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ARTICLE INFO ABSTRACT

Keywords: Polycyclic aromatic hydrocarbons (PAHs) accumulate and integrate into aquatic environments, raising concerns
Marine medaka about the well-being and safety of aquatic ecosystems. Benzo[a]pyrene (BaP), a persistent PAH commonly
Benzo[a]pyrene detected in the environment, has been extensively studied. However, the broader multifaceted toxicity potential
Deformities . . X . . . .

Oxidative stress of BaP on the early life stages of marine fish during chronic exposure to environmentally relevant concentrations
Apoptosis needs further exploration. To fill these knowledge gaps, this study assessed the in vivo biotoxicity of BaP (1, 4,

and 8 pg/L) in marine medaka (Oryzias melastigma) during early development over a 30-day exposure period. The
investigation included morphological, biochemical, and molecular-level analyses to capture the broader poten-
tial of BaP toxicity. Morphological analyses showed that exposure to BaP resulted in skeletal curvatures, heart
anomalies, growth retardation, elevated mortality, delayed and reduced hatching rates. Biochemical analyses
revealed that BaP exposure not only created oxidative stress but also disrupted the activities of antioxidant
enzymes. This disturbance in redox balance was further explored by molecular level investigation. The tran-
scriptional profiles revealed impaired oxidative phosphorylation (OXPHOS) and tricarboxylic acid (TCA) cycle
pathways, which potentially inhibited the oxidative respiratory chain in fish following exposure to BaP, and
reduced the production of adenosine triphosphate (ATP) and succinate dehydrogenase (SDH). Furthermore, this
investigation indicated a potential connection to apoptosis, as demonstrated by fluorescence microscopy and
histological analyses, and supported by an increase in the expression levels of related genes via real-time
quantitative PCR. This study enhances our understanding of the molecular-level impacts of BaP’s multifaceted
toxicity in the early life stages of marine medaka, and the associated risks.

Spirit oil spill in Karachi (Siddiqi et al., 2009), and the 2018 East China
Sea collision (Wan and Chen, 2018), and continuous introduction
through daily activities like fossil fuel use, vehicular emissions, and in-
dustrial processes. These pollutants reach oceans and lakes via land
runoff, urban drainage, and atmospheric deposition (Abdel-Shafy and

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are significant pollutants

originating from various sources such as petrogenic (petroleum activ-
ity), pyrogenic (incomplete combustion), diagenetic (sediment trans-
formation), and biogenic (natural metabolic processes by
microorganisms and plants) (Ahad et al., 2015; Jesus et al., 2022; Honda
and Suzuki, 2020; Dhar et al., 2020). Petrogenic and pyrogenic sources
are mainly anthropogenic. PAH pollution in aquatic environments oc-
curs in two main scenarios: accidental events, such as the 2003 Tasman
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Mansour, 2016; Pereira, 2014).

Among the diverse array of PAHs, benzo[a]pyrene (BaP) is regularly
detected, making it a commonly used marker for PAH contamination
(Valero-Navarro et al., 2007). BaP is commonly found in the marine
environment and was identified at levels around 8.61 pg/L in an Indian
river, along with other PAHs (Singare, 2016). In Zhejiang Province,
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Abbreviation

sod1 superoxide dismutase 1

sod2 superoxide dismutase 2

cat catalase (gene)

gst glutathione S-transferase

&x glutathione peroxidase

sdha succinate dehydrogenase a

sdhb succinate dehydrogenase b

sdhd succinate dehydrogenase d

cox1 cytochrome c oxidase subunit 1

cox4 cytochrome c oxidase subunit 4

cox6a cytochrome c oxidase subunit 6a

cytb cytochrome b

ndufbll NADH dehydrogenase (ubiquinone) 1 beta subcomplex
subunit 11

atp5d F-type H+-transporting ATPase subunit delta

diablo direct IAP binding protein with low pI or second
mitochondria-derived activator of caspases (SMAC)

apafl apoptotic Peptidase Activating Factor 1

casp3 caspase 3

casp9 caspase 9

ahr aryl hydrocarbon receptor
hsp90a  heat shock protein alpha
cyplal  cytochrome p450 lal
cyplbl  cytochrome p450 1bl
H50, hydrogen peroxide

ROS reactive oxygen species
MDA malondialdehyde

T-AOC total antioxidant capacity
SOD superoxide dismutase

CAT catalase (enzyme)

GST glutathione transferase
GPx glutathione peroxidase
SDH succinate dehydrogenase
ATP adenosine triphosphate
DEGS differentially expressed genes
DMSO  dimethyl sulfoxide

DPF day post fertilization
OXPHOS oxidative phosphorylation
TCA cycle tricarboxylic acid cycle

