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Purpose: In males, testosterone levels have been implicated in various diseases. Recently, the influence of gut microbial-
derived compounds on host metabolism has become evident, and it has been suggested that some gut bacteria may be in-
volved in testosterone metabolism. In the present study, we examined the relationship between testosterone levels and gut
microbiota in elderly Japanese men.

Materials and Methods: We collected samples from Japanese male subjects suspected of having prostate cancer and under-
went prostate biopsies and excluded patients with positive biopsies to avoid the effect of prostate cancer on the gut micro-
biota. In total, 54 Japanese males with negative biopsy results were included in our study. The gut microbiota was analyzed
by 16S rRNA gene sequencing of bacterial DNA extracted from rectal swabs. Gut microbiota compositions were compared
between the two groups according to the level of serum testosterone (above or below 3.5 ng /mL).

Results: The median age of the cohort was 71 years, and the quartile range was 67 to 73 years. We observed no significant
difference in alpha or beta diversity, but some bacteria belonging to the phylum Firmicutes (Clostridiales, Turicibacter, and
Gemella) were increased in the high testosterone group. Serum testosterone levels positively correlated with the relative
amount of Firmicutes (r,=0.3323, p=0.0141), and the amount of Firmicutes affected serum testosterone levels independent of
host factors (age, body mass index, triglyceride, and total cholesterol; B=0.770, p=0.0396).

Conclusions: Some intestinal bacteria belonging to the phylum Firmicutes were associated with testosterone levels in elderly
males. Therefore, the gut microbiota could affect testosterone metabolism in elderly males.
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INTRODUCTION

Microorganisms are present on every surface of the
human body and are known to play important and di-
verse roles in human health and disease [1]. In particu-
lar, the gut microbiota, which is composed of 10" to 10"
microorganisms [2], is the largest and most investigated
human flora. Gut microbiota critically impacts the lo-
cal condition of the intestinal tract, as well as distant
organs and systemic diseases, such as liver or neuro-
logical diseases [3-5].

Recently, intestinal bacteria-derived metabolites, in-
cluding testosterone, have been the focus of attention.
Testosterone is produced mainly by Leydig cells in the
testis and adrenal glands of males. Certain bacteria
promote testosterone metabolism and reabsorption in
the colon [6]. Therefore, it has been suggested that the
gut microbiota may be associated with host testoster-
one levels. Several studies have evaluated the relation-
ship between the microbiota and polycystic ovarian
syndrome (PCOS), a disease caused by high testoster-
one production in female patients [7,8]. However, few
reports are available on testosterone levels and the gut
microbiota in males. As testosterone plays an impor-
tant role in several diseases in male patients, such as
metabolic syndrome, prostate cancer, and late-onset hy-
pogonadism syndrome [9,10], it would be worthwhile to
investigate the relationship between the gut microbiota
and host testosterone levels in elderly male subjects.

In the present study, we examined the gut microbio-
ta composition and blood testosterone levels in samples
derived from elderly Japanese males. The objective of
this study was to elucidate the relationship between
the gut microbiota composition and testosterone levels
in elderly males.

MATERIALS AND METHODS

1. Study design

We collected rectal swab samples from 177 Japanese
male subjects suspected of having prostate cancer
based on screening procedures and underwent prostate
biopsies from December 2018 to October 2020 at Osaka
University Hospital. We analyzed 54 samples of males
with negative biopsy; samples of patients with positive
biopsies were excluded to avoid the effect of prostate
cancer on the gut microbiota. Among the 54 samples,
37 were included in the cohort of our previous report
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on the gut microbiota profile associated with prostate
cancer [11]. Patients treated with antibiotics within
six months of sample collection were omitted from the
analysis. Other detailed exclusion criteria have been
listed in our previous report [11].

2. Rectal swab collection and bacterial DNA

extraction

The swab samples were collected during a sterile
digital rectal examination before the administration
of pre-biopsy antibiotics. The swabs were maintained
at -80°C until DNA extraction. Bacterial DNA was ex-
tracted from the samples using the DNeasy Power Soil
Kit (Qiagen, Hilden, Germany).

