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fatty acid production: Lactobacillales bacterium DJF B280 (P = .005), Butyrate producing bacterium
A2 207 (P = .012), and Firmicutes bacterium DJF VP44 (P = .038). This study demonstrates that
consumption of BA is effective to beneficially modulate the gut microbiota compared with
WA in patients with MetS.

© 2022 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Consumption of whole grains, which contain the bran and
germ and are rich in fiber, micronutrients, and phytochemi-
cals, are inversely associated with conditions of the metabolic
syndrome (MetS) [1], a clustering of cardiometabolic risks that
increase the overall likelihood of chronic disease develop-
ment [2]. Brown rice, a whole grain high in fiber and phy-
tosterols such as y-oryzanol and once widely consumed by
Asian population groups such as the Japanese, has demon-
strated blood glucose and lipid-lowering effects as well as
anti-inflammatory and antiobesity activities in both humans
and animals [3]. Data obtained from Health Professionals
Follow-up Study and the Nurses’ Health Study I and Il revealed
that a higher intake of brown rice was associated with a lower
risk of type 2 diabetes mellitus (T2DM), whereas white rice was
associated with an increased risk [4]. Interestingly, the same
researchers reported that by substituting 50 g/d of white rice
for brown rice, T2DM risk was lowered by 16% [5]. In Japanese
subjects, twice-daily brown rice consumption has been shown
to improve glycemic control as indicated by significant reduc-
tions in postprandial blood glucose, hemoglobin Alc (HbAlc),
and glycoalbumin levels [6]. Our team also found that daily
ingestion of brown rice for 8 weeks in subjects with MetS in
Okinawa, the Southern tip of Japan, was able to significantly
lower postprandial blood glucose levels and protect endothe-
lial function [7]. Regarding some of the possible mechanisms
at play, research in our laboratory has shown that the bioactive
component, specifically and abundantly contained in brown
rice, y-oryzanol, can reduce endoplasmic reticulum stress in
the hypothalamus [8], protect pancreatic 8 cells against apop-
tosis [9], and act as an inhibitor of DNA methyltransferases in
the brain reward system in mice [10].

Diet and its impact on the gut microbiota have been recog-
nized as significant contributors in the pathogenesis of MetS
and associated chronic diseases [11]. Diets rich in whole grains
have been shown to exert positive effects on the gut micro-
biota, most notably by increasing microbial diversity and pro-
moting growth of microbial species that can ferment fiber,
producing short-chain fatty acids (SCFAs) [12]; which play di-
verse roles in appetite and body weight regulation as well as
reducing inflammation and aiding gut barrier maintenance
[13, 14]. Even short-term consumption of whole grains as part
of a daily diet results in observable positive effects on the gut
microbiota, SCFAs, and a number of markers of immune and
gut-mediated inflammation [15, 16]. Notably, habitual brown
rice consumption in Japanese adults led an increased abun-
dance of Faecalibacterium prausnitzii, a well-known producer of
the SCFA butyrate and member of the Clostridia class, a group

of bacteria known for their therapeutic and anti-inflammatory
effects [17, 18].

In Japan, much of the good health and longevity experi-
enced is thought to be related to the traditional Japanese diet
(Washoku) [19], which is low in calories and nutrient dense,
with meals centered around rice as the staple carbohydrate,
offering a diverse range of fermented foods such as miso,
which are fermented with the fungus Aspergillus oryzae (koji)
[20]. Notably, amazake, a traditional Japanese fermented rice
beverage made using rice koji, contains B vitamins and num-
ber of bioactive substances, with some research suggesting fa-
vorable effects on metabolic parameters [21, 22]. As a result of
rapid Westernization and complex historical factors, Okinawa
currently has one of the highest rates of obesity and T2DM in
Japan, along with a concomitant decrease in consumption of
brown rice and Amazake [23]. However, little is known about
the impact of traditional foods such as brown rice or amazake
on the gut microbiota in relation to metabolic health, high-
lighting the need for studies that contribute to a better under-
standing of the relationship between diet and the gut micro-
biota, and therapeutic application of food in disease. The aim
of this study was therefore to explore the impact of the fer-
mented brown rice beverage (amazake) on the gut microbiota
and major microbial metabolites in Okinawan subjects with
MetS. We hypothesized that acute consumption of brown rice
amazake, in contrast to white rice amazake, would result in
an increased abundance of beneficial bacteria and potentially,
plasma SCFA levels, supporting gut health and likely improv-
ing aspects of MetS.

2. Materials and Methods
2.1. Subjects

This study targeted outpatients with the MetS that visited the
Okinawa Health Promotion Foundation from 1 June 2014 to
31 May 2015. Inclusion criteria were as follows; body mass in-
dex = 25 and any 2 of the following cardiometabolic risk fac-
tors: (1) hypertriglyceridemia (serum triglyceride [TG] concen-
tration = 150 mg/dL; (2) low serum high-density lipoprotein
cholesterol (HDL-C) (HDL-C concentration <40 mg/dL; (3) el-
evated blood pressure (systolic blood pressure 2130 mm Hg
and/or diastolic blood pressure 285 mm Hg); or (4) high fast-
ing glucose (serum glucose concentration =100 mg/dL). Exclu-
sion criteria were as follows: (1) subjects taking medications
that may influence study results (including antidiabetic med-
ications known to impact gut microbiota such as metformin);
(2) infectious disease or history of recent operation or injury;
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Outpatients with obesity or metabolic disorders assessed
for eligibility to participate in the study (n=120)

Excluded (n=80)

»| + Not meeting inclusion criteria of MetS (n=76)
» Declined to participate (n=0)
» Other reasons (liver dysfunction) (n=4)

Randomized (n=40) |

Y

Allocated to WA intervention (n=19)
* Received allocated intervention (n=19)
* Did not receive allocated intervention (n=0)

Y
Lost to follow-up (n= 0)
Discontinued intervention (n=0)

WA group analysed (n=19)
* Excluded from analysis (n=0)
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Analysis Y

Y

Allocated to BA intervention (n=21)
* Received allocated intervention (n=21)
« Did not receive allocated intervention (n= 0)

y
Lost to follow-up (n= 0)
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BA group analysed (n=21)
* Excluded from analysis (n=0)

Fig. 1 - Flow diagram depicting the study design.

(3) pregnant or nursing women; and (4) severe renal or liver
dysfunction.

The present study was conducted according to the guide-
lines laid down in the Declaration of Helsinki, and all pro-
cedures involving human participants were approved by the
Ethics Committee for the “Okinawa Health Promotion Foun-
dation” (approved at 20140529) and registered at the Univer-
sity Hospital Medical Information Network Clinical Trials Reg-
istry (UMIN-CTR registration no. UMIN000017485). Written in-
formed consent was obtained from all participants. All sub-
jects were obliged to report any serious or unexpected adverse
events as well as declare any relations to those included in the
intervention immediately to either the principal investigator
and/or research ethics committee.

