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Purpose: The five-year survival rate of patients with oral cancer is approximately 50%; 
thus, alternative drugs with higher efficacy are urgently required. Azoxystrobin (AZOX), 
a natural, novel methoxyacrylate fungicide isolated from mushrooms, has a broad-spectrum, 
with highly efficient bactericidal effect. However, studies on AZOX have focused on 
antifungal effects. Here, we explore the potential cancer-preventive effects of AZOX and 
the underlying mechanisms.
Materials and Methods: The effects of AZOX on oral carcinogenesis induced by 4-nitro-
quinoline-1-oxide (4NQO) were investigated in C57BL/6 mice. Cell proliferation and apop-
tosis were examined by Ki67 immunohistochemistry and TUNEL staining, respectively. The 
main organ coefficients of each group were calculated to evaluate the biosafety of AZOX. 
CCK8 and flow cytometry were used to detect the effects of AZOX on cell viability and 
apoptosis in oral cancer cell line CAL27 and SCC15 cells in vitro. Cell cycle, mitochondrial 
complex III activity, intercellular reactive oxygen species (ROS) level, mitochondrial ROS 
level, and mitochondrial membrane potential (MMP) were detected by flow cytometry in 
AZOX-treated CAL27 cells.
Results: AZOX significantly inhibited the occurrence of 4NQO-induced tongue cancer and 
delayed the progression of tongue precancerous lesions in mice. High-dose AZOX obviously 
inhibited cell viability and induced apoptosis in epithelial dysplastic and oral squamous cell 
carcinoma (OSCC) lesions in mouse tongue mucosa. AZOX was confirmed to have high 
biosafety. Similarly, in vitro cell viability was suppressed, and apoptosis was induced in 
AZOX-treated CAL27 and SCC15 cells. AZOX induced cell cycle arrest at the S phase. 
AZOX inhibited mitochondrial complex III activity, increased intracellular and mitochon-
drial ROS levels, and decreased MMP in CAL27 cells.
Conclusion: AZOX inhibited the development of oral cancer through specific inhibition of 
the activity of mitochondrial complex III, which led to ROS accumulation, and MMP 
decrease, ultimately inducing apoptosis. AZOX may be a novel agent for the prevention 
and treatment of OSCC.
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Introduction
Oral cancer is the sixth most common malignant tumor. More than 550,000 new 
cases and 300,000 deaths caused by oral squamous cell carcinoma (OSCC) are 
reported each year worldwide.1 Comprehensive OSCC treatment mainly includes 
surgery, radiotherapy, and chemotherapy. For most patients with advanced or distant 
metastases who cannot receive surgery and radiotherapy, chemotherapy is often 
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used to inhibit tumor growth and reduce distant metastasis, 
thereby improving the quality of life and overall survival 
rate of the patients.2 However, only few drugs have been 
developed, and drug resistance and biological toxicity of 
drugs often lead to chemotherapy failure. Therefore, it is 
urgent to develop new anticancer drugs for the treatment 
of oral cancer.

Azoxystrobin (AZOX), also known as Amisida, is 
a natural insecticide from the family of strobilurins. 
Originally isolated from mushrooms, AZOX has the char-
acteristics of broad-spectrum effects, high efficiency, and 
low toxicity. It has not been reported to be mutagenic, 
teratogenic, or carcinogenic.3,4 Studies have shown that 
AZOX is a mitochondrial complex III inhibitor that 
destroys ATP synthesis in fungal cells via inhibition of 
the mitochondrial respiratory chain. It also inhibits the 
genesis and growth of pathogenic spores and mycelial 
growth.5 AZOX (0.20 mg/L) reduces the mitochondrial 
complex III activity, increases the reactive oxygen species 
(ROS) level, and increases the superoxide dismutase activ-
ity in larval and adult zebrafish.6 We previously screened 
effective anticancer compounds from more than 70 natural 
plant compounds and discovered that AZOX obviously 
inhibited cell viability in oral cancer and precancerous 
cells. Recent studies have shown that AZOX inhibited 
the proliferation of KYSE-150 human esophageal cancer 
cells and induces apoptosis.7 However, the effects and 
mechanisms of AZOX in oral cancer are unknown.

