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The plasticizer bisphenol A, a typical endocrine disrupting chemical, is widely present in
the environment. Previous studies demonstrated that exposure to bisphenol A can cause
reproductive toxicity, abnormal fertilization, and infertility. However, the mechanisms of
low-concentration bisphenol A on the reproductive system and treatment measures have
not been fully determined. In this study, we explored the transcriptomic profiles of female
zebrafish ovaries. The transcriptomic data revealed that mitochondrial NADH
dehydrogenase (mt-Nd) genes were significantly decreased in the bisphenol A-exposed
group, while the co-administration of tea polyphenols remarkably elevated the expression
of mt-Nd genes. To further explore the expression pattern of the mt-Nd, we analyzed the
expression of six mt-Nd genes on different days by qRT-PCR in control, bisphenol A-
exposed, and bisphenol A-tea polyphenols ovaries. Here, we found that 0.1 mg/L
bisphenol A exposure adversely affects the mitochondrial respiratory chain in ovaries
and may lead to reproductive disorders. Finally, our study demonstrated that tea
polyphenols play a protective role in ovarian mitochondrial dysfunction in low-
concentration bisphenol A-exposed female zebrafish.

Keywords: zebrafish, bisphenol A, tea polyphenols, transcriptome, mitochondrial NADH dehydrogenase
INTRODUCTION

The environmental endocrine disrupting chemicals (EDCs) widely exist in the environment which
interfere with the endocrine system of organisms (Guillette and Gunderson, 2001). It can lead to the
abnormal morphology and function of related organs and seriously endanger the health of
organisms (Colborn et al., 1993; McLachlan, 2001). Studies have shown that the reproductive
organs have been considered to be the main organs of EDCs (Gore et al., 2011), resulting in
abnormal gonadal development and reproductive behavior, hindering fertilization success (Hill and
Janz, 2003; Larsen et al., 2009; Baker and Hardiman, 2014). In recent years, there is a continuing
trend of deterioration and EDC pollution has become more serious (Colborn et al., 1993; Hill and
Janz, 2003).
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Bisphenol A (BPA) is an important monomer in the
manufacture of epoxy resins and polycarbonates (Castillo-
Sanchez et al., 2020). As one of the typical EDCs, it is widely
used in the production of automobiles, plastic products,
household appliances, kitchen utensils, covering all levels of
human life (Fenichel et al., 2013; Laing et al., 2016). Also, BPA
is released into the soil, water, and atmospheric environments
during the production and degradation of BPA-containing
products. It has been detected in drinking water, household
dust (Rudel et al., 2003; Von Goetz et al., 2010), human urine,
and maternal and baby samples through diet and skin (Calafat
et al., 2005; Zhang et al., 2011; Sayici et al., 2019).

Fish populations are an important part of aquatic ecosystems
(Wu et al., 2017). They can accumulate EDCs including BPA,
17a-ethynylestradiol (EE2), and nonylphenol (NP) (Brown et al.,
2007), which could make them a source of higher trophic
pollutants, thereby posing a threat to the whole ecosystem and
even human health (Lee et al., 2015; Salvaggio et al., 2019).
Previous reports have proved that in water with BPA levels of 10-
30 ng/L, BPA levels varied from 1–11 ng/g in fish muscle and 2–
75 ng/g in fish liver (Belfroid et al., 2002; Laing et al., 2016). And
especially, it has been more often detected in infertile women
(Pivonello et al., 2020), which suggests a possible relevance
between BPA exposure and female fertility. The normal
function of the ovaries depends on the good balance between
the body’s scavenging ability and the free radicals. Particularly, it
has been documented that BPA mediated oxidative stress and
apoptosis in several tissues, including the ovary (Cho et al., 2018;
Mukherjee et al., 2020). The adverse effects of BPA on
mammalian oocytes have presented meiotic abnormalities such
as spindle aberrations, unaligned chromosomes (Lenie et al.,
2008). Furthermore, BPA has been reported to inhibit estradiol
biosynthesis and follicle growth in mouse ovaries (Peretz
et al., 2011).

