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Abstract: Titanium dioxide nanoparticles (TiO,-NPs) are used intensively. Thanks to their extremely
small size (1-100 nm), TiO,-NPs are more absorbable by living organisms; consequently, they can
cross the circulatory system and then be distributed in various organs including the reproductive
organs. We have evaluated the possible toxic effect of TiO,-NPs on embryonic development and
the male reproductive system using Danio rerio as an organism model. TiO,-NPs (P25, Degussa)
were tested at concentrations of 1 mg/L, 2 mg/L, and 4 mg/L. TiO,-NPs did not interfere with
the embryonic development of Danio rerio, however, in the male gonads the TiO,-NPs caused an
alteration of the morphological/structural organization. The immunofluorescence investigation
showed positivity for biomarkers of oxidative stress and sex hormone binding globulin (SHBG), both
confirmed by the results of qRT-PCR. In addition, an increased expression of the gene responsible
for the conversion of testosterone to dihydrotestosterone was found. Since Leydig cells are mainly
involved in this activity, an increase in gene activity can be explained by the ability of TiO,-NPs to act
as endocrine disruptors, and, therefore, with androgenic activity.
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1. Introduction

The technology-based industry realized that nanoparticles presented potential oppor-
tunities such as increased energy efficiency and cleaning up industrial contaminants [1].
The use of nanotechnology helps decrease production costs by reducing energy con-
sumption, attenuating environmental pollution, and increasing production efficiencies
in developed countries.

The manufacturing of nanotechnology are the engineered nanoparticles (ENPs) in
which the rearrangement of the atoms gives them new properties [2,3]. Titanium diox-
ide nanoparticles (TiO,-NPs), especially, are among the most engineered metal oxide
nanoparticles in the world [4,5] and are used to remove pollutants from wastewater [6].
Presently, their photocatalysis property is considered an efficient methodology in the area
of wastewater treatment [7,8] because TiO,-NPs are minimally selective; therefore, many
types of contaminants such as polycyclic aromatic hydrocarbons [9], chlorinated organic
compounds [10], dyes [11], pesticides, cyanide [12], phenols [13], arsenic [14], and heavy
metals [15] can be degraded by TiO, nanoparticles. Moreover, TiO,-NPs are used in a wide
variety of products, such as food colorants (under E code number E171), nutritional supple-
ments, personal care products (cosmetics, sunscreens), toothpaste [16,17], and paint [18].
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The increasing production and use of manufactured nanoparticles, such as titanium
dioxide nanoparticles (TiO,-NPs), has inevitably led to their release into the aquatic en-
vironment; thereby posing a threat to aquatic organisms and humans alike [19,20]. Their
nano size facilitates the penetration of different live tissues, into the body, through the
blood circulatory system [21]; the NPs can be distributed in various organs thus accu-
mulating as foreign bodies [22,23]. It has been shown that the TiO,-NPs can pass the
testicular blood barrier inducing an effect on the testis and then on male reproductive
health, given their nano-size [24-26]. Several studies in rodents and mice have shown the
toxicity effect of TiO,-NPs on the male reproductive system; in addition, there is an increase
in data about in vitro and in vivo studies on NPs that support the notion that different
types of nanoparticles are capable of altering the normal and physiological activity of the
endocrine system [27]. According to European Food Safety Authority EFSA (2010), any
substance that has the ability to interact with one or more elements of the endocrine system
(i-e., exhibit endocrine activity) falls into the category of “endocrine active substances” also
called “endocrine disrupting chemicals” (EDCs). Endocrine disruptors have the potential
to dysregulate hormone activity in exposed aquatic organisms [28] and their disruption is
linked to reproduction and development dysregulation [29]. Although several chemical
products are recognized as potential endocrine disruptors, the research has been limited to
a few groups of chemical substances (disinfection byproducts, perfluoroalkyl and polyfluo-
roalkyl substances, bisphenol A, phthalates, pesticides, pharmaceutical agents, and heavy
metals); consequently, the data on a number of other xenobiotics that may act as EDCs are
still scant and incomplete [30].

In this regard, ENPs must be included among these chemical compounds since the
intensity of ENP exposure is significantly increased due to their applications; moreover,
they are persistent in the environment. The release of ENPs into the aquatic environment
along with other environmental contaminants is common [31].

Thus, in this study, we investigated the possible toxic effect of commercial titanium
dioxide nanoparticles (TiO,-NPs) on embryonic development and the male reproductive
system, evaluating markers that act in their possible role as endocrine disruptors.

2. Materials and Methods
2.1. Preparation of Work Solutions

The titanium dioxide nanoparticle powders supplied by CNR-IMM (Microelectronics
and Microsystems of Catania-National Research Council, Italy), were purchased from
Sigma Aldrich. (St. Louis, MO, USA)

According to the data in the literature and the suggestions by researchers of the
National Research Council, we chose the following concentrations to test: 1 mg/L, 2 mg/L,
and 4 mg/L of TiO,-NPs [32]. Briefly, each mass (1 mg, 2 mg, 4 mg) was dispersed in 1 L of
osmosis water which was reconstituted with the addition of inorganic salts (sea salt and
red sea salt); this is optimal for the housing of zebrafish, according to Niisselin-Volhard
and Dahm [33] and prevents fungi growth. Four cycles of sonication were performed for
each solution; each cycle duration was 20 min with a 10 min break using an ultrasonic bath
(FALC Labsonic LBS2, Treviglio, BG, Italy) (with a frequency of 40 kHz under an extractor
fan to disrupt any possible aggregates [34].

