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Abstract: Titanium dioxide (TiO
2
) nanoparticles (TNPs) are manufactured worldwide for a wide 

range of applications and the toxic effect of TNPs on biological systems is gaining attention. 

Autophagy is recognized as an emerging toxicity mechanism triggered by nanomaterials. 

MicroRNA 34a (miR34a) acts as a tumor suppressor gene by targeting many oncogenes, but 

how it affects autophagy induced by TNPs is not completely understood. Here, we observed 

the activation of TNP-induced autophagy through monodansylcadaverine staining and LC3-I/

LC3-II conversion. Meanwhile, the transmission electron microscope ultrastructural analysis 

showed typical morphological characteristics in autophagy process. We detected the expression 

of miR34a and B-cell lymphoma/leukemia-2 (Bcl-2). In addition, the underlying mechanism 

of TNP-induced autophagy was performed using overexpression of miR34a by lentivirus vec-

tor transfection. Results showed that TNPs induced autophagy generation evidently. Typical 

morphological changes in the process of autophagy were observed by the transmission electron 

microscope ultrastructural analysis and LC3-I/LC3-II conversion increased significantly in 

TNP-treated cells. Meanwhile, TNPs induced the downregulation of miR34a and increased the 

expression of Bcl-2. Furthermore, overexpressed miR34a decreased the expression of Bcl-2 

both in messenger RNA and protein level, following which the level of autophagy and cell death 

rate increased after the transfected cells were incubated with TNPs for 24 hours. These findings 

provide the first evidence that overexpressed miR34a enhanced TNP-induced autophagy and 

cell death through targeted downregulation of Bcl-2 in BEAS-2B cells.

Keywords: titanium dioxide nanoparticles, autophagy, miR34a, Bcl-2, lentivirus, cell death, 

cytotoxicity 

Introduction
Traditionally, nanomaterials have been considered as objects with at least one of their 

three dimensions in the range of 1–100 nm, which possess dramatically different physi-

cochemical properties compared to fine particles of the same composition. Titanium 

dioxide (TiO
2
) nanoparticles (TNPs), a kind of nanomaterials, are extensively used in 

domestic and cosmetic products, medical devices, additives in pharmaceuticals, food 

colorants, and sunscreen owing to their typical characteristics of surface adsorption, 

photocatalysis, and ultraviolet absorption.1–5 Among the three well known crystallo-

graphic structures (anatase, rutile, and brookite) of titanium dioxide, only anatase and 

rutile are applied commercially and commonly.6 Meanwhile, TiO
2
 anatase has been 

suggested to exert a greater toxic effect than TiO
2
 rutile.7,8 It is possible for industrial or 
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commercial TNPs to spread into the air of indoor or outdoor 

atmosphere during the process of production, use, distribu-

tion, and recycle.9 Thus, there exists a considerable risk for 

nano-TiO
2
 to potentially enter into human bodies via many 

routes, such as inhalation (respiratory tract), ingestion (gas-

trointestinal tract), dermal penetration (skin), and injection 

(blood circulation).10 As the most common route of TNPs 

to enter human body, the respiratory tract has become the 

primary target organ system. Regarding the toxicity of TNPs, 

lungs seem to be the main target organ for toxicity studies.3 

The number of studies on pulmonary toxicity also outweighs 

studies of other exposure routes, emphasizing its importance 

especially with reference to environmental and occupational 

exposures.11 TiO
2 
has been classified as a Group 2B carcino-

gen, which is possibly carcinogenic to humans, by the Inter-

national Agency for Research on Cancer after lung tumors 

developed in rats exposed to high concentrations of TiO
2 
for 

2 years.12,13 The published studies showed that TNPs induced 

oxidative DNA damage, lipid peroxidation, and micronuclei 

formation and increased hydrogen peroxide and nitric oxide 

production.7–8,14 Yet, the underlying mechanisms of TNPs 

toxicity have not been clarified. Recently, autophagy was 

considered as an emerging toxicity mechanism occurring 

in several nanomaterials, such as nanosized fullerene, rare 

earth oxides, copper oxide, and silica.15–18

Autophagy, also called macroautophagy, is a highly 

regulated intracellular self-catabolic degradation process 

for the lysosomal degradation and recycling of organelles as 

well as unfolded and aggregated proteins so as to maintain 

cellular homeostasis. During autophagy, parts of the cyto-

plasm are sequestered into characteristic double-membrane 

vesicles, autophagosomes, which subsequently fuse with 

late endosomes or lysosomes, forming the autolysosome.19,20 

Autophagy, therefore, serves as a natural and essential 

defense mechanism against inflammatory, infectious, neu-

rodegenerative, and neoplastic disorders, and deregulation 

of this pathway has been implicated in the pathogenesis 

of numerous human diseases.21–24 Activation of autophagy 

was considered as an attempt for a cell to maintain cellular 

homeostasis by sequestering and degrading exogenous 

materials entered into the cytoplasm. However, the toxico-

logical consequence of autophagy dysfunction is regarded 

as a potential mechanism of cell death.18 A few studies 

showed the biological response of the TNPs associated with 

autophagy;24–26 however, they provided limited evidence to 

consider the underlying mechanisms.

