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Abstract: Environmental exposure to silica nanoparticles (SiNPs) is inevitable due to their 

widespread application in industrial, commercial, and biomedical fields. In recent years, most 

investigators focus on the evaluation of cardiovascular effects of SiNPs in vivo and in vitro. 

Endothelial injury and dysfunction is now hypothesized to be a dominant mechanism in the 

development of cardiovascular diseases. This study aimed to explore interaction of SiNPs with 

endothelial cells, and extensively investigate the exact effects of reactive oxygen species (ROS) 

on the signaling molecules and cytotoxicity involved in SiNPs-induced endothelial injury. 

Significant induction of cytotoxicity as well as oxidative stress, apoptosis, and autophagy was 

observed in human umbilical vein endothelial cells following the SiNPs exposure (P,0.05). 

The oxidative stress was induced by ROS generation, leading to redox imbalance and lipid 

peroxidation. SiNPs induced mitochondrial dysfunction, characterized by membrane potential 

collapse, and elevated Bax and declined bcl-2 expression, ultimately leading to apoptosis, 

and also increased number of autophagosomes and autophagy marker proteins, such as LC3 

and p62. Phosphorylated ERK, PI3K, Akt, and mTOR were significantly decreased, but 

phosphorylated JNK and p38 MAPK were increased in SiNPs-exposed endothelial cells. In 

contrast, all of these stimulation phenomena were effectively inhibited by N-acetylcysteine. 

The N-acetylcysteine supplement attenuated SiNPs-induced endothelial toxicity through 

inhibition of apoptosis and autophagy via MAPK/Bcl-2 and PI3K/Akt/mTOR signaling, as 

well as suppression of intracellular ROS property via activating antioxidant enzyme and Nrf2 

signaling. In summary, the results demonstrated that SiNPs triggered autophagy and apopto-

sis via ROS-mediated MAPK/Bcl-2 and PI3K/Akt/mTOR signaling in endothelial cells, and 

subsequently disturbed the endothelial homeostasis and impaired endothelium. Our findings 

may provide experimental evidence and explanation for cardiovascular diseases triggered by 

SiNPs. Furthermore, results hint that the application of antioxidant may provide a novel way 

for safer use of nanomaterials.

Keywords: nanoparticle, cytotoxicity, mechanism, oxidative stress

Introduction
Engineered nanoparticles (NPs) have been mass produced and widely applied with the 

development of nanotechnology and materials science. Silica nanoparticles (SiNPs) 

are among the top five commonly used NPs, and are on the priority lists for toxicity 

evaluation by the Organization for Economic Cooperation and Development. They 

have found broad applications in many fields. Specifically, due to many advantages, 
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such as high compatibility, easy surface functionalization, 

and resistance to biodegradation in the cellular environment, 

SiNPs are currently intensively studied for potential uses in 

medical and biomedical fields, including image, diagnosis, 

and treatment of diseases. Recently, the cancer-targeted diag-

nostic probes, “C-dots” composed of SiNPs and approved by 

the US Food and Drug Administration, have been allowed for 

the stage I human clinical trials.1 However, both in vitro and 

in vivo studies demonstrated that SiNPs induced toxicologi-

cal effects, and the excessive production of reactive oxygen 

species (ROS) mediated oxidative stress and contributed to 

SiNPs-induced cellular damage.2

In recent years, the adverse effects of SiNPs on cardiovas-

cular toxicity and atherosclerosis development have gained 

attention, and studies demonstrated a clear cardiovascular 

health risk associated with SiNPs exposure.3,4 Vascular 

endothelia line the inner surface of blood vessels, and pro-

vide an essential structural and biological barrier to maintain 

vascular function and homeostasis. Endothelial dysfunction is 

now hypothesized to be a dominant mechanism in the devel-

opment of cardiovascular diseases, including atherosclerosis 

and ischemic heart disease.5 Currently, study on the biological 

behavior of engineered nanomaterials in endothelial cells is 

an essential part of their safety evaluation. Endothelial cells 

could direct contact with the NPs, making NPs–endothelial 

interactions potentially pathogenically relevant.6 Our previ-

ous studies showed that intratracheal-instilled SiNPs could 

pass through the alveolar–capillary barrier into systemic 

circulation,7 and SiNPs triggered endothelial dysfunction.8 

However, knowledge on mechanisms of endothelial dysfunc-

tion is still limited.

In our previous study, we found that SiNPs could increase 

ROS generation.8 However, the exact effects of ROS on the 

signaling molecules and cytotoxicity involved in SiNPs-

induced endothelial injury have not been extensively studied. 

N-acetylcysteine (NAC) is known as an “antioxidant” in 

experimental models. It has been extensively used as an 

antioxidant and free radical scavenger for the treatment of a 

range of clinical diseases, including paracetamol overdose, 

acute heavy metal poisoning, chronic bronchitis, chronic 

obstructive pulmonary disease, cystic fibrosis, and hepatic 

encephalopathy.9–11 It has been reported to reduce cell dam-

age induced by NPs including nano-titanium dioxide12 and 

multi-walled carbon nanotubes.13 However, the mechanisms 

underlying its beneficial effects are poorly defined. This study 

is an extension of our previous study, which aimed at fully 

understanding the effects and interaction mechanisms of 

SiNPs-induced disturbance of endothelial cell homeostasis, 

and also determining the therapeutic effects and possible 

mechanisms of NAC on attenuating the SiNPs-triggered 

ROS signaling in vascular endothelial cells. The research 

work may provide persuasive evidence for safety evalua-

tion and risk management of SiNPs, and also for NAC as a 

chemopreventive agent.

Materials and methods
Chemicals and reagents
NAC, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium 

bromide (MTT), 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylben

zimidazolylcarbocyanine iodide (JC-1), acridine orange (AO), 

and ethidium bromide (EB) were obtained from Sigma-Aldrich 

Co. (St Louis, MO, USA). Fetal bovine serum, Dulbecco’s 

Modified Eagle’s Medium (DMEM), and MitoSOX™ were 

purchased from Thermo Fisher Scientific (Waltham, MA, 

USA). The fluorescent probe 2′,7′-dichlorofluorescein diac-

etate (DCFH-DA) and dihydroethidium (DHE) were acquired 

from Beyotime (Nantong, People’s Republic of China). 

A  MiniBest universal RNA extraction kit, PrimeScript™ 

RT Master Mix (Perfect Real Time), and SYBR Premix Ex 

Taq™ II were obtained from Takara (Tokyo, Japan). All the 

chemicals and reagents used were of analytical purity and 

obtained from commercial sources.

