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Gut microbiota influence the hostimmune system and are associated with various diseases. In recent years, postmenopausal
bone loss has been suggested to be related to gut microbiota. In the present study, we investigated the treatment effect of the
probiotic Bacillus subtilis C-3102 (C-3102) on bone mineral density (BMD) and its influence on gut microbiota in healthy
postmenopausal Japanese women. Seventy-six healthy postmenopausal Japanese women were treated with a placebo
or C-3102 spore-containing tablets for 24 weeks. When compared with the placebo, C-3102 significantly increased total
hip BMD (placebo = 0.83 + 0.63%, C-3102 = 2.53 + 0.52%, p=0.043). There was a significant group-by-time interaction
effect for urinary type I collagen cross-linked N-telopeptide (uNTx) (p=0.033), a marker of bone resorption. Specifically,
the C-3102 group showed significantly lower uNTx when compared with the placebo group at 12 weeks of treatment
(p=0.015). In addition, in the C-3102 group, there was a trend towards a decrease in the bone resorption marker tartrate-
resistant acid phosphatase isoform Sb (TRACP-5b) when compared with the placebo group at 12 weeks of treatment
(p=0.052). The relative abundance of genus Bifidobacterium significantly increased at 12 weeks of treatment compared
with the baseline in the C-3102 group. The relative abundance of genus Fusobacterium was significantly decreased in the
C-3102 group at 12 and 24 weeks of treatment compared with the baseline. These data suggested that C-3102 improves
BMD by inhibiting bone resorption and modulating gut microbiota in healthy postmenopausal women.
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INTRODUCTION

Osteoporosis is a disease characterized by low bone mineral
density (BMD) and increased susceptibility to fractures.
Osteoporotic fractures are associated with a worsening of
health-related quality of life [1] and increased mortality risk
[2]. Since BMD is an important predictor of osteoporotic
fractures [3], preventing loss of BMD is important in reducing
the risk of fracture. A Japanese population-based cohort study
(Research on Osteoarthritis Against Disability; ROAD)
estimated that approximately 13 million Japanese people,
aged 40 years and older, are affected by osteoporosis, and
more than 70% of them are women [4]. In postmenopausal
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women, estrogen deficiency induces a decrease in BMD by
enhancing osteoclastogenesis and increasing the rate of bone
turnover [5]. Postmenopausal women with osteoporosis are
commonly treated with an antiresorptive agent or selective
estrogen receptor modulator (SERM); however, these agents
have various side effects [6, 7], poor compliance, and high
costs. Dietary supplements such as vitamin D and calcium
are ingested to prevent osteoporosis, but the effect on BMD
improvement is not sufficient [8, 9]. A more effective and safe
method to improve BMD is required.

In recent years, gut microbiota have been shown to be
associated with various diseases (allergies, autoimmune
diseases, obesity, inflammatory bowel disease, etc.) [10].
Previous studies have suggested that gut microbiota are also
related to postmenopausal osteoporosis: bone loss was not
observed in germ-free mice with induced estrogen depletion
after treatment with gonadotropin-releasing hormone
agonists [11]. In addition, an antibiotic prevented bone loss
in rats after ovariectomy (OVX) induced osteoporosis [12].
Furthermore, it has been suggested that certain probiotics may
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be advantageous for bone health: Lactobacillus paracasei
treatment in OVX mice has been reported to increase BMD
[13]. In humans, ingestion of a multispecies probiotic
supplement for six months improved bone metabolism
in postmenopausal women [14]. In addition, ingestion of
fermented soybean (natto) made using Bacillus subtilis,
which produces high amounts of vitamin K,, improved
undercarboxylated osteocalcin (ucOC), the marker of fracture
risk, in healthy men and women [15]. Although these studies
suggest that probiotics may improve BMD, their effects are
still not sufficient in humans.

Bacillus subtilis strain C-3102 (C-3102) are aerobic
spore-forming bacteria used in probiotics. In an in vitro
gastrointestinal model study, 99% of the ingested C-3102 were
still alive when passed through a model of the small intestine
from the stomach and 8% germinated [16]. In addition, in an
open human trial, ingestion of supplements containing C-3102
spores increased the relative abundance of Bifidobacterium and
decreased the number of Enterobacteriaceae [17]. Moreover,
in an open-label, single-arm pilot study, 13 weeks ingestion
of supplements containing C-3102 spores decreased serum
levels of tartrate-resistant acid phosphatase-5b (TRACP-5b),
a marker of bone resorption, in postmenopausal women
(unpublished data). These results suggested that C-3102
has the potential to improve the intestinal environment and
increase BMD, but the actual effect is unknown.

