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Background: Para-phenylenediamine (PPD) is a crystalline solid that belongs to the aromatic amine
group, widely used in the manufacturing of various dyes. PPD exhibits toxic effects on female hormone
stability, ovarian function, and embryo development. Although studies have shown that PPD exposure can
damage oocyte quality in female mice, research on its effects on male reproductive capability, particularly on
human sperm quality and function, is limited. The purpose of this study was to investigate the effect of PPD
on male semen and explore its mechanism.

Methods: Computer-assisted sperm analysis system and eosin-aniline black method were conducted
to detect sperm motility and viability; sperm function was analyzed by tyrosine phosphorylation
immunofluorescence staining, sperm mucus penetration capacity assay, and sperm acrosome reaction
incidence; reactive oxygen species (ROS) and DNA damage were analyzed by specific kits; the transient
calcium, intracellular basal calcium, and membrane potential were detected by multi-functional microplate
reader after Fluo-4, Fura-10 AM and DiSC3(5) staining.

Results: PPD was shown to have a dose-dependent impact on both the motility and viability of human
sperm. Furthermore, the ability of sperm to capacitate, penetrate viscous substances, and undergo acrosome
reaction exhibited significant impairments in various aspects of sperm function. The impact of PPD on
sperm is comparable to its effects on other bodily systems. Spermatozoon toxicity caused by PPD was found
to be associated with increased levels of ROS and DNA damage, which indicated that oxidative stress plays
a role in this process. Although the transient calcium response to PPD and progesterone was not disturbed,
intracellular basal calcium was increased and membrane potential was depolarized after exposure of human
sperm to PPD.

Conclusions: In summary, our findings suggest that increased intracellular basal calcium, hyperpolarization
in the membrane potential of damaged sperm, and oxidative stress might be the underlying reasons for the

decline in semen quality and dysfunction of sperm following PPD exposure.
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Introduction
Background

Para-phenylenediamine (PPD) is a derivative of benzene,
typically appearing as white or pale purple-red crystalline
flakes at room temperature (1,2). It possesses oxidative
properties and the ability to produce large colored
molecules. Consequently, PPD is extensively applied
in various industries, such as textile dyes, dark-colored
cosmetics, tattoo inks, and photographic developers, and is
a key component in permanent hair dyes (3,4). Currently,
more than 66% of hair dyes contain PPD. In developed
countries, the concentration of PPD that added to hair
dyes is restricted to 2%, yet can range from 2% to 90% in
some developing countries, due to the lack of standardized
regulations (5).

Rationale and knowledge gap

After absorption through the skin and hair, PPD can enter
the bloodstream, leading to severe adverse reactions (6).
Acute PPD poisoning can result in significant facial and
neck edema, acute respiratory distress, rhabdomyolysis, and
even acute renal failure (7). A series of allergic reactions
may also occur, including allergic syncope and severe shock
(8,9). The cumulative toxicity of PPD in the body may
induce various forms of cancer (10). PPD exposure can
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e Research of PPD effects on male reproductive capability,
particularly on human sperm quality and function, is limited.
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* Exposure to PPD led to a significant decrease in total motility,
progressive motility (PR), and viability of sperm. Sperm
capacitation, the ability to penetrate mucus, and acrosome reaction
capabilities were significantly inhibited, whereas intracellular
reactive oxygen species (ROS) overload led to an increase in DNA
fragmentation index (DFI). This research offers a novel perspective
on the toxicity of PPD on male reproductive system, highlighting
that the health risk caused by PPD deserves more attention.
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cause changes in the reproductive system. Women exposed
to PPD for 10 years or more have an average plasma total
testosterone level 14% higher than that of women who
have never been exposed to PPD, with a significant positive
correlation between exposure duration and plasma total
testosterone level (11). PPD can also disrupt the spindle
structure and chromosomal integrity of oocytes, impair the
dynamics of the cortical granule protease ovastacin, and
reduce the meiotic division ability and fertilization potential
of oocytes (12). The PPD metabolite N-monacetyl-para-
phenylenediamine (MAPPD) induces hormone disruption
through the oxidative stress pathway, resulting in abnormal
follicular development, damaged oocyte quality, and thus
affecting embryo development (13). Although the toxic
effects of PPD exposure on the reproductive system
have been studied, its influence on male sperm function
and potential underlying mechanisms have not been
investigated.