China, surface waters have BaP concentrations ranging from 1 ng/L to
1.8 pg/L (Zhu et al., 2008). Another investigation reported that BaP
concentrations in seawater along the coast of China ranged from 0.001
to 4.799 pg/L in polluted zones (Su et al., 2017). These findings un-
derscore the significance of regular assessment of the toxicological ef-
fects of BaP pollution in aquatic ecosystems. Presently, within aquatic
environments, in vivo models serve as supplementary methods for
assessing the biological consequences of pollutants (Gerbersdorf et al.,
2015; Altenburger et al., 2018) Notably, the marine medaka (Oryzias
melastigma) has gained prominence in research as a model organism for
estuarine and marine ecotoxicology due to its rapid growth and devel-
opment, cost-effectiveness, and various other benefits (Bo et al., 2011;
Dong et al., 2014; Kong et al., 2008; Lee et al., 2018). Therefore, in-
formation regarding BaP toxicity in the marine environment can be
obtained using the marine medaka as an in vivo model.

Fish, in their early stages, are highly vulnerable to environmental
pollutants, which can cause a range of abnormalities, as documented by
various studies (Huang et al., 2013; Zhao et al., 2017; Zheng et al.,
2020). Regarding BaP’s effects on early development, several scientific
investigations utilized both marine and freshwater fish. However, con-
cerning BaP’s impact on early stages of fish, much attention and
multifaceted investigations have been conducted on freshwater species,
exploring various scenarios including chronic and acute exposures, as
well as exposure to both high and environmental-level concentrations.
Noteworthy examples of such studies include research on rainbow trout
(Salmo gairdneri Richardson) (Hose et al., 1984), Japanese medaka
(Oryzias latipes) (Chikae et al., 2004; Hornung et al., 2007; Pannetier
et al., 2019; Yamaguchi et al., 2020), and zebrafish (Danio rerio) (Cor-
rales et al., 2014; Elfawy et al., 2021; Huang et al., 2015, 2012; Incar-
dona et al., 2011; Knecht et al., 2017; Lin et al., 2020). However,
findings from these freshwater studies may not directly apply to marine
environments due to differing ecological characteristics. Research sug-
gests that contaminants behave differently in seawater compared to
freshwater (Wu et al., 2012; Kang et al., 2008).

Conversely, previous studies on marine fish species during early life
stages have largely focused on particular facets, with most investigations
involving short-term exposure to high concentrations of BaP. For
example, studies on killifish (Fundulus heteroclitus) investigated CYP1A
inhibition, heart deformities, and liver toxicity across BaP exposures
ranging from 10 to 400 pg/L (Wang et al., 2006; Wills et al., 2010,
2009). Study on marine medaka explored the whole cytochrome P450

system, with effective concentrations observed at 10 and 100 pg/L BaP
(Kim et al., 2014). Additionally, marine medaka embryos showed sig-
nificant induction of EROD and Caspase-3/7 activities at low BaP doses
after 8-days exposure (Lin et al., 2011). At 20 pg/L BaP, Mu et al. (2012)
reported a significant drop in the hatching rate, while another study
observed a delay in hatching time following exposure to 200 pg/L BaP in
marine medaka (Sun et al., 2020). Research on red seabream (Pagroso-
mus major) investigated developmental toxicities following 48-hour BaP
exposure (Zhao et al., 2017). Investigations on rockfish (Sebastiscus
marmoratus) and milkfish (Chanos chanos) found that short-term BaP
exposure led to neurotoxic effects (He et al., 2012; Palanikumar et al.,
2012). Furthermore, exposure of marine medaka (Oryzias javanicus) to
10 and 20 pg/L BaP for one week resulted in oxidative damage, while
malformations in embryos were detected at concentrations of 5 pug/L BaP
and above (Nam et al., 2020). However, there is still a gap in fully
capturing the multifaceted potential impacts of BaP on marine fish early
life stages under chronic exposure to environmentally relevant con-
centrations. Relying on short-term studies may underestimate its effects,
particularly at the concentrations available in the environment. There-
fore, there is a need to enhance our understanding of its diverse hazard
potential. Our study addresses these gaps by evaluating developmental
abnormalities, growth disruptions, histological alterations, oxidative
stress, biochemical equilibrium, and molecular changes. This compre-
hensive approach provides valuable insights into the early develop-
mental stages and environmental risks associated with BaP exposure in
marine fish.

2. Material and methods
2.1. Chemical and reagents

New stocks of BaP with a purity of at least 96 % (CAS # 50-32-8),
and tricaine methanesulfonate (MS-222) were acquired from Sigma-
Aldrich (Shanghai, China). Dimethyl sulfoxide (DMSO) meeting the
specifications for molecular biology with a purity level of at least 99 %
was sourced from Sangon Biotech (Shanghai, China). DMSO was used to
dissolve BaP and formulate stock solutions (1, 3, and 5 mg/mL). These
stock solutions were used throughout the experiment to prepare the
required BaP concentrations of 1, 4, and 8 pg/L. In the examination of
both the control and treatment solutions, sets of samples (n = 3) were
collected, and analyses were conducted using a fluorescence
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spectrophotometer (Cary Eclipse, Varian, USA). The corresponding
values are detailed in Table S3. The procedure followed the method
described in our previous study (Bo et al., 2014; Yin et al., 2020).
Notably, the BaP concentrations measured in the blank (seawater) and
solvent (DMSO) control samples were undetectable. As no statistically
significant differences were observed in the data from the solvent con-
trol group compared to the blank control, we opted to include only the
solvent control group for simplicity in this study.