In the present randomized, placebo-controlled, double-
blind clinical trial, we investigated the effect of C-3102
on BMD, bone metabolism, and gut microbiota in healthy
postmenopausal Japanese women.

MATERIALS AND METHODS

Participants

Sample size estimation was performed using power analysis
and information from a preliminary study (unpublished
information). We estimated that 34 participants would be
required for each group to detect a difference in TRACP-5b,
assuming an o level of 0.05 and 80% power. Assuming a
drop-out rate of 10%, we calculated a final sample size of
76 participants (38 per group). Healthy, postmenopausal
Japanese women aged 50—69 years were recruited from the
general public and registered for the study at Orthomedico
Inc. (Tokyo, Japan) from December 2015 to April 2016.
Participants underwent a medical examination at Takara
Clinic, Medical Corporation Seishinkai (Tokyo, Japan): BMD
was measured at the lumbar spine and total hip. Participants
were excluded from the study based on the following criteria:
1) cessation of menses less than two years from the study date;
2) diagnosed with osteoporosis; 3) previously diagnosed with
a chronic disease (cardiovascular disease, impaired hepatic or
renal function, cerebrovascular disease, diabetes, rheumatoid
arthritis, dyslipidemia, high blood pressure, irritable bowel
syndrome); 4) using medication, including traditional Chinese
medicine; 5) taking dietary supplements known to affect bone
metabolism (Ca, Mg, vitamin D, vitamin K, soy isoflavone,

etc.) once a week or more; 6) consuming natto (soybeans
fermented by Bacillus subtilis) four times a week or more;
7) having any allergies; and 8) participation in other clinical
trials in the past three months. Written informed consent was
obtained from all individual participants included in the study.

Study design

A randomized, placebo-controlled, double-blind clinical
trial was conducted to investigate the effect of C-3102 on
BMD. The experimental periods were divided into two weeks
of observation before treatment and 24 weeks of treatment.
Seventy-six participants were assigned an individual trial
identification number and randomly allocated into two groups
of 38 with stratification by BMD, bone turnover marker, age,
and body mass index (BMI). The participants were assigned
a treatment code by the study coordinator, and all staff and
participants were blind to the treatment allocation throughout
the trial. After two weeks of observation, participants ingested
three test tablets each day after breakfast. Participants were
instructed to maintain their normal living practices, including
diet and exercise, and to record medication used during the
study period. The participants visited the clinic every 12
weeks for a medical examination. Safety was monitored by
assessing the hematology, clinical chemistry, and vital signs
of each participant, in addition to physical examinations at
each clinic visit and recording adverse events. This study was
approved by the ethics committee of Takara Clinic, Medical
Corporation Seishinkai, and carried out in accordance with
the principles of the Helsinki Declaration (2013).

Test materials

A pre-culture was prepared using soybean oil residue
inoculated with C-3102. Dried soybeans were then fermented
using the pre-culture and used in the test tablets, in addition to
excipients, emulsifiers, and a lubricant. Each tablet weighed
0.19 g. Placebo tablets were prepared using the same method,
except C-3102 soybean fermentation extract was replaced
with dextrin. Ultimately, 3 tablets contained 3.4 x 10° CFU
of C-3102. Table 1 shows the composition of test samples
per day. Adherence was monitored by tablet count (number
dispensed and returned) and by the participants’ daily records
(number of tablets taken).

Dietary assessment

Dietary patterns during the study period were estimated
using a brief-type self-administered diet history questionnaire
(BDHQ) [18]. The daily intake of total energy, fat, protein,
carbohydrates, calcium, magnesium, phosphorus, vitamin
D, vitamin C, and vitamin K was estimated from the dietary
intake of 58 food and beverage items using a purpose-built
computer algorithm for the BDHQ, which was based on the
Standard Tables of Food Composition in Japan [19].

