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Abstract: Zinc Oxide Nanoparticles (ZnO NPs) are a type of metal oxide nanoparticle with an
extensive use in biomedicine. Several studies have focused on the biosafety of ZnO NPs, since their
size and surface area favor entrance and accumulation in the body, which can induce toxic effects.
In previous studies, ZnO NPs have been identified as a dose- and time-dependent cytotoxic inducer
in testis and male germ cells. However, the consequences for the first cell stage of spermatogenesis,
spermatogonia, have never been evaluated. Therefore, the aim of the present work is to evaluate
in vitro the cytotoxic effects of ZnO NPs in spermatogonia cells, focusing on changes in cytoskeleton
and nucleoskeleton. For that purpose, GC-1 cell line derived from mouse testes was selected as a
model of spermatogenesis. These cells were treated with different doses of ZnO NPs for 6 h and
12 h. The impact of GC-1 cells exposure to ZnO NPs on cell viability, cell damage, and cytoskeleton
and nucleoskeleton dynamics was assessed. Our results clearly indicate that higher concentrations
of ZnO NPs have a cytotoxic effect in GC-1 cells, leading to an increase of intracellular Reactive
Oxygen Species (ROS) levels, DNA damage, cytoskeleton and nucleoskeleton dynamics alterations,
and consequently cell death. In conclusion, it is here reported for the first time that ZnO NPs induce
cytotoxic effects, including changes in cytoskeleton and nucleoskeleton in mouse spermatogonia cells,
which may compromise the progression of spermatogenesis in a time- and dose-dependent manner.

Keywords: spermatogonia; ZnO nanoparticles; cytotoxicity; cell death; DNA damage; reactive
oxygen species; cytoskeleton; nucleoskeleton

1. Introduction

ZnO Nanoparticles (ZnO NPs) have numerous applications due to their exceptional set of
physicochemical properties, making them suitable for several biomedical applications, such as drug
delivery system, bioimaging, molecular diagnostics, and cancer therapy [1–3]. Additionally, the use of
ZnO NPs has been extended to agriculture [4], water treatment [5], industry [6], and cosmetics [7].

Considering the wide range of applications and the high human exposure to ZnO NPs, the
biosafety studies of these NPs are even more imperative, given that the principal applications focus on
ZnO NP capacity to generate Reactive Oxygen Species (ROS), leading to apoptosis. Nanoparticles are
able to penetrate the skin, lungs, and the blood–brain barrier [8]. Several studies have demonstrated that
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in vivo exposure of ZnO NPs, either orally, intratracheally, or by inhalation, leads to easy accumulation
in several tissues and that the rate of accumulation depends on the tissue. Liver, kidney, lung, brain,
and spleen are vital organs with high levels of ZnO accumulation [9], presenting signs of cytotoxicity
as a consequence of exposure and accumulation of ZnO NPs [10–13]. Furthermore, metal nanoparticles
have the capacity to cross the blood–testis barrier (BTB), in part due to their size and by the generation
of inflammatory response compromising the integrity of BTB [8]. Therefore, it is feasible to speculate
that the ZnO NPs may also cross the BTB, inducing testicular toxicity, which is reinforced by in vivo
studies that reported significant alterations in the testis after oral administration of ZnO NPs [14],
even with lower doses, and by a recent study reporting an increase of Zn2+ accumulation in testis and
epididymis [15].

ZnO NPs have been described, in recent studies, as a dose- and time-dependent cytotoxic inducer
in testis and in male germ cells, leading to increased ROS production, causing DNA damage in
some spermatocytes [16–19] and ultimately apoptosis [18], cell cycle arrest, and downregulation of
BTB protein levels, compromising BTB integrity [19]. These cellular effects have repercussions on
histological integrity, causing disorganization and detachment of the germ cell layer and vacuolation of
germ cells [20–22]. In addition, an increase of sperm abnormalities and a decrease in sperm counts were
observed after ZnO NPs exposure [10,16–18,21,23]. Such a phenotype is consistent with the pattern of
spermatogenesis arrest. Further, the impact of ZnO NPs on the male reproductive system was recently
reviewed [14]. Overall, it is important to clarify the consequences of ZnO NPs exposure in the first cell
stage of spermatogenesis, spermatogonia, and how these compromises spermatogenesis progression.

Previous studies have indicated that nanomaterials can negatively affect male germ cells in
different ways. A recent study identified ZnO NPs as a cause of an acute cytoskeletal collapse as a result
of intracellular dissolution of ZnO, causing ROS accumulation which culminates with apoptotic cell
death [24–26]. Besides causing cytoskeleton alterations, ZnO NPs were also reported to be responsible
for nuclear enlargement [25]. Further studies demonstrated that these reported nuclear envelope (NE)
alterations were not a direct consequence of NPs but a consequence of cytoskeleton disruption, leading
to nuclear membrane disruption [8,25]. The linker of the nucleoskeleton and cytoskeleton (LINC)
complex crosses the NE and has crucial functions in controlling the nuclear and cytoplasmic activities
through the organization of nuclear and cytoskeletal characteristics. LINC complexes are formed by
interaction of Klarsicht; ANC-1; Syne Homology (KASH); and Sad1p, UNC-84 (SUN) domain proteins,
providing a physical link between the cytoskeleton and the nuclear interior [27]. Further, there is
growing evidence that A-type lamins and NE proteins play a critical role in responding to mechanical
cues from the extracellular matrix by adjusting the cytoskeletal and nuclear stiffness [28].

Since the ZnO NPs adverse effects on male reproductive systems are not fully elucidated and
the consequences of exposure to ZnO NPs in spermatogonia have never been studied, the present
work aims to investigate in vitro the cytotoxic effects of ZnO NPs using spermatogonia cells as
model (GC-1 cell line). GC-1 cells are a mouse-derived spermatogonia cell line, described as an
intermediate spermatogenic cell type between type B spermatogonia and primary spermatocytes,
representing an attractive cell model to explore the effects of ZnO NP exposure in a premeiotic
spermatogenesis stage. GC-1 cells were incubated with different doses of ZnO NPs for 6 h and
12 h. Cell viability at the metabolic level and cell integrity were evaluated. The intracellular ROS
levels, DNA damage by monitoring the phosphorylation of γ-H2AX (S139), and cell death rate were
also assessed. To evaluate possible alterations in the cytoskeleton of spermatogonia cells, protein
levels of α-tubulin-acetylated and β-tubulin, structural proteins of microtubules, were quantified by
immunoblotting and immunocytochemistry. β-actin and F-actin, constituents of microfilaments, were
assessed by immunoblotting and immunocytochemistry, respectively. Evaluation of the LINC complex,
namely SUN1 (containing the SUN domain) and Nesprin-1 (containing the KASH domain) proteins,
and other highly relevant NE proteins for spermatogenesis [29,30], lamin A/C and lamina-associated
polypeptide 1 (LAP1), was also achieved by immunocytochemistry.
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2. Materials and Methods

2.1. ZnO NPs

A commercial ZnO nanopowder (<100 nm) (Sigma-Aldrich, Saint Louis, MO, USA) was used.
The structure of the powder was characterized by X-ray diffraction (XRD) using a Panalytical
X’Pert Pro Diffractometer (PANalytical B.V., Almelo, The Netherlands) with Cu Kα1 radiation
(λCu = 0.154056 nm). The XRD patterns were recorded in the range of 10–80◦ of 2q values, with a
0.02◦ step and time per step of 3 s. The powder specific surface area was accessed by gas adsorption
(BET isotherm) in a Micromeritics-Gemini V2380 surface area analyser (Micromeritics, Norcross, GA,
USA). Scanning electron microscopy (SEM) was performed to analyse the powder morphology using a
Hitachi SU-70 Scanning Electron Microscope (Hitachi High-Tech, Tokyo, Japan). The particle surface
charge was also accessed by measuring the Zeta potential of ZnO aqueous suspensions at different
pHs in Coulter Delsa 440 SX equipment (Beckman Coulter, Indianapolis, IN, USA).

2.2. Antibodies

The primary antibodies used for immunoblotting were mouse monoclonal γ-H2AX (S139)
(Millipore, Darmstadt, Germany; 1:500), mouse monoclonal β-tubulin (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA; 1:1000), mouse monoclonal acetylated α-tubulin (Sigma-Aldrich, Saint
Louis, MO, USA; 1:2000), and mouse monoclonal β-actin (Novus Biologicals, Centennial, CO, USA;
1:5000). The secondary antibody used was anti-mouse horseradish peroxidase-linked antibody (Cell
Signalling Technology, Danvers, MA, USA; 1:10,000) for ECL detection.

For immunocytochemistry analysis, the primary antibodies used were mouse monoclonal
α-tubulin-acetylated (Sigma-Aldrich, Saint Louis, MO, USA; 1:250), mouse monoclonal β-tubulin
(Life Technologies, Carlsbad, CA, USA; 1:500), mouse monoclonal nesprin-1 (Developmental Studies
Hybridoma Bank, Iowa City, IA, USA; 1.5 µg/mL), mouse monoclonal lamin A/C (Sigma-Aldrich, Saint
Louis, MO, USA; 1:250), rabbit polyclonal LAP1 [31] (Goodchild and Dauer, 1:40,000), and rabbit SUN1
(kindly provided by our collaborator; 1:500). The secondary antibodies goat anti-mouse IgG Alexa
Fluor 488 (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA; 1:300) and goat anti-rabbit IgG
Alexa Fluor 594 (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA; 1:300) were used.

