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Butyrate improves testicular spermatogenic dysfunction induced 
by a high-fat diet 
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Background: Obesity is closely associated with low male fertility and decreased sperm quality. Obesity is 
accompanied by an ecological imbalance in the gut microbiota, so it is of great significance to intervene in 
male infertility caused by obesity from the perspective of gut microbiota metabolites. This study aimed to 
evaluate the efficacy of butyrate in ameliorating obesity-induced spermatogenic dysfunction and to explore 
the potential molecular mechanisms.
Methods: This study explored the role of butyrate in recovering the dysfunctions of spermatogenesis 
caused by obesity by inducing an obese model of male mice with a high-fat diet (HFD). The effects of HFD 
and butyrate on testicular function were explored based on metabolomics.
Results: The results of the study showed that HFD caused a decrease in sperm count, a decrease in sperm 
motility, and an increase in sperm malformation rate in mice. After adding butyrate to the HFD, the various 
sperm indicators of mice were significantly improved. Through the analysis of metabolomics data from 
mouse testes, this study found that an HFD significantly altered the metabolic status of mice testes, involving 
multiple metabolic pathways. However, after adding butyrate, some metabolic characteristics tended to be 
similar to those of normal diet mice, and the steroid biosynthesis and primary bile acid biosynthesis pathways 
were significantly improved.
Conclusions: This study clarified the effect of butyrate on improving sperm quality, providing 
experimental evidence for the treatment of obesity-induced abnormal spermatogenesis with butyrate.
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Introduction

Over the past few decades, obesity and its associated health 
problems have increased with the availability of high-calorie, 
low-nutrient foods and changes in lifestyle (1,2). The 
global male obesity rate has risen sharply by 28–36% (3).  
Long-term high-fat diet (HFD) leads to obesity, weight 
gain, and metabolic disorders such as glucose and lipid 
metabolism disorders. Many studies have shown that 
obesity is closely related to low male fertility and decreased 
sperm quality (4,5). High-energy diets and obesity directly 
or indirectly affect sperm quality through multiple 
pathways, including inflammatory response, oxidative stress, 
disruption of gut microbiota, disruption and remodeling of 
sperm DNA, and other mechanisms (6). These mechanisms 
cumulatively cause irreversible damage to sperm. Improving 
lifestyle is the preferred solution, but it has little effect on 
some people.

Obesity is often accompanied by dysbiosis of the gut 
microbiota (DSGM), which not only leads to systemic 
metabolic disorders but may also affect male fertility 
through a complex series of mechanisms (7). A number 
of microbiome-based interventions have been developed 
to promote health, including prebiotic and synbiotics 
supplements, FMT, and health-related dietary regimens 
(8-11). However, while these interventions have shown 
some health benefits, their effectiveness in altering the 

microbiome to promote health and generate personalized 
beneficial responses is often limited. It depends on an 
individual’s microbiome composition and the difficulty in 
standardizing fecal microbiota transplantation, which limits 
clinical application. It is of great significance to clarify the 
role of intestinal microbial metabolites caused by obesity in 
male infertility and to intervene in male infertility caused by 
obesity from the perspective of metabolic products.

Short-chain fatty acids in the gut and the composition of 
gut microbiota both play key roles in maintaining intestinal 
homeostasis in testicular injury (12). Short-chain fatty acids, 
including butyrate, propionate, and acetate, are metabolites 
produced by intestinal microbiota fermenting dietary fiber 
in the intestine (13). Animal model studies have confirmed 
that butyrate can recover obesity and its complications 
induced by HFD through various mechanisms, such as 
inhibiting lipid formation, promoting lipid degradation, 
and regulating mitochondrial function (14-16). Research 
on the effects of butyric acid on male reproduction is more 
often used as an intermediate metabolite for intestinal flora 
transplantation. Rumen bacteria can produce butyrate, 
which may promote spermatogenesis (17-19). At present, 
butyrate has become an important small-molecule 
compound in our personalized dietary supplement. 
However, its role in the treatment of male infertility is 
still unclear. This study used the HFD animal model to 
clarify the effect of dietary supplementation with butyrate 
and metabolomics on improving semen quality. This study 
aims to provide experimental evidence for the treatment of 
abnormal spermatogenesis caused by obesity with butyrate. 
We present this article in accordance with the ARRIVE 
reporting checklist (available at https://tau.amegroups.com/
article/view/10.21037/tau-2024-660/rc).

