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Abstract

Background: Microplastics (MPs), which are smaller in size and difficult to degrade, can be easily ingested by marine
life and enter mammals through the food chain. Our previous study demonstrated that following acute exposure to
MPs, the serum testosterone content reduced and sperm quality declined, resulting in male reproductive dysfunction
in mice. However, the toxic effect of long-term exposure to MPs at environmental exposure levels on the reproductive
system of mammals remains unclear.

Results: In vivo, mice were given drinking water containing 100 ug/L and 1000 ug/L polystyrene MPs (PS-MPs) with
particle sizes of 0.5 pm, 4 um, and 10 um for 180 consecutive days. We observed alterations in testicular morphology
and reductions in testosterone, LH and FSH contents in serum. In addition, the viability of sperm was declined and the
rate of sperm abnormality was increased following exposure to PS-MPs. The expression of steroidogenic enzymes and
StAR was downregulated in testis tissues. In vitro, we used primary Leydig cells to explore the underlying mechanism
of the decrease in testosterone induced by PS-MPs. First, we discovered that PS-MPs attached to and became internal-
ized by Leydig cells. And then we found that the contents of testosterone in the supernatant declined. Meanwhile,
LHR, steroidogenic enzymes and StAR were downregulated with concentration-dependent on PS-MPs. We also
confirmed that PS-MPs decreased StAR expression by inhibiting activation of the AC/cCAMP/PKA pathway. Moreover,
the overexpression of LHR alleviated the reduction in StAR and steroidogenic enzymes levels, and finally alleviated the
reduction in testosterone induced by PS-MPs.

Conclusions: PS-MPs exposure resulted in alterations in testicular histology, abnormal spermatogenesis, and interfer-
ence of serum hormone secretion in mice. PS-MPs induced a reduction in testosterone level through downregulation
of the LH-mediated LHR/cCAMP/PKA/StAR pathway. In summary, our study showed that chronic exposure to PS-MPs
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alarm bells of public health.
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Background
The use of plastic products has been increasing for dec-
ades, leading to the serious pollution of plastic waste [1,
2]. After wave action, UV radiation, photodegradation,
and biodegradation, plastic wastes are degraded into
fragments and particles [3, 4]. Microplastics (MPs), with
diameters less than 5 mm, have attracted broad attention
[5, 6], because of their small size, stable chemical prop-
erties and difficulty in degradation [7]. MPs are widely
distributed in water environments and terrestrial envi-
ronments [8, 9]. MPs are mainly discharged directly into
the water environments through sewage treatment plants
[10]. Small plastic particles also could be spread further
by landfills or other surface deposits, and resulting MPs
sink in terrestrial environments [11]. The main compo-
nents of MPs are polyethylene terephthalate (PET), poly-
ethylene (PE), polystyrene (PS), polypropylene (PP), and
polyvinyl chloride (PVC) in the environment [12, 13].
MPs may be accumulated in organisms to cause toxicity.
Moreover, MPs can be easily transported into food chains
and ultimately threaten human health [14, 15]. Therefore,
special attention should be given to the toxicity of MPs.
Previous studies have demonstrated that MPs are
harmful to multiple organs in aquatic organisms and
mammals, such as the liver, kidney, gastrointestinal tract,

and brain [16—25]. The reproductive system plays a cru-
cial role in organisms. Reproductive toxicity of MPs has
been found in aquatic organisms, such as Daphnia, Hydra
attenuate [25], medaka fish [26], and oyster [27]. A few
researchers demonstrated that MPs induced decreased
sperm quality, disordered hormone levels, and oxidative
stress in the testis following acute and short-term expo-
sure [28—-30]. However, the toxic effect of MPs chronic
exposure on the reproductive system of mammals
remains unclear.

Our previous study identified that following PS-MPs
exposure for 28 days, testicular histology altered, serum
testosterone levels decreased and sperm quality declined,
resulting in male reproductive dysfunction in mice. Tes-
tosterone, the most important androgen in males, plays
an important role in spermatogenesis. A decreased tes-
tosterone level is strongly correlated with functional
damage in the testes and Leydig cells [31, 32]. Therefore,
we hypothesized that PS-MPs induced male reproductive
toxicity in mice by down-regulating testosterone levels.
Nevertheless, the underlying mechanism of the decrease
in testosterone levels caused by MPs remains unexplored.
Testosterone is synthesized and secreted by Leydig cells
[33]. LH, which is released by the anterior pituitary,
binds to LH receptor (LHR) located on the membrane
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Fig. 1 Characterization of polystyrene microplastics (PS-MPs). A Morphological detection of PS-MPs. Confocal imaging showing various sizes of
PS-MPs. B Raman spectrum characterizations of PS-MPs

of Leydig cells, resulting in increased cAMP content.
Then, protein kinase A (PKA) is activated and the lev-
els of steroidogenic acute regulatory protein (StAR) and
steroid synthase (P450scc, P450c17, 33-HSD, 17p-HSD)
are increased. Under the action of StAR, free cholesterol
in the cytoplasm is transported from the outer mem-
brane of mitochondria to the inner membrane. P450scc

