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We investigated the effects of fermented rice bran (FRB)
administration in two groups of C57BL/6J mice. The first group
was fed with a high-fat diet, and the second group was fed with
a high-fat diet supplemented with the FRB for 8 weeks. FRB
supplementation suppressed the high-fat-induced weight gain
and considerable alterations in the intestinal microbiota profile in
the second group. Among 27 bacterial genera detected in the FRB,
only Enterococcus, Lactobacillus, Bacteroides, Prevotella, and the
unclassified family Peptostreptococcaceae were detected in mice
feces. Their abundances were not particularly increased by FRB
supplementation. The abundances of Enterococcus and the
unclassified family Peptostreptococcaceae were even suppressed
in the second group, suggesting that FRB supplementation didn’t
cause an addition of beneficial microbiome but inhibit the
proliferation of specific bacteria. Fecal succinic acid concentration
was significantly decreased in the second group and highly
correlated with the relative abundances of Turicibacter,
Enterococcus, and the unclassified family Peptostreptococcaceae.
A significant increase in fumaric acid and a decrease in xylitol,
sorbitol, uracil, glutamic acid, and malic acid levels were observed
in the peripheral blood of the second group. FRB supplementation
counteracted the high-fat-induced obesity in mice by modulating
the gut microbiota and the host metabolism.
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T he history of fermented foods and drinks dates back more
than 4000 years. Microorganisms seeded in the environ‐

ment were used for fermentation and the maturation of fermented
foods.(1) Fermentation has initially been a method to preserve
foods for a more extended period, although it enhances the nutri‐
tional value of foods producing health-promoting components.(2)

The functional properties of fermented products are, at least in
part, associated with the probiotic content of the products.(2) A
recent study clearly showed that the high-fermented-food diet
increased microbiota diversity and decreased inflammatory
markers.(3) Rice bran (RB) is a rich source of bioactive compo‐
nents, including dietary fiber and antioxidants, which have the
potential to promote gastrointestinal health.(4) RB is currently
available in most regions of the world as a by-product of rice
polishing. However, RB consumption by humans is limited.
Therefore, RB is discarded or used as animal feed.(5) Fermenta‐

tion of RB has been used to increase its quality or render it edible
for humans as a dietary supplement. Fermented RB (FRB) is
such foodstuffs that are more enriched in ingredients such as
protein, fiber, and phenolic compounds than the usual raw
RB.(6) A previous study reported that FRB exhibits vital activities
to improve metabolic syndrome.(6) Metabolic syndrome is
defined as a cluster of conditions, such as high blood pressure,
obesity, diabetes, and hyperlipidemia, associated with an
increased risk of developing cardiovascular disease.(6) Inadequate
nutrition habits are essential risk factors for metabolic-syndrome-
related disease, and consumption of functional foods such as
prebiotics and probiotics may mitigate them. There is a need for
new therapeutic approaches to reduce the healthcare cost and
better control the conditions associated with metabolic syndrome.
Alauddin et al.(6) have shown that chronic supplementation with
dual FRB-containing Aspergillus kawachii and lactic acid
bacteria significantly reduced food intake, body weight, and
epididymal fat mass in stroke-prone spontaneously hypertensive
rats. They also suggested that dietary supplementation with FRB
can mitigate metabolic syndrome by enhancing serum
adiponectin levels and downregulating the transcription factors
involved in hepatic glucose and fat metabolism.(6)

In contrast, despite reports on the effect of FRB supplementa‐
tion on the gut microbiome,(7–9) no study has yet investigated the
anti-obesity effect of FRB in terms of the gut microbiota. Hence,
further studies are required to elucidate the complete physio‐
logical effect of FRB and confirm its detailed mechanism of
action at the molecular level. Therefore, we conducted this study
to evaluate the comparative effects of an FRB food supplement
on body weight and gut bacterial metabolism in mice fed with a
high-fat diet (HFD). We used the FRB supplement, “MAX-
PROBIO” produced by MAX PROBIO. Co. Ltd., Japan. This
FRB product is a unique probiotic material produced by fermen‐
tation using multiple microorganisms, including the six strains
Bacillus amyloliquefaciens M4, Bacillus subtilis M5, Bacillus sp.
M6, Lactobacillus casei (#NBRC 15883), Bifidobacterium
bifidum (#NBRC 100015), and Aspergillus oryzae (#NBRC
6215). The enzymes produced by these bacteria degrade RB, and
the final product of FRB contains abundant valuable components
such as peptides, various amino acids, oligosaccharides, and fatty
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acids. This FRB supplement would also function as a probiotic
containing living multispecies microorganisms. Due to its unique
and probable efficacy in improving the intestinal environment,
this FRB supplement has been primarily used for pet animals and
humans. It has also become a supplement food for racehorses,
officially approved by Japan Racing Association. In the present
study, we explored the effect of this FRB food supplement on
HFD-induced obesity using a mouse model. We analyzed the
bacterial contents of the final product of the FRB supplement,
followed by analyses on the weight gain, the food consumption
rate, the behavioral activity, the alterations in the gut microbiota,
and the metabolism of the mice induced by the FRB supplemen‐
tation.

Materials and Methods

Ethics statement. The methods followed in this study were
conducted under approved ethics guidelines. All animal manipu‐
lations were performed in accordance with the National Institute
of Health Guide for the Care and Use of Laboratory Animals
and were approved by the Animal Research Committee at the
University of Fukui.

Preparation of FRB. The FRB food supplements were
prepared based on the manufacturing process and provided by
MAX PROBIO. Co. Ltd. (Ryuoh, Shiga, Japan). Briefly, FRB
was prepared by fermentation using the six bacterial strains
Bacillus amyloliquefaciens M4, Bacillus subtilis M5, Bacillus sp.
M6, Lactobacillus casei (#NBRC 15883), Bifidobacterium
bifidum (#NBRC 100015), and Aspergillus oryzae (#NBRC
6215). In the first stage, 300 kg of RB was ground to particles
measuring <1 mm, after which 30 kg of the six bacterial strain
mixture was inoculated at an initial concentration of 1010/g and
mixed with RB evenly. In the second stage, 115 L of 0.06%
(w/w) glucose solution was gradually mixed with 330 kg of RB
containing the six bacterial strain mixture in a 1,000 L vessel.
The RB mixture was then covered with a sheet, and the tempera‐
ture was confirmed constantly to maintain the product at <50°C.
Then, the temperature was decreased gradually on a daily basis,
so that the product temperature reached <30°C 1 month later. In
the final stage, after confirming that the temperature reached
<30°C, the FRB was ground to 1 mm-sized particles and dried
for at least 2 weeks until the moisture content reached <12%.
Next, the FRB powder was stored in a low-temperature ware‐
house at 15°C until use. The macronutrients present in FRB were
analyzed by Japan Food Research Laboratories (JFRL; Tokyo,
Japan) using conventional methods for food analysis. Their prox‐
imate compositions are shown in Table 1.