2.2. Study design

This study was a single arm, 4-week randomized interven-
tion trial with a total of 40 participants recruited for the study
(Fig. 1). Of the 120 outpatients assessed for the study, 4 were
excluded because of moderate or severe liver dysfunction and
76 did not meet the criteria for the MetS. Once selected, sub-
jects were randomly allocated to 1 of 2 groups; receiving a 350-
g pack of either white rice amazake (WA) (n = 19; 11 males and
8 females), or brown rice amazake (BA) (n = 21; 9 males and 12

females), and advised to consume this beverage in replace of
their main meal, once per day for 4 weeks, with the amount
of test beverage based on findings from our previous work [7].
Anthropometric and clinical examinations were conducted at
baseline (week 0), as well as blood samples and fecal (stool)
samples collected at baseline (week 0) and at the end of the
intervention period (week 4) to assess the impact on gut mi-
crobiota composition (primary outcome). A total of 3 plasma
samples (for SCFA analysis) and 2 fecal samples from the WA
group, as well as 2 plasma samples and 4 fecal samples from
the BA group, were unable to be collected/processed.

2.3. Formulation of WA and BA

White rice and brown rice amazake were developed and com-
mercialized by the Aizu Tempo Co. (Fukushima, Japan) for use
in the present study. Using either white rice (for formulation of
WA) or brown rice (for formulation of BA), rice was first cracked
on its surface physically and then washed with water at 10
to 15°C and immersed for 12 to 18 hours. After immersion,
the rice was then steamed at 0.36 to 0.48 MPa (90-110°C), for
50 to 90 minutes. Fermentation was then carried out by an
automatic apparatus (stainless steel, made by YAEGAKI Food
& System, Inc., Japan). The apparatus was subsequently filled
with steamed rice and Aspergillus oryzae and kept at 33 to 35°C
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Table 1 - Nutrient composition of experimental beverages

Nutrient WA BA
Energy, kcal 315 340
Protein, g 4.9 6
Fat, g 0.7 3.2
Carbohydrate, g 72.1 71.8
Total fiber, g 1.1 3.2
y-oryzanol, mg 1.8 32

Per 350-g pack.
BA, brown rice amazake; WA, white rice amazake.

for 41 to 46 hours. A total of 70 to 160 L of water was then put
into the mixture apparatus (stainless steel, made by YAESU
Co., Ltd., Japan), and heated to 75 to 85°C with 30 to 60 kg
steamed rice. At 50 to 70°C, 40 to 80 kg of rice koji was then
added into the mixture apparatus, mixed, and equalized. The
mixture was then maintained at 50 to 70°C for 6 to 12 hours
to enable the rice starch granules to be converted to glucose.
Finally, the undiluted, fermented white or brown rice bever-
ages (WA or BA) were prepared and packaged, ready for con-
sumer use. Table 1 shows the nutritional composition of the
test drinks.

2.4.  Measurement of biochemical parameters

Fasting blood samples were collected from participants at
baseline (week 0) and at the end of the intervention (last day
of week 4). Samples were collected in either heparin (for sub-
sequent SCFA analysis) or ethylene-diamine-tetra-acetic acid-
containing tubes and then centrifuged at 3300 rpm for 10 min-
utes to obtain plasma and serum and sent to SRL Laboratories
for analyses. Using an automatic analyzer JCA-BM8000 series
(Japan Electronics Co.,Japan), 0.5 mL of serum was analyzed to
measure total cholesterol, low-density lipoprotein cholesterol
(LDL-C), HDL-C, and TG, and using an automatic analyzer JCA-
BM9000 series (Japan Electronics Co., Japan), 0.5 mL of sodium
fluoride plasma was analyzed to measure blood glucose lev-
els. Insulin was measured by analyzing 0.4 mL of serum using
the fully automated chemiluminescent enzyme immunoas-
say system Lumipulse series (Fujirebio Co., Ltd.) HbAlc was
measured by analyzing 2.0 mL of blood (with sodium fluoride)
using the HLC-723G8.

2.5.  Analyses of plasma SCFAs

The SCFAs were measured using capillary electrophoresis-
time-of-flight mass spectrometry (CE-TOFMS). Metabolites
were first extracted by adding 50 pL of heparinized plasma
to 450 pL methanol solution and stirred for about 10 sec-
onds. To this, 500 pL of chloroform and 200 pL of Milli-Q water
were added, stirred, and the centrifuged (2300xg, 4°C, 5 min-
utes). After centrifugation, the aqueous layer was transferred
to one 400-pL ultrafiltration tube (Ultra-Free MC PLHCC, Hu-
man Metabolome Technologies [HMT], Japan) and then cen-
trifuged (9100xg, 4°C, 120 minutes) and subjected to ultrafil-
tration. The filtrate was dried and solidified using a decom-
pression dryer and then dissolved in 50 pL of Milli-Q water.
SCFA measurements were the carried out through a facility

service at HMT. Briefly, CE-TOFMS analysis was carried out us-
ing an Agilent CE capillary electrophoresis system equipped
with an Agilent 6210 time-of-flight mass spectrometer (Ag-
ilent Technologies, Inc., Santa Clara, CA, USA). The systems
were controlled by Agilent G2201AA ChemStation software
version B.03.01 for CE (Agilent Technologies) and MassHunter
for LC (Agilent Technologies). The spectrometer was scanned
from m/z 50 to 1000 and peaks were extracted using Mas-
terHands, an automatic integration software (Keio University,
Tsuruoka, Yamagata, Japan), to obtain peak information in-
cluding m/z, peak area, and migration time for CE-TOFMS
[24]. Signal peaks corresponding to isotopomers, adduct ions,
and other product ions of known metabolites were excluded,
and the remaining peaks were annotated according to HMT’s
metabolite database based on their m/z values and migration
times. Areas of the annotated peaks were then normalized to
internal standards (L-Methionine Sulfone for cationic metabo-
lites and D-Camphor-10-sulfonic for anionic metabolites) and
sample amount to obtain relative levels of each of the SCFAs.
Measurement was performed assuming 100% uniformity with
recovery efficiency and reproducibility of this method being
previously reported and confirmed [25].

Plasma levels of acetate were measured using liquid chro-
matography tandem mass spectrometry as previously de-
scribed [26], with acetic acid-d4 (FUJIFILM Wako Pure Chem-
ical Corporation, Osaka, Japan) used as an internal standard.
Samples were first deproteinized and acetate was derived us-
ing 2-nitrophenylhydrazine, derivatives extracted by methyl
tert-butyl ether and then injected into the liquid chromatogra-
phy tandem mass spectrometry system using ACQUITY UPLC
system (Waters, Milford, MA, USA), with an analytical column
(AQUITY HSS T3 2.1 x 150 mm, 1.8 um, Waters). Electrospray
ionization was carried out with the API4000 (AB Sciex, Foster
City, CA, USA) operating in negative ionization and multiple
reaction-monitoring mode. The multiple reaction-monitoring
transitions labelled for acetic acid and acetic acid-d4 were m/z
194-164 and m/z 197-93, respectively.

