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Abstract: Due to the widespread applications of zinc oxide nanoparticles (ZnO NPs), the
potential exposure of workers, consumers, and scientists to these particles has increased. This
potential for exposure has attracted extensive attention in the science community. Many studies
have examined the toxicological profile of ZnO NPs in the immune system, digestive system,
however, information regarding the toxicity of ZnO NPs in the nervous system is scarce. In this
study, we detected the cytotoxicity of two types of ZnO NPs of various sizes — ZnO®* NPs and
ZnOP NPs — and we characterized the shedding ability of zinc ions within culture medium and
the cytoplasm. We found that reactive oxygen species played a crucial role in ZnO NP-induced
cytotoxicity, likely because zinc ions were leached from ZnO NPs. Apoptosis and cytoskeleton
changes were also toxic responses induced by the ZnO NPs, and ZnO® NPs induced more
significant toxic responses than ZnO®* NPs in SHSYS5Y cells. In conclusion, ZnO NPs induced
toxic responses in SHSYSY cells in a size-dependent manner, which can probably be attributed
to their ion-shedding ability.

Keywords: zinc oxide, nanoparticles, SHSYS5Y cells, reactive oxygen species, apoptosis, cell
cytoskeleton

Introduction

The use of engineered nanoparticles (NPs) has increased, because their application in
various fields, such as electronics, biomedicine, pharmaceuticals, cosmetics, energy
applications, and materials, has expanded rapidly during the past few decades.!
Meanwhile, their toxic side effects are increasing daily. Recently, various investiga-
tors have striven to elucidate the deleterious effects of these nanomaterials.>* Some
of these NPs, such as silver, titanium dioxide (TiO,) and zinc oxide NPs (ZnO NPs),
which are widely detected in living environments, drinking water, and various con-
sumer products, have been reported to induce inflammation, oxidative stress, and
cytotoxicity.* ZnO NPs have been widely used in drug delivery, the pharmaceutical
industry, biomedical engineering, sunscreens, food additives, and cosmetics.’ Due
to the large increase in the prevalence of nanomaterials, the potential of increased
exposure exists for consumers, industry workers, and hence more research should be
performed to mitigate their toxic side effects.

ZnO NPs show higher toxic effects than other metallic oxide NPs, such as TiO,,**®
likely because of their ion-shedding ability. ZnO NPs exhibit low solubility under neutral
conditions, but are readily soluble under acidic conditions, such as in lysosomes.*!° This
behavior is similar to that of other soluble metallic NPs, such as silver.!"!>? However, when
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compared with ZnO NPs, silver exhibits lower solubility in
acidic conditions and higher solubility in neutral conditions.”!!
The principal neurotoxic mechanism of ZnO NPs is the
mass production of reactive oxygen species (ROS) via the
disturbance of metal-ion homeostasis due to an intracellular
increase in dissolved free zinc ions.'*!* Elevated levels of zinc
ions are considered the major contributor to ZnO NP-induced
cytotoxicity, causing oxidative stress® and inflammation. '

Various studies have shown that ZnO NPs with various
shapes, such as rods and spheres, probably cause neurotox-
icity due to their ability to access the brain.!*!8 Moreover,
the olfactory brain route has also been reported as a poten-
tial route for ZnO NPs transfer into the brain.!"” However,
information regarding the neurotoxic effects of ZnO NPs is
scarce. Therefore, understanding the effects of nanomaterial
exposure, including neurotoxicity, is important for ensuring
the safety of nanomaterials, particularly when the particles
are used in biomedical applications. Cytotoxicity severity
has been shown to depend on the physicochemical proper-
ties of the NPs, such as chemical composition, size, shape,
aggregation, surface chemistry, and surface energy.? 2 The
physicochemical characteristics of NPs, such as being suf-
ficiently small to penetrate the blood—brain barrier, and their
large surface area can promote their neurotoxicity.?*

Therefore, we aimed to investigate the toxic effects
of ZnO NPs in neuronal SHSYSY cells by assessing their
cytotoxic effects, oxidative stress, apoptotic damage, and
morphological changes under in vitro conditions. Meanwhile,
we discuss the toxic effects of two types of ZnO NPs with
different physicochemical properties and investigate the role
of zinc ions in ZnO NP-induced toxic effects.

Materials and methods

Chemicals

Zn0O* NPs were purchased from Sigma-Aldrich (677450;
St Louis, MO, USA), as were ZnO® NPs (544906) and zinc
chloride (ZnCl,; Z0152). FBS, DMEM, FluoZin-3 AM,
LysoTracker Red DND-99, Hoechst 33342, and Alexa Fluor
594 phalloidin were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). The monoclonal anti-o-tubulin anti-
body was purchased from Sigma-Aldrich. NPs were dispersed
by probe sonication for 120 minutes in PBS to yield a stock
solution of 1 mg/mL. All other reagents were of the highest
purity, commercially available, and used as received.

Concentration of dissolved zinc in cell-

culture medium
ZnO NP suspensions (0, 5, 10,25, 50, 75, and 100 ug/mL) were
prepared using complete culture medium and incubated for

24 hours at 37°C. The suspensions were then centrifuged at
20,000 rpm for 30 minutes. Supernatants were then trans-
ferred into 1.5 mL centrifuge tubes for analysis. Zinc content
was detected using an inductively coupled plasma mass
spectrometry (X-Series 2; Thermo Fisher Scientific).

