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Current and thorough information on the ecotoxicological consequences of pharmaceuticals is accessible glob-
ally. However, there remains a substantial gap in knowledge concerning the potentially toxic effects of COVID-19
used drugs, individually and combined, on aquatic organisms. Given the factors above, our investigation assumes
pivotal importance in elucidating whether or not paracetamol, dexamethasone, metformin, and their tertiary
mixtures might prompt histological impairment, oxidative stress, and apoptosis in the liver of zebrafish. The
findings indicated that all treatments, except paracetamol, augmented the antioxidant activity of superoxide
dismutase (SOD) and catalase (CAD), along with elevating the levels of oxidative biomarkers such as lipid
peroxidation (LPX), hydroperoxides (HPC), and protein carbonyl content (PCC). Paracetamol prompted a
reduction in the activities SOD and CAT and exhibited the most pronounced toxic response when compared to
the other treatments. The gene expression patterns paralleled those of oxidative stress, with all treatments
demonstrating overexpression of bax, bcl2, and p53. The above suggested a probable apoptotic response in the
liver of the fish. Nevertheless, our histological examinations revealed that none of the treatments induced an
apoptotic or inflammatory response in the hepatocytes. Instead, the observed tissue alterations encompassed
leukocyte infiltration, sinusoidal dilatation, pyknosis, fatty degeneration, diffuse congestion, and vacuolization.
In summary, the hepatic toxicity elicited by COVID-19 drugs in zebrafish was less pronounced than anticipated.
This attenuation could be attributed to metformin’s antioxidant and hormetic effects.

1. Introduction

The advent of the COVID-19 pandemic on March 11, 2020, marked a
profound turning point worldwide, ushering in a multifaceted landscape
that intertwined health, economy, politics, society, and the environ-
ment. In the domain of health, the widespread prevalence of COVID-19
led to the extensive use of various pharmaceuticals such as paracetamol,
dexamethasone, and metformin (Micallef et al., 2020; Stasi et al., 2020;
Ala and Ala, 2021). Paracetamol was widely used to alleviate symptoms
such as fever, muscle fatigue, and pain (Graham et al., 2013; Stasi et al.,
2020). Likewise, dexamethasone significantly reduced lung inflamma-
tion among critically ill patients (RECOVERY Collaborative Group,

* This paper has been recommended for acceptance by Dr Jiayin Dai.
* Corresponding author.

2021). Additionally, metformin emerged as a critical medication,
reducing mortality rates in patients with type 2 diabetes who contracted
COVID-19 and followed this treatment regimen (Lukito et al., 2020).
Notably, these drugs, integral to the fight against COVID-19, are also
fundamental in treating diverse ailments. Consequently, there was a
substantial rise in the production and consumption of these medications,
as evidenced by the significant increase in the total sales of each drug.
Before the onset of COVID-19 in 2020, dexamethasone’s global sales
amounted to $500 million. Post-COVID-19, by the end of 2022, these
figures surged to $1052 million, illustrating a remarkable growth tra-
jectory. Similarly, paracetamol saw a rise in sales from $821.23 million
in 2021 to $940.79 million in 2023, albeit at a more moderate pace than
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dexamethasone. Metformin, with global sales of $258.40 million in
2021, experienced an increase to $342.3 million in 2023. While all three
drugs exhibited growth in the post-COVID-19 period, dexamethasone
showed the most significant surge, followed by metformin and then
paracetamol. These shifts likely reflect heightened demand for specific
medications during and after the pandemic and changes in healthcare
policies and consumer behavior.

A surge in the utilization of these pharmaceutical compounds may
culminate in a commensurate escalation in their prevalence within
water bodies, owing to the suboptimal removal rates observed in
wastewater treatment plants (Greenham et al., 2019; Hayden et al.,
2022; Liu et al., 2023). Even though there was no follow-up of these
pharmaceutical substances within aquatic ecosystems throughout the
COVID-19 period, it is essential to underscore that these compounds in
surface water have been documented globally (aus der Beek et al., 2016;
Praveena et al., 2018; Burns et al., 2018; Rivera-Jaimes et al., 2018;
Abdallah et al., 2019; Desgens-Martin and Keller, 2021; Pulicharla et al.,
2021; Zhang et al., 2021; Mastrangelo et al., 2022; Wilkinson et al.,
2022). For instance, aus der Beek et al., 2016 repor ted that in Brazil,
particularly in the Ceara River, a concentration of 589 pg/L of dexa-
methasone (DEX) was identified. Furthermore, in China, values ranging
from 0.002 to 0.050 pg/L have been documented in the Wenyu, Qing,
Ba, and Tonghui Rivers in Beijing, as well as in the Pearl River, where a
concentration of 0.00033 pg/L was identified (Gong et al., 2019; Shen
et al., 2020). On a different note, Mastrangelo et al., 2021 documented
the highest recorded concentration of paracetamol in South America,
measuring 9.62 pg/L in the surface water of Argentina. Nevertheless,
higher concentrations have been reported by other researchers on
different continents. As an illustration, Angeles et al. (2020); Ogun-
banwo et al., 2022 described the presence of PCM in the surface water of
Bangladesh and Nigeria at concentrations of 43.518 pg/L and 111 pg/L,
respectively. Finally, as per the findings of Wilkinson et al. (2022), the
highest documented concentration of metformin (MET) in the Americas
was 64,100 pg/L, identified in the surface waters of Bolivia.