We hypothesized that AZOX suppresses the development 
of oral cancer via the inhibition of mitochondrial complex III 
activity. To test this hypothesis, we used a 4-nitroquinoline- 
1-oxide (4NQO)-induced mouse tongue cancer model and 
the oral cancer cell lines CAL27 and SCC15 to study the 
preventive effects of AZOX on oral carcinogenesis and 
investigate the underlying mechanisms by examining cell 
viability, apoptosis, and mitochondrial functions. This study 
may provide evidence for the development of a new drug for 
the treatment and prevention of oral cancer.

Materials and Methods
Chemicals and Reagents
AZOX was obtained from Sigma-Aldrich (MO, USA) and 
dissolved in dimethyl sulfoxide (DMSO) with 5mg/mL. 
For cell experiments, the solution was diluted with cell 
culture medium to 0, 1.5, 3, 5, 6 and 12 µg/mL AZOX 
solutions. For animal experiments, the solution was diluted 
with corn oil to prepare high-dose (25 mg/kg) and low- 

dose (5 mg/kg) AZOX solutions. 4NQO was purchased 
from Sigma-Aldrich and dissolved in 1,2-propanediol. The 
solution was diluted with purified water to 50 μg/mL and 
kept in a dark bottle. Propidium iodide (PI) staining solu-
tion and Hoechst 33,342 were purchased from Thermo 
Fisher Scientific (MA, USA).

Animal Experiments
C57BL/6 mice (4 weeks old, 16–20 g) were purchased 
from Vital River Laboratory Animal Technology (Beijing, 
China). The experiments were conducted in accordance 
with the UK Animals (Scientific Procedures) Act and the 
Beijing Municipality on the Review of Welfare and Ethics 
of Laboratory Animals guidelines approved by the Beijing 
Municipality Administration Office of Laboratory Animals 
(BAOLA). Furthermore, the study was approved by the 
Animal Ethical and Welfare Committee of Beijing 
Stomatological Hospital (approval no. KQYY-201,804- 
010). A total of 34 mice, 17 male and 17 female, were 
randomly divided into four groups: blank control (n=4), 
high-dose AZOX (n=10), low-dose AZOX (n=10), and 
model control (n=10). The sample sizes of the groups 
were chosen based on preliminary studies. All animals 
were in good physiological and immunological conditions 
and maintained at a controlled temperature under a 12 hrs 
light/dark cycle. No treatment was given to the blank 
control group, whereas the remaining 30 mice were admi-
nistered 50 μg/mL 4NQO water. From the 10th week, 
high-dose (25 mg/kg) and low-dose AZOX (5 mg/kg) 
were intragastrically administered every other day. The 
model control group was intragastrically administered the 
same dose of corn oil. The development of tongue lesions, 
overall health condition, and total body weight of the mice 
were examined weekly. Drinking of 4NQO water and 
intragastric administration were terminated at the end of 
16th and 24th weeks, respectively. When the mice had lost 
25% of their original body weight, they were euthanized 
according to the BAOLA guidelines. The mice were 
euthanized by intraperitoneal injection of pentobarbital- 
phenytoin solution at the end of 24th week,8 and their 
tongue, liver, kidney, and spleen were extracted, the flow 
chart of animal experiment is in Supplementary Figure 1. 
The tongue was cut longitudinally; one half of the tongue 
was stored at −80 °C for molecular biological testing, 
whereas the other was fixed in 10% neutral formaldehyde 
for histological examination.
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Hematoxylin and Eosin (H&E) Staining
Each tongue tissue was cut into 4 μm thick sections con-
tinuously and the 1st, 5th, and 10th sections were used for 
H&E staining. The sections were observed using an 
Olympus BX61 microscope (Olympus, Tokyo, Japan). 
Histological changes in tongue mucosa and the degree of 
lesion were recorded according to the World Health 
Organization classification of head and neck tumors (4th 
Edition, 2017). The incidence of various lesions in each 
group was calculated.

