
INTRODUCTION

Various bacterial species are present on every 
surface of the human body and form unique flora, 
depending on their location. In particular, there are 
approximately 1013–1014 total bacteria in the colon, 
making the gut microbiota the largest flora in the 
body [1]. It is now known that the bacteria that make 
up the gut microbiota interact with us through various 
factors. Lifestyle factors such as diet and exercise are 

the primary influencers of the composition of the gut 
microbiota [2]. In turn, intestinal bacterial components 
and their metabolites can influence human biological 
systems such as the immune system [3].

Some bacteria-induced diseases have long been 
known and studied; however, very few commensal 
bacteria have been targeted for the treatment and pre-
vention of these diseases [4]. Recent advances in bacte-
rial analysis have revealed that numerous diseases are 
affected by local or distant microbiomes. The study of 
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the relationship between humans and their microbiota 
first focused on intestinal diseases, such as inflamma-
tory bowel disease (IBD), because the local environment 
is rich in bacteria [5-8]. In addition, intervention with 
the gut microbiota by fecal microbiota transplantation 
and probiotics is becoming a therapeutic approach for 
these intestinal diseases [9]. More recently, the systemic 
effects of intestinal bacteria have been analyzed, and 
these symbiotic bacteria have been found to influence 
the state of diseases, including diabetes, dementia, he-
patic steatosis, and non-intestinal cancers in distant 
organs [10-12]. Because the interactions between the 
intestinal tract and other distant organs are connected 
via their microbiota and believed to play an important 
role in human health, these major relationships have 
been termed, for example, the “gut-liver axis, gut-brain 
axis, and gut-kidney axis” [11,13,14].

Diseases involving the prostate have also been re-
ported in several bacterial studies. Prostate cancer is 
strongly associated with lifestyle, factors, including 
diet, and and genetic factors, including race; in particu-
lar, animal fat intake and African-American race are 
respective risk factors for prostate cancer [15,16]. These 
factors modulate the risk of prostate cancer by altering 
the gut microbiome. In this review, we investigate the 
relationship between the gut microbiota and prostate 
cancer, using findings from previous studies.

CLINICAL RESEARCH ON GUT 
MICROBIOTA AND PROSTATE 
CANCER

The gut microbiota can affect the incidence and pro-
gression of various types of cancers, but fewer reports 
consider its relationship with prostate cancer than 
other cancers. Recent studies in the USA have reported 
that the composition of the gut microbiota differs de-
pending on the status of prostate cancer. In 2018, Liss 
et al [17] analyzed the gut microbiota of 133 American 
men who underwent prostate biopsy and reported a 
relationship between human prostate cancer and the 
gut microbiome for the first time. Their cohort primar-
ily included African-Americans and Caucasians. The 
composition of intestinal bacteria was significantly 
different between men with positive and those with 
negative biopsy results (p<0.01), and patients with 
prostate cancer had a higher ratio of Bacteroides and 
Streptococcus species in their gut microbiota (p<0.04). 

The researchers also performed a gene-based function-
al analysis of gut microbiota, revealing that the folate 
and arginine metabolism pathways were enriched in 
patients with prostate cancer. Because of the increased 
dependency on folate in prostate cancer cells, intensive 
research has been conducted on the relationship be-
tween them, and it has been shown that blood folate 
levels are correlated with prostate cancer risk and pro-
liferation rate [18,19]. Furthermore, in a mouse model 
of prostate cancer, oral folate intake affected both the 
blood and prostate folate levels, and dietary folate de-
ficiency improved cancer pathology [20]. Risk scoring 
based on 10 microbiome-derived metabolic pathways 
can detect prostate cancer with higher accuracy than 
the standard prostate-specific antigen (PSA) test. These 
results suggest that specific intestinal bacteria and 
their metabolic functions could play a role in the risk 
of prostate cancer, similar to that observed in several 
other diseases.

In another report, Bacteroides massiliensis was more 
common in the gut microbiota of Caucasian males with 
prostate cancer than in those with benign prostatic 
hyperplasia (BPH), whereas Faecalibacterium praus-
nitzii and Eubacterium rectalis were less common [21]. F. 
prausnitzii is a common anti-inflammatory bacterium, 
and its decrease is associated with a higher risk of 
Crohn’s disease recurrence [22]. In addition, culture su-
pernatants of this bacterium exhibit anti-inflammatory 
effects by reducing NF-κB activity in intestinal epi-
thelial cells, both in vitro and in vivo [22]. These results 
suggest that some metabolites secreted by F. prausnit-
zii may contribute to the prevention of prostate cancer 
and IBD; therefore, this species is potentially beneficial 
as a probiotic. The composition of the gut microbiota 
of non-Hispanic Caucasians did not differ significantly 
between patients with and without prostate cancer [23]. 
In Caucasian-centric communities, these results sug-
gest that there may be no major specificity in the gut 
microbiota of patients with prostate cancer, but some 
Bacteroides species may predominate.

