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A B S T R A C T   

The metabolic disorders caused by diabetes can lead to various complications, including male 
spermatogenesis dysfunction. Exploring effective therapeutics that attenuate diabetes mellitus 
(DM)-induced male subfertility is of great importance. Pharmaceuticals targeting PPARα activa-
tion such as bezafibrate have been regarded as an important strategy for patients with diabetes. In 
this study, we use streptozocin (STZ) injection to establish a type 1 DM mice model and use 
bezafibrate to treat DM mice and evaluate the effects of bezafibrate on the spermatogenic func-
tion of the DM male mice. Bezafibrate treatment exhibited protective effects on DM-induced 
spermatogenesis deficiency, as reflected by increased testis weight, improved histological 
morphology of testis, elevated sperm parameters, increased serum testosterone concentration as 
well as increased mRNA levels of steroidogenesis enzymes. Meanwhile, testicular cell apoptosis, 
inflammation accumulation and oxidative stress status were also shown to be alleviated by 
bezafibrate compared with the DM group. In vivo and in vitro studies, PPARα specific inhibitor 
and PPARα knockout mice were further used to investigate the role of PPARα in the protective 
effects of bezafibrate on DM-induced spermatogenesis dysfunction. Our results indicated that the 
protection of bezafibrate on DM-induced spermatogenesis deficiency was abrogated by PPARα 
inhibition or deletion. Our study suggested that bezafibrate administration could ameliorate DM- 
induced spermatogenesis dysfunction and may represent a novel practical strategy for male 
infertility.   

1. Introduction 

Diabetes mellitus (DM) is one of the major health problems worldwide and the prevalence of diabetes is projected to increase to 
4.4% globally by 2030 [1]. Persistent hyperglycemia contributes to a series of diabetic complications including diabetic cardiomy-
opathy, diabetic nephropathy, diabetic retinopathy as well as reproductive disorders [2–8]. Recently, accumulating evidence indicates 
that DM-induced hyperglycemia impairs spermatogenesis and male reproductive function [9,10]. Despite the fact that the crucial role 
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of diabetes in male spermatogenesis dysfunction has been noticed, the molecular mechanism underlying diabetes-induced male 
subfertility remains unclear. More and more evidence suggested that endocrine disorders such as disruption in the 
hypothalamic-pituitary gonadal axis, the direct and indirect effects of insulin on the testis and spermatozoa and disturbances in leptin 
signaling contributed to male spermatogenesis dysfunction of DM mice [11,12]. In addition, increased oxidative stress, inflammation 
and cell apoptosis as well as abnormal zinc metabolism also participated in the male spermatogenesis deficiency induced by DM 
[13–16]. 

Peroxisome proliferator activated receptor alpha (PPARα) is a member of the ligand-regulated nuclear receptors family. PPARα has 
been demonstrated to participate in the regulation of insulin sensitivity [17]. PPARα activation could improve inflammation in 
pre-clinical models of non-alcoholic fatty liver disease [18]. Recently, it has been reported that a PPARα agonist attenuated 
hyperglycemia-induced oxidative stress in pancreatic cells [19]. Moreover, pharmaceuticals targeting PPARα activation have been 
regarded as an important strategy for patients with diabetes, metabolic syndrome, and cardiovascular diseases [20–22]. Bezafibrate, a 
PPARα agonist, has been confirmed to ameliorate glucotoxicity and reduce insulin resistance in STZ mice [23]. Moreover, bezafibrate 
could ameliorate arterial stiffness in hypertriglyceridemic patients with type 2 diabetes mellitus [24]. However, there is no evidence 
about the protective role of bezafibrate on diabetes-induced male spermatogenesis dysfunction. STZ injection-induced DM mice model 
can mimic the clinical features of patients with type 1 diabetes and has been used to employ diabetes-related male fertility in several 
previous studies [25–27]. Thus, this study was designed to investigate the effects of bezafibrate on testicular function using strep-
tozotocin (STZ)-induced type 1 DM mice model and to discover the underlying molecular mechanism. 

2. Materials and methods 

2.1. Animals 

8–10 weeks old male C57BL/6J mice weighing between 20 and 26 g were obtained from the Institute of Laboratory Animal Science, 
Chinese Academy of Medical Sciences (Beijing, China). The mice were kept in the experimental animal center of Renmin Hospital of 
Wuhan University where the temperature was maintained between 20 ◦C and 25 ◦C, relative humidity near 50% and a 12-h light/dark 
cycle. The animal experiments included in our study were performed according to the Guidelines for the Care and Use of Laboratory 
Animals published by the United States National Institutes of Health (NIH Publication, revised 2011), the Guidelines for the Care and 
Use of Laboratory Animals of the Chinese Animal Welfare Committee and were ratified by the Animal Use Committees of Renmin 
Hospital of Wuhan University and Ethical Guidelines for Publication of Research Results in Biology of Reproduction. 

The mice were unbiasedly apportioned into four groups (10 mice per group): Control (Con) + vehicle, Con + bezafibrate, DM +
vehicle, DM + bezafibrate. To establish the diabetes model, mice were intraperitoneally injected with fresh 60 mg/kg STZ, which was 
dissolved into 0.1 M sodium citrate buffer, on 5 consecutive days [28]. Mice with fasting blood glucose >13.9 mmol/L in three in-
dependent measurements were defined as having diabetes and were used for further studies [29]. 8 weeks after the mice were 
diagnosed with diabetes, 100 mg/kg bezafibrate (sc-204650C, Santa Cruz Biotechnology, CA, USA) or vehicle (1% methylcellulose) 
was orally administered to these mice once per day at 10:00 a.m. for 4 weeks [30]. 