3. Analysis of the gut microbiota

Bacterial DNA was analyzed using amplicon sequenc-
ing targeting the V1-V2 variable regions of the 16S
rRNA gene. The QIIME pipeline version 1.9.1 was used
to process raw sequencing data. A detailed analysis was
performed as described in our previous report [11].

4. Human testosterone measurement

Human blood samples used for serum testosterone
measurements were collected prior to the prostate
biopsy. In accordance with the Endocrine Society’s
guidelines [12], the blood collection time for testosterone
measurement was restricted between 800 am and 9:00
am to reduce errors owing to diurnal variation. Total
testosterone (T'T) levels in human blood were measured
using Lumipulse Presto Testosterone (Fujirebio Inc.,
Tokyo, Japan).

5. Statistical analysis

The Mann—Whitney U-test was used to compare
characteristics between the two TT groups. Alpha di-
versity was assessed by rarefaction analysis of values
for evenness and richness, and we statistically com-
pared each value at 10,000 sequences. Beta diversity
was evaluated by principal coordinate analysis (PCoA)
and analysis of similarities (ANOSIM). ANOSIM was
calculated using the R version 4.0.2 package ‘Vegan.
Comparison of each bacterial taxa was performed using
linear discriminant analysis (LDA) effect size (LEfSe)
with the Galaxy web application (https://huttenhower.
sph.harvard.edu/galaxy/). Correlations between bacte-
rial taxon abundance and TT levels were evaluated
using Spearman’s rank correlation coefficient. Univari-
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ate and multivariate analyses were performed using
multiple regression analysis. No outliers were excluded
from the analysis. Statistical significance was set at
p<0.05. Except for ANOSIM and LEfSe, all statistical
tests were performed using JMP Pro 14 (SAS Institute,
Cary, NC, USA).

6. Ethics statement
This study was approved by the Institutional Review
Board of Osaka University (IRB #13397-16), and writ-

ten informed consent was obtained from all patients.

RESULTS

1. Patient characteristics
The cohort was divided into two groups according to

blood TT levels. The cut-off point was set at 3.5 ng/mlL,
which is close to the normal threshold in EAU recom-
mendations [13]. TT high group for subjects exhibiting
levels >35 ng/mL and TT low group for all other sub-
jects. The TT high group comprised 28 subjects, while

Table 1. Background characteristics of the cohort
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the TT low group was composed of 26 subjects. Only
five subjects exhibited TT levels below the cut-off point
for hypogonadism (2.3 ng/mL) [13]. Patient character-
istics of the two groups are summarized in Table 1.
We observed no significant difference in age (p=0.106)
and prostate-specific antigen (p=0.782), but the TT low
group showed a significantly higher body mass index
(BMI; p=0.0402). The serum triglyceride (TG) level was
significantly higher in the TT low group than the TT
high group (p=0.0449), however, total cholesterol (T-
Chol) levels did not significantly differ between groups
(p=0.197).

2. Diversity of gut microbiota is not affected

by testosterone levels

The composition of the gut microbiota in all samples
at the phylum level is shown in Fig.l. In most exam-
ined samples, the gut microbiota was dominated by
Firmicutes (median 50.2%) and Bacteroides (median
38.4%). For beta diversity, weighted and unweighted
UniFrac distances within and between both groups did

Parameter All TT high group® TT low group” p-value
Case 54 28 26
Age (y) 71.0 (67.0-73.0) 72.0 (68.0-74.3) 70.0 (65.3-71.8) 0.106
BMI (kg/m?) 23.2(21.6-25.5) 22.5(21.0-24.3) 24.9 (22.0-26.2) 0.0402
TT (ng/mL) 3.59 (2.80-4.74) 4.63 (3.95-5.65) 2.72(243-3.12) <0.0001
T-Chol (mg/dL) 206 (180-220) 204 (180-216) 208 (195-229) 0.197
TG (mg/dL) 138 (103-210) 111 (89-171) 171 (125-234) 0.0449
PSA (mg/dL) 7.0 (4.6-9.3) .7 (4.6-9.5) .1(4.5-7.9) 0.782

Values are presented as number only or median (interquartile range).

