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ABSTRACT Zinc oxide nanoparticles (ZnO NPs) have been widely
used in cosmetics and sunscreens, advanced textiles, self-charging and
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factor for cytotoxicity in HUVECs. More importantly, ZnO NPs at noncytotoxic concentration, but not Ce0, NPs, can induce significant cellular ER stress

Herein, we investigated the cellular responses and endoplasmatic
reticulum (ER) stress induced by ZnO NPs in human umbilical vein
endothelial cells (HUVECs) in comparison with the Zn®* ions and Ce0,

NPs. We found that the dissolved zinc ion was the most significant

response with higher expression of spliced xbp-1, chop, and caspase-12 at the mRNA level, and associated ER marker proteins including BiP, Chop, GADD34,
p-PERK, p-elF20., and cleaved Caspase-12 at the protein levels. Moreover, ER stress was widely activated after treatment with Zn0 NPs, while six of 84
marker genes significantly increased. ER stress response is a sensitive marker for checking the interruption of ER homeostasis by Zn0 NPs. Furthermore,
higher dosage of Zn0 NPs (240 M) quickly rendered ER stress response before inducing apoptosis. These results demonstrate that Zn0 NPs activate ER
stress-responsive pathway and the ER stress response might be used as an earlier and sensitive end point for nanotoxicological study.
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materials (ENMs) is rapidly expanding

with the industrial level production and
1-3

S afety concern on the engineered nano-

wide applications in consumer products.
Toxicity on the nanoparticles (NPs) of var-
iant ENMs has been evaluated in different
biological systems including animals, mam-
malian cells, model organisms, bacteria,
and plants.*~'° Generally, toxicological end
points of the biological system, i.e., inflam-
mation, DNA damage, apoptosis, necrosis,
fibrosis, hypertrophy, metaplasia, and carci-
nogenesis, are used in the toxic evaluation
of ENMs."" "> These end points reflect the
irreversible destiny of the tested biological
system when being treated by ENMs at a
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toxic dosage level which can cause detect-
able effects. However, adverse effects still
could be formed in the organism by show-
ing as the interruption on the homeostasis
before or even without forming obvious
toxic phenotypes. The endoplasmic reticu-
lum (ER) is an important organelle and
functions in folding and assembling of cel-
lular proteins, synthesis of lipids and sterols,
and storage of free calcium, which are all
dependent on the ER internal homeostasis.'®
ER stress also known as unfolded protein
response (UPR), a well-studied issue in cell
biology, refers to an important cellular self-
protection mechanism which can be acti-
vated to counteract the stressed situation
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when in the condition of overloading unfolded pro-
teins or even from direct ER damage.'”"'® ER stress
usually happens for a short-term with provoking a
series of transcriptional activities for cell survival, but
prolonged ER stress activates apoptotic cell death
pathways.'? 2!

Three transmembrane proteins, including inositol-
requiring protein 1 (IRE1), PKR-like endoplasmic reti-
culum kinase (PERK), and activating transcription fac-
tor-6 (ATF-6), are stress-sensing proteins in the ER and
in charge of giving signals to cellular self-recovery or,
alternatively, promote cell death. The three stress-
sensing proteins are held in inactive states by ER-
chaperone protein 78 kDa glucose-regulated protein
(GRP78/BiP) when organism is in normal state. When
ER stress happens, BiP releases and leads stress-
sensing proteins in an activating state. IRE1, one of the
activated proteins, mediates removal of a 26 nucleo-
tides long intron from X-box binding protein 1 (xbp-1)
mRNA and introduces a frame-shift and an alternative
C-terminus in the spliced form of xbp-1 (xbp-Ts). Then,
xbp-1s translates into a potent transcription factor and
translocates to the nucleus for initiating the transcrip-
tion of bip and other cytoprotective genes. The induc-
tion of bip transcription and the xbp-1 splicing are used
as specific markers of ER stress response. It had been
reported that the level of xbp-1s mRNA is a reliable and
direct quantitative marker for the detection of ER
stress.?> CHOP (also known as DNA-damage-inducible
transcript 3, DDIT3) and Caspase-12, not Caspase-3, are
involved in ER stress related apoptosis which is caused
from the unsuccessful self-recovery when activating ER
stress pathway. Caspase-3 had been recognized as an
active member in the mitochondria-initiated apoptosis
pathway.??