2.2. Breeding of Zebrafish and Experiment Design

Danio rerio fishes were raised in a fish room at the Fish Pathology and Experimental
Centre of Sicily (CISS) of the Department of Veterinary Science (University of Messina).
The embryos were used to perform the zebrafish embryo toxicity test (ZFET); whereas the
male adults had been used for a 30-day chronic toxicity test (authorization n°1244,/2015-PR
approved by the Italian Health Ministry).

Male and female adults were useful for the supply of embryos and were kept in a
breeding room in an optimal condition regarding photoperiod (light/dark cycle:14 h/10 h),
water quality (27 £ 1 °C, pH 7.2 & 0.3, 6.00 ppm dissolved oxygen content (DO)), and
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feeding. Subsequently, male and female fishes (ratio 2:1) were placed in a hatching tank to
breed. The tank was equipped with steel grids for the eggs to fall through to the bottom of
the tank and avoid predation by the adults. The eggs were collected by Pasteur pipettes,
rinsed in aquarium water at 28 °C, and analyzed under a stereomicroscope (>30-fold
magnification). The infertile eggs were discarded, and the fertilized eggs at the blastula
stage (about 3-3.5 h post-fertilization) were selected to perform the zebrafish embryo
toxicity test (ZFET).

One- to two-year-old zebrafish wildtypes, not consanguineous, with a body weight of
about 0.5 g and an average length of 3 cm, were used for a 30-day chronic toxicity test. Prior
to TiO,-NP treatment, fishes were acclimated to experimental conditions (26-28 °C; light:
dark/14 h:10 h; daily water change), including daily manipulation and nutrition. After, the
zebrafish were randomly divided into four groups of 10 fishes: three experimental groups
(I mg/L,2mg/L, and 4 mg/L TiO,-NPs) and a control group (with osmosis water).

2.3. Acute Toxicity Experiment of Zebrafish Embryo

The assay was conducted in accordance with the guidelines of the fish embryo acute
toxicity (FET) test with the zebrafish (Danio rerio) developed by the Organization for
Economic Cooperation and Development (OECD TG 236) [35-37]. As suggested by protocol
procedure, 24 eggs at the blastula stage were transferred into a 24-well multi-plate with
one embryo per well, containing 2 mL of work solutions at 28 °C. Multi-well plates were
set up for the 1 mg/L, 2 mg/L, and 4 mg/L TiO,-NPs solutions, in addition, multi-well
plates of positive controls (3,4-dichloroaniline at the concentration of 4 mg/L in water)
and negative controls (water dilution) were made. Three replicates were performed for
each experimental group. The maintenance of 26 + 1 °C in wells was ensured by a control
of room temperature; moreover, every 24 h each work solution was renewed in all wells
(semi-static renewal) [35]. The exposure time was selected to be 96 h pos-fertilization (hpf)
because even if most organs in the embryos are well developed at 96 hpf, the larvae are
formed after 120 hpf [38,39]. We selected the end of the test to be at 144 h after fertilization
to investigate the expression of protein markers associated with the endocrine disruption
by immunohistochemical analysis.

2.4. Evaluation of Toxicological Endpoints and DanioScope™ Analysis

According to the OECD, every 24 h the acute toxicological endpoints (coagulated
embryos, lack of somite formation, non-detachment of the tail, and lack of heartbeat) were
assessed and quantified as observed or not observed; any positive outcome in one of these
observations would indicate that the zebrafish embryo was dead. All endpoints can occur
after 24hrs of exposure, except for heartbeat which in normal zebrafish development is visi-
ble after 48 h. In addition, using DanioScope™ software (Noldus Information Technology
bv, Wageningen, the Netherlands), the following were evaluated: heartbeat, body length of
larvae, and malformations (Supplementary Information Text S1).

2.5. Immunohistochemical Analysis on Zebrafish Larvae

An immunohistochemical analysis was performed to localize (in whole larvae) a
marker of oxidative stress heat shock protein-70 (Hsp70), poly (ADP-ribose) polymerase-1
(PARP-1), and a marker that suggested the action of TiO,-NPs such as endocrine disruptor
sex hormone-binding globulin (SHBG) and prothymosin-« (PTMA). Moreover, metalloth-
ionein, a specific marker of exposure to TiO,-NPs, was detected. The procedure was
based on the immunofluorescence protocols of Pecoraro et Colleagues [37] (Supplementary
Information Text S2).

2.6. Adult Zebrafish Exposure Experiment

As previously mentioned, adult zebrafish were randomly divided into four groups
of 10 fishes: three experimental groups (1 mg/L, 2 mg/L, and 4 mg/L TiO,-NPs) and a
control group (with TiO,-NPs osmosis water). The tanks were equipped with aerators and
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fishes were subjected to a semi-static exposure regime for 30 days (water was changed
every 24 h with a new solution of TiO,-NPs). The water parameters were monitored daily
before and after the replacement of the solutions by the multiparameter probe (HI9829
Aquaprobe, Hanna instruments, Padua, Italy). During experimentation, the fishes were
maintained as follows: photoperiod 10 h dark/14 h light with an intensity equal to 250 lux,
6.9-7.5 pH, 26-28 °C temperature, and dissolved oxygen >6.00 ppm; in addition, they
were fed with commercial feed “GEMMA micro 300 Skretting Zebrafish” twice per day
prior to the change of water TiO,-NPs solution to avoid adsorption of nanoparticles by
food particles. After adding the food, fishes were monitored for 10 min to verify that the
food had been consumed. After the change of TiO,-NPs solution, the fishes” behavior
was evaluated for one-hour to highlight changes in swimming speed, respiration, loss of
equilibrium, bottom stationing, and any other possible abnormal behavior. Until the end of
the experimentation (30 days), the zebrafish were kept under the conditions mentioned
and without sources of noise and/or vibrations. Upon completion of the experimentation,
the fishes were euthanized by anesthesia with a dose of 0.7 g/L tricaine methane sulfonate
(MS-222), buffered, then testis and gill tissues were dissected.