*Blood TT level >3.5 ng/mL. "Blood TT level 3.5 ng/mL. “TT high group vs. TT low group.
BMI: body mass index, TT: total testosterone, T-Chol: total cholesterol, TG: triglyceride, PSA: prostate-specific antigen.
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Fig. 1. The composition of the gut micro-
biota in 54 samples at the phylum level.

TT levels. k_: kingdom, p_: phylum, TT:
total testosterone.
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not differ significantly (unweighted UniFrac distance, biota of the TT high group, and six taxa were signifi-
p=0.734; weighted UniFrac distance, p=0.994), and cantly less abundant in the TT high group (p<0.05,
PCoA revealed that samples were not separated into LDA score >|2.0]) (Fig. 3A). Most taxa abundant in the
groups (Fig. 2A). Alpha diversity was assessed using TT high group belonged to the phylum Firmicutes, ex-

four types of values (Shannon index, phylogenetic di- cept for the genus Alloscardovia, which belonged to the
versity (PD) whole tree, Chao 1, and Observed species); phylum Actinobacteria (Fig. 3B). The relative amount
however, none differed significantly between the TT of Firmicutes in the gut microbiota was significantly
high and TT low groups (p=0.972, 0.876, 0.729, and 0.604, correlated with serum TT levels of hosts, as deter-
respectively; Fig. 2B, 2C). mined by Spearman’s rank correlation coefficient (Fig.
3C; rs=0.3323, p=0.0141). Five males with hypogonadism
3. Relative abundance of Firmicutes in gut (TT <2.3 ng/mL) had a lower relative amount of Fir-
microbiota correlates with testosterone micutes than the TT high group but not significantly
levels (055 vs. 043, p=0.075). The relative abundance of Fir-
The LEfSe analysis revealed that nine bacterial taxa micutes had a significantly positive effect on TT levels,
were significantly more abundant in the gut micro- independent of age, BMI, serum TG, and T-Chol levels
A Unweighted UniFrac PCoA Weighted UniFrac PCoA
Il TT low group PC2 (6.4%) p=0.734 Il TT low group PC2 (11.1%) p=0.994
Il TT high group R=-0.01584 Il TT high group R=-0.03343

PC3 (5.82% PC3 (8.42%)
°
(5.82%) PC1 (10.1%) PC1 (32.87%)
B Shannon index PD whole tree Chao1 Observed species
© 89 o 160+ o 6,000 — TT low group o 2,000+ — TT low group
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Fig. 2. The diversity of the gut microbiota. (A) PCoA plots based on unweighted (top) and weighted UniFrac distances (bottom) showing the gut
microbiota composition. Blue dots represent the TT low group and red dots represent the TT high group. Rarefaction analysis (B) and boxplots at
10,000 sequences (C) of Shannon index, PD whole tree, Chao1 index, and observed species. Data are presented as the meanzstandard deviation.
PCoA: principal coordinate analysis, TT: total testosterone, PD: phylogenetic diversity.
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Fig. 3. Comparison of the abundance of bacteria in the gut microbio-
ta based on TT levels. Bar graph (A) and cladogram (B) of LEfSe analy-
sis including OTUs that were significantly different in abundance be-
tween TT high and TT low groups (p<0.05, LDA score >|2.0|). Red bars
represent OTUs associated with the TT high group, and green bars
represent OTUs associated with the TT high group. Bars without bac-
terial names refer to OTUs that could not be identified. (C) Correlation
between the relative abundance of Firmicutes in the gut microbiota
and serum TT levels. c_: class, o_: order, f_: family, g_: genus, TT: total
testosterone, LDA: linear discriminant analysis, LEfSe: LDA effect size,
OTU: operational taxonomic unit.

Table 2. Univariate and multivariate analysis to determine factors that influence TT levels

Univariate Multivariate
Parameter

B SE p-value B SE p-value
Age -0.345 0.444 0.441 -0.896 0.404 0.0315
BMI -0.771 0.404 0.0615 -0.628 0.390 0.1140
T-Chol -0.649 0.482 0.1843 -0.593 0.422 0.1670
TG -1.191 0.373 0.0024 -1.017 0.377 0.0097
Firmicutes 0.893 0.376 0.021 0.770 0.364 0.0396

TT: total testosterone, B: standardized partial regression coefficient, SE: standard error, BMI: body mass index, T-Chol: total cholesterol, TG:

triglyceride.

