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A B S T R A C T   

Phenytoin (PHE) is an antiepileptic drug that has been widely used in clinical practice for about 80 years. It is 
mainly used in the treatment of tonic-clonic and partial seizures. The widespread consumption of this drug 
around the world has led to PHE being introduced into water bodies through municipal, hospital, and industrial 
effluent discharges. Since the toxic effects of this drug on aquatic species has been scarcely explored, the aim of 
this work was to investigate the influence of low (25–400 ngL−1) and high (500–1500 ngL−1) environmentally 
relevant concentrations of PHE on the development and oxidative status of zebrafish (Danio rerio) embryos. The 
toxicity of PHE was evaluated from 12 to 96 h after fertilization in D. rerio at concentrations between 25 and 
1500 ngL−1. In both the control group and the 0.05A DMSO system, no malformations were observed, all em-
bryos developed normally after 96 h. The severity and frequency of malformations increased with increasing PHE 
concentration compared to embryos in the control group. Malformations observed included developmental 
delay, hypopigmentation, miscellaneous (more than one malformation in the same embryo), modified chorda 
structure, tail malformation, and yolk deformation. Concerning the biomarkers of oxidative stress, an increase in 
the degree of lipid peroxidation, protein carbonylation, and hydroperoxide content was observed (p < 0.05) 
concerning the control. In addition, a significant increase (p < 0.05) in antioxidant enzymes (SOD, CAT, and 
GPx) was observed at low exposure concentrations (25–400 ngL−1), with a decrease in enzyme activity at high 
concentrations (500–1500 ngL−1). Our IBR analysis demonstrated that oxidative damage biomarkers got more 
influence at 500ngL−1 of PHE. The results demonstrated that PHE may affect the embryonic development of 
zebrafish and that oxidative stress may be involved in the generation of this embryotoxic process.   

1. Introduction 

The global prevalence of epilepsy is reported at B00 per 100,000 
people, affecting >B0 million people worldwide (Espinosa-Jovel et al., 
2018). The prophylactic use of antiepileptic drugs (AEDs) is considered 
the primary treatment for epilepsy (Dasgupta and Crasowski, 2020). 

Dnlike other drugs, AEDs are not classified by their mechanism of 
action. They can often be classified according to the year in which they 
were developed and introduced (generation). This is because drugs are 

not fully elucidated in their mechanism of action and may have several 
modes of action (Perucca, 2005). The “first generation” AEDs 
(1912–19B8) include carbamazepine, ethosuximide, phenobarbital, 
primidone, valproate, and PHE (Cotterman-Hart, 2015). PHE is a drug 
that has been widely used in clinical practice for about 80 years to treat 
tonic-clonic and partial seizures (Abou-Chalil, 2016E Patocka et al., 
2020). PHE binds to the inactivated state of the Na+ channel and thus 
prolongs the neuronal refractory period, having a highly selective 
inhibitory effect in the motor area of the cerebral cortex. In addition, 
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PHE is thought to exert its antiepileptic effect by stabilizing brain cell 
membrane function and increasing levels of inhibitory neurotransmit-
ters (serotonin J5-HTK and γ-aminobutyric acid JGABAK) in the brain 
(Ceppel Hesselink, 201B). 

In addition, the safety and efficacy of PHE have been evaluated in 
>100 different disorders (Ceppel Hesselink and Copsky, 201B), from 
bipolar disorder (Patocka et al., 2020), wound healing (Ceppel Hesse-
link, 2018E Cumar et al., 2020) bronchial spasms induced by bronchial 
asthma and chronic asthmatic bronchitis (Zhang et al., 2018), neuro-
pathic pain (Hall et al., 2020), anti-arrhythmic (Zhang et al., 2018), to 
reduce migration and invasion in metastatic breast cancer (Calaiarasi 
et al., 2018) and optic neuritis (Raftopoulos et al., 2016). 

In conventional status epilepticus treatment protocols, PHE is 
considered the first-line drug when the patient does not respond to 
benzodiazepines in approximately 40–60A of cases. (Brigo et al., 2018E 
Li et al., 2020E Mishra et al., 2014E Nalisetty et al., 2020). Although new 
AEDs have been approved to treat status epilepticus in recent years, PHE 
remains the first-line drug in many countries, including Thailand 
(DeMott et al., 2020E Soontornpun et al., 2020). In the Dnited States, 
according to the annual Medical Expenditure Panel Survey conducted by 
the Agency for Healthcare Research and Luality (AHRL), PHE is in the 
top M00 drugs of 2018, ranking 269th. According to this survey, pre-
scriptions in 2018 were approximately 1,64M,49B (Cane, 2018). Ac-
cording to these data, PHE is widely consumed globally, further 
contributing to introducing this AED into water bodies through dis-
charges of municipal, industrial, and hospital effluents. 

Several studies have reported PHE in wastewater treatment plant 
(NNTP) effluents, hospital effluents, surface water, and even drinking 
water. These concentrations range from 1.1 to 2MB5 ngL−1 in different 
aquatic matrices, as shown in Table 1. 

Disruption of cellular andHor molecular processes during normal 
physiological development can lead to toxicity as teratogenesis or 
mortality. Redox regulation, protein folding, and apoptosis play essen-
tial roles during normal development, and when these processes are 
disturbed by toxicants (endogenous or exogenous), they can lead to a 
wide range of malformations and even death (Cupsco and Schlenk, 
2015). The oxidative stress has been associated with the pathogenesis of 
various abnormalitiesE within these, skeletal malformations and car-
diovascular defects (Covacic and Somanathan, 2014). ROS have an 
important role in embryonic development, since its can be to alter em-
bryonic signal transduction pathways (Dennery, 200BE Nells et al., 
2005). 