Immunohistochemistry
After being routinely dewaxed and rehydrated, the paraf-
fin-embedded slides were heated for 10 mins in a pressure 
cooker containing 10 mM citrate buffer (pH 6.0) to 
retrieve the antigens. Endogenous peroxidases were 
quenched by 3% H2O2. After blocking, the sections were 
incubated with Ki 67 working solution (Maxim 
Biotechnologies, China) overnight at 4 °C followed by 
secondary antibody incubation for 30 mins at room tem-
perature. Freshly prepared DAB solution (Maxim 
Biotechnologies) was used for staining. The sections 
were counterstained with hematoxylin. Six fields were 
randomly selected in each slice for image acquisition 
under an Olympus BX61 microscope. The Image Pro 
Plus software (Media Cybernetics, Rockville, MD 20,852 
USA) was used to calculate the positive cells.

TUNEL Staining
The sections were routinely dewaxed, rehydrated, and 
incubated with proteinase K (20 μg/mL in Tris/HCL) at 
37 °C for 15 mins. The sections were subsequently incu-
bated with a TUNEL reaction solution (Roche, Germany) 
in light-free conditions at 37 °C for 30 mins. Next, 50 μL 
of converter-POD was added at 37 °C for 30 mins. After 
incubation with DAB, the sections were counterstained 
with hematoxylin. Three fields were randomly selected in 
each slice for image acquisition under an Olympus BX61 
microscope. The Image Pro Plus software was used to 
calculate the positive cells.

Cell Culture
Human OSCC CAL27 cells (CRL-20,957; American Type 
Culture Collection, ATCC) were cultured in high-glucose 
Dulbecco’s modified Eagle’s medium (DMEM-High glu-
cose) containing 10% fetal bovine serum (Gibco, USA), 
100 U/mL penicillin, and streptomycin at 37 °C and 5% 

CO2. SCC15 human OSCC cells (CRL-1623; ATCC) were 
cultured in DMEM/F-12 medium containing 12.5% fetal 
bovine serum at 37 ºC and 5% CO2.

Cell Viability Assay
CAL27 and SCC15 cells were treated with AZOX at 1.5, 
3, 6, and 12 µg/mL for 24, 48, and 72 hrs. The negative 
control cells were treated with the same concentration of 
DMSO for 24, 48, and 72 hrs. Cell viability was detected 
using CCK8 (Dojindo, Japan). The relative cell viability 
(%) was presented as [OD] test wells/[OD] control wells 
× 100%.

Apoptosis Analysis
After being treated with AZOX at 0 and 5 µg/mL for 24 
and 48 hrs, CAL27 and SCC15 cells were incubated with 
Annexin V-fluorescein isothiocyanate for 15 mins and PI 
for 5 mins in the dark. Early apoptotic (Annexin V+/PI- 
cells) rates were analyzed by flow cytometry (BD, USA).

Cell Cycle Detection
CAL27 and SCC15 cells treated with 0 and 5 µg/mL of 
AZOX for 24 and 48 hrs were fixed in 70% ethanol 
solution overnight at 4 °C and resuspended in PI working 
solution. Following incubation with RNase solution at 37 ° 
C for 30 mins, the relative content of DNA in cells was 
determined by flow cytometry. The percentage of cells at 
each phase of the cell cycle was analyzed using the 
ModFit software (BD Bioscience, NJ, USA).

Detection of Mitochondrial Complex III 
Activity
After treatment with 0 and 5 µg/mL AZOX for 24 hrs, 
CAL27 cells were homogenized in an ice bath and centri-
fuged at 600 ×g for 10 mins at 4 °C. The supernatant was 
transferred and centrifuged at 11,000 ×g for 15 mins at 4 °C. 
The precipitate was ultrasonically disrupted in an ice bath. 
The detection solution was prepared using a micro mitochon-
drial respiratory chain complex III activity assay kit 
(Solarbio, China), according to the manufacturer’s instruc-
tions. The absorbance values at 550 nm for the experimental 
and control groups at the beginning of the experiment were 
recorded as A1measurement and A1control, respectively; the 
absorbance values at 2 mins were recorded as 
A2measurement and A2control, respectively. ΔA = 
(A2measurement − A1measurement) − (A2control − 
A1control). The samples were incubated with bicinchoninic 
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acid working solution for 30 mins at 37 °C. The absorbance 
at 562 nm was measured using a microplate reader, and the 
protein concentration was calculated using the standard 
curve. Mitochondrial complex III activity (U/mg prot) was 
calculated according to the kit instructions.