To further evaluate the role of PPARα in the effects of bezafibrate on DM-related spermatogenesis function, PPARα global knockout 
mice (Pparatm1Gonz, Strain #:008154), which were obtained from Jackson Laboratory, were also used in this study. Genotyping was 
performed with the specific primers (common primer: 5′-GAGAAGTTGCAGGAGGGGATTGTG-3’; wild type reverse primer: 5′- 
CCCATTTCGGTAGCAGGTAGTCTT-3’; mutant reverse: 5′-GCAATCCATCTTGTTCAATGGC-3′). This mouse line was maintained on a 
C57BL/6J background, and the homozygous mice were viable and fertile. The PPARα knockout mice were aged 8-10 weeks and 
weighed between 20 and 26 g. These mice were also subjected to STZ injection and bezafibrate administration as described above. 
Fresh STZ was intraperitoneally injected in adult male mice at a dose of 60 mg/kg to establish a diabetes model for 5 consecutive days. 
8 weeks after the mice were diagnosed with diabetes, 100 mg/kg bezafibrate or vehicle (1% methylcellulose) was orally administered 
to these mice once per day at 10:00 a.m. for 4 weeks. 

2.2. Blood and organ collection 

Four weeks after bezafibrate treatment, all mice were sacrificed with an overdose of pentobarbital sodium (200 mg/kg), and the 
body weight as well as tibia length were measured and recorded. Blood was obtained from the carotid artery and centrifuged at 1000 g 
for 15 min at 4 ◦C and the serum was separated for the detection of testosterone and adipokines levels. The testis and epididymis were 
immediately removed, washed with phosphate buffer and the weight of the testis was recorded. A part of the testis was preserved in 
Bouin’s solution for histopathology, while the remaining part of the testis was frozen at − 80 ◦C for further detection. 

Blood triglyceride (TG), nonesterified fatty acid (NEFA), glycosylated hemoglobin A1c (HbA1c) and insulin levels detection. 
Plasma TG (#E-BC-K261-M) and NEFA (#E-BC-K013-S) levels were determined by commercial assaying kits according to the 

manufacturer’s instructions. The kits were purchased from Elabscience Biotechnology Co., Ltd. (Wuhan, China). Blood HbA1c levels 
were measured using a mouse HbA1c ELISA kit (#EKF57810) from Biomatik (Ottawa, Canada). Insulin levels were determined by a 
mouse insulin ELISA kit (#EKL54733) from Biomatik. 

3. Adipokines detection in serum and testis 

The testis tissues were cut into smaller pieces and homogenized in phosphate buffered saline, followed by centrifugation at 1000g 
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for 10 min at 4 ◦C. Serum and testis levels of leptin, adiponectin, irisin and C1q/tumor necrosis factor-related protein-3 (CTRP3) were 
determined according to the manufacturer’s instructions. Mouse leptin ELISA kit (#ADI-900-019A) was provided by Enzo Life Sciences 
(Raamsdonksveer, The Netherlands). Mouse adiponectin ELISA kit (#EKL54022) and mouse irisin ELISA kit were obtained from 
Biomatik. The CTRP3 detection kit (#580200) was purchased from Cayman Chemical (Ann Arbor, MI, USA). 

3.1. Histological analysis and TUNEL staining 

Testis tissue samples were fixed in Bouin’s solution, dehydrated in ethanol, and embedded in paraffin according to our previous 
study [31]. Sections were cut into 5 μm thickness with a microtome and stained with hematoxylin and eosin (H&E) to detect 
morphology. The histological assessment was performed by two researchers blindly using a light microscope. For each mouse, 20 
round seminiferous tubules were randomly selected, and their diameters were measured at × 100 magnification using Image-Pro Plus 
6.0. 

Briefly, paraformaldehyde fixed, paraffin embedded testis sections were detected by the transferase-mediated deoxyuridine 
triphosphate-biotin nick end labeling (TUNEL) according to the manufacturer’s instructions using a commercially available kit 
(Millipore, USA). Finally, the sections were observed and captured under a fluorescence microscope (BX51, Olympus, Japan). A total of 
25 fields were randomly selected in each group (5 fields/mice) and 100 cells were counted in each field. The results were expressed as 
percentages (%). 

3.2. DNA damage analysis 

The testis tissues were cut into smaller pieces and homogenized in 10% phosphate buffered saline, followed by centrifugation at 
1000g for 10 min at 4 ◦C. Testicular 8-hydroxydeoxyguanosine (8-OHdG) level was used to determine DNA damage and the level of 8- 
OHdG in testis tissues was measured by a commercial QuickDetect™ 8-OHdG (Mouse) ELISA kit (#E4441-100) regarding the man-
ufacturer’s procedures. The assaying kit was obtained from BioVision (Milpitas, CA, USA). 

3.3. Real-Time polymerase chain reaction analysis 

Total RNA was extracted from frozen testis tissues via TRIzol reagent. The mRNA was subsequently reversely transcribed to cDNA 
using a Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland). Gene expression was analyzed with Real-Time PCR 
using LightCycler 480 SYBR Green 1 Master Mix (Roche). The primers were selected from GenBank and synthesized by Takara 
Biomedical Technology (Beijing, China). All samples were analyzed in triplicate and results were normalized to GAPDH as the 
housekeeping gene. Primer sequences are listed in Supplemental Table 1. 

