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Abstract
We have found that intestinal bacteria and their metabolites, short-chain fatty acids 
(SCFAs), promote cancer growth in prostate cancer (PCa) mouse models. To clarify 
the association between gut microbiota and PCa in humans, we analyzed the gut 
microbiota profiles of men with suspected PCa. One hundred and fifty-two Japanese 
men undergoing prostate biopsies (96 with cancer and 56 without cancer) were 
included in the study and randomly divided into two cohorts: a discovery cohort 
(114 samples) and a test cohort (38 samples). The gut microbiota was compared be-
tween two groups, a high-risk group (men with Grade group 2 or higher PCa) and a 
negative +  low-risk group (men with negative biopsy or Grade group 1 PCa), using 
16S rRNA gene sequencing. The relative abundances of Rikenellaceae, Alistipes, and 
Lachnospira, all SCFA-producing bacteria, were significantly increased in high-risk 
group. In receiver operating characteristic curve analysis, the index calculated from 
the abundance of 18 bacterial genera which were selected by least absolute shrink-
age and selection operator regression detected high-risk PCa in the discovery cohort 
with higher accuracy than the prostate specific antigen test (area under the curve 
[AUC] = 0.85 vs 0.74). Validation of the index in the test cohort showed similar results 
(AUC = 0.81 vs 0.67). The specific bacterial taxa were associated with high-risk PCa. 
The gut microbiota profile could be a novel useful marker for the detection of high-
risk PCa and could contribute to the carcinogenesis of PCa.
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1  | INTRODUC TION

Microorganisms are present on every surface of the human body 
and play a variety of important roles in human health and disease.1 In 
particular, the gut microbiota, which is composed of 1013 to 1014 mi-
croorganisms,2 is the largest and most studied human flora. The gut 
microbiota is associated not only with local diseases of the intestinal 
tract, such as inflammatory bowel disease and colorectal cancer,3,4 
but also with systemic diseases such as liver or neurological diseases, 
suggesting the presence of the so-called gut-liver axis and gut-brain 
axis.5,6 Although the bacterial flora present in urine or tissues that 
are in direct contact with the prostate gland has been suggested to 
influence local inflammation, hypertrophy, and carcinogenesis, the 
relationship between the gut microbiota and the prostate is less fre-
quently studied.7-10

Prostate cancer is clinically associated with dietary content and 
nutrients, such as dairy products and fat.11 The gut microbiota is 
also strongly influenced by dietary habits and body shape,12,13 and 
is involved in host inflammation and immune responses.14 We have 
previously shown in animal studies that a high-fat diet and obesity 
promote local prostate inflammation and PCa proliferation,15-18 and 
that SCFAs, major metabolites of intestinal bacteria, promote PCa 
growth via the IGF-1 signaling pathway.19 These findings suggest 
that the gut microbiota, altered by diet and other external factors, 
may be involved in PCa progression through multiple mechanisms. 
PCa malignancy is determined by the GG, a specific histopathologic 
grading system. A higher score, which can range from 1 to 5 points 
in theory, indicates a higher grade of malignancy. Since the prognosis 
for patients with GG 1 PCa is usually favorable, overdiagnosis and 
overtreatment is a problem, and in recent years it has been recom-
mended that most patients with GG 1 PCa should not be treated.20 
On the other hand, some patients with GG ≥2 PCa have a poor prog-
nosis and require prompt and appropriate treatment. Therefore, it 

is important to ensure that men with high-grade PCa can be distin-
guished from men with low-grade cancer. The serum PSA test is the 
gold standard for PCa screening; however, it cannot distinguish PCa 
grade. Thus, the development of biomarkers for high-risk PCa is an 
urgent requirement.

The aim of this study was to examine the association between 
PCa and the gut microbiota in a Japanese cohort. The gut microbiota 
profiles of men with or without high-grade PCa were compared to 
investigate whether the gut microbiota composition could be used 
as a novel noninvasive marker for high-grade PCa.

2  | MATERIAL S AND METHODS

2.1 | Study design

We collected rectal swab samples of 189 Japanese men who were 
suspected of PCa based on screening methods, such as MRI or PSA 
tests, and underwent prostate biopsies from December 2018 to 
March 2020 at the Osaka University Hospital, Osaka Police Hospital, 
and Osaka General Medical Center. All hospitals are located in Osaka, 
Japan and patients in the local area were included. The presence or 
absence of comorbidities was determined by providing medication. 
Diet, smoking, and alcohol consumption were also assessed with the 
help of a questionnaire before the prostate biopsy. Men who had 
used antibiotics within 6 months of sample collection or whose pre-
vious antibiotic use was unknown were excluded from the analysis.

Patients who did not have a normal bowel movement, such as 
diarrhoea, on the day of collection, and patients whose biopsies 
were discontinued after collection were excluded. In the end, 152 
samples were analyzed. These samples were randomly divided into 
the discovery cohort (114 samples) and the external test cohort (38 
samples) for validation (Figure 1). The patients were divided into two 

F I G U R E  1   Consort flow diagram of 
cohort composition
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groups according to the results of prostate biopsy: a high-risk group 
(GG 2 or higher PCa) and a negative +  low-risk group (negative bi-
opsy or GG 1 PCa). We analyzed all cases using biopsy specimens to 
evaluate the presence and grade of PCa with uniform criteria.

