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Natto is a traditional Japanese fermented soy product high in y-polyglutamic acid (y-PGA), whose beneficial
effects have been reported. We prepared high-y-PGA natto and compared the dietary influence on liver lipids
and cecal microbiota in mice fed a diet containing it or a standard diet. The mice were served a 30% high-
v-PGA natto diet (PGA group) or standard diet (Con group) for 28 days. Liver lipids, fecal lipids, and fecal
bile acids were quantified. Cecal microbiota were analyzed by PCR amplification of the V3 and V4 regions of
16S rRNA genes and sequenced using a MiSeq System. Additionally, the cecal short-chain fatty acid profile was
assessed. The results revealed that the liver lipid and triglyceride contents were significantly lower (p<0.01) and
amounts of bile acids and lipids in the feces were significantly higher in the PGA group than in the Con group.
The cecal butyric acid concentration was observed to be significantly higher in the PGA group than in the Con
group. Principal component analysis of the cecal microbiota revealed that the PGA and Con groups were distinct.
The ratio of Firmicutes/Bacteroidetes was found to be significantly low in the PGA mice. The results revealed a
significantly higher relative abundance of Lachnospiraceae (p<0.05) and significantly lower relative abundance
of Coriobacteriaceae (p<0.01) in the PGA group. Analysis of the correlation between bacterial abundance and
liver lipids, cecal short-chain fatty acids, fecal lipids, and fecal bile acids suggested that intestinal microbiota can
be categorized into different types based on lipid metabolism. Hepatic lipid accumulation typically facilitates
the onset of nonalcoholic fatty liver disease (NAFLD). Our findings suggest that high-y-PGA natto is a beneficial
dietary component for the prevention of NAFLD.
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INTRODUCTION

Soy sauce and miso are traditional Japanese foods that are
fermented from soy. To avoid bacterial contamination when
making soy sauce and miso, a significant quantity of sodium
chloride is commonly added. As a result, the final sodium chloride
content has been reported to be high in soy sauce as well as miso
[1]. Natto is also a traditional Japanese fermented soy product.
As sodium chloride is not added when making natto, it has been
considered to be an ideal fermented soy product [ 1]; natto is made

by fermenting soybeans with Bacillus subtilis var. natto [2].
Several studies have reported the beneficial effects of natto
[3]. Studies have shown that intake of natto triggers fibrinolytic
activity in rats with hypercholesterolemia. Moreover, they have
also found that natto decreases the total serum cholesterol levels
in rats [4]. A study of healthy male volunteers showed that a
natto-enriched meal significantly lowered blood glucose levels as
compared to a control meal [5]. In another study, the effects of
consumption of a single breakfast comprising natto and viscous
vegetables or a similar control breakfast for 2 weeks were
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investigated in overweight individuals by evaluating their blood
glucose level, lipid metabolism, and oxidative stress. The study
reported significant decreases in the total and LDL-cholesterol
levels in serum, which were assessed before and after the test
meal period [6]. A cross-sectional study involving 652 eligible
Japanese men revealed that higher consumption of fermented
soy products and soy isoflavone is associated with reduced
arterial stiffness [7]. Similarly, supplementation of the diet with
10% natto suppressed the increase in total serum cholesterol
induced by a 1% cholesterol-enriched diet in rats [8]. In another
study, the effects of intake of B. subtilis C-3102 for 8 days on
the composition and metabolic activity of 25 healthy volunteers
were investigated [9]. The study found that intake of the bacteria
resulted in a significant decrease in the p-cresol concentration and
a decrease in the abundance of Enterobacteriaceae [9].

Studies have shown that natto contains a significant quantity
of y-polyglutamic acid (y-PGA) that is produced during the
fermentation process by B. subtilis var. natto [10]. Recently, there
has been considerable interest in the significance of y-PGA. One
study in mice revealed that a high-fat diet containing 3% y-PGA
significantly increased serum HDL-cholesterol levels while also
decreasing serum triglyceride levels when compared to a normal
high-fat diet [11]. Furthermore, the high molecular weight of
v-PGA has been suggested to act as a hypocholesterolemia agent
in rats [12]. Oral administration of y-PGA has been reported to
upregulate serum interferon-p (IFN-B) expression levels without
activating proinflammatory cytokines. Moreover, y-PGA is
considered a prophylactic antiviral agent against noroviruses [13].

The consumption of natto seems to contribute to the health
maintenance of the Japanese people, as intake of natto has
been reported to have beneficial effects [5—8]. Furthermore,
v-PGA has been reported to have a preventive effect against
metabolic syndrome [11, 14]. It has also been reported to have
an antibacterial effect [15]. Furthermore, it has been suggested
that oral administration of y-PGA increases the abundance of
Lactobacillales while reducing the abundance of Clostridiales
in the murine gut [16]. Natto affects lipid metabolism and gut
microbiota. Therefore, we decided to investigate the effects of
natto with an enhanced y-PGA content on lipid metabolism and
intestinal microbiota in mice.

