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Simple Summary: Many studies have noted that overweight and obese men are likely to suffer from
infertility. Rodents fed high-fat diets develop obesity and infertility. Many of the unhealthy effects of
obesity are thought to be linked to changes in the gut microbiota. The authors of this study decided
to investigate whether feeding mice probiotics might alter their gut microbiota and in turn affect their
infertility caused by a high-fat diet.

Abstract: Our study was designed to investigate the Lactiplantibacillus plantarum 1008 (LP1008) on
testicular antioxidant capacity, spermatogenesis, apoptosis, autophagy, and metabolic function in
male mice with high-fat-diet-induced obesity. A total of thirty-six male C57BL/6 mice were fed a
normal diet (denoted as the NC group) or a high-fat control diet (denoted as the HFC group) for
16 weeks, then half of the HFC group was randomly chosen and subsequently fed with LP1008 for
the final 8 weeks (high-fat diet + LP1008; denoted as the HFP group). The HFP group expressed
improved blood cholesterol, insulin resistance, hepatic function, and lipopolysaccharide (LPS) levels
compared to the HFC group. Meanwhile, the HFC group displayed decreased testicular testosterone
levels, sperm quality, and 17(3-HSD protein expression, which were rescued after LP1008 treatment.
Moreover, the HFC group had lower superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPX) enzyme activities. After LP1008 treatment, enhanced antioxidative activities and
decreased lipid peroxidation were observed. The HFC group also exhibited aggravated apoptosis,
inflammation, and autophagy proteins in the testis, which were ameliorated by LP1008 supplementa-
tion. Furthermore, the gut microbiota analysis results revealed that the Firmicutes/Bacteroidetes ratio
was significantly elevated in the HFC and HFP groups compared to the NC group and that LP1008
treatment diminished Ruminococcaceae and enhanced Bifidobacteriaceae diversity. In summary,
LP1008 treatment strengthened antioxidative enzyme levels and regulated microbiota-ameliorated
HFC-induced oxidative stress, apoptosis, inflammation, and autophagy, and thus improved testicular
function and semen quality.

Keywords: high-fat diet; probiotic; male infertility; oxidative stress; spermatogenesis

1. Introduction

Infertility, being defined as the inability to conceive following more than one year of
regular unprotected sexual intercourse, affects 10-15% of couples during the reproductive
age [1]. Male infertility is responsible for 20-30% of infertility cases and contributes
to 50% of overall cases. Several studies have provided evidence on the causes of male
infertility, from genetic mutations to lifestyle choices, medical illnesses, and medications.
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Furthermore, obesity is a common disease in modern society and an important factor
causing male infertility. Studies have shown that overweight or obesity in males are
associated with decreased sperm quality and a higher percentage of sperm with DNA
fragmentation, therefore inducing male infertility [2,3]. Animal experiments have also
demonstrated poor spermatogenesis [1], changes in hormone levels [4], and disrupted
testicular function [5] caused by high-fat-diet (HFD)-induced obesity.

The mechanism through which obesity affects male reproduction is complex. Obesity
is closely linked to male reproductive disorders through several mechanisms, including
hormonal imbalances (such as lower testosterone levels), increased oxidative stress, and
chronic inflammation, all of which negatively impact spermatogenesis and overall testicular
function [6,7]. Previous studies have shown that oxidative stress, inflammation, and
apoptosis are associated with impaired testicular function. Moreover, recent reports have
indicated that the gut microbiota could influence spermatogenesis and metabolic function
in HFD-induced obesity [8,9]. Ding et al. reported HFD-induced gut microbiota dysbiosis
and defects in spermatogenesis with elevated endotoxin levels, while the transplantation
of HFD-fed gut microbes into ND-maintained mice also decreased spermatogenesis and
sperm quality; however, similar transplantation methods involving microbes from ND-fed
mice failed to do so [10]. However, the role of the gut microbiota in the relationship between
HFD-induced obesity and decreased spermatogenesis is still unclear.

The gut microbiome plays an important role in health maintenance and is closely
related to metabolic function. Lactiplantibacillus plantarum 1008 (LP1008) is a Gram-positive
bacterial probiotic. A probiotic is defined as “live microorganisms which when admin-
istered in adequate amounts confer a health benefit on the host”. Previous studies have
concluded that the biological effects of LP1008 include attenuating HFD-induced abnor-
mal metabolism, liver damage, and increased antioxidant ability, as well as reducing
inflammation levels by regulating the gut microbiota [11,12]. Various interventions, in-
cluding lifestyle modifications, pharmacological agents, and surgical procedures, have
been explored to improve reproductive outcomes in obesity models [13]. However, these
approaches have limitations; lifestyle changes require long-term adherence, and phar-
macological treatments may produce adverse effects. While probiotic supplementation
shows promise, further validation is necessary [14]. Due to fewer side effects and bet-
ter patient adherence, nutraceuticals and dietary supplements have been investigated
for their anti-obesity benefits. Despite this, limited studies focus on probiotics and the
gut microbiota’s role in male reproduction. This study aims to evaluate the effects of
LP1008 supplementation on reproductive damage induced by an HFD and the underlying
mechanisms involved.

2. Materials and Methods
2.1. Animal Management and Experimental Groups

C57/BL6 male mice (10 weeks old, n = 36) were purchased from the National Labora-
tory Animal Center and housed in the laboratory animal center of the National Defense
Medical Center. The animals were maintained on a 12 h light/dark cycle at a controlled
temperature and relative humidity range of 23 £ 2 °C and 50-60%, respectively.

