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Abstract: Arsenic (As), a well-known ‘traditional” environmental contaminant, and car-
bamazepine (CBZ), an emerging contaminant of a pharmaceutical category, are both fre-
quently detected in the environment and have been shown to exhibit toxicity at exposure
concentrations present in the environment. This study aimed to assess the single and com-
bined exposure effects of these pollutants on the adult common vole (Microtus arvalis L.),
a model mammalian organism. This study assessed As and CBZ accumulation, their bio-
transformation processes, and antioxidant enzyme defence responses after sole and com-
bined exposure. The animals were fed a diet containing either a low (1.25 mg/kg) or high
level (166 mg/kg) of As. Moreover, half of the animals were exposed to CBZ via drinking
water infused with 10 ng/L of CBZ, and the second half had the use of drinking water
devoid of CBZ. The results showed enhanced total As and As species contents in the
organs of the As + CBZ exposure group compared to the As exposure group. High As
exposure in the As + CBZ group did not cause an enhanced uptake of CBZ in the liver
compared to the CBZ exposure group. There was a potential accumulation of CBZ in the
liver of the CBZ exposed groups (CBZ and As + CBZ), raising concerns about potential
toxic effects in mammals from long-term exposure. Glutathione peroxidase (GPx) activ-
ity, reflecting the antioxidant enzyme defence responses against single and co-exposure
of the two pollutants, showed that the CBZ group exhibited comparable activity to the
control group, while the As group had down-regulation and the As + CBZ group had
up-regulation. These findings suggest that the CBZ group experienced minimal oxidative
stress conditions, similar to the control group. The As group showed a rapid adaptation
response to curtail or offset potential oxidative stress tissue damage conditions, compared
to the slow adaptation/response in the As + CBZ group. The findings of this experiment
indicate that the possible interactions of various environmental pollutants could alter the
potential effects of the individual pollutants after a sole exposure. These findings indicate
the necessity of investigating these interactions for better understanding of the potential
risk of these pollutants in real environmental conditions.
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1. Introduction

Emerging contaminants (ECs) or trace pollutants are natural or artificial substances
that are present in the environment at trace concentrations (at nanogram and microgram
per dm? levels in the matrix). At such low concentrations, certain ECs have been scientifi-
cally proven to induce adverse impacts on the environment and cause health damage to
humans and animals. However, the potential negative effects resulting from the presence of
numerous ECs on receptors remain unknown or subject to speculation [1,2]. The presence
of these trace pollutants in the environment has generated growing public attention and
concerns globally, especially among the scientific community in recent decades. This is
because before this period, ECs have been released into the environment unregulated and
unmonitored. Among them, pharmaceuticals such as carbamazepine (CBZ) have been
extensively investigated regarding their potential impact on biological systems.

Carbamazepine is an emerging contaminant of the pharmaceutical category that has gained
notoriety in the scientific literature due to its frequent detection in the environment globally [3,4].
It is mainly used as an antiepileptic medicine, with many non-epileptic uses, including the
treatment of depression, neuropathic pain, mental disorders, alcohol and drug withdrawal
syndrome, diabetes, and restless leg syndrome [5-7]. The wide-ranging therapeutic usage of
CBZ has culminated in its high worldwide consumption of over 1000 tonnes per year [8], and its
massive consumption pattern leads to its continuous release into the environment. Moreover,
this substance is highly refractory to all forms of degradation (physical, biological, and chemical)
in the environment, and its removal from wastewater and sewage sludge treatment processes is
limited, representing <45% for water, and <30% for sewage sludge [9-12].

From a global perspective, CBZ has been quantified (ng/L to pg/L levels) in vari-
ous water resources, including freshwater bodies [4,13,14], marine environments [11,15],
and groundwater [10,16-18]. It has also been detected in drinking water globally [19-21].
In the Czech Republic, CBZ has been detected in drinking and surface waters, where the
highest CBZ levels in drinking water reached up to 18.5 ng/L [22,23].

At environmentally relevant concentrations, the toxic effects of this drug on non-target
terrestrial animals have been speculated. However, few studies have been conducted
to demonstrate its toxicity in model laboratory animals. For example, CBZ contained in
drinking water at environmentally relevant concentrations is reported to have crossed the
biological barriers of pregnant mice to the foetus’s brain, a situation the authors speculated
can induce functional disabilities in the neurological system of the foetus [24]. There is
also empirical scientific evidence that shows impairment of early-stage development in
embryos of chicks exposed to CBZ at concentrations reported in treated wastewater [25].
However, based on a comprehensive literature review, studies to assess bioaccumulation,
metabolic pathways, and potential health risks from exposure to CBZ at subtherapeutic
concentrations in non-target small terrestrial mammals are limited.

Furthermore, thus far, although there have been just a few, these toxicity or risk as-
sessment studies have focused on terrestrial small mammals’ exposure to CBZ alone at
environmental concentrations under laboratory conditions [26]. On the contrary, in their natu-
ral terrestrial environment, these animals are often exposed to mixtures of different pollutants
via food, accidental soil ingestion, and drinking water. Often, soils are contaminated with
a mixture of many different classes/groups of potentially hazardous substances, including
risk elements (REs), polycyclic aromatic hydrocarbons, persistent organic pollutants (POPs)
such as polychlorinated biphenyls, chlorinated pesticides, etc., and their potential bioavailabil-
ity /bioaccessibility for various organisms has already been widely investigated [27-30]. The
negative health effects on animal and human organisms resulting from exposure to each class
of pollutant are generally known as well [31-33]. However, data concerning the mutual effect
on the environment of a cocktail of the above-mentioned compounds are scarce.
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Among the REs group, arsenic (As) deserves special attention. Arsenic is well-known
as a ‘traditional” environmental contaminant and pollutant of global public health concern.
Studies carried out worldwide have shown that the uptake of As from environmental
sources and As-contaminated food by both humans and experimental animals can result
in various disease conditions [34-37]. Moreover, inorganic As is present in biological
systems as either arsenite or arsenate and can be metabolized via enzymatic methylation
into various organometallic compounds such as methylarsonic (MMA) and dimethylarsinic
acid (DMA). In this context, the methylated As compounds were proven as less toxic in
biological systems compared to the inorganic ones. Therefore, the potential risk of As and
its compounds in environmental pollution cannot be underestimated. Arsenic and CBZ at
concentrations detected in the environment are known to exert their toxicities in biological
systems by causing the generation of excessive reactive oxygen species (ROS), which can
overwhelm the organism’s antioxidant defence system, leading to oxidative stress [37,38].