Objective

Semen quality and sperm function are often seen as
markers of male fertility. Reactive oxygen species (ROS)
play a 2-fold function in the process of sperm capacitation.
Appropriate ROS is involved in many physiological
processes, such as phosphorylation of key proteins
required for sperm capacitation. However, excess ROS
inhibits sperm capacitation and increases sperm nuclear
DNA damage (14,15). The DNA integrity of sperm is
significantly correlated with its motility, and increased DNA
fragmentation index (DFI) correlates with fertility and
miscarriage rates and is an important predictor of pregnancy
outcome (16). CatSper and KSper are 2 important sperm-
specific ion channels (17). CatSper is predominantly
distributed in the sperm flagellum. It dominates Ca’
inward flow and is an essential prerequisite for initiating
sperm capacitation (18). Ca’ is extensively involved in
a wide range of sperm physiological activities and even
influences the outcome of fertilization in a calcium-shocked
manner during sperm-egg binding (19). KSper is highly
pH-sensitive and critical for male fertility, and the absence
of this channel results in impaired sperm motility (20). In
this study, we examined how exposure to PPD affected
the motility and viability of human sperm, as well as key
physiological processes involved in fertilization, which
contributes to a deeper understanding of the influence of
PPD on male reproductive health. We present this article
in accordance with the MDAR and ARRIVE reporting
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checklists (available at https://tau.amegroups.com/article/
view/10.21037/tau-24-374/rc).

Methods
Human sperm collection and preparation

The Ethics Committee of the Affiliated Hospital of
Nantong University granted approval for this study
(Approval No: 2020-k069-01). Informed consent was
taken from all the patients. The study was conducted in
accordance with the Declaration of Helsinki (as revised in
2013). We collected sperm samples and selected 6 cases of
sperm with normal motility for each experiment. Semen
was obtained through self-stimulation after abstaining for
3-7 days. All samples were collected from healthy males
of reproductive age, who did not engage in occupations
affecting fertility. Semen samples that were used for sperm
motility analysis, human sperm viability test, evaluation
of the mucus-penetrating ability of human spermatozoa,
and DNA fragmentation of human sperm nuclei were
collected using a high salt (HS) buffer after being washed
twice, which consisted of 135 mM NaCl, 5 mM KCI, 1 mM
MgSO,-7H,0, 2 mM CaCl,-2H,0, 20 mM HEPES, 5 mM
glucose, 10 mM lactic acid, and 1 mM Na-pyruvate at pH
7.4 with NaOH. Alternatively, the samples that were used
for sperm phosphorylation assay, evaluation of acrosome
reaction, assessment of ROS, determination of intracellular
calcium concentration ([Ca’*]i), and detection of sperm
membrane potential were obtained through swim-up in
human tubal fluid (HTF; Nanjing Aibei Biotechnology Co.,
Ltd., Nanjing, China). The sperm sample was cultured in a
5% CO, incubator at a temperature of 37 °C (21).

Sperm motility analysis

PPD was dissolved in dimethyl sulfoxide (DMSO) and
diluted with HS to achieve the desired experimental
concentrations, with a final DMSO concentration
maintained below 0.1%. We divided the sperm sample
equally into 5 portions, 1 of which was the control group
(0 pM) and the remaining 4 portions were the groups
treated with different concentrations of PPD (5, 25,
100, and 200 pM). The samples were examined using a
computer-assisted sperm analysis (CASA) system (WL]JY-
9000, WeiLi. Co., Ltd., Beijing, China) at designated time
points. The following parameters were recorded: total
motility and progressive motility (PR). Each count included

© AME Publishing Company.
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more than 200 sperm. An eosin-nigrosin kit was purchased
from Beijing Soleberg Technology Co., Beijing, China to
assess sperm viability.

