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Abstract: This study explored the effects of coenzyme Q10 (CoQ10) on the testicular functions of male mice exposed 
to cigarette smoke. Eight-week-old BALB/c male mice were divided into the following groups: the AV group (air with 
a vehicle), the AQ group (air with CoQ10), the SV group (smoke with a vehicle), and the SQ group (smoke with CoQ10). 
The results showed that the CoQ10 concentrations in the sera and testes were decreased in the groups subjected 
to smoke but they were improved after the administration of CoQ10. Neither smoke nor CoQ10 supplementation af-
fected the serum or testis testosterone concentrations. Regarding the antioxidant system in the testis, the exposure 
to smoke induced malondialdehyde and hydrogen peroxide production and decreased the catalase and glutathione 
peroxidase activities. Oral CoQ10 administration reversed the oxidative damage. In apoptosis, the cytochrome c, 
c-caspase 9, and c-caspase 3 proteins were increased in the groups exposed to smoke but they were decreased 
after the CoQ10 administration. In mitochondrial biogenesis, smoke exposure led to decreases in the PGC1-α, NRF1, 
and NRF2 levels, but CoQ10 increased the expressions of these proteins. Additionally, oral CoQ10 administration 
improved the mitochondrial copy numbers that were reduced following the exposure to smoke. In summary, CoQ10 
administration reduces smoke-induced testicular damage by regulating the antioxidant capacity, the cell apoptosis, 
the mitochondrial biogenesis, and the copy numbers in the testes.
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Introduction

According to the World Health Organization 
(WHO), the prevalence of cigarette smoking 
was 36.1% in males and 6.8% in females worl- 
dwide among persons over 15 years old in 
2015 [1]. A report from the American Medical 
Association indicated that East Asia is a region 
with a high consumption and a high prevalence 
of smoking [2]. In Taiwan, the prevalence of 
cigarette smoking was reported to be 30%  
in males, most of whom were between 26 and 
45 years old. A statistical report from the De- 
partment of Household Registration in Taiwan 
showed that the average age at which males 

had a child was 34.5 years old in 2018, and 
this increased yearly [3, 4]. Some studies  
have found that male smokers have a poorer 
sperm quality than non-smokers. Approximately 
34.4% of male smokers suffer from infertility 
[5, 6]. According to data from the Ministry of 
Health and Welfare in Taiwan, 10-15% of peo-
ple are infertile, and in approximately 40% of 
cases, infertility in couples is due to factors 
related to the male gender [7].

Cigarettes contain a variety of toxic chemicals. 
While they burn, nearly 4,000 compounds are 
released, including nicotine, cotinine, radioac-
tive materials, benzopyrene, polycyclic aromat-
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ic hydrocarbons (PAHs), and heavy metals. 
These compounds may decrease the antioxi-
dant levels and increase the reactive oxygen 
species levels (ROS) in the body [8]. Studies 
have shown that 30-80% of male infertility is 
caused by ROS-mediated damage to sperm  
[9]. Recent research suggests that smoking-
induced toxic-compound ingestion may lead to 
a decreased antioxidant capacity, apoptosis 
and DNA damage, and may affect cell function, 
resulting in sperm and testicular damage [10].

Coenzyme Q10 (CoQ10), which mainly acts on 
mitochondria, is an electron carrier and can 
decrease oxidative stress [11]. Mitochondria 
have many functions, including the synthesis  
of steroid hormones, energy generation, and 
the regulation of calcium signaling and cell 
apoptosis [12]. Mitochondrial biogenesis is  
the process of growth and the division of pre-
existing mitochondria [13]. The measurement 
of the mitochondria DNA (mtDNA) copy num- 
ber is a method of evaluating overall mitochon-
drial health [14]. Studies have indicated that 
changes in mitochondrial function and integrity 
may affect the mitochondrial structure, DNA, 
transcription and proteins, potentially leading 
to sperm damage [15].