(B=0.770, p=0.0396; Table 2).

DISCUSSION

In the present study, we examined the correlation
between gut microbiota and testosterone levels in el-
derly male patients without prostate cancer. For the
gut microbiota, alpha and beta diversities did not differ
according to testosterone status. However, when bacte-
rial taxa were compared individually, some genera be-
longing to the phylum Firmicutes were more common
in male subjects with high TT levels. Furthermore,

Firmicutes exhibited a positive correlation with serum
TT levels, suggesting that Firmicutes affect the testos-
terone levels in their hosts.

Metabolites produced by the gut microbiome are
absorbed by the host and may be associated in vari-
ous diseases [14,15]. Previously, we have focused on the
relationship between prostate cancer and the gut mi-
crobiota and reported that their metabolites, including
short-chain fatty acids, promote cancer growth through
the insulin-like growth factor-1 signaling pathway [16].
In addition, we examined the gut microbiota composi-
tion in Japanese males who were suspected of having

www.wjmh.org 521
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prostate cancer and underwent prostate biopsy. We
observed that patients with high-grade prostate cancer
presented high levels of Alistipes and Lachnospira, and
an index calculated from the number of several specif-
ic intestinal bacteria could identify patients with high-
risk prostate cancer with high accuracy [11]. Moreover,
Firmicutes/Bacteroidetes ratio was significantly higher
in patients with enlarged prostates [17].

Testosterone is a crucial hormone regulating health
in males, and the lowering of testosterone levels with
aging (late-onset hypogonadism) is closely associated
with various health-related challenges, including
sexual dysfunction, muscle weakness, and metabolic
syndrome [9]. Furthermore, testosterone is involved in
prostate cancer and benign prostatic hyperplasia, and
its metabolism is considered a therapeutic target in
these diseases [18].

Herein, we observed no significant change in alpha
and beta diversity of the gut microbiota owing to tes-
tosterone levels, consistent with other reports in young
male subjects under 15 years of age [19]. This finding
could be attributed to the fact that there were no ma-
jor differences in the gut microbiota composition of
this cohort, as the cohort consisted only of Japanese
males living in urban areas, whose lifestyle and genetic
factors affecting bacterial flora were similar. Further-
more, our results revealed that serum testosterone
levels within the normal range do not strongly impact
intestinal bacteria.

In the present study, serum testosterone levels and
the abundance of Firmicutes were positively correlated
among older male subjects. Although testosterone lev-
els were found to be affected by age, BMI, and lipo-
protein levels [20-22], we found that the abundance of
Firmicutes correlated positively with blood testosterone
levels independent of these confounding factors. For
the first time, our study observed a positive relation-
ship between Firmicutes and testosterone in elderly
Japanese males with unique gut microbiota composi-
tions [23]; however, similar relationships have been
reported in different countries and age groups. Shin
et al [24] investigated the relationship between gut
microbiota and serum sex steroid hormones in 57 male
and female subjects aged 25 to 65 years in Korea. The
study revealed that the abundances of several bacteria
belonging to Firmicutes were positively correlated with
TT levels in male participants. The authors revealed
that the abundance of several bacteria belonging to

522 www.wjmh.org
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Firmicutes positively correlated with TT levels in male
participants [24]. Conversely, in females, the abundance
of Firmicutes was reportedly lower, and that of Bacte-
roides was higher in the group presenting high estradi-
ol levels [24]. Patients with PCOS producing markedly
high testosterone levels demonstrate a higher abun-
dance of Bacteroides and a lower abundance of Fir-
micutes in the gut microbiota [25]. In an animal experi-
ment, supplementation with Lactobacillus plantarum
HIL2 belonging to the phylum Firmicutes reportedly
decreased serum testosterone levels of female PCOS
model rats [26]. On the other hand, supplementation
with Lactobacillus reuteri to male mice increased tes-
tosterone levels [27]. Moreover, a human study showed
that a synbiotic containing Lactobacillus paracasei
can increase TT levels in males [28]. Interestingly, the
relationship between sex hormones and the phylum
Firmicutes differs between males and females, but the
underlying cause remains unclear.