Studies reported in the literature on the toxic effects of PHE on 
aquatic organisms are scarce. PHE toxicity was evaluated in Lepomis 

gibbosus, exposed to 6.25, 12.5, 25, 50, and 100 μgL−1, focusing on 
oxidative stress parameters in the liver, digestive, and gill tissues. The 
results showed adaptive responses in catalase and glutathione S-trans-
ferase enzyme activities in the liver of the exposed organisms in response 
to the oxidative stress state (Brandão et al., 201M). Liu et al. (2016), 
exposed 5-day post-fertilization zebrafish larvae to 1,4,20,100 and 500 
μM PHE. The results suggest a concentration-dependent effect on loco-
motor activity and thigmotaxis. Furthermore, at high concentrations, 
PHE caused a significant decrease in locomotor activity and thigmotaxis, 
and treatment with low doses increased locomotor activity. In a 
rehearsal conducted by Neigt et al. (2011), the teratogenicity of 10 
compounds (including PHE) was evaluated in zebrafish embryos 
exposed for three days to concentrations of M1.25, 62.5, 125, and 250 
μM. The LC50 and EC50 values were >250 μM and M86 μM, respectively, 
with a teratogenic index >1. Likewise, the teratogenic effect of PHE was 
evaluated in zebrafish exposed to 6.25, 12.5, 25, 50, and 100 μM, 
monitoring hatching, and morphology. Exposure of embryos to PHE 
induced a developmental delay and a teratogenic effect in a 
concentration-dependent manner reflected in hatching time and embryo 
morphology (Martinez et al., 2018). 

Zebrafish has emerged as an excellent vertebrate model for lethality 
and teratogenicity testing due to the following advantagesG the main-
tenance of a zebrafish colony is simple, they occupy little space, are 
inexpensive and produce a high number of embryos (high fecundity), 
development is rapid and can be visualized from embryogenesis to the 
complete organism (Cimmel et al., 1995), toxicity during development 
can be assessed in a short time, the embryos are optically transparent, 
which allows teratogenicity tests to be carried out thoroughly, as their 
developmental pathways are evolutionary conserved, which makes 
zebrafish very sensitive to teratogenic compounds (Raghunath and 
Perumal, 2018). 

According to the background mentioned above and since PHE has 
been shown to generate oxidative stress and teratogenesis at concen-
trations above those found in aquatic environments in different hydro-
bionts. In addition, embryogenic effects have been limited to the 
evaluation of limited endpoints. In light of filling the current knowledge 
gaps on the embryotoxicity effects that PHE at environmentally relevant 
concentrations can induce in aquatic species, we conducted a study in 
D. rerio embryos. Ne hypothesized that environmentally relevant con-
centrations of PHE are capable of disrupting zebrafish embryonic 
development through an oxidative stress mechanism. 

2. Material and methods 

2.1. Ethical approval 

This research protocol was reviewed and approved by the Ethics and 
Research Committee of the Autonomous Dniversity of the State of 
Mexico (DAEM) to ensure that experiments were conducted following 
institutional standards for animal care (approval IDG RP.DAEM. 
ERC.142.2021). The provisions of the Mexican official standard on the 
breeding, care, and use of laboratory animals (NOM-062-ZOO- 1999) 
were also considered. 

2.2. Chemicals 

All reagents were of analytical grade and were purchased from 
Sigma-Aldrich (St. Louis, MO) unless otherwise indicated. PHE (>99A 
purity, CAS No 5B-41-0) was purchased from Sigma-Aldrich (St. Louis, 
MO). The stock solution was prepared with 10 mg PHE dissolved in 
DMSO (99.9A purity, Sigma-Aldrich) in 1 L deionized water. The other 
PHE concentrations tested were prepared from this stock solution, the 
final concentration of DMSO in the exposure solutions was 0.05A (vHv). 

Table 1 
Occurrence of PHE in aquatic matrices.  

Country Occurrence media Concentration 
(ngL−1) 

References 

D. S Nastewater 28B–402 (Vanderford and 
Snyder, 2006) 

Corea Surface water 1.1–8.9 (Cim et al., 200B) 
Japan River 4 (Hoshina et al., 2009) 
Corea Surface water 1.8–54 (Ooon et al., 2010) 
Spain Drinking water 10 (Huerta-Fontela et al., 

2011) 
D. S Surface water 150 (Laws et al., 2011) 
Saudi 

Arabia 
NNTP <20–440 (Alidina et al., 2014) 

D. S Nell water 66 (Schaider et al., 2014) 
D. S Hospital effluent 60–100 (Oliveira et al., 2015) 
Japan Rivers and drinking 

water 
M.1–2M (Simazaki et al., 2015) 

D. S Drban watersheds 145 (Bai et al., 2018) 
Spain NNTP 111–2MB5 (MiIangos et al., 2018) 
Spain Estuary 6–1401 (MiIangos et al., 2018) 
Sri Lanka Surface water 6.4–B9 (Guruge et al., 2019) 
China Tap water 1.9M (Liu et al., 2019)  
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2.3. Animal husbandry and collection of eggs 

Adult zebrafish (D. rerio, Nild-type, AB strain) were maintained at 
the Autonomous Dniversity of State of Mexico (Toluca, Mexico) under 
laboratory conditions. Zebrafish were maintained in 120 L aquaria, 1 L 
of water per fish, at a temperature of 28 ± 1 ◦C, with 14H10 h lightHdark 
cycles. The fish were fed with Spirulina flakes (Ocean Nutrition, DS) 
twice a day and Artemia sp. nauplii larvae once a day. The aquarium 
water was constantly aerated and maintained at a pH of B.5–8. Embryos 
were obtained from natural mating. For oocyte collection, fish were 
transferred to a spawning chamber the evening before the start day of 
the experiments, in a ratio of 2 femalesG 1 male. Eggs were allowed to 
mate and spawn, and oocytes were collected in clear glass dishes 1 h 
after spawning. 

2.4. Toxicity exposure protocol 

In the present study, OECD test guideline 2M6 (OECD, 201M), an 
acute fish embryo toxicity (FET) test with zebrafish (D. rerio), was fol-
lowed. The concentrations tested of PHE (1500, 1400, 100, 500, 440, 
28B, 150, B8, 54 and 25 ngL−1) were selected for their environmental 
relevance (Table 1). In addition to the control group, a system with 
0.05A DMSO was set up. Viable oocytes were selected with the aid of a 
stereomicroscope and incubated in 24-well plates. Oocytes were incu-
bated individually in 2 mL of medium, forming batches of 24 oocytes for 
each concentration tested, each concentration was tested in triplicate. 
The microplates were placed in an incubator at 28 ± 1 ◦C for four days, 
with 14G10 h lightHdark cycles. To detect alterations to embryonic 
development andHor embryo death due to PHE, stereomicroscopic ob-
servations were made at 12, 24, 48, 48, B2, and 96 hpf. 