Sperm pbosphorylation assay

The pretreated sperm samples were resuspended in HTF
solution after a I-hour incubation in HS. The samples
were incubated for 4 hours after the addition of varying
concentrations of PPD. Subsequently, the specimens were
treated with 0.5% Triton X-100 for 10 minutes to make
them permeable, and then left overnight at 4 °C while being
exposed to an anti-phosphotyrosine antibody (Cat# 05-
321; Sigma, St. Louis, MO, USA). Following the removal
of the excess primary antibody, the samples were exposed
to a fluorescent secondary antibody targeting mouse
antigens for 1 hour, and then subjected to 4',6-diamidino-
2-phenylindole (DAPI) counterstaining. Ultimately, the
specimens were examined using a fluorescence microscope
(ZEISS, Oberkochen, Germany) and quantified by Image J
(National Institutes of Health, Bethesda, MD, USA).

Evaluation of acrosome reaction

Sperm samples after drug addition were diluted in HTF
to achieve a concentration range of 1x10° to 20x10%/mL,
followed by an incubation period of 3 hours. Progesterone
(Sigma) was added to the progesterone (P4) group, and
incubation was continued for 1 hour. After staining with
pisum sativum agglutinin (PSA, Sigma) in the dark for
40 minutes, samples were viewed and tallied using a
fluorescence microscope (ZEISS) and quantified by the
fluorescence signal of sperm head, with each group counting
>200 sperm. Sperm with no or weak fluorescence of the
head had acrosomal reaction ability, whereas sperm with
complete fluorescence of the head had impaired acrosomal
reaction ability.

Assessment of ROS and DNA damage

Pretreated sperm samples were resuspended in HTF
solution after 1 hour incubation in HS and subsequently
exposed to different concentrations of PPD for 3 hours
and 30 minutes. The levels of ROS in each group of sperm
were detected using a commercial assay kit (Jiancheng,
Nanjing, China). Firstly, fluorescence intensity was initially
measured using a multifunctional microplate reader,
with excitation and emission wavelengths set at 488 and
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525 nm, respectively. The fluorescence signal values were
adjusted based on the values obtained from untreated
controls that ran in parallel, in order to conduct further
analysis. Secondly, the production of ROS was assessed
by analyzing fluorescence microscopy images (ZEISS).
DFI was estimated by sperm chromatin dispersion (SCD)
test (Shenzhen Huakang Biomedical Engineering Co.,
Shenzhen, China) to assess DNA damage according to the
product manual.

Determination of [Ca’"]i

When we measured the transient intracellular calcium signal,
Fluo-4 AM (Molecular Probes, Eugene, OR, USA) was
added to pretreated sperm samples at a final concentration
of 2 pM, and F-127 (Molecular Probes) was added at a final
concentration of 0.05%. After incubating in the dark for
30 minutes, the excess dye was washed away with HS, and
fluorescence intensity was assessed using a multifunctional
microplate reader, which had excitation and emission
wavelengths at 488 and 525 nm, respectively. Baseline
fluorescence (F0) was recorded upon the addition of the
sperm sample. The fluorescence produced after drug addition
(F) was measured. The calculation formula for changes in
calcium signals was AF/FO (%) = (F - FO)/F0 * 100%.

When we measured the intracellular basal calcium, sperm
samples were resuspended in HS solution and incubated for
5 hours and 25 minutes after drug addition. Fura-10 AM
(AAT Bioquest, Pleasanton, CA, USA) was added at a final
concentration of 2.5 pM, and F-127 was added at a final
concentration of 0.05%. After continued incubation in the
dark for 35 minutes, the excess dye was washed away with
HS, and fluorescence intensity was assessed using a versatile
microplate reader with excitation/emission wavelengths
of 354/524 nm and 415/524 nm. F340/F380 indicated the

baseline calcium levels in sperm cells.

