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INTRODUCTION

Benzodiazepines (BZDs) are psychotropic agents 
that amplify inhibitory neurotransmitter gamma–amin-
obutyric acid (GABA) neurotransmission, resulting in 
sedative, hypnotic, anxiolytic, anticonvulsant, and mus-
cle–relaxant properties (Fogliano et al., 2022). Due to 
their long–term and widespread use, BZDs have become 
significant environmental contaminants in aquatic eco-
systems (Wilkinson et al., 2022). For instance, residual 
diazepam (DZP) has been identified across different 
water environments, such as wastewater treatment plant 
(WWTP) influent and effluent (Kosjek et al., 2012), 
along with riverine environments (Wilkinson et al., 
2022), with concentrations spanning from ng/L to µg/L. 

River water samples have shown maximum DZP concen-
trations of up to 0.85 μg/L (Wilkinson et al., 2022).

In the context of environmentally relevant concen-
tration exposure conditions, BDZs exert a substantial 
influence on the growth and developmental processes, 
behavioral responses (Richendrfer et al., 2012), and 
gene expression (Oggier et al., 2010) in fish during their 
critical early life phases. For instance, exposure to 
delorazepam (at 5 μg/L for 4 days ) significantly reduced 
the Xenopus laevis embryonic heart rate and locomo-
tory performance (Fogliano et al., 2022). Regarding DZP, 
zebrafish larvae aged 7 days post–fertilization (dpf) 
exposed to 2–hour periods exhibited substantial altera-
tions in their avoidance behavior and tactile activity 
(Richendrfer et al., 2012). Consequently, the adverse 
impacts of DZP contamination on aquatic organisms and 
their corresponding ecological hazards warrant consider-
able environmental attention.

Exposure to BZDs may impair reproductive capacity 
in aquatic organisms (Fogliano et al., 2024; Wang et al., 
2023; Xuchun et al., 2025), thereby causing potential 
risks to their population dynamics and aquatic ecosys-
tems. For example, exposure to oxazepam (0.8 μg/L for 
2 months) significantly reduced the number of eggs of 
wandering snails (Radix balthica) (Lebreton et al., 
2021). Exposure to delorazepam (1 μg/L for 48 h) 
reduced the fertilizing ability of sea urchin 
(Paracentrotus lividus) gametes and interfered with 
embryo development (Fogliano et al., 2024). Exposure 
to DZP (8 μg/L for 21 days) could impair oocyte matura-
tion in zebrafish (Zhang et al., 2024b). Given widespread 
BZDs contamination, it is essential to investigate how 
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parental exposure to these contaminants influences the 
offspring of aquatic species. Nevertheless, research 
examining the impacts and mechanistic pathways of DZP 
exposure in parental fish on their offspring remains lim-
ited.

Japanese medaka (Oryzias latipes) is a widely uti-
lized model species in chemical risk assessment studies 
due to its small size, rapid growth, continuous daily egg 
production, short diapause cycle, and well–documented 
genetic information (Matsui, 2017). Our previous studies 
proved that exposure to DZP (0.8 and 8 µg/L for 28 
days) induced gonadal accumulation of DZP in Japanese 
medaka (Qiu et al., 2023). Based on this, we hypothe-
sized that parental DZP exposure negatively impacts 
Japanese medaka offspring. To validate this, mature 
Japanese medaka (F0) were exposed to DZP (0.8 μg/L) 
over four weeks and allowed to mate naturally. During 
the exposure period, we collected fish embryos and 
examined variations in their survival capacity, ontoge-
netic development, behavioral responses, and transcrip-
tional regulation.

MATERIALS AND METHODS

Test chemicals
Diazepam (CAS 439–14–5; purity: ≥ 99.8%) was pur-

chased from the Laiyao Biotechnology Co., Ltd. (Beijing, 
China). Methanol and other reagents (NaCl, KCl, 
CaCl2•2H2O, MgSO4•7H2O, NaHCO3, and Methylene Blue) 
were purchased from Sinopharm Chemical Reagent Co., 
Ltd. (Shanghai, China). 

Test fish 
Sexually mature Japanese medaka (Oryzias 

latipes) aged 6 months used in this study were obtained 
from the Fish Experimental Platform of Jiangsu 
University (Zhenjiang, Jiangsu, China). The experimen-
tal organisms were reared in 16–L cylindrical glass tanks 
containing 12 L of culture water (dechlorinated and car-
bon–filtered tap water; pH: 7.2–7.6; temperature: 26 ± 
1°C) under a 14–h light/10–h dark photoperiod. The fish 
received freshly hatched Artemia nauplii (< 24 h post–
hatching) in two daily feedings at a total rate of 2% body 
weight per day. All animal experiments were performed 
in accordance with the associated relevant guidelines 
and regulations approved by the Animal Care and Use 
Committee of Jiangsu University.