BMD measurements

BMD was measured at the lumbar spine (L2-L4) and the
left hip using dual-energy X-ray absorptiometry (Hologic
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Table 1. Nutritional composition of test samples (daily doses)

Placebo C-3102
Energy (kcal) 2.21 2.19
Fat () 0.01 0.01
Protein (2) <0.001 0.06
Carbohydrate (g) 0.53 0.46
Vitamin D (ng) N.D. N.D.
Vitamin K, (ng) N.D. 5.52
Isoflavone (mg) N.D. 0.34
Phosphorus  (mg) 0.02 0.81
Calcium (mg) 0.01 0.36
Magnesium  (mg) 0.002 0.338
C-3102 spore  (CFU) N.D. 3.4 x10°

N.D.: Not detected.

Discovery DXA system, Hologic Inc., Waltham, MA, USA).
Measurements were assessed at the first visit to the hospital
and at 24 weeks of the trial. The Hologic APEX software,
version 3.3.0.1, was used to analyze the DXA scans. Quality
control was performed using a calibration phantom before
each measurement.

Biochemical analysis

Fasting blood samples and urine were collected at baseline
and at 12 weeks and 24 weeks of the trial. Blood samples
were centrifuged at 3,000 rpm for 10 min, and serum samples
from each participant were stored at —80°C. Serum TRACP-
5b was measured using an Osteolinks TRAP-5b kit (DS
Pharma Biomedical Co., Ltd., Osaka, Japan), and serum
bone alkaline phosphatase (BAP) was measured using Access
Ostase (Beckman Coulter, Inc., Fullerton, CA, USA). Serum
intact parathyroid hormone (iPTH) was measured using
Elecsys PTH (Roche Diagnostics, Mannheim, Germany).
Urinary type I collagen cross-linked N-telopeptide (uNTXx)
was measured using an Osteomark NTx kit (Alere, Tokyo,
Japan) and corrected using urinary creatinine levels for
standardization.

Fecal sampling and DNA extraction

Fecal samples were collected with a test container
(Sarstedt K.K., Tokyo, Japan) before each visit to the clinic
and were kept at —30°C for later use. Frozen samples were
thawed at room temperature, and then 0.2 mg of fecal sample
were aliquoted into a plastic tube. Samples were washed in
1.0 ml PBS and subjected to centrifugation at 14,000 x g for
3 min. Pellets were resuspended in 500 pl extraction buffer
(166 mM Tris/HCI, 66 mM EDTA, 8.3% SDS, pH 9.0) and
500 ul TE buffer-saturated phenol. Glass beads (300 mg,
0.1 mm diameter) were added to the suspension, and the
mixture was vortexed vigorously for 60 s using a Multi-
beads Shocker (Yasui Kikai Corporation, Osaka, Japan).
After centrifugation at 14,000 x g for 5 min, 400 pl of the
supernatant were extracted using phenol-chloroform-isoamyl
alcohol, and DNA was precipitated with isopropanol. The

samples were washed in 70% ethanol and dissolved in TE
buffer. A High Pure PCR Template Preparation Kit (Roche,
Tokyo, Japan) was used for further purification according to
the manufacturer’s recommendations. The eluted DNA was
preserved at 4°C.

Sequencing and data processing

Sequencingofthegeneencoding 16SrRNAwasperformed
using a MiSeq V2 kit, according to the manufacturer’s
instructions (http://support.illumina.com/documents/
documentation/chemistry _documentation/16s/16s-
metagenomic-library-prep-guide-15044223-b.pdf).
Briefly, the V4 region of the bacterial 16S rDNA was
amplified by PCR with forward and reverse primers
(5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
GTGCCAGCMGCCGCGGTAA-3' and
5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
GACTACHVGGGTATCTAATCC-3’, respectively), 5 ng
of DNA from a fecal sample, and a TaKaRa Ex Taq HS kit
(Takara Bio, Kusatsu, Shiga, Japan). The PCR products were
purified using Agencourt AMPure XP (Beckman Coulter,
Inc., Brea, CA, USA) and then amplified using a Nextera
Index kit (Illumina, San Diego, CA, USA). After the second
PCR, amplified products were purified using Agencourt
AMPure XP. Sequencing was conducted using a paired-end
to 2 x 150-bp cycle run on an Illumina MiSeq system using
MiSeq Reagent Kit v2 (300 cycles).

