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A B S T R A C T

Due to rapid advances in the era of electronic technologies, indium has played the important material for the
production of liquid crystal display screens in the semiconductor and optoelectronic industries. The present
study focuses on evaluating the toxic effects and related mechanisms of indium chloride (InCl3) on RAW264.7
macrophages. Cytotoxicity was induced by InCl3 in a concentration- and time-dependent manner. InCl3 had the
ability to induce macrophage death through apoptosis rather than through necrosis. According to the cytokin-
esis-block micronucleus assay and alkaline single-cell gel electrophoresis assay, InCl3 induced DNA damage, also
called genotoxicity, in a concentration-dependent manner. Cysteine-dependent aspartate-directed protease
(caspase)-3, −8, and −9 were activated by InCl3 in a concentration-dependent manner. Mitochondria dys-
function and cytochrome c release from the mitochondria were induced by InCl3 in a concentration-dependent
manner. Downregulation of BCL2 and upregulation of BAD were induced by InCl3 in a concentration-dependent
manner. More, we proposed that InCl3 treatment generated reactive oxygen species (ROS) in a concentration-
dependent manner. In conclusion, the current study revealed that InCl3 induced macrophage cytotoxicity,
apoptosis, and genotoxicity via a mitochondria-dependent apoptotic pathway and ROS generation.

1. Introduction

Indium is a rare metal element with abundance of approximately
0.05–0.20 parts per million in the Earth's crust. Indium has soft, ductile,
malleable, lustrous features and belongs to Group 3 A elements of the
periodic table (Phipps et al., 2008). Indium is widely used in high-tech
semiconductor and optoelectronic industries for the production of in-
dium tin oxide (ITO) films (Li et al., 2011). ITO films are key

components of liquid crystal display (LCD) screens, which have ex-
tensive applications in computers, laptops, mobile phones, sensor
modules, photovoltaic cells, and televisions (Wang, 2011; Zhang et al.,
2015). The ITO film is a mixture of 90% indium oxide and 10% tin
oxide. Indium oxide is generated by the reaction between indium
chloride (InCl3) and NH3⋅H2O under high temperature and pressure
(Zhang et al., 2015). Therefore, workers in ITO film manufacturing are
at risk of overexposure to indium and related substances, especially
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exposure to InCl3 through inhalation (Chonan et al., 2019).
Precise knowledge regarding the toxic effects of indium and related

substances on humans and animals is now available. Indium lung,
pneumotoxic effects, inhalation carcinogenicity, and chronic toxicity
induced by ITO have been shown in humans and in rat and mouse
models (Chonan et al., 2019; Chen et al., 2019; Nagano et al., 2011). A
zebrafish model has also been used to demonstrate the toxic effect of
indium in developmental and behavioral assays (Olivares et al., 2016).
The intratracheal-administration hamster model, indium oxide has
been shown to cause pulmonary toxicity similar to ITO (Tanaka et al.,
2010; Bomhard, 2018). In vitro studies have also proposed that ITO and
indium oxide could evoke mutagenicity and genotoxicity based on the
results of the revised bacterial reverse mutation assay (Ames test), Bhas
42 cell transformation assay, and micronucleus (MN) test (Akyıl et al.,
2016; Hasegawa et al., 2012; Bomhard, 2018). Both indium oxide and
ITO induce cytotoxicity and proinflammatory responses in macro-
phages (Olgun et al., 2017; Badding et al., 2015). However, the toxic
effect of InCl3, which is the main source of ITO and indium oxide, on
macrophages is unclear. In the current study, we investigated the hy-
pothesis that InCl3 induces cytotoxicity, apoptosis, and genotoxicity in
RAW264.7 macrophages through intracellular reactive oxygen species
(ROS) production and mitochondria-dependent apoptotic pathway.