2.3. Cell Culture and Cell Exposure to ZnO NPs

An immortalized cell line was used to study the effects of exposure to ZnO NPs. GC-1 spg (ATCC®

CRL2053™, Manassas, VA, USA) cells are derived from postnatal day-10 mouse testis and present
characteristics of a premeiotic stage between type B spermatogonia and primary spermatocytes. Given
these GC-1 cell characteristics, they are a cell model with scientific relevance for male reproductive
system studies as indicated by their use in relevant studies about the male reproductive system [32,33].
GC-1 cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, bioWest, Riverside, MO, USA)
supplemented with 10% (v/v) of Fetal Bovine Serum (FBS; bioWest) and 1% (v/v) penicillin-streptomycin
solution (Pen Strep; bioWest). Cell culture was maintained at 37 ◦C and 5% CO2 atmosphere. Cells
were seeded and cultured for 16 h prior to being washed with phosphate-buffered saline (PBS; pH 7.4)
and incubated in a fresh complete growth medium containing the different concentrations of ZnO NPs
(0, 1, 5, 8, 10, and 20 µg/mL) for 6 and 12 h. The selection of both concentration and duration of the
experiments was achieved by a comprehensive and critical analysis of previous studies performed in
the area followed by preliminary studies carried out in GC-1 cells. The objective was the selection a set
of concentrations ranging low (1, 5, and 8 µM) and high ZnO NP doses (10 and 20 µM). Further short-
(6 h) and long-term (12 h) exposures were selected. ZnO NP suspensions with different concentrations
were prepared diluting a stock suspension of higher concentration in complete culture medium,
ensuring the addition of same volume of ZnO NPs at each experimental condition. ZnO NPs were
sterilized by UV radiation for 20 min and sonicated before use in cell culture.
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2.4. Cell Viability Assays

Cell viability analysis was performed using three different approaches: the resazurin assay, the
trypan blue exclusion method, and flow cytometry analysis of Annexin V/propidium iodide (PI). For
all approaches, GC-1 cells were seeded in 6-well plates (Orange scientific) at a density of 2.5 × 105/well
and were treated with fresh medium containing different concentrations of ZnO NPs for 6 and 12 h, as
described above. For the resazurin assay, during exposure to ZnO NPs, cells were incubated 4 h with
10% Resazurin Sodium Salt (Sigma-Aldrich) in complete DMEM medium. The culture medium was
collected at the end of incubation times (6 and 12 h), transferred to a 96-well plate, and subsequently
analysed. The resazurin reduction was measured spectrophotometrically at 570 and 600 nm (Infinite
M200 PRO, Tecan, Switzerland). The OD 570/OD 600 nm ratio was calculated for each condition
and presented as arbitrary units over untreated cells per time point. The cell viability of the control
condition received the value of 100. For trypan blue analysis at the end of the incubation periods (6
and 12 h), GC-1 cells were collected and resuspended in fresh DMEM medium. The number of viable
and dead cells was counted using a 0.4% trypan blue dye solution and an haemocytometer. The values,
similar to the resazurin assay, are expressed as arbitrary units, and the cell viability of the control
condition was given the value of 100.

The cell death was measured by flow cytometry analysis of Annexin V/PI. For these assays, GC-1
cells were collected 6 h and 12 h after exposure to 0, 5, 10, and 20 µg/mL of ZnO NPs. The cell suspension
was centrifuged at 1000 rpm for 3 min at 4 ◦C, and the cell pellet was resuspended in binding buffer
(1× PBS with Ca2+ at a concentration of 0.33 g/L). Further, a centrifugation at 1000 rpm for 3 min at 4 ◦C
was performed, the supernatant was discarded, and the cell pellet was resuspended in binding buffer
with conjugated recombinant Annexin V (Annexin V-APC, Immuno Tools, Friesoythe, Germany). Cells
were exposed to Annexin V-APC for 15 min in the dark. Finally, propidium iodide staining solution
(PI; BD Pharmingen™, San Jose, CA, USA) (100 µg/mL) was added, and cytometry analyses were
performed using a BD AccuratiTM C6 (BD Biosciences®, San Jose, CA, USA). Proper negative and
positive controls were also analyzed. For the negative control, cells were incubated without annexin
V-APC or PI. For positive control, cells were treated with 100 µM of hydrogen peroxide (H2O2) for
2 h and stained with annexin V-APC and PI. The results were analysed using a BD AccuratiTM C6
Software (BD Biosciences®).

2.5. Evaluation of Intracellular ROS Levels

The intracellular ROS levels were detected using the Total ROS Detection kit (ENZO Life Sciences,
Lausen, Switzerland), which contains a 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) probe.
DCFH-DA diffuses through the cellular membrane and accumulates in cytoplasm. Intracellular
esterases first hydrolyse the non-fluorescent lipophilic probe DCFH-DA to non-fluorescent
2,7-dichlorodihydrofluorescein (DCFH), which is then oxidized by reactive species and originates
2,7-dichlorofluorescein (DCF), a fluorescent compound that might be quantified [34–37]. GC-1 cells
were seeded in 96-well plates at a density of 1 × 104 cells/well. At the end of incubation with ZnO
NPs (6 and 12 h), the fluorescein fluorescence intensity, with fluorescence excitation and emission at
488 and 520, respectively, was measured using a fluorescence microplate reader (Infinite M200 PRO,
Tecan) without removing the detection mix. For the negative control, cells were incubated with a
ROS inhibitor—N-acetyl-l-cysteine (NAC). For the positive control, cells were exposed to the ROS
inducer—pyocyanin. The procedure was done following the manufacturer instructions for total ROS
Detection kit.

2.6. SDS-PAGE and Immunoblotting

GC-1 were seeded in 6-well plates at a density of 2.5 × 105/well for 16 h. Cell lysates from GC-1
cells incubated for 6 and 12 h with different concentrations of ZnO NPs were collected in a 1% SDS
solution, and the total protein content was quantified using the Pierce’s bicinchoninic acid (BCA)
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protein assay kit (Thermo Fisher Scientific). Samples were further separated into a 5–20% gradient
SDS-PAGE, and immunoblotting analysis was performed. The total amount of protein content in the
nitrocellulose membrane (GE Healthcare, Chicago, IL, USA) was detected by reversible Ponceau S
staining (Sigma-Aldrich) and then scanned on a GS-800 calibrated imaging densitometer (Bio-Rad,
San Jose, CA, USA). The immunoblotting analysis started with membrane blocking with 5% BSA in
1× TBST. The incubations of primary antibodies were performed overnight at 4 ◦C. The anti-mouse
horseradish peroxidase-conjugated secondary antibodies were incubated for 2 h at room temperature.
To detect protein bands, the ECL™ Select Western Blotting detection reagent (GE Healthcare was used.
Immunoblots were scanned and quantified (GS-800™ Calibrated Densitometer and Quantity One
densitometry software, Bio-Rad), and the data were normalized for to the respective Ponceau loading
control as previously described by Santos et al. [38].

2.7. Immunocytochemistry and Confocal Microscopy Analysis

Cells were seeded in 6-well plates at 2 × 105 cells/well. After 16 h, GC-1 cells were treated
with fresh media containing 0 and 20 µg/mL of ZnO NPs for 6 h and 12 h. Cells were fixed in 3.7%
paraformaldehyde and permeabilized with 0.2% Triton X-100 in 1× PBS. Additionally, cells were
blocked with 3% BSA in 1× PBS for 1 h. Cells were incubated with the primary antibodies for 2 h,
followed by the secondary antibody for 1 h. To stain filamentous actin (F-actin), Alexa Fluor® 568
Phalloidin (Molecular probes, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA; 1:500) was
added for 1 h and as previously described [39]. Finally, the coverslips were mounted on a microscope
slide with 4′,6-diamidino-2-phenylindole (DAPI)-containing VECTASHIELD®Mounting media (Vector
Laboratories, Peterborough, UK). Preparations were visualized using an LSM880 confocal microscope
(Zeiss) and a 63×/1.4 oil immersion objective. Microphotographs were acquired in a sole section in
the Z-axis and represent a mean of 8 scans. Fluorescence intensity analyses were performed using
ImageJ software (U.S. National Institutes of Health). The values are presented as relative fluorescence
intensity and, for the fluorescence intensity of each protein at control condition, was given the value of
100. The fluorescence intensity of each condition was accordingly calculated in comparison to control.

2.8. Statistical Analysis

Statistical analysis was performed using the GraphPad Prism 6.0 software using two-way ANOVA
followed by Dunnett’s multiple comparisons test with a statistical confidence coefficient of 95% for
comparisons between time points and concentrations. One-way ANOVA was used, followed by the
Dunnett’s test, with a statistical confidence coefficient of 95% for comparisons between concentrations
per time point. All data were expressed as mean ± standard error of the mean. The p-values for each
statistical test applied (* for two-way ANOVA test; # for one-way ANOVA test) are indicated in the
results and in the legends of figures.

3. Results

3.1. Characterization of ZnO NPs

ZnO nanoparticles used in the present study were characterized according to a set of tests
(Figure 1). Figure 1A shows the XRD Analysis pattern of ZnO nanoparticles. All the diffraction peaks
correspond to the characteristic hexagonal wurtzite structure of zinc oxide, spatial group P63mc,
and cell parameters a = 3.252 A0 and c = 5.214 A0, as specified in the card number 01-089-1397
(Committee on Powder Diffraction Standards (JCPDS), International Centre for Diffraction Data). The
SEM microphotograph in Figure 1B reveals that the powder exhibits an agglomeration state of very
fine particles, with nanometric size. Accordingly, the high value of specific surface area, determined
based on BET isotherm, SBET = 12 m2/g (Figure 1D), corresponds to an average equivalent spherical
diameter in the nanometric range GBET = 88 nm. Figure 1C shows the Zeta potential variation of ZnO
aqueous suspensions with increasing pH values, from 6 to 12; it can be observed that the Zeta potential
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is negative, starting in −15 mV at pH = 6 and becoming more negative with increasing pH (–55 mV at
pH = 12).Cells 2020, 9, x 6 of 25 
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Figure 1. Characterization of ZnO nanoparticles (NPs): Characterization of commercial ZnO powder:
(A) XRD; (B) SEM image; (C) Zeta potential curve, and (D) table summarizing the morphological
characteristics. XRD—X-ray diffraction; SEM—Scanning electron microscopy.

3.2. ZnO NPs Reduce the Viability of GC-1 Cells in a Dose- and Time-Dependent Manner

ZnO NPs has been described as a cytotoxic inducer affecting different cell types, including cells
from the male reproductive system, namely spermatocytes [19], spermatozoa [17], Sertoli cells [18,19],
and Leydig cells [18]. However, spermatogonia cells had never been evaluated before. Of note, the
periods of incubation selected for this study were considerably short and the set of concentrations
of ZnO NPs tested were presumably low (see the Material and Methods section). The objective was
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to determine if these short exposure periods to different ZnO NP amounts induced alterations in
spermatogonia cells. For this purpose, different approaches summarized in Figure 2 were used.
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Figure 2. Schematic representation of experimental workflow: Methods used for evaluation of the
cytotoxic effects of ZnO NPs in the GC-1 spg cell line (ATCC® CRL2053™). The study was divided in
two stages. Initially, cytotoxicity was evaluated by cell viability and cell damage analysis (oxidative
and DNA damage), and then, the alterations of cytoskeleton and nucleoskeleton were also pursued.
IB—Immunoblotting; ZnO NPs—Zinc Oxide Nanoparticles.