Autophagy is regulated by a complex network that con-

sists of different signaling pathways and autophagy-related 

genes.27 Dysregulation of autophagy has been implicated in 

numerous human diseases.23,28 A recent study has confirmed 

that a lot of microRNAs (miRNAs) are involved in the 

regulation of autophagic process.29 miRNAs are a class of 

endogenously expressed, ~22-nucleotide noncoding RNAs 

that affect many cellular processes30 and human diseases, 

including cancer,31,32 by posttranscriptionally regulating gene 

expression.33 They guide the binding of the RNA-induced 

silencing complex to partial complementarity regions within 

3′ untranslated regions of target messenger RNA (mRNA) 

molecules, resulting in mRNA degradation and/or transla-

tional inhibition.34 MicroRNA 34a (miR34a), a tumor sup-

pressor, belongs to one of several evolutionarily conserved 

families of miR34 and was originally identified as a TP53-

targeted miRNA.35 miR34a was reported in the deregulation 

of multiple types of cancer through the suppression of many 

oncogene targets related to autophagy, proliferation, apop-

tosis, and invasion, such as B-cell lymphoma/leukemia-2 

(Bcl-2) and cyclinD1.35–38 Furthermore, it has been reported 

that miR-34 decreased the expression of Bcl-2, leading to 

an increase in apoptosis.39 As one of the key regulators of 

apoptosis and autophagy, Bcl-2 protein possesses four con-

served Bcl-2 homology domains (BH1–4) and can inhibit 

Beclin1-dependent autophagy by binding to Beclin1 under 

starvation conditions.40 Yet, it is not clear whether miR34a 

is capable of strengthening TNP-related autophagy through 

targeted regulating expression of Bcl-2.

In this study, we examined the impact of miR34a on 

Bcl-2 mRNA and protein expression and its molecular 

actions in the regulation of TNP-induced autophagy in 

vitro with human bronchial epithelial normal BEAS-2B 

cells. Prior to conducting toxicity experiments, we 

detected the characterization of TNPs, which is essential 

for nanotoxicity studies, by transmission electron micro-

scope (TEM) and dynamic light scattering measurements. 

To investigate the autophagy triggered by TNPs, we per-

formed a sequence of assessments, including ultrastruc-

tural analysis, monodansylcadaverine (MDC) staining, and 

LC3-I/LC3-II conversion after BEAS-2B cell exposure to 

TNPs for 24 hours. We detected the expression of miR34a 

and Bcl-2 with or without overexpression of miR34a to 

analyze the underlying mechanisms of the TNP-induced 

autophagy.

Materials and methods
Characterization of the TNPs
Commercial grade anatase TNPs were purchased from 

Sigma-Aldrich Co. (St Louis, MO, USA) with a primary 

particle size of less than 25 nm. After examining the particle 

size and distribution of the TNPs by TEM (JEOL, Tokyo, 
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Japan) and ImageJ software, we measured the hydrody-

namic sizes and zeta potential of TNPs (25 μg/mL) in 

ultrapure water as stock media and serum-free Dulbecco’s 

Modified Eagle’s Medium (DMEM) as culture media by 

Zetasizer (Malvern Nano-ZS90, Malvern Instruments, 

Malvern, UK). In addition, the TNP suspensions were dis-

persed using a sonicator for 10 minutes (300 W) (Bioruptor 

UDC-200; Diagenode s.a., Seraing, Belgium).

Cell culture and the TNP exposure
BEAS-2B cells were purchased from Cell Resource Center, 

Shanghai Institutes for Biological Sciences, Chinese Academy 

of Sciences (Shanghai, People’s Republic of China). The cells 

were cultured at 37°C in a humidified incubator with 5% CO
2
, 

and maintained in DMEM (HyClone; GE Healthcare Life Sci-

ences, Logan, UT, USA) supplemented with 10% fetal bovine 

serum (MP Biomedicals, Santa Ana, CA, USA), 100 U/mL 

penicillin, and 100 μg/mL streptomycin. For tests, 3×105 cells 

were seeded into 6-well plates to attach for 24 hours. After 

being washed with phosphate-buffered saline (PBS) twice, the 

cells were exposed to suspensions of TNPs in DMEM (6.25, 

12.5, and 25 μg/mL) for 24 hours. The equivalent volume of 

DMEM without TNPs was used as a control group.