Preparation and characterization of 
amorphous SiNPs
Amorphous SiNPs were prepared using the Stöber method 

and characterized as described in our previous study.8 Briefly, 

2.5 mL of tetraethylorthosilicate was added to a premixed eth-

anol solution (50 mL) containing ammonia (2 mL) and water 

(1 mL). The reaction mixture was stirred (150 rpm) at 40°C 

for 12 hours. The particles were isolated by centrifugation 

(12,000 rpm) for 15 minutes and rinsed with deionized water 

for three times; they were then dispersed in deionized water 

(50 mL). The size and distribution of SiNPs were assessed by 

transmission electron microscopy (TEM; JEM2100; JEOL, 

Tokyo, Japan) and ImageJ software. In addition, the zeta 

potential, hydrodynamic sizes, and polydispersity index of 

SiNPs were detected with a Zetasizer (Nano ZS90; Malvern 

Instruments, Malvern, UK). Prior to the experimental use, 

the stock suspensions of SiNPs were sonicated for 5 minutes 

through a sonicator (160 W, 20 kHz, 5 minutes; Bioruptor 

UCD-200; Diagenode, Liege, Belgium) in order to minimize 

their aggregation. Meanwhile, inductively coupled plasma 

atomic emission spectrometry (ICP-AES) (Agilent 720; 

Agilent Technologies, Santa Clara, CA, USA) was used 

for purity detection, and gel-clot limulus amebocyte lysate 
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assay kit for endotoxin measurement in SiNP suspensions 

was purchased from Zhanjiang Bokang Marine Biological 

Co. Ltd (Zhanjiang, People’s Republic of China).

Cell culture and treatment
Human umbilical vein endothelial cells (HUVECs) were 

purchased from the Cell Resource Center, Shanghai Institutes 

for Biological Sciences, People’s Republic of China. Cells 

were cultured in DMEM supplemented with 10% fetal bovine 

serum at 37°C in a 5% CO
2
 humidified incubator. Cells were 

incubated up to ~24 hours and grown to ~80% confluence 

before experiments. SiNPs were suspended in DMEM and 

diluted to appropriate concentrations. NAC was dissolved 

in phosphate-buffered saline (PBS; 500 mM) and added to 

DMEM to treat cells for 2 hours. After pretreatment, NAC 

was removed, and cells were washed with PBS, replaced with 

either fresh culture medium or SiNPs, and cultured for another 

24 or 48 hours. Lastly, cells or supernatants were collected for 

a series of analyses according to the experiment schedule.

Cell viability assay
Viability of HUVECs was determined using the MTT assay 

as previously described.14 Briefly, 1×104 HUVECs were 

placed in each of 96 wells. After treatment, the cell superna-

tant was discarded to avoid the reaction between NAC and 

MTT, and 100 μL fresh medium plus 10 μL of 5 mg/mL 

MTT was added, and finally, the solution was incubated 

at 37°C for 4 hours. The conversion of the tetrazolium salt 

MTT to a colored formazan by mitochondrial dehydrogenase 

was used to assess cell viability. Ultimately, absorbance was 

measured at 490 nm using a microplate reader (SpectraMax 

M5; Molecular Devices LLC, Sunnyvale, CA, USA).

Lactate dehydrogenase release assay
The release of intracellular lactate dehydrogenase (LDH) into 

culture medium is an indicator of irreversible cell death due to 

cell-membrane damage. To determine the effect of SiNPs on the 

cell membrane, LDH release was assessed using a commercial 

LDH kit (Jiancheng Bioengineering Institute, Nanjing, People’s 

Republic of China) according to the manufacturer’s protocols. 

Briefly, cells were cultured in 24-well plates, with ~8×104 

cells/well. After 12 hours of growth, cells were treated with 

5 mM NAC for 2 hours and/or SiNPs with the concentration 

of 50 μg/mL at 37°C for 24 hours. The supernatants were col-

lected, and LDH activity was measured by an ultraviolet–visible 

spectrophotometer (Beckman DU-640B; Beckman Coulter, 

Brea, CA, USA) at 440 nm. The amount of LDH released is 

expressed as LDH activity (U/L) in culture media.

SiNPs uptake
ICP-AES is a spectral technique that can determine the 

presence and concentrations of metal samples. Nowadays, 

it is widely applied for the quantification of NPs uptake.15 

Thus, the SiNPs uptake was assayed by ICP-AES. Briefly, 

HUVECs were washed with PBS, and trypsinized after 

treatment. Cell density was determined with a hemocytom-

eter. The cell suspensions were centrifuged at 1,500 rpm 

for 5 minutes. In total, 5 mL cell lysate containing HNO
3
 

and H
2
O

2
 (3:1) was added in cell pellets. Then, the silicon 

content in the lysis solution was detected using ICP-AES. 

The number of internalized SiNPs was calculated via 

the silicon content in the lysis solution divided by the 

number of cells, providing a quantitative measurement of 

SiNPs uptake.

Intracellular ROS measurement
The production of intracellular ROS was measured using 

DCFH-DA, DHE, and MitoSOX™. DCFH-DA, an 

oxidation-sensitive probe, has been widely used for the 

detection of intracellular H
2
O

2
 level. After SiNPs plus NAC 

exposure, cells were incubated with PBS containing 10 mM 

DCFH-DA for 30 minutes in a CO
2
 incubator. After incuba-

tion, the cells were washed with PBS. DCF fluorescence was 

observed using a flow cytometer (Becton Dickinson, Franklin 

Lakes, NJ, USA) and a laser scanning confocal microscope 

(LSM 710; Carl Zeiss Meditec AG, Jena, Germany) by cap-

turing images at ×400 or ×1,200 magnification. Meanwhile, 

DHE, an indicator of superoxide anion radical (O
2
-), and 

MitoSOX™, a mitochondrial superoxide indicator, were used 

to measure the production of O
2

- and mitochondrial ROS. 

After treatment, cells were incubated with either DHE or 

MitoSOX™ working solution at 37°C for 10 minutes. Then, 

cells were harvested and washed with PBS buffer for three 

times. Ultimately, the DHE or MitoSOX™ red fluorescence 

intensity was determined through flow cytometry (FCM).

Assessment of oxidative damage
Malondialdehyde (MDA) content was measured as an end 

product of lipid peroxidation, which was carried out using 

commercially available kits (Jiancheng Bioengineering 

Institute, Nanjing, People’s Republic of China) according 

to the manufacturer’s instructions. Furthermore, the defense 

systems against free radical attack were assessed by the 

measurement of superoxide dismutase (SOD) activity and 

glutathione (GSH) level, using the corresponding commer-

cial kit from Nanjing Jiancheng Bioengineering Institute 

(Jiancheng, People’s Republic of China).
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Quantification of mRNA expression using 
real-time polymerase chain reaction
The relative amount of redox-related factors, including Nrf2 

and its downstream genes, such as SOD2, NQO1, TXN-1, 

and TXNRD-1, GCLC, and also hsp70 were quantified using 

real-time polymerase chain reaction according to our previ-

ous study.8 All quantifications were performed with β-actin 

as an internal standard, and the relative amount of mRNA 

was calculated using the 2-∆∆CT method.