Tea polyphenols (TP) are complexes of polyhydroxylated
compounds extracted from tea, which can scavenge free
radicals and have significant antioxidant activity (Pandey et al.,
2015). As a well-known natural phenolic antioxidant, TP can
prevent oxidative stress related diseases and suppress ROS
production and reduce the oxidative stress (Higdon and Frei,
2003; Chen et al., 2009). Studies have shown that TP could
protect Tri-ortho-cresyl phosphate-induced ovarian damage by
inhibiting oxidative stress. They found that autophagy and
oxidative stress were significantly induced by Tri-ortho-cresyl
phosphate in the mouse ovarian tissue, while TP could rescue the
autophagy and oxidative stress (Yang et al., 2020). Additionally,
TP could inhibit the transition from primordial to developing
follicles, prolong the follicular growth period, reduce the number
of dominant follicles per cycle to increase germ cell reserve,
inhibit oocyte apoptosis and follicular atresia, and then delay
menopause in rats (Luo et al., 2008).

Moreover, mitochondria play an important role in apoptosis,
reactive oxygen species regulation, and calcium signaling (Bravo-
Sagua et al., 2017). The mitochondrial respiratory chain is the
major source of ROS and free radicals under normal
circumstances and there is also a balance between the
Frontiers in Marine Science | www.frontiersin.org 2
production and removal of ROS in cells (Cui et al., 2012). As
the main source of ROS, considerable evidence has revealed that
mitochondrial DNA will be attacked by oxidative stress (Lin and
Beal, 2006). Nicotine-amide adenine dinucleotide (NADH)
dehydrogenase, is the largest protein complex in the
mitochondrial respiratory chain and seven of mitochondrially
encoded NADH dehydrogenase (mt-Nd) genes are encoded by
mtDNA. In general, dysfunction of the mt-ND genes might lead
to disturbance of the mitochondrial respiratory chain (Srirattana
and St John, 2019), trigger apoptosis, and induce mitochondrial
damage (Lee and Wei, 2007).

The present study employing zebrafish as a model
investigated the mechanism of low concentration BPA on the
ovary of zebrafish and the protective effect of TP. We explored
the transcriptome data of zebrafish ovaries from low
concentration BPA-exposed and BPA-TP groups, through the
Illumina platform by generating de novo assembly. We also
presented the expression pattern of the mitochondrial genes
associated with oxidative stress, thereby improving the
understanding of transcription and regulation exposed by low
concentration BPA and TP. In addition, the gene expression level
of mt-ND1, mt-ND2, mt-ND3, mt-ND4, mt-ND5, mt-ND6
related to oxidative stress pathways were measured. Finally,
our study demonstrated that TP played a protective role in
ovarian mitochondrial dysfunction in low-concentration BPA-
exposed female zebrafish.
MATERIALS AND METHODS

Zebrafish Husbandry
Adult zebrafish (Danio rerio) were maintained at 26 ± 1°C with a
14 h/10 h light-dark cycle in dechlorinated tap water. Fish were
fed twice a day with the Japanese Nitsin B2 feedstuffs (size 0.36-
0.65 mm, protein 50%, fat 10%, fiber 3.0%, slow sink type). The
experiment studied the ovaries and the number of feeding times
were twice daily. The zebrafish could eat within 5 minutes, as is
the standard for each feeding, so to avoid excessive feeding that
causes sedimentation and convex abdomen of the fish. It was
difficult to judge the maturity of the gonads.

Administration of BPA and TP
Bisphenol A and Tea polyphenols were supplied by Sigma-
Aldrich (St. Louis, MO, USA). All of the other chemicals and
reagents including dimethyl sulfoxide were of analytical grade.
The stock solution of BPA (1 g/L) was prepared using dimethyl
sulfoxide (DMSO) and deionized water (v/v = 1:1). Exposure
solutions of BPA were at 100 ug/L and diluted using
dechlorinated tap water. The stock solution of TP (1 mg/L)
was prepared and diluted using dechlorinated tap water.
Exposure solutions of TP were at 10 ng/L. Four-month-old
female zebrafish (body length 2.5 ± 0.5 cm) were randomly
assigned to three groups: a control group (n=90), a BPA-exposed
group (n=90), and a BPA-TP group (n=90). Each group
consisted of at least three repetitions. On average, the water
was changed 1/3 every day for 30 days preceding ovary analysis
May 2022 | Volume 9 | Article 915415
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and the control group did not have any treatment. The BPA-
exposed group added BPA and the BPA-TP group added BPA-
TP to keep the BPA and TP in the water at 100 ug/L and 10 ng/L.