Extensive research findings have consistently demonstrated the
profound impact of drug presence in aquatic environments on aquatic
organisms’ health and overall well-being. MET, PCM, and DEX, for
instance, have been conclusively linked to inducing detrimental effects
such as oxidative stress, embryotoxicity, behavioral alterations, and
other harmful consequences (Sharma et al., 2019; Rosas-Ramirez et al.,
2022; Gutiérrez-Noya et al., 2023; Elizalde-Velazquez et al., 2023).
Nevertheless, it is crucial to note that only a limited number of studies
have so far concentrated on examining the toxic effects generated by
drug mixtures. Considering those above, our study holds paramount
significance in comprehending and addressing the following inquiries:
(1) Can dexamethasone, paracetamol, and metformin at environmen-
tally relevant concentrations induce histological damage in the liver of
zebrafish? (2) Will the tertiary mixtures of the abovementioned com-
pounds produce a synergistic or additive effect? and (3) Do the com-
pounds mentioned above cause histological damage through
mechanisms involving oxidative stress and apoptosis? Bearing in mind
the potential liver toxicity induced by these individual compounds, it is
hypothesized that tertiary mixtures will have a more pronounced
adverse impact on the liver compared to the compounds administered
individually.

2. Method
2.1. Reagents

The reference standards of paracetamol (PCM) (CAS number: 103-
90-2) and dexamethasone (DEX) (CAS number: 50-02-2) were ob-
tained from Sigma-Aldrich (St. Louis, MO). Meanwhile, metformin hy-
drochloride (MET) (CAS number: 1115-70-4) was acquired from
Toronto Chemical Research (Toronto, Ontario). The stock solutions of
PCM and MET were prepared using distilled water, and only the stock
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solution of DEX was dissolved in dimethyl sulfoxide (DMSO at 0.01%)
due to its low solubility, as Jacob et al. (2018) reported.

2.2. Zebrafish husbandry

Adult male and female Danio rerio of the AB strain were utilized for
this research project. These specimens were housed in 100-liter aquar-
iums, ratio 1fish/L, filled with dechlorinated and UV-filtered water
maintained at specific conditions (temperature: 27 + 1.5 °C, pH:
7.2-7.6, with a light-dark cycle of 14:10). Water changes were con-
ducted every three days, and the fish were fed twice daily with com-
mercial flakes (LOMAS® Basic Flakes for Tropical Fish) containing 44%
protein, 10% fat, 2% fiber, 6% moisture, 12% ash, and 26% nitrogen-
free extract.

2.3. Zebrafish exposure

Four hundred adult fish were allocated across sixteen systems, each
containing 30 L of dechlorinated and UV-filtered water (25 fish per
system). Two of these systems were assigned to the control and DMSO
groups. Meanwhile, the remaining fourteen systems were employed to
expose fish to the individual drugs and their respective combinations
(Table 1). The exposure period lasted 96 h, during which the water was
refreshed daily.

2.4. Organ collection

Upon completing the designated exposure period of 96 h, no
deceased fish were recorded within the control and DMSO groups.
Contrastingly, in all other experimental systems, an average of 2 fish
(standard deviation + 1) were found to be deceased. Consequently,
twenty-two fish were utilized for the subsequent analyses involving
oxidative stress quantification, gene expression assessment, and histo-
pathological examinations. This way, ten fish were employed for each
study in the initial two tests. Meanwhile, a more restricted sample size
was utilized for histopathological analyses, involving only two fish for
the examination process. All fish were euthanized through hypothermic
shock. Subsequently, a precise longitudinal incision was made in the
thoracic region using surgical scissors. Following the incision, a thor-
ough dissection was performed with dissecting forceps to remove the
liver from each specimen. The extracted organs were transferred into
Eppendorf tubes. The tubes for quantifying oxidative stress were filled
with 1 mL of phosphate-buffered saline solution with a pH of 7.4
(referred to as PBS 7.4). In contrast, the tubes for evaluating gene
expression and conducting histopathological examinations were filled
with RNALater (Thermo Fisher Scientific) and formalin, respectively.

