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The increasing use of copper oxide nanoparticles (CuONPs) has led to major concerns regarding both the
predominant physicochemical properties and the potential toxic effects on the environment and human
health. The objective of this study is to explore the possible mechanisms underlying the toxicity of
CuONPs in vascular endothelial cells. We found that CuONPs induced the cell death in human umbilical
vein endothelial cells (HUVECs) through a caspase-independent pathway. Our results also demonstrated
that CuONPs were prevalently deposited within lysosomes. The lysosomal deposition of CuONPs led to
lysosomal dysfunction, resulting in the impairment of autophagic ﬂux and the accumulation of undegraded autophagosomes. Nevertheless, blockage of the lysosomal deposition of CuONPs could signiﬁcantly attenuate HUVEC cell death. Interestingly, we found that the inhibition of lysosomal deposition of
CuONPs reduced the release of Cu ions, which has been considered as the crucial factor for the toxicity of
CuONPs. In summary, our results indicate that the lysosomal deposition of CuONPs (along with the
enhanced release of Cu ions form CuONPs) triggers CuONPs-induced HUVEC cell death. Our ﬁndings
provide an insight into the mechanism of toxicity to the cardiovascular system induced by toxic metal
oxide nanoparticles exposure.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Copper oxide nanoparticles (CuONPs) exhibit unique optical,
mechanical, electrical and catalytic properties; they are widely
used in the ﬁelds of industry, life sciences, and healthcare [1]. For
instance, they have been extensively used as oxidation catalysts
[2,3], electric conductors [4,5], magnetic storage media [6], energy
storage material [7], and antimicrobials reagent against Escherichia
coli, Staphylococcus aureus and Bacillus subtilis [8,9]. However, with
the increased application of CuONPs, concerns have been raised
regarding its potential toxicity to environmental and human health
[10e15].
Nanoparticles invade the organism primarily through lung
inhalation routes [16]. Its continuous exposure can induce dosedependent lung inﬂammation and cellular damage [17]. Also, the
inhaled nanoparticles have an especially signiﬁcant inﬂuence on
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the cardiovascular system [18]. The precise pathway, through
which nanoparticles affect the cardiovascular process, has not yet
been deﬁned, although two hypotheses have been proposed. The
indirect pathway is that inhaled particles provoke an inﬂammatory
response in the lungs, with consequent release of prothrombotic
and inﬂammatory cytokines into the circulation [19e21]. Another
proposed pathway is that inhaled nanoparticles can penetrate the
air-blood barrier into the systemic circulation, subsequently accumulate at sites of vascular inﬂammation and directly inﬂuence the
cardiovascular functions [22,23].
Previous in vitro studies conﬁrmed that CuONPs induce high
toxicity to human lung epithelial cells A549, liver hepatocellular
carcinoma cells HepG2, leukemic cells HL60, bronchial epithelial
cells and human breast cancer cells MCF7 [24e28]. The toxicity of
CuONPs mainly originates from both the CuO particles and the
released Cu ions [29,30]. CuONPs can directly trigger oxidative
stress and inﬂammation [31], resulting in signiﬁcant genotoxicity
and cytotoxicity [24,29,32]. However, the molecular mechanisms
underlying the toxicity of CuONPs and the toxic effects of CuONPs
to cells in the cardiovascular system have not been described.
Recently, lysosomal dysfunctions have been considered as a
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possible mechanism of nanoparticles-induced toxicity. Lysosomes
play an essential role in the degradation of both dysfunctional
proteins and damaged organelles to maintain cellular homeostasis
[33]. Lysosomal dysfunction could induce lysosomal membrane
permeabilization (LMP), which is a recognized cell death mechanism resulting from the release of cathepsins and other hydrolases
from the lysosomal lumen to the cytosol [34,35]. Increasing evidence indicates that the cellular deposition of nanoparticles can
cause autophagic stress and lysosomal dysfunctions, thus lead to
the toxicological consequences [36,37]. But the speciﬁc roles of
lysosome in CuONPs-induced cytotoxicity, particularly in the
vascular endothelium, have not been clariﬁed.
Vascular endothelium could be directly exposed to toxic nanoparticles in the bloodstream, suggesting the potential pathogenic
relevance between nanoparticles and vascular endothelium. The
objective of this study is to explore the possible mechanisms of
CuONPs toxicity in vascular endothelial cells. We investigated the
adverse effects of CuONPs on HUVECs and discussed the contributions of both the Cu ions released from CuONPs and lysosomal
deposition in CuONPs-triggered HUVEC cell death. The ﬁndings will
help to better understand the toxic effects of nanoparticles exposure to the cardiovascular system.
2. Materials and methods
2.1. Nanoparticles and characterization
CuONPs (<50 nm particle size, #544868) were purchased from
Sigma Aldrich (St. Louis, MO, USA). According to the manufacturer's
illustration, the size of the CuONPs was less than 50 nm size.
Further characterization was carried out to determine different
physicochemical characteristics of CuONPs. The size and
morphology of the CuONPs were observed using transmission
electron microscopy (TEM, JEM-1400Plus). Chemical composition
was analyzed by energy dispersive X-ray spectroscopy (EDS) using
a JEOL JSM6700F microscope (Japan). The hydrodynamic diameter
and an estimation of surface charge of CuONPs were determined by
dynamic light scattering (DLS) using a Malvern Zetasizer Nano
ZEN3600 (Malvern, Massachusetts, USA).
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streptomycin at 37  C with 5% CO2. We constructed the speciﬁc
HUVEC cells, which stably expressing the mRFP-GFP-LC3 (tfLC3)
fusion protein. HUVEC-tfLC3 cells were isolated by inoculation of
mRFP-GFP-LC3 lentivirus followed by selection with puromycin.
For transfection with pEGFP-LC3 plasmid (a gift from Tamotsu
Yoshimori) [38], cells were seeded in 12-well plates overnight and
then transfected with plasmid using Lipofectamine 2000 (Invitrogen, CA, USA) for 24 h according to the manufacturer's instructions. For treatment with CuONPs, cells were seeded in 12well plates for overnight and then treated with CuONPs, which
were suspended in culture medium and vigorously vortexed for
several seconds before exposure. Finally, cells were harvested and
assays were conducted. For pretreatment with chemical inhibitors,
cells were pretreated with Z-VAD-fmk, NH4Cl, Baf A1, or TTM for
1 h, hereafter were treated with CuONPs in the culture medium.
2.4. Cell viability assays
Cell viability was determined by MTS assay (#G5430, Promega,
Madison, WI, USA) as previously described [39]. Brieﬂy, HUVEC
cells were seeded into 96-well plates and cultured overnight. After
treatment for the indicated time points shown in ﬁgure captions,
MTS/PMS solution in culture medium was added to each well of the
plate and the plate was incubated at 37  C for 1 h. The absorbance of
each well was measured at 490 nm using a VERS Amax Microplate
Reader (Molecular Devices Corp, Sunnyvale, CA, USA).
2.5. Flow cytometry assays
Flow cytometry assays were performed as previously described
[40]. An annexin V-FITC apoptosis analysis kit was used for
apoptotic cells detection. Tetramethylrhodamine ethyl ester
perchlorate (TMRE) (5 nM) was used to measure mitochondrial
membrane potential. LysoTracker Green DND-26 (50 nM) was used
to probe functional acidic lysosomes. All ﬂow cytometry assays
were performed on a BD Inﬂux Cell Sorter (BD Biosciences, San Jose,
CA, USA), and results were analyzed using BD FACS software. All
assays were conducted in triplicate at least three times.
2.6. Transmission electron microscopy