Detection of sperm membrane potential

Pretreated sperm samples were resuspended in HTF soludon
after 1-hour incubation in PPD. The sperm suspension was
treated with DiSC3(5) dye at a concentration of 2 pM and
then incubated in darkness for 10 minutes. Fluorescence values
were measured using a multifunctional microplate reader,
and membrane potential values were obtained by calibrating
readings with valinomycin (MedChemExpress, Newark, NJ,
USA) and a certain concentration gradient of KCI (22).

© AME Publishing Company.

Animals

All animals in this study were obtained from the Nantong
University Laboratory Animal Centre. Experiments were
performed under a project license (No. $20220717-001)
granted by Nantong University Laboratory Animal Centre,
in compliance with the institutional guidelines for the
care and use of animals. A protocol was prepared before
the study without registration. Briefly, the study utilized
8-week-old male Institute of Cancer Research (ICR)
mice, which were kept in standard housing conditions
at a temperature of 20-23 °C and a light/dark cycle of
12 hours. Male ICR mice were divided into 3 groups by
random assignment: a control group (0 mg/kg/day), a group
receiving a low dose (1 mg/kg/day), and a group receiving
a high dose (10 mg/kg/day). PPD (Rhawn Chemical Ltd,
Shanghai, China) was first dissolved in DMSO and then
further diluted with water. DMSO concentration was less
than 0.1%. Mice received daily intraperitoneal injections of
PPD for 35 consecutive days.

Statistical analysis

Statistical data analysis was conducted using GraphPad
Prism 9.0 (GraphPad Software, San Diego, CA, USA). Each
experiment was repeated at least 3 times, and the results
were expressed as mean = standard error of the mean (SEM).
Unless otherwise stated, #-tests were used for comparisons
during variance analysis. *P<0.05, **P<0.01, ***P<0.001,
versus the control.

Results
PPD exposure impaired sperm motility and viability

In order to evaluate the impact of PPD on human
sperm motility, various concentrations of PPD were
added to sperm samples and incubated for 0, 3, and 6
hours. In comparison to the control group, there was a
decrease in both total motility and PR of sperm that were
exposed to PPD, which occurred in a time- and dosage-
dependent manner (Figure 14,1B). In addition, after
incubation of different concentrations of PPD with human
sperm samples for 3 hours, the PPD exposure group
showed a higher increase in the number of dead sperm
(Figure 1C,1D). The trend of decreased sperm viability
was dose-dependent on PPD exposure concentration

(Figure 1E).
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Figure 1 Effects of PPD on human sperm total motility, PR, and viability. (A) Statistical evaluations of total sperm motility in the control
group (0 uM PPD) and PPD exposure group (5, 25, 100, and 200 pM). (B) Statistical evaluations of sperm PR in the control group and PPD

exposure group (5, 25, 100, 200 pM). (C) Illustration of eosin-nigrosin staining to assess sperm viability in the control group. (D) illustration

of eosin-nigrosin staining to assess sperm viability in PPD exposure group (5, 25, 100, and 200 uM). Scale bar =20 pM. (E) Statistical

evaluation of sperm viability in the control group and PPD exposure group (5, 25, 100, and 200 uM). (A,B,E) Data represent the results of at

least 3 independent experiments, presented as mean + SEM. *, P<0.05; **, P<0.01; ***, P<0.001. Red circles: surviving sperm. Yellow circles:

dead sperm. PPD, para-phenylenediamine; PR, progressive motility; SEM, standard error of the mean.

PPD exposure suppresses buman sperm function

Next, we investigated whether PPD affected sperm
function. Tyrosine phosphorylation has an impact on the
process of sperm capacitation, acrosome reaction, and
sperm—egg fusion, and especially reflects sperm capacitation
levels (23,24). The degree of tyrosine phosphorylation
from the control group was notably elevated compared
to the 100 pM PPD group, which made no difference
from the 25 pM PPD group (Figure 24-2C). When the
concentration of PPD exposure was 100 pM, there was
a reduction in the degree of tyrosine phosphorylation
(Figure 2D). PPD was found to suppress the penetration of
human sperm through mucus, with a stronger inhibitory
impact observed at 3 cm of glass capillary and a promoting
effect in P4 group (Figure 2E). The occurrence rate of
sperm acrosome reaction significantly decreased when
exposed to PPD at concentrations of 25, 100, and
200 pM, without an inhibitory effect in the P4 group

© AME Publishing Company.