2.2 | Rectal swab collection

The samples were collected during digital rectal examination before 
prophylactic antibiotics and prostate biopsy. The rectal examination 
was performed with sterile gloves, then the finger inserted into the 
rectum was wiped with a sterile swab, FLOQSwabs (COPAN), taking 
care not to touch other contaminated areas with the finger or swab. 
The swab was iced as soon as possible, transported to our labora-
tory, and stored at −80℃ until bacterial DNA extraction.

2.3 | Bacterial DNA extraction and analysis of the 
gut microbiota

The samples were suspended in phosphate buffered saline and 
the bacterial DNA was extracted from the suspension using 
DNeasy Power Soil Kit (Qiagen). Amplicons targeting the V1-V2 
variable regions of the 16S rRNA gene were generated using the 
primers 27Fmod (5′-AGRGTTTGATCMTGGCTCAG-3′) and 338R 
(5′-TGCTGCCTCCCGTAGGAGT-3′). Then, a 251-bp paired-end se-
quencing of the amplicons was performed using a MiSeq (Illumina). 
The raw sequencing data were processed by the QIIME pipeline 
version 1.9.1 as the bioinformatics environment. We used PEAR to 
merge the sequences, and then used UCLUST version 1.2.22q to sort 
the processed sequences into OTUs with a similarity cut-off of 97%. 
The annotation of typical sequences of each OTU was performed 
using RDP Classifier version 2.2 with reference to the Greengenes 
13_8 database. Phylogenetic investigation of communities by re-
construction of unobserved states was performed in QIIME to infer 
the genetic functional profile of the gut microbiota from the OTU 
composition of each sample. The KEGG pathway abundances were 
calculated in PICRUSt.21 The reported nucleotide sequence data are 
available in the DDBJ Sequenced Read Archive under the accession 
number DRA011036.

2.4 | Statistical analysis

Comparisons between the two groups were made using the Mann-
Whitney U test or chi-square tests. Alpha diversity was assessed 
by rarefaction analysis. Beta diversity was assessed by PCoA and 
ANOSIM. Linear discriminant analysis effect size was performed 
to evaluate significantly different OTUs or functional pathways ac-
cording to cancer status. During the development of the index for 
high-risk PCa assessment based on the OTU composition of the sam-
ples, variables and formulae were selected and applied, respectively, 
by the LASSO regression model. The univariate and multivariate 

analyses were performed by the binomial logistic regression tech-
nique. The samples were divided into two groups based on their 
abundance (higher or lower) with respect to the median abundance 
of all samples, and the odds ratio for high-risk PCa was calculated 
for both the groups. Receiver operating characteristic curve analy-
sis was used to calculate the AUC for assessing the discriminatory 
capacity of PCa. P values less than .05 were considered significant. 
Rarefaction analysis and PCoA was performed in QIIME, ANOSIM 
was calculated using R version 4.0.2 package ‘Vegan’, LEfSe was 
performed using Galaxy web application (https://hutte​nhower.sph.
harva​rd.edu/galax​y/), and other statistical tests were performed 
using JMP Pro 14 (SAS Institute).

2.5 | Ethics approval and consent to participate

This study was approved by the Institutional Review Board of Osaka 
University (IRB #13397-16) and written informed consent was ob-
tained from all patients.

3  | RESULTS

3.1 | Characteristics of patients from the discovery 
and external test cohorts

The discovery cohort included 72 men with PCa and 42 men with-
out cancer, and the external test cohort included 24 men with PCa 
and 14 men without cancer (Figure 1). Radical prostatectomy was 
performed without preoperative therapy in 23 of 96 PCa patients. 
There were only three patients whose risk group differed in the 
surgical pathological data and biopsy specimens. The background 
characteristics of the discovery cohort are summarized for each 
GG in Table 1. Age and PSA levels were significantly higher in the 
high-risk group than in the negative + low-risk group (P = .0002 and 
P < .0001). In contrast, there was no difference in BMI, family his-
tory, or presence of LUTS among the two groups. The background 
characteristics of the test cohort are summarized in Table S1. There 
were no significant differences in age, BMI, PSA, and family history 
in this cohort. There were no significant differences in lifestyle-
related characteristics (smoking, drinking alcohol, diabetes, hyper-
tension, dyslipidemia, and dietary habits) between the two groups in 
the discovery and test cohort (Tables S2 and S3).

3.2 | The phylogenetic diversity tended to be higher 
in the gut microbiota of high-risk PCa patients

To assess the alpha diversity of the gut microbiota, the rich-
ness and evenness were evaluated based on the PD and Shannon 
index, respectively (Figure  2A and Figure S1A). There was no sig-
nificant difference in the Shannon index not only between the nega-
tive + low-risk and high-risk groups (Figure 2B, P = .1667), but also 

https://huttenhower.sph.harvard.edu/galaxy/
https://huttenhower.sph.harvard.edu/galaxy/
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between men with and without PCa (Figure S1B, P = .2484). The PD 
tend to be higher in the high-risk group than in the negative + low-
risk group (Figure  2B, P  =  .0515). This trend was the same when 
comparing men with and without PCa (Figure S1B, P =  .0673). No 
significant differences were identified in the beta diversity between 
the negative +  low-risk and high-risk groups (Figure 2C, P =  .398, 
R  =  −.0002). Similarly, there was no significant difference in beta 
diversity between men with or without PCa (Figure S1C, P =  .115, 
R  =  .034). The PCoA showed an obvious overlap of the bacterial 
component profile between both groups (Figure 2C).

