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BACKGROUND: Legacy brominated flame retardants have been recognized as risky factors leading to declined sperm quality. The widespread utiliza-
tion of decabromodiphenyl ethane (DBDPE) as a replacement for decabromodiphenyl ether has given rise to considerable concern over its potential
risks to reproductive health.

OBJECTIVES: The objectives were to quickly determine whether DBDPE affects sperm quality upon ex vivo exposure, to reveal the reproductive out-
comes and underlying molecular mechanisms using an in vivo zebrafish model exposed to DBDPE, and to validate the potential impact on DNA dam-
age and energy metabolism balance in vitro.
METHODS: Zebrafish spermatozoa were treated with DBDPE (0.01, 0.1, 1, 10 lM) for 3 h, and the spermatozoa motility and fertilization ability with
normal eggs were evaluated. Then adult male zebrafish were treated with DBDPE (0.1, 1, 10, and 100 nM) for 2 months, and their reproductive per-
formance was examined. Four-dimensional label-free proteome and phosphoproteome were performed in zebrafish testes, and the findings were vali-
dated by multiple indicators. Finally, mouse spermatogonial GC-1 cells were treated with DBDPE (0.1, 1 lM) for 72 h, and DNA damage was
examined, as well as the energy production of glycolysis and oxidative phosphorylation.

RESULTS: Ex vivo exposure to DBDPE caused lower motility and fertilization rates of zebrafish spermatozoa. In vivo exposure to DBDPE caused
lower sperm motility and abnormal spermatogenesis in male zebrafish testes. Integrated whole-proteome and phosphoproteome analysis revealed
DNA damage responses and energy metabolic disorders in zebrafish testes. A dosage window characterized by higher mitochondrial membrane poten-
tial (MMP) in combination with unchanged reactive oxygen species and apoptosis rates was observed in both zebrafish testes and GC-1 cells.
DISCUSSION: This study suggests that in zebrafish, DBDPE exposure could impair sperm quality and spermatogenesis, and the underlying mechanism
could be related to DNA damage and energy metabolic reprogramming in testicular germ cells. https://doi.org/10.1289/EHP14426

Introduction
In recent decades, declining male reproductive capacity has become
a global concern, with decreasing semen quality and quantity evi-
dent.1,2 Extensive evidence implicates environmental pollution
rather than genetic factors as the leading risk factor for male repro-
ductive health of various organisms.3,4 Among the growing list
of pollutants, some brominated flame retardants (BFRs) are both
persistent organic pollutants and endocrine-disrupting chemicals
(EDCs) and have been repeatedly associated with declining
sperm quality in both epidemiological and laboratory investiga-
tions.5,6 Governments have restricted the application of some

BFRs in various plastics, as well as in electronic and textile prod-
ucts, and replacement chemicals are needed to ensure that prod-
ucts meet safety standards.7,8

Typically, decabromodiphenyl ethane (DBDPE) has been
employed as an alternative to decabromodiphenyl ether (BDE209)
since the 1990s. In a recent study in China, the major producer and
exporter of BFRs,9,10 BDE209 and DBDPE were identified as the
most predominant BFRs in the agricultural soils from different
regions, and the DBDPE concentration increased rapidly between
2011 and 2021, with a doubling time of 6.84 y.11 In surface waters,
the detected concentrations of DBDPE typically hover in the
picograms-per-liter range, sometimes reaching the range of several
to several tens of nanograms per liter,12–14 and occasionally reach-
ing 107 ng=L.15 Concentrations of DBDPE were detected at a
concentration of up to 80 ng=L in seepage water from a metal
recycling site in Norway16 and up to 990 ng=L in sewage outlets
along the Dongjinang River in China.17 Furthermore, DBDPE
has been widely detected in aquatic organisms worldwide,18,19

and the measured mean concentrations of DBDPE were 1,700±
744 ng=g lipid weight (lw) and 11,800± 4,400 ng=g lw in cru-
cian carp (Carassius auratus) and tilapia (Oreochromis spp.) at
an e-waste recycling site in South China.20 Notably, DBDPE
tends to bioaccumulate at higher levels in humans living in more
severely contaminated areas. It has been detected in serum and
milk samples from nonoccupational populations living in BFR-
producing areas21,22 and general city populations from no-novel-
brominated-flame-retardant (NBFR)-producing areas.23–25 Serum
levels of DBDPE in nonoccupational populations (detection fre-
quency 98%) from a BFR-producing area were up to 6,660 ng=L
(1,590 ng=g lw), with a median concentration of 153 ng=L
(32:5 ng=glw).22 Therefore, DBDPE is considered a major
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BFR pollutant, and it may pose an increasing exposure risk to
humans, as well as to domestic and wild animals, not only in
China, but also across the globe.26–28

Paradoxically, to ensure good flame retardancy, alternatives
usually share similar molecular structures with these legacy chemi-
cals, thereby exhibiting similar chemical properties, environmental
behavior, and even biological toxicity. This has resulted in wide-
spread doubt about the safety of substitute BFRs.29 Typically,
DBDPE persists in the environment, accumulates in organisms,
and has been associated with thyroid disruption and neurotoxicity
in vitro30 and in vivo (in nemotodes31 and zebrafish32), and these
are typical features of BDE209.33,34 Researchers have reported
fewer sperm, with diminished motility, in male rats following oral
administration with DBDPE at 50 or 500 mg=kg per day, followed
by DNA damage and apoptosis in testes.35–37 Our recent studies
found that DBDPE exhibited typical characteristics of endocrine
metabolism-disrupting chemicals (also called metabolic EDCS),
which can demonstrate endocrine-disrupting effects and the
capacity to affect cellular energy metabolism.37–39 Therefore, a
more complicated underlying mechanism may contributed to
DBDPE-induced toxic effects, given that these two processes are
intricately interconnected.39,40 However, our current knowledge of
the adverse impacts of DBDPE is far from adequate for properly
assessing its potential risks to humans and animals. For one thing,
the exposure doses in the abovementioned studies were much
higher than the exposure levels in wild animals and humans.
Furthermore, it is urgent to know whether DBDPE can have
adverse effects on male reproduction at environmentally relevant
concentrations. In addition, testes show some specificity because
spermatogenic cells mainly use lactate as their energy substrate,41

a phenomenon that is similar to theWarburg effects reported in var-
ious cancer cells.42 Researchers have identified a variety of cancer/
testis antigens that are specifically involved in the metabolic shift
during spermatogenesis and tumorigenesis,43 which may pose
more challenges in revealing the potential mechanism of male
reproductive toxicity. Therefore, probing the responsive mecha-
nisms in testes upon DBDPE exposure at environmentally relevant
concentrations is a priority for properly assessing its environmental
health risks.

Moreover, to keep pace with the rapidly increasing number of
emerging pollutants, exploring new approach methodologies
(NAMs) to expedite risk assessment has attracted global atten-
tion.39 High-throughput omics methods can provide comprehen-
sive knowledge of the biological status at the molecular level in
response to pollutants, and such approaches have been widely
used to assess the toxic effects of new pollutants.44,45 The zebra-
fish is a valuable model for developing NAMs to investigate endo-
crine and metabolic disruption, allowing extrapolation to potential
effects on wild fish and even human health.39 Researchers have also
established spermatozoa exposure protocols that take advantage
of external fertilization in fish.46,47 In this regard, DBDPE could
be an appropriate example for exploring NAMs comprising
in vitro, ex vivo, and non-rodent in vivo tests for future pollutant
risk assessment. Thus, this study aimed to a) rapidly screen the
potential effects of DBDPE on sperm using ex vivo exposure
of zebrafish spermatozoa followed by artificial fertilization,
b) evaluate whether DBDPE could impair spermatozoa quality
and spermatogenesis in zebrafish following in vivo exposure,
c) reveal the molecular responsive profiles in zebrafish testes
using an integrated proteome and phosphoproteome approach,
and d) validate the potential impact on DNA damage and energy
metabolism balance using in vitro cells. The results not only
expand our understanding of the toxic mechanisms of DBDPE
but could also facilitate the development of NAMs in future
studies.

Materials and Methods

Chemicals and Reagents
DBDPE [Chemical Abstracts Service (CAS): 84852-53-9; pu-
rity >96%] for fish exposure was obtained from Tokyo
Chemical Industry Co. Ltd. Standards for chemical analysis,
including DBDPE (≥99%) and isotope-labeled 13C12-BDE-209
(CAS: 562099-68-7; purity≥99%), were supplied by AccuStandard
Inc. Dimethyl sulfoxide (DMSO; CAS: 67-68-5; purity >99:9%),
methanesulfonate (MS-222), and lactate dehydrogenase (LDH) in-
hibitor oxamic acid (oxamate) were obtained from Sigma-Aldrich.
Dulbecco’s Modified Eagle medium (DMEM) and fetal bovine se-
rum (FBS) for cell culture were supplied by Shanghai VivaCell
Biosciences Ltd. Penicillin and streptomycin were provided by
Beijing Solarbio Science & Technology Co. Ltd. All other reagents
used in this studywere of chromatography or analytical grade.

Zebrafish Maintenance and Exposure
Wild-type zebrafish (AB strain) used in the present study were
obtained from the China Zebrafish Resource Center of the
National Aquatic Biological Resource Center (CZRC-NABRC).
Six-month-old healthy male zebrafish were randomly selected
and placed into glass tanks (20 fish/tank) containing 20 L of
charcoal-filtered tap water with pH 7.0–7.4 and maintained at
28± 0:5�C under a 14:10 light/dark cycle. The fish were fed fresh
fairy shrimp twice a day. The care and use of zebrafish was per-
formed under the approval of the institutional animal care and
use committee of the Institute of Aquatic Biology, Chinese
Academy of Sciences.

Measurement of Spermatozoa Motility in Ex Vivo Test
Zebrafish spermatozoa have been used as a good toxicological
test system because of their simplicity and availability, and their
motility changes can be used to predict reproductive success as
an ecologically relevant effect.48,49 In this study, ex vivo zebrafish
spermatozoa exposure was first performed to rapidly screen the
potential effects of DBDPE on sperm. Ten unexposed male
zebrafish (AB strain; 8 months old) were anesthetized with
150 mg=L of MS-22250 and dried with paper towels, and their
abdomens were gently massaged with fingers to release semen
from the zebrafish cloaca. The semen samples were collected and
pooled into a centrifuge tube containing Hanks’ balanced salt so-
lution (HBSS; 300mOsmol=kg), a solution in which zebrafish
spermatozoa can stay in static status. Then the fish were placed
into water to recover within 3–5 min.50 A total of 70 males were
used to collect fresh semen, and seven tubes of fresh semen sam-
ples were obtained. Then the seven tubes of semen samples were
divided into 14 samples (n=14). The spermatozoa concentra-
tions were estimated using a cell counting chamber (Marienfeld
Superior) and adjusted to ensure equal concentrations among all
samples at 5 × 108 spermatozoa=mL. In general, zebrafish sper-
matozoa can be maintained in a healthy state in HBSS for 6 h
when stored at 0–4�C. To determine exposure concentrations and
durations in the formal experiment, we performed an incubated
exposure experiment.48,49 In the incubated exposure experiment,
spermatozoa suspension was first incubated in HBSS containing
a series of DBDPE concentrations (0.01, 0.1, 1, 10 lM) for 3 or
6 h on ice, with subsequent analysis of sperm motility (detailed
methods are described below).