RNA Extraction, cDNA Synthesis, and
Transcriptome Sequencing
From the three groups, RNA was extracted from 30 mg of the
ovaries after all samples were collected, using the RNA
Extraction Kit (TaKaRa, Code: NO.9767) according to the
manufacturer’s instructions. The Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) was used to
validate the integrity of the RNA. Subsequently, library
constructions were performed by the Truseq TM RNA sample
prep kit (Illumina, San Diego, CA, USA). The RNA-Seq libraries
were also sequenced by the Illumina sequencing platform to filter
the raw data.

Differentially Expressed Genes Analysis,
Function, and Pathway Annotation
The differentially expressed genes (DEGs) were calculated based
on the negative binomial distribution test in the DESeq software
(http://bioconductor.org/packages/release/bioc/html/DESeq.
html). Subsequent analysis of DEGs included the Eukaryotic
Orthologous Groups (KOG) function annotation, the Gene
Ontology (GO) classification, and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) metabolic pathway analysis.
Among them, GO classification analyzed the function of DEGs
and the KEGG pathway analyzed differential gene pathways and
calculated the significance of the enrichment of differential genes
in each pathway entry by a hypergeometric distribution test.

Expression Pattern Analysis by
Quantitative Real-Time RT-PCR
To validate the transcriptome data, quantitative real-time RT-
PCR (qRT-PCR) was performed to analyze the expression
patterns during the developmental progress of six mt-Nd
genes. These genes were selected in the transcriptome
expression data and might play key roles in zebrafish
mitochondrial function. The primer sequences for b-actin and
mt-Nd genes are shown in Table 1. According to the
manufacturer’s instructions, the SYBR Premix Ex Taq TMII kit
(TaKaRa, Code: DRR820A) was used to qRT-PCR reaction
system. The qRT-PCR reaction cycles were as follows: 95°C for
5 min, followed by 40 cycles of 95°C for 5 s, and 60°C for 30 s.
The gene b-actin was used as the internal reference gene for qRT-
Frontiers in Marine Science | www.frontiersin.org 3
PCR. Concurrently, to confirm the specificity of the samples, we
analyzed the dissociation curve.

Statistical Analysis
The different expression level of genes was analyzed in different
days among three groups, and the 2-DDCT method was used to
compare the relative expression levels of target genes and b-actin
gene. All statistical analyses were expressed as mean ± SEM and
assessed by two-way ANOVA. The level of statistical significance
was accepted as p < 0.05 and symbolized as “*”.
RESULTS

Evaluation of Transcriptome Data
The quality of the original sequence of the transcriptome sample
library and sequence is shown in Table 2. The raw data is filtered to
remove the linker sequence and low-quality reads in order to obtain
high-quality clean data. A total of 63.66 Gb of clean data was
obtained from nine samples in the control, experimental, and rescue
groups, of which the clean data of each sample reached 6.14 Gb or
above. The analysis showed that Q20 (the percentage of bases with
base recognition accuracy of more than 99%) in the control,
experimental, and rescue groups were all higher than 96.89%, and
Q30 (the percentage of bases with base recognition accuracy of
more than 99.9%) was higher than 91.64%. It can be seen that the
transcriptome sequencing results are better, which ensures the
accuracy of subsequent analysis.

Transcriptome Data Comparison Results
and Transcript Reconstruction
HISAT2 (v2.1.0) is used to compare zebrafish genome as a
reference sequence for alignment and reconstruct transcripts.
The alignment results include alignment efficiency, coverage
area, shear recognition statistics, etc. Among them, the
alignment efficiency is the most direct embodiment of the
utilization rate of transcriptome data (Table 3). The comparison
efficiency of clean readings was above 92.04% for all nine samples
in the control, experiment and rescue groups. The coverage area
statistics are shown in Table 4, which shows the source ratio of
Reads and confirms that the database creation type is correct. At
the same time, the libraries are also quality controlled based on the
result of the comparison and insert size inspection is performed.
The results indicate that the fragment size recovered during the
library construction was consistent with that sequenced
TABLE 1 | Sequences of primer sets used for gene expression analysis.