3.3 | Specific bacteria and metabolic pathways were 
significantly increased in the gut microbiota of men 
with high-grade PCa

From the phylum to the genus level, nine OTUs, identified in this anal-
ysis, had significantly higher relative abundance in the gut microbiota 
of the high-risk group (P < .05, LDA score > |2.0|) (Figure 3A). Two of 
the nine OTUs could not be annotated. There was a particularly re-
markable difference in the abundance of Rikenellaceae, Alistipes and 
Lachnospira (LDA score  >  |2.5|). Similarly, the abundance of these 
three bacteria was significantly higher in patients with PCa (LDA 
score >  |2.5|) than that in men without cancer (Figure S2A). There 
was no significant difference in the abundance of each of the three 
bacteria between PCa patients with and without metastases (Figure 

S2B). An analysis of the gut microbiota functional profile significantly 
differed between the negative + low-risk and high-risk PCa groups 
(P < .05, LDA score > |2.0|) (Figure 3B), which contained five meta-
bolic pathways (starch and sucrose metabolism, phenylpropanoid 
biosynthesis, phenylalanine, tyrosine, and tryptophan biosynthesis, 
cyanoamino acid metabolism, and histidine metabolism). Similarly, 
these five metabolic pathways were significantly more common in 
the patients with PCa than in the men without cancer (Figure S2C).

3.4 | Fecal microbiome prostate index could identify 
patients with high-grade PCa

We examined whether the gut microbiota profile could identify 
high-risk PCa in the test cohort. Each of the three highly abun-
dant bacteria in the patients with high-risk PCa (Rikenellaceae, 
Alistipes, and Lachnospira) showed low accuracy in identifying 
men with high-risk PCa when validated in the test cohort (AUC 
= 0.62, 0.59, and 0.54) (Figure 4A). Thus, we used the LASSO re-
gression model to perform a variable selection of 503 OTUs, ex-
cluding 221 OTUs that were not annotated and whose bacterial 
name could not be identified, and developed the index for high-
risk PCa assessment based on the OTU composition (Figure 4B). 
Eighteen OTUs were identified that were particularly associated 
with the high-risk group (Table 2). A regression equation with the 
relative abundance of these 18 bacteria was calculated, and the 

F I G U R E  2   Alpha and beta diversity of the gut microbiota in the discovery cohort. A, Rarefaction analysis of the Shannon index (left) 
and phylogenetic diversity (PD) whole tree (right). The data are presented as mean ± standard deviation. B, Boxplots depicting the Shannon 
index (left) and PD whole tree (right) at 20 000 sequences. The data represent median (line in box), interquartile range (box), and 5–95 
percentiles (whiskers). C, Principal coordinate analysis plots based on weighted UniFrac distance showing gut microbiota composition in the 
discovery cohort. The blue line and dots represent the negative + low-risk group, and the red line and dots represent the high-risk group
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value was defined as the FMPI (Appendix S1). The FMPI was sig-
nificantly higher in the high-risk group in both the discovery and 
test cohorts (P < .001 and P = .001) (Figure 4C). When comparing 
the existing risk factors in the univariate logistic regression anal-
ysis, PSA levels, age, and FMPI were shown to be significant fac-
tors for high-risk PCa. After adjusting for PSA levels and age, the 
multivariate analysis showed that FMPI remained as a significant 
risk factor for high-risk PCa (odds ratio  =  7.06, 95% CI  =2.83-
17.66, P <  .0001) (Table 3). In the discovery cohort, ROC curve 
analysis showed the accuracy of FMPI at detecting high-risk 
PCa in men undergoing a prostate biopsy and that the FMPI had 
higher AUC than PSA levels (AUC = 0.85 vs 0.74) (Figure 4D). Two 
cut-off points were set up, one for good sensitivity (≥80%) and 
another for good specificity (≥80%). A 0.47 cut-off resulted in a 
sensitivity of 0.81, specificity of 0.66, PPV of 0.71, and NPV of 
0.77. Then, a 0.51 cut-off resulted in a sensitivity of 0.71, speci-
ficity of 0.80, PPV of 0.79, and NPV of 0.73. Validation in the 
external test cohort showed that FMPI had higher AUC than PSA 
(AUC = 0.81 vs 0.67) (Figure 4E). A cut-off of 0.47 (good sensi-
tivity in the discovery cohort) resulted in a sensitivity of 0.79, 
a specificity of 0.63, PPV of 0.68, and NPV of 0.75. A cut-off 
of 0.51 (good specificity in the discovery cohort) resulted in a 
sensitivity of 0.63, a specificity of 0.84, PPV of 0.80, and NPV 
of 0.70. The accuracy of FMPI at discriminating the PCa pres-
ence was demonstrated in the discovery (AUC = 0.78) and test 
(AUC = 0.70) cohorts (Figure S3).