It had been indicated that copper and copper oxide
NPs could induce apoptosis through activating mito-
chondria mediated pathway.?*?> However, Ag NP in-
duces apoptosis via the modulation of ER stress
reaction.’®*” Recent report also showed that Ag NPs
could lead to induction of ER stress in zebrafish with
sequentially activating several consequences includ-
ing the activation of apoptotic and inflammatory
pathways.?® ENMs including copper, copper oxide,
and Ag NPs could induce cytotoxicity and trigger
detectable toxicological end points via the generation
of reactive oxygen species (ROS).2°"2° However, the
relations between ROS producing ability and ER stress
effects had not been clearly defined in toxic assess-
ment on ENMs. Gold NP had been reported as an
efficient cellular ER stress elicitor, although it is con-
sidered biocompatible with having various medical
usages.® Furthermore, parallel experiment on AgNO;
showed that the silver ion content may play important
role in the induction of ER stress because silver is easily
released from the surface of NPs in the culture
medium.' ZnO is another important ENMs, which
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has about the third highest global production volume
only after SiO, and TiO, among metal-containing
ENMs.3? It had been shown that toxicity was found
for zinc oxide, but not ceria in mammalian cells. This
toxicity is the result of zinc oxide nanoparticle dissolution
leading to the release of toxic Zn**, which is capable of
generating ROS,** 3> while ceria nanoparticles could
exhibit antioxidant activity by reversibly binding oxygen
and shifting between the Ce*' (reduced) and Ce*"
(oxidized) forms at the particle surface.35*” In this study,
we investigated the toxic effects on ER stress response
and following apoptosis by comparing zinc oxide and
ceria NPs. Our results indicate that ZnO NPs could activate
the ER stress pathway and even induce the apoptosis if
the cells cannot counteract the adverse effects. Further, ER
stress has the possibility to be used as an earlier, sensitive
and valuable marker for nanotoxicological study.

RESULTS AND DISCUSSION

The mean crystallite diameters characterized by X-ray
diffraction (XRD) spectra were 42 and 33 nm for ZnO and
CeO,, respectively, consistent with our transmission elec-
tron microscopy (TEM) observation (Figure 1TA—C and
Table 1). However, they were prone to agglomeration in
the water as illustrated in the results of TEM images and
nanoparticle tracking analysis (NTA) tests, which showed
average sizes of about 100 nm even with sonication
treatment before the test (Figure 1D,E). The agglomera-
tion propensity of these NPs comes from the none-
coating state and similarities of lower negative surface
charge (Table 1).

We examined the toxic effects of various concentra-
tions of ZnO and CeO, NPs in comparison with the
ZnCl; to illustrate the possible toxicity effect of solubi-
lized Zn*" on HUVECs cells (Figure 2). Cell viability
assay indicated that ZnCl, and ZnO NPs have a similar
dose-dependent cytotoxicity when incubated with
HUVECs for 24 h, with a little lower toxic effect of
ZnO NPs than its counterpart Zn>" from the concen-
tration of 100 to 300 uM. At 240 uM, Zn*" and ZnO NPs
decreased the cellular viability to about 40% of the
control. It had been proven that ZnO NP has a high
solubility under aqueous conditions to form hydrated
Zn*"; the acidic conditions and the presence of biolo-
gical components such as amino acids and peptides
could increase this phenomenon.®**8 Qur results cor-
related to previous knowledge that Zn?>" solubilized
from ZnO NPs contributing to the toxic effects, espe-
cially when using the uncoated particles.>*3 In con-
trast, CeO, NPs did not show toxic effects even with
doubling of tested dosage to 480 uM. As illustrated in
the TEM images, more CeO, NPs were contained in the
cellular cytoplasm than ZnO when incubating the
HUVECs cells at the same safe dosage of 120 uM for
8 h (Figure 3A—C). This data agreed with the findings of
ICP-MS: the uptake quantity of CeO, NPs was about 100
times higher than that of ZnCl, or ZnO NP (Figure 3D).
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Figure 1. Characterization of ZnO and CeO, nanoparticles: (A and B) TEM images of ZnO NPs; (C) TEM image of CeO, NPs; (D)
nanoparticle tracking analysis (NTA) result of ZnO NPs; (E) NTA result of CeO, NPs.

TABLE 1. Characterization of the Nanoparticles Used in This Study

nanoparticles mean size (nm)” primary crystal size by XRD (nm)” dhwater (NM)° zeta potentials (mV)* coating”
Zn0 (NM110) 150 4 M+ 44 —6.14 None
Ce0, (NM212) 28 33 125 + 38 —6.64 None

“These parameters were provided by the supplier. ° The Oh,water Value were measured by nanoparticle tracking analysis (NTA) method in Figure 1.  Surface charges were

measured while the nanoparticles were dispersed in deionized water.
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Figure 2. Cell viability assay of HUVECs when treated with
different concentrations of ZnO NPs, CeO, NPs and ZnCl, for
24 h. The data represent the mean of at least three inde-
pendent experiments normalized to untreated controls.
Data expressed as mean + SD, n = 6.

Furthermore, the number of mitochondria was signifi-
cantly decreased, which correlated to the decreased
activity of the cells, but had more obvious ERs showing
a phenomenon of aggregation or swelling in ZnO NPs
treated cells than for control and CeO, NPs treated
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groups (Figure 3B). ZnO NPs will decrease the cellular
activity and take much more cellular internal damage
especially to the ER compared to CeO, NPs, although it
is not easy to scan the ZnO NPs by TEM.

Under normal circumstances, ROS is the byproduct
of metabolism process and has an important role in
cellular homeostasis.>**° However, this homeostasis
can be easily disturbed by outer environmental stress.
In this research, we checked intracellular ROS level
by fluorescence microscopy. After incubation for 8 h,
240 uM ZnO NPs induced relatively higher levels of ROS
in the cells compared to the blank control and the
same dosage treated CeO, NP group (Figure 4A—L).
At the same time, the ER within the ZnO NPs treated
cells usually shows a little more obvious staining in an
aggregated state. Quantitative analysis using high
content analysis showed that ROS level of ZnO NPs
treated group gave sharp increase when using do-
sages from higher than 120 uM, with 3.3-fold increase
as the highest point comparing to the control (Figure 4N).
However, CeO, NPs did not have a significant effect
on the ROS level even at 480 uM concentration
(Figure 4).

