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Background: Inhaled nanoparticles can cross pulmonary air–blood barrier into circulation and

cause vascular endothelial injury and progression of cardiovascular disease. However, the mole-

cular mechanism underlying the vascular toxicity of copper oxide nanoparticles (CuONPs)

remains unclear. We have recently demonstrated that the release of copper ions and the accumula-

tion of superoxide anions contributed to CuONPs-induced cell death in human umbilical vein

endothelial cells (HUVECs). Herein, we further demonstrate the mechanism underlying copper

ions-induced cell death in HUVECs.

Methods and Results: CuONPs were suspended in culture medium and vigorously vortexed

for several seconds before exposure. After treatment with CuONPs, HUVECs were collected, and

cell function assays were conducted to elucidate cellular processes including cell viability, oxida-

tive stress, DNA damage and cell signaling pathways. We demonstrated that CuONPs uptake

induced DNA damage in HUVECs as evidenced by γH2AX foci formation and increased

phosphorylation levels of ATR, ATM, p53 and H2AX. Meanwhile, we showed that CuONPs

exposure induced oxidative stress, indicated by the increase of cellular levels of superoxide anions,

the upregulation of protein levels of heme oxygenase-1 (HO-1) and glutamate-cysteine ligase

modifier subunit (GCLM), the elevation of the levels of malondialdehyde (MDA), but the

reduction of glutathione to glutathione disulfide ratio. We also found that antioxidant N-acetyl-

L-cysteine (NAC) could ameliorate CuONPs-induced oxidative stress and cell death. Interestingly,

we demonstrated that p38 mitogen-activated protein kinase (MAPK) signaling pathway was

activated in CuONPs-treated HUVECs, while p38α MAPK knockdown by siRNA significantly

rescued HUVECs from CuONPs-induced DNA damage and cell death. Importantly, we showed

that copper ions chelator tetrathiomolybdate (TTM) could alleviate CuONPs-induced oxidative

stress, DNA damage, p38 MAPK pathway activation and cell death in HUVECs.

Conclusion: We demonstrated that CuONPs induced oxidative DNA damage and cell death

via copper ions-mediated p38 MAPK activation in HUVECs, suggesting that the release of

copper ions was the upstream activator for CuONPs-induced vascular endothelial toxicity,

and the copper ions chelator TTM can alleviate CuONPs-associated cardiovascular disease.

Keywords: CuONPs, vascular endothelial cell death, oxidative stress, DNA damage, p38

MAPK activation, copper ions release

Introduction
Copper oxide nanoparticles (CuONPs) is important metal oxide nanomaterial, which

exhibits good conductive, catalytic and antibacterial properties. It has been widely used
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as semiconductors,1 oxidation catalysts,2 energy storage

materials,3 and antibacterial agents.4 Despite its widespread

industrial and biomedical application, concerns regarding

potential toxic impacts of CuONPs have increased rapidly.

CuONPs have been reported as the most toxic metal oxide

nanoparticles.5,6 Previous in vitro studies have reported that

CuONPs can induce cytotoxicity in numerous cell types,

including human A549 lung epithelial cells,7–9 MCF7 breast

cancer cells,10 HL6 0promyelocytic leukemic cells,11 HepG2

liver hepatocellular carcinoma cells,12 frog A6 kidney epithe-

lial cells13 and rat primary brain astrocytes.14 Still, the mole-

cular mechanism underlying CuONPs cytotoxicity remains

incompletely understood.

Cardiovascular disease is the number one cause of death

globally.15 Vascular endothelial cells form the inner surface

of blood vessels, whose dysfunction leads to the develop-

ment of cardiovascular disease.16 Increasing evidence has

indicated that engineered nanoparticles exposure may pene-

trate pulmonary air–blood barrier into circulation. Recently,

Miller et al, further clarified that inhaled nanoparticles selec-

tively accumulated at sites of vascular inflammation in both

animal models of disease and in human volunteers,17 sug-

gesting that inhaled nanoparticles can directly interact with

vascular endothelial cell, resulting in endothelial injury and

acceleration of cardiovascular diseases.