2. Materials and methods

2.1. Materials

Dulbecco's Modified Eagle Medium (DMEM), streptomycin, anfo-
tericina B, and penicillin were obtained from Hyclone (Logan, UT,
USA). Fetal bovine serum (FBS) was purchased from Gibico-BRL
(Gaithersburg, USA). Cysteine-dependent aspartate-directed protease
(caspase) fluorometric assay kits were obtained from Enzo Life Sciences
(Plymouth Meeting, PA, USA). Annexin V-fluorescein isothiocyanate/
propidium iodide (FITC/PI) assay kits were obtained from BioVision
(San Jose, CA, USA). Low melting agarose and normal-melting-point
agarose was purchased from. LONZA (Rockland, ME, USA). True-
Nuclear Transcription Factor Buffer Set and FITC anti-cytochrome c
antibody were purchased from BioLegend (San Diego, CA, USA). BAD,
BCL-2, and β-actin were purchased from Santa Cruz Biotechnology (St
Louis, MO, USA) InCl3, dichlorofluorescin diacetate (DCFH-DA), di-
methyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), and other reagents, unless specifically
stated, were purchased from Sigma-Aldrich (St. Louis, MO).

2.2. Cell line, cell culture, and cell treatment

Murine RAW264.7 macrophages used in the present study were
purchased from the Bioresource Collection and Research Centre
(Hsinchu, Taiwan). RAW264.7 cells were cultured in DMEM supple-
mented with 10% fetal bovine serum and 1% penicillin/streptomycin/
fungizone in a humidified incubator with 5% CO2 at 37 °C. After pas-
saging, RAW264.7 cells were seeded into culture plates. After 24 h, the
cells were treated with InCl3 at concentrations of 0, 1, 10, and 50 μM for
6, 12, 24, and 48 h (Huang et al., 2019).

2.3. Cell viability assay

The effect of InCl3 on the viability of RAW264.7 cells was evaluated
using the MTT assay (Chien et al., 2018). After treatment, the medium
was substituted with serum-free medium containing 0.5 mg/mL MTT
for 2 h at 37 °C. After the supernatant was discarded, the purple for-
mazan crystals in the cells were extracted with DMSO. The absorbance
of the plates was measured on a microplate reader (Synergy HT Multi-
Mode Microplate Reader, Biotek, Winooski, VT) at 550 nm wavelength.

2.4. Flow cytometric analysis of necrosis and apoptosis

Detection of InCl3-induced necrosis and apoptosis was performed on
the Accuri™ C6 flow cytometer (BD Biosciences, San Jose, CA, USA)
using a commercially available annexin V-FITC/PI apoptosis detection
kit. After the cells were treated with InCl3 at the indicated concentra-
tions for 24 h, apoptosis and necrosis were identified through annexin
V-FITC/PI staining, as described previously (Chien et al., 2018). The
proportions of viable, apoptotic, and necrotic RAW264.7 cells were
distributed into the phases of annexin V negative and PI negative, an-
nexin V positive and PI negative, and annexin V positive and PI positive
cells, respectively.

2.5. Alkaline single-cell gel electrophoresis assay

InCl3-induced DNA single-strand breaks were detected using the
alkaline single-cell gel electrophoresis assay (comet assay), as pre-
viously described (Huang et al., 2018). In brief, the cells were treated
with InCl3 at the indicated concentrations or H2O2 at 50 μM for 24 h.
After collection had been completed, the cells were incubated with 1%
low-melting agarose and then placed on microscope slides that were
precoated with 1% normal-melting-point agarose. After solidification of
the gel on ice, the slides immersed in cold lysis solution (2.5 M NaCl,
100 mM EDTA, 10 mM Tris-HCl, 1% Tritron X-100, 200 mM NaOH,
34.1 mM N-lauroyl-sarcosine, and 10% DMSO, pH 10) for 1 h. After
washing the slides three times in PBS, the slides were then placed in a
horizontal electrophoresis chamber containing freshly prepared elec-
trophoresis buffer (1 mM Na2EDTA, 300 mM NaOH, pH > 13). After
electrophoresis, the slides were stained with 20 μg/mL ethidium bro-
mide and then observed through fluorescence microscopy (Nikon,
Tokyo, Japan). DNA damage was analyzed using the image analysis
system Comet v.3 (Kinetic Imaging Ltd., Liverpool, UK), which calcu-
lated the tail length and tail moment. The tail length calculated the
distance from the head centre to the end of the tail. The tail moment
was calculated as tail length, multiply by percentage of DNA in the tail.