(Figure 2F-2H). These findings indicated that PPD
negatively affected capacitation, penetration through
mucus, and acrosome reaction of sperm.

PPD exposure increases DNA damage and ROS levels in
buman sperm

Given that PPD reduced sperm motility and impaired
sperm function, that DFI and ROS are significantly
correlated with sperm motility, and that excess ROS affects
sperm nuclear DNA integrity, the assessment of DFI
and ROS levels after PPD exposure is necessary (16,25).
Levels of ROS in sperm from the PPD exposure groups
(5, 25, 100, and 200 pM) were elevated, with ROS levels
increasing with both the concentration and duration of
PPD exposure (Figure 34-3C). The PPD groups (100 and
200 pM) exhibited a notable elevation in DFI compared to
the control group (Figure 3D-3F).
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Figure 2 PPD affects human sperm capacitation, the ability to penetrate viscous media, and acrosome reaction. (A) Illustration of tyrosine
phosphorylation staining in human sperm from the control group. (B) Illustration of tyrosine phosphorylation staining in human sperm
from 25 uM PPD group. (C) Illustration of tyrosine phosphorylation staining in human sperm from 100 pM PPD group. Scale bar =20 pM.
(D) Statistical evaluation of tyrosine phosphorylation levels in human sperm from the control group and PPD exposure group (25, 100 pM).
(E) Statistical evaluation of mucus penetration ability in human sperm from the control group and PPD exposure group (5, 25, 100,
200 uM). (F) Statistical evaluation of acrosome reaction occurrence rate in human sperm from the control group and PPD exposure group (5,
25,100, 200 pM). (G) Hlustration of PSA staining in human sperm from the control group. (H) Illustration of PSA staining in human sperm from
100 uM PPD group. AR: human sperm undergoing acrosome reaction; Al: human sperm not undergoing acrosome reaction. Scale bar =5 pM.
Data in (D-F) represent the results of at least 3 independent experiments, presented as mean = SEM. *, P<0.05; **, P<0.01; ***, P<0.001.
PPD, para-phenylenediamine; PSA, pisum sativum agglutinin; SEM, standard error of the mean.
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Figure 3 PPD Affects ROS levels and DNA damage in human sperm. (A) Hlustration of ROS staining in human sperm from the control
group. (B) Illustration of ROS staining in human sperm from 200 pM PPD group. Scale bar = 20 pM. (C) Statistical evaluation of ROS

levels in human sperm from the control group and 200 puM PPD group. (D) Illustration of DFT staining in human sperm from the control
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group. (E) Illustration of DFI staining in human sperm from 200 uM PPD group. Scale bar =20 uM. (F) Statistical evaluation of DFI
in human sperm from the control group and 200 uM PPD group. Data in (C) and (F) represent the results of at least 3 independent
experiments, presented as mean + SEM. Red circles: spermatozoa that do not produce fragmented DNA. Yellow circles: spermatozoa that
produce fragmented DNA. *, P<0.05; **, P<0.01; ***, P<0.001. PPD, para-phenylenediamine; ROS, reactive oxygen species; DFI, DNA

