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Background: Nanoparticulate titanium dioxide (nano-TiO, ) enters the body through various routes
and causes organ damage. Exposure to nano-TiO, is reported to cause testicular injury in mice or rats
and decrease testosterone synthesis, sperm number, and motility. Importantly, nano-TiO, suppresses
testosterone production by Leydig cells (LCs) and impairs the reproductive capacity of animals.
Methods: In an attempt to establish the molecular mechanisms underlying the inhibitory effect
of nano-TiO, on testosterone synthesis, primary cultured rat LCs were exposed to varying con-
centrations of nano-TiO, (0, 10, 20, and 40 pig/mL) for 24 hours, and alterations in cell viability,
cell injury, testosterone production, testosterone-related factors (StAR, 3HSD, P450scc, SR-BI,
and DAX1), and signaling molecules (ERK1/2, PKA, and PKC) were investigated.

Results: The data show that nano-TiO, crosses the membrane into the cytoplasm or nucleus,
triggering cellular vacuolization and nuclear condensation. LC viability decreased in a time-
dependent manner at the same nano-TiO, concentration, nano-TiO, treatment (10, 20, and
40 pug/mL) decreased MMP (36.13%, 45.26%, and 79.63%), testosterone levels (11.40% and
44.93%), StAR (14.7%, 44.11%, and 72.05%), 3BHSD (26.56%, 50%, and 79.69%), pERK1/2
(27.83%, 63.61%, and 78.89%), PKA (47.26%, 70.54%, and 85.61%), PKC (30%, 50%, and
71%), SR-BI (16.41%, 41.79%, and 67.16%), and P450scc (39.41%, 55.26%, and 86.84%),
and upregulated DAX1 (1.31-, 1.63-, and 3.18-fold) in primary cultured rat LCs.
Conclusion: Our collective findings indicated that nano-TiO,-mediated suppression of testos-
terone in LCs was associated with regulation of ERK1/2-PKA-PKC signaling pathways.
Keywords: nanoparticulate titanium dioxide, primary cultured rat Leydig cells, mitochondrial
injury, testosterone, ERK1/2-PKA-PKC signaling pathways

Introduction

Nanoparticulate titanium dioxide (nano-TiO,) is characterized by a large surface-area
ratio, strong mechanical properties, low melting point, and magnetism. The compound
has numerous applications in industry, coating systems, medicine, everyday lives, and
the environment.!® Due to its widespread usage and specific physical and chemical
properties,” nano-TiO, is transferred to the human body through various routes, includ-
ing inhalation, environmental intake (food additives or packaging components), and
biomedical applications (gastrointestinal absorption or skin exposure),'*® and subse-
quently travels through the blood circulation into the liver, brain, spleen, heart, kidneys,
lungs, and ovaries.>”'> We have reported nano-TiO, deposition in various organs of
mice after exposure for 14 consecutive days in the following order: liver > kidney >
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spleen > lung > brain > heart." Nano-TiO, has additionally
been shown to enter the testis through the blood—testis barrier
and migrate to the testicular microenvironment composed of
Sertoli cells, spermatids, and Leydig cells (LCs),'* !¢ leading to
inhibition of >90% testosterone production, spermatozoa
degeneration, and consequent reduction in LCs and sperm
number, sperm motility, and male fertility.'” > However, the
mechanisms underlying the suppressive effects of nano-TiO,
on testosterone production are yet to be established.®?

Testosterone synthesis is a complex process in which
cholestenone is transferred from the cytoplasm to mitochon-
dria via StAR, followed by acceleration of the cholesterol
side-chain-cleavage process via the P450scc enzyme in
LCs. Cholestenone is metabolized to pregnenolone, and
subsequently testosterone is generated through a reaction
catalyzed by 3BHSD and 17BHSD.?” StAR plays an important
role in testosterone synthesis,?® and is regulated by ERK1/2.
Association of the MAPK-ERK signaling cascade with ste-
roid biosynthesis is suggested through regulation of StAR
expression via multiple pathways and factors in mouse LCs.”
ERK1/2 exerts stimulatory effects on steroidogenesis.** StAR
modulates the transfer of cholesterol from the cytoplasm to
mitochondria, regarded as the rate-limiting step in steroid-
hormone synthesis.?'*¢ Limited studies to date have focused
on the molecular mechanisms underlying the effects of nano-
TiO, on testosterone generation.