Based on the results of the pre-experiment, we finally exposed
zebrafish spermatozoa to a series of DBDPE concentrations
(0.01, 0.1, 1, 10 lM) for 3 h on ice. The lowest concentration
(0:01 lM=9,710 ng=L) of DBDPE was on the same order of
magnitude as the highest concentration (6,660 ng=L) detected in
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the serum samples from the nonoccupational population from a
BFR-producing area.22 A blank control (HBSS) and a solvent
control (DMSO) were also included. The solvent control and all
DBDPE treatments received 0.05% DMSO. To minimize errors
due to pre-exposure sperm itself (e.g., status of males), semen
samples in different treatments were from the same batches of
male zebrafish. The detailed protocol and procedures for prepar-
ing the exposure solution and the exposure system are as follows:
DBDPE was first dissolved in DMSO to configure a 20,000 lM
DBDPE stock solution, which was then diluted in a gradient with
DMSO to obtain a series of DBDPE working solutions with con-
centrations of 20,000, 2,000, 200, and 20 lM. One microliter of
DMSO or DBDPE working solution was added to 1,000 lL of
HBSS to configure a 2 × exposure solution, to be used within 1 d.
Five microliters of each well-prepared semen sample in HBSS
and 5 lL of the 2 × exposure solution were mixed in a tube at 4°C
to obtain the exposure system, and the final concentrations con-
tained ∼ 2:5× 108 sperm=mL.

After 3 h of exposure, each spermatozoa suspension sample
was used for sperm motility analysis. Briefly, 1 lL of spermatozoa
suspension was placed on a slide (Hamilton Thorne; #223120),
which was placed on a CX41 microscope (Olympus), and 1 lL of
deionized water was added and mixed quickly to activate the sper-
matozoa (induction of spermatozoa movement due to osmoticity
changes), followed by the addition of a coverslip. Then six sperm
motility parameters (see Table S1 for definitions), including
a) total motility (TM; in percentage), b) progressive motility
(PM; in percentage), c) average path velocity (VAP; in micro-
meters per second), d) velocity of spermatozoa linear motion
(VSL; in micrometers per second), e) velocity of sperm (VCL;
in micrometers per second), and f) sperm linearity (LIN; in per-
centage) were immediately measured using an IVOS Sperm
Analyzer (Hamilton Thorne) and HT CASA II Animal Motility
Software (version 1.8; Hamilton Thorne).51 The computer-assisted
sperm analysis (CASA) input parameters used in this study are
shown in Table S2, with slight modifications based on previous
studies.19,48 A minimum of 300 sperm cells were tracked per field,
at least three fields captured for each sample, and each sample was
measured at least twice.

Measurement of Offspring Development in Ex Vivo Test
Fresh semen samples (n=3/group) exposed for 3 h in the same
way and with the same doses as described above were used for
artificial fertilization with eggs from unexposed female zebrafish
(AB strain; 8-month-old), according to a previously described
method.51 Briefly, on the day before egg collection, unexposed
females were isolated from the males (AB strain; 8-month-old).
Egg collection and artificial fertilization were performed at the
end of sperm exposure in the morning. Before egg stripping, four
females were fully anesthetized with MS-222 and gently dried
with paper towels, and their abdomens were gently massaged
with fingers to collect unfertilized eggs into a Petri dish. Pooled
eggs from four fish were mixed gently, then evenly divided into
six 35-mm Petri dishes (corresponding to 6 exposed groups) as
quickly as possible, and semen samples exposed to DBDPE for
3 h (another subset of exposed semen samples from the above-
mentioned ex vivo zebrafish spermatozoa exposure experiment)
were added to the six Petri dishes containing the eggs. The ratio
of eggs to spermatozoa was ∼ 150–200: 2:5× 106. A 750-lL vol-
ume of charcoal-filtered tap water (pH 7.0–7.4) was added to
each Petri dish and blown evenly with a straw to activate the
sperm, ensuring full contact with eggs. After incubating at room
temperature for 5 min, the fertilized eggs in each Petri dish were
washed three times with charcoal-filtered tap water and transferred
to 90-mm Petri dishes to remove possible residual DBDPE. The

obtained embryos were then cultured at 28± 0:5�C under a
14:10 light/dark cycle until 120 h post-hatching (hpf).

The embryos were observed under a SMZ745T dissecting
microscope (Nikon). Unfertilized eggs were distinguished at about
3 h by phenotypes of whiteness, opacity, and failure of embryonic
development,51,52 and the fertilization rate was determined. Four
end points were recorded daily as indicators of lethality: a) coagu-
lation of embryos, b) lack of somite formation, c) nondetachment
of the tail, and d) lack of heartbeat.52 Malformation phenotypes
were observed daily, including, for example, yolk sac edema, peri-
cardial edema, uninflated swim bladder, and spinal scoliosis.53
The survival rate was determined at 24, 48, and 120 hpf, and the
malformation rate was determined at 120 hpf. All these develop-
ment indicators of zebrafish offspring were repeated three times.

In Vivo Exposure
After 2 wk of acclimatization, adult male fish (6-month-old) were
exposed to a series of DBDPE concentrations (0, 0.1, 1, 10,
100 nM; corresponding to 0, 97.1, 971.2, 9,712.0, 97,120:4 ng=L)
for 2 months. This exposure window was chosen taking into
account the fact that male zebrafish exhibit their peak reproductive
capacity during the age of 6 to 8 months. The selected exposure
concentrations included an environmentally relevant concentra-
tion (0:1 nM=97:1 ng=L) in surface waters, where DBDPE was
detected, with concentrations at several to several tens of nano-
grams per liter and as high as 107 ng=L.12,14,15 There were three
replicate tanks for each exposure group, and the exposure solution
was 100% renewed daily. At the end of exposure, 21 fish from each
group were randomly chosen for subsequent measurement of repro-
ductive behavior. Then, all the fish were euthanized with 300 mg=L
of MS-222, body length and body weight were measured, and con-
dition factors were calculated [wet body weight (in grams)/total
body length ðin centimetersÞ3 × 100%]. The testes were isolated,
weighed, and then stored at −80�C for subsequent analysis.

Cell Culture and Treatment
The in vitro test was performed to verify the observations of
DNA damage and energy reprogramming in zebrafish testes
upon DBDPE exposure. Mouse spermatogonial GC-1 cells pur-
chased from FuHeng Cell Center were cultured in DMEM with
10% FBS, 100 IU/mL of penicillin, and 0:1 mg=mL of strepto-
mycin, and incubated at 37�C in a humidified 5% carbon diox-
ide (CO2)/95% air incubator. Cells were seeded in 96-well
(20,000 cells/well) or 6-well (400,000 cells/well) plates over-
night to adhere, then treated with a series of concentrations of
DBDPE (0.1 and 1 lM) and the LDH inhibitor oxamic acid
(oxamate; 20mM)54 for 72 h. Before this formal experiment,
we performed a pre-experiment by exposing GC-1 cells to a se-
ries of concentrations of DBDPE (0.01, 0.1, 1, 10 lM) for 48 h
to investigate its effects on MMP and adenosine triphosphate
(ATP) content. The exposure concentrations and duration of
DBDPE used in the formal experiment were set based on our
pre-experiment (results are shown in the “Results” section). A
20 M oxamate stock solution was prepared with water, stored at
−80�C, to be used within 7 d. All the treatment groups and the
control group received 0.1% DMSO.

Reproductive Behavior and Offspring Development in
Zebrafish
At the end of the exposure, 21 exposed male zebrafish from
each group were randomly selected and paired with unexposed
females for reproductive behavior tests according to a previ-
ously described method.55 One exposed male and one unex-
posed female were placed into a tank (length: 22:6 cm, width:
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11:3 cm, height: 11:2 cm) and separated by a divider overnight.
The next morning between 08:00 and 09:00, the divider was
removed when the lights were turned on, and reproductive behavior
was monitored for 30 min using an FDR-AX60 video camera
(Sony) mounted above the tank. The obtained videos were imported
into EthoVision XT 14 video tracking software (Noldus Inc.) and
mating-related parameters of zebrafish reproductive behavior,
including proximity, proximity frequency, body contact, body con-
tact frequency, and body contact cumulative duration, were ana-
lyzed. Mating behavior was defined as a distance of no more than
1:5 cm between male and female fish and sustained movement for
>5 s. After behavior assessment, the resulting eggs were collected
immediately in clean water, transferred into clean charcoal-filtered
tap water, and cultured in an incubator at 28± 0:5�C under a 14:10
light/dark cycle. The fertilization rate, hatching rate at 72 hpf, and
both malformation rate and survival rate at 120 hpf were determined
as described above.

Quantification of DBDPE Contents in Zebrafish Testes
Testes from three exposed zebrafish from the same replicate
tank were pooled as one replicate sample (n=3 replicates), and
DBDPE contents were determined according to our previous
method.32 After freeze-drying, each testes sample was spiked with
13C12-BDE209 as the internal standard and then homogenizedwith
5 mL of n-hexane. After ultrasound sonication for 60 min, all sam-
ples were centrifuged at 2,000 rpm (733× g) for 10 min, and the
supernatants were subsequently collected. The samples were
extracted once more with 5 mL of n-hexane, and the supernatants
from two extractions were combined. The supernatant was blown
dry under nitrogen gas, and the lipid content was determined by
gravimetric analysis. The extracts were fully redissolved in 6 mL
of n-hexane, and 1 mL of concentrated sulfuric acid was added to
remove the lipid. After being thoroughly vortexed and allowed to
stand for 2 h, the supernatants were subsequently collected and
extracted once more with 5 mL of n-hexane. The supernatants
were combined and further purified by passing them through amul-
tilayered silica column that was packed with neutral silica, acid
silica, and anhydrous sodium sulfate, arranged from the bottom to
the top. The purified samples were then eluted with n-hexane. The
effluent was collected, nitrogen dried, and reconstituted in 100 lL
of methylbenzene. Then the samples were analyzed and quantified
with an Agilent 7890A-5975C gas chromatograph–mass spectrome-
ter (GC–MS) using the electron-capture negative ionization mode
in the selected ion monitoring mode, employing a DB-5HT capil-
lary column (15 m length, 0:250 mm diameter, 0:10 lm thick-
ness; J&W Scientific). The column flow rate was 1:8 mL=min. A
pulsed non-shunt injection was used with an injection volume of
1 lL. The injection temperature, interface temperature, ion source,
and quadrupole were set at 280�C, 320�C, 150�C, and 150�C,
respectively. For DBDPE quantification, oven temperature was pro-
grammed to hold at 100�C for 1min before ramping at 30�C=min to
320�C and holding for 3.7 min. Helium (99.999%) was used as the
carrier gas, with a constant flow rate of 1:8 mL=min, and methane
(99.999%) was used as the reaction gas. Ion fragments m/z 79 and
81, m/z 494.7 and 496.7 were monitored for DBDPE and
13C12-BDE209, respectively. The limit of detection (LOD) and limit
of quantitation of were 10 and 15 ng=g , respectively. The mean re-
covery of surrogate 13C12-BDE209 in the samples was 86%±3%.
The recovery of spikedDBDPEwas between 82% and 118%.