Measurement of ROS Level
CAL27 cells were treated with AZOX at 0, 1.5, 3, 5, and 6 µg/ 
mL for 24 hrs. For positive control cells, ROSup was added for 
20 mins before conducting the experiment on the next day. 
The cells were suspended in 10 μmol/L of dihydroethidium 
and incubated at 37 °C for 20 mins; the suspension was mixed 
once every 5 mins. Changes in fluorescence intensity were 
observed under an Olympus BX61 microscope (excitation 
wavelength: 535 nm, emission wavelength: 610 nm). 
Fluorescence intensity was measured by flow cytometry.

Measurement of Intracellular 
Mitochondrial Superoxide
CAL27 cells were treated with the same concentrations of 
AZOX as those mentioned in the “Measurement of ROS 
level” section. The cells, in a petri dish, were incubated 
with 2 mL of fluorescent probe staining solution (5 μM) at 
37 °C for 10 mins in the dark, and changes in fluorescence 
intensity were observed under an Olympus BX61 micro-
scope (excitation wavelength: 535 nm, emission wave-
length: 610 nm). Cells were collected, and fluorescence 
intensity was detected by flow cytometry.

Measurement of Mitochondrial 
Membrane Potential (MMP)
CAL27 cells treated with AZOX as described in the 
“Measurement of ROS level” section were incubated with 
JC-1 staining solution (Biyuntian, China) at 37 °C for 20 
mins. The cells treated with CCCP for 20 mins were used as 
a positive control. After the cells were washed with JC-1 
staining buffer, the JC-1 monomer was detected at excitation 
and emission wavelengths of 490 and 530 nm, respectively, 
whereas the JC-1 polymer was detected at excitation and 
emission wavelengths of 525 and 590 nm, respectively. 
According to the manufacturer’s instructions, in a high 
MMP condition, JC-1 accumulates in the matrix of the mito-
chondria to form polymeric JC1 aggregates, producing red 
fluorescence; in contrast, in a low MMP condition, JC-1 
exists as its JC1-monomer, producing green fluorescence. 
The relative proportion of red and green fluorescence is 
a measure of mitochondrial depolarization.

Statistical Analysis
The experiments were conducted in triplicate. Statistical 
analysis was performed using the SPSS 17.0 statistical 
software (SPSS, Inc., Chicago, USA). Differences with 
P-values of less than 0.05, as analyzed by variance analy-
sis and an independent sample t-test, were considered 
statistically significant.

Results
AZOX Reduces Tongue Cancer 
Development in Mice
At the end of 10th weeks of drinking 4NQO, mouse body 
weight in the high- and low-dose AZOX groups decreased 
compared with that in the blank control group. Since there 
were no mice had lost 25% of their original body weight at 
the end of 24th weeks, no mice were sacrificed before the 
due date. There were no significant differences in the body 
weights of the high- and low-dose AZOX groups compared 
to the model control group at the end of 24th week (P > 
0.05) (Figure 1A). Microscopically, epithelial hyperplasia, 
dysplasia (mild, moderate, and severe), and OSCC 
appeared in the tongue mucosa of mice in the model control, 
high-dose AZOX, and low-dose AZOX groups at the end of 
24th week (Figure 1B). Compared with that in the model 
control group, the average number of precancerous and 
neoplastic tongue lesions decreased in the high-dose 
AZOX groups (Figure 1C). The incidence of tongue cancer 
was significantly lower in the high-dose AZOX group than 
that in the model control group (P = 0.009). The severity of 
tongue lesions was attenuated, and most lesions were at the 
epithelial mild-moderate dysplastic stage in the high-dose 
AZOX group, suggesting that AZOX delays or inhibits the 
development of tongue cancer.

In addition, the biosafety of AZOX was evaluated in mice. 
The main organ coefficients of each group were obtained. 
Compared with those in the model control group, there were 
no significant differences in liver, kidney, and spleen coeffi-
cients in both the high- and low-dose AZOX groups (P>0.05) 
(Figure 1D), indicating that AZOX has higher biosafety.