2.2. Animal ethics

The handling of fish experiments strictly followed the regulations
outlined by the National Institute of Health Guidelines for the Care and
Use of Laboratory Animals. The animal research protocol was approved
by the animal welfare and ethics committee of Xiamen University.

2.3. Marine medaka maintenance and exposure assay

Breeding was initiated by placing 200 healthy males and females per
tank (5 replicates) overnight, under conditions of a constant tempera-
ture of 27 + 1 °C, salinity of 28 + 2 %, and a light cycle of 14 h of light
followed by 10 h of darkness. The following morning, eggs were gath-
ered one hour after the lights were switched on. Embryos were rinsed
three times with water devoid of chemicals and subsequently placed in
glass petri dishes containing artificial saltwater. Only fertilized eggs at
the same developmental stage were chosen for exposure experiments
after examination under a dissecting microscope. Approximately 5000
fertilized embryos were randomly grouped into sets of 200 each and
assigned to the control and three treatment levels: 1, 4, and 8 pg/L of
BaP. These concentrations were chosen based on their relevance to
aquatic environments (Singare, 2016; Su et al., 2017; Zhu et al., 2008).
Preliminary exposure experiments considered concentrations of 0.1, 0.5,
1, 4, and 8 ug/L BaP, revealing that concentrations below 1 pg/L BaP
showed no significant morphological and biochemical responses in
embryonic and larval stage (data not shown). The study proceeded using
the remaining three concentrations of BaP and a solvent control
(DMSO). Each treatment comprised five replicate groups, with three
replicates used as biological replicates and the remaining two serving as
backups. All the treatment and solvent control groups received a con-
stant DMSO concentration of < 0.001 % (v/v). After hatching, approx-
imately 100 larvae were transferred to 15 L tanks, with each tank
containing 12 L of the exposure solution. They remained in this envi-
ronment until 30 days post fertilization (dpf). Feeding began daily from
the 15 dpf stage onward. Throughout the 30-day exposure period, the
water was changed daily, the BaP in each tank was renewed, and the
embryos were inspected and photographed daily using a Leica DMil
inverted microscope (Leica, Germany) fitted with a Leica DMC4500
digital microscope camera. Any deceased embryos displaying whitening
were removed daily.

2.4. Effects of bap on larval medaka

Daily monitoring was performed to assess the BaP effects, including
hatching rate, timing, mortality, and heartbeat rate. Hatching rate (%)
was calculated as the number of successfully hatched larvae / initially
stocked embryos x 100. Larval mortality rate calculated as (total
number of dead larvae / initially hatched larvae) x 100. The heartbeat
frequencies of embryos (n = 10) were enumerated in three distinct sets
of replicates using automatically recorded 30-second videos with a Leica
DMil inverted microscope equipped with a camera. For biometric
measurements and encompassing anomalies, randomly selected larvae
(n = 5) from each replicate were anesthetized using 0.02 % MS-222,
placed in a chamber containing 3 % methylcellulose, and photo-
graphed using a stereomicroscope equipped with an Mshot MS 60
camera (Guangzhou, China). Anomalies were classified by microscopic
examination, following the procedures outlined by Cong et al. (2017)
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and Li et al. (2020). Total body length was measured using the Mshot
image analysis software, with the scale bar adjusted to millimeters
(mm). Weight was measured using a digital weighing scale.

2.5. Histological analysis

At 30 dpf, marine medaka larvae (n = 3 / group) were immersed in
10 % buffered formalin for preservation over a 24-hour period. They
underwent a gradual ethanol dehydration process, followed by xylene
clearing, and were later incorporated into paraffin. Afterwards, 5 pm-
thick sections were prepared and subjected to hematoxylin and eosin
(HE) staining for microscopic examination. An optical upright micro-
scope, the Leica DM2500 LED, equipped with a DFC7000 T camera, was
used for examination. The analysis was performed using Leica Appli-
cation Suite X 3.7.2.22383, ©2020 software. Three different magnifi-
cations (10x, 20x, and 40x) were used for each sample to obtain a closer
view of the liver.