3.4. Protein extraction and Western blot assay 

RIPA buffer was used to extract the protein from the testis according to previous studies [31,32]. Lysates were centrifuged at 4 ◦C 
for 10 min. Protein concentration in supernatants was measured using an Extra Sense BCA Protein Assay Kit (K814-2500, Biovision) 
according to the manufacturer’s instructions. Sample with equal amounts of proteins (20 μg) were separated by 10% SDS-PAGE gels 
and transferred to PVDF membranes. Membranes were blocked with 5% nonfat milk in Tris-buffer containing Tween 20 (0.1%) for 1 h, 
and subsequently incubated overnight at 4 ◦C with the following primary antibodies: rabbit anti-Bax antibody (1:500 dilution, 
#ab182733, Abcam, Cambridge, MA, USA), rabbit anti-Bcl-2 antibody (#ab182858, Abcam, 1:1000 dilution), rabbit 
anti-phosphor-p65 antibody (ab183559, Abcam, 1:1000 dilution), rabbit anti-p65 antibody (ab32536, Abcam, 1:1000 dilution), rabbit 
anti-nucleotide-binding oligomerization domain-like receptor with a pyrin domain 3 (NLRP3) antibody (ab270449, Abcam, 1:500 
dilution), rabbit anti-PPARα antibody (ab61182, Abcam, 1:500 dilution), rabbit anti-PPARβ antibody (1:300 dilution, #sc-74517, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-PPARγ antibody (ab209350, Abcam, 1:500 dilution), rabbit 
anti-phosphor-protein kinase B (AKT) antibody (ab38449, Abcam, 1:500 dilution), rabbit anti-AKT antibody (ab8805, Abcam, 1:500 
dilution), rabbit anti-phosphor-AMP-activated protein kinase α (AMPKα) antibody (1:1000 dilution, #2535, Cell Signaling Technol-
ogy, Danvers, MA,USA), rabbit anti-AMPKα antibody (#2603, Cell Signaling Technology, 1:1000 dilution, #2535), rabbit anti-GAPDH 
antibody (ab8254, Abcam, 1:1000 dilution). Membranes were then probed with secondary antibodies at room temperature for 1 h. The 
density of specific bands was measured using ECL (Bio-Rad, USA) and normalized to GAPDH and finally calculated as fold change to 
the matched group. 

3.5. Spermatological parameters 

The caudal epididymis of the mice was dissected away from the fat and immediately placed into Ringer’s solution and chopped into 
small pieces to mobilize the spermatozoa. The sperm count, sperm viability and sperm motility were determined according to pre-
viously described protocols [31–33]. In brief, the epididymis was cut to obtain the sperm. After that, the sperm was released onto a 
sterile clean glass slide and further diluted with Ringer’s solution and properly mixed. The sperm motility was accessed by two re-
searchers blindly using a light microscope. The viability of the sperm was detected by eosin/nigrosin staining as previously described. 
For the determination of the sperm count, the sperm suspension obtained from the incised cauda epididymis was diluted with Ringer’s 
solution. A drop of the suspension was charged into the Neubauer hemocytometer chamber and counted under a light microscope by 
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two researchers blindly [34]. Detached heads of sperm cells in each group were calculated by two researchers under a microscope 
blindly by investigating 200 sperm cells for each slide and the result was expressed as a percentage (%). 

Sperm samples, with an adjusted concentration of 10 × 106 spermatozoa/ml, were then incubated at 37 ◦C and 5% CO2 in PBS 
supplemented with 0.9 mmol/L CaCl2, 0.5 mmol/L MgCl2, 0.3% (w/v) BSA, 1 mmol/L sodium pyruvate, 10 mmol/L sodium lactate, 
and 1% penicillin/streptomycin, pH = 7.4 with or without 25 mmol/L D-glucose to study the in vivo hyperglycemia environment on 
the sperm function with or without bezafibrate treatment (100 μmol/L) [35,36]. To determine the effects of different inhibitors on 
sperm function, sperm were first isolated from DM mice and PPARα (GW6471, 20 μmol), PPARβ/δ (GSK0660, 1 μmol, sc-203985, 
Santa Cruz Biotechnology) and PPARγ (GW9662, sc-202641, 10 μmol, Santa Cruz Biotechnology, CA, USA) antagonists were added 
into the sperm culture medium [37]. 

3.6. TM3 and TM4 cell culture and treatment 

To explore the target cell of bezafibrate on HG-induced impairment of male spermatogenesis, we used TM3 and TM4 cells for 
further analysis. TM3 mouse Leydig cells were purchased from the cell bank of the Chinese Academy of Sciences (Shanghai, China). 
TM4 mouse Sertoli cells were purchased from the American Type Culture Collection (Manassas, USA). The two cell lines share many of 
the characteristics of primary cells and were used as a surrogate for primary cells. TM3 and TM4 cells were cultured in DMEM/F12 
medium supplemented with 10% FBS for 48 h, after which the cells were cocultured with or without 25 mmol/L D-glucose to mimic the 
in vivo hyperglycemia environment of diabetes with or without bezafibrate treatment (100 μmol/L). To further determine the effects of 
PPARα on Sertoli cell and Leydig cell function, PPARα antagonist (GW6471, 20 μmol) was added into the culture medium. 