Animals and diets. Female C57BL/6J mice aged 4 weeks
were purchased from SLC Japan (Hamamatsu, Japan). Four mice
were housed in a single cage in a room maintained at 25°C with
50% relative humidity and a 12/12-h light/dark cycle. The
animals were randomly divided into two dietary groups (n = 12
for each group). The first group (HFD group) was fed with HFD
(HFD32; CLEA Japan Inc., Tokyo, Japan), and the second group
was fed with HFD supplemented with 0.239% (w/w) FRB food
supplement (HFD + FRB group). The concentration of FRB in
HFD was determined as follows. A Japanese woman aged 30–39
years with average body weight (53.7 kg: 2013 National Nutri‐
tion and Health Survey conducted by the Ministry of Health,
Labour and Welfare, Japan) ingests a spoonful of FRB (weighs as
1.3 g: 2.42 × 10−5 g/g body weight) according to the manufac‐
turer’s instruction. The average daily consumption of the HFD
diet of 12-week-old female C57BL6 mice with an average body
weight of 21.7 g is 2.2 g (data supplied by CLEA Japan Inc.).
Considering the bodyweight ratio, 5.25 × 10−4 g of FRB to 21.7 g
bodyweight of mice is equivalent to the daily ingestion of a
woman. We finally decided to apply 0.239% (w/w) of FRB to
HFD so that a female mouse approximately ingests 5.25 × 10−3 g

of FRB (10 times larger amount of an estimated equivalent)
through daily consumption of HFD containing FRB. The
macronutrient composition analyses of FRB showed that 100 g of
FRB contains 378 kcal (Table 1), suggesting that 5.25 × 10−3 g of
FRB, which is to be consumed per day by a mouse fed with
FRB-containing HFD, has only 19.845 calories. Therefore, we
decided to use female mice fed with HFD as the control group.
The mice were fed for 8 weeks and allowed free access to food
and water. The feed intake and weight gain were measured two
times a week. Fecal specimens were collected from mice at three
defined time points (0, 14, and 54 days after the onset of the
experiment).

Twenty four-h home cage activity test. After the HFD-
feeding period, the mice were tested using a 24-h home cage
activity test, which was performed as described previously.(10,11)

Briefly, we used a home cage activity monitoring system (O’Hara
& Co., Tokyo, Japan), including a home cage (29 × 18 × 12 cm)
and an infrared video camera. A 12/12-h light/dark cycle using
LED illumination was programmed (08:00–20:00, light period;
20:00–08:00, dark period). Each mouse was separately housed in
a cage by 10:30, and images from each cage were captured at a
rate of 1 frame/s for 26 h from 11:00 to 13:00 of the next day.
Moreover, the travel distance per hour was analyzed for 24-h
(12:00–12:00 of the next day).

Gut microbiota analysis. Bacterial DNA was extracted
from mice feces using a commercial extraction kit (Quick‐
Gene-810 system and QuickGene DNA tissue kit; KURABO,
Osaka, Japan) as described previously.(12) The microbiota compo‐
sition of the feces was analyzed by the next-generation
sequencing method using the MiSeq platform (Illumina, San
Diego, CA) as described previously.(13) Briefly, 25 mg of feces
was collected into a sterilized conical tube containing beads;
then, 250 μl of a tissue lysis buffer contained in the kit was
applied to the homogenized digest, and the suspensions were
smashed twice at 3,000 rpm for 2 min using Micro Smash
MS-100 (Tommy, Tokyo, Japan). Next, 25 μl of proteinase K
contained in the kit was added to suspensions and incubated at

Table 1. Macronutorients in FRB

Nutrients Amount/100 g

Energy 378 kcal

Water 7.9 g

Protein 17.6 g

Lipids 21.4 g

Carbohydrates 42.2 g

 Sugar 15.3 g

 Fibers 26.9 g

Minerals 10.9 g

 Sodium 6.1 mg

 Pottasium 1,950 mg

 Calcium 60.1 mg

 Iron 9.44 mg

 Magnesium 1,110 mg

 Copper 0.82 mg

 Zinc 8.98 mg

 Manganese 21.8 mg

Vitamin A (retinol) 2 μg

β-Carotene 22 μg

Vitamin B1 (thiamine) 1 μg

Vitamin B2 (riboflavin) 1.39 μg

Vitamin B6 3.14 μg

Vitamin E (α-Tocopherol) 11.9 μg
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55°C for 2 h. After centrifugation (15,000 × g, 10 min, 25°C),
200 μl of the supernatant was transferred to a new microtube to
which 180 μl of the lysis buffer contained in the kit was added.
After incubation at 70°C for 10 min, 240 μl of ethanol (99% v/v;
Sigma-Aldrich Japan, Tokyo, Japan) was added. The bacterial
genomic DNA in the suspension was purified using the Quick‐
Gene 810 system (KURABO). PCR amplification of 16S rRNA
V3–V4 region was conducted using the primers 314F and 805R.
Processing of the sequencing data, including quality filtering,
chimera check, operational taxonomic unit definition, and
taxonomy assignment, was conducted using QIIME1.9.1,
USEARCH, and UCHIME as described previously.(14) Alpha-
diversity metrics (Chao1 or Shannon index) were calculated
using the QIIME1.9.1 software. Beta-diversity was estimated
using the UniFrac metric to calculate the distances between the
samples and was visualized by principal coordinate analysis
(PCoA).
The total number of bacteria in the feces was measured by

real-time PCR analysis. Amplification was performed in a 10-μl
reaction volume containing 5 μl of SYBR premix Ex taq
(Takara Bio, Shiga, Japan), 1 μl of DNA extract, and 0.2 μmol/L
of each primer. The primer sequences were SRV3-1 primer,
5'-CGGYCCAGACTCCTACGGG-3', and SRV3-2 primer, 5'-
TTACCGCGGCTGCTGGCAC-3'.(15) The PCR amplification
protocol consisted of initial denaturation for 1 min at 95°C,
followed by 35 cycles of melting, annealing, and extension at
95°C for 20 s and 63°C for 30 s, and 72°C for 45 s, respectively.
The cell numbers of total bacteria were calculated using the
Bifidobacterium longum JCM1217T cell numbers.

