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Mitochondria, as dynamic organelles, are precisely regulated by fusion and ﬁssion. The dynamic balance of fusion and ﬁssion
controls mitochondrial morphology and their subcellular location and function. Exposure to titanium dioxide nanoparticles
(TiO2 NPs) may cause serious health problems. However, how TiO2 NPs aﬀect the mitochondrial dynamics remains unclear. In
the present study, we investigated the changes of mitochondrial dynamics in the TiO2NPs-treated HT22 cells by confocal and
stimulated emission depletion (STED) microscopy. The confocal images demonstrated obvious changes in the average length
and density of the mitochondria after TiO2 NPs treatment, while STED images further obtained the nanoscale submitochondrial
structures of the mitochondria under TiO2 NPs insult. The ﬂuorescence intensity distributions suggested that mitochondria
fragmented in the TiO2 NPs-treated cells. TiO2 NPs treatment caused mitochondrial dynamic imbalance due to the imbalanced
expression of dynamin-related protein 1 (Drp1) and optic atrophy 1 (Opa1). Furthermore, we examined the levels of oxidative
stress and mitochondrial membrane potential (MMP) and the generation of adenosine triphosphate (ATP), which revealed the
damage of mitochondria under TiO2 NPs exposure. Meanwhile, the signiﬁcant changes of expressions of B-cell lymphoma
2-associated X protein (Bax), B-cell lymphoma 2 (Bcl-2), cytochrome c (Cyt C), and caspase 9 demonstrated that TiO2
NPs treatment activated the mitochondrial-related apoptosis pathway. These cellular events can be largely prevented via
cell incubation with mitoTEMPO, a mitochondria-targeted superoxide scavenger. Our results conﬁrm that TiO2 NPs
targeted the mitochondria, inducing mitochondrial dynamic imbalance and damage in HT22 cells. Our study provides an
insightful understanding of the mechanisms underlying TiO2 NPs cytotoxicity.

1. Introduction
Titanium dioxide nanoparticles (TiO2 NPs) have been
increasingly used in various applications, such as food additives, sunscreen, cosmetics, toothpastes, and environmental
decontamination [1–5]. Studies estimated that annual TiO2
NPs production was between 5000 and 6400 tons [6, 7].
The expanding usage and the large amounts of TiO2 NPs
being produced raise the risk of environmental exposure.
TiO2 NPs may cause serious health problems. For example,
TiO2 NPs were reported to cause a clear epigenetic alteration

in lung ﬁbroblasts [8]. Even gestational exposure to TiO2 NPs
impaired placentation [9]. Previous studies indicated that
TiO2 NPs were able to target the central nervous system
and impair the brain [10–14]. Our own work has demonstrated that TiO2 NPs exposure could aﬀect hippocampal
synaptic plasticity, which indicated that hippocampus neurons were susceptible to TiO2 NPs exposure [15]. It is worth
noting that oxidative stress, which is caused by excessive
accumulation of reactive oxygen species (ROS), is the main
reason for the negative health eﬀects of TiO2 NPs [16, 17].
Given the fact that mitochondria are the major source of

2
ROS in neurons, mitoTEMPO is speciﬁcally targeted to mitochondria and subsequently eliminates mitochondrial superoxide and protects mitochondrial function [18, 19].
Mitochondrial morphology is dynamically regulated by
an opposing balance of fusion and ﬁssion [20]. In mammalian cells, mitochondrial fusion is mainly regulated by the
inner mitochondrial membrane protein, optic atrophy 1
(Opa1) [21]. The dynamin-like guanosine triphosphatase
(GTPase), mitofusion 1 (Mfn1), and mitofusion 2 (Mfn2)
are involved in mitochondrial fusion [22]. Mitochondrial
ﬁssion is controlled by dynamin-related protein 1 (Drp1)
[23, 24], which is principally scattered in the cytoplasm and
passes to the mitochondrial surface [25], inducing ﬁssion
when overaccumulated around mitochondria. Meanwhile,
mitochondrial ﬁssion protein 1 (Fis1) promotes the recruitment of Drp1 [26]. In addition, mitochondrial adaptors, such
as mitochondrial ﬁssion factor (Mﬀ) [27], mitochondrial
dynamics proteins 49/51 (MID49/51) [28], and mitochondrial elongation factor 1 (Mef 1) [29], are involved in such
process. Additionally, accumulating pieces of evidence
indicate that mitochondrial fragmentation resulted from
imbalanced fusion and ﬁssion and was associated with mitochondrial functional impairment and even cell destruction
[30, 31]. However, whether and how TiO2 NPs aﬀect mitochondrial structure and function still need to be elucidated
to better depict the cytotoxicity of TiO2 NPs.
HT22 cells, derived from primary-cultured mouse hippocampal neurons [32], serve as a cell line of hippocampus neurons of the brain. In this study, we applied the stimulated
emission depletion (STED) microscopy technique to study
the structure of mitochondria in HT22 cells under TiO2
NPs insult, since it has the advantage of higher resolution
than the conventional confocal microscopy [33, 34].