Small terrestrial mammals can be exposed simultaneously to both ‘traditional” pollutants
(e.g., REs) and ECs such as pharmaceuticals, where the potential mutual effects due to
the interaction between both groups of contaminants on these organisms remain currently
unknown. In a rare case, exposure of common beet plants to a mixture of REs and ECs
resulted in an antagonistic relationship between the two groups of pollutants [39]. The present
study prioritised the combined exposure to CBZ and As due to their frequent occurrences
in the environment, with the common vole (Microtus arvalis L.) as the selected mammalian
model organism for laboratory experiments. The choice of a small terrestrial mammal such
as M. arvalis for this research was based on their proven effectiveness as bioindicators for
monitoring the terrestrial environment [40,41]. In addition, they have been effectively utilised
as surrogates in previous studies for the assessment of potential health risks to humans and
terrestrial animals that were exposed to inorganic and organic contaminants [42,43]. Arsenic is
among the most hazardous pollutants in the Czech Republic due to elevated As content in
soils in various areas [44—46]. The choice of CBZ for this study was based on our previous
experiences with animal exposure to this pollutant [47]. We hypothesized potential worsening
of the pollutant effects in the case of combined compared to sole exposure. This experiment
can provide novel information and add to the general knowledge concerning the potential
impact of multiple sources of environmental pollution on wildlife.

Therefore, the present study had two objectives:

(a) Assess the impact of the sole and co-exposure effects of CBZ and As oral uptake
by M. arvalis by evaluating their accumulation and biotransformation (methylation)
within the investigated animal organism as compared to the control group and
in relation to each other. In this context, CBZ was present in the drinking water,
whereas As-bearing soil was incorporated into the diet of voles to simulate uninten-
tional consumption of soil under natural conditions.

(b) Determine the activity of glutathione peroxidase (GPx) in blood plasma, and use it as
the main indicator to assess the antioxidant enzyme defence response to the As and
CBZ individual and combined uptake by the animals.

Based on these findings, the impact of the co-exposure of small terrestrial mammals to
two different pollutants can be understood, and these findings can stimulate interest in the
deeper investigation of the mutual adverse effects of various substances occurring in the
environment on wildlife.

2. Materials and Methods
2.1. Ethical Approval

The use of experimental animals for this study complied with the present laws of
the Czech Republic Act No. 246/1992 coll. on Protection against Animal Cruelty and
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EU Directive 2010/63/EU of the European Parliament and of the Council of 22 September
2010 on the protection of animals used for scientific purposes. The experimental proce-
dure was approved by a committee from the Ministry of Education, Youth and Sports,
Czech Republic, with approval code MSMT-1082/2017-2. The provision of animal care was
supervised and authorised by Zuzana Cadkova, (Ph.D.), holder of Certificate No. CZ 02201
issued by the Central Commission for Animal Welfare of the Czech Republic. The in vivo
experiment was chosen because the production of antioxidant enzymes is complex and
species-dependent, and, therefore, it is not easy to simulate these processes in vitro. The of-
ficial database of the alternative standardized methods to replace experimental animals
with in vitro methods [48] do not offer any alternative in the case of CBZ, and in the case of
GPx, the information is limited to laboratory animals only, not including any wild species.

2.2. Animal Experiment
2.2.1. Experimental Design

Fifty-two adult (50% males, 50% females) common voles (M. arvalis) endured the 6 weeks
of the in vivo feeding study. The animals originated from North Bohemian areas of the
Czech Republic, where the parental generation was caught directly in their natural condi-
tions, and the 2nd generation was used for this experiment. The animals were kept at
the Demonstrational and Experimental Centre, Czech University of Life Sciences, Prague,
where they were housed in plastic boxes E3, which are standard for laboratory rodent hus-
bandry. The common voles were allowed to acclimatise for 14 days. Within these 14 days,
the animals consumed commercially produced pellet feeds and tap water ad libitum under
the natural 12 h light/12 h dark cycle at a controlled temperature of 22 42 °C.

After the acclimatisation period, the animals were divided randomly into four groups:
Control, CBZ, As, and As + CBZ (Table 1). These groupings were based on (i) whether
the experimental diet fed to the animals was below or above the indicated value of As
and (ii) whether the common voles’ drinking water (tap water) contained 10 ng/L of CBZ
or not. Thus, Control and CBZ groups received the diet containing very low As content
soil, whereas the As and As + CBZ groups received the diet amended with very high As
content soil. The groups marked “CBZ” received carbamazepine in their drinking water.
M. arvalis given the same treatment were accommodated in two plastic boxes (males and
females separately). The diet and water consumption were weekly recorded during the
study (for details, see Table 1). The experiment was terminated after 6 weeks and all of
the voles were euthanised. The animals were anaesthetised via inhalation followed by
dislocation of the C1 vertebra.

Table 1. Experimental design.

Total Mean Feed Individual Water

As Contained

Group . CBZ Enriched Water n Consumption Consumption
Diet . .
(g per Animal) (mL per Animal)
Control Very low No 11 269 492
CBZ Very low Yes 14 252 436
As Very high No 13 268 457
As + CBZ Very high Yes 14 192 328

n: number of animals.