168 rDNA-based taxonomic and diversity analysis

QIIME v.1.8.0 was used to filter and analyze the attained
sequences [20]. Quality filtering was performed using the
provided fastq files, and sequences that produced a quality
score of under 29 were removed. Chimeric sequences were
removed using USEARCH, and assignment to operational
taxonomic units (OTUs) was carried out using open-reference
OTU picking with a 97% threshold of pairwise identity.
OTUs containing less than five sequences were removed
before the remaining OTUs were classified taxonomically
using the Greengenes reference database (http://greengenes.
secondgenome.com/downloads/database/13_5). Alpha diversity
(Chaol, number of observed species, and Shannon diversity
index) within two groups (placebo and C-3102) was estimated
using QIIME. In further analysis, the classified OTUs were
excluded using a cutoff of 0.01% in mean relative abundance
at baseline in at least one group.

Statistical analysis

Statistical analysis was performed using IBM SPSS ver.
23.0 (IBM Japan, Ltd., Tokyo, Japan). Differences in baseline
characteristics between groups were tested using the Student’s
t-test. One-factor analysis of covariance (ANCOVA) was
performed to evaluate the percentage change from baseline
in BMD between groups with baseline values as covariates.
Changes in bone turnover markers were compared using a
linear mixed model of repeated measures, including group,
time, and group-by-time interaction as fixed effects and
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Fig. 1. Study flowchart for participants.

participants as random effects. Alpha diversity and the
relative abundances of gut bacterial genera at 12 and 24
weeks of treatment within the groups were compared with the
baseline values by Wilcoxon signed-rank test with Bonferroni
correction. Spearman rank correlation was performed to
determine the correlation between the relative abundances of
gut bacterial genera and BMD or bone turnover markers. All
tests were two-sided with a significance level of 5%.

RESULTS

Subjects

A flow chart of the trial is shown in Fig. 1. A total of
144 postmenopausal women agreed to participate in the
study and underwent screening. Sixty-eight participants
were excluded from the trial due to a doctor’s inquiries and
medical examination (n=21), withdrawal from participation
(n=4), or diagnosis of osteoporosis based on criteria for
primary osteoporosis [21] (n=43). Seventy-six participants
were eligible, and 38 participants were randomly allocated to
each of the placebo and C-3102 groups. During the treatment
period, seven participants dropped out due to personal
reasons. Thirty-five participants in the placebo group and 34
participants in the C-3102 group completed the full 24-week
trial period. Eight participants who took antibiotics during
the treatment period were excluded from the analysis due to
the effects of the antibiotics on C-3102 and gut microbiota.
Ultimately, 30 participants in the placebo group and 31
participants in the C-3102 group were analyzed. The overall

| Placebo group (n = 38)

Lost to follow-up (n = 3)
+ Personal reasons (n = 3)

Analyzed (n = 30)
Excluded from analysis
(taking antibiotics) (n = 5)

mean compliance rate was 99.5% =+ 0.1% (placebo = 99.6%
+ 0.2%, C-3102 = 99.5% + 0.2%). No adverse effects were
reported during the study period.

Baseline characteristics of the participants are shown in
Table 2. No significant differences were observed between
the C-3102 and placebo groups in age, BMI, BMD, or bone
turnover markers.

Table 3 shows the daily intake of energy, fat, carbohydrates,
protein, Ca, Mg, P, vitamin C, vitamin D, and vitamin K during
the treatment period. The C-3102 group had a significantly
lower daily intake of fat when compared with the placebo
group at baseline and 12 weeks of treatment. No significant
differences were observed between the C-3102 and placebo
groups in minerals and vitamins related to bone metabolism
(Ca, Mg, P, vitamin C, vitamin D, and vitamin K) during the
trial.

BMD

Figure 2 shows the mean relative change from baseline to
24 weeks in BMD at the lumbar spine and the total hip. In the
C-3102 group, total hip BMD significantly increased when
compared with the placebo group (Fig. 2a; placebo = 0.83
+ 0.63%, C-3102 = 2.53 + 0.52%, p=0.043). Lumbar spine
BMD was not significantly different between the two groups
(Fig. 2b; placebo = —0.68 + 0.35%, C-3102 = 0.18 + 0.50%,
p=0.112).