A recent study that evaluated male smokers 
showed that they had lower concentrations of 
CoQ10 than non-smokers [16]. Other studies 
have shown that CoQ10 supplementation can 
improve the sperm quality in infertile men by 
regulating the antioxidant capacity [17-19]. 
Therefore, the aim of this study was to explore 
the effects of CoQ10 on testicular antioxidant 
capacity, cell apoptosis, inflammation, and 
spermatogenesis in male mice exposed to ciga-
rette smoke.

Materials and methods

Animal groups and the experimental design

The entire study was approved by the Institu- 
tional Animal Care and Use Committee of the 
Taipei Medical University (IACUC; ethical code 
number: LAC-2018-0005), and all the experi-
ments were performed in accordance with the 
Taipei Medical University guidelines. Forty- 
eight 8-week-old male BALB/c mice were divid-
ed into four groups: the AV group (air with a 
vehicle), the AQ group (air with CoQ10), the SV 
group (smoke with a vehicle), and the SQ group 

(smoke with CoQ10). In the groups exposed to 
smoke, the animals were exposed to 4 ciga-
rettes per day per six mice. One cigarette 
(Marlboro) contains 10 mg of tar and 0.8 mg of 
nicotine. The smoke exposure method was car-
ried out as described in a previous study [20]. 
Corn oil and CoQ10 (oxidative form, dissolved  
in corn oil, 10 mg/kg/day) were administered 
once daily by gavage. Both the smoke and 
CoQ10 were administered five days per week. 
After eight weeks, the mice were sacrificed. 
Serum samples were obtained for the biochem-
ical analysis. Their testes were collected for an 
analysis of their spermatogenesis, sex hor-
mone concentrations, antioxidant capacities, 
cell apoptosis, and inflammation. Their epididy-
mides were weighed, and their vas deferens 
were also weighed to assess their sperm 
quality.

Sperm analysis

Semen was collected from the vas deferens 
and diluted with 1X phosphate-buffered saline 
(PBS) to assess the sperm motility, count, and 
morphology. Briefly, the sperm motility was 
determined by calculating the ratio of motile 
and nonmotile spermatozoa in 4 fields of a 
Neubauer hemocytometer under a microscope. 
The sperm count was calculated using a TC20 
Automated Cell Counter (Bio-Rad). To assess 
the sperm morphology, sperm smears were 
stained with hematoxylin and eosin, and after 
the slides had been air-dried, they were exam-
ined under a microscope. The sperm morphol-
ogy was evaluated by calculating the percent-
age of normal sperm.

Hematoxylin and eosin staining

After the mice were sacrificed, the testis tissue 
was placed in 10% formaldehyde for two days, 
then stained with hematoxylin and eosin at the 
Department of Pathology, Cardinal Tien Hos- 
pital. The maturity of the testicular cells was 
determined from the mean seminiferous tubule 
diameter (MSTD) and Johnsen’s mean testicu-
lar biopsy score (MTBS) [21, 22].

Western blot analysis

After the mice were sacrificed, their testes  
were collected. Approximately 50 mg of testis 
tissue was homogenized using a RIPA buffer 
(Thermo, #89900, USA), a protease inhibitor, 
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and a phosphatase inhibitor, and the lysate 
was centrifuged at 14,000 rpm for 15 minutes. 
The supernatant was collected to serve as a 
protein sample. The samples were then electro-
phoresed and transferred onto a PVDF mem-
brane (Millipore, USA). The protein expressions 
on the membranes were determined using  
ECL solution (Bio-Rad, USA). The expressions of 
the testosterone biogenesis-related proteins 
(CYP11A1, CYP17A1, 3β-HSD, 17β-HSD, and 
StAR), the apoptosis-related proteins (caspase 
8, caspase 9, caspase 3, Bax, Bcl-xL, cyto-
chrome c, and PARP), the inflammation-related 
proteins (TNF-α, NFκB, PPARγ, and IL-6), and 
the mitochondrial biogenesis-related proteins 
(PGC1-α, NRF1, NRF2, PPARα, and TFAM) were 
measured.