\
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Figure 3. Endocytosis of NPs in HUVECs analyzed by TEM and ICP-MS. TEM images of HUVECs of (A) untreated control, (B) cells
exposed to 120 uM ZnO or (C) cells exposed to 120 xM CeO, nanoparticles for 8 h. (D) Cellular uptake of HUVECs quantified by
ICP-MS when incubated with 120 «M ZnO NPs, CeO, NPs, and ZnCl, for 6, 8, and 24 h, respectively. Black arrows show
mitochondria, red arrows show the existence of CeO, NPs, and yellow arrows show the apparently aggregated or swelled
endoplasmic reticulum in the cytoplasm of nanoparticle-treated cells.

The activation of ER stress pathway is a direct and
quick outcome of the ER homeostasis interruption. So,
this study focused on this signaling pathway after
exposure to NPs. We checked the ER stress level by
quantitative real-time PCR method on xbp-7s mRNA
when incubating HUVECs cells with ZnO NPs at 120 uM
concentration at which no obvious toxic effects in CCK
assay were shown, but were starting to generate signifi-
cant ROS in the cells (Figure 2 and Figure 4N). The xbp-1s
mMRNA levels were significantly increased by ZnO NPs and
ZnCl, treatment, but not by CeO, NPs (Figure 5A,B). ROS
generation should be involved in the induction of ER
stress response within the ZnO NPs and ZnCl, treatment
groups, as a widely used antioxidant N-acetylcysteine
(NAC) pretreatment abolished the splicing of the xbp-1
MRNA. The xbp-1s mRNA increased to the highest level at
8 h compared to the time points of 4 and 12 h, which
means that the ER stress is at the highest level at that time
point (Figure 5A). As another hallmark of ER stress
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responses, chop showed a similar increase profile by
activation of ZnO NP and ZnCl, (Figure 5B). It had been
reported that Caspase-12, as an executor of apoptosis,
is localized to the ER and activated by ER stress, but not
by membrane- or mitochondrial-targeted apoptotic
signals.2' After increasing the ZnO NPs to 240 uM
concentration, cleaved Caspase-12 was highly ex-
pressed from 8 h, with the highest expression found
at 24 h in Western blotting results, which correlates to the
initiation of apoptosis from ER stress response in the cell
(Figure 5C). For Caspase proteins, post-translational clea-
vage is a dominant process to form active proteins, which
happens on the membrane of different organelles. The
overexpression of Caspase-12 at protein and mRNA level
was observed at the same time (Figure S1A). Mitochondria
may not be greatly involved in the cellular apoptosis
which is induced by ZnO NPs treatment when comparing
the quantity of cleaved Caspase-3 to -12, although
its mRNA and prototype protein were all up-regulated
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Figure 4. ROS levels in HUVECs after exposure to nanoparticles. (A—L) Fluorescence microscope observation of intracellular
ROS induced by nanoparticles. HUVECs were treated with 240 M ZnO NPs or CeO, NPs for 8 h, then, stained with ER Tracker
Red dye and DCF-DA for simultaneously detection of ER and ROS by fluorescence microscope. (M) One image from ZnO NPs
treatment group shows the segmentation process of high-content analysis (HCA) method. (N) Quantitative analysis of ROS
level by HCA after HUVECs treated with nanoparticles for 8 h. Data expressed as mean =+ SD, # p < 0.01 comparing to the in-
plate control, n = 6. Bars = 10 um. The white arrows show the bright and aggregated ER in ZnO NP treated cells.

at the same time by the stress response (Figure 5C and
Figure S1A,B). Similarly, poly (ADP-ribose) polymerase 1
(PARP-1), one of the major nuclear targets for caspases
that could be processed by activated caspase-3 to pro-
duce the 89 kDa fragment, did not show significant
activation (Figure S10).*' Figure 3 shows that there is
decreased amount of mitochondria observed by TEM,
which means normal cellular functions may be impaired
in order to counteract the stress from NPs. Further, the
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influences on the mitochondria are reported to be closely
linked to the occurrence of ER stress.*? Significant up-
regulation of BiP protein gave the similar indication that
ER stress response happens from 8 h after treatment as
evidenced in the Western blotting results (Figure 5C).
Further, the 70-kDa heat shock protein (HSP70) provided
evidence of the increased stress condition in the cells after
ZnO NPs treatment (Figure S1Q). It is clearly shown that
exposure to CeO, nanoparticles did not generate ER stress
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Figure 5. Induction of ER stress markers in HUVECs. (A and B) Time response of xbp-1 splicing and chop mRNA level induced by
ZnO NPs and ZnCl, at 120 uM concentration. A 10 mM NAC pretreatment was used as antioxidant to abolish the ROS
accumulation. (C) Western blotting results of GRP78/BiP, Caspase-12 and Caspase-3 proteins when cells were treated with
ZnO NPs, or (D) CeO, NPs at the dosage of 240 uM. (E) Time-dependent responses of xbp-1s and chop mRNA levels when
incubating with 240 uM CeO, NPs, and (F) 240 «M ZnO NPs. The results are expressed as mean =+ SD of at least 3 independent

experiments. # p < 0.01 comparing to the control.