We hypothesized that natto containing a high level of y-PGA
would affect liver lipids and that the effects would be mediated by
the intestinal microbiota.

We prepared high-y-PGA natto and investigated our hypothesis
to study the influence of a high-y-PGA natto diet on liver lipids
and cecal microbiota in mice fed it compared to mice fed a
standard diet.

MATERIALS AND METHODS

Materials

The high-y-PGA natto was made by Takano Foods Co. Ltd
(Ibaraki, Japan). The y-PGA content of the natto was found to be
2.3%. The natto was freeze-dried and minced using a grinder. The
milled natto was then filtered through a 24-mesh sieve.

Animal experiment

Female Jcl:ICR mice (6 weeks old) were obtained from CLEA
Japan Inc. (Tokyo, Japan). All mice were specific pathogen-free
(SPF) and randomly categorized into two groups (n=7/group).

They were sheltered individually in suspended stainless-steel
cages with wire mesh bottoms under the following conditions:
relative humidity of 65%, 12-hr periods of light and darkness,
and a room temperature of 24 + 0.5°C. They were fed AIN-93G
diet for 7 days. Thereafter, the mice were fed a 30% high y-PGA-
affluent natto diet (PGA group) or control (standard AIN-93G)
diet (Con group) for 28 days. The nutritional content of the natto
was analyzed by Japan Food Research Laboratories according to
the Analytical Manual for Standard Tables of Food Composition
in Japan. The analysis revealed a high y-PGA content in the natto
and the following nutritional components: moisture, 2.4%; protein,
40.4%; lipids, 21.9%; ash, 5.8%; sugar, 11.2%; and dietary fiber,
18.3%. Accordingly, we modified the composition of the PGA and
Con diets such that each had equivalent quantities of proteins, lipids,
and carbohydrates. The AIN-93G diet was used as the diet for the
Con group. The diet for the PGA group contained the following
ingredients: tert-butylhydroquinone, 0.014 g/kg; choline bitartrate,
2.5 g/kg; L-cystine, 3 g/kg; vitamin mix (AIN-93), 10 g/kg; mineral
mix (AIN-93G), 35 g/kg; sucrose, 64.9 g/kg; casein, 78.8 g/kg;
soy bean oil, 4.3 g/kg; natto (high y-PGA), 300 g/kg; a-cornstarch,
132 g/kg; and corn starch, 369.486 g/kg. Feces were collected from
each mouse for 2 days immediately before dissection. Feces were
dried in a lyophilizer (FD-1000, Tokyo Rikakikai Co., Ltd., Tokyo,
Japan) for 24 hr, and the trap cooling temperature was maintained at
—45°C. A combination anesthetic was prepared using medetomidine
(0.3 mg/kg), midazolam (4.0 mg/kg), and butorphanol (5.0 mg/kg),
and it was administered to all the mice via intraperitoneal injection.
After anesthesia, the mice were sacrificed by exsanguination. Blood
was collected from the heart into heparinized tubes during anesthesia.
Plasma was separated from whole blood by centrifugation and
stored at —80°C until further analysis. Liver, visceral fat, and cecal
contents were also collected from each mouse. Cecal contents
were stored at —80°C until further use for analyzing the short-chain
fatty acid profile and DNA extraction. All animal procedures were
approved by the Animal Care Committee of the Food Research
Institute (Tsukuba, Japan; H30-028) and were in accordance with
the “Guidelines for Animal Care and Experimentation” of the
Food Research Institute, National Agriculture and Food Research
Organization (Tsukuba, Japan).

Evaluation of cholesterol, triglyceride, and non-esterified fatty
acid content in plasma

Cholesterol, triglyceride, and non-esterified fatty acid (NEFA)
levels were analyzed using kits purchased from FUJIFILM
Wako Pure Chemical Corporation (Osaka, Japan). Total plasma
cholesterol concentrations were evaluated using a cholesterol
oxidase-based cholesterol E-test kit. Plasma triglyceride
concentrations were determined using a triglyceride E-test kit,
which is based on the glycerol-3-phosphate oxidase method.
Plasma NEFA concentrations were evaluated using a NEFA
C-test kit, which involves the acyl-coenzyme A (CoA) synthase,
acyl-CoA oxidase, and peroxidase method.

