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ARTICLE INFO ABSTRACT

Handling Editor: Dr. L.H. Lash Zinc oxide nanoparticles (ZnO NPs) have been widely used in various materials including sunscreens, cosmetics,

over-the-counter topical skin products, and pigments. As traces of the used ZnO NPs have been found in the

Keywords: kidney, it is crucial to uncover their potential risks. The aim of this study is to elucidate detrimental effects of
Zinc oxide nanoparticles ZnO NPs and the molecular mechanism behind their renal toxicity. Cytotoxic effects were measured by MTT
f;stg;l:ziy asszay after HK2 cells were exposed to ZnO NPs for 24 h and ICs( value was determined. ROS and intracellular
TRPML1 Zn** levels were detected by flow cytometry, and localization of Znt and lysosome was determined by confocal
Kidney microscopy. Occurrence of autophagy and detection of autophagic flux were determined by Western blot and

confocal microscopy, respectively. We performed unpaired student t test for two groups, and one-way ANOVA
with Tukey’s post hoc for over three groups. ZnO NPs induced cell death in human renal proximal tubule
epithelial cells, HK2. Cytosolic Zn®" caused autophagy-mediated cell death rather than apoptosis. Cytosolic Zn?*
processed in lysosome was released by TRPML1, and inhibition of TRPML1 significantly decreased autophagic
flux and cell death. The findings of this study suggest that ZnO NPs strongly induce autophagy-mediated cell
death in human kidney cells. Controlling TRPML1 can be potentially used to prevent the kidney from ZnO NPs-
induced toxicity.

1. Introduction expression, and signal transduction [7,8]. However, the excessive Znt

such as by entering ZnO NPs can disrupt cellular Zn?* homeostasis,

Zinc oxide nanoparticles (ZnO NPs) are widely and increasingly used
in multiple applications including agriculture, food, and cosmetics, due
to their electrical and optical properties [1]. More recently, ZnO NPs are
utilized in the biomedical and pharmaceutical field, such as drug de-
livery and imaging system [2,3]. Given the widespread use of ZnO NPs,
it is crucial to pay attention to their potential risks, including cytotox-
icity, genotoxicity, and inflammatory effects [4]. Previous studies have
reported that oral administration of ZnO NPs induces hepatotoxicity in
mice and renal toxicity in rats through oxidative stress [5,6]. However,
the underlying mechanism of cellular toxicity is still unclear.

Zn" is an essential ionic signaling molecule that regulates protein
functions by interacting with sulfur of cysteine in cellular proteins and
affects multiple cellular processes including enzymatic activity, gene

leading to cell death via mitochondrial damage and pathologies such as
growth defects, immune dysfunction, and neurodegenerative diseases
[9-11]. If NPs including ZnO NPs enter the body, they circulate in the
bloodstream, and mainly accumulate in the liver, spleen, heart, and
kidney [12,13]. Since urinary excretion of ZnO NPs is one of the avail-
able routes to clear out Zn®*, the renal hazards of ZnO NPs should be
investigated.

At the cellular level, extracellular NPs are internalized by endocy-
tosis and transported into lysosomes where NPs are processed [14]. In
case of ZnO NPs, dissipation of lysosomal Zn?t processed from ZnO NPs
into the cytosol is at least in part regulated by transient receptor po-
tential mucolipin 1 (TRPML1) [15]. TRPMLLI is a Ca?* and Zn%" cation
channel localized in late endosome and lysosome [16,17]. The
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accumulating evidence suggests TRPML1 plays an essential role in
regulation of endocytosis and exocytosis, lysosomal adaptation to
nutrient starvation, and induction of autophagy [18-20]. Additionally,
oxidative stress activates TRPML1 and subsequently Ca®" are released
from the lumen into the cytosol, which leads to enhance autophagy [21,
22]. According to recent identification, cell death in metastatic mela-
noma is mediated by lysosomal Zn?' irrespective of the apoptotic
pathway [23]. In the present study, we demonstrated TRPML1 releases
Zn?* processed from ZnO NPs in lysosome and the released Zn?* triggers
autophagy-mediated cell death in human kidney cells. We also found
that pharmacologic inhibition of TRPML1 interrupts the efflux of Zn?* to
cytosol, leading to protect renal cells from ZnO NPs-induced cell death.