Gene name Symbol Forward primer Reverse primer

Actin, beta Actb CGAGCAGGAGATGGGAACC CAACGGAAACGCTCATTGC
NADH dehydrogenase 1, mitochondrial mt-Nd1 CTGGCAGAAACAAACCGAGC AGGTGCATCTGGGGTAAACG
NADH dehydrogenase 2, mitochondrial mt-Nd2 GTTATCCAGTACGCTCCGCA GCTTTTCGGTCAGGTCGTTG
NADH dehydrogenase 3, mitochondrial mt-Nd3 ACCACTCCCATGAGGAGATCA CTTGGGCTCATTCGTAGGCT
NADH dehydrogenase 4, mitochondrial mt-Nd4 TGGGACTAGTTGCAGGAGGA GGTCCGGCTATGAGTTCGTT
NADH dehydrogenase 5, mitochondrial mt-Nd5 TCCCATCTTAACGCCTGAGC CTCGTAGGTCTTGTGTCGGG
NADH dehydrogenase 6, mitochondrial mt-Nd6 AACCCCGCTTACATCAGCTC GACCGTGTGGTGTTTTGACG
May 202
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(Figure 1). After the transcript was reconstructed, it would be
compared with the interpretation of the previous reference
sequence to establish the correspondence between the two
versions, optimize the original gene structure annotation, and
discover new transcripts and new genes. It is shown in Tables 5, 6
that the result of reconstruction and comparison. String Tie
(v2.1.3) realizes more complete and accurate gene reconstruction
and better predicts the expression level.

Gene Differential Expression Analysis
When detecting differently expressed genes (DEGs) between the
control and BPA-exposed groups, the results show that 3,683
genes were differentially expressed, of which 2,807 and 876 genes
were considered to be up-and down-regulated BPA-exposed
groups. And 3,579 genes were shown to be differentially
expressed between BPA-exposed and BPA-TP groups, of which
2,338 and 1,241 genes were considered to be up-and down-
Frontiers in Marine Science | www.frontiersin.org 4
regulated (Table 7). In addition, to determine the DEGs
potentially involved in the three groups, statistical analysis of
unigene data with DESeq was conducted; and the threshold value
was set to Fold Change ≥ 2, with an FDR < 0.05 to standardize the
expression differences between the different samples. All DEGs in
the three groups were visualized in a scatter plot. The distribution
trends in the volcano plot (Figure 2) display significantly DEGs
(red and green dots), and non-differentially expressed genes (black
dots). Moreover, by performing hierarchical cluster analysis on the
selected differentially expressed genes and cluster genes with the
same or similar expression behavior, we acquired the clustering
results of DEGs (Figure 3).

Function Annotation of the DEGs
All DEGs from the three groups were used as queries for
BLASTX searches against several protein databases, including
the Nr database and the Swiss-Prot database. Among them,
through the Nr and Swiss-Prot database, the control and BPA-
exposed groups were compared to obtain 3,045 and 2,402 DEGs,
which accounted for 99.25% and 78.29%, respectively. The BPA-
exposed and BPA-TP groups were compared to obtain 2,845 and
2,169 DEGs, which annotated accounted for 98.78% and 75.31%,
respectively (Table 8).

The COG classification of the DEGs is essential for functional
annotation and evolutionary studies. As shown in Figure 4, a total
of 1,302 DEGs were finally mapped onto 25 different COG
categories between control and BPA-exposed groups. The largest
COG groups were “general function prediction only” (348 DEGs),
followed by “signal transduction mechanisms” (143 DEGs) and
“replication, recombination and repair” (135 DEGs). The shortest
COG group was “nuclear structure” and “extracellular structures” (0
DEGs). A total of 1,379 DEGs were finally mapped onto 25 different
COG categories between BPA-exposed and BPA-TP groups. The
largest COG groups were “general function prediction only” (425
DEGs), followed by “signal transduction mechanisms” (162DEGs)
and “replication, recombination and repair” (137 DEGs). The
shortest COG group was “nuclear structure”, “extracellular
structures” and “RNA processing and modification” (0 DEGs).
Further, these regulated DEGs were mapped to 54 gene ontology
(GO) terms, consisting of three major categories: biological
processes (23 terms), cellular components (17 terms), and
molecular functions (14 terms) (Figure 5).
TABLE 3 | Comparison efficiency statistics of Control, Treatment and Rescue.