on the intima converts cholesterol into pregnenolone.
Pregnenolone sequentially enters the endoplasmic retic-
ulum, where it is converted to testosterone by 33-HSD,
P450c17, and 17B-HSD [34]. In this study, we focused on
the effect of PS-MPs on testosterone synthesis in testicu-
lar Leydig cells.
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In addition, previous studies reported that the toxicity
of MPs in different tissues is closely related to their par-
ticle size. Deng et al. showed that 5 pm and 20 pm PS-
MPs exposure induced disturbances in energy and lipid
metabolism [20]. Jeong et al. demonstrated that 0.05 um,
0.5 um, and 6 pm PS-MPs treatment led to a reduction in
the growth rate and fecundity, and pointed out that the
toxicity of MPs was size-dependent and smaller micro-
beads were more toxic [35]. Meanwhile, some studies
elucidated that the toxicity of MPs was concentration
dependent [21, 23, 36]. Therefore, we sought to investi-
gate the effects of the different sizes and concentrations
of MPs on the male reproductive system in mice.

In the present study, we exposed mice to MPs of dif-
ferent particle sizes (0.5 pm, 4 pm and 10 pum) at differ-
ent concentrations to investigate the male reproductive
toxicity of MPs. Meanwhile, we used a primary Leydig
cell model to explore the underlying mechanism of the
decrease in testosterone levels induced by MPs. Our find-
ings may provide novel insight into preventing the repro-
ductive toxicity of MPs.

Results

Characterization of polystyrene microplastics (PS-MPs)
Confocal imaging was conducted to detect the mor-
phology and sizes of PS-MPs used in this study. As
shown in Fig. 1A, the MPs were spheres, and the sizes
of MPs met the design requirements. According to
Raman spectra analysis, the monomer of MPs was poly-
styrene (Fig. 1B). The zeta potential values were shown
in Additional file 1: Table S1.

Exposure to PS-MPs induced testicular tissue structure
damage and sperm quality decrease in mice

During the period of treatment, we monitored the body
weights, consumption of food and water. The body weights
and food consumption of mice were decreased (Additional
file 1: Table S2). However, there was no remarkable change
in water intake among the different groups. Compared
with the control group, the testicular coefficient (Fig. 2A)
and epididymal coefficient (Fig. 2B) decreased signifi-
cantly in the 0.5 um, 4 pm, and 10 pm groups. Meanwhile,
the testicular coefficient of the 1000 pg/L PS-MPs with a
diameter of 10 pm group decreased more obviously than
that of the 100 ug/L group. Following exposure to PS-MPs
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for 180 days, we detected the viability and morphology
of sperm. The results revealed that PS-MPs exposure
decreased the viability of sperm (Fig. 2C) and increased the
rate of sperm deformity (Fig. 2D). In addition, photomicro-
graphs of testes in control and experimental mice were dis-
played in Fig. 2E. Control testicular sections presented with
normal testicular architecture, intact epithelial membrane
with normal spermatogenesis and lumen full of sperm.
Conversely, degenerative, atrophied tubules with vacu-
olated tubular generation, derangement of cell layers, and
abscission of spermatogenic cells were observed in the PS-
MPs exposure groups. Moreover, exposure to higher con-
centrations of PS-MPs could cause more severe damage to
testicular structures. Evaluation of morphometric parame-
ters in testicular cross-sections of PS-MPs exposure groups
showed significantly reduced tubular diameter (Additional
file 1: Fig. S1A), germinal cell thickness (Additional file 1:
Fig. S1B).

Exposure to PS-MPs reduced the content of testosterone,
LH and FSH in serum

To explore the effects of PS-MPs exposure on the concen-
tration of reproductive hormones, we detected the levels
of testosterone, LH and FSH in serum. The results indi-
cated that LH levels were apparently decreased in a dose-
dependent manner after treatment with PS-MPs (Fig. 3A).
As shown in Fig. 3B, the concentrations of FSH in serum
exhibited an appreciable decrease in all treatment groups,
and the decrease was most obvious in the 0.5 pm PS-MPs
treatment group. Meanwhile, the concentrations of testos-
terone in serum were markedly decreased following expo-
sure to various sizes of PS-MPs (Fig. 3C).

PS-MPs downregulated the expression of steroidogenic
enzymes and StAR in mice

3B-HSD is a marker for Leydig cells. Following exposure
to PS-MPs, the number of 3B-HSD™ cells in testes was
markedly decreased in comparison to the control group,
as assessed by immunohistochemistry assay (Additional
file 1: Fig. S2). To assess whether PS-MPs may affect tes-
tosterone synthesis, we detected the levels of enzymes cor-
related with testosterone synthesis in testis tissues. The
results showed that the expression of P450scc, P450cl17,
3B-HSD, and 17B-HSD was downregulated in the testis tis-
sues (Fig. 4A and B). For the same particle size of PS-MPs,

(See figure on next page.)