SHSYS5Y cell cultures and differentiation
The human neuroblastoma SHSYSY cell line was obtained
from the cell bank of the Shanghai Infrastructure for Public
Research and Development of the Chinese Academy of
Medical Sciences. DMEM supplemented with 10% FBS and
1% penicillin—streptomycin (Thermo Fisher Scientific) was
used for SHSY5Y cell culture, and the cells were incubated at
37°C with 5% CO,. The culture medium was replaced every
other day, and cells were passaged when confluence reached
80%—-90%. To obtain cells with neuronal phenotypes, we
attempted to induce differentiation in SHSYSY cells using
trans-retinoic acid, and we observed morphology changes at
0,3,6,9, 12, and 15 days.

To investigate the biological effects of the ZnO NPs,
SHSYS5Y cells were incubated in a complete culture medium
for 24 hours before the addition of the ZnO NPs at various
concentrations. The ZnO NPs were diluted to 100 pg/mL
from a stock solution of 1 mg/mL, dispersed for 30 minutes
with a sonicator to prevent aggregation, and then diluted to
the specified concentrations for treating the cells. We list the
relative relationships between the different concentrations of
the ZnO NPs and ZnCl, in Table 1.

Cell-proliferation assays after ZnO NP

and ZnCl, treatments

Cellular viability was determined using the CCK-8 assay
(Dojindo Molecular Technologies, Kumamoto, Japan). Cells
were seeded in each well in 96-well plates with 5,000 cells/
well. Then, 100 uL of the complete culture medium was added
per well and cells incubated for 24 hours at 37°C. The ZnO
NPs were then added to the 96-well plates at concentrations of
5, 10, 20, 40, 60, 80, and 100 pg/mL, and ZnCl, was added at
concentrations of 61.4, 122.9, 245.7,491.5,737.2, 982.9, and
1,228.7 uM. The plates were incubated for 2, 6, 12, or 24 hours

Table | Relative relationship between ZnO NPs and ZnCl, at
different concentrations

Concentration
61.4 1229 2457 491.5 7372 9829 1,228.7

Type of particle

Zinc element (UM)

Zinc element (ug/mL) 4.02 8 l6.I 32.1 482 643 8033
ZnO (ug/mlL) 5 10 20 40 60 80 100
ZnCl, (ug/mlL) 837 1675 335 67 100.5 134 16746

Abbreviation: NPs, nanoparticles.
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at 37°C. The control group was untreated. Finally, detection
reagents were added to each well, and the 96-well plates were
then incubated for an additional 2 hours at 37°C. To prevent the
NPs from interfering in this analytical assay, an empty 96-well
plate was prepared and the solution from each well quantita-
tively transferred to the empty plate. Subsequently, absorbance
was measured using a microplate reader at a wavelength of
450 nm. Six replicates were performed for each treatment.
Moreover, N-acetyl-L-cysteine (NAC), an ROS scavenger,
was used to detect the role of ROS in the ZnO NP-induced
toxic response. SHSYSY cells were incubated with the ZnO
NPs or ZnCl, for 24 hours, accompanied by NAC (10 mM),
and then cells were evaluated as previously described.

Confocal study of zinc ion-release

process after ZnO NP treatment

The human neuroblastoma SHSYSY cell line was treated with
50 ug/mL of the ZnO NPs for 1, 3, or 5 hours. After treatment,
cells were loaded with 3 uM FluoZin-3 at 37°C for 60 minutes.
The cells were then washed twice with PBS and incubated with
the culture medium at 37°C for 30 minutes to enable complete
penetration of the fluorescence probe. Then, the culture medium
was removed, and cells were loaded with 70 nM LysoTracker
red DND-99 at 37°C for 1 hour. Finally, cell nuclei were loaded
with Hoechst 33342 at 37°C for 20 minutes. Before fluores-
cence was observed, cells were washed twice with PBS and
sealed with an antifade mounting medium (Beyotime, Haimen,
China). All fluorescence measurements were obtained under
confocal microscopy (FV10i; Thermo Fisher Scientific).

ROS-level detection in SHSYSY cells after
ZnO NP exposure

The formation of intracellular ROS was determined using
an ROS-assay kit (Beyotime). Briefly, after being washed
with PBS, 2x10° cells were seeded per well in a six-well
plate at a volume of 2 mL. Then, cells were treated with two
types of ZnO NPs at a concentration of 25 pg/mL for 1, 6,
12, and 24 hours or at a concentration of 50 pg/mL for 1, 3,
and 5 hours. ZnCl, was used to analyze the toxic effects of
the zinc ions in ZnO NP supernatants. After treatment with
ZnO NPs and ZnCl,, cells were collected and incubated with
10 uM dichlorodihydrofluorescein diacetate for 30 minutes at
37°C and 5% CO,. Then, fluorescence intensity was analyzed
using a FACSAria III (BD, Franklin Lakes, NJ, USA).