4  | DISCUSSION

In this study, we analyzed the gut microbiota of men suspected of 
PCa and found that specific bacteria and bacterial metabolic func-
tions were increased in high-risk PCa patients. In addition, we sug-
gested that the gut microbiota composition could be a more accurate 
predictor of high-risk PCa than the PSA test.

A limited number of studies, mostly on Caucasian cohorts from 
the USA, have reported the association between PCa and gut mi-
crobiota. We hypothesized that the results likely differ between 
cohorts due to regional and racial differences in the gut microbi-
ota.22,23 Therefore, we decided to investigate the relationship be-
tween gut microbiota and PCa in Japanese men. Additionally, since 
the gut microbiota is affected by the lifestyle of the host, which in-
cludes a variety of factors such as smoking, diet, and medication,24 
this analysis was limited to men living in an urban area to reduce 
regional differences in lifestyle. Since the Japanese have a unique 
gut microbiota22 and no comprehensive gut microbiota analysis of 
Japanese PCa patients using next-generation sequencers has been 
reported yet, this study is likely to provide novel insights from these 
unique cohorts.

This study showed no significant differences in both alpha and 
beta diversity according to cancer grade, but the PD, which provides 
an estimate of the richness of the bacterial flora in alpha diversity, 
tended to be higher in men with PCa than in men without cancer. 
In contrast, a study in the American population reported that the 

F I G U R E  4   Validation of the ability of the gut microbiome profile to predict high-risk prostate cancer (PCa). A, Receiver operating 
characteristic (ROC) curve analysis of Rikenellaceae (blue line), Alistipes (green line), and Lachnospira (red line) for predicting high-risk PCa 
in the test cohort. B, Consort flow diagram of the fecal microbiome prostate index (FMPI) definition. From the 724 operational taxonomic 
units (OTUs) in the discovery cohort, least absolute shrinkage and selection operator regression analysis selected 18 OTUs that had a strong 
correlation with either the presence or absence of high-risk PCa and developed a regression equation for high-risk PCa detection, which was 
named FMPI. C, Dot plots depicting FMPI values in the negative + low-risk and the high-risk groups in the discovery (left) and test (right) 
cohorts. D and E, ROC curve analysis and area under the curve of FMPI (blue line) and prostate-specific antigen level (red line), and cut-off 
points of the FMPI for predicting high-risk PCa in the discovery (D) and test (E) cohorts

F I G U R E  3   Comparison of the 
abundance of operational taxonomic units 
(OTUs) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathways based on 
cancer grade. A and B, Linear discriminant 
analysis (LDA) effect size analysis 
including OTUs (A) and KEGG pathways 
(B) that were significantly different in 
abundance between the high-risk and 
negative + low-risk groups (P < .05 and 
LDA score > |2.0|). Red bars represent 
OTUs and pathways positively associated 
with the high-risk group. The bars without 
bacterial names refer to OTUs that could 
not be identified
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PD was significantly higher in men without PCa.25 This difference in 
alpha diversity trend may reflect regional variations in the gut micro-
biota profile due to racial and lifestyle diversity. However, multiple 
other studies in the USA have not found differences in the alpha 
diversity between men with or without PCa.26,27 Thus, it should be 
noted that the association between gut microbiota diversity and PCa 
is controversial.

In the present study, Rikenellaceae, Alistipes, and Lachnospira 
were more common in patients with high-risk PCa. These results 
are quite different from the four PCa-promoting taxa (Pseudomonas, 
Escherichia, Acinetobacter, and Propionibacterium) in prostate tissue 
flora of the Asian cohort.8 This suggests that the intestinal bacte-
ria would be different from the prostatic bacteria, and each is in-
volved in PCa growth through different mechanisms. Alistipes is a 
genus belonging to the Rikenellaceae family and has been associated 
with CRC.28-30 In a multi-cohort analysis, the abundance of Alistipes 
spp. was increased in the gut microbiota of CRC patients in several 
countries. Evidence shows that in an animal study, the transfer of 
Alistipes induced colitis and promoted colon carcinogenesis via the 
IL-6 signaling pathway.28,31 We previously reported that prostate in-
flammation and activation of IL-6 signaling are involved in the high-
fat diet-induced acceleration of PCa growth in an animal model.15 
Alistipes may induce inflammation not only in the gastrointestinal 
tract but also systemically, which may increase the risk of PCa. On 
the other hand, Alistipes is one of the SCFA-producing bacteria, and 

previous studies have been focused on its anti-inflammatory func-
tion via SCFAs.32,33 In addition, Lachnospira, which is a genus of the 
family Lachnospiraceae, is also an SCFA-producing bacteria.34 This 
family is generally considered to be beneficial bacteria for the host 
because of the anti-inflammatory effects on the intestinal tract and 
protects us against CRC.35,36 However, based on the results of this 
study, these SCFA-producing bacteria, Alistipes and Lachnospira, 
could be potential PCa promoters. Sims et al analyzed the gut mi-
crobiota of cervical cancer patients and reported that Alistipes 
and Lachnospira are less common in the patients.37 In contrast, we 
showed that Alistipes and Lachnospira were markedly increased in 
the gut microbiota of high-grade PCa patients, suggesting a unique 
mechanism whereby SCFAs promote PCa. In a PCa mouse model, we 
have reported that oral administration of antibiotics inhibits cancer 
growth, and SCFAs from intestinal bacteria play an important role in 
this PCa progression via the IGF-1 signaling pathway.19 In addition, 
Rikenellaceae and Lachnospiraceae have been identified as potential 
PCa promoters in mouse gut microbiota, which is similar to the pro-
file in the human microbiota in this study. These results indicate that 
bacteria-derived SCFAs in the human intestinal tract might also pro-
mote PCa progression, as seen in mouse.