Fig. 2 PS-MPs exposure induced reproductive toxicity in male mice. Mice were given drinking water containing different sizes of PS-MPs at

100 pg/L and 1000 pg/L for 180 continuous days. A The paired testis/body weight index was assessed (n=15). B The paired epididymis/body
weight index was analyzed (n=15). C The viability of sperm was detected (n=15). D The rate of sperm abnormality was calculated (n=15). E The
impact of PS-MPs on testis structures was examined by H&E staining. Arrows: abnormal structure. Data represent means =+ SD. *P< 0.05, **P<0.01,

*%p 20,001 vs. control. #P<0.05, P <0.01 vs. 100 ug/L group
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Fig. 3 PS-MPs exposure decreased the content of testosterone, LH, and FSH in serum. The contents of LH (A), FSH (B), and testosterone (C) in serum
were measured by ELISA. Results are expressed as means == SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control. *P < 0.05 vs. 100 ug/L group

the decrease was more obvious in the 1000 pug/L exposure
group than in the 100 pg/L exposure group. In addition,
we detected StAR in the testes of PS-MPs-treated mice
by western blotting (Fig. 4A and B) and immunofluores-
cence analyses (Fig. 4C). StAR was only detected in the
cells located in the testicular interstitium and not observed
within the seminiferous tubules. StAR was apparently
decreased in the PS-MPs-treated group compared with the
control group (Fig. 4D).

Entering of PS-MPs into Leydig cells in vitro

Confocal imaging results revealed that PS-MPs attached
to and became internalized by Leydig cells (Fig. 5). After
PS-MPs were endocytosed, the Leydig cells became
curled up and could not be restored to its original
morphology.

PS-MPs inhibited the expression of testosterone,
steroidogenic enzymes and StAR in primary Leydig cells
Testosterone synthesis is related to steroid synthase in
Leydig cells. We exposed Leydig cells to various concen-
trations of PS-MPs, and examined the concentrations
of testosterone in the supernatant by ELISA. Figure 6A
showed that the testosterone contents declined following

treatment with PS-MPs. QRT-PCR results verified that
the mRNA levels of the above enzymes were all decreased
(Fig. 6B). Subsequently, we detected the levels of steroido-
genic enzymes in Leydig cells. A concentration-depend-
ent decreasing trend of P450scc, P450c17, 33-HSD, and
17B-HSD was observed following exposure to PS-MPs in
Leydig cells (Fig. 6C and D). Meanwhile, the expression
of StAR in Leydig cells was decreased remarkably with
increasing PS-MPs concentrations (Fig. 6B, C and D).

PS-MPs exposure inhibited the activation of the AC/cAMP/
PKA pathway in primary Leydig cells

To explore the role of the AC/cAMP/PKA pathway
in the expression of StAR, we first observed that AC
kinase activity was reduced in PS-MPs-treated Leydig
cells (Fig. 7A). ELISA analysis revealed that the content
of cAMP declined following treatment with PS-MPs
(Fig. 7B). Moreover, PKA kinase activity was dampened
with the dose of PS-MPs-exposure (Fig. 7C), and PKA
catalytic subunits (PRKACA and PRKACB) decreased
with the concentration of PS-MPs-exposure (Fig. 7D
and E). These results elucidated that the AC/cAMP/PKA
pathway was involved in the inhibition of StAR expres-
sion by PS-MPs. To examine this assumption, we used
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Fig. 4 PS-MPs treatment downregulated the expression of steroidogenic enzymes and StAR in testes. Mice were given drinking water comprising
PS-MPs of various sizes for 180 sustained days. A, B The expression of 33-HSD, 173-HSD, P450scc, P450c17, and StAR in testes was measured by
western blotting. The expression levels were quantified with ImageJ (n =3). Data are expressed as means £ SD. *P <0.05, **P<0.01 vs. control.
#P<0.05, #P<0.01 vs. 100 ug/L group. C, D The expression of StAR in mouse testicular tissues of the control group and 1000 pg/L group was tested
by immunofluorescence staining. Testicular tissues were stained with StAR (red) and DAPI (blue), arrows: positive expression (scale bar=50 um).
The expression levels of StAR were quantified with ImageJ (n = 3). Data are expressed as means £ SD. **P < 0.01 vs. control. *P<0.05, ***P<0.001 vs.
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20 mM forskolin (cAMP agonist) and 0.1 mM 8-bromo-
cAMP (PKA agonist) to treat cells. The results indicated
that the reduction in StAR levels caused by PS-MPs was
alleviated after treatment with forskolin (Fig. 7F and G)
and 8-bromo-cAMP (Fig. 7H and I). Collectively, these
results implied that PS-MPs decreased StAR expression
by inhibiting activation of the AC/cAMP/PKA pathway.