Methods

Animals

C57BL/6J male mice, 8 weeks old, were purchased from 
the Experimental Animal Center of Xuzhou Medical 
University. Mice were kept in a 22 ℃ constant temperature 
air-conditioned room, with free access to food and water, 
and a light/dark cycle of 12 hours. After adapting to 
laboratory conditions for 1 week, mice were randomly 
divided into three groups (n=5 per group). In the ND 
group mice were fed with a normal diet (13.1% fat, 28.7% 
protein, and 58.2% carbohydrate by weight). In the HFD 
group mice were fed with HFD (55.2% fat, 14.7% protein, 
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and 30.1% carbohydrate by weight), the 55.2% fat HFD 
was selected to robustly induce metabolic and inflammatory 
perturbations, consistent with established models of 
HFD-induced NAFLD and reproductive dysfunction 
(20,21). In the HFDB group mice were fed with an HFD 
supplemented with sodium butyrate (5% butyrate by 
weight) (22-24). All the groups were given intervention for 
12 weeks. The 12-week duration aligns with established 
models of HFD-induced metabolic and reproductive 
dysfunction, where aging-related fertility decline minimally 
impacts outcomes within this timeframe (25-27). All animal 
care and experiments were carried out following guidelines 
by the ethics committee of Xuzhou Medical University. A 
protocol was prepared before the study without registration. 
This study was approved by the ethics committee of Xuzhou 
Medical University (No. 202302T006).

Detection of sperm-related indicators in mice

Mice were sacrificed by cervical dislocation. Make an 
incision in the abdominal cavity, and separate and remove the 
bilateral epididymides. Place the epididymides in a petri dish 
containing 3 mL of physiological saline. Use the hematoxylin 
and eosin (H&E) stain for histopathological observation. 
Use ophthalmic scissors to mince the epididymides. Gently 
pipette the suspension 5–6 times with a pipette. Let it 
stand for 3–5 minutes. Filter out tissue debris using four 
layers of lens paper to obtain the sperm suspension. The 
sperm count and motility data of mice were completed 
using a computer-assisted sperm analysis (CASA). Sperm 
morphology was assessed via Diff-Quik staining (head, 
midpiece, or tail defects). Testosterone levels in mouse serum 
were quantified using a commercially available enzyme-
linked immunosorbent assay (ELISA) kit (Beijing North 
Biotechnology Co., Ltd., China). The cell supernatant 
was collected, and diluted 50 times, and the testosterone 
concentration in the supernatant was detected according to 
the instructions provided with the testosterone detection kit.

Metabolomic analysis

To further determine the impact of an HFD and butyrate on 
testicular function, we examined the testicular metabolome 
of  mice fed normal  diets  (ND),  HFD, and HFD 
supplemented with butyrate. A total of 2,588 metabolites 
were annotated. To extract metabolites from mouse 
testes, dissected testes tissues are homogenized and lysed 
in a 20:80 water-methanol solution. After centrifugation 

to remove insoluble debris, the supernatant containing 
soluble metabolites is collected and subjected to vacuum 
concentration using a centrifugal evaporator. Untargeted 
metabolomics analysis was performed at BGI Shenzhen, 
China, on a platform consisting of an independent ultra-
high performance liquid chromatography-tandem mass 
spectrometry (UPLC-MS/MS) instrument. In short, each 
group collected testicular tissue for metabolite extraction. 
Mass spectrometry data acquisition was performed using 
a mass spectrometer Xevo G2-XS QTOF (Waters, UK). 
The raw data from the mass spectrometry instrument was 
imported into the commercial software Progenesis QI 
(version 2.2) for peak extraction, obtaining information such 
as mass-to-charge ratio, retention time, and ion area related 
to metabolites. Data preprocessing is completed using 
metaX software (28). To explore the metabolic pathways 
through which butyrate improves the function of mouse 
testes, we first used PLS-DA to establish a relationship 
model between the expression levels of metabolites and the 
differences between samples. Using the multivariate analysis 
PLS-DA model, combined with the univariate analysis 
of differential fold change and P value values, to screen 
differentially expressed metabolites with VIP >1, P value 
<0.05, fold change >1.2, or fold change <0.83. The results 
of differential metabolite analysis for the three sample 
groups are presented in https://cdn.amegroups.cn/static/
public/tau-2024-660-1.xlsx. Pathway enrichment analysis of 
differential metabolites was completed using MetaboAnalyst 
6.0 (29).

