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ABSTRACT

Despite advances in research on the vaccine and therapeutic strategies of COVID-19, little attention
has been paid to the possible (eco)toxicological impacts of the dispersion of SARS-CoV-2 particles in
natural environments. Thus, in this study, we aimed to evaluate the behavioral and biochemical
consequences of the short exposure of outbred and mbred mice (male Swiss and C57Bl/6] mice,
respectively) to PSPD-2002 (peptide fragments of the Spike protein of SARS-CoV-2) synthesized in the
laboratory. Our data demonstrated that after 24 h of intraperitoneal administration of PSPD-2002 (at
580 pg/kg) the animals did not present alterations in their locomotor, anxiolytic-like, or anxiety-like
behavior (in the open field test), nor antidepressant-like or depressive behavior in the forced swimming
test. However, the C57Bl/6] mice exposed to PSPD-2002 showed memory deficit in the novel object
recognition task, which was associated with higher production of thiobarbituric acid reactive substances,
as well as the increased suppression of acetylcholinesterase brain activity, compared to Swiss mice also
exposed to peptide fragments. In Swiss mice the reduction in the activity of superoxide dismutase and
catalase in the brain was not associated with increased oxidative stress biomarkers (hydrogen peroxide),
suggesting that other antioxidant mechanisms may have been activated by exposure to PSPD-2002 to
maintain the animals' brain redox homeostasis. Finally, the results of all biomarkers evaluated were
applied into the "Integrated Biomarker Response Index" (IBRv2) and the principal component analysis
(PCA), and greater sensitivity of C57Bl/6] mice to PSPD-2002 was revealed. Therefore, our study
provides pioneering evidence of mammalian exposure-induced toxicity (non-target SARS-CoV-2
mfection) to PSPD-2002, as well as “sheds light” on the influence of genetic profile on
susceptibility/resistance to the effects of viral peptide fragments.

Keywords: Environmental Toxicology, Swiss mice, C57Bl/6] mice, proteins, pandemic COVID-19.

11



1. INTRODUCTION

It is known that since the emergence of coronavirus disease-19 (COVID-19) in Wuhan
Province (China) in late 2019 (Wang et al., 2020), and 1t 1s subsequent worldwide spread, the COVID-
19 has led to a dramatic loss of human life worldwide (WHO, 2022) and presents an unprecedented
challenge to public health (Aslan 2022), food systems (Cable et al. 2021; Béné et al., 2021), and the
world of work (ILO monitor, 2022). The economic and social disruption caused by the pandemic 1s
devastating (Nicola et al., 2020; Das et al., 2022). Estimates by Summer et al. (2020) show that COVID-
19 poses a real challenge to the UN Sustainable Development Goal of ending poverty by 2030 (UN,
2022) because global poverty could increase for the first time since 1990 and could potentially represent
areversal of approximately a decade in the world's progress in reducing poverty. According to Summer
et al. (2020), in some countries, the negative impacts could result in poverty levels like those recorded
30 years ago. Therefore, this scenario demonstrates that the extent of transmission of the novel
coronavirus [pioneered by Nishiura et al. (2020)] still constitutes a public health emergency of
mternational concern. Unfortunately, the extraordinary advance observed i recent years i the
development of vaccines (Eroglu et al., 2022; Zheng et al., 2022) and therapeutic measures for COVID-
10 (Salasc et al., 2022), has not yet been sufficient to decree the end of the pandemic.

In addition, recent studies have shown that the impacts of COVID-19 may also cover the
environment and wildlife. Although the pandemic situation has significantly improved air quality
(Agarwal et al., 2021), reduces greenhouse gases emission (Kumar et al., 2022), reduces the pressure
on the tourist destinations (which may assist with the restoration of the ecological system) (Gossling et
al., 2020), the increase of plastic (Silva et al., 2021) and medical wastes (Parikh & Rawtani, 2022),
haphazard use and disposal of disinfectants, mask, and gloves (Amuah et al., 2022); and burden of
untreated wastes (Rume & Islan, 2020), imply significant environmental risks. If this were not enough,
the detection of viral particles of SARS-CoV-2 in aquatic environments, especially from domestic and
hospital sewage (Goncalves et al., 2021; Achak et al., 2021; Crank et al., 2022; Amoah et al., 2022;
Domokos et al., 2022; Galani et al., 2022), has imposed new challenges on environmental and health
managers. These studies raise not only the possibility of river resources acting as secondary sources of
transmission of the disease among individuals (Liu et al., 2020; Giacobbo et al., 2021; Thakur et al.,
2021), as well as warn about the potential threat of the dispersion of the new coronavirus or its fragments
to the biota (Charlie-Silva & Malafaia, 2022). On this aspect, our research group recently reported some
negative effects arising from the exposure of amphibians, fish, and msects to distinct protein fragments
of the Spike protein of SARS-CoV-2 (Malafaia et al., 2021; Mendonca-Gomes et al., 2021; Charlie-
Silva et al., 2021; Goncgalves et al., 2022; Fernandes et al., 2022). In Physalaemus cuvieri tadpoles, the
mcrease 1n several biomarkers predictive of oxidative stress and the alteration in acetylcholinesterase
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(AChE) activity demonstrated that the short exposure (24 h) to these protein fragments was sufficient
to affect the health of tadpoles (Charlie-Silva et al., 2021). In Mendonca-Gomes et al. (2021)), we
showed that short-term exposure de Culex quinquefascitus larvae to protein fragments of the Spike
protein of SARS-CoV-2 induced alterations in the locomotor system and in the olfactory behavior,
which were associated with increased production of reactive oxygen species (ROS) and AChE activity.
In addition, exposure to these fragments alter the behavior of fish (Poecilia reticulata), induce redox
mmbalance, affect the growth and development of these animals (Malafaia et al., 2021) and induce
genomic instability and DNA damage (Gongalves et al., 2022), as well as several morphological
alterations in zebrafish (Danio rerio) (Fernandes et al., 2022). Therefore, taken together, our data
reinforce that the (eco)toxicological risks arising from the presence of SARS-CoV-2 Spike protein
peptides in freshwater environments cannot be neglected.

However, in mammals (non-humans), studies have focused on the susceptibility of different
species to viral infection and their roles in the dissemination of COVID-19 (Shi et al., 2020; Tiwari et
al., 2020; Rockx et al., 2020; Audino et al., 2021; Mathavarajah et al., 2021ab; Gryseels et al., 2021;
Delahay et al., 2021, Patel et al., 2021; Melo et al., 2022). Although Rhea et al. (2021)) have recently
demonstrated that intravenously injected radioiodinated S1 (I-S1) (S1 subunit of Spike protein of SARS-
CoV-2) readily crossed the blood-brain barrier in male mice, was taken up by brain regions, and entered
the parenchymal brain space, the consequences of this translocation have not been evaluated and
therefore remain unknown. Thus, seeking to broaden our knowledge about the possible effects of
mammalian (non-human) exposure to peptide fragments of the Spike protein of SARS-CoV-2, we
questioned whether the short exposure of mice to these fragments would be able to induce
neurotoxicity. For this, two rodent strains of distinct genetic profiles (Swiss and C57B1/6] mice) were
exposed to the peptide fragment PSPD-2002 [one of the fragments synthesized by Charlie-Silva et al.
(2021))], assuming that this implies redox imbalance and cerebral cholinesterasic, as well as behavioral
changes. Furthermore, a molecular docking analysis was performed to assess the affinity of this peptide

to key protein binding sites.

2. MATERIALS AND METHODS
2.1. Peptide fragments of the SARS-CoV-2 Spike protein

The synthesis, cleavage, purification, and characterization of the protein fragments of the Spike
protein of SARS-CoV-2 used in our study (called PSPD-2002) were performed according to methods
described 1n detail by Charlie-Silva et al. (2021). Briefly, the synthesis was conducted using the solid
phase peptide synthesis method (SPPS) following the Fmoc strategy (Raibaut et al., 2014; Behrendt et
al., 2016). The resin used 1n this process was Fmoc-Thr-Wang (sequence: Gln-Cys-Val-Asn-Leu-Thr-

13



Thr-Thr-Thr-COOH; MW: 1035.18 g/mol). At the end of the synthesis, this resin made it possible to
obtain peptides with a carboxylated C-terminal end. After coupling all the amino acid residues of the
peptide sequence, the chains were removed from the solid support utilizing acid cleavage using
trifluoroacetic acid, similarly to Guy & Fields (1997). The crude compounds were purified by high-
performance liquid chromatography (HPLC) with a reverse-phase column using different purification
methods according to the retention time obtained in a gradient program of 5 to 95% in 30 min
(exploration gradient) in analytical HPLC [similarly to Klaassen et al. (2019)]. Only compounds with
purity equal to or greater than 95% were considered for in vivo evaluation, following the rules
determined by the National Health Surveillance Agency (ANVISA/Brazil) and Food and Drug
Administration (FDA/USA).

2.2. Ammals and experimental design

In this study, we used two strains of male mice (Swiss and C57B1/6]), which were obtained and
maintained mn the biotertum of the Biological Research Laboratory of the Federal Institute Goilano
Campus Urutai (IF Goiano, Urutai, Goids, Brazl). Males were chosen to avoid any influence of
hormonal peaks commonly observed i females during the short estrous cycle (Chari et al., 2020;
Lovick et al., 2021) on the biomarkers evaluated. While Swiss mice (outbred) present very similar
heterozygosity average to estimates for wild mouse and human populations (Rice & O'Brien, 1980),
C57BL/6] mouse colonies are genetically identical within each strain, making them free of genetic
differences that could impact research results. Inbred mouse strains exhibit a high degree of uniformity
i their mnherited characteristics, or phenotypes, which include appearance, behavior, and response to
experimental treatments (Sacca et al., 2013). All animals were kept under controlled laboratory
conditions (temperature of 23-25°C; relative humidity of + 45%; light/dark 12h photoperiod)
throughout the experimental period. The animals had access to water and feed ad libitum.