It has been suggested that the toxicity of metal oxide

nanoparticles results from the release of metal ions or/and the

nanoparticles themselves. Our recent study demonstrated that

autophagy-dependent release of zinc ions was involved in

human A549 lung epithelial cell death and acute lung injury

in mice induced by zinc oxide nanoparticles exposure.18,19

Hanagata et al reported that the released copper ions, rather

than CuONPs themselves, mediated CuONPs toxicity in A549

lung epithelial cells.9 Recently, we also demonstrated that

lysosomal deposition of CuONPs facilitated copper ions

release and triggered CuONPs-induced human umbilical vein

endothelial cells (HUVECs) death.20 However, the exact roles

of copper ions in CuONPs toxicity need further be

investigated.

Reactive oxygen species (ROS) are chemically reactive

molecules, which mainly originate from damaged mitochon-

dria. ROS are mainly composed of superoxide anions (O2
−),

hydrogen peroxide (H2O2) and hydroxyl free radical (·OH).
Oxidative stress, indicated by increased intracellular ROS, is

associated with nanoparticles cytotoxicity.21 Oxidative stress

can result in oxidized nucleic acids, amino acids, carbohy-

drates and lipids.22 Previous studies have suggested that

nanoparticles-induced oxidation of nucleic acids could

cause DNA damage, cell cycle arrest and subsequent cell

death.23,24 Our recent study also demonstrated that CuONPs

exposure caused mitochondrial dysfunction and the accumu-

lation of mitochondrial superoxide anions in HUVECs.25

In the current study, we clarified the potential links

between the release of copper ions, oxidative stress

response and p38 MAPK activation in CuONPs-induced

cytotoxicity in vascular endothelial cells. We demonstrated

that the copper ions released from CuONPs induced oxi-

dative stress and p38 MAPK signaling activation, which

subsequently caused DNA damage and cell death in

HUVECs. Our findings contribute to clarifying the

mechanisms underlying CuONPs toxicity in the circulation

system and suggest that the chelation of copper ions may

be an effective means of alleviating CuONPs toxicity.

Materials and Methods
Materials and Cell Culture
CuONPs (<50 nm particle size, #544868) were purchased

from Sigma Aldrich (St. Louis, MO, USA) and characterized

as previously described.20 Human umbilical vein endothelial

cells (HUVECs), themostwidespread in vitromodel for study-

ing endothelial physiology and pathology, was obtained from

the American Type Culture Collection (Rockville, MD, USA)

and was cultured in Dulbecco’s modified Eagle’s medium

(DMEM, Thermo Fisher Scientific,Waltham,MA, USA) sup-

plemented with 10% fetal bovine serum and 100 U penicillin-

streptomycin at 37°C in a 5% CO2 humidified incubator.

Transmission Electron Microscopy
Transmission electron microscopy (TEM) was used to char-

acterize CuONPs morphology. Briefly, a few drops of

CuONPs solution in deionized water were added to carbon-

coated copper electron microscope grids and observed under

a TEM (Hitachi-7500, Japan) after drying at room tempera-

ture. Cell ultrastructure was also observed under TEM. After

treatment and subsequent trypsinization, cells were centri-

fuged at 1200 rpm/min for 5 min and fixed using 4% glutar-

aldehyde for 2 h at 4°C. Then, cells were postfixed using 1%

osmium tetroxide for 1 h at 4°C, dehydrated in a graded

series of alcohol and acetone and embedded in Epon 816

(Electron Microscopy Sciences, Hatfield, PA, USA).