2. Materials and Methods
2.1. TiO2 NPs Preparation. oTiO2 NPs from anatase(Cat. #637254, Sigma-Aldrich, St. Louis, MO, USA) were dispersed in 10 mL of sterile double-distilled water in a
centrifuge tube; then, the stock suspensions were ultrasonically treated in a bath sonicator (40 kHz, 60 W) at room temperature for more than 30 minutes before being diluted
with culture medium to the speciﬁed concentrations
(0.032 μg/mL, 0.16 μg/mL, 0.8 μg/mL, 4 μg/mL, and
20 μg/mL). According to a previous study [35], we chose
the moderate and even lower doses as suggested above.
The TiO2 NPs suspensions used for the characterization
below were dissolved in double-distilled water.
2.2. Characterization. For transmission electron microscopy
(TEM) analysis, TiO2 NPs suspensions were prepared as
above. TiO2 NPs suspensions (0.8 μg/mL and 20 μg/mL,
dissolved in double-distilled water) were drop-coated on
carbon-coated copper grids. The sample suspensions on
the grids were dried out in air before measurement. The
tests were performed at an accelerating voltage of 200 kV
using a JEOL-2010 TEM (Japan Electron Optics Laboratory,
Tokyo, Japan).
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TiO2 NPs suspensions were added to a disposable low
volume cuvette (50 μL). The average size distribution and
zeta potential of TiO2 NPs were detected by dynamic light
scattering (DLS) using a Zetasizer Nano ZS90 (Malvern
Instruments, Malvern, Worcestershire, UK).
2.3. Cell Culture. HT22 cells were from AllCells (Shanghai
Biological Technology Co. Ltd., Shanghai, China). We carried out some experiments in the BE(2)C cell line, which is
a human neuroblastoma cell line. The cells were planted in
Dulbecco’s minimum essential medium (DMEM), added
with 10% (v/v) fetal bovine serum (FBS, qualiﬁed, Gibco,
Australia origin) at 37°C in a 5% (v/v) CO2 incubator. The
cells of experimental groups were treated with corresponding
concentrations of TiO2 NPs.
2.4. MitoTEMPO Incubation. MitoTEMPO (2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)triphenylphosphonium chloride (10 μM, Sigma-Aldrich) was
preincubated in cells 1 hour before being stimulated with/without 20 μg/mL of TiO2 NPs to eliminate the mitochondrial ROS. The experiments consist of four groups (control,
TiO2 NPs, TiO2 NPs+mitoTEMPO, and mitoTEMPO).
2.5. Confocal Imaging. Cells were cultured with/without TiO2
NPs for 24 h. The culture medium was wiped oﬀ, the cells
were washed 3 times with phosphate-buﬀered saline (PBS),
and then the cells were incubated with 500 nM MitoTracker®
Red CMXRos (Invitrogen, Pleasanton, CA, USA) at 37°C
for 30 min in a 5% (v/v) CO2 incubator. The solution was
removed, the cells were washed with PBS 3 times, and then
the mitochondrial morphology was analyzed with a confocal
microscope (ZEISS LSM710, Carl Zeiss, Oberkochen,
Germany). NIH ImageJ software (Scion Corporation,
Frederick, MD, USA) was used to quantify and measure the
ﬂuorescent signals of mitochondrial length and density [36].
2.6. STED Imaging. For submitochondrial structure imaging,
STED super-resolution light microscopy was applied. Cells
were prepared in the same way for confocal imaging. The
cells were incubated with 500 nM MitoTracker® Red
CMXRos (Invitrogen) at 37°C for 30 min in the 5% (v/v)
CO2 incubator. The solution was removed, and the remaining cells were washed with PBS 3 times. A Leica TCS SP8
STED 3x microscope (Leica Microsystems) equipped with a
white light pulse laser (WLL2), STED laser (775 nm), oil
immersion 100x/NA 1.4 objective lens (HC PL APO CS2,
Leica), and TCS SP8 time-gated system was used. Images
were acquired in both confocal mode and STED mode with
1024 × 1024 resolution at the same time. The obtained confocal and STED images were further deconvolved with the
Huygens Professional software (Scientiﬁc Volume Imaging).
NIH ImageJ software (Scion Corporation, Frederick, MD,
USA) was used to measure the intensity of mitochondrial
ﬂuorescent signals. The images were rendered with pseudocolor to distinguish from images rendered only by confocal
microscopy.
2.7. Western Blot Analysis. To compare the mitochondrial
and cytoplasmic proteins, the Mitochondria Isolation Kit
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for Cultured Cells (Thermo Fisher Scientiﬁc, Waltham, MA)
was used to obtain mitochondrial and cytoplasmic proteins.
The concentrations of the proteins were estimated by the
BCA assay (P0010, Beyotime, Shanghai, China). Then, samples were diluted to the same concentration and boiled in
water for 10 min before they were stored at −20°C. Sample
proteins were added to 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels at 120 V.
The separated proteins on the gel were transferred to
0.45 μm polyvinylidene diﬂuoride (PVDF) membranes
(Millipore, Billerica, MA, USA) at 300 mA for 45 min. Then,
the membranes were incubated with 10% (m/v) fat-free milk
at room temperature for 1 h. The blots were initially incubated overnight at 4°C with the following primary antibodies:
anti-extracellular-regulated protein kinases 1/2 (erk1/2)
(#9102s, Cell Signaling Technology, Danvers, MA, USA),
anti-phospho-erk1/2 (#4376s, Cell Signaling Technology),
anti-Drp1 (611113, BD Biosciences, San Diego, CA, USA),
anti-opa1 (612606, BD Biosciences), anti-COXIV (ab14744,
Abcam, Cambridge, MA, USA), anti-glyceraldehyde-3phosphate dehydrogenase (GAPDH) (AB2302, Millipore),
anti-Cyt C (sc-7159, Santa Cruz Biotechnology Inc.,
Dallas, TX, USA), anti-caspase 9 (AC062, Beyotime),
anti-Bcl-2 (AB112, Beyotime), and anti-Bax (AB026,
Beyotime). The following are the secondary antibodies: antichicken immnunoglobins of yolk (IgY), HRP conjugate
(G135, Promega Corp., Madison, WI, USA), anti-mouse
immunoglobulin G (IgG), HRP conjugate (W4021, Promega
Corp.), and anti-rabbit IgG, HRP conjugate (W4011,
Promega Corp.). NIH ImageJ analysis software (Scion Corporation, Frederick, MD, USA) was used to analyze the density.
2.8. Measurement of Oxidative Stress Markers. To measure
the oxidative activity, the levels of ROS, malondialdehyde
(MDA), and glutathione (GSH) were evaluated. The experiments were carried out according to protocols provided by
each assay kit (Beyotime). Each sample was measured using
an automated microplate spectrophotometer (CLARIOstar,
BMG LABTECH, Oﬀenburg, Germany). The values of
ROS, MDA, and GSH obtained for untreated cells were
considered 100%.