in HUVECs in the parallel test when treated at the dosage
of 240 uM (Figure 5D,E). Moreover, CeO, NPs still have the
possibility to influence the ER function by sustained
incubation as illustrated by the slight up-regulation of
BiP protein at 24 h in Western blotting results as shown in
Figure 5D. Thus, we propose this slight activation of ER
stress in CeO, NPs will have a beneficial effect of protect-
ing the cell and counteracting the possible subsequent
adverse effects and even apoptosis.

Dosage is a crucial factor when investigating the
toxicity of materials. As ER stress is a sensitive marker for
the interruption of cellular homeostasis, we suppose that
the occurrence of toxicity outcomes could not bypass
this cellular protecting response. From real-time PCR
results of xbp-1s and chop, we found that the maximum
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peak of ER stress response had been shortened from 8
to 4 h by exposure to a dosage of 240 uM, unlike the
profile at lower dosage of 120 uM which showed the
response peak at 8 h with decreasing from 12 h
(Figure 5AB,F). At the meantime, we quantified the
percentage of cells in early apoptotic or late apoptotic
(necrotic) stages in HUVECs cells by flow cytometry
(Table 2). High dosage of ZnO NPs (240 xM) induced
significant apoptosis in 8 and 24 h time points, while
120 uM leaded negligible apoptosis. Sustained stress
still takes more cells to apoptosis as illustrated in the
comparison of 24 and 8 h earlier apoptosis and total
death events. It means that the activation of ER stress is
an earlier event and could be considered as a valuable
predictive end point in the nanotoxicological study.
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TABLE 2. Determination of Earlier Apoptotic and Total
Cell Death Using Flow Cytometry after Incubating with
ZnO and CeO, Nanoparticles®

particles  dose («M) exposure time (h) early apoptosis (%) death (%)
Control 0 24 1.20 £ 0.14 2.05 + 0.30
In0 120 8 1.50 £ 0.17 329 +£0.22
120 24 214 +£0.23 4.01 £ 0.29
240 8 401+£05% 1060 + 0.80°
240 % 8164+ 039" 2563 4+ 122"
Ce0, 240 8 1.24 £ 0.20 223 £037
240 24 1.79 £ 0.18 3.36 £ 0.21

“Data expressed as mean =+ SD, ”p < 0.01, n = 4, One representative result from
three independent experiments.

To understand the influences of NPs on the ER stress
pathway, the gene expression profile was examined by
PCR array. The threshold of differentially expressed
with >2-fold change and values of p < 0.05 was used
for the selection of genes for further analysis. It is
shown that in total 84 genes were examined in the
PCR array and most of genes were unchanged (Figure 6
and Table S2). However, several classical marker genes
of the ER stress showed striking different gene profiles
between ZnO and CeO, NPs treated HUVECs. Six genes
were found significantly up-regulated by ZnO NP
treatment (Figure 6A and Table S2). The DDIT3/chop
gene gave the similar significant high expression level
to the results of real-time PCR in this research, which
means a good correlation of these mRNA quantitative
methods (Figure 5B). The three up-regulated heat
shock proteins (HSPs) genes were the following:
Heat shock 70 kDa protein 15 (HSPA1p), Heat shock
70 kDa protein 4 (HSPA4), and Heat shock 105 kDa/
110 kDa protein 1 (HSPH1). The up-regulation of HSP
70 protein was verified by the Western blotting analysis
(Figure S1C) and cell-based immunofluorescent im-
aging (Figure 7). As the major components of molec-
ular chaperones that facilitate protein folding, HSPs at a
high expression level mean that cells were in the stage
of ER stress response. At the meantime, another two im-
portant ER stress marker genes, DNA damage-inducible
protein 34 (GADD34/PPP1R15a) and homocysteine-
inducible, endoplasmic reticulum stress-inducible,
ubiquitin-like domain member 1 (HERPUDT1), were
found significantly up-regulated. The associated Wes-
tern blotting results were provided in Figure 6C. On the
contrary, no ER stress related genes were overex-
pressed in the CeO, NPs treated HUVECs, which means
that ER stress/UPR pathway was still inactivated
(Figure 6B). Furthermore, synoviolin (SYVNT) attributed
to E3 ubiquitin ligase and torsinA (TOR1A) attributed to
AAA+ ATPase, usually playing active roles in ER-asso-
ciated degradation when overloading misfolded pro-
teins by UPR,** were found slightly decreased under
CeO, NPs treatment. Another ER protein Mdg1/ERdj4
(DNAJB9), a mammalian chaperone that belongs to the
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HSP40 protein family,** was similarly down-regulated.
Our data correlates with previous studies that CeO, NPs
had antioxidant character, especially internalized nano-
ceria effectively attenuated the cellular ROS.3%3743

For better understanding of the ZnO NPs induced ER
stress, we looked into the dominant signaling path-
ways by testing on HUVECs and a commonly used
Chinese Hamster Ovary (CHO) cell line. The concentra-
tion of the treatments were 240 uM for HUVECs and
120 uM for CHO cells based on the cell viability assay
showing a lower LC50 in CHO cells (data not shown).
Figure 6C indicates a clear activation of the PERK
pathway including the phosphorylation of PERK and
elF2q, up-regulation of Chop, GADD34 of downstream
effectors in these cell lines.