Antioxidant capacity

We analyzed the superoxide dismutase (SOD), 
catalase (CAT), glutathione peroxidase (GPx), 
malondialdehyde (MDA), and hydrogen perox-
ide (H2O2) levels to determine the antioxidant 
capacity in the testes. The SOD, CAT, and GPx 
concentration s were measured using a super-
oxide dismutase assay kit (Cayman, #706002, 
USA), a catalase assay kit (Cayman, #707002, 
USA), and a glutathione peroxidase assay kit 
(Cayman, #703102, USA), respectively. We 
used a TBARS assay kit (Cayman, #10009055, 
USA) to measure the MDA concentration, a 
marker of lipid peroxidation. With regards to  
the free radicals, the H2O2 concentration was 
determined using a hydrogen peroxide colori-
metric/fluorometric assay kit (MyBioSource, 
MBS841818, UK).

The coenzyme Q10 concentration

To assess whether CoQ10 was consumed within 
the body, we employed a mouse CoQ10 Elisa kit 
(MyBioSource, MBS9346778, UK) to analyze 
the CoQ10 levels in the sera and testes.

The sex hormone concentrations

The testosterone levels in the sera and testes 
were measured using a testosterone Elisa kit 
(Cayman, #582701, USA). The follicle-stimulat-
ing hormone (FSH) and luteinizing hormone 
(LH) levels in the testes were estimated using  
a mouse FSH Elisa kit (MyBioSource, MBS- 
2507988, British) and a mouse LH Elisa kit 

(MyBioSource, MBS2514287, U.K.), respec- 
tively.

MtDNA copy number analysis

The mitochondrial DNA was extracted from the 
testes using a Mitochondrial DNA Isolation Kit 
(BioVision, #K280-50, USA), and the relative 
testis mtDNA copy numbers were determined 
using quantitative polymerase chain reactions 
(qPCR). The mtDNA levels were evaluated using 
a probe against mitochondrial gene ND2. 
GAPDH served as the loading control. The prim-
er sequences for the mitochondrial ND2 gene 
were: 5’-TCC TAT CAC CCT TGC CAT CA-3’ (for-
ward); 5’-GCT GTT GCT TGT GTG ACG AA-3’ 
(reverse).

Statistical analysis

Values reported are the means ± standard 
deviation. The differences among the groups 
were analyzed using two-way analyses of vari-
ance (ANOVA) followed by Duncan’s new multi-
ple range post hoc tests. The data were ana-
lyzed using SAS 9.4, and the values were 
considered significant at P<0.05.

Results

The body, testis, epididymis, and vas deferens 
weights

The body weights were significantly lower in the 
mice exposed to cigarette smoke. There were 
no statistically significant differences in the 
weight changes of the testes, epididymides, or 
vas deferens between the air- and smoke-
exposed groups. Moreover, the body, testis, 
epididymis, and vas deferens weights were not 
significantly different between the vehicle and 
the CoQ10 groups (Figure 1).

Concentration of coenzyme Q10

The concentrations of CoQ10 in the sera and 
testes were lower in the groups exposed to 
smoke. After we administered the CoQ10 sup-
plementation, in the smoke-exposed groups, 
the concentrations of CoQ10 in the sera and tes-
tes were both improved.

Hematoxylin and eosin staining

There were no significant differences in the 
MSTD among the groups. The MTBS in the 
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smoke-exposed group was significantly lower 
than it was in the non-exposed group, indicat-
ing that smoke may cause immaturity in testic-
ular cells. The smoke-induced immaturity was 
ameliorated by the administration of oral CoQ10 
supplementation. However, in the two non-
smoke-exposed groups, the group with CoQ10 
supplementation had a lower MTBS, indicating 
that additional CoQ10 supplementation may 
influence the histology of the testes in healthy 
animals (Figure 2).