2.2.2. Characteristics of Experimental Soils

To assess the animal’s oral exposure to As through feed, two surface arable soils
(0-20 cm) from two locations in the Czech Republic were selected for the experiment.
These soils were chosen based on their markedly dissimilar pseudototal contents of As.
One of these soils was named Citov soil because it was sampled from the surroundings
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of the town of Citov, Czech Republic (pHc,cpp = 7.0; oxidisable carbon, Cox = 1.03%;
cation exchange capacity, CEC = 110 mmol* /kg; for more details see Mercl et al. [49]).
Table 2 documents the pseudototal (Aqua regia soluble) element contents of this soil, show-
ing low contents of all the elements compared to the so-called preventive values given by
the Public Notice 153/2016 [50], which contains the threshold levels of various pollutants
in arable soils in the Czech Republic. The other soil was named Mokrsko soil (Cox = 2.20%,
PHcace = 5.5, CEC = 105 mmol* /kg; see Tremlovd et al. [51] for more details) because
this soil was sampled from the surroundings of a gold deposit close to the village of
Mokrsko, Czech Republic. Table 2 shows that the Mokrsko soil is extremely polluted with
As, whereas the other risk element contents fall under the preventive values indicated in the
Public Notice 153/2016 [50]. The two soils were air-dried, ground in a mortar, and passed
through a 2 mm plastic sieve before being used to enrich the animal feed.

Table 2. Pseudo total contents of As and other selected risk elements (mean =+ standard deviation in
mg/kg) in Citov and Morkrsko soils and their respective preventive values.

Citov Soil Mokrsko Soil Preventive Values *
Elements

mg/kg mg/kg mg/kg
As 12£1.1 1304 £+ 131 20.0
Be 0.778 £0.014 0.545 + 0.018 2.0
Cd 0.165 £ 0.046 0.265 £ 0.005 0.5
Co 6.08 +0.36 11.7 £ 0.0 30.0
Cr 253 +04 16.0 = 0.1 90.0
Cu 10.7 £0.1 308 £ 64 60.0
Ni 14.0 £ 0.5 8.23 + 0.46 50.0
Pb 124 + 0.6 10.2 £ 0.8 60.0
VvV 34.7 £ 0.0 91.3+13 130.0
Zn 394+ 0.7 76.6 = 0.2 120.0

* = based on Public Notice No. 153/2016 for monitoring and protecting agricultural soil quality in the Czech Republic.

2.2.3. Preparations of Experimental Diet and CBZ Solution

Commercially supplied total-pathogen-free pellet feeds (for breeding mice and rats)
from Velaz s.r.o, Prague, Czech Republic, were used to feed the untreated experimental
animals. The main nutritional values of the commercially supplied pellet feed, as de-
clared by the manufacturer, are moisture = 11.1%, crude ash = 6.1%, crude fibre = 4.5%,
crude protein = 22.5%, Ca = 7.06 g/kg, K=10.14 g /kg, Mg = 2.06 g/kg, Fe = 191 mg/kg,
Se = 0.26 mg/kg, Zn = 85.0 mg /kg, vitamin A =26,250 IU/kg, and vitamin E = 133 mg/ kg.
For the preparation of the diet to feed the treatment animals, defined portions of individual
soils were mixed with the commercially supplied pellet feeds to obtain a final percent-
age of 10% soil (w/w) of the final weight of the diet. The commercially supplied pellet
feeds were milled to a fine powder and thoroughly mixed with the experimental soils.
Then, the feed—soil homogeneous mixture was re-pelleted to serve as an experimental diet
for the investigated animals. The 10% soil rate was chosen according to previous experi-
ments [52]. The final content of As in the feeding mixtures was 1.25 mg/kg for the low As
diet and 166 mg/kg for the high As diet.

Regarding the preparation of CBZ (>99% purity, purchased from Sigma-Aldrich,
St. Louis, MO, USA), 10 ng of CBZ per litre of tap water was prepared freshly every week
and divided among individual 500 mL water bottles to serve as the drinking water for
the CBZ and As + CBZ groups. The choice of 10 ng/L CBZ was based on its realistic
concentration in freshwater bodies [4].
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2.2.4. Tissue Sample Collection

Immediately after vertebral dislocation, the whole cardiac blood sample of each spec-
imen was withdrawn into vacutainer® tubes coated with spray-dried K3EDTA (FLmed-
ical, Torreglia, Italy). After centrifugation, blood plasma was drawn off and stored in
2 mL Eppendorf tubes at —80 °C for later analyses of glutathione peroxidase activities.
Subsequently, the common voles in all four groups were dissected to remove the liver,
kidney, lung, and spleen samples. All the organs mentioned above were washed with
deionised water, weighed, freeze-dried, then stored in Petri dishes and kept at a freezer
temperature of —20 °C until laboratory analyses. Total As content was determined in the
livers, kidneys, lungs, and spleens, while As species, total CBZ, and its metabolites were
determined only in the liver.

2.3. Analytical Procedures
2.3.1. Determination of Total As Content in Animal Tissues and Experimental Diets

A 200 mg aliquot of homogenised freeze-dried organ tissue samples were decom-
posed in a mixture of HNO3 (Analpure®, Analytika, Prague, Czech Republic) and H,O,
(Rotipuran®, Carl Roth, Karlsruhe, Germany) in a microwave oven (Discover SP-D,
CEM Corp., Charlotte, NC, USA). The concentration of total As was measured by in-
ductively coupled plasma mass spectrometry (ICP-MS; Agilent 7700x, Agilent Technologies
Inc., Santa Clara, CA, USA) operated in He mode. For quality assurance of the analytical
results, certified reference material, specifically bovine liver (BCR-185R), and procedural
blanks were analysed in parallel. In the reference material containing 0.033 £ 0.003 mg/kg
of As, the value 0.037 = 0.006 mg/kg (n = 3) was determined.

2.3.2. Extraction of As Species and As Speciation Using High-Performance Liquid
Chromatography in the Liver

Arsenic species were released into an aqueous solution by applying a slightly mod-
ified microwave-assisted extraction procedure developed by Lin et al. [53]. The indi-
vidual extracts were centrifuged (2680 ¢) for 10 min, passed through a syringe fil-
ter (0.2 pm, NYLON), combined and homogenised. The extract was subjected to As
speciation analysis by employing a high-performance liquid chromatography system
(HPLC, Agilent 1260, Agilent Technologies Inc., USA) hyphenated to ICP-MS as an As
detector. The HPLC system was equipped with an anion exchange column PRP-X100
(150 x 4.6 mm, 10 pm; Hamilton, Reno, NV, USA), which was eluted with a gradient with
4 mmol L~ NH4NOj3 (A) and 60 mmol L~! NH4NOj3 (B) at a flow rate of 0.95 mL min~!
at pH = 8.7, similar to Button et al. [54]. Standard solutions at 0.1, 0.5, 2.5, 10 and 50 ug Lt
of each As species to be analysed were prepared using dissolution and dilution of NaAsO,
(AsllI), NapHAsO,4 x 7H,0 (AsV), and dimethylarsinic acid (DMA), all purchased from
Fluka (Buchs, Switzerland), while monomethylarsonate (MMA) and arsenobetaine were
synthesised in house. All individual samples were tested in duplicate.