Statistical analysis

The data of sperm-related indicators in mice were analyzed 
using a two-tailed non-paired t-test for difference analysis, 
with P<0.05 considered to indicate significant differences. 
Normality and variance equality were assessed using 
Shapiro-Wilk and Levene’s tests, respectively. Venn diagram 
was completed using jvenn tool (30). The differential 
metabolite heatmap was completed using the pheatmap R 
package. The statistical charts were completed using the 
ggplot2 R package (31).

Results

Effects of HFD and butyrate on spermatogenesis and 
development of testicular cells in mice

After 12 weeks of HFD feeding, the body weight of mice 
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Figure 1 Phenotypic data of testes and epididymis in ND, HFD, and HFDB group mice. (A) The body weight of ND, HFD, and HFDB 
group mice. (B) The sperm concentration of ND, HFD, and HFDB group mice. (C) The sperm motility of ND, HFD, and HFDB group 
mice. (D) The abnormal ratio for head and tail of ND, HFD, and HFDB group mice. (E) Micrograph of Diff-Quik-stained spermatozoa 
obtained by optical microscopy. (F) The testosterone levels of ND, HFD, and HFDB group mice. (G) The H&E stained tissues images 
of mice testis and epididymis. *, P<0.05; **, P<0.01; ***, P<0.001; ns, P>0.05. HFD, high-fat diet; HFDB, high-fat diet supplemented with 
butyrate; H&E, hematoxylin and eosin; ND, normal diets.
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in the HFD group significantly increased compared to the 
ND group, and the addition of butyrate to the HFD (high-
fat diet supplemented with butyrate, HFDB) reversed 
the obesity caused by the HFD (P<0.001, Figure 1A). We 
further evaluated mature sperm motility and total sperm 
production, which were isolated from the cauda epididymis. 
The in vitro analysis of sperm in the epididymis revealed 
that the concentration of sperm in mice on an HFD was 
significantly lower than that in mice on a standard diet 
and that the addition of butyrate to the HFD restored 
sperm concentration to normal levels (Figure 1B). The 
total motility was slightly reduced, and the addition of 
butyrate to an HFD slightly improved the total sperm 
motility to a certain extent (Figure 1C). This study also 
found that the sperm tail of mice in the HFD group 
showed extensive curling, folding, and other malformed 
sperm, and the head malformation rate also showed a slight 
increase. We categorized sperm deformities into head and 

tail abnormalities. The addition of butyrate to the HFD 
group significantly reduced the malformation rate of both 
the head and tail of sperm (Figure 1D,1E). In addition, 
the testosterone levels in the testes of mice significantly 
decreased in the HFD group, and testosterone levels 
increased after adding butyrate to the diet (Figure 1F). No 
substantial differences were observed in the pathology of 
testis tissue (Figure 1G). These results indicated that an HFD 
significantly reduced the sperm count in mice, increased 
the rate of sperm deformity, and decreased sperm motility. 
However, butyrate was able to improve it to a normal state.