Organic acid (OA) measurement. The concentrations of
OAs, including short-chain fatty acids (SCFAs), in the feces were
measured by ion-exclusion HPLC as described elsewhere.(16)

Briefly, samples (0.1 g) were collected and mixed with 0.2 ml of
distilled water. Diluents were mixed with 30 μl of 12% perchloric
acid (v/v). After centrifugation (13,000 × g, 4°C, 10 min), the
supernatants were filtered through a 0.45-μm cellulose acetate
membrane filter (Cosmonice Filter W; Nakalai Tesque, Kyoto,
Japan) and degassed by vacuum. The supernatants (5 μl) were
injected into a SIL-10 autoinjector (Shimadzu, Kyoto, Japan).
OAs were separated using two serial OA columns (Shim-pack
SCR-102H; Shimadzu) with a guard column (SCR-102HG;
Shimadzu) at 45°C with isocratic elution (0.8 ml/min) of
5 mmol/L ρ-toluene sulfonic acid aqueous solution using a
solvent delivery pump (LC-10ADvp; Shimadzu) with an online
degasser (DGU-12A; Shimadzu). OAs were detected using an
electronic conductivity detector (Waters 431; Waters, Milford,
MA) after post-column dissociation (0.8 ml/min) with 5 mmol/L
of ρ-toluene sulfonic acid, 20 mmol/L of bis-Tris, and
100 μmol/L of ethylenediaminetetraacetic acid using a solvent
delivery pump (LC-10ADvp; Shimadzu). OAs were quantified
using a system controller (CBM-20A; Shimadzu). The related
pathways to each OA were examined by surveying the Kyoto
Encyclopedia of Genes and Genomes (https://www.genome.jp/
kegg/kegg_ja.html).

Serum metabolome and bile acid (BA) analyses. After the
home cage activity test, the mice were anesthetized with pento‐
barbital for serum sampling. Blood samples were collected from
the inferior vena cava and centrifuged at 1,000 × g for 15 min at
4°C to obtain serum. Blood sampling was performed at a period
between 14:30 and 15:30. Metabolome analyses of the serum in
water-soluble low-molecular-weight metabolites were performed
by GC-MS as described elsewhere.(17) Briefly, 50 μl of serum
samples was suspended in 250 μl of methanol-chloroform-water
(2.5:1:1) and 5 μl of 1 mg/ml 2-isopropylmalic acid as an internal
standard. The samples were subsequently mixed in a shaker at
1,200 rpm at 37°C for 30 min and centrifuged at 16,000 × g for 5
min at 4°C. Next, 225 μl of the supernatant was mixed with 200
μl of distilled water and vortexed. This was followed by centrifu‐

gation at 16,000 × g for 5 min at 4°C. Then, 250 μl of the super‐
natant was dried under vacuum using a centrifugal evaporator
(CVE-2200; Tokyo Rikakikai Co., Ltd., Tokyo, Japan). The dried
samples were oximated by mixing with 40 μl of 20 mg/ml
methoxyamine hydrochloride (MP Biomedicals Japan Co., Ltd.,
Tokyo, Japan) dissolved in pyridine (FUJIFILM Wako Chemicals
Co., Ltd., Osaka, Japan), and the mixture was shaken at 1,200
rpm at 30°C for 90 min. For derivatization, 20 μl of N-methyl-N-
trimethylsilyl trifluoroacetamide (Thermo, Waltham, MA) was
added to the oximated samples, and the mixture was shaken at
1,200 rpm at 37°C for 45 min. The resultant supernatant was
analyzed by GC-MS (GCMS QP2010-Ultra, Shimadzu) within
24 h of derivatization. The Shimadzu Smart Metabolites
Database was used to identify metabolites. For calculating
the relative concentration of each metabolite, the area of each
peak was divided by the area of the internal control peak. 2-
Isopropylmalic acid was used as the internal control.

BA concentrations in the serum were measured by LC-MS/MS
as described elsewhere with some modifications.(18) Briefly,
serum (100 μl) was transferred to a 2.0-ml microtube and 15 μl of
internal standard solution [5 mmol/L of 2,3-nordeoxycholic acid
(NDCA); Steraloids Inc., Newport, RI] was added and vortexed.
Next, ethanol (1.0 ml) was added and vortexed for 10 min. After
incubation (30 min, 60°C), the sample was heated (3 min,
100°C). Then, it was cooled to room temperature and centrifuged
(1,600 × g, 10 min, 4°C). The resulting supernatant was collected
to a new 2.0-ml microtube. Residues were resuspended in 1 ml of
ethanol, vortexed, centrifuged, and the supernatant was collected
in the same manner as mentioned earlier without centrifugation
(11,200 × g, 1 min, 4°C) twice. The collected supernatant
(~2.9 ml) was evaporated using the centrifugal evaporator
(CVE-2000; EYELA, Tokyo, Japan), and then the dried extract
was resuspended in 0.5 ml of methanol. The extract was purified
using an HLB cartridge (Waters) according to the manufacturer’s
instructions. After purification, the effluents were evaporated
using the centrifugal evaporator, and the dried extracts were
stored at −80°C until analysis. The dried extracts were resus‐
pended in 0.5 ml of methanol just before analysis. The concentra‐
tions of BAs such as cholic acid (CA), alpha-muricholic acid
(aMCA), beta-muricholic acid (bMCA), chenodeoxycholic acid
(CDCA), deoxycholic acid (DCA), hyodeoxycholic acid
(HDCA), ursodeoxycholic acid (UDCA), lithocholic acid (LCA),
taurocholic acid (TCA), tauro-alpha-muricholic acid (TaMCA),
taurochenodeoxycholic acid (TCDCA), taurodeoxycholic acid
(TDCA), taurohyodeoxycholic acid (THDCA), taurolithocholic
acid (TLCA), glycocholic acid (GCA), glycochenodeoxycholic
acid (GCDCA), glycodeoxycholic acid (GDCA), glycohyo‐
deoxycholic acid (GHDCA), glycoursodeoxycholic acid
(GUDCA) and glycolithocholic acid (GLCA) were measured
using an ultra-pressure liquid chromatography apparatus
equipped with a binary solvent manager, an autosampler, and a
column heater and tandem mass spectrometry (Acquity TQD
UPLC-MS/MS system; Waters). Chromatographic separation was
performed using the Acquity BEH C18 column 2.1φ × 100 mm
(particle size 1.7 μm; Waters). The mobile phase, delivered at a
flow rate of 0.4 ml/min at 40°C, was a gradient of solution A
(10 mmol/L of ammonium acetate supplemented with
acetonitrile:ultrapure water = 20:80) and solution B (10 mmol/L
of ammonium acetate supplemented with acetonitrile:ultrapure
water = 80:20). The gradient was as follows: a flow of 95% solu‐
tion A in 5 min, followed by a gradual decrease to 85% solution
A in 10 min, then a gradual decrease to 75% solution A in 5 min
and a gradual decrease to 25% solution A in 2 min, followed by
maintenance of the latter gradient for 4 min. The total run time of
this method was 26 min. Solutes were detected using the tandem
quadrupole mass spectrometer (Waters) with a Z-spray ion inter‐
face. The system was controlled using the Waters MassLynx
mass spectrometry software (Waters). Ionization was achieved
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using an alternating electrospray negative ionization mode. The
negative ion mode was set as follows: ion source temperature,
150°C; capillary voltage, 3.0 kV; and desolvation temperature,
400°C. The desolvation and cone gas flow rates were 800 and 50
L/h, respectively. The selected ion recording (SIR) was
performed by examining the product ions of the deprotonated
molecules from each BA. Transitions, m/z values, and cone
voltage were optimized for each BA; each value is shown in
Table 2. Dwell time was similar for all BAs (0.036 s). The injec‐
tion volume was 5 μl. The concentrations of individual BAs were
calculated from the peak area in the chromatogram detected by
SIR relative to the internal standard, NDCA. The related
pathways to each metabolite and BA were examined by
surveying the Kyoto Encyclopedia of Genes and Genomes
(https://www.genome.jp/kegg/kegg_ja.html).

