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Abstract

Lacticaseibacillus paracasei strain Shirota (LcS), promotes intestinal homeostasis, modulates immune cells, and
provides anti-stress benefits. Four years of BLP (Biolactis powder: LcS preparation) administration is known to
suppress the recurrence of highly dysmorphic polyps in participants who underwent colorectal adenoma resection.
Furthermore, adenoma development tended to be suppressed in patients undergoing colorectal adenoma resection
who consumed BLP for >20 years, accompanied by a reduction in aging weight loss. However, the underlying
mechanisms and effects of prolonged BLP intake on gut mucosa and microbiota remain unclear. Hence, we
aimed to analyse the gut microbiota and host gene expression in endoscopically obtained colonic mucosal
tissue from participants who had been voluntarily consuming BLP for more than 20 years, as well as from non-
consumers of BLP. The faecal and mucosal microbiota of the BLP group revealed a high detection rate and
abundance of Coprococcus genus and a rich population of butyrate-producing bacteria. Conversely, the mucosa
of the control group was enriched in opportunistic pathogens and environmental bacteria, including those from
the families Pseudomonadaceae and Brachyspiraceae. RNA-seq of the colon mucosa of BLP-consuming patients
revealed high expression of genes related to the oxidative phosphorylation (OXPHOS) pathway, including those
of the mitochondrial electron transfer system. Additionally, T cell- and G-protein-coupled receptor-related genes
were overexpressed in BLP-consuming patients. These findings indicate that prolonged BLP intake increases the
abundance of butyrate-producing bacteria and activates the OXPHOS pathway in colonic mucosal tissue, which
alters the enteroenvironment and limits colonisation by opportunistic pathogens. These findings may contribute to
the prevention of colorectal cancer development and have implications for promoting healthy longevity.

Clinical Trial Registry number: 000025389.
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1 Introduction

Cancer has been the second leading cause of global
deaths in the last decade, and is the leading cause of
death in Japan, with colorectal cancer being the sec-
ond most prevalent form of cancer (Katanoda et al.,
2021; Kocarnik et al., 2022). Cancer is generally asso-
ciated with aging, and its incidence increases with
age; therefore, cancer is considered an age-related dis-
ease (Berben et al, 2021). Cancer treatments, such
as chemotherapy, radiotherapy, immunotherapy, and
surgery, are promising but impose significant physical
burdens and are potentially life-threatening for older
patients (Qu et al,, 2023). Additionally, non-responders
to immune checkpoint inhibitors are more prevalent
among older adults than those in the younger popula-
tion (Ding et al., 2024). Endoscopic procedures also pose
considerable risks, such as bleeding and perforation, in
older patients (Igbal et al., 2022; Noble et al., 2022).
Thus, preventing the onset of cancer is a crucial combat-
ing strategy in this demographic (Kvakova et al., 2022).
Many colorectal cancers are initially observed as ade-
nomas with moderate or greater dysmorphism before
progressing to malignancy (He et al., 2020). Preven-
tion requires periodic medical check-ups and control of
adenoma development (Schroeder and Tremaine, 1987;
Shureiqi, 2022). Regarding cancer prevention, while the
regular intake of functional food components, such as
folic acid, calcium, vitamin D, n-3 polyunsaturated fatty
acids, curcumin, resveratrol, and yoghurt, is effective,
no long-term prospective studies have evaluated the
intake of specific foods for ten years or more (Hull, 2021;
Kvakova et al., 2022).

Intestinal microbiota is intricately linked to host
health and disease (Manos, 2022). Disturbances in the
gut microbiota, termed dysbiosis, are associated with
various ailments, including gastrointestinal diseases
(Hou et al., 2022). Mucosa-associated bacteria play cru-
cial roles in the pathogenesis of colorectal cancer and
inflammatory bowel disease. Mucosal homeostasis is
maintained by preventing the invasion of epithelial cells
by Escherichia coli and Proteus bacteria through their
flagella with the aid of a glycoprotein called Lypds,
which is expressed on the mucosal epithelium (Oku-
mura et al., 2016). Certain bacteria, including Proteobac-
teria, Fusobacteria, Bacteroides fragilis, Lachnoclostrid-
ium, and Clostridium hathway are detected at high levels
in colorectal adenoma, and are potential risk factors for
inducing colorectal cancer (Galeano Nifio et al., 2022;
Liang et al., 2020; Lu et al., 2016; Qu et al., 2023). There-
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fore, elucidating the state of gut microbiota and tissues
in the normal mucosa of older patients is important.
The International Scientific association for Probiotics
and Prebiotics in 2013 defined probiotics as ‘probiotics
are live microorganisms that, when administrated in
adequate amounts confer a health benefit on the host’
(Hill et al, 2014). Probiotics exert various beneficial
effects on gut homeostasis, physiology, immune func-
tion, and overall health of the host (Gill et al, 2001;
Gleeson et al., 2011; Shida et al., 2017). Lacticaseibacil-
lus paracasei strain Shirota (LcS; formerly Lactobacillus
casei strain Shirota) is a well-known probiotic which
not only confers these benefits but also exhibits anti-
tumour properties (S. Matsumoto et al., 2009). Our pre-
vious studies demonstrated that the occurrence rate
of tumours with a grade of moderate atypia or higher
was significantly lower in the group administered Bio-
lactis powder (BLP) containing viable LcS preparation
for 4 years (relative risk of 0.65 [95% CI 0.43-0.98])
(Ishikawa et al., 2005). However, the underlying mech-
anism remains unclear. To investigate these mecha-
nisms, we conducted a follow-up study in which par-
ticipants who had consumed BLP for 4 years contin-
ued to take BLP, for approximately 15 years. The objec-
tive of this study was to assess the long-term effects
of BLP on adenoma development. Although no statisti-
cally significant difference was observed, the recurrence
rate of intermediate- and high-grade colorectal adeno-
mas was slightly lower in the group that consumed
BLP for 15 years than in the group that did not con-
sume BLP (non-BLP). (cancer development; 24 of 128
(18.8%) in the BLP group, 24 of 109 (22.0%) in the
non-BLP group, risk ratio 0.88 [95% CI 0.53-1.47]). Addi-
tionally, it also found that BLP intake mitigated weight
loss among older participants. (Ishikawa et al., 2020).
Recent studies have indicated that elderly Japanese
males exhibiting symptoms of sarcopenia demonstrate
reduced intestinal microbial diversity and a decline
in specific butyrate-producing bacteria compared to
their non-frail counterparts (Asaoka et al., 2025). These
findings hypothesise that prolonged consumption of
BLP may induce favourable modulation in the intesti-
nal milieu, encompassing both the gut microbiota and
intestinal mucosal tissue, thereby exerting beneficial
effects on subsequent host physiological functions, such
as immune response and body weight regulation. There-
fore, in this study, we aimed to elucidate the mecha-
nisms of adenoma prevention by examining the effects
of long-term probiotic intake on the intestinal micro-
biota and intestinal tissues, including immune cells.
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2 Materials and methods