A few reports on the gut microbiome profile of pa-
tients with prostate cancer living outside the USA 
show different results. Our group has previously ana-
lyzed the gut microbiota composition of 152 Japanese 
patients who underwent prostate biopsy [24]. In this 
study, patients with high-grade prostate cancer (grade 
group >2) showed a significantly higher abundance of 
Alistipes and Lachnospira. Alistipes was enriched in 
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the gut microbiota of patients with colorectal cancer, 
and Alistepes administration induced colitis in rodents 
by activating IL-6 signaling and promoting tumorigen-
esis [25,26]. The same mechanism may be responsible 
for the progression of prostate cancer. On the other 
hand, Lachnospira belongs to the family Lachnospi-
raceae, which is considered to contain beneficial bac-
teria that have anti-inflammatory effects and locally 
inhibit colon cancer [27,28]. However, as discussed later, 
short-chain fatty acids (SCFAs) produced by this fam-
ily promote prostate cancer growth [29]. Moreover, a 
new index calculated from the abundance of 18 in-
testinal bacteria characteristic of patients with high-
grade prostate cancer could discriminate the cancer 
status with greater accuracy than the PSA test (area 
under the curve [AUC]=0.81 vs. 0.67). Despite the dif-
ferent bacteria identified in studies in the USA, our 
functional analysis of the gut microbiome of patients 
with high-grade prostate cancer showed high starch 
and sucrose metabolism pathways, which are also com-
mon pathways seen in Americans. These results sup-
port previous reports that the profile of gut microbiota 
varies by region and race [30,31]. It also suggests that 
although different intestinal bacteria are involved in 
prostate cancer risk by region, their functions may be 
common across regions.

Since the microbiota, which consists of foreign ele-
ments, interacts with the immune system, it is often 
associated with inflammation. Urinary and prostatic 
tissue-residing microbiota can directly cause prostatitis 
and prostatic hyperplasia through inflammatory pro-
cesses [32,33]. Gut microbiota are involved locally in the 
pathogenesis of these inflammatory diseases, but may 
also play a role in more distant organs via immune and 
inflammatory processes [34]. In a previous study, we 
found that men with enlarged prostates had signifi-
cantly higher Firmicutes/Bacteroidetes ratios in the gut 
microbiota than those without enlarged prostates [35]. 
An imbalance between Firmicutes and Bacteroidetes in 
the human gut microbiota is considered an indicator of 
dysbiosis, and has also been observed in patients with 
obesity, IBD, nonalcoholic steatohepatitis, and myocar-
ditis, suggesting a link to systemic inflammation [36-
40]. Thus, our results indicate that inflammation caused 
by intestinal bacteria may also affect distant prostate 
cancers. Furthermore, gut microbiota may be associated 
not only with hypertrophy but also with inflammatory 
carcinogenesis in the prostate. In the future, there is 

a need to investigate the independent impact of these 
bacterial factors on prostate cancer risk, as both gut mi-
crobiota and prostate cancer development are affected 
by various lifestyle factors, such as diet and exercise.

THE REGULATION OF 
TESTOSTERONE BY INTESTINAL 
BACTERIA

Some bacteria reportedly affect testosterone levels in 
humans through deglucuronidation of testosterone in 
the gut, wherein the biologically active form is subse-
quently reabsorbed into the host [41]. Conversely, tes-
tosterone can alter the composition of gut microbiota 
[42,43]. We have previously shown that the fraction of 
the Firmicutes phylum in the gut microbiota of elderly 
Japanese men (median age, 71.0 y) was significantly 
correlated with serum testosterone levels (r=0.3323, 
p=0.01) [44]. A similar trend was observed in younger 
cohorts. Shin et al. also found that in 31 men with a 
median age of 37.45 years, serum testosterone levels 
were positively correlated with several bacteria belong-
ing to the phylum Firmicutes, including Megamonas 
(r=0.4161, p=0.02) and Ruminococcus (r=0.4589, p=0.01) 
[45]. Similar to our study, in a group of adolescents 
(median age, 10.99 y), testosterone levels were positively 
correlated with Ruminococcus (r=0.371, p=0.040) and 
Dorea (r=0.471, p=0.007), both of which belong to Fir-
micutes [46].