Spermatozoa Motility and Ultrastructure in In Vivo Test
Ten semen samples (each collected from one individual fish;
1 lL of semen per fish) in each group were collected and diluted
with HBSS (300mOsmol=kg) for measurement of spermatozoa

motility, as described above. The ultrastructure of spermatozoa
was observed by scanning electron microscopy, as previously
described.56 First, 10 lL of fresh semen was collected from at
least 10 fish in each group and fixed with 1 mL of 2% glutaralde-
hyde overnight. After centrifugation (350× g, 5 min), sperm cells
were diluted to 10× 106 cells=mL with phosphate-buffered saline
(PBS) and stored at 4�C. Each spermatozoa sample (5 lL) was
gradually dehydrated with ethanol and dried with CO2 gas on a
glass coverslip. The coverslips were glued and gold sputtered,
then examined under an S3000 N scanning electron microscopy
instrument (Hitachi Ltd.). Approximately 100 random zebrafish
spermatozoa scanning electron microscopy micrographs were cap-
tured. Images were analyzed using Image-Pro Plus software (ver-
sion 6.0; https://mediacy.com/image-pro/) to determine the head
length, head width, and tail length of the zebrafish spermatozoa.

Gonadal Histological Analysis in Zebrafish
After being anesthetized with 300 mg=L of MS-222 until gill
movements had slowed,56 intact testicular tissues were isolated
and weighed to calculate the gonado–somatic index [GSI=
gonadweight ðin gramsÞ=bodyweight ðin gramsÞ×100%]. Testes
(n=9 fish/group; 3 fish from each replicate tank) were fixed in 4%
Paraformaldehyde Fix Solution (PFA) overnight at 4�C, then dehy-
drated, paraffin-embedded, and sectioned into 4-lm sections. Three
tissue sections per fish were collected. The tissue sections were large
enough to allow for equal amounts of space between the leading
edge of the tissue and the midline of the gonad. The sections were
stained with hematoxylin and eosin (H&E) and photographed under
a BX53 microscope (Olympus) at a 400× magnification. A total of
six random fields without overlap of each section were photographed
and quantified. The relative percentages of testicular germ cells at
different stages were quantitated by a blind and experienced pa-
thologist by measuring their areas using Image-Pro Plus software
(version 6.0; https://mediacy.com/image-pro/).

Four-Dimensional Label-Free Proteome and
Phosphoproteome Analysis in Testes
The whole-proteome and phosphoproteome analyses were per-
formed to find clues for possible mechanisms underlying
DBDPE-induced reproductive toxicity. Except for the control,
only the highest concentration group was selected, based on the
result that the zebrafish from this group showed the most signifi-
cant differences from control in gonad histopathology and that
the findings would be further validated by determining multiple
indicators at all the test concentrations. Specifically, total pro-
tein from zebrafish testicular tissues pooled from nine fish from
the same tank (n=3; 9 fish/replicate) was extracted with a lysis
buffer containing 4% sodium dodecyl sulfate (SDS), 100mM di-
thiothreitol (DTT), and 100mM Tris-hydrogen chloride, pH 8.0
(i.e., STD lysis buffer), boiled for 3 min, ultrasonicated for
2 min, and centrifuged at 16,000 × g for 20 min at 4�C. Protein
concentrations in the supernatants were determined using the
bicinchoninic acid (BCA) method (Beyotime; #P0009). Protein
(200 lg per sample) digestion was performed with a filter-aided
sample preparation method, as previously described.57 First, the
detergent (SDS), DTT, and indole-3-acetic acid (IAA) in UA
buffer (8M urea, 150 mMTris HCL, pH 8.0) were added to block
reduced cysteine. The protein suspension was digested with
trypsin (Promega) at a ratio of 50:1 overnight at 37°C, followed
by centrifugation (16,000× g for 15 min) and peptide collection.
The peptides were desalted with C18 StageTip, and the concentra-
tions of peptides were determined with OD280 by Nanodrop One
spectrometer. Phosphopeptides were enriched from digested protein
samples using a High-Select Titanium Dioxide Phosphopeptide
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Enrichment kit (Thermo Fisher Scientific). Subsequent proteomic
and phosphoproteomic sequencing and analysis were performed by
Shanghai Bioprofile Technology.

After protein extraction and digestion, the obtained peptides
were analyzed by liquid chromatography–tandemMS (LC-MS/MS)
in an Easy nLC 1200 instrument (Thermo Scientific) coupled online
to a hybrid trapped ion mobility spectrometry (TIMS) quadrupole
time-of-flight mass spectrometer (timsTOF Pro; Bruker Daltonics).
The peptideswere separated on aC18 reversed-phase column (15 cm
long, 75 lm internal diameter, 2 lm; Dr. Maisch GmbH) at a flow
rate of 300 nL=min. The mobile phases A and B used in this assay
were 0.1% formic acid and 0.1% formic acid/80% acetonitrile, respec-
tively. The percentage of B rose linearly from 2% to 22% within
90min, then increased to 35%within 10min, and further increased to
80% within the next 8min before the last 12min 80% process. Then,
the separated peptides were analyzed on a hybrid TIMS quadrupole
timsTOF Pro (Bruker Daltonics). The MS was used in a data-
dependent acquisition coupled with parallel accumulation serial frag-
mentation (DDA-PASEF) mode. The accumulation and ramp times
were set to 2 and 100 ms, respectively, and mass spectra were col-
lected in the m/z 100–1,700 range in positive electrospray mode.
Intensity threshold at 5,000 and ion mobility range were scanned
from 0.6 to 1:6Vs=cm2. Dynamic exclusion time for precursor ions
reaching a target value of 20,000 counts was set at 0.4 min.
Quadrupole isolation width ranged from 2m/z form/z ratios <700 to
3m/z form/z ratios >700. Each acquisition cycle of 1.1 s comprised 1
full MS scan and 10 PASEF MS/MS scans. The acquired raw data
were searched with MSFragger (version 3.4; https://msfragger.
nesvilab.org/).Maximummissed cleavages was set to 2when search-
ing the database. The mass tolerance of 20 ppm for precursor ions
and 20 ppm for fragment ions were defined for database search.
Carbamidomethylation of cysteines was defined as fixed modifica-
tion, whereas acetylation of the protein N-terminal and oxidation of
methionine were set as variable modifications for database searching.
The database search resultswerefiltered and exportedwith <1% false
discovery rate (FDR) both at peptide-spectrum-matched level and
protein level. PeptideProphet and ProteinProphet in Philosopher
(version 2.2.0; https://philosopher.nesvilab.org/) were used to
filter all phosphosites, peptide-spectrum matches, peptides, and
proteins. Label-free quantification was conducted with IonQuant
(version 1.1.0; Nesvilab). Site quantitation analysis was per-
formed only for phosphorylation sites confidently localized with
a localization probability of >0:75. Protein annotation was per-
formed against the zebrafish database in UniProt [https://www.
uniprot.org/taxonomy/7955; release: uniprot-Danio rerio (Zebrafish)
(Brachydanio rerio) [7955]-62026-20220504]. Kyoto Encyclopedia
of Genes and Genomes (KEGG; https://www.genome.jp/kegg/;
release 103.1, 1 September 2022) and Gene Ontology (GO; https://
geneontology.org/; release 18:31, 2 July 2018) analyses were per-
formed for interpretation of the sequences. Fisher’s exact test was
applied to conduct KEGG and GO enrichment analyses, and FDR
correction was also conducted for multiple testing. Identification of
differentially expressed proteins (DEPs) with log2 (fold change)
was performed using R Studio software (https://posit.co/products/
open-source/rstudio/). Proteins with p<0:05 and fold change ratios
>1:5 were considered DEPs. Differences in phosphosites between
DBDPE treatment and control groupswere considered significant at
p<0:05 and fold change ratios >2. Protein–protein interaction
(PPI) networks were constructed using the STRING database (ver-
sion 12.0; https://cn.string-db.org/) together with Cytoscape soft-
ware (version 3.9.1; https://cytoscape.org/).

Quantitative Real-Time Polymerase Chain Reaction Analysis
To see whether the biological pathways proposed by proteome and
phosphoproteome in testes of fish exposed to 100 nM DBDPE

were also affected at lower concentrations, the transcriptional pro-
files of a list of candidate genes in those pathways were detected by
quantitative real-time polymerase chain reaction (qRT-PCR), as
previously described.38 Testes from three exposed zebrafish from
the same replicate tank were pooled as one replicate sample (n=3
replicates; the 100 nM DBDPE-exposed group was excluded
owing to insufficient samples), and total RNA was extracted with
RNAiso Plus reagent (Takara Bio Inc.; #9109), followed by deter-
mination of their quality and concentrations on a Nanodrop 2000
platform (Thermo Fisher Scientific). One microgram of total RNA
was used as the template for complementary DNA synthesis using a
commercial reverse transcription kit (Yeasen Biotech Co., Ltd.;
#11141ES60). qRT-PCRwas carried out in a total volume of 10 lL
using SYBR Green Master Mix (Yeasen Biotechnology Co., Ltd.;
#11201ES08) and analyzed on a CFX384 Touch Real-Time PCR
Detection System (Bio-Rad Laboratories, Inc.). The programs used
are provided inExcel Table S15. Primer sequences of genes are listed
in Table S3. The relative transcriptional levels of target genes were
normalized using the 2−DDCt method with the protein-coding gene ri-
bosomal protein L8 (rpl8) as the reference gene.

Seahorse Assay
The GC-1 cells were pretreated with DBDPE (0.1 and 1 lM;
n=4), oxamate (LDH inhibitor, 20mM; n=3),54 and DMSO con-
trol (0.1% DMSO; n=4) for 72 h and then seeded into poly L-ly-
sine-coated XF24 cell culture microplates (Agilent; #100777-004)
in Seahorse XP RPMI medium at a density of 35,000 cells/well.
The culture medium contained 5mM glucose (Sigma-Aldrich;
#G8270-100G), 1mM sodium pyruvate, and 2mM L-glutamine
(Thermo Fisher Scientific; #25030081). Before detection, the
probe plates were hydrated overnight using high-performance LC
(HPLC)–grade water and then calibrated with XF Calibrant for at
least 1 h at 37�C. The ATP production rates of glycolysis andmito-
chondrial oxidative phosphorylation were measured using an
Agilent Seahorse XF Real-Time ATP Rate Assay Kit (Agilent;
#103592–100) and an XFe24 Extracellular Flux Analyzer (Agilent),
following themanufacturer’s instructions.

Biochemical Measurement
Zebrafish testicular tissues (3 testes from 3 fish pooled as 1 repli-
cate sample) and GC-1 cells were collected, homogenized in PBS,
centrifuged at 2,500× g for 20 min at 4�C, and supernatants were
collected for subsequent biochemical assays. ATP content (#S0027),
mitochondrial transmembrane potential (MMP; #C2006), and re-
active oxygen species (ROS; #S0033S) levels were determined
using commercial kits from Beyotime Biotechnology. LDH con-
tent was measured using commercial kits (#ml911206V) from
Enzyme-Linked Biotechnology Co. Ltd. LDH activity (#A020-
2) and pyruvate (#A154-1-1) and lactate (#A081-1-1) levels were
measured using commercial kits from Nanjing Jiancheng
Bioengineering Institute. The nicotinamide adenine dinucleo-
tide/nicotinamide adenine dinucleotide reduced (NAD+/NADH)
ratiowas determined using anNAD/NADH-GloAssay kit (Promega;
#G9071). All the investigated indicators were measured according to
the instructions ofmanufacturers and normalized against protein con-
tent if necessary. Protein concentrationswere determined by theBCA
method.