2.6. DNA extraction and microbiota analysis

After collection from subjects at baseline and at the
end of the intervention, stool samples were stored at -
80°C until DNA extraction was performed. Briefly, micro-
bial DNA was then isolated from fecal contents using QI-
Aamp Fast DNA Stool Mini Kit (QIAGEN, Tokyo, Japan) as
per the manufacturer’s instructions. Polymerase chain re-
action amplification was then performed targeting the V1-
V2 region; forward primer (CCATCTCATCCCTGCGTGTCTCC-
GACTCAGNNNNNNNNNNagrgtttgatymtggctcag) and reverse
primer (CCTATCCCCTGTGTGCCTTGGCAGTCTCAGtgctgcctee-
cgtaggagt) containing the GS Junior adapter sequences A and
B, respectively, and a unique 10-bp barcode sequence for for-
ward primer for each sample. Polymerase chain reaction am-
plification for 20 ng of extracted DNA was performed using
Tks Gflex DNA Polymerase (Takara Bio, Inc., Shiga, Japan) un-
der conditions of 1 minutes at 94°C, 10 cycles of 96°C for 10
seconds, 55°C for 15 seconds, and 68°C for 60 seconds, plus 25
cycles of 96°C for 10 seconds, 60°C for 15 seconds, and 68°C
for 60 seconds. The amplification gave approximately 370-bp
products, confirmed by agarose gel electrophoresis. Then, the
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products were purified by AMPure XP magnetic beads (Beck-
man Coulter, Inc., CA, USA) and quantified using the PicoGreen
dsDNA Assay kit (Thermo Fisher Scientific). EQual amounts of
products were mixed, and sequencing was performed accord-
ing to the manufacturer’s instructions (GS Junior: Roche, Basel,
Switzerland) as previously reported [27] with some modifica-
tions. An original pipeline was used for 16S ribosomal RNA
(rRNA) analysis, which was constructed and provided by Kim
et al. [27] and was built into the GS Junior PC (CentOS 6). The
reference sequences for 16S rRNA analysis were created from
2 databases, the bacterial 16S rRNA sequences from the Ribo-
somal Database Project and the bacterial genome sequences
obtained from the National Center for Biotechnology Informa-
tion FTP site. The 16STRNA sequences pyrosequenced by GS
Junior, were filtered by QV (>25), amplicon length of V1-V2 re-
gion (>250 bp), and removed homopolymers (>7 bp). Read se-
quences with a BLAST match length of less than 90% to the
reference sequences were also removed to eliminate the pos-
sibility of chimeric sequences. Reads that passed the above fil-
ters were clustered using the UCLUST program with a cutoff of
96% pairwise identity to produce operational taxonomic units.
Representative sequences of each operational taxonomic unit
were mapped by BLAST search to the reference sequences
with a 96 % pairwise-identity cutoff and assigned to bacterial
species.

2.7. Statistical analysis

Because no previous studies had assessed the effect of brown
or white rice amazake on gut microbiota, GPower [28] was
used to confirm a sample size of 40, P < .05 (2-sided), at
the recommended power of 80%, as suitable for this study.
Subject characteristics and plasma SCFA data are shown as
means + standard error of the mean (SEM), with nonparamet-
ric Mann-Whitney test used to analyze differences between
WA and BA groups. MicrobiomeAnalyst [29] was used analyze
differences in community composition and to calculate alpha
and beta diversity within and between WA and BA groups.
Briefly, data were filtered by removing very small counts us-
ing a 20% prevalence filter (for a given feature to be retained,
at least 20% of its values contain at least 4 counts) and then
normalized to address sparsity and ensure more meaning-
ful comparisons. Nonparametric Mann-Whitney tests were
then used to compare alpha diversity (Chao1l), and beta diver-
sity (Bray-Curtis differences) using permutational multivari-
ate analysis of variance (PERMANOVA). Nonparametric Mann-
Whitney tests were also used to assess differences in gut mi-
crobiota at major taxonomic levels and depicted using heat
tree analysis. Significant differences in gut microbiota were
at the species level were identified using linear discriminant
analysis (LDA) effect size (LEfSe) analysis with features clas-
sified as significant using the adjusted P value of .05 and LDA
score of 2.0. Differential abundance analysis of microbiota at
the species level was performed using nonparametric Mann-
Whitney tests. Spearman rank correlation method was used
to analyze the relationship between the microbiome and clin-
ical indices using the R-package, version 4.0.3, using the cor
function, and Circlize and ComplexHeatmap from R-package
to generate heat maps. MicrobiomeAnalyst was also used for
other relevant statistical analyses [29]. Levels of statistical sig-

nificance were set at *P < .05, **P < .01, and ***P < .001. Statis-
tical analyses were performed in Graph Pad Prism, version 9.2
(Graph Pad Software, San Diego, CA, USA).

3. Results

At baseline, no significant differences in anthropometric or
clinical parameters were observed between WA and BA groups
(Table 2). Regarding biochemical parameters, level of blood
glucose was significantly higher in the WA group with a mean
of 112.7 + 3.8 mg/dL compared with the BA group with a mean
of 100.4 £+ 2.7 mg/dL (P = .018). The number of subjects with
T2DM was significantly higher in WA group (n = 10) versus the
BA group (n = 3) (P = .017).

Regarding alpha and beta diversity as well as the abun-
dance of bacteria, at the phylum, class, order, and family lev-
els, no significant differences were observed between those
allocated to the WA or BA group. However, a number of sig-
nificant differences between groups at the genus and species
level were observed (Figure 2). Specifically, heat tree analyses
showed that the WA group exhibited a lower abundance of
Bacteroides intestinalis (P = .042) and Faecalibacterium sp DJF VR20
(P = .036) in comparison to the BA group (Figure 2A). In addi-
tion, an altered abundance was observed for genus Sutterella
(P = .011), and the comprising species, Sutterella wadsworthen-
sis (P = .011) as well as Parabacteroides distasonis (P = .003) and
Alistipes onderdonkii (P = .048), which were elevated in the BA
group in comparison to the WA group at baseline (Figure 2A).
Moreover, LEfSe analysis, showing significant taxa ranked in
decreasing order based on their LDA scores, further confirmed
that these 5 species—Bacteroides intestinalis, Faecalibacterium sp
DJF VR20, Sutterella wadsworthensis, Parabacteroides distasonis,
and Alistipes onderdonkii—were significantly lower and higher
in WA and BA groups, respectively (Figure 2B).

Following consumption of the test beverages after 4 weeks,
no significant differences in anthropometric, clinical, or bio-
chemical parameters were detected between the WA and BA
groups (Table 3). Also, no significant differences were observed
in the concentration of plasma levels of the SCFAs acetate, bu-
tyrate, propionate, or valerate between the WA and BA groups
after 4 weeks or within the WA or BA groups (baseline vs 4
weeks) (Fig. 3A-D). However, within-group comparisons did re-
veal an increasing trend in the BA group for butyrate (baseline:
0.431+ 0.670 vs 4 weeks: 0.613 £+ 0.129, P = .491) compared with
the WA group (baseline: 0.506 + 0.076 vs 4 weeks: 0.475 + 0.081,
P =.996) (Fig. 3C). Similarly, within-group comparisons showed
that valerate had increasing tendency in the BA group (base-
line: 0.217 £ 0.032 vs 4 weeks: 0.2981 + 0.037, P = .298) in com-
parison to the WA group (baseline: 0.243 + 0.036 vs 4 weeks:
0.240 =+ 0.030, P =1.00) (Fig. 3D).