Bone turnover markers
Figure 3 shows the mean relative change from baseline to
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Table 2. Baseline clinical characteristics

91

of the C-3102 and placebo groups

Placebo grou C-3102 grou
(n=3§) ’ (n=3%) b p value

Age (years) 57.8+5.4 57.5+4.3 0.84
Body mass index (kg/m?) 22.1£2.7 222+33 0.89
Bone mineral density (g/cm?)

L2-14 0.895 +0.088 0.887 +0.074 0.70

Total hip 0.790 + 0.065 0.778 £ 0.070 0.49
TRACP-5b (mU/dl) 446 + 136 438 + 101 0.79
BAP (mg/l) 142+42 14.1+5.1 0.96
Urinary NTx (nmol/mmol-Cr) 46.8 £ 14.8 54.1+219 0.13
Intact PTH (pg/ml) 50.9 £ 16.6 56.3+18.5 0.24

Values are means + SDs. p values were determined by Student’s t-test.

Table 3. Daily intake of energy, fat, carbohydrates, protein, minerals, and vitamins related to
bone metabolism during the treatment period

Treatment period

Group -
Baseline 12 weeks 24 weeks
Energy (kcal/day) Placebo 1,718 £ 469 1,638 +337 1,662 + 460
C-3102 1,574 + 536 1,463 +402 1,470 + 453
Fat (g/day) Placebo 56+ 16 57+ 14 55+ 17
C-3102 49 + 19%* 49 + 18* 46+ 17
Carbohydrates (g/day) Placebo 227 £ 67 204 £ 50 218 £67
C-3102 208 + 83 186+ 58 193 £ 66
Protein (g/day) Placebo 64+17 63+ 16 63+21
C-3102 63 +27 57+ 17 59+23
Calcium (mg/day) Placebo 506 + 185 499 + 181 480+ 180
C-3102 480 + 243 478 £ 189 464 £ 268
Magnesium (mg/day) Placebo 231+ 68 220+ 50 226 + 67
C-3102 228 + 85 212+ 54 215+79
Phosphorus (mg/day) Placebo 971 +£279 955 +253 947 +317
C-3102 938 + 406 881 +271 895 +399
Vitamin C (mg/day) Placebo 109 £49 95+ 30 113 +48
C-3102 108 £33 90 +44 107 £ 46
Vitamin D (mg/day) Placebo 10£5 12+5 11+6
C-3102 14+16 12+9 12+11
Vitamin K (mg/day) Placebo 254 +£108 235+ 80 250+ 108
C-3102 253 +£135 242 + 107 226 + 120

Values are means + SDs. Significant differences were determined by Student’s t-test. *p<0.05 vs.

placebo group.

24 weeks in bone turnover markers. A trend-level interaction
effect of group-by-time was observed for TRACP-5b
(p=0.082), a marker of bone resorption. In the C-3102 group,
there was a trend towards a decrease in TRACP-5b when
compared with the placebo group at 12 weeks of treatment
(Fig. 3c; placebo = 4.5 £ 2.8%, C-3102 = —4.8 £+ 3.8%,
p=0.054). There was a significant group-by-time interaction
effect for uNTx (p=0.033), also a marker of bone resorption.
Specifically, the placebo group showed significantly higher
uNTx when compared with the C-3102 group at 12 weeks

of treatment (Fig. 3a; placebo = 23.3 + 5.9%, C-3102 = 1.6
+ 6.3%, p=0.015). The data suggests that C-3102 inhibits
bone resorption at 12 weeks of treatment. However, there
was no significant difference between the placebo and
C-3102 groups in these two bone resorption markers at 24
weeks of treatment (uNTx: placebo = 9.1 + 5.3%, C-3102 =
11.2 + 10.3%, p=0.857; TRACP-5b: placebo = 6.0 = 2.7%,
C-3102 =—-0.10 £ 10.3%, p=0.183). There was no significant
group-by-time interaction effect for BAP as a marker of bone
formation, but the effect of time was significant (p=0.522
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Fig. 2. Treatment effects on bone mineral density in the placebo and C-3102 groups.
Mean + SEM relative changes from baseline to 24 weeks of treatment in BMD in the (a) total hip and
(b) lumbar spine (L2-L4) area. Data are shown for the placebo group (open bar) and C-3102 group
(closed bar). Significant differences were determined by ANCOVA. *p=0.043, vs. placebo group.
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Fig. 3. Mean percent change from baseline in bone turnover markers.