3
measured using a microplate reader (CLARIOstar, BMG
LABTECH, Oﬀenburg, Germany). The values of ATP
obtained for untreated cells were considered 100%.
2.11. Hoechst 33342/Propidium Iodide (PI) Analysis. TiO2
NPs-induced cell death was detected by a Hoechst 33342/PI
detection kit (Beyotime). HT22 cells were added with corresponding concentrations of TiO2 NPs for 24 or 48 h. Firstly,
10 μL of Hoechst 33342 was put into the wells with a total
medium of 1 mL (1 : 100) at 37°C for 10 min; then, 5 μL of
PI diluted with a total of 1 mL of medium (1 : 200) was
put into the wells for another 10 min at room temperature.
Fluorescence was measured at both excitation wavelengths
of 352 nm and 488 nm using a microscope (Olympus
IX81, Tokyo, Japan). Image-Pro Plus 6.0 software (Media
Cybernetics Inc., MD, USA) was used to count the
cell numbers.
2.12. Annexin V-Fluorescein Isothiocyanate and Propidium
Iodide (Annexin V-FITC/PI) Staining. To further assess the
eﬀect of TiO2 NPs on cell apoptosis, an Annexin V-FITC/PI
assay was conducted. Cultured HT22 cells were collected 24
or 48 h after TiO2 NPs exposure. Cells were then resuspended
in binding buﬀer after washing with PBS. The cell suspensions were then treated with both Annexin V-FITC/PI at
room temperature for 20 min in the dark. Cell suspensions
were analyzed by a FACS Vantage ﬂow cytometer (Becton
Dickinson, CA, USA). The results were then analyzed using
FlowJo software (FlowJo, OR, USA). Each quadrant indicated
the diﬀerent status of the cells. Q4 indicated surviving cells,
Q3 indicated cells in early apoptosis, Q2 indicated cells in
late-stage apoptosis, and Q1 indicated dead cells.

2.9. Measurement of Mitochondrial Membrane Potential
(MMP). MMP was measured using rhodamine 123
(Rh-123) staining. Rh-123 (10 μM) was treated to HT22 cells
and incubated at 37°C for 30 min. Rh-123 can enter the mitochondrial matrix and the ﬂuorescence strength reﬂects mitochondrial transmembrane potential. When the excitation
wavelength was 480 nm, the ﬂuorescence was analyzed
with a ﬂuorescence microplate reader (CLARIOstar, BMG
LABTECH, Oﬀenburg, Germany). The values of MMP
obtained for untreated cells were considered 100%.

2.13. Mitochondrial Superoxide Assay. To monitor mitochondrial superoxide after TiO2 NPs treatment, MitoSOX
Red (5 μM, Invitrogen) was loaded into the cells that were
treated with/without TiO2 NPs for 24 h. After removing the
culture medium and washing twice, the solution of MitoSOX
Red diluted in HBSS/Ca/Mg was added into HT22 cells at
37°C for 10 min in the dark. The cells were washed twice with
prewarmed HBSS/Ca/Mg to remove the excessive probes. To
avoid saturation by excessive oxidation, all MitoSOX experiments were completed within 30 min of loading. Each sample
was measured using an automated microplate spectrophotometer (CLARIOstar, BMG LABTECH, Oﬀenburg,
Germany). The excited wavelength of MitoSOX Red is
510 nm, and the emitted wavelength is 580 nm. The values
of MitoSOX Red obtained for untreated cells were considered
100%. The images of MitoSOX Red and Hoechst33342 costaining were collected using a microscope (Olympus IX81,
Tokyo, Japan). The intensity was subsequently analyzed by
using NIH ImageJ software.

