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Abstract

The harmful effects of microplastics and Cd on the testicular activity of sexually mature rats are here documented. Oral
treatment with both substances caused testicular impairment that was evidenced by histological and biomolecular altera-
tions, such as MP accumulation in the seminiferous epithelium, imbalance of oxidative status, and reduced sperm quality.
Importantly, the cytoarchitecture of the blood-testis barrier was compromised, as revealed by the down-regulation of protein
levels of structural occludin, Van Gogh-like protein 2, and connexin 43 and activation of regulative kinases proto-oncogene
tyrosine-protein kinase and focal adhesion kinase. Interestingly, for the first time, MPs are reported to activate the autophagy
pathway in germ cells, to reduce damaged organelles and molecules, probably in an attempt to avoid apoptosis. Surprisingly,
the results obtained with the simultaneous Cd + MPs treatment showed more harmful effects than those produced by MPs
alone but less severe than with Cd alone. This might be due to the different ways of administration to rats (oral gavage for
MPs and in drinking water for Cd), which might favor the adsorption, in the gastrointestinal tract, of Cd by MPs, which, by
exploiting the Trojan horse effect, reduces the bioavailability of Cd.
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SPZ Spermatozoa

Src Proto-oncogene tyrosine-protein kinase
TBARS Thiobarbituric acid-reactive species
VANGL2 Van Gogh-like protein 2

WB Western blotting

Introduction

The production of spermatozoa (SPZ) that can successfully
fertilize an oocyte is the basis of an efficient reproduction
and, therefore, of primary importance in ensuring the sur-
vival of a species.

In contrast, the decline in male fertility, accompanied by
a deterioration of sperm quality, is a growing phenomenon
worldwide (Levine et al. 2017, 2022), the causes of which
are not always identifiable. Indeed, besides to the “classic”
reasons contributing to male infertility (genetic and anatomi-
cal factors, hormonal imbalances among them), almost half
of the cases are idiopathic (Venditti et al. 2020a).

It has been demonstrated that the significant deteriora-
tion in reproductive rate we are witnessing nowadays, con-
firmed by the decrease in gamete quality, is associated with
the intensification of industrialization, which contributes to
a substantial release of synthetic, often toxic, xenobiotics
into the environment (Selvaraju et al. 2021). Indeed, many
studies have considered the testis as a major target of envi-
ronmental pollutants, which can act at the molecular, cellu-
lar, and histological levels, perturbing several physiological
pathways (Krzastek et al. 2020). Increasing evidence also
emphasizes the importance of using in vivo and in vitro
models, not only to accurately predict the state of reproduc-
tive welfare in humans after exposure to environmental pol-
lutants, but also to be used as advantageous tools to unravel
the mechanisms regulating the cellular and molecular events
that occur during the spermatogenic process (Li et al. 2016;
Gao et al. 2021; Wang et al. 2022a).

Among the plethora of harmful substances that affect
human, animal, and plant health, microplastics (MPs) are
attracting more and more attention, as all organisms are con-
tinuously exposed to them (EFSA 2016; Lehner et al. 2019).
In fact, the global plastic production and use has so much
grown (from 1.5 to 335 M t) (Alimba and Faggio 2019) that
the current historical era has been called the “age of plas-
tics” (Avio et al. 2017). Considering the widespread over-
use of disposable items, and the durable nature of plastic,
the spread of MPs in the environments and their impact on
wildlife and human health are inevitable. MPs can be dis-
tinguished into primaries (small particles designed for com-
mercial use, such as cosmetics) or tiny particles derived from
any type of plastic that, once discharged, can be degraded
into fragments <5 mm in diameter, through a variety of
physical, chemical, and biological ways (Webb et al. 2013).

MPs are widely distributed in many environmental compart-
ments and, in hydrosphere, are easily ingested by the marine
and freshwater fauna, entering and accumulating through
the food web, with dangerous consequences for all the spe-
cies, including humans (Bhagat et al. 2021), at both tissue
and cellular levels (Banerjee and Shelver 2021). Although
ingestion of food and water is the most representative mode
of exposure to MPs for humans, other ways, such as inhala-
tion of polluted air and dermal contact with contaminated
water, air, tissue, and cosmetics, cannot be excluded (Amato-
Lourengo et al. 2020; Prata et al. 2020; Revel et al. 2018;
Sangkham et al. 2022).

Regarding the effects of MPs on testicular physiopathol-
ogy in mammals, they have been shown to induce inflam-
mation, oxidative stress, alteration of the seminiferous epi-
thelium (SE) cytoarchitecture, and, ultimately, abnormal
differentiation of mature gametes (D’Angelo and Meccari-
ello 2021; Hou et al. 2021; Jin et al. 2021). In addition, it
has been suggested that disturbance in spermatogenesis may
be caused by the disruption of blood-testis barrier (BTB)
integrity, through the unbalanced expression of actin-bind-
ing proteins and junctional proteins in the BTB (Wei et al.
2021) and, consequently, to the enhanced germ cell (GC)
apoptosis through the activation of the MAPK-Nrf2 pathway
(Li et al. 2021).