3.7. Sertoli cell viability detection 

Cell viability of TM4 mouse Sertoli cells was detected by cell counting kits (CCK-8, Dojindo Molecular Technologies, Rockville, MD, 
USA) according to the manufacturer’s protocol [32]. 

3.8. Testosterone level assessment 

Testosterone was measured using a testosterone (mouse/rat) ELISA Kit from Biovision (#K7418-100). The detecting process was 
carried out according to the manufacturer’s instructions as previously described [38,39]. 

3.9. Assessment of the fertility of male mice 

The mice receiving different treatments were used in a breeding assay. Each male mouse (n = 6) was caged with two females for five 
days. Consequently, a total of 60 females were involved in the study, and their vaginal plugs were checked every morning. In each 
litter, the birth date and pups’ number were recorded and undergone statistics. 

3.10. Detection of testicular caspase 3 activity and caspase 1 activity 

The excised testis tissues were cut into smaller pieces and homogenized in 10% phosphate buffered saline, followed by centrifu-
gation for 10 min at 4 ◦C. Caspase 3 activity was determined using the Colorimetric Assay Kit (E-CK-A311) from Elabscience 
Biotechnology Co., Ltd. (Wuhan, China) according to the manufacturer’s instructions. The caspase 1 activity in the testis was measured 
using a Caspase 1 Colorimetric Assay Kit (#K111, BioVision, Mountain View, USA). 

3.11. Testicular oxidative stress status 

Reactive oxygen species (ROS) production in the testis was determined using electron spin resonance (ESR) spectroscopy (Bruker, 
Karlsruhe, Germany) with 5,5-dimetyl-1-pyrroline N-oxide (DMPO, Sigma) at a final concentration of 1 mol/L as described previously 
[40]. Testicular antioxidant/oxidative stress markers were detected using the testicular supernatants following well-established 
methods. Firstly, fresh testis tissues were cut into smaller pieces and homogenized in 10% phosphate buffered saline, followed by 
centrifugation at 1000g for 10 min at 4 ◦C. The supernatant was obtained from the testis homogenate and further used for the 
determination of the concentrations of malondialdehyde (MDA), catalase (CAT), glutathione peroxidase (GSH-Px), superoxide dis-
mutase (SOD) using commercial assay kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The protein 
carbonyl content was determined by the Protein Carbonyl Assay Kit (#ab126287, Abcam, Cambridge, MA, USA) using DNPH, ac-
cording to a previous study [41]. 

3.12. Determination of inflammatory parameters in mice testis 

The testis tissues were cut into smaller pieces and homogenized in 10% phosphate buffered saline, followed by centrifugation at 
1000g for 10 min at 4 ◦C. Inflammatory parameters including tumor necrosis factor-α (TNF-α), myeloperoxidase (MPO), interleukin 
(IL-6), IL-1β and IL-18 were detected by commercial assay kits following the instructions included by the manufacturer. TNF-α mouse 
ELISA kit (#BMS607-3TEN), MPO mouse ELISA kit (#EMMPO), IL-6 mouse ELISA kit (#KMC0061), IL-1β mouse ELISA kit 
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(#BMS6002) and IL-18 mouse ELISA kit (BMS618-3) were purchased from eBioscience (San Diego, CA, USA). 

3.13. Statistical analysis 

Data obtained from the present study were analyzed using SPSS 22.0 software, and results are presented as mean ± SD. Single 
comparisons between two groups were performed using the t-test. Multiple comparisons among groups were analyzed by one-way 
ANOVA followed by the post hoc Tukey test. The percentage of plugs between different groups was compared using a chi-square 
test. Values of p < 0.05 were considered statistically significant. 

Fig. 1. Adipokines variation of DM mice after bezafibrate treatment. (A) The body weight of the mice in the indicated groups (n = 6). (B) 
Plasma TG levels (n = 6). (C) Plasma NEFA levels (n = 6). (D) Blood glucose levels (n = 6). (E) Percentage of HbA1C (n = 6). (F) Blood insulin levels 
(n = 6). (G) Plasma and testis leptin levels (n = 6). (H) Plasma and testis adiponectin levels (n = 6). (I) Plasma and testis irisin levels (n = 6). (J) 
Plasma and testis CTRP3 levels (n = 6). Data are presented as the mean ± SD. For A to D, the statistical analysis was carried out by one-way ANOVA. 
*P < 0.05 vs the matched control. 
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4. Results 

4.1. Bezafibrate attenuated the metabolic changes of DM mice 

To evaluate the effects of bezafibrate on diabetes-induced spermatogenic dysfunction, the metabolic disorders of DM mice were 
first detected. As indicated in Fig. 1 A, body weight was reduced in the DM group compared with the Con group. After bezafibrate 
treatment, the body weight was increased. Meanwhile, the plasma TG and NEFA levels were both increased in the DM group and 
conversely decreased by bezafibrate treatment (Fig. 1B and C). The influence of bezafibrate on serum glucose levels was also deter-
mined. As suggested, blood glucose level and percentage of HbA1c were both increased in DM mice (Fig. 1D and E). After bezafibrate 
intervention, the elevated serum glucose level and HbA1c percentage were slightly reduced (Fig. 1D and E). Blood insulin level was 
reduced in STZ-induced DM mice, and bezafibrate was shown to have no influence on the dramatically decreased insulin level of DM 
mice (Fig. 1F). 