fragmentation index; SEM, standard error of the mean.
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Figure 4 PPD affects intracellular basal calcium and sperm membrane potential hyperpolarization. (A) Changes in [Ca’"]i signal of human
sperm pre-incubated with various concentrations of PPD (0, 5, 25, 100, 200 pM) at 0 hours and P4 induction. (B) Statistical evaluation of
[Ca™]i signal of human sperm pre-incubated with various concentrations of PPD (0, 5, 25, 100, 200 uM) at 0 hours and after P4 induction.
(C) Changes in [Ca™]i signal of human sperm pre-incubated with various concentrations of PPD (0, 5, 25, 100, 200 uM) at 3 hours and
P4 induction. (D) Statistical evaluation of [Ca™]i signal of human sperm pre-incubated with various concentrations of PPD (0, 5, 25, 100,
200 pM) at 3 hours and after P4 induction. (E) Illustrations of basal calcium staining in human sperm from the control group and 200 pM
PPD group. Scale bar =50 uM. (F) Statistical evaluation of intracellular basal calcium levels in human sperm from different groups (0, 5, 25,
100, 200 uM). (G) Statistical evaluation of membrane potential levels in human sperm from different groups (0, 5, 25, 100, 200 pM). Data in
(B,D,EQG) represent the results of at least 3 independent experiments, presented as mean =+ SEM. *, P<0.05; **, P<0.01; ***, P<0.001. PPD,

para-phenylenediamine; P4, progesterone; SEM, standard error of the mean.

calcium (26), we employed Fura-10 AM staining to evaluate
alterations of sperm’s basal calcium levels following 6 hours

PPD exposure increases intracellular basal calcium levels

and disrupts spermm membrane potential byperpolarization

of exposure to varying concentrations of PPD. Compared

. . 247
Human sperm function is a [Ca™Ji-dependent process, so with the control group, exposure to PPD led to a rise in the

we examined the impact of PPD on [Ca™]i levels in sperm.
Human sperm exposed to various concentrations of PPD
0, 5,25, 100, and 200 pM) for 0 and 3 hours did not exhibit
a significant variance in the transient calcium ion signal
([Ca™]i) compared to the control group (Figure 44-4D).
This finding suggested that PPD might not directly affect
[Ca™]i through CatSper in human sperm. Considering that
PPD can induce apoptosis by affecting intracellular basal

© AME Publishing Company.

basal calcium levels inside human sperm (Figure 4LE,4F).
Human sperm membrane potential is closely related to
sperm capacitation (27). Human sperm were co-cultured
with varying levels of PPD for a duration of 1 hour. The
PPD group showed a significant impact on sperm plasma
membrane hyperpolarization compared with the control
group, resulting in a decrease in sperm membrane potential

(Figure 4G).
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Discussion

Despite the toxicity of PPD on male reproductive having
been demonstrated in mouse models, there is a limited
number of relevant studies and the impact of PPD on
human sperm remains uncertain. Our findings suggest
that exposure to PPD led to a significant decrease in total
motility, PR, and viability of sperm. Sperm capacitation,
the ability to penetrate mucus, and acrosome reaction
capabilities were significantly inhibited, whereas
intracellular ROS overload led to an increase in DFI.

Comparison of studies and mechanism of effects

Research has indicated that local subchronic exposure to PPD
can result in a notable reduction in testicular weight and sperm
concentration, along with elevated levels of oxidative stress in
testicular tissues (28). The impact of N-(1,3-Dimethylbutyl)-
N'-phenyl-1,4-phenylenediamin (6PPD), a PPD analogue, on
mouse semen quality and the outcomes of in vitro fertilization
have been investigated (29). In this study, animal experiments
revealed that PPD exposure reduced sperm PR and
concentration in mice, increased sperm deformity rates, and
caused degenerative changes in the seminiferous tubules
of mouse testes (Figure S1), consistent with previous
reports (28,30). These results indicated that PPD adversely
affected spermatogenesis and sperm maturation, potentially
rendering human sperm more vulnerable to its reproductive
toxic effects.

We found that PPD affected human sperm motility
and viability, and impaired sperm functions such as the
ability to penetrate mucus and undergo an acrosome
reaction. Benzo(a)pyrene affected sperm motility, ability to
penetrate mucus, and acrosome reaction, but its viability
was not affected (31). Similarly, the reproductive toxicity
of phthalic acid esters is manifested as reduced acrosome
responsiveness (32). Pentachloro-phenol does not impact
the motility, viability, mucus penetration ability, or
acrosome responsiveness of sperm, but it does impair the
induction of P4 (33). Benzene derivatives have different
toxic effects on human sperm, and the sperm toxicity of
PPD might be unique, which is distinct from other benzene
derivatives and deserves further research.