Here, we hypothesized that inhibition of testosterone
biosynthesis by nano-TiO, is achieved by regulation of
testosterone-related factors through the ERK1/2-PKA-PKC
signaling pathways in LCs. To examine this theory, rat
primary cultured LCs were exposed to different concentra-
tions of nano-TiO,, and changes in mitochondrial membrane
potential and testosterone secretion were detected to evalu-
ate the effects on cell viability, ultrastructure, and function.
We additionally examined the effects of nano-TiO, on
expression of proteins involved in testosterone generation,
including StAR, 3BHSD, P450scc, SR-BI, and DAX1, and
signaling molecules, such as ERK1/2, pERK1/2, PKA, and
PKC, and whether the ERK1/2-PKA—-PKC pathways par-
ticipate in nano-TiO,-mediated impairment of testosterone
generation in LCs.

Methods

Chemicals

Nano-TiO, (anatase type, TiO, content >99.5%) was kindly
provided by Professor Yang Ping (College of Chemistry,
Soochow University, China) and characterized according
to previous reports.’”** Nano-TiO, powder was dispersed
in DMEM and Ham’s F12 nutrient mixture (DMEM-F12;

Sigma-Aldrich, St Louis, MO, USA) containing 10% PBS
(Solarbio, Beijing, China), following which the suspen-
sions (5 mg/L) were treated ultrasonically for 30 minutes
and mechanically vibrated for 5 minutes. Particle sizes
of nano-TiO, suspended in DMEM-F12 were determined
using transmission electron microscopy (TEM; Tecnai
G? Spirit; FEI, Hillsboro, OR, USA) operating at 100 kV.
In brief, suspended nano-TiO, particles were deposited onto
carbon-film TEM grids and allowed to dry in air. Mean
particle size was determined by measuring more than 100
individual particles that were randomly sampled. X-ray
diffraction patterns were obtained at room temperature
with diffractometry (Mercury; Cambridge Crystallographic
Data Centre, Cambridge, UK) using Ni-filtered CuK radia-
tion. The surface area of each sample was determined via
Brunauer—Emmett—Teller adsorption measurements on
an ASAP 2020 instrument (Micromeritics, Norcross, GA,
USA). Hydrodynamic diameter distribution of nano-TiO,
suspended in DMEM-F12 solution (5 mg/mL) was measured
via dynamic light scattering (Zetasizer Nano ZS90; Malvern
Instruments, Malvern, England) and {-potential detected
via analysis with 173° backscatter and MPT2 autotitration
(Zetasizer Nano ZS90).

Primary culture of LCs

All rats were purchased from the Animal Care and Use Com-
mittee of Soochow University. All animal experiments were
conducted during the light phase and approved by the Animal
Experimental Committee of Soochow University (ethical
approval 2111270). Procedures were performed in accor-
dance with the National Institutes of Health’s Guidelines for
the Care and Use of Laboratory Animals. Sprague Dawley
male rats were housed in stainless-steel cages in a ventilated
animal room in specific-pathogen-free conditions in which
the temperature was strictly controlled at 18°C-25°C, humid-
ity maintained at 50%—80%, and the room was on a 12-hour
light—dark cycle. Both distilled water and sterilized food were
allowed freely. After three weeks, testes were collected from
male Sprague Dawley rats. LCs were isolated and cultured
as described previously.*

Briefly, rats were killed via cervical dislocation and the
abdominal cavity cut open to obtain the testes, followed by
washing twice in precooled HBSS. Next, capsules and blood
vessels were simultaneously stripped. Decapsulated testes
were digested enzymatically in DMEM-F12 (HyClone;
Sigma-Aldrich) containing 0.25 mg/mL collagenase
(type I, Sigma-Aldrich) at 37°C in a shaking water bath
(80 cycles/minute). After 20 minutes, 10% FBS (Thermo
Fisher Scientific, Waltham, MA, USA) was added to terminate
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the digestion reaction and incubated for 10 minutes, causing
seminiferous tubules to settle down under gravity. The super-
natant containing LCs was collected and incubated for another
10 minutes. Two collected supernatant fractions were passed
through a 70 um cell strainer (Thermo Fisher Scientific) to
remove small tubular fragments and the filtrate centrifuged
for 10 minutes under 280% g at room temperature. The fluid
was removed and washed once with PBS (Solarbio). For
purification, cells were added slowly to contain gradients of
30%, 40%, 60%, and 90% Percoll and centrifuged at 180x g
for 30 minutes. The third layer of liquid was removed, resus-
pended in DMEM-F12 containing 10% FBS, and seeded in
six-well plates on glass coverslips at a density of 10° cells/
well, followed by treatment with different nano-TiO, con-
centrations (0, 10, 20, and 40 pwg/mL). LC culture medium
containing nano-TiO, was prepared by nano-TiO, powder
being dispersed in DMEM-F12 with 10% PBS (Solarbio)
solution, followed by ultrasonic treatment for 30 minutes and
mechanical vibration for 5 minutes. LCs were cultured in vitro
and maintained in a humidified 5% CO, atmosphere at 37°C.
After 24 hours, cells were used for subsequent experiments.