After a two-week acclimatization period to laboratory conditions, the mice were
randomized into the following two groups: (a) a normal control group (NC group, n = 12),
which received a normal diet (Laboratory Autoclavable Rodent Diet 5010) with 58% of the
calories from carbohydrates, 29% from protein, and 13% from fat; and (b) a high-fat control
group (HFC group, n = 24), which received a high-fat diet (Research Diets D12451) with 35%
of the calories from carbohydrates, 20% from protein, and 45% from fat. After 16 weeks, the
HFC group was randomly divided into the following two groups: a high-fat control (HFC)
group and (c) a high-fat diet + LP1008 (HFP) group. The HFC group was maintained on
the original diet, while the HFP group was fed the high-fat diet and administered a gavage
of LP1008 (2.05 x 10° CFU/kg BW/day), while the NC group and HFC group were given
purified water via gavage. After 8 weeks of gavage, the mice were deeply anesthetized
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with a mixture of Zoletil 50 (containing 25 mg/mL tiletamine and zolazepam; Virbac,
Carros, France) and Rompun (containing 23.32 mg/mL xylazine hydrochloride; Bayer,
Taipei, Taiwan) administered intraperitoneally. Upon confirmation of adequate anesthesia
through the absence of reflexes, exsanguination was conducted via cardiac puncture. A
sterile 25-gauge needle attached to a 1 mL syringe was carefully inserted into the left
ventricle, and blood was withdrawn slowly to prevent hemolysis. The collected blood was
immediately processed for downstream analyses. This procedure ensured minimal stress
and discomfort to the animals and was performed as part of humane euthanasia at the end
of the experimental protocol.

2.2. Analyses of Biochemical Markers

After anesthetization, blood samples were collected and centrifuged at 2000 g for
20 min, and serum was isolated and stored at —80 °C until analysis. Total cholesterol (TC),
triglyceride (TG), glucose, aspartate aminotransferase (AST), and alanine aminotransferase
(ALT) levels were measured using a biochemistry automatic analyzer (Hitachi 7180, Tokyo,
Japan). The levels of serum insulin (Mercodia Mouse Insulin ELISA, #10124701, Uppsala,
Sweden), testosterone (MyBioSource, MBS#163127, San Diego, CA, USA), and LPS (Thermo
Fisher, #A39552, Rockford, IL, USA) were measured using an ELISA kit according to the
manufacturer’s instructions.

2.3. Analyses of Sperm Motility, Sperm Count, and Sperm Morphology

Sperm quality analysis included assessment of sperm motility, sperm count, and
sperm morphological abnormalities. The vas deferens is dissected. Sperm is then collected
by flushing or gently compressing the vas deferens. Sperm motility was assessed under
a light microscope at 40 x magnification (E400; Nikon, Tokyo, Japan) in 4 random fields,
and at least 200 sperm cells were counted. The sperm count was measured in a diluted
sperm suspension using an automated cell counter (TC20, Bio-Rad, Hercules, CA, USA).
For sperm morphology analysis, sperm samples were incubated at 37 °C for 15 min, placed
on a slide at room temperature, fixed with methanol (Honeywell, Morris Plains, NJ, USA),
stained with an eosin Y (E4009, Sigma-Aldrich, Saint Louis, MO, USA) and ethanol (Bioman,
Taipei City, Taiwan) mixture, rinsed with 75% ethanol (Bioman), and dried. The slides
were evaluated under a light microscope (DM1000; Leica) to calculate the morphology
percentages for at least 100 sperm cells.

2.4. Analyses of Histology

Formalin-fixed liver, testis, and kidney tissues were prepared and analyzed at the
Department of Pathology in Cardinal Tien Hospital (New Taipei City, Taiwan) after tissue
processing. The samples were observed and evaluated under a DM1000 light microscope
(Leica, Wetzlar, Germany). The thickness of the germinal epithelium (GE), mean seminif-
erous tubule diameter (MSTD), and glomerular size were then measured using Image]
software (1.50; National Institutes of Health, Bethesda, MD, USA). The GE thickness was
calculated as the average length of a seminiferous tubule with the average length of a
lumen subtracted. The degree of spermatogenesis was scored histologically using the
Johnson score.

2.5. Analyses of Apoptosis-, Inflammation-, and Autophagy-Related Proteins in the Testes

The testes were stored at —80 °C after euthanasia. To prepare samples for Western
blotting, testis tissues were lysed in a mixture of RIPA buffer, protease inhibitor, and phos-
phatase inhibitor (Thermo Fisher Scientific, Waltham, MA, USA), and the total protein was
quantified using a DC protein assay (Bio-Rad). The extracted protein was loaded, separated
by electrophoresis, and transferred onto polyvinylidene difluoride (PVDF) membranes. After
being blocked in blocking buffer for 1 h, the membranes were cut, incubated with the pri-
mary antibody overnight, and washed 3 times in TBST buffer. Then, the membranes were
incubated with an anti-mouse (1/4000; sc-2005, Santa Cruz Biotechnology, Paso Robles, CA,
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USA) or anti-rabbit secondary antibody (1/5000; sc-2005, Santa Cruz) for 1 h and detected
using chemiluminescence. The primary antibodies used were against caspase-9 (1,/1000,
#9508; Cell Signaling Technology, Beverly, MA, USA), bax (1/1000, #2772; Cell Signaling),
bcl-x1 (1/1000, ab32370; Abcam, Waltham, MA, USA), caspase-3 (1/750, #9662; Cell Signaling),
NF-kB (1/1000, E381; Abcam), TNF-« (1/1000, ab1793; Abcam), IL6 (1/500, sc-57315), Beclin 1
(1/1000, sc-48341), p62 (1/1000, sc-48402), LC3B-II (1/1000, sc-271625) (all from Santa Cruz
Biotechnology), and f3-actin (1/10,000, A5316; Sigma, St. Louis, MO, USA).

2.6. Analyses of the Redox Status in the Testis

Redox status, as demonstrated by the activities of antioxidants and the MDA content
in the testes, was analyzed using assay kits purchased from Cayman (SOD, Item No. 706002,
Ann Arbor, MI, USA; Catalase, Item No. 707002; GPx, Item No. 703102; TBARS, Item No.
10009055), following the protocols provided by the manufacturer.