Additionally, to their intrinsic toxicity, MPs, because of
their high surface area-to-volume ratio and hydrophobicity,
have the potential to interact with and absorb other mol-
ecules/particles in the environment, acting as carriers of
these chemicals and releasing them into new sites, as well
as into living beings. This effect is defined “Trojan horse
effect” and is based on the characteristics of MPs (composi-
tion, size, shape, color, and functional groups) (Hildebrandt
et al. 2021). Sorption of organic compounds and heavy met-
als on MPs can actually increase the risk of exposure and
bioavailability of these contaminants to the organisms, with
synergistic, antagonistic, or enhancing effects (Bhagat et al.
2021; He et al. 2021).

Many pollutants act as endocrine disrupting chemicals
(EDCs), molecules that mimic endogenous hormones and
interfere with physiological endocrine systems (Rehman
et al. 2018). The effects of EDCs can be directed on the
gonads, altering their physiology, or on the components
of the hypothalamic-pituitary—gonadal axis, interfering
with the hormonal feedback and resulting in the modi-
fication of gonadotropin release (Frye et al. 2012). Our
recent research is focusing on the molecular mechanisms
that regulate the cellular and differentiation processes
that occur during spermatogenesis, which are perturbed
by the use of Cd, with two purposes: (1) to unravel the
pathways involved, we aim to discover/propose the use
of molecules to ameliorate/mitigate these harmful effects
(Chemek et al. 2018; Venditti et al. 2020b, 2021a, 2021b;
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Kechiche et al. 2021) and (2) its use may be helpful in
expanding knowledge about the mechanisms of sper-
matogenesis; as such, chemicals have disruptive effects
on the testis via signaling proteins and pathways used to
support spermatogenesis under physiological conditions
(Gao et al. 2021).

To date, information on the combined effects of MPs
and EDCs on mammalian male gametogenesis is limited
(Deng et al. 2021). Therefore, the combined effects of
MPs and Cd on the physiopathology of the rat testis were
evaluated in this study.

Cd has damaging effects due to its action as an EDC
that have been well studied in terms of induced autophagy
and apoptosis, unbalanced testosterone production,
somatic and germ cell cytoskeleton disorders, and, finally,
on sperm quality (Venditti et al. 2021a, b).

We recently demonstrated, for the first time in rat tes-
tis, the combined impact of MPs and Cd, at the cellular
and molecular level, on the progression of GC differen-
tiation events in mature gametes (Venditti et al. 2023),
and here we extended the analysis on additional param-
eters, such as autophagy (microtubule-associated proteins
1A/1B light chain 3B (LC3B) and sequestosome 1 (p62),
BTB alteration (occludin (OCN), connexin 43 (Cx43),
Van Gogh-Like protein 2 (VANGL?2), proto-oncogene
tyrosine-protein kinase (Src), Focal adhesion kinase
(FAK)), and on SPZ parameters and quality.

Materials and methods
Polystyrene microplastic particles

In this study, two kinds of polystyrene microplastics (PS-
MPs) were employed: fluorescent particles of polysty-
rene (FPS-MPs) with excitation and emission wavelengths
of 502 and 518 nm, respectively (PS-FluoGreen-Fi199;
GmbH, Berlin, Germany) to assess the accumulation
and the distribution of MPs in rat testis, and pristine PS-
MPs (PS/Q-R-KM491; GmbH, Berlin, Germany) for the
remaining experiments (Deng et al. 2017). Both types
were spherical particles of 5 um diameter. Particle size
was measured with non-invasive backscatter optics. The
ENM C-potential was also measured via Zetasizer Nano
ZS. Particle size was independently monitored by our
partner in CNRS, ICMPE, University of Creteil, Paris,
France. An in-house assessment of the polystyrene
spheres revealed an average particle agglomerate size of
4.98 pm +0.15 and a {-potential of —0.0934 +0.172.
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Animals, experimental design, and sample
collection