Cellular internalization of the TNPs and 
ultrastructural analysis
BEAS-2B cells were cultured in a cell culture dish (100 mm 

in diameter) in DMEM. After attachment for 24 hours, 

the cells were incubated with TNPs dispersed in DMEM 

(25 μg/mL) for another 24 hours. Then, we employed TEM 

to detect whether generation of autophagy was triggered by 

TNPs. After being washed twice with PBS and trypsinized, 

the BEAS-2B cells were then centrifuged for 10 minutes 

at 1,500 r/minutes. Then, the cell pellets were washed by 

0.1 M phosphate buffer for three times and postfixed for 3 

hours with 1% osmic acid. After that, we performed a series 

of processes (50%, 70%, 80%, 90%, and 100% alcohol, and 

100% acetone) to dehydrate for the cell samples. After being 

embedded in epoxy resin and stained by lead citrate and 

uranyl acetate, the cell samples were imaged using a TEM 

(JEM2100; JEOL, Tokyo, Japan).

MTT assay
The cytotoxicity induced by TNPs was detected by 3-(4,5-

dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide 

(MTT) assay. About 5×103 BEAS-2B cells with or without 

infection were seeded into a 96-well plate for attachment, then 

the cells were incubated with different concentrations of TNPs 

(6.25, 12.5, and 25 μg/mL) at 37°C for 24 hours. Then, 10 μL 

MTT was added at 5 mg/mL for another 4-hour incubation. 

Then, 150 μL dimethylsulfoxide was added to each well and 

mixed thoroughly for 10 minutes. A microplate reader (Thermo 

Multiscan MK3; Thermo Fisher Scientific, Waltham, MA, 

USA) was used to measure the optical density at 492 nm.

Autophagy measurement
MDC, which is usually used to stain autophagosomes, is a 

specific marker of autophagic vacuoles. In this study, MDC 

was employed to detect the generation and level of autophagy 

in BEAS-2B cells exposed to the different concentrations of 

TNPs. Briefly, ~3×105 cells were seeded into a 6-well plate 

for attachment for 24 hours, then cells incubated with TNPs 

(6.25, 12.5, and 25 μg/mL) for 24 hours were stained with 

0.05 mM MDC (Sigma-Aldrich Co.) at 37°C for 30 minutes 

in dark. The observation of MDC-stained autophagic vacu-

oles was conducted by a laser scanning confocal microscopy 

(Leica TCS SP5, Leica Microsystems, Wetzlar, Germany).

Immunoblot assay
After different treatments of the cells and extraction of lysate 

proteins, the protein concentration was measured using the 

bicinchoninic acid protein assay (Thermo Fisher Scientific). 

The equal amounts of proteins (25 μg) were loaded onto 

15% SDS-PAGE and electrophoretically transferred to 

polyvinylidene fluoride (PVDF) membranes (Merck Milli-

pore, Billerica, MA, USA). After membranes were blocked 

with 5% skim milk in Tris-buffered saline containing 0.05% 

Tween-20 for 1 hour, immunoblotting was conducted by 

incubating with LC3 and β-actin rabbit antibodies (1:1,000) 

(Cell Signaling Technology, Danvers, MA, USA) overnight 

at 4°C. The membranes were then washed with tris-buffered 

saline containing 0.05% Tween-20 and incubated with a 

horseradish peroxidase-conjugated antirabbit IgG second-

ary antibody (Cell Signaling Technology) for 1  hour at 

room temperature. After being washed three times with 

tris-buffered saline containing 0.05% Tween-20, the pro-

teins bound with the antibody were detected using the ECL 

chemiluminescence reagent (Thermo Fisher Scientific). We 

used the Image Lab™ Software (Bio-Rad Laboratories Inc., 

Hercules, CA, USA) to perform the densitometric analysis 

of the Western blot results.

Lentivirus infection
Lentivirus vectors were constructed in Genechem (Shanghai, 

People’s Republic of China). These lentivirus vectors contain 

a target gene (miR34a) or empty lentiviral vectors and a green 

fluorescent protein marker. To generate stable clones, 1×105 

BEAS-2B cells were seeded into a 12-well plate for 24 hours. 
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Afterwards, 5×106 transducing units of lentivirus with 500 μL 

of enhanced infection solution and polybrene (5 μg/mL) were 

mixed to infect BEAS-2B cells at 70% confluence according 

to the manufacturer’s instructions (Genechem).