2.6. Cytokinesis-block micronucleus assay

InCl3-induced DNA damage was detected using the alkaline comet
assay, as previously described (Lee et al., 2018). After the cells were
treated with InCl3 at the indicated concentrations, H2O2 at 50 μM, or
cytochalasin B at 3 mg/mL for 24 h, the cells were resuspended in
75 mM potassium chloride and then fixed with glacial acetic acid and
methanol. The cells were seeded onto slides, air dried, and stained using
Giemsa's solution.

2.7. Caspase activity assay

The effect of InCl3 on caspase-3, -8, and -9 activity was evaluated
using a caspase fluorometric assay kit, as previously described (Huang
et al., 2018). The cell protein extracts from each sample were reacted
with the fluorogenic substrates of caspase-3, -8, and -9 (Huang et al.,
2018). The fluorescence intensity of each sample was measured on a
fluorescence microplate reader at an excitation wavelength of 400 nm
and an emission wavelength of 505 nm. Fluorescence intensity is ex-
pressed as a relative fluorescence unit (RFU).

2.8. Mitochondrial membrane potential assay

InCl3-induced mitochondria dysfunction was detected using the
mitochondrial membrane potential assay dye JC-1, as previously de-
scribed (Lee et al., 2018). The cells were stained with JC-1 at 37 °C for
30 min after the cells were treated with InCl3 at the indicated con-
centrations for 24 h. After being washed, the cells were immediately
analyzed using the Accuri™ C6 flow cytometer. The proportions of the
cells with mitochondrial dysfunction were distributed into groups of
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red negative and green positive cells.

2.9. Measurement of cytochrome c release

After treatment, the cells were fixed and permeabilized using the
True-Nuclear Transcription Factor Buffer Set. Once washed, the cells
were incubated with FITC anti–cytochrome c antibody at room tem-
perature for 1 h. The fluorescence intensity acquisition and analyses
were performed with a BD Accuri C6 flow cytometer and corresponding
software. Fluorescence intensity is expressed in RFU.

2.10. Western blot assay

The expression levels of BAD and BCL2 were assessed by Western
blot assay as described previously (Huang et al., 2018). After treatment,
the cells were washed with PBS and harvested in Western blot lysis
solution. After centrifugation, the total protein concentration in the
supernatant was calculated using the Bradford assay. Equal protein
amounts of the lysates were separated using SDS-PAGE and electro-
phoretically transferred onto polyvinylidene difluoride membranes.
The membranes were blocked by incubating them in 5% (w/v) skim
milk for 1 h. After washing with PBS containing 0.1% Tween 20 (PBST),
the membranes were incubated with the indicated primary antibodies
including BAD, BCL2, and β-actin in PBST with 0.5% (w/v) skim milk
for 2 h. After washing, the membranes were incubated with horseradish
peroxidase-conjugated anti–mouse IgG secondary antibody in PBST
with 0.5% (w/v) skim milk for 1 h. The blots were developed using ECL
Western blotting reagents. ECL These Western blotting reagents were
used to reveal the protein bands, and the Infinity CX5 system was ap-
plied to detect and quantify the bands.

2.11. Intracellular ROS generation

InCl3-induced intracellular ROS generation was detected using the
DCFH-DA fluorescence assay, as previously described (Lee et al., 2018).
After treatment with InCl3 at the indicated concentrations for 24 h, the
cells were further incubated with DCFH-DA for 30 min. The fluores-
cence intensity of each sample was measured on the fluorescence mi-
croplate reader (Synergy HT Multi-Mode Microplate Reader, Biotek,
Winooski, VT) at an excitation wavelength of 495 nm and an emission
wavelength of 530 nm. Fluorescence intensity is expressed as a relative
fluorescence unit (RFU).

2.12. Statistical analysis

Statistical analysis was performed using the statistical analysis
software program SPSS (IBM, Chicago, IL, USA). All reported values are
expressed as mean ± standard deviation. One-way analysis of variance
followed by the Bonferroni t-test was conducted for multigroup com-
parison. P values less than 0.05 were considered significant for all tests.