Two-month-old male Wistar rats (n=40), weighting
222 +18.97 g, were individually housed in stainless steel
cages under controlled conditions of temperature (22 +2 °C),
light (hours light/dark schedule), and humidity (55 +20%).
Animals had free access to food and water ad libitum.
Rats, randomly divided into five groups (=38 each), were
treated as follows: (1) control, (2) 0.1 mg FPS-MP-treated,
(3) 0.1 mg PS-MP-treated, (4) Cd-treated (50 mg CdCl,/L
in drinking water; Sigma-Aldrich, Milan, Italy), and (5)
Cd + MP-treated (50 mg CdCl,/L +0.1 mg PS-MPs). The
MP solution was prepared as follows: 1 mg of PS-MPs was
diluted in 5 mL of Millipore Milli-Q water and processed
by ultrasonic vibration and 0.5 mL of the resulting solution
was given by oral gavage once daily (0.1 mg/day which cor-
responds to 1.5 x 10° particles/day). The chosen MPs used
concentration according to Deng et al. (2017) and Haddadi
et al. (2022) while that used for Cd was the same previously
utilized in our studies (Chemek et al. 2016, 2018; Messaoudi
et al. 2010; Venditti et al. 2020b). The two different ways of
exposure (drinking water for Cd and oral gavage for MPs)
were chosen to avoid the early adsorption of Cd by MPs.

The rats were treated for 30 days, and they were weighted
every 5 days. At the 31st day, the animals were euthanized by
4% chloral hydrate (i.p. 10 mL/Kg). The testes were removed
and weighted; for each rat, left testis was immersed in formol
10% buffer for histological studies, while the right was kept
at— 80 °C for biomolecular studies. Rats were housed in
accordance with the EEC 609/86 Directives regulating the
welfare of the experimental animals. The experimental pro-
tocol was approved by the ethics committee of the Institute
of Biotechnology, University of Monastir (Ref: CER-SVS/
ISBM022/2020).

Biochemical analysis
Evaluation of testicular CAT and SOD activities

Enzymatic activities of catalase (CAT) and superoxide dis-
mutase (SOD) were assayed using the methods of Claiborne
(1985) and of Marklund and Marklund (1974), respectively.
The measurement of each activity was performed in tripli-
cate and indicated as units per milligram of protein (U/mg
of protein).

Testicular PSH and TBARS level assay

Protein thiol (PSH) levels were determined following the
method of Sedlak and Lindsay (1968), while thiobarbituric
acid reactive species (TBARS) levels were evaluated in
accordance with our previous paper (Satoh 1978; Venditti
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et al. 2021c). Results were expressed as micrograms per
milligram of proteins (ug/mg of protein) and as TBARS
uM/ug of proteins. Each measurement was performed in
triplicate.

Sperm parameter evaluation

Epididymal sperm count, mobility, viability, morphology,
and DSP assessment

From each animal, sperm parameters were analyzed using
SPZ obtained by cutting the right epididymis in 1 mL
of RPMI culture medium (R0883, Sigma-Aldrich) pre-
heated to 32 °C, while the left was minced in 1 mL of 0.9%
saline + 1 mL 10% neutral buffer formalin for microscopic
studies.

All the main sperm parameters were assayed in accord-
ance with previous works (Robb et al. 1978; Jeyendran et al.
1984; Linder et al. 1986; Chemek et al. 2018). For morpho-
logical analysis, the SPZ suspension obtained from the left
epididymis was diluted with water to an appropriate volume
(20 mL). One to two milliliters of eosin (1%) was added to
20 mL of the suspension and incubated at room temperature
for 1 h. A drop of the suspension was placed on a slide, and
a smear was prepared and observed under a light microscope
(Axiostar Plus Zeiss) at x40 magnification. A total number
of 200-300 SPZ were examined on each slide, and the rate
of abnormal SPZ was expressed as a percentage.

For motility evaluation, SPZ obtained from the right
epididymis were diluted 1:10, 20 pL of the solution was
added to a Malassez cell, and the mobile and non-motile
spermatozoa were counted using an optical microscope
(Axiostar Plus Zeiss) at X 40 magnification. Motility was
expressed as the percentage of motile SPZ to their total
number.

SPZ DNA integrity

Acridine orange (AO) staining was employed on forma-
lin-fixed SPZ to evaluate the DNA integrity rate, follow-
ing Tejada et al. (1984). The slides were observed under
a fluorescent microscope with a UV lamp (Leica DM5000
B + CTR 5000; Leica Microsystems, Wetzlar, Germany)
and saved using the IM 1000 software (version 4.7.0; Leica
Microsystems, Wetzlar, Germany). Photographs were taken
using the Leica DFC320 R2 digital camera. SPZ with nor-
mal DNA showed green staining, whereas those with abnor-
mal DNA showed yellow to red staining, depending on the
degree of the damage (Tejada et al. 1984). A total of about
300 SPZ/slide was counted, and the parameter was expressed
as a percentage of yellow/orange SPZ (positive AO).

Protein extraction and WB analysis

Total proteins were extracted from testis and SPZ using
the RIPA lysis buffer (TCL131; HiMedia Laboratories
GmbH, Einhausen, Germany) supplemented with 10 pl/mL
of protease inhibitor mix (39,102; SERVA Electrophoresis
GmbH, Heidelberg, Germany) and subsequently processed
as described in Pariante et al. (2016).