Exposure to PS-MPs induced a decrease in LHR levels

in testes and primary Leydig cells

In general, LH binds to LHR, which is located on the
membrane of Leydig cells, resulting in activation of the
AC/cAMP/PKA pathway. To explore the specific rea-
son for AC/cAMP/PKA pathway inhibition induced by
PS-MPs, we detected the expression of LHR in testes
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Fig. 5 Images of particle-cell interactions of PS-MPs. Leydig cells were exposed to 4 um PS-MPs. Spinning disc confocal images of the cells with
fluorescently labeled filamentous actin (green) and PS-MPs (red) (scale bar =10 um). The pictures were captured at 50 min (A), 108 min (B), 122 min

(Fig. 8 A, B, C and D) and Leydig cells (Fig. 8E and F).
Immunohistochemistry and Western blotting analysis
revealed that PS-MPs induced a reduction in LHR lev-
els. QRT-PCR results showed that the mRNA level of
LHR was decreased (Fig. 8G). ELISA results revealed
that the transcriptional enhancer Spl was downregu-
lated and the suppressor AP-2 was upregulated (Fig. 8H
and I).

Regulation of LHR affected the levels of StAR,
steroidogenic enzymes and testosterone

in PS-MPs-exposed primary Leydig cells

To determine the role of LHR in the decrease in tes-
tosterone levels induced by PS-MPs in Leydig cells, the
cells were transfected with LHR by lentivirus. QRT-
PCR and western blotting analysis suggested that the
level of LHR in the Leydig cells transfected with LHR
by lentivirus was overexpressed (Fig. 9A and C). The
levels of testosterone and enzymes involved in testos-
terone synthesis under basal conditions or treatment
with PS-MPs were checked in Leydig cells infected with
LHR or empty vector by lentivirus. As shown in Fig. 9B

and C, the overexpression of LHR alleviated the reduc-
tion of testosterone and steroidogenic enzymes levels
induced by PS-MPs.

Discussion

Recent studies have demonstrated that microplastics
(MPs) have adverse effect on male reproduction and
sperm quality, suggesting MPs are threats for male fer-
tility [37]. Hou et al. demonstrated that polystyrene MPs
(PS-MPs) decreased sperm quality in mice by activating
the Nrf2/HO-1/NF-kB pathway [28]. Xie et al. revealed
that PS-MPs exposure activated the p38 MAPK signal-
ing pathway and induced oxidative stress in mouse testes,
resulting in reproductive toxicity in mice [29]. Fatemeh
Amereh et al. indicated that the concentrations of tes-
tosterone, LH and FSH in the serum of male rats were
reduced. Meanwhile, DNA damage and alterations in
sperm morphology were obvious [30]. This is the first
study to explore the reproductive effects of long-term
MPs-exposure at environmental levels. In this study, the
choice of MPs concentrations (100 pg/L and 1000 pg/L)
based on previous studies and was close to those found
in natural contaminated areas [19, 23, 38]. We planned
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Fig. 6 The expression of steroidogenic enzymes and StAR decreased in Leydig cells after PS-MPs treatment. Primary Leydig cells were exposed to
0.5 um PS-MPs for 24 h at various concentrations as indicated. A The content of testosterone in supernatant was determined by ELISA assays (n=3).
B The mRNA expression levels of 33-HSD, 17B3-HSD, P450scc, P450c17, and StAR in Leydig cells after treatment with PS-MPs were determined by
gRT-PCR (n=3). C, D The expression of 33-HSD, 173-HSD, P450scc, and P450c17 in cells was measured by western blotting. The expression levels
were quantified with ImageJ (n = 3). Data are expressed as means = SD. *P < 0.05, **P<0.01, ***P <0.001 vs. control

to try to explore the relationship between the degree treatment induced alterations of testicular histology and
of toxicity and particle size of MPs, so we chose three  abnormal spermatogenesis in vivo. The secretion of LH
sizes (0.5 pm, 4 pm, 10 um) of MPs to conduct the ani- and FSH is stimulated by gonadotropin releasing hor-
mal experiments in vivo. We discovered that PS-MPs  mone derived from hypothalamus. In present study, we

(See figure on next page.)

