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Abstract: Exercise is an effective way to improve reproductive function in obese males. Oxidative
stress and apoptosis are important pathological factors of obesity-related male infertility. Accumu-
lating studies have demonstrated that N6-methyladenosine (m6A) methylation is associated with
obesity and testicular reproductive function. Our study aimed to investigate and compare the effect
of 8 weeks of moderate-intensity continuous training (MICT) and high-intensity interval training
(HIIT) on testicular oxidative stress, apoptosis and m6A methylation in obese male mice. Male
C57BL/6 mice were randomly allocated into the four groups: normal diet (ND) group, high-fat diet
(HFD) group, high-fat diet with moderate-intensity continuous training (HFD-MICT) group and
high-fat diet with high-intensity interval training (HFD-HIIT) group. Mice in the HFD-MICT and
HFD-HIIT groups were subjected to 8 weeks of MICT or HIIT treadmill protocols after 12 weeks
of HFD feeding. We found that MICT and HIIT increased the protein expression of Nrf2, HO-1
and NQO-1 in the testes of obese mice, and HIIT increased it more than MICT. The Bax/Bcl-2 ratio,
Cleaved Caspase-3 protein expression and TUNEL-positive cells were consistently up-regulated
in the testes of obese mice, but MICT and HIIT restrained these HFD-induced effects. In addition,
HFDs increased m6A levels and the gene expression of METTL3, YTHDF2 and FTO in the testes,
but these effects were reversed by MICT and HIIT. However, HIIT was more effective than MICT in
reducing m6A methylation in the testes of obese mice. These results demonstrate that both MICT and
HIIT protected against HFD-induced oxidative stress, apoptosis and m6A methylation in testicular
tissues; as a result, testicular morphological and functional impairment improved. In particular, HIIT
was more beneficial than MICT in increasing the mRNA expression of steroidogenic enzymes and
testicular antioxidant capacity and decreasing m6A methylation in the testes of HFD-fed mice.

Keywords: obesity; MICT; HIIT; testicular; oxidative stress; apoptosis; N6-methyladenosine
(m6A) methylation

1. Introduction

Obesity is known to be a major risk factor for testicular dysfunction [1,2]. Growing
evidence has shown that obesity impairs reproductive functions and causes disturbance of
the endocrine axis in males, which is characterized by reduced testicular steroidogenesis
and low levels of serum follicle-stimulating hormone (FSH), luteinizing hormone (LH)
and testosterone [3-5]. Several previous studies have suggested that oxidative stress
and apoptosis-mediated testicular damage are important causes of reduced reproductive
function in obese males [6-8]. However, the mechanisms of obesity-induced testicular
dysfunction remain unknown.

N6-methyladenosine (m6A) is the most ubiquitous internal RNA modification that can
regulate mRNA degradation, splicing, translation and stability [9]. m6A RNA modification
is regulated by m6A-related genes, including m6A methyltransferases (methyltransferase-
like 3 (METTL3), METTL14 and WT1-associated protein (WTAP), termed as “writers”),
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RNA demethylases (alpha-ketoglutarate-dependent dioxygenase (FTO) and AlkB homolog
5 (ALKBHS5), termed as “erasers”) and RNA binding proteins (YTH N6-methyladenosine
RNA binding protein 1 (YTHDF1), YTHDEF2, YTHDE3, YTH domain containing 1 (YTHDC1)
and YTHDC?2, termed as “readers”) [10,11]. Recent studies have reported that m6A RNA
modification can regulate mammalian spermatogenesis and reproductive function [12,13].
In addition, it has been reported that m6A modification is related to obesity, oxidative
stress and apoptosis [14,15]. However, the role of m6A modification in high-fat diet (HFD)-
induced testicular injury remains unclear.

The antioxidant and anti-apoptotic effects of regular physical activity in chronic
diseases have been widely confirmed [16,17]. Accumulating studies have demonstrated
that moderate exercise can inhibit HFD-induced testicular oxidative stress and apoptosis,
and improve sperm quality and reproductive function [18,19]. However, most studies
on obesity-induced testicular injury have focused on the effects of moderate-intensity
continuous training (MICT) and there are limited studies about the effects of high-intensity
interval training (HIIT) and its protective mechanisms. Therefore, due to the importance of
selecting the correct and effective exercise intensity and type to improve testis function, the
present study aimed to investigate and compare the effect of 8 weeks of MICT and HIIT on
testicular oxidative stress, apoptosis and m6A methylation in obese male mice.