Despite age-related changes in the gut microbiota 
composition, bacteria belonging to the phylum Fir-
micutes may be responsible for testosterone regulation 
in hosts. Fecal transplantation from adult male mice 
into immature female mice elevated their testosterone 
levels, indicating that the gut microbiome of males 
produces testosterone [47]. Oral administration of Lac-
tobacillus, which belongs to Firmicutes, also increased 
testosterone levels in mice [48,49]. These results suggest 
that probiotics may improve testosterone-related health 
conditions and diseases in men.

The gut microbiota may also influence the develop-
ment of breast cancer because of its ability to decon-
jugate conjugated estrogen excreted in the intestinal 
tract [50]. In addition, intestinal bacteria can metabo-
lize estrogen-like compounds such as enterodiol [51]. 
Similarly, bacterial-derived testosterone analogs may 
be relevant in prostate cancer, and further studies are 
needed in this category.
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The gut microbiota has recently been described as 
an androgen-producing “organ.” Accordingly, androgen 
deprivation therapy administered as a systemic treat-
ment for prostate cancer can alter the gut microbiota. 
Sfanos et al [52] analyzed the gut microbiota of 30 
American men with various stages of prostate cancer 
and healthy controls. The results showed that patients 
with prostate cancer had a significantly different 
microbial composition from healthy controls (p=0.02). 
In addition, treatment with anti-androgen therapy 
reduced the diversity of the gut microbiota in these 
patients and increased the proportion of Akkerman-
sia muciniphila (0.002 vs. 0.055, p=0.002), which is also 
known to increase responses to immunotherapy [53]. 
In an in vivo study using a mouse model, Akkermansia 
muciniphila decreased in the gut microbiota after cas-
tration, and testosterone propionate supplementation 
increased this bacterium [54]. These conflicting results 
may be due to the underlying differences in the com-
position of the gut microbiota in humans and rodents. 
Further studies are needed to clarify the interaction 
between testosterone and Akkermansia muciniphila. 
Thus, during treatment selection, we should consider 
the possibility that androgen deprivation therapy 
influences the efficacy of other types of cancer treat-
ments through gut microbiome-mediated mechanisms.

THE ROLE OF THE GUT 
MICROBIOME IN PROSTATE CANCER 
PATHOGENESIS

Although human microbiome studies suggest that 
the gut microbiota plays a role in prostate cancer 
progression, few basic studies have elucidated the 
mechanisms by which this can occur. In other diseases, 
including non-intestinal diseases, basic research has 
revealed that intestinal immunity or bacterial-derived 
metabolites influenced by the gut microbiota can have 
augmenting or suppressive effects. Thus, the two-sided 
mechanisms by which the intestinal microbiota affects 
human health are complex, but have become clearer in 
recent studies.

Previous findings have shown that animal fat intake 
promotes cancer growth in a prostate cancer mouse 
model, specifically in prostate-specific Pten knockout 
mice, through various mechanisms [55-57]. In our pre-
vious study, oral administration of antibiotics signifi-
cantly reduced prostate cancer growth in mice fed a 

high-fat diet (HFD) (p=0.015) [29]. This study provides 
the first firm evidence that the gut microbiome is in-
volved in prostate cancer progression. We found that 
this inhibitory effect involved a reduction in SCFAs 
produced by intestinal bacteria. SCFAs, major metabo-
lites of the gut microbiota, stimulate systemic as well 
as local prostatic insulin-like growth factor 1 (IGF-1) 
production and activate the IGF-1 signaling pathway 
in prostate cancer cells, which in turn promotes cancer 
growth [29]. The results of our study suggest that in-
fluencing the gut microbiota by diet and medications 
may play a role in the pathogenesis of prostate cancer.

In contrast, butyrate, an SCFA, exerts anti-inflamma-
tory effects through the activation of Gpr109a, inhibits 
carcinogenesis in the gut, and is a beneficial metabolite 
in humans [58]. Interestingly, this metabolite has op-
posing functions in the prostate and gut, indicating 
that the profile of healthy and beneficial gut micro-
biota may differ for each disease. For example, cohort 
studies have shown that some dairy products increase 
the risk of prostate cancer, whereas the opposite is 
observed in colorectal cancer [59-61]. The cause has not 
been identified, although the high butyrate content in 
milk suggests that this compound may be responsible 
for this discrepancy [62]. Since obese persons are at an 
increased risk of high-grade prostate cancer and have 
been found to have high levels of SCFAs in their stool, 
SCFAs are likely to be involved in prostate cancer risk 
[63,64].