After weaning (21 days after birth) the animals were relocated to acclimatization boxes until they
completed 60 days of life. Then, 24 Swiss mice (45.69 g + 1.823 g - average + SD) and 24 C57BL/6]
mice (20.57 g + 0.6501 g - mean = SD) were distributed in different experimental groups. Mice that
were not exposed to PSPD-2002 constituted the control groups and those exposed to protein fragments
of the Spike protein of SARS-CoV-2 constituted the group "PSPD-2002". Each group was composed
of 4 replicates (n=3 amimals/replica). In both strains, exposure to PSPD-2002 occurred
mtraperitoneally, and each animal received a single injection of 12 ug PSPD-2002/mouse diluted in
phosphate-buffered saline (PBS, pH 7.2), making a dose of 580 ug PSPD-2002/kg of body biomass.
The anmmals of the control groups received only PBS (i.e.: vehicle used in the dilution of peptide

fragments). This dose was defined based on the study by Rhea et al. (2020) who, to evaluate whether
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S1 protein of SARS-CoV-2 would be able to cross the blood-bramn barrier in male CD-1 mice,
mtravenously administered 10 ug radioiodinated S1/animal. After 24 h, the animals were submitted to
different behavioral tests and biochemical evaluations. The short exposure period evaluated in our
study was also defined based on Rhea et al. (2020), which showed that within a few minutes the S1

protein of SARS-CoV-2 was able to reach the central nervous system (CNS) of the animals.

2.3. Toxicity biomarkers
2.3.1. Hippocratic screening

Aiming to evaluate the effect of peptide fragment administration on parameters related to
general activity, consciousness, motor coordination, muscle tone, reflexes, central and autonomic
nervous system activities, a Hippocratic screening (Malone, 1977; Malone, 1983) was performed during
15 min, after intraperitoneal mjection at 0.5, 1, 2, 4, 8, 12, 24 h. The following signs were evaluated:
general activity, vocal frantic, irritability, touch response, tail grip response, contortion, posterior train
position, straightening reflex, body tone, force to grasp, ataxia, auricular reflex, corneal reflex, tremors,
convulsions, anesthesia, lacrimation, ptosis, urination, defecation, piloerection, hypothermia, breathing,
cyanosis, hyperemia, and death. All these signs were evaluated by behavioral observation and systematic
clinical examination of the mice, like examine the studies by Moreira et al. (2021) and Brigido et al.
(2021)). A score for Hippocratic screening was set from 0 (absent) to 4 (intense), according to the

observation of animal activity parameters.

2.3.2. Traditional behavioral paradigms

To evaluate whether PSPD-2002 would be able to cause damage to the behavior of animals in
traditional behavioral paradigms, the mice were submitted to a battery of sequential tests. In these tests,
we were able to evaluate possible changes in the locomotor abilities of the animals, as well as induction
of anxiety-like and depressive-like behaviors. In addition, possible short-term memory deficit caused
by exposure to PSPD-2002 was also evaluated. All tests were performed 1n a specific room with acoustic
msulation, temperature, and controlled luminosity. In addition, the tests were performed on the same
day, adopting the "triple tests" model, described i Ramos et al. (2008) and Souza et al. (2018), with
some modifications (see sections 2.3.1.1 to 2.3.1.3). The amimals were sequentially submitted to open
field tests, novel object recognition tests, and swimming forced (from most stressful to least stressful).
The behavior of the animals was analyzed in Plus MZ v1 software. In addition, all animals were allowed

to acclimate to the test room for 30 min, before the tests.

2.3.2.1 Open field test
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The open-field test (OFT) was used to evaluate the possible induction of locomotor alterations
and anxiety-like behavior (Gould et al., 2009) by exposure to PDPD-2002. For this, we adopted the
procedures described mn Estrela et al. (2021)), with minor modifications. Briefly, the test consisted of
mtroducing the animals individually into a rectangular arena (16.5 cm height x 31em width x 40.5 em
length), of white opaque walls, which were filmed for 5 min. The total crossings of the quadrants plotted
virtually on the computer screen (XX cm’/each) were used to infer the impact of PSPD-2002 peptides
on the locomotor activity of the animals. The proportion between the length of stay in the central zone
of the device and the total time of the test (5> min = 300s) was used to evaluate the possible induction of
anxiolytic- or anxiety-like behaviors. Conform discussed by Prut & Belzung (2008), a lower percentage
of crosses between quadrants in the central zone and, consequently, a high percentage of crosses in the
lateral quadrants can be used as an anxiety index. Between each session, the parades were cleaned with

709% alcohol.

2.3.2.2. Basso mouse scale for locomotion

During the OFT we also evaluated the possible effect of PSPD-2002 on biomechanical aspects
of animal locomotion. For this, the animals were assessed through the Basso Mouse Scale for
Locomotion (BMS), proposed by Basso et al. (2006) and used in the (eco)toxicological study of
Mendes et al. (2017). Locomotion events include assessing the forelimb and hindlimb coordination

during sustained locomotion, trunk mstability, paw orientation, and tail position, among others.

2.3.2.3 Novel object recognition test
After the end of the OFT, the novel object recognition test (NORT) was performed, similarly
to the procedures adopted by Rabelo et al. (2016)). Briefly, the test consisted of two steps. In the first,
the animals were submitted to a “training session", which consisted of introducing two i1dentical objects
mto the mstrument, called familiar objects (F1 and F2), and recording the exploration time in each
object, for 5 min. Such objects (Lego toys) had the same color, shape, and size. Then the animal was
removed from the test equipment and taken to the bioterium. An hour later, one of the familiar objects
ras replaced by a different object [called a novel object (N)]. This object was of the same color, but
different size and shape than the ones that were utilized n the "training session". Subsequently, the
animals were remtroduced into the device and the time of exploration of the objects (N and F) was
recorded for 3 min. Itis emphasized that a cross-drawing was used in all test sessions, so that the novel
and familiar objects were placed in alternating positions, to exclude the potential preference of the
animals for a certain spatial location of the objects in the apparatus. It was considered exploitation when
the animal touched the object mtentionally with the paws or when it smelled at a distance < 2 cm
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(Rajagopal et al. 2014). For each animal, the index of recognition of the objects (Eq. 1) was calculated,
as described in Pieta-Dias et al. (2007)).

2.3.2.4 Forced swimming test

After the NORT, the animals were submitted to the forced swimming test (FST), according to
the procedures described in Silva et al. (2018)), with minor modifications. Briefly, the test consisted of
mtroducing the animal mnto a cylindrical glass tank (diameter 20 ¢cm), contaming 2 L of water (250 C)
and filming 1t for 5 min. After the test, each animal was introduced into a box containing dry towel
paper under heated lighting. During the analysis of the videos, the immobility time was recorded, which
has been broadly used to identify depressive-like behaviors m studies mvolving FST and rodents

(Holanda et al., 2022; Gumus et al., 2022; Sofidiya et al., 2022).

2.3.3. Biochemical assessment

Seeking to associate possible behavioral changes with biochemical alterations, different
biomarkers of toxicity were evaluated in the brains of the animals. For this, after the behavioral tests
(see previous items) the animals were euthanized (via cervical displacement) and a craniotomy was
performed for brain extraction. Then, the organs were transferred to previously sterilized microtubes,
containing 1 mL of PBS, for subsequent maceration and homogenization. Then, the samples were
centrifuged at 13,000 rpm for 10 min at 4°C, and the supernatant was used for the analysis of the

discriminated biomarkers in Table 1.

Table 1. General information about biochemical biomarkers evaluated in brain samples Swiss and

C57Bl/6] mice exposed or not to peptide fragments (PSPD-2002).

Biomarkers References (methods)

Nitrite Bryan et al. (2007)

Reactive oxygen species (ROS) Maharajan et al. (2018)
Hydrogen peroxide (H:O.) Elnemma et al. (2004)
Thiobarbituric acid reactive species Pothiwong et al. (2007)

Catalase Sinha et al. (1972)

Superoxide dismutase (SOD) Del-Maestro & McDonald (1985)
Acetylcholinesterase (AChL) Ellman et al. (1961)
Butyrylcholinesterase (BChE) Silva et al. (2021)
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2.3.3.1. Determination of the protein level

All results of biochemical analyzes were expressed in "unit/mg" of protein in the samples. Thus,
we used a commercial kit (Bioténica Ind. With. LTD, Varginha, MG, Brazil, code #10.009.00), whose
total protein levels were determined based on the colorimetric reaction resulting from the reaction of
Cu” ions and peptide bonds of proteins, giving rise to a blue color detected in an ELISA reader at 492

nm.

2.4. Docking molecular

To predict the mode of binding and affinity of the bonds between PSPD-2002 and the protein
structures of the enzymes SOD, CAT, and AChE, a molecular docking analysis was performed. This
analysis was important to predict the possible mechanisms of action of peptides and their relationship
with behavioral changes. For this, the structure of PSPD-2002 was modeled using the Web server PEP-
FOLDS3 (https://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/). As protein structures
(targets) de mouse (Mus musculus) ([acetylcholinesterase (code Uniprot: P21836), catalase (code
Uniprot: P24270), superoxide dis (code Uniprot: P08228)]| was obtained by the homology construction
technique by the SWISS-MODEL server (https://swissmodel.expasy.org/) with structural similarity
values between 91.219% and 99.70% compared to structures of Homo sapiens. The validation of the
structures was verified through the SAVES v.6.0 (https://saves.mbi.ucla.edu/) server. For molecular
docking simulations, AutoDock Tools (ADT) v4.2 were used to prepare ligands and targets (Morris et
al., 2009) and AutoDock Vina 1.1.2 to perform the calculations (Trott & Olson, 2010). Binding affinity
and interactions between residues were used to determine better molecular interactions. The results

were visualized using ADT and UCSF Chimera X (Pettersen et al., 2021).

2.5. Integrated biomarker response index

To demonstrate the toxicity of the treatments, the results of all biomarkers evaluated were
applied into the "Integrated Biomarker Response Index" (IBRv2), which 1s based on the principle of
reference deviation between a disturbed and undisturbed state. For this, we adopted the procedures
described in Beliaeft & Burgeot (2002), with some modifications proposed by Sanchez et al. (2013).
The deviation among biomarkers measured in mice exposed to PSPD-2002 (of each stramn) was
compared to those measured in animals from the "control” groups. For each experimental group, the
ratio among the mean value obtained at each biomarker was evaluated and the respective reference
control value was log-transformed (Y1). In the next step, a general mean (1) and standard deviation (sd)
were calculated, considering the Yi values of a given biomarker measured in each group. Subsequently,
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Y1 values were standardized by equation 1 and the difference between Zi and Z0 ('control" group) was
used to define the biomarker deviation index (A). To obtain integrated multiple biomarker responses,
similarly to Garcia-Medina et al. (2022)), the value of A of each biomarker was calculated for every
exposed group, and IBRv2 was calculated for each group by the sum of the absolute values of A. The

area above 0 reflects biomarker induction, and the area below 0 indicates biomarker.