Effects of HFD and butyrate on the testicular metabolome 
of mice

To further determine the impact of an HFD and butyrate on 
testicular function, we examined the testicular metabolome 
of mice fed ND, HFD, and HFD supplemented with 
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Figure 2 High fat diet and butyrate affect testicular metabolism in mice. (A-C) Volcano plot displays differential metabolites (upregulated, 
red; downregulated, blue) in mice testis of 3 groups (HFD vs. ND, HFD vs. HFDB and HFDB vs. ND). (D) KEGG pathways enriched with 
differential metabolites of 3 groups (HFD vs. ND, HFD vs. HFDB and HFDB vs. ND) by MetaboAnalyst 6.0. FC, fold change; HFD, high-
fat diet; HFDB, high-fat diet supplemented with butyrate; ND, normal diets; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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butyrate. A total of 2,588 metabolites were annotated. 
Compared with mice fed ND, the testes of mice fed HFD 
exhibited 249 differential metabolites, including 173 
upregulated and 76 downregulated metabolites (Figure 2A). 
In comparison to mice fed HFD, the testes of HFDB mice 
showed 78 differential metabolites, with 37 upregulated 
and 41 downregulated metabolites (Figure 2B). Between 
HFDB and ND, a total of 210 differential metabolites were 
obtained, with 161 upregulated and 50 downregulated 
(Figure 2C). It was noteworthy that these differential 
metabolites in two sets (HFD versus ND and HFD versus 
HFDB) were enriched in primary bile acid biosynthesis, 

steroid biosynthesis,  and taurine and hypotaurine 
metabolism metabolic pathways at the same time. In 
addition, these differential metabolites were enriched in 
the biosynthesis of unsaturated fatty acids, fructose, and 
mannose metabolism, glycolysis and inositol phosphate 
metabolism pathways (HFDB versus ND) (Figure 2D).

Butyrate improves primary bile acid biosynthesis and 
steroid biosynthesis metabolic pathways in the testes of mice 
fed with HFD

The partial least squares discriminant analysis (PLS-DA) 
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Figure 3 Butyrate improves testicular spermatogenic dysfunction through primary bile acid biosynthesis and steroid biosynthesis metabolic 
pathways. (A) PLS-DA analysis of samples from 3 sets (HFD, ND and HFDB). (B) Key metabolites that show significant differences in HFD 
vs. ND group but not significant differences in HFDB vs. ND group. (C) KEGG pathways enriched with key metabolites by MetaboAnalyst 
6.0. HFD, high-fat diet; HFDB, high-fat diet supplemented with butyrate; ND, normal diets; KEGG, Kyoto Encyclopedia of Genes and 
Genomes; PLS-DA, partial least squares discriminant analysis.
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showed that the testicular tissues of mice fed ND and those 
fed HFD exhibited significantly different metabolic states, 
while some metabolic characteristics in the testicular tissues 
of mice fed with butyrate tended to the intermediate state 
between HFD and ND. This suggested that butyrate might 
improve sperm quality in mice by improving the metabolic 
status of the testes (Figure 3A).

Our study found that compared to ND, 91 metabolites 
that were upregulated in the testes of HFD mice were 
elevated to normal levels in the testes of HFDB mice, and 
45 metabolites that were downregulated in the testes of 
mice fed an HFD were elevated to normal levels in the 

testes of HFDB mice (Figure 3B). These metabolites and 
butyrate were key metabolites that regulate sperm quality 
in mice. Using MetaboAnalyst to perform functional 
enrichment analysis on key differentially expressed 
metabolites, the results showed that these metabolites were 
significantly enriched in KEGG pathways related to sperm 
malformation, including steroid biosynthesis, primary bile 
acid biosynthesis, metabolism of xenobiotics by cytochrome 
P450, and alanine, aspartate and glutamate metabolism 
(Figure 3C). Based on the enrichment results of the HFD 
vs. HFDB group, we believed that steroid biosynthesis and 
primary bile acid biosynthesis were important pathways for 
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improving sperm malformation in mice.

Discussion

HFD is a well-established disruptor of metabolic and 
reproductive health (32). For instance, HFD-induced gut 
dysbiosis elevates FXR-antagonistic bile acids (e.g., DCA), 
which may impair testicular FXR signaling and promote 
inflammation (33,34). This study explored the role of 
butyrate in recovering spermatogenesis dysfunction caused 
by obesity by inducing an obese model of male mice with 
an HFD. It observed that the body weight of HFD group 
mice increased significantly, while the body weight of 
HFDB group mice was effectively controlled after adding 
butyrate. This finding is consistent with previous studies 
on the anti-obesity potential of butyrate, suggesting that 
butyrate may prevent or alleviate obesity by regulating 
energy metabolism (22,35). There was a significant decrease 
in total sperm motility and a significant increase in sperm 
deformity, including deformities in the head and tail. These 
results further confirmed the negative impact of obesity on 
sperm quality, which is consistent with existing literature 
reports (36).