3. Results

3.1. Effects of InCl3 on the viability of RAW264.7 cells

In the cell viability assay, InCl3 treatment for 3 h did not influence
cell viability. However, subsequently, InCl3 treatment for 12, 24, and
48 h reduced cell viability in a concentration-dependent manner.
Additionally, treatment with InCl3 at concentrations of 50, 1, and 1 μM
for 12, 24, and 48 h began to reduce cell viability, respectively
(P < 0.05, Fig. 1).

3.2. Effects of InCl3 on types of cell death in RAW264.7 cells

To determine the type of cell death induced by InCl3, the cells were
analyzed by flow cytometry after annexin V-FITC/PI staining. Fig. 2

shows the representative results with an apparent shift of many cells
into the annexin V-FITC positive region after treatment with InCl3.
These results demonstrated that InCl3 induced apoptosis in a con-
centration-dependent manner, and that a significant increase was ob-
served at 1 μM (P < 0.05, Fig. 2D). Moreover, cell necrosis was sig-
nificantly induced by InCl3 at a concentration of 50 μM (P < 0.05,
Fig. 2B).

3.3. Effects of InCl3 on genotoxicity in RAW264.7 cells

To determine the genotoxicity induced by InCl3, DNA damage was
analyzed through cytokinesis-block micronucleus and comet assays.
The number of micronuclei induced by InCl3 treatment for 24 h in-
creased in a concentration-dependent manner, and a significant in-
crease was observed at 5 μM (P < 0.05, Fig. 3). Furthermore, DNA
single-strand breaks were induced by InCl3 treatment for 24 h according
to the comet assay (Fig. 4A). Statistically significant upregulation of tail
moment (Fig. 4B) and tail length (Fig. 4C) was found between control
cells and cells treated with InCl3 at 10 and 50 μM (P < 0.05). These
results indicated that InCl3 induced genotoxicity in RAW264.7 cells in a
concentration-dependent manner.

3.4. Effects of InCl3 on caspase activity in RAW264.7 cells

To determine the activation of caspase-3, -8, and -9 induced by
InCl3, the cells were analyzed using the fluorometric caspase substrates
Ac-DEVD-AFC, Ac-IETD-AFC, and Ac-LEHD-AFC, respectively.
Detectable upregulation of caspase-3, -8, and -9 activities was induced
by InCl3 at 10 μM, and its stimulatory effect was concentration de-
pendent (P < 0.05, Fig. 5).

3.5. Effects of InCl3 on mitochondrial dysfunction in RAW264.7 cells

Mitochondrial dysfunction induced by InCl3 was analyzed using the
mitochondrial membrane potential assay dye JC-1. Mitochondria de-
polarization was induced by InCl3 in a concentration-dependent
manner, and a significant increase was observed at 10 μM (P < 0.05,
Fig. 6).

3.6. Effects of InCl3 on cytochrome c leakage in RAW264.7 cells

Leakage of cytochrome c from the mitochondria, which plays a

Fig. 1. InCl3 induce cytotoxicity in RAW264.7 macrophages. The cell viability
was measured by MTT colorimetric assay after treated with InCl3 for 12, 24, or
48 h at 0, 1, 10, or 50 μM respectively. Values were expressed as a percentage of
vehicle treated control group. Results are expressed as means ± SD (n = 4).
*P < 0.05 considers significant as compare with control group, which in-
dicated treatment with InCl3 at 0 μM.
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critical role in the mitochondria-mediated apoptotic pathway, was
measured using a flow cytometer. Leakage of cytochrome c was induced
by InCl3 in a concentration-dependent manner, and a significant

increase was observed at 10 μM (P < 0.05, Fig. 7).

3.7. Effects of InCl3 on BAD and BCL2 expression in RAW264.7 cells

The expression of BAD and BCL2, which participates in the leakage
of cytochrome c, was measured by Western blot assay. BAD expression
was induced by InCl3 in a concentration-dependent manner, and a
significant increase was observed at 10 μM (P < 0.05). BAL2 expres-
sion was reduced by InCl3 in a concentration-dependent manner, and a
significant increase was observed at 10 μM (P < 0.05, Fig. 8).

3.8. Effects of InCl3 on intracellular ROS generation in RAW264.7 cells

Intracellular ROS generation induced by InCl3 was analyzed using
the fluorescence assay dye DCFH-DA. InCl3 induced intracellular ROS
generation in the cells in a concentration-dependent manner, and a
significant increase was observed at 1 μM (P < 0.05, Fig. 9).