Zi = (Yi—p)/sd Eq. 1

2.6. Statistical analysis

Initially, all data obtained were evaluated regarding the assumptions for using parametric
models. For this, we used the Shapiro-WIilk test to assess the distribution of residual data and the
Bartlett test was used to assess the homogeneity of variances. Data on biochemical biomarkers and
those obtained in open field tests and forced swimming were submitted to two-way ANOVA, with
Tukey's post-test, considering the factors "stramn" (Swiss and C57Bl/6]) and "treatment” (control and
PSPD-2002). On the other hand, data referring to the "test session" of NORT were submitted to three-
way ANOVA, with Tukey's post-test, considering the factors "strain " (Swiss and C57Bl/6]), "treatment"
(control and PSPD-2002), and "objects" (novel and familiar). In addition, the data obtained in the
"training session" of the NORT were submitted to the Student t-test. The main component analysis
(PCA) was performed to explore correlations among treatments, based on the average value of each
biomarker evaluated. In this regard, the number of principal components was selected based on scree
plots (Peres-Neto et al., 2004) and before the multivariate analysis, the data were logarithmized.
Additionally, correlations were performed using Pearson's correlation coefficients, as well as
hierarchical clustering analysis, based on Ward's method (Eszergar-Kiss & Caesar, 2017). Significance
levels were set at Type I error (p) values lower than 0.05. GraphPad Prism Software Version 9.0 and

PAST (PALaeontology STatistic) software were used to perform the statistical analyzes.

3. RESULTS

Initially, our data did not contain any visible signs of toxicity (hippocratic screening) after the
administration of PSPD-2002 peptide fragments, such as contortion, muscle tone, tremors, convulsions,
straub, hypnosis, lacrimation, ptosis, urination, piloerection, cyanosis, among others (see item "2.3.1").
In addition, the anmimals of all experimental groups received a maximum score in the evaluation
performed via BMS (in the OFT), which indicates that the PSPD-2002 did not affect biomechanical
parameters of the locomotion of the animals. We also did not record the death in the experimental
groups and no behavioral alteration suggestive of locomotor dysfunction and or anxiolytic-or anxiety-
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like behavior was observed in the OFT. Neste test, we observed only that the responses of the animals
were Influenced by the factor "strain", having the C57Bl/6] mice presented higher locomotor activity
(Figure 1A) and the Swiss mice, higher anxiety index (Figure 1B).

Regarding the NORT, the recognition indices for "familiar objects" (F1 and F2) in the "training
session” of the controls groups differed from zero and did not show a significant difference (Figure 2A),
which validates the test performed, once it demonstrates that the random exploration of the objects in
the "traming session" resulted in an equal exploration of both objects, besides excluding potential
preference for a certain spatial location of the objects placed in the test box. Furthermore, the "controls"
groups (Swiss and C57B6/6] mice) and "PSPD-2002 Swiss" group yielded higher recognition indices for
the "novel object" in the "test session", compared to the indices of the "familiar object’, indicating success
i retaining the memory of the "famihar object” (Figure 2B). However, this result was not observed in
the animals of the "PSPD-2002 C57Bl/6]" group. In addition to the time of exploration not having
deferred between the "novel" and "familiar" objects, the recognition index of the "familiar object” of these
animals was higher than that observed i the other experimental groups (Figure 2B). In the forced
swimming test, we did not observe significant differences between the "control" and "PSPD-2002" groups
within each evaluated strain. However, we observed that the animals of the "PSPD-2002 C57Bl/6]"
group remained longer immobile (>125%) in the FST when compared to Swiss mice also exposed to

peptide fragments (Figure 3).
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Figure 1. (A) Total crossings and (B) anxiety index of Swiss and C57Bl/6] mice exposed or not to
peptide fragments PSPD-2002 i open field testing. The bars indicate the mean + SD (n=12
animals/group), whose data were submitted to two-way ANOVA, with Tukey's post-test, up to 5%
probability (see summary of statistical analyses at the top of the graphs). Distinct lowercase letters
mdicate significant differences between groups. PSPD-2002 refers to groups of mice (Swiss or

C57Bl/6]) that received an intraperitoneal injection containing the peptide fragment PSPD-2002 (at
580 pg/kg).
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Figure 2. Object recognition indices of Swiss and C57Bl/6] mice exposed or not to peptide fragments

PSPD-2002 in the novel object recognition test (NORT). (A) Recognition index of the "familiar
objects" of the "controls" groups in the "traming session" and (B) i the "test session" ("control" and
"PSPD-2002" groups). The bars indicate the mean + SD (n=12 animals/group). In"A", The Student's
t-test was applied, at 5% probability. In "B’ the data were submitted to the Three-way ANOVA, with
Tukey's post-test, also at 5% probability (see summary of statistical analyses at the top of the graphs).
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Equal capital letters indicate the absence of differences m the "novel object" recognition indexes
between the different experimental groups. On the other hand, the distinct lowercase signs indicate
significant differences between the recognition indexes of the novel vs. "familiar" objects of each
experimental group. PSPD-2002 refers to groups of mice (Swiss or C57Bl/6]) that received an

mtraperitoneal injection containing the peptide fragment PSPD-2002 (at 580 pg/L).
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Figure 8. Swiss and C57Bl/6] mice immobility tempo exposed or not to PSPD-2002 peptide
fragments in forced swimming test. The bars indicate the mean + SD (n=12 animals/group), whose
data were submitted to two-way ANOVA, with Tukey's post-test, up to 5% probability (see summary
of statistical analyses at the top of the graphs). Distinct lowercase letters indicate significant differences
between experimental groups. PSPD-2002 refers to groups of mice (Swiss or C57Bl/6]) that received

an intraperitoneal injection containing the peptide fragment PSPD-2002 (at 580 ug/kg).

Regarding the predictive biochemical evaluations of oxidative stress, our statistical analyses
revealed the effect of the interaction between the factor’s "strain" and "treatment” for most biomarkers
evaluated. The levels of nitrite (Figure 4A), hydrogen peroxide (Figure 4B), and ROS (Figure 4C) in
the brain of Swiss mice were higher than those observed i ¢57Bl/6] mice. However, we observed a
suppressive effect of nitrite and hydrogen peroxide production only in the Swiss mice exposed to PSPD-
2002, when compared to their respective "control" group (Figure 4A-B, respectively). ROS production
was not altered by exposure to peptide fragments in the rodent strain evaluated (Figure 4C). On the
other hand, we noticed that the production of TBARs was significantly higher in the animals exposed

to PSPD-2002, whose increase about their respective "control" groups was 161.8% and 175.7% for the
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Swiss and C57BIl/6] scans, respectively (Figure 4D). In this case, such results indicate the effect only of
the factor "treatment” on the TBARs brain levels.

Concerning the activity of the enzymes evaluated in our study, we observed that exposure to
PSPD-2002 induced suppression of SOD (Figure 5A) and catalase activity (Figure 5B) in the brain of
Swiss mice (Figure 5A), as well as increased catalase activity in C57B1/6] mice (Figure 5B). In addition,
we observed that the "PSPD-2002" groups (for both strains) showed a significant reduction in AChE
activity (Figure 5C) compared to their respective "control” groups. While in the Swiss mice this reduction
was 40.1%, in the C57Bl/6] mice was higher than 65.8%. However, we did not observe a suppressive
or stimulator effect induced by peptide fragments in the BChE brain activity of the evaluated animals

(Figure 5D).
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Figure 4. (A) Nitrite, (B) hydrogen peroxide, (C) reactive oxygen species, and (D) thiobarbituric acid reactive species levels in the brain of Swiss and
C57Bl/6] mice exposed or not to peptide fragments PSPD-2002. The bars indicate the mean + SD (n=12 animals/group), whose data were submitted
to two-way ANOVA, with Tukey's post-test, up to 5% probability (see summary of statistical analyses at the top of the graphs). Distinct lowercase letters



indicate significant differences between groups. PSPD-2002 refers to groups of mice (Swiss or C57Bl/6]) that received an intraperitoneal injection

containing the peptide fragment PSPD-2002 (at 580 pg/kg).
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Figure 5. (A) Superoxide dismutase, (B) catalase, (C) acetylcholinesterase, and (D) butyrylcholinesterase activity in the brain of Swiss and C57Bl/6] mice
exposed or not to peptide fragments PSPD-2002. The bars indicate the mean + SD (n=12 animals/group), whose data were submitted to two-way
ANOVA, with Tukey's post-test, up to 5% probability (see summary of statistical analyses at the top of the graphs). Distinct lowercase letters imdicate
significant differences between groups. PSPD-2002 refers to groups of mice (Swiss or C57Bl/6]) that received an intraperitoneal injection containing the

peptide fragment PSPD-2002 (at 580 pg/kg).
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Assuming that the biochemical effects observed could be related to the possible binding of
peptide fragments (PSPD-2002) to the protein structures of the enzymes SOD, catalase, and AChE, we
performed a molecular docking analysis. In this case, all the interactions evaluated presented acceptable
affinity data exceeding the low-quality limit (-6.0 kcal/mol). The affinity values for SOD and catalase
were -7.9 kcal/mol (for both) and AChE was -8.1 kcal/mol. The interactions between PSPD-2002 and
AChE mvolved glu223, SER224, GLY141, SER145, TYR144, ASP300, SER304, PHE355, and
TYRS354. With SOD and catalase, the residues "ASN92, GLU76, ALA179, LYS30, MET27, GLY 155,
ILE140, ARG142, and ALA179" and "ALLA384, ARG382, ASN 142, ASN238, SER337 and MET339",
respectively, were mvolved in the interaction with the peptide fragments. The results of the couplings

between peptides and the active sites of enzymes are shown i Figure 6.

-~

7~ = =
-~ I Acetylcholinesterase _.&.

