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Synopsis

To identify the respective contributions of released zinc and solid particles on the cytotoxicity of
zinc oxide nanoparticles (ZnO-NPs), we exposed A549 cells to ZnO-NP suspensions, their extrac-
tions collected after centrifugation, and medium containing zinc chloride (ZnCl,). We then assayed
the cytotoxicity of these samples using water-soluble tetrazolium salts (WSTs) and intracellular
reactive oxygen species (ROS) with 2',7-dichlorodihydrofluorescin diacetate (DCFH-DA) as out-
puts. Only the ZnO-NP suspension caused cytotoxicity and increased intracellular ROS; the extrac-
tions and ZnCl, did not cause cytotoxicity or oxidative stress. Global gene expression analysis re-
vealed that both ZnCl,-containing medium and the ZnO-NP suspension caused upregulation of the
“cadmium binding” gene functional category. This category consisted of metallothioneins (MTs),
important zinc-homeostasis proteins. To further investigate the role of MTs in ZnO-NP-dependent
cytotoxicity, we inhibited the overexpression of MTs with corresponding siRNA and found that
released zinc contributed to ZnO-NP-dependent cytotoxicity. We conclude that both solid particles
and released zinc contributed to ZnO-NP-dependent cytotoxicity. Additionally, we propose a syn-
ergic relationship between ZnO-NPs and MTs.

Key words: zinc oxide nanoparticles, synergic cytotoxicity, released zinc, metallothioneins,
intracellular reactive oxygen species

Introduction

Zinc oxide nanoparticles (ZnO-NPs) have been
extensively applied in electronics, optoelectron-
ics, gas sensors, sunscreens, and antibacterial
coatings due to their unique properties arising
from quantum confinement, including antibacte-
rial, antifungal, and ultraviolet filtering proper-
ties, as well as high catalytic and photochemical
activity [1-4]. However, epidemiological and in
vivo studies have lagged behind the speed of
mass ZnO-NP production, thereby escalating
human exposure risks [5, 6]. Unfortunately, re-
ports of ZnO-NP toxicity are becoming more
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and more common, including reports of toxicity
in aquatic organisms, terrestrial animals and
plants, and microorganisms [7-10]. In vitro
studies have also revealed that ZnO-NPs are
toxic to various human cell lines, such as lung
epithelial cells, aortic endothelial cells, epider-
mal cells, bronchial epithelial cells, lym-
phoblastoid cells, lung mesothelioma cells, and
fibroblasts [11-18].

Currently, concerns have focused on
whether the solid particles or the released zinc is
the real toxicant in ZnO-NP-dependent cytotox-
icity. On one hand, some findings have indicated
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that solid particles play an important role. Moos
et al. found that contact of particles with the
cells was required for ZnO-NP-dependent cyto-
toxicity [14], while Gojova ef al. concluded that
the internalization of nanoparticles by the cells
was necessary for ZnO-NP-induced cytotoxicity
[13, 14]. Furthermore, ZnO-NP-dependent cy-
totoxicity was reported to result from increased
intracellular reactive oxygen species (ROS)
caused by the solid particles via a special inter-
face chemical activity [12, 17, 19]. In contrast,
Franklin et al. demonstrated the importance of
the solubility of ZnO-NPs for toxicity in micro-
alga [20]. Brunner also found that the solubility
of ZnO-NPs was very important for cytotoxicity
[18]. Additionally, another study suggested that
the particles were internalized by the cells and
intracellular released zinc was the true toxicant
in ZnO-NP-induced cytotoxicity [21]. Xia and
colleagues found accumulation of fluorescein
isothiocyanate (FITC)-labeled ZnO-NPs in hu-
man bronchial epithelial cells and concluded the
intracellular dissolution of these particles was
important for their cytotoxicity [22]. However,
Gojova et al. did not detect the uptake of
ZnO-NPs, although they did find that the pres-
ence of solid particles was a prerequisite for
their cytotoxicity [13, 14].

The objective of this study was to identify
the respective contributions of solid particles
and released zinc to ZnO-NP cytotoxicity. To
this end, we prepared 3 types of exposure media:
ZnO-NP suspensions in medium, their extrac-
tions collected via centrifugation, and medium
containing zinc chloride (ZnCl,), which released
the same concentration of zinc as ZnO-NP sus-
pensions in the culture medium. The A549 cell
line was used in this study since nanoparticles
have been reported to be capable of reaching the
alveoli and causing pulmonary inflammation [23,
24]. The A549 cell line is derived from a human
lung adenocarcinoma and has been used exten-
sively in airborne particle toxicity studies [12,
25-27] because it maintains most of the charac-
teristics of type II alveolar epithelial cells [28],
which play important roles in responding to lung
damage and contribute to various pulmonary
immunology and inflammatory activities [29].
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Materials and methods

1. Preparation and characterization of the ex-
posure media

ZnO-NPs were purchased from Sigma-Aldrich
(MO, USA), and ZnCl, was purchased from
WAKO, Lid., Osaka, Japan. We prepared 3
types of exposure media with these reagents.
The first was the suspension: ZnO-NPs were
dispersed into sterilized MiliQ water with soni-
cation for 30 min, diluted with Dulbecco’s
Modified Eagle Medium containing 10% fetal
bovine serum (hereafter referred to as supple-
mented DMEM or medium) to 25, 50, 75, or 100
pg / mL. The hydrodynamic diameter distribu-
tion of the ZnO-NP suspension was measured
with a laser diffraction particle size analyzer
(DLS6000AL, Otsuka Electronics Co., Ltd,,
Osaka, Japan). The second exposure medium
was the extraction: the ZnO-NPs suspensions
were incubated in a 37°C, 5% CO, incubator for
24 h, and the solid particles were then removed
by centrifugation at 150,000 x g for 1 h at 4°C.
The third exposure medium was ZnCl; medium:
ZnCl; was dissolved in sterilized MiliQ water
and then diluted with medium to the desired
concentration. The concentration of the released
zinc in the extractions and the ZnCl, medium
was determined with a zinc colorimetric assay
kit (AKJ Global Technology Co., Ltd., Chiba,
Japan).

2. Cell culture and cytotoxicity assays

A549 cells were seeded in culture dishes with a
density of 8,000 cells/cm?and incubated for 48 h
at 37°C with 5% CO,. The culture medium was
then replaced with 1 of the 3 types of exposure
media. After 24 h of exposure, cytotoxicity was
assayed through morphological observation with
a Cell Double Staining Kit (Dojindo, Kumamoto,
Japan), WST cell viability assays using a Cell
Counting Kit-8 (CCK-8, Dojindo), and LDH
leakage assays using a CytoTox96 Non- radio-
active Cytotoxicity Assay Kit (Promega Corpo-
ration, Madison, WI, USA). The assays were
conducted according to the corresponding kits’
protocols.

3. Global gene expression analysis
Total RNA of cells surviving the exposure was
extracted with ISOGEN (Nippon Gene Co. Ltd.,
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Tokyo, Japan) and purified from the protein and
DNA contents with Recombinant DNasel (Ta-
kara Bio, Inc., Shiga, Japan). An Amino Allyl
MessageAmp II Arna Amplification Kit (Am-
bion, TX, USA) was used for the subsequent
sample preparation for microarray analysis. We
published the sample preparation and scanning
procedure previously [30]. Finally, locally
weighted scatter plot smoothing (LOWESS) ad-
Jjustment was applied, and the expression of
global genes was transited into corresponding
numerical values. Function analysis was con-
ducted via PANTHER’s Gene Ontology (GO)
biological = process  categories  database
(www.pantherdb.org/tools/genexAnalysis.jsp),
and the regulated genes were classified into 3
broad functional categories, including “biologi-
cal process,” “cellular function,” and “molecular
function.” Each broad category had a hierarchi-
cal structure, and the corresponding genes could
be further classified in more detailed functional
categories. The function annotation of each gene
was calculated with Fisher’s exact test to deter-
mine the p-value, which represented the statisti-
cal significance of the concordance rate between
each category and the functional annotation of
each gene [31]. Unless the p-value was less than
10* (p < 0.0001), the regulated genes were not
considered as an inevitable response to the
stress.

4. Inhibiting the expression of the metal-
lothionein gene with siRNA

Lipofectamine™  RNAIMAX  (Invitrogen,
Carlsbad, CA, USA) was used as a transfection
reagent. The transfection mixture was prepared,
kept at room temperature for 20 min, and was
then added to the cells with the exposure me-
dium. After 24 h of incubation, the cells were
collected and used for subsequent cytotoxicity
assays or reverse transcription polymerase chain
reaction (RT-PCR). For RT-PCR, total RNA
was collected with ISOGENE (Nippon Gene Co.
Ltd.), purified with Recombinant DNasel
(Takara Bio, Inc.), reverse transcribed into
c¢DNA using a PrimerScript RT reagent kit
(Takara Bio, Inc.), and finally stained with
LightCycler Fast Start DNA Master SYBR
Green I (Roche Applied Science Corp.,
Germany). The fluorescence intensity was
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scanned with a LightCycler instrument
(CAROUSEL, Roche Applied Science Corp.)
and analyzed with corresponding software.