Evaluation of lipid, triglyceride, and cholesterol content in liver
Liver lipids were extracted using the Bligh and Dyer method
[17]. The extracted liver lipid was dissolved in 2-propanol
containing 10% Triton X-100. Liver cholesterol and triglyceride
concentrations were evaluated using methods similar to those
used for determining plasma cholesterol and triglyceride levels.
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Evaluation of fecal weight and fecal lipid extraction

Feces were collected for 2 days immediately before dissection
and before the commencement of the experimental diet
(preliminary breeding period). They were dried in a lyophilizer
(FD-1000, Tokyo Rikakikai Co. Ltd., Tokyo, Japan) for 24 hr, and
the trap cooling temperature was maintained at —45°C. Further,
the lyophilized feces were weighed and then pulverized in a food
mill (TML17, Tescom Co., Ltd., Tokyo, Japan) for 30 sec. Fecal
lipids were extracted from the fecal powder according to the
Bligh and Dyer method [17].

Evaluation of fecal bile acid content

Lyophilized fecal samples were weighed and pulverized
before evaluating the bile acid content. The concentration of
bile acid in feces was measured using a previously described
method [18]. Fecal samples (50 mg) were suspended in a glass
test tube containing 99.5% ethanol (2.5 mL), vortexed for 30
sec, incubated for 1 hr at 65°C, and centrifuged at 3,000 rpm for
10 min at 4°C. Supernatants were then transferred to a glass test
tube. An equivalent volume (2.5 mL) of 99.5% ethanol was added
to the sediment, and the procedure was repeated. Supernatants
from both the extractions were pooled in the same glass test tube
and dried at 65°C using N, gas. After drying, 0.5 mL of 90%
ethanol was added to the residue and vortexed for 30 sec. Total
bile acid concentrations were evaluated using a total bile acid test
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan)
according to the manufacturer’s instructions.

Microbiota analysis

Cecal DNA was prepared using previously described methods
[19]. An equivalent amount of cecal DNA (10 ng each) was used
as a template, and the V3 and V4 regions of 16S rRNA genes were
amplified using 341F (5'-CCTACGGGNGGCWGCAG-3") [20]
and 806R (5'-GGACTACHVGGGTWTCTAAT-3") [21] primers,
which were linked to the Illumina overhang adapter sequences.
An additional polymerase chain reaction (PCR) was performed
to add barcodes to each sample. Amplicons were pooled in equal
amounts, and paired-end (2 % 300 bp) sequencing was performed
using a MiSeq System (Illumina Inc., San Diego, CA, USA) and
MiSeq Reagent Kit v3 (Illumina Inc.) following quantification.
QIIME2 2019.4.0 (https://qiime2.org) was used to analyze
the sequences in demultiplexed format. Denoising of merged
paired-end reads was performed using DADA?2 [22]. Sequence
variants, which were assigned as originating from chloroplasts
and mitochondria, were removed from further analyses, and
the Greengenes database [23] was used for each representative
sequence to annotate the taxonomic information [24]. Alpha- and
beta-diversities were analyzed by rarefying the feature table at a
consistent sample depth of 65,000.

Evaluation of cecal short-chain fatty acid profiles

Cecal samples were diluted in distilled water, vortexed for 30
sec, and centrifuged. Supernatants were analyzed using a short-
chain fatty acid analysis kit (YMC Co., Ltd., Kyoto, Japan) as
previously described [25].

Statistical analysis

Data are expressed as the mean + standard error (SE) or mean +
standard deviation (SD). All data were analyzed in Sigma Plot 11
(Systat Software, Inc., San Jose, CA, USA) using Student’s t-test

Table 1. Concentrations of triglyceride (TG), total cholesterol (Chol),
and non-esterified fatty acids (NEFA) in plasma

Chol (mg/dL) TG (mg/dL) NEFA (mEq/L)
Con group 63.0+6.8 553+7.7 0.37+0.08
PGA group 65.0+£5.3 67.5+£59 0.42+0.03

Con group: standard diet; PGA group: 30% high-y-PGA natto diet.

or the Mann—Whitney rank-sum test. The significance level was
set at p<0.05. Additionally, we performed a principal component
analysis of the data using an online website of Gunma University
(http://aoki2.si.gunma-u.ac.jp/BlackBox/BlackBox.html). We
performed correlation analyses between the abundances of bacteria
and liver lipids, cecal short-chain fatty acids, fecal lipids, fecal bile
acids, visceral fat, and visceral fat/body weight (BW). Further, we
prepared a heat map showing the correlation between the relative
abundance of family bacteria or phylum bacteria and amount
of liver lipids, liver cholesterol, liver triglycerides, fecal lipids,
fecal bile acids, visceral fat, visceral fat/BW, cecal acetic acid,
cecal butyric acid, cecal propionic acid, cecal valeric acid, cecal
isovaleric acid, and cecal total short-chain fatty acids. In the heat
map, correlation coefficients closer to —1, +1, and 0 are shown in
darker blue colors, darker red colors, and no color, respectively.