Table 1
Exposure systems for Danio rerio adults.
Systems Drugs
DEX (ng/L) PCM (pg/L) MET (pg/L)

1 COTROL - - -
2 DMSO 0.01% - - -
3 DEX1 30 - -
4 DEX2 60 - -
5 PCM1 - 0.250 -
6 PCM2 - 0.500 -
7 MET1 - - 20
8 MET2 - - 40
9 DPM1 30 0.250 20
10 DPM2 60 0.250 20
11 DPM3 30 0.250 40
12 DPM4 60 0.250 40
13 DPM5 30 0.500 20
14 DPM6 60 0.500 20
15 DPM7 30 0.500 40
16 DPMS8 60 0.500 40
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The tubes were carefully stored at a controlled temperature ranging
from 2 °C to 4 °C until further analysis. Per the manufacturer’s guide-
lines (Thermo Fisher Scientific), the RNA Later AM7024 solution is
designed to maintain sample integrity for one month when stored at
4 °C. Nonetheless, all samples underwent processing within the initial
96-h period.

2.5. Oxidative stress quantification

The tissue was homogenized using a rotor-stator homogenizer.
Subsequently, two tubes were obtained from each homogenized sample.
The first of these tubes was prepared by combining 300 pL of homoge-
nate with 300 pL of 20% trichloroacetic acid and centrifuged at 11495
rpm at 4.0 °C for 15 min. The precipitate from this tube was utilized to
quantify carbonylated proteins (PCC) content following the methodol-
ogy outlined by Levine et al. (1994). Moreover, the supernatant was
employed to measure the degree of lipoperoxidation (LPO) and the
levels of hydroperoxides (HPC) based on the procedure described by
Buege and Aust (1978) and the work of Jiang et al. (1992) respectively.
To prepare tube 2, 700 pL of homogenate was centrifuged at 12,500 rpm
at 4.0 °C for 15 min. The supernatant from this tube was utilized for the
determination of superoxide dismutase (SOD) and catalase, as outlined
by Misra and Fridovich (1972) and Radi et al. (1991), respectively. The
results obtained from all biomarkers were standardized using the
Bradford method, Bradford (1976).

2.6. Gene expression evaluation

The RNA isolation procedure was conducted within a controlled
environment provided by a laminar flow hood (Bioevopeak, China). This
hood maintained positive pressure to prevent the ingress of environ-
mental contaminants. The samples were thawed meticulously in an ice
bath to initiate the process. Subsequently, each tissue sample underwent
the RNA isolation protocol using the RNeasy Mini Kit from QIAGEN. The
quality of the isolated RNA was assessed using agarose gel electropho-
resis (1%), while its purity was determined through spectrophotometry
(NanoDrop, 2000/2000c Thermo Scientific, USA). The extracted RNA
was stored at —20 °C until further use. The RNA samples were thawed in
an ice bath before reverse transcription. In a sterile Eppendorf tube
devoid of RNases, 2.0 pL of 7x gDNA Wipeout Buffer (from the Quan-
tiTect Reverse Transcription Kit by QIAGEN), 10.0 pL of the RNA tem-
plate, and 2.0 pL of RNase-free water (also from the QuantiTect Reverse
Transcription Kit by QIAGEN) were combined. This mixture was incu-
bated for 2 min at 42 °C and promptly cooled on ice. Subsequently, 1.0
pL of Quantiscript reverse transcriptase, 4.0 puL of Quantiscript RT Buffer
5 x , and 1.0 pL of RT Primer Mix (all components from the QuantiTect
Reverse Transcription Kit by QIAGEN) were added to the cooled
mixture. The components above were combined and subjected to incu-
bation at a temperature of 42 °C for 15 s, followed by a subsequent in-
cubation at 93 °C for 3 min to facilitate reverse transcription
inactivation. Following the completion of the reverse transcription
process, the quality of the resulting complementary DNA (cDNA) was
meticulously assessed through methods involving electrophoresis and
spectrophotometry, as previously delineated. The qPCR reaction was
performed by adding 25 pL of the 2 x QuantiTect SYBR Green PCR
(QIAGEN), 1.0 pL of each primer, 4.0 pL of cDNA, and 19 pL of RNase-
free water. The genes evaluated are shown in Table 2. All reagents were
mixed, and the qPCR was run using these conditions: 94 °C for 10 min,
followed by 35 cycles of denaturation 94 °C for 15 s, primer annealing
for 30 s, and extension 72 °C for 30 s. The Gene Q Rotor (QIAGEN) was
employed as the qPCR equipment. The f-actin gene was utilized to
normalize the expression of target genes. The 2~ 2 2% method (Pfaffl,
2001; Pfaffl et al., 2002; Schmittgen and Livak, 2008) was applied to
calculate mRNA expression changes. Upon completion of the qPCR
amplification cycles, a dissociation curve analysis was conducted under
the following parameters: a preliminary denaturation step at 95 °C for
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Table 2
Nucleotide sequences of the primers designed for the (QRT-PCR) analysis.