Other mechanisms also suggest the involvement 
of gut microbiota in prostate cancer. We found that 
HFD-induced dysbiosis of the gut microbiota in mice 
elevated intestinal permeability and promoted lipopoly-
saccharide (LPS) leakage from this tract [65]. Serum 
LPS levels were significantly higher in prostate cancer 
model mice fed HFD than in those fed the control diet 
(p=0.005). Prostate local histamine signaling activated 
by LPS can promote inflammatory prostate cancer 
growth by stimulating the interleukin-6 (IL6)-signal 
transducer and activator of transcription 3 (STAT3) 
axis and increasing myeloid-derived suppressor cells 
(MDSCs); however, the LPS/toll-like receptor 4 (TLR4) 
signaling block inhibited HFD-induced prostate cancer 
growth [65]. In another report, it was found that gut 
dysbiosis and increased intratumoral LPS promoted 
prostate cancer progression and docetaxel resistance 
via the IL6-STAT3 axis in vivo and in vitro [66]. Intes-
tinal bacterial components have also been reported to 
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cause a variety of diseases in distant organs via in-
flammatory and immune mechanisms. The influx of 
gut microbiota-derived endotoxins in the portal circula-
tion promotes TLR4 expression and is associated with 
hepatic inflammation and steatosis [67,68]. Obesity-
induced hepatic translocation of lipoteichoic acid, one 
of the components of the cell wall of gram-positive 
bacteria, accelerates the senescence of hepatic stellate 
cells, promoting HCC progression via prostaglandin 
E2-mediated suppression of antitumor immunity [69]. 
Endotoxins and amyloids from gram-negative bacte-
ria can penetrate the blood-brain barrier and induce 
amyloid β aggregation and neuroinflammation in the 
central nervous system, suggesting that bacterial mol-
ecules and metabolites may be involved in the onset 
and progression of Alzheimer’s disease [70]. Bacterial 
components other than LPS may also play key roles in 
the inflammatory and immune-related development 
and progression of prostate cancer.

Modulation of the immune system and other fac-
tors by intestinal bacteria is associated with the ef-
ficacy of various prostate cancer treatments. In an in 
vitro gut microbiota-simulated model, Daisley et al [71] 
demonstrated that abiraterone acetate, a hormone-
based chemotherapeutic used to treat prostate cancer, 
increased Akkamansia muciniphila and suggested that 
the species enhanced the supply of bacteria-derived vi-
tamin K2, which in turn increased the efficacy of this 

medication. Akkamansia in the gut microbiota can also 
improve the efficacy of immunotherapeutic checkpoint 
inhibitors in several cancer types [53]. In prostate can-
cer, extracellular vesicles from this species activate an-
titumor immunity by interacting with CD8-positive T 
cells and macrophages [72]. Gut microbiota can also af-
fect immunity in the prostate, a distant organ, through 
bacterial components that circulate in the body.

Other mechanisms of  prostate cancer regulation 
by androgens in the gut microbiome have also been 
demonstrated. Pernigoni et al [73] found that the gut 
microbiota of patients and murine models with cas-
tration-resistant prostate cancer (CRPC) was enriched 
with Ruminococcus and Bacteroides genera. These in-
testinal bacteria transform androgens into their active 
forms and are involved in prostate cancer progression 
by supplying the active androgens. Indeed, elimination 
of the microbiota by antibiotics delayed the acquisition 
of castration resistance in prostate cancer, but trans-
plantation with stools of patients with CRPC in mice 
accelerated their prostate cancer progression. Converse-
ly, transplantation of stools of patients with castration-
sensitive prostate cancer or the particular species Pre-
votella stercorea inhibited cancer progression.

The reliable presence of multiple mechanisms, act-
ing via metabolites, immunity, and androgens, suggests 
that a complex signaling network mediated by the mi-
crobiome is formed between the gut and prostate (Fig. 