In order to evaluate the effects of ZnO NPs in cellular metabolic activity (resazurin assay) and
cell membrane integrity (trypan blue exclusion method), GC-1 cells were incubated with different
concentrations of ZnO NPs for 6 and 12 h. According to results from resazurin assay (Figure 3A),
the cell viability significantly decreased after 6 h of incubation with 10 µg/mL (* p ≤ 0.001; # p <

0.01) and 20 µg/mL (* p < 0.0001; # p ≤ 0.001), corresponding to cell viability decreases of 13% and
17%, respectively. Upon 12 h of ZnO NP exposure, cell viability was only altered with 20 µg/mL of
ZnO NPs (*/# p < 0.0001), decreasing 48% when compared with control (ZnO NP unexposed cells
for 12 h). Moreover, using the second cell viability approach (trypan blue), the results were quite
similar (Figure 3B). However, cell viability only decreased significantly when using the higher ZnO NP
concentration (20 µg/mL) for either 6 h (* p < 0.05; # p ≤ 0.001) or 12 h (*/# p < 0.0001).

To further analyze cell death, an Annexin V/PI staining assay was performed to discriminate
between viable, apoptotic, and necrotic cells through differences in plasma membrane integrity and
permeability. Both apoptotic and necrotic cells are stained with Annexin V, but they are distinguished
by co-staining with PI given that, during necrosis, the cell membrane integrity is lost and PI can cross
the cell membrane [40,41]. GC-1 cells were treated with 0, 5, 10, and 20 µg/mL of ZnO NPs for 6 h and
12 h, and the apoptotic and necrotic cells were monitored by flow cytometry. The results indicated
a significant increase in number of necrotic cells at an exposure dose of 20 µg/mL ZnO NPs for 12 h
(* p ≤ 0.001) (Figure 3C). Thus, high concentrations of ZnO NPs and a longer exposure period can
induce cell death of GC-1 cells. Given the cell viability alterations observed, characterization of the
type of damage induced by ZnO NPs in GC-1 cells was performed.
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Figure 3. Evaluation of cell viability induced by ZnO NPs in GC-1 spg cells: (A) Cell viability was
assessed using the resazurin assay. Results from the viability analysis of GC-1 cells after exposure for
6 h and 12 h to different ZnO NP concentrations: The viability for each condition is presented as mean
± SEM of seven independent experiments. Values are expressed as arbitrary units, and the cell viability
of the control condition was given a value of 100. (B) Cell viability was assessed using the trypan blue
exclusion method. Trypan blue analysis of GC-1 cells after exposure for 6 h and 12 h to different ZnO
NPs concentrations: The viability for each condition is presented as mean ± SEM of six independent
experiments. Values are expressed as arbitrary units, and the cell viability of the control condition
was given a value of 100. (C) Cell viability was assessed by flow cytometry analysis of Annexin V/

propidium iodide (PI). Flow cytometry analysis of Annexin V-APC and PI staining and of membrane
and DNA markers, respectively, in the GC-1 cell line after exposure to 0, 5, 10, and 20 µg/mL of ZnO
NPs for 6 h and 12 h. Positive control was performed using H2O2. The fold change in controls (cells
without ZnO NPs) of apoptotic and necrotic cells was plotted as mean ± SEM of four independent
experiments, for each condition. * For comparisons between concentrations and time points, two-way
ANOVA was used. # For comparisons between concentrations, one-way ANOVA was used. */# p <

0.05. **/## p < 0.01. ***/### p ≤ 0.001. ****/#### p < 0.0001. PI—Propidium Iodide. PC—Positive Control.

3.3. Evaluation of Cell Damage Induced by ZnO NPs

In order to evaluate the type of cell damage observed upon exposure to ZnO NPs, the generation
of ROS intracellular levels (oxidative damage) and the occurrence of DNA damage were monitored.

3.3.1. ROS Intracellular Levels Increase (Oxidative Damage)

Several studies reported increased ROS production as the cause of cytotoxicity upon exposure to ZnO
NPs [18,19]. Therefore, to evaluate if ZnO NPs induce ROS level alterations in GC-1 cells, ROS intracellular
levels were assessed using the total ROS detection kit after incubation with 0, 5, 10, and 20 µg/mL of ZnO
NPs for 6 and 12 h (Figure 4A). GC-1 exposure to ZnO NPs (20 µg/mL) for 6 h significantly increased ROS
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production compared to the control group (*/# p < 0.05). At 12 h, a significant alteration of ROS production
levels was detected in cells exposed to 5 (* p < 0.05), 10 (* p < 0.01, # p < 0.05), and 20 µg/mL (* p < 0.05) of
ZnO NPs. These results suggest that high ZnO NP concentrations and longer exposure times to these NPs
were associated with higher generation of ROS levels.
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Figure 4. Cell damage induced by ZnO NPs: (A) Oxidative damage. Reactive Oxygen Species (ROS)
intracellular level detection using the Total ROS Detection kit (ENZO Life Sciences) after the exposure
of GC-1 cells to different concentrations of ZnO NPs. Positive and negative controls were performed
using pyocyanin and N-acetyl-l-cysteine (NAC), respectively. The ROS levels were plotted as fold
increase over the control (cells without ZnO NPs) for both 6 h and 12 h. The values for each condition
were presented as a mean ± SEM of four independent experiments. (B) DNA damage: Analysis of
γ-H2AX (Ser 139), a marker of DNA damage, by immunoblotting in GC-1 cells treated with different
concentrations of ZnO NPs for 6 and 12 h. Protein levels are presented as a fold increase (%) over controls,
which was plotted as mean ± SEM of four independent experiments. * For comparisons between
concentrations and time points, two-way ANOVA was used. # For comparisons between concentrations,
one-way ANOVA was used. */# p < 0.05. **/## p < 0.01. *** p ≤ 0.001. NAC—N-acetyl-l-cysteine.
NC—Negative Control. PC—Positive Control. ROS—Reactive Oxygen Species.

3.3.2. Occurrence of DNA Damage

Several studies indicated that increased ROS is the cause of DNA damage in cell lines exposed to
ZnO NPs [18,19,42]. In the present study, DNA damage was assessed through detection of γ-H2AX
phosphorylation (S139) intracellular levels by immunoblotting (Figure 4B). γ-H2AX is a marker of
DNA double-strand breaks [43]. GC-1 cells exposed to different doses of ZnO NPs for 6 and 12 h
showed an increase of γ-H2AX (S139) levels in a dose- and time-dependent manner. This increase was
significant at 20 µg/mL after 6 h of exposure (*/# p < 0.05) and highly significant at 20 µg/mL after 12 h
of treatment (* p ≤ 0.001; # p < 0.01). Therefore, the exposure to the highest ZnO NP concentration
tested is a genotoxic factor by inducing DNA damage in the GC-1 cell line. Ponceau S staining was
used as a loading control, as previously described.



Cells 2020, 9, 1081 10 of 24

3.4. ZnO NPs Influence the Cytoskeleton in GC-1 Cells

The cytoskeleton is a very important component in cell structure and metabolism. As reported in
this study, ZnO NPs decrease cell metabolism and membrane integrity in a dose-dependent manner,
which is in agreement with the increase in cell death observed and which is associated with severe
morphological changes in proteins of cytoskeleton, such as tubulin and actin [44]. Previous studies
described the ZnO NPs as a cause of cytoskeletal dynamic alterations in different types of cells but not
in spermatogonia cells [24–26]. Therefore, the evaluation of the cytoskeleton integrity and dynamics
was monitored in GC-1 cells upon their exposure to different concentrations of ZnO NPs for 6 and 12 h.
Microtubule changes were assessed by analyzing the levels of β-tubulin and acetylated α-tubulin and
alterations in the filaments through the levels of β-actin and F-actin. The β-tubulin levels decreased
in a ZnO NP dose-dependent manner after 12 h of NP exposure (Figure 5A). This decrease was only
significant with the highest concentration of ZnO NPs tested (* p ≤ 0.01; # p ≤ 0.001). However, no
alterations of β-tubulin comparative to control were observed after 6 h of GC-1 exposure to ZnO NPs
(Figure 5A). Significant alterations on acetylated α-tubulin levels (a marker of microtubules stability)
after GC-1 exposure to ZnO NPs were observed. The acetylated α-tubulin levels were significantly
increased when GC-1 cells were incubated with 20 µg/mL of ZnO NPs for both periods of incubation
(Figure 5B): at 6 h (* p < 0.0001; # p < 0.01) and at 12 h (# p ≤ 0.001). No significant alterations in
the β-actin intracellular levels were verified by immunoblot analysis (Figure 5C). However, a slight
progressive increase dependent of dose was observed at 6 h of incubation. Ponceau S staining was
used as a loading control, as previously described.

According to the immunocytochemistry analysis, microtubule and microfilament protein levels
changed after GC-1 cell exposure to 20 µg/mL of ZnO NPs for 6 and 12 h (Figure 6). The actin dynamics
of GC-1 cells was monitored by F-actin, a specific marker of actin polymerization. β-tubulin (* p ≤ 0.001)
and F-actin (* p < 0.0001) increased significantly after 6 h of ZnO NP exposure to 20 µg/mL. However,
after 12 h, GC-1 cells presented a significant reduction of β-tubulin (* p < 0.0001) and F-actin (* p <

0.0001) levels with the highest concentration tested relative to control cells. Moreover, at 6 h of ZnO
NP treatment, GC-1 cells showed an increase of acetylated α-tubulin levels (* p ≤ 0.001) with 20 µg/mL.
Similarly, after 12 h of ZnO NP exposure, acetylated α-tubulin levels also increased significantly (* p <

0.01) with the same concentration.