Cell-apoptosis detection via annexin V—
FITC/PI detection assay

Annexin V—fluorescein isothiocyanate (FITC) and propidium
iodide (PI) assays (Thermo Fisher Scientific) were conducted

to detect cell apoptosis. The annexin V-FITC assay consists
of an FITC-conjugated annexin V antibody that has a high
affinity for membrane phosphatidylserine. In normal viable
cells, the phosphatidylserine is located on the inner side of
the cell membrane. Then, the phosphatidylserine flips and
becomes exposed on the outer side of the plasma membrane
upon activation of the cell-apoptosis pathway. This behavior
can be used to detect the early apoptosis of cells. In addition,
cells were incubated with PI, which cannot penetrate the
cell membranes of viable cells or cells in an early apoptotic
phase, and then cell nuclei were stained. However, PI can
stain nuclei via penetrating the cell membranes of necrotic
cells and cells in a late apoptotic phase. Using both dyes in
combination with two-wavelength flow cytometry, apoptotic
and necrotic cells were identified separately. Following
5 hours of incubation with different concentrations of ZnO
NPs (0,20, 40, and 60 pg/mL), cells were washed and stained
with annexin V and PI. SHSYS5Y cells were resuspended in
100 uL binding buffer and 5 uL FITC-conjugated annexin V,
and 5 pL PI was added sequentially at room temperature in
the dark. After 15 minutes of incubation, stained cells were
diluted with 400 uL binding buffer and analyzed directly
using the FACSAria.

RNA extraction and RT-PCR

Total RNA was extracted using Trizol reagent (Thermo Fisher
Scientific), and RNA concentration was detected using ultra-
violet spectrophotometry. Then, RNA was reverse-transcribed
to cDNA using a reverse-transcription (RT) reagent kit
(Takara Bio, Dalian, China). Real-time polymerase chain
reaction (PCR) was conducted using SYBR green (Takara
Bio). Several genes were detected: SODI, SOD2, CAT,
GPXI1, BAX, BCL2, and CYTC. Data were analyzed using
the 2744 method. The primers used are listed in Table 2.

Confocal study of cytoskeleton changes
after ZnO NP treatment

The human neuroblastoma SHSYSY cell line was treated
with 50 ug/mL ZnO NPs for 1, 3, or 5 hours. After treatment,
cells were treated with 4% paraformaldehyde for 20 minutes.
Cells were then washed twice with PBS and treated with
1% Triton for 10 minutes. Then, cells were blocked via 5%
BSA at 37°C for 1 hour and subsequently incubated with
the monoclonal anti-a-tubulin antibody overnight at 4°C.
Cells were washed three times for 10 min each with PBS.
Afterward, cells were loaded with FITC-bound secondary
antibody at 37°C for 1 hour. Additionally, cells were loaded
with phalloidin, which can bind actin, at 37°C for 1 hour.
Finally, cell nuclei were stained with Hoechst 33342 at 37°C
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Table 2 Primers used for polymerase chain reaction

Gene Forward Reverse

Nel 5-CAGTGCAGGTCCTCACTTTA-3' 5-CCTGTCTTTGTACTTTCTTC-3’

SOD2 5-GGACAAACCTCAGCCCTAAC-3' 5-TTGAAACCAAGCCAACCC-3"

CAT 5-AGGGGCCTTTGGCTACTTTG-3" 5-ACCCGATTCTCCAGCAACAG-3’

GPX| 5-AGAACGCCAAGAACGAAGAG-3’ 5-ACAGGACCAGCACCCATCT-3"

BAX 5-CCAGCTGCCTTGGACTGTGT-3’ 5-GGTTTATTACCCCCTCAAGACCAC-3’
BCL2 5-GGTGAACTGGGGGAGGATTG-3’ 5-GACAGCCAGGAGAAATCAAACAG-3’
CYTC 5-GCCCCTGGATACTCTTACAC-3" 5-TCTGCCCTTTCTTCCTTCT-3’

for 20 minutes. Before fluorescence observation, cells were
washed twice with PBS and sealed with an antifade mount-
ing medium. All fluorescence measurements were obtained
under confocal microscopy (FV10i).

Statistical analysis

Results are represented as means = SEM. All data were
assessed by analysis of variance. The homogeneity-of-
variance test was performed, and Bonferroni and Dunnett’s
T3 tests were used when equal variance was assumed and
there was no homogeneity, respectively. P<<0.05 was con-
sidered significant.

Results
Characterization of ZnO NPs

Prior to biological testing, we characterized ZnO NP powders
via transmission electron microscopy and dynamic light
scattering. Transmission electron-microscopy data were
used to determine particle shapes and sizes. ZnO® NPs were
irregular and rod-shaped with smooth surfaces, average size
was 47.145.1 nm, and width 27.9+1.8 nm. The ZnO® NPs
were small and rod-shaped, average size was 18.5+1.2 nm,
and width 6.8+0.5 nm (Figure 1A, Table 3). The size of ZnO?
NPs detected via dynamic light scattering was 90.8 nm, and
that of ZnO® NPs 49.4 nm (Figure 1B, Table 3). Both ZnO
NP types were detected to be larger in water, evidencing the
agglomeration effect of the particles in water. {-Potentials
of both ZnO NP types were determined, and significant dif-
ferences were not observed (ZnO* NPs 14.8+11.3 mV, ZnO®
NPs 15.319.33 mV).

Zinc ions released from ZnO NPs in

culture medium

To explore zinc-ion levels released from the two types of ZnO
NPs in extracellular fluid, we detected zinc concentrations in
the culture medium at various concentrations (Figure 1C).
We found that zinc-ion levels in the culture medium increased
in a concentration-dependent manner. The highest zinc
concentration was nearly 6 pug/mL at a concentration of
100 pg/mL for the ZnO* NPs; this result was slightly lower

than that of the ZnOP® NPs (nearly 6.7 Lg/mL). Moreover, zinc
concentrations in the culture medium following treatment
with the two types of ZnO NPs at concentrations of 25 ug/mL
and 50 pg/mL were approximately 2 Lg/mL (nearly 30.7 uM)
and 4 ug/mL (nearly 61.4 uM), respectively.