Terminal Deoxynucleotidyl Transferase Deoxynucleotide
Triphosphate Nick-End Labeling Assay and Flow Cytometry
Freshly isolated zebrafish testes (n=8–12 testes; 1 testis ran-
domly isolated from each fish) were immediately fixed in 4%
PFA overnight at 4�C. After washing three times in PBS for
10 min each time, testes were infiltrated in 30% sucrose at 4�C
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overnight and then embedded in tissue freezing medium [i.e., optimal
cutting temperature compound (OCT)], followed by cryosectioning
using a cryostat (Leica; #CM1860). Terminal deoxynucleotidyl trans-
ferase (TdT) deoxynucleotide triphosphate (dUTP) nick-end labeling
(TUNEL) assays were conducted using an in situ cell death detection
kit (Roche; #11684795910), following the manufacturer’s protocols.
Images were obtained, and TUNEL-positive cell numbers were
counted and normalized against to the total area of 40,6-diamidino-20-
phenylindole (DAPI) stain in each testicular section.

Apoptosis assays of GC-1 cells (n=7–8 wells each group)
were performed using an Annexin V-FITC Apoptosis Detection
Kit (Dojindo; #AD10), according to the manufacturer’s instruc-
tions. GC-1 cells in 6-well plates were trypsinized with ethylene-
diaminetetraacetic acid–free trypsin (Servicebio; #G4013) and
collected into centrifuge tubes. The cells were washed three
times with PBS and resuspended in 100 lL of binding buffer.
Subsequently, 5 lL of Annexin V-FITC and 5 lL of propidium
iodide solution were added to each sample. After incubation in
darkness for 15 min at room temperature, 20,000 cells of each
sample were counted and analyzed using flow cytometry on a
Cytoflex S instrument (Beckman Coulter). Data were analyzed
by CytExpert software (version 2.4; Beckman).

Immunostaining
Frozen slices of zebrafish testes were obtained as above; then the
frozen sections were baked in an oven at 37°C for 10 to 20 min,
fixed in 4% PFA for 30 min, and washed with PBS (pH 7.4) three
times. Next, the slides were treated for antigen retrieval using cit-
ric acid antigen repair solution (Beyotime; #G1202). After wash-
ing with PBS, the slides were blocked with 3% bovine serum
albumin (BSA; Beyotime; #GC305010) for 30 min at room tem-
perature. The primary antibody rabbit anti-c H2AX (1:500;
GeneTex; #GTX127342) was added to the testes and incubated
overnight at 4�C, followed by washing with PBS (pH 7.4) before
incubation with a secondary antibody [1:300; Cy3-conjugated
goat antirabbit immunoglobulin (IgG); Servicebio; #GB21303]
for 50 min in darkness at room temperature. To label the nuclei,
the testicular sections were stained with 1 lg=mL of DAPI
(Servicebio; #G1012) at 4�C for 10 min after rinsing with PBS.
Immunostained testicular tissues were washed, dried, and mounted
in 75% antifade mounting medium (1× PBS, 75% glycerol, 2%
n-propyl gallate). The slices were viewed under a TCS SP8 time-
lapse confocal microscope (Leica) and photographed using a
Leica LAS X software imaging system (version 3.7.4; Leica). The
positive signal was quantified as the ratio of the fluorescence inten-
sity of target positive signals to the corresponding fluorescence in-
tensity of DAPI in each field. The area was measured using
ImageJ software.58 A series of testicular sections from six indi-
vidual zebrafish (n=6) were examined for image analysis. In
zebrafish, the c-H2AX signal can be found in spermatocytes at
both the leptotene and the zygotene stages owing to meiotic
recombination, with the signals being stronger at the leptotene
stage than at the zygotene stage.59 To avoid the interference of
meiotic recombination, we distinguished two different stages
of spermatocytes (SPC-I: zygotene spermatocytes, signals dis-
persed within the nucleus; SPC-II: leptotene spermatocytes, strong
signals concentrated within in the nucleus) by their shape and den-
sity of immunostaining signals,59 then quantified and compared
their expression of c-H2AX, separately.

Western Blotting Analysis
Total protein lysates were isolated from pooled zebrafish testicu-
lar tissues from three fish of the same replicate (n=3; testes of
three fish from the same tank were pooled as one replicate

sample) or cultured GC-1 cells (n=3; ∼ 5× 106 cells each
group) with ice-cold radioimmunoprecipitation assay buffer
(Beyotime; #P0013B), followed by centrifugation at 12,000× g
for 15 min at 4�C. Supernatants were collected, and protein con-
centrations were determined using the BCA method. The isolated
proteins were separated by 10% SDS−polyacrylamide gel electro-
phoresis (SDS-PAGE), electroblotted onto a polyvinylidene fluo-
ride (PVDF) membrane (Immobilon-P), blocked in 5% nonfat
milk on a shaker at room temperature for 2 h, and incubated
at 4�C overnight with primary antibodies, including anti-
phospho-c-jun N-terminal kinase (anti-p-JNK; 46/54 KDa;
1:1,000; Cell Signaling Technology; #4668T), anti-cleaved-poly
(adenosine diphosphosphate [ADP]-ribose) polymerase (anti-
cleaved-PARP; 89 KDa; 1:1,000; Cell Signaling Technology;
#5625T), anti-cleaved caspase-3 (17 KDa; 1:1,000; Cell Signaling
Technology; #9661T), anti-Caspase-3 (32/17 KDa; 1:1,000; Abcam;
#Ab13585), anti-caspase-8 (53/40 KDa; 1:1,000; Proteintech;
#13423-1-AP), anti-receptor-interacting serine-threonine kinase
3 (anti-RIPK3; 56 KDa; 1:1,000; Affinity; #DF7339), anti-
RIPK1 (76 KDa; 1:1,000; Affinity; #AF7877), anti-mixed line-
age kinase domain-like protein (anti-MLKL; 54 KDa; 1:1,000;
Proteintech; #66675-1-Ig), anti-p-MLKL (54 KDa; 1:1,000; Affinity;
#AF7420), and anti-P53 (53 KDa; 1:1,000; Cell Signaling
Technology; #2524). After being washed five times with Tris buf-
fered saline with Tween 20 (TBST) solution for 5 min each time,
membranes were incubated with secondary antibodies (horseradish
peroxidase–conjugated affinipure goat antimouse/antirabbit IgG;
1:10,000; Boster; #BA1051/BA1054) on a shaker at room tempera-
ture for 2 h. Enhanced chemiluminescence (ECL) reagent (Pierce)
was applied to visualize protein expression, and ImageJ software58

was used to analyze the expression of target proteins.

Statistical Analysis
Statistical analysis was performed with SPSS software (version
22.0; IBM), and graphs were generated by GraphPad Prism (ver-
sion 8.0; Graphpad). Data normality and homogeneity of variance
were first evaluated by Shapiro−Wilk and Levene’s tests, respec-
tively. Then the differences in mean values among control and
treatment groups were analyzed by one-way analysis of variance
(ANOVA), followed by the post hoc least significant difference
(LSD) test. The standard for significance was set as p<0:05.
Data are presented as means± standard errors of the mean
(SEMs). A Pearson correlation analysis was conducted between
the 1 lM DBDPE-exposure group and the oxamate-exposure
group for the investigated parameters in GC-1 cells.

Results

Spermatozoa Motility and Offspring Development in
Ex Vivo
First, we performed a pre-experiment to determine exposure
concentrations and durations in the formal experiment. The
results showed that the 3-h–exposed spermatozoa demonstrated
significantly lower TM and PM at 0.01, 0.1, and 1 lM (Figure
S1). However, when exposure duration was prolonged to 6 h,
significantly lower PM and LIN of zebrafish spermatozoa were
observed only in the 0:01 lM DBDPE-exposed zebrafish sper-
matozoa when compared with control spermatozoa (Figure S1).
The pre-experiment results suggested that the spermatozoa
seemed to be more sensitive to 3 h of exposure than to 6 h of ex-
posure. Based on the pre-experiment results, ex vivo zebrafish
spermatozoa exposure to 0:01–10 lM DBDPE for 3 h, followed
by artificial fertilization, were performed to evaluate the poten-
tial toxicity of DBDPE on spermatozoa and the development of
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offspring in the formal experiment (Figure 1A). After 3 h of ex-
posure, TM (0.1 and 1 lM) and PM (0:1 lM) of zebrafish sper-
matozoa were significantly lower than those of the control, but
spermatozoa LIN was not significantly different (Figure 1B–D).
No significant differences were observed in spermatozoa velocity
parameters, including VAP, VCL, and VSL (Figure S2A−C). In
addition, when 3-h–exposed zebrafish spermatozoa were artifi-
cially fertilized with unexposed zebrafish eggs, significantly lower
fertilization rates were observed in the 0.1, 1, and 10 lM
DBDPE-exposure groups when compared with the control group
(Figure 1E), and survival rates at most time points displayed a
concentration-dependent trend toward lower survival, but this
was not statistically significant (Figure 1F). Malformation rates
(Figure 1G) and hatching rates (Figure S2D) were also not differ-
ent from control.

DBDPE Contents in Zebrafish Testes
The contents of DBDPE in testes from 2-month–exposed zebrafish
were 870:84± 98:45, 1,284:2± 482:54, 1,410:83± 29:09, and
3,252:30±219:40 ng=g lw in the 0.1, 1, 10 and 100 nM DBDPE-
exposed groups, respectively. The concentrations of DBDPE in the
control testes were below the LOD (Table S4).

Reproductive Behavior and Offspring Development in
Zebrafish
After DBDPE exposure, significantly greater body length and
condition factor were observed in male zebrafish from the
100 nM-exposure group, and significantly higher body weight

was observed in those from the 1 nM-exposure group, whereas
no significant differences were observed in GSI in all DBDPE-
exposure groups, when compared with the control group (Table
S5). When DBDPE-exposed male zebrafish were paired with
unexposed female zebrafish, all commonly used reproductive end
points, including reproductive behavior (Figure S3) and egg produc-
tion (Table S5), were unaffected. In F1 offspring larvae, a signifi-
cantly lower hatching ratewas observed only in the 100 nM-exposure
group compared with the control group, whereas other parameters,
such as fertilization,malformation, and survival rates, were not differ-
ent from control (Table S5).