3.5. ZnO NPs Influence the Nucleoskeleton Integrity in GC-1 Cells

Recent reports have stated that ZnO NPs can induce cytoskeleton alterations, thereby destroying
the dynamic nature of the cell. These changes in cytoskeleton can influence the nucleus structure [24].
According to immunocytochemistry images of the DAPI-labelled nucleus, significant morphological
nuclear changes were observed after exposure of GC-1 cells to higher levels of ZnO NPs (Figure 6D).
The number of GC-1 nuclei with asymmetric constriction characterized by a nuclear reniform, a
multilobulated, or a blebbed shape increased in the presence of ZnO NPs (Figures 6 and 7).
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Figure 5. Influence of ZnO NPs in cytoskeleton structure and dynamics of GC-1 spg cells: (A) Quantification
of β-tubulin, (B) acetylated α-tubulin, (C) β-actin protein levels in GC-1 cells by immunoblotting
analysis. Cells were exposed to ZnO NPs for 6 h and 12 h. Protein levels are presented as a fold change
(%) over controls, which was plotted as mean ± SEM of three or four independent experiments. * For
comparisons between concentrations and time points, two-way ANOVA was used. # For comparisons
between concentrations, one-way ANOVA was used. **/## p < 0.01. ### p ≤ 0.001. **** p < 0.0001.
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Figure 6. Influence of ZnO NPs in cytoskeleton structure and in nuclear morphology of GC-1 spg cells
by immunocytochemistry: Immunocytochemistry images of (A) β-tubulin, (B) acetylated α-tubulin,
and (A,B) F-actin; (C) relative fluorescence intensity quantification of α-tubulin, β-tubulin, and F-actin
protein levels; and (D) morphological analysis of nuclei in GC-1 spg cell line. The cells were exposed to
0 and 20 µg/mL ZnO NPs for 6 h and 12 h. The protein levels are presented as a fold change (%) over
controls, which was plotted as mean ± SEM of three independent experiments. Each experiment was
obtained by analyzing at least 30 cells per condition. The percentage of cells with nuclear morphological
changes is shown as a fold change, which was plotted as mean ± SEM of four independent experiments.
Each experiment was obtained by analyzing at least 60 nuclei per condition ** p < 0.01. *** p ≤ 0.001.
**** p < 0.0001. * For comparisons between concentrations and time points, two-way ANOVA was used.

This is an interesting result that was, for the first time, subsequently pursued by the evaluation of
the effects of ZnO NPs on the nucleoskeleton (nuclear lamina, and NE proteins) in spermatogonia cells.
SUN1, nesprin 1, lamin A/C, and LAP1 are highly relevant proteins for spermatogenesis, as reviewed in
Pereira et al. [29], for which levels and distribution were evaluated by immunocytochemistry (Figure 7).
Visible alterations of the basal levels and distribution of these proteins occurred after GC-1 cells
exposure to 20 µg/mL of ZnO NPs. According to the present results, the levels of nesprin-1 (Figure 7A)
did not change in the presence of ZnO NPs; however, SUN1 (* p ≤ 0.001) (Figure 7A) and LAP1 (* p <

0.0001) (Figure 7B) levels increased significantly in GC-1 cells exposed to ZnO NPs for 12 h. Further,
lamin A/C increased significantly (* p < 0.0001) in GC-1 cells exposed to ZnO NPs for 6 h and 12 h
(Figure 7B). In addition, it is important to note an increase in nesprin-1, SUN1, and LAP1 in areas of
nucleus confinement and, on the contrary, lamin A/C decrease at these sites (Figure 7, arrows).
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Figure 7. Influence of ZnO NPs in nucleoskeleton structure of GC-1 spg cell line by immunocytochemistry:
Immunocytochemistry images of (A) nesprin-1 and SUN1, and (B) lamin A/C and LAP1 in the GC-1
spg cell line and the respective relative fluorescence intensity quantification. Cells were exposed to 0
and 20 µg/mL ZnO NPs for 6 h and 12 h. Areas of nucleus confinement are evident (arrows). Protein
levels are presented as a fold change (%) over controls, which was plotted as mean ± SEM of three
independent experiments. Each experiment was obtained by analyzing at least 40 cells per condition.
*** p ≤ 0.001. **** p < 0.0001.
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4. Discussion

The applications of ZnO NPs in biomedicine are numerous, given their multiple advantages
conferred by the physicochemical properties of these specific nanomaterials. To date, only very few
studies have explored the effects of ZnO NPs on the male reproductive system, and these are very
important and should be explored in the future. We strongly believe that both in vitro and in vivo
studies will contribute to determining the impact of ZnO NPs on male fertility. Previous studies
have indicated that ZnO NPs have significative cytotoxic effects on spermatogenesis. ZnO NPs have
been reported as a dose- and time-dependent cytotoxic inducer in testis and in male germ cells. ROS
production and DNA damage have been described as driving forces that induce apoptosis and cell
cycle arrest in cells treated with ZnO NPs [16–19]. These ZnO NPs cellular effects have consequential
negative repercussions on the histological integrity of testis [20–22] and in sperm quality, as previously
described [10,16–18,21,23]. However, to date, there are no studies on the consequences of ZnO NP
exposure in the first stage of spermatogenesis.

In the present study, GC-1 spermatogonia cells were used as a cell model to investigate the impact
of exposure to low and high ZnO NPs concentrations for short and long periods of incubation The
results evidenced the cytotoxicity of ZnO NPs in GC-1 cells in a dose- and time-dependent manner.
Viability evaluation was assessed regarding the metabolic activity (Figure 3A) and the membrane
integrity (Figure 3B) of GC-1 after their exposure to ZnO NPs. Data revealed that 6 h with 10 µg/mL
of ZnO NPs was enough to significantly decrease the metabolism of GC-1 cells but not sufficient
to damage its membrane and consequent loss of integrity. However, the highest concentrations of
ZnO NPs (20 µg/mL) reduce the metabolic activity of mouse spermatogonia cells and induce the
loss of cell membrane integrity. Furthermore, it is important to note that, except for cells exposed to
20 µg/mL of ZnO NPs, GC-1 viability did not significantly decrease after 12 h of ZnO NPs exposure.
These results indicate that ZnO NPs concentrations lower than 20 µg/mL were not enough to induce
negative and permanent impact in spermatogonia cells once GC-1 can recover from toxic effects of
ZnO NPs (Figure 3A,B). These results agree with the studies of apoptosis and necrosis performed
(Figure 3C). At 6 h, the number of apoptotic and/or necrotic cells was not significant while the number
of cells in necrosis (permeable to PI) was significantly higher after 12 h of exposure with higher ZnO
concentration tested, indicating that these cells are suffering a cell death by necrosis (Figure 3C), with
loss of membrane integrity [40,41]. The significant loss of cell viability reported by the trypan blue
assay agrees with the cell death results from flow cytometry. Overall, ZnO NPs are a toxic nanomaterial
to GC-1 cells in a dose- and exposure time-dependent manner, where only higher concentrations and
long exposure tested induced cell death with loss of cell metabolism and membrane integrity.

The production of high levels of ROS induced serious alterations in spermatogonia cells by
promoting biomolecular oxidation, causing DNA fragmentation and consequently apoptosis or
necrosis [45,46]. In the study here described using GC-1 cells, ROS intracellular levels significantly
increased after 6 h of exposure to the maximum concentration evaluated (20 µg/mL) and after 12 h of
exposure to 5, 10, and 20 µg/mL. According to these results, ZnO NP exposure hypothetically raises
the intracellular content of Zn2+, increasing ROS production and thus oxidative stress, which may
induce DNA damage in GC-1 cells exposed to higher concentration of these NPs (Figure 4). These
oxygen radicals could have originated at the nanoparticle surface as well as from biological substrates
such as damaged mitochondria by inhibition of cellular respiration or by open the mitochondrial pore,
releasing the cytochrome C that results in cell death [47].

DNA damage in GC-1 cells is enhanced in the presence of higher concentrations of ZnO NPs
after 6 and 12 h of exposure. The increase in γ-H2AX phosphorylated at Ser139 (Figure 4B) by protein
kinase ATM (mutated in ataxia-telangiectasia) leads to the recruitment of the mediator of DNA damage
checkpoint protein 1 (MDC1) as a response to the formation of double strand breaks (DSB). Therefore,
DNA damage response (DDR) leads to cell repair and chromatin decondensation, increasing the
accessibility of DNA to transcription and repair and the activation of checkpoint proteins which
arrest the cell cycle progression [43]. Therefore, y-H2AX (S139) levels fluctuate over time, increasing
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exponentially in the first few min after the DSB and decreasing after a few hours [48]. In the present
study, DNA damage was evaluated after 6 and 12 h of exposure to ZnO NPs and the results clearly
indicate that the amount of γ-H2AX (S139) significantly increases with higher ZnO NP concentration
upon 12 h of exposure. It is important to note that additional studies for monitoring full DNA damage
after short times of exposure to ZnO NPs are recommended and should be addressed in future studies.

Furthermore, it is important to mention that DNA damage and necrosis might occur as a
consequence of high Zn2+ intracellular levels. Although in this study the Zn2+ release by ZnO NPs
dissolution was not assessed, it is essential to report that previous studies refer to cell cytotoxicity as a
consequence of Zn2+ homeostasis breakdown [49]. Several authors reported Zn2+ increase as a product
from ZnO NPs dissolution in lysosomes after cell uptake [24,26,50,51] or by ZnO NPs dissolution in
the extracellular environment, which can result in transport of the dissolved Zn2+ ions into the cell.
The intracellular Zn2+ levels increased, exceeding the capacity of Zn2+ homeostatic system. As a result,
toxic Zn2+ levels cause the mitochondrial membrane potential breakdown, inducing mitochondrial
generation of ROS and DNA fragmentation, which activates caspases and leads to apoptosis. At even
more increased Zn2+ concentration, cell necrosis is the dominant form of cell death [49,52].