AZOX Inhibits Cell Proliferation in 
Mouse Tongue Mucosa
Immunohistochemical staining showed that the rates of 
Ki67-positive cells in the dysplastic epithelial (P= 0.035) 
and OSCC (P = 0.032) tongue tissues were significantly 
lower in the high-dose AZOX group than in the model 
control group. Moreover, the rates of Ki67-positive cells in 
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the dysplastic epithelial (P = 0.833) and OSCC (P = 0.223) 
tongue tissues in the low-dose AZOX group were not 
significantly decreased (Figure 2), which suggests that 
high-dose AZOX obviously inhibits cell proliferation in 
dysplastic and OSCC tissues in mice.

AZOX Induces Cell Apoptosis in Mouse 
Tongue Mucosa
TUNEL assay showed that the apoptotic rate in the hyper-
plastic epithelia of the low- and high-dose AZOX groups 
was not significantly different from that in the epithelium 
of the model control group (P= 0.860 and P= 0.110). In 
dysplastic tongue tissues, the apoptotic rate was signifi-
cantly higher in the low- and high-dose AZOX groups 
than in the model control group (P = 0.026, P = 0.017). 
In OSCC tissues, the apoptotic rate was significantly 
higher in the high-dose AZOX group than in the model 
control group (P = 0.035) (Figure 3). These results suggest 
that AZOX induces apoptosis in dysplastic and OSCC 
tongue tissues in mice.

AZOX Inhibits Cell Viability and Blocks 
the Cell Cycle in CAL27 and SCC15 Cells
The effect of AZOX on the viability of OSCC cells was 
examined by CCK8 assay. As shown in Figure 4A, AZOX at 

1.5, 3, 6, and 12 µg/mL significantly inhibited cell viability for 
24, 48, and 72 hrs in CAL27 and SCC15 cells. The half- 
inhibitory concentration (IC50) values of AZOX in CAL27 
cells treated for 24, 48, and 72 hrs were 4.4, 6.5, and 5.9 µg/ 
mL, respectively, and those of AZOX in SCC15 cells treated 
for 24, 48, and 72 hrs were 7.82, 7.51, and 8.02 µg/mL, 
respectively. These results suggest that AZOX inhibits 
CAL27 and SCC15 cell viability and that this effect of 
AZOX was more efficient in CAL27 cells than in SCC15 cells.

The effect of AZOX on the cell cycle was assessed in 
CAL27 and SCC15 cells. First, 5 μg/mL AZOX was selected 
based on the IC50. The results showed that treatment of 
CAL27 cells with 5 μg/mL AZOX for 24 hrs led to 
a significant cell cycle arrest in the S phase (P = 0.001) and 
a decrease in the number of cells in the G0/G1 phase (P = 
0.002) (Figure 4B). SCC15 cells treated with 5 μg/mL AZOX 
for 48 hrs were arrested in the S phase (P = 0.042) (Figure 
4C), which suggested that AZOX induces cell cycle arrest in 
the S phase in CAL27 and SCC15 cells and that CAL27 cells 
were more sensitive to AZOX treatment than SCC15 cells.

AZOX Induces Apoptosis in CAL27 and 
SCC15 Cells
The early apoptotic rates in CAL27 cells treated with 5 μg/ 
mL AZOX for 24 hrs increased compared with that in the 