Spermatozoa Motility, Ultrastructure, and Gonadal
Histology in Zebrafish
After exposure to DBDPE for 2 months, significantly lower TM
and PM of zebrafish spermatozoa were observed at all the tested
concentrations when compared with the control (Figure 2A,B).
Meanwhile, when compared with the control, significantly
lower VAP and VCL of zebrafish spermatozoa were observed
in fish exposed to 0:1 nM DBDPE, significantly lower VSL
was observed in fish exposed to both 0.1 and 100 nM DBDPE,
and the fish exposed to 100 nM DBDPE demonstrated signifi-
cantly lower spermatozoa LIN (Figure 2C–F). Furthermore,
the scanning electron microscopy results showed no obvious
effects on spermatozoa tail length following DBDPE exposure
(Figure 2I), but the males exposed to 1 and 100 nM DBDPE
demonstrated significantly shorter spermatozoa head length
than those in the control group (Figure 2J), and significantly

Figure 1. Effects of DBDPE ex vivo exposure on zebrafish spermatozoa motility and development of offspring obtained by artificial fertilization.
(A) Schematic diagram for ex vivo exposure of zebrafish spermatozoa and artificial fertilization. (B) Total motility (TM) of zebrafish spermatozoa. (C) Progressive
motility (PM) of zebrafish spermatozoa. (D) Linearity of zebrafish spermatozoa. Each dot in (A–D) represents one replicate data point (mean value of each test
sample). The dot numbers represent the data size (n=30–41/group) for statistical analysis. (E) Fertilization rate of zebrafish embryos derived by artificial fertiliza-
tion using unexposed eggs and DBDPE-exposed sperm (n=6/group). (F) Survival rate determined at 24 h, 48 h, and 120 h post-hatching (hpf) of zebrafish
embryos obtained by artificial fertilization (n=9/group). (G) Malformation rate determined at 120 h post-hatching of zebrafish embryos obtained by artificial fertil-
ization (n=9/group). Results are represented as means± standard errors of the mean (SEMs). See Table S1 for definitions of total and progressive motility and lin-
earity of spermatozoa. Data are reported in Excel Table S1. Note: DBDPE, decabromodiphenyl ethane; DMSO, dimethyl sulfoxide. *p<0:05 indicates a
significant difference between DBDPE exposure and solvent control groups, by one-way analysis of variance (ANOVA) followed by the post hoc least significant
difference (LSD) test; n.s. indicates no significant difference between blank control and solvent control (0.05% DMSO) groups.
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greater spermatozoa head width was observed in fish exposed
to DBDPE at all investigated concentrations (Figure 2K).

H&E staining showed that germ cells at different developmen-
tal stages were present in the testes of each group, including sper-
matogonia (SG), spermatocytes (SPC), and spermatozoa (SPD;
Figure 3A–E). A slight wider interstitial space was observed
especially upon DBDPE exposure at higher concentrations (1,
10, and 100 nM), although no significant difference was observed
compared with control (Figure 3F and Figure S4; p=0:149,
0.056, and 0.116, respectively). Semiquantitative measurement
showed that the 100 nM DBDPE-exposure group demonstrated a
significantly lower percentage of relative areas occupied by SPD
compared with the control group, whereas both the 1 and 100 nM
DBDPE-exposure groups showed significantly higher percen-
tages of relative areas occupied by spermatogonia (SPG)
(Figure 3F).

Whole-Proteome and Phosphoproteome Analyses in
Zebrafish Testes
Quantitative proteomics integrating whole-proteome and phos-
phoproteome approaches were applied to explore differences in

expression and phosphorylation profiles of global proteins
between control and 100 nM DBDPE-exposed zebrafish testes
(Figure 4A). In total, we obtained 10,274 proteins from
whole-proteome analysis and 7,250 phosphorylation sites on
4,418 proteins from phosphoproteome (<1% FDR) analysis.
Phosphorylation sites are shown in Figure S5A. Specifically,
457 DEPs (226 up-regulated and 231 down-regulated) and
2,110 phosphosites (1,527 on 487 proteins up-regulated and 583
on 239 proteins down-regulated) were identified in 100 nM
DBDPE-treated testes compared with controls (Figure 4B; Figure
S5B,C).

KEGG analysis of DEPs revealed that DBDPE exposure was
associated with proteins in the necroptosis, phosphatidylinositol
signaling system, ubiquinone, and other terpenoid–quinone bio-
synthesis categories (Figure 4D). KEGG enrichment analysis of
phosphoproteins harboring differentially phosphorylated sites
revealed that pathways, including base excision repair, homolo-
gous recombination, mismatch repair, and DNA replication, were
associated with DBDPE exposure (Figure 4E). GO analysis of
both whole-proteome and phosphoproteome data revealed that or-
ganelle organization and cellular component organization were
enriched (Figure 5E; Figure S5D). Other biological processes,

Figure 2. Effects of DBDPE in vivo exposure onmotility parameters and ultrastructure morphology of zebrafish spermatozoa. (A) Schematic diagram of collecting
sperm after in vivo exposure of zebrafish for spermatozoa motility and ultrastructural imaging. The illustration was in part created in BioRender (2024) https://
BioRender.com/o11a377. (B) Total motility (TM; %) of spermatozoa (n=9–10). (C) Progressive motility (PM;%) of spermatozoa (n=9–10). (D) Average path ve-
locity (VAP; lm=s) of spermatozoa (n=9–10). (E) Straight-line velocity (VSL; lm=s) of spermatozoa (n=9–10). (F) Curvilinear velocity (VCL; lm=s) of sperma-
tozoa (n=9–10). (G) Linearity (LIN; %) of spermatozoa (n=9–10). Box plots represent the median values with upper and lower quartiles; whiskers extend to the
maximum to minimum. (H) Typical spermatozoa (normal spermatozoa from control group) morphology observed by scanning electron microscope. (H 0)
Magnification of a typical zebrafish spermatozoa head. The solid red line indicates head length, and the dotted blue line indicates head width measured in the present
study. (I) Spermatozoa tail length measured in each group. (J) Spermatozoa head length measured in each group. (K) Spermatozoa head width measured in each
group. Ten semen samples were assessed for different spermatozoa motility parameters in each group. Zebrafish spermatozoa (n=78–96 spermatozoa/group) were
randomly selected for measurement of tail length, head length, and head width in each group. Results are represented as means± standard errors of the mean
(SEMs). See Table S1 for definitions of TM, PM, VAP, VSL, VCL, and LIN. Data are reported in Excel Table S2. Note: CASA, computer-assisted sperm analysis;
DBDPE, decabromodiphenyl ethane; F, flagellum;H, head;MP,midpiece; TP, terminal piece. *p<0:05, **p<0:01, and ***p<0:001 indicate significant differences
between exposure and control groups, by one-way analysis of variance (ANOVA) followed by the post hoc least significant difference (LSD) test.
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such as histone deacetylation and protein deacetylation, were
enriched in proteome data according to GO analysis (Figure S5D),
and chromosome organization, chromatin organization, and DNA
repair were also enriched in phosphoproteome data (Figure S5E).

As indicated in the PPI network (Figure 4F; Excel Table S4),
expression levels of inositol 1,4,5-trisphosphate receptors ITPR1A
[log2ðfold changeÞ= − 5:04] and ITPR3 [log2ðfold changeÞ=
− 5:04] along the inositol triphosphate/calcium ion (IP3/Ca2+) sig-
naling pathway were significantly lower than in control, and pro-
teins related to phosphatidylinositol (3,4,5)-trisphosphate (PIP3)
decomposition [inositol monophosphatase 2 (IMPA2); log2ðfold
changeÞ=2:29] and PIP2 synthesis [phosphatidylinositol-4-
phosphate 5-kinase, type I, alpha, b (PIP5K1AB); log2ðfold
changeÞ=1:87; 1-phosphatidylinositol-3-phosphate 5-ki-
nase (PIKFYVE); log2ðfold changeÞ=1:26] were significantly
higher, but the phosphorylation level of AKT1 substate 1
[AKT1S1; log2ðfold changeÞ= − 1:54] was significantly lower.
In addition, less glycolysis was observed in DBDPE-exposed fish
testes, as indicated by lower expression levels of the dihydrolipoa-
mide acetyltransferase component of pyruvate dehydrogenase com-
plex [PDHX; log2ðfold changeÞ= − 1:27] and pyruvate kinase L/R
[PKLR; log2ðfold changeÞ= − 0:98] and lowerphosphorylation levels
of lactate dehydrogenase Ba [LDHBA; log2ðfold changeÞ= − 1:06]
and aldolase a [ALDOAA; log2ðfold changeÞ= − 1:46]. Greater
oxidative phosphorylation was observed in DBDPE-exposed
fish testes, as shown by higher expression levels of proteins such
as NADH dehydrogenase (ubiquinone) 1 subunit C2 [NDUFC2;
log2ðfold changeÞ=0:77] and ubiquinol-cytochrome C reductase
core protein 2b [UQCRC2B; log2ðfold changeÞ=0:62] and higher
phosphorylation levels of proteins, such as ATP synthase peripheral
stalk subunit d [ATP5PD; log2ðfold changeÞ=7:63] and solute car-
rier family 25member 5 [SLC25A5; log2ðfold changeÞ=2:51].

Transcriptional Profiles in Zebrafish Testes
The transcriptional profiles of representative genes in the pro-
posed pathways from the proteome and phosphoproteome analy-
sis were determined in zebrafish testes by qRT-PCR to see
whether those pathways were also affected at lower concentra-
tions (0.1, 1, and 10 nM). As shown in Figure S6 and Excel Table
S15, exposure to DBDPE at concentrations of 1 and 10 nM
resulted in significantly lower transcription levels of the cell
death-associated gene caspase9, whereas the transcription of
ripk3, another crucial gene in cell death pathways, demonstrated
higher levels at 0.1 and 1 nM. Among genes associated with the
DNA damage response, the transcription of parp1, parp2, parp3,
pold1, pold3, lig3, and tp53bp1 demonstrated an upward trend af-
ter exposure to lower concentrations of DBDPE; the transcription
of brca2, brat1, and mcm2 demonstrated an upward trend at
0:1 nM, but a downward trend at 10 nM. The transcription levels
of genes (cdk10, cdk11b, cdk12, cdk13) regulating the cell cycle
and genes (jak3, akt1s1, pik3c2a, and pik3r1) related to the
Janus kinase/phosphoinositide 3-kinase/protein kinase B (JAK/
PI3K/AKT) pathways were higher after exposure to 0:1–10 nM
DBDPE. The transcription levels of genes related to oxidative
phosphorylation (ndufc2, uqcrc2b, atp6voe1, atp5l, slc25a5,
coq5, and coq6) were higher after exposure to 0:1–10 nM
DBDPE, whereas the transcription levels of the glycolysis-
related genes pkma and adh8a demonstrated a downward trend
in these exposure groups.

DNA Damage and Apoptosis in Zebrafish Testes
We used a typical marker (the histone protein c-H2AX) for DNA
double-strand breaks (DSBs) to test whether DBDPE exposure
was associated with DNA damage in the testicular germ cells via

Figure 3. Histological observations of male zebrafish testes after 2-month in vivo exposure to DBDPE. (A−E) Typical hematoxylin/eosin–stained sections
of testes in 0, 0.1, 1, 10, and 100 nM-exposure groups, respectively. (F) Proportion quantification of germ cells at different developmental stages in testes
(n=6–9 fish/group). Results are represented as means± standard errors of the mean (SEMs). Scale bar: 50 lm. Data are reported in Excel Table S3. Note:
DBDPE, decabromodiphenyl ethane; SPC, spermatocytes; SPD, spermatozoa; SPG, spermatogonia. *p<0:05, **p<0:01, and ***p<0:001 indicate signifi-
cant differences between exposure and control groups, by one-way analysis of variance (ANOVA) followed by the post hoc least significant difference
(LSD) test.