2.2. Reagents
Tetramethylrhodamine ethyl ester perchlorate (TMRE, #87917),
ammonium tetrathiomolybdate (TTM, #323446) and 3methyladenine (3-MA, #M9281) were purchased from Sigma
Aldrich (St. Louis, MO, USA). Annexin V-FITC apoptosis analysis kit
was purchased from Sungene Biotech (Tianjin, China). Z-VAD-fmk
(#C1202) and penicillin-streptomycin (#C0222) were purchased
from Beyotime (Jiangsu, China). Staurosporine (#9953) were purchased from Cell Signaling Technology (Danvers, MA, USA). Wortmannin (#S2758) was purchased from Selleck Chemicals (Houston,
TX, USA). Ammonium chloride (NH4Cl, #A116373) was purchased
from Aladdin Chemistry (Shanghai, China). Baﬁlomycin A1 (Baf A1,
#sc-201550) was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). LysoTracker Green DND-26 (#L7526) and Dulbecco's Modiﬁed Eagle's Medium (DMEM, #11965-092) was purchased
from Thermo Fisher Scientiﬁc (Waltham, MA, USA). Fetal bovine
serum (FBS, #04-001-1ACS) was purchased from Biological Industries (Kibbutz Beit Haemek, Israel).
2.3. Cell culture and treatment
The HUVEC cell line was purchased from the American Type
Culture Collection (Rockville, MD, USA) and was cultured in DMEM
medium supplemented with 10% FBS and 100 U penicillin-