2. Materials and Methods
2.1. Animals

Male C57BL/6 mice (3- to 4-week-old) were obtained from the Laboratory Animal
Research Center of Tsinghua University. Mice were housed in the Laboratory Animal
Research Center of Tsinghua University with a 12:12-h light-dark cycle and controlled
temperature (24 + 2 °C). All experimental procedures were approved by the Institutional
Animal Care and Use Committee of Tsinghua University (Animal Welfare Assurance
no. F16-00228; A5061-01).

After 1 week of adaptation, animals were randomly allocated into the four groups:
normal diet (ND) group, high-fat diet (HFD) group, high-fat diet with moderate-intensity
continuous training (HFD-MICT) group and high-fat diet with high-intensity interval
training (HFD-HIIT) group, with n = 15 for each group. The nutritional composition of ND
and HFD was reported in a previous article [20].

2.2. Exercise Protocol

Mice in the HFD-MICT and HFD-HIIT groups were subjected to 8 weeks of treadmill
exercise after 12 weeks of HFD feeding. The exercise protocols were slightly modified
according to previous studies [21,22]. First, the mice in the exercise groups underwent adap-
tive training on treadmills for 1 week (5 m/min, 10 min/day, 0°). During the formal training,
both groups warmed up for 10 min at a speed of 5 m/min. The HFD-MICT group per-
formed the continuous endurance running for 35 min, and the speed was 14-17.5 m/min.
In the HFD-HIIT group, 2 min of moderate-intensity (14-17.5 m/min) treadmill exercise
was alternated with 1 min of high-intensity (24-27.5 m/min) treadmill exercise until the
running distance was equal to that of the MICT. Training sessions were performed during
the morning, five times per week, for 8 weeks. Specific training programs for MICT and
HIIT are detailed in the Supplementary Information, Tables S1 and S2. At the end of the
8-week training, mice were sacrificed after fasting for 12 h, and serum and testicles were
collected for further analysis. The body weights and testicular weights of the mice were
also recorded. The experimental design is shown in Figure 1.
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Figure 1. Schematic diagram of experimental design. ND: normal diet; HFD: high-fat diet; MICT:
moderate-intensity continuous training; HIIT: high-intensity interval training.

2.3. Serum Hormone Measurement

Serum levels of FSH, LH, testosterone and estradiol (E2) were analyzed using mouse
enzyme-linked immunosorbent assay (ELISA) kits (Meimian Biotech, Yancheng, China)
according to the manufacturer’s instructions. The intra-assay coefficients of variation
(CV) of serum FSH, LH, testosterone and E2 were 6.9%, 5.7%, 7.4% and 6.5%, respectively.
Optical density (OD) at 450 nm was performed using a microplate meter. Then, the serum
sex hormone levels were calculated according to the standard curve.

2.4. Kit Assays

Testicular oxidative stress levels were determined by measuring malondialdehyde
(MDA), hydrogen peroxide (H,O3), total superoxide dismutase (T-SOD), catalase (CAT),
glutathione peroxidase (GSH-Px) and glutathione (GSH) activity using commercial kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China) as described previously [23].
The intra-assay CVs of MDA, HyO,, T-SOD, CAT, GSH-Px and GSH were 4.2%, 3.6%, 4.5%,
5.3%, 5.8% and 4.8%, respectively. All detecting operations were performed following the
kits manufacturer’s instructions.

2.5. Semen Analysis

The epididymis was carefully separated from testicular fat. The sperm were gradually
pressed out from the epididymis and the sperm number was counted with a haemocytome-
ter. Sperm motility was assessed blindly under a light microscope by classifying 200 sperms
per animal as either progressive motile, nonprogressive motile or immotile. Sperm motility
was expressed as a percentage of motile sperm to total sperm.

2.6. Histological Analysis

Mouse testicular tissues were fixed in 4% paraformaldehyde for 24 h and embedded
in paraffin. Tissue sections of 5 pm were stained with hematoxylin and eosin (H&E) for
histological analysis of testes.