Study participants and design

Participants who had previously enrolled in clinical
study designed to evaluate the effects of wheat bran
and BLP in preventing colorectal cancer (wheat bran
biscuit (WBB)/BLP study) (Ishikawa et al., 2005) were
included in this study. Approximately 200 individuals
voluntarily continued taking BLP after the (WBB)/BLP
study concluded. The BLP intake group for this trial was
composed of participants selected from among these
200 individuals. They were asked to continue taking the
BLP regardless of whether they had been in the BLP
group. Participants who desired to continue received
BLP. BLP was recommended to be consumed at a dosage
of one packet, which contained one gram of LcS prepa-
ration, per three times daily following meals. In terms
of intake monitoring, participants visited the principal
physician’s clinic every three months for health evalu-
ations and to verify their adherence to the intake regi-
men. Most participants adhered to a regimen of three
packets per day. In order to avoid rendering the trial
infeasible due to overly restrictive exclusion criteria, the
exclusion criteria were established to include individu-
als who had taken antibiotics within one month prior
to specimen collection. Prior to enrolment, participants
provided both oral and written informed consent. After
obtaining informed consent prior to the trial, nutri-
tional assessments were conducted on the participants
using a questionnaire regarding nutritional status over
the past one year using Food Frequency Questionnaire
(FFQ short version: commissioned from Kenpakusha
Co., Ltd.) (Yokoyama et al., 2016). For uniform age and
sex distribution, 15 participants who had been taking
BLP for more than 20 years were recruited as the intake
group, and 15 participants in the non-intake group were
recruited as the control group. The principal physician
confirmed through medical interviews that, although
some participants had chronic conditions, these did not
impede their involvement in this trial.

The participants collected stool samples 4 weeks
prior to the endoscopy visit. On the day of the examina-
tion, 15 ml of blood was collected from each participant,
followed by colonoscopy, wherein normal tissue was
collected from the ascending colon (ac) and sigmoid
colon (sc). The study was conducted in accordance with
the guiding principles of the Declaration of Helsinki and
was approved by the ethics committee of Kyoto Prefec-
tural University of Medicine (Approval No. ERB-C-1247).
Clinical Trial Registry number: 000025389.
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Study products

BLP consisted of approximately 1.5 x 10° to 2.1 x 10%°
viable LcS cells per gram. BLP was supplied by Yakult
Honsha (Minato-ku, Tokyo, Japan). It was transported to
the Ishikawa Gastroenterological Clinic (Yodoyabashi,
Osaka, Japan) for distribution.

Blood sample

Blood samples were sent to BML (BML, Inc.. Kawagoe-
shi, Saitama, Japan) to measure natural killer (NK) cell
activity. RNA was extracted from peripheral blood and
sent to Yakult Central Institute (Kunitachi-shi, Tokyo,
Japan) for T- and B- cell receptor repertoire analysis.

Faecal sample

To evaluate the gut microbiota, participants were pro-
vided with comprehensive stool collection kits, which
included microbially uncontaminated collection con-
tainers. Participants were instructed to collect a stool
sample prior to undergoing colonoscopy, ensuring no
antibiotic use in the preceding four weeks, and to
promptly send the refrigerated samples to the clinic.
Upon receipt at the clinic, a nurse assigned a specimen
ID to the samples and stored them at -80 °C until use.
Once an adequate number of samples was accumulated,
the faecal samples were shipped frozen using container
with dry ice to the Yakult Central Institute (Kunitachi-
shi, Tokyo, Japan), where DNA was extracted and short
chain fatty acids (SCFAs) were analysed. The 16S rRNA
gene was subjected to gene amplicon analysis using a
next-generation sequencer, MiSeq (Illumina, San Diego,
CA, USA).

Measurement of total bacterial counts with flow
cytometry

Paraformaldehyde-fixed faecal samples were diluted 80-
fold with phosphate buffered saline (PBS) by adding
an equivalent volume of PBS. The samples were then
filtered through a #200 nylon mesh (ASONE, Osaka,
Japan) to remove large particles. The faecal suspensions
were further diluted 400-, 2,000-, and 10,000-fold with
PBS. Each dilution was combined with 10 ul of the
dilution, 10 pl Precision Count Beads (BioLegend [San
Diego, CA, USA], 1.03 x 106 particles / ml) for internal
standardisation, 30 pl PBS, and 150 pl of PBS contain-
ing 3,000-fold diluted SytoBC (Thermo Fisher Scien-
tific, Eugene, OR, USA) in a 96-well plate. The mixtures
were incubated on ice for 15-60 min before analysis
using a CytoFLEX S flow cytometer (Beckman Coulter,
Miami, FL, USA), and flow cytometry standard (fcs) files
were obtained. Data were analysed using CytExpert v2.4



(Beckman Coulter). The total bacterial counts per gram
of faeces was calculated using the ratio of the number of
SytoBC-positive bacteria to the internal standard bead
counts using the following formula:

Total bacteria counts (counts / faeces)
= (Dilution factor x (SytoBC positive counts))
/((Beads counts) x 1.03 x 10° (particles / ml))

The bead count data was considered valid within the
range of 200-1,500 beads acquired using flow cytome-
try, with all data captured at 100,000 beads. The value
closest to 850 (the median of the specified bead count
range) was adopted to determine the total bacterial
counts in the faecal samples if multiple data points in
the dilution series fell within this range.