2. Materials and methods
2.1. Reagents

Zinc Oxide nanoparticles (ZnO NPs) purchased from Sigma-Aldrich
(MO, USA) were suspended in phosphate-buffered saline (PBS) and
ultrasonicated for 5 min to avoid aggregation before treating to the cells.
The ZnO NPs were reconstituted in the culture medium with serial
concentrations. ZnO NPs, ML-SI1 (also known as GW405833), N-acetyl-
L-cysteine (NAC), 2,7-Dichlorofluorescein (DCF), 3-Methyladenine (3-
MA), Diethylenetriaminepentaacetic acid (DTPA), and N,N,N’,N’-Tet-
rakis(2-pyridylmethyl)ethylenediamine (TPEN) were purchased from
Sigma-Aldrich. Bafilomycin Al was obtained from TOCRIS (Bristol,
United Kingdom). LysoTracker Red DND-99 and FluoZin™-3, AM, and
FITC Annexin V/Dead Cell Apoptosis kit were purchased from Thermo
Fisher Scientific (CA, USA).

2.2. Characterization of ZnO NPs

The primary size and distribution of ZnO NPs were determined by
transmission electron microscopy (TEM; JEM-1200EX II, JEOL, Tokyo,
Japan). The hydrodynamic size and zeta potential in culture medium
containing 10% fetal bovine serum (FBS) were measured by a Zetasizer
Nano ZS (Malvern, Malvern Hills, UK).

2.3. Cell culture

HK2 cells purchased from Korean Cell Line Bank (Korea) were
cultured in RPMI-1640 (Welgene, Korea) containing 4.5 g/L D-glucose,
2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 1.5 g/L
sodium bicarbonate, 10 % FBS (Gibco), 100 U/ml penicillin, and 100 g/
ml streptomycin (Gibco). The cultured cells were maintained at 37 °C in
a humidified atmosphere of 5 % CO5.

2.4. Cytotoxicity Assay

To determine cell viability following treatment of ZnO NPs, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
was conducted. HK2 cells following exposure to ZnO NPs for 24 h were
incubated with 2 mg/ml MTT at 37 °C for 3 h in the dark. Afterwards,
dimethyl sulfoxide (DMSO) was added to dissolve formazan transformed
by live cells. Absorbance was measured at 540 nm by a microplate
reader (SpectraMax® ABS, Molecular Devices).

2.5. Quantitative Real Time Polymerase Chain Reaction (qQRT-PCR)

A total RNA was extracted from HK2 cells cultured in presence of
vehicle (PBS) or 20 pg/ml of ZnO NPs using TRIzol reagent (Ambion,
Life Technologies) according to the manufacturer’s instructions. Reverse
transcription was carried out with 500 ng of total RNA using a High-
Capacity cDNA RT kit (Applied Biosystems, Thermo Fisher Scientific)
on a Bio-Rad T100 thermal cycler (Bio-Rad). SYBR green-based qRT-PCR
was performed on a QuantStudio™ 3 Real-Time PCR System (Applied
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Biosystems) to analyze expression of target genes, including MCOLN1,
HOI1, NRF2, SOD2, and TRX (Primer sequences are in Table S1). The
relative abundance of mRNA was normalized reference gene, GAPDH.
All primers were purchased from Macrogen (Korea).

2.6. Western blotting

HK2 cells were harvested following treatment of vehicle or ZnO NPs
and lysed with RIPA buffer containing 20 mM Tris-HCl pH 8.0, 150 mM
NaCl, 1 mM EDTA, 1 % Triton X-100, 0.1 % sodium deoxycholate, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 mM sodium orthovanadate
(Na3gVOy), and 1 x protease inhibitor cocktail. Lysates were centrifuged
at 12,000 x g at 4 °C for 15 min and supernatant (whole protein) was
transferred to new tubes. The extracted protein was quantified using a
Pierce BCA protein assay kit (Thermo Scientific). A total 10-20 ug of
protein per well was separated using 8-15 % SDS-PAGE, and then
transferred to 0.45 pm poly-vinylidene fluoride (PVDF) membrane (Bio-
Rad). After blocking with 5 % skim milk solution in Tris-buffered saline
with 0.1 % Tween-20, the membrane was probed with antibodies
including caspase 3, caspase 7, LC3, p62, Actin (Cell signaling technol-
ogy), and TRPML1 (Abcam). Signals were visualized using a chem-
iluminescence detection kit.