Addition of proteasome inhibitor MG132 during the
last 2 h was used in an independent batch sample
collection test to detect the short-lived GADD34 for
preventing its degradation as previously reported.*6*’
ATF-6a. only showed moderate activation of the
cleaved 50 kDa fragment in HUVECs, which may come
from the reason of weak signal of that antibody. It had
been reported that HERP protein is strongly induced in
response to ER stress, a condition where unfolded
proteins accumulate in the ER.*® In our test, HERP,
similar to BiP protein, was significantly up-regulated
upon ZnO NPs treatment for 8 h by Western blotting
analysis (Figure 6C) and cell-based immunofluorescent
images (Figure 7). Comparatively, HSP 70 was up-
regulated and had obvious distribution in whole cyto-
plasm. The increase of HERP in the ER means the
accumulation of the unfolded proteins after ZnO NPs
treatment. In a protein translational efficacy interrup-
tion test, pretreatment cycloheximide for 30 min
blocked the xbp-1s mRNA and the transcription of full
length xbp-1 counterpart at the same time, although it
is usually thought as the specific protein translation
inhibitor (Figure S2). Low serum culture condition
usually was used to decrease the cellular proliferation
progress and lower the normal functions of transcrip-
tion and translation as evidenced by the decrease of
the response from full length xbp-7 mRNA transcription
level under ZnO NPs treatment. However, the splicing
did not show comparatively decrease of the xbp-Ts
mRNA even further considering the attenuation out-
come of unfolded protein level caused from the overall
reduction in protein synthesis from the starvation.* If
the unfolded protein is the only/dominant part of
the stimulation of ER stress, there should have been at
least a similar decrease between the xbp-1s and xbp-1
MRNA. Therefore, the different attenuation of the
xbp-1s and xbp-T mRNA response to cotreatment of
ZnO NPs and low serum culture condition suggested
that the ER stress induced by ROS is partially involved
with the unfolded proteins within the ER as well as
other contributing factors participating in this signal-
ing progress.
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Figure 6. Scatterplots of PCR array and associated Western blotting analysis focusing on the ER stress signaling pathway.
Scatterplots of expression levels of each gene in 240 «M (A) ZnO and (B) CeO, NPs incubated with HUVECs for 8 h versus blank
control. The measurement was implemented on quantitative PCR machine using the PCR array kit (SABioscience company).
The black line represents fold change of 1 and the pink lines indicate 2-fold change of gene expression threshold. (C) Western
blotting analysis of HUVECs (240 «M) and CHO cells (120 «M) treated by ZnO NPs at indicated times.

ZnO NPs are fantastic for many applications of
consumer products, and it is therefore necessary to
assess the potential risks. In aqueous conditions, ZnO
NPs have a high solubility and the maximum dissolved
zinc concentration could be attained in complete
DMEM is about 225 uM.>® Further, higher than 80%
of the maximum dissolved zinc could be reached
within 3 h in normal culture conditions33* It is
believed that Zn*" solubilized from the NPs plays the
major role of producing ROS and activating the ER
stress under our adopted conditions in this research, of
which ZnO NPs and ZnCl, have a very similar ER stress
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pathway outcome. Some reports show that ROS could
lead to apoptosis and necrosis-like cell death mediated
by early signals like ER stress, as well as activation of
caspases and c-Jun N-terminal kinase (JNK), followed
by mitochondrial dysfunction.***° It is known that ER
stress response is initiated to ameliorate the proper ER
homeostasis. However, if these measures fail to rees-
tablish the homeostasis, prolonged ER stress triggers
the suicide machinery (Figure 8). The ER luminal cha-
perone BiP is one of the most general markers for a
general induction of ER stress. We found significant
up-regulation of BiP protein after exposure to ZnO
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Figure 7. Immunofluorescentimages of ER luminal chaperone BiP, HERP and HSP 70 proteins in HUVECs after incubating with
240 uM ZnO nanoparticles for 8 h. Hoechst and ER tracker were used to show the nucleus and ER, respectively.
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Figure 8. Schematic representation of the proposed mechanism for how ZnO NPs treatment influences the cellular

homeostasis and activates the ER stress pathway.

nanoparticles, which leads stress-sensing proteins to
an activated state, such as the activation and phos-
phorylation of PERK, and, in turn, the phosphorylation
of elF2a. The high activation of xbp-1 regulates signal
transduction and transcription factors. Thus, the present
results indicate that PERK-elF20-ATF4-CHOP/GADD34
and IRE/XBP-1 pathways were fully activated in HUVECs
by ZnO NPs treatment. Our experiments also show that
ZnO NPs at higher concentration do not obviously
activate Caspase 3 or PARP-1 and, accordingly, do not

induce the mitochondrial-dependent apoptosis. In con-
sequence, ZnO NPs at higher concentration activate
Caspase-12-dependent ER stress pathways that eventually
lead to cell apoptosis. Consistent with the findings in this
research, the activation of ER stress response induced by
ZnO NPs, at which the lower or nontoxic dosage is usually
considered, could be thought as a warning or prelude to
the following realistic damage outcomes.