ZnO NPs also influenced the dynamics and structure of the GC-1 cell line. The cytoskeleton
is an interconnected network of intracellular filamentous composed of microtubules, intermediate
filaments, and actin filaments crucial for cell structural and shape maintenance, movement, division,
and function [53,54]. Tubulin and actin are components of the cellular cytoskeleton that assemble
microtubules and actin filaments, respectively. Actin filaments are distributed near the cell membrane,
while microtubules are located in the cytoplasm between the cell nucleus and cell membrane [54,55].
Microtubules and actin filaments are continuously undergoing polymerization and depolymerization
processes that are exquisitely controlled by intracellular proteins [56,57]. Acetylated α-tubulin has a
role in stabilizing the structure of all microtubules, protecting microtubules from disruption [56,58] and
repairing the damage on microtubule [59]. Any interference with microtubule dynamics during cell
division produces aberrant spindles leading to apoptosis or to unbalanced chromosome distribution in
the daughter cells [24]. ZnO NPs disrupt the cytoskeleton architecture or cytoskeletal components
in different cell types, although this dysregulation is also dependent on cell type. Beyond shape
modifications in cell morphology during cellular stress responses, the cytoskeleton disruption also
causes alterations in cell signalling under sub-toxic conditions, including during exposure to NPs in
which cell viability is unmodified or marginally decreased. Alterations on cytoskeleton components
should be investigated as predictors not only of cell shape modifications but also of cell physiology in
exposed cells to NPs [60]. Once again, the cytoskeleton evaluation in spermatogonia cells was not
previously analysed. In GC-1 cells, the increase of acetylated α-tubulin, a marker of microtubules
stabilization, is visible after higher exposure to ZnO NPs. The increase of acetylated α-tubulin may
occur for protecting the MT structure from damage induced by ZnO NPs as a recent study indicates [58].
Further, the dynamics of β-tubulin exposure also decreases after a long exposure to high concentrations
of ZnO NPs, which indicates that the microtubules are conditioned and that the protein transport is
compromised, altering the cellular dynamics (Figures 5A,B and 6). Besides that, β-actin (Figure 5C)
does not significantly change, but F-actin (Figure 6) is reduced after 12 h of exposure to ZnO NPs.
Although, the immunocytochemistry analysis revealed an increase of β-tubulin and F-actin after 6 h
of exposure (Figure 6). Tubulin and actin are two zinc-scavenging proteins that undergo structural
changes upon Zn2+ binding [61,62]. According to a previous study, Zn2+ binds directly to tubulin,
stimulating its assembly [62], and induces F-actin polymerization and aggregation [61], which is
in concordance with the increase of β-tubulin and F-actin fluorescence by immunocytochemistry
analysis, respectively. At 12 h, the decrease of F-actin and β-tubulin may be associated with increased
ROS production and the consequent microfilaments and microtubules disruption/dysfunction [25,26].
Changes in the cytoskeleton in the presence of high concentrations and long exposure times to ZnO
NPs also compromise the adhesion and epithelial shape of GC-1 cells (data not shown).
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Besides causing cytoskeleton alterations, ZnO NPs were also reported as an inducer of nuclear
enlargement, of chromatin compaction [25], of nuclear DNA leakage and breakage [18], and of
nuclear fragmentation [47]. In agreement, the nucleus from GC-1 cells exposed to ZnO NPs presented
significant visible morphological deformities (Figure 6D). On spermatogenesis, the dynamic of NE is
in constant rearrangement, and any alteration on NE can lead to serious infertility phenotypes [29].
For the first time, the effects of ZnO NPs at the nucleoskeleton level (SUN1, nesprin-1, lamin A/C, and
LAP1) in spermatogonia cells were evaluated (Figure 7).

The NE is a selective structural barrier composed of a pair of distinct membranes, the inner (INM)
and outer nuclear membranes (ONM), separated by the perinuclear space; the nuclear lamina and the
nuclear pore complexes (NPCs) together defined the barrier between the cytoplasm and nucleus [29,63].
SUN and KASH protein domains are type II integral membrane proteins embedded in the INM and
ONM, respectively, which physically interact in the perinuclear space to form a physical connection of
nucleoplasm and cytoskeleton, the LINC complex [64–67]. LINC complexes are critical for nuclear
integrity and play fundamental roles in nuclear positioning, shaping, and movement [63,68], providing
a mechanism for transmission of mechanical forces from the cytoskeleton into the nucleus, directly
affecting chromatin compaction and organisation and thus gene expression [64,66,69]. The nuclear
shape is determined by the cytoskeleton, the nuclear lamina, and the chromatin distribution and
condensation [63].

LAP1 is a crucial protein for the maintenance of the NE architecture and regulation of the cell
cycle [38,70]. In addition, lamins stabilize the nuclear membrane and, along with LAP1, organize the
nucleus by localizing specific proteins responsible for chromatin organization, cell cycle control, and
transcription regulation to the nuclear periphery. The failure to properly localize nuclear components
as a result of defective nuclear transport has been directly associated with defects in chromatin
organization and gene regulation [71]. These characteristics turn lamin A/C and LAP1 into important
proteins for cellular dynamics during the spermatogenesis [30]. According to immunocytochemistry
studies (Figure 7), after GC-1 cells exposure to ZnO NPs, the nucleoskeleton proteins were redistributed
to nuclear confinement zones (higher mechanotransduction stress points) (Figure 7, arrows). These
stress areas are characterized by defects in lamina organization and by a high intranuclear pressure
from actin-based nucleus confinement that can lead to NE rupture [72–75], which is in accordance with
the depletion of lamin (A/C) (Figure 7B) and with the redistribution of SUN1 and nesprin-1 (proteins
from the LINC complex) and of LAP1 to areas of nuclear confinement or fragility (Figure 7A) in GC-1
cells exposed to ZnO NPs. At the same time, the levels of SUN1, LAP1, and lamin A/C increase
significantly while nesprin-1 levels do not undergo any significant changes (Figure 7). In addition, the
increase of lamin A/C levels occurs as a response from DNA damage and ROS level increase induced
by ZnO NPs (Figure 4). Lamin A/C has a key role in promoting both DNA repair and in preventing
DNA damage and in ROS modulation [76], which justify the increase of lamin A/C even in GC-1 cells
exposure for 6 h to 20 µg/mL ZnO NPs.

The mechanism as to how ZnO NPs compromise the distribution and levels of SUN1, nesprin-1,
LAP1, and lamin A/C is not yet clear, and further studies are needed to understand their increase and the
process that induces the delocalization. However, it is important to mention that SUN1 and nesprin-1
distribution changes and lamin disruption after ZnO NP exposure can lead to serious alterations in
nuclear movement and positioning and to increase in genome instability. The mouse spermatogonia
cellular model, GC-1, belongs to a cellular stage prior to meiosis, and given the significant nuclear
alterations observed upon high dose of ZnO NP exposure, we hypothesise that meiosis progression
may be compromised, affecting spermatogenesis, which might originate alterations on male fertility. In
fact, several previous studies indicated that nuclear alterations lead to crucial meiosis changes affecting
spermatogenesis, originating male infertility [29,76–79]; however, the same should be explored using
ZnO NPs. Therefore, the results here presented raised questions about the use of ZnO NPs for the most
diverse applications, since it allowed us to understand the effect of ZnO NPs in reducing the metabolic
cell activity, the loss of cell membrane integrity, the increase in production of ROS, the DNA damage,
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and the cell death of spermatogonia cells. In addition, it was possible to realise that the cytotoxic effect
in spermatogonia cells induces significant changes in the cytoskeleton and nucleoskeleton, questioning
the physiological role of zinc oxide in terms of their regulation. This very interesting issue should be
addressed in future studies.

However, the exact cytotoxic mechanism is not yet consensual. Some studies suggest that surface
reactivity is responsible for the spontaneous ROS generation in cells exposed to ZnO NPs [45,51,80].
Other studies reported Zn2+ release by the dissolution of ZnO NPs as the main underlying cause
of cytotoxicity [24,26,50,51]. The solubility of ZnO NPs is highly variable, depending on cell type,
exposure conditions, routes of administration, and method of synthesis. [81]. Since these results
are not able to associate ROS production as a cause of cytotoxicity or just a consequence of the
cytotoxicity induced by Zn2+ release, an extensive comparative study between ZnO NPs with different
physicochemical properties will be required to assess the influence of its nature on toxicity. In fact, the
physicochemical characteristics of ZnO NP condition, its toxicokinetic, and the routes of exposure can
lead to new biological and unforeseen interactions [82,83].

In addition, the relative risk of ZnO NPs in GC-1 cells cannot be assessed just by looking at
concentration and time of exposure. Also, it will be important in the near future to assess the
accumulation of ZnO NPs in vivo in the testis at low doses and at reduced exposure times.

5. Conclusions

The present study describes for the first time the cytotoxic effects of ZnO NPs on spermatogonia
cells (GC-1) in a time- and dose-dependent manner. Low levels of ZnO NPs during a short period
of exposure do not cause spermatogonia cells alterations. The significant increase in cell death was
observed with higher ZnO NPs concentrations at 6 and 12 h and is likely to occur due to the increase
in ROS levels causing DNA damage (DSBs), leading to H2AX phosphorylation at Ser139 by ATM
activating the DDR signaling path. However, DDR is not able or sufficient to repair the DNA damage
caused by higher concentrations of ZnO NPs. Significant changes were also observed in the cytoskeleton
and nucleoskeleton, leading us to hypothesize that the cellular effects of ZnO NPs exposure resulted
from alterations of cytoskeleton and nucleoskeleton regulatory mechanisms. These mechanisms should
be explored given their potential to cause adverse consequences on spermatogenesis, compromising
male fertility. Further research is being carried out to understand the mechanism of action of these
nanomaterials, leading to cytoskeleton and nucleoskeleton alterations. Further, it will be interesting to
extend these assays to later stages of spermatogenesis.

Author Contributions: S.R. and M.d.L.P. conceived and designed the experiments; A.R.P. performed the
experiments; A.M.R.S. and M.E.V.C. conducted ZnO NP characterization; F.M. conducted cytometry experiment;
all authors analyzed and interpreted data; S.R., M.d.L.P, O.A.B.d.C.eS., A.M.R.S., and M.E.V.C. contributed
reagents/materials/analysis tools; A.R.P. wrote the original draft of the paper. All authors have read and agreed to
the published version of the manuscript.

Funding: The present research was supported by the Instituto de Biomedicine-(iBiMED)(UID/BIM/04501/2020
and POCI-01-0145-FEDER-007628); and the Fundação para a Ciência e Tecnologia (FCT) of the Ministério da
Educação e Ciência, the COMPETE program, QREN, and the EU (Fundo Europeu de Desenvolvimento Regional).
Authors acknowledge support from the project ‘Wisdom-Impact of wide-spread proteome aggregation through
aging in mammals and implications for the development of age-related diseases’ (PTDC/BTM-TEC/29843/2017)
and the Integrated Programme of SR&TD “pAGE—Protein aggregation Across the Lifespan” (reference
CENTRO-01-0145-FEDER-000003), co-funded by Centro 2020 program, Portugal 2020, European Union, through the
European Regional Development Fund. This work was developed within the scope of the project CICECO-Aveiro
Institute of Materials, UIDB/50011/2020 & UIDP/50011/2020, financed by national funds through the FCT/MEC;
and, when appropriate, was co-financed by FEDER under the PT2020 Partnership Agreement.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.