4. Discussion

Indium is a rare, fusible, and ductile chemical element that exhibits
properties and characteristics that are mostly intermediate between
gallium and thallium. Indium is widely used today in the production of

Fig. 2. InCl3 induced apoptosis in RAW264.7 macrophages. The apoptosis was measured by Annexin V-FITC/PI assay kit using flowcytometry. (A) Cells were
incubated with InCl3 at various concentrations of 0, 1, 10, and 50 μM for 24 h at 37 °C. The upper left quadrant (Annexin V−/PI+) is representative of necrosis;
upper right and lower right quadrants (Annexin V+/PI+ and Annexin V+/PI−) are representatives of apoptosis; and lower left quadrant (Annexin V−/PI−) is
representative of living cells. Quantitatively the percentage of viable cells (B), necrotic cells (C), and apoptotic cells (D) were calculated and analyzed. Data are
expressed as mean ± SD (n = 4). *P < 0.05 considers significant as compare with control group, which indicated treatment with InCl3 at 0 μM.

Fig. 3. InCl3 induced formation of micronucleus in RAW264.7 macrophages.
Data are expressed as mean ± SD (n = 4). *P < 0.05 considers significant as
compare with control group, which indicated treatment with InCl3 at 0 μM.
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semiconductors and microelectronics. The amount of indium used has
greatly increased in the past decade in parallel with manufacturing
growth due to advances in technology. Occupational exposure to in-
dium and related substances, including ITO, indium oxide, and InCl3,
predominately occurs through inhalation (Hines et al., 2013). Inhala-
tion of indium and related substances can lead to the potentially fatal
disease indium lung, which may include pulmonary toxicity and car-
cinogenicity, and the disease has been seen among workers involved in
downstream industrial applications (Chonan et al., 2019; Lison, 2009;
Nagano et al., 2011; Tanaka et al., 2010). Therefore, increased atten-
tion has been paid to the toxicity of indium and its related substances to
humans (Hines et al., 2013). Macrophages play a key role in the innate
immune system of lungs. Macrophages can uptake and solubilize in-
dium-containing particles (InP) and ITO through phagolysosomal
acidification, which then results in cytotoxicity and the release of in-
dium ions (Gwinn et al., 2013). To correlate changes in InP- or ITO-
treated mice through aspiration, pulmonary toxicity presents the same
trend of cytotoxicity as that in macrophages (Gwinn et al., 2015). The
ionic form of indium is the major primary cytotoxic component of in-
dium-containing substances. Therefore, InCl3 demonstrates greater cy-
totoxicity in macrophages than other indium-related substances (Gwinn
et al., 2015). The current study found a similar result: InCl3 induced
cytotoxicity in RAW264.7 macrophages. Additionally, we demonstrated
that InCl3 reduced cell viability in a time-dependent manner, which
reached statistical significance starting at 12 h, and in a concentration-
dependent manner, which reached statistical significance starting at
1 μM. Furthermore, the cell viability was significantly reduced by InCl3
incubated with RAW264.7 macrophages for 24 h compare with 12 h,
but not with 48 h. Therefore, the RAW264.7 macrophages incubated
with InCl3 for 24 h were used on below experiments in the present
study.

There are several types of cytotoxicity, including necrosis and
apoptosis. Indium oxide nanocubes induce apoptosis and cytotoxicity in
human lung epithelial cells (A549) (Ahamed et al., 2017). Indium ni-
trate and ITO nanoparticles induce apoptosis in zebrafish and its liver
cells (Brun et al., 2014). Incubation of RWA264.7 cells with ITO results
in apoptosis and cytotoxicity (Badding et al., 2014). In the present
study, we provide the first evidence that apoptosis is induced in
RAW264.7 cells incubated with InCl3 in a concentration-dependent
manner. Statistically significant induction of apoptosis by InCl3 oc-
curred at 1 μM. The trend of induction concentration for cytotoxicity
was similar to InCl3 treatment for 24 h, which induced apoptosis. By
contrast, necrosis induced by InCl3 treatment for 24 h significantly
began at the concentration of 10 μM. These results suggested that InCl3
induced cytotoxicity mostly by apoptosis rather than by necrosis.

