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A B S T R A C T   

Phenytoin, an antiepileptic drug, induces neurotoxicity and abnormal embryonic development and reduces 
spontaneous locomotor activity in fish. However, its effects on other endpoints remain unclear. Therefore, we 
investigated the effects of phenytoin on the swimming behavior and reproductive ability of Japanese medaka. 
Abnormalities in swimming behavior, such as imbalance, rotation, rollover, and vertical swimming, were 
observed. However, when phenytoin exposure was discontinued, the behavioral abnormality rates decreased. 
Phenytoin exposure also significantly reduced reproductive ability. By investigating reproduction-related gene 
expression of gnrh1, gnrh2, fshb, and lhb remained unchanged in males and females. In contrast, kiss1 expression 
was significantly suppressed due to phenytoin exposure in males and females. kiss2 expression was also signif
icantly suppressed in females but not in males. We filmed videos to examine phenytoin exposure effects on sexual 
behavior. Females showed no interest in the male’s courtship. As the kisspeptin 1 system controls sexual behavior 
in Japanese medaka, phenytoin exposure may have decreased kiss1 expression, which decreased female repro
ductive motivation; hence, they did not spawn eggs. This is the first study to show that phenytoin exposure 
induces behavioral abnormalities, and suppresses kiss1 expression and reproductive performance in Japanese 
medaka.   

1. Introduction 

In epilepsy, abnormal neuronal excitation in the brain causes 
recurrent seizures, such as ataxia, numbness in limbs, and convulsions; 
as of 2018, approximately 70 million people worldwide have been 
diagnosed with epilepsy (Espinosa-Jovel et al., 2018). The term “anti
epileptic drugs” is generic and refers to a class of drugs used to control 
epileptic seizures. They primarily act on the central nervous system, 
which consists of the brain and spinal cord, and suppress “epileptic 
seizures” via inhibiting the abnormal excitation of brain nerve cells 
(Patocka et al., 2020). Phenytoin is a typical example of an antiepileptic 
drug despite their wide variety and is often the treatment of choice 
among antiepileptic drugs, particularly because of its low price. In 2020, 
1616,629 prescriptions of phenytoin were recorded in the USA 

(ClinCalc, 2020), placing it among the top 300, which is the highest 
among all drug classes prescribed in the USA in 2020. 

Phenytoin has been detected in surface water (United States of 
America, 150 ng/L; Laws et al., 2011), urban watersheds (United States 
of America, 145 ng/L; Bai et al., 2018), hospital effluent (United States 
of America, 60–100 ng/L; Oliveira et al., 2015), river (Japan, 3.1–26 
ng/L; (Simazaki et al., 2015), WWTP (Spain, 31–2375 ng/L; Mijangos 
et al., 2018), estuary (Spain, 3–1401 ng/L; Mijangos et al., 2018). To 
date, several studies have reported on the effects of phenytoin on fish. 
For example, zebrafish exposure to phenytoin results in neurotoxicity 
and oxidative stress (Cardoso-Vera et al., 2022a) and zebrafish embryo 
exposure causes malformations (Cardoso-Vera et al., 2022b). Brandão 
et al. (2013) reported that exposure to phenytoin caused adaptive re
sponses in catalase and glutathione S-transferases (in the liver) 
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activities, but without any behavioral alterations. Furthermore, Sawada 
et al. (2024) reported that phenytoin exposure induced abnormal 
swimming behavior in Japanese aucha perch (Coreoperca kawamebari), 
but not in silver pike characin (Ctenolucius hujeta). However, the effects 
on fish reproduction have not been reported. As reproduction is directly 
related to species conservation, investigating the effects of chemicals on 
reproduction is important to assess their risk (OECD, 2012). 

The Japanese medaka (Oryzias latipes) is used worldwide as a model 
organism because it is easy to maintain and can be bred successively. In 
addition, its reproductive mode is oviparous and in vitro fertilization, 
which enables easy confirmation of spawning. Hence, it is suitable for 
studying the effects of chemical substances on reproduction; it is 
designated as a test fish by the OECD Test Guidelines. In general, 
fertilized eggs of Japanese medaka are obtained through the following 
processes: (1) males court females, (2) mating, and (3) egg-laying (Ono 
and Uematsu. 1957). Abnormal swimming behavior induced by chem
ical exposure is more likely observed at an early stage than physiological 
abnormalities, such as a decrease in fertilized eggs (Scott et al., 2004). 