Cell apoptosis analysis
Morphological evidence of apoptosis was obtained using 

AO/EB staining. Briefly, cells were seeded in 24-well plates 

at a density of 5×104 cells/well. After treatment, one droplet 

of mixture solution, containing 100 μg/mL each of AO and 

EB, was added to stain cells, which were then immediately 

observed under inverted fluorescence microscope (BX-60; 

Olympus Corporation, Tokyo, Japan) and photographed 

at ×200 magnification. Moreover, the apoptotic cells were 

quantified and analyzed by FCM using an Annexin V-FITC 

apoptosis detection kit (KeyGen, Nanjing, People’s Republic 

of China) according to the manufacturer’s instructions.

Evaluation of mitochondrial membrane 
potential
Mitochondrial membrane potential (MMP) of the cells was 

monitored using JC-1 probe, which can selectively enter into 

mitochondria and reversibly change color from red to green 

as the membrane potential decreased. The ratio of red to 

green expresses the change of MMP. After treatment, cells 

were washed with PBS for three times, and then incubated 

with 10 mg/mL working solution of JC-1 for 20 minutes. 

Ultimately, cells were washed with PBS twice and observed 

using laser scanning confocal microscope by capturing 

images at ×1,200 magnification. Meanwhile, the red/green 

ratio was analyzed by Leica QWin image analysis software 

(Leica Microsystems, Wetzlar, Germany). At least 20 fields 

were picked in each group for the measurement of mean 

values of red and green fluorescence intensities, and then the 

mean value of red/green ratio was calculated.

Autophagy measurement
Firstly, the autophagy induced by SiNPs in HUVECs 

was measured by TEM. Briefly, after treatment, the cell 

samples were collected and immediately fixed overnight 

in 3% glutaraldehyde. Then, the samples were rinsed three 

times with 0.1 M phosphate buffer and postfixed with 1% 

osmic acid for 2 hours. After being rinsed three times with 

0.1 M phosphate buffer and serially dehydrated with 50%, 

70%, 80%, 90%, and 100% alcohol and 100% acetone, 

the samples were embedded in epoxy resin for making the 

blocks of cells. Ultrathin sections (50 nm) obtained with 

an ultramicrotome were stained with 5% aqueous uranyl 

acetate and 2% aqueous lead citrate, air dried, and imaged 

under TEM. Besides TEM observation, MAP1LC3β or 

LC3B, the autophagy protein biomarker, was detected by 

immunofluorescent staining. Intracellular LC3B intensity 

was quantified by Leica QWin image analysis software. At 

least 20 fields were picked in each group for the calculation 

of mean value of fluorescence intensity. Meanwhile, both 

mRNA and protein expressions of LC3B and p62 were 

determined by real-time polymerase chain reaction and 

Western blot, respectively. The primary antibodies for LC3B 

and p62 were purchased from Cell Signaling Technology 

(Danvers, MA, USA).

Western blot analysis
The total and phosphorylated ERK, p38 MAPK, JNK, 

PI3K, Akt, and mTOR protein in HUVECs was detected 

by Western blot analysis, besides the protein levels of bcl-2 

and Bax. As an internal control, GAPDH was detected. The 

primary antibodies for these proteins were all acquired from 

Cell Signaling Technology. Densitometric analysis of the 

Western blots was performed using Image Lab™ Software 

(Bio-Rad Version 3.0; Bio-Rad Laboratories Inc., Hercules, 

CA, USA). The relative values of the samples were measured 

by normalizing all data to the respective control samples of 

each experiment.

Statistical analysis
Data were expressed as mean ± SD and examined for their 

statistical significance of differences by Student’s t-test. 

All comparisons were two-tailed, and P-values ,0.05 was 

considered to be statistically significant.

Results
Characterization of SiNPs
The TEM images of SiNPs exhibited near-spherical shape 

with relatively favorable dispersibility (Figure 1). The 

SiNPs was fully characterized in our previous studies:8 

the average diameter of the SiNPs was ~57.66±7.30  nm. 

When the SiNPs were added in DMEM for 24 hours, their 

hydrodynamic size, zeta potential, and polydispersity index 

were 107.94±1.47  nm, -30.33±1.35  mV, and 0.11±0.02, 

respectively, reflecting that SiNPs displayed good mono-

dispersity in the culture medium. Furthermore, the purity 
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of the SiNPs used in our study was better than 99.9%, and 

SiNPs were endotoxin-free. Our results confirmed that the 

SiNPs possessed favorable dispersibility and stability in the 

culture medium.

SiNPs declined cell viability, while NAC 
restored it
Firstly, in order to find the optimum concentration of NAC to 

be administered in HUVECs, an NAC dose–response curve 

was created, and 5 mM NAC was found to be the optimum 

dose, which was used in all the experiments (Figure 2A). 

The exposure of HUVECs to SiNPs led to a significant loss 

of cell viability. However, NAC pretreatment showed sig-

nificant protective effect on viability of HUVECs exposed 

to SiNPs (Figure 2B).

SiNPs induced LDH release, which was 
attenuated by NAC
According to IC

50
 of SiNPs calculated from the MTT results, 

the dose of 50 μg/mL was chosen for the following study. 

After exposure to 50 μg/mL SiNPs for 24 hours, the LDH 

activity (U/L) in cell media increased from 117.81±38.62 

(control) to 686.76±21.32 (P,0.05), indicating a statistically 

significant LDH release induced by SiNPs. NAC pretreat-

ment was found to be effective in decreasing LDH release 

to 567.58±37.48 U/L compared to SiNPs only (P,0.05), 

although not to its normal state. The treatment with NAC 

alone (104.16±15.88 U/L) had no significant effect on LDH 

release as compared with control (Table 1).

No influence on SiNPs uptake by NAC
Results showed that after incubation with 50 μg/mL SiNPs 

for 24 hours, the average silicon content internalized by each 

106 cells increased from 0.02±0.01 (control) to 24.46±4.52 µg 

(P,0.05), suggesting a statistically significant increase in the 

uptake of the SiNPs by HUVECs. NAC pretreatment had no 

significant effect on SiNPs uptake, which was 20.93±2.21 µg 

as compared to SiNPs only. Meanwhile, treatment with NAC 

Figure 1 TEM of tested SiNPs.
Notes: Representative transmission electron micrograph of SiNPs. All particles were 
near-spherical in shape, and no stable aggregates were visible (scale bar =0.2 μm).
Abbreviations: TEM, transmission electron microscopy; SiNPs, silica nanoparticles.