The morphologies of CuONPs were characterized by transmission electron microscopy (TEM). Brieﬂy, a few drops of CuONPs
aqueous solution were added on carbon-coated copper grids, dried
at room temperature, and detected by TEM (Hitachi-7500, Japan).
For cell morphology assay by TEM, cells were centrifuged at 1000 g
for 5 min after trypsinization and ﬁxed with 4% glutaraldehyde in
0.2 M of phosphate-buffered saline (PBS, pH 7.4) for 2 h at 4  C,
washed three times with PBS, and then postﬁxed with 1% osmium
tetroxide in 0.2 M PBS for 1 h at 4  C. The cell samples were dehydrated in a graded series of alcohol and acetone, and then
embedded in Epon 816 (Electron Microscopy Sciences, USA). The
ultrathin sections were obtained by using a Leica ultramicrotome
(Leica Microsystems, Buffalo Grove, IL, USA), stained with uranyl
acetate and lead citrate, and ﬁnally examined under a JEM1400Plus transmission electron microscope (JEOL Ltd. Tokyo,
Japan).
2.7. Western blotting assays
For western blotting assays, HUVECs cells were washed three
times with cold PBS and lysed in radioimmunoprecipitation assay
(RIPA) lysis buffer (Beyotime, Jiangsu, China) supplemented with
protease inhibitor cocktail (Roche, Basel, Switzerland). After lysis on
ice for 30 min, cell lysates were centrifuged for 30 min at 4  C at
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12,000 g. The supernatants were subjected to SDS-PAGE and proteins were transferred onto polyvinylidene ﬂuoride (PVDF) membrane (Merck Millipore, Billerica, MA, USA). The membranes were
incubated with corresponding primary and secondary antibodies.
The protein signals were detected using a New-SUPER ECL Substrate Kit (Keygen Biotech, Nanjing, China). The following antibodies were used in this study: a Cleaved Caspase Antibody
Sampler Kit (1:1000, Cell Signaling Technology, #9929), LC3
(1:1000, Cell Signaling Technology, #12741), Beclin-1 (1:1000, Cell
Signaling Technology, #3495), Atg5 (1:1000, Cell Signaling Technology, #12994), SQSTM1/p62 (1:1000, Cell Signaling Technology,
ab109012), lysosomal-associated membrane protein 1 (LAMP-1,
1:1000, Cell Signaling Technology, #9091), LAMP-2 (1:500, Santa
Cruz Biotechnology, sc-18822) and b-actin (1:3000, Bioss, bs0061R).
2.8. Immunoﬂuorescence staining
Cells seeded on coverslips were washed three times with precold PBS, ﬁxed with 4% paraformaldehyde (PFA) in PBS for
15 min at room temperature and subsequently permeabilized with
0.2% Triton X-100 in PBS for 10 min at room temperature. Cells were
incubated with blocking solution (2% BSA and 22.52 mg/ml glycine
in PBS) for 1 h at room temperature, and then incubated with primary antibodies diluted in blocking solution overnight. After at
least 3 washes in PBS, cells were incubated with secondary antibodies and 40 ,6-diamidino-2-phenylindole (DAPI, Molecular
Probes, Eugene, OR, USA) diluted in blocking solution for 1 h. Cells
were then washed three times with PBS and the coverslips were
sealed with nail polish. Fluorescence was examined using confocal
laser scanning microscopy (Nikon, Tokyo, Japan), and the images
were analyzed using NIS-Elements Viewer 4.20. The following antibodies were used in this study: LAMP-1 (1:200, Cell Signaling

Technology, #9091), LAMP-2 (1:100, Santa Cruz Biotechnology, sc18822), Alexa Fluor 594-conjugated donkey anti-rabbit immunoglobulin G (IgG, 1:500, Molecular Probes, A-21207) and Alexa Fluor
488-conjugated donkey anti-mouse IgG (1:500, Molecular Probes,
A-21202).
2.9. RNA interference
All small interfering RNAs (siRNAs) were purchased from GenePharma (Shanghai, China). Cells were mock-transfected or transfected with siRNAs using Lipofectamine RNAiMAX (#13778150,
Invitrogen) for 48 h according to the manufacturer's instructions
and knockdown efﬁciencies of the siRNAs were determined by
western blotting analysis. The siRNA sequences used in this study
are as follows:
siBeclin-1: 50 -GCUGCCGUUAUACUGUUCUtt-30 ,
si-LAMP-1: 50 -CAAUGCGAGCUCCAAAGAAtt-30 ,
si-LAMP-2: 50 -GCGGUCUUAUGCAUUGGAAtt-30 ,
Negative control siRNA: 5’'-UUCUCCGAACGUGUCACGUtt-3’.

2.10. Copper ions assays
Cu ions released in cell culture medium were assayed with a
QuantiChrom Copper Assay Kit (BioAssay Systems, Hayward, CA,
USA) as described previously [24,41]. Brieﬂy, after 24 h of treatment
with CuONPs, culture medium supernatant was collected and 35 ml
of Reagent A was mixed by vortexing with 100 ml of each sample.
One hundred 50 mL of working solution (mixing 5 ml Reagent B and
150 ml Reagent C) were transferred to each sample and incubated
for 5 min at room temperature. The amount of Cu ions in the medium was assayed by measuring the absorbance at 359 nm under a

Fig. 1. Physical characteristics of CuONPs. (A) A representative TEM image of CuONPs. (B) The EDS spectrum of CuONPs. (C) The hydrodynamic diameters and zeta-potentials of
CuONPs were measured by dynamic light scattering (DLS) using a Malvern Zetasizer Nano-ZS instrument.
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VERS Amax Microplate Reader (Molecular Devices Corp, Sunnyvale,
CA, USA). Results were normalized in comparison with the control
and expressed as fold increase.
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CA, USA). *p < 0.05 indicates statistical signiﬁcance, **p < 0.01 indicates high signiﬁcance, and NS indicates no signiﬁcance.