Colonic mucosal sample

Fresh, healthy, ascending and sigmoid colonic mucosal
tissues were collected via endoscopy and were immedi-
ately frozen on dry ice. The specimen IDs were assigned
by the attending nurse during endoscopy, and the sam-
ples were stored at -80 °C until use. Tissue samples,
approximately 3-5 mm? in size were transferred to the
Yakult Central Institute (Kunitachi, Tokyo, Japan). The
tissues were then placed in RLT* buffer containing p-
mercaptoethanol and sonicated with 2 mm zirconia
and alumina beads under medium-power conditions
(10 cycles of 30 s sonication followed by 30 s rest).
The lysates were processed using the AllPrep DNA/RNA
Micro Kit (Qiagen, Hilden, Germany) to extract DNA
and RNA according to the manufacturer’s protocol. The
extracted DNA was used for 16S rRNA gene amplicon
analysis to examine mucosa-associated bacteria, and
RNA was used for RNA-seq analysis.

16S rRNA gene sequencing and microbial community
analysis

Fresh faecal samples were diluted tenfold with PBS and
vigorously shaken with sterile glass beads (2 mm in
diameter), and 200 pl of the faecal suspension were
used for DNA extraction. The faecal suspension was
mixed with 500 pl extraction buffer [100 mM Tris-
HCI (pH 9.0), 40 mM EDTA, 1% SDS (v/v)], 300 mg
of sterile glass beads (0.1 mm in diameter, TOMY),
and 500 ul of buffer-saturated phenol (Nippon Gene,
Chiyoda-ku, Tokyo, Japan). The mixture was mechan-
ically disrupted using a FastPrep MP (MP, Chuo-ku,
Tokyo, Japan) at a power level of 5.0 for 30 s. The mix-
tures were then centrifuged at 20,000 x g for 5 min at
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20 °C, and the upper aqueous phase was collected in a
fresh tube and mixed with Phenol/Chloroform/Isoamyl
alcohol (25:24:1) (Nippon Gene). This mixture was vigor-
ously shaken with a FastPrep at a power level of 4.0 for
45 s and then centrifuged at 20,000xg for 5 min at 20 °C.
The upper aqueous layers were collected in a fresh tube
and isopropanol was added for DNA precipitation. The
precipitated DNA was suspended in 1 ml of Tris-EDTA
(TE) buffer. The V1-V2 region of the 16S TRNA gene was
amplified from the extracted DNA using the primers 27F
mod2-MiSeq and 338R-MiSeq. The polymerase chain
reaction (PCR) cycle was as follows: 50 °C for 2 min; 95
°C for 10 min; and a repeated cycle of 95 °C for 30 s, 55
°C for 30 s, and 72 °C for 90 s. PCR was arrested before
signal saturation. The PCR products were purified using
the Ampure XP Reagent (Beckman Coulter), and DNA
libraries were prepared for MiSeq sequencing accord-
ing to the manufacturer’s protocol. DNA libraries were
sequenced using a MiSeq Reagent Kit with a 500 cycles
v2 kit (2 x 500 bp) (Illumina). The obtained fastq.gz files
were pre-processed using QIIME2 v2021.4 and its plug-
ins. Quality filtration, denoising, merging of paired-end
reads, and chimera removal were performed using the
DADAZ2 tool with the following setting: denoise-paired
—p-trim-left-f 20 —p-trim-left-r 17 —p-trunc-len-f 220 —p-
trunc-len-r 200. DADA?2 processing was performed sep-
arately for each MiSeq run with the same parameters,
and feature tables and sequences were merged. The
alpha and B diversity were assessed using core met-
ric analysis. Alpha rarefaction curves were generated
at a sampling depth of 10,000, with 10 iterations per
depth. Statistical significance of B diversity was anal-
ysed using PERMANOVA. Feature sequences were clas-
sified using the feature classifier plug-in sklearn. Classi-
fication of the bacterial 16S rRNA gene sequences was
performed using the Silva version 138_1 database, and a
phylogenetic tree was constructed using FastTree. Lin-
ear discriminant analysis (LDA) effect size (LEfSe) was
performed with the ‘run_lefse’ command into micro-
biomeMarker of the R application.

RNA sequencing analysis

The RNA aliquots were sent on dry ice to Macrogen
(Seoul, South Korea) for comprehensive RNA sequenc-
ing (RNAseq) analysis, which culminated in the genera-
tion of fastq.gz files.

Library preparation and sequence data acquisition

Since the RNA samples with DV200 values, indicating
the percentage of RNA fragments above 200 nucleo-
tides, exceeded the threshold of 50%, we prepared
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libraries using the TruSeq RNA Exome kit (Illumina).
After preparation, a few samples did not meet the cri-
teria for NGS. Ultimately, 12 samples from ac mucosal
tissue and 12 samples from sc mucosal tissue were
sequenced using the NovaSeq6000 platform to produce
fastq.gz files.