2.10. Measurement of Cellular Concentration of ATP. The
release of ATP was assessed using an ATP assay kit (S0026,
Beyotime). First, excessive medium was removed. Then,
HT22 cells were dissociated with lysis buﬀer at 4°C. The
lysates were centrifuged at 12,000g for 5 minutes, and then
the supernatants were collected. ATP concentration was

2.14. Statistical Analysis. All experiments were conducted at
least three times. The statistical results are expressed as the
mean ± standard error (SE). The data were analyzed with
one-way analysis of variance followed by Bonferroni’s post
hoc comparisons test using Origin Pro 8.0 (OriginLab
Corporation, MA, USA). The diﬀerences were considered
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Figure 1: The characterization of titanium dioxide nanoparticles (TiO2 NPs). TEM photomicrographs of TiO2 NPs at (a) low concentration
(0.8 μg/mL) and (b) high concentration (20 μg/mL). (c) The size of TiO2 NPs measured in water by electrophoresis light scattering. (d) The
zeta potential of TiO2 NPs in water by dynamic light scattering.

statistically signiﬁcant when p < 0 05. The graphs were drawn
using Origin Pro 8.0.

3. Results
3.1. Characterization of TiO2 NPs. The particle size of the
TiO2 NPs was observed by TEM after dissolution in water.
TiO2 NPs were dispersed at a low concentration (0.8 μg/mL)
and agglomerated at a high concentration (20 μg/mL) in the
water (Figures 1(a) and 1(b)). According to DLS results, the
Z-average of TiO2 NPs in the water was 270 73 ± 5 19 nm
(Figure 1(c)), which meant that the hydrodynamic diameter
of TiO2 NPs was much larger than the size revealed by
TEM. The size distribution (PDI) was 0 35 ± 0 03. The
surface zeta potential of TiO2 NPs (pH 7.86) was −18 08 ±
1 32 mV (Figure 1(d)), showing a negative surface charge in
the water. The results were consistent with the ﬁndings in
the previous study [37].

3.2. TiO2 NPs-Induced Mitochondrial Fragmentation. The
mitochondrial morphology would change from normal to
fragmented in pathological conditions. As shown in
Figures 2(a) and 2(b), control cells showed normal mitochondria, while cells under TiO2 NPs treatment showed
fragmented mitochondrial structures, suggesting that the
mitochondria were promoted to the ﬁssion state by TiO2
NPs exposure. Mitochondrial density in whole cells was
reduced in the TiO2 NPs-treated groups compared with that
in control cells (Figure 2(c)). Moreover, mitochondrial length
was signiﬁcantly shorter in the TiO2 NPs-treated cell than
that in control cells (Figure 2(d)). We found that mitochondrial fragmentation in the TiO2 NPs-treated cells
(20 μg/mL) could largely be prevented by mitoTEMPO incubation (Supplementary Figure 1). The similar results were
shown in BE2C cell (Supplementary Figure 2).
3.3. Submitochondrial Structures in Mitochondria. Compared
with the length of the mitochondrial tubules shown in
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Figure 2: TiO2 NPs exposure caused mitochondrial fragmentation in HT22 cells. (a) Representative confocal images. (b) Enlarged images of
the square frames shown in (a). Scale bars: 20 μm in (a). (c) Quantitative analysis of mitochondrial density in entire cells. (d) The average
length of the mitochondria in entire cells and quantiﬁcation of the size of mitochondria according to the grouped diﬀerently sized
bins. n = 7 cells/group. (∗ p < 0 05, ∗∗ p < 0 01, and ∗∗∗ p < 0 001).

confocal microscopy, STED images further obtained the
nanoscale submitochondrial structures of the mitochondria.
Diﬀraction-limited confocal microscopy demonstrated that
mitochondrial tubules were largely homogenously stained,
and the mitochondrial tubules were shorter in the TiO2
NPs-treated cells than in control cells (Figure 3(a)). Besides,
the STED images showed the complex and lamellar submitochondrial structure in the control group and diﬀused and distributed submitochondrial structure in the TiO2 NPs-treated
groups, with short ﬂaked and punctate spots (Figures 3(b)

and 3(c)). Then, the ﬂuorescence intensity distributions of
submitochondrial structures along long axis of mitochondria
show that the peaks of intensity were focused in the control
group, but there were many peaks in the TiO2 NPs-treated
groups (Figures 3(d)–3(f)).
3.4. TiO2 NPs Induced Imbalanced Expression of
Mitochondrial Fission/Fusion Protein. Mitochondria and
cytoplasmic proteins were independently isolated for
Western blot analysis. As shown in Figure 4(a), Drp1
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Figure 3: STED super-resolution microscopy revealed submitochondrial structures. (a) Confocal microscopy of mitochondria in control,
0.8 μg/mL, and 20 μg/mL groups. (b) STED super-resolution microscopy revealed submitochondrial structures of the same region using
confocal microscopy. (c) Enlarged views of the white boxes in (b). (d–f) Averaged intensity distribution along the mitochondrial tubule
sections in the corresponding red boxes in (c). Scale bars: 5 μm in (a) and (b); 1 μm in (c).