5. Defecting infracellular ROS

The OxiSelect™ Intracellular ROS Assay Kit
(Green Fluorescence) was purchased from Cell
Biolab, Inc. (CA, USA). The assay kit employed
the cell-permeable fluorogenic probe 2/, 7'-
dichlorodihydrofluorescin ~ diacetate (DCFH-
DA), a well-established reagent for detecting
intracellular ROS [32-34]. The exposed cells in
opaque 96-well plates were washed twice with
DPBS and then incubated in medium containing
100 uM of DCFH-DA at 37°C and 5% CO, for
60 min. The fluorescence intensity was then de-
termined with a microplate reader at an excita-
tion of 485 nm and an emission of 530 nm.
N-acetyl-L-cysteine (NAC, Sigma-Aldrich), a
precursor of intracellular cysteine that can trans-
form into glutathione in cells in order to enhance
the intracellular reduction state by increasing the
reduced/oxidized glutathione (GSH / GSSG) rate
[35], was used to confirm the contribution of
ROS to cytotoxicity. A549 cells were pretreated
with 10 mM NAC for 2 h, and the medium was
then replaced with exposure medium. After
another 24-h exposure, cell viability was assayed
with the CCK-8 kit.

6. Experimental design and statistical analysis

Unexposed cells were used as a negative control.
Each experiment was conducted with 3 parallel
samples and repeated independently 3 times.
The results were analyzed with 2-tailed Stu-
dent’s t-tests. The results were considered sig-
nificantly different from the control group if p <
0.05.

Results

1. Characterization of ZnO-NP suspensions in
supplemented DMEM

We previously reported that the dimensions of
ZnO-NPs were less than 60 nm, which is con-
sistent with the nominal dimensions of the parti-
cles as determined by the supplier [36]. When
the concentrations of the ZnO-NP suspensions
ranged from 25 to 100 pg / mL, the mean hy-
drodynamic diameters of freshly prepared sus-
pensions ranged from 394.7 to 529.3 nm and the
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mean hydrodynamic diameters ranged from
352.2 to 591.8 nm after incubation or 24 h
(Table 1). The concentration of the released zinc
in the suspensions was determined using the cor-
responding extractions and ranged from 6.09 to
9.18 pg / mL; when the particle concentration
was more than 75 pg / mL, the released zinc
reached the saturation concentration, about 9.18
pg / mL (Table 2).

2. Cytotoxicity of ZnO-NP suspensions, their
extractions, and ZnCl; medium

After A549 cells were exposed to 50, 75, or 100
ug / mL ZnO-NP suspensions for 24 h, cell vi-
ability decreased by approximately 20%, 30%,
and 60%, respectively, while no change was
evident in the case of exposure to 25 pug / mL
ZnO-NP suspension (Figure la, b). In addition,
the LDH leakage assay revealed that exposure to

Table 1 Mean hydrodynamic diameter of ZnO-NPs in supplemented DMEM.

Concentration of

Mean diameter (nm)

ZnO-NPs (pg/mL) Freshly prepared medium 24 h-incubated medium
25 5253 591.8
50 529.3 431.4
75 394.7 449.5
100 406.1 352.2

Abbreviations: DMEM: Dulbecco’s Modified Eagle Medium: ZnO-NPs: zinc oxide nanoparticies.

Table 2 Concentration of released zinc in ZnQ-NP suspensions.

ZnO-NPs (ug / mL)

Released zine (ug / mL)

25
50
75
100

6.09
7.85
9.18
9.18

Abbreviation: ZnO-NPs: zinc oxide nanoparticles.
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Figure 1 Cytotoxicity induced by ZnO-NP suspensions. A549 cells were exposed to 25, 50, 75, or 100 pg/mL of
ZnO-NP suspensions for 24 h, and cell viability was assayed with (a) cell staining, (b) WST, or (c) LDH leakage as-

say. ** p < 0.01, * p <0.05.
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Table 3 The number of genes regulated by different treatments.

Table 4 Cadmium ion binding functional category genes
regulated by different treatments.

ZnO-NP medium  ZnCl, medium
100 ug / mL 20 pg/mL
Upregulated genes 206 29
Downregulated genes 113 37

Abbreviation: ZnO-NPs: zinc oxide nanoparticles.
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Figure 2 Cytotoxicity induced by 20 pg/mL ZnCl; or
ZnO-NP extraction. A549 cells were exposed to 20 pg/mL
ZnCl, and extractions of the 23, 50, 75, and 100 pg/mL
ZnO-NP suspensions for 24 h, and cell viability was assayed
with a) cell staining, b) WST, and ¢) LDH leakage assay. **
p<0.01,*p<0.05.
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Fold change
Gene name
100 ug/ mL ZnO-NPs 20 pg/ mL ZnCl,
MTIF 5.02 3.53
MTIA 4,90 1.45
MTIB 3.74 1.09
MTIE 3.73 <1.00
MTIL 2.73 <1.00

Abbreviation: ZnO-NPs: zinc oxide nanoparticles.

50, 75, and 100 pg / mL ZnO-NP suspensions
also resulted in loss of the integrity of the
plasma membrane (Figure lc¢). In contrast, zinc
released from ZnO-NPs did not cause a reduc-
tion in cell viability or have adverse effects on
cell number and the integrity of the plasma
membrane (Figure 2a-c).

3. Global gene expression analysis

To identify which gene functional categories
were regulated in response to ZnO-NPs and re-
leased zinc, we conducted cDNA microarray
analysis of cells exposed to 100 pg / mL ZnO-
NP suspension or 20 pg / mL ZnCl,. We used 20
pg / mL ZnCl, as the released zinc control in the
absence of the solid particles to avoid possible
interference from released impurities in the ex-
tractions and because we found that medium
treated with 20 pug / mL ZnCl, contained about
10 pg/mL released zinc (data not shown), which
was equivalent to that of the 100 pg / mL ZnO-
NP suspension. In response to the 100 pg / mL
ZnO-NP suspension, 206 and 113 genes were
up- or downregulated, respectively; in contrast,
in response to 20 pg / mL ZnCl, medium, 29 and
37 genes were up- or downregulated, respec-
tively (Table 3 and Table S1-S4). Through the
subsequent data mining on the regulated genes
via PANTHER’s GO biological process catego-
ries database, the same functional gene category,
“cadmium ion binding,” was identified in re-
sponse to both the ZnO-NP suspension and the
ZnCl, treatment. The ‘“cadmium ion binding”
category consisted of 5 MT isomer genes: MT1F,
MTIA, MTI1B, MTIE, and MTIL. The fold
change of MT expression is summarized in Ta-
ble 4. No significantly changed functional cate-
gory was identified among the downregulated
genes.
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4. Cytotoxicity in the absence of MT overex-
pression

To confirm the role of MT in ZnO-NP-induced
cytotoxicity, we inhibited MT expression with
corresponding siRNA during 24-h exposure to
ZnO-NPs or ZnCl,. In the case of exposure to
ZnO-NPs, the siRNA transfection inhibited MT
expression to 1.4% of the corresponding control,
while in the case of the ZnCl, exposure, the

siRNA transfection inhibited the MT expression
to 1.1% of the corresponding control (Table 5).
We then assayed cell viability. Inhibiting MT
expression resulted in a decrease in cell viability
to about 88%, 80%, and 53% of the control in 50,
75, and 100 pg / mL. ZnO-NP suspensions, re-
spectively, but had no effect on the viability of
cells exposed to the extractions or the ZnCl,
medium (Figure 3).

Table 5 MTIF inhibition efficiency of MT isomer gene expression.

100 pg / mL ZnO-NPs 20 pg/ mL ZnCl,
Control * 1 1
MTs siRNA 0.014 0.011

*The expression of MTs in cells transfected with a random RNA sequence was used as a
control, and the expression of MT in cells transfected with MT siRNA was calculated to
be a portion of the control. Abbreviations: ZnO-NPs: zinc oxide nanoparticles; MT: met-

allothionein.
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Figure 3 Function of MTs in response to the various exposures. MT expression in A549
cells was inhibited with corresponding siRNA during exposure to (a) suspensions of 25, 50,
75, or 100 pg/mlL ZnO-NPs or (b) their extractions or 20 pg/mL ZnCl, for 24 h. Cell viabil-
ity was assayed with WST. The statistical significance was analyzed by comparing
siRNA-transfected cells with corresponding reagent controls. ** p < 0.01, * p < 0.05.