Ultrathin sections were prepared using a Leica ultramicro-

tome (Leica Microsystems, Buffalo Grove, IL, USA) and

stained with uranyl acetate-lead citrate. TEM images were

obtained using a JEM-1400Plus transmission electron micro-

scope (JEOL Ltd. Tokyo, Japan).
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MTS Cell Viability Assay
Cell viability was assayed using CellTiter 96® AQueous One

Solution Cell Proliferation Assay (MTS) kit (#G3581,

Promega, Madison, WI, USA) as described previously.19

Briefly, HUVECs were seeded in 96-well plates overnight.

After treatment with CuONPs or other reagents for indicated

times, the MTS solution was diluted 10-fold in DMEM and

subsequently added to each well of the cultured plate. The

plate was incubated at 37°C for 1 h and the absorbance of

each well at 490 nm was measured using a VERS Amax

Microplate Reader (Molecular Devices Corp, Sunnyvale,

CA, USA). All assays were conducted in triplicate.

Fluorescence Activated Cell Sorting

(FACS) Assay
FACS assays were performed as previously described.20,25,26

Calcein AM (50 nM, Thermo Fisher Scientific) was used to

determine cell viability. DHE (5 nM, Beyotime, Jiangsu,

China) and MitoSOX (5μM, Thermo Fisher Scientific)

were used to measure cellular superoxide anions and mito-

chondrial superoxide anions, respectively. All FACS assays

were performed using CytoFLEX Platform (Beckman

Coulter, Miami, FL, USA), and the results were analyzed

using FlowJo Version VX software (TreeStar, Ashland, OR,

USA). All assays were conducted in triplicate.

Comet Tail Assay
Comet tail assay was conducted as described previously.27

Briefly, HUVECs seeded in 12-well plates were treated using

CuONPs (20 μg/mL) for 12 h. Then, the cells were collected

and added a few droplets of low-melting agarose (Amresco,

Solon, USA). The cell mixture was then spread onto a slide

precoated with normal-melting agarose (Amresco, Solon, OH,

USA), and incubated in lysis buffer at 4°C for 1 h. Then, the

slides were placed in electrophoresis buffer for 30 min and

neutralized in water. After dehydration at room temperature,

the slides were stained using ethidium bromide (Amresco,

Solon, OH, USA) and observed under a fluorescence micro-

scope (Eclipse TiU, Nikon Corp., Tokyo, Japan).

Immunofluorescence Staining
Cells were fixed using cold methanol for 15 min and subse-

quently permeabilized with 0.2% Triton X-100 in phosphate

buffer saline (PBS) for 10 min at room temperature. After

blocking with 2% bovine serum albumin in PBS for 1 h at

room temperature, cells were incubated with a primary anti-

body against phospho-histone H2AX (S139) (γH2AX, 1:100,

Cell Signaling Technology, #9508) diluted in a blocking solu-

tion at room temperature for 1 h. After three washes with PBS,

the cells were incubated with Alexa Fluor 488-conjugated

donkey anti-rabbit IgG secondary antibody was used (1:500,

Molecular Probes, #A-21207) and 4ʹ,6-diamidino-2-phenylin-

dole (DAPI, Molecular Probes, Eugene, OR, USA) diluted in

PBS for 1 h at room temperature. After washing with PBS, the

coverslips were sealed using nail polish. Fluorescence images

were obtained using a Nikon A1R+/A1 Confocal Microscope

(Nikon, Tokyo, Japan).

Western Blotting Assay
Cells were directly lysed using 2 × protein lysing buffer (2%

SDS, 5% β-mercaptoethanol, 0.5% sucrose and 0.2% bromo-

phenol blue) at 4°C for 20 min, and then the lysates were

heated in a metal bath at 98°C for 5 min. Cell lysates were

separated on 4–12% SDS-PAGE gels and transferred to poly-

vinylidene fluoride (PVDF) membranes (Merck Millipore,

Billerica, MA, USA). The membranes were blocked using

5% non-fat milk and immunoblotted using indicated antibo-

dies. The protein signals were detected using a New-SUPER

ECL Substrate Kit (Keygen Biotech, Nanjing, China). The

primary antibodies used in this study targeted phospho-ATR

(S428) (1:1000, abcam, ab178407), phospho-ATM (S1981)