2.3.3. CBZ and Its Metabolites Determination

The QuUEChERS—Quick, Easy, Cheap, Effective, Rugged, Safe—method was used to
analyse CBZ in the liver tissues. The extraction followed the procedure previously described
by Zita et al. [47]. Chromatographic separation of CBZ was performed using an ultrahigh-
performance liquid chromatography system (Agilent 1290 Infinity II, Agilent Technologies,
Santa Clara, CA, USA) with 0.005% HCOOH and MeOH as mobile phases A and B,
respectively. A triple quadrupole mass spectrometer (MS; 6495 B, Agilent Technologies,
Santa Clara, CA, USA) equipped with electrospray ionisation was used and operated in
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dMRM mode. Matrix-matched calibration prepared from control tissues was used for
quantification.

2.3.4. Glutathione Peroxidase (GPx) Activity in Blood Plasma

The procedure employed to determine glutathione peroxidase activity was based on
Lawrence and Burk [55], Lawrence and Burk [56], and Sigma—Aldrich [57]. The blood
plasma was diluted appropriately with a potassium phosphate buffer with EDTA and
sodium azide according to standard operating procedures before the analyses. For the
determination of the GPx activity, a spectrophotometer (UV-1800, Shimadzu (Kyoto, Japan)
with electronic stirrer model 300 (Rank Brothers Limited) and a CPS100-6 cell thermoelec-
trically temperature-controlled cell positioner (Shimadzu) was used, and the absorbance
was recorded at 340 nm. Samples were measured in triplicate.

2.4. Calculation of Inorganic As Methylation Capacities of the Experimental Animal Groups

To assess the differential inorganic As methylation capacities of the experimental
animal groups, the following formulae were applied:

% inorganic arsenic (% iAs) = <AS(IH) inmg/kg + As(V) in mg/kg) x 100

total arsenic in mg/kg

% MMA = ( MMA in mg/kg > % 100

total arsenic in mg/kg

DMA in mg/kg 100
total arsenic in mg/kg

% DMA = (
where total As is the sum of As(IIl), As(V), MMA and DMA [58,59].

2.5. Data Processing and Statistical Analyses

Data processing and plotting of graphs were conducted using Microsoft Excel 365.
The graphs represent the median values with median absolute deviation as the error
bars. Statistica 12.0 software (DataBon s.r.0., Prague, Czech Republic) was utilised for all
statistical analyses. The Shapiro-Wilk test was used to check the normality of all of the
studied parameters. The individual datasets deviated from normal distribution parameters.
Therefore, the non-parametric Kruskal-Wallis test, followed by a multiple comparison
test, was employed to evaluate significant differences between the measured parameters.
A value of p < 0.05 was deemed to be statistically significant. The raw data as well as the
detailed results of the statistical analyses are summarized in the Supplementary Materials.

3. Results
3.1. Body Weights of the Experimental Animal Groups

No significant differences (p > 0.05) were found between the final median body weights
of the control group and those of all the other experimental groups. This suggests that the
As and CBZ exposure levels used in this study had negligible harmful effects on the overall
body weight conditions of the animals (Figure 1). However, the final median body weight
of the As group was significantly greater than that of the As + CBZ group. This can be
explained by the notably greater initial median body weight of the As group than the As
+CBZ group before the beginning of the experiment.
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Figure 1. Body weights of experimental animals (medians 4+ median absolute deviations) in grams (g);
the columns marked by the same letter did not significantly differ at p < 0.05 within individual groups.

3.2. Total As Concentrations in the Various Organs of the Experimental Animals

Figure 2 represents the median total As concentrations expressed as mg/kg DW in livers
(Figure 2a), kidneys (Figure 2b), spleens (Figure 2c), and lungs (Figure 2d) of the studied
animals. The groups As and As + CBZ had significantly higher tissue total As concentrations
compared to the control and the CBZ groups in all tissues analysed. Despite higher numerical
total As concentrations in the As + CBZ group, no significant difference from the As group was
detected. Likewise, the total As concentration in the control and CBZ were similar in all tissues
analysed. Regarding the median total As concentrations in the liver (Figure 2a), statistically
significant differences (p < 0.05) were determined between the very high As treatment groups
(the As group and the As + CBZ group) and the very low As treatment groups (the control
group and the CBZ group). In the kidney (Figure 2b), the control and CBZ groups appeared
to show comparable and low total As concentrations. In contrast, the groups exposed to very
high As (the As group and the As + CBZ group) showed increased total As concentrations
(p <0.05) in comparison to both the control and CBZ groups. Also, from the data, the As
+ CBZ group tended to accumulate the greatest amount of total As, but with no statistical
difference (p > 0.05) when compared to the As group.

The total As concentrations in the spleens of the studied animals are shown in Figure 2c.
The control and CBZ groups appeared to demonstrate comparable and low levels of total
As concentrations. On the other hand, the As and As + CBZ groups had an enhanced
total As amount (p < 0.05) than the control and CBZ groups. Furthermore, the As + CBZ
group appeared to have accumulated the highest quantity of total As than the As group,
but the difference was not statistically significant (p > 0.05). Figure 2d shows the total As
concentrations in the lungs among the treatment animal groups after the termination of the
experiment. The data show that the control and CBZ groups had low variations and similar
and low concentrations of total As. However, the As and As + CBZ groups showed high
variations and accumulated more (p < 0.05) total As than the control and the CBZ groups.
Even though the As + CBZ group seemed to have accumulated the most total As in the
lungs, it was not statistically significant (p > 0.05) compared to the As group.