Gen Access Number Forward, Primer Sequence (5’—3")
Reverse
bax AF231015 F GGC TAT TTC AAC CAG GGT
TCC
R TGC GAA TCA CCA ATG CTG T
bcl2a NM_001030253 F TAC GGG ATG CTG GAG ATG
AA
R CCC AGT TCA CTC CGT CTC TA
p53 NM_001271820 F GCG GAT TTG CTT TGT GGA TG
R CCG ACC TCC TCT CCA CTA AA
nrfla  NM_001328540.1 F CAG TGA CAG TAG CCC AGG
TG
R CTG ACG CTT GTG TGG TTT GG
nrf2a  NM_182889.1 F GGC GAT CCT CCT GTA AAC CC
R CCG AAG GAT CCG TCT TCG GT

10 s, followed by a temperature reduction to 65 °C for 10 s, and sub-
sequent re-elevation to 95 °C for 10 s, with increments of 0.2 °C. This
meticulous procedure served to discern specific from non-specific
products within the samples. Data points were collected at each incre-
ment of the melting curve. Negative controls were incorporated to
confirm the validity of the results, utilizing samples devoid of template,
with RNase-free water serving as the substitute.

2.7. Histopathological examinations

Two liver samples per treatment group were placed individually and
horizontally into tissue cassettes of the SIMPORT Histosette type. These
samples were then subjected to fixation utilizing a Davidson solution, as
detailed by Miki et al., in 2018. After 15 days of fixation, the livers
underwent decalcification in a 5% hydrochloric acid solution for one
week. Subsequently, they were systematically dehydrated, cleared, and
infiltrated with alcohols of varying concentrations and xylene before
being finally embedded in paraffin. Employing a rotary microtome (CUT
5062 SLEE), these samples were subsequently sectioned to a uniform
thickness of 5 pm. The histological sections were meticulously collected
in a temperature-controlled water bath, maintained at 37 °C, using the
Slidetec Water/Hea SLEE equipment, and were then transferred to clean
glass slides. These glass slides were subsequently subjected to an oven at
a temperature of 50 °C to facilitate the melting of the paraffin embedded
within the samples. The next step involved staining all slides. This
staining procedure entailed immersing the slides in a solution of he-
matoxylin for 30 min, followed by a 10-min immersion in eosin. Sub-
sequently, these stained slides were covered with a solution comprising
xylol and resin. For the subsequent histopathological analysis, the
samples were diligently examined using an optical microscope of the
ZEISS Primo Star model, coupled with a digital camera, the CANON
Powershot G10, and a laptop from TOSHIBA, model Satellite. Photo-
micrographs were captured with the assistance of the software CANON
Utilities Remote Capture DC 3.1.0.5 and then edited using the software
ZEISS AxiS 40 V 4.8.0.0.