RNA isolation and quantificational real-
time polymerase chain reaction
Total RNA was extracted with TRIzol Reagent (Thermo 

Fisher Scientific) according to the manufacturer’s instructions. 

Reverse transcribed and mature miRNAs were quantified using 

Hairpin-it™ miRNA RT-PCR Quantitation Kit (GenePharma 

Co., Ltd., Shanghai, People’s Republic of China). miRNA 

expression level was normalized using U6 snRNA as an 

internal control. Quantificational real-time polymerase chain 

reaction for Bcl-2 with specific primers from Sangon Bio-

tech (Shanghai, People’s Republic of China) was performed 

using RevertAid First Strand Kit (Thermo Fisher Scientific) 

and Maxima SYBR Green/ROX qPCR Master Mix (Thermo 

Fisher Scientific) according to the manufacturer’s protocol. 

β-Actin was used as an endogenous control to normalize 

mRNA levels. The sequences of primers were as follows: 

Bcl-2: forward: 5′GGATTGTGGCCTTCTTTGAG3′; 
reverse: 5′TACCCAGCCTCCGTTATCCT3′; β-actin: 

forward: 5′TGAGACCTTCAACACCCCAG3′; reverse: 

5′GCCATCTCTTGCTCGAAGTC3′. Real-time reverse 

transcription-polymerase chain reaction was performed on 

Bio-Rad (CFX96™ optics module). Each sample was rep-

licated three times. Data were analyzed by comparing cycle 

threshold values.

Statistical analysis
Results were expressed as mean ± standard deviation of three 

independent experiments. Least significant difference test 

was used to compare the mean of two samples while one way 

analysis of variance was used for group mean. In all cases, 

P,0.05 was considered to be statistically significant. This 

study was approved by the Ethical Committee of Capital 

Medical University (Beijing, People’s Republic of China).

Results
Characterization of the TNPs
In the current study, we first characterized the commercially 

purchased TNPs by TEM. A near-spherical particle shape 

is shown in Figure 1A, and the mean pristine particle diam-

eter of 22.07±8.93 nm was obtained after we measured 500 

random particles using ImageJ (Figure 1B). Hydrodynamic 

measurements of both TNPs (25 μg/mL) in ultrapure water 

and serum-free DMEM at different time points by dynamic 

light scattering are shown in Table 1. TNPs in DMEM 

exhibited a larger hydrodynamic size than in ultrapure water, 

which suggested that TNPs formed aggregates that were not 

dispersed thoroughly by ultrasonication in both dispersion 

Figure 1 Characterization of the TNPs.
Notes: (A) The TEM image showed TNPs appeared in the near-spherical particle shape and poorly dispersed. (B) The size distribution of the TNPs that was calculated by 
ImageJ software showed an approximately normal distribution. Data are expressed as mean ± SD; n=500 (scale bar: 100 nm).
Abbreviations: SD, standard deviation; TNPs, titanium dioxide nanoparticles; TEM, transmission electron microscope.
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mediums due to the Van der Waals force and hydrophobic 

interaction with surrounding media. This is consistent with 

reports of poor dispersion in other serum-free media,41 

presumably due to decreased protein corona levels that act 

as surfactants to reduce particle aggregation. Zeta potentials 

can provide quantitative information on the stability of the 

particles, which confirm that the particles are more likely 

to remain dispersed if absolute values of zeta potentials are 

higher than 30 mV.42 As shown in Table 1, zeta potential 

values in ultrapure water and DMEM varied between −27.5 

and −18.3 mV, which represented the actual condition that 

the BEAS-2B cells were exposed in media.

The TNPs internalization
Taken the importance of TNPs intracellular localization in the 

toxicity evaluation, the cellular uptake of TNPs by BEAS-2B 

cells was examined by TEM. Compared with Figure 2A, a 

number of TNPs were dispersed as free or membrane-bound 

aggregates in cytoplasm (Figure 2B). The TNPs located 

in organelles, including mitochondria (Figure 2B) and 

Table 1 The hydrodynamic size and zeta potential of the TNPs in ultrapure water and DMEM at different time points

Ultrapure water DMEM

Hydrodynamic 
sizes (nm)

Zeta potential 
(mV)

PDI Hydrodynamic 
sizes (nm)

Zeta potential 
(mV)

PDI

2 hours 215.5±12.3 −27.4±0.8 0.36±0.27  616.5±171.1 −18.3±0.9 0.57±0.21
24 hours 215.1±13.4 −27.5±0.4 0.39±0.32  592.3±158.7 −19.2±4.2 0.68±0.31

Note: Data are expressed as mean ± SD; n=3.
Abbreviations: DMEM, Dulbecco’s Modified Eagle’s Medium; PDI, particle dispersion index; SD, standard deviation; TNPs, titanium dioxide nanoparticles.