After 96 hpf of exposure, alive, dead, and malformed embryos were 
counted. Nith the data obtained, a maximum likelihood linear regres-
sion analysis was performed to calculate the mean lethal concentration 
(LC50) and the effective malformation concentration (EC50) with their 
95A confidence intervals (p < 0.05). Nith these data, the teratogenic 
index (TI) was calculated using the LC50HEC50 ratio. 

2.5. Embryonic development evaluation 

Based on the visible morphology of the embryos, the evaluation of 
structural abnormalities and developmental delay of the embryos 
exposed to PHE was carried out by comparison with a reference embryo, 
as follows Cimmel et al. (1995). The factors assessed wereG tail devel-
opment, eye development, somite formation, movement, blood circu-
lation, head-body pigmentation, tail pigmentation, pectoral fin 
emergence, mouth protuberance, and hatchingE all of which are assigned 
a value according to Hermsen et al. (2011), and one unit was not scored 
for each abnormality or delay in any of the characteristics to be assessed. 

2.6. Determination of oxidative stress in D. rerio embryos 

Ten environmentally relevant concentrations of BPA (1500, 1400, 
100, 500, 440, 28B, 150, B8, 54, and 25 ngL−1) were tested, each with 
1600 D. rerio embryos (4hpf) divided into eight glass Petri dishes (M0 mL 
of solution), to ensure enough surviving larvae for each trial. The control 
groups (control solution and 0.05A DMSO) contained 900 embryos 
(4hpf) each. Three replicates were performed for each group. During the 
exposure period, all treatments were maintained at 28 ± 1 ◦C with 
photoperiods of 14 h light and 10 h dark. Half of the solution of each 
treatment was renewed daily to maintain the appropriate PHE concen-
tration. After B2 and 96 h of PHE exposure, about 600 embryos were 
homogenized in 1 mL of ice-cold phosphate buffer solution (PBS, pH 
B.4). The homogenate was separated into two tubes and proceeded as 
followsG tube 1, M00 μL of homogenate and M00 μL of a 20A trichloro-
acetic acid (TCA) solution, centrifuged at 11495g at 4 ◦C for 15 min, the 
precipitate was used to determine the protein carbonyl content (PCC), 

and the supernatant was used to determine the level of lipoperoxidation 
(LPP) and the hydroperoxide content (HPC)E tube 2, B00 μl of the ho-
mogenate was centrifuged for 15 min at 12500g at 4 ◦C, the supernatant 
was used to determine the activity of the enzymes superoxide dismutase 
(SOD), catalase (CAT), glutathione peroxidase (GPx) and total protein 
content. The level of each biochemical parameter was normalized to its 
protein content. 

2.6.1. Evaluation of cellular oxidation 
The level of lipid peroxidation was assessed following the procedures 

reported by Buege and Aust (19B8). 50 μL of supernatant from tube 1, 
450 μL of Tris-HCl solution (150 mM), and 1 mL of trichloroacetic acid- 
thiobarbituric acid (TCA-TCB) solution were mixed in glass tubes. Heat 
shock was produced by immersing the tubes in boiling water. The tubes 
were incubated for M0 min at MB ◦C. They were then centrifuged at M500g 
for 10 min. The absorbance was measured at 5M5 nm. 

The hydroperoxides content was evaluated with the technique of 
Jiang et al. (1992), 100 μL of the supernatant from tube 1 and 900 μL of 
the reaction mixture (10 mL of solution A (FeSO4 + H2SO4) and 20 mL of 
solution B (dehydroxytoluene butylate + xylenol orange) were mixed in 
a tube, left to stand for 60 min at room temperature and protected from 
light. The absorbance was measured at 560 nm. 

The level of protein carbonyl was quantified using the method of 
Levine et al. (1994) modified by Burcham (200B)E Parvez and Raisuddin 
(2005). Briefly, precipitate from tube 1, and 150 mL of dini-
trophenylhydrazine (DNPH)HHCl 10 mM were mixed and left to stand 
for one hour in the dark at room temperature. After that time 500 ML of 
ATC (20A) was added, the tubes were incubated at 4 ◦C for 15 min 
before centrifugation at 11000g for 5 min. The supernatant was dis-
carded, and the button was washed with a 1G1 ethanolG ethyl acetate 
solution to obtain a white button dissolved in 1 mL of 6 M guanidine and 
incubated for M0 min at MB ◦C. The absorbance was measured at M66 nm. 
A PBS blank with the same treatment as the samples were used in all 
assays. 

2.6.2. Antioxidant activity assays 
The activity of SOD in embryos was assessed following the protocols 

of Misra and Fridovich (19B2). For the assay, 40 μL of the supernatant 
from tube two was added directly into the cell, 260 μL of carbonate 
buffer and 200 μL of adrenaline (M0 nM) were added, absorbance was 
measured at 480 nm (M0 s and 5 min). 

CAT activity was measured with the method of Radi et al. (1991). M0 
μL of supernatant from tube two was placed directly into the cell, 420 μL 
of isolation buffer (0.M M sucrose, 1 mM EDTA, 5 mM HEPES and 5 mM 
CH2PO4) and M00 μL of hydrogen peroxide (20 mM) were added, 
absorbance was measured at 240 nm (0 and 60 s). 

The activity of GPx in whole embryos was ascertained using the 
technique of Flohé and GQnzler (1984). 100 μL of the supernatant from 
tube two was placed directly into the cell, 290 μL of reaction buffer, 100 
μL of hydrogen peroxide (20 mM), and 12 μL of glutathione reductase 
were added, absorbance was measured at M40 nm (0 and 60 s). A PBS 
blank with the same treatment as the samples were used in all assays. 