CCK8 assay

The CCK8 assay (Dojindo, Kumamoto, Japan) is used widely
to examine cell viability and proliferation. LC activity was
determined using the CCK8 and a nano-TiO,-concentration
gradient (0, 5, 7.5, 10, 15, 30, 60, and 120 pg/mL) set over a
time course of 12, 24, or 48 hours. Three blanks and five exper-
imental groups were set up for each nano-TiO, concentration.
LCs were plated in 96-well culture plates at a density of 10°
cells/well in 100 L medium and 100 uL. CCK8 added to each
well for both experimental and blank groups. After 2-hour
incubation at 5% CO, and 37°C, a microplate reader was used

to assess the OD
-0D,,  wells)/(OD__ —OD

= (ODexperimental blank control blan!
appropriate nano-TiO, concentration within the suspension,

s0- LC4, Was calculated based on: cell viability
- To ensure

ultrasonic treatment was performed for 30 minutes, followed
by mechanical vibration for 5 minutes.

Nano-TiO, internalization

Fluorescein isothiocyanate (FITC)-nano-TiO, was pro-
duced according to a previously reported method.* Briefly,
FITC-nano-TiO, was prepared and added to cells at vari-
ous concentrations (0, 10, or 40 ug/mL) for 24 hours after
further selective staining of the cell skeleton and nuclei using
rhodamine phalloidin and DAPI (Beyotime Biotechnology,
Shanghai, China). Cells were observed under laser-scanning
confocal microscopy (LSCM; FV1200; Olympus, Tokyo,
Japan). Next, cells were washed with PBS three times in

the dark to remove FITC-labeled nano-TiO,, fixed with 4%
paraformaldehyde at 37°C for 30 minutes, and permeabi-
lized with 0.3% Triton X-100. After 10 minutes, cells were
washed three times with PBS. To stain the cell skeleton, 100
nM rhodamine phalloidin was added and DAPI labeling per-
formed for nuclear staining after 30 minutes. Internalization
of nano-TiO, in LCs was observed using LSCM.

Observation of LC ultrastructure

Following treatment with 10, 20, or 40 pg/mL nano-TiO,
for 24 hours, primary cultured LCs were fixed in a fresh
solution of 0.1 M sodium cacodylate buffer containing 2.5%
glutaraldehyde and 2% formaldehyde, followed by 2-hour
fixation at 48°C with 1% osmium tetroxide in 50 mM sodium
cacodylate (pH 7.2—7.4). Staining was performed overnight
with 0.5% aqueous uranyl acetate. Specimens were dehy-
drated in a graded series of ethanol (75%, 85%, 95%, and
100%) and embedded in Epon 812. Ultrathin sections were
obtained, contrasted with uranyl acetate and lead citrate, and
observed via TEM with a Hitachi H600. LC apoptosis was
determined based on changes in morphology.