2.7. TUNEL Staining

Apoptosis of testicular tissue was assessed by terminal deoxynucleotidyl transferase
(TdT) dUTP nick-end labeling (TUNEL) staining. In brief, 5 pm testicular tissue sections
were incubated with TUNEL solution (Beyotime, Nanjing, China) in the dark at 37 °C for
1 h. 4,6-diamidino-2-phenylindole (DAPI) was used to identify the nuclei of testicular cells.
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The sections were observed under a fluorescence microscope (Nikon, Tokyo, Japan) and
the green TUNEL-positive apoptotic cells were counted in randomly selected fields.

2.8. m6A RNA Methylation Quantification

mo6A levels in testicular tissue were assessed using an m6A RNA quantification kit
(Epigentek, Farmingdale, NY, USA), as described previously [20]. Briefly, 200 ng total RNA
was incubated with capture antibody at room temperature for 1 h, then m6A antibody
was captured and washed. The intra-assay CV of m6A levels was 3.9%. The absorbance
was measured at 450 nm and the m6A RNA methylation levels of testicular tissue were
calculated from the absorbance value.

2.9. Quantitative Real-Time PCR (RT-PCR)

Total RNA was isolated from testicular tissues by using the Trizol reagent and was
reverse-transcribed by a PrimeScript™ RT reagent kit (TaKaRa, Tokyo, Japan). RT-PCR
was conducted by using SYBR Green PCR Master Mix (Beyotime, Nanjing, China) in the
CFX96 Real-Time PCR System (Bio-Rad, Hercules, CA, USA). The mRNA levels were
determined using the 2744¢t method and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control. Primary sequences used in this study are shown
in the Supplementary Information, Table S3.

2.10. Western Blot

The total protein was extracted from testicular tissues using cold RIPA buffer. The
protein concentration was evaluated by a BCA Protein Assay kit. Equal amounts of protein
samples were separated by Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. The mem-
branes were blocked with 5% nonfat dry milk for 1.5 h at room temperature and then
incubated with the primary antibodies at 4 °C overnight. The antibodies that we used
include: 4-HNE (Abcam, Cambridge, MA, USA), Nrf2 (Santa Cruz Biotechnology, Dal-
las, TX, USA), HO-1 (Abcam, Cambridge, MA, USA), NQO1 (Abcam, Cambridge, MA,
USA), Bax (Cell Signaling Technology, Beverly, MA, USA), Bcl-2 (Bioworld, Blooming-
ton, MN, USA), Cleaved Caspase-3 (Cell Signaling Technology, Beverly, MA, USA) and
GAPDH (Proteintech, Wuhan, China). The membranes were incubated with the appropri-
ate horseradish-peroxidase (HRP)-conjugated secondary antibodies at room temperature
for 1.5 h. Immunopositive bands were visualized by the Image Systems (Bio-Rad, Hercules,
CA, USA). The density of immunoblots was calculated by Image Lab software.

2.11. Statistical Analysis

All data were obtained from at least three independent experiments and recorded
as the mean =+ standard error of the mean (SEM) using GraphPad Prism 6. All data in
the present study were normally distributed, as determined by the Kolmogorov-Smirnov
test. Statistical differences among all groups were analyzed using one-way analysis of
variance (ANOVA) followed by post hoc least significant difference (LSD) tests. p < 0.05
was considered statistically significant (* p < 0.05 and ** p < 0.01 are shown in figures).

3. Results
3.1. MICT and HIIT Improved HF D-Induced Pathological Damage of Testes

HFD treated mice exhibited atrophied testes and vacuolation of the seminiferous
tubules, and 8 weeks of MICT and HIIT significantly improved abnormal testicular struc-
ture (Figure 2A). Moreover, HFD feeding resulted in increased lumen diameter and de-
creased seminiferous tubule diameter, seminiferous epithelium height, testis weight/body
weight ratio, sperm count and sperm motility, while both MICT and HIIT significantly
attenuated these effects, and there were no significant changes among the two exercise
protocols (Figure 2B-G).
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Figure 2. Effects of MICT and HIIT on testicular morphology in obese mice. (A) HE staining of
mouse testes at 10x (scale bar = 1000 pm) and 200 x (scale bar = 50 pm) magnification. Statistical
analysis of (B) seminiferous tubule diameter, (C) lumen diameter, (D) seminiferous epithelium
height, (E) testis weight/body weight ratio, (F) sperm count and (G) sperm motility. Data are
expressed as mean = SEM. * p < 0.05, ** p < 0.01.