As our previous studies as well as other researchers’ studies revealed a crucial role of adipokines on spermatogenesis [42–44], the 
serum and testicular levels of adipokines including leptin, adiponectin, irisin and CTRP3 were all evaluated (Fig. 1G–J). The data in the 
present study indicated that concentrations of leptin, adiponectin, irisin and CTRP3 were all decreased in both plasma and testis of DM 
mice. However, only adiponectin and irisin levels in plasma and testis were improved by bezafibrate (Fig. 1H and I). 

4.2. Bezafibrate ameliorated the spermatogenesis deficiency and improved the fertility of DM mice 

The effects of bezafibrate on the spermatogenesis function of DM mice were subsequently detected. The results indicated that the 
testis weight/tibia length was decreased by DM and restored by bezafibrate (Fig. 2A). The histological morphology also revealed that 
the impaired histological changes as well as reduced diameter of seminiferous tubules were both restored by bezafibrate treatment 
(Fig. 2B–C and Fig. S1). Sperm parameter including sperm count, sperm viability and sperm motility was decreased in STZ-induced DM 
mice, and the percentage of detached head of sperms were increased in DM mice (Fig. 2D and E). After bezafibrate treatment, these 
sperm parameters were all improved (Fig. 2D and E). We also detected the serum testosterone level and the mRNA levels of ste-
roidogenesis enzymes. The results suggested that the serum testosterone concentration as well as mRNA levels of steroidogenesis 

Fig. 2. Inflammatory factors and adipokines variation in DM mice after empagliflozin therapy. (A) Testis weight/tibia length (n = 6). (B) The 
histological morphology of the indicated groups (n = 6). (C) The diameter of seminiferous tubules of the indicated groups (n = 6). (D–E) Sperm 
count, sperm viability, sperm motility and percentage of detached head of sperm (n = 6). (F) Serum testosterone concentration (n = 6). (G) mRNA 
levels of steroidogenesis enzymes (n = 6). For A-G, data are presented as the mean ± SD and the statistical analysis was carried out by one-way 
ANOVA. *P < 0.05 vs the matched control. 
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enzymes including StAR, P450scc, P450c17, 3β-HSD and 17β-HSD were all decreased in the DM group and further increased by 
bezafibrate treatment (Fig. 2F and G). 

To further investigate the effects of bezafibrate on male fertility, the percentage of plugs and litter size were calculated in this study. 
The results indicated that the percentage of plugs was decreased in DM male mice compared with the control group (33.33% vs 
53.33%, P < 0.05). After bezafibrate treatment, the reduction of plugs was improved (46.67% vs 33.33%, P < 0.05). We also found that 
the litter size of DM male adult mice was reduced compared with that in the control group (3.86 ± 0.69 pups per litter vs 6.62 ± 0.92 
pups per litter, P < 0.05). Moreover, the litter size of DM male adult mice was further increased by bezafibrate treatment (5.38 ± 0.81 
pups per litter vs 3.86 ± 0.69 pups per litter, P < 0.05). 

4.3. Bezafibrate attenuated cell apoptosis in the testis of DM mice 

TUNEL staining was used to determine the cell apoptosis of testis. The results demonstrated that the percentage of apoptotic cells 
was increased in DM mice and decreased after bezafibrate treatment (Fig. 3A). Testicular caspase 3 activity was also measured and the 
results revealed that bezafibrate suppressed the elevated caspase 3 activity in DM mice (Fig. 3B). DNA damage was increased by DM, as 
manifested by elevated testicular 8-OHdG concentration. This pathological alteration was attenuated by bezafibrate (Fig. 3C). The 
inhibitory effects of bezafibrate on cell apoptosis were further confirmed by Western blot results showing that bezafibrate decreased 
the protein expression of Bax, but increased the protein expression of Bcl-2 in DM mice (Fig. 3D). 

4.4. Bezafibrate attenuated testicular inflammation status in mice with diabetes 

Increased inflammation was regarded as an important factor that participated in the process of DM-induced spermatogenesis 
dysfunction [45,46]. The testicular inflammation status was subsequently evaluated. The results suggested that the mRNA levels of 
TNF-α, IL-6, monocyte chemoattractant protein-1 (MCP-1), IL-10, inducible nitric oxide synthase (iNOS) and cyclooxygenase 2 
(COX-2) were all increased in DM mice (Fig. 4A and B). After bezafibrate treatment, the increased mRNA levels of TNF-α, IL-6, MCP-1, 
IL-10, iNOS and COX-2 were all decreased (Fig. 4A and B). Meanwhile, testicular protein concentrations of TNF-α, MPO and IL-6 were 
also elevated by DM but decreased by bezafibrate (Fig. 4C). NF-κB is crucial for the transcription of several inflammatory factors [47, 
48], therefore we detected phosphorylation of p65, and found that bezafibrate treatment decreased phosphorylation of p65 in DM mice 
(Fig. 4D and E). NF-κB activated the NLRP3 signaling pathway, and NLRP3 played a key role in spermatogenesis dysfunction [49,50]. 
NLRP3 protein expression was increased in the testis of DM mice, and this elevation was suppressed by bezafibrate treatment (Fig. 4D 
and E). Downstream targets of NLRP3 including IL-1β, IL-18 and caspase 1 activity were also detected. The data demonstrated that 
IL-1β, IL-18 levels and caspase 1 activity were all increased by STZ-induced DM (Fig. 4F). After bezafibrate treatment, IL-1β, IL-18 
levels and caspase 1 activity were all decreased (Fig. 4F). 