Fig. 7 PS-MPs decreased the level of StAR by inhibiting the AC/cAMP/PKA pathway. Primary Leydig cells were exposed to various concentrations
of 0.5 um PS-MPs for 24 h. A AC kinase activity was measured by an AC activity assay kit (n = 3). Results are expressed as means =+ SD. *P < 0.05,
**P<0.01 vs. control. B The content of cCAMP was detected by ELISA (n = 3). Results are expressed as means £ SD. *P < 0.05, **P < 0.01 vs. control. C
PKA kinase activity was examined by a PKA activity assay kit (n=3). Results are expressed as means £ SD. *P < 0.05, **P <0.01 vs. control. (D, E) The
expression of PRKACA and PRKACB in cells was analyzed by western blotting. The expression levels were quantified with ImageJ and expressed as
means £ SD (n=3). Results are expressed as means+ SD. *P < 0.05, **P<0.01 vs. control. (F, G) Leydig cells were incubated with 0.2 mg/mL PS-MPs
for 1 h and then cultured in serum-free medium in the presence of 20 mM forskolin for another 24 h. The expression of StAR in cells was analyzed
by western blotting. The expression levels were quantified with ImageJ and expressed as means =+ SD (n = 3). Results are expressed as means = SD.
**P <001 vs. control; *P < 0.05 vs. forskolin treatment group. (H, I) Leydig cells were incubated with 0.2 mg/mL PS-MPs for 1 h and then cultured in
serum-free medium in the presence of 0.1 mM 8-bromo-cAMP for another 24 h. The expression of StAR in cells was analyzed by western blotting.
The expression levels were quantified with ImageJ and expressed as means = SD (n = 3). Results are expressed as means =+ SD. **P < 0.01 vs. control;
#P<0.05 vs. 8-bromo-cAMP treatment group
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demonstrated that the concentration of testosterone,
LH and FSH in serum were decreased, which suggested
that PS-MPs might affect the hypothalamic—pituitary—
gonadal (HPT) axis and hormone balance. Normally,
when testosterone biosynthesis is sufficiently sup-
pressed, it can directly stimulate the secretion of LH by
adenohypophysis and GnRH by hypothalamus through
a negative feedback mechanism. However, the feedback
mechanism only occurs when the testosterone level
reaches a certain concentration. The level of hormones in
the blood is in a dynamic process. The reduction in the
LH serum concentration may be directly responsible for
the reduction in testosterone production by Leydig cells
in PS-MPs-exposed mice. Moreover, we found concen-
tration-dependent decreases among sperm abnormalities
in the 4 pm group, FSH levels in the 0.5 pm group, and
several steroidogenic enzymes levels in the three sizes
groups. However, we could not find a significant differ-
ence among the three sizes in indexes related to repro-
ductive ability. These results were similar to those of
some studies that found PS-MPs of 0.5 and 50 um were
no difference to induce gut microbiota dysbiosis [38].
Testosterone plays a crucial role in the process of
spermatogenesis and male reproductive system [32].
Testosterone is indispensable for pivotal processes dur-
ing spermatogenesis, such as maintenance of the BTB
[39-41], meiosis [42], Sertoli-spermatid adhesion [43]
and sperm release [44]. The synthesis and secretion of
testosterone are mainly regulated by LH-dependent sign-
aling pathways in Leydig cells [33, 34]. In this study, pri-
mary Leydig cells were used to discuss the mechanisms
of the severely decreased testosterone levels caused by
PS-MPs treatment. The doses of PS-MPs used in vitro
experiments were selected for the purpose of building a
cell model of PS-MPs-induced testosterone-reduction for
subsequent studies on the mechanism. In our previous
study, we demonstrated that three particle sizes (0.5 pm,
4 pum, and 10 pm) of fluorescent PS-MPs could enter Ley-
dig cells [45]. For best observation, we chose 4 um PS-
MPs for living cell imaging, that could show very clearly
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process of PS-MPs were internalized by Leydig cells.
The results were similar to those of a previous study that
demonstrated that environmentally exposed MPs par-
ticles were internalized significantly into macrophages
[46].

In addition, we confirmed that PS-MPs treatment
affected the levels of steroidogenic enzymes in Leydig
cells. StAR is an important regulator of steroid hormone
synthesis. Meanwhile, we discovered that following
exposure to PS-MPs, the expression of StAR was obvi-
ously suppressed. Many factors affect the expression of
StAR, such as the cAMP/PKA signaling pathway, pro-
tein kinase C, and regulatory factors [47-49]. However,
the cAMP/PKA signaling pathway was the main factor
affecting the expression of StAR. In our results, inhibi-
tion of the cAMP/PKA signaling pathway was observed,
and the decrease in StAR expression induced by PS-MPs
was alleviated following treatment with a cAMP ago-
nist and PKA agonist. In general, the cAMP/PKA sign-
aling pathway was activated when LH bound to LHR.
Meanwhile, we found that PS-MPs triggered a decrease
in LHR protein levels, and overexpression of LHR allevi-
ated the reduction in testosterone levels induced by PS-
MPs. In conclusion, MPs reduced testosterone levels by
regulating the testosterone synthesis pathway which was
dependent on LH, and LHR was the critical initiator.

In this study, we first demonstrated that long-term
exposure to PS-MPs at environmental pollution con-
centrations caused damage to testicular tissue structure,
decreased sperm quality and decreased testosterone lev-
els, resulting in male reproductive toxicity in mice. In
addition, we showed that the decrease in testosterone
levels induced by PS-MPs was achieved by inhibiting the
LH-mediated LHR/cAMP/PKA/StAR pathway. Moreo-
ver, LHR may play a critical role in the decrease of testos-
terone levels induced by PS-MPs.

(See figure on next page.)