#STAT not aligned reads aligned

Control.1 3785537 (7.67%) 45586453 (92.33%)
Control.2 3889558 (7.61%) 47249378 (92.39%)
Control.3 3719237 (7.65%) 44866923 (92.35%)
Treatment.1 3430826 (7.90%) 39979928 (92.10%)
Treatment.2 3776600 (7.96%) 43675350 (92.04%)
Treatment.3 3761622 (7.90%) 43854558 (92.10%)
Rescue.1 3393668 (7.58%) 41405276 (92.42%)
Rescue.2 3010509 (7.35%) 37952251 (92.65%)
Rescue.3 3796255 (7.43%) 47298073 (92.57%)
TABLE 4 | Statistical table of Control, Treatment and Rescue.

#STAT exonic intronic intergenic

Control.1 37,404,278 (88.45%) 2,547,766 (6.02%) 2,337,037 (5.53%)
Control.2 38,843,005 (88.51%) 2,599,648 (5.92%) 2,441,958 (5.56%)
Control.3 36,863,463 (88.45%) 2,470,860 (5.93%) 2,342,814 (5.62%)
Treatment.1 33,024,623 (89.16%) 2,022,718 (5.46%) 1,992,013 (5.38%)
Treatment.2 36,072,909 (89.14%) 2,205,403 (5.45%) 2,190,118 (5.41%)
Treatment.3 36,170,929 (89.06%) 2,222,828 (5.47%) 2,221,182 (5.47%)
Rescue.1 34,140,650 (88.85%) 2,161,657 (5.63%) 2,123,591 (5.53%)
Rescue.2 31,322,417 (88.93%) 1,984,263 (5.63%) 1,916,406 (5.44%)
Rescue.3 39,023,470 (88.87%) 2,479,791 (5.65%) 2,408,276 (5.48%)
TABLE 2 | Quality analysis of sequence after filtration.

#Sample ReadSum BaseSum GC (%) N (%) Q20 (%) CycleQ20 (%) Q30(%)

Control.1 24685995 7405798500 47.01 0 96.98 100 91.76
Control.2 25569468 7670840400 47.01 0 96.99 100 91.73
Control.3 24293080 7287924000 47.02 0 96.94 100 91.70
Treatment.1 21705377 6511613100 46.83 0 96.89 100 91.64
Treatment.2 23725975 7117792500 46.71 0 96.92 100 91.73
Treatment.3 23808090 7142427000 46.8 0 96.91 100 91.66
Rescue.1 22399472 6719841600 46.91 0 96.92 100 91.68
Rescue.2 20481380 6144414000 46.97 0 97.14 100 92.14
Rescue.3 25547164 7664149200 46.88 0 97.07 100 92.00
May
 2022 | Volume 9 | Article
Readsum: total number of pair end reads in clean data; Basesum: total alkali base of clean data; GC (%): GC content of clean data, the percentage of G and C bases in the total bases in
clean data; N (%): N base content in clean data; Q20 (%): percentage of bases with clean data quality value greater than or equal to 20; Q30 (%): the percentage of bases with clean data
quality value greater than or equal to 30.
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Finally, the top 20 KEGG enrichment pathways influenced by
the control, BPA-exposed and BPA-TP groups are shown in
Figure 6. Between control and BPA-exposed groups, the top
three pathways were thiamine metabolism (3.9), steroid
hormone biosynthesis (3.25) and nrachidonic acid metabolism
(3.25). Between BPA-exposed and BPA-TP groups, the top three
pathways were neomycin, kanamycin, and gentamicin
Frontiers in Marine Science | www.frontiersin.org 6
biosynthesis (5.89), steroid hormone biosynthesis (3.72) and
arachidonic acid metabolism (3.50).
Expression Patterns of Mitochondrial
DNA Genes
According to the transcriptome data, six significantly down-
regulated genes were selected 1/5/10/15/20/30 days after BPA
treatment and TP rescue and the expression of mitochondrial
DNA genes in the three groups were compared and analyzed.
The results of qRT-PCR indicate that almost all six genes were
significantly expressed (Figure 7).

One day after 0.1 mg/L BPA exposure, there was no
significant difference in the expression levels of the six genes
between the three groups. And, 5 days after BPA exposure, the
mt-Nd genes were significantly decreased compared to the
control group.

Then, in 15 days, the expression level of mtNd1, mt-Nd3, and
mt-Nd5 did not show a significant difference between the three
groups. Mt-Nd2, mt-Nd4, and mt-Nd6 which in the BPA group
were significantly decreased compared to the control group.