2.7. Measurement of Reactive Oxygen Species (ROS)

DCF was utilized to measure ROS response to treatment of ZnO NPs
in HK2 cells. After exposure to 20 pg/ml of ZnO NPs, HK2 cells were
incubated with 2.5 uM of DCF at 37 °C for 30 min in the dark. Relative
fluorescence intensity of DCF was quantified by a BD FACS™ Universal
Loader (BD Biosciences).

2.8. Measurement of intracellular Zn?" level

FluoZin™-3, AM was utilized to detect intracellular Zn®>". HK2 cells
exposed to ZnO NPs for 24 h were incubated with 100 nM FluoZin™-3,
AM at 37 °C for 30 min in the dark. Relative fluorescence intensity of
FluoZin-3 was detected and quantified by a BD FACS™ Universal
Loader.

2.9. Confocal microscopy

To observe localization of intracellular Zn?* and lysosome following
exposure to ZnO NPs for 24 h, HK2 cells were incubated with 100 nM of
LysoTracker Red DND-99 at 37 °C for 1 h and then stained with 100 nM
FluoZin™-3, AM at 37 °C for 1 h in the dark. The cells were washed
twice with PBS. The visualization was performed by a Nikon AX confocal
microscope (Nikon, Japan). To measure autophagic flux altered by ZnO
NPs, 2 ug of GFP-LC3-RFP plasmid were transfected to HK2 cells using
lipofectamine™ 2000 reagent according to the product manual (Thermo
Fisher Scientific). The fluorescent signal was detected by the Nikon AX
confocal microscope (Nikon, Japan).

2.10. Knock-down using siRNA against MCOLN1

HK2 cells were transfected with 4 different sets of siRNA duplexes
against MCOLN1 (Table S2; Bioneer, Korea) and siRNA universal nega-
tive control #1 (Sigma Aldrich). At 48 h of post-transfection, cells were
exposed to ZnO NPs for 24 h, and then used for further experiments,
including Western blotting, MTT assay, and immunofluorescence.

2.11. Statistical analysis

Data were analyzed using GraphPad Prism 9 (San Diego, CA) and
presented as mean + standard error of mean (SEM) of at least three
independent experiments. Normal distribution was evaluated with
Shapiro-Wilk test. For normally distributed data, we performed the
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unpaired t test for comparing two groups and one-way analysis of
variance (ANOVA) for comparing three or more than three categorical
groups. Significant difference following one-way ANOVA was deter-
mined by Tukey’s test for post hoc analysis.

3. Results

3.1. ZnO NPs cause cell death in human kidney epithelial cells via
generation of Zn?*

The characterization of ZnO NPs used in the present study was
determined by TEM. The particles had a mixture of rod and spherical
shapes in their morphology (Fig. 1A) and primary size was 110.98 +
58.29 nm (Fig. 1B). The zeta potential of ZnO NPs was — 10.3 + 0.3 mV,
and hydrodynamic size with dynamic light scattering (DLS) was 288.8
+ 21.7 nm in culture medium supplemented with 10 % FBS (Fig. 1C).