*#*P<0.01,**P<0.001 vs. control)

Fig. 8 PS-MPsinduced a decrease in testosterone levels by reducing LHR levels. A, B Mice were given drinking water containing different sizes

of PS-MPs for 180 continuous days. The testis tissue sections were prepared for immunohistochemical staining with LHR antibody, arrows:

positive expression (scale bar=50 um, n=3). Percent of positivity was calculated based on the percentage of LHR positive cells out of the total
number of cells in an image (*P <0.05 vs. the control). C, D Mice were given drinking water containing various sizes of PS-MPs for 180 continuous
days. The expression of LHR in testes was measured by western blotting. The expression levels were quantified with ImageJ and expressed as
means = SD (n=3; *P<0.05 vs. control; #P < 0.05 vs. 100 ug/L group). E, F Primary Leydig cells were exposed to 0.1, 0.15, and 0.2 mg/mL PS-MPs
with a diameter of 0.5 um for 24 h. The expression of LHR in cells was analyzed by western blotting. The expression levels were quantified with
ImagelJ and expressed as means & SD (n=3; *P<0.05 vs. control). G The mRNA expression levels of LHR in Leydig cells after treatment with PS-MPs
were determined by gRT-PCR (n=3; *P<0.05, **P<0.01 vs. control). (H, I) The contents of Sp1 and AP-2 were detected by ELISA (n=3;*P<0.05,
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in primary Leydig cells. A Primary cells were infected with LHR or empty vector with lentivirus for 72 h. The mRNA levels of LHR were tested by
gRT-PCR (n=3;***P<0.001 vs. LV-NC group). B Primary cells were infected with LHR or empty vector with lentivirus for 72 h. Then, the cells were
exposed to 0.5 um PS-MPs at a concentration of 0.2 mg/mL for 24 h. The testosterone content in the supernatant was examined by ELISA (n=3;
*%p <0001 vs. LV-NC group; #P<0.01 vs. LV-NC 4 PS-MPs group). C, D Primary cells were infected with LHR or empty vector with lentivirus for 72 h.
Then, the cells were treated with 0.5 um PS-MPs with a concentration at 0.2 mg/mL for 24 h. The expression of 33-HSD, 173-HSD, P450scc, P450c17,
StAR, and LHR in cells was measured by western blotting. The expression levels were quantified with ImageJ (n=3; *P <0.05, **P<0.01 vs. LV-NC

Conclusions

In this study, alteration of testicular histology, abnormal
spermatogenesis, and reduction in testosterone, LH and
FSH content in serum were observed in mice following
exposure to 0.5 um, 4 pm, and 10 um PS-MPs in envi-
ronmentally polluted concentrations for 180 days. The
synthesis of testosterone is regulated by LH, and LHR is
critical to the synthesis of testosterone in Leydig cells.
We observed that PS-MPs triggered a decrease in LHR
level in testes and Leydig cells, which further decreased
the cAMP content and PKA activity, leading to decreased
expression of StAR and steroidogenic enzymes. Taken
together, PS-MPs induced a reduction in testosterone
level through downregulation of the LH-mediated LHR/
cAMP/PKA/StAR pathway, resulting in male reproduc-
tive disorder. Our findings may provide new perspectives
for understanding the reproductive toxicity of PS-MPs in
mammals.

Materials and methods

Test materials

Fluorescent polystyrene microplastics (PS-MPs) (10 mg/
mL) of different sizes (0.5 um, 4 um, 10 um) were pur-
chased from Tianjin Baseline ChromTech Research Cen-
tre (Tianjin,

China). Fetal bovine serum (FBS) was obtained from
ExCell Bio (Shanghai, China) and Dulbecco’s modified
Eagle’s medium (DMEM)-F12 was obtained from Gibco
(Grand Island, NY). Penicillin-streptomycin were gained
from Sigma-Aldrich (St.Louis, MO).

Characterization of PS-MPs

The 5 pL PS-MPs (10 mg/mL) was added to 2 mL ddH,O.
The morphology of PS-MPs was detected using an FV10i
microscope (Olympus, Japan). The monomer of MPs was
examined using a Raman microscope (InVia; Renishaw,
Inc., Illinois, USA). The instrument was set as follows:
laser with 785 nm edge; grating of 1200 I/mm (633/780);
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center of spectrum range of 1150 Raman shift/cm —1;
exposure time of 1 s; laser power of 100%.

Animals and treatment

Specific pathogen-free (SPF) male BALB/c mice aged
six weeks were obtained from the Medical School of
Yangzhou University (Yangzhou, China). Mice were
divided into 7 groups with 15 mice in each group.
Mice in each group were randomly placed in three
cages (n=>5/cage). Mice in the PS-MPs exposure group
were given drinking water containing 100 pg/L and
1000 pg/L PS-MPs with sizes of 0.5 pm, 4 pm, and
10 pm for 180 continuous days. For the control group,
mice were provided blank water without PS-MPs.
After the exposure period, mice were anesthetized to
gain blood and testes. All experimental protocols were
approved by the Animal Care and Use Committee of
Nanjing University according to animal protocol num-
ber SYXK (Su) 2009-0017.

Tissue collection

After 180 days of continuous exposure to PS-MPs, ret-
roorbital plexus blood was collected under anesthesia.
The blood was standing at room temperature for 30 min
and centrifuged at 3000 rpm for 15 min. Blood serum
were collected and stored at — 80° C. Mice were anesthe-
tized to death to obtain testes for later analysis. A portion
of the fresh testis tissues was quickly frozen with liquid
nitrogen and stored at — 80° C, and the other portion of
the testis tissues was placed in 4% paraformaldehyde for
paraffin embedding.