Furthermore, the other bacteria that were increased in 
the patients with high-grade PCa included Subdoligranulum, 
Lachnobacterium, and Christensenellaceae, which, like Lachnospira, 
belong to the SCFA-producing order Clostridiales. These results 
suggest that SCFAs may play a significant role in PCa progression. 
Alistipes and Subdoligranulum are increased in the gut flora of people 
with a high-quality diet, which includes the intake of more whole 
fruits and less added sugar, calculated by healthy eating index-2005 
in the USA.38 Therefore, the type of diet and lifestyle that increase 
these bacteria, which are common in Japanese men with PCa, need 
to be investigated. Most studies in the USA found an increase in 
Bacteroides spp. in men with PCa.26,27,39 These results differ from 
those of our study, suggesting the existence of a unique profile be-
hind PCa development in Japanese men.

Although each bacterial species has a different functional pro-
file, some functions are common among several species. Therefore, 
it is important to compare not only bacterial compositions, but also 
bacterial functions. We used PICRUSt to predict a functional pro-
file of the gut microbiota based on the composition of the OTUs 
identified by 16S rRNA gene sequencing. Starch and sucrose me-
tabolism, the KEGG metabolic function that was most elevated in 

TA B L E  2   The bacterial taxa selected in LASSO regression 
analysis

Positive correlation with high-risk PCa
Negative correlation 
with high-risk PCa

Rosemonas Propionspora

Syntrophococcus Sebaldella

Kyotococcus Kocuria

p-75-a5 Moryella

Aeromonas Anaerofilum

Raoultella Atopobium

Eggerthella Peptostreptococcus

Lachnospira Blautia

Phascolarctobacterium Acidaminococcus

Abbreviations: LASSO, least absolute shrinkage and selection operator; 
PCa, prostate cancer.

Parameter

Univariate Multivariate

OR 95% CI P value OR 95% CI P value

Age 4.04 1.85-8.83 .0003 3.89 1.56-9.73 .0036

BMI 0.57 0.27-1.19 .1352 — — —

PSA 4.00 1.83-8.71 .0005 3.49 1.41-8.63 .0068

FMPI 7.18 3.22-16.9 <.0001 7.06 2.83-17.66 <.0001

Abbreviations: BMI, body mass index; FMPI, fecal microbiome prostate index; PCa, prostate 
cancer; PSA, prostate-specific antigen.

TA B L E  3   Univariate and multivariate 
analysis to determine the independent 
predictor of high-risk PCa
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the gut microbiota of high-risk PCa patients in this cohort, was also 
markedly elevated in American PCa patients in a previous study.26 
Although the bacteria increased in the American patients were dif-
ferent from those identified in the current study on Japanese pa-
tients, there were common characteristics of metabolic functions in 
both the Japanese and American cohorts, suggesting that specific 
bacterial metabolites, rather than specific bacteria, are involved in 
PCa worldwide. Notably, the pathways involved in multiple types of 
amino acid metabolism were elevated in the high-risk group. PCa pa-
tients have a different profile of amino acids in their blood or urine 
from that of healthy controls, which may be due to differences in 
intestinal bacteria.40-42

Although we could not accurately detect high-risk PCa based on 
the relative abundance of a single bacterium, the FMPI, which was 
calculated from the abundance of the selected bacteria strongly as-
sociated (either positively or negatively) with high-risk PCa and could 
detect high-risk PCa with greater accuracy than the PSA test. These 
18 statistically selected bacteria contained nine genera that were 
increased in high-risk PCa, including not only the above-mentioned 
Lachnospira, but also Aeromonas and Phascolarctobacterium, which 
are also increased in CRC patients.43,44 In addition, the abundances 
of Eggerthella, which was also among the nine genera with higher 
abundance in the high-grade PCa group, and Alistipes in the gut are 
related to vegetable intake.45 Therefore, the increased presence 
of Eggerthella likely reflects a scenario similar to that of Alistipes in 
the gut microbiota, indicating that a diet high in fibre, the source 
of SCFAs, increases the risk of high-grade PCa. On the other hand, 
Blautia, which was among the nine genera with higher abundance in 
the negative + low-risk group, has been reported in the USA to be in-
versely associated with the cancer grade in PCa patients.46 Another 
genus, Anaerofilum, is more common in breast cancer patients with 
low counts of tumor-infiltrating lymphocytes,47 suggesting that 
bacterial modulation of inflammation in distant organs may also in-
fluence the progression of PCa. Our findings suggested that PCa is 
influenced by specific gut bacterial groups through multiple mecha-
nisms, although a single bacterium was not strongly associated with 
PCa (Table  4). Furthermore, this analysis identified some bacterial 

genera that have also been shown to be involved in several cancer 
types in Caucasian cohorts. Since the FMPI could detect high-risk 
PCa with high accuracy even in the external test cohort, the FMPI 
could be a very useful marker for high-risk PCa, which needs de-
finitive therapy. Similar results have not been reported in the past, 
which may be because this study was the first to solely focus on the 
gut microbiota profile associated with high-risk PCa. Analyzing the 
gut microbiota and calculating the FMPI using swab samples can be 
performed as an additional noninvasive test for men suspected of 
PCa at the time of digital rectal examination, which is an essential 
test for PCa screening. Therefore, this noninvasive and informative 
analysis of the gut microbiota might be widely used as an essential 
test for screening patients with high-risk PCa.