In 20 days, the expression levels of the mt-Nd genes were
significantly decreased in the BPA group, compared to the
control group, and the mt-Nd genes which in the BPA-TP
group were significant increased compared to the BPA group.

Finally, in 30 days, the expression levels of the mt-Nd genes in
the BPA group were significantly decreased compared to the
control group, and the mt-Nd genes in the BPA-TP group were
significantly increased compared to the BPA group.
TABLE 6 | Comparison statistical table of transcript reconstruction results.

# Number Percent

Missed exons 0/322055 0.0%
Novel exons 12782/335899 3.8%
Missed introns 73/254856 0.0%
Novel introns 8850/268475 3.3%
Missed loci 0/31639 0.0%
Novel loci 2926/34061 8.6%
TABLE 7 | Statistical table of the number of DEGs.

Type Total Up Down

Control vs. Treatment 3683 2807 876
Treatment vs. Rescue 3579 2338 1241
TABLE 5 | Statistical table of transcript reconstruction results.

# Genes mRNAS

Query 34061 71391
Reference 31639 59637
A B

FIGURE 2 | Overview of differently expressed genes between Control, Treatment and Rescue groups. Volcano plot can view the difference in gene expression levels
between the two groups and the statistical significance of the difference. Each point in the volcano plot represents a gene, the x-axis represents the logarithm of the
differential multiple of the expression of a gene in the two samples; the y-axis represents the negative logarithm of the FDR. The green dots in the figure represent
down-regulated differentially expressed genes, the red dots represent up-regulated differentially expressed genes, and the black dots represent non-differentially
expressed genes. (A) Control vs. Treatment; (B) Treatment vs. Rescue.
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DISCUSSION

As one of the typical endocrine disrupting chemicals, the
plasticizer BPA is ubiquitous and integrated into the
environments such as soil, atmosphere, and water. Studies have
demonstrated that BPA is enriched in phytoplankton through the
food chain. Fish feed on phytoplankton and are again enriched in
aquatic animals and finally in humans. Studies have shown that 1
mg/L BPA can significantly reduce the fertilization rate of
zebrafish and low doses of 0.1 mg/L do not affect fertilization.
However, whether low-dose BPA affects the fish reproductive
system and how BPA impacts reproductive system has not fully
defined. In addition, TP, as a robust antioxidant, can effectively
scavenge free radicals and protect against oxidative stress.
Furthermore, it has been reported that TP improves the
follicular development in rats and promotes oocyte maturation
as well as embryo development in bovines (Wang et al., 2007b;
Wang et al., 2007a; Luo et al., 2008; Wang et al., 2013; Zhou et al.,
2019). Therefore, we propose that TP could ameliorate BPA-
induced reproductive system abnormalities.

To test it, we first investigated the gene expression of zebrafish
ovaries. Transcriptome sequencing is an effective technique to
better understand the pathways and gene expression. Our results
show that BPA and TP affect certain zebrafish ovarian-specific
Frontiers in Marine Science | www.frontiersin.org 7
genes. Through the analysis of differentially expressed genes in
transcriptome data, six key mitochondrial-related genes (mt-
Nd1, mt-Nd2, mt-Nd3, mt-Nd4, mt-Nd5, mt-Nd6) were found
in the down-regulation of the BPA-exposed group.

Mitochondrion is a primary organelle that provides the
source of ATP, determines the reproductive process, and
mediates a variety of cellular processes, including cell apoptosis
and the regulation of reactive oxygen species. Nicotine-amide
adenine dinucleotide (NADH) dehydrogenase is the largest
protein complex in mitochondrial respiratory chain. NADH
consists of more than 40 subunits, seven of which are encoded
by mtDNA, named as mitochondrially encoded NADH
dehydrogenase (mt-Nd), including mt-Nd1, mt-Nd2, mtNd3,
mt-Nd4, mt-Nd4L, mt-Nd5 and mt-Nd6.

To further explore the mt-Nd genes expression pattern, we
examined the expression of six genes in different day by qRT-
PCR and the expression level was quite certain with the
transcriptomic data. Subsequently, we analyzed the expression
patterns of six genes differently expressed after exposure to
BPA, BPA-TP.

