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Abstract 

Objective  To determine the mitigating effects of sodium 4-phenylbutyrate (4-PBA) on high-fat diet 
(HFD)-induced spermatogenesis dysfunction. 

Methods  Male rats (n = 30) were randomly divided into three groups: control, HFD, and 4-PBA (HFD 
+4-PBA). After 13 weeks, rats were euthanized. Testes and epididymis were harvested for further 
analysis. Sex hormones were detected, and hematoxylin and eosin staining was performed to examine 
the histological changes in the testes. Semen samples were collected to evaluate sperm quality. 
Spermatogenic cell apoptosis was detected by TUNEL assay. 

Results  Compared with the control group, the final body weight and body weight gain were 
significantly higher in HFD-fed rats, while the testicle/body weight ratios were lower (P < 0.05). In 
HFD-fed rats, obvious pathological changes in the testicular tissue were observed. Treatment with 4-PBA 
attenuated HFD-induced histological damage, ameliorated the HFD-induced decrease in serum 
testosterone (T), and reduced the rate of testicular cell apoptosis (P < 0.05) in obese male rats. Finally, 
4-PBA significantly improved semen parameters in HFD rats (P < 0.05). 

Conclusion  HFD exposure induced detrimental effects on spermatogenesis, semen quality, serum T 
level, and testicular cell apoptosis in rats. Treatment with 4-PBA ameliorated HFD-induced impaired 
spermatogenesis via inhibition of apoptosis in rats. 4-PBA may have therapeutic value in the treatment 
of obesity-related impairment of spermatogenesis. 
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INTRODUCTION 

nfertility, defined as the inability to conceive 
within 1 year of unprotected intercourse, 
affects an estimated 80 million individuals 

worldwide, or 10%-15% of couples of reproductive 
age[1]. Approximately 40%-50% of infertility cases 
involve male factor infertility[2]. Obesity, which has 

been recognized as a major risk factor for male 
infertility, leads to decreased sperm number and 
reproductive dysfunction[3]. Male reproduction 
regulation is a complex process that involves the 
testes, epididymis, accessory sex glands, and 
associated hormones. To date, the mechanisms 
underlying obesity-associated infertility are not fully 
understood. However, many previous studies 
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indicated that excessive cell apoptosis plays an 
important role in obesity-induced male 
spermatogenesis dysfunction. 

Apoptosis is of great importance during male 
germ cell development[4]. Apoptosis is essential for 
cellular homeostasis and the normal male germ cell 
development process[5,6]. Dysregulation of germ cell 
apoptosis, in turn, may cause suboptimal male 
reproductive function and even male infertility. A 
high-fat diet (HFD) has been demonstrated to induce 
apoptosis in rodents, which in turn promotes the 
progression of infertility. Conversely, many studies 
demonstrated that inhibiting excessive apoptosis 
attenuates HFD-induced impairment of 
spermatogenesis[7-10]. Therefore, pharmacological 
agents that can inhibit testicular cell apoptosis are of 
great therapeutic interest. 

Sodium 4-phenylbutyrate (4-PBA) is a 
low-molecular-weight fatty acid that has been used 
for treatment of urea cycle disorders in children, 
sickle cell disease, and thalassemia. 4-PBA has been 
demonstrated to have protective effects on 
increased cell apoptosis induced by various 
environmental stresses, such as toxicant exposure 
and oxidative stress. 4-PBA can protect against 
myocardial and liver ischemia-reperfusion injury, 
alleviate lipid-induced insulin resistance and 
beta-cell dysfunction in humans, and ameliorate 
lipopolysaccharide-induced lung inflammation[11-13]. 

Furthermore, a previous study indicated that 4-PBA 
protected against Cd-induced germ cell apoptosis in 
testes[14]. However, the effect of 4-PBA on 
obesity-induced impaired spermatogenesis has not 
yet been reported. The aim of the present study was 
to investigate whether 4-PBA can protect against 
HFD-induced defective spermatogenesis.  