2.6. Measurement of oxidative parameters

Tissue homogenates were prepared by pooling 10 larvae as a sample
(n = 6), homogenized in cold saline at a concentration of 10 % (w/v)
using an electric homogenizer (Tiangen Biotech, China). The resulting
supernatants were collected after centrifugation at 3500 g for 10 min at
4 °C. Hydrogen peroxide (H20,), malondialdehyde (MDA), superoxide
dismutase (SOD), catalase (CAT), glutathione S-transferase (GST),
glutathione peroxidase (GPx), and total antioxidant capacity (T-AOC)
were measured at 405, 532, 520, 412, 412, and 240 nm, respectively.
Reactive oxygen species (ROS) content was assessed using chem-
iluminescence with excitation at 502 nm and emission at 530 nm.
Readings were taken using a spectrophotometer (Agilent Technologies,
Cary 60 UV-Vis, USA) and Tecan microplate reader (Infinite F200 Pro,
Switzerland). All kits were sourced from Nanjing Jiancheng Bioengi-
neering Institute, China. Protein concentration in each sample was
quantified using the Pierce BCA Protein Assay Kit (Thermo Scientific,
USA), with a standard curve derived from the BCA protein determina-
tion method.

2.7. Measurement of ATP assay and SDH

Succinate dehydrogenase (SDH) activity was determined in 10 %
tissue homogenates using an SDH assay kit, following the instructions
provided by the manufacturer. Readings were taken at an optical density
(OD) value of 600 nm at 5 s (OD1) and again at 65 s (OD2) after a 1-min-
ute wait. Adenosine triphosphate (ATP) content was evaluated using an
ATP assay kit. ATP concentration was determined in the tissue homog-
enate by measuring the OD at 636 nm based on a color formation re-
action involving creatine and ATP catalyzed by creatine kinase. Both the
SDH and ATP kits were obtained from the Nanjing Jiancheng Bioengi-
neering Institute, China, and measurements were taken in triplicate.

2.8. AO staining for apoptosis

Acridine orange (AO) was used to assess apoptosis in medaka larvae
(n = 5/group) from both the control and BaP-treated groups (1, 4, and 8
ug/L). The larvae were washed twice with filtered fish medium. AO (5
pg/mL), dissolved in fish medium, stained the larvae in the dark for 20
min, followed by two 5-minute washes to remove excess stain. The fish
were immobilized with MS-222 salt, positioned laterally, and mounted
on 3 % methylcellulose for imaging using the green channel of an Axis
Observer Al inverted fluorescence microscope (Zeiss, Germany) to
evaluate apoptosis.

2.9. Isolating RNA and sequencing the transcriptome

TRIzol Reagent (Invitrogen, USA) was used to extract total RNA from
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larval medaka in the control and exposure groups (1, 4, and 8 pg/L BaP),
in accordance with the guidelines provided by the manufacturer. Each
sample consisted of a blend of five larvae with three replicates each. A
Nanodrop 2000 microvolume spectrophotometer (Thermo Fisher Sci-
entific, USA), and an Agilent 2100 bioanalyzer (Agilent Technologies,
USA) were used to evaluate RNA quantity and integrity. Gel electro-
phoresis (1.2 % agarose) was used to verify degradation and contami-
nation. RNA samples (1 pg/L BaP and control) were prepared using the
NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, USA) at
Novogene Bioinformatics Technology Co., Ltd., China. The exposure
concentration of 1 pug/L BaP was selected for RNA-seq because it rep-
resents the most commonly detected level in the environment and the
lowest concentration in our study, with the aim of investigating tran-
scriptional regulation at the lowest feasible level. Sequencing was per-
formed using an Illumina HiSeq platform to produce paired-end reads.
The DEGseq R package (version 1.10.1) was used to analyze differential
expression. P-values were adjusted using the g-value to identify differ-
entially expressed genes (DEGs) with a threshold g-value < 0.005 and |
log2(fold-change) | > 1(Storey and Tibshirani, 2003). Gene Ontology
(GO) enrichment analysis of DEGs was performed using the GOseq R
package (Young et al., 2010), accounting for gene length biases. DEGs in
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were

Control

1 dph

1 dph
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assessed using KOBAS software (Mao et al., 2005). The sequencing data
have been submitted to the Sequence Read Archive at the National
Center for Biotechnology Information (NCBI) under accession code
PRJNA1119179.

2.10. Analysis of real-time quantitative PCR (RT-qPCR)

RNA was acquired using the TRIzol method and used to synthesize
cDNA via reverse transcription using the PrimeScript RT Reagent Kit
(TaKaRa, China). Primer sequences were tailored using NCBI/Primer-
BLAST or obtained from our previous research (Table S1). Dissociation
analysis and standard curves validated primer specificity and amplifi-
cation efficiency (95-105 %). The Fast-Start SYBR Green PCR Master
Mix (Roche, USA) and ABI 7500 system were used for quantitative PCR
assays, involving cycling conditions commencing at 95 °C for 10 min,
followed by 40 cycles at 95 °C for 30 s and 60 °C for 1 min. Each group
included three biological replicates, and three operational replicates
were performed for each sample. For data normalization, 18 s gene was
used as a reference to determine the expression levels of the target genes
using the 272ACT method (Livak and Schmittgen, 2001).