Cell culture and PS-MPs exposure

Primary Leydig cells were isolated from 3-week-old
BALB/c male mouse testes, as described previously
[50]. Cells were cultured in DMEM-F12 (Gibco, Grand
Island, NY) supplemented with 10% FBS (ExCell Bio,
Shanghai, China), 1% penicillin—streptomycin (Sigma-
Aldrich, St.Louis, MO), and 0.1% human chorionic
gonadotropin (hCG) (Thermo). After adherence for
48 h, cells were cultured in DMEM-F12 containing var-
ious concentrations (0.1, 0.15, and 0.2 mg/ml) of 0.5 pm
PS-MPs for 24 h. In addition, cells were cultured in
DMEM-F12 with 4 pum PS-MPs for living cell imaging
detection.

Agonist treatment

Cells were cultured in DMEM-F12 supplemented
with 10% FBS for 96 h and then cultured in serum-free
medium in the presence of 0.1% hCG and 0.2 mg/mL
PS-MPs for 1 h. Subsequently, 20 mM forskolin (Med-
ChemExpress, Monmouth Junction, USA) or 0.1 mM
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8-bromo-cAMP (MedChemExpress, Monmouth Junc-
tion, USA) was added to medium for 24 h.

Sperm viability and sperm abnormality assessment

Fresh epididymides were obtained quickly after sacri-
fice. The caudae epididymis of each mouse was minced
in 3 mL PBS and incubated at 37° C for 15 min. We used
a hemocytometer to count the number of sperm in the
supernatant and suspension. The viability of sperm was
the ratio of the number of sperm in the supernatant to
the number of sperm in the suspension. 10 pL suspen-
sion was dripped on a clean glass slide and the slides were
dried. Then, the slides were stained with sperm stain-
ing solution following the manufacturer’s instructions
(Huakang Biomedical Engineering, Shenzhen, China).
The sperm morphology was observed by a DXM12000F
microscope (Nikon, Tokyo, Japan). The person who was
blinded to each group took pictures of the sperm and
counted at least 1000 sperm. Abnormal sperm morphol-
ogy manifested as acrosome loss, cephalic (small head),
acephalia (no head), cervical folding, and tailless.

H&E staining

The testis tissues were fixed with 4% paraformaldehyde
for 4 h, dehydrated in a graded ethanol series and par-
affin-embedded. The embedded testis tissues were sec-
tioned at 5 um. The slides were immersed in xylene for
10 min two times for dewaxing. Then, slides were dehy-
drated with an alcohol gradient concentration (100%, 95%,
90%, 70%, 50%, 30% alcohol and ddH,O for 3 min per
wash). Dehydrated slides were stained with hematoxylin
for 45 s, washed with water, and rinsed with ammonia.
The slides were then immersed in an alcoholic solution of
varying concentrations (30%, 50%, 70%, 90%) for 3 min,

Table 1 Specifications of primary antibodies

Antibody Species Company  Catalog Dilution
Anti-GAPDH ~ Mouse mAb Proteintech  60004-1-Ig  1:1000 (WB)
Anti-P450scc  Rabbit poly-  Proteintech  13363-1-AP 1:1000 (WB)
clonal Ab
Anti-P450c17  Rabbit poly- Proteintech  14447-1-AP 1:1000 (WB)
clonal Ab
Anti-33-HSD  Mouse mAb Santa Cruz sc-515120  1:1000 (WB)
Anti-173-HSD  Rabbit poly- Proteintech ~ 10978-1-AP  1:1000 (WB)
clonal Ab
Anti-StAR Rabbit mAb Cell Signal- #8449 1:1000 (WB)
ing Technol- 1:200 (IF)
ogy
Anti-LHR Rabbit poly- Proteintech  19968-1-AP  1:1000 (WB)
clonal Ab
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respectively. Subsequently, the slides were stained with
95% eosin for 5 min and soaked in 95% and 100% alco-
hol for 3 min. Finally, the slides were immersed in xylene
and sealed with resin. Following staining, the sections
were observed under a DXM12000F microscope (Nikon,
Tokyo, Japan). Seminiferous tubules were selected for
morphometric analysis. Tubule diameters (both longest
and shortest) and germ cell layer thickness in at least 10
seminiferous tubules (round or nearly round) were ana-
lyzed from each slide of testicular cross-sections of con-
trol as well as experimental mice by using Image].