2.7. TiO»-NPs Accumulation

Through the single particle inductively coupled plasma-mass spectrometer (spICP-
MS), the concentration of TiO,-NPs in organs of zebrafish was evaluated. TiO,-NPs were
analyzed using ICP-MS NexION® 350D (Perkin Elmer, Waltham, MA, USA) with the
Syngistix Nano Application software (Perkin Elmer, Waltham, MA, USA). Supplementary
Information Text S3.

2.8. Histological Examination

Histological examination was performed following our standard protocol (Supple-
mentary Information Text S4). The sections were observed using an optical microscope
(Set E200 Nikon, Amsterdam, Netherlands)) and the images were captured by a digital
camera (CMOS Nikon, Amsterdam, Netherlands) connected to the microscope. Potential
morphological alterations on the structure of the testis, and gill tissues were identified.

2.9. Immunohistochemical Analysis

An immunohistochemical analysis was performed on testis sections to detect SHBG
and P540 expression. This followed our standard protocol of immunohistochemical used
for several experiments on zebrafish [32]; furthermore, the same primary antibodies used
for the immunohistochemical investigation on zebrafish larvae were used.

2.10. Preparation of Semithin Sections and Electron Microscopy

Tests were fixed with 2.5% glutaraldehyde (brand) for 90 min at +4 °C. Subsequently,
the protocol for electron microscopy was followed (Supplementary Information Text S5) to
obtain semi-thin (thickness 0.85 um) and ultra-thin (thickness 0.085 pum) sections useful for
transmission electron microscopy (TEM,). (Palackého tfida, Brno, Czech Republic),

2.11. RNA Extraction and gRT-PCR

The qRT-PCR was used to evaluate the mRNA levels of marker genes in the testis.
SHBG, SRD5A2, SOD2, and GPX4B were selected for analysis, and (3-actin was used as a
housekeeping gene (Supplementary Information Text S6).

2.12. Crystal Structure of Sex Hormone-Binding Globulin (SHBG)

The SHBG protein in zebrafish, is ortholog to human. Thanks to Fingerprint for
Ligand and Protein FLAP, it was analyzed that SHBG bound to dihydrotestosterone (DHT)
(Supplementary Information Text S7).
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2.13. Statistical Analysis

Data on zebrafish embryo experimentation, namely the coagulate, survival, and hatch-
ing rate of the TiO,-NP exposed groups and the unexposed group, were represented
as the average percentage of the coagulate, survival, and hatching rate from three repli-
cates. Statistical analysis was performed by one-way analysis of variance (ANOVA) test
to compare differences between groups. A p < 0.05 was considered to be a statistically
significant difference.

3. Results
3.1. Nanoparticles Characterization

According to the manufacturer’s information, the purity of the TiO»-NPs was 99.5%
with metal traces. The nanopowder crystalline phase was mixed: 86% anatase, and 14%
rutile. SEM analyses were performed in plan-view to characterize the morphology of the
nanoparticles (Figure 1). As is apparent from the SEM analyses, powders are constituted
by ‘cobblestones’ with a size in the order of 1-2 microns (Figure 1, at left); nevertheless,
at higher magnification, SEM images show that these structures are composed by smaller
particles aggregated to each other. Isolated nanoparticles had an average diameter of
about 50 nm.
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Figure 1. SEM images of TiO,-NP. Marker is 1 um (a), and 200 nm (b). (c) Autocorrelation function
of the colloidal solution as prepared solution and after 24 h of sedimentation.

To characterize the nanoparticle solution, hydrodynamic diameter was measured by
dynamic light scattering. Apparatus and methods are described elsewhere [40,41].

Figure 1c shows the dynamic light scattering DLS autocorrelation function for the “as
prepared” solution and for the solution after 24 h of sedimentation. The hydrodynamic
diameter was estimated to be 1100 nm for the “as prepared” solution (red curve). This is in
perfect agreement with the SEM image of Figure 1a. Furthermore, solutions were allowed
to sediment for 24 h and correlation functions were measured again. The hydrodynamic
diameter decreased to about 283 nm (green curve). This indicates that the larger particles
were deposited and only smaller aggregates remained in suspension during the experiment.
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3.2. Embryonic Development of Zebrafish

The toxicity of TiO,-NPs on zebrafish embryos was defined by observing specific
toxicological endpoints, as mentioned. At 24 hpf, the rate of coagulated eggs was 11.3% for
the 1 mg/L group, 28.3% for the 2 mg/L group, and 23.3% for the 4 mg/L group, whereas,
in the unexposed embryo group was 5%. At 48 hpf, the coagulated egg rate increased for
the 4 mg/L groups (25%); otherwise, it remained unchanged in the other experimental
groups (see Supplementary Informations Figure S1).