2.6.3. Determination of total protein content 
Total protein content was determined spectrophotometrically by the 

method described by Bradford (19B6). 1M μL of supernatant were taken 
from tube two and mixed with B5 μL of distilled water and 1.25 mL of 
BradfordRs reagent. This mixture was homogenized in a Vortex for one 
minute, protected from light and incubated at room temperature for 5 
min. The absorbance was measured at 595 nm, using a PBS blank with 
the same treatment as the samples. The absorbances obtained were 
extrapolated to a standard curve (bovine serum albumin) to determine 
the total protein concentration. 
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2.7. Phenytoin determination 

Nater withdrawn daily for renewal of the exposure medium was 
stored in amber glass bottles. At that time, the pH was adIusted to 2 with 
concentrated hydrochloric acid for preservation and stored at 4 ◦C until 
extraction. No >14 days were allowed to elapse from collection to 
extraction. Samples were collected from 0, 12, 24, 48, B2, to 96 h of 
exposure. PHE determination was performed according to the method-
ology described by Ahrer et al. (2001). An HP 110 HPLC system 
equipped with an HP 1050 autosampler (Agilent, Palo Alto, CA) was 
used for liquid chromatographic separations. A flow rate of 150 mLHmin 
and a ternary gradient of 20 mM ammonium acetate solution adIusted to 
pH 5.5 with 1 M acetic acid (A), methanol (B), and water (C) at different 
ratios (10G15GB5, 10G50G40, and 10G90G0) was used from 0 to 20 min. An 
HP 5989B quadrupole system (Agilent) equipped with a radiofrequency 
hexapole (Analytica of Bradford, CT) using an HP 5998BA pneumati-
cally assisted electrospray ionization interface (Agilent) was used. The 
drying gas-flow rate was B LHmin. Nitrogen 5.0 was used for nebuliza-
tion at a pressure of 550 kPa. 

2.8. Integrated Biomarker Response (IBR) 

Biomarkers measured in D. rerio embryos were used to calculate the 
Integrated Bioindicator Response Index (IBR). In the present study, the 
biomarkers used were SOD, CAT, GPx, LPP, PCC, and HCP. According to 
Beliaeff and Burgeot (2002), the IBR index was obtained and modified 
by Sanchez et al. (201M), which was represented in star graphs. The 
procedure was as followsG a comparison was made between the indi-
vidual data of each biomarker (Pi) against reference data (P0), and a 
logarithmic transformation reduced the variance. 

Yi = log (Xi/X0)

For Oi, the mean (μ) and standard deviation (σ) were calculated, and 
standardization was performed. 

Zi = (Yi − μ)/σ 
A biomarker deviation index (A) was defined as the mean of the 

standardized biomarker response (Zi) and the mean of the reference 
biomarker data (Z0). 

A = Zi −Z0 

Finally, to obtain the IBR index, the absolute value of the A-param-
eters calculated for each biomarker was summed. 

IBR = Σ∣A∣  

2.A. Statistical analysis 

The LC50 and EC50 were calculated using the PROBIT analysis (EPA 
analysis Program v 1.5). FisherRs exact test analyzed data on alterations 
to embryonic development and teratogenic effectsE significance was 
accepted when p < 0.05, using SPSS v9 software (SPSS, Chicago, IL). 
Oxidative stress data were examined by a two-way analysis of variance 
(ANOVA). Differences between means were examined using a Tukey- 
Cramer multiple comparisons test with a 95A confidence limit. 

3. Results 

3.1. Developmental toxicity and embryonic evaluation 

In the present study, PHE toxicity was evaluated from 12 to 96 h 
post-fertilization in D. rerio embryos at environmentally relevant con-
centrations. In both the control group (0 ngL−1 of PHE) and the 0.05A 
DMSO system, no malformations were observed, all embryos normally 
developed at the end of 96 h. The frequency and severity of malforma-
tions increased with increasing PHE concentration compared to embryos 
in the control groups. The mortality rate of D. rerio embryos increased 
significantly when exposed to 1400 and 1500 ngL−1 of PHE until 96 h 
(Fig. 1). In addition, PHE induced morphological abnormalities during 
embryonic development, including developmental delay (M8A), eye 
deformation (5.MA), hypopigmentation (2B.MA), hemorrhaging in the 
head (5.1A), Hemorrhaging in the yolk (16.4A), miscellaneous 
(M2.2A), modified chorda structure (M1.5A), malformation of the head 
(18.5A), malformation of the tail (M4A), pericardial edema (18A), yolk 
deformation (22A) and yolk edema (16A) JTable 2K. Malformation rates 
were observed with a concentration-dependent increase, with 1500 
ngL−1 of PHE having the maximum value at 96 h. Table 2 summarizes 
the teratogenicity due to exposure to environmentally relevant con-
centrations of PHE. Embryos coagulation was highest in the group 
exposed to 1500 ngL−1 (90.MA), followed by the group exposed to 1400 
ngL−1 (8B.5A). Developmental delay, which was mainly observed in 
modified chorda structure and short tail, was more frequent in the group 
exposed to 1500 ngL−1 and less in the group exposed to 25 ngL−1 PHE. 
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Fig. 1. Exposure time-response curve of the general morphology score according to different concentrations of PHE on D. rerio embryos. Values are the mean of three 
replicates ± SEM. *Significantly different from control group (p < 0.05). 
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Table 2 
MaIor malformations present in D. rerio embryos exposed to environmentally relevant concentra-
tions of PHE. 

Concentrati
on

12hpf 24hpf 48hpf 72hpf 96hpf

0
(Control)

DMSO 
0.05%

25 ngL-1

54 ngL-1

78 ngL-1

150 ngL-1

287 ngL-1

1 2 3 54

6 7 8 9 10

11 12 13 14
15

16 17 18 19
20

21 22 23 24 25

26 27 28 29 30

31 32 33 3534

400 ngL-1

500 ngL-1

1000 ngL-1

1400 ngL-1

1500 ngL-1

36 37 39 40

4241 43 44 45

46 47 48 49 50

51 52 53 54 55

56 57 58 59 60

38
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Table 2 represent images of D. rerio embryos at 12 to 96 hpf. The 
control group (1–5) and the system with 0.05A DMSO (6–10) showed 
normal development until 96 hpf. Microscopic images of representative 
malformations in embryos exposed to 10 different environmentally 
relevant concentrations of PHE, including developmental delay (24, MM, 
M4, M8, M9, 4M, 51–60), eye deformation (28, 44, 45), hypopigmentation 
(15, 2M, 24, 25, 45), hemorrhaging in the head (19), hemorrhaging in 
the yolk (2M, M4, 48, 54), miscellaneous (M4, M5, 48, 49, 50, 5M, 59), 
modified chorda structure (20, M4, M5, 40, 49, 50), malformation of the 
head (4M, 44, 45, 49, 50), malformation of the tail (20, M0, 44, 49, 50), 

pericardial edema (28, 29, M0, 44, 49, 54), yolk deformation (2M, MM, 42, 
4M, 48) and yolk edema (2M, 4M, 48), in zebrafish larvae after embryonic 
exposure to PHE. 