There are several limitations to this study. First, the study co-
hort was composed only of Japanese men living in an urban area 
with similar lifestyles. The bacterial composition at risk for PCa dif-
fered from the results reported in predominantly Caucasian popula-
tions.26,27,39 Whilst our results have compared the gut microbiota in 
a cohort with similar lifestyles, our findings may not be translatable 
to a wider global population. Future validation in a larger cohort with 
various lifestyles is desirable. Second, we assessed lifestyle based 
on a brief questionnaire. As such, we were able to confirm that there 
was no obvious lifestyle bias in our results. However, this study did 
not allow us to examine the link between PCa and gut microbiota 
under the influence of lifestyle (eg, dairy intake). A detailed lifestyle 
assessment should be conducted in future studies. Third, since we 
used 16S rRNA gene sequencing to analyze the gut microbiota, we 
could not know the composition at the species level and the actual 
genetic functions of the microbiota. Shotgun metagenomic sequenc-
ing is necessary to elucidate these aspects, but it is costly and re-
quires large amounts of bacterial DNA. In contrast, 16S rRNA gene 
sequencing was more suitable for analyzing a large number of swab 
samples with small amounts of DNA. Fourth, because this study was 
conducted in all men who had been suspected of PCa by PSA test, it 
is possible that the cohorts without PCa may have a different micro-
biota than healthy individuals with normal PSA levels. Further pro-
spective studies should be carried out to examine whether the FMPI 
can be used to assess PCa risk in healthy men. Finally, we could not 
conclude whether alterations in the gut microbiota of men with PCa 
were the cause or the consequence of their PCa. Therefore, it is not 
possible to determine from these results whether intervention of the 
gut microbiota using probiotics or other agents can reduce PCa risk 
and development. However, we found that PCa does not alter the 
gut microbiota in a PCa mice model, and therefore gut bacteria are 
likely involved in PCa development.19

In this study, Rikenellaceae, Alistipes, and Lachnospira were more 
abundant in the gut microbiota of patients with high-risk PCa. We 
found that the FMPI estimated from the abundance of 18 specific 
gut bacterial genera could detect high-risk PCa in Japanese men un-
dergoing prostate biopsy with greater accuracy than the PSA test. 
These findings suggest the existence of “gut-prostate axis” mediated 
by specific bacteria and shed lights on the new mechanisms of PCa 
growth. In recent years, efforts have been made to treat or prevent 

TA B L E  4   The possible roles of intestinal bacteria associated 
with the risk of high-grade PCa

SCFAs production
Regulation of 
inflammation

Alistipes Alistipes 
(pro-inflammation)

Rikenellaceae Anaerofilum 
(anti-inflammation)

Lachnospira

Subdoligranulum

Lachnobacterium

Christensenellaceae

Eggerthella

Abbreviations: PCa, prostate cancer; SCFAs, short-chain fatty acids.
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various diseases by probiotics or other agents; however, in PCa, 
the influence of gut microbiota has not been well understood until 
now.14 Further studies might allow us to use the abundance of the 
three PCa-associated taxa and the FMPI as a predictive marker for 
the treatment and prevention of high-risk PCa using bacterial agents.

ACKNOWLEDG MENTS
This work was supported by research grants from the Japanese 
Urological Association and Yakult Bio-Science Foundation. We 
thank Hisako Kayama and Kiyoshi Takeda (Laboratory of Immune 
Regulation Department of Microbiology and Immunology, Graduate 
School of Medicine, Osaka University) for useful discussions, and 
thank all the laboratory and hospital staff for their help with proper 
sample collection, preservation, and management.

CONFLIC T OF INTERE S T
The authors have no conflict of interest.

ORCID
Makoto Matsushita   https://orcid.org/0000-0002-7491-9410 
Kazutoshi Fujita   https://orcid.org/0000-0002-6774-7497 
Eisuke Tomiyama   https://orcid.org/0000-0002-0056-9446 
Shinichi Yachida   https://orcid.org/0000-0001-5507-4566 
Hirotsugu Uemura   https://orcid.org/0000-0002-3665-9523 
Norio Nonomura   https://orcid.org/0000-0002-6522-6233 

R E FE R E N C E S
	 1.	 Costello EK, Stagaman K, Dethlefsen L, et al. The application of 

ecological theory toward an understanding of the human microbi-
ome. Science. 2012;336:1255-1262.

	 2.	 Gill SR, Pop M, DeBoy RT, et al. Metagenomic analysis of the human 
distal gut microbiome. Science. 2006;312:1355-1359.

	 3.	 Rubinstein MR, Wang X, Liu W, et al. Fusobacterium nucleatum 
promotes colorectal carcinogenesis by modulating E-Cadherin/
β-Catenin signaling via its FadA adhesin. Cell Host Microbe. 
2013;14:195-206.