Moreover, no significant differences in alpha diversity (di-
versity within samples) using Chao1l (Fig. 4A) were detected
between WA and BA groups after 4 weeks. Principle coordi-
nates analysis using Bray-Curtis distances, with the percent-
age of variation explained by axis 1 (22.3%) and axis 2 (10.8%),
also showed no significant differences in beta diversity (dis-
similarity in community composition) between WA or BA sub-
jects (Fig. 4B). Taxonomy-based abundance analyses of gut
microbiota at phylum level revealed no statistically signifi-
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Table 2 - - Baseline characteristics of subjects

WA BA
Anthropometric and
clinical parameters Mean Mean P value
Age (y) 56.7 £ 2.2 585+ 2.2 722
Height (cm) 158.4 + 1.7 159.8 + 1.8 578
Body weight (kg) 72.7 £3.2 734+20 569
BMI (kg/m?) 28.8 4+ 0.8 28.8 + 0.7 .569
Waist circumference (cm) 959 +1.7 95.6 £1.9 .846
Systolic blood pressure 138.2+ 29 136.4 + 2.8 673
(mmHg)
Diastolic blood pressure 81.5+1.8 81.4+138 .595
(mmHg)
Biochemical parameters
Total cholesterol (mg/d) 2053 +£6.3 209.6 £ 6.6 .379
HDL-cholesterol (mg/dL) 53.0+29 53.0+2.8 995
LDL-cholesterol (mg/dL) 1205+ 6.1 132.1+6.3 .344
Triglycerides (mg/dL) 180.4 + 33.1 134.5 + 10.0 984
Glucose (mg/dL) 112.7 £ 3.8 100.4 + 2.7 .018*
HbA1lc (%) 6.3+£0.1 59+0.1 .059
Insulin (pIU/mL) 10.5+11.8 10.0+ 1.0 .615
HOMA-IR 29+05 26+0.3 .836
Comorbidities (N, %)
High blood pressure 17 (89%) 20 (95%) 0.596
Dyslipidemia 16 (84%) 18 (86%) >0.999
Type 2 diabetes mellitus 10 (53%) 3 (14%) 0.017*

Data indicate mean values + standard errors of the mean. All data were analyzed using nonparametric Mann-Whitney test to compare WA and

BA groups. WA, n = 19; BA, n = 21; *P < .05.

Abbreviations: BA, brown rice amazake; BMI, body mass index; HbAlc, hemoglobin Alc; HDL, high-density lipoprotein; HOMA-IR, Homeo-
static Model Assessment for Insulin Resistance; LDL, low-density lipoprotein; WA; white rice amazake.

Table 3 - - Characteristics of subjects at 4 weeks

WA BA

Anthropometric and clinical parameters Mean Mean P value
Body weight (kg) 72.8+3.2 73.6+2.1 .507
BMI (kg/m?) 28.8:£0.8 28.840.7 606
Waist circumference (cm) 95.8+1.5 95.8+1.9 .857
Systolic blood pressure (mmHg) 137.6+3.2 133.9+2.6 .386
Diastolic blood pressure (mmHg) 81.5+1.8 80.9+1.8 .614
Biochemical parameters

Total cholesterol (mg/d) 200.6+4.5 205.2+4.9 .386
HDL-cholesterol (mg/dL) 52.7+3.2 51.0+2.5 .663
LDL-cholesterol (mg/dL) 118.7+4.5 128.4+4.3 .100
Triglycerides (mg/dL) 161.1+£21.2 154.9+20.1 .984
Glucose (mg/dL) 111.6+4.8 102.243.0 .092
HbA1c (%) 6.3+0.1 5.940.1 063
Insulin (pIU/mL) 9.3+1.1 10.1£1.0 634
HOMA-IR 2.54+0.3 2.6+0.3 .888

Data indicate mean values + standard error of the mean. All data were analyzed using nonparametric Mann-Whitney test to compare WA and

BA groups. WA, n = 19; BA,n = 21; *P < .05.

Abbreviations: BA, brown rice amazake; BMI, body mass index; HbAlc, hemoglobin Alc; HDL, high-density lipoprotein; HOMA-IR, Homeo-
static Model Assessment for Insulin Resistance; LDL, low-density lipoprotein; WA; white rice amazake.

cant differences between the WA and BA groups (Fig. 4C). Im-
portantly, significant differences were observed at the family,
genus, and species levels between the WA and BA groups, with
heat tree analysis graphically highlighting these differences
(Fig. 4D). Specifically, an altered abundance of bacteria from
the family Porphyromonadaceae was observed in BA subjects
versus WA subjects (P = .013) and similarly for the comprising
genera Parabacteriodes (P = .011). Compared with the BA group,

the WA group exhibited a significantly lower abundance of Bu-
tyricicoccus (P = .012) genus and comprising species Butyrate
producing bacterium A2 207 (P = .012). A significantly differ-
ent abundance of bacteria in the WA and BA groups from the
Sutterella genus (P = .001) and Sutterella wadsworthensis at the
species level (P = .001) were also observed. Moreover, the WA
and BA groups differed in the abundance of Lactobacillales bac-
terium DJF B280 (P = .005), and Firmicutes bacterium DJF VP44
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(P = .038), both from the Firmicutes phylum. LEfSe analysis
further highlighted significant differences in Butyrate produc-
ing bacterium A2 207, Sutterella wadsworthensis, and Firmicutes
bacterium DJF VP44, which were all increased and decreased
in the BA and WA groups, respectively (Fig. 4E). Differential
abundance analyses further showed that these species clearly
demonstrated a significant elevation in the BA group in com-
parison to WA group (Fig. 5A-D).

When comparing baseline and 4-week microbiota data
within groups (baseline vs 4 weeks), no significant differences
in alpha diversity (diversity within samples) using Chaol
(Supplementary Figure Sla and b) were observed within ei-
ther WA or BA groups. Principle coordinates analysis using
Bray-Curtis distances, with the percentage of variation ex-
plained by axis 1 (23.7%) and axis 2 (13.3%), in the WA group
(Supplementary Figure Sic) and (18.3%) and axis 2 (12.3%) in
the BA group (Supplementary Figure S1d), also showed no sig-
nificant differences at baseline and 4 weeks. Taxonomy-based
abundance analyses of gut microbiota at phylum level re-
vealed no statistically significant differences within WA (Sup-

plementary Figure S2a) and BA (Supplementary Figure S2b)
groups at baseline and 4 weeks. In contrast, heat map anal-
ysis showed a significant alteration of the species Flavonifrac-
tor plautii (P = .026) in the WA group after 4 weeks in com-
parison to baseline (Supplementary Figure S2c), with differen-
tial abundance analyses visually showing an increase of this
species within the WA group at 4 weeks (Supplementary Fig-
ure S2d).