Fig. 1. The morphology of marine medaka larvae and embryos exposed to 1, 4, and 8 pg/L BaP. Red arrows highlight the defective embryo. Key labels: H - heart; L -
liver; PC - pericardium; YC - yolk sac; GI - gastrointestinal tract; S - spine; E - eyes; YE - yolk sac edema; PE - pericardial edema; CA - cardiac anomalies; SD - spinal

deformities; CD - caudal fin deformities. Scale bar = 500 pm.
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2.11. Statistical analysis

Larvae images were arranged using Adobe Photoshop. Data analysis
and graph generation were performed using GraphPad Prism 7.0
(GraphPad Software, USA). Results are presented as mean (M) + stan-
dard deviation (SD). Data sets were assessed for normality and homo-
geneity using the Kolmogorov-Smirnov or Shapiro-Wilk normality tests
prior to conducting ANOVA. Differences between the control and BaP-
treated groups were analyzed using one-way ANOVA, followed by
Dunnett’s multiple comparison test. Statistical significance is indicated
by *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the control
group.
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3. Results
3.1. Effects of BaP on morphological and physiological aspects

BaP exposure resulted in various abnormalities in medaka larvae,
including pericardial and yolk-sac edema, skeletal deformities, and
cardiac anomalies (Fig. 1; Fig. S2-S6). These malformations were
observed in all three BaP-exposed groups (1, 4, and 8 pg/L BaP)
compared to the control, with percentages of 16.33, 18, and 22.67 %,
respectively (Table S4). The hatching rate of medaka embryos decreased
to 74 %, 65 %, and 56 % in the 1, 4, and 8 pug/L BaP groups, respectively
(Fig. 2A). Additionally, there was a delay of 1 day in the 1 pg/L BaP
group and 2 days in the 4 and 8 pg/L BaP groups for the first hatch
compared to the control. As the concentration of BaP increased, the
survival rate decreased (Fig. 2B and Table S4). A notable reduction in
the heartbeat rate, reaching statistical significance (p < 0.05), was

100 .
H.I -e— Control
90- 1 -= 1uglL
80+ % ——
70- Lt

60~ LI_“—:--*

*%

4 ug/L
8 ug/L

iy

50+

Larvae survival rate (%)

AD.
4V

12 14 16 18 20 22 24 26 28 30
Days post fertilization

Body length (mm)
i

L L]
Control 1pug/L 4ug/L 8 pug/L

]
Control 1 pg/L

]
4 ug/L

8 pg/L

Fig. 2. Hatching rates (A), larval survival rate (B), heartbeats (C), body length (D), and body weight of larvae at 30 dpf (E) following exposure to 1, 4, and 8 pg/L
BaP. The mean + SD (standard deviation) is utilized to represent the data. Significant distinctions between the exposure and control groups are manifested at *p <

0.05, and **p < 0.01.
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observed in the BaP-exposed groups, particularly at the 4 and 8 pg/L
concentrations (Fig. 2C). Moreover, after the 30-day exposure period,
the body length was significantly reduced (p < 0.01) in all BaP-exposed
groups (Fig. 2D). In contrast, body weight showed significant differences
(p < 0.01) in 4 and 8 pg/L BaP groups, whereas the 1 ug/L BaP group did
not exhibit significant difference (Fig. 2E; Table S4).

3.2. Effects of BaP on hepatic histomorphology

The control group displayed healthy liver histology with well-
defined blood sinusoids, hepatocytes, and standard hepatocyte stain-
ing. However, BaP-treated larvae exhibited apparent hepatic damage
compared to healthy control livers (Fig. 3), such as loss of cytoplasmic
details, empty intercellular spaces, swollen hepatocytes, loss of cellular
details, and the presence of densely stained structures known as kar-
yolysis (disintegration of the cell nucleus). Additionally, certain hepa-
tocytes exhibited a lighter and irregular staining pattern with H&E,
particularly in the 8 pg/L BaP group.

3.3. Effects of BaP on oxidative parameters

BaP exposure significantly increased ROS levels (p < 0.02, < 0.001)
in the 1, 4, and 8 pg/L BaP groups, respectively, compared to the control
(Fig. 4A). Exposure to 4 and 8 pg/L BaP significantly increased HyO4
levels (p < 0.04, < 0.01), respectively, while 1 ug/L BaP did not induce a
statistically significant difference (Fig. 4B). Additionally, MDA levels
increased substantially (p < 0.02, < 0.01, < 0.004) in response to 1, 4,
and 8 pg/L BaP treatment, respectively (Fig. 4C). Further, BaP signifi-
cantly decreased the activity of SOD (p < 0.04, < 0.02, and < 0.003) in
the 1, 4, and 8 pg/L groups, respectively, demonstrating a distinct
contrast with the control groups (Fig. 4D). CAT activity was reduced in
all three groups exposed to BaP (p < 0.04, < 0.008, and < 0.008) at 1, 4,
and 8 pg/L, respectively (Fig. 4E). Regarding GST activity, a substantial
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decrease (p < 0.02, < 0.006) was noted in the 4 and 8 pg/L BaP-treated
groups compared to the control group (Fig. 4F). GST activity in the 1 pg/
L BaP-treated group did not show any noticeable changes. However, GPx
activity was significantly different (p < 0.03) among all BaP-exposed
groups (Fig. 4G). BaP markedly reduced the levels of T-AOC at higher
doses (p < 0.03, < 0.008) at 4 and 8 pg/L, whereas no significant dif-
ference was observed at 1 pg/L (Fig. 4H).