Figure 2 The TEM images of cellular uptake of BEAS-2B cells exposed to the TNPs (25 μg/mL) for 24 hours.
Notes: (A) Control group. (a) The magnification of selected area of control showed evidently intact mitochondrias (white arrows). (B) TNPs dispersed in cytoplasm either 
free or as membrane-bound aggregates. (b1) The TNPs deposited in mitochondria (white arrows); (b2) The TNPs localized in lysosomes (black arrows).
Abbreviations: TNPs, titanium dioxide nanoparticles; TEM, transmission electron microscope.
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lysosomes (Figure 2B), induced destruction of organelle 

structures, such as mitochondrial swelling, cristae rupturing, 

and disappearance (Figure 2B).

Cytotoxicity of BEAS-2B cells induced 
by TNPs
After exposing to TNPs for 24 hours, cell viability was deter-

mined to evaluate the possible toxicity of TNPs on BEAS-2B 

cells. As indicated in Figure 3, viability of BEAS-2B cells 

induced by TNPs was significantly lower than that of control. 

Our results suggested that TNP induced cytotoxicity in a 

dose-dependent manner.

MDC staining of autophagic vacuoles
MDC was employed to measure autophagy activation of 

BEAS-2B cells after 24-hour treatment with TNPs. Identi-

fication of MDC staining was performed under a confocal 

microscope, as shown in Figure 4A and B; both the fluores-

cence intensity and the numbers of MDC-labeled vacuoles 

were increased in a dose-dependent manner. In addition, the 

vacuoles preferentially emerged in the cytosol and accumu-

lated in the perinuclear regions. In contrast, a low level of 

fluorescence signal was detected in the control group.

The observation of autophagic 
ultrastructural features
As a golden standard of autophagy measurement, TEM was 

used to show the autophagic ultrastructural features, thus to con-

firm the activation of TNP-induced autophagy. In Figure 5, cells 

treated with TNPs evidently manifested the accumulation of 

autophagic vacuoles (Figure 5B–F) in comparison with control 

cells (Figure 5A). As shown in Figure 5B, a double-membra-

nous phagophore swallows parts of the cytoplasm; Figure 5C 

shows an autophagosome combined with cytoplasmic contents 

after being swallowed by a phagophore; the autophagosomes 

have merged with lysosomes (Figure 5D).  Figure 5E and F 

show the autolysosomes with cytoplasmic contents inside while 

the contained cytoplasmic materials are partially degraded. 

These TEM images proved the presence of different stages of 

autophagic vacuoles and strongly suggest the accumulation of 

autophagic vacuoles in cells exposed to TNPs.

The LC3-I/LC3-II conversions
As the standard molecular marker of autophagy, LC3 protein 

is widely used in evaluating autophagy and intently associated 

with autophagosomes. During autophagy, LC3 protein usually 

performs a conversion from cytosolic LC3-I into its enzymatic 

counterpart LC3-II, which is bound to the membrane of autopha-

gosomes.43 Autophagy triggered by TNPs was confirmed by 

assessing the expression levels of LC3-I and LC3-II. Our results 

demonstrated the increasing expression of LC3-II with dosage 

elevations of TNPs (Figure 6A). Further analysis showed that 

the ratio of LC3-II/LC3-I was increased significantly, which 

suggested that the autophagy in TNP-treated BEAS-2B cells 

increased in a dose-dependent manner (Figure 6B).

Different expression of miR34a and Bcl-2 
induced by TNPs
After exposure to various concentrations of TNPs (0, 6.25, 

12.5, and 25 μg/mL) for 24 hours, the total RNAs and protein 

of the cells were extracted. Expression of miR34a and target 

gene Bcl-2 mRNA was detected by real-time PCR. Then, the 

protein level of Bcl-2 was measured by Western blot. Results 

indicated that TNPs decreased the expression of miR34a 

(Figure 7A) while the Bcl-2 was upregulated significantly in a 

dose-dependent manner both in mRNA (Figure 7B) and protein 

(Figure 7C and D) level in cells treated by TNPs (P,0.05).

Overexpression of miR34a was achieved 
by lentivirus vector transfection
BEAS-2B cells were transfected by lentivirus vectors with 

miR34a or empty lentiviral vectors for 72 hours. As shown in 

Figure 8A, the ratio of green fluorescent protein expression 

was up to 80%. Further, transfection efficiency was verified 

by detecting the expression of miR34a. From the result in 

Figure 8B, we confirmed that miR34a was overexpressed 

successfully.