To explore the relationship between the gut microbiota and
components of the metabolic syndrome, Spearman rank cor-
relation coefficient method was used to assess the correlation
between each subject’s gut microbiota at the species level and
anthropometric, clinical, and biochemical indices related to
the metabolic syndrome (body weight, body mass index, waist
circumference, systolic blood pressure, diastolic blood pres-
sure, total cholesterol, HDL-C, LDL-cholesterol, triglycerides,
glucose, HbAlc, insulin, and Homeostatic Model Assessment
for Insulin Resistance). Significant correlations (correction r >
0.4 orr < — 0.4, P< .05) were observed among 41 taxa and the
13 clinical indices (Fig. 6), with the abundance level of only 3
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species differing significantly between the WA and BA groups.
Interestingly, a significantly negative correlation observed be-
tween Sutterella wadsworthensis and blood glucose (P = .032)
and significantly negative correlations also observed between
Lactobacillales bacterium DJF B280 and triglyceride level (P =
.006) as well as Butyrate producing bacterium A2 207 and triglyc-
eride level (P = .001). A strong positive correlation was found
between Lactobacillales bacterium DJF B280 and HDL-C (P = .037)
and a more moderate positive correlation for Butyrate produc-
ing bacterium A2 207 and LDL-C (P = .046).

4, Discussion

In line with our hypothesis, consumption of BA, as opposed to
WA, was able to significantly modulate the gut microbiota and
contributed to an increasing trend in the level of plasma bu-
tyrate and valerate. Importantly, ingestion of BA as opposed to
WA most notably impacted gut microbiota composition at the
species level. Interestingly, an increase in Butyrate producing
bacterium A2 207 from the Butyricicoccus genus was observed
in BA subjects versus WA subjects. As the name suggests, this
species of bacteria is capable of producing butyrate, with re-
duced levels of butyrate-producing bacteria observed in indi-
viduals with a variety of metabolic and chronic diseases [30,
31]. Although we did not observe a significant difference in

plasma butyrate levels between groups, we did observe an in-
creasing tendency in the BA group. In addition, a greater abun-
dance of Lactobacillales bacterium DJF B280, often found in fer-
mented foods, as well as Firmicutes bacterium DJF VP44, were
significantly elevated in the BA group in comparison to the
WA group. These species, belonging to Clostridium cluster IV,
have an indispensable role in creating immune tolerance and
lowering levels of inflammatory cytokines and increasing reg-
ulatory T-cell induction via both SCFA-dependent and inde-
pendent mechanisms [32, 33]. Interestingly, Lactobacillales bac-
terium DJF B280 and Firmicutes bacterium DJF VP44 as well as
Butyrate producing bacterium A2 207 are capable of producing
butyrate, lactate, and ethanol [18]. Lactate can also act as a
substrate for other bacteria that produce butyrate and propi-
onate [34], and production of valerate is also possible via the
coupling of propionate with ethanol [18]. In this context, an in-
creased abundance of these bacterial species in the BA group
may have contributed to the tendency of plasma butyrate and
valerate levels to increase observed in the BA group after 4
weeks.

The potential mechanisms as to how to BA may character-
istically modulate the gut microbiota may be due to a num-
ber of beneficial components. First, fiber, which is higher in BA
compared with WA, can lead to an increase in abundance of
fiber-degrading bacteria, capable of producing SCFAs such as
those species seen elevated in the BA group [35]. In addition,
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BA abundantly contains y-oryzanol, whereas WA does not so
much. Intriguingly, the main metabolite of y-oryzanol, ferulic
acid, a phenolic compound that possesses potent antioxidant
and anti-inflammatory activity [36], relies on microbial trans-
formation to be converted to its bioactive form by species such
as those from the Clostridium cluster IV, which were seen ele-
vated in the BA group [32].

When examining differences within groups at baseline and
after 4 weeks, no apparent differences were observed in the
BA group. However, ingestion of WA resulted in somewhat
negative alterations to gut microbiota. Specifically, Flavonifrac-
tor plautii, a flavonoid-degrading bacteria [37], was reduced at
4 weeks in comparison to baseline levels in the WA group.
Although data on the nutrient intake of subjects were not
obtained, there may be a possibility that a reduction in this
species could occur as a result of the fiber and flavonoid-
containing foods eaten in the subject’s usual diet at base-

line, being replaced with WA, which instead contains minimal
amounts of phytochemicals and fiber. The lack of differences
observed in the BA group at 4 weeks versus baseline may have
been partially because of the acute nature of the intervention
period, with more beneficial changes in gut microbiota likely
observed after a longer duration of daily BA ingestion [38].
Importantly, at baseline, although differences were not ob-
served between groups for most subject characteristics, a sig-
nificantly greater number of subjects with T2DM, and thus
correspondingly higher levels of blood glucose, were observed
in the WA group. In addition to this, a significantly greater
abundance of bacterial species—Alistipes onderdonkii, Parabac-
teroides distasonis, Bacteroides intestinalis, and Faecalibacterium sp
DJF VR20-were observed in the BA group at baseline and abun-
dance of Sutterella wadsworthensis was found elevated in the
BA group both at baseline and after the 4-week intervention
in comparison to WA group. Although these findings represent
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nonnegligible limitations to the present study, with the differ-
ence in gut microbiota possibly from the differences in num-
ber of subjects with T2DM between groups, this likely does not
represent the only factor involved in causing these disparities.
First, only differences in the bacteria Sutterella wadsworthen-
sis was observed at both baseline and remained at the end
of the 4-week intervention between the WA and BA groups.
This raises the question that the lower abundance of Sutterella
wadsworthensis in the WA group in comparison to BA group
could be impacted by the presence of T2DM. Intriguingly, a
reduced abundance of Sutterella genus (containing Sutterella
wadsworthensis) has been observed in subjects with predia-
betes and newly diagnosed diabetes and T2DM in comparison

to healthy controls [39]. Also, a number of other variables that
were not measured in the present study, such as habitual diet,
exercise, and sleep, may have also contributed to the differ-
ences in gut microbiota observed between groups [38, 40, 41].

At the end of the 4-week intervention, no significant dif-
ferences in anthropometric, clinical, or biochemical parame-
ters were observed between WA and BA groups, which again is
likely a result of the relatively brief intervention period. How-
ever, given that a number of significant changes in the gut mi-
crobiota were observed between WA and BA groups, this raises
the question as to whether changes in gut microbiota may
precede changes in, or be correlated with, various metabolic
markers. To explore this, we undertook correlation analyses
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to identify if there were any significant relationships between
the gut microbiota and anthropometric, clinical, and biochem-
ical parameters of interest in the context of the metabolic syn-
drome.