3.4. Effects of BaP on SDH and ATP concentration

BaP reduced SDH activity in larval medaka and exhibited substantial
alterations with significant values (p < 0.02, < 0.01, < 0.006) in groups
treated with 1, 4, and 8 pg/L of BaP, respectively (Fig. 5A). Additionally,
significant reductions in ATP content were observed in the BaP-exposed
groups (1, 4, and 8 pg/L), with values of p < 0.03, < 0.02, and < 0.006,
respectively (Fig. 5B).

3.5. Transcriptomic profiling and altered pathway dynamics

Exposure to BaP significantly altered gene transcription in medaka
larvae, leading to the identification of 2679 differentially expressed
genes (DEGs). Among these, 615 DEGs were upregulated, and 2064
DEGs were downregulated (Fig. 6A; Fig. S7A). The results of the quality
assessment of the sequenced samples are presented in Table S4. Func-
tional enrichment analysis identified 831 DEGs associated with molec-
ular function (MF), 1781 with biological processes, and 410 with
cellular components (CC) (Fig. S7B). The analysis of DEGs through
KEGG pathway enrichment identified the top 20 significantly enriched
pathways, each pathway containing more than 10 DEGs, with a p-value
< 0.05 (Fig. 6B; Table S5). The majority of the DEGs were associated
with pathways related to oxidative metabolism and detoxification.
Among these, the oxidative phosphorylation (OXPHOS) pathway
exhibited the highest number of DEGs, totaling 65, and 19 DEGs

Fig. 3. Histological changes in the livers of marine medaka larvae. Control (A, E, I), 1 ug/L exposure (B, F, J), 4 ug/L exposure (C, G, K), and 8 pg/L exposure (D, H,
L). Loss of cytoplasmic inclusions (green circle), empty intercellular spaces (black arrow), swollen hepatocytes (arrowheads), loss of cellular details (blue arrows),
and karyolysis (green arrows). The microscopic images are magnified 10x, 20x, and 40x their original size, from top to bottom, respectively.
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data. Significant distinctions between the exposure and control groups are manifested at *p < 0.05, and **p < 0.01.
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appeared in the tricarboxylic acid (TCA) cycle pathway (Fig. 6C). To
further validate the transcriptomic findings, we conducted qPCR anal-
ysis on genes associated with OXPHOS and TCA cycle pathways
(ndufb11, sdha, sdhb, sdhd, cytb, cox1, cox4, cox6a, and atp5d) (Fig. S8C),
as well as genes involved in metabolism and detoxification (ahr, hsp90a,
cyplal, cyplbl, sodl, sod2, cat, gst, and gpx) (Fig. S8A, and B). The qPCR
results corroborate the trends observed in the transcriptomic data,
enhancing the reliability of our findings.

3.6. Apoptotic responses elicited by BaP in medaka larvae

Apoptosis assessment in medaka larvae was performed using fluo-
rescence microscopy with AO staining and qPCR for gene analysis. As
shown in Fig. 7C, green fluorescence intensity increased with increasing
BaP concentration. Apoptotic cells, marked by green dots, were wide-
spread, especially in the head and backbone areas of the BaP-exposed
medaka larvae. To investigate the gene responses associated with
apoptosis, the mRNA levels of specific apoptotic genes, including diablo,
apafl, casp9, and casp3, were analyzed. The diablo mRNA levels
exhibited a significant increase, correlating with the BaP exposure
concentration in the treated groups compared to the controls. The p-

values were < 0.006 for 1 pg/L and < 0.0001 for both 4 pg/L and 8 pg/L
(Fig. 7C; Fig. S9A). Apafl mRNA levels increased significantly in the
same manner in the 4 and 8 pg/L BaP-treated groups (p < 0.01) (Fig. 7C;
Fig. S9B). Casp9 and casp3 displayed a comparable pattern, showing a
significant increase in mRNA levels in the groups exposed to 4 and 8 pg/
L BaP, with p-values of < 0.04 and < 0.005 for casp9, and < 0.01 for
casp3 in both concentrations, respectively (Fig. 7C; Fig. S9C and D).
Nevertheless, there were no statistically significant alterations in apaf1,
casp9, and casp3 expression between the 1 pg/L BaP-exposed and control
groups (Fig. 7C; Fig. S9).