(1:1000, Cell Signaling Technology, #5883), phospho-p53

(S15) (1:1000, abcam, ab223868), phospho-histone H2AX

(S139) (1:1000, Cell Signaling Technology, #9508), GCLM

(1:1000, abcam, ab126704), HO-1 (1:1000, abcam, ab68477),

phospho-p38 (T180/Y182) (1:500, Santa Cruz Biotechnology,

sc-17852-R), phospho-Hsp27 (S82) (1:1000, abcam,

ab155987), phospho-ATF2 (T71) (1:1000, abcam, ab32019)

and Actin (1:3000, Bioss, #bs-0061R). The secondary antibo-

dies used in this study were horseradish peroxidase (HRP)-

conjugated goat anti-mouse IgG (1:10,000, TransGen Biotech,

Beijing, China, #HS201-01) and HRP-conjugated goat anti-

rabbit IgG (1:10,000, TransGen Biotech, Beijing, China,

#HS101-01).

GSH/GSSG Assay
Reduced (GSH) and oxidized (GSSG) glutathione in

CuONPs-treated HUVECs were measured spectrophotome-

trically using a GSH and GSSG Assay Kit (Beyotime,

Shanghai, China). Briefly, HUVECs were added in a three-

fold volume of protein removal reagent M and fully vortexed.

Then, the cell samples were freeze-thawed in liquid nitrogen

and a 37°C water bath. After centrifuging at 10,000 g for 10

min at 4°C, the supernatant was used for the determination of
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the GSH/GSSG ratio in accordance with the manufacturer’s

protocol. All assays were conducted in triplicate.

MDA Assays
The level of MDA in the CuONPs-treated HUVECs was

assayed using a Lipid Peroxidation MDA Assay Kit

(Beyotime, Shanghai, China). Briefly, HUVECs seeded into

12-well plates were directly lysed using cell lysis buffer

(Beyotime, Shanghai, China). The lysate was centrifuged

for 10 min at 12,000 g and the supernatant was collected.

The protein concentrations were measured using the Pierce

BCA Protein Assay kit (Thermo Fisher Scientific, Waltham,

MA, USA). Then, an equal volume of supernatant was incu-

bated with thiobarbituric acid buffer at 100°C for 15 min.

Subsequently, the absorbance was measured at 532 nm using

a VERS AmaxMicroplate Reader (Molecular Devices Corp,

Sunnyvale, CA, USA). The values were expressed as MDA

(nmol/mg protein). All assays were conducted in triplicate.

RNA Interference
A small interfering RNA (siRNA) targeting human p38α
(GCCCAUAAGGCCAGAAACUtt) and a negative control

siRNA (siNC, UUCUCCGAACGUGUCACGUtt) were

obtained from GenePharma (Shanghai, China). Cells were

transfected with the siRNAs using Lipofectamine

RNAiMAX (#13778150, Invitrogen) for 48 h in accordance

with themanufacturer’s instructions. The knockdown efficien-

cies of the siRNAs were determined by Western blotting

analysis.

Statistical Analysis
Comparisons between two groups were made through

unpaired Student’s t-test. Comparisons of parameters

among multiple groups were made using one-way

ANOVA followed by Tukey’s test. The 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 6 software (GraphPad Software,

San Diego, CA, USA). **p<0.05 indicates differences.

Results
Physical Properties and Cellular Uptake of

CuONPs
The energy dispersive spectroscopy and dynamic light scat-

tering properties of CuONPs were examined in our previous

study.20 The morphology of CuONPs in deionized water was
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Figure 1 Physical properties and cellular uptake of CuONPs. (A) A representative transmission electron microscope (TEM) image of CuONPs dissolved in distilled water.
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characterized by transmission electron microscope (TEM).