We found that Sutterella wadsworthensis, which was ele-
vated in the BA group at baseline and 4 weeks, was negatively
correlated with blood glucose. These findings are in line with
previous studies reporting a reduced abundance of Sutterella in
subjects with T2DM [39, 42]. Interestingly, an increase in Sut-
terella and improvement in glucose metabolism has been re-
ported after Roux-en-Y gastric bypass surgery in diabetic rats
[42]. Significantly negative correlations were also observed be-
tween Lactobacillales bacterium DJF B280 and Butyrate producing
bacterium A2 207 and triglyceride level. These findings are in
line with a large population-based cohort study of 893 sub-
jects that found that gut microbiota from the Clostridiaceae
family, containing both Lactobacillales bacterium DJF B280 and
Butyrate producing bacterium A2 207, which were elevated in
the BA group, were negatively correlated with triglyceride lev-
els [43]. Our study also found that Lactobacillales bacterium DJF
B280 was significantly correlated with HDL-C level. In partic-
ular, SCFA-producing bacteria from Clostridiaceae, contain-
ing Lactobacillales bacterium DJF B280, have been shown to be
positively correlated with HDL-C [43] and demonstrate over-
all favorable effects on cholesterol metabolism in both ani-
mals and humans [44]. Although a positive correlation was ob-
served between Butyrate producing bacterium A2 207 and LDL-C
in our study, the majority of published literature points toward
a beneficial effect of this species and other butyrate-producing
bacteria in lipid metabolism [43-45].

In conclusion, consumption of BA in comparison to WA,
resulted in beneficial changes to the gut microbiota in sub-
jects with MetS. These results support recent research regard-
ing the beneficial effects of whole grains and fermented foods
such as BA on the gut microbiota. Longer term interventional
studies are required to further strengthen the impact of BA on
the gut microbiome and the potential impact on markers of
metabolic health.

Declaration of Competing Interest

There are no conflicts of interest to declare.

Author contributions

Yukari Akamine: Formal Analysis, Writing Original Draft,
Writing - Review & Editing, and Visualization. Jasmine F. Mill-
man: Formal Analysis, Writing Original Draft, Writing — Re-
view & Editing, and Visualization. Tsugumi Uema: Formal
Analysis, Writing Original Draft, Writing — Review & Editing,
and Visualization. Shiki Okamoto: Writing — Review & Editing
and Supervision. Masato Yonamine: Investigation and Project
Administration. Moriyuki Uehara: Investigation and Project
Administration. Chisayo Kozuka: Methodology and Investi-
gation. Tadashi Kaname: Software, Resources, and Data Cu-
ration. Michio Shimabukuro: Conceptualization and Project
Administration. Kozen Kinjo: Formal Analysis, Investigation,
and Resources. Masayo Mitsuta: Formal Analysis, Investiga-

tion, and Resources. Hirosuke Watanabe: Formal Analysis, In-
vestigation, and Resources. Hiroaki Masuzaki: Conceptualiza-
tion, Methodology, Writing — Review & Editing, Supervision,
Project Administration, and Funding Acquisition. All authors
read and approved the final manuscript.

Acknowledgments

The authors thank Ikumi Nomura, Chie Horiguchi, and
Tomoko Ikematsu for technical assistance, as well as Chikako
Noguchi, Mamiko Hirata, and Yukari Inamine for secretarial
assistance.

Sources of support

The present study was supported in part by Grants-in-Aid
from the Japan Society for the Promotion of Science (JSPS),
KAKENHI (grant numbers: 20K08912, 18K11079); Japan Agency
for Medical Research and Development (AMED) (grant num-
ber: JP19ek0410049); Construction of Okinawa Science and
Technology Innovation System; Setsuro Fuji Memorial the Os-
aka Foundation for Promotion of Fundamental Medical Re-
search; Medical Rice Association and Council for Science,
Technology and Innovation, Cross-ministerial Strategic Inno-
vation Promotion Program, “Technologies for Creating Next-
generation Agriculture, Forestry and Fisheries.” JSPS, AMED,
Construction of Okinawa Science and Technology Innovation
System, Setsuro Fuji Memorial the Osaka Foundation for Pro-
motion of Fundamental Medical Research, Medical Rice As-
sociation and Council for Science, Technology and Innova-
tion, Cross-ministerial Strategic Innovation Promotion Pro-
gram, “Technologies for Creating Next-generation Agriculture,
Forestry and Fisheries,” had no role in the study design, collec-
tion, analysis, interpretation, or writing of this article.

Supplementary materials
Supplementary material associated with this article can be

found, in the online version, at doi:10.1016/j.nutres.2022.03.
013.

REFERENCES

[1] Sahyoun NR, Jacques PF, Zhang XL, Juan W, McKeown NM.
Whole-grain intake is inversely associated with the
metabolic syndrome and mortality in older adults. Am J Clin
Nutr 2006;83:124-31. doi:10.1093/ajcn/83.1.124.

Saklayen MG. The global epidemic of the metabolic
syndrome. Curr Hypertension Rep 2018;20:12 doi.org/.
d0i:10.1007/s11906-018-0812-z.

Saleh ASM, Wang P, Wang N, Yang L, Xiao Z. Brown rice
versus white rice: nutritional quality, potential health
benefits, development of food products, and preservation
technologies. Compr Rev Food Sci Food Saf 2019;18:1070-96
doi.org/. doi:10.1111/1541-4337.12449.

Nichols E, Szoeke CEI, Vollset SE, Abbasi N, Abd-Allah F,
Abdela J, et al. Global, regional, and national burden of
Alzheimer’s disease and other dementias, 1990-2016: a

2

3

4


https://doi.org/10.1016/j.nutres.2022.03.013
https://doi.org/10.1093/ajcn/83.1.124
https://doi.org/10.1007/s11906-018-0812-z
https://doi.org/10.1111/1541-4337.12449

80 NUTRITION RESEARCH 103 (2022) 68-81

systematic analysis for the Global Burden of Disease Study

2016. The Lancet Neurology 2019;18:88-106 doi.org/.

doi:10.1016/S1474-4422(18)30403-4.

Sun Q, Spiegelman D, van Dam RM, Holmes MD, Malik VS,

Willett WC, et al. White rice, brown rice, and risk of type 2

diabetes in US men and women. Arch Intern Med

2010;170:961-9 doi.org/. doi:10.1001/archinternmed.2010.109.

Nakayama T, Nagai Y, Uehara Y, Nakamura Y, Ishii S, Kato H,

et al. Eating glutinous brown rice twice a day for 8 weeks

improves glycemic control in Japanese patients with
diabetes mellitus. Nutr Diabetes 2017;7:e273 doi.org/.
d0i:10.1038/nutd.2017.26.

Shimabukuro M, Higa M, Kinjo R, Yamakawa K, Tanaka H,

Kozuka C, et al. Effects of the brown rice diet on visceral

obesity and endothelial function: the BRAVO study. Br ] Nutr

2014;111:310-20 doi.org/. doi:10.1017/50007114513002432.

Kozuka C, Yabiku K, Sunagawa S, Ueda R, Taira S, Ohshiro H,

et al. Brown rice and its component, y-oryzanol, attenuate

the preference for high-fat diet by decreasing hypothalamic
endoplasmic reticulum stress in mice. Diabetes
2012;61:3084-93 doi.org/. doi:10.2337/db11-1767.