Figure 6. Three-dimensional surface-ligand coupling of peptide fragment PSPD-2002 in the active
sites of the (A) acetylcholinesterase, (B) superoxide dismutase, and (C) catalase enzymes and their

Interactions.
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Considering the behavioral and biochemical (joint) responses of the animals, we observed that
g P

the "PSPD-2002 C57Bl/6]" group presented an IBRv2 value 30.17% higher than that obtained in the

Swiss mice exposed to peptide fragments (Figure 7A). The star graph (polygon) of A values obtained

for each compound (Figure 7B) shows how each biomarker contributed to the IBRv2 index for the

groups that received PSPD-2002 (Swiss and C57Bl/6]). In general, the graph shows a suppressive trend

of most biomarkers evaluated in the "PSPD-2002 Swiss" group and, in the C57Bl/6] mice, a stimulator

effect. On the other hand, in both strains, the AChE and TBARs values were discriminant, denoting

suppressive and stimulator effects, respectively (Figure 7B).
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Figure 7. (A) Results of Integrated biomarker responses index (IBRv2) calculations and (B) star
graph (polygon) of A values obtained with the IBRv2 method for the "PSPD-2002 Swiss" and "PSPD-
2002 C57Bl/6]" groups. Legend: Nitr: nitrite; Hyd Per: hydrogen peroxide; CAT: catalase; SOD:
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thiobarbituric acid reactive substances; T'Cr: total crossing; Immo: immobility time; Al: anxiety index;
RIN: recognition index (novel object); RIF: recognition index (familiar object); and ROS: reactive
oxygen species.

In PCA, we observed that the first two main components (PC1 and PC2) cumulatively explained
91.16% of the total variation (Figure 8A), with the eigenvalues of PC1 and PC2 being higher than 2.6
(Figure 8B). The loadings plot (which shows the relationship between the PCs and the original variable
- Figure 8C) and Table 1 show that most biomarkers were negatively associated with PC1 and that PC2
was negatively determined only by the variables AChE, a total of crosses and recognition of the novel
object. As expected, the biomarkers of oxidative and nitrosative stress (nitrite, ROS, hydrogen peroxide,
SOD, and catalase) were strongly correlated, considering the proximity between their vector loads in
the negative upper quadrant of PC1, as well as the high values of correlation coefficients observed in
Table 2. We also note that the rodent strains evaluated (exposed or not to PSPD-2002) were separated
by PC1, and the Swiss mice groups were positioned in the negative quadrants of PC1 and those of the
C57Bl/6] mice, i the positive quadrants of this PC (Figure 8D). The hierarchical clustering analysis
that 1s carried out confirms this trend (Figure 8E). On the other hand, the positioning of the groups
"control" and "PSPD-2002" (for both strains) in opposite quadrants in PC2 confirms that the response
of the animals (inferred by the biomarkers evaluated in this study) was influenced by exposure to
peptide fragments. The greater distance between the PC scores of the groups "control C57Bl/6]" and
"PSPD-2002 C57Bl/6]" groups in PC2 shows, particularly, a greater effect of exposure to PSPD-2002
on the C57Bl/6] strain, as also pointed out by the IBRv2 (Figure 7A).

Biomarkers Abbreviation Principal components
PC1 PC2
Nitrite Nitr -0,98 0,19
Hydrogen peroxide Hyd Per -0,95 0,31
Reactive oxygen species ROS -0,98 0,18
Catalase CAT -0,98 0,21
Superoxide dismutase SOD -0,98 0,21
Acetylcholinesterase AChE -0,77 -0,51
Butyrylcholinesterase BChE -0,97 0,24
Thiobarbituric acid reactive species TBARs 0,31 0,43
Total crossings TCr 0,93 -0,31
Immobility time Immo 0,87 0,40
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Anxiety index Al -0,98 0,03
Novel object recognition index RIN -0,32 -0,92
Familar object recognition index RIF 0,29 0,92

Table 1. Rotated loading (coefficient) matrix provided by the multivariate analysis to define factors or

main components PC1 and PC2.

Variables with a high loading coefficient are highlighted in bold.
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Table 2. Matrix correlation between the variables considered in the main component analysis (PCA).

Nitr Hyd Per  CAT SOD AChE BChE  TBARs TCr Immo Al RIN RIF ROS
Nitr 1.000 0.991 0.999 1.000 0.637 0.999 -0.180 -0.959 -0.792 0.978 0.152 -0.123 0.999
Hyd Per  0.991 1.000 0.995 0.993 0.569 0.995 -0.153 -0.977 -0.705 0.944 0.021 0.009 0.992
CAT 0.999 0.995 1.000 1.000 0.632 0.999 -0.189 -0.967 -0.774 0.971 0.125 -0.095 0.998
SOD 1.000 0.993 1.000 1.000 0.627 0.999 -0.171 -0.960 -0.784 0.976 0.137 -0.108 0.999
AChE 0.637 0.569 0.632 0.627 1.000 0.599 -0.790 -0.639 -0.765 0.673 0.630 -0.588 0.608
BChE 0.999 0.995 0.999 0.999 0.599 1.000 -0.143 -0.959 -0.768 0.971 0.109 -0.081 1.000
TBARs -0.180 -0.153 -0.189 -0.171 -0.790 -0.143 1.000 0.330 0.211 -0.144 -0.318 0.272 -0.140
TCr -0.959 -0.977 -0.967 -0.960 -0.639 -0.959 0.330 1.000 0.628 -0.884 0.029 -0.067 -0.953
Immo -0.792 -0.705 -0.774 -0.784 -0.765 -0.768 0.211 0.628 1.000 -0.897 -0.713 0.697 -0.786
Al 0.978 0.944 0.971 0.976 0.673 0.971 -0.144 -0.884 -0.897 1.000 0.332 -0.308 0.978
RIN 0.152 0.021 0.125 0.137 0.630 0.109 -0.318 0.029 -0.713 0.332 1.000 -0.999 0.136
RIF -0.123 0.009 -0.095 -0.108 -0.588 -0.081 0.272 -0.067 0.697 -0.308 -0.999 1.000 -0.108
ROS 0.999 0.992 0.998 0.999 0.608 1.000 -0.140 -0.953 -0.786 0.978 0.136 -0.108 1.000

Legend: Nitr: nitrite; Hyd Per: hydrogen peroxide; CAT: catalase; SOD: superoxide dismutase; AChE: Acetylcholinesterase; BChE: Butyrylcholinesterase;

TBARs: thiobarbituric acid reactive substances; T'Cr: total crossing; Immo: immobility time; Al: anxiety index; RIN: recognition index (novel object); RIF:

recognition index (familiar object); and ROS: reactive oxygen species.
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and (E) cluster analysis dendrogram. PSPD-2002 refers to groups of mice (Swiss or C57Bl/6]) that received an intraperitoneal injection containing the

peptide fragment PSPD-2002 (at 580 pg/kg).
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4. DISCUSSION

Although 1t 1s very incipient that there 1s a prognosis on the ecological risks associated with the
dispersion of SARS-CoV-2 or its particles/fragments in natural environments, previous studies of our
group have shown that these risks cannot be neglected (Charlie-Silva et al., 2022). The effects of the
exposure of representatives of insect groups (Mendonca-Gomes et al., 2021), amphibians (Charlie-Silva
et al., 2021), and fish (Malafaia et al., 2022; Gongalves et al., 2022) peptide fragments of the Spike
protein of SARS-CoV-2 raise concerns related to the possible effects of PSPD-2002 on mammals, not
only because man is part of this taxonomic group, but also due to the importance of these animals in
ecosystem balance. In this sense, our study extends the knowledge about the (echo)toxicological
potential of these viral fragments by demonstrating that the short exposure of mice to PSPD-2002 was
able to induce alterations that affect the health of animals, which constitutes, therefore, the "big picture”
of our study.

Initially, our data pointed to the absence of induction of hyper-/hypoactivity or anxiogenic-
Janxiety-like behavior by exposure to PSPD-2002, which departs from the reported effects
for C. quinquefasciatuslarvae and P. reticulata juveniles exposed to the same peptides. In insects,
aquatic exposure to PSPD-2002 (at 40 pg/L), for 48 h, induced a significant increase in the locomotor
activity of larvae (Mendonca-Gomes et al., 2021), and in fish, we demonstrated that although habituation
learning has not been altered by the peptides (40 pg/L, 35 days exposure), the animals exposed
exhibited anxiety-like behavior (Malafaia et al., 2022). At the time, we evidenced a close relationship
between the stimulation of the cholinergic system in animals exposed to peptides and the induction of
reported behavioral changes, which was not observed in our study. Conversely, we evidenced in both
strains of mice tested that exposure to PSPD-2002 induced a significant suppression of ache brain
activity (Figure 5C) without, however, having eaten alterations in locomotor abilities (Figure 1A),
anxiety-like behavior (Figure 1B), or depressive-like behavior of animals (Figure 3). Although the activity
of AChE plays a fundamental role in the central cholinergic synapses and neuromuscular junctions
necessary for the maintenance of the physiological homeostasis of locomotion (Holschneider et al.,
2011; Mille et al., 2021) or influential role i anxiety and depression (Suarez-Lopez et al., 2019), its
reduction in the evaluated mice does not seem to have been sufficient to induce behavioral changes of
these natures. In this case, it 1s tempting to speculate that the reduction threshold of this enzyme capable
of inducing changes in the neurophysiological mechanisms that regulate the emotionality of animals in
the OFT and FST may not have been reached in the short period of exposure to PSPD-2002 (i.e.: 24
h).

On the other hand, we observed in the C57Bl/6] mice a significant effect of exposure to PSPD-
2002 on their performances in NORT, considered the hallmark method used in assessing non-spatial
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object memory in rodents (Cohen & Stackman, 2015). The similarity between the exploit times of the
"novel" and "familiar" objects in the animals of the "PSPD-2002 C57Bl/6]" group (Figure 2B), showed
significantly reduced discriminating ability compared to their "control" group. As discussed by Rabelo
et al. (2016) and Guimaraes et al. (2017)), results such as these suggest a memory deficit induced by the
treatments, since an increase in the time of exploration of the "novel" object would indicate that a
memory trace for the "family object" was properly coded, consolidated and then recovered to guide the
rodent's behavior during the "test session" of the NORT. The pioneering of our study restricts our ability
to elucidate the mechanisms that mediated the effect of PSPD-2002 on the neurobiological mechanisms
responsible for this memory deficit. However, our study provides evidence that the memory deficit
observed m ¢57Bl/6] mice may be related to higher production of TBARs (= 109%) and greater
suppression of AChE activity (= 659%) observed in the brain of these animals, compared to Swiss mice
also exposed to PSPD-2002 (Figure 4D and 5A, respectively). Although these results have not diftfered
statistically from a biological point of view, these percentage differences cannot be overlooked.