TEM images showed that CuONPs was subglobose shape

with an average size of <50 nm (Figure 1A). Cellular uptake

of CuONPs was confirmed by FACS assay as described

previously.28 FACS results showed that CuONPs induced

an increase of SSC intensity of HUVECs, indicating the

endocytosis of CuONPs into HUVECs (Figure 1B).

Furthermore, TEM images showed that CuONPs mainly

aggregated in the lysosomes of HUVECs (Figure 1C).

CuONPs Triggered DNA Damage and

Cell Death in HUVECs
Cytotoxic effects of CuONPs on vascular endothelial cells

were investigated with MTS assay. The results showed that

CuONPs reduced HUVECs viability in a dose-dependent

manner (Figure 2A). FACS assay after Calcein AM labeling

also confirmed that CuONPs exposure caused more than 50%

of cell death in HUVECs (Figure 2B). Comet assay results

revealed that CuONPs treatment caused DNA damage in

HUVECs (Figure 2C). DNA damage in CuONPs-treated

HUVECs were further evaluated by γH2AX foci formation

(a sensitive molecular marker of DNA damage). The results

from immunofluorescence staining demonstrated that

CuONPs treatment resulted in the formation of γH2AX foci

in the nuclei of HUVECs (Figure 2D). Furthermore, we

showed that the phosphorylation levels of ATR, ATM, p53

and H2AX increased obviously, suggesting that CuONPs

caused DNA damage in HUVECs in an ATM/ATR-p53-

dependent manner (Figure 2E and Figure S1A–D).

Collectively, these results indicate that CuONPs exposure

trigger DNA damage and cell death in HUVECs.

CuONPs Induced Oxidative Stress in

HUVECs
To investigate whether CuONPs trigger oxidative stress in

HUVECs, the level of superoxide anions in CuONPs-treated

HUVECs were detected using the fluorescent probe DHE

and MitoSOX. FACS data showed that CuONPs exposure

significantly increased intracellular level of superoxide

anions in HUVECs (Figure 3A and B and Figure S2A–B).
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Then, the protein levels of antioxidant enzymes GCLM and

HO-1 in HUVECs were determined. Our results revealed

that GCLM and HO-1 were upregulated in CuONPs-treated

HUVECs in a dose-dependent manner (Figure 3C and

Figure S2C–D). Analysis of GSH and GSSG showed that

CuONPs caused a decrease in GSH/GSSG ratio in HUVECs

(Figure 3D). As lipid oxidation occurs when cells undergo

oxidative stress, the cellular level of lipid oxidation in

CuONPs-treated HUVECs were examined. The results

showed that CuONPs also caused MDA accumulation in

HUVECs (Figure 3E). In brief, our results suggest that

CuONPs induced oxidative stress in HUVECs.

CuONPs-Induced Oxidative Stress

Mediated DNA Damage and Cell Death

in HUVECs
To determine the role of oxidative stress in CuONPs-

treated HUVECs, we pretreated HUVECs with antioxidant

N-Acetyl-L-cysteine (NAC). The results demonstrated that

NAC ameliorated CuONPs-induced cell death in a dose-

dependent manner (Figure 4A). Calcein AM assay also

showed that NAC rescued HUVECs from CuONPs-

induced cell death (Figures 4B and S3A). Moreover,

NAC significantly prevented the CuONPs-induced

upregulation of phosphorylation levels of ATR, ATR, p53

and H2AX in HUVECs (Figures 4C and S3B–E). NAC

pretreatment also reduced γH2AX foci formation in

HUVECs induced by CuONPs (Figure 4D). All these

data indicate that oxidative stress-mediated DNA damage

and cell death in CuONPs-treated HUVECs.

p38 MAPK Contributed to

CuONPs-Induced DNA Damage and Cell

Death in HUVECs
The p38 MAPK is activated in response to cellular stress. In

this study, we showed that CuONPs also induced a robust

activation of p38 MAPK and subsequent phosphorylation of

HSP27 and ATF-2, two downstream effectors of the p38

MAPK pathway (Figures 5A and S4A). Next, we examined

whether p38 MAPK plays a role in CuONPs toxicity on

vascular endothelial cells. The results showed that p38α

MAPK knockdown by siRNA prevented CuONPs-induced

changes of the phosphorylation levels ATR, H2AX, HSP27

and ATF-2 in HUVECs (Figures 5B and C and S4B–C).