Sperm quality

Figure 3A shows that the standard sperm  
motility and the normal morphology were sig-
nificantly lower in the smoke-exposed group. In 
the group with CoQ10 supplementation, the 
sperm count, the motility, and the normal mor-
phology were significantly improved. However, 
in the non-smoke-exposed group, the percent-
age of sperm of the normal morphology de- 
creased after the administration of the CoQ10 
supplementation.

Sex hormone concentrations

The serum FSH concentrations were lower in 
the smoke-exposed group than they were in the 

air group, and the oral CoQ10 supplementation 
ameliorated the smoke-induced lower serum 
FSH. Otherwise, the CoQ10 supplementation 
decreased the concentrations of serum FSH 
under normal conditions. The serum LH con-
centration was significantly lower in the smoke-
exposed group, but it did not improve after the 
CoQ10 supplementation. There were no signifi-
cant differences in the serum and testis testos-
terone concentrations among the groups 
(Figure 3B).

Testosterone biosynthesis regulation

The protein expressions of StAR and CYP11A1 
were lower in the smoke-exposed group, and 
did not improve following the CoQ10 supple- 
mentation. There were no significant differenc-
es in the 3β-HSD, CYP17A1, or 17β-HSD protein 
expressions among the groups (Figure 4).

Antioxidant capacity, lipid peroxidation and 
free radicals

With regards to antioxidant enzymes in the tes-
tes, the SOD concentrations were higher in the 
smoke-exposed group, and they increased 
after the administration of the CoQ10 supple-
mentation. The catalase activity was signifi-

Figure 1. The effects of coenzyme Q10 supplementation on (A) body weight, (B) the serum and testicular coenzyme 
Q10 concentrations, and (C) the weights of the testes, the epididymides, and the vas deferens in the male mice 
exposed to cigarette smoke. Values are presented as the means ± SD. (A, C: n=10-12/group; B: n=6/group.) # 
indicates a significant difference between the air- and smoke-exposed groups (AV vs. SV and AQ vs. SQ); *Indicates 
a significant difference between the vehicle and coenzyme Q10 supplementation groups (AV vs. AQ and SV vs. SQ).
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cantly lower in the smoke-exposed group than 
it was the non-exposed group, and the smoke-
induced lower catalase activity was not 
reversed by the CoQ10 supplementation. How- 
ever, in the non-smoke-exposed group, the cat-
alase activity was decreased after the CoQ10 
supplementation. The GPx activity was also sig-
nificantly lower in the smoke-exposed group, 
and the CoQ10 supplementation resulted in an 
improvement. In terms of the lipid peroxidation 
and the free radicals in the testis, the MDA  
and H2O2 levels were both significantly higher in 
the smoke-exposed group. The CoQ10 supple-
mentation ameliorated the higher content of 
the MDA induced by exposure to the smoke, but 
not that of H2O2 (Figure 5).

The extrinsic and intrinsic apoptotic pathways

Examining the apoptotic pathways, the cas-
pase 8, c-caspase 9, cytochrome c, c-caspase 
3, and c-PARP protein expressions were signifi-
cantly higher in the smoke-exposed group. 
After administering the CoQ10 supplementation, 
the cytochrome c and c-caspase 3 protein 

expressions were improved. Although there 
were no significant differences in the c-PARP 
levels, there was a decreasing trend in the 
c-PARP protein expressions in the mice exposed 
to cigarette smoke and administered CoQ10 
supplementation (Figure 6).

Inflammatory pathway regulators

In the inflammatory pathway, the TNF-α and 
NFκB protein expressions increased, and the 
protein PPARγ protein expression decreased in 
the smoke-exposed group. After the CoQ10 sup-
plementation, the TNF-α expression was 
improved. However, there were no significant 
differences between the groups in terms of 
their IL-6 expressions (Figure 7).