Butyrate ameliorates HFD-induced metabolic disorders 
in animal models. It enhances insulin sensitivity, reduces 
adiposity, and suppresses inflammation by activating G 
protein-coupled receptors (e.g., GPR41/43) and inhibiting 
histone deacetylases (37,38). Butyrate also improves 
intestinal barrier integrity, mitigating endotoxemia and 
systemic metabolic inflammation (39). The intervention 
of butyrate significantly improved this situation. In the 
HFDB group, the total sperm motility was restored and the 
malformation rate of the tail was also significantly reduced. 
The results of metabolomics showed that HFD significantly 
changed the metabolic status of the testes of mice, 
involving multiple metabolic pathways. Compared with 
ND mice, multiple metabolites in the testes of HFD mice 
were significantly up- or down-regulated. However, after 
the addition of butyrate, some metabolic characteristics 
tended towards those of ND mice, especially in the steroid 
biosynthesis and primary bile acid biosynthesis pathways, 
which were significantly improved. These metabolic 
pathways are closely related to sperm malformation and 
sperm quality.

Steroid biosynthesis is an important pathway for 
androgen production, and androgens play a key role in 
spermatogenesis (40). After undergoing HFD in mice, a 
total of 249 metabolites showed significant changes in the 

testes, which were significantly enriched in the steroid 
biosynthesis pathway. The testosterone levels also indicated 
that after HFD, the testosterone levels in the testes of mice 
were significantly downregulated. Therefore, we speculated 
that HFDs might interfere with the steroid biosynthesis 
pathway, leading to a decrease in androgen levels and 
subsequently affecting spermatogenesis. Experiments on 
various animals have shown a close relationship between 
butyrate and steroid synthesis (41,42). After supplementing 
butyrate in HFD mice, significant changes were observed 
in 78 metabolites, including 22(R)-hydroxycholesterol, 
20alpha hydroxycholesterol and cholesterol sulfate. 
These metabolites were significantly enriched in the 
steroid hormone biosynthesis pathway. The intervention 
of butyrate may improve sperm quality by restoring the 
steroid biosynthesis pathway and increasing androgen 
levels. In addition, the improvement of the primary 
bile acid biosynthesis pathway may also have a positive 
effect on sperm production. Zhang et al. used a sheep 
model of metabolic syndrome induced by a high-energy 
diet to analyze changes in gut microbiota and vitamin A 
metabolism. This study found that abnormal metabolism 
of vitamin A was transmitted to the testes through the 
bloodstream, further exacerbating sperm production 
disorders. The absorption of fat-soluble vitamins is affected 
by the decrease in bile acid levels, and the abnormal 
metabolism of vitamin A is transferred to testicular 
cells through circulating blood, resulting in impaired 
spermatogenesis (43). However, the exact mechanisms need 
further research.

Although this study provided experimental evidence for 
the treatment of male infertility with butyrate, there were 
still some limitations. For example, we only conducted 
experiments on mouse models, and it remains to be further 
verified whether these results could be reproduced in 
humans. A previous study has shown that supplementing 
with butyrate can improve the reproductive ability of 
normal animals (44). The effect of butyrate on ND males is 
also an interesting study and further exploration is needed 
in future research. In addition, the specific molecular 
mechanism of butyrate improving sperm quality has not 
been fully elucidated, and further molecular and cellular 
biology research is needed to reveal it.

Conclusions

This study shows that obesity induced by an HFD 
impairs male fertility, reducing sperm count, motility, 
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and increasing malformation rates in mice. Butyrate 
supplementation recovered these effects, restoring sperm 
quality. Metabolomic analysis revealed that HFD disrupted 
testicular metabolic pathways, including steroid and bile 
acid biosynthesis, while butyrate normalized these changes. 
These findings highlight butyrate’s potential to mitigate 
obesity-induced spermatogenic dysfunction by restoring 
metabolic balance.
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