Figure 1 AZOX reduces tongue cancer development in mice. 
Notes: (A) Body weight curves in the blank control, OSCC model, low-dose (5 mg/kg) AZOX, and high-dose (25 mg/kg) AZOX groups. (B) H&E staining of mouse tongue 
mucosa. (C) All mice were sacrificed at the end of 24th week. Pathological diagnosis results of tongue mucosa in the blank control, OSCC model, low-dose AZOX, and high- 
dose AZOX groups. In OSCC model control group, 1 of 10 mice had mild and moderate dysplasia lesions, 2 of 10 had severe dysplasia lesions, and 7 of 10 mice had OSCC 
lesions. In high-dose (25 mg/kg) AZOX group, there were 7 of 10 mice had mild and moderate dysplasia lesions, 1 of 10 mice had severe dysplasia lesions, 2 of 10 mice had 
OSCC lesions. In low-dose (5 mg/kg) AZOX group, 2 of 10 mice had mild and moderate dysplasia lesions, 2 of 10 had severe dysplasia lesions, and 6 of 10 mice had OSCC 
lesions. (D) Main organ coefficients of each group. Data are presented as mean ± standard deviation (SD) (n = 10). **P < 0.01. 
Abbreviations: OSCC, oral squamous cell carcinoma; AZOX, azoxystrobin; H&E, hematoxylin and eosin; ns, no significance.
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control group (P= 0.009), as shown by Annexin V-fluorescein 
isothiocyanate/PI double staining. After treatment with 5 μg/ 
mL AZOX for 48 hrs, the early apoptotic rates of CAL27 and 
SCC15 cells increased significantly (P= 0.007 and P= 0.046) 
(Figure 5A and B). These results suggest that AZOX induces 
the apoptosis of OSCC cells. CAL27 cells were shown to be 
more sensitive to AZOX than SCC15 cells.

AZOX Induces Mitochondrial 
Dysfunctions in CAL27 Cells
The activity of mitochondrial complex III was examined by 
measuring the change in the absorbance of cytochrome c at 
550 nm for a certain period of time. The mitochondrial com-
plex III activity value was 0.55 ± 0.11 in CAL27 cells treated 
with 5 μg/mL AZOX for 24 hrs, which was significantly lower 
than that in untreated CAL27 cells (2.79 ± 0.34) (P = 0.000). 
This result suggests that AZOX significantly inhibits mito-
chondrial complex III activity in CAL27 cells (Figure 6A).

The effect of AZOX on the mitochondrial ROS level was 
assessed in CAL27 cells using the MitoSox fluorescent probe 

by flow cytometry. The red fluorescence of CAL27 cells was 
stronger after treatment with 5 μg/mL AZOX for 24 hrs 
(Figure 6B). The red fluorescence intensity of CAL27 cells 
after treatment with 1.5, 3, and 6 μg/mL AZOX for 24 hrs was 
higher than that of the control group (Figure 6C) (P < 0.01). 
Similarly, when the concentration of AZOX exceeded 3 μg/ 
mL, mitochondrial ROS levels did not obviously change.

The effect of AZOX on intracellular ROS levels was 
investigated in CAL27 cells using a DHC probe and flow 
cytometry. The fluorescence of CAL27 cells was enhanced 
by treatment with 5 μg/mL AZOX for 24 hrs (Figure 6D). 
Compared with the control, the fluorescence intensity of 
CAL27 cells was enhanced after treatment with 1.5, 3, and 6 
μg/mL AZOX for 24 hrs (Figure 6E) (P < 0.01). However, 
when the AZOX concentration was greater than 3 μg/mL, the 
fluorescence intensity did not continue to increase. These 
results indicate that a certain concentration of AZOX increases 
intracellular and mitochondrial ROS levels in CAL27 cells.

Intracellular MMP was detected in CAL27 cells using 
the JC-1 probe. In CAL27 cells treated with 5 μg/mL 

Figure 3 AZOX induces apoptosis in mouse tongue mucosa. 
Notes: (A) TUNEL staining of apoptotic cells in mouse tongues in the OSCC model control, low-dose AZOX, and high-dose AZOX groups. (B) Apoptotic rates in mouse 
tongue tissues in each group (magnification × 200). Data are presented as mean ± SD. *P < 0.05.

Figure 2 AZOX inhibits cell proliferation in mouse tongue mucosa. 
Notes: (A) Immunohistochemical analysis of Ki67 staining in the OSCC model control, low-dose AZOX, and high-dose AZOX groups (magnification × 200). (B) Cell 
proliferation rates in mouse tongue tissues in each group. Data are presented as mean ± SDs. *P < 0.05.
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AZOX for 24 hrs, red fluorescence was weaker, whereas 
green fluorescence was stronger in these cells than that in 
the model control group (Figure 6F). The ratio of JC-1 
monomers in CAL27 cells increased, indicating a decrease 
in intracellular MMP. The ratio of red to green fluores-
cence intensity gradually decreased in CAL27 cells treated 
with 1.5, 3, and 6 μg/mL AZOX for 24 hrs, and the 
difference between AZOX treatment and control was sta-
tistically significant (P < 0.01) (Figure 6G). These results 

suggest that AZOX induces cell apoptosis by decreasing 
MMP in CAL27 cells.