translocated to the mitochondria at a high concentration of
TiO2 NPs exposure, while Opa1 in mitochondria was
decreased (Figure 4(b), p < 0 05). For cytoplasmic proteins,
there were no signiﬁcant diﬀerences in Drp1 or Opa1
in the experimental groups (Figure 4(b), p > 0 05). This
demonstrated that TiO2 NPs treatment in HT22 cells
led to the accumulation of Drp1 to mitochondria while
Opa1 was decreased, which may cause excessive mitochondrial ﬁssion. These results are consistent with the morphological changes of mitochondria. The imbalanced expression of
dynamin-related protein 1 (Drp1) and optic atrophy 1
(Opa1) could largely be prevented by mitoTEMPO incubation
(Supplementary Figure 3).
3.5. ROS Generation and Oxidative Stress Levels. The
induction of intracellular oxidation was measured using a
2 ′ ,7 ′ -dichlorodihydroﬂuorescein diacetate (DCF-DA) probe
to report ROS generation. Cells treated with TiO2 NPs

exhibited increased ﬂuorescence intensity when compared
to the control (Figure 5(a), p < 0 05). Some other parameters connected with oxidative stress, such as the levels of
MDA or GSH, were tested as well. MDA serves as a
marker of lipid peroxidation. Its level determines the
degree of damage to the membrane system. The results
showed that MDA levels were signiﬁcantly higher in the
TiO2 NPs-treated group than in the control group
(Figure 5(b), p < 0 05). GSH concentration directly reﬂects
tissue antioxidant levels. There was a signiﬁcant decrease
in the level of GSH in the TiO2 NPs-treated group compared to that in the control group (Figure 5(c), p < 0 05).
These results clearly indicated that the oxidative stress
level was elevated in the TiO2 NPs-treated cells. Furthermore,
we examined oxidative stress (e.g., ROS, MDA, and GSH),
which indicated that the oxidative stress under TiO2 NPs
exposure can be reversed by mitoTEMPO incubation
(Supplementary Figure 4 A–C).
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Figure 4: TiO2 NPs exposure caused imbalanced mitochondrial ﬁssion/fusion protein levels. (a) Representative Western blot bands of Drp1
and Opa1 from mitochondrial and cytoplasmic proteins in the control and TiO2 NPs-treated groups. (b) Quantiﬁcation of the expressions of
Drp1 and Opa1 from mitochondrial and cytoplasmic proteins. (∗ p < 0 05 and ∗∗ p < 0 01). Drp1: dynamin-related protein 1; Opa1: optic
atrophy 1; COXIV: cytochrome c oxidase IV; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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Figure 5: Eﬀect of TiO2 NPs exposure on oxidative stress, mitochondrial membrane potential, and the production of ATP in HT22
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Figure 6: MitoTEMPO suppresses TiO2 NPs-induced mitochondrial superoxide production in HT22 cells. (a) Representative images of
MitoSOX Red (red) and Hoechst 33342 (blue) staining were revealed using a ﬂuorescence microscope. (b) The statistics of the
ﬂuorescence intensity were revealed using a ﬂuorescence microscope. (c) MitoSOX Red intensity was revealed using an automated
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Considering that mitochondria are vital ROS formation
organelles, we further tested mitochondrial ROS generation
in HT22 cells. The MitoSOX Red probe was used to detect
the mitochondrial superoxide levels. The intensity of the
MitoSOX Red ﬂuorescence is proportionate to the abundance
of the superoxide. To determine whether the application of
mitoTEMPO attenuates TiO2 NPs-mediated mitochondrial
ROS overproduction, HT22 cells were exposed with/without
TiO2 NPs in the absence or presence of mitoTEMPO. Cells

were pretreated with mitoTEMPO for 1 h before the addition
of TiO2 NPs. A signiﬁcantly increased MitoSOX Red intensity
was detected in the TiO2 NPs-treated group in the absence of
mitoTEMPO, while the TiO2 NPs-induced elevation of the
mitochondrial superoxide was markedly attenuated by mitoTEMPO (Figure 6). The application of mitoTEMPO itself did
not alter mitochondrial superoxide production (Figure 6).
Similar results were shown in the BE2C cell (Supplementary
Figure 5).
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Figure 7: Cytotoxicity induced by TiO2 NPs treatment. (a–d) Cell death caused by TiO2 NPs treatment in HT22 cells estimated by Hoechst
33342/PI staining. Typical ﬂuorescence microscopy images of the control group and the groups treated with various concentrations of TiO2
NPs: (a) Hoechst 33342 (blue); (b) PI (red); (c) merged. (d) The proportion of dead cells after being treated for 24 and 48 h (∗ p < 0 05, ∗∗ p
< 0 01, and ∗∗∗ p < 0 001). (e) Apoptosis and necrosis caused by TiO2 NPs treatment in HT22 cells. Representative ﬂow cytometry data of
TiO2 NPs-treated HT22 cells showing the ratio of late apoptotic cells and early apoptotic cells in Q2 and Q3 for 24 h and 48 h. FITC:
ﬂuorescein isothiocyanate; PI: propidium iodide.