3.2. Determination of oxidative stress in D. rerio embryos 

Fig. 2 shows the results of the different biomarkers of oxidative 
stress. A significant concentration-dependent increase in cellular 
oxidation biomarkers (p < 0.05) was observed with respect to the 
control and DMSO groups. Antioxidant enzyme activity showed a 

Fig. 2. Effects of PHE exposure on biomarkers of cellular oxidation (A) and antioxidant activities of SOD, CAT and GPx (B) in the larvae of zebrafish after B2 and 96 
hpf. Values are mean ± SD of three replicate. * Significantly different from control group (p < 0.05). 
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significant increase from 25 ngL−1 to 400 ngL−1. Subsequently, it 
decreased with respect to the control and DMSO groups (p < 0.05). 

3.2.1. Evaluation of cellular oxidation 
The results for biomarkers of cellular oxidation are shown in Fig. 2A 

PHE produced a significant increase (p < 0.05) over the control group in 
the biomarker of lipid peroxidation (MDA) in a concentration- 
dependent manner, with increases at B2 h from 152 to M20A and at 
96 h from 165 to M6BA. In the present study, it was observed that there 
was no statistically significant difference (p < 0.05) in PCC levels at 
exposure to 25, 54 and B8ngL−1 PHE), while at exposure concentrations 
of 150, 28B, 400, 500, 1000, 1400 and 1500ngL−1 there was a signifi-
cant increase (p < 0.05) in a concentration-dependent manner at B2 h of 
196A, M28A, 4MBA, 5M4A, B12A, 8M8A and 886A and at 96 h of 
exposure of 198A, 25MA, 446A, 5BMA, B4BA, 894A and 956A 
respectively. For the results of the hydroperoxide content, a statistically 
significant difference (p < 0.05) with respect to the control group only 
from the concentration of 150ngL−1 (1B0A), 28BngL−1 (211A), 
400ngL−1 (291A), 500ngL−1 (M62A), 1000ngL−1 (512A), 1400ngL−1 

(592A) and 1500ngL−1 (BM8A) for the B2 h of exposureE and for 96 h of 
exposure from B8ngL−1 (214A), 150ngL−1 (250A), 28BngL−1 (M06A), 
400ngL−1 (M89A), 500ngL−1 (4B9A), 1000ngL−1 (5M5A), 1400ngL−1 

(615A) and 1500ngL−1 (B90A), the increase in HPC was observed in a 
concentration-dependent manner. 

3.2.2. Antioxidant activity assays 
The results for SOD activity are shown in Fig. 2B. The enzyme ac-

tivity was significantly (p < 0.05) higher at all concentrations tested 
compared to the control group. Showing an increase for 25ngL−1, 
54ngL−1, B8ngL−1, 150ngL−1, 28BngL−1, 400ngL−1, 500ngL−1, 
1000ngL−1, 1400ngL−1 and 1500ngL−1 at B2 h of 425, 29B, M40, M60, 
6B6, 9M6, 1165, BM0, 54B and 29BA and for 96 h of 500, 205, 28B, 5M5, 
1000, 11B4, 1194, M60, 48M and 51BA with respect to the enzyme ac-
tivity in the control group. Nith respect to CAT enzyme activity, a sig-
nificant increase was observed (p < 0.05) compared to the larvae of the 
control group from the concentration of 54ngL−1 at B2 h of exposure 
(2M9A), B8ngL−1 (M29A), 150ngL−1 (601A), 28BngL−1 (902A), 
400ngL−1 (92BA), 500ngL−1 (684A), 1000ngL−1 (52MA), 1400ngL−1 

(MB6A) and 1500ngL−1 (218A), for 96 h of exposure a significant in-
crease was observed (p < 0.05) with respect to the control group from 

B8ngL−1 and up to 1500ngL−1 of 208A, M5BAE 642AE 8B6A, 624A, 
52MA, MB6A and 218A, respectively. PHE induced a significant increase 
(p < 0.05) with respect to the control group of GPx enzyme activity at 
all exposure concentrations (25 to 1500ngL−1) at B2 h 4M1, 401, 48, M8B, 
MBM, 5B1, B09, M18, 44M and 4B4A and for 96 h of 446, 415, M91, 460, 
4M2, 598, 848, M22, 44B and 4B8A respectively. 

3.3. Phenytoin determination 

Table 4 shows the values of PHE concentrations in the water of the 
exposure systems. A decreasing trend in PHE concentration concerning 
exposure time is observed. However, the concentration in all systems 
remained above 80A of the initial concentration. 

3.4. Integrated Biomarker Response (IBR) 

In the present study, a battery of biomarkers related to oxidative 
stress was chosen to assess whether oxidative stress occurs in zebrafish 
larvae exposed to PHE. Therefore, for ease of interpretation, the re-
sponses were integrated by calculating the IBR index for each biomarker 
evaluated (Fig. M). In ascending order, the observed IBR values for B2 h 
were 54 < 2B8 < 25 < 400 < B8 < B8 < 150 < 1000 < 500 < 1400 <
1500ngL−1 and for the 96 h of exposure 2B8 < 1400 < 54 < 1500 < 150 
< 25 < 25 < 1000 < B8 < 400 < 500ngL−1. The IBR values showed that 
the stress caused by the 500ngL−1 concentration at 96 h of exposure was 
the highest, with a value of 18.1. 

4. Discussion 

Several studies have used very high concentrations of xenobiotics, 
which do not reflect the natural environment scenario, so we decided to 
work with environmentally relevant concentrations of PHE, which 
reflect the use and presence of this drug in the environment. It has been 
shown that changes in hatching, malformations, and mortality during 
embryonic development can be used as good indicators of toxicity to 
assess stress caused by environmental toxicants during development 
(Pohl et al., 2019E Liang et al., 2016E Pia et al., 201BE Zhou et al., 2019). 
In the present study, PHE was observed to decrease the hatching rate, 
increase mortality rates and malformations with an apparent concen-
tration- and time-dependent response. 