Bioinformatic and statistical analysis

Fastq.gz files were trimmed and quality checked using
Fastp (Chen, 2023). Read counts for each gene in
the filtered FASTQ files were quantified against GEN-
CODE human annotation version 41 using Salmon
(version 1.4.0) (Patro et al, 2017). Technical replicates
were averaged for each biologically independent sam-
ple. Gene counts were normalised to library size, and
differential expression analysis was conducted using
DESeq2 (v.1.30.1) (Love et al., 2014). Wald tested P-
values were subjected to Benjamini-Hochberg correc-
tion for multiple testing, and gene sets with corrected
P-values <0.05 were deemed significantly differentially
expressed. These gene sets were further analysed using
over-representation analysis (ORA), which was per-
formed using ClusterProfiler (v 4.4.4) (Yu et al., 2012)
with hallmark gene sets in the MsigDB database (7.5.1)
(Liberzon et al., 2015), CellMarker Augmented_2021,
and Reactome_2022 in enrichR (Kuleshov et al., 2016).

Quantification and statistical analyses

Data were analysed using GraphPad Prism 8 software
(GraphPad Software, San Diego, CA, USA). To compare
the two groups, P-values were determined using the
unpaired two-tailed Student’s ¢ test, Mann-Whitney U
test, the * test or Fisher’s exact test. Statistical signifi-
cance was set at P < 0.05. The statistical details of the
individual experiments can be found in the figure leg-
ends.

3 Results

Characteristics of participants

The BLP and control groups each was comprised of 14
males and one female, with mean age of 734 + 4.5
years and 73.3 + 4.3 years, respectively (Table 1). Partic-
ipants in both the groups had undergone colonic ade-
noma resection approximately 15-20 years prior. In the
BLP group, 14 patients had incessantly consumed 3 g
of LcS preparation (1.5-21.0 x 10° cfu / g) per day, and
one patient in the BLP group had consumed 2 g of BLP
per day. There were no specific dietary restrictions for
either group. Although no participant met the exclu-
sion criteria, the principal physician determined that
one individual was unsuitable for an intestinal biopsy.

TABLE 1 Baseline characteristics of the participants
Participants Control group BLP group P-value
Patients (n) 15 15
age, mean (years-old) 734+4.5 73.3+4.3 0.932
age, range (years-old) 65-79 67-79 -
gender (male / female) 14/1 14/1 -
Medication (n)
Miya BM 2 1 L.oob
aspirin 6 4 0.70P
laxative 4 2 0.65°
Chronic disease (n)
hyperlipidaemia 1 8 0.45°
hypertension 7 7 1.00b
diabetes 3 4 100>
Period of BLP dose (years) 0 20.7 £3.8 -
Nutrition facts (g / day)
Total carbohydrates 2883 £17.2 276 £25.5 0.152
Total dietary fibre 16.6 £2.2 159+ 2.0 0.692
Protein 80951 81.9+5.8 0.632
Total fat 60.6 + 4.7 62.5+4.9 0.282

2 P-values analysed by unpaired Student t-test.
b P-values analysed by the y? test or Fisher’s exact test.
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Consequently, neither a biopsy nor peripheral blood
collection was performed for this participant. Regard-
ing additional medications, one participant in the BLP
group and two in the control group regularly consumed
MiyaBM (Miyarisan Pharmaceutical, Tokyo, Japan). Fur-
thermore, four participants in the BLP group and six
in the control group regularly took aspirin, whereas
two participants in the BLP group and four in the con-
trol group regularly used laxatives (Table 1). Regarding
chronic disease among participants, eight participants
in the BLP group and eleven in the control group had
hyperlipidaemia, seven participants in the BLP group
and seven in the control group had hypertension, and
four participants in the BLP group and three in the con-
trol group had diabetes (Table 1). There were no statis-
tically significant differences in medication usage and
current medical history between the groups, and these
medications and medical history were not excluded in
our analyses. The findings from the FFQ-based nutri-
tional survey revealed no statistically significant differ-
ences in the intake of carbohydrates, proteins, or total
fat between the BLP group and the control group, sug-
gesting an absence of variation in nutritional intake sta-
tus (Table 1).

The faecal samples of BLP intake participants were
abundant in Coprococcus genus and Lachnospiraceae
Sfamily

The total bacterial counts and alpha diversity (Shannon
index) were similar between the two groups. However,
beta diversity (Jaccard distance) varied significantly
between the groups (Figures 1A-C). Although both the
groups were similar at the microbial phylum level, a
detailed analysis at the bacterial genus level revealed
a higher detection rate, abundance, and counts of L.
paracasei and Coprococcus genus in the BLP group than
those in the control group (Figures 1D-G, Supplemen-
tary Figure S1). LDA at the genus level indicated that,
in addition to Lacticaseibacillus and Coprococcus, Lach-
nospiraceae family, including Dorea and NK4A214, Oscil-
lospiraceae family UCG-002, Christensenellaceae family
Chiristensenella were enriched in the BLP group (Figures
1H-I). Furthermore, a higher prevalence of Eubacterium
coprostanoligenes and Erysipelotrichaceae was observed
in the BLP group, compared to that in the control group
(Supplementary Figure S2). These findings suggest that
long-term BLP intake may increase the abundance of
the Lachnospiraceae family, particularly that of genus
Coprococcus, in the faecal bacteria of older adults fol-
lowing colonic adenoma resection.
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Colonic mucosa-associated bacteria in the BLP group:
Enrichment of Lachnospiraceae and Bacteroidaceae,
reduced abundance of Proteobacteria and
Spirochaetota