Then, we demonstrated that p38α MAPK knockdown sig-

nificantly rescued HUVECs from CuONPs-induced cell

death in a dose-dependent manner (Figure 5D).

Collectively, these data demonstrate that p38 MAPK
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signaling is directly involved in CuONPs-induced DNA

damage and cell death in HUVECs.

The Copper Ions Chelator

Tetrathiomolybdate Alleviated P38

MAPK-Mediated DNA Damage and Cell

Death in CuONPs-Treated HUVECs
In our previous study, we demonstrated that CuONPs expo-

sure resulted in the release of copper ions in HUVECs.20

Therefore, in the current study, we determined whether the

released copper ions mediate p38 MAPK-mediated DNA

damage and cell death in CuONPs-treated HUVECs. We

showed that copper ions chelator TTM prevent the upregula-

tion of superoxide anions in CuONPs-treated HUVECs

(Figures 6A and B and S5A–B). The results from MDA

assay showed that TTM alleviated CuONPs-induced oxida-

tive stress in HUVECs (Figure 6C). In addition, TTM inhib-

ited the activation of p38MAPK, indicated by the reduction of

p38 MAPK, HSP27 and ATF-2 phosphorylation in TTM-

treated HUVECs (Figures 6D and S5C). Furthermore, the

chelation of copper ions also attenuated CuONPs-induced

γH2AX foci formation and the upregulation of ATR, ATM,

p53 and H2AX phosphorylation in HUVECs (Figures 6E and

F and S5D). Finally, we showed that the chelation of copper

ions rescued HUVECs from CuONPs-induced cell death in

a dose-dependent manner (Figure 6G). Calcein AM assay

further confirmed that TTM treatment reduced HUVECs

death induced by CuONPs (Figures 6H and S5E).

Collectively, these findings indicate that copper ions-

superoxide anions-p38 MAPK-DNA damage axis mediated

CuONPs-induced cell death in HUVECs.

Discussion
CuONPs have been widely applied in multiply areas.29,30

Air–blood barrier translocation of inhaled CuONPs may

directly modulate endothelial dysfunction and the patho-

genesis of atherosclerosis,17 thus it is important to elucidate
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the molecular mechanism underlying CuONPs-induced

vascular endothelial dysfunction.

In our previous studies, we showed that CuONPs expo-

sure induced excessive accumulation of superoxide anions

in vascular endothelial cells, which are mainly attributed

to CuONPs lysosomal deposition-induced lysosomal dys-

function and disruption of protective mitophagy.20,25 In the

current study, we further confirmed that CuONPs induced

oxidative stress in HUVECs, indicated by the increase of

cellular levels of superoxide anions, the upregulation of

protein levels of HO-1 and GCLM, the elevation of the

levels of MDA, but the reduction of GSH/GSSG ratio

(Figure 3). Furthermore, we revealed that CuONPs-

induced oxidative stress directly triggered DNA damage

and cell death in HUVECs (Figures 2 and 4). This finding

is consistent with previous studies reporting that oxidative

stress is a mechanism of CuONPs toxicity.31–33 Oxidative

stress may lead to irreversible oxidation of proteins, lipids

and nucleic acids, consequently trigger DNA damage and

cell death in HUVECs.