	 4.	 Ishikawa D, Sasaki T, Osada T, et al. Changes in intestinal micro-
biota following combination therapy with fecal microbial trans-
plantation and antibiotics for ulcerative colitis. Inflamm Bowel Dis. 
2017;23:116-125.

	 5.	 Loo TM, Kamachi F, Watanabe Y, et al. Gut microbiota promotes 
obesity-associated liver cancer through pge2-mediated suppres-
sion of antitumor immunity. Cancer Discov. 2017;7:522-538.

	 6.	 Minter MR, Zhang C, Leone V, et al. Antibiotic-induced pertur-
bations in gut microbial diversity influences neuro-inflammation 
and amyloidosis in a murine model of Alzheimer's disease. Sci Rep. 
2016;6:30028.

	 7.	 Shrestha E, White JR, Yu SH, et al. Profiling the urinary microbiome 
in men with positive versus negative biopsies for prostate cancer. J 
Urol. 2018;199:161-171.

	 8.	 Feng Y, Ramnarine VR, Bell R, et al. Metagenomic and metatran-
scriptomic analysis of human prostate microbiota from patients 
with prostate cancer. BMC Genom. 2019;20:146.

	 9.	 Banerjee S, Alwine JC, Wei Z, et al. Microbiome signatures in pros-
tate cancer. Carcinogenesis. 2019;40:749-764.

	10.	 Porter CM, Shrestha E, Peiffer LB, et al. The microbiome in pros-
tate inflammation and prostate cancer. Prostate Cancer Prostatic Dis. 
2018;21:345-354.

	11.	 Matsushita M, Fujita K, Nonomura N. Influence of diet and nutrition 
on prostate cancer. Int J Mol Sci. 2020;21:1447.

	12.	 Turnbaugh PJ, Ley RE, Mahowald MA, et al. An obesity-associated 
gut microbiome with increased capacity for energy harvest. Nature. 
2006;444:1027-1031.

	13.	 De Filippo C, Cavalieri D, Di Paola M, et al. Impact of diet in 
shaping gut microbiota revealed by a comparative study in chil-
dren from Europe and rural Africa. Proc Natl Acad Sci USA. 
2010;107:14691-14696.

	14.	 Rea D, Coppola G, Palma G, et al. Microbiota effects on cancer: 
from risks to therapies. Oncotarget. 2018;9:17915-17927.

	15.	 Hayashi T, Fujita K, Nojima S, et al. High-fat diet-induced inflam-
mation accelerates prostate cancer growth via IL6 signaling. Clin 
Cancer Res. 2018;24:4309-4318.

	16.	 Fujita K, Hayashi T, Matsushita M, et al. Obesity, inflammation, and 
prostate cancer. J Clin Med. 2019;8:201.

	17.	 Hayashi T, Fujita K, Matsushita M, et al. Main inflammatory cells and 
potentials of anti-inflammatory agents in prostate cancer. Cancers 
(Basel). 2019;11:1153.

	18.	 Hatano K, Fujita K, Nonomura N. Application of anti-inflammatory 
agents in prostate cancer. J Clin Med. 2020;9:2680.

	19.	 Matsushita M, Fujita K, Hayashi T, et al. Gut microbiota-derived 
short-chain fatty acids promote prostate cancer growth via IGF-1 
signaling. Cancer Res. In press.

	20.	 Mohler JL, Antonarakis ES, Armstrong AJ, et al. Prostate cancer, 
version 2.2019. JNCCN J Natl Compr Cancer Netw. 2019;17:479-505.

	21.	 Langille MGI, Zaneveld J, Caporaso JG, et al. Predictive functional 
profiling of microbial communities using 16S rRNA marker gene se-
quences. Nat Biotechnol. 2013;31:814-821.

	22.	 Nishijima S, Suda W, Oshima K, et al. The gut microbiome of healthy 
Japanese and its microbial and functional uniqueness. DNA Res. 
2016;23:125-133.

	23.	 Chen L, Zhang YH, Huang T, et al. Gene expression profiling gut 
microbiota in different races of humans. Sci Rep. 2016;6:23075.

	24.	 Dzutsev A, Badger JH, Perez-Chanona E, et al. Microbes and can-
cer. Annu Rev Immunol. 2017;35:199-228.

	25.	 Sfanos KS, Markowski MC, Peiffer LB, et al. Compositional differ-
ences in gastrointestinal microbiota in prostate cancer patients 
treated with androgen axis-targeted therapies. Prostate Cancer 
Prostatic Dis. 2018;21:539-548.

	26.	 Liss MA, White JR, Goros M, et al. Metabolic biosynthesis pathways 
identified from fecal microbiome associated with prostate cancer. 
Eur Urol. 2018;74:575-582.

	27.	 Alanee S, El-Zawahry A, Dynda D, et al. A prospective study to ex-
amine the association of the urinary and fecal microbiota with pros-
tate cancer diagnosis after transrectal biopsy of the prostate using 
16sRNA gene analysis. Prostate. 2019;79:81-87.

	28.	 Moschen AR, Gerner RR, Wang J, et al. Lipocalin 2 protects from 
inflammation and tumorigenesis associated with gut microbiota al-
terations. Cell Host Microbe. 2016;19:455-469.