It 1s known that NORT requires the hippocampus for encoding, consolidation, and retrieval
(Mumby et al., 2002; Haettig et al., 2011) thus providing a measure of hippocampus-dependent spatial
memory (Vogel-Ciernia & Wood, 2014). Therefore, it is possible that the increase in lipid peroxidation
(LPO)-induced processes, induced by PSPD-2002, may have caused cytotoxic changes in hippocampal
neurons, which would have potentially affected the performance of C57Bl/6] mice in NORT. Studies
such as those of De-Lima et al. (2005), Tang et al. (2013), Mamiya et al. (2013) and Pondugula et al.
(2021)), by demonstrating a strong association between the occurrence of LLPO 1n the hippocampus of
rodents (who received different substances/chemical compounds) and a memory deficit in NORT,
reinforce this hypothesis. However, interestingly, the increase in TBARs levels in animals exposed to
PSPD-2002 does not seem to be related to the induction of oxidative stress in the brain of mice, as
observed in other animals exposed to the same peptides (Charlie-Silva et al., 2021; Mendonc¢a-Gomes
et al., 2021; Malafaia et al., 2022; Gongalves et al., 2022), since the levels of hydrogen peroxide and
ROS did not differ between the "control C57Bl/6]" and "PSPD-2002 C57Bl/6]" groups (Figure 4B-C,
respectively). In this case, it is plausible to assume that the increase in TBARs in ¢57Bl/6] mice is part
of an adaptive response to try to counterbalance the oxidative stress induced by PSPD-2002. As
discussed by Morales & Munné-Bosch (2019) and Rangasamy et al. (2022)), TBARs increases may
represent acclimation processes rather than damage, since TBARs can exert a positive role by activating
regulatory genes involved m ammal defense and development and granting cell protection under
oxidative stress conditions. Anyway, this presumption needs to be validated by future studies.

On the other hand, studies have shown that a decrease in cholinergic function in the central
nervous system can result in cognitive dysfunction and memory loss (Aradjo et al., 2005; Maurer &
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Williams, 2017; Fahimi et al., 2021), which reinforces the hypothesis that the greatest anticholinesterase
effect induced by PSPD-2002 in C57BIl/6] mice (Figure 5C) is also associated with memory deficit in
these animals (Figure 2B), which has also been evidenced in previous studies. In Haider et al. (2014),
for example, the authors showed that the impaired memory exhibited by the aged rats may be attributed
to the observed decreases in AChE activity and increased LLPO in plasma and brain. In addition, Paul
& Borah (2017) observed a strong association with the suppression of AChE activity in the brain and
the significant reduction in discriminating ability of hypercholesterolemic mice in NORT.

In our study, in particular, the hypothesis of the anticholinesterase effect observed in the brain
of animals 1s a consequence of direct interactions between the PSPD-2002 and AChE 1s supported by
molecular docking analysis (Figure 6), different from the findings of Charlie-Silva et al. (2021),
Mendonca-Gomes et al. (2021) and Malafaia et al. (2022), in which opposite effect (cholinesterasic
stimulation) was observed in P. cuvieri tadpole, C. quinquefasciatus larvae and P. reticulata juveniles,
respectively. In these studies, two possible mechanisms have been proposed for an increase in AChE
activity. In the first situation, the increase in AChE activity would characterize a compensatory
mechanism in response to the catalytic deficit induced by the peptides. In this case, 1t 1s possible that
the peptides would bind AChE instead of the natural higand and thus reduce the catalysis of
acetylcholine ACh. In the second, the increase would be explained by a more efficient response of the
enzyme to the increase in the release of ACh in the synaptic clefts via activation of the cholinergic anti-
mflammatory pathway (CAP). However, in mice exposed to PSPD-2002, such assumptions do not
seem to be applied, considering factors involving physiological differences between the evaluated
models, the sites (organs/tissues) where the AChE activity was measured, the time sands, and the routes
of exposure to peptide fragments. Therefore, future studies will be useful to understand whether
possible interactions between PSPD-2002 and AChE in mice would culminate i the suppression of
AChE activity due to changes in the mechanisms of association and catalysis or the reduction of
enzymatic efficiency caused by decreased affinity of the substrate for the active site of the enzyme.
Alternatively, investigations on the influence of PSPD-2002 on the activation/inhibition of the
cholinergic anti-inflammatory approach (CAP) may elucidate whether the reduced AChE activity 1s the
result of the simple decrease in the release of ACh in the synaptic clefts by the mactivation of the
cholinergic anti-inflammatory pathway (CAP) by the peptides. Moreover, the hypothesis that the
reduction of AChE activity in these animals 1s associated with negative regulation of the AChE gene by
the peptide of the Spike protein of SARS-CoV-2 is an interesting investigative perspective to be
addressed 1n the future.

On the other hand, the possible reduction of SOD and catalase activity caused by their strong
mteractions with PSPD-2002  suggested by molecular docking analysis (Figure 6) did not culminate in
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the mncrease of oxidative stress biomarkers evaluated i our study, which suggests that other antioxidant
mechanisms may have acted to prevent the occurrence of oxidative and nitrosative processes. The
mcrease in the production of hydrogen peroxide, ROS, and nitrite was not observed in any of the mouse
strains exposed to PSPD-2002 (Figure 5), which also diverges from previous findings of our group
mvolving aquatic models exposed to the peptide fragments of the Spike protein of SARS-CoV-2.
Although SOD and catalase are considered first-line antioxidants defenses that are important for
preventing physiological oxidative stress (Ighodaro & Akinloye, 2018), in specific situations other
components of the antioxidant system can be activated as a result of a mechanism that aims to
compensate for dysfunctions in these enzymes. This would include enzymatic antioxidants such as
glutathione peroxidases (GPx) [which can use glutathione (GSH) as a reductant to catalyze hydrogen
peroxide or organic hydroperoxides (He et al., 2017)], the components of the thioredoxin (Trx) system,
which 1s composed of NADPH, thioredoxin reductase (I'rxR), and Trx (Nordberg & Arnér, 2001; Lu
& Holmgren, 2014), as well as peroxiredoxins (Prxs), are a very large and highly conserved family of
peroxidases that reduce peroxides (Rhee, 2016). In addition, a large number of low molecular weight
compounds are considered to be antioxidants of biological importance, mcluding vitamins C and E,
different selentum compounds, lipoic acid, and ubiquinones (Grune et al., 2005). Therefore, there 1s
arange of possibilities to be investigated which would explain the non-observance of increased hydrogen
peroxide and ROS i mice exposed to PSPD-2002, even though the activities of SOD and catalase
brain activity have been reduced.

Finally, 1s important to point out that although our study gathered evidence on the negative
effects of peptide fragments of the Spike protein of SARS-CoV-2 on object recognition memory (in
C57Bl6] mice), SOD and catalase activity (in Swiss mice), cholinesterase homeostasis, and on the
mechanisms that regulate or support the processes of LPO (in both rodent strains), many issues still
need to be mvestigated. From our study, questions are raised about the role of the genetic background
m the response of animals to exposure to peptide fragments of the Spike protein of SARS-CoV-2,
especially when we evidenced (based on the set of biomarkers evaluated) that ¢57Bl/6] mice (inbred)
were more affected by exposure to PSPD-2002, compared to Swiss mice (outbred) (Figure 7 and 8).
While the inbred animals are genetically homogeneous and there is very little variation or heterogeneity
within a pure mbred strain (Watkins-Chow & Pavan, 2008), the outbred are bred specifically to genetic
maximize diversity and heterozygosity within a population (Rice & O'Brien, 1980). Therefore, this
question "shedding light" on the possible influence of genetic profile of individuals on susceptibility/
resistance as peptide fragments of the Spike protein of SARS-CoV-2, similarly to the genetic
determinism of resistance or susceptibility of humans to COVID-19 (Khan, 2020; Andreakos et al.,
2021). In addition, assessments of the toxicity of these peptides, as well as other SARS-CoV-2 particles,
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at different concentrations and exposure periods and different stages of anmimal life constitute some
future mvestigative perspectives. Equally important will be to expand the list of biomarkers to be
evaluated (e.g.: histopathological, molecular, endocrine, among others), as well as the environmental
representativeness of the animal models to be studied, since the sensitivity to viral peptides can be
different between non-host organisms of the new coronavirus. Monitoring the effects observed in the
adult Iife of animals, as well as their consequences at the population level and on their ecological roles,

should also be the focus of further studies.

5. CONCLUSION

In conclusion, our study confirms the hypothesis that the exposure of mice to peptide fragments
(PSPD-2002) of the Spike protein of SARS-CoV-2 induces alterations imvolving redox and
cholinesterasic homeostasis in the brain of animals, especially in C57Bl/6] mice, whose IBRv2 value
was higher than that observed m Swiss mice. Therefore, our study reinforces the mmportance of
evaluating not only the susceptibility of different mammal species to viral infection and their roles in
the dissemination of COVID-19 but also their responses to exposure to viral particles.  We believe
that approaches of this nature will be useful for a better understanding of the extent of the
environmental/ecological impact of the COVID-19 pandemic, whether in the short, medium, or long

term.

6. ACKNOWLEDGMENTS

The authors are grateful to the Goiano Federal Institute and the National Council for Scientific
and Technological Development (CNPq/Brazil) for the financial support needed to conduct this
research (Proc. No. 23219.000137.2022-28 and 403065/2021-6, respectively). Malafaia G. holds a
productivity scholarship from CNPq (Proc. No. 307743/2018-7).

7. DECLARATION OF COMPETING INTEREST

We confirm that there are no known conflicts of mterest associated with this work and there
has been no significant financial support for this work that could have influenced its outcome. We
confirmed that the manuscript has been read and approved by all named authors and that there are no
other persons who satisfied the criteria for authorship but are not listed. We further confirm that the
order of authors listed in the manuscript has been approved by all of us. Due care has been taken to

ensure the integrity of the work.

8. ETHICAL ASPECTS

38



All experimental procedures were performed i accordance with the ethical standards for
animal experimentation and meticulous efforts were made to ensure that the animals suffered as little
as possible and to reduce external sources of stress, pain, and discomfort. The current study has not
exceeded the number of animals needed to produce reliable scientific data. This article does not refer
to any study with human participants performed by any of the authors.