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using Trizol reagent (Vazyme,
Nanjing, China) according to the manufacturer’s proto-
col. Total RNA (1 pg) was reverse-transcribed into cDNA
using an HiScript Q RT SuperMix (R123-01, Vazyme,
Nanjing, China). The reaction conditions were 50° C for
15 min and 85° C for 2 min. QRT-PCR was performed
using ChamQ Universal SYBR qPCR Master Mix (Q711-
02, Vazyme, Nanjing, China) by Real Time PCR System
(ABI Viia 7). The reaction conditions were 30 s at 95° C,
followed by 45 cycles of denaturation at 95° C for 10 s,
annealing at 60° C for 30 s, and extension at 72° C for
15 s. The primer sequences were shown in Additional
file 1: Table S3. The relative quantification values of the
target genes were measured by the 2-AAC method, and
GAPDH was used as an internal reference [51].

Western blotting

Proteins were purified from testis tissues or Leydig
cells by using RIPA buffer (Beyotime, Shanghai, China).
The protein concentration was determined using BCA
protein quantification kit (E112-02, Vazyme, Nanjing,
China). Western blotting was carried out as previously
mentioned [52]. Briefly, proteins were separated using
12% SDS-polyacrylamide gel electrophoresis and elec-
trophoretically transferred to polyvinylidene fluoride
(PVDF) membranes. The membrane was then blocked in
PBS buffer containing 5% bovine serum albumin for 1 h
at room temperature. Transferred blots were incubated
with rabbit anti-CYP11A (P450scc) (Proteintech Group,
Rosemont, IL, USA), rabbit anti-CYP17A (P450c17) (Pro-
teintech Group, Rosemont, IL, USA), rabbit anti-StAR
(Cell Signaling Technology, USA), mouse anti-HSD3f
(Proteintech Group, Rosemont, IL, USA), rabbit anti-
HSD17p2 (Proteintech Group, Rosemont, IL, USA), rab-
bit anti-LHR (Proteintech Group, Rosemont, IL, USA),
and mouse anti-GAPDH (Proteintech Group, Rosemont,
IL, USA) overnight at 4° C. Specific information on the
antibodies was shown in Table 1. The transferred blots
were incubated with the secondary antibody horserad-
ish peroxidase-conjugated goat anti-rabbit/mouse IgG
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(Boster, Wuhan, China) for 1 h at room temperature. Pro-
tein signals were detected using ECL solution (E412-02,
Vazyme, Nanjing, China) by gel imaging analysis system
(Tanon 4200, Shanghai, China), and band intensities were
quantified using Image] software (National Institutes of
Health).

ELISA

The levels of testosterone, LH and FSH in serum were
measured with ELISA kits (Elabscience Biotechnology
Co., Ltd) according to the manufacturer’s instructions.
AC kinase activity, the content of cAMP, and PKA kinase
activity were detected by ELISA kits (Jiangsu Meibiao
Biotechnology Co., Ltd) according to the manufacturer’s
instructions. Intra- and inter-assay coefficients of vari-
ability, the detection limits, and specific information of
ELISA kits were shown in Additional file 1: Table S4.

Immunofluorescence staining

Testis tissues were fixed in 4% paraformaldehyde for 4 h
at room temperature, dehydrated in a graded ethanol
series and paraffin-embedded. The embedded testis tis-
sues were sectioned at 5 um. The slides were immersed
in xylene for 10 min two times for dewaxing. Then slides
were dehydrated with an alcohol gradient concentration
(100%, 95%, 90%, 70%, 50%, and 30% alcohol for 3 min
per wash). Triton (0.3%) was added to the glass slide for
drilling for 10 min. Then the slides were washed with PBS
for 10 min and sealed with 3% BSA solution at 37° C for
30 min. The sections were stained with the primary anti-
body rabbit anti-StAR (Cell Signaling Technology, USA),
and incubated at 4° C overnight. After washing with PBS,
the slides were incubated with the secondary antibody
Alexa Fluor 594-conjugated goat anti-rabbit IgG at 37° C
for 1 h. Nuclei were stained with DAPI (Sigma) at 37° C
for 15 min. Images were captured using an FV10i micro-
scope (Olympus, Japan).

Immunohistochemistry

Paraffin-embedded testis tissue sections were soaked in
xylene for 10 min two times. Then slides were dehydrated
with an alcohol gradient concentration (100%, 95%, 90%,
70%, 50%, and 30% alcohol for 3 min per wash). The slides
were incubated with PBS containing 3% H,O, for 10 min
to quench endogenous peroxidase activity. Triton (0.3%)
was added to the glass slide for drilling for 10 min. After
doing that, the slides were sealed at 37° C for 1 h in PBS
containing 3% BSA and incubated with rabbit anti-LHR
(Affinity, USA) at 4° C overnight. Whereafter, the slides
were incubated in HRP-conjugated secondary antibodies
(Boster, Wuhan, China) at 37° C for 1 h. Finally, we used
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the DAB Substrate System (DAKO) to observe the immu-
nohistochemical staining under a DXM12000F micro-
scope (Nikon, Tokyo, Japan).

Statistical analysis

GraphPad Prism 8 (USA) was applied for statisti-
cal analysis. One-way analysis of variance (ANOVA)
was used to analyze differences between groups, fol-
lowed by Dunnett’s ¢ test. The data were shown as
means + SD. The value P<0.05 was regarded as statisti-
cally significant.
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