RESULTS

General observations

No significant differences were observed in body weight,
visceral fat, food consumption, and liver weight between the two
groups of mice (Con vs. PGA: BW, 31.8 +0.7 g vs. 322+ 0.8 g;
visceral fat, 1.68 £ 0.18 g vs. 1.32 + 0.30 g; food consumption,
42 +0.06 gvs. 4.0+ 0.11 g; liver weight, 1.24 + 0.03 g vs. 1.39
+0.06 g). Furthermore, cecal samples were found to weigh 0.15 +
0.02 gand 0.43 £0.07 g in the Con and PGA groups, respectively,
and the cecal content of the PGA group was significantly higher
than that of the control group (p<0.01).

Analysis of plasma lipids

Plasma concentrations of total cholesterol, triglyceride, and
NEFA are shown in Table 1. We did not find significant differences
in the plasma concentrations of total cholesterol, triglyceride, and
NEFA between the two groups.

Analysis of liver lipids

Figure | shows the lipid (Fig. 1-a), triglyceride (Fig. 1-b), and
cholesterol (Fig. 1-c) contents in the liver. The liver lipid contents
were found to be significantly lower in the PGA group compared
to those in the Con group (p<0.01). The liver triglyceride contents
were significantly lower in the PGA group mice compared to those
of the Con group mice (p<0.01). Similarly, the liver cholesterol
contents were found to be significantly lower in the PGA group
mice than in the Con group mice (p<0.05).

Fecal bile acid profile

The amounts of excreted bile acid in the feces are shown in
Fig. 2. The amounts of excreted bile acid in the feces were found
to be significantly higher in the PGA group (1.26 £+ 0.09 pmol/
day) than in the Con group (0.58 = 0.02 pmol/day; p<0.001).
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Fig. 1. Liver lipid contents (a), liver triglyceride contents (b), and liver cholesterol contents (c) in the control diet group (Con group) and high-y-PGA

natto diet group (PGA group).

Liver lipid contents were observed to be significantly lower in the PGA group than in the Con group (p<0.01). Liver triglyceride contents were observed
to be significantly lower in the PGA group than in the Con group (p<0.01). Liver cholesterol contents were observed to be significantly lower in the PGA
group than in the Con group (p<0.05). Values are expressed as the mean + standard error (SE; n=7).
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Fig. 2. Amounts of bile acid excreted in feces in the Con and Fig. 3.  Amounts of fecal lipids in the Con and PGA groups (g/day). All feces

PGA groups. The amount of bile acid excreted in feces was
significantly greater in the PGA group than in the Con group
(p<0.001). Values are means = SE (n=7).

Fecal lipids

The amounts of lipids in lyophilized feces samples, which
were collected on the final day of the experiment, were found
to be significantly higher in the PGA group (0.022 + 0.0017 g/
day) than in the Con group (0.007 £ 0.0004 g/day; Fig. 3). These
results suggested that a high-y-PGA natto diet increases the fecal
excretion of lipids.

Analysis of cecal short-chain fatty acids

The short-chain fatty acid concentrations in the ceca of mice in
the two dietary groups are shown in Fig. 4. Cecal total short-chain
fatty acid concentrations tended to be higher in mice fed the PGA
diet than in those fed the Con diet. Furthermore, the cecal butyric
acid concentration was found to be significantly higher in the
PGA group than in the Con group. These results suggested that a
diet high in y-PGA influences the production of cecal short-chain
fatty acids in mice.

were collected on the last two days of experimental dietary feeding. The
amount of fecal lipids (g/day) was observed to be significantly higher in the
PGA group than in the Con group (p<0.001). Values are expressed as the
mean £ SE (n=7).

Cecal microbiota

In our analysis of the phyla and families of intestinal microbiota
(Table 2), we observed significant differences in the composition
of the microbiota between the two dietary groups. At the phylum
level, the relative abundance of Actinobacteria was found to be
significantly higher in the Con group than in the PGA group.
Similarly, the relative abundance of Bacteroidetes was found to
be significantly higher in the PGA group than in the Con group.
However, no significant difference was observed in the relative
abundance of Firmicutes between the two groups. The ratio of
the relative abundances of Firmicutes to Bacteroidetes was found
to be significantly lower in the PGA group (Fig. 5). Furthermore,
microbiota analysis at the family level revealed that the relative
abundances of Lachnospiraceae (p<0.05), Mogibacteriaceae
(p<0.01), Bacteroidales family S24-7 (p<0.01), and Bacillaceae
(p<0.01) were significantly higher in the PGA group than in
the Con group. On the other hand, the relative abundances of
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Fig. 4. Concentrations of cecal short-chain fatty
acids in the two dietary groups. Only the cecal
butyric acid concentration (umol/g cecal contents)
showed a significant difference between the two
dietary groups. The cecal butyric acid concentration
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Bifidobacteriaceae (p<0.05) and Coriobacteriaceae (p<0.01)
were found to be significantly lower in the PGA group than in
the Con group.