Subsequent to the colonic mucosa-associated bacte-
rial analysis, diversity (observed features) tended to
increase in the ac of the BLP group compared to
that in the control group (Supplementary Figure S3A).
Beta diversity (Jaccard distance) in both the ac and
sc tended to differ between the two groups (Sup-
plementary Figure S3B). At the phylum level, Pro-
teobacteria and alternately Spirochaetota were the
most prevalent in, both, the ac and sc mucosa (Fig-
ure 2A). Notably, the ac and sc mucosa in the BLP
group exhibited a higher abundance of Firmicutes,
Bacteroidota, and Actinobacteria, whereas the control
group displayed a higher abundance of Proteobacte-
ria (Figures 2A and B). In particular, the ac of the
BLP group exhibited a higher abundance of Firmi-
cutes, Micrococcaceae, and Bacteroidaceae than that
in the control group (Figures 2C and D). Meanwhile,
in the sc, the BLP group displayed a higher abun-
dance of Chitinophagaceae and Sutterellaceae and lower
abundances of Pseudomonadaceae and Brachyspiraceae
(Figure 2D). LEfSe further revealed enrichment of the
genus Rothia from the Micrococcaceae family, and those
of Fusicatenibacter and Coprococcus from the Lach-
nospiraceae family in the ac of the BLP group (Figures
3A and B). In contrast, the ac of the control group exhib-
ited enrichment of the alpha proteobacteria classes
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium
genera and Bejjerickiaceae genera, Sporichthyaceae fam-
ily Longivirga genera and Chitinopahagaceae family
Flectobacillus genera (Figures 3A and B). Additionally,
in the sc of the control group, DSSD6I genera of the
Burkholdelriaceae family exhibited a lower abundance,
whereas Chitinophaga genera from the Chitinopha-
gaceae family, Sutterella from the Sutterellaceae family,
Reyranella genera from the Reyranellaceae family, Sph-
ingomonadaceae family, Coprococcus and Agathobacter
genera from the Lachnospiraceae family, and Chiris-
tensenellaceae family were abundant in the BLP group
(Figures 3C and D).

Elevated expressions of genes involved in oxidative
phosphorylation pathways in the colonic mucosal
tissue following prolonged BLP intake

RNA-seq analysis was performed on mucosal tissue sam-
ples from the ac and sc. Initially, principal compo-
nent analysis was conducted, which revealed remark-
able differences in gene expression in the ac, but not
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FIGURE 1  Comparison of faecal microbiota composition between the Biolactis powder (BLP) containing Lacticaseibacillus paracasei

sc, of the BLP and control groups (Supplementary Fig-
ures S4A and B). Subsequently, ORA of the upregu-
lated genes in the ac mucosal tissue using the Hall-

strain Shirota (LcS) and control (Cont) groups. (A) Total bacterial counts. (B) Alpha diversity (Shannon index). (C) Beta
diversity (Jaccard index). Statistical analyses were performed using PERMANOVA test between the groups. (* P < 0.05). (D)
Stacked bar graph of average taxonomic composition at the phylum level. (E) Frequency of Coprococcus detection. Participants
with more than one copy of Coprococcus in their faecal sample were classified ‘detected’, otherwise considered as
‘non-detected’. Statistical analysis was performed using the chi-square test between groups (** P < 0.01). (F) Composition of the
genus Coprococcus. (F) Bacterial counts of the genus Coprococcus, with non-detected bacteria assigned half of the minimum
value. (A, B, F, G) Statistical analyses were performed using the Mann—-Whitney U test between the BLP and Cont groups (*

P < 0.05,** P < 0.01). (H) Linear discriminant analysis (LDA) of faecal samples at the genus level using LDA effect size (LEfSe)
analysis. Red indicates taxa enriched in the faecal samples of the BLP group, whereas blue indicates taxa enriched in the Cont
group. Statistical analysis was performed using LEfSe analysis. Different structures of faecal bacteria in the Cont and BLP groups
using LEfSe. (I) Cladogram illustrating taxonomic differences between the BLP and Cont groups. The red and blue regions
indicate taxa enriched in the BLP and Cont groups, respectively. The diameter of each circle was proportional to the relative
abundance of the taxa.

mark database in MsigDB demonstrated higher levels of
oxidative phosphorylation (OXPHOS) pathway related
genes in the BLP group compared to those in the con-
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FIGURE 2

Comparison of mucosa-associated bacteria (MAB) in the ascending colon (ac) and sigmoid colon (sc) between the Biolactis

powder (BLP) containing LcS intake group and the non-intake control (Cont) group. (A-B) Stacked bar graph of MAB
abundance at the phylum level. Individual data of MAB abundance are presented with the horizontal axis showing subject ID,
and the BLP group highlighted in light blue. MAB abundance in ac (A) and sc (B). (C) Stacked bar graph of averaged MAB
abundance at the phylum level. (D) Analysis of Firmicutes and intestinal bacterial abundance at the family level. Statistical
analysis was performed using the Mann-Whitney U test between the BLP and Cont groups (+ P < 0.1, * P < 0.05, ** P < 0.01).

trol group. These genes included NADH dehydrogenase
(NDUF), Ubiquinol-Cytochrome C Reductase (UQCR),
cytochrome C oxidase subunit (COX), ATP synthase
membrane subunit ¢ (ATP5), and members of the mito-
chondrial carrier family (SLC25) (Figure 4A). Further-
more, the gene expressions of carnitine palmitoyltrans-
ferase (CPTIA) and 2.4-dienoyl CoA reductase (DECRI)
in the mucosa of the BLP group was higher than that in
the control group (Figure 4B).

Upregulated expressions of genes associated with T
cells and G protein-coupled receptor in colonic mucosal
tissue following prolonged BLP intake

Subsequently, ORA was conducted using the CellMarker
database, to assess enriched cell types in the BLP group.
The ac mucosal tissue in the BLP group was enriched
in Bl cells and numerous T cell subsets, including
CD4* Memory, CD8%, Follicular Helper, Foxp3*IL-17%,
and Regulatory (Treg) T cells (Figure 5A). A detailed
heatmap examination of T cells and salivary glands
revealed that the expression of genes included in Cluster
III (CD69, PSMBY, CCR5, GZMB, and GPRI71) was high in
all participants (Figure 5B).