2.7. 165 rRNA Sequencing with Illumina MiSeq Sequencing

For gut microbiota sampling, freshly frozen fecal samples were collected from mice
after 8 weeks of LP1008 treatment. The fecal samples were stored at —80 °C to preserve
microbial content. DNA was extracted from the feces using a standardized fecal DNA
extraction kit. The 16S rRNA gene was amplified using specific primers for bacterial
communities. The amplicon libraries were sequenced using the Illumina MiSeq platform
(Genomics BioSci & Tech Co., New Taipei City, Taiwan). Paired-end reads (2 x 300 bp)
were trimmed using Trimmomatics (v0.39) and demultiplexed using an in-house script.
Sequences from both ends of the 341F-805R primers were trimmed using Cutadapt (v3.3)
with the following criteria: read length > 150 bp and an error rate of 0.1 as default. DADA2
(v1.12) was subsequently used to perform preprocessing, which included filtering out
noisy sequences (denoise), merging paired-end reads, and removing chimeras to extract
amplicon sequence variants (ASVs). The average demultiplexed sequence counts were
63,154, 60,400, and 58,685 in the NC, HFC, and HFP groups, respectively, and the average
remaining sequence counts after denoising were 50,409, 49,113, and 47,979, respectively.
The identified ASV sequences were annotated by a QIIME2 naive Bayes classifier (v2019.10),
using the SILVA 132 99% identity as the reference. A Venn diagram (v1.6.17) was used to
analyze both the common and unique information between different samples. The results
of species annotation were interactively shown using KRONA (v2.7.1), as well as bar plots.
The alpha diversity was analyzed using a species richness estimator (Chaol, observed
species, Good’s coverage, and Fisher’s alpha) and a species evenness estimator (Shannon,
Simpson, and ENSPIE). The beta diversity was analyzed using UniFrac distance matrices
with a heatmap, hierarchical clustering, principal component analysis (PCA), and principal
coordinate analysis (PCoA) with a Bray—Curtis similarity matrix.

2.8. Statistics

All the data are expressed as means and standard deviations and were analyzed using
a one-way analysis of variance (ANOVA), followed by Duncan’s post hoc test with SAS
Enterprise Guide 8.3 software. The results were considered significant at p < 0.05.

3. Results
3.1. LP1008 Ameliorates HFC-Induced Abnormal Serum Biochemical Levels

After 24 weeks of feeding, the HFC group presented higher serum concentrations
of glucose, insulin, total cholesterol, and LPS than the NC group. LP1008 treatment
significantly decreased the serum insulin, total cholesterol, and LPS levels compared with
those in the HEC group (Figure 1).
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Figure 1. The effects of a high-fat diet and LP1008 treatment on the following serum biochemical
parameters: (a) glucose, (b) insulin, (c) triglycerides, (d) total cholesterol, and (e) LPS in male mice. The
data are expressed as the means + SDs. * p < 0.05 compared with the NC group; # p < 0.05 compared
with the HFC group. NC: normal control; HFC: high-fat control; HFP: high-fat diet + LP1008.

3.2. LP1008 Improved Testicular Spermatogenesis and Sperm Quality in the High-Fat Diet Group

Mice fed with HFD had significantly higher body weight before (NC: 32.1 &= 1.7; HFC:
44.4 + 5.7, HFP: 44.5 + 4.5) and after LP1008 treatment (NC: 32.2 + 1.8; HFC: 48.0 + 4.3;
HEFP: 47.5 £ 4.3). The results revealed significantly lower relative reproductive organ
weights, including those of the testis, epididymis, and vas deferens, in the HFC group than
in the NC group. In addition, the epididymal fat weight in the HFC group was significantly
greater than in the NC group. However, LP1008 treatment resulted in no differences in
reproductive organ weights between the HFC and HFP groups. After HFD exposure for
24 weeks, impaired spermatogenesis was clearly observed. The sperm quality parameters,
such as count, motility, and normal morphology, significantly decreased in the HFC group,
whereas LP1008 treatment significantly improved the sperm quality. Moreover, compared
with those in the NC group, the MTBS and thickness of the GE were significantly greater
in the HFC group, and LP1008 treatment significantly attenuated HFD-induced impaired
spermatogenesis. With respect to the MSTD, there were no significant differences among
the three groups (Figure 2).

3.3. LP1008 Increases Testicular Testosterone Levels by Up-Regulating 173-HSD Expression

Compared with the NC group, the HFC group presented significantly greater decreases
in serum and testicular testosterone concentrations and lower 173-HSD levels. In contrast,
the HFP group had significantly greater testicular testosterone levels; a similar increasing
trend was also observed for the serum testosterone level, but this difference was not
statistically significant. In addition, the HFP group presented a significantly increased
testicular level of 173-HSD, which is the key enzyme protein of testosterone biosynthesis
(Figure 3).
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Figure 2. The effects of a high-fat diet and LP1008 treatment on (a) testicular histology; (b) relative
weights of the testes, epididymis, and vas deferens; (c) epididymal fat; (d) sperm count; (e) sperm
motility; (f) percentage of sperm with a normal morphology; (g) mean testicular biopsy score (MTBS);
(h) mean seminiferous tubule diameter (MSTD); and (i) thickness of the germinal epithelium (GE) in
male mice. Testicular sections were stained with hematoxylin and eosin. The data are expressed as
the means + SDs. * p < 0.05 compared with the NC group; # p < 0.05 compared with the HFC group.
NC: normal control; HFC: high-fat control; HFP: high-fat diet + LP1008.
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Figure 3. The effects of a high-fat diet and LP1008 treatment on the following testosterone biosynthesis
regulators in male mice: (a) serum testosterone, (b) testicular testosterone, (c) protein expression in
each group (Figure S1), (d) StAR, (e) CYP11A1, (f) 33-HSD, (g) CYP17A1, and (h) 173-HSD. Relative
density analysis of protein bands in male mice. The data are expressed as the means =+ SDs. * p < 0.05
compared with the NC group; # p < 0.05 compared with the HFC group. NC: normal control; HFC:
high-fat control; HFP: high-fat diet + LP1008.