Kozuka C, Sunagawa S, Ueda R, Higa M, Tanaka H,

Shimizu-Okabe C, et al. gamma-Oryzanol protects

pancreatic beta-cells against endoplasmic reticulum stress

in male mice. Endocrinology 2015;156:1242-50 doi.org/.
do0i:10.1210/en.2014-1748.

[10] Kozuka C, Kaname T, Shimizu-Okabe C, Takayama C,
Tsutsui M, Matsushita M, et al. Impact of brown rice-specific
gamma-oryzanol on epigenetic modulation of dopamine D2
receptors in brain striatum in high-fat-diet-induced obesity
in mice. Diabetologia 2017;60:1502-11 doi.org/.
d0i:10.1007/s00125-017-4305-4.

[11] Festi D, Schiumerini R, Eusebi LH, Marasco G, Taddia M,
Colecchia A. Gut microbiota and metabolic syndrome. World
journal of gastroenterology 2014;20:16079-94 doi.org/.
doi:10.3748/wjg.v20.i43.16079.

[12] P NPV, Joye IJ. Dietary fibre from whole grains and their
benefits on metabolic health. Nutrients 2020;12 doi.org/.
d0i:10.3390/nu12103045.

[13] Morrison DJ, Preston T. Formation of short chain fatty acids
by the gut microbiota and their impact on human
metabolism. Gut Microbes 2016;7:189-200 doi.org/.
d0i:10.1080/19490976.2015.1134082.

[14] Salazar ], Angarita L, Morillo V, Navarro C, Martinez MS,
Chacin M, et al. Microbiota and diabetes mellitus: role of
lipid mediators. Nutrients 2020;12 doi.org/.
d0i:10.3390/nu12103039.

[15] Gill SK, Rossi M, Bajka B, Whelan K. Dietary fibre in
gastrointestinal health and disease. Nat Rev Gastroenterol
Hepatol 2021;18:101-16 doi.org/10.1038/s41575- 020-00375-4.

[16] Chambers ES, Morrison D], Frost G. Control of appetite and
energy intake by SCFA: what are the potential underlying
mechanisms? Proc Nutr Soc 2015;74:328-36 doi.org/.
doi:10.1017/50029665114001657.

[17] Hirakawa A, Aoe S, Watanabe S, Hisada T, Mochizuki J,
Mizuno S, et al. The nested study on the intestinal
microbiota in GENKI Study with special reference to the
effect of brown rice eating. ] Obes Chronic Dis 2019;03
doi.org/. doi:10.17756/jocd.2019-022.

[18] Oliphant K, Allen-Vercoe E. Macronutrient metabolism by
the human gut microbiome: major fermentation by-products
and their impact on host health. Microbiome 2019;7:91
doi.org/. doi:10.1186/s40168-019-0704- 8.

[19] Gabriel AS, Ninomiya K, Uneyama H. The role of the
Japanese traditional diet in healthy and sustainable dietary
patterns around the world. Nutrients 2018;10 doi.org/.
d0i:10.3390/nu10020173.

5

6

7

8

[9

[20] Hamajima H, Matsunaga H, Fujikawa A, Sato T, Mitsutake S,
Yanagita T, et al. Japanese traditional dietary fungus koji
Aspergillus oryzae functions as a prebiotic for Blautia
coccoides through glycosylceramide: Japanese dietary
fungus koji is a new prebiotic. Springerplus 2016;5:1321
doi.org/. doi:10.1186/s40064-016-2950-6.

[21] Hamajima H, Tanaka M, Miyagawa M, Sakamoto M,
Nakamura T, Yanagita T, et al. Koji glycosylceramide
commonly contained in Japanese traditional fermented
foods alters cholesterol metabolism in obese mice. Biosci
Biotechnol Biochem 2019;83:1514-22 doi.org/.
d0i:10.1080/09168451.2018.1562877.

[22] Maruki-Uchida H, Sai M, Yano S, Morita M, Maeda K.
Amazake made from sake cake and rice koji suppresses
sebum content in differentiated hamster sebocytes and
improves skin properties in humans. Biosci Biotechnol
Biochem 2020;84:1689-95 doi.org/.
d0i:10.1080/09168451.2020.1756734.

[23] Shirai K. Social determinants of health on the island of
Okinawa. Health in Japan. Brunner E, Cable N, Iso H, editors.
Oxford: Oxford University Press; 2020.

[24] Sugimoto M, Wong DT, Hirayama A, Soga T, Tomita M.
Capillary electrophoresis mass spectrometry-based saliva
metabolomics identified oral, breast and pancreatic
cancer-specific profiles. Metabolomics : Official journal of the
Metabolomic Society 2010;6:78-95.
doi.org/10.1007/s11306-009-0178-y.

[25] Matsumoto M, Kibe R, Ooga T, Aiba Y, Kurihara S, Sawaki E,
et al. Impact of intestinal microbiota on intestinal luminal
metabolome. Sci Rep 2012;2:233 doi.org/.
doi:10.1038/srep00233.

[26] Millman J, Okamoto S, Kimura A, Uema T, Higa M,
Yonamine M, et al. Metabolically and immunologically
beneficial impact of extra virgin olive and flaxseed oils on
composition of gut microbiota in mice. Eur ] Nutr
2020;59:2411-25. d0i:10.1007/500394-019-02088-0.

[27] Kim SW, Suda W, Kim S, Oshima K, Fukuda S, Ohno H, et al.
Robustness of gut microbiota of healthy adults in response
to probiotic intervention revealed by high- throughput
pyrosequencing. DNA Res 2013;20:241-53.
doi:10.1093/dnares/dst006.

[28] Faul F, Erdfelder E, Buchner A, Lang AG. Statistical power
analyses using G*Power 3.1: tests for correlation and
regression analyses. Behav Res Methods 2009;41:1149-60
doi.org/. doi:10.3758/BRM.41.4.1149.

[29] Dhariwal A, Chong J, Habib S, King IL, Agellon LB, Xia J.
MicrobiomeAnalyst: a web-based tool for comprehensive
statistical, visual and meta-analysis of microbiome data.
Nucleic Acids Res 2017;45:W180-8.
doi.org/10.1093/nar/gkx295.

[30] Coppola S, Avagliano C, Calignano A. Berni Canani R. The
protective role of butyrate against obesity and
obesity-related diseases. Molecules 2021;26 doi.org/.
doi:10.3390/molecules26030682.

[31] Wu H, Tremaroli V, Schmidt C, Lundqvist A, Olsson LM,
Kramer M, et al. The gut microbiota in prediabetes and
diabetes: a population-based cross-sectional study. Cell
Metab 2020;32:379-90 e3doi.org/.
d0i:10.1016/j.cmet.2020.06.011.

[32] Guo P, ZhangK, Ma X, He P. Clostridium species as probiotics:
potentials and challenges. ] Anim Sci Biotechnol 2020;11:24
doi.org/. doi:10.1186/s40104-019-0402- 1.