Therefore, in this study, we examined the behavioral abnormalities, 
followed by the reproductive effects of phenytoin exposure. To clarify 
the mechanism by which phenytoin exposure suppressed fertility, we 
investigated changes in the gonad-related gene expression. Although the 
exposure concentrations of behavioral abnormalities and reproductive 
inhibition induced by phenytoin exposure were significantly higher than 
those detected in the natural water environment, this study is the first to 
show that phenytoin exposure induces behavioral abnormalities, and 
suppresses kiss1 expression and reproductive performance in Japanese 
medaka. 

The significance of this study lies in its elucidation of the adverse 
effects of phenytoin exposure on Japanese medaka. Specifically, it re
veals abnormal swimming behavior, reduced reproductive ability, and 
expression suppression of crucial reproductive genes, such as kisspeptin 
1. By highlighting the potential mechanisms by which phenytoin 
exposure impairs reproductive ability, these findings not only contribute 
to our understanding of the impact of antiepileptic drugs on fish, but also 
underscore the importance of considering broader ecological impacts in 
antiepileptic drugs development and environmental management 
strategies. 

2. Material and methods 

2.1. Fish and chemical reagents 

The Japanese medaka (Oryzias latipes) used in this study was an 
NIES-R strain transferred from the National Institute for Environmental 
Studies (NIES). Phenytoin (CAS No. 57–41–0, > 99 % purity) was pur
chased from FUJIFILM Wako Pure Chemicals Corporation (Tokyo, 
Japan). 

All experiments involving fish were performed in strict compliance 
with the applicable national guidelines, including the Act on Welfare 
and Management of Animals from the Ministry of the Environment in 
Japan and the ARRIVE guidelines 2.0. Fish were handled according to 
the animal care and use guidelines established by Kobe University. In 
addition, the Institutional Animal Care and Use Committee of the 
Research Center for Inland Seas at Kobe University approved all ex
periments (permission number: 2021–04). 

2.2. Abnormal swimming behavior after phenytoin exposure 

Phenytoin exposure concentrations in the abnormal swimming 
behavior test were set to control, 2.25 mg/L, and 9 mg/L. The nominal 
concentrations were set to those at which a reduction in reproductive 
capacity was observed; however, exposure concentration was much 
higher than environmental-related concentration. The experimental 
procedure is illustrated in Supplementary Figure 1. First, 15 Japanese 
medaka were exposed to each concentration group for 24 h in a 5 L glass 

aquarium (20 × 20 × 20 cm) containing 4 L of each phenytoin con
centration or control. After 24 h, five fish were placed in a 2 L glass 
aquarium (9 × 18 × 13 cm) containing the exposure solution of each 
phenytoin concentration or control and recorded for 1 h from the 
aquarium front with a video camera (LUMIX DC-GH5S; Panasonic, 
Osaka, Japan). After recording, the fish were moved to a 5 L glass 
aquarium (20 × 20 × 20 cm) containing 4 L of phenytoin-free dech
lorinated water and left for 24 h to allow the phenytoin to drain out of 
their bodies. After 24 h, five fish were moved to a 2 L glass aquarium 
containing 2 L of phenytoin-free dechlorinated water and were again 
recorded for 1 h with a video camera (LUMIX DC-GH5S). 

The following abnormal swimming behaviors were observed: equi
librium abnormalities (Video 1), rotational behavior (Video 1), vertical 
swimming (Video 1), rolling over (Video 1), and aggression (Video 1). 
The number of test repetitions was 20; 100 fish were used for each 
concentration group. The number of fish with abnormal swimming 
behavior was determined via observing videos taken 24 h after 
phenytoin exposure, and 24 h after phenytoin exposure was stopped. For 
aggression, the number of times they attacked was recorded. 