Environmental Health Perspectives 117005-9 132(11) November 2024



Figure 4.Whole-proteome and phosphoproteome analysis of male zebrafish testes after in vivo exposure to 100 nM DBDPE. (A) Schematic diagram of pro-
teome and phosphoproteome analysis. The illustration was in part created in BioRender (2024) https://BioRender.com/x32w463. (B) Volcano plot of quantified
proteins in 100 nM DBDPE-treated zebrafish testes. (C) Volcano plot of quantified phosphosites in 100 nM DBDPE-treated zebrafish testes. Upward triangle
(filled in red; on the upper right corner) and upside-down triangle (filled in green; on the upper left corner) in (B) and (C) indicate up-regulation and down-reg-
ulation, respectively; gray dots indicate no significant difference. (D) Significantly enriched KEGG pathways of differentially expressed proteins (DEPs) from
whole-proteome data. (E) Significantly enriched KEGG pathways of proteins harboring differentially phosphorylated sites from phosphoproteome data. The
size of the dots in (D) and (E) represents the number of DEPs in the pathway, and the color of the dots represents the enrichment factors of KEGG pathway.
(F) Protein–protein interaction (PPI) network after exposure to 100 nM DBDPE. The illustration was created in BioRender (2023) https://BioRender.com/
o93k219. Each large oval represents protein expression level, and smaller ovals with a tail on top represent phosphorylation levels of specific phosphorylation
sites of the protein. Solid line boxes and dotted line boxes respectively indicate up-regulation and down-regulation in the proteome; gray-filled ovals indicate
proteins without significant differences. Solid line circles and dotted line circles respectively indicate up-regulation and down-regulation in the phosphopro-
teome. Color intensity is proportional to log2 (fold change). Data are reported in Excel Table S4. Note: DBDPE, decabromodiphenyl ethane; KEGG, Kyoto
Encyclopedia of Genes and Genomes; PI3K-AKT, phosphoinositide 3-kinase/protein kinase B; SNARE, soluble N-ethylmaleimide-sensitive factor attachment
protein receptor; TiO2, titanium dioxide.
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immunofluorescence staining. Significantly higher relative flo-
rescence density of c-H2AX was observed in SPD, SPC-I, and
SPC-II in the testes of fish exposed to 1, 10, and 100 nM
DBDPE (Figure 5A–E). We subsequently found a significantly
higher number of TUNEL-positive cells in the testes of zebra-
fish exposed to 100 nM DBDPE compared with those in the
control (Figure 6A,B). We also evaluated key proteins media-
ting the responses to DNA damage (cleaved PARP) and those
contributing to cell apoptosis (cleaved caspase-3, P-JNK) by Western
blotting (Figure 6C), and DBDPE-exposed zebrafish testes presented
significantly higher expression levels of cleaved PARP, cleaved
caspase-3, and both P-JNK-1 and P-JNK-2 compared with control
fish (Figure 6D).

Energy Metabolic Level in Zebrafish Testes
Integrated whole-proteome and phosphoproteome analysis also
indicated energy metabolism differences in zebrafish testes fol-
lowing DBDPE exposure. The fish exposed to DBDPE at all
investigated concentrations demonstrated a significantly lower
NAD+/NADH ratio in testicular tissues compared with that in
the control (Figure 7A). Significantly higher MMP in testes was
observed in fish following exposure to 0.1, 10, and 100 nM
DBDPE compared with the control (Figure 7B). Exposure to
DBDPE at 1 and 100 nM also resulted in a significantly higher
ATP content in testes (Figure 7C). However, no obvious differ-
ences were observed in ROS levels in testes following DBDPE
exposure (Figure 7D). The glucose content in testes exhibited a
dose-dependent accumulation upon DBDPE exposure, with sig-
nificantly higher content observed at the highest concentration
compared with that in the control (Figure 7E). A significantly

lower lactate/pyruvate ratio was observed in testes following
DBDPE exposure at all concentrations (Figure 7F). Furthermore,
when compared with the control, lower levels of LDH content and
LDH activity in testicular tissues were found in DBDPE-exposed
fish, with significances observed at 10 and 100 nM for LDH con-
tent, as well as at 1 and 100 nM for LDH activity (Figure 7G,H).

DNA Damage and Energy Metabolism in GC-1 Cells
We further validated the DNA damage, apoptosis, and metabolic
changes observed in zebrafish testicular tissues using mouse sper-
matogonial GC-1 cells. First, a pre-experiment was performed to
determine exposure concentrations and duration by investigating
effects of a series of concentrations of DBDPE (0:01–10 lM) on
MMP and ATP contents in GC-1 cells. After a 48-h exposure of
DBDPE, MMP was significantly higher at 0.1 and 1 lM, whereas
ATP was significantly higher only at 1 lM, with no significant
differences observed at both 0.01 and 10 lM (Figure S7).
Therefore, two DBDPE concentrations (0.1 and 1 lM) were
selected for further research, and the exposure duration was pro-
longed to 72 h. The results from the formal experiment showed
that exposure to 1 lM DBDPE and oxamate for 72 h resulted in
significantly higher c-H2AX foci formation compared with the
control (Figure 8A,B). Consistent with these results, the expres-
sion levels of proteins in response to DNA damage, such as
cleaved PARP and P53, were up-regulated by DBDPE and oxa-
mate, and statistically significant differences were observed in
GC-1 cells following exposure to both concentrations of DBDPE
and oxamate for cleaved PARP (Figure 8D–G). Next, we eval-
uated cell apoptosis by flow cytometry (FCM), and no signifi-
cant alterations were found in GC-1 cells following DBDPE or

Figure 5. DNA damage in zebrafish testes exposed to DBDPE in vivo. (A) DNA damage in zebrafish testes detection by immunofluorescence staining
against the histone protein c-H2AX. The representative images show DAPI-stained (blue) nuclei with nuclear c-H2AX foci in red. Scale bar: 20 lm.
(B) Representative positive signals detected in SPD (indicated by white bold arrow), SPC-I (indicated by white dashed arrow; zygotene spermato-
cytes, signals dispersed within the nucleus), and SPC-II (indicated by white thin arrow; leptotene spermatocytes, strong signals concentrated within in
the nucleus). (C) Ratio of fluorescence intensity of c-H2AX to the corresponding fluorescence intensity of DAPI in SPD. (D) Ratio of fluorescence in-
tensity of c-H2AX signals to the corresponding fluorescence intensity of DAPI in SPC-I. (E) Ratio of fluorescence intensity of c-H2AX signals to the
corresponding fluorescence intensity of DAPI in SPC-II. Results are represented as means ± standard errors of the mean (SEMs), n=6 testes. Data are
reported in Excel Table S5. Note: DAPI, 4 0,6-diamidino-2 0-phenylindole; DBDPE, decabromodiphenyl ethane; SPC, spermatocytes; SPD, spermato-
zoa. *p<0:05, **p<0:01, and ***p<0:001 indicate significant differences between exposure and control groups, by one-way analysis of variance
(ANOVA) followed by the post hoc least significant difference (LSD) test.
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oxamate exposure (Figure 8C). However, Western blot analysis
showed that expression levels of protein markers for cell apopto-
sis, such as cleaved caspase-8 and both P-JNK-1 and P-JNK-2,
were significantly up-regulated in GC-1 cells upon exposure to
1 lM DBDPE and oxamate, whereas expression levels of
cleaved caspase-3 were also significantly up-regulated by oxa-
mate exposure, and 1 lM DBDPE up-regulated the expression
levels of cleaved caspase-3, but not significantly (Figure 8D–
G). Furthermore, several protein markers for necroptosis,
including RIPK3, RIPK1, and p-MLKL, were also signifi-
cantly up-regulated in GC-1 cells following exposure to 1 lM
DBDPE and oxamate, with the exception of RIPK1 at 1 lM
DBDPE (Figure 8H,I).

We also investigated energy metabolism changes in GC-1
cells following DBDPE and oxamate exposure. Similar to the
results observed in zebrafish testes, glucose content was higher
in cells exposed to either DBDPE or oxamate, but this differ-
ence was not statistically significant (Figure 9A). In GC-1 cells
exposed to DBDPE at the two investigated concentrations or
oxamate, significantly lower LDH activity and higher MMP
were observed compared with those in the control, but ROS lev-
els were not different from control (Figure 9B–D), consistent
with the results observed in zebrafish testes following DBDPE
exposure. To measure the ATP content and further explore the
effects of DBDPE and oxamate on glycolysis and oxidative

phosphorylation, Seahorse Real-Time ATP Rate assays were
performed (Figure 9E). The results suggested that oxamate ex-
posure resulted in significantly higher basal respiration of GC-1
cells, but neither concentration of DBDPE was associated with
differences in basal respiration (Figure 9F). However, consist-
ent with the result of oxamate exposure, GC-1 cells exposed to
both concentrations of DBDPE demonstrated a significantly
higher mitoATP/glycoATP ratio (Figure 9G). The overall
results indicate that the lower LDH activity might be driven by
a metabolic shift from glycolysis to oxidative phosphorylation
in GC-1 cells (Figure 9H). Furthermore, most of the investi-
gated parameters in GC-1 cells were significantly different in
the 1 lM DBDPE- and oxamate-exposure groups, compared
with controls, and the changing trends were similar. To investi-
gate the relationship between these similarities, a Pearson corre-
lation analysis was performed, and the correlation coefficients
of most of the investigated parameters ranged from 0.804 to
0.999 (Figure S8), suggesting positive correlations for changes
in the investigated parameters between DBDPE- and oxamate-
exposure groups.

Discussion
DBDPE is among the most widely used and predominant NBFRs
in various environments,9,60 and it poses significant exposure

Figure 6. Germ cell apoptosis and expression of proteins related to cell apoptosis in zebrafish testes exposed to DBDPE in vivo. (A) Apoptosis detection in
zebrafish testes by immunofluorescence staining using TUNEL assay. The representative images show DAPI-stained (blue) nuclei with TUNEL-positive sig-
nals in green. Scale bar: 20 lm. (B) Statistical analysis of the total number of TUNEL-positive cells relative to the section areas. Each dot in (B) represents
one replicate data point (mean value of each testis). The dot numbers represent the data size (n=8–12) for statistical analysis. (C) Western blotting analyses
using antibodies against cleaved caspase-3, cleaved PARP, p-JNK, and GAPDH in testes tissues. The numbers on the left represent molecular weight.
(D) Quantification of the abundances of proteins relative to GAPDH (n=3). Results are represented as means± standard errors of the mean (SEMs).
Data are reported in Excel Table S6. Note: DAPI, 4 0,6-diamidino-2 0-phenylindole; DBDPE, decabromodiphenyl ethane; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; PARP, poly(adenosine diphosphosphate-ribose) polymerase; p-JNK, phospho-c-jun N-terminal kinase; TUNEL, terminal de-
oxynucleotidyl transferase deoxynucleotide triphosphate nick-end labeling (assay). *p<0:05, **p<0:01, and ***p<0:001 indicate significant differences
between exposure and control groups, by one-way analysis of variance (ANOVA) followed by the post hoc least significant difference (LSD) test.
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risks to humans,21,61 as well as to domestic62,63 and wild ani-
mals.64 In the present study, we found using an ex vivo zebrafish
spermatozoa model that DBDPE-exposed spermatozoa demon-
strated poorer quality, and this was confirmed in subsequent
in vivo experiments. Analysis integrating whole-proteome and
phosphoproteome approaches in zebrafish testes was employed
to profile typical responses from DNA damage to cell death.
Interestingly, we observed unexpected mitochondrial hyperpo-
larization (MHP; significantly higher MMP) and no differences
in ROS levels in both zebrafish testicular tissues and GC-1
cells, suggesting the existence of a dosage window before
DBDPE may lead to cell death. Moreover, energy reprogram-
ming by shifting glycolysis to oxidative phosphorylation was
demonstrated in GC-1 cells. The results suggest male reproduc-
tive toxicity of DBDPE and provide new insights into the
underlying mechanisms.