Statistical analysis. Values were expressed as mean ± SE or
otherwise stated. Statistical analyses were conducted using
GraphPad Prism ver. 9.1.2 (GraphPad Software, Inc., La Jolla,
CA). A two-tailed unpaired t test, a two-tailed unpaired Welch’s
corrected t test, or a two-tailed unpaired Mann–Whitney test was
used to compare mean values between two groups according to
the instructions of GraphPad Prism. In cases where the variances
of two groups were significantly different based on the F test
result, a two-tailed unpaired Welch’s corrected t test was used. If
the data set does not pass the Shapiro–Wilk test, a nonparametric
test, viz., a two-tailed unpaired Mann–Whitney test was applied.
A one-way ANOVA followed by a post hoc Tukey multiple
comparisons test was used when comparing three groups. In

cases where the variances of groups were significantly different
based on the result of the Brown–Forsythe test, Brown–Forsythe
and Welch ANOVA tests followed by a post hoc Dunnett’s T3
multiple comparisons were used. If the data set does not pass the
Shapiro–Wilk test, the Kruskal–Wallis test, followed by a post
hoc Dunn’s multiple-comparisons test, was used to compare
mean values between groups. Values of p<0.05 were considered
to indicate statistical significance. Pearson’s coefficients were
calculated to evaluate the correlation between two sets of data.

Results

FRB contained Bacillus, Pediococcus, Staphylococcus, and
other genera as major bacterial components. We first
analyzed the primary nutritional composition and the microbial
composition of FRB supplements. The final product of FRB
contained 378 kcal/100 g energy and a wide variety of nutrients
(Table 1). The results of microbial analyses demonstrated that
Bacillus, Pediococcus, and Staphylococcus exhibited high
abundance in the final product of FRB (Table 2). FRB contained
27 genera as the significant bacterial components (Table 2). The
estimated cell numbers in the FRB product were 2.64 ± 1.09 ×
109 cells/g FRB. These data were in contrast to the expectation
because the FRB was prepared by fermentation initiated by inoc‐
ulation of the six bacterial strains, Bacillus amyloliquefaciens
M4, Bacillus subtilis M5, Bacillus sp. M6, Lactobacillus casei,
Bifidobacterium bifidum, and Aspergillus oryzae.

Table 2. Major bacterial components in fermented rice bran. Six samples from three lots (sample A–F) were analyzed

Bacteria (genus level)

Fermented rice bran samples Occupancy (%)

A B C D E F Average SE

o__Bacillales; f__Bacillaceae; g__Bacillus 43.9 45.7 52.9 54.9 41.4 35.6 45.7 2.7

o__Lactobacillales; f__Lactobacillaceae; g__Pediococcus 28.8 28.9 10.9 12.1 22.4 26.6 21.6 3.0

o__Bacillales; f__Staphylococcaceae; g__Staphylococcus 8.6 9.0 27.3 23.1 17.0 20.0 17.5 2.8

o__Streptophyta; f__; g__ 3.2 2.0 1.1 2.9 6.9 7.1 3.9 0.9

o__Rickettsiales; f__mitochondria; g__Oryza 2.7 2.4 1.8 2.6 8.2 4.7 3.7 0.9

o__Lactobacillales; f__Enterococcaceae; g__Enterococcus 0.9 0.9 1.1 0.6 0.8 1.4 1.0 0.1

o__Burkholderiales; f__Comamonadaceae; g__Delftia 1.8 2.0 0.2 0.2 0.1 0.3 0.8 0.3

o__Bacillales; f__Paenibacillaceae; g__Paenibacillus 0.7 1.0 0.8 0.5 0.3 0.5 0.6 0.1

o__Lactobacillales; f__Lactobacillaceae; g__Lactobacillus 1.4 1.5 0.6 0.1 0.0 0.0 0.6 0.3

o__Rickettsiales; f__mitochondria; Other 0.6 1.0 0.4 0.3 0.7 0.5 0.6 0.1

o__Enterobacteriales; f__Enterobacteriaceae; g__Pantoea 0.5 0.3 0.6 0.3 0.5 0.7 0.5 0.1

o__Bacillales; f__Planococcaceae; g__Staphylococcus 0.0 0.0 0.7 0.8 0.4 0.2 0.4 0.1

o__Bacteroidales; f__Bacteroidaceae; g__Bacteroides 0.3 0.4 0.1 0.3 0.1 0.3 0.3 0.0

o__Bacillales; f__Listeriaceae; g__Listeria 0.7 0.9 0.0 0.0 0.0 0.0 0.3 0.2

o__Rhizobiales; f__Brucellaceae; g__Ochrobactrum 0.5 0.4 0.2 0.2 0.1 0.2 0.3 0.1

o__Lactobacillales; f__; g__ 0.5 0.4 0.0 0.0 0.0 0.0 0.2 0.1

o__Bacillales; f__Bacillaceae; g__Anaerobacillus 0.2 0.2 0.0 0.0 0.0 0.0 0.1 0.0

o__Actinomycetales; f__Corynebacteriaceae; g__Corynebacterium 0.5 0.3 0.0 0.0 0.0 0.0 0.1 0.1

o__Bifidobacteriales; f__Bifidobacteriaceae; g__Gardnerella 0.1 0.0 0.0 0.1 0.0 0.0 0.1 0.0

o__Bacteroidales; f__Prevotellaceae; g__Prevotella 0.0 0.2 0.0 0.1 0.1 0.1 0.1 0.0

o__Clostridiales; f__Peptostreptococcaceae; g__ 0.2 0.0 0.0 0.1 0.0 0.0 0.1 0.0

o__Rhizobiales; f__Rhizobiaceae; g__Agrobacterium 0.2 0.1 0.0 0.1 0.0 0.0 0.1 0.0

o__Sphingomonadales; f__Sphingomonadaceae; g__Sphingomonas 0.2 0.2 0.1 0.0 0.1 0.2 0.1 0.0

o__Burkholderiales; f__Oxalobacteraceae; g__Naxibacter 0.2 0.1 0.0 0.0 0.0 0.0 0.1 0.0

o__Enterobacteriales; f__Enterobacteriaceae; g__Klebsiella 0.4 0.3 0.0 0.0 0.0 0.0 0.1 0.1

o__Pseudomonadales; f__Pseudomonadaceae; g__Pseudomonas 0.4 0.2 0.0 0.0 0.0 0.1 0.1 0.1

o__Xanthomonadales; f__Xanthomonadaceae; g__Xanthomonas 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.0

k__Bacteria; Other; Other; Other; Other; Other 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.0