TNP-induced miR34a and Bcl-2 alteration 
were regulated by overexpressed miR34a
Subsequently, we treated the transfected BEAS-2B cells 

with 25 μg/mL TNPs for 24 hours. Results (Figure 9A 

Figure 3 Cell viability of BEAS-2B cells exposed to TNPs for 24 hours induced 
by TNPs.
Notes: Cell viability of BEAS-2B cells was measured by an MTT assay after 24-hour 
exposure with various concentrations of TNPs. The results indicated that TNPs 
induced cytotoxicity in a dose-dependent manner. *P,0.05, compared with control. 
Data are expressed as mean ± SD; n=3.
Abbreviations: MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium 
bromide; SD, standard deviation; TNPs, titanium dioxide nanoparticles.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2016:11 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1965

TNP-induced autophagy in BEAS-2B cells

and B) showed that overexpression of miR34a attenuated 

the decrease of miR34a and increase of Bcl-2 mRNA 

induced by TNPs. We observed that (Figure 9C and D) 

TNPs induced an increase of Bcl-2 protein level (P,0.05), 

while overexpressed miR34a altered the TNP-induced 

expression of Bcl-2 protein in the same way as with Bcl-2 

mRNA (P,0.05).

Overexpressed miR34a enhanced TNP-
induced autophagy and cell death
We detected the expression of LC3-I and LC3-II to assess 

the effect of miR34a on TNP-induced autophagy. Results 

showed that the ratio of LC3-II/LC3-I in the group of 

overexpressed miR34a with TNPs was increased following 

the lower level of Bcl-2 protein compared with the cells 

with empty lentiviral vectors that were treated with TNPs 

(Figure 10A and B). Meanwhile, we found that overexpres-

sion of miR34a induced a lower level of cell viability in 

TNPs treated cells (Figure 11). This suggested that over-

expression of miR34a increased the level of TNP-induced 

autophagy and cell death through targetedly decreasing the 

expression of Bcl-2.

Discussion
Autophagy can potentially be an emerging toxicity mecha-

nism of cells for the degradation and clearance of insoluble 

nanoparticles.15 Remarkably, autophagy has been discovered 

in cells exposed to TNPs.20,21,24–26 However, the underlying 

mechanistic insights into autophagy induced by TNPs are still 

poorly investigated. Recently, there is growing interest in the 

topic of how epigenetic processes modulate cellular behavior 

in response to environmental chemicals. This study aimed 

Figure 4 The autophagy induced by TNPs.
Notes: (A) Confocal microscopy images of MDC staining showed that the fluorescence intensity was increased in a dose-dependent manner. (B) Quantification of MDC 
staining by fluorescent intensity analysis. *P,0.05, compared with control. Data are expressed as mean ± SD; n=3 (scale bar: 25 μm).
Abbreviations: MDC, monodansylcadaverine; SD, standard deviation; TNPs, titanium dioxide nanoparticles.
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to observe the effect of autophagy induced by TNPs and the 

regulation of miR34a in this process. Our findings provided 

the evidence for the first time that overexpressed miR34a 

enhanced TNP-induced autophagy and cell death through 

targetedly downregulating Bcl-2 in BEAS-2B cells.

Currently, the cellular uptake of nanomaterials is neces-

sary for understanding their biological behavior in cells. 

Our results showed that TNPs were internalized and mainly 

dispersed in cytoplasmic or peri-region of the nucleus either 

as free or membrane-bound aggregates. The internalized 

TNPs could attack organelles, such as mitochondria and 

lysosomes, directly. It was reported that the cytotoxicity 

of nanoparticles was linked closely to the mitochondria 

and lysosomal damage in both normal and cancer cells.17,43 

To gain closer mechanistic insight into TNP-induced bio-

logical effects, we measured the cell viability. Our data 

Figure 5 Autophagic ultrastructural analysis using TEM in BEAS-2B cells exposed to 25 μg/mL TNPs for 24 hours.
Notes: (A) Control cells showing typical distribution of organelles, (B) autophagic vacuoles containing cellular debris (arrows), (C) an autophagosome (arrow), (D, E) the 
fusion of autophagosomes with lysosomes (arrows), (F) late autophagic vacuoles contained partially degraded cytoplasmic materials (arrows).
Abbreviations: N, nucleus; TNPs, titanium dioxide nanoparticles; TEM, transmission electron microscope.