DNA damage, also called genotoxicity, results in cytotoxicity
through apoptosis (Roos and Kaina, 2013). Chemical reagents induce
DNA damage through DNA lesions and DNA repair deficiency (Sirbu
and Cortez, 2013; Roos and Kaina, 2013). After treatment with a mu-
tagenic agent, whole chromosome loss, mitotic spindle damage, and
unrepaired chromosome breaks lead to micronucleus formation near
the nucleus following cell division (Fenech et al., 2011). Pretreatment
with ITO for 24 h induced micronucleus formation in human peripheral
lymphocytes (Akyıl et al., 2016). In the Chinese hamster lung cell line
CHL/IU and the Chinese hamster lung fibroblast cell line V79, pre-
treatment with InCl3 for 24 h induced micronucleus formation (Lin
et al., 2013; Takagi et al., 2011). After intraperitoneal administration of
InCl3 for 24 h, micronuclei formed in the BALB/c mouse bone marrow
(Takagi et al., 2011). In the present study, InCl3 treatment for 24 h
induced micronucleus formation in RAW264.7 cells in a concentration-
dependent manner. Additionally, DNA single-strand breaks were de-
tected through the alkaline comet assay. In a previous study, DNA
single-strand breaks were induced by ITO and InCl3 treatment for 24 h
in human lung epithelial A549 cells (Tabei et al., 2016). In
RAW264.7 cells, DNA single-strand breaks were induced by InCl3
treatment for 24 h in a concentration-dependent manner. The

Fig. 4. InCl3 induced genotoxicity in RAW264.7 macrophages via comet assay.
(A) The gel electrophoresis for the cells treated with InCl3 for 24 h at 0, 1, 10, or
50 μM and H2O2 for 24 h at 50 μM were shown. DNA damages were quantified
as tail length (B) and tail moment (C). Data are expressed as mean ± SD
(n = 4). *P < 0.05 considers significant as compare with control group, which
indicated treatment with InCl3 at 0 μM.

Fig. 5. InCl3 induced activities of caspase-3, -8, and -9 in RAW264.7 macro-
phages. Data are expressed as mean ± SD (n = 4). *P < 0.05 considers
significant as compare with control group, which indicated treatment with
InCl3 at 0 μM.
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significant induction of micronucleus formation and DNA single-strand
breaks by InCl3 occurred at the concentration of 10 μM. The con-
centration at which InCl3 significantly induced DNA damage was higher
but similar to the concentration inducing apoptosis. These results in-
dicated that one of the risk factors for InCl3-induced apoptosis is DNA
damage. However, the DNA damage also occurred in the RAW264.7

macrophages incubated solvent of InCl3 treatment for 24 h. Present
study used cells as mainly materials, the structure and function of re-
plication forks when the cell cycle enters the S phase will interfere with
the results of the DNA damage assay (Olive and Banáth, 2006).

Apoptosis induced by DNA damage is executed by the activation of
caspase cascades. The initiator caspases include caspase-8 and -9 which

Fig. 6. InCl3 induced mitochondrial dysfunction in RAW264.7 macrophages. The mitochondrial dysfunction was measured by JC-1 after treated with InCl3 for 24 h at
0, 1, 10, or 50 μM. Data are expressed as mean ± SD (n = 4). *P < 0.05 considers significant as compare with control group, which indicated treatment with InCl3
at 0 μM.
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activated by death receptors activation and mitochondria dysfunction,
respectively (Van Opdenbosch and Lamkanfi, 2019). The effector cas-
pases, such as caspase-3, is performed by the activated initiator cas-
pases. Activation of caspase-3 induces the dimerization of caspase-ac-
tivated DNase and the cleavage of poly-ADP-ribose polymerase, which
then result in apoptosis through DNA damage (Kitazumi and Tsukahara,
2011; Norbury and Zhivotovsky, 2004). In A549 cells, caspase-3 and -9
activities were induced by indium oxide nanocubes (Ahamed et al.,
2017). In the present study, we first showed that the activities of

caspase-3, -8, and -9 were upregulated in RAW264.7 cells treated with
InCl3 for 24 h in a concentration-dependent manner. Furthermore,
mitochondrial dysfunction is the key mediator of caspase activation
(Wang and Youle, 2009). Yuan et al. (2017) proposed that isolated
mitochondrial permeability transition is induced by indium (III)
through the reduction of proton channels located in the inner mem-
brane. The destruction of mitochondria and the production of testos-
terone were found in the Leydig cells of mature male Wistar rats after
treatment with indium nitrate (Samira et al., 2011). In the present