Mitochondrial biogenesis pathway and mtDNA 
copy number

With regards to the mitochondrial biogenesis 
pathway, the PGC-1α, NRF1, and NRF2 protein 
expressions were decreased in the smoke-
exposed group. The Oral CoQ10 supplementa-
tion increased the PPARα, NRF1, and NRF2 lev-

Figure 2. (A) Histology, (B) mean seminiferous tubule diameter (MSTD) and mean testicular biopsy score (MTBS) of 
the testis in the groups of male mice exposed to smoke and administered coenzyme Q10 supplementation. Values 
are presented as the means ± SD (n=6/group). #Indicates a significant difference between the air- and smoke-
exposed groups (AV vs. SV and AQ vs. SQ); *Indicates a significant difference between the vehicle and coenzyme 
Q10 supplementation groups (AV vs. AQ and SV vs. SQ). MSTD: mean seminiferous tubule diameter. MTBS: mean 
testicular biopsy score.
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els. There were no signifi- 
cant differences between the 
groups in terms of their TFAM 
expressions. Regarding the 
mtDNA copy numbers in the 
testes, the results showed that 
the mtDNA copy numbers were 
lower in the smoke-exposed 
group, and this decrease was 
reversed after the CoQ10 sup-
plementation (Figure 8).

Discussion

In a previous study, 8-week- 
old BALB/c mice were exposed 
to cigarette smoke, and the 
results showed that the mice’s 
body weights and food intake 
were lower in the smoke-
exposed group. A possible rea-
son was that the uncoupling 
protein 3 (UCP3) mRNA expres-
sion in the brown adipose tis-
sue and skeletal muscle was 
increased. The main functions 

Figure 3. The effects of coenzyme 
Q10 supplementation on (A) semen 
quality and (B) hormone levels (se-
rum FSH, LH, serum and testicu-
lar testosterone concentrations) 
in male mice exposed to cigarette 
smoke. Values are presented as 
the means ± SD. (A: n=6-12/group; 
B: n=6/group). #Indicates a sig-
nificant difference between the 
air- and smoke-exposed groups (AV 
vs. SV and AQ vs. SQ); *Indicates a 
significant difference between the 
vehicle and coenzyme Q10 supple-
mentation groups (AV vs. AQ and 
SV vs. SQ).

Figure 4. The effects of coenzyme Q10 supplementation on the testicular tes-
tosterone biogenesis protein expressions in male mice exposed to cigarette 
smoke. Values are presented as the means ± SD. (n=6/group). #Indicates 
a significant difference between the air- and smoke-exposed groups (AV vs. 
SV and AQ vs. SQ); *Indicates a significant difference between the vehicle 
and coenzyme Q10 supplementation groups (AV vs. AQ and SV vs. SQ).
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of UCP3 are related to mitochondrial fatty acid 
transport and basal metabolic rate regulation. 
When the UCP3 expression increases, it may 
result in weight loss [23].

Neuropeptide Y (NPY), synthesized by the arcu-
ate nucleus of the hypothalamus, is mainly 
related to appetite and energy consumption. 
When one experiences hunger or a lack of ener-
gy, the production of NPY increases [24]. It has 
been confirmed that the nicotine receptor is 
located in the appetite-regulating area of the 
hypothalamus. Smoking might affect the orexi-
genic peptides (such as NPY and melanin) or 
the anorexigenic peptides to maintain an ener-
gy balance [25]. In an animal study, male 
Holtzman rats were administered a low dose  
of nicotine (4 mg/kg/day) for 14 days, and the 
nicotine administration resulted in a 19.5% 
reduced average food intake compared with 
the control group [26]. Therefore, we speculat-
ed that the exposure of the mice to cigarette 
smoke may influence appetite and energy con-
sumption by increasing the UCP3 mRNA and 
NPY expressions and decreasing the body 
weight. However, the oral CoQ10 supplementa-
tion did not improve these conditions.