In summary, the sequence of total As concentrations across all studied organs was
as follows: As + CBZ group > As group >> CBZ group = control group. Furthermore,
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when comparing the studied organs, kidney > liver > spleen > lungs was the order of total
As concentrations across the individual treatment animal groups.

é03- j%&go :

S | (BN "
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Lr %/ 10 /

0
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Treatment +CBZ
Treatment

(©) (d)
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+CBZ +CBZ
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DI

DOV

AN\

Figure 2. The median arsenic concentrations in mg/kg DW of (a) liver, (b) kidney, (c) spleen, (d) lungs
of experimental animal groups; the columns marked by the same letter did not significantly differ at
p < 0.05 within individual groups.

3.3. Individual As Species Concentrations and Methylation Capacities in the Liver of
Experimental Animals

Figure 3 shows inorganic As(IIl) (Figure 3a), inorganic As(V) (Figure 3b), dimethy-
larsinic acid (DMA; Figure 3c), and monomethylarsonic acid (MMA; Figure 3d) concentra-
tions in the dried liver of the experimental animal groups, expressed in mg/kg. The As(III)
concentrations in the control and CBZ groups tended to show low variations with similarly
low concentrations, while the As and As + CBZ groups accumulated higher levels (p < 0.05)
and were characterised by wider variations than the control and the CBZ groups.
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Figure 3. (a) As (III), (b) As (V), (c) DMA, and (d) MMA median concentrations in the dried liver of
the experimental animal groups; the columns marked by the same letter did not significantly differ at
p < 0.05 within individual groups.

From the data, the As + CBZ group seems to have accumulated the highest level of
As(III) species. However, there were no statistically significance differences between the
As + CBZ group and the As group. Similar patterns were observed for all the remaining
As species as shown in Figure 3. The As methylation capacities expressed in percentages
of inorganic As (% iAs), % MMA, and % DMA are shown in Figure 4. From the findings,
by comparing the % iAs from the rest of the experimental animal groups with that of the
control group, the CBZ group documented markedly low percentages, and the As and As +
CBZ groups recorded high percentages, where the As + CBZ group showed inconsiderably
low % iAs compared to the As group.
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Figure 4. The percentage of inorganic arsenic (iAs), DMA, and MMA in the liver of the experimental
animal groups.

The sequence of % iAs among the groups was as follows: As group~As + CBZ group
> Co group > CBZ group. Regarding % MMA, the CBZ group had the highest, whereas the
As and As + CBZ groups had the lowest percentages compared to the control, with the As +
CBZ group having inconsiderably more % MMA than the As group. The order of % MMA
among the experimental animal groups was CBZ group > Co group > As + CBZ group ~
As group. For % DMA, a pattern similar to the %MMA was observed, that is, CBZ group >
Co group > As + CBZ group ~ As group.

3.4. CBZ and Its Metabolites in the Liver of the Experimental Animals

Figure 5 shows the median concentrations of CBZ in the liver of the experimental
animal groups, measured in picogram (pg) of CBZ per 1 g of dried liver. From the data,
the control and the As groups showed CBZ levels below the limit of detection (10 pg/g).
However, the CBZ group and As +CBZ group documented CBZ levels above the limit of
detection with high variations among individual members of these groups, particularly
within the As + CBZ group. The As + CBZ group seemed to show a lower CBZ level
compared to the CBZ group. Nevertheless, no statistically significant difference (p > 0.05)
was recorded between the CBZ and As + CBZ groups. Among the CBZ metabolites
determined in the liver of the various animal groups, only minor proportions of CBZ 10,
11-epoxide were detected in the CBZ and As + CBZ groups. However, since the CBZ
10, 11-epoxide levels were approximately equal to the detection limits, these values were
not considered.
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Figure 5. Median concentrations of carbamazepine in the dried liver of the experimental animal groups;
the columns marked by the same letter did not significantly differ at p < 0.05 within individual groups.

3.5. Glutathione Peroxidase (GPx) Activity in the Blood Plasma of the Experimental Animals

Figure 6 demonstrates glutathione peroxidase activity in the blood plasma of the ex-
perimental animals. All the treatment animal groups showed high variations, especially the
As + CBZ group. The GPx activities in the blood plasma of the control and the CBZ groups
appeared comparable. The As group showed insignificantly lower activity of this enzyme
compared to the control and the CBZ groups. The highest GPx activity was recorded in the
As + CBZ group with a significant difference (p < 0.05) compared to the As group.
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Figure 6. Glutathione peroxidase (GPx) activity in the blood plasma of the experimental animal groups;
the columns marked by the same letter did not significantly differ at p < 0.05 within individual groups.
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4. Discussion

This in vivo study has some identified limitations that may have adversely impacted
the statistical significance of the parameters determined among the investigated animal
groups. These limitations include the short duration of the experiment and high variability
within the groups. The high variability of the obtained data in this study is most likely
caused by using wild specimens instead of the more commonly used laboratory inbred
strains of rodents. The laboratory inbred strains are genetically virtually identical and
possess characteristics that promote better stability and reproducibility of results [60]. How-
ever, since the purpose of this study was to mimic natural environmental conditions as
closely as possible, we considered the use of the wild specimens (common voles) to be
appropriate, justified, and suitable for this purpose. Moreover, the mutual interactions
of the two studied environmental pollutants presents a pioneering study, where the in-
terpretation of the data is hampered by a lack of comparable experiments. The statistical
significance is relevant for evaluating the effects of pollutant exposure on health risks in
both animal and human studies. However, biologically relevant adverse effects that emerge
from the data, with the potential to cause significant consequences for the health of both
animals and humans, are of greater importance. Therefore, apparent biological patterns
should be considered of primary importance even when pair-wise comparison analyses
fail to show statistical significance [61,62]. Hence, despite these limitations and the lack
of statistical significance in the determined parameters among the animal groups in some
cases, the current study’s findings revealed noticeable biological trends that merit attention.