4. Discussion

This study revealed that concentrations of BaP, equivalent to those
found in the environment, induced significant toxicity during the early
developmental stages of marine medaka. Even at the low level of 1 pg/L,
chronic BaP exposure resulted in abnormal development and de-
formities, confirming the detrimental effects of BaP at modest
concentrations.

It is well known that BaP exposure results in a decrease in the
hatching rate and a delay in the hatching of fish embryos (Chikae et al.,
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2004; Fang et al., 2013; Sun et al., 2020) (Table S6). Our results align
with these previous findings, showing a significant decrease and delay in
the hatching rate after BaP exposure. The delay in hatching makes em-
bryos more vulnerable to predators, endangering the continuation of the
fish population. Furthermore, BaP exposure in this study induced
noticeable edemas, motionless blood clots in larvae, and significantly
decreased heartbeat rates in all exposure groups, indicating cardiotox-
icity. Cardiotoxicity during the early stages of fish development due to
BaP exposure has been identified in various studies (Huang et al., 2012;
Wills et al., 2009; Yamaguchi et al., 2020). In young fish, the heart, one
of the first organs to form, plays a crucial role in embryo survival and
development, rendering them more vulnerable to cardiotoxicity than
adults due to their small size and immature detoxification pathways
(Incardona and Scholz, 2017). It is presumed that poor heart function
might contribute to the malformations observed during early develop-
ment in this study. Additionally, in our 30-day BaP exposure study,
marine medaka larvae exhibited significantly lower body weight and
length. BaP has been associated with growth retardation and reduced
biometric measures (Albornoz-Abud et al., 2021; Elfawy et al., 2021).
According to Mayer et al. (2018), disruptions in metabolic pathways
caused by xenobiotics can lead to increased energy demands and
consequent decreases in body weight. Our findings suggest that medaka
larvae may have undergone considerable metabolic strain in detoxifying

BaP, resulting in diminished body weight and length. Hence, in our
study, we assume that a poor detoxification mechanism might be one
reason for the observed differences in biometric measurements and
cardiac anomalies, potentially resulting in higher mortality rates and
deformities.

To explore further about the toxicity of BaP in early stages, we
measured oxidative stress and antioxidant responses following BaP
exposure. MDA serves as a practical parameter for assessing oxidative
stress due to its simplicity and effectiveness as a biomarker (Tsikas,
2017). MDA is closely linked with the formation of ROS, and in our
study, both MDA and ROS levels exhibited a significant increase
alongside HoO3 levels. The antioxidative system plays a crucial role in
the detoxification metabolism of BaP. SOD actively converts superoxide
anions to hydrogen peroxide with the assistance of CAT and GPx, ulti-
mately transforming it into water and oxygen (He et al., 2017). Addi-
tionally, the GST enzyme aids in detoxifying toxic BaP metabolites,
converting them into less harmful products that can be eliminated from
the body (Trushin et al., 2012). T-AOC encompasses more than just the
summation of individual antioxidant measures, including those yet to be
discovered (Ghiselli et al., 2000). In this study, we observed significant
decreases in the activities of antioxidant enzymes as well as in mRNA
expression levels of sod1, sod2, cat, gpx, and gst in all BaP-exposed larval
medaka. The reduced activity of antioxidants, coupled with elevated



R. Zeb et al.

A Control

1 pg/L

Head & trunk

Tail

Control 1 ug/L 4 pg/L 8 pg/L

diablo

apaf1

casp9

casp3

color scale

14 1.6

Aquatic Toxicology 273 (2024) 107016

8 pg/L

Deformities

Growth retardation

Population decline

Fig. 7. The figure illustrates the effects of BaP on apoptosis. AO staining of control and BaP-exposed medaka larvae revealed a pronounced increase in green
fluorescence, particularly at high concentrations of BaP (A). The heat map presents relative mRNA levels of genes in marine medaka larvae associated with apoptosis
after 1, 4, and 8 pg/L BaP exposure (B). A schematic diagram illustrates the proposed BaP-induced toxicity mechanism in marine medaka larvae (C). The mean + SD
(standard deviation) is utilized to represent the data. Significant distinctions between the exposure and control groups are manifested at *p < 0.05, **p < 0.01, and

***p < 0.001.

levels of oxidants, suggests an imbalance in the redox status induced by
BaP exposure. The decrease in antioxidant activities implies a weakened
antioxidant defense, thereby heightening the risk of oxidative damage
and associated consequences. Similar disturbances in antioxidant de-
fense due to chronic BaP exposure have been reported in rats by She-
weita et al. (2016). Conversely, some studies have reported elevated
levels of antioxidants in fish in response to acute BaP exposure (Deng
et al., 2018; Guo et al., 2021; Kim et al., 2014). Additionally, Nam et al.
(2020) found that in the early stages of fish, a week exposure to 1 pg/L
BaP concentration enhanced antioxidant activities, while higher con-
centrations decreased them. However, in our study, even 1 ug/L BaP
decreased antioxidant levels, possibly due to the longer exposure

duration. These results suggest that not only higher concentrations but
even low levels of BaP can harm the antioxidant defense system after
chronic exposure. Thus, the observed high mortality, malformations,
and growth retardation are likely due to a weakened antioxidant
defense.