3. Results
2.11. Statistical analysis
3.1. Characterization of copper oxide nanoparticles (CuONPs)
Data are shown as the mean ± standard deviation (S.D.). Each
experiment was repeated at least three times. All statistical tests
were conducted using Prism 5.0 (GraphPad Software, San Diego,

CuONPs were characterized by transmission electron microscopy (TEM), energy dispersive spectroscopy (EDS) and dynamic

Fig. 2. CuONPs triggered HUVEC apoptotic-like cell death. (A) MTS analysis of HUVEC cells treated with various concentrations of CuONPs (0.1, 0.3, 0.5, 1, 3, 5, 10, 20, 30, 50 mg/ml)
for 24 h. Data are representative of three independent experiments, and values are expressed in mean ± S.D. One-way ANOVA analysis with Tukey's test was performed for
statistical analysis. *p < 0.05 and **p < 0.01. (B) MTS analysis of HUVEC cells exposed to 20 mg/ml of CuONPs for 3, 6, 9, 12, or 24 h. Data are representative of three independent
experiments, and values are expressed in mean ± S.D. One-way ANOVA analysis with Tukey's test performed for statistical analysis. *p < 0.05 and **p < 0.01 versus 10 mg/ml CuONPs
treatment for 0 h; #p < 0.05 and ##p < 0.01 versus 20 mg/ml CuONPs treatment for 0 h. (C) Detection of apoptotic cells in CuONPs-treated HUVEC cells using ﬂow cytometry after
annexin V-FITC/propidium iodide staining. HUVEC cells were treated with 20 mg/ml of CuONPs for 24 h. The relative percentage of live (lower-left quadrant), early apoptotic (lowerright quadrant), and late apoptotic and necrotic (upper-right quadrant) cells are shown. (D) Flow cytometry analysis of HUVEC cells treated with 20 mg/ml of CuONPs for 24 h
following staining with TMRE (1 nM). MFI, mean ﬂuorescence intensity. (E) Western blotting analysis of cleaved-caspases levels in HUVEC cells treated with CuONPs (20 mg/ml) at
indicated time points. Cell extracts from HUVECs treatment with staurosporine (a well-known inducer of apoptosis) were used as a positive apoptosis control. Actin served as the
loading control. (F) HUVEC cells were pretreated with Z-VAD-fmk (50 mM) for 1 h, followed by treatment of 20 mg/ml of CuONPs or 1 mM of staurosporine for 24 h. Then, cells
viability was determined by MTS assay. Data are representative of three independent experiments and values are expressed in mean ± S.D. One-way ANOVA analysis with Tukey's
test was performed for statistical analysis (**p < 0.01; NS, not signiﬁcance).
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light scattering (DLS), respectively. TEM images showed that
CuONPs exhibited different shapes and sizes. Small particles were
spherical, whereas larger particles were irregular in shapes. Most
particles had an average diameter of 52.5 ± 12.7 nm, which was
calculated by randomly measuring the diameter of 250 particles in
the representative TEM images (Fig. 1A). To further characterize the
CuONPs, EDS was employed for elemental analysis. As shown in
Fig. 1B, there are speciﬁc peaks that correspond to Cu and O elements in the EDS image. The average of hydrodynamic radius and

zeta potential in ultrapure water were 304.17 nm and 14.50 mV,
respectively, while the average of hydrodynamic radius and zeta
potential in the culture medium were 183.70 nm and 13.17 mV,
respectively (Fig. 1C).
3.2. CuONPs exposure induced apoptotic-like cell death in HUVEC
To determine the effects of CuONPs on vascular endothelial cells,
the cell viability of HUVECs was examined using MTS assay after

Fig. 3. Autophagosomes accumulation in CuONPs-treated HUVECs. (A) TEM images of HUVEC cells exposed to 20 mg/ml CuONPs for 0 or 12 h. Black arrows indicate autophagosomes. Images are the representative of three independent experiments. N, Nucleus; C, Cytoplasm. (B) Images of EGFP-LC3 puncta in HUVEC cells, which were transfected with
pEGFP-LC3 for 24 h and then treated with 20 mg/ml of CuONPs for 24 h. Scale bar: 50 mm. (C) The EGFP-LC3 puncta per cell was quantiﬁed using ImageJ software. Data (mean ± SD)
are the representative of at least three independent experiments. Unpaired t-tests were performed for statistical analysis. **p < 0.01. (D) Western blotting analysis the levels of
autophagy-related proteins in HUVECs treated with various concentrations of CuONPs for 24 h. Images are the representative of three independent experiments. (E) Western
blotting analysis the levels of autophagy-related proteins in HUVECs treated with 20 mg/ml CuONPs for 3, 6, 9, 12, or 24 h.
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exposure to different concentrations of CuONPs (0.1e50 mg/ml) for
24 h or CuONPs (10 and 20 mg/ml, respectively) for various time
points. Results showed that CuONPs treatment triggered HUVEC
death at a dose of 5e50 mg/ml (Fig. 2A). Meanwhile, a timedependent effect of CuONPs-induced cell death was observed.
The cell death began at 3 h after CuONPs exposure, and the substantial cell death was observed at the 24 h (Fig. 2B). Furthermore,
ﬂow cytometry assay after annexin V-FITC/propidium iodide
staining showed that CuONPs exposure increased the percentage of
cells in both early (Fig. 2C, lower right quadrant) and late apoptosis
(Fig. 2C, upper right quadrant). Another hallmark of apoptotic cell
death, the collapse of mitochondrial membrane potential, was also
observed in CuONPs-treated cells using TMRE staining, which is
suitable for quantifying changes in mitochondrial membrane potential in live cells by ﬂuorescent microscopy and ﬂow cytometry
(Fig. 2D and Fig. S1). Caspase is a family of cysteine acid proteases,
which are central regulators of apoptosis [42]. Hence, we
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investigated whether CuONPs-induced apoptotic-like death was
caspase-dependent. Staurosporine, a protein kinase C inhibitor, was
used as a positive apoptosis inducer [43]. As shown in Fig. 2E, no
cleaved caspase-3, 6, 7 were detected in CuONPs-treated cells.
However, apparent cleavages of poly (ADP-ribose) polymerase
(PARP) and caspase-3, 6, 7 were detected in staurosporine-treated
HUVECs. And Z-VAD-fmk (a pancaspase inhibitor) could inhibit
staurosporine-induced cleavage of PARP and caspase-3, 6, 7. MTS
assay results also showed that Z-VAD-fmk failed to rescue CuONPsinduced cell death while naturally reducing staurosporine-induced
apoptotic cell death (Fig. 2E). The above results indicate that
CuONPs trigger HUVECs apoptotic-like cell death in a caspaseindependent manner.
3.3. CuONPs induced autophagosomes accumulation in HUVECs
We investigated whether autophagy is involved in cell death