Assay of mitochondrial membrane

potential

After treatment with different nano-TiO, concentrations for
24 hours, an mitochondrial membrane potential (MMP)-assay
kit (Beyotime Biotechnology) was used to measure MMP
of primary cultured LCs via flow cytometry (FACSVerse;
BD Biosciences, San Jose, CA, USA).*! The MMP-assay
kit contains 5,5%,6,6’-Tetrachloro-1,1",3,3’-tetracthyl-
imidacarbocyanine iodide (JC-1), an ideal voltage-sensitive
fluorescence probe that displays dual fluorescence and
mitochondrial membrane permeability and passively enters
mitochondria to form aggregates, leading to red fluorescence.
Upon collapse of mitochondrial potential, the dye no longer
accumulates in mitochondria and remains in the cytoplasm
in the form of a monomer displaying green fluorescence.
For the MMP assay, LCs (10° cells/well) were harvested,
washed with PBS, and incubated with 10 uM JC-1 dye in
culture medium for 15 minutes at 37°C. Cells were rewashed
with PBS and resuspended in 400 pL PBS. At high MMP,
the JC-1 polymer accumulates in the matrix and shows red
fluorescence with excitation at 585 nm and emission at 590
nm. Conversely, under conditions of low MMP, green fluo-
rescence (representing monomer) is evident with excitation
at 514 nm and emission at 530 nm, owing to shortage of
the JC-1 polymer in the matrix. The ratio of mitochondrial
depolarization is measured based on the relative proportion
of JC-1 polymer:monomer.
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Measurement of testosterone levels

After treatment with different nano-TiO, concentrations for
24 hours, testosterone levels in cell-culture supernatants were
determined with a rat testosterone kit (Yaunye Biotechnology,
Shanghai, China) according to the manufacturer’s instruc-
tions. After subtraction of baseline testosterone data before
exposure to nano-TiO,, resultant data are represented as data
processed by nano-TiO,. Testosterone values for five sets of
replicates were acquired and averaged.

Immunocytochemistry analysis

To assess expression levels of ERK1/2-PKA—PKC pathway-
related proteins, immunocytochemistry was performed. After
exposure to nano-TiO,, a clean poly-L-lysine-coated glass
slide containing primary cultured LCs was washed with PBS,
fixed with 4% paraformaldehyde (Solarbio) for 30 minutes at
4°C, and permeabilized with 0.2% Triton X-100 (Solarbio)
in PBS for 10 minutes at room temperature. Cells were
blocked with 5% BSA (BBI Life Sciences, Shanghai, China)
for 1 hour, rewashed with PBS, and incubated with primary
antibodies against ERK1/2 (1:200; Thermo Fisher Scientific,
USA), pERK1/2 (1:200; Thermo Fisher Scientific), PKA
(1:500; Thermo Fisher Scientific), or PKC (1:200; Thermo
Fisher Scientific) for 2 hours at room temperature. Cells were
subsequently incubated with FITC-conjugated antirabbit
IgG (1:200; Santa Cruz Biotechnology, Dallas, TX, USA)
for 1 hour at room temperature. After rewashing of slides,
protein expression was examined via LSCM (FV1200) and
data analyzed using Image-Pro Plus 6.0.

Western blotting

After treatment of cells with different nano-TiO, concentra-
tions for 24 hours, expressions of ERK1/2, pERK1/2, PKA,
PKC, 3BHSD, StAR, P450scc, SR-BI, and DAX]1 proteins
were detected via Western blotting. Briefly, after being
washed with precooled PBS three times to remove dead
cells and nano-TiO,, primary cultured LCs were lysed in
radioimmunoprecipitation-assay buffer including protease
and phosphatase inhibitors at 4°C for 40 minutes. Total
proteins were obtained by 138,000 g centrifugation at 4°C
for 5 minutes and protein concentrations measured using a
BCA-assay kit (Thermo Fisher Scientific). Equal amounts
of protein were loaded for each sample, separated via 10%
sodium dodecyl sulfate polyacrylamide-gel electrophoresis,
and transferred electrophoretically onto nitrocellulose
membranes under a constant current of 300 mA for 2 hours.
Membranes were blocked with 5% nonfat dry milk (BBI
Life Sciences) diluted with Tris-buffered saline containing

0.05% Tween-20 (PBST) at room temperature for 2 hours,
followed by treatment with anti-ERK1/2 (1:2,000; Thermo
Fisher Scientific), anti-pERK1/2 (1:2,000; Thermo Fisher
Scientific), anti-PKA (1:1,000; Thermo Fisher Scientific),
anti-PKC (1:1,000; Thermo Fisher Scientific), anti-3HSD
(1:1,000; Santa Cruz Biotechnology), anti-StAR (1:1,000;
Abcam, Cambridge, UK), anti-P450scc (1:1,000; Abcam),
anti-SR-BI (1:2,000; Abcam), anti-DAX1, and anti-f-actin
(reference, 1:5,000; Thermo Fisher Scientific) diluted
with PBST at 4°C overnight. After three washes in PBST,
membranes were incubated with secondary antibodies
conjugated with HRP (1:5,000) at room temperature for
2 hours. Immunoreactive signals were detected via enhanced
chemiluminescence and visualized using X-rays. Finally,
images were analyzed using ImagelJ to obtain gray values of
protein expression for further comparison. Each experiment
was repeated at least three times.