Figure 6 Detection and analysis of autophagy marker protein LC3.
Notes: Immunoblot of autophagy marker protein LC3. (A) The relative 
densitometric analysis of LC3. (B) The TNPs induced a dose-dependent conversion 
of LC3-I to LC3-II. *P,0.05, compared with control. Data are expressed as 
mean ± SD; n=3.
Abbreviations: SD, standard deviation; TNPs, titanium dioxide nanoparticles.
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revealed that TNPs induced decrease of cell viability in a 

dose-dependent manner. This may be correlated with the 

enlarged amount of TNPs uptaken by BEAS-2B cells, since 

higher concentrations of nanoparticles localizing inside cells 

could initiate more cytotoxicity.43

Autophagy is a catabolic process involving the seques-

tration and degradation of cell’s own components, such as 

waste or unfolded and aggregated proteins and organelles, 

through the lysosomal machinery for maintaining cellular 

homeostasis.44 Autophagic recycling, therefore, yields simple 

metabolites for use in cell growth or bioenergetics, and 

can destroy damaged structures to prevent inflammatory, 

infectious, neurodegenerative, and neoplastic disorders, 

and deregulation of this pathway has been implicated in 

the pathogenesis of numerous human diseases.22,33,45 The 

process of autophagy in BEAS-2B cells exposed to TNPs 

was also presented in the TEM images, which was similar 

to the TNP-induced autophagy noted in keratinocytes.26 

Besides, to further monitor autophagy triggered by TNPs in 

BEAS-2B cells, MDC staining and LC3-I/LC3-II conver-

sion were employed according to the guidelines.46 MDC 

staining revealed that TNPs induced autophagy activation in 

a dose-dependent manner. When autophagy is activated, LC3 

is converted from cytosolic LC3-I into enzymatic LC3-II. 

Consequently, the ratio of LC3-II to LC3-I is a standard 

marker for the detection of autophagy.47 In our research, 

it was observed that the ratio of LC3-II/LC3-I increased 

dramatically, which was in line with the results of the MDC 

staining and the ultrastructural analysis, suggesting that TNPs 

were the autophagy activator in BEAS-2B cells.

Autophagy is controlled by an ever-growing number 

of regulators, signalers, and miRNAs. miRNAs are a new 

class of small noncoding RNAs that have been highly con-

served during evolution and recently estimated to regulate 

gene expression at posttranscriptional and translational 

levels. Importantly, miRNAs play a critical role in a broad 

range of biological processes, including proliferation, dif-

ferentiation, apoptosis, and stress response, linking them 

to numerous human diseases, including cancer.48 In par-

ticular, miRNAs were well characterized to impact the core 

autophagy pathway, including autophagy induction, vesicle 

nucleation, vesicle elongation, retrieval, and fusion between 

autophagosomes and lysosomes.33 Indeed, several miRNAs 

were significantly altered by TNPs exposure, suggesting 

Figure 7 The expression of miR34a and Bcl-2 in BEAS-2B cells exposed to TNPs for 24 hours.
Notes: RNA was extracted and expression of gene was detected by real-time PCR. U6 and β-actin were utilized for an endogenous reference to standardize miRNA and 
mRNA expression levels. The protein level of Bcl-2 was measured by Western blot. TNPs downregulated the expression of miR34a (A) and the expression of Bcl-2 was 
decreased both in mRNA and protein levels (B–D) in a dose-dependent manner. *P,0.05, compared with control. Data are expressed as mean ± SD; n=3.
Abbreviations: Bcl-2, B-cell lymphoma/leukemia-2; miR34a, microRNA 34a; miRNA, microRNA; mRNA, messenger RNA; SD, standard deviation; TNPs, titanium dioxide 
nanoparticles.
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that those miRNAs may be involved in the regulation of 