3.6. Loss of Mitochondrial Membrane Potential and ATP.
It is well known that ROS aggregation damages mitochondrial function. Mitochondrial function was further
explored under TiO2 NPs insult. The loss of MMP was
assessed using a 5,5 ′ ,6,6 ′ -tetrachloro-1,1 ′ ,3,3 ′ -tetraethylimidacarbocyanine iodide (JC-1) assay kit, which showed
that at a high concentration (20 μg/mL) of TiO2 NPs, MMP
was signiﬁcantly reduced in the HT22 cells (Figure 5(d),
p < 0 05). The production of ATP was estimated with an
ATP assay kit. It was found that TiO2 NPs treatment signiﬁcantly decreased ATP production at high concentrations
(20 μg/mL) (Figure 5(e), p < 0 05). Furthermore, we examined mitochondrial membrane potential and the generation
of ATP, which showed that the damage of mitochondrial
function under TiO2 NPs exposure can be reversed by mitoTEMPO incubation (Supplementary Figures 4D and 4E).
3.7. TiO2 NPs-Induced Cytotoxicity. Hoechst 33342/PI staining assays can distinguish dead cells. Hoechst 33342 can go
across the cell membrane of normal cells and apoptotic cells
showing blue ﬂuorescence under ultraviolet light, while PI
can go across the cell membrane of the necrotic cells to
produce red ﬂuorescence (Figures 7(a), 7(b), and 7(c)). With
increasing concentrations of TiO2 NPs, the red ﬂuorescence
became stronger, indicating a higher proportion of dead cells
at both 24 and 48 h (Figure 7(d), p < 0 05). Hoechst
33342/propidium iodide (PI) analysis suggested that mitoTEMPO incubation can reverse the ratio of dead cells
(Supplementary Figure 6). Similar results were shown in
BE2C cells (Supplementary Figure 7).
To quantify the apoptosis of HT22 cells after TiO2 NPs
treatment, Annexin V-FITC/PI double staining was conducted. The results showed an increase in apoptotic and
necrotic cells when treated with TiO2 NPs for 24 h
(Figure 7(e)). The trend was similar when treated for 48 h
(Figure 7(e)).
3.8. TiO2 NPs-Induced Speciﬁc Expression of MitochondrialRelated Apoptosis Proteins. To explore the underlying

mechanisms responsible for apoptosis induced by TiO2
NPs, the expression levels of Bcl-2, Bax, and caspase 9, as well
as mitochondrial Cyt C were examined. As shown in
Figure 8(a), there was a signiﬁcant increase in the expression
of caspase 9 and Bax, while a decrease of Bcl-2 and Cyt C in
the TiO2 NPs-treated HT22 cells can be found (Figure 8(b),
p < 0 05). The expression of p-ERK was increased in the
TiO2 NPs-treated cells (Figure 8(b), p < 0 05). The significant changes of expressions of Bax, Bcl-2, Cyt C, caspase 9,
and p-ERK caused by TiO2 NPs treatment could largely be
reversed by mitoTEMPO incubation (Supplementary
Figure 8).

4. Discussion
Mitochondria have been conventionally studied by biochemical, genetic, and electron microscopic approaches. To investigate mitochondrial dynamics under TiO2 NPs treatment,
live-cell ﬂuorescence microscopy was used as an indispensable tool to elucidate the mitochondrial dynamics.
In this study, confocal microcopy was ﬁrstly used to
observe the mitochondrial morphology. Though the mitochondrial tubules were largely homogenously stained in
the sole confocal image, obvious diﬀerences in the length
and density of the mitochondria were discovered in the cells
after TiO2 NPs treatment. STED was further employed to
obtain the images of nanoscale submitochondrial structures
of the mitochondria. As the appearance of ﬂuorescence
represents the location of the mitochondria, the normalized
variance values represented the distribution of mitochondrial
fragmentation. The more peak values in the TiO2 NPs-treated
group indicated more fragmentation. Other mitochondrial
ﬂuorescent stains could be used to label the mitochondria,
such as tetramethylrhodamine methyl ester (TMRM) [34],
rhodamine 123 [38], and 5,5 ′ ,6,6 ′ -tetrachloro-1,1 ′ ,3,3 ′ -tetraethylbenzimidazolylcarbocyanine iodide (JC-1) [39]. Here,
we only explored the mitochondria itself. It is more persuasive
to make a thorough inquiry of mitochondrial proteins, such as
mitochondrial translocase of the outer membrane (TOM 20)
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Figure 8: Eﬀects of TiO2 NPs on apoptosis-related proteins. (a) Representative Western blot bands of apoptosis-related proteins in control
cells and cells treated with TiO2 NPs for 24 h. (b) Blot analysis of TiO2 NPs-induced apoptotic protein expressions in HT22 cells
(∗ p < 0 05 and ∗∗ p < 0 01). Bax: B-cell lymphoma 2-associated X protein; Bcl-2: B-cell lymphoma 2; COXIV: cytochrome c oxidase IV; Cyt C:
cytochrome c; t-Erk: total extracellular-regulated protein kinases; p-Erk: phosphorylated extracellular-regulated protein kinases; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; ERK1/2: extracellular-regulated protein kinases 1/2.