As damages in renal tubular epithelial cells play a role in the path-
ological process of both acute and chronic kidney diseases, we chose a
human renal proximal tubule epithelial cell line, HK2. To identify the
cytotoxic effect of ZnO NPs on HK2 cells, serial concentrations of ZnO
NPs were exposed for 24 h. ZnO NPs were sonicated for 5 min to ho-
mogenize the particles to prevent from aggregation, before treating ZnO
NPs in every experiment. Treatment of ZnO NPs caused the decrease of
cell viability at 24 h, and ICso value of ZnO NPs was approximately
20 ug/mL (Fig. 2A). In the further experiments, we treated 20 pug/mL of
ZnO NPs based on ICsg value. Since ZnO NPs are rapidly dissolved into
Zn*t, we detected free intracellular Zn?* using FluoZin-3 AM following
treatment of ZnO NPs. Treatment of ZnO NPs generated a significant
amount of Zn?" (Fig. 2B), and subsequently reduced cell viability
(Fig. 2C). To clarify whether generation of intracellular Zn?* contributes
to cell death, Zn2+-chelat0r, diethylenetriamine pentaacetate (DTPA),
was added to ZnO NP-treated HK2 cells. DTPA treatment significantly
blocked intracellular Zn?* generation (Fig. 2B), and allowed to recover
cell viability as much as vehicle-treated group (Fig. 2C). To confirm
whether cell death is dependent on caspase activity, we examined
cleavage of executioner caspase 3 and 7 by treatment of ZnO NPs.
Interestingly, ZnO NPs completely inhibited the cleavage of caspase 3
and 7 (Fig. 2D and S5). To ensure that the observed cell death was not
due to apoptosis, we performed Annexin V (green) and PI (red) staining.
As shown in Fig. 2E, there were fewer Annexin V-positive cells in the
ZnO NPs-treated cells compared to cisplatin (CDDP)-treated cells (pos-
itive control), indicating that the cell death induced by ZnO NPs was not
primarily due to apoptosis. Collectively, these data suggest that cytosolic
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Zn?* released from ZnO NPs mediates HK2 cell death, but not via
caspase-dependent apoptotic pathways.

3.2. ZnO NPs induce autophagy-dependent cell death rather than
apoptosis

Since ZnO NP-induced cell death was independent of the caspase
activity, it was necessary to verify that ZnO NPs-induced cell death
mediates autophagy. As our expectation, the exposure to ZnO NPs
induced lipidation of LC3 and increased p62 expression. Torinl (mTOR
inhibitor) was used as a positive control (Fig. S1A, S1B, and S6). Both
LC3 lipidation (LC3-II) and p62 expression were alleviated by DTPA
treatment (Fig. 3A, 3B, and S7), which means generation of intracellular
Zn?* is associated with autophagic flux. TPEN (another Zn?t chelator)
was also alleviated LC3 lipidation and p62 expression (Fig. 3C, 3D, and
$8). Similar to the results observed with DTPA (shown in Fig. 2C), TPEN
treatment partially protected cells against ZnO-induced cell death
(Fig. 3E). Bafilomycin A1 (BafAl) is an inhibitor of autolysosome, which
blocks the fusion of autophagosome and lysosome. To confirm whether
blocking autophagic flux protects against cell death caused by the in-
crease of intracellular Zn?>*, we measured intracellular Zn?" using
FluoZin-3 AM following treatment with BafAl. BafAl significantly
interrupted the generation of intracellular Zn* generation (Fig. 3F) and
partially allowed to recover cell viability (Fig. 3G). Interrupting the
formation of ZnO-mediated autolysosomes was confirmed by the accu-
mulation of LC3 lipidation and p62 in BafA1l-treated cells, which means
BafAl hinders autophagic clearance (Figs. 3H, 3I, and S9). Similarly, the
inhibition of autophagosome formation using 3-MA decreased ZnO-
mediated LC3 lipidation (Fig. S2A, S2B, and S10), and partially pro-
tected from autophagic cell death (Fig. S2C). A fluorescent probe GFP-
LC3-RFP was introduced to HK2 cells to evaluate autophagic flux. The
autophagic flux can be measured by calculating the ratio of GFP to RFP.
If the merged color is yellow, it indicates low autophagic flux. If the
merged color is red, it indicates high autophagic flux [24]. When HK2
were exposed to ZnO NPs for 24 h, the intensity of GFP was diminished
and the merged color of RFP and GFP signals was closer to red compared
to vehicle-treated cells, indicating GFP-LC3 was degraded by autolyso-
some (Fig. 3J). Taken together, these findings suggest that ZnO NPs
encourage autophagy-mediated cell death in HK2.