SPZ extracts were used to perform a Western blot
(WB) analysis for prolyl endopeptidase (PREP), a protein
implicated in sperm motility (Venditti and Minucci 2019).
Table S1 reported details about all the antibodies used. All
the bands were analyzed using ImageJ software (version
1.53 g; NIH, Bethesda, MD, USA). WB was performed in
triplicate.

IF analysis
IF analysis on rat testis and SPZ

For OCN, VANGL?2, Cx43, and LC3B localization, 5 um
serial sections were processed as previously described
(Venditti et al. 2019; Venditti and Minucci 2022). For the
assessment of acrosome integrity, PNA lectin staining was
performed on SPZ fixed with 10% formol. SPZ showing
a complete red staining of the acrosome were considered
intact, while those showing irregularities and/or perforations
were considered abnormal (Lybaert et al. 2009). To deter-
mine PREP localization in SPZ, samples were processed as
described in Ergoli et al. (2020). The slides were observed
under a fluorescent microscope, as previously described.
Table S1 reported details about all the used antibodies. IF
was performed in triplicate.

Statistical analysis

Data are shown as mean + SEM. Statistical analysis was
done by using one-way ANOVA followed by a Tukey post
hoc #-test performed with Prism 5.0, GraphPad Software
(San Diego, CA, USA). Differences between the groups
were considered statistically significant at p <0.05.

Results

FPS-MP accumulation in the rat testis

The accumulation of FPS-MPs in rat testis is shown in
Fig. 1. MPs appeared as distinctive fluorescent points dis-

tributed throughout the seminiferous epithelium. The FPS-
MPs particularly accumulated in at level of GC (with arrow
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Fig. 1 Fluorescent PS-MPs in
rat testis. Accumulation of MPs
(white arrow) in rat seminifer-
ous epithelium. Scale bars
represent 20 pm and 10 pm in
the insets

and lower inset) and many other also in the tubular lumen
(upper inset), indicating that FPS-MPs deeply penetrate in
the testicular tissue.

Oxidative stress markers

MPs, when given alone or together with Cd, induced a
significant reduction of the antioxidant activities of SOD
and CAT as compared to that of the control (p <0.05 and
p <0.01, respectively; Table 1). Cd alone induced the most
pronounced decrease in both the considered enzyme activi-
ties, as compared to that of the control (p <0.001), MP
(»<0.01), and Cd+ MP (p <0.05) groups.

The oxidative stress was also analyzed by measuring the
PSH and lipid peroxidation level of rat testis (Table 1). MP
exposure, alone or together with Cd, decreased the level
of protein thiol groups, as compared to that of the control
(»<0.05 and p <0.01, respectively; Table 1). Cd group
showed the most evident decrease in protein thiol groups as
compared to that of the control (»p <0.001), MP (p <0.05),
and Cd+MP (p <0.05) groups.

Concurrently, MPs, alone or combined with Cd, increased
the level of lipid peroxidation, as compared to that of the
control (p <0.05). Once again, the most drastic increase in

the level of TBARS was observed in the Cd group, as com-
pared to the control (p <0.001), MP (p <0.05), and Cd +MP
(p <0.05) groups. Interestingly, for all the analyzed param-
eters, except for the TBARS levels, the alterations induced
by the combined treatment with Cd + MPs were higher than
MPs alone but lower than Cd alone.

Effect of MPs and/or Cd on specific markers of BTB

Cd exposure caused a significant reduction in the OCN
(p<0.001; Fig. 2 A, B), VANGL2 (p<0.01; Fig. 2 A, C),
and Cx43 (p<0.001; Fig. 2 A, D), so as in the phospho-
rylation status of p-Src (p <0.001; Fig. 2 A, E) and p-FAK
(p<0.01; Fig. 5 A, F) as compared to the control. Similarly,
treatment with MPs induced a decrease in the levels of all
the analyzed structural (p <0.05) and regulatory (p <0.01
for p-Src and p <0.05 for p-FAK) proteins, as compared to
the control. The contemporaneous treatment of MPs and Cd
also induced a decrease in the level of these BTB markers, as
compared to the MP group, but not as drastic as those seen
in the Cd group. However, no differences were observed for
VANGL?2 and Cx43 as compared to the MP group and in
p-FAK as compared to the Cd group.