Trans-retinoic acid-induced SHSY5Y-cell

differentiation

We used trans-retinoic acid to differentiate SHSYSY cells
and observed cell-morphology changes at 0, 3, 6, 9, 12,
and 15 days (Figure 2). We found that SHSYS5Y cells were
polygonal without any activation. After trans-retinoic acid
incubation, cells extended a few pseudopodia, which were
elongated in a time-dependent manner. Moreover, a large
number of SHSYS5Y cells exhibited spindle shapes after
trans-retinoic acid treatment for more than 12 days.

Two types of ZnO NP-induced viability
changes in SHSY5Y cells

We detected the viability of SHSYSY cells after treatment
with the two ZnO NP types and ZnCl,. We did not observe
toxic effects from the ZnO NPs after 2 hours of treatment.
Following ZnO* NP treatment (Figure 3A), no significant
viability changes were observed in SHSYS5Y cells at concen-
trations =20 pg/mL for any time point. However, ZnO* NP
concentrations >20 pg/mL showed potent viability decrease
in a time-dependent manner. Following ZnO® NP treatment
(Figure 3B), the results showed concentration-dependent
toxic effects at 6, 12, and 24 hours. Toxic effects were more
significant at concentrations =20 pg/mL.

When cells were treated with ZnO NPs at concentrations
below 20 pg/mL, slight toxic effects were observed with the
ZnOP NPs, while no toxic effects were detected with the ZnO?
NPs. Moreover, compared with ZnO* NPs, with ZnO® NPs
at concentrations =20 ng/mL, we detected more significant
cell-viability decrease. ZnO® NPs decreased cell viability
to <10% at the highest concentration (100 pg/mL) after
24 hours, while ZnOP NPs reduced cell viability to 20%.

Our results showed that ZnCl, had significantly higher
toxic effects than the two ZnO NP types at the same zinc
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molar concentration (Figure 3C). Similar toxic effects in a
time- and concentration-dependent manner were observed.
Following ZnCl, treatment, toxic effects were detected
at concentrations of 61.4 UM, and cell viability rapidly
decreased to approximately 10% at a concentration of
122.9 uM after 24 hours of treatment. Moreover, a significant
decrease in cell viability was observed with ZnCl, treatment
for 2 hours.

Immunocytochemistry of intracellular

zinc ions and lysosomes
We detected the zinc ion-shedding process in cells using
immunocytochemistry after exposure to ZnO* NPs (Figure 4A)

Table 3 Characterization of ZnO NPs

Type of Average Average DLS (-Potential Surface
particle size (hnm) width (nm) (nm) (mV) area (m%g)
ZnO® 47.1£5.1  27.9+1.8 90.8 14.8£11.3 32.17

ZnOP 185+1.2  6.810.5 494 15.319.33 17.03

Abbreviations: DLS, dynamic light scattering; NPs, nanoparticles.

and ZnO® NPs (Figure 4B). Our results showed that the two
ZnO NP types released zinc ions in the intracellular region.
Zinc ions were detected rapidly after 1 hour, and ZnO® NPs
produced a significantly higher level of zinc ions in the intra-
cellular region after 1 hour than ZnO?* NPs. After the 3- and
5-hour treatments, significant zinc-fluorescence intensity
was detected following exposure to both types of ZnO NPs.
In this study, we also detected lysosomes, which are a type
of organelle under acidic conditions. We found that regions
with zinc ions merged with the lysosomes at all time points
following exposure to both types of ZnO NPs.

NAC inhibition effects on ZnO

NP-induced cytotoxicity

In this study, we detected inhibition effects of NAC, which
is an ROS-scavenging agent. The results showed that NAC
exhibited inhibition effects on ZnO* NP- and ZnO® NP-induced
cell-viability loss after 24 hours of treatment (Figure 5A),
particularly at concentrations =40 pg/mL. Following ZnO?
NP and ZnO" NP treatments, cell viability decreased to nearly
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Figure 2 Trans-retinoic acid-induced SHSY5Y-cell differentiation. Scale bar =250 um. Magnification x200.
Notes: SHSY5Y cells were differentiated using trans-retinoic acid. Cell-morphology changes were observed at 0, 3, 6, 9, 12, and |5 days.
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Abbreviation: NPs, nanoparticles.
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Figure 4 Confocal microscopy investigation of cellular distribution of lysosomes and zinc ions in SHSY5Y cells after the two ZnO NP treatments.

Notes: After SHSY5Y cells had been treated with ZnO? NPs (A) and ZnO® NPs (B) at a concentration of 50 pg/mL for I, 3, and 5 hours, the cells were loaded with FluoZin-3
(green), LysoTracker (red), and Hoechst 33342 (blue). We observed almost no zinc-ion fluorescence in the control group, but significant zinc ions (green) were observed
within | hour after ZnO NP treatment and a slight increase in the zinc fluorescence (green) was observed in a time-dependent manner. Treatment with ZnOP NPs exhibited
higher fluorescence values than treatment with ZnO® NPs at | hour. Moreover, significant overlaps (yellow) between the cellular zinc ions and lysosomes were observed at

all time points. Scale bar =50 um. Magnification x600.
Abbreviation: NP, nanoparticle.