3.4. LP1008 Improves Antioxidant Capacity and Suppresses Inflammation in the Testis

Antioxidant status and oxidative stress are assessed by measuring the levels of mark-
ers SOD, GPx, CAT, and MDA in the testes. As shown in Figure 4, the levels of SOD, GPx,
and CAT in the HFC group were significantly lower than those in the NC group, and the
lipid peroxide (MDA) concentration significantly increased. Moreover, LP1008 treatment
significantly increased the GPx and CAT levels and decreased the MDA level; however,
SOD activity tended to increase, but the difference was not statistically significant. The
testicular inflammatory parameters are presented in Figure 5; the protein expression levels
of TNF-« and NF-«kB were significantly increased in the HFC group, and LP1008 treat-
ment significantly decreased HFC-induced testicular inflammation, whereas no difference
in IL-6 protein expression was observed. These results indicate that LP1008 alleviated
HFD-induced oxidative stress and inflammation.
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Figure 4. The effects of a high-fat diet and LP1008 treatment on (a) SOD activity, (b) GPx activity,
(c) CAT activity, and (d) MDA content in male mice. The data are expressed as the means + SDs.
*p < 0.05 compared with the NC group; # p < 0.05 compared with the HFC group. NC: normal control;
HFC: high-fat control; HFP: high-fat diet + LP1008.
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Figure 5. The effects of a high-fat diet and LP1008 treatment on (a) protein expression in each group
(Figure S2) and (b) TNF-«, (c) NF-kB, (d) activated NF-«B, and (e) IL-6 levels in male mice. The data
are expressed as the means + SDs. * p < 0.05 compared with the NC group; # p < 0.05 compared with
the HFC group. NC: normal control; HFC: high-fat control; HFP: high-fat diet + LP1008.
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3.5. LP1008 Attenuates HFD-Induced Apoptosis and Autophagy

As shown in Figures 6 and 7, the ratios of the proapoptotic factor Bax to the anti-
apoptotic factors Bel-x1 (Bax/Bcl-xl), cleaved caspase-3, PARP, cleaved PARP, and cleaved
caspase-8 were significantly greater than those of the NC. Compared with the HFC group,
treatment with LP1008 significantly ameliorated these apoptotic effects, with greater de-
creases in Bax, Bcl-xl, cleaved caspase-3, and PARP levels. Compared with those in the NC
group, the LC3 and beclin-1 levels in the HFC group were significantly greater, and the P62
level was significantly lower, while LP1008 treatment attenuated the effects of autophagy,
as indicated by the reversal of marker expression (Figure 8).
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Figure 6. The effects of a high-fat diet and LP1008 treatment on testicular intrinsic apoptosis pathway
regulators: (a) protein expression in each group (Figure S3), (b) Bax/Bcl-xI ratio, (c) cleaved caspase-9,
(d) caspase-3, (e) cleaved caspase-3, (f) PARP, and (g) cleaved PARP in male mice. The data are
expressed as the means + SDs. * p < 0.05 compared with the NC group; # p < 0.05 compared with the
HFC group. NC: normal control; HFC: high-fat control; HFP: high-fat diet + LP1008.
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(d) cleaved caspase-3, (e) PARP, and (f) cleaved PARP in male mice. The data are expressed as the
means + SDs. * p < 0.05 compared with the NC group; # p < 0.05 compared with the HFC group. NC:
normal control; HFC: high-fat control; HFP: high-fat diet + LP1008.
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Figure 8. The effects of a high-fat diet and LP1008 treatment on testicular autophagy pathway
regulators: (a) protein expression in each group (Figure S4), (b) beclin-1, (c) p62, and (d) LC3 in
male mice. The data are expressed as the means + SDs. * p < 0.05 compared with the NC group;
# p < 0.05 compared with the HFC group. NC: normal control; HFC: high-fat control; HFP: high-fat
diet + LP1008.

3.6. LP1008 Modulates the Gut Microbiota Composition of HFD-Fed Mice

Intestinal microorganisms are parasites that are affected by the intestinal structure.
Multivariate analyses were implemented to compare the overall composition of the gut
microbiota in terms of the OTU level. Alpha diversity analysis of microbial diversity and
richness (the Shannon and Chaol estimators) revealed that LP1008 significantly decreased
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the Shannon estimator, whereas there were no statistically significant differences in the
Chaol estimator among the three groups (Figure 9a,b). PCoA revealed a distinct clustering
of the microbiota composition for each group (Figure 9c¢).
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Figure 9. The effects of a high-fat diet and LP1008 treatment on the gut microbiota: (a,b) community
diversity and richness assessed by the Shannon and Chao indices, (c) principal coordinate analysis
(PCoA) score plot in male mice. # p < 0.05 compared with the HEC group. NC: normal control; HFC:
high-fat control; HFP: high-fat diet + LP1008.