Fig. 3. Integrated Biomarker Responses Index for Danio rerio larvae exposed to environmentally relevant concentrations of PHE. The graphical comparison was based 
on six biomarkers of oxidative stress at B2 and 96 hpf. The IBR for the concentration tested at B2 h were 1.6, 0.9, 2.1B, 2.2, 1.5, 1.9, 4.1, M.2, 4.5, 4.9 and for 96 h 4.1, 
M.M, B.6, M.8, 1.M, 10.9, 18.1, 6.M, 2.B and M.B respectively. 
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The results obtained show that the LC50 and EC50 of malformations at 
96 h of exposure were obtained at 2B9.25 and 252.60 ngL−1, respec-
tively (Table M). Concentrations evaluated in other studies gave an LC50 
of >250 μM and an EC50 of M86 μM giving a TI >1(Neigt et al., 2011). 
The teratogenic index (TI = 1.1) obtained in our study shows that PHE is 
teratogenic for D. rerio embryos exposed to environmentally relevant 
concentrations. Furthermore, this was confirmed by identifying the 
different malformations. 

The toxicity of PHE during the embryonic development of D. rerio has 
been investigated in previous studies. Martinez et al. (2018), report a 
delay in development, reflected in the reduction in hatching in a dose- 
dependent manner in PHE-exposed embryos compared to the control 
group, reaching M5–40A of hatched embryos at 48 h of exposure. 
However, none of the concentrations studied affected the general 
morphology of the larvae. Neigt et al. (2011), reported for the first time 
the ability of D. rerio embryos to activate pro-teratogenic substances 
(such as PHE) without the need for the addition of an exogenous 
metabolic activation system. Zebrafish embryos showed phase I enzyme 
activity at very early stages of development. There was an increase in the 
percentage of embryos with teratogenic effects exposed to PHE, with 
4M.MA reported as the maximum level of teratogenic effects. In the PHE 
treatment groups, a statistically significant difference was obtained at all 
concentrations tested. Nith 51.4A tail malformation was the most 
frequently occurring malformation, concluding that hatching impair-
ment resulted from this malformation and not the cause. 

Toxicity of PHE has been proposed due to a free radical intermediate, 
which is generated during bioactivation by prostaglandin H synthase 

(Parman et al., 1998), and may also form protein adducts by COP450 
(Munns et al., 199B). In addition, PHE can increase genetic recombi-
nation (Ninn et al., 200M) as it oxidizes DNA and forms 8-hydroxygua-
nine (Liu and Nells, 1995). Liu and Nells (1994), demonstrated that 
PHE could lead to lipid peroxidation and protein oxidation in embryonic 
cells. Therefore, lipid, protein, and DNA damage are believed to cause 
developmental toxicity caused by PHE. 

Oxidative stress has been reported to be the primary response in 
aquatic organisms to exposure to environmental pollutants. Oxidative 
stress occurs when ROS production exceeds antioxidant enzymes. 
Excessive ROS production can alter cell membrane integrity (Muthu-
lakshmi et al., 2018). The induction of oxidative stress in our study due 
to PHE exposure is evidenced by cellular oxidation and antioxidant 
enzyme activity biomarkers. 

Free radicals abstract hydrogen atoms from a methyl group (CH2), 
leaving an unpaired electron on the carbon atom (⋅CH) in the poly-
unsaturated fatty acids of the cell membrane. Consequently, the radical 
carbon forms a conIugated diene and can react with an oxygen molecule 
to form a lipid peroxyl radical (LOO⋅). These radicals can attract more 
hydrogen atoms, propagating LPP and causing damage to the cells 
(Taziki et al., 201M). Nhen lipid degradation occurs, substances such as 
malondialdehyde (MDA) are formed. MDA (LPP) accumulation is 
considered a late biomarker of oxidative stress and cell damage (Dogan 
et al., 2011). In our study, MDA content increased significantly (p < 
0.05) compared to the control group at all PHE concentrations in a 
concentration-dependent manner. Other studies have shown that PHE 
increases LPP levels. Liu and Nells (1994), evaluated the oxidative 
damage caused by PHE in embryonic and maternal tissue. They were 
inIecting pregnant mice at the organogenesis stage. Lipid peroxidation 
was significantly increased in maternal hepatic microsomes, cytosol, 
mitochondria, nuclei, and plasma, in embryonic microsomes, cytosol, 
and mitochondria following phenytoin treatment. Therefore, the 
increased lipid peroxidation levels in our study can be attributed to the 
induction of oxidative stress. 

PHE, when hydroxylated by cytochrome P450 (COP) enzymes, forms 
its phenolic metabolite, 5-(p-hydroxyphenyl), 5-phenylhydantoin 
(HPPH), which can be oxidized to form the catechol PHE (Munns 
et al., 199B). Several studies have shown that PHE catechol forms pro-
tein adducts. The present study showed a significant increase (p < 0.05) 
in the level of protein carbonyls from 150 to 1500ngL−1 PHE. Similarly, 
(Ninn and Nells, 199B), used a mouse embryo culture model to deter-
mine whether the molecular mechanism for generating teratogenesis by 
PHE is through bioactivation by prostaglandin H synthase (PHS) and the 
resulting oxidative damage to proteins and DNA. By reacting the 
carbonyl groups of proteins with 2,4-dinitrophenylhydrazine, protein 
oxidation was detected. PHE significantly enhanced protein oxidation. 
This study concluded that embryonic bioactivation (PHS) and oxidation 
of proteins and DNA by ROS constitutes a molecular mechanism by 

Table 3 
Survival, mortality, and malformations data in D. rerio embryos exposed to PHE.  