At 24 hpf, and all the exposure period, TiO,-NPs were evidently deposited on the
bottom of the wells. However, TiO,-NPs also adhered on the surface of embryonic chorion
with increasing concentrations of TiO,-NPs, as shown in Figure 2

Figure 2. (a) Zebrafish embryo unexposed to TiO,-NPs (negative controls); (b) zebrafish embryo
exposed to 3,4-dichloroaniline (positive controls). Zebrafish embryo exposed to 1 mg/L (c); 2mg/L
(d); and 4 mg/L (e) TiO,- NPs. Scale bar 410 pm.

The TiO,-NPs formed an external white layer on the chorion, that did not affect the
hatching of embryos. At 48 hpf, the hatching rate was 36.7% (1 mg/L), 15% (2 mg/L), and
18.3% (4 mg/L); whereas the unexposed group showed a rate of 12%. The hatching rate
was statistically significant between all exposed groups and the unexposed group (p < 0.05);
no statistical significance had been observed at 72 hpf except for the 1 mg/L group (see
Supplementary Information Figure S2). After 96 h of exposure to TiO,-NPs, the survival of
the hatched embryos for control was above 90%, as described by Kimmel et al. [38], while
the survival of the exposed groups was below 90% but remained unchanged until the end of
experimentation. No statistically significant increase in mortality rates for groups exposed
to 2 mg/L and 4 mg/L TiO,-NPs relative to the control treatments were observed (p > 0.05).
At the end of the test (144 hpf), we observed a rate of mortality of 8.30% (unexposed group),
13.30% (1 mg/L), 31.7% (2 mg/L), and 25% (4 mg/L). All embryos showed a complete
development of head, notochord, fin, pigmentation, and the organ’s heart and eyes. There
was no morphological malformation compared to the unexposed group (Figure 3).
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Figure 3. Phenotypes of larvae exposed to TiO,-NPs and the unexposed group from 24 to 96 hpf.
Scale bar 420 um.

3.3. DanioScope Analysis

Through the DanioScope software (1.2 Wageningen, the Netherlands)), it was shown
that TiO,-NDPs affected the body length of larvae because they exhibited reduced body
length compared to the unexposed group (p < 0.05) at 96 hpf. The mean body length in
the 4 mg/L group was 172 um, while in the unexposed group was 215 pm. The heart
rate was measured through the registration of beats per minute (BPM) by the DanioScope
software which highlighted an increase in embryos exposed. An increase in BPM was
observed in the 1 mg/L group (217.20 BPM) and a higher BPM (236.3) appeared in the
4 mg/L group. BPM in zebrafish is physiologically around 120-180 bpm. The exposure to
TiO2-NPs resulted in a statistically significant increase in heart rates in exposed embryos
(p < 0.05) (see Supplementary Figure S3).

3.4. Immunohistochemical Markers on Zebrafish Larvae

For markers of oxidative stress, the immunohistochemical investigation showed a
positivity for the poly (ADP-ribose) polymerase-1 (PARP1). Positivity was observed at
the lower concentration (1 mg/L) and increased at the higher concentration (4 mg/L)
compared to the control. Moreover, a positivity for heat shock proteins-70 (HSP70) in the
exposed group, especially at the higher concentration, suggests the ability of TiO,-NPs
to induce oxidative stress. Additionally, positivity for biomarker metallothioneins (MTs),
which is linked to detoxification pathways in the presence of toxic substances, was found
in the whole body of the embryo except for the end of the tail. Using Image J software, the
intensity of fluorescence was quantified for each biomarker evaluated. Figure 4 shows the
images of larvae and their average fluorescence intensity (AU).

Regarding the SHBG and PTMA, positivity was observed for both. Particularly for
SHBG, positivity was observed on the head of the embryo, with a higher expression for
the 4 mg/L TiO,-NPs concentration compared to the control. Whereas, the positivity for
prothymosin o (PTMA) occurred in the body of larvae, especially at the concentration of
4 mg/L. Figure 5 shows the images of larvae and their average fluorescence intensity (AU).
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Figure 4. In order (1) PARP-1 antibody-staining, (2) Hsp70 antibody-staining, and (3) MT antibody-
staining. (a,e,i) larva unexposed to TiO,-NPs; (b,£,1) larva exposed to 1 mg/L TiO,-NPs; (¢,g,m) larva
exposed to 2 mg/L TiO,-NPs; and (d,h,n) larva exposed to 4 mg/L TiO,-NPs. The histogram next to
each photo represents the average fluorescence intensity (AU) of the corresponding biomarker. Scale
bar 420 um.
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Figure 5. In order (1) SHBG antibody-staining and (2) PTMA antibody-staining. (a,e) larva unexposed
to TiO,-NPs; (b,f) larva exposed to 1 mg/L TiO,-NPs; (c,g) larva exposed to 2 mg/L TiO,-NPs; and
(d,h) larva exposed to 4 mg/L TiO,-NPs. The histogram next to each photo represents the average
fluorescence intensity (AU) of the corresponding biomarker. Scale bar 420 um.
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3.5. Adult Exposure

Daily monitoring until the end of experimentation, revealed no fish died, no abnormal
behaviors such as loss of equilibrium, refusal to feed, and no apparent abnormalities in
the body of fish. An accumulation of TiO,-NPs was found in zebrafish testicles of our
experiment groups at concentrations of 1.18 x 1072 mg/Kg and 8.14 x 103 mg/Kg under
2mg/L and 4 mg/L doses, respectively. Using the Syngistix Nano Application software, it
appeared that TiO,-NPs had a size < 100 nm. In our study, 30-day exposure of zebrafish to
TiO,-NPs suggests that fish uptake TiO,-NPs by breathing and feeding. The nanoparticles
were constantly resuspended in the aqueous medium, so fish are highly likely to internalize
them via their gills and mouth. We found an accumulation of TiO,NPs in the gill tissue
for the concentrations of 2 mg/L (1.50 x 1073 mg/Kg) and 4 mg/L (2.39 x 103 mg/Kg);
whereas, no accumulate TiO,-NPs were found in the control as expected, but also at
1 mg/L concentration.