Statistical analysis

All results were based on at least three replicate experiments
(five or more repetitions for each treated group) and are
expressed as mean £ SD. SPSS 19.0 (SPSS, Chicago, IL,
USA) was applied to analyze multigroup data. One-way
ANOVA was used to evaluate statistical significance. Data
were considered statistically significant at P<<0.05.

Results

Nano-TiO, characteristics

X-ray-diffraction patterns of nano-TiO, and its phase (101
peak) attributable to the anatase structure are presented
in Figure 1. The average size of nano-TiO, suspended in

101

Intensity (a. u.)

10 20 30 40 50 60 70 80 90
20(Degree)

Figure | (101) X-ray diffraction peak of nanoparticulate TiO,, showing anatase
structure.
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Figure 2 Transmission electron microscopy images of anatase nanoparticulate
TiO,. Nanoparticulates suspended in DMEM-F12 were 6—7 nm in size.

DMEM-F12 was determined as ~6.5 nm via TEM (Figure 2).
The mean hydrodynamic diameter of nano-TiO, in DMEM-
F12 was 42.36 nm, suggesting that the majority of nano-
particles formed clusters and aggregated in the medium
(Figure 3). The C-potential of nano-TiO, in DMEM-F12 was
42.8 mV, as shown in Figure 4.

Purity of primary LCs
The purity of primary cultured rat LCs, determined based on
immunostaining with 3HSD, was 95% (n=200; Figure 5).

Cell viability

We examined the viability of LCs treated with nano-TiO, at
different concentrations and time points (Figure 6). Notably,
LC viability decreased in a time-dependent manner at the
same nano-TiO, concentration (P<<0.05). Upon exposure of
LCs to different doses of nano-TiO, (5, 7.5, 10, 15, 30, 60, and
120 pg/mL) for 12, 24, and 48 hours, LC, values of 76.08,
53.96, and 21.45 ng/mL were obtained, respectively. Based
on these values, LCs were treated with 10, 20, or 40 pg/mL
nano-TiO, for 24 hours in subsequent experiments.

Nano-TiO, internalization

To explore the potential toxicity of nano-TiO, to cells
and further clarify the distribution in LCs, nanoparticles
were labeled with FITC, the cell skeleton with rhodamine-
phalloidin, and nuclei with DAPI. Owing to its small size,

nano-TiO, readily entered the cytoplasm and nuclei of cells
(Figure 7). Experiments with different concentrations of
nano-TiO, revealed that at a treatment dose of 40 pg/mL,
a higher number of particles entered nuclei relative to treat-
ment with 10 pg/mL nano-TiO,.

Ultrastructural changes induced by
nano-TiO,

Changes in the primary cultured LC ultrastructure are
depicted in Figure 8. LCs of the control group exhibited
normal architecture, while cellular vacuolization and nuclear
condensation were evident in cells treated with nano-TiO,.
Significant nano-TiO, deposition was observed in the cyto-
plasm of treated LCs, clearly suggestive of cellular entry.

MMP assays

MMP decrease is a marker of mitochondrial damage. Accord-
ingly, to establish whether mitochondrial damage was caused
by nano-TiO,, flow cytometry was employed to examine
potential changes in MMP. Notably, compared with the
control group, MMP of the different nanoparticle-treated
groups (10, 20, and 40 pug/mL) decreased by 36.13%, 45.26%,
and 79.63%, respectively (P<<0.05; Figure 9).

Effects of nano-TiO2 on testosterone

levels

Testosterone content was not significantly altered in the
presence of 10 pg/mL nano-TiO,, as shown in Figure 10.
However, in groups treated with 20 and 40 pg/mL nano-
TiO,, testosterone levels were markedly decreased by 11.40%
and 44.93%, respectively, compared with the control group
(P<0.05).