95



Zhuang et al., Toxicity of Zinc Oxide Nanoparticls , Nano Biomedicine 4(2), 90-112, 2012

5. Intracellular ROS

Intracellular ROS was detected when ZnO-NPs
were more than 50 pg/mL; however, no ROS
generation was observed in the cells exposed to
ZnCl, (Figure 4). To examine whether ROS in-
duced by ZnO-NPs was involved in cytotoxicity,
cells were pretreated with NAC before exposure
to ZnO-NPs. As shown in Figure 5, cell viability
was partially recovered by NAC treatment in
cells treated with 50 pg / mL and 75 pg/mL
ZnO-NPs. However, in the case of the 100 pg /
mL ZnO-NP suspension, NAC pretreatment had
no effect on the cell viability.
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6. Synergic toxicity of ROS and zinc

Next, we incubated A549 cells in the exposure
medium containing ZnCl, and / or H,O, for 24 h.
According to the concentration of H,0,, expo-
sure media were designed as 0 mM, 0.5 mM,
and 1 mM; in each group, the concentration of
ZnCl, ranged from 0 to 50 pg / mL. Cell viabil-
ity was assayed after a 24-h incubation. As
shown in Figure 6, in absence of H,0,,20 pg /
mL ZnCl, had no effect on cell viability; how-
ever, in presence of 0.5 or 1 mM H,0,, 20 pg /
mL ZnCl, reduced cell viabilities to about 83%
and 50% of the control, respectively. In the case

Figure 4 The intracellular ROS assay
with DCFH-DA. The fluorescence inten-
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|Ccntro! k-———- ZnO-NPs -—-—>i ZnCl, cellular ROS concentration. ** p < 0.01,
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0+ 7 T T and cell viability was assayed with WST.
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of 30 pg / mL ZnCl,, there was no change in cell
viability in absence of H,0,, while in presence
of 0.5 or 1 mM of H,O,, cell viability decreased
to 75% and 10%, respectively. Treatment with
40 pg / mL ZnCl, resulted in a decrease in rela-
tive cell viability to 0 in presence of 1 mM H,0,,
but decreased cell viability by only about 15% in
the absence of H;O; and by about 40% in the
presence of 0.5 mM H,0,.

Discussion

1. The exposure design

The dissolution of zinc oxide is a well-described
phenomenon that occurs over a wide range of
pH values [37]. In water at pH 7.5, the overall
dissolution reaction of zinc oxide can be shortly
written as follows: ZnO (s) = Zn2+ (aq) + OH
(aq) [38, 39]. Franklin et al. discussed the im-
portance of the water solubility of ZnO-NPs in
their toxicity study on microalga [20]. However,
in previous studies, the solubility and saturation
of ZnO-NPs in different culture media were
rarely taken into consideration, which resulted in
ZnO-NP cytotoxicity being compared with the
toxicity of zinc salt consisting of the equivalent
moles of zinc rather than zinc salt with the same
capability to release zinc in the solvent [18, 22,
40]. This introduces the risk of not accurately
estimating true exposure and the possibility of
over- or underestimating the effects of the re-
leased zinc. Since the objective of this study was
to identify the respective contributions of re-
leased zinc and solid particles on the cytotoxic-
ity of ZnO-NPs, we used ZnO-NP extractions to
control for the zinc released from the ZnO-NP
suspension in the cytotoxicity assay.

For the global gene expression analysis, we
used ZnCl, medium as the released zinc control
to avoid potential interference from impurities in
the extractions. We measured the concentration
of released zinc in the ZnO-NP suspensions and
ZnCl, medium using a zinc-specific chelator
[41] and found that the released zinc in 100
pg/mL of the ZnO-NP suspension reached the
saturation concentration, about 9.18 pg / mL,
which was equivalent to the zinc concentration
in 20 pg / mL of ZnCl, medium. Therefore, we
used the 20 pg / mL ZnCl, medium concentra-
tion as a control for the released zinc from the
100 pg / mL ZnO-NP suspension in our gene
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expression analysis. Additionally, using the
saturation zinc concentration of the ZnO-NPs,
we could avoid the potential interference of the
“bound zinc/free zinc” ratio induced by different
solubilities since this issue has not been studied
clearly [42-44]. Bound zinc and free zinc are
different forms of released zinc in supplemented
DMEM. The zinc binding capacity of DMEM
has garnered concerns in in vitro studies. Part of
the total zinc is localized by zinc ligands in
DMEM; therefore, the total released zine can be
separated into 2 groups: free zinc and bound
zinc, which binds to protein components in the
medium [45, 46]. Here, we attempted to address
this problem by measuring the total released zinc
using a zinc-specific chelator. However, we are
continuing to work on this issue since the effects
of free zinc and bound zinc on in vitro toxicity
have not been fully elucidated [17].

2.Both solid particles and released zinc con-
tribute to ZnO-NP-dependent cytotoxicity

With the above modification, we found that the
ZnO-NP suspension reduced the cell viability,
damaged the integrity of the plasma membrane,
and induced abnormal cell morphologies; how-
ever, neither the extractions nor the ZnCl, me-
dium showed adverse effects on A549 cells.
These findings indicated the importance of solid
particles for ZnO-NP-induced cytotoxicity and
are consistent with the predictions of Moos et al.,
who hypothesized that the presence of solid par-
ticles was necessary for ZnO-NP-induced cyto-
toxicity [14].

Our subsequent global gene expression
analysis revealed that the same functional cate-
gory, “cadmium ion binding,” was upregulated
in response not only to ZnCl,, but also to
ZnO-NPs, despite the fact that these 2 treatments
exhibited the opposite effects on exposed cells
(nontoxic and toxic, respectively). The “cad-
mium ion binding” category consisted of MTs
that belong to the well-studied cysteine-rich
metalloprotein family. MTs play important roles
in maintaining the intracellular homeostasis of
heavy metals via binding, exchanging, and
transporting heavy metals, such as zinc, cad-
mium, and copper, with their cysteine residues
[47, 48]. For example, when cells are suddenly
exposed to high levels of zinc, apo-MTs capture
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excessive intracellular zinc, reducing it to non-
toxic levels, while the cells upregulate the ex-
pression of MTs via metal regulatory transcrip-
tion factor 1 (MTF1)-mediated feedback [49].
Additionally, MTs are also reported to act as
intracellular antioxidants to quench ROS in
some special cases [50]. In the current study, we
exposed A549 cells to medium containing H;O,
and found no change in the expression of MT.
Accordingly, we could rule out the possibility
that the overexpression of MTs occurred in re-
sponse to ROS and thus proposed that AS549
cells upregulated MTs in response to ZnCl, and
released zinc generated by ZnO-NPs, which
have been reported to produce ROS[12, 16, 17,
22]. To identify the role of the released zinc in
our exposures, we inhibited the expression of
MT using corresponding siRNA and found that
the toxicity of the 100 pg / mL ZnO-NP suspen-
sion was enhanced when MT expression was
inhibited. This result indicated that the released
zinc contributed to ZnO-NP-induced cytotoxic-
ity. The cytotoxicity of the excessive zinc has
been reported to inhibit cellular respiration [51,
52] and the key enzymes in the glycolytic path-
way, leading to ATP depletion in cells [53, 54].

3. The synergic relationship between solid par-
ticles and released zinc in ZnO-NP-induced
cytotoxicity

Interestingly, inhibiting the expression of MT
did not affect the viability of the cells exposed to
the extractions or 20 pg/mL ZnCl,, indicating
that the released zinc did not have a substantial
effect on the cells in the absence of solid parti-
cles.

The “Trojan-horse” theory has been likened
to the role of solid particles in ZnO-NPs:
nanoparticles bring zinc ions into cells through
particle internalization by cells, similar to how
the Greeks were brought into the city of Troy by
the wooden horse, leading to adverse effects and
even cell death [21, 40]. Although one report has
demonstrated the internalization of ZnO-NPs by
A549 cells [12], no data has yet demonstrated
the proportional correlation of uptake and cyto-
toxicity. In this study, we also observed exposed
cells and rarely found endocytosis of the parti-
cles by A549 cells (data not shown). The other
possibility is that the particles generate ROS,
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since ROS is thought to be the most important
mechanism of nanotoxicity [55]. With DCFH,
we detected intracellular ROS following expo-
sure to ZnO-NPs, but not following exposure to
the ZnCl, medium. Furthermore, when we pre-
treated A549 cells with NAC, a precursor of in-
tracellular antioxidants, cell viability was recov-
ered, unlike in untreated cells. Thus, we con-
cluded that ROS contributed to ZnO-NP-induced
cytotoxicity via solid particles.