DFH 
concentration 
ngL−1 

Number of 
embryos 
exposed 

Survival 
(A) 

Mortality (A) Malformations 
(A) 

0 (control) B2 100 0 0 
DMSO 0.05A B2 98.61 1.M8 0 
25 B2 8B.5 12.5 12.5 
54 B2 BM.61 26.M8 20.8M 
B8 B2 69.44 M0.55 M8.88 
150 B2 6M.88 M6.11 4B.22 
28B B2 56.94 4M.05 50 
400 B2 54.16 45.8M 55.55 
500 B2 48.61 51.M8 59.B2 
1000 B2 26.M8 BM.61 69.44 
1400 B2 12.5 8B.5 B6.M8 
1500 B2 9.B2 90.2B 8M.MM    

LC50 = 2B9.25 
CI =
J189.5–408.5K 
TI ¼ 1.1 

CE50 = 252.60 
CI =
J200.9–M15.6K 

TI = Teratogenic index. 

Table 4 
Determination of PHE concentration in the water of the drug-exposed embryo system.  

Nominal concentrations of PHE (ngL−1) Measured PHE concentrations at different exposure times (ngL−1) 

0 hpf 12 hpf 24 hpf 48 hpf B2 hpf 96 hpf 

Control <LoL <LoL <LoL <LoL <LoL <LoL 
0.05A DMSO <LoL <LoL <LoL <LoL <LoL <LoL 
25 24.98 ± 0.0M 24.89 ± 0.0M 24.B6 ± 0.02 24.66 ± 0.02 22.M2 ± 0.01 20.9B ± 0.0M 
54 5M.84 ± 0.06 5M.09 ± 0.06 5M.0B ± 0.06 52.B5 ± 0.05 49.08 ± 0.05 4M.92 ± 0.05 
B8 BB.90 ± 0.08 BB.56 ± 0.08 BB.01 ± 0.09 B6.8B ± 0.1 B0.80 ± 0.1 6M.56 ± 0.1 
150 148.9 ± 0.11 148.54 ± 0.11 14B.96 ± 0.1M 14B.BB ± 0.1M 1M6.88 ± 0.1M 124.59 ± 0.1M 
28B 286.94 ± 0.18 286.B8 ± 0.18 286.0M ± 0.19 285.01 ± 0.19 265.95 ± 0.19 2M0.M2 ± 0.19 
400 M98.01 ± 0.21 M96.1B ± 0.21 M90.M2 ± 0.21 M8B.65 ± 0.25 M52.12 ± 0.25 M2B.M2 ± 0.25 
500 496.12 ± 0.2B 490.M4 ± 0.2B 48B.45 ± 0.2B 48M.B6 ± 0.M1 445.85 ± 0.M1 412.46 ± 0.M1 
1000 995.0M ± 0.M0 9B4.12 ± 0.M0 961.56 ± 0.M0 9MB.4M ± 0.42 912.2M ± 0.42 8B9.M4 ± 0.42 
1400 1M96.M4 ± 0.45 1M6B.2M ± 0.45 1M11.65 ± 0.45 1294.6B ± 0.56 12B8.M4 ± 0.56 124M.89 ± 0.56 
1500 1496.M2 ± 0.9M 1456.4M ± 0.9M 1425.12 ± 0.9M 1402.56 ± 1.1 1M98.M4 ± 1.1 1M5B.B4 ± 1.1 

Values represent the mean ± standard deviation of each concentration. LoLG limit of quantification (5 ngL−1). 
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which PHE causes. 
In addition, during the enzymatic biotransformation of PHE, reactive 

intermediates can be formed that can lead to an increased amount of 
ROS, which can cause DNA oxidation. This oxidation can induce breaks 
in the DNA double-strandE during the repair of these breaks, homologous 
recombination can be generated, and deleterious genetic changes can be 
induced. Ninn et al. (200M), used a cell line to determine whether PHE 
increases homologous recombination to test whether these changes are 
involved in PHE-induced developmental toxicity. This showed that PHE 
increases both DNA oxidation and homologous recombination in a 
concentration- and time-dependent manner. They were suggesting that 
PHE-initiated DNA damage may be a mechanism mediating PHE- 
induced developmental toxicity in zebrafish embryos in this study. 

A group of antioxidant enzymes is part of the cellular defense system 
(Santos et al., 2018). SODs, which require a metal cofactor for their 
activity, are metalloenzymes that catalyze the reaction that dismutates 
the superoxide radical into hydrogen peroxide and molecular oxygen. 
CAT is the enzyme responsible for degrading or reducing hydrogen 
peroxide into water and molecular oxygen (using iron or manganese as a 
cofactor) and is present in almost all living tissues. GPx, an intracellular 
enzyme, breaks down hydrogen peroxide into water and lipid peroxides 
into their corresponding alcohols. Its activity depends on selenium as a 
cofactor. It plays a crucial role in protecting the cell from oxidative stress 
by inhibiting the process of lipid peroxidation. These enzymes have been 
proposed as biomarkers of toxicity, as the interaction between them is of 
utmost importance in the defense mechanism against ROS (Ighodaro 
and Akinloye, 2018). 

SOD activity in D. rerio is constant throughout morphogenesis and up 
to B dpf (Gauron et al., 2016). In our study, an increase was observed 
from the concentration of 25 to 50 ngL−1E from 1000 to 1500 ngL−1 a 
depletion in SOD activity was observed. This effect may reflect the 
oxidative stress experienced by the groups exposed to higher PHE con-
centrations. This is consistent with a study by Mahle and Dasgupta, 
199B, which reports a lower antioxidant status in sera from patients 
treated with PHE compared to sera obtained from healthy volunteers. 

CAT enzyme activity has been reported to increase after 48 hpf when 
morphogenesis is almost complete (Gauron et al., 2016). The results of 
our study show that PHE had a stimulatory effect on CAT activity, from 
54 to 400ngL−1. Furthermore, from 500 to 1500 ngL−1 activity was 
observed to decrease gradually. Previous studies have shown that high 
concentrations of superoxide anion can inhibit CAT and SOD activity 
(Moreno et al., 2005). 