S. Tochitani et al. J. Clin. Biochem. Nutr. | March 2022 | vol. 70 | no. 2 | 163
©2022 JCBN



Effect of chronic supplementation with FRB on diet
consumption, body weight, and behavior in HFD-fed mice.
We next investigated the effects of FRB on the physiology and
behavior of an obese mouse model, which was chronically fed
with HFD. We used female mice in this animal model because
the prevalence of obesity is higher in women than in men in most
countries around the world.(19) Female 6-week-old mice fed
with HFD constantly gained weight throughout the observation
period (Fig. 1A). The average body weights of mice fed with
HFD (HFD) were constantly higher than those of mice fed with
HFD supplemented with FRB (HFD + FRB; Fig. 1A). The
average alterations in body weight indicated that the body weight
gain induced by the HFD diet was moderately suppressed in the
HFD + FRB group throughout the observation period (Fig. 1B).
The marked suppression of body weight gain was observed
during the days after the 38th day of the experiment (Fig. 1B).
We next examined the average food consumption of animals,
which fluctuated during observation, but we could not identify
any apparent difference in food consumption between the two
mice groups (Fig. 1C). The calculated averaged food consump‐
tion values were 1.25 g/day in the HFD group and 1.21 g/day in
the HFD + FRB group throughout the experiment. Because the
HFD + FRB group was fed with HFD supplemented with 0.239%
(w/w) FRB food supplement, a mouse fed with HFD + FRB daily
ingests 2.89 × 10−3 g of FRB (i.e., 7.63 × 106 bacterial cells/day)
on average throughout the experimental period. We next
analyzed the spontaneous 24-h locomotor activity of the HFD
and HFD + FRB groups on days 56–61 after the start of the
experiment (at postnatal 14-week-old) to assess whether the
difference in the spontaneous activity between the mice groups
affects the body weight gain in the late phase of the observation
period.(11) Our results showed no apparent difference in the 24-h
spontaneous activity level between the two mice groups
(Fig. 2A). A summation of the locomotor activity during the light
or dark period also indicated that the spontaneous activity was
not different between the HFD and HFD + FRB groups in both
periods (Fig. 2B). These results demonstrate that the FRB supple‐
ment ameliorates the weight gain induced by HFD, not by
affecting the appetite and behavioral activity of the mice.

Effect of chronic supplementation with FRB on the micro‐
bial composition in the gut microbiota of HFD-fed mice. As
described earlier, a mouse fed with HFD + FRB daily consumes
only 2.89 × 10−3 g of FRB on average. Considering this limited
amount of the daily consumption of FRB, the final product of
FRB should function mostly as a multispecies probiotic supple‐
ment if this type of FRB has any beneficial effects. To elucidate
the mechanisms underlying the suppression of weight gain in the
mice supplemented with FRB under HFD-feeding conditions, we
compared the gut microbiota composition between HFD-fed
mice and HFD-fed mice supplemented with FRB at 0, 14, and 54
days after the onset of the experiment. We observed that FRB
supplementation did not induce any apparent alteration in the
estimated bacterial cell numbers of the gut microbiota detected in
feces throughout the experiment (Fig. 3A). Regarding the alpha-
diversity of the gut microbiota, the values of Chao1 indices were
significantly decreased at days 14 and 54 after feeding with HFD
in both HFD and HFD + FRB groups compared to those at day 0
(p<0.0001), suggesting that HFD feeding affects alpha-diversity.
However, we could not find any significant difference between
the two groups at any time point (Fig. 3B). The Shannon index
values were also significantly decreased by feeding with HFD in
both groups (p<0.0001). The Shannon evenness index values
only were significantly higher in the HFD + FRB group at day 14
(p = 0.0166) than those in the HFD group. However, there were
no significant differences at the other time points (Fig. 3C).
These results suggest that, although feeding with HFD decreases
the alpha-diversity of the gut microbiota to a great extent, FRB
supplementation influences the diversity and evenness of the gut

*See online. https://doi.org/10.3164/jcbn.21-96

microbiota in HFD-fed mice to a limited extent. We next
performed PCoA of the beta-diversity of the gut microbiota
based on the weighted UniFrac distance on the OTU data
(Fig. 3D). Our results demonstrated that the overall composition
of the gut microbiota became different from each other
throughout the experiment between the HFD and HFD + FRB
groups (Fig. 3D). We further evaluated the mean relative abun‐
dances of taxa in the HFD and HFD + FRB groups to define the
microbiota’s specific alterations (Supplemental Table 1*). At the
phylum level, the relative abundance of Bacteroidetes was signif‐
icantly decreased in both HFD and HFD + FRB groups compared
with that at the start of the experiment, whereas the abundance of
Bacteroidetes was significantly higher in the HFD + FRB group
than in the HFD group at day 14 (Fig. 4A and B). The abun‐
dances of Deferribacteres and Proteobacteria tended to increase
in both HFD and HFD + FRB groups after the onset of the exper‐
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Fig. 1. Body weight and food consumption dynamics of mice fed with
HFD supplemented with FRB. (A) Average body weight (g) in female
mice fed with HFD (HFD) and female mice fed with HFD supplemented
with FRB (HFD + FRB) throughout the experiment; HFD, n = 12 housed
in three cages; HFD + FRB, n = 12 housed in three cages. (B) Average
body weight changes per day for a mouse throughout the experiment.
(C) Average food consumption (g) per day for a mouse during observa‐
tion. P values of <0.05 are indicated.

164 doi: 10.3164/jcbn.21-96
©2022 JCBN



iment (Fig. 4A). At the same time, there were no significant
differences in these groups, suggesting that the niche for these
phyla was induced by HFD feeding (Fig. 4C and D). The abun‐
dance of Firmicutes was constant throughout the experiment
(Fig. 4E). It has been reported that the gut microbiota of obese
animals and humans exhibits a higher Firmicutes/Bacteroidetes
ratio than that of normal-weight individuals.(20–22) Consistent with
the observation that HFD-fed mice are more obese than mice fed
with HFD + FRB, the Firmicutes/Bacteroidetes ratio transiently
became higher in the gut microbiota of the former mice than in
the gut microbiota of the latter mice at day 14 (Fig. 4F). At the
genus level, we detected a total of 59 classifications and other
unclassified bacteria (Supplemental Table 2*). Regarding the
relative abundances of the genera in which the differences
between HFD and HFD + FRB groups were observed, we found
that FRB supplementation increased the relative abundances of
the unclassified order Bacterodales (o__Bacteroidales; f__; g__),
the unclassified family Rikenellaceae (o__Bacteroidales;
f__Rikenellaceae; g__), the unclassified family S24-7
(o__Bacteroidales; f__S24-7; g__), the unclassified family
Sphingobacteriaceae (o__Sphingobacteriales; f__Sphingo‐
bacteriaceae; Other), and genus Sutterella at day 14 (Fig. 4G–K
and N). In particular, the abundance of Sutterella was transiently
increased in the HFD + FRB group at day 14 with a statistical
significance, but it became similar in both HFD and HFD + FRB
groups at day 54 (Fig. 4N). The relative abundance of the
unclassified family [Mogibacteriaceae] in the order Clostridiales
(o__Clostridiales; f__[Mogibacteriaceae]; g__) was higher in the
HFD + FRB group than in the HFD group at day 54 (Fig. 4L). In
contrast, the abundance of the genus [Ruminococcus] in the