[33] Shen ZH, Zhu CX, Quan YS, Yang ZY, Wu S, Luo WW, et al.
Relationship between intestinal microbiota and ulcerative
colitis: mechanisms and clinical application of probiotics
and fecal microbiota transplantation. World ] Gastroenterol
2018;24:5-14 doi.org/. doi:10.3748/wjg.v24.i1.5.


https://doi.org/10.1016/S1474-4422(18)30403-4
https://doi.org/10.1001/archinternmed.2010.109
https://doi.org/10.1038/nutd.2017.26
https://doi.org/10.1017/S0007114513002432
https://doi.org/10.2337/db11-1767
https://doi.org/10.1210/en.2014-1748
https://doi.org/10.1007/s00125-017-4305-4
https://doi.org/10.3748/wjg.v20.i43.16079
https://doi.org/10.3390/nu12103045
https://doi.org/10.1080/19490976.2015.1134082
https://doi.org/10.3390/nu12103039
http://refhub.elsevier.com/S0271-5317(22)00029-X/sbref0015
http://refhub.elsevier.com/S0271-5317(22)00029-X/sbref0015
http://refhub.elsevier.com/S0271-5317(22)00029-X/sbref0015
http://refhub.elsevier.com/S0271-5317(22)00029-X/sbref0015
http://refhub.elsevier.com/S0271-5317(22)00029-X/sbref0015
https://doi.org/10.1017/S0029665114001657
https://doi.org/10.17756/jocd.2019-022
https://doi.org/10.1186/s40168-019-0704-8
https://doi.org/10.3390/nu10020173
https://doi.org/10.1186/s40064-016-2950-6
https://doi.org/10.1080/09168451.2018.1562877
https://doi.org/10.1080/09168451.2020.1756734
http://refhub.elsevier.com/S0271-5317(22)00029-X/sbref0023
http://refhub.elsevier.com/S0271-5317(22)00029-X/sbref0023
http://doi.org/10.1007/s11306-009-0178-y
https://doi.org/10.1038/srep00233
https://doi.org/10.1007/s00394-019-02088-0
https://doi.org/10.1093/dnares/dst006
https://doi.org/10.3758/BRM.41.4.1149
http://doi.org/10.1093/nar/gkx295
https://doi.org/10.3390/molecules26030682
https://doi.org/10.1016/j.cmet.2020.06.011
https://doi.org/10.1186/s40104-019-0402-1
https://doi.org/10.3748/wjg.v24.i1.5

NUTRITION RESEARCH 103 (2022) 68-81

81

[34] Louis P, Flint HJ. Formation of propionate and butyrate by the

(33]

(36]

(37]

(38]

(39]

(40]

human colonic microbiota. Environ Microbiol 2017;19:29-41
doi.org/. doi:10.1111/1462-2920.13589.

Lin D, Peters BA, Friedlander C, Freiman HJ, Goedert JJ,
Sinha R, et al. Association of dietary fibre intake and gut
microbiota in adults. Br ] Nutr 2018;120:1014-22.
doi:10.1017/50007114518002465.

Kohno M, Musashi K, Ikeda HO, Horibe T, Matsumoto A,
Kawakami K. Oral administration of ferulic acid or ethyl
ferulate attenuates retinal damage in sodium
iodate-induced retinal degeneration mice. Sci Rep
2020;10:8688 doi.org/. doi:10.1038/s41598-020-65673-y.
Nogal A, Valdes AM, Menni C. The role of short-chain fatty
acids in the interplay between gut microbiota and diet in

cardio-metabolic health. Gut Microbes 2021;13:1-24 doi.org/.

d0i:10.1080/19490976.2021.1897212.

Leeming ER, Johnson AJ, Spector TD, Le Roy CI. Effect of diet
on the gut microbiota: rethinking intervention duration.
Nutrients 2019;11 doi.org/. doi:10.3390/nu11122862.

Gaike AH, Paul D, Bhute S, Dhotre DP, Pande P, Upadhyaya S,
et al. The gut microbial diversity of newly diagnosed
diabetics but not of prediabetics is significantly different
from that of healthy nondiabetics. mSystems. 2020;5.
doi.org/ 10.1128/mSystems.00578-19

Allen JM, Mailing L], Niemiro GM, Moore R, Cook MD,

White BA, et al. Exercise alters gut microbiota composition

(41]

(42]

(43]

[44

(45]

and function in lean and obese humans. Med Sci Sports
Exerc 2018;50:747-57 doi.org/.
doi:10.1249/MSS.0000000000001495.

Reynolds AC, Broussard J, Paterson JL, Wright KP Jr,

Ferguson SA. Sleepy, circadian disrupted and sick: could
intestinal microbiota play an important role in shift worker
health? Mol Metab 2017;6:12-13 doi.org/.
doi:10.1016/j.molmet.2016.11.004.

Wang C, Zhang H, Liu H, Zhang H, Bao Y, Di ], et al. The genus
Sutterella is a potential contributor to glucose metabolism
improvement after Roux-en-Y gastric bypass surgery in T2D.
Diabetes Res Clin Pract 2020;162:108116.
doi:10.1016/j.diabres.2020.108116.

Fu J, Bonder MJ, Cenit MC, Tigchelaar EF, Maatman A,
Dekens JA, et al. The gut microbiome contributes to a
substantial proportion of the variation in blood lipids. Circ
Res 2015;117:817-24. doi:10.1161/CIRCRESAHA.115.306807.
Vourakis M, Mayer G, Rousseau G. The role of gut microbiota
on cholesterol metabolism in atherosclerosis. Int ] Molec Sci
2021;22. doi:10.3390/ijms22158074.

Yu C, Liu S, Chen L, Shen J, Niu Y, Wang T, et al. Effect of
exercise and butyrate supplementation on microbiota
composition and lipid metabolism. ] Endocrinol
2019;243:125-35. d0i:10.1530/JOE-19-0122.


https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1017/S0007114518002465
https://doi.org/10.1038/s41598-020-65673-y
https://doi.org/10.1080/19490976.2021.1897212
https://doi.org/10.3390/nu11122862
https://doi.org/10.1249/MSS.0000000000001495
https://doi.org/10.1016/j.molmet.2016.11.004
https://doi.org/10.1016/j.diabres.2020.108116
https://doi.org/10.1161/CIRCRESAHA.115.306807
https://doi.org/10.3390/ijms22158074
https://doi.org/10.1530/JOE-19-0122

	Fermented brown rice beverage distinctively modulates the gut microbiota in Okinawans with metabolic syndrome: A randomized controlled trial
	1 Introduction
	2 Materials and Methods
	2.1 Subjects
	2.2 Study design
	2.3 Formulation of WA and BA
	2.4 Measurement of biochemical parameters
	2.5 Analyses of plasma SCFAs
	2.6 DNA extraction and microbiota analysis
	2.7 Statistical analysis

	3 Results
	4 Discussion
	Declaration of Competing Interest
	Author contributions
	Acknowledgments
	Sources of support
	Supplementary materials

	Reference