Fig. 4. CuONPs exposure blocked the fusion of autophagosomes with lysosomes. (A) Western blotting assays were conducted to characterize the levels of LC3 and SQSTM1/p62 in
HUVEC cells pretreated with NH4Cl (10 mM) and Baf A1 (100 nM) for 1 h before being exposed to 20 mg/ml of CuONPs for 24 h. Actin was used as the loading control. (B and C) The
intensity of bands was quantiﬁed using ImageJ software. The data are the mean ± S.D. of three independent assays. Nonparametric Mann-Whitney tests were performed for
statistical analysis (**p < 0.01; NS, not signiﬁcance). (D) HUVECs stably expressing of a mRFP-GFP-LC3 fusion gene were treated either with Baf A1 (100 nM), CuONPs (20 mg/ml), or
Baf A1 plus CuONPs for 24 h. Confocal images were obtained after 4% PFA ﬁxation for 10 min (Scale bar, 50 mm). Images are representative of three independent experiments. (E) The
number of yellow puncta (autophagosomes) and the number of red puncta (autolysosomes) were counted using ImageJ software. Data are representative of three independent
experiments. One-way ANOVA analysis with Tukey's tests were performed for statistical analysis (**p < 0.01; NS, not signiﬁcance).
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induced by CuONPs in HUVECs. TEM images showed that autophagosomes in HUVEC cells increased dramatically at 12 h after
treatment with CuONPs (Fig. 3A). The number of LC3 puncta, an
ideal marker to monitor autophagosomes, also increased markedly
in CuONPs-treated HUVECs cells (Fig. 3B and C). Then, we analyzed
the levels of autophagy-related proteins using western blotting
assay. Results showed that the levels of LC3-II, Beclin-1 (the
mammalian orthologue of yeast Atg6), and Atg5 (an E3 ubiquitin
ligase, which is necessary for LC3 lipidation in autophagy) signiﬁcantly increased after treatment with CuONPs (Fig. 3D and E). These
results indicate that CuONPs exposure can induce autophagosomes
accumulation in HUVECs. To elucidate the interplay between
autophagy and CuONPs-induced cytotoxicity, two phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) inhibitors (3-MA or
wortmannin) was applied to inhibit autophagy. The MTS assay results showed that the inhibition of autophagy did not obviously
alleviate HUVECs cell death induced by CuONPs (Fig. S2A). Similar
results were obtained using siRNA-mediated knockdown of the key
autophagy-related gene Beclin-1 (Fig. S2B and C). These results
suggest that autophagy does not directly contribute to CuONPsinduced HUVECs death. Interestingly, there was a similar increase
of SQSTM1/p62 (a multifunctional adapter in autophagy) in
CuONPs-treated cells (Fig. 3D and E).

3.4. CuONPs induced the accumulation of autophagosomes by
blocking autophagic ﬂux
It is well known that the simultaneous increase of SQSTM1/p62
and LC3-II may indicate cellular autophagic ﬂux impairment [44].
We measured the autophagic ﬂux in CuONPs-treated cells. With the
treatment of either NH4Cl or Baf A1 (the inhibitors of
autophagosome-lysosome fusion), there were no differences in
either LC3-II or SQSTM1/p62 levels compared with the normal
control group (Fig. 4AeC), indicating that the autophagic ﬂux in
HUVEC cells was blocked after CuONPs exposure. To test the hypothesis that the accumulation of autophagosomes might results
from the lack of lysosomal degradation, we constructed the speciﬁc
HUVECs expressing the mRFP-GFP-LC3 fusion protein. Tandem
ﬂuorescent-tagged LC3 (mRFP-EGFP-LC3) is constructed through
fusing green and red ﬂuorescent proteins with LC3, which is used
for monitoring autophagic ﬂux based on different pH stability of
mRFP and EGFP ﬂuorescent proteins. The acidic environment
quenches the EGFP ﬂuorescent signal yet has much less effect on
mRFP. Therefore, mRFP-EGFP-LC3 shows a GFP and mRFP ﬂuorescence signals in neutral autophagosome (merged as yellow puncta),
but exhibits the mRFP ﬂuorescence signal in acidic autolysosome
(red puncta). Comparing with the untreated cells, in the HUVECtfLC3 cells treated with CuONPs, the autophagosome puncta (yellow) were markedly increased, but the autolysosome puncta (red)