2.3. Reproduction success after phenytoin exposure 

Phenytoin exposure concentrations in the reproduction test were set 
to control, 2.25 mg/L, and 9 mg/L. The experimental procedure is 
illustrated in Supplementary Figure 2. First, four 1 L plastic tanks were 
prepared (8 × 16 × 9 cm): one for the control, one for the 2.25 mg/L 
exposure group, and two for the 9 mg/L exposure group. Each tank was 
filled with 1 L of the reagent at the concentration of each test group. One 
male-female pair was placed in each tank. The fish were paired be
forehand, and only pairs that were confirmed to have spawned contin
uously for at least three days were used. After 24 h exposure, video 
cameras were set up in front of the four tanks to record videos (60 fps, 
LUMIX DC-GH5S). In general, the Japanese medaka oviposit at night, 
after which they mate and spawn in the morning. Therefore, the 
shooting time was set to 10 h, from 22:00 pm to 8:00 am. After the re
cordings were completed, spawning occurrence was confirmed via 
observing the tank. In the recorded video, the presence or absence of 
courtship was confirmed via observing the behavior of the medaka after 
the lights were turned on. Courtship was defined as the male circling 
horizontally under the female body for more than one rotation (Video 
2). In pairs that were confirmed to have spawned, the spawning time 
was identified and then courtship was checked around the spawning 
time. For pairs that were not confirmed to have spawned, courtship was 
checked directly. The test was repeated nine times, 10 pairs were 
observed in the control and 2.25 mg/L exposure groups, and 20 pairs 
were observed in the 9 mg/L exposure group. 

2.4. Gene expression using reverse-transcription quantitative polymerase 
chain reaction (RT-qPCR) 

The results of the “2.3 Reproduction success after phenytoin expo
sure” section showed a reduction in reproductive performance in the 9 
mg/L concentration group; therefore, we investigated the adverse 
mechanism by which reproductive performance was reduced. The 
phenytoin exposure concentration was 9 mg/L and 12 female and male 
medaka pairs were used in the control and 9 mg/L exposure groups. 
These pairs were pre-paired, and stable spawning (for three or more 
consecutive days) was observed. 

The pairs were placed in a 500 mL beaker containing 500 mL of 9 
mg/L phenytoin solution for at least 24 h The fish were then removed 
from the beaker at 9:00 am and immediately euthanized by placing them 
in ice-water. The fish head was dissected, and the brain and pituitary 
gland were removed and stored in RNAlater (Sigma-Aldrich, MO, USA). 

Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, 
Germany) as per the manufacturer’s instructions. The RNA concentra
tion was determined using a NanoDrop One Microvolume UV–Vis 
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spectrophotometer (Thermo Fisher Scientific, MA, USA). After quanti
fication, 500 ng of RNA was reverse-transcribed into cDNA using the 
PrimeScript RT Master Mix (Perfect Real-Time) (Takara Bio, Inc., Shiga, 
Japan). The cDNA concentration was determined using EASY Dilution 
for real-time PCR (Takara Bio, Inc.) to 10 ng/μL. Samples were then 
stored at − 30 ◦C. 

Expression levels of six genes related to reproduction (kiss1, kiss2, 
ghnrh1, ghnrh2, fshb, and lhb) were investigated using RT-qPCR. The 
primers used are listed in Supplementary Table 1. The analysis was 
performed on a LightCycler 96 system (Roche Diagnostics, Basel, 
Switzerland) using FastStart SYBR Green Master Mix (Nippon Genetics, 
Tokyo, Japan). The reaction volume for each PCR was 20 μL, consisting 
of 0.2 μL primer (20 μM) for each gene, 1 μL cDNA (10 ng/μL), 10 μL PCR 
Master Mix (2 ×), and 8.6 μL PCR water. Duplicates were performed for 
each gene and the obtained data were analyzed using LightCycler 96 SW 
1.1 software (Roche Diagnostics). The data were then transferred to 
Microsoft Excel and target gene expression was normalized using the 
housekeeping gene elongation factor 1a (ef1a) (2-⊿⊿Ct method) (Livak 
and Schmittgen, 2001). 

2.5. Statistical analysis 

Statistical analyses were performed using EZR, a statistical software 
that extended the capabilities of R and R Commander. For analyzing 
significant differences in behavioral abnormalities and reproductive 
behavior, Fisher’s exact probability test with the Holm–Bonferroni 
method was used (p < 0.05). McNamer’s test was used to determine 
significant differences during and 24 h after stopping exposure to 
phenytoin (p < 0.05). The Kruskal–Wallis test was used to determine 
significant differences in the number of attacks (p < 0.05). The Man
n–Whitney U test was used to determine significant differences in gene 

expression (p < 0.05). 