MATERIALS AND METHODS 

Animals and Treatment 

All experiments in the present study were 
performed in compliance with the National Institutes 
of Health Guide for the Care and Use of Laboratory 
Animals and were approved by the Animal Care and 
Use Committees of Xinxiang Medical University. A 
total of 30 adult male Sprague-Dawley rats (90-120 g, 
4 weeks) were obtained from Vital River Laboratory 
Animal Technology Co. Ltd (Beijing, China). All rats 
were quarantined for 7 days before the start of the 
study and then randomly divided into three groups: 
a control group (standard diet), a HFD group, and a 
HFD+4-PBA (Sigma-Aldrich) group. Rats in the 

control group were fed with a normal diet (control, 
10 kcal% fat, D12450B, Research Diets, New 
Brunswick, NJ, USA), whereas the other rats were 
fed with a HFD (45 kcal% fat, D12451, Research Diets, 
New Brunswick, NJ, USA) for 13 weeks to induce 
obesity. Rats in the HFD+4-PBA group were orally 
administered 100 mg/kg 4-PBA once per day for 13 
weeks, and the other two groups received the same 
volume of vehicle as a negative control. The 4-PBA 
dosage of 100 mg/kg was based on previous 
studies[15,16] and the results of preliminary 
experiments. At the end of the experiment, the rats 
were sacrificed under sodium pentobarbital 
anesthesia (60 mg/kg, ip), and their testes, 
epididymis, and accessory glands (seminal vesicles 
and prostate) were carefully dissected out and 
weighed.  

Serum Hormone Analysis 

On the last day of the study, blood samples were 
collected and immediately placed in a refrigerator 
for storage at 4 °C until centrifugation at 3,000 rpm 
for 10 min to separate the serum. Serum was 
collected and stored at -20 °C until analysis. Serum 
levels of follicle-stimulating hormone (FSH), 
luteotropic hormone (LH), and testosterone (T) were 
measured using hormone-specific kits purchased 
from Beijing North Institute of Biological Technology 
by the radioimmunoassay (RIA) method. 

Sperm Analysis  

The head of the left epididymis was placed in 
clean 30-mm dishes containing 4 mL pre-warmed 
M199 and minced with fine scissors to allow 
spermatozoa to swim out for 10 to 15 min at 37 °C. 
After incubation, the epididymal tissue-fluid mixture 
was filtered to separate the supernatant from tissue 
particles. The sperm suspensions were evaluated for 
sperm head counts, viability, motility, and 
morphology following the procedures described 
below. The sperm head counts were determined 
with a hemocytometer. A 0.5 mL sample of the 
sperm suspension was diluted with 9.5 mL of 
physiological saline. Approximately 10 µL of diluted 
sperm suspension was transferred to each counting 
chamber and then allowed to stand for 5 min and 
counted under a light microscope (LEICA DM 1000) 
at 400× magnification[17]. The total sperm counts 
(×	106/mL) were calculated. The determination of 
sperm viability and motility was carried out 
according to the procedure described by Chen et al. 
(2013)[18]. Sperm morphological examination was 
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performed as described by Terpsidis et al. (2009)[19] 
with slight modifications (a drop of the sperm 
suspension was spread onto a new glass slide for 
each sample and allowed to dry in air). 

Histopathology of the Testis 

A complete gross visual pathology inspection 
was conducted on the testes of all animals during the 
necropsy by a senior pathologist assisted by a trained 
team. The testes were trimmed of extraneous fat 
and weighed immediately. The ratio of organ weight 
to terminal body weight was calculated according to 
the following formula: organ body weight ratio = 
organ weight/body weight × 100%. Tissue sections 
from testes were fixed with 4% formalin for 24 h, 
embedded in paraffin, sectioned to 5 µm and stained 
in hematoxylin and eosin for microscopic 
observation.  

TUNEL Assay  

Testicular cell apoptosis was measured using a 
TUNEL assay kit (cat. no. G7360; Promega) according 
to the manufacturer's protocol. To assess testicular 
cell apoptosis, 200 different seminiferous tubules 
were selected randomly from each group (20 
tubules/rat) and observed at a magnification of 400×. 
To determine the apoptotic germ cell index (AI), the 
percentage of labeled germ cells was calculated in 20 
tubules for each rat. Finally, the apoptotic germ cell 
index-1 (AI-1) was determined as the number of 
tubules containing at least one TUNEL-positive 
cells/100 tubules, and the apoptotic index-2 (AI-2) 
was described as the number of TUNEL-positive 
cells/100 tubules[20,21]. 

Statistical Analysis 

Data were presented as means ± SD (standard 
deviation). Statistical analyses were performed by 

using one-way ANOVA to evaluate the homogeneity 
of the data followed by a least squared differences 
model or Dunnett's multiple comparison test if the 
homogeneity evaluation indicated significant 
deviation variances in SPSS for windows version 11.5 
(SPSS Inc., Chicago, IL, USA). Differences were 
considered to be significant at P < 0.05 

RESULTS 

Effects of Sodium 4-phenylbutyrate Treatment on 
Body Weight Gain and Reproductive Organ/Body 
Weights 

There were significant differences in body 
weight gain and reproductive organ/body weight 
loss in rats feed with a HFD compared with control 
rats (P < 0.05; Figure 1 and Table 1). 4-PBA 
treatment significantly attenuated HFD-induced 
body weight increases and seminal vesicle weight 
loss (P < 0.05; Figure 1 and Table 1). 4-PBA treatment 
also showed a tendency to alleviate HFD-induced 
organ weight loss of epididymis and testis, but there 
were no statistically significant differences between 
the two groups (Figure 1 and Table 1). 
 