Exposure of the F0 generation 
DZP stock solution (1 mg/ml in methanol) was sub-

jected to stepwise dilution, yielding a target concentra-
tion of 0.8 μg/L in the culture water. In the control 
groups, culture water containing methanol (0.008‰) 
was used as the test solution. The concentration used in 
this study was based on the monitoring studies that 
detected the maximum DZP concentration (0.85 μg/L) in 
river water (Wilkinson et al., 2022). A total of 72 healthy 
adult Japanese medaka (6 months old, half males and 
half females) were used for the parental DZP exposure 
test. For either treatment group (i.e., control or DZP 

exposure), 18 females and 18 males were housed in 20–
liter glass tanks filled with 15 liters of prepared test solu-
tion. The exposure was conducted for four weeks, with 
systematic replacement of the test solution at 48–h 
intervals.

Over the four–week experimental duration, embryos 
in each experimental tank were collected and counted 
daily (8:00–8:30 AM), except on the days for experimen-
tal tank cleaning (i.e., days 6, 12, 18, and 24). In addi-
tion, water samples (10 ml) were collected to confirm 
the realistic DZP concentration in the exposure system 
following the method described by Zhang et al. (2024b). 
For embryos collected during the first three weeks, the 
outer chorionic layer was meticulously dissected away, 
followed by triple–rinse purification with culture water. 
The specimens were stored at −80 °C until used for 
determining the DZP content, following the method 
described by Qiu et al. (2023).

Maintenance and observation of the F1 generation
The embryos collected during the fourth week were 

cultured in a DZP–free embryo culture medium (Koenig 
et al., 2020) until 18 dpf. Within each experimental 
group, a total of 90 embryos were systematically distrib-
uted across triplicate culture dishes (30 embryos/plate; n 
= 3 replicates) for subsequent physiological assay. All 
culture dishes were incubated at 28 °C with a 14:10 
light–dark cycle, accompanied by daily renewal of 
embryo culture medium. The mortality, deformity, and 
hatching time were confirmed and recorded daily, and 
the dead individuals were removed upon notice. At 6 
dpf, 10 randomly sampled embryos from each culture 
dish were used to assess heart rate using an Olympus 
SZX16 stereomicroscope (Tokyo, Japan). Furthermore, 
the unused F1 embryos were maintained under identical 
culture conditions and subsequently designated for 
behavioral assay and transcriptomic profiling.

Behavioral responses assay
At 16 dpf, 24 F1 larvae were randomly sampled from 

each experimental group and subsequently underwent 
behavioral assessment using the light–dark transition 
test, following the method described by Qiu et al. 
(2024a). Briefly, F1 larvae were carefully transferred 
into individual wells of 24–well plates, with 800 μL 
embryo culture medium prefilled in each well. The 
movement trajectories of larvae under light–dark transi-
tions (5 min per phase: dark–light–dark) were quantita-
tively assessed using a DanioVision System (Noldus, 
Wageningen, Netherlands). Subsequent data processing 
and behavioral parameter extraction were performed 
with EthoVision XT software (version 11.5, Noldus).

Transcriptomic Profiling in F1 larvae
At 18 dpf, 20 F1 larvae were harvested and pooled to 

constitute a single biological sample for transcriptomic 
profiling, with 3 replicates generated per experimental 
group. Total RNA was isolated using TRIzol reagent 
(Invitrogen, Carlsbad, CA) and subsequently purified 
through phase separation. Following established proto-
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cols from the Beijing Genome Institute (BGI), high–qual-
ity cDNA libraries were constructed and subjected to 
sequencing on the BGISEQ–500 platform. Gene expres-
sion quantification was performed using RSEM 
(v1.2.12), followed by statistical identification of differ-
entially expressed genes (DEGs) through DESeq2 
(v1.4.5) with selection criteria (Q–value ≤ 0.05; |fold 
change| ≥ 1.5). We subsequently performed functional 
enrichment analysis using the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) platform. Furthermore, 
protein–protein interaction (PPI) networks of DEGs 
identified through KEGG pathway enrichment analysis 
were constructed using the STRING database and visual-
ized with Cytoscape software. The key driver genes (hub 
genes) were identified using the plugin CytoHubba.