Fig. 7. InCl3 induced cytochrome c leakage in RAW264.7 macrophages. The cytochrome c leakage was measured by flow cytometer. *P < 0.05 considers significant
as compare with control group, which indicated treatment with InCl3 at 0 μM.
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study, we demonstrated that InCl3 induced mitochondrial dysfunction
in RAW264.7 cells, which was significantly induced after 10 μM InCl3
treatment for 24 h. The effect of InCl3 on mitochondrial dysfunction
and its downstream factors, including caspase-3, -8, and -9, showed a
similar concentration trend as DNA damage for RAW264.7 cells treated
with InCl3. These results indicated InCl3 induced DNA damage through
caspase-3, -8, -9, and their upstream factor, mitochondrial dysfunction.

Cytochrome c release from the mitochondria and mitochondrial
depolarization, caused by an increased permeability of the mitochon-
drial membrane, play major roles in the mitochondria-dependent
apoptotic pathway (Bernardi et al., 2015). The downregulation of BCL2
and upregulation of BAD led to the activation of BAX and Bak and
subsequently provoked the permeability of the mitochondrial mem-
brane (Borner and Andrews, 2014). In A549 cells, the downregulation
of BCL2 and upregulation of BAX were induced by indium oxide na-
nocubes (Ahamed et al., 2017). Based on the primary results of the
present study, we proposed that RAW264.7 cell treatment with InCl3 for

24 h resulted in leakage of cytochrome c from the mitochondria,
downregulation of BCL2 expression, and upregulation of BAD expres-
sion in a concentration-dependent manner. These results indicated that
InCl3 induced mitochondrial dysfunction through cytochrome c leakage
and the alteration of BAD and BCL2 expression.

Intracellular ROS are crucial signaling molecules for mitochondrial
dysfunction, DNA damage, and apoptosis (Redza-Dutordoir and Averill-
Bates, 2016). In normal conditions, intracellular ROS are generated by
normal cellular metabolism, including xanthine oxidase, cytochrome
P450, cyclooxygenase, and the electron transfer system (Abdal Dayem
et al., 2017). However, tissue damage, gene mutation, and toxic effects
are induced by overproduction of ROS caused by extracellular risk
factors, such as carcinogens, mutagens, and air pollutants (Moloney and
Cotter, 2018). Indium (III) triggers ROS production in isolated mi-
tochondria (Yuan et al., 2017). During sexual maturation, InCl3 in-
creased ROS generation within sperm in a rodent model (Lee et al.,
2015). ROS generation was also induced by ITO in A549 cells and
RAW264.7 cells (Tabei et al., 2018; Olgun et al., 2017; Ahamed et al.,
2017). Based on the results of the present study, the generation of in-
tracellular ROS was induced by InCl3 in a concentration-dependent
manner. These results indicated that InCl3 induced mitochondrial dys-
function, DNA damage, and apoptosis through intracellular ROS gen-
eration.

In conclusion, InCl3 induced cytotoxicity in RAW264.7 macro-
phages through apoptosis but not through necrosis. The mechanism of
InCl3-induced apoptosis involved DNA damage and its upstream fac-
tors, including caspase-3, -8, and -9 activation. InCl3-induced upregu-
lation of caspase activity was mediated by mitochondrial dysfunction
through cytochrome c leakage and by alteration of BAD and BCL2 ex-
pression. Finally, the generation of ROS played the most important role
in mitochondrial dysfunction, genotoxicity, and apoptosis induced by
InCl3. According to the current findings, we first proposed the me-
chanism of InCl3-induced toxic effects on macrophages. This informa-
tion could be used to avoid damage caused by indium among industrial
workers.
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