In comparisons of alpha diversity between the two groups,
the Faith_pd value (mean £ SD) was significantly higher in
the PGA group (13.2 + 0.7) than in the Con group (11.5 + 1.0)
(p=0.018086). The observed number of operational taxonomic
units (OTUs) (mean + SD) was significantly higher in the PGA
group (225.4 £ 21.6) than in the Con group (167.7 £ 25.5;
p=0.008809).

Correlation analysis

We constructed a heat map illustrating the correlation between
the relative abundances of bacterial phyla and the biochemical
contents (quantity of liver lipids, liver cholesterol, liver
triglyceride, fecal lipids, fecal bile acids, visceral fat, visceral fat/
BW, cecal acetic acid, cecal butyric acid, cecal propionic acid,
cecal valeric acid, cecal isovaleric acid, and cecal total short-
chain fatty acids; Fig. 6). In this heatmap, the negative correlation
becomes stronger as the blue intensity increases, while the positive
correlation becomes stronger as the red intensity increases. We
observed a trend indicating that the correlation of liver lipids, liver
cholesterol, and liver triglyceride with the relative abundances of
bacteria at the phylum level differed from that observed for fecal
lipids and fecal bile acids with the relative abundances of bacteria
at the phylum level (Fig. 6). We also constructed and a heat map
illustrating the correlation between the relative abundances of

was found to be significantly higher in the PGA
group than in the Con group (p<0.05). Values are
expressed as the mean + SE (n=7).

Fig. 5. Phylum level ratios of Firmicutes/Bacteroidetes
of the mice in the Con and PGA groups.

The ratio of Firmicutes/Bacteroidetes was observed
to be significantly lower in the PGA group (p<0.05).
Values are expressed as the mean + SE (n=7).

bacterial families and the biochemical contents (quantity of liver
lipids, liver cholesterol, liver triglyceride, fecal lipids, fecal bile
acids, visceral fat, visceral fat/BW, cecal acetic acid, cecal butyric
acid, cecal propionic acid, cecal valeric acid, cecal isovaleric
acid, and cecal total short-chain fatty acids; Fig. 7). We also
observed a trend indicating that the correlation of liver lipids, liver
cholesterol, and liver triglyceride with the relative abundances
of bacteria at the family level differed from that observed for
fecal lipids and fecal bile acids with the relative abundances of
bacteria at the family level (Fig. 7). The relative abundance of
Lactobacillaceae showed positive correlation with hepatic total
lipids and triglycerides (r=0.653; Fig. 8-a). The relative abundance
of Lachnospiraceae was significantly higher in the PGA group
and was negatively correlated with the concentration of liver
triglycerides (r=—0.732; Fig. 8-b). The relative abundance of
Coriobacteriaceae was positively correlated with the quantity of
liver triglycerides (r=0.732; Fig. 8-c).

Principal component analysis

Principal component analysis was performed using data
obtained on the relative abundances of Actinobacteria,
Bacteroidetes, and Firmicutes and the concentrations of various
biochemical contents (cecal acetic acid, cecal butyric acid, cecal
propionic acid, cecal valeric acid, cecal isovaleric acid, liver
lipids, liver cholesterol, liver triglyceride, fecal lipids, fecal bile
acids, and visceral fat). The contribution rate was evaluated to
be 45.0 for principal component 1, 20.9 for principal component
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Table 2. Relative abundance of cecal microbiota of mice of Con and PGA groups

Phylum / Family Con PGA
Actinobacteria 40.55 £6.37 15.70 £ 3.28%*
Bifidobacteriaceae 3441+58 15.21 +3.28*
Coriobacteriaceae 6.13+1.3 0.49 £+ 0.09%*
Bacteroidetes 7.60 +1.03 21.60 £ 1.98**
Bacteroidaceae 42+0.75 5.57+0.59
Rikenellaceae 1.26 £ 0.25 0.84 £0.15
S§24-7 1.23+£0.2 12.06 + 1.05**
Paraprevotellaceae 091+04 3.12+0.79
Firmicutes 51.59 £ 5.96 62.64 £ 2.65
Bacillaceae 0 3.81 £0.38%*
Lactobacillaceae 14.15+1.93 9.19 £4.28
Streptococcaceae 0.11+0.04 0.02 +0.01
Turicibacteraceae 0.68 +=0.59 0
Christensenellaceae 0.03£0.01 0
Clostridiaceae 3.11+1.64 0
Dehalobacteriaceae 0.01 +£0.003 0.02 £0.01
Lachnospiraceae 9.15+1.87 15.18 + 1.72%*
Peptococcaceae 0.02 £0.01 0.03 +0.01
Ruminococcaceae 3.82+£0.74 297+0.3
Mogibacteriaceae 0.11 +0.03 0.45 £ 0.05%*
Erysipelotrichaceae 15.97 £2.83 15.15+£33
Proteobacteria 0.26+0.21 0.06 £0.01
Comamonadaceae 0.04 +=0.01 0.04 +0.003
Enterobacteriaceae 0.21+0.21 0.01 £0.01