9. REFERENCES

Achak, M., Bakri, S. A., Chhit, Y., Alaou, F. E. M. H., Barka, N., & Boumya, W. (2021).
SARS-CoV-2 in hospital wastewater during an outbreak of COVID-19: A review on detection, survival
and disinfection technologies. Science of the Total Environment, 701, 143192.

Agarwal, N., Meena, C. S., Raj, B. P., Saini, L., Kumar, A., Gopalakrishnan, N., ... & Aggarwal,
V. (2021). Indoor air quality improvement in COVID-19 pandemic. Sustainable Cities and Society, 70,
102942.

Amoah, I. D., Abunama, T'., Awolusi, O. O., Pillay, L., Pillay, K., Kumari, S., & Bux, F. (2022).
Effect of selected wastewater characteristics on estimation of SARS-CoV-2 viral load in wastewater.
Environmental Research, 205, 111877.

Amuah, E. E. Y., Agyvemang, E. P., Dankwa, P., Fei-Baffoe, B., Kazapoe, R. W., & Dout, N.
B. (2022). Are used face masks handled as infectious waste? Novel pollution driven by the COVID-19
pandemic. Resources, Conservation & Recycling Advances, 13, 200062.

Andreakos, E., Abel, L., Vinh, D. C., Kaja, E., Drolet, B. A., Zhang, Q., ... & Spaan, A. N.
(2021). A global effort to dissect the human genetic basis of resistance to SARS-CoV-2 infection. Nature
mmunology, 1-6.

Araujo, J. A., Studzinski, C. M., & Milgram, N. W. (2005). Further evidence for the cholinergic
hypothesis of aging and dementia from the canine model of aging. Progress in Neuro-
Psychopharmacology and Biological Psychiatry, 2943), 411-422.

Aslam, M. M. (2022). COVID-19 Pandemic: The Threat and Response. London and New
York: Routledge - Taylor & Francis Group.

Audino, T., Grattarola, C., Centelleghe, C., Peletto, S., Giorda, F., Florio, C. L., ... & Casalone,
C. (2021). SARS-CoV-2, a threat to marine mammals? A study from Italian seawaters. Animals, 11(6),
1663.

Basso, D. M., Fisher, L. C., Anderson, A. J., Jakeman, L. B., Mctigue, D. M., & Popovich, P.
G. (2006). Basso Mouse Scale for locomotion detects differences in recovery after spinal cord injury in
five common mouse strains. Journal of neurotrauma, 23), 635-659.

Behrendt, R., White, P., & Offer, J. (2016). Advances in Fmoc solid-phase peptide synthesis.
Journal of Peptide Science, 22(1), 4-27.

39



Beliaeff, B., & Burgeot, T. (2002). Integrated biomarker response: a useful tool for ecological
risk assessment. Environmental Toxicology and Chemistry: An International Journal, 21(6), 1316-1322.

Béné, C., Bakker, D., Chavarro, M. J., Even, B., Melo, J., & Sonneveld, A. (2021). Global
assessment of the impacts of COVID-19 on food security. Global Food Security, 31, 100575.

Brigido, H. P. C., Varela, E. L. P., Gomes, A. R. Q., Bastos, M. L. C., de Oliveira Feitosa, A.,
do Rosario Marinho, A. M., ... & Percario, S. (2021). Evaluation of acute and subacute toxicity of
ethanolic extract and fraction of alkaloids from bark of Aspidosperma nitidum in mice. Scientific
Reports, 11(1), 1-14.

Bryan, N. S., & Grisham, M. B. (2007). Methods to detect nitric oxide and its metabolites
biological samples. Free radical biology and medicine, 435), 645-657.

Bucolo, G., & David, H. (1973). Quantitative determination of serum triglycerides by the use
of enzymes. Clinical chemistry, 1945), 476-482.

Cable, J., Jaykus, L. A., Hoelzer, K., Newton, J., & Torero, M. (2021). The impact of COVID-
19 on food systems, safety, and security—a symposium report. Annals of the New York Academy of
Sciences, 1484(1), 3-8.

Chari, T., Griswold, S., Andrews, N. A., & Fagiolini, M. (2020). The stage of the estrus cycle 1s
critical for interpretation of female mouse social mteraction behavior. Frontiers in behavioral
neuroscience, 14, 113.

Charlie-Silva, 1., & Malafaia, G. (2022). Fragments Sars-Cov-2 in aquatic organism represent an
additional environmental risk concern: Urgent need for research. The Science of the Total
Environment, 817, 153064.

Charlie-Silva, 1., Aragjo, A. P., Guimaries, A. T., Veras, F. P., Braz, H. L., de Pontes, L. G., ...
& Malafaia, G. (2021). Toxicological insights of Spike fragments SARS-CoV-2 by exposure
environment: A threat to aquatic health?. Journal of hazardous materials, 419, 126463.

Cohen, 8. J., & Stackman Jr, R. W. (2015). Assessing rodent hippocampal involvement in the
novel object recognition task. A review. Behavioural brain research, 285, 105-117.

Crank, K., Chen, W., Bivins, A., Lowry, S., & Bibby, K. (2022). Contribution of SARS-CoV-2
RNA shedding routes to RNA loads in wastewater. Science of the Total Environment, 806, 150376.

Das, K., Behera, R. L., & Paital, B. (2022). Socio-economic impact of COVID-19. In COVID-
19 1in the Environment (pp. 153-190). Elsevier.

Del Maestro, R. F., & McDonald, W. (2018). Oxidative enzymes in tissue homogenates. In
CRC handbook of methods for oxygen radical research (pp. 291-296). CRC Press.

Delahay, R. J., de la Fuente, J., Smith, G. C., Sharun, K., Snary, E. L., Giréon, L. F., ... &
Gortazar, C. (2021). Assessing the risks of SARS-CoV-2 in wildlife. One health outlook, 3(1), 1-14.

40



De-Lima, M. N. M., Polydoro, M., Laranja, D. C., Bonatto, F., Bromberg, E., Moreira, J. C.
F., ... & Schroder, N. (2005). Recognition memory impairment and brain oxidative stress induced by
postnatal iron administration. Furopean Journal of Neuroscience, 21(9), 2521-2528.

Domokos, E., Sebestyén, V., Somogyi, V., Trijer, A. J., Gerencsér-Berta, R., Horvith, B. O.,
... & Abony, J. (2022). Identification of sampling points for the detection of SARS-CoV-2 in the sewage
system. Sustainable cities and society, 76, 103422.

Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. T., & Smith, F. (1956). Colorimetric
method for determination of sugars and related substances. Analytical chemistry, 28(3), 350-356.

Ellman, G. L., Courtney, K. D., Andres Jr, V., & Featherstone, R. M. (1961). A new and rapid
colorimetric determination of acetylcholinesterase activity. Biochemical pharmacology, 72), 88-95.

Elnemma, E. M. (2004). Spectrophotometric determination of hydrogen peroxide by a
hydroquinone-aniline system catalyzed by molybdate. Bulletin of the Korean Chemuical Society, 2X1),
127-129.

Eroglu, B., Nuwarda, R. F., Ramzan, 1., & Kayser, V. (2022). A Narrative Review of COVID-
19 Vaccines. Vaccines, 10(1), 62.

Estrela, F. N., Guimaries, A. T. B., da Costa Araujo, A. P., Silva, F. G., da Luz, T. M., Silva,
A. M., ... & Malafaia, G. (2021). Toxicity of polystyrene nanoplastics and zinc oxide to mice.
Chemosphere, 271, 129476.

Eszergar-Kiss, D., & Caesar, B. (2017). Definition of user groups applying Ward's method.
Transportation Research Procedia, 22, 25-34.

Fahimi, A., Noroozi, M., & Salehi, A. (2021). Enlargement of early endosomes and traffic jam
mn basal forebrain cholinergic neurons in Alzheimer's disease. In Handbook of Clinical Neurology (Vol.
179, pp. 207.

Fernandes, B. H. V., Feitosa, N. M., Barbosa, A. P., Bomfim, C. G., Garnique, A. M., Rosa, 1.
F., ... & Charlie-Silva, I. (2021). Toxicity of spike fragments SARS-CoV-2 S protein for zebrafish: A
tool to study its hazardous for human health?. Science of The Total Environment, 152345.

Flegg, H. M. (1973). Ames award lecture 1972. An mvestigation of the determination of serum
cholesterol by an enzymatic method. Annals of Clinical Biochemuistry, 1(1-6), 79-84.

Galani, A., Aalizadeh, R., Kostakis, M., Markou, A., Alygizakis, N., Lytras, T, ... & Thomaidis,
N. S. (2022). SARS-CoV-2 wastewater surveillance data can predict hospitalizations and ICU
admissions. Scrence of The Total Environment, 804, 150151.

Garcia-Medina, S., Galar-Martinez, M., Cano-Viveros, S., Ruiz-Lara, K., Gémez-Olivan, L. M.,

Islas-Flores, H., ... & Chanona-Pérez, J. J. (2022). Bioaccumulation and oxidative stress caused by

41



aluminium nanoparticles and the integrated biomarker responses in the common carp (Cyprinus
carpio). Chemosphere, 288, 132462.

Giacobbo, A., Rodrigues, M. A. S., Ferreira, J. Z., Bernardes, A. M., & de Pinho, M. N. (2021).
A critical review on SARS-CoV-2 mfectivity in water and wastewater. What do we know?. Scrence of
The Total Environment, 145721.

Gongalves, J., Koritnik, T., Mio¢, V., Trkov, M., Boljesi¢, M., Berginc, N., ... & Paragi, M.
(2021). Detection of SARS-CoV-2 RNA in hospital wastewater from a low COVID-19 disease
prevalence area. Science of The Total Environment, 755, 143226.

Gongalves, S. O., Luz, T. M. D., Silva, A. M., de Souza, S. S., Montalvao, M. F., Batista
Guimaraes, A. T, ... & Malafaia, G. Can Spike Fragments of Sars-Cov-2 Induce Genomic Instability
and DNA Damage in the Guppy, Poecilia Reticulate? An Additional Concern Study of Covid-19. An
Additional Concern Study of Covid-19. Available at SSRN:

Gornall, A. G., Bardawill, C. J., & David, M. M. (1949). Determination of serum proteins by
means of the biuret reaction. Journal of biological chemistry, 1772), 751-766.