Discussion
As a monomeric compound, AZOX has a well-defined 
composition: molecular formula, C22H17N3O5; molecu-
lar weight, 403.3875 M; and Chemical Abstracts Service, 
No. 131,860-3-8. Toxicological experiments have shown 
that AZOX has low toxicity, with LD50 values of 

Figure 4 AZOX inhibits cell viability and blocks the cell cycle in CAL27 and SCC15 cells. 
Notes: (A) Inhibition of OSCC cell viability by AZOX at different concentrations and time. (B) Effect of AZOX on CAL27 cell cycle. (C) Effect of AZOX on SCC15 cell 
cycle. Data representing three independent experiments are shown as the mean± SD. *P< 0.05; **P < 0.01.
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>5000 mg/kg via oral administration and >5000 mg/kg via 
acute percutaneous injection in female and male rats. 
AZOX does not cause chromosomal aberrations in 
human peripheral blood lymphocytes, and no mutagenic, 
teratogenic, and carcinogenic effects of AZOX have been 
reported.3 In this study, we also showed that AZOX had 
high biosafety by calculating the main organ coefficients 
in each group of mice.

A murine 4NQO-induced model can well mimic human 
oral carcinogenesis in terms of its morphological, histo-
pathological, and molecular features.9–11 To examine the 
preventive effects of AZOX on oral carcinogenesis, 4NQO 
was used to induce mouse tongue cancer in this study. From 
the 10th week, in which no gross precancerous or cancerous 
lesions were observed, high- (25 mg/kg) and low-dose 
(5 mg/kg) AZOX were intragastrically administered every 
other day. Compared with the model control group, the 
high-dose AZOX group showed a significantly reduced 

incidence of tongue cancer from 70% to 20% and attenuated 
tongue lesion severity. Most mouse tongue lesions were 
arrested at the epithelial-moderate dysplastic stage, indicat-
ing that high-dose AZOX exerted a significant inhibitory 
effect on the development of oral cancer. High-dose AZOX 
significantly inhibited cell viability and induced apoptosis 
in the epithelial dysplasia and OSCC lesions in mouse 
tongue mucosa. In vitro, AZOX significantly inhibited cell 
viability and induced apoptosis in CAL27 and SCC15 cells. 
The cell cycle was arrested in the S phase. A recent study 
has shown that AZOX inhibits the growth of human eso-
phageal squamous cell carcinoma KYSE-150 cells in trans-
planted tumors by inhibiting cell proliferation and inducing 
apoptosis.7 These results indicated that AZOX induced 
apoptosis, inhibited cell viability, and ultimately inhibited 
the development of oral cancer. However, the mechanism of 
the inhibitory effects of AZOX on oral cancer development 
remains to be elucidated.

Figure 5 AZOX induces apoptosis in CAL27 and SCC15 cells. 
Notes: (A) Apoptosis of CAL27 cells after treatment with 5 µg/mL AZOX for 24 and 48 hrs. (B) Apoptosis of SCC15 cells after treatment with 5 µg/mL AZOX for 24 and 
48 hrs. Data are presented as mean ± SD. *P < 0.05; **P < 0.01.
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Studies have reported that AZOX is a mitochondrial 
complex III inhibitor that tightly binds to the Qo site of the 
cytochrome bc1 complex (complex III) in fungi.12 

Mitochondrial complex III is an important transmembrane 
protein complex in the mitochondrial respiratory chain.13 