Figure 2 The declined cell viability of HUVECs induced by SiNPs, and restored by NAC.
Notes: (A) The cytotoxicity of NAC on HUVECs assessed by MTT assay. Cells were treated with NAC for 24 hours at various concentrations, which were 0.125, 0.25, 
0.5, 1, 2, 4, 5, 8, and 10 mM, respectively. Control received culture medium only. Finally, 5 mM was chosen as the dose of NAC for the following study. (B) Cell viability of 
HUVECs measured by MTT assay. Cells were pretreated with 5 mM NAC for 2 hours followed by exposure of SiNPs (12.5, 25, 50, and 100 μg/mL, respectively) for either 
24 or 48 hours. All values are mean ± SD of three identical experiments made in triplicate. *P,0.05 vs control and #P,0.05 for SiNPs vs SiNPs plus NAC.
Abbreviations: HUVECs, human umbilical vein endothelial cells; SiNPs, silica nanoparticles; NAC, N-acetylcysteine; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide; SD, standard deviation.
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alone (0.03±0.01 µg) also manifested no significant effect as 

compared with control (Table 1).

SiNPs increased ROS production, which 
was attenuated by NAC
To examine the intracellular ROS production induced by 

SiNPs, intracellular H
2
O

2
 and O

2
- levels were measured 

using DCFH-DA and DHE probe, respectively. As shown 

in Figure 3A, the DCF fluorescence intensity in HUVECs 

treated with SiNPs significantly increased as compared 

with the control group, while it was relatively weak after 

pretreated with NAC compared to that treated with SiNPs 

only. Quantification of the fluorescence was done by FCM 

(Figure 3B). The generation of both H
2
O

2
 and O

2
- in HUVECs 

increased nearly by 75% (H
2
O

2
) and 50% (O

2
-) under the 

SiNPs exposure compared with the control group (P,0.05). 

However, NAC pretreatment declined the elevated H
2
O

2
 

levels and O
2

- mediated by SiNPs (P,0.05). It is assumed 

that mitochondria serve as the major intracellular source of 

ROS. The mitochondrial ROS was measured by monitoring 

MitoSOX™ fluorescence intensity. Similarly, the production 

of mitochondrial ROS also manifested such a trend of change 

(Figure 3C and D). All these results suggested that NAC 

pretreatment could effectively inhibit the ROS production 

induced by SiNPs.

SiNPs induced oxidative injury, while 
NAC reduced it
As shown in Figure 4A, SiNPs exposure increased the 

MDA content in HUVECs when compared to control group 

(P,0.05). But pretreatment with NAC remarkably reduced 

MDA content induced by SiNPs (P,0.05). On the other 

hand, both the GSH content and SOD activity in SiNPs expo-

sure group increased significantly in comparison to that in the 

control group (P,0.05), and that in the group pretreated with 

NAC followed by SiNPs exposure had an obvious increase 

compared to SiNPs exposure group (P,0.05), indicating 

that NAC pretreatment further increased the elevated GSH 

content and SOD activity mediated by SiNPs in HUVECs 

(Figure 4B and C).

SiNPs promoted the activation of Nrf2 
signaling, and NAC further enhanced it
Nrf2 has been recognized as a transcription factor that 

controls mechanisms of cellular defense response against 

oxidative stress. As shown in Figure 5, the mRNA expres-

sions of Nrf2 and its key downstream genes tested were 

upregulated with SiNP exposure in HUVECs, and NAC 

pretreatment further promoted the activation of Nrf2 signal-

ing as evidenced by enhanced expressions of Nrf2 and its 

downstream genes.

SiNPs promoted endothelial cell 
apoptosis, while NAC inhibited it
To investigate the impact of SiNPs on endothelial apoptosis, 

the cellular morphology was assessed by AO/EB staining 

(Figure 6A). Cells in the control group were uniformly 

green colored with a normal morphology, and many cells in 

SiNPs exposure group manifested apoptotic morphological 

changes, while cells under apoptosis became less with NAC 

pretreatment. Furthermore, the quantification data on apop-

tosis acquired by FCM analysis showed that the apoptotic 

rate increased from 5.44% (control) to 23.99% at 50 μg/mL 

SiNPs exposure for 24 hours; on the other hand, pretreat-

ment with NAC resulted in protection against SiNPs-induced 

cell apoptosis, with the apoptotic rate declined to 14.32% 

(Figure 6B), suggesting that SiNPs promoted apoptosis in 

HUVECs, while NAC pretreatment prevented HUVECs from 

apoptosis induced by SiNPs.

SiNPs induced MMP collapse, which was 
suppressed by NAC
An increase in ROS and a consequent loss of MMP were 

reported to be typical phenomena during mitochondria-

dependent apoptosis. The MMP was determined with JC-1 

probe by confocal microscopy. In live cells, JC-1 existed 

either as a green-fluorescent JC-1 monomer at depolarized 

membrane potentials or as a red-fluorescent JC-1 aggregate at 

hyperpolarized membrane potentials. As shown in Figure 7A, 

the HUVECs stained with JC-1 showed the enhanced cyto-

plasmic diffusion of green monomer fluorescence following 

exposure to SiNPs. The loss of the MMP was reflected by 

a decrease in the ratio of red (JC-1 aggregates) to green 

(JC-1 monomers) fluorescence. As shown in Figure 7B, 

Table 1 LDH activity and silicon content after treatment with 
SiNPs and NAC

Group LDH activity  
(U/L)

Silicon content  
(μg/106 cells)

Control 117.81±38.62 0.02±0.01
NAC 104.16±15.88 0.03±0.01
SiNPs 686.76±21.32* 24.46±4.52*
SiNPs + NAC 567.58±37.48*,# 20.93±2.21*

Notes: Data are expressed as mean ± SD from three independent experiments 
performed in triplicate. *P,0.05 vs control; #P,0.05 for SiNPs vs SiNPs plus NAC.
Abbreviations: LDH, lactate dehydrogenase; SiNPs, silica nanoparticles; NAC, 
N-acetylcysteine; SD, standard deviation.
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Figure 3 ROS production induced by SiNPs, which was attenuated by NAC.
Notes: (A) Fluorescence image of HUVECs under laser confocal microscope observed through DCFH-DA probe at a magnification of ×400. Cells were pretreated with 
5 mM NAC for 2 hours, followed by 50 μg/mL SiNPs exposure for 24 hours. Control received culture medium only. (B) Quantification of the fluorescence by FCM using 
DCFH-DA and DHE probes for the detection of intracellular H2O2 and O2

-, respectively. (C) MitoSOX™ via FCM for the determination of mitochondrial ROS. (D) The 
representative FCM scatter plots of intracellular H2O2, O2

-, and mitochondrial ROS, respectively. Data are expressed as mean ± SD from three independent experiments. 
*P,0.05 vs control; #P,0.05 for SiNPs vs SiNPs + NAC.
Abbreviations: ROS, reactive oxygen species; SiNPs, silica nanoparticles; NAC, N-acetylcysteine; HUVECs, human umbilical vein endothelial cells; DCFH-DA, 2′,7′-
dichlorofluorescein diacetate; FCM, flow cytometry; DHE, dihydroethidium; SD, standard deviation; MFI, mean fluorescence intensity.
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Figure 4 Oxidative injury induced by SiNPs and reduced by NAC.
Notes: After exposure to 50 μg/mL SiNPs for 24 hours plus pretreatment with 5 mM NAC for 2 hours, the (A) production of MDA, (B) GSH content, and (C) SOD activity 
were measured. Data are expressed as mean ± SD from three independent experiments. *P,0.05 vs control; #P,0.05 for SiNPs vs SiNPs + NAC.
Abbreviations: SiNPs, silica nanoparticles; NAC, N-acetylcysteine; MDA, malondialdehyde; GSH, glutathione; SOD, superoxide dismutase; SD, standard deviation; prot, 
protein.