4.5. Bezafibrate attenuated oxidative stress status in mice with diabetes 

As bezafibrate was an agonist for PPARs, mRNA levels of PPARα, PPARβ and PPARγ were detected after bezafibrate treatment. As 
revealed, only mRNA and protein expression of PPARα were slightly increased after bezafibrate administration (Fig. 5A and B). PPARβ 
and PPARγ were not changed after bezafibrate treatment (Fig. 5A and B). PPARα mRNA and protein expression were not altered in DM 

Fig. 3. Bezafibrate attenuates testicular cell apoptosis in DM mice (A) TUNEL staining in the indicated groups (n = 6). (B) The testicular 
caspase 3 activity of the indicated groups (n = 6). (C) Testis 8-OHdG levels (n = 6). (D) Protein expression of Bax and Bcl-2 of the indicated groups 
(n = 6). The uncropped blots were listed in Supplementary Fig. 1. Data are presented as the mean ± SD. For A-D, the statistical analysis was carried 
out by one-way ANOVA. *P < 0.05 vs the matched control. 
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+ vehicle mice but largely increased in DM mice with bezafibrate administration. Akt and AMPKα were the downstream targets of 
PPARα, therefore the phosphorylation of Akt and AMPKα was detected. The results revealed that the phosphorylation of Akt and 
AMPKα were downregulated in the DM group but upregulated by bezafibrate treatment (Fig. 5C). 

Previous studies have demonstrated that bezafibrate could enhance the transcription of key fatty acid β-oxidation genes [51]. 
Therefore, the mRNA level of acyl-CoA oxidase 1 (ACOX1), carnitine palmitoyl-transferase 1A (CPT1A) and CD36 were detected. We 
found that mRNA levels of ACOX1, CPT1A and CD36 in the testis of DM mice were further increased by bezafibrate treatment (Fig. 5D). 
The mRNA levels of mitochondrial biogenesis indices including PPAR-γ co-activator-1 alpha (PGC1-α), Nfe2l1 (NRF1) and mito-
chondrial transcription factor A (Tfam) were also determined. The results indicated that the mRNA levels of PGC1-α, NRF1 and Tfam in 
the testis of DM mice were all increased by bezafibrate (Fig. 5E). Sirtuin 1 (Sirt1), Sirt3 and the uncoupling protein 1 (UCP1) are 
physiologically activated by fatty acids and mRNA levels of Sirt1, Sirt3 and UCP1 were determined. The results revealed the decreased 
mRNA levels of Sirt1 and Sirt3 in the testis of DM mice were increased by bezafibrate, however, the mRNA level of UCP1 was not 
influenced by bezafibrate (Fig. 5F). 

Testicular ROS production, MDA content and carbonyl protein levels were increased in the testis of DM mice and decreased after 
bezafibrate treatment (Fig. 6A–C). The mRNA levels of CAT, SOD and GSH-Px were decreased in the DM group, and these pathological 
declines were prevented by the treatment of bezafibrate (Fig. 6D). CAT activity, the total SOD activity and GSH-Px activity were also 
decreased in DM group, and bezafibrate treatment could restore the activities of these antioxidant enzyme in the testis of DM mice 
(Fig. 6E–G). 

4.6. The protective effects of bezafibrate on high glucose-induced sperm function impairment were ablated by PPARα deletion or inhibition 

The results demonstrated that bezafibrate administration significantly improved sperm viability and sperm motility of DM mice 
(Fig. 7A and B). After GW6471 addition, the protective effects of bezafibrate on sperm viability and sperm motility were abrogated 
(Fig. 7A and B). Moreover, the cell viability of TM4 Sertoli cells and testosterone secretion of TM3 Leydig cells were both decreased by 
HG treatment. After bezafibrate addition, the testosterone concentration of TM3 Leydig cells was improved, while the cell viability of 
TM4 Sertoli cells was not influenced (Fig. 7C and D). After GW6471 addition, the protective effects of bezafibrate on testosterone 
secretion were abrogated (Fig. 7D). However, GSK0660 and GW9662 were shown to have no influence on sperm viability and sperm 
motility (Fig. 7E and F). We also used sperms separated from PPARα knockout mice to further confirm the role of PPARα on the 
protective effects of bezafibrate on sperm viability and sperm motility. The results demonstrated that the protection of bezafibrate on 
HG-induced reduction in sperm viability and sperm motility was abrogated after PPARα deletion (Fig. 7G and H). 

Fig. 4. Bezafibrate decreases testicular inflammation accumulation in DM mice (A–B) mRNA levels of TNF-α, IL-6, MCP-1, IL-10, iNOS and 
COX-2 (n = 6). (C) Testicular concentrations of TNF-α, MPO and IL-6 (n = 6). (D–E) The phosphorylation of p65 and protein expression of NLRP3 (n 
= 6). The uncropped blots were listed in Supplementary Fig. 1 (F) Testicular IL-1β, IL-18 levels and caspase 1 activity (n = 6). Data are presented as 
the mean ± SD. For A-F, the statistical analysis was carried out by one-way ANOVA. *P < 0.05 vs the matched control. 
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4.7. The protective effects of bezafibrate on spermatogenesis dysfunction induced by DM were abrogated by PPARα deletion 

We also used PPARα knockout mice to further investigate the role of PPARα in the protective effects of bezafibrate on DM-induced 
spermatogenesis dysfunction. The results demonstrated that after PPARα deletion, the protective effects of bezafibrate on sper-
matogenesis function were ablated, as manifested by the alterations in testis weight, histological morphology, sperm viability and 
sperm motility as well as serum testosterone level were not changed by bezafibrate after PPARα deletion (Fig. 8A–E). TUNEL staining 
and caspase 3 activity detection also revealed that the anti-apoptotic effects of bezafibrate in testis were abolished by PPARα deletion 
(Fig. 8F and G). Testicular inflammation factors detection showed a similar result. There were no differences in testicular TNF-α and IL- 
6 between DM + KO and DM + bezafibrate + KO groups (Fig. 8H and I). Testicular ROS production, MDA content and SOD content 
were not further improved by bezafibrate after PPARα deletion (Fig. 8J-L). 