Table 1 Effect MP and/or Cd
on testicular oxidative stress

parameters

Groups C MP Cd+MP Cd

SOD activity (U/mg of proteins) 14.43+0.11* 11.59+0.09° 9.14+0.16° 7.37+0.03¢
CAT activity (U/mg of proteins)  99.05 +1.28% 75.81+£9.25° 62.25+6.82° 39.31+3.94¢
PSH (ug/mg of proteins) 1.449 +0.04* 0.850+0.02° 0.588+0.01¢ 0.491 +0.004
TBARS (uM/pg of proteins) 0.2321+0.001* 0.3122+0.003° 0.3345+0.004° 0.3959 +0.005¢

SOD and CAT enzymatic activities and PSH and TBARS levels of animals exposed to Cd and/or MP. Val-
ues are expressed as mean+SEM from 8 animals in each group. Same letter indicates no significative dif-
ference; different letters indicate significative differences
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Fig.2 WB analysis of BTB markers in C-, MP-, and/or Cd-treated
rat testis. A WB analysis showing the expression of OCN (59 kDa),
VANGL?2 (60 kDa), Cx43 (43 kDa), p-Src (60 kDa), Src (60 kDa),
p-FAK (120 kDa), FAK (120 kDa), and p-actin (44 kDa) in the tes-
tis of animals treated with MPs and/or Cd. B-F Histograms showing
OCN, VANGL2, Cx43, p-Src, and p-FAK relative protein levels. Pro-
tein levels were normalized with B-actin or the relative non-phospho-

For a more detailed characterization of the effects exerted
by MPs and/or Cd on OCN, VANGL?2, and Cx43 localiza-
tion, an IF analysis was carried out (Fig. 3). OCN, one of
the most representative components of the BTB, specifically
localized in the Sertoli cell (SC) cytoplasm (arrowheads;
Fig. 3; insets), in all the groups, however, the signal intensity
decreased drastically in the three treated groups.

VANGL?2 is a protein acting on microtubules and actin
microfilament organization, localized in the SC cytoplasm
(arrowheads; Fig. 3; insets), and in its extensions, sur-
rounding the differentiating spermatids (SPT)/SPZ (arrows;
Fig. 3), showing a well-defined striped conformation. In the
MP- and/or Cd-treated groups, a fainter signal was observed,
while, just in the Cd+MP and Cd groups, VANGL?2 dis-
tribution pattern appeared more diffused and disorganized,
especially in SC protrusions (arrows; Fig. 3). Finally, a posi-
tive signal was also detected in the Leydig cells (LC) of all
groups (asterisks; Fig. 3).

Cx43 is the principal testicular component composing
gap junction between adjacent SC and at Sertoli-GC inter-
face, localized just in these cell types, namely in spermato-
cytes (SPC) (dotted arrows; Fig. 3), and cytoplasmic protru-
sions of SC (arrowheads; Fig. 3; insets) surrounding SPT
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rylated form and reported as OD ratio. All the values are expressed
as means+SEM from 8 animals in each group. Statistical significance
was evaluated by ANOVA (at least p <0.05) followed by Tukey’s test
for multigroup comparison. Same letter indicates no significative dif-
ference; different letters indicate significative differences. All the WB
experiments were performed in triplicate

(arrows; Fig. 3). Furthermore, an evident localization in the
LC (asterisks; Fig. 3) was noticeable. Also, in this case, MP
and/or Cd treatment induced a pronounced decrease of stain-
ing intensity in GC, SC cytoplasm (arrowheads; Fig. 3 and
insets), and in the LC (asterisk; Fig. 3).

Effect of MPs and/or Cd on autophagy

As in our previous work, we demonstrated that Cd treat-
ment activates autophagy (Venditti et al. 2021b); here, we
analyzed two typical markers of autophagy, LC3B and p62,
to verify whether this mechanism is also induced by MPs
(Fig. 4). Actually, WB analysis revealed that MP treatment
induced a significant increase of LC3B-II and decrease
of p62 protein levels, as compared to that of the control
(p <0.05; Fig. 4 a—). Moreover, the co-administration of Cd
further increased LC3B-II protein level as compared to the
control (p <0.001) and MP (p <0.05) groups; however, the
level of p62 decreased as compared to the control (p <0.01),
but it was similar to the MP group. Cd treatment induced
the highest increase of LC3B-II and decrease of p62 protein
levels, as compared to all the other groups, confirming the
activation of the autophagic pathway. To establish which
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Fig.3 IF analysis of OCN, VANGL2, and Cx43 in C-, MP-, and/
or Cd-treated rat testis. IF staining of OCN (green; upper part),
VANGL?2 (middle part), and Cx43 (lower part). Slides were coun-
terstained with DAPI-fluorescent nuclear staining (blue) and with

cells exhibited the most prominent activation of autophagy,
a LC3B immunofluorescence staining was performed (Fig. 4
d). In all the groups, a positive signal was specifically
observed in the cytoplasm of SC (arrowheads) but with a
more extension and intensity in the testis of Cd-treated rats.
Interestingly, in MP and Cd-MP groups, the staining was
also present in GC cytoplasm, namely SPC (dotted arrow;
Fig. 4 d) and SPT (arrow; Fig. 4 d), but with a lower inten-
sity than that seen in the SC.