Figure 5 The activation of redox-mediated Nrf2 signaling pathway.
Notes: The mRNA expressions of Nrf2 and its key downstream genes, including SOD2, NQO1, TXN-1, TXNRD-1, GCLC, and hsp70, were measured through quantitative 
real-time PCR. Data are expressed as mean ± SD from three independent experiments. *P,0.05 vs control; #P,0.05 for SiNPs vs SiNPs + NAC.
Abbreviations: PCR, polymerase chain reaction; SD, standard deviation; SiNPs, silica nanoparticles; NAC, N-acetylcysteine.
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Figure 6 Apoptosis promoted by SiNPs, and the prevention by NAC.
Notes: (A) AO/EB staining and flow cytometry using (B) Annexin V-FITC double-stain were used to detect the apoptosis of HUVECs after treatment with 50 μg/mL 
SiNPs for 24 hours plus NAC pretreatment (5 mM, 2 hours). Scale bar =50 μm, with the magnification of ×200. Data are expressed as mean ± SD from three independent 
experiments. *P,0.05 vs control; #P,0.05 for SiNPs vs SiNPs + NAC.
Abbreviations: SiNPs, silica nanoparticles; NAC, N-acetylcysteine; AO, acridine orange; EB, ethidium bromide; HUVECs, human umbilical vein endothelial cells; SD, standard 
deviation.

SiNPs induced the decrease of MMP as compared to control 

(P,0.05), while NAC pretreatment increased MMP com-

pared to SiNPs-only group (P,0.05), suggesting that NAC 

effectively suppressed the SiNPs-induced loss of MMP.

SiNPs induced autophagy, which was 
reversed by NAC
TEM is considered as the gold standard method to determine 

double-membrane vacuole structures. Firstly, autophagy 

activation in HUVECs treated with SiNPs was measured by 

ultrastructural analysis via TEM. As shown in Figure 8A, 

HUVECs exposed to SiNPs exhibited typical autophagic 

vacuoles with degraded cytoplasmic contents and highly 

electron-dense SiNPs when compared to the control cells. 

By inspecting the TEM image carefully, the whole process 

of autophagy was observed in HUVECs exposed to SiNPs, 

including double-membranous phagophores, autophago-

somes with cytoplasmic materials inside, and autolysosomes. 

Furthermore, swollen or cristae-rupturing mitochondria and 

damaged lysosome existed in the cytoplasm of HUVECs 

exposed to SiNPs. Results from the ultrastructural analysis 

clearly indicated that SiNPs triggered the autophagy process 

in vascular endothelial cells.

Autophagy activated by SiNPs was further confirmed by 

assessing the autophagy protein biomarker, LC3. Immuno-

fluorescence observation and the corresponding fluorescent 

intensity analysis demonstrated enhanced LC3-positive 

dots in HUVECs under the exposure of SiNPs, while NAC 

pretreatment reversed the elevated LC3 level to normal state 

(Figure 8B and C). The quantification of mRNA and protein 

expressions also revealed the enhanced LC3 and p62 levels 

in SiNPs-treated HUVECs, while NAC pretreatment signifi-

cantly lowered it down to almost normal level (Figure 8D). 

All these results indicated that SiNPs could activate the 

autophagy process but with impaired autophagy degradation 

in vascular endothelial cells, while NAC pretreatment could 

effectively reverse it.

SiNPs regulated MAPK/Bcl-2 and 
PI3K/Akt/mTOR signaling, which was 
retroregulated by NAC
As shown in Figure 9A and B, SiNPs significantly promoted 

the phosphorylation of both JNK and p38 MAPK, but reduced 

that of ERK (P,0.05). NAC pretreatment reversed such 

phosphorylation (P,0.05). We also analyzed expressions of 

the proapoptotic protein, Bax, and antiapoptotic protein, bcl-2, 

by Western blot. The bcl-2/Bax ratio is called as “molecular 

switch” in apoptosis initiation. SiNPs significantly declined 

the bcl-2/Bax ratio as compared to control (P,0.05), while 

NAC pretreatment alleviated the elevated Bax levels and 

increased the bcl-2/Bax ratio when compared to SiNPs only 

(P,0.05). Furthermore, as PI3K/Akt/mTOR signaling is a key 

negative regulator of autophagy, we examined p-PI3K, p-Akt, 

and p-mTOR upon different treatments. Results revealed that 

SiNPs significantly inhibited the phosphorylation of PI3K, 

Akt, and mTOR in HUVECs (P,0.05). Furthermore, NAC 

pretreatment markedly attenuated the dephosphorylation in 

PI3K/Akt/mTOR signaling pathway (P,0.05).
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Figure 7 The loss of MMP induced by SiNPs and suppressed by NAC.
Notes: HUVECs were treated with 50 μg/mL SiNPs for 24 hours plus NAC pretreatment for 2 hours. The MMP was determined using the fluorescent probe, JC-1. 
(A) Confocal images of MMP at a magnification of ×1,200. (B) The JC-1 red/green fluorescence intensity ratio was used to express the changes of MMP, and the decreased 
ratio indicates decrease of MMP. Data are expressed as mean ± SD from three independent experiments. *P,0.05 vs control; #P,0.05 for SiNPs vs SiNPs + NAC.
Abbreviations: MMP, mitochondrial membrane potential; SiNPs, silica nanoparticles; NAC, N-acetylcysteine; HUVECs, human umbilical vein endothelial cells; SD, standard 
deviation; DAPI, 4′,6-diamidino-2-phenylindole.
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Figure 8 Induction of autophagy by SiNPs and reversed by NAC.
Notes: (A) Induction of autophagy in HUVECs by 50 μg/mL SiNPs observed under TEM. Control shows typical distribution of organelles within vascular endothelial cells. 
SiNPs-treated cell shows appearance of numerous perinuclear vacuoles typical of an autophagic cell. The white and black arrows indicate damaged mitochondrial and impaired 
lysosome, respectively, whereas the red arrow indicates a double-membranous phagophore developing into an autophagosome; (a and b) early autophagic vacuoles (AVi) 
containing membrane-bound cytoplasmic material, (c and d) and late autophagic vacuoles (AVs) with partially degraded cytoplasmic materials. LC3B expression was determined 
by immunofluorescence. Images demonstrate enhanced LC3-positive dots in HUVECs under 50 μg/mL SiNPs exposure, (B and C) while NAC pretreatment reversed the 
elevated LC3 level to nearly normal state. (D) Quantification of LC3 and p62 expressions was done by quantitative real-time PCR at mRNA level, and by Western blot at 
corresponding protein level. Data represented are the mean ± SD from three independent experiments. *P,0.05 vs control; #P,0.05 for SiNPs vs SiNPs + NAC.
Abbreviations: SiNPs, silica nanoparticles; NAC, N-acetylcysteine; HUVECs, human umbilical vein endothelial cells; TEM, transmission electron microscopy; PCR, polymerase 
chain reaction; SD, standard deviation; DAPI, 4′,6-diamidino-2-phenylindole.