Spermatozoa Motility and Offspring Development in
Ex Vivo
Spermatozoa motility is an important indicator widely used to
characterize male reproductive toxicity, and it is highly sensitive
to xenobiotics exposure.48,65 Therefore, we first performed
ex vivo zebrafish spermatozoa exposure followed by artificial fer-
tilization to preliminarily evaluate the potential male reproductive
toxicity of DBDPE. The TM and PM of zebrafish spermatozoa
were significantly lower after 3 h of DBDPE exposure compared
with those in control, suggesting impairment of sperm quality.
However, the trajectory characteristics of zebrafish spermatozoa
were not affected, possibly because they are less sensitive to
chemicals owing to fish spermatozoa typically moving via a

straight or slightly curved trajectory with a symmetrical flagellar
wave.66 Fertilization success, which is closely related to sperm
quality, has long been used as an important indicator of male
reproductive toxicity.67 In the present study, when DBDPE-
exposed zebrafish spermatozoa were used for artificial fertiliza-
tion with healthy zebrafish eggs, fertilization rates were signifi-
cantly lower, which can be explained by declining spermatozoa
motility, as described above. Furthermore, the survival rates of
offspring generated from DBDPE-exposed spermatozoa were
lower, although this difference was not statistically significant.
This may be related to the low concentrations and limited dura-
tion of DBDPE exposure, which are key elements determining
the toxic effects.

Evaluation of Male Reproductive Toxicity in Vivo
Based on the ex vivo results, an in vivo DBDPE exposure experi-
ment of male zebrafish was conducted to further investigate its
male reproductive toxicity. After a 2-month exposure to DBDPE,
we did not observe significant differences in several commonly
used indicators, including mating behavior and reproductive suc-
cess (egg production, fertilization rate, malformation rate, and
survival rate of offspring larvae). These results suggest lower
male reproductive toxicity of DBDPE compared with traditional
BFRs.68–70 Regardless, the significantly lower hatching rate at 72
hpf indicated potential adverse effects on sperm quality given
that hatching rate is the only characteristic inherited from
exposed males. As expected, the TM and PM of zebrafish sper-
matozoa were also significantly lower, and the trajectory charac-
teristics of spermatozoa, including VAP, VCL, and VSL, were
also different than control. Furthermore, a smaller head length

Figure 7. Energy metabolic level in zebrafish testes exposed to DBDPE in vivo. (A) NAD+/NADH ratio in testicular tissues (n=6–8). (B) Mitochondrial mem-
brane potential (MMP) of testicular tissues (n=7–8). (C) ATP content in testicular tissues (n=4–8). (D) ROS levels in testicular tissues (n=6–8). (E) Glucose
levels in testicular tissues (n=4). (F) Intracellular lactate/pyruvate ratio in testicular tissues (n=3). (G) LDH content in testicular tissues (n=7–8). (H) LDH
activity in testicular tissues (n=6–8). Each dot in (A–H) represents one replicate data point. Results are represented as means± standard errors of the mean
(SEMs). Data are reported in Excel Table S7. Note: ATP, adenosine triphosphate; DBDPE, decabromodiphenyl ethane; G, green; LDH, lactate dehydrogenase;
NAD+, nicotinamide adenine dinucleotide; NADH, nicotinamide adenine dinucleotide reduced; R, red; ROS, reactive oxygen species. *p<0:05, **p<0:01,
and ***p<0:001 indicate significant differences between exposure and control groups, by one-way analysis of variance (ANOVA) followed by the post hoc
least significant difference (LSD) test.
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and larger head width of spermatozoa were observed following
DBDPE exposure. These results suggested that DBDPE can
impair spermatozoa quality in zebrafish. Similarly, DBDPE treat-
ment (50 and 500 mg=kg per day) significantly decreased the
density and motility of sperm and increased the occurrence of
abnormal sperm in male rats.36 Disrupted spermatogenesis is usu-
ally accompanied by a decline in semen quality following expo-
sure to environmental pollutants.71,72 In this study, GSI and the
interstitial space did not significantly differ between exposed and
control fish. In contrast to our study, histopathological damage in
testes in the form of seminiferous epithelium deletion was
induced by exposure to DBDPE (50 and 500 mg=kg per day) in

the rat.36 In the present study, the proportion of SPG was signifi-
cantly greater in the 1 and 100 nM DBDPE-exposed fish, and that
of SPD was significantly lower in the 100 nM DBDPE-exposed
fish, with a lower trend in the fish exposed to 0:1–10 nM DBDPE,
which might suggest inhibition of spermatogenesis following
DBDPE exposure.

To comprehensively reveal the underlying mechanism of
DBDPE-induced male reproductive toxicity, an integrated whole-
proteome and phosphoproteome analysis was performed in zebra-
fish testes, comparing control and 100 nM DEBDPE-exposed
groups. KEGG analysis of DEPs revealed that the biological
processes of necroptosis (p=0:025557, top 5; Excel Table S4)

Figure 8. DNA damage and expression of proteins related to apoptosis or necroptosis in mouse spermatogonial GC-1 cells exposed to DBDPE and oxamate
(LDH inhibitor) in vitro. (A) DNA damage in zebrafish testes detection by immunofluorescence staining against the histone protein c-H2AX. The representa-
tive images show DAPI-stained (blue) nuclei with nuclear c-H2AX foci in green. (B) Percentages of GC-1 cells with ≥5 c-H2AX foci (n=4). (C) Cell apopto-
sis detection by flow cytometry (FCM) using an Annexin V-FITC Apoptosis Detection Kit (n=7–8). (D) Western blotting analyses carried out with antibodies
against caspase-3, cleaved caspase-3, caspase-8, cleaved caspase-8, P53, and GAPDH in GC-1 cells. (E) Western blotting analyses carried out with antibodies
against cleaved PARP, p-JNK, and GAPDH in GC-1 cells. (F) Western blotting analyses carried out with antibodies against RIPK3, RIPK1, MLKL, p-MLKL,
and GAPDH in GC-1 cells. (H–I) Quantification of the abundances of proteins relative to GAPDH (n=3). Each dot in (E–I) represents one replicate data point
(one well of cells/replicate). The dot numbers represent the data size for statistical analysis. Results are represented as means± standard errors of the mean
(SEMs). Data are reported in Excel Table S8. Note: DBDPE, decabromodiphenyl ethane; FITC, fluorescein isothiocyanate; glyceraldehyde-3-phosphate dehy-
drogenase; LDH, lactate dehydrogenase; MLKL, mixed lineage kinase domain-like; PARP, poly(adenosine diphosphosphate-ribose) polymerase; p-JNK, phos-
pho-c-jun N-terminal kinase; RIPK, receptor-interacting serine-threonine kinase 3. *p<0:05, **p<0:01, and ***p<0:001 indicate significant differences
between exposure and control groups, by one-way analysis of variance (ANOVA) followed by the post hoc least significant difference (LSD) test.
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and the phosphatidylinositol signaling system (p=0:041839, top
7; Excel Table S4) were enriched. The PI3K/Akt signaling path-
way is known to regulate cell cycle progression.73 Consistently,
KEGG analysis of proteins harboring differentially phosphoryl-
ated sites revealed enrichment of several pathways, including

base excision repair, homologous recombination, mismatch
repair, and DNA replication, whereas GO analysis of the phos-
phoproteome highlighted chromosome organization, chromatin
organization, and cytoskeleton organization in the 100 nM
DBDPE-exposed group. The qRT-PCR analysis in the zebrafish

Figure 9. Energymetabolic levels in mouse spermatogonial GC-1 cells exposed to DBDPE and oxamate (LDH inhibitor) in vitro. (A) Glucose content in GC-1 cells
treated for 72 h (n=5). (B) LDH activity in GC-1 cells treated for 72 h (n=5–7). (C) Mitochondrial membrane potential (MMP) of GC-1 cells treated for 72 h
(n=5). (D) ROS levels in GC-1 cells treated for 72 h (n=4). (E) Schematic diagram of the Seahorse XF real-timeATP rate assay. The relative contributions of mito-
chondrial oxidative phosphorylation and glycolysis to ATP can be determined. The illustration was created in BioRender (2023) https://BioRender.com/p67n031.
(F) Quantification of basal respiration in response to DBDPE or oxamate (LDH inhibitor) after 72 h of treatment (n=3). (G) Glycolysis-derived ATP (glycoATP)/
mitochondrial oxidative phosphorylation-derived ATP (mitoATP) ratio in GC-1 cells exposed to DBDPE (0:1 lMand 1 lM) and oxamate (LDH inhibitor) for 72 h
(n=3–4). Each dot in (A–D,F,G) represents one replicate data point (one well of cells/replicate). (H) Proposed action of DBDPE on glycolysis and oxidative phos-
phorylation based on findings of the in vitro and in vivo studies. The illustration was created in BioRender (2023) https://BioRender.com/g29w956. Upward dashed
arrows (in red) indicate elevation. The red cross indicates inhibition. Results are represented as means± standard errors of the mean (SEMs). Data are reported in
Excel Table S9. Note: ATP, adenosine triphosphate; D, DBDPE, decabromodiphenyl ethane; G, green; LDH, lactate dehydrogenase; NAD+, nicotinamide adenine
dinucleotide; NADH, nicotinamide adenine dinucleotide reduced; R, red; ROS, reactive oxygen species; TCA, tricarboxylic acid (cycle). *p<0:05, **p<0:01, and
***p<0:001 indicate significant differences between exposure and control groups, by one-way analysis of variance (ANOVA) followed by the post hoc least signifi-
cant difference (LSD) test.
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testes demonstrated that the proposed pathways (e.g., apoptosis
and necroptosis, DNA damage and repair, cell cycle, PI3K-AKT
pathways) from the proteome and phosphoproteome analysis at
the highest concentration were also affected at lower concentra-
tions (0.1, 1, 10 nM). All these enriched pathways are involved
in DNA damage responses.74,75 In fact, DNA damage and apo-
ptosis have been observed in testes of rats following oral admin-
istration of DBDPE at 50 or 500 mg=kg per day.35,36 Similarly, in
the present study, DNA damage did occur in the SPD, SPG-I, and
SPG-II as characterized by a higher expression of a biomarker
(c-H2AX) for DNA DSBs in testes of zebrafish following expo-
sure to DBDPE at concentrations ≥1 nM. Consistent with our
results, oral administration of DBDPE at 50 lg=kg body weight
per day to female mice for 30 d also resulted in significantly
increased expression of c-H2AX in both male and female pronu-
clei (PN) of zygotes obtained by mating the exposed females with
sexually matured unexposed males.76 Together, these results sug-
gest that DBDPE exposure can induce DNA damage. Interestingly,
significantly more TUNEL-positive cells were only observed in the
testes of zebrafish upon exposure to 100 nM DBDPE. As the most
serious form ofDNAdamage, DSBs have been well established as a
common ultimate apoptosis-triggering lesion that arises from pri-
mary DNA lesions during DNA replication.77,78 Thus, we can infer
that the testicular outcomes at 100 nM DBDPE exposure may be
driven by apoptosis due to DNA damage instead of the direct action
of DBDPE. Furthermore, we also observed significantly higher
expression levels of cleaved PARP, cleaved caspase-3, and P-JNK-
1/2 via Western blotting, supporting apoptosis and DNA damage
outcomes in DBDPE-exposed zebrafish testes. Although the apo-
ptosis marker (TUNEL) was not observed to be higher in testes at
lower concentrations, the transcription of genes associated with
DNA damage responses (e.g., lig3, pold1, parp1, parp2, brca2,
tp53bpa1, jak3, akt1s1, ripk3)75,79,80 and the expression of cleaved
caspase-3 and P-JNK-1/280 demonstrated an upward trend or signif-
icantly higher levels, which suggested a status of DNA damage
repair and possible triggering of pre-apoptosis. However,more stud-
ies are needed to investigate this hypothesis. Taken together, these
results suggest that DNA integrity and stability in testicular germ
cells are sensitive to DBDPE exposure, and DNA damage may trig-
ger a series of cell cycle regulation processes associated with DNA
damage repair.