25% and 8%, respectively, at a concentration of 40 pug/mL;
however, after NAC treatment, viability remained at nearly
100% and 92%, respectively. In addition, the inhibition
effects of NAC weakened at concentrations =40 pg/mL.
Cell viability of ZnO* NP- and ZnOP NP-treated cells in the
presence of NAC was nearly 50% and 65%, respectively,
at a concentration of 100 pg/mL. Moreover, we found that
NAC also showed inhibition effects for ZnCl, after 24 h of
treatment, particularly at concentrations of 122.9 uM and
245.7 uM (Figure 5A). Cell viability decreased to <10%
after ZnCl, treatment at concentrations =491.5 uM, even
when combined with NAC.

ZnO NP-induced ROS generation and

oxidative stress-related gene changes

In this study, we detected ROS generation after ZnO NP
exposure to SHSYSY cells (Figure 5B). Our results showed
that the two types of ZnO NPs induced ROS generation in
SHSYSY cells, and this effect was most significant after
3 and 5 hours, respectively, at a concentration of 50 pg/mL.
ZnOP NPs showed higher ROS generation than ZnO?® NPs.
Moreover, significant ROS generation was observed after
1 hour following ZnO® NP exposure, but not following
ZnO* NPs exposure. Meanwhile, we also detected ROS
generation after zinc-ion treatment at a concentration

of 4 ug/mL (Figure 5B), which was similar to the zinc
concentrations in the supernatants of these two ZnO NP
types (50 ug/mL).

ROS generation was also detected after ZnO NP expo-
sure at a concentration of 25 pg/mL (Figure 5C). Significant
ROS generation was detected after 6, 12, and 24 hours of
treatment with the two types of ZnO NPs, while significant
ROS changes were not observed after 1 hour of treatment.
ZnO® NPs showed higher ROS generation than ZnO* NPs
after long-term treatment. The zinc ions did not show potent
ROS generation at a concentration of 2 pg/mL, which was
similar to the zinc concentrations in the supernatants of the
two types of ZnO NPs (25 pg/mL).

We then detected the changes in oxidative stress-related
gene expression after 1-hour treatment with ZnO NPs
and zinc ions (Figure 5D). Significant oxidative stress-
related gene changes were observed after treatment with
the two ZnO NPs types in a concentration-dependent manner.
A potent decrease in gene-expression levels was detected
at 50 pg/mL, including such genes as SOD2, CAT, and
GPXI.However, ZnO NPs induced a decrease in expression
levels of the GPX1 and CAT genes at 25 pg/mL. In addi-
tion, zinc ions, regardless of whether the concentration was
2 ug/mL or 4 ug/mL, did not induce significant changes in
gene levels.
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Figure 5 NAC inhibition effects on ZnO NP-induced cytotoxicity, ZnO NP-induced ROS generation, and oxidative stress-related gene changes.

Notes: (A) SHSY5Y cells were treated with ZnO* NPs, ZnO® NPs, and ZnCl, at various concentrations for 24 hours, and NAC (10 mM) was incubated simultaneously.
Cell-viability data were obtained using CCK-8 assay. (B) ROS values in SHSY5Y cells after the ZnO NPs (50 pg/mL) and ZnCl, (4 ug/mL) treatments for I, 3 and 5 hours. (C)
ROS values in SHSY5Y cells after the ZnO NPs (25 ug/mL) and ZnCl, (2 ug/mL) treatments for |, 6, 12 and 24 hours. (D) Oxidative stress-related gene changes in SHSY5Y
cells after treatment with ZnO NPs and ZnCl,. Results shown as means + SEM of three independent experiments. *#P<0.05; **P<<0.01[; ***P<0.001.

Abbreviations: NAC, N-acetylcysteine; NP, nanoparticle; ROS, reactive oxygen species.
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ZnO NP-induced apoptosis in SHSY5Y

cell line

Apoptosis levels in SHSYSY cells were detected after ZnO
NP exposure at various concentrations (Figure 6A). The
results indicated that ZnO NPs induced apoptosis in a
concentration-dependent manner. Following ZnO* NP expo-
sure for 5 hours, late-apoptosis levels were 2.3%, 3.1%, and
3.1% at concentrations of 20, 40, and 60 pg/mL, respectively.
Late-apoptosis levels were 2.6%, 4.6%, and 6.2% at the
same concentrations of ZnO® NP exposure, respectively.
We found that the two ZnO NP types induced apoptosis in
SHSY5Y cells, but ZnO® NPs induced higher apoptosis levels
than ZnO* NPs. Moreover, we detected apoptosis levels
in the presence of zinc ions. Late-apoptosis levels were
0.5%, 1.2%, and 1.1% for zinc ions at concentrations of
1.6, 3.2, and 4.8 pg/mL, respectively, which were similar
to zinc concentrations in the ZnO supernatants: 20, 40, and
60 ng/mL. Moreover, we found that zinc ions at a concen-
tration of 10 ug/mL induced significant apoptosis changes
(late-apoptosis levels 33.8%) and near-complete cell death
(99.9%) at a concentration of 20 ng/mL.

