reja M, Makar M, Visaria A, Marino D, Rustgi V (2020): Increased serum selenium levels are associated with reduced
risk of advanced liver fibrosis and all-cause mortality in NAFLD patients: National Health and Nutrition Examination
Survey (NHANES) I11. Annals of Hepatology 19, 635-640

Renu K, Chakraborty R, Myakala H, Koti R, Famurewa AC, Madhyastha H, Vellingiri B, George A, Valsala
Gopalakrishnan A (2021): Molecular mechanism of heavy metals (Lead, Chromium, Arsenic, Mercury, Nickel and
Cadmium) - induced hepatotoxicity — A review. Chemosphere 271, 129735

Rodriguez-L6pez E, Tamayo-Ortiz M, Ariza AC, Ortiz-Panozo E, Deierlein AL, Pantic I, Tolentino MC, Estrada-Gutiérrez
G, Parra-Herndndez S, Espejel-Nufiez A, Téllez-Rojo MM, Wright RO, Sanders AP (2020): Early-Life Dietary
Cadmium Exposure and Kidney Function in 9-Year-Old Children from the PROGRESS Cohort. Toxics 8

Rodriguez-Moro G, Roldan FN, Baya-Arenas R, Arias-Borrego A, Callejon-Leblic B, Gomez-Ariza JL, Garcia-Barrera T
(2020): Metabolic impairments, metal traffic, and dyshomeostasis caused by the antagonistic interaction of cadmium
and selenium using organic and inorganic mass spectrometry. Environ. Sci. Pollut. Res. 27, 1762-1775

Ryter SW (2022): Heme Oxygenase-1: An Anti-Inflammatory Effector in Cardiovascular, Lung, and Related Metabolic
Disorders. Antioxidants 11, 555

Sarenac TM, Mikov M (2018): Bile Acid Synthesis: From Nature to the Chemical Modification and Synthesis and Their
Applications as Drugs and Nutrients. Frontiers in Pharmacology 9

36



Schaefer HR, Dennis S, Fitzpatrick S (2020): Cadmium: Mitigation strategies to reduce dietary exposure. Journal of food
science 85, 260-267

Schroeder A, Mueller O, Stocker S, Salowsky R, Leiber M, Gassmann M, Lightfoot S, Menzel W, Granzow M, Ragg T
(2006): The RIN: an RNA integrity number for assigning integrity values to RNA measurements. BMC Molecular
Biology 7, 3

Shanmugam G, Narasimhan M, Tamowski S, Darley-Usmar V, Rajasekaran NS (2017): Constitutive activation of Nrf2
induces a stable reductive state in the mouse myocardium. Redox Biol 12, 937-945

Shen S, Li XF, Cullen WR, Weinfeld M, Le XC (2013): Arsenic binding to proteins. Chemical reviews 113, 7769-92

Shiek SS, Sajai ST, Dsouza HS (2023): Arsenic-induced toxicity and the ameliorative role of antioxidants and natural
compounds. Journal of biochemical and molecular toxicology 37, e23281

Stincone A, Prigione A, Cramer T, Wamelink MM, Campbell K, Cheung E, Olin-Sandoval V, Griining NM, Kriiger A,
Taugeer Alam M, Keller MA, Breitenbach M, Brindle KM, Rabinowitz JD, Ralser M (2015): The return of metabolism:
biochemistry and physiology of the pentose phosphate pathway. Biological reviews of the Cambridge Philosophical
Society 90, 927-63

Suzuki T, Yamamoto M (2017): Stress-sensing mechanisms and the physiological roles of the Keap1-Nrf2 system during
cellular stress. J Biol Chem 292, 16817-16824

Tang C, Li S, Zhang K, Li J, Han Y, Zhan T, Zhao Q, Guo X, Zhang J (2020): Selenium deficiency-induced redox
imbalance leads to metabolic reprogramming and inflammation in the liver. Redox Biology 36, 101519

Tennyson LE, Averch TD (2017): An update on fluoroquinolones: the emergence of a multisystem toxicity syndrome.
Urology practice 4, 383-387

Thai PN, Ren L, Xu W, Overton J, Timofeyev V, Nader CE, Haddad M, Yang J, Gomes AV, Hammock BD,
Chiamvimonvat N, Sirish P (2021): Chronic Diclofenac Exposure Increases Mitochondrial Oxidative Stress,
Inflammatory Mediators, and Cardiac Dysfunction. Cardiovascular Drugs and Therapy

Thai PN, Ren L, Xu W, Overton J, Timofeyev V, Nader CE, Haddad M, Yang J, Gomes AV, Hammock BD,
Chiamvimonvat N, Sirish P (2023): Chronic Diclofenac Exposure Increases Mitochondrial Oxidative Stress,
Inflammatory Mediators, and Cardiac Dysfunction. Cardiovascular Drugs and Therapy 37, 25-37