Effect of MPs and/or Cd on sperm

Sperm parameters, lipid peroxidation, and DNA
and acrosome integrity

The effects of MP and/or Cd treatment were extended
on gamete physiology. Firstly, the analysis of the main
sperm parameters, shown in Table 2, revealed that MP and
Cd + MP treatment induced substantial modifications in
DSP, efficiency, sperm concentration, viability, motility,
and morphology, as compared to the control group (p <0.1
and p <0.01, respectively). Moreover, when given alone,
Cd induced the most pronounced alterations in all the ana-
lyzed parameters, as compared to the control (p <0.001), MP
(»<0.01), and Cd+MP (p <0.05) groups.
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PNA lectin (red) which marks the acrosome. Scale bars represent
20 pm and 10 pm in the insets. Arrowheads: SC; dotted arrows: SPC;
arrows: SPT; asterisk: LC. All the IF experiments were performed in
triplicate

To investigate the oxidative stress, the sperm lipid per-
oxidation rate was analyzed via the TBARS assay (Fig. 5
A).

As for the previous data, MPs induced a slight increase
in TBARS level (p <0.05), Cd +MPs an average increase
(»<0.01), and Cd alone a marked increase (p <0.001) as
compared to the control.

By AO staining, the negative effects of MPs and/or
Cd on SPZ DNA integrity were indicated by a significant
increase in the percentage of SPZ showing a yellow/orange
head (indicating damaged DNA) as compared to the control
(p<0.01; Fig. 5 B, C). It should be pointed out that there
were no differences in the number of SPZ with damaged
DNA between the MP and Cd + MP groups; however, in
the latter, more SPZ presenting dark yellow/orange heads
were observed, indicating the induction of deeper damages.
Cd group exhibited the highest number of damaged SPZ,
in terms of number (p <0.001 as compared to the control)
and severity, since many dark orange/red SPZ heads were
observed (Fig. 5 B, C).

Finally, in the insets in Fig. 5 B, PNA lectin stain-
ing allowed us to identify sperm acrosome. Control SPZ
showed an acrosome of the correct shape, and the red signal
was quite intense. In the three treated groups, the staining
revealed an abnormal acrosome, in terms of both shape and
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Fig.4 Autophagy rate analysis a

of C-, MP-, and/or Cd-treated

rat testis. a WB analysis show- c wp
ing the expression of LC3B-I
(14 kDa), LC3B-II (16 kDa),
p62 (62 kDa), and p-actin

(44 kDa) in the testis of animals
treated with MPs and/or Cd. b, ACT
¢ Histograms showing LC3B-II

and p62 relative protein levels. d
Protein levels were normal-

ized with LC3B-I and p-actin,
respectively, and reported as

OD ratio. All the values are

expressed as means + SEM

from 8 animals in each group.

Statistical significance was

evaluated by ANOVA (at least

p <0.05) followed by Tukey’s

test for multigroup compari-

son. Same letter indicates no
significative difference; different

letters indicate significative

differences. d IF analysis of

LC3B (green) in the testis of

animals treated with MPs and/or

Cd. Slides were counterstained

with DAPI-fluorescent nuclear

staining (blue) and with PNA

lectin (red) which marks the

acrosome. Scale bars represent

20 pm and 10 pm in the insets.
Arrowheads: SC; dotted arrows:

SPC; arrows: SPT. All the

WB and IF experiments were

performed in triplicate
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Table 2 Effect MP and/or Cd

Groups C MP Cd+MP Cd
on sperm parameters

DSP/testis (x 10°) 21.05+1.62*  14.47+0.33° 9.88+0.50° 8.51+0.63¢
Efficiency (DSP/g of testisx 10%ml) ~ 28.66+3.40°  19.73+1.23°  1524+1.54° 10.90+1.41¢
Sperm concentration (10%/ml) 86.254+5.93*  66.02+6.85° 51.97+8.85°  37.25+4.03¢
Viability (%) 9344+ 148  64.30£557°  5475+£5.08°  49.77+3.59¢
Motility (%) 83.4242.19° 70204258  61.43+3.77° 52.18+4.27¢
Abnormal morphology (%) 10.05+1.550  37.33+1.75°  48.66+2.08°  51.44+2.32¢

Evaluation of sperm parameters of animals exposed to MP and/or Cd. Values are expressed as mean+SEM
from 8 animals in each group. Different letters indicate significative differences

staining intensity, with the Cd-treated group exhibiting the
worse situation.