Apoptosis-related genes were detected in this study after
treatment with ZnO NPs and zinc ions for 1 hour (Figure 6B),
and the expression of three apoptosis-related genes increased
after ZnO NP treatment. For BAX, a proapoptotic gene,
a nearly sixfold increase was observed after treatment with
ZnO NPs at a concentration of 50 pug/mL, and compared
to the control group, ZnO® NPs (25 pug/mL) induced a
nearly fourfold change in BAX expression; this value was
higher than that of the ZnO* NPs at a similar concentration
(nearly double). We also detected a slight increase in the
BCL?2 gene levels after treatment with the two ZnO NP
types in a concentration-dependent manner. Furthermore,
the BAX:BCL?2 ratio increased significantly, indicating
proapoptotic effects. ZnO* NPs induced higher changes in
gene-expression levels than ZnO® NPs at a concentration of
50 ug/mL. For CYTC, a potent increase in gene-expression
levels was observed for the two ZnO NP types at various
concentrations. Zinc ions did not induce any gene changes
at a concentration of 2 pg/mL. However, a slight increase in
gene-expression levels of BAX and BCL2 was observed after
zinc-ion treatment at a concentration of 4 pg/mL.

ZnO NP-induced cytoskeleton changes in
SHSY5Y cell line

Morphology changes in SHSYSY cells after exposure to
ZnO* NPs (Figure 7A) and ZnO® NPs (Figure 7B) were
observed. We used confocal microscopy to examine actin

filaments and the microtubule system, and found that actin
filaments were distributed in the cell membrane, while micro-
tubules were located in the intracellular region between the
cell nucleus and cell membrane. Moreover, there were no
significant morphological changes in SHSYSY cells after
the two types of ZnO NP treatments. However, following
ZnO® NP treatment, actin agglomeration was observable after
3 hours, and particularly after 5 hours. Moreover, the micro-
tubule system was observed to be encompassed by the cell
nucleus, and the region between the cell membrane and cell
nucleus was dull compared with that in the control group.

Discussion

ZnO nanomaterials are the most widely applied nanomateri-
als worldwide, and they are considered important compo-
nents of cosmetics and electronic equipment. In this study,
we explored the toxicological effects of ZnO NPs using two
types of ZnO NPs with various sizes. Many studies have indi-
cated that the physicochemical properties of nanomaterials,

230 surface area,’! {-potential, >’

including size,'>*>?’ shape,
and composition, greatly affect their toxicological effects.?
The results of our study indicated that the ZnO?* NPs and
ZnOP NPs were rod-shaped with a low aspect ratio. Previ-
ous studies have shown that high-aspect-ratio particles,
such as nanotubes, nanowires, and nanorods, might have
more significant toxic effects.®3° However, in this study,
we believe that shape was not the main factor in toxicity
discrepancy when comparing these two nanomaterials with
low-aspect-ratio particles. Miiller et al** attributed the toxic
effects of ZnO nanowires to released zinc ions, rather than
to the high aspect ratio, implying that the rapid dissolution
of ZnO may have reduced the effect of the NP shape. The
average size of the ZnO?* NPs was 47.1£5.1 nm, with width
27.941.8 nm, and the average size of the ZnO® NPs was
18.5£1.2 nm, with width 6.8+0.5 nm, which was smaller
than that of the ZnO? NPs. As is well known, NPs can form
agglomerates easily.** Our results indicated that these two
particle types showed agglomeration in the correct solvent,
and the average sizes of the ZnO* NPs and ZnO® NPs in
solvent were 90.8 nm and 49.4 nm. ZnO* NPs were larger
in solvent than ZnO® NPs.

SHSYS5Y cells are the most frequently used cell models
and are derived from neuroblastoma. The differentiation
of SHSYSY cells is often induced by trans-retinoic acid to
investigate their more neuron-like properties, such as their
morphological changes and neuronal phenotypes.* Undif-
ferentiated SHSYSY cells have also been used as cell models
in studies in the field of neuroscience.’** However, a pre-
vious study has indicated that the undifferentiated SKNSH

International Journal of Nanomedicine 2017:12

submit your manuscript

8093

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Liu et al

Dove

A Zn0? NPs
A 0 pg/mL 20 pg/mL 40 pg/mL 60 pg/mL
108 108 - 10° - 10°
0% 0% 2.5% 2.3% 1.7% 3.1%" 0.6% 3.1%
10* 10% 10% 10%
10° - Q1] Q2 10° 10° 10% -4
Q3| Q4 i
102 - 3 0% 102 68 1.8% 102 € 1.6% 102 '8 2.6%
LB B el il e il e Tp—t-rTTTm WAL mam an 2 e ML B R R ALl e E Al e L Yrrre—rrrm YT Ty
102 10 10¢ 10 102 10 10¢ 10 102 10 10¢ 10 102 10 10¢ 10
ZnO* NPs
0 pg/mL 20 pg/mL 40 pg/mL 60 pg/mL
10° 4 108 10° 4 108 -
0% 0% 0% 2.6% 0.1% 46% 0.2% 6.2%
104 4 104 10% 4 10% 4
1 Q2 1 T
10° - Q1| Q2 103 i 10° = O 10°
| Gl Q3} Q4 3 Q3 | Q4 3
s .- 3 & ; 14
ol 1% < 0% 102 - ﬁ 3.3% 102 4 # 4% 102 474 2.9%
-l R E B
5 b e TP T T TR SRS L AR TR TRt
] 102 10 10¢  10° 102 10 10¢  10° 102 10 10¢  10° 102 10 10¢  10°
E
5 ZnCl,
% 0 pg/mL 1.6 yg/mL 3.2 pg/mL 4.8 pg/mL
<
o] 100 - 105 - 10° 105 -
1% 0.3% 1.5% 0.5% 1.2% 1.2% 1.4% 1.1%
104 4 10 4 104 - 104 -
2 ;
10° 109 A 10° 10° Q2
3 3| Q4 F Q4
102 + 0.9% 102 + 0.8% 102 - 3.3% 102 4 95§ 2.3%
=TT T T T T T T T T THTr—t-rrrTY TR T T TrYeT ‘. T T T T
102 10 10¢ 10 102 10 10¢  10° 102 10 10¢  10° 102 10 10¢  10°
10 pg/mL 20 pg/mL
10° - e | 10° -
2.2% 33.8% 0%
10 4 3 10% ~
10° 10° Q
Q3
102 - 18.2% 102+ 0.1% 0%
SIS U T — . . . .
102 108 104 108 102 10 10 10 >
Annexin V-FITC