Fig. 5. CuONPs accumulation within lysosomes causeed lysosome impairment. (A) TEM images of HUVEC cells untreated (Mock) or treated with 20 mg/ml CuONPs for 24 h. N,
Nucleus; C, Cytoplasm. Black arrows indicate lysosomes. (B) Confocal microscopy assay of the LAMP-1 and LAMP-2 after immunoﬂuorescence staining in mock cells or cells treated
with 20 mg/ml of CuONPs for 24 h. Scale bar: 50 mm. (C) Western blotting analysis LAMP-1 and LAMP-2 expression in HUVECs treated with 20 mg/ml of CuONPs for 0, 3, 6, 9, 12, or
24 h. Images are representative of three independent experiments. (D) HUVEC cells were exposed to various concentrations of CuONPs for 24 h. Flow cytometry assay was then used
to detect the LysoTracker ﬂuorescence signals. NC, HUVECs unstained with LysoTracker. Mock, HUVECs without treatment with CuONPs. MFI: Mean ﬂuorescence intensity.
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Fig. 6. Blocking lysosomal deposition of CuONPs reduced HUVEC cell death. (A) HUVEC cells were pretreated with NH4Cl (10 mM) or Baf A1 (100 nM) for 1 h and then was treated
with 20 mg/ml of CuONPs for 24 h. Cells were collected and TEM assay was conducted. N, Nucleus; C, Cytoplasm; Black arrows indicate CuONPs in lysosomes. (B) Flow cytometry
assay HUVEC cells treated with 20 mg/ml of CuONPs for 24 h following staining with LysoTracker probe (50 nM). NC, HUVECs unstained with LysoTracker. Mock, HUVECs without
treatment with CuONPs. MFI: Mean ﬂuorescence intensity. (C) Flow cytometry assay HUVEC cells treated with 20 mg/ml of CuONPs for 24 h following staining with TMRE (1 nM). NC,
HUVECs unstained with TMRE. Mock, HUVECs without treatment with CuONPs. MFI: Mean TMRE ﬂuorescence intensity. (D) Apoptotic cells were detected using ﬂow cytometry
after annexin V-FITC/propidium iodide staining. Lower-left quadrant, live cells; lower-right quadrant, early apoptotic cells; upper-right quadrant, late apoptotic and necrotic cells.
(E) HUVEC cells were pretreated with NH4Cl (10 mM) or Baf A1 (100 nM) followed by 20 mg/ml CuONPs treatment. MTS analysis was performed to detect the cell viability at 24 h
after treatment. Data are representative of three independent experiments. One-way ANOVA analysis with Tukey's tests were performed for statistical analysis (**p < 0.01).

were no signiﬁcant difference (Fig. 4D and E). We proposed that the
CuONPs-induced accumulation of autophagosomes in HUVECs is
possibly attributed to the impairment of autophagosome-lysosome
fusion.
3.5. CuONPs lysosomal deposition impaired lysosomal function
It is accepted that lysosomes are the crucial death signal integrator in response to various stimuli [45]. To investigate whether
lysosomes are involved in CuONPs-induced cell death, we examined the biological effects of CuONPs on HUVEC lysosomes. From

TEM images, we found that CuONPs accumulated in lysosomes and
triggered lysosomes enlargement and aberrant accumulation
(Fig. 5A). The high-level accumulation of CuONPs within lysosomes
may perturb lysosomal function. Lysosome-associated membrane
protein-1 and 2 (LAMP-1 and LAMP-2) are the two most abundant
lysosomal membrane proteins, which are widely used as lysosome
markers [46]. Immunoﬂuorescence staining displayed that LAMP-1
and LAMP-2 aggregated at the perinuclear area in CuONPs-treated
cells, while evenly distributed in the cytoplasm of untreated cells
(Fig. 5B). Western blotting also showed that the levels of LAMP-1
and LAMP-2 increased, suggesting an aberrant accumulation of
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Fig. 7. The release of Cu ions from CuONPs induced lysosomal dysfunction and HUVEC cell death. (A) HUVEC cells were pretreated with different concentrations of Cu ions chelator
TTM and subsequently treated with 20 mg/ml of CuONPs for 24 h. MTS analysis was performed to detect the cell viability. Data are representative of three independent experiments
(**p < 0.01). (B) HUVEC cells were pretreated with Cu ions chelator TTM (1 mM) and then treated with 20 mg/ml of CuONPs for 24 h. The released Cu ions in culture medium was
assayed with QuantiChrom Copper Assay Kit. Mock, HUVEC cells without treatment with CuONPs. Data (mean ± SD) are representative of at least three independent experiments.
Unpaired t-tests were performed for statistical analysis. **p < 0.01. (C) Flow cytometry assay was used to determine apoptotic cells after annexin V-FITC/propidium iodide staining.
Lower-left quadrant, live cells; lower-right quadrant, early apoptotic cells; upper-right quadrant, late apoptotic and necrotic cells. (D). HUVEC cells were pretreated with NH4Cl
(10 mM) and treated with 20 mg/ml of CuONPs for 24 h. The released Cu ions in culture medium was assayed with a QuantiChrom Copper Assay Kit. Data (mean ± SD) are
representative of at least three independent experiments. Unpaired t-tests were performed for statistical analysis. **p < 0.01.