Copper is one of the important metal elements in main-

taining homeostasis.34 Copper deficiency can result in a wide

variety of clinical manifestations including impaired growth,

neurological dysfunction and other possible abnormalities.35

Conversely, copper overload can also cause many diseases

such as Wilson’s disease36 and Alzheimer’s disease.37

Previous studies have demonstrated that the toxicity of metal

nanomaterials may originate from the nanoparticles them-

selves, the released metal ions or a combination of both.18,38

In our previous study, we showed that the copper ions released

from CuONPs was involved in CuONPs-induced cell death.20

In the current study, we confirmed that TTM, a copper che-

lator for the treatment of Wilson’s disease,39 alleviated

CuONPs-induced lipid oxidation, HUVECs DNA damage
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and cell death in HUVECs (Figure 6E–H). Our data suggest

that the release of copper ions were the upstream factor of

CuONPs-induced DNA damage and cell death in HUVEC,

indicating that TTM may be an effective treatment for

CuONPs-cardiovascular diseases.

The exact roles of copper ions in CuONPs toxicity are also

explored in the present study.We demonstrated that the release

of copper ions was involved in oxidative stress response in

CuONPs-treated HUVECs (Figure 6A–C). It has been

reported that the levels of serum copper ions are increased
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under inflammatory conditions to trigger oxidative stress

responses that activate inflammatory responses.40

Conversely, copper ions selective chelators can alleviate cop-

per-induced oxidative stress.41 The p38 MAPK signaling

pathway has been implicated in cellular responses including

inflammation, metabolism, cell death, development, cell dif-

ferentiation, senescence, and tumorigenesis.42,43 The p38

MAPK signaling pathway has been implicated in cellular

responses to exposure to CuONPs in vivo and in vitro

model.25,44,45 In this study, we further determined that p38

MAPK pathway activation was implicated in copper ions-

induced oxidative stress in HUVECs (Figure 6D). All these

data indicate that the CuONPs exposure causes a significant

increase of cellular copper ions, which induce oxidative stress

and activate MAPK pathways. Nevertheless, the upstream

regulators and downstream effectors of p38 MAPK in

CuONPs-treated HUVECs need further investigations.

It is well documented that p38 MAPK is activated in

response to DNA double strand breaks (DSBs).46 DSBs, in

turn, promoted nuclear translocation of p38 MAPK to facil-

itate the phosphorylation of p38 MAPK downstream effectors

to induce G2/M cell cycle checkpoint and DNA repair.47

There is increasing evidence that p38 MAPK signaling path-

way is also involved in nanoparticle-induced cytotoxicity.

Gold nanoparticles exposure induced mechanical stress and

activation of p38 MAPK pathway in mesenchymal stem

cells.48 In the current study, our results revealed that

CuONPs increased the phosphorylation levels of p38 MAPK

and its downstream targets Hsp27 and ATF-2, while p38

MAPK knockdown could prevent CuONPs-induced cytotoxi-

city in HUVECs (Figure 5). This supports the previous find-

ings showing that silver nanoparticles exposure activates p38

MAPK through the nuclear factor-E2-related factor-2 and

nuclear factor-kappaB signaling pathways, subsequently indu-

cing DNA damage, cell cycle arrest and apoptosis. These

findings also indicate that p38 MAPK may play dual roles in

nanoparticle-induced cytotoxicity and genotoxicity.

Nanoparticle-induced DNA damage stress may activate p38

MAPK to induce DNA repair or trigger cell death directly.

In summary, our findings demonstrate that the release of

copper ions contributes to CuONPs-induced vascular endothe-

lial cell death. The released copper ions induced oxidative

stress and the activation of the p38 MAPK signaling pathway

in HUVECs, while the chelation of copper ions significantly
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reduced the oxidative stress response and inhibited the activa-

tion of p38 MAPK signaling. Furthermore, CuONPs-induced

oxidative stress may trigger DNA damage and apoptotic cell

death in HUVECs through the p38 MAPK signaling pathway,

because p38α knockdown significantly rescued CuONPs-

induced oxidative DNA damage and HUVECs death

(Figure 7). These findings provide an insight into the under-

lying links between the release of copper ions, oxidative stress

and activation of downstream p38 MAPK signaling in

CuONPs-induced cytotoxicity in the cardiovascular system.
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