Assay of proteins involved in the ERK1/2-

signaling pathway

To determine the effects of nano-TiO, on ERK1/2 signal-
ing, pathway-related protein expression was measured via
immunocytochemistry and Western blot (Figures 11 and 12).
In the presence of increasing nano-TiO, concentrations (10,
20, and 40 nug/mL), the expression of specific proteins was
remarkably altered, with decreases of 27.83% in Figure 11
(5.95% in Figure 12), 63.61% in Figure 11 (37.93% in
Figure 12), and 78.89% in Figure 11 (55.53% in Figure 12),
respectively, for pERK1/2,47.26% in Figure 11 (13.75% in
Figure 12), 70.54% in Figure 11 (19.89% in Figure 12), and
85.61% in Figure 11 (65.69% in Figure 12), respectively, for
PKA, and 30% in Figure 11 (22.07% in Figure 12), 50% in
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Figure 3 Hydrodynamic diameter distribution of nanoparticulate TiO, in DMEM-F12, showing diameter of 3389 nm and aggregation of the nanoparticles in medium.
Abbreviations: Rl, refractive index; Pdl, polymer dispersity index.

Figure 11 (40.57% in Figure 12), and 71% in Figure 11  Effects ofTiO2 on expression of

(56.55% in Figure 12), respectively, for PKC compared to  testosterone-related proteins
the control group. In contrast, the total ERK1/2 level wasnot  The effects of nano-TiO, on 3BHSD, StAR, P450scc, SR-BI,
significantly affected by nano-TiO, (Figure 11A and B). and DAXI1 proteins in primary cultured rat LCs are shown
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in Figure 13. In the presence of increasing nano-TiO,
concentrations (10, 20, and 40 pg/mL nano-TiO,), signifi-
cant alterations in protein expression were observed, with
reductions of 26.56%, 50%, and 79.69% (Figure 13B),
respectively, for 3BHSD, 14.7%, 44.11%, and 72.05%

(Figure 13B), respectively, for StAR, 39.41%, 55.26%,
and 86.84% (Figure 13B), respectively, for P450scc, and
16.41%, 41.79%, and 67.16% (Figure 13B), respectively,
for SR-BI, along with 1.31-, 1.63-, and 3.18-fold increase
(Figure 13B), respectively, in DAX1 expression.
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Figure 5 Identification of primary cultured Leydig cells (LCs).

Notes: LCs were characterized via immunochemistry for 3BHSD (an LC-specific protein). (A) Optical microscopy and (B) fluorescence microscopy showing 95% purity of

primary cultured rat LCs.

Discussion

Our experiments clearly demonstrated that nano-TiO,
reduced the activity of primary cultured rat LCs (Figure 6),
entered the cytoplasm and nuclei of cells (Figures 7 and 8),
and caused mitochondrial membrane injury (Figure 9), con-
sistent with results obtained with primary cultured mouse
or rat Sertoli cells.*>* Simultaneously, testosterone produc-
tion in LCs was significantly lowered following nano-TiO,
treatment (Figure 10). Mitochondrial damage is associated
with dysfunction of LCs, which are involved mainly in the
production and secretion of testosterone.*>3* Dysfunction
of primary cultured rat LCs induced by nano-TiO, may be
triggered via downregulation of ERK-pathway-related factor

12

Cell Viability
o
=)}

12h

proteins, such as pERK1/2, PKA, and PKC (Figures 1 1C-H
and 12C), steroidogenic factor proteins, such as StAR,
3BHSD, P450scc, and SR-BI, and concomitant upregulation
of DAX1 (Figure 13).

LCs distributed in loose connective tissue between
seminiferous tubules are the major androgen-producing
cells that maintain normal male development and repro-
ductive function.’**# The main function of testes is to
produce sperm and synthesize androgens, the former within
spermatocytes and the latter in LCs. Testosterone, a major
component of androgens, is essential for expression of
the male phenotype. The hormone is transported to target
organs throughout the body and contributes to important

" Oug/mL

® Sug/mL

¥ 7.5pg/mL
® 10pg/mL
® 15ug/mL
# 30ug/mL
¥ 60pug/mL
¥ 120pg/mL

24h 48h
Culture time (h)

Figure 6 Effects of nanoparticulate TiO, on viability of primary cultured rat Leydig cells.
Notes: The data show reduction of Leydig-cell viability in a time-dependent manner at the same nanoparticulate TiO, concentration. Values represent mean + SD (n=3).