2.8. Drug quantification

The extraction process involved a straightforward liquid extraction
procedure. Initially, the fortified samples were homogenized, followed
by the addition of specific quantities of formic acid (1%), methanol
(0.25 mL), and acetonitrile (0.25 mL). Subsequently, the glass tubes
containing the samples underwent rigorous agitation through vortex
and vertical shaking for 10 min. Post agitation, the tubes were centri-
fuged at 10,000 rpm for 12 min. This procedure was repeated, and the
supernatant from each extraction was meticulously collected into
separate glass tubes. Following the extraction process, the solvent was
meticulously evaporated to dryness using an Eppendorf concentrator
plus, maintained at a temperature of 45 °C. The resultant powder
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obtained from the vacuum was then reconstituted by combining it with
1 mL of n-hexane and 0.5 mL of the mobile phase. This reconstituted
mixture was subjected to vortexing, defatting, and subsequent centri-
fugation at 10,000 rpm for 5 min. The bottom layer was meticulously
filtered through a 0.22 pm nylon membrane filter. Subsequently, 10.0 pL
of the filtered liquid was injected under optimized conditions for further
analysis. The meticulous separation of DEX (50 mm x 3.0 mm, 2.7 pm),
PCM (2.1 mm x 100 mm, 1.7 pm), and MET (50 mm x 3.0 mm, 3.5 pm)
through chromatography was conducted using specific columns tailored
to each compound. DEX was processed through a UPLC BEH column,
PCM underwent separation via a reversed-phase C18 column, and MET
was meticulously separated using an Xbridge C18 column. For the
quantification of PCM, the mobile phase consisted of a mixture of formic
acid in water (0.1%) and formic acid in methanol (0.1%) in a ratio of
20:80. In the case of DEX, the mobile phases included 0.1% (v/v) formic
acid in water (A) and 0.1% (v/v) formic acid in methanol (B). Addi-
tionally, for the determination of MET, eluent A in the mobile phase
contained 2.0 mM MeCOO—, while mobile phase B was composed of
100% acetonitrile. Data acquisition and processing were carried out
using the Analyst 1.6 software. The accuracy of the proposed process
was set by the control spiking method, which we carried out by spiking
drug-free liver tissue homogenates with PCM and CPX at three singular
percentages (80%, 100%, and 120%). The precision of the established
procedure was determined through the control spiking method. This
method involved enriching liver tissue homogenates devoid of drugs
with PCM, DEX, and MET at specific concentrations (80%, 100%, and
120%) to ensure accurate calibration.
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2.9. Statistical analysis

Bartlett tests were utilized to confirm homoscedasticity, while
normality was assessed through the Shapiro-Wilk test. Differences in
means were determined using the Tukey test, with a significance level
set at p < 0.05. Differences between treatment groups were examined
using a one-way ANOVA test at a significance level of a = 0.05 (Sigma
Plot 12.3 software). Results from all experiments were presented as the
mean =+ standard deviation (SD). A Pearson correlation analysis was
conducted to assess the strength of association among oxidative stress,
gene expression, and histopathological outcomes, with a predetermined
significance level of p < 0.05. Subsequently, the obtained correlation
was visually depicted through a weighted network.

3. Results
3.1. Oxidative stress

Antioxidant activity of SOD and CAT in Danio rerio liver demon-
strated a concentration-dependent increase in all treatments, but PCM,
after 96 h of exposure (Fig. 1 A-B). PCM showcased the exclusive
capability to significantly reduce the activity of the above enzymes at its
highest concentration compared to its lowest concentration. Even
though mixtures displayed a concentration-dependent increase in the
antioxidant activity of SOD and CAT, it is paramount to indicate values
from DPM1 to DPM6 were below the ones of individual drugs. Similar to
the antioxidant activity of superoxide dismutase (SOD) and catalase
(CAT), the biomarkers indicative of oxidative damage manifested a
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Fig. 1. Oxidative stress elicited by COVID-19 drugs (DEX, PCM, MET) within the liver of Danio rerio. Asterisks (*) indicate a significant difference compared to the
control group. The presented data depict the mean values + standard deviation derived from three distinct experiments. Letteres correspond to each of oxidative

stress biomarkers (A: SOD, B: CAT, C: LPX, D: HPC, E: PCC).
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significant and concentration-dependent elevation across all treatments
compared to the control group (Fig. 1C-E). PCM demonstrated the most
pronounced surge in oxidative damage biomarkers, followed by DPM6,
DPM7, and DPM8. DPM1 to DPM5 mixtures exhibited an augment
similar to the one produced by drugs MET and DEX.

3.2. Gene expression

All treatments, but DMSO, significantly up-regulated the expression
of all genes related to apoptosis (p53, bax, and bcl2) and antioxidant
activities (nrfl and nrf2) in Danio rerio liver (Fig. 2). Nonetheless, dif-
ferences were observed among the distinct treatments. As an illustration,
the mixtures exhibited the most conspicuous expression of all genes
compared to the various treatments. Moreover, it is noteworthy to
indicate that individual drugs (PCM, MET, and DEX) showed a more
notorious expression of p53 and nrf2; meanwhile, the mixtures DPM1 to
DPM4 and DPM 6 exhibited a more pronounced expression of bax. p53,
nrfl, and nrf2 were the most up-regulated genes in mixtures DPMS5,
DPM7, and DPMS, respectively.

3.3. Histopathological damage

Different tissue alterations were observed across all treatments.
Tissue alterations identified in Danio rerio liver encompassed pyknosis,
leukocyte infiltration, fatty degeneration, diffuse congestion, sinusoidal
dilatation, and vacuolization (Fig. 3A-P). As depicted in Table 3, mix-
tures exhibited the most significant occurrence of tissue modifications in
Danio rerio’s liver. The sole deviation from this pattern was noted in the
case of DPM3 (K), wherein the incidence rate closely resembled that
observed with individual drugs. Leukocyte infiltration demonstrated the
highest frequency among tissue alterations, succeeded by vacuolization
and sinusoidal dilatation (see Fig. 4).