To further explore the effects of LP1008 on intestinal microbial species, the gut mi-
crobiota was analyzed using 16S rDNA pyrosequencing at the phylum and family levels.
At the phylum level, Firmicutes and Bacteroidetes were the dominant phyla, and the HFC
group presented a significantly greater ratio of Firmicutes to Bacteroidetes. LP1008 treatment
also showed an increasing trend, but there was no significant difference when compared
with the NC group (Figure 10a). At the family level, the abundances of Lachnospiraceae
and Ruminococcaceae increased and that of Muribaculaceae decreased in the HFC group
compared with those in the NC group, whereas LP1008 treatment decreased Ruminococ-
caceae and increased Bifidobacteriaceae (Figure 10b). Next, we applied the linear discriminant
analysis (LDA) effect size (LEfSe) method to determine the bacteria that might explain the
observed metabolic differences between the groups. The results revealed that the class
Clostridia, order Clostridiales, family Lachnospiraceae, and species Lachnospiraceae bacterium
609 and genus Lactococcus, genus Ruminiclostridium, species Ruminiclostridium 9, and species
Ruminiclostridium 5 were significantly more abundant in the HFC group than in the NC
group, whereas the LP1008 treatment group presented significantly greater increases in the
genera Faecalibaculum, Erysipelatoclostridium, genus Blautia, species Romboutsia, and species
Lachnospiraceae FCS020 (Figure 10c).
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Figure 10. The effects of a high-fat diet and LP1008 treatment on the gut composition: (a) Firmi-
cutes/Bacteroidetes (F/B) ratio, (b) abundances of the gut microbiota at the family level, and (c) linear
discriminant analysis (LDA > 2) scores derived from LEfSe analysis in male mice. * p < 0.05 compared
with the NC group; # p < 0.05 compared with the HFC group. NC: normal control; HFC: high-fat
control; HFP: high-fat diet + LP1008.
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4. Discussion

In recent decades, the main nutritional model of development has become the so-called
Western diet, which includes high intakes of animal proteins, saturated and trans-fatty acids,
and simple carbohydrates. An unhealthy diet may be directly associated with increased
oxidative stress, being the underlying cause of obesity, type 2 diabetes, insulin resistance,
and intestinal dysbiosis. Moreover, the above metabolic disorders have a negative impact
on sperm quality [15]. In the present study, we observed that a HFD caused abnormal
metabolic parameters, such as hypercholesterolemia, hyperglycemia, insulin resistance,
and ALT and AST levels, in addition to hepatic steatosis, but the TG level was significantly
decreased, which is consistent with previous findings [16]. LP1008 treatment ameliorated
the HFD-induced increases in cholesterol, insulin resistance, and ALT and AST levels.
Yoshitake et al. [11] reported that a HFD (62% fat) with heat-killed L. plantarum L-137
(HK L-137) supplementation resulted in decreased cholesterol and biomarkers of hepatic
inflammation, AST and ALT, and tended to reduce plasma insulin.

A HFD may alter spermatogenesis and reproductive function, as shown in findings
obtained in other studies [1,5,10]. The testicular testosterone concentration plays an im-
portant role in spermatogenesis. In this study, we found that the testosterone level and
sperm quality, including sperm motility, sperm count, and sperm morphology, decreased
more in the HFC group than in the control group, and morphological analysis revealed
that the seminiferous epithelia were slightly thinned and disorganized. We also observed
that the involvement of steroidogenesis enzymes such as 173-HSD decreased. Our re-
sults were consistent with those of other studies, showing that a decreased expression
of 17B-HSD is associated with decreased testosterone levels in HFD-fed rats [17]. We
demonstrated that LP1008 treatment ameliorated the HFD-induced decreases in sperm
quality and spermatogenesis.

Male infertility is strongly associated with reactive oxygen species (ROS), which are
necessary for the entire process of spermatogenesis. However, high levels of ROS neutralize
antioxidants in seminal plasma and cause oxidative stress [18]. LP1008 is an L. plantarum
probiotic that has benefits in terms of mediating responses to oxidative stress, antioxidant
activity, and inflammation [19]. In the present study, the levels of pro-inflammatory
cytokines, such as LPS, NF-«B, and TNF-«, were increased, and the down-regulation of
SOD, CAT, and GPx, which are antioxidative enzymes, was observed in the HFC group,
indicating that the HFD-fed mice exhibited low-grade inflammation. Consistent with
previous reports [20,21], LP1008 treatment ameliorated the imbalance in the antioxidant
system and decreased inflammation in HFD-fed mice.

Spermatogenesis is a complex process that relies on coordinated cell proliferation
and apoptosis, but excess apoptosis has been indicated to be defective in the process of
spermatogenesis [1]. Feeding with a HFD could induce apoptosis, and LP1008 treatment
reduced apoptosis. Autophagy is a catabolic pathway that transports nonessential, old, or
damaged components to lysosomes for lysosome-mediated degradation and turnover [22].
We found that autophagy was increased in the HFC group, and that this increase was
attenuated by LP1008 treatment. Huo et al. [5] reported active autophagy in HFD-fed mice
and the impairment of the reproductive system, which suggested that the up-regulation of
autophagy is associated with infertility. Autophagy and apoptosis often occur in the same
cell, mostly in a sequence in which autophagy precedes apoptosis. Autophagy inhibits ER
stress-induced cell apoptosis [23].

Studies have shown that the gut microbiota is an important environmental factor
that contributes to the development of obesity, insulin resistance, and inflammation [24].
First, the present results indicated that the « diversity of the Shannon diversity of the gut
microbiota was significantly decreased in the HFP group, and 3 diversity had three clusters
in the PCoA plot. Low gut microbiota diversity is usually a hallmark of intestinal dysbiosis.
Certain probiotics may increase competition for nutrients or alternatively lead to the
production of antimicrobial peptides that reduce microbial growth [25]. At the phylum level,
we found that the abundance of the intestinal microbiota Firmicutes increased, whereas the
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abundance of Bacteroidetes decreased, and the Firmicutes/Bacteroidetes ratio increased, which
has been shown to be associated with changes in the gut microbiota in obese human and
animal models [26]. However, LP1008 treatment led to an inverse trend without significant
difference. Therefore, we further detected changes in gut microorganisms. At the family
level, increases in Lachnospiraceae and Ruminococcaceae and a decrease in Muribaculaceae were
observed in the HFC group. High abundances of Lachnospiraceae are positively correlated
with glucose or lipid metabolism, indicating metabolic disturbance [27]. Kim et al. [28] also
reported an increased abundance of Ruminococcaceae in HFD-fed mice compared with low-
fat-diet (LFD)-fed mice. Muribaculaceae are also referred to as the family 524-7 and produce
enzymes that degrade complex carbohydrates. Previous studies have demonstrated that
Muribaculaceae can degrade carbohydrates, so high-calorie diets decrease the abundance of
these bacteria [29].