Thompson LA, Darwish WS (2019): Environmental Chemical Contaminants in Food: Review of a Global Problem. Journal
of Toxicology 2019, 2345283

Touat-Hamici Z, Bulteau A-L, Bianga J, Jean-Jacques H, Szpunar J, Lobinski R, Chavatte L (2018): Selenium-regulated
hierarchy of human selenoproteome in cancerous and immortalized cells lines. Biochimica et Biophysica Acta (BBA)
- General Subjects 1862, 2493-2505

Trefts E, Gannon M, Wasserman DH (2017): The liver. Current biology : CB 27, R1147-r1151

Trombini C, Hampel M, Blasco J (2019): Assessing the effect of human pharmaceuticals (carbamazepine, diclofenac and
ibuprofen) on the marine clam Ruditapes philippinarum: An integrative and multibiomarker approach. Aquatic
Toxicology 208, 146-156

Trombini C, Kazakova J, Montilla-Lopez A, Fernandez-Cisnal R, Hampel M, Fernandez-Torres R, Bello-Lopez MA, Abril
N, Blasco J (2021): Assessment of pharmaceutical mixture (ibuprofen, ciprofloxacin and flumequine) effects to the
crayfish Procambarus clarkii: A multilevel analysis (biochemical, transcriptional and proteomic approaches).
Environmental Research 200, 111396

Ulusoy E, Eren B (2006): Histological changes of liver glycogen storage in mice (Mus musculus) caused by high-protein
diets. Histol Histopathol 21, 925-30

Ungemach FR, Mueller-Bahrdt D, Abraham G (2006): Guidelines for prudent use of antimicrobials and their implications
on antibiotic usage in veterinary medicine. Int J Med Microbiol 296, 33-38

Wang C, Niu Q, Ma R, Song G, Hu Y, Xu S, Li Y, Wang H, Li S, Ding Y (2019): The Variable Regulatory Effect of
Arsenic on Nrf2 Signaling Pathway in Mouse: a Systematic Review and Meta-analysis. Biological trace element
research 190, 362-383

Wang Y, Meng Q, Qiao H, Jiang H, Sun X (2009): Role of the Spleen in Cyclophosphamide-induced Hematosuppression
and Extramedullary Hematopoiesis in Mice. Archives of Medical Research 40, 249-255

Wilkinson JL, Hooda PS, Barker J, Barton S, Swinden J (2016): Ecotoxic pharmaceuticals, personal care products, and
other emerging contaminants: A review of environmental, receptor-mediated, developmental, and epigenetic toxicity
with discussion of proposed toxicity to humans. Crit Rev Env Sci Tec 46, 336-381

37



Wolfram T, Weidenbach LM, Adolf J, Schwarz M, Schéadel P, Gollowitzer A, Werz O, Koeberle A, Kipp AP, Koeberle
SC (2021): The Trace Element Selenium Is Important for Redox Signaling in Phorbol Ester-Differentiated THP-1
Macrophages. Int J Mol Sci 22

Wufuer R, Fan Z, Yuan J, Zheng Z, Hu S, Sun G, Zhang Y (2022a): Distinct Roles of Nrfl and Nrf2 in Monitoring the
Reductive Stress Response to Dithiothreitol (DTT). Antioxidants (Basel, Switzerland) 11

Xiao W, Loscalz J (2020): Metabolic Responses to Reductive Stress. Antioxidants & redox signaling 32, 1330-1347

Xu Z, Wang Z, Li J-j, Chen C, Zhang P-c, Dong L, Chen J-h, Chen Q, Zhang X-t, Wang Z-I (2013): Protective effects of
selenium on oxidative damage and oxidative stress related gene expression in rat liver under chronic poisoning of
arsenic. Food and Chemical Toxicology 58, 1-7

Yang L, Li J, Li Y, Zhou Y, Wang Z, Zhang D, Liu J, Zhang X (2021): Diclofenac impairs the proliferation and glucose
metabolism of triple-negative breast cancer cells by targeting the c-Myc pathway. Experimental and therapeutic
medicine 21, 584

Ye R, Huang J, Wang Z, Chen Y, Dong Y (2022): The Role and Mechanism of Essential Selenoproteins for Homeostasis.
Antioxidants 11, 973

Zenker A, Cicero MR, Prestinaci F, Bottoni P, Carere M (2014): Bioaccumulation and biomagnification potential of
pharmaceuticals with a focus to the aquatic environment. Journal of Environmental Management 133, 378-387

Zhang Y, Sun K, Li Z, Chai X, Fu X, Kholodkevich S, Kuznetsova T, Chen C, Ren N (2021): Effescts of acute diclofenac
exposure on intestinal histology, antioxidant defense, and microbiota in freshwater crayfish (Procambarus clarkii).
Chemosphere 263, 128130

Zwolak 1 (2020): The Role of Selenium in Arsenic and Cadmium Toxicity: an Updated Review of Scientific Literature.
Biological trace element research 193, 44-63

38



6. Statements and Declarations

6.1. Ethical approval

This work was approved by the Animal Experimentation Ethical Committee of the
University of Cérdoba (UCO), and by the General Direction of Agricultural and Livestock
Production (Regional Government of Andalusia, Ref. 02-01-2019-001) and complied with
the ARRIVE guidelines, the European Community guidelines EU Directive 2010/63/EU for
animal experiments and the Spanish Government Royal Decree 1386/2018. Animal handling

was conducted by qualified staff in the Experimental Animal Facility of the UCO (SAEX).