Gossling, S., Scott, D., & Hall, C. M. (2020). Pandemics, tourism and global change: a rapid
assessment of COVID-19. Journal of Sustainable Tourism, 241), 1-20.

Gould, T. D., Dao, D. T., & Kovacsics, C. E. (2009). The open field test. Mood and anxiety
related phenotypes in mice, 1-20.

Griftith, O. W. (1980). Determination of glutathione and glutathione disulfide using glutathione
reductase and 2-vinylpyridine. Analyvtical biochemistry, 106(1), 207-212.

Grune, T., Schroder, P., & Biesalski, H. K. (2005). Low molecular weight antioxidants. In
Reactions, Processes (pp. 77-90). Springer, Berlin, Heidelberg.

Gryseels, S., De Bruyn, L., Gyselings, R., Calvignac-Spencer, S., Leendertz, F. H., & Leirs, H.
(2021). Risk of human-to-wildlife transmission of SARS-CoV-2. Mammal Review, 51(2), 272-292.

Guimaraes, A. T. B., de Oliveira Ferreira, R., de Lima Rodrigues, A. S., & Malafaia, G. (2017).
Memory and depressive effect on male and female Swiss mice exposed to tannery effluent.
Neurotoxicology and teratology, 01, 123-127.

Gumus, H., Ilgin, R., Koc, B., Yuksel, O., Kizildag, S., Guvendi, G., ... & Uysal, N. (2022). A
combination of ketogenic diet and voluntary exercise ameliorates anxiety and depression-like behaviors
in Balb/c mice. Neuroscience Letters, 136443.

Guy, C. A., & Fields, G. B. (1997). [5] Trifluoroacetic acid cleavage and deprotection of resin-

bound peptides following synthesis by Fmoc chemistry. Methods in enzymology, 289, 67-83.

42



Haettig, J., Stefanko, D. P., Multani, M. L., Figueroa, D. X., McQuown, S. C., & Wood, M. A.
(2011). HDAC inhibition modulates hippocampus-dependent long-term memory for object location
m a CBP-dependent manner. Learning & Memory, 182), 71-79.

Haider, S., Saleem, S., Perveen, T., Tabassum, S., Batool, Z., Sadir, S., ... & Madiha, S. (2014).
Age-related learning and memory deficits in rats: role of altered brain neurotransmitters,
acetylcholinesterase activity and changes in antioxidant defense system. Age, 36(3), 1291-1302.

He, L., He, T, Farrar, S., J1, L., Liu, T., & Ma, X. (2017). Antioxidants maintain cellular redox
homeostasis by elimiation of reactive oxygen species. Cellular Physiology and Biochemistry, 442),
532-553.

Holanda, V. A., Oliveira, M. C., da Silva Junior, E. D., & Gavioli, E. C. (2022). Tamsulosin
facilitates depressive-like behaviors in mice: Involvement of endogenous glucocorticoids. Brain
Research Bulletin, 178, 29-36.

Holschneider, D. P., Guo, Y., Roch, M., Norman, K. M., & Scremin, O. U. (2011).
Acetylcholinesterase 1nhibition and locomotor function after motor-sensory cortex impact
mjury. Journal of neurotrauma, 2809), 1909-1919.

Holschneider, D. P., Guo, Y., Roch, M., Norman, K. M., & Scremin, O. U. (2011).
Acetylcholinesterase inhibition and locomotor function after motor-sensory cortex impact mnjury.
Journal of neurotrauma, 28(9), 1909-1919.

Ighodaro, O. M., & Akinloye, O. A. (2018). First line defence antioxidants-superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX): Their fundamental role in the
entire antioxidant defence grid. Alexandria journal of medicine, 54.(4), 287-293.

Khan, F. A. (2020). The role of selectivity of the SARS-CoV-2 virus for human genetic profiles
mn susceptibility and resistance to COVID-19. New microbes and new ifections, 36, 100697.

Klaassen, N., Spicer, V., &Krokhin, O. V. (2019). Universal retention standard for peptide
separations using various modes of high-performance liquid chromatography. Journal of
Chromatography A, 1588, 163-168.

Kumar, A., Singh, P., Raizada, P., & Hussain, C. M. (2022). Impact of COVID-19 on
greenhouse gases emissions: A critical review. Scrence of The Total Environment, 806, 150349.

Liu, D., Thompson, J. R., Carducci, A., & Bi, X. (2020). Potential secondary transmission of
SARS-CoV-2 via wastewater. Science of 'The Total Environment, 749, 142358.

Lovick, T. A., & Zangrossi Jr, H. (2021). Effect of estrous cycle on behavior of females in rodent
tests of anxiety. Frontiers in Psychiatry, 1492.

Lu, J., & Holmgren, A. (2014). The thioredoxin antioxidant system. Free Radical Biology and
Medicine, 60, 75-87.

43



Maharajan, K., Muthulakshmi, S., Nataraj, B., Ramesh, M., & Kadirvelu, K. (2018). Toxicity
assessment of pyriproxyfen in vertebrate model zebrafish embryos (Danio rerio): a multi biomarker
study. Aquatic Toxicology, 196, 132-145.

Malafaia G, Ahmed MAI, Souza SS, Rezende FNE, Freitas IN, Luz TM, Silva AM, Charlie-
Silva I, Braz HLB, Jorge R]B, Sanches RS, Mendonca-Gomes J, Cilli EM, Aratujo APC. Toxicological
mmpact of SARS-CoV-2 on the health of the neotropical fish, Poeciha reticulata. Aquat. Toxicol. (2022)
(accepted for publication)

Malone, M. H. (1983). The pharmacological evaluation of natural products—general and
specific approaches to screening ethnopharmaceuticals. Journal of Ethnopharmacology, 8(2), 127-147.

Malone, M. H. Pharmacological approaches to natural product, screening and evaluation. In
Natural Products and Plant Drugs with Pharmacological (eds Wagner, H. & Wolf, P.) 23-53 (Springer-
Verlag, 1977).

Mamiya, T., Ukai, M., Morikawa, K., & Kise, M. (2013). Intake of food pellets containing pre-
germinated brown rice alleviates cognitive deficits caused by B-amyloid peptide25-35 in mice:
Implication of lipid peroxidation. J Rice Res, 1(116), 2.

Mathavarajah, S., Melin, A., & Dellaire, G. (2021b). SARS-CoV-2 and wastewater: What does
it mean for non-human primates?. American journal of primatology, e23340.

Mathavarajah, S., Stoddart, A. K., Gagnon, G. A., & Dellaire, G. (2021a). Pandemic danger to
the deep: the risk of marine mammals contracting SARS-CoV-2 from wastewater. Science of The Total
Environment, 760, 143346.

Maurer, S. V., & Williams, C. L. (2017). The cholinergic system modulates memory and
hippocampal plasticity via its interactions with non-neuronal cells. Frontiers in immunology, 8, 1489.

Melo, F. L., Bezerra, B., Luna, F. O., Barragan, N. A. N., Arcoverde, R. M. L., Umeed, R,, ...
& Attademo, F. L. N. (2022). Coronavirus (SARS-CoV-2) in Antillean Manatees (Trichechus
Manatusmanatus). Available at Research Square: https://do1.org/10.21203/rs.3.rs-1065379/v1.

Mendes, B. O., Rabelo, L. M., e Silva, B. C., de Souza, J. M., da Silva Castro, A. L., Da Silva,

A. R., ... & Malafaia, G. (2017). Mice exposure to tannery effluents changes their olfactory capacity, and
their response to predators and to the inhibitory avoidance test. Environmental Science and Pollution
Research, 24(23), 19234-19248.

Mendonca-Gomes, J. M., Charlie-Silva, 1., Guimaraes, A. T. B., Estrela, F. N., Calmon, M. F.,
Miceli, R. N., ... & Malafaia, G. (2021). Shedding light on toxicity of SARS-CoV-2 peptides in aquatic
biota: A study involving neotropical mosquito larvae (Diptera: Culicidae). Environmental Pollution,

289, 117818.

44


https://doi.org/10.21203/rs.3.rs-1065379/v1

Mille, T., Quilgars, C., Cazalets, J. R., & Bertrand, S. S. (2021). Acetylcholine and spinal
locomotor networks: The msider. Physiological Reports, 9(3), e14736.
Monitor, I. L. O. (2020). COVID-19 and the world of work. Eighth edition. Updated estimates

and analysis. Available in http://hdl.voced.edu.au/10707/533608. Access on 26 Jan 2022.

Morales, M., & Munné-Bosch, S. (2019). Malondialdehyde: facts and artifacts. Plant physiology,
180(3), 1246-1250).

Moreira, L. A., Oliveira, L. P., Magalhaes, M. R., Oliveira, S. A., Oliveira-Neto, J. R., Carvalho,
P. M., ... & Cunha, L. C. (2021). Acute toxicity, antinociceptive, and anti-inflammatory activities of the
orally administered crotamine in mice. Naunyn-Schmiedeberg's Archives of Pharmacology, 1-9.

Morris, G. M., Huey, R., Lindstrom, W, Sanner, M. F., Belew, R. K., Goodsell, D. S., & Olson,
A. J. (2009). AutoDock4 and AutoDockTools4: Automated docking with selective receptor
flexibility. Journal of computational chemistry, 30(16), 2785-2791.

Mumby, D. G., Gaskin, S., Glenn, M. J., Schramek, T. E., & Lehmann, H. (2002).
Hippocampal damage and exploratory preferences in rats: memory for objects, places, and contexts.
Learning & memory, 42), 49-57.

Nicola, M., Alsafi, Z., Sohrabi, C., Kerwan, A., Al-Jabir, A., Tosifidis, C., ... & Agha, R. (2020).
The socio-economic implications of the coronavirus pandemic (COVID-19): A review. International
journal of surgery, 78, 185-193.

Nishiura J, Linton K, Yang H, et al. The extent of transmission of novel coronavirus in Wuhan,
China, 2020. JCM. 2020;9(2):330.

Nordberg, J., & Arnér, E. S. (2001). Reactive oxygen species, antioxidants, and the mammalian
thioredoxin system. Free radical biology and medicine, 31(11), 1287-1312.

Parikh, G., & Rawtani, D. (2022). Environmental impact of COVID-19. In COVID-19 n the
Environment (pp. 203-216). Elsevier.