Con group: standard diet; PGA group: 30% high-y-PGA natto diet.
**p<0.01 as compared with Con group, *p<0.05 as compared with Con group.
Values are expressed as mean + SE (n=7).
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Fig. 6. Heat map indicating the correlation between microbiota (phylum) and lipids, bile acids, visceral fat, and cecal short-chain fatty acids.

The heat map indicates the correlation between the relative abundances of bacterial phyla and liver lipids, liver cholesterol, liver triglyceride, fecal lipids,
fecal bile acids, visceral fat, visceral fat/body weight (BW), and the concentrations of cecal acetic acid, cecal butyric acid, cecal propionic acid, cecal
valeric acid, cecal isovaleric acid, and cecal total short-chain fatty acids. In this heat map, the negative correlation becomes stronger as the blue intensity
increases, while the positive correlation becomes stronger as the red intensity increases.
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Fig. 7. Heat map indicating the correlation between microbiota (family) and lipids, bile acids, visceral fat, and cecal short-chain fatty acids.

The heat map indicates the correlation between the relative abundances of bacterial families and liver lipids, liver cholesterol, liver triglyceride, fecal
lipids, fecal bile acids, visceral fat, visceral fat/body weight (BW), and the concentrations of cecal acetic acid, cecal butyric acid, cecal propionic acid,
cecal valeric acid, cecal isovaleric acid, and cecal total short-chain fatty acids. In this heat map, the negative correlation becomes stronger as the blue
intensity increases, while the positive correlation becomes stronger as the red intensity increases.
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2, and 9.7 for principal component 3. Furthermore, a correlation
diagram revealed that the distribution of the second principal
component (y-axis) and first principal component (x-axis)
corresponding to the principal component scores of the PGA and
Con groups was clearly divided into two groups (Fig. 9).

DISCUSSION

Natto is a traditional Japanese food derived from fermented
soy, so it contains biochemical components of soy. Furthermore,
dietary soy has been shown to influence the composition of the
microbiota. Cross et al. [26] have reported that soy consumption
may be linked to higher (p<0.05) relative abundances of multiple
genera, including Prevotella, Lachnospiraceae, and Dorea, and
lower relative abundances of Coprococcus, Clostridiaceae,
Desulfovibrionaceae, Adlercreutzia, Bifidobacterium, and
Peptostreptococcaceae. In this study, the relative abundance of
Lachnospiraceae was found to be significantly higher in the PGA

Fig. 9. Correlation diagram indicating
the distribution of the second principal
component (y axis) and first principal
component (x axis).

The two dietary groups were observed to be
clearly divided into two groups (circle, Con
group; triangle, PGA group).

group mice than in the Con group mice. Furthermore, the relative
abundance of Bifidobacteriaceae was found to be significantly
lower in the PGA group mice than in the Con group mice. The
PGA group mice were fed a fermented soybean diet. Consistent
with the findings of Cross et al. [26], our study showed a higher
relative abundance of Lachnospiraceae and a lower relative
abundance of Bifidobacteriaceae in the cecal samples of the PGA
group. Moreover, Cross et al. [26] showed that soy significantly
alters the cecal microbial community of low-capacity running
(LCR) rats, which were further found to have a lower Firmicutes/
Bacteroidetes ratio. Similarly, we observed that the Firmicutes/
Bacteroidetes ratio was significantly lower in the PGA group
mice. This suggested that soy and fermented soy products
influence the ratio of Firmicutes/Bacteroidetes in a similar
manner. Further, our results showed that the relative abundance of
Bacillaceae was significantly higher in the PGA group. Bacillus
is used as a fermentation agent in the process of making natto.
Therefore, a significant quantity of Bacillus was present in the
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PGA-containing natto diet; however, Bacillus was not present
in the soybeans. Bacillaceae is a characteristic bacterium that is
predominantly present in the microbiota of natto-fed mice. Our
results showed that the relative abundance of Coriobacteriaceae
was significantly lower in the PGA group than in the Con group.