0 20 40 60 80 100120140160 180200
Size [nm]

Hydrodynamic diameter
(hm)

PDI Zeta potential (mV)

ZnO 288.8

0.165 -10.3

Fig. 1. Characterization of ZnO NPs used in the present study. (A, B) Structural characterization and particle size distribution of ZnO NPs were obtained by TEM. (C)
Hydrodynamic size and zeta potential of ZnO NPs were measured in complete culture medium containing 10 % FBS.
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Fig. 2. Zn>" generated from ZnO NPs induces cell death in proximal tubule epithelial cells. (A) HK2 cells were exposed to serial concentrations of ZnO NPs for 24 h.
ZnO NP-induced cytotoxicity was determined by MTT assay. IGso value was calculated by GraphPad Prism 9. (B) Intracellular Zn>" level was measured and
quantified by flow cytometry. (C) After treatment of 20 ug/ml ZnO NPs and 1 mM DTPA, cell viability was determined by MTT assay. (D) Western blot image shows
activities of caspase 3 and caspase 7. Actin was used as an internal control. (E) Annexin V and PI staining indicates ZnO NP-induced apoptosis in HK2 cells. Cisplatin
(CDDP) was used for positive control. All data are represented as mean + SEM. ****p < 0.0001.

3.3. Lysosomal TRPMLI mediates to generate cytosolic Zn>" with
cytotoxicity

Exposure to NPs including ZnO NPs or damages in cellular organelle
induce oxidative stress, resulting in cytotoxicity [25,26]. In order to
confirm the relevance of ROS in our study, ROS generation was deter-
mined by detection of DCF using flow cytometry. We observed ZnO NPs
significantly increased intracellular ROS level (Fig. S3A). Chelating Zn?*
using DTPA blocked to generate ROS as much as NAC-treated group.
Scavenging ROS with NAC partially protected from cell death caused by
ZnO NPs (Fig. S3B). Additionally, antioxidant genes including HOI,
NRF2, SOD2, and TRX were highly expressed in response to treatment of
ZnO NPs (Fig. S3C). According to a paper published in 2016, high level
of ROS directly and specifically activates TRPMLI1 that regulates the
release of cation from lysosome [22,23]. Based on the previous study,
we investigated the relevance of TRPML1 with Zn?"-mediated cell
death. Treatment of ZnO NPs enhanced gene (MCOLNI) and protein
expression of TRPML1 in 24 h (Fig. 4A-C, and S11). The exposure to
ZnO NPs increased cytosolic Zn?* level compared to vehicle-treated cells
(Fig. 4D). Inhibition of TRPML1 by ML-SI1 did not alter the total
intracellular Zn** level (Fi g. 4D). However, ML-SI1 facilitated the
localization of Zn?* to lysosomes, leading to the decrease of cytotoxic
cytoplasmic Zn?* level by blocking the efflux of Zn?* from lysosome to
the cytoplasm (Fig. 4E). To further confirm the role of TRPML1 inhibi-
tion, we depleted endogenous TRPML1 by treatment with specific siR-
NAs. The two duplexes of siRNA against MCOLN1 (#3 and #4) were
found to reduce TRPML1 expression (Fig. 4F, and S12). Depletion of
TRPML1 using siRNA #3 facilitated the localization of Zn?" to lyso-
somes (Fig. 4G), resulting in the decreased cytoplasmic Zn?" level that
led to increased cell viability (Fig. 4H). In contrast, negative control
siRNA-treated cells exhibited high levels of cytoplasmic Zn?* (Fig. 4G).
Furthermore, the scavenging of ROS using 10 mM NAC led to the
localization of Zn2?" to lysosomes and a reduction in cytoplasmic Zn?*
level, indicating NAC probably blocks the release of lysosomal Zn?*
through TRPML1 (Fig. S4). These findings propose that ZnO NP-induced
ROS probably activate TRPML1, which are responsible for the excessive
level of cytosolic Zn?*.
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3.4. Inhibition of TRPML1 blocks autophagic flux caused by ZnO NPs in
HK2