In the case of the nanoparticles of transient
metal oxides, such as copper oxide (CuO-NPs)
and iron oxide, ROS is thought to be produced
by the dissolved metal ions via Fenton’s reaction
[21, 22]. However, divalent zinc is not redox
reactive and is not usually thought to cause Fen-
ton’s reaction [19, 56]. In a previous study, we
also demonstrated the different toxic behaviors
of a typical transient metal oxide, CuO-NPs, and
a semiconductive material, ZnO-NPs [36]. The
oxidation potential of ZnO nanomaterial has
been attributed to its unique surface properties
resulting from the quantum size of the particles
[1, 57-59]. Thus, we propose the special surface
reactivity of ZnO-NPs is the reason for the ne-
cessity of the solid  particles in
ZnO-NP-dependent cytotoxicity.

To demonstrate the relationship between
ROS and released zinc in ZnO-NP-induced cy-
totoxicity, we exposed A549 cells to ZnCl, and
H,0, simultaneously. We found that the toxicity
of released zinc was enhanced by H,0,, similar
to a report by Heng et al. demonstrating that the
cytotoxicity of ZnO-NPs was aggravated by ex-
ogenous ROS [15]. Zhang explained that ROS
could incapacitate MTs via oxidation of sulfhy-
dryl groups, leading to an increase in intracellu-
lar free zinc to toxic levels [60]. We propose that
the solid particles produce ROS via their special
surface activity, and the generated ROS can then
incapacitate MT, the most important protein in-
volved in maintaining intracellular zinc homeo-
stasis, finally allowing intracellular free zinc to
reach toxic levels.

The findings of this study indicated that
both solid particles and released zinc contribute
to the cytotoxicity of ZnO-NPs, while released
zinc alone does not cause substantial toxicity in
A549 cells in the absence of solid particles.
Moreover, we propose that released zinc and
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Figure 7 Synergic toxicity of solid particles and released zine from ZnO-NPs in A549 cells. Once dispersed into
the cell culture medium, ZnO-NPs release zinc and generate ROS. To maintain the homeostasis of intracellular free
zine, A549 cells upregulate the expression of apo-MTs via the zine-MTF1 complex. ROS not only destroy the in-
tracellular redox status, they also oxidize the MTs, resulting in the zinc defense breakdown.

solid particles have a synergistic effect on toxic-
ity as follows: in response to the excessive re-
leased zinc generated by ZnO-NPs, A549 cells
upregulate the expression of MT; the solid parti-
cles produce ROS via their special surface
chemical reactions and inhibit MT, thereby
leading to the breakdown of the defense against
the excessive intracellular free zinc (Figure 7).
Nowadays, human exposure to engineered
nanoparticles is inevitable since nanoparticles
are becoming more and more widely used. Our
previous knowledge of airborne pollutant parti-
cles, such as diesel exhaust, provides important
details on the toxicology of ultrafine particles
(<100 nm), especially in established ROS mod-
els for toxicological mechanisms of particulate
materials [61]. However, unlike the similarity
with airborne pollutant particles, engineered
nanomaterials have physicochemical properties
distinct to their different chemical compositions.
Thus, we must consider frue exposure to nano-
materials on a case-by-case basis to determine
cytotoxicity to each biological system, and this
will become very important in evaluating the
toxic potential of nanoparticles and improving
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engineered nanomaterials. We also suggest that
both the nanoscaled superficial properties and
the dissolved chemical composition of nanosized
metal oxides should be characterized fully.
Moreover, the synergic effects of these particles
should be determined in future studies.
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Table $1  List of the Genes Up-regulated by 100 pg / mL of ZnO-NPs in A549 cells.

Gene symbol

Description Fold-change
MTIF Homo sapiens meallothionein 1F (MTIF), mRNA [NM_005949} 5.02
MTIA Homo sapiens metallothionein 1A (MTIA), mRNA [NM_005946) 430
MTIG Hormo sapiens metallothionein 1G (MT1G), mRNA [NM_005950] 431
LOC387763 Protein Ag2 homolog  [Source:UniProtKB/Swiss-Prot; Acc:Q7Z L8] [ENST00000339446) 4.29
MT2A Homo sapiens metallothjonein 2A (MT2A), miRNA [NM_005953] 393
i Homo sapiens interleukin 1 family, member 7 {zeta) (ILIF?), wansaript variant 1, mRNA
: 3.90
[NM_014439]
MTIB Homo spims metatlothionein 1B (MTIB), mRNA [NM _005947] 3.7
MTIE Homo sapiens melallothionein 1E (MTIE), mRNA [NM_175617) i
EGR1 Homo sapiens carly growth response 1 {EGR1), aRNA [NM_001964] 37
MTIX Homo sapiens metallothionein 1X (MTEX), mRNA [NM_005952] 3.60
Homo sapicns protein tyrosine phosphatase, receptor type, R (PTPRR), transcript variant I,
PTPRR 3.5
mRNA [NM_002849]
SUSDS Homo sapicns sushi domain containing 5 {(SUSDS), mRNA [NM_015551) 340
Homo sapiens sofute carrier family 30 (zinc wansporier), member 2 (SLC30A2), wranscript
SLC30A2 330
variant 1. mRNA [NM_001004434]
MTIH Homo sapiens metallothionein 1TH (MTUH), mRNA [NM_003951} in
HSPAS Homo sapiens heut shock 70kDa protein & (HSP70B') (HSPAG), mRNA [NM_002155) 302
MTIL Hamo sapiens meallotiioncin 1L (geae/pseudogeane) (MTLL), non-coding RNA [NR_001447] 273
Homo sapiens aclivating tanscription factor 3 (ATF3), transcript variant 4, mRNA
ATF3 ) 241
[NM_001040619)
BEX2 Homo sapiens brain expressed X-linked 2 (BEX2), mRNA [NM_032621] 2.34
STK33 Homo sapicns serinefthreonine kinase 33 (STK33), mRNA [NM_030906] 2.34
DHRS Homo sapicns dehydrogenaseireductase (SDR family) member 2 (DHRS2), ranseript variant 1,
52 3
mRNA [NM_182508]
BEX4 Homo sapiens brain expressed, X-lnked 4 (BEX4), mRNA [NM_001127688} 229

Gene symbol Deseription Fold-cliange

Homo sapiens progestin and adipoQ receptor family member VI (PAQRT), mRNA

PAQRT 27
[NM_178422)

ARC Homo sapiens sativity fated kel d protein (ARC) mRNA [NM_015193] 220

SERTAD4 Homo sapiens SERTA domiain containing 4 (SERTAD4 ), mRNA [NM_019605] 219

KRT3 Homo spiens keratin 34 (KIR'T34), mRNA [NM_021013) 43
Homo sapiens armadillo repeat gene deletes in velocardiofacial syndromie (ARVCF), mRNA

ARVCEF 242
[NM_001670)

PSPN Hormio sapiens persephin (PSPN), mRNA [NM_ 004158 1.05

EMP) Homo sapiens epithelial membrane protein | (EM’P! 1mRNA [NM_001423] 199

MXDI Homo sapiens MAX dimerization protein | (MXD1), mRNA [NM_002357} 1.98
Homo sapiens killer cell lectindike receptor subfamily C. member 3 (KLRC3), transcript

KLRC3 1.9%
varimt 2, mRNA [NM_007333]
Homo supiens solute carrier family 30 {zinc transporter), member | (SLC30AL) mRNA

SLCI0AL 196
[NM_021194]

DUSPS Homo sipiens duad specificity phosphatase § (DUSES), mRNA [NM_014420] 1.92
Home sapicns matrix metsflopeptidase 1 (interstitial - collagenase)  (MMIL),  mRNA

MMEL 191
[NM_002421]

LOC22I7I0 Homo sapiens hypothetical protein LOC221 710 (LOC221 7T10), mRNA [NM_001135575] 1.90
Homo sapiens solute carrier organic anion transponier family, member 4A1 (SLCO4ALY,

SLCOHAL 188
MRNA [NM_016354]
Homo sapiens N-acetyl P lyase {dihydrodipicoli I (NPLJ,

NPL 1.84
MRNA {NM_030768]

SLENS Homo sapiens schiafon family manber 5 (SLFNS), mRNA {NM_1.44975] 182
Homio sapiens killer cell lectinlike receptor subfemily C, member 1 (KLRCI), transcript

KLRCl 1.80
variant |, mRNA [NM_602259]

RFPL2 Homo sapiens ret finger protein-like 2 (RFPL2Y, transeript variant 1, mRNA [NM_ _006605] 178