Under normal conditions, humans synthesize 
more than 90% of their CoQ10 themselves. 
When the concentration of CoQ10 is too high, it 
is discharged through the feces [11, 27, 28]. In 
a human study, 55 smokers and 51 non-smok-
ers were recruited, and it was found that the 
serum concentrations of CoQ10 were lower in 
smokers [16]. The same result was observed in 
our study. We surmised that an increase in the 
smoke-induced ROS may reduce the levels of 
antioxidants such as CoQ10. During smoking, 
oral CoQ10 supplementation can increase the 
concentration of CoQ10 in the sera and testes; 
however, in the non-smoke-exposed group,  
the oral CoQ10 supplementation did not affect 
the level of CoQ10. It was considered that the 
CoQ10 in the body was sufficient for use, so the 
excess CoQ10 was discharged.

Our study results are consistent with a meta-
analysis indicating that smoke exposure re- 
duced the sperm parameters [5]. Toxic com-
pounds in cigarettes such as nicotine, benzopy-
rene, and PAHs may damage testicular tissue 
and influence spermatogenesis.

CoQ10, an electron carrier, can maintain mito-
chondrial function and reduce oxidative stress. 

Figure 5. The effects of coenzyme Q10 supplementation on the testicular antioxidant enzyme, lipid peroxidation, and 
free radical levels in male mice exposed to cigarette smoke. The values are presented as the means ± SD. (n=6/
group). #Indicates a significant difference between the air- and smoke-exposed groups (AV vs. SV and AQ vs. SQ); 
*Indicates a significant difference between the vehicle and coenzyme Q10 supplementation groups (AV vs. AQ and 
SV vs. SQ).
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In a previous study, the antioxidant capacity 
and sperm parameters of infertile men were 
improved after the administration of the CoQ10 
supplementation [17-19]. We speculated that 

smokers were lower than in non-smokers, with 
no significant difference in the sex hormone 
binding globulin (SHBG) levels [32]. Otherwise, 
Halmenschlager et al. demonstrated no signifi-

Figure 6. The effects of coenzyme Q10 supplementation on the protein ex-
pressions of testicular (A) extrinsic and (B) intrinsic apoptosis pathway pro-
teins in male mice exposed to cigarette smoke. The caspase 3, c-caspase 
3, PARP, and actin bands are from the same representative experiment. 
The values are presented as the means ± SD. (n=6/group). #Indicates a 
significant difference between the air- and smoke-exposed groups (AV vs. 
SV and AQ vs. SQ); *Indicates a significant difference between the vehicle 
and coenzyme Q10 supplementation groups (AV vs. AQ and SV vs. SQ).

CoQ10 can ameliorate sperm 
quality by regulating smoke-
induced oxidative stress, cell 
apoptosis, and mitochondrial 
function.

The testosterone and sper-
matogenesis levels are mainly 
regulated by the hypothalamus 
pituitary gonadal axis. Our 
study results indicated that 
smoke exposure reduced the 
FSH and LH levels, a finding 
consistent with the animal 
study of Jana et al., in which a 
nicotine-treated group of Wi- 
star rats was given IP injec-
tions of nicotine (0.6 mg/kg/
day). The study results indicat-
ed that the nicotine-treated 
group had lower FSH and LH 
levels but increased corticos-
terone levels [29]. A possible 
explanation was that nicotine 
may affect the hypothalamus 
pituitary gonadal axis by stimu-
lating the release of cortico- 
sterone. The sensitivity of 
gonadotropins to gonadotro-
pin-releasing hormone redu- 
ced and inhibited the release 
of FSH and LH [30]. In this 
study, the lower FSH level 
induced by smoke exposure 
was reversed after the CoQ10 
supplementation, which may 
improve the smoke-induce 
spermatogenesis damage.