Figure 6 (Continued)

8094

submit your manuscript

Dove

International Journal of Nanomedicine 2017:12



www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Toxic response induced by ZnO NPs on SHSY5Y cells

Relative values
Relative values

Ctrl 25 50

Ctl 256 50 25 50 2 4

CYTC

Relative values

25 50 2 4 Ctrl 256 50 25 50 2 4

ZnO°*NPs ZnO"NPs  ZnCl,

Figure 6 Two types of ZnO NP-induced apoptosis in SHSY5Y cells.
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Notes: (A) After SHSY5Y cells had been treated with ZnO* NPs, ZnO® NPs, and ZnCl, at various concentrations for 5 hours, cell-apoptosis levels were detected.
(B) Apoptosis-related changes in gene expression in SHSY5Y cells after treatment with ZnO NPs and ZnCl,. Results shown as means + SEM of three independent

experiments. *P<0.05; **P<<0.01; **P<0.001.
Abbreviations: FITC, fluorescein isothiocyanate; NP, nanoparticle.

cell line, which was the original cell line of SHSYSY cells,
did not show significant neuronal properties compared with
those of trans-retinoic acid-differentiated SKNSH cells.*
In our study, trans-retinoic acid-differentiated SHSYS5Y cells
exhibited significant morphological changes that were more
consistent with those of the neurophenotypes. We found
that neurites were extended and some cells became spindle-
shaped within 3 days. After 12 days of activation, almost all
cells had a spindle shape.

Our results showed that ZnO NPs had significant toxic
effects onthe SHSYSY cell line. Cell viability decreased rap-
idly when ZnO NP concentrations were >40 pig/mL, and there
were no toxic effects after short-term exposure (2 hours).
Cell viability decreased to <50% after 24 hours’ exposure
at concentrations =40 pug/mL. Many studies have shown
that the cytotoxicity of nanomaterials depends on their
size.'>»27 Our study showed similar results. Compared to
ZnO* NP treatment, we found a larger number of significant

A Control 1 hour 3 hours 5 hours
£
B
o
<
£
S
2
)
>
Kl
S
[
>
o

Figure 7 Two types of ZnO NP-induced cytoskeleton changes.

toxic effects following ZnO® NP treatment. ZnOP NPs showed
significant toxic effects, which decreased cell viability to
almost 25% after 24 hours’ exposure at a concentration of
20 pug/mL; however, there were no toxic effects following
ZnO* NP treatment at the same concentration.

James et al** found that ZnO NPs (20 pg/mL) induced
a fourfold intracellular zinc-level increase, while ZnCl,
induced only a 1.3-fold increase (15 pwg/mL). These authors
demonstrated that zinc ions were the main factor in ZnO
NP-induced cytotoxicity. Another study showed that ZnCl,
induced toxic effects that were similar to those induced
by ZnO NPs, and the oxidative stress and interactions of
the zinc ions and their cellular targets were the main fac-
tors in ZnO NP-induced toxic response.” Moreover, ZnO
NP-induced toxic response decreased after treatment with
EDTA, CaCl,* oriron doping.*>** These materials/methods
can bind zinc ions or decrease ZnO NP solubility. As our
results indicated, zinc ions were more toxic than ZnO NPs
3 hours 5 hours

B Control 1 hour

Notes: After SHSY5Y cells had been treated with ZnO? NPs (A) and ZnOP NPs (B) at concentrations of 50 pg/mL for 1, 3, and 5 hours, cytoskeleton changes were assessed
based on alterations in actin (red) and tubulin systems (green). Scale bar =50 um. Magnification x600.

Abbreviation: NP, nanoparticle.
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at the same zinc molar concentration. We detected zinc-ion
concentrations in the supernatants after treatment with the
two ZnO NP types, and our results showed that zinc-ion
levels in the supernatants were low, much less than total zinc
content in the ZnO NPs. Meanwhile, the zinc-ion level in
the supernatants was approximately 4 [Lg/mL (approximately
61.4 uM) following treatment with the two ZnO NP types
at a concentration of 50 pug/mL, which did not induce any
toxic effects in the SHSYSY cells. We propose that the zinc
ions in the supernatants were not the main factor in the ZnO
NP-induced toxicological profile.