5. Discussion 

DM is a metabolic disease that seriously endangers male fertility [9,52]. Thus, exploring new therapeutic approaches is of crucial 
importance for treating DM-induced male subfertility. Our present study indicated that bezafibrate administration could attenuate 
DM-induced male spermatogenesis deficiency (Fig. 2). Considering previous studies illustrated that adipokines participated in the 
process of male infertility [32,53–56], we detected the adipokines level of DM mice after bezafibrate treatment and found that 
bezafibrate increased testicular adiponectin and irisin levels without affecting leptin and CTRP3 levels (Fig. 1G–J). We also demon-
strated that bezafibrate could ameliorate cell apoptosis, decrease inflammatory factors accumulation and decrease testicular oxidative 
stress status (Figs. 3–6). Using PPARα knockout mice or the specific inhibitors, we indicated that the protective effects of bezafibrate 
against DM-induced male subfertility were dependent on PPARα (Figs. 7 and 8). 

It has been reported that bezafibrate could reduce plasma TG and plasma NEFA effects [57,58]. The results of our study also 
demonstrated that the increased plasma TG and plasma NEFA in DM mice were decreased after bezafibrate treatment (Fig. 1B and C). 
Our results also indicated that bezafibrate decreased blood glucose in DM mice (Fig. 1 D), which was in accordance with a previous 
study [58]. Considering that adipokines also participate in metabolic related male infertility and the close relationship between 
bezafibrate and adipokines, the concentration of leptin, adiponectin, irisin, and CTRP3 were evaluated in this study. As an important 
adipokine, leptin has been reported to play an important role in male infertility [59–61]. Previous study has revealed that bezafibrate 
could decrease plasma leptin level significantly without affecting the level of leptin mRNA expression [62]. Inconsistent with these 

Fig. 5. Fatty acid oxidation was enhanced by bezafibrate in DM mice. (A–B) mRNA levels and protein expression of PPARα, PPARβ and PPARγ 
(n = 6). The uncropped blots were listed in Supplementary Fig. 1 (C) The phosphorylation of AKT and AMPKα (n = 6). The uncropped blots were 
listed in Supplementary Fig. 1 (D) mRNA levels of ACOX1, CPT1A and CD36 (n = 6). (E) mRNA levels of PGC1-α, NRF1 and Tfam (n = 6). (F) mRNA 
levels of Sirt1, Sirt3 and UCP1 (n = 6). Data are presented as the mean ± SD. For A-F, the statistical analysis was carried out by one-way ANOVA. *P 
< 0.05 vs the matched control. 
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findings, our data suggested that bezafibrate had no impact on plasma and testis leptin levels in DM mice (Fig. 1 G). Adiponectin could 
improve testicular functions by increasing the expression of insulin receptors and decreasing oxidative stress [63]. It has been reported 
that bezafibrate could increase blood adiponectin levels in DM mice [64]. Consistent with these findings, we also found that the 
reduction of adiponectin in plasma and testis was prevented by bezafibrate treatment (Fig. 1H). Our previous study has demonstrated 
that irisin could ameliorate high-fat diet-induced spermatogenesis dysfunction via the activation of the AMPKα signaling pathway 
[56]. We also revealed that CTRP3 protected male mice against obesity-induced spermatogenesis deficiency through the Sirt1 pathway 
[32]. Our data in the present study suggested that bezafibrate had no impact on plasma and testis CTRP3 levels in DM mice but could 
increase both plasma and testicular irisin levels (Fig. 1I and J). The improvement of biochemical results and adipokines might partly 
explain the protection of bezafibrate against DM-induced male subfertility. 

During the progression of diabetes mellitus, hyperglycemia promotes the generation of ROS that contributes to the development of 
diabetic complications [65,66]. Moreover, ROS-induced lipid peroxidation contributed to the development and progression of diabetes 
related complications [67]. Oxidative stress has been demonstrated to play an important role in DM-related spermatogenesis 
dysfunction [68]. It was also reported that cilostazol alleviated streptozotocin-induced testicular injury in rats by improving 
anti-oxidative capacity and attenuating lipid peroxidation in testicular tissue [69]. In line with this finding, we also found that 

Fig. 6. Bezafibrate attenuated oxidative stress status in DM mice. (A) ROS production of the indicated groups (n = 6). (B) MDA content of the 
indicated groups (n = 6). (C) Carbonyl protein level of the indicated groups (n = 6). (D) mRNA levels of CAT, SOD and GSH-Px (n = 6). (E–G) CAT, 
SOD and GSH-Px activity (n = 6). Data are presented as the mean ± SD. For A-G, the statistical analysis was carried out by one-way ANOVA. *P <
0.05 vs the matched control. 
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bezafibrate could attenuate ROS production and oxidative stress in DM testis (Fig. 6). Hyperglycemia significantly reduced endogenous 
antioxidants, rendering the testis more vulnerable to DM-induced oxidative stimuli. In this aspect, the restoration of antioxidant 
systems by the treatment of bezafibrate might also contribute to the protection of bezafibrate against DM-induced male subfertility. In 
this study, we also found that bezafibrate increased the expression of energy metabolism genes and mitochondrial biogenesis in the 
testis of DM mice (Fig. 5). The attenuation of oxidative damage by bezafibrate may be secondarily mediated by increased mito-
chondrial biogenesis. And effects of PPARα activation on mitochondrial biogenesis have been observed in bezafibrate-treated 
developing rats with neural injury in the brain [70]. 