3. Results 

3.1. Phenytoin exposure induced abnormal swimming behavior 

No swimming behavioral abnormalities were observed in the control 
group. However, upon phenytoin exposure, equilibrium abnormalities 
were found in 86 of 100 individuals and all 100 individuals in the 2.25 
and 9 mg/L concentration groups (Fig. 1a), whereas rotational behavior 
was observed in 35 of 100 and 33 of 100 individuals in the 2.25 and 9 
mg/L concentration groups, respectively (Fig. 1b). Vertical swimming 
was found 7 of 100 individuals in the 9 mg/L concentration group but 
not in the 2.25 mg/L concentration group (Fig. 1c). Rolling over 
behavior was observed in 4 of 100 and 15 of 100 individuals in the 2.25 
and 9 mg/L concentration groups, respectively (Fig. 1d). 

When phenytoin exposure was stopped, the individuals exhibiting 
these behavioral abnormalities reduced (Fig. 2). Equilibrium abnor
malities reduced by 27 % and 20 % in the 2.25 mg/L and 9 mg/L con
centration groups, respectively (Fig. 2a). Rotational behavior reduced 
by 71 % and 64 % in the 2.25 mg/L and 9 mg/L concentration groups, 
respectively (Fig. 2b). Vertical swimming reduced by 86 % in the 9 mg/L 
group (Fig. 2c). Rolling over behavior reduced by 50 % and 93 % in the 
2.25 mg/L and 9 mg/L concentration groups, respectively (Fig. 2d). 

Fig. 3 shows the changes in aggression after phenytoin exposure; no 
changes in aggression were observed in the 2.25 mg/L concentration 
group compared to the control group, but aggression increased signifi
cantly in the 9 mg/L concentration group (Fig. 3a). However, 24 h after 
phenytoin exposure was stopped, aggression decreased and did not 
differ from that of the control (Fig. 3b). 

Fig. 1. Effect of phenytoin on swimming behavior in Japanese medaka. 
Phenytoin exposure induced (a) equilibrium abnormalities, (b) rotational behavior, (c) vertical swimming, (d) rolling over in Japanese medaka. Numbers above the 
bars indicate the number of fish with behavioral abnormalities; n = 100. Holm-Bonferroni method was used to determine significant differences (p < 0.05); n.s =
not significant. 
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3.2. Phenytoin exposure reduced reproduction 

In the control and 2.25 mg/L exposure groups, all pairs (10 of 10) 
spawned (Fig. 4). By contrast, only 5 of 20 pairs spawned eggs in the 9 
mg/L exposure group, exhibiting a significant decrease in the spawning 
pair proportion compared to that in the control group (Fig. 4a). Male- 
initiated courtship behavior was observed in all pairs in the control, 
2.25 mg/L, and 9 mg/L exposure groups (Fig. 4b, Video 2). 

3.3. Effect of phenytoin on gene expression 

When both males and females were exposed to phenytoin, gnrh1, 
gnrh2, fshb, and lhb expression remained unchanged compared with that 
in the control (Fig. 5). In contrast, kiss1 expression was significantly 
suppressed due to phenytoin exposure in both males and females 
compared with that in the control group (Fig. 5). In addition, kiss2 
expression was significantly suppressed in females compared to that in 
the control group; males showed no changes in kiss2 expression (Fig. 5). 

Fig. 2. Effect on swimming behavior 24 h after phenytoin exposure was stopped in Japanese medaka. 
(a) Equilibrium abnormalities, (b) rotational behavior, (c) vertical swimming, (d) rolling over. Numbers above the bars indicate the number of fish with behavioral 
abnormalities; n = 100. McNamer’s test was used to determine significant differences during and 24 h after phenytoin exposure was stopped (p < 0.05); n.s =
not significant. 