CAMTAL Homp supiens culmodulin binding transcription activator 1 {CAMTAL), mRNA [NM_015215] 137
Homo sapiens FBJ murine osteosarcoma viral oncogene homolog B (FOSB), tanscript variant

FOSB 117
1, mRNA [NM_006732)

LOCI0125143  Homo sapiens dDMA FLI37158 fis clone BRACE2026293. {AR0S4477] 137

Z107 ‘T1I-06 (2P sworpaworg ouvy * spyavdouvy apixg sz fo dgowof “v 12 Supniz
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Gene symbol

Description

Fold-change

Gene symbol Description Fold-change
Homo sspiens killer cefl lectin-like receptor subfamily C, member 2 (KLRC2), mRNA
KLRC2 197
[NM_002260}
ZNF36S Homo sspiens zine finger protein 365 (ZNF365), transcript variant A, mRNA [NM_014951] 1.76
ENG Homo sapiens endoglin {ENG), ranscript variant 2, mRNA {NM_0001 18] 174
CONG2 Homo saplens eyelin G2 (CONG2), mRNA [NM_004354) 1.73
(R} Homao sapiens imerleakin 11 LD, mRNA {NM_006641] 1.73
Homo sapiens v-myb my is viral gene homolog (avian)-like 1 (MYBLI), mRNA
MYBLI L7
[NM_001080416]
Cl7orfb67 Homo sapiens chromosome 17 open reading frame 67 (CHorf67), mRNA [NM_001085430) 1.71
NEFL Homo sapiens neurofilament, light polypeptide (NEFL), mRNA [NM_006158] 167
DNER Homo sapiens deltamoteh-fike EGF repeat containing {DNER), mRNA [NM_139072] 166
MTLP Homo sapiens MTB (MTB) mRNA. complete cds. [AF348594] 1.66
TMEMI3S Homwo sapiens tansmembrine proteie 158 (TMEM138), mRNA [WM_015444] 1.64
RGS16 Howmo sapicas regulator of G-protein signaling 16 (RGS16), mRNA [MM_002928] 1.64
NEK? Homo sapiens NIMA (never in mitosis gene a)-related kinase 7 {NEK7), mRNA {NM_1334%4] 1.62
CONGY Homo sapiens cyclin G2 (CONG2), mRNA [NM_004354) 1.61
BARHL1 Homo sapicns BarH-like homeobox § (BARHLI), mRNA [NM_020063] 1.60
Homo mipiens Family with sequence similarity 129, momber A (FAM129A), transcript variant
FAMIZIA ) 159
2, mRNA [NM 052966]
Homo sapiens chemokine (C-C motif) ligand 20 (CCL20), transcript variant |, mRNA
CCLI0 1.59
R4M_004591)
Home sepicns GTP binding protein overexpressed in skeletal musele (GEM), transeript variant
GEM 1.58
1, mRNA [NM_005261}
PAIRIB Hortno sapiens paly{A) binding protein interacting protein 2B (PAIPZB), mRNA {NM_020459] 1.58
Gos2 Homo sapiens GO/Glswitch 2 (GOS2), mRNA [NM_015714} 1.57
HDACY Homo sapiens histone dexcetylase 9 (FIDACO), transeript variant 3, mRNA [NM_014707] 1.56
Homo sapicns insulin-like growth factor 2 (somatomedin A) (IGF2), banscript variant 1,
1GF2 1.55

mRNA [NM_000612}

CLDNI2
CEPLIO
FLJ35024

MCL1

HMOX1

KLRC4

TMEMI39 |

Hi9

INF165
HSPALA

MAFB

PNPLAS

CSorfd1
LOC643201

ARMETL)

WDR&S%
DDIT3

FOS

ARLSB
JUN
ERRFI1

CCTEB

TPPP3

Homo sapiens claudin 12 (CLDN12), mRNA [NM_012129}

Homo sapicns centrosomal protein 110kDa (CEP110), mRNA [NM_007018]

Homo sapiens hypothetical LOC401491 (F1LJ35024), non-coding RNA [NR_015375]

Homo sgpiens myeloid cell leakemiz sequence | (BCL2-related) (MCLAD, transcript variant 1,
mRNA [NM_021960]

lfomo. sapicns heme oxygenase (decyeling) 1 (HMOX1D), mRNA [NM_002133]

Homo. sapiens Killer cell lectin-like receptor subfamily C, member 4 (KLRC4), mRNA
[NM_013431)

Homw sapiens transmembranc prolein 139 (TMEMI39), mRNA [NM_153345]

Homo sapiens H19, imprinted matemally expressed transeript {(non-protein coding) (H19),
non-coding RNA [NR: 002196]

Homo sapicns zinc finger protein 165 (ZNF165), mRNA [NM_003447]

Homo sapiens heat shock 70kDu protein 1A (HSPA1A), mRNA [NM_005345]

Homo sapiens v-maf musculoaponeurotic fibrosarcoma oncagene homolog B (avian) (MAFB),
mRNA [NM_005461]

1 1ok

Homo sapiens  patatin-like  phospholip domain ¢

ing 8 (PNPLAS). mRNA
[NM_015723)

Homo sapiens chromosome 3 open reading frame 41 (CSarfd] ), mRNA [NM_153607]

Homo szpiens cDNA clone IMAGE 5268504, [BC0S2945}

Homo sapiens arginine-rich, mutated in carly stage wmors-like 1 (ARMETL1), mRNA
[NM_001029954}

Homo sapiens WD repeat domain 69 (WDRE9), mRNA [NM_178821}

Homo sapicns DNA-damage-inducible transcript 3 (DDIT3), mRNA [NM_004083]

Homo sapiens v-fos FBJ murine osteosarcomn viral oacogene homolog (FOS), mRNA
[NM_005252]

Homo sapicns ADP-ribosylation factor-like 5B (ARLSB), mRNA [NM_178815]

Homo sapiens jun oncogene (UN), mRNA [NM_002228]

Homo sapicns ERBB receptor feedback inhibitor 1 (ERRFIL), mRNA [NM_018948)

Homo sapiens chaperonin containing TCPI, wbunit 68 (zeta 2) (CCT6B), mRNA
[NM_006584]

Home sapiens wbulin polymerization-pramoting protein family member 3 (TPPP3), mRNA

[NM_016140)

1.52
1.50
149

146

146

[

145

145

143

142

b4l

14

140

140

132
132
131

131

130
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Gene symbol Description Fold-chunge
PPP2RSC Homo sipicns mRNA; cDNA DKFZp761H0317 {from clone DKFZp761HO317). [AL834350) 130
Homo sapicns hurakiri, BCL2 interacting protein (contains only BH3 domain) (HRK), mRNA
127
HRK NM_003806)
Homo sapiens i iated lung ad cinoma transcript 1 (non-protein coding)
MALATI 1.27
{MALAT1), nen-coding RNA [NR_002819]
Homo sapicns diromosome 3 open reading {rame 16 (Clorf16), transeript variant §, mRNA
Corfl 6 137
NM_018569]
FES Homo sapicns feline sarcomn oncogene (FES), transeript varisnt 1, mRNA [NM_002005] 1.27
Homo sapiens shont chain dehydrogenase/reductase family 426, member 1 (SDRAZED), mRNA
SDRA2EL 1.2¢
M 145168}
LYEK Homo sapiens lymphocyte antigen 6 complex, locus K (LY6K), mRNA [NM_017527) 1.26
KLHL24 Homo sapiens kelch-like 24 (Drosophila) (KLHL24), mRNA [NM_017644} 1.26
TMEMSORB Homo sipiens tansmembrane protein 308 {TMEMS0R), mRNA [NM_006134] 1.25
EREG Homo sapiens epiregulinn (EREG), mRNA [NM_001432] 1.25
HK2 Hemo sapiens hexokinase 2 (HK2), mRNA [NM_000189] 124
RBAK Homo sapiens RB-associated KRAB zine Iinger (RBAK), mRNA [NM_021163] 123
RN Homo sapiens ving finger prolein (CIH2CI yype) 6 (RNF6), Iranscript variunt 1, mRNA
123
INM_005577}
CCL26 Homo sapiens chemokine {(C-C motif) ligand 26 (CCL26), mRNA [NM_iW6072] 1.2
Homo sapiens tumor protein ps3 inducible nuelewr protein 1 (TPS3INP 1), wranscript vanant 1,
TPSIINP1 1.2t
mRINA [NM 033285}
STRBRG Homo sapiens syntaxin binding protein 6 (amisyn) (STXBPG), mRNA [NM_014178] i.21
Homo sapiens glycine C-acetyluansferase (2-amino-3-ketwbutyrate A ligase)
GCAT 1.2t
(GCAT), nuclenr gene ancoding mitochondrinl protein, mRNA [NM_014291)
SLC2A3PI Human glicose transporter pseudogene. [MS5536] 121
ZNF765 Homo sapiens zinc finger protein 765 (ZNF765), mRNA [NM_001040185) 1.20
Homo sapicns carbohydrate (N-acetylgl 6-0) sulfo 2 {CHST2), mRNA
CHST2 1.20
[NM_004267]
Homo swpicns SH3 domain containing, Ysc84-like 1 (8. verevisiae) (SHIYLID), mRNA
SH3YL}) 120