Gut microbiota of mice are affected by y-PGA. It has been
reported that oral administration of y-PGA increased the
abundance of Lactobacillales and reduced the abundance
of Clostridiales in the murine gut [16]. Furthermore, a diet
containing 0.5% y-PGA significantly increased the number of
Lactobacillus in the ceca of mice [27]. These reports suggest
that administration of y-PGA to mice increases the number
of Lactobacillales in the gut. However, consumption of the
high-y-PGA natto in the present study increased the abundance
of Lachnospiraceae and Bacteroidales family §24-7, without
increasing the abundance of Lactobacillaceae. The combination
of y-PGA and other components of natto may have contributed to
the change in the intestinal microbiota in this study.

In comparisons of alpha diversity between the two groups,
the Faith_pd value and observed OTUs were significantly higher
in the PGA group than in the Con group. These results suggest
that the addition of high-y-PGA natto to the diet increases the
diversity of the intestinal microbiota.

We performed correlation analyses between the abundances
of bacteria and different biochemical contents, which included
liver lipids, cecal short-chain fatty acids, visceral fat, visceral fat/
BW, fecal lipids, and fecal bile acids (Fig. 7). The abundances
of Bacillaceae, Bacteroidaceae, Bacteroidales family S$24-7,
Mogibacteriaceae, and Lachnospiraceae were negatively
correlated with liver lipids, liver cholesterol, and liver
triglyceride, whereas they were positively correlated with fecal
lipids and fecal bile acids. On the other hand, Bifidobacteriaceae,
Christensenellaceae, Clostridiaceae Coriobacteriaceae,
Lactobacillaceae, and Streptococcaceae were observed to be
positively correlated with liver lipids, liver cholesterol, and liver
triglyceride, whereas they were negatively correlated with fecal
lipids and fecal bile acids. These results suggested that intestinal
microbiota can be divided into different categories based on their
relationships with lipid metabolism. Our results revealed that the
relative abundances of Bifidobacteriaceae and Coriobacteriaceae
were significantly lower in the PGA group. Conversely, the
relative abundances of Bacillaceae, Bacteroidales family S24-
7, Mogibacteriaceae, and Lachnospiraceae were found to be
significantly higher in the PGA group. Liver lipid metabolism
in the PGA group might have been affected by the presence of
these bacteria. However, there have only been a few reports
on the effect of intestinal bacteria on liver lipid metabolism, so
further studies are required to clarify this point. Strong positive
correlation was observed between the abundance of Bacteroidales
family S§24-7 and cecal butyric acid. Strong positive correlation
was also observed between the abundance of Mogibacteriaceae
and cecal butyric acid. The abundances of Bacteroidales family
S§24-7 (p<0.01) and Mogibacteriaceae (p<0.01) were significantly
higher in the PGA group than in the Con group. The cecal
butyric acid concentration was found to be significantly higher
in the PGA group than in the Con group. These results suggested
that the presence of high-y-PGA natto in the diet influences
the production of cecal butyric acids in mice by increasing the
abundance of Bacteroidales family S24-7 and Mogibacteriaceae.

The amount of fecal lipids was found to be significantly

higher in the PGA group than in the Con group. As there was
no significant difference in the lipid contents of the diets and the
amounts of food intake of the two groups, higher lipid levels in
excreted feces might indicate lower lipid absorption by mice in
the PGA group, which could be related to lower liver lipid levels.
Increased lipid excretion might also influence the microbiota,
resulting in an altered microbial composition in comparisons
between the two dietary groups. Several studies have reported
that dietary medium-chain fatty acids [28] and high-fat diet [29]
alter the composition of the gut microbiota.

Mice fed a high-fat diet have been reported to show positive
correlation between the detection of Lactobacillus gasseri and/
or Lactobacillus taiwanensis DNA in feces and lipid droplets in
the liver [30]. Further, it has been reported that the percentage of
Lactobacillus spp. within the normal intestinal flora is higher in
Tsumura, Suzuki, Obese Diabetes (TSOD) mice than in Tsumura,
Suzuki, Non Obesity (TSNO) mice [3 1]. In this study, the relative
abundance of Lactobacillaceae showed positive correlation with
hepatic total lipids and triglycerides (Fig. 8-a). Higher abundance
of Lactobacillaceae might be related to the accumulation of liver
lipids.

On the other hand, it has been suggested that the relative
abundance of Lachnospiraceae in the cecum is higher in TSNO
mice than in TSOD mice [3 1]. Our results showed that the relative
abundance of Lachnospiraceae was significantly higher in the
PGA group and was negatively correlated with the concentration
of liver triglycerides (r=—0.732; Fig. 8-b). The relative abundance
of Lachnospiraceae might be related to the degree of obesity in the
host. Moreover, mice fed a high-fat diet have been shown to have
a lower relative abundance of Lachnospiraceae [32]. A significant
negative correlation between the Lachnospiraceae family and
body fat percentage has already been reported in mice [33]. Such
reports suggest that decreased abundance of Lachnospiraceae
might be related to enhanced lipid accumulation. Further, an
inverse association between Lachnospiraceae and cardiovascular
risk factors has been reported in adults with cardiovascular risk
[34]. Thus, the higher relative abundance of Lachnospiraceae in
the PGA group could have beneficial effects on host physiology.