family Lachnospiraceae (o__Clostridiales; f__Lachnospiraceae;
g__[Ruminococcus]) was significantly lower in the HFD + FRB
group at day 54 (Fig. 4M). We detected 27 genera as the major
bacterial components in the FRB supplement, as described in
Table 2. We next evaluated whether the relative abundances of
the genera detected in the FRB supplement were increased in the
HFD + FRB group after FRB supplementation. In contrast to the
expectation, only five genera (Enterococcus, Lactobacillus,
Bacteroides, Prevotella, and the unclassified family Peptostrepto‐
coccaceae) among 27 genera in FRB were detected in the gut
microbiota of the mice supplemented with FRB (Fig. 5). Remark‐
ably, only Bacteroides exhibited higher abundance in the HFD +
FRB group than in the HFD group, particularly at day 14
(Fig. 5C). The relative abundances of Enterococcus and the
unclassified family Peptostreptococcaceae were found to be even
lower in the HFD + FRB group than those in the HFD group
(Fig. 5A and E). The relative abundances of Lactobacillus and
Prevotella in the gut microbiota of mice fed with HFD + FRB
tended to be similar or slightly lower than those of mice fed with
HFD (Fig. 5B and D). We concluded that the observed alterations
in the gut microbiota of the HFD + FRB group were induced not
only by the addition of microorganisms included in FRB to the
gut microbiota of the mice but also by the suppressive effects on
the proliferation of specific types of bacteria. The microbial
alterations may have occurred due to different microbial interac‐
tions and host–microbiota interactions, which the FRB supple‐
mentation triggers.

Effect of chronic supplementation with FRB on fecal OA
profiles in HFD fed mice. The gut microbiota influences
the nutritional acquisition and metabolism of the host.(23) One of
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the mechanisms by which the gut microbiota affects the host
physiology is through SCFAs, which are produced by the gut
microbiota.(24–26) SCFAs directly activate the sympathetic nervous
system via GPR41, which leads to an increase in energy expendi‐
ture.(24,27) GPR43 activation by SCFAs suppresses insulin sensi‐
tivity in adipocytes, which inhibits fat accumulation in adipose
tissues.(28) Dietary supplementation of SCFAs exhibits preventive
effects against diet-induced obesity.(29–31) We then evaluated the
concentrations of OAs, including SCFAs, relevant to microbiota
in the fecal samples of mice fed with HFD and mice fed with
HFD + FRB. We detected the following six OAs (succinic acid,

propionic acid, lactic acid, formic acid, acetic acid, and n-butyric
acid) (Fig. 6A–F). There was a substantial decrease in the fecal
succinic acid concentration in the HFD + FRB group at day 54
(Fig. 6A: p = 0.0126). However, there was no significant differ‐
ence in the concentrations of other OAs between the two groups
of mice (Fig. 6B–F: there was p>0.05). We investigated the
bacteria whose abundances correlated well with the concentra‐
tions of OAs (Supplemental Table 2*). Results showed that the
relative abundance of Turicibacter highly correlated with the
fecal concentration of succinic acid (r = 0.9586, p<0.0001;
Fig. 6G). The relative abundance of Turicibacter tended to
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increase after the start of HFD feeding and suppress at days 14
and 54 after FRB supplementation (Fig. 6H). The relative abun‐
dances of Enterococcus and the unclassified family Peptostrepto‐
coccaceae also correlated with the fecal concentration of succinic
acid (r = 0.7795, p = 0.0004, and r = 0.7655, p = 0.0005, respec‐
tively; Fig. 6G and Supplemental Table 2*). In particular, these
bacteria were detected in the final product of FRB. The relative
abundance of Enterococcus was significantly lower in the HFD +
FRB mice than in the HFD mice at day 14, and this tendency
continued to be observed at day 54 (Fig. 5A). The relative abun‐
dance of the unclassified family Peptostreptococcaceae was
increased after the onset of HFD-feeding. However, the abun‐
dance of Peptostreptococcaceae tended to be lower in the HFD +
FRB group than that seen in the HFD group (Fig. 5E). These
results suggest that FRB supplementation induced an alteration in
the gut microbiota, which led to the suppressed level of succinic
acid in the feces.

Effect of chronic supplementation with FRB on serum
metabolome and BA profiles in HFD-fed mice. To charac‐
terize the peripheral metabolic alteration due to chronic supple‐
mentation with FRB during HFD feeding, we designed an experi‐
ment to compare serum metabolome and BA profiles between the
HFD and HFD + FRB groups. We first conducted a comprehen‐
sive metabolome analysis using the serum samples of mice
by LC-MS and then detected 82 metabolites (including 2-
isopropylmalic acid, which was used as the internal control;
Supplemental Table 3*). We investigated the metabolites whose
relative concentrations significantly correlated with the weight
gain of the mice during days 45–54 after the onset of the experi‐
ment. Our results demonstrated that three metabolites (oleic acid,
heptadecanic acid, and sorbitol) exhibited positive correlations
with weight gain, whereas a metabolite, lyxose, exhibited a nega‐
tive correlation (Fig. 7A). The relative concentrations of oleic
acid, heptadecanic acid, and sorbitol were lower in the serum of
mice fed with HFD + FRB than in the serum of mice fed with
HFD, although a statistical significance was observed only for
sorbitol (Fig. 7B). The concentration of lyxose tended to be

higher in the HFD + FRB group than in the HFD group (Fig. 7B).
Among the 82 detected metabolites, we identified 9 metabolites
that were significantly altered by FRB supplementation (Fig.
7C). We observed that serum fumaric acid concentration was
significantly higher in the HFD + FRB group than in the HFD
group (Fig. 4A: p = 0.013). The concentrations of malic acid,
sorbitol, uracil, xylitol, and glutamic acid were significantly
lower in the HFD + FRB group than in the HFD group (Fig. 4B:
p<0.05). These nine metabolites whose serum concentrations
were significantly altered by FRB supplementation showed no
significant correlation with weight gain between days 45 and 54
after the onset of the experiment (Supplemental Table 4*). Corre‐
lation analyses also revealed that the relative abundance of
Turicbacter in the fecal bacteria correlated with the relative
concentrations of glutamic acid, malic acid, and xylitol (Supple‐
mental Table 4*). The relative abundances of Enterococcus and
the unclassified family Peotostreptococcaceae, both of which are
present in the final product of FRB, also correlated with the
concentrations of glutamic acid and malic acid (Supplemental
Table 4*). The relative abundance of Butyricoccus positively
correlated with the serum concentration of lyxose but negatively
with the serum concentration of uracil (Supplemental Table 4*).
We next conducted a BA analysis targeting 20 BAs in the