To figure out that TRPMLI activity influences autophagic flux, we
transfected GFP-LC3-RFP plasmid to HK2 cells and then ZnO NPs were
treated for 24 h. Pharmacologic inhibition of TRPMLI (close to yellow)
activity by ML-SI1 showed a strong intensity of GFP compared to ZnO
NPs-treated cells (close to red due to weak signal of GFP; Fig. 5A), which
means that inhibition of TRPML1 mitigated to create autolysosome. In
addition, ML-SI1 partially alleviated autophagy-mediated cell death
(Fig. 5B). Collectively, TRPML1 inhibition attenuated autophagic flux
from autophagosome to autolysosome, resulting in cell protection from
ZnO NPs.

4. Discussion

The present study aimed to investigate the mechanism underlying
the cytotoxicity of ZnO NPs on human renal tubule epithelial cells. We
identified ZnO NPs significantly caused cell death in 24 h of exposure.
Since the cell death was not mediated by activation of executioner
caspases, we investigated ZnO NP-induced autophagy as a cell death
mechanism. In response to ZnO NP treatment, LC3 lipidation was
significantly elevated, which coincided with the increase of autophagic
flux. Inhibition of autophagic flux using BafA1l and 3-MA significantly
alleviated cytotoxicity caused by ZnO NPs. When ZnO NPs were exposed
to HK2 cells, cytosolic Zn?>* and intracellular ROS levels were increased.
Both Zn?" chelator and ROS scavenger inhibited the increase of cytosolic
Zn?* and subsequently protected from cell death. Furthermore, ZnO NPs
induced TRPML1 gene (MCOLN1) and protein expression, which means
ZnO NP can activate TRPML1 and release Zn?" from lysosome to cyto-
plasm. Pharmacologic inhibition of TRPML1 using ML-SI1 and genetic
inhibition using siRNA against MCOLN1 interrupted the dissipation of
lysosomal Zn?" to the cytoplasm and blocked autophagic flux. Subse-
quently, ZnO NP-induced autophagic cell death was alleviated.

Our findings that cleavage of both caspase 3 and 7 was totally
inhibited by treatment of ZnO NPs are alignment with previously
investigated studies [27,28]. It has been reported that micromolar
concentrations of Zn?" significantly mitigated apoptotic process and
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Fig. 3. ZnO NPs encourage autophagy-mediated cell death in HK2. (A) Western blot data indicate LC3 lipidation (LC3 II) and p62 expression induced by ZnO NPs. (B)
Western blot bands were quantified using Image J (AU: arbitrary unit). (C) Western blot images indicate TPEN treatment alleviates LC3 lipidation and p62 expression.
(D) Western blot bands were quantified using Image J (AU: arbitrary unit) (E) Cell viability recovered by TPEN was determined by MTT assay. (F) After treating ZnO
NPs and 100 nM BafA1 for 24 h, the cells were stained with FluoZin-3 AM. Intracellular Zn>** content was measured by flow cytometry. (G) Cell viability recovered by
BafAl was determined by MTT assay. (H) Accumulation of LC3 lipidation and p62 by BafA1l confirmed by Western blot. (I) Western blot bands were quantified by
Image J. (J) HK2 cells were transfected with GFP-LC3-RFP plasmids. The single and merged images of GFP and RFP were visualized by confocal microscopy. All data
are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

proteolysis of poly ADP-ribose polymerase (PARP) due to inhibition of nanomolar levels with Zn?t binding stoichiometry [27]. Thus, the cur-

caspase 3 activity [28]. It has been proposed that one of Zn?* binding rent results imply ZnO NPs may not mediate apoptotic cell death carried
sites in caspase 9 was responsible for Zn?**-mediated inhibition [29]. out by caspase cascade in HK2. Previous studies have investigated that
More recently, inhibition of caspase 3, 6-8 by Zn?" has been shown at ZnO NPs induce autophagy in various cell types. Many autophagosomes
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(scrb). Cell viability was determined by MTT assay. All data are represented as mean + SEM. **p < 0.01, ***p < 0.001, and *