[NM_015677]

Gene symbol Description Fold.change
STX16 Homo sapiens syntaxin 16 (STX16), transeript variant 1, mRNA [NM_001001433] 1.20
ENF425 Hatno sapiens zine finger protein 425 (ZNFA25), mRNA [NM_0010601661) 1Lig
Homo sapiens G protein-coupled receptor, family C, group $, member A (GPRCSA), mRNA

GPRCSA 119
[NM_003979]

MEX3B Homo sapiens mex-3 homolog B (C. clegans) (MEX3B), mRNA [NM_032246) 1.18
Homo sapiens sex comb on midleg-like I (Drosophila) (SCML1), transcript variant 1, mRNA

SCML1 118
[NM_001037540)

ZNFR2 Homo sapiens zine finger protein 22 (KOX 15} {ZNF22), mRNA. [NM_006963] LAs
Homo sapicns aldolase A, biphosphate (ALDOA), transcript variant 2, mRNA

ALDOA 147
NM 184041}
‘Homo sapiens solute carrier family 22 {orgunic eation/ergothioncine transporter), member 4

SLC2A4 116
{SLC22A4), mRNA [NM_003059)

ZNF181 Homo supiens zine finger protein 181 (ZNFI81), mRNA [NM_001029997] 116

LOCT728537 Homo sapicns cDNA clone IMAGES271446, [BCG39374] f.16
Homo sapicns ¢DNA FLII2851 fis, clone NT2RP2003401, weakly similar to UBIQUITIN

UsP36 115
CARBOXYL-TERMINAL HYDROLASE DUB-1 (EC 3.1.2.15), [AK022913]

ZNF600 Homio sapiens zinc finger protein 600 (ZNF600), mRMA [NM_198457] 115
Homo sapiens solute carrier family 6 (neutral amino acid wansporter), menmtber 15 (SLC6ALS)

SLC6ALS 115
transcript variant I, mRNA {NM_182767}

FBXL19 Homo sapiens F-box and leucine-rich repeat protein 19 (FBXL19), mRNA [NM_001859784] 118
Homo  sapiens  colony  stimulating  factor 2 receptor, aipha,  low-affinity

CSFIRA INT)
(granutocyte-macrophage) (CSF2RA), transeript variant 6, mBNA [NM172249]
Homa sapiens s Sociated  endoplasmic  reticul protein 1 (SERP1), mRNA

SERPL 114
[NM_014445]

MANOSL Homo sepiens nanos homolog 1 (Drosophila) QYANOSL), mRNA [NM_199461] 143

LOC10013106
Homo sipitns tDNA FLI38695 fix clone KIDNE2001897, [AKOY6014) 113

7

RIMS3 Homo sapiens regulating synaptic membrane is 3 (RIMS3), mRNA [NM_014747] 113

ZNF669 Homo sapiens zing finger protein 669 (ZNF669), transcript variant 1, mRNA [NM_ 024804] 112
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Gene symbol Description Fold-change
<o Homo sapiens tDNA; FLI2I81 4 fis, clone KATA3004, [AK026467] L2
NOV Homo sapiens nephroblaomu overexpressed gene (NOV), mRNA [NM_002514] 112
ZNFSS4 Homo sapiens zine finger protein $54 (ZNF354), mRNA {NM_ 001102651} 112
Homo sapiens chromosome S open reading frame 13 (CSorf}3), transcript variamt 1, mRNA

CSosf13 (%1
[NM_004772)
Homo sapiens YODI OTU deubiguinating enzyme 1 homolog (S. cerevisine) (YOD1), mRNA

Yo n
[M_018566]

IL23A Homo sapicns interleuhiite 23, alpha subunit p19 (IL23A), mRNA [NM_016584] 1.11
Homo sapicns family with scquence similaity 49, member. A (FAMJI9A), mRNA

FAMagA Lo
{NM_030797]

ZNF606 Hamo sapians zine finger protein 606 (ZNFE06), mRNA [NM_025027] 1.10

NCRNAODOSY  Home sspiens non-protein coding RNA 84 (NCRNAO00S4), non-coding RNA [NR_002802] 110

ZMYNDI12 Homo sapiens zinc finger, MYNDAype containing 12 (ZMYND12), mRMA [NM _032257] 1o

ZNF596 Home sapiens zinc finger protein 596 (ZNFS596), transcript variznt 1, mRNA [NM_001042416) i1
Homo sapiens Dnal (Hpd40) homolog, subfamily B, member 9 (DNAIBY), mRNA

DNAJBY 1o
[NM_012228])
Home sapiens Iripantite motif-containing 36 (TRIM36), wansaipt variant 1, mRNA

TRIM36 Lio
[NM_618700]

BATH Homo sapiens HLA-B associated transcript 4 (BATA), mRNA [NM_033177] 110
Homo sapiens A kinase (PRKA) anchor protein 12 (AKAP12), transcript variant 2, mRNA

AKAPI2 .10
[NM_144497]

RCQORI Humo sapiens REST corepressor 1 (RCOR1), mRNA [NM_015156] 1.09

ZNFT61 Homo sapicns zinc finger protein 761 (ZNF761), mRNA [NM_001008401] 1.09

RNF138 Homo sspicns ring finger protcin 138 (RNF138), transcript variant 1, mRNA (NM_016271] 1.08

SLAMF? Homo sapicns SLAM [amily member 7 (SLAMFT), mRNA [NM_021181] 1.08

SNX258 Homo sapiens sorting nekin 25 (SNX25), mRNA (NM_031953) 1.08
Homo sapicns FYN oncogene related to SRC, FGR, YES (FYN), transcript variant 1, mRNA

FYN 1.68

[NM_D02037]

ene symbol Description Fold-cliange

RB2 Homo sapiens adrenergic, beta-2-, receptor, surface (ADRD2), mRNA [NM_000024) 1.08

§PS Homo sapiens dual specificity phosphatase 5 (DUSES), mRNA [NM_004419] 1.08

RA3 Homo sapiens HirA serine peptidase 3 (HTRA3), mRNA [NM_053044) 1.08
Homo sapiens pleckstrin homology domain ining, family A (phosphoinositide binding

EKHA4 107
specific) member 4 (PLEKHA4), mRNA [NM_020904]

P12 Homo sapiens tissue factor pathway inhibitor 2 (TFPI2), mRNA {NM_006528] 1.07

D3 Homo sapicns adducin 3 (gamma) {ADD3}, Uanscript variant 1, mRNA [NM_016824] 1.07
Home sapiens leblind-like 2 (Drosophila) (MBNL2), transcripl variant 1, mRNA

INL2 107
[NM_144778]
Home sipicns Cbp/p300-interacting lransactivator, with GlwAsp-rich  carboxy-terminal

[ED2 L7
domain, 2 (CITED2), mRNA [NM_006079]

cs2 Homo sapicns supp of cytokine signaling 2 (SOCS2), mRNA [NM_003877] 107

F664 Homo sapiens zine finger proteity 664 (ZNFG664), nRNA [NM_152437) 1.06
Home sapiens chemokine (C-X-C motif) receptor 4 (CNCR4), transcript variant 1, mRNA

CR4 .06
[NM_001008540]

4-Mar  Homo sapiens membrane-associated ring finger (C3HC4) 4 (MARCH), mRNA [NM_020814] 1.06

126 Homo sapiens chemokine (C-C motif) ligand 26 (CCL26), mRNA INM_006072) 106
Homo sapiens chromosome 21 open reading frame 91 (C21orf¥1), transeript variant 2, mRNA

Lorf91 1.06
[NM_017447]
Homo sapiens speetrin repeat containing, nuclear cavelope | (SYNEIL), transcript variant 2,

NEL 105
mRNA [NM_033071]
Homo sapiens spenn protein associated with the nucleus, X-linked, Tamily member Al

ANXAL 1.05
(SPANXAL), mRNA [NM_013453]

DN Homo sapiens pallidin homolog (mousc) (PLDN}, mRNA [NM_012388] 1.05

RCS8 Homo sapiens levcine rich repeat containing 58 (LRRCSS), mRNA [NM_001099678] 1.05