Inhalation exposure of ZnO fumes can affect normal
body functions. It had been reported that human
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exposure to ZnO fumes with a mass median diameter
(MMD) of 300 nm at 2.5 mg/m> for 2 h produced
symptoms of metal fume fever, and the levels of the
cytokine interleukin (IL)-6 in peripheral blood signifi-
cantly increased.>" A human clinical experiment study
showed that inhalation exposure of ZnO fumes for only
10—30 min at a high concentration of 20—42 mg/m>
increased the number of pro-inflammatory cytokines
and neutrophils in bronchoalveolar lavage fluid
(BALF).>? In a rat exposure experiment, lower concen-
trations of ZnO NPs at occupationally relevant levels of
1.1-4.9 mg/m? and with longer inhalation time of 2
weeks can also generate the similar inflammation
findings in the BALF.>* NIOSH has recommended the
permissible exposure limit of 5 mg/m?> averaged over a
work shift of up to 10 h per day, 40 h per week for the
zinc oxide fume (NIOSH, Publication Number 0675). We
estimated the lung deposition of ZnO NPs with MMD
150 nm of the particles used in this study. We found that
even 64 min inhalation exposure at 1 mg/m® would lead
to about 120 4M deposition concentration in the human
lung lining fluid. This dosage was therefore used to detect
the in vitro ER stress in present study. It means that ER
stress effects could be used as a sensitive and earlier
biomarker in the human occupational survey or in vivo
inhalation test, i.e,, by testing on the cells collected from
BALF or even mouth cavity. On the basis of its features of
more definite, sensitive and earlier occurrence than other
toxicological markers, we propose that ER stress would be
considered as a valuable candidate of routine end point
for future nanotoxicological study.

CONCLUSIONS

In this study, we investigated the toxicity and ER
stress inducing ability of ZnO NPs in HUVECs compared

MATERIALS AND METHODS

Nanoparticles and Characterization. Two representative nano-
materials, ZnO (NM-110) and CeO, (NM-211), were supplied
from Institute for Health and Consumer Protection (IHCP, one
Joint Research Centre of European Commission located in Italy) for
the project of European Commission seventh framework program.
The NPs were provided under Good Laboratory Practice (GLP)
conditions and preserved under argon in the dark until use.

Cell Culture and Cell Viability Assay. HUVECs and CHO cells were
cultured at 37 °C in a 5% CO, atmosphere in Dulbecco's
modified Eagle's medium (DMEM, Gibco) supplemented with
10% fetal bovine serum (FBS, Gibco). HUVECs were seeded at a
density of 6 x 10 cells per well in 96-well plates in medium and
incubated for 24 h. The medium was then replaced with 100 uL
of medium containing various equivalent concentrations of
ZnCl, (Sigma-Aldrich) chemical, ZnO or CeO, NPs. The cells
were incubated for 24 h and cytotoxicity was measured using
CCK-8 Kits (Dojindo Molecular Technologies, Tokyo, Japan)
according to the manufacturer's protocol. The absorbance
was measured at 450 nm with a reference at 600 nm using
Infinite M200 microplate reader (Tecan, Durham).

Measurement of Apoptosis and Necrosis. HUVECs were preincu-
bated for 24 h in 6-well plates in a humidified incubator (37 °C,
5% CO,). Then the medium was replaced with 2 mL of medium

CHEN ET AL.

to the Zn ions and CeO, NPs. Our results show that zinc
ion solubilized from the surface of ZnO NP is important
for its cytotoxicity in agreement with previous report.>*
ZnO NPs and the solubilized ions, but not CeO, NP,
induce significant cellular ER stress or can be called
UPR effects. ROS had been found to be involved in the
induction of ER stress, for the reason that NAC pre-
treatment could thoroughly abolish this effect. Further,
ER stress response usually happens at the noncytotoxic
concentrations of ZnO NP before forming obvious
adverse effects, which suggests that there is a possibi-
lity that cellular ER-stress could to be used as a sensitive
and earlier marker for future nanotoxicological study.
On the contrary, CeO, NPs did not show much stress on
the cellular homeostasis, although a large number of
NPs usually were accumulated in the cytoplasm after
exposure. It had been shown in another in vitro study
that CeO, NPs may enter into cells via a caveolin-1 and
LAMP-1 endosomal compartment without invoking cy-
totoxic effects.>> PCR array test shows ER stress pathway
was widely activated by ZnO NPs treatment, with six of 84
tested marker genes significantly increased compared to
CeO, NPs treatment. Further, the present results indicate
that PERK-elF20.-ATF4-CHOP/GADD34 pathway was fully
activated in either HUVECs or commonly used CHO cells
by ZnO NPs treatment.