3.6. Histological Observations

Gill tissue from the control, 2 mg/L, and 4 mg/L groups showed alterations in their
morphology. We observed increasing cellularity in the interlamellar space and hyperplasia
brings a higher width of the secondary lamella with respect to control (indicated by blue
arrows in Figure 6.

Figure 6. Histological section of gills. (a) CTRL gills. Exposed groups to (b) 2mg/L; and (c) 4mg/L
TiO,-NPs. Arrows indicate the secondary lamellae, that showed a hyperplasia in the exposed groups,
while it is not appeared in the control groups. Scale bar 1500 pum.

Examination of the gonads tissue showed an alteration in the spermatogenic epithe-
lium in the groups exposed to TiO,-NPs. The exposure of TiO,-NPs caused a detachment
of the spermatogenic epithelium from the connective tissue, whereas, it had not been ob-
served in the control group, respectively, blue arrow and green arrow in Figure 7. Moreover,
the tubules (the area occupied by spermatogonia) were increased, compared to the area
occupied by spermatozoa that were decreased (in Figure 8, red * indicates the area of
spermatozoa, which have blue nuclei; whereas, the remaining are spermatogonia, which
have light blue nuclei).

A disordered arrangement of spermatogonia was observed at the concentration of
4 mg/L (red arrow), and the connective tissue presented irregularities making it difficult to
distinguish between Leydig cells and connective cells. Otherwise, the unexposed group
was intact (green arrow) (Figure 9). Whereas, the testis tissues in the Img/L dosage group
showed no changes compared with that of the control.

In the ultrathin sections of testis, we observed by transmission electron microscopy
(TEM) the presence of vesiculation in Sertoli cells. It was evident at the concentration of
4 mg/L with the detachment of the cell membrane compared to the control, as shown by
red * in Figure 10.
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Figure 7. Histological sections of the testis. Unexposed group: 10x (a), and 40x (b). Group of 2mg/L
TiO,-NPs: (¢) 10x, and (d) 40x. E-E staining, sections 4 um. Blue arrow indicate the detachment of
the spermatogenic epithelium from the connective tissue in the exposed group (2mg/L), while in
the control group the spermatogenic epithelium maintains its contact with connective tissue (green
arrow). Scale bar 260 um.

Figure 8. Histological sections of testis staining with toluidine blue (sections 0.85 pm). Unexposed
group: 10x (a), and 40X (b). Group of 2mg/L TiO,-NPs: (c) 10x, and (d) 40 x. Red * indicates the
area occupied by spermatozoa into the tubules. Scale bar 260 pum.
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Figure 9. (a) (10x) and (b) (40x) unexposed group with good morphology and organization of
tubules testis; (c) (10x) and (d) (40x) group exposed to 4mg/L TiO,-NPs with disorganization of
tubules testis. Green arrows indicate the intact and well organization of tubules testis, while the red
arrows indicate their disordered organization. Scale bar 260 pum.

Figure 10. Ultrathin sections of zebrafish testis. (a) Section of testis unexposed; (b) section of testis
exposed to 4 mg/L with evident vesiculation. Red * indicate the Sertoli cells that showed a evident
vesiculation in the exposed group compared to control. Scale bar 2 pm.

3.7. Immunohistochemical Analysis and Gene Expression

We explored markers to investigate the action of TiO,-NPs such as endocrine dis-
ruptors. In particular, the results of immunohistochemical analysis on SHBG reveal that
it was expressed in control groups in a regular way because the cysts maintained their
morphological organization; however, positive expression remained in the group exposed
to 2 mg/L, than in 4 mg/L. As shown in Figure 11, positivity was related to the cells that
were around the seminiferous tubule cysts.
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unexposed 2mg/L 4amg/L

Figure 11. SHBG expression in testis tissue. Nuclei blue (DAPI) and red fluorescent of SHBG protein.
Scale bar 265 pm.

The result of gene expression of SHB in the testis indicates an increased expression
of the SHBG gene for the 2 mg/L and 4 mg/L concentrations compared to the control
group. Increased transcription of antioxidant enzymes such as glutathione peroxidase
(GPX), and especially superoxide dismutase (SOD), was observed. Figure 12 shows the
results of qRT-PCR of all genes investigated.

Gene expression

2500
2000 I
S 1500
& I I
- I
<
1000
z 1 Z
€
500 * &
0
SHBG SRD5A2 SOD GPX4B

m CTRL 1mg/L ®m2mg/L m4mg/L

Figure 12. Results of qRT-PCR of all genes investigated.

In this way, oxidative stress is a common pathway of toxicity and disease that may be
caused by many pollutants, such as TiO,-NPs.