Mean + SEM relative changes from baseline to 24 weeks of treatment in bone turnover markers. (a) uNTx,
(b) BAP, (c) TRACP-5b, (d) iPTH. Data are shown for the placebo group (broken line) and C-3102 group
(solid line). The fixed effects of treatment, time, and group-by-time interaction on bone turnover markers were
analyzed using a linear mixed model of repeated measures. *Group-by-time interaction effect. #p=0.015, vs.
placebo group at 12 weeks using Student’s t-test. Tp=0.054, vs. placebo group at 12 weeks using Student’s t-test.

and p<0.001, respectively). There was no significant group-
by-time interaction effect for iPTH, which is one of the main
regulators of calcium and bone metabolism (p=0.513).

Gut microbiota analysis
To investigate the influence of C-3102 on gut microbiota,

fecal samples were analyzed by high-throughput sequencing.
In the C-3102 group, the Chaol (species richness) and
Shannon (evenness) indices significantly decreased after 24
weeks of treatment when compared with the baseline (Table
4). Furthermore, at the genus level, C-3102 treatment resulted
in a significant change in the relative abundance of 11 bacterial
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Table 4. Alpha diversity of gut microbiota

Placebo C-3102
Baseline 12 weeks 24 weeks Baseline 12 weeks 24 weeks
Observed species 1,056 £ 68 1,196 £ 72 1,032 £ 62 1,180 £ 72 1,140 £ 89 943 + 631
Shannon 6.15+0.20 6.60 +0.17 6.16+£0.18 6.48 £0.18 6.17+0.22  5.97+0.20%
Chaol 1,662 + 109 1,834 £ 115 1,588 99 1,809 + 116 1,711 £135 1,440 £ 99*

Values are means + SEMs. Significant differences were determined by Wilcoxon signed-rank test with Bonferroni correction.

#p<0.05, vs. baseline. 'p<0.1, vs. baseline.

Table 5. Relative abundance of gut microbiota that significantly increased or decreased from baseline

Phylum Family Genus

Relative abundance (%)

Group

Baseline 12 weeks 24 weeks
Actinobacteria Bifidobacteriaceae Bifidobacterium Placebo 7.84+£2.24 5.62+1.79 5.80+1.48
C-3102 395+1.14 10.82 + 2.60* 6.63+£2.28
Coriobacteriaceae Collinsella Placebo 0.22 +0.06 1.46 £ 0.40" 0.51 £0.13"
C-3102 0.23 £0.06 1.37 +0.49% 0.68 + 0.24*
Eggerthella Placebo 0.04 £0.01 0.13 £ 0.03* 0.08+£0.03
C-3102 0.03 £0.02 0.09 + 0.03* 0.04 +£0.01
Firmicutes Christensenellaceae Unknown Placebo 0.03 +0.01 0.02 +0.01 0.05+0.02
C-3102 0.04 £0.01 0.02+0.01% 0.03+£0.01
Lachnospiraceae Dorea Placebo 1.96 £ 0.30 1.39+0.22 1.20 +0.24
C-3102 1.82+£0.34 1.00 +£0.23"* 0.93+0.18*
Other Placebo 0.87+0.11 1.52 +£0.24% 0.83+£0.12
C-3102 1.60 £0.28 1.95+0.56 1.18 +0.35%
Turicibacteraceae Turicibacter Placebo 0.06 +0.03 0.03 +0.01 0.03 +0.01
C-3102 0.08 £0.03 0.04 £0.01 0.02+0.01%
Veillonellaceae Megamonas Placebo 1.42 +0.87 0.33+0.24 1.01 +0.73
C-3102 1.09 £ 0.90 0.25+0.24 0.06 £ 0.06
Fusobacteria Fusobacteriaceae Fusobacterium Placebo 0.07£0.03 0.03 £0.01 0.24+£0.17
C-3102 0.13 £0.06 0.02+0.01% 0.06 = 0.04*
Proteobacteria Alcaligenaceae Sutterella Placebo 0.17 £ 0.05 0.14 +0.05 0.37+0.10
C-3102 0.24+£0.11 0.33+£0.21 0.51+0.30*
Enterobacteriaceae Other Placebo 0.13+0.12 0.96 +0.68 0.63 +0.44
C-3102 0.10£0.07 0.15+0.06" 0.83 £0.61