Cells 2020, 9, 1081 21 of 24

References

1. Jiang, J.; Pi, J.; Cai, J. The Advancing of Zinc Oxide Nanoparticles for Biomedical Applications. Bioinorg.
Chem. Appl. 2018, 2018, 1–18. [CrossRef] [PubMed]

2. Madhumitha, G.; Elango, G.; Roopan, S.M. Biotechnological Aspects of ZnO Nanoparticles: Overview on
Synthesis and Its Applications. Appl. Microbiol. Biotechnol. 2016, 100, 571–581. [CrossRef]

3. Sharma, H.; Kumar, K.; Choudhary, C.; Mishra, P.K.; Vaidya, B. Development and Characterization of Metal
Oxide Nanoparticles for the Delivery of Anticancer Drug. Artif. Cells Nanomed. Biotechnol. 2016, 44, 672–679.
[CrossRef] [PubMed]

4. Sabir, S.; Arshad, M.; Chaudhari, S.K. Zinc Oxide Nanoparticles for Revolutionizing Agriculture: Synthesis
and Applications. Sci. World J. 2014, 2014, 1–8. [CrossRef]

5. Lu, H.; Wang, J.; Stoller, M.; Wang, T.; Bao, Y.; Hao, H. An Overview of Nanomaterials for Water Technology.
Adv. Mater. Sci. Eng. 2017, 2016, 1–10. [CrossRef]

6. Mikrajuddin; Lenggoro, I.W.; Okuyama, K.; Shi, F.G. Luminescent Polymer Electrolytes Prepared by Growing
ZnO Nanoparticles in the Matrix of Polyethylene Glycol. J. Electrochem. Soc. 2002, 149. [CrossRef]

7. Nohynek, G.J.; Lademann, J.; Ribaud, C.; Roberts, M.S. Grey Goo on the Skin? Nanotechnology, Cosmetic
and Sunscreen Safety. Crit. Rev. Toxicol. 2007, 37, 251–277. [CrossRef]

8. Lan, Z.; Yang, W.X. Nanoparticles and Spermatogenesis: How Do Nanoparticles Affect Spermatogenesis and
Penetrate the Blood-Testis Barrier. Nanomedicine 2012, 7, 579–596. [CrossRef]

9. Chen, A.; Feng, X.; Sun, T.; Zhang, Y.; An, S.; Shao, L. Evaluation of the Effect of Time on the Distribution of
Zinc Oxide Nanoparticles in Tissues of Rats and Mice: A Systematic Review. IET Nanobiotechnology 2016, 10,
97–106. [CrossRef]

10. Abbasalipourkabir, R.; Moradi, H.; Zarei, S.; Asadi, S.; Salehzadeh, A.; Ghafourikhosroshahi, A.; Mortazavi, M.;
Ziamajidi, N. Toxicity of Zinc Oxide Nanoparticles on Adult Male Wistar Rats. Food Chem. Toxicol. 2015, 84,
154–160. [CrossRef]

11. Hao, Y.; Liu, J.; Feng, Y.; Yu, S.; Zhang, W.; Li, L.; Min, L.; Zhang, H.; Shen, W.; Zhao, Y. Molecular Evidence of
Offspring Liver Dysfunction after Maternal Exposure to Zinc Oxide Nanoparticles. Toxicol. Appl. Pharmacol.
2017, 329, 318–325. [CrossRef] [PubMed]

12. Kuang, H.; Yang, P.; Yang, L.; Aguilar, Z.P.; Xu, H. Size Dependent Effect of ZnO Nanoparticles on Endoplasmic
Reticulum Stress Signaling Pathway in Murine Liver. J. Hazard. Mater. 2016, 317, 119–126. [CrossRef]
[PubMed]

13. Lin, Y.-F.; Chiu, I.-J.; Cheng, F.-Y.; Lee, Y.-H.; Wang, Y.-J.; Hsu, Y.-H.; Chiu, H.-W. The Role of Hypoxia-Inducible
Factor-1α in Zinc Oxide Nanoparticle-Induced Nephrotoxicity in Vitro and in Vivo. Part. Fibre Toxicol. 2015,
13, 1–14. [CrossRef] [PubMed]

14. Pinho, A.R.; Rebelo, S.; Pereira, M.d.L. The Impact of Zinc Oxide Nanoparticles on Male (In)Fertility. Materials
(Basel) 2020, 13, 849. [CrossRef]

15. Tang, Y.; Chen, B.; Hong, W.; Chen, L.; Yao, L.; Zhao, Y.; Aguilar, Z.P.; Xu, H. ZnO Nanoparticles Induced
Male Reproductive Toxicity Based on the Effects on the Endoplasmic Reticulum Stress Signaling Pathway.
Int. J. Nanomed. 2019, 14, 9563–9576. [CrossRef]

16. Srivastav, A.K.; Kumar, A.; Prakash, J.; Singh, D.; Jagdale, P.; Shankar, J.; Kumar, M. Genotoxicity Evaluation
of Zinc Oxide Nanoparticles in Swiss Mice after Oral Administration Using Chromosomal Aberration,
Micronuclei, Semen Analysis, and RAPD Profile. Toxicol. Ind. Health 2017, 33, 821–834. [CrossRef]

17. Barkhordari, A.; Hekmatimoghaddam, S.; Jebali, A.; Khalili, M.A.; Talebi, A.; Noorani, M. Effect of Zinc
Oxide Nanoparticles on Viability of Human Spermatozoa. Iran. J. Reprod. Med. 2013, 11, 767–771.

18. Han, Z.; Yan, Q.; Ge, W.; Liu, Z.-G.; Gurunathan, S.; De Felici, M.; Shen, W.; Zhang, X.-F. Cytotoxic Effects of
ZnO Nanoparticles on Mouse Testicular Cells. Int. J. Nanomed. 2016, 11, 5187–5203. [CrossRef]

19. Liu, Q.; Xu, C.; Ji, G.; Liu, H.; Mo, Y.; Tollerud, D.J.; Gu, A.; Zhang, Q. Sublethal Effects of Zinc Oxide
Nanoparticles on Male Reproductive Cells. Toxicol. Vitr. 2016, 35, 131–138. [CrossRef]

20. Mozaffari, Z.; Parivar, K.; Roodbari, N.H.; Irani, S. Histopathological Evaluation of the Toxic Effects of Zinc
Oxide (ZnO) Nanoparticles on Testicular Tissue of NMRI Adult Mice. Adv. Stud. Biol. 2015, 7, 275–291.
[CrossRef]

21. Hussein, M.M.A.; Ali, H.A.; Saadeldin, I.M.; Ahmed, M.M. Querectin Alleviates Zinc Oxide Nanoreprotoxicity
in Male Albino Rats. J. Biochem. Mol. Toxicol. 2016, 30, 489–496. [CrossRef] [PubMed]

http://dx.doi.org/10.1155/2018/1062562
http://www.ncbi.nlm.nih.gov/pubmed/30073019
http://dx.doi.org/10.1007/s00253-015-7108-x
http://dx.doi.org/10.3109/21691401.2014.978980
http://www.ncbi.nlm.nih.gov/pubmed/25406734
http://dx.doi.org/10.1155/2014/925494
http://dx.doi.org/10.4018/978-1-5225-2136-5.ch001
http://dx.doi.org/10.1149/1.1467369
http://dx.doi.org/10.1080/10408440601177780
http://dx.doi.org/10.2217/nnm.12.20
http://dx.doi.org/10.1049/iet-nbt.2015.0006
http://dx.doi.org/10.1016/j.fct.2015.08.019
http://dx.doi.org/10.1016/j.taap.2017.06.021
http://www.ncbi.nlm.nih.gov/pubmed/28648595
http://dx.doi.org/10.1016/j.jhazmat.2016.05.063
http://www.ncbi.nlm.nih.gov/pubmed/27262279
http://dx.doi.org/10.1186/s12989-016-0163-3
http://www.ncbi.nlm.nih.gov/pubmed/27678081
http://dx.doi.org/10.3390/ma13040849
http://dx.doi.org/10.2147/IJN.S223318
http://dx.doi.org/10.1177/0748233717717842
http://dx.doi.org/10.2147/IJN.S111447
http://dx.doi.org/10.1016/j.tiv.2016.05.017
http://dx.doi.org/10.12988/asb.2015.5425
http://dx.doi.org/10.1002/jbt.21812
http://www.ncbi.nlm.nih.gov/pubmed/27111109


Cells 2020, 9, 1081 22 of 24

22. Salman, R.A. The Influence of ZnO NPs on Reproductive System Tissues of Albino Male Mice.
Histopathological Study. Int. J. Sci. Res. 2017, 6, 2021–2025. [CrossRef]

23. Talebi, A.R.; Khorsandi, L.; Moridian, M. The Effect of Zinc Oxide Nanoparticles on Mouse Spermatogenesis.
J. Assist. Reprod. Genet. 2013, 30, 1203–1209. [CrossRef] [PubMed]

24. García-Hevia, L.; Valiente, R.; Martín-Rodríguez, R.; Renero-Lecuna, C.; González, J.; Rodríguez-Fernández, L.;
Aguado, F.; Villegas, J.C.; Fanarraga, M.L. Nano-ZnO Leads to Tubulin Macrotube Assembly and Actin
Bundling, Triggering Cytoskeletal Catastrophe and Cell Necrosis. Nanoscale 2016, 8, 10963–10973. [CrossRef]

25. Choudhury, S.R.; Ordaz, J.; Lo, C.L.; Damayanti, N.P.; Zhou, F.; Irudayaraj, J. Zinc Oxide Nanoparticles-Induced
Reactive Oxygen Species Promotes Multimodal Cyto- and Epigenetic Toxicity. Toxicol. Sci. 2017, 156, 261–274.
[CrossRef]

26. Liu, J.; Kang, Y.; Yin, S.; Song, B.; Wei, L.; Chen, L.; Shao, L. Zinc Oxide Nanoparticles Induce Toxic Responses
in Human Neuroblastoma SHSY5Y Cells in a Size-Dependent Manner. Int. J. Nanomed. 2017, 12, 8085–8099.
[CrossRef]

27. Horn, H.F. LINC Complex Proteins in Development and Disease, 1st ed.; Elsevier Inc.: Amsterdam, The Netherlands,
2014; Volume 109. [CrossRef]

28. Swift, J.; Ivanovska, I.L.; Buxboim, A.; Harada, T.; Dave, P.C.; Dingal, P.; Pinter, J.; Pajerowski, J.D.;
Spinler1, K.R.; Shin, J.-W.; et al. Nuclear Lamin-A Scales with Tissue Stiffness and Enhances Matrix-Directed
Differentiation. Science (80-) 2014, 341, 1358–1375. [CrossRef]