and autolysosomes were found in murine astrocytes exposed to ZnO NPs
and level of LC3 was increased via PI3K and MAPK activation resulting
from oxidative stress [30]. Acute exposure to ZnO NPs induced auto-
phagy in primary human T cells and immortalized immune cells in vitro
and caused immunotoxicity in vivo [31]. In addition, ZnO NPs triggered
initiation of autophagy through lysosomal and mitochondrial dysfunc-
tion; however, autophagic flux was arrested in lung epithelial cells [32].
Our current study coincides with the fact that ZnO NPs initiate auto-
phagy in HK2 cells as like other cell types. However, ZnO NPs-mediated
cell death in HK2 cells contradict with previous investigation. As
mentioned above, since excessive Zn?" caused by treatment of ZnO NPs
interrupted caspase activity, apoptosis was not able to occur in HK2
cells. Instead of apoptotic pathway, treatment of ZnO NPs formed
autophagosome and enhanced the fusion of autophagosome and lyso-
some, which in turn induced cell death. Thus, we concluded ZnO NPs
mediate autophagic cell death, not passing through caspase cascade due
to cytosolic Zn?".

TRPML1 encoded by MCOLN]1 is a non-selective cation channel in
the membrane of late endosomes and lysosomes, which is involved in
regulating their functions including acidification, trafficking, membrane
fusion, and autophagy [16,33,34]. Lysosomal Ca?" released by the
activated TRPMLI stimulates nuclear translocation of TFEB that is a key
regulator of lysosomal biogenesis and autophagy [21,35,36]. Like Ca®™,
heavy metals including Fe?* and Zn?' are also permeable through
TRPML1 from lysosome lumen to cytoplasm [37]. In the present study,
TRPMLI1 expression as well as MCOLN1 was increased in response to
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p < 0.0001.

treatment of ZnO NPs. Although the inhibition of TRPML1 activity did
not affect total level of intracellular Zn®*, it allowed Zn®>" to be more
concentrated in lysosomes than cytosol by blocking efflux of lysosomal
Zn?*. Based on these findings, we suggest TRPML1 activated by ZnO NPs
significantly participates in regulating lysosomal Zn?" efflux. A previ-
ously published paper showed that an activator of TRPML1 (ML-SA1)
had evoked lysosomal Ca?" release to cytosol, but Ca®>* and TFEB had
been not required for TRPML1-mediated Zn?" efflux in cancer cells [23].
Based on this paper, the effect of lysosomal Ca®" release through
TRPML1 could be probably ruled out on Zn?*-mediated autophagic cell
death in our study. The excessive level of Zn?* due to ZnO NPs triggers
cellular toxicity through induction of oxidative stress and ROS, which in
turn elicits DNA damage and cell death [38,39]. Recently, it has been
reported that the activation of TRPMLL1 to release lysosomal cations is
directly mediated by exogenous oxidant and endogenous ROS [22]. The
activation of TRPML1 causes mitochondrial damage and stimulates
efflux of lysosomal 7Zn®>" in melanoma cells [23]. Enhancement of
TRPML1 using specific agonists ML-SA5 and MK6-83 promotes auto-
phagy initiation through increase of cytosolic Zn?" in cancer cells [40].
Along the lines of evidence, we observed that an increase of intracellular
ROS in response to ZnO NPs stimulated to generate intracellular Zn?",
and scavenging ROS with NAC allowed Zn%* to be localized to lyso-
somes. Hence, these findings imply TRPMLI can be triggered by ROS to
release Zn?* from lysosomes in response to ZnO NPs.
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Fig. 5. TRPML1 inhibition blocks autophagic flux. (A) HK2 cells were exposed to ZnO NP for 24 h following transfected with GFP-LC3-RFP plasmids. The single and
merged images of GFP and RFP were visualized by confocal microscopy. (B) Cell viability recovered by 20 pM ML-SI1 was determined using MTT assay. All data are

represented as mean + SEM. ****p < 0.0001.
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