3.2. HIIT, but Not MICT, Attenuated HFD-Induced Abnormal Serum Sex Hormone Levels

HFD feeding caused significant decreases in serum FSH, LH and testosterone levels,
and significant increases in E2 levels compared with the ND group (Figure 3A-D). After
8 weeks of HIIT, serum FSH and testosterone levels showed a significant recovery, but
these changes did not occur in the HFD-MICT group (Figure 3A,C). MICT and HIIT had no
effect on serum E2 and LH levels (Figure 3B,D).
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Figure 3. Effects of MICT and HIIT on serum levels of FSH, LH, testosterone and E2 in obese mice.
(A) FSH, (B) LH, (C) testosterone and (D) E2 were detected in serum. Data are expressed as
mean + SEM. *p < 0.05, * p < 0.01.

3.3. MICT and HIIT Increased the Steroidogenic Enzymes” mRNA Expression after an
HFD-Induced Decrease

We analyzed the mRNA expression of steroidogenic enzymes, including SF-1, StAR,
P450scc and P450c17. We found that the mRNA levels of SF-1, StAR, P450scc and P450c17
in testes were decreased by HFDs. MICT and HIIT treatment significantly reversed these
effects (Figure 4A-D). Moreover, the mRNA levels of StAR, P450scc and P450c17 in the
HFD-HIIT group were higher than those in the HFD-MICT group (Figure 4B-D).
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Figure 4. Effects of MICT and HIIT on mRNA expression of steroidogenic enzymes in the testes of
obese mice. The gene expression of (A) SF-1, (B) StAR, (C) P450scc and (D) P450c17 in mouse testes
were detected by RT-PCR. Data are expressed as mean £ SEM. * p < 0.05, ** p < 0.01.

3.4. MICT and HIIT Suppressed Testicular Oxidative Stress Induced by HFD

The activities of MDA and H,O, in testes were significantly up-regulated, and the
activities of T-SOD, CAT, GSH and GSH-Px were significantly down-regulated by HFD, but
these effects were obviously reversed by MICT and HIIT treatment. Additionally, the MDA
content in the HFD-HIIT group was significantly lower than that in the HFD-MICT group,
while the activities of T-SOD, CAT and GSH-Px in the HFD-HIIT group were significantly
higher than those in the HFD-MICT group (Figure 5A—F). Western blot analysis showed that
the decreased Nrf2, HO-1 and NQO-1 protein expression were up-regulated and 4-HNE
protein expression was down-regulated in the testes of obese mice after MICT and HIIT
treatment. Moreover, the protein expression of Nrf2, HO-1 and NQO-1 in the HFD-HIIT
group were significantly higher than those in the HFD-MICT group (Figure 5G-K). These
results suggested that HIIT was more advantageous in enhancing testicular antioxidant
capacity in obese mice.

3.5. MICT and HIIT Decreased HFD-Induced Testicular Apoptosis

TUNEL staining revealed that HFD-induced elevations in testicular positive apoptotic
particles were inhibited by MICT and HIIT (Figure 6A,B). Western blot analysis showed
that HFDs resulted in significant up-regulation of Bax/Bcl-2 ratio and Cleaved Caspase-3
protein expression, which were attenuated by MICT and HIIT (Figure 6C-E). These findings
indicated that MICT and HIIT decrease testicular apoptosis in HFD-fed mice.
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Figure 5. Effects of MICT and HIIT on testicular oxidative stress in obese mice. The activities of
(A) MDA, (B) H,O,, (C) T-SOD, (D) CAT, (E) GSH and (F) GSH-Px in mouse testes. (G-K) Protein
levels of 4-HNE, Nrf2, HO-1 and NQO-1 were detected by Western blot. Data are expressed as
mean + SEM. * p < 0.05, ** p < 0.01.
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Figure 6. Effects of MICT and HIIT on testicular apoptosis in obese mice. (A) TUNEL staining and
(B) quantitative analysis of mouse testes. The positive apoptotic particles are in green and the nuclei
are in blue. (C-E) Protein levels of of Bax, Bcl-2 and Cleaved Caspase-3 were detected by Western
blot. Data are expressed as mean + SEM. ** p < 0.01.
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3.6. MICT and HIIT Reduced m6A Methylation in the Testicular Tissue of Obese Mice