Statistical analysis
The statistical framework employed generalized lin-

ear models (GLM) to investigate associations between 
critical developmental parameters (survival rate, hatcha-
bility success, and heart rate) and behavioral responses 
in Japanese medaka. These quantitative evaluations 
were executed using the SPSS 16.0 software (SPSS Inc., 
Chicago, IL).

RESULTS

The realistic DZP concentrations in exposure sys-
tems were detected in the range of 0.72 to 0.93 μg/L. All 

F0 Japanese medaka survived the entire exposure period 
without observable death. The body lengths (mean ± 
SE) of F0 females and males were measured as 2.13 ± 
0.03 cm and 2.24 ± 0.03 cm, respectively. Their corre-
sponding body weights (mean ± SE) averaged 0.17 ± 
0.01 g and 0.20 ± 0.01 g.

Reproductive capacity of the F0 generation
The weekly egg production (over a 6–day counting 

period) by Japanese medaka during the DZP exposure 
experiment is shown in Fig. 1. Egg production declined 
significantly in the Japanese medaka exposed to DZP 
during the third and fourth weeks of the experiment. 
Furthermore, DZP accumulation was detected in 
embryos following parental DZP exposure, with concen-
trations ranging from 2.53 ± 0.29 μg/kg to 3.98 ± 0.19 
μg/L.

Survivorship and Ontogenetic Development of the 
F1 generation

Parental DZP exposure exerted detrimental effects 
on F1 offspring survivorship, as evidenced by both the 
pronounced elevation in mortality rates (Fig. 2A) and 
concurrent decline in hatching success (Fig. 2B). At 6 
dpf, heart rates of F1 embryos in the control and DZP–
exposed groups were recorded at 113.5 ± 1.33 beats/min 
and 109.9 ± 2.41 beats/min, respectively, with no signifi-
cant difference (Fig. 2C).

Fig. 1.  �Egg production of F0 generation Japanese medaka (Oryzias latipes) 
exposed to diazepam at 0 (control) and 0.8 μg/L. Data are shown as mean ± 
SD (n = 6), with asterisks denoting statistical significance (** p < 0.01).

Fig. 2.  �Response in physiological parameters in F1generation of DZP–exposed F0 Japanese medaka (Oryzias latipes). (A) The mortality rate 
at 16 dpf; (B) The hatching rate at 16 dpf; (C) The heart rate at 6 dpf. Each dish was regarded as a replicate (30 embryos, n = 3); Data 
are shown as mean ± SD, with asterisks denoting statistical significance (* p < 0.05; ** p < 0.01).
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Behavioral responses during the light/dark transi-
tion test of F1 larvae

Light–dark transition–induced behavioral responses 
in F1 larvae (16 dpf) are depicted in Fig. 3. Relative to 
the control, parental exposure to DZP reduced the 
response of F1 larvae to the light–switching stimulus 
(Fig. 3A). Notably, larvae of DZP–exposed parents 
exhibited a marked reduction in average swimming 
velocity (ASV) compared with control groups (Fig. 3B).

Transcriptional responses in F1 larvae of DZP–
exposed parents

Relative to control groups, transcriptomic profiling 
identified 341 DEGs in F1 larvae of DZP–exposed par-
ents, of which a total of 261 genes were up–regulated in 
expression, and 80 genes were down–regulated (Fig. 4). 
The top five enriched KEGG pathways of DEGs are 

shown in Fig. 5. Most of the DEGs were significantly 
enriched in pathways of Antigen Processing and 
Presentation, Leukocyte transendothelial migration, and 
the Estrogen Signaling Pathway (Fig. 5). In addition, sig-
nificant enrichment in the Protein Processing in the 
Endoplasmic Reticulum was also identified. 

Analysis of the PPI network derived from DEGs 
identified 6 key driver genes in response to parental DZP 
exposure (Fig. 6). Among them, 5 DEGs (i.e., hspa1s, 
hspa4, hspa5, hspbp1, and cd74; all up–regulated) 
were identified as key driver genes within the molecule 
networks governing Antigen Processing and 
Presentation, Protein Processing in the Endoplasmic 
Reticulum, and Estrogen Signaling Pathway. In addition, 
gart (down–regulated) was identified as the key driver 
gene within the molecular networks governing metabo-
lism pathways. 