Fig. 3. Effect of phenytoin on aggression in Japanese medaka. 
(a) Aggression significantly increased in the 9 mg/L concentration group. (b) 24 h after phenytoin exposure was stopped, aggression significantly decreased and 
reached the same level as that of the control. Kruskal-Wallis test used to determine significant differences (p < 0.05); n.s = not significant; n = 20. 
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Fig. 4. Effect of phenytoin on (a) Spawning rate and (b) Courtship rate in Japanese medaka. 
Numbers above the bars indicate the pairs with spawning or courtship behavior; n = 10 or 20. Holm-Bonferroni method was used to determine significant differences 
compared with the control group (p < 0.05); n.s = not significant. 

Fig. 5. Effect of phenytoin on gnrh1, gnrh2, fshb, lhb, kiss1, and kiss2 expression. 
Each plot indicates the expression level in each individual. Mann–Whitney’s U test was used to determine significant differences compared with the control group (p 
< 0.05); n.s = not significant. 
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4. Discussion 

To date, several studies have reported that antiepileptic drug expo
sure induces abnormalities in the swimming behavior of fish. For 
example, Pieróg et al. (2021) reported that exposure to valproate, 
phenytoin, diazepam, and phenobarbital caused anxiety-like behaviors 
in adult zebrafish. Zhou et al. (2019) reported that exposure to carba
mazepine increased the swimming speed of zebrafish larvae. Martinez 
et al. (2018) reported that phenobarbital exposure increased the spon
taneous movement of zebrafish larvae. Qiang et al. (2016) reported that 
carbamazepine exposure increased the touch-evoked escape response in 
zebrafish larvae. In contrast, Nassef et al. (2010) reported that carba
mazepine exposure decreased the swimming speed in Japanese medaka. 
Wang et al. (2024) also reported that diazepam exposure decreased the 
swimming performance of female Japanese medaka. In this study, 
phenytoin exposure induced abnormalities in swimming behavior in 
Japanese medaka similar to the findings of these previous studies. 

In humans, adverse effects may occur when blood phenytoin levels 
increase excessively owing to phenytoin overdosage, with initial 
symptoms including dizziness, ataxia, lethargy, and occurrence of a 
coma in severe cases (Patocka et al., 2020). When the side effects of 
phenytoin were compared with behavioral abnormalities identified in 
this study, the equilibrium abnormalities and rotational behavior were 
similar to those of ataxia, whereas the vertical swimming and rolling 
over behaviors were similar to those of lethargy and coma. Phenytoin is 
a drug that exerts its effects via acting on the central nervous system. As 
the basic structure of the central nervous system is preserved in verte
brates such as fish, including medaka, and mammals, including humans 
(Mink al. 1981), phenytoin likely functions in medaka in the same 
manner as in humans. These results suggest that phenytoin is a novel and 
potent inhibitor of the central nervous system in medaka. Based on these 
findings, the occurrence of behavioral abnormalities upon phenytoin 
exposure may be caused by adverse effects of overdosing on phenytoin. 

In humans, the mean elimination half-life of phenytoin at 100 mg is 
40 h (Ahn et al., 2008). Although the half-life of phenytoin in Japanese 
medaka remains unknown, the phenytoin levels in the Japanese medaka 
body, as in humans, are likely decreasing, because the percentage of 
behavioral abnormalities was observed to decrease 24 h after phenytoin 
exposure was stopped. 

Phenytoin is generally used as an antiepileptic drug; however, it has 
also been found to suppress aggressive behaviors. For example, Barratt 
et al. (1997) reported that phenytoin significantly reduced aggressive 
behavior by 71 % and aggression intensity by 60 % in humans. Stanford 
et al. (2009) stated that clinically, they recommended phenytoin (initial 
dose of 100 mg three times daily) as the first-line treatment for impulsive 
aggressive outbursts among antiepileptic drugs. No previous studies 
have reported on the effects of phenytoin on increasing aggression in 
fish; this is the first report to do so. Unlike in humans, phenytoin 
exposure increases aggression in Japanese medaka and its cessation 
results in the absence of aggression. However, the relationship between 
phenytoin levels and increased aggression remains unclear. Therefore, 
future studies are required to elucidate the underlying mechanism of this 
observed behavior. 