serum samples of mice by LC-MS/MS and then detected 9 BAs
(Fig. 8 and Supplemental Table 5*). None of the detected BAs
showed any correlation with bodyweight increase between days
45 and 54 (Supplemental Table 5*). Regarding the primary BAs
in mice,(32) there was no difference in the serum concentration of
CA, CDCA, aMCA, and bMCA between the HFD and HFD +
FRB groups (Fig. 8A). The concentration of UDCA was lower in
the HFD + FRB group than in the HFD group, although this
effect did not reach statistical significance (Fig. 8A; p = 0.0608).
Regarding the secondary BAs in mice, no difference was
observed in the serum concentrations of DCA, LCA, and GDCA
between the HFD and HFD + FRB groups (Fig. 8B). The concen‐
tration of HDCA was lower in the HFD + FRB group than in the
HFD group, although the difference was not statistically signifi‐
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cant (Fig. 8B; p = 0.0644). Correlation analyses revealed the
presence of an association between the relative abundance of
Enterococcus in the gut microbiota and the concentration of
UDCA, aMCA, and HDCA (Supplemental Table 5*). Overall,
these results suggest that the alteration in the gut microbiota
induced by FRB supplementation resulted in the peripheral
metabolic profiles in the mice.

Discussion

We explored the effect of FRB supplementation on the body
weight and metabolism of female mice under an HFD-fed condi‐
tion. Supplementation with FRB induced a considerable alter‐
ation in the gut microbiota, followed by an increase in the fecal
concentration of succinic acid, whose concentration exhibited a
high correlation with the relative abundances of Turicibacter,
Enterococcus, and the unclassified family Peptostreptococcaceae.
Serum metabolome analyses demonstrated that the peripheral
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metabolome profile had been considerably changed. The serum
concentration of fumaric acid was increased in the HFD + FRB
group compared with that in the HFD group. The concentrations
of sorbitol, glutamic acid, malic acid, uracil, and xylitol were
decreased in the HFD + FRB group than in the HFD group. The
serum concentrations of some of these metabolites are associated
with the relative abundances of specific bacteria.
HFD feedings has been associated with modification in the gut

microbial profile.(33–35) In this study, we observed a considerable
alteration induced by HFD feeding, which was characterized by
decreased alpha-diversity and decreased abundance of Phyla
Deferribacteres and Proteobacteria (Fig. 3B–D and 4A). We
further observed that FRB supplementation under the HFD-
feeding condition modulated the gut microbiota in mice (Fig. 3D,
4, and 5). An extensive change in the ratio of Firmicutes/
Bacteroidetes may be associated with obesity and body weight
loss upon dietary intervention.(21,36) The dysbiosis in individuals
with obesity is often characterized by a high Firmicutes/
Bacteroidetes ratio.(37) In our results, the Firmicutes/Bacteroidetes
ratio was significantly higher in the HFD group than in the
HFD + FRB group at day 14 after the onset of the experiment.
However, the values were similar in both groups at day 54
(Fig. 4F). Although whether the Firmicutes/Bacteroidetes ratio
can be associated with determination of health status still remains
controversial and, more specifically, is considered as a hallmark
of obesity,(22) it is notable that FRB supplementation induces such
an alteration in the gut microbiota.

Studies have reported that RB can reduce body fat in obese
rodents and humans.(38–42) γ-Oryzanol (OZ) and the ferulic acid
(FA) ester with phytosterols, primarily present in RB, have been
shown to improve markers of metabolic syndrome.(43) FA and OZ
could be used as dietary supplements to alleviate the harmful
effects of HFD.(43) The finding that FRB administration did not
significantly affect the appetite or behavioral activity of mice
(Fig. 2C and 3), the mechanism of weight gain suppression by
FRB, may be due to the host metabolic alteration induced by the
biological function of FRB. Considering that the averaged
consumption of FRB is limited in this experiment (2.89 ×
10−3 g/day/mouse), the beneficial effect of the FRB should be
dependent on its function as a multispecies probiotic. Our anal‐
yses demonstrated that Bacillus, Pediococcus, Staphylococcus,
the unclassified order Streptophyta, Oryza, Enterococcus, and 21
other genera were detected in the final product of FRB (Table 2).
We had anticipated that some of these bacteria should be detected
in the feces of HFD + FRB mice. However, we detected only five
genera (Enterococcus, Lactobacillus, Bacteroides, Prevotella,
and the unclassified family Peptostreptococcaceae) among the
bacteria contained in FRB in the feces of mice fed with HFD +
FRB. In particular, the relative abundances of Lactobacillus and
Prevotella appeared to be unaffected by FRB supplementation,
and those of Enterococcus and the unclassified family
Peptostreptococcaceae appeared to be even suppressed by FRB
supplementation (Fig. 5). The results of a series of bacterial anal‐
yses, including PCoA, demonstrated that the FRB supplementa‐
tion caused a considerable alteration in the gut microbiota in this
experiment (Fig. 3–5). These data suggest that the intervention
by the FRB in this experiment did not lead to the simple addition
of the beneficial bacteria contained in FRB to the original host
gut microbiota. It could also have induced host-microbiota inter‐
actions and bacterial interactions in the gut microbiota, resulting
in a significant alteration in the state of the gut microbiota.
Clostridium difficile is the pathogen responsible for a large popu‐
lation of diarrhea and colitis associated with antibiotic use.(44) It
has been reported that the probiotic strain Clostridium butyricum
MIYAIRI 588 effectively prevents antibiotic-associated diarrhea
in pediatric patients.(45) C. butyricum MIYAIRI 588 significantly
reduced the C. difficile toxin A detected in the feces of patients
subject to Helicobacter pylori eradication with antibiotics.(46) One

of the mechanisms underlying the detoxification of C. difficile by
C. butyricum MIYAIRI 588 is the inhibition of toxin-protein
production based on the proximity or contact between the two
species.(47) Another example of the function of probiotics based
on microbial interaction is that Saccharomyces boulardii protease
inhibits the intestinal effects of C. difficile toxin A by proteolysis
of the toxin and inhibition of toxin A binding to its receptor.(48)

Future studies must explore the type of interactions between
microbes or between host and microbes underlying the function
of FRB in the alteration of the gut microbiota.