The immunohistochemical investigation of cytochrome P540 (Cyp19b) confirmed the
ability of nanoparticles to induce oxidative stress. As shown in Figure 13, positivity was
found in the expression of P540 in the groups exposed to TiO,-NPs (2 mg/L and 4 mg/L
concentrations) compared to the control which did not show positivity for the biomarker.
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Figure 13. P540 expression in testis tissue. Nuclei blue (DAPI) and red fluorescent of P540 protein.
Scale bar 265 pm.

3.8. Crystal Structure of Sex Hormone-Binding Globulin (SHBG)

The result of the crystal structure of the SHBG shows that the pocket is very large and
many amino acid residues are involved. Figure 14 shows the SHBG interactions involved
in binding, which can characterize the pocket. The interaction most involved is that of the
hydrophobic character (green area), and there are also two areas of hydrogen bond acceptor
characters (red). Thus, the hydrophobic interaction could explain the binding to NPs.

Figure 14. 2D-depiction shows the interactions that characterize the pocket.

4. Discussion

In this study, the toxicity of TiO, NPs on zebrafish embryos and adult fish has been
investigated. With the zebrafish embryonic test (Z-FET), it was made evident that TiO,-NPs
did not interfere with embryonic development because zebrafish chorion acted as a special
biological structure that covered the embryo until hatching. Then, it acted as a barrier
that blocked the entry of various pollutants [42]; simultaneously due to its pores, the
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chorion ensured the transport of necessary oxygen, salt ions, and nutrients from the aquatic
environment to the embryo and excretion of waste in the opposite direction [43]. The small
diameter of pores (between 300 nm and 1 micron) can allow the entry of NPs adhering to
the chorion [43,44]. NPs diffusion may be toxic to embryo development during the period
of organogenesis [45]; however, the literature is scant regarding the interaction of NPs with
the chorion, and how this structure interacts and affects the absorption, accumulation, and
distribution of nanoparticles in the embryos [46].

Although it was evident that there was sedimentation of TiOp-NPs during the exper-
imentation, the embryos and larvae were constantly exposed to the TiO,-NP aggregates
because they were mostly located on the bottom of the wells, also after the hatching when
they could freely swim. TiO,-NPs have low acute toxicity to fish survival [47] and TiO;-
NPs concentrations higher than our experimental groups did not affect the survival rate
in zebrafish [48]. In addition, the group control showed normal development [38] as well
as the exposed groups with a low dose (1 mg/L) of TiO,-NPs [49]. However, using the
DanioScope software, it was shown that TiO,-NPs caused alterations in the body length
of larvae and the heart rate. These data are in accord with other studies on nanoparticle
toxicity [50-54]. Regarding immunohistochemical markers on zebrafish larvae, the positiv-
ity of the biomarkers whose expression is regulated by environmental stressors highlights
that the TiO,-NPs are stressful stimuli for zebrafish embryos. Despite this, the zebrafish
larvae are able to resist the presence of toxic substances and they can tolerate the presence
of metal concentrations. In particular, the PARP-1 is involved in single-strand break (SSB)
repair [55] induced by chemicals [56-58], the heat shock protein-70 (Hsp70) expression
increases in response to environmental and physiological stressors [59] and protects the
cells against induction of cell death by a variety of stresses; data in the literature have shown
an increased expression of the Hsp70 due to exposure of chitosan nanoparticles, ZnO [60],
and transition metals oxide (CuO, ZnO, NiO, and Co304) [61]. Finally, metallothioneins
(MTs) are involved in homeostasis, protection against heavy metals and oxidant damages,
and metabolic regulation, sequestration, and/or redox control [62]. Previous studies have
shown the positivity of MTs in zebrafish embryos exposed to AuNPs [63].

Positivity for the SHBG and PTMA biomarkers can suggest that TiO,-NPs act similar to
endocrine disruption. The SHBG is a protein capable of binding steroids in the blood of fish
and other vertebrate species. It is well characterized in humans [64,65] but only one ortholog
(SHBG) has thus far been identified in zebrafish; being expressed in the digestive tract, liver,
gills, pancreas, and testis [66,67]. Furthermore, on sex steroid transportation, regulation,
and action [68], the SHBG has shown affinity to synthetic steroids such as ethinylestradiolor
gestagens [66,68] and, in addition, it has been reported that it binds with phthalates and
other environmental contaminants [69-71]. In this regard, SHBG is a potential target
for environmental compounds found in the body. Consequently, increasing the risk of
potential disruption in steroid homeostasis, experimental exposure to phthalate in rodents
has shown adverse effects due to the deregulation of metabolic pathways by phthalate
compounds [72]. Regarding fish, there is scant knowledge about SHBG structure and the
site(s) of expression, although studies have highlighted that during the development of
zebrafish, SHBG mRNA first appears within the liver and gut [68]. In addition, studies have
shown SHBG affinity to xenobiotics able to act as endogenous sex steroids (testosterone
and estradiol). Chen et al. [73] have found an increase in SHBG in zebrafish larvae exposed
to bisphenol AF (BPAF), which is recognized as an endocrine disruptor. Prothymosin o
(PTMA) is a small nuclear protein (109-113 amino acids depending on the species) with a
potent nuclear localization signal (NLS), although data show cytoplasmic and extracellular
presence as well, under specific physiological or pathological conditions [74,75]. It was
observed that PTMA expression levels vary following stimulation by estrogen; thus, as
well as SHBG expression, the positivity increment of PTMA in embryo zebrafish in our
experimentation suggests that TiO,-NPs act similarly to endocrine disruption.
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In adult exposure, the accumulation of TiO,-NPs in the testis can lead to impairment
of the male reproductive system, as suggested by data in the literature. The accumulation
of TiO,-NPs in the testis induces cytotoxicity and gene expression changes [76-82]. The
exposure to the TiO,-NPs can occur via various routes; generally, the NPs enter and
distribute in the exposed site, but due to the blood they are translocated to secondary
organs such as the liver, spleen, kidneys, brain, ovaries, and testes [83-86]. As previously
mentioned, it is highly likely that the fishes internalize the TiO,-NPs via their gills and
mouth. Gills are usually targeted organs for toxicity because they are in continuous contact
with the water column; therefore, they are the main entrance route for all contaminants and
for nanomaterials [83]. Into the intestine, bioaccumulation of TiO,-NPs was lower than in
gills. Since TiO,-NPs after ingestion through the mouth were distributed in the digestive
tract and then excreted through feces [85], there was no oral supply of nanoparticles because
no oral administration was performed.