lysosomes in HUVECs by CuONPs treatment (Fig. 5C). The LysoTracker is a ﬂuorescent acidotropic probe for labeling and tracking
functional acidic lysosomes in live cells [47]. Flow cytometry assay
showed that the LysoTracker ﬂuorescent signal was severely
decreased after CuONPs treatment, indicating lysosomal impairment in CuONPs-treated cells (Fig. 5D). Collectively, these data
suggest that CuONPs deposited within lysosomes and impaired the
functions of lysosomes.
3.6. Blocking lysosomal deposition of CuONPs attenuated apoptotic
cell death
To further explore whether lysosomal deposition is indeed
related to CuONPs-induced cell death, we pretreated HUVECs with
NH4Cl or Baf A1 before CuONPs exposure. NH4Cl is a lysosomotropic
reagent which can neutralize the lysosomal pH. Baf A1 (a speciﬁc
inhibitor of the Hþ-ATPase) can also cause an increment of lysosomal pH. Thus, NH4Cl or Baf A1 treatment can block
autophagosomes-lysosome fusion. As shown in Fig. 6A, NH4Cl or
Baf A1 pretreatment almost entirely blocked the lysosomal deposition of CuONPs. Flow cytometry assay also displayed that there
was a stronger LysoTracker ﬂuorescence signal in NH4Cl-pretreated
HUVECs compared with NH4Cl non-pretreated cells, suggesting