Discussion
Oxidative stress generated by an imbalance between ROS and 

antioxidants has been implicated in the causation of many 

human disorders, such as cardiovascular, liver, and respira-

tory diseases. In general, ROS-mediated oxidative stress has 

been suggested as one among the key events that triggers 

the NPs-induced cytotoxicity.16–18 We observed a dose-

dependent ROS production either in HUVECs or in HepG2 

cells when exposed to SiNPs at 25, 50, and 100 μg/mL for 

24 hours.8,19 However, ROS-independent mechanisms were 
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Figure 9 Regulation of MAPK/Bcl-2 and PI3K/Akt/mTOR signaling.
Notes: The expressions of ERK, p-ERK, p38 MAPK, p-p38 MAPK, JNK, p-JNK, PI3K, p-PI3K, Akt, p-Akt, mTOR, p-mTOR, bcl-2, and Bax were measured by Western blot 
assay after 24 hours of exposure to SiNPs plus NAC in HUVECs. (A) All blots shown are representative of three independent experiments. (B) Relative densitometric 
analysis of the protein bands was performed and presented. Data are expressed as the mean ± SD from three independent experiments. *P,0.05 vs control; #P,0.05 for 
SiNPs vs SiNPs + NAC.
Abbreviations: SiNPs, silica nanoparticles; NAC, N-acetylcysteine; HUVECs, human umbilical vein endothelial cells; SD, standard deviation.

also involved in NPs’ toxicity.20,21 Recently, SiNPs have been 

reported to protect pea seedings against Cr(VI) phytotoxic-

ity via reducing oxidative stress, and enhancing antioxidant 

defense system.22 These data of agreement and discordance 

with regard to NPs’ toxicity and its mechanisms indicate that 

hazards and exact mechanisms have not been clearly defined. 

We previously demonstrated that SiNPs exposure induced 

inhibition of cell viability, an increase of cytokines, as well 

as apoptosis in vascular endothelial cells, HUVECs.8 In vivo 

study also provided support for disturbance of endothelial 

cell homeostasis, and induction of autophagy mediated by 

SiNPs.23 In recent years, the pharmaceutical application 

potential of NAC supplement has attracted much interest 

from researchers in exploring strategies against NPs’ toxicity. 

Thus, in order to certify the critical role of ROS in SiNPs-

induced endothelial cell injury and also explore a mean for 

preserving cell function, the cellular antioxidant NAC was 

used in the present study.

NAC has already been approved for use in human 

clinical practice for several years, and it appears to be safe, 

especially when administered via ingestion.10 It is a source 

of GSH and sulfhydryl groups, and its antioxidant activity 

results from its abilities to scavenge free radicals by inter-

acting with ROS and raise levels of cellular GSH. To be 

noted, some reports showed an effective decline in cellular 

uptake of NPs in the presence of NAC,24,25 whereas our 

results demonstrated that NAC pretreatment had no effect 

on SiNPs uptake, which might be associated with the char-

acterization and concentration of NPs used in experiments 

according to the study by Davda and Labhasetwar.26 Long 

et al demonstrated that ROS generation is an initial cellular 

response to NP internalization.27 As a result, increased ROS 

production has been associated with the internalization of 

SiNPs within cells, while NAC pretreatment could scavenge 

the ROS generated by internalized SiNPs as evidenced by 

the reduction of intracellular H
2
O

2
, superoxide anion (O

2
-), 

and also mitochondrial ROS with pretreatment of NAC in 

HUVECs. Our results confirmed the involvement of ROS 

in the process of toxicity and is in agreement with previous 

studies.28 Elevated levels of MDA implicated an oxidative 

attack leading to cellular damage and failure of antioxidant 

defense mechanisms. It has been reported that NAC could 

promote the antioxidant defense system, including the 

enhancement of antioxidant activity (ie, SOD, GSH-Px, and 

CAT)29 and GSH level, and also the activation of the Nrf2 

signaling.30,31 Our study confirmed that NAC pretreatment 

significantly decreased the MDA level induced by SiNPs, and 

also enhanced antioxidant defense system, including upregu-

lated GSH content, SOD activity, and also Nrf2 antioxidant 

signaling, resulting in restoration of the decreased viability 
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of HUVECs induced by SiNPs. All these indicated that the 

protective effects of NAC on SiNPs-induced endothelial cell 

injury were related to the alleviation of ROS-mediated oxida-

tive stress and also the augmentation of antioxidant defense 

system. Meanwhile, results confirmed that the SiNPs-induced 

endothelial injury was ROS-dependent. Cell death, including 

apoptosis, necrosis, and autophagy, is a highly regulated pro-

cess and critical to the maintenance of tissue homeostasis in 

multicellular organisms. ROS production and oxidative stress 

have received much attention in NPs-induced apoptosis.32 

ROS have been suggested to be signaling molecules for the 

initiation and execution of the apoptotic death program.33 

The scavenger of ROS, NAC, was proved to attenuate the 

SiNPs-induced apoptosis of endothelial cells in this study. 

Mitochondria are the main source of intracellular ROS, and 

are also vulnerable under oxidative stress. ROS can induce 

mitochondrial dysfunction, leading to ATP depletion, open-

ing of the mitochondrial permeability transition pore, MMP 

collapse, and ultimately cell death.34 Consistent with previ-

ous studies,28 an increase of mitochondrial superoxide and 

a decline of MMP induced by SiNPs were observed. NAC 

could upregulate the decreased MMP induced by SiNPs, and 

also significantly alleviate the generation of mitochondrial 

superoxide. We speculated that the decline of ROS, especially 

mitochondrial ROS level, by NAC alleviated the MMP col-

lapse, and then apoptosis of HUVECs exposed to SiNPs.

It is known that NPs-induced mitochondrial disrup-

tion leads to the subsequent cytochrome c release from the 

mitochondria which initiates the process of apoptosis. The 

proapoptotic members of Bcl-2 family such as Bax, Bad, and 

Bak initiate the release of cytochrome c, but antiapoptotic 

members of this family such as bcl-2 and bcl-xl antagonize it. 