LP1008 treatment significantly decreased Ruminococcaceae and improved Bifidobac-
teriaceae, which has been shown to reduce the LPS level and improve mucosal barrier
functions [30]. In addition, biomarker analysis via linear discriminant analysis (LDA)
effect size (LEfSe) in our study revealed that LP1008 treatment increased the abundance of
the genera Faecalibaculum, Blautia, and Lachnospiraceae FCS020. Faecalibaculum is a widely
known anti-inflammatory bacteria [31], and the results were consistent with those of Tang
et al. [32], who reported an increasing abundance of Faecalibaculum with L. plantarum sup-
plementation. Blautia has been demonstrated to be the most abundant bacteria in sperm
and is also present in semen, supporting a possible contribution of upper genital tract
microbes to the downstream seminal microbiome composition [33]. Lachnospiraceae FCS020,
which are known butyrate producers, are correlated with fiber intake [34]

5. Conclusions

In summary, the L. plantarum strain used in this study comprehensively ameliorated
metabolic disorders, including insulin resistance and dyslipidemia. L. plantarum improved
metabolic disorders and reproductive function by reversing HFD-induced gut microbiota
dysbiosis, with increased levels of antioxidative enzymes leading to the disruption of
inflammation, autophagy, and apoptosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology13110890/s1, Figure S1: whole West blotst of protein
expression for Figure 3c; Figure S2: whole West blots of protein expression for Figure 5a; Figure S3:
whole West blots of protein expression for Figures 6a and 7a; Figure S4: whole West blots of protein
expression for Figure 8a.

Author Contributions: C.-Y.L. conceived the study and wrote the manuscript. C.-W.T. participated
in the design of the study and helped draft the manuscript. Y.-W.C. and T.-C.C. participated in the
statistical analysis and interpretation and helped to draft the revised manuscript. T.-Y.T. and T.-H.L.
participated in the coordination of the study design and helped draft the revised manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by a grant from the Ministry of Science and Technology of
Taiwan (MOST 110-2314-B-016-015 and 113-2314-B-016-003).

Institutional Review Board Statement: This experiment was approved by the Institutional Animal
Care and Use Committee (IACUC; ethical code number: IACUC-20-350), Tri-Service General Hospital,
National Defense Medical Center, Taiwan.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.


https://www.mdpi.com/article/10.3390/biology13110890/s1
https://www.mdpi.com/article/10.3390/biology13110890/s1

Biology 2024, 13, 890 150f 16

References

1.  Miao, X.L.; Gao, G.M,; Jiang, L.; Xu, R.; Wan, D.P. Asiatic acid attenuates high-fat diet-induced impaired spermatogenesis. Exp.
Ther. Med. 2018, 15, 2397-2403. [CrossRef] [PubMed]

2. Campbell, ].M.; Lane, M.; Owens, J.A.; Bakos, H.W. Paternal obesity negatively affects male fertility and assisted reproduction
outcomes: A systematic review and meta-analysis. Reprod. Biomed. Online 2015, 31, 593-604. [CrossRef] [PubMed]

3. Durairajanayagam, D. Lifestyle causes of male infertility. Arab. ]. Urol. 2018, 16, 10-20. [CrossRef] [PubMed]

4. Wang, H.; Cai, Y,; Shao, Y.,; Zhang, X.; Li, N.; Zhang, H.; Liu, Z. Fish Oil Ameliorates High-Fat Diet Induced Male Mouse
Reproductive Dysfunction via Modifying the Rhythmic Expression of Testosterone Synthesis Related Genes. Int. ]. Mol. Sci. 2018,
19, 1325. [CrossRef]

5. Huo, L;Su, Y;; Xu, G.; Zhai, L.; Zhao, J. Sulforaphane Protects the Male Reproductive System of Mice from Obesity-Induced
Damage: Involvement of Oxidative Stress and Autophagy. Int. . Environ. Res. Public Health 2019, 16, 3759. [CrossRef]

6. Jia, YE; Feng, Q.; Ge, Z.Y.; Guo, Y.; Zhou, E; Zhang, K.S.; Wang, X.W.; Lu, W.H.; Liang, X.W.; Gu, Y.Q. Obesity impairs male
fertility through long-term effects on spermatogenesis. BMC Urol. 2018, 18, 42. [CrossRef]

7. Huan, C.; Wang, M.; Song, Y.; Jia, Z.; Wei, D.; Wang, L.; Xu, Q.; Wang, J.; Zhao, M.; Geng, ].; et al. Inflammatory markers and
androstenedione modify the effect of serum testosterone on obesity among men: Findings from a Chinese population. Andrology
2024, 12, 850-861. [CrossRef]

8.  Xia, Y,; Tian, Y;; Zhou, D.; Zhang, L.; Cai, Y.; Fu, S.; Zhang, X.; Gao, Y.; Chen, Q.; Gao, P. Gut microbiota involved in spermatogenic
function of Sancai Lianmei granules in obese mice. Naunyn-Schmiedebergs Arch. Pharmacol. 2023, 396, 83-97. [CrossRef]

9. Hao, Y,; Feng, Y.; Yan, X,; Chen, L.; Ma, X; Tang, X.; Zhong, R.; Sun, Z.; Agarwal, M.; Zhang, H.; et al. Gut Microbiota-Testis Axis:
FMT Mitigates High-Fat Diet-Diminished Male Fertility via Improving Systemic and Testicular Metabolome. Microbiol. Spectr.
2022, 10, e0002822. [CrossRef]

10. Ding, N.; Zhang, X.; Zhang, X.D.; Jing, J.; Liu, S.S.; Mu, Y.P; Peng, L.L.; Yan, YJ.; Xiao, G.M.; Bi, X.Y,; et al. Impairment of
spermatogenesis and sperm motility by the high-fat diet-induced dysbiosis of gut microbes. Gut 2020, 69, 1608-1619. [CrossRef]