Further, ORA using the Reactome database, focusing
on biological signalling pathways, revealed the upreg-
ulation of transcription/translation-related pathways,
such as Peptide Chain Elongation and Viral mRNA
translation, as well as G Protein-Coupled Receptor
(GPCR)-related signalling pathways, such as Class A/l
(Rhodopsin-like Receptors) and GPCR Ligand Bind-
ing in the ac of the BLP group. Heatmap analysis of
genes contributing to GPCR Ligand Binding suggested
the upregulation of genes in cluster I in the ac BLP
group (Figures 5C and D). The expression of various
GPCRs such as TAS2R, P2RY14, NPY, and SUCNRI was
elevated (Figure 5D). A total of 97 GPCR-related genes,
including 13 chemokines, three SCFA receptors, 15 lipid
receptors, nine taste receptors, five adenosine receptors,
15 neuropeptide receptors, 17 hormone receptors, and
eight angiotensin receptors, were upregulated in the
BLP group (Table 2).

Network analysis revealed that GPR65, GPR174,
S1PR4, and P2RY10 were present in both the T-cell net-
work analysis and GPCRs table (Table 2, Figure S5). In
the sc of the BLP group, a similar ORA was performed
using the CellMarker and Reactome databases, yielding
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FIGURE 3  Different structures of mucosa-associated bacteria (MAB) in the ascending colon (ac) and sigmoid colon (sc) between the

Biolactis powder (BLP) containing LcS intake group and the non-intake control (Cont) group determined using LEfSe analysis.
(A-B) Linear discriminant analysis (LDA) of genus-level abundance in 16S of ac (A) and sc (B). (C-D) Cladogram indicating the
taxonomic differences between the BLP and Cont groups in the MAB of ac (C) and sc (D). Red denotes taxa enriched in the BLP
group, while blue denotes taxa enriched in the Cont group. The diameter of each circle is proportional to the abundance.
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FIGURE 4 (A-B) Over-representation analysis (ORA) of mucosal tissue in the ascending colon (A) and sigmoid colon (B). (A-B) ORA was
conducted using the Hallmark gene sets in MsigDB (7.5.1), focusing on genes associated with the oxidative phosphorylation
pathway. The results are presented in a heatmap format. Key genes related to this pathway are colour-highlighted. NDUF
(NADH oxidoreductase subunit), UQCR (ubiquinol-cytochrome c reductase), COX (cytochrome c oxidase), ATP5 (ATP
synthase), and SLC25 (mitochondrial solute carrier).
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FIGURE 5  Over representation analysis (ORA) in ac mucosal tissue. (A-B) ORA was performed using CellMarker_Augmented 2021 gene
sets from enrichr. (A) Dot plot analysis was performed, where ‘activated’ indicates gene sets enriched in the BLP group,
‘suppressed’ indicate sets enriched in the Cont group. (B) Heat map analysis of genes related to T cells was performed.
Hierarchical clustering was conducted using the group average method based on gene expression patterns, resulting in clusters
I'to IV. (C-D) ORA was performed using the Reactome gene sets from enrichr. (C) The results are presented in a dot plot. (D)
Heat map analysis of genes related to G protein-coupled receptors (GPCRs) was conducted. Hierarchical clustering was
performed using the group average method based on gene expression patterns, resulting in classification into cluster I to IV.
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TABLE 2 Upregulated G-protein-coupled receptor-related gene list from ascending colonic mucosa in BLP group
Function No.of  Symbol
genes
Chemokine and 13 ACKR2 CCLI9 CCL20 CCL21 CCL22 CCL23
receptor CCL3L1 CCL4 CCR5 CX3CR1 CXCLS8 CXCR2
PF4
Short chain fatty 3 FFAR2 FFAR3 SUCNRI1
acid receptor
Lipid receptor, 15 ANXA1 CYSLTR2 GPR183 PLPPR3 PLPPR4 SIPR4
inflammatory S1PR5 OXGR1 FZD10 FZD2 FZD6 SAA2
mediators WNT2 WNT7B CD200R1
Taste 9 TAS2RI13 TAS2R14 TAS2RI19 TAS2R30 TAS2R31 TAS2R4
receptor TAS2R46 TAS2R5 TAS2R50
Adenosine 5 ADORAI1 ADORA2A P2RY10 P2RY12 P2RY14
receptor
Neuropeptide 15 DRD2 GRM2 GRM3 GRM7 NMUR2 NPFF
receptor NPY NPYIR NPY2R NTS TACR1 TACR2
UTS2 UTS2B VIPR2
Hormone 17 AVPRIA AVPRIB AVPR2 CALCRL CRHR2 GRPR
receptor HRH2 HTR2A HTR7 INSL3 INSL5 LHB
PNOC POMC PTHLH RAMP2 CASR
Angiotensin 8 EDNRA EDNRB F2R F2RL2 F2RL3 FPR2
receptor KNG1 ADRA2B
others 12 ADCYAPIR1 ADGRE1 AGXT APLN GNG4 GPR4
GPR65 HCAR3 OXTR RRH RXFP4 SST
Total No. 97
of genes

results comparable to those observed in the ac of the
BLP group (Figures 6A and B, Supplementary Figures S6
and S7).

The impact of prolonged BLP intake on peripheral
immune cells

No significant difference was observed in the cytotoxic
activity of peripheral NK cells between the BLP and con-
trol groups (Supplementary Figure S8). B cell receptor
(BCR) repertoire analysis of peripheral blood demon-
strated that use of the IgHV7 clone in IgA2*+ B cells
was significantly higher in the BLP group than that in
the control group. Additionally, the use of IgHV5 and
IgHV7 in IgM* B cells in the BLP group tended to be
higher than that in the control group (Supplementary
Figure S9A). Furthermore, the usage of TRBV3 in the T
cell receptor (TCR) B chain in the BLP group was signif-

icantly lower than those in the control group (Supple-
mentary Figure S9B).