DsB Home sapiens AT rich interactive domain SB (MRF1-like) (ARIDSB), mRNA [NM_032199] 1.04
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Gene symbol

Description

Fold-chunge Gene symbol Deseription Fold-change
Homo sapiens hypothetical protein LOCI49109, mRNA (€DNA clone IMAGESS78073), Homo sapiens chromosome 17 open reading frame 91 (C17o0rf91), transeript variant 1, mRNA
LOCE43401 1.04 C17Torf91 1.02
partial cds. [BCO39509) [NM_032805]
Homo sapicns WW domain binding protein 5 (WEPS), tramseript variunt 1, mRNA Homo sapiens cytochrome P4S0, family 1, subfomily A, polypeptide 1 (CYP1AL) mRNA
WRBPS 104 CYPIAL 102
INM_D16303} [NM_000499)
TRIBL Homo sipienstribbles homolog 1 (Drosophila) (TRIBI), niRNA [NM_025195] Lod LYPDG Homo sapiens LY6/PLAUR domain containing 6 (LYPD6), mRNA [NM_194317) 1.02
NTSE Homo supiens Snucleotidase, ecto (CD73) (NTSE), wRNA [NM_002526) 1,04 Homo sapicns muscleblind-like (Drosophifa) (MBNL1), transcript varionl 6, mRNA
MBNL1 o2
N Homo sapions deleted in malignant brain tumors 1 (DMBT1), transcript variant 2, mRNA [NM_207296)
MBT] 1.04
[NM_007329) LOCL0013323  PREDICTED: Homo sapiens hypothetical protein LOCI00133236 (LOCI00133236), mRNA o2
Homo sapicns phosphoprotein associated with glycosphingolipid microdomains 1 (PAGH), 6 XM _001714262)
PAGE 104
mANA [NM_018440} Homo. sapiens BCL2/ad EIB 19kDa i ing protein 3-like {BNIP3L), mRNA
BNIP3L 1.02
PTPRH Homo sapicns protein tyrosine phogphatase, receptor type, H (PTPRH), mRNA [NM_002842] 104 NM_604331]
i 7 i ipl e in codi STTOTI) non-coding RNA
CSTA Homo sapiens cystain A (stefin A) (CSTA), mKNA [NM_005213] 104 STIOT Homo sapiens ST7 overlapping tanscript 1 {non-protein coding) ( ) noncoding Lo
[NR_002330]
LOC10013028
. ‘Homo sapiens <DNA clone IMAGE:5295205, with apparent retained intron. {BC043212} 1.04 SPANXD Homo sapiens SPANX family, member D (SPANXD), niRNA DIM_032417) .02
Homo sapiens THAP domain containing 5 (THAPS), tfranseript wariat 2, mRNA FBXO032 Homo sapiens F-box protein 32 (FBXO32), transeript variant L, mRNA [NM_058229) 1.02
THAPS 1.4
[NM_182529] Céorf199 Homio sapiens chromosoime 6 open reading frame 199 (C6orf199), mRNA (NM_145025] 1.02
DHPH Homo sapiens diiydeodiol dehydragenase (dimeric) (DHDH), mRNA [NM_014475] 1.03 ) .
SCMS$2 Homo sapiens sphingomyelin synthase 2 (SGMSZ), transeript variant 1 mRNA [NM_152621] 1.02
TPDS2 Hotno supiens tum tein DS2 (TPDS2), ranserd want 1, mRNA {NM 001025252 1.03 . . .
Spiens tumar protein D32 € J transcript variant 1. WALNA [NM. ! Homo sapiens pleiomorphic adenoma gene 1 (PLAGH). transeript variant 1, mRMNA Lo
PLAGI E
SPOCDI Homo sapicns cDNA FLI39908 fis, clone SPLEN2017620. {AK097227] 103 [NM_002655]
Clorfisa Homo sapiens chromosome | open reading frame 133 (Clorfl33), non-coding RNA - ZNF808 Homo sapiens zine finger protein 308 (ZNF308), mRNA [NM_001039886] Lo
0 k
[NR_024337}
HSD17B12 Homo sapiens hydroxysteroid (17-beta) dehydrogenase 12 (HSD17B12), mRNA [NM_016142] 101
R Homo sapiens nuclear receptor subfamily 4, group A, member 1| (NRSAD, transcript variant 1,
AAl 1.03 5 i i i Lot
RNA NM_ 002135 FOSLY Homo sapiens FOS-fike antigen 1 (FOSL1), mRNA [NM_003438])
ZNF302 Homo sapicns zinc finger protein 302 ZNF302), transcript variant 1, mRNA [NM_018143] 1.03 ZNF238 Homo sapiens zinc finger protein 238 (ZNF238), transcript variant 2, mRNA [NM_006352] 1.0
KLHL23 Homo sipicns kelch-like 23 (Drosophitay (KLHL23), mRNA [NM_144711] 1.03 RAB3B Homo sapiens RAB3B, member RAS oncogene family (RAB3B), mRNA [NM_002867] Lo}
AADAC Homo sapiens arylacctamide deacetylase (esteruse) (AADAC), mRNA [NM_001086] (K] P13 Homo sapiens pentraxinerelated gene, vapidly indoced by IL-1 beta (PTN3), mRNA Loo
Homa sapiens growth amestspecific 5 {non-protein codingy (GASS), non-coding RNA INM_002852]
GASS 102

[NR_002578]
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Table 82 List of the Genes Down-regulated by 100 g / mL of ZnO-NPs in A549 cells.

Gene symbol Description Fold-change Gene symbol Description Fald-change
KIAALLYS Homo sapiens KIAATT99 (KIAAL199), mRNA [NM_018689] 2.61 PLAZGE Homo sapiens phosphelipase A2, group IVA (cytosolic, caleium-dependent) (PLA2GAA),
Al A -1.46
CBLN2 Homo sapiens cerebellin 2 precursor {CBLND), mRNA [NM_182511] -1.93 mRNA [NM_024420]
Homo sapiens glutamate receptor, ionotropic, kainate 2 (GRIK?2), transcript variant 2, mRNA
LOC353137 Home sapiens cDNA FLI42409 fis, clone BLADE2000866. [AK124400] -1.86 GRIK2 146
[NM_175768)
Homo sapiens solute carrier family 39 (zinc transporter), member 10 (SLC39A10), ranscript
SLC3IPAL0 -39 CCL2 Homo sapicns chemokine (C-C motif) ligand 2 (CCL2), mRNA [NM_002982] -l
variant 2, mRNA [NM_020342)
’ Homo sapiens interferan-induced in with Letratricopeptid T i
Homo sapicns bile acid Coenzynie A: amino acid N-acyltransterase (glycine . IFITH =8 4 nduced protein with peplide repeats | (FTTL), trasiscript 142
BAAT -7 : N, y ’
N-chalayltransferase) (BAAT), transcript variant 1, mRNA [NM_001701] variant 2, mRNA [NM_001545]
. . i Homo sapiens coronin, actin binding protein, 24 (CORO2A), wranscript variant 1, mRNA
CPLX2 Homo sipiens complexin 2 (CPLX2), transcript variant 1, mRNA [NM 006650] -1.74 CORC2A 142
[NM_003389)
TMEM37 Homo sapiens transmembrane protein 37 (TMEM37), mRNA [NM_183240] -1.68
ASGRI Homo sapiens asialoglycoprotein receptor 1 (ASGR1), mRNA [NM_001671} -1.41
Homo sapiens major hitocompatibility complex, class 1T, DM beta (HLA-DMB), mRNA
HLA-DMB INM_002118] -1.68 Ch24 Homo sapicns CD24 signal transducer mRNA, complete cds and 3' region, [1.33930) -1.38
LGALS2 Homo sapiens lectin, galactoside-binding, soluble, 2 (L.GALS2), mRNA [NM_006498] -1.67 SFRP4 Homo sapicns secreted frizzled-related protein 4 (SFRP4), mRNA [NM_003014] -1.38
GPR2 Hotmo sipicns glutathione peroxidase 2 {gastroi 1) (GPX2), mRNA [NM_002083] -1.65 IMSLY Homo sapiens insulin-like 4 (placenta) (INSL4), mRNA [NM_002195] «1.36
Homo sapicns fibrinogen gamma chain (FGG), transcript variant gamma-A, mRNA P CLDN2 Homo sapiens claudin 2 (CLDN2), mRNA [NM_020384] -1.33
FGG -1
[NM_000509] Homo sapiens sulfotransferase family, cytosolic, 2B, member 1 (SULT2B1), transcript variant
Homo sapiens dapper, antagonist of beta-catenin, homolog 2 (Xenopus laevis) (DACT2), SULTZBE 1, mRNA (NM_004605) -1
DaCT2 -1.59 ’ e
MRNA [NM_214462] Homo sapiens Usher syndrome 1C (autosomal recessive, severe) (USHIC), transeript variant §,
USHIC -1.33
SYT13 Homo szpiens synaptotagmin XI (SYT13), mRNA [NM_020826] -1.58 mRNA [NM_005709]
Homa sapiens chromosome 4 open reading frame 18 (C4orf18), transcript variant 2, mRNA Lse cP Homo sapiens ceruloplasmin (ferroxidase) (CPY, mRNA [NM_000096] 132
Caorf18 RE -
[NM_016613} . . )
MUCSAC Homo sapiens mcin SAC, oligomesic mucus/gel-forming (MUCSAC), mRNA [NM_017511] -L32
OLFML3 Homo sapiens olfactamedin-like 3 (OLFML3), mRNA [NM_020190] -1.56
CDH1 Humo sapiens cacherin 1, type 1, E-cadherin (epithelial) {CDH1), mRNA [NM_004360] -1.31
Homo sapieis vav 3 guanine nucleotide exchange factor (VAV3), transcript variant 1, mRNA
-1.5 . .
vava [NM_006113] 13 TC2N Homo sapiens tandem C2 domaing, nuclear (TC2N), transcript variant |, mRNA [NM_152332] -1.31
PRICKLE? Homo sapiens pricklc homalog 2 (Drosophils) (PRICKLE2), mRNA {NM_198859] -1.54 - . Homo sapiens phytanoyl-CoA 2-hydroxylase interadt ing protein-like (PHYHIPL), ranscript s
Homo supicns chromosome | 2 open rending frame 27 (C120rf27), non-coding RNA varimnt 1, mRNA [NM_032439]
Cl2om27 -1.53
N [NR_024345] NPYIR Homo sapiens neuropeptide Y receptor Y1 (NPYIR), mRNA [NM_000909} -1.30
PLEXDS Homo spiens phosphatidylinositol-specific phospholipass C, X domain containing 3 a8 DIRAS3 Homo sapiens DIRAS fumily, GTP-binding RAS-like 3 (DIRAS3), mRNA [NM_004675] 130
(PLCXDI), mRNA [NM_001005473] .
DEFB1 Homo sapiens defensin, beta 1 (DEFB1), mRNA [NM_005218] -1.29
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Gene symbol