Inflammation played a critical role in DM-induced male subfertility [68,71]. Here, we also found that bezafibrate prevents 
DM-related phosphorylation of p65 and subsequent activation of inflammatory factors in the testis (Fig. 4 A-D), which was in 
agreement with other studies reported that bezafibrate inhibited NF-κB activity in neurometabolic disorder disease [72]. Activated 
NF-κB signaling pathway upregulated the transcription of NLRP3 inflammasome [73]. Previous studies reported that activated NLRP3 
contributes to toxin-induced testicular hypoplasia, and ischaemia-induced testicular injury in mice [74–76]. Our recent study also 
demonstrated that NLRP3 deficiency could prevent obesity-related spermatogenesis impairment and preserve the function of the 
blood-testis barrier, demonstrating a maladaptive role for NLRP3 during the development of obesity-related spermatogenesis 
impairment [77]. Consistent with these findings, in this study, we also found that bezafibrate could inhibit NLRP3 activation and 
suppress the secretion of IL-1β and IL-18, thus improving the inflammatory microenvironment in the testis of diabetes mice 
(Fig. 4D–F). These data suggested that the attenuation of p65-NLRP3 activation and subsequent inflammation accumulation 
contributed to the protection of bezafibrate against DM-induced male subfertility. 

To confirm that PPARs activation occurred in bezafibrate-treated testis, we assessed expression levels of the three PPAR isotypes, 
and found that there was an increase in PPARα after bezafibrate treatment (Fig. 5A and B). Consistent with PPARα activation being 
involved in fatty acid β-oxidation [78,79], we also found that bezafibrate treatment increased gene expression of ACOX1, CPT1A and 
CD36 in diabetic testis (Fig. 5 D). This finding was consistent with a previous report showing that bezafibrate administration also 
increased fatty acid oxidation and upregulated CPT1 expression in cytotoxic T lymphocytes [80]. To further confirm the role of PPARα 

Fig. 7. The protective effects of bezafibrate on sperm viability and sperm motility were abrogated by PPARα deletion or inhibition. (A–B) 
Sperm viability and sperm motility of DM mice after PPARα inhibition (n = 6). (C) Sertoli cell viability of the indicated groups (n = 6). (D) T 
concentration of the indicated groups (n = 6). (E–F) Sperm viability and sperm motility of DM mice after PPARβ and PPARγ inhibition (n = 6). 
(G–H) Sperm viability and sperm motility of HG treated sperm after PPARα deletion (n = 6). The uncropped blots were listed in Supplementary 
Fig. 1. Data are presented as the mean ± SD. For E, the statistical analysis was carried out by Student’s two-tailed t-test; for others, statistical 
analysis was carried out by one-way ANOVA. *P < 0.05 vs the matched control. 
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in bezafibrate-provided protection, specific inhibitors as well as PPARα knockout mice were used. The protection of bezafibrate on 
spermatogenesis dysfunction was abrogated after PPARα deletion or inhibition (Figs. 7 and 8), further confirming the critical role of 
PPARα in the protective effects provided by bezafibrate against diabetes-related spermatogenesis dysfunction. 

Despite that this study illustrated that bezafibrate could ameliorate DM-induced spermatogenesis deficiency, the current study also 
has limitations. The mechanism underlying the improvement of vaginal plugs after bezafibrate treatment of DM mice was not 
documented in this study. Erectile dysfunction, which has been reported in diabetic mice, might participate in the reduction of 
sexuality of DM male mice [81,82]. And the reduction of plugs of DM mice was increased by bezafibrate might be due to the elevation 
of serum testosterone level and the subsequent improved sexuality. The specific target cell of bezafibrate was not fully clarified and the 
underlying mechanism which mediated the protective effects of bezafibrate still needs further investigation. 

In conclusion, this study indicated a protective role of bezafibrate in diabetes-related spermatogenesis dysfunction by inhibiting 
inflammation and oxidative damage through PPARα activation. This study provided evidence that bezafibrate might be beneficial for 
diabetes-related male infertility. 
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Fig. 8. The protective effects of bezafibrate on DM-induced spermatogenesis were abrogated by PPARα deletion. (A) Testis weight (n = 6). 
(B) The histological morphology of the indicated groups (n = 6). (C–D) Sperm viability and sperm motility (n = 6). (E) Serum testosterone con-
centration (n = 6). (F) TUNEL staining of the indicated groups (n = 6). (G) The testicular caspase 3 activity of the indicated groups (n = 6). (H–I) 
Testicular concentrations of TNF-α and IL-6 (n = 6). (J) Testicular ROS production (n = 6). (K–L) Testicular concentrations of MDA and SOD (n = 6). 
Data are presented as the mean ± SD. For A-L, the statistical analysis was carried out by one-way ANOVA. *P < 0.05 vs the matched control. 
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