Analysis on PREP

Finally, the analysis of the effects of MP and/or Cd treat-
ment on sperm physiology was extended on PREP, a micro-
tubule-associated protein involved in the sperm motility
(Fig. 6). As also observed in many other parameters, the

three treatments induced a significant decrease in PREP,
with MPs showing a slight decrement (p < 0.05), Cd alone
the highest (p <0.0001), and Cd + MPs an “intermediate”
(» <0.01) as compared to the control (Fig. 6 A, B).

This data was then confirmed by IF analysis performed
on SPZ (Fig. 6 C), showing that PREP was clearly local-
ized in the tail. The lower signal intensity observed in
the sperm of the experimental groups confirmed the trend
previously described.
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Fig.5 Sperm physiology analysis of C-, MP-, and/or Cd-treated rats.
A Histogram showing TBARS levels of animals exposed to MPs and/
or Cd. B AO staining that highlights the SPZ with damaged DNA
(yellow/orange) respect to those with intact DNA (green). The insets
showed the sperm acrosome morphology, highlighted with PNA lec-
tin staining. C Histogram showing the percentage of SPZ with dam-
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Fig.6 WB and IF analysis of PREP in C-, MP-, and/or Cd-treated rat
SPZ. A WB analysis showing the expression of PREP (80 kDa) and
a-tubulin (50 kDa) in SPZ of animals treated with MPs and/or Cd. B
Histograms showing the relative protein levels of PREP. Data were
normalized with a-tubulin and reported as OD ratio. All the values
are expressed as means +SEM from 8 animals in each group. Statisti-
cal significance was evaluated by ANOVA (at least p <0.05) followed
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aged DNA. Scale bars represent 20 pm. In A and C, all the values are
expressed as means+SEM from 8 animals in each group. Statistical
significance was evaluated by ANOVA (at least p <0.05) followed by
Tukey’s test for multigroup comparison. Same letter indicates no sig-
nificative difference; different letters indicate significative differences.
All the experiments were performed in triplicate

w

PREP/TUB OD RATIO
2 3

by Tukey’s test for multigroup comparison. Same letter indicates no
significative difference; different letters indicate significative differ-
ences. C IF analysis of PREP in SPZ of animals treated with MPs
and/or Cd. Slides were counterstained with DAPI-fluorescent nuclear
staining (blue) and with PNA lectin (red). Scale bars represent 20 pm.
All the WB and IF experiments were performed in triplicate
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Discussion

In this paper, we evaluated, for the first time, the combined
effect of MPs and Cd on the rat testis. We used 60-day-old
rats that, at this time point, they cannot be defined as adult
yet but in the period of the late puberty/early adulthood.
However, it has been well recognized that rats are sexually
mature at this stage, as the first wave of the spermatogenic
cycle is completed, and they can produce mature SPZ. In
fact, the two signs of sexual maturity are the presence of
complete spermiogenesis in the seminiferous tubules and
mature SPZ in the epididymis (Picut et al. 2018).

It has been proposed that induced oxidative stress is one
of the main adverse effects provoked by pollutants, MPs
(Wen et al. 2022) and Cd (Venditti et al. 2021a) included.
Our data confirmed that, after the exposure to MPs and/
or Cd, the antioxidant activity of SOD and CAT and the
PSH level decreased, while the concentration of TBARS
increased, suggesting that the treatments caused oxidative
stress. It should be remembered that testicular cells, due
to their high unsaturated fatty acid content, are extremely
sensitive to reactive oxygen/nitrogen species (Dutta et al.
2019).

Recent studies highlighted the ability of MPs to pen-
etrate testicular tissue, here confirmed by the presence
of FS-MPs in the SE, and promote the BTB destruction,
both in mice (Wei et al. 2021) and in rats (Li et al. 2021),
through the imbalance of the mMTORC1/mTORC2 and
MAPK-Nrf2 signaling pathways, respectively. Further-
more, we have previously demonstrated that Cd alters the
BTB, by acting on structural (OCN, VANGL?2, and Cx43)
and regulative (Src and FAK) proteins (Venditti et al.
2021b). Here, we also confirm that MPs downregulated
the protein level of OCN and Cx43, integral membrane
proteins that form the tight junctions and gap junctions
between adjacent SC, respectively.

However, to our knowledge, this is the first paper to
report the effects of MPs on the phosphorylation status
of Src and FAK, kinases that regulate the dynamics of
adjacent and tight junction, as well as on the protein level
of VANGL?2, a planar cell polarity protein that, acting on
actin microfilament and microtubule organization, plays a
central role in regulating BTB integrity and SPT transport.
IF data revealed that MP treatment induced an altered spa-
tial distribution of VANGL?2 in the SC cytoplasm, at the
interface with SPT, suggesting that MPs may also act on
the cytoskeletal organization of testicular cells. Further
studies are in progress to better elucidate this point.