 

Figure 1. Mean weekly body weight among 
groups. 

Table 1. Effect of HFD Exposure and Supplementation with 4-PBA on Final Body Weights and  
Reproductive Organ/Body Weight Ratios (n = 10) 

Parameter Control HFD HFD+4-PBA 

Final body weight (g) 534.00 ± 59.03 695.10 ± 41.58 604.20 ± 51.00# 

Seminal vesicle weight/BW (%)  0.36 ± 0.12  0.25 ± 0.04  0.32 ± 0.06# 

Epididymis weight/BW (%)  0.26 ± 0.06  0.20 ± 0.02 0.23 ± 0.03 

Testis weight/BW (%)  0.69 ± 0.12  0.53 ± 0.07  0.59 ± 0.07 

Note. P < 0.05 vs. control and #P < 0.05 vs. HFD; BW: body weight. 
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Sodium 4-phenylbutyrate Treatment Attenuates 
HFD-induced Abnormal Serum Sex Hormone Levels 

Serum T levels were decreased significantly in 
the HFD-fed group compared with the control group 
(P < 0.05; Table 2). However, 4-PBA treatment for 13 
weeks significantly ameliorated the HFD-induced 
abnormal serum T levels (P < 0.05; Table 2). There 
were no significant differences in the levels of FSH 
and LH between the HFD-fed group and the control 
group. However, a significant difference between 
serum LH levels of the 4-PBA treatment group and 
the control group was observed (P < 0.05; Table 2).  

Sodium 4-phenylbutyrate Treatment Attenuates 
HFD-induced Impaired Spermatogenesis 

Compared with the control, sperm parameters 
such as concentration, sperm viability, and motility 
were decreased significantly in rats subjected to a 
HFD diet (P < 0.05; Table 2). 4-PBA treatment 
significantly attenuated HFD-induced impairment of 
spermatogenesis (P < 0.05; Table 2). 

Sodium 4-phenylbutyrate Treatment Improves 
Pathological Damage to Testes Induced by HFD 
Feeding 

Following 13 weeks of HFD feeding, rats in the 

HFD-fed group had significantly decreased testis 
weight/body ratios compared with the control group 
(P < 0.05; Table 1), which was also confirmed by 
analysis of histological changes in the testes (Figure 
2). In the control group, the testicular structure 
consisted of abundant seminiferous tubule cells 
arranged normally and filled with numerous aligned 
spermatogenetic cells. As shown in Figure 2, atrophic 
seminiferous tubules, more vacuoles and decreased 
numbers of spermatogenic cell were observed in the 
HFD-fed group. However, 4-PBA treatment 
attenuated extenuated the testicular tissue damage 
caused by the HFD (Figure 2). 

Sodium 4-phenylbutyrate Suppresses Apoptosis in 
the Testis of Rats fed with HFD 

TUNEL analysis was used to investigate the 
apoptosis rate of germ cells in the testis (Figure 3). 
The results revealed that rats in the HFD group had a 
significantly higher rate of apoptosis compared with 
control rats and that 4-PBA significantly inhibited 
HFD-induced testicular cell apoptosis (P < 0.05; 
Figure 4). 

DISCUSSION 

Obesity refers to excessive accumulation of body 

Table 2. Effect of HFD Exposure and Supplementation with 4-PBA on Serum Hormones and  
Sperm Parameters (n = 10) 

Parameter Control HFD HFD+4-PBA 
FSH (mIU/mL)  3.68 ± 0.96  3.88 ± 0.80  3.39 ± 0.77 
LH (mIU/mL) 10.24 ± 2.03  8.74 ± 2.37  8.48 ± 1.52* 
T (ng/mL)  3.65 ± 0.75  2.50 ± 0.51*  3.16 ± 0.68# 
Sperm Concentration (106/mL) 57.80 ± 6.89 47.67 ± 4.80* 53.30 ± 3.16# 
Sperm viability (%) 95.60 ± 2.76 91.89 ± 4.14* 97.50 ± 1.43# 
Sperm motility (%) 67.70 ± 3.37 53.44 ± 4.03* 68.20 ± 3.01# 
Sperm abnormalities (%) 13.00 ± 3.37 21.00 ± 2.91* 12.60 ± 2.99# 

Note. *P < 0.05 vs. control and #P < 0.05 vs. HFD. 