In the present study, SiNPs regulated Bcl-2 family proteins, 

a process characterized by the upregulated Bax and down-

regulated bcl-2 (Figure 9A and B). The crucial role of bcl-2/

Bax in mitochondrial permeability and MMP loss has been 

well established. The decreased MMP with a concomitant 

decrease in the bcl-2/Bax ratio suggested that SiNPs-induced 

apoptosis was mitochondria dependent. Simultaneously, 

SiNPs also activated the MAPK signaling, as shown by 

the increased expressions of phosphorylated JNK and p38 

MAPK, but inactivated ERK. It has been reported that NPs-

induced ROS production and oxidative stress through the 

MAPK pathway regulates apoptosis.35–37 MAPK plays an 

essential role in modulating the functions of pro- and anti-

apoptotic proteins located in mitochondria. For example, JNK 

has been shown to be critically required for the release of 

cytochrome c from mitochondria.38 Following activation by 

apoptotic stimuli, JNK readily translocates to mitochondria. 

The activated JNK and p38 MAPK could not only phosphory-

late bcl-2 or bcl-xl to suppress their antiapoptotic activity39,40 

but also phosphorylate Bax leading to its mitochondrial trans-

location prior to apoptosis.41 Meanwhile, the ROS-mediated 

ERK inactivation could downregulate bcl-xl expression via 

suppressing ERK-mediated c-Jun phosphorylation,42 result-

ing in mitochondria-dependent apoptosis. These findings sug-

gested that SiNPs induced endothelial cell apoptosis through 

MAPK/Bcl-2 signaling. However, NAC pretreatment could 

reverse SiNPs-induced alteration of MAPK/Bcl-2 signaling, 

indicating that the MAPK/Bcl-2 signaling is ROS-dependent. 

ROS-mediated oxidative stress activates MAPK signaling; 

for example, JNK is activated by ROS through upstream 

kinases, primarily ASK1. Conversely, research demonstrated 

that JNK signaling contributes to the amplification of ROS 

generation.43 Therefore, we speculated that the suppressive 

effect of NAC pretreatment on SiNPs-induced JNK activa-

tion may contribute to the decline of elevated ROS level in 

HUVECs exposed to SiNPs.

Autophagy, also known as type II cell death, is an evo-

lutionarily conserved process for bulk degradation, includ-

ing the elimination of long-lived proteins, macromolecular 

aggregates, and nonessential or dysfunctional organelles in 

living cells, such as mitochondria, Golgi apparatus, endo-

plasmic reticulum, and peroxisomes.44 Recently, NPs are 

also considered to cause toxic effects through autophagy 

and lysosomal dysfunction.45–47 Fullerene NPs were shown 

to induce autophagic vacuolization of HUVECs.48 In our 

study, the appearance of cellular ultrastructures observed 

by TEM presented the characteristics of an autophagic 

response of the endothelial cells following exposure to SiNPs, 

including generalized high vacuolization, autophagosomes, 

and autolysosomes with some of them containing NPs 

(Figure 8A). However, detailed mechanisms of NPs-induced 

autophagy have not been fully investigated. Several lines of 

evidence indicate that ROS are the upstream modulators of 

autophagy and that oxidative stress coupled with defective 

autophagy in endothelial cells causes endothelial dysfunc-

tion and disruption of vascular homeostasis, further leading 

to the pathogenesis of a range of diseases, including cardio-

vascular dysfunction, atherosclerosis, and cerebrovascular 

disorders.49–51 ROS could activate autophagy, probably 

representing a feedback mechanism to limit ROS-mediated 

cell activation by removing oxidatively damaged molecules 

and cell structure.52 Currently, it remains unclear whether or 

how oxidative stress is linked to the autophagy in the context 

of SiNPs-induced endothelial cell death.
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During our evaluation of the effects of NAC on autophagy 

in SiNPs-exposed endothelial cells, we detected LC3 and p62 

expressions. LC3, a key autophagy protein marker, converts 

from the cytoplasmic LC3-I form to the lipidated LC3-II 

form during autophagy. Conversion of LC3-I into LC3-II 

is commonly used to monitor autophagy.53 Recently, a few 

studies demonstrated that LC3-II/LC3-I increased signifi-

cantly under SiNPs exposure.23,54,55 We demonstrated SiNPs-

specific induction of the formation of LC3 puncta viewed as 

aggregate dot-like structures in HUVECs (Figure 8B), which 

is another alternative hallmark of autophagy.56 Consistent 

with the enhanced LC3 puncta, an elevated LC3 mRNA 

expression and conversion of LC3-I to LC3-II in HUVECs 

exposed to SiNPs were also observed (Figure 8D), sug-

gesting the autophagosome formation in endothelial cells 

induced by SiNPs exposure. These results fully supported 

our TEM observations. As for NPs-mediated autophagy, it 

might be an adaptive cellular response to the degradation 

and clearance of NPs initially. Recent research reported that 

the autophagic activity might be a key mechanism leading 

to cell survival under 20 nm SiNPs exposure.57 However, 

prolonged and uncontrolled autophagy results in harmful 

cellular dysfunction and also cell death. Lysosome is one 

of the major intracellular storage sites for SiNPs that enter 

into cells.58 SiNPs accumulation in lysosomes has been 

suggested as a mechanism of cytotoxicity in lung epithe-

lial cells, and its overload leading to delayed clearance 

and particle persistence can negatively impact lysosome 

function.59 It has been reported that internalized SiNPs could 

cause destabilization of lysosomes and permeabilization 

of lysosome membranes,60 resulting in ROS generation, 

cytosolic acidification, and eventually cellular death.61,62 

Additionally, lysosome is vulnerable to ROS generated by 

NPs.63 Accordingly, although the lysosome plays an integral 

part in the degradation stage of autophagy by fusing with 

the autophagosome to generate the autolysosome, SiNPs-

mediated lysosome impairment would cause a continued 

accumulation of autophagosomes, and ultimately disturbance 

of autophagy.64–66 We did observe lysosome impairment after 

SiNPs exposure, which may be responsible for the autophagy 

disturbance (Figure S1). Furthermore, the intracellular p62 

protein (SQSTM1) is a selective substrate of autophagic deg-

radation, and has been used to monitor autophagic flux, and 

been proposed to be an indicator of autophagy disturbance.53 

An induction of the autophagic flux leads to increased deg-

radation of p62, whereas autophagy disturbance, that is, an 

impaired autophagic flux or inhibition of autophagosome 

degradation, would result in p62 accumulation. Besides the 

increase in LC3 level, we further detected an increase of 

p62 level, suggesting an impaired autophagic degradation 

induced by SiNPs. It has been reported that accumulation of 

p62 could trigger a positive amplifying loop for ROS gen-

eration, enhanced oxidative stress, and aggravated genomic 

instability.67,68 Notably, SiNPs exposure affected autophagy 

of endothelial cells in two ways, including the induction of 

autophagosome synthesis via increasing LC3-II expression, 

and reduction of autophagosome degradation as shown by 

the lysosome impairment and p62 accumulation. As for the 

influence of NAC on autophagy, up to now, several studies 

have revealed that NAC could decrease the conversion of 

LC3-I to LC3-II in HepG2 cells exposed to SiNPs,55 and in 

ZnO NPs-exposed macrophage.69 This was in line with our 

results that NAC pretreatment reversed the enhanced LC3 and 

p62 expressions in HUVECs induced by SiNPs, which also 

indicated that SiNPs could induce ROS-mediated autophagy 

on endothelial cell.