As a type of ion-shedding particle, ZnO NPs show high
solubility in acidic environments.” Wang et al* found that
vitamin C enhanced ZnO NP-induced toxicity due to its
acidity, thereby accelerating ZnO NP dissolution. Other
studies have indicated that ZnO NPs can dissolve in lysosomes
in an acidic environment.** We found ZnO NP dissolution in
the intracellular acid of vesicular organelles within 1 hour and
that ZnO® showed a higher ion-shedding ability than ZnO?.
We believe that the zinc ion-shedding process can occur in the
intracellular region and release zinc ions persistently, and this
behavior is likely the main factor related to ZnO NP-induced
toxic effects. We suggest that the zinc ions derived from the
ZnO NPs played a major role in the related toxic responses,
in which the ZnO NPs released zinc ions and induced cyto-
toxicity persistently. This persistent ion-shedding process
may explain why the ZnO NPs induced a much weaker toxic
response than ZnCl, at the same molar concentration of zinc.

Some studies have indicated that ZnO NPs can alter the
expression of oxidative- and apoptosis-related genes and
proteins.'**” As is well known, oxidative stress is considered
a key factor in nanomaterial-induced toxic effects that trigger
autophagy and apoptosis through distinct mechanisms, #4851
Oxidative stress is produced via ROS generation and a
decrease in antioxidant factors, such as superoxide dismutase
and glutathione, which have been reported to be the main
factors in ZnO NP-induced toxic responses.’>* Kim et al®
indicated that ROS, mainly O*, were likely the main factors
involved in ZnO NP-induced cell death, and the amount of
ROS generated after ZnO NPs penetrate cells has been deter-
mined in macrophages.? Our results supported this hypothesis.
We found that NAC incubation significantly inhibited ZnO
NP-induced decrease in cell viability. In addition, significant
ROS generation and inhibition effects on the expression
of antioxidant genes, particularly CAT and GPXI, were
observed after treatment with the two types of ZnO NPs. Cells
treated with ZnOP NPs produced higher ROS levels than with
ZnO* NPs, implying that the ROS generation depended on the

particle size. Li et al*' found that smaller particles produced
more ROS and exhibited higher toxic effects due to their
larger surface area, allowing them to absorb more photons.
Further, ZnO NP-induced oxidative stresses are likely due to
their released zinc ions, which can activate ROS generation.>
According to our study, NAC significantly inhibited zinc
ion-induced toxic effects, implying that ROS indeed play
a crucial role in zinc ion-induced toxic effects. In addition,
zinc ions released in the culture medium did not induce ROS
generation or antioxidant-related gene changes. We think the
persistent zinc ions release that occurred in the intracellular
acidic vesicular organelles was probably the main cause of
intracellular ROS generation.

We observed significant apoptosis after short-term ZnO
NP exposure, and treatment with ZnO® NPs resulted in higher
apoptosis levels than treatment with ZnO* NPs. The zinc
ions in the supernatants were probably not the main factor
in apoptosis, while zinc ions at high concentrations signifi-
cantly induced cell apoptosis, resulting in death. We think
the persistent zinc ion release in the intracellular regions was
probably the key factor in ZnO-induced apoptosis. Mitochon-
dria can sequester zinc ions into intracellular regions, leading
to zinc-ion concentration elevation in the mitochondria and
mitochondria dysfunction, and ultimately initiating apoptotic
pathways, including the Bcl2-apoptosis pathway.””® Our
results showed that apoptosis pathways were initiated after
treatment with the two types ZnO NPs, particularly for the
Bcl2 apoptotic family. Moreover, ZnO NP-induced ROS
generation was regarded as one of the main causes of the
initiation of apoptosis-related pathways.*

The SHSYSY cell line is a traditional model in neurosci-
ence. The cytoskeleton metabolism is a dynamic biological
process that exhibits characteristics between polymerization
and depolymerization; this process promotes and sustains
cell morphology and functions. Many studies have indicated
that nanomaterial exposure induces cytoskeleton disruption
and cell-morphology changes.** In our study, we did not
observe significant cell-morphology changes in SHSYS5Y
cells, but some actin clustering was observed after ZnO NP
treatments of >3 hours, indicating that dynamic actin polym-
erization was disrupted. Xu et al*® found that Ag NP exposure
induced structural cell-cytoskeleton changes by altering the
actin and tubulin systems. Chen et al®* observed cell shrink-
age and actin rearrangement after Al NP treatment. Studies
have attributed NP-induced cell-cytoskeleton changes to
ROS generation.*% We suggest that these actin disturbances
were likely attributable to ZnO NP-induced zinc-ion release
and ROS generation.
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Figure 8 ZnO NP-induced toxic effects in SHSY5Y cells.

Apoptosis

Notes: ZnO NPs released zinc ions into the culture medium. Undissolved particles were endocytosed and dissolved into lysosomes due to the acidic environment. ZnO
NPs and zinc ions induce ROS generation, resulting in apoptosis and cytoskeleton disruption.

Abbreviations: NP, nanoparticle; ROS, reactive oxygen species.

Conclusion

In conclusion, our data indicated that ZnO NPs induced sig-
nificant cytotoxicity in a size-dependent manner, and detailed
information is provided in Figure 8. ROS generation was
observed after ZnO NP treatment, and was a main factor in ZnO
NP-induced toxic effects, which included decreasing cell viabil-
ity and apoptosis. The ZnO NPs dissolved in acidic vesicular
organelles and released zinc ion, which likely played a crucial
role in the related toxic responses. The cytoskeleton changes
were one of the main toxic effects of ZnO NPs. The findings
of this study provide deep insights into the effects of NPs of
different sizes, particularly soluble NPs, such as ZnO, and pro-
vide more useful toxicological information on nanomaterials.
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