Previous studies have shown 
inconsistent results with re- 
gards to the variations in tes-
tosterone levels after smoke 
exposure. In an animal study 
by Park et al., smoke exposure 
reduced the serum testoster-
one levels [31]. In a human 
study, Wang et al. demonstrat-
ed that the total testosterone 
and free testosterone levels in 
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cant differences in the total testosterone, free 
testosterone, or SHBG levels between smokers 
and non-smokers [33], which is consistent with 
our study results. In our study, neither the 
smoke-exposed group nor the CoQ10 supple-
mentation group showed changes in the tes- 
tosterone levels in their sera or testes. It was 
hypothesized that nicotine and androgen 
metabolism requires UDP-glucuronosyltrans- 
ferase (UGT) enzymes; therefore, nicotine  
competitively inhibits androgen metabolism, 
rendering the concentration of testosterone 
unchanged, or even increased [34, 35].

Supriya et al. performed a study of 945 peo- 
ple, and the results showed that oxidative 
stress in smokers was higher than in non-
smokers [36]. Cigarette smoke is a complex 
mixture of many compounds. It is carcinogenic 
and contains many free radicals, which increas-
es oxidative stress and destroys cellular func-
tion [37]. Our study indicated that cigarette 
smoke results in decreases in antioxidant 
enzymes (CAT and GPx) and increases in lipid 
peroxidation (MDA) and H2O2. We also found 
that cigarette smoke increased the testicular 
SOD levels, in which SOD can transform O2

- into 

that the antioxidant enzyme activities (SOD  
and GPx) increased and the MDA activities 
decreased in the CoQ10 supplementation group, 
which may eliminate smoke-induced oxidative 
stress.

Our study showed that cigarette smoke mainly 
affects the protein expressions in the upstr- 
eam intrinsic and downstream apoptotic path-
ways. It increases the protein expressions of 
cytochrome c and caspase 9 in the upstream 
intrinsic apoptotic pathway, and it activates 
caspase 3 and PARP in the downstream apop-
totic pathway, a process that results in cell 
apoptosis. In the animal study of Mosadegh et 
al., Wistar rats were given an intraperitoneal 
injection of nicotine, and it was reported that 
the nicotine decreased the Bcl-2 protein 
expressions and increased the caspase 3 level 
[40]. We conjectured that the course of the 
ROS-induced oxidative stress changed the 
mitochondrial membrane potential and promot-
ed cytochrome c release from the mitochon-
dria. Therefore, the downstream markers were 
activated, finally leading to cell apoptosis.

CoQ10 mainly acts on mitochondria and can 
scavenge free radicals in the body. The perme-

Figure 7. The effects of coenzyme Q10 supplementation on the expressions 
of the proteins in the testicular inflammation pathway in male mice exposed 
to cigarette smoke. #Indicates a significant difference between the air- and 
smoke-exposed groups (AV vs. SV and AQ vs. SQ); *Indicates a significant 
difference between the vehicle and coenzyme Q10 supplementation groups 
(AV vs. AQ and SV vs. SQ).

H2O2. According to the study  
of Jana et al, the H2O2 level 
increased and the GPx level 
decreased in the nicotine-
treatment group [29]. There- 
fore, we surmised that the  
phenomenon of an increased 
SOD concentration is manifest-
ed in order to metabolize 
smoke-produced free radicals. 
Owing to decreased CAT and 
GPx concentrations, excess 
H2O2 cannot be metabolized, 
eventually leading to increased 
oxidative stress.

CoQ10 is an antioxidant and 
can protect against free radi-
cal-induced oxidative dama- 
ge [38]. In a randomized dou-
ble-blind study including 60  
oligoasthenoteratozoospermia 
(OAT) patients, it was reported 
that the sperm parameters 
and the antioxidant enzyme 
activities increased in the 
CoQ10 supplementation group 
[39]. Our study also showed 
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ability transition pore (PTP) on the mitochon-
dria opening decreases the mitochondrial 
membrane potential, which facilitates cyto-
chrome c release from mitochondria and in- 
duces cell apoptosis. CoQ10 can inhibit mito-
chondrial membrane potential change by regu-
lating PTP, therein reducing cell apoptosis [41]. 
Our study results, which show that smoke-
induced higher cytochrome c and caspase 3 
levels were ameliorated by CoQ10, verifies the 
previous hypothesis.