The gut microbiota profile is distinct depending
on the testosterone status, attributed to the mutual
influence of the following two factors. Testosterone
levels were increased when feces from male mice
were transplanted into female mice, suggesting that
specific intestinal bacteria promote testosterone
production [29]. Inflammation driven by intestinal
bacteria-derived endotoxins has been reported to sup-
press testosterone production in Leydig cells [30,31].
In addition, Firmicutes synthesize testosterone or
promote its reabsorption through unconjugation [6],
and supplementation with some bacteria belonging to
the phylum Firmicutes can boost testosterone in men
[27,28]. These previous reports indicate that Firmicutes
in the intestinal tract may affect testosterone levels. In
contrast, testosterone alters the composition of gut mi-
crobiota in several animal studies. Harada et al. have
reported that the Firmicutes/Bacteroidetes ratio and
Lactobacillus increase the gut microbiota of castrated
high-fat diet-fed mice [32]. Another report has shown
that the gut microbiota composition of female rats ad-
ministered high-dose androgens on early postnatal life
shows lower Firmicutes abundance at early adulthood
[33]. Testosterone itself may negatively impact bacteria
belonging to the phylum Firmicutes. Mechanisms that
mediate these opposite effects need to be investigated
in both human and animal studies. Overall, our results,
which show a positive correlation between testosterone
level and Firmicutes abundance, suggest that the effect
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of Firmicutes on elevated testosterone is greater than
the opposite effect of testosterone in elderly Japanese
males.

Although it has been reported that the ratio of Fir-
micutes increases in the gut microbiota of obese indi-
viduals [34], BMI was significantly higher in the TT
low group with less Firmicutes than in the TT high
group (24.9 kg/m® vs. 225 kg/m®, p=0.0402). We suspect
that this discrepancy was due to the small number of
obese individuals (2 with BMI >30 or higher) in the
cohort, and the difference in BMI below the range of
obesity showed little alteration in the gut microbiota.

This study has some limitations. First, as samples
were collected at a single hospital, the cohort size was
small, and the residential area was limited to urban
locations. The composition of gut microbiota varies de-
pending on the region of residence [23,35]; therefore, it
is desirable to include male participants from various
regions to accurately assess the relationship between
gut microbiota and testosterone metabolism in Japa-
nese males. We are currently conducting a large-scale
study, collecting samples from several hospitals nation-
wide in Japan (UMIN000043489). Second, the cohort
for this study was predominantly composed of elderly
male subjects, as we analyzed a sample of males with
suspected prostate cancer who underwent prostate bi-
opsy. As the composition of gut microbiota varies with
age [35], it remains unclear whether similar relation-
ships would be observed in younger groups. On the
other hand, as testosterone synthesis is reduced in the
elderly, the effect of bacteria-derived testosterone was
possibly more apparent in the present study. A positive
correlation has also been reported between fecal Fir-
micutes and blood testosterone levels in younger male
subjects [24]. In addition, because males with negative
biopsies may have benign prostatic hyperplasia and
prostatitis which may influence their gut microbiota,
the cohort in this study was strictly different from the
healthy volunteer cohort. Third, although the time of
blood sample collection was fixed in the morning, there
was no consistent fasting time before sample collection.
Since fasting status can affect the testosterone level [36],
in future studies, the fasting time should be considered
to provide a more accurate assessment. In addition,
other factors that may be involved in TT and the gut
microbiota, such as sex hormone-binding globulin and
estrogen levels, should be measured. Lastly, as the gut
microbiota composition was identified using 16S rRNA

Makoto Matsushita, et al: Firmicutes in the Gut Affects Testosterone I

sequencing, we could not evaluate bacterial genomic
functions or compare the composition at the species
level. Detailed analysis using shotgun metagenomics
would enable these evaluations.

CONCLUSIONS

The present study suggests that there is a positive
association between the phylum Firmicutes, and tes-
tosterone metabolism in elderly Japanese males. Ac-
cordingly, probiotics and other bacterial agents may be
successfully used to treat and prevent various testos-
terone-associated diseases in the future.
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