29. Pereira, C.D.; Serrano, J.B.; Martins, F.; da Cruz e Silva, O.A.B.; Rebelo, S. Nuclear Envelope Dynamics during
Mammalian Spermatogenesis: New Insights on Male Fertility. Biol. Rev. 2019, 94, 1195–1219. [CrossRef]

30. Serrano, J.B.; Martins, F.; Sousa, J.C.; Pereira, C.D.; Van Pelt, A.M.M.; Rebelo, S.; Da Cruz E Silva, O.A.B.
Descriptive Analysis of lap1 Distribution and that of Associated Proteins throughout Spermatogenesis.
Membranes (Basel) 2017, 7, 1–20. [CrossRef]

31. Goodchild, R.E.; Dauer, W.T. The AAA+ Protein torsinA Interacts with a Conserved Domain Present in LAP1
and a Novel ER Protein. J. Cell Biol. 2005, 168, 855–862. [CrossRef]

32. Li, R.; Xing, Q.; Wu, X.; Zhang, L.; Tang, M.; Tang, J.; Wang, J.; Han, P.; Wang, S.; Wang, W.; et al. Di-N-Butyl
Phthalate Epigenetically Induces Reproductive Toxicity via the PTEN/AKT Pathway. Cell Death Dis. 2019, 10,
1–16. [CrossRef]

33. Huang, T.; Gao, Q.; Feng, T.; Zheng, Y.; Guo, J.; Zeng, W. FTO Knockout Causes Chromosome Instability and
G2/M Arrest in Mouse GC-1 Cells. Front. Genet. 2019, 9, 1–11. [CrossRef]

34. Gomes, A.; Fernandes, E.; Lima, J.L.F.C. Fluorescence Probes Used for Detection of Reactive Oxygen Species.
J. Biochem. Biophys. Methods 2005, 65, 45–80. [CrossRef] [PubMed]

35. Possel, H.; Noack, H.; Augustin, W.; Keilhoff, G.; Wolf, G. 2,7-Dihydrodichlorofluorescein Diacetate as a
Fluorescent Marker for Peroxynitrite Formation. FEBS Lett. 1997, 416, 175–178. [CrossRef]

36. Halliwell, B.; Whiteman, M. Measuring Reactive Species and Oxidative Damage in Vivo and in Cell Culture:
How Should You Do It and What Do the Results Mean? Br. J. Pharmacol. 2004, 142, 231–255. [CrossRef]
[PubMed]

37. Pavelescu, L.A. On Reactive Oxygen Species Measurement in Living Systems. J. Med. Life 2015, 8, 38–42.
38. Santos, M.; Costa, P.; Martins, F.; da Cruz e Silva, E.F.; da Cruz e Silva, O.A.B.; Rebelo, S. LAP1 Is a Crucial

Protein for the Maintenance of the Nuclear Envelope Structure and Cell Cycle Progression. Mol. Cell. Biochem.
2014, 399, 143–153. [CrossRef]

39. Martins, F.; Serrano, J.B.; Rebelo, S.; Sciences, M.; Proteome-center, M.; Rebelo, S.; Sciences, M.; Information, G.
BRI2 Processing and Its Neuritogenic Role Are Modulated by Protein Phosphatase 1 Complexing. J. Cell.
Biochem. 2017, 118, 2752–2763. [CrossRef]

40. Crowley, L.C.; Marfell, B.J.; Scott, A.P.; Waterhouse, N.J. Quantitation of Apoptosis and Necrosis by Annexin
V Binding, Propidium Iodide Uptake, and Flow Cytometry. Cold Spring Harb. Protoc. 2016, 2016, 953–957.
[CrossRef]

41. Demchenko, A.P. Beyond Annexin V: Fluorescence Response of Cellular Membranes to Apoptosis.
Cytotechnology 2013, 65, 157–172. [CrossRef]

42. Buzea, C.; Pacheco, I.I.; Robbie, K. Nanomaterials and Nanoparticles: Sources and Toxicity. Biointerphases
2007, 2, 17–71. [CrossRef] [PubMed]

43. Solier, S.; Pommie, Y. The Nuclear γ-H2AX Apoptotic Ring: Implications for Cancers and Autoimmune
Diseases. Cell. Mol. Life Sci. Mol. Life Sci. 2014, 71, 2289–2297. [CrossRef] [PubMed]

http://dx.doi.org/10.21275/art20175455
http://dx.doi.org/10.1007/s10815-013-0078-y
http://www.ncbi.nlm.nih.gov/pubmed/23949131
http://dx.doi.org/10.1039/C6NR00391E
http://dx.doi.org/10.1093/toxsci/kfw252
http://dx.doi.org/10.2147/IJN.S149070
http://dx.doi.org/10.1016/B978-0-12-397920-9.00004-4
http://dx.doi.org/10.1126/science.1240104
http://dx.doi.org/10.1111/brv.12498
http://dx.doi.org/10.3390/membranes7020022
http://dx.doi.org/10.1083/jcb.200411026
http://dx.doi.org/10.1038/s41419-019-1547-8
http://dx.doi.org/10.3389/fgene.2018.00732
http://dx.doi.org/10.1016/j.jbbm.2005.10.003
http://www.ncbi.nlm.nih.gov/pubmed/16297980
http://dx.doi.org/10.1016/S0014-5793(97)01197-6
http://dx.doi.org/10.1038/sj.bjp.0705776
http://www.ncbi.nlm.nih.gov/pubmed/15155533
http://dx.doi.org/10.1007/s11010-014-2241-x
http://dx.doi.org/10.1002/jcb.25925
http://dx.doi.org/10.1101/pdb.prot087288
http://dx.doi.org/10.1007/s10616-012-9481-y
http://dx.doi.org/10.1116/1.2815690
http://www.ncbi.nlm.nih.gov/pubmed/20419892
http://dx.doi.org/10.1007/s00018-013-1555-2
http://www.ncbi.nlm.nih.gov/pubmed/24448903


Cells 2020, 9, 1081 23 of 24

44. Ndozangue-Touriguine, O.; Hamelin, J.; Bréard, J. Cytoskeleton and Apoptosis. Biochem. Pharmacol. 2008, 76,
11–18. [CrossRef] [PubMed]

45. Sharma, V.; Anderson, D.; Dhawan, A. Zinc Oxide Nanoparticles Induce Oxidative DNA Damage and
ROS-Triggered Mitochondria Mediated Apoptosis in Human Liver Cells (HepG2). Apoptosis 2012, 17,
852–870. [CrossRef] [PubMed]

46. Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of Apoptosis Signalling Pathways by Reactive Oxygen
Species. Biochim. Biophys. Acta 2016, 1863, 2977–2992. [CrossRef]

47. Xia, T.; Kovochich, M.; Liong, M.; Mädler, L.; Gilbert, B.; Shi, H.; Yeh, J.I.; Zink, J.I.; Nel, A.E. Comparison
of the Mechanism of Toxicity of Zinc Oxide and Cerium Oxide Nanoparticles Based on Dissolution and
Oxidative Stress Properties. ACS Nano 2008, 2, 2121–2134. [CrossRef]

48. Rogakou, E.P.; Boon, C.; Redon, C.; Bonner, W.M. Megabase Chromatin Domains Involved in DNA
Double-Strand Breaks in Vivo. J. Cell Biol. 1999, 146, 905–916. [CrossRef]

49. Kao, Y.Y.; Chiung, Y.M.; Chen, Y.C.; Cheng, T.J.; Liu, P.S. Zinc Oxide Nanoparticles Interfere with Zinc Ion
Homeostasis to Cause Cytotoxicity. Toxicol. Sci. 2012, 125, 462–472. [CrossRef]

50. Valdiglesias, V.; Costa, C.; Kiliç, G.; Costa, S.; Pásaro, E.; Laffon, B.; Teixeira, J.P. Neuronal Cytotoxicity and
Genotoxicity Induced by Zinc Oxide Nanoparticles. Environ. Int. 2013, 55, 92–100. [CrossRef]

51. Nel, A.E.; Mädler, L.; Velegol, D.; Xia, T.; Hoek, E.M.V.; Somasundaran, P.; Klaessig, F.; Castranova, V.;
Thompson, M. Understanding Biophysicochemical Interactions at the Nano-Bio Interface. Nat. Mater. 2009,
8, 543–557. [CrossRef]

52. Beyersmann, D. Homeostasis and Cellular Functions of Zinc. Mater. Sci. Eng. Technol. 2002, 33, 764–769.
[CrossRef]

53. Wickstead, B.; Gull, K. The Evolution of the Cytoskeleton. J. Cell Biol. 2011, 194, 513–525. [CrossRef]
54. Fletcher, D.A.; Mullins, R.D. Cell Mechanisms and Cytoskeleton. Nature 2010, 463, 485–492. [CrossRef]

[PubMed]
55. Stricker, J.; Falzone, T.; Gardel, M. Mechanics of the F-Actin Cytoskeleton. J. Biomech. 2010, 43, 1–7. [CrossRef]

[PubMed]
56. Piperno, G.; LeDizet, M.; Chang, X. Microtubules Containing Acetylated a-Tubulin in Mammalian Cells in

Culture. J. Cell Biol. 1987, 104, 289–302. [CrossRef] [PubMed]
57. Glozak, M.A.; Sengupta, N.; Zhang, X.; Seto, E. Acetylation and Deacetylation of Non-Histone Proteins. Gene

2005, 363, 15–23. [CrossRef]
58. Liu, J.; Kang, Y.; Yin, S.; Chen, A.; Wu, J.; Liang, H.; Shao, L. Key Role of Microtubule and Its Acetylation in a

Zinc Oxide Nanoparticle–Mediated Lysosome–Autophagy System. Small 2019, 15, 1901073. [CrossRef]
59. Janke, C.; Montagnac, G. Causes and Consequences of Microtubule Acetylation. Curr. Biol. 2017, 27,

R1287–R1292. [CrossRef]
60. Ispanixtlahuatl-Meráz, O.; Schins, R.P.F.; Chirino, Y.I. Cell Type Specific Cytoskeleton Disruption Induced by

Engineered Nanoparticles. Environ. Sci. Nano 2018, 5, 228–245. [CrossRef]
61. Strzelecka-Golaszewska, H.; Prochniewicz, E.; Drabikowski, W. Interaction of Actin with Divalent Cations.

Eur. J. Biochem. 1978, 88, 219–227. [CrossRef]
62. Eagle, G.R.; Zombola, R.R.; Himes, R.H. Tubulin-Zinc Interactions: Binding and Polymerization Studies.