4 Discussion

Over 20 years intake of BLP affected intestinal micro-
biota following colonic adenoma resection. In the faecal
samples of participants with prolonged BLP intake, an
increased abundance of Lacticaseibacillus and Copro-
coccus genera was observed. Furthermore, Eubacterium
coprostanoligenes and the Erysipelotrichaceae family
also tended to be more abundant (Figure 1C, 1E-G,
Supplementary Figure S3). LDA indicated that Copro-
coccus, Dorea and NK4A214 from the Lachnospiraceae
family, as well as UCG-002 and Christensenella from
the Oscilloscpiraceae family were enriched in the fae-
ces of the BLP group (Figure 1H-I). Notably, except for
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Over-representation analysis (ORA) in the sc mucosal tissue. (A-B) ORA was performed using the CellMarker Augmented 2021

gene sets (A) and Reactome gene sets (B) from enrichr. Dot plot analysis was performed to illustrate the results. ‘activated’
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Lacticaseibacillus, all remaining bacteria were butyrate-
producing bacteria (BPB) (Tian et al, 2023). BPB and
butyrate production are closely associated with gas-
trointestinal health. In colorectal carcinogenesis, buty-
rate and BPB level decrease, and the administration of
butyrate-resistant starch potentially increases the abun-
dance of BPB and suppresses the increase in oncogenic
miRNAs (Hodgkinson et al, 2023). Unfortunately, in
the present study, no differences in faecal butyric acid
concentrations were observed between the two groups
(Supplementary Figure S10). Regarding this point, it is
plausible that butyrate produced in the intestine serves
as an energy source for colonic epithelial cells through
its absorption (Salvi et al., 2021). Additionally, consid-
ering the upregulation of GPCR gene expression, we
propose that immune cells expressing butyrate recep-
tors such as FFAR3 may utilise butyrate (Table 2). Alter-
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natively, drinking fermented milk containing LcS in
healthy adults with soft stool symptoms increases the
levels of total organic acids, including butyric acid, and
improves stool condition (K. Matsumoto et al., 2010).
It is unclear whether butyric acid detection differed
among participants who consumed LcS; however, the
possibility of butyric acid production due to LcS con-
sumption has been demonstrated.

Prolonged BLP intake impacted on the gene expres-
sion profile of colonic mucosal tissues. The expression
of genes related to the OXPHOS pathway was higher
in both the ac and sc of the BLP group than that in
the control group (Figure 4). NDUF, UQCR, and COX
are components of the respiratory chain complex I, III,
and IV, respectively, whereas ATP5 and SLC25 function
as ADP/ATP carriers; all the genes are associated with
mitochondrial function. The upregulation of CPTIA, the
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rate-limiting enzyme for B-oxidation, and DECRI, which
reduces unsaturated fatty acid content, indicates acti-
vation of the fatty acid metabolic pathway. These find-
ings suggest an increase in mitochondrial activity in the
colonic mucosal tissue in the BLP group. However, it
remains unclear which specific cellular OXPHOS path-
way is activated, representing a limitation of bulk RNA-
seq analysis of the whole tissue. Further investigations
are required to elucidate address this gap.

Long-term intake of BLP modulated the balance
between anaerobic and opportunistic bacteria in
colonic mucosa. The colonic mucosa and faecal samples
of the BLP group revealed a high abundance of anaer-
obic Firmicutes and Bacteroidaceae, particularly BPB,
such as Coprococcus, Dorea, Oscillospiraceae_UCG-002,
Lachnospiraceae_NK4A214, Christensenella, Fusicateni-
bacter and Lachnospiraceae_Agathobacter (Figures 1E-1,
2A-D, 3A-D). In contrast, the phyla Proteobacteria and
Spirochaetota, which include many facultative anaer-
obes and opportunistic pathobionts, were enriched in
the control group (Figure 2D) (Freedberg et al., 2018;
Tanahashi et al, 2008). In addition, LDA of ac and
sc mucosa in the control group indicated the enrich-
ment of aerobic and nitrogen-reducing bacteria, such as
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium
and Bejjerinckiaceae, environmental bacteria Flexibac-
teriaceae family Flexibacteria, Sporichthyaceae family
Longivirga and Nitrosomonadaceae family DSSD61. The
observed variation in this phenomenon is attributed
to differences in the anaerobic state of the intestinal
mucosa. Yael Litvac and colleagues, as well as Kendra
Hodkinson and her team, have discussed the physi-
ological role of OXPHOS activation in epithelial cells
(Hodgkinson et al., 2023; Litvak et al., 2018). They sug-
gested that fermented products, such as butyrate, pro-
duced by obligate anaerobes, maintain epithelial cells
in a state of high oxygen consumption via the OXPHOS
pathway. The epithelial cells are defined as C2 cells. This
polarisation sustains anaerobic conditions by ensuring
hypoxia in the epithelium and restricting oxygen dif-
fusion into the lumen. In contrast, Cl cells transition
to a low-oxygen-consuming state reliant on glycolysis,
thereby increasing O, and NO;~ concentrations in the
lumen. Based on this, the BLP group appeared to have
a higher prevalence of C2 cells, supporting the prolif-
eration of obligate anaerobic bacteria. Therefore, pro-
longed BLP intake presumably activates the OXPHOS
pathway in the colonic mucosal epithelium, thus pro-
moting anaerobic conditions, and inducing the coloni-
sation of obligate anaerobes and mucosal commensal
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bacteria (Supplementary Figure S11). This may inhibit
the colonisation of opportunistic bacteria.