Our research highlights the understanding of the
toxic effects from NPs, especially that is meaningful to
realize the stress of NPs hidden under the phenotype.
Therefore, we propose that ER stress is a switch event
for cellular destiny when studying the nanomaterial's
exposure. However, the detailed mechanism of how
ZnO NPs interrupt the cellular homeostasis and acti-
vate ER stress pathway is still required to be clarified in
the future.

containing various equivalent concentrations of ZnO and CeO,
NPs for 8 and 24 h. Cells were washed three times with PBS and
harvested. Then the double-stained annexin V-FITC Kit, which
contained annexin V-FITC and propidium iodide solution (BD
Biosciences), was used to incubate the cells, which were then
analyzed using a Cell Lab Quanta SC flow cytometry (Beckman
Coulter, 488 nm, FL1).

Detection of ROS Levels by Fluorescence Microscope. Cells were
cultured on 35 mm Petri dishes for 24 h and treated with 240 uM
ZnO and CeO, for the following 8 h. Cells in dishes were then
washed with PBS and incubated separately for 30 min in
complete medium with 1 uM ER Tracker Red dye probe, 5 uM
ROS probe DCFH-DA and 1 uM nuclear probe Hoechst. These
probes were purchased from Molecular Probes, Inc. After the
medium was removed, cells were washed with PBS and fresh
complete medium was added. The stained cells were observed
and analyzed by fluorescence microscope (Olympus BX61W1
with Fluoview FV1000 software, Japan).

High Content Analysis on Cellular ROS Level. HUVECs were cul-
tured at a density of 8 x 10 cells per well in 96-well plates in
medium and maintained for 24 h. Adhered cells were incubated
in complete medium with different concentrations of ZnO NPs
for 8 h. Then, different groups of cells were costained with
Hoechst 33342 and 10 uM ROS probe DCFH-DA in PBS solution
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with 0.4% glucose for 30 min. H,0, treated cells were used as a
positive control. Cells were washed three times with PBS and IN
cell analyzer 2000 (GE Health) was used to capture images. In
each well, 9 image fields were captured at the same exposure
time and at least 200 cells per image field were measured for
effective data output. For each measured cells, the following
calculations were performed automatically by the software IN
cell analyzer 3.7.1 (GE Health). Target cells were assigned with
marking on the Hoechst stained nuclear space at the DAPI
channel; average florescence intensity was calculated by divid-
ing the brightness of the entire field of target cells to the
according area (Figure 4M). The cellular florescence intensity
is used to reflect the accumulated ROS amount within the cell.
More information can be found in our recent paper on the
application of this technique.>*

RNA Isolation, Reverse-Transcription PCR, and Quantitative Real-Time
PCR. HUVECs cultured with medium for 24 h in 6-well plates.
Then the medium was replaced with 2 mL of medium contain-
ing various equivalent concentrations of ZnCl,, ZnO and CeO,
NPs for 0, 4, 8, 12, and 24 h with or without 10 mM, 30 min
sulfhydryl antioxidant NAC pretreatment; cells were washed 3
times with PBS and 1 mL of Trizol Reagent was added to each
well to extract RNA according the Trizol protocol. After quanti-
fication of the extracted RNA pellets, aliquot samples were then
reverse-transcribed to cDNA using Oligo dT (Promega). The
resulting cDNA samples were analyzed by regular reverse-tran-
scription PCR or quantitative real-time PCR (Eppendorf, Germany)
using SYBR green as fluorescence dye, as described previously.® The
DNA product amplified by xbp-1 (Gel PCR) primer was analyzed by
3% agarose gel. The following genes were measured by real-time
PCR: xbp-1s, xbp-1, chop, caspase-3, caspase-12, gapdh. All primer
sequences were listed in Supporting Information Table S1.

Western Blotting. HUVECs cultured with medium for 24 h in
6-well plates. Then the medium was replaced with 2 mL of
medium containing 240 uM ZnO and CeO; NPs for 0, 4, 8, 12,
and 24 h; cells were washed 3 times with PBS, harvested with a
scraper, and centrifuged at 2000g for 10 min at 4 °C. After
discarding the supernatant, cells were lysed to collect the
cellular proteins. Equal amounts (50 ug) of proteins were
separated on 10% SDS-PAGE gels and transferred to nitrocellu-
lose membranes. The membranes were blocked with 5% nonfat
milk in TBST at room temperature. The primary antibody was
used at 1:1000 dilution and the secondary antibody was used at
1:5000 dilution. Blots were developed using ECL (enhanced
chemiluminescence) solution. The primary antibody of anti-
CHOP is from Cell Signaling Technology, Inc. and all other
antibodies (HSP 70, HERP, BiP, chop, caspase-3, caspase-12,
PERK, elF2a, ATF-60. and so on) in this research are purchased
from Santa Cruz, Inc.