Biochemistry 1983, 22, 221–228. [CrossRef]
63. Crisp, M.; Liu, Q.; Roux, K.; Rattner, J.B.; Shanahan, C.; Burke, B.; Stahl, P.D.; Hodzic, D. Coupling of the

Nucleus and Cytoplasm: Role of the LINC Complex. J. Cell Biol. 2006, 172, 41–53. [CrossRef] [PubMed]
64. Starr, D. KASH and SUN Proteins. Curr. Biol. 2011, 21, 414–415. [CrossRef] [PubMed]
65. Padmakumar, V.C.; Libotte, T.; Lu, W.; Zaim, H.; Abraham, S.; Noegel, A.A.; Gotzmann, J.; Foisner, R.;

Karakesisoglou, I. The Inner Nuclear Membrane Protein Sun1 Mediates the Anchorage of Nesprin-2 to the
Nuclear Envelope. J. Cell Sci. 2005, 118, 3419–3430. [CrossRef] [PubMed]

66. Haque, F.; Lloyd, D.J.; Smallwood, D.T.; Dent, C.L.; Shanahan, C.M.; Fry, A.M.; Trembath, R.C.; Shackleton, S.
SUN1 Interacts with Nuclear Lamin A and Cytoplasmic Nesprins To Provide a Physical Connection between
the Nuclear Lamina and the Cytoskeleton. Mol. Cell. Biol. 2006, 26, 3738–3751. [CrossRef]

67. Göb, E.; Meyer-Natus, E.; Benavente, R.; Alsheimer, M. Expression of Individual Mammalian Sun1 Isoforms
Depends on the Cell Type. Commun. Integr. Biol. 2011, 4, 440–442. [CrossRef]

http://dx.doi.org/10.1016/j.bcp.2008.03.016
http://www.ncbi.nlm.nih.gov/pubmed/18462707
http://dx.doi.org/10.1007/s10495-012-0705-6
http://www.ncbi.nlm.nih.gov/pubmed/22395444
http://dx.doi.org/10.1016/j.bbamcr.2016.09.012
http://dx.doi.org/10.1021/nn800511k
http://dx.doi.org/10.1083/jcb.146.5.905
http://dx.doi.org/10.1093/toxsci/kfr319
http://dx.doi.org/10.1016/j.envint.2013.02.013
http://dx.doi.org/10.1038/nmat2442
http://dx.doi.org/10.1002/mawe.200290008
http://dx.doi.org/10.1083/jcb.201102065
http://dx.doi.org/10.1038/nature08908
http://www.ncbi.nlm.nih.gov/pubmed/20110992
http://dx.doi.org/10.1016/j.jbiomech.2009.09.003
http://www.ncbi.nlm.nih.gov/pubmed/19913792
http://dx.doi.org/10.1083/jcb.104.2.289
http://www.ncbi.nlm.nih.gov/pubmed/2879846
http://dx.doi.org/10.1016/j.gene.2005.09.010
http://dx.doi.org/10.1002/smll.201901073
http://dx.doi.org/10.1016/j.cub.2017.10.044
http://dx.doi.org/10.1039/C7EN00704C
http://dx.doi.org/10.1111/j.1432-1033.1978.tb12441.x
http://dx.doi.org/10.1021/bi00270a032
http://dx.doi.org/10.1083/jcb.200509124
http://www.ncbi.nlm.nih.gov/pubmed/16380439
http://dx.doi.org/10.1016/j.cub.2011.04.022
http://www.ncbi.nlm.nih.gov/pubmed/21640895
http://dx.doi.org/10.1242/jcs.02471
http://www.ncbi.nlm.nih.gov/pubmed/16079285
http://dx.doi.org/10.1128/MCB.26.10.3738-3751.2006
http://dx.doi.org/10.4161/cib.15369


Cells 2020, 9, 1081 24 of 24

68. Lu, W.; Gotzmann, J.; Sironi, L.; Jaeger, V.-M.; Schneider, M.; Lüke, Y.; Uhlén, M.; Szigyarto, C.A.-K.;
Brachner, A.; Ellenberg, J.; et al. Sun1 Forms Immobile Macromolecular Assemblies at the Nuclear Envelope.
Biochim. Biophys. Acta-Mol. Cell Res. 2008, 1783, 2415–2426. [CrossRef]

69. Skinner, B.M.; Johnson, E.E.P. Nuclear Morphologies: Their Diversity and Functional Relevance. Chromosoma
2017, 126, 195–212. [CrossRef]

70. Serrano, J.; da Cruz e Silva, O.; Rebelo, S. Lamina Associated Polypeptide 1 (LAP1) Interactome and Its
Functional Features. Membranes (Basel) 2016, 6, 8. [CrossRef]

71. Vargas, J.D.; Hatch, E.M.; Anderson, D.J.; Hetzer, M.W. Transient Nuclear Envelope Rupturing during
Interphase in Human Cancer Cells. Nucleus 2012, 3, 88–100. [CrossRef] [PubMed]

72. Hatch, E.M.; Hetzer, M.W. Nuclear Envelope Rupture Is Induced by Actin-Based Nucleus Confinement. J.
Cell Biol. 2016, 215, 27–36. [CrossRef] [PubMed]

73. Lammerding, J.; Wolf, K. Nuclear Envelope Rupture: Actin Fibers Are Putting the Squeeze on the Nucleus. J.
Cell Biol. 2016, 215, 5–8. [CrossRef]

74. Houthaeve, G.; Robijns, J.; Braeckmans, K.; de Vos, W.H. Bypassing Border Control: Nuclear Envelope
Rupture in Disease. Physiology 2018, 33, 39–49. [CrossRef] [PubMed]

75. Hatch, E.M. Nuclear Envelope Rupture: Little Holes, Big Openings. Curr. Opin. Cell Biol. 2018, 52, 66–72.
[CrossRef]

76. Zuela, N.; Bar, D.Z.; Gruenbaum, Y. Lamins in Development, Tissue Maintenance and Stress. EMBO Rep.
2012, 13, 1070–1078. [CrossRef] [PubMed]

77. Chi, Y.H.; Cheng, L.I.; Myers, T.; Ward, J.M.; Williams, E.; Su, Q.; Faucette, L.; Wang, J.Y.; Jeang, K.T.
Requirement for Sun1 in the Expression of Meiotic Reproductive Genes and piRNA. Development 2009, 136,
965–973. [CrossRef] [PubMed]

78. Zhang, X.; Xu, R.; Zhu, B.; Yang, X.; Ding, X.; Duan, S.; Xu, T.; Zhuang, Y.; Han, M. Syne-1 and Syne-2 Play
Crucial Roles in Myonuclear Anchorage and Motor Neuron Innervation. Development 2007, 134, 901–908.
[CrossRef] [PubMed]

79. Pasch, E.; Link, J.; Beck, C.; Scheuerle, S.; Alsheimer, M. The LINC Complex Component Sun4 Plays a Crucial
Role in Sperm Head Formation and Fertility. Biol. Open 2015, 4, 1792–1802. [CrossRef]

80. Li, L.; Ma, N.; Zhou, H.; Wang, Q.; Zhang, H.; Wang, P.; Hou, H.; Wen, H.; Gao, F. Zinc Oxide
Nanoparticles-Induced Epigenetic Change and G2/M Arrest Are Associated with Apoptosis in Human
Epidermal Keratinocytes. Int. J. Nanomed. 2016, 11, 3859–3874. [CrossRef]

81. Senapati, V.A.; Kumar, A. ZnO Nanoparticles Dissolution, Penetration and Toxicity in Human Epidermal
Cells. Influence of pH. Environ. Chem. Lett. 2018, 16, 1129–1135. [CrossRef]

82. Walker, N.J.; Bucher, J.R. A 21st Century Paradigm for Evaluating the Health Hazards of Nanoscale Materials?
Toxicol. Sci. 2009, 110, 251–254. [CrossRef] [PubMed]

83. Singh, S. Zinc Oxide Nanoparticles Impacts: Cytotoxicity, Genotoxicity, Developmental Toxicity, and
Neurotoxicity. Toxicol. Mech. Methods 2019, 29, 300–311. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.bbamcr.2008.09.001
http://dx.doi.org/10.1007/s00412-016-0614-5
http://dx.doi.org/10.3390/membranes6010008
http://dx.doi.org/10.4161/nucl.18954
http://www.ncbi.nlm.nih.gov/pubmed/22567193
http://dx.doi.org/10.1083/jcb.201603053
http://www.ncbi.nlm.nih.gov/pubmed/27697922
http://dx.doi.org/10.1083/jcb.201609102
http://dx.doi.org/10.1152/physiol.00029.2017
http://www.ncbi.nlm.nih.gov/pubmed/29212891
http://dx.doi.org/10.1016/j.ceb.2018.02.001
http://dx.doi.org/10.1038/embor.2012.167
http://www.ncbi.nlm.nih.gov/pubmed/23146893
http://dx.doi.org/10.1242/dev.029868
http://www.ncbi.nlm.nih.gov/pubmed/19211677
http://dx.doi.org/10.1242/dev.02783
http://www.ncbi.nlm.nih.gov/pubmed/17267447
http://dx.doi.org/10.1242/bio.015768
http://dx.doi.org/10.2147/IJN.S107021
http://dx.doi.org/10.1007/s10311-018-0736-5
http://dx.doi.org/10.1093/toxsci/kfp106
http://www.ncbi.nlm.nih.gov/pubmed/19468057
http://dx.doi.org/10.1080/15376516.2018.1553221
http://www.ncbi.nlm.nih.gov/pubmed/30489211
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	ZnO NPs 
	Antibodies 
	Cell Culture and Cell Exposure to ZnO NPs 
	Cell Viability Assays 
	Evaluation of Intracellular ROS Levels 
	SDS-PAGE and Immunoblotting 
	Immunocytochemistry and Confocal Microscopy Analysis 
	Statistical Analysis 

	Results 
	Characterization of ZnO NPs 
	ZnO NPs Reduce the Viability of GC-1 Cells in a Dose- and Time-Dependent Manner 
	Evaluation of Cell Damage Induced by ZnO NPs 
	ROS Intracellular Levels Increase (Oxidative Damage) 
	Occurrence of DNA Damage 

	ZnO NPs Influence the Cytoskeleton in GC-1 Cells 
	ZnO NPs Influence the Nucleoskeleton Integrity in GC-1 Cells 

	Discussion 
	Conclusions 
	References