3.4. Drug quantification

The concentrations of MET, DEX, and PCM remained below the limit
of quantification in the liver of fish exposed to the control group and
DMSO. For individual drugs, the compounds not intentionally intro-
duced into the water were consistently found to be below the limit of
quantification in the fish’s liver. Conversely, mixtures revealed the
presence of all three drugs in the fish’s liver. Overall, there was a posi-
tive correlation between the nominal concentration in water and the
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corresponding concentration of drugs in Danio rerio’s liver, indicating an
increase as the nominal concentration elevated (Table 4).

3.5. Pearson correlation

Our weighted network analysis revealed a strong correlation among
oxidative damage biomarkers (LPX, HPC, and PCC), tissue alterations
(P), and the expression levels of genes associated with antioxidant (nrfl
and nrf2) and apoptotic (bax, bcl2, and p53) responses. Conversely, SOD
and CAT exhibited a strong positive correlation with each other;
nevertheless, these biomarkers also demonstrated a moderate to strong
correlation with oxidative damage biomarkers and tissue alterations but
a weak correlation with the expression levels of nrfl, nrf2, bax, bcl2, and
p53 genes.

4. Discussion

Up to date, comprehensive data on the ecotoxicological impact of
pharmaceuticals are available globally. Nevertheless, a significant
knowledge deficit persists regarding 1) the likely toxic effects of drugs
used in treating COVID-19 on aquatic organisms and 2) the re-
percussions and influences that intricate combinations of these sub-
stances may exert on these organisms. In light of the preceding
information, this investigation explored the potentially toxic effects of
MET, PCM, DEX, and their mixtures within the liver of Danio rerio. Based
on our findings, each drug (PCM, DEX, and MET), both in isolation and
when combined, elicited an oxidative stress response in the hepatic
tissue of the fish under investigation. Overall, these outcomes align with
previously documented findings. For instance, Perussolo et al. (2019)
described that the exposure of Rhamdia quelen to concentrations of 0.25,
2.5, and 25 pg/L of PCM led to elevated levels of LPX and a simultaneous
decline in the antioxidant activity of SOD, glutathione S-transferase
(GST), and reduced glutathione (GSH) following 14-day exposure
period. Likewise, Elizalde-Velazquez et al., 2023 demonstrated that
environmentally relevant concentrations of MET (20 and 40 pg/L)
induced oxidative stress in the liver of Danio rerio, resulting in impaired
liver function in these organisms. Moreover, Pes et al., 2022 conducted
an investigation involving Solea senegalensis, elucidating that the
short-term exposure (7 days) of this fish to DEX resulted in heightened
liver glycogen content and modifications to the antioxidant status of
SOD and glutathione peroxidase (GPX). Even though, herein, mixtures
also showed an increase in the antioxidant activity of SOD and CAT, this

100
80
60
40
20

Normalized gene expression levels (%)

nrfla nrf2a

Fig. 2. Normalized expression levels of genes associated with apoptosis (p53, blc2, bax) and antioxidant activity (nrfl and nrf2) following acute exposure of Danio
rerio to COVID-19 drugs (DEX, PCM, and MET). The presented data depict the mean values + standard deviation derived from three distinct experiments.
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Fig. 4. Pearson correlation among studied variables (oxidative stress, gene expression, and histopathological (P) outcomes). The figure depicts a weighted network,
where each arrow symbolizes a connection between nodes (variables) and is assigned a numerical value known as a weight. These weights capture the strength or
significance of the relationships between nodes and can vary from positive to negative, depending on the nature of the relationship being depicted. Given the positive
correlation among all variables, arrows within the weighted network were distinguished by red and blue colors. The intensity of color in the arrows of the weighted
network corresponds directly to the strength of the positive correlation between biomarkers, with a higher positive correlation yielding a more vivid red hue. In
contrast, a bluer shade in the arrows represents a lower positive correlation. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

Table 3
Prevalence matrix of alterations found in the zebrafish liver.