4.1. Total As Concentrations in Different Organs and As Species Concentrations in the Liver of the
Experimental Animals

The findings of total As concentrations in the liver, the kidney, the spleen, and the lungs
showed a similar pattern, though with varying concentrations in each organ. These patterns
indicate that the control and the CBZ groups appeared to have a similarly low intake of total
As, leading to comparable low concentrations in all the studied organs. This implies that
even though the CBZ group was fed a diet containing As because the As exposure dose in
the diet was very low, the interaction between the two contaminants within the animals did
not enhance As intake compared to the control group. That is why total As concentrations
across all the studied organs in the control and CBZ groups were comparable.

According to Hughes et al. [63], Souza et al. [64], Li et al. [65], and Shao et al. [66],
the amount of total As intake and its concentrations in tissues and organs of experimental
mice increased in a dose-dependent manner and, at high As exposure dose, it was retained
longer within the body. These observations of previous studies are consistent with the
findings of this work. In this study, the As exposure dose was a significant factor that
determined the intake and concentrations of total As in the studied organs across all the
experimental animal groups. In this regard, the CBZ group was exposed to a very low dose
of As in their diet, and even the presence of CBZ in their drinking water did not cause an
enhanced intake of As, which manifested in low concentrations comparable to that of the
control group in all the studied organs. However, the As and As + CBZ groups who were
exposed to very high doses of As showed high intake and increased As concentrations in all
the studied organs. Notably, the As + CBZ group had the highest total As concentrations,
indicating this animal group accumulated the most total As across all the studied organs.
This indicates that apart from the very high As exposure dose that facilitated total As intake
in this group, CBZ-modulated effects at very high As doses are anticipated to have led
to enhanced uptake of total As, leading to its greater accumulation than in the As group.
These statements are speculative only, because the CBZ effect was not statistically proven,
but it opens a space for further investigation to elucidate these potential interactions.
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Previous studies on high As exposure dose effects have linked As accumulation to disease
conditions such as metabolic disorders, nervous and cardiovascular system damage, and ma-
lignant transformation in the skin, lungs, liver, and bladder [67,68]. Shao et al. [66] observed
through histopathological examinations that in the organs of mice exposed to a very high
arsenic dose, the degree of damage correlated with the increase in As concentration in these
organs. Therefore, in this research work, even though histopathological examinations were not
conducted on the organs of mice exposed to very high As doses, we anticipate that any poten-
tial organ damage due to such exposure will be exacerbated in those of the As + CBZ group
compared to the As group.

Arsenic, as a redox-sensitive element, is present primarily in soils as As(V) in aerobic
conditions, while it is predominantly present as As(Ill) under anaerobic conditions. It is
also known that the presence of As in organic forms is mainly DMA(V) and MMA(V) in
the soils [69,70]. In the scientific literature, the cellular intake of different As species is
known to be facilitated by phosphate transporters, aquaglyceroporins, facilitative glucose
transporters, and organic anion-transporting polypeptides [71]. From the data of the current
research, CBZ’s potential influence on enhanced intake of As only occurred at very high
As doses. However, the mechanisms of this pharmaceutical on any of these cellular As
transporters to enhance As intake were not investigated in this study and are subject to
future research.

In the present study, in all the experimental animal groups, the order of total As concen-
trations in the organs was as follows: kidney > liver > spleen > lungs. Identifying specific As
target organs is crucial for understanding the mode of action of As-influenced toxicity and
carcinogenicity [63]. The findings of this study indicated that the kidney, the liver, and the
spleen were the major target organs for As distribution and concentration after absorption,
while minor distributions and concentrations were observed in the lungs. In that regard,
Hughes et al. [63] and Kenyon et al. [72] observed the kidney as the predominant target organ
after As absorption and distribution in mice. This is due to arsenate (which possesses similar
physicochemical features as phosphate) reabsorption by phosphate transporters in the renal
proximal tubules [63]. The liver is a target organ since it is the major site where the As methy-
lation process occurs [73,74]. Cui and Okayasu [75] observed that the spleen was the organ
that accumulated the most As in rats. According to Cui and Okayasu [75] and Soria et al. [76],
the presence of ‘white lymphocyte-enriched pulp” and ‘red erythrocyte-enriched pulp with
macrophages’ in the spleen are potential As accumulation target sites. Contrary to the find-
ings of this study, which documented minor concentrations of As in the lungs, previous
research works have indicated the human lungs as a major target for As concentration [77,78].
According to Kenyon et al. [72], Khairul et al. [73], Li et al. [65], and Yi et al. [79], the pattern
of As distribution and accumulation in organs in mammals may vary significantly due to
exposure duration, the applied protocol of dose administration, species of the animal, and the
presence of GSH and other thiol (-SH)-containing groups.

In this study, we assessed As species” methylation (metabolism) and their concentra-
tions in the experimental animal groups solely in the liver. The liver was chosen because
it is known to be the major site where inorganic As methylation occurs when As is ad-
ministered orally [59,74]. Four identifiable quantities of As species were measured in the
liver of all the experimental animal groups, comprising As(IIl), As(V), DMA, and MMA.
These findings suggested the As exposure dose, even in the control group, was able to trig-
ger methylation reactions. From the results, the As species concentration pattern mirrored
the trend observed in the total As concentrations in the liver and in the other investigated
organs in this study. The control and the CBZ groups seemed to show low and comparable
concentrations of all the studied As species, while the As and As + CBZ groups appeared
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to show elevated concentrations of all the As species, with the As + CBZ group appearing
to have accumulated the highest amount of each As species.

These findings imply that the concentration of the As species in the liver was depen-
dent on the dose of As exposure. This pattern mirrored the total As concentration in the
liver and other organs in this research. This is consistent with the findings of Shao et al. [66],
who also observed dose-dependent concentrations of As species in various investigated
organs in mice exposed to As. These results also reinforce the already made point that CBZ
may have enhanced the intake of As in the As + CBZ group. Even though we anticipated
the predominant form of As exposure in this study was As(V), it is noteworthy that the
concentration of As(IlI) was the highest when As species were compared within individual
groups. Even the control group was not an exception. The As + CBZ group had the highest
concentration based on intergroup comparisons of As species.