The prolonged consumption of BLP influenced the
composition of immune cells in the colonic mucosal tis-
sue. ORA revealed the enrichment of various T cell sub-
sets and B cells in the BLP group (Figure 5A). Immune
cells exhibiting effector functions predominantly rely
on glycolysis, whereas immune tolerance, memory, and
wound healing processes are dependent on OXPHOS,
including fatty acid beta-oxidation. The former cate-
gory includes effector CD8* T cells, Thl, Th2, Thl7, and
MI macrophages, whereas the latter category encom-
passes naive T cells, central memory T cells, Tregs, M2
macrophages, and bone marrow-derived immunosup-
pressive cells (Ashton et al.,, 2018; Ghosh et al., 2020;
Maciver et al., 2013). Based on these findings, it is plau-
sible that CD4" memory T cells and Tregs were enriched
in the BLP group. Considering that the upregulation
of T cell-related chemokine (CCR4 and CCR5) gene
expression was observed in the BLP group, prolonged
BLP intake was postulated to facilitate T cell migration
into the colonic mucosa (Figure 5B, Supplementary Fig-
ure S5).

Furthermore, the expression of GPCR-related genes
was notably higher in the BLP group than that in the
control group. Notably, GPR65, GPR174, SIPR4, and
P2RY10 were expressed at higher levels in T cells and
GPCRs in the BLP group (Figure 5C and 5D, Supple-
mentary Figure S5, Table 2). GPR65, an extracellular
proton-sensing GPCR, plays a role in mucosal home-
ostasis by regulating the expression of antimicrobial
peptides on colonic epithelial cells (Li et al., 2023; Marie
et al., 2022). GPR174, SIPR4, and P2RYI10 are receptors
for lysophosphatidylserine, a lysophospholipid subtype
known to inhibit T cell proliferation and promote cell
migration and macrophage phagocytosis (Makide et
al., 2014). Additionally, the BLP group exhibited higher
expression of lipid-related receptors, such as oxysterol
receptors (GPRI183), sphingosine 1-phosphate receptors
(SIPR4 and SIPR5), and SCFA receptors (FFAR2, FFAR3,
and SUCNRI) (Brown et al., 2023; Emgérd et al., 2018;
Kinjo et al., 2008; Tan et al., 2014). These findings sug-
gest that prolonged BLP intake may be associated with
lipid metabolism and cell signalling in the gut.

The long-term consumption of BLP led to modifica-
tions in the peripheral immune system. Drinking fer-
mented milk containing LcS is known to enhance NK
cell activity in healthy adults (Shida et al., 2017). How-
ever, the NK cell activity was similar between the BLP
and control groups (Supplementary Figure S8). In con-
trast, BCR repertoire analysis revealed a higher usage of
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IgH7 clones in IgA2 and IgM in the BLP group (Supple-
mentary Figure S9). This suggests that prolonged BLP
intake significantly influences the adaptive immune sys-
tem in the periphery.

From an anti-cancer perspective, opportunistic bac-
teria colonisation represents a significant risk factor for
cancer development and could serve as a target for pre-
ventive strategies. In the present study, the BLP group
showed low abundances of Pseudomonadaceae and
Brahyspiraceae. The Family Pseudomonadaceae, which
includes pathobionts such as P. aeruginosa, is prevalent
in mucosal colorectal adenomas, suggesting a poten-
tial association with adenoma development (Lu et al.,
2016; Thomas et al, 2016). Although many individu-
als harbouring Brachyspiraceae are asymptomatic, some
have been linked to other complications or intestinal
diseases, indicating that the presence of this bacterial
family may trigger additional infections and diseases
(Tanahashi et al, 2008). Thus, prolonged BLP intake
might be an important factor in cancer development
as shown in Supplementary Figure S11; however, further
investigations using more pronounced molecular bio-
logical methods and culture techniques are warranted.

Over 15 years of BLP intake demonstrated a weight
loss suppression effect in older participants following
colonic adenoma resection, with this analysis indicat-
ing an increase in butyrate-producing bacteria in the
gut. Additionally, a reduction in gut microbial diver-
sity and a decrease in butyrate-producing bacteria have
been documented in older males exhibiting symptoms
of sarcopenia (Asaoka et al., 2025). Butyrate serves as
an energy source for colonic epithelial cells and plays
a role in maintaining intestinal homeostasis (Salvi et
al., 2021). Based on these observations, we hypothe-
sised that the maintenance of intestinal homeostasis
by butyrate may enhance nutrient absorption efficiency,
thereby contributing to the suppression of weight loss.
Although further research is warranted, this finding is
considered noteworthy from the perspective of geriatric
nutrition.

The long-term consumption of BLP is suggested to
modulate the gut microbiota and colonic mucosal gene
expression profiles in participants with colonic ade-
noma resection. While the findings of this long-term
study are both rare and valuable, quite a few limitations
were noted. Dietary interventions involving a fermented
milk drink containing with lactic acid bacteria, prebi-
otics, postbiotics, and other supplements pose ethical
and logistical challenges in the context of long-term
studies. Although we confirmed that the participants
did not regularly or habitually consume fermented milk
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drinks containing lactic acid bacteria, it remains possi-
ble that they ingested other functional foods. Addition-
ally, considering the recent advances in research on the
interaction between chronic disease, medication, and
gut microbiota, the limitation of medication intake and
the medical history of the older participants present a
significant challenge (Takagi et al., 2020; Vich Vila et al.,
2020). Furthermore, RNA-seq analysis of whole tissues
limits the ability to identify specific cells which activate
the OXPHOS pathway. Future studies should employ
detailed analyses using single-cell RNA-sequencing, spa-
tial transcriptome analysis, or in vitro validation tests
with organoids. Although this study observed a high
abundance of BPB, no increase in butyrate levels was
observed. The role of butyrate for this hypothesis needs
to be established using alternative experimental sys-
tems. These considerations are essential to understand
the long-term effects of BLP intake on host health. We
are committed to pursuing the aforementioned analyses
to elucidate the beneficial role of BLP intake in cancer
prevention, which will ultimately contribute to healthy
longevity.
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