Protein phosphorylation, especially tyrosine
phosphorylation, is of great significance in sperm capacitation
and acrosome reaction (34,35). The function of human sperm
may be compromised by the organic compound anethole’s
impact on the tyrosine phosphorylation of sperm (36). In our

© AME Publishing Company.

experiments, we found that exposure to PPD significantly
reduced the phosphorylation level of human sperm, as well
as its ability to penetrate mucus and undergo an acrosome
reaction. PPD may decrease sperm motility and affect sperm
function by inhibiting tyrosine phosphorylation, similar to
the mechanism of sperm toxicity of anethole. Mature sperm
produce large amounts of ROS and are more susceptible to
oxidative damage than other cell types (37). We found that
PPD exposure significantly increased ROS levels in sperm.
Excessive ROS can inhibit sperm vitality and capacitation,
reduce sperm membrane fluidity, and affect adhesion and
fusion with oocytes (38). Normal fertilization and embryo
development require the integrity of sperm DNA, and
excessive ROS can affect the integrity of sperm nuclear
DNA (25), consistent with our research findings.

Calcium signaling serves as an important intracellular
second messenger in sperm, participating in various
physiological processes, including spermatogenesis, sperm
maturation, the ability to penetrate viscous substances, and
acrosome reaction (39). Environmental disturbances may
lead to a decline in the functionality of human sperm by
influencing [Ca™]i (36,40). No significant alterations were
observed in [Ca’]i of human sperm following exposure
to PPD, implying that PPD might not impair sperm
function by CatSper. Similarly, bisphenol A (BPA) reduces
sperm motility, viability, hyperactivation, capacitation,
and acrosome responsiveness by inhibiting tyrosine
phosphorylation in sperm, but does not impact [Ca™]i (41).
We speculated that this might be related to the fact that
BPA and PPD have similar structures. Salami ez /. found
that increased basal calcium levels in human lymphocytes
play a crucial role in PPD-induced cell apoptosis (26).
Therefore, we measured the basal calcium concentration
in sperm cells after PPD exposure and found that PPD
exposure significantly increased intracellular basal calcium
concentration. Moreover, the higher the degree of PPD,
the more pronounced the increase in intracellular basal
calcium. The build-up of calcium inside the sperm could
play a crucial role in triggering irreversible mechanisms
that ultimately result in cellular demise. Impaired sperm
function caused by PPD might be related to increased
intracellular basal calcium accumulation rather than [Ca’]i
alteration.

Changes in sperm membrane potential are crucial for
sperm capacitation, hyper-activation, acrosome reaction,
and other physiological processes (42). CatSper and
KSper are 2 important sperm-specific ion channels that
affect sperm membrane hyperpolarization. KSper, the
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most diverse class of ion channels, regulates intracellular
K" concentration. In human sperm, there are subfamilies
of SLO calcium-activated K* channels, voltage-gated K"
channels, and inward-rectifying K channels (20). After
incubation of PPD with human sperm for 1 hour, sperm
membrane potential decreased. Given that we excluded the
association of CatSper channels with the decline in semen
quality, we speculate that the impaired activation of KSper
channels played a role in the mechanism of PPD toxicity,
which requires further investigation.

Conclusions

In brief, exposure to PPD led to a significant decrease
in total motility, PR, and viability of sperm. Sperm
capacitation, the ability to penetrate mucus, and acrosome
reaction capabilities were significantly inhibited, whereas
intracellular ROS overload led to an increase in DFI. The
increase in intracellular basal calcium accumulation and
impaired sperm membrane potential hyperpolarization
might be the reasons for the decrease in sperm motility,
viability, and sperm function caused by PPD exposure. This
research offers a novel perspective on the male reproductive
toxicity of PPD; greater attention should be paid to the
health risks caused by exposure to PPD.
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