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Abstract

Zinc oxide nanoparticles (ZnO NPs) are widely used in many fields due to their unique physicochemical properties. However,
the renal toxicity of ZnO NPs and the underlying mechanisms have not been well studied. We found that ZnO NPs induced
injury in human renal proximal tubular epithelial cells (HK-2) in a dose- and size-dependent manner, as revealed by CCK-8,
LDH and Annexin V-FITC assays. Mechanistically, ZnO NPs promoted oxidative stress and mitochondrial damage by gener-
ating ROS and induced apoptosis in HK-2 cells, as evidenced by the upregulation of Bax and Caspase 3 and downregulation
of Beclin 1. In vivo, ZnO NPs induced tubular epithelial cell apoptosis and increased serum creatinine, serum urea nitrogen,
and urinary protein in mice, suggesting damage to renal structure and function. These findings clarified our understanding
of the biological mechanisms underlying ZnO NP-induced renal tubular epithelial cell injury and contributed to estimating

the risk of ZnO NPs to the kidney.
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Introduction

Nanomaterials are newly developed materials that are widely
used in many fields [1]. Zinc oxide nanoparticles (ZnO NPs)
are one of the most commonly produced and used nanoma-
terials due to their unique physiochemical properties [2].
ZnO NPs can protect against ultraviolet radiation and are
currently added to many types of sunscreens [3, 4]. ZnO NPs
are resistant to high temperatures and inexpensive and have
antibacterial properties; thus, they have been widely used
in food packaging and even used as food additives [5]. As a
new drug carrier, ZnO NPs can be directly injected into the
body for cancer treatment [6]. During accidents, industrial
workers may even inhale large quantities of ZnO NPs [7].
Thus, ZnO NPs may enter the human body through acute or
chronic dermal contact, ingestion and inhalation. In addition,
ZnO NPs can accumulate in the body, which increases their
safety concerns [8-10].

ZnO NPs have been reported to be toxic, and the kid-
ney is one of the major target organs [11]. Gastrointesti-
nal administration of a single high dose of nano- but not
microscale ZnO resulted in proteinaceous casts in the kid-
neys of mice [12]. Daily gastrointestinal administration of
a high dose of ZnO NPs (1,000 mg/kg body weight, for 14
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continuous days) can lead to tubular epithelial cell necrosis
and increases in blood urea nitrogen and serum creatinine
in rats [13]. This evidence indicates that acute and high
doses of ZnO NPs can cause nephrotoxicity. However, it is
unclear whether chronic and low-dose oral intake of ZnO
NPs, which reflects the real effects of exposure by ingestion,
can cause nephrotoxicity. In addition, the kidney is made
up of different cell types that have different sensitivities
to toxic substances [14]. Therefore, it is critical to select
appropriate cell types to elucidate the mechanisms of ZnO
NP-induced nephrotoxicity in vitro. Several previous studies
have proven the toxic effect of ZnO NPs on HEK293 cells
[15-17]. However, a recent study indicated that HEK293
cells are developed from embryonic adrenal precursor cells
and are not involved in the main function of the kidney. [18].
In contrast, the HK-2 cell line is derived from human renal
proximal tubular epithelial cells, which play a critical role
in substance accumulation and tubular reabsorption in the
kidney [19]. ZnO NP exposure is toxic to HK-2 cells, but the
underlying mechanism has not been fully elucidated [19].
Considering the size-dependent renal effects of nanoparti-
cles, it is still unclear whether smaller ZnO NPs are more
toxic to the kidney [20, 21].

To address these questions, ZnO NPs with diameters
of 40 nm (Zn0O-40) or 100 nm (ZnO-100) were adminis-
tered daily (34 mg/kg body weight) via oral gavage to adult
mice for two months to investigate structural and functional
changes in the kidney. In vitro, the effect of ZnO-40 or ZnO-
100 exposure on HK-2 cells was examined by cell activ-
ity, apoptosis, mitochondrial ROS and membrane potential
assays to examine the underlying mechanisms. This study
provides a new understanding of the impact of ZnO NPs on
the kidney and provides a reference for the use of ZnO NPs
in industry and medical practice.