complex [40], mitochondrial inner membrane organizing system (MINOS) [33], and voltage-dependent anion channel 1
(VDAC1), an outer mitochondrial membrane protein [41].
STED is a novel approach to explore the submitochondrial
structures, providing a new method for deep investigations
of nanoparticle toxicity in the future.
Keeping a balance of fusion and ﬁssion controls mitochondrial morphology and their subcellular location and
function [42]. Once the balance is disturbed, it restricts mitochondrial movement, reduces energy production, increases
oxidative stress, and promotes cell functional disorder and
cell death [23, 43]. Additionally, accumulating evidence
indicates that mitochondrial fragmentation resulted from

an imbalanced fusion and ﬁssion and is associated with
abnormal mitochondrial function and cell destruction
[30, 31]. When apoptosis is induced, Drp1 leaves the cytosol
and passes to the membrane of mitochondria [44]. In our
study, p-Drp1 was increased after TiO2 NPs exposure. Studies have reported that Drp1 has a critical eﬀect on mitochondrial fragmentation, and excessive expression of Drp1 can
cause mitochondrial fragmentation, while down expression
slows the mitochondrial fragmentation and reduces cell
damage [44, 45]. So, Drp1 plays a vital role in preserving
the dynamic balance of mitochondria. In the current study,
the change of mitochondrial morphology supports the observation that the expression of fusion/ﬁssion proteins was
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altered under TiO2 NPs exposure, as normal control cells
showed normal mitochondrial length, while TiO2 NPs
reduced the mitochondrial length. Our results demonstrate
that TiO2 NPs aﬀect mitochondrial dynamics via the expression of fusion/ﬁssion proteins, leading to mitochondrial
fragmentation.
Erk1/2 are widely expressed extracellular-regulated protein kinases that take part in regulating cell proliferation and
diﬀerentiation, cell morphology maintenance, cytoskeleton
construction, cell apoptosis, and cell carcinogenesis. A study
has shown signiﬁcant increases of phospho-ERK in neurodegenerative dopaminergic neurons [46]. The activation of
ERK1/2 is involved in mitochondrial dynamic disorder by
regulating Drp1 phosphorylation at Ser616 and Drp1 translocation [47]. The inhibition of ERK1/2 phosphorylation can
protect mitochondrial morphology and dynamic balance
[36]. Here, we explored the possibility of using the ERK protein in mitochondrial dynamic disorder induced by TiO2
NPs. Western blot data demonstrated that the p-ERK expression was signiﬁcantly increased in cells by high TiO2 NPs
exposure. Maybe, the p-ERK is involved in regulating Drp1
function, and ERK1/2 phosphorylation might promote Drp1
recruitment to mitochondria; then, the ERK-Drp1 signaling
pathway could aﬀect the mitochondria through fusion/ﬁssion
balance to prevent excessive ﬁssion procedures.
Oxidative stress is the result of the overaccumulation of
ROS and a deﬁcient antioxidant defense [4, 48–50]. Oxidative stress could damage DNA, which could result in the loss
of cell viability in the central nervous system [51, 52]. ROS
participates in many cellular activities, including cell proliferation, cell growth, and cell apoptosis [53]. TiO2 NPs treatment caused excessive ROS production and reduced
antioxidant defense, resulting in cell death at last. The
increased ROS accumulation may reduce the mitochondrial
membrane potential [54–56]. Besides, the reduced mitochondrial membrane potential can trigger mitochondrial
fragmentation [57]. Emerging evidence suggests that ROS
accumulation may cause mitochondrial fragmentation
through the alteration of mitochondrial dynamics [58].
Damage to the integrity of mitochondrial morphology leads
to ROS accumulation and induces oxidative stress [59, 60].
Studies have also demonstrated that Drp1 has a vital role
in TiO2 NPs-induced ROS accumulation and mitochondrial membrane potential reduction [47]. So, in our study,
Drp1 overexpression caused the imbalance of mitochondrial ﬁssion/fusion proteins, resulting in mitochondrial
fragmentation, which further led to ROS accumulation
and MMP collapse. Meanwhile, ROS accumulation and
MMP collapse may in turn aggravate mitochondrial fragmentation. This interaction may lead to cell apoptosis
under TiO2 NPs exposure.