The combined data, present in the literature and in the
current paper, not only suggest that by inducing oxida-
tive stress and altering the mTORC1/mTORC2 (Wei
et al. 2021) and MAPK-Nrf2 (Li et al. 2021) signaling

pathways, MPs can affect the integrity of BTB and, con-
sequently, the whole spermatogenic process, but also
confirm, once again, the importance of the harmonious
cooperation among all the components of BTB to ensure
the proper differentiation of GC into SPZ.

Remarkably, many stressful circumstances (namely the
absence of survival factors or excessive oxidative stress) can
activate the autophagic pathway, an adaptive mechanism that
leads damaged molecules and organelles to lysosomal deg-
radation. The present data, in addition to confirm previous
studies indicating that Cd induces autophagy, especially in
SC (Venditti et al. 2021b; Wang et al. 2022a), demonstrated,
for the first time, that MPs can also stimulate autophagy not
only in SC but also in GC, contrarily to Cd. Autophagy in
SC could be a consequence of the loss of BTB component
integrity, as these proteins, impaired by overproduced ROS
(or by the withdrawal of testosterone, induced either by MPs
or Cd (Ilechukwu et al. 2022)), are degraded via autophagy
(Venditti et al. 2021b; Zhou et al. 2021). The occurrence of
autophagy just in GC of MP-treated rats could be a conse-
quence of the less damages produced by MPs compared to
Cd: in fact, it is known that one of the purposes of autophagy
is to avoid apoptosis (Mizushima et al. 2008); for this reason,
we hypothesized that GC, to reduce the “limited” damages
induced by MPs, activate the autophagy pathway rather than
the entry into apoptosis, whereas Cd, which caused the most
prominent injuries, directly provoked apoptosis in GC (Ijaz
et al. 2021).

The induced oxidative stress and the loss of BTB integrity
could be one of the causes of the decline in sperm quality,
as evidenced by the increased number of positive sperm to
AO staining (an index of DNA damage), other than by the
downregulated PREP protein level. Since PREP, a serine
protease, has been implicated in microtubule-associated
processes (Venditti and Minucci 2019; Venditti et al. 2019),
the altered sperm motility can probably be attributed specifi-
cally to its impaired expression and localization in the sperm
tail. It is well known that, in the Wistar rats, spermatogen-
esis lasts about 63 days, including SPZ maturation during
epididymal transit (Picut et al. 2018). Although to observe a
more accurate impact of the used pollutants on sperm qual-
ity, the treatment should have lasted at least 63 days; in this
paper, in any case, alterations were observed in all the cell
types that compose the SE and in the mature SPZ. Thus, it
can be assumed that all cells, even those that have already
started mitotic and meiotic divisions, as well as spermiogen-
esis, are susceptible to MP and/or Cd effects, independently
of the duration of treatment.

Interestingly, the combined effects of Cd+ MPs were
worse than those induced by MPs but less intense than those
induced by Cd alone in most of the analyzed parameters.
This antagonistic effect has been previously demonstrated,
as MPs reduced Cd toxicity in plants (Lian et al. 2020; Wang
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et al. 2022b; Zhang et al. 2022), fish (Wang et al. 2022c;
Yang et al. 2022), and mice (Wang et al. 2022d).

This result may be due to the different ways of exposure
used to administer the two chemicals to rats: via oral gavage
(MPs) and in drinking water (Cd); thus, the first “contact”
between MPs and Cd occurred just in the gastrointestinal
tract of the animals. Considering that MPs show the highest
adsorption rate at neutral pH values and the highest release
at acidic pH values of heavy metals (Hildebrandt et al.
2021), we can speculate that in the stomach of rats there was
no adsorption/release due to acid pH, while, in the gut, in
which the pH starts to increase reaching the neutrality (about
7), a favorable microenvironment is generated for Cd absorp-
tion by MPs, reducing its bioavailability (Chen et al. 2022).

Finally, corroborating our previous hypothesis (Venditti
et al. 2023), we can propose a kind of “positive Trojan horse
effect” of MPs, which can be the cause for the lower effects
observed by the simultaneous treatment with Cd +MPs com-
pared to MPs or Cd alone. For this reason, progress studies
are focused on the use of MPs “pre-adsorbed” with Cd, to
verify the presence of an effective “Trojan horse” effect on
the rat testis.

Conclusions

This report demonstrates the combined effects of MPs and
Cd on rat testicular physiology. A particular attention has
been given to their effects on the BTB cytoarchitecture and
on SPZ quality parameters, confirming that the structural
and regulative proteins composing the BTB and GC are tar-
geted by these pollutants. Furthermore, new data indicate
that MPs, given alone or in combination with Cd, can induce
autophagy in the GC as well. Interestingly, the simultaneous
use of both pollutants produced less effects than Cd alone,
probably because of the separate ways of administration to
rats.
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