It has already been established that the pathway of inorganic As metabolism or
biotransformation starts with the reduction of As(V) to As(IIl) in vivo where anaerobic
conditions exist, after which As(Ill), because of its high affinity for thiol compounds,
binds to GSH and other thiol compounds inside the cells [80,81]. The liver has high levels
of GSH, especially in mice. Thus, this leads to high quantities of As(III)~(GS)3 complexes,
which serve as the substrate for As3MT [80,82,83]. This probably explains the reason why
the concentration of As(II) was the highest among the As species within the individual
groups, even in the control group. The type of As species that accumulates in a target organ
is presumed to be the dominant cause of its toxicity [79]. Therefore, in this current research,
As(III) may be the As species predominantly associated with the highest As toxicity among
the four As species determined in the liver of animals exposed to very high As doses
(As and As + CBZ groups).

4.2. Inorganic As Methylation in the Liver of the Experimental Animals

The methylation of inorganic As species in mammals occurs through a specific en-
zymatic process. The pathway involves, first, the reduction of inorganic As(V) to in-
organic As(Ill), which is then followed by oxidative methylation processes to produce
monomethylarsonic acid—As MMA(V) and dimethylarsinic acid—As DMA(V) metabo-
lites [80]. The methylation of inorganic As species is widely known as a detoxification
process since the methylated As species MMA(V) and DMA(V) are less toxic than the
inorganic forms [84,85]. However, this assertion has been questioned since the intermediate
MMA(III) and DMA(III) metabolites are known to be more toxic As species [85,86]. In the
literature, for easy understanding, the assessment of inorganic As methylation capacity
in mammals has been categorised into primary methylation (first phase of methylation)
and secondary methylation (second phase of methylation) [87]. The interpretation is that
the primary methylation represents the proportion of MMA transformed from the total
amount of As species present, and the proportion of DMA derived from the total As species
indicates secondary methylation [88].

In this study, we calculated the % iAs (the sum of AsIll and AsV), the % MMA, and the
% DMA to represent their relative proportions per the total sum of detectable As species
(AsIIL + AsV + MMA + DMA) in percentages. The % iAs represents the relative proportion
of the inorganic As that is not methylated /metabolised in the liver. % MMA shows the
efficiency of the first phase of the methylation process, and % DMA represents the efficiency
of the second phase of the methylation process [59].

From the results, % iAs among the animal groups was in the order As group~As + CBZ
group > CO group > CBZ group. For the % MMA and % DMA, the sequence was CBZ group
> CO group > As + CBZ group~As group. The CBZ group had the lowest % iAs, suggesting
that it has the least unmetabolised inorganic As species in the liver after the termination of
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the experiment. In other words, this means the CBZ group was the most efficient or the
fastest in transforming the inorganic As species to MMA and DMA metabolites. This is
corroborated by the highest % MMA and % DMA in the CBZ group compared to the
other animal groups, indicating the highest primary and secondary methylation capacities.
The As and As + CBZ groups had high and comparable % iAs, suggesting these groups had
comparably high amounts of unmetabolised /unmethylated inorganic As. This also implied
the inefficient capacities of these animal groups to metabolise or methylate inorganic As
species to MMA and DMA. This is confirmed by the lowest % MMA and % DMA recorded
for these groups.

Recent findings have shown that the predominant pathway for inorganic metabolism
is the enzymatic process catalysed by arsenite methyltransferase enzyme (As3MT) leading
to methylated As species of MMA(V) and DMA(V) [59,80,83]. Styblo et al. [59], observed
that As3MT expression correlated negatively with % iAs and positively with % DMA in
the liver. These previous findings suggest that an efficient As3MT catalysed methylation
reaction leads to lower % iAs and higher % DMA. In other words, lower unmetabolised
inorganic As species and higher secondary methylation capacity of inorganic As. According
to Twaddle et al. [80] and Doerge et al. [83], the liver has high levels of GSH, especially
in mice. Thus, this leads to high quantities of As(IIl)-(GS); complexes, which serve as
the substrate for As3MT. However, at high % iAs, As3MT becomes saturated from the
accumulated As(III) and this may cause the inhibition of the enzyme, leading to a decrease
in the capacity to convert inorganic As to the methylated metabolites [59,89].

In this study, the As and As + CBZ groups recorded comparably enhanced % iAs
and similarly low and comparable % MMA and %DMA, implying an accumulation of
unmetabolised inorganic As species, especially As(Ill), and exhibited low primary and
secondary methylation capacities, which we speculate could be partly due to the satu-
ration of As3MT and inhibition by the high concentration of As(Ill). However, the CBZ
group exhibited less % iAs and higher % MMA and % DMA than even the control group.
The modulating role of CBZ on As3MT activity cannot be ascertained since it was not part
of the investigation in this study.

4.3. Concentrations of CBZ and Its Metabolites in the Liver of Experimental Animals

This study assessed the potential concentrations of CBZ and its metabolites in the liver
of experimental rodents (common voles) exposed to CBZ concentrations detected in surface
water. The exposure was conducted through the CBZ spiked drinking water of the CBZ
and the As + CBZ groups. Furthermore, we sought to establish if the concentration level of
this drug in the liver could initiate metabolic processes. These evaluations have become
imperative because, at the concentrations quantified in surface waters, data regarding
potential CBZ concentrations and metabolic pathways in non-target terrestrial mammals
are scarce in the literature. However, such investigations have been extensively conducted
on aquatic organisms [90-92]. Based on the findings from this study, the control and the
As groups showed CBZ levels below the limit of detection (10 pg/g). These results were
expected considering that these two experimental animal groups were not administered
drinking water containing CBZ.