*P<0.05; ¥*P<<0.01; ***P<0.001.
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Figure 7 Confocal microscopy images of primary cultured rat LCs: cell nuclei (blue); F-actin cytoskeleton network (red); and FITC-nano-TiO, (green).
Notes: (A) LCs were treated with 0, 10, and 40 pg/mL FITC-nano-TiO, for 24 hours. (B) After treatment of LCs with 10 pg/mL FITC—nano-TiO, for 24 hours, nanoparticles
were distributed in the F-actin cytoskeleton network. (C) After treatment with 40 pig/mL FITC-nano-TiO, for 24 hours, nanoparticles were distributed in both the F-actin

cytoskeleton network and nuclei of LCs, indicating entry into both cytoplasm and nuclei.
Abbreviations: LCs, Leydig cells; FITC, fluorescein isothiocyanate; nano-TiO,, nanoparticulate TiO,.

20 pg/ml nano TiO> 40 pg/ml nano TiO»

Figure 8 Effects of nanoparticulate TiO, (nano-TiO,) on apoptosis of primary cultured Leydig cells (LCs).
Note: Yellow ovals represent deposition of nano-TiO, particles, signifying accumulation in cytoplasm and LC injury.
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Figure 9 Effects of nano-TiO, on MMP in primary cultured LCs.
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Notes: (A) Flow-cytometry images of mitochondrial injury in LCs treated with different nano-TiO, concentrations. (B) MMP levels calculated as |C-I polymer vs JC-I
monomer in LCs treated with different nano-TiO, concentrations (***P<0.001). MMP reduction in LCs was observed in the presence of nano-TiO,. Values represent means

+SD (n=5).

Abbreviations: |JC-1, 5,5,6,6"-Tetrachloro-1,1",3,3"-tetraethyl-imidacarbocyanine iodide; LCs, Leydig cells; nano-TiO,, nanoparticulate TiO,; UL, upper left; UR, upper right;
LL, lower left; LR, lower right; PE, P-phycoerythrin; MMP, mitochondrial membrane potential.

physiological functions via binding to receptors, such as
emergence of secondary sexual characteristics in males and
protein synthesis of reproductive organs. Testosterone defi-
ciency caused by exposure to nano-TiO, directly triggers an
imbalance in androgen:estrogen ratio, testicular dysfunction,
inhibition of sexual differentiation, and spermatogenesis,
ultimately leading to decreased sperm number and quality
and fertility injuries.”'¢20-224748 Therefore, impairment of
male mouse or rat fertility and serum testosterone levels by
nano-TiO, is proposed to be closely associated with suppres-
sion of LC testosterone production.

Testosterone synthesis and secretion are mediated by
StAR, 3HSD, P450scc, SR-BI, and DAX1 in LCs. In brief,
cholesterol is transported from the outer to inner mitochon-
drial membrane through StAR. After a series of enzymatic
reactions, cholesterol is bioconverted into pregnenolone

Testosterone (pg/ml.)
H

0 10 20 40
Nano TiO: (ug/mL)

Figure 10 Effects of nano-TiO, on testosterone level in LCs (*P<<0.05 and
**P<0.01).

Notes: Testosterone production in LCs was suppressed in the presence of nano-
TiO,. Values represent mean + SD (n=5).

Abbreviations: LCs, Leydig cells; nano-TiOZ, nanoparticulate TiOZ.

by P450scc in LCs, which is further transformed into pro-
gesterone by 3BHSD, and then into testosterone.’** SR-BI
functions to maintain high levels of free cholesterol in the
mitochondria and supports constitutive steroid-hormone
synthesis,* and reduction in steroid-hormone production
results from lack of cholesterol substrate via suppression
of SR-BL.? DAX1, a regulator of multiple steps in the ste-
roidogenic cascade, also suppresses the expression of several
proteins and enzymes involved in steroidogenesis, including
StAR, P450scc, 3BHSD, and 17B-hydroxylase (CYP17),
in LCs.»*" Accordingly, nano-TiO,-induced upregulation
of DAXI1 expression may contribute to downregulation of
StAR, 3BHSD, P450scc, and SR-BI, in turn reducing testos-
terone production in LCs.