The reproductive system is regulated by endocrine hormones in the 
hypothalamus, pituitary glands, and gonads (HPG axis). The hypothal
amus secretes gonadotropin-releasing hormone, which regulates 
gonadotropin (luteinizing hormone and follicle-stimulating hormone) 
secretion from gonadotropin-producing cells in the pituitary gland. 
Luteinizing and follicle-stimulating hormones promote ovarian matu
ration and ovulation. In this study, phenytoin exposure did not alter 
gnrh1, gnrh2, fshb, or lhb expression, suggesting that the suppression of 
reproductive ability due to phenytoin exposure did not involve these 
hormone axis systems. By contrast, phenytoin exposure suppressed kiss1 
expression in both male and female medaka. 

Kisspeptin is a type of neuropeptide, that uses its receptor Gpr54, to 
regulate gonad function via the HPG axis control mechanism in 

mammals (de Roux et al., 2003; d’Anglemont de Tassigny et al., 2007). 
However, Nakajo et al. (2018) reported that kisspeptin was not involved 
in HPG axis regulation in Japanese medaka. Kisspeptin is highly asso
ciated with sexual behavior in these fish. For example, Nakajo et al. 
(2024) reported that the Kiss1-Gpr54–1 system, and not the 
Kiss2-Gpr54–2 system, could be involved in upregulating female 
spawning and downregulating male motivation. In particular, male in
dividuals of Gpr54–1 knockout medaka exhibit increased courtship 
behavior, whereas female individuals become less motivated and less 
receptive to males. In this study, phenytoin-exposed males exhibited 
courtship behavior toward females; however, the females were not 
interested (Video 3, Supplemental Figure 3). This suggests that 
phenytoin exposure decreased kisspeptin 1 expression in both males and 
females, and that females became less interested in males. 

For ecological risk assessment of chemicals on aquatic organisms, the 
no observed effect concentration (NOEC), lowest observed effect con
centration (LOEC), and actual concentrations of chemicals in the aquatic 
environment should be known. Phenytoin has been detected in surface 
water (United States of America, 150 ng/L; Laws et al., 2011), urban 
watersheds (United States of America, 145 ng/L; Bai et al., 2018), hos
pital effluent (United States of America, 60–100 ng/L; Oliveira et al., 
2015), rivers (Japan, 3.1–26 ng/L; (Simazaki et al., 2015), WWTP 
(Spain, 31–2375 ng/L; Mijangos et al., 2018), and estuaries (Spain, 
3–1401 ng/L; Mijangos et al., 2018). The LOECs of phenytoin in Japa
nese medaka obtained in the present study—for abnormal swimming 
behavior (2.25 mg/L), and reproduction (9 mg/L)—were approximately 
> 1000 and 3700 times higher than in WWTP in Spain. Therefore, the 
ecological risk associated with phenytoin is low in Japan. These results 
suggest that phenytoin may not be affecting fish swimming behavior and 
reproduction in the aquatic environment. However, in the actual aquatic 
ecosystem, fish live under more severe conditions than under laboratory 
conditions with regard to certain aspects, such as sunshine hours, pH, 
dissolved oxygen, and feed. Therefore, the ecological impact concen
tration of phenytoin in the nature environment is possibly lower than 
the value of LOEC obtained in the present study. Therefore, continuously 
surveying phenytoin levels in the aquatic environment is required. 

5. Conclusion 

In this study, phenytoin disrupts swimming behavior and causes 
aggression in Japanese medaka. Phenytoin exposure also significantly 
reduced their reproductive ability and decreased kisspeptin 1 expression, 
which controlled reproductive behavior in Japanese medaka. While 
males displayed courtship behavior, females showed no interest in 
males. This confirms kisspeptin 1 suppression due to phenytoin exposure; 
consequently, no eggs were laid. This is the first study to show that 
phenytoin exposure induces behavioral abnormalities and suppresses 
kiss1 expression and reproductive performance in Japanese medaka. 

Data statement 
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Supplemental Figure 1. Experimental flowchart showing the effect of 
phenytoin on behavioral abnormalities in Japanese medaka. 

Supplemental Figure 2. Experimental flowchart showing the effect of 
phenytoin on the reproductive ability of Japanese medaka. 

Supplemental Figure 3. Number of females who showed interest in 
the courtship behavior of males. Numbers above the bars indicate the 
number of females with interesting in the courtship behavior of males. 
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