GPx has been proposed as biomarkers of toxicity, as the interaction 
between them is of utmost importance in the defense mechanism against 
ROS (Ighodaro and Akinloye, 2018). Data from our study show a con-
stant GPx activity up to a concentration of 28BngL−1, with a maximum 
in activity at 500 ngL−1 and a decrease in activity at higher concentra-
tions. GPx can reduce hydroperoxides to hydroxylated compounds using 
GSH as a substrate, thus detoxifying the excess ROS by oxidation of GSH 
to GSSG (Muthulakshmi et al., 2018). However, during PHE biotrans-
formation, a catechol-PHE is formedE it has been reported that catechol 
may undergo further redox reactions, which has been shown to result in 
net GSH oxidation (Harris et al., 1995). This may explain the decrease in 
the activity of this enzyme at higher concentrations. 

In the present study, the IBR index was chosen to determine whether 
exposure to environmentally relevant concentrations of PHE leads to an 
oxidative stress process in exposed fish. The IBR index was calculated 
using the oxidative stress biomarkers to integrate the response and 
facilitate its interpretation. IBR values are shown in Fig. M. A significant 
increase in IBR values was observed at all tested PHE concentrationsE 
according to these results, D. rerio embryos exposed to 1500ngL−1 suf-
fered higher stress levels at 96 h of exposure than control organisms. 
Furthermore, the results demonstrate the ability of D. rerio embryos to 
respond to environmentally relevant concentrations of PHE. Nith the 
standardization (S) of the values, it is possible to define which biomarker 
had the highest weight in the IBR index (Iturburu et al., 2018). Of the 
selected biomarkers, the activity of the antioxidant enzymes SOD, CAT, 
and GPx is more sensitive to 400 and 500ngL−1, while the biomarkers of 
cellular oxidation were more sensitive to higher exposure concentra-
tions (1400 and 1500ngL−1). 

Fig. 4. Potential mechanism involved in the generation of PHE-induced oxidative stress and embryotoxicity in zebrafish embryos.  
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Nith our findings and those identified in other works in Fig. 4 shows 
the possible mechanism of action by which PHE can generate oxidative 
stress and embryotoxicity in zebrafish embryos the possible mechanism 
of action by which PHE can generate oxidative stress and embryotoxicity 
in zebrafish embryos. After absorption, PHE can be enzymatically bio-
activated by COP450, Prostaglandin H synthase and lipoxygenase. As 
shown in the Fig. 4, the main metabolites are hydroxylated derivatives, 
M′, 4′-dihydrodiol and arene oxide. Arene oxide is a highly reactive and 
extremely unstable metabolite, to which the carcinogenic effects of PHE 
are attributed (Patocka et al., 2020). In addition, hydroxylated metab-
olites can be biotransformed to a catechol that can subsequently be 
oxidized to form quinone and semiquinone species. Furthermore, during 
the synthesis of eicosanoids and prostaglandins, PHE can be oxidized by 
hydroperoxidases, giving rise to intermediate free radicals that upon 
reaction with oxygen produce reactive oxygen species. Nhen not 
detoxified by antioxidant enzymes, free radicals can generate a state of 
oxidative stress. The results of the present study support the hypothesis 
that during enzymatic biotransformation of PHE, free radicals and 
reactive intermediates capable of generating reactive oxygen species are 
generated, which can oxidize lipids, proteins and DNA, leading to 
embryotoxicity and teratogenesis (Liu and Nells, 1995E Patocka et al., 
2020E Ninn et al., 200ME Cardoso-Vera et al., 2021). 

5. Conclusion 

This study demonstrated developmental toxicity in D. rerio embryos 
exposed to environmentally relevant concentrations of PHE, as evi-
denced by developmental delay, delayed hatching, morphological de-
formities. Ne also demonstrate that PHE can increase cellular oxidation 
biomarkers in a concentration-dependent manner. Biomarkers of anti-
oxidation increased from 25 and up to 400 ngL−1 PHE, subsequently at 
higher concentrations of the anticonvulsant decreased. Our IBR analysis 
demonstrated that oxidative damage biomarkers got more influence at 
500ngL−1 of PHE. Teratogenic effects and developmental alterations 
increased in frequency and severity in a time- and concentration- 
dependent manner. The data obtained in the study help provide infor-
mation about the mechanism of PHE-induced toxicity and oxidative 
stress during D. rerio embryonic development. Ne suggest that these 
conclusions can be verified in other aquatic species, using environ-
mentally relevant concentrations, to obtain complete information on the 
developmental toxicity of PHE. 
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Olvera, J.M., Gómez-Oliván, L.M., 2021. A review of antiepileptic drugsG part 1 
occurrence, fate in aquatic environments and removal during different treatment 
technologies. Sci. Total Environ. httpsGHHdoi.orgH10.1016HI.scitotenv.2021.14548B. 

Cotterman-Hart, S., 2015. InG Newton, H.B., Maschio, M.B.T.-E. (Eds.), Chapter 11 - 
Antiepileptic DrugsG First Generation. Academic Press, Boston, pp. 159–169. httpsGHH 
doi.orgH10.1016HB9B8-0-12-41B04M-8.00011-0. 

Dasgupta, A., Crasowski, M.D., 2020. Chapter 9 - antiepileptic drugs. InG Therapeutic 
Drug Monitoring Data, Fourth edition. 

DeMott, J.M., Slocum, G.N., Gottlieb, M., Peksa, G.D., 2020. Levetiracetam vs. 
phenytoin as 2nd-line treatment for status epilepticusG a systematic review and meta- 
analysis. Epilepsy Behav. httpsGHHdoi.orgH10.1016HI.yebeh.2020.10B286. 

Dennery, P.A., 200B. Effects of oxidative stress on embryonic development. <sbG 
contribution><sbGtitle>Birth Defects Res.<HsbGtitle><HsbGcontribution><sbG 
host><sbGissue><sbGseries><sbGtitle> C Embryo Today Rev.<HsbGtitle><HsbG 
series><HsbGissue><HsbGhost> 81, 155–162. httpsGHHdoi.orgH10.1002Hbdrc.20098. 

Dogan, D., Can, C., Cocyigit, A., Dikilitas, M., Taskin, A., Bilinc, H., 2011. Dimethoate- 
induced oxidative stress and DNA damage in Oncorhynchus mykiss. Chemosphere 
84, M9–46. httpsGHHdoi.orgH10.1016HI.chemosphere.2011.02.08B. 

Espinosa-Jovel, C., Toledano, R., Aledo-Serrano, Á., García-Morales, I., Gil-Nagel, A., 
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