To expand our understanding of the molecular impact of BaP on
larval medaka, we conducted transcriptome analyses comparing the
BaP-exposed group with the control group. The results revealed that the
majority of genes were associated with oxidative metabolism, encom-
passing the OXPHOS and TCA cycle pathways. The OXPHOS system is
integrated into the mitochondrial inner membrane and consists of five
multiprotein enzyme complexes designated as (I-V). This system
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primarily functions by orchestrating electron and proton transport,
leading to ATP synthesis (Smeitink et al., 2001). In the mitochondrial
matrix, the TCA cycle supplies electron carriers to the electron transport
chain through complexes I and II, respectively (Nolfi-Donegan et al.,
2020). The regulation of the TCA cycle and its continuous interaction
with OXPHOS are crucial for maintaining cells in a stable state (Marti-
nez-Reyes and Chandel, 2020). In this study, within the context of the
OXPHOS pathway, multiple genes linked to the NADH dehydrogenase
complex experienced significant down-regulation. Moreover, genes
encoding components of succinate dehydrogenase, such as sdha, sdhb,
and sdhd, were notably suppressed. Additionally, genes responsible for
encoding cytochrome c reductase and cytochrome c oxidase subunits
also displayed marked suppression (Fig. 6C). These findings indicate a
potential inhibition of the oxidative respiratory chain in fish following
exposure to BaP. A similar inhibition of the OXPHOS pathway was
observed in the early life stages of Staghorn coral (Acropora hyacinthus)
exposed to BaP (Xiao et al., 2018). Moreover, the down-regulation of
NADH dehydrogenase impedes ATP production, while reduced sdha
levels limit succinate dehydrogenase activity, resulting in disrupted
biological functions. To further strengthen our understanding, we
measured the ATP content and SDH enzyme activity. SDH is a unique
enzyme that links the TCA cycle to OXPHOS (Moosavi et al., 2019). Our
study revealed a significant reduction in both ATP content and SDH
activity in marine medaka larvae following BaP exposure. This obser-
vation strongly suggests that the depletion of ATP and SDH resulted
from the disruption of the OXPHOS and TCA cycles. Therefore, it’s
plausible that exposure to BaP triggers changes in genes associated with
OXPHOS and the TCA cycle pathways, resulting in diminished activities,
directly impacting ATP production and SDH activity, contributing to
increased oxidative stress and disrupting crucial biological processes
like compromised antioxidant activities, potentially leading to a spec-
trum of abnormalities.

Excessive oxidative stress, as reported by other researchers, has the
potential to induce the release of cytochrome c, binding to apafl and
ultimately triggering cell apoptosis (Deng et al., 2009; Jin et al., 2011).
In our investigation, apoptosis in larval medaka was identified through
the upregulation of the diablo, apaf1, casp9, and casp3 genes. Diablo, also
known as smac, stimulates apoptosis by triggering caspase activation
and inhibiting antiapoptotic proteins (Du et al., 2000; Redza-Dutordoir
and Averill-Bates, 2016). The activation of apafl is linked to
pro-caspase-9, resulting in the subsequent activation of caspase-9, which
culminates in the activation of caspase-3, a pivotal executor in the
cellular apoptosis process (Cao et al., 2018; Lin, 1999). In this study, the
imbalance in redox homeostasis, along with the inhibited OXPHOS and
TCA cycle pathways, was identified as the primary factors intensifying
oxidative stress and triggering apoptosis. Consequently, our hypothesis
regarding apoptosis gains further support from fluorescence microscopy
analysis, and histological observations revealing liver damage, indi-
cating hepatocyte impairment in larval medaka following exposure to
BaP.

5. Conclusion

This study revealed that chronic BaP exposure at environmentally
equivalent levels in marine medaka during their early life stages induced
multifaceted toxic effects. BaP’s lethality manifested in low hatching
rates, high malformation rates, and stunted growth of medaka larvae.
Our comprehensive investigation delved into the biochemical and mo-
lecular damage inflicted by BaP, elucidating its potential toxicity
mechanism involving redox imbalances characterized by elevated oxi-
dants and diminished antioxidants, alongside disrupted OXPHOS and
TCA cycle pathways. Consequently, ATP depletion and reduced SDH
activity ensued. The disruption of molecular interactions, coupled with
induced redox imbalances, culminated in apoptosis, ultimately leading
to adverse effects on fish development, as depicted in Fig. 7C. While our
study sheds light on the early life stages of marine medaka, it may not
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fully capture the entirety of BaP’s effects on the fish life cycle. Future
research should explore BaP’s impact on other life stages, adaptation
mechanisms, and sex-specific responses to gain a more comprehensive
understanding of its long-term effects.
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