Values are means + SEMs. Significant differences were determined by Wilcoxon signed-rank test with Bonferroni correction. #p<0.05

vs. baseline.

genera when compared with the baseline in the C-3102 group
(Table 5). Among them, the relative abundance of genus
Bifidobacterium significantly increased in the C-3102 group
at 12 weeks of treatment when compared with the baseline,
and genus Fusobacterium significantly decreased in the
C-3102 group at 12 and 24 weeks of treatment when compared
with the baseline. It was suggested that C-3102 modulates
host-gut microbiota; however, these bacterial genera did not
significantly correlate with BMD or bone turnover markers
(data not shown).

DISCUSSION

In the present study, we investigated the effect of C-3102

on BMD, bone metabolism, and gut microbiota in healthy
postmenopausal Japanese women in a randomized, placebo-
controlled, double-blind clinical trial. We found that C-3102
significantly increased total hip BMD. In addition, C-3102
was suggested to inhibit bone resorption and modulate gut
microbiota.

A longitudinal cohort study of multinational women
revealed that total hip BMD decreases at a rate of 1.4% per
year in postmenopausal woman [22]. In the present study, the
percent difference in total hip BMD (percent change of BMD
in the C-3102 group minus that in the placebo group) at 24
weeks of treatment was 1.70%. Thus, C-3102 is considered to
be useful in preventing bone loss in postmenopausal women.

It has been reported that six months of whole body
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vibration training increased total hip BMD in postmenopausal
women (percent difference in total hip BMD = 1.55%) [23].
Furthermore, a one-year treatment of 1,200 mg calcium per
day increased total hip BMD in elderly women (percent
difference in total hip BMD = 1.46%) [24]. Although it is
difficult to directly compare our results with these studies due
to different subject backgrounds and study periods, C-3102
could improve total hip BMD in postmenopausal women as
effectively as these interventions.

Since BMD is determined by the dynamic balance between
bone formation and bone resorption, we investigated the
change in bone formation and bone resorption markers.
uNTx is a fragment of type I collagen generated during bone
resorption and hence it is considered to reflect osteoclast
activity [25]. A significant group-by-time interaction effect
for relative changes in uNTx indicated that the change
in uNTx over time differed between the groups. C-3102
inhibited bone resorption by suppressing osteoclast activity,
as the C-3102 group showed significantly lower uNTx than
the placebo group at 12 weeks of treatment. TRACP-5D, also
a bone resorption marker, is an Osteoclast-specific enzyme
and hence is considered to reflect osteoclast number [25].
There was a trend towards a decrease in the relative change
of TRACP-5b in the C-3102 group when compared with the
placebo group at 12 weeks of treatment. The smaller sample
size than that calculated by power analysis (n=34 per group)
may result in insufficient power to detect a difference between
the C-3102 group and the placebo group. Thus, C-3102
appeared to suppress not only osteoclast activity but also
osteoclast number.

Analysis of the bone formation marker showed there was
no significant group-by-time interaction effect for BAP: only
the effect of time was significant. This result suggests that
C-3102 does not influence bone formation. We suggest C-3102
inhibits bone resorption by suppressing osteoclast activity
without influencing bone formation and thus improves BMD.

We then investigated the causes of improvement in BMD
in the C-3102 group. It is possible that the natural ingredients,
such as vitamin K, and soy isoflavone in fermented soybean,
in the C-3102 tablets contribute to the improvement in
BMD. In the present study, the test tablets contained 5.52 pg
of vitamin K, and 0.34 mg of soy isoflavone (aglycon
and glycoside) per daily dose. Vitamin K, mediates the
carboxylation of osteocalcin, which is the most abundant
non-collagenous protein of the bone extracellular matrix. The
minimum effective dose of vitamin K, for improving BMD in
postmenopausal osteoporotic women is 45 mg per day [26];
therefore, the vitamin K, in the C-3102 tablets is not expected
to have contributed to the improvement in BMD in the
present study. Soy isoflavone has a hormone-like effect, and
this is considered to improve bone metabolism [27]. A meta-
analysis of clinical trials reported that ingestion of 82 mg
soy isoflavone per day increases BMD in postmenopausal
women [28]. In the present study, the effect of 0.34 mg of
soy isoflavone contained in the C-3102 tablets is expected
to have been small. We suggest that the natural ingredients

in fermented soybean contained in the C-3102 tablets do not
contribute to improvement of BMD.