It has two functional binding sites for quinone: site Qo, 
which is located on the side of the membrane gap, and site 
Qi, which is located at one side of the substrate. ROS is 
mainly generated from the Qo site, in which molecular 
oxygen is changed into its superoxide anion. Our in vivo 
and in vitro results showed that AZOX significantly 
induced apoptosis in OSCC. So we deduced that AZOX 
may induce apoptosis by targeting mitochondrial complex 
III and affecting mitochondrial functions in oral cancer. 
The results of this study showed that AZOX significantly 
inhibited the activity of mitochondrial complex III, 
increased the levels of both mitochondrial and intracellular 
ROS in CAL27 cells. Our results are consistent with those 
of previous studies, in which inhibition of mitochondrial 
complex III activity accelerated ROS production.14 In 
addition, Guo et al found that AZOX suppresses the activ-
ity of mitochondrial complex III in a dose-dependent 
manner and regulates glucose and lipid metabolism in 

high-fat diet-fed mice.15 In zebrafish, exposed to 100 μg/ 
L AZOX for 7, 14, and 21 days, the ROS level in the liver 
significantly increases in a dose-dependent manner.16 The 
present results suggested that AZOX induces ROS accu-
mulation by inhibiting the activity of mitochondrial com-
plex III in CAL27 cells. However, other researchers also 
observed that AZOX prevented hydroquinone from trans-
porting electrons to the Fe-S center and electron transfer 
chain in the cytochrome bc1 complex and inhibited ROS 
production.17 Moreover, intracellular ROS levels signifi-
cantly decreased in 3T3-L1 and HepG2 cells treated with 
5 mΜ AZOX for 30 mins.18 Therefore, differences in the 
effects of AZOX on ROS levels need to be further 
investigated.

Research revealed that ROS accumulation participates 
in apoptotic signaling by inducing MMP loss and inhibit-
ing Bcl-2 and cytochrome c extrusion from the 
mitochondria.19 MMP decrease can result in the release 
of cytochrome c and AIF to facilitate effector caspase 
cascade activation, which involves caspase-9 and -3.20 

A previous research showed that changes in MMP precede 
nuclear destruction in apoptosis, and MMP decrease sug-
gests early apoptosis.21 In the present study, MMP was 

Figure 6 AZOX induces mitochondrial dysfunctions in CAL27 cells. 
Notes: (A) Changes in mitochondrial complex III activity in CAL27 cells treated with 5 µg/mL AZOX for 24 hrs. (B) Effect of AZOX on mitochondrial ROS levels in CAL27 
cells treated with 5 µg/mL AZOX for 24 hrs (magnification × 200). (C) Mitochondrial ROS level of CAL27 cells after treatment with 0, 1.5, 3 and 6 μg/mL AZOX. (D) Effect 
of AZOX on the ROS level of CAL27 cells treated with 5 µg/mL AZOX for 24 hrs (magnification × 200). (E) ROS level of CAL27 cells after treatment with 0, 1.5, 3, and 6 
μg/mL AZOX for 24 hrs. (F) Effect of AZOX on the MMP of CAL27 cells treated with 5 µg/mL AZOX for 24 hrs (magnification × 200). (G) The ratio of red to green 
fluorescence intensity of CAL27 cells treated with 0, 1.5, 3, and 6 μg/mL AZOX for 24 hrs. Data are presented as mean ± SD. **P < 0.01; ***P = 0.000. 
Abbreviations: ROS, reactive oxygen species; MMP, mitochondrial membrane potential.
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significantly reduced in CAL27 cells treated with AZOX, 
suggesting that AZOX induced early apoptosis. MMP 
decrease can produce and release of ROS into the cytosol, 
which further induces apoptosis. These data suggested that 
the inhibitory action of AZOX on the activity of mitochon-
drial complex III, which resulted in mitochondrial respira-
tory chain dysfunction, induced an increase in 
mitochondrial ROS level. Excessive ROS led to decreased 
MMP and inducing apoptosis in oral cancer cells. Further 
studies are needed on the mechanism of AZOX in oral 
cancer to identify its potential drug targets.

Conclusion
We, for the first time, found AZOX to exert significant 
inhibitory effects on oral carcinogenesis by specifically tar-
geting mitochondrial complex III, leading to ROS accumu-
lation, MMP decrease and apoptosis. AZOX may thus be 
a candidate agent for the prevention and treatment of OSCC.
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