One day after 0.1 mg/L BPA exposure, there were no
significant differences in the expression levels of the six genes.
And, 5 days after BPA exposure, mt-Nd genes significantly
decreased compared to the control group. However, the
A B

FIGURE 3 | Cluster diagram of differentially expressed genes. The x-axis represents the sample name and the clustering result of the sample, and the y-axis
represents the differential gene and the clustering result of the gene. Different columns represent different samples, and different rows represent different genes. The
color represents the expression level of the gene in the sample log10 (gene+0.00001). (A) Control vs. Treatment; (B) Treatment vs. Rescue.
TABLE 8 | Functional annotation of DEGs and Statistical table of the number of annotated DEGs.

DEG Set Total Swiss-Prot GO KEGG COG KOG Pfam NR

Control vs. Treatment 3068 2402 2312 1480 702 1640 2732 3045
Treatment vs. Rescue 2880 2169 2082 1206 686 1557 2505 2845
May 2022 | Volu
me 9 | Article 91
Total: the number of DEGs annotated, the third to last column indicates the number of DEGs annotated by each functional database.
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significantly increased expression levels of mt-Nd genes after 10
days of BPA exposure, which may be potential feedback
mechanisms, were activated to protect the reduction of ovarian
genes from BPA. Combining transcriptome data, the expression
levels of mt-Nd genes significantly decreased after 15, 20, and 30
days of BPA exposure, indicating that from long-term exposure
to BPA, the ovaries cannot rely on feedback mechanisms to
rescue gene expression levels. Expectedly, co-administration of
TP could, or even exceed, recovery of the expression levels of mt-
Nd genes to the control groups.

Under normal physiologic, the mitochondrial respiratory
chain is the main intracellular source of reactive oxygen
species (ROS) and free radicals and there is a balance between
Frontiers in Marine Science | www.frontiersin.org 8
ROS production and ROS scavenging systems in the cell (Lee and
Wei, 2007). Being the major source of ROS, mitochondrial DNA
will face more attack from oxidative stress (Hudson et al., 2005;
Cha et al., 2015; Zhang et al., 2019). In the present study, we
found that this process changes the expression of mt-Nd genes in
the BPA-treated ovaries. In general, the dysfunction of mt-Nd
genes might cause the disorder of the mitochondrial respiratory
chain and oxidative phosphorylation (Zhang et al., 2019).
Oxidative stress plays an important role in endocrine
disruptor-mediated dysfunction in reproduction and it is
thought that ROS may serve as an early marker for toxicity
evaluation (Lam et al., 2008; Dai et al., 2015). Our analysis
illustrates that BPA would adversely affect the mitochondrial
A

B

FIGURE 4 | COG classification of DEGs from Control, Treatment and Rescue groups. The x-axis indicates the COG categories, and the y-axis indicates the number
of DEGs. (A) Control vs. Treatment; (B) Treatment vs. Rescue.
May 2022 | Volume 9 | Article 915415
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A

B

FIGURE 5 | Gene ontology assignments for DEGs from Control, Treatments and Rescue groups. The DEGs matched various ontology (GO) categories, including
biological process, cellular component and molecular function. The x-axis represents the gene functional classification of GO, and the y-axis indicates the enrichment
score. (A) Treatment vs. Control; (B) Treatment vs. Rescue.
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A

B

FIGURE 6 | KEGG enrichment analysis during Control, Treatment and Rescue groups and the top 20 pathways. Each row represents a KEGG pathway. The x-axis
is the enrichment factor, which represents the ratio of the proportion of genes annotated to the pathway among the DEGs to the proportion of genes annotated to
the pathway among all genes. (A) Control vs. Treatment; (B) Treatment vs. Rescue.
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FIGURE 7 | Expression patterns of six mt-Nd genes in female zebrafish ovaries in Control, Treatment and Rescue at different time points, data represent the mean
± SEM from at least three separate experiments, (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001), the vertical bar represents the standard error of mean (SEM).
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https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Dai et al. TP Improve Mitochondrial Dysfunction
respiratory chain in ovaries, leading to oxidative stress and
reproductive disorders. TP, as a robust antioxidant, was able to
recover the BPA-exposure-induced reproductive disorders by
eliminating the excessive ROS, thereby inhibiting the
accumulation of DNA damage.

Collectively, our study provides evidence that TP plays a
protective role in ovarian mitochondrial dysfunction in low-
concentration BPA-treated female zebrafish. However, the
detailed mechanism of how BPA disrupts the mtDNA
expression and needs further investigation.
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