It is possible that C-3102 indirectly improved BMD
via modulation of gut microbiota. A comparison of gut
microbiota in osteoporosis patients, osteopenia patients, and
normal controls suggested that the alpha diversity index is
inversely correlated with BMD [29]. In the present study,
alpha diversity indices significantly decreased at 24 weeks
of treatment when compared with the baseline in the C-3102
group. Thus, improvement in BMD after ingestion of C-3102
may be associated with decreased alpha diversity.

In the C-3102 group, the relative abundance of genus
Bifidobacterium, members of which are commonly used as
probiotics, significantly increased at 12 weeks of treatment
when compared with the baseline. This result is consistent
with our previous study in which C-3102 increased the relative
abundance of Bifidobacterium in healthy men and women
[17]. It has been reported that treatment with Bifidobacterium
longum increases BMD in OVX-induced osteoporotic rats by
suppressing bone resorption [30]. Furthermore, ingestion of
multispecies probiotics, including Bifidobacterium longum,
decreased serum levels of C-terminal telopeptide (CTx), a
marker of bone resorption, in postmenopausal women [14].
We suggest that the improvement in BMD in postmenopausal
women after ingestion of C-3102 may be related to the
increase in the relative abundance of genus Bifidobacterium
in gut microbiota.

The relative abundance of genus Fusobacterium, including
pathogenic species such as Fusobacterium nucleatum,
significantly decreased in the C-3102 group at 12 and 24
weeks of treatment when compared with the baseline. It has
been reported that there is a positive correlation between the
abundance of Fusobacterium nucleatum and inflammatory
cytokine (TNF-a) expression in adenoma patients [31].
In addition, it has been reported that oral infection with
Fusobacterium nucleatum induces alveolar bone loss and
increases inflammatory cytokines (TNF-o and IL-1B) in
mice [32]. Since inflammatory cytokines are considered to
be osteoclastogenic cytokines [33], C-3102 may inhibit bone
resorption by decreasing the relative abundance of the genus
Fusobacterium, followed by improvement in inflammatory
cytokines. However, there was no significant correlation
between the relative abundance of these bacterial genera
and BMD or bone turnover markers, suggesting that bone
metabolism is not related to a single bacterial genus.

In recent years, it has been proposed that gut microbiota
regulate bone metabolism via effects on the host immune
system, and a new research field called “osteo-microbiology”
has been suggested [34]. A hypothetical mechanism of action
for C-3102 on bone mineral density is shown in Fig. 4. Further
studies are needed to elucidate the mechanisms of the effect
of improvement in BMD caused by ingestion of C-3102.

The present study has several limitations. First, it was
targeted at healthy postmenopausal women; further studies
are needed to investigate whether C-3102 improves BMD
in osteoporotic patients, including men and young women.
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Fig. 4. Schematic illustration of the hypothetical mechanisms of action of C-3102 on BMD.

C-3102 modulates gut microbiota such as by increasing the genus Bifidobacterium or decreasing the genus Fusobacterium.
Modulation of gut microbiota may lead to an increase in BMD through reduction of inflammatory cytokines and hence a

reduction in osteoclast activity.

Second, no significant differences were observed in the bone
resorption markers at 24 weeks of treatment even though
C-3102 is suggested to inhibit bone resorption. A longer
study period will be required in order to evaluate the effect
of C-3102 on bone resorption. Third, neither the placebo
nor the C-3102 group reached the required sample size due
to exclusion of the antibiotic recipients from the analysis;
therefore, in some of the data the statistical power was too
low to detect a significant difference.

In conclusion, the present study showed that treatment
with C-3102 improves BMD by inhibiting bone resorption
and modulating gut microbiota in healthy postmenopausal
Japanese women. To our knowledge, this is the first report of
improvement of BMD by a probiotic treatment in humans. Our
findings suggests that C-3102 could be useful in preventing
bone loss in healthy postmenopausal women.
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