mRNA translation.48 miR34a, a highly conserved miRNA, 

has recently emerged as a key tumor suppressor in multiple 

malignancies through the suppression of multiple targets.35

In our study, TNPs downregulated the miR34a while 

autophagy and expression of Bcl-2 increased. Autophagy 

activated by TNPs could be considered as a stressful pro-

cess of degradation and clearance of the insoluble TNPs for 

cells, following which upregulation of Bcl-2 by miR34a was 

observed to limit overactivation of autophagy and prevent 

further cell death. It was reported that upregulation of miR34a 

could decrease the expression of a series of targets, such as 

Bcl-2, cyclin D1, cyclin-dependent kinase 6, Forkhead box 

protein P1, Notch 1, and Sirtuin 1.38 As a member of the anti-

apoptotic family, Bcl-2 interacts with Beclin 1 (H3 domain), 

which is well documented to arrest autophagy after freeing 

from Bcl-2 inhibition.49 Therefore, miR34a probably regu-

lates autophagy through Bcl-2/Beclin-1-PI3KIII pathway, 

via targeting Bcl-2.21,50–53 As indicated in our study, Bcl-2 

was upregulated both in mRNA and protein levels in line 

Figure 8 Overexpression of miR34a by lentivirus vector transfection.
Notes: BEAS-2B cells were transfected by lentivirus vectors with hsa-miR34a or empty lentiviral vectors for 72 hours. As shown in the pictures, the ratio of GFP expression 
was up to 80%, meaning that transfection efficiency was appropriate (A). We detected the expression of miR34a by real-time PCR, and the result showed that miR34a was 
successfully upregulated (B). *P,0.05, miR34a compared with miR-NC. Data are expressed as mean ± SD; n=3.
Abbreviations: GFP, green fluorescent protein; miR34a, microRNA 34a; miR-NC, microRNA negative control; SD, standard deviation.
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Figure 9 Effect of overexpressed miR34a on TNP-induced miR34a and Bcl-2 expression.
Notes: BEAS-2B cells were transfected by lentivirus vectors with miR34a or empty lentiviral vectors for 72 hours, the total RNAs were extracted from the transfected cells 
with or without treatment of TNPs (25 μg/mL) for 24 hours, and the expression of gene was detected by real-time PCR. (A) Overexpression of miR34a has attenuated the 
TNP-induced decrease of miR34a; (B–D) Overexpression of miR34a has attenuated the high levels of target Bcl-2 mRNA and protein in cells treated by TNPs. *P,0.05, 
TNPs compared with Control, #P,0.05, miR34a + TNPs compared with miR-NC + TNPs. Data are expressed as mean ± SD; n=3.
Abbreviations: Bcl-2, B-cell lymphoma/leukemia-2; miR34a, microRNA 34a; mRNA, messenger RNA; miR-NC, microRNA negative control; SD, standard deviation; TNPs, 
titanium dioxide nanoparticles.

β

β

Figure 10 Effect of overexpressed miR34a on TNP-induced autophagy.
Notes: Immunoblot (A) and relative densitometric analysis (B) of autophagy marker 
protein LC3. Overexpression of miR34a accelerated the TNP-induced conversion 
of LC3-I to LC3-II significantly. *P,0.05, TNPs compared with Control, #P,0.05, 
miR34a + TNPs compared with miR-NC + TNPs. Data are expressed as mean ± 
SD; n=3.
Abbreviations: miR34a, microRNA 34a; miR-NC, microRNA negative control; 
SD, standard deviation; TNPs, titanium dioxide nanoparticles.

β

with the increase of autophagy induced by TNPs. It seemed 

counter to the statement that Bcl-2 can inhibit Beclin-1-

dependent autophagy.54,55 However, it is reported that Bcl-2 

was upregulated accompanied with the autophagy induced by 

serum starvation and rapamycin in neuroblastoma SH-SY5Y 

cells.56 Also, studies have shown that suppression of Bcl-2 

further increased autophagic activity and cell death.57

Further, we performed overexpression of miR34a by lenti-

virus vector transfection and analyzed the function of miR34a 

and Bcl-2 in regulating autophagy. Results showed that over-

expression of miR34a attenuated the increase of Bcl-2 mRNA 

and protein induced by TNPs. And the ratio of LC3-II to 

LC3-I increased significantly compared with the TNP-treated 

cells containing empty lentiviral vectors. Usually, autophagy 

was regarded as a way for a cell to maintain the homeostasis 

by sequestering and degrading the exogenous materials. 

However, cell death is regarded as a potential mechanism of 

the toxicological consequence of autophagy dysfunction.18 

Subsequently, we observed that overexpression of miR34a 

induced a lower level of cell viability, suggesting an increase 
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Figure 11 Effect of overexpressed miR34a on TNP-induced cell death.
Notes: After cells were transfected by lentivirus vectors, TNP of 25 μg/mL was 
added and incubated with cells for 24 hours. MTT assay was performed to measure 
the viability of cells. Data showed that overexpression of miR34a accelerated the 
TNP-induced cell death, leading to a lower viability of cells in miR34a + TNPs group. 
*P,0.05, TNPs compared with Control, #P,0.05, miR34a + TNPs compared with 
miR-NC + TNPs. Data are expressed as mean ± SD; n=3.
Abbreviations: MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium 
bromide; miR34a, microRNA 34a; SD, standard deviation; miR-NC, microRNA 
negative control; TNPs, titanium dioxide nanoparticles.

of cell death rate in TNP-treated cells. This implied that 

downregulation of Bcl-2 expression by overexpressed miR34a 

enhanced the TNP-induced autophagy and then resulted in a 

higher level of cell death.

Together, we suggest that autophagy may play an impor-

tant role in determining the survival of cells when cells were 

treated by TNPs. Besides, miR34a may vitally participate in 

this process due to its ability to regulate Bcl-2 expression. 

However, there are more underlying mechanisms that are still 

needed to be clarified in TNP-induced autophagy.
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