To assess the effect of MICT or HIIT on testicular m6A methylation, we measured
mo6A level and mé6A-associated genes. HFD significantly increased m6A level and the
gene expression of METTL3, YTHDEF2 and FTO, but these effects were reversed by MICT
and HIIT (Figure 7A-D). Moreover, the m6A content and the gene expression of METTL3
and FTO in the HFD-HIIT group were significantly lower than those in the HFD-MICT
group (Figure 7B,D). These results demonstrated that HIIT was more effective than MICT
in reducing m6A methylation in the testes of obese mice.
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Figure 7. Effects of MICT and HIIT on testicular m6A methylation in obese mice. (A) The m6A content
in mouse testes. The gene expression of (B) “writers” (METTL3, METTL14 and WTAP), (C) “readers”
(YTHDF1, YTHDEF2, YTHDEF3, YTHDC1 and YTHDC?2) and (D) “erasers” (FTO and ALKBH5) in mouse
testes were detected by RT-PCR. Data are expressed as mean + SEM. * p < 0.05, ** p < 0.01.

4. Discussion

Obesity is closely related to male reproductive dysfunction [24]. Oxidative stress
and apoptosis are important pathological factors of obesity-related male infertility [25,26].
Exercise training is considered to be an effective way to improve reproductive function
in obese males [27,28]. In this study, we found that 8 weeks of MICT and HIIT protected
against HFD-induced oxidative stress, apoptosis and m6A methylation in testicular tissues;
as a result, testicular morphological and functional impairment improved. In particular,
HIIT was more efficient than MICT in increasing the mRINA expression of steroidogenic
enzymes and testicular antioxidant capacity and decreasing m6A methylation in the testes
of obese mice. To the best of our knowledge, this is the first study to report the effects of
exercise on m6A methylation, and the first study to compare MICT and HIIT as potential
treatments to improve testicular injury in obese mice.

Increasing evidence suggests that long-term HFD feeding induces sex hormone disor-
ders and testicular reproductive dysfunction [6,29]. It has been reported that 8 weeks of
swimming exercise with moderate load can significantly increase testosterone synthesis
and sperm quality, and ameliorate obesity-related reproductive dysfunction in HFD-fed
mice [18]. As expected, our study found that MICT and HIIT improved HFD-induced
pathological damage of testes by decreasing lumen diameter and increasing seminiferous
tubule diameter and seminiferous epithelium height. In addition, MICT and HIIT could
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also increase the mRNA expression of steroidogenic enzymes in testes, including SF-1,
StAR, P450scc and P450c17. The protective effects of HIIT were better than MICT. There is
a literature report that moderate-intensity swimming training can significantly increase
serum LH level and decrease E2 level in obese mice [18]. In this study, we found that nei-
ther MICT nor HIIT had significant effects on serum LH and E2, which may be due to the
different exercise modes and amounts. Of note, 8 weeks of HIIT, but not MICT, significantly
increased serum FSH and testosterone levels. These findings suggested that MICT and
HIIT could ameliorate obesity-related reproductive dysfunction from multiple levels such
as improving testicular structure, sex hormone and steroidogenic enzymes expression.