11.  Yoshitake, R.; Hirose, Y.; Murosaki, S.; Matsuzaki, G. Heat-killed Lactobacillus plantarum L-137 attenuates obesity and associated
metabolic abnormalities in C57BL/6 ] mice on a high-fat diet. Biosci. Microbiota Food. Health 2021, 40, 84-91. [CrossRef] [PubMed]

12.  Zhong, H.; Wang, J.; Abdullah; Hafeez, M.A.; Guan, R.; Feng, F. Lactobacillus plantarum ZJUFB2 Prevents High Fat Diet-Induced
Insulin Resistance in Association with Modulation of the Gut Microbiota. Front. Nutr. 2021, 8, 754222. [CrossRef] [PubMed]

13. Leisegang, K.; Sengupta, P.; Agarwal, A.; Henkel, R. Obesity and male infertility: Mechanisms and management. Andrologia 2021,
53,e13617. [CrossRef] [PubMed]

14. Lyons, H.E,; Gyawali, P.; Mathews, N.; Castleton, P.; Mutuku, S.M.; McPherson, N.O. The influence of lifestyle and biological
factors on semen variability. J. Assist. Reprod. Genet. 2024, 41, 1097-1109. [CrossRef]

15. Skoracka, K.; Eder, P; Lykowska-Szuber, L.; Dobrowolska, A.; Krela-Kazmierczak, I. Diet and Nutritional Factors in Male
(In)fertility-Underestimated Factors. J. Clin. Med. 2020, 9, 1400. [CrossRef]

16. Nakahara, D.; Nan, C.; Mori, K.; Hanayama, M.; Kikuchi, H.; Hirai, S.; Egashira, Y. Effect of mushroom polysaccharides from
Pleurotus eryngii on obesity and gut microbiota in mice fed a high-fat diet. Eur. J. Nutr. 2020, 59, 3231-3244. [CrossRef]

17. Suleiman, J.B.; Abu Bakar, A.B.; Noor, M.M.; Nna, V.U.; Othman, Z.A.; Zakaria, Z.; Eleazu, C.O.; Mohamed, M. Bee bread
mitigates downregulation of steroidogenic genes, decreased spermatogenesis, and epididymal oxidative stress in male rats fed
with high-fat diet. Am. J. Physiol. Endocrinol. Metab. 2021, 321, E351-E366. [CrossRef]

18. Barati, E.; Nikzad, H.; Karimian, M. Oxidative stress and male infertility: Current knowledge of pathophysiology and role of
antioxidant therapy in disease management. Cell. Mol. Life Sci. 2020, 77, 93-113. [CrossRef]

19. Wang, Y,; Wu, Y,; Wang, Y,; Xu, H.; Mei, X,; Yu, D.; Wang, Y.; Li, W. Antioxidant Properties of Probiotic Bacteria. Nutrients 2017, 9,
521. [CrossRef]

20. Zhao, L.; Shen, Y,; Wang, Y.; Wang, L.; Zhang, L.; Zhao, Z.; Li, S. Lactobacillus plantarum S9 alleviates lipid profile, insulin
resistance, and inflammation in high-fat diet-induced metabolic syndrome rats. Sci. Rep. 2022, 12, 15490. [CrossRef]

21.  Youn, HS; Kim, J.H.; Lee, ].S.; Yoon, Y.Y,; Choi, S.J.; Lee, ].Y.; Kim, W.; Hwang, K.W. Lactobacillus plantarum Reduces Low-Grade
Inflammation and Glucose Levels in a Mouse Model of Chronic Stress and Diabetes. Infect. Immun. 2021, 89, €0061520. [CrossRef]
[PubMed]

22.  Yefimova, M.G.; Buschiazzo, A.; Burel, A.; Lavault, M.T.; Pimentel, C.; Jouve, G.; Jaillard, S.; Jegou, B.; Bourmeyster, N.; Ravel, C.
Autophagy is increased in cryptorchid testis resulting in abnormal spermatozoa. Asian J. Androl. 2019, 21, 570-576. [CrossRef]
[PubMed]

23. Song, S.; Tan, J.; Miao, Y.; Li, M.; Zhang, Q. Crosstalk of autophagy and apoptosis: Involvement of the dual role of autophagy
under ER stress. |. Cell. Physiol. 2017, 232, 2977-2984. [CrossRef]

24. Cani, P.D. Metabolism in 2013: The gut microbiota manages host metabolism. Nat. Rev. Endocrinol. 2014, 10, 74-76. [CrossRef]

25. Park, D.Y.,; Ahn, Y.T,; Park, S.H.; Huh, C.S.; Yoo, S.R.; Yu, R.; Sung, M.K.; McGregor, R.A.; Choi, M.S. Supplementation of
Lactobacillus curvatus HY7601 and Lactobacillus plantarum KY1032 in diet-induced obese mice is associated with gut microbial
changes and reduction in obesity. PLoS ONE 2013, 8, e59470. [CrossRef]

26. Furet, J.P; Kong, L.C.; Tap, J.; Poitou, C.; Basdevant, A.; Bouillot, J.L.; Mariat, D.; Corthier, G.; Dore, J.; Henegar, C.; et al.