In this study, we observed that the relative abundance of
Coriobacteriaceae was significantly lower in the PGA group
than in the Con group. Previously, it has been reported that
Coriobacteriaceae is strictly associated with the hepatic
concentrations of triglycerides, glucose, and glycogen in mice
[35]. Consistent with this previously published study, our results
showed that the relative abundance of Coriobacteriaceae was
positively correlated with the liver triglyceride level (r=0.732;
Fig. 8-c). Further, studies have reported that Eggerthella lenta
belongs to the Coriobacteriaceae family, which has been shown
to be related to the occurrence of type-2 diabetes [36]. Thus,
the lower abundance of Coriobacteriaceae in the PGA group
might be beneficial for preventing the occurrence of metabolic
syndrome.

The present study revealed that the relative abundance of
Bacteroidales family S24-7 was significantly higher in the PGA
group than in the Con group and that the relative abundance of
Bacteroides tended to be higher in the PGA group. Furthermore,
significant negative correlation was observed between the relative
abundances of Bacteroides (r=—0.541) and Bacteroidales family
S24-7 (r=—0.631) and the liver cholesterol content. Similarly,
significant negative correlation was observed between the relative
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abundance of Bacteroidales family S24-7 and the liver triglyceride
content (r=—0.732). Recently, Bacteroides thetaiotaomicron-
colonized gnotobiotic mice have been demonstrated to exhibit
promotion of bile salt hydrolase (BSH) activity, which has
been reported to alter bile acid metabolism, and lower liver
and plasma lipid levels [37]. Bacteroides and Bacteroidales
family S24-7 might be related to lipid and bile acid metabolism.
Alterations in the bile acid profile have been shown to modulate
the expression of lipid uptake and glucose metabolism-related
genes [37]. Upregulation of bile acid in the lower gut could be
one of the reasons for the alteration of the gut microbiota and
lipid metabolism in the y-PGA-fed mice.

Sodium butyrate has been shown to protect the intestinal
barrier function [38]. We observed a positive correlation between
butyric acid and the relative abundance of Bacteroidales family
§24-7. Thus, Bacteroidales family S24-7 might be associated
with the integrity of the gut barrier function. It has been reported
that many bacteria belonging to the Lachnospiraceae family can
produce butyric acid [39]. In our study, the relative abundances
of Bacteroidales family S24-7 and Lachnospiraceae were found
to be significantly higher in the PGA group. Moreover, the cecal
butyrate concentration was observed to be significantly elevated
in the PGA group. Thus, intake of natto might be beneficial for
strengthening the intestinal barrier function through enhanced
production of butyrate. It has been reported that the abundance
of Bacteroidales family S24-7 was high in CD obesity-prone rats
fed resistant starch [40]. A resistant starch diet has been reported
to increase butyrate production by intestinal microbiota [41]. The
relationship between butyric acid and Bacteroidales family S24-7
requires further study.

Principal component analysis (Fig. 9) based on the correlation
diagram between first and second principal components revealed
that the two dietary groups were distributed in independent
regions. Thus, the data suggest that each of these two groups
have different characteristics with no intersecting regions.
Principal component 1 was defined as decrease of the relative
abundance of Actinobacteria and increase of the relative
abundance of Firmicutes, and principal component 2 was
defined as upregulation of the cecal acetic acid concentration and
downregulation of liver lipids. Thus, the principal component
analysis inferred that the two dietary groups were clearly divided
into two regions due to the differences in their cecal microbiota
compositions and liver lipid levels.

In a previous study of rats fed natto, it was reported that
hepatic cholesterol was markedly increased by cholesterol
loading and that natto did not have an inhibitory effect on this
[8]. In our study, the liver cholesterol contents were found to be
significantly lower in the PGA group mice than in the Con group
mice (p<0.05). Fortification of y-PGA content in natto may be
effective for improving lipid metabolism in the liver.

Accumulation of liver lipids has been reported to facilitate
the onset of nonalcoholic fatty liver disease (NAFLD). NAFLD
represents a spectrum of liver diseases that are caused by the
accumulation of ectopic fat in the liver, which cannot be explained
by alcohol consumption [42]. NAFLD is strongly associated
with obesity, type 2 diabetes mellitus (T2DM), and metabolic
syndrome [42].

In this study, fecal lipids and fecal bile acids were found to
be significantly higher in the PGA group than in the Con group.
Liver lipids were found to be significantly lower in the PGA

group than in the Con group. Thus, these results suggest that natto
with a high y-PGA concentration would be a beneficial dietary
component for the prevention of NAFLD.
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