Treatment Tissue alterations

Pyknosis Leukocyte infiltration Fatty degeneration Diffuse congestion Sinusoidal dilatation Vacuolization %P
A X 16.66%
B X 16.66%
C X X X X 66.66%
D X X X 50%
E X X X X X 83.33%
F X X X X 66.66%
G X X X X 66.66%
H X X X X 66.66%
1 X X X X X 83.33%
J X X X X X 83.33%
K X X X 50%
L X X X X X 83.33%
M X X X X X 83.33%
N X X X X X 83.33%
(o] X X X X X 83.33%
P X X X X X X 100%

response was not as high as the one produced by compounds alone. The
toxic excitatory effect might explain this phenomenon. Several authors,
for instance, have posited that the enzymatic activities of SOD and CAT
can exhibit an elevation in response to stressors imposed on organisms
(Colin-Garcia et al., 2023; Lee et al., 2023; Gutiérrez-Noya et al., 2023).
However, when the stress response exceeds a defined threshold, it can
suppress antioxidant enzyme activities and modulate the metabolism of
reactive oxygen species (ROS) in fish (Elizalde-Velazquez et al., 2022a).
Beyond the observed excitatory effect, it is also conceivable that
antagonistic interactions transpired within tertiary mixtures, given the
discernible increase in levels of oxidative damage biomarkers in mix-
tures DPM1 to DPM5, comparable to that induced by individual phar-
macological agents. This assumption is grounded in antecedent
research, which indicates that metformin (MET) may manifest hormetic
effects (Elizalde-Velazquez et al., 2021), demonstrate antioxidant ac-
tivity (Tripathi et al., 2022), and act as an antagonist when used with
other pharmaceutical compounds (Godoy et al., 2019). The latter effect,

for example, was observed when Danio rerio fish were exposed to MET
and bisoprolol or sotalol. Regrettably, further investigation is imperative
to elucidate the dynamics of mixtures incorporating MET
comprehensively.

A consequence of the oxidative stress induced by individual drugs or
their combination is apoptosis, or programmed cell death, attributed to
the detrimental impact of ROS on cellular biomolecules. (Checa and
Aran, 2020). Nevertheless, it is also accurate that drug-induced ROS can
trigger a cascade of responses over various pathways, ultimately leading
to an apoptotic response. For example, the ROS produced by N-ace-
tyl-p-benzoquinone imine (NAPQI), a metabolite of PCM, can induce the
opening of the mitochondrial permeability transition pore. Conse-
quently, mitochondrial proteins such as apoptosis-inducing factor (AIF)
and Endo G relocate to the nucleus, resulting in nuclear DNA fragmen-
tation and ultimately leading to cell death (Yan et al., 2018). Further-
more, the ROS generated by NAPQI can activate the c-Jun N-terminal
kinase (JNK) signaling pathways, promoting sustained JNK activity. The
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Table 4
Drug quantification in Danio rerio liver.

Nominal Concentrations Drug quantification

DEX (ng/ PCM (ng/ MET (ng/g)
g) 8)
COTROL ND <LOQ <LOQ <LOQ
DMSO ND <LOQ <LOQ <LOQ
0.01%
DEX1 30 ng/L 0.41 + <LOQ <LOQ
0.08
DEX2 60 ng/L 0.87 £ <LOQ <LOQ
0.11
PCM1 0.250 pg/L <LOQ 8.77 + <LOQ
0.78
PCM2 0.500 pg/L <LOQ 13.91 + <LOQ
0.59
MET1 20 pg/L <LOQ <LOQ 318.42 +
2.45
MET2 40 pg/L <LOQ <LOQ 519.50 +
3.98
DPM1 30 ng/L + 0.250 pg/L +  0.39 + 8.09 + 310.06 +
20 pg/L 0.05 0.34 3.02
DPM2 60 ng/L + 0.250 pg/L +  0.81 + 8.11 + 309.54 +
20 pg/L 0.09 0.72 1.14
DPM3 30 ng/L + 0.250 pg/L + 0.40 £ 7.94 + 503.02 +
40 pg/L 0.01 0.41 4.55
DPM4 60 ng/L + 0.250 pg/L +  0.83 + 8.01 + 502.84 +
40 pg/L 0.10 0.68 3.73
DPM5 30 ng/L + 0.500 pg/L + 0.31 + 14.01 + 301.29 +
20 pg/L 0.02 0.94 4.01
DPM6 60 ng/L + 0.500 pg/L +  0.74 + 14.18 + 302.01 +
20 pg/L 0.06 0.21 2.19
DPM7 30 ng/L + 0.500 pg/L +  0.32 + 14.07 + 507.44 +
40 pg/L 0.07 0.49 2.76
DPMS8 60 ng/L + 0.500 pg/L + 0.77 + 13.99 + 506.98 +
40 pg/L 0.03 0.89 4.50

Values are the mean of three replicates & S.D. LOQ-DEX: 0.45 ng/g. LOQ-PCM:
2.08 ng/g. LOQ-MET: 1.10 ng/g.