6.2. Consent to participate and publish

All authors agree with the content of the manuscript, give explicit consent to submit,
obtained consent from the responsible authorities at the Universities of Cordoba and Huelva

and approved the version to be published.

6.3. CRediT authorship contribution statement

PVH-A: Investigation; Formal analysis; Methodology; Data curation; Validation;
Visualization; Writing-original draft; Writing-review & editing. MJP-A: Investigation;
Formal analysis; Methodology; Data curation; Formal analysis; Validation; Visualization;
Writing-original draft; Writing-review & editing. JJ: Formal analysis; Investigation;
Writing-review & editing. JP: Formal analysis; Investigation; Writing-review & editing.
VM-H: Formal analysis; Investigation; Writing-review & editing. TG-B:
Conceptualization; Funding acquisition; Writing-review & editing. NA: Conceptualization;
Data curation; Formal analysis; Investigation; Methodology; Funding acquisition;
Resources; Software; Supervision; Validation; Visualization; Writing-original draft;

Writing-review & editing.

39


https://www.nc3rs.org.uk/arrive-guidelines
https://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm
https://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm

6.4. Fundings

Projects PG2018-096608-B-C21 and PID2021-123073NB-C21 from the Spanish
Ministry of Science and Innovation (MICIN) and Regional Government of Andalusia,
group B10-187. VM-H is supported by the financial fundings of the Regional Government

of Andalusia-FEDER (project P18-RTJ-1956).

6.5. Declaration of competing interest

The authors have no relevant financial or non-financial interests to disclose.

40



1. Figure Captions

Fig. 1 Effect of exposure to PC on survival (a) and bodyweight (b). In each case, the
mean £ SD is represented. Statistical significance of the differences is expressed with
letters: a for comparisons of control mice vs animals in the PC or PC+Se groups
(Dunnett test with the Bonferroni correction); b, for comparison between PC and
PC+Se mice (Student's t-test); and asterisks: * for p<0.05; ** for p<0.01 and *** for
p<0.001.

Fig. 2 Histopathological analysis of hepatic samples. A representative mouse from each
group is shown. The various anomalies found are represented by asterisks (*,
extramedular hematopoietic foci); arrowheads (P, karyomegaly) or arrows (-,

aberrant nuclei)

Fig. 3 Exposure to PC change several biochemical parameters in plasma. In each case,
the mean + SD of three independent technical replicates is represented. Statistical
significance of the differences at the end of the experimental time is expressed with
letters: a, for comparisons of control mice vs animals in the PC or PC+Se groups
(Dunnett test with the Bonferroni correction); b, for comparison between PC and
PC+Se mice (Student's t-test); and asterisks: * for p<0.05; ** for p<0.01 and *** for
p<0.001

Fig. 4 Exposure to PC change the expression of several genes controlled by NRF2. See

the legend in Fig. 3 for the meaning of the letters and asterisks

Fig. 5 Exposure to PC changes the redox state of cells in mouse liver. See the legend in

Fig. 3 for the meaning of the letters and asterisks

Fig. 6 Exposure to PC modifies glucose and lipid metabolism in the liver of mice. See
the legend in Fig. 3 for the meaning of the letters and asterisks. Abbrev: tCHO: total
cholesterol; fCHO: free cholesterol; tBA: total bile acids
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2. Supplementary Information

Supplementary Materials & Methods

Experimental design and sample collection
Histopathological analyses

RNA isolation from liver samples

Primers used to quantify M. musculus liver transcripts.

Real-time gPCR amplification conditions

o o > w b F

Enzyme activity assays.

Supplementary Figures & Tables
Suppl. Figure 1. Experimental design
Suppl. Table 1. Chemical components of the pollutant mixture (PC)

Suppl. Table 2. Primers used for the absolute quantification of transcripts in the

liver of M. musculus.
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Highlights:
e Exposure to a metals/drugs mixture can exceed the antioxidant capacity of cells.
e Cells respond by producing excess reducing equivalents, leading to reductive stress.
e The liver switches to fermenting glucose as mitochondrial activity is impaired.
e Metabolites (cholesterol, bile acids) trafficking between organs is hindered.

e Supplementing the diet with a low dose of selenium ameliorates liver damage.