 

Figure 2. Histopathologic changes in testicular tissue between groups (A-C, control group, HFD group, 
and HFD+4-PBA group) stained with H&E at 400× magnification. 4-PBA treatment prevents HFD-induced 
male spermatogenesis dysfunction. 
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fat, which has been proven to associate with many 
negative impacts on health. The number of 
overweight and obese people has increased 
dramatically in the past several decades, both in 
developing and developed countries, including China. 
The epidemic of overweight and obesity inevitably 
results in many obesity-associated health problems, 
including infertility[22-24]. Consequently, a great 
demand to develop or explore pharmacological 
agents that provide a protective effect against 
obesity-associated infertility has been created. The 
results of the present study revealed that 4-PBA 
treatment may attenuate HFD-induced impaired 
spermatogenesis. 4-PBA treatment was also 
demonstrated to ameliorate declining serum T and 
HFD-induced testicular cell apoptosis.  

Spermatogenesis is a complex process that takes 
place in the seminiferous tubules of the mammalian 
testes to produce spermatozoa. Sex hormones such 
as FSH, LH, and T play important roles in this 
extremely complex process. Testosterone, the 
primary androgen synthesized in Leydig cells, plays 
key roles in the development of male reproductive 
tissues and spermatogenesis. Several recent studies 
indicated that metformin, fish oil, Asiatic acid, and 
curcumin ameliorate HFD-induced T level decline, 
testicular lesions, and germ cell apoptosis and could 

improve reproductive function in obese male 
rats[7-10]. Consistent with these studies, the present 
study demonstrated that 4-PBA upregulates the level 
of T, which suggests that restoration of T levels may 
contribute to the protective effects of 4-PBA. 4-PBA 
had no significant effect on FSH levels. As for LH 
levels, similar to the results of previous studies, HFD 
exposure decreased its serum concentration[7-10]. 
Although a significant difference (P < 0.05; Table 2) 
was observed in serum levels of LH between the 
4-PBA-treated group and the control, we predict that 
4-PBA will have little effect on LH, as no significant 
difference (P < 0.05; Table 2) was found between the 
HFD group and the 4-PBA group.  

Spermatozoa production in the testes is a 
regulated balance between germ cell proliferation 
and apoptosis[25]. Apoptosis, also known as 
programmed cell death, is required for normal 
spermatogenesis in mammals[26]. However, improper 
activation of apoptosis in the testis can affect 
spermatogenesis and cause reproductive 
defects[27,28]. Therefore, inhibiting excessive cell 
apoptosis and reconstructing the balance between 
cell proliferation and apoptosis may be an effective 
treatment for defective spermatogenesis. The low 
concentrations of spermatozoa, poor morphology, 
and high levels of TUNEL positivity in the HFD group 

 

Figure 3. 4-PBA treatment reduces cell apoptosis, as detected by TUNEL staining, in the testis of rats fed 
a HFD. Bar: 20 μm. 

 

Figure 4. Quantitative analysis of the cell apoptosis index between groups (n = 10). *P < 0.05 vs. control 
and #P < 0.05 vs. HFD. 
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appeared to be correlated with pathological damage 
of the testes and high levels of testicular cell 
apoptosis induced by HFD exposure. Our data simply 
revealed that 4-PBA significantly inhibits testicular 
cell apoptosis, which suggests that apoptosis may be 
one of the underlying mechanisms by which 4-PBA 
protects against HFD-induced defective 
spermatogenesis. 

The precise mechanisms that mediate the 
anti-apoptotic effects of 4-PBA remain to be 
elucidated. Many studies indicated that 4-PBA can 
protect against injury to many tissues through the 
inhibition of endoplasmic reticulum stress (ERS)[29-33]. 
According to the above literature, the main 
mechanisms behind attenuation of ERS by 4-PBA 
were the following: inhibition of the expression of 
Chop/GADD153, CHOP, PERK protein, inhibition of 
ERS-mediated cytokine release, diminished JNK 
phosphorylation, and prohibition of X-BP1 splicing 
and caspase-3 and caspase-9 activation[30-33]. 
Recently, spermatogenic cell apoptosis induced by 
ERS was shown to play a key role in the induction of 
reproductive toxicology[34-36]. Further research is 
required to determine the precise mechanisms 
underlying the protective effects of 4-PBA. 

In conclusion, the results of the present study 
reflect that 4-PBA can attenuate HFD-induced 
spermatogenesis dysfunction via inhibition of 
excessive apoptosis. These findings provide a 
theoretical basis for the use of 4-PBA as a treatment 
for obesity-associated infertility. 
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