Fig. 3.  �The average swimming velocity (ASV) of F1 larvae derived from control and DZP–exposed F0 Japanese medaka (Oryzias latipes). (A) 
Line chart describing the ASV of F1 larvae in each group during 1 minute. (B) Bar chart with ASV data during 5 minutes. Expressed as 
mean ± SD. The dark and light periods are represented by the gray and yellow bars at the top of the graph; Data are shown as mean ± 
SD (n = 6), with asterisks denoting statistical significance (* p < 0.05).

Fig. 4.  �Scatterplot of the differentially expressed genes (DEGs) in 
F1 larvae parentally exposed to diazepam.
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Fig. 5.  �(A) Sankey–bubble diagram depicting associations between DEGs and the top five significantly enriched KEGG pathways identified 
through comparative transcriptomic analysis of F1 larvae derived from control and DZP–exposed F0 Japanese medaka (Oryzias 
latipes). Connecting flows represent genes with significant co–enrichment across multiple pathways. (B) Heatmap showing the expres-
sion profiles of DEGs associated with the top 10 KEGG–enriched pathways in F1 larvae derived from control and DZP–exposed F0 
medaka.

Fig. 6.  �Protein–protein interaction (PPI) network showing the key driver genes and related differentially expressed genes (DEGs) identified in 
F1 larvae of DZP–exposed F0 Japanese medaka (Oryzias latipes). APP: Antigen Processing and Presentation; PPER: Presentation and 
Protein Processing in the Endoplasmic Reticulum; ESP: Estrogen Signaling Pathway.
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DISCUSSION

The results revealed that parental exposure to DZP 
disrupted survival, developmental processes, behavioral 
responses, and gene expression profiles in Japanese 
medaka offspring, thereby corroborating our initial 
hypothesis. DZP has been evidenced to impinge on the 
reproductive capability of aquatic species. For example, 
exposure to DZP (8 μg/L for 4 weeks; 12 μg/L for 3 
weeks) significantly disrupted the courtship–associated 
behavioral traits in fish, suggesting a reduction in repro-
ductive attempts (Chen et al., 2021b; Wang et al., 2024). 
Furthermore, exposure to DZP could dysregulate the 
pathways related to oocyte maturation in female 
zebrafish, which may provide evidence for its impact on 
reproductive capacity at the molecular level (Zhang et 
al., 2024b).

In addition to reducing egg production of Japanese 
medaka, exposure to DZP also caused the accumulation 
of DZP in their F1 embryos. This may partly contribute 
to the significantly reduced survival rate and hatching 
rate of F1 embryos of DZP–exposed parents. Although 
waterborne exposure to BZDs has been demonstrated to 
interfere with embryonic development in aquatic species 
(Chen et al., 2021a; Fogliano et al., 2022), there has 
been limited research investigating the developmental 
consequences of in–ovo BZDs exposure on fish offspring. 
Our results also suggested that parental DZP exposure 
significantly reduced the swimming velocity of their off-
spring, which may further reduce the environmental 
adaptability of fish larvae. For example, diminished loco-
motor activity can lower predator encounters but fre-
quently results in reduced feeding, growth, and repro-
ductive opportunities (Brodin et al., 2014; Perreault et 
al., 2003). Given that Fish larvae and juveniles serve a 
critical role in aquatic ecosystems as both consumers 
and converters (Yen et al., 2022), the decline in their via-
bility will not only reduce their populations but also dis-
rupt the ecological balance of the aquatic environment.

Transcriptional analysis revealed that parental expo-
sure of Japanese medaka to DZP could cause distur-
bances in the gene expression profile of their offspring. 
Functional enrichment analysis revealed that parental 
exposure to DZP could dysregulate the molecular net-
works related to the immune system, endoplasmic retic-
ulum stress, and endocrine system, with hspa1s, hspa4, 
hspa5, hspbp1, and cd74 as the key driver genes. 

Antigen presentation helps the immune system rec-
ognize whether a cell is healthy or abnormal, which is an 
essential process in acquired immunity (Soler–Agesta et 
al., 2023). In teleosts, dysregulation of this pathway is 
associated with autoimmune response efficiency 
(Salvador–Mira et al., 2025). Moreover, most of the 
DEGs involved in the Antigen Processing and 
Presentation were up–regulated in the F1 larvae of par-
ents exposed to DZP. Among them, the cd74 gene 
encodes a molecule that interacts with class II major his-
tocompatibility complex (MHC), serving as a critical 
molecular chaperone that facilitates antigen processing 
and presentation during immune responses (Qiu et al., 

2024b). Up–regulated expression of cd74 could be 
observed in mammals under viral stress (Zhang et al., 
2024a). On the other hand, 70–kDa heat shock proteins 
(Hsp70s, including hspa1s, hspa4, and hspa5) play crit-
ical roles as mediators of cellular protein folding and 
remodeling processes (Rosenzweig et al., 2019). In rain-
bow trout (Oncorhynchus mykiss) embryos, thermal 
adaptation–induced up–regulated expression of hsp70α 
may disrupt cardiac and pharyngeal arch structure 
development, thereby potentially contributing to malfor-
mations (Hosseinpour et al., 2024). Therefore, impaired 
antigen presentation in offspring following parental DZP 
exposure may compromise immune organ development, 
leading to persistent immune dysfunction.