Most previous studies have attributed pollutant-induced
DNA damage to excessive ROS accumulation accompanied by
mitochondrial impairment.81,82 In our previous study, exposure
to DBDPE at 400 lg=L (equal to 412 nM) was found to inhibit
the activity of mitochondrial respiratory chain complexes, caus-
ing decreased MMP, reduced ATP synthesis, and increased
ROS levels in zebrafish embryos/larvae.34 However, in the
present study, we failed to observe significantly different ROS
levels in zebrafish testes after exposure to DBDPE. This obser-
vation may indicate that the DNA damage (manifested by the
increased expression of c-H2AX) detected in our study was not
related to ROS. Nuclear actin polymerization to form filamen-
tous actin (F-actin) plays an important role in the responses to
DNA damage and DNA replication stress to maintain genome
stability.83 It has been reported that disruption of F-actin and
the subsequent release of DNase I into the nucleus is a novel
mechanism that cleaves DNA to generate c-H2AX in response
to chemical exposure.84 A recent study showed that DBDPE
exposure of female mice to 50 lg=kg body weight per day
resulted in DNA damage responses (increased expression of
c-H2AX) by affecting the assembly of the nuclear F-actin in
the PN of zygotes.76 Our combined proteome and phosphopro-
teome analyses showed that key proteins involved in F-actin
assembly were significantly less expressed in the DBDPE-

exposed fish, which may contribute to the observed DNA dam-
age. However, it is unclear whether this was a direct effect of
the DBDPE or related to the cell death identified at this expo-
sure. Although the NAD+/NADH ratio (an important indicator
of the redox state) was lower, MMP was significantly higher,
suggesting MHP in testicular cells. The occurrence of MHP is
considered a prerequisite for apoptosis, but cells can remain
viable under this condition.85 This may explain the lack of dif-
ferences in ROS levels in the testes, possibly due to the expo-
sure duration not being sufficient to induce more severe
effects. Indeed, a recent study reported that MMP can serve as
a sensitive indicator for screening mitochondrial toxicants, can
be used for water quality monitoring, and can be used to evalu-
ate a wide range of mitochondrial toxicants covering chemicals
with diverse molecular initiating events (MIEs), given that
multiple MIEs can be involved in MMP disruption.86

However, MMP is not the only determinant of ATP content,
especially in spermatogenic cells using lactate as their energy
substrate.41 Significantly lower LDH levels and less activity sug-
gested an impaired capacity to convert pyruvate to lactate, sup-
ported by the observed lower lactate/pyruvate ratio and greater
accumulation of glucose. Consistently, the PPI network analy-
sis also suggested greater oxidative phosphorylation and less
glycolysis. Hence, the greater ATP content could be explained
by more efficient ATP production via oxidative phosphoryla-
tion. Taken together, the above results suggest possible energy
reprogramming by shifting from glycolysis to oxidative phos-
phorylation in the testes of zebrafish following DBDPE
exposure.

Validation of DNA Damage and Energy Metabolism in
GC-1 Cells
To further confirm the existence of a dosage window and the
occurrence of energy reprogramming upon DBDPE exposure,
we conducted an in vitro study using the GC-1 spermatogonial
cell line. For this purpose, pre–apoptosis-inducing doses (0.1
and 1 lM) were selected based on the altered MMP and ATP
profiles. Furthermore, the primary role of LDH inhibition was
also verified using oxamate as a positive control for glycolysis
inhibition. As expected, cells exposed to 20mM oxamate or
1 lM DBDPE demonstrated higher levels of c-H2AX. In addi-
tion, the expression levels of proteins associated with DNA
damage responses and cell death (PRAP, p-JNK1/2, RIPK3,
p-MLKL, and cleaved caspase-3/8) were also significantly
higher in both treatments. Except for higher MMP, we also
observed significantly lower LDH activity, slightly higher glu-
cose levels, and ROS levels that were not significantly different
in GC-1 cells exposed to DBDPE or oxamate compared with con-
trol. However, the flow cytometry results showed that the early ap-
optosis, late apoptosis, and mortality rates of GC-1 cells did not
differ significantly from control after exposure to any dose of
DBDPE or oxamate. These results indicate that exposure to
DBDPE at the selected concentrations was associated with DNA
damage, mitochondrial hyperpolarization, and greater cell death
signaling but not associated with a higher rate of apoptosis. These
results are consistent with those obtained from in vivo experi-
ments, thereby providing additional evidence for the existence of a
dosage window for DBDPE before inducing germ cell apoptosis.
The results may also suggest spermatogonia would be sensitive to
direct exposure to environmental chemicals.

To further confirm the occurrence of energy programming, we
determined the ATP content generated by the two pathways using
Seahorse XF real-time ATP rate assays. A higher mitoATP/
glyATP ratio suggested an energy metabolic shift from glycolysis
to oxidative phosphorylation in GC-1 cells. We also noted that the
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changing profiles of most of the determined parameters showed
positive correlations (correlation coefficients ranging from 0.804
to 0.999) between the 1 lM DBDPE-treatment group and the
oxamate-treatment group, demonstrating a similar mechanism of
action for the two chemicals. Therefore, we speculate that DBDPE
may suppress glycolysis by inhibiting LDH activity and enhance oxi-
dative phosphorylation, thereby reprogramming the energymetabolic
process in germ cells.

Environmental Implications
In the present study, the lowest concentration (0:1 nM=97:1 ng=L)
of DBDPE for zebrafish exposure was comparable to the high-
est detected concentration (107 ng=L) in surface water.15 This
means that, at least in some cases, aquatic wild animals may
face levels of external exposure risks similar to those of the test
subjects in our in vivo experiment. Furthermore, the highest
reported contents in wild crucian carp (Carassius auratus)
(1,700± 744 ng=g lw)20 were even higher than those detected in
testes from zebrafish after the 2-month DBDPE exposure
(870:84± 98:45, 1,284:2± 482:54, 1,410:83± 29:09 ng=g lw in
the 0.1, 1, and 10 nM DBDPE-exposure groups) in the present
study. One possible explanation could be that wild fish spend
their entire life time in water, so they have a longer time win-
dow to accumulate waterborne pollutants, leading to higher in-
ternal exposure risks. Specifically, exposure to DBDPE for
2 months decreased the TM and PM of zebrafish spermatozoa at
all the tested concentrations and inhibited spermatogenesis at
the highest concentrations, suggesting impaired functions in the
male fish. These findings suggest potential risks for male repro-
ductive toxicity in wild fish experiencing DBDPE exposure,
and the multigenerational effects are of particular concern and
need further research.

Further research revealed DNA damage both in zebrafish
testes and mammalian cells (i.e., GC-1 cells) after exposure to
DBDPE. Internal doses of up to 1,590 ng=g lw have been
reported in the serum of nonoccupational populations from a
BFR-producing area.22 Despite the lack of exact dose data in
testes from humans at present, it can be predicted that humans
will be faced with long-term and persistent exposure to DBDPE
due to the continued increase in the use and release of DBDPE
into the environment. Given the evolutionary conservation of the
mechanisms of DSBs (the observed DNA damage type in the
present study) formation and repair in different species,87,88 our
results may implicate potential inducing effects of DNA damage
in humans and provide theoretical bases for speculating human
health effects based on fish and cell experiment results. In addi-
tion, the present study also provides an example for establishing
NAMs comprising in vitro, ex vivo, and non-rodent in vivo tests
for pollutant risk assessment.

Research Limitation
However, certain limitations warrant comment. Notably, the
proteomics/phospho-proteomics were limited to the highest con-
centration of DBDPE in zebrafish testes that exclusively demon-
strated overt toxicity, including testicular cell apoptosis, which
may not fully represent the effects of environmentally relevant
exposure concentrations. Although the qRT-PCR analysis sug-
gested that the proposed pathways at the highest concentration of
DBDPE were also affected at lower concentrations, it may not
suggest these responses would ultimately result in overt out-
comes, such as cell death. Therefore, further research is needed
to determine the specific impacts of these biological pathways
and their correlation with testicular cell fate. Another limitation is
about the difficulty of extrapolating the present results to human

health. For one thing, there are many challenges when translating
doses used in animal studies to humans, including the dearth of
human exposure, toxicokinetic data, and differences in bioavaila-
bility for different exposure routes.89 These challenges under-
score the importance of the collection of comprehensive data and
information and call for further study. For another, mammalian
spermatogenesis is more complex than that of zebrafish, possibly
resulting in species-specific responses to DBDPE exposure.
Thus, the extrapolation of the present findings to human health
also warrants more investigation with optimal models (e.g., mice
models).

Conclusions
In conclusion, our results suggest that DBDPE exposure could
impair sperm quality and spermatogenesis, and the underlying
mechanism could be attributed to DNA damage and energy meta-
bolic reprogramming in testicular germ cells by shifting glycoly-
sis to oxidative phosphorylation. Moreover, MMP could be used
as a sensitive indicator of male reproductive impairment, both
in vivo and in vitro. The dosage window characterized by greater
MMP in combination with ROS and apoptosis that was not sig-
nificantly different from controls may provide useful indications
for early prediction and intervention of pollutant-induced cellular
damage. The integrated in vitro, ex vivo, and in vivo analyses of
male reproductive toxicity may provide new methodologies and
expedite pollutant risk assessment in future studies.
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