Gut-prostate axis

Short-chain fatty acids
IGF-1 signaling

Lipopolysaccharide
histamine signaling

Extracellular vesicle

Vitamin K2

Testosterone

Gut microbiome

Prostate cancer

Rikenellaceae
Clostridiales

Ruminococcus
Bacteroides

Akkamansia muciniphila

Dysbiosis

Cell proliferation

Castration resistance

Efficacy of medication

Antitumor immunity

Local inflammation

Fig. 1. Overview of the “Gut-Prostate 
Axis”. Specific taxa and dysbiosis in the 
gut microbiome regulate crucial features 
of prostate cancer through multiple 
mechanisms.
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1). Future studies can help provide a more complete 
profile of this “gut-prostate axis.” Understanding this 
axis may lead to improved prevention and treatment 
of prostate cancer using specialized probiotics or prebi-
otics. In addition, fecal microbiota transplantation, as 
a more direct treatment method, has been in clinical 
trials for the treatment of some intestinal diseases [74], 
and its application in prostate cancer is expected soon.

PROSTATE CANCER AND THE LOCAL 
MICROBIOTA

In addition to the gut microbiome, the relationship 
between prostate cancer risk and the local microbiota 
has been studied. In the microbiota of human prostate 
tissue, Cutibacterium acnes, previously classified as 
Propionibacterium acnes, which commonly colonizes the 
skin, is more abundant in patients with prostate cancer. 
Chen and Wei [75] investigated the genomic sequence 
of C. acnes in three sets of RNA-seq data from prostatic 
tissues of Australian, Caucasian, and Chinese patients 
and detected C. acnes in both cancer and adjacent tissue 
samples, but not in non-cancerous samples. Cavarretta 
[76] also showed by bacterial genome sequencing of 16 
prostatectomy specimens that Propionibacterium was 
more common in cancerous and peri-cancerous areas 
than in non-cancerous areas (60% vs. 49%).

In a study of 100 samples from patients with pros-
tate cancer and 50 samples from men without cancer, 
C. acnes was found to be significantly more prevalent 
in patients with prostate cancer (60% vs. 26%, p=0.001) 
[77]. This is important, given that C. acnes can colonize 
prostate tissue and cause chronic inflammation in a rat 
model [78]. In addition, Escherichia has been detected 
in prostate cancer tissues in several studies, and is a 
genus of interest [79,80]. This genus mainly colonizes 
the gut, and the colibactin produced by some strains 
promotes carcinogenesis through DNA damage caused 
by double-strand breaks [81]. Escherichia-colonized 
prostate tissue may also have a similar oncogenic ef-
fect.

The association of prostate cancer with the micro-
biota present in urine and prostatic fluid that comes 
in close contact with the prostate gland has also been 
investigated, and several small-scale studies using 
metagenomic analysis have shown a common abun-
dance of Streptococcus in patients with prostate cancer 
[23,82,83]. Although the mechanism underlying this Ta
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remains unclear, these results suggest that the micro-
biome present in urine and prostatic fluid may be more 
directly involved in prostate cancer than in the gut. 
However, urine and prostate tissue contain far fewer 
numbers of bacteria than stool, and sequencing-based 
methods for detecting microbes in samples with low 
microbial concentrations are susceptible to contamina-
tion. Further verification, including contamination-free 
sample collection methods and appropriate sequencing 
controls, is required to obtain reliable results.

The gut microbiome may be indirectly involved in 
the carcinogenesis and progression of prostate cancer, 
but the local microbiome also appears to be directly in-
volved. The composition of the microbiota in the pros-
tate is different from that seen in stool, and it is likely 
that different bacterial associations and activities exist 
locally compared to indirect actions from the gut mi-
crobiota.

CONCLUSIONS

In addition to the importance of the local microbi-
ome, the relationship between the gut microbiota and 
prostate cancer has been extensively investigated in 
both basic and clinical studies, and these suggest that 
the gut-prostate axis houses various bacterial associa-
tions through different mechanisms (Table 1). Fur-
thermore, since the gut microbiome affects androgen 
production, it may be associated with the pathogenesis 
of several predominant male health conditions, such 
as the late onset of hypogonadism, erectile dysfunc-
tion, and BPH. However, the overall complexity of the 
axes remains unclear. Both genetic predisposition and 
environmental factors play a role in the pathogenesis 
of prostate cancer [84,85]. The gut microbiota is known 
to be susceptible to the same host factors [86,87]. Fur-
ther studies should examine the gut-prostate axis as 
well as relevant genetic and environmental factors to 
determine the true impact of the gut microbiome on 
prostate cancer development and progression. These 
studies are expected to provide further evidence for 
the importance of the gut microbiome and support its 
modification for the prevention, diagnosis, and treat-
ment of prostate cancer.
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