The endoplasmic reticulum (ER) is a central orga-
nelle governing lipid biosynthesis and protein processing 
in eukaryotic cells (Molinari, 2024). Parental exposure of 
Japanese medaka to DZP dysregulated the protein pro-
cessing in endoplasmic reticulum in their F1 larvae, 
which may induce ER stress. In mammals, the associa-
tion between ER stress and neurodegenerative disorders 
has been well–established (Hasan et al., 2024). In 
zebrafish, ER stress has been observed to be associated 
with larval locomotor abnormalities (Zeng et al., 2016). 
Meanwhile, ER stress serves as a critical regulatory node 
in antigen presentation function (Salvador–Mira et al., 
2025). In addition, up–regulated expression of HSPs 
(e.g., hspa5) represents a classic biomarker of ER stress 
(Fernández et al., 2024), and up–regulated expression of 
hsp90 may exacerbate ER stress–associated apoptotic 
signaling (Raghunath et al., 2018). Collectively, our find-
ings suggest that parental exposure to DZP may trigger 
ER stress in offspring, thereby contributing to neurode-
velopmental disorders and resulting in disrupted behav-
ioral responses.

Estrogen plays a critical role in regulating various 
physiological and pathological processes within the body 
(Khan et al., 2022). Disruption of its signaling by envi-
ronmental pollutants can lead to developmental abnor-
malities and endocrine disruption in zebrafish offspring 
(Zhang et al., 2023). For hsp90α, it is instrumental in 
facilitating the maturation process of estrogen receptors, 
enabling its binding to estrogen and subsequent initia-
tion of downstream transcriptional activation (Lee et al., 
2012). HSP70 (including hspa1s and hspa5) mediates 
crosstalk between heat shock and estrogen signaling by 
stabilizing steroid receptor complexes, thereby enhanc-
ing germ cell stress tolerance and providing cytoprotec-
tive support during spermatogenesis and oocyte matura-
tion (Silveira et al., 2023). Furthermore, the epidermal 
growth factor receptor (EGFR) serves as a pivotal regu-
lator in developmental processes and tissue homeostasis 
maintenance, orchestrating cellular repair mechanisms 
and regenerative processes in organs (Uribe et al., 
2021). Upregulation of egfr may accelerate the retrac-
tion of transzonal projections, leading to premature 
decoupling between germ cells and somatic cells, 
thereby compromising oocyte maturation and quality 
(Abbassi et al., 2021). Collectively, these findings dem-
onstrate that parental DZP exposure may compromise 

16 S. QIU et al.



reproductive capacity by impairing oocyte maturation, 
ultimately leading to reduced fertility.

Dysregulation in the pathways of Leukocyte transen-
dothelial migration and Cell adhesion molecules was also 
observed in F1 larvae of DZP–exposed parents. 
Leukocyte transendothelial migration is the critical pro-
cess whereby leukocytes exit the bloodstream by tra-
versing the endothelial cell layer to infiltrate surrounding 
tissues (Schwartz et al., 2021). Cell adhesion molecules 
constitute transmembrane glycoproteins that orches-
trate biological interactions through facilitating cellular 
recognition (intercellular and cell–matrix associations), 
establishing adhesive connections, and initiating down-
stream signaling cascades (Harjunpää et al., 2019). Both 
are core mechanisms underlying immune response and 
inflammatory regulation. The dysregulation of either 
may lead to impaired immune response capacity during 
embryonic development, thereby affecting organogene-
sis. The gart encodes phosphoribosylglycinamide for-
myltransferase, a critical enzyme required for the de 
novo purine biosynthesis pathway (Ng et al., 2009). The 
down–regulation of gart compromises purine synthesis, 
impairing cell proliferation and survival in zebrafish 
embryos. These findings were similarly associated with 
reduced survival rates, hatching success, and locomotor 
activity in the F1 generation following DZP exposure.
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