Quantitative Measurement of Cellular Uptake of Nanoparticles by
ICP-MS. The inductively coupled plasma mass spectrometry
(ICP-MS) was used to measure the cellular elemental contents
after treatment with NPs or associated ions. HUVECs were
seeded at a density of 1 x 10° cells per well in 6-well plates in
medium and incubated for 24 h in an incubator at 37 °C, 5% CO,
and 10% humidity, then the medium was removed and fresh
complete medium containing different concentrations NPs
were added to plates for the nanoparticles internalization
experiment. Cells were incubated for different durations
(6, 12, 24 h), four dishes of cells being used at each time point.
Cells in each dish were washed gently with PBS three times,
digested with 0.25% trypsin containing 0.02% EDTA, centri-
fuged for 5 min at 1500 rpm, then collected and counted. After
cell sample collection, 3 mL of HNO; was added to each
centrifuge tube for predigestion overnight. The next day, the
solution was transferred into a conical flask and 2 mL 30% H,0,
was added. The flasks were placed onto a hot plate and
maintained at 150 °C for 3 h until digestion was complete. Then
samples were taken out and cooled to room temperature. The
solution volume was diluted to 3 mL with a solution containing
2% HNO5 and 1% HCL. A total of 10 ng/mL (ppb) bismuth (Bi)
was used as an internal standard. Both standard and test
solutions were measured for three times by ICP-MS.

Subcellular Ultrastructure and Localization of Nanoparticles by TEM.
HUVECs were preincubated for 24 h in 60 mm Petri dishes at
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37 °Cin a 5% CO, atmosphere. After incubation with medium
containing different concentrations of ZnO and CeO, NPs for
8 h, cells were harvested and washed with PBS three times. Cell
pellets were fixed overnight in a fixation solution containing
2.5% glutaraldehyde in 0.1 M PBS. Pellets were then postfixed
with 1% OsO, in PBS for 1 h, dehydrated in a graded series of
ethanol, treated with propylene oxide, and embedded in Epon.
Approximately 80 nm thick sections were cut, placed on carbon
film supported by copper grids, stained with uranyl acetate and
lead citrate, and observed with a transmission electron micro-
scope (H-600, Hitachi, Japan) at 80 kV.

Transcriptional Profiling. The relative expression of 84 genes
represented in the human Unfolded Protein Response Plus PCR
Array (SABioscience) was determined using RNA isolated from
NPs treated and nontreated HUVECs. Total RNA was isolated
using the TRIzol reagent (Invitrogen, Carlsbad CA). The cDNA
was prepared using SABioscience RT? First Strand Kit and RT?
Sybr qPCR Master Mix according to manufacturer's instructions
(Qiagen, Germany). Three PCR array repeats were done using
quantitative real-time PCR (Mastercycler ep realplex®, Eppendorf).
Data was analyzed using SABioscience RT? Profiler analysis soft-
ware, with nontreated HUVECs samples serving as control. The
threshold of differential expression with >2-fold change and values
of p < 0.05 was used as the statistical significance.

Cell-Based Immunofluorescence Assay. Cells were rinsed twice in
PBS, fixed with 4% paraformaldehyde for 1 h, permeabilized
with 0.1% Triton in PBS for 20 min, blocked with 10% goat serum
in PBS for 1 h followed by incubation with primary antibody for
at least 2 h, washed three times with PBS, and incubated with
fluorescently labeled secondary antibody (1:500 dilution for 1 h)
followed by Hoechst and ER tracker, as above-described. Cover-
slips were mounted after three times washing with PBS. Images for
morphological analysis were acquired under an Olympus inverted
microscope (BX61W1) with a 100x oil immersion objective.

Estimation on the Lung Deposition of Zn0 NPs of Inhalation Exposure.
The basic procedure was adopted according to a recently
published paper on dosimetry calculation.> Briefly, alveolar
deposition efficiency of ZnO NPs used in this paper is 14% that
was determined with the following parameters by Multiple-
Path Particle Dosimetry Model (MPPD, Applied Research Associ-
ates, Inc,, Albuquerque, NM) 2.11 software. MMD (equal to
Count Median Diameter, CMD when using monodispersed
aerosol), 150 nm; geometric standard diameter (GSD), 1.0 and
assuming a monodispersed aerosol and a single mode distribu-
tion. Human alveolar deposition could be calculated by the
equation: human alveolar deposition = Airborne Concentration x
Ve x exposure duration x alveolar deposition efficiency. For
example, if inhalation exposure at 1 mg/m3 for 64 min, human
alveolar deposition will be 0.177 mg, i.e., 1 mg/m? x 20 L/min x
1073 m*/L x 64 min x14% = 0.177 mg. An average volume of
18.2 mL for lung lining fluid of a person weighting 70 kg was
assumed in the calculation, although the lung lining fluid had
been given a SD, 0.26 (£0.1) mL/kg.>® The quantity of 0.177 mg
from exposure for 64 min in 1 mg/m? environment gives a lung
deposition of 120 uM which used in the in vitro detection of ER
stress in this research. It should be noted here the use of the
MMD/CMD but not the mass median aerodynamic diameter
(MMAD) in the calculation. The alveolar deposition efficiency
will increase from 14% to about 25% if directly using 150 nm as
the MMAD in the calculation, which means only 35 min required
by exposure to 1 mg/m? concentration for the lung to obtaining
equal deposition of 120 uM.
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