Our analyses of OAs, including SCFAs, revealed that the fecal
concentration of succinic acid was decreased in the HFD + FRB
group compared with that in the HFD group (Fig. 6A). Because
SCFAs and several OAs are the metabolites produced by the gut
microbiota, the alteration in the gut microbiota is well reflected
by the alteration in the fecal concentration of SCFAs and OAs
relevant to the gut microbiome.(49,50) Consistent with this relation‐
ship, our results also demonstrated that the fecal concentration
of succinic acid correlated well with the relative abundances
of Turicibacter, Enterococcus, and the unclassified family
Peptostreptococcaceae (Fig. 6G and H). The relative abundances
of these bacteria were induced by HFD feeding but suppressed
by FRB supplementation (Fig. 5A, E, and 6H). A previous study
showed that obesity was associated with elevated levels of circu‐
lating succinate.(51) The authors of that study also found that this
increase was associated with specific changes in the gut micro‐
biota related to succinate metabolism, i.e., a higher relative abun‐
dance of succinate-producing Prevotellaceae and Veillonellaceae,
and a lower relative abundance of succinate-consuming Odorib‐
acteraceae and Clostridaceae in obese individuals.(51) Circulating
levels of succinic acid are elevated in several physiological
conditions such as endurance exercise and a few metabolic- and
inflammatory-related diseases, including ischemic heart disease,
hypertension, type 2 diabetes, and obesity.(52) Thus, succinate
appears to be not merely a significant intermediate of the tricar‐
boxylic acid cycle considered as a marker for pathophysiological
conditions in the host but also a by-product of some bacteria and
a primary cross-feeding metabolite between gut-resident
microbes.(52) These results indicate that the HFD-induced
alteration in the gut microbiota was further modulated by FRB
supplementation, which led to the suppressed level of succinic
acid in feces.
We also detected the suppressed levels of glutamic acid, malic

acid, sorbitol, uracil, and xylitol in the serum of mice fed with
HFD + FRB compared with those of mice fed with HFD in the
metabolome analyses (Fig. 7B and C). However, we detected an
elevated level of fumaric acid in the serum of mice fed with
HFD + FRB. Among these peripheral metabolites and fecal OAs,
succinic acid, malic acid, fumaric acid, and glutamic acid are
tricarboxylic acid cycle intermediates or relevant to the tricar‐
boxylic acid cycle. Patel et al.(53) have shown that the serum of
HFD-fed mice displayed significantly reduced concentrations of
glutamic acid, succinic acid, fumaric acid, and malic acid,
suggesting that the anaplerosis for the tricarboxylic acid cycle
was induced by HFD feeding. Park et al.(54) have demonstrated
that the concentrations of fumaric acid, sorbitol, and several
sugars, including glucose, were significantly increased in the
serum of the HFD group but decreased in that of the group
administered with kimchi-derived bacteria, whereas serum malic
acid concentration was significantly decreased in the HFD group
but increased in the group intervened by kimchi-derived bacteria.
Although our findings are partially consistent with these previous
results, our findings suggest that HFD feeding induces metabolic
impairment and enhanced blood sugar levels, which can be
modified by FRB supplementation.
Several fermented foods such as kimchi and doenjang are

known to have anti-obesity effects.(54–58) The Korean fermented
soybean paste “doenjang” could suppress body weight gain,
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reduce the amount of body fat, and improve the serum lipid
profile in HFD-fed mice.(55) It is generally accepted that the
various microbial communities contained in these fermented
materials function synergistically to exhibit efficacy against
obesity. Kimchi is known to be abundant in probiotics such as
Lactobacillus, Lactococcus, and Pediococcus that have anti-
obesity effects.(54) Administration of the microbial community
derived from kimchi has been found to decrease body weight,
adipose tissue, and liver weight gains in HFD-fed mice.(54)

Considering the mechanisms underlying the benefits of these
fermented foods, studies have often focused on specific types of
beneficial bacteria such as Lactobacillus and Lactococcus.(2,59) As
described earlier, most bacteria contained in FRB were not
detected in the feces of mice fed with HFD + FRB, and the rela‐
tive abundances of some bacteria contained in FRB were even
less in the gut microbiota of HFD + FRB mice than in the gut
microbiota of HFD mice. These findings imply that our results
have shed new insights on another aspect of the mechanisms of
intervention of the gut microbiota by administering fermented
products containing multispecies probiotics, in which host-
microbiota interactions and bacterial interactions in the gut
microbiota are triggered, rather than adding a few beneficial
bacteria and the metabolic products of the beneficial bacteria to
the host, resulting in the suppression of the bacteria with possible
adverse effects on host health.
The primary BAs, including CA CDCA, UDCA, aMCA, and

bMCA, in mice are synthesized from cholesterol in the liver.(32)

Before excretion into bile and further passage to the duodenum,
BAs are almost exclusively conjugated with taurine or taurine-
derivatives, or, much less commonly, glycine in mice and rats.(32)

The gut microbiota modulates BA synthesis in the hepatocyte
by regulating the expression of some of the enzymes involved
in synthesizing BAs.(26,32) After the secretion of conjugated BAs
into the intestinal tract, they are modified by gut microbiota
to produce secondary BAs, which lack taurine or glycine
residues.(26,32) Most BAs are actively reabsorbed by the ileum and
enter the portal vein.(60) The diversity of BAs in circulation is
affected by their metabolism in the liver and intestinal bacteria.(60)

Therefore, the BAs synthesized by the host influence the
intestinal bacterial composition, and the intestinal bacteria
modify the circulating BA composition in the host.(26) Although
we did not observe apparent differences in the serum BA profiles
between the HFD and HFD + RFB groups (Fig. 8), bacterial
alterations are often reflected in the BA profiles.
Golubeva et al.(61) compared fecal and serum BA profiles in both
wild-type and BTBR T+ Itpr3tf/J mice, which are known to
exhibit autism-like behavior with the gut microbiota being
different from that in wild-type mice. Their data revealed consid‐
erable differences between fecal and serum BA profiles in each
genotype.(61) Selwyn et al.(60) also reported that the BAs profiles
in the serum, liver, bile, ileum, and feces differ between each
other. Therefore, we must examine whether the BA profiles in
fecal or other organ-derived samples reflect the alterations in the
gut microbiota induced by FRB supplementation in our mouse
model in future studies.
We acknowledge several limitations to our study. We did not

use mice fed with a regular diet as a control. Mice at day 0 can be
treated as such a regular diet-fed control, but we missed such a
control in the metabolome and the BA analyses, which has
limited the interpretation of our results in those analyses. The
age-adjusted prevalence of severe obesity in adults was reported
to be higher in women than in men in the United States.(62) The

causes of obesity are both biological and social and vary by sex
or gender.(63) It is necessary to assess whether the FRB has
similar functions in male HFD-fed mice in future studies. We
observed that the weight gain due to HFD feeding was
suppressed by FRB supplementation, and the peripheral
metabolomic profiles and fecal OA profiles were changed by
FRB supplementation. However, we did not investigate whether
such alterations in those metabolomic profiles and fecal OAs
underlie the suppressed gain of body weight in the mice. There‐
fore, it is vital to explore the causal relationships between the
peripheral metabolites, the fecal OAs, and the body weight gain
in future studies.
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