A large number of studies reported ROS as early induc-

ers of autophagy, but many unknowns still exist regarding 

how ROS-mediated oxidative stress exactly drives the 

autophagy process. The data gathered so far undoubtedly 

show that autophagy is negatively regulated by the serine–

threonine protein kinase mTOR. PI3K/Akt signaling is one 

well-characterized signaling pathway that contributes to 

mTOR activation. In this work, we demonstrated that the 

crucial upstream autophagy regulator PI3K was inhibited 

by SiNPs, and also the phosphorylated Akt and mTOR, 

suggesting that inhibition of PI3K/Akt/mTOR signaling 

pathway contributed to SiNPs-induced autophagy, in con-

sistent with our previous studies.70 It has been reported that 

the downregulation of phosphorylated PI3K/Akt influences 

endothelial cell survival, migration, and vascular perme-

ability. Furthermore, NAC could attenuate these inhibition 

effects, indicating that the PI3K/Akt/mTOR pathway may 

be ROS dependent. Taken together, our studies also indicate 

that SiNPs induced autophagy via ROS-mediated PI3K/Akt/

mTOR signaling; meanwhile, the inhibition of autophagy via 

ROS-mediated PI3K/Akt/mTOR signaling pathway may be 

a new strategy of NAC supplement against SiNPs-induced 

endothelial injury. Additionally, MAPK/ERK signaling is 

well known as a major negative regulator of autophagy, 

which could lead to activation of mTOR. The observed sup-

pression of ERK phosphorylation induced by SiNPs might 

be correlated with induction of autophagy. It is reported that 

ERK and JNK could contribute to autophagic cell death via 

phosphorylation of bcl-2, further leading to bcl-2 separa-

tion from Beclin-1, and thereby alleviation of the inhibition 
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effect on Beclin-1.71–74 Recently, NAC was reported to 

attenuate ischemia–reperfusion-induced autophagy via 

ROS/JNK/bcl-2 pathway.75 Therefore, we speculated that 

ROS-mediated MAPK/Bcl-2 may be a novel mechanism in 

the protective effects of NAC on SiNPs-induced autophagy 

in endothelial cells. Studies revealed that mTOR inhibition 

could lead to and even promote apoptosis,76,77 suggesting 

that the detected downregulation of mTOR may also be 

responsible for SiNPs-induced apoptosis. Importantly, this 

indicated cross talk between the SiNPs-mediated apoptosis 

and autophagy in vascular endothelial cells. Mitochon-

dria play an essential role in the process of apoptosis and 

autophagy. Autophagy can, to some extent, eliminate the 

dysfunctional mitochondria (Figure S2A–F). However, 

SiNPs exposure could not only trigger autophagy activa-

tion but also impair autophagic degradation and disturb the 

proper autophagy flux, characterized by p62 accumulation, 

leading to the accumulation of sequestered but undigested 

defective mitochondria and ultimately cell death. Thus, we 

do believe that our observed autophagy could coordinate 

with and further augment SiNPs-induced apoptosis, which is 

in line with ZnO NPs-induced apoptosis by enhancement of 

autophagy.69 The cross talk and the exact signaling molecules 

involved in the interplay between apoptosis and autophagy 

need to be extensively investigated. A schematic model of 

the amorphous SiNPs that triggers vascular endothelial cell 

injury through apoptosis and autophagy via ROS-mediated 

MAPK/Bcl-2 and PI3K/Akt/mTOR signaling is presented 

in Figure 10.

Conclusion
In summary, the present study indicated that SiNPs can 

disrupt endothelial cell homeostasis, including the induc-

tion of apoptosis and autophagy disturbance as a result of 

∆ϕ

Figure 10 Schematic model of ROS-dependent MAPK/Bcl-2 and PI3K/Akt/mTOR signaling mediated cross talk between autophagy and apoptosis involved in endothelial 
injury triggered by SiNPs.
Abbreviations: ROS, reactive oxygen species; SiNPs, silica nanoparticles; NAC, N-acetylcysteine.
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SiNPs-induced ROS generation and oxidative stress. NAC 

has been reported to decrease cell oxidative stress directly, 

inhibit activation of the nuclear transcription factor NF-kB,78 

suppress cytokine elaboration,79 or indirectly restore the GSH 

content.80 Our results demonstrated that NAC pretreatment 

had the protective effects on SiNPs-induced endothelial 

dysfunction by its antioxidant properties, including facilitat-

ing GSH biosynthesis, enhancing SOD activity, scaveng-

ing ROS via activating Nrf2 signaling pathway, and also 

by suppressing apoptosis and autophagy. ROS-dependent 

MAPK/Bcl-2 and PI3K/Akt/mTOR signaling pathways 

were involved in SiNPs-induced apoptosis and autophagy. 

Moreover, our findings speculated cross talk between 

apoptosis and autophagy via MAPK/Bcl-2 and PI3K/Akt/

mTOR signaling pathway. These results provide laboratory 

evidence not only for the safety evaluation and biomedical 

application of NPs but also for the exploration of NAC as a 

chemopreventive agent.
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Supplementary materials

Figure S1 Lysosome impairment of HUVECs exposed to the SiNPs (50 μg/mL) for 24 hours.
Notes: LysoTracker Red (Beyotime) was used for the staining of lysosome in HUVECs. Compared with the control group, the significant decrease of fluorescence intensity 
in the SiNPs group indicated that SiNPs induced lysosome impairment in HUVECs.
Abbreviations: HUVECs, human umbilical vein endothelial cells; SiNPs, silica nanoparticles.
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Figure S2 TEM images of HUVECs exposed to the SiNPs (50 μg/mL) for 24 hours.
Notes: (A) Control group. (B) The magnification of selected area of control showed evidently intact mitochondria. (C) The induction of mitochondrial swelling and cristae 
rupturing and disappearance after SiNPs exposure (black arrows), and also SiNPs deposition in mitochondria. (D and E) Severe mitochondrial swelling in SiNPs-treated 
endothelial cells (black arrows), and (E and F) autophagosome including cytoplasmic material, especially impaired mitochondria (white arrow).
Abbreviations: TEM, transmission electron microscopy; HUVECs, human umbilical vein endothelial cells; SiNPs, silica nanoparticles.
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