Oxidative stress plays an essential role in obesity-induced reproductivedisorders [8,30].
Obesity can lead to systemic oxidative stress, which induces ROS accumulation [31]. When
the levels of MDA and 4-HNE of the lipid peroxidation byproducts were higher than the
activity of antioxidant enzymes, testes were vulnerable to oxidative damage [32]. A previous
study reported that lifelong running inhibited oxidative stress in the testes of aging mice
by reducing the levels of 4-HNE and H;O, [33]. Another study showed that 8 weeks of
swimming training significantly reduced oxidative stress levels and increased antioxidant
capacity in the testes of obese mice [18]. In line with these findings, our study found that
MICT and HIIT decreased the activities of MDA and H,O, but restored the activities of
T-SOD, CAT, GSH and GSH-Px in the testes of HFD-fed mice. Interestingly, we found that
the antioxidant capacity of HIIT was better than MICT, which implied that higher training
intensities induced greater changes in the antioxidant defense. Studies have shown that the
Nrf2 antioxidant pathway takes vital functions in cellular antioxidant defense [34,35]. Nrf2
knockout mice resulted in increased testicular oxidative stress and decreased antioxidant
capacity and reproductive capacity, suggesting that Nrf2 plays a key role in preventing
oxidative disruption of spermatogenesis [36]. In this study, we reported that MICT and HIIT
increased the protein expression of Nrf2, HO-1 and NQO-1 in the testes of obese mice, and
HIIT increased more than MICT. Therefore, based on the current results, we speculated that
higher antioxidant capacity may be closely related to higher protein expression of Nrf2, HO-1
and NQO-1 in the testes of HFD-HIIT group mice.

Oxidative stress has been reported to induce testicular apoptosis [37]. Studies have
shown that testicular apoptosis increased in the testes of HFD-fed mice [38,39]. Another
study showed that aerobic exercise inhibited testicular apoptosis in obese rats by reducing
Bax/Bcl-2 ratio and TUNEL-positive cells [40]. Similarly, our study found that the Bax/Bcl-
2 ratio, Cleaved Caspase-3 protein expression and TUNEL-positive cells were consistently
up-regulated in the testes of obese mice, while MICT and HIIT reversed these HFD-induced
effects. These findings confirmed that exercise induced testicular protective effects on
inhibiting apoptosis.

Accumulating studies have demonstrated that m6A methylation is specifically as-
sociated with obesity and testicular reproductive function [12,14]. Our previous study
reported that HFD resulted in increased m6A methylation levels and METTL3 expression
in the myocardium of mice, while decreasing FTO expression and inducing myocardial
apoptosis [20]. In addition, m6A methylation and its regulatory factors are abnormally
expressed in testicular diseases, leading to testicular oxidative damage, apoptosis and
reproductive dysfunction [13,15]. It was reported that m6A methylation levels and the
expression of METTL3 and METTL14 were up-regulated in semen samples of patients
with asthenozoospermia [41]. Diphthalate (DEHP) is a common environmental endocrine
disruptor, which increases the expression of FTO and YTHDC?2 to up-regulate testicular
mb6A levels, inducing testicular injury and reproductive disorders [15]. A recent study
showed that m6A RNA methylation plays an essential role in the modulation of testos-
terone synthesis in Leydig cells [42]. In the present study, HFD increased m6A level and
the gene expression of METTL3, YTHDF2 and FTO in the testes, but these effects were
reversed by MICT and HIIT. Interestingly, we found that HIIT was more effective than
MICT in reducing m6A methylation in the testes of obese mice, suggesting that m6A levels
may be modulated by exercise intensity.
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In conclusion, our study suggests that 8 weeks of MICT and HIIT are effective thera-
peutic strategies for reducing testicular oxidative stress, apoptosis and m6A methylation
in HFD-fed mice. Our study may contribute to the design of better nonpharmacological
intervention protocols for obesity-related male infertility. There are some limitations in the
current study. As a descriptive study, our experiment lacked knockout animals to further
explore the exact molecular mechanisms by which exercise ameliorates testicular injury in
obese mice. Additionally, further studies are needed to understand the molecular mecha-
nisms leading to the higher benefits of HIIT over MICT, increasing antioxidant capacity
and decreasing m6A methylation in the testes of obese mice.

5. Conclusions

Eight weeks of MICT and HIIT protected against HFD-induced oxidative stress, apop-
tosis and m6A methylation in testicular tissues; as a result, testicular morphological and
functional impairment improved. In particular, HIIT was more beneficial than MICT
in increasing the mRNA expression of steroidogenic enzymes and testicular antioxidant
capacity and decreasing m6A methylation in the testes of HFD-fed mice.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antiox11101874/s1, Table S1: MICT protocol over 8 weeks;
Table S2: HIIT protocol over 8 weeks; Table S3: Primer sequences used for RT-PCR.
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