Treatment with a PKA inhibitor has been shown to sup-
press StAR and SR-BI mRNA expression and ultimately
progesterone production, while significant increases in
StAR and SR-BI are associated with activation of PKA,
indicating that steroid-hormone production is dependent
on the PKA-signaling pathway.’® IGF1-mediated StAR
expression and steroid synthesis depend additionally on the
PKC pathway,* and expression of StAR is modulated by
ERK1/2 accompanied by the PKA and PKC pathways.?-2
Furthermore, both pathways are able to rapidly phosphorylate
ERK1/2, influencing steroidogenesis to different extents.*
ERK1/2 is suggested to promote transcription of the STAR
gene and is potentially involved in steroid synthesis,** while
DAXI1 negatively regulates StAR expression and steroid
synthesis and is also modulated by PKA and PKC signaling
in LCs.?3 Our data indicated that reduction in StAR and
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Figure |1 Effects of nano-TiO, on ERKI/2 signaling pathway-related proteins involved in testosterone synthesis in primary cultured rat LCs for 24 hours determined
via ICC.

Notes: (A) Representative result determined via ICC of ERK1/2 in LCs. (B) Fluorescence intensity of ERK1/2 in LCs (*P<<0.05, **P<<0.01, and ***P<<0.001). (C) Representative
result determined via ICC of pERK /2 in LCs. (D) The fluorescence intensity of pERK /2 in LCs (*P<<0.05, **P<<0.0| and ***P<<0.001). (E) Representative result determined
via ICC of PKA in LCs. (F) Fluorescence intensity of PKA in LCs (*P<<0.05, **P<<0.01, and ***P<<0.001). (G) Representative result determined via ICC of PKC in LCs.
(H) Fluorescence intensity of PKC in LCs (*P<<0.05, **P<0.01, and ***P<<0.001). Results, presented as mean * SD (n=5), clearly indicate dysfunction of the ERK /2 pathway
in LCs treated with nano-TiO,.

Abbreviations: ICC, immunocytochemistry; LCs, Leydig cells; nano-TiOz‘ nanoparticulate TiOZ.
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Figure 12 Effects of nano-TiO, on ERKI/2 signaling pathway-related proteins involved in testosterone synthesis in primary cultured rat LCs for 24 hours determined via
Western blotting.

Notes: (A) Representative Western blots of proteins in LCs. (B) Integrated value of pERK1/2/ERK 1/2 from representative blots of proteins in LCs (*P<<0.05 and ***P<<0.001).
(C) B-Actin density values from representative blots of proteins in LCs (*P<<0.05, **P<<0.01, and **P<<0.001). Consistent with ICC data, the results support dysfunction of
the ERK1/2 pathway in LCs treated with nano-TiO,. Values represent mean + SD (n=5).

Abbreviations: LCs, Leydig cells; nano-TiOZ, nanoparticulate TiOZ; ICC, immunocytochemistry.
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Figure 13 Effects of nano-TiO, on proteins involved in testosterone synthesis in primary cultured rat LCs for 24 hours.
Notes: (A) Representative Western blots of proteins in LCs. (B) 3-Actin density values from representative blots of proteins in LCs (*P<<0.05, **P<<0.01, and ***P<<0.001).
The results indicate impairment of testosterone synthesis in LCs due to nano-TiO,. Values represent mean + SD (n=5).

Abbreviations: LCs, Leydig cells; nano-TiO,, nanoparticulate TiO,.

SR-B1 and concomitant increase in DAX1 expression were
associated with decreases in PKA, PKC, and pERK1/2
expression. Moreover pERK 1/2 reduction may be linked to
suppression of PKA and PKC in LCs, leading to decreased
testosterone production that contributes to nano-TiO,-
induced toxicity. The proposed mechanism underlying
nano-TiO,-mediated suppression of testosterone production
involving the ERK1/2-PKA—PKC signaling pathways is
depicted in Figure 14.

DAG

Taken together, data from the current study suggest that
nano-TiO, enters the cytoplasm and nuclei of LCs, causing
structural damage and decreased cell activity and testosterone
generation or secretion. Furthermore, suppression of testos-
terone production in LCs by nano-TiO, may be associated
with dysfunction of ERK1/2-PKA-PKC signaling pathways,
with downregulation of StAR, P450scc, 3BHSD, SR-BI,
PKA, PKC, and pERK/1/2 and upregulation of DAX1. The
complex dynamic pathway of nano-TiO -mediated inhibition

Extracellular

Intracellular

mitochondria

Figure 14 Schematic representation of nanoparticulate TiO,-mediated inhibition of testosterone production via the ERK1/2-PKA-PKC signaling pathway.
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of testosterone synthesis or secretion in LCs requires further
investigation.
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