On the other hand, significantly, the CBZ and As + CBZ groups documented CBZ
concentrations above the detection limit. This indicates that CBZ exposure at environmen-
tally relevant concentrations has the potential to accumulate within the liver of the model
mammals, even though the observed concentration levels were very low. From the litera-
ture, CBZ accumulation in the liver induces the expression of CYP3A4 enzymes, with the
predominant metabolic pathway being the formation of CBZ-10-11-epoxide as the primary
metabolite, which is then followed by hydroxylation to CBZ-10,11-trans-dihydroxy [91,93].
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There were minor quantities of the primary metabolite, specifically CBZ 10, 11-epoxide
detected, but very close to the limit of detection; thus, they were not considered in sub-
sequent evaluations. Since the quantities of the primary metabolite of CBZ were close to
the detection limit, we speculate that the concentration levels may not be enough to have
triggered the increased expression of CYP3A4 enzymes. Therefore, the metabolisation of
CBZ in this study cannot be ascertained. However, long-term exposure beyond that of
this study may be conducted in the future to test if the bioavailable levels can induce the
enzymatic process leading to CBZ metabolisation. These results also indicate that the very
high exposure dose of As in the As + CBZ group did not interact with CBZ to enhance the
concentrations of the pharmaceutical.

4.4. The Activity of the Antioxidant Enzyme Glutathione Activity (GPx) in the Blood Plasma of the
Experimental Animal Groups

Glutathione peroxidase (GPx) activities in the experimental animal groups were mea-
sured in enzyme unit (U) per millilitre (ml) of blood plasma. In mammals, GPx, together
with catalase (CAT) and superoxide dismutase (SOD), constitute an enzymatic antioxidant
defence system that curtails or offsets the toxic effects posed by ROS. Glutathione peroxi-
dase is an important selenoenzyme responsible for catalysing the reduction of H,O, and
organic hydroperoxides to water or alcohol, respectively, as a way of lessening their toxic-
ity [94]. Oxidative stress occurs when there is an excessive generation of ROS compared to
the antioxidant defence system of the organism. This results in the development of aging
and several diseases or pathological conditions [64,95].

From the results, the GPx activities in the blood plasma of the control and the CBZ
groups appeared to show proximate figures, suggesting the GPx responses of the control
and the CBZ were similar. The results also appeared to show that the As group had the
lowest activity, while the As + CBZ group appeared to have the highest activity. In this
study, time-dependent GPx defence responses/activities were not conducted, but their
measurement was conducted at the end of the experiment. The lowest GPx activity of the
As group, we speculate, could be due to a faster GPx response to counteract the potential
released of hydroperoxides and hydrogen peroxides following exposure to the very high
dose of As, leading to its depletion at the time of terminating the experiment. Conversely,
in the As + CBZ group with the highest GPx activity, we anticipate showing a slower
GPx response due to the potential overwhelmingly released H,O, and hydroperoxides.
This is substantiated by the observation that the bioavailability of As in the organs of the
As + CBZ group was higher than those of the As group, suggesting a potentially higher re-
lease of H,O, and hydroperoxides in the As + CBZ group compared to that of the As group.
According to Souza et al. [64], a higher concentration (bioavailability) of As correlates with
an increased HyO; concentration. A high release of ROS elicits an intrinsic antioxidant
response, which will then be suppressed with time [64,96]. Based on this observation,
we anticipate a reduction in GPx activity in the As + CBZ group over time.

In assessing time-dependent activities of catalase (CAT) and GPx in the liver of mice
exposed to high As doses for 3, 6, 9 and 12 months, Das and Santra [97] observed a dramatic
increase in CAT and GPx activities at 3 months. However, at 9 and 12 months, the activities of
these antioxidant enzymes were significantly reduced. Furthermore, Santra et al. [98] observed
a similar trend in GPx activity with time following exposure to high doses of As. These observa-
tions corroborated our speculation that the GPx activities trend observed in the As and As +
CBZ groups were time-dependent.

A reduction in GPx activity, as observed in the As group, could be caused by rapid
adaptation leading to a reduction in the concentration of the enzyme substrate (reduced
glutathione). Under such circumstances, there are two probable situations occurring:
(a) an increase in the level of peroxides may ensue and cause oxidative stress to the
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animals in this group, or (b) the decrease in the enzyme substrate can lead to a corre-
sponding reduction in HyO, levels to curtail or offset oxidative stress conditions [99,100].
These findings remain questionable and need to be elucidated in future research. Regard-
ing the As + CBZ group, which exhibited the highest GPx activity at the termination of
the experiment, we anticipate that this may be due to ongoing adaptation to curtail or
offset oxidative stress-induced damage, suggesting that the animals in this group were
experiencing oxidative stress at the time the experiment ended.

5. Conclusions

This study indicated that there is a potential CBZ modulating effect, which led to an
enhanced intake of As, where the total As and As species accumulation in the organs of the
As + CBZ exposure group tended to increase compared to the As exposure group. However,
the capacity to methylate the more toxic inorganic As species to its less toxic methylated forms
was comparable in the As and As +CBZ groups, suggesting As toxicity could potentially
be more pronounced in the As + CBZ group than the As group. This study also found
that high As exposure interacted with CBZ in the As + CBZ group but did not cause an
enhanced uptake of CBZ in the liver compared to the CBZ alone exposure group. It was
observed that exposure to CBZ at concentrations detected normally in surface water caused its
accumulation in the liver of the CBZ exposed groups (CBZ and As + CBZ), raising concerns
about potential toxic effects in mammals from long-term exposure. However, the concentration
levels detected were too low to assess the metabolic pathway of the drug at subtherapeutic
exposure concentrations in the investigated mammalian organisms. Glutathione peroxidase
(GPx) activity, used to assess the antioxidant enzyme defence responses against single and
co-exposure of the two pollutants, showed the CBZ group exhibited comparable activity
to that of the control group, while the As group showed down-regulation and the As +
CBZ group showed up-regulation. These results suggest that the CBZ group experienced
minimal oxidative stress conditions similar to the control group. The As group showed a rapid
adaptation/response to curtail or offset potential oxidative stress tissue damage conditions
compared to the slow adaptation/response in the As + CBZ group. These aspects are novel
and deserve further elucidation. Moreover, the animals were exposed to a whole cocktail of
pollutants, and their potential impact should be investigated as a whole in further research.
Therefore, the potential mutual effects of emerging pollutants and risk elements should be
targeted in future research because the co-exposure of wildlife to both groups of environmental
pollutants cannot be avoided.
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