The gills” histological alterations that were observed are in accordance with the lit-
erature; the exposure to copper nanoparticles had reported a 3.5-fold increase in the gill
filament of zebrafish, at already 24 h of exposure [86]; whereas, silver nanoparticles caused
a slight change. In addition, the NPs are foreign substances taken by mononuclear phago-
cytic cells which become the entry route of NPs into the tissues and cells. The tissue
macrophages phagocytose and sequester nanoparticles; for example, in the mouse model,
it was demonstrated that there was a durability of Au, Ag, and SiO, NPs thanks to their
action. This probably occurred in our experiment because, as previously mentioned, bioac-
cumulation of TiO,-NPs was found in the testes of our experimental groups. Our results
have shown an alteration in the spermatogenic epithelium in exposed groups to TiO,-NPs.
Previous studies on mice treated intragastrically with dosages of 10, 50, and 100 mg kg !
of body weight (PC) anatase TiO,-NPs for 28 days showed morphological changes in
testes with a reduction in germ cell number, spherospermia, interstitial glands vacuole,
malalignment, and vacuolization of spermatogenic cells [87]. In zebrafish, negative effects
on the epithelium of testicular tubules have been observed with parenchyma degeneration,
a decline in germinal epithelium cells and spermatozoa, or reduction in spermatogonial dif-
ferentiation, particularly in exposure to chemical substances [88-90]. Few previous studies
have evaluated the negative effect of TiO,-NPs on zebrafish testis; however, Kotil et al. [32]
evaluated the ultrastructure of zebrafish testis exposed to 1 mg/L, 2 mg/L, and 4 mg/L
concentrations of TiO,-NPs. Their results showed that TiO,-NPs induced autophagy and
necrosis at higher doses in Sertoli cells and consequently negatively affected spermatogenic
cells and testicular morphology. Our results are in accordance with the literature.