Patel, A. K., Mukherjee, S., Leifels, M., Gautam, R., Kaushik, H., Sharma, S., & Kumar, O.
(2021). Mega festivals like MahaKumbh, a largest mass congregation, facilitated the transmission of
SARS-CoV-2 to humans and endangered animals via contaminated water. International Journal of
Hygiene and Environmental Health, 237, 113836.

Paul, R., & Borah, A. (2017). Global loss of acetylcholinesterase activity with mitochondrial
complexes mhibition and inflammation in brain of hypercholesterolemic mice. Scientific reports, A1),
1-13.

Peres-Neto, P. R., Jackson, D. A., & Somers, K. M. (2005). How many principal components?
Stopping rules for determining the number of non-trivial axes revisited. Computational Statistics & Data
Analysis, 49(4), 974-997.

45


http://hdl.voced.edu.au/10707/533608

Pettersen, E. F., Goddard, T. D., Huang, C. C., Meng, E. C., Couch, G. S., Croll, T. L, ... &
Ferrin, T. E. (2021). UCSF ChimeraX: Structure visualization for researchers, educators, and
developers. Protein Science, 30(1), 70-82.

Pietd-Dias, C. P., De Lima, M. M., Presti-Torres, J., Dornelles, A., Garcia, V. A., Scalco, F. S.,
... & Schroder, N. (2007). Memantine reduces oxidative damage and enhances long-term recognition
memory in aged rats. Neuroscience, 146(4), 1719-1725.

Pondugula, S. R., Majrashi, M., Almaghrabi, M., Ramesh, S., Abbott, K. L., Govindarajulu, M.,
... & Dhanasekaran, M. (2021). Oroxylum Indicum ameliorates chemotherapy induced cognitive
impairment. Plos one, 10(6), ¢0252522.

Pothiwong, W., Laorpaksa, A., Pirarat, N., Sirisawadi, S., Intarapanya, J., & Jianmongkol, S.
(2007). Autoxidation of brain homogenates from various animals as measured by thiobarbituric acid
assay. Journal of pharmacological and toxicological methods, 50(3), 336-338.

Prut, L., & Belzung, C. (2003). The open field as a paradigm to measure the effects of drugs on
anxiety-like behaviors: a review. European journal of pharmacology, 463(1-3), 3-33.

Rabelo, L. M., e Silva, B. C., de Almeida, S. F., da Silva, W. A. M., de Oliveira Mendes, B.,
Guimmaraes, A. T. B., ... & Malafaia, G. (2016). Memory deficit in Swiss mice exposed to tannery
effluent. Neurotoxicology and teratology, J9, 45-49.

Raibaut, L., El Mahdi, O., & Melnyk, O. (2014). Solid phase protein chemical synthesis. In
Protein Ligation and Total Synthesis II (pp. 103-154). Springer, Cham.

Rajagopal, L., W Massey, B., Huang, M., Oyamada, Y., & Y Meltzer, H. (2014). The novel
object recognition test in rodents about cognitive impairment in schizophrenia. Current pharmaceutical
design, 20(31), 5104-5114.

Ramos, A. (2008). Animal models of anxiety: do I need multiple tests?. 7rends in
pharmacological sciences, 2X10), 493-498.

Rangasamy, B., Malafaia, G., & Maheswaran, R. (2022). Evaluation of antioxidant response and
Na+-K+-ATPase activity in zebrafish exposed to polyethylene microplastics: Shedding light on a
physiological adaptation. Journal of Hazardous Materials, 127789.

Rhea, E. M., Logsdon, A. F., Hansen, K. M., Williams, L. M., Reed, M. J., Baumann, K. K.,
... & Erickson, M. A. (2021). The S1 protein of SARS-CoV-2 crosses the blood-brain barrier in mice.
Nature neuroscience, 24(3), 368-378.

Rhee, S. G. (2016). Overview on peroxiredoxin. Molecules and cells, 341), 1.

Rice, M. C., & O'Brien, S.]. (1980). Genetic variance of laboratory outbred Swiss mice. Nature,
283(5743), 157-161.

46



Rockx, B., Kuiken, T., Herfst, S., Bestebroer, T., Lamers, M. M., Munnink, B. B. O, ... &
Haagmans, B. L. (2020). Comparative pathogenesis of COVID-19, MERS, and SARS in a nonhuman
primate model. Scrence, 368(6494), 1012-1015.

Rume, T., & Islam, S. D. U. (2020). Environmental effects of COVID-19 pandemic and
potential strategies of sustainability. Helivon, ¢04965.

Sacca, S. C., Roszkowska, A. M., & Izzott, A. (2013). Environmental light and endogenous
antioxidants as the main determinants of non-cancer ocular diseases. Mutation Resecarch/Reviews in
Mutation Research, 7522), 153-171.

Sachett, A., Gallas-Lopes, M., Conterato, G. M. M., Benvenutti, R., Herrmann, A. P., & Piato,
A. (2020). Quantification of thiobarbituric acid reactive species (T'BARS) optimized for zebrafish brain
tissue. Protocols. 1o.

Salasc, F., Lahlali, T., Laurent, E., Rosa-Calatrava, M., & Pizzorno, A. (2022). Treatments for
COVID-19: Lessons from 2020 and new therapeutic options. Current Opinion in Pharmacology, 62,
43-59.

Sanchez, W., Burgeot, T., & Porcher, J. M. (2013). A novel “Integrated Biomarker Response”
calculation based on reference deviation concept. Environmental Science and Pollution Research,
20(5), 2721-2725.

Shy, J., Wen, Z., Zhong, G., Yang, H., Wang, C., Huang, B., ... & Bu, Z. (2020). Susceptibility
of ferrets, cats, dogs, and other domesticated animals to SARS-coronavirus 2. Science, 3686494,
1016-1020.

Silva, A. L. P., Prata, J. C., Walker, T. R., Duarte, A. C., Ouyang, W., Barcelo, D., & Rocha-
Santos, T. (2021). Increased plastic pollution due to COVID-19 pandemic: Challenges and
recommendations. Chemical Engineering Journal, 400, 126683.

Silva, C. J., Silva, A. L. P., Campos, D., Machado, A. L., Pestana, J. L., & Gravato, C. (2021).
Oxidative damage and decreased aerobic energy production due to ingestion of polyethylene
microplastics by Chironomus riparius (Diptera) larvae. Journal of Hazardous Materials, 402, 123775.

Silva, W. A. M., Guimaries, A. T. B., Montalvio, M. F., de Oliveira Mendes, B., de Lima
Rodrigues, A. S., & Malafaia, G. (2018). The chronic exposure to abamectin causes spatial memory
deficit and depressive behavior in mice. Chemosphere, 194, 523-533.

Sinha, A. K. (1972). Colorimetric assay of catalase. Analytical biochemistry, 47(2), 389-394.

Sofidiya, M. O., Alokun, A. M., Fageyinbo, M. S., & Akindele, A. J. (2022). Central nervous
system depressant activity of ethanol extract of Motandra guineensis (Thonn) AD. aerial parts in mice.

Phytomedicine Plus, A1), 100186.

47



Souza, J. M., de Oliveira Mendes, B., Guimaraes, A. T. B., de Lima Rodrigues, A. S., Chagas,
T. Q., Rocha, T. L., & Malafaia, G. (2018). Zinc oxide nanoparticles in predicted environmentally
relevant concentrations leading to behavioral impairments in male swiss mice. Scrence of The Total
Environment, 613, 653-662.

Suarez-Lopez, J. R., Hood, N., Sudrez-Torres, J., Gahagan, S., Gunnar, M. R., & Lopez-
Paredes, D. (2019). Associations of acetylcholinesterase activity with depression and anxiety symptoms
among adolescents growing up near pesticide spray sites. International journal of hygiene and
environmental health, 222(7), 981-990.

Sumner, A., Hoy, C., & Ortiz-Juarez, E. (2020). Estimates of the Impact of COVID-19 on
Global Poverty (No. 2020/43). WIDER working paper. https://doi.org/10.35188/UNU-
‘WIDER/2020/800-9

Sumner, A., Hoy, C., & Ortiz-Juarez, E. (2020). Estimates of the Impact of COVID-19 on
Global Poverty (No. 2020/43). WIDER working paper.

Tang, X. Q., Zhuang, Y. Y., Zhang, P., Fang, H. R., Zhou, C. F., Gu, H. F,, ... & Wang, C. Y.
(2013). Formaldehyde impairs learning and memory involving the disturbance of hydrogen sulfide
generation in the hippocampus of rats. Journal of Molecular Neuroscience, 441), 140-149.

Thakur, A. K., Sathyamurthy, R., Velraj, R., Lynch, 1., Saidur, R., Pandey, A. K., ... &
GaneshKumar, P. (2021). Secondary transmission of SARS-CoV-2 through wastewater: Concerns and
tactics for treatment to effectively control the pandemic. Journal of Environmental Management,
112668.

Tiwari, R., Dhama, K., Sharun, K., Igbal Yatoo, M., Malik, Y. S., Singh, R., ... & Rodriguez-
Morales, A. J. (2020). COVID-19: animals, veterinary and zoonotic links. Veteriary Quarterly, 4(X1),
169-182.

Trott, O., & Olson, A.J. (2010). AutoDock Vina: improving the speed and accuracy of docking
with a new scoring function, efficient optimization, and multithreading. Journal of computational
chemustry, 31(2), 455-461.

United Nations. Statistics Division. Available n

https://unstats.un.org/sdgs/report/2019/Overview/. Access on 26 Jan. 2022.

Vogel-Ciernia, A., & Wood, M. A. (2014). Examining object location and object recognition
memory in mice. Current protocols i neuroscience, 641), 8-31.
Wang, C., Horby, P. W., Hayden, F. G., & Gao, G. F. (2020). A novel coronavirus outbreak of global health
concern. The lancet, 395(10223), 470-473.
Watkins-Chow, D. E., & Pavan, W. ]J. (2008). Genomic copy number and expression variation within the
C57BL/6] inbred mouse strain. Genome research, 18(1), 60-66.
48


https://unstats.un.org/sdgs/report/2019/Overview/

WHO Coronavirus (COVID-19) Dashboard. Available in: https://covid19.who.int/. Access on 26 Jan. 2022.
Zheng, C., Shao, W., Chen, X., Zhang, B., Wang, G., & Zhang, W. (2022). Real-world effectiveness of

COVID-19 vaccines: a literature review and meta-analysis. International Journal of Infectious Diseases,

114, 252-260.

49


https://covid19.who.int/