Differential adaptation of human gut microbiota to bariatric surgery-induced weight loss: Links with metabolic and low-grade
inflammation markers. Diabetes 2010, 59, 3049-3057. [CrossRef]


https://doi.org/10.3892/etm.2017.5672
https://www.ncbi.nlm.nih.gov/pubmed/29467846
https://doi.org/10.1016/j.rbmo.2015.07.012
https://www.ncbi.nlm.nih.gov/pubmed/26380863
https://doi.org/10.1016/j.aju.2017.12.004
https://www.ncbi.nlm.nih.gov/pubmed/29713532
https://doi.org/10.3390/ijms19051325
https://doi.org/10.3390/ijerph16193759
https://doi.org/10.1186/s12894-018-0360-5
https://doi.org/10.1111/andr.13544
https://doi.org/10.1007/s00210-022-02296-2
https://doi.org/10.1128/spectrum.00028-22
https://doi.org/10.1136/gutjnl-2019-319127
https://doi.org/10.12938/bmfh.2020-040
https://www.ncbi.nlm.nih.gov/pubmed/33996364
https://doi.org/10.3389/fnut.2021.754222
https://www.ncbi.nlm.nih.gov/pubmed/34805244
https://doi.org/10.1111/and.13617
https://www.ncbi.nlm.nih.gov/pubmed/32399992
https://doi.org/10.1007/s10815-024-03030-y
https://doi.org/10.3390/jcm9051400
https://doi.org/10.1007/s00394-019-02162-7
https://doi.org/10.1152/ajpendo.00093.2021
https://doi.org/10.1007/s00018-019-03253-8
https://doi.org/10.3390/nu9050521
https://doi.org/10.1038/s41598-022-19839-5
https://doi.org/10.1128/IAI.00615-20
https://www.ncbi.nlm.nih.gov/pubmed/34001561
https://doi.org/10.4103/aja.aja_12_19
https://www.ncbi.nlm.nih.gov/pubmed/31031333
https://doi.org/10.1002/jcp.25785
https://doi.org/10.1038/nrendo.2013.240
https://doi.org/10.1371/journal.pone.0059470
https://doi.org/10.2337/db10-0253

Biology 2024, 13, 890 16 of 16

27.

28.

29.

30.

31.

32.

33.

34.

Vacca, M.; Celano, G.; Calabrese, EM.; Portincasa, P.; Gobbetti, M.; De Angelis, M. The Controversial Role of Human Gut
Lachnospiraceae. Microorganisms 2020, 8, 573. [CrossRef]

Kim, K.A.; Gu, W.; Lee, A ; Joh, E.H.; Kim, D.H. High fat diet-induced gut microbiota exacerbates inflammation and obesity in
mice via the TLR4 signaling pathway. PLoS ONE 2012, 7, e47713. [CrossRef]

Wang, B.; Kong, Q.; Li, X.; Zhao, J.; Zhang, H.; Chen, W.; Wang, G. A High-Fat Diet Increases Gut Microbiota Biodiversity and
Energy Expenditure Due to Nutrient Difference. Nutrients 2020, 12, 3197. [CrossRef]

Cani, P.D.; Amar, ].; Iglesias, M.A.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.M.; Fava, F.; Tuohy, K.M.; Chabo, C.; et al.
Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes 2007, 56, 1761-1772. [CrossRef]

Cotillard, A.; Kennedy, S.P.; Kong, L.C.; Prifti, E.; Pons, N.; Le Chatelier, E.; Almeida, M.; Quinquis, B.; Levenez, F.; Galleron, N.;
et al. Dietary intervention impact on gut microbial gene richness. Nature 2013, 500, 585-588. [CrossRef] [PubMed]

Tang, T.; Song, J.; Li, ].; Wang, H.; Zhang, Y.; Suo, H. A synbiotic consisting of Lactobacillus plantarum S58 and hull-less barley
beta-glucan ameliorates lipid accumulation in mice fed with a high-fat diet by activating AMPK signaling and modulating the
gut microbiota. Carbohydr. Polym. 2020, 243, 116398. [CrossRef] [PubMed]

Molina, N.M.; Plaza-Diaz, J.; Vilchez-Vargas, R.; Sola-Leyva, A.; Vargas, E.; Mendoza-Tesarik, R.; Galan-Lazaro, M.; Mendoza-
Ladron de Guevara, N.; Tesarik, J.; Altmae, S. Assessing the testicular sperm microbiome: A low-biomass site with abundant
contamination. Reprod. Biomed. Online 2021, 43, 523-531. [CrossRef] [PubMed]

Mayerhofer, C.C.K.; Kummen, M.; Holm, K.; Broch, K.; Awoyemi, A.; Vestad, B.; Storm-Larsen, C.; Seljeflot, I.; Ueland, T.; Bohov,
P; et al. Low fibre intake is associated with gut microbiota alterations in chronic heart failure. ESC Heart Fail. 2020, 7, 456—466.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/microorganisms8040573
https://doi.org/10.1371/journal.pone.0047713
https://doi.org/10.3390/nu12103197
https://doi.org/10.2337/db06-1491
https://doi.org/10.1038/nature12480
https://www.ncbi.nlm.nih.gov/pubmed/23985875
https://doi.org/10.1016/j.carbpol.2020.116398
https://www.ncbi.nlm.nih.gov/pubmed/32532403
https://doi.org/10.1016/j.rbmo.2021.06.021
https://www.ncbi.nlm.nih.gov/pubmed/34344601
https://doi.org/10.1002/ehf2.12596

	Introduction 
	Materials and Methods 
	Animal Management and Experimental Groups 
	Analyses of Biochemical Markers 
	Analyses of Sperm Motility, Sperm Count, and Sperm Morphology 
	Analyses of Histology 
	Analyses of Apoptosis-, Inflammation-, and Autophagy-Related Proteins in the Testes 
	Analyses of the Redox Status in the Testis 
	16S rRNA Sequencing with Illumina MiSeq Sequencing 
	Statistics 

	Results 
	LP1008 Ameliorates HFC-Induced Abnormal Serum Biochemical Levels 
	LP1008 Improved Testicular Spermatogenesis and Sperm Quality in the High-Fat Diet Group 
	LP1008 Increases Testicular Testosterone Levels by Up-Regulating 17-HSD Expression 
	LP1008 Improves Antioxidant Capacity and Suppresses Inflammation in the Testis 
	LP1008 Attenuates HFD-Induced Apoptosis and Autophagy 
	LP1008 Modulates the Gut Microbiota Composition of HFD-Fed Mice 

	Discussion 
	Conclusions 
	References