5. Conclusions
In summary, our study demonstrates that TiO2 NPs exposure
induced mitochondrial dynamic imbalance and damaged
mitochondrial function, as evidenced by increased ROS
production and reduced mitochondrial membrane potential and mitochondrial ATP production. This observation
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was accompanied by the increased cell apoptosis under
TiO2 NPs insult. These cellular events can be largely prevented via cell incubation with mitoTEMPO. Our ﬁndings
demonstrate the eﬀects of TiO2 NPs on mitochondrial
dynamics and partly illustrate the underlying mechanisms
of TiO2 NPs cytotoxicity.
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Supplementary Materials
Supplementary 1. Supplementary Figure 1: mitoTEMPO
reverses mitochondrial fragmentation caused by TiO2 NPs
exposure in HT22 cells. (A) Representative confocal images
of mitochondria. (B) The average length of the mitochondria
in entire cells and quantiﬁcation of the size of mitochondria
according to the grouped diﬀerently sized bins. n = 5
cells/group. (∗∗ p < 0 01 vs. the control group and # p < 0 05
vs. the TiO2 NPs group.)
Supplementary 2. Supplementary Figure 2: mitoTEMPO
reverses mitochondrial fragmentation caused by TiO2 NPs
exposure in BE2C cells. (A) Representative confocal images
of mitochondria. (B) The average length of the mitochondria
in entire cells and quantiﬁcation of the size of mitochondria
according to the grouped diﬀerently sized bins. n = 7
cells/group. (∗∗ p < 0 01 vs. the control group and ## p < 0 01
vs. the TiO2 NPs group.)
Supplementary 3. Supplementary Figure 3: mitoTEMPO
largely prevents the imbalanced expression of Drp1 and
Opa1 caused by TiO2 NPs exposure in HT22 cells. (A)
Representative Western blot bands of Drp1 and Opa1
from mitochondrial and cytoplasmic proteins. (B) The
quantiﬁcation of the expressions of Drp1 and Opa1 from
mitochondrial and cytoplasmic proteins. (∗∗ p < 0 01 vs. the
control group and # p < 0 05 vs. the TiO2 NPs group.) Drp1:
dynamin-related protein 1; Opa1: optic atrophy 1; COXIV:
cytochrome c oxidase IV; GAPDH: glyceraldehyde-3phosphate dehydrogenase.
Supplementary 4. Supplementary Figure 4: mitoTEMPO
reverses oxidative stress, mitochondrial membrane potential,
and the production of ATP caused by TiO2 NPs treatment in
HT22 cells. (A) ROS levels, (B) MDA levels, (C) GSH levels,
(D) MMP, (E) ATP production, and (F) MitoSOX Red intensity (∗ p < 0 05 vs. the control group, ∗∗ p < 0 01 vs. the control
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group, # p < 0 05 vs. the TiO2 NPs group, and ## p < 0 01 vs.
the TiO2 NPs group.) ROS: reactive oxygen species; MDA:
malondialdehyde; GSH: reduced glutathione hormone;
MMP: mitochondrial membrane potential; ATP: adenosine
triphosphate.
Supplementary 5. Supplementary Figure 5: mitoTEMPO suppresses TiO2 NPs-induced mitochondrial superoxide production in BE2C cells. (A) Representative images of
MitoSOX Red (red) and Hoechst 33342 (blue) staining. (B)
The statistics of the ﬂuorescence intensity. (C) The ﬂuorescence intensity of MitoSOX Red using an automated microplate spectrophotometer. (∗∗ p < 0 01 vs. the control
group, # p < 0 05 vs. the TiO2 NPs group, and ## p < 0 01
vs. the TiO2 NPs group.)
Supplementary 6. Supplementary Figure 6: mitoTEMPO
reverses the ratio of PI-positive cells in HT22 cells by
Hoechst 33342/PI staining. (A) Typical ﬂuorescence microscopy images of the control group, TiO2 NPs group, TiO2 NPs
+mitoTEMPO group, and mitoTEMPO group. Upper row:
Hoechst 33342 (red); middle row: PI (blue); bottom row:
merged. (B) The proportion of PI-positive cells treated
with TiO2 NPs for 24 h. (∗∗ p < 0 01 vs. the control group and
##
p < 0 01 vs. the TiO2 NPs group.)
Supplementary 7. Supplementary Figure 7: mitoTEMPO
reverses the ratio of PI-positive cells in BE2C cells by Hoechst
33342/PI staining. (A) Typical ﬂuorescence microscopy
images of the control group, TiO2 NPs group, TiO2 NPs
+mitoTEMPO group, and mitoTEMPO group. Upper row:
Hoechst 33342 (red); middle row: PI (blue); bottom row:
merged. (B) The proportion of PI-positive cells treated with
TiO2 NPs for 24 h. (∗∗ p < 0 01 vs. the control group and
##
p < 0 01 vs. the TiO2 NPs group.)
Supplementary 8. Supplementary Figure 8: mitoTEMPO
prevents the changes of apoptosis-related proteins caused
by TiO2 NPs in HT22 cells. (A) Representative Western blotbands of apoptosis-related proteins. (B) Blot analysis of
apoptotic protein expressions in HT22 cells. (∗ p < 0 05
vs. the control group, ∗∗ p < 0 01 vs. the control group,
and # p < 0 05 vs. the TiO2 NPs group.) Bax: B-cell
lymphoma 2-associated X protein; Bcl-2: B-cell lymphoma
2; COXIV: cytochrome c oxidase IV; Cyt C: cytochrome c;
t-Erk: total extracellular-regulated protein kinases; p-Erk:
phosphorylated extracellular-regulated protein kinases;
GAPDH:
glyceraldehyde-3-phosphate
dehydrogenase;
ERK1/2: extracellular-regulated protein kinases 1/2.
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