above, in turn, amplifies mitochondrial ROS levels, intensifies cellular
stress, and exacerbates apoptotic processes (Tashiro et al., 2022). A
comparable scenario occurs for MET and DEX, wherein ROS induction,
initiated by elevated intracellular calcium levels or mitochondrial
complex I inhibition (Elizalde-Velazquez et al., 2022b; Gutiérrez-Noya
et al., 2023), results in mitochondrial impairment. After this impair-
ment, a sequential series of events ensues, including initiating the JNK
pathway and the liberation of cytochrome C, culminating in cellular
apoptosis (Chen et al., 2020; Li et al., 2020). The above is notorious as
MET, DEX, PCM, and their mixtures substantially up-regulated the
expression of bax, bcl2, and p53. bcl2 and bax are the bcl-2 protein
family’s constituents governing the intrinsic apoptosis pathway. More
precisely, bcl2 is an anti-apoptotic protein, exerting its function by
impeding the liberation of pro-apoptotic factors from the mitochondria
(Qian et al., 2022). Conversely, bax operates as a pro-apoptotic protein,
instigating cell death through the induction of mitochondrial outer
membrane permeabilization (MOMP), which culminates in the
discharge of cytochrome ¢ and additional apoptotic factors (Dewson and
Kluck, 2009; Kuwana et al., 2020). Likewise, p53 functions as a tumor
suppressor protein, regulating the cell cycle. It accomplishes this by
imposing a temporary arrest at the G1 phase to facilitate DNA repair or,
in cases of irreparable damage, by instigating apoptosis as a mechanism
to eliminate compromised cells (Chen, 2016; Wang et al., 2022).

Even though there was an overexpression of apoptotic-related genes
in Danio rerio liver across all treatments, our histopathological obser-
vations did not show an apoptotic or inflammatory response. The sole
tissue modifications noted encompassed pyknosis, leukocyte infiltration,
fatty degeneration, diffuse congestion, sinusoidal dilation, and vacuo-
lization, aligning with findings from prior studies. For example, in the
histopathological examination conducted by Guiloski et al. (2017), it
was observed that male Rhamdia quelen fish, exposed to 2.5 pg/L of
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PCM for 21 days, displayed mild blood congestion and leukocytic
infiltration in the liver. Similarly, Elizalde-Velazquez et al., 2022c
documented hepatic alterations in Danio rerio following a 96-h exposure
to PCM concentrations of 0.125, 0.250, and 0.500 pg/L. These alter-
ations encompassed congestion, hyperemia, infiltration, sinusoidal
dilation, macrovascular fat degeneration, and pyknotic nuclei.
Regarding DEX, as documented by Zhong et al. (2021), it was noted that
following a 60-day exposure period, concentrations of 0.5 and 5 pg/L led
to vacuolization in the liver of mosquito fish. Conversely, a concentra-
tion of 50 pg/L produced a more severe range of effects, including
vacuolization, dilated hepatocytes, hepatocellular degeneration, focal
necrosis, and karyopyknosis. Finally, in the investigation conducted by
Barbieri et al. (2022), vacuolization was documented at concentrations
of 50 pg/L, 100 pg/L, and 1 mg/L in the context of MET exposure.
Notably, in the cohort subjected to a concentration of 10 mg/L, notable
alterations, including bleeding, edema, and vacuolization, were dis-
cerned in the gills of Astyanax lacustris following a 90-day exposure
period. From above, it is essential to note that the alterations found are
reversible, meaning they have minimal pathological significance. The
above implies that the tissue returns to its normal state once exposure to
irritants concludes or when the stressing factor is neutralized (Bernet
et al., 1999). Nevertheless, in the case of the mixture, there is a belief
that prolonged exposure could induce more substantial alterations in the
structures of hepatocytes.

5. Conclusions

Short-term exposure to three commonly used COVID-19 medications
(MET, DEX, and PCM), both independently and in combination, elicited
a notable toxic reaction marked primarily by oxidative harm and
increased expression of genes associated with apoptosis. Nevertheless, it
is crucial to highlight the presence of hormetic, antagonistic, or anti-
oxidant effects in the combinations, as certain mixtures (DPM1 to
DPM5) exhibited a response similar to that induced by individual drugs.
Additional research is required to fully elucidate the mechanism through
which these mixtures fail to display a heightened response in compari-
son to individual drugs. Regarding histological observations, our find-
ings indicate that both individual drugs and their combinations do not
manifest any tissue alterations that threaten the fish’s overall well-
being. However, it is hypothesized that prolonged exposure may
amplify the toxic response in the liver, leading to increased tissue
damage in the hepatocytes. Subsequent investigations should undertake
comprehensive studies involving the exposure of organisms to mixtures
and under different times of exposure to enhance our understanding of
the impact of these combinations on aquatic organisms.
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