Our study results indicate that the protein 
expressions of NFκB, TNF-α, and PPARγ were 
increased in the smoke-exposed group, which 
is consistent with previous research [42]. 
However, the CoQ10 administration did not 
diminish the expressions of the inflammatory 

mtDNA copy number and induced sperm 
mtDNA mutations. If the mtDNA copy number 
could be promoted, this could improve the tes-
ticular histology and spermatogenesis [47]. In 
our study, the reduced mtDNA copy number in 
the smoke-exposed group was reversed by the 
CoQ10 supplementation. However, in the non-
smoke-exposed group, the mice that were 
administered oral CoQ10 supplementation sh- 
owed decreased mtDNA copy numbers.

In a study by Hoffmann et al., cultured bronchi-
al epithelial cells isolated from chronic obstruc-
tive pulmonary disease (COPD) patients indi-
cated that cigarette smoke extract decreased 
the gene expressions of PGC-1α and TFAM in 
the mitochondrial biogenesis pathway, which 
may also alter the mitochondrial morphology 

Figure 8. The effects of coenzyme Q10 supplementation on (A) the mitochon-
drial copy number and (B) the expressions of the proteins involved in tes-
ticular mitochondrial biogenesis in male mice exposed to cigarette smoke. 
The values are presented as the mean ± SD. (n=6/group). #Indicates a 
significant difference between the air- and smoke-exposed groups (AV vs. 
SV and AQ vs. SQ); *Indicates a significant difference between the vehicle 
and coenzyme Q10 supplementation groups (AV vs. AQ and SV vs. SQ).

pathway-related proteins in our 
study. Otherwise, a meta-anal-
ysis study illustrated that met-
abolic syndrome patients can 
have reduced TNF-α levels 
after the administration of 
CoQ10 [43], with a CoQ10 dos-
age greater than 100 mg/day. 
The dose of CoQ10 was 10 mg/
kg/day in our animal study, 
and the conversion ratio of 
mice to humans is 12.3 [44], 
which is equal to 48.7 mg/day 
in humans. Therefore, in order 
to reduce the smoke-induced 
related inflammatory process, 
the CoQ10 should be adminis-
tered at a higher dosage in 
future studies.

Exposure to cigarette smoke 
and air pollution may cause 
oxidative stress and cell apop-
tosis, and it may influence the 
mtDNA copy number and struc-
ture [45], and the mtDNA copy 
number is an indicator of the 
overall health of mitochondria. 
In a human study by Wu et al., 
it was found that smoke 
enhanced the oxidative stress 
levels and damaged the mito-
chondria, thereby reducing 
their quantity [46]. An animal 
study of male mice with an 
infertile phenotype illustrated 
that infertility decreased the 
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and the electron transport chain [48]. In our 
study, we found that the protein expressions of 
PGC-1α, NRF1 and NRF2 were decreased in the 
smoke-exposed group. When the PGC-1α 
expression is higher, it may promote the tran-
scription of NRF1 and NRF2, which are related 
to the electron transport chain [49]. Our re- 
sults demonstrated that the oral CoQ10 supple-
mentation ameliorated the smoke-induced 
lower protein expressions of NRF1 and NRF2. 
Therefore, the function of the electron trans-
port chain might be improved.

A limitation of this study was that the mice’s 
respiratory function was not measured before 
the mice were sacrificed, and the process may 
cause stress and slight hemolysis. As for our 
analysis of the oxidative stress, we could  
consider measuring the total antioxidant capac-
ity and the levels of the other free radicals in 
the testes to assess the overall testicular oxi-
dative stress levels. Regarding the evaluation 
of the mitochondrial function, a mitochondrial 
membrane potential analysis can be performed 
to examine whether CoQ10 improved function by 
regulating the electron transport chain.

In this study, we found that oral CoQ10 supple-
mentation ameliorated smoke-induced testicu-
lar damage by regulating oxidative stress, cell 
apoptosis, and mitochondrial function in the 
testes.
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