that NH4Cl pretreatment relieved the impairment of lysosomes in
CuONPs-treated HUVECs (Fig. 6B). TMRE staining revealed that
NH4Cl or Baf A1 pretreatment inhibited the mitochondrial transmembrane potential collapse induced by CuONPs (Fig. 6D and
Fig. S3). We also observed that NH4Cl or Baf A1 pretreatment could
drastically reduce apoptotic cell death (Fig. 6C) and signiﬁcantly
rescued the HUVEC cells viability compared with a nonpretreatment group (Fig. 6E). In addition, we investigated the effects of NH4Cl treatment on the response of CuONPs-induced inﬂammatory in endothelial cells and showed that NH4Cl treatment
obviously inhibited CuONPs-induced upregulation of tumor necrosis factor (TNF)-a, intercellular adhesion molecule 1 (ICAM1)
and interleukin (IL-6) (Fig. S4). Subsequently, we knocked down
LAMP-1 and LAMP-2 expression to further investigate lysosomal
deposition in CuONPs-induced cell death. Knockdown efﬁciency
was examined by western blotting assay (Fig. S5A). Flow cytometry
assay displayed that LAMP-1 or LAMP-2 knockdown (especially
LAMP-2) obviously reduce apoptotic cell death induced by CuONPs
(Fig. S5B). Cell viability assay further conﬁrmed that LAMP-1/2
knockdown could obviously alleviate CuONPs-induced HUVECs
cell death (Fig. S5C). These data indicate that blocking lysosomal
deposition of CuONPs attenuated apoptotic cell death.
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3.7. CuONPs toxicity on HUVECs resulted from the released Cu ions
It has been reported that CuONPs could be dissolved and release
toxic Cu ions into the surrounding media. Thus, we investigated
whether the toxic effects of CuONPs on the lysosomal dysfunction
and apoptotic cell death of HUVECs derives from the released Cu
ions. HUVEC cells were pretreated with Cu ions chelator ammonium tetrathiomolybdate (TTM) before CuONPs treatment. MTS
assay showed that TTM pretreatment signiﬁcantly attenuated
CuONPs-induced HUVEC cell death (Fig. 7A). Then, we examined
the released Cu ions in the culture medium after CuONPs treatment. Results showed that CuONPs obviously induced the release of
Cu ions into HUVEC cell culture medium (Fig. 7B). Flow cytometry
assay showed the Cu ions chelator pretreatment signiﬁcantly
reduced the apoptotic-like cells induced by CuONPs compared with
non-pretreatment group (Fig. 7C). Moreover, we found that NH4Cl
pretreatment decreased intracellular Cu ions concentration, indicating that the lysosomal deposition of CuONPs might facilitate the
release of Cu ions from CuONPs-treated (Fig. 7D).
4. Discussion
Recent studies have provided rare insights into the interaction
between the toxicity of metal oxide nanoparticles and the cardiovascular system [48e50]. However, the underlying mechanisms of
nanoparticles exposure to cardiovascular injury have not been fully
elucidated. In this study, we found that CuONPs exposure induced
apoptotic-like cell death in HUVEC vascular endothelial cells, based
on membrane blebbing (annexin V-FITC/propidium iodide staining) and mitochondrial dysfunction (TMRE staining) after CuONPs
treatment (Fig. 2C and D). However, several classical apoptotic
substrates (caspase-3/6/7 and PARP) were not altered in CuONPstreated HUVEC cells (Fig. 2E). Therefore, we inferred that a
caspase-independent cell death pathway might be involved in
CuONPs-induced cytotoxicity.
Autophagic cell death is one of the caspase independent cell
deaths [51], which is deﬁned as cell death by autophagic stress and
morphologically characterized by large-scale autophagosomes in
the cytoplasm but in the absence of chromatin condensation [52].
Sun et al. [25] demonstrated that CuONPs exposure could induce
signiﬁcant autophagic cell death in A549, while the inhibition of
autophagy by 3-MA decreased CuONPs-induced cell death. In the
current study, we found that CuONPs markedly induced the accumulation of autophagic vacuoles (Fig. 3), but the inhibition of
autophagy with pharmacological autophagy inhibitor (3-MA or
wortmannin) or Beclin-1 knockdown failed to ameliorate CuONPsinduced HUVEC death (Fig. S3). Our results indicated that CuONPsinduced HUVEC death is along with autophagy, not caused by
autophagy stress (autophagic cell deaths). Certainly, the caspaseindependent cell death is an extremely comprehensive concept; it
may include autophagic cell death, caspase-independent apoptosis,
necrosis, pyroptosis, ferroptosis, necroptosis, oncosis, necoroptosis
and so on. It could be an arduous challenge to illustrate the speciﬁc
form of CuONPs-induced cell death. We expect to address this
question in our ongoing study.
Autophagosomes accumulation indicates either autophagy induction or impairment of autophagic ﬂux [53]. Therefore, we
further explored the possible mechanism underlying the accumulation of autophagosomes in CuONPs-treated HUVECs. Results
showed that the accumulation of autophagosomes in CuONPstreated HUVECs resulted from the impairment of autophagic ﬂux,
rather than autophagy activation (Fig. 4). Generally, the impairment
of autophagic ﬂux may indicate lysosomal dysfunction [44]. Our
results revealed that CuONPs prominently deposited within lysosomes of HUVEC cells after 24 h after exposure (Fig. 5A). This
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ﬁnding is consistent with previous studies showing that the lysosomes are the most common intracellular sites of nanoparticles
sequestration and degradation [54,55]. Upon cellular exposure,
CuONPs may initially enter HUVEC cells via endocytic pathways.
The endocytosed CuONPs can then be transported to lysosomes. In
addition, we also observed that the lysosomal deposition of
CuONPs induced abnormal enlargement and aggregation of lysosomes (Fig. 5). Lysosomes are mainly involved in receiving and
degrading phagocytosed macromolecules [56]. We hypothesized
that the massive deposition of CuONPs in lysosomes might severely
damage lysosomal degradation capacity. We also conﬁrmed that
the blockage of the lysosomal deposition of CuONPs in HUVECs,
through regulating lysosomal pH and LAMP-1/2 knockdown,
respectively, attenuates CuONPs-induced HUVECs death (Fig. 6 and
Fig. S4). These results indicated that lysosomes play an important
role in CuONPs-induced HUVECs cell death. In this respect, lysosomal deposition may be a novel mechanism of CuONPs toxicity in
HUVEC.
The plausible mechanisms through which CuONPs lysosomal
deposition triggers HUVEC death is also be explored in the present
study. Our results showed that Cu ions are released from CuONPstreated cells, while treatment with a Cu ions chelator could
decrease intracellular Cu ions concentration and signiﬁcantly
reduce CuONPs-induced cell death, indicating that the release of Cu
ions from CuONPs directly triggers HUVEC death (Fig. 7). Cu is one
of the indispensable elements for maintaining homeostasis and
cause toxicity through inducing oxidative stress and DNA damage
when it exceed the physiological tolerance range [57]. This ﬁnding
is consistent with previously published reports that Cu ions
released from CuONPs are related to A549 cells genome expression
in response to CuONPs exposure [29]. Recently, we revealed that
the release of zinc ions from zinc oxide nanoparticles (ZnONPs) in
acidic lysosomes directly trigger cell death in A549 lung epithelial
cells [58]. In this study, we revealed that blocking lysosomal
deposition of CuONPs could decrease intracellular Cu ions concentration indicating that CuONPs may release more Cu ions after
deposition within lysosomes because of lysosomal acidic
conditions.

Fig. 8. The schematic of the mechanism of CuONPs-induced HUVEC cell death. CuONPs
may initially enter HUVEC cells via endocytic pathway and then be transported to the
lysosome. The lysosomal deposition of CuONPs causes the lysosome dysfunction and
results in both the autophagic ﬂux impairment and the accumulation autophagosomes, consequently triggers HUVEC cell death. Meanwhile, the lysosomal deposition
of CuONPs promotes the release of Cu ions, which also exacerbates the CuONPsinduced HUVEC cell death.
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In summary, we found that CuONPs could be deposited within
the lysosomes of HUVECs and released abundant Cu ions. The
lysosomal deposition of CuONPs caused lysosome impairment,
which results in both the blockage of autophagic ﬂux and the
accumulation of undegraded autophagosomes, and consequently
triggered HUVEC cell death. Also, the lysosomal deposition of
CuONPs promoted the release of Cu ions from CuONPs, which in
turn exacerbated the CuONPs-induced cells death in HUVEC (Fig. 8).
Our study shed new light on the mechanism underlying the toxicity
induced by metal oxide nanoparticles in the cardiovascular system.
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