	29.	 Sun T, Liu S, Zhou Y, et al. Evolutionary biologic changes of gut micro-
biota in an “adenoma-carcinoma sequence” mouse colorectal cancer 
model induced by 1, 2-dimethylhydrazine. Oncotarget. 2017;8:444-457.

	30.	 Feng Q, Liang S, Jia H, et al. Gut microbiome development along 
the colorectal adenoma-carcinoma sequence. Nat Commun. 
2015;6:6528.

	31.	 Dai Z, Coker OO, Nakatsu G, et al. Multi-cohort analysis of colorec-
tal cancer metagenome identified altered bacteria across popula-
tions and universal bacterial markers. Microbiome. 2018;6:70.

	32.	 Parker BJ, Wearsch PA, Veloo ACM, et al. The Genus alistipes: gut 
bacteria with emerging implications to inflammation, cancer, and 
mental health. Front Immunol. 2020;11:906.

	33.	 Mancabelli L, Milani C, Lugli GA, et al. Identification of universal 
gut microbial biomarkers of common human intestinal diseases by 
meta-analysis. FEMS Microbiol Ecol. 2017;1:93.

https://orcid.org/0000-0002-7491-9410
https://orcid.org/0000-0002-7491-9410
https://orcid.org/0000-0002-6774-7497
https://orcid.org/0000-0002-6774-7497
https://orcid.org/0000-0002-0056-9446
https://orcid.org/0000-0002-0056-9446
https://orcid.org/0000-0001-5507-4566
https://orcid.org/0000-0001-5507-4566
https://orcid.org/0000-0002-3665-9523
https://orcid.org/0000-0002-3665-9523
https://orcid.org/0000-0002-6522-6233
https://orcid.org/0000-0002-6522-6233


     |  3135MATSUSHITA et al.

	34.	 Meehan CJ, Beiko RG. A phylogenomic view of ecological special-
ization in the lachnospiraceae, a family of digestive tract-associated 
bacteria. Genome Biol Evol. 2014;6:703-713.

	35.	 Singh N, Gurav A, Sivaprakasam S, et al. Activation of Gpr109a, re-
ceptor for niacin and the commensal metabolite butyrate, suppresses 
colonic inflammation and carcinogenesis. Immunity. 2014;40:128-139.

	36.	 Yachida S, Mizutani S, Shiroma H, et al. Metagenomic and metabo-
lomic analyses reveal distinct stage-specific phenotypes of the gut 
microbiota in colorectal cancer. Nat Med. 2019;25:968-976.

	37.	 Sims TT, Colbert LE, Zheng J, et al. Gut microbial diversity and 
genus-level differences identified in cervical cancer patients versus 
healthy controls. Gynecol Oncol. 2019;155:237-244.

	38.	 Liu Y, Ajami NJ, El-Serag HB, et al. Dietary quality and the colonic 
mucosa-associated gut microbiome in humans. Am J Clin Nutr. 
2019;110:701-712.

	39.	 Golombos DM, Ayangbesan A, O'Malley P, et al. The role of gut 
microbiome in the pathogenesis of prostate cancer: a prospective, 
pilot study. Urology. 2018;111:122-128.

	40.	 Miyagi Y, Higashiyama M, Gochi A, et al. Plasma free amino acid 
profiling of five types of cancer patients and its application for early 
detection. PLoS One. 2011;6:24143.

	41.	 Mikami H, Kimura O, Yamamoto H, et al. A multicentre clinical valida-
tion of AminoIndex Cancer Screening (AICS). Sci Rep. 2019;9:13831.

	42.	 Dereziński P, Klupczynska A, Sawicki W, et al. Amino acid profiles 
of serum and urine in search for prostate cancer biomarkers: A pilot 
study. Int J Med Sci. 2017;14:1-12.

	43.	 Thomas AM, Jesus EC, Lopes A, et al. Tissue-associated bacterial 
alterations in rectal carcinoma patients revealed by 16S rRNA com-
munity profiling. Front Cell Infect Microbiol. 2016;6:179.

	44.	 Yang TW, Lee WH, Tu SJ, et al. Enterotype-based analysis of gut 
microbiota along the conventional adenoma-carcinoma colorectal 
cancer pathway. Sci Rep. 2019;9:10923.

	45.	 Li F, Hullar MAJ, Schwarz Y, et al. Human gut bacterial com-
munities are altered by addition of cruciferous vegetables to 
a controlled fruit- and vegetable-free diet. J Nutr. 2009;139:  
1685-1691.

	46.	 Frugé AD, Ptacek T, Tsuruta Y, et al. Dietary changes impact the 
gut microbe composition in overweight and obese men with pros-
tate cancer undergoing radical prostatectomy. J Acad Nutr Diet. 
2018;118:714-723.

	47.	 Shi J, Geng C, Sang M, et al. Effect of gastrointestinal microbiome 
and its diversity on the expression of tumor-infiltrating lympho-
cytes in breast cancer. Oncol Lett. 2019;17:5050-5056.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Matsushita M, Fujita K, Motooka D, et 
al. The gut microbiota associated with high-Gleason prostate 
cancer. Cancer Sci. 2021;112:3125–3135. https://doi.
org/10.1111/cas.14998

https://doi.org/10.1111/cas.14998
https://doi.org/10.1111/cas.14998