Description

Fold-change

ELMOI

RNF43

AKRIC3

OLFML2A

BTRDI

AICF

HS358T3B1

CFH

s

SGK493

LOCS54207

HGSF1E

NOSTRIN

NTRK3

NPNT

ADAMTS9

HHIPL2

TMA4SF20

VILI

Homo sapiens engulfiment and cell motility 1 (ELMOI), transeript variant 1, mRNA
[NM_014800)

Homo sapiens ring finger protein 43 (RNF43), mRNA [NM_017763]

Homu sapiens aldo-keto reductase family 1, menber C3 (3-alphia hydroxysteroid
dehydrogenase, type 1) (AKR1C3), mRNA [NM_003739]

Homo sapiens olfactomedin-like 2A (OLFML2A), mRNA [NM_182487]

Homo sapiens BTB (POZ) domain containing 11 (BTBDI}, transcript variant 2, mRNA
[NM_D01018072]

Homo sipicns APOBEC1 complementation factor (A1CF), transcript variant 3, mRNA
[NM_138933)

Hepurun sulfate gh 3-Ousulfe ft

3BI (EC2.8.2.300Heparan sulfate
Degl inyl 3-O-sulft

ferase 3B1 Heparen sulfate 3.O-sulfotransferase
3B1(h3-08T-3B) [Source:UniProtkB/Swiss-Prot Ace:QIY662] [ENSTO0000360954]

Homo sapiens complement factor H (CFH), transcript variant 1, mRNA [NM_0D0186]
Homo sapicns complement component 5 (C5), mRNA [NM_001735]

Homo sapiens protein kinasc-like protein SgK493 (SGK493), mRNA [NM_138370]

Homo sapiens hypothetical LOC354207, mRNA (cDNA clone MGC:21504 IMAGE:3882600),

complete cds, [BC031469]

Homo sapiens immunoglobulin superfamily, member 11 (IGSFI 1), transcript variant 1, mRNA
INM_152538)

Homo sapiens nitric oxide synthase tratficker (NOSTRIN), transeript variant 1, mRNA
[NM_052946]

Homo spiens nourotrophic tyrosine kinase, receptor, type 3 (NTRK3), transeript variant 2,
mRNA [NM_002530}

Homo sapicns nephronectin (NPNT), mRNA [NM_001033047)

Homo saplens ADAM

Hopeptidase with thrombospondin type 1 motif, 9 [ADAMTS9),
mRNA [NM_182920]

Homo sapiens HHIP-like 2 (HHIPL2), mRNA [NM_024746]
Homo sapiens transmembrane 4 L six family member 20 (TM4SF20), mRNA [NM_024795]

Homo sapiens villin 1 (VILY), mRNA [NM_007127}

-1.29

-1.28

-1.27

-1.26

Qi)

-1

-1.24

-1.23

-1.23

-1.,23

<L

-L2e

Gene symbol Description Fold-change
RHOV Homo sapicns ras homolog gete family, menber V (RHOV), mRNA [NM_133639) -1.20
Homo sapicas solule carrier Tamily 23 {tuclcobase transporters), member | (SLC23ALY,
SLC23AL -1
transcript varimt 2, mRNA [NM_152685)]
Homo sapiens nuclear receptor subfiamily 1, group H, mamber 4 (NRIHA), mRNA
NRIH4 ~1.20
[NM_pDS123]
NPYSR Hamo sapiens neuropeptide ¥ receptor YS (NPYSR), mRNA [NM_0061 74} BRE
FGB Homo sapiens fibrinogen beta chain (FGB), mRNA [NM_005141) BN
KONV Homo sapiens potassium channel, subfamily V, member 1 KONV, mRNA [NM_014379] 147
STYK1 Homo sapiens serinefthreonine/tyrosine kinase 1 (STYK1), mRNA [NM_018423§ -1.i6
FAMITIB Homo sapiens mRNA lor KIAAL946 protein. [AB075826] -1.16
CYP4E3 Homo sapiens mRNA for leukotricne B4 omega-hydroxylase, complete cds. [AB0D2454] -1.14
Homo sapiens UDP gt yltranst 1 family, polypeptide A6 (UGTIAS), transwript
UGTIAS -1.14
varfant §, mRNA [NM_001072}
Homo supiens ST alphn-N-scetyl-neurmminide alpha-2,8-stalyltransferase 4 (STSSIAS),
ST8SIA4 BBE)
transcript varimnt 1. mRNA {NM_005668]
ATPSE3 Homo sapiens ATPase, class 1, type 8B, member 3 {(ATPSB3), mRNA {NM_138813} -1.13
EPCAM Homo sapiens cpithelial cell adiesion molecule (EPCAM), mRNA [NM_002354] <1.13
TTIH2 Homo sapiens inter-alpha (globulin} inhibitor H2 (ITIH2), mRNA [NM_002216] BN
DKK1 Homo sapiens dickkopf homolog 1 (Xenopus lsevis) (DKK1), mRNA [NM_012242] 112
ZNRF3 Homo sapiens zine and ring finger 3 (ZZNRE3), mRNA [NM_032173] -1
hCG_1776007  Homo sapiens hexaribonucleotide binding protein 3 (HRNBP3), mRNA [NM_001082575] B
MYOI10 Homo sapicnsmyosin X (MYO10), mRNA [NM_012334] -
CF1 Homo sapiens complement factor 1 {CFL), mRNA [NM_000204] Bl
KIFE3A Homo sapiens kinesin family member 13A (KIFI3A), transeript variant 1, mRNA [WNM_022113] BRL
Homo sapiens G protein-coupled receptor, family . group 5, member B (GPRCSB), mRNA
GPRC3B 109
[NM_016235]
Home sapicns solute carrier family 7 {cationic amino acid transporter, y+ system), member 7
SLCTAT -1.09
(SLCTAT), transcript variant [, mRNA [NM_003982]
Homo sapiens fanily with sequence simitarity 83, member A (FAMS3IA}, transcript vartant 2,
FAMB3A -1.09
mRNA [NM 207006]
Homo sapiens aldo-keto reductase family L, member C1 (diydrodiol dehydrogenase 1; 20-alpha
AKRICI -109

(3-alphn)-hydroxysteroid dehydrogenase) (AKRICI), mRNA [NM_001353]
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