Regarding the positivity of the SHBG biomarker in the seminiferous tubule cysts, it is
known that SHBG is in the blood of all vertebrate species, apart from birds, and acts as a
carrier of androgens and estrogens regulating their bioavailability [91]. In mammalians,
the testis produces an SHBG homolog known as the testicular androgen-binding protein
(ABP) which is produced and secreted by Sertoli cells primarily under the influence of
follicle-stimulating hormone and then secreted into the seminiferous tubular lumen to
regulate androgen availability in the male reproductive tract [92]. Studies of the SHBG
steroid-binding characteristics in several fish species [93,94] have shown that its affinity
for endogenous sex steroids (testosterone and estradiol), and xenobiotics [95-97] varies
between species; moreover, some evidence showed that plasma SHBG levels fluctuate in
fish during the reproductive cycle [98,99]. In zebrafish, the tissue distribution of SHBG
transcript was detected in the digestive tract and hepatopancreas; in addition, a low ex-
pression was detected in the testis using RT-PCR [68]. However, several data indicate, in
agreement with the literature about mammalians, that the liver is the main expression
site of SHBG in teleost fish [100,101]. In some species, it was also found that there was a
significant expression of SHBG in several other tissues, which suggests that the circulating
SHBG could have an extra-hepatic origin. In mammals, a local expression of SHBG in
several target organs has also been evidenced and associated with a modulation of the
steroidogenic signal [102]. Similarly, non-hepatic expression sites of SHBG in teleost could
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also be associated with local action in target organs. For this reason, the transcription of
SHBG in fish could depend on different variants which have to still be identified. It is not
known how the expression of the SHBG gene is regulated [68]. Our results evidence that
an expression of SHBG could be increased in the presence of NPs. This was supported by
the result of gene expression. Unfortunately, the biological importance of SHBG in fish
is not studied as well as it is in mammals. It may be reasonably hypothesized that the
function of SHBG proteins expressed locally in target organs and tissues could be different
from the circulation of SHBG. As in mammals, fish SHBG protein is involved in sex steroid
transport, regulation, and action [103]. Considering our evidence, SHBG could improve the
spermatogenesis process because their localization in the testis could bring a higher intake
of androgen hormone or TiO,-NPs could act similarly to androgen hormones. It could be
supported by the result of the crystal structure of the SHBG, as shown in Figure 14, addi-
tional in support of the action of TiO,-NPs like androgen hormones are the result of gene
expression on the SRD5A2 gene. This gene, in all vertebrates, encodes for the steroid en-
zyme 5-areductase x-polypeptide 2 (SRD5x2), an enzyme of spermatogenesis [104], and it
works by converting testosterone (T) to dihydrotestosterone (DHT). 5x-dihydrotestosterone
(DHT) plays a physiologically important role in some fish species and it is associated with
spermatogenesis. Several pieces of evidence have documented the consequences of a lack
of SRD5a2 activity that brought a decrease of 5x-DHT levels in those tissues, but also
negative effects on spermatogenesis and the structure of seminiferous tubules [105,106].
The lack of 5a-DHT mainly affects the Sertoli cells because they are involved in spermato-
genesis by supporting germ cell development, as well as playing an important role in
the structure of the seminiferous tubules and the maintenance of the blood-testis barrier.
Nevertheless, our results differ from the negative effects due to the lack of enzyme activity.
The expression of the SRD5a2 was increased in the gonads exposed to nanoparticles, and
this consequently leads to its greater activity and production of DH. Then, exposure to
TiO,-NPs does not alter spermatogenesis because they encourage the activity of enzyme
SRD5a2. Similar data were observed in fish treated with 5x-reductase inhibitors (5ARIs)
in which spermatogenesis is unaltered or even increased because levels of T and 11KT
are increased [107,108]. Since the synthesis of SRD5«s is regulated by the androgens they
produce, and considering our results, it can be hypothesized that nanoparticles may behave
similarly to androgens. Unfortunately, no unified theory about how hormone levels change
after exposure to NPs exists. Some studies showed that low-dose (1 mg/kg/dose) AgNPs
intravenously injected into male CD1 mouse serum caused a significative increase of the
intratesticular testosterone (T) [109]; whereas, it was discovered in another study that
CeO;,-NPs treatment caused decreases in T, FSH, LH, and prolactin (PRL) [110]. Indeed,
these changes might be influenced by different factors such as particle type, size, and time
of exposure. Therefore, research on how NPs affect hormones should be conducted and
the lack of in vitro studies is still a problem. The cytochrome P540 (Cyp19b) confirmed
the ability of nanoparticles to induce oxidative stress. CYPs are a large superfamily of
enzymes capable of metabolizing several substances including steroids, pharmaceuticals,
and xenobiotic compounds. They catalyze mixed-function oxidation reactions and the
induction of their catalytic activity, measured as ethoxyresorufin-O-deethylase (EROD)
activity, and expression (protein and transcript) is a useful biomarker of exposure to xeno-
biotics. Their catalyzing activity leads to the activation or inactivation of many endogenous
and exogenous chemicals, with consequences for normal physiology and disease processes
such as oxidative stress [111]. Nanomaterials of varying chemical compositions such as
fullerenes, CNT, and metal oxides are able to induce oxidative stress [112]. Particularly
in fish, TiO,-NPs cause oxidative stress with the production of reactive oxygen species
(ROS) [85,112], and titanium dioxide nanoparticle aggregates (TiO;-NMs) cause oxidative
stress in zebrafish embryos [48]. However, the investigations about oxidative stress by
TiO,-NPs on testis are insufficient. Oxidative stress may be induced through oxidizing
(e.g., hydrogen peroxide, H,O;) or photo-oxidizing (e.g., fluoranthene) agents that react
with oxygen-producing reactive oxygen species (ROS) [113,114] Since the reactive oxygen
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species (ROS) are able to affect the physiology, growth, and survival in aquatic organ-
isms [115,116], they, similar to mammals, developed an antioxidant defense system for
neutralizing the toxic effects of ROS [117]. Antioxidant enzymes such as SOD, CAT, GPX,
POD, and low-molecular-weight, nonenzymatic antioxidants (e.g., GSH) are important
components of the antioxidant defense system in animals [118,119]. In our study;, it is
clear that TiO,-NPs are able to induce oxidative stress in the testis involving antioxidant
defense [120-123]. The exposure to the lower concentration (1 mg/L) motivated the SOD
to eliminate generated ROS as a protection mechanism against oxidative stress and a
major increase was observed at the higher concentration (4 mg/L). Additionally, induc-
tion in the mRNA level of the GPX gene was higher at 1 mg/L concentration than at
4 mg/L. Fortunately, our results showed that the antioxidant defense of fish is induced
by mild oxidative stress due to TiO,-NDPs, and it does not overwhelm the detoxifying or
antioxidant mechanisms.

5. Conclusions

In conclusion, through acute and long-term TiO,-NP exposure experiments on ze-
brafish, respectively, on embryos and adults, this research has improved knowledge of the
action of TiO,-NPs on embryonic development and the male reproductive system.

We provide evidence that TiO,-NPs do not interfere with the development of zebrafish
embryos, nor cause premature death in embryos; however, the embryos did show alter-
ations in heartbeat, body length, and, above all, an increase in oxidative stress with the
production of ROS and the expression of biomarkers associated to endocrine disruptors.
The expression of the SHBG protein corresponding to the androgen binding protein (ABP)
is increased in the presence of TiOp-NPs, both in zebrafish larvae and in male gonads. This
result is important because ABP is known to increase with xenobiotics. An increase in
gene expression has been recorded in the testes. Consequently, it can be assumed that the
TiO,-NPs have an androgenic-like effect, as suggested by the increase in gene expression of
SRD5A2, an enzyme that converts testosterone (T) to dihydrotestosterone (DHT). There is a
greater need for knowledge of NP-induced reproductive toxicity since the production of
engineered nanoparticles is continuously increasing with the nano revolution; therefore,
the risk of exposure to nanoparticles is very common.
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