Materials and Methods
Materials

Zinc oxide nanoparticles (ZnO NPs) with diameters of
40 nm (Zn0O-40) and 100 nm (ZnO-100) were purchased
from Daxinong Nanotechnology Co., Ltd (Changzhou,
China). CCK8 detection kit was acquired from HANBIO
Company (Shanghai, China). LDH detection kit, penicil-
lin—streptomycin and trypsin were purchased from Beyotime
Institute of Biotechnology (Jiangsu, China). MitoSOX and
JC-1 were purchased from Invitrogen Company (Carlsbad,
CA, USA). AnnexinV-FITC apoptosis/necrosis kit was pur-
chased from BD Biosciences-USA (Franklin Lakes, NJ,
USA). HK-2 cells were purchased from Procell Company
(Wuhan, China).
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Cell Culture

HK-2 cells were cultured in F12 medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicil-
lin—streptomycin (P/S) at 37 °C and 5% CO,. Before exper-
iments, the cells were pre-cultured until cell confluence
reaching 70-80%.

Preparation and Characterization of ZnO NPs

The ZnO NPs of both sizes were first dispersed in F12
medium and pure water, ultrasonicated and vortexed, then
a proper amount of ZnO NPs solution was taken to make
a final ZnO NPs concentration of 1 mg/mL. The ZnO NPs
solution was ultrasonicated and vortexed again to make the
particle dispersed evenly. The hydrodynamic diameters and
Zeta potentials of ZnO NPs diluted in pure water and F12
medium were measured by dynamic light scattering (DLS)
and Zetasizer Nano System (Malvern instruments, UK).

Cell Viability Assay

The effects of ZnO NPs on the viability of HK-2 cells was
evaluated by CCK-8 assay. HK-2 cells were seeded into 96
well plates at a density of 1 x 10* cells/well and then exposed
to 0, 5, 10, 15 and 20 pg/mL ZnO NPs. After 24-h or 48-h
exposure, 10% CCKS detection reagent was added into wells
and cell viability was detected at 450 nm using Cell Imaging
Multimode Reader.

Measurement of Lactate Dehydrogenase Leakage

HK-2 cells were seeded into a 96-well plate at a density of
1 x 10* cells/well, then exposed to 0, 5, 10, 15 and 20 pg/
mL ZnO NPs. After 24-h exposure, cells were centrifuged
at 400 g for 5 min. The supernatant (120 pL) of each sam-
ple was incubated with 60 pL lactate dehydrogenase (LDH)
working solution in the dark for 30 min, and the absorb-
ance at 490 nm was detected using Cell Imaging Multimode
Reader.

AnnexinV-FITC/PI Apoptosis Assay

HK-2 cells were seeded on a 6-well plate and cultured
until confluence to 80%, then cells were treated with F12
complete medium containing Zn0O-40 or ZnO-100 at dif-
ferent concentrations (0, 10 and 15 pg/mL) for 24 h. Cells
were then digested with 0.25% trypsin, filtered, fixed with
1xbinding buffer, and stained with 5 pL. Annexin V-FITC/
PI at room temperature for 15 min without light. The
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apoptotic cells were detected by flow cytometry. Blank
and Annexin V-FITC/PI alone tubes were used as controls.

Western Blotting

HK-2 cells were seeded into 6-well plates at a density of
2% 10° cells/well and exposed to ZnO NPs at concentra-
tions of 0, 10 and 15 pg/mL for 24 h. Cells were rinsed
twice with ice-cold PBS and treated with 1% protease
inhibitor and phosphatase inhibitor. Cells were then
scraped and lysed on ice for 30 min and ultrasonic for
2 min. Cell lysates were centrifuged at 12,000 rpm for
15 min at 4 °C, and the supernatants were collected. Cell
proteins were separated by SDS-PAGE and transferred
onto polyvinylidene difuoride membranes and blocked
with 5% nonfat milk for 2 h. The membrane was incu-
bated overnight at 4 “C with primary antibodies respec-
tively against Caspase 3 (dilution 1:2000), Bax (dilution
1:2000), Bcl-2 (dilution 1:2000), Beclin 1 (1:1000) and
B-actin (1:2000). The membranes were then washed with
Tris-buffered saline containing Tween 20 (TBST) and
incubated at room temperature with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies for 1 h. Pro-
teins were detected using an enhanced chemiluminescence
(ECL) kit and an automatic chemiluminescence image
analysis system. Quantitative analysis was performed
using ImagelJ software.

Detection of Mitochondrial ROS in HK-2 Cells

HK-2 cells were seeded in a confocal glass dish and exposed
to Zn0O-40 or ZnO-100 at 0, 10 and 15 pg/mL for 3 h.
MitoSox was diluted with HBSS at 1:1000 and incubated
for 10 min, with hoechst33342 for 2 min, cells were then
washed with PBS and photographed under a fluorescence
microscope.

Measurement of Mitochondrial Membrane Potential

HK-2 cells were seeded on confocal glass dishes to grow and
exposed ZnO-40 or ZnO-100 at 0, 10, and 15 pg/mL for 3 h.
JC-1 stock solution was diluted with serum-free F12 medium
to a final concentration of 5 pg/mL. Cells were incubated
with working JC-1 solution at 37 “C for 10 min and then
with hoechst 33,342 at 37 °C for 2 min. After staining, cell
pictures were taken with a confocal microscope, JC-1 mono-
mers and JC-1 aggregates were visualized respectively with
excitation light of 488 nm and 568 nm. The ratio of red fluo-
rescence intensity to green fluorescence intensity was used
to represent the level of mitochondrial membrane potential.

In vivo Experiments

Eight-week-old C57BL/6 male mice were purchased from
Chengdu Yaokang Company (Chengdu, China). Mice
were fed in a clean animal laboratory at 2024 °C, humid-
ity 40-70%, 12:12 h light/dark cycle, and had free access
to water and regular SPF-grade adult mice breeding feed
(HUANYU BIO, Beiling). After one week of adaptation,
mice were administrated with ZnO-40 at 34 mg/kg by oral
gavage daily for 2 months. The mice administrated with
same amount of water were used as control. The mice were
randomized into ZnO-40 group and control group (n=6 in
each group). Urines were collected with 1.5-mL EP tubes
before the end of the experiment. Mice were anesthetized
with 1% pentobarbital, blood samples were collected from
the eyeballs, and kidneys were harvested and fixed with
10% neutral formaldehyde for further experiments. The
animal use protocol was approved by the Ethics Commit-
tee of Southwest Medical University for animal experiments
(approval No. 20190306-012).

TUNEL Assay

DNA fragmentation represents the characteristics of late
apoptosis, and the TUNEL (TdT-mediated dUTP nick end
labeling) apoptosis detection kit can be used to detect the
fragmentation of nuclear DNA in tissue cells during apop-
tosis. TUNEL death detection kit was used to detect apop-
totic cells in mice renal paraffin sections according to the
manufacturer's instructions, nuclei were stained with DAPI,
and the fluorescent stains were captured with a confocal
microscope.

Blood and Urine Tests

Mice blood samples were collected from the control and
ZnO NPs-treated mice, kept stillness at 4 °C for 30 min to
let coagulated and then centrifuged at 3,000 rpm for 15 min
to separate the serum. Mice urines were collected and cen-
trifuged at 3,000 rpm for 15 min. Blood urea nitrogen (BUN)
and creatinine levels, and urine protein levels were measured
using an automatic biochemical detector.

Histology

Mice kidneys were harvested and fixed with 10% neutral
formaldehyde, dehydrated with a full-automatic dehydrator,
and embedded in paraffin. Four pm sections were cut with a
microtome and stained with hematoxylin and eosin (H&E).
Structural changes were examined under a microscope.
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Statistical Analysis

All data were expressed as mean =+ standard deviation (SD).
All values were obtained from at least three independent
experiments. Statistical significance was evaluated using
one-way analysis of variance (ANOVA). P <0.05 was con-
sidered statistically significant.

Results
Physiochemical Characterization of ZnO NPs

The hydrodynamic size and zeta potential of ZnO NPs
(Zn0O-40 and ZnO-100) in different dispersion media were
measured. As shown in Fig. 1, the zeta potentials of ZnO-40
and ZnO-100 in pure water were reduced, and their disper-
sion was improved. ZnO NPs showed slight aggregation in
the medium. ZnO-40 and ZnO-100 exhibited homogeneous
size distributions.
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Cytotoxicity of ZnO NPs in HK-2 Cells

A CCKB8 assay was performed to evaluate the cytotoxicity of
ZnO NPs in HK-2 cells. The cells were treated with different
concentrations of ZnO-40 or ZnO-100 for 24/48 h followed
by the CCK8 assay. Compared with that in the control group,
Zn0-40 and ZnO-100 induced dose- and time-dependent
reductions in cell viability, and the cytotoxicity of ZnO-40
was greater than that of ZnO-100 (Figs. 2 A, S1 A).

An LDH leak assay was performed to evaluate the mem-
branous toxicity of ZnO NPs in HK-2 cells. The results
showed that ZnO-40 and ZnO-100 significantly increased
LDH leakage in a concentration-dependent manner (Fig. 2
B), indicating that ZnO NPs could damage membrane
integrity.

After 24 h of ZnO NP exposure, ZnO-40 had smaller
IC50 values than ZnO-100 (18 and 33.2 pg/mL, respec-
tively) (Fig. 2 C), and after 48 h of treatment with ZnO-
40 and ZnO-100, the IC50 values decreased to 16.5 and
28.6 pg/mL, respectively (Fig. S1 C).
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Fig. 1 Characterization of ZnO NPs. (A) Hydrodynamic diameters of ZnO-40 and ZnO-100 in water and culture medium. (B) Zeta potentials of

7Zn0-40 and ZnO-100 in water and culture medium
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Fig.3 Flow cytometry to detect apoptosis in HK-2 cells induced by ZnO-40 and ZnO-100 (0, 10, and 15 pg/ml for 24 h). (A) Original repre-

sentative data. (B) Statistical results

increased (Fig. 3). However, ZnO-100 (15 pg/mL)-treated
HK-2 cells only showed early apoptosis (Fig. 3), suggest-

(n=3)

ing that the effect of ZnO-40 on inducing apoptosis was

greater than that of ZnO-100.

Fig.4 Western blots showing
apoptosis-related proteins (Bax,
Bcl-2, Caspase-3, Beclin-1,
Cyto-C) in HK-2 cells treated
with ZnO-40 and ZnO-100. (A)
Original representative data. (B)
Statistical results (n=3)
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Caspase-3, Beclin-1 and Cyto-C in a concentration-depend-
ent manner (Fig. 4), while the changes in these proteins were
significantly less in ZnO-100 (10 and 15 pg/mL)-treated
cells than in ZnO-40-treated cells (Fig. 4), indicating that
Zn0-40 was more powerful than ZnO-100 in inducing HK-2
cell apoptosis.

Induction of Mitochondrial ROS in HK-2 Cells by ZnO
NPs

Compared with control cells, ZnO NP (10 and 15 pg/mL)-
treated HK-2 cells showed increased ROS generation (Fig. 5).
In addition, ZnO-40 induced higher levels of ROS than ZnO-
100 in HK-2 cells (Fig. 5), suggesting that ZnO-40 was more
powerful than ZnO-100 in inducing mitochondrial ROS.

Mitochondrial Damage in HK-2 Cells Induced by ZnO
NPs

In normal cells, mitochondrial membrane potential is high,
and JC-1 aggregates in the mitochondrial matrix to form a
polymer, which can produce red fluorescence. In the early
stage of apoptosis, mitochondrial membrane potential is low,
JC-1 cannot aggregate in the mitochondrial matrix, and JC-1
is a monomer that can produce green fluorescence. Com-
pared with that of control cells, the mitochondrial membrane
potential of HK-2 cells treated with ZnO-40 and ZnO-100
(10 and 15 pg/mL) was significantly decreased (Fig. 6), and

Ctrl Zn0-40 10 pg/mL

Zn0-40 15 pg/mL

MitoSOX Nuclear

Merge

Zn0-100 10 pg/mL

this decrease was more obvious in ZnO-40-treated cells than
in ZnO-100-treated cells (Fig. 6), suggesting that Zn0-40 is
more toxic than ZnO-100 to mitochondria.

Renal Histological Changes Induced by ZnO NPs
in Mice

HE staining of mouse renal tissue sections showed that ZnO-
40 damaged the structure of the kidney, especially the renal
tubules. Compared with those in control renal tissue, the
tubules of ZnO-40-treated mice showed disordered arrange-
ment, cellular degeneration, and reduced numbers of nuclei
in tubular epithelial cells (Fig. 7). The damage to the glo-
merulus induced by ZnO-40 was characterized by distur-
bances in cellular arrangement and widened renal capsules
(Fig. 7). However, compared with that in the control group,
the renal structural damage induced by ZnO-100 was not
significant (Figure S2).

Apoptosis in Mouse Kidney Tissues Induced by ZnO
NPs in vivo

TUNEL staining was performed to visualize apoptosis in the
kidney tissues of mice. The results showed that the numbers
of apoptotic cells in the kidney tissues of ZnO-40-treated
mice were significantly higher than those in control mice
(Fig. 8 A, B). However, the number of apoptotic cells in
the ZnO-100-treated group did not change significantly
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Fig.5 Measurement of mitochondrial ROS levels in HK-2 cells using MitoSOX Red staining. Before being stained, the cells were exposed to 0,
10 and 15 pg/mL ZnO-40 and ZnO-100 for 3 h. DAPI (blue) was used for nuclear staining
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Fig.6 JC-1 staining showing the disruption of mitochondrial membrane potential induced by ZnO NPs in HK-2 cells. DAPI (blue) was used for

nuclear staining

(Figure S3 A, B), indicating that smaller ZnO-NPs more
easily induced apoptosis in vivo.

Biochemical Changes in Blood and Urine Induced
by ZnO NPs in Mice

Serum creatinine and urea nitrogen levels are common indi-
cators of kidney function in the clinical. The results showed
that after oral administration of ZnO-40, the levels of serum
creatinine, urea nitrogen and urine protein were significantly
elevated compared with those in control mice (Fig. 8 C).
However, these parameters did not significantly change in
Zn0-100-treated mice (Fig. S3 C), suggesting that ZnO-40
is more toxic to renal function than ZnO-100.

Discussion

Recent studies have indicated that many nanoparticles,
including ZnO NPs, preferentially accumulate in the kid-
ney after entering the body [8, 9]. Elimination of ZnO
NPs by the kidney is the most effective excretion path-
way [22]. Although acute and high-dose (500-1000 mg/
kg body weight) exposure to ZnO NPs has been shown
to be toxic to the kidney, our study is the first to report
nephrotoxic evidence following two months of daily
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intragastric administration of two different sizes (40 nm
and 100 nm) of ZnO NPs (34 mg/kg body weight) in
C57 mice. After 2 months of oral exposure to ZnO, we
did not find obvious manifestations of kidney damage
in response to ZnO-100. However, exposure to Zn0O-40
caused overt renal tubular epithelial cell apoptosis and a
significant increase in blood creatinine, blood urea nitro-
gen, and urinary protein, which indicated damage to the
reabsorption abilities of proximal tubular epithelial cells.
Our observation is consistent with a previous report sug-
gesting that the proximal convoluted tubule was the main
target of ZnO NPs [13].

To elucidate the mechanisms of apoptosis caused by ZnO
NPs, we used HK-2 cells, the representative cell line of
proximal tubular epithelial cells of the human renal cortex,
to investigate the size-dependent effects and the underlying
pathways. Our CCK-8 and LDH leak assays showed that
Zn0-40 and ZnO-100 significantly reduced the viability of
HK-2 cells and destroyed the integrity of cell membranes
in a concentration- and size-dependent manner. Notably,
Zn0-40 showed greater toxicity than ZnO-100, indicating
that smaller ZnO NPs are more toxic to the kidney. The
flow cytometry results showed that ZnO-40 (15 pg/mL)
significantly increased the level of early and late apoptosis
in HK-2 cells, whereas the same concentration of ZnO-100
only caused early apoptosis. Since the mitochondria-related
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Control

Fig.7 H&E staining of mouse kidney tissues. (A) Control. Normal
structures of the glomerulus (red arrow) and renal tubules (green
arrows) were observed. (B) Oral ingestion of ZnO-40 (34 mg/kg/

signaling pathway is involved in the toxicity caused by ZnO
NPs exposure [23], we examined the expression levels of
signaling proteins. We observed increased expression of
Bax, Bcl-2, Caspase 3 and Cyto-C but decreased expres-
sion of Beclin-1 in HK-2 cells after exposure to 15 pg/mL
Zn0-40, whereas ZnO-100 exposure only caused a decrease
in Beclin-1. The upregulation of Bax, Caspase 3 and Cyto-
C expression indicates activation of the mitochondrial-
dependent pathway. Bcl-2 not only plays a key role in sur-
vival by inhibiting apoptosis but also inhibits autophagy
proteins by inhibiting Beclin-1 to regulate the transition
between autophagy and apoptosis [24-26]. Bcl-2 inhibits
beclin-1-dependent autophagy, which in turn promotes
apoptosis [27].

day for 2 months). Widened renal vesicles (red arrow), disordered
arrangement of renal tubules, degeneration of renal tubular epithelial
cells and the loss of tubule cell nuclei were observed (green arrows)

NPs have been shown to be deposited on the cell
surface or inside suborganelles and induce a cascade
of oxidative stress signaling, ultimately leading to oxi-
dative stress and decreased functions in different cell
types [28-30]. Oxidative stress is thought to be the main
mechanism of NP-induced cell and tissue toxicity, which
can be attributed to the smaller size and larger specific
surface area of NPs [31]. Mitochondria are one of the
main target organelles of oxidative stress-induced dam-
age [32]. In cardiomyocytes, ZnO NPs can promote mito-
chondrial ROS generation by depolarizing mitochondrial
membranes and destroying electron transport, leading to
a decrease in mitochondrial membrane potential, which
is a sign of early apoptosis [10]. We found that ZnO-40
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Fig.8 (A, B) TUNEL staining of kidney tissues. Green, TUNEL-positive nuclei. Blue, DAPI-positive nuclei. Red arrow, normal cells. Yellow

arrow, apoptotic cells. (C) Blood and urine results

induced higher levels of ROS in HK-2 cells than ZnO-
100, suggesting that ZnO-40 is more powerful at causing
oxidative stress. Accordingly, the decrease in the mito-
chondrial membrane potential in HK-2 cells was more
significant in the ZnO-40-treated group than in the ZnO-
100 group, which further indicates that the renal toxicity
of ZnO NPs depends on particle size.

After ingestion, ZnO NPs can reach the blood circulation
from the gastrointestinal tract and accumulate in the kidneys
[33]. ZnO NPs with smaller sizes take less energy than larger
NPs to be taken up by kidney cells [34]. In addition, cellu-
lar uptake of smaller ZnO NPs can be further facilitated by
clathrin-mediated endocytosis [35]. As a result, smaller ZnO
NPs will more easily accumulate in the kidney. Considering
the higher toxicity of ZnO-40 NPs than ZnO-100 NPs, it is
reasonable that chronic ingestion of ZnO-40 NPs compromises
kidney function more severely in mice than larger particles.
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Our observation is consistent with previous reports suggesting
that smaller ZnO NPs are more toxic [36, 37]

Conclusion

Chronic oral ingestion of ZnO NPs induces significant
renal injury in mice in vivo and is toxic to human renal
tubular epithelial HK-2 cells in vitro. The renal toxici-
ties of ZnO NPs are mainly characterized by tubular
epithelial cell degeneration and apoptosis. The major
toxicity mechanisms involve ROS generation, oxidative
stress and activation of the mitochondrial apoptotic path-
way in tubular epithelial cells. ZnO NPs with smaller
particle size (Zn0O-40) have greater toxicity than larger
particles (ZnO-100), indicating that the renal toxicities
of ZnO NPs depend on particle size. This study raises a
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warning regarding the application of ZnO NPs in indus-
try and medical practice and suggests that ZnO NPs have
renal toxicity, especially in those with renal diseases and
reduced renal